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Figure 0.1: The double of the blue manifold with boundary is nullbordant. This can be seen by
following the movement of a rotation by 180° to its reflection along the hyperplane as pictured. This
traces out a manifold one dimension higher bounding the blue and pink manifold glued together.
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“As we navigate the illuminated landscapes of these mathematical abstractions, the mathematical
tapestry that unfurls is akin to a kaleidoscopic spectacle, inviting contemplation of a realm that defies
the limits of conventional human cognition. It is within this transcendental transcendence that we
encounter the apex of this research, a vertex that bristles with an audacious vivacity that both
tantalizes and bewilders the reader, defying the very fabric of mathematical propriety and leaving
us, the humble researchers, at the precipice of epistemic reckoning.” - ChatGPT






Chapter 1

Introduction

Quantum field theory is a main pillar of theoretical physics; effectively all modern theories in physics
that involve appropriate quantum phenomena are quantum field theories. Finding suitable mathe-
matical formulations of quantum field theory has been one of the main motivations for mathematical
physicists from the beginning of the 20th century until now. Even though most aspects of nonpertur-
bative quantum field theory remain mathematically mysterious, a rigorous formulation of topological
quantum field theory has been developed in the past few decades [2]. It started with the insight
of Graeme Segal that a spacetime with two distinguished time slices called ‘now’ and ‘soon’ can be
modeled by a bordism [62]. The assignment of the Hilbert space of states to a time slice and the time
evolution operator to a spacetime ideally satisfy a couple of axioms providing compatibility between
gluing spacetimes. From another perspective, this attempts to axiomatize desirable properties of the
Feynman path integral without relying on measures on the space of fields [50]. These axioms can be
neatly summarized using category theory by building a bordism category Bord,, ,,—1 in which objects
are closed oriented (n — 1)-dimensional manifolds and morphisms are oriented bordisms. Physically
one can think of the morphisms as spacetimes and objects as time slices; closed codimension one
submanifolds of n-dimensional spacetime. A topological field theoryﬂ can then be defined as a sym-
metric monoidal functor from Bord, ,_1 equipped with disjoint union as its monoidal product to
complex vector spaces Vect with the tensor product [2]. The latter monoidal structure corresponds
to the familiar source of entanglement in physics; the operation of putting two physical systems
together without allowing them to interact — known as ‘stacking’ — requires one to take the tensor
products of their state spaces. A crucial consequence is that there exists states in the composite
system, which are not tensor products of states in the original two systems.

The approach to axiomatize quantum field theory through functors from bordism categories
to algebraic categories over the complex numbers is called ‘functorial field theory’. The program
has been successful for understanding quantum field theories that are topological, which means
the theory is insensitive to the Lorentzian metric on spacetime and only depends on its topology.
Topological field theory has found applications to knot theory [75], the classification of anomalies
[18 (2], topological phases of matter (such as invertible phases [20] and topological order). The
functorial field theory approach has been applied to nontopological theories as well [70] [7T], 43], but
nontrivial and physically relevant examples are scarce. The main exceptions are free theories, one-
dimensional theories (quantum mechanics), two-dimensional conformal field theories [48], 26, 33] and
two-dimensional area-dependent theories [19] [55].

1We use the term ‘field theory’ independently of whether the theory is classical or quantized.

7



8 CHAPTER 1. INTRODUCTION

Topological theories lack any dynamics whatsoever and so are prime examples of mathematical
toy models for more complicated quantum field theories. Toy models have the advantage of allowing
some of the constructions familiar from the physics literature with less technical complications.
For example, under certain finiteness assumptions it is possible to talk about gauging a symmetry,
or more generally to quantize topological action functionals of fields with some fixed target space
[14, 23 59]. Except in a small number of cases, such as free theories, quantization procedures for
nontopological quantum field theories require perturbative methods and renormalization, which lose
a lot of information about the global structure. In topological field theory, it is similarly possible to
talk about anomalies that obstruct the quantization topologically [I8]. Even though functorial field
theory is usually formulated in the state-focused Schrodinger picture, functorial field theory from
the observable-focused Heisenberg picture has also been considered [2§].

This thesis is concerned with the formulation of another important aspect of quantum field theory
in the topological case: unitarity. In the usual formulation of topological field theory, state spaces
are finite-dimensional vector spaces and time evolution is a linear map. For unitary theories, state
spaces become Hilbert spaces and time evolution is unitary. There are several ways to implement
this in the functorial formalism. We argue that the most natural starting point is the observation
that the category of Hilbert spaces and continuous linear maps is a dagger category. This approach
is well-studied in quantum mechanics, especially in quantum information theory [I], 64, [32]. Here, a
dagger category is defined to be a category D equipped with a contravariant endofunctor t: D — D°P
that is the identity on objects and squares to the identity functor:

2=z fﬂ:f

for all objects z and all morphisms f in D. A dagger functor between dagger categories is a functor
that satisfies F'(f) = F(f). In a dagger category, it is possible to talk about unitary morphisms,
which are morphisms f: z; — zo for which the equations

hold. A symmetric monoidal dagger category has both a symmetric monoidal and a dagger structure,
such that the associator and braiding are unitary and

®:DxD—=D

is a dagger functor. The category of Hilbert spaces is a symmetric monoidal dagger category through
the Hermitian adjoint operation. The oriented bordism category can also be made into a symmetric
monoidal dagger category in which the adjoint is given by taking a bordism, reversing its direction
and taking its orientation reversal. In this situation, we could ask a topological field theory to send
the adjoint of a bordism to the adjoint of the corresponding linear map [3, 4] [73, Appendix G].
More precisely, a unitary topological field theory is a symmetric monoidal dagger functor from the
bordism symmetric monoidal dagger category to the symmetric monoidal dagger category of Hilbert
spaces in the sense of Definition The goal of this thesis is to generalize this dagger categorical
definition of unitarity to include fermions. With enough care, we show how this leads to a form of
the spin-statistics theorem for topological field theory.

We briefly digress to compare with another way to make unitarity precise. This is the approach
using covariant Z/2-actions instead of dagger categories, as suggested in [20]. Namely, we can
equip the bordism category Bord,, ,—1 with the Z/2-action given by orientation-reversal ¥ + Y
and the category of vector spaces with the Z/2-action given by complex conjugation V V We

2We discuss actions on categories and equivariant functors in Appendix
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emphasize one major difference between Z/2-actions and dagger categories; the Z/2-action includes

the extra datum of an isomorphism Y 22 Y specifying exactly how the functor Y — Y squares to the
identity functor. In this setting, it is possible to ask topological field theories to be Z/2-equivariant

~

functors, i.e. to come equipped with the data of an isomorphism Z(Y) = Z(Y) for every time slice
Y € obBord, ,—1 satisfying some conditions. Such Z/2-equivariance data is called a reflection
structure on a topological field theory, see Definition [6.2.1

To connect with the approach using dagger categories, we first observe that both the bordism
category and the category of finite-dimensional vector spaces admit dual objects, see Appendix
for the basics of duality in monoidal categories. For a finite-dimensional vector space V' this is the
usual linear dual V* and for a time slice Y we prefer to think of Y* as the same time slice with its
direction of time reversed, also see the discussion in Section Now note that a Hermitian form (a
not necessarily positive definite but still nondegenerate Hilbert space structure) on V' is equivalent to
an isomorphism h: V & Vv satisfying the usual skew-linear symmetry property. The latter property
turns out to be equivalent to requiring that the diagram

v

% (1.1)

commutes. Analogously, we define a Hermitian form on a time slice Y to be an isomorphism hy : Y =
Y such that the diagram

Y

Y (1.2)

5k =
commutes. Here the isomorphism ¥ = Y is provided by the isomorphisms Y = Y given by the

Z/2-action, Y** =2 Y given by the braiding and Y >Y* given by the fact that U is a monoidal
functor, which preserves duals. Now, if Z is a Z/2-equivariant functor and hy a Hermitian form on
Y, then Z(Y) has a canonical Hermitian form by the composition

20, 2(V) = 2(Y) — Z(Y) .

Z(Y)
Here in the second arrow we used that the symmetric monoidal functor Z preserves duals. For
unitarity, we can then ask whether this Hermitian form is positive definite. As we will soon see, this
formulation is closely related to the formulation using dagger categories.

However, we first highlight an important subtlety in the last paragraph we have swept under
the rug: the above definition is strongly dependent on the choice of hy. In the simple case of the
oriented bordism categories or in specific concrete models of more complicated bordism categories,
this problem is often overlooked, because typically there is a “canonical” Hermitian form on objects
of the bordism category. However, for many quantum field theories, more complicated geometric
structures on the bordisms are a necessity, such as principal bundles with connection for gauge
theory or spin structures for spinors. It can then happen that time slices have many automorphisms
¢: Y — Y, which potentially induce many Hermitian pairings by precomposing a Hermitian pairing
with ¢. One immediate reaction to this problem might be to ask that all Hermitian pairings should
map to positive definite inner products. But this would require Z(¢) to be a positive operator for
all ¢. We will soon elaborate on why this is too strong of a requirement in general. Therefore, we
will need to record the data of the Hermitian pairings hy we would like to allow. As we will soon
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see, it turns out that recording this data is exactly equivalent to making the bordism category into
a dagger category. With this in mind, we would like to argue that expressing unitarity through
dagger functors is categorically more convenient than expressing it through Z/2-equivariance. One
disadvantage of dagger categories, however, is that they are not well-behaved under equivalences
of categories, but this disadvantage gets resolved precisely by presenting them by categories with
Hermitian pairings, as shown in the joint work [68] of the author with Jan Steinebrunner.

To explain these subtleties further, we get to the second topic of study in this thesis: fermions,
spinors, and their relationship. Implementing fermions in topological field theory is straightforward:
in a fermionic theory, state spaces are Z/2-graded by the fermion parity operator (—1)f. This
operator is always a symmetry of the physical system and so all other operations are required to
commute with it (we will not discuss supersymmetry). The further crucial property that distinguishes
odd from even states in this grading is their statistics; bosonic states have Bose statistics and
fermionic states have Fermi statistics. This is implemented by requiring the exchange operation
between two fermions to come with a minus sign. This is familiar to mathematicians; we have to
equip the monoidal category of Z/2-graded vector spaces with the braiding that satisfies the usual
Koszul sign rule. We will, from now on, refer to this symmetric monoidal category as the category
of complex super vector spaces sVect.

How do we implement spinors? To define relevant mathematical machinery, such as spinor
bundles, Dirac operators et cetera, we need to equip our bordisms with a spin structure. Therefore,
the barebone structure of a toplogical field theory in n spacetime dimensions with spinors and
fermions is a symmetric monoidal functor

Z: Bordif’hl 1 — sVect

n

from the symmetric monoidal category of spin bordisms. In this introduction, we will refer to such a
functor as a fermionic topological field theoryﬂ The special nontrivial central element ¢ € Spin,, in
the kernel of the double cover to SO,, gives a distinguished automorphism Y, of any time slice Y !
of the spin bordism category. This automorphism will be called the spin flip. It can be thought of
as rotating particles by 360°. As such, the spin flip should map integer spin particles to themselves
and map particles with half-integer spin to their negative.

This setting is convenient to formulate the connection between spin and statistics commonly
assumed in quantum field theory. Namely, given a (not necessarily unitary) fermionic topological
field theory Z and a time slice Y, the state space Z(Y) comes equipped with two commuting Z/2-
gradings. One is the supergrading (,1)5(’/)’ while the other one is the involution Z(Y.) induced
by the spin flip on the spin manifold Y. For a general fermionic topological field theory, there is
no reason for these to agree. We will argue in Section that the connection between spin and
statistics for fermionic topological field theory should say that these two gradings are equal. Hence,
we say Z has a spin-statistics connection if (—1)2(1/) = Z(Y,) for all time slices, see Definition
The famous spin-statistics theorem for unitary quantum field theory says that every unitary
quantum field theory should have a connection between spin and statistics. Therefore, a guiding
principle to resolve the question of which Hermitian forms hy we allow in the definition of unitary
fermionic topological field theory, is to ensure that every unitary fermionic topological field theory
has a spin-statistics connection. A major insight of this thesis is that some elementary requirements
on hy will give abstract category-theoretical properties to the spin bordism dagger category, which
will ensure the spin-statistics theorem holds.

3We allow for many more types of geometric structures on bordisms (see Section [4.1)). This results in Definition
of a fermionic topological field theory with arbitrary internal symmetry group. For simplicity, we will postpone
further discussion until the end of the introduction.
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The first step to translate this formulation of the spin-statistics theorem to a more categorical
language, is to realize that the connection expresses equivariance with respect to the 2-group BZ /2, as
observed in [38]. We refer the reader to Appendixfor an introduction to 2-groups. More precisely,
both Bordi?én_l and sVect come equipped with BZ/2-actions, induced by the spin flip involution and
the grading involution respectively. We prefer to think of these BZ/2-actions physically as expressing
the fermionic nature of these categories. A fermionic topological field theory has a spin-statistics

connection if and only if it is BZ/2-equivariant:

Spin BZ/2 Statistics BZ/2
YoYe Vis(—1)E
Spi z
Bordnp,lln_l ——— sVect.

This motivates the abstract study of BZ/2-actions on dagger categories and BZ/2-equivariant func-
tors between them, see Sections [2.6] and [2.9

We will now illustrate how the problem of choosing Hermitian pairings on objects of bordism
categories we explained before gets even worse for fermionic topological field theory. Firstly, in the
spin bordism category, it is much less straightforward to define an orientation-reversal Z/2-action
Y +— Y. For example, if P — X is a Spin,,-principal bundle, we could define its orientation-
reversed Spin, -principal bundle as follows. Consider the pin group Pin, C Cl,,,, which is a double
cover of the orthogonal group O, for which lifts of reflections have square equal to 1. It has the
two connected components Pin) = Spin,, LI(Pin),q4 induced by the supergrading of the Clifford
algebra, or equivalently the determinant of the underlying element of O,,. Since the odd part of
the pin group is a Spin,,-torsor, the associated Pin,'-bundle P X Spin,, Pin;" decomposes into two
Spin,,-bundles

P = P xgpin, Spin, and P := P Xgpin (Pin)aq.

In analogy with using SO,, and O,, instead of Spin,, and Pin;f , we obtain P as a candidate for the
orientation-reversal of P. This construction not only works for principal Spin,,-bundles, but also
gives a Z/2-action Y + Y on the category of spin structures on a fixed manifold, see Section
for details. This in turn will induce a Z/2-action on the bordism category, as we show in Corollary
b27

There was a subtle choice, however, in the definition of this orientation-reversal; we could have
used the other pin group Pin, in the definition, compare Remark This would have resulted
in a possibly different notion of orientation reversal Y — Y”. It turns out that there is a canonical
spin diffeomorphism Y = Y’. Unfortunately, this diffeomorphism does not induce an equivalence
of Z/2-actions, because it does not commute with the identifications Y =2 Y and Y = Y”. In fact
these two identifications differ by the spin flip BZ/2-action, see Corollary As a consequence,
Hermitian pairings for the Z/2-action Y +— Y will not correspond to Hermitian pairings for the
Z/2-action Y — Y'. In fact, we will see in Section that while Y — Y admits Hermitian pairings
on all objects, Hermitian pairings typically do not exist at all for Y — Y, also see Example

The Z/2-action Y — Y’ does enjoy some favourable properties that make it useful for other
considerations. For example, the an action Y — Y can be defined in very high generality for vector
bundles with G,,-structures, as long as there exists what we will call a strict geometric stabilization
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Gr41 of Gy, see Definition [£.3.10] Under some extra assumptions, we provide an intuitive construc-
tion of an isomorphism Y 2 (Y')* in Corollary Geometrically this isomorphism is given by
a rotation by 7 in the plane spanned by the time direction e, and the extra orthogonal direction
en+1. However, as already was clear in the spin case, these isomorphisms are not Hermitian pairings
in general. We mention in passing that this setting is convenient to show that the double of an
n-dimensional manifold with G-structure with boundary bounds an (n 4 1)-dimensional manifold
with a G, 41-structure, see Figure|0.1] Here, we conveniently define the double of a manifold X with
boundary Y as XTX, where we considered X as a morphism () — Y in a bordism dagger category,
see Definition Note that this definition depends on the dagger-categorical structure.

We highlight more subtleties by considering the concrete case of fermionic topological field theory
in one spacetime dimension. Note that Spin; is a group of order two and so a spin structure on a one-
dimensional manifold simply consists of an orientation and a double cover. The spin flip operation
is given by exchanging the two sheets of the double cover. There are two isomorphism classes of
zero-dimensional connected spin manifolds in the spin bordism category: the positively oriented +
and the negatively oriented point —E| Let us assume we have defined some notion of orientation
reversal Z/2-action Y + Y on the spin bordism category, so that we can talk about Hermitian
pairings on zero-dimensional spin manifolds. We can then discuss unitarity using the definition with
equivariant functors. So suppose h is a Hermitian pairing on the positively oriented point + and Z a
7 /2-equivariant fermionic topological field theory. We can then ask whether Z maps h to a positive
definite Hermitian pairing on Z(4) and we would like to call Z unitary in that case. However, we
can also compose h with the spin flip operation to get another Hermitian pairing. In a theory in
which the spin flip acts nontrivially, this other Hermitian pairing will never have the same signature
as h. Note that any theory that does not factor through the oriented bordism category — i.e. one
that is not essentially without spinors — satisfies this requirement. Many such theories exist. In fact,
up to isomorphism, the data of Z is exactly given by the super vector space Z(+) together with a
further even involution given by the spin flip. Moreover, any finite-dimensional super vector space
with involution like this gives a one-dimensional fermionic topological field theory. Therefore, we do
not want to ask both h and h o +. to be mapped to Hilbert space structures on Z(+) in general.

The conclusion of the discussion above is that we have to be really careful about which Hermitian
pairings on the bordism category we allow. We will call this preferred subset of allowed Hermitian
pairings the “positive” ones, similarly to how in the dagger category of Hilbert spaces we only
allow positive definite pairings. Then unitary topological field theories are those that send positive
Hermitian pairings in the bordism category to positive Hermitian pairings in the category of vector
spaces. We will now further abstract the situation and discuss how to reformulate recording “positive
Hermitian pairings” into the language of category theory. After the setup is clear, we will discuss
the desiderata the spin-statistics theorem imposes.

Let C be a symmetric monoidal category admitting duals. Assume it comes equipped with a
symmetric monoidal involution xz +— =, i.e. a Z/2-action. We pick a symmetric monoidal dual
functor x — x*, which turns out to be unique up to canonical monoidal natural isomorphism. We
show in Section that this equips C with a canonical symmetric monoidal anti-involution dz := T*.
Here, by anti-involution we mean the weak version of a dagger category: a contravariant functor
d: C — C°P, equipped with data telling us how it squares to the identity functor, see Definition
The theory of categories equipped with anti-involutions is not the same as dagger structures,
but in every dagger category the { is also an anti-involution. This defines a canonical functor
from the 2-category of dagger categories to the 2-category of categories with anti-involution. We

4We discuss subtleties of orientations on zero-dimensional manifolds in Section
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refer to [41] for an introduction to 2-categories. Confusingly, the underlying anti-involution of a
dagger category does not retain all desired information of the dagger category if it is only taken
up to anti-involutive equivalence in the sense of Definition [2.2.5] For example, it turns out that
the inclusion Hilb — Hermg¢ of finite-dimensional Hilbert spaces into finite-dimensional Hermitian
vector spaces of arbitrary signature is an anti-involutive equivalence. This is certainly undesirable
from the perspective of quantum physics, because it forgets all the information of positivity of
transition probabilities. Luckily, the inclusion is not an equivalence of dagger categories. So our goal
is to remember the extra information the dagger category Hilb contains and see it as an category
equipped with an anti-involution and extra data.

The data we will want to remember are analogous to the Hermitian pairings in the sense dis-
cussed above: isomorphisms h: x — dz satisfying a condition, see Definition Namely, given
a morphism between objects of C equipped with Hermitian pairings, one can talk about the Her-
mitian adjoint, see the formula . The category in which objects are pairs (z,h), consisting
of an object of C and a Hermitian pairing on it, is a symmetric monoidal dagger category that
we call the Hermitian completion Herm C, see Definition [2.3.8] For example, when applying the
construction to C = Vect, we obtain the dagger category of Hermitian vector spaces Hermge, and
for C = sVect, we obtain super Hermitian vector spaces sHerm¢. Here, by super Hermitian vector
space we mean a finite-dimensional super vector space V, together with a nondegenerate sesquilinear
pairing (.,.): V x V — C such that

(v, w) = (=) w,v)

for all homogeneous v,w € V. The Koszul sign in the above definition unfortunately does not agree
with what is usually considered a Z/2-graded Hilbert space in the literature, but it is forced on us by
the categorical setup. We set up our non-standard conventions for super Hilbert spaces in Section
We will also argue that with enough effort it is possible to be persistent in assuming Z/2-graded
Hilbert spaces have their inner product violating the Koszul sign rule

(v, w) = (w,v).

However, this is not our preferred convention, as it will introduce subtle signs at other places. One
such subtle sign is in the construction of dual functors compatible with the t structure, see Example
2. 19

We move back to the general setting of symmetric monoidal anti-involutive categories, i.e. sym-
metric monoidal categories with symmetric monoidal anti-involution. To obtain smaller dagger
categories, we can take the full subcategory Cp of the Hermitian completion Herm C on an arbitrary
subset P of Hermitian pairings h:  — dx. The resulting category will be a symmetric monoidal
dagger category again, if we require the subset to be closed under the tensor product. For example,
we might restrict the Hermitian pairings on sVect to those that are positive definite in the sense
of Definition so that we recover the dagger category sHilb of finite-dimensional super Hilbert
spaces. It can happen that different subsets P of Hermitian pairings give equivalent symmetric
monoidal dagger categories. We provide the concrete operation of “closing under transfers” on a
collection of Hermitian pairings P, see Definition 2:3.7] Two subsets Py, P> of Hermitian pairings
give equivalent symmetric monoidal dagger categories Cp, = Cp, covering the identity on C if and
only if they have the same closure under transfers, compare Lemma [2.3.25] We call an equivalence
class [P] of such Hermitian pairings a positivity structure on (C, d), see Definition It turns
out that symmetric monoidal anti-involutive categories with positivity structures contain exactly the
same information as symmetric monoidal dagger categories.
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Theorem 1.0.1 (Theorem (2.4.14)). The Hermitian completion construction is a right adjoint of
the canonical functor

/_\
Ca‘uITEoc alCatg,_,

and induces an equivalence of 2-categories
Cat]goo =~ (alCatg_ ) p.

The above theorem is the symmetric monoidal analogue of the main theorem of [68], which
was joint work of the author with Jan Steinebrunner. In the above theorem, Cat;fEm denotes the
2-category of symmetric monoidal dagger categories, in which 1-morphisms are symmetric monoidal
dagger functors and 2-morphisms are symmetric monoidal unitary natural transformations. In-
stead, alCatg_, denotes the 2-category of symmetric monoidal categories with anti-involution, in
which 1-morphisms are symmetric monoidal anti-involutive functors and 2-morphisms are symmet-
ric monoidal anti-involutive natural transformations. (alCatg_)p denotes the 2-category of sym-
metric monoidal categories with anti-involution and positivity structure, in which 1-morphisms are
additionally required to preserve the positivity structures.

This theorem has many corollaries that are useful for comparing different formulations of unitarity
of topological field theories. For example, as the Hermitian completion is a right adjoint, we obtain
an equivalence of categories between symmetric monoidal anti-involutive functors

D — sVect
and symmetric monoidal dagger functors
D — sHermg,

if D is a symmetric monoidal dagger category. Also, it turns out that Herm is almost a one-sided
inverse. Namely, if C is a symmetric monoidal anti-involutive category, then there is an equivalence
of anti-involutive categories Herm C 2 C3"'™  where C7*™ C (C is the full subcategory on objects
that admit a Hermitian pairing, see Lemma [2.3.18] We therefore obtain:

Corollary 1.0.2. Let C be a symmetric monoidal anti-involutive category for which every object
admits a Hermitian pairing. There is an equivalence between the category of symmetric monoidal
anti-involutive functors

C — sVect

and the category of symmetric monoidal dagger functors
Herm C — sHermc .

If the category has enough duals, we expect Z/2-actions and anti-involutions to be equivalent
concepts through composition with a dual functor. In Section we show the following result:

Theorem 1.0.3 (Theorem [2.2.24)). There is a 2-functor from the 2-category of symmetric monoidal
rigid anti-involutive categories to the 2-category symmetric monoidal rigid involutive categories,
which is an equivalence on hom-categories.
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We summarize the comparison between different notions of involutions on categories we have now
established in the following diagram:

- N hoices of h: z—dx
) d=() ~~~SRELLEZ s t
0 0 (13)
involutions ————————— anti-involutions +—— - daggers
> 1
\\‘\\\»H_erm‘,,,f’//

Combining the above results we obtain:

Corollary 1.0.4 (Theorem Theorem . Assume the bordism category Bord,sllf’,izn_1 comes

equipped with a symmetric monoidal involution (.). If every time slice admits a Hermitian pairing,
there is an equivalence between the category of 7/2-equivariant functors

Bord ™™™ | — sVect

\n
and the category of dagger functors

Herm(BordSlDin ) — sHermc .

n,n—1

We will call the latter Hermitian fermionic topological field theories (Definition and so we will
prove that fermionic topological field theories with reflection structure are equivalent to Hermitian
fermionic topological field theories Moreover, if P is a positivity structure on Bordi{’;ﬁl given by a
collection of Hermitian pairings hy : Y = Y on objects of the bordism category, then there is an
equivalence between the category of dagger functors

(Bord®P™™ ) p — sHilb

n,n—1

and the category of Z/2-equivariant functors

Z: Bord?™ | s sVect

n—1

such that the induced inner products Z(hy): Z(Y) — (Y)* on state spaces are positive definite if
hy € P.

We would now like to highlight the core properties of symmetric monoidal bordism {-category that
make the spin-statistics theorem hold. Namely, let C be a symmetric monoidal category admitting
duals equipped with a Z/2 x BZ/2-action. The most important examples to keep in mind are

1. C= BordTSLpin with the orientation reversal Z/2-action and the spin flip BZ/2-action;

,n—1
2. C = sVect with the complex conjugation Z/2-action and the BZ/2-action given by the grading.

We consider the induced anti-involution dz := ZT*. For the spin-statistics theorem, it turns out to
be relevant to know which positivity structures on this anti-involutive category are suitable to make
‘doubles of the macaroni’ nullbordant. Here, by the macaroni on an object Y™~ ! of the bordism
category, we mean the bordism evy, which looks like Y x [0, 1], but both ends are considered as
incoming, see Figure The relation between this requirement and the spin-statistics theorem is
explained in Remark [6.3.8] Suppose z € C is an object equipped with duality data ev,: 2* @ x — 1
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CVY

Figure 1.1: The macaroni bordism from the disjoint union of the space Y and its dual Y*. It is the
evaluation map evy realizing Y* as the dual of Y in the bordism category.

and coev, : 1 — x ® z*. If we are given Hermitian pairings h: x — dz and hY: z* — d(z*) on both
x and 2%, then we can talk about this ‘double of the macaroni’ ev, o evl. We would like this ‘double’
to behave like the ‘bounding torus’ Y x S;p in the bordism category, where Sép is the circle with the
antiperiodic/Neveu-Schwarz spin structure For this, we need to compare ev, oev], to the closed
manifold Y x S;er, where S;er is the periodic/Ramond circle S;er. This manifold can be written

as a composition of bordisms evy ooy y« o coevy, where o denotes the symmetric braiding. This
composition makes sense in a general symmetric monoidal category and so we want to compare

evy o evl with evy 0oy 4+ o coevy,
and hope they differ by the BZ/2-action. The former is the dimension of x in the pivotal structure
(coevl ®id,vv) o (id, ® coev,y ),

i.e. the trace of the identity morphism. This pivotal structure arises on any monoidal dagger category
equipped with a monoidal dual functor (.)¥ by Theorem of Dave Penneys [58]. The other notion
of dimension uses the canonical pivotal structure induced by the symmetric braiding given by the

5In the main text we consider more general geometric structures, such as Pint, for which both the periodic and
the antiperiodic circle are bounding. Therefore, from the perspective of making doubles bounding, it does not matter
whether evy oev; for Y a single PinT-point is the periodic or the antiperiodic circle for Pint. It is however still
important to make the spin-statistics theorem hold.
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composition given by . We refer the reader to Appendix for a review on duality and pivotal
structures in monoidal categories.

One subtlety with the above is that the formula of the pivotal structure through coev depends on
the choice of dagger dual functor. In this thesis where all relevant dagger categories are constructed
as full subcategories of a Hermitian completion through a choice of positivity structure, this manifests
itself by the choices of Hermitian pairing 4 and hY on z and z* in the codomain of coev,. Changing
these Hermitian pairings can change what the double of a macaroni will be. However, if two Hermitian
pairings are related by a transfer, then the result will only change by a positive automorphism of
the monoida unit, which suffices for our purposes.

Note that given h, there is a canonical choice i’ for hY given by the composition

h*71
¥ —— (dx)* 2 d(z"),
where for the second isomorphism we used that the symmetric monoidal functor d preserves duals.
We will call this Hermitian pairing the dual of h, see Definition[2.7.12] We show how to deal with the
subtle interaction between dagger and dual functors in Section 2.7} The essential point is that for
the dagger categories of fermionic nature in this thesis, we do not want to take the canonical choice
h' = hY, but instead take its composition with (—1)¥. This will exactly ensure that the double of
the macaroni evy is the ‘antiperiodic mapping torus’ Y x S;p. In the following definition we require
the dual of a positive Hermitian pairing composed with (—1)% to be positive again:

Definition 1.0.5 (Definition . Let C be a symmetric monoidal anti-involutive category with
duals equipped with a monoidal positivity structure P and an anti-involutive BZ/2-action x
(—=1)F € Autx in the sense of Definition Then Cp is called weak fermionically dagger compact
if for all (h: x — dz) € P we have h/ o (—1)1 € P.

Often we want to require something stronger, namely that the double of every possible macaroni
is a periodic circle:

Definition 1.0.6. Cp is called strong fermionically dagger compact if for all (h: x — dz) € P and
(hV: z* — d(z*)) € P we have h' o (=1)I" = hV.

The terminology is motivated by the case where the BZ/2-action is trivial, in which case the
above definition is closely related to what is usually called a dagger compact category, see Definitions
[2.723|and 2.7.29] In Section we will see that dual functor on a monoidal dagger category which
is additionally a monoidal dagger functor, corresponds uniquely to a pivotal structure. The induced
notion of dimension is the double of its macaroni

i - i
dim; x = evgyoev) .

For a strong fermionically dagger compact category, dim; x will differ from dimx by the automor-
phism (—1)" of = corresponding to the BZ/2-action up to an inv-positive morphism in the sense
of Definition [2:3:30] see Section 2.9 For example, in the symmetric monoidal dagger category of
super Hilbert spaces dimH = dim, H is the superdimension. On the other hand, it has a unique

dagger dual functor so that dim; H = dimyyg- H is the ungraded dimension. In the dagger category
Bord’P™ | it turns out that dimY = Y x S! . while dim; Y = Y x Sip- These abstract obser-

n—1 per>
vations are a convenient way to conceptualize the spin-statistics theorem: suppose Z:C — D is a
symmetric monoidal dagger functor between weak fermionically dagger compact categories. Given

an object z € C, we can try and compare (—1)f" with (—l)g(w) by comparing dim z, dim; z, dim Z(x)
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and dim; Z(z). This gives some information about the extent to which Z is BZ/2-equivariant. In
fact, when the target D is sHilb, we show that Z is always BZ/2-equivariant in Corollary A
crucial ingredient to make this work is that sHilb is strong fermionically dagger compact, see Corol-
lary In particular, when C = (Bord,, ,—1)p is a weak fermionically dagger compact bordism
category, it implies the spin-statistics theorem holds for symmetric monoidal dagger functors from
C to sHilb. With these abstract categorical considerations, it becomes a primary goal to construct
orientation-reversal Z/2-actions and Hermitian pairings on fermionic bordism categories that make
them weak fermionically f-compact.

We will establish such properties not just for spin bordism categories, but for bordisms equipped
with more general G-structures. Motivated by physics, our main focus will be on structure groups
G = G,(K) that are constructed from certain kinds of internal symmetry groups K by a specific
construction given in Definition One can think of G,,(K) roughly as a product

Gn(K) ~ K x SO,

of K with the Euclidean signature Lorentz group SO,,. In general both time-reversal and fermions
will be allowed in the symmetry group, which makes the construction of G,,(K) more like a graded
tensor product. We formalize the situation by asking K to be a fermionic group in the sense of
Definition it comes equipped with a group homomorphism 6: K — Z/2 and a distinguished
central element ¢ € K which squares to one, such that 8(c) = 0. The element ¢ should be thought of
as an abstraction of the spin flip ¢ € Spin,, and so the spin-statistics connection for a topological field
theory with G,,(K)-structure requires c to act by (—1)¥ on state spaces. Our hope is that the theory
of fermionic groups we develop in Chapter will be useful more generally in quantum physics, for
example for time-reversal symmetries of symmetry-protected topological phases in condensed matter,
or in the study of ‘t Hooft anomalies. All results above generalize to bordism categories in which
all manifolds Bordi(nK_)1 are equipped with G, (K)-structures defined in Section , in particular
the relationship between dagger functors and Z/2-equivariant functors of Corollary For any
fermionic internal symmetry group K we identify a specific positivity structure P on the bordism
category Bordi’;l(f(l), so that we obtain a construction of a symmetric monoidal dagger structure
on it in Definition [5.2.18] This positivity structure makes this bordism category weak fermionically

dagger compact, as we show in Theorem [5.2.25

Definition 1.0.7 (Definition [6.2.4). A wnitary (fermionic) topological field theory with internal

fermionic symmetry group K is a dagger functor (Bordfy’;L(_Kl)) p — sHilbc.

The main theorem of this thesis is the spin-statistics theorem for fermionic topological field
theories:

Theorem 1.0.8 (Theorem [6.3.5)). FEvery unitary fermionic topological field theory with internal
fermioinic symmetry group K satisfies

Z(Ye) = (=D

Our proof in Section [6.3[is a direct consequence of the fact that (Bordi’;f_}?

cally dagger-compact, see Corollary|2.9.12fand Theorem|5.2.25 We are unsure whether (Bordi’;(_Kl)) P
is strong fermionically dagger-compact.
We also prove the following result, which should be familiar to physicists.

)p is weak fermioni-
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Proposition 1.0.9 (Proposition [6.3.13). Let Z: Bordf’z(f{l) — sHilbe be a unitary topological field
theory with symmetry K and let Y™~ be a time slice with trivial principal G, (K)-bundle. Then the
super Hilbert space Z(Y) comes equipped with a representation of K for which (—1)F acts by the

grading and k € K acts unitarily when 0(k) =0 and anti-unitarily when 0(k) = 1.

We emphasize that mathematically the above result is somewhat surprising, as it strongly relies
on unitarity through the spin-statistics theorem. Namely, for a Hermitian topological field theory
with internal fermionic symmetry group K, there is still a collection of (anti-)unitary operators
pk): Z(Y) — Z(Y) on state spaces for internal symmetries k € K, but if ki, ks € K are time-
reversing then

p(k1)p(ka) = (1) 5y p(c)p(kiks).

1.1 Outlook

In this thesis, we have argued that unitarity of topological field theories is most naturally formulated
by enhancing symmetric monoidal functors to symmetric monoidal dagger functors. On the other
hand, it has been increasingly appreciated in recent years that fully extended topological field theories
are mathematically the best behaved, because of the cobordism hypothesis, and physically the most
relevant, because of locality in quantum field theory. Since fully extended topological field theories
are symmetric monoidal functors between symmetric monoidal (co, n)-categories, this motivates the
quest to understand dagger (oo, n)-categories. For this purpose, a workshop was organized in June
2023, in which several definitions were proposed in a similar spirit to the approach using Hermitian
pairings, introduced in [68] and applied in this thesis. A short report on our findings is expected to
appear in the near future [6].

One insight of the workshop was that so-called pivotal structures on 2-categories are special cases
of higher dagger structures, while the corresponding higher anti-involutive structure only gives a so-
called weak pivotal structure. For example, if the 2-category is a monoidal category C considered
as a 2-category BC with one object, then a pivotal structure BC is a pivotal structure on C in
the usual sense. A weak pivotal structure on the other hand, is an isomorphism ¢ = 0. ® ¢** @ 6!
satisfying some conditions, where 6. € C is an invertible object. We expect that using the relationship
between dagger dual functors and unitary pivotal structures on dagger categories, these observations
will give a higher dagger-categorical interpretation for the condition of being strong fermionically
dagger-compact.

The report is expected to include a generalization of the construction of the bordism dagger
category Bord,, ,,—1 of Definition to the (0o, 1)-setting. In other words, the anti-involution is
defined using the involution Y ~ Y’ through a single stabilization of the structure group and the
construction of Hermitian pairings involves a rotation by 7 in the plane spanned by the nth coordinate
(time) and the (n + 1)th coordinate (the extra stabilization). We expect such constructions to
generalize to a higher dagger categorical structure on the (0o, n)-category Bord,,, when the structure
group is fully stable. This will solve the open question of defining unitary extended topological field
theories.

However, in general we do not know the answer to the question what the right target higher dagger
category is, a question that is already subtle in the non-unitary setting. There is a reasonable amount
of evidence that the suitable target for once extended topological field theories is the bicategory
sAlgq of superalgebras. Suggestions for constructions of universal targets for extended topological
field theories generalizing sVect in category level one and sAlg in category level two, are work
in progress independently by Freed—Scheimbauer-Teleman and Johnson-Freyd—Reutter. For once
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extended unitary topological field theory, we therefore have to look for a suitable dagger bicategory
of superalgebras. We have been exploring this proposal for two-dimensional topological field theories
with reflection structure (which should be equivalent to anti-involutive categories without positivity
structure) in [53], together with Lukas Miiller. In joint work, we aim to include Hermitian pairings in
this discussion, in order to study once extended unitary topological field theory. For some indication
of how this would work, note that the blcategory of superalgebras has an anti-involution A — A%
analogous to the anti-involution V ~ V'~ on finite-dimensional super vector spaces. Hermitian
pairings A & A for this anti-involution are stellar algebras, the Morita-invariant analogue of *-
algebras, see [53] section 5.2]. From the perspective of algebraic quantum mechanics, it is unsurprising
that x-algebras come up in defining unitarity for once extended topological field theories. Given
two stellar algebras A, B, there is an induced anti-involution on the hom—categorierﬂ for which the
Hermitian pairings are stellar bimodules. These are a purely algebraic, not necessarily positive
definite analogue of Hilbert bimodules between C*-algebras. To make this anti-involutive bicategory
into a dagger bicategory, we have to choose a positivity structure, which now amounts to Hermitian
pairings both on objects and on 1-morphisms. For example, we could take those stellar algebras
that are induced by C*-algebras and those stellar bimodules that are induced by Hilbert bimodules.
Further research is required to discover which of these positivity structures on this anti-involutive
bicategory recover expected results, such as the spin-statistics theorem for once extended unitary
topological field theories.

Another result that definitions of extended unitary topological field theories can be compared to,
is the classification of unitary invertible field theories by bordism groups [20, Theorem 1.1]. We will
now compare our analysis of the 1-categorical properties required for the spin-statistics theorem with
what is required for this classification, namely that doubles are nullbordant. First, we emphasize
that even though folklore in physics tells us that invertible topological field theories are classified by
bordism groups, this is not quite the case for non-unitary theories, see [45]:

Theorem 1.1.1. Taking the partition function of a functor
Bordfn( 1) — sLine

to the category of super lines (one-dimensional super vector spaces) induces an isomorphism between
equivalence classes of such functors and homomorphisms

SKKSGK) — c*,
from the controlled cut and paste group of manifolds with G, (K)-structure to C*.
Under minor assumptions that are satisfied for the structure groups G, (K), the controlled cut
and paste groups are closely related to bordism groups, but they are not isomorphic. A typical

example of an invertible topological field theory that is not a bordism invariant is an Euler theory
corresponding to a fixed nonzero complex number A, which has partition function

Z(X) = 0,

However, under the assumption of unitarity these unstable invariants disappear.

6 Actually this is only a lax involution in the sense of Remark [2.3.13| unless we are willing to restrict to invertible
bimodules.
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Theorem 1.1.2 ([77, [44]). Isomorphism classes of nonextended unitary invertible topological field
theories with target superlines are given by homomorphisms

Hom(7" 9, U(1)),

if n is odd and
Hom (QG5) U7 (1)) x R

otherwise.

The above is a nonextended analogue of the main result of Freed and Hopkins [20][] In future
work, we aim to study Hermitian and unitary invertible topological field theories by applying the
theory of Hermitian pairings to the case where the symmetric monoidal category is a Picard groupoid.
Our analysis is preceded by a completely algebraic characterization of dagger Picard groupoids (and
1 2-groups) and symmetric monoidal dagger functors between them, in the spirit of Sinh [67]. This,
in particular, recovers the work in progress [44].

The crucial input to theorems stating that symmetric monoidal dagger functors from a bordism
category to the dagger category of one-dimensional super Hilbert spaces are given by bordism in-
variants, is that the double of a manifold with boundary is nullbordant. Note that this is physically
very surprising: to know when two closed n-dimensional spacetimes are bordant you need to know
something about (n + 1)-dimensional manifolds, even though your quantum field theory is of di-
mension n. In particular, when manifolds come equipped with extra geometry, there might be a
choice how to extend your notion of geometry to (n + 1)-manifolds. For example, the structure of
an orientation and a double cover is the same as a spin structure in spacetime dimension one, but
not in spacetime dimension two. Even though in both scenarios the one-dimensional bordism group
is Z/2 generated by a circle, which circle is nullbordant is different. This is yet another way to
argue that the Hermitian pairings we have to pick for the one-dimensional structure groups Spin,
and SO; x Z/2 must be different, even though their bordism categories are identical, see Example
0.2. 27

We prefer to think of doubles being nullbordant as a remnant of higher categorical structure as
follows. Let X™: () — Y™~ ! be a morphism in a bordism category Bord,, ,—1 on which we have
constructed a dagger, for example by requiring a preferred Hermitian pairing on Y. Recall that the
double of X is defined as the endomorphism of @) € Bord,, ,—1 given by X to X. A nullbordism of
the double is a 2-morphism W : XToX — 0 in the bordism bicategory Bord,,4+1,n,n—1. We can think
of W in two ways. On the one hand W provides the ‘unitarity data’, specifying that X is ‘weakly’
unitary, or rather an isometry. On the other hand, we can note that { specifies an involution on the
bordism bicategory Bord,, 1 n,n—1, which is the identity on objects, but not on 1- and 2-morphisms.
In that sense, { behaves more like a weak involution between hom-categories. The 2-morphism W
gives us a Hermitian pairing on the 1-morphism X, which allows us to define a T 2-functor, which is
additionally the identity on 1-morphisms. For this, we will need W to be a nondegenerate pairing
in a suitable sense. We hope that this description of the nullbordism of the double is amenable
to higher-categorical generalizations in the juvenile, but exciting field of higher dagger categories.
Unlike for the spin-statistics theorem, we do not claim to have a more conceptual description of the
1-categorical remnants that the above structure gives us on the dagger category Bord,, ,,—1.

7Freed-Hopkins moreover mainly work with ‘topological™’ theories (target spectrum the Anderson dual of the
sphere), while we work with ‘discrete theories’ (target the Brown-Commenetz dual of the sphere).
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Chapter 2

Involutions on categories

In the introduction we have seen that in order to understand Hermitian and unitary topological field
theories, we have to understand Z/2-equivariant functors between certain categories with involution
or dagger functors between dagger categories. With this goal in mind we first study the abstract
theory of symmetric monoidal categories with different notions of involution and their relationship
with symmetric monoidal dagger categories. We start with the easiest example of the type of category
we will be interested in, in which most of the main features are already present: the category of
super vector spaces.

2.1 Hermitian forms on super vector spaces

In this section, we will study in detail the notions of duality, complex conjugation and Hermitian
pairings in sVect, the symmetric monoidal category of finite-dimensional super vector spaces together
with grading-preserving (even) linear maps. We will use the convention that “super vector spaces”
refers to vector spaces with Z/2-grading V = V & V1, in which the braiding is given by the Koszul
sign rule, while “Z/2-graded vector spaces” refers to the same monoidal category with trivial braiding
vw — w®uv. If W is a vector space, we denote the associated purely even super vector space
again by W and the purely odd super vector space by ITW.

The dual V* of a super vector space V' is given by all linear functionals V' — C decomposed into
even maps Vy — C and odd maps V7 — C. If V is finite-dimensional, this is a dual in the categorical
sense as we now describe, see Appendix for a brief review of duality in monoidal categories. The
evaluation map V* ® V. — C is given by evaluating functionals, which is an even map. Since V is
finite-dimensional, the triangle identities hold for the coevaluation map C — V* ® V' which sends 1
to the finite sum

Z € X e;

1

where {e;} is a basis of V with dual basis {€¢'}. Using that sVect is symmetric, we get a canonical
spherical pivotal structure ®y : V' — V** which expresses that both V and V** are duals of V*.
One can check that it is given by ®v (v)(f) = (=1)""IfIf(v), for example using formula (A72). In
particular, the trace associated to the pivotal structure is the supertrace f — try, f — try, f. The
reader may refer to Appendix for a review on pivotal structures, sphericality and traces in them.

If V is a complex super vector space, we denote the complex conjugate super vector space by
V = {v : v € V}. This vector space is equal to (V,+) as an abelian group, but with scalar

23
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multiplication zo := Zv. The operation V + V defines a functor if we set T(v) := T'(v) for a linear
map T : V — W. Given our definitions, we have that V =V and V@ W =V ® W on the nose.
It is straightforward to verify that this is a symmetric monoidal Z/2-action on sVect in the sense of
Appendix Analogous statements are true for Vect. There is room to change these Z/2-actions
by introducing several signs and we will comment on these near the end of this section. This is
not merely an act of self-flagellation; the sign subtleties in fermionic topological field theory are
unforgiving.

Since V — V is monoidal, it preserves duals. Using the formula for uniqueness of duals ,
one can compute that the induced isomorphism ¢ : V* =2 V" is the canonical one:

o(f)(0) = f(v).

From now on we typically identify V* and v directly.

There are two perspectives on sesquilinear forms on a complex vector space V; a sesquilinear
map V x V — C or a complex-linear map V — V* (which is equivalent to a complex anti-linear map
V — V* and a complex-linear map V' — V*). We develop both perspectives for super vector spaces
here.

Definition 2.1.1. Let V be a super vector space. A sesquilinear form on V' is an even linear map
h:V — V. It is called nondegenerate if h is an isomorphism. A (super) Hermitian form is a
nondegenerate sesquilinear form that is symmetric in the sense that

v v
|«
v

commutes. Here the vertical arrow uses the canonical isomorphisms V — V** V=2V and V* =V .

Remark 2.1.2. In the above convention, the induced pairing
(v, w) = h(v)(w)

will be conjugate linear in the right variable. Since we prefer to use inner products that are conjugate
linear in the left variable we often implicitly apply the functor V +— V to h in the rest of this section.
However, the convention in the above definition will be more convenient for the abstract framework
of Hermitian forms that will be developed in the coming sections.

Note that our definition of a nondegenerate pairing V' x W — C does not extend well to infinite-
dimensional vector spaces. The reason is that we also require for all f € W* the existence of an
element v € V such that pairing with v gives f. This is not much of a loss because we will only
study topological field theories in this thesis. The reader is referred to Remarks [2.3.13| and [2.3.14]
for a brief discussion on how to deal with the dagger category of infinite-dimensional Hilbert spaces
in the context of this thesis.

Proposition 2.1.3. A sesquilinear form h on'V is equivalent to a sesquilinear pairing (-,-) : VXV —
C such that

(v,w) =0
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if v,w are homogeneous of different degree. Moreover, h is nondegenerate if and only if the pairing
is nondegenerate. It is Hermitian if and only if

(v,w) = (=) Nw, v)
for all v,w € V' homogeneous.
Proof. Given h: V — V*, define the pairing
(v, w) = h(v)(w).

Note that h is an even map if and only if Vo L V;i. Clearly h is bijective if and only if (-,-) is
nondegenerate. For the complex-conjugate symmetry, we compute for v, w € V homogeneous that

W@y (0))(@) = Sy (0)(h(@)) = (1)1 h(@) () = (1)1 (w, v),

while under the isomorphism V* = V*, the element h(v) € V* is mapped to the functional V — C
given as
w — h(D)(w) = (v, w).

So h is equal to the required composition if and only if the pairing satisfies
(v,w) = (=) w, v)
for all v, w € V homogeneous. O
Note that if h is a Hermitian form and v € V' is homogeneous, then
(v,0) = (=1)""I(v,v)

is real when v is even and imaginary when v is odd. In defining positive definiteness, we decide to
call imaginary numbers of the form ai where a € Rsq positive:

Definition 2.1.4. A Hermitian form is positive (definite) if for all even v € V
(v,v)y >0
and for all odd v € V'

(v.0)

> 0.

We also say that (V,h) is a (finite-dimensional) super Hilbert space. More generally, the sign of
(v, v) either as a real or imaginary number will be refered to as the inner product sign.

Let {e1,...,e,} C V be a graded basis with dual basis {€!,...,e"}. We can decompose h in
components as h(¢&;)(e;) = hij so that hj; = (—1)l¢lleilh;;. Note that h;; = 0 if e; and e; are of
different degree. In matrix notation

(03
0 B

where A is self-adjoint and B is skew-adjoint. The form h is positive if and only if A and % are
positive matrices in the ordinary sense.
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Definition 2.1.5. An orthonormal basis with respect to a super Hermitian form on V' is a homo-
geneous basis (eq,...,e,) C V such that

(eisej) = dij{ej, €5),

where (ej,e;) € {£1,+i} will be called the norm of the orthonormal vector. The quadruple
(p1,p2,p3,pa) containing the number of js for which the norm (e;, e;) are respectively +1, —1,+i
and —i is called the signature of the form.

Note that the signature is well-defined. Unless stated otherwise, we will assume the basis has
been ordered so that the first p; elements have norm +1, the ps after have norm —1, the next
p3 have norm ¢ and the final ps vectors have norm —i. In particular eq,...,ep, 4p, are even and
€p1+pa+1,---,6n are odd. It is easy to show by a Gram-Schmidt process that orthonormal bases
exist and that the signature is well-defined.

Proposition 2.1.6. Let (V, h) be a super Hermitian vector space with signature (p1,p2,p3,p4). Then
V* is a super Hermitian vector space by (h*)~1: V* — V**. It has signature (p1,p2, pa,D3)-

Proof. This follows by a computation in coordinates. Let {ey,...,e,} be an orthonormal basis and
denote the dual basis by {€',...,€"}, so that ¢’(e;) = d%. The claim is that {€',...,€"} is again an
orthonormal basis. We have to compute

(€ v = (1)) = a7 ).

Now note that A= (/) = (e;,e;) ~'e; because

h((ej,e5) ") (es) = ((ej,e5) " Tej,e0) = (ej,€5) " {ej, €3) = b

Therefore we can now compute

(€, e)ve = €((ej, ;) e5) = (ej,e5) 105
Since (+i)~! = i and (1)~ = 1 this ends the proof. O

Remark 2.1.7. Given a super Hermitian vector space (V, (-, -)), one can define an ordinary Hermitian
pairing on V' by

_J{v,w) weven,
(Uv w) T { (v,iw) v odd.

This will give a bijection between super Hermitian forms on V and ordinary Hermitian forms on V'
such that Vy L V4. Moreover, this bijection preserves positivity and so super Hilbert spaces as in
this document are in bijection with Z/2-graded Hilbert spaces in the usual sense:

(v, w) = (w,v).

In practice, it is often conceptually easier to work with Z/2-graded Hilbert spaces, but when working
in super vector spaces it is less natural from a categorical perspective. Namely, their symmetry
property violates the Koszul sign rule and so is difficult to unify with the usual nontrivial braiding
on the category of super vector spaces at first glance. However, there are ways to fix this as we will
discuss at the end of the section.
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Definition 2.1.8. let T : (V, (.,.)v) = (W, (., .)w) be a complex-linear map of homogeneous degree
between super Hermitian vector spaces. Then the Hermitian adjoint T : (W, (., )w) — (V, (., )v)
is defined to be the unique complex-linear map such that

(T, wyw = (=), TTw)y,
for all homogeneous v € V and w € W.

The proof that Hermitian adjoints exist and are unique is the same as in the ungraded case. In
fact, if T% : (W, (., )w) — (V,(.,.)v) denotes the ungraded Hermitian adjoint of the correspond-
ing ungraded Hermitian forms on V and W under the remark above, then by a straightforward
computation it follows that

Tt — T* T even,
)Tt T odd.

It is easy to show that T1T = T and (T\T%)" = (=1)/TIZITIT], ie. the superalgebra End(V)
becomes a super *-algebra. Note that for the usual ungraded definition of Hermitian adjoints, we
would have (T1T3)* = T. 21 Tli without the sign. In other words, this would define what will be called
a Z/2-graded #-algebra instead, in which the law (ab)* = b*a* violates the Koszul sign rule. To see
what t looks like concretely in coordinates, we consider the following proposition.

Proposition 2.1.9. Let (V,{.,.)y) and (W, (., .)w) be super Hermitian vector spaces and let {e1, ..., en}
and {fi,..., fm} be orthonormal bases. Denote elementary matrices by E' for i = 1,....n and
a=1,...,m, so Ele; = 6;fa. Then (EL)' = p; o ES where p; o € {£1,+i}. Moreover, p; o is real
if and only if e; and f, have the same degree and p; o has a +-sign if and only if e; and f, have the
same inner product sign.

Proof. Consider the computations

<Eg7€i7fa>W = 6g<fﬂvfa>W = 6g5ﬂa<f57f3>w

and
B8 B B
(=D e, ps s B fa)v = (=1)11E160655p; 5(es, )y = (1)1 1685,5p; (e, ) v

If these are to be equal, then

pia = ey,
<€]’ 61>V

We now check all cases. If fg and e; have the same degree, Ejﬁ is even and pj; g is indeed the difference

in inner product sign between fg and e;. If f3 and e; are of different degree, Ef is odd. Suppose e;
is even. Then the sign is +1 and hence

pig— {fs, fo)w

PP e ey
is ¢ times the difference in inner product sign as desired. If instead e,, is odd, then the sign is —1,
which cancels the sign coming from the fact that the imaginary unit is now in the denominator. O
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From the proposition it follows that for any Hermitian form (-,-)y on V, the induced super *-
algebra on End V' becomes the following *-structure on M, (C) after a choice of orthonormal basis

{e1,...,epyq}:

An A A Au)| Ay —al Al —iAl
Apr Azp Asz Asy | _ —Al, Al Al Al
Az1 Asx Asz Az Al —iAl, Al —Al,
An A A Au —iAl, Al -Al, Al

where on the right hand side { denotes the usual Hermitian adjoint of (possibly nonsquare) matrices.

We briefly put some of the above analysis in a more abstract language that will be used in
the coming sections, also to facilitate the discussion of sign conventions. For this, note that the
contavariant functor dV := V" squares to the identity in the following sense. There is a natural map
nv : V — d?V induced by ¢ and ® and it is straightforward to check that n4y and dny are inverses
if V' is finite-dimensional. One can then rephrase the notion of a Hermitian form as an isomorphism
h:V — dV such that dhony is the inverse of h. This motivates the abstract notion of a Hermitian
pairing for what we will call a category with anti-involution, as will be discussed in Section [2:3] see
Definition Note that d naturally reverses the direction of the tensor product, because V + V'
is monoidal and V +— V* reverses the direction. Here we used the fact uniqueness of duals to get
the isomorphism V* @ W* = (W ® V)*. It is explicitly given by the composition

WV O gV Ve W e (Ve W) S5 Wre W @ (Ve W) 25 (Vo W)*
which in this case yields the isomorphism
VoW 2(WeV) feg— (vew— f(v)g(w)).

We warn the reader that depending on context, this isomorphism can violate the Koszul sign rule.
We will use the braiding to make d : sVect — sVect®® monoidal, which will introduce signs in some
formulas:

Definition 2.1.10. The tensor product of super Hermitian vector spaces (Vi, hy), (Va, h2) has Her-
mitian pairing
(V1 @ vg, w1 ® wa) 1= (1)1l (y; vy (wy, ws).

In terms of maps V' — dV, this tensor product corresponds to the composition

Vi@ Ve MER v @ dVe 2 d(Ve @ Vi) 2 d(Vy @ Va).

This formula motivates the more general definitions of tensor products of Hermitian pairings in
monoidal categories with anti-involution, which we will consider in Section [2:4]

Example 2.1.11. Somewhat surprisingly, the tensor product of an odd Hermitian superline with itself
is the positive definite even line. More generally, the tensor product of two super Hilbert spaces is
again a super Hilbert space.

We now discuss ways to modify the Z/2-action V + V and anti-involution V' ~ dV by natural
automorphisms of sVect. The following lemma is easy to prove.
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Lemma 2.1.12. Natural automorphisms of the identity in Vect are classified by C*, where the
transformation corresponding to A € C* is given by mapping V to Nidy. Only the identity natural
automorphism is monoidal. Natural automorphisms of the identity in sVect are classified by a pair
(Mo, A1) € C* x C* given by multiplying with Ao on the even part and Ay on the odd part. Let
ALV =V for A € C* denote the natural automorphism of idsveer given by multiplying by A on the
odd part. Only the identity natural automorphism and (—1)¥ are monoidal.

One way to change our notions of Hermitian form on a super vector space is to change the
anti-involution (d,7) on sVect. Using the above lemma we will now contemplate our options.

Remark 2.1.13. Let us try and modify the natural isomorphism V = d?V with a natural automor-
phism of the identity. It is easy to verify that changing this isomorphism with (Ag, A1) as in Lemma
[2.1.12] will result in nondegenerate sesquilinear pairings V x V — C satisfying

(v1,v2) = Ao (v2, v1)

if v; and vy are even and
<U17U2> = *)\1<U2,111>

if v; and vy are odd. In particular, changing d?V = V by (—1)F results exactly in the usual
notion of Z/2-graded Hermitian forms. The bijection explained in Remark identifies these two
conventions. For a more precise statement and generalizations see Section We change V = d?V
by any other natural automorphism, it will no longer be monoidal by Lemma Therefore the
tensor product of two such ‘twisted’ notions of Hermitian pairing will not be a ‘twisted’” Hermitian
pairing of the same type. This is undesirable if we want Hermitian pairings of a fixed twist to
assemble into a monoidal category.

Remark 2.1.14. If we change the natural isomorphism d(V ® W) = dW ® dV specifying how d
is monoidal, we do not change the notion of Hermitian pairing, but we do change the notion of
tensor product. This is at first sight a very bad idea. For example, changing the isomorphism
by v @ w — (—=1)I?l*ly @ w, we get that the tensor square of the odd line IIC with any of its two
Hermitian pairings is the even line with a negative definite Hermitian inner product. Positive definite
not being closed under tensor product is undesirable for the definition of unitary topological field
theory.

However, suppose we have already changed d?V = V by a (—1)¥ so that Hermitian pairings will
correspond to Z/2-graded Hermitian vector spaces as discussed in the previous remark. In order to
make sure that the tensor product of Z/2-graded Hilbert spaces is again a Hilbert space, we then
want to define the tensor product of Hermitian forms as

(V1 ® Vo, w1 ® we) = (v1, w1)(Va, Wa).

unlike in Definition [2.1.10} To achieve this we deduce that we also need to change the isomorphism
d(V @ W) =2 dW ® dV. We conclude that to obtain the monoidal category of finite-dimensional
Z/2-graded Hilbert spaces in the usual sense, we need to change d?V = V by a sign to get the
ungraded symmetric notion of a pairing and then additionally change d(V @ W) = dW & dV by
v@w— (—1)I1*ly @ w to get the correct monoidal structure.

Remark 2.1.15. We translate the considerations above into modifying the natural isomorphisms as-
sociated to the covariant symmetric monoidal Z/2-action V +— V. Similarly to the contravariant

case, we can change the natural isomorphisms V =2V and V@ W = V ® W. There is however one
subtlety in comparing these modifications with modifying the anti-involution d: if we change the
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isomorphism V @ W 22 V®@W, we also modify the data Vixyr saying that V + V preserves duals.
It is straightforward to verify that changing the former isomorphism by v ® w > (71)‘””“"’0 ® w
changes the latter by (—1)f. Consequently, just changing the monoidal data of the complex conjuga-
tion functor and not the squaring-to-one isomorphism will result in changing both the monoidal data
of d and the isomorphism d2V =2 V. In particular, if we want to arrive at the convention in which
Hermitian pairings will be ungraded symmetric, we can either change V=V or VW =V @ W
but not both. If we then additionally want the category of Hilbert spaces to be closed under tensor
product, we will need to change only VW = V @ W and not V = V Suitable adaptations
to the theory have to be made in this convention. For example, in Proposition [2.1.6| we implicitly
used the isomorphism V" = V*. Because of this, when we take the category-theoretic considerations
seriously, we again get that the signature of the Hermitian pairing on the dual vector space has its
signature negated on the odd part in this convention.

We will study the sign choices coming from the above remarks in more detail and higher generality
in Section [2.6f We will find that there are only ad hoc ways to get rid of the sign on the dual
Hermitian vector space in a precise sense. This is because the f-category sHilb of finite-dimensional

super Hilbert spaces is not quite a f-compact category but only up to the grading automorphism
(—=1)F as will be discussed in Section

Proposition 2.1.16. Let (V,h) be a super Hermitian vector space. Equip V* with the Hermitian
vector space structure given by composing (h*)~1 and the grading automorphism (—1)¥ so that V*
has the same signature as V by Proposition |[2.1.6, Then the following diagram commutes

eVT
c— LyvieV

lcocvv lUV*,V
_1\F
Vv SOV gy

Proof. We look in coordinates and apply Proposition Let {e;} be an orthonormal basis of V'
and {e'} its dual basis. Then by the choice of Hermitian pairing on the dual, the vectors e; and e
have the same sign for the inner product. Since signs multiply under the tensor product of Hermitian
vector spaces, we see that e’ ® e; € V* ® V is both even and positive definite in the inner product.
Therefore,

evi(1) = Zei ® ey,
which gets mapped by oy« v to

S @ e =Y e @ (<1 (e)

% %

as desired. 0

2.2 Involutive and anti-involutive categories

In Section[2.1] we abstracted the notion of a Hermitian pairing on a vector space V' to an isomorphism

Vixy satisfying a symmetry property. The main idea to define unitary topological field theories, is

1This sign convention is analogous to the sign convention 11 = —11)s for Grassmann variables 11, 12, which
is sometimes used in the physics literature.
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to do this same construction for the bordism category and require topological field theories to preserve
the appropriate structure of involutions and Hermitian pairings. In other words, we would like to
study Z/2-actions Y + Y on the bordism category defined by some orientation-reversal procedure
and define Hermitian pairings ¥ = Y" on the bordism category satisfying certain properties.

Before diving into the geometry in Chapter [4] we will first abstract the situation and work in
general symmetric monoidal categories with duals and a symmetric monoidal Z/2-action. In this
section, we will introduce the basic definitions regarding involutions and anti-involutions. We expect
these two concepts to be equivalent under composing with a chosen dual functor, see the left part of
the diagram in the introduction. Since we will not need this equivalence in general, the main
goal of this section will be to give a technical proof of a slightly weaker statement in Theorem
We will use the following terminology:

Definition 2.2.1. An involutive category or a category with involution is a category C with Z/2-
action.

See Appendix[AZ3|for the definition of an action of a group on a category. Explicitly, the structure

of an involution on a category consists of a functor (.) : C — C and a natural isomorphism A, : # — T

such that the two induced morphisms Az and \, : T = T agree. When C is symmetric monoidal, we
require the action to be symmetric monoidal. This means that (.) : C — C is symmetric monoidal and
Az — T is monoidal. Involutive categories form a 2-category ICat using Z/2-equivariant functors
and Z/2-equivariant natural transformations, see Definition Similarly, we sometimes refer to

7 /2-equivariant functors (natural transformations) as involutive functors (natural transformations).

Remark 2.2.2. The above terminology seems to be somewhat standard in the literature [ [76] 37].
However, in the monoidal setting, involutions are sometimes required to be op-monoidal [15], i.e.
reverse the direction of the tensor product.

Now suppose we are given a rigid involutive symmetric monoidal category. Recall here that
a monoidal category is called rigid if every object has a dual. In this section, we combine the
Z/2-action z — T with the dual into a single operation d(x) := Z*. This will be more convenient
as it reduces the amount of data we have to carry around and as we saw in Section abstract
Hermitian pairings can be defined by only referring to d. This results in what we will call a category
with anti-involution, which is closely related but not equivalent to the notion of a dagger category.
The exact relationship between dagger categories and anti-involutions is provided in joint work with
Jan Steinebrunner [68], which will be reviewed in Section It turns out that the anti-involution
contains exactly the same information as the involution, i.e. we will prove the following theorem:

Theorem 2.2.3 (Theorem [2.2.24)). There is a 2-functor from the 2-category of rigid symmetric
monoidal categories with involution ICatféi to the 2-category of rigid symmetric monoidal categories

with anti-involution aICat{éi giwen by mapping the involution 6 to the anti-involution d = U* It
is an equivalence on hom-categories.

To make the theorem precise, we first work through all relevant definitions. An anti-involution
on a category is a fixed point for the Z/2-action C — C°P on the 2-category of categories. Explicitly
writing out this definition using the notion of fixed points in bicategories [53, Appendix A] [31]
Definition 3.9 and subsequent remarks], results in the following 2-category alCat of anti-involutive
categoriesﬂ

2We refer to [47] for an introduction to bicategories.
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Definition 2.2.4. An anti-involution on a category C consists of a functor d : C — C°P together
with a natural isomorphism 7 : ide = d? such that dn, is the inverse of n4.. We call a category with
anti-involution an anti-involutive category.

Definition 2.2.5. An anti-involutive functor between anti-involutive categories (C1,dy,m), (Ca,d2, n2)
consists of a functor F' : C; — Cy and a natural isomorphism ¢ : F' o dy = dy o F' such that the
following diagram commutes:

F(x) F((nl)z) (F o dl o dl)(x)
l(nz)zr(w) J/¢d1(m) . (2'1)
(daodyo F)(@) —2) 5 (dyo Fod)(a)

An anti-involutive equivalence is an anti-involutive functor which is also an equivalence of categories.

Definition 2.2.6. An anti-involutive natural transformation u between anti-involutive functors
(F,¢) and (G, ) is a natural transformation such that the diagram

(Fodi)(x) % (Gody)(x)

[+ v
(d2 0 F)(z) ¢ (dy 0 G)(a)

commutes for all objects x.

By [68, Lemma 2.5.], an anti-involutive functor is an an anti-involutive equivalence if and only if
it admits an anti-involutive inverse up to anti-involutive natural transformation.

Remark 2.2.7. Calling (C,d,n) an anti-involutive category is not standard terminology in the liter-
ature. In the surgery theory literature, this structure is sometimes called a category with duality.
However, we find this terminology confusing with the fact that in many examples relevant in this
thesis, dc will not be the dual of ¢ in the sense of monoidal categories. Our terminology is motivated
by what is sometimes called an anti-involution on an algebra A; a linear map d : A — A such that
d? =id4 and d(ab) = db - da.

Ezample 2.2.8. Let (C,d,n) be an anti-involutive category. Then C°P is an anti-involutive category
with inverted n. This makes d into an anti-involutive functor C — C°P.

Ezxample 2.2.9. Let C be a symmetric monoidal category with duals. Then a choice of dual functor
x — x* can be made into an anti-involution, see Lemma [2.2.16]

Example 2.2.10. In C = sVect the functor V — V" can be made into an anti-involution, as explained
in Section 211

We extend these notions to monoidal categories, for which we will introduce some notation. If
(C,®,1) is a monoidal category, we will write the same category with opposite tensor product as
C®°P, If we want to emphasize that in the opposite category C°P we only reverse composition of
morphisms and not the tensor product, we will write C°°P instead. In particular, C°°P*®°P is the
monoidal category in which both the order of composition and tensor product is reversed. For
example, if we can choose duality data in a monoidal category, then we get an induced dual functor
which will be a monoidal functor (.)* : C — C°°P®°P_ also see Appendix For the purpose
of defining tensor products of Hermitian pairings it will be more convenient to define a monoidal
anti-involution as a monoidal functor d : C — C°°P:
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Definition 2.2.11. An anti-involution (d,7) on a monoidal category is called monoidal if d comes
equipped with the data

Xer,eo 2 de1 @dea — d(c1 @ c2) w:l—d(1)
of being a monoidal functor C — C°°? and 7 is a monoidal natural transformation.

Definition 2.2.12. A monoidal anti-involutive functor is an anti-involutive functor (F, ¢) : (C1,d1,m) —
(Cq, da,m2) which is also a monoidal functor such that the natural isomorphism Fod 2 doF of functors
C1 — C5® is monoidal. Explicitly this means that the diagrams

F(le,) 2 pdte,) —2 s dF(1e,)
ET lde
le, e dlc,

and

F(dz) ® F(dr') 2222 qF(z) @ dF (') 2997 4(F(z) @ F(z'))

J//"’dm,dz' dum/T

’ F(Xa:,a:/) / ¢m®m’ ’
F(dx ® dx") Fldz®2') ——— dF(x @ 2')

commute for all objects x,z’ of C;. Here € : 1¢, — F(l¢,) is data of F preserving the monoidal
unit and wue, : 1lg; = dlc, the data of d preserving the monoidal unit for ¢ = 1,2E| A monoidal
anti-involutive natural transformation is a natural transformation that are both anti-involutive and
monoidal. We denote the 2-category of monoidal anti-involutive categories by alCatg, .

The second diagram is a consequence of the fact that if we want the two monoidal functors F' and d
commute, there is still an extra condition requiring that their monoidal data commute. Alternatively,
we can interpret it as requiring the monoidal data of F' to be an anti-involutive natural isomorphism.

We will also discuss anti-involutions for braided and symmetric monoidal categories. So let (C, 3)
be a braided monoidal category. Then C°°P,C®°P and C°°P'®°P are braided, the first by BC:}Q, the

second by ., ., and the last by g, %cr Note that there are other obvious options (see [73, example
3.1.8]), for example the braiding on C°°P would be its reverse S, .,, but this turns out not to give
the right type of braided anti-involutions for applications to braided dagger categories. With these
definitions, the identity functors C — C®°P and C®°P°°P — C°°P equipped with the monoidal data 3
become braided monoidal equivalences. Indeed, the associativity condition on the monoidal data of
these functors is equivalent to the diagram

ZQ® ) ———— (2Qy)Qx

Azy,z

(y@x
lﬂy,w J/ﬂz@y,:l;

2® (r®y) (y@z)@

lﬁz@@y J{ﬁy@z,i

(@Y @z —2 5 2@ (y® 2)

3We will from now on often assume without loss of generality that monoidal functors are strictly unital so that
we can omit unitality data such as uw and e.
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commuting, which follows by [39, Proposition 1 (B6)}E| The equivalence is braided with this defini-
tion, since the diagram

(B ®o )c ,C
C?op ®cg§op c®op/cy,en Cg@op ®C§§)op

(02 ® Cl)®0p 6(:2,(:1 (C1 ® 02)®0p

commutes. If 8 is symmetric, then so are C°°P,C®°P and C®°P°°P_ In that case we will sometimes
implicitly identify C =2 C®°P by the monoidal functor id¢ equipped the monoidal data given by the
braiding.

We now list the straightforward generalizations of anti-involutions to the braided and symmetric
setting for reference.

Definition 2.2.13. A monoidal anti-involution (d,n,x) on the braided category C is braided if
d : C — C°°P is a braided functor. A braided anti-involutive category is symmetric if its underly-
ing braided category is symmetric. A braided anti-involutive functor is a monoidal anti-involutive
functor for which the underlying functor is braided. A braided anti-involutive natural transformation
between braided anti-involutive categories is simply a monoidal anti-involutive natural transforma-
tion. A symmetric anti-involutive functor between symmetric anti-involutive categories is simply
a braided anti-involutive functor and a symmetric anti-involutive natural tranformation is again a
monoidal anti-involutive natural transformation. We denote the 2-category of braided monoidal anti-
involutive categories by alCatg, and the 2-category of symmetric monoidal anti-involutive categories
by alCatg__ .

We will now get into the proof of Theorem The main idea of the proof is to show that

1. every symmetric monoidal category with duals has a symmetric monoidal anti-involution x
x*, which is canonical up to monoidal natural isomorphism;

2. symmetric monoidal anti-involutions on a monoidal category with duals C form a torsor over
compatible symmetric monoidal involutions. In other words, given an anti-involution d’ and
an involution (.) that are compatibld®, we can make d = d’ o (.) into an anti-involution and
every anti-involution is obtained this Wayﬁ

3. for every symmetric monoidal involution
(.) is compatible with (.)*. For example,
involutive with respect to (.).

6 on a symmetric monoidal category with duals,
.) is anti-involutive with respect to (.)* and (.)* is

*

We then apply the second point to the case where d’ = (.)*.

Remark 2.2.14. For the purposes of defining monoidal anti-involutions from involutions in a non-
symmetric rigid monoidal category, it makes more sense to require the involution (.) to be an op-
monoidal functor C — C®°P. In other words, C is a Z/2-fixed point under the action C + C®°P
on the 2-category of monoidal categories. The reason for this strange op-monoidality is that a dual

functor will both reverse the direction of tensor products and morphisms. If we eventually want to

4We will from now on typically apply Mac Lane’s coherence theorem and assume without loss of generality that
all monoidal categories are strictly unital and associative.

5We will need that d’ is involutive with respect to U and 6 is anti-involutive with respect to d’ using the same
isomorphism dZ 2 dz.

SWe learned this perspective from David Reutter.
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get a monoidal dagger category, we need the anti-involution d to reverse the direction of morphisms,

but not of tensor products. Therefore, if C has an involution (.) : C — C and we want d = ()*
to be monoidal, we need (.) to be op-monoidal. The importance of op-monoidal involutions in the
context of dagger categories has been noted before [7l, B0, [15]. However, we will work only with
symmetric monoidal categories for which this distinction is irrelevant. We expect the analogue of
Theorem [2.2:24] to hold without braidings when taking the involution to be op-monoidal, but leave

this question to future work.

Abstractly we think of this situation as follows. There is a Z/2 x Z/2-action on the 2-category of
(symmetric) monoidal categories given by C +— C°°P and C +— C®°P. The 2-category of fixed points for
the former Z/2-action is exactly the 2-category of categories equipped with a (symmetric) monoidal
anti-involution d. If a symmetric monoidal category has duals, a dual functor (which is unique up to
monoidal equivalence) makes it canonically into a fixed point for the diagonal Z/2-action. Moreover,
1- and 2-morphisms of symmetric monoidal categories preserve this fixed point structure. One can
then ask whether the fixed points for the two Z/2-actions assemble into a Z/2 x Z/2-fixed point.
In that case it would be reasonable to expect that we can exchange fixed points for C — C°°P and
C — C®°P by composing with the fixed dual functor.

Remark 2.2.15. For the convenience of the reader, we spell out what it means for monoidal categories

with an op-monoidal involution ((.), \) and a monoidal anti-involution (d, n) to assemble into a Z/2 x
Z/2-fixed point using [53, Appendix A]. The result is that we need a monoidal natural isomorphism

w:de — dz
satisfying a compatibility between n and A given by the diagram

)‘d21 dzx

J{l‘dm

N2
2z

8l — 8
5 &

N

5

8

—

duz = o=
P ddT <— &7

ISH
™)
Sl

Note that there are several equivalent ways to formulate this diagram depending on the preferred
result by using the following diagrams that use naturality of p, A and n:

= o= N N 2
ddm<d—d2x r —— d’x r —— d°x
o
l“ﬁ Jmﬁ lxw ldQA,, JAE a2q -
e — T e =
T T de = Nz d21:

dii,,

Unfortunately, it is not clear to us how this compatibility between p and 1 above is used in our proof

of Theorem [2.2.24]

We now prove that the dual gives an anti-involution.

Lemma 2.2.16. Fir a dual functor (.)* : C; — C{°* on a symmetric monoidal category C; and
denote the isomorphism x — x** induced by the symmetry by ®,. Then the pair ((.)*,®) defines a
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symmetric monoidal anti-involution on C1. If Cy is another symmetric monoidal category with duals
and F : C; — Cy a symmetric monoidal functor, then F is anti-involutive for the anti-involution
x — x* using the isomorphism F(x)* = F(z*) expressing uniqueness of duals.

Proof. Using the symmetry, we can assure that (.)* becomes a monoidal functor (.)* : C; — C;P
instead of being op-monoidal. We have to show that ®,- and ®] are inverses, which is proven
in Lemma To show that the anti-involution is symmetric monoidal, the only thing left to
show is that the natural isomorphism «, : F(z*) = F(z)* is monoidal between monoidal functors
C1 — C5°P®°P but this follows from the fact that isomorphisms expressing uniqueness of duals are
monoidal. Explicitly, this means that the diagram

Az @zg

F((z1 ® 22)") F(z1 @ x2)”

I |

F(x5 @ x7) (F(z1) ® F(22))"

| |

F(a3) ® F(a}) “2%% F(aa)* ® F(a)*

commutes.
To show that a symmetric monoidal functor F : C; — Cs is anti-involutive for z — z*, we have
to show that the diagram

Fz) 2% F(a™)

o]

Fz)** «— F(a*)*

commutes. This diagram is exactly saying that F' is a pivotal functor for the pivotal structure ®.
Since any symmetric monoidal functor is pivotal for this pivotal structure the result follows, see

Lemma [AT14 O

It follows in particular that if (.) is a symmetric monoidal Z/2-action, then (.) is an anti-involutive
functor with respect to the anti-involution x — x* using the isomorphism p, : * = Z*. This can be
seen by applying Lemma [2.2.16{to F' = (.).

Remark 2.2.17. If C is a monoidal category with duals, the double dual need not be isomorphic to
the original, see [66] for a discussion. Therefore x — z* will not define an anti-involution in general.

Lemma 2.2.18. Let Cq,Co be symmetric monoidal categories with dual functors, let F,G : C1 — Co
be symmetric monoidal functors and v : F = G a monoidal natural isomorphism. Then vy is anti-
involutive for the anti-involution x — z*.

Proof. This is exactly the content of Lemma O

Let C be a symmetric monoidal category with involution consisting of z — T and the monoidal
natural isomorphism )\, : £ — T such that Az = A,. Our goal is to make the functor d := (.)
C — CPOP:®OP =2 (C°0P into an anti-involution. We first study the compatibility of the isomorphism

=¥ ~v

7* & z* with the isomorphisms A\, :  — 7 and @, : x — z**.
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Lemma 2.2.19. The dual functor equipped with the isomorphism T* = x* becomes Z/2-equivariant
as a non-monoidal functor.

Proof. We have to show that the diagram

\ [
*

- ]

*

H\

commutes, where the right arrow follows from the fact that both T~ and Z* are duals of 75 . The
bottom arrow is the induced by the canonical isomorphism expressing that both T and z* are duals
of z*". Note that the composition of these arrows is the unique dual isomorphism saying that T and
Z* are both dual to z* . It therefore suffices to show that the composition of A, and the inverse of
A intertwines the appropriate evaluation maps. To do this, it sufficies to show the diagram

Ap*

T QT — > 3 2*QT —~ Sy " QT
)\wT /
b ®,\ 1 Apx @Az
eve T* R x
/ wT
1 T* Q@ x

evy

commutes. The lower triangle commutes because A is natural, the right triangle commutes because
it is monoidal and the left triangle commutes by definition of the dual morphism. O

Next we show that if C is a symmetric monoidal category with duals and involution 6, then U*
is an anti-involution. The proof only uses that x — x* is an anti-involution, x + T is anti-involutive
with respect to it and = — x* is involutive and so generalizes to that setting.

Proposition 2.2.20. d := 6* : C — C°°P is a symmetric monoidal anti-involution.

Proof. For x € C we define 7, as the composition

= P —sx pur
(E—>.’E—>$

T

where the last isomorphism is given by the fact that T and Z* both dual to T* . We have to show
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that 77" is the inverse of nz-. Consider the diagram

*

Going from Z* in the west to T°  in the east through the northern path means applying 7z~, while
the southern path from east to west is 7,* and so it suffices to show this diagram commutes. To
show the commutativity of all individual parts of this diagram, we need that A\, = Az, the fact that
OJE fI);}, the fact that x — x* is a Z/2-equivariant functor, the fact that the functor z — =
is anti-involutive for = — x* by Lemma [2.2.16| and we use naturality of ® twice. Finally, for the
rightmost part we need to show that

commutes, which follows by Lemma We have thus shown that (d,7) is an anti-involution.
Since (7) and (.)* are symmetric monoidal functors, so is d. Explicitly, the monoidal data x is
given by
QT 2 (TRT) ¥R 2T 05Rn"

Here in the last line we used the braiding to convert the functor U* : C — CPP:®°P {0 a functor
d: C — C°°P. To show that (d,n) is symmetric monoidal we are therefore only left with showing 7
is a monoidal natural isomorphism. Since the Z/2-action is monoidal, A is monoidal. Because P, is
an isomorphism specifying uniqueness of duals between two monoidal functors, it is also monoidal,
see Lemma This finishes the proof. O

Theorem 2.2.21. Let C; and Cy be symmetric monoidal categories with duals and symmetric
monoidal Z/2-actions x — T and denote the corresponding anti-involutions by d(x) = T*. Then
a symmetric monoidal functor F : C1 — Ca is a monoidal involutive functor with equivariance
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data F(T) = F(x) if and only if it is a monoidal anti-involutive functor with equivariance data

F(#") = F(z)" = Fla) -

Proof. Let o denote the natural isomorphism F'(x)* = F(z*). By Lemma|2.2.16] F is anti-involutive
for the anti-involution (x — z*, ®) with anti-involutive data «. A natural isomorphism & : F(z) &

—x

F(Z) uniquely corresponds to a natural isomorphism F'(z) = F(z*). Consider the diagram

of which the outside two paths commute if and only if F' is an anti-involutive functor. Note that the
northwest square commutes if and only if I’ is Z/2-equivariant. The southeast corner follows from
the fact that £ is a monoidal natural isomorphism between the functors x — F(T) and x — F(z) by
applying Lemma[A-T.9] The northeast parallelogram commutes by Lemma[A.T.10] For showing that
the other parts of the diagram commute we need naturality of ®, the fact that F' is anti-involutive
for z — z* and that p is natural. We conclude that F' is an anti-involutive functor if and only if it

is Z/2-equivariant.

To show that F' is a monoidal anti-involutive functor if F' is monoidally Z/2-equivariant, we still
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~

have to show the natural isomorphism F(¢*) & F' (c)* is monoidal, in other words F satisfies

F(@* )@ F(er*) — F(* @a™)

— T

F(c2) ® F(c1) Fla®e') -

\ /

Fle)®Fe)) —— Fla®e)

Consider the following diagram of which the outside is exactly the compositions that we have to
show are equal.

Fles) @ Fle)) —— F(&)* @ F(@)" —— F(&@*) ® F(e®)
(F(c1) ® Fle2))* — (F(e1) ® F())* F(&* 9c)
Fle1) @ Flea) Faen) —— F(@ea))

l *

Flci1®c) ————— F(,®c) ——— Flei1®@¢3)
The northwest square commutes because the dual functor is a monoidal functor so that the diagram

I ay —— (2 ®@x1)*
ff®f2*]\ (f1®f2)*1\
Yi®ys —— (120 y1)"

commutes for all morphisms f; : 1 — y; and f5 : x9 — y2. The southeast square commutes by
naturality of the isomorphism F(c¢*) = F(c)* applied to the morphism ¢; ® ¢ca = €7 ® ¢3. The

northeast rectangle commute because F(c*) = F(c¢)* is a monoidal natural isomorphism. The
southwest rectangle commutes if and only if F'(¢) = F(c) is a monoidal natural isomorphism. We
see that F'(¢) & F(c) is monoidal if and only if F(c*) F(c)* is monoidal. O

Lemma 2.2.22. Let F,G : C; — Co be symmetric monoidal Z/2-equivariant functors between sym-
metric monoidal categories with 7 /2-action equipped with a dual functor. Then a monoidal natural
transformation ¢ : F = G is Z/2-equivariant if and only if it is anti-involutive for x — T*.

Proof. Denote the equivariance data of F' and G by ¢ : F(z) & F(T) and v : G(x) = G(T) respec-
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tively. Consider the diagram

The upper diagram commutes since ¢ is anti-involutive for z — z** by Lemma [2.2.18 The lower
diagram commutes if and only if ¢ is Z/2-equivariant. The combined diagram commutes if and only
if ¢ is anti-involutive. O

Lemma 2.2.23. Let F : C; — C3,G : Co — C3 be symmetric monoidal involutive functors be-
tween symmetric monoidal categories with symmetric monoidal Z/2-actions. Then the anti-involutive
equivariance data FG(dr) =2 dFG(z) induced by the anti-involutive equivariance data FG(T) =
FG(x) agrees with the composition of the anti-involutive equivariance data F(dr) = dF(x) and

G(dz) =2 dG(z).

Proof. We have to show that

F(G@)) — F(G(x))" — F(G(@)" — F(G@)") — F(G(@"))

F(G(x)) — F(G(x))* — F(G(z) ) — F(G(@)*) — F(G(T"))

commutes. The only interesting part is the middle, which commutes by the naturality of F(xz*)
F(x)* applied to G(T) = G(x).

O IR

Theorem 2.2.24. Let ICat{;i be the 2-category of symmetric monoidal involutive categories with

duals and aICat]]Ec‘i the 2-category of symmetric monoidal anti-involutive categories with duals. Then
the operation of sending x — T to x — T* defines a 2-functor

ICat]éi — aICat]éi,
which is an equivalence on hom-categories.

Proof. We have already defined the 2-functor on objects, 1-morphisms and 2-morphisms. If C;,Cs €
ICat]éi, then the map
Hommyggyg0 (€1, Co) — Hom,;,1¢ (C1,C2)

is clearly a functor. It is an equivalence of categories by Theorem [2.2.21| and Lemma [2.2.22] In
Lemma [2.2.23]| we have shown that the 2-functor strictly preserves composition of 1-morphisms. O

Remark 2.2.25. We expect the above functor to be an equivalence of 2-categories. Namely, there
should be an inverse 2-functor given by sending a symmetric monoidal anti-involution d to the
symmetric monoidal involution x — dz*.
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2.3 Dagger categories versus anti-involutive categories

The goal of this section is to review joint work with Jan Steinebrunner on the relationship between

dagger categories and anti-involutive categories using Hermitian pairings [68], i.e. we we will work

on the right part of the diagram we saw in the introduction. For simplicity we will not require

a monoidal structure our categories in this section. In Section [2.:4] we will discuss adaptations needed

to handle the symmetric monoidal case which will be relevant for unitary topological field theories.
We start by reviewing the basic definitions of the theory of {-categories:

Definition 2.3.1. A dagger category or T-category is a category D equipped with a contravariant
functor t : D — D°P which squares to one and is the identity on objects. An endomorphism f :z — x
in a dagger category is called self-adjoint if fT = f. Tt is called positive if it is of the form g'g for
g : & — x an endomorphism. A morphism f : 21 — xo is unitary if fTf and ffT are the identity.

Note that every positive morphism is self-adjoint. We denote by (D) the set of isomorphism
classes of objects of D. We take 7§/ (D) to be the unitary isomorphism classes, i.e. objects of D
modulo the equivalence relation given by the existence of unitary isomorphism.

Ezxample 2.3.2. The category Hilbc of finite-dimensional complex Hilbert spaces is a dagger category
in which the functor 1 is given by the adjoint of a linear map. The notions of unitary and self-adjoint
morphisms agree with the familiar notions. Since every finite-dimensional vector space admits a
Hilbert space structure and any two such are isometrically isomorphic, we have that 7§ Hilbe =
7o Hilbe 2 N given by the dimension.

Remark 2.3.3. Motivated by the last example, it is often assumed in the literature that t-categories
are C-linear and the functor 1 is C-antilinear. This excludes some interesting examples of {-categories,
such as the category of complex vector spaces equipped with a nondegenerate symmetric bilinear
form. Namely, the usual notion of adjoint/transpose makes this into a f-category in which 1 is a
C-linear functor. We will not require this restriction because we will be interested in making bordism
categories into dagger categories, which are certainly not C-linear.

A t-functor between f-categories is a functor F' which strictly commutes with the functor f, so
F(f") = F(f)" for all morphisms. A natural transformation is called unitary if it evaluates to a
unitary morphism on every object. This makes f-categories into a 2-category. There is a canonical
2-functor

T : 1Cat — alCat

from the 2-category of dagger categories to the 2-category of anti-involutive categories which assigns
the trivial coherence data 7, = id,. This functor is not an equivalence, but it turns out it does admit
a 2-right adjoint

Herm : alCat — t Cat .

This 2-right adjoint is strict in the sense that the triangle identities hold on the nose and not up to
a natural isomorphism. The right adjoint has a concrete description using what we call Hermitian
pairings, the generalization of Hermitian pairings we saw in Section to arbitrary anti-involutive
categories. By suitably restricting the collection of ‘allowed” Hermitian pairings in a similar way to
how we can restrict the pairings on Hermitian vector spaces to the positive definite ones, we can
construct all possible dagger categories with a fixed underlying anti-involution.

We move to the definition of a Hermitian pairing, which we learned from [20, Definition B.14.].
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Definition 2.3.4. Let (C,d,n) be an anti-involutive category. A Hermitian pairing in C is defined
to be an isomorphism h : ¢ — dc such that
¢ s d2c —y de (2.2)
h
commutes.

The most relevant case for us will be when the anti-involutive category comes from a symmetric
monoidal anti-involutive category with chosen dual functor as explained in Section Translating
along the equivalence, we see that a Hermitian pairing is an isomorphism h : ¢ — ¢* such that

e T T P (2.3)
h

commutes. Recall that 7. is given by the composition

o~ T Ay TR *

1%

ﬁ;\e‘

= A =*
C C C

)

where the first isomorphism is given by the data of the covariant involution, the second isomorphism
is the double dual isomorphism coming from the braiding and the final isomorphism is en by the

fact that (.) is monoidal and so preserves duals. We review the examples from Section

Ezample 2.3.5. Let C = Vect with (.) the Z/2-action given by the complex conjugate vector space

and V = V. Then an isomorphism h : V — V'is equivalent to a nondegenerate sesquilinear pairing
(-,-y on V. Condition ([2.3)) is equivalent to

(v, 0) = (w,v)

The same relation holds true in super vector spaces, where we require the pairing to preserve the
grading and put in the appropriate Koszul sign

(v,w) = (—1)‘””“" (w,v).

Ezample 2.3.6. Recall from Remarks|2.1.14|and [2.1.15|that we can change the canonical sign choices
for the symmetric monoidal involution (.) in two ways, giving a total oi four nonequivalent symmetric

monoidal involutions on sVect. By either changing the isomorphism V=V or Vo W =2V @ W, we
change 1 by a (—1)F. Changing both isomorphisms leaves the anti-involution untouched, at least
when ignoring the monoidal structure. Therefore changing one of these two isomorphisms will result
in Hermitian pairings satisfying the more common convention

<va w> = W

Changing both isomorphisms instead, would recover the formula of Hermitian pairings on sVect from
the last example.

We introduce the following operation of tranferring Hermitian pairings along isomorphisms.
Definition 2.3.7. Let h : ¢ — dc be a Hermitian pairing and ¢ : ¢ — ¢ any isomorphism. Then

dgoho g is a Hermitian pairing on ¢/, which we will call the transfer of h along g, see [68], Definition
5.1].
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Transferring a Hilbert space pairing on a vector space along a linear map f : Vi — V5, amounts
to modifying the Hermitian pairing with the positive operator fTf.

Definition 2.3.8. The Hermitian completion Herm C of an anti-involutive category C is the category
in which objects consists of Hermitian pairings h : ¢ — dc and morphisms (¢1,h1) — (c2, ha) are
simply morphisms ¢; — ¢5 in C.

The Hermitian completion becomes a dagger category if we define the dagger of a morphism
f:(c1,h1) = (co, ho) as the composition

ol
fT 1 Co k) dCQ i} d01 1—> Cq, (24)

see [68, Lemma 3.4].

Remark 2.3.9. The fact that we required a morphism (c1,h;) — (c2,he) in Herm C to simply be a
morphism ¢; — ¢3 in C can be counter-intuitive. This trivially implies that the canonical functor
Herm C — C is fully faithful. So when every object in C admits a Hermitian pairing, it is a confusing
fact that it is an equivalence of categories (it is then even an equivalence of anti-involutive categories,
see Lemmal|2.3.18). The reader might have expected us to require the obvious compatibility condition
with the h; given by the diagram

f
cp — C2

[

d01 T dCQ
This diagram is saying that fT is a left inverse of f, in which case f is called an isometry in the
dagger category Herm C. For example, here f is invertible if and only if f is unitary. In particular,
the data of this ‘fixed point category’ can be recovered from the data of the dagger category Herm C.
One can think of Herm C as the universal dagger-enlargement of the anti-involutive category C that
is still equivalent to C, as long as it admits Hermitian pairings on all objects.

From now on we will often implicitly assume that every object of C admits a Hermitian pairing.

Example 2.3.10. If C = Vect, then the Hermitian completion is the category of finite-dimensional
Hermitian vector spaces Herme. It is straightforward to verify that also the dagger structure cor-
responds to the usual adjoint of linear maps. In particular, the notions of unitary and self-adjoint
morphisms in this dagger category give the usual notions of unitary and self-adjoint linear maps.
The previous remark recovers the fact that Hermc is equivalent to Vect as a category.

Example 2.3.11. In the super setting C = sVect we obtain the category of finite-dimensional super
Hermitian vector spaces sHerm¢ in which super Hermitian pairings satisfy

<U7w> = (71)‘U|Iw‘<wvv>‘
The dagger of an even linear map f : V — W satisfies
(fv,0) = (v, flw).

Note that for an odd map there would be a Koszul sign, but we will only consider sVect to have even
morphisms in this thesis. Taking the other anti-involution on sVect changes the symmetry equation
the Hermitian pairings have to satisfy, but not the formula for the adjoint of even morphisms.
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Example 2.3.12. Consider a dagger category C as an anti-involutive category with d = { and 7. = id..
The Hermitian completion of C has objects consisting of pairs of objects ¢ of C together with a
self-adjoint automorphism h : ¢ — dc = ¢! = ¢. The new dagger 1 on HermC on a morphisms
f : (c1,h1) — (co,hs) is defined as f# = mo ffo Tfl. For example, starting with the dagger
category of finite-dimensional Hilbert spaces, new objects are triples (V,(-,-), A) consisting of a
Hilbert space and a self-adjoint invertible linear operator on V. We can identify such triples with
the not-necessarily-positive Hermitian pairing (-, A-) to realize the equivalence of dagger categories
between Herm(Hilb) and Hermc.

Remark 2.3.13. We provide a generalization of the notion of anti-involutive category, which we
expect could be useful for generalizations to infinite dimensions, in particular for understanding
non-topological unitary quantum field theory. First we ponder what happens when we weaken
the condition that 7 is an isomorphism in the definition, resulting in something one might call
a lax anti-involution. For example, we might want to take the category of not necessarily finite-
dimensional vector spaces with dV = V" Then, there is still a natural map ny : V — d?V
such that dny o ngy = idgy, but it is only an isomorphism if V is finite-dimensional. In particular,
Nay odny # idgsy in that case. In the setting of lax anti-involutions, it is natural to define Hermitian
pairings as maps h : ¢ — dc for which dh o h = 7.. Note that it no longer makes sense to ask h to be
an isomorphism. Also note that we could have independently asked h not to be an isomorphism, even
when 7, is. Given a morphism f : (¢1,h1) — (c2, he) between such Hermitian pairings and looking
at the definition given by the composition , we call f adjointable if there exists a morphism
fT: e — ¢1 such that the following diagram commutes

C1 <;1‘ Co

f
b
dCl (T dCz

To obtain uniqueness of fT, it is reasonable to assume h; is a monomorphism. This is automatically
the case when h; has a left inverse. This in turn is always the case when 7., has a left inverse,
for example when c¢; is of the form dc’ for some object ¢’. For example, in the category of infinite-
dimensional vector spaces h will be a (not necessarily positive definite) inner product. If hy, hy are
Hilbert space structures on infinite-dimensional Vi and V5 respectively, it is a well-known fact in
functional analysis that a linear map f : V43 — V5 is adjointable if and only if it is continuous. In
that case f1 is given by the usual Hilbert space adjoint.

Remark 2.3.14. Another approach to defining infinite-dimensional Hilbert spaces in this setting that
still allows 7 to be an isomorphism is to work in the category of reflexive topological vector spaces.
If we use the continuous dual with the strong topology to define d, then the reflexivity implies that
7 is still an isomorphism, and so we obtain an anti-involution. Of course, we then have to restrict
both the allowed objects and Hermitian pairings further if we want to obtain the dagger category
of Hilbert spaces. Here, we do not just require the pairing to be positive definite and complete, but
also need to make sure that the topology induced by the pairing is the same as the original one on
the topological vector spaces.

It turns out that the Hermitian completion construction has very nice categorical properties.

Theorem 2.3.15. [68, Lemma 3.13] The Hermitian completion extends to a 2-functor

Herm : alCat — { Cat,
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which is right adjoint to the canonical functor + Cat — alCat.

The above theorem can be reformulated as a universal property of the Hermitian completion,
saying that it is the ‘cofree dagger category generated by a category with anti-involution’:

Corollary 2.3.16. Let C be an anti-involutive category and D a dagger category. Then there is an
equivalence of categories
Funaicat (D, C) = Funi (D, Herm C).

Remark 2.3.17. For later use we record the unit and counit of the adjunction in Theorem [2.3.15
The unit is given by sending the dagger category D to the dagger functor

Up : D — Herm D, (2.5)

which includes D into its Hermitian completion by taking the Hermitian pairing on = € D to be
h =id, : © — 2t = 2. The counit is given by sending the anti-involutive category C to the
anti-involutive functor

K¢ :HermC — C, (2.6)

which forgets the Hermitian pairing and has anti-involutive data he : K¢ o = d o K¢ given by
(x,h) — h :x — dz. The unit and counit satisfy the triangle identities strictly, see [68, Theorem
4.9].

The following is [68, Lemma 4.6.].

Lemma 2.3.18. Let C be an anti-involutive category and let CIHe™ C C be the full subcategory on

objects that admit a Hermitian pairing. Then K¢ is an equivalence of anti-involutive categories onto
CHHerm‘

Hermitian completions are in some sense ‘maximal’ dagger categories, but to understand unitarity
we are more interested in ‘smaller’ dagger categories which contain very few Hermitian pairings.
Especially small are ‘minimal’ dagger categories like Hilb, in which unitary isomorphism classes
agree with usual isomorphism classes.

Definition 2.3.19. A dagger category D is called minimal if the map 7§/ (D) — mo(D) is bijective.
A dagger category is called mazximal if is unitarily equivalent to a Hermitian completion.

We will now restrict the collection of Hermitian pairings on Herm C by calling a specific subset
of objects positive:

Definition 2.3.20. A positivity structure on a category with involution is a collection P of objects
of Herm C that surjects onto the objects of C under the forgetful map. We will call elements h €
P positive pairings. Given a positivity structure P we denote by Cp € HermC the full dagger
subcategory on those objects (¢, h) € HermC such that h € P. A positivity structure is closed if
it is closed under transfer in the sense of Example for every (h : ¢ — dc) € P and every
isomorphism g : ¢/ — c also dgo ho g € P. Two positivity structures are equivalent if they have the
same closure.

Ezample 2.3.21. Consider the Hermitian completion of the category (equivalent to Vect) in which
objects are C™ and morphisms are given by matrices. Consider the positivity structure given by
only allowing the standard inner product (-,-)s:, giving us the dagger category D C Hilb of Hilbert
spaces of the form (C", (,-)st). The inclusion is an equivalence of dagger categories. However, this
positivity structure is not closed. Its closure adds all inner products of the form (., ATA.),; for A an
invertible matrix, which are in fact all positive definite inner products on C”.
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Remark 2.3.22. In Definition [2:3:20] of a positivity structure, we could have required the collection
P to only essentially surject onto the objects of C. However, it is convenient in practice when every
object of C admits at least one positive pairing. Moreover, this distinction is irrelevant for equivalence
classes of positivity structures.

Let C be a symmetric monoidal category with duals and let d = (.)* : C — C°°P:®°P =2 C®OP he
the induced anti-involution we considered in Lemma Then a Hermitian pairing on an object
c is the same as a self-duality ev, : ¢ ® ¢ — 1, which is symmetric in the sense that it stays invariant
under the braiding o, .. We provide two subexamples of this.

Ezxample 2.3.23. Let Vecty be the category of finite-dimensional vector spaces over a field. A self-
duality of a vector space V is a nondegenerate bilinear form. We obtain that Herm Vecty is the
dagger category of symmetric nondegenerate bilinear forms in which the dagger is given by the
adjoint. Similarly Herm sVecty, is given by graded-symmetric even nondegenerate bilinear forms.

Ezxample 2.3.24. Let C be a category with pullbacks and let SpanC be the category of spans. This
category has objects objC and morphisms from z to y are spans which are pairs of morphisms (f, g)
of the following shape

m(izﬂy.

Composition of spans is given by pullback. This category is symmetric monoidal under the cartestian
product and every object x is canonically symmetrically self-dual. Indeed for the evaluation we can
take z = x with f the diagonal map and g the identity, and similar for the coevaluation. The dagger
category obtained by taking these self-dualities as the positivity structure, is the dagger category of

spans with

(m&z&y)T:yﬁzgx.

Taking the opposite category of a category with pushouts, we obtain the dagger category of cospans.

Define the Hermitian isomorphism classes of an anti-involutive category C as 72 (C) := n§ (Herm C).

Lemma 2.3.25. [68, Corollary 5.7, Theorem 5.14] Let C be an anti-involutive category. There is a
bijection between

1. equivalence classes [P] of positivity structures;

2. dagger categories Cp such that Cp = C as categories with anti-involution modulo the following
equivalence relation. We say Cp and Cp: are equivalent when there exists an equivalence Cp =
Cp: of dagger categories such that the triangle of anti-involutive functors

CP B — Cp/
C

can be filled by an anti-involutive natural isomorphism;

3. subsets 75 (Cp) C 7l (C) such that the composition
75 (Cp) € 75 (C) — mo(C)

18 surjective.
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With the above lemma in mind, we will from now on assume all positivity structures are closed.
Because every surjective map of sets admits a noncanonical splitting, we also immediately obtain
the following.

Corollary 2.3.26. In an anti-involutive category C every object admits a Hermitian pairing if and
only if it admits a (noncanonical) positivity structure P such that Cp is minimal.

Ezample 2.3.27. 1f C = sVect we have mo(C) = N x N given by the superdimension. Super Hermitian
vector spaces will be unitarily equivalent if and only if they have the same signature in the sense of
Definition and so we obtain m*C =2 N x N x N x N. The map 7!C — mC is given by

NxNxNxN—=NXxN (p1,p2,p3,ps) = (p1 + p2,p3 + Pa)-

Similarly to Example 2:3:29] there are many positivity structures on sVect and many of them are
minimal. However, if we restrict to those notions that are preserved under direct sum, everything is
fixed once we decide on which Hermitian forms we allow on the even and the odd line. In particular,
there are 4 minimal dagger categories with this property, depending on whether we allow positive
definite or negative definite forms on the even part and odd part separately.

This example is unchanged for the ungraded symmetric convention of Hermitian forms on super
vector spaces, in which we have changed n by (—1)¥. There are two equivalences of dagger categories
between these two notions of Hermitian pairings given by mapping h : V' — V" to ho(£i)f .V — V.
These two equivalences are not unitarily naturally isomorphic. This follows because they map the odd
super Hermitian line IIC such that (e, e) = +i to either the positive definite odd graded Hermitian
line IIC with (e,e) = 1 or the negative definite line. These two objects are not unitarily isomorphic.
Recall our convention that odd vectors are positive in a super Hermitian vector space when their
norm is a positive multiple of 7. This picks out one of the two equivalences if we want to relate
7 /2-graded Hilbert spaces and super Hilbert spaces. We will explore this equivalence between the
two conventions for graded Hilbert spaces in a more general setting in Section [2:6]

Definition 2.3.28. Let F : (C1,d,P1) — (Ca,d, P2) be an anti-involutive functor between anti-
involutive categories equipped with positivity structures. Then F is said to preserve the positivity
structures if for all (h : ¢ — dc) € Py the composition

F(e) P Flde) 25 dF(c)

is in Ps.

In general, anti-involutive functors always send a Hermitian pairing to some Hermitian pairing
and so F : (C1,d) — (Ca,d) will map a subset P of 72(C1) to some subset of 72(Cz). In particular,
F preserves positivity structures if P; will be mapped to a subset of P, under this procedure.

Next we provide some explicit equivalent conditions for the dagger category Cp to be minimal or
maximal. First note that there are typically many choices for P that make Cp minimal:

Ezample 2.3.29. Let C = Vect come equipped with the anti-involution V V". For every d € Z>q,
pick a pair of integers (p,q) such that p + ¢ = d. We could then call the d-dimensional Hermitian
vector space C? with signature (p, q) positive. This will result in a minimal dagger category. Note
that at this stage, there is no condition forcing signatures of vector spaces of different dimensions
to be compatible. Also note that some of these dagger categories are equivalent while some are not.
For example, the dagger category of finite-dimensional Hilbert spaces is equivalent to the dagger
category of finite-dimensional negative definite Hermitian vector spaces. Note that this does not
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contradict Lemma [2:3.25] because the equivalence of dagger categories between negative definite
and positive definite Hermitian vector spaces does not cover the identity anti-involutive functor on

(Vect,d = ()*) Namely, this equivalence is realized by the identity functor equipped with the
nontrivial anti-involutive structure, given by the natural automorphism —idy : V — V.

To study minimality, we will now introduce certain kinds of automorphisms of dagger categories
that behave similar to positive matrices. The term ‘positive’ in a dagger category is already taken
to mean an endomorphism f : ¢ — c for which there exists an endomorphism g : ¢ — ¢ such
that f = ¢gf¢g. This is rather unfortunate, because such endomorphisms are more closely related
to nonnegative numbers or more generally, positive semidefinite matrices. We introduce analogous
terminology for automorphisms:

Definition 2.3.30. An automorphism f : ¢ — cis called inv-positive if there exists an automorphism
g : ¢ — csuch that f = gfg.

There is also an analogous weaker notion of positivity, which allows the domain and range of g
to be different. We introduce the following terminology.

Definition 2.3.31. An endomorphism f : ¢ — ¢ in a dagger category is called weakly positive if
there exists a morphism g : ¢ — ¢ such that f = ¢g'¢g. An automorphism f : ¢ — ¢ in a dagger
category is called weakly inv-positive if there exists an isomorphism g : ¢ — ¢ such that f = g'g.

Example 2.3.32. Let D = Hilb be the dagger category of finite-dimensional Hilbert spaces. Then
an automorphism of a Hilbert space H is weakly inv-positive if and only if it is inv-positive if and
only if it is a positive definite operator. A positive endomorphism corresponds instead to a positive
semidefinite (i.e. nonnegative) operator. In the dagger category D = Herm of finite-dimensional
Hermitian vector spaces, not all inv-positives are positive definite operators and all self-adjoint
automorphisms are weakly inv-positive.

Example [2.3.32] generalizes to the following statement.

Lemma 2.3.33. e A dagger category is mazximal if and only if every self-adjoint automorphism
is weakly inv-positive;

e A dagger category is minimal if and only if every weakly inv-positive is inv-positive.
In other words, the notion of weakly inv-positive in a dagger category can vary all the way

between self-adjoint automorphism and inv-positive, depending on how large its positivity structure
is. Clearly we have the following implications

inv-positive —— weakly inv-positive

| l

positive —— weakly positive ——— self-adjoint
Confusingly, it is not true in general that every positive isomorphism is inv-positive. In a C-linear

setting this issue usually does not occur because of spectral theory:

Ezxample 2.3.34. Let a € A be an element of a C*-algebra such that a*a is invertible. Then a*a has
spectrum inside the positive reals. By functional calculus, there exists an element b = v/a*a, which
again has spectrum inside the positive reals. In particular, it is invertible and self-adjoint, so that

b*b = b? = a*a.
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In the special case where A = B(H) is the C*-algebra of bounded operators on a Hilbert space, we
can conclude that every positive isomorphism in the f-category of (potentially infinite-dimensional)
Hilbert spaces is inv-positive.

Ezxample 2.3.35. Even though the difference between inv-positive and positive automorphisms does
not occur in reasonable C-linear settings, infinite-dimensional settings still allow for the existence of
non-invertible morphisms ¢ : ¢ — ¢ such that g'g is invertible. To show this, consider the Hilbert
space H = (?(N) and consider A = B(H) as a (C-linear) dagger category with one object. Let a € A
be the right shift operator. Then a* is the left shift operator and so a*a = 1 is invertible. However, a
is not surjective and so not invertible. This makes clear that there can exist isomorphisms g : ¢ — ¢
such that gfg = ¢’'t¢’, where ¢’ : ¢ = ¢ not an isomorphism. Note that this does not contradict

Example [2.3.34]

The situation of Example [2.3.35] can never arise in a dagger category enriched over finite-
dimensional vector spaces:

Proposition 2.3.36. Let D be a C-linear dagger category such that hom-spaces are finite-dimensional.
Suppose g : ¢ — ¢ is an endomorphism such that gTg is an isomorphism. Then g is an isomorphism.

Proof. If g would not be an isomorphism, then g'g is not an isomorphism because
det g'g = det g¥ det g = 0.
O

Proposition [2.3.36] tells us that the noninvertible analogue of being a minimal dagger category
implies the invertible version.

Corollary 2.3.37. Let D be a C-linear dagger category such that hom-spaces are finite-dimensional.
Suppose that for every weakly positive endomorphism f : ¢ — c is positive. Then D is minimal.

Proof. By Lemma [2.3.33] it suffices to show that every weakly inv-positive automorphism f : ¢ — ¢
is inv-positive. If f : ¢ — ¢ is a weakly inv-positive automorphism, is is also weakly positive. By
assumption, there exists an endomorphism ¢ : ¢ — ¢ such that g'g = f. By Proposition g is
invertible and so f is inv-positive. O

Remark 2.3.38. The converse of the above corollary is false: as explained in Example 2:3:29] there
are many positivity structures on Vect resulting in a minimal dagger category. However, most of
these do not satisfy that every weakly positive endomorphism f : V' — V is positive. Indeed, suppose
P is a positivity structure, for which there exist V3 and Vo which are not completely of the same
signature (i.e. both positive definite or both negative definite). Let v; € V; and vy € V5 be vectors in
some orthonormal basis of opposite norm. Let T : V; — V5 be the linear map sending vy to v9 and all
vectors orthogonal to v; to zero. Then TTT is the negative of the orthogonal projection onto the line
spanned by vy, which is not a positive operator. Therefore there are only two positivity structures
on Vect so that every weakly inv-positive automorphism is inv-positive; the positive definite inner
products and the negative definite inner products.

Remark 2.3.39. The minimality condition that every weakly positive morphism is positive, is one
axiom required for C*-categories.

The following example explains further why we call P a positivity structure:
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Example 2.3.40. If D is a t-category considered as an anti-involutive category, recall that a Hermitian
pairing is simply given by self adjoint automorphisms h : ¢ — ¢! = ¢. This anti-involutive category
has a canonical positivity structure given by

P =1{h:c =5 c:his inv-positive}.

This positivity structure reproduces D inside its Hermitian completion. More precisely, the -functor
Up of Remark induces an equivalence of f-categories D = Dp. In particular, any f-category
can up to t-equivalence be presented in the form Cp, where P is a positivity structure on an anti-
involutive category C.

Theorem 2.3.41. [68, Theorem 5.14] The 2-category of T-categories is equivalent to the 2-category
of anti-involutive categories equipped with a closed positivity structure. The inverse functors are
giwen by sending a dagger category to its canonical corresponding anti-involutive category with the
positivity structure discussed in Example and sending an anti-involutive category C with pos-
itivity structure P to Cp. Here anti-involutive functors F between anti-involutive categories with
positivity structures are required to preserve positivity structures.

Ezample 2.3.42. Consider the case where the category C has one object * and let M = Hom(x, %) be
the corresponding monoid. Then an anti-involution on C is equivalent to a monoid map | : M — M°P
squaring to one. In particular, C is automatically a dagger category. Let sa = sa(M) C M denote the
set of self-adjoint elements. It is a submonoid if M is abelian, but in general it is not (for example,
when M = GL,,(C) equipped with the usual Hermitian adjoint for n > 1). Let Pos C sa denote the
subset of positive endomorphisms.

A Hermitian pairing on the unique object of C is equivalent to an invertible self-adjoint h € M.
The new dagger of a morphism m : (%, h1) — (¥, ho) in the Hermitian completion is m* = hy 'mTh.
Two Hermitian pairings are related by a transfer if and only if there is an invertible m € M such
that hy = m'hym. In particular, h ~ 1 if and only if h = m' - m is inv-positive. Note that 7 (C) is
in general not a monoid.

2.4 Symmetric monoidal generalizations

In this section we prove analogous results in the symmetric monoidal setting to what we discussed in
Section[2:3] In the first part of this section we work monoidally. At the end we will include braidings.

Since the cartesian product of dagger categories is canonically a dagger category, we can define
monoidal dagger categories as monoid objects in the 2-category of dagger categories:

Definition 2.4.1. A monoidal dagger category is a dagger category that is also a monoidal dagger
category such that ® is is a f-functor and the unitor and the associator are unitary. A (strong)
monoidal functor between monoidal dagger categories is called a (strong) monoidal dagger functor
if it is a dagger functor and F(c¢1) ® F(cg) = F(¢1 ® ¢2) and 1¢, — F(l¢,) are unitary. A monoidal
unitary transformation between monoidal dagger functors is a natural transformation that is both

unitary and monoidal. Let Caut;g1 denote the 2-category of monoidal dagger categories.

Let (C,d,n,x) be a monoidal anti-involutive category. The main idea to make HermC into a
monoidal dagger category is to take the tensor product of Hermitian pairings h; : ¢; — de; and
h,g 1 Co — dCQ by

€1 ® co Ta®ha, de; @ deg X512 d(c1 ® c2). (2.7)

In this way the Hermitian completion will become a monoidal dagger category.
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Ezxample 2.4.2. Recall that sVect has two possible anti-involutions; the canonical one and the one in
which 7 is modified by the grading operator. They each have two ways to make them into a monoidal
anti-involution, depending on whether we want to give the isomorphism V ® W =2V oW a sign.
This isomorphism will influence the notion of tensor product of super Hermitian vector spaces. For
example, if we change the sign, the tensor product of two positive definite odd Hermitian vector
spaces will become a negative definite even Hermitian vector space.

Example 2.4.3. We consider Example for the case that C is monoidal. This is equivalent to
the monoid M being commutative. Then M = M®°P and involutions on C are the same as anti-
involutions. Note that Pos C sa is a submonoid and the quotient monoid sa / Pos is an abelian group
in which every element has order at most two, because if f is self-adjoint, then f2 = f- f is positive.
Similarly, the quotient of invertible self-adjoints by inv-positives is an abelian group, in which every
element has order at most two. By definition, the latter abelian group is equal to 7% (C) as a set.

As a subexample, let M = C(X,C) be the x-algebra of continuous functions on a topological
space X. Then 7f!(C) is the group of real-valued functions on X modulo those that are positive, so
there is a group isomorphism

Th(C) = O(X,Z)2) = (Z/2)™X).

All statements of the last section will now generalize in a straightforward way, with the main
subtlety being that the analogue of Corollary [2.3.26] does not hold. Our first goal is to show

Theorem 2.4.4. Herm extends to a 2-functor
alCatg, — CabtfEl

We first provide Herm on objects of alCatg, :

Theorem 2.4.5. Let C be a monoidal anti-involutive category. The tensor product of Hermitian
pairings given in Definition gives Herm C the structure of a monoidal dagger category such that
the forgetful map Herm C — C is a monoidal equivalence.

Proof. We start by verifying that (c1,h1) ® (2, he) as in Defintion defines a Hermitian pairing
on c¢; ® cy. For this we have to show the diagram

d(Cl ®Cl) (7 dCl ®d02 M c1 X co

dh1®dh
' ZT Aﬁcz

d(h1®hs2) Cl X d262 ey ®eg

Adcg

d(de; @ deg)

dficy,co d2(01 @ 62)
commutes. This follows because d and 7 are monoidal and h; and ho are Hermitian pairings.
Verifying that this makes HermC into a monoidal category is now easy given how morphisms
are defined in the Hermitian completion. For example, we take the associator (c1,h1) ® ((c2,ha) ®
(c3,h3)) = ((c1,h1) ® (c2,h2)) ® (c3,h3) to be the associator (¢ ® ¢3) ® c3 = ¢1 ® (ca ® ¢3) and
the pentagon identity will be automatically satisfied (for example, at this point we do not even have
to check whether the two resulting Hermitian pairings on ¢; ® co ® c3 are mapped to each other
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under the associator). Also, since d is monoidal there is an isomorphism « : d(1) — 1. Because 7 is
monoidal, the morphism 7(1) : 1 — d?(1) is equal to duou~"'. So u is a canonical Hermitian pairing
on 1 and so (1,u) € HermC is a monoidal unit with the unitors equal to those of C.

To show this makes Herm C into a monoidal dagger category, we have to prove that (f; ® f2) =
fI' @ I and that the unitors and the associator are unitary. Let fi : (c1,h1) — (¢}, h}) and
fa i (ca,hy) — (ch, hb) be morphisms in HermC. To obtain (f; ® fo) = f @ fI, we note the
following diagram commutes because d is monoidal:

/ /
d(Cl X CQ) (m d(Cl (24 CQ)

| |

/ ’o.
dC] X dCQ W dC1 X dCQ

h1 ®h21\ hy ®hl21\

/ /
1 ®C ¢« ] QCy
e

For verifying the left unitor A, : (1,u) ® (¢,h) — (¢, h) is unitary, we note the following diagram
commutes

dl ® de

u®id1\

1®de

id ®hT

1®c¥>c

This follows by naturality of A and the unit condition on the functor d. The right unitor is analogous.
Showing the associator is unitary is equivalent to showing the following commutes

d(c1 ® (c2 ® €3)) —22 d((c1 ® c2) ® c3)

| [

dey ® d(ca ® c3) d(cy ® ¢2) ® des
dey @ (deg @ des) «—— (deq @ deg) @ des
h1®(h2®h3)T (h1®h2)®h3T

C1 [%4) (CQ (29 63) (T (Cl 4] CQ) (29 Cc3
It does by associativity of the monoidal functor d and the associator being natural. O
Next we provide Herm on 1-morphisms of alCatg, :

Lemma 2.4.6. For a monoidal anti-involutive functor, Herm F' : Herm C; — Herm Cs is a monoidal
dagger functor.
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Proof. Recall that uc, : 1¢; — dlc, defines a Hermitian pairing on 1¢,, which made it into the
monoidal unit of Herm C;. We have to show that ¢ : 1¢, — Herm F'(1, uc,) is unitary. Writing out
the definition is exactly the diagram in the definition of a monoidal anti-involutive functor.

Let (c,h),(c',h') € HermC;. We want to show that .. : Herm F(c,h) ® Herm F(¢/,h') —
Herm F'((¢,h) ® (¢/, b)) is a unitary isomorphism. Writing out the Hermitian pairings on the objects
involved, this boils down to showing the following diagram commutes.

F(hQF(h') PP s
—_— E—

F(c) @ F(c) F(de) ® F(dc) dF(c) ® dF(¢) 2925 4(F(c) @ F(c'))

liu‘c,c’ liu‘dc,dc’ dHCyCIT

! F c C/ c Cl
Flewd) —2") | plgeqde) —2e) | plies ) —22, qF(cw )
The left square commutes because F' is a monoidal functor. The right rectangle commutes by
definition of F' being a monoidal anti-involutive functor. O

Recall that monoidal anti-involutive natural transformations are defined as natural transforma-
tions that are both anti-involutive and monoidal and similar for monoidal unitary transformations
on monoidal dagger categories. Therefore Herm is already defined on 2-morphisms of alCatg,. Also
we still have Herm(F} o F3) = Herm(F;) o Herm(F3) as monoidal dagger functors, because the
monoidal data pq, e of Herm(F;) and Herm(F3) are simply given by the monoidal data of F; and
F5. Therefore we have proven:

Corollary 2.4.7. Herm is a 2-functor
Cat]}‘l — alCatg, .

To obtain monoidal dagger categories that are not equivalent to Hermitian completions, we need
to discuss positivity structures. The only thing to keep in mind, is that a full subcategory of a
monoidal category generated by a collection of objects is only monoidal if it is closed under tensor
product:

Definition 2.4.8. Let C be a monoidal anti-involutive category. A positivity structure P C
objHerm C is called monoidal if it is closed under tensor product.

Ezxample 2.4.9. Let D be a monoidal dagger category. Then the associated canonical positivity
structure in Herm D of Example 2:3:40] is monoidal. This follows because ® : D x D — D is a
t-functor.

Note that the fact that HermC is a monoidal dagger category implies that 7 (HermC) is a
monoid under tensor product. We therefore obtain:

Lemma 2.4.10. Let C be a monoidal anti-involutive category. The dagger category Cp associated
to a subset P C HermC is a monoidal dagger category if and only if P is monoidal. In particular,
the dagger category obtained by taking a closed positivity structure with corresponding subset P C
7§/ (Herm C) is a monoidal dagger category if and only if P is a submonoid of w{ (Herm C).

Ezample 2.4.11. For finite-dimensional vector spaces, the monoid structure on m(Vect) = N com-
ing from the monoidal structure on Vect is given by multiplication. The monoid structure on
7§/ (Herm Vect) = N x N is given by the formula telling us how the signature of a tensor product
looks:

(p1,1) (P2, g2) = (P1P2 + 142, P12 + P2q1)-
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Even after requiring positivity structures P C w§/ (Herm Vect) to be monoidal, there are still many
positivity structures giving neither Herm¢ nor Hilb. One possibility would be that the positive
definite and negative definite line are both contained in P, but their direct sum given by the hy-
perbolic 2-dimensional space is not. To avoid these more pathological examples, we could require
more compatibility conditions. For example, if we require P to be additionally closed under direct
sums, then only Hilb and Herm remain as possibilities. Alternatively, we could follow a C*-category
style definition to completely single out Hilb here. In other words, we could require the monoidal
dagger category to satisfy the stronger minimality requirement that every weakly positive operator is
positive, compare Proposition Note however that these requirements are very specific about
the C-linear situation. For example, we do not know how to apply similar considerations to ask
which bordism dagger categories should be considered ‘positive’ in the sense Hilb might be called
a ‘positive’ dagger category. Namely, bordism categories do not have direct sums and asking every
weakly positive morphism to be positive is typically unreasonable.

Remark 2.4.12. If C is a monoidal anti-involutive category, there can in general be multiple Hermitian
pairings on the monoidal unit. Namely, such a Hermitian pairing is equivalent to a ‘self-adjoint’
isomorphism h : 1 — 1, i.e. such that dh = h (using d1 = 1). Two such Hermitian pairings hq, hs
are equivalent modulo transfer if and only if they differ by an ‘inv-positive’, i.e. hy = hy o df o f,
compare Example For example, for C = Vect, the monoidal unit C has R*-many self-
adjoint automorphisms and Rso many inv-positive automorphisms. The fact that R* /Rso = Z/2,
corresponds to the fact that there are two equivalence classes of Hermitian pairings on C; the positive
definite and negative definite Hermitian pairing. However, in a bordism category there exists a unique
isomorphism @ — ) and so () has a unique Hermitian pairing independent of the chosen monoidal
anti-involution. When choosing the trivial Hermitian pairing on 1, the dagger of f : 1 — 1 is simply
df. In particular, if d is of the form 6* for a covariant involution G, we can use the canonical
self-duality data 1 ® 1 — 1 to realize that fT = 7.

Our goal is to prove the following analogue of Theorem [2.3.15

Theorem 2.4.13. The 2-category of monoidal dagger categories is equivalent to the 2-category of
monoidal anti-involutive categories equipped with an equivalence class of monoidal positivity struc-
tures:

Caty, = (alCatg, )p.
Theorem 2.4.14. Herm is adjoint to the 2-functor
CatfEl — alCatg, .

It induces an equivalence
Cath1 > (alCatg, ) p,

between monoidal dagger categories and monoidal anti-involutive categories with positivity structure.

Proof. We first make the unit and the counit of the adjunction for the nonmonoidal case given in
Remark into monoidal functors. Let (C,d,n, x) be a monoidal anti-involutive category. Then
the anti-involutive functor K¢ : HermC — C has tautological monoidal data, which is associative.
The functor intertwines monoidal anti-involutive functors C; — C; with their induced monoidal
dagger functors Herm C; — Herm Cy. The fact that the natural isomorphism he : Kc o7 = do K¢ is
monoidal follows by the formula for the tensor product of two Hermitian pairings.
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Now let D be a monoidal dagger category. We make Up : D — Herm D into a monoidal functor
with the identity monoidal data which is natural and associative, also see Example The identity
is clearly also a unitary isomorphism

(.’L‘l,idzl) ® (1'27 leEQ) = (xl ® x2, id:r1®:132)

in Herm D.

Next, we note that U is still natural in D and K is natural in C, where we used that Herm is
a 2-functor, see Corollary The fact that U and K still define a strict 2-adjunction in this
monoidal scenario follows and so we proved the first statement.

For the second statement, we recall from the proof of the main theorem of [68] that in the non-
monoidal case U and K restrict to equivalences. More precisely, Up gives an equivalence between the
dagger category D and the dagger subcategory of Herm D, given by the positivity structure explained
in Example Since we already proved that Up is a monoidal dagger functor and Up restricts
to an equivalence of dagger categories which is still a monoidal functor, it restrict to an equivalence
of monoidal dagger categories. If P is a monoidal positivity structure on C it induces a monoidal
positivity structure on Herm C. Moreover, K¢ preserves these positivity structures. Therefore if P is
monoidal, K¢ induces an equivalence of monoidal anti-involutive categories equipped with monoidal
positivity structures. O

We finish with the braided and symmetric situations, which are easier because the coherence data
is on higher morphisms. A braided/symmetric monoidal dagger category is an Eg/E..-monoid in
dagger categories:

Definition 2.4.15. A braided monoidal dagger category is a monoidal dagger category equipped with
a unitary braiding. A symmetric monoidal dagger category is a braided monoidal dagger category
with symmetric braiding. Let CatlTE2 denote the 2-category of braided monoidal dagger categories

and let Cat]TEoo denote the 2-category of symmetric monoidal dagger categories.
We want to show
Theorem 2.4.16. Herm extends to a 2-functor
alCatg, — Cat]};2

and a 2-functor
alCatg_ — Cat]TEoo .

For braided and symmetric monoidal anti-involutive categories Herm C is defined as follows.

Lemma 2.4.17. Suppose the monoidal anti-involution (d,n,u,x) on the braided monoidal category
C is braided in the sense that d : C — C°P is a braided monoidal functor. Then HermC has a unique
braiding such that it becomes a braided monoidal dagger category and HermC — C is a braided
monoidal functor. If C is symmetric, then so is HermC.

Proof. As before, because Herm C — C is an equivalence of monoidal categories onto the objects that
admit a Hermitian pairing, the braiding on Herm C exists and is uniquely determined by the desired
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condition. We have to show that (c1,h1) ® (c2,he) = (c2,h2) ® (¢1,h1) is a unitary isomorphism.
For this we have to show the diagram

d((31 X 02) — d(CQ X 61)

T d(Bey,eo) T
Bdcq ,dey
dey @ deg ————— dcs @ dey
h1 ®h21\ h2®h11\
Bcl ,co

€1 Qcg ——— 2 ¢

commutes. The lower part commutes because the braiding is a natural isomorphism and the upper
part commutes because d is braided, recalling the braiding defined on C°P before. If the braiding on
C is symmetric, the induced braiding on Herm C is immediately symmetric too. O

Given two braided monoidal categories and and a monoidal functor between them, being braided
is a condition. Given a monoidal dagger category that is also braided, being a braided monoidal
dagger category is a condition: the braiding is unitary. However, every functor between two braided
monoidal dagger categories that is both braided monoidal and dagger is automatically a braided
monoidal dagger functor. Given that we have shown that Herm C in that case is a braided monoidal
dagger category, we automatically get the 2-functor Herm from braided monoidal anti-involutive
categories to braided monoidal dagger categories. Symmetric monoidal dagger categories therefore do
not any further complications. We have thus proven Theorem[2:4.16] Finally note that the analogues
of Theorem [2:3.15] and Theorem [2:4.14] for the braided and symmetric case are now obvious:

Theorem 2.4.18. e The 2-category of braided monoidal dagger categories is equivalent to the 2-
category of braided monoidal anti-involutive categories equipped with monoidal positivity struc-
ture:

Catg;:z > (alCatg, ) p.

o The 2-category of symmetric monoidal dagger categories is equivalent to the 2-category of sym-
metric monoidal anti-involutive categories equipped with monoidal positivity structure:

Cat%oo =~ (alCatg_) p.

Proof. Following the line of proof of Theorem [2.4.14]in [68], we see that the only thing left to show
is that the unit and counit are braided, which is obvious. O

Remark 2.4.19. The reason that the analogue of Corollary [2.3.26] for monoidal dagger categories does
not hold, is that 7moC and 72C will be monoids and the surjective monoid map 72C — mC need not
have a splitting. We will see a concrete example of this relevant for unitary topological field theory
in Chapter [6]

Ezxample 2.4.20. If C is a monoidal anti-involutive category with monoidal positivity structure P, then
there is a canonical induced monoidal positivity structure P°P on C°°P with the anti-involution given
in Example given by the inverses of elements of P. This construction is in agreement with the
obvious definition of the opposite of a monoidal dagger category. Also note that there is a canonical
induced positivity structure P®°P on C®°P given by elements of P. It is similarly straightforward to
verify that the resulting monoidal dagger category is monoidally unitarily equivalent to the canonical
monoidal dagger structure on (Cp)®°P.
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2.5 Self-adjoint modifications

It follows by Theorem [2:3:41] that for every anti-involutive category C in which every object admits
a Hermitian pairing, there is a lattice of dagger categories equivalent to C as an anti-involutive
category. This lattice is the poset of positivity structures, i.e. subsets of 72 (C) that surject to 7(C),
see Lemma This induces a commutative diagram of fully faithful and essentially surjective
dagger functors Cp — Cpr for P C P’. These functors are unitarily essentially surjective (and
hence unitary equivalences) if and only if P = P’. It follows by Lemma that in this lattice
the minimal elements are those for which weakly inv-positive and inv-positive agree, while for the
unique maximal element (the Hermitian completion) all self-adjoint automorphism are weakly inv-
positive. We emphasize that it can still happen that for two different positivity structures P, P’ on
C the dagger categories Cp and Cp/ are unitarily equivalent, as long as neither is contained in the
other. Note that they can not be equivalent by an equivalence that respects the functor to C as an
anti-involutive category, because the identity anti-involutive functor on C lifts to a dagger functor
Cp — Cp/ only if P - P.

However, the equivalence can cover the identity functor on C with interesting anti-involutivity
data £, as we will now explore. This is for example the case for the positivity structures on Vect
given by the positive and the negative definite inner products. By Theorem this happens if
and only if the identity functor on C with anti-involutivity data £ maps P to P’. We will show that
the anti-involutive functor (idc,&) will map P to P where

Pg:z{@fizﬁqu@:hEP},

which we will call the self-adjoint modification of P by £. By fixing P and varying the natural
automorphism § we thus get a collection of equivalent dagger categories Cp.. In case P = P, we
obtain an automorphism of Cp. Note that one can think of the data of £ as a self-adjoint natural
automorphism of the identity functor, in the sense that it satisfies d¢, = £4,. We will also see that
P: and P are equivalent if and only if &, is positive for all € C, in the sense of Corollary
More generally, if F' : Cp — Dg is a dagger functor we will define a notion of self-adjoint natural
automorphism £ of F in Lemma We can then change the anti-involutivity data of F' by & to
make it into a dagger functor F¢ : Cp — Dg,. We will call this the self-adjoint modification of F by
&¢. We focus on the symmetric monoidal case, because this will be our main interest for topological
field theory. In particular, the main application of this theory will be Section where we study
self-adjoint modifications of the canonical anti-involutive dual functor on a symmetric monoidal
anti-involutive category with duals.

Lemma 2.5.1. Let F : C; — Cs be a symmetric monoidal anti-involutive functor between symmet-
ric monoidal anti-involutive categories and let & be a monoidal natural automorphism of F. Then
composing the equivariance data ¢, : F(dx) = dF(x) with d§, gives another symmetric monoidal
anti-involutive functor if and only if € is self-adjoint natural automorphism of (F,¢) in the sense
that €20 Pde = Pged€ay for all x € Cq.

Proof. Since £ and ¢ are monoidal natural isomorphisms, so is {4, © ¢, : F(dz) — dF(x). We have

to show that

Flz) =2 p(d2z) 222 p(d2)

J{"F(@ ¢dwT d)d,mT

2
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commutes. The left diagram commutes because ¢ makes F' into an anti-involutive functor, the right
square commutes because £ is self-adjoint. O

Remark 2.5.2. The terminology of Lemma [2.5.1] is motivated by the case where F' preserves d on
the nose and ¢, = idp(,) for all x € Cq, for example when F'is a {-functor between f-categories. In
that case £ is a self-adjoint natural automorphism of (F,¢) if and only if &4, = d€, for all x € C;.
This is more generally true if ¢, # idp(,) but when it commutes with £. As a subexample, we could
take a self-adjoint monoidal natural automorphism of id¢, and apply F' to it to get an self-adjoint
monoidal natural automorphism of F'. This gives us a way to change the anti-involutive data of a
functor by a natural automorphism of the identity functor on the source.

We provide a converse statement. For this, note that monoidal self-adjoint natural automorphisms
of id¢, form a group. Namely, self-adjoint automorphisms of a fixed object do not form a group, but
the product of two commuting self-adjoint automorphisms is again self-adjoint.

Lemma 2.5.3. Let C1,Cy be symmetric monoidal anti-involutive categories and let F : C; — Co be
a symmetric monoidal equivalence. Suppose ¢, ¢’ : F(dx) =2 dF(x) are two data making F into a
monoidal anti-involutive functor. Then the composition

p(¢))!

induces an self-adjoint monoidal natural automorphism of ide,. In particular, anti-involutivity data
of F is a torsor over monoidal self-adjoint natural automorphism of ide, .

Proof. Because ¢ and ¢’ are monoidal natural isomorphisms, so is ¢(¢')~! : dF = dF. Since d and
F' are equivalences, such a natural isomorphism corresponds with a monoidal natural automorphism
of id¢,. This boils down to the fact that the diagram

dFdzr —2% F(dx) 2%y F(d2x)

Jdm F(nz)T Jdab;

PF(x) — F(z) 2 d*F(x)
~_ -

commutes. Since this construction is inverse to the construction of Lemma [2.5.1] we see that the
group of monoidal anti-involutive automorphisms of the identity functor of C; acts freely and tran-
sitively on anti-involutive symmetric monoidal equivalences with the same underlying symmetric
monoidal functor. O

To generalize the above discussion to dagger categories, we include positivity structures into the
game. Let C be a symmetric monoidal anti-involutive category, P a monoidal positivity structure
and ¢ a monoidal natural automorphism of id¢, which is objectwise self-adjoint. By Theorem
& corresponds uniquely to a monoidal self-adjoint natural automorphism of the identity functor on
the anti-involutive category C in the sense of Lemma [2.5.1

Corollary 2.5.4. Let F : Cp — Cb be a symmetric monoidal dagger functor between symmetric
monoidal dagger categories induced by monoidal positivity structures P on the symmetric monoidal
anti-involutive category C, and Q on the symmetric monoidal anti-involutive category C'. If € is a
self-adjoint monoidal natural automorphism of ide,, then there is an induced symmetric monoidal
dagger functor Fe¢ : Cp — Cé;)F(E).
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Proof. By Theorem[2.:4.14] F corresponds to an anti-involutive functor which maps P to Q. Therefore
by applying Lemma to the self-adjoint automorphism of F' induced by &, we get a new anti-
involutive functor. It maps to positive pairing h : ¢ = dc in P to

F(e) 2P Flde) 2o ar(e) 2EC qr(e),

where ¢ denotes the equivariance data of the original functor F. Because the original functor pre-
served positive pairings, we have that the composition of the first two morphisms is in ). Therefore
the whole composition is in Qp()- O

Let F : Cp — C’Q be a symmetric monoidal dagger functor and &, & two self-adjoint natural
monoidal automorphisms as in Corollary Note that if (h: 2 — dz) € P, then F(h)o F(&;) is
a transfer of F'(h)o F(&.,) if and only if F(,1¢,) is inv-positive. In that case we therefore have that

Qre) = Qre)-

This requirement is closely related to when two modified anti-involutive functors are unitarily
equivalent. Indeed, let F' : C — C’ be a functor between anti-involutive categories with two anti-
involutivity data ¢1,¢o. Then (F,¢2) and (F, ¢1) are equivalent as anti-involutive functors if and
only if there exists a natural automorphism u : F = F such that

F(dzr) =5 F(dx)

l(m)m l(dm)m

F(dx) A F(dx)

commutes. We obtain the following corollary.

Corollary 2.5.5. Let F : C — C’ be an anti-involutive functor and & a self-adjoint automorphism
of F. Then F' is equivalent as an anti-involutive functor to the self-adjoint modification F¢ if and
only if & is positive in the sense that

Cde = duw(¢2)zudx(¢2);l

Proof. Let ¢ denote the anti-involutivity data of F. We apply the observation above to the case
where ¢2 = ¢ and ¢; is the composition of ¢ with £4,. The conclusion is that the diagram

F(dx) T F(dx)

|#-
ba dF(x)
3

Jeas

d
dF(z) —= d(z)
has to commute. O

We will study the above in the special case where ¢2 = id,. in Sections and

Remark 2.5.6. In the special case of Corollary where F : D — D’ is a dagger functor between
dagger categories, its anti-involutivity data is equal to the identity. Therefore a self-adjoint auto-
morphism of F' is a natural automorphism £ of F' such that &, is self-adjoint for all . Moreover, F
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is equivalent as an anti-involutive functor to the modification F¢ if and only if &, is positive for all z.
Note that this is indeed exactly the case that F' preserves positivity structures; if P is the canonical
positivity structure of C, then F(P), and F'(P) are equivalent positivity structures in this case. In
other words, this is consistent with Theorem

Example 2.5.7. Consider the identity dagger functor on the dagger category D = Hermc of Hermitian
vector spaces. We ignore monoidal structures for now. Recall that natural automorphisms of the
identity in Vect are given by multiplication by some scalar A € C*. This gives a self-adjoint natural
automorphism of the identity on Hermc if and only if A € R*. These induce dagger functors on D
that map a Hermitian vector space to the same vector space with its Hermitian form multiplied by
A. Two such functors are unitarily isomorphic if and only if the self-adjoint natural isomorphisms
differ by a positive. Note how nonpositive A is allowed because in this category multiplying a form
by a A € R.( gives a new allowed form. If we would be working with D = Hilb, a negative A would
map us to the dagger category where the positivity structure is modified by A, i.e. Hermitian vector
spaces with negative definite inner product. Note that all these self-adjoint natural automorphisms
are never monoidal unless they are the identity. In the symmetric monoidal dagger category sHilb
there are instead R* x R*-many self-adjoint natural automorphisms of the identity functor.

Remark 2.5.8. From another perspective, the above gives an analysis of functors between dagger
categories which are anti-involutive but not necessarily dagger at first glance. Indeed, let D1, D5 be
dagger categories and let F' : D1 — D> be an anti-involutive functor. Writing out the definition of an
anti-involutive functor, we realize that we are given a collection of automorphisms &, : F(¢) — F(c)
for all objects ¢ € D; which do not assemble into a natural automorphism of F', but instead it
measures the failure of I to be a dagger functor. More precisely, for all morphisms f : ¢ — ¢’ the
diagram

F(el) = F(o) ¢ P¢) = F()
e e
F(c)f == F(c) —— F(d) == F()ft

F(f)

commutes and &, = £+ = £ so that £, is self-adjoint for all ¢ € Dy. Note that F is a dagger functor
if and only if £ is a natural transformation F' = F. We can try to change £ by another self-adjoint
natural automorphism &' of F', but this will potentially map us out of Dy into a different positivity
structure.

2.6 BZ/2-actions

Most categories of ‘fermionic origin’ come equipped with an action of the 2-group BZ/2. Here we
define a 2-group to be a monoidal category in which all objects and morphisms are invertible under
tensor product and all morphisms are invertible under composition. For a review of 2-groups and
their actions on categories, see Appendix[A.2] If A is an abelian group, we denote by BA the 2-group
with 1 object and Aut(x) = A. Note that a BA-action on a category C consists of a collection of
natural automorphisms of the identity a. € Autc for all a € A that satisfy a. o a, = (ad’). for all
ceC and a,d € A.

In this section we will study anti-involutive and dagger categories with BZ/2-action. The main
goal is to clarify some sign subtleties in the dagger category of super Hilbert spaces and to see to
which extent they generalize to other dagger categories with BZ/2-action. The study of categorical
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aspects of the spin-statistics theorem will be postponed to Section [2.9] after we have obtained a
sufficient understanding of unitary dual functors in Section |2.7]

Definition 2.6.1. Let (C,d,n) be a category with anti-involution. A BA-action (a,c) — a. € Autc
on C is anti-involutive if ae is an involutive natural automorphism for all a € A. In other words,
(a=1)ge = da, for all @ € A and ¢ € objC.

Note that a BA-action on a symmetric monoidal category is symmetric monoidal if ae is a
monoidal natural automorphism for all a € A.

Ezample 2.6.2. sVect has a canonical symmetric monoidal BZ/2-action given by mapping a vector
space V to the grading operator (—1)f : V' — V. It is anti-involutive for V V" because the B7/2
and Z/2-actions commute.

In analogy with the category of super vector spaces, we typically write a BZ/2-action on a
category C as ¢ +— (—1)!" € Autc for ¢ € C. Note that in the original physics applications there is
a distinguished ‘fermion number operator’ F' on V such that (—1)f is its parity. This suggestive
notation has completely lost its meaning and the symbol F' does not refer to anything here. Recall
that when defining super Hilbert spaces, we had to make an arbitrary choice for vectors of odd
parity; we decided to call the vectors with norm a positive multiple of ¢ positive, see Definitions
215 and 2:1.4 We could have chosen to call a negative multiple of ¢ positive instead in the latter
definition. The first thing we make precise is the analogous result for general symmetric monoidal
dagger categories with BZ/2-action. Recall that if C is anti-involutive, P is a positivity structure
and £ : id¢ = id¢, we denote the modified positivity structure by

Po={z a2 du:heP)

Proposition 2.6.3. Let C be a (symmetric monoidal) anti-involutive category with (symmetric
monoidal) anti-involutive BZ/2-action and monoidal positivity structure P. Then, there is a sym-
metric monoidal dagger equivalence

Cp=C P_yyp-
Proof. This follows from Corollary by taking F to be the identity functor and ¢ = (—1)F.
Indeed, note that because £2 = id, and &, is anti-involutive, ¢ is also self-adjoint. O

Remark 2.6.4. Depending on which description is taken of C P it can be confusing to distinguish

Cr,_. r
cat(eg)ory, it has a canonical positivity structure P given by inv-positives in D. Then D = Dp C
Herm D as f-categories, see Example In this description, Dp is basically equal to Dp(il) P
By definition, the former category has objects pairs of an object x € D and an automorphism of x
of the form f'f where f € Autz. Whereas the latter has objects pairs of an object z € D and an
automorphism of z of the form fff(—1)F where f € Autz. Morphisms between such pairs are given
by morphisms in D in both cases. It is straightforward to check using naturality of (—1) that the
new formula for the dagger on Dp and D P is exactly the same.

1HE?
and Cp at all. For example, let D be a dagger category. If we consider D as an anti-involutive

HF

As an example, consider the case of C = sVect with d = 6* and Cp = sHilb. Then, Cp(il)F
is the symmetric monoidal dagger category of super Hermitian vector spaces with positive definite
even part and negative definite odd part. The formula for the adjoint of an even linear map is not
affected by changing the Hermitian form from positive definite to negative definite on the odd part.
However, we want to think of these two dagger categories as ‘different but equivalent’; allowing both
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P and P_yr as positive pairings would certainly not be a good idea. Thus, we have to arbitrarily
pick one over the other and stick to it. This minor difference will play an important role in the
spin-statistics theorem, see Section [2.9

The following discussion generalizes and formalizes the fact that Z/2-graded Hilbert spaces are
in one-to-one correspondence with super Hilbert spaces, a result we have seen in Remark It
gives us a way to similarly talk about an ‘ungraded symmetric’ convention for other anti-involutive
categories with BZ/2-actions, such as spin bordism groups.

Definition 2.6.5. Let (C,d,n) be a category with anti-involution and anti-involutive BZ/2-action
¢+ (=1)F. Then, the opposite anti-involution of (C,d,n) is the same d, but with 1 changed by
(—=1F.

Note that the opposite anti-involution again defines an anti-involution. Also note that the op-
posite of the opposite anti-involution is the original anti-involution. A Hermitian pairing for the
opposite anti-involution of (C,d,n) is the same as an isomorphism & : ¢ — dc such that the diagram

c — s de

cor| ol

c —1y g2¢

commutes. When C = sVect with the standard anti-involution, this is equivalent to a Z/2-graded
Hermitian pairing on a super vector space V, i.e. a nondegenerate sesquilinear even pairing on V'
such that

(v,w) = (w,v) Yv,weV.
Therefore, we can think of (C,d,no (—1)F') as ‘switching between the ungraded and the super sign

convention’ of (C,d,n).

Remark 2.6.6. Given an anti-involutive category (C,d,n) with anti-involutive BZ/2-action (—1)%

we can consider the category of pairs of an object ¢ and an isomorphism A : ¢ — dc such that

c —" s de

cor| ]

c L &2
commutes. It is still possible to directly construct a dagger for morphisms f : (¢1,h1) — (c2, he) by
the same formula as in the Hermitian completion. Indeed, the fact that f1T = f follows by naturality
of (=1)F. In the special case of sVect this will give the usual adjoint of linear maps between
7 /2-graded Hilbert spaces. However, this dagger category is simply the Hermitian completion of

(C,d,n o (—1)), so this construction provides no new insights.

Next we want to show that if there exists a notion of ‘i’ just as in sVect, then the two grading
conventions given by (C,d,n o (—1)f) and (C,d,n) are equivalent:

Proposition 2.6.7. Let (C,d,n) be a category with anti-involution and anti-involutive BZ/2-action
(—=1)E'. Suppose the action refines to an anti-involutive BZ/4-action, which we suggestively write as
it" so that i¥ o it = (=1). Let h : ¢ — dc be a Hermitian pairing for (C,d,n). Then hoil” is a
Hermitian pairing for the opposite anti-involution (C,d,n o (—1)).
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Proof. By definition of the action being anti-involutive we have
d(lcF) = (i_l)gc = (_1)50 ° ch

and so
d(ho i) = d(iF) o dh = (1), 0 if, o ho .

Using naturality of the BZ/2-action, we obtain the desired. O

Example 2.6.8. The above condition is satisfied for sVect = sVect¢ with its standard ant-involution
and BZ/2-action with if" defined as in Lemma Note that this does not work for sVectg.
Namely, the opposite anti-involution is not equivalent to the the canonical involution on sVectr
given by V — V*; in one of the two all objects admit Hermitian pairings, but in the other one some
do not. To see this concretely, note that an odd-dimensional real vector space in odd degree admits
an Hilbert space structure in the ungraded sense, but not in the graded sense.

With the assumptions of the last proposition, let P be a positivity structure on (C, d,n) and P;r
the induced positivity structure on (C,d,n o (—1)¥). This notation does not quite agree with the
notation P from before; because if" is not self-adjoint it does not define a positivity structure on
the original anti-involutive category (C,d,n).

Corollary 2.6.9. The identity functor on C equipped with anti-involutive data i* induces an equiv-
alence of dagger categories (C,d,n, P) = (C,d,no (1), P;r).

Proof. By the correspondence between dagger functors and anti-involutive functors preserving pos-
itivity structures, we have to extend the identity functor to HermC by h + hoiX. It is clearly an
equivalence of categories and the last proposition shows it is well-defined. We have to show it is a
dagger functor. Let  denote the new dagger on Cp . For (c1,h1), (co, hs) objects in Cp, consider
the diagram

C1 # Co

!
s

C1 <;T Co

F .
b
d01 T dC2

The lower square commutes by definition of fT and the total rectangle commutes by definition of f*.
Then by naturality of i¥ we obtain fT = f* and so the identity is a dagger functor. O

Remark 2.6.10. Note that given a BZ/4-action extending the BZ/2-action, there is an inverse BZ/4-
action we denote (i~1)¥". The dagger categories C Pi—1yr and Cp . have their set of Hermitian pairings
related by (—1)f" and so can be different if P # P(_1yr, even though they are always equivalent as
dagger categories by Proposition|2.6.3] For example, whether we choose the comparison map between
7/2-graded Hermitian spaces and super Hermitian vector spaces to be if" or (i=1)¥', will change the

notion of super Hilbert space by a sign on the odd part.

In the above few results we ignored the monoidal structure, which will make the analysis more
subtle. To find out how to deal with this, we return to our main example:
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Remark 2.6.11. Recall from Remark [2.1.14] that to build the right monoidal dagger category of
7 /2-graded Hilbert spaces from the standard monoidal anti-involution (d,n) on sVect, we need to
not only take the opposite anti-involution, but also the monoidal data d(V @ W) = dV ® dW by a
sign v ® w > (—1)'””“"1} ® w. In other words, we should not expect an immediate generalization of
Corollary to the monoidal setting without changing the monoidal data of d. The crux is that
if" is not monoidal since the diagram

MC ® IIC —=— C

lﬁ@ﬁ lid

MIC®IC ——— C

does not commute. Instead, the automorphism
F P F -1
vev, © (iy, ®iy,)

of Vi ® V, measuring the failure of i¥ being monoidal is exactly given by v ® w — (71)|“Hw|v ® w.
Setting these signs up correctly then results in an equivalence of monoidal dagger categories between
the monoidal dagger category of super Hilbert spaces and the monoidal dagger category of Z/2-
graded Hilbert spaces, given by changing Hermitian pairings to %"

The above remark motivates the following.

Definition 2.6.12. Let (C,d,n,x) be a monoidal anti-involutive category with monoidal anti-
involutive BZ/2-action and let P be a monoidal positivity structure. Suppose the BZ/2-action
admits a refinement to an anti-involutive BZ/4-action i, which is not necessarily monoidal. Then
the opposite monoidal anti-involution of C is the opposite anti-involution (C, d,no(—1)%) from before,
where the monoidal structure x. , : d(z ® y) = dr @ dy is changed to x;P, which is the composition

-F -F F\—1
Zdw@dy o (Zdz ® Zdy) ° Xz,y-

Proposition 2.6.13. The functor F : Cp = Cp, from Corollary is a monoidal unitary

equivalence between Cp and the opposite monoidal anti-involution (C,d,no(—1)F, x°P) with positivity
structure P;r.

Proof. The only thing we have to check is that the isomorphism F(c; ® ¢2) = F(c1) ® F(cg) given
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by the identity on ¢; ® co is unitary. This follows from the commutativity of the diagram

€1 Qe == c1®cC
ifl ®62l J/lfl ®i52
C1 ® C2 C1 ® C2
h1®ha lhl@hz
dCl (24 dCQ

h1®hs l(ichl@iiQ)’l .
dci ® deg
5
deq ®deg
dcr ® deg ——— deq ® deo
d(c1 ® c3) =——= d(c1 ® ¢2)

O

Note that under Theorem [2.4.14] we could have equivalently formulated the above using a
monoidal dagger category with a monoidal unitary BZ/2-action on C which extends to a unitary
but not necessarily monoidal BZ/4-action. However, the dagger category C p,r would be moderately
inconvenient to formulate without referring to positivity structures.

Remark 2.6.14. The automorphism

F F oo F—1
Yei®cs © (lcl ® Zcz) .

of ¢1 ®co that we change the monoidal data of d by is trivial if and only if the BZ/4-action is monoidal.
For super vector spaces over C the above automorphism is given by v ® w + (—1)'”““"0 ® w. Note
that in real super vector spaces this automorphism still exists, even though (—1)¥" does not admit a
square root.

Remark 2.6.15. In the setting of Corollary we see that there is an equivalence between
monoidal dagger functors into (C,d,n, x, P) and monoidal functors into (C,d,no(—1)¥, x°P, P;r). In
particular, it is irrelevant for dagger functors into super-versions of Hilbert spaces whether we use
the ungraded or super notions of Hilbert space, as long as we keep the appropriate translation in
mind.

All results in this section until now generalize in a straightforward fashion to symmetric monoidal
dagger categories with unitary BZ/2-action (and possibly nonmonoidal unitary BZ/4-action extend-
ing it). To state these results, we also reduce the above discussion to the case where the a symmetric
monoidal anti-involutive category comes from a symmetric monoidal Z/2 x BZ/2-action with duals.
By the results of Section dx :=T* can be made into a symmetric monoidal anti-involution.

Lemma 2.6.16. Let C be a symmetric monoidal category with symmetric monoidal Z/2 x BA-
action and duals. Then the BA-action is anti-involutive with respect to d = (7)* If P is a monoidal
positivity structure on (C,d), then the anti-involutive BA-action extends uniquely to a unitary BA-
action on Cp.
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Proof. We have to show that az~ : T¢ — T* is the inverse of a;* for all objects z € C and a € A.
Since the Z/2- and BA-actions assemble into an Z/2 x BA-action, we have that az = @,. Because
a; is a monoidal natural automorphism, the first claim follows by Lemma Since the a, are
anti-involutive monoidal natural automorphisms of the identity functor, the second result follows
from the correspondence between dagger categories and anti-involutions of Theorem O

Corollary 2.6.17. Let C be a symmetric monoidal category with Z/2 x BZ/2-action and duals. Let

P be a monoidal positivity structure for (.) . Suppose the BZ/2-action refines to a non-monoidal
anti-involutive BZ/4-action. Then the symmetric monoidal anti-involutive category (C,(.) ,n o

(—1)F, x°P) with positivity structure P is equivalent to the opposite monoidal anti-involution (C,(.) ,no
—1)¥, x°P) with positivity structure Pir.
1)F, x°P) with positivity structure P,

Note that changing the monoidal data d(V @ W) =2 dV @ dW or V@ W =2V ®@ W by a sign as
in the discussions above has no clear analogue in general symmetric monoidal categories with duals
and Z/2 x BZ/2-action, in particular not for the bordism categories we will consider in Section
However, changing the monoidal data d(V@W) = dV ®dW does result in changing d(V*) = d(V)* by
the BZ/2-action. This latter isomorphism will be important in the next section because it determines
the data that makes a fixed dual functor anti-involutive. We can still change this anti-involutive data
in an ad hoc way by a self-adjoint modification. In other words, once we pick a dual functor, we can
decide to modify the canonical equivariance data d(z*) = d(z)* by the BZ/2-action. This will be an
important consideration in Section [2:9]

2.7 Dagger duality

In this section, we will study the interaction between the dagger and the dual functor on symmetric
monoidal dagger categories from the perspective of Section [2.3] With this goal in mind, we will
first consider dual functors on symmetric monoidal anti-involutive categories C. We will show they
come equipped with canonical equivariance data for the anti-involution, so that there is always a
canonical dual functor on the Hermitian completion, which will be a symmetric monoidal dagger
functor. Suppose now that we are given a symmetric monoidal dagger category presented in the
form Cp, for a given monoidal positivity structure P on C. It then becomes a condition whether or
not the canonical dual functor on Herm C restricts to a symmetric monoidal dagger functor on Cp.
This condition is whether the dual functor preserves the positivity data, which concretely means
that duals of positive Hermitian pairings are positive.

Unfortunately, it is not always the case for examples relevant in this thesis that this dual functor
on an anti-involutive category preserves the positive Hermitian pairings, see for example Proposition
2.1.6] These ‘fermionic’ examples such as super Hilbert spaces and ‘spin-like’ bordism categories
we will see in Chapter [5] have some abstract features in common; they are all symmetric monoidal
categories with duals and Z/2 x BZ/2-action. Also, their dagger category structure is most conve-
niently constructed by choosing Hermitian pairings for the anti-involution z — Z*. We will study
how to resolve the issue of the canonical dual functor not preserving positivity data by modifying
some natural isomorphisms by the BZ/2-action, such as the data d(z*) 2 d(z)* specifying how (.)*
is an anti-involutive functor.

We adopt the terminology of [58]:

Definition 2.7.1. Let D be a rigid monoidal dagger category. A choice of monoidal dual functor
D — DeoP:®°P ig called a unitary dual functor if it is a monoidal dagger functor.
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Note that it is a condition for a monoidal dual functor on a monoidal dagger category to be a
unitary dual functor; we need that f*' = f* for all morphisms and that the uniqueness of duals
isomorphism (z ® y)* & y* ® z* is unitary for all z,y € D.

Both dagger categories and dual functors are challenging objects of study because it can be hard
to figure out exactly what is data and what is a condition. Combining the two makes it even worse.
For example, even though two choices of dual functor on a monoidal category are always monoidally
naturally isomorphic, there need not be a unitary monoidal natural isomorphism between two unitary
dual functors on a monoidal dagger category.

Example 2.7.2. Let D = Hilb and assume we have picked a duality evyy : W* @ W — C on every
object W such that the induced monoidal dual functor is a unitary dual functor. Let z € C* and
change the duality only on the specific object V by évy := zevy and coevy = coevy z~!. Suppose
f:V — W is a morphism in Hilb to an object where we did not change the duality. Let us denote
by f*: W* — V* the dual of f under the original duality and f : W* — V* the one where we
changed the duality on V' and similar for morphisms g : V' — W. Then we have that f and f* will
differ by a z while § and ¢g* will differ by a z='. We see that f*T # fT* if Zz # 1 does not lie on the
unit circle. This example generalizes to any monoidal dagger category with duals equipped with a
nonunitary automorphism of the monoidal unit.

It need not happen that the canonical isomorphism specifying uniqueness of duals is unitary:

Ezxample 2.7.3. Let D be a monoidal dagger category with duals and let ¢; and co be objects that
are not isomorphic by f : ¢; — co where f is not unitary. If ev,, is a duality on c;, then f induces a
canonical duality on ¢y such that the isomorphism specifying uniqueness of duals is f. As a concrete
example consider D = Herm¢ and take ¢; and c¢o to be a one-dimensional vector space C, one with
a positive definite inner product and the other with a negative definite inner product and f = idc.
Then fTf = —1 and so f is not unitary.

Our perspective on dagger categories using Hermitian pairings sheds some light on the above
confusions. Therefore we study dual functors on monoidal anti-involutive categories. Because our
main interest will be in the symmetric monoidal case in which the story simplifies, we will stick to
symmetric monoidal anti-involutive categories from now on. We first prove the analogon of Lemma
2.2.19! for anti-involutions:

Lemma 2.7.4. Let C be a symmetric monoidal category with duals and symmetric monoidal anti-
involution (d : C — C°°P,m). A choice of dual functor (.)* : C — C°°P®°P s canonically anti-
involutive.

Proof. Let (.)* : C — C°°P®°P be a choice of monoidal dual functor. Because d is monoidal and,
uniqueness of duals provides a canonical monoidal natural isomorphism do (.)* = *(.)od of monoidal
functors C — C®°P. Here we in principle had to choose a dual functor *(.) on C®°P, i.e. a right dual
functor on C, but we can use the braiding to identify it with (.)*. We then have to show that the
diagram

¥ +—— (d%2)*
.

Mg T

d*(z*) +—— d(dx*)

commutes. This follows from the fact that n is a monoidal natural isomorphism, see Lemma
O
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Remark 2.7.5. Tt is an essential ingredient in the above proof that the anti-involutive category is
symmetric. Moreover, because the canonical anti-involutive data of the dual functor depends on
the braiding, we see that only functors that preserve the braiding preserve this anti-involutive data.
This will be important for Proposition [2.7.20

Remark 2.7.6. We emphasize that just like a choice of dual functor, the choice of anti-involutive
dual functor (.)* as above is provided by duality data on every object alone. In other words, we
require no compatibility with d or ®. Therefore the anti-involutive dual functor of an anti-involutive
symmetric monoidal category with duals is completely canonical in the following precise sense. Let
()Y : C — C°°P®°P he another choice of dual functor and let o, : * = ¥ be the unique monoidal
natural isomorphism. Then o, is an anti-involutive natural isomorphism. Indeed,

d(c*) —— d(¢)*

dacT J/O'dc

d(cV) —— d(c)V

commutes because all natural isomorphisms involved are uniqueness of dual isomorphisms of duals
of de, also see Example

Remark 2.7.7. We can apply Lemma to the case where D is a symmetric monoidal dagger
category, ignoring positivity structures for now. If we fix a dual functor, then the canonical natural
isomorphism X : (.)* = ()1* is given by

coevi, ® id g+

 1dg* @ coevy %

x*@x@x*mx@)x*@x x*. (2.8)
Because \ expresses uniqueness of duals, it is well-behaved categorically, but in a subtle way. For
example, note how the fact that the isomorphism A : (.)*I = ()™ is natural implies that the
automorphism measures the failure of morphisms f : x; — x5 satisfying f* = f*. Note that
if A is the identity on all objects, then (.)* is a unitary dual functor. This follows because natural
isomorphisms specifying uniqueness of duals are monoidal. However, the converse is false. Namely,
if (\)* is a unitary dual functor, A need not be the identity. However, it does follow in that case
that A is a natural automorphism of the functor (.)*' = (.)™. Since * and { are both equivalences,
A therefore corresponds uniquely to a natural automorphism of the identity functor.

By uniqueness of unique dual isomorphisms, A intertwines the isomorphism o : z* = zV if zV is
another choice of dual of z (independently of whether ¢ is unitary). More precisely, if X' : ()T = ()Y
is the natural isomorphism for the other dual functor, then

* *

T ——
>\m
UTT o
Vv —— ¥
A

@

commutes. We compare with Example where we changed a dual functor (.)* to a dual functor
()Y by modifying evy and coevy on a single Hilbert space V with z € C. We see that on the object
V' the automorphisms A{, and Ay differ by multiplication with 2z € C*. Note in particular that A,
need not a unitary automorphism of x* in general. In fact, being the anti-involutivity data of the
anti-involutive functor x — x*, it should be thought of as being self-adjoint instead, compare Section
In case (.)* is a unitary dual functor, A will in fact be a self-adjoint natural automorphism of
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(.)*T = ()™ in the usual sense. In fact, it will be the self-adjoint modification of the anti-involutive
dual functor that gives our chosen unitary dual functor. We will see in Lemma which possible
A arise through this process.

Remark 2.7.8. Monoidality of A is also saying something subtle, because the monoidality of the
functor = — z*' is potentially different from the monoidality data of z — zt* if the isomorphism
Prias & (X1 @ 22)* — x5 @ 7§ given by uniqueness of duals is not unitary. Monoidality thus means
that

Azy @y

(11 @ m2)* ————— (21 @ x2)*

pil’121\ lpzl’”

Az @Ay
* * 1 2 * *
TyRT] ————— > T3 QX

commutes. In other words, the failure of A being a monoidal natural automorphism of = +— z* is
exactly the failure of the dual functor being a monoidal dagger functor.

Corollary 2.7.9. Let C be a symmetric monoidal anti-involutive category with duals. Then there
is a unitary dual functor on Herm C such that for all objects © € Herm C the canonical isomorphism
Az 1 x* = a* expressing the fact that the monoidal functor § : Herm C — Herm C°°P preserves duals
is equal to the identity.

Proof. A choice of monoidal dual functor is unique up to monoidal natural isomorphism. This dual
functor is anti-involutive by Lemma [2.7.4) and the monoidal natural isomorphism is anti-involutive
by Remark 2.7.6l By Theorem [2.4.14] and the fact that all Hermitian pairings are allowed in the
Hermitian completion, there corresponds a monoidal dagger functor to this

(.)* : Herm C — Herm(C°°P®°P) = Herm(C)°°P®°P,

which is unique up to monoidal unitary natural isomorphism.

Any other unitary dual functor on Herm C corresponds up to unitary equivalence with a monoidal
anti-involutive dual functor on C up to monoidal anti-involutive natural isomorphism, but possibly
with different anti-involutive data d(x*) = (dz)*. In particular, there is at most one unitary dual
functor on Herm C up to monoidal unitary natural isomorphism with the property that A, is the
identity for all z. O

Remark 2.7.10. The above unitary dual functor on Herm C is in a certain sense the unique symmetric
monoidal dagger functor up to monoidal unitary natural isomorphism with the property that A\, =
id,. However, we have to be slightly careful; under a unitary monoidal natural isomorphism, A might
be modified by a nontrivial inv-positive monoidal natural automorphism.

We now make some observations on what natural Hermitian pairings there are on the dual c*,
which will make the canonical unitary dual functor on Herm C more explicit. First note that there
is a natural Hermitian pairing on dec, which we do not want to change:

Ezample 2.7.11. Let (C,d) be an anti-involutive category and ¢ an object of C. If h: ¢ — dc is a
Hermitian pairing, on ¢, then (dh)~! : dc — d?c is a Hermitian pairing on de. Moreover, h is a
unitary isomorphism between ¢ and dec.

The Hermitian pairing on the dual is somewhat similar in spirit:
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Definition 2.7.12. Let C be a monoidal anti-involutive category equipped with its canonical anti-
involutive dual functor and let h : ¢ — dc be a Hermitian pairing. The dual Hermitian pairing on c*
is given by the composition

¢ 5 (de)” = d(e),

where the isomorphism used the anti-involutivity data of Lemma If C is symmetric and P is
a monoidal positivity structure, let P* denote the positivity structure on C consisting of all duals of
Hermitian pairings in P.

Remark 2.7.13. P* is most naturally a positivity structure on C°°P®°P, but we saw in Example
2.4.20| that there is a natural correspondence between Hermitian pairings on C°P*®°P and C given by
taking the inverse.

In general, there is no reason for ¢* to be isomorphic to ¢. Even if ¢* = ¢ and h is a Hermitian
pairing on ¢, then ¢ might not be unitarily isomorphic to ¢* with the dual Hermitian pairing:

Ezxample 2.7.14. Depending on the context, the dual Hermitian pairing might not be a Hermitian
pairing we want to consider on the dual. For example, if (V,h) is a Hermitian super vector space
of signature (p1,p2,ps,pa), then with this Hermitian pairing V* will have signature (p1,p2, p4,p3)
by Proposition In other words, for odd degree vector spaces, it will map positive definite
Hermitian forms to negative definite Hermitian forms and vice-versa. In particular, V' will not be
unitarily isomorphic to V* with this Hermitian pairing. Even worse, the dagger category of super
Hilbert spaces is not closed under mapping V — V*. In other words, with these choices sHilb does
not obtain a unitary dual functor. We will deal with this by modifying the canonical dual functor
with the self-adjoint natural automorphism (—1)¥. Note that this example also shows that there
are symmetric monoidal anti-involutive categories C in which every object admits a self-duality,
but the dual (z*,h') of a Hermitian pairing h : © — dz is not unitarily isomorphic to the object
(z,h) in Herm C. In other words, the canonical dual on Herm C induces an interesting monoid map
7l C — whC which covers the identity on 7oC — 7oC.

Ezample 2.7.15. Consider the ungraded convention sHilb*"™Y for the symmetric monoidal dagger
category of super Hilbert spaces in which inner products satisfy

(v,w) = {(w,v).

We can construct it as a symmetric monoidal anti-involutive category with positivity structure as
follows. Take sVect with its canonical symmetric monoidal anti-involution and change both 1 and
are changed by a sign. Change the positivity structure we use to make sHilb by i, see Section
It is very tempting to think that in this convention the dual Hermitian pairing does have the same
signature as the original. Indeed, it is not hard to check that if h: V' — dV is a Hermitian form in
the usual ungraded convention

(v, 0) = (w,v),

then the Hermitian form

Ve vy = ave)

has the same signature as h if we take the obvious isomorphism (dV)* 2 d(V*). However, because
the monoidal data of d is changed by a sign, the canonical isomorphism d(V*) 2 (dV)* saying that
d preserves duals is changed by (—1)%. Since this isomorphism is used in the Definition the
dual Hermitian pairing also has its signature reversed on the odd part in this convention. This is
as expected, because sHilb"™ is equivalent as a symmetric monoidal dagger category to the super

convention, as follows by Corollary [2.6.17}
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Next we want to generalize the discussion from the Hermitian completion to general dagger
categories. So our goal will be to lift dual functors on the symmetric monoidal anti-involutive
category (C,d,n) to unitary dual functors on Cp C Herm C given a monoidal positivity structure P.
For this note that the canonical unitary dual functor on the Hermitian completion maps an object
(¢, h) to ¢* together with the dual Hermitian pairing of ¢. Since the dual functor is an equivalence, it
induces an anti-involution of monoids 7#C — mC covering the anti-involution of monoids moC — moC
given by ¢ — ¢*. In particular it gives an involution P — P* on the collection of positivity structures.
Fixed points P = P* for this involution give canonical unitary dual functors on Cp.

Lemma 2.7.16. Let (C,d,n) be a symmetric monoidal anti-involutive category with its canonical
anti-involutive dual functor (.)* and let P be a monoidal positivity structure. Then (.)* induces a
symmetric monoidal dagger functor on Cp which recovers (.)* as an anti-involutive functor on C if
and only if P* = P.

Proof. We equip C°°P and C°°P*®°P with the symmetric monoidal anti-involution and monoidal pos-
itivity structure introduced in Example 2.4.200 We apply Theorem [2.4.14] to the anti-involutive
monoidal functor (.)* obtained in Lemma The result is that (.)* extends to a monoidal dagger
functor

()* :Cp — (COOP’®OP)POOP,®OP

if and only if it maps elements in P to elements in P°P. Writing out Definition [2.3.28| we see that
we need P* C P which gives the desired. O

Combining Lemma [2.7.16] with Lemma we can conclude that given a rigid symmetric
monoidal dagger category, there is a canonical candidate dual functor; we can make the dual func-
tor canonically anti-involutive and then ask whether it preserves the positivity structure. However,
it might not be the case. Then we could try to change the canonical equivariance data by some
monoidal natural isomorphism d(z*) = d(x)* to make (.)* preserve positivity. Equivalently we can
first compose the canonical dual functor with the equivalence Cp — Cp, induced by a self-adjoint
natural automorphism of the dual functor. In other words, we will apply the theory of self-adjoint
modifications developed in Section 2.5 to the anti-involutive dual functor. The most important type
of self-adjoint automorphisms we will want to modify by is an anti-involutive BZ/2-action (—1) in
the sense of Section Since the canonical dual functor on the Hermitian completion has trivial
A, it is most convenient to change that one by a self-adjoint natural automorphism of the identity
functor.

Lemma 2.7.17. Let C be a symmetric monoidal anti-involutive category with duals and monoidal
positivity structure P. There is a bijection between unitary isomorphism classes of unitary dual
functors on Cp and self-adjoint monoidal natural automorphisms & of the identity functor of C such
that X

heP= (" =5 2" 25 (do)* 2 d(z*)) € P.

modulo inv-positive monoidal automorphisms of ide¢.

Proof. A unitary dual functor (.)V up to unitary equivalence is the same as a symmetric monoidal
dagger functor Cp — Cp’®°P up to unitary equivalence, with the additional property of being
equivalent as a symmetric monoidal functor to a chosen dual functor on C. This in turn is equivalent
to a symmetric monoidal anti-involutive functor (.)V : C — C°°P®°P preserving positivity data, which
is equivalent as a symmetric monoidal functor to a chosen dual functor on C. Let (.)* : C — Co°P-®°P

be the canonical anti-involutive dual functor on C of Corollary 2.7.9] giving us a symmetric monoidal
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dagger functor Cp — CpP°P. By uniqueness of duals, we can assume without loss of generality that
(.)¥ = (.)* as monoidal functors, but not necessarily as anti-involutive monoidal functors. Since
the anti-involutive data of the canonical dual functor on the Hermitian completion is trivial, these
two anti-involutivity data differ by a self-adjoint monoidal natural automorphism £ of idgerm ¢, See
Remark [2.5.6] The canonical dual functor (.)* maps P to the positivity data P* and so (.)¥ maps P
to Pf. We see that (.)" preserves positivity data if and only if P = P;. Writing out the definition
of preserving positivity data and P* gives the requirement in the statement. Conversely, a monoidal
self-adjoint natural automorphism of ide gives a symmetric monoidal anti-involutive dual functor

(.)¥ = ()¢. This dual functor restrict to a dagger functor Cp — Coob®°P if and only if P = Py

We have seen that two such functors (.)¢ and (.){, are equivalent if and only if they differ by an
inv-positive in Section O

Example 2.7.18. In the symmetric monoidal dagger category D = sHilb, there are no nontrivial
inv-positive monoidal natural automorphisms of the identity. However, there is a single nontrivial
self-adjoint monoidal natural automorphism of the identity given by (—1)¥. The condition of Lemma
is satisfied for ¢ = (—1)F but not for ¢ = idjq,, also see Proposition Therefore, there
is just a single unitary dual functor on sHilb. This example also shows that the collection of self-
adjoint natural automorphisms & of idp satisfying the condition in Lemma is not closed under
composition. On D = sHermg, it would also be allowed to take ¢ = idiq,, since the condition on
positivity structures is now empty. Taking & to be the identity corresponds to the canonical dual
functor on the Hermitian completion, which maps a super Hilbert space to a super Hermitian vector
space that is negative definite on the odd part.

Remark 2.7.19. Let D be a symmetric monoidal dagger category and £ a self-adjoint natural auto-
morphism of the identity. It would be an interesting exercise to spell out the condition on £ inducing
a unitary dual functor on D coming from Lemma [2.7.17} This can be done without referring to
anti-involutive categories and positivity structures, by consulting Example

*

There are two different perspectives on the unitary dual functors (.); induced by monoidal self-
adjoint automorphisms ¢ : id¢ = ide from the viewpoint of positivity structures P on anti-involutive
categories C. On the one hand we can see (.){ as a self-adjoint modification of the canonical dual
functor (.)* on the Hermitian completion. One way to define this is as the composition with the
identity functor with anti-involutivity data &:

0N £
Cp , C;’DO*P@OP S C;’;}P,@OP _ (Cp)oop,®0P’

where in the last equation we used that P* = P:. On the other hand, we can look for dual functors
()Y on Cp directly, by starting with the dual functor (.)* only as a symmetric monoidal functor on C.
Note that in this situation, even though for a morphism f : (c1,h1) — (c2, h2) in Cp the morphism
f* 1 ¢5 — cf is defined as a morphism in C, the definition of f*I as a morphism ¢} — ¢} depends
on the lift (.)¥. We work ad hoc and propose an arbitrary lift to Cp which is completely fixed as a
symmetric monoidal dagger functor by saying what it does to positive Hermitian pairings:

(c,h) — (c*,hY) heP

Indeed, it will automatically be a functor and comes equipped with canonical monoidal data so that
it is simply a condition whether i — h" defines a unitary dual functor on Cp. This lift is a {-functor
(so that f* = f7) if and only if

(e, h) = (& 5 d(e*) = (de)* 25 ) (2.9)
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is a natural automorphism of the dual functor as an ordinary functor on Cp. Similarly, the dual
functor is a monoidal dagger functor if and only if this is a monoidal natural transformation. The
choice of the natural automorphism of the identity £ in Lemma corresponds to the composi-
tion which compares the choice of Hermitian pairing on the dual object with the dual of the
Hermitian pairing on the original object. We also see concretely that if £, is positive for all  and
h:x — dzisin P then hY and the dual of h will differ by £, and so are equivalent under to transfer.
Note that £ is the naturality isomorphism ), : z*' = 2* for the unitary dual functor ()Z on the
Hermitian completion, also see Remark

Allowing ourselves the room to change the isomorphism d(z*) 2 d(x)* makes anti-involutive dual
functors no longer unique up to unique anti-involutive monoidal natural isomorphism as in Corollary
279 Instead they are classified by the collection of self-adjoint automorphisms of ide modulo
inv-positive automorphisms. However, we can still make interesting statements about symmetric
monoidal dagger functors between such dagger categories with interesting unitary dual functors by
comparing it to the canonical dual functor on the Hermitian completion:

Proposition 2.7.20. Let C1,Cy be symmetric monoidal anti-involutive categories with monoidal
positivity structures Py and Py respectively. Suppose they come equipped with unitary dual functors
induced by monoidal self-adjoint natural automorphisms & € Aut(ide,) and & € Aut(ide,) respec-
tively, satisfying the condition of Lemma[2.7.17 Let F : (C1)p, — (C2)p, be a symmetric monoidal
dagger functor. Then F((P1)e,) C (P2)e,.

Proof. The symmetric monoidal dagger functor corresponds to a symmetric monoidal anti-involutive
functor F' : C; — Cy which maps P; to P,. Such a monoidal functor moreover comes equipped with
a canonical natural isomorphism intertwining the dual functors of C; and Cs. Since F' is symmetric
it also preserves the canonical anti-involutive data of the dual functors of C; and Cs, see Remark
[2.7.5] Therefore there is a canonical natural isomorphism filling the square

Herm(C;) ——~X—— Herm(Cy)

|or |or

Herm(Cy)°°P®oP —-f__, Herm(Cy)o0P- &P

where (.)* denotes the canonical unitary dual functor on the Hermitian completion. If ()g denotes
the unitary dual functor on Herm C obtained by modifying the canonical dual functor with &, this
gives the commutative square

C)p, —L— (Ca)p,

f.)gl lmgz

(Cl)oop,®op F N (Cz)oop,@)op

PPe (P3)e,

The two vertical maps are equivalences of symmetric monoidal dagger categories and so the dashed
arrow exists and has to preserve positivity structures. O

Next we relate the discussion above with what are called f-compact categories in the literature
using the following lemma:
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Lemma 2.7.21. Let D be a symmetric monoidal dagger category with duals and let (.)* : D — D
be a monoidal dual functor. Let \, : * — x* be the canonical automorphism expressing uniqueness
of duals (.)*T =2 ()t*. Then for all objects x € D and dualities ev,,coev, on x the diagram

<— *

1 o ¥R T
coev;]\ laz*,z
idy ®A
TR x* T s rat

commutes.

Proof. Writing out the explicit expression for A we see that we have to show the diagram

+
coev,,

T®r* 1
Um,m*J/ evy
Og* ¢
R TFRT * R x
id,« id, t @ id .
idy* ® coevy ®1dml %@ eva Tcoevz ®idg* gy
TTRrerTr TRIFRr*Rx

[ R Te ER

commutes. The left part commutes by the triangle identity and the fact that the braiding is sym-
metric. The right part commutes by the interchange law. O

Remark 2.7.22. Note that even though the automorphism A, depends on the duality data chosen,
the commutativity of the diagram does not.

Variants of the following definition are well-established [64] [12]. However, in Remark [2.7.28 we
will argue the definition is not well-behaved under equivalence.

Definition 2.7.23. Let D be a symmetric monoidal dagger category equipped with a unitary dual
functor (.)* induced by specific dualities ev,, coev, on every object z of D. Then D is called f-compact
(also: dagger compact) if for every object x the diagram

l¢——— 2" Qx

eVy
t
coev

TR "
commutes.
This corollary follows immediately from Lemma [2.7.21

Corollary 2.7.24. Let D be a symmetric monoidal dagger category with unitary dual functor (.)*.
Then (D, (.)*) is dagger compact if and only if Ay = idg« for all x € C.

Remark 2.7.25. Definition is sometimes stated with the dagger on the evaluation map instead.
This is equivalent to the above definition, as can be seen by taking the dagger of the above diagram
and using that the braiding is unitary.
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Ezxample 2.7.26. The canonical unitary dual functor on the Hermitian completion always makes it {-
compact. A self-adjoint modification of the unitary dual functor by £ will change A by £*. Therefore
(Herm C, (.)¢) will only be {-compact if £ is trivial.

Remark 2.7.27. As discussed in Example [2.7.18] sHilb has (')ffl)F as its only unitary dual functor,

given by the modification of the canonical dual functor by (—1)F. It follows by Example
that it does not make the f-category t-compact. At first sight another possible ‘fix’ to sHilb not
being f-compact, would be to change the monoidal data of d by z ® y — (—1)*IWlz @ y. Indeed,
this will result exactly in the right change in the natural isomorphism d(z*) 2 (dz)* by the fermion
parity operator, making sure that P* = P. This indeed results in a f-compact symmetric monoidal
t-category. However, this manoeuvre will ruin the monoidal structure of sHilb by making the tensor
product of odd degree Hilbert spaces negative definite, see Remark In particular, we need
to add some negative definite Hermitian pairings to the positivity structure, making a symmetric
monoidal f-category which is not minimal.

Remark 2.7.28. In the above definition and corollary, we required a specific unitary dual functor.
The main reason is that Definition [2.7.23]suffers from the fact that the displayed diagram commuting
is not stable under varying the duality data. This is because the condition of A, being equal to id;«
depends on the choice of dual functor. The problem is two-fold: on the one hand, it can happen that
two unitary dual functors are not unitarily equivalent because they are modifications of each other by
a nontrivial self-adjoint natural automorphism. On the other hand, a unitary natural isomorphism
between two unitary dual functor can still have A differ by an inv-positive. For example, we have
seen in Remark we can pick an automorphism f of the monoidal unit to change the duality
data with and then A will be changed with the inv-positive ‘scalar’ fTf.

Lemma suggests we can do better and obtain a definition of {-compact that is independent
of the choice of unitary dual functor as follows. Namely, let ()z be a unitary dual functor on the
dagger category Cp. Let h : * — dz be an object of Cp and hY : z* — d(z*) a Hermitian pairing
on x* which differs with the dual ' : 2* — d(z*) of h by the self-adjoint automorphism &,. For
(.)f be a unitary dual functor, we need that h¥ € P by the assumption of Lemma If we see
coev, as a morphism 1 — (z,h) @ (z*, k"), then its dagger differs with the dagger of coev, seen as
a morphism 1 — (z,h) ® (z*, ') with the automorphism &,. In particular, we see that if we want
Definition to hold for all allowed dualities, we need &, = id,, i.e. (.)* is the canonical unitary
dual functor. On the other hand, if we decide on a modification &, that is inv-positive, ()2‘ will be
unitarily equivalent to (.)*. Therefore from the perspective of this thesis it would be more reasonable
to call a symmetric monoidal dagger category t-compact if it admits a unitary dual functor so that
the diagram of Definition commutes up to an inv-positive automorphism. Alternatively, we
could require the stronger condition that every unitary dual functor makes the diagram commute up
to an inv-positive automorphism.

The above remark motivates us to modify the definition of {-compact to make it categorically
better behaved. There are two natural choices in modifying the definition; allowing only changes by
inv-positives and allowing changes also by weakly inv-positives. Up to the problem that unitarily
equivalent dual functors might have A\, change by an inv-positive natural automorphism, this is
essentially the difference between requiring the diagram in Definition [2:.7.23] to commute either for
all or for some unitary dual functor. The result is two definitions which we will call ‘weak’ and
‘strong’ f-compactness. This will also anticipate the definitions in Section [2.9
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Definition 2.7.29. Let D be a symmetric monoidal dagger category with duals. We say that D is
weak t-compact if for every unitary dual functor and = € D, A, is weakly inv-positive. We say that
D is strong T-compact if for every unitary dual functor and x € D, A, is inv-positive.

Remark 2.7.30. Clearly every strong f-compact category is weak f-compact. Let C be a symmetric
monoidal anti-involutive category with monoidal positivity structure P. Then Cp is weak T-compact if
and only if P* = P. It is strong f-compact if and only if P is additionally minimal. For example, any
Hermitian completion is weak f-compact. We have that Hilbc is strong t-compact, while Hermc is
only weak f-compact. On the other hand, sHilbc is not even weak {-compact since P* = P_j)r # P.

We now briefly restrict to the case where C is a symmetric monoidal category with symmetric
monoidal Z/2-action ¢ — ¢ and let dc := ¢* be the induced anti-involution as explained in Section
The canonical anti-involutivity data of (.)* is the isomorphism z** = Z** coming from the fact
that d is monoidal by

TRy @Y YT 2T Y.
In other words, it uses that x — ZT* maps left duals to right duals and then applies the symmetry to
make the right dual into a left dual again. We can then not only talk about the dual of a Hermitian
pairing, but also about its bar:

Remark 2.7.31. The bar of Hermitian pairing h : ¢ — ¢* is the Hermitian pairing on ¢ given by

oy et
cre

\l/:‘\

c

where in the last line we used the data saying that ¢ — ¢ is monoidal to obtain that it preserves
duals.

If we are interested in that the dual Hermitian pairing looks like in a concrete example given by a
7, /2-action, it can sometimes be more convenient to compute the bar of a Hermitian pairing directly.
This suffices because the Hermitian pairing h itself provides a unitary isomorphism between ¢ and
c* with the dual Hermitian pairing, compare Example

Remark 2.7.32. André Henriques and Dave Penneys [30] defined the notion of a bi-involutive monoidal
category (for the special case of C-linear tensor categories) as a monoidal dagger category C, together
with an op-monoidal involution such that all structure maps of the involution are unitary. This notion
is closely related to unitary dual functors, see [58) section 3.5].

2.8 Dagger pivotal structures

In this section, we will give a different perspective on unitary dual functors, which we expect to be
especially relevant for generalizations to the non-symmetric case. For this we first review the theory
of Dave Penneys [58], who tells us that a unitary dual functor gives a unitary pivotal structure. Recall
here that a pivotal structure on a monoidal category C with chosen dual functor (.)* : C — C°°P:&°P
is a monoidal natural isomorphism ¢. : ¢ — ¢**, also see Appendix Since symmetric monoidal
categories already have a canonical pivotal structure given by , a symmetric monoidal dagger
category equipped with a unitary dual functor has two canonical pivotal structures. In all examples
considered in this thesis, the construction of the correct dagger dual functor from symmetric monoidal
categories with duals and Z/2 x BZ/2-action with certain positivity structure, is so that the dagger
pivotal structure differs from the pivotal structure coming from the braiding by the BZ/2-action.
This property of these two pivotal structures will give us another point of view on the spin-statistics
theorem in Section The following result is given in [58, Proposition 3.9, Corollary 3.10].
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Theorem 2.8.1. Let D be a monoidal dagger category together with a monoidal dual functor (.)V
D — DeP:®°P | Then, (.)V is a unitary dual functor if and only if

b = (coev! @idavv) o (id. @ coevev)
defines a pivotal structure. In that case, ¢. is unitary.

We call the traces induced by the above dagger-pivotal structure dagger traces. Note that this
terminology is abusive, since they depend on a choice of dual functor.

Definition 2.8.2. Let D be a monoidal dagger category with unitary dual functor and f :¢c — ¢ a
morphism. The left and right dagger trace try f of f are the left and right trace of f in the pivotal
structure induced by the dual functor. Similarly, the left and right dagger dimension of an object ¢
are the left and right dagger trace of id..

In the case the monoidal dagger category is symmetric, it has a canonical pivotal structure and
two pivotal structures compose to give a monoidal natural automorphism of the identity functor.
This natural automorphism can be compared to the automorphism A\, : £* — x* giving the canonical
anti-involutivity data of the dual functor we obtained in Lemma [2.7.4

Lemma 2.8.3. Let D be a symmetric monoidal dagger category with duals and let (.)* : D — D
be a unitary dual functor. Then, the induced t-pivotal structure is given by the composition of the
pivotal structure induced by the symmetric monoidal structure and the dual of A;.

Proof. Note that in the figure

. 1‘ .
idy ® coev = coev]! ®id =
i s r@xt ot o Tt

idy ®)\m®idm*l ev1®idz**T

O g, px @idgnx

the square commutes by Lemma The upper horizontal composition is the dagger pivotal
structure on D induced by the unitary dual functor. We now pass the A, through the braiding using
its naturality. Then, we can use the universal property of the dual of a morphism to replace A\, with
AL after passing it through ev,. Using the explicit expression for the pivotal structure ® given by
the composition (A.2)), we obtain that the above composition equals

P, As
T ** SL'**,

as desired. 0

Corollary 2.8.4. Let C be a symmetric monoidal anti-involutive category with duals, let £ be a
natural monoidal self-adjoint automorphism of the identity functor such that Pe = P* and let (.)¥ =
()Z be the corresponding unitary dual functor on Cp. Then, the induced t-pivotal structure is given
by the composition of & with the pivotal structure induced by the symmetric monoidal structure.

Proof. The canonical unitary dual functor on the Hermitian completion has A\, = id,. Modifying
this dual functor by & changes A to A\, = &J. O
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Remark 2.8.5. By changing the unitary dual functor by a self-adjoint natural automorphism of the
identity, we will therefore change dagger traces of morphisms by this natural automorphism. In
particular, equivalent unitary dual functors which differ by an inv-positive natural automorphism
can still have different dagger traces, but only up to positive automorphisms.

Proposition 2.8.6. Let D, D’ be monoidal dagger categories equipped with unitary dual functors
and let F': D — D' be a monoidal functor. Then F is pivotal for the T-pivotal structure if and only
if F(zV) = F(x)Y is unitary for all x € D.

Proof. The proof is analogous to [58], Proposition 3.40]. O

Remark 2.8.7. Let C1,Cs be symmetric monoidal anti-involutive categories with monoidal positivity
structures Py, P, respectively. Suppose (C1)p, and (C3)p, are equipped with unitary dual functors
corresponding to natural automorphisms &; and & respectively. Let F : (C1)p, — (C2)p, be a
symmetric monoidal dagger functor. In Proposition [2.7.20] we showed that preservation of duals
gives an interesting relationship between £; and &. We can analogously discuss whether F' is {-
pivotal in this context by comparing with the canonical dual functor on the Hermitian completion.
We hope this way of comparing dual functors between source and target generalizes well to the
non-symmetric case.

2.9 Fermionically dagger compact categories

In Section [2.7] we have seen that given a symmetric monoidal anti-involutive category C with duals,
there is a canonical choice of unitary dual functor on the Hermitian completion (.)* : HermC —
Herm C. Many symmetric monoidal dagger categories in mathematics naturally arise in the form
Cp for some monoidal positivity structure P. Often the unitary dual functor on the Hermitian
completion restricts to Cp, which in particular implies Cp is weak f-compact. Many of these are even
strong f-compact. Some examples of weak {-compact categories relevant for topological field theory
are the category Hilb and the oriented bordism category Bord,, ,,_1. However, dagger categories of
more ‘fermionic nature’ such as sHilb and the spin bordism category Bordif);ril will not be weak
f-compact. Instead, they will be what we will call weak fermionically f-compact, which roughly
means that they are weak f-compact up to a BZ/2-action. In terms of the last section, we prefer to
think of weak fermionically {-compact categories C as certain f-categories with duals for which the
canonical dual functor on Herm C does not restrict to C. Instead, it maps a dagger category Cp to

the dagger category C;i’“f;ﬂ in which positive pairings are changed by fermion parity.

Similar to what we did in Section for f-compact categories, we will introduce two notions of
fermionically f-compact that are independent of the choice of unitary dual functor; a strong and a
weak one. The weak notion is equivalent to the canonical unitary dual functor on the Hermitian
completion mapping P to P_jyr. Strong fermionically f-compact categories will additionally be
minimal, but weak ones are not. For the spin-statistics theorem it is crucial that the bordism
category is weak fermionically f-compact and the target {-category sHilb is strong fermionically
t-compact.

Lemma 2.9.1. Let D be a symmetric monoidal dagger category with duals and unitary monoidal
BZ/2-action (—=1)¥'. The following are equivalent:
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1. There exists a monoidal unitary dual functor (.)* : D — D°°P®°P  sych that the canonical
natural isomorphism A, : ()*T = ()1 given by the fact that t preserves duals is given by an
-1,
inv-positive multiple of x* % z* on the object x € D.
2. If the dagger category D = Cp is given as a symmetric monoidal anti-involutive category C with
positivity structure P, then the canonical unitary dual functor on Herm C induces a symmetric

monoidal dagger functor
oop,®op
Cp — CP(,l)F .
3. If the dagger category D = Cp is given as a symmetric monoidal anti-involutive category C
with positivity structure P, then P* = P_yyr.

Proof. Consider a self-adjoint modification ()2 : Herm C — Herm C°°P*®°P of the canonical unitary
dual functor on Herm C for some self-adjoint natural automorphism & : id¢ = id¢. Recall that the
corresponding A is equal to £. It descends to a unitary dual functor on Cp if and only if P* = F..
We see that it A, differs from (—1)% with an inv-positive if and only if P* = P_;yr. This proves
that point 1 and point 3 are equivalent. Point 2 and point 3 are equivalent by using the description

of self-adjoint modifications £ of the identity functor and the corresponding functor Cp — Cp,. [

Definition 2.9.2. A symmetric monoidal dagger category D with unitary monoidal BZ/2-action is
called weak fermionically T-compact if all objects have duals and the equivalent conditions of Lemma
hold. It is strong fermionically t-compact if for all objects © € D and dualities ev,, coev, on x
the diagram

evl %
] —— " Q«x

J{coevw J{aﬂ @

(-1 ®id,«
TRt ——T r@a*
commutes up to an inv-positive morphism.

Remark 2.9.3. In case the BZ/2-action on D is trivial, D is weak/strong fermionically dagger compact
if and only if it is a weak/strong dagger compact category.

Remark 2.9.4. We applied the same caveat as for ordinary f-compactness to obtain the definition
of strong fermionically {-compact. Indeed, recall how changing the duality ev, might change A, by
an inv-positive. Therefore, the diagram in Definition [2.9.2] commuting is not stable under changing
dual functors. For example, if X, : * — z* corresponds to a different duality with equal underlying
object and ¢ : x* — z* is the isomorphism expressing uniqueness of duals, then X, = o)\, 0. If
we assume the diagram in Definition [2.9.2] commutes with respect to the original duality, then the
diagram in Definition will only commute up to the inv-positive automorphism ofo of z*.
More generally, if f : 2* — 2V is any isomorphism, then changing a duality by f will change the
diagram by the weakly inv-positive fTf. In a minimal dagger category such as sHilb every weakly
inv-positive is inv-positive and so the diagram will still commutes up to an inv-positive. However, in
a non-minimal dagger category we can change the duality so that the diagram no longer commutes up
to an inv-positive morphism. We conclude that every strong fermionically dagger compact category
is minimal. In particular, we can apply this to the case where the dagger category is the Hermitian
complete category sHerm¢. Every self-adjoint automorphism is weakly inv-positive and changing a
duality with the weakly inv-positive (—1)¥" makes clear that sHerm¢ admits unitary dual functors
that make it both f-compact and fermionically f-compact. The canonical dual functor makes it
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f-compact and its modification with (—1)f" makes it fermionically f-compact. Only the second dual
functor restricts to sHilb, which is why it is not f-compact.

Remark 2.9.5. We could have also decided on a definition of fermionically f-compact that depends
on a unitary dual functor. However, a unitary dual functor on a symmetric monoidal dagger category
is not canonical. Since a unitary topological field theory will be defined as a symmetric monoidal
dagger functor that a priori does not preserve designated unitary dual functors, a definition that
only depends on the underlying symmetric monoidal dagger category is more convenient.

We claim that a symmetric monoidal dagger category Cp is strong fermionically dagger compact
if and only if it is both weak fermionically dagger compact and minimal. This essentially follows
by Lemma and the discussion in Remark As a consequence every strong fermionically
t-compact category D has a unique unitary dual functor, which is the self-adjoint modification of
the canonical unitary dual functor on Herm D by (—1)F.

Remark 2.9.6. By point 3 of Lemma [2.9.1] D is weak fermionically dagger compact if and only if
P* = P _jyr. In terms of anti-involutive categories with positivity structures, this means concretely
that for every h : x — dx € P and for one and hence every dual functor (.)* : C — C°°P*®°P_ we have
that the dual Hermitian pairing composed with the BZ/2-action
1 F *

g V=, M (dz)* = d(x™)
is again in P. If D is a symmetric monoidal dagger category with BZ/2-action it can happen that
P* = P_yyr but D is still not strong fermionically dagger compact. For example, a Hermitian
completion always satisfies P* = P(_)r, but is almost never strong fermionically f-compact.

Remark 2.9.7. Let C be a symmetric monoidal anti-involutive category with monoidal anti-involutive
B7Z/2-action and monoidal positivity structures P’ C P. If Cp/ is weak fermionically f-compact, then
so is Cp. However, the converse is false in general. For example, let C = sVect come equipped with
the trivial BZ/2-action. Then, sHilb is not {-compact, but sHermc is. Note that Herm C is weak
fermionically -compact for any symmetric monoidal anti-involutive category with anti-involutive
B7Z/2-action.

Lemma 2.9.8. Suppose D is strong fermionically dagger compact. Then, the T-pivotal structure for
its unique unitary dual functor differs with the pivotal structure induced by the symmetric monoidal
structure with the BZ/2-action.

Proof. This is a direct consequence of Remark to the case where \, = (—1)E.. O

Remark 2.9.9. It follows by point two of Lemma and Lemma that the dagger pivotal

structure induced by a strong fermionically dagger-compact category D is spherical. We also have
that for all morphisms f : x; — x5 in C, its dagger trace is an ‘ungraded trace’

try f =tr (f(=1)5,) = tr (=1, f) -
In particular,

dim; 2 = tr(—1)%.
Remark 2.9.10. It would be interesting to develop a graphical calculus for fermionically dagger
compact categories analogous to Selinger [64] Theorem 3.11], also see [65, Theorem 7.9]. Physical
intuition would suggest that the operation of a 27 rotation would give the BZ/2-action. However,
in the usual graphical calculus, the dual corresponds to a 7 rotation. The 27 rotation therefore

corresponds to the trivialization of the double dual instead.
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Proposition 2.9.11. Let F : D; — Dy be a symmetric monoidal dagger functor between weak
fermionically t-compact categories. If fif : F(dy) — F(dy) is an inv-positive automorphism of an
object in the image, then fifo (—1)§(dl)F((—1)£) s again positive.

Proof. Without loss of generality, we can assume that Dy = (C1)p,, D2 = (C2)p, as anti-involutive
categories with positivity structures P; and P> respectively. We can also assume F : C; — C3 is an
anti-involutive functor that maps P; to P, by Theorem [2.4.14] For example, we can take C; = D; as
anti-involutive categories with the positivity structure given by the inv-positive morphisms in D;, see
Example We obtain from Proposition applied to the case where £ is the BZ/2-action
that F(Pyo(=1)f) € Pyo(=1),. Soif h: ¢y — dey is in Py, then we need that

(=D,

F((-1I) F(h)

F(e) F(er) Gy

is in P,. Note that we are sloppy with the order of the BZ/2-action on Co and the BZ/2-action on
Cy pushed forward under F', which is justified because they are natural and hence commute. Using
the positivity structure associated to the anti-involutive category underlying a dagger category, we
obtain the result. O

F(dey) 2 dF(cy)

We now prove an abstract result that will directly imply the spin-statistics theorem for topological
field theories, see Section [6.3

Corollary 2.9.12. Let F' : D — sHilb be a symmetric monoidal dagger functor from a weak fermion-
ically T-compact category to the category of finite-dimensional super Hilbert spaces. Then, F is
BZ/2-equivariant.

Proof. Let d € D be an object. Since sHilb is weak fermionically f-compact, Proposition ap-
plies to f = idg. Because F((—1)%) is degree-preserving of order two, we see that (—l)g(d)F((—l)g)
is an inv-positive automorphism of the super Hilbert space F(d) of order two. This implies in par-
ticular that (—1)£(d)F((—1)5) is positive as a linear map and so it is diagonalizable. Since it is an

involution, it has eigenvalues all equal to +1. By positivity, we get (—1)§(d)F((—1)g) = idp(q) and
so F' is BZ/2-equivariant. O

Remark 2.9.13. Note that the above proof would not work when the target is not sHilb but sHerm¢
instead. Indeed, in sHermc¢ all self-adjoint automorphisms are inv-positive. In particular, since
sHermg¢ is weak fermionically f-compact, this gives an example of a symmetric monoidal dagger
functor between weak fermionically dagger compact categories that is not BZ/2-equivariant. We
claim that it is crucial for the above corollary that sHilb is fermionically f-compact in the strong
sense.

Corollary 2.9.14. The symmetric monoidal dagger category sHilb is strong fermionically dagger
compact.

Proof. This follows by Proposition [2.1.16] and the fact that sHilb is minimal. O

Remark 2.9.15. A consequence of this corollary and Remark [2:.9.9]is that the dagger dimension of
a super Hilbert space V is the usual ungraded dimension of V instead of the super dimension. It
is desirable that it disagrees with the dimension with respect to the canonical pivotal structure,
because the superdimension can be negative, which is undesirable for reflection-positive topological
field theories. Namely, we want ‘doubles’ T'T to be positive operators in the usual sense, so that
unitary topological field theories will send ‘doubles’ in the bordism category to positive real numbers.
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Remark 2.9.16. The symmetric monoidal dagger category sHermc admits a unitary dual functor that
makes the diagram in Definition [2.9.2| commute by the same proof as in Corollary However,
note that the extra room in sHermc allows us to use the more straightforward dual functor that
makes the dual of a positive definite odd vector space negative definite. This dual functor does not
restrict to sHilb but makes the dagger dimension in sHerm¢ equal to the super dimension. In other
words, sHerm¢ is both weak t-compact and weak fermionically f-compact.

Remark 2.9.17. We briefly compare with similar results by Egger [15]. In [15] Definition 6.2] a notion
of an exact Hermitian form on objects of categories with op-monoidal involution (C, (.)) is defined.
This notion is related to Definition 2:3.4] by Currying and picking the ‘involutive object’ to be the
monoidal unit, at least in the special case where his *-autonomous category is a symmetric monoidal
category with duality. His notion of a ‘Hermitian system’ is analogous to our notion of a positivity
structure. He also constructs the dagger category associated to a positivity structure in [I5, Lemma
6.3]. In [I5, Lemma 6.4, 6.5], he provides conditions for the dual functor on C to lift to a (monoidal)
dagger dual functor on the dagger category.






Chapter 3

Fermionic symmetry

In this section we introduce a framework to study symmetries of physical systems with fermions
that are allowed to be time-reversing. This allows us to define topological field theories with such
symmetries in Section The low-energy effective theory of a gapped quantum field theories with
symmetry is expected to be a topological field theory with the same symmetry. We claim this makes
the setup convenient for the study of topological phases of matter protected by such symmetries.

3.1 Fermionic symmetry groups

When fermions are present, symmetry groups naturally come equipped with the structure of a
fermion parity operator and a grading operator, which records which symmetries are time-reversing
on space or antiunitary on state spaces. We axiomatize this situation using the following definition
which we learned from Peter Teichner, also see [69, Definition 2.1].

Definition 3.1.1. A fermionic group K consists of
1. a topological group K;
2. a Z/2-grading on K, i.e. a continuous homomorphism |.| : K — Z/2;
3. a central element ¢ € K that squares to one and is even in the grading; |c| = 0.

The underlying bosonic group K, of K is the quotient of K by the normal subgroup generated by c.
Elements k € K that are odd in the grading will be called reversing and elements that are even are
called preserving. We write K = Kpes U Ky, for the grading decomposition.

Remark 3.1.2. Let K be the spatially internal symmetry group of a physical system, possibly con-
taining fermions. By spatial we mean that K is allowed to contain time-reversal symmetries, which
are not internal from a spacetime perspective. We describe the fermionic group structure on K.
There is always a special symmetry of order two written (—1), which maps a multi-particle state v
containing F € N fermions and B € N bosons to (—1)¥v. In other words, if V = Vz @ V is the one
particle state space with its Z/2-grading given by the fermion-boson distinction and

F =Sym(V) = Sym(Vs) ® A\ Vi

is the usual multi-particle Fock space, then (—1) is given by the identity on the symmetric factor
and the tensor length modulo two on the Grassmann factor. If K preserves bosonic and fermionic
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z§ | z¥ | 2] | 2§ x7]
Spin; | Oy | Pin; | Pinf

Table 3.1: Some internal fermionic symmetry groups in physics and math notation.

states, then (—1)f is central. This is for example not the case for supersymmetries, which will not
be considered in this thesis.

Usual symmetries in K will act unitarily on V' and F, but time-reversal symmetries will act
antiunitarily instead. We record this by defining the grading |.| : K — Z/2 to be nontrivial on
an element k if and only if it reverses the direction of time. This motivates why we prefer to call
elements with |k| = 1 reversing. Calling them odd could cause confusion with objects that are odd
in the fermion grading, such as v € Vg above. In topology reversing symmetries typically manifest
themselves as orientation-reversing symmetries.

Remark 3.1.3. We decided to denote the central element by the symbol ¢ € K, instead of the more
common physics notation (—1)F € K. The reason is that we want to reserve the latter symbol for
the distinction between fermions and bosons on state space as in the last remark, while ¢ € K will
be more naturally related to the distinction between half-integer spin and integer spin. These two
notions are related to the spin-statistics connection, but since there exist non-unitary theories that
do not satisfies spin-statistics, we prefer to be more clear about the notation.

It is often reasonable to assume that ¢ # 1, so that there is a short exact sequence of topological
groups
1-27Z/2— K— K, — 1.

Because |c¢| = 0, the grading factors through the projection to give us an induced Z/2-grading
|| : Ky — Z/2. We introduce the following slightly unfortunate terminology.

Definition 3.1.4. A bosonic group is a fermionic group with ¢ = 1.

Ezample 3.1.5. Let M be a closed manifold with universal cover M. If M is not spin, give 71 (M)
the bosonic group structure with ¢ = 1 and let |.| : m (M) — Z/2 be given by the first Stiefel-
Whitney class wy (M). Otherwise, it can be shown that there exists a unique cohomology class in
H?(Bm;7/2) that pulls back to wy(M) under the map M — B classifying the universal cover.
This class corresponds to an extension

1—22Z/2 =7 - m(M)—1.

We give 711 the structure of a fermionic group with |.| = w; and ¢ the nontrivial element of the
Z/2-subgroup. This example is relevant in the context of Kreck’s modified surgery.

Example 3.1.6. Let Cly,, be the real Clifford superalgebra induced by the canonical nondegenerate
symmetric bilinear form on R™, where we take the convention that squares of vectors are positive. Let
Pin," C Cl,,, be the corresponding pin group, see [46] for basics on Clifford algebras and pin groups.
Similarly, we denote the pin group with negative squares by Pin, C Cl_,,. Then Pinj{ is a fermionic
group with ¢ = —1 € Cl4,, and the grading given by the supergrading of Cl,,. Equivalently the

grading is the composition

Pin’ — 0, <% 0, = 7/2,

where the first map is the usual double cover. The spin group Spin,, is the preserving part of Pin;’
and so again a fermionic group which has trivial reversing part. More generally, any subgroup of
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a fermionic group that contains c is naturally a fermionic group. This example works equally well
for the Clifford algebra with negative or mixed signature. Given a vector v € R™ we will denote the
corresponding odd element of Pin,” by v again.

Example 3.1.7. We describe the internal fermionic symmetry group of a class AIl topological insula-
tor. Let T denote a time-reversal symmetry with square 72 = (—1) and let @ denote electromag-
netic Uj-charge. Since T is antiunitary, it does not commute with the U;-symmetry generated by
Q: _ _

9T = Te %@ g cR.

If ¢ : Z/4 — Z/2 — Aut(U;) is the complex conjugation action, then we can describe the fermionic
symmetry group that 7" and () generate as the semidirect product

Uy x4 Z/4.

The central element is (1, (—1)) and the grading is given by |T'| = 1 and by continuity |e?*?| = 0. It
can be reasonable to additionally impose a spin-charge relation saying that a particle has odd charge
if and only if it is odd under (—1)¥, see [63 section 2.3]. In that case we have to take a diagonal
quotient
U1 X Z/4
z/2

Definition 3.1.8. A group homomorphism between fermionic groups is called fermionic if it inter-
twines |.| and c.

Ezample 3.1.9. The fermionic group Uy x4 Z/4 of example is isomorphic to Pin; as a fermionic
group.

Remark 3.1.10. There are many isomorphisms of groups between fermionic groups that are not
fermionic. For example, there are three fermionic group structures on the group Z/2; one for which
¢ is nontrivial, one for which |.| is nontrivial and one for which both are trivial. It is convenient to
have some notation for distinguishing different fermionic group structure on the same group. In the
physics literature, this is typically done by adding superscripts. For example, the group Z/2 with
nontrivial ¢ is denoted Z£ because it is generated by fermion parity (—1)¥, while the group Z/2 with
nontrivial |.| is denoted ZZ', because it is generated by a single time-reversal symmetry with square
1. Mathematically we can think of the first group as being Spin; and the second being O;, compare
Table In other words, it can be enlightening for a (non-bosonic) fermionic group to denote its
canonical Z/2-subgroup generated by ¢ by Spin; and the Z/2-group in which its grading is valued as
O;. The third possible fermionic group is the usual bosonic unitary Z/2-symmetry for which both ¢
and |.| are trivial.

Ezample 3.1.11. Let A = Ay @ A; be a real superalgebra, i.e. a Z/2-graded algebra. Let A* be
the group of homogeneous invertible elements. This becomes a fermionic group with |.| given by the
grading of A and the central element ¢ = —1 € A*. This construction induces a functor A — A* from
the category of real superalgebras and even homomorphisms to the category of discrete fermionic
groups with fermionic homomorphisms.

This functor admits a left adjoint:

Definition 3.1.12. The fermionic group algebra of a discrete fermionic group K is the superalgebra
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where R[K] is the ordinary group algebra graded by |[.|.

There are analogous constructions when the superalgebra and the fermionic group come equipped
with a topology in certain cases.

Ezample 3.1.13. [69] Let A = Ay @ A; be a Z/2-graded real C*-algebra. Let
O(A) :={a€ AgUA; :a*a=aa" =1} C A~

be the topological group of homogeneous orthogonal elements. As for A*, the grading on A and
¢ = —1 give this a fermionic group structure. Therefore O(A) becomes a topological group, which is
compact if A is finite-dimensional.

Definition 3.1.14. A fermionic representation of the fermionic group K on the complex super
vector space V with grading operator (—1)f : V — V is a group homomorphism

R: K — GLr(V)
such that
1. R(k) is complex-linear if |k| = 0 and complex antilinear if |k| = 1;
2. R(c) = (—=1)F is the supergrading.

If V € sHilb is a super Hilbert space, we call the representation unitary if R(k) is unitary for |k| =0
and antiunitary for |k| = 1:

(v, w) k| =0,
<R(k')’U,R(k')’w> - {(—1)|k|<v,w> ‘k| -1
Remark 3.1.15. The definition of a fermionic representation is how a physicist would expect a
fermionic group to act on the state spaces. We elaborate on the unexpected sign in the defini-
tion of an antiunitary operator, which is a consequence of the subtleties in defining the right super
Hilbert space structure on the dual of a super Hilbert space, see Proposition Namely, just like
with the dual of a Hilbert space V we have to compose the canonical Hermitian structure on V with
(—1)¥ to make it positive definite. This creates extra signs in several formulas. In other words, this
choice is necessary if we want to make the Hilbert space structure induce a unitary isomorphism
V — V* as a consequence of Remark Note that this sign is not directly seen when working
with the usual convention for Z/2-graded Hilbert spaces.

Remark 3.1.16. We could have alternatively defined a fermionic representation as a fermionic ho-
momorphism from K to the fermionic group GL;(V') defined as follows. Preserving elements are
even elements of GL¢(V'), while reversing elements are even elements of GLg(V') that are complex
antilinear. The element (—1)f" € GLc (V) is given by the grading operator (—1)%; of V. Analogously,
unitary fermionic representations are fermionic homomorphisms into Us(V') of which the preserving
elements are unitary and the reversing elements antiunitary.

We will see in Section [6.2]that the state spaces of a unitary topological field theory with symmetry
K often have the natural structure of a unitary fermionic representation.
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Remark 3.1.17. In this setting of actions of a finite fermionic group K on quantum state spaces, it
can also be natural to consider a ‘complex’ ungraded group algebra built from K by
R[K, 1]
(i2 = —1,ki = (—=1)Iklik)"
Namely, an ungraded module over this algebra is equivalent to a fermionic representation and will

automatically be graded by the action of ¢. Note that this algebra is a vector space over C and
contains a canonical subalgebra over C, but if K has reversing elements it is not a complex algebra.

The following definition was given in [69, 2.4] and in [72 proof of theorem 2.2.1.]. It should
remind the reader of the graded tensor product of superalgebras.

Definition 3.1.18. Let G, H be fermionic groups. The fermionic tensor product G ® H is the set
(G x H)/{(cq,cm)) with the group operation

(g1 ®h1)(g2 @ hg) = C‘(gzl‘hllglm ® hiha,
the central element ¢:=1®cy =cg ® 1 € G ® H and the grading |g ® h| = |g| + |h|.

We can think of the fermionic tensor product as the tensor product G ® H = G ®gpin, H over
the canonical subgroups Spin; C G and Spin; C H generated by c. It follows by a straightforward
sign computation using that |¢| = 0 that the group operation on the fermionic tensor product is
associative. It is also easy to show that the fermionic tensor product of three fermionic groups is
associative by the obvious associator. Fermionic groups even form a symmetric monoidal category:

Lemma 3.1.19. There is a natural fermionic isomorphism
KoK =K @K, kok w—d¥IFp gk
Proof. The fact that this is an isomorphism is a straightforward computation. Naturality with
respect to fermionic homomorphisms is clear. O
Note that if either G or H has either a trivial grading or trivial ¢, then

Gx H
Spin,

G®HZ=

Example 3.1.20. Every fermionic group has a canonical fermionic automorphism of order two given
by
ko k.

Note that
K x K’

(cxyexr)’
where the action of K’ on K is by composing the grading of K’ with the map Z/2 — Aut K given
by the involution above.

KoK =

Remark 3.1.21. In the seminal paper [22], Freed and Moore define similar but different symmetry
data for symmetries of quantum-mechanical systems, which they coin twisted QM symmetry classes.
Since twisted QM symmetry classes contain a canonical U;j-subgroup, we interpret their symmetry
groups physically as the charged analogues of our symmetry groups, which are more natural in a
neutral fermionic setup. Mathematically, we interpret their groups as a ‘Real’ analogue of our real
symmetry groups in the sense that twisted QM symmetry classes are naturally twists of equivariant
K R-theory, while fermionic groups are twists of equivariant K O-theory.
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3.2 Spacetime structure groups

The main goal of this section is to define given a fermionic internal symmetry group K and a positive
integer n a new fermionic group G, (K). This group will play an important role to define topological
field theories with internal symmetry group K. The reason is that such topological field theories are
naturally defined on spacetimes with G, (K)-structure, as we will discuss in Section see Section
for the basics on G-structures. In this section, we will also briefly comment on the connection
with the tenfold way in condensed matter. We further strengthen the connection between the theory
of fermionic groups and homotopy theory by defining first and second Stiefel-Whitney classes of
fermionic groups.

We motivate the precise definition of G, (K). It is standard to require that a n-dimensional
Lorentzian signature quantum field theory comes equipped with a Poincaré group action. Locally,
this symmetry reduces to an action of the Lorentz group SO, _1,; or a Spin type extension of it by
the fermion parity group Spin;. In topological field theory we will be working in Euclidean signature
in which this Lorentz group becomes Spin,,. Given a quantum field theory with internal fermionic
symmetry group K, we will have to combine it with Spin,, using an appropriate construction. The
fermionic tensor product turns out to be suitable:

Definition 3.2.1. Let (K, |.|,c) be a fermionic group. The spacetime structure group associated to
K in spacetime dimension n is

Gn(K) = (Pin) @K)pres-
Also define

Gn(K) :=Pin} @K

and -
G (K) == (Pin} @K)ep.

Here by the preserving part, we mean the kernel of the diagonal grading
|z @ k| = |z| + |k|.

The group G, (K) is still fermionic with grading |z ® k| = |x| = |k|. The reversing part G, (K) is
not a group, but it is a G,,(K)-torsor.

Let p: Gp(K) — O, and p : G(K) — O, denote the homomorphisms induced by projection
onto the first factor. There are obvious inclusions between different dimensions and the shape

Gn(K) Gns1(K)
/ Pn / Pnt1
Gn(K) Grt1(K)
~e e
Oy, On+1

commutes. The group Gn (K) will play an important role in defining orientation-reversal of manifolds
with G,,(K)-structure, see Section

Remark 3.2.2. There is also a noncompact version of the spacetime structure group in which we
replace Pin,” by the double cover of GL,(R) that restricts to Pin;" over O,,. There is also a version
with Pin,;, which we will denote G, (K) := Pin, @ K and G,, (K) := (Pin,, ®K)pres.
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Ezample 3.2.3. Let K be a bosonic symmetry group without time-reversing symmetries. Then
Gn(K) =0, x K and G,(K) = SO,, x K. More generally if K has time-reversing symmetries, then

Gn(K) =0, x K and G, (K) is the kernel of the map
O, x K —17Z)2,

given by comparing the determinant and the grading of K.

Ezample 3.2.4. Let K = U; be the circle group with nontrivial c = —1 € U;. Then G, (K) = Spin;,,
also see [63], section 2.3].

Ezxample 3.2.5. Let D be one of the ten superdivision algebras over the real numbers. We equip
D with the C*-algebra structure in which generators e with square 1 have e* = e and generators
f with square —1 have f* = —f. The ten induced fermionic groups O(D) are possible choices of
representing internal symmetry groups of the tenfold way in condensed matter. The ten spacetime
structure groups associated with O(D) are the ten structure groups given in [20, Tables (9.24) and
(9.25)]. For example, for the superdivision algebra D = Cl_5, we obtain the spacetime structure

roup associated to the internal symmetry group of the class AII topological insulator of Example
3.1.7, since O(Cl_») = Pin; .

We provide another natural formulation of the tenfold way in the setting of fermionic groups:

Theorem 3.2.6. There exist ten isomorphism classes of Lie groups K that fit in a sequence
1—-0(D)—= K — Oy,
where D is an ungraded division algebra over R, so that O(D) = Z/2,Uy or SUs,.

Proof. If the last map is not surjective, we have K = S(D) giving us the three purely even cases. In
case the last map is surjective, we consider the three possibilities for D separately:

R Since AutZ/2 = 1, we compute H*(Z/2;Z/2) = 7/2, giving the two possibile extensions
Z/2 x Z/2 and Z/4;

C Segal’s cohomology [61] is an invariant of topological groups such that second degree cohomol-
ogy classifies short exact sequences of topological groups for which the projection homomor-
phism is a principal bundle. Since AutU; = Z/2 given by complex conjugation, we have to
compute the Segal cohomology H2(Z/2;U;) with both trivial and nontrivial coefficients. This
is isomorphic to H3(Z/2;Z) with either the trivial action or the obvious nontwisted action
[60, Corollary 97]. In one of the cases we get Z/2 in the other zero, giving a total of three
possibilities.

H Similarly to [20, Proposition 9.16], we apply [21] Corollary 7.3] to get a diagram of the form

1 7)2 L Z)2 —> 1

Ll

1— SU; — K — Z/2 — 1

We get that L = Z/2 x Z/2 or L = Z/4 and there is an isomorphism

LNSUQ

K=
z/)2
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for some action of L on SU,. Note that Aut SUs = SOj3 only consists of inner automorphisms
and therefore we can assume without loss of generality that the action is trivial. We obtain
two possibilities depending on L.

O

Ezample 3.2.7. Let M be a smooth manifold and let K be the (discrete) fermionic group with
Ky, = m (M) considered in Example Define BG(K) as usual by the colimit of BG,(K) —
BG,41(K). Then BG(K) — BO is the tangential 1-type of M, see [(2, Theorem 2.1.1 and 2.2.1]
for the proof in the normal case. To get the normal 1-type, we replace the tangent bundle of M by
the stable normal bundle in Example which has second Stiefel-Whitney class

wo(V(M)) = w1 (M)? 4 wo(M).
We briefly discuss what changes when replacing Pin* with Pin~, starting with an illuminating

example.

FEzxample 3.2.8. Consider the fermionic tensor product F, , of p copies of Pir11+ and g copies of Pin; .
The result is not isomorphic to Pin, , when p + ¢ > 1, because E, 4 is finite. However, it forms a
subgroup called the extraspecial group and its fermionic group algebra

R[Ep.ql
(c+1)

R/ [Ep,q] = = Clpyq

is the mixed signature Clifford algebra, compare [36, Lemma 2.7]. As a special case, consider the
three groups
K =Pinf ®Pin;, Pinj ® Pin] and Pin] ®Pin] .

They all sit in a central extension

1=22Z2/2—>K—=7Z/2xZ/2—1

These correspond to four of the eight isomorphism classes of extensions, as we can conclude by
computing the group cohomology

H*(Z)2 x Z/2;Z/2) = (H*(Z/2;Z/2) @ H*(Z/2;Z/2)) & (H'(Z/2;Z/2) ® H'(Z/2;Z/2))
@ (H*(Z/2,2/2) ® H*(Z/2;Z/2)) = (Z/2).

Indeed the projection to the middle term is nontrivial for all four extensions but the projection
on the first and last factor depend on the square of e; ® 1 and 1 ® e; respectively. Explicitly,
Pin] ® Pin] is isomorphic to the quaternion group while all other groups are isomorphic to the
symmetry group of a square (there are only two nonabelian groups of order eight). Note that even
though Pinf ®Pin] and Pinf ® Pini" are isomorphic as groups, they are not isomorphic as fermionic
groups. This is analogous to the fact that Cl o and Cl;; are both 2 x 2 matrix algebras, but they
are not isomorphic as superalgebras.

From the example we see that tensoring a symmetry group K with Pin] can give a different group
from tensoring with Pini". The same is true for the preserving part, but only if we ‘interchange time-
reversal symmetries that square to one with time-reversal symmetries that square to (—1)”. Because
this phenomenon occurs often, we give it a name:
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Definition 3.2.9. Let (K, |.|,¢) be a fermionic group. Define the opposite fermionic group K°P to
be K as a topological space but with multiplication given by

kPkoP = cllek?l(klkg)Op
and the same |.| and c.

Remark 3.2.10. The name ‘opposite’ is motivated by the fact that we could have defined the opposite
group instead as having opposite multiplication under the symmetric braiding:

kP x kgP = clFrlR2l (fy o )op,

This makes the multiplication in the group similar to the multiplication in the opposite of a su-
peralgebra. There is a fermionic isomorphism between this group structure on K and the one of
Definition m given by k — k1.

Ezample 3.2.11. The identity map on R™ induces a fermionic isomorphism (Pin;)°P = Pin,, .
Example 3.2.12. The obvious bijections
(K @ Pin] )pres £ K (K @ Pinf ) pres = KP

are fermionic isomorphisms. One might have expected the roles of Pinj” and Pinj to be exchanged in
these isomorphisms, but the anti-commuting odd variables cancel the relevant signs. In particular, we
have G, (Pin{) = PinT; a time-reversal symmetry with square (—1)¥ gives Pin, and a time-reversal
symmetry with square 1 gives Pin, .
Remark 3.2.13. We define Pinsr = Spin; so that @0 = K and Gg = Kpes. This will be somewhat
convenient later because it will make

Pinf —— Oy
Ping E— Oo

into a pullback square in the category of groups.

We now want to compare G(K ) with G~ (K). They are not isomorphic, but their preserving
elements are if we replace K by K°P on one side:

Lemma 3.2.14. For fermionic groups G, H, there is a fermionic isomorphism
(GPQ@HP)pres = (G H)pres
compatible with the maps to Gy and Hy.

Proof. The obvious map ¥ (g°P ® h°P) = g ® h is well-defined, continuous and compatible with the
maps to Gy and Hy. We show it is an isomorphism by direct computation:

(gfl)P ® g(2)P>(h(i‘p ® h;p) — c‘nghﬂg(l)Ph(l)P ® g(Q)ph(Q)p — clgz\\h1|+|g1Hh1|+|g2\|h2|(glh1)op ® <g2h2)0p
= clo2lMl (g1 hy)oP @ (goha)°P,
since |g1]| = |g2| and |hi1| = |h2|. So this element is mapped to
(—1)'921M11gy hy @ gahy = (91 ® g2) (1 @ ha).

The isomorphism clearly is fermionic. O
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We can compare with the groups G (K) and G, (K) from Remark

Corollary 3.2.15. For any fermionic group K we have
Gn(K) =G, (K),
compatibly with the map to O,.

Recall from Example that Pin] ® Pinj” 2 Pin] ® Piny, so we really have to restrict to the
preserving part in this corollary.
Fermionic groups also have a homotopic interpretation as follows.

Definition 3.2.16. The first Stiefel-Whitney class of a fermionic group K is the class w(K) €
HY(BK,,O1) given by the grading as an element of

H'(BKy; 01) = Hom(m, (BK}), 01) = Hom(mo(K3), O1)

The second Stiefel-Whitney class of a fermionic group K with ¢ # 1 is the class wy(K) € H?(BKy; Spin, )
given by the isomorphism class of the extension

1— Spin; - K — K, — 1.

In the above definition we used the notation Spin; or O; for the group Z/2 depending on whether
it should be interpreted as the canonical subgroup generated by c or the target of the grading of a

fermionic group, compare Remark [3.1.10

Remark 3.2.17. In case ¢ = 1 the second Stiefel-Whitney class is not defined. We emphasize that a
fermionic group with zero second Stiefel-Whitney class instead corresponds to a split extension

1 — Spin; — Spin; xKp — Kp — 1,

which in particular has ¢ # 1.

Remark 3.2.18. The data of a fermionic group structure on K is up to isomorphism equivalent to
giving its first and possibly second Stiefel-Whitney class.

Note that wy(Pin;, ) = w;(Pin)}) = wy € H'(BO,;0) and we(Pin)) = wy € H?*(BO,;Spin, ),
but we(Pin, ) = ws + w?. More generally, K°P has w;(K°P) = w;(K) and wq(K°P) = we(K) +
w1 (K)?2. The expression for the second Stiefel Whitney class follows because the cup product corre-
sponds to the extension with its product twisted by cl¥!1k2!,

Proposition 3.2.19. Let K, K’ be compact fermionic groups that are mot bosonic and consider
K ® K’ as a fermionic group with its diagonal grading. Then

w (K @ K') = w (K) +w (K') € HY(BK, x BK};0;)
wa(K @ K') = wa(K) + wao(K") + wy (K)wy (K') € H*(BK, x BK};Spin,)

where we tmplicitly used the pullbacks along the projections Ky x Ky — Ky, and Ky, x K; — K.

Proof. Because we want to do algebraic computations, we will have to work with a model of coho-

mology for topological groups. We choose to work with locally continuous group cohomology H, loc,c

of topological groups, in which group cocycles are assumed to be continuous only in a neighbour-
hood of the unit [74]. Then H?__(G;A) classifies extensions of G by A which are locally trivial

loc,c
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principal A-bundles. Moreover, if G is compact and A is discrete, then Hf,. .(G;A) = H*(BG; A)
[74, Corollary 4.8, Remark 4.16]. Now let us write the multiplication of K in terms of an explicit
representative of the cocycle ws(K) in locally continuous group cohomology, by picking a locally
continuous section of K — K3. So we view k € K as k = (g, €) € K} x Spin; with twisted semi-direct
product multiplication

(91, €1)(g2, €2) = (9192, w2(K) (91, g2)€1€2),

and similar for K’. Given k; = (g;,¢;) € K; and k; € (g/,¢€;), the multiplication in the fermionic
group can now be written

(k1 @ k7)) (k2 ® K3) = (g1, e1®11%21) (g, €2)) @ (g1, €}) (g, €3))
= (g1g2, 1 11k2lny (K) (g1, go)erea) @ (g1 g%, wa(K') (g}, gh)eleh)

= (g192, cF1l1k2lony (K) (g1, go)wa (K') (g1, gb )l éherea) @ (915, 1).

We see that the ws-cocycle on K x K] equals
wa (K @ K')pres) (k1 @ K, iy @ k) = ¥ 12lwy () (g1, g2 ) w2 (K') (g4, 95).

Note that the Z/2-valued cocycle on K, x K given by c/*1l*2] is the cup product of wi(K) €
H'(BKy; O1) and wy(K') € H'(BK}; O1). The diagonal Z/2-grading on K @ K’ clearly corresponds
to w1 (K) 4+ wq (K'). O

_ In particular, for Cln(K) = K ® Pin}, we get wg(én(K)) = wa(K) + we + w1 (K) Uwy. For
G, (K) we get wa(G,, (K)) = wa(K) + wy + w? + w1 (K) Uw;. Both groups have the same first

Stiefel-Whitney class given by wi(K) +w; € HY(BK, x BOg; O1).

Remark 3.2.20. We expect Proposition to hold without compactness assumptions on K and
K'.

Remark 3.2.21. Homotopy-theoretically, Proposition tells us that if we take the fermionic
tensor product of fermionic groups with ¢ # 1 seriously, we should not consider the trivial Fi-
structure on the product space BZ/2 x B2?Z/2 but look for a more interesting one. The right
F-structure instead deloops to a more interesting space X with only two nontrivial homotopy
groups my = Z/2 and w3 = Z/2 and a nontrivial k-invariant. We refer the reader to Appendix
for further discussion on cohomology of Eilenberg Maclane spaces, k-invariants and the relationship
with 2-groups. This k-invariant corresponds to the nontrivial element of H*(B?Z/2,7Z/2) = 7,/2
which stabilizes to

Sq? € Z)2 = H*(HZ/2;Z/2) = H*(B*Z/2;7/2) = H*(B*Z/2;7./2) = 7/2.

The resulting two-term spectrum comes up more often, for example in the truncation of the sphere
spectrum to m; and 7 and hence also in M Spin and K O-theory. It also corresponds to the natu-
rally induced group structure on B Spin /BO = BZ/2 x B?Z/2 under direct sums of vector spaces.
This latter interpretation also agrees with our intuition that the Z/2-subgroup of a fermionic group
deserves the name Spin,, while the Z/2-grading deserves the name O;, compare Table

Under the homotopy hypothesis, there is also a category-theoretic interpretation. Namely, we
can interpret BZ/2 x B?Z/2 as the delooping of a 2-group. The resulting monoidal category can
be interpreted as the groupoid of orthogonal real Z/2-graded lines. To get the Picard groupoid that
corresponds to the 2-term spectrum X described above, we want to take the symmetric braiding on
this monoidal category given by the Koszul sign rule v @ w — (—1)I*l*lw @ v.
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We end the section with several lemmas comparing with the description of the structure groups
in [2()]E| For readers interested in comparing with that reference in detail, we note that what is
referred to with the symbol K and called the ‘internal symmetry group’ in [20] is what we would
call Kppes. In other words, they do not include time-reversal symmetries in their internal symmetry
group. We start by comparing the fermionic tensor product with an ‘ungraded’ tensor product:

Lemma 3.2.22. If G, H are fermionic groups, then the canonical map

(G X H)pres

zir 0 (GE Hpe

is an isomorphism of fermionic groups.

Proof. Similarly to the definition in the fermionic tensor product, the preserving part of G°P x H
refers to the kernel of the diagonal grading, the quotient is by the subgroup generated by (cq, cy).
We give the result the fermionic group structure with ¢ = [cq, 1] = [1, cg] and |[g, h]| = |g|lc = |h|x-
Clearly the map

[9°% k] = g@h

is a well-defined homeomorphism. It follows that this is a group homomorphism by a straightforward
sign computation:

77, lg®, o] = [e2192 (g12)°®, hao] s 41921 (91g2)” © By
= cMill92l(g?P @ hy) (93P @ ha)

using that g1 ® hy is preserving. This group homomorphism is clearly fermionic. O
Note also that for fermionic groups K, K’ the ‘ungraded tensor product’ IS(lefl * has second Stiefel-

Whitney class wa(K) + wa(K'), while the second Stiefel-Whitney class of K°P is wq(K) + w1 (K)2.
In particular, the second Stiefel-Whitney class of Kg;if( ' typically differs from the second Stiefel-
Whitney class of K ® K’ if w;(K) and w;(K’) are both nontrivial, by Proposition

By taking H = Pin, in Lemma it follows that G, (K) is isomorphic to the groups H,
of |20, Theorem 2.7] compatibly with the map to O,, by taking J = K°P. Also compare with [20]
Remark 9.36] where I, is an arbitrary fermionic group, I, = (K x Pinf)pres and so

J =1,/ Spin, = I,,.

This isomorphism follows for example by Lemma [3.2.22| and the second isomorphism is discussed in
Example [3.2.12 We emphasize that physically, K = J°P is the internal symmetry group, which in
general is neither fermionically isomorphic to I,, nor J. For example if J has a time-reversal that
squares to 1, then K will have a time-reversal that squares to (—1)%.

We state our version of [20, Proposition 3.13].

Lemma 3.2.23. A choice of norm one vector v € R™ induces an isomorphism
Gul(K) 4, 22 2 Gon(K)

where the homomorphism Z/2 — Aut G,,(K) maps the generator to
bo(z @ k) = *lozv™! @ k.

1In the rest of this section we will be referring not to the published version, but to arxiv’s v6, which contains a
corrected definition of their groups H.
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Proof. The element v ® 1 € én(K ) provides a section of the last map in the short exact sequence
1= Gu(K) = Gu(K) = 2/2 — 1.

Since it squares to one this section is a homomorphism. The homomorphism Z/2 — Aut G, (K)
induced by the splitting is given by conjugation with v ® 1 which is given by

o)z k)wel)=dlrr ™ @k =¢,(z k)
onz®keG,(K). O

Note that the above proof does not quite work for G,j(K) because in that case (v ® 1)? = ¢, so
it does not define a section of the short exact sequence.

Next we compare én(K ) with the group H, introduced in [20, Section 3.3]. The main input
involves the following groups.

Definition 3.2.24. Let j be a nonnegative integer, G,4; a topological group, p : Gp4; = Onyj a

homomorphism and G,, — O, its strict pullback in the 1-category of topological groups. Define GSZ )
to be the subgroup of G,,; generated by G, and those elements for which p(g) € ryq1...704;05
where r; € O,, denotes reflection in the ith coordinate. In other words, p(g) is of the form

A 0
0 —idgs )’

where A € O,,. Define pU) : Gg) — O,, by projection on the A-factor.

G;j) is a subgroup of G4 , because if p(g1) and p(g2) are both in 7,11 ...7,4;0s, then their
product is in O,, and so g192 € G,, by the strict pullback property. Given a fermionic group K, note
that G;j)(K) is the subgroup of G,+;(K) generated by G, (K) and those elements in G,,4;(K) of
the form eyy1...enpjz @k forc @k € Gn(K) In particular, z ® k is preserving if j is even and
reversing when j is odd. Observe that our notation is slightly abusive, because the definition of G%j )
depends on the choice of Gy4j = Ony; and not just on G, — Op:

Ezample 3.2.25. Take n = j = 1 and compare G,,4; = Spin, with G,4; = SOz x Z/2. In both cases

we have that G,, = Z/2 with the trivial map to O;. In the former case G,(ll) ={1,-1,eje9, —€1€2}
is a cyclic group of order four since

(e1e9)? = —eles = —1.

However, in the latter case G\ = (Z)2)2.

In the notation of [20, section 3.3], the following lemma shows the isomorphism G,,(K) = H,,

compatibly with the map to O,, because G (K) = H,, also see [20, Appendix EJ.

Lemma 3.2.26. 1. There are fermionic isomorphisms Gg)(K) = Gg+4)(K) that intertwine pt)
with pUty;
2. There are fermionic isomorphisms GS’)(K) >~ Go(K) and G%l)(K) >~ G (K)P = G~ (K°P)
that intertwine p with p9) ;
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Proof. We denote y(()j) = €pq1...€pyj € Pin;_j. We have y(()j)v = cjvy(()j) € Pin:[_H for any vector

v € R™. In particular, if j is odd, we get
(y(()j) R1)(zRk)= cmxy(()j) Q k=l (z @ k)(y(()j) ®1)

for all  ® k € G, (K). A standard Clifford algebra computation shows that

(y(()j))g _ {1 1f] =0,1 (mod 4)

¢ ifj=2,3 (mod4).
Given that these relations only depend on j modulo 4 it is clear that
Wk Pz ek
is a fermionic group isomorphism that intertwines p¥) with pU+4). Next, we claim that
yég)aﬁ Qk—=zrk

for 2@k € G,(K) induces a fermionic isomorphism G$L3)(K) >~ Go(K). Namely, if 21 @ k1 € Gp(K)
and zo ® ko € Gn(K), then

(21 @ k1) (5 22 @ k2) = (421 © k1) (22 © ko).
If instead both 27 ® ki and 23 ® ks lie in G,,(K), then
(963)961 ® kl)(y(()g)fﬂz ® k) = (C(y(gS))Qm ® k1)(z2 @ ko) = (21 @ k1) (12 @ k2).

So the bijection GSE’ )(K ) — Gn(K ) is indeed a group homomorphism. The same proof works for
7 =1 except that for the last computation we get

(0671 ® k) (45 72 © ) = (1 © ) (22 ® )

~

so that we get G%l)(K )2 G, (K)°P instead. These isomorphisms clearly intertwine p with p@). O



Chapter 4

Orientation reversal

The goal of the coming sections is to study the type of categorical structures we studied in Chapter
on bordism categories. Since we are interested in topological field theory with fermions and
symmetries, we will require our bordisms to come equipped with more geometry, such as a spin
structure. This will also give us BZ/2-actions, as discussed in Section In the following sections,
we will carefully lay out several possible ways to define the orientation reversal of vector bundles
equipped with geometric structures and how they can form Z/2-actions. Once we have presented
several possibilities for involutions ¥ + Y on the bordism category, we study the corresponding
anti-involutions Y ~ Y. It turns out that if we define orientation-reversal appropriately, then there
are certain Hermitian pairings on Y that arise naturally in this geometric setting. However, we
have to be really careful how the Z/2-actions and Hermitian pairings are defined, in order to get a
definition of unitary topological field theory for which physically desirable results hold. This is in
particular the case for the spin-statistics theorem, which will be discussed in Section A crucial
tool will be the theory of fermionically dagger compact dual functors, which we developed in Sections
and

4.1 (G-structures

In this section, we provide the notions of geometric structures on vector bundles that will be used
to define bordisms with geometric structures in later sections. Even though we will only consider
topological theories in this thesis, for which this is not strictly necessary, we work with geometric
notions as much as possible, keeping future applications in smooth field theories and index theory in
mind. We make the appropriate translations to more homotopy-theoretic descriptions of geometric
structures in remarks along the way.

Fix a nonnegative integer n. Let p : G — GL,(R) be an n-dimensional representation of a
topological group G, which we will call a structure group. Typically G will be compact Lie and p
will factor through O,,.

Definition 4.1.1. Let  — X be a rank n real vector bundle over a topological space X. A G-
structure on 7 consists of a principal G-bundle P — X (with its G-action written on the right) and
an isomorphism of vector bundles

a:pP:=PxgR" .

99
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Here, for a representation V' of G we denoted the vector bundle associated to a principal G-bundle
P by P x¢gV. The above definition was introduced by [I1], see [13] for lecture notes on G-structures.

Ezample 4.1.2. Let G = O,, and p : O,, — GL,(R) the inclusion. Then a G-structure on 7 is
equivalent to a continuous fiberwise metric on 7.

Ezample 4.1.3. Let G = SO,, and p : SO,, <= GL,(R) the inclusion. Then a G-structure on 7 is
equivalent to a metric and an orientation on 7.

Ezample 4.1.4. Let G = Spin,, and p : Spin,, - GL,,(R) the double cover map to SO,, followed by
the inclusion. Then a G-structure on 7 is equivalent to a metric, an orientation and a spin structure
on 1.

Ezample 4.1.5. Let G = GL,(R) x H for some Lie group H and let p be projection to the first
factor. Then a G-structure on n — X is equivalent to a principal H-bundle over X.

Example 4.1.6. Let K be a bosonic internal symmetry group without time reversal symmetries.
Then the associated spacetime structure group is G,,(K) = SO,, x K, with p the projection to SO,,.
We see that a G, (K)-structure on 7 — X consists of a principal K-bundle over X and a metric and
an orientation on 7.

If 0 : P, — P, is a principal bundle map, we denote the induced map of vector bundles P; x gR™ —
P, x¢ R™ again by o.

Definition 4.1.7. We say two G-structures (Py, a1), (P2, a2) on the same bundle n — X are geo-
metrically isomorphic, if there is an isomorphism ¢ : P; — P; of principal G-bundles such that the
diagram

P xgR* —2 % P, xo R”

o (4.1)

The reason we added the adjective “geometrically” in the above definition, is that there is also a
more homotopical notion of when G-structures are equivalent, which is more common in topology:

comimutes.

Definition 4.1.8. A homotopy between two G-structures (P1, 1), (P2, a2) on 7 — X consists of a
map o : P; — P such that diagram (4.1)) commutes up to homotopy.

Here by a homotopy of vector bundle maps 7; — 73, we mean a homotopy H, of continuous
maps such that H; is a vector bundle isomorphism for all ¢. In general we will always assume vector
bundle maps are fiberwise isomorphisms (or at least injective in case they are of different rank). This
will ensure they correspond one-to-one with principal GL,(R)-bundle maps of the corresponding
GL,(R)-frame bundles.

Ezample 4.1.9. If p : O,, = GL,(R) is the inclusion and (Py, ay), (P2, az) are two O,,-structures on 1,
a geometric isomorphism between them is equivalent to an isometric bundle isomorphism. However,
any two O,,-structures are homotopic because O,, — GL,(R) is a homotopy equivalence.

Remark 4.1.10. It would probably be better to include the homotopy of real vector bundle maps
filling the diagram as part of the data in Definition To get the resulting data down to
a reasonable size, we would then have to quotient out by further homotopies. In other words, a
homotopy of G-structures would then be the datum of a homotopy class of homotopies of vector
bundle morphisms filling the diagram . However, we choose not to pursue this here.
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Let G-Str8®°(n), G-Str™ (1)) denote the 1-groupoids of G-structures on a fixed vector bundle 7
with geometric isomorphism respectively homotopy as its morphisms. We will not use the higher
analogues of these groupoids in the bulk of this thesis, but we now include a brief informal discussion
of the appropriate generalization, also see [506] [57, [@]. A convenient homotopical way to define an
oo-groupoid G -Str'°?(n) of G-structures on 7 of which the fundamental groupoid is G -Str”(n) is as
follows. This will be a crucial ingredient for higher-categorical considerations such as for extended
topological field theories. There is a classifying space functor B : TopGp — S from the 1-category
of topological groups to the (oo, 1)-category of oo-groupoids, which we model by simplicial sets.
To avoid usual pathologies with topological groups it is probably more convenient to replace them
with simplicial groups in this discussion too. Consider the slice (oo, 1)-category S,pa—BaL, (®) Of
spaces over the map BG — BGL,(R). Concretely, objects of this (0o, 1)-category are pairs of maps
(n: X — BGL,(R), P : X — BG) together with a homotopy h filling the triangle

X —2— BGL,(R)

ip % . (4.2)
BG Pn

Our notation in the above diagram suggests that we can identify a principal G-bundle with a
map X — BG and we will soon elaborate on how we do this more systematically. It is often
assumed for convenience in model-theoretic settings that BG — BGL,(R) is a fibration which al-
lows one to leave out the homotopy in A in the diagram. The 1-morphisms between such triples
(X1,m, P1, h1), (X2,m2, P2, ha) consist of a map X; — X5 and a filling of a tetrahedron

Where two of the sides are filled by h; and hs but the other two sides are extra data. This data
corresponds up to homotopy with a vector bundle isomorphism between f*7n. and 7; and a principal
bundle isomorphism between f* P, and P;. If this 1-morphism covers the identity when restricted to
S/BaGL, (r) only one of the two sides can be nontrivial and so all 1-morphisms are invertible. We thus
obtain an co-groupoid of G-structures on 7, of which the homotopy 1-groupoid is G -Strh (n). Indeed,
one can compare the two descriptions of G-structures by using the relationship between homotopy
classes of morphisms P; — P, over X to homotopy classes of homotopies between maps to BG.
We sketch this relationship in more detail, focusing on the case of principal G-bundles instead of
G-structures on vector bundles for simplicity. Note that there is a map from Map(X, BG) to the set
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of G-Bun(X) principal G-bundles over X given by pulling back the universal bundle EG — BG.
We make Map(X, BG) into a simplicial set in the usual way by considering Map(X x A™, BG) for
varying n. We make principal bundles over X into a category enriched in topological spaces by using
the topology on the mapping spaces between two principal bundles. This Top-enriched category
is an oo-groupoid, because every map of principal bundles is an isomorphism. We claim that the
above map induces an equivalence of co-groupoids Map(X, BG) — G-Bun(X). A sketch of proof
is as follows. Note that it is an equivalence on connected components by the classical result that
homotopy classes of maps from X to BG is in bijection with isomorphism classes of principal G-
bundles over X. We can assume without loss of generality that EG has a connection so that given a
map ¢ : X X A" — BG we get a canonical connection on ¢* EG. Given two maps, P, P, : X — BG
consider the subspace of the mapping space Map(X x Al, BG) of those maps that restrict to P; and
P5 on the respective ends. We have to show that this space is homotopy equivalent to the space of
G-bundle maps from P; to P,. The main idea to prove this, would be to realize that a principal
bundle over X x A! with connection gives a parallel transport map P; — P». On X x A? we get two
parallel transport maps by going along either side of the triangle. A choice of homotopy between
the paths from 0 — 1 — 2 and 0 — 2 in A? gives a homotopy between the parallel transport maps
P; — P, along the two sides of the triangle. In case G = GL,(R) we could have worked with vector
bundles instead of principal GL, (R)-bundles, this would not change the arguments and gives us a
equivalence of co-groupoids

Map(X, BGL,(R)) — VectBun(X),

where as before we make VectBun(X) enriched in simplicial sets using homotopies of vector bundle
isomorphisms. The two constructions are related by the associated bundle construction and the
frame bundle construction.

Also note that composing P : X — BG with a map BG — BH induced by a group homo-
morphism corresponds to induction P xg H. For the case H = GL,,(R) this will in particular be
important to generalize the above discussion from G principal bundles to G-structures.

In Chapter |5 we will mainly be interested in the case the space X is a manifold M* of dimension
k <n. A G-structure on M will then always refer to a G-structure on the vector bundle which is a
suitable stabilization of the tangent bundle T'M ®R"*. We will sometimes refer to a manifold with
G-structure as a G-manifold, which is unrelated to the notion of a manifold with smooth G-action.
If G is a Lie group, we will assume principal bundles and vector bundles are smooth. Note that this
changes the groupoid of G-structures up to geometric isomorphism, but not up to homotopy. It is
also natural to further restrict to smooth maps of base spaces. The main difference in definitions
involving G-structures in this scenario is that a smooth map always induces a map on the tangent
bundle. We want to use this map to define maps of G-structures from now on. In particular, we need
to consider the subcategories in which only embeddings and diffeomorphisms of the base manifold
are allowed to ensure the induced tangent bundle maps are fiberwise isomorphisms:

Definition 4.1.11. Let M;, M> be smooth k-dimensional manifolds equipped with G-structures
(P1,a1) and (Py, ag) respectively. Then a geometric G-diffeomorphism from My to My consists of
a diffeomorphism f : M; — Ms and a map of principal G-bundles o : P; — P, covering the map f
such that the square

P xgR* —— 2 3 P, xqgR”

lal luz (4.3)

ek df ®idgn—k n—k
TM; oR"™ ——— TM> R
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commutes. Similarly, for a (homotopical) G-diffeomorphism the diagram commutes up to homotopy
of vector bundle maps. We define a (homotopical) G-embedding between manifolds with G-structure
of the same dimension analogously when f is an embedding.

Note that the structure of a geometric G-diffeomorphism (M, Py, 1) — (M, Py, a2) on the iden-
tity diffeomorphism M — M is the same as a geometric isomorphism of G-structures (P, ;) =
(Py,c0) on TM ©R"*. Similarly making the identity into a homotopic G-diffeomorphism is equiv-
alent to a homotopy of G-structures (Pi, ) = (Pa, a2).

Remark 4.1.12. We can also describe the definition of a G-diffeomorphism more homotopically in
S/BG—BGL, (R) Dy realizing that there is a functor from the category of manifolds with diffeomor-
phisms to S/par,, (r). Concretely, this means the only thing that changes from the previous discussion
is that the triangle

M1—>M2

o /

BGL,(R

has a canonical filling induced by df. A homotopy filling of the square (4.3) corresponds up to
homotopy with an equivalence class of 1-morphisms in §/pg_par, (&) between the objects induced
by (M, Py, ar) and (Ma, P, as).

Note that given a diffeomorphism f : M; — M and a G-structure (Pa, ag) on Ms, the pullback
principal bundle f* P, with fibers (f*P2)m, = (P2)f(m,) becomes a G-structure on T'M; via

a2

f*CYQ : f*PQ Xan — f TM —>TM1

This assembles into a geometric G-diffeomorphism f : (My, f*Ps, f*as) — (Ma, Pe,az). In fact,
we sometimes prefer to equivalently think of the data of a G-diffeomorphism on a diffeomorphism
f : My — Ms as an isomorphism f*P, = P; of principal G-bundles satisfying a compaibility
condition.

Recall that both the category G -Bun of principal G-bundles over arbitrary spaces as well as the
category VectBun,, of vector bundles of rank n form a stack. Here morphisms are G-equivariant maps
and vector bundle isomorphisms respectively, both covering arbitrary continuous maps. We will not
use any descent and so we only formulate the prestack data. Our preferred definition of a prestack is a
contravariant pseudofunctor (functor between bicategories) Top — Gpd, where Top is the 1-category
of topological spaces and Gpd the 2-category of groupoids. We can then recover the 1-category
G -Bun together with its canonical functor to Top as its Grothendieck construction. Explicitly, for
every continuous map f : X; — Xa, there is an induced covariant functor f* : G-Bun(Xs) —
G -Bun(X7). Moreover, given two composable morphisms fi, fo there is a canonical isomorphism of
principal G-bundles (f2f1)*(P) = f{ f5 P natural in P. This then satisfies a further compatibility
condition for three composable morphisms. Given a homomorphism G — H we get a natural 2-
transformation G -Bun = H -Bun. We also have a natural 2-isomorphism VectBun,, = GL, (R)-Bun
given by the frame bundle construction, since the notion of pullback of principal GL,,(R)-bundles is
compatible with pullback of vector bundles. Therefore, a homomorphism p : G — GL,,(R) induces
a natural 2-transformation G -Bun = VectBun,,.

We define G -Str as the prestack on the category VectBun,, which assigns G -Str®*°(n — X)) to a
vector bundle n — X. We want to formulate it on this category, because there is a canonical functor
from the category of smooth n-dimensional manifolds Manemb and embeddings to VectBun,, and we
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are interested in Man%mb for their application to (especially non-topological) bordism categories
For topological bordism categories, the map from the groupoid of manifolds and diffeomorphisms
to VectBun,, suffices. For use in later sections, we will now formulate this prestack explicitly. Let
f: X1 — X5 be covered by a vector bundle isomorphism ¢ : f*ny = n;. Then we obtain a functor
f* o G-Str®®°(Xa,nm2) — G-Str®°(Xy,m1) given on objects by mapping a G-structure (Pa, as) on
(X2,m2) to the principal bundle f*P, — X; and the vector bundle isomorphism

f*PQ Xa R" = f*(PQ Xag Rn) f_oz> f*’l72 i) m.
On morphisms it maps an isomorphism of G-structures o : P, — Pj on (X3,72) to the map of
principal G-bundles f*o : f*P, — f*Pj which is a map of G-structures because the diagram

Py xgR* %5 f*P o R”

“an (4.4)

commutes. This is clearly functorial. Given two composable maps (f1,¢1) : (X1,m) = (X2,m2), (f2, ¢2) :
(X2,1m2) — (X3,73), the natural isomorphism filling the triangle

G-StrE° (X1, m) <2 G-Strf*° (X, o)

(fzfl)ﬂ\ /f;

G-5tr®° (X3, 73)

is given on (Ps,as3) by the canonical isomorphism (faf1)*Ps & f{ f5 Ps of principal bundles. This
is an isomorphism of G-structures because this isomorphism is compatible with the isomorphism
(faf1)™ns = fyfans of vector bundles under p. The associativity condition for composing three
morphisms follows because it holds for the principal bundle isomorphisms (fof1)*P 2 ff fo P and
the analogous vector bundle isomorphisms. The above considerations are completely analogous for
G -Str" except that now commutes up to homotopy.

Note that since every geometric isomorphism between G-structures induces a homotopy, there is
a canonical map of prestacks

G-Str¥° = G-Str" .

In general, the essentially surjective functor
G -Stre®°(X,n) = G-Str"(X,n)

is not full. For example, for G = O,, is gives the inclusion of isometries into all vector bundle maps.
Conceptually, G -Str®®°(X,n) can be thought of as the homotopy fiber over the point n — X of the
map from the 1-groupoid of principal G-bundles to the 1-groupoid of vector bundles over X induced
by p. On the other hand, G—Strh(X, n) is the fundamental groupoid of G-Str'?(X,7) which is the
the homotopy fiber of the map from the oco-groupoid of principal G-bundles to the co-groupoid of
vector bundles over X.

1Here we use the word ‘topological’ in the sense of ‘topological’ field theory. In other words, for us topological
bordism categories refers to bordism categories that are sensitive to the differential topology but insensitive to the
differential geometry of the manifold (such as a metric). This teminology unfortunately clashes with the approach to
define (o0, 1)-category of bordisms using topological categories.
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If a structure group p : G — O,, € GL,(R) lands in orthogonal matrices, a G-structure on 7
in particular includes an O,-structure and hence a metric on 1. It can be convenient to assume
p lands in O,,, because of the existence of orthogonal complements. We sometimes prefer to think
of these as G-structures (P, «) on n-dimensional vector bundles equipped with a metric, where we
require « to preserve the metric using the canonical metric on P X & R™. This metric is well-defined
because G acts by orthogonal transformations on R™. In other words, we sometimes prefer to think
of G-Str#®° as a prestack on the category of vector bundles with metrics and isometries. Note that in
particular in that case G-manifolds come equipped with a Riemannian structure and G-embeddings
and G-diffeomorphisms are isometric. For topological field theories we will only be interested in
G-structures up to homotopy, for which all of this geometric data is irrelevant because the map
BO,, -+ BGL,(R) is a homotopy equivalence. In particular, (homotopical) G-diffeomorphisms need
not be isometries.

4.2 What on earth is an orientation of a point?

At some point in our mathematical lives we get spoon-fed the idea that the point considered as a
zero-dimensional manifold admits two orientations. After some first considerations, this seems to be
ridiculous: note that the group of invertible linear maps on a zero-dimensional vector space G Lg has
a single element. By definition, the determinant of a linear map 7" : R” — R"™ is the composition

Rg;\R"M;\R"gR

This definition still works for n = 0 since the empty tensor product is a one-dimensional line similar
to how the empty product is the number 1. Moreover, the element of GLj has determinant one and
therefore SOy = 1 = GLy. In particular, we see that an SOg-structure on a G Lg-principal bundle is
no data.

This contradicts our understanding that there should be two orientations on the point, like on
any other trivial vector bundle. More generally, orientations on 7 are in canonical bijection with
orientations on 1 @ R. The geometric reason for this in positive dimensions is the fact that the
rotation action of SO, 1 on S™ is transitive and has stabilizer group SO,, at a choice of pole. The
transitivity is the thing that fails for n = 0.

In more homotopy-theoretic language, the canonical bijection between SO, -structures on n and
SOy, y1-structures on n @ R is expressed by the fact that

BSO,, — BO,

l l (4.5)

BSOn_H E— B0n+1

is a homotopy pullback square. However, note that with the definitions we gave above, this is no
longer true if n = 0:

pt —— pt

L

pt —— BZ/2
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One way to fix it is to instead define ‘BSOy = Z/2’, the pointed space consisting of two points.
Then the above is a homotopy-pullback:

Z)2 — pt

L

pt —— BZ/2

An orientation on a zero-dimensional vector bundle X then is a continuous map X — Z/2 (the
additional homotopy with the map X — BOg is no data). In particular, every zero-dimensional
connected manifold has a canonical orientation, which we call the positively oriented point.

Note that definitions of orientations in algebraic topology do make sense for vector bundles of
dimension zero. For example, if V' — X is a zero-dimensional vector bundle, then its Thom space is
X U {pt} and so there is a canonical Thom isomorphism

H*(X;Z) — H*(X U{pt}; Z),

corresponding to the positively oriented point in case X = {pt}. The negatively oriented point is
given by multiplying with the Thom class u € H°(X U {pt}; Z) = H°(X;Z) given by —1.

Another more geometric and equivalent way to define an orientation that does not involve G-
structures is as a trivialization of the top exterior power. This also works in zero dimensions as there
are two isometric isomorphisms /\0 RO = R and the identity gives the preferred positively oriented
point. However, since we prefer to work with geometric G-structures, we will from now on always
have to be careful in dimension zero or more specifically, when squares of the form are not
homotopy pullbacks. We will further discuss these issues in Example .3.12]

4.3 Suspension, desuspension and reversing suspended directions

The first approach to the orientation-reversal of G-structures we want to discuss is the idea of
introducing an extra direction and then reflecting along it. One often considers this notion in the
definition of n-dimensional bordisms with structure G,, — GL,(R), for which the boundaries are
defined as (n — 1)-dimensional closed manifolds with some related structure G, 1 — GL,_1(R).
Then in an informal definition of the bordism category, one distinguishes in- and outgoing manifolds
by their ‘orientation’. We want to argue that this picture is slightly misleading; in- and outgoing
manifolds should be distinguished by the direction of a normal vector, which happens to be equivalent
to changing the orientation.

Moreover, if we have access to a structure group Gp+1 — GLp4+1(R) compatible with G,, —
GL,(R) in a certain sense, we could similarly define the orientation-reversal of a bordism by reversing
the (n + 1)th direction. This is for example the case when G,, = G, (K) is the spacetime structure
group of a fermionic group. With enough care, defining orientation-reversal for G,,-structures up to
homotopy in this way makes sense, but for non-topological field theories most of these notions start
to diverge. The reason is that in most cases a G,41-structure on a vector bundle n @ R is always
homotopic to one that is ‘constant in the R-direction’, but this is no longer true geometrically. As
a solution, we will mostly work with vector bundles equipped with metrics.

What do we mean by ‘extra directions’? Suppose throughout this section that we are given a
commuting square of topological groups of the following form.
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G, —2— GL,(R)

|# | (4.6)

Gpi1 2% GLpi (R)
Definition 4.3.1. Let (P, ) be a G,,-structure on the bundle n — X. Then the suspension of (P, c)

is the G, 1-structure (sP, sat) on @R where sP := Pxg, G,41 and sa : (Pxg, Gni1) X, R —
7 @ R is uniquely determined by

SOL[[p, 1]3’0] = (a[pa (Ula e avn)]a vn+1)a

where v = (vy,...,v,51) € R*FL

n+1

For general g € G',11 we can derive that

sallp, gl,v] = sal[p, 1], pnt1(9)v] = (alp, (Pnt1(9)0)1, - (Prt1(9)0)nls (Pnt1(9)0)ns1)-

This is well-defined because if g € G, then

sallp, f(9)], 0] = (alp, (pnt1(F(9))0)1, - - (Pt (F(9))0)nl, (Pnta(f(9))0)n+1)
= (Oz[p, pn(g)(vlv s ’Un-‘rl)]v Un+1)
= (a([pgv (’Ula s 7vn)}7vn+1) = sa([pg, 1]’ U)'

Note that sa is an isomorphism because « is. Suspension defines a functor from G, -structures on n
to Gp41-structures on n @ R.

Given a G, 41-structure on n@ R, we can always ‘reverse’ it by composing with the vector bundle
automorphism id, ® —idg of n ® R. Note that the G,,41-structure does not need to be a suspension
to do this, but the vector bundle does need to have one direction trivialized.

Definition 4.3.2. Let (P, «) be a G, q1-structure on n @ R. Then (P, a)* is defined to be P* = P
and a* is equal to the composition

[0}

id —id
Pxg, R S neR RN n @ R.

The reason for the notation is that if Y is an n-dimensional closed manifold and (P, ) a Gp41-
structure on TY @ R, then we will see that Y equipped with the G, i-structure (P*,«) can be
realized naturally as the dual of (Y, P, «) in the category of (n+ 1)-dimensional bordisms with G,,1-
structure. Note that P — P* becomes a covariant functor on the category of G-structures on n® R
by defining it to be the identity on morphisms. Moreover, P** = P on the nose, so that this defines
a Z/2-action on the category.

Next we want to desuspend G, 4i-structures and generalize common statements such as “an
orientation on 7 is equivalent to an orientation on n @ R”. For this we have to put more assumptions
on the square . The last section gives us the intuition that for homotopy-theoretic purposes, we
should at least assume that the square induces a homotopy pullback square after taking classifying
spaces. However, this is not a very geometric condition and so we translate it closer to geometric
intuition. Since we want to include metrics later on, we will assume Gp,+1 — GLp41(R) lands in
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Op+1 in the rest of this discussion. Recall that O,,41/0,, is homeomorphic to S™ and so a homotopy
pullback square of the desired form

S — 5"
I .
BG,, —~— BO,,

|s

Pn+1
BGn+1 — BOn—&-l

would imply that that the fiber of BG,, — BG, 41 is homotopy equivalent to S™. For example, if
G, = Gpy1 is injective, this implies G,,41/Gy, is homotopy equivalent to S™. In practice, it can be
useful to restrict this to be a diffeomorphism.

Definition 4.3.3. We say p, : Gpy1 — On41 is a strict geometric representation if acts on S™
transitively through p.

If pn : Gry1 — Ong1 is a strict geometric representation, we can define a new structure group
G, by a strict pullback

G, —2 5 0,
(4.8)
L

Gni1 ——— Onqa

in the 1-category of topological groups, i.e. G,, is the subgroup
Gn ={g € Gny1:p(g) € On},

which is the stabilizer of the action of G, ;1 on S™ at a pole. We will assume in the rest of this
section that p,y1 is a strict geometric representation and our commutative square (|4.6)) is a pullback.
Note that if G,,4+1 lands in SO, 11, then G,, lands in SO,, and

G, —™ 4 S0,

l l (4.9)

Pn+1
Grt1 ——— SOpa

is a strict pullback. Note that for a strict geometric representation we have that G, 11/G,, is home-
omorphic to S™. Note that for n = 0 we have that G,,41 acts transitively on S™ if and only if it
surjects onto O,41, so in that case a p; that only hits SO; is not a strict geometric representation.
We will typically assume generally p, 11 is either onto SO,,41 or O, 41, but the reader is free to sub-
stitute these groups by Im p. Since surjective group homomorphisms yield fibrations on classifying
spaces, this implies either BG,,+1 — BOy41 or BG, 41 — BSO, 41 is a fibration. Therefore in the

first case the strict pullback

BG, — 2, BO,

l l (4.10)

Bpn+1
BGni1 —2 s BOnyq
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is a homotopy pullback. In the latter case, a similar diagram with BSO instead of BO is a homotopy
pullback. In that case we can use that

BSO, — 2" BO,

l l (4.11)

BSOpi1 —22" s BOyiy

is a homotopy pullback for n > 0 to conclude the desired homotopy pullback (4.10)).

Remark 4.3.4. Note that strict geometric representations certainly does not accommodate for the
most general situation. For example, when G, is the trivial group it certainly does not act
transitively on the circle. We can then still define BG,, by homotopy pullback as a homotopy type.
In case this description is too homotopical, we can always represent this space as the classifying
space of some topological group G,,, when n > 0.

Often we are in the situation where we have a given structure group G,, — O, and we are
wondering whether it is possible to talk about stabilizing and destabilizing to dimension n + 1. For
this we introduce the following language.

Definition 4.3.5. We say G,,+1 — On41 is a strict geometric stabilization of G,, — O, if it is a
strict geometric representation such that G,, — O, is the induced (strict) pullback in the 1-category
of topological groups.

Lemma 4.3.6. Let n > 0 and let K be a fermionic group. Then Gpi1(K) — Opg1 is a strict
geometric stabilization of G,,(K) — O,,. More generally, this holds for n = 0 when K has reversing
elements.

Proof. Note that the image of p : Gp41(K) — O,41 always contains SO,,11. Moreover, if K is not
purely even, p is onto. Therefore the action of G,,41(K) on S™ is transitive for n > 0 and for n =0
when K is not purely even. It remains to be shown that

Go(K)={r®keG,1(K):plzx®Fk) €O0,},

compatibly with the canonical inclusion into G, 1 (K). This follows because if x € Pin," 41 has its
projection [x] € O, living in the group [z] € O,,, we have that necessarily x € Pin} C Pin" 11
Note that in the case n = 0 and K has reversing elements, this argument still works with our
convention that Pind = Spin;. O

If G 41 — Opy1 is a strict geometric stabilization of G,, — O,, and we are given a G,,-structure
on the real vector bundle 7, then the stabilization G, 41-structure on n @ R equips it with the
orthogonal sum metric. If (Q, ) is a G,41-structure on n ® R, then the G, 11-structure (Q*, 5*)
comes equipped with the same metric; 5* is an isometry since id, ® — idg is an orthogonal vector
bundle automorphism.

Definition 4.3.7. The desuspension (s~'Q,s 1) of the G, 41-structure (Q,3) on n @ R is the
G ,-structure on n defined as follows. Let

s7'Q:={q€Q:Blg,ens1] =(0,1) en®R} C Q,
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where e, 1 € R""! is the (n + 1)th standard basis vector. Now s~13 is defined as

s718:571Q xg, R™ = 17
s~ Bla, v] = pr, (Blg, (v,0)]) € 7,
where pr, : 7@ R — 7 is orthogonal projection, ¢ € s71Q and v € R® C R*"*! 5 (v,0).
Be aware that the notation is slightly misleading because s~'(Q strongly depends on /.

Lemma 4.3.8. Let Q a Gpq1-structure on the rank n + 1 vector bundle n ® R. The desuspension
s71Q of Q is a Gy, -structure on 7.

Proof. First we will show that s~!(Q is a principal G,-bundle. Let ¢ € s7'Q and ¢ € G,,. Then
qg € s~1Q, since
ﬁ[qg7 en+1] = ﬁ[qvp(g)enJrl] = 5[(]7 6n+1] = (07 1)

To show the action is free, let q1,¢2 € s~'Q. We want to show that there exists a unique g € G,
such that ¢1g = ¢2. Using the universal property of the pullback G,,, we get a unique g € G,,+1 such
that ¢19 = q2. We want to show that g € G,,. We know that

Blar, p(9)en+1) = Blar19, ent1) = Blaz, ent1] = (0,1) = Bla1, eny1]-

Because f is bijective, we see that [q1, p(9)en+1] = [¢1,€n+t1] and so p(g)ent1 = ent1. Therefore,
p(g) is a matrix of the form
A0
(o 1)

where A is an n x n matrix and w € R™. From the fact that p(g) is an orthogonal matrix, it follows
that w = 0. Hence p(g) € O,. By the pullback diagram we derive that g € G,,.

Now note that s~!83[q, p(9)v] = s~ B[qg, v], because the analogous equation holds for 3. To show
5713 is an isomorphism, it suffices to show that it has no kernel. Let [¢,v] € ker s~!3 for some v € R™
and ¢ € s71Q. Then £[q,v] = (0,a) for some a € R. However, we also have ([q, ae,+1] = (0,a) by
definition of s1Q. Because 3 is bijective, we see that v = ae,y1. But v,;1 = 0 and hence v = 0. [

Note that since the projection pr, is orthogonal, 518 is an isometry.

Corollary 4.3.9. Let n - X an n-dimensional vector bundle. Then suspension and desuspension
give inverse equivalences of groupoids

/T\

Gt -85 (1 & R) G -St(n).

Proof. We make s~! into a functor as follows. Let f : (P, a1) — (P2, a2) be a morphism of G,,41-
structures on n @ R. Then f restricts to a map s~ 'P; — s~ ! P,. Indeed, if p; € P; is in s~'P; then
as[f(p1),ent1] = a1[p1,€n+1] lands in the R-summand of n @ R as desired.

To show that s~'sP = P, note that by definition

s7'sP ={[p,g] € P xg, Gni1:50[[p, g, en1] = (0,1)}
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and
sa[p, 9], env1] = (alp, (p(g9)ent 1)1, - - -, (P(9)en+1)n)]; (P(9)€n+1)nt1)

Using the bijectivity of «, this is equivalent to p(g)en+1 = e,+1. By the same argument as in Lemma
this condition is equivalent to g € G,, and so [p,g] = [pg,1]. We see that the obvious map
P — s~ !sP, is an isomorphism of principal bundles. It is an isomorphism of G,-structures because
s~ 1sa agrees with o on elements of s~1sP of the form [p, 1] and we have just shown that all elements
are of this form.

We now have to show the isomorphism ss=!P =2 P is natural. Let f : (P, a;1) — (P2, a2) be a
morphism of G,,-structures on 7. Then the diagram

p—1 p

| |

_ sT'sf
sTlsPp =25 s71sP,

commutes because on elements of s~1sP; of the form [py, 1] we have s~ 'sf[p1,1] = [f(p1), 1].
For a G,,41-structure (@, 3) on n ® R, define a G, 1-equivariant map ss~1Q — Q by [g, 9] — qg
for ¢ € s71Q. This is a map of G,,;1-structures by the computation

ss~'Blla, g),v] = (s Bla, Prrneo(p(9))], Progr(p(9)v))
= (pr,, B4, (Prrngo(p(9)v), 0)], Progr (p(9)v))
= Blg, p(g)v]

where the last equation followed because g € s~1Q implies

Bla, progr(p(9)v)ent1)] = (0, progr(p(9)v)).

This isomorphism is natural because if f : @1 — Q2 is a morphism of G,,41-structures and [g, g] €
-1
$s71@Q, then

ss~' fla.gl = [f(q), 9] = f(a)g = f(ag)-
0

Note that the above proofs strongly relied on the fact that p(g) € O,. We provide the first
way to define orientation-reversal, which works for an arbitrary structure group that admits a strict
geometric stabilization:

Definition 4.3.10. If (P, a) is a G,,-structure on 7, define (P’,a/) := (s71(sP)*, s 1 (sa)*).

Note that even though (sP)* = sP as a principal bundle, s~!(sP)* # s~ !sP = P, because
the definition of s~!(sP)* depends on (sa)*. Recall that from a strict geometric representation

Gr+t1 — Opy1 we have defined GSS) — O,, in Definition |3.2.24
Lemma 4.3.11. Let (P, @) be a G, -structure on the rank n bundle n — X. Explicitly, we have

P' =P xg, (G)rer, (4.12)

n

where (Gq(ll))rev C G is the subset of those g' € Gp11 for which p(g') is of the form

plg') = (61 01> € Ony1 (4.13)
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. For [p,g'] € P' and v € R™ we have

O/[Lp’ g/]7 U] = O‘LP? P(!J')|RW]~
Proof. We compute using the fact that (4.8]) is a pullback square
P'={[p,g'] € P xq, Gny1: (s0)[[p, g'], ens1] = (0,1) € n & R}
={[p, gl € P xa, Gny1:ap, (p(g")ens1)1,- -, (p(g")ent1)n)] = 0 and — (p(g')ent1)nt1 = 1}
]
]

={[p,d'] € P xg, Gnt1: (p(¢g")ent+1)i =0 fori <n+1and (p(¢')ent1)ni1 = —1}
={lp.g
A 0

— (g€ Pxa, Guin s 0la) = (§

€ P xg, Gny1:p(9))ens1 = —eni1}

_1) S OnJrl}-
Note that in the formula for o’ we restricted p(g') € O,11 to R® @0 C R**!, which is in O,, given
]

that p(g') satisfies (4.13]). Let v € R™ and [p, ¢'] € P’ so that p(¢’) is of the specific form in (4.13]).
Then

o[[p,g'],v] = pr, (sa)*[[p, ¢']; (v1, .. -, vs,0)] = pr, s[p, ¢'], (v1, - . ., v, 0)]
= pr, sa[[p, 1], (p(g)|rnv, 0)] = pr, (ap, p(9)|rnv],0) = alp, p(g)|rnv],

as required. O

Ezxample 4.3.12. We review and generalize the discussion in Section now that we can talk about
suspensions and desuspensions. Let p : G; — O; be a one-dimensional orthogonal representation
and Gy = kerp — Qg = 1 its strict pullback. If p is not surjective, the action of G; on S° is not
transitive and so p is not a strict geometric representation. We will now study the consequences
of this fact for Gg-structures. A Gg-structure on a zero-dimensional vector bundle is simply a Gg-
principal bundle Q. A Gj-structure on X consists of a real line bundle 1 with metric, a principal
Gi-bundle P over X and an isometry o : P xg, R = n. In case p is not surjective, there is a
canonical isometry P X¢g, R 2 R and so « is a trivialization of . But otherwise, n is potentially
nontrivial. The suspension of a Gy-structure @) consists of the principal Gi-bundle P = @ x¢g, G1
and az[q, g1,v] = p(g1)v € R,, where g € Q lies over z € X.

Note that the trivial Gi-structure (R — {pt}, P = Gx{pt}, @ = id) on the trivial line bundle over
a point is the suspension of the only Gy-structure up to isomorphim, which we will call the positively
oriented point. However, isometric trivializations of a real line bundle over X are an H%(X,Z/2)-
torsor and so we can define the megatively oriented point analogously but having a = —id, the
nontrivial isometric trivialization of R. Note that when p is not surjective, the negatively oriented
point is not isomorphic to the positively oriented point and so not the suspension of a Gy-structure.
However, when p is surjective, the positively and negatively oriented point are isomorphic. Indeed,
left multiplication by a reversing element g1 ¢ ker p induces an automorphism of trivial principal
G1-bundles P over the point and the diagram

PxcR 25 PxeR

e
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commutes. Reformulating this slightly: for a G;-structure (P, «) on a trivial real line bundle we can
define a Z/2-grading P = P U P_ as

P, :={peP:alpl]=+£1}.

If p is surjective, P, and P_ are both nonempty and the Gi-action is graded in the sense that
reversing elements of GGy reverse P, and P_ while preserving elements preserve them. However,
when p is not surjective we either have P_ = () (positively oriented) or P, = ) (negatively oriented).
In other words, in that case we can think of the negatively oriented point as the ‘reversed trivial
G-structure’.

If so desired, we could have restricted the above discussion to the case where G; = G1(K) = K°P

without loss of generality. In that case Gy = Go(K) is equal to K5, keeping our conventions for
Pin{ of Remark [3.2.13|in mind.

4.4 The automorphism 2-group of a structure group

This section is strongly inspired by discussions with Stephan Stolz.

If ¢ : G — G is a topological group automorphism and P a principal G-bundle over a space X,
let Py denote the principal G-bundle twisted by ¢. We denote elements as symbols py € Py for
p € P and the action is given by pyg = (p¢(g))s. This gives an action of Aut(G) on the groupoid of
principal G-bundles over X. For example, if ¢ : SO,, — SO, is conjugation by a reflection r; with
respect to a fixed coordinate direction ¢, then P, might be a good model for the ‘orientation reversal
of the oriented frame bundle P’.

Moreover, if v € G and ¢, : G — G denotes conjugation by u, then p., — pu defines an
isomorphism of principal G-bundles P,, = P. For example, if u = r;r; is a rotation in the (i, j)-plane,
this provides a way to compare the ‘orientation reversal in the ith direction’ with the ‘orientation
reversal in the jth direction’. One can work out that these considerations lead to an action of the
automorphism 2-group of G on the groupoid of principal G-bundles. For a review on 2-groups and
their actions on categories, consider Appendix Next, we will make the above idea precise in our
setting of G-structures on vector bundles.

So suppose p : G — GL,(R) is a structure group and ¢ covers conjugation with a matrix
A € GL,(R) and let (P, «) be a G-structure on 7. Define a new G-structure (Py, a4) by

aalpy,v] = alp, Av).

This is well-defined, because

aalpsg,v] = aal(pd(9)) e, v] = alpg(g), Av] = alp, pd(g9) Av] = alp, Ap(g)v] = aalpe, p(g)v]

and ay is clearly a vector bundle isomorphism. The main goal of this section is to make this
construction functorial.

Definition 4.4.1. The relative automorphism 2-group of a structure group G — GL,(R) is the
category Aut(G — GL,(R)) with

e objects pairs (¢, A) of an automorphism ¢ € AutG and A € GL,(R) a matrix such that
p(o(g)) = Ap(g)A™Y,

e morphisms (¢, A1) — (¢2, Ao) are elements u € G such that ¢o(g) = u¢i(g)u=t and p(u) =
A AT
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Composition of uy : (¢1, A1) = (@2, A2) and ug : (P2, A2) — (@3, Az) is defined by multiplication.
Composition is well-defined since
plugur) = AzA; Ay Ay = A3A;.
Lemma 4.4.2. The category Aut(G — GL,(R)) admits a canonical 2-group structure.

Proof. The tensor product of objects (¢, A), (¢', A’) is defined by (¢ o ¢', AA"). This is well-defined,
strictly associative and has monoidal unit (idg,idg» ). The tensor product of morphisms (¢1, A1) —

(¢2, Ag) and (¢, A}) LN (95, Ab) is (p1¢), A1 AY) 1), (pacdhy, A3 AY). This is well-defined because

G20 (9) = udr (u' ¢ (9) (W) " ™" = ugn (u) 16 (9)dr (u) " Hu!

and
p(ugy(u')) = Az AT Arp(u/) AT = A A (AL) M AT

It is straightforward to see that all objects are invertible under tensor product and all morphisms are
invertible under both tensor product and composition. Finally, to show that tensor product defines a
functor, we have to show that given morphisms u; : (¢1, A1) — (@2, A2),us : (¢2, As) — (¢3, As), u] :
(6, AL) = (9, Ab) and u) : (6, Ay) — (65, A3) we have (us @ up) o (ug © u}) = (uz our) ® (uh o).
This follows by the computation

(uz ® uh) o (ug @ uh) = uada(uh)urdy (uf) = upurdy (uh)uy 'urgy (u)) = uguyd (uhuf)

= (ug o uy) ® (ugy o uh).
O

Remark 4.4.3. Let Group, C Cat be the 2-category of groups seen as a full subcategory of the 2-
category of categories with one object. Then the relative automorphism 2-group of p : G — GL,,(R)
can be defined more abstractly as its automorphism 2-group in the slice 2-category (Group,) G, (r)
of groups over GL,(R).

Note that given an object (¢, A) and an element u € G, there is a canonical morphism (¢, A) —
(cy 0 ¢, p(u)A), where ¢, : G — G is conjugation with u. Also note that in general it is neither true
that ¢ determines A, nor that A determines ¢. For example, the pair consisting of ¢ = idg and
A = —1id is not the trivial object. On the other hand, G could be of the form O, x K with p the
projection to O,, A = id and ¢ induced by a nontrivial automorphism of K.

We now show that the 2-group Aut(G — GL,(R)) acts on the groupoid of G-structures on a
fixed real vector bundle 7, see Appendix[A-3]for the definition of an action of a 2-group on a category.

Theorem 4.4.4. Let n — X be a real vector bundle. The construction (P, ) — (Pp,a) extends
to a monoidal functor from Aut(G — GL,(R)) to the 2-group of autoequivalences of the groupoid of
G-structures G -Str®®° (X, n).

Proof. Let (¢, A),(¢',A") be two objects of Aut(G — GL,(R)). We clearly have (Ps)y = Py
and (owa)as = aaar, so the construction preserves the tensor product. If € : (P,a) — (Q,5) is a
map of G-structures on 7, then (§)4,4(py) := ({(p))y defines a map of G-structures and & — &y 4 is
functorial. If (4, ¢) = (1,idg), then £ — &4 4 is the identity functor.
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We turn to morphisms u : (¢1, A1) — (@2, A2) of Aut(G — GL,(R)). Define the map o, (P) :
Py, — Py, by ps, — (pu=1)4,. This is G-equivariant, because

Py, 9= (p¢1(g))¢1 = (p¢1(g)u_1)¢2 = (pu_lqu(g))tﬁz = (pu_1)¢>2 g

It is an isomorphism of G-structures since

O‘Az[(pu_l)m”u] = a[pu_l, A2U] = a[p7 p(u_l)AQU] = a[pv Alv] = A, [p%vu]'

This is natural, because

UU(Q)(£¢1 (p¢1)) = (g(p)uil)qb = (f(puil))qﬁz = 56/72 (JU(Q)(p¢1))'

Given two composable morphisms uy, us in Aut(G — GL,(R)), we have o,, 0 0y, = Ouyu, and oy
is the identity on (P,a) — (Pp,a) if w = 1. To get a strict monoidal functor, we still have to
check that the trivial monoidal data of the functor is actually natural. For this, we pick morphisms
w: (p1,41) = (¢, A2),u’ : (@), A)) — (dh, AS) in Aut(G — GL,(R)) and compare the tensor
product of morphisms u¢;(u’) with the horizontal composition of the natural transformations o,
and o,/:

PPy, PPy

G -Str®° (X, n) w G-Str®° (X, n)

G-Str®*° (X, n) Tusr () G-Str#*° (X, n)

\—/’

PD—>P¢2¢/2

This follows from the computation of the map o4, (u) : Py, ¢ — Py, being

Porgy = (P(udr(W) ™ gpe, = (0o1(W) T u ) gye = (u™ g2 (') ) gyey
= ((pu™Ng) (W) Mgy,

which is indeed the horizontal composition of ¢, and o,-. Finally, since associators of the monoidal
categories and the monoidal data of the functor are trivial, associativity of the monoidal functor is
automatic. We have thus defined a monoidal functor from Aut(G — GL,(R)) to automorphisms of
the groupoid G -Str®*°(X, n). O

Remark 4.4.5. If G lands in O,, the action of the 2-group Aut(G — O,) on the 2-group of G-
structures is by isometries.
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Ezample 4.4.6. Let p: G — GL,(R) be a structure group and let ¢ € Z(G) be a central element in
the kernel of p. Then ¢ defines an automorphism of the monoidal unit of Aut(G — GL,(R)) and so
induces a natural automorphism of the identity functor on G -Str°(n) for any vector bundle n — X.
In particular, if G = G,(K) is the spacetime structure group associated to a fermionic group K,
then c=1®c=c®1 € G satisfies this property. We obtain a natural automorphism of the identity
functor on G-Str(n) that squares to one, which we call the spin flip automorphism. In other words,
G -Str®°°(n) has a canonical BZ/2-action, also see Section We will use this to define a spin flip
B7Z/2-action on the bordism category in Chapter [5| see Corollary

Ezxample 4.4.7. We generalize the discussion at the beginning of the section to orientations on a
fixed vector bundle. So let 1 be a vector bundle and let (P, a) be a G = SO,,-structure on n. Let
A = r; be reflection in the ith coordinate and ¢; : SO,, = SO,, conjugation with r;. Then (Pp,, or,)
is one way to define the orientation-reversal of an oriented bundle, namely by reflecting in the ith
direction. Let i # j be two orthogonal directions and let v = 7;7; be the rotation by 180° in the
(2, 7)-plane. The proposition above in particular gives a canonical isomorphism between (Py,, o)
and (P, o, ), or equivalently an isomorphism of oriented vector bundles.

Ezxample 4.4.8. We redo the last example for G = Spin,, and show why we have to be a bit more
careful. Let ¢; : Spin,, — Spin,, be the automorphism induced by conjugation with e; inside Pinj{ .

Note that we could have also chosen Spin,, C Pin,, ; this would give the same automorphism. We now
need to make a choice of an element v € Spin,, such that p(u) = r;r; and there are two possibilities;
u = ejej or u = —e;e; = eje;. In other words, we need to choose a direction to rotate in and
rotating by 180° in the other direction will differ by the spin flip ¢ € Spin,,. These will give two
different isomorphisms of G-structures between (Py,, a,) and (Pg;, a,,) and they differ by the spin

flip automorphism of Example [£.4.6]

Ezxample 4.4.9. We generalize the last two examples to a general spacetime structure group coming
from a fixed fermionic group K as defined in Section so let

G = G (K) = (Pin} ®K)pres C Pin} 9K = G, (K).

Conjugation with a reversing element §; € G,,(K) gives an interesting automorphism ¢g, of G. We
can write such an element as §; = zg ® ko € G‘n(K ), where xg and kg have different degree. For
example, when v € R" is a vector of norm one, we can take g1 = v ® 1. Then, the automorphism
¢4, is explicitly given by

bz k)= )(zek)w el) = (D vt ek,

which under p covers conjugation by the reflection along v in O,,, compare Lemma [3.2:23] If v, w
are orthogonal, the element u := vw ® 1 € G, provides an isomorphism Py, = Py, . As in the last
example, it differs from the isomorphism induced by v’ = wv®1 € G, by the spin flip automorphism.

Ezample 4.4.10. A tiny variation on the above example concerns replacing Pin™ with Pin~. We
have seen in Corollary [3:2.15] that

Gn(K) = (Pin} @K)pres = (Pin, @K°P)yes, (4.14)

but this isomorphism does not lift to an isomorphism on the orientation-graded groups in general.
However, for G := (Pin}})°P ® K°P, taking the lift §; = v°P®1 does yield the the same automorphism
of G as in the last example under the above isomorphism (4.14]). This follows by the computation

(v°P ® 1)(2°P @ k°P)(—v°P @ 1) = —(—1)*lyoPzoPyoP @ kP = (—1)I*l(vzv)°P @ kOP,
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since (—v°P @ 1) = (v°P ® 1)~ and (—1)!*I(=1)!**| = —1. In particular, this implies that if (P, )
is a G, (K)-structure, the G, (K)-structures (Pp,, ) obtained from the last example and from
this example are equal. However, we will see in the next section, that the corresponding induced
7 /2-actions on the groupoid G -Str®*°(X,n) will in general not be equivalent.

Note that if C is a 1-category, prestacks form the 2-category Fun(C,Gpd°’) and so a prestack
F has an automorphism 2-group. Concretely, its objects are natural automorphisms of F' and its
morphisms are modifications between those. We refer to [54, Appendix B] for a concise summary of
bicategories.

Proposition 4.4.11. Let G — O, be a structure group and let n — X be a real vector bundle
equipped with a metric. The action of Aut(G — O,) on G-Str®°°(n) is functorial with respect to
maps of spaces, i.e. it induces a 2-group homomorphism A from Aut(G — O,,) to the automorphism
2-group of the prestack

G -Str8°° : VectBun,, — Gpd°P.

Proof. On objects, the 2-group homomorphism A maps (¢, A) € Aut(G — O,) to a natural 2-
transformation Ay 4 : G-Str = G-Str, which on an object (X, ) is the functor

Fya(X,n) : G-Str®°(X,n) = G-Str**°(X,n) (P, o) — (Pp,a)

defined in Theorem [4.4.4] To make this into a natural 2-transformation, we need to provide for every
morphism f: (X1,7m1) = (X2,7n) in VectBun,,, a natural isomorphism filling the square of functors

G-StrE (X, ;1) —2 A G geeo(x) )

fﬁ \ fﬁ

G -Str#*(Xg,m2) Loaam), G -Str#® (Xa, m2)

We take it to be the canonical isomorphism f*(Pg) = f*(P), of principal G-bundles, which is an
isomorphism of G-structures on (X1,7;) if (P,«) is a G-structure on (Xs,72). This isomorphism is

indeed natural with respect to automorphisms of G-structures. If (X1,171) EiN (X2,7m2) ELN (Xs,73)
are two morphisms in VectBun,,, the isomorphisms f;(Pp) = f/(P)s are compatible under compo-
sition of f; and fy using the isomorphisms (fz o f1)*(P) = f5 fiP. This shows A4 4 is a natural
2-transformation.

Now let u € G be a morphism from (¢1,A;) to (¢2,A2). We want to show that the natural
transformation o, defines a modification between the natural 2-automorphisms Ag, 4, and g, a,.
This boils down to the fact that the diagram

[ (Py,) — [*(P)g,
lf*au(P) J{Uu(f*P) (4.15)
[ (Pyy) — [7(P)g,

commutes for all morphisms f : (X1, 1) — (X2, 72) in VectBun,, and G-structures (P, ) on (X2, n2).
Functoriality of A follows from oy, © 0y, = Tugu, -

To show that A is monoidal, we have to show that the monoidal data from Theorem [£.4.4] defines
natural modifications

>\(¢17A1)7(¢27A2) : )‘4527142 ° /\4517141 = /\¢20¢17A20A1'
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for all objects (¢1, A1), (p2, A2) € Aut(G — O,,). This natural modification is given by the iden-
tity ((Ppy)es, (@a,)a,) = (Pprogs, @a,4,) on a fixed object (X,n) of VectBun,. To show that
A($1,41),(62,4,) 18 indeed a modification, we only need for a morphism f : (X1,7:1) — (X2,72) that
the isomorphism f*(Py) = f*(P)e of G-structures is compatible with the equality (Pp,)g, = Pp, s
which is easy to see.

Next, we have to show that the monoidal data is natural in morphisms uy : (¢1, A1) — (¢}, A7)
and ug : (¢2, Az) — (¢%, A}), i.e. that the diagram

A($1.41).(62.42)
>‘¢2,A2 © /\¢17A1 )‘¢20¢17A2A1

J{UuQ *Ouq J{frugu,l
Ao, Al (). AY)

—>
Aoj. a5 © Agp Ay AT Y

commutes. This follows from the naturality of the tensor product, as discussed in Theorem [£.4.4]
Finally, we have to show that the monoidal data is associative, which again was discussed in Theorem

E14 O

Remark 4.4.12. The action of Aut(G — O,,) on G-Str®*® induces an action of Aut(G — O,,) on
homotopy G-structures G -Str”. This can be shown using naturality with respect to inclusions

X x {0} = X x [0,1] + X x {1}.

More generally, these considerations generalize from intervals to arbitrary simplices. Therefore,
there is also an action on the simplicial set G -Str’°?(X) of G-structures. This could be useful
for understanding orientation-reversal on (oo, 1)-bordism categories. In particular, it is most likely
relevant to define unitarity for topological field theories that are ‘extended upwards’, i.e. when the
target is an (oo, 1)-category such as the category of chain complexes of complex vector spaces.
However, we will not prove any of these statements. The main reason is that homotopies of G-
structures will not suffice; we will also be interested in (homotopical) G-diffeomorphisms in Chapter
which are more general.

4.5 Orientation-graded G-structures

In this section, we define the most general notion of orientation-reversal considered in this thesis.
To ensure we have a metric, we will work with G-structures that land in O,,, but this assumption is
not strictly necessary in this section. The starting point is a choice of Z/2-graded group G of which
the even part is G together with an extension of p:

Definition 4.5.1. An orientation-graded structure group consists of a structure group G — O,
together with a Z/2-extension G of G and a group homomorphism p : G — O,, compatible with p:

7)2 1

G G
Jp / (4.16)
On

with the triangle commuting. We will call G — 7./2 the orientation Z/2-grading of G and write the
reversing part in this grading G := G \ G.
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The main example to keep in mind are the spacetlme structure groups G (K) introduced in Section
| such as G = SO,, and G = O,, or G = Pin and G = Spin,,. In our notation for Z/2-subgroups
as explalned in Remark [3.1.10, we should thmk of the orientation-grading as valued in O, not in

Spin;. For the rest of this section we fix an orientation-graded structure group G — fERN O,,. The
following is analogous to [20, Definition 4.1]

Definition 4.5.2. Let (P, «) be a G-structure on n — X. The associated orientation-graded G-
structure is the principal bundle P := P xX¢g G together with the isometry & : P xg G = n given

by
a[[p, 9], v] == alp, p(g)v].

The property that p and p are compatible implies that & is well-defined. Note that since Gisa
G-torsor, P is the disjoint union of two principal G-bundles P=pru P, where P = P x¢ G and we
identified P xg G = P.

Definition 4.5.3. The bar of the G-structure (P,«) is (P,@), where @ is the restriction of & to
? Xa R™.

Lemma 4.5.4. Given a fived real vector bundle 1 with metric, (.) induces a 7./2-action on the
groupoid of G-structures on 1.

Proof. For ¢ : (P,a) — (Q, ) a map of G-structures, define ¢ : (P,a) — (Q, B) as

olp, g1 = [6(p), 4]

for § € G and p € P. This is well-defined since

[6(pg™ "), 93] = [6(p), 4]

for every g € G. It is a principal bundle map since

o(lp, 31 - 9) = [#(p), 991 = [(p), 3] - 9.

It is a map of G-structures since

Bllo(p), gl vl) = B([¢(p), p(9)v]) = allp, p(g)v]) = a(([[¢(p), 9], v])-

Composition is clearly functorial, so we have defined 6 as a functor.
Define a map pp : P — P by
[@7 gl]a g?] =Dp- (glgAZ)

The map is well-defined and G-equivariant because ¢G> € G. This is a map of G-structures by the
computation

E[[[pv gl]?QQ]’U} = a[p,ﬁ(§1)ﬁ(§2)v] = a[p7 ﬁ(gng)U} = O‘[p' (gng)a ’U],

so it is a geometric isomorphism of G-structures. It is a natural transformation because if ¢ :
(P,a) = (Q, 8) is a map of G-structures, then

llp, 91l 3] = [[8(1), 31, 3] > (1) - (1G2) = DD+ (§102)).
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Finally note that p = up by the computation

wpl(lp, 911, g2l, 93] = [ pllp, 911, 921), 3] = [P~ (9192), 93] = [P, (§192)33] = [P, 91](G293)

pplllp: 91l g2, 9s)-

Remark 4.5.5. From a more homotopical perspective, the orientation grading on G gives a fibration
BG — BG — BZ/2

or in other words a homotopy Z/2-action Z/2 — Aut,(BG). This induces a homotopy Z/2-action
on principal G-bundles. Moreover, the choice of p trivializes the pushforward homotopy Z/2-action
on O,:
BG —— BG — 22 B7)2
B [ H (4.17)
BO,, —— BO,, x BZ/2 —— BZ/2

This gives a homotopy Z/2-action on homotopy G-structures. For the orientation-grading on the
spacetime structure group corresponding to an internal fermionic symmetry group, the homotopy
Z/2-action on BG,,(K) defined by G,,(K) corresponds to the fibration

(wl (K)+w1 ;W2 (K)+w2 “+w1q (K)wl )

BG4(K) — BK;, x BOy4 B7./2 x B*Z/2,

where w; = w;(Pin}) € H(BOg;Z/2) are the usual Stiefel-Whitney classes. For G, (K°P) we would
instead get the fibration

(w1 (K) 4w ,wa (K)+wi (K)?+wa+wi +wi (K)wr)

BG (K) — BK, x BOy BZ7.)2 x B*Z)2.

Since we are taking the fiber of the map w;(K) + wy, the two maps w;(K)? and w? are homotopic,
so that BG4(K) = BG (K) compatibly with the maps to BKj x BO, in agreement with Corollary
3.2.151 However, the two fibrations are not isomorphic in general. Indeed, assume a homotopy
equivalence BKj, x BOy4 = BK}, x BO4 would be compatible with the respective maps to BZ/2 x
B2?7/2. Taking the homotopy fibers of the maps to B?Z/2 we obtain the classifying space of the
group classifying the corresponding Z/2-extensions. These two groups are Gd( ) = K ® Pin} and
G’;(K ) = K ® Pin; and we have seen that these are not isomorphic in general, see Example
Therefore the two Z/2 x BZ/2-actions can be different. We will soon see in a less homotopy-theoretic
way how they differ.

To get a more explicit algebraic understanding of (.) and connect to previous sections, let us
translate the short exact sequence to a cohomological description. In other words, we would like to
pick a nonabelian 2-cocycle representing a cohomology class in some nonabelian topological group
cohomology H?(Z/2; Q) classifying the extension G of G. We will not specify what type of nonabelian
cohomology we mean here but instead spell out the result explicitly. Fix a non-homomorphic splitting
of the short exact sequence , i.e. an arbitrary reversing element §; € G. Let ¢35, : G — G
denote the induced automorphism ¢z, (9) = §199; ! This automorphism could be inner, but it need
not be. For example, when G = SO, and G = O,,, we can take §; to be reflection in the nth
coordinate and conjugation with a reflection is not inner in SO,,. However, by construction ¢y,
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covers an inner automorphism of O,, given by conjugation with $(g1). In particular (¢, 5(g1)) is an
object of Aut(G — O,,). Also (po¢)(g) = G7gg; * is canonically inner and so we obtain an associated
morphism (1,1) — (¢2, p(§?) in Aut(G — O,,). Finally note that ¢(§3) = §7.

Ezample 4.5.6. |20, Remark 4.2] We consider the case where the extension is split. So let G — O,
be a structure group and ¢ € AutG an involution covering conjugation with A € O,,. Define
G=aG Xg Z/2. We can define p by p on the first factor and by A on the second factor. This is a
group homomorphism by the assumption that ¢ covers conjugation with A. A canonical splitting is
given by g1 = (1,—1) € G and we have ¢;, = ¢.

Example 4.5.7. Suppose we are given a strict geometric representation p : G411 — Op4+1. Recall
that

GV = {g € Gri1: pps1(g) € Oy o pry1(g) € 70110}

and p) : G = 0,, was defined to be pn41(g)

r» € O,. We obtain an orientation-graded group
1-5G, =GV »7/2 1.
Given a Gy-structure (P, o), its associated bar is by definition what we obtained in Lemma [4.3.11

P (b espio - (3 5)eon

with
o'[[p, 9], v] = alp, p(g)[rn (v)]-

Ezample 4.5.8. We restrict the last example to the case where G, 11 = G, 41(K) and we recall that
G (K°P) =~ Gg)(K) by Lemma Consider the splitting §1 = vep,41 ® 1 € Gg)(K), where
v € R™ is a vector of norm one. Note that g; is indeed reversing even though it is a preserving element
in G, ;1. Also note that g7 = —1, so this choice does not split the extension homomorphically. The

automorphism of GG,, induced by the splitting is
TREk — vep1 12110 @ k = (—1)'5”‘11301) k.

This is the same automorphism as the automorphism of G, induced by the splitting g1 = 1 ® v of
the extension G,, as explained in Example

Proposition 4.5.9. Let n — X be a real vector bundle. Fix a splitting g1 € G of the short
eract sequence , which does not necessarily square to one. Let ¢(g) = glggl—l be the induced
automorphism of G and set A := p(g1) so that (¢, A) is an object of Aut(G — O,,). Then P — Py
together with the isomorphism o2 : (Py)g = Py2 = P induced by the morphism §3 : (1,1) — (¢2, A%)
in Aut(G — O,,) defines a Z/2-action. There is a natural isomorphism

Tp : (P¢,QA) = (?, Q)

given by
Do = va gl]

which is an isomorphism of Z/2-actions.
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Proof. We already know P — Py is a functor and o2 a natural transformation. The two morphisms
Pys — Py are given by pys — (p§f2)¢ and pgs (p)qbeQ, which are equal because ¢(g; ) = g; °.
So this defines a Z/2-action.

For the equivalence of Z/2-actions, note that the proposed map is G-equivariant:

ps - 9= (p6(9))s = [Pd(9), 1] = [p, #(9)91] = [pg1, 997 91 = [p, §ulg-
It is a map of G-structures:
a[[p, gl]» U] = a[pv ﬁ(§1)v] =0A [p7 U]'

For naturality, let £ : (P,a) — (Q, 8) be a map of G-structures. Then

qu —_— ﬁ
l&b \F
Qy — Q
commutes since both ways to go through the diagram map p, to the element [£(p), §1] € Q. To check

that this is an isomorphism of Z/2-actions we have to show commutativity of the diagram

qu5 T
P¢2 e P¢ —_—

©, P
e
P=————=P
Moving in the diagram through the upper right corner gives
Pe2 = [P, 1) = [0, 1), 1] = p - (01)°
which is indeed 0g2. O

Proposition 4.5.10. Let K be a fermionic group and (P,«) a G, (K)-structure for n > 0. Let

el a® a3
(P’a) ’(P’a> ,(P,a) a(P7a)

@

denote the different notions of orientation reversal corresponding to the different extensions by Gn(K)
we defined. They are all isomorphic as G,,(K)-structures. The Z/2-actions induced by G and G®) are
isomorphic and those induced by G~ and GV are isomorphic. However, the Z/2-actions induced by

G and G~ have their isomorphisms Px~p different by a spin flip and so are potentially nonequivalent
when ¢ # 1.

Proof. It follows by Lemma that G, (K) = GS’)(K) and G, (K) = G%l)(K) compatibly with
the maps to O,,. Therefore the notions of orientation reversal they induce for G, (K)-structures is
identical and so are the induced Z/2-actions.

To show that all four groups (P, «) are naturally isomorphic, note that all four extensions admit
a splitting for which

oz @ k)= (—1)‘””'6”:56" Rk
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is the same involution on G, (K) lifting conjugation by 7, in O,,. Therefore by the previous propo-
sition, all these notions of orientation reversal are naturally isomorphic to (P, a) — (Pp, cur,, ).

To show that these are not isomorphic asAZ/Q—actions, note that the isomorphism P = P is
induced by §? for a given splitting g;. For G, (K) the splitting e, ® 1 squares to 1 in G, (K),
but it squares to ¢ in G, (K) and so the actions induced by G, (K) and G, (K) differ by ¢ on the

isomorphism P =2 P. O
Corollary 4.5.11. Let K be a fermionic group and G(K) the usual orientation-graded structure

group induced by K. Then there is a Z/2Xx BZ/2-action on the prestack G -Str®*° given by orientation-
reversal and the spin flip.

Proof. We have seen that given a vector bundle  — X, the orientation-grading induces a canonical
Z/2-action on G-Str®®°(n). This Z/2-action is isomorphic to the Z/2-action P +— Py induced by
a choice of splitting §; € G such as ¢(z @ k) = (—1)*lozv @ k for a fixed v € R”. We have also
seen that the latter gives a Z/2-action on the prestack G-Str®®° in Proposition The central
element ¢ induces a BZ/2-action on G -Str®®° as explained in Example A category equipped
with both a Z/2-action = and a BZ/2-action = — x. € Autz extends to a Z/2 x BZ/2-action if
rz = T.. This follows in our case because c is fixed by ¢. O

Functoriality of the Z/2-action induced by an orientation-graded group G with respect to vector
bundle maps now follows by combining Proposition with Proposition 4.4.11} We spell out
explicitly what this means. Let f : X; — X5 be covered by a vector bundle isometry p : 177 — 7o.
Then the pullback functor

G -Str®®° (X, mo) — G -Stré®° (X, m)

comes equipped with canonical Z/2-equivariance data as follows. If (P, &) is a G-structure on (X3, 72)
there is a canonical principal bundle isomorphism

[P=f"PxgG=f(PxgG) f*P.
This is a map of G-structures because the triangle

(f*P) xg G xg R" —— f*(P xg G) xg R"

-

f*P xgR"”
induced by p commutes. Note that
[*(PxgGxgG) +— f*(PxgG)xagG

J I

f*P ¢————— f*Pxc G xg G
commutes. If o : (P, 1) = (P, @) is an isomorphism of G-structures, then
J*PL —— [*P,
=l
[*Py —— f*Py

commutes.
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4.6 Hermitian pairings on G-structures

In the previous section we have defined a Z/2-action on the G-structures on a vector bundle coming
from an orientation-graded group
G—-G5%o0,.

In Chapter [p| we will extend this Z/2-action to a Z/2-action on the category of n-dimensional bor-
disms with G-structure and consider the induced anti-involution in the sense of Section After
establishing this, we will be interested in understanding Hermitian pairings on (n — 1)-dimensional
closed manifolds with G-structure with respect to this anti-involution. The goal of this section is
to establish the existence of certain isomorphisms between G-structures on vector bundles that will
induce such Hermitian pairings in Section [5.2

The general approach in this section is as follows. We fix a dimension n > 0 and a strict geometric
representation G, 11 — O,41. We take the orientation grading on the pullback G,, to be G = G%l)
so that the induced Z/2-action on G,-structures is P — P’ as in Definition Our goal is to
construct certain isomorphisms of G,-structures h : (P, o) = (P, ) on vector bundles of the form
(X,n @ R), where the star is as in Definition We warn the reader that even though P +— P’
is defined in terms of the star operation too, this is a reflection in one dimension higher so that one
can think of P™ as being ‘reflected in the top two dimensions n and n + 1’. Our construction of h
in Proposition unfortunately requires (P, «) to be a stabilization of a G,,_1-structure, where
Gn_1 — Op,_1 is the further pullback. To assume this without loss of generality we will need to
assume that the pullback G,, — O,, of G,,+1 — O, is again a strict geometric representation.
Namely, in that case the distinction between G,,_1-structures on 1 and G,,-structures on n @& R does
not matter.

Another problem we will face is that the isomorphisms A will turn out not to be a Hermitian
pairing on Y for this Z/2-action Y — Y in general, see Lemma For structure groups coming
from a fermionic group however, the hermiticity equation relating h and dh will still hold up to
a spin flip as we show in Corollary As a consequence, hy will define a Hermitian pairing
if we decide to modify the isomorphism Y” = Y by a spin flip by modifying the Z/2-action. By
Proposition the most important consequence will be a definition of Hermitian pairings for
the case where the orientation-grading on G, (K) is given by G = Gn(K ). However, when K is
a fermionic group, we have to be a bit careful when n = 1 when G,,(K) is not a strict geometric
representation and so not every G, (K)-structure is a suspension. We provide an ad hoc fix for this
problem in Lemma [£:6.11] This results in in Corollary [£.6.16] which provides Hermitian pairings
for the Z/2-action Y ~— Y that work in all dimensions. It is not clear to us how the analogous
construction of Hermitian pairings in [20], proposition 4.8] circumvents this issue in dimension n = 1.

We finish this section by comparing the Hermitian pairing on Y* with the Hermitian pairing on
Y. This will be a prerequisite for showing that the bordism category we will construct in Section
(2] is weak fermionically {-compact. This in turn is an essential ingredient in the proof of the
spin-statistics theorem in Section |6.3

We switch to the precise definitions of Hermitian pairings on vector bundles with G-structures.
Let G be an orientation-graded group and let (.) denote the induced orientation-reversal Z/2-action
on the prestack of geometric G-structures. Note that the identity map induces an isomorphism

P" = P* of G-structures because

(a)*[[p, g]v ’U] = rna[p, ﬁ(g)v] = E[[p, g]v U]'
This isomorphism is also clearly natural. We will later show that the induced isomorphism in the
bordism category is the one induced by the monoidality of the functor P +— P. We now define the
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notion of Hermitian pairing on G-structures, which is very similar to the notion we gave in Definition
2.3.4L The main difference is an inverse on the starred h coming from the fact that P — P* is a
covariant involution on G-structures. This will be reconciled when pushing the Hermitian pairing to
the bordism category.

Definition 4.6.1. A Hermitian pairing on a G-structure (P, «) is an isomorphism h : P — P" such
that the composition

*

pLP ) =P =P

1%
1%

NS P (4.18)

is the identity.

Note that a map h : P, — P, of G-structures uniquely extends to a map of G-structures h
Py — Py via hlp,§] = h(p)j. For a Hermitian pairing h : P — P we take P, = P and P, = P*,
which is equal to P as a principal G-bundle. In this description, the condition that h has to satisfy
simply reduces to hoh = idp. Conversely any map h:P—P satisfying h? = idp that is ‘odd in
the orientation grading of P’ defines a Hermitian pairing when restricted to P.

For now we work with general structure groups and start with an approach assuming the existence
of sufficiently many suspensions to compare P and P’*. The idea will be to pick a lift of a rotation
in G to rotate between P and P’*. It will be an application of the following general result.

Proposition 4.6.2. Let G, — Onir be a structure group for some k > 1,n > 0 and Gpy; —
Op+i(R) for 0 < i < k the structure groups obtained by strict pullback. Fix an element u € Gpyk
covering the matriz idgn ®A € Opik(R) for some A € Opyi. Let (Q,5) be a Gy -structure on the
vector bundle n — X and let (P, «) denote its k-fold suspension. Let (P,aa) be the Gy v-structure
onnd R* obtained by composing o with id,, ®A. If u € Gpyk centralizes Gy, :

ug' =g'v V¢ €G,
then the G y-equivariant extension of the multiplication by u map
hulg, 1] = [g,u] € s*Q

is an isomorphism of Gpyr-structures (P,aa) =2 (P,«). Moreover, this construction is functorial in
G, -structure maps on (X,n,Q).

Proof. The G+ -equivariant extension of hy is given by

hulq, 9] = [q,ug] g € Gnik.

This is well-defined because if ¢’ € G,,, then using the centralizing property

hulp, 9’9 = [p,ug'g] = [pg', ug] = hulpg', g)-

To show that it is a map of G, x-structures, it is convenient to separate the first n from the last k

coordinates
plg) = (2
By1 B/’

If v; € R™ and vy € R¥ then p(ug) = p(u)p(g) = (idg= ®A)p(g) implies

p(ug) vi\ _ ( Buvi+ Bav
Vg A(Bi1av1 + Baova) )
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Using such linear algebra we show h, is a map of G4 i-structures:

s*a([g, ugl, v] = (ag, pry ((idgr ©A)p(g)v)], pro((iden ©A)p(g)v))
= (aq, B11v1 + Ba1va], A(B12v1 + Ba22)va)

= (idn @A)(Ska[[qa 9}7 ’U])a

where pr; : R"** — R” and pr, : R"** — R* are orthogonal projections. To show functoriality, first
note that the construction (P, a) — (P, «4) is functorial. Now let f: (X1,1m1, Q1) — (X2,7m2, Q2) be
an isomorphism of G-structures potentially covering a nontrivial morphism (X7,71) — (X2,72). It
follows by direct inspection that the diagram of principal bundles

f
sfQ1 —— s*Q

I [

f
sPQ1 —— s*Qs
commutes. O

Remark 4.6.3. Note that the construction (P,«) — (P,a4) used in the above proposition is not
the same as the construction considered in Section Namely, we need the vector bundle to be
partially trivialized and we do not twist the principal bundle by an automorphism of G.

Remark 4.6.4. Proposition still holds true in case when p, 1 only lands in GL,1,(R). Note
also that we assumed A € O, in the proof to make sure a4 is an isometry.

Remark 4.6.5. Note that in general hy[q,g] = ¢, ug] # [¢, gu]. Intuitively one can think of h, as
given by ‘multiplication with w on the left’. Namely, right multiplication with a noncentral element
u of G does not provide an automorphism of a principal G-bundle. However, left multiplication with
u on a trivial G-bundle does provide an automorphism. Since in the above proposition the G-bundle
is ‘trivial in the last k& directions’ and u ‘commutes with the other n directions’, h,, is well-defined.

Ezample 4.6.6. Let K be a fermionic group, & > 2 and pick u = vw ® 1 € Gpir(K), where

v,w € R¥ C R™* are orthonormal. Since [vw| = 0, u centralizes Gy,(K). If (Q,«) is a Gy (K)-
structure on 1 & R¥, then hy[g, g] = [¢, (vw ® 1)g] is an isomorphism (s¥Q, s¥a) = (s*Q, (s*a) )

Consider a pullback arising from a strict geometric representation

GnLOn

l l (4.19)

Pn+1
Gn+1 ? On+1

for n > 1. We also consider the further pullback to G,_1 but will not assume G,, — O, is a strict
geometric representation. Given a G,-structure (P, ) on n @R we can talk about (P, a)* = (P, a.,)
and about (P,a) = (s~ (sP)*,s !(sa)*) = (s '(sP)*,s !(sa),,.,). We emphasize again that we
are now using the star in the ‘two directions’ n and n + 1.

Corollary 4.6.7. Let u € Gy be a lift of A = 1,1 y1 € O, that centralizes Gy and let (Q, 3)
be a Gp_1-structure on 1. Then the desususpension of h, gives an isomorphism h, : (sQ,sB) =

(sQ,s8)".
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Proof. We only have to show that s~!(s*Q, (s*5)4) gives us (sQ,s3)"*. Then we can define h, :=
571 (hy)~! which finishes the proof. For this note that by a similar computation as in the proof of
Lemma [4.3.11] the principal G,,11-bundle is

{la, 9] € 5°Q : rurnia(s*Bla. g]) = (0,1) € (n® R) R} = (sQ)'

since the reflection 7, is irrelevant in the argument. As principal G,,-bundles (sQ)" = (sQ)"*, so this
is the correct desuspension. The G,,-structures also agree by a computation

5T (5B rrnir 1491, 0] = Prygr ((58)r,rnn [0, 9], (0,0)]) = rogr Proer (s8lg, 9], (v,0)])
=rny1(8)a, 9],v] = (8)"[la, ], v]-

O

If [g, g] € sQ the explicit definition of h, : sQ — (sQ)"* is given by hlg, g] = [g,ug]. Note that
indeed p(ug) = rprn+1p(9) € Tn+10y so that ug € GJ,.

Remark 4.6.8. In the proof, it is crucial that the G,,-structure on n®R is a suspension. When working
in a purely homotopical setting this distinction is irrelevant, but in geometric settings it depends
whether G,,-structures on nn @ R are always suspensions. This need not be the case if G,, — O,, is
not a strict geometric representation.

From now on we sometimes abusively write v for elements of G,,(K) of the form v ® 1.

Corollary 4.6.9. Let K be a fermionic group, n > 0, G, := G, (K) and let (Q, 8) a Gp—1-structure
on 1. Then there is an isomorphism h, : sQ — (sQ)"™* given by hlg, g] = [q, cent1€ng].

Proof. This follows by Corollary because u = ce, 416, stabilizes G,,—1(K). O

Remark 4.6.10. Not that in the above corollary we could have chosen the other lift v’ = e e,11 @1 =
—ept16n ®1 € Gpy1(K) of rprpg1. Given the order in which the prime and the star occur in P’* it
does seem to be more natural to use e,e,11. To get an isomorphism P — (P*) it would be tempting
to then use the other lift e, 1e,. However, then the diagram

P ha Pl*

l"“'/
(P

will not commute; the two directions differ by the spin flip automorphism. So we really have to
make an arbitrary choice between ene,4+1 and e,yie, in the construction of h, once and for all.
This choice will however not affect anything by the discussion at the beginning of Section [2.6] and
we prefer this sign convention because then the isomorphism P" =~ P for the orientation-grading
coming from a fermionic group will not have a sign.

The proof of Corollary [£.6.7] also works for n = 0, but still we restricted to n > 0 in Corollary [£.6.9]
The reason is that an oriented structure group G; — SO; is not a strict geometric representation
and so there is no desuspension in general. As a consequence, a negatively oriented point will not
fit in the above framework and so we need to define h, in a different way, also see the discussion
at Example [£.3.12] We will refrain from defining h,, for general structure groups in dimension one,
instead focussing on G,, = G, (K) coming from a fermionic group and u = ejea @ 1 € Gy(K).
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To motivate the definition, let us first assume K has reversing elements so that all Gy (K) = K°P-
structures on trivial bundles are suspensions of some G (K )-structure and so h,, is already defined by

Corollary Let Q be a Go(K) = K es-structure so that sQ = Q xg,,., K = (sQ)1 U (sQ) -
where Py are defined as in Example Then by definition hy[q, 1] = [¢,u] when [g,1] € (sQ)+
but when [g, g1] € (sQ)— where g1 € G1(K) is reversing, then hy[q,91] = [¢,ug1] = [g, cg1u]. Indeed,
it follows by a short computation that g; = e; ® k € G1(K) anticommutes with u:

(—6162 X 1)(61 (24 ]C) = —e1e3e1 Qk =¢1e169 Rk = (61 ® k‘)(€1€2 (24 1). (420)
We use the same formula to define h,, in case K = Kpes:

Lemma 4.6.11. Let (P, o) be a G1(K)-structure on R — X and define
Py :={peP:apl]==1}

Let u= —ejea ® 1 € Go(K). Then hy : P — P'™* given by

_ JIp,ul =[p,—ered] pe Py
=y el e

defines an isomorphism of G1(K)-structures. Moreover, in case P is a suspension, the h, agrees
with the isomorphism obtained from Corollary[{.6.]

Proof. We have ug = c!9!gu for all g € G1(K). This is clear for preserving g and follows for reversing
g by the computation (4.20) above. Therefore h,, is G1 (K )-equivariant. To show it is an isomorphism
of G1(K)-structures we compute for v € R and p_ € P_ that

o [pv cu, U] = a[p, —p(CU)hR@o(U)] = a[p, ’U].

The same computation without ¢ applies when py € P,. In case P = s@ this agrees with the
formula of Corollary by the discussion directly above this proposition. O

Remark 4.6.12. By the same proof, the map defined by h,, (p) = [p,u] for all p € P would also give
an isomorphism P — P’™*. However, this formula is not only inconsistent with Corollary but
it will also lead to the wrong notion of unitary topological field theory. Namely in the case where
K = Spin,, we see that h,, is the same as h,, on a positively oriented point, but different from h,, by
a spin flip on the negatively oriented point. As a consequence the spin bordism dagger category will
be weak dagger compact, instead of the desired weak fermionically dagger compact. In particular,
it will make the double of a half-circle the periodic spin circle, which is not bounding. This is a
problem for the spin-statistics theorem, as discussed in the introduction. Our intuition for this is
that in spacetime dimension one there is not enough room to encode the fact that ‘rotation by 27
gives ¢’.

Remark 4.6.13. Let (P, ) be a Gy (K)-structure on R — X. Then P always has a nontrivial + and
— part. For example note how

(P)y ={lp.k®e]:pe P-yU{[pk®1]:pe Py}
ngGl(K) él(K)

independent of whether k € K is time-reversing.
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We now come to the question of whether the isomorphism h, : P — P’* defines a Hermitian
pairing on P. For bosonic symmetry groups, it turns out that it does, but for general structure
groups it does not. Essentially, the error term to h, being a Hermitian pairing is u? € G,,,1 not
being equal to 1, i.e. whether a 27 rotation lifts to a trivial element in G,,4+1. In particular, for

fermionic symmetry groups, h, will square to a spin flip.

Lemma 4.6.14. Let h, : P — P'™* denote either the isomorphism constructed in Corollary or
the one of Lemma|4.6.11| for the special case where Gpy1 = Gr1(K). Then the composition

p L pr M (prye e prer e ple p (4.21)
is given by 2.

Proof. For n > 0, let (@, 3) be a Gp,_1-structure on n and P = sQ its suspension. Given our as-
sumptions G, (K) — O, is a strict geometric representation and so the choice (Q, 8) of desuspension
is unique. Note that we have p(u?) € O, and so by the strict pullback property u? € G,. This
element centralizes G,,_1 so that h!. : sQ — sQ is defined. We obtain

P'=Q %G, , Gn %c, (GP) = Q xq,_, (GIV)*

and multiplication in (GSLI))”"“ gave the isomorphism

P’ = Q Xa, (Ggll))refu Xa, (Ggll))rev N Q X Gn —pP

n—1
The stars do not change anything for the principal bundle morphisms and so the desired composition
is

4, 9] = (g, ug] = [q,u’g].

Noting that h,(p) € Py if and only if p € Py, a similar computation applies to the formula of Lemma
NN O

Corollary 4.6.15. Let K be a fermionic group and h, : P — P’ the isomorphism induced by
u=epentr1 ® 1. Then the composition (4.18) is given by the spin flip automorphism of P.

Proof. We have that u? = ¢ is central and so h,z2[p, g] = [p,u?g] = [p, g] - ¢ as desired. O

We conclude that if K is bosonic, G, (K )-manifolds have canonical Hermitian pairings with
respect to the Z/2-action P — P’. However, when ¢ # 1 the canonical candidate Hermitian pairings
square to c instead. Note that it follows from the fact that there exists some h : P — P’* such that
the composition is given by the spin flip that in general there is no Hermitian pairing on P. It
follows by the discussion in Section that in case the spin flip automorphism admits a square root,
then a Hermitian pairing for P — P induces a Hermitian pairing for P — P’. However, a square
root of the spin flip automorphism does not always exist. The case where G(K) = Spin already gives
a counterexample. In fact, we will see in Example that the Z/2-action on the spin bordism
category induced by P+~ P’ does not have Hermitian pairings on all objects.

We can solve this problem by changing the isomorphism P” = P with a spin flip. This will make
the Z/2-action isomorphic to the Z/2-action P + P induced by the orientation-grading G(K) —
G(K) by Proposition
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Corollary 4.6.16. Let K be a fermionic group and let P — P be the Z/2-action induced by the
orientation-grading G, (K) on Gy (K). If (P, ) is a G, (K)-structure on n @ R it has o Hermitian
pairing h such that under Proposition it corresponds to h, : P — P'*. Explicitly it is given by

hlg, 9] = [g.eng] [0,9] € Q' = Q xq, ,(x) G (K)
ifn>1 and Q is a desuspension of P and
D, €n p e P s
hp) = | e +
[p7 7677,] pE F)_7
ifn=1.

Proof. The proof is immediate, but we derive an explicit formula for h. We start by writing out the
isomorphism P 2 P’ more explicitly. Recall that G, (K) = el (K) via

m@kH{x®k 2] = [H,
ent1t @k || # [k|.
This defines the natural isomorphism fp : P =2 P’ as
frlp, gl = frlp.ent19] §€G.
If x ® k € G, (K) we obtain in particular
ent @k enirent @k = —epen 1z @k € GV(K).

Now suppose n > 1 so that G, (K) is a strict geometric representation and we can assume without
loss of generality that P = s(@ is a suspension. We then obtain the formula

hlg, g = [g, eng]

For n = 1 we use Lemma, to obtain for p € P a G1-structure on 7 = R which is not necessarily
a suspension the isomorphism P — P given by

_ [p, €x] p € Py,
hp) = {[p, —en] pEP_.
O

Remark 4.6.17. To check that fp indeed defines an isomorphism of Z/2-actions the reader is invited
to write out explicitly the formulas that show the diagrams

P—<5P+— P

P,
and -
Pt P
J{fp pr/
ﬁ’ fp pr

commute.
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Remark 4.6.18. Recall the discussion in Remark about picking the other lift —u instead of w.
This will eventually change what we call a positive pairing on the bordism category from h : x — dx
to h: z = x — dx. This is analogous to the choice in super Hilbert spaces between calling odd
vectors with norm +4 positive versus calling —i positive. Since the spin flip will give the BZ/2-action
on the bordism category, this operation will map the positivity structure P on the anti-involutive
bordism category to the modified positivity structure P_;yr in the sense of Section @ It follows
by modifying the identity functor by the self-adjoint natural automorphism (—1)f that picking the
other lift will give an equivalent symmetric monoidal dagger category, also see Proposition [2.6.3

Remark 4.6.19. It follows by the naturality discussed in Proposition[£.6.2)that the Hermitian pairings
in Corollary are natural in case P is the suspension of a G,,_1 (K)-structure Q). More precisely,
if f:(X1,m) — (X2,7m2) is a morphism in VectBun,,_; which is covered by a morphism (Q1,31) —
(Q2, B2), then it intertwines the Hermitian pairings on the suspensions s@; and sQs.

Ezample 4.6.20. For r a prime, let G5 := Spin} be the r-fold connected cover of SOs so that
Spin% = Spin,. Then any u € G5 lifting a rotation by 180° satisfies that u? is central of order r and
so generates a BZ/r-action on G-Str by Section The composition is the generator of this
action. Note that when r # 2 we cannot perform the same trick of changing the Z/2-action P — P’

by the generator of this action, because if u? does not square to 1 the isomorphism pp : P = P will
not satisfy the desired [rp = . We also remark that if » > 2, then G5 is an example of a structure
group for which a stabilization G3 does not exist even homotopically in the sense that

BGg — BOg

| [

BG2 Emd BOQ

can never be a homotopy pullback. This follows by a computation using the grid of long exact
sequences associated to the above diagram by using that parallel maps in a homotopy pullback have
homtopy equivalent fibers.

We have successfully constructed Hermitian pairings on G,,(K)-structures (P, ) on vector bun-
dles of the form @R for the Z/2-action P — P induced by the orientation-grading G, (K) — G,,(K)
The final goal of this section is to ask how the Hermitian pairings on P and P* are related. This is
an essential ingredient in proving that the bordism category is weak fermionically dagger-compact,
which in turn is essential to prove the spin-statistics theorem, see Corollary Looking at the
formulas, it is very tempting to think that Ap« will become the dual Hermitian pairing of hAp in
the bordism category in the sense of Definition 2:7.12] However, a subtlety in the definition of the
Hermitian pairing on (P,«) is that the definition depended on a choice of desuspension (Q, ) of
(P, o). We already know of a desuspension of (P, «)*; it is the prime in the nth direction. The fact
that the Hermitian pairing on P* will differ with the dual Hermitian pairing with a spin flip is now
a consequence of the following computation.

Lemma 4.6.21. Let g € (G£le1)rev; i.e. an element of G, (K) satisfying

plg) = <61 _01) € Oy.

Then g anticommutes with 1 ® e,,.
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Proof. Write g = k ® ze,, with z € Pin;_,. Compute

g1 ®ey) =k ze2 = (-1)k @ e ze, = (-1D)IFHF(1 @ e,)(k  ze,)
Since |z| = |k| + 1 this finishes the proof. O

Corollary 4.6.22. For n > 0 let (Q,5) be a Gp_1(K)-structure on (X,n) and let (P, «a) be its
suspension. The diagram

p* hpx ﬁ*

commutes.

Proof. Recall that (Q, )" is the desuspension of (P,a)* and Q' = @ xg,_, (Gi}ll)m by Lemma
4.3.11] By the previous lemma we have for [q,g] € Q' that

hP* [q7 g] = an 9]7 en] = [[Q7 0]7 eng]
This differs from A} with multiplication by ¢ € G, (K). O
The above statement is similarly true for n = 0 when we take hp to be the map of Lemma

However, the proof is completely different; it follows from the fact that (Py)* = (P*)+.

Remark 4.6.23. In work in progress [44], Kreck, Stolz and Teichner have constructed an isomorphism
P=P" of G (K)-structures of which the definition does not depend on a choice of desuspension of
the G, (K)-structure. In particular, it does not require a workaround for n = 1 and K = K., as
in Corollary but agrees with our formula in all dimensions.



Chapter 5

Fermionic bordism

5.1 The bordism category

In Chapter [4] we studied orientation-reversal of G-structures on vector bundles over topological
spaces. We will now restrict to the case the space is a manifold and the vector bundle is a suitable
stabilization of the tangent bundle. To make a bordism category we will then also be interested
in bordisms between such manifolds with G-structures. Since we will only consider the classical
nonextended notion of topological field theory in this thesis, many of the subtleties in defining the
bordism category are not relevant, but we will point out some of the relevant modifications towards
the end of this section. We decide to work with the following definition of the bordism category,
which will be technically convenient for topolological field theories.

Definition 5.1.1. Let G — O,, be a structure group and let (YO”_l, Py, ap), (Y"1, Py, o) be closed
(n—1)-manifolds with G-structures. Then a G —bordisrrﬂ X : Yy ~» Y] consists of a compact manifold
X with boundary and a G-structure (@, 8) together with a partition of the boundary into two parts

0X = (0X)in U (0X) out
and G-diffeomorphisms

(}/E)n_17P07a0)* = (XaQ,ﬁ)|(8X)m7 (Yln_laplaal) = (X7Q7ﬁ)‘(8X)out'

We provide some explanation on how to think of the two parts Yy and Y7 of the boundary
pictorially and in particular why we take the starred G-structure Y in the definition, also see Figure
The main idea is that we want the normal vector field to point in the direction in which time
flows. Recall that implicitly, a G-structure on an (n — 1)-dimensional manifold Y is a G-structure on
the once stabilized tangent bundle. We prefer to think of the single stabilization of TY as a choice
of vector normal to the space Y inside spacetime in say the positive time direction, which is also the
direction in which we will compose bordisms. More precisely, given a compact Riemannian manifold
X, we get two isomorphisms TX|gx = TOX @& R given by choosing either the normal inward or
outward pointing vector field. These two isomorphisms differ by the vector bundle automorphism
idrax @ —idr. We once and for all decide to trivialize normals to boundaries of manifolds with their
outgoing arrows. Note that to get the canonical isomorphism T X |gx & TOX @ R, it was crucial for
our structure group G to land in O,,.

1Some authors refer to bordisms as ‘cobordisms’. For us, these two terms are synonyms.

133
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X

Figure 5.1: An n-dimensional bordism X from the (n — 1)-dimensional manifold Y; to the (n — 1)-
dimensional manifold Y7.

Now assume X has its boundary decomposed as X = (09X );, U (0X)ous which we think of as a
spacetime going from (90X );p, to (0X)ous. Then we want to use the opposite normal vector for (90X )y,
and (0X),us so that the vector points into the spacetime for (9X);, and out of the spacetime for
(0X)out- This is the reason we have to take the star of only (0X);,; the star performs the operation
of composing the G-structure datum o by idry @ — idg. We will see later that this reversal will
define a canonical categorical dual of objects in our definition of the bordism category. This also
motivates our convention for trivializing a boundary with its outgoing arrow; we want to think of a
bordism from Y to Y7 as equivalent to a manifold with boundary Y7 LY, similarly to how we can
think of a linear map from V; to Vi as an element of V; ® Vj".

Remark 5.1.2. In the definition of a G-bordism we allow Y and Y7 to be empty. For example, closed
n-dimensional G-manifolds are endomorphisms of the empty set.

Definition 5.1.3. The (topological) bordism category Bordg’nfl associated to a structure group
G — O,, has objects closed (n — 1)-manifolds with G-structure and morphisms G-bordisms modulo
G-diffeomorphism relative boundary. Composition of bordisms X : Yy ~» Y; and X' : Y7 ~ Y5 is
given by gluing along Y7. In order to make the result smooth, we first pick G-diffeomorphisms of
X and X' relative boundary with bordisms X and X’ which are of the form Y; x [0,1] near the
outgoing respectively incoming boundary.

Here a G-diffeomorphism relative boundary between (X, Q, 8) and (X', Q’, 8’) from (Yp, Py, o) to
(Y1, P1, 1) is a G-diffeomorphism which commutes with the two G-diffeomorphisms at both bound-
aries, e.g. Yy = (0X)in — (0X')in = Yy is the identity. Recall that G-diffeomorphism refers to the
weak homotopical notion of Definition [£.1.11} not the strict notion of a geometric G-diffeomorphism.
This single choice of definition is what makes [5.1.3] define a topological bordism category in the
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sense of topological field theory; it cannot distinguish different metricsﬂ For example, even though
objects of the bordism category come equipped with a Riemannian metric, morphisms are equiv-
alence classes of Riemannian manifolds with extra structure and the Riemannian metric does not
preserve this equivalence. If two objects are G-diffeomorphic, they will be isomorphic in the bor-
dism category by a mapping cylinder construction, see Corollary Since G-diffeomorphisms in
general do not preserve the metric, this in particular will imply that diffeomorphic but nonisometric
(n — 1)-dimensional closed manifolds become isomorphic in the G = O,-bordism category.

Remark 5.1.4. Physically we think of the bordisms as spacetimes. In particular, since objects of the
bordism category represent space at a specific time we sometimes refer to them as time slices.

To define the composition in the bordism category, we used the existence of smooth collars. For
this it is essential that we chose to work with G-structures up to the homotopical notion of G-
diffeomorphism. For example, two Riemannian manifolds with isometric boundaries need not glue
together to a well-defined metric on the composition. Note also that composition is well-defined; the
G-diffeomorphism class relative boundary of the composition is independent of the choices of X and
X'

The cylinder Y x [0, 1] on the closed (n —1)-dimensional G-manifold Y with G-structure constant
in the time direction and the decomposition of the boundary into the two copies of Y defines the
identity on Y. For this it is again crucial that we take the homotopical notion of G-diffeomorphism;
this tells us that enlarging a bordism X from Y7 to Y5 with G-structure constant in the time direction
around Y7 with ¥7 x [0, 1] around the source does not change the G-diffeomorphism type relative
boundary of X. The bordism category becomes monoidal under disjoint union and symmetric using
the canonical diffeomorphisms Y; LI Yy = Yy L Y.

Remark 5.1.5. Given a bordism X from Yj to Y7, there is a canonical way to view it as a bordism
from Yo UY7* to 0 or as a bordism from () to Y UY;. Applying this to the identity on Y we get
canonical morphisms evy : Y* UY ~» 0 and coevy : @ ~ Y* UY that realize Y* as the dual of Y.

Remark 5.1.6. We could have also defined a bordism from Yj,, to Y,,: to be a G-manifold X with its
boundary decomposed into two parts X = (0X ), U (0X ) eyt with the property that (0X);, = Y
and (0X)out = Your as G-manifolds. This defines an equivalent category and is the definition of
the bordism category used in [45]. Forgetting the boundary parametrization conveniently decreases
the amount of data one has to carry around. However, it would make the construction of the
mapping cylinder functor from the groupoid of G-diffeomorphisms to the bordism category more
opaque because it would force the gluing by the G-diffeomorphism to be at some arbitrary slice in

the interior of the bordism. It also does not generalize well to more geometric bordism categories.

We make a couple of remarks that are relevant for generalizing the notion of bordism to higher-
categorical and more geometric situations, also see [70] [71].

Remark 5.1.7. If we would want to define an (oo, 1)-category, we would not quotient out by G-
diffeomorphisms relative boundary. Instead we would make a moduli space of G-bordisms between
two fixed closed G-manifolds of which the connected components are the morphism sets of the bor-
dism category of Definition[5.1.3] For this it is convenient to require an embedding of all bordisms into
R>°. This space has enough room to avoid knotting and embedding spaces have a natural compact-
open topology. We get a space of bordisms between two fixed embedded manifolds, so this allows for
topologically enriched categories which are models of (0o, 1)-categories. (oo, 1)-bordism categories

2Unfortunately the terminology is such that topological field theories do require smooth (not just topological)
manifolds. A further unfortunate clash of terminology concerns the study of topological categories of bordisms. This
is one popular way to define bordism (oo, 1)-categories.
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are relevant for topological field theories with suitably derived targets, such as the (oo, 1)-category
of chain complexes over the complex numbers. This target could be relevant for other applications
in mathematical physics, such as cohomological field theories and the BV-BRST formalism.

It can also be convenient to fix the boundaries to fixed hyperplanes in R* to define composition.
This approach is also useful to build an (oo, n)-bordism category, see [17] for an introduction to
this topic. For a definition of the (oo, n)-bordism category as an n-fold complete Segal space, it can
furthermore be convenient to describe (higher) bordisms as manifolds equipped with certain cuts
along submanifolds. We refer to [10}, 24] for details.

We provide a discussion on how to change the objects of the bordism category appropriately in a
fully geometric setting. The first naive guess will be to not identify bordisms if they are homotopically
G-diffeomorphic relative boundary, but only when they are geometrically G-diffeomorphic relative
boundary. However, we have seen in that case that composition of bordisms will not be well-defined
because the G-structure might not glue well along the boundary. To fix this this, we realize that in the
topological setting we can equivalently think of bordisms as manifolds X in which the ‘boundaries’
sit inside it with a small cylindrical collar Y x (—e¢, €), which allowed us to glue. For clarity, we
provide some precise elementary comparison results with the previous formulation. With further
applications to higher-dimensional bordisms in mind, we work in a more general setting where we
replace the interval with an arbitrary contractible patch.

Lemma 5.1.8. Let Y be an n-dimensional manifold, G — G L+, (R) a structure group and (Py, By)
a G-structure on TY ® RF. There is a canonical functor

{G — structures on TY ® R*} — {G — structures on T(Y x RF)}. (5.1)
induced by Py gr := Py x R¥ =Y x R* for a G, p-structure on TY @ R*.

Proof. The statement follows immediately from the prestack structure on G-structures applied to
the projection map pr; : Y x R¥ — Y| since the bundle TY & R* over Y pulls back to the tangent
bundle of Y x R¥ using the specified direction in R¥:

T(Y x RF) = TY x TR* = (TY — V) B (R* = R*) = (TY @ RF) x R*.

We write out concretely what this means for the G-structure: make Py g+ into a principal G-bundle
over Y x R* by equipping it with the G-action only acting on Py. Now Py, gr becomes a G-structure
on T(Y x R¥) via the map

By xrr[(p,1),v] = (By [p,v],t) € (TY @ RF) x R*.
O

In particular for £ = 1 we see that Y X (—¢, €) has a canonical induced G-structure for every e.
Note that taking two different €; < es will give the same G-structures when comparing under the
G-embedding Y x (—e1,€1) < Y X (—€2, €2). Without including metrics, the functor of Lemma[5.1.§]
is not essentially surjective for geometric G-structures: it maps to G-structures that are constant in
the R¥-direction. In particular for k¥ = 1 these are only the G-structures that are constant in the
time direction. Now suppose G maps to O, 4+ so that Y has a metric, then the functor

{G — structures on TY @& R} — {G — structures on T(Y x R¥)}
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Figure 5.2: A picture of a bordism X in a definition that is more suitable for generalizations to
non-topological functorial quantum field theories, following Stolz-Teichner [70, [7I]. The middle
blue region X is called the core and should be thought of as the ‘actual bordism’. The incoming
green region Xy and outgoing purple region X; stretch out to infinity and should be thought of as
‘redundant data’. The bordism goes from the object Yy, which comes equipped with little collar
Yy x (—e€q,€0), to the collar Y7 X (—e,€1). These collars lie partially inside the core and partially
outside as pictured.

equips Y x R¥ with the product with the Euclidean metric. Furthermore, if G is a strict geometric
representation, the groupoid of G,,4-structures on 7Y &R is equivalent to the groupoid of G, —1-
structures on TY via the suspension functor. If the pullbacks G,,_; continue to satisfy the strictness
hypothesis, this is similarly true for G,,-structures 7Y and G,,;-structures on 7Y & R”. Since we
will be working with G-structures homotopically in Definition the data of the metrics in this
discussion will be irrelevant.

We can now formulate bordisms without ever referring to (n — 1)-dimensional manifolds in the
first place as follows, we refer to [70, [71] for details. Even though the following formulation is only
necessary for non-topological bordism categories, we still think of it is as being pictorially convenient
for topological field theory, especially for confusions concerning orientations and in- versus outgoing
boundaries. Therefore we sometimes prefer this picture in proofs. However, it is more technical and
elaborate to formulate. Let (P, ap) and (Py, 1) be G-structures on Yy x (—eq, €g) and Y1 X (—e1,€1)
respectively. A geometric G-bordism from (Yp, Py, ap) to (Y1, Pi, 1) is a not necessarily compact
G-manifold X without boundary, together with a decomposition of X =X, Uax), X Uax), X1 into
three parts, see Figure [5.2] Here X is a compact manifold with boundary called the core, which
we think of as the ‘actual bordism’ and agrees with what we called X before. The subsets X and
X, are respectively what happened in the past before Yy happened and what will happen in the
future after Y3 happened. We then require the G-manifold X to come equipped with G-embeddings
of Yo x (—€p,€0) and Y7 X (—e€1,€1) so that the collars get embedded in the correct subsets. More
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precisely, one requires that Yy x (0, €9) maps into Xg, Y7 X (€1,0) maps into X; while Y; X (eg, 0] and
Y7 x [0, €1) map into X. Here we adopted the convention that time flows in the negative direction or
in other words: bordisms go from right to left. We prefer this convention because then composition
corresponds to the usual order of composition for functions. This also explains our convention for
the directions of the diffeomorphisms from the boundaries in Definition [5.1.3| and the direction of
the normal vector is the direction time flows.

We will want to identify two such bordisms X and X’ if there exists a G-diffeomorphism between
their cores X 22 X’ that extends to some neighborhood inside X. However, it does not have to extend
to all of X; we want to ignore everything that happened before Yy and after Y;. This formulation
makes precise the idea of having a bordism together with a small collar which we can use to make
gluing of bordisms well-defined.

One issue of the above definition is that the boundaries of the bordism depend on € and on the
G-structure on all of the area surrounding Y. Instead we want to identify objects with different e
by looking at G-embeddings for two different e. We then need to take germs of collars around Y in
the sense that we will identify Y x (—e€1,€1) and Y X (—ea, €9) if there exists Y X (—e3, €3) for some
€3 such that €3 < e and €3 < €; and G-embeddings

Y x (—63,63) —Y x (—61,61) Y x (—63,63) — Y x (—62,62).

Note that for G = O,, if we do not quotient by the homotopical notion of G-diffeomorphism, the
cylinders Y x [0, ¢] of different sizes give potentially non-identity bordisms. These will correspond to
evolving time on the space Y by the amount ¢, i.e. for a functorial field theory they will be mapped
to the time evolution operator e~ * where H is the Hamiltonian. Moreover, ¥ will no longer be
categorically dualizable, so that functorial field theories can assign infinite-dimensional state spaces
to time slices.

Remark 5.1.9. In the above discussion there was no need to impose any restrictions on how the
G-structure of a collar Y x (—¢, €) varies in the time-direction. We already discussed the option that
it is constant in the time direction, but another interesting but weaker assumption is to require it
to be symmetric under reflection over the center Y x 0. In other words, the G-structure might be
stable under pullback by the diffeomorphism

S:Y x(—€,€) > Y x (—¢€,€)
(yat) — (yv _t)'

This is a necessary assumption for the collar to have the chance to admit something like a Hermitian
pairing. Indeed, the constructions we saw in Section all require a reflection. This connects with
the original idea of reflection positivity that pairs of fields that are reflected towards each other by
time-reversal to obtain a nondegenerate positive pairing, also compare with the discussion in [43] in
the ‘unitarity’ subsection. We can only perform such an operation if the collar is preserved under
this reflection. As a consequence, the state spaces of unitary non-topological functorial field theories
associated to such symmetric time slices are expected to be Hilbert spaces, but general time slices
are not. The starring operation Y — Y™ is also closely related to pulling back along S. This will be
made precise now in Corollary [5.1.11]

In order to make the above discussion about Hermitian pairings more precise and relate the
operation of reflecting the direction of time of a collar Y x (—¢,¢€) to the star operation, we first
prove a general lemma.
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Lemma 5.1.10. Let Y be an n-dimensional manifold, G — GL,1;(R) a structure group and
(Py, By) a G-structure on TY ®R”. Let A € GLy(R) induce the diffeomorphism Sa : (y,v) — (y, Av)
of Y x RF. Then Sa induces a canonical G-diffeomorphism between the images of (Py,By) and
(Py, (By)a) under the functor . If additionally, G — Opyy and A € Oy, then S4 is an isomet-
ric G-diffeomorphism.

Proof. The map
S, : Py x RF = Py x R”

given by the identity on Py and A on R* is a map of G-principal bundles covering S4. Under the
isomorphism T(Y x R¥) = (TY @ R*) x R* the differential of S, is given by the identity on TY and
(x,v) = (Az, Av) on (z,v) € TR* = R* x R*. We see that the desired diagram

(Py x R¥) xg Rk 52y (P x RF) x g R7HE

lﬁy l(idTY ®A)oBy

T(Y xRF) —— 45, T(Y x RF)
commutes. Since S4 is an isometry if A € Oy, the last statement follows as well. O

We can thus represent (P, a)* as the collar Y x (—e, €) reflected along the middle of the interval:

Corollary 5.1.11. Let k=1,A = —1 € Oy so that

S,

Tn41

(Y X (—€,6) 2 Y X (—¢,¢€)

is the reflection of a collar along Y. Then (Py,By) and (Py,By)* become isometrically Gpi1-
diffeomorphic under S after applying the functor (5.1).

Next, we discuss the consequences of the above lemma for Hermitian pairings between bordisms.

Corollary 5.1.12. Let k = 2 and let A = roty € SO2 denote anti-clockwise rotation by t € R/2w7 =
S1. We obtain an S'-family of isometric diffeomorphisms of Y x R?, which for a fived t € R/277Z
gives a Gp41-diffeomorphism between images of (Py,By) and (Py, (By )rot,) under the functor .
Fort = in case (Py, By) is the suspension of Q, then (Py, (By )rot,) s the suspension of Q*.

The above corollary gives us a more geometric viewpoint of what Hermitian pairings are about;
the operation @ — Q* reflects along the (n 4 1)th coordinate, while Q — Q' reflects along the nth
coordinate so that @ — Q' is a rotation by 7 in the (n,n + 1)-plane. The Hermitian pairing allows
one to rotate back. We claim that this perspective is useful to show that the double of a manifold
with boundary is nullbordant, also see Figure[0.1

Remark 5.1.13. Recall from Example that the category of cospans CoSpanC on a category
C with pushouts is a dagger category. Bordisms are at least on a first glance defined very similarly
as certain cospans of manifolds. For example in more geometric definitions of bordisms such as the
one discussed above, bordisms are examples of cospans in the category Manf:nb’c of n-dimensional
G-manifolds with G-embeddings. Also the symmetric monoidal product on Bordﬁn_1 is defined

using the coproduct in Manflmb’c, just as in CoSpanC. As an aside: this puts a problem we had

with the definition of composition of geometric bordisms in a categorical perspective; the category of
G-manifolds and G-embeddings does not admit all pushouts, which causes composition of cospans to
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not always exist. One important condition on the embeddings into the bordism is the compatibility
of the embeddings of the boundaries of the bordisms with the time direction; we cannot simply flip
a time-slice Y in the time direction and expect that it defines a bijection between bordisms from
Y and bordisms to Y, because this will no longer give a G-embedding. As a consequence, objects
in the bordism category (unlike the category of spans) do not admit a canonical self-duality, only a
canonical duality between Y and its time-reversal Y*. Therefore, unlike sometimes assumed in the
literature [4], bordism categories are not canonically dagger categories. This justifies the necessity of
the elaborate constructions in Section [4.6] in order to construct Hermitian pairings on the bordism
category.

Remark 5.1.14. Our discussion of the subtleties in defining geometric bordism categories is not
exhaustive. Some relevant topics we did not discuss include

1. The option of requiring only one side of the collar as part of the data. This will for example
make sure that in one dimension the macaroni of length ¢ = 0 only exists on one side. We want
the evaluation to exist because it will give the inner product on state space. But we do not
want the coevaluation to exist because it will force the identity operator on state space to be
Hilbert-Schmidt, which can only happen when state-space is finite-dimensional. This approach
might additionally be useful to enforce time slices to be time symmetric for the purposes of
Remark

2. Including smoothness in the definition of a functorial field theory by defining families of bor-
disms. For this we need to make both the bordism category and the target category fibred
over the site of manifolds and require the functor to respect this structure.

3. In certain definitions of bordisms in a Riemmannian setting there is no natural morphism
Y1 ~ Y5 in the geometric bordism category associated to a diffeomorphism Y; — Y5 or any
attempt to make such a morphism by a mapping cylinder construction will not result in an
isomorphism. For this it can be convenient to separately include diffeomorphisms as invertible
‘thin bordisms’ in the definition of the geometric bordism category.

4. Tt is probably reasonable from the perspective of physics to require geometric bordism categories
to come equipped with connections for the relevant principal bundles. More precisely, if p : G —
O,, is a structure group we require the principal G-bundles over spacetime to come equipped
with a connection with the property that it pushes forward to the Levi-Civita connection for
the Riemannian metric under p.

We come back to our preferred Definition of the bordism category without collars suitable
for topological field theory. Note that Y* is the dual of Y in Bord®

n,n—1"

Lemma 5.1.15. Let Y™ ! be a manifold with G-structure (P,«). Then the time slice induced by
(P,a)* is the dual of the time slice induced by (P, «) in the bordism category.

Proof. The construction of Lemma for k = 1 gives the cylinder X =Y x [0,1] a G-structure
constant in the time direction. By definition of the bordism category, we can view it not just
canonically as a bordism Y ~ Y but also as a bordism evy : Y*UY ~ () or as a bordism
coevy : ) ~ Y UY™*. It is now straightforward to show that the snake identities hold. O

Recall that in a symmetric monoidal category C with duals, uniqueness of duals supplies a canon-
ical trivialization of the double dual x** = x for x € C.
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Lemma 5.1.16. Let (Y, P, a) be a closed (n— 1)-dimensional manifold with G-structure on TY GR.
Then the isomorphism Y = Y™** in the bordism category induced by the equality (P, o)™ = (P, «)
agrees with the isomorphism induced by the symmetric braiding.

Proof. Recall that if ¢1,cy are two duals of ¢, then any isomorphism c¢; — ¢y intertwining the
evaluation maps is equal to the isomorphism expressing uniqueness of duals. Therefore, it suffices to
show that the diagram

YUY =—=Y*"™uYy*

J/ﬂy’y* J/eVy*

VvV uy — 9
commutes. This follows by direct inspection. O

Definition 5.1.17. Let (Y1, P, 1), (Ya, P2, as) be G-manifolds and let ¢ : Y1 — Y5 a G-diffeomorphism.
Then the mapping cylinder of ¢ is the bordism as a manifold with boundary is given by the cylinder
on Y, with its G-structure constant in the time direction :

C(¢) == (Ya)g := (Y2 x [0,1],Q, B) : Y1 ~ V5.

Here (@, B) is Py x [0, 1] with its G-structure induced by aa, in other words it is the pullback of the
G-structure under the projection Y3 x [0,1] — Y;. However, as a bordism its incoming boundary
diffeomorphism is changed by ¢:

(Ya, Py, a2) = (Yo x [0,1],Q, B)lyyxqoy (Y1, Pr,01) 2, (Yo, Py, cp) = (Yo x [0,1],Q, B) |y, x {13

Lemma 5.1.18. Let G be the groupoid of (n — 1)-dimensional G-manifolds and G-diffeomorphisms.
The mapping cylinder construction gives a functor C : G — Bordﬁn_l.

Proof. The functor C' is tautological on objects and given by Definition on morphisms. We
have to show C' is a functor. It clearly preserves identities. Now take G-manifolds (Y7, P, 1),
(Ys, Py, ), (Y3, P3,a3) and G-diffeomorphisms ¢ : Y7 — Y3 and ¢9 : Yo — Y3. We have to show
that (Y3)g, Ug, (Y2)e, is G-diffeomorphic relative boundary to (Y3)g,04,. After making sure both
cylinders are of the same length, we take the G-diffeomorphism given by the identity on the Y3 part
of (Y3), Ug, (Y2)e, and by ¢o on the Y part of (¥3)4, Ug, (Y2)e,. This is a smooth map given that
Y5 x [0,1] and Y3 x [0, 1] are glued together using ¢s. O

Remark 5.1.19. We could have also made the construction by putting the diffeomorphism ¢ on the
other side of the bordism. This would give the same functor because the two bordisms are diffeo-
morphic relative boundary by ¢. However, given our convention of the direction of the embedding
from the time slices into the bordism, we would need to put an inverse on ¢ to make it functorial.

Restricting the functor C to a single object of G and only allowing G-diffeomorphisms that are
the identity as ordinary diffeomorphisms gives:

Corollary 5.1.20. LetY be a (n—1)-dimensional manifold. Then there is a functor C : G-Str(Y) —
Bordin_1 which maps a G-structure on 'Y to its corresponding object in the bordism category.

We define an isotopy of G-diffeomorphisms ¢g, ¢1 : (Y1, P1,a1) = (Ya, P2, a2) to be a homotopy
between them that stays within the space of G-diffeomorphisms. In other words, it consists of a family
of diffeomorphisms ¢, : Y7 x [0,1] — Y5 together with an isomorphism of G-structures 7*(Py, o) &
¢4 (P2, a2) which is compatible with the isomorphisms (Py, &) = ¢§(Pe, a2) and (Py, «) & @5 (Pa, a2)

on either side. Here 7 : Y2 x [0, 1] — Ya denotes the projection.
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Lemma 5.1.21. Let ¢g and ¢, be isotopic G-diffeomorphisms Y1 — Ya. Then C(¢g) = C(1).

Proof. We have to show that the bordisms (Y2)4, and (Y2)4, are G-diffeomorphic relative boundary.
Let ¢; be an isotopy between ¢g and ¢;. Define a G-diffeomorphism of Y3 x [0,1/2] by

(Y2, t) = d1-¢ 0 d; " (y2).

Note that 1y /o = idy, and g = ¢10 ¢y 1 and so 1 is a G-diffeomorphism relative boundary between
the two mapping cylinders (Y2)4, and (Y2)4,. O

On the groupoid of G-structures the star operation was covariant, but a dual functor is con-
travariant. However, they are still mapped to each other in the appropriate sense:

Lemma 5.1.22. Let Y be a closed (n — 1)-dimensional manifold and f : (P,a1) = (P2, a2) an
isomorphism of G-structures on'Y. Then

(= =c”

where on the left hand side the superscript star means the covariant functor Y — Y™ on G-structures
and on the right hand side V means the dual in the bordism category.

Proof. 1t is easy to show that
% eVy1
YUy, —— 0

o] YT

vyuyi Y yvr iy,

commutes. O

5.2 Involutions and Hermiticity

In Chapter [4] we studied orientation-reversal Z/2-actions on the groupoid of G-structures on a fixed
vector bundle. We also studied what we call Hermitian pairings on such G-structures. Here we
leverage our knowledge from this groupoid to the bordism category.

We start with some abstract lemmas showing that the 2-group action of Section lifts to a
symmetric monoidal action on the bordism category. Proposition then gives an orientation

7/2-action Y + Y on Bordfynf1 for an orientation-graded structure group G — G % O, in the
sense of Section [4.5] The first step is to construct functors between bordism categories induced
by morphisms between prestacks G1-Str = G2 -Str. Recall that here G-Str refers to the prestack

VectBun,, — Gpd on the category of vector bundles and vector bundle isomorphisms.

Lemma 5.2.1. Let G; — O, and G2 — O, be structure groups and ¢ : G1-Str = Go-Str a
morphism of prestacks. Then there is an induced symmetric monoidal functor ((¢) : Bordg’l,F1 —

Bord¢?

nn—1-

Proof. Let ¢ : Gy -Str = G5 -Str be a natural 2-transformation. Explicitly this means that for every
vector bundle n — X we get a functor

P(x,m) : G1-Str(X,n) = Ga-Str(X, )



5.2. INVOLUTIONS AND HERMITICITY 143

and for every morphism of vector bundles f : (X1,1m1) — (X2,72) a natural transformation filling
the square

G4 —Str(Xl,Th) M Ga ‘Str(X17771)

fﬁ — fﬁ (5.2)

f
G1 Str(Xg,nz) —> G2 StI’(XQJ’]Q)

satisfying some further conditions. Note that if n — Y is a rank n — 1 vector bundle and f :
(Y,n@R) — (Y,n®R) is the morphism in VectBun,, given by the identity on Y and f :id, @ —idg
on the vector bundle, then G-Str(f)(P,a) = (P,a)*. Therefore given a Gjp-structure (P, «) on
(Y,n®R), ¢y provides an isomorphism of G-structures on (Y, 7@ R) between ¢y ,er) (P, )*) and
(O(vner) (P a))*.

Now let

(}57 N2 = 1“}5 © Eg7}%27(¥2) — (;X} g = 1“)(’(27[3) Ao (}Gn m = 1“36,69 Eg7})17(11)

be a morphism in the bordism category. We apply ¢ to this diagram to get a new morphism as
follows. Let j; denote the morphism in VectBun,, given by the inclusion (Y1,7Y: @ m) — (X, TX)
and let 41 denote its enhancement to a Gi-embedding, i.e. an isomorphism 4, : j7(Q, 8) = (P, a1)*
of Gi-structures on Y;. This gives an isomorphism of Ga-structures ¢y, (i1) : ¢y, (47(Q, 8)) —
oy, (P1,01)*) on X. To show how ¢y, (i1) can make j; into a Gg-embedding for the new Ga-
structures, we have to provide compatibility data with the Ga-structure ¢ x(Q, ) on X. For this we
apply the diagram to f = j1 to obtain the isomorphisms

¢;1(Q B) ¢>Y1 (i1)

J10x(Q,8) ———— ¢v,j1(Q, B) —— ¢y, ((P1,1)") = (¢v, (P1,01))"

of Ga-structures on Yj. This defines the Ga-embedding of ¢y, (Pr, 1) into ¢x(Q,5). Applying
the same procedure to Y3 but without the star we obtain a Ga-bordism ((¢)(X) = ¢x(Q,5) from
C(9) (Y1) = oy, (P1,0a1) to ((9)(Y2) = ¢y, (P2, as). This is obviously compatible with the composition
of bordisms. It also sends the identity bordism on (Y, P, «) to the identity bordism on (Y, ¢y (P, a))

We have to show that ((X) is well-defined up to Gs-diffeomorphism relative boundary. If f :
X — X' is a diffeomorphism between bordisms, it is useful to consider the diagram

G1 -Str Y1 *> G2 Str Yl)

T\T

it <= Gp-Str(X 4> Go-Str(X) = |51

fT\T

Gr-Str(X') 2% Gy -Str(X)

The diagram becomes sphere-shaped if we further fill the outside by ¢;; and the result commutes
because ¢ is natural. Now let f: X — X’ be a Gy-diffeomorphism of bordisms so that f o j; = j]
and we are given an isomorphism of G1-structures A : f*(Q’, 8') = (Q, ) such that i} : j1*(Q', 8') —
(P1,a1) agrees with the composition

) Ji(X)

QLB = (foi) (@, 8) 2 i f (@, 8) 225 j1(Q,8) 25 (P, an)™.
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We want to show that the same diffeomorphism lifts to a Ge-diffeomorphism relative boundary given
by an isomorphism of Ga-structures p: f*édx/ (Q',5') = ¢ x(Q, B) such that the diagram

07 ((Pr01)") o 0w (@. )

oy, <z‘;ﬁ %(Q,ﬁﬁ
¢Y1ji*(Q/7BI) J)lk(bX(Q»ﬁ)
%(Q’ﬁﬁ jf(uﬁ

i ox(Q,B") «—— jif*ox(Q'.B))
commutes. Just as we did for the embeddings j; : Y1 — X, we take u to be given by the composition

Froxi(@.B8) 25 ox 1@, 8) 22 6@, B).

It then follows by naturality of jif* = ji*, the fact that ¢;, is a natural transformation and the
condition on A that the above diagram commutes.

Next we need to make ((¢) into a symmetric monoidal functor. If (Y1,71), (Ya,12) are rank n
vector bundles, then 77; U 72 — Y7 U Y5 makes the inclusions of the two factors into morphisms in
VectBun,, and this forms the coproduct in this category. If (Y1,m, P1, a1), (Ya,n2, P2, a2) are two
G-structures, then P; Ll P; is a G-structure on 7; U 7y and this defines an equivalence of groupoids
G-Str(Y1UY3) = G-Str(Y1) x G-Str(Yz). The projections to the two factors are moreover compatible
with G -Str applied to the inclusions of Y7 and Y3, i.e. G -Str sends coproducts to products. We obtain
a diagram

G1 —StI‘(Yl) x GG —StI‘(Yg)

— T

G1 -StI‘(Yl) — G1 -Str Yl |_|Y2) —_— Gl —Str(Yg)

Lﬁ vy laﬁ Y1UYs l¢ Yo

GQ -StI’(Yl) — GQ -StI‘(Yl [ Yg) —_— G2 -Str(Yg)

(\”T /

G2 —StI‘(Yl) X GQ —StI‘(Yg)

which tells us that ¢y, y,uy, and ¢y, v,uy, provide a natural isomorphism between the diagonal
matrix ¢y, X ¢y, and the functor ¢y, y, considered as a functors Gi-Str(Y;) x Gp-Str(Y2) —
Go-Str(Y7) x Go-Str(Ys). Moreover, given a disjoint union of three objects Y7, Y3, Y3 in VectBun,,
the two ways to embed, say, Y7 as

}/1‘—>Y1|_|Y2‘—>Y1|_|}/2|_|}/3 and Y1<—>Y1I_IY3<—>Y1UY2LIY3

are equal. This gives a relation between the composition of natural transformations obtained by
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applying ¢ to this diagram saying that

¢Y1 X ¢Y2 uYs

/‘\¢

DviLY2LYs v, U oy, U oy, (5.3)

\/

PviLy: X Oy,

commutes.
In particular if Y7, Y5 and Y3 are (n—1)-dimensional closed manifolds with G-structures (Py, ), (Pe, a2)
and (Ps, a3), then ¢y, Ly, and ¢y, X ¢y, = ¢y,Ly, provide a natural isomorphism of G-structures

Cviye 0P, 01) U (P, ) = ¢((Pr,a1) U (P, az))

which induces an isomorphism in the bordism category by the mapping cylinder functor C' of Corol-
lary It follows by the diagram that this monoidal structure on the functor ((¢) is
associative in (Py, 1), (P2, a0) and (Ps, as).

We now show that the monoidal data is natural. Let (X1, @1, 51) be a bordism from (Y1, P, a1)
to (Y{, P{,a}) and (X2, Q2, B2) a bordism from (Y3, Ps, o) to (Yy, Py, ab). Then the fact that under
the equivalences Cy, .y, the bordism ((X; U X3) becomes equal to ¢(X7) U ((X2) follows by several
applications of naturality of ¢;. The monoidal functor is clearly symmetric and so the proof is
finished. O

The above lemma also allows us to compare different bordism categories.

Corollary 5.2.2. Let Gy — O, and Gy — O, be structure groups and p : G1 — G2 a homomorphism
commuting with the structure maps to O,. Then there is an induced symmetric monoidal functor

G1 G2
Bord,},_; — Bord,7,_;.

Proof. Tt is straightforward to check that
P1 — P1 Xp Gg
defines a morphism of prestacks G -Str = G5 -Str. O

Lemma 5.2.3. Let Aut(G -Str) be the 2-group of automorphisms of the prestack G -Str and Aut(Bord,Cin_l)
the 2-group of symmetric monoidal automorphisms of the bordism category. There is a 2-group ho-
momorphism ¢ : Aut(G-Str) — Aut(Bordfynfl) in agreement with the construction of Lemma

2.2

Proof. By taking G; = G5 = G in the previous lemma we have defined ¢ on objects. Let o :
¢ = 1 be a natural modification between two natural 2-transformations ¢ : G-Str = G-Str and
1 : G-Str = G-Str. Explicitly this means that for all rank n vector bundles n — X we have a

natural transformation
(X .n)

G-Str(X,n) H‘T(x,n) G-Str(X,n)

\_/

P(x.m)
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such that for all vector bundle isomorphisms f : (X1,m1) — (X2,72) and all G-structures (Pz, az)
on (Xo,72) the diagram

(x5 m2) (P2, 2) o Proa) O(xy ) 5 (P, az)
f*J(X2)n2)(P2,a2)l laf*(xm"m)(Pz’O@) (54)

T (xg.m0) (P2, 2) G (Paaa) VxS (P, )

commutes. We have to define a monoidal natural transformation ((c) : ((¢) = ((¢) between
symmetric monoidal functors Bordinfl — Bord,cinfl. If (Y1, Pi,a1) is an object of the bor-
dism category, we apply the mapping cylinder construction of Corollary to the morphism
oy, (P1, ) m Yy, (P1,a) of G-structures to obtain a morphism in the bordism category. It
similarly follows by that corollary that this is natural in (Y1, Pi,aq).

Monoidality of ((o) already follows on the level of G-structures as follows. Let (Y1,n1, P1,aq),
(Ya, 12, P2, ) be G-structures. We apply naturality of oy in Y to get a compatibility with disjoint
union. The result is that under the natural isomorphism ¢y, vy, = ¢y, X ¢y, we get that oy, y, is
mapped to oy, X oy,. We have thus defined the morphism ((o) : {(¢) = ((v) between symmetric
monoidal functors.

To make ¢ into a monoidal functor, we have to give compatibility data for the composition of
two natural transformations ¢ : G-Str = G -Str and ¢’ : G -Str = G -Str on the bordism category. If
(Y1, P, ) is an object of the bordism category then ((¢') o ((¢)(Y1, Pr,a1) = ((¢' 0 ¢)(Y1, P1, 1)
are already equal. This is moreover clearly compatible with respect too : ¢ =  and o’ : ¢/ = +' and
associative, already on the level of G-structures. To show that this defines a natural isomorphism
C(@") o C(¢p) = ((¢' o ¢) we still have to show compatibility with bordisms. For this we check
compatibility between the composition

(& 0 By (Poy an) 2222 (1 6 )1 529, 8) 222 (¢ 0 6)x(Q, B)

and the functor {(¢') applied to the inclusion of the boundary ((¢)(Y") given by

byy (P ) 22 60 32(Q. B) 225 6x(Q. B)

which is clear and goes analogously for the incoming boundary. To show ((¢') o {(¢) = ((¢' 0 ¢) is a
monoidal natural transformation we have to show compatibility with disjoint union. This can again
be done on the level of G-structures, where it is clear. O

Lemma 5.2.4. The homomorphism ( is compatible under the mapping cylinder construction with
the action of Aut(G-Str) on G-Str(Y) for Y an (n — 1)-dimensional manifold.

Proof. Let ¢ € Aut(G-Str) and let G denote the groupoid of (n — 1)-dimensional G-manifolds and
G-diffeomorphisms. We have to provide a natural transformation filling the square
G—" g
Je Je
Bordg’nf1 & Bord®

n,n—1
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Note that on objects the diagram commutes and so it we will try and show the diagram strictly
commute by computing it on morphisms.

Let f:Y; — Y5 be a diffeomorphism together with the datum A : f*(Ps, as) — (P1, 1) making
it into a G-diffeomorphism. Let 7 : Y5 x [0, 1] — Y5 denote the projection and iy,1i5 : Yo — Yo x [0, 1]
the inclusions of the two boundaries as morphisms in VectBun,,. Note that the mapping cylinder
of f is the G-structure 7*(Pa, a3) on Y3 X [0, 1] with the following boundary G-embeddings. Using
that mis = idy,, we get a canonical identification 57" (Ps, ) = (P2, ). On the incoming side we
similarly use 7i; = idy, and then compose with A to get the further identification with (Py, o).

Using the above description of the mapping torus, we see that going through the upper right
part of the diagram gives the manifold with boundary 7* ¢y, (P2, as) while the lower left part of the
diagram gives ¢y, x[0,117" (P2, @). These two manifolds are related by the G-diffeomorphism which is
the identity as a diffeomorphism and equal to ¢, (Ps, as) on the G-structure level. We have to show
this commutes with the boundary identifications using the definition of {(¢) applied to a bordism
given in the proof of Lemma On the incoming boundary this follows from the fact that

JiT* Oy, (Po, g) ———————— ¢y, (P2, a2)

ljf%(Pmaz) T

. . bi (7" (Pra)) | |
Ji Pya x0T (Pa; 2) S by, g (P, )

commutes using that ¢ is a natural 2-transformation. The proof is similar for the outgoing boundary.

If 0 : ¢ = 1 is a natural modification then ((o) is already defined through the mapping cylinder
construction. The composition data induced by the composition of two natural transformations
¢ : G-Str = G -Str and ¢’ : G-Str = G -Str is the identity on objects and therefore also compatible
with the mapping cylinder construction. O

From now on we abuse notation and denote the automorphisms ((¢) of the bordism category
induced by ¢ : G-Str = G -Str again by ¢.

Remark 5.2.5. The proof of the above lemmas is insensitive to the origin of the morphism (Y7, TY; ®
m) — (X, TX) in VectBun,,. In particular, the same proof would work in a bordism category defined
using embeddings of collars of time slices.

We obtain using Proposition [4.4.11] and Lemma [5.2.3

Lemma 5.2.6. The automorphism 2-group Aut(G — O,) of the prestack of G-structures acts
symmetric monoidally on the bordism category.

Using Proposition Lemma [5.2.3] and Lemma we get:

Corollary 5.2.7. Let G — G — O, be an orientation-graded structure group. Then the 7Z/2-
action of Lemma induces a symmetric monoidal Z/2-action on Bord¢ If f: Y1 > Y is

n,n—1-*

G-diffeomorphism of (n — 1)-dimensional G-manifolds, then C(f) = C(f).

Moreover, using Corollary [£.5.11] we get:

Corollary 5.2.8. Let K be a fermionic group. Then the orientation-reversal and spin flip give a

symmetric monoidal Z/2 x BZ/2-action on Bordg,%(_ﬁ).
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Note that by construction of the action from Lemmal5.2.6 the BZ/2-action in the above corollary
maps a time slice (Y"1, P, a) to the mapping torus Y. of the spin flip action on P. More precisely,
Y. is Y x [0, 1] as a manifold with G-structure, but the incoming boundary is modified with the spin
diffeomorphism of (Y"1, P, ) which is the identity on the manifold Y but given by multiplication
with ¢ € G,,(K) on P. This BZ/2-action is an essential ingredient in defining what it means for a
topological field theory to have a connection between spin and statistics, see Section [6.3]

Ezample 5.2.9. Let K be a bosonic internal symmetry group. Then the induced BZ/2-action on
Gn(K
Bordnm_l)

We also record the following immediate corollary of Proposition

is trivial.

Corollary 5.2.10. Let K be a fermionic group. Then of the four orientation-gradings G’n(K),

G, (K), GS})(K) and GS’)(K), we have that

1. Gp(K) and G%B)(K) induce equivalent 7./2-actions on BordS» )

n,n—1 7

Gu(K)
n,n—1 7’

2. G (K) and Gg)(K) induce equivalent Z/2-actions on Bord

3. the Z/2-actions induced by Gn(K) and Gg)(K) differ by the BZ/2-action on the identification
Yy =Y.

Lemma 5.2.11. Let ¢ : G-Str = G -Str be a prestack automorphism and (Y, P,«) a closed (n —1)-
dimensional manifold with G-structure. Then the isomorphism ¢y ((P, @)*) = (¢y (P, a))* induced
by the vector bundle isomorphism idry @ —idg on TY @ R — Y induces the unique isomorphism

in the bordism category expressing the fact that the monoidal functor ¢ : Bordin_1 — Bordfm_l
preserves duals.

Proof. We have to show that the diagram
p(Y")Ue(Y) —— o(Y"UY)
1 foer
oY) U(Y) — 0

commutes, which follows by direct inspection. O

Corollary 5.2.12. Let G — G — 0, be an orientation-graded structure group and (Y,P,a) a
closed (n — 1)-dimensional manifold with G-structure. Recall that the identity map on P induces an
isomorphism Y =Y+ of G-structures. This isomorphism induces the unique isomorphism in the
bordism category expressing the fact that the monoidal functor Y — Y preserves duals.

Proof. Tt follows because the identity map on P that induces the isomorphism Y ~Y*is induced
by the vector bundle isomorphism idry @ — idg, see the end of Section for the functoriality of (.)
in vector bundle maps. O

Let G — G — O, be an orientation-graded structure group and consider Bordgmf1 to come

equipped with the induced symmetric monoidal anti-involution Y Y through the process de-
scribed in Section Then the definition of a Hermitian pairing on an object of the category
Bordin_l we considered in Definition reduces to the following concrete definition, also see the
discussion around the diagram .
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Definition 5.2.13. Let (Y, P,«) be a (n — 1)-dimensional manifold with G-structure on TY @ R.
Then a Hermitian pairing on Y is an isomorphism h : Y = Y" in the bordism category such that
the composition

*—1 —x

YLy L7 2y (5.5)

is equal to the identity on Y.
Here the isomorphism (Y') 2 Y is given by the inverse of 5y for the involution d = 6* We
recall from Section [2:2] that it is given by the composition

o *

¥Y) =Y =V=y,

where the first isomorphism follows from the fact that the monoidal functor Y — Y preserves duals,
the second follows by uniqueness of duals, and the last follows by the data of being a Z/2-action.
For the G-structure (P, «) on Y, this isomorphism is explicitly given by the mapping cylinder of the
G-structure isomorphism induced by

P=PxcGxcG—P [pg1,92)—p-(91-92) g1.92€G

as follows by Corollary Lemma [5.1.16] and Lemma
Now let h be a Hermitian pairing on the G-structure (P, ) in the sense of Definition [{.6.1] By

Lemma [5.1.22[ and the fact that the mapping cylinder construction preserves the bar, it follows that
h induces a Hermitian pairing on Y in the bordism category.

Remark 5.2.14. In theory there could be many choices of Hermitian pairings on objects of the bordism
category that do not come from constructions on the level of G-structures of a fixed manifold. Such
Hermitian pairings would involve nontrivial diffeomorphisms or more general isomorphisms in the
bordism category, such as h-cobordisms.

Remark 5.2.15. Let K be a fermionic group and consider Bord,, *;L( 1) as a symmetric monoidal anti-

involutive category induced by one of the four involutions of Corollary It follows from the
fact that all these involutions assemble into Z/2 x BZ/2-actions and Lemma that the spin flip
natural automorphism is anti-involutive. We see that the orientation-gradings G,,(K) and G, (K)
give opposite anti-involutions in the sense of Definition [2.6.5

Example 5.2.16. Suppose Gp+1 — Op,41 is a strict geometric representation and G = GW is the
induced orientation-grading on G,, giving us the Z/2-action Y — Y’ on Bordn n_1- Let u € Gpy
be a lift of a rotation in the plane spanned by e, and e,1, which commutes with all elements of the
strict pullback Gp—1. Then, Corollary - implies that there is an isomorphism hy : Y = Y’ i
Bordn n—1, but it need not be a Hermitian pairing in general. However, if we take G=3a, (K) to be
the orientation-graded structure group from a fermionic group and v = 1 ® e, €541, the isomorphism
hy : Y 2V defined in Corollary does induce a Hermitian pairing. Since the structure group
G, (K) is the most relevant from the perspective of physics as well, we will mostly focus on this
setting. In that case we will focus on the notion of positivity on Bord,cin_1 given by the positive
Hermitian pairings of Definition [5.2.17

Now let (Bordnn 1)p C Herm(BordG

nn_1) denote the bordism dagger category obtained from

some monoidal positivity structure P on the symmetric monoidal anti-involutive category Bordn ne1-

Recall what this means explicitly: P is a collection of ‘positive’ Hermitian pairings Y — Y" we allow.
et
The category (Bordn n_1)p has objects pairs (Y,h: Y — Y ) where h € P and morphisms are given
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by bordisms, see Definitions[2.3.20land [2:4.8 For simplicity, we will further assume that the positivity
structure is closed under transfer.

The dagger of a bordism X : Y] ~ Y5 seen as a morphism from (Y7, h;) to (Ya, he) is given by
the composition

hi —* X —* h;l
Yi —Y, —Y,—Y,

in the bordism category. Note that in case for every object Y of the bordism category there is a unique
pos1t1ve Hermitian pairing (hy : Y — Y) € P, the ordinary symmetric monoidal category underlying
(Bordn n_1)p is equal to Bordinf1 on the nose. This is for example the case for the orientation-
graded spacetime structure groups associated to fermionic groups: This will not change the resulting
symmetric monoidal dagger bordism category up to symmetric monoidal unitary equivalence.

Definition 5.2.17. Let K be a fermionic group and G= Gn(K ) for n > 1 the orientation-grading
of Gp(K) from Definition 3.2.1} Let (Y, P,a) a (n — 1)-dimensional manifold with G,-structure
on TY ® R and let Y denote the orlentatlon reversal ofi Y in the orientation-grading G. The

positive Hermitian pairing of Y is the isomorphism Y = Y" in the bordism category induced by
the isomorphism of G-structures of Corollary [4.6.16] under the mapping cylinder construction of

Corollary [5.1.20

Definition 5.2.18. Let K be a fermionic group. Equip Bord,, "(K) with the Z/2-action induced by

the orientation-grading G = G,, (K) for n > 1 and the induced bymmetrlc monoidal anti-involution.

The bordism dagger category (Bordn 1 ) p with internal symmetry K is the symmetric monoidal

(K)

dagger category obtained by equipping the anti-involutive category Bordf with the positivity

structure of Definition [5.2.17]

Note that this positivity structure of Definition is clearly monoidal, so this indeed makes

Bordf’,‘f , into a symmetric monoidal dagger category.

Ezxample 5.2.19. If C = Bordip,lln 1 is the spin bordism category, there does not exist as there is no
bordism X : M — M such that X o X is diffeomorphic to the spin flip in general. It also does
not hold for Plnn but it does work for Pin, . In particular, Corollary m 2.6.17| does not apply to
this symmetric monoidal dagger category. Heuristically this means that unlike for super Hilbert
spaces, there is no ‘equivalent ungraded convention’ for the spin bordism category in the sense of
Definition In fact, changing the isomorphism 7y : Y 22 d?Y with a spin flip will often have
as a result that no Hermitian pairings exist at all on the (n — 1)-dimensional closed spin manifold
Y. For example, suppose n = 1 and Y is the positively oriented point. In the bordism category
it has only one nontrivial automorphism which is given by the spin flip. Therefore there are only
two possible isomorphisms h : Y — dY’; the positive Hermitian pairing of Y from Definition
and its composition with Y,. The latter is another Hermitian pairing for the same n and so neither
defines a Hermitian pairing for the spin-flipped 7. Looking at Proposition this also implies
that the Z/2-action Y — Y’ on the bordism category does not admit Hermitian pairings in general.

A dagger structure on the bordism category allows us to define what the double of a G-manifold
with boundary is, compare [20] section 4.4]:

Gn(K))

n,n—1

Definition 5.2.20. Let X : ) ~> Y be a morphism in the bordism dagger category (Bord
Then its double is the closed n-dimensional manifold with G, (K)-structure XX : () ~ 0.
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Note that doubles are exactly the weakly positive endomorphisms of the empty set in (Bordi’;(f(l) )p
in the sense of Definition 2.3.311

Remark 5.2.21. Let G be an orientation-graded group and consider the induced symmetric monoidal
anti-involutive category Bord,ﬁn_l. Then the definition of a double of a morphism X : ) ~ Y makes
sense after choosing a Hermitian pairing A on Y. The result strongly depends on h. For example,
suppose we take X to be the macaroni evy : ) ~ Y U Y™ in the spin bordism dagger category
obtained from Definition Then changing the Hermitian pairing Y LIY™* by a spin flip on only

one of the two factors will change X' o X from Y x Si,toY x S}

per:*

Remark 5.2.22. We have defined the positivity structure on the bordism category by picking a single
Hermitian pairing on every object. However, we still do not know whether the bordism category is
minimal in general, because it could happen that the transfer of the positive Hermitian pairing hy,
on one manifold Y; under an isomorphism Y; = Y5 in the bordism category results in a Hermitian
pairing not equal to hy,. We provide an example of a groupoid completion of a bordism category
that is not minimal in dimension one in Example [6.2.13] However, in such low dimensions every
isomorphism in the bordism category comes from a G-diffeomorphism. We will show in Proposition
[5-2:24] that mapping cylinders of G-diffeomorphisms are always unitary. This shows bordism dagger
categories with internal symmetry K for which every isomorphism in the G, (K)-bordism category
is G-diffeomorphic relative boundary to a mapping cylinder are all minimal.

Remark 5.2.23. Let K be a fermionic group. It follows by Remark that Hermitian pairings
are natural in G-diffeomorphisms in the following sense. Let Y"~! and Y;*~* be closed G,,_1(K)-
manifolds, which we consider as objects of Bordiz(f(l) using the induced G,, (K)-structures on 7Y; @R
and TY>®R. Note that if n = 0 not all objects of the bordism category arise this way, since G,,(K) —
O,, need not be a strict geometric representation If f : V7 — Y5 is a G, _1(K)-diffeomorphism it
intertwines the Hermitian pairings on Y7 and Y5. A corollary of this is Proposition which also

applies in case n = 1.

Proposition 5.2.24. Let K be a fermionic group and G = Gn(K). If ¢ : Y1 = Y, is a G-
diffeomorphism, then (Ya)4 is unitary in the n-dimensional bordism dagger category.

Proof. First suppose that n > 1 so that Hermitian pairings are defined by destabilizations. Remark
4.6.19|implies that if (Q1, 1) is a Gp,—1 (K)-structure on Y7, (Q2, 82) a Gp,—1(K)-structure on Y5 and
¢ : Y1 = Ys a G,_1(K)-diffeomorphism, we get the commutative diagram of principal G,,—1-bundles

u

h
$2Q1 — s*Q1

$2f $2f -

$2Qy 1 $2Qy
By desuspending this diagram, we see that Hermitian pairings are functorial in G-structures. We
now apply the mapping cylinder functor and use C(f*) = C(f)V~! and C(f) = C(f) from Corollary
We get that

v, 2, v
cmi TW (5.6)

hy, —x
Yo —5 Y,
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commutes. This is the definition of a unitary morphism in a dagger category defined from Hermitian
pairings.

When n = 1, the formula for hy is different by a spin flip on Py. However, if f: P, — P, is a
morphism of G-structures it maps (P1)+ to (P2)+. We see that when passing through the diagram
(5.6) either both or none of the two Hermitian structions will give an extra spin flip multiplication
and so C(f) is still unitary. O

In the symmetric monoidal dagger category sHerm¢ we saw that the canonical dual V* of an
object V' is isomorphic to V' but not unitarily. In Herm Bordi’;L(_Kl) the dual Y* of a time slice Y is
in general already non-unitarily not always isomorphic to Y unless K has time-reversal symmetry.
However, the positivity structure P of Definition [5.2.17] still satisfies the similar requirement that
the positive Hermitian pairing on the dual object Y* differs from the dual of the positive Hermitian

pairing on Y by the BZ/2-action:

Theorem 5.2.25. Let K be a fermionic group. The bordism dagger category (BordG"(K))p with
internal symmetry K is weak fermionically dagger compact.

monoidal involution ¥ — Y induced by the orientation-grading through Corollary gives a

Proof. We have shown that EordG"(K) is a symmetric monoidal category with duals. The symmetric

symmetric monoidal anti-involution Y +— Y" by the procedure described in Section Onl

allowing the positive Hermitian pairings P on objects of Bord®*) in the sense of Definition
gives us a symmetric monoidal dagger category (BordG"(K )) p C Herm(BordG"(K )) as described in
Sections and To show that this symmetric monoidal dagger category is weak fermionically
dagger compact, it suffices to show that it admits a dual functor, so that for every object Y the
Hermitian pairing on Y* differs from the dual Hermitian pairing of Y by the BZ/2-action, compare
Remark [2:9.6] This follows by applying the mapping cylinder construction to the result of Corollary
4.6.22] O

Remark 5.2.26. In general, it is not a big achievement to show that a bordism dagger category is
weak fermionically dagger compact. For example, the Hermitian completion of an anti-involutive
bordism category with anti-involutive BZ/2-action is weak fermionically dagger compact. However,
the positivity structure P is relatively ‘small’; in the sense that we are not aware of any objects
that are isomorphic in (Bord®*®))p but not unitarily. In other words, we do not know whether
(BordG"(K )) p is strong fermionically f-compact in general.

Ezample 5.2.27. The bordism categories corresponding to the fermionic group K = Spin; and the

bosonic group K = Z/2 are Bord,Sf:l_"1 and Bordi%‘_xlz/ 2 respectively. These two categories are
the same in spacetime dimension n = 1 but different for n > 1. However, the BZ/2-actions are
different already for n = 1; on the first category it is given by the spin flip, while for the latter
the action is trivial. The Z/2-actions on these categories are equivalent however, and so the sym-
metric monoidal {-categories Herm(Bordlsg"XZ/ 2) and Herm(BordffSH") are equivalent as symmetric
monoidal f-categories. Since they are Hermitian completions, they are both weak f-compact and
weak fermionically f-compact. However, they are neither strong f-compact nor strong fermioni-
cally f-compact since they are not minimal f-categories; the positively oriented point admits two
equivalence classes of Hermitian pairings which are related by composing with the BZ/2-action auto-
morphism. However, it follows by Theorem that we can do better and pick smaller positivity
structures P so that (Bordfglxz/ %) p is still weak f-compact, while (Bordf%nl) p is weak fermioni-
cally t-compact. This is a consequence of the interesting positivity structures we introduced to deal
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with the subtleties in dimension one discussed in Section It turns out that (Bordfglxz/ *)p is
even strong f-compact while (Bordi%ml) p is strong fermionically {-compact. Indeed, these dagger
categories are minimal as in this low dimension all isomorphisms in the bordism category are unitary,
see the discussion at Remark More precisely, in (Bordig1 <2/ 2) p the Hermitian structure on
the negatively oriented point +" has the dual of the Hermitian structure on the positively orientated
point + in the sense of Definition On the other hand, in (Bordf%‘nl) p has its the Hermitian
structure on the negatively oriented point +* changed by the spin flip 4+.. This will cause the double
of evy to be the periodic circle in the former dagger category and the anti-periodic circle in the
latter dagger category.

We now elaborate further on why we call (BordG"(K )) p a dagger category with internal symmetry
K. This is motivated by the physical intuition that state spaces of a quantum field theory with
symmetry K should equipped with a representation of K. More specifically, if G = G, (K) for
K an internal fermionic symmetry group we expect the Hilbert space attached to a time slice to
come equipped with a representation of K so that time-preserving elements act linearly and time-
reversing elements anti-linearly. We now make the first steps in this direction by working purely on
the bordism category. We will restrict to manifolds with trivialized G-structures P =Y x G. Note
that this implies that Y is framed, but this is not sufficient.

Corollary 5.2.28. Let Y be a (n — 1)-dimensional manifold. Let Gy be the full subgroupoid of
G-Str(Y) in which Y has a G-structure (P, «) so that P =Y x G is trivial as a principal G-bundle.
There are isomorphisms (Y, P,a) = (Y, P, ay(g)) in the bordism category functorial in g € G.

Proof. By Corollary it suffices to work in G -Str(Y') and then apply the mapping cylinder
construction. Let (P,«) be a G-structure so that P = Y x G is trivial as a principal G-bundle.
Given g € G define Ry, : P — P by left multiplication Ry(y,¢’) = (y,99’). Note that this is a
G-equivariant map and aly, Ry(¢")] = alyp(g),¢’]. Therefore this defines a map of G-structures
Ry : (P, o) = (P, ay(g)) which is clearly functorial in g. O

Remark 5.2.29. If g(t) € G is a smooth path, then there is a homotopy of G-diffeomorphisms between
Rgy and Ry(1y. By Lemma [5.1.21 we see that in the case g(0) = g(1), the two isomorphisms
(Y, P,a) = (Y, P,a,g)) in the above corollary are equal. The fact that we can ‘only see mo(G)’ is
a consequence of the fact that we are working 1-categorically. The (oo, 1)-bordism category would
remember more than just the connected components of the topological group of G-diffeomorphisms

of a time slice.

The following corollary tells us that time-preserving symmetries in K gives us canonical auto-
morphisms of every spatial slice, but for time-reversing elements we have to change the orientation
of space.

Corollary 5.2.30. Let K be a fermionic group and let Y be a (n — 1)-dimensional manifold with
a G = Gp(K)-structure (P, a) so that P =Y x G is trivial as a principal G-bundle. Let K be the
groupoid with two objects + and — in which objects have automorphisms Kpres while Hom(+, —) =
K,e, with the obvious composition. Then there is a homomorphism of groupoids from K to the
subgroupoid of Bord,cin% on the two objects Y and Y. This homomorphism factors through mo(K).

Proof. By the last corollary, it suffices to show that there is a groupoid homomorphism from K to
the subgroupoid of G-Str(Y) on the two manifolds with G-structure Y and Y and then apply the
mapping cylinder construction. If [k| = 0 is time-preserving then 1 ® k € G gets mapped to 1 € O,
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under p and so the mapping cylinder gives automorphisms of (Y, P,«) in the bordism category
functorial in k € Kppes. If |k| = 1 is time-reversing then e, ® k € G instead gives an isomorphism
(Y,P,a) =2 (Y,P,a.,) = (Y,P,a)*. We use the Hermitian pairing on Y to get the corresponding
isomorphism f; : Y — Y. Assume now that n > 1 so that we can use the first formula in Corollary
for the Hermitian pairing, using the obvious desuspension Y x G,,_1 of P. Since the Hermitian
pairing is then explicitly given by multiplication with e,, this isomorphism is simply given by

(y,9)~ (y,(1®k)g) P=YxG—-P=YxG.

Note that this is functorial in k& € K. For example, if kq, ko € K., are both time-reversing, then
clearly

Fier fra = Friks-

In case n = 1, the only thing that changes is that the formula of the Hermitian pairing changes by
a spin flip for P_. However, somewhat confusingly, time-reversing symmetries will still map Py to
P,, compare Remark Therefore functoriality still holds. The fact that fr = fi is k and &’
are in the same path component is a consequence of Remark together with a fact that a path
in K induces a path in G mapping to 1 € O,,. O

Remark 5.2.31. Recall from Example that the subgroup of G, (K) consisting of elements of
the form 1 ® k for k € Kpres and e, ® k for k € K¢, is isomorphic to K°P. This follows because
k € K,e, and e, anti-commute. We thus see in Corollary that when assuming time-reversing
elements act by duals, it is K°P that acts on objects of the bordism category, but if we want them
to act by mapping to the orientation-reversal Y it is the internal symmetry group K itself that
acts. This confusing sign change will ensure that in a unitary topological field theory the internal
symmetry group K will act on state spaces as is expected from physics. We will discuss this in more
detail at the end of Chapter [G]

Remark 5.2.32. If K is a bosonic group with no time-reversal symmetries so that G,,(K) = SO, x K,
a Gp(K)-structure (P,a) on Y™~ ! is given by an orientation and a principal K-bundle over Y. In
particular, if the principal K-bundle @ is trivial, we can define py for k € K purely on @ without
needing the assumption that Y is framed to give us an action of K on the object (Y, P,«) in the
bordism category.



Chapter 6

Hermitian and unitary topological field
theory

6.1 Fermionic topological field theory

In Atiyah-Segal style topological field theory we axiomatize n-dimensional quantum field theory by
recording the assignment of the vector space of states to an (n — 1)-dimensional space and the time
evolution operator to an n-dimensional spacetime bordism. If a quantum field theory has a symmetry
K, we can couple it to a background gauge field to get a quantum field theory defined on spacetimes
equipped with a principal K-bundle with connection. Here we allow nontrivial principal bundles,
which could correspond physically to a nontrivial instanton sectors. In topological field theories we
do not include gauge fields because they form a contractible space, but the principal K-bundle is
still relevant data.

When fermions are present, some things change: to deal with spinors we need spin structures
and we have to record the Z/2-grading (—1)¥ on state spaces. If our topological field theory has the
symmetry of a fermionic group (possibly with time-reversal) K as discussed in Definition[3.1.1], we can
still couple it to background gauge fields in a certain sense. However, the interesting interplay between
time-reversal symmetries in the fermionic group and orientation-reversing Lorentz symmetries, as
well as between ¢ € K and the special element ¢ € Spin,,, makes it more complicated. Following
[20], we argue that the spacetimes on which the topological field theories are defined should come
equipped with a G,,(K)-structure as in Definition [3.2.1] also see [25, section 2.1]. In particular, it is
to be expected that

1. the IR limit of a gapped n-dimensional QFT with fermionic symmetry K is a topological field
theory with G,,(K)-structure;

2. for an n-dimensional QFT with anomalous fermionic symmetry K, the anomaly is classified
by an (n + 1)-dimensional invertible topological field theory with G, (K)-structure.

Definition 6.1.1. Let K be a fermionic group and let G = G,(K). A fermionic topological field
theory (TFT) with internal fermionic symmetry group K in spactime dimension n is a symmetric
monoidal functor Z : Bordf — sVect.

Ezample 6.1.2. When K = Spin; = Z% is the internal symmetry group only containing fermion
parity, we have G,,(K) = Spin,,. We see that a fermionic TFT with internal fermionic symmetry
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Spin,,

nn—1 — sVect. In case

group K in spactime dimension n is a symmetric monoidal functor Z : Bord
where K = Pin; is the symmetry group corresponding to a time-reversal with square (—1)F , we

-
have G,,(K) = Pin, and so we get a functor Z : Bord! ™

non1 — sVect. For K = Pin a time-reversal
with square 1, we would get Pin,, instead.

Definition 6.1.3. Let Z be a fermionic TFT and let X be a closed G-manifold seen as a bordism
from the empty manifold to itself, see Remark Then the complex number corresponding to
the linear map Z(X) : C = Z(0) — Z(0) = C is called the partition function on the spacetime X.

Remark 6.1.4. In physics, the partition function is often evaluated specifically on a spacetime of the
form Y x Sé, where Y is a time slice and S,zla is a circle of length 8. In this case 8 could either
refer to inverse temperature (in statistical mechanics) or to a time parameter. For example, for a
one-dimensional quantum field theory we can think of this partition function as being the trace of
the time evolution operator e *¥ where H is the Hamiltonian. For a fermionic TFT however

Z(Y x S) =sdim Z(Y)

will be independent of 5. Intuitively, this is a consequence of the Hamiltonian being zero.

Ezxample 6.1.5. A fermionic TFT for the case where K = 1 is the trivial bosonic group, results in a
symmetric monoidal functor
Bord?9" | — sVect .

N

More generally, for a bosonic group K without time-reversal, the functor

Bord® 9" XK _ sVect

n,n—1

requires as input oriented Riemannian space(time)s with principal K-bundle. Note the curious fact
that even though the symmetry group is bosonic, we do allow nontrivial Z/2-gradings on state spaces.
However, it will be a consequence of the spin-statistics theorem that in case such a TFT is unitary, it
will automatically land in Vect, see Corollary Not every TFT satisfies spin-statistics though.
For example, in spacetime dimension n = 1, there is a theory that assigns the odd line to a point,
which has partition function —1 on a circle. This theory should be thought of as ‘integer spin but
fermionic’, compare [34], Appendix E.1].

Ezxample 6.1.6. A one-dimensional fermionic spin TFT
A Bordffgnl — sVect

is classified by the finite-dimensional super vector space Z(+) assigned to the positively oriented
point +, together with the even involution Z(+.) : Z(+) — Z(+) induced by the spin flip. In
particular, the two involutions Z(+4.) and (—1)5( +) have no reason to be related in general. This
follows for example from the cobordism hypothesis (which is a theorem in dimension one, see [29)),
together with the fact that the structure group Spin, is equal to Z/2 with the trivial map to O;. We
will see in Section that Z(+.) = (—1)1;( +) if and only if this theory has a connection between
spin and statistics. We thus see again that there is no reason for a spin-statistics connection to exist
in a general non-unitary TFT.

There are two spin circles; the periodic circle Szl,e,, with the disconnected double cover and the
antiperiodic circle S;p with the disconnected double cover. The trace induced by the symmetric
monoidal structure on the bordism category gives

dim(+) = S

per*
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Since traces are mapped to traces by symmetric monoidal functors and the trace in sVect is the
supertrace, this will be mapped to sdim Z(+). Similarly S;p is mapped to the supertrace of Z(+.).

Remark 6.1.7. Note that even though in this thesis sVect denotes finite-dimensional super vector
spaces, the existence of duals in the bordism category will automatically enforce finite-dimensional
state spaces even when the target allows for infinite dimensions. At first sight it seems to be
depressing from a physical perspective that TFTs cannot have infinite-dimensional state-spaces, but
after some more thought on the interpretation of TFTs this does seem reasonable; TFTs can be
thought of as the zero energy part of a gapped quantum field theory that can be evaluated on
compact spacetimes. It is not a very strong assumption for such quantum field theories that the
ground state is only finitely degenerate.

Remark 6.1.8. From a mathematical perspective, there seems to be no reason why including ‘spinors’
on the bordism side would require one to set the target to allow ‘fermions’. In other words, one could
just as well study functors 4

Bord,slf’;;ﬁll — Vect .

However, we decide to follow current physics wisdom and study TFTs that both have fermions and
spinors in this thesis.

There are examples of structure groups G — O,, for which no dagger structure on Bord,cinf1 can
exist:
Remark 6.1.9. For G = 1, the category Bord,cl’inf1 of bordisms with unstable framing does not admit
the structure of a dagger category in general. For example, suppose for n = 2 that § : Bordin_l —
(Bordg’nfl)op is a dagger structure. Recall that a closed genus g surface admits a framing if and
only if ¢ = 1. However, if we puncture a genus ¢ surface to get a manifold with boundary S*,
then it does admit a framing. Now consider such a surface ¥ with genus g > 1 as an element of
(0, (S, 7)), where the S! comes equipped with the restricted framing 7 induced by

((S,7),0). But note that the

composition XY is a closed framed manifold of genus at least g > 1, which leads to a contradiction.

Hom G
Bordnmyi1

the framing of the bulk. Then X is some element of Homg,,4c o

Ezxample 6.1.10. Two-dimensional spin TFTs have a classification, similar to the classification of
two-dimensional oriented TFTs by commutative Frobenius algebras [51] Section 2.6].

6.2 Unitary topological field theory

After all the preparatory work on studying orientation-reversing involutions on the bordism category
in Section [5.2] we are fully equipped to define unitary TFTs. We start with some general discussion
on the relationship between two definitions of unitary topological field theory; one through dagger
functors and the other through Z/2-equivariant functors. The fact that these two approaches are
equivalent will be a consequence of the more general theory developed in Section

Euclidean quantum field theories are typically obtained by Wick-rotating a genuine Lorentzian
signature quantum field theory. The analogous property such a Fuclidean theory obtains when the
Lorentzian theory is unitary, is typically called ‘reflection positivity’, see |20}, section 3.2] and refer-
ences therein. Since Atiyah’s axioms for TFTs are naturally in Euclidean signature, it is thus more
appropriate to call unitary TFTs reflection positive instead. We decide to follow the terminology of
[20] and call a Z/2-equivariance structure on a TFT Z a reflection structure, and we call it reflec-
tion positive if it satisfies an extra positivity condition. Under the relationship between dagger and
7/ 2-equivariant functors, we will call the corresponding TFTs Hermitian, respectively unitary. In



158 CHAPTER 6. HERMITIAN AND UNITARY TOPOLOGICAL FIELD THEORY

other words, a Hermitian TFT will be a dagger functor from a bordism category to Hermitian vector
spaces, while a unitary TFT will be a dagger functor to Hilbert spaces. It follows by the theory
developed in Section and Section that Hermitian TFTs are equivalent to TFTs with reflec-
tion structure and unitary TFTs are equivalent to reflection positive TFTs. We start working with
slightly more general structure groups than in the last section, allowing arbitrary orientation-graded
structure groups in the sense of Section

Definition 6.2.1. Let G — G 2 O,, be an orientation-graded structure group giving the bordism
category Bord,cin_1 a Z/2-action. A TFT with reflection structure is a Z/2-equivariant functor

Z Bordfinfl — sVect for the Z/2-actions (.) given by orientation-reversal on Bordi,kl and the
standard complex-conjugation action on sVect.

If 7. Bordi’;ﬁ? — sVect is a fermionic TFT with internal fermionic symmetry group K, we can
use the orientation-grading Gn (K) to talk about a reflection structure on it. Explicitly writing out
Definition in the appendix (for the more general symmetric monoidal situation), tells us that

7Z/2-equivariance data is a collection of isomorphisms Z(Y) = Z(Y') that are natural with respect to
bordisms, such that

Z(Yl |_|Y2) — Z(?l U?Q) — Z(?l) ®Z(?Q>

i i (6.1)

Z(Y1UYs) +—— Z(V1) ® Z(Ya) +—— Z(V1) ® Z(Ya)

and
Z(Y) —— Z(Y)
| o
Z(Y) «— Z(Y)
commute.

Remark 6.2.2. If Z is an n-dimensional TFT with reflection structure and X is a closed manifold,

then Z(X) = Z(X). In other words, the partition function of the orientation-reversed spacetime is
the complex conjugate of the original spacetime.

fGC G4 0,isan orientation-graded structure group, then Bordfin_1 comes equipped with

the anti-involution Y ~— Y induced by the involution Y — Y through the procedure described in
Section Let P be a monoidal positivity structure on Bordgn_1 in the sense of Definition [5.2.13

and let h € P. In particular, we will thus assume that every object of Bord® , | admits at least one
Hermitian pairing. If Z is a TFT with reflection structure, the condition (6.2) will make sure the
composition

Z(h) .~ —

Z(Y) Z(Y") = Z(Y) = Z(Y) (6.3)

defines a Hermitian pairing on the super vector space Z(Y") in the sense of Section The condition
(6.1) ensures compatibility between the Hermitian pairings on the disjoint union of two time slices
and the tensor product of the Hermitian pairings on their state spaces.
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Definition 6.2.3. ATFT Z : Bordin_1 — sVect with reflection structure is called reflection positive
with respect to P if for all h € P, the Hermitian pairings of the composition (6.3) are positive definite
in the sense of Definition 2. 1.4l

Next, we will provide a different definition of reflection positive TFTs using dagger functors. For
this, we need to assume that the bordism category is a symmetric monoidal dagger category. We
will take it to be the j-category (BordG )p associated to the positivity structure P.

n,n—1

Definition 6.2.4. A Hermitian TFT is a symmetric monoidal dagger functor

(Bordin_l)p — sHermg .

A wunitary TFT is a symmetric monoidal dagger functor

(BordS,,_;)p — sHilb.
Theorem 6.2.5. There is an equivalence between the category of TFTs with reflection structure and
the category of Hermitian TFTs.

Proof. By Theorem [2.2.24] there is an equivalence of categories between TFTs equipped with Z/2-
equivariance data and the category of symmetric monoidal anti-involutive functors Bord,cin_1 —

sVect, where both sides are equipped with the d = 6* anti-involution. As a symmetric monoidal
anti-involutive category, (Bordg)nfl) p is equivalent to Bordfﬁnfl. So by the universal property of the
Hermitian completion of Corollary 2:3.16] and its generalization to the symmetric monoidal case, we

get an equivalence of categories between symmetric monoidal anti-involutive functors BordS, | —

sVect and dagger functors (Bordf’nfl) p — Herm(sVect). Since the Hermitian completion of sVect

is the symmetric monoidal dagger category sHermc, the theorem follows. O

Remark 6.2.6. Note that the theorem is true independent of the Hermitian pairing P we chose on
objects of the bordism category. Namely, the category of dagger functors (Bordf\nfl) p — sHermc
only depends on the choice of Z/2-action on the bordism category. In contrast, the category of
dagger functors (Bord§7n71) p — sHilb will strongly depend on the Hermitian pairings we choose.
The more Hermitian pairings on the bordism category we call positive, the less such dagger functors

exist.

Theorem 6.2.7. There is an equivalence between the category of reflection positive TFTs and the
category of unitary TFTs.

Proof. This is a direct consequence of Theorem [6.2.5] and the symmetric monoidal generalization of

Theorem [2.3.41] O

Next, we observe some simple consequences of these definitions.

Remark 6.2.8. In quantum mechanics (one-dimensional quantum field theory), the time evolution
operator e~ — which is what the theory assigns to a bordism of (Lorentzian) length t — is a unitary
operator if the quantum field theory is unitaryﬂ For a unitary (or Hermitian) TFT there is similarly
a condition on the adjoint Z(X)' induced by a bordism X : (Y3, h1) — (Ya, he). However, Z(X) will

1For non-Hermitian systems, the Hamiltonian H need not be self-adjoint and time evolution loses information.
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typically not be a unitary operator. Instead we have only that Z(X)T = Z(XT), where XT is the
bordism

ho —* X' —* h;l
Y2—>Y2 4—)3/1 —)Yl,

which can heuristically be described as X with opposite orientation, viewed as a bordism in the
other direction. The caveat however, is that the result depends on the choices of hi.hy € P.

Remark 6.2.9. If X : (Y1,h1) — (Y2, hs) is a morphism in (Bord$,_;)p and Z : (Bord$, _,)p —
sHilb is a unitary TFT, then Z(XTX) = Z(X)TZ(X) is a positive semi-definite endomorphism of
Z(Y1). Note that this would not necessarily be true for a Hermitian TFT because in sHermc there

are weakly positive operators that do not give positive semi-definite matrices.

Remark 6.2.10. If Z is a Hermitian TFT and Y is a time slice, then the state space Z(Y) is a super
Hermitian vector space so that in particular the even and odd vectors are orthogonal. This implies
that the operator (—1)§(Y) is always unitary.

Remark 6.2.11. In our definition of unitary TFT, we used the convention that the inner products of
super Hilbert spaces V' satisfy
<U7 w> = (_l)lval <w7 U>

and odd vectors v € V satisfy (v,v) € iR>o. We briefly spell out what to modify, when the reader
prefers to work with the more common convention for Z/2-graded Hilbert spaces, for which the
Koszul sign is omitted in the above formula, compare Remarks [2.1.14] 2.1.14] and 2.1.15] For the
symmetric monoidal Z/2-action V ~— V, we do not change the isomorphism V 22V, but we change
its monoidal data V @ W = V @ W by the sign v @ w — (—1)!"l"l5@%@. For the induced symmetric
monoidal anti-involution dV = V*, this results in changing the isomorphism V 2 d?V with a (—1)%
and the isomorphism d(V ® W) = dV ® dW with the same mixed sign. Note that this also changes
the isomorphisms V* = V" and d(V*) 2 (dV)* by (—1)F. In particular, the notion of dual Hermitian
pairing of Definition 2.7.12]is changed by a sign on the odd part. With these conventions, all results
in this chapter hold, because Corollary tells us that this symmetric monoidal dagger category
of Z/2-graded Hilbert spaces is equivalent to sHilb. Any other choices of convention will result in
the tensor square of an odd line having a negative definite inner product.

Ezxample 6.2.12. Consider again the case of a trivial bosonic symmetry group K = 1. Since the
B7Z/2-action is trivial, the oriented n-dimensional dagger bordism category is f-compact in the usual
sense. Let Z : Bordgg’il — sHerme be a Hermitian TFT in which we allow graded vector spaces and
let Y"1 be a time slice. Then Z(Y) is a Hermitian vector space of some signature (p1, p2, 3, p4)-
There is a canonical Hermitian pairing on the dual which has signature (p1, p2, p4, p3). For example,
if Z(Y) is purely odd, then Z(Y') has a positive definite Hilbert space structure if and only if the
induced Hermitian pairing on Z(Y)* is negative definite. In particular, if we want both Z(Y") and
Z(Y)* to be a Hilbert space, we need Z(Y') to be a purely even vector space. This is the spin-statistics
theorem in the bosonic case. We used the bosonic nature through the fact that the BZ/2-action
given by the spin flip is trivial. In general, we will need to modify the Hermitian pairing on Z(Y)*
by this spin flip which changes the signature further.

We study the example of one-dimensional Hermitian and unitary Pin*-theories. This example is
interesting for several reasons:

1. Tt gives an example of a(n invertible) TFT of which the partition function satisfies Z(X) =
Z(X) for all closed manifolds, but it cannot be made into a Hermitian (let alone unitary) TFT;
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2. it reveals some of the subtleties of the interplay between time-reversal symmetries and fermion
parity.

Ezample 6.2.13. Consider a one-dimensional TFT with internal symmetry group K = Pin] consist-
ing of a time-reversal symmetry with square (—1)¥. The associated spacetime structure group is
G, (K) = Pin} and so we consider symmetric monoidal functors.

int
Z: Bordll:‘;(];1 ! — sVect.

The theory is determined by a finite-dimensional super vector space V := Z(x) = Vy & Vi, a graded-
symmetric nondegenerate bilinear form

() VxV =C,
such that V and V; are orthogonal, and an even involution Z(x.) : V — V, such that
(Z(xc)v,w) = (v, Z(*c)w) Yv,w € V.

One way to prove the above classification is using the one-dimensional cobordism hypothesis (c.f.
[29]). Geometrically, the bilinear form is what the theory assigns to the semicircle bordism from *L!x
to (). The previous equation tells us that we can freely move the spin flip around on this semicircle.
Just like for spin, there are two circles. The periodic circle is the mapping torus of the identity on a
point and turns out to bound a Mé6bius strip. For the antiperiodic circle we need to insert an extra
spin flip and this circle bounds the disk. The former circle is the trace of the point in the pivotal
structure induced by the braiding, and since Z is pivotal it will map Z (S},er) to the super dimension
of V. Similarly, it maps S;p to the supertrace of Z(x.).

Now let us assume Bordilg r comes equipped with a symmetric monoidal dagger structure and a
dual functor such that it becomes strong fermionically dagger compact. For example, we can take
the standard positive Hermitian pairings of Definition [5.2.17] Suppose Z is a theory with reflection
structure, so that our preferred Hermitian pairing on the point makes V' into a super Hermitian vector
space of some signature (pi,pa,p3,pa). Since Z(x.) and (—1){ are both unitary and commute, we
can let {e;} be an orthonormal basis for which these operators are diagonal. Write the bilinear form

in the basis as
a= g aijele?  ay; = (—1)lellela ;.
]

By the assumption that the bordism category is strong fermionically f-compact, the double of a
semicircle is the antiperiodic circle which is mapped to the supertrace of Z(x.). Note that we really
need strongness here. For example, if we take all Hermitian structures on this bordism category
to be positive, the double of the semicircle is either periodic or antiperiodic, depending on which
Hermitian pairing we chose on x L *. On the other hand, the above expresseion should agree with
ata, which can be computed using Proposition to be

1] = eillesl ij=—
§ pjaija/ij — E (_l)l ill 'J‘p]ajiaijv
,J i,

where p*/ € {£1,4i} can be determined as follows. We have that p* is imaginary if [e;| + |e;] # 0,
but this will not be relevant because a;; = 0 if e; and e; are of different degree. The sign of p* will
be negative if and only if (e;, e;) and (e;, e;) are of different sign.
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This gives a constraint for Pin™ theories with reflection structure, even if they are not reflection
positive. For example, if a;; is diagonal in this basis, we obtain

Z(*l)|ei| aii|2 _ StI‘Z(*C) _ Z(il)|ei|(71)s(ei)/27

7 7

where (—1)S(ei)/2 is +1 depending on the spin of e;, i.e. it is the eigenvalue of the eigenvector e; for
Z(%.). We see that in that case Z(*.) = idy. One interesting consequence of this observation is
that only the trivial invertible one-dimensional Pint-TFT has a reflection structure. Indeed, note
that the graded symmetry condition on (-, -) requires the odd part of V' to be even dimensional, so
all invertible one-dimensional Pin*-TFTs have V = C the even line. There is then still a nontrivial
invertible TFT with ¢ acting by —1. Note that this theory is not unitary. One can see this either by
the fact that this theory does not satisfy spin-statistics (see Section or by using the classification
of unitary invertible TFTs by bordism groups and the vanishing of the bordism group in“Jr = 0.
However, many non-unitary theories are still Hermitian, but this one is not.
Now suppose Z is a unitary TFT. Then, p*/ = 1 and so we get

S lagl? = YDl (-1,
4,3

i
which by strong fermionic {-compactness is equal to the ungraded dimension of V.

Remark 6.2.14. We give another perspective on the above example of a one-dimensional invertible
TFT that does not lift to a Hermitian TFT. We look through the lens of Picard groupoids, being
sketchy about the details. For invertible TFT's, we can use the universal property of groupoidification

to equivalently consider them as functors of Picard groupoids out of the groupoidification of the
G

bordism category to the Picard groupoid of superlines, see [20]. The groupoidification 13/()r\dn7n_1

e

of Bordin% has isomorphism classes of objects equal to mo(Bord,, ,,_;) = Q¢ . For example for

n =1 and G = Pin}, this gives QF"" = Z/2. In good cases (as outlined in [45]), we have that
_—G

m(Bord, , ;) = SKKY is given by the SKK-group [40], which can be computed in simple examples

[59]. In this case, S’KKIPi“Jr = 7/2 is generated by the bounding circle. In particular, the disjoint
union of two points is isomorphic to the empty set in the groupoidification, because the semicircle
is a morphism between the two. The dagger structure on the bordism category induces a dagger
structure on the Picard groupoid. Now note that the disjoint union of two points is not unitarily
isomorphic to the empty manifold. For example, the double of the semicircle is bounding and so
always gives a nontrivial element in

—Pin}
We conclude that 7/ (BordLl;1 ') 22 Z/4 and so the surjective group homomorphism
v [ 5—Pini ——Pin{\
mo | Bordy o | = mo | Bordy o ) = 7Z/2

does not have a splitting. We see that this is an example of a symmetric monoidal dagger category
that is not only not minimal, but also has no monoidal dagger subcategory that is minimal, compare
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Remark [2:4.19] Note that it is still possible to lift the nontrivial homomorphism
/\Pinf
Z/2 — mo (BordL0 > — 7o(sLine) 2 Z/2
to a homomorphism
/\Pinf
Z/4= 7Y <B01rd170 > — ) (sHermLine) & Z/2 x Z,/2,

where sHermLine is the dagger category of one-dimensional Hermitian vector spaces. Indeed, we can
either assign the negative definite or the positive definite inner product space to the odd line. The
problem here is that the theory that assigns the odd line to the point needs to have partition function
—1 on the antiperiodic circle. Since this circle is a double XTX it evaluates to —1 = Z(X)TZ(X) €
R* in the target category. But an isomorphism f : L. — C4 from a super Hermitian line to the
positive definite even line can only satisfy fTf = —1 if L has a negative definite inner product. In
this case however L = Z(+ U +) = Z(+) ® Z(+) and so Z has to assign the even line with negative
definite Hermitian pairing to the disjoint union of two points. This is impossible, because the odd
line does not have a Hermitian pairing of which its square is a negative define pairing on the even
line. In the language of [44], this is a consequence of the fact that this invertible field theory does
not intertwine the ‘dagger k-invariants’ of the source and target Picard dagger categories.

6.3 The spin-statistics theorem

The spin-statistic theorem is a cornerstone of quantum field theory. It states that in a unitary
quantum field theory a particle is a fermion if and only if it has half-integer spin. We now proceed
to make this precise in the context of unitary topological field theory.

The statistics of a particle is determined by how it braids with other particles; exchanging two
fermions should give an extra minus sign, while exchanging bosons with fermions or bosons with
each other does not. This is made precise in the world of TFTs as follows. Recall that we equip the
state spaces V with a grading operator (71)5 : V. — V corresponding to fermion parity to make
them into super vector spaces V= Vo @ V; € sVect. As in Section [2.1] we then require the symmetric
braiding 8 on sVect to come with a Koszul sign:

Byvw : VoW WV, veaw— (—1)hyew.

For example, suppose H = Hp @ HF is a one particle Hilbert space, which is Z/2-graded by the
distinction between fermions and bosons. Since we will be working with quantum field theories
in which the one particle Hilbert space has been second quantized, we will need to consider the
associated Fock space V = Sym H of graded-symmetric tensor-powers of V. So if H is a fermion, we
put it in odd super degree resulting in a Grassmann algebra, while if it is a boson, we put it in even
degree so that we obtain a symmetric algebra.

Now suppose (H, R) is a finite-dimensional irreducible representation of Spin, which we think
of as a single type of spinful particles. Note that since ¢ € Spin,, is central, R(c) = £idy and H
factors through SO, if and only if R(c) = idy. We say (M, R) has integer spin when R(c) = idy
and half-integer spin otherwise. Note that this terminology is consistent with the usual classification
of irreducible representations of Spins in terms of spin in the case n = 3. The corresponding Fock
space V has an induced operator R(c) measuring the total spin of the multiparticle state modulo
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1. More generally, we could have started with more particle content corresponding to a reducible
representation of Spin,, with nontrivial super grading respected by the Spin,, -representation.

In the situation where V is not just a super vector space but also a representation R of Spin,,,
we can compare the Z/2-grading R(c) given by integer vs half-integer spin with the Z/2-grading
given by fermion parity (—1)f;. If they are the same, then the spin-statistics theorem is satisfied
and otherwise not. We will refer to the connection between spin and statistics as the ‘spin-statistics
connection’. By the ‘spin-statistics theorem’ we will instead mean that every unitary quantum field
theory has a spin-statistics connection. This clarifies the distinction between these two concepts.

For fermionic TFTs we do not quite have an action of Spin,, on state spaces in general, but we
can still formulate spin-statistics as follows. Let K be a fermionic internal symmetry group and
Gn(K) — O, the associated spacetime structure group. The case where K = Spin; = Zf only
i”;ffi) — sVect
be a fermionic TFT with internal symmetry K and let Y"1 be a time slice in the G,,(K)-bordism
category. Then ¢ € G, (K) is central and squares to one and so induces an involution on Y given
by multiplication on the principal G,,(K)-bundle by ¢ inside the groupoid G -Str(Y") of G-structures
on Y. This induces a mapping cylinder bordism Y, : Y — Y| which as a manifold with boundary
is simply Y x [0, 1], but the identification with Y is twisted on one side with the above involution,

compare Corollary
Gn(K)

Definition 6.3.1. Let Z : Bord, "} — sVect be a fermionic TF'T with internal symmetry K. We
say Z has a spin-statistics connection if for all time slices Y, the spin flip automorphism is mapped
to the super grading:

contains fermion parity recovers G, (K) = Spin,, in this discussion. Let Z : Bord

Z(Y,) = (-D.

Remark 6.3.2. Often, fermionic QFTs are required to have a spin-statistics connection from the
get-go, for example in [27] [7T]. In our opinion however, this should be seen only as a consequence of
the spin-statistics theorem.

Remark 6.3.3. In Section we have seen that there is a symmetric monoidal BZ/2-action on

Bordi’;b(_Kl) given by mapping Y to the automorphism Y. : Y — Y. There is also a symmetric
monoidal BZ/2-action on sVect given by mapping V to (—1)f;. Note that Z has a spin-statistics
connection if and only if it is BZ/2-equivariant. In this formulation it is clear that for a once- or

higher extended TFTs a spin-statistics connection becomes data.

Example 6.3.4. We illustrate the spin-statistics theorem for a one-dimensional oriented TFT with
target sVect. The structure group SO, is of the form G, (K) for the internal bosonic symmetry
group K = 1. In particular, since ¢ = 1, the induced BZ/2-action on the bordism category Bord‘ig1
is trivial. Such a theory

Z: Bordfg1 — sVect

is classified by a single finite-dimensional super vector space Z(x) = V. The partition function
Z(S') = sdimV is given by the trace of the identity in the category sVect. We will now show it
has a spin-statistics connection if and only if V' is purely even. Now consider the semicircle bordism
coevy : ) — + U+, where + denotes the positively oriented point and — the negatively oriented
point. Then, coevtocoev = S' and so a unitary TFT should map S* to

Z(coev)' Z(coev) = dimy,g, V,

where the equation follows because sHilb is strong fermionically dagger compact, see Corollary
We conclude that for a unitary TFT we need dimypg V = sdim V, which can only happen if V is
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purely even. This argument essentially generalizes to a proof of the spin-statistics theorem in general,

see Remark [6.3.8

The following theorem is the main result of this thesis, the proof of the spin-statistics theorem
for unitary fermionic topological field theories.

Theorem 6.3.5. Let K be a fermionic group and let

Z : (BordS" )y, - sHilb

n,n—1
be a unitary TFT with internal symmetry K. Then, Z has a spin-statistics connection.
Proof. This is an immediate consequence of Theorem [5.2.25| and Corollary [2.9.12 O

Corollary 6.3.6. If K is a bosonic symmetry group, then any unitary TFT lands in purely even
complex vector spaces.

Remark 6.3.7. The theorem immediately generalizes to any other weak fermionically t-compact bor-
Gn(K)

dism category. In particular, a Hermitian completion Herm(Bordn’Th1 ) is always weak fermionically

t-compact. Hence, dagger functors

Gn(K)
n,n—1

Z : Herm(Bord ) — sHilb

always satisfy the spin-statistics theorem too. Note that every dagger functor Z induces a unitary
TFT in the sense of Definition by composing with the inclusion (Bordijl(_Kl) )p C Herm(BordiT;l(_Kl)).
However, using the smaller positivity structure P has the advantage of having many more interesting

unitary TFTs, see Remark [6.3.11]

Remark 6.3.8. Since the above proof is based on the very abstract and categorical considerations of
Section we spell out the complete logic of the proof. So let Y be an object of (BordG )p and let

n,n—1
A (Bordn)nfl)p — sHilb be a unitary TFT with internal symmetry K. We want to show that the
spin flip on Y gets mapped to the fermion parity operator of Z(Y) under Z. Let evy : Y* LY ~~ (),
coevy : ) ~ Y LUY™* be the duality pairings making (Bordfﬁnfl)p dagger compact. Topologically
they are the macaroni bordisms given by the cylinder on Y, in which we see both boundaries as
incoming, respectively outgoing. We can express the mapping torus of the identity on Y as

Y % Sp}er = evy ooy y= o coevy =: tridy = dimY,

where for the trace we used the canonical pivotal structure of a symmetric monoidal category. Here,

the G-structure on the periodic circle S}, is defined as the mapping torus of the identity on the

positively oriented point. Since Z is a symmetric monoidal functor, it is pivotal for the pivotal

structures induced by the symmetric monoidal structures. Therefore it preserves the trace and so
Z(Y x Szl)er) =Z(dimY) = dim, Z(Y)

since the canonical trace in the category sVect is the supertrace. On the other hand, the dagger

dimensions are also mapped to each other, which results in the computation

dim; Z(Y) = Z(coevy)T Z(coevy) = Z(coevl, coevy) = Z(trY,) = tr, Z(Y). (6.4)

Here, we implicitly used that the functor Z is symmetric to ensure that the respective anti-involutive
dual functors are mapped to each other, see Proposition [2.7.20] and Remark [2.7.5] The G-manifold
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tr Y, appearing here deserves the name Sép x Y, as it generalizes the analogous spin manifold. Since
the dagger dimension is given by the ungraded dimension, and Z(Y.) only has eigenvalues +1, we
conclude from the computation that Z(Y.) must be the grading of Z(Y). This difference
between these two types of dimensions is a consequence of the fact that the Hermitian pairing on
Y* is the dual of the Hermitian pairing on Y composed with Y., see Corollary

Ezxample 6.3.9. Let Z : Bordso2 — sVect be a unitary TF'T with K = 1 so that Z lands in Vect. If we
forget about the structure of Hermitian pairings on state spaces, Z is classified by a finite-dimensional
commutative complex Frobenius algebra A given by (Z(S'), Z(D?): Z(S') — C) [42]. The bilinear
palrmg A = A* induced by the Frobenius structure and the positive definite Hermitian pairing
AxA together give an algebra isomorphism A = A making A into a commutative C*-algebra. In
particular, A is semisimple and so a direct sum of copies of C, also see [7§].

Remark 6.3.10. We have provided TFTs in spacetime dimension one that do not have a spin-statistics
connection and such examples can be constructed in arbitrary odd dimensions. However, we are not
aware of any TFTs in even dimension that do not have a spin-statistics connection. It can be shown
by an ad-hoc computation using the cobordism hypothesis that two-dimensional extended TFTs with
target the 2-category sAlg of superalgebras always admit the structure of a spin-statistics connection.
We however do not have a conceptual proof for this fact and are agnostic about whether it should
generalize to higher dimensions.

Remark 6.3.11. Since dagger functors correspond to anti-involutive functors preserving positivity
structures, we have that every symmetric monoidal dagger functor

Z : Herm (BordG"(K)) — sHilb

induces a unitary TFT
(Bord%» ), — sHilb.

In particular, Z satisfies spin-statistics. However, many TFTs are not of this form. In other words,
requiring all Hermitian pairings to be positive in the bordism category is way too restrictive. For
example, if hy is a Hermitian pairing on the time slice Y and we require both hy and hy oY, to
be positive, then this will enforce Z(Y,) to be a positive operator. By the spin-statistics theorem it
then follows that Z(Y) is purely even. More generally, suppose that we modify a positive Hermitian
pairing hy by a self-adjoint automorphism X : Y ~» Y in the usual bordism dagger category of
Definition Then, making a new bordism dagger category (Bord®”))p, in which hy and
hy o X are both positive will enforce Z(X) to be a positive operator for all dagger functors

(Bord®» %)) b, — sHilb .

It is well-established that time-preserving symmetries act unitarily on state spaces while time-
reversing symmetries act antiunitarily. We now make this precise for unitary fermionic TFTs. This
is essentially a consequence of Corollary and Proposition We briefly review the setup
of those results. For simplicity, we will assume the spacetime dimension is at least two in this
discussion, but the results also hold in spacetime dimension one with the appropriate adaptations
related to how Hermitian pairings are defined for G-structures without suspensions. Let K be a
fermionic group and let P denote the standard positivity structure on Bordin_1 for G = G,(K)
given in Definition [5.2.17} Let Z : Bordfmf1 — sVect be a TFT with reflection structure and Y"1
a time slice such that the underlying principal G-bundle Q =Y X G is trivialized. Recall that left
multiplication by k € K C G induces G(K )-structure automorphisms of Q=Y x G. Seeing Z as a
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7 /2-equivariant functor, we get a representation of K on Z(Y') such that time-preserving elements
of K act complex-linearly and time-reversing elements act anti-linearly. The action of the group is
moreover by unitary/antiunitary operators:

Lemma 6.3.12. Let K be a fermionic group and Z : (Bordfynfl)p — sHilb a unitary fermionic
TET with G = G, (K). Let Y"1 be a G-manifold and let f : Y — Y be a G-diffeomorphism. Then,
there is a canonically induced antiunitary map
Z(v) L z2(V) = Z(Y).

Proof. Note that since Z is a symmetric monoidal dagger functor, it comes equipped with canonical
7./2-equivariance data by Theorem In other words, from the fact that it preserves duals and
the anti-involution, we obtain the isomorphism Z(Y) = Z(Y). Because the bordism category is
weak fermionically dagger compact, the Hermitian pairing hy- on Y and hy differ by a spin flip,
also see Remark We therefore obtain that the induced Hermitian pairing on Z(Y") differs
from the bar of the Hermitian pairing on Z(Y) by Z(Y.). By the spin-statistics theorem, we obtain
that the Hermitian pairing on Z(Y") is the canonical one up to a spin-flip and so a unitary map
Z(Y) — Z(Y) is the same as an antiunitary map. By Proposition it follows that the mapping
cylinder of f defines a unitary isomorphism Y — Y in (Bordfm_l) p and so an antiunitary map
Z(Y)— Z(Y). O

Proposition 6.3.13. Let K be a fermionic group and Z : (Bordg,n_l)p — sHilb a unitary fermionic

TFT with G = G, (K). Let Y"! be a time slice such that the principal G-bundle Q =Y x G is
trivialized. Then, the Hilbert space Z(Y') has the canonical structure of a representation p : K —
GLr(Z(Y)) of K such that p(k) is unitary when k is time-preserving and antiunitary when it is
time-reversing.

Proof. We have seen in Corollary that K induces a collection of G-diffeomorphisms ¥ — Y
for k € Kpres and Y — Y for k € K,e,. These G-diffeomorphisms give bordisms by the mapping
cylinder construction and are compatible under composition. It follows by Lemma that the
time-reversing elements k give antiunitary operators p(k) of Y and similarly time-preserving elements
give unitary operators. 0

Remark 6.3.14. The same proof tells us that if Z is a Hermitian TFT with internal symmetry K,
then all state spaces Z(Y) come equipped with automorphisms p(k) : Z(Y) — Z(Y') such that

p(k1)p(ke) = (1) 5y p(c)p(kiks)

if k1, ko € K are both time-reversing, and similar equations when only one or neither is time-reversing.
Note that indeed the action p(c) of ¢ € K on Z(Y') agrees with the spin flip BZ/2-action Z(Y;) under
Z. This also gives another perspective on Example a one-dimensional Hermitian PinT-TFT
has internal symmetry group Pin] consisting of a single time-reversal symmetry with square c. This
gives an antiunitary operator 1" on the super Hermitian vector space assigned to the point satisfying
T? = (—1)§(Y). Since quaternionic structures only exist on even-dimensional complex vector spaces,
we see that the odd part of Z(Y) has to be even dimensional. This in particular recovers the
observation that the invertible PinT-TFT which assigns the odd line to a point has no reflection
structure.
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Remark 6.3.15. Physically we like to think of the mapping cylinder of left multiplication by k € K
as putting the corresponding codimension one symmetry defect orthogonal to the direction of time.
From this perspective, it is not surprising that forcing a state in a TFT through this symmetry defect
gives a representation of the symmetry group on the state spaces. We expect this perspective to
generalize well to higher (form) symmetry groups and extended TFTs, in which higher symmetries
could be realized as bordisms between bordisms.

Remark 6.3.16. Note that the representation obtained in Proposition factors through m(K).
It would be interesting to study appropriate smooth versions in TFTs in the sense of fibred cate-
gories over the site of manifolds [70, section 2.7] and see whether it it possible to recover smooth
representations of K. Another possible direction to generalize in would be to look at higher bordism
categories which could potentially see higher homotopy groups of K.

It would also be interesting to study in how far the above proposition generalizes to the case
where @ is nontrivial. Recall that in the case where K is bosonic and time-preserving, @ is the data
of a principal K-bundle and the tangent bundle with its metric. If the tangent bundle is nontrivial
but the principal K-bundle is trivial, there will still be an induced K-action by left multiplication on
@ and hence a unitary representation on the state spaces of a unitary TFT. For a general fermionic
group K, spacetime does not come equipped with a principal K-bundle because fermion parity mixes
with the spin group, but there is a Kj-principal bundle. We therefore conjecture

Conjecture 6.3.17. Let K be a fermionic group and Z : (Bordgyn_l)p — sHilb a unitary fermionic

TFT with G = G, (K). Let (Y™ 1,Q, B) be a time slice equipped with a trivialization of the principal
Ky-bundle Q xg Ky obtained by pushing along the projection homomorphism G — K,. Then, the
Hilbert space Z(Y') has the structure of a representation p of K such that p(k) is unitary when k
is time-preserving and antiunitary when it is time-reversing. The representation agrees with the

representation of Proposition[6.3.13 in case Q is trivial.
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Appendix A

Category theory

A.1 Monoidal categories and duality

Let (C,®,1,«) be a monoidal category. We refer to [(3, Chapter I} and [49, Chapters VII and XI]
for an introduction to monoidal, braided monoidal and symmetric monoidal categories. Using Mac
Lane’s coherence theorem for monoidal categories [49, section VII.2], we will typically assume C is
strictly unital and associative without loss of generality. We also often assume functors are strictly
unital. We denote by C®°P the category C with reversed tensor product and by C°°P the category
with reversed composition but nonreversed tensor product.

Definition A.1.1. A duality pairing between x,y € C consists of two morphisms ev, , 1z @y — 1
and coevy 1 1 = y ® x satisfying the triangle identities.

Given objects z,y € C, there might or might not exist a duality pairing between them. Even
if some duality pairing does exist, an arbitrary map ev,, : £ ® y — 1 might or might not extend
to a duality pairing between them. However, if ev, , extends to a duality pairing, then coev, , is
uniquely determined. A (left) dual of an object « € C is an object z* € C, equipped with a duality
pairing ev, : z* ®x — 1, coev, : 1 = z®x* between them. In that case we also call z a right dual of
x*. Duals are unique in the sense that for a different choice ev/, : ' ®x — 1 of dual, there is a unique

isomorphism 2’ = z* commuting with the evaluation maps, or equivalently with the coevaluation
maps. This isomorphism is explicitly given by

s idg= ®COEV; ;) eve ®id,, LE’
_— e

rrRrer (A1)

The dual of a morphism f : ¢; — ¢g is the unique morphism f* : ¢5 — ¢f making the diagram

ides ®f
;R = c; ®cy

e ®id“2l Jevcz

" evey
g®ec —— 1

commute. Equivalently, we could have required the above diagram for the coevaluation instead.
Concretely, we can express the dual as the composition

N id * ®coevp1 id.x ® f®id, x

Cy —>02®01®61 —>02®02®01 —>01
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It is straightforward to check using the triangle identities that the diagram

1 evy (

Tt @

commutes. Note that 1* = 1 can be realized as a dual of itself by the isomorphism 1®1 — 1. Duality
data equips C with a dual functor C — C°P. The dual functor is even monoidal in a certain sense:

Ezample A.1.2. Let c¢1,co € C come equipped with duality data. Then, ¢§ ® ¢} is canonically a dual
of ¢1 ® ¢y via
" " idc; ®Qeve, Qide, N eve,
RV ®Weg ——— 5 Qg — 1.
This defines a monoidal natural isomorphism between the two monoidal functors C x C — C°°P given
by the tensor product followed by the dual functor and the tensor product of the dual functor. It
follows that if we choose duality data on all objects, then the induced dual functor is canonically a
monoidal functor
()* 1 C — CPoPooP,

The following two lemmas are a convenient setting to make dual functors and uniqueness of duals
functorial, generalizing some of the discussion above. These results were communicated to us by Jan
Steinebrunner.

Lemma A.1.3. Suppose G: C — D is a monoidal functor and we are given any collection of duality
PaiTINgs

ev: (Gr) @ G(z) — 1,
indezed by x € C satisfying no further conditions. Then, there is a well-defined and unique monoidal
functor F: C — D°°P®°P sych that (Gz) = F(x) and {ev$} defines a duality pairing between F and
G.

Ezxample A.1.4. Take G = id and suppose we are given dualities ev, : z* ® x — 1 on every object.
Then, the functor F obtained in Lemma is the monoidal dual functor associated to the duality
pairings ev, : F(x) ® x — 1 in the sense of Example

Lemma A.1.5. Let C and D be monoidal categories. Let F : C — D be a monoidal functor and let
G and G' be monoidal functors C — DEP°°P  Suppose we have chosen for every x € C a duality
pairing between F(x) and G(x)

ev& I G(z) @ F(z) — 1,

such that the diagrams

Gf®idp(,
G(z) ® F(y) s Gly) @ F(y)
g (a) ®FfJ/ lev?'p
ev& F
G(z) ®@ F(x) = 1

idgy) ®evg ¥ @idpgy)

Gly) @ G(z) @ F(z) @ Fy)

Yy
~ G,F
* - [
1

Geoy) @ Fzoy)
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commute for all x,y € C and f: y — x and similarly for G'. Then there is a unique monoidal natural
isomorphism n: G =2 G’ such that the diagram

G'(r) ® F(x)

W:@idl’(/ G F
G,F

ev,_"’

G(z) ® F(x) 2 1

commutes for all x € C.
Ezxample A.1.6. If F': C — D is a monoidal functor and ev, : ¢* ® ¢ — 1 a duality, then

F(eve)
—_—

Fz*)® F(zx) —» F(z" ®@x) F(1)~1

is a duality. This gives a canonical monoidal natural isomorphism pp between the two monoidal
functors C — D°°P:®°P given by F o (.)* and (.)* o F.

Ezample A.1.7. More generally, if F': C — D®°P°°P and G: C — D are functors with a duality
pairing {eve“} between them and K: D — £ is a monoidal functor, then

evKFKG (KF(x) ® KG(z) = K(F(z) @ G(z)) 20 1)

is a duality paring between KF: C — £ and KG: C°°P®°P — £,
Similarly, if L: B — C is a monoidal functor then

FLGL .__
€V, = evL(z)

is a duality paring between FL: B — D°°P®°P and GL: B — D. Suppose now G’: C — D is another
functor equipped with a duality pairing to F' and denote the induced monoidal transformation by
n: G = G’. Then the canonical transformations K o G = K o G’ and G o K = G’ o K induced by
the pairings of above, are given by x — K (1) and & + 1 () respectively.

Ezample A.1.8. Let (.)* : C — C°°P®°P be a (left) dual functor. Then the induced functor (.)* :
CP°P — C®°P i3 a right dual functor for the duality in which ev. and coev, are exchanged. Similarly,
()% : C®oP — C°°P ig a right dual functor and (.)* : C°°P®°P — C is a left dual functor.

We provide a few lemmas on duality that will be useful in the main text.

Lemma A.1.9. Let F,G: C — D be monoidal functors with a monoidal natural isomorphism ¢ :
F = G. Then, the following diagram commutes

F(z*) -2 G(a¥)

J{HF J{MG .
Proof. Tt suffices to show that the composite isomorphism

Fa*) 225 G(a®) 2S5 Gz)* 22 F(a)*
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satisfies the property that characterises pp: F(z*) = F(z)*. This means we have to show the
diagram

Pax Qidp(g)
R

pG®idp(z) ¢ ®id (o)

F(z*) @ F(z) G(z*) @ F(x) G(x)* @ F(z) F(x)* @ F(z)
J,idF(m*) R J{idg(r*) [ J{idg(z)* Rz levF(I)

F(a) @ G@) = 6a") © Gla) " Gy o Gyﬂ !
Fe*®z) —2% 4 Qo) — 20 4 g - F(1)

F(evy)

commutes. The two leftmost upper squares commute by an interchange and the right upper square
commutes by the universal property of the dual of a morphism. The lower left figure and the triangle
commute because ¢ is monoidal. The lowest figure commutes because ¢ is natural and the remaining
square commutes because ug expresses uniqueness of duals. O

Lemma A.1.10. Let F:C — D and G : D — £ be monoidal functors between monoidal categories
equipped with dual functors. Let ¢, : F(x)* — F(z*) and v, : G(z)* — G(z*) be the natural
isomorphisms from Ezample[A.1.6 The diagram

F(G()™) o FGE))

‘z’G(m)*T d)G(.’c*)T

P(G())* e F(G("))*

commutes.
Proof. This follows from the fact that ¢ is a natural transformation. O

We now want to show that if C is a braided monoidal category with duals, then a dual functor
C — C°°P®°P ig braided monoidal. For this we first need the following lemma:

Lemma A.1.11. The diagram

Tey,eg
1 @ cCo c2 ®c1
lcoevcz eV02T
ot .
e1.e%
CRBERCIRc —— 2 ®c1 Qs

commutes.
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Proof. We consider the following diagram:

Ocy,cg
c1 ®cg co ®cq
e
coeve, co ® CS ®co ® evey Ve,

Ocyep
Tc1,e5®cq

co®csRc ®cy co®c1 Rc;®ca

-1
c1.¢3

The upper left part commutes by an interchange. The lower triangle commutes by a hexagon identity
of the braiding. The right part commutes by naturality of the braiding in the second tensor factor
applied to the morphism ev.,. We are done by applying the snake identity. O

The lemma above also holds on the other side, the proof being analogous.

Lemma A.1.12. If ¢ is a braiding on the rigid monoidal category C and c1,co € C then

Tk o*
GO —— GO

ok

(02 ®01)* BRI (Cl ®Cg)*

commugtes.
Proof. We provide a string diagram proof in Figure [A-T] using the previous lemma. O

The double dual need not be isomorphic to the original object in general.

Definition A.1.13. Let C be a rigid category equipped with a monoidal dual functor (.)* : ¢ —
CPOoP:&OP A piyotal structure ¢ is a monoidal natural isomorphism from the identity functor on C to

()™ :C—C.

A monoidal functor F': C — D between pivotal categories is called pivotal, if it preserves the pivotal

structure with respect to the canonical isomorphisms F'(¢*) = F'(¢)* for all objectsc€ C. If f : ¢ = ¢
is an endomorphism, then its left trace with respect to ¢ is the endomorphism of 1 given by

coev, ®id = c®id  * ev x
1 c®c*f c®c*¢—>c**®c*—>1.

The right trace is given by

COeV x* * sk idex ®¢;1 * ider ®f * evVe
]l —— QT ————cQR®c——c ®ec— 1.

A pivotal structure ¢ is called spherical if left and right traces agree.
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Figure A.1: A string diagram proof of Lemma which we read from right to left. In the first
line, we use Lemma to change the order of the crossing, for which we had to introduce an
extra coevaluation in co above the crossing. In the second line, we use the snake identity to cancel
this new coevaluation with the evaluation above it. In the last line, we apply the last lemma again

on the other side.
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If C has a symmetric braiding o, then there is a canonical pivotal structure ® coming from the
fact that ¢* is also a dual of ¢** under
¢ @ 2l g et ey .
Explicitly, this means that ®. is the composition

Ver ®ide idex @ocx= ¢ Ve ® id s
¢ LN B, @t R L g e et el o (A.2)
This pivotal structure is moreover spherical [73] Lemma 3.5, Corollary 3.6]. Note that the isomor-
phism @, can also be defined when C is only braided but not symmetric. However, in that case ®
will not be a monoidal natural transformation and so C is not canonically pivotal.

Lemma A.1.14. [75, Ezercise 3.3.5] Let F' : C — D be a symmetric monoidal functor between
symmetric monoidal categories with duals and let @, : x — x™* denote the canonical pivotal structure
on C and D. Then F is pivotal.

Proof. Let ¢, : F(x*) = F(x)* denote the natural isomorphism specifying uniqueness of duals. We
have to show that the diagram

F(z) 27 F(a)

| o]

commutes. For this it suffices to show that going from the upper left to the upper right corner
through the downward path is an isomorphism expressing uniqueness of duals. So we need to show
that the composition intertwines the relevant evaluation maps as in the following diagram, in which
we omitted tensors with identities on arrows for reasons of space.

o F(z) ® F(z)* )* ® Fl)
F@ﬂ@F@F/iT:;uﬁ®ﬂﬁﬂk///?;///:::::;;ﬂx®)

o %o F(:c*)@d;(x**) e Flev,) row| o
F(a*)* @ F(x)* F(z** %F( )T F(a** ® %)

eV E(z)*

To show this diagram commutes we need to use the naturality of the braiding twice. We also use
that ¢Z is the dual of ¢,, the fact that I’ preserves the braiding, the fact that ¢,-, ¢, and ®, express
uniqueness of duals. O
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Lemma A.1.15. If C is a symmetric monoidal category with duals and ®, : v — x** denotes the
canonical pivotal structure, then ®,« and @) are inverses:

Proof. 1t suffices to show that ®} is the isomorphism specifying uniqueness of duals of z**. We show
that it preserves the appropriate coevaluation maps. Consider the diagram

T Q@

*

O'm* T**

ev;*T l(idz* RPL)* }D;@idz**

1— " ®a) —— 2* @

COeV g%

The upper triangle commutes by Lemma The left square commutes by taking the dual of
the diagram

Tk ¥

lcvz* id,,« ®<I>J )
<— *
1 o T*R T

coev ,*

defining ®, as a unique dual isomorphism. O

Remark A.1.16. The above lemma is actually true for any pivotal structure |65, Lemma 4.11]. Note
how this implies in particular that the left trace of f is the right trace of f*.

Lemma A.1.17. [58, Lemma 2.14] A pivotal functor preserves traces.
The following lemma shows t-traces on fermionically f-compact categories are spherical.

Lemma A.1.18. Let ¢, : * — x™* be a pivotal structure and &, : * — = a monoidal natural
automorphism of ide. Then ¢ o € is a pivotal structure. If ¢ is spherical, then ¢ o & is spherical if £
generates a BZ/2-action.

Proof. The first statement follows from the fact that that composition preserves monoidal natural
isomorphisms. Note that the right trace of f : ¢ — ¢ with respect to ¢ o £ is given by the right trace
of fo&~! with respect to ¢. The left trace of f : ¢ — ¢ with respect to ¢ o€ is given by the left trace
of £ o f with respect to . By cyclicity of the trace, the latter is also equal to the left trace of f o&.
We see that if ¢ is spherical and &, = ¢!, then ¢ o £ is spherical. O
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A.2 2-groups

Homotopy-theoretically, n-groups are defined as homotopy (n — 1)-types with a multiplication that
is associative up to coherent homotop‘yE More precisely, they are monoids in the infinity category of
spaces such that the underlying space is a homotopy (n—1)-type. Equivalently, by May’s recognition
theorem, we can consider the classifying space of this monoid, which is a connected homotopy n-type.
Note that for n = 1, a 1-group G is an ordinary group and under the classifying space construction,
this is equivalent to a connected homotopy 1-type K (G, 1).

We want a similar down-to-earth algebraic description for 2-groups. Luckily, monoidal categories
and bicategories are well-understood. Invoking the homotopy hypothesis, we could therefore define
(the classifying space of) a 2-group alternatively as a 2-groupoid with a single object, i.e. a bicategory
with a single object in which all 1- and 2-morphisms are invertible under composition. Equivalently,
we could define a 2-group as a grouplike monoid in the 2-category of groupoids. A popular model
for strict 2-groups are crossed modules and every 2-group is equivalent to a strict 2-group, see [5] for
more details on different models of 2-groups. From now on we will work with the latter:

Definition A.2.1. A 2-group is a monoidal category (G, ®, 1, &) such that all objects and morphisms
are invertible under tensor product and composition.

Example A.2.2. If G is a group, it is a 2-group with object set G, tensor product given by multipli-
cation and only identity morphisms.

Example A.2.3. If A is an abelian group, BA denotes the 2-group with a single object and A
as its automorphisms. Note that the automorphisms of the identity object have two commuting
multiplications given by composition and tensor product. Therefore this construction only works
when A is abelian, by Eckmann-Hilton.

Ezample A.2.4. Let B be a bicategory and b € B an object. The monoidal category Aut(b) of
invertible automorphisms of b is then a 2-group called its automorphism 2-group. For example,
let B = Group, be the 2-category of groups considered as a full subcategory of the 2-category of
categories with one object and only invertible morphisms. The automorphism 2-group of an object
G of this 2-category has as its objects group automorphisms f : G — G. A morphism f; — f
is an element g € G such that fa(g') = gfi(¢')g! for all ¢ € G. The tensor product is given by
composition of automorphisms and the composition of 1-morphisms is given by the product in G.

Recall that we will typically assume that monoidal functors are strictly unital:

Definition A.2.5. A 2-group homomorphism or functor between 2-groups is a strongly monoidal
strictly unital functor.

We review some of the general theory and classification of 2-groups, see [35] section 2] for another
review. This will not be used extensively in the main text, but will be essential for the understanding
of invertible topological field theories Let (G, 1, ®, ) be a 2-group, where crucially we will not assume
that the associator is trivial. If an object ¢ of a monoidal category is invertible, it is possible to
choose an inverse ¢! and isomorphisms ¢ ® ¢! =2 1 = ¢! ® ¢, which satisfy the triangle identities.
Therefore, a choice of inverse is equivalent to a choice of dual object with the property that the
evaluation and coevaluation maps are isomorphisms. Since dual functors are unique up to unique
natural isomorphism, inverses are unique in the same sense. We will from now on assume a chosen

1This definition is unrelated to the definition of a p-group for p a prime as a group having only elements of order
a power of p.
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inverse ¢! for every object ¢, with chosen isomorphisms c®c ™! = 1 = ¢~ ! ® ¢ satisfying the triangle
identities, i.e. a dual functor on G. Let 7y := 7o(G) denote the set of objects modulo isomorphisms
and 71 := m1(G) = Aut 1. Then 7 is a group under tensor product. Similarly, 71 is a group under
®, but it also has another compatible group structure given by composition. By an Eckmann-Hilton
argument it follows that the tensor product and composition are equal on Aut1 and 7 is abelian.
There is a left action p(c)[f] of ¢ € mp on f € m given by conjugation id, ® f ® id.-1. We translate
automorphisms of ¢ € my to automorphisms of the monoidal unit by tensor product on the right with
id.—1. This is a group isomorphism w1 = Aut ¢ since

(71 ®ide-1) 0 (12 ®@ide-1) = (M1y2) ®ide—1 V1,72 € Aute.

The tensor product Autec; ® Autcy — Autcics when translated to a map 7 X w1 — 71 in this
convention becomes (f1, f2) — fip(c1)[f2] since

Y ® O ®id(e ep)-1 = (Y@ id—1) @ (ide, @ @ id -1 ®id 1)
= (7®idc;1) ®p(01)[5®idcz—l] Vy:icr —c1,0:co = co.

In particular, we have that if v : ¢’ — ¢’ and f = v ® id(s)-1 is the corresponding element of 7y,
then the morphism ~ ® id.. also corresponds to f, but id. ®y corresponds to p(c)[f]. The associator
a:(c1®ca)®es e ® (e ®cg) becomes a map « : mp X mp X m9 — m1. With this convention, the
pentagon identity is equivalent to o € Z3(mo; (1) ») being a 3-cocycle with values in the mp-module
(7T1 ) p)'

Remark A.2.6. If we would have translated automorphisms of ¢ to automorphisms of 1 by tensoring
with id.-1 from the left, we would instead get as the tensor product (f1, fa) — p(cy ')[f1]f> and the
associator would satisfy the cocycle condition for the right action of 7wy on 7 given by f-c = p(c™1)[f].

Definition A.2.7. Given a 2-group g, the quadruple (mo,m,p,a € H?(mo;(m1),)) is called its
skeletal data.

Given a quadruple (mo, w1, p, a € Z3(mo; (m1),)), where 7 is a group, 7 is an abelian group and
p: mo — Autm; a homomorphism, we can construct a 2-group G’ with object set 7y, morphism sets
Homg:/(c,c) = w1 and Homg/(c1,c2) = (0 if ¢1 # c2. The composition is given by the product in 71,
the tensor product on objects is given by the product in 7y, the tensor product on morphisms is
uniquely determined by requiring id, ® f ® id.-1 to be p(c)[f] and f @ f' = fo f' for f, f' € . The
associator is induced by a. The 2-group G’ made from the skeletal data of G is called its skeletal
model and is equivalent to G. In fact, the skeletal data is a complete invariant.

Theorem A.2.8. Two 2-groups are equivalent if and only if they have the same skeletal data.
Given a quadruple (mo, 1, p, o0 € H?(mo; (m1)p), where my is a group, m is an abelian group and
p:mo — Autmy a homomorphism, there exists a 2-group with that skeletal data.

It can sometimes be useful to use the homotopy hypothesis to compare 2-groups with connected
homotopy 2-types by including them in co-groups, which are equivalent to arbitrary homotopy types.
We can make the relationship with connected homotopy 2-types and their Postnikov towers explicit
as follows. A homotopy 1-type X is classified by the group 71(X), the abelian group mo(X )E| the

2The shift by one in the indices is because X is the classifying space of G.
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action of 71 (X) on m(X) and the k-invariant (or Postnikov invariant) classifying the fibration

Such a k-invariant is given by a map Bwy(X) — B Auty, B?m2(X), where Autj, denotes the grouplike
E1-space of homotopy automorphisms of a space. Now it is a fact that [16]

Auty, B"A = Aut A x B"A.

In particular, the k-invariant is a pair of a group homomorphism p : 7 (X) — Aut(m2(X)) and a
class in H?(my; (m2),).

Example A.2.9. Let B be the Morita bicategory of algebras over a field k. The automorphism 2-group
of an algebra A is the monoidal category of invertible (A, A)-bimodules and invertible bimodule maps
between them. It has my = Pic A given by the Picard group of A and m = Z(A)* is the group of
automorphisms of the (A, A)-bimodule A.

A.3 2-group actions on categories
An action of a 2-group (G, ®,1,«) on a category C is a monoidal functor
G — (EndC, o),

where End C is the category of endofunctors of C with monoidal product given by composition of
functors. Equivalently, it is a pseudofunctor

Bg — Catl,

from the bicategory with one object x and Hompg(x, *) = G to the 2-category of categories with the
property that % +— C. Spelling out such a definition, this means that

Definition A.3.1. An action of a 2-group G on a category C consists of
1. for every object g € G, a functor p(g) : C — C;
2. for every morphism v : g1 — g2 € G, a natural isomorphism p(7) : p(g1) = p(92);
3. for every two objects g, ¢’ € G, a natural isomorphism R, ¢ : p(g) o p(¢’) = p(g ® ¢');

such that
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1. for three objects g,¢’,¢"” € G, the diagram

p(g") o p(g’) © p(g)

idp(y”)% &.idﬂg)

p(g") o p(g’ @ g) p(g" @ g') o p(g) (A-3)
Ry’ﬂy’@yﬂ AHRQ”@leg

1 ! 2 !
rlg" @ (9" @g)) ) p((9"®g)®g)

commutes, where o denotes horizontal composition of natural transformations;
2. for two composable morphisms 1 : g1 — g2,72 : g2 — g3 € G, we have p(v2)op(y1) = p(y207m1);

3. for any two morphisms v : g1 — g2, : g5 = g5 € G, we have the commutative diagram

Rg’ .9
p(gh @ g1) == p(g}) © plg1)
p(“/®7)ﬂ ﬂp(v/)op(v) )
P9 ® g2) == p(g3) © p(g2)
95,92

1. p(1) = ide;
5. p(idy) =id,y) for all objects g.
Remark A.3.2. We assumed that the action is strictly unital, which can be done without loss of

generality.

Remark A.3.3. The condition p(y2) o p(v1) = p(y2 ©71) is redundant, as it follows by writing the
composition of two morphisms as a tensor product and then applying the preservation of tensor
products of morphisms. This would not be the case if we replace G by an arbitrary monoidal
category.

Example A.3.4. An action of an ordinary group G on a category is an action of the 2-group, of which
the objects are G and all morphisms are identities.

Example A.3.5. Let G, H be two groups. Consider H as a 2-group with only trivial morphisms
and let C = BG be the category with one object and morphisms G. Then, an action of H on C is
exactly the same data as an H-valued nonabelian 2-cocycle on G, i.e. a collection of automorphisms
p(g) € Aut H and elements 7(g1,g2) € H for g1, g2 € G, such that

7(91,92) - p(9192)[h] = (p(g1) © p(g2))[R] - (g1, 92)
satisfying a twisted cocycle condition. Up to isomorphism, this is equivalent to giving an extension
1-G—-K—>H—1,

which we can recover as the (homotopy) colimit of the functor p : BH — Gpd between (2,1)-
categories.
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Definition A.3.6. Let F' : C; — Cs be a functor between categories with G-action. Then, F' is said
to be G-equivariant if it comes equipped with a collection of natural transformations A\, : F'o p(g) =
p(g) o F for every object g € G such that

e The diagram
Foplg'g) == Foplg')oplg)

!

p(g’) o Fop(g)

!

p(g'g) o F == p(g') o p(g) o F
commutes for all objects g, ¢’ € G;

e the diagram

Foplg) 222 Fop(gs)

P(ME ﬂ

plg1) o F' == p(g2) o F
commutes for all morphisms v : g1 — g2 in G;
[ ] )\1 = ldF

A natural transformation F = F’ between equivariant functors is equivariant if the diagram

Fop(g) == F'op(g)

! !

plg) o F' == F"op(g)

commutes for all objects g € G.

All definitions in this appendix generalize to monoidal G-actions by requiring all functors and
natural transformations occurring in the definition of an action to be monoidal. Similarly, if the
category is braided or symmetric, we require all functors to preserve the braiding.
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