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UNIVERSAL CONSTRUCTION IN MONOIDAL AND
NON-MONOIDAL SETTINGS, THE BRAUER ENVELOPE, AND
PSEUDOCHARACTERS

MEE SEONG IM, MIKHAIL KHOVANOV, AND VICTOR OSTRIK

ABSTRACT. This paper clarifies basic definitions in the universal construction of topo-
logical theories and monoidal categories. The definition of the universal construction is
given for various types of monoidal categories, including rigid and symmetric. It is also
explained how to set up the universal construction for non-monoidal categories. The
second part of the paper explains how to associate a rigid symmetric monoidal category
to a small category, a sort of the Brauer envelope of a category. The universal construc-
tion for the Brauer envelopes generalizes some earlier work of the first two authors on
automata, power series and topological theories. Finally, the theory of pseudocharacters
(or pseudo-representations), which is an essential tool in modern number theory, is in-
terpreted via one-dimensional topological theories and TQFTs with defects. The notion
of a pseudocharacter is studied for the Brauer categories and the lifting property to
characters of semisimple representations is established in characteristic 0 for the Brauer
categories with at most countably many objects. The paper contains a brief discussion
of pseudo-holonomies, which are functions from loops in a manifold to real numbers
similar to traces of the holonomies along loops of a connection on a vector bundle on
the manifold. It concludes with a classification of pseudocharacters (pseudo-TQFTs)
and their generating functions for the category of oriented two-dimensional cobordisms
in the characteristic 0 case.
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1. Introduction

This paper clarifies the basic setup for the universal construction of topological theories
and monoidal categories. Furthermore, it proposes a generalization of the Brauer cate-
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gory that starts with a category C and forms a category of one-dimensional cobordisms
decorated by objects and morphisms of C. The universal construction is investigated for
this decorated Brauer category of C. It is also explained that the notion of a pseudochar-
acter, essential in modern algebraic number theory, can be described in the language of
the universal construction for the Brauer category of a category with one object, as a
lifting property from a topological theory to a one-dimensional topological quantum field
theory (TQFT) with defects.

The universal construction [BHMV95, FKNSWWO05, Kho04, RW20, Kho20, KS24,
Mei23] starts with a category C of cobordisms or a similar monoidal category and a mul-
tiplicative evaluation « of closed cobordisms (more generally, a multiplicative evaluation
of the abelian monoid End¢(1) of endomorphisms of the identity, or the unit, object).
The evaluation takes values in some commutative ring or semiring R. One then passes
to the category RC of R-linear combinations of morphisms in C. The category RC carries
an equivalence relation, where two morphisms are equivalent if and only if no matter how
they are extended to endomorphisms of the unit object 1 and evaluated via «, the evalu-
ations are equal. The resulting quotient category C, is R-linear and monoidal and often
gives rise to a topological theory, a weak analogue of a TQFT, which to an object X of
C associates its state space A(X) := Hom¢, (1, X) and to a morphism f € Hom¢ (X7, X5)
amap A(f): A(X;) — A(X3). This assignment is a lax monoidal functor A, from C to
the category R—mod of R-modules:

A,:C— R-mod, X — A(X),
A(Xl) ®Rr A(XQ) —> A(Xl ®X2), Xl,XQ € Ob(C)

It is lax monoidal in the sense that maps in (1.2) exist but are not isomorphisms, in
general (isomorphism property would make the functor A, monoidal).

This paper consists of three parts:

e Section 2 explain the universal construction in general monoidal categories and non-
monoidal categories.

e Section 3 describes the Brauer category of C of one-cobordisms between the zero-
manifolds decorated by objects and morphisms of C. It also explains its general-
ization when one-cobordism may have inner endpoints that do not belong to the
outer boundary of the cobordism. Universal construction for the Brauer categories
is then considered.

e Sections 4 and 5 explore the relation between pseudocharacters and topological
theories.

In Section 2.1 we give a definition of the universal construction in general monoidal
categories, requiring a multiplicative homomorphism « : End¢(1) — R from the abelian
monoid of endomorphisms of the identity (unit) object to a commutative semiring R. We
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explain how various properties of R and C, including R being a commutative ring and C
being symmetric or rigid, simplify the definition and study of the universal construction.
In Section 2.3 we propose a setup for the universal construction when the category C is
not monoidal. One then substitutes the unit object 1 by collections of starting and ending
objects. The state space of an object X is an R-module generated by morphisms from
starting objects to X subject to relations on R-linear combinations on these morphisms
that come from composing with morphisms from X to ending objects and evaluating
compositions via a. We further generalize this setup in Section 3.11, replacing collections
of starting and ending objects by a pair of presheaves of sets, one for C and one for C°P.

Section 3.1 defines the Brauer envelope or the Brauer category B(C) of a small cat-
egory C. One can think of it as the category of oriented one-dimensional cobordisms
decorated by morphisms of C between oriented zero-manifolds decorated by objects of
C. Composition of basic cobordisms produces loops decorated by endomorphisms in C
subject to a suitable equivalence relation. That section also explains the Poincaré dual
construction, where cobordisms carry O-dimensional defects decorated by morphisms of C
while intervals bounded by these defects are decorated by objects of C.

Section 3.7 describes the universal construction for the Brauer category, where each
loop x in B(C) is assigned an element a(x) in a commutative semiring R. This results
in an R-linear rigid symmetric monoidal category B,(C) and a chain of categories and
functors

C — B(C) — RB(C) — B,(C),

with the first arrow — an “inclusion” of C into its Brauer envelope, the second arrow
being R-linearization of the Brauer category and the third arrow given by the universal
construction for evaluation a.

In Section 3.8 we consider more general C-decorated one-cobordisms that may termi-
nate (end) in the “middle” of the cobordism, that is, not at the boundary of the cobordism
which describes the source and target of a morphism in B(C). These additional endpoints
are called inner or floating endpoints. Section 3.11 describes a general framework for
such cobordisms, via a pair of presheaves of sets on C and C°P, and explains the univer-
sal construction in this case. The non-monoidal universal construction for this setup is
exhibited there as well.

Section 4 starts by explaining the lifting problem of realizing evaluations via TQFTs,
see Section 4.1. An essential tool in the modern theory of Galois representations is the the-
ory of pseudocharacters (or pseudorepresentations) [Tay91, Car94, Rou96, Nys96, Dot11,
Bell2, Bel21, WWE17, WE13]. Pseudocharacters can be traced back to the turn of the
20th century, when related structures (group determinants) motivated Frobenius to de-
velop the theory of characters of finite groups, see [Joh19] and [Dot1l, Remark 1]. We
explain that pseudocharacters can be thought of as evaluations « for the Brauer category
of a category Cg with a single object X and the group or monoid G of endomorphisms of
X. Evaluations that are pseudocharacters have an additional property that the antisym-
metrizer of X®(@+1) is identically 0 for some d. Surprisingly, that is often enough to imply
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that the evaluation can be realized as the character of a representation. A realization of a
pseudocharacter as the character of a representation V' can be interpreted as the lifting of
the corresponding evaluation (or a topological theory) to a one-dimensional TQFT with
defects. This can be presented as a diagram in Figure 1.0.1.

representation of G ¢«—— 1D TQFT with G-defects

o lifting topological theory
lifting to a TQFT

topological theory for B(Cq)
with antisymmetrizing property

pseudocharacter of G +————
Figure 1.0.1: The correspondence between pseudocharacters/representations and one-
dimensional topological theories/TQFTs.

In Section 4.11 we consider the distributed case of this correspondence, when C has
more than one object. One potential application of the distributed case is to pseudo-
holonomies, that is, functions on closed paths in a manifold M that behave like traces
of the holonomy of a connection on a vector bundle over M, see Section 4.19. We also
discuss the case of inner endpoints, so that an evaluation is defined for both decorated
circles and intervals, see Section 4.17.

In Section 5 we study pseudocharacters beyond the one-dimensional case. We review
two-dimensional TQFTs and their generating functions. A pseudocharacter « for the
category Cob, of two-dimensional cobordisms produces a pseudocharacter for the Brauer
category with inner endpoints and one unlabeled defect. Additional properties of that
pseudocharacter (and restricting to fields of characteristic 0) allow to constraint the gen-
erating function of o and show that it coincides with the generating function of some
two-dimensional TQFT. The resulting classification of pseudocharacters of Cob, is stated
in Theorem 5.14.

Pseudocharacters for more general monoidal categories may find applications beyond
number theory, for instance, in the deformation theory for TQFTs.

Calling the rigid tensor envelope B(C) the Brauer category of C is motivated by the
following example. The familiar oriented Brauer category, see [ BCNR17] for an exposition,
is a special case of our construction when C is a category with one object X and a single
morphism (the identity morphism of X). Then endomorphisms of the identity object in
the rigid symmetric monoidal category B(C) are powers of the circle Sx (a circle decorated
by the morphism idy), see Figure 4.4.1. One can then pass to the R-linear extension
RB(C) of C by forming linear combinations of morphisms, and then impose the relation
a(Sx) = X\ € R saying that a circle evaluates to A, for a commutative ring R, often a field.
The resulting category is usually called the oriented Brauer category.

The next step is to pass to the negligible quotient of this category, which is equivalent
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to doing the universal construction for this evaluation . When A =n € Z,, the negligible
quotient can be interpreted via the representation category of GL(n).

P. Deligne and J.S. Milne constructed a family of rigid, symmetric monoidal cat-
egories Rep(GL(\)), where A € C, see [DM82, Del90]. When A ¢ Z, Rep(GL(A)) is a
semisimple tensor category satisfying a certain universal property. Further developments
of the semisimplification of the tilting categories of GL(n), SL(n), and PGL(n) in prime
characteristic appear in [BEAEO20, EO22].

More generally, when C has a single object X, the category C can be described
by the monoid G of endomorphisms of X and denoted Cq. It is this case that re-
lates to pseudocharacters. Beyond the topological theory interpretation of pseudochar-
acters, the Brauer categories B(Cg), together with the categories B,(Cq) (sometimes
called interpolation categories, see later), naturally appear in the topological theory
and TQFT interpretations of formal rational power series, regular languages and au-
tomata [Kho24, 1K22, TK21, GIKKL23].

The Brauer categories B(C¢) are an implicit intermediate step in the construction of
Frobenius Heisenberg categories in [BSW21]. In the more restricted case, when C has a
single object X and Endc(X) is a free monoid with a generating morphism z : X —
X, the Brauer category B(C) and the category B,(C) appear as intermediate categories
in various categorifications of the Heisenberg algebra [Khol4, BSW20]. Replacing the
symmetric group by the nilHecke algebra, related categories appear in a categorification
of the quantum s[(2), see [Laul0)].

The Brauer categories with inner endpoints (where one allows one-manifolds to end
in the middle of a cobordism), considered in Sections 3.8, 3.11, and their interpolations
generalize the rook Brauer algebra and category [Hd14, Hu20|, which correspond to the
case of C with a single object, single (identity) morphism and its action on one-element
sets. Inner endpoints describing morphisms to and from the unit object in monoidal
categories also appear, for instance, in [KS15, Kho24, IK24, KT19].

ACKNOWLEDGMENTS. M.K. and M.S.I. would like to thank Dublin Institute for
Advanced Studies and Sergei Gukov for providing productive working environment during
a workshop in November 2022 where this work was started. The authors are grateful
to Yakov Kononov and Eric Urban for interesting discussions. The authors thank the
anonymous referee for a very thorough feedback on this manuscript. M.K. would like
to acknowledge partial support from NSF grant DMS-2204033 and Simons Collaboration
Award 994328.

2. Universal construction in monoidal and non-monoidal settings

Throughout the paper it is assumed that all categories are small, including the categories
C below.

2.1. UNIVERSAL CONSTRUCTION FOR GENERAL MONOIDAL CATEGORIES. In the uni-
versal construction of topological theories, one starts with a monoidal category C. Endo-
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morphisms Endc(1) of the identity object constitute a commutative monoid. One picks
a commutative ring or a commutative semiring R and selects a multiplicative map

a : Ende(1) — R, (2.1)

so that
a(l)=1, a(zy)=a(x)a(y), z,yecEnde(1). (2.2)

The category C typically has a set-theoretic or a topological origin, and the hom spaces
Hom¢ (X1, X5) in it are just sets. One then passes to the R-linear closure RC of C, which is
a monoidal category with the same objects as C, but morphisms in RC are finite R-linear
combinations of morphisms in C, with the composition given by extending composition
in C bilinearly to linear combinations of morphisms. Evaluation a extends R-linearly to
a homomorphism of commutative semirings, also denoted a:

(07 EndRc(].) = REndc(l) — R. (23)

Next, define the category C, to be a quotient category of RC, with the same objects as
in RC and C. Two morphisms fi, fo : X; — X in RC are a-equivalent if for any objects
Xo, X9 and any morphisms

U:1— Xg0 X0 X,, m1X0®X{®X2—>1 (24)
in C (or, equivalently, in RC) the following relation holds
a(m0(idX0®f1®idX2)0LU) = a(m0(idX0®f2®idX2)OLU), (25)

see Figure 2.1.1.

al X, X, | = alX, X,

Figure 2.1.1: Diagrammatic presentation of the relation (2.5), in the universal construction
for an arbitrary monoidal category and a commutative semiring R.

In other words, we close up or complete fi, fo in the same way to endomorphisms of
1 and require that the two closures evaluate to the same element of R.

The category C, is R-linear monoidal. By an R-linear category, we mean a category
where hom spaces are R-modules and composition of morphisms is R-bilinear.
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By the right state space A.(X) of X € Ob(C) = Ob(C,) we mean Hom¢_ (1, X). Like-
wise, define the left state space Ay(X) of X € Ob(C) = Ob(C,) as Home_ (X, 1), so that

Ay(X) :=Hom¢, (X, 1), A, (X) :=Home, (1, X). (2.6)
Our convention for left vs. right state spaces comes from observing that the composition
14 xl (2.7)

is written as gf, with g € Hom(X, 1) on the left of gf and f € Hom(1,X) on the right.
Any morphism f: X — X’inC, in RC or in C,, induces R-linear maps of state spaces

A(f)t AX) — AL(XT), Adf) : AdXT) — A(X), (2.8)

The maps A,.(f), respectively Ay(f), are covariant, respectively contravariant, for the
composition of morphisms, 4,(£g) = A-(f) o A.(g), Au(fg) = Au(g) o A(f).

The collection of state spaces {A,(X)} xeobc) and maps {A,(f)} feHome(x1,X2), Where
X1, X, € Ob(C), gives a functor A,, (or just A,) from C to R-mod, which factors to a
functor C, — R—mod, also denoted A,. This functor

A, :Cy — R-mod
describes a topological theory for C, a weaker (or lax) version of a TQFT with morphisms
Ar(Xl) ®R AT(XQ) —> Ar(Xl ® Xz)

replacing corresponding isomorphisms in the definition of a TQFT, where ® on the right
stands for the tensor product in C and ® on the left denotes the tensor product of R-
semimodules over a commutative semiring R. Likewise, the state spaces Ay(X) and maps
Ay(f) for morphisms f in C, defined similarly to A, (f), give a contravariant functor A, »
(or just Ay) from C to R—mod, which descends to a functor

Ay:Co —> (R-mod)°®,

see Figure 2.1.2 for both functors A,, A,.

Since R is commutative, there is no difference between left and right R-modules.
Section 2.3 discusses the non-monoidal version of the universal construction, for possibly
non-commutative R, where the target categories for functors A, and A, differ by being
those of left, respectively right R-modules, see Figure 2.4.1.

The pairing
( , )X : Ag(X) X AT(X) — Endca(l) ~*R (29)

is R-bilinear (in the sense of linearity over a commutative semiring R) and nondegenerate,
in the sense that for different elements f, f/ € A,(X) there exists g € A,.(X) with (f,g) #
(f',9), and likewise for the other coordinate.
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A% R-mod

C —RC——C,

A7 (R-mod)°»

Figure 2.1.2: Diagram of categories and functors for the universal construction on an
evaluation «a in a monoidal category C.

2.2. REMARK. Instead of starting with C and then first passing to RC, one can start with
a monoidal category C which is already R-linear and do the quotient construction for it
given an R-linear evaluation «, see also [Mei23].

There are important special cases of this construction:

I. R is a commutative ring rather than just a semiring. In this case the terms can
be moved to one side of the equation (2.5). Define f: X; — X] to be a-equivalent to
0 € Hompe (X3, X7) if

Oé(mo(idX0®f®idX2)OLU) =0 (210)

for all objects and morphisms as in (2.4). The collection I of morphisms a-equivalent
to zero morphisms between various pairs of objects is a two-sided ideal in RC, and C, is
isomorphic to the quotient category RC/I.

State spaces A,(X), A.(X) are R-modules, and the nondegenerate pairing (2.9) is one
of R-modules.

One can pass to the Karoubi closure Kar(C,) by allowing finite direct sums of objects
and adding objects for idempotent morphisms. This is especially useful when R is a
commutative ring, or, even better, a field, see [KS24, KOK22, KL.23, Mei23]. It is not

clear how useful passing to the Karoubi closure is when R is only a semiring, not a ring.

I1. C is symmetric monoidal. In most papers on the universal construction, the cate-
gory C is symmetric. Categories of abstract cobordisms tend to be symmetric monoidal,
while, for instance, the category of 1-dimensional cobordisms embedded in R? is monoidal
but not symmetric, and the universal construction for such categories is investigated
in [KL23].

With C symmetric, consider the morphisms in (2.4). The objects Xy, Xo, X{ in these
morphisms can be flipped to one side of each tensor product, which allows to further
reduce to the case Xo = 1. The maps in (2.4) and the equation in (2.5) simplify to

W:l— Xp® Xy, f: Xo® X| — 1, (2.11)
a(fo(idx, ® f1) o W) = a(fo (idx, ® f2) o), (2.12)

see Figure 2.2.1. The category C, is then symmetric monoidal as well.

II1. C is rigid monoidal. The category C, is rigid [EGNO15] if C is rigid. In this case
morphisms and diagrams in (2.4), (2.5) and Figure 2.1.1 admit only a slight simplification:
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(M (M

al| Xy = al| X

(W (W

Figure 2.2.1: A simplification of the universal construction relations when C is symmetric
monoidal.

the line of X in Figure 2.1.1 can be bent to create a cup and a cap so as to convert M to
a morphism X] ® Xy — X and to convert U to a morphism Xj — X; ® Xo.

Rigidity gives isomorphisms of left and right state spaces A,(X) = A,(X*) that are
intertwined by maps f; and (f*),, for f € Home(X1, X5), where f*: X5 — X7 is the
dual to f, the morphism coming from the rigid structure.

IV. C is rigid symmetric monoidal. Then the category C, is rigid symmetric monoidal
as well. This is the case when C is one of the categories of cobordisms, including categories
of n-dimensional cobordisms, cobordisms with defects, graphs or suitable CW-complexes
viewed as cobordisms. The universal construction has mostly been studied in this case.
Condition (2.4) can be further simplified in this case, requiring instead that for any
morphism ¢ : X; — (X7)* the two closures have the same a-evaluation:

My, 11— X1 ® X7, mx; P Xje (X)) — 1, (2.13)
O‘(NX{O(]CI ®9)°MX1) = @<ngo(f2®9)°ijl)7 (2.14)

where My, Ny are the rigidity morphisms for the object X, also see Figure 2.2.2.

X X1
o I = @ I
X1 Xl

Figure 2.2.2: Evaluation equation and diagrams when C is rigid symmetric monoidal.

If R is, additionally, a ring, see Case I above, one can further reduce to a single
morphism f:X; — X/ in RC and define for it to be a-equivalent to the zero morphism
if

a(NX{o(f@)g)okJXl) . (2.15)
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for any morphism g : X; — (X])* in C. After that, one can form the quotient of RC
by the ideal I of morphisms a-equivalent to zero morphisms. The quotient RC/I is an
R-linear rigid symmetric monoidal category.

The three properties: R is a (commutative) ring, C is rigid, C is symmetric monoidal
can be imposed independently, resulting in eight cases of the universal construction, with
corresponding simplifications in the definition of the quotient category C,. Five of these
eight cases are considered in I-IV above.

Papers on the universal construction for the most part specialize to categories of n-
dimensional cobordisms, often for manifolds with various decorations or for CW-complexes
with decorations and n = 2 (foams), see [BHMV95, FKNSWWO05, Kho20, KS24, KL23,
KOK22] and references therein. Categories of cobordisms are usually rigid symmetric
monoidal.

Ehud Meir [Mei23] aptly renamed the universal construction to the interpolation of
monoidal categories. Meir emphasized that the universal construction can be viewed in
the general framework of rigid symmetric monoidal categories. In fact, the conditions
that C be rigid and symmetric can be dropped and one can consider interpolations for
any monoidal category, as explained above.

The monoidal categories can, informally, be viewed as the categories of generalized
one-dimensional cobordisms, especially when a monoidal category is given via generating
objects, generating morphisms, and defining relations. Generating morphisms can be
depicted as vertices with the “in” and “out” legs labeled by generating objects. Such a
morphism goes from the tensor product of objects for the “in” legs to the tensor product of
objects for the “out” legs. Monoidal compositions of these morphisms are then decorated
directed graphs, a kind of one-dimensional cobordisms.

2.3. UNIVERSAL CONSTRUCTION IN A NON-MONOIDAL SETTING. It is possible to define
a version of the universal construction in general categories, not necessarily monoidal.
Suppose given a category C and a semiring R, not necessarily commutative. Pick sets of
objects S;, i € I and T},j € J. We refer to S;’s as source objects and to T}’s as target
objects. Foriel,je J, let aj; be a map of sets

Qg - Homc(Si,Tj) — R. (2].6)

Denote the union of these maps by o = ()i ;-

To define the state spaces in this setup, start with the free right R-module Fr.(X)
with a basis {[f]};, where f € u;e;Home(.S;, X). That is, the basis elements are given by
all morphisms from various starting objects S; to X, and an element of Fr,.(X) is a formal
finite linear combination Y, frax, ar € R. Also define the free left R-module Fr,(X) with
a basis {[g]},, where g € Uj;e;Home(X,T;). Its elements are finite linear combinations
Yo 0mGm, b € R.

Define a pairing

(,))x ¢ Fro(X) xFr.(X) — R (2.17)
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by
(Lal, [/ Dx = «ji(gf), feHom(S;,X), geHom(X,T}) (2.18)

and extending bilinearly. For finite linear combinations of f;’s and g,,’s with ¢ and j fixed,
define

(me[gm], zk:[fk]ak) = Zkbmaji(gmfk)ak>
m X m,
fr e Hom(S;, X),  gm € Hom(X,T}),

(2.19)

and then extend by linearity to finite linear combinations of terms with different indices
¢ and different indices j. Notice that b,,,a; and values of evaluations a;; are elements of
a semiring R, noncommutative in general, and the order of the elements in the product
is important.

Two elements ¢;,g2 € Fry(X) are called left a-equivalent if (g1, f) = (go, f) for all
f € Fr.(X). Denote by Ay,(X) the left R-module of equivalence classes. It is naturally a
quotient of the free left R-module Fr,(X).

Two elements fi, fo € Fr,.(X) are called right a-equivalent if (g, f1) = (g, f2) for all
g € Fry(X). Denote by A, (X) the right R-module of equivalence classes. It is naturally a
quotient of the free right R-module Fr,.(X).

The natural R-bilinear pairing

Ay(X)x A (X)— R (2.20)
is nondegenerate. A morphism f: X; — X, in C induces R-linear maps
Ar(f) 2 Ap(Xh) — An(X2), Ad(f)  Au(X2) — Ao(X). (2.21)

The maps A,.(f), over all morphisms f in C, define a representation of C, a covariant
functor

Apr=A4A, : C— mod-R (2.22)

from C to the category of right R-modules. The functor assigns the state space A,.(X) to
an object X and the map A,(f) to a morphism f.
The maps A,(f), over all morphisms f in C, define a representation of C°P, a functor

Asr=4; ¢ C® — R-mod (2.23)

from the opposite category of C to the category of left R-modules. This functor assigns
the state space Ay(X) to an object X and map A,(f) to a morphism f.
We summarize this as the following statement.

2.4. PROPOSITION. The universal construction for the evaluation a as above results in

e state spaces Ay(X), X € Ob(C), which are left R-(semi)modules and, via maps
(2.21), assemble into a contravariant functor A, :C°®? — R—mod,
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o state spaces A,.(X), X € Ob(C), which are right R-(semi)modules and, via maps
(2.21), assemble into a covariant functor A, :C — mod-R.

Informally speaking, we probe the category C via source objects S;’s and target ob-
jects T;’s and interpolate it via ¢, looking at morphisms from \S; to T that factor through
various objects X. Relations on morphisms to X (and on morphisms from X) are in-
troduced through the evaluation . When R is a ring (rather than just a semiring), the
construction is further simplified and A,(X), A, (X) are (left, respectively right) modules
over the ring R.

A% mod-R

C —RC——C,

A (R-mod)®

Figure 2.4.1: Diagram of categories and functors for the universal construction when C is
not monoidal.

By analogy with Section 2.1 one can introduce the category RC, whose morphisms
are R-linear combinations of morphisms in C. However, when R is not commutative, the
functors A, and A, , do not seem to extend to the category RC. They can be extended to
ZC, where Z = Z(R) is the center of R. The category ZC has the same objects as C, while
morphisms in it are finite Z-linear combinations of morphisms in C. The composition
extends Z-bilinearly from that in C.

The evaluations a;; in (2.16) extend Z-linearly to evaluations Homyc(5;,T;) — R,
also denoted ;.

Next, we define a-equivalence on the morphisms as follows. Two elements fi, fs €
Homzc (X1, X2) are a-equivalent if for any i € I,j € J and morphisms hy : S; — X,
hy : Xo — T}, the following equality holds:

aji(hafihi) = aji(haf2ha). (2.24)
Writing these elements as Z-linear combination of elements of Home (X1, X5),

fi=Yzpfipe, o= zomfonws 2k 2o €Z,  fig for € Home(X1, X)), (2.25)
% "

we rewrite equation (2.24) as
Yz i(hafirhi) = ) zop ogi(hafouha). (2.26)
T W

Thus, we compose fi , for with a morphism from one of the starting objects S; and, on
the other side, with a morphism to one of the ending objects T} to get morphisms hs fi 111
and hy fo rhy from S; to T and then evaluate via ay;.
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Define C, to be the category with the same objects as C, and Home, (X7, X5) are a-
equivalence classes of elements of Homze (X1, X5), that is, finite Z-linear combinations
of morphisms in Hom¢( X1, X5) modulo the equivalence relation built from «, see above.
The functors A, and A, , extend to functors on the category C,.

2.5. EXAMPLE. Let C be a free category on one object X and a finite set X of generating
morphisms. Then Endc(X) is the free monoid ¥* on ¥. We choose X as the unique
source and the unique target object. Finite length words w = ay---a,, a; € 2 in letters X,
are in a bijection with endomorphisms of X, and the evaluation function « assigns A, € R
to each w e X*.

The evaluation « is then encoded in the noncommutative power series,

a= Z Ao, A, €R,

wex*

with coefficients in R. Alternatively, one can refer to « as an R-valued language.

The state space A,(X) is a left R-module and carries a right action of the monoid *.
Using the opposite monoid ¥*°P of ¥*, the two actions can be combined into a left action
of the monoid algebra R[Y*°P].

The state space A,(X) is spanned by vectors (w|, over words w € ¥*. This space is
a cyclic left R[¥*°P]-module with the initial vector (@| and a nondegenerate trace map
given by «.

If Ay(X) is a finitely-generated R-module, one says that the R-valued language « is
recognizable. Then picking a free R-module cover A,(X) — A,(X) together with a lift
of the cyclic vector (@| gives a weighted automaton over ¥ for the R-valued language «.
We refer for details on weighted automata to [BR11, Section 1.6] and [DKV09].

When R = B := {0,1]1 + 1 = 1} is the Boolean semiring, one recovers both nonde-
terministic and deterministic finite state automata (FSA) from the state space A,(X),
see [IK22]. The minimal deterministic FSA for the language L = a~1(1) is given by the
subset @ ¢ A,(X) of pure states, of the form (w|, where w € ¥*, rather than their Boolean
combinations. Minimal nondeterministic FSA are given by taking minimal free B-module
covers of Ay(X) and lifting the action of 3 and the cyclic vector to them.

More generally, when R is a commutative semiring, the state spaces A,(X) can be
extended from a single object X to an entire rigid symmetric monoidal category of one-
dimensional -decorated cobordisms. This extension requires additionally choosing a
circular R-valued series «,, to evaluate circles decorated by necklaces of letters from
Y, see [IK22, Kho24]. The original series a evaluates intervals decorated by chains of
letters from 3. This extension is only possible for commutative R, since intervals and
circles give generators of the endomorphisms of the identity object of the one-dimensional
cobordism category and commute (float past each other). For noncommutative R, only a
non-monoidal construction above seems possible.

In [IK22], the universal construction was constructed on the monoidal category of
one-dimensional cobordisms with defects, and the data for a required an additional cir-
cular series, also producing a monoidal category. Doing it in the non-monoidal setting, as
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above, requires only noncommutative power series, recovers the familiar notion of a non-
deterministic automaton in the special case R =B but does not give a monoidal category.
It does work for an arbitrary noncommutative semiring R, unlike the monoidal setting
which requires R to be commutative.

3. Brauer envelopes of categories

3.1. BRAUER ENVELOPE OF A CATEGORY. Starting with a small category C, where
objects constitute a set, we construct a rigid symmetric category B(C) which we call
the Brauer envelope of C. The idea is to start with oriented one-manifolds, viewed as
cobordisms between oriented zero-manifolds, decorate zero-manifolds by objects of C and
one-manifolds by morphisms in C. This further requires allowing dots (zero-dimensional
defects) on one-manifolds labeled by objects of C, while intervals between these defects
are labeled by morphisms, in a compatible way. Such a defect with morphisms on both
of its sides can be erased, with the pair of morphisms replaced by their composition.
The construction also produces loop (circles) labeled by endomorphisms of objects in C,
modulo a suitable equivalence relation.

More carefully, objects of B(C) are finite sequences X = (X7*,..., X5") of pairs X[’ =
(X, e;) which are (object of C, sign), where a sign ¢; € {+, -} is thought of as an orientation
of a point. The empty sequence @ is the identity object of B(C). The category B(C) is
rigid symmetric monoidal with the following generating morphisms:

e for each morphism [ € Hom¢(X,Y') morphisms

Br: Xt —Y", YT — X7, B XX — Dy, By — X ®@XT,

e transposition morphisms

XY —Y2eX, e e e{+ -},

see Figure 3.1.1. Implicitly, we assume that the two intervals in the diagram of a trans-
position morphism carry the identity morphisms of X and Y. We then define cup and
cap morphisms for the opposite orientation as in Figure 3.1.2.

Monoidal composition of these generating morphisms results in diagrams of oriented
arcs and circles (oriented one-dimensional cobordisms) with vertices labeled by objects of
C and oriented edges labeled by morphisms in C from the source to the target vertex of the
edge. The diagrams can be simplified using the composition in C: a pair of composable
morphisms 5 : X — Y, v:Y — Z corresponds to a decorated one-manifold with an
inner vertex labeled Y as in Figure 3.1.3 and a morphism X, — Z,. We impose the
simplification relation allowing to erase that vertex and replace the pair of edges by one
edge labeled by the composition v, and likewise for the opposite orientation.
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Y+ X~ Y+  X-

ﬁ+:5£ ﬁﬁi By U ﬂlﬁ: g

X+ Y- Y- X
X+ v X v

Figure 3.1.1: Top row: the generating morphisms in B(C) associated to § € Hom¢(X,Y).
Bottom row: two of the four transposition morphisms.

POl X Yt X- Yt
L _
T 6] = =
Br: B - -

Xt Y Xt Y

Figure 3.1.2: Cup and cap morphisms for the opposite orientation. These definitions (or
relations) can be interpreted looking at the equalities in the opposite direction as curl
removal.

AN AN X X
Y B

y+ = B y- = B
B g
Xt Xt 7 7

Figure 3.1.3: Erasing an inner vertex and labeling the interval by the composition of
morphisms.
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X7 Xy X7 Xy
Figure 3.1.4: Composing a cap with vertical interval morphisms.

A similar simplification is introduced for vertices near cups and caps, see Figure 3.1.4
for an example. Intervals decorated by identity morphisms can be erased, see Figure 3.1.5
on the left. Figure 3.1.5 on the right shows a rigidity isomorphism, involving cup and cap
labeled by the identity morphism.

AN AN AN D
idy B
Y+ = X+ = 6 = IdX
g idx
X X+ e e

Figure 3.1.5: Left: composing with an identity-labeled interval. Right: a rigidity (isotopy)
relation.

We impose the relations that transposition morphisms together with the identity cup
and cap morphisms idx,wvidx,u and idx,z\,idx,m make B(C) into a rigid symmetric
monoidal category. In particular, this means that all intersections are “virtual”, lines
and circles can freely slide through each other and through dots (defects) on other lines
and circles labeled by objects of C, and all “isotopies” of diagrams are allowed.

3.2. PROPOSITION. The category B(C) is a strict rigid symmetric monoidal category and
contains C as a subcategory. The natural inclusion functor ic : C — B(C) is universal for
functors from C to strict rigid symmetric monoidal categories.

PROOF. The faithful functor «c: C — B(C) assigns to X € Ob(C) the object X* of B(C)
and to a morphism S in C the morphism S, in B(C). A functor F' : C — D to a strict
rigid symmetric monoidal category D admits a canonical and unique extension to a rigid
symmetric monoidal functor B(F') : B(C) — D. =

Consider the loops in B(C). These are endomorphisms of the identity object 1 of B(C)
given by a circle with a finite set of objects X7, ..., X,, € Ob(C) placed on it in that order
along the orientation direction and morphisms 3; : X; — X1, X411 = X1 placed along
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the edges, see Figure 3.2.1. Removing all but one vertex on a circle reduces us to an
object X € Ob(C) with an endomorphism §: X — X.

X, 62 X, ﬁi—l . '5251571' : ‘@4151‘

Figure 3.2.1: A general loop in B(C).

For a small C as above, define the set of loops L(C) of C as the set of equivalence
classes of pairs (X, 3), 5 € End¢(X), modulo the equivalence relation

(X,96) ~ (Y. By), forf: X —Y, ~+:¥V—X (3.1)

explained in Figure 3.3.1. These equivalence classes correspond to equivalence classes of
circles in Endp(cy(1), which are generators of the latter commutative monoid.

3.3. REMARK. The set L(C) can be thought of as the trace of the category C, see formula
(1.1) in [BPW19]. It is similar to the wvertical trace in monoidal categories, see [GHW22,
Section 5.5] and [BGHL14, BHLZ17, EL16]. It can also be defined as coend:

L(C) = fc Hom(C, ),
see [Lor21].

Figure 3.3.1: Simplifying a loop with two objects to a single object and its endomorphism
in two different ways.

3.4. PROPOSITION. The set Endgcy(1) of endomorphisms of the identity object in B(C)
is a free commutative monoid on the generators in the set L(C). Composition of endo-
morphisms of 1 corresponds to the disjoint union of decorated circles, while the empty
diagram corresponds to the identity endomorphism in Endgc)(1).
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PROOF. The morphisms in the category B(C) have a straightforward topological descrip-
tion via homeomorphism classes rel boundary of compact oriented one-manifolds with suit-
able decorations and labeled boundary points. In this description, elements of Endp(cy(1)
are homeomorphism classes of closed oriented 1-manifolds (that is, finite unions of circles)
with additional decorations. A decoration of a circle consists of a nonempty finite collec-
tion of dots on a circle labeled by objects of C, with an oriented edge between consecutive
dots labeled by a morphism between the corresponding objects. The equivalence relation
is generated by the union of orientation-preserving homeomorphisms and deleting a dot
labeled by some object Y simultaneously with replacing the entering edge decorated by a
morphism S into Y and the outgoing edge decorated a morphism v out of Y by a single
edge decorated by (7.

There is a natural surjective homomorphism from the free commutative monoid F'L(C)
on L(C) to Endg)(1). From the above description and the equivalence relation on dec-

orated circles it is also clear that the homomorphism is injective, thus giving an isomor-
phism FL(C) = Endg(c)(l). [ |

More generally, we can describe morphisms Homp(cy(X,Y') between arbitrary objects
in B(C). Using the rigid structure, it suffices to describe Hompg ) (1, X), for an arbitrary
sequence X. These homs are in a bijection with the following triples:

e a sign-reversing pairing on objects in the sequence X,
e a morphism in C from the — to the + object in each pair,
e an endomorphism of 1 in B(C).

Figure 3.4.1 shows an example of such morphism. In general, a morphism in B(C) is
a collection of disjoint arcs and circles. The arcs constitute an orientation-respecting
matching of terms in the tensor product of the source and target objects of the morphism,
with a morphism in B(C) assigned to each arc, and circles are loops in C.

X7 Xy, X3 Xp X, X

ysz Pe 3/1@%

Figure 3.4.1: An example of a morphism in B(C) from 1 to X; ® X; ® X @ X ® X; ® X.

Poincaré dual description. The Brauer category B(C) can also be described via the
Poincaré dual diagrammatics, where now objects correspond to arcs and morphisms to
dots (to defects on lines and circles). Start with the presentation of a morphism of B(C),
place a dot in the middle of each interval and label it by the corresponding morphism.
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Then erase the original vertices at the endpoints and original dots inside the cobordism.
Intervals in this Poincaré dual decomposition of the same one-manifold are labeled by
objects of C. An example of a morphism and its Poincaré dual presentation is shown in
Figure 3.4.2.

Figure 3.4.2: A morphism in B(C) (on the top) and its Poincaré dual presentation (on
the bottom), where objects now correspond to arcs and morphisms to defects on lines and
circles.

Adjacent dots on an interval or circle may be merged to the composition of morphisms,
see Figure 3.4.3.

R O S h oYYy
BUidYS V
Ba 3 Y3 V2 7
Z2 = B3 i
g ) C}Zg’ o WG
1
' 7,308 Z V3
Xy xr

Figure 3.4.3: A diagram of a morphism in B(C) and its reduction. A further reduction is
possible, with a single dot and interval on a circle, labeled, for instance, by v3727; and
Zy, respectively.

A dot labeled by the identity morphism may be erased. With this convention, a dotless
circle labeled by an object X denotes the loop (X,idx) in C.
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3.5. REMARK. This Poincaré dual description is the one used in the papers [Kho24, TK22,
[K21] when C has a single object with its endomorphism monoid being the free monoid >+
on a finite set X. A morphism in C can then be written uniquely as a product of generating
morphisms in Y. In those papers, dots on lines and circles are labeled by elements of 3,
thus each line carries a morphism, the product of corresponding elements of ¥, and each
circle carries a loop in C, an element of the free monoid ¥* up to rotational equivalence.

3.6. REMARK. In our construction of the Brauer envelope, we simply added the duals
of all objects and allowed to “bend” morphisms to form the rigid symmetric monoidal
closure of C. A more subtle question is addressed in [CSvdB21], where the authors start
with a monoidal (and not necessarily symmetric) category and study how to dualize one
or more objects in it.

3.7. UNIVERSAL CONSTRUCTION FOR BRAUER ENVELOPES. To do the universal con-
struction for the rigid tensor category B(C) we pick a commutative semiring R and a

multiplicative evaluation
Q' Endg(c)(l) — R. (32)

These evaluations are in a bijection with maps of sets
a:L(C) — R, (3.3)

where we specify the element of R assigned to each loop in C (to each equivalence class
of decorated circles in C) and then extend multiplicatively to a homomorphism in (3.2)
from the free monoid to R. See Figure 3.7.1.

L(C) —*— R X<>5 —— a((X,0)) € R

Figure 3.7.1: Loops of C under an evaluation map to a commutative semiring.

The evaluation « allows to do a universal construction on B(C). One first passes to R-
linear combinations of morphisms in B(C) to get the category RB(C). Then one mods out
by equivalence relations, see Case IV in Section 2.1 and (2.15). The resulting category,
denoted B,(C), is a rigid symmetric monoidal R-linear category, with the same objects
as B(C).

Thus, we obtain a diagram of four categories and three functors:
C =% B(C) — RB(C) — B, (C), (3.4)

with the second, third and fourth categories rigid symmetric monoidal and the third and
fourth categories, additionally, R-linear.

Functoriality. Given a functor F : C; — Cy, there is an induced rigid symmetric
monoidal functor B(F) : B(C;) — B(Cz2). An R-evaluation « : L(C3) — R for the
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category Cy induces evaluation ar : L(C;) — R given by composing o with F applied to
loops in C;. The functor F then induces an R-linear rigid symmetric functor, which can
be denoted by

fa : Ba}_(cl) —> BQ(CQ).

Ezamples. As a special case, let C be a category with one object and one morphism (the
identity morphism). Then B(C) is the category of oriented 1-cobordisms between oriented
O-manifolds (with objects enumerated by sign sequences). The Brauer category in this
case is given by picking A € R (one assumes that R is a field or, at least, a commutative
ring) and evaluating a circle to A\. The resulting category is the usual oriented Brauer
category, see [Reyl15].

The quotient category By(C) of the oriented Brauer category by the universal con-
struction with circle evaluating to A is also known as the negligible quotient of the Brauer
category.

To expand on Remark 3.5 above, if C has only one object, Ob(C) = { X}, the category
C is described by the monoid M = End¢(X) of endomorphisms of X. To match with the
constructions of [Kho24, 1K22, IK21], consider the Poincaré dual presentation of B(C).
All intervals in a morphism in B(C) are labeled by the same object, so this labeling can
be omitted. Dots (defects) are labeled by elements of M. If {m;};; are generators of M,
one can reduce to labeling dots by m;’s, subject to whatever relations hold in M. The
identity morphism is unlabeled and does not require a dot.

Furthermore, if M = ¥* is a free monoid on a set X, then dots are decorated by
elements of ¥, with no relations on concatenations of dots.

e When R is a field, the corresponding category is considered in [Kho24, Section 2.4]
(one further forms the Karoubi closure of B,(C), see also [KS24]), as the universal
construction for field-valued evaluations of circles with defects. This category (and
its generalization when cobordism may have inner points, see Section 3.8) was fur-
ther investigated in [IK21], also with R a field. In particular, a rational evaluation
a in this case gives rise to a symmetric Frobenius algebra and a two-dimensional
TQFT restricted to thin flat surfaces.

e In [IK22] the authors consider the case when R =B ={0,1|1+1 =1} is the Boolean
semiring and pick evaluations of intervals and circles decorated by words, respec-
tively cyclic words, in letters in ». This is given by a regular language L; c X%
and a regular circular language L,. A special case of that construction, when the
language L, is empty, results in the interpolation of the Brauer category as above via
the circular language L, and produces a B-linear rigid symmetric monoidal category
with finite hom spaces, see [IK22]. For the more general case of an arbitrary regular
L, see also the comment following equation (3.9) in Section 3.8.

3.8. BRAUER ENVELOPES WITH BOUNDARY. A left ideal Z of a category C is a collection
of morphisms in C closed under left composition with morphisms in C:

feZ, feHome(X,Y), geHome(Y,Z) = gfe€l. (3.5)
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An example of a left ideal in a small category C is given by taking a collection U of objects
of C and defining the ideal to consist of all morphisms in C with the source object in C.
Denote this ideal by
I} = J  Home(X,Y). (3.6)
Xeld,YeOb(C)
Likewise, a right ideal Z of a category C is a collection of morphisms in C closed under
right composition with morphisms in C:

feZ, feHome(X,Y), geHome(Z,X) = fgel. (3.7)

Take a collection U of objects of C and define the right ideal to consist of all morphisms
in C with the source object in C:

7} = U Hom (Y, X). (3.8)

Xel,YeOb(C)

Suppose given a small category C with a left ideal Z° and a right ideal Z'. Define a
monoidal category B'(C) = B(C,Z° I') as follows. It has the same objects of B(C). The
morphisms in B'(C) and their diagrammatics are enhanced by allowing one-dimensional
cobordisms to end in the middle (to have boundary points that do not correspond to
terms in the source or target object of a morphism). These endpoints are called inner
or loose endpoints or boundaries of the cobordism. The interval at an ‘in’, respectively
‘out’, inner boundary point is labeled by a morphism in the right ideal Z', respectively in
the left ideal Z°, see Figure 3.8.1.

Figure 3.8.1: Morphisms f;, 34 € Z°, B3 € Z', and s € Z°n T,

Composition rules for morphisms extend from B(C) to B'(C) as shown in Figure 3.8.2.
Endpoints of a one-cobordism can be bend arbitrarily, providing a rigid structure on
B'(C). As for the category B(C), the intersections are virtual and inner endpoints can
slide through intersections.

3.9. PROPOSITION. For a small category C and left and right ideals Z°, " in it, as above,
the category B'(C) = B(C,Z°,Z") is a strict rigid symmetric monoidal category and con-
tains C as a subcategory. The endomorphism monoid Endg/(cy(1) of the identity object is
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Figure 3.8.2: Left: 3, € Z°. Right: p; € 7.

a free abelian monoid on the disjoint union
L{C)u(Z°nT")

of the set of loops in C and the set of elements in the intersection Z9NT' of the two ideals.

Indeed, floating intervals, together with loops in C, freely generate Endp/(cy(1). Equiv-
alence classes of floating intervals are parametrized by morphisms in Z° nZ! (by analogy
with the proof of Proposition 3.4). Figure 3.9.1 shows a reduction of an arbitrary interval
to the corresponding morphism.

Figure 3.9.1: A reduction of an arbitrary floating interval. The composition of morphisms
is in the intersection Z° nZ' of the two ideals, since 8; € Z9 and (3 € 7'.

3.10. EXAMPLE. Morphisms from @ to the sequence (X7, X;), where X, Xy € Ob(C),
are of two types, shown in Figure 3.10.1:

e an arc from X, to X; labeled by a morphism [ : X5 — X; together with an element
of Endpcy(1) (this requires having such a morphism £3),

e half-intervals with endpoints in X, X5 labeled by morphisms f; € Z9, 8y € T! with
Br1:Y1 — X1, Ba: Xy — Y5, for some Y7, Y5, and an element of Endgc)(1) (if such
morphisms exist).

To do the universal construction for B’(C), an evaluation « : Endg/(cy(1) — R is
determined by a map of sets

a:L(C)u(I°nT') — R.
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Figure 3.10.1: Two types of morphisms from the empty sequence to (X, X;). In the
first type, an arc connects two endpoints at the top boundary. In the second type, each
endpoint bounds a half-interval. For the second type of morphisms, the corresponding
endomorphism of 1 given by the union of floating components is depicted schematically,
as a collection of oriented intervals and circles.

Each such map « gives rise to an R-linear rigid symmetric monoidal category B’ (C) =
B,(C,Z° 1I") with
Enng(c)(l) = R,

that is, endomorphisms of the identity object form the ground commutative semiring R.
The categories B'(C) = B(C,Z° ') and B (C) = B,(C,Z° Z') may be called the rook
Brauer categories, by analogy with the rook Brauer algebras [Hd14].

We will call the categories B, (C) interpolation categories. Special cases of these cat-
egories have been studied in [Kho24, TK22, IK21]. In those papers, C has a single object
X and the endomorphism ring End¢(X) = ¥*, the free monoid on a finite set ¥, whose
elements are called letters. The sets Z° and Z' consist of all morphisms in C and are
both parameterized by elements of ¥*, that is, by words in ¥. The set L(C) of loops is
parameterized by circular words ¥° = ¥* | ~, which are equivalence classes of words up to
rotation, that is, wiws ~ wowy, for wy,wy € ¥*. Evaluation « is a map of sets

Yrud® — R,
and can be written via two maps:
a:X— R, ¥ — R, (3.9)

that is, as an assignment oy(w) € R to each word w and a,(w) € R to each circular word
w.

e In [Kho24] and [IK21], the ring R is a field k and ay, ., are noncommutative power
series in the set of variables . State spaces for oriented O-manifolds are k-vector
spaces, finite-dimensional if and only if a;, o, are rational power series. For more on
noncommutative rational power series, see [BR11, RRV99] and references therein.

e In [IK22], R is the Boolean semiring B = {0,1|1 + 1 = 1} and the evaluations oy, a,
are determined by subsets oy ' (1) ¢ £* and a;!(1) c X°, also called languages Ly, Lo,
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respectively. The state spaces for oriented 0-manifolds are finite (equivalently, finite
rank B-modules) if and only if both languages L, L, are rational. A language
L c ¥* is called rational if it is described by a regular expression or, equivalently,
if it is the language accepted by a finite state automaton. Connections between
universal construction and automata are explored in [IK22], while an assignment
of a one-dimensional defect TQFT to an nondeterministic automaton is explained

in [GIKKL23].

3.11. PRESHEAVES OF SETS AND INNER ENDPOINTS. A more general setup for inner
(floating) endpoints of intervals with the underlying category C is possible, as follows.
Without specifying what data to put at an inner endpoint, consider a half-interval with
a top + boundary endpoint (and another, inner, endpoint). The boundary endpoint is
labeled by some object X € Ob(C). A morphism §: X — Y in C can be applied at the
boundary, producing another half-interval, see Figure 3.11.1.

X Ly X L
5
::% X ::%
g G-(8)(9)

Figure 3.11.1: Applying a morphism to a half-interval.

These applications (maps) must respect composition of morphisms of C. Thus, for
each object X there is a collection of all possible half-intervals with the X label at their
outer boundary and for each morphism in C a map between these collections, subject to
the usual compatibility. We can describe this setup as a covariant functor

G, :C —> Sets (3.10)

from C to the category of sets. Then, to a half-interval as above with X at the boundary
we can assign an element g of the set G,.(X) (giving a decoration of that half-interval),
and concatenation with the interval S gives the element G,.(5)(g), see Figure 3.11.1 on
the right.

Reversing orientation and looking at oppositely-oriented half-intervals with X at the
boundary and their interactions via morphisms in C, the resulting data can be described
as a contravariant functor from C to the category of sets:

G : C°P —> Sets. (3.11)

Such a functor G, corresponds to a presheaf of sets on C. Likewise, a functor G, above a
presheaf of sets on C°P and can alternatively be called a precosheaf of sets on C.
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Composing two half-intervals results in a floating interval. To interpret this composi-
tion, form the quotient set

GexeGri= || Gi(X)xG.(X)]~, (3.12)

XeOb(C)

with the equivalence relation generated by

(gfﬁng)N(gﬁa/Bgr)v X,YEOb(C), ﬂEHomC(XaY)v gfegf(y)v gregT(X)‘

This equivalence is shown diagrammatically in Figure 3.11.2. Thus, the general data we
need to interpret endpoints is a choice of a presheaf of sets on C and on C° (the functors
Ge and G, above). Such a datum produces a symmetric monoidal category.

g1 og g9

/8 Y N
O -- Y O - -

X+t ﬁ BI # Y+
O -- X O --
B

N X
90 O 9o 90

Figure 3.11.2: Two ways to glue the same floating interval from two half-intervals, by
gluing at X* or at Y.

3.12. PROPOSITION. Fach datum (C,G;,G,) as above gives rise to a rigid symmetric
monoidal category B'(C) = B(C,Gi,G,). In this category the endomorphism monoid
End(1) of the identity object is the free abelian monoid on the set

L(C)u(Gsxc G).

To construct the category B'(C) := B(C,G,,G,), we consider oriented 1-cobordisms
as before, with inner endpoints and labels (decorations). An out-oriented half-interval,
viewed as morphism from 1 to X+, see Figure 3.11.2 bottom left, is labeled by an element
9o € G.(X). An in-oriented half-interval, viewed as a morphism from Y* to 1, is labeled
by an element g; € G,(Y'), see Figure 3.11.2 top right. The equivalence relation in (3.12) is
converted into its diagrammatic counterpart in Figure 3.11.2 showing equivalence between
the decorations of floating intervals. The intervals without inner endpoints and circles
carry the same decorations as those for the category B(C), see earlier. The result about the
endomorphisms of the identity object in Proposition 3.12 is straightforward and follows
from a similar argument to that in the proof of Proposition 3.4. O



UNIVERSAL CONSTRUCTION, BRAUER ENVELOPE, PSEUDOCHARACTERS 41

Note that End(1) is freely generated by loops in C and floating intervals, and the
latter are parametrized by elements of G, x¢ G,. An R-valued evaluation function « for
the category B'(C) is given by a map of sets

(a7 L(C) (] (gg Xc g,,) — R. (313)

Each such evaluation produces an R-linear rigid symmetric monoidal category, denoted

B!.(C).

As a special case, one can take G,, respectively G, to be a left ideal Z°, respectively a
right ideal Z' in C, recovering the setup from Section 3.8. In slightly more detail, a left
ideal Z9 defines a covariant functor

G(Z°) : C —> Sets

that to an object X of C assigns all f € Z9 f € Hom(Y,X) for some Y € Ob(C). The
functor G(Z°) is defined on morphisms via composition. We can then take G, = G(Z°).
Note the flip between left and right: a left ideal Z° gives rise to the functor G,, which
appears on the right in the fibered product G, x¢ G,.

Likewise, a right ideal Z' defines a functor G(Z') : C°® — Sets, and we can set
Gr=G(Z'). Again, there is a flip going from a right ideal to the functor G,, which appears
on the left in the fibered product G, x¢ G,.

Non-monoidal case. The universal construction for a non-monoidal category C in
Section 2.3 can be extended to the setup of this section as follows. Start with a small
category C, pick a presheaf of sets Gy, on C, see (3.11) and a presheaf of sets G, on CP,
see (3.10). Pick a semiring R, not necessarily commutative. Consider the set Gy x¢ G, and

pick a map of sets
a : Gyxc G, — R. (3.14)

The construction of Section 2.3 can be extended to this setup. For an object X € Ob(C)
define Fr.(X) as the free right R-module with the basis G,(X) and Fry,(X) as the free
left R-module with the basis G¢(X). Denote by [¢] the basis element associated with the
element ¢ of G,.(X) or G/(X). Elements of these modules can be written as Y;[g.:]ai,
9ri €G,(X),a; € R and as 3, b;[ge,5], 9o € Ge(X),b; € R, respectively. The map o defines
an R-bilinear pairing

(5w 2 Fr(X) < Fro(X) — R, where  ([g,],[g¢]) := (g x g0)- (3.15)

On arbitrary linear combinations the map is
(Z bilge.]; Z[gm-]ai) = . bjages x gra)ai. (3.16)
J ? 2y

We can then define an equivalence relation on Fr,(X) and on Fr.(X) as in Section 2.3,
identifying elements that give the same evaluation with any element of the opposite free
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module, and obtain the quotient R-modules: a right R-module A, (X) := Fr,(X)/ ~ and
a left R-module Ay(X) :=Fry,(X)/ ~. The bilinear pairing

Ay(X)x A (X)— R (3.17)
is nondegenerate. A morphism §: X — Y in C induces R-linear maps
A(B): A(X) —> AY), A(B): A(Y) —> Ay(X). (3.18)
These maps, over all morphisms 3 in C, define a representation
Apr=A, : C— mod-R,
a covariant functor from C to the category of right R-modules, and a representation
Aye=A4A; : C°®® — R-mod,

a contravariant functor from C to the category of left R-modules. These functors should be
viewed as the analogue of the universal construction in the nonmonoidal setting. Propo-
sition 2.4 extends to this setup as follows.

3.13. PROPOSITION. Start with a small category C, functors G, :C — Sets, G, : C°P —
Sets, a semiring R and an evaluation map o : Gy x¢ G, —> R. The universal construction
as described above results in

o state spaces Ay(X), X € Ob(C), which are left R-modules and, via maps (3.18),
assemble into a contravariant functor A, : C°® — R—mod.

o state spaces A,.(X), X € Ob(C), which are right R-modules and, via maps (3.18),
assemble into a covariant functor A, :C — mod-R.

The pairing (3.17) is nondegenerate.

The setup of Section 2.3 is recovered in the special case when one picks sets of objects
Si,i1 €l and T}, 5 € J in C and specializes to functors

gr(X) = ‘—JiEIHomC(Sia X)a gZ(X) = ujeJHomC(X> 7"])’
that is, unions of representable functors, over i and j in those sets. In this case

gg Xe gr = |_| HOmC(S“T’])
12
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4. Pseudocharacters and one-dimensional topological theories

4.1. TOPOLOGICAL THEORIES VERSUS TQFTS: A REALIZATION PROBLEM. Let us fix
a commutative semiring R and a rigid symmetric monoidal category C (we restrict to that
case, for simplicity). We distinguish between R-valued TQFT and an R-valued topological
theory for C, as follows:

e An R-valued TQFT is a symmetric monoidal functor
F : C — R-fgpmod (4.1)
from C to the category R—fgpmod of finitely-generated projective R-modules.

e A topological theory is a lax symmetric monoidal functor
A, : C— R-mod (4.2)
obtained via a universal construction from C for some evaluation
a:Ende(1) — R

(a monoid homomorphism that intertwines composition of endomorphisms with
multiplication in R), see Section 2.1.

In a TQFT F there are natural isomorphisms
F(Ng) ®r F(Ny) 2 F(No® Ni), Ny, Ny € 0b(C), (4.3)
while in a topological theory there are only morphisms
Ay(No) ®p Au(N1) — AL(No® Ny), Ny, Ny € Ob(C), (4.4)

with suitable compatibility conditions. Equivalently, A, gives a lax TQFT. Note that, in
our approach, the morphisms (4.4) are not a part of the axiomatics; instead, they emerge
from the universal construction for the evaluation «.

4.2. REMARK. Replacing category R—fgpmod in (4.1) by the bigger category R-mod of
all R-modules does not lead to any new functors. Due to the rigidity of C any object X €
Ob(C) is necessarily mapped to a finitely-generated projective R-module, see [GIKKL23]
for instance.

4.3. REMARK. One can, more generally, consider weak topological theories that are given
by lax symmetric monoidal functors, without the requirement that they come from an
evaluation «. This is a more flexible definition, but in the present paper we restrict to
the more rigid case above.
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4.4. DEFINITION. A realization of an evaluation o (or a realization of a topological the-
ory) over a commutative semiring R is a TQFT F over R that, on endomorphisms of the
tdentity object, restricts to the evaluation a,

F(z)=a(z), xeEnde(1).

Not all evaluations o come from TQFTs. For instance, each object X of C defines
an endomorphism Sy of 1 (oriented circle labeled by X') given by composing two rigidity
morphisms for X, see Figure 4.4.1. Then a(Sx) = rk(F (X)), where rk(P) is the Hattori—
Stallings rank of a finitely-generated projective R-module P, see [GIKKL23, Section 2.1},
for instance. Also see [Hat65, Sta65, Hanl3, Kad99]. In particular, if R is a field k and
« on such endomorphisms does not take values in the image of Z, in k, then « does
not come from any TQFT F for C. Indeed, in this case F(X) = k", for some n, and
a(Sx) = n, viewed as an element of k.

Sx
X —2 5 k(F(X))

Figure 4.4.1: Endomorphism Sx of 1 (the circle carries the identity endomorphism idy)
and its a-evaluation (the rank of the projective module F(X)).

Assume from now on that R is a commutative ring. Then for any X € Ob(C) we can
form the antisymmetrizer

€xm = Z (—1)“")0, €xm € Endc(X®"), (4.5)

oeSy

where (o) is the length of the permutation o of the symmetric group S,, and elements o
act by permuting terms in X®". Depict ey, by a box labeled n with n incoming and n
outgoing edges, each labeled X, see Figure 4.4.2. Note that

€xnlxn ™ nleX,n?

and if n! is invertible in R, the endomorphism %e} ,, can be defined, and is an idempotent.

In the Karoubi envelope of C, the object (X en %e}n) can be interpreted as defining the
n-th exterior power of X.

For a TQFT F on C, R-module F(X) is finitely-generated and projective, thus it is a
direct summand of R", for some n. Then F(ey ;) = 0 since A"*'(R") =0.

If an evaluation o comes from a TQFT F, then for any X there exists d > 0 such that:

e Any way to close up ey ,,, into an endomorphism of 1 evaluates to 0 via «, see
Figure 4.4.3.
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= Z (-1)k@)

oeSy

=R IR AR O ¢

Figure 4.4.2: A box with n incoming and n outgoing edges, all labeled X, denotes the
antisymmetrizer endomorphism of X®" equal to the alternating sum of permutations
o € .5,. The next two rows are examples for n = 2, 3.

e o evaluates some closure of ey , to a nonzero element of R.

Note that ey, is the identity endomorphism of X®° =1, and evaluates to 1 € R under a.

Since C is rigid symmetric monoidal, any closure of €5, can be presented as composing
it with some endomorphism A of X®" and closing up the endpoints via n concentric arcs,
see Figure 4.4.3.

For an evaluation o and an object X, the nonnegative integer d that satisfies these
conditions is unique if it exists. We set deg,(X) = d if such d exists, otherwise define
deg,(X) = co. We then call deg, (X) the degree of X for the evaluation «.

4.5. DEFINITION. Suppose that Q is a subring of R. An evaluation « :Ende(1) — R is
a pseudo-TQFT of C if deg,,(X) < oo for any object X of C.

A pseudo-TQFT may also be called a pseudocharacter of C with values in R.
4.6. DEFINITION. The character of a TQFT F in (4.1) is the evaluation

ar:Ende(1) — R

induced by F.

Alternatively, ar may be called the trace of F. A character ar of a TQFT F is a
pseudo-TQFT. One can ask the following:

4.7. QUESTION. Under what conditions on a monoidal category C and a commutative
ring R > Q is any pseudo-TQFT for C over R given by the character ar of some TQFT
F forC?
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— 0 for any h

# 0 for some A’

Figure 4.4.3: Top: the vanishing condition for the (d + 1)-antisymmetrizer. This anti-
symmetrizer can be composed with any endomorphism A of X®(@1) and closed up into
an endomorphism of 1. The evaluation should yield 0 for any h. Bottom: « should be

non-zero on some closure of the d-antisymmetrizer. If both conditions hold, define the
degree deg, (X) = d.

To justify these definitions, start with a group or a monoid G and associate to it
one-object category Cg with object X and Ende,(X) = G. Consider the Brauer category
B(Cg) and possible evaluations a for it. Loops in Cg are parameterized by conjugacy
classes in G. For a monoid GG conjugacy classes are equivalence classes under the relation
generated by gh ~ hg for g, h € G, see Figure 4.7.1.

g h
)= O~
h g
Figure 4.7.1: An evaluation « is determined by its values on circles decorated by ¢ € G,

modulo the conjugacy equivalence relation in G (pairs of dots g, h and h, g merge into the
single dot gh, respectively, hg).
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An evaluation «: L(Ce) — R is any R-valued function on conjugacy classes. Suppose
given a representation of GG on a finitely-generated R-module V. The evaluation oy (g) :=
try(g) has the additional property of being annihilated by some antisymmetrizer ey ,,,,
see earlier. Due to the structure of morphisms in the Brauer category of Cg this condition
can be rewritten as

tro((g1® - ®gai1)ex q4.1) =0, foreach gi,...,9411 € G, (4.6)

and is shown in Figure 4.8.1. Let us specialize to R with any projective module a free
module (for instance, R a field or a local ring). Then the condition from Figure 4.8.1
holds for d = rkg(V'). If rkg(V)! is invertible in R for a certain integer d, then this d is
minimal.

A conjugation-invariant function « on G such that (4.6) holds for some d is called a
pseudocharacter of G. The degree d of a pseudocharacter « is the smallest nonnegative
integer with property (4.6). Any character of a representation of G on a finitely-generated
R-module is a pseudocharacter.

4.8. REMARK. Examples of diagrammatic computation of some of these traces are shown
in Figures 4.10.1 and 4.10.2, where all but one dots at the exits of the antisymmetrizer
box are labeled by x € G and the remaining dot carries y € GG. In general, this diagram
evaluates to a(P,(z)y), where P,(Y) can be defined as the characteristic polynomial of
a generic d x d-matrix Y with a(Y*) := tr(Y'*), see [Dot11, Theorem 2] for the general
statement.

d = rkp(V)

ay
for all 91,92, ---,9d+1 € G

Figure 4.8.1: In the Brauer envelope of C¢ any closure of e, ,,, is a linear combination of
closures given by composition with g1 ® go ® --- ® g4 1.

An important insight of R. Taylor [Tay91], R. Rouquier [Rou96] and L. Nyssen [Nys96]
(motivated by the earlier work of A. Wiles [Wil88] and C. Procesi [Pro76, Pro87], see also
H. Carayol [Car94] and B. Mazur [Maz97, Chapter 2, § 7]) was that for some fields and
local rings R, those conditions are enough: any R-valued pseudocharacter o on G is the
trace of a representation V of G.
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4.9. PROPOSITION. [Tay91, Rou96, Nys96] Let R = k be a separably closed field, « :
G — k a pseudocharacter of degree d and assume that d! is invertible in k. Then « is
the trace (character) of a semisimple representation V. of G over k of dimension d. The
representation V' is determined by o uniquely, up to isomorphism.

4.10. PROPOSITION. [Tay91, Rou96, Nys96| Let R be a Henselian local ring, with a sep-
arably closed residue field k = R/m, and G a monoid. Suppose given a pseudocharacter
a: G — R of degree d (with d! invertible in R) such that the reduction & : G — k is
irreducible, that is, not a sum of two non-trivial pseudocharacters. Then « is the trace of
some representation of G on RY.

We refer to Dotsenko [Dot11] and Bellaiche [Bel09] for an introduction and proofs of
these results, in addition to the above original papers.

The case important to number theory is when G is the Galois group of some field F. A
good motivation for the use of pseudocharacters in the theory of Galois representations can
be found in the introduction to [Bell2]. For further developments and more applications
we refer the reader to [Bel09, Bell2, Bel21] and [WWE17, WWE18]. When d! is not
invertible in R, the definition of a pseudocharacter needs to be refined, see [Chel4, Emel8|.

Johnson [Joh19] covers other uses and applications of pseudocharacters, including
work of Buchstaber and Rees on pseudocharacters for commutative rings and rings of
continuous functions, see also [BR04] and references therein.

=a(x)a(y) - a(zy) = a((a(z) -z)y)

Figure 4.10.1: The characteristic polynomial of x € End(X) relative to a pseudorepresen-
tation «, for X of degree 1, is a(z) - .

We see that the notion of a pseudo-TQFT in Definition 4.5 for a rigid symmetric
monoidal category C is a natural generalization of the notion of a pseudocharacter of a
group or a monoid G, both restricted to evaluations with values in commutative Q-algebras
R. Pseudocharacters of a monoid G correspond to pseudo-TQFTs for the Brauer envelope
B(Cq) of the category Cg with a single object and its endomorphism monoid G.

It is a very interesting problem to explore pseudo-TQFTs (and existence of liftings to
TQFTs) for categories C as above other than B(Cg). A small step in this direction is done
in the next section, where pseudo-TQFTs are considered for the Brauer categories B(C)
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~(z)*a(y) - a(z?)a(y) - 2a(z)a(zy) + 2a(zy)
=a((a(r)? - a(z?) - 2a(x)x + 222) y)

characteristic poly. of 2 x 2 matrix X

222 = 2a(z)z + (a(2)? - a(2?)) = 2(2? - a(z)z + 3 (a(z)? - a(2?)))

where a(x™) > tr(Y™), Y is a 2 x 2 matrix

Figure 4.10.2: With d labels  and one label y the closure of the above diagram, for a
pseudorepresentation « of degree d, evaluates to a(P(x)y), where P is the characteristic
polynomial of x € End(X') relative to a pseudorepresentation . The above example is for
a of degree 2.

where C has more than one object and for the Brauer categories with inner endpoints
(rook Brauer categories).

4.11. PSEUDOCHARACTERS OF BRAUER ENVELOPES. We will use Brauer envelope and
Brauer category interchangeably.
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We would like to extend Proposition 4.9, restricted for simplicity to a field k of char-
acteristic 0, to pseudo-TQFTs over the Brauer category B(C) of a (small) category C.
The idea of the extension is to replace a collection of objects of C by their direct sum.

Let us first assume that C has finitely many objects Xi,...,X,. Recall that L(C)
is the set of loops in C (as defined in (3.1)). Choose a pseudocharacter o : L(C) — R
for a commutative ring R. We first linearize C and pass to RC, the category with the
same objects as C and morphisms — R-linear combinations of morphism in C. The
pseudocharacter o extends linearly to a pseudocharacter, also denoted «, on RC. For
R-linear categories, it is convenient to assume that a pseudocharacter is R-linear as well,
which is true in our case. While many papers restrict to pseudocharacters given by maps
a : G — R, for a group or a semigroup G, Rouquier [Rou96] replaces R[G] by an
arbitrary R-algebra, and its straightforward to extend Definitions 4.5 and 4.6 from C to
an R-linear category and replace the notion of a TQFT F for a rigid monoidal category
C to that of a TQFT for such a category C which is, in addition, R-linear.

Form the category C’ by formally adding the object X := Xj@...®X,, to RC. Denote by
p; : X —> X, the projection of X onto X; and by ¢; : X; — X the inclusion of X; into X.
Endomorphism z = (;;) of X is a matrix of morphisms in RC, with z;; € Hompge (X, X;).
The morphism ¢;p; is given by the elementary (4, j) matrix in this presentation and the
projectors t;p; are elementary idempotent matrices.

Consider the full subcategory of C’ generated by the single object X, and denote this
subcategory by Cx. It is an R-linear category and its morphisms are R-linear combinations
of various compositions of maps ¢;p; and morphisms in Home (X, X;). An evaluation a
of C’ restricts to an evaluation of the endomorphism algebra Endc, (X).

Assume now that R =k is a field of characteristic 0.

4.12. PROPOSITION. The evaluation « is a pseudocharacter on Cx and
dega(X) = Zdega(X’L)
i=1

PRrROOF. It is enough to prove the proposition for n = 2, with X = X; @ X, and apply
induction on n. Let d; = deg,(X;), ¢ = 1,2, and set d = dy + dy. Since idx = t1p; + tap2,
an endomorphism h € Endc, (X®(@+1)) can be written as (¢1p; + tap2)®@*D o ho (11py +
19p2)®@* 1) Thus h can be written as sum of terms h, which factor through X; or X,
(through ¢1p; or w9y at each in strand of h (in the larger category C’), see Figure 4.12.1.

Since d = dy + do, in each term h, there are at least d; + 1 strands labeled X; or at
least dy + 1 strands labeled X5. Suppose that there are t > d; + 1 strands labeled X;
in a given term h,. Conjugating by a permutation in S;;; these strands can be brought
together and to the far left, see Figure 4.12.2. The composition h,oey 4., = hyot 00€Y 411
factors through the map to X&' ® Xf (d+1_t), where ¢ is the number of 1’s in the sequence
(?:1, . ,id+1).

Permutation o is next to the sign idempotent and can be removed, at most at the cost
of a sign, see Figure 4.12.3.
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;;; 11111
S e ]
X X X )j)i)t+)i

Figure 4.12.1: Writing h as a sum of terms h,.

X
T| |TTTTT|

——
- [ |
AR EEEE:

X X X -

Figure 4.12.2: Factoring h, o ey ,,, through X ® X®(d+1—t)'

T&%% ISEE]

€X,d+1 (—1)5(") €X d+1

SRR P

tidt L ] |
TTTfT (e D! e,
FFfFT

Figure 4.12.3: Top: removing a permutation adjacent to a sign idempotent. Bottom:
pulling a smaller sign idempotent out of ey ,.;.

Next, a smaller sign idempotent can be pulled from the one of size d + 1:

((p)® D @ idF?)ex g

1

= (dl " 1)' ((L1p1)®(d1+1) ® id?}dQ)((eg(,dﬁl ® id?}dQ) o eE(,d+1)

1 di+1 di+1 . d _
(d1 + 1)'((L®( Y O€X1 di+1 opi@( v )) ® Id?} 2) ©€x d+1>
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see also Figure 4.12.3.

Since t > dy + 1, antisymmetrizer €x.a1 0 Figure 4.12.3 (when inserted into the
appropriate position in Figure 4.12.2 on the right) has all top endpoints labeled X7, so it
can be rewritten as ey ;..

The latter idempotent, ey , ., will evaluate to 0 when composed with any endomor-

phism of X7’ (41 and evaluated upon closing up, since deg,(X;) = d;. Consequently,
closure of each term h, with ¢ > d; + 1 evaluates to 0. The same argument with X, in

place of X; shows that each term h, with ¢ < g; + 1 evaluates to 0, so that h evaluates to
0.

This implies that deg, (X; ® X3) < d; + dy. Since k has characteristic 0, if « is a
pseudocharacter, its degree deg, (X)) = tr,(idx), see [Dot11, Proposition 3]. Hence

deg, (X) =tro(idy) =tro(idx, ) + tro(idx, ) = di + da,
that is, « is a pseudocharacter on Cx of degree
dega(X) = dega(Xl) + dega(XQ)'

Assume now that k is an algebraically closed field of characteristic 0. By the lifting
property (Proposition 4.9), « is a character of a d; + do-dimensional semisimple represen-
tation V' of k-algebra Endc, (X) 2 End(X; @ X,), where we assume that the algebra acts
on V on the left. This representation is semisimple and the quotient algebra

B :=End¢, (X)/ker(¢) (4.7)

by the kernel of that action ¢ : Ende, (X) — Endy (V) is the direct product of finitely
many matrix algebras,
B = [[Mat,, (k). (4.8)

The endomorphisms e; := ¢;p; are mutually-orthogonal idempotents in Endc, (X) and
l=e+ey. Let V;=¢;V,i=1,2. A morphism f e Homye(X;, X)) induces a k-linear map
Vi — Vj, e;v; — fev;, v; € Vi, This gives a representation V' of the categories C and
kC. Here for simplicity we use the same notation V' for the representation of the algebra
Endc, (X) and the category C.

The elements of Endic(X;) act by zero on Vj, j # 4, and their trace on V; is given by
a, i =1,2. Consequently, dimy(V;) = d;.

The images e, e} of e, ey in B under the quotient map (4.7) can be simultaneously
conjugated inside each matrix algebra Mat,, (k) to the diagonal form, so that their images
in Mat,, (k) (after changing a basis of k™) are

m;
r_ .. r_
€1 =), e b= ), ek
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This explains the structure of quotient algebras B; := Endyc(X;)/ker(¢;), where
¢i . Endc(XZ) —> Endk(‘/;)

Without loss of generality, assume that n; > m;. The corresponding representation V;,
which are semisimple representations of B; is:

By =[] Maty, (k), Vi=@k™, By=[[Maty n(k), Voz@Pk ™. (4.9)

The module V; is a sum of column modules k™ with matrix factors of B; acting on the
corresponding summands, and likewise for V5 and Bs.

In particular, the representation V; of Endyc(X;) and of its quotient algebra B; is
semisimple. It is the unique, up to isomorphism, representation with the trace given by
restricting o to endomorphisms of X; in C (or in RC).

The representation V' of C is semisimple and is determined uniquely, up to isomor-
phism, by a.

The above construction gives the following result.

4.13. PROPOSITION. Suppose C is a category with finitely many objects and o a pseu-
docharacter of C valued in an algebraically closed field k of characteristic 0. Then « is
the character of a semisimple representation V- of C. The representation V is unique up
to an isomorphism.

In particular, V' = &;V;, where ¢ parametrizes the objects X; of C. A morphism
f € Home(X;, X;) induces a map V; — Vj, compatible with the composition of mor-
phisms. The dimension dimV; = deg,(X;) and a(f) = try;,(f), for f € End¢(X;). Each
representation V; of kEnde(X;) is semisimple.

Next, we extend this proposition to C with countably many objects.

4.14. PROPOSITION. Suppose C is a category with countably many objects and o a pseu-
docharacter of C valued in an algebraically closed field k of characteristic 0. Then « 1is
the character of a semisimple representation V- of C. The representation V is unique up
to an isomorphism.

PROOF. Enumerate objects of C by X, X5,.... Consider the full subcategory Cyn gen-
erated by objects Xi,..., Xy and restriction ay of o to Cy. There is a unique, up to
isomorphism, semisimple representation V¥ of Cy with the trace ay. Adding the di-
rect sum object X = X; @ ... ® Xy, representation V' is a semisimple representation of
kEnd(X).

Form the direct sum X & Xy, = @f\i {1Xi. The pseudocharacter apy,; is the trace
of a unique, up to isomorphism, semisimple representation W of Cy,;. Decompose W =
Wy @W,, where W1 is a representation of End(X') and W, a representation of Ende (X n41).
Note that morphisms between X and Xy, induce linear maps maps between Wy, Ws.
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Fix an isomorphism V¥ = W, of semisimple representations of Cy. Via this isomor-
phism, we view VN & W, as a representation of Cy,q. It is a semisimple representation
with the trace an,.

Let Gy = Autc, (V) be the group of automorphisms of the representation V'V of Cy.
Restriction from Cy,q to Cy induces a homomorphism py : Gy — Gy

Starting with a fixed N and continuing by induction on N, we obtain a representation
V of C. It has a decomposition V' = &2,V;, a morphism f € Hom¢(X;, X;) induces a
k-linear map V; — Vj, with these maps compatible with the composition of morphisms.
Each V; is a finite-dimensional k-vector space and dimy(V;) = deg,(X;). The represen-
tation V' of C is semisimple and each V; is a semisimple representation of End¢(X;) with
the trace given by restricting a to Endc(X;). The representation V' is a unique (up to
isomorphism) semisimple representation of C with the trace given by «. [

4.15. REMARK. Let Gy = Autc,, (V) be the group of automorphisms of the representa-
tion VN of Cy. Restriction from Cy,; to Cy induces a homomorphism py : Gy — Gy.
The group of automorphisms of V',

Aute (V) 2 lim Gy,
PN
is isomorphic to the inverse limit of groups and homomorphisms
GGy &Gy &

4.16. REMARK. Representations of C that we are considering may be called left represen-
tations of C, being covariant functors C — k—fdvect into the category of finite-dimensional
vector spaces. Right representations can be defined as contravariant functors from C to
k—fdvect. Composing either a covariant or a contravariant functor from C to k—fdvect with
taking the dual of a finite-dimensional vector space induces a contravariant equivalence
between categories of left and right representations of C. It also gives a bijection between
isomorphism classes of covariant and contravariant functors to k—fdvect. This bijection re-
spects semisimplicity. In particular, the propositions above hold for right representations
of C as well.

We do not expect difficulties with extending Proposition 4.14 to small categories with
uncountably many objects but will not attempt such an extension in the present paper.

4.17. PSEUDOCHARACTERS FOR THE BRAUER CATEGORIES WITH BOUNDARY. Let us
now discuss pseudocharacters for the Brauer categories with endpoints. These categories
were defined in Section 3.11 (and a more restricted collection of examples — in Sec-
tion 3.8).

Suppose we are given a datum (C, Gy, G,) as in Section 3.11 of a small category C and
functors

Gy :C® — Sets, G, :C — Sets

in (3.10), (3.11). One can then form the rigid symmetric monoidal Brauer category with

boundary B/(C) := B(C,G,,G,).
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Furthermore, pick an evaluation function « as in (3.13) valued in R 2 Q,
Qe L(C) (] (gg Xe gr) — R. (410)

Suppose that the induced evaluation « on endomorphisms of 1 in B’(C) is a pseudo-
TQFT or a pseudocharacter, in the sense of Definition 4.5. Then an object X of C has
some degree d = deg,(X). The condition that any closure of the (d + 1)-antisymmetrizer
€x.4s1 vanishes upon applying «, see Figure 4.4.3, can be written for B'(C) as follows.

An endomorphism h of X®(@+1) in Figure 4.17.1 can be written as a partial bijection
of the set of endpoints {1,2,...,d + 1}. By an arc in a partial bijection we mean an
interval connecting a point on the bottom boundary with a point on the top boundary.
By a half-interval, we mean an interval that has one boundary point either at the bottom
or at the top, with the other endpoint strictly inside the diagram. Eeach arc and each
half-interval in a partial bijection carry a label: an endomorphism of X for an arc and an
element of G,(X) or G.(X) for a half-interval, see Figure 4.17.1.

Figure 4.17.1: An endomorphism of X®(@+1) in the Brauer category with boundary.

Applying a permutation at a top or bottom of the antisymmetrizer ey , , changes it
by at most a sign. Applying permutations to h at the top and bottom, it can be reduced
to the form where all half-intervals are to the right of arcs and the arcs are disjoint (that
is, they define the identity permutation of {1,...,d+1-m}, where m is the number of
half-intervals at the top (and at the bottom), see Figure 4.17.2.

e —

Y1 Y2
x X2 €3

Figure 4.17.2: A reduction h’ of an endomorphism of X®(@+1) given by composing with
permutations at both sides of the endomorphism.

The same permutations, on the antisymmetrizer side, at most add the minus sign to
it. Composing the resulting morphism A’ with the antisymmetrizer and closing up the
composition result in the diagram in Figure 4.17.3.
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Figure 4.17.3: The closure of h'oey ;.

One can now expand the antisymmetrizer, fully or partially, to write it as the alter-
nating sum of terms given by products of evaluation o on decorated circles and intervals.
As an example, Figure 4.17.4 shows an expansion for d =2 and m = 1.

21 T 21
W Y1
9 21 To 21

- +
W Y1
9 <1 9 Z1

+ _
Y1 (A

= a(zr)a(rr)a(ziyr) — a(r12)a(z1iyr) — a(zr)a(z1229:1)
s(z1mam1yr) + a(z1mx2yr) — a(ze)a(z121y:)

Figure 4.17.4: An example of expanding the antisymmetrizer in the closure for d+1 =3
and m = 1.

Let us return to the Brauer category B’(C) and further assume that the pseudochar-
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acter evaluation a takes values in an algebraically closed field k of characteristic 0.

4.18. PROPOSITION. Assume that C has finitely many objects and the evaluation
a:L(C)u(GrxcG.) —k, char(k)=0, k=k, (4.11)

is a pseudocharacter. Then «a is the character of some semisimple representation V' of
(C,Ge,G,). The representation V' is unique, up to isomorphism.

Note that a representation V' of (C,Gs,G,) consists of k-vector spaces Vx, for each
X € Ob(C), a linear map Vx — V4 for each morphism € Hom¢(X,Y'), a vector v, € Vx
for each v € G,.(X), a covector f, € V§ for each 7 € G,(X) subject to the standard
compatibility relations on them given that C is a category and G, G, are functors from it
to Sets.

PROOF. Form the k-linear closure kC of C and extend the evaluation « k-linearly to it.
This results in the rigid symmetric monoidal category B/, (C). The objects X7,..., X} of
C are naturally the objects of B.,(C) as well.

Recall that the endomorphism ring of 1 in B’(C) is generated by floating decorated
circles and intervals. Circles may carry dots (labeling morphisms in C) and regions of the
circle between the dots are colored by corresponding objects of C. Endpoints of intervals
are decorated by elements of G,(X;),G,(X;), and intervals themselves are decorated by
elements of G, x¢ G,.

Upon evaluation «, floating intervals and circles become elements of k, and End(1) > k
in the category B’(C). Let Xy =1 be the identity object of B/, (C).

We formally form the direct sum X = Xo@®X;®---®X}. It can be viewed as an object in
the additive closure of B/, (C) and we denote its endomorphism ring in the additive closure
by End(X). Consider the k-linear category Cx with a single object X and endomorphism
ring Ende,, (X) = End(X).

A pseudocharacter a of B'(C) extends to a pseudocharacter & of B(Cx) (in categories
with B rather than B’ in their notation only circles, not intervals, can appear as generators
of End(1)). The evaluation @ is built from « as follows. Any endomorphism ¢ € End(X;)
in C gives an endomorphism ? := 4; 0t o p; of X by composing with the inclusion and
projection X; — X, X = X; and we define &(f) = a(t).

Endomorphisms X; —> 1 — X that factor through 1 are evaluated to a(u;v;). Note
that u;v; is a linear combination of elements of G, x¢ G,., and applying a to them produces
elements in the ground field. Diagrammatically, u x v € G, x¢ G, is a floating interval, and
we are, in a way, turning it into a circle by closing it up with a special line (dotted line in
Figure 4.18.1) that represents the unit object 1. The evaluation of u x v is then viewed
as that of a decorated circle, not a decorated interval.

Additional relations on dotted lines are shown in Figure 4.18.1. They follow from
End(1) 2k in B (C).
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Figure 4.18.1: Left: closing up a decorated interval into a circle with a dashed line. The
dashed line denotes the identity morphism of the object 1. Right: dashed line relations.

We have i
dega(X) = Y deg, (X;) + 1,
i=1
and @ is a pseudocharacter. By Proposition 4.13 it is then the character of the unique
(up to isomorphism) semisimple representation of B(Cy). Applying projections onto X,
i=0,1,...,k shows that « is the character of a unique (up to isomorphism) semisimple
representation of B/(C). "

It is straightforward to extend this proposition to C with countably many objects.

4.19. PSEUDO-HOLONOMIES. Let M be a compact smooth connected n-manifold. To
M, we associate the category Cp; with objects — points of M. A morphism from pg to
p1 is a piecewise smooth path ~:[0,1] — M with py = 7(0) to p; = y(1). These paths
are considered up to backtracking, see Figure 4.19.1, and reparametrizations (piecewise-
smooth orientation-preserving homeomorphisms of [0, 1]).

Y2

73 = V3
§a! 71

Figure 4.19.1: Path backtracking equivalence.

Composition of morphisms is given by the composition of paths. The category Cy; is
a groupoid, with the inverse of any path ~ being the reverse path 7. This category is
equivalent to its skeleton subcategory, given by picking a point p € M and restricting to
the full subcategory Cy/(p) of Cys consisting of endomorphisms of the object p.

Suppose we are given a real vector bundle F over M and a connection V on E. It can
be described by an R-linear map

V:[(E) —T(T"M ® E),
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where I'(£) is the space of smooth sections of E, and V(fs) =df ® s+ fV(s), for a smooth
function f and a smooth section s of E.

A connection induces a parallel transport map 7. : £,y — E,q) of fibers of the
bundle along any piecewise-smooth path . A piecewise-smooth loop 7 : [0,1] — M,
7(0) = (1) induces a linear automorphism or holonomy of V along the path: -, €
GL(E, (). For a closed path v, the trace of the holonomy try(,p) € R does not depend
on the choice of a basepoint p = v(x),z € [0,1) on the loop. Denote this trace by try (7).
It also only depends on the gauge equivalence class of the connection.

The following proposition is clear.

4.20. PROPOSITION. For any connection V on a bundle E, the traces try(7y) over all

loops v constitute an R-valued pseudocharacter of the Brauer category B(Cyr) of degree
dim(FE).

Vice versa, suppose given a pseudocharacter of B(Cys) of degree n. Fixing a point
p € M the pseudocharacter restricts to a pseudocharacter on the group Endg,,(p). This
pseudocharacter has degree n and there exists a unique, up to isomorphism, semisimple
representation E, of the group Endc,,(p) of dimension n. Picking a path v, from ¢ to p,
for each point g € M allows us to view E, as a representation E, of Endc,,(¢) and defines
a semisimple representation of the Brauer category B(Cyy).

4.21. REMARK. More generally, an equivalence F' : C; — C, of categories induces a
bijection of the loops in these categories L(Cy) = L(Cy) and a bijection between the k-
evaluations. This bijection preserves the pseudocharacter property. Thus, F' induces a
bijection between the pseudocharacters of the Brauer categories B(Cy) and B(Cy). The
example at the beginning of Section 4.19 and in Proposition 4.20 corresponds to the
equivalence of categories Cy;(p) —> Cys given by including the full subcategory of paths
from p to p into the path category C,;, where the latter is a groupoid.

One can ask under what conditions can representations E,, over q € M, be glued into
a bundle E over M with fibers V;, and the action of the path category Cy; coming from
a connection V. We refer to [Lew93, CP94, BEP23|, and references therein for detailed
studies of related questions. Here, we just observe the presence of a map

Gauge-equivalence classes of R-valued pseudocharacters
connections on R™bundles over M } of B(Car) of degree n

and ask for additional conditions to add on both sides to make this map a bijection.
Notice that the map is not injective, in general. Pick a manifold with 71 (M) which
admits a nonsemisimple representation 71(M) — GL(n) and form the corresponding
bundle with a flat connection over M. The semisimplification of that representation
produces a bundle with a flat connection not gauge equivalent to the original one (by the
semisimplification of a finite-dimensional representation V' with the Jordan—Hélder series
0=VycVic...cV, =V, we mean the semisimple representation &!,V;/V;_;). These two
flat connections give rise to the same pseudocharacter of Cy,.
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4.22. REMARK. An equivalence of categories induces a bijection of loops in them and
a bijection between their evaluations, see Remark 4.21. For the Brauer categories with
endpoints, see Section 3.11, an equivalence C; —> Cy does not induce a bijection on
evaluations. For example, an interval may be labeled by an element of G, 5 x¢, G, 2 which
is not pulled back to an element of G,1 x¢, G,1 via the equivalence, where Gy;,G,; are
suitable (contravariant, resp. covariant) functors from C; to Sets, ¢ = 1,2. Rather, one
needs to have a bijection
ge,l Xey gm = g@,z XCo gr,2

to get the corresponding bijection on evaluations or further quotient out these sets to
have a bijection.

5. Two-dimensional pseudo-TQFTs

To understand two-dimensional pseudo-TQFTs let us first discuss 2D TQFTs and their
generating functions.

5.1. 2D TQFTS AND GENERATING FUNCTIONS. A 2D TQFT is a symmetric monoidal
functor F : Coby — k—vect from the category of oriented 2D cobordisms to the category
of vector spaces over a field k. Such TQFTs are determined by commutative Frobenius
algebras (B, e) where B = F(S!) is the commutative algebra that F associates to a circle
and € : B —> k is a nondegenerate trace on B given by the cap cobordism (a 2-disk viewed
as a cobordism from S! to the empty one-manifold).

A two-torus with one boundary component, see Figure 5.6.1 on the left, defines an
element hp € B which we call the handle element of (B,e). This element gives rise to the
handle map B — B taking u € B to hgu. This is the map induced by the cobordism in
Figure 5.6.1 on the right.

Let {u1,...,u,} be a basis of B and {vy,...,v,} the dual basis so that ¢(u;v;) = 9, ;.
Then

hB = Z’U,ﬂ)z (51)
i=1

Let ap 4= F(9,) € k be the value of the oriented genus g surface in the TQFT (B, ¢),
where we suppress the dependence of the value on the trace €. It can be computed in two
ways,

apg=c(h%), g20; ap,=trg(h%’), g>1 (5.2)

by applying the trace € to the g-th power of the handle element and as the trace of the
operator hf’; acting on B, for g > 1. The second formula follows by representing S, as
the torus with additional g — 1 holes, see Figure 5.7.5 on the right. Necessarily,

apy = dim(B), (5.3)

that is, the torus evaluates to the dimension of B.
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Define the generating function of the TQFT (B,¢) by combining the values ap 4 into
power series in one formal variable T':

Zpe(T) = Y ap,09 € K[T]). (5.4)

g>0

It follows from the corresponding fact for topological theories [Kho20, KS21, KOK22] that
Z(,e)(T) is a rational function of T'. The coefficient at the linear term 7" is the dimension
of B, see (5.3).

The algebra B is commutative and any idempotent e in B, e? = e, gives a direct product
decomposition B = eBx (1-e)B which respects the Frobenius algebra structure, since one
can just take the components of 1 and the trace map ¢ in each term of the direct product.
The comultiplication is determined by the trace and has a product decomposition as
well. The generating function for (B, ¢) is the sum of generating functions for the direct
summands (eB, elcg), ((1-€)B,¢e|(1-¢)p). Direct product decompositions of commutative
Frobenius algebras and more general TQFTs were considered in [Saw95].

To do a more detailed analysis of possible generating functions, assume from now on
that the field k is algebraically closed, k = k. Consider the handle subalgebra k{hg) of B
generated by hp. The minimal polynomial P, (x) for the operator of multiplication by
hp is the same whether one considers the action of hg on B or on k(hp).

Over k = k, the polynomial P, (z) factors into linear terms according to the eigen-
values of hg. If there is more than one eigenvalue, the subalgebra k(hg) admits a system
of idempotents that allow to factorize (B,¢) into a direct product of Frobenius algebras
(B, ;) where in each algebra the handle element hp, has a unique generalized eigenvalue
A so that hp, — Ajid is nilpotent.

Let us assume that (B,¢) is of that form, so that hp — Aid is nilpotent on B. Then
trp(h%) = dim(B)A*F and the generating function has the form

Zpey = e(1)+ Y trg(h%)T9 = (1) + dim(B) Y A17T9. (5.5)

g1 g>1

It is natural to split into two cases:

Zpey = e(1)+dim(B)T, if A=0, (5.6)
dim(B)T

Z(ng) = 6(1)-’- 1-\T )

it A#0. (5.7)

Note that dim(B) > 1. If dim(B) = 1 then (1) = A~! since the handle element hp = A # 0,
and the generating function is

T At

Zpe) =N 3T T T

Aek*. (5.8)

Any finite-dimensional commutative k-algebra is a product of local algebras. If B has
idempotents other than 0,1, the Frobenius algebra (B,e) can be further factored. We
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can then assume that B is a local ring, with a unique maximal ideal m. Necessarily,
B/m 2k and there is a decomposition Bz k1 & m.

Assume now that dim(B) > 2. Choose a basis {1,us,...,u,} of B, u; € m, r = dim(B) >

2, which determines the dual basis {vy,...,v,}, with the handle element
hB =v1+2uivz~evl +m. (59)
i=2

(1) Consider first the case A =0, see (5.6). Then hp € m, since it acts nilpotently on
B. We see that v, e m.
Take B =k[z]/(z™) and

1 if i=m-1,
e(z") =40 if 1<i<m-2,
poif 2=0,

so that ¢ takes values p and 1 on 1 and ™! respectively, and 0 on all other powers
of . Here p € k with no restrictions. Clearly, € is nondegenerate since it is nonzero
on the unique minimal ideal (z™7!) of B and turns B into a Frobenius algebra. Take a
basis {1,x,22,..., 2™ '}. Then the dual basis is {x™ 1 ™2 ... x,1-pz™ 1}, which can
be checked directly. The handle element hp = ra™ ! is indeed nilpotent, h% = 0. The
generating function is

Zpey = p+mT, pek,r>2. (5.10)

(2) Consider now the case A # 0, see (5.7). As earlier, we assume that B is local,
B 2kl & m, with m the maximal ideal.

It is known that the handle element hp for a commutative local Frobenius algebra
(B, e) with k algebraically closed, lies in the socle of B, see the answer by user Mare in
the discussion in [SP22] and Propositions 3.6.14 and 1.10.18 in [Zim14].

In particular, h%4 = 0 and hp is nilpotent if B is not the ground field k. Hence, if
A # 0, the algebra B is the direct product of one-dimensional Frobenius algebras k, with
e(1) = A1 in each term, and its generating function is

dim(B)A!
1-\T
5.2. REMARK. For a one-dimensional algebra B = k with comultiplication A(1) =~v1®1

and trace (1) = v7!, v € k* the value of the handle element is v and the generating
function is

Z(B,a) (T) =

-1

r’)/
1-~T"

Note that the coefficient at T is one, which is the dimension of B.

Y e T +9T?+ ... =

Putting this information together gives a complete answer for possible generating
functions of commutative Frobenius algebras over k = k.
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5.3. PROPOSITION. Let (B,¢) be a commutative Frobenius algebra over an algebraically
closed field k. Then its generating function Z(p . (T') has one of the following two forms:

s z>\1
Zipey = Zm T mek, mels miely, ek, (5.11)

=1

Z(Bvs) = Z; 7 mie{1727"'}7 )\iEk*a (512)

and all possible values of the parameters are realized.

Notice that, in case (5.11), this generating function expands as

Z(pe) = (M+ Zmi)\i‘l) + (m+2m,~)T+....
i=1 i=1

Any coefficient at the constant term can be realized via a suitable p, and m > 2 is required.

The coefficients of the generating function take values in k. If char(k) = p, the T-
coefficient a; = dim(B) takes values in Z/p, and values m = 0, 1 modulo p become possible,
giving an additional flexibility in picking m if the rest of the parameters is fixed. For
char(k) = p, Equation (5.12) can be written as a special case of (5.11) by setting p =0
and m = p in the latter.

We restrict our consideration to characteristic 0 fields from now on, where dimensions
cannot be reduced modulo a prime. We then realize the above generating function by
taking B to be the direct product of the nilpotent algebra of dimension m in example (1)
above and m; copies of the one-dimensional Frobenius algebra with (1) = \71, 1<i<s.

Let us emphasize that, specializing to char(k) = 0, in the m > 2 case the generating
function has the most general form in (5.11), the case m =1 is impossible (a Frobenius
algebra with a nontrivial nilpotent ideal cannot have dimension 1), and, in the m = 0 case,
the coefficient at 7° is determined by the m;’s and \;’s as >;_; m;\;.

In the case (5.12), which corresponds to a semisimple B (product of m; copies of the
one-dimensional Frobenius algebra with (1) = A7, 1 <4 < s), the generating function
expands as

Z(Be) = (Zs;mz)\{l) + (Zs;mi)T+ .

and there is no additional freedom to choose the constant term, unlike in (5.11).

5.4. TWO-DIMENSIONAL TOPOLOGICAL THEORIES. A topological theory « for oriented
2-dimensional cobordisms with values in a field k is determined by the generating function
of its evaluations

Zo(T) = Y g9, ayek. (5.13)

g20

Here T' is a formal variable and «a, = a(S,) is the evaluation of a connected oriented
surface of genus g. We refer the reader to [Kho20, KS24, KOK22] for details on topological
theories in two dimensions.
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It was observed in [Kho20] that the state spaces A,(m) of one-manifolds u,,S!, the
union of m circles, are finite-dimensional if and only if
P(T)

Z(T) = Gy QO #0 (5.14)
for some polynomials P(T"),Q(T), that is, if and only if Z,(T") is a rational function in
T'. Let us assume these equivalent conditions hold from now on (such topological theories
are called rational). A topological theory « gives a lax symmetric monoidal functor

Fo : Coby — k-vect (5.15)

taking U,,S! to its state space A,(m) and inducing maps for oriented cobordisms between
one-manifolds.

One may ask under what conditions on Z,(T") can this theory be lifted to a two-
dimensional oriented TQFT over k, which were considered earlier in this section and
which correspond to commutative Frobenius k-algebras (B, ¢).

A lifting ¢ is a natural transformation

¢ D Fo— f(B,e) (516)

from the lax monoidal functor F, to the monoidal functor F(p .y that preserves evaluations
of closed surfaces:

Fa(S) = a(9), (5.17)

for all closed surfaces S.

It consists of a collection of k-linear maps ¢,, : A,(m) — B®™, for all m > 0, that
intertwine all maps induced by two-dimensional oriented cobordisms between unions of
m and m/ circles. A closed surface S is an endomorphism of the unit object @; of Cob,
(the empty one-manifold). Under the functors F, and F g, it goes to endomorphisms
of multiplication by F,(S) and F(p.)(S) of

k:fa(gl) :f(375)(®1). (518)

Necessarily, the maps ¢,, are inclusions, since the pairing of A,(m) with itself (via
the tube cobordism) is nondegenerate.

Since ¢ preserves evaluations of closed surfaces, the generating functions of the topo-
logical theory « and of the TQFT for the commutative Frobenius algebra (B, ) are equal:

Z(T) = Zpo (D). (5.19)

5.5. COROLLARY. A 2-dimensional topological theory o over an algebraically closed field
k that embeds into a TQFT over k has generating function Z,(T) as in (5.11) or (5.12).

This follows at once from Proposition 5.3. This corollary gives a necessary condition
for a to embed into a TQFT. Notice that equations (5.11) and (5.12) are much more
restrictive conditions on Z,(7") than the rationality condition Z,(7") = P(T")/Q(T'), which
is the criterion for a to have finite-dimensional state spaces. The latter condition, though,
does not require any restrictions on the field.
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5.6. REMARK. In the topological theory associated to the evaluation «, the state space
A, (1) of one circle is also naturally a commutative Frobenius algebra, via the multipli-
cation, unit and trace cobordisms. Thus, the component of the object 1 of the natural

isomorphism from (5.16)
¢1 : Aa(l) — B

is a morphism of commutative Frobenius algebras.

The algebra A,(1) has a single generator, the handle element h,,, see Figure 5.6.1.
Multiplication by this element is the handle morphism A, (1) — A,(1), see Figure 5.6.1.
Likewise, B has the handle element hp and ¢1(h,) = hg. We can then identify A, (1)
with the subalgebra k(hg) of B generated by hp:

Aa(1) 2 ¢1(Aa(1)) = k(hy) < B. (5.20)

Figure 5.6.1: The handle element h, (and hp) is shown on the left and the handle mor-
phism (multiplication by h, on A,(1) and by hg on B) is shown on the right.

5.7. PSEUDO-TQFTS IN TWO DIMENSIONS. Assume now that evaluation « is a pseu-
docharacter of the category Cobs of two-dimensional oriented cobordisms with values in
an algebraically closed field k of characteristic 0. We use terms pseudocharacter and
pseudo-TQFT interchangeably.

Since Coby has a single generating object S! (the circle), a pseudocharacter o (or
its generating function Z,(7")) has the property that for some d > 0 completing the
antisymmetrizer ey , , to any closed cobordism and evaluating via « results in 0. The
smallest such d is called the degree of o on S'.

Pick a cobordism h from d + 1 copies of the circle ug,;S! to itself. Suppose that in A
two of circles on the same side of h (either at the top or at the bottom) belong to the
same connected component of h. Conjugating heéa dar1 OF €gi 41 by a permutation, if
necessary, as in the proof of Proposition 4.12, we can bring the two circles next to each
other, see Figure 5.7.1.

Pulling out the antisymmetrizer of size two at these two circles from the larger antisym-
metrizer €1 gp1r SCC Figure 5.7.2 shows that either heél,dn =0 or e§17d+1h =0, depending
on whether the circles are at the bottom or the top.

This reduces the pseudocharacter condition to cobordisms where all d + 1 circles at

the bottom of h belong to different components of h, and likewise for the top d+ 1 circles.
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7K -7\

Figure 5.7.1: Multiplying by a permutation at the bottom of the diagram A brings together
the two circles on the same connected component. We get heg 5 = h(23)(23)eg,
-(h(23))es, .- In the cobordism h(23), the two circles of one component are next to each
other.

St,3*

Q | n |
J o <

Figure 5.7.2: Antisymmetrizing along the two circles in the same connected component
results in 0.

Further conjugating by permutations (due to the antisymmetrizer these permutations
at most change the sign of the evaluation of the closure of heS1 4s1), We can reduce the
consideration to h that consist of several vertical annuli on the left side, each possibly
carrying one or more handles, and surfaces of genus 0 or higher capping off circles and
the top and bottom on the right side, see Figure 5.7.3 on the left.

Y
O A O

) (&0

o O O()
O

QC/@

Figure 5.7.3: Left: normal form, up to the action of S,, by permutations at the top and
bottom, for a cobordism where no two circles on one side belong to the same connected
component. Right: encoding such a cobordism by a one-dimensional cobordism with
inner endpoints and defects.



UNIVERSAL CONSTRUCTION, BRAUER ENVELOPE, PSEUDOCHARACTERS 67

These 2D cobordisms can be combinatorially encoded by 1D cobordism with defects,
as shown in Figure 5.7.3 on the right.

We see that the pseudocharacter condition on a needs only to be checked for special
cobordisms that can be encoded by one-dimensional lines and half-intervals that carry
defects of a single type, with no additional labels needed (n defects on a line are encoded
by a single dot with n next to it). These one-dimensional cobordisms with defects can be
interpreted as a special case of the Brauer category with inner endpoints as follows.

Consider the category C; with a single object X and a generating morphism z : X —
X with no relations on powers of z. Form the Brauer category B(C;). The latter is a
category of one-dimensional oriented cobordisms carrying unlabeled dots.

Next, we enhance B(C;) to a Brauer category with endpoints. We use the covariant

functor
Home, (X, *) :C; —> Sets, (5.21)

respectively, the contravariant functor
Home, (%, X)) :C{® — Sets, (5.22)

and form the Brauer category with endpoints B’(C;) for the category C; and the above
two functors.

The resulting monoidal category has morphisms given by oriented 1D cobordisms be-
tween oriented 1D manifolds. Each connected component may have some number of dots.
Floating components are oriented intervals and circles decorated by dots. Figure 5.7.4
gives an example of a morphism in the category B/(C).

Figure 5.7.4: A morphism in B'(C;).
There is a symmetric monoidal functor
Fl : B,(Cl) — C0b2 (523)

taking X to an oriented circle and a vertical line with a dot to the handle morphism in
Figure 5.6.1. The dual object X* is sent to the oppositely oriented circle. In particular,
although X and X* are not isomorphic in B’(C;), their images in Coby are isomorphic.
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Figure 5.7.5: Left: the functor F; takes a one-dimensional cobordism with one defect and
maps it to a 2D cobordism with one handle. Right: a circle with three defects maps to a
genus four surface.

The functor F; takes a circle with n dots to a connected surface of genus n + 1, see
Figure 5.7.5. This functor also takes an interval with n dots to a connected surface of
genus n.

Suppose that « is a pseudocharacter on Cobs evaluating a closed connected surface of
genus n to oy, n > 0.

Pulling back « from Coby to B'(C;) via the functor F; results in a pseudocharacter
on B'(Cy), denoted «o*, that evaluates a circle with n dots to a,,,; and an interval with n
dots to «,,.

From Proposition 4.18 we know that any pseudocharacter on B/(C;) with values in an
algebraically closed field k of characteristic 0 comes from the character of a semisimple
representation V; of C; and the two functors (5.21), (5.22).

The representation V; assigns the ground field k to the identity object 1 and a vector
space V to the object X. Oriented half-intervals induce maps ¢ and p between k and V'
in the opposite directions, and the endomorphism z : X — X induces an endomorphism
on V', denoted h, see Figure 5.7.6.

1 T T T

-V
[i
1%

Figure 5.7.6: Cobordisms that induce the maps ¢, p, h of the representation V; =k e V.

We encode these two vector spaces and the maps ¢, p, h by a graph shown in Fig-
ure 5.7.7 which has two vertices vy, vy, two oriented edges and one loop, at v;. The data
of k,V and the three maps define a particular representation of the corresponding quiver.

The composition
phk -5V Sy ok
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o/\o
Vo AU
L
h™ = o,
kmvg h b == ph"*lL=try(h")
___~“ try (A™) = apiq
p

Figure 5.7.7: Left: the quiver for our data of spaces and maps. Right: the relations on
t,p and h.

is the scalar equal to the evaluation a* of an oriented interval I,, with n dots. The functor
Fi takes I, to S, the closed connected surface of genus n, so that

ph™t=a*(1,) = a(S,) = a,.

Likewise, F; takes a circle with n dots to S,,,1, a genus n + 1 connected surface, see
Figure 5.7.5. In the TQFT corresponding to Vi, the circle with n dots evaluates to the
trace of the n-th power of h, so that try (h") = ;.1 Summarizing, we have the relations

pht=a,, try(h")=an, n>0. (5.24)

Over an algebraically closed field k, the endomorphism h of V' can be brought to an
upper-triangular form. Assume that h has eigenvalue 0 with some multiplicity m € Z, =
{0,1,...}, so that

m = dim ker(h), (5.25)

and h has nonzero eigenvalues A1, ..., A\, with multiplicities my,...,ms € {1,2,...}. Then
try (h") = > mA7,
i1

and

Y T =Y try (KT =m+ ) ZsjmiA;‘T" =m+ i 4l
n>0 n>0 n>04=1 i=1 1- )\lT

The additional term m comes from the kernel of i, which contributes to the trace of h°
but not to the trace h™ for n > 1. Note that the traces of h" give no information on
(the evaluation of the 2-sphere), since only surfaces of genus 1 and higher appear when
applying F; to a circle with dots. Multiplying the above by T" and adding g, we obtain
strong constraints on the generating function of «a:

5.8. PROPOSITION. The generating function of a pseudocharacter o on Coby with values
i an algebraically closed field k of characteristic O is rational and has the following form:

AT

A
1m L e Do, i€ Zor, N €K, (5.26)

k
Zo(T) = ag+mT +
2 AT

= u+mT+Zs:
=1 i=1
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where |1 = ag — ZmM{l- The pseudocharacter has degree
i=1

deg,(S') =m+ ) m;,

i=1

which is also the coefficient of the linear term in Z,(T).
The case s =0, so that the generating function is linear, is allowed.

We show below that not all generating functions above come from pseudocharacters,
in particular disallowing the case m =1 in Lemma 5.10. Notice first that the generating
function of a 2D TQFT is necessarily the generating function of a pseudocharacter of Cob,.
The generating functions of 2D TQFTs for algebraically closed fields k are classified in
Proposition 5.3. Note that the classification is identical with that of Proposition 5.8 for
m > 2. In particular, we obtain the following result.

5.9. COROLLARY. Any function as in (5.26) with m > 2 is the generating function of a
k-valued pseudocharacter of Coby with char(k) =0 and k = k.

We now consider the remaining cases m =0,1. When m = 0, the generating functions
of 2D TQFTs are more restrictive, see (5.12), while m = 1 is not possible for a 2D TQFT.
Due to Equation (5.25), these cases correspond to h: V — V being invertible (m = 0)
and to ker(h) of dimension one (m = 1).

Recall the relations (5.24), also reproduced below,
ph™t=qay, try(h") =, n>0. (5.27)

In particular,
ph™e=try(h™), n>0. (5.28)

Since p h™ 1y = try (e p h"tL), we see that
try (h"(htp—-idy)) =0, n>0. (5.29)

Consider now the case m = 0 in the generating function, that is, m = dimker(h) =0
and the endomorphism A is invertible. Write h=! = P(h) for some polynomial in h. Taking
a linear combination of equations, (5.29) gives that

try (WY (hep—idy)) =0

or that
trv(Lp) = trv(h_l).
Consequently,

s

— -1

Qg = Zml)\l s
i=1
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and, when m = 0 (equivalently, when h is invertible), the generating function of the
pseudocharacter a has the form

ml)\l‘l

Za(1) = 275
i=1 1

mie{l,Q,...}, )\i€k*,

which is identical with possible generating functions of 2D TQFTs where the handle
element h is invertible, see Proposition 5.3 and (5.12). Thus, all such functions are indeed
generating functions of pseudocharacters of Cobs.

5.10. LEMMA. There does not exist a pseudocharacter generating function as in equation
(5.26) in Proposition 5.8 with m = 1.

PROOF. Recall that m = dim ker(h). We will prove that a vector space V' with maps
(p,t,h) as in Figure 5.7.7 and generating function in (5.26) in Proposition 5.8 such that
m =1 does not exist. To show that we treat this case in several steps.

I. Consider first the case of diagonal h with eigenvalues 0, A1, ..., Ay, necessarily with
Ai #0, 1 <i< N. In a suitable basis of V' we can write

0 0 0 ag
0 A ... O a
p=(o » - pn), h=|, :1 A e :1 : (5.30)
0 0 . /\N an
The relations are
N
ag = ) i, (5.31)
i=0
Qp = praiAy + ..+ pNanAy, n2l, (5.32)
a; = N+1, (5.33)
an = AT e n>2. (5.34)

Equating the right hand side terms in the second and fourth relations forn =2,3,..., N+1
and writing the resulting relations in matrix form gives the equation

/\% )\% )\?V p1aq )\1+...+)\N
)\? )\g )\E/)’V Paao )\%4‘4‘)\?\7

_ : . (5.35)
)\{\Hl /\é\“'1 ce. )\%+1 pPNan )\]1V+1 + ...+ /\%+1
The N x N matrix on the left hand side is the product of the diagonal matrix with entries

A? and the Vandermonde matrix. Assume that Aj,..., Ay are distinct. Then this matrix
is invertible and the system of equations has a unique solution

piaizkgl, i=1,...,N.
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Substituting this into the relation (5.32) for n = 1 gives ay = N, which contradicts the
relation oy = N +1, see (5.33). This is a contradiction, assuming \;’s are pairwise distinct.
To treat the case when some eigenvalues \;’s are equal, assume that the distinct
eigenvalues among them are pq, ..., u, and appear with multiplicities myq,...,m, so that
my+...+m, = N. Permute the basis vectors of V' so that the eigenvalues are

Oalula'"7:“17“27‘"7:“27:“37"'7”7"7

in this order, and the matrix of h has the block form, h = (0) & 1l @ ... ® plpy,, where
l,, is the m x m identity matrix. Computing the composition p h*., for k > 0, we obtain

ar = phfu=pylta +.. +pypfay = (prag + ... +pm1am1)ulf +
+ (pm1+1@m1+1 +.o.. +pm1+m2am1+m2),ulf oot (pN+1—mraN+1—mT +... +pNa/N)H7I?
PApk + PAyk + ..+ PAuF,

where
PAy =pia1 + ...+ Py Oy, PAs = Py s1Gimys1 + o+ Ping 4o Gy +mo s

Together with the relations

gy = try (™) = ) mul,

i=1
equating the two expressions for for each of am, ..., a,,1 results in the matrix equation
wiooud ... u2\[(PA MAfy + ...+ Myl
,u:f u% ui’ Pj42 _ ml,u%+.;.+m,,,u% . (5.36)
prtt o opstt ot \PAN ) \mapt + L mpn

The r x r matrix on the left hand side is nondegenerate since y; # 0 are pairwise distinct.
Consequently, this system has a unique solution, which is easy to guess:

pA ="M 1<i<r

Y

K

Writing down the two expressions for a;:
pht = a; = try(h°) = dim(V) =N +1,
results in a contradiction

phL:ZT:PAiM:ZT:mi:N#Nle.

i=1 =1

We see that there are no solutions to the above system of equations (5.27) when h is
semisimple with m = dim(kerh) = 1.
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II. Suppose next that h has at least two nonsemisimple Jordan blocks with the same
generalized eigenvalue X\ # 0. Each of these blocks has a vector v;, i = 1,2, satisfying
hv; = Av;. The map p: V — Kk, restricted to kv, @ kvy has a kernel. Pick a nonzero vector
v in the kernel p(v) = 0. Then (0,kv) is a subrepresentation of (k, V'), since it is stable
under the action of p, ¢, and h.

We can assume that (k, V') is a semisimple representation of the quiver in Figure 5.7.7,
by Proposition 4.18. Then (0,kv) has a complementary subrepresentation. Restricting
to the action of h results in a contradiction, since a one-dimensional semisimple represen-
tation in the sum of two nonsemisimple Jordan blocks cannot have a complement, even
after a direct sum with any other finite-dimensional representation of k[h]. Note that the
semisimplicity condition on (p, ¢, h) does not immediately imply semisimplicity for A, but
does allow to exclude having a pair of nonsemisimple Jordan blocks for the same .

We have now reduced to the case that A has at most one nonsemisimple Jordan block
for each of its eigenvalues.

ITI. Next, we treat the case when h has a single Jordan block J) , besides the (0)
summand:

A1 0 0
0 A1 ...0 ZO
p:(po P pN), h=(0)&|0 0 X ... 0], &¢= :1 (5.37)
00 0 A a
Powers of h are easy to write down:
/\n n)\n—l (721)/\71—2 L (n_xul))\n—N-%—l\
0 A" nAmt oL (n_]’fHQ))\”*N+2
h"=0)e] 0 0 A () AN ] (5.38)
0 0 0 AT
with the convention that (;LL) =0if m<0. Let
N+1-1
Yi = Z PjQivj, 0<i<N-1. (539)
j=1

The equation (5.28), also see below

ph"t=a, =try (K™Y, n>2, (5.40)
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forn=2,3,..., N +1, can be written as
A2 2\ 1 e 0 Yo N
B (N Gr ... 0 o NN
M (DN (A ... 0 v =] N (5.41)
AN+1 (N1+1))\N (N2+1))\N4 (%j)v YN-1 NAN

Notice that the N x N matrix on the left hand side is given by taking the first column
(A2, A3, ANT)T and the subsequent columns are scaled j-th derivatives (j!)=1d’/dN
of that column, j=1,...,N -1.

The N x N matrix Yy on the left hand side is invertible. One can see this by first
subtracting the (N —1)-st row times A from the last row, then subtracting the (N —2)-nd
row times A from row N -1, and eventually subtracting row one times A from the second
row. The resulting matrix has the form

Xoon 1 0
0 X 2 1
U S ¢ 2 S (2

0 (N (N L (e

It is given by placing the truncated matrix Yy _; into the lower right corner and adding the
first column (A2,0,...,0)” and the first row (A?,2)\,1,0,...,0). Iterating this procedure
we see that det(Yy) = A2V #£ 0. Consequently, the above system of linear equations on
Y0, - - -, YN-1 has a unique solution. It is given by

N
’7()=X, ’)/iZO, 1<i<N-1

Writing down the equation
phLZOél =trv(|N+1)=N+1 (542)

gives Ay =N = N + 1, a contradiction.
IV. We now look at h with one nonsemisimple A-Jordan block and one or more
semisimple (or 1 x 1) A-Jordan blocks:

Qo

p:(po pLo-.. pM), h=0)® Jhyoe M), 1= a:l , (5.43)

Qpr
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where J, y is the standard form of the Jordan block of size N x N and (Al;)M-% is the
identity matrix of size M — N times \. In that case 7; for 1 <i < N are defined as in (5.39)
while

M

Yo = ijaj

=0
is lengthened by the extra terms corresponding to the semisimple tail of A. Then Equation
(5.41) gets replaced by the same equation but with the column on the right hand side
given by (MA, M A2, ..., MAN)T simply converting coefficient N in each term to M. This
system has a unique solution

M
Yo = 7% =0, 1<i<N-1
Inserting these values into the equations for «y again results in the contradiction, giving

M=M+1.

V. Assume now that h consists of the (0) block and several nonsemisimple Jordan
blocks Jy, n,, IN; > 1, with pairwise distinct eigenvalues \;:

h=0)® Jyn ®...8J 5. N, Ni+...+N.=N.

For each pair (\;, N;) set up an N x N; matrix 7; with the first column (A2, A2, ... AN*1)T

177

and subsequent columns given by taking normalized j-th derivatives (j!)='d?/dN of entries
of the first column, j=1,...,N; -1,

A2 2N 1 0 )
A O G 0

Ti= x (DA (G)A2 . 0 : (5.44)
WO (PN (T

Next, put these matrices together into an N x N matrix
T=(Ty T ... T,). (5.45)

For each Jordan block Jj, ,, define

N,L'+1—j
’Vi,j = Z pi,sai,j+57 0 <s< Nl — 1, (546)

s=1

where

Pis = PNi+..+N;_1+s5 @ j+s = AN+1+. +N;_1+j+s-
Define the N x 1-matrix I' by

FT:(%,O cer YLNI-1 V2,0 - V2,Na=1  cee Vr0 e -- /Y’I‘,N,«—l)-
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Finally, consider the N x 1-matrix

RT:(ZT:Ni/\i TN . ET:NMZN).
=1 i=1

i=1

The equalities coming from the two expressions for ap,...,an,; can be written as the
matrix equation

TT = R. (5.47)
5.11. LEMMA. The determinant of T' has the form

detT = uf[AfNi-H(Ai—Aj)NiNj,
i=1

i<j
where u 1s an invertible rational number.

This lemma is proved in [MaS18]. The matrix U[0] in Section 5.1.1 of that paper is
a generalization of the matrix 7" above. One needs to scale columns of U[0] by factorials
to make the first row consist of powers of a4, in the notations of [MaS18], and then scale
rows by factorials as well to make entries into products of binomial coefficients times af .
Rotating the matrix 90 degrees counterclockwise, specializing ¢y, = 2 and relabeling «; to
A; and Lo to N +2 recovers the matrix T" above. Lemmas 5.2, 5.3 and the proof of Lemma
5.4 in [MaS18] imply that the determinant of 7" has the form as in Lemma 5.11.
|
In our experiments, the parameter u = +1.

Since \; # 0 and \;’s are pairwise distinct, we see that the equation (5.47) has a unique
solution, which can be guessed to be
N; . .
Yi0 = T, Vij = O, ]> O, 1<i<r (548)

i
Equating the two expressions for a; now gives a contradiction N = N + 1.

VI. The most general case is when, for a given eigenvalue )\;, there’s at most one
nonsemisimple Jordan block and several 1 x 1 blocks. This case requires only a minor
modification of the above argument, with only the the column matrix R on the right of
(5.47) changed. It is exactly the difference between steps IIT and IV, see earlier, with
the matrix 7" unchanged and the unique solution given by replacing N; by M; in (5.48),
where M; — N; is the number of semisimple blocks of eigenvalue ;.

Step VI concludes the proof of Lemma 5.10. n

5.12. REMARK. The matrix 7" in (5.45) is a variation on the confluent Vandermonde
matriz. These matrices and their determinants appear in the theory of random matrices
[Meh67], in approximation theory and Diophantine geometry, see [MaS18] and references
therein.
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5.13. REMARK. A alternative short proof of the impossibility m = 1 is as follows. The
sequence p h™ is a fixed linear combination of entries of matrix A", i.e. linear combination
of sequences of the form A, nA’ n(n — 1)A\" etc. (finitely many sequences taken from
the formula (5.38) for A" and its version for A with multiple Jordan blocks and various
eigenvalues \;). It is a classical result that these sequences (and even their tails when
we restrict to n > K for some fixed number K) are linearly independent. This is easy
to prove directly: if there is a linear dependence, there is a similar linear dependence of
generating functions. If one considers the tails for n > K, then there is a linear dependence
of generating functions modulo polynomials of degree at most K. Now the result follows
since the generating functions are 1/(1 - \;T")* for various A; # 0 and s > 0.

On the other hand, we have that the sequence p h"t equals the sequence try (h"~!) for
n > 2. It follows that the coefficients in linear combination for p h™: are exactly the same
as coefficients for the sequence try (h"~1); thus the same formula applies even for n = 1
which gives a contradiction due to the presence of an additional 1 in try (h°) = try (1)
corresponding to the eigenvalue 0 subspace.

This obstruction is unique to m = 1. If m = 2 (and, more generally, m > 2) there
could be a 2x 2 Jordan cell with eigenvalue 0 in the decomposition of h. Then one of the
matrix entries of h" is the sequence (0,1,0,0,0,...). Using this sequence one can adjust
an incorrect value of oy, avoiding the contradiction.

We have included both proofs of impossibility of the m = 1 case in this paper. The
first proof is long but exhibits an interesting connection to the confluent Vandermonde
determinant and Diophantine approximations [Meh67, MaS18|.

Putting the cases m > 2, m = 1 and m = 0 together gives a classification of pseu-

docharacters for two-dimensional topological theories over algebraically closed fields of
characteristic 0.

5.14. THEOREM. Suppose that av is a pseudo-TQF T (a pseudocharacter) for the category
Coby of oriented two-dimensional cobordisms taking values in an algebraically closed field
k of characteristic 0. Then the generating function Z.(T) is rational and has the form
(5.11) or (5.12) as in Proposition 5.3. In particular, any such pseudocharacter embeds

into a two-dimensional TQFT for Coby given by some commutative Frobenius algebra
(B,¢e) over k.

This result can be viewed as the first step in studying pseudocharacters beyond di-
mension one. While the one-dimensional case, needed in number theory, has G-labeled
defects placed on a one-manifold, the above theorem is for two-manifolds without defects.
Possible extensions of this result to two-manifolds with defects are worth investigating.
For instance, placing labeled zero-dimensional defects on a surface corresponds to coupling
the category Coby to a commutative algebra, see [KOK22, Section 8]. A classification of
pseudocharacters for such decorated Coby categories may extend the work of Buchstaber
and Rees [BR04] on pseudocharacters for commutative rings and its generalization to the
super case [KV20].
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