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Abstract. In this paper, we endow the family of all closed genus g > 1 surfaces with
a structure of a (co)cyclic object in the category of 3-dimensional cobordisms. As a corollary,
any 3-dimensional TQFT induces a (co)cyclic module, which we compute algebraically for
the Reshetikhin—Turaev TQFT.
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1 Introduction

1.1 Background motivation and the main result

In this paper, we study cyclic objects and their interplay with topological quantum field theories.
A (co)cyclic object in a category is, roughly speaking, a (co)simplicial object with compatible
actions of the cyclic groups. Cyclic homology of algebras was independently introduced by
Connes [12] and Tsygan [46]. To any algebra over a commutative ring k is associated a certain
(co)cyclic k-module, that is, a (co)cyclic object in the category of k-modules. The (co)faces
and the (co)degeneracies of the associated (co)cyclic module are induced respectively by the
multiplication and the unit of the algebra and the (co)cyclic operators are given by cyclic per-
mutations on tensor products. This construction was generalized to the braided setting by
Akrami and Majid [1], who associate a cocyclic k-module to any ribbon algebra in a braided
monoidal category.

Motivated by the Hopf-algebraic study of ribbon string links (which are like framed pure
braids, but they can double back on itself) from [9], the author of the present paper equipped
in [6] the set of isotopy classes of ribbon string links with a structure of a cocyclic set by
setting
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and of a cyclic set by defining

T = T [, s = T |,

0 i n 0 J n

In the latter, the face operator d}' is given by deleting the component labeled by i and the
degeneracy operator s7 is given by duplicating (along the framing) the component labeled
by j of a given string link. By mimicking the construction of the cocyclic module asso-
ciated to so called ribbon algebras given by Akrami and Majid in [1], one can write the
(co)cyclic module for (co)algebras in a balanced category. In particular, this applies to the
Lyubashenko coend F of a ribbon category B, which is a Hopf algebra object in B and which
features in constructions of quantum invariants of links and 3-manifolds [31]. It is also shown
in [6] that the quantum invariants & la Reshetikhin-Turaev from [9] form a morphism from
the (co)cyclic set from ribbon string links to the (co)cyclic set {Homp(F®"+!, 1) }nEN asso-
ciated to the coend F of B (using its underlying (co)algebra structure). In this way, the
(co)cyclic sets of geometric inspiration are initial among (co)cyclic sets derived from ribbon
categories.

On the other hand, compact surfaces are relatively well-understood 2-manifolds which appear
in many areas of mathematics. In particular, closed oriented surfaces are objects of a symmetric
monoidal category of 3-dimensional cobordisms 3Cobg. A morphism between two surfaces is
given by a homeomorphism class of 3-cobordisms between the given surfaces. Introduced by
Atiyah [3], a 3-dimensional topological quantum field theory (or shortly, TQFT) is a strong
symmetric monoidal functor from 3Coby to the category of modules over a commutative ring k.
A fundamental construction of a 3-dimensional TQFT in this sense is the Reshetikhin—Turaev
TQFT [43, 47]. Its main algebraic ingredient is a modular category B (see Section 5.5), which
is in particular k-linear, braided (not necessarily symmetric) and semisimple. The k-module
associated to a surface of genus n (often called the state space) is isomorphic to Hompg (F®”, ]l).
By k-linearity of B, the above-mentioned (co)cyclic set {Homg (F®”+1, ]l)}n oy forms in fact
a (co)cyclic k-module. The motivating question of this paper was whether there is a (co)cyclic
object in the category of 3-dimensional cobordisms, which is sent by the Reshetikhin—Turaev
functor to the (co)cyclic k-module {Homp(FE**1 1)} . The main results of this paper (see
Theorems 4.1 and 7.1) answer this question positively. As a main corollary, any 3-dimensional
TQFT induces a (co)cyclic k-module. Also, we discuss some potentially related work in the set-
ting of the category of connected cobordisms 3Cob;, which first appeared in [24] and is different
from the cobordism category used throughout the paper. For instance, it is a non-symmetric
braided category. In this setting, we outline a construction of the so called para(co)cyclic ob-
jects associated to the one-holed torus (see Sections 8.2 and 8.3). By composition, the braided
monoidal functor Js from [7] induces para(co)cyclic objects associated to the end of unimodular
ribbon factorizable categories.

1.2 Organization of the paper

The paper is organized as follows. In Section 2, we recall the notion of a (co)cyclic object in
a category. In Section 3, we recall some facts about 3-cobordisms and their presentation via spe-
cial ribbon graphs. In Section 4, we construct (co)cyclic objects in the category of 3-dimensional
cobordisms. In Section 5, we review ribbon categories and their graphical calculus, braided Hopf
algebras, and related concepts. Section 6 is dedicated to (co)cyclic modules from categorical
(co)algebras. In Section 7, we relate, via the Reshetikhin-Turaev TQFT, the (co)cyclic ob-
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jects from surfaces with (co)cyclic modules associated to the coend of an anomaly free modular
category. In Section 8, we discuss paracyclic objects in the category of connected cobordisms.

1.3 Notation

Unless otherwise stated, by k we denote any commutative ring. The class of objects in a cate-
gory C is denoted by Ob(C). By N we denote the set of natural numbers including zero and we
put N* =N\ {0}.

2 Cyclic objects

In this section, we recall the notions of (co)simplicial and (co)cyclic objects in a category.

2.1 The simplicial category

The simplicial category A is defined as follows. The objects of A are the non-negative integers.
For n € N, denote [n] = {0,...,n}. A morphism n — m in A is an increasing map between
sets [n] and [m]. For n € N* and 0 < i < n, the i-th coface §]': n—1 — n is the unique increasing
injection from [n — 1] into [n] which misses i. For n € N and 0 < j < n, the j-th codegene-
racy o}t n+1 — n is the unique increasing surjection from [n + 1] onto [n] which sends both j
and 57+ 1 to j.

It is well known (see [35, Lemma 5.1]) that morphisms in A are generated by cofaces
{6 }nen+ 0<i<n and codegeneracies {a;?} subject to the simplicial relations:

neN,0<j<n
orrlep =ortler . forall0<i<j<n+1, (2.1)
U;LO';(H_I U"U;lel forall 0 <i<j<n, (2.2)
5”;111 forall 0 <i<j<mn,
of6itt = <id, forall0<i=j<norl<i=j+1<n+]1, (2.3)

oot forall1<j+1<i<n+1.

In the opposite category AP, every coface 9;' and every codegeneracy o7 are respectively de-
noted by di': n = n—1and s7: n — n+1. The morphisms {d!' }nen= 0<i<n are called faces and
the morphisms {s?}neN’OSan are called degeneracies.

2.2 The cyclic category

The cyclic category AC' is introduced by Connes in [11]. We will use a more combinatorial
definition from [30, Section 6.1], which is as follows. The objects of AC are the non-negative
integers. The morphisms in this category are generated by morphisms {3} }nen 0<i<n, called
cofaces, morphisms {O';-L}n EN.0<j<n’ called codegeneracies, and isomorphisms {7,,: n — n}nen,
called cocyclic operators, which satisfy the simplicial relations and additionally:

o = 0 1 Th—1 forall 1 <i<n, (2.4)
oy = Op for all n > 1, (2.5)
TnOy = O3 1 Tntl forall 1 <1i<n, (2.6)
Thoy = 0n7n+1 for all n > 0, (2.7)
it =id, for all n € N. (2.8)

Note that 79 = idg. In the opposite category AC®P, every coface 4;', every codegeneracy o7,

and every cocyclic operator 7, are respectively denoted by dj': n = n —1, sj: n — n+1, and



4 1. Bartulovié

tn: n — n. The morphisms {d}},en+ 0<i<n are called faces, the morphisms {S?}neN 0<j<n 1€
called degeneracies, and the morphisms {¢, },en are called cyclic operators. o

2.3 (Co)simplicial and (co)cyclic objects in a category

Let C be any category. A simplicial object in C is a functor A°? — C and a cyclic object in C is
a functor AC°P? — C. Dually, a cosimplicial object in C is a functor A — C and a cocyclic object
in C is a functor AC — C. A (co)simplicial/(co)cyclic object in the category of k-modules is
called a (co)simplicial/(co)cyclic k-module. A morphism between two (co)simplicial/(co)cyclic
objects is a natural transformation between them. For shortness, one often denotes the image
of a morphism f under a (co)simplicial/(co)cyclic object in C by the same letter f.

Since the categories A and AC are defined by generators and relations, a (co)simplicial/(co)-
cyclic object in a category is entirely determined by the images of the generators satisfying the
corresponding relations. For example, a cocyclic object X in C may be explicitly described as
a family X* = {X"},,cn of objects in C, equipped with morphisms {67": X"™! — X"}, en+ 0<i<n,
called cofaces, morphisms {a]”: Xt 5 X n}nEN,OSan; called codegeneracies, and isomorphisms
{mn: X" — X"} ,en, called cocyclic operators, which satisfy (2.1)—(2.8). Note that 7p is the iden-
tity. A morphism «®: X® — Y® between cocyclic objects X*® and Y® in C is then described by
a family a® = {a™: X" — Y"},en of morphisms in C such that

Sta™ Tt = oo for all n € N* and 0 < i <, (2.9)
O'?O/H_l =a"o} foralln e Nand 0 < j <mn, (2.10)
oy, = T for all n € N. (2.11)

Similarly, a cyclic object X in C may be seen as a family X, = {X,},en of objects in C
equipped with morphisms {d}: X, = X,_1}nen+0<i<n, called faces, morphisms {s?: X, —
Xn+1}neN,0§j§m called degeneracies, and isomorphisms {t,,: X, — X, }nen, called cyclic opera-
tors, which satisfy the corresponding relations in AC°P. Also, a morphism e : Xe — Y, between
two cyclic objects Xo and Y, in C is described by a family ae = {1 X;, — Yy nen of morphisms
in C commuting with faces, degeneracies and cyclic operators of X, and Y.

2.4 Cyclic duality and reindexing involution automorphism

It is well known that the cyclic category is isomorphic to its opposite category. The isomorphism
established by Connes in [11] is called cyclic duality. In its version due to Loday [30, Proposi-
tion 6.1.11], the cyclic duality L: AC°? — AC' is the identity on objects and it is defined on
morphisms as follows. For n € N* and 0 < i < n,

n—1 . .

! fo<i<n-1
L(d?):{ail Ho<i<n ,

0

11 e._
oy T, ifi=n,

and for n € Nand 0 < 5 <n,
L(s}) = 5;?11 and  L(t,) =7, "

Given a category C, the cyclic duality transforms any cocyclic object X: AC — C in C
into the cyclic object XL: AC° — C. Similarly, the opposite functor L°P turns any cyclic
object Y: AC°P? — C in C into the cocyclic object Y L°P: AC' — C. Following Loday [30, Sec-
tion 6.1.14], we also recall the reindezing involution automorphism ® of the cyclic category. It
is identity on objects and it is defined on morphisms by formulas

(o)) = 0y, ®(aj) = oy

n—u’

O(1,) = Tgl.
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3 3-cobordisms

In this section we recall some facts about the category 3Coby of 3-dimensional cobordisms (or
shortly, 3-cobordisms) and their surgery presentations via ribbon graphs. We denote by D™ the
closed unit ball in R™. The n-dimensional sphere is denoted by S™. All knots considered in this
paper are smoothly embedded. For more details, we suggest some of the standard references on
knot theory, such as [10, 29].

3.1 3-cobordisms

A 3-cobordism is a quadruple (M, h,31,%9), where M is a compact oriented 3-manifold, ¥
and Yo are two closed oriented surfaces, and h is an orientation preserving homeomorphism
h: (=%1)UX¥e — OM. The surface ¥ is called the bottom base and the surface X9 is called the top
base of the cobordism M. Two cobordisms (M, h, 31, 39) and (M’ 1/, X1, ¥5) are homeomorphic,
if there is an orientation preserving homeomorphism g: M — M’ such that b’ = glomh. When
clear, we will denote a cobordism (M, h, ¥, 39) only by M.

The composition of two cobordisms (M, hi,¥1,%92) and (Ma, he, X9, 33) is the cobordism
(M, h,%q,%3), where M is obtained by gluing M; to M along hghflz h1(32) — ha(X2) and
the homeomorphism h is given by

h = h1|21 Uhg’zgi (—El) LY — OM.

We say that cobordism M is obtained by gluing cobordisms M; and M2 along 5.

3.2 The category of 3-cobordisms

The category 3Cobg of 3-cobordisms is defined as follows. The objects are closed oriented
surfaces. A morphism f: ¥; — Y5 in 3Cobg is a homeomorphism class of cobordisms be-
tween 31 and Y. In 3Cobyg, the identity of a closed oriented surface X is represented by
identity cobordism (Cyx,e, X, X)), where Cx, = 3 x [0,1] is a cylinder over ¥ together with the
product orientation, and e: (=X) LU¥ — 9Cy is the homeomorphism with e|_x(z,0) = (z,0)
and e|x(z,1) = (z,1). The composition of morphisms 3; — X9 and X9 — 33 in 3Coby, re-
presented respectively by cobordisms M and N, is represented by the cobordism obtained by
gluing cobordisms M and N along 9. The category 3Coby is symmetric monoidal (see Sec-
tion 5.2). The monoidal product is given by disjoint union and the monoidal unit is the empty
surface. For more details, see [48].

3.3 Surgery presentation of closed 3-manifolds

Let L be an n-component framed link in the 3-sphere S3. Pick a closed tubular neighborhood N7,
of L. Since Ny, is homeomorphic to | |, S x D?, the boundary of the 3-manifold S\ Int(NNy)
is homeomorphic to the disjoint union of n-tori S* x S'. The Dehn surgery on S° along L is
the closed manifold

S3 = (S?’\NL)U<|1|D2 xSl),

¢ Ni=1

where ¢: (9(5 3\ Int (V. L)) — [, St x St is a homeomorphism exchanging meridians and paral-
lels. Any connected, oriented, closed 3-manifold M is, according to the Lickorish’s theorem [29,
Section 12], homeomorphic to Sj?—: for some framed link L C S3.
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3.4 Ribbon graphs

A circle is a 1-manifold homeomorphic to S*. An arc is a 1-manifold homeomorphic to the closed
interval [0, 1]. The boundary points of an arc are called its endpoints. A rectangle is a 2-manifold
with corners homeomorphic to [0,1] x [0,1]. The four corner points of a rectangle split its
boundary into four arcs called the sides. A coupon is an oriented rectangle with a distinguished
side called the bottom base, the opposite side being the top base.

A plezus is a topological space obtained from a disjoint union of a finite number of oriented
circles, oriented arcs, and coupons by gluing some endpoints of the arcs to the bases of the
coupons. It is required that different endpoints of the arcs are never glued to the same point of
a (base of a) coupon. The endpoints of the arcs that are not glued to coupons are called free
ends. The set of free ends of a plexus + is denoted by 0.

Given non-negative integers g and h, a ribbon (g,h)-graph T' is a plexus I' embedded in
R? x [0,1] and equipped with a framing such that

or =T na(R? x [0,1]) = {(1,0,0),...,(g,0,0)} U{(1,0,1),...,(h,0,1)}

and such that the arcs of I are transverse to 0(R2 x [0, 1}) at all points of 9T". The free end (4,0, 0)
is called the i-th input and the free end (j,0,1) is called the j-th output of I'. For example,
ribbon graphs without free ends and without coupons are nothing but framed oriented links
in R? x (0,1) 2 R3.

We represent ribbon graphs by plane diagrams with blackboard framing. We require that for
each coupon, its orientation is that of the plane, its bases are horizontal, and its bottom base is
below its top base. By Reidemeister theorem (see [41]), two diagrams represent isotopic ribbon
graphs if and only if they are related by a finite sequence of plane isotopies, ribbon Reidemeister
moves R1-R3

and the following move:

3.5 Standard ribbon graphs and surfaces
For g > 0, consider the ribbon graph

Gy =

consisting of one coupon and g unknotted untwisted cups oriented from right to left successively
attached to the bottom base of the coupon. We fix a closed regular neighborhood H g+ c R?x]0,1]
of Ggf This is a handlebody of genus g and is provided with the right-handed orientation.
Consider also the ribbon graph

e

g
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consisting of one coupon and g unknotted untwisted caps oriented from left to right successively
attached to the top base of the coupon. We fix a closed regular neighborhood H, C R? x [0,1]
of G,. This is a handlebody of genus g and is provided with the right-handed orientation.
We choose the neighborhoods H ; and H, so that the mirror reflection of R3 with respect to
the line R? x {%} induces an orientation preserving homeomorphism between — (H g ) and H g+ ,
where —(Hg_) is H, with opposite orientation.

The boundary S, of H, ; is a closed connected oriented surface of genus g called the standard
surface of genus g. The orientation of S, is induced by that of H, ; . (We use the “outward vector
first” convention for the induced orientation of the boundary.) The above mirror reflection
induces a canonical orientation preserving homeomorphism between 8(H g ) and —S.

3.6 Special ribbon graphs and 3-cobordisms

Let g and h be non-negative integers. A special ribbon (g, h)-graph is a ribbon (2g, 2h)-graph T’
with no coupons such that

e for all 1 < i < g, the (2 — 1)-th and 2i-th inputs of I" are connected by an arc oriented
from the (2¢ — 1)-th input to the 2i-th input,

e for all 1 < j < h, the (25 — 1)-th and 2j-th outputs of I" are connected by an arc oriented
from the 2j-th output to the (25 — 1)-th output.

Any special ribbon (g, h)-graph I" gives rise to a connected 3-cobordism Mp between the
standard surfaces S, and Sy, (see Section 3.5), which is defined as follows. Attach coupons

Q™ =[0,29+1] x {0} x[-1,0] and QT =[0,2h+1] x {0} x [1,2]

to the bottom and the top of T, respectively. The result is a ribbon graph without free ends T'
in R? =2 R? x (0, 1), with two coupons @, and with finitely many circle components which form
a framed link L in S3. The arcs connecting the inputs of I" become caps attached on the top base
of @7, so there is an embedding f~: G, — I’ mapping the coupon of G, to @ and mapping
the caps attached to G to those attached to @~ . Similarly, the arcs connecting the outputs of I'
become cups attached on the bottom base of Q% so there is an embedding f: G;{ — I mapping
the coupon of G;{ to @* and mapping the cups attached to G; to those attached to Q. Consider
a tubular neighborhood Ny, of L and embeddings f: H; — S3\ N and fr: H,J{ — 83\ N
respectively extending f~ and fT. Let S? be the Dehn surgery of S along L (see Section 3.3).
The manifold

St = SE\ (f7 (Int(Hy ) U f* (nt(Hy)))

is a connected oriented compact 3-manifold, whose boundary f— (a(H g )) U ft (O(H ,J{ )), fol-
lowing Section 3.5, is canonically homeomorphic to (—Sy) U S,. This gives rise to a connected
3-cobordism Mr: Sy — Sh.

For example, by [47, Section IV, Lemma 2.6], the identity cobordism of the standard sur-
face Sy (see Section 3.2) is represented by the following special ribbon (g, g)-graph:

=
e =y |

9

The following lemma gives a presentation of the composition of 3-cobordisms between stan-
dard surfaces.
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Lemma 3.1 ([47, Section IV.2.3]). If T is a special ribbon (g,h)-graph and I' is a special
ribbon (h, k)-graph, then the composition of 3-cobordisms Mr: Sy — Sy and My S, — Sk
is the 3-cobordism Mryior: Sg — Sk, where IV o' is the special ribbon (g, k)-graph obtained by
stacking I over T'.

We note that the connectedness of top base of Mt and bottom base of M. is here important.
For the general case of 3-cobordisms with non-connected bases, which we do not need in what
will follow, see [47, Section IV.2.8].

3.7 Extended Kirby calculus

Recall from Section 3.3 that any closed oriented 3-manifold can be obtained by surgery of S3
along a framed link. Kirby proved [28] that two framed links represent the same 3-manifold (up
to an orientation preserving homeomorphism) if and only if they are related by a finite sequence
of isotopies and of the Kirby moves K1 and K2. The move K1 consists in adding an unknot
with the framing number (which is the self-linking number) 1 or —1,

LUQ\)HLHLUQ.

The move K2 consists in sliding a component over another component. More precisely, given
two distinct components L; and L; of a framed link, this move replaces L; by the connected
sum L;#L’; of L; with a copy L’ of L; obtained by slightly pushing L; along its framing. For
example, sliding an unknot with framing number 0 over an unknot with framing number 1 can
be depicted as

O ©-C=0o

Building on [25, Theorem 3 and Section 3.2.4], it follows that special ribbon graphs represent
the same 3-cobordism (up to an orientation preserving homeomorphism) if and only if they
are related by a finite sequence of isotopies and of the following moves: the move K1, the
generalized Kirby move K2/, the move COUPON, and the move TWIST. The move K2’
consists in sliding an arc or circle component of a special ribbon graph over a distinct circle
component. The COUPON move consists in changing the type of a crossing of a component
passing over (or under) all its outputs

| | R? x {1} ' ' R? x {1}

or all its inputs

A _
~
W‘. \\\. )

' | | R2 x {0} , , R? x {0}
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The move TWIST consists in a simultaneous twist of the output components

, k R2 x {1} R? x {1}
— —
or the input components
— —
R? x {0} R? x {0} ! / R? x {0}

Note that in [25, Theorem 3] the move COUPON is called 7-move. Also, the x-move (see [19])
and the Hopf link move in [25] can be replaced by the moves K1 and K2’ chosen here, while
the o-move in [25] can be omitted, as we work in the category of closed tangles in the sense
of [25, Section 3.2.4].

Remark 3.2. A reviewer of the paper pointed out that the TWIST move is here redundant.
Indeed, the TWIST move follows by an application of COUPON move and the Fenn—Rourke
move (see [19]), which itself follows by application of K1, K2', and isotopy. We keep it because
it plays a prominent role in the proof of our main result.

4 Cyclic objects from surfaces

The first main result of this paper is that closed oriented surfaces can be organized in a (co)cyclic
object in the category 3Cobg of 3-dimensional cobordisms:

Theorem 4.1. For g > 1, let ¥, be a closed oriented genus g surface. Then the family {4} 4>1
has a structure of a cocyclic object X*® in 3Coby and a structure of a cyclic object Xo in 3Cobyg.

We construct (co)cyclic objects in 3Coby by means of surgery presentation of 3-cobordisms
developed in [43, 47] and reviewed in Section 3. We prove Theorem 4.1 in Sections 4.1-4.3.
First, in Section 4.1 we construct the functor Y*: AC — 3Coby. Next, in Section 4.2, we
construct the functor Ye: AC°? — 3Coby. Cobordisms in both of these constructions have
standard surfaces (see Section 3.5) as bases. Finally, in Section 4.3 we pass from Y*® and Y, to
arbitrary X*® and X,, as stated in Theorem 4.1.

A 3-dimensional TQFT is a symmetric monoidal functor from 3Cobg to Modg. By compo-
sition, we have the following.

Corollary 4.2. If Z is a 3-dimensional TQFT, then Z o X*® is a cocyclic k-module and Z o X,
s a cyclic k-module.
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A fundamental construction of a 3-dimensional TQFT is the Reshetikhin—Turaev TQFT
RTp: 3Coby — Mody associated to an anomaly free modular category B. We postpone calcu-
lations of RTp o X*® and RTg o X, to Section 7. Some algebraic preparations for it are given in
Sections 5 and 6.

4.1 The construction Y*

Recall the standard surface S, (see Section 3.5) of genus g. For any n € N, set Y = S, 1.
For n € N* and 0 < ¢ < n, the faces Y*(6!'): S;, = Sp41 are defined as follows. The mor-
phism Y*(6y): S,, — Sp41 is the cobordism class presented by the special ribbon graph Gyn((gg)l

gy
Gy = & (\& |

1

n

For 1 <i < n—1, the morphism Y*(67"): S,, — Sp41 is defined as the cobordism class presented
by the special I‘lbeIl graph Gye(sny:

_Kj kj\ejkj S%
y-(ay)(r:)1 ([;:3\1 F\Y/ nkY/) :

1
Finally, the morphism Y*(6;"): S,, — Sp+1 is defined as the cobordism class presented by the
special ribbon graph Gy (sn:

/

el e

1 n

For 0 < j < n, the degeneracy Y* (U;L)i Sn+2 — Sp+1 is the cobordism class presented by the
special ribbon graph Gy-(o.;})l

of Ll

|
0 i 41 n+

The morphism Y*(79): S; — S is the identity map idg,, which is represented by the special
ribbon graph I; depicted in (3.1). For n € N*, the cocyclic operator Y*(7,): Sp41 — Spi1 is
the cobordism class presented by the special ribbon graph Gye(;, )

ANy

“(r) = \\\

(f\b S
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Lemma 4.3. The family Y* = {Sy+1}nen, equipped with the cofaces {Y*(}') tnen+ 0<i<n, the

codegeneracies {Y.(J?)}neN,OSanf and the cocyclic operators {Y*(m,) tnen is a cocyclic object
in 3Coby.

To prove Lemma 4.3, we intensively use some well-known consequences of the Kirby calculus
from Section 3.7, which we recollect in the following lemma.

Lemma 4.4. One has the following moves on special ribbon graphs:

/

-

@ () =2 © C)e@ (© (&j)HU
= &

=

-
\
2 N Ry

DO
q 0

T
T

—
—

(f)

~ (Q\.LL.D\

Ve

AN
4%
0 0 Q.

9

/C

s

= T

A proof of the part (a) of the above lemma is given in [28, Proposition 2]. The other parts can
be deduced from part (a), isotopy and the generalized Kirby move K2'. One can also consult
discussions in [26, Section 3.1].

Proof of Lemma 4.3. In the proof, we shorten the notation by writing 4;", O';-L, and 7, instead

of Y*(6;), Y*(07), and Y*(7,,). Let us verify the simplicial relation (2.1). For 1 <i < j <mn,

e have } } } } k
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The relation (2.
the relation (2.3).

w2 N

uppose that 1 <¢ =75 <n —1. We have
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) essentially follows from Lemma 4.4, parts (d), (e) and (f). We now verify

Here (i) follows from definition and Lemma 3.1, (i) from Lemma 4.4 (¢), and (iii) by isotopy,
Lemma 3.1, and presentation of identity cobordism which is given in equation (3.1). The cases
when ¢ = 0 or ¢ = n are proven similarly. The case when 1 < i =35+ 1 <n+ 1 is verified in
a similar way as the case 0 < i =7 <n. Thecaseswhen 0 <i<j<norl<j+1<i<n+1

essentially follow from Lemma 4.4 (c).

It remains to show that relations (2.4), (2.6) and (2.8) hold. Indeed, according to [30, Sec-
tion 6.1.1], these relations imply relations (2.5) and (2.7). Let us verify the relation (2.4). In the

case when n > 3 and 2 <i <n — 1, we have
ULl
\ \ T
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Here (i) and (iv) follow from definitions and Lemma 3.1, (i) by isotopy, (ii¢) follows from
Lemma 4.4 (¢) and by isotopy. The remaining cases are proven similarly.

The relation (2.6) essentially follows by applying the parts (b) and (e) of Lemma 4.4. Finally,
we check the relation (2.8) in the case n = 1. We have

A
Q)

=

o)
AN

0 1
Here (7) follows from definition and Lemma 3.1, (i7) follows by the (negative) TWIST move, (ii7)
follows by isotopy, (iv) follows by isotopy, Lemma 3.1, and presentation of the identity cobordism,
as depicted in (3.1). The general case is proven by a similar reasoning. This finishes the proof
of Lemma 4.3. [}

%@
M
D
QV
o

2 (4 (44)

le =

=

53
Q7

R

™~

4.2 The construction Y,

Recall the standard surface S, of genus g from Section 3.5. For n € N, denote Y, = S,41.
For n € N* and 0 < i < n, the face Yo(d}'): Sp41 — Sp is the cobordism class presented by the
special ribbon graph Gy.(d?):

S AN

7 n
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For 0 < j < n, the morphism Y.(s?): Sn4+1 — Spy2 is the cobordism class presented by the
special ribbon graph GY.(S?):
aun-0) 1 O\ﬂ ﬁ ﬁ '
(Y (Y PYS (S
0 J n
The morphism Ye(tg): S1 — Si equals the identity map idg,, which is represented by the
graph I; depicted in (3.1). For n € N*, the morphism Y, (¢y,): Sp+1 — Sn41 is the cobordism
class presented by the special ribbon graph Gy, ,,):
N
/ 7 /
G = .
Ya(tn) N}
0 n—1 n
The proof of Theorem 4.1 in this case is similar to the proof of its version with X*®, which was
detailed in Section 4.1. Namely, we have the following lemma.
Lemma 4.5. The family Yo = {Sn+1}nen, equipped with the faces {Yo(d})}nen 0<i<n, the de-
generacies {Y. (sg‘) }neN 0<j<n’ and the cyclic operators {Ye(tn) }nen s a cyclic object in 3Coby.
To prove Lemma 4.5, one uses the following result, which is analogous to Lemma 4.4.

Lemma 4.6. One has the following moves on special ribbon graphs:

oM o (C/O“(XQU
S

6&{/)) ) o) o)
i

The proof of all items in Lemma 4.6 follows by Lemma 4.4(a), the generalized Kirby move K2’
and isotopy.

e
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4.3 Passing to X*® and X,

Let {X,+1}n>0 be any family of closed oriented surfaces. For each n, there exists an orientation
preserving homeomorphism f,,: ¥,,11 — Sp41. Denote by Cyl(f,): 41 — Sp41 the associated
morphism in 3Coby, given by the quadruple

Cyl(fn) = (Csn+1 = On+1 X [07 1]7 hn: (_En+1) U SnJrl — a(CSn+l)? EnJrla Sn+1)7

where h,(x) = (fn(2),0), if x € X,41 and hy(z) = (x,1), if 2 € Sp41. It follows from [47,
Section IV.5.1], that the cobordism Cyl(f,) is determined up to isotopy.

We pass from Y*® to the cocyclic object X® in 3Cobg as follows. First, for any n € N,
define X" = X, 1. Next, the cofaces {X*(6]"): X, = Xni1}tnen+o<i<n, the codegeneracies
{X' (O’;L)Z Yo — E”+1}neN,0§j§n’ and the cocyclic operators {X®(7,): Xnt1 — Znt1tneN
are defined by formulas

X*(67) = (Cyl(fu)) 'Y *(67)CYL(fr1),
X.(U]T'L) = (Cy](fn))_lY' (U?)Cyl(fn—&-l)y
X*(1n) = (Cyl(fn) 'Y * (1) Cy1(fn)-

It follows from definitions that the family of cylinders {Cyl(f,,): Xn+1 — Sn+1}nen is a natural
isomorphism between cocyclic objects X*® and Y*® in 3Cobg. One similarly passes from Y, to
a cyclic object X, in 3Coby.

5 Preliminaries on monoidal categories and Hopf algebras

In this section, we recall some algebraic preliminaries on ribbon categories and their graphical
calculus as well as categorical Hopf algebras and related concepts. We will mostly use conventions
and notations of [48].

5.1 Conventions

In what follows, we suppress in our formulas the associativity and unitality constraints of the
monoidal category. This does not lead to ambiguity since by Mac Lane’s coherence theorem [34],
all legitimate ways of inserting these constraints give the same results. We denote by ® and 1
the monoidal product and unit object of a monoidal category. For any objects Xi,..., X, of
a monoidal category with n > 2, we set

X190Xo® 03X, = (X19X)®@X3)® - @ Xp_1) ® Xy,

and similarly for morphisms. A monoidal category is k-linear, if its Hom sets have a structure of
a k-module such that the composition and monoidal product of morphisms are k-bilinear. For
shortness, we often use the term monoidal k-category.

5.2 Braided categories and graphical calculus

In this section, we briefly recall some conventions on braided categories and their graphical
calculus, which were introduced and developed by Joyal and Street in [21, 22, 23]. A braiding
of a monoidal category (B,®, 1) is a family 7 = {7xy: X ® Y = Y ® X} x yconp) of natural
isomorphisms such that TX,Y®RZ = (idy ®TX7z)(TX7y ®idz) and TXRY,Z = (TX,Z ®idy)(idx ®TY,Z>
hold for all objects X, Y, Z in B. A braided category is a monoidal category endowed with
a braiding. A braiding 7 of B is symmetric if for all X,Y € Ob(B), 7v.x7xy = idxgy.
A symmetric category is a monoidal category endowed with a symmetric braiding. For example,
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the category of left k-modules is symmetric. A twist for a braided monoidal category B (see [45])
is a natural isomorphism 6 = {fx: X — X} xcon(s) such that for all X,Y € Ob(B),

Oxey = TvxTx,y (0x ® by).

By a balanced category, we mean a braided category endowed with a twist. For example, the
family {idx: X — X} xcons) is a twist for B if and only if B is symmetric. Also, any ribbon
category (see Section 5.3) has a canonical twist.

In this paper, we intensively use the Penrose graphical calculus, which allows us to avoid
lengthy algebraic computations by using simple topological arguments. The diagrams read from
bottom to top. In a monoidal category B, the diagrams are made of arcs colored by objects of B
and of boxes, colored by morphisms of B. Arcs colored by 1 may be omitted in the pictures.
The identity morphism of an object X, a morphism f: X — Y in B, and its composition with
a morphism g: Y — Z in B are represented respectively as

Y Z
9

; [ 7| [v -

:
X X X

The tensor product of two morphisms f: X — Y and ¢g: U — V is represented by placing
a picture of f to the left of the picture of g. Any diagram represents a morphism and the
latter depends only on the isotopy class of the diagram representing it. When B is braided with
a braiding 7, we exceptionally depict

Y X X Y
XY = X and 7')}713, = /\/ .
X Y Y X

When B is a balanced category 6 = {fx: X — X} xcon(s), we depict

Ox = \F) and (9)()_1 = b
X [%
We warn the reader that this notation should not be confused with notation of a left twist in

a ribbon category (see Section 5.3). We made this choice of notation since any ribbon category
is a particularly important example of a balanced category.

5.3 Pivotal categories and graphical calculus

A pivotal category is a monoidal category C such that to any object X of C is associated a dual
object X* € Ob(C) and four morphisms

evy: X'®@X — 1, coevy: 1 — X ® X™,

evy: X®X*—>]l, coevy: ]l—)X*(X)X,
satisfying several conditions and such that the so called left and right duality functors coincide
as monoidal functors. The latter implies in particular that the dual morphism f*: Y* — X* of
a morphism f: X — Y in C is computed by

= (idx* ® evy)(idx- ® f ® idy*)(c/(%?fx ® idy~)

= (evy ®idx+)(idy* ® f ® idx~)(idy+ ® coevx).
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The graphical calculus for monoidal categories from Section 5.2 is extended to pivotal cate-
gories by orienting arcs. If an arc colored by X is oriented upwards, the represented object
in source/target of corresponding morphism is X*. For example, idy, idx~, and a morphism
[ XRY*®Z—U®V™* are depicted by

idx=y . ide=4 =y . = F |

X X X* X 1Y 1z

The morphisms evy, €vy, coevy, and coevy are respectively depicted by

f’\x’ f‘\x’ MX’ UX'

Let B be a braided pivotal category. The left twist of an object X of B is defined by

\

0y = p = (idx ® evx)(7x,x ®1idx~)(idx ® coevy): X — X,
X

while the right twist of X is defined by

e

Ix

The left and the right twist are natural isomorphisms with inverses

B =0 <es<>1c\’ -
X

X

= (eVX ®idx)(idx* ®TX7)()(C/6€—{7X ®idx): X — X.

A ribbon category is a braided pivotal category B such that 6 = 0% for all X € Ob(B). In this
f:ase, the family‘e = {9X = HZX =0%: X — X}X€Ob(8) is a twist in the sense of Section 5.2 and
is called the twist of B.

Finally, let B be a ribbon category. A ribbon graph I' (recall Section 3.4) is B-colored if
each arc and circle of I is endowed with an object of B and each coupon of I' is endowed with
a morphism in B from the object determined by its bottom base (as in Section 5.2) to the object
determined by its top base. By [47, Theorem 2.5], any B-colored ribbon graph determines
a morphism in B. The colors of B-colored ribbon graphs are shown on their diagrams. For
example, given objects X,Y, Z, T € Ob(B) and a morphism f: Y*® X — Z in B, the diagram

Z
XFNY IT

represents a B-colored ribbon (3, 2)-graph whose associated morphism in B is

(forxy)®@0r: XY "®@T - ZxT.
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5.4 Categorical traces and dimensions

Let C be a pivotal category. The left trace tr;(f) and the right trace tr,(f) of a morphism
f: X — X in C, are respectively defined as

try(f) = evx(idx+ ® f)coevx € End(1) and
tr,(f) = evx(f ® idx~)coevy € End(1).

The left dimension dim;(X') and the right dimension dim, (X) of an object X in C are respectively
defined as

dim(X) = try(idx) and dim, (X) = tr,(idx).

A spherical category is a pivotal category C such that left and right trace of any endomorphism
in C coincide. In particular, dim;(X) = dim,(X) holds for all X € Ob(C). In a spherical
category, we omit [ and r from the notation for trace and dimension. Any ribbon category is
spherical, see [48, Corollary 3.4].

5.5 Modular categories

An object X of a k-linear category C is simple if the k-module End¢(X) is free of rank 1. In that
case, the map k — End¢(X), k — kidx is an isomorphism of k-algebras. A prefusion k-category
is a monoidal k-linear category C such that there is a set I of simple objects of C satisfying the
following conditions:

(a) For any distinct elements 4, j of I, Home(,7) = 0.
(b) The unit object 1 of C is an element of I.

(¢) Any object of C is a finite direct sum of elements of .

The set [ is called a representative set of simple objects of C. A fusion k-category is a rigid
prefusion k-category such that the set of isomorphism classes of simple objects is finite.

Now let C be a pivotal fusion k-category. We identify k and End¢(1) via the k-linear iso-
morphism k +— kidy. Pick a representative set I of simple objects of C. The dimension of the
category C is an element of End¢ (1) = k defined by

dim(C) =) _ dimy(i) dim, ().
i€l
The dimension of C does not depend on the choice of I since isomorphic objects of C have the
same left /right dimensions. Note that if C is spherical, then

dim(C) =) (dim(i))*.
i€l
Finally, let C be a ribbon fusion k-category and I a representative set of simple objects of C.
The scalars

Ay = dim(i) tr(67") € Ende(1) 2k,
i€l
where 6 is the twist of C, do not depend on the choice of I. The S-matriz [S; ;i jer of C is
defined by S; ; = tr(7; ;7;:) € Endc(1) = k. Note that the invertibility of S does not depend on
the choice of I. A modular k-category is a ribbon fusion k-category whose S-matrix is invertible.
The scalars Ay, A_, and dim(C) associated with a modular k-category C are invertible in k

and are related by dim(C) = A_Ay (see [47, p. 89]). A modular k-category is anomaly free
if AL =A_.
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5.6 Categorical Hopf algebras, pairings, and integrals

In this section, we review categorical algebras and bialgebra pairings. See [38, 39] for details.
An algebra in a monoidal category C is a triple (4, m, u), where A is an object of C, m: A®A — A
and u: 1 — A are morphisms in C, called multiplication and unit respectively, which satisfy
m(m ®idy) = m(idg ® m) and m(u ® idg) = idg = m(id4 ® u). The multiplication and the
unit are depicted by

el

An algebra morphism between two algebras (A, ma,us) and (B, mp,up) in a monoidal cate-
gory C is a morphism f: A — B in C such that fms = mp(f ® f) and fus = up.

Dually, a coalgebra in a monoidal category C is a triple (C,A,¢), where C is an object
of C, A:C - C®C and e: C — 1 are morphisms in C, called comultiplication and counit
respectively, which satisfy (A ® idg)A = (ide ® A)A and (ide ® €)A = ide = (e ® id¢)A. The
comultiplication and the counit are depicted by

YT

A coalgebra morphism between two coalgebras (C, Ac,ec) and (D, Ap,ep) in a monoidal cate-
gory C is a morphism f: C' — D in C such that Apf = (f ® f)A¢ and epf = e¢.

From now on, let B be a braided monoidal category. A bialgebra in a B is a quintu-
ple (A,m,u, A, ¢) such that (A, m,u) is an algebra in B, (A,A,¢) is a coalgebra in B, and
such that the following additional relations hold: Am = (m ® m)(ida ® 74,4 ® ida)(A @ A),
em=e®e, Au=u®u, and eu = idy. A bialgebra morphism between two bialgebras A and B
in a braided monoidal category B is a morphism A — B in B, which is both an algebra and
a coalgebra morphism.

A Hopf algebra in B is a sextuple (A, m,u,A,e,S), where (A,m,u, A, ¢) is a bialgebra in B
and S: A — A is an isomorphism in B, called the antipode, which satisfies m(S ®ida)A = ue =
m(ida ® S)A. The antipode and its inverse are depicted by

5_+, 5—1_%.
A A

A Hopf algebra morphism between two Hopf algebras is a bialgebra morphism between them.
A bialgebra pairing for a bialgebra (A, m,u,A,¢) in B is a morphism w: A® A — 1 in B such
that
wim®idy) = w(idg @ w ®idy)(idaga ® A), wu®idy) = ¢,
w(iidg ®@m) = w(idg @w ®id4)(A ®@idaga), w(idg ®@u) =e.
A bialgebra pairing w for A is non-degenerate if there exists a morphism Q: 1 - A® A in B
such that (w ®idy)(idy ® Q) = id4 and (idg ® w)(Q ®idyg) = idg. The morphism  is called
the inverse of the pairing w. If A is Hopf algebra, the pairing w for the underlying bialgebra is
called a Hopf pairing.
Finally, a left (respectively right) integral of a bialgebra (A,m,A,u,e) in B is a mor-
phism A: 1 — A in B such that

m(idg ® A) = Ae, respectively m(A ® id4) = Ae.
Dually, a left (respectively right) cointegral of A is a morphism A: A — 1 in B such that
(ida ® M)A = ul, respectively (A ®ida)A = uA.
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5.7 Coend of a category
Let B be a pivotal category. Let Fg: B°P x B — B be the functor defined by Fg(X,Y) = X*®Y.

A dinatural transformation from Fp to an object D of B is a function d that assigns to any
object X of B a morphism dx: X* ® X — D such that for all morphisms f: X — Y in B,

dx(f* X idx) = dy(idy* X f)

The coend of B, if it exists, is a pair (IF,7) where F is an object of B and i is a dinatural trans-
formation from Fj to IF, which is universal among all dinatural transformations. More precisely,
for any dinatural transformation d from Fp to D, there exists a unique morphism ¢: F — D
in B such that dx = ¢ix for all X € Ob(B). A coend (F,i) of a category B, if it exists, is
unique up to a unique isomorphism commuting with the dinatural transformation. We depict
the dinatural transformation i = {ix: X* ® X — F}xconp) as

. yF
11X =

X

An important and well-known factorization property is given in the following lemma.

Lemma 5.1 (Fubini theorem for coends, [36]). Let (F,i) be a coend of a braided pivotal ca-
tegory B. If d = {dx, . . x,: X ® X1 ® - @ X} ® X, = D}x, . x,conn) i a family of
morphisms in B, which is dinatural in each X; for 1 < ¢ < n, then there exists a unique
morphism ¢: F®™ — D in B such that dx, .. x, = ¢(ix, ®- - ®ix,) for all X1, ..., X, € Ob(B).

According to [32, 37|, coend of a braided pivotal category B is a Hopf algebra in B endowed
with a canonical Hopf pairing. Its unit is v = (idy ® iy)(coevy ® idy): 1 — F. Multiplica-
tion m: F® F — F and canonical pairing w: F ® F — 1 are unique morphisms such that for
all X, Y € Ob(B),

X Y X\ Y
Its comultiplication A: F — F ® F, counit ¢: F — 1, and antipode S: F — F are unique
morphisms such that for all X € Ob(B),

) F = ﬂ )
X X X

Two useful properties of antipode of coend F are
S?% = 0% and (5.1)
w(S ®idyp) = w(idp ® 9).

Also, we have by definitions of w and S that X,Y € Ob(B),
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6 Cyclic modules from (co)algebras

Let B be a balanced k-linear category. In this section, we first review the construction of
(co)cyclic k-modules from coalgebras and algebras in B. Our setting is only a particular case
of constructions by Akrami and Majid [1], since any algebra in a balanced category is a ribbon
algebra in the sense of [1]. However, the cocyclic k-module from [1] is here viewed as cyclic dual
of a certain cyclic k-module. Proofs are for convenience of context also given in [6], where these
were merely (co)cyclic sets, since one dropped the hypothesis of k-linearity of B. Further, we
outline some basic computations of cyclic (co)homology of some of the introduced (co)cyclic k-
modules. Finally, in Section 6.6, we explicit the (co)faces, (co)degeneracies, and (co)cyclic
operators of (co)cyclic k-modules associated to the coend of the representation category of a finite
dimensional ribbon Hopf algebra. For more details on Hochschild and cyclic (co)homology of
(co)cyclic k-modules, see [51, Section 9.6].

6.1 Cocyclic modules from coalgebras

Any coalgebra C in B gives rise to a cocyclic k-module C*® as follows. For any n € N, define
C™ = Homg(C®" !, 1). Next, define the cofaces {67': C"~! — C™},,en+ 0<i<n, the codegenera-

cies {a S GLL C”}neN 0<j<n’ and the cocyclic operators {7,: C"™ — C"},cn by setting

f f f

n—ln

©
3
o

.
S
o

An integer k below an arc denotes the k-th tensorand of a tensor power of C'. This construc-
tion is functorial in C, that is, a morphism between coalgebras in B induces the morphism of
corresponding cocyclic k-modules.

6.2 Cyclic modules from algebras

Any algebra A in B gives rise to a cyclic k-module A, as follows. For any n € N, de-
fine 4, = Hompg(A®"*1 1). Next, define the faces {df: A, = Ap_1}nens 0<i<n, the dege-

neracies {s?: A, — An+1}neN’0§an, and cyclic operators {t,: A, — Ap}nen by setting

do(f) = J>| | d?(f)—| |$ | dZ(f)—| |$

n—1 i—1 ¢ n— n—1
f f
() = Lot S——=%.
0'”3611'}#1 0 1 )L

This construction is functorial in A, that is, a morphism between algebras in B induces the
morphism of corresponding cyclic k-modules.
6.3 Cyclic duals

The cyclic duality L from Section 2.4 transforms the cocyclic k-module C'* from Section 6.1
into the cyclic k-module C® o L. For any n € N, C* o L(n) = C" = Homp(C®"*!,1).
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The faces {J?}neN*,ogigm the degeneracies {gy}neN,ogjgm and the cyclic operators {fn}neN
are computed by formulas

f f
L ()= Y/
N

&S

1+ 1 n 1 n

f

SM(F) = ! , to(f) = ~7 .
I

N
0 j+1 n+1 0 1

Similarly, the functor L°P transforms the cyclic k-module A, from Section 6.2 into the co-
cyclic k-module Aq0 L°P. By definitions, AeoL°P(n) = A, = Homp (A®"+1 1) for alln € N. The
cofaces {5?}n€N*,0§iSm the codegeneracies {&?}nEN,OSjSm and the cocyclic operators {7, }nen
are computed by formulas

f f
0r(f) = .=
i i1+1 n 0 n—1mn
f f
o7 (f) = . Tlf) =S P
0 j j+1 n 0 n—1mn

Note that the construction A o L°P is a particular case of the work of Akrami and Majid [1],
since any algebra in a balanced category is a ribbon algebra in the sense of [1].

6.4 On the (co)homology of C*® and C,

Let k be a commutative ring, B a balanced k-category and C any coalgebra in B. Let a: 1 — C
be a morphism such that e = idy. For example, if C' is a bialgebra in B, then we can take a to
be the unit of C. By expanding and writing in the categorical setting [27, Remark 1], we obtain
that Hochschild (co)homology of underlying (co)simplicial modules of C'* and C, appears only
in degree zero. Indeed, the n-th Hochschild cohomology HH™(C*®) of C* is the n-th cohomology
of the cochain complex
H B1 ®2 B2 ?3 B3

omp(C,1) — HomB(C , ]l) — HomB(C , ]1) —
where 8, = 31" ;(—1)"6"". Then the family {h,: Homg(C®"*! 1) — Homg(C®", 1) }nEN*’ de-
fined by setting for any f € Homg(C®" ! 1),

I

hn(f) = -
g

n

satisfies the equalities

Bnhn + hn+1/6n+1 = idHornB(C"g”H'lJl) forn >1 and
hlﬂl + HOIIIB((JZ€, IL) = idHomlg(C’,]l)'
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As a corollary, HHY(C®) = ker(B1) and HH"(C®) = 0 for n > 0. From the cohomological
form of the Connes’ long exact sequence [51, Proposition 9.6.11] and the fact that Hochschild
and cyclic (co)homology always agree in degree 0, we easily obtain that HC"™(C*®) = ker(f;) for
even n and HC"(C*®) = 0 for odd n. A similar statement can be derived for Hochschild and
cyclic homologies of C,. This calculation shows that in a sense, C* and C, are not interesting
from the homological point of view. Therefore, we focus on their cyclic duals in sections that
follow.

6.5 Internal characters

Let B be a ribbon k-category with a coend (FF,). For any object X € Ob(B), the morphism
Xx = ixcoevy: 1 — F, also known as internal character [17, 44], enjoys the following trace-like

pI‘Operty .
\ &

B2 D P R P

(6.1)

Here (i) follows by definition of comultiplication of F, naturality and definition of twists and
braidings, and the isotopy invariance of graphical calculus. Note that a pictorial proof of
this fact is given in [5, p. 27]. The equality (i7) is obtained by composing both sides of (i)
with TF_E{ (idF ® «9]1?1).
Next, the morphism ¥ x = w(xx ® idy) satisfies
= . (6.2)
a

Indeed, we have

L« | [

| w
[xx] 0 @) (i) () [xx]
\ - Yy — - - :
4 <

()

Here (i) and (iv) follow by the axioms of Hopf pairing w, (i) from equation (6.1), (iii) by
equations (5.1) and (5.2), naturality of braiding, and isotopy.

In the case when B is a ribbon fusion category with the representative set I of simple ob-
jects of B, the family {x;}:cs is a basis for Homp(1,F). Moreover, if the pairing w is non-
degenerate, Homp(1,F) is isomorphic to Homg(F, 1) as k-module. Combining this with equa-
tion (6.2), we get that HC?(F, o L°P) = HH (F, o L°P) = Homp(F, 1).

Remark 6.1. Let k be an algebraically closed field and B a finite tensor k-category in the
sense of [16] with the representative set I of simple objects (in particular, I is finite). By [44,
Theorem 4.1], the characters {x;}icr form a linearly independent set in Homp(1,F). Under
additional unimodularity hypothesis, it is also shown that {x;}ier is a basis for Homp(1,F)
if and only if B is semisimple. Note that Shimizu works with ends and not coends. However,
these theories are essentially the same (see [44, Remark 3.12]).
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6.6 The coend of the representation category of a Hopf algebra

Let k be a field and H a finite dimensional ribbon Hopf algebra over k. For the comultiplication,
we will use the usual Sweedler notation, that is, one writes A(h) = h(;) ® h(y) for any h € H.
Denote by R and 6 the R-matrix and the twist element of H. To recall these notions and their
properties see [14] and [42]. Here we closely follow [50, Sections 4.2-4.6]. We write

R=> a;®bc H®H and R '=> a;®8 cH®H.

The category repy of finite-dimensional left H-modules is a ribbon category. The coend F
of repy is a categorical Hopf algebra (see Sections 5.6 and 5.7), which is notably studied from
topological point of view by Lyubashenko [31, 33]. Related to this is the Majid’s transmutation
procedure, which is used to obtain a categorical Hopf algebra from a quasitriangular Hopf
algebra. For more details, see [38, 39]. As a k-module, F is equal to H* and as a left H-module,
it is given by the coadjoint action, that is, for all h,k € H and f € H*,

(> £)(k) = (S (b)) khe)-

For n € N*, consider the evaluation ev: H®" — Homy (H *®”,k) defined by setting for all
X € H®" and f € H*®",

ev(X)(f) = (f, X).

According to [50, Lemma 4.5 (d)], this evaluation induces an isomorphism between k-modules
Homyep,, (F®”, ]k) and

Vo(H) ={X € H*" | X <h =¢e(h)X for any h € H}.

Here the right H-action < on H®" is defined by setting for any h € H and any elementary
tensor X =21 ® --- @, € H®",

X<ah= S(h(l))xlh(g) 02y S(h(g)).%’gh(4) K- & S(h(gn_l))xnh(Qn).

Remark that the k-module V;,(H) is equal to the 0-th Hochschild homology H Hy(H, H*™) of H
with coefficients in H®", where H®" is the bimodule over H (the left action is given by trivial
action via counit).

Under the above isomorphism between Homyep,, (F®",k) and V,,(H), the cyclic k-module
F*® o L is identified with the cyclic k-module W, which is defined as follows. For any n € N,
set W, = V11 (H). The faces {d}': Vi1 (H) — Vo (H) }nen= 0<i<n are given by setting for any
elementary tensor hy ® -+ ® hpt1 € Vo1 (H),

d?(hl & .- ®hn+1) =h1 ® hy ®"'®hi+1hi+2®"'®hn+1 and
dZ(hl R ® hn+1) = Z(hn+1 < (ai9_1)) (hl < (bz)(l)) ® hg < (bl)(g) Q- hy < (bz)(n)

The degeneracies {S?Z Vi1 (H) = Viyo(H) }
tensor by ® -+ ® hpy1 € Vo (H),

neN.0<j<n A€ given by setting for any elementary

Sj(h1®‘--®hn+1):hl®---®hj+1®1H®h]‘+2®“'®hn+1.

The cyclic operators {t,: Vpt1(H) — Viy1(H)}nen are given by setting for any elementary
tensor h1 ® « -+ ® hpy1 € Vg1 (H),

tn(h1 ® - @ hpt1) = Z hpt1 < (aie_l) ® h1 < (bz‘)(l) ®---®hp< (bi)(n)-
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Similarly, the cocyclic k-module F, o L°P is identified with the cocyclic k-module W* which
is defined as follows. For any n € N, set W" = V,,11(H). The cofaces {0]': V,,(H) —
Vint1(H) bnen+ 0<i<n are given by setting for any elementary tensor h; ® --- ® hy, € V,,(H),

M@ @hy) =h1 @hy @ @ APY(hp)®---®h,  and
51 @ @ hn) = S ()B4 () 1) © ha 4 (Bi)) @ <+ @ ha 2 (Bi)my © (1)« (i8),

)

where AB? is a comultiplication on the braided Hopf algebra HB? (see [50, Lemma 4.4]) asso-
ciated to H. As algebras HB¢ = H, but the comultiplication and antipode in HB?¢ are different.
Explicitly, for each h € H,

APY(h) = hgya; @ S((0:) 1)) by (b)) 2)-

The codegeneracies {U;L: Voo (H) — Vm_l(H)}
tary tensor hy ® « -+ ® hpyo € Viyo(H),

neN,0<j<n Are glven by setting for any elemen-

0f(M @ @hpy2) =h1 @+ ®@hjy1 @e(hjra) ® - @ hpya.

The cocyclic operators {7, : Vyt1(H) — Vpt1(H)Inen are given by setting for any elementary
tensor hi ® « -+ ® hpy1 € Vg1 (H),

Ta(h1 @ @ hnp1) =Y haa(Bi)1) @+ ® hnt1 < (Bi)my ® h1 < (cih).

7 Cyclic modules from TQFTs

In Theorem 4.1, we prove existence of (co)cyclic objects in the category of 3-cobordisms. By
composition, any 3-dimensional TQFT induces a (co)cyclic k-module. In this section we compute
it for the Reshetikhin—Turaev TQFT RTp: 3Coby — Modg associated to an anomaly free
modular category . Note that the coend F of B exists and is a Hopf algebra in B. Recall the
cocyclic k-module F* and the cyclic k-module F, (see Section 6) associated to F, as well as the
reindexing involution ®: AC' — AC (see Section 2.4). The second main result of this paper is
the following.

Theorem 7.1. The cocyclic k-modules RTg o X*® and F® o ® are isomorphic. The cyclic k-
modules RTp o Xq and Fe 0 ®°P are isomorphic.

We note that the n-th Hochschild cohomology of F® o ® and F*® are equal. Indeed, the
Hochschild differentials of the associated cochain complexes are equal. The cohomological form
of the Connes’ long exact sequence [51, Proposition 9.6.11] then implies that this is also the case
for their cyclic cohomology. A proof of Theorem 7.1 is provided in Sections 7.1-7.5.

The cyclic duality L: AC°? — AC and reindexing involution automorphism ¢ transform
the cocyclic object X*® in 3Coby into a cyclic object X® o ® o L in 3Cobg. Similarly, the
functors L°P: AC — AC°P and ®°P transform the cyclic object X, in 3Cobyg into a cocyclic
object Xq 0 P°P o L°P in 3Coby. By Theorem 7.1 and the fact that ® is involutive, we obtain
the following.

Corollary 7.2. The cyclic k-modules RTgo X®o®oL and F*oL are isomorphic. The cocyclic k-
modules RTp o Xq 0 ®°P 0 L°P and Fe o L°P are isomorphic.

Recall that the cyclic k-module F® o L and the cocyclic k-module Fq o L (see Section 6.3)
are cyclic duals of F* and the cyclic k-module F,.
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Another fundamental construction of a 3-dimensional TQFT is the Turaev—Viro TQFT
TVe: 3Coby — Modyg associated to a spherical fusion k-category C with invertible dimen-
sion (for details, see [48]). Moreover, in the case when C is additive and k is an algebraically
closed field, the center Z(C) of C is an anomaly free modular category (see [48, Theorems 5.3
and 5.4]). In this case, according to [48, Theorem 17.1], the TQFTs RTz(¢) and TV are iso-
morphic. Denote by G the coend of Z(C). These results and Theorem 7.1 imply the following
corollary.

Corollary 7.3. The cocyclic k-modules TVe o X® and G® o & are isomorphic. The cyclic k-
modules TVe o Xo and Ge 0 ®°P are isomorphic.

By using cyclic duality L and reindexing involution ®, we obtain the following.

Corollary 7.4. The cyclic k-modules TVeco X®*o®o L and G®*o L are isomorphic. The cocyclic
k-modules TV o Xq 0 ®°P 0 L°P and G o L°P are isomorphic.

To show the claim from Theorem 7.1, it follows from Section 4.3 that it suffices to com-
pute RTpoY*® and RTg o Y,. In Section 7.1, we give some algebraic preliminaries on coend of
a modular category. Next, in Section 7.2, we describe the Reshetikhin—Turaev TQFT RTp via
the coend F of B. Then, in Section 7.3, we compute the cocyclic k-module RTg o Y*. In Sec-
tion 7.4, we prove that the latter is isomorphic to F® o @, as stated in Theorem 7.1. Finally, in
Section 7.5, we sketch the computation of RTz0Y, and the proof of the fact that it is isomorphic
to the cyclic k-module Fo o ®°P,

Remember that F is a Hopf algebra in B endowed with a Hopf pairing w: F® F — 1. Here,
we denote by m, u, A, &, and S multiplication, unit, comultiplication, counit, and antipode
of IF, respectively. In what follows, we will often drop the notation of IF while using graphical
calculus.

7.1 Modularity and pairing of a coend

In this section, we provide some algebraic preliminaries needed for computation of the Reshe-
tikhin—Turaev TQFT RTpg via the coend of anomaly free modular category. In the following
lemma, we compute the inverse, under some conditions, of the pairing of the coend. Note that
the statement of Lemma 7.5 (a) is only a particular case of 24, Theorem 5]. Also, the statement
and the proof of Lemma 7.5 (b) is similar to [48, Lemma 6.2].

Lemma 7.5. Let B be a ribbon k-category with a coend F and suppose that the canonical pair-
ingw: FRF — 1 associated to the coend is non-degenerate.

(a) If A: 1 — F is a right integral of a coend, then w(A®idr): F — 1 is a left cointegral of F.

(b) Let A be a right integral of the coend F of B. Suppose that the element w(A ® A) is
invertible. The inverse of the pairing w is given by the morphism Q: 1 — F ® F, which is
computed by

Proof. We prove the above statements graphically.
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(a) By the property of the bialgebra pairing and the fact that A is a right integral for C,
[ w ]

Since w is non-degenerate, the conclusion follows.

(b) We have

w w w
N ] N
() )ggq. (v9) (vid) e
\ ) A [A]
o N
N

and therefore the claim follows by invertibility of w(A® A). Here (i) follows by property of
bialgebra pairing, (i7) by (co)unitality, (iii) by the part (a), (iv) from bialgebra axioms, (v)
by (co)associativity, (vi) by the antipode axiom and (co)unitality, (vii) by the naturality
of the braiding, the fact that A is a right integral for F and counitality. |

Corollary 7.6. Let B be a ribbon k-category with a coend F and A: 1 — F a right integral for
the coend F. If the pairing w: F®F — 1 is non-degenerate, then

=w(A®A)|. (7.1)

w(A @ A)idg 2
A [

Here (i) and (zi7) follow from invertibility of the antipode, (i7) follows by Lemma 7.5 (b). |
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If B is an additive ribbon fusion k-category with a coend F, then, according to [48, Theo-
rem 6.6], the category B is modular (in the sense of Section 5.5) if and only if the canonical
pairing w: F ® F — 1 associated to F is non-degenerate. Moreover, the coend F is given
by F = @,c;i" ®1, where I is a representative set of simple objects of B. For i € I, we denote
the projection associated with the direct sum decomposition by p;: F — i* ® i. However, we
drop inclusions i* ® i — FF in our notation. By [48, Theorem 6.4], any integral of F is a scalar
multiple of the universal integral

A=) dim(i)coev;: 1 —F. (7.2)
el

Similarly, one can show that any cointegral of F is a scalar multiple of the universal cointegral
)\:eV]lpjl: F— 1. (73)
Universal (co)integrals A and A satisfy AA =id;.

Remark 7.7. Let B be an additive ribbon fusion k-category such that the canonical pair-
ing w associated to the coend F is non-degenerate. Recall the universal integral A and the
universal cointegral A of the coend F, defined in equations (7.2) and (7.3), respectively. Let us
calculate w(A ® A). By Lemma 7.5 (a), w(A ® idr) is a left cointegral of F. By universality
of A\, w(A ®idp) = kA, for some k € k = End(1). This further implies that

w(A®A) = kXA = kidy.
Now, remark also that
w(A ®u) =eA = dim(B).

These two properties together with the fact that pyiy = idy=g1, with definition of unit « of the
coend F, and definition of A, give that

w(A ® A) =kidy = k(idﬂ &® evl)(coevjl X id]l) = k(id]l &® eV]pﬂ)(id]l &® i]l)(COGV]l &® idjl)
=k(idy ® N)u = kAu = w(A @ u) = dim(B).

7.2 The Reshetikhin—Turaev TQFT via coends

In [47], Turaev associates to any modular category B a 3-dimensional TQFT RTg. There,
a precise definition of a 3-dimensional TQFT involves Lagrangian spaces in homology of surfaces
and pj-structures in cobordisms. However, if the modular category B is anomaly free (see
Section 5.5), then the TQFT RTp does not depend on this additional data and is a genuine
symmetric monoidal functor RTz: 3Coby — Mody.

Let B be an anomaly free modular k-category. Recall from Section 5.5 that the scalar
A = A, = A_ is invertible and satisfies A? = dim(B). By Section 3.6, any special rib-
bon (g, h)-graph I' represents a 3-cobordism Mr: S; — Sp,. Our goal is to compute the k-linear
homomorphism

RT[j‘(MF): RTB(SQ) — RTB(Sh)

in terms of the coend F of B (which always exists, see Section 7.1). First, it follows from the
definition of RT3 and the computation of the coend F in terms of a representative set I of simple
objects of B that

RT5(S,) = Homp(1,F¥Y)  and  RTg(S)) = Homp(1,F").
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Next, the formula (2.3) (a) from [47, Section IV.2.3], which computes RTg(Mr), rewrites in our
setting as

RT3(Mr) = A~" " Homp(1, |T)), (7.4)

where |T'|: F®9 — F®" is a morphism in B defined as follows. By pulling down some part of each
circle component of I' and of each arc connecting the outputs of I', we obtain that the ribbon
graph I is isotopic to

2 2h-1 2h

2 2h—-1 2h

where the cups Ly, ..., Ly correspond to the circle components of I' and the cups C1,...,Cj
correspond to the upper arcs of I'. Here, I is a ribbon graph with (g+n+2h) arcs, (2g+2n+2h)
inputs, 2h outputs, no coupons, no circle components, and such that:

e for all 1 <i < g+ n, an arc a; connects the (2 — 1)-th input to the (2i)-th input of T,

e for all 1 < j < h, an arc u; connects the (2g + 2n 4 2j — 1)-th input to the (25 — 1)-th
output of I, and an arc v; connects the (27)-th output to the (2g 4 2n + 2j)-th input of I".

The ribbon graph T is called closure of the ribbon graph I. Coloring the arc a; by an object X;
of B and coloring both the arcs u;, v; by an object Y; of B, we obtain a B-colored ribbon graph
representing a morphism ¢x, . x, . vi,..v,- Leti={ix: X*®@X — F}XeOb(B) be the universal
dinatural transformation associated to the coend F. Then the family of morphisms

(in Q- ® ZYh) o ¢X1,...,Xg+n,Y1,.‘.,Yh

from X7 @ X;®--- ®X;+n RXgn @Y1 ®--- QY ®Y), to F®" is dinatural in each variable
and so, by Lemma 5.1, it factorizes as

ér o (in ®...®Z'Xg+n ® iy, ®...®Z‘Yh)
for a unique morphism ¢p: F®9+n+th _ FOh  Then
0| = ¢r o (idpes ® A®("HM)) . FOI T,

where A is the universal integral defined in equation (7.2). It follows from the fact that A is
a right integral for F (see Section 7.1) that the morphism |I'| is an isotopy invariant of I". This
invariant is multiplicative,

PUT| = [T [T
for all special ribbon graphs, where I' UT" is obtained by concatenating I to the right of T.

Remark 7.8. If we normalize the above used A and A and instead use A’ = A\ and A’ = A™1A,
then we still have N’A’ = idy, but the factor A" in formula (7.4) disappears, which makes it
and some of our next computations look simpler. This is a matter of convention.
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7.3 Computation of RTzoY"*

Recall that B denotes an anomaly free modular category. In the following lemma, we calculate
the isotopy invariant |-| (see Section 7.2) for the particular special graphs.

Lemma 7.9. Let Ty, T, and T3 be the following special ribbon graphs:

} \
@, e
o [ (S

(@) |Ty| = dim(B)ids,  (b) |Ta| = dim(B)u, () |T3| = dim(B)m.

Proof. (a) A ribbon graph whose closure is isotopic to 717 is

T = o :
Sl

For all objects X, Y, and Z in B, we have

T =

Y

D
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(b) A ribbon graph whose closure is isotopic to 1% is

\

For all objects X, Y in B, we have

(c¢) A ribbon graph whose closure is isotopic to T3 is

7 - O/\) |
e

For all objects X, Y, and Z in B, we have

\\Qj
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seea

Hence, by definition of || given in Section 7.2, axioms of a Hopf pairing, the equation (5.2),

Corollary 7.6, and Remark 7.7, we have

The previously proved Lemma 7.9 implies the following result.

Lemma 7.10. We have

)
dim(B)"“(L ‘ : ifi =0,
0 n-1
(a) ‘GY'(é?)‘: dim(B)"+1 | ... S ..‘, ifl1<i<n-—1,
0i—-1 in-1
dim(B)"+1 J) ifi=n,
\ 0 n—1

(b) ‘GY'(OJ'.L)| = d1m(B)”+1

)

0 ji+1 n+1

dim(B)idg

ifn =0,

\
(c) ‘Gyc(Tn)’ = ¢ dim(B)"*! \/_/\ ifn> 1.

)

0 1

n—1

Proof. (a) Recall the special ribbon graphs 77 and 75 from Lemma 7.9. Let n € N* and
1 <i<n-—1. By Lemma 7.9 and multiplicativity of |-|,

|Gye@sm| = (dim(B)idg)®* @ dim(B)u @ (dim(B)idg)®" ™" =
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amra|-| | ] -

0:—-1 1t n—1

The cases ¢ = 0 and ¢ = n are proven in a similar way.

(b) This follows from parts (a) and (¢) of Lemma 7.9 and multiplicativity of the isotopy
invariant |-|.

(¢) Recall that Y*(rg) is the identity morphism idg,. Hence |Gye(r)| = dim(B)idg, by
Lemma 7.9 (a). Let us show the statement in the case n = 1. The general case is verified
similarly. The special ribbon graph Gy (,,) depicts as

f

@
AN,

A ribbon graph whose closure is isotopic to the special ribbon graph Gy () depicts as

%

=S %:
s N

=

GY. (T1 ) =

For all objects X, Y, Z, U, V, and W in B, we have

¢

St

X
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Hence, by definition of |-| given in Section 7.2, the equations (5.2) and (5.1), Corollary 7.6 and
Remark 7.7, we have

|GY'(71)| =

A\ 74

— (w(A ® A))? y — dim(B)? M
T

I

which finishes the proof. |

The explicit computation of RTz o Y* essentially follows from Lemma 7.10:

Lemma 7.11. The cocyclic k-module RTg o Y'* equals to the cocyclic k-module given by the

family {Homg(]l,F®”+1)}neN, equipped with the cofaces {RTp(Y*(6]")) }nen+ 0<i<n, codegene-
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;ﬂacies {RTB (Y. (‘7?)) }

neN.0<j<n’ and cocyclic operators {RTg(Y*(m))}nen given by formu-

1 n—1 0

n—1
| 6, (f) = ||J)
f

N
nt+l,  m(f)=07
f

Proof. All computations follow by using formula (7.4) from Section 7.2, the construction
of Y* from Section 4.1, and Lemma 7.10. Here we only provide a computation for cofaces
{RTB(Y*(6]")) }nen0<i<n. fn e N*and 1 <i<n—1, then

0:-1 1 n—1

RT(Y*(57)) = A~ =" DHompg (1, |Gy sy )
= dim(B)~"*YHomp | 1, dim(B)"*!

o

0 ¢:—-1 i n—1

= Hompg | 1,

The cases ¢ = 0 or ¢ = n are verified analogously. |

7.4 The final step

In Section 4.1, we constructed the cocyclic object Y® in the category of 3-cobordisms. Next,
in Lemma 7.11, we computed the cocyclic k-module RTz o Y*. To prove the first part of
Theorem 7.1, it suffices to show that the latter is isomorphic to F® o ®, where &: AC — AC
is the reindexing involution from Section 2.4. Recall that the coend F is a Hopf algebra in B,
equipped with a non-degenerate Hopf pairing w. Denote its inverse by 2. The isomorphism
between cocyclic k-modules RTz o Y* and F*® o ® is provided by the family

w® = {w": Homg(l,lﬁ‘®"+1) — HomB(F®”+1, H)}neN’

which is defined by setting for any n € N and f € Homp(1,F®"1),

(7.5)
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The inverse of w*® is given by the family Q° = {0, : Homp (F®"*! 1) — Homp(1,F¥"+1)}

neN’?
which is defined by setting for any n € N and f € Hom (F®"! 1),

It remains to check that w® is a natural transformation between cocyclic k-modules RTp o Y'*

and F*® o . The equations (2.9) and (2.10) follow from axioms of a Hopf pairing w and isotopy
invariance of graphical calculus. The equation (2.11) follows from equations (5.1) and (5.2),
naturality of braiding, and isotopy invariance of graphical calculus. |

7.5 Sketch of computation of RTz o Y,

Let us sketch the computation of RTpg o Y,, which is similar to computation of RTg o Y® given
in detail in Sections 7.3 and 7.4. The following lemma is analogously proved as Lemma 7.9.

Lemma 7.12. If T, and T5 are the following special ribbon graphs

then

(a) [T =e¢,
(b) |T5] = dim(B)2A.

Next, by using Lemma 7.12, one obtains an analogue of Lemma 7.10.

Lemma 7.13. We have

(a) |GY.(dy)] =dim(B)"|---

0 1 n
) Gragop)| = dim(B)™+? ‘ W/ ‘ |
dim(B)idz ifn =0,

(©) 1Gyaey] = { dim(B)™! / (/ fn>1
{
0

n—1n
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By using Lemma 7.13, one can compute that RT oY, is equal to the cyclic k-module given by
the family {HomB(H,F®"+1)}n€N, equipped with the faces {RTg(Y4(d})) }nen+ 0<i<n, codege-

neracies {RTpz (Y (s?)) }nEN 0<j<ns a0d cocyclic operators {RTB(Ye(tn)) }nen given by formulas

en-ol QL e N e —of o,
/ f f

The latter cyclic k-module is isomorphic to Fe o ®°P, where ® is the reindexing involution
automorphism from Section 2.4. This again follows from the fact that the coend F is equipped
with a non-degenerate Hopf pairing w. Indeed, the isomorphism is given by the family we = w®,
defined by formula (7.5). This completes our proof of Theorem 7.1. |

8 Related work

In this section we discuss some potentially related perspectives. From algebraic perspective,
we review some constructions of paracyclic objects in a braided k-category and outline their
connections to (co)cyclic k-modules from Section 6. These paracyclic objects can be further
used to construct r-cyclic k-modules in the sense of Feigin and Tsygan [18]. From topological
perspective, we observe a relevance of the one-holed torus, which is a Hopf algebra in Cobg(1)®™",
a cobordism category appearing in [24] and different that the one from Section 3.

8.1 Variations on the cyclic category

For r € N*| the r-cyclic category AC, is defined in the same way as the cyclic category, ex-
cept that the cyclic operators are replaced with the r-cyclic operators {r,: n — n},en, which
satisfy (2.4)—(2.7) and additionally, for any n € N,

Tr’;(”ﬂ) =id,.

Notice that AC; = AC. Another notion similar to that of the cyclic category is the para-
cyclic category ACy. In this setting, the cyclic operators are replaced with the paracyclic
operators {7, : n — n}npen, which are isomorphisms satisfying (2.4)—(2.7). Mutatis mutandi (see
Section 2.3) one defines 7-(co)cyclic and para(co)cyclic objects in a category.

The cyclic duality from Section 2.4 descends to the paracyclic category. Indeed, the key
ingredient of proof in [30] is the existence of the so called extra degeneracies, which only relies
on the invertibility of (co)cyclic operators. Since the same formulas apply, we abusively denote
the paracyclic duality with L: ACSY — AC..

8.2 Paracyclic and r-cyclic objects from braided Hopf algebras

Any Hopf algebra H in a braided monoidal category B gives rise to a paracyclic object Cq(H)
in B, given by setting for any n € N, C,,(H) = H®"*! and

, tn:/m / . (8.1)

0 i n 0 J n 0 n—1n

This construction is functorial, that is, any morphism between coalgebras in B induces the
morphism of corresponding paracyclic objects in B.
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Similarly, one can associate to H the paracocyclic object Aq(H) in B, given by setting for
any n € N, A, (H) = H®"*! and
\ \

|4 SR A

0i—1 i n—1 0 jji+1l n+1 0 1 n

on =

1

n _

This construction is functorial, that is, any algebra morphism in B induces the morphism of
corresponding paracocyclic objects in B.

Notice that if B is a ribbon category and if H is an involutive Hopf algebra in B (that
is, S = Oy, where 0 is the canonical twist of B), then the paracocyclic operators {t,}nen
of C4(H) satisfy the “twisted cyclicity condition”, that is, for all n € N,

tZJrl = (9H®n+1)71. (82)

If B is additionally k-linear, then the cocyclic k-module H® from Section 6.1 can be obtained
by composing Ce(H) with the hom-functor Homp(—, 1). Here, the cocyclicity condition (2.8)
for H*® follows by naturality of twists and the fact that #; = idy. In this vein, one derives
from Co4(H) an r-cocyclic k-module as follows. Namely, if 7 is a simple object of B, then the
twist 60; is a scalar multiple of the identity morphism. If this scalar is of finite order r, then
the composition of C4(H ) with the hom-functor Homp(—,?) induces an r-cocyclic (respectively,
cyclic) k-module. In a similar way, one obtains r-cyclic modules from A4(H). For instance,
according to [4], and built on theorems of Vafa [49] and Miiger [40], all the twists on simple
objects of a C-linear ribbon fusion category are roots of unity.

Finally, we point out that the above construction of Ce(H) (respectively, Aq4(H)) may be
restated for coalgebra H (respectively, algebra) in a balanced category B, just like we did in
Section 6. Namely, in the above formulas, the square of the antipode should be replaced with the
twists. As already remarked in Section 6.3, by passing to C¢(H ) o L (respectively, Aq(H)o LP),
these constructions fit into a more general framework of Akrami and Majid in [1], who considered
ribbon algebras (or dually, coribbon coalgebras) in a braided category.

8.3 Paracyclic and r-cyclic objects from Crane—Yetter Hopf algebra

Another relevant category is that of connected 3-cobordisms, further denoted as 3Cob;, which
first appeared in [24], which was studied over the last three decades, notably in [2, 8, 20, 26], and
most recently in [7]. For each g € N, fix a compact connected oriented surface ¥, of genus g
and with one boundary component. The objects of 3Cob; are surfaces ¥, for each g € N.
A morphism ¥,; — Xj 1 is given by the connected cobordism from Y, 1 to ¥j ;. In contrast
to the category 3Cobg which is recalled in Section 3.2 and used throughout the paper, the
category 3Cob; is a non-symmetric braided monoidal category, the monoidal product on objects
is given by the connected sum of surfaces, on morphisms it is given by the connected sum of
cobordisms and the unit object is ¥g 1.

It is a result of Crane and Yetter [13], that the one-holed torus ¥ ; has a structure of a Hopf
algebra in 3Cob;. By the general construction from Section 8.2, one can organize the family of
surfaces

®,
{21,517 geN* = {Zg,l}geN*

into a paracyclic object Co(X1,1) (respectively, paracocyclic object Aq(31,1)) in 3Cob;. The
existence of Co(X71) (respectively, Aq(X1,1)) implies that any braided monoidal functor from
3Cob; to a braided monoidal category B induces a para(co)cyclic object in B. An example of
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such functors was recently studied by Beliakova and De Renzi in [7]. Let B be a ribbon uni-
modular factorizable category and k an algebraically closed field. Here the unimodularity means
that B is a finite k-category in the sense of [15] and that the projective cover of 1 is self-dual.
By [7, Theorem 1.2], there is a braided monoidal functor J3: 3Cob; — B, which, in particular,
sends the one-holed torus to the end A of category B, that is, the end of functor (X,Y) — X®Y™.
Furthermore, J3 0 Co(X1,1) = Ce(A) and J3 0 Ag(X1,1) = Al(A). Note that factorizability in
the sense of [7] is equivalent to non-degeneracy of the canonical pairing of the coend of B. The
latter is also equivalent to invertibility of the Drinfeld map from [17, Proposition 4.11]. In this
setting, the end A and the coend F are isomorphic Hopf algebras. Therefore, by functoriality,
paracyclic objects Cq(A) and C4(F) (respectively, paracocyclic objects Aq(A) and A4(F)) in B
are isomorphic. Finally, since S3 = 6, paracyclic operators of Cs(A) (respectively, paraco-
cyclic operators of Ae(A)) satisfy the twisted cyclicity (respectively, cocyclicity) condition (8.2).
Hence, by composing J3 0 C4(X1,1) with appropriate hom-functors (see Section 8.2), one obtains
r-(co)cyclic k-modules.

Remark 8.1. Cobordisms in 3Cob; admit surgery presentation by certain tangles (for a re-
view, see [7, Section 4]). On one hand, there is a resemblance between tangles which present
structural morphisms of the Hopf algebra 3 ; and the special ribbon graphs which present gen-
erating morphisms of (co)cyclic objects in 3Cobg (see Theorem 4.1 and a relevant Remark 8.2).
Note also that in the construction of the latter objects, we do not use the monoidal structure
of 3Coby. One the other hand, in the contrast with the Kirby calculus on special ribbon graphs
from Section 3.7, COUPON and TWIST move do not appear as moves between tangles pre-
senting morphisms in 3Cob;. It would be interesting to explore relationships between (co)cyclic
objects in 3Coby which were constructed in Section 4 and para(co)cyclic objects in 3Cob; from
Section 8.3.

Remark 8.2. A reviewer helpfully pointed out that there are two isomorphic algebra structure
on the one-holed torus 31 ;. The structural morphisms of the Hopf algebra which “models” the
end A are defined by

A

On the other hand, the Hopf algebra structure which “models” the coend F is defined as follows.
The multiplication and the unit are defined respectively by tangles T35 and 75 from Lemma 7.9,
while the comultiplication and the counit are defined by tangles 75 and Ty from Lemma 7.12.
Its antipode is given by the tangle

o

=

=)
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The two Hopf algebra structures are isomorphic via the map

o e A
Vo

By functoriality of construction from Section 8.2, the associated para(co)cyclic objects are also
isomorphic.

Remark 8.3. It is remarked in [6] that (co)cyclic sets from ribbon string links, which are
recalled in the introduction are isomorphic, via an appropriate bijection, to certain (co)cyclic
sets from ribbon handles as in [9] (called bottom tangles in [20]). The latter comes from external
Hopf algebra construction by Habiro [20]. Namely, the object 1| in the category of the oriented
ribbon tangles [47, Section 1.2.3] has a coalgebra structure via

A:\\U/, s

This fits into the context of special graphs as in Sections 3 and 4, or tangles as in (the present)
Section 8. Using above A and ¢ and replacing S~2 by 64, in formula (8.1), we obtain a paracyclic
object Tle in the category of oriented ribbon tangles G, where graphical presentation of operators
of structure reminds of the informal discussion in the introduction of [1]. If we further restrict
ourselves to the category G of special ribbon graphs modulo moves K1, K2/, COUPON, and
the TWIST move, we obtain the defining special ribbon graphs from Section 4.2 by postcom-
posing the structure operators dj’, s and ¢, of 1le with the diagrams representing the identity
cobordisms (see Figure (3.1)). More precisely,

b T |

AR PRy
Gy.t* - H
7o

In this setup, one can endow the object 1| with an external Hopf algebra structure [20, Sec-
tions 6.2 and 6.3]. The multiplication, the unit, and the antipode are here defined by setting for
all admissible (i + 7, k)-graphs T,

R ¢ R ¢

m(i’j,k) (F) = F S B u(z,j,k) (P) - F 3

FRNTT RIER

i 1+ 0 1 1+J
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pol

+
The red component in the formula for my; ;) comes from duplicating (along the framing) the
arc connecting input 2¢ + 2 with 2¢ 4+ 3. The image Ui k) (I') is obtained by deleting the arc
connecting input 2¢+2 with 2i4+3 and the image S(l ey (T ) is obtained by changing the orientation

of the arc connecting input 2i+2 with 2i+3. Note that S( ) =To ()" @ Oy @ (11)®7).
Using this data, we recover special ribbon graphs appearing in Section 4.1:

k

S (L) =

J

GY'(&?) = ﬂ(i,n—i,n+1)(In+1)> GY'(Jj) m(j n—j, n—l—l)( n+1)

|

Gye(r) = Inga

DY N

Let us illustrate the equality for codegeneracies in a special case:

001 ( } = \\ )

where the latter indeed equals Gy.(gg). This gives a more formal construction of the (co)cyclic
object in G1. In both cases, if we omit COUPON and TWIST moves, we merely obtain
para(co)cyclic objects.
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