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Abstract

In this thesis, we study Kuperberg’s Hopf algebra approach to quantum invariants
of closed 3-manifolds. We show that, for involutive Hopf superalgebras, Kuperberg
invariants extend to the more general class of balanced sutured 3-manifolds, and in
particular, to link complements. To achieve this, we bring many aspects of Reide-
meister torsion theory into the realm of quantum invariants, such as twisting, Fox
calculus and Spin® structures and we make clear to which aspects of Hopf algebra
theory these correspond. When our construction is specialized to an exterior algebra,
we show that it recovers the twisted Reidemeister torsion of sutured 3-manifolds.

Keywords: quantum invariants, Hopf algebras, twisted Reidemeister torsion, twisted
Alexander polynomials, sutured 3-manifolds, Heegaard diagrams.



Résumé

Dans cette thése, on étudie les invariants quantiques des 3-variétés de Kuperberg,
qui sont basées sur les algébres de Hopf. On montre que, pour les super-algébres de
Hopf involutives, les invariants de Kuperberg s’étendent a la classe, plus générale,
des 3-variétés suturées balancées et en particulier aux complements d’entrelacs. Pour
accomplir ceci, on reléve plusieurs aspects de la théorie des torsions de Reidemeister
au monde des invariants quantiques, tels que la procédure pour tordre des invariants,
le calcul de Fox et les structures Spin®, et on clarifie les aspects de la théorie des
algébres de Hopf auxquels ils correspondent. Quand notre construction est spécialisée
au cas d’'une algébre extérieure, on montre qu’elle calcule la torsion de Reidemeister
tordue des 3-variétés suturées.

Mots clés: invariants quantiques, algebres de Hopf, torsion de Reidemeister tordue,
polynomes d’Alexander tordus, 3-variétés suturées, diagrammes de Heegaard.
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Introduction

Low dimensional topology consists of the study of topological objects in dimension
less or equal than four. One of the central objects of study are knots, that is, strings
in three-dimensional space with the ends glued together. The fundamental problem
of knot theory is to determine whether, given two knots in space, one can be deformed
into the other without breaking the chords.

3&%«) ™)

Figure 1: Three knots of which only two are isomorphic.

The other central objects of study are manifolds of dimension three and four,
which are tightly linked between them and with knot theory. In order to study
knots, 3-manifolds or 4-manifolds one needs topological invariants, that is, quantities
associated to the given object that are unchanged after a deformation that preserves
the topology.

For a long period of time, low dimensional topology was studied as a branch of
algebraic topology, that is, through topological invariants such as the fundamental
group and homology theory. As there is no efficient algorithm to compare the funda-
mental groups of distinct knots or 3-manifolds, one usually extracts simpler invariants
from the homology (or the chain complex) of appropriate covering spaces, such as
the Alexander polynomial of knots and, more generally, the Reidemeister torsion of
3-manifolds [Ale28, Rei35]. Such invariants, usually referred as classical invariants,
have a very clear topological meaning and capture a good deal of topological informa-
tion. Moreover, as studied by many people since the 90’s, this information becomes
sharper if one uses twisted versions of these invariants, that is, those associated to
non-abelian covering spaces, see e.g. [FV1la].

Quite unexpectedly, low dimensional topology turned out to be not just a branch

vi



of algebraic topology. This was evidenced during the 80’s through the seminal work
of Donaldson in dimension four and that of Jones and Witten in dimension three, in
which tight new connections with mathematical physics were found [Don83, Jon85,
Wit89|. The theory of Jones and Witten, and its mathematical formulation by
Reshetikhin-Turaev [RT90, RT91], grew up into a whole new field now known as
quantum topology. Here a central role is played by the notion of topological quantum
field theory (TQFT), as axiomatized by Atiyah [Ati88|. This notion is radically dif-
ferent from anything existing in algebraic topology, notably because the “morphisms"
of the theory are cobordisms instead of the usual continuous functions, and the addi-
tive axiom is replaced by a monoidal axiom. The topological invariants of knots and
3-manifolds derived from quantum topology are referred as quantum invariants.

There exist several mathematical approaches to define quantum invariants of knots
and 3-manifolds, all revolving around the notion of Hopf algebra. Under a condition
called quasi-triangularity, the main example being the quantum groups of Drinfeld
and Jimbo [Dri89], any representation of the Hopf algebra comes equipped with a
solution to the so called quantum Yang-Baxter equation. This easily leads to topolog-
ical invariants of knots and links in S®, the Jones polynomial being the most famous
example [Tur88, RT90]. However, extending these invariants to links in arbitrary
closed 3-manifolds and, in particular, to closed 3-manifolds themselves, is a bit more
complicated. The original approach of Reshetikhin and Turaev relied on a deeper
study of the representation theory of the given Hopf algebra [RT91], in their case a
quantum group, eventually leading to the notion of modular category [Tur94|. This
approach has been the subject of intensive research, as modular categories are rich
mathematical objects with relations to other fields such as physics and quantum com-
puting. It turns out that there is a simpler procedure to define quantum invariants
of closed 3-manifolds, one that relies directly on Hopf algebra theory. This procedure
was introduced by Hennings and Kuperberg independently [Hen96, Kup91, Kup96],
and both rely on the theory of Hopf algebra integrals, which are analogues of the
Haar integral on a Lie group. However, neither of these received as much attention
as the approach of Reshetikhin-Turaev, notably because they do not directly extend
to a TQFT. This has recently been settled for the Hennings approach in [DRGPM18].

As of today, the differences between classical and quantum invariants are not
yet fully understood. Indeed, their difference not only radicates in the mathematics
behind their definition, but rather in the information that they contain. This was
observed in the early days of quantum topology, when the then new invariants lead
to a simple proof of the long-standing Tait conjectures. Later, the sl; quantum knot
invariants were observed to be related to hyperbolic geometry, leading to the (still
unsolved) volume conjecture of Kashaev and Murakami-Murakami, see e.g. [Murll].
However, these invariants seem to have no relationship to purely topological prop-
erties of knots, such as the Seifert genus, fiberedness or sliceness, as do classical
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invariants. For closed 3-manifolds, the quantum invariants derived from modular
categories have clearer topological limitations [Funl3| and the invariants of Hennings
and Kuperberg haven’t been studied at all from a topological perspective. These dif-
ferences are quite puzzling if one takes into account that some classical invariants can
be obtained from the methods of quantum topology. This is the case of the Alexander
polynomial of links in S [Res92, RS92, Mur92| and the abelian Reidemeister torsion
of closed 3-manifolds [BCGPM16|, which can be obtained from the representation
theory of an appropriate quantum group. However, these results rely on the skein
relation characterization of the Alexander polynomial, which completely hides its
topological meaning and thus they give no insight on the possible topological content
of more general quantum invariants.

The aim of this thesis is twofold. On the one hand, we want to develop further
the Hopf algebraic approach to quantum invariants of Kuperberg. Though less devel-
oped than its Reshetikhin-Turaev or Hennings counterparts, it has a more topological
flavour and we believe that it may help clarify some topological aspects of quantum
invariants. On the other hand, we want to better understand Reidemeister torsion as
part of quantum topology. We will see that Kuperberg’s approach, when appropri-
ately extended, allows to give a Hopf algebra theoretic explanation to many aspects
of Reidemeister torsion theory such as twisting, Fox calculus and Spin® structures.
In particular, it allows for a simple way to see classical invariants as twisted quantum
invariants, in the sense of Turaev’s homotopy field theory [Tur00].

Kuperberg invariants

Let H be an arbitrary finite dimensional Hopf algebra over a field K. In [Kup91,
Kup96], Kuperberg constructed for any framed closed oriented 3-manifold (Y f),
where f is a trivialization of the tangent bundle 7Y, a topological invariant

Zy"(Y, f) €K

To define this invariant, one first encodes Y in a Heegaard diagram, consisting of a
surface > with two sets of pairwise disjoint circles on it. Then the structure maps
of the Hopf algebra are combined with the combinatorics of the Heegaard diagram
to produce a tensor of the Hopf algebra which is then contracted with the Hopf
algebra cointegral and integral. Recall that a right cointegral is an element ¢ € H
characterized up to scalar by ¢z = ¢ ¢(x) for all z € H, if this relation holds from
both sides one says that H is unimodular. Kuperberg’s invariant is independent of the
framing f when H is involutive (that is, the antipode satisfies S* = idy ), unimodular
and counimodular.

The relation between Kuperberg’s invariant and other quantum invariants is now
more or less understood. Indeed, as recently shown by Chang-Cui [CC19], Z5“P(Y, f)
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coincides with the Hennings invariants of Y at the Drinfeld double D(H ) of H, for any
Hopf algebra H. Now, though the invariants of Hennings and WRT are equivalent
for links in S2, the case of arbitrary closed 3-manifolds is less understood. Indeed,
there is no general procedure to obtain a modular category from the representations
of a non-semisimple ribbon Hopf algebra, and hence there is not a WRT invariant
obtained from an arbitrary Drinfeld double. What is known is that the Hennings
invariant from quantum sly at a root of unity coincides with the sly, WRT invariant,
at least for homology 3-spheres [CKS09]. Since quantum groups are quotients of the
Drinfeld double of its Borel subalgebra, it is reasonable to expect that Kuperberg’s
invariant at Borel parts of quantum groups at roots of unity should be related to
WRT invariants, at least for homology 3-spheres.

Main results

Our first main result, which constitutes Chapter 3, deals with an extension of Ku-
perberg invariants to a wider class of 3-manifolds, namely, the sutured 3-manifolds
introduced by Gabai [Gab83|. By a sutured 3-manifold we mean a pair (M, ~y) where
M is a compact oriented 3-manifold-with-boundary and v C M is a collection of
pairwise disjoint annuli dividing M into two subsurfaces R. (), we say that (M, ~)
is balanced if x (M, R_()) = 0 among with some other simple conditions. Balanced
sutured 3-manifolds generalize closed 3-manifolds, link complements and Seifert sur-
face complements.

Now consider a finite dimensional Hopf superalgebra H over a field K. Let Aut(H)
be the group of Hopf algebra automorphisms of H. We suppose H is involutive,
unimodular and counimodular, this is the context to define unframed Kuperberg
invariants as mentioned above.

Theorem 1. Let (M,~) be a balanced sutured 3-manifold endowed with a represen-
tation p = m (M) — Aut(H), a relative Spin® structure s and an orientation w of
H.(M,R_(v);R). Then Kuperberg’s construction can be extended to define a topo-
logical invariant

Z%(M,v,s5,w) € K
of the tuple (M,~,p,s,w).

If Y is a closed oriented 3-manifold, then our invariant recovers the original (in-
volutive) Kuperberg invariant Z5“?(Y) as follows: let M, be the complement of the
interior of a closed 3-ball embedded in Y and vy be a single annuli in dM,. Then
(Mo, 7o) is a balanced sutured 3-manifold and if py,;, denotes the trivial representation
of m(Mpy) (that is, puiv(x) = idy for all z € m(My)), then

70 (Mo, 70, 8,w) = =25 (Y).
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The idea of the construction of the invariant Z% is the following. First, sutured
3-manifolds are represented by sutured Heegaard diagrams, that is, Heegaard dia-
grams in which the Heegaard surface has boundary [Juh0O6|. Then the invariant of
the above theorem is roughly defined from such a diagram by “twisting" the con-
struction of [Kup91| using the representation p. This twisting takes a form of Fox
calculus and is justified by considering the semidirect product K[Aut(H)] x H. In-
deed, the latter Hopf algebra can be considered as a Hopf group-algebra (with group
Aut(H)), the dual notion of Turaev’s Hopf group-coalgebras [Tur00|, and we show
that the group-algebra multiplication reduces to “Fox calculus" over H. Note that
in [Vir05], Virelizier extended Kuperberg’s invariant by using an involutive Hopf G-
coalgebra, leading to an invariant of pairs (Y, p) where Y is a closed 3-manifold and
p:m(Y) — G is a group homomorphism. Our construction can be seen as an ex-
tension of (the dual version of) Virelizier’s construction to sutured 3-manifolds, but
restricted to a semidirect product. It has to be noted that both [Kup9l], [Vir05]
assume semisimplicity of the Hopf algebras, hence no extra structure is needed on
3-manifolds.

A relative Spin® structure is a very simple extra piece of structure on (M,~) (in-
deed, they are parametrized by Hi(M;Z)) and they appear by the following reason:
the semidirect product K[Aut(H )] x H may be non-unimodular, even if H is unimod-
ular. The comodulus of the semidirect product is essentially determined by the homo-
morphism rg : Aut(H) — K* characterized by ¢(c) = ry(¢p)c for any ¢ € Aut(H),
hence the invariant does not depend on Spin® structures when Im (p) C Ker (rg)
(indeed the Hopf subalgebra K[Ker ()] x H is unimodular). This is similar to what
happens with Reidemeister torsion (cf. [Tur0O1] or [FJR11] in the sutured case): the
GL(V)-torsion is normalized with a Spin® structure, but the SL(V)-torsion is inde-
pendent of it. An advantage of Spin® structures is that they are easily represented on
a sutured Heegaard diagram via multipoints as in [JuhO6], therefore posing no fur-
ther complexity in computation as opposed to the framings of [Kup96] which would
be necessary in an involutive non-unimodular case. On the other hand, homology
orientations arise in order to fix some sign indeterminacies when the cointegral has

degree one. This is also a phenomenon existing in Reidemeister torsion theory, cf.
[Tur01, FJR11].

A special feature of our construction is that, when H is N-graded, the above
invariants can be lifted to polynomials by a canonical “degree twist". More precisely,
let Hy be H with the coefficients extended to the group ring K[H, (M), that is Hy, =
H @k K[H{(M)]. Then there is a canonical “degree" representation h : Hy(M;Z) —
Aut(Hyr), where x € Hi(M) acts on the degree n part of Hy, by multiplication by
a™. This can be combined with an arbitrary representation p : m (M) — Aut(H) to
define a twisted Kuperberg polynomial

2420 (M, ) € K[Hy (M),



This is defined up to unit of K[H; (M)], which can be fixed by picking a Spin® structure
and homology orientation.

Our second main result, constituting Chapter 4, specializes the above construc-
tion to a particular Hopf algebra and relates it to classical invariants. More pre-
cisely, let A(V') be the exterior algebra over a finite dimensional vector space V.
This is a Hopf superalgebra satisfying the hypothesis of our theorem and one has
Aut(A(V)) = GL(V). The homomorphism 75y : GL(V) — K* is the determinant
so Ker (raqvy) = SL(V). Since A(V) is N-graded, we can define twisted Kuperberg
polynomials having values in K[H;(M)].

Theorem 2. Let (M, ) be a balanced sutured 3-manifold and let p : (M) — SL(V)
be an homomorphism. Then the twisted Kuperberg polynomial at H = A(V') reduces
to twisted Reidemeister torsion:

Z58h (M) = W (M, R_(7))

)M
in K[Hy(M)]/ + H1(M).

In particular, our invariant is equivalent to the twisted Alexander polynomials
of Lin and Wada [Lin01, Wad94| if (M,~) is the sutured manifold associated to a
link complement and H is an exterior algebra. In other words, our procedure of
“degree twisting" Kuperberg invariants leads to powerful invariants containing a lot of
topological information. Indeed, twisted Alexander polynomials can detect mutation,
non-invertibility of some knots, the knot genus and fiberedness [Wad94, K1.99, FV11b,
FV15]. The relative torsion of (M, R_(7)) is also an interesting invariant for Seifert
surface complements as shown in [Alt12]. However, if M is the sutured manifold
associated to a closed 3-manifold Y (that is M =Y \ B® and v = S' C B where
B is a 3-ball), then 7(M, R_) is uninteresting. In particular, our theorem does not
recovers the absolute torsion 7(Y") as in [BCGPM16|. This indicates that Kuperberg’s
construction admits a further refinement in the case of closed 3-manifolds.

Theorem 2 suggests that Kuperberg invariants may be categorified with the meth-
ods of Lagrangian Floer homology. Indeed, it is shown in [FJR11] that the Reide-
meister torsion 71®"(M, R_) is the Euler characteristic of the sutured Floer homology
of Juhasz [Juh06]. That Kuperberg invariants may be categorified was indeed sug-
gested by Crane-Frenkel themselves in their influential paper [CF94| which started
the categorification program, though with a more algebraic machinery.

A first version of the above results appeared in [LN19a]. There we introduced
relative notions of the Hopf algebra cointegral and integral, where a relative cointegral
in a Hopf algebra J is a map ¢ : A — J satisfying some properties analogue to that
of a cointegral, but relative to a Hopf subalgebra A C J. Similarly, we introduced
relative integrals p : J — B, where B C J is another Hopf subalgebra. Under
certain conditions, we showed that an involutive Hopf algebra endowed with these
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relative structures produced a topological invariant of balanced sutured 3-manifolds
endowed with an appropriate representation of Hy(M). We found this structure on
the Borel part J of quantum gl(1]|1) and showed that the resulting invariant was the
abelian relative Reidemeister torsion. In our second paper [LN19b|, we considerably
improved a particular case of this approach. We restricted to a semidirect product
J = K[Aut(H)] x H and took the subalgebra A = K[Aut(H)]. However, instead of
using relative cointegrals, we considered J as an Aut(H )-graded Hopf algebra, so we
had graded cointegrals for free as shown in [Vir02] (in the dual case). Moreover, we
realized that Fox calculus only comes from the semidirect product structure, and is
not special to the Borel of quantum gl(1|1) as we initially considered.

The manuscript is organized as follows. Chapter 1 contains the necessary prelim-
inaries on Hopf algebras, namely, we discuss the involutivity condition, the theory of
Hopf algebra integrals, and Hopf group-algebras from semidirect products. In Chap-
ter 2 we define sutured 3-manifolds, sutured Heegaard diagrams and extended Hee-
gaard diagrams. Chapter 3 is the body of this thesis. Here we construct the invariant
of Theorem 1. We treat first the unimodular case, that is, when Im (p) C Ker (ry)
and then we treat the general case using Spin® structures. We end this chapter with
the definition of the twisted Kuperberg polynomials. Finally, in Chapter 4 we recall
some facts from Reidemeister torsion theory and prove Theorem 2.
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Chapter 1

Hopf superalgebras

In this chapter, we introduce the notions from Hopf algebra theory that we will use
throughout this thesis. In Section 1.1 we define (involutive) Hopf superalgebras,
we give several examples and we explore further the involutivity condition through
bosonization and its relation to semisimplicity. In Section 1.2 we define integrals and
cointegrals of Hopf algebras, which are the main ingredients in the construction of
3-manifold invariants. We end with a short discussion on Hopf G-algebras, the dual
notion of Turaev’s Hopf G-coalgebras, and we give a good supply of examples.

1.1 Basic notions and examples

In what follows, we let K be a field. Vector spaces will be assumed to be over K.

1.1.1 Super vector spaces

Definition 1.1.1. A super vector space consists of a vector space V endowed with a
direct sum decomposition V =V, @ Vj. A vector v € V is said to be homogeneous
ifvelyorvelVy If velV, wesay that v has degree i, denoted |v| = i. A linear
map f:V — W is said to have degree k if f(V;) C W,y for i = 0, 1. Both notions of
degree are considered mod 2. We denote by SVectk the category whose objects are
super vector spaces and whose morphisms are degree zero linear maps.

The category SVectyk has some extra structure, namely, it is a symmetric monoidal
category. This means that there is a tensor product ®, a unit object 1 and a family
of isomorphisms Ty : VW — W®V satisfying a bunch of axioms. The symmetry
condition refers to the fact that 7y o1y w = idygw. Indeed, if V, W are super vector
spaces, then the vector space tensor product V ®@g W is a super vector space with

(VeoWw), @V@WZ -j



where the indices are taken mod 2. The unit object is K, considered as a super vector
space concentrated in degree zero. The symmetry

TV’WZV®W—>W®V
is defined on homogeneous elements by

TV’WZV®W—>W®V
v@w i (=1 @ .

Notation 1.1.2. Let V' be a super vector space. For eachn >1and 1 <:¢<n-—1
we can define 7; : V" — VO by 1, = idg(l_l) R Ty ® idg("_l_l) where 7y is the
above symmetry. It is not difficult to see that the correspondence o; — 7; defines a
representation S, — G Lgveet, (V"), where o; is the usual transposition (i i + 1) (the
latter denotes automorphisms in the category SVectx). We denote by P, the image
of 7 € S, under this map. We also denote by P! the unsigned permutation (i.e. we
use the symmetry ¢ of Vecty instead). Thus if vq,...,v, € V have degree one, then

P.(0) = sign (7)v,(1) ® ... ® Ur() = sign (1) PL(7D)

where v =v; ® ... @ v,.

1.1.2 Graphical notation

Let S be a symmetric monoidal category, with tensor product ®, unit 1 and symmetry
isomorphisms cyw : V@ W — W ® V for any objects V, W of S (in this thesis we
will restrict to S = SVectk). We will represent morphisms in S by diagrams to be
read from bottom to top. For example, if f: U — V and g : V — W are morphisms
in § we depict f and gf respectively as follows:

W
v | 9]

1%
U

U

Iff:V—>Wandg:X — Y are two morphisms, then f ® g is represented by

juxtaposition:
w Y
aa
V X



If V,W are two objects of &, the symmetry isomorphism cy is depicted by

w V

V w

There is no over-crossing in the above picture since we work with symmetric
monoidal categories (as opposed to braided monoidal categories).

1.1.3 Hopf superalgebras

By a superalgebra we mean a K-algebra (A, m,n), where m : A® A — A is the
multiplication and n : K — A is the unit, in which A has a super-vector space
structure satisfying m(A; ® A;) C A;1; for any 4, j. If A, B are superalgebras, then
A ® B is a superalgebra with the product defined over homogeneous elements by

(a@b)(d @V) = (=D)"laa’ @ bi.

Definition 1.1.3. A Hopf superalgebra is a superalgebra (H,m,n) endowed with
degree zero linear maps A : H - H® H,e: H - K and S : H — H satisfying the
following axioms:

1. A is a superalgebra morphism for the above superalgebra structure on H @ H.

2. € is a superalgebra morphism, where K is concentrated in degree zero.

3. One has

4. The map S satisfies
m(idg ® S)A =ne = m(S ®idy)A.
We call A the coproduct, € the counit and S the antipode. We will both use

Sweedler’s notation for the coproduct, that is, we write A(z) = x(1) ® x(2) omitting
the sumation sign, as well as the following graphical notation for the Hopf algebra

tensors:
m= nzl, A e:T, s=4,



This way, we can use the graphical notation to write the Hopf superalgebra ax-
ioms. For example, the fact that A is an algebra morphism is written as

where we used the symmetry of SVectkx on the right. The Hopf algebra axioms
imply that the antipode is an algebra and coalgebra antihomomorphism, that is

S(zy) = (~1)¥S(y)S(2), A(S(x)) = (D)0 l@18(z4) @ S(zq)
for any homogeneous z,y € H.

Remark 1.1.4. Any (ungraded) Hopf algebra can be seen as a Hopf superalgebra
concentrated in degree zero. In what follows we reserve the term Hopf algebra exclu-
sively for the ungraded case.

Definition 1.1.5. We say that H is commutative if m = mo1y g and cocommutative
if A = 7y g oA where 7y p is the symmetry map. We say that H is involutive if
S? = idy.

Lemma 1.1.6. A commutative or cocommutative Hopf superalgebra is involutive.

Proof. This is standard (see e.g. [Rad12]) but we give a proof for completeness. By
definition, the antipode S is characterized by

for any x € H, where we use Sweedler’s notation A(z) = z(1) ® z(z). Applying S~
on both sides and assuming H cocommutative, we get

Thus, S~! is also an antipode and therefore S = S~!i.e. S? = idy by uniqueness of
the antipode. A similar argument applies if H is commutative. O

Definition 1.1.7. If (H, m,n, A, ¢, S) is a finite dimensional Hopf superalgebra, then
the dual vector space H* becomes a Hopf superalgebra if we set H = (H;)* fori = 0,1
and we dualize all structure maps, that is, my« == A* ng« = €, Ag« == m* eg+ = n*
and Sg+ = S*. This requires an identification (H ® H)* = H* ® H* which we take
as

(fg(xey) = f(z)®g(y)
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Note that there is no sign in the latter equation, this ensures that Apgy« is a
superalgebra morphism. Note also that this is the opposite of the convention used in

[KV19].

Finally, we give a name to some very special elements of a Hopf superalgebra.

Definition 1.1.8. An element g € H is said to be group-like if A(g) = g ® g and
€(g) = 1. An element = € H is said to be primitive if A(z) =1®@ x4z ® 1.

The sets of group-like and primitive elements of H are respectively denoted by
G(H) and P(H). It is easy to see that G(H) is a group with the multiplication of H,
P(H) is a Lie superalgebra with the bracket [z, y] := xy—(—1)"*"lyz on homogeneous
x,y € H and that G(H) acts on P(H) by conjugation.

1.1.4 Examples

We now give several examples of involutive Hopf superalgebras. The three examples
below are cocommutative and hence involutive.

Example 1.1.9. Let G be a finite group. Let K[G] be the K-vector space with basis
the elements of G. This is an algebra if we extend the multiplication of G by linearity.
It is a Hopf algebra if we set

Alg) =g®y, e(g) =1, S(g) =97,
for all g € G.

Example 1.1.10. Let V' be a finite dimensional vector space. The exterior algebra
A(V) on V is the quotient of the tensor algebra T'(V) = @,50V®" (where V& = K)
by the ideal generated by the elements of the form v ® w + w ® v with v,w € V.
This becomes a superalgebra by letting V' C A(V') be in degree one and it is a Hopf
superalgebra if we set

Alv)=1®v+v®1, e(v) =0, Sv)=—v

for any v € V and extend A e (resp. S) by letting them be superalgebra homo-
morphisms (resp. antihomomorphism). More generally, if g is a Lie superalgebra,
then the universal enveloping algebra U(g) is a cocommutative Hopf superalgebra
constructed in a similar way, only that one takes the quotient of T'(g) by the ideal
generated by the [z,y] — 2 @y + (=1)FI¥y @ o for x,y € g. The exterior algebra
is obtained when g is a trivial Lie algebra concentrated in degree one. However, we
will mainly be interested in finite dimensional examples, and exterior algebras are
the only ones among enveloping algebras.



Example 1.1.11. Let GG be a finite group acting on a finite dimensional vector space
V. Then there is a semidirect product Hopf superalgebra H = K[G] x A(V). Here
the product is characterized by the fact that K[G] and A(V') are Hopf subalgebras,
and

g-v=gv)-g
for any g € G,v € V, where v — g(v) is the action of g on V and - denotes the
product of H.

Remark 1.1.12. If K is algebraically closed of characteristic zero, the above ex-
amples exhaust the class of cocommutative Hopf superalgebras. This is a theorem
originally due to Milnor-Moore and subsequently refined by Kostant and Cartier-
Gabriel, see [Car07, Theorem 3.8.2] or [AEGO01, Theorem 2.3.4|. This states that if
H is a cocommutative Hopf superalgebra over an algebraically closed field K with
char (K) = 0, then there is an isomorphism of Hopf superalgebras

H=K[G(H)] < U(P(H))

where U(P(H)) is the universal enveloping algebra of the Lie superalgebra P(H).
The above semidirect product is finite dimensional only when G(H) is finite and
P(H) is trivial, as in Example 1.1.11.

In positive characteristic there are much more examples of finite dimensional
cocommutative Hopf (super)algebras. Indeed, if g is an arbitrary finite dimensional
p-restricted Lie (super)algebra over a field K with char (K) = p > 0, then the restricted
enveloping algebra U"¢*(g) is a finite dimensional cocommutative Hopf (super)algebra.
For example, the Hopf algebra K[X]/(X?") (in which X is primitive) is among this
class for any n > 1.

Of course, there are (finite-dimensional) involutive Hopf superalgebras which are
neither commutative nor cocommutative. The quantum group U,(gl(1]|1)) at a root

of unity (see e.g. [Sarl5]) is such an example, for another one see [KV19, Example
5.6].

1.1.5 Bosonization of Hopf superalgebras

We describe a useful procedure to pass from a Hopf superalgebra to a Hopf algebra
and conversely. We follow [AEGO1].

Let H = (Hy® Hy,m,1,A ¢, 5) be a Hopf superalgebra. Let g : H — H be the
Hopf automorphism defined by the degree, that is, g(z) := (—1)!*lz for homogeneous
x € H. Let H' be the semidirect product Hopf algebra K[Z/2Z] x H, where Z /27
acts over H by g. We use the same notation for the structure maps of H’. Write

A(R) = Ag(h') + Ay (R



where A;(h') € H' ® H] for i = 0,1 and homogeneous h’' € H'. Now set
A(H) = Bo(B) = (=D)"(g@ DA(K), (W) = g"IS(H).
Then (H',m,1,A’;S") is an ordinary (ungraded) Hopf algebra.

Definition 1.1.13. Given a Hopf superalgebra H, the bosonization of H is the Hopf
algebra (H',m,1, A’ €, S") constructed above.

Example 1.1.14. Suppose H = K[X]/(X?) is an exterior algebra in one generator
(of degree one). It is easy to see that the bosonization of H is the Hopf algebra H’
with two generators K, X satisfying KX = —XK,X? = 0, K? = 1 and coproduct
defined by

AK)=K®K,  AX)=X®l+K®X.

In other words, the bosonization of an exterior algebra is the Borel part of U,(sls) at
q = i. Thus, the bosonization of a commutative and cocommutative Hopf superalge-
bra can be non-commutative and non-cocommutative.

Proposition 1.1.15. The representation categories of a Hopf superalgebra and of its
bosonization are monoidally equivalent.

Here, a representation of a Hopf superalgebra is a super vector space V =V, & V3
together with an action H®V — V that preserves the degree. It is easy to see that V'
extends to a representation (still denoted V') of the semidirect product K[Z/2Z] x H.
Now, let V' be the representation of this semidirect product, but where we forget
the mod 2 grading. Then one can prove that the correspondence V + V' defines the
desired equivalence of monoidal categories.

Thus, for the purposes of representation theory, there is not an essential difference
in working with a Hopf superalgebra H or its bosonization H’. However, in Kuper-
berg’s approach to 3-manifold invariants, involutivity makes things much simpler.
Noting that (S")2(h’) = (—=1)"'IS2(R’) for any homogeneous i’ € H we see that if H
is involutive and H; # 0, then H’ is non-involutive. Thus, for the purpose of Ku-
perberg’s 3-manifold invariants, it is simpler to work with Hopf superalgebras rather
than their bosonizations.

1.1.6 Involutivity and semisimplicity

We now discuss some important consequences of the involutivity condition.

Theorem 1.1.16. (/LR8S8a, LR8Sb]) Let H be a finite dimensional (ungraded) Hopf
algebra over a field of characteristic zero. Then H is involutive if and only if H is
semisimple. This extends to positive characteristic as follows: H is involutive and
dim(H) # 0 if and only if H is semisimple and cosemisimple.
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As far as the author knows, all examples of semisimple Hopf algebras (in charac-
teristic zero) are somehow built from group algebras. Therefore, no interesting Hopf
algebras (for our purposes) will be found in such case. Fortunately, the aforemen-
tioned theorem of Larson-Radford is no longer true for Hopf superalgebras. Indeed,
the opposite holds [AEGO01, Corollary 3.1.2]:

Proposition 1.1.17. If H = Hy® H; is a finite dimensional involutive Hopf super-
algebra over a field of characteristic zero, then H is non-semisimple if and only if
H, #0.

Proof. We sketch the proof given in [AEGO1|. If H; = 0, then H is semisimple
by the theorem above. For the converse, let H' be the bosonization of H. If H is
involutive, then (S")2(z) = (—=1)*lz so H' is non-involutive if H; # 0. Therefore,
Larson-Radford’s theorem implies that H’ is non-semisimple and hence so is H, since
their representation categories are equivalent by Proposition 1.1.15. U

1.2 Integrals and cointegrals

We now turn to introduce one of the fundamental notions of Hopf algebra theory, that
of cointegrals and integrals. This notion has its origins in the theory of Lie groups,
where the property of right invariance of the Haar integral can be appropriately
abstracted leading to the notion of Hopf algebra integral. We begin by giving the basic
definitions, and then we discuss the unimodularity condition and some properties.

1.2.1 Definitions and examples

Definition 1.2.1. A right cointegral in a finite dimensional Hopf superalgebra H is
an element ¢, € H such that

¢ x=cp - €(x)

for all z € H. A left cointegral of H is defined as a right cointegral of H?. A right
integral is an element p, € H* such that

(1r @ idp)A(z) = pr(2)1a

for all x € H. Equivalently, a right integral over H is the same as a right cointegral
of H*.

Theorem 1.2.2 ([LS69|). If H is a finite dimensional Hopf superalgebra over an
arbitrary field K, then there is a right cointegral and it is unique up to scalar.

By applying this theorem to H°” or H* one also obtains existence and uniqueness
(up to scalar) of left cointegrals and right or left integrals.
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Example 1.2.3. Let G be a finite group. Then ¢4 = deG g is a two-sided cointegral
in K[G]. The functional defined by p(g) = 0, for g € G is a two-sided integral of
K[G].

Example 1.2.4. Let A(V) be the exterior algebra over a finite-dimensional vector
space V. Let X1,..., X, be a basis of V. Then the product ¢y, := X7 A---A X, is a
two-sided cointegral and the functional defined by pu(X{* A -+ A X)) = &, 1... 61
is a two-sided integral over A(V).

Example 1.2.5. Let GG be a finite group acting on a finite dimensional vector space
V. Let H = K|G] x A(V) as in Example 1.1.11. Let ¢, and ¢y be the cointegrals of
K[G] and A(V) respectively, as defined above. Then

C ‘= Cqg - Cy, Cr ‘= Cy - Cq

are respectively a left cointegral and a right cointegral of H. However, noting that
g(cy) = det(g)cy for any g € G, one has

CL=¢Cg-Cy = E g-cy
geqG

which is different from c,, even up to a scalar, provided det(g : V' — V') # 1 for some
g € G. Thus, a left cointegral is not a right cointegral in such a case. The integral of
H is given by pkig) ® pia(vy, which is two-sided (since H is cocommutative).

1.2.2 Unimodularity

As shown in the last section, it is not always true that a left cointegral is also a right
cointegral, and similarly for integrals. We now turn to discuss this issue.

Definition 1.2.6. A Hopf superalgebra H is said to be unimodular if any right
cointegral is also a left cointegral. We say that H is counimodular if H* is unimodular.

Example 1.2.7. Group-algebras and exterior algebras are always unimodular and
counimodular. If a finite group G acts over a finite dimensional vector space V
through an homomorphism ¢ : G — GL(V'), then the semidirect product K[G]x A(V)
is unimodular if and only if p(G) C SL(V) as shown in Example 1.2.5.

Remark 1.2.8. By Theorem 1.1.16, a finite dimensional (ungraded) involutive Hopf
algebra H over a characteristic zero field is semisimple and hence unimodular. How-
ever, an involutive Hopf superalgebra may be non-unimodular as Example 1.2.5
shows.



We now study the action of the group of Hopf algebra automorphisms over coin-
tegrals.

Definition 1.2.9. Let ¢, be a right cointegral in H and let o« € Aut(H). Clearly,
a(c,) is a right cointegral so by uniqueness, there is a scalar ry(«) € K* such that
ale,) =ry(a)e,.

This defines a group homomorphism rg : Aut(H) — K*. Note that if p, is a right
integral normalized by p,(c,) = 1, then rg can also be defined by

ri(e) = pr(afcr)).

Remark 1.2.10. The homomorphism 75 can be thought as the distinguished group-
like of the Hopf G-algebra H associated to K[G]| x H with G = Aut(H), see Section

1.3 below. Therefore, if ry # 1, H is non-unimodular even if H is unimodular.

Example 1.2.11. Let A(V) be the exterior algebra on a finite dimensional vector
space V. Any automorphism of A(V') defines a linear isomorphism over its subspace
of primitive elements, which is V. Conversely, any linear isomorphism of V' extends
to a Hopf automorphism of A(V) so Aut(A(V)) = GL(V). Recall from Example
1.2.4 that ¢y == X7 A--- A X, is a cointegral of A(V'), where X1, ..., X, is any basis
of V and that

aley) =a(X) A ANa(X,) =det(a) Xy A--- A X, = det(a)cy
for any o € Aut(A(V)). Thus, rywy : GL(V) — K* is just the determinant.

Proposition 1.2.12. Let H be a finite-dimensional unimodular Hopf superalgebra
and ¢ be its two-sided cointegral. Then the following holds:

1. S(e) = (—1)ke,
2. Ae) = A%(c),
3. poa=ry(a)u for any o € Aut(H), where ry is defined as above.

Proof. The first two properties are standard, cf. [Rad12, Chapter 10]. The third one
follows from uniqueness of integrals: if p, is a right integral, then p,. o a = ry (o),
for some scalar () € K*. Evaluating on ¢, gives

pr(ru(a)e,) = pr(ale)) = rg(a)u(c)
and since p,(¢,;) # 0, the equality 7y () = riy(a) follows. O

Remark 1.2.13. Note that a Hopf algebra is semisimple if and only if €(c,) # 0, see
[LS69, Proposition 3|. This implies that ry(a) = 1 for any o € Aut(H). Note further
that if H is semisimple and the base field has characteristic zero, then Aut(H) is a
finite group by [Rad90].
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1.3 Hopf G-algebras

All the concepts introduced so far admit a graded version, where the grading group
may be an arbitrary group G. This is the theory of Hopf G-coalgebras introduced by
Turaev [Tur00] in order to build homotopy field theories, and further developed by
Virelizier [Vir02|. This theory can be seen as an “equivariant" Hopf algebra theory.
Here we prefer to work with the dual notion of a Hopf G-algebra, since semidirect
products provide a general class of examples. All the results of [Vir02] apply to our
setting.

1.3.1 Definitions and basic properties

Definition 1.3.1. Let G be a group with neutral element denoted by 1. A Hopf
G-algebra is a family of coalgebras H = {(H,, Aa, €a) }ace indexed by a € G endowed
with coalgebra morphisms

mal,ag : Ha1 ® Hag _> Ha1a27

a unit 1 € H,, and maps S, : H, — H,-1 satisfying graded versions of the associa-
tivity, unitality and antipode axioms (see [Vir02| for the dual notion). Note that Hy,,
is a Hopf algebra in the usual sense. We say that H is involutive if S,-1.5, = idy,
for each o € G. We say that H is of finite type if each H, is finite dimensional. If
H is of finite type, a right cointegral is a family ¢ = {c,}aeq, where ¢, € H,, for each
a € G, satistying
Coy =T = €ay (SL’) *Cajay

for all ay,a9 € G and z € H,,. Hopf G-superalgebras are defined in a similar way,
where each H, is a super-coalgebra and the multiplication involves a (Koszul) sign
when appropriate.

Let H = {H,}acc be a finite type Hopf G-algebra. Since the dual of a Hopf
G-algebra is a Hopf G-coalgebra, the existence and uniqueness theorems of integrals
of [Vir02| have analogous statements in the G-algebra case. In particular, there exists
a unique family ¢* = {g’}acc where g% € H satisfying

T Cay = Cayay - 921 (:L’)

for all z € H,, and ay,ay € G. We call g* the comodulus of H.

1.3.2 The semidirect product case

Now let H be a finite dimensional Hopf (super)algebra with automorphism group
G. Recall that the semidirect product K[G] x H is a Hopf algebra with the tensor
product coalgebra structure and with the algebra structure given by -z = a(z) - «
forae G,z e H.
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Proposition 1.3.2. Let G = Aut(H). If
H,={z-a|rzeH} CK[G]x H

then H == {H,}oeq s a Hopf G-algebra with the structure morphisms induced from
the semidirect product. A right cointegral is given by c, == ¢, - € H, where ¢, is a
right cointegral of H. The comodulus of H is given by

ol - @) = rp(a)gi(z)
forx € H a € G, where g € H* is the comodulus of H.

Here, as usual, 7y : Aut(H) — K* is the homomorphism characterized by a(c,) =
ra(a)c,.

Proof. That H is a Hopf G-algebra follows from the definitions, for instance, if za; €
H,, 2oy € H,, then

(ray) (' an) = z(a1 () aras € Hy, g,
For the second assertion, let z,, = xas € H,, then

Cay * Top = CrA1T0 = Cron (T)ara = ey () e = cre(x)anan

= Cayan€as (Tay)

so that (¢, - «) is a right integral in H. For the third assertion, let z,, = za; € H,,
(x € H) then one has

Ty " Cap = (Tan)(Cran) = zaq(c)onas = ry(og)zc.aas
=ry(aq)g](z)craran
proving the assertion. O

In particular, if H is unimodular, the comodulus of H is g% = ry(a)e,, see Remark
1.2.10.
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Chapter 2

Sutured 3-manifolds

In this chapter we recall some notions of sutured manifold theory. We start by
defining sutured manifolds and give some examples in Section 2.1. In Section 2.2 we
explain how these manifolds are represented using Heegaard diagrams and we state
the strong form of the Reidemeister-Singer theorem, following [JTZ12|. In Section 2.3,
we define extended Heegaard diagrams and extend the Reidemeister Singer theorem
to this setting, following [LN19a|. We end with a discussion on homology orientations,
as in [FJRI11].

In what follows, all surfaces and 3-manifolds will be assumed to be compact
and oriented, unless explicitly stated. If the boundary of a surface or 3-manifold
is considered as an oriented manifold, we will always assume it has the (outward
pointing) induced orientation.

2.1 Balanced sutured 3-manifolds

Sutured manifolds were introduced by Gabai in order to study foliations of 3-manifolds
[Gab83|. We use a slightly less general definition, as in [Juh06,JTZ12].

Definition 2.1.1. A sutured manifold is a pair (M,~y) where M is a 3-manifold-
with-boundary and 7 is a collection of pairwise disjoint annuli contained in OM.
Each annuli in v is supposed to be the tubular neighborhood of an oriented simple
closed curve, called a suture, the set of which is denoted by s(7). We further suppose
that each component of R(y) := dM \ int () is oriented and we require that each
(oriented) component of OR(7) is oriented-parallel to a suture. We denote by R, ()
(resp. R_(7)) the union of the components of R(7y) whose orientation coincides (resp.
is opposite) with the induced orientation of O M.

Note that the last condition in the above definition implies that for each annuli
A in v, one component of JA is contained in R_() while the other is contained in

Ry(v).
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Definition 2.1.2. A balanced sutured manifold is a sutured manifold (M, ~) in which
M has no closed components, x(R_(v)) = x(R+(v)) and every component of OM
has at least one suture.

If M has no closed components and every component of M contains a suture (a
proper sutured manifold as in [JTZ12|), then s(vy) determines Ry (7). Thus, we only
need to specify s(7) in order to define a balanced sutured manifold.

We now give some examples of balanced sutured manifolds.

Example 2.1.3. Pointed closed 3-manifolds: consider a closed 3-manifold Y together
with a basepoint p € Y. Then if B is a closed ball neighborhood of p in Y, the
complement Y\ int (B) becomes a balanced sutured 3-manifold if we let s(v) be a
single oriented simple closed curve on 0B. Both surfaces R_ and R, are disks in this
case. We denote this sutured manifold by Y (1). Note that a pointed diffeomorphism
between pointed closed 3-manifolds is equivalent to a diffeomorphism between the
associated sutured 3-manifolds.

Example 2.1.4. Link complements: let L be a link in a closed 3-manifold Y and let
N(L) be a closed tubular neighborhood of L. Then Y \int (N (L)) becomes a balanced
sutured manifold if we put two oppositely oriented meridians on each component of
ON(L). We denote this sutured 3-manifold by Y'(L). Here R, consist of one annulus
component for each component of L and similarly for R_.

Example 2.1.5. Seifert surface complements: Let S be a compact oriented surface-
with-boundary with no closed components which is embedded in a closed 3-manifold
Y and let N(S) = S x [—1,1] be a closed tubular neighborhood of S in Y. Then
Y \int (N(9)) is a balanced sutured manifold if we let s(y) = 95 x {0}, = 9S x
[—1,1], Ry =S x {1} and R_ = S x {—1}.

2.2 Heegaard diagrams

We now describe how to represent sutured manifolds via sutured Heegaard diagrams
as in [Juh06, Sect. 2]. We denote by I the interval [—1,1]. By a circle in a surface
we will always mean an embedded simple closed curve.

Definition 2.2.1. A sutured Heegaard diagram is a tuple H = (X, o, 3) consisting
of the following data:

1. A compact oriented surface-with-boundary 33,
2. Aset a={ay,...,a,} of pairwise disjoint embedded circles in int (3),

3. Aset 3={p1,...,0mn} of pairwise disjoint embedded circles in int (X).
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A sutured Heegaard diagram H = (X, a, 3) defines a sutured 3-manifold, denoted
My, as follows: attach 3-dimensional 2-handles to ¥ x I along the curves «; x {—1}
for each ¢ = 1,...,n and along the curves f; x {1} for j = 1,...,m. Then let
s(y) == 0% x{0} and y := 90X x I. We orient My, by extending the product orientation
of ¥ x I to the 2-handles. Note that the surface R_ (resp. R, ) is obtained by doing
surgery on % along a (resp. 3).

Figure 2.1: A sutured Heegaard diagram H = (X, «, 8) and the associated sutured
manifold M. The arrows in the picture indicate where the 2-handles are to be glued.
For this particular diagram, if one thinks that ¥ is embedded in S3, then it is easy
to see that the 2-handles can be attached inside S®. Thus My C S3, indeed, My, is
diffeomorphic to the left trefoil complement.

Remark 2.2.2. The manifold My could also be constructed in the following way:
first, attach n 3-dimensional 1-handles to R_ x [ along R_ x {1} so that the «;
become the belt circles of these 1-handles. The upper boundary of the manifold thus
obtained can be identified with >. Then, attach m 3-dimensional 2-handles along the
curves 3; C . The resulting manifold is My. Thus, a sutured Heegaard diagram
specifies a handlebody decomposition of My relative to R_ x I, where the handles are
attached in increasing order according to their index. In other words, it corresponds
to a self-indexing Morse function on My (see [Mil65]).

Definition 2.2.3. We say that a sutured Heegaard diagram (3, a, 3) is balanced if
|| = |3] and every component of ¥ \ a contains a component of 90X (and similarly

for ¥\ B).

Proposition 2.2.4 ([Juh06, Prop. 2.9]). Let H = (£, ¢, 8) be a sutured Heegaard
diagram. Then the sutured manifold My s balanced if and only if H s balanced.
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Given a sutured manifold (M,~), we will need Heegaard diagrams to be em-
bedded in M. We follow [JTZ12, Section 2|, in which embedded diagrams and the
Reidemeister-Singer theorem for these is treated in detail.

Definition 2.2.5. Let (M, ) be a sutured manifold. An (embedded) sutured Hee-
gaard diagram of (M,~) is a tuple H = (X, ¢, 3) consisting of the following data:

1. An embedded oriented surface-with-boundary ¥ C M such that 0% = s() as
oriented 1-manifolds,

2. Aset a ={ay,...,a,} of pairwise disjoint embedded circles in int (X) bounding
disjoint disks to the negative side of X,

3. Aset B3 ={p,..., 0 n} of pairwise disjoint embedded circles in int (¥) bounding
disjoint disks to the positive side of X..

We further require that if ¥ is surgered along the disks with boundary a (resp. 3)
inside M, then we get a surface isotopic to R_ (resp. R, ) relative to v. Thus, M can
be written as M = U, UUg with U, NUg = X where U, (resp. Ug) is homeomorphic
to the sutured manifold obtained from R_ x I (resp. R, X I) by gluing 1-handles to
R_ x {1} (resp. Ry x {0}) with belt circles the o curves (resp. [ curves). We say
that U, (resp. Up) is the lower (resp. upper) compression body corresponding to the
Heegaard diagram.

If H = (3, a,3) is an embedded diagram of (M,~), then of course it is also an
abstract diagram. Conversely, an abstract diagram H is an embedded diagram of
M. Thus, from now on we assume all Heegaard diagrams are embedded diagrams
(of some sutured manifold). The fact that H is embedded in M implies that there is
a canonical homeomorphism (up to isotopy) d : M — Mjy,. Usually, one says that an
abstract diagram H is a diagram for (M, ) if there is an homeomorphism M = My,
but this is not enough to define the homology classes (in H;(M)) of Subsection 2.3.3
below.

The following theorem is proved in [Juh06, Prop. 2.14].

Theorem 2.2.6. Any balanced sutured 3-manifold admits a balanced sutured Hee-
gaard diagram.

Proof. We include the proof since some of the ideas behind it will be used later (see
Subsection 3.3.1). Fix an orientation-preserving diffeomorphism A : v — s(v) x[—1, 4]
and let f: v — [—1,4] be h composed with projection onto the second factor. Then
f can be extended to OM by setting f(R_) = —1 and f(R,) = 4. Now, extend f to a
Morse function M — R which we still denote by f. After an appropriate perturbation,
one can assume [ is self-indexing, that is f(p) = i for each critical point of index 1,
and its critical points are of index one or two. We denote these by p1, ..., ps (index 1)

and g1, ..., qq (index 2). Let ¥ == f71(3/2) and U, = f~'[—1,3/2],Us == f1[3/2,4].
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Then U, is a sutured handlebody built from R_ x I by attaching one handles with core
disks the stable submanifolds W*(p;) of f at the index one critical points. Similarly,
Ups is a sutured handlebody with core disks the unstable submanifolds W"(g;) of the
index two critical points. Therefore if we set «; == W?*(p;) N X and §; .= W¥(¢;) N X
for each i =1,...,d, then (3, a, 3) is a Heegaard diagram of (M, ). O

2.2.1 The Reidemeister-Singer theorem

The Reidemeister-Singer theorem describes how two Heegaard diagrams of a same
sutured manifold are related. Since we work with embedded diagrams, we will use a
slightly stronger form than the usual theorem. For this, we make a few definitions. If
Hi = (X1, aq,08), Ha = (X9, a2, B5) are two Heegaard diagrams, a diffeomorphism
d : Hi — Hs consists of an orientation-preserving diffeomorphism d : ¥ — ¥, such
that d(a;) = ay and d(B,) = 3.

Definition 2.2.7 ([JTZ12, Definition 2.34]). Let H; = (X1, a1, 81), Ha = (X2, a2, 35)
be two Heegaard diagrams of (M, ) and denote by j; : ¥; — M the inclusion map,
for i = 1,2. A diffeomorphism d : H; — Hs is isotopic to the identity in M if
jeod:¥; — M is isotopic to ji : X1 — M relative to s(v).

Definition 2.2.8. Let H = (X, «,3) be a Heegaard diagram. Let 6 be an arc
embedded in int (¥) connecting a point of a curve a; to a point of a curve «; and
such that int (6) N« = ). There is a neighborhood of a; U ¢ U «; which is a pair of
pants embedded in ¥ and whose boundary consists of the curves «;, a; and a curve
. We say that o is obtained by handlesliding the curve a; over «; along the arc
J. Similarly, we can handleslide a § curve over another along an arc § C int (X) such
that int (6) N3 = 0. See Figure 2.2 below.

Figure 2.2: Handlesliding a curve a; over a curve «; along an arc 6 C X.

Definition 2.2.9. Let H = (X, a, 3) be a Heegaard diagram of a sutured manifold
(M,7). Let D C int(X) \ (e UB) be a disk. Let ¥’ be a connected sum ¥’ =
Y#T along D, where T is a torus embedded in M. Let o/, be two curves in T
intersecting transversely in one point and suppose that both o/, 8" bound a disk in
M. If o/ = aU{d}, B =BU{F}, then H = (X', a,3) is a Heegaard diagram
of (M, ) which we say is obtained by a stabilization of the diagram H. We also say
that H is obtained by destabilization of H'.
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Theorem 2.2.10 ([JTZ12, Prop. 2.36|). Any two embedded Heegaard diagrams of a
sutured 3-manifold (M,~) are related by a finite sequence of the following moves:

1. Isotopy of o (or B) in int(X).
2. Diffeomorphisms isotopic to the identity in M.
3. Handlesliding an o curve (resp. [ curve) over another a curve (resp. [3 curve).

4. Stabilization.

Note that this theorem is stronger than the usual Reidemeister-Singer theorem
[Juh06, Prop. 2.15] which states that a diffeomorphism class of sutured manifolds
is specified by a Heegaard diagram up to isotopy, handlesliding, stabilization and
diagram diffeomorphism.

2.3 Extended Heegaard diagrams

In order to extend Kuperberg invariants to sutured 3-manifolds we will need a slight
extension of the concept of Heegaard diagram. Most of this section is taken from
[LN19a].

2.3.1 Cut systems of surfaces

In what follows, we let R be a compact orientable surface-with-boundary. We suppose
R has no closed components.

Definition 2.3.1. A cut system of R is a collection a of pairwise disjoint arcs properly
embedded in R such that for any component R of R, R'\ R'N N (a) is homeomorphic
to a disk. Here N(a) is an open tubular neighborhood of a in R.

A cut system is equivalent to a handlebody decomposition of R with a single
0-handle on each component and no 2-handles. Indeed, the cocores of the 1-handles
define a cut system of R, and viceversa.

Definition 2.3.2. Let a = {a4,...,q;} be a cut system of R and suppose that an
arc a; has an endpoint on the same component C' of OR as another arc a,. Suppose
there is an arc v in C' connecting these two endpoints such that no other endpoint
of an arc of a lies on . Then there is a neighborhood of a; Uy U a; which is a disk
D embedded in R and whose boundary [0D] € Hy(R, 0R), consists of the arcs a;, a;
and a new arc aj. We say that a is obtained by arc-sliding (or just sliding) a; over
a;. It is clear that (a \ {a;}) U {a}} also defines a cut system of R. See Figure 2.3.

We now prove that these moves suffice to relate any two cut systems over R. In
the following lemma, we assume all arcs are properly embedded (see [OS04, Prop.
2.4] for a similar statement).
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Q; a;

Figure 2.3: An arc a; is slided over an arc a;.

Lemma 2.3.3. Leta = {ay,...,a;} be a cut system of R. Ifd’ is a properly embedded
arc in R with [a'] # 0 in H1(R,OR), then there is an i such that a’ is isotopic to an
arc obtained by sliding a; over some of the a; with j # i.

Proof. 1t suffices to suppose R is connected. We think of R as obtained from a disk D
by attaching [ one-handles, where each handle is attached along two points p;, ¢; € 0D
and has cocore a; for © = 1,...,l. We isotope each a; to a small arc contained in
D around p;. Thus, sliding a; over the other arcs of a corresponds to isotoping the
endpoints of a; through 9D \ {p;, ¢;}. We suppose d’ is transversal to a and proceed
by induction on N = |a’ Na|. Suppose first N = 0, so @’ is disjoint from a. Thus, we
can suppose that @ is contained in D, so it separates the points of I := U'_, {p;, ¢;}
into two disjoint sets, call them X and Y. Now, since [a/] # 0 in H;(R,0R), there
must exist an ¢ such that p; € X and ¢; € Y. We can then isotope the endpoints of a;
along 0D to reach a’. During the isotopy a; will cross all the points of X \ {p;}, and
as noted above, this corresponds to sliding a; along the arcs a; associated to those
points. This proves the base of the induction. Now let N > 0, let g € 9D\ F' be one
of the endpoints of a’ and let 1 be the first intersection point of a’ with a starting
from xg, say 1 € a’ Nay. As before, the subarc of @’ from xy to z; (or rather a short
extension of it that ends at p; € dD) separates the points of F' into two disjoints
sets X,Y. Suppose ¢q; € Y, then we can isotope one of the endpoints of a; across
X to get rid of the intersection point x;. This corresponds to sliding inside @ and
decreases N at least by one, so we are done by the induction hypothesis. O

Proposition 2.3.4. Any two cut systems of a compact orientable surface-with-boundary
R (without closed components) are related by isotopy and arc-sliding.

Proof. It suffices to suppose R connected. Let a,a’ be two cut systems over R. Let
a) € a'. Since [d}] # 0 in Hi(R,0R), by the above lemma we can do isotopy and
arc-sliding inside a to get a new cut system (still denoted a), with an arc a; € a
isotopic to a}j. We can as well suppose a| = a;, hence we can cut R along a; to
get two cut systems on a surface R’ with rk H;(R') = rk H1(R) — 1. The proof then
follows by induction. 0
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Remark 2.3.5. If the surface R has a basepoint p € R, then the above arguments
can be refined to show that any two cut systems are related by isotopy and arc-sliding
in the complement of p, see [BVV18, Lemma 2.7].

2.3.2 Extended diagrams and extended moves

Definition 2.3.6. Let H = (X, o, 3) be a Heegaard diagram of a sutured manifold
(M,~). A cut system of (3, ) consists of a set of pairwise disjoint properly embedded
arcs a C X\ a such that a is a cut system of ¥[a], the surface obtained by surgering
¥ along the disks (in U,) bounded by a (note that X[ is isotopic to R_(7)).
An extended Heegaard diagram is a Heegaard diagram (X, a, 3) endowed with a cut
system a of (3, ). We will often denote a® = aUa and if |a| = d, |a| = [, then we
denote a = {ay,...,aq} and a = {agi1,. .., a4}

We will call extended Heegaard moves the following moves on an extended Hee-
gaard diagram.

1. Usual Heegaard moves of (X, e, 3), just that we always suppose the a’s are
isotoped or handleslided in the complement of the arcs in a.

2. Isotopies of arcs.
3. Sliding an arc over an arc.
4. Sliding an arc over a curve.

Proposition 2.3.7. Any two extended Heegaard diagrams of a sutured 3-manifold
(M,~) are related by extended Heegaard moves.

Proof. Let H = (3, a%, 3) and H' = (X, a’®, 3') be two extended Heegaard diagrams
of (M,~). By Proposition 2.3.4 it suffices to prove that whenever the diagrams are
related by one of the moves of Theorem 2.2.10, then the latter move can be performed
in the complement of the cut systems. This is obvious for all moves except when
handlesliding closed curves. So suppose H' is obtained from H by handlesliding a
curve o over a curve «; along an arc . Suppose the arc v intersects some arcs in a.
Then we can successively slide these arcs along «; to get a new cut system a” for ‘H
which is disjoint of «. Hence, a” is also a cut system for H'. By Proposition 2.3.4,
a’ and a” are related by isotopy and arc-sliding in ¥'[a/]. But isotoping an arc past
the trace of the surgery is the same thing as sliding that arc over the corresponding
curve in . Thus we can pass from H to H' using extended Heegaard moves, as
desired. O
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2.3.3 Dual curves

Let (M,~) be a balanced sutured 3-manifold with a basepoint p € s(y) and suppose
that R_(v) is connected. Let H = (X, a® B3) be an extended Heegaard diagram of

(M, 7).
Definition 2.3.8. We say that H is oriented if each curve in a U 3 is oriented.

Suppose H is oriented and that the arcs in a are also oriented (though the orien-
tation of the arcs will be irrelevant soon). One can construct elements o* € m (M, p)
for each a € a° as follows. Let a® = ¢ U a where o« = {ay, ..., a4} are the closed
curves and @ = {gi1,..., 044} is a cut system of (X, ). Write M = U, U Uy
where U,, Ug denote respectively the lower and upper compression bodies associated
to H. We can think of U, as constructed from R_ x I by attaching 3-dimensional
1-handles with belt circles the closed a curves. The cocores of these 1-handles are
disks Dy, ..., Dg with 0D; = «; for each i = 1,...,d. On the other hand, we have
disks D; = a; x I C R_x I foreachi =d+1,...,d+1. Since we assumed that R_(v)
is connected, the complement U, \ (D; U---U Dgy,) is a single 3-ball, we denote it
by Bge.

Definition 2.3.9. For each i = 1,...,d + [ we let of € m(M,p) be the homotopy
class of a loop based at p contained in U, which intersects Dy U ---U Dy only at
a single point in D;. We orient o in such a way that «; - & = +1 when o] is
represented as a curve in X.

Figure 2.4: An (oriented) extended Heegaard diagram (X, @, ) where a = {a} and
a = {ay,ay} with its dual curves o, a3, ay € m (M, p) indicated in blue.

Remark 2.3.10. We will need to understand how the elements o € (M, p) change
when performing extended Heegaard moves:

1. Suppose a; is handleslided over a; (with (aj, ;) ¢ v x a) and let o}, a; denote
the curves after handlesliding, so o = o; and o) = a;#a;. If P denotes the
handlesliding region, we suppose that the basepoint p € s(y) does not lies in
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P (this matters when one of a;,; is an arc). Suppose the curves oy, o, o
are oriented so that 0P = o; U a; U —a’; in Hy (X, 0%)) as oriented 1-manifolds
(P has the induced orientation from ). It is clear that (a})* = . However,
the dual o] intersects o positively in one point. To get rid of this intersection
point, we slide o over (a})* = aj, see Figure 2.5. Therefore, the dual of a; in
the Heegaard diagram after handlesliding is

Figure 2.5: A portion of a Heegaard diagram in which a curve or arc «; has been
slided over «;.

2. Suppose an arc a € a is isotoped along 0% past the basepoint p. We suppose the
arc a is oriented so that a-d = +1 where ¢ is the oriented boundary component
of 9% containing p. Suppose further that the arc a is isotoped to the right of p
(this has sense since ¥ is oriented), and denote by a’ the new arc and by H’ the
new extended Heegaard diagram. If we denote by o the curves «; in H', then

(af)" = a’aj(a")™

forallt=1,...,d+[. See Figure 2.6.

Now let ¢ C X be an embedded oriented arc or an embedded oriented circle with a
basepoint (which we can consider as an oriented arc by deleting a small neighborhood
of the basepoint). Suppose c is transversal to a® and has endpoints in 3 \ af.

Definition 2.3.11. We let ¢ € 71 (M, p) be the homotopy class of the loop obtained
by joining the basepoint p to the beginning point of ¢ by an arc contained in Bye =
Uy \ (U D;), then following ¢ according to its orientation and finally coming back
to the basepoint p by an arc contained in B,e. Equivalently, ¢ is obtained by taking
the product from left to right of the (a*)™®)’s for each € a® N ¢, ordered by their
appearance along ¢ and where m(x) € {£1} is the sign of the intersection.
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Figure 2.6: An arc a is slided past the basepoint p € § C 9. On the left we draw o
as yA !, where A; is a circle in int (3) intersecting a® once at a; and v C X\ a® is
an arc connecting the basepoint p to a point in A;. On the right the arc « has been
slided over a* to avoid an intersection with a. This shows that (a})* = a*a}(a*)™'.

The orientation of the arcs in a is needed to write ¢ as a word in the a*’s, but as
an element of m1(M,p), ¢ is independent of this. Note that if ¢ C 3 is an oriented
circle with a basepoint, then changing the basepoint along ¢ leaves the conjugacy
class of ¢ unchanged. As an example, if we put a basepoint on the leftmost part of
in Figure 2.4, then we have 3 = (a*)taja;.

Lemma 2.3.12. Let H = (X, ¢, 3) be an oriented extended Heegaard diagram of
(M,~). The fundamental group of M at p has a presentation

7T1(M>p) = <Oé>{, s >a:<l+l | 317 s aBd>'
Proof. This is direct from Van Kampen’s theorem. O

Definition 2.3.13. Suppose a curve 3 € (3 is oriented and has a basepoint ¢ € §\ a°.
For each x € SN af let ¢, € § be a point defined as follows: if the crossing at x
is positive (resp. negative), then ¢, is right before (resp. after) x along 5. Then
we denote 3, = & where ¢, is the subarc of 3 starting at ¢ and ending at g,. More
precisely, suppose © € a; N B (i = 1,...,d + 1) and write § = w(a})™®w' where w
(resp. w') is the product of the a*’s corresponding to the crossings of § that precede
(resp. succeed) x. Then

= w if m(z) =1
be = { w(a)™ it m(z) = —1. (2.1)

Remark 2.3.14. With this notation the Fox derivatives are computed by

gf* = > m(2)B, € Z|F], (2.2)

i rE€a;NB

for any § € B3, where F' is the free group generated by of,...,aj,;.
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2.4 Homology orientations

Let (X, o, 3) be a balanced Heegaard diagram of (M, ) and d = |a| = |3|. Denote
R_ =R _(v). Let A C H{(3;R) (resp. B) be the subspace spanned by a (resp. (3).
These subspaces have dimension d by [Juh06, Lemma 2.10]. There is a bijection o
between orientations of the vector space H,.(M, R_;R) and orientations of the vector
space AY(A) @ AY(B) |[FJR11, Sect. 2.4]. This is seen as follows. The Heegaard
diagram specifies a handle decomposition of (M, ) relative to R_ x I with no handles
of index zero or three. There are d handles of index one and two, so the handlebody
complex C, = C,(M, R_ x I;R) is just C; & Cy where both C,Cy have dimension
d. Now let w be an orientation of H,(M, R_;R) and let h},... kL h2 ... h% be an

Tt mo

ordered basis of H,(M,R_;R) compatible with w, where h} € H;(M,R_;R). Let

1

ct,...,ck 2 ... c2 € C, be chains representing this basis, where cé- € C;. Then, for

any by, ..., bg_m € Cy such that ¢f,...,c2 by, ..., bg_, is a basis of Cy the collection

) m)

1 1 2 2
ClyeeyCpyyOb1y oo Obg_ Ty oo Cyy b1y oo b

Y ~m) ) mo

is a basis of C, whose orientation w’ depends only on w. Now, an orientation of C
is specified by an ordering and orientation of the handles of index one and two. This
is the same as an ordering and orientation of the curves in & U 3 or equivalently, an

orientation of A%(A) ® A%(B). This way, the orientation w induces an orientation of
A(A) ® AY(B) via w’. We denote this orientation of A4(A) ® A%(B) by o(w).

There are a few cases in which there is a canonical orientation of H,(M, R_();R),
and hence there is a canonical sign-ordering of a sutured Heegaard diagram. For
example, let Y be a closed oriented 3-manifold. If M =Y \ B where B is an open
ball in Y and v = S* C 9B, then H,(M, R_(7);R) = Hy(Y;R) ® H,(Y;R). Now,
any basis of H;(Y;R) determines a Poincaré dual basis of Hy(Y;R) via the (non-
degenerate) intersection pairing Ho(Y) ® H,(Y) — R. The orientation of the basis of
H.(M,R_(v)) thus obtained is independent of the basis of H;(Y) chosen. However,
reversing the orientation of Y, multiplies this orientation by (—1)().

Another situation is when H,(M, R_;R) = 0, for example for knots in an homol-
ogy 3-sphere. Here the orientation w’ of C, (M, R_;R) constructed above is canonical
and an ordering and orientation of the curves of a U 3 corresponds to the canonical
orientation if and only if

det(Oéi . 5j) >0

where o - B; € Z denotes the intersection number.
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Chapter 3

Kuperberg invariants for sutured
3-manifolds

In this chapter, we will construct the topological invariant Z%(M,~,s,w) € K of
Theorem 1, following mainly [LN19b|. In Section 3.1, we recall the original con-
struction of Kuperberg as well as Virelizier’s extension, which are defined for closed
3-manifolds (endowed with a representation of the fundamental group in the second
case). In Section 3.2 we define a scalar Z% () from a sutured Heegaard diagram of
(M, ), but we show this is a topological invariant only when Im (p) C Ker (rg). The
case of arbitrary p is treated in Section 3.3 using Spin® structures.

3.1 Kuperberg invariants of closed 3-manifolds

In this section, we recall the constructions of [Kup91] and [Vir05]. In what follows,
we let Y be a compact, oriented, connected closed 3-manifold.

3.1.1 Tensors associated to Heegaard diagrams

Let H = (X, a, 3) be a Heegaard diagram of Y. We will follow the conventions and
notation of [KV19].

Definition 3.1.1. A Heegaard diagram H = (X, ¢, 3) is ordered if the sets o and 3
are totally ordered. We say that H is based if each curve o € a (resp. f € 3) has a

basepoint p € a\ B (resp. q € 8\ «).

Notation 3.1.2. If H is oriented (i.e. every curve of a U is oriented), then at each
crossing x € a N B of H we let m, € {£1} be its intersection sign. Thus, m, = 1
if the tangent vectors to e and 3 at x form a positive basis of T,,>, and m, = —1
otherwise. We define ¢, € {0,1} by ¢, =0if m, =1 and ¢, = 1 if m, = —1.
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Suppose H is ordered, oriented and based. We denote by Z the set of crossings of
H, that is, Z = anB. Foreach i =1,...,d, where d = |a| = |3|, the basepoint of «;
together with its orientation determine a total ordering on the set of crossing through
«;. Using the total ordering of a, we get a total ordering on the set Z. We denote
by Z. the set Z with the total ordering coming from «. Similarly, the ordering,
orientation and basepoints of 3 determine a total ordering on Z, we denote by Zg
the set of crossings with this ordering. These orderings differ by some permutation
in Sy, where N is the total number of crossings of H. We let

Py s HON — H®N

be the map induced by the symmetry of the category SVectkx and this permutation
(see Notation 1.1.2). Here we suppose the domain of Py is ordered according to Z,
and the target is ordered according to Zg.

Now, for each a € a, let || be the number of crossings through o and similarly
we define |3| for 8 € 3. We set

d
Ay = ®A|ai| c H® 5 N

i=1
and

d
mg = ®m‘6"'| c HON - ged,
i=1

Here A* : H — H®* and mF : H®¥ — H denote iterated coproducts and products
for each k > 0. For k = 0 we set A? = ¢,m® = n while for k = 1, Al =idy = m".
Finally, we define
Se = ® Se s HON — gV,
r€Ln
Note that in this tensor product, the order of 7, is relevant. If Sz denotes the tensor

product of the same maps, but using the order of Zg, then this relates to the previous
tensor by PySa = SgPy.

3.1.2 The original construction of Kuperberg

Let H be a finite dimensional involutive Hopf algebra over a field K. If char (K) =
p > 0, one further supposes p t dim(H). This guarantees that H is semisimple and
hence there is a two-sided cointegral ¢ € H and a two-sided integral pu € H*, we
suppose they are normalized by u(c) = 1.
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Definition 3.1.3. Let Y be a (compact, oriented, connected) closed 3-manifold rep-
resented by a Heegaard diagram H = (3, a, 8) with d = || = |B|. Suppose H is
arbitrarily ordered, oriented and based. We define

K" (1) = maPySalg : H®? — H®
and
Zy'"(H) = p® (K" (H)(c*) € K.

It is shown in [Kup91] that Z5 “P(H) is invariant under Heegaard moves, the main
point being that handlesliding invariance follows directly from the defining equations
of the cointegral and integral. By the Reidemeister-Singer theorem, it follows that
Zg“p (Y') defines a topological invariant of the underlying 3-manifold Y.

Remark 3.1.4. The hypothesis on H may be weakened: one only needs H to be
finite dimensional, involutive, unimodular and counimodular for the above formula
to define a topological invariant. Thus, H may be a Hopf superalgebra and the
characteristic may be positive and divide dim(H), provided unimodularity holds.
However, when H is a Hopf superalgebra with a cointegral of degree one, Z ﬁ“p (Y)
has a sign indeterminacy. This indeterminacy can be removed by picking an homology
orientation w, which can be done in canonical way if Y is oriented (see Section 2.4),
and multiplying Z5;“*(#H) by the sign d,,(H) defined below.

3.1.3 Virelizier’s extension

We now sketch Virelizier’s extension of Kuperberg’s invariant. This relies on the
notion of Hopf G-coalgebra, and produces and invariant of a closed 3-manifold Y
endowed with a representation p : m(Y) — G. We will actually use the dual notion,
that of a Hopf G-algebra as introduced in Section 1.3.

Thus let H = {H,}acce be a finite type involutive Hopf G-algebra. If char (K) =
p > 0, it is further required in [Vir05] that p 4 dim(H;) # 0. As mentioned above, this
implies semisimplicity and hence unimodularity of H and counimodularity (of H;),
but only the last two conditions are needed. Let (¢, )ace be the two-sided cointegral
and p € Hy be the two-sided integral, normalized by p(ci) = 1.

Let Y be a closed oriented 3-manifold with a basepoint p € Y and let p :
m(Y,p) — G be a group homomorphism into the grading group of H. Let H =
(3, at, B) be an ordered, oriented, based Heegaard diagram of Y with p € 3\ (aUS).
More precisely, we let ‘H be an embedded sutured Heegaard diagram of the su-
tured 3-manifold (Y \ int (B),~), where B is a small embedded closed 3-ball with
p € s(y) € OB. This implies that every curve @ € «a has a well-defined dual
a* € m(Y,p).

27



We extend the tensors of Subsection 3.1.1 to the Hopf G-algebra setting. For
simplicity, we note H, instead of H,,~) for each o € . Suppose a curve 3 € B has
associated the word

when starting from its basepoint and following its orientation. Since 8 = 1 in
m1 (M, p), we get a multiplication
mBHaZﬂ ®®Ha?;k —>H1

We let

mg = ®m5 : ® H,me — H(f@d.

BEB Z‘El—ﬁ

Now, for each a € a let Al : H, — H be the |a|-iterated coproduct of the
coalgebra H, and let

A, =AM Q) H, » Q) HI = X) H,.

aEa aca aca €L

So=Q)S8s : R Ha, = (X) Hope.

Z‘EI& SCEZOL Z‘EI&

We let

Let P, be the map that takes the H,m:’s, ordered according to Z,, and reorders
them according to Zg. Then one can define

Kp(H) = mgPySalq ®Hp(a*) — HPY

aca

If (¢o)acc is a (two-sided) cointegral of H, normalized by u(c;) =1, then let

Z5(H) = p® (K,@(H) (@ ca>> .

aco

This is shown to be a topological invariant of (Y,p) in [Vir05], denoted Z%(Y).
More precisely, if Y’ is another closed 3-manifold with a basepoint p € Y’ and p' :
m(Y',p') — G is a group homomorphism for which there is an homeomorphism
f:Y =Y with f(p) =p' and p/ o f. = p (where f, : m (Y, p) — 7 (Y, p) is induced
by f), then

Zy(Y) = Zg(Y').
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3.2 Extending to sutured manifolds: the unimodular
case

We begin this section by defining a scalar Z%,(#H) out of a sutured Heegaard diagram
H of a balanced sutured 3-manifold (M, ) with connected R_(y). We explain the
relation of our formula with Virelizier’s extension in Subsection 3.2.3. Then in Sub-
section 3.2.4 we prove some lemmas on Z%(H), valid for arbitrary p. From these, we
deduce in Subsection 3.2.5 that Z%(H) is a topological invariant (= Z%(M,~)) when
Im (p) C Ker (rg). We say that the condition Im (p) C Ker (ry) is the unimodular
case, since it corresponds to the unimodular Hopf algebra K[Ker (ry)] x H. Finally,
in Subsection 3.2.6 we extend everything to the case of disconnected R_(7) (e.g. link
complements), provided Im (p) C Ker (rg) as well.

In what follows, we let H be a finite-dimensional Hopf superalgebra over a field K
which we suppose is involutive, unimodular and counimodular. We let c € H,u € H*
be a two-sided cointegral and integral respectively, normalized by u(c) = 1.

3.2.1 A direct Fox calculus-like formula

Let (M,~) be a (compact, oriented, connected) balanced sutured 3-manifold with
connected subsurface R_(y) C OM. We will suppose that M has a basepoint p in
some suture of s(y) (though we show in Corollary 3.2.12 that our formulas do not
depend on the basepoint). Let p : w1 (M, p) — Aut(H) be a group homomorphism.

Let H = (X, a, 3) be a sutured Heegaard diagram of (M,~). We suppose H is
ordered, oriented and based, that is, both sets «, 3 are ordered, oriented and based.
The tensors mg, Py, Sa, Aq defined in Subsection 3.1.1 do not depend on whether the

Heegaard surface has boundary or not. Therefore, these tensors are equally defined
for H.

Now suppose further that ‘H is an embedded extended Heegaard diagram, so a® =
aUa where the ac are closed curves, a consists of arcs and X[\ @ is homeomorphic
to a disk (where X[a] denotes ¥ surgered along a). We suppose the basepoints of
B are disjoint from all of a®. Then for each § € 3 and x € N « there is an
element 3, € m (M, p) obtained by joining the basepoint p € s(7) to the basepoint
of # through an arc in ¥ \ af, traversing  until reaching ¢,, and joining ¢, back
to the basepoint p through an arc in X \ af see Definition 2.3.13. Recall that
¢z € B\ af is a point that lies just before = (resp. after x) along g if m(z) = 1 (resp.
m(z) = —1). These elements appear when expanding the Fox derivatives 03/da*,
see Remark 2.3.14. The arcs in a don’t need to be oriented, but sometimes we will
assume that they are to have a well-defined dual a* € 7 (M, p), which together with
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the o, generate m (M, p). We denote
e (@) 1
IEGIOL
where N = |a N B|.
Definition 3.2.1. Let (M,~) be a balanced sutured 3-manifold with connected
R_(v), endowed with a representation p : m(M,p) — Aut(H) where p € s(7v).

Let H = (3, a% B) be an ordered, oriented, based, extended Heegaard diagram of
(M,~) and let d = || = |3|. We denote by K% (H) the tensor

K2 (H) = mgPypnSala : H®* — H.

If c € Hyp € H* denote the two-sided cointegral and integral of H respectively,
normalized by p(c) = 1, then we set

Zy(H) = u® (K 5(H)() € K.

To treat some sign indeterminacies in the case that the cointegral has degree one,
we pick an orientation w of the vector space H,.(M, R_(y);R). Since H is ordered
and oriented, we can compare it to the orientation w via the map o of Section 2.4. If
d € {£1} is determined by o(#H) = dw, then we define

5u(H) = ol (3.1)
In particular, if the cointegral has degree zero then ¢ ,(H) = 1.
Definition 3.2.2. If w is an orientation of H,(M, R_(v);R), we write
76 (M, ) = 6.(H) Z5(H)
where d,,(H) is the sign defined above.

When # is a Heegaard diagram of a closed 3-manifold and p = 1, Z ' (H) reduces
to Z5""(#) of Definition 3.1.3. Therefore, by Remark 2.3.14, for general p one can
think of Z%(H) as a Fox calculus extension of the construction of [Kup91] to sutured
manifolds. We will prove the following in Subsection 3.2.5.

Theorem 3.2.3. Wheneverryop = 1, the scalar Z%(H) (resp. Zt(H,w) if the coin-
tegral has degree one) defined above is independent of the (ordered, oriented, based)
extended sutured Heegaard diagram of (M,~y) chosen. Thus, it defines a topological
invariant of the tuple (M,~, p) (resp. (M,~, p,w)).

We denote the topological invariant above by Z% (M, ) (resp. Z5(M,~,w)).
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1 Tt

® b

(0% (0%

Figure 3.1: From left to right: extended Heegaard diagrams of the left trefoil and
figure eight knot respectively. The opposite sides of each square have to be identified,
so in both cases X is a torus with two punctures. The closed curves of both diagrams
are oriented and based as indicated.

3.2.2 Examples of computation

We now compute the tensor K% (H) and the scalar Z%(H) for some knot comple-
ments.

Example 3.2.4. Let K C 5% be the left trefoil and M = 5%\ N(K). Recall
that M is a sutured 3-manifold if we let 7 consist of two meridional sutures in
OM (see Example 2.1.4). Consider the (oriented, based) extended Heegaard diagram
(3, a, a, ) of Figure 3.1. We assume both «, a are oriented, so we have o*, a* € 7 (M)
and p(a*), p(a*) € Aut(H). For simplicity, we will denote these Hopf automorphisms
just by a,a. If x1,29,x3 are the points of § N «, encountered as one follows the
orientation of 8 starting from the given basepoint, then Bm = @73@ = aaa tat
and 3,, = aaa'a"'a™'. Hence K*(H) : H — H is given by

K% (H)(h) = a(hq) - (aca™ a ") (S(h)) - (aca o a ") (b))

As a particular example, let H = A be an exterior algebra on one generator X, so
that Aut(A) = K*. Then p descends to Hy(M;Z) = 7Z which is generated by a*. If

a = p(a*) satisfies a(X) = tX, then we get
Zp(H) = p(KP(H) (X))
= p(a(X) - S(Xeg) - a (X))
= p(a(X)) + u(S(X)) + u(a™' (X))
=t—14+t",
the Alexander polynomial of K.

Example 3.2.5. Consider the (oriented, based) extended Heegaard diagram of the
figure eight knot of Figure 3.1. Then we have

K*(H)(h) = a(hq)) - ([a,a] 0 S)(hw)) - ([a,ala) (k) - (@ a0 S)(hw) - o~ (he))

31



where we use the commutator notation [a, a] == aaca™*a~' (considered as an element

of Aut(H)) for simplicity. Note that if H is cocommutative, then this can be rewritten
as a convolution product

KP(H)=ax([a,a]08) *[a,a]a* (alaoS) xa™

where fxg = mpy(f®g)Ag forany f,g: H — H. If H = A(C?) and p : 7, (S*\K) —
SL(2,C) this implies

ZIP—I(H) = N(KX(Cz)(,H)(C))
= det(a — [a,a] + [a,ala —a"ta+a7t)

= det(p(0B/0a)).

The second equality follows from Lemma 4.3.1 below together with 7,2y = det, see
Example 1.2.11. This is the SL(2,C) Alexander polynomial of K up to a factor, cf.
[DFJ12, Proposition 2.5]|.

3.2.3 Relation to Virelizier’s extension

We now explain how the formula of Definition 3.2.1 can be seen as (a sutured extension
of) that of Subsection 3.1.3 specialized to a semidirect product. We also explain why
we only consider semidirect products instead of more general Hopf G-algebras.

Let H be a Hopf G-algebra and p : m(M,p) — G a group homomorphism.
Let H be an extended sutured Heegaard diagram which is ordered, oriented, based.
Suppose that the set a is also ordered and oriented. We extend the order to all of
af by declaring the closed curves to come before the arcs. Since all the o € a® are
oriented, we have a well-defined dual o* € m (M, p) for each o € a®. For simplicity
of notation, for each o € a® we denote H,-) simply by H,. Then, the construction
of Subsection 3.1.3 extends to a tensor

K&(H) = mﬁﬂﬂﬁaeéae : ® H, — H(lgcd

acac

where A . == ®a€aeAl§y " and Sqe = Qper,,. S5 . Here Zge denotes the set of crossings
a® N B ordered according to a®.

Let’s see what happens to this tensor when we restrict to the semidirect product
Hopf G-algebra associated to K[G] x H (where G = Aut(H)) as in Subsection 1.3.2.
Recall that this is defined by H, = {z-a | v € H} C K[G] x H for each a € G
and the structure maps of H are induced from those of K[G] x H. We introduce first
some notation. Let § € B and suppose that when following the orientaton of 5 € 3
starting from its basepoint, the crossings through 8 are zy,...,xy, say z; € a,, N G
for every i, where a,, € a®. Let €,...,¢ € {0,1} be determined by m; = (—1)%
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where m; is the intersection sign at z;. Recall that, since § = a;t.oagk =1 in
w1 (M, p), there are maps

mﬁ:Ha;r? ®...®Ha;r;k —>H1G:H'

We denote S5 == ®f:15fjm where S, : H, — H,-1 denotes the antipode of H. We
denote by m and S the multiplication and antipode of H and let Sg := ®F_,S¢.

Lemma 3.2.6. Let H be the Hopf G-algebra associated to the semidirect product
K[G] x H, where G = Aut(H). Let H be an extended Heegaard diagram as above,
and let f € B and k = |a* N B|. Then one has

k k
mgoSgo <®/€a%> =m® oS50 <®p(3%)> cH®* - H
i=1 =1

where ko : H — H,, s the canonical coalgebra isomorphism x — x - .

In other words, the semidirect product structure of K[Aut(H)] x H (i.e. the
tensors on the left) reduces to Fox calculus on H (tensors on the right).

Proof. Suppose first that all crossings are positive, that is ¢; = 0 for each i (so both
Sg, 9 are identity maps). Then 8, = qu Quy ...y, foralli=1,... .k (8,, = 1)
and for any hy,...,hy € H

Mg © §B © (®i‘€:1/{o¢xi)(h1 K...& hk)
== (hlal)(hgag) e (hkak)

= hl (Oél(hg)al)ag P (hkak)
= hlal(hg)(OélOég(h3))OélOé20é3 e

= hl(al(h2))(a1a2(h3)) e (Oél e Oék_1>(hk)(061 Ce Oék)
= hl(al(h2))(a1a2(h3)) e (Oél e Oék_1>(hk)
= 0B, ) (h)p(B,,) (ha) .. p(By ) ().

In the first equalities we successively used the semidirect product relation o -z =
a(z)-afor a € G,z € H and in the second-to-last equality we used that o ... =1
in GG. This proves what we wanted. If a crossing x; is negative, then from

S, (hiow,) = o[ S(hi) = oz} (S(hi))ag)

Ty Z;

we get the o' term at the end of Bml (as in the definition of Bml) This proves the
lemma. O

33



Let £ = Qacacka : HE = @pcae Hy and 1 = id$? @n® : H®? — H® where
n: K — H is the unit of H.

Proposition 3.2.7. Let H be the Hopf G-algebra associated to K|G| x H. Then
K (H) o kom = Kg(H).

Here the left hand side denotes Kuperberg’s tensor at the Hopf G-algebra H and the
right hand side is the Fox calculus extension of Kuperberg’s tensor of Definition 3.2.1.

Proof. We will denote by m%, 55, Py, Sac, Aqe the tensors of Subsection 3.1.1 defined
from H using the whole extended diagram (X, a®, 3). Let mg, Sg, Py, Sa, Ao be the
tensors defined from H using (X, a, B), i.e., without using the arcs. (these are the
tensors involved in our definition of K% (#)). Then it is clear that

<mgP;t < X p(@)) SaeAae) om = Kp(H)

rE€Le

Now, we have

KQ(H) OR = Mﬁﬁgﬂyéae(@)aeaeﬁa)
= mﬁﬁgﬁ}[((gmelle Kaz)Aae
= mﬁ§5(®x€ﬁﬂae "iaz>P”f[Aae

= MiS5(@aepnac P(B:)) PrDac

= mé P, ( & p(ﬁx)> See Age.

ZBEZae

We used that the x,’s are coalgebra morphisms in the second equality and Lemma
3.2.6 in the fourth one. Composing both sides with 7; gives the desired result. O

Remark 3.2.8. In Theorem 3.2.3, we supposed that p has image in Ker (ry) C
Aut(H) and obtained an invariant of (M, ) with no extra structure. Indeed, if G =
Ker (rg), the Hopf G-algebra K[G] x H is unimodular. As mentioned in Subsection
3.1.3, this is all that is needed to define invariants of a pair (Y, p) (with no extra
structure) in the closed case.

Why we do not consider Hopf G-algebras in general? The reason is the following:
if H is an arbitrary involutive finite type Hopf G-algebra, then to turn the G-graded
Kuperberg tensor K% (H) : ®acacHoa — H ﬁd into a scalar we need to evaluate it on
some special element of H, for each a € a®. For closed « it is reasonable to use
the cointegral ¢, € H,. However, this is not reasonable to do over the arcs: if we
did that, then the scalar obtained would be invariant under handlesliding a curve
over an arc, which has no sense. What is reasonable to do is to suppose that each
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H, comes equipped with a group-like element g, € H,, satisfying ga, 9o, = 9Jaia, for
each oy, a2 € G. Then one can evaluate K% (H) at ¢, over each closed o € a and
at g, for each arc a € a. The resulting scalar would then be invariant exactly under
the three extended handlesliding moves of Proposition 2.3.7. However, under these
conditions, conjugation by g, defines a Hopf automorphism ¢(«) of Hi,, defining a
group homomorphism ¢ : G — Aut(H,,). If H,, denotes the Hopf Aut(H,)-algebra
coming from K[Aut(H,,,)] x H;,, then it is easy to see that we get a Hopf morphism
H — H,, above ¢, that is, we have coalgebra maps ®, : H, — Hy(,) for each o € G
satisfying obvious algebra properties. It follows that

Kf(H) = K@(H) o (@ @(a)) :
aco®

Since (®(c,)) is a cointegral of the ¢(G)-algebra { Hy(q) }, it is a multiple of (¢; - ¢(a)),

where ¢; is the cointegral of H; . It follows that

Zy(H) = 235! (M)

and so we are reduced to the case of a semidirect product.

3.2.4 Some lemmas

We now establish some properties concerning the tensors Z%. In what follows, we
let H be an ordered, oriented, based extended Heegaard diagram of a sutured 3-
manifold (M, ) with connected R_() and let p : m (M, p) — Aut(H) be an arbitrary
homomorphism, i.e. we do not suppose Im (p) C Ker (ry).

Proposition 3.2.9. Let H be an ordered, oriented, based Heegaard diagram. Chang-
ing the basepoints along the a’s has no effect on Z%(H). Now, let H' be the (ordered,
oriented, based) Heegaard diagram obtained from H by moving a single basepoint
g € Bi of H to ¢, € B;. Let b C f3; be the oriented arc from q; to q.. Then

Zy(H) = ru(p(b)) Z5(H').

Proof. Suppose we move the basepoint p; € «a; to pj and let H' be the new based Hee-
gaard diagram. By definition K?(H') differs from K*?(?) only on the permutations
P(H') and P(H) and these differ as follows: let k denote the number of crossings
between p; to p) along oy and [ = |a;| — k. Then one has

P(H) = P(H') o (Pyy @idyy )

where Py : HeEHD) _ go*k+l) i5 induced by the permutation of Sk that sends the
first k letters to the last [ and viceversa. But by Proposition 1.2.12, the cyclic order
of A+ (¢) is irrelevant, that is,

A(k+l)(c) _ PkJA(k—H)(C)
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for any k,l. From this it follows that Z%(H) = Z%(H') as desired. Now suppose we
move a basepoint along a curve in 3, say (1. Then not only the permutation P(H)

changes, but the 31@75 are also affected. For each f € B3 and v € a N S, let B; be
the element corresponding to H'. Then we have 3, , = b- Fm for each z € aaN By
while for 3 # 81, B, = B,. Thus

(p(b )®\61\ ®1d®N \ﬁll)p
= (p(b) @ idg; Yymapy.

Using that p o p(b) = rg(p(b))u (Proposition 1.2.12) and that y is cyclic as in the
argument of the first assertion, we obtain the desired relation.
O

Note that Proposition 3.2.9 requires unimodularity of H and H* in an essential
way. On the other hand Lemma 3.2.10 below requires involutivity of H.

Lemma 3.2.10. Let H be an ordered, oriented, based Heegaard diagram. Reversing
the orientation of a curve in B has no effect in Z%. Now let H' be the ordered,
oriented, based Heegaard diagram obtained from H by reversing the orientation of a
single oriented closed curve o; € ac. Then

Zy(H,w) = ru(p(e])) 25 (H, w).

Proof. Suppose the orientation of 3; € 3 is reversed. Since ; = 1 it follows that the
Bm’s are unchanged, hence py is unchanged. The only changes comes in the order
of the multiplication along 3; and the evaluation of the antipode, since the crossings
through f3; reverse order and sign. But using that S is an algebra anti-automorphism
and S? = idy it is easy to see that

K4(H) = (S @ iy ) K4 (H).

Using that poS = (—1)lu (Proposition 1.2.12), we get Z5(H) = (—1)!9Z2(H') and
hence the equality if we take the orientation w into account. Now suppose we reverse
the orientation of a curve «; € o, say a; = a;. The only difference with the preceding
argument is that now the 3,’s change. Indeed, for each 3 € B let m/(z) be the sign
of intersection, in H', of x € a; N B so m'(xz) = m(x) if j # 1 and m/(z) = —m(x) if
J = 1. Recall that if z € a; N 3, there is a o at the end of B; if m/(z) is negative,
but this o does not appears if m/(x) is positive. Therefore, we have

E;:Ex'al
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for each x € a; N and B; = 3, for x € a; N B with j # 1. Combining this with
the preceding argument (so we use that S is a coalgebra anti-automorphism and
S? =idg), it follows that

K*(H') = K*(H)((Sp(ep)) @ i ™).

Since (Sp(a))(c) = (=1)ry(p(ar)), it follows that Z% (H') = (—=1)ry (p(at)) Z4(H)
and hence the desired equality if we consider the orientation w as before.

O

Now, given a fixed ¢ € Aut(H), let py : m(M,p) — Aut(H) be the homomor-
phism defined by py(z) = ¢ o p(x) 0 ¢~ for any = € 7, (M, p).

Lemma 3.2.11. For any ¢ € Aut(H) we have Z4¢ (H) = Z6(H).

Proof. Since ¢ is a Hopf automorphism and K¥,() only involves the structure maps
of H, we have

K (H) = ¢%' o Ky(H) o (7).
Therefore, by definition of ry and Proposition 1.2.12, we get

Zg (H) = (no ) Ko (H)((¢7"(c)®?)
= ru(9)" Z5(H) - ra(e™")!
_ 20 (H).

O

Now let p1,ps € s(7) be basepoints and let 4 : [0,1] — M be a path from p; to
p2. Let Cpg) : m (M, p1) = (M, p2) be the isomorphism defined by Cs (o) = [0]ar[0]
for a € m (M, py).

Corollary 3.2.12. The scalar Z%(H) is independent of the basepoint p € s(v).
More precisely, let p1,ps € s(y) be two basepoints and let p; : m (M, p;) — Aut(H)
for i =1,2 be group homomorphisms related by p; = ps o Cl5 for some path o from
p1 to pa. Then Z7 (H) = Z77 (H).

Proof. Note that changing the path J by another path changes Cj5 by an inner
automorphism of 71 (M, py). Therefore, by Proposition 3.2.11, it suffices to prove the
corollary for a specific path 0. Let a5 € m(M,p;) be the dual curves of the a’s
coming from the diagram H with basepoint p;, i = 1,2. If we just let 6 be a path
from p; to p contained in ¥\ @ (which is connected) then o, = doz 6. Using
p1 = p2 o Cl5 we get pi(aj, ) = pg(ga;d) = p2(ay,) for each a € a. It follows that
p1(H) = p2(H) and hence ZP (H) = ZP2(H). O
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3.2.5 Proof of invariance, special case

We now prove Theorem 3.2.3. Of course, most of the proof is essentially as in [Kup91]
or [Vir05], with some extra care because of the appearance of the arcs.

Proof of Theorem 3.2.3. Since Im (p) C Ker (ry), Proposition 3.2.9 and Lemma 3.2.10
imply that Z%,(#) is independent of the basepoints and the orientation of the curves in
aUB. Changing the ordering of the closed curves introduces a sign (whenever |c| = 1)
into Z%(H), but since o, (H) also changes sign, Z% (H,w) is unchanged. Therefore,
Z%.(H) is independent of all the extra structure we put on H (ordering, orientation
and basepoints) and so we only need to show it is invariant under extended Heegaard
moves. Each time we perform such a move we will denote by H' = (X', a/,3') the
new Heegaard diagram obtained (so ¥’ = ¥ except for stabilization), B; the elements
in (M, p) defined from H’, and so on.

1. Isotopy inside a® U B3: if the isotopy occurs in int (X) this follows from the
antipode axiom as in [Kup91]. Now, suppose we isotope an arc in a past the
basepoint p € s(7) and let H' be the extended diagram after the isotopy. Then
all the dual curves become conjugated by (a*)*!, see Remark 2.3.10. Therefore,
all the 3.’s get conjugated by (a*)!. If ¢ = p((a*)*') € Aut(H) it follows that
ZP(H') = ZP+(H) where recall that ps is defined by py(z) = ¢ o p(x) o ¢~*
for all x € m (M, p). By Proposition 3.2.11, one has Z?¢(H) = Z°(H) and so
ZP(H') = ZP(H) as desired.

2. Handlesliding in a: suppose we handleslide a closed curve g over oy along an
arc § C int (X). We denote by o} the curve obtained after handlesliding. We
suppose that aq, ay, o, are oriented so that

8P2041U042U—O/2

as oriented 1-manifolds, where P is the handlesliding region. We also suppose
that the basepoints of 3 are outside of P. By isotopy invariance, we can further
suppose 6 N B = (), so we can write

ayNB=1LUIL

where [/ is the set of crossings through o) that sit next to the crossings of «;
for i = 1,2. More precisely, there is an obvious bijection j : a; N 3 — I/ for
which each point of I] is consecutive to the corresponding point in «; N3 in the
order of Zg (since the basepoints of 3 are outside P).

Claim: With these choices, we have B;(x) = Bl

—/

B, = B, for every crossing of H' not in I| (we identify the points of I} with
ay N B for simplicity).

- (af))* for each x € I and

T
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We will further suppose that the basepoint of «f is placed right before I], so
that when following o, starting from this basepoint, the crossings in /] appear
first and then come those of 1. Thus, I, I, inherit the order coming from ay, a,
and z < y for all x € I,y € I,. The following figure illustrates our choices:

Let k& = |ay| and | = |ag|. For each i = 1,... k, let p; = p(B;) and
ph = p(ﬁ;(mi)) = p; o o}, where o) € Aut(H) stands for p((a})*). With the
above choice of orientations and basepoints, the portion of the tensor K% (#')
corresponding to aq, af looks as follows:

P [Pe] [7] [ A a0

Ak AEL AO] — /l\
T

On the right hand side we used that each p; € Aut(H) is an algebra morphism,
that of € Aut(H) is a coalgebra morphism and that A is an algebra morphism.
In other words, we obtained

Ky(H') = Kfp(H) o (T, ® i)

where we let Ty = (mpy ®idy)(idy @ ¢ ®idy)(idy @ Ay) for any ¢ € Aut(H).
By definition of the cointegral, one can see that

T¢(C®h) :C®h

for any ¢ € Aut(H) and h € H. It follows that Z4(H') = Z%(H) as was to be

shown.

. Sliding an arc over a®: by isotopy invariance, we can suppose that the base-
point p € s(7) is outside the handlesliding region. Then it is easy to see that
sliding an arc over another does not changes the 3,’s and since (X, a, 3) is
unaffected, the tensor K% (H) is unaffected as well. Now suppose we slide an
arc over a closed curve. If we further suppose the basepoints of 3 are outside
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the handlesliding region (which we can as a consequence of Proposition 3.2.9),
then the 3,’s are unaffected. As before, this implies that K% (?), and hence
Z%.(H), is unchanged.

4. Handlesliding in 3: the situation is similar to the case of & handlesliding. If
we slide By over f; to get a curve 3, and we put orientations and basepoints

as above, then one has B; = 3, for all z € a N B and also 5;(90) = 3, for all
x € fy Na. It then follows that
Ky(H') = (T, ® 1" ) Ky (H)
and so Z%(H') = Zf(H) by the defining property of the integral pu.
5. Stabilization follows directly from the normalization pu(c) = 1.
O

3.2.6 The disconnected case

We now extend the definition of Z%(M,~) to the case when R_(7) is disconnected
(e.g. link complements). We also extend Z to disconnected balanced sutured 3-
manifolds by declaring it to be multiplicative under disjoint union.

Let (M,~) be a balanced sutured manifold with possibly disconnected subsurface
R = R_(v) and let p : m(M,p) — Ker(rg) C Aut(H). Then we can construct a
balanced sutured manifold (M’,+’) containing M and with connected R = R_(7/)
as follows (see [FJR11, Section 3.6|). First, attach a 2-dimensional 1-handle h along
s(y). This handle can be thickened to a 3-dimensional 1-handle h x I attached to
~v = s(y) x I. This produces a new balanced sutured manifold, and after sufficiently
many handle attachments, we get (M’,~') with connected R'. Note that m (M') =
m1 (M) x F where F' is the free group generated by loops piercing the newly attached
one-handles in a single point. Thus, a group homomorphism p : w1 (M, p) — Ker (ry)
can always be extended to p' : m (M’ p) — Ker (rg).

Lemma 3.2.13. Let (M',~') be a sutured 3-manifold obtained from (M,~) by attach-
ing 1-handles to v as above. Let p' be an extension of p taking values in Ker(ry) C
Aut(H). Suppose R = R_(7) is connected so that both Z%(M,~) and ZI’;(M’, v') are
defined. Then

Z5(M,7) = Zg(M' 7).

Proof. Tt suffices to suppose (M’,+') is obtained by adding a single 3-dimensional
1-handle to R_ x I. Then, an extended Heegaard diagram of M’ is obtained from
an extended diagram H = (X, B) of M by attaching a 2-dimensional 1-handle
h to ¥ along 0% and letting @’ = a U {a}, where a is the cocore of the 1-handle
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attached (as usual we note a® = aUa). If ¥’ denotes the surface ¥ with h attached,
then (X', a® U {a}, B) is an extended diagram of (M’,+’). Thus, the tensors defining
Z(M,~) and Z(M',~") are the same except possibly for the 8,’s. Indeed, these also

coincide: since the f’s are disjoint from a, we have B; =i,(B3,) for each 8 € B and
r € [N a, where the B; € m(M’,p) are defined from H'. From p'i, = p we get

p(B,) = p'(B,). Thus,
Zy(H) = Z4(H)

proving the lemma.
O

Proposition 3.2.14. Let (M, ) be a balanced sutured manifold with possibly discon-
nected R = R_(vy). Let (M',~'") be any sutured manifold with connected R = R_ (')

constructed as above and let p' be such that p'i, = p. The scalar ZZ(M’,fy’) is inde-
pendent of how the one-handles are attached to R (provided R’ is connected) and of
the extension p' of p chosen.

Proof. Suppose (M',~") and (M"”,~") are obtained from (M,~) by attaching 1-
handles to R as above and that R', R” are connected. One can keep attaching 1-
handles to find a sutured manifold (Mg, ) containing both M’ and M". If o', p" are
extensions of p to M', M" respectively, then there is an extension pg to M restricting
to both p', p”. This is because m(My) = m (M) * F' « F” x F for some free groups
F'F" F, where m(M') = m (M) * F', 1y (M") = m (M) = F". By the lemma above,
it, follows that Z% (M',~') = ZL°(Mo,v0) = 2% (M”,~") as desired. O
Definition 3.2.15. Let (M, ) be a connected balanced sutured manifold with pos-
sibly disconnected R = R_ (7). We define

Z5(M,7) = Zp(M',~)

where (M’,+') is any balanced sutured manifold obtained by adding 1-handles to M
as above and p’ is any extension of p to m (M). If M is disconnected with connected
components My, ..., M,, then we let

m

i=1

where v; = v N M;, pi = pla, () for each i =1,... m.
3.3 Extending to sutured manifolds: non-unimodular

case

In this section we explain how to normalize Z%(H) with Spin® structures to obtain
a topological invariant whenever Im (p) is not contained in Ker (rg). We begin by
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defining Spin® structures and explaining how they are represented on a Heegaard
diagram. In Subsection 3.3.2, we give a simple trick to turn a Heegaard diagram
with a multipoint into a based diagram. Then in Subsection 3.3.3 we show how to
turn Z into a well-defined topological invariant Z%(M,~,s) where s € Spin®(M, )
using the affine structure of Spin®.

3.3.1 Spin° structures and multipoints

Let (M,~) be a connected sutured manifold. Fix a nowhere vanishing vector field vy
on M with the following properties:

1. Tt points into M along int R_,
2. It points out of M along int R,

3. It is given by the gradient of the height function v = s() x [-1,1] — [—1,1]
on 7.

Definition 3.3.1. Let v and w be two non-vanishing vector fields on M such that
v|om = vo = w|apy. We say that v and w are homologous if they are homotopic rel
OM in the complement of an open 3-ball embedded in int (M) where the homotopy
is through non-vanishing vector fields. A Spin° structure is an homology class of such
non-vanishing vector fields on M. We denote the set of Spin® structures on M by
Spin“(M, ).

The space of boundary vector fields vy with the above properties is contractible.
This implies that there is a canonical identification between the set of Spin® structures
coming from different boundary vector fields. Thus, we make no further reference to
Vo-

Proposition 3.3.2 ([Juh10, Prop. 3.6]). Let M be a connected sutured manifold.
Then Spin®(M,~) # 0 if and only if M is balanced. In such a case, the group
H?(M,0M) acts freely and transitively over Spin°(M,~).

We denote the action of H?(M,dM) over Spin®(M,~) by (h,s) — s+ h. If 51, 55
denote two Spin® structures on M, we denote by s; — 55 the element h € H?(M,0M)
such that s; = s5 + h.

We now proceed to understand Spin® structures from a Heegaard diagram. For
this, we need the following definition.

Definition 3.3.3. Let H = (X, ¢, 3) be a balanced Heegaard diagram, where o =
{ag,...,aq} and B = {B4,...,B4}. A multipoint in H is an unordered set x =
{z1,..., 24} where z; € a; N B,y for each i = 1,...,d and o is some permutation in
Sa. The set of multipoints of H is denoted by T, N Tp.

42



We use the notation T, NTp for the set of multipoints by the following reason. If
we let Sym?(X) := X¢/S; where the symmetric group Sy acts on £¢ =X x ... x X by
permuting the factors, then the Heegaard diagram induces two tori T, = ay X ... X ay
and Tz = 1 x ... x 34 contained in Sym%(¥). A multipoint x = {x1,..., 24}
corresponds to an intersection point x € T, N Tp.

Given a balanced Heegaard diagram H = (X, o, 3) of (M,~) with d = |a| = |3,
one can construct a map

s:T,NTs — Spin°(M,~)

(see [OS04, Section 2.6] for the closed case and [Juh06, Section 4] for the sutured
extension). To do this, we first fix a Riemannian metric on M. Now, take a Morse
function f: M — [—1,4] satisfying the following conditions:

1. f(R-) = =1, f(R+) = 4 and f|, is the height function v = s(y) x [-1,4] —
[—1,4]. Here we choose a diffeomorphism vy = s(y) x [—1,4] such that s(7)
corresponds to s(y) x {3/2}.

2. For ¢+ = 1,2, f has d index i critical points and has value ¢ on these points.
These lie in int (M) and there are no other critical points.

3. One has ¥ = f71(3/2), the a curves coincide with the intersection of the
unstable manifolds of the index one critical points with > and the 3 curves
coincide with the intersection of the stable manifolds of the index two critical
points with .

Such a Morse function always exists (see e.g. [JTZ12, Prop. 6.17]). By the first
condition, V f|sy satisfies the properties of the vector field vy in Definition 3.3.1.
Note that the only singularities of V f are the index one and index two critical points
of f, denote them by Py, ..., Py and @Q)y,..., Q4 respectively. Then the last condition
above means

for each i. Here W" and W* denote respectively the unstable and stable submanifolds
of Vf at the corresponding critical point. Thus, an intersection point € a; N f;
corresponds to a trajectory of V f starting at P; and ending at @);. In particular, a
multipoint x € T, N Ts corresponds to a d-tuple v of trajectories of V f connecting
all the index one critical points to all the index two critical points.

Definition 3.3.4. Let (X, a,3) be a balanced Heegaard diagram of (M,~y) and
x € T, NTg. Let f be a Morse function adapted to the Heegaard diagram as above.
We define a Spin® structure s(x) as follows: let N be a tubular neighborhood of 7y in
M homeomorphic to a disjoint union of d 3-balls. Then V f is a non-vanishing vector
field over M \ N. Since the critical points of f have complementary indices on each
component of N, one can extend V f|y\n to a non-vanishing vector field over all of
M. We let s(x) be the homology class of this vector field.
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Bi Bi

Figure 3.2: Basepoints ¢; = ¢;(x) on B coming from x € T, N Ts. We suppose the
surface is oriented towards the reader, so that the left crossing is positive and the
right one is negative. The white dot represents x; € a;; N f;.

3.3.2 Multipoints and basepoints

In order to fix the indeterminacy of Z¥% () coming from the basepoints and orienta-
tions of the curves in H and to obtain a topological invariant defined for an arbitrary
p we will pick the basepoints in a very special way. The following is [LN19a, Definition
5.22|.

Definition 3.3.5. Let H be an oriented sutured Heegaard diagram and let x €
T, N T be a multipoint in H, say x = {x1,...,24} where x; € a; N f; for each
i =1,...,d. For each i, we let ¢;(x) € (; be a basepoint defined as follows: if the
crossing x; is positive (resp. negative), then ¢;(x) lies just before x; (resp. after z;)
when following the orientation of 3;, see Figure 3.2. In other words, the basepoint g; is
always to the right side of «;. If H is based with these basepoints on 3 and arbitrary
basepoints on a, we denote the tensor Zf,(#H) (resp. Z4(H,w)) by Z%(H,x) (resp.
Z5%(H, x,w)).

3.3.3 Normalizing Z via Spin®

We now treat the case of an arbitrary p : m (M, p) — Aut(H). Let (M,~) be a con-
nected balanced sutured 3-manifold with connected R_(y) and fix a Spin® structure
s on (M,~).

Let H be an ordered, oriented, extended Heegaard diagram of (M,~). Let x €
T, N Tg be a multipoint, and suppose H is based via x using the convention of
Definition 3.3.5. Recall that we note by Zf;(#,x) the tensor Z¢,(H) where A has
the basepoints on 3 induced from x and arbitrary basepoints on a. The multipoint
x defines a Spin® structure s(x) as in Subsection 3.3.1, and comparing this with our
chosen s € Spin®(M, ) we get an homology class

hsx = PD[s(x) —s] € Hi(M).

The composition rgop : m (M, p) — K* descends to Hy(M) and so can be evaluated
over N x.
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Theorem 3.3.6. Let H be an ordered, oriented, extended Heegaard diagram of (M, )
and © € T, NTyg be a multipoint. Then the scalar

Th 0 plhe ) Z5(H, z,w) € K

is independent of all choices and defines a topological invariant of the tuple (M,~, p,s)
(resp. (M,~, p,s,w) if the cointegral of H has degree one) where s € Spin°(M, ).

Definition 3.3.7. We denote the above invariant by Z%(M,~,s,w), that is,
Z8(M,~,8,w) =1y o plhsx) 25 (H,x,w) € K

where H is any ordered, oriented, extended Heegaard diagram of (M, ) with base-
points coming from an arbitrary multipoint x of H.

Our invariant depends on the Spin® structure as follows: for any h € H*(M,OM)
24 (M, 7,5+ hyw) = 1 o p(PDIR))" 25 (M, 7,5,) (3.2)
where PD : H?*(M,0M) — H(M) is Poincaré duality. This follows from the defini-
tions using that PD[s(x) — (s + h)] = PD[s(x) — s|PD[h]™".
3.3.4 Proof of invariance

We now prove Theorem 3.3.6. We need to establish a few easy lemmas beforehand.

To show that the formula of Theorem 3.3.6 is independent of the multipoint
chosen, we need to know what happens to s(x) and how do the x-basepoints on
‘H change when performing Heegaard moves. It turns out that both changes are
expressed in terms of the same homology class.

Definition 3.3.8. Let x,y € T, N Tg be two multipoints say z; € o; N 3; and
Yi € a; N By for each 7. Let ¢; be an arc joining x; to y; along o; and d; be an arc
joining y,-1(;y to z; along B;. Then

d d
Z c; + Z dl
=1 i=1

is a cycle in . We denote by €(x,y) the element of H;(M) induced by the cycle
above.

Note that for each i there are two choices for an arc ¢; joining z; and y; along «;
(similarly for d;) but the class e(x,y) € Hy(M) is independent of which arc is chosen.
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Lemma 3.3.9 ([Juh06, Lemma 4.7]). For any x,y € T, N T3 we have

PD[s(x) — s(y)] = e(z, y)
where PD : H*(M,0M) — Hy(M) is Poincaré duality.

Now let x,y € T, NTg, say z; € a; N 3; and y; € a; N By for each i =1,...,d.
By Definition 3.3.5, we get two basepoints on f; for each ¢, which we will denote by
¢i(x) and ¢;(y). We let d; C ; be the oriented arc from ¢;(x) to ¢;(y). Recall that
from such an arc we obtain an element d; € (M, p).

Lemma 3.3.10. For any z,y € T, N'Tsz one has

d
e(y, ) = [ ] n(d)
i=1
in Hi(M), where e(z,y) is the homology class of Subsection 3.5.1 and h : m (M) —
H, (M) is the projection.

Proof. For each i let ¢; be the oriented subarc of «; starting at y; and ending at
x; and let d; be the oriented subarc of §; from z; to y,-14;), so that Ul (c; U d;)
represents €(y,x) (see Definition 3.3.8). Let ¢, be an oriented arc parallel to ¢;, on
its right side, that goes from g, (y) to ¢;(x). It is clear that UL, (¢; U d;) can be
pushed off to the right side of & to match UL, (c;Ud}), so they are isotopic as oriented
1-submanifolds of ¥. Thus, e(y,x) is represented by the 1-submanifold |J_, (¢, Ud)),
which is transversal to a® and so

where we used ¢; = 1 since the ¢,’s are disjoint from a°.
U

We further need to know what happens with the map s when doing Heegaard
moves. So let H = (3, ¢, B),H = (¥, a/, 3') be two balanced Heegaard diagrams of
(M,~). Then we have two maps

s:ToNTs — Spin°(M,7y) and s : Ty NTg — Spin®(M, 7).

Suppose H’ is obtained from H by one of the moves of Theorem 2.2.10. In the case
of isotopy, we suppose that H' is obtained by an isotopy of an « or  curve that adds
just two new intersection points. For all such moves there is an obvious map

jZTaﬂTB—)Ta/ﬂTB/.
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In the case of isotopies (that increase the number of intersection points) or han-
dlesliding, it is clear that T, N Tg C Ty N Ty so we let j be the inclusion. For
diffeomorphisms isotopic to the identity in M we just let 5 be the bijection between
multipoints induced by the diffeomorphism. For stabilization, if ag,1, 8441 are the
stabilized curves intersecting in a point z4.1 € Y’ then we let j be the bijection
x = X U{xg41}-

Lemma 3.3.11. If H' is obtained from H by a Heegaard move and if the map j is
defined as above, then

for all z € T, NTg.

Proof. This is obvious for isotopies and diffeomorphisms isotopic to the identity in
M. Suppose H’ is obtained from H by stabilization. The union of the newly attached
one-handle/two-handle pair is a 3-ball and it is clear that in the complement of this
ball, the vector fields representing s(x) and s'(j(x)) coincide so s(x) = s'(j(x)) by
definition. Now suppose H' is obtained from H by handlesliding a curve a; over
ag and let of = ay#ay. Let U, be the lower handlebody and let Dy, Dy, D] C U,
be the compressing disks corresponding to ai, as, o) respectively. The complement
of these three disks in U, has two components: one contains the index zero critical
point and the other is homeomorphic to a 3-ball B. Note that the boundary of B is
the union of Dy, Do, D] and the pair of pants bounded by «;, as, ). One can pick
Morse functions f, f adapted to H,H' respectively such that in the complement of
B in M, the vector fields —V f and —V f’ coincide. Moreover, the trajectories of f
associated to x coincide with the trajectories of f’ associated to j(x), so the vector
fields representing s(x) and s'(j(x)) coincide in the complement of d+1 3-balls, which
implies that s(x) = s'(j(x)). O

Proof of Theorem 3.3.6. We have to show that the scalar ry o p(hsx)Z%(H,x,w) is
independent of the multipoint x € T, NTg, of the ordering and orientation of H and
of extended Heegaard moves. Most of the proof is exactly as that of Subsection 3.2.5
with some extra care for the multipoint and Spin® structure. We do the proof step
by step.

1. Independence of the multipoint x € T, N Ts: let y € T, N Ts be another

multipoint and for each i = 1,...,d, let d, C (3; be the arc from ¢;(x) to ¢;(y).
Then

Z(H,x) =rn <H p@)) Z(H,y)

— v o plely, X)) Z(H, y).
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The first equality follows by using Proposition 3.2.9 over each  curve and the
second follows from Lemma 3.3.10 above. Now, we have

hsx = PD[s(x) — s
= PD[s(x) — s(y) + s(y) — 5]
= €(X> Y) + hﬁvy

where we used Lemma 3.3.9 above in the third equality. Hence

Ty o p(hs,x)Z]p{(Ha X) =THO p(h's,y>TH © p(E(X, y)))ZIp—I(Hv X)
=THOo p(hs,y)Z[p{(Ha Y)

as was to be shown.

. Independence of ordering and orientations: independence of ordering follows as
before. Now let H’ be the ordered, oriented, based Heegaard diagram obtained
from H only by reversing the orientation of ;. Let H be the ordered, oriented,
based Heegaard diagram obtained from H by reversing the orientation of «;
and with the basepoints coming from x. Then H differs from A’ only on the
basepoint over f3;, so

Zh(Hx) = ru(p(of)) " Z5(H')

by Proposition 3.2.9. By Lemma 3.2.10 we thus get

Zyp(H,x) = ru(p(a;)) " ru(p(a) 25 (H, %)
= 7% (H,x)

as we wanted.

. Independence of extended Heegaard moves: the proof is as before, but we have
to be careful on the multipoints and Spin® structures. Recall that if H’ is
obtained from H by a Heegaard move, then there isamap j: T,NTg — Ty N
Tg . The proof of Subsection 3.2.5 extends to show that Z(H,x) = Z(H', j(x))
and so we only need to show that hsx = hsj(x). But this follows from Lemma
3.3.11 above:

hsx = PD[s(x) = 5] = PD[s'(j(x)) — 8] = hs,j(x)-
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3.3.5 The disconnected case with Spin°

We extend the considerations of Subsection 3.2.6 to the case of arbitrary p.

Let (M',~'") be a sutured 3-manifold obtained from (M,~) by attaching one-
handles along 7. Since the newly attached one-handles belong to a neighborhood
of R, given s € Spin°(M,~) there is a unique way to extend s to a relative Spin®
structure on M’. We denote it by i(s). The map i : Spin®(M,~y) — Spin“(M’,~)
thus obtained is an affine map: if s1,85 € Spin(M, ), then

PD[Z(Sl) — 1(52)] = Z*(PD[Sl —52])

where i, : Hi (M) — H;(M’) is induced by inclusion. If H is a Heegaard diagram of
(M,~) and H' is the diagram of (M’ ,~) obtained from #H by attaching handles to
0%, then there is an obvious bijection j : T, N Tg — T, N Tp which clearly satisfies
i(s(x)) = §'(j(x)) for any x € T, NTy (see [FJR11, Section 3.6]). Therefore, one has

his)jx) = PDli(s) — 5'(j(x))]
= PDli(s) —i(s(x))]

Lemma 3.2.13 shows that Z%(#,x) = Z%(H,j(x)). Thus, if R = R_(y) is

connected, it follows that
Z5(M,v,8) = Z5(M' 7/, i(s))

for any p' : m(M’,p) — Aut(H) such that p'oi, = p, where i, : m (M, p) — m (M, p)
is induced by inclusion. Thus, the argument of Proposition 3.2.14 applies, and we
can make the following definition.

Definition 3.3.12. Let (M, ) be a balanced sutured 3-manifold with possibly dis-
connected subsurface R = R_(v) and let p : m(M,p) — Aut(H), s € Spin(M,~)
and w an orientation of H,(M, R;R). Let (M’,~’) be an arbitrary sutured 3-manifold

obtained by adding one-handles to M along v and let p’ be an extension of p to
m1(M’,p). Then we define

Z8(M,~,8,w) = Zh(M',~',i(s), ")
where ¢ : Spin°(M,~) — Spin“(M’,7’) is the map defined above. Here ' is the

orientation of H,(M', R';R) induced from w by the isomorphism H,(M, R;R) =
H.(M',R';R).
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3.4 Twisted Kuperberg polynomials

The Kuperberg invariants for sutured manifolds we defined are scalars in the base
field K. We explain a notable feature of our construction: provided H is N-graded,
Kuperberg invariants can be upgraded to polynomials.

So suppose that H is a N-graded Hopf superalgebra. This means that H has a
vector space decomposition H = @,enH, such that H; - H; C H;y; and A(H,) C
Dot j=n Hi ® Hj. It is required that A is a morphism of N-graded algebras, where
H®H is N-graded by (H® H),, = ®;+j—nH,; ® H; and the algebra structure is defined
by

(z@y)(@ ©y) = (- Ve’ @ yy
where | - | denotes the N-degree of an homogeneous element of H. Thus, H can be
considered as a Hopf superalgebra by letting Hy = ®,,>0H2, and H; = @,>0Hop+1.
If the product in H ® H is defined as above but without the sign, we call H just an
N-graded Hopf algebra. In this sense, an N-graded Hopf algebra can be seen as an
N-graded superalgebra concentrated in even degree.

Let Auty.(H) be the group of Hopf algebra automorphisms of H that preserve
the degree. Given a balanced sutured 3-manifold (M, ), we define

This is an N-graded K[H;(M)]-linear Hopf (super)algebra in an obvious way. Now,
given an element o € Auty, (H) and h € Hy(M) we can define a N-graded K[H; (M)]-
linear Hopf automorphism a ® h of Hy; by

a®@h(z® f)=alx)® (. f)

where z € H is homogeneous and f € Hy(M). Therefore, a group homomorphism p :
m (M, p) — Aut,, (H) can be combined with the projection h : m (M) — Hy(M;Z)
to define a representation

pRh:m(M,p)— Auty (Hur)

d— p(9) ® h(d).
Note that though K[H;(M)] is only a ring, Hj, has a two-sided cointegral and integral
induced from that of H. More precisely, if j;z : H — Hj; is the inclusion map
r — x ® 1, then the cointegral of Hys is jy(c) while the integral is ppg,, = u ®
idk(m, () Hu — K[Hy(M)], where ¢ and p are the two-sided cointegral and integral

of H respectively. Thus, we can apply our construction to the K[H;(M)]-linear Hopf
superalgebra H)j;, and this gives a topological invariant

Z5EM (M, 7, 5,w) € K[H, (M)]

is one is given s € Spin®(M, ) and an orientation w of H.(M, R_(7);R)
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Definition 3.4.1. If Hy; = H ®x K[H,(M)], we call ZZ"(M,v,5,w) € K[H,(M)]
the twisted Kuperberg polynomial of (M, ~) with respect to p. We also refer to Z}ﬁh as

the (untwisted) Kuperberg polynomial, which we denote simply by Zy,, (M, v, 5, w) €
K[H:(M)].

The twisted Kuperberg polynomials specializes to our previous construction as
follows. Recall that the augmentation map aug : K[H;(M)] — K is the K-linear map
defined by aug (f) =1 for all f € H(M).

Proposition 3.4.2. If aug: K[H;(M)] — K is the augmentation map, then the
twisted Kuperberg polynomial satisfies

aug (Z5M (M, 7, 5,0)) = Z5(M, 7,5, w).

Proof. Set aug py = idy®aug : Hyy — H. It is easy to see that aug oup,, = poaug g
and aug go(p®@h(d))ojg = p(d) for any § € m (M), where jg : H — Hyr, o — x®1 s
the inclusion as above. Since the cointegral of Hy; is ju(c), where c is the cointegral
of H, it follows that aug(Z,pﬁlh(H)) = Z%(H) where H is a Heegaard diagram of
(M, ). From this the result follows. O

Example 3.4.3. Consider the left trefoil complement as in Example 3.2.4 and let
p = 1. Let t be a generator of Hy(M) = Z. Then, for the diagram of Figure 3.1, the
twisted Kuperberg invariant is given by

Zi"(H) = p(t“Oleqy - S(e) - 1710 eg)
= teml=leel (e S(cw))ew).

As usual, it is understood that this is a sum running through all the terms of A®)(c).
When H is set to be an exterior algebra on one generator of degree one, this formula
reduces to the Alexander polynomial of the trefoil knot.

Lemma 3.4.4. The homomorphism ry,, : Aut(Hyr) — K[Hy(M)]* induced from the
cointegral of Hy; satisfies

rig (@ ® f) = rag(a) f
for any o € Aut(H) and f € Hi(M).
Proof. Indeed, the cointegral of Hy, = H @k K[H;(M)] is ¢ ® 1 so that
a® flewl)=al)® f

)C ® f|0\
)few 1)

and so 7, (@ ® f) = rg(a)fI° by definition of g, . O

e

=ry(a
= ’/’H(Oé
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Changing the Spin® structure has the following effect in the twisted Kuperberg
polynomial:

ZEEM (M, 7,5+ h,w) = 1, © (p @ h)(PD[R)) " Z5EH (M, 7, 5,0).
From the above lemma, we find
Z5 (M, 7,5 4+ h,w) = ry o p(PDIh]) ' PD[A] 127" (M, 7, 5,w).

Thus if Im (p) C Ker (ry), leﬁf depends on the Spin® structure only up to multi-

plication by fld, where f € H,(M). Hence, we can drop the Spin® structure and the
homology orientation only up to a =H;(M) indeterminacy, and denote

Ztir (M, ) € K[Hy(M))/ + Hy(M).

If the cointegral of H has degree zero, we can further drop the sign indeterminacy.
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Chapter 4

Recovering Reidemeister torsion

This chapter is devoted to the proof of Theorem 2 and deducing some corollaries.
We start by recalling the basics of the theory of Reidemeister torsion in Section 4.1.
Then in Section 4.2 we specialize the torsion to sutured 3-manifolds. The proof of
Theorem 2 is devoted to Section 4.3.

4.1 Basics of Reidemeister torsion

In this section we recall the definition of the torsion function, the torsion of CW
complexes and 3-manifolds, and its relation with (twisted) Alexander polynomials.
The material presented here is standard, cf. [Tur01, FV11al.

4.1.1 Algebraic torsion

Let R be a commutative domain with unit. Consider a finitely generated free R-
module V. Given two R-basis b and ¢ of V, then we denote by [b/c] € R* the
determinant of the change of base matrix from b to ¢, where R* is the group of
units of R. Two bases of V' are said to be equivalent if [b/c] = 1. Consider an exact
sequence

0 C D E 0

of R-modules C, D, E. Given two bases c,e of C, F, one can lift e to € C D and
then ce := (¢, €) is a basis of D whose equivalence class is independent of the lifting
(indeed, one has [ce/c€'] = [c¢/][e/€]). Now consider an acyclic chain complex

C:0=Cp—-—Cy—0
with chosen bases ¢; of the C;. Thus, for each i there is a short exact sequence
0—=B,—-C;—DBi_1—0
where B; is the image of 0 : Cy11 — C;. For each 1, let b; be a basis of B; (image at
(), then b;b;_; is a basis of C;.
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Definition 4.1.1. The torsion of an acyclic based chain complex (C, ¢) is

m

7(C,c) := H[bibi_1/0i](_l)i+l € Q(R)

=0
where Q(R) is the quotient field of R.

It is easy to prove that this is well-defined, i.e., independent of the choice of each
basis b; of B;.

4.1.2 Twisted Reidemeister torsion

We now define the (twisted) Reidemeister torsion of CW complexes and of 3-manifolds.
In all that follows, we let X be a finite connected CW complex and Y a (possibly
empty) subcomplex such that x(X,Y) =0. Let p: X — X be the universal covering
space of X and Y’ := p~1(Y). Let zyp € Y be a basepoint (just xyp € X if Y is empty)
and let m = m (X, o).

Consider the cellular chain complex C,(X,Y”). This becomes a left Z[r]-module
if we let 7 act by Deck transformations and it is a free Z[r]-module with basis in
bijection with the cells of X \ Y. We will rather consider C.(X,Y’) as a right Z[n]-

module by letting ¢+ g := g 'c where ¢ € 7 and c is a cell of X (this is the same
convention as in [FV1la, DFJ12]).

Now let p: m — GL(V) be a representation, where V' is a finitely generated free
module over some commutative domain with unit R. Then V' becomes a Z[r|-module
on the left via p. We thus get a complex of R-modules defined by

CPX,Y) = Cu(X,Y") @z V.

We denote the homology of this complex by H?(X,Y"). Suppose the cells of X\ Y are
ordered and oriented and let e be a choice of lifts to X of the cells of X \Y. Then e
defines an (ordered, oriented) Z[r]-basis of C,,(X,Y") and tensoring with an R-basis of
V we get a basis € of C?(X,Y"). More precisely, if e = (eq, ..., ex) and (vy,...,v,) is an
ordered basis of V', then € is ordered by € = (e1®u1, ..., €1QUy, ..., exQU1, . .., xQVy,).

Definition 4.1.2. Let e be a choice of lifts to X of the cells of X\Y. The Reidemeis-
ter torsion 7°(X,Y,e) is defined as the torsion of the based complex (C?(X,Y),€),
that is,

(XY, e) = 7(C.(X,Y") @gim V,©) € Q(R)
where the Z[r]-module structure of V' is defined via p. As before, Q(R) denotes the
fraction field of R. The torsion 7 (X, (), e) is denoted just by 7°(X, e).

54



Changing the basis of V multiplies 7°(X, Y, e) by det(A)X**Y) where A € M,,,,(R)
is the change of basis matrix. Since x(X,Y) = 0, the torsion only depends on the
choice of lifts e. Changing the choice e of lifts of the cells of X \ Y or changing the
order and orientation of the cells of X multiplies 7°(X,Y, e) by £+ det(p(g)) for some
gem.

Now suppose we have a representation p : m1 — GL(V), where V is a finite
dimensional vector space over a field K. Let h : 1 — Fx be the projection onto the
free abelian group Fx = H;(X)/Tors H;(X). Note that K[Fx] is a domain. Then
we get a tensor product representation

pRh:m— GL(V @k K[Fx])

where for any v € m, p ® h(y) is defined by

v® fp(y)(v) @ (h(7) - f)
forveV,f e Fx.

Definition 4.1.3. Given a representation p : m (X, z9) = GL(V) where V is a finite
dimensional vector space over a field K, the twisted Reidemeister torsion of (X,Y) is
the Reidemeister torsion 77*"(X Y, e) € K(Fy).

By the remarks above, changing the choice of lifts e multiplies the twisted torsion
by +det(p(g))f for some g € wand f € Fy. We will denote by 77%"(X,Y’) the torsion
up to this ambiguity. Note that if p takes values in SL(n,K), the indeterminacy is
only an element of £F. This ambiguity can be fixed by picking a combinatorial Euler
structure of X \'Y (cf. [Tur01]).

Now, let M be a compact 3-manifold and S C M a compact embedded subman-
ifold such that x(M,S) = 0. Then M admits a triangulation 7 such that 7 NS
is a triangulation of S. This induces a CW structure X on M and a CW structure
Y on S such that Y is a subcomplex of X. Given a representation p : m (M) —
GL(V), where V is a finite dimensional vector space over a field K, we get a torsion
779" X,Y) € K(F)) which is defined up to an indeterminacy of the form +\f with
A € K*, f € Fy. Since the relative torsion is invariant under cellular subdivision,
this torsion depends only on (M, S), cf. [Tur01, Section 14| for more details.

Definition 4.1.4. The twisted Reidemeister torsion of (M, S) is the twisted torsion
of any CW pair (X,Y’) obtained from a triangulation of M as above.

4.1.3 Twisted Alexander polynomials

Let R be a commutative domain with unit and M a finitely presented R-module. Let
p: R™ — R"™ be a presentation of M, so Coker(p) = M. If A is the m x n-matrix
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representing p in the canonical bases of R™ and R", then the ideal of R generated
by the (n — k)-minors of A depends only on M and not on the presentation matrix
A chosen. This is the k-th elementary ideal of M, denoted Ei(M). If R is a unique
factorization domain (UFD), then Ay(M) = ged Eo(M) is called the order of M.
Note that this is defined up to multiplication by a unit of R. For more details see
[Tur01, Chapter IJ.

Definition 4.1.5. Let X be a finite CW complex, p : 7 — GL(V) be a representation
into a finite dimensional K-vector space V and h : 7 — Fx = H;(X)/Tors H;(X)
be the projection, where m = (X, zg) for some xy € X. Note that K[Fx] is a
polynomial ring, hence a UFD. We define the i-th twisted Alexander polynomial of X,
denoted Agfi-h, as the order of the K[Fx]-module H?*"(X). If X is the complement of
a link L in a closed 3-manifold Y, then we call A’;ﬁh the twisted Alexander polynomial

of L and we denote it by A?*".

The twisted torsion is related to the twisted Alexander polynomials by the fol-
lowing formula, cf. [Tur01, Theorem 4.7]: if Ag’f?ih # 0 for all ¢ then

0= I8 e K (4.1)

i>0

where = means equality up to multiplication by a unit of K[Fx].

4.2 Twisted torsion of sutured manifolds

We now specialize the (twisted) torsion to balanced sutured 3-manifolds (M, ). Note
that since x (M, R_(v)) = 0, the torsion of (M, R_(v)) is defined (it may be zero, but
that would be non-trivial). We begin by giving a handy formula to compute twisted
torsion from a sutured Heegaard diagram. In Subsection 4.2.2 we relate the relative
torsion to twisted Alexander polynomials in the case of link complements.

4.2.1 Twisted torsion from a Heegaard diagram

Let (M,v) be a balanced sutured 3-manifold with connected R- = R_(v). Let
p € s(7) be a basepoint and p : m (M,p) — GL(V) be a representation, where V
is a finite dimensional vector space over a field K. For simplicity, we will denote
m=m(M,p), Fpy = Hi(M)/Tors Hi (M) and h : m — F; the projection.

Now, let H = (X, a® B) be an extended Heegaard diagram of M which is or-
dered, oriented and based. We write a° = a U a with a = {aq,...,a4} and
a = {agy1,--.,0q+}. We suppose the arcs in a are oriented. Thus, we have a
well-defined element o* € 7 for every a € a® and since the curves in 3 are oriented
and have basepoints, we have a presentation of 7 of the form

7T1(M>p) = <O‘>1k’ s '>a:l+l | Bla < Bd) (42)
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cf. Subsection 2.3.3. Now, Fox calculus gives elements

oa

€ Z[r]

for all 4, j, cf. [TurOl]|. Let A be the d x d-matrix with Z[r| coefficients whose (i, j)-
entry is 8@/80@* for 7,5 = 1,...,d, that is, we only derivate with respect to the
closed curves. Let o : Z[r] — Z|r| be the Z-linear map characterized by o(g) = g~}
for each g € m and let o(A) be the matrix obtained by applying this map to each
entry of A.

Proposition 4.2.1. Let H = (X, %, B) be an extended Heegaard diagram of (M, )
which is ordered, oriented and based and let A = (0(93;/0a;)) as above. The twisted
torsion of the pair (M, R_) at p: my (M) — GL(V') is computed via Fox calculus by

M (M, R_(7))=det((p ® h)(0(A))) € K[F]
where = denotes equality up to a unit in K[Fy].

Proof. The extended Heegaard diagram specifies a presentation of w1 (M) as in (4.2)
from which we build a CW complex X as follows: X has a single 0-cell, (d + )
1-cells corresponding to the generators of the given presentation, and d 2-cells e?
corresponding to the relations. The boundary of each cell e? is attached to X

)

along the path determined by the word Bj. We let Y be the subcomplex of X
determined by the [ 1-cells associated to the arcs in a. It is easy to see that the pair
(M, R_) is simple homotopy equivalent to (X,Y’) and hence

MM, R2) = TM(XY).

Indeed, the pair (X,Y) can be obtained from (M, R_) by collapsing each handle
of M (specified by H) to its core, and this operation preserves the relative torsion
by [Tur01, Corollary 8.5|. We now show that 7°®"(X Y is given by the above
Fox calculus matrix. Thus, let p : X — X be the universal covering space of X
and let Y’ = p~}(Y). The cellular complex C, = C,(X,Y) is thus a complex of
free Z[m (X)]-modules with C; = 0 for ¢ # 1,2 and Cy & C) has a Z[m (X)]-basis
corresponding to lifts of the cells of X associated to the closed curves of the diagram.
Under an appropiate choice of lifts, the boundary map 0y : Co — C is represented
by the matrix A € My.q(Z[r]), cf. [Tur01, Claim 16.6]. Since our convention is that
(g-c)®@v=rc®[(p®h)(o(g))-v] in CP"(X,Y), where g € m,v € V and c is a
cell of X, the boundary operator %" is represented by the matrix (p ® h)(c(A)).
Thus, the torsion of the complex C**"(X,Y), and hence the torsion of (M, R_), is

the determinant of this matrix. O

Remark 4.2.2. The right hand side of the above proposition is defined as an element
of K[H;(M)]. Therefore, we will consider the twisted torsion of a balanced sutured
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3-manifold as an element of K[H;(M)]. Note however that if we want to express the
torsion in terms of twisted Alexander polynomials (as in Corollary 4.2.4 below), then
one has to pass to K[F),], which is a Noetherian UFD.

Recall that, if Y is a closed 3-manifold, we get a sutured 3-manifold by M =
Y \int (B), v = S' C OB where B is a closed 3-ball embedded in Y (Example 2.1.3).
However, as a consequence of the above proposition, the torsion of (M, R_) is not
very interesting.

Corollary 4.2.3. Let M = Y \ B be the sutured manifold associated to a closed
3-manifold Y and let p : m (M) — GL(V') be a group homomorphism. Then

_ if p# 1
(M, B ‘{ LH (Y;Z) ifp=1

Here |H,(Y;Z)| is defined to be zero if by(Y') > 0.

Proof. Let H = (3, a,3) be a (sutured) Heegaard diagram of M, equivalently, H
is obtained from a Heegaard diagram of Y by removing a disk from the Heegaard

surface. This specifies a cell decomposition X of M with one 0-cell and an equal
number d = |a| = |B| of 1-cells and 2-cells (see Remark 2.2.2). Let 97 : C?(X) —

C* (X) be the boundary operator of the complex C?(X) == C,(X) @z, V where
X is the universal cover of X and V is considered as a Z|r]-module via p. For an
appropriate choice of basis in C?(X), the boundary operator 9 is represented by
(p(e) —1,...,p(ay) — 1) and 85 is represented by A = (p(953,;/0a;)). Suppose first
that p = 1, so C*='(M) = C,(M) and let d; := 9’='. Then &, = 0, and hence
H, (M) = Coker(0,). It follows that

LH,(Y)| = £|H, (M)| = |Coker(d,)| = det(A) = 7*="(M, R_)

where the last equality follows from Proposition 4.2.1. Note that b;(Y) > 0 if and
only if det(A) = 0, hence 77='(M, R_) = 0. Now, if p # 1, then 9} # 0 and from
07 0 05 = 0 it follows that 05 is non-surjective. Therefore det(A) = 0 and hence
(M, R_) = det(A) = 0. O

4.2.2 Twisted torsion for link complements

Now let L be an ordered oriented link in S®, with components Ly, ..., L,,. Let (M, ~)
be the associated sutured manifold (see Example 2.1.4), that is, M = S3\ N(L), where
N(L) is a tubular neighborhood of L and ~y consists of a pair of annuli, one pair for
each component of OM. The ordering and orientation of L induce an isomorphism
Z[H\ (M) = Z[t;", ..., t:!] where t; corresponds to the (positively oriented) meridian
of L;. Let p: m(M,p) - GL(V) be an homomorphism, where p € s(7).
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Recall that R = R_(7) consists of one annuli R; C N(L;) for each i =1,...,m.
For each i, let y; € R; be a basepoint and a} be a generator of m(R;,y;). This has
an orientation induced from that of L; and its image in Hy(M) is t;. Note that af
is defined in (M, p) up to conjugation, so det(t;p(a}) — I,) is well-defined (here
n = dim(V)).

Corollary 4.2.4. Let M be the sutured manifold associated to the complement of an
m-component oriented link L C S3. If m > 1 then

P2 (M, R_) Hdet (tip(a}) — L) - A" e K[, ... 2.

The above holds for m =1 provided p is irreducible and non-trivial over Ker(h). If
m =1 and p =1 one has T™"(M, R_) = Ay, the multivariable Alexander polynomial
of (the knot) L.

Proof. Indeed, since y(R_) = 0 we have 77*"(M, R_) = 7¢®"(M)7r*®"(R_)~1. From
the well-known fact that 77®"(R_)~* =[], det(t;p(a}) — I,,) together with Formula
(4.1) relating torsion to twisted Alexander polynomials we find

Ap@hAp(X)h

Tp®h M R Hdet Zp [n) . W

Now we use that A7 %h = 1 always holds, that A7 @ — 1 holds provided AT “h £

and that A'z@Oh =1ifm>1orm=1and pis 1rredu01ble and non- tr1v1al over
Ker (h), see [FVlla Proposition 3.2|. If m = 1 and p is trivial over Ker (h), then
Aﬁ%h = det(t;p(cf) — I,) and we obtain the second assertion. This completes the

proof.
[

4.3 Reidemeister torsion from Hopf algebra theory

In this section we prove Theorem 2. We begin with some easy lemmas on exterior
algebras in Subsection 4.3.1. In Subsection 4.3.2 we deduce Theorem 2 from a much
stronger statement, namely, that the twisted Kuperberg tensor at an exterior algebra
is essentially equivalent to the boundary map 95 : C5(M,R_) — C1(M, R_) after
applying the exterior algebra functor. Some corollaries of Theorem 2 are stated in
Subsection 4.3.3.

4.3.1 Lemmas on exterior algebras

Recall that for any finite dimensional vector space the exterior algebra A(V) is the
quotient of the tensor algebra T'(V) = @,>0V®" by the ideal spanned by the v ® v
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with v € V. It becomes a superalgebra by letting V' be in degree one and a Hopf
superalgebra if one sets A(v) =v® 1+ 1® v for any v € V. The exterior algebra
construction is functorial: if T : V — W is a linear map between vector spaces V, W,
then there is an induced Hopf morphism A(7) : A(V) — A(W). This is defined
to be T over V' C A(V) and is extended to all of A(V') by letting it be an algebra
morphism. It is easy to see that A(T') is indeed a Hopf morphism. We derive a few
lemmas concerning the functoriality of the exterior algebra construction.

Lemma 4.3.1. If Ty, 15 : V — W are linear maps, then
A(T1 -+ Tg) = mA(W) (¢] (A(Tl) &® A(Tg)) e} AA(V)-

In other words, the exterior algebra functor transforms operator sum into convolution
product.

Proof. Indeed, it is easy to see that the right hand side is an algebra morphism by
commutativity of A(W). The left hand side is an algebra morphism by definition. It
is easy to see that both coincide over V' C A(V) (a generating set of A(V')), hence
the lemma follows. 0

For the next lemma, note that there is a natural Hopf superalgebra isomorphism
AVaeW)ZAV) AW)

where (v,w) € V@ W corresponds to v ® 1+ 1®w. Let T be a linear endomorphism
of V.& W. Denote by Tvv, Tyw, Twv, Tww its components, so for example Tyy =
w1 jy where jy : V. — V @& W is the inclusion and 7wy : V& W — W is the
projection.

Lemma 4.3.2. Under the above natural isomorphism, one has

AT) = (maey @ mawy) © (idavy @ Taw),a(v) @ idawy)
o (ATVV X ATVW X ATWV & ATWW) o (AA(V) X AA(W))-

Proof. As above, one can see that both sides are algebra morphisms and coincide
over V @& W, so they are equal. O

Now let T' be an endomorphism of a direct sum V; @ --- @ V;. Then by induction
we get

A(T) = (®§l:1m5{1()vj )) PyA(TL) @ ... © A(Ty)) (®;¢:1A<Ad(>vj)> (4.3)
where A(T},) = A(T;1)®. .. ®@A(T}q) for each it = 1,...,d. Here P, is the isomorphism
AV @ ... AV )P = AV ® ... @ A(V,)®

induced from the symmetry of the category of super vector spaces by the permutation

defined by Py((k —1)d+1i) = (i — 1)d + k.
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4.3.2 Proof of Theorem 2

Let (M, ) be a balanced sutured 3-manifold, p € s(vy) and let p : m (M, p) = GL(V)
be a representation. We also denote by p the map into Aut(A(V)) = GL(V). Let

H = (X, a%, B3) be an extended Heegaard diagram of (M, v) which is ordered, oriented
and based.

For the following proposition, suppose that R_() is connected, so that the a* €
w1 (M, p) are defined for all @ € a®. We thus get a presentation of w1 (M, p) as in
(4.2).

Proposition 4.3.3. Let H = (X, a%, 3) be an extended Heegaard diagram of (M, )
as above. If R_() is connected, then

9B,
20y (H) = det <p <aa;>). _ ex
INES

.....

Note that if we had used the convention that (¢-¢) ® v = ¢ ® (p(g)'(v)) for the
tensor product Cy(M) ®z- V' (as in [Porl8|), then Zﬁ%‘% would be exactly 7"

Proposition 4.3.3 in turn follows from the following stronger proposition.

Proposition 4.3.4. Under the hypothesis and notation of Proposition 4.3.3 we have
KX(V) (H) = A(T)

where T : V& — V4 4s the map given in components by T;; = p(@@-/@af), that is,
T;; = mjTy; where v; (resp. m;) is the inclusion of V' (resp. projection) into the i-th
factor of V&4 (resp. j-th factor).

In other words, T is dual to the boundary map 95 : C5(M, R) — C{ (M, R) of the
universal covering of M twisted by p.

Proof. We will expand the tensor A(T") using the lemmas of Subsection 4.3.1 and use
commutativity and cocommutativity of A(V') to show it equals Kuperberg’s tensor.
For simplicity, we will suppose d = 2, the general case is proved similarly. For

simplicity, denote p, = p(8,) € GL(V) for any € 8 and x € N 3, so that

mGaiﬂﬁj
for any 7,7 (Remark 2.3.14). By Lemma 4.3.2 we have
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where m, A are the structure maps of the Hopf algebra A(V'). Now, by Lemma 4.3.1
each AT;; can be expressed as a convolution

AT;; = A Z m(z)ps

aniﬂﬁj

= mkis) ® A(m(z)p,) | A

aniﬂﬁj
_ m(k”) o Aij o AFij)
where k;; == |o; N ;| and
Aij= Q) Alps)o 5.
anmﬁj

Recall that m™ : H®" — H denotes iterated multiplication and similarly for A,
Hence, by coassociativity of A we can write

(ATy; @ ATio)A = m*) @ m*12) (4 ® Apy) Al
and similarly for (ATy ® ATy)A. Thus, we obtain
AT) = m®2(id @ 7 @ id)(m*) @ m*12) @ mt2) @ mk22)) (4 @ ... @ Ay)Ag
= m®2(m(k“) @ m#*2) @ mk2) g m(kzz))(id ®RTRId) (A1 ®...® Axp)A,
=mg(ld®7®id)(A11 ®...® Ax)Aa.

By commutativity and cocommutativity of A(V'), the terms inside the last tensor
can be reordered. More precisely, let P,, (i = 1,2) be the permutation of the set of
crossings through «; that puts the crossings of o; N B, first, and then those of o; N Bs.
Similarly, let Pg, be the inverse of the permutation of the crossings through j3; that
puts the crossings of oy N f; first, and then those of ay N B;. Then it is clear that

Py = (Ps, @ P3,)(1d @ 7 ® 1d)( Py, @ Pa,).
By commutativity and cocommutativity of A(V') we have
mg = mg(Ps, ® Pg,) and A, = (Po, ® Ps,)Aq,
therefore

AT) =mg(Ps, ® P3,)(1d @7 ®id)(A11 @ ... @ Axn)(Pa, @ Pa,)An

— mgPy (@ A(pw)> Salg.

x GIOL

This is exactly K7, (H) as desired. O
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Proof of Proposition 4.3.3. By the preceding proposition we get

det(p(9B;/0a;)) = det(T)
= Kawv) wa(A ( )(ea V®d))
= HAW) ®d( ( )( A(V)®d))
- ZX(V (1)

as was to be shown. O

Proof of Theorem 2. Suppose first that R_(y) is connected. Note that the inverse-
transpose satisfies (p ® h) " (o(x)) = (p ® h)(z)" for any = € Z[r], where recall that
o : Z[r] — Z[r] is the map defined by o(g) = g~ for g € 7. Then we get
2R3 (M) =250, (H) = det((p @ h)(9F;/00)))
= det((p® h)(98,/0a;)")
= det((p® h)~"(0(98;/0a;)))
=P (M, R_)

where we use Proposition 4.3.3 in the second equality and Proposition 4.2.1 in the

last equality. When R_(y) is disconnected, then by definition ZK%L) (M,~) =

ZX(%h (M',~'") where (M’,~) is obtained by adding one handles to R = R_(y)

in such a way that R' = R_(7') is connected. But then
20 (M,) = 27V (M) = Y (M, R = 7990 (01, R)

where the last equality follows from [FJR11, Lemma 3.20]. O

4.3.3 Particular cases of Theorem 2

Combining Theorem 2 to Corollary 4.2.3 we get the following.

Corollary 4.3.5. Let Y be a closed oriented 3-manifold and M =Y \ int(B), v =
S C OB where B is some closed embedded 3-ball. Then

B 0 if p# 1,
Zx)(M,7) = { +|H(Y:Z)| ifp=1.

Now let L be an ordered oriented m-component link in S3. As in Subsection 4.2.2

we identify Z[H,(M)] = Z[tF!,...,t2!] where M = S%\ L. Combining Theorem 2
with Corollary 4.2.4 and using the same notation as in that corollary we get:
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Corollary 4.3.6. Let L C S® be an ordered oriented m-component link and let (M, )
be the sutured manifold complementary to L. If m > 1 orif m = 1 and p is irreducible
with p|gerny # 1, the twisted Alexander polynomial of L is recovered as

Az@)h(tl? cee 7tm) = Z/p\%\iL)M(Mv 7) : Hdet(tlp(a:) - In)_l‘
i=1

Ifm=1,p=1and dim(V) =1, then AL(t) = Z}X%‘)M(M, v)-

Remark 4.3.7. The torsion of (M, R_), and hence the invariant ZX(V), is also inter-
esting when M is a Seifert surface complement (as in Example 2.1.5). Indeed, it can
distinguish minimal genus Seifert surfaces of some knots up to isotopy [Alt12].
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