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HENNINGS TQFTS FOR COBORDISMS DECORATED WITH
COHOMOLOGY CLASSES

MARCO DE RENZI, JULES MARTEL, AND BANGXIN WANG

ABsTRACT. Starting from an abelian group G and a factorizable ribbon Hopf
G-bialgebra H, we construct a TQFT Jg for connected framed cobordisms be-
tween connected surfaces with connected boundary decorated with cohomology
classes with coefficients in G. When restricted to the subcategory of cobor-
disms with trivial decorations, our functor recovers a special case of Kerler—
Lyubashenko TQFTs, namely those associated with factorizable ribbon Hopf
algebras. Our result is inspired by the work of Blanchet—Costantino—Geer—
Patureau, who constructed non-semisimple TQFTs for admissible decorated
cobordisms using the unrolled quantum group of slz, and by that of Geer-Ha—
Patureau, who reformulated the underlying invariants of admissible decorated
3-manifolds using ribbon Hopf G-coalgebras. Our work represents the first
step towards a homological model for non-semisimple TQFTs decorated with
cohomology classes that appears in a conjecture by the first two authors.

1. INTRODUCTION

The interplay between the algebraic structure of monoidal categories and the
topological properties of low-dimensional geometric objects provides a cornerstone
for the field of quantum topology. One way to frame this interaction is that quantum
topology is a discipline that develops an algebraic approach, based on generators
and relations, to low-dimensional topology. In particular, one of its purposes is to
produce topological invariants of manifolds, and of maps between manifolds, out
of algebras, their representations, and the monoidal categories they form. A more
ambitious goal is typically to organize all these invariants into coherent structures
known as a TQFTs (Topological Quantum Field Theories).

In this paper, we provide a TQFT construction that produces functors defined
over categories of cobordisms decorated with cohomology classes. In order to do
this, we fix an abelian group G, and we introduce the notion of a ribbon Hopf
G-bialgebra (see Section 3.1), by generalizing Ohtsuki’s colored ribbon Hopf alge-
bras [Oh93] and (the abelian case of) Virelizier’s ribbon Hopf G-coalgebras [Vi00].
Roughly speaking, such a ribbon Hopf G-bialgebra H is given by a family of vector
spaces H? parametrized by two indices a, 3 € G. The direct sum
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is naturally a ribbon Hopf algebra, and so is HJ. The main example of ribbon
Hopf G-bialgebra we will consider in this paper arises from the quantum group of
sly with G = C/2Z, and is introduced in Section 5 by adapting the example dis-
cussed in [GHP22|. We also consider the category 3Cob% of G-decorated connected
framed cobordisms (see Section 2), whose morphisms come equipped with cohomol-
ogy classes with G-coeflicients. Here is our main result, see also Theorem 4.2.
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Theorem 1.1. Every factorizable' ribbon Hopf G-bialgebra H induces a braided
monoidal functor
Ju : 3CobY — HP-mod.

As an immediate consequence, when restricted to the subcategory 3Cob of cobor-
disms decorated with the trivial cohomology class, our functor recovers Kerler and
Lyubashenko’s TQFT associated with the factorizable ribbon Hopf algebra H{,
compare with Corollary 4.3.

Corollary 1.2. If H is a factorizable ribbon Hopf G-bialgebra, then the TQFT Jyg
of Theorem 1.1 fits into the commutative diagram of braided monoidal functors

J o
Hp

3Cob — H{-mod
Ll Tr

3Cob® - H-mod
H

where JH{,’ is the Kerler—Lyubashenko TQFT, v is the inclusion functor, and p is
the restriction functor.

1.1. State of the art. As their name suggests, TQFTs have a physical interpre-
tation, and they were first axiomatized in mathematical terms by Atiyah [At8§],
who defined them, broadly speaking, as monoidal functors from categories of cobor-
disms to categories of modules over a given ring or field. Morphisms in categories
of cobordisms are manifolds (possibly equipped with embedded links or other dec-
orations) whose boundary is decomposed into an incoming part, or source, and an
outgoing one, or target. The monoidal structure for cobordisms is traditionally in-
duced by disjoint union, according to Atiyah’s definition, although other meaningful
frameworks exist (like the one considered in this paper, for instance). The first full-
fledged construction of TQFTs was performed by Turaev [Tu94] using semisimple
modular categories. Turaev’s work generalized and extended previous results by
Reshetikhin and Turaev [RT91], who first defined invariants of 3-manifolds using
semisimple quotients of categories of representations of ribbon Hopf algebras such
as quantum groups. Their construction was inspired by previous work of Witten
on the Jones polynomial and Chern—Simons quantum field theory [Wi89], so the
resulting invariants are now known as WRT invariants (for Witten—Reshetikhin—
Turaev). Since the semisimplicity assumption played a crucial role in Turaev’s con-
struction, the associated functors are sometimes referred to as semisimple TQFTs.
The first construction of topological invariants of closed 3-manifolds built from
possibly non-semisimple ribbon Hopf algebras is due to Hennings [He96]. In his
approach, Hennings requires some assumptions on ribbon Hopf algebras, which
need to be unimodular and twist non-degenerate. The resulting invariants were
deeply generalized by Lyubashenko [Ly94] to families of representations of map-
ping class groups of surfaces using potentially non-semisimple modular categories,
such as categories of representations of factorizable ribbon Hopf algebras. Later,
Kerler and Lyubashenko extended these mapping class group representations to
EQTFTs (FExtended TQFTs) for connected cobordisms [KLO01]. In particular, such
ETQFTs contain TQFT functors defined on a category of cobordisms whose objects
are connected surfaces with connected boundary, whose morphisms are connected
cobordisms between them, and whose monoidal structure is induced by boundary
connected sum. Such functors are called Kerler—Lyubashenko TQFTs in this paper.

More recently, strong invariants of closed 3-manifolds decorated with cohomol-
ogy classes, known as CGP invariants, were constructed by Costantino, Geer, and

1See Section 3.2 for a definition.
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Patureau in [CGP12]. This was done using the theory of modified traces and relative
modular categories, which are a non-semisimple graded generalization of modular
categories. These invariants were extended to TQFTs, known as BCGP TQFTs,
by Blanchet, Costantino, Geer, and Patureau [BCGP14] for the unrolled quantum
group of sly, and to ETQFTs by the first author [Del7] for general relative modular
categories. Both approaches follow the universal construction of Blanchet, Habeg-
ger, Masbaum, and Vogel [BHMV95] to produce functors defined on categories
of so-called admissible cobordisms decorated with cohomology classes. By contrast
with Kerler and Lyubashenko’s framework, such categories feature disconnected ob-
jects, and disjoint union as tensor product. As we shall discuss later, cohomology
classes should not be seen as a technical nuisance of the theory, but rather witness
the richness of such invariants. Modified traces were later integrated in Hennings
and Lyubashenko’s constructions to obtain invariants, known as renormalized Hen-
nings and renormalized Lyubashenko invariants respectively, that extend to discon-
nected admissible cobordisms on the level of both TQFTs [DGGPR19] and ETQFTs
[De21]. More recently, constructions exploiting non-semisimple spherical categories
were also developed, see [CGPV23].

1.2. Main results. As it is clear from the previous discussion, several approaches
to the construction of non-semisimple TQFTs are now available. In the present
work, we will essentially follow Kerler and Lyubashenko, but we will generalize their
construction to obtain a monoidal functor defined on the category 3Cob® of con-
nected framed cobordisms decorated with cohomology classes with G-coefficients.
As our main tool, we will use a factorizable ribbon Hopf G-bialgebra H, see The-
orem 4.2. For cobordisms decorated with the trivial cohomology class, our functor
restricts to the one associated by Kerler and Lyubashenko’s construction to the
factorizable ribbon Hopf algebra H{, see Corollary 4.3.

To motivate our interest in this generalized construction, we highlight the fact
that, for the CGP invariants associated with the unrolled quantum group of sls,
the dependence on a cohomology class with C/2Z-coefficients was crucially used to
recover the classification of lens spaces [BCGP14, Proposition 6.24]. It is known
that this cannot be done using WRT invariants, and it is currently not known
whether this can be done using renormalized Lyubashenko invariants associated
with the small quantum group of sls.

Furthermore, a TQFT functor automatically yields representations of mapping
class groups of the objects of the corresponding cobordism category. It is well-known
that representations coming from semisimple TQFTs associated with quantum sl,
are never faithful, since Dehn twists are always sent to matrices of finite order.
This obstruction vanishes for representations arising from all non-simimple TQFTs
associated with quantum sls. This observation makes them candidates for tack-
ling the question of linearity of mapping class groups, since no non-trivial elements
have currently been found in the kernels of these representations. Working with
manifolds endowed with cohomology classes requires either looking at twisted rep-
resentations or restricting to diffeomorphisms that fix a given cohomology class.
In first approximation, it is completely acceptable to restrict to representations of
Torelli subgroups, since their elements fix every cohomology class, and since such
subrgoups are at the heart of the linearity problem (indeed, by their very definition,
they constitute precisely the part of the mapping class group that is not detected
by the standard homological representation). Since these groups are of finite type,
finitely many different cohomology classes can in principle be used to detect finite
families of generating diffeomorphisms. In such a situation, a continuity argument
in C/2Z could be used to deduce the existence of a single cohomology class detect-
ing every element of the Torelli group. This observation motivates the interest in
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representations of Torelli groups that depend on the choice of a cohomology class
with C/2Z-coeflicients. We notice however that, in order to apply such a continuity
argument, we should first prove that these representations depend continuously on
the evaluation of the cohomology class against a finite basis of the homology of the
surface.

In [DM22], the first two authors have proposed a completely different perspec-
tive on Lyubashenko’s mapping class groups representations associated with small
quantum sls, by developing a model based on twisted homology groups of configu-
ration spaces. Such a model also provides a homological construction of the action
of quantum sly. This framework is promising for studying faithfulness of mapping
class group representations, since it is the same that was used by Bigelow [Bi00]
to prove linearity of braid groups. For punctured discs, the fact that homologi-
cal representations are isomorphic to quantum representations (possibly decorated
with cohomology classes) was proved in [Ma20]. In [DM22, Section 6.3.1], homo-
logical representations in higher genus are upgraded to twisted representations for
surfaces endowed with cohomology classes, and [DM22, Conjecture 6.6] states that
such representations should also arise from a non-semisimple TQFT construcion.
The functor of Theorem 4.2 yields precisely the representations that, according to
our expectation, should provide the quantum counterpart to such twisted homo-
logical representations. Now that these representations have actually been con-
structed, we rephrase the conjecture in Section 5.4, to be studied in a future paper.
The homological setup pinpoints bases in which coefficients of these representations
depend on the cohomology class as polynomials over the integers (see [DM22, Sec-
tion 6.3.1]). This integrality property is a crucial strength of semisimple TQFTs,
see for instance the discussion of [DM22, Section 1.2|. Its first appearance in a
non-semisimple context is [DM22, Corollary 6.3], and a polynomial dependence of
BCGP representations in the coefficients of the cohomology class has not been es-
tablished in general yet (although an analytic dependence has been observed in
specific cases).

In the present paper, we use as our main tool for the construction a factorizable
ribbon Hopf G-bialgebra H. In some sense, such an algebraic structure is the ap-
propriate one for encoding cohomology classes with G-coefficients on cobordisms.
The inspiration for this algebraic setup comes from the work of Virelizier [Vi00] and
Geer, Ha, and Patureau [GHP22] on ribbon Hopf group-coalgebras. In order to con-
struct a TQFT functor, the notion of a ribbon Hopf group-bialgebra is required, as
explained in Section 4. In the case of unrolled quantum groups, an improved version
of the invariants provided by our TQFTs was defined in [GHP20] using modified
integrals, and it was shown to recover the corresponding CGP invariants. Applying
the universal construction to these invariants would thus immediately yield TQFT
functors, as it was shown in [Del7]. However, the invariants of [GHP20] can be ex-
tended to a larger category of admissible decorated cobordisms than the one used
for BGCP TQFTs, by allowing embedded bichrome graphs as defined in [GHP20,
Section 5.1]. The TQFTs resulting from the application of the universal construc-
tion to this larger category of admissible decorated cobordisms are expected to be
larger than BCGP TQFTs, and our functors would correspond to the restriction of
these larger TQFTs to the category of connected cobordisms, by analogy with the
relation established in the absence of decorations in [DM22, Appendix C].

1.3. Structure of the paper. In Section 2, we introduce the category 3Cob% of
connected framed cobordisms decorated with cohomology classes with coefficients
in an abelian group G. This will provide the source of our TQFT functor. In
Subsection 2.1, we propose a diagrammatic model for these decorated cobordisms
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based on the category Tan® of G-labeled top tangles in G-labeled handlebodies. We
establish an equivalence between the categories Tan® and 3Cob” in Subsection 2.2.

In Section 3, we introduce the algebraic structure that we will use to define
a braided monoidal functor on Tan®. Namely, we introduce the notion of Hopf
group-bialgebras in Section 3. We define ribbon structures in Subsection 3.1, and
we introduce the condition of factorizability in Subsection 3.2. These are the Hopf
G-bialgebra version of the structure and properties required for the construction of
Kerler and Lyubashenko’s TQFTs.

In Section 4, we consider a factorizable Hopf G-bialgebra H, and we construct a
braided monoidal functor Jg : 3Cob® — HP-mod. In order to do this, we present
an algorithm to define the image of a G-labeled top tangle. In Subsection 4.1, we
show that the result is invariant under diagrammatic relations in Tan® correspond-
ing to G-labeled versions of Kirby moves for surgery presentations. This yields a
proof of Theorem 4.2. In Subsection 4.2, we state and prove Corollary 4.3, which
shows that Jy restricts to the Kerler—Lyubashenko TQFT when labels are all zero.

In Section 5, we give an important example of a factorizable ribbon Hopf G-
bialgebra arising from the quantum group of sly for G = C/2Z. The TQFT func-
tor it induces thus depends on cohomology classes with coefficients in the same
group appearing in the construction of Blanchet—Costantino—Geer—Patureau. In
Subsections 5.1, 5.2, and 5.3 we provide bases for state spaces and define ribbon
structure, integrals, and cointegrals. Proposition 5.7 shows that the resulting Hopf
G-bialgebra is factorizable, and thus can be used to construct a TQFT functor.
Finally, in Subsection 5.4, we recall the conjecture relating mapping class groups
representations arising from Jy in the case of sl to homological representations.

2. DECORATED CONNECTED FRAMED COBORDISMS

In this section, we fix an abelian group G, and we introduce the category 3Cob%
of G-decorated connected framed cobordisms. Decorations will be given by coho-
mology classes with G-coefficients, and the definition will generalize the category
of connected cobordisms between connected surfaces with connected boundary in-
troduced by Crane—Yetter and Kerler [CY94, Ke01].

Let G be an abelian group. The category 3Cob% of G-decorated connected framed
cobordisms is defined as follows:

o Objects of 3Cob are triples X = (2,9, %) where
o X is a connected surface with one boundary component;
o ¥ € HY(X;Q) is a cohomology class;
o & C Hyi(X;R) is a Lagrangian subspace with respect to the inter-
section form.
o Morphisms of 3Cob® from ¥ = (2,9, %) to X' = (X',¢, &') are equiv-
alence classes of triples M = (M,w,n), where
o M is a connected 3-dimensional cobordism from X' to X';
o w € HYM;QG) is a cohomology class satisfying ¢* ,,(w) = 9 and
% yr(w) = ¥ for the inclusions t_pr : ¥ — M and vyp 2 X' — M
determined by the boundary identifications;
o n is an integer, called the signature defect.
Two triples M = (M,w,n) and M' = (M',w’,n’) are equivalent if n = n’,
and there exists a diffeomorphism f : M — M’ satisfying f o1y = tapr
and f*(w') = w.
¢ The composition

M’ oM e 3Cob% (%, 5")
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of morphisms M € 3Cob% (X, X') and M’ € 3Cob® (X', X"} is the equiv-
alence class of the triple
(MUs M',w Uy &' \n+n" — u(M (L), L', (M) (Z£"))),
where:
o wUy ' is the unique cohomology class satisfying
UwUy ') = w, U (wUy ') =o',
for the inclusions ¢p; : M — M Usxy M’ and tpy : M' — M Usr M/,
whose existence and uniqueness is guaranteed by the Mayer—Vietoris
sequence

- — H(XG) -

Hl(MUEI M/,G)

* * * o
(LIL47L1\/[/) Lywm Lot
s

HY(M;G)® HY(M'; Q) HY(Y;,G)— ---

by remarking that 0* is the zero map;

o M,(&) and (M')*(Z") are Lagrangian subspaces of H;(X';R) ob-
tained by pushing forward & through M and by pulling back &”
through M’, respectively, and p is the Maslov index, see [BD21, Sec-
tion 2.2| for more details.

¢ The identity
ids € 3Cob% (X, X)
of an object X € 3Cob® is given by
(¥ x [0,1],9 x [0,1],0),
where ¢ x [0,1] = 7*(¢) for the projection 7 : X' x [0,1] — X.

Remark 2.1. When G = 0, then 3Cob® is naturally isomorphic to Crane and
Yetter’s category 3Cob of connected framed cobordisms between connected surfaces
with connected boundary [CY94, Ke01].

2.1. Labeled top tangles in labeled handlebodies. In this section, we intro-
duce the category Tan® of G-labeled top tangles in G-labeled handlebodies, which,
as we will show, is equivalent to the category 3Cob®. By contrast with 3Cob?,
though, Tan® is naturally a braided monoidal category. It is a generalization of the
category of bottom tangles in handlebodies introduced by Habiro [Ha05].

For every non-negative integer g > 0, we specify a connected 3-dimensional
handlebody M, C R3 of genus g, obtained by attaching g copies By, ..., B, of the
3-dimensional 1-handle B = D! x D? to the bottom face [0,1]*2 x {0} of the cube
[0,1]*3. We represent graphically M, through the projection to R x {0} x R as

bl Z)g : bl bg
a A T a, a1 i T ag

We denote by ¥, the connected surface of genus g with one boundary component
appearing as the bottom face of M, which is obtained from the square [0, 1]*2x {0}
by performing 1-surgery along g pairs of discs, and we denote by {a1,b1,...,a4,b4}
the set of curves represented above, which form a standard basis of Hq(X,).
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A G-labeled handlebody is a standard connected handlebody M, equipped with
a G-labeling of its 1-handles, given by a label 8; € G attached to its 1-handle B;
for every integer 1 < ¢ < g.

A G-labeled top tangle in an G-labeled handlebody, sometimes simply called a top
tangle, is an oriented framed G-labeled tangle T = A} U... A;, UC1U...UC} inside
a connected G-labeled handlebody M, satisfying the following list of conditions:

¢ The set of boundary points of T is composed of 2¢g’ points uniformly
distributed on the top line [0,1] x {3} x {1} C M,;
o For every 1 < 7 < ¢/, an arc component A;- of T joins the (27)th boundary
point to the (2j — 1)th one;
o For every 1 < ¢ < h, we have
g g . h
> lk(as, C)Bi + Y (A}, Co)aly + Y 1k(Cr, Co)yi = 0, (1)
i=1 j=1 k=1
where 3; € G is the label of the 1-handle B; of My, where a;- € G is the

label of the arc component A; of T, whose plat closure is denoted 121;,
where v, € G is the label of the circle component Cj of T, and where
Ik(Cy, Cy) stands for the framing of Cj.

The source s(T) of a top tangle T is
S(T) = (27 Q) = (alvﬁh <, O, Bg) c CTV><2£]7

where

g h
ap =Y Tk(A},ap)a + > 1k(Ck, ar)m (2)
j=1

k=1
and [ is the label of the 1-handle B, of M, for every integer 1 < £ < g. The target
t(T) of a top tangle T is
HT) = (o, B) = (o}, BY,..., . Bly) € G,
where « is the label of the arc component A} of T" and

g g’ h
By =D Tk(ag, AY)Bi+ Y Ie(Af, Ap)al + Y Ik(Cr, Ay (3)
i=1 j=1 k=1
for every integer 1 < ¢ < ¢'.
Here is an example of a top tangle, together with its projection:

/ /
251 Qg Qg

In this example, the source is (a1, f1, ag, B2) with
g = 20, as = oy + ab,
the target is (o}, 81, ob, B85, o, 55) with

! / A ! / A / / ! !
By = ay + as, By =ai +ay+az+7, B3 = af + as,
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and of, = 0. Notice that, up to isotopy, we can always represent top tangles using
regular diagrams, that are diagrams in which every 1-handle D' x D? intersects the
tangle T in D' x P C D' x D?, where P C D! is a finite set of points that remain
distinct under the projection.

Remark 2.2. We will see later that G-labeled top tangles correspond to 3-dimen-
sional cobordisms decorated with cohomology classes. Under this correspondence,
G-labelings encode the evaluation of a cohomology class with coefficients in G
against 1-dimensional homology classes determined by meridians of the tangle and
by longitudes of the handles.

We consider top tangles up to framed G-Kirby moves of the following type:

Y

These operations can be performed inside any solid torus S' x D? arbitrarily em-
bedded into M,.
The category Tan® of G-labeled top tangles in G-labeled handlebodies is the cat-
egory defined as follows:
o Objects of Tan® are finite sequences (., B) = (a1, B1, ..., g, By) € G*29
for g > 0.
o Morphisms of Tan® from (a, ) € G*% to («/, ) € G*?9" are isotopy
classes of top tangles T' with source (a, §) and target (o, 3').
¢ The composition

T oT € TanG((% é)a (ailla 67//))

of morphisms T € TanG((g, B), (&, 8"), T € TanG((g’, B8, (", 8")) is
obtained by considering an open tubular neighborhood N(T') in M, of the
subtangle T = A; U... U Ag of T composed of all arc components, by
gluing vertically its complement H, ~ N (T) to Mg, identifying the top

base of M, ~\ N(T') with the bottom base of M, as prescribed by the top
tangle T', and then by shrinking the result into M.
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o The identity id(, ) € Tan“((a, B), (o, B)) of an object (a,3) € Tan® is
given by o
[0%] Qg
61 ﬂg
Here is an example of a composition of top tangles:

Oé/

a/{<\7ag . QTYJJV _ @;\m
AR
5,

B1 B

fr Ba

In this example, we are composing a top tangle whose source (aq, 1, @2, f2) and
target (o, 8") satisfy
ap=ag=a, B =p+pP—a +2, 2/ +y=0

with a top tangle whose source (o', ') and target (af, 57, of, 5Y) satisfy

o' =oftaf, Bl =Ftof B =5+af
The category Tan® can be given the structure of a braided monoidal category:
o The tensor product

(@, 8)8(c, §') € Tan®

of objects (a, 8), (o, 8') € Tan® is given by their concatenation.
o The tensor product

THT" € Tan((a, B) 8(c, 8), (", 8") 52", 5"))

of morphisms T € Tan%((a, 8), (&, ")), T' € Tan®((/, 8'), (', "))
is obtained by gluing horizontally M, to M, identifying the right side of
M, with the left side of M, as prescribed by the identity map, and then
by shrinking the result into Mg, .

¢ The tensor unit is the empty sequence @ € Tan®.
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o The braiding c(g,ﬁ),(af’,[i) € TanG((g, Q) u(aic 57,>7 (&/7 E) u(g? Q)) of ob-
jects (a, B), (o, B') € Tan® is given by

“ap)(p) =

A By B 6;

Here is an example of a tensor product of top tangles:

"
«

M Q/l)v </ B 4

In this example we are tensoring a top tangle whose source («, ) and target
(of, BY, ol BY) satisty

a=of+af  B=Btaf B =Bto]
with a top tangle whose source (o, 81, ab, 35) and target (o', 3") satisfy
all — 05/2 — a///’ ﬁ/// — Bi + /Bé /// + 2’}/7 20[/” + ’Y — 0.

Remark 2.3. When G = 0, then Tan€® is naturally isomorphic to the category Tan
of framed top tangles in handlebodies [BD21, BBDP23|. Indeed, notice that, even
though morphisms in Tan are given by unoriented tangles, there is always a unique
orientation for arc components that is compatible with our convention for Tan?,
and 0-labeled closed components can be given any arbitrary orientation thanks to
move (K3).

2.2. Equivalence of categories. We consider now the surgery functor
x : Tan® — 3Cob?
sending every object (a, 8) = (a1, B, ..., a4, B,) € G*29 of Tan® to the object
2(3,&) = (297 ﬂ(g,ﬁ)a gg)
of 3Cob"Y, where
o Yap) € H'(X,; Q) is the cohomology class determined by
Va,p)(ai) = i, V(a,p)(bi) = Bi
for every integer 1 <7 < g,

o %y C Hi(XZy;R) is the Lagrangian subspace given by ker:* m, for the
inclusion ¢y, : Xy — My,
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and sending every morphism 7 in Tan%((a, 8), (¢/, ")) to the morphism
M(T) := (M(T),wr,o(T ~\T))
in 3Cob(X (4 p); X' (4’ 5)); Where
o M(T) is the cobordism obtained from M, by carving out an open tubular
neighborhood N(T') in H,y, of the open subtangle 7'= A U...U A}, of T
composed of all arc components, and by performing 2-surgery along the
closed subtangle T\.T = C1 U...UC} composed of all circle components,
o wr € HY(M(T); Q) is the cohomology class determined by

wr(bi) = Bi, wr(a)) = o, wr(ck) = Yk
for all integers 1 <i<g,1<7<¢,1<k<h, where a; and ¢, denote
positive meridians of the arc component A; and of the circle component
Cy of T, respectively, and where oz;-,*yk € G denote the respective labels;

o o(T \T) is the signature of the linking matrix of (T'\ T) C M, C R>.
Proposition 2.4. The surgery functor x : Tan® — 3Cob% is an equivalence.

Proof. Since, for every g > 0, the set of curves {a1,b1,...,a,,b,} provides a basis
of H1(X,), then x is essentially surjective on objects, as a direct consequence of the
classification of surfaces. Furthermore, every cobordism M from X, to Xy can be
obtained from

MO =M

ﬁl ﬁg

by 2-surgery along some framed link L, and every cohomology class w € H*(M;G)
determines a label w(cg) € G for every positive meridian ¢j of every component
Ck of L. These labels have to satisfy Equation (1) because the longitude of Cj
determined by the framing is null-homologous in My(L). This shows that x is
full. Finally, two G-labeled top tangles T and T” in Tan® determine diffeomorphic
cobordisms under y if and only if they are related by a finite sequence of framed
G-Kirby moves (K1)—(K3), as follows from [Ro97, Theorem 1]. This shows x is
faithful. O

Remark 2.5. Thanks to Remarks 2.1 and 2.3, and to [Ke01, Theorem 2.2], if G = 0,
then Tan = Tan® is generated by the finite list of morphisms described in [KeO1,
Equations (46)—(50)], compare with [BBDP23, Figure 3.4.3]. In fact, in this case,
a complete algebraic presentation of Tan is given in [BBDP23, Corollary B & The-
orem C]. It is clear then that, for an arbitrary abelian group G, a list of generators
for Tan® is obtained by considering all possible G-labelings of generators of Tan.
In other words, the list of morphisms represented in Figure 1, for all o, 3,7 € G,
provides generators for Tan®.

3. HOPF GROUP-BIALGEBRAS

In this section, we introduce the notion of Hopf group-bialgebras, which gen-
eralize Ohtsuki’s colored Hopf algebras [Oh93], which are a special case of Hopf
group-coalgebras, as introduced by Turaev [Tul0] and Virelizier [Vi00].

Let G be an abelian group. A Hopf G-bialgebra is a family H = {H? | o, 8 € G}
of vector spaces over a field k equipped with

o a product p= {7 H} @ HY — H*Y | o, 8,7 € G},



12 M. DE RENZI, J. MARTEL, AND B. WANG

)

« « «

U

% /_\ %
Y
—a —a —a a
% (WJ %
B B 0
FIGURE 1. Generators of Tan®, with «, 3, v e G.
o aunitn=1{nd:k— HY|acG},
o a coproduct A = {AZ“B : Hl+ﬁ — HY ®Hg | o, 8,7 € G},
o acounit e ={ef: H} - k|ae G},
o an antipode S = {S% : H? - H ? | o, 3 € G}.
For all a, 8,7,d € G, these data satisfy
pat0 0 (U7 @idgs) = pl 0 o (id s ® u?), (H1)
e’ o (S @idye) =idys = pd0 o (idys @ 1), (H2)
(A% 5 @idmg) 0 Al s, = (g @ A% )0 AS 5o (H3)
(e0 @idyp) 0 Af 4 =idpys = (idys @e0) 0 AL (H4)
AZ;ES ° Hl’ig = (uy’ ® u}’é) o (idpy ® Tay s @idys) o (AL 5 ® A% p),  (H5)
oMot P — e @ el (H6)
Ag,ﬁ ° 772+/3 =0 ® ?72, (H7)
edond =idy, (H8)
a0 (87, @idys) 0 AZ o =nd oeq = ul o (idys ©8%,) 0 AL . (H9)

where T4y prs Hj ® HS — H)® Hj is the standard transposition. We will use
the shorthand notation
7704:7727 1a=ﬂa(1)a € :EOa
for every a € G,
vy = po(x @ y)

for all x € H?, y € HY, and

Z(1,01) & Z(2,a5) = Aghaz (Z) ifn=2

2(1,01) ® - ® Z(nsan) = 2(La1) ® - - ® Zn-2,0n-2) @ AL, 0 (Zn—1,0n_1+an))
= Agl,az(z(l,alJrag)) ® 2(2,03) ® -+ ® Z(n-l,a,) n>2

for every z € H£1+___+an.

Remark 3.1. If H = {H? | a, B € G} is a Hopf G-bialgebra, then H? is an algebra
and H§ is a coalgebra for every a € G. In particular, H{ is a Hopf algebra.
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Furthermore,

H® ={HY =P H] |acC
BeG
is a Hopf G-coalgebra, and HY is an algebra for every o € G. We will write
(HD)* = (HD)*NHY,  Z(H])=2Z(HT)NH]
for all a, 8 € G to denote the intersection of H? with the set of invertible elements
and with the center of HY, respectively.

Proposition 3.2. For all a, 3,y € G, the antipode satisfies

ST (wy) = S (y)SH(x), (H10)

S%(1,) =1_4 (H11)

(Sais(2))a,—a) @ (S145(2)2,-p) = Sa(22,0)) ® S3(2(1,8))5 (H12)
e*(Sg (w)) =™ %(w). (H13)

forallz € HY, y€ Hy, 2 € H] 4,

Proof. Equations (H10)-(H13) are the Hopf G-bialgebra version of [Ka95, Theo-
rem I11.3.4.(a)], and the reader can directly adapt the proof from there. Notice
that the Hopf G-coalgebra version of these properties is [Vi00, Lemma 1.1]. O

w € Hg.

3.1. Ribbon structures. If G is a ring such that 2 € G*, which justifies the

notation % = 27! € G%, then a ribbon Hopf G-bialgebra is a Hopf G-bialgebra

H={Hf|apecG} equipped with
3 a 8 o
o an R-matriz R = {Ra2 ’; = Z(R')é (R)); € (HE@HZ )" |, B € GY,

o a ribbon element v = {v* € Z( T | a € G}
For all o, 8,7 € G, these data satlbfy.

Z(Ré)gfcu,a)@( F200) = Zfﬂ@ W(R)E ©205(RNE, (R
SR @Al (B)E,) = Z(R;)c% (RYE ® (RO © (R)F, (R
i Jk
SAL(RDE D (RNT =Y (B)E o (RpE e (RYFRDE,  (R3)
i ik
o) = st ), (R4)
AL (6a+ﬂ)( ai%w))
-3 (032 (RD2) (R @i (RN FS3,(R)2)), (RY)
W) =1, (R6)
2% (0g®) = 0%, (RT)

for all x € H;Z+5 and y € HY, and for the Drinfeld element
ZS R// % (R/> 2

The latter determines a pivotal element
9="{9a € Hy |0 € G}
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defined by

go = ug ()i
We will adopt Einstein s notation by suppressing sums, and also use the shorthand
notation g, = g for every a € G.

Remark 3.3. If H={H? | a, 3 € G} is a ribbon Hopf G-bialgebra, then:

(i) Using the notation of Remark 3.1, H® = {HY | « € G} is a ribbon Hopf
G-coalgebra? in the sense of [Vi00, Section 6.4], and in particular HY is
a ribbon Hopf algebra;

(7i) The antipode S of a ribbon Hopf G-bialgebra is always invertible in the
sense that S° : HS — H:g is a linear isomorphism for all o, 3 € G, as a
direct consequence of [Vi00, Lemma 6.5.(c)].

Proposition 3.4. For all o, B, € G, the R-matrix and the pivotal element satisfy
B o a ol @ B
Y (RDE(R)E @ (R)); (RL)F @ (R))F (RY)3
i4.k
INF (s NF g N
=Y (R)E(RYE ® (R)F (R @ (R))F (R))3, (R8)

.3,k

Ze? (R” ) 252( ) (R, (R9)

A% 5 (gatp) = 9a @ g,
e’ (90) =1,
gogy" = 5= (S3(x))
for every x € Hg

Proof. Equations (R8)—(R11) are the Hopf G-bialgebra version of [Ka95, Theo-
rem VII1.2.4], and the reader can directly adapt the proof from there. Notice that
the Hopf G-coalgebra version of these properties is [Oh93, Proposition 1.4]. Equa-
tions (R12) and (R13) are standard properties of the Drinfeld element, and can
be adapted from [Ka95, Proposition VIII.4.1]. Notice that the Hopf G-coalgebra
version of these properties appears in [Vi00, Lemma 6.5]. Equations (R14)—(R16)
are standard properties of the pivotal element, and can be adapted from [Ka95,
Propositions VIII.4.5 & VIIL.4.1] using the defining axioms of the ribbon element.
Notice that the Hopf G-coalgebra version of these properties appears in [GHP22,
Definition 2.1]. O

2Notice that our ribbon element v corresponds to the inverse of Virelizier’s ¢.
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3.2. Factorizability. A ribbon Hopf G-bialgebra H = {H? | o, 8 € G} is factor-
izable if it can be equipped with

o aleft integral A = {\0 : HY - k| a € G},

o a two-sided cointegral A = {A§ :k — H§ | a € G}.
For all a, 8 € G, these data are required to satisfy

N (2(2,8))(1,0) = Mot 5(2) L (1)
yAg = ()G, (12)
S§(A9) = A7, 13)
A(AD) =1, (14)

D, o(X, 0 S0) = A§ (15)

for all z € HY 5 and y € HJ, where
Do (HS)" — HY
S CAHUARU AN
is the Drinfeld map. We will use the shorthand notation
Ao =A%, AT =AF(1)
for every a € G.

Remark 3.5. If H = {H? | a, 8 € G} is a factorizable ribbon Hopf G-bialgebra,
then:

(i) HY is a factorizable ribbon Hopf algebra in the sense of [He96, Section 7],
thanks to [Ke96, Theorem 5|;

(it) Every left integral A¥ = {\? : HY — k | « € G} for the Hopf G-
coalgebra HY | in the sense of [Vi00, Section 3.1], determines a left integral
A={\: H) - k| ae G} for H, where )\, is the restriction of \? to
HY C HY for every a € G.

Proposition 3.6. If H = {H? | o,3 € G} is a factorizable ribbon Hopf G-
bialgebra, then, for all a, B € G, the left integral satisfies

Aa(T(1,0))T(2,8) = Aats ()95, (I6)
Nay2) = o (2820 (S5(w)) (17)
Aa(wgy?) = Aa(So(w)gl) (18)

forallz e HY 5,y HY, x € H,”, w € HY.

o

Proof. The first claim is the Hopf G-bialgebra version of [Ral2, Theorem 10.2.2.(b)].
Similarly, Equations (I6) and (I7) are the Hopf G-bialgebra version of [Ral2, The-
orem 10.5.4.(b) & (e)], at least up to the Hopf G-bialgebra version of [Ral2, Ex-
ercise 10.2.1], see also [EGNO15, Theorem 7.18.12]. Remark that the Hopf G-
coalgebra, version of these properties is a direct consequence® of [Vi00, Lemma 4.1
& Theorem 4.2|. To deduce Equations (I6)—(I8) from there, the Hopf G-bialgebra
version of [KR93, Theorem 1] is also needed. O

3Notice that our pivotal element g coincides with Virelizier’s spherical grouplike element G,
and not with its square g, called the distinguished grouplike element. Also Radford denotes by g
the square of our pivotal element.
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4. CONSTRUCTION OF THE TQFT FUNCTOR

Let H = {H? | o, 3 € G} be a factorizable ribbon Hopf G-bialgebra over a field
k. We will now construct a braided monoidal TQFT functor
Jir - Tan® — HY-mod .

On the level of objects, for every finite sequence

(Q,,@ = (alaﬂh' . 'ao‘g7ﬂg) € G><2g’

let us set
g

Ju(, B) == Ha,p) = ® (4)
=1
where, for all o, € G, the Hga-module H g is given by the vector space HS
equipped with the adjoint action

7>y = 21,095 a(T(2 )
for all z € H) and y € H5.
On the level of morphisms, the definition requires some more preparation. First

of all, suppose that, for a fixed regular diagram of a top tangle, the number of
strands of running along a [-labeled 1-handle B is k, with orientations and labels

(gv,f) = ((01761)7 ) (Jk7§k)) € ({+’ _} X G)Xk‘
Our convention here is that positive strands are those that run along B from right
to left, and we set @ = 01&; + ... + 01€k. Let us agree that inserting a bead with
label z € ﬁg on the 1-handle B means considering the (k — 1)-iterated oriented
coproduct

B R Uzﬁ
Aeo®) =g ® - @i, € ®H
g {x(ﬁl’g)eH Lo ETTh vicick
S_ i($(z7_51)) S H& if o; = —,
and then decorating the diagram around B as shown:
& &k
T

B

When k = 0, we add by convention a multiplicative factor of ¢”(x) in front of the
whole diagram. Here is an example of bead insertion:

&1 &2 &1 &2

U ) I(z,&)U
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In this example, we are inserting a bead with label x € Qg for a = =& 4+ &5. Using
this operation, let us define, for a fixed regular diagram of a top tangle

T € Tan®((a, B), (¢, B)).

a linear map4
Ju(T): Hap) = Hia )

In order to do this, let us consider a vector
T1Q...Q x4 GH(a[g).

First, we insert a bead with label z; € H* i on the 1-handle B; of M, for every
integer 1 < ¢ < g. Next, we insert beads labeled by components of the R-matrix
around crossings, as shown:

EAN a ﬁ Ja
/ (R)3 \(R;’)E (R)a \ F(RYE,)
« ,8& «@ «
H52 wy)f Yrngt \ (RY) \ R)j
/8\ B }a a
/ (R))a / (B)E,) (RY)é (\ HEH(EAN)
(%
(R} dﬁ:/’? f\ (R})a h R)?,)

Then, we insert beads labeled by pivotal elements around right-oriented extrema,

as shown:

|

ﬁ . gaﬁ Laj . Lj(ga)—

Notice that this step has to be applied also to all the right-oriented minima that
should appear inside 1-handles. Next, we collect all beads sitting on the same
component in one place, by sliding them along the strand without changing their
order, and we multiply everything together according to the rule

« «
x

Y

In the end, we are left with a top tangle B(T') carrying at most a single bead on
each of its components. The linear map Ju(T) : H(ap) — H(o g is determined

by X
Jg(T) (21 ® . ®£g (H >\’Yk Yk Gy, )) ®...®x;, EH(OL&/) (5)
k=1

4We will need to show later that Ju(T) is indeed well-defined, meaning that it does not
depend on the chosen diagram, that it is invariant invariant under G-Kirby moves, and that it is

an H, SB -intertwiner.
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for every 21 ® ... ® x4 € H(a,p), where

Lemma 4.1. In Equation (5), we have indeed

ﬁ,,
deHd  peH)
foralll1<j<g and1<k<h.

Proof. The arc component Aj of T runs along the 1-handle B; of M, an alge-
braic total of 1k(a;, 1212) times, thus picking up beads whose lower degrees are all
ay, and whose total upper degree is lk(ai7A2)ﬁi. Afterwards, it crosses the arc
component A’ and the closed component C}, of T an algebraic total of 21k(/i;, Az)
and of 21k(Cy, 1212) times, respectively, thus picking up beads whose lower degree is
always o, and whose total upper degree is lk(fl;., fl’e)a; and 1k(Cy, A%)’Yk, respec-
tively. Then, it picks up pivotal elements with lower degree o and upper degree 0.
Since products preserve lower degrees and add up upper degrees, we deduce that
x, € H ié , as follows from Equation (3). The same argument applied to the circle

component Cy of T shows that y, € H gk, as follows from Equation (1). O
Theorem 4.2. Equations (4) and (5) define a braided monoidal functor

Jir - Tan® — HY-mod.
4.1. Proof of the invariance. Let us prove our main result.

Proof of Theorem 4.2. We need to show that:

o Jg(T) is independent of the regular diagram representing 7'
Jg (T) is invariant under framed G-Kirby moves on T
Jg(T'oT) = Jg(T") o Jg(T) and JH(id(g)é)) = idJH(g,ﬁ);
Ju(T) is an H-intertwiner;

o J(C(a,p).(o".8)) = Clnia).In 8)-
Invariance under framed Reidemeister moves follows from the Hopf G-bialgebra
version of the standard argument that shows the isotopy invariance of Lawrence’s
universal invariant of links, using Equations (R4), (R10), and (R8), compare with
the proof of [Oh93, Theorem 4.1|. Here, we also have to check that 1-handles are
dinatural with respect to crossings and extrema. For what concerns crossings, we
need to compare the following tangles:

&2 K 3 &

(R)e,

"17(1261)

<
<
<
<

T(1.€2)
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The two configurations lead to the same result, as a consequence of Equations (R1)
and (R10), and the identity for the other crossings is proved similarly. For what
concerns maxima, we need to compare the following tangles:

¢ ¢
(9¢)~

B -1
S_g(x(L_‘g)) Z(2,¢) (9&_) B (z) -

B B

Again, the two configurations lead to identical results, as a consequence of Equa-
tion (H9), and the identity for the other orientation is proved similarly. The same
goes for maxima, which lead us to compare the following tangles:

U T
161 15%¢(T2,-¢)

B B

Next, we need to prove invariance under framed G-Kirby moves. The proof is
essentially the same as the one for [BD22, Theorem 3.1]. Indeed, in order to prove
invariance under (K1), let us start by comparing the following tangles:

0 0
o ga

(R))o * SO, (R)°,) Ao
SO ((R)%,) (R *

The two configurations lead to the same result, as a consequence of Equation (I5),
since

Mo (8%, ((RD20) S% (RD20)) (R))g 2 (RY)y 2

J
= Mo (8% (R0 (RN (RD)y 2 (R, #
=A%
This means that
0 0

N

A—(X
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Then the invariance follows from Equations (I2), (R9), and (R15). For what con-
cerns (K2), we have

« o
N Ja+p /gﬁ\
xm - T(1,e)¢ f;\ (2,8)
(;_pﬂ

Then the invariance follows from Equation (I1). Finally, for what concerns (K3),
we use the handle trick, which amounts to replace the left-hand tangle with the
right-hand one, here below:

& & &1 ﬁcJ

U

. : : . ,Ca) :
; ;

As usual, we are assuming that o« = 01§, +. ..+ 0;&;. Notice that the two configu-
rations lead to the same result, as a consequence of the invariance under (K1) and
(K2). Therefore, we can always assume that the circle component whose orienta-
tion we want to reverse is entirely contained in the unit cube [0,1]*3 C R3. Then,
up to isotopy, we can assume that the knot is written as the closure of an upward-
oriented braid (recall that we already explained that the result of the algorithm is
invariant under isotopies). For a braid closure, reversing the orientation amounts
to replacing each bead labeled by « € HP with a bead labeled by S8 (x) € H™7.

This means that
C = 35@5)(>
a-- —a

Then the invariance follows from Equation (I8).

Next, we need to prove that Jg is a functor. The fact that it respects composi-
tions can be proved using the handle trick once again, while the fact that it respects
identities is clear from the algorithm.

Next, we need to prove that Jy (T) is an H{ -intertwiner. Thanks to Remark 2.5,
it is enough to check this for generators of Tan®. A computation shows that those
appearing in Figure 1 are sent to:

o a product
pa? HL©HY = HIT
TR Y Ty;
¢ a unit
N, k— H?
1= 1,;
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o a coproduct
YL v

=a,p
2> 21,05 W (R))20) @ (R))g 2 > 2(2,));

¢ a counit
e*:Hy—k
x — e¥(x);
o an antipode
Sh.gf g’
xHZR” WSE((R)y 2l>37;)

¢ an inverse antipode
-1 . —
(S5 H— HZ]

o 3SRy o) (R

¢ a ribbon element
v, Y k—H_“

1= v,

¢ an inverse ribbon element
(0 k> HE

L (v3%)7h

¢ a counit
Ao 1 Hy —k
x = A (T).

For ribbon Hopf algebras, which correspond to the case G = 0, it was first proved
in [Ma91] that (the analogue of) these linear maps intertwine tensor powers of the
adjoint action, see also [Ma95, Example 9.4.9]. Let us check this for the coproduct
and the antipode, and leave the remaining generators to the reader. For all xz € Hg

and y € H” we have

Hip
éa”ﬁ(m >y)

= A 5(21.a48)YS 0 p(T@2,-a—p)))

= Z$(1,a)y(1,a)55a($(4,—a))50_a((Rél)ga) © ((R)g > (2.5)Y2.85 5(T3,-5))

- Zl’(l ) ¥(1,0)9% 0 (R 42(3,-a)) @ (R))g * T(2,0) > Y(2.))
= Zx(l,a)y(l,a)s—a(xa,—a)(Rél)ga) © ((23,0) Ry ) > Y(a,))
%
= 21a¥1.05 (B2 4 (2@,—a) @ (23,0 > (R)o * >y@.s))

= Y @0 > GBI @ (e (B oyemn)

=z A 5),
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where the second equality follows from Equation (H12), the third and fifth ones
from Equation (H10), and the fourth one from Equation (R1). Similarly, for all
z € Hy and y € H”?  we have

SE(x>y)
= Sﬂ(l‘(l a)ySza(x(Z 701)))
= Z R” SB R/) ( (l,a)ysza(x(Z,fa))))

_ZR )2 (R ZESE(RL)a F 21,y o (w2, -a)SZE (B))ZE))
—ZR )2 (W ) ST (S7 (@) S T (R e 21y y)
::E:‘Rk 2 T (W) T SE TP (RS w10y y)
=Y v (B w2352 T (a0 (RR)a P )

k

=az>S55(y),

where the third equality follows from Equation (R2), the fourth and sixth ones from
Equations (H10) and (R12), and the fifth one from Equation (R13).

Finally, we need to prove that Jy is braided monoidal. Notice however that the
fact that Jgy respects tensor products, tensor unit, and braiding is clear from the
algorithm. (]

4.2. Relation with the Kerler—Lyubashenko TQFT. If H = {H? | o, 8 € G}
is a factorizable ribbon Hopf G-bialgebra over a field k, then, thanks to Remark 3.5,
HY is a ribbon Hopf algebra. In particular, H{ induces a Kerler-Lyubashenko
TQFT

Jpg : Tan — H{-mod
thanks to the construction of [KL01], see also [DM22, Sections 4.2.3 & 4.2.4]. Notice
that the inclusion 0 — G induces an inclusion functor

t: Tan — TanG7
and similarly the inclusion H) < H§ induces a restriction functor
p: HP-mod — H-mod .

Corollary 4.3. The diagram of braided ribbon functors
J HY
3Cob —— H{-mod
L l T p

3Cob® - Hga—mod
H

s commutative.

Proof. The proof is almost clear, except for the fact that the algorithm presented in
[DM22, Section 4.2.4] is given in terms of unoriented top tangles in handlebodies,
instead of oriented (0-labeled) top tangles in (0-labeled) handlebodies. The two
recipes do not coincide, but it turns out that they yield the same result. Indeed,
this is true when the two algorithms are applied to the oriented generators obtained
from Figure 1 by setting all labels equal to 0, on one hand, and to their unoriented
unlabeled version, on the other hand. Then, since both procedures produce braided
monoidal functors, their result must coincide for arbitrary top tangles too. O
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5. QUANTUM sl

Let us consider the primitive rth root of unity ¢ = 62?, where 7 > 3 is an

integer, and let us set v’ := r/ged(2,r). For every a € C, and for all positive
integers k > £ > 0, we recall the notation

a 2ami a —a k - ; k k!
¢“=e, {a}:=q¢"—q ", [k]::H’ [k]!::Hm’ {é] ::[ﬂ![[k]—é]!'

The unrestricted quantum group Y = iysly is the C-algebra with generators
{E,F,K®|aeC}

Jj=1

and relations
E"=F"=0, K°K’=K""F K°=1,

K- K1
K*EK™® =¢*E,  K°FK “=q*F, [EF=———.
q—4q
Now 4 admits a Hopf algebra structure obtained by setting
A(E)=EQK+1QE, e(E) =0, S(E)=—EK™,
AF)=K'®@F+F®l, e(F) =0, S(F) = —KF,
A(K®) = K*® K*, e(K*) =1, S(K®) = K~

Let us set G = C/2Z and 5 := U/(K2 — q%) for every @ € G, where a € C is
any representative of &. Next, let us consider the subalgebra ug of 5 generated by
{E,F,K}, and set ug = ug KP for every B € G, where 8 € C is any representative
of B. Then u := {u2 | a,8 € G} inherits the structure of a Hopf G-bialgebra. A
Poincaré-Birkhoff-Witt basis for ug is given by
{E*FMK"P 10 < ,m,n < —1}.
Remark 5.1. When 7 = 1 (mod 2), a Poincaré-Birkhoff-Witt basis for ud = ug4 is
given by
{E'F"K% |0< t;m,n <r—1},

r—1
2

u@+1—>u&
E—F
F—F
K2 —K2

Il

«@

because K™ = ¢% K™% for every <n < r—1. In this case,

is an isomorphism of C-algebras, and u

5.1. Integral bases. For all , 8 € C, let us set

-1
1T
B ._ E:—b b+p
Ta.—Pb_Oan .

Lemma 5.2. In ug we have
T°E = ¢*ET._,,  TPF =qFT’

a+2
TPK = KTP = TP = TP, TPTP =5, TP

)
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Proof.
r'—1 2 r'—1
Tg Z qfabKlH*ﬁE 1 Z qf(OL*Q)bEKbJrﬁ QﬁETf .
b=0 r' b=0
1 r’'—1 q7 r’'—1
B _ —ab b8 —(a+2)b b+ _ 726 B
TaFfPZqC‘K F7?Zq(°‘ PFK FT/,,,
b=0 b=0
17
—ab b
TfK:PZq b bHIHE = KT8 = TS
b=0
7‘/7
_ ﬁ —ar’ oer'Kﬁ + Z —abe+B
=7 |a"a q
b=1
= anoI??
1 r’'—1 r’—1 1 —

B _ —ab pb+BB —ab pbrB+8 —ab_a'bB+8’
TITY == D> a KT = ZqO‘KT :Z gty
b=0 b=0 b=0

— 5a a,Tﬂ+ﬁ 0

Notice that, for every integer 0 < b < r — 1 and all complex numbers «, 5 € C,
we have

r—1 ' —1

Z q(2a+o¢)szﬁa+a _ Z q(2a+a)bq7(2a+a)cKc+ﬁ
a=0 a,c=0
r'—1 [r'—
_ Z Z q2a(bfc) qa(bfc)Kchﬁ
c=0 a=0
r'—1
_ Z 5 an(bfc)K(:«k,B
c=0
= K8, (6)

If, for every integer 0 < a < r — 1, we set
P e

then
(B F™T) 10 < bmon <o’ —1}
is a basis of ug for any pair of representatives a, 3 € C of &, 3 € G.

5.2. Computations in integral bases. First of all, we compute coproducts and
antipodes in integral bases.

Lemma 5.3. For all integers 0 < a,b,c <7 — 1 we have
r'—1 a b

A (F(a> Eng) Z ZZ { } a—a)itbj—2¢(i+j)—(i+j)?
c=0 =0 j=0
FeDBIT), & FORITS, (")

S (F(a)Ebe) —_ (71)a+bq(a7b7a71)(afb)T:(fEbF(a). (8)
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Proof. [KS97, Chapter 3, Proposition 5] gives

A(FZKmEn ZZ[] [:| i(6—i)—j(n— _])FZ sz 1E3®F1Km+]En j

=0 j=0
S (FZKmEn) _ (71)Z+nq5(€71)7n(n71)EnKE7man€.

Furthermore

r—1 1 r'—1

A (TB) _ qfabA (Kb+,8 r/ Z qfabeJrﬂ ® Kbt+8
b=0 b=0

r'—1 r’—1

2abfB b+8 _ B
- q “ T2a+a K +h Z 2a+a ®T72aﬂ

ﬁ\
-
|
-

T r—1

1 — —a 1 —a —b— 1 a
S(Tﬁ)zpzq bs(KlH*ﬁ):i q beﬁ:pZ beB

TI

b=0
Using this, it easy to check the claim.

S
Il

0 b=0

Finally, we provide formulas for commutators.

Lemma 5.4. For all integers 0 < a,b,m < r — 1, we have
min{a,b} b
(a) pbpB _ I N b—k p(a—k)pp
F@RT! = M {a—b—a; k}yEV-FF@-RTS
k=0
min{a,b}

TPFWEN = > m {~a+b—a;k}TPEVFple=h)

k=0
where {n; k} := H]:é{n — J} for all integers 0 < k < n.

Proof. If we apply the algebra isomorphism w : uf — u defined by

w(E) = F, w(F) = E, w(K) =K,

to [KS97, Equation (5), Section 3.1.1], we obtain
min{a,b}

— 1 _ a+b+jK

amb _ a) [b] b—k pa—k qabJK
FUE'= Y~ M L [RETEF H {1}

k=0 - - 7=0

which means that
min{a,b} - -

FlO EbTs — Z b| po—k ppa—h) H IR gt

k=0 ol
min{a,b} B
= Y {a—b—a; k}EbFF@—RTH
k=0 b -

This implies
min{a,b}

TFWE = FORT) , 0= > M {~a+b—a;k}E*~Fplak

k=0
min{a,b} b
= Z {k} {—a+b—a;k}TPEPFpla=h),
k=0

B
)Ta+2a 2b

78

-

(10)

T
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5.3. Ribbon structure and factorizability. Next, u supports the structure of
[3
® uf is given by

a ribbon Hopf G-bialgebra. Indeed, an R-matriz R”g cul

r'—1 c
1} "(c D _2(b+8)(at+g )Kb+2E'C Kots pe (11)

B a
Res = Z
for any pair of representatives a,B € Cof & 3 € G, as shown in [GHP22, Theo-
rem 4.2]. The R-matrix can also be rewritten as follows

’
r—

Z q—(2b+5)aKa+% F(c)

B a -l c(e—1) B
R:Z =3 o i)egtiipe g
b,c=0 a=0
e ele=1) )
=Y ¢ et i pr g PO (12)
b,c=0
r—1 r—1
— Z qC<C L_ a+ Z q7(2a+o¢)be+§ E‘® KaJr%F(c)
a,c=0 b=0
r’—1 (e1) 3
=3 ¢ TRy B KOTERO), (13)
a,c=0
A pivotal element g € u2 is given by

Ja = Klir/a
with compatible ribbon element v;® := uz“(gs) "' € uz®
Furthermore, a left integral A\, € (u%)* is given by
\/77[7‘/ — 1]' a(n+1—'r’)

Aa (ElFmK") = 5e,r'—15m,r'—1XgZ (n+1) W

)

r—1

1}m
Ao (EEF(m)TO ) _ { 7(2n+a)b>\a EZFme
2n+a 7! [m]' = q ( )

q(2n+o¢) (l—r/)

= 5£,r'—15m,r’—17
for every a € C, where we denote by x4 the indicator function of A C C, defined

) 1 ifzeA,
z) =
XA 0 ifzd A

This is a direct consequence of [GHP22, Theorem 4.2] and Remark 3.5

as

Remark 5.5. Similarly, we have
min{¢,m}
Ao (FWEngn +a> - ¥ [m] (0= m—2n—a; kA (Em"“F“"“)TQOn m)
k=0
(2n+a)(1—'r/)

=9 7 — 6mr7 - =

=1 (2a+a)n 7al
Z q [ [£] Ao (F(z)EmTzoaJra)

)

Ao (FFE™K™) =
a=0
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r'—1
[r" —1]! (2a+a)n+(2a+a)(1—r")
= 6€,r’—15m,,r’—17, Z q arean ate) "
Vit =
\/P[TI - l]lq(n+177")a
{1}7“’—1 '

Lemma 5.6. A two-sided cointegral A* € u§ is given by

= 5[,7“/716771,7”/71)(%2 (n + ]-)

4 r’—1
St R AR
A% = ET—LFT Kota — \/’ITET 1F(r 1)Ta
V[t —1]! Z 0

for every a € C.

Proof. Thanks to Lemma 5.3, we have

S (A%) = VoS (FU DB ) = iy e B RO < g,

Since
EA* =0=¢(E)A?,
AYF =0=¢(F)A“,
KAY = A% =¢(K)A“,
the claim follows. O

Proposition 5.7. If r’ is odd, then
Dao (Ao 082 =A°.

Proof.
D&’O ()\_a ¢} Sg)
-1 (c—1) | d(d—1) a a
= Y ey (sg (K“F<C>KbEd)) T BTy F@
a,b,c,d=0
_ Z qL(c2 leol) L d@oD) (g4
a,b,c,d=0
{1} 72aC+CO¢>\ (SO (FCKa+bEd)) ECT 2 T% F(d)
[ ] — a 2(a—c)™2b
Ti C<C;1) +7d(d271> —(a+b—c)a—2ac {1}c
a,b,c,d= [C]'
( )chd c(c—1)— d(dfl)A_a (EdKfabercdec) 52(a—c),2bEcT20;;F(d)
' —1 P
= Y (et ~2ba—2(b+e)e {117
b,c,d=0 [C]'

q2(2b+d)672da)\_a (EdFCK72b7d) ECF(d) T;‘(b_l,_d)
_ \/,,7(_1)2(7’/—1)qr'(r’—l)Er'—lF(r'—l)Toa
=V E' TR DT 0
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5.4. Relation with homological representations. Let us suppose from now on
that r > 3is odd, and let X; be the surface of genus g with one boundary component
considered in Section 2.1. In [DM22, Theorem 6.1], the first two authors constructed
an isomorphism

o) 7O o (W),

where %gv(r) is a vector space built from the twisted homology of configuration
spaces of Y;. This isomorphism was shown to intertwine commuting actions of
the mapping class group Mod(X,) and of the small quantum group uf. On the
one hand, the action of Mod(X,) on %gv(r) is essentially the natural one obtained
by lifting homeomorphisms to the corresponding regular covers, up to a correction
on coefficients which is analogue, for odd values of r, to the one given in [BPS21,

Theorem D]. On the other hand, the action on (u )®q is the one determined by
Lyubashenko’s representations [LV 94, Section 4], Wthh are part of the Kerler—
Lyubashenko TQFT J HY of Corollary 4.3 for H = u. It turns out that % Vi)
can be deformed using a cohomology class ¥ € H!(X,;C), as explained in [DM22,

Section 6.3.1]. The resulting vector space % (") carries an action of the Torelli sub-
group J(X,) < Mod(X,) that was conJectured to be isomorphic to the representa-
tion that would arise from a construction generalizing Kerler—Lyubashenko TQFTs
to cobordisms equipped with cohomology classes, see [DM22, Conjecture 6.6]. One
of the goals of the present work was to build these generalized Kerler—Lyubashenko
TQFTs, as a first step towards extending the isomorphism @;/ to the case of repre-
sentations depending on cohomology classes. We rephrase [DM22, Conjecture 6.6]
more precisely in this section.

In [DM22, Section 6.3.1], the authors define twisted homology groups®

%359 = HEM(XWQ’ Yn,g; (pg,g)a
where
¢ X, 4 is the configuration space of n unordered points in Xy (see [DM22,
Equation (1)]),
o Y, 4 is a specific subset of the boundary 0X,, 4 (see [DM22, Equation (4)]),
o @i ¢ Ll ] = Endg x+1) (W) is an action (see [DM22, Equation (31)])
of the fundamental group 7, 4 of X,, , onto a module ng over a polyno-
mial ring Z[q, X*1].
This twisted version of the homology of the pair (X, 4,Y, ) naturally admits the

structure of a Z[g, X*!]-module (see [DM22, Appendix A.1]).
The polynomial ring appearing above is

Zlq, X*] := 7Z[q, s7 l,til ol jl,tf],

where the formal variables s;,¢; can be intepreted as the evaluations of a coho-
mology class against the homology classes a;,b; of Section 2.1 for every integer
1 < j < g. Indeed, every cohomology class ¥ € H*(X,;C) = Homy(H;(X,);C)
determines a ring homomorphism

Zq,X*] = C
(5, t5) = (g"(@), ")),

where ¢7 = ¢ for every z € C. If we consider the submodule %QX(T) C %ﬁ%g
spanned by small embedded cycles, as defined in [DM22, Definition 2.3.1], then the
vector space

%, = 2 Qg x40 C

SH,]?M stands for Borel-Moore homology.



HENNINGS TQFTS FOR COBORDISMS DECORATED WITH COHOMOLOGY CLASSES 29

is endowed with a projective representation
Py ;.7 (£,) - PGLe (7))

of the Torelli subgroup #(X,) C Mod(X}), as explained in [DM22, Section 6.3.1].

Now, let us fix a cohomology class ¥ € H'(X,;C) and the corresponding ob-
ject Xg = (Xy,9,%,) of 3Cob™?%, where ¥ € H'(X,;C/2Z) is the image of ¥,
and &, is the Lagrangian subspace introduced in Section 2.2. Let us consider a
diffeomorphism f € 7(X,), and let X5 x [0,1]; := (X, x [0,1],7*(J),0) be the
mapping cylinder of f, which is a morphism in 3Cob®/?% (see [DM22, Section 4.2.3]
for a precise definition), where 7 : X; x [0,1] — X, is the projection onto the first
factor. Notice that f*(J) = ¥, since f € F(X,). The functor .J, provides a family
of projective representations

Py’ T (Zy) = PCLe(Ju(2)))
f — Ju(21§ X [07 1]f)
parametrized by cohomology classes ¥ € H 1(Eg;(C/2Z) and by roots of unity

2mi

g = e+ . In [DM22, Section 4.2.3] we explain why this is actually a projective
representation, by looking at compositions of elements of ¥ (X,), and also why it
is not in general a linear representation. Notice that, here, the fact that f is an
element of the Torelli subgroup is crucial, otherwise X5 x [0, 1] would not be an en-
domorphism of X'5. We expect these representations to agree with the homological
construction.

Conjecture 5.8. There is an isomorphism

9 . I(r _ _
o)) = w00

that intertwines the actions of .7(X,) and ug, where
((a), 9(b)) = (9(a1),9(b),..., Dag), V(b)) € (C/22)*.

In Conjecture 5.8, the action of uga on %gﬁ(r) has not been defined yet, but should
be a natural extension of the action of u3 on the twisted homology group of [DM22,
Theorem 6.1].

This conjecture is motivated by the fact that, when ¢ is the trivial cohomology
class, an isomorphism <I>;/ was constructed in [DM22, Theorem 6.1]. We expect all
the computations involved in the proof to admit a generalization to the decorated
case on both sides of the isomorphism. We expect this conjecture to imply, thanks
to the integrality properties of homological representations, that the quantum rep-
resentations ﬁ;’ﬂ are integral when computed in the integral bases of Section 5.1,
in the sense that their coefficients can be restricted to the polynomial ring Z[q, ¢"]
(defined in [DM22, Conjecture 6.6]). This would imply a polynomial dependence
in ¢ and a polynomial dependence in coefficients of the cohomology class . To the
best of our knowledge, this is not known for TQFT functors decorated with coho-
mology classes. The representations ﬁ;*‘? would then form a family that depends
polynomially on the cohomology class 9, and that admit both a TQFT formulation,
on one hand, and a homological intepretation, on the other.
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