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A basis for the Kauffman skein module
of the product of a surface and a circle

RENAUD DETCHERRY
MAXIME WOLFF

The Kauffman bracket skein module S(M) of a 3—manifold M is a Q(A)-vector
space spanned by links in M modulo the so-called Kauffman relations. For any closed
oriented surface ¥ we provide an explicit spanning family for the skein modules
S(Z x S§'). Combined with earlier work of Gilmer and Masbaum (Proc. Amer.
Math. Soc. 147 (2019) 4091-4106), we answer their question about the dimension of
S(Z x S') being 226+ 4 2¢ —1.

57TM27

1 Introduction

The Kauffman bracket [11] skein module is an invariant of compact oriented 3—
manifolds. It was first introduced independently by Przytycki [17] and Turaev [18] as
a way to generalize the Jones polynomial of links in 3. It can be thought as a module
over any ring R containing an invertible element A € R. The skein module S(M, R)
with coefficients in R is the R—module

S(M, R) = Spang (L C M framed link) /isotopy, K1, K>

spanned by isotopy classes of framed links in M, modulo the two (local) Kauffman
relations K7 and K5 :

(KD) [% =A®@+A‘1;%:,

(K2) LU/ @ — (A2 — AL,
where the above relations ident;t"y linear combinations of framed links that are identical
except in a small ball in M. In the significant case where R = Q(A) is the field of

rational functions in the variable 4, we will write S(M) for S(M, Q(A)) for simplicity.

The skein modules of 3—manifolds have long been mysterious and notoriously hard
to compute, and for a long time very little was known about the structure of skein
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modules of general 3—manifolds. They have been partially or completely computed
for an increasing number of closed 3—manifolds (S3 and lens spaces by Hoste and
Przytycki [9; 10], integer Dehn surgeries on the trefoil by Bullock [2], some prism
manifolds by Mroczkowski [15], the quaternionic manifold by Gilmer and Harris [6],
the 3—torus by Carrega [3] and Gilmer [5], and some infinite family of hyperbolic
manifolds by the first author [4]). Finally, Witten conjectured that S(M) has finite
dimension for every closed 3—manifold (see Gilmer and Masbaum [7, Section 8] for a
discussion). Recently, Gunningham, Jordan and Safronov posted a general proof [8] of
Witten’s finiteness conjecture. Their proof, which relies on factorization algebras, the
theory of DQ-—modules and some careful quantization of character varieties/character
stacks, is powerful and generalizes to other types of skein modules besides the Kauffman
bracket skein module.

However, the proof in [8] is rather nonconstructive; in particular, it is still hard for a
given 3—manifold M to compute the dimension dimg4)(S(M)) or to find a family of
framed links that is a basis of S(M). It would be rather interesting to give some general
interpretation of the dimensions dimg4)(S(M)). Another aspect of skein modules
that remains unclear is the integral structure of skein modules of closed 3—manifolds.
The following statement, concerning the “integral” version of the skein module S(M),
that is, the skein module S(M, Z[A*!]) with coefficients in Z[A*!], was suggested
to us by Julien Marché in private communication.

ForneZ let {n} = A" —A™".

Conjecture 1.1 Let M be a closed compact oriented 3—manifold. There exists an
integer d > 0 and finitely generated Z[A*']-modules Ny such that
S(M, Z[A*")) = Z[4*')? & P M,
k=1
where, furthermore, the module Ny, is a {k}—torsion module.

The integral structure of skein modules is also of interest because of its interaction
with quantum invariants, as we will explain later in this introduction. After a first
version of this work was available as preprint, we learned that Rhea Bakshi disproved
Conjecture 1.1 for some 3—-manifolds; see [1].

In this article, we focus on a single family of manifolds: products £ x S! of a compact
closed oriented surface ¥ of genus g = 2 and a circle. (However, we believe that our
techniques can be employed for other circle bundles over a closed surface). We note that
skein elements in X x S! admit some particularly nice diagrammatic representations as
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so-called arrowed diagrams. Indeed, we can always put a link L C ¥ x S! in general
position with respect to the projection ¥ x S! — X, and, besides the over/under-
crossing information, we only need to remember where the link L intersects X x {0}.
We remember this information by putting an arrow on the diagram at such intersections;
the direction of the arrow gives the direction in which L is rising. This notation was
first introduced by Dabkowski and Mroczkowski in [16], where it was used to compute
the skein module of ¥g 3 x S L

With this notation, let us introduce a family B of elements of S(X x S!) consisting of
the following diagrams. For each nonzero homology class of Hy(X,Z/2), we choose
an oriented simple closed curve representing it, and consider the diagram consisting
of this curve with no arrows, as well as the diagram consisting of this representative
with one arrow. Finally, we consider a trivial curve on X, with 0 to 2g arrows. Then,
our main result is the following:

Theorem 1.2 The family B is a basis of the skein module S(X x S1). In particular,
S(Z x S1) has dimension 22671 4-2¢ — 1.

Our proof is completely elementary; it uses only skein relations and direct computation.
It is independent of [8].

The skein modules of the manifolds ¥ x S! were previously studied by Gilmer and
Masbaum [7]. They introduced a general tool to bound below the dimension of skein
modules. Given a closed compact oriented 3—manifold M, Gilmer and Masbaum
defined a linear map

ev:S(M) — CY4,
In the above, U denotes the set of roots of unity of even order, and CY is the Q(A4)—

vector space of functions of the variable A € ¢/ that are defined almost everywhere.

u

> as it is defined as

For example, any function F(A) € Q(A) is an element of C
long as A is not a root of the denominator of F. Moreover, for any k € Z, there is a
map pk e CY which maps any primitive root of unity of order 2p to p¥. The map
ev is defined using the Reshetikhin—Turaev invariants of links in M : given a 2p"
root of unity A with p = 3 and a link K C M, there is a well-defined topological
invariant RT(M, K, A) € C. The invariant can be computed by choosing any surgery
presentation L for M, and computing a colored Kauffman bracket of L U K, where L
has been colored by some special polynomial w, € Z[A%1][z], called the Kirby color.
We will not give a complete definition of RT(M, K, A), and just refer to [7] for details.

The important point to us is that, with this definition, the invariant RT(M, K, A)
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naturally satisfies the Kauffman relations with respect to K. Thus it is possible to
extend it Q(A)-linearly from the set of framed links to any element of S(M), as
those elements are Q(A)-linear combinations of links in M. The only caveat is that
we may have to exclude some values of A € U/ if they are in denominators of the
coefficients of the linear combination. Using the map ev in the special case where
M = % x S, Gilmer and Masbaum showed that the dimension of its image is at least
228+1 4 2o 1, and thus so is the dimension of S(X x S1). They conjectured that
this is actually the dimension of S(X x S!). Theorem 1.2 answers positively their
conjecture; our contribution is to prove that the family B, of cardinal 228 +! +2¢ —1,
generates S(X x S1). Our proof is constructive: given a link L in £ xS, it is possible
to algorithmically decompose it as a linear combination of elements of B.

For simplicity we stated Theorem 1.2 with the skein module with coefficients in Q(A),
but in fact we only need {k} = A¥ — A~¥ to be invertible, for all k £ 0. In partic-
ular, a byproduct of our proof is that torsion elements of the integral skein module
S(T x S1,Z[A*1]) are always of {k}—torsion for some k > 1, in conformity with
Conjecture 1.1.

For any manifold M, the skein module S(M) has a natural H;(M, Z/2)-grading,
as the Kauffman relations always involve links in M that have the same homology
class in Hy(M, Z/2). Thanks to the basis we computed, we can answer some other
questions raised in [7] about the structure of quantum invariants of links in ¥ x S1:

Corollary 1.3 For any z € S(X x S1), the image of z by Gilmer and Masbaum’s
evaluation map is of the form
ev(z) =Y Ri(A)p'
iel
for some rational functions R; (A) € Q(A), and where [ ={g—1,g+1,...3g—-3}U{g}.
Moreover, the Gilmer—Masbaum map is injective on each graded subspace of S(XxS1).

The corollary results from the fact that Gilmer and Masbaum showed that it is the
case for elements that are linear combinations of nonseparating simple closed curves
with O or 1 arrows, and the trivial curves with 0 to 2g arrows. In particular, the
rational functions R;(A), as linear combinations of the coefficients in the basis B, are
algorithmically computable invariants of links in ¥ x S that satisfy the Kauffman
relations.

Let us stress that Theorem 1.2 does not imply Conjecture 1.1 for M = ¥ x S!; one
would need to prove in particular that the R;(A) have bounded denominators. This
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is related to the work of Marché and Santharoubane [14], who defined a Jones-like
polynomial invariant for links L in ¥ x S!, considering the highest order of the
asymptotics of the quantum invariants RT,(Z x S!, L). Their invariant, which has
value in Z[A*1], is closely related to the invariant R3g-3(A). As our method is
algorithmic, we computed the coefficients in the basis B of a few arrowed diagrams.
These coefficients have interesting integral properties; they seem to be in Z[A*!]
instead of Q(A), which corroborates Conjecture 1.1 for M = % x S1.

We may also hope to find more direct formulas for these coefficients; this may produce
an alternative proof of the linear independence of B as it would then suffice to prove
invariance of these coefficients by Reidemeister moves. We hope to explore further
these coefficients, which may be thought of as Jones-like polynomial invariants for
links in ¥ x S, in a later work.

The article is organized as follows. In Section 2, we introduce the notion of arrowed
diagrams and the elementary moves they satisfy. In Section 3.1, we introduce several
important relations that we will use throughout the paper. In the remainder of Section 3,
we define a notion of degree on the set of arrowed multicurves, and, by expressing
multicurves as linear combinations of multicurves of smaller degree, we prove that
S(Z x §1) is spanned by arrowed trivial curves and arrowed nonseparating curves. In
Section 4, we show that one only needs up to 1 arrow on nonseparating curves, and
up to 2g arrows on the trivial curve, to span S(Z x S1). Finally, in Section 5.2, we
introduce an equivalence relation on the set of nonseparating curves that is motivated
by relations in the skein module. We compute the equivalence classes of this relation,
and deduce that nonseparating curves (with the same number of arrows) that represent
the same element in H;(X,Z/2) also represent the same element of S(X x S1),
concluding the proof of Theorem 1.2.

Acknowledgements Detcherry was supported by the Max Planck Institute for Mathe-
matics during this research, and thanks the institute for its hospitality. Wolff learned
about this problem, and about TQFT more generally, from Julien Marché while he was
writing his introductory text [13]. We are also both grateful to Gregor Masbaum for
his constant interest in this work.

2 Arrowed diagrams, complexity and trivial components

In this section, we introduce the notion of arrowed multicurves and arrowed diagrams
on X. While the definition of elements in the skein module S(M) of a 3—manifold M
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is very much 3—dimensional, this notion will give us a purely 2—dimensional way
of thinking of elements of S( x S!). Arrowed diagrams were first introduced by
Dabkowski and Mroczkowski in [16], where they were used to compute the skein
module of X 3 x St

Let us view the S factor of ¥ x S! as [0,1]/9~1, and let L be a link in ¥ x S!.
By a general position argument, up to isotopy L can be assumed to be transverse to
3 x {0} and have no vertical tangent and, furthermore, the image of L by the projection
¥ x S — ¥ can be assumed to only have a finite number of double points with
transverse intersection. The diagram of the projection, together with the choice of
upper and lower strand at each double point/crossing, is almost enough to determine L
up to isotopy. The only missing information is when does L cross the level X x {0}.
Thus we add an arrow on the projection at each point of the projection coming from
an intersection point L N (X x {0}). Moreover, we choose the direction of the arrow
to be the direction in which L crosses ¥ x {0} positively. Conversely, any arrowed
diagram gives rise to a link in ¥ x S! in an obvious way. Because the Kauffman
bracket skein module deals with framed links, we would like to put a canonical framing
on each arrowed diagram. We do so by choosing the parallel of L to be the push-off
of L along the positive direction of S!. With this convention, any framed link L still
has an arrowed diagram, as we can always correct the framing by adding curls to the
components of the diagram.

Dabkowski and Mroczkowski gave a complete set of moves describing isotopy of

framed links in ¥ x S!:

Proposition 2.1 [16] Two arrowed diagrams of framed links in ¥ x S correspond
to isotopic links if and only if they are related by the standard Reidemeister moves R’

(Ra) |,~ |~ (Rs) =~ |

)

The relations R4 and Rs imply the commutation relation: if y -§ is the link obtained

R, and R3 and the moves

by stacking the diagram y on top of §, then y -6 =§-y. It is easy to see directly that
those two links are isotopic in ¥ x S1.

By relation R4, we note if a strand of an arrowed diagram has some number of arrows
(maybe with different directions) in succession, only the algebraic number of arrows
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matters. It will often be useful to write an arrow indexed by n € Z to denote n
successive arrows all pointing to the direction of the arrow. If n is negative, it has to
be understood as |n| arrows pointing in the opposite direction.

In all this article, by an arrowed multicurve, or multicurve for short, we mean an
arrowed diagram without double points. In other words, this is a diagram whose
projection on X is a 1—-dimensional submanifold of X. Each of its components may
be homotopically trivial, or essential, and we count these curves to form the degree
and complexity of the diagram.

Definition 2.2 If y is an arrowed multicurve and n (resp. m) are its number of
essential, nonseparating (resp. nontrivial separating) simple closed curve components,
then we define

deg(y) =n +2m.

We also define the complexity of y as (deg(y),n + m). Complexities are ordered
using the lexicographic order.

Notice that the above notion of degree does not depend on the number of arrows that
decorate each component of y.

Note that in the definition of the degree and complexity, we do not count the trivial
components of y. This is because we can essentially get rid of them, as follows:

Proposition 2.3 For ¥ a closed compact oriented surface, the skein module S(XxS1)
is spanned by arrowed multicurves containing no trivial component, and by the arrowed
multicurves consisting of just the trivial curve with any number of arrows.

Moreover, every arrowed multicurve is a linear combination of arrowed multicurves as
above and with same degree and complexity.

Proof It is clear that repeatedly applying Kauffman relations K; to the crossings of an
arrowed diagram will express it as a Q(A)-linear combination of arrowed multicurves.
Thus the main point of Proposition 2.3 is its second assertion: we can eliminate a trivial
component (with arrows) if the multicurve has at least one other component, without
changing its degree or complexity.

Let us consider an arrowed multicurve y containing a trivial curve and another compo-
nent. If the trivial curve contains no arrow then the Kauffman relation K, gets rid of it.
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Otherwise, we use the relations

In the above, the left strand stands for a strand of another component of the starting
multicurve (which is the second term of the left-hand side of the second equality).

By using this relation, we can express y as a linear combination of arrowed multicurves
where the number of arrows on a trivial component has increased, or decreased; this
number of arrows can therefore be pushed to 0, and then the Kauffman relation K5
gets rid of that trivial component. We then proceed inductively to erase the trivial
components, until there is either no trivial component left, or just one trivial component
and no other component. m|

3 Reducing the degree of multicurves

The main result of this long section will be the following:

Proposition 3.1 The skein module S(X x S1) is spanned by arrowed multicurves of
degree < 1. That is, S(X x S1) is spanned by arrowed nonseparating curves and by
arrowed trivial curves.

In the next subsection, we first introduce a few helpful relations that relate a few
multicurves of the same degree, up to lower-degree terms. We will use them to prove
Proposition 3.1 inductively, showing that any arrowed multicurve of degree n > 2 is a
linear combination of arrowed multicurves with smaller degree.

3.1 The sphere and the torus relation
Our first relation relates multicurves that sit on a 5-holed sphere subsurface of X:
Proposition 3.2 For any n > 1, we have the sphere relation (S,) between multicurves

of degree 2n + 6:
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n + 1 curves n curves

{2n +2}

In the above figure, the two boundary components on the left are nonseparating curves
of the ambient surface ¥, while all the other red curves are essential, separating curves
of ¥. The black square may be homotopically trivial in ¥, or not. Finally, = is
equality up to a linear combination of multicurves with degrees < 2n + 5.

We note that the multicurves above are indeed of degree 2n 4 6, as the middle n
components and the two rightmost ones are separating, they contribute 2n + 4 to the
degree, and for each summand one adds either a separating curve or two nonseparating
curves, adding a total of 2 more to the degree. We will sometimes refer to the relations
(Sy) as the sphere relations.

Proof We prove Proposition 3.2 by considering the resolutions of the diagram shown
in Figure 1. In this diagram, the 5-holed sphere is drawn as a 4—holed disk, with
the boundary of the disk and the leftmost hole corresponding to the two boundary

Figure 1: The black curve y stands atop the green curve § inside a 4-holed
disk. The two rightmost boundary components are the rightmost boundary
components in Proposition 3.2. There are n > 1 strands of y going in between
the two squares, and the left (resp. right) diagram corresponds to n being
odd (resp. even). In each diagram, we labeled the crossings from 0 to 2n+3,
following the green curve.
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components on the left of relation (S,). We have to consider two slightly different
patterns, depending on whether 7 is odd or even. The diagram shows two simple closed
curves y and §, with y (in black) standing on top of § (in green). We will produce
relation (S,) from the commutation relation y -§ = § - y, after a careful study of the
multicurves that appear after resolving the crossings using Kauffman relations. We
recall thatin y -8 and § -y the exact same resolutions appear, with coefficients changed
by replacing A by A~!. With this in hand, it is sufficient to study the resolutions

22n+4 regolutions.

of y-8. There are 2n + 4 crossings between y and §, and thus
Our claim is that among all those resolutions, there are only two of maximal degree,

and that this maximal degree is 2n + 6.

Notice that the 2n + 4 crossings cut the black and green curves y and ¢ into 2n + 4
black arcs and 2n+4 green arcs. Moreover, any component of any resolution consists of
several green and black arcs, alternating between green and black; any such component
is composed of an even number of arcs. We will focus mainly on the green arcs, and
denote them by (i,i + 1) with 0 <i < 2n 4 3, with cyclic notation, as suggested in
Figure 1.

Given a resolution A of y-§ and a green arc a, consider the connected component
A of A containing a. We will say that the contribution of a to the degree of A
equals p(a)/q(a), where g(a) is the number of green arcs in A/, and where p(a)
equals 0 if A’ is a nonessential curve of X, 1 if it is a nonseparating simple closed
curve, and 2 if it is a nontrivial separating curve. This way, deg(A) is the sum of the
contributions of its green arcs.

Let us bound, individually, the contribution each green arc can have to the degree of
a resolution of y -§. The arcs (2n +3,0), (0,1), (n+1,n+2) and (n +2,n + 3)
are the only ones that can form a closed curve containing no other green arcs: for the
two first ones that curve is nonseparating, for the two others it is separating. Hence the
maximal contributions they can give to the degree are respectively 1, 1, 2 and 2. For
any other green arc a, we will have p(a) <2 and g(a) = 2, hence the contribution a
cannot exceed 1. By summing up all these contributions, we deduce that for each
resolution A of y -§ we have deg(A) <2n +6.

Finally, let us examine in which resolutions of y -§ the degree 2n 4 6 can indeed be
reached. The contributions of both green arcs (n 4+ 1,7 4+ 2) and (n + 2, n + 3) need
to equal 2. For this, these green arcs have to be matched to one black arc to make a
separating curve in 3. Thus, the crossings n + 1, n + 2 and n + 3 need to receive the
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resolutions —, 4+ and —, respectively. Now, in order to reach maximal contribution
to the degree, the green arc (n,n + 1) has to be paired with another green arc and
two black arcs, to form a separating curve of X. The only possibility for that is to be
paired with the green arc (n + 3, n + 4), and the crossings numbered 7 and n + 3 have
to both receive the resolution —. The same argument with the arc (n — 1, n) implies
it is paired with the arc (n + 4,n 4+ 5) and the crossings n — 1 and n + 4 have the
resolution —. We continue further left, until the arc (1, 2), which is paired with the arc
(2n +2,2n 4+ 3) (it can also be paired with the arc (2n + 3, 0) to form a closed curve,
but that curve is trivial in X). In conclusion, all crossings except n 4+ 2 and maybe 0
have to receive the resolution —.

Depending on the resolution of the crossing labeled 0, we have two possible diagrams of
maximal degree. The one for which the resolution of 0 is — yields the first diagram of
the relation (S5). It has 2g—3 signs — and one sign +, hence it comes with coefficient
A728%2 in y . §, and with coefficient 4?62 in §-y. The positive resolution of 0
yields the second diagram, with coefficient A=2€ in y-§ and A28 in §-y. The equality
y -6 = § -y in the skein module thus proves the formula (S;). |

We defined the sphere relation (S,) for any n = 1. We will need another relation,
which we will call (Sp). It is again a relation between multicurves on a 5-holed sphere
subsurface, although it has a slightly different form.

Proposition 3.3 In S(Z x S!), we have the following relation between multicurves
that coincide except in a 5—holed sphere:

4 + {2
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Proof We get the relation looking at resolutions of y-§, where y and § are the simple
closed curves

In the above, we numbered some boundary components from 1 to 4, where 1 and 2
correspond to the two leftmost boundary components in Proposition 3.3 and 3 and 4
to the two rightmost components. We get the sphere relation (Sp) from the equality
y -8 = §-y. Note that resolutions with an even number of positive resolutions at
crossings will appear with the same coefficient 1 on both sides, so we need to analyze
the other resolutions only. Let us order the crossings from left to right; the following
sums up the different resolutions:

++++ —+++ ++—+
0 Ol o(©©
| U (|
o(@d) ) ((@20) ) (@@
(| U |
with the remaining odd resolutions +—++4, +++—, ——+— and +——— all yielding
trivial curves. Thus, collecting all terms of the equality y -§ = § - y, we indeed get the
relation (Sp). O

We now establish another useful relation, which we will call the torus relation. This is
a relation between multicurves that sit on a torus (with several holes) subsurface of X.
We have:

Proposition 3.4 Let y be an arrowed multicurve. We suppose that there exists a
simple curve § which intersects exactly once n = 3 components of y and which is
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n strands

Figure 2: The black curve y’ stands atop the green curve §. The dashed
quarter-circles correspond to the boundary component of the torus. We labeled
the crossings from O to n — 1, from left to right. The surface is represented
as a torus using the square model, but regions of the diagram may actually
contain some genus, or be connected by handles.

disjoint from all other curves of y. Then, up to multicurves of lower degree, y is a
linear combination of arrowed multicurves obtained from y by replacing any number
of pairs of consecutive components of y along é by their connected sum along the arc
of § connecting them, provided the resulting curves are nontrivial and separating.

Note that in the torus relation all multicurves are of degree n: all components of y
are nonseparating as they intersect § once, and the other multicurves have the same
degree as we always replace two nonseparating curves with one separating one. We also
remark that any multicurve that satisfies the hypothesis of Proposition 3.4 is a linear
combination of multicurves with smaller complexity. If moreover no pair of consecutive
components bounds a subsurface X’ C ¥ with genus > 1, then y is actually a linear
combination of multicurves of smaller degree, as those connected sums are all either
trivial curves or nonseparating curves.

Proof We prove Proposition 3.4 using a similar method as for Proposition 3.2. Let
us introduce the curve y” which is the 1/n fractional Dehn twist of y along §. The
curves y’ and § are represented in Figure 2. We will deduce the relation from the
equality ¥’ -8 = § - y’. This time, the diagram shown in Figure 2 has n crossings, thus
n green arcs and n black arcs. The crossings are labeled 0 to n — 1, and considered as
elements of Z,. Notice that the black arcs connect crossing i to crossing i + 1. We
will find the bigons and squares of the diagram, and show that no bigon corresponds to
a separating curve, which will imply that the maximal degree is at most n. As there are
both green and black arcs connecting i to i + 1, we get exactly n bigons, and each green
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arc belongs to exactly one bigon. Notice that here it is important that n > 3, otherwise
there are actually two black arcs that close up the green arc (0,1),as 1+1=0 mod 2.
Each of those bigons corresponds to a vertical curve in the square representing the
one-holed torus; that is, the bigons correspond to parallel nonseparating curves.

Let us now search for the squares (i,i + 1, j, k), where (i,i + 1) is a green arc. Given
the form of black arcs, they must be of the form (i,i + 1,i +2,i + 1). We note
that those squares all correspond to the curves that are connected sums of consecutive
components of y along an arc of §. In a maximal-degree resolution, all green arcs
must belong to either a bigon (which has to be a nonseparating curve as we saw) or
a square that is a separating curve. So the different resolutions are exactly y and the
different possible multicurves described in the first part of Proposition 3.4. Thus the
equality y'-6 = § -y’ gives exactly the equation of Proposition 3.4. O

Next we introduce a relation between arrowed multicurves in a two-holed torus subsur-
face of X. Those relations will involve multicurves with at most two components (in
the subsurface), which are not covered by Proposition 3.4.

Proposition 3.5 We have the relations
a+1

In particular, the multicurves on the left-hand side of two equations are linear combina-
tions of multicurves of smaller complexity.

Proof From Reidemeister moves Rs, we have
a a+1
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After resolving the crossings, this gives the first equation. Similarly, the second equation
is a consequence of the relation

a—+1

\
\

H

]

b+1

Finally, let us call D, ; and D,4; p4+1 the two multicurves on the left-hand side
of the two equations; let = be equality modulo multicurves of smaller complexity.
Note that D, ; is composed of two nonseparating curves, so it has degree 2. The
multicurves on the right-hand side have only one component, thus have degree at most 2
and smaller complexity than D, ;. Thus we have A_lDa,b —ADgy1,p+1 =0 and
ADgp— A_lDa+1,b+1 = 0, which implies that {2} D, 5 =0 and {2} D41 41 =0.
So the multicurves on the left-hand side are linear combinations of multicurves of
smaller complexity. O

3.2 The dual graph of an arrowed multicurve
Given an (arrowed) multicurve in X, we define its dual tree as follows:

Definition 3.6 Let y be a multicurve in X. Let ¢ be the multicurve that consists of a
copy of each distinct homotopy class of nontrivial separating curves among components
of y, and let V' be the set of connected components of ¥ ~ c¢. Then the graph I" dual
to y has one vertex for each element of V and one edge for each component of ¢,
connecting the two connected components of X ~ ¢ that it bounds. To each vertex
v € V, we associate the corresponding connected component X (v) C X. We let g(v)
denote its genus, and by y N X(v) we mean the arrowed diagram of X (v) consisting
of the nonseparating connected components of y lying inside X (v).

Note that the graph I' is actually a tree as any edge of I' is disconnecting.

For y € S(X x S1) a multicurve, we say that y is stable if it is not a linear combination
of multicurves of smaller complexity.

Lemma 3.7 Let y be a stable multicurve and let v be a vertex of the dual graph of y.
Then y N X (v) consists of either 0 or 1 nonseparating curves.

Proof Let y’ be the multicurve y N X (v), which consists only of nonseparating curves.
By the torus relation, if we can find a curve § which intersects at least three components
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of y’ exactly once, then y is a linear combination of multicurves of smaller complexity,
hence y is not stable. Also, if we can find a curve § which intersects exactly two
components of " once, then a neighborhood of the union of these three curves is a
two-holed torus. Proposition 3.5 then asserts that y is not stable.

Thus, we just need to prove that such a curve § exists provided y’ contains at least two
nonseparating curves. For this, consider the dual graph G(v) to y’ in the usual sense;
its vertices are the connected components of X (v)~y’ and each component of y’ yields
one edge of G(v). If G(v) has at least two vertices then we can find an embedded
loop in G(v), which can be followed to define a curve § as above. Similarly, if G(v)
has only one vertex, but at least two loops, then the two corresponding components
of y’ are nonseparating, and mutually nonseparating in X(v), hence we can find a
curve § intersecting just these two curves once; provided G(v) has at least two edges,
such a curve § exists. |

Proposition 3.8 Let y be a stable multicurve on X. Then the dual graph of y is
linear.

Proof Let y be a stable multicurve and I' be its dual graph. Let us note that by
definition of dual graphs, if a vertex v of I" has valency < 2 then its genus g(v) is at
least 1. Hence, it is then sufficient to prove that if two vertices v and v’ are connected
by an edge and if g(v) = 1, then the valency of v is at most 2. Indeed, assuming this
claim, starting at the leaves of the tree I' which have genus = 1, then neighboring
vertices also have valency < 2 and thus genus = 1. Once can proceed inductively to
prove that I" is linear.

Thus let us assume that " has two connected vertices v and v’ such that g(v) = 1 and
suppose the valency of v’ is at least 2. A neighborhood of the connected components
of y corresponding to the edge (v, v”) looks like the second term of the sphere relation
of Proposition 3.2, with n > 1 curves in the middle.

If n = 2, we have to apply the sphere relation (S,—1), reducing the value of n while
adding copies of the two leftmost boundary components. Doing so, we actually increase
complexity, but we keep the same degree. We inductively reduce the value of n until we
hit n = 1. Finally, we apply the relation (Sg) of Proposition 3.3, which now expresses
the multicurve we got in terms of multicurves of smaller degree. We deduce that the
multicurve y was not stable. O

We end this section with a lemma that refines Lemma 3.7 for vertices of valency 2:
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Lemma 3.9 Let y be a stable multicurve and v be a vertex of its dual graph I" of
valency 2. Then y N X (v) = @.

Proof Because of Lemma 3.7, we know that y N X (v) is either empty or a single
nonseparating curve. The subsurface X (v) has genus g = 1 and two boundary com-
ponents. We will provide a relation to show that a multicurve in X (v) consisting of
the two boundary components and one nonseparating curve is a linear combination of
multicurves of smaller degree.

Consider two curves y and § in a surface Xg > as follows:
\Jr
//

0 (©O)s

2\

@f

In the above, the two circles are the two boundary components of X4 >, and the opposite
sides of the big square are identified. Moreover, we attach g — 1 handles to the little
square, so that the surface indeed has genus g.

Let us order the crossings from bottom to top. We claim that the resolution ++—
consists of the two boundary components plus one nonseparating curve, which gives
total degree 5, and that all other resolutions have degree at most 3. The different
resolutions are summed up in the following diagrams:

+++ ++— +—+ —++

mi\e) 0 (©) O JO O N@/
O) © P IO
deg =3 deg =5 deg=1 deg=1
—— +—— —4— ——+

O
0
O

0 © SO 0 © ]
O © oS WO

deg=1 deg =3 deg =3 deg=1
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Figure 3: A sausage-decomposed subsurface of 3.

As the resolution ++— appears in y-§ —§ -y with coefficient {1} # 0, that multicurve
is a linear combination of multicurves with smaller degree, which is what we wanted. O

3.3 Sausage decompositions of surfaces

Thanks to Proposition 3.8 and Lemma 3.7, the skein module of ¥ x S! is generated
by arrowed multicurves which are put on X in a kind of standard form that fits well
with a special kind of pair of pants decomposition of ¥ which we will call a sausage
decomposition of X. We define such a decomposition below:

Definition 3.10 Let X be an oriented compact closed surface of genus g. A sausage-
decomposed subsurface ¥’ C X is the data of a subsurface of ¥ with 2 to 4 boundary
components together with a pair of pants decomposition of the type described in
Figure 3 with pair of pants being ordered from left to right. Moreover, a sausage
decomposition of X is the data of a sausage subsurface of ¥ composed of 2g pairs of
pants, and with two boundary components that each bound a disk in X.

Let us remark that in a sausage decomposition of X, there is a well-defined left (and
right) boundary component.

Let us fix a sausage-decomposed subsurface ¥/ C X, containing N = |y(¥’)| pairs of
pants. We fix an integer m = 0 and ko € {1,..., N — 1} so that the subsurface which
is the union of the first k¢ pairs of pants of X’ has a single boundary component to
its right. Let a,b € Z and k € {0,..., N} ~ {ko}; we write D(’;b for the diagram
(depending on the parity of k)

k pairTs of pants k pairs of pants
i

ko pairTs of pants ko pairs of pants
N

or

m curves n curves
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When k = ko, we would like to define a D¥ ab similarly, except we need to spec1fy
the relative position of the blue and red curves. Thus we get two versions, lD
and ,D¥ ab where the red curve is put respectively to the left and to the right of the m
blue curves:

a+b

All those diagrams define elements of S(X x S!), which depend also on m and the
sausage-decomposed subsurface X', but for simplicity we omit those dependences from
the notation.

It is obvious that if m = 0 then lD b= rDsob. There is a more general relation
between those two diagrams, which we describe in the following lemma:

Lemma 3.11 Forany a,b € Z and m = 0, we have
leo _ A2m(a+b) DkO

modulo diagrams of smaller degree.

Proof For any a,b € Z we have

Thus we can push any arrow on any curve to the curve immediately to its right, at the

expense of multiplying by A2 each time. To push all arrows from the leftmost to the
rightmost of the m + 1 curves, we multiply by A2m(@+b) |
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The next proposition says that we can push multicurves D¥ b outwards to the boundary
of the subsurface 3. Let V%' be the subspace of S(X x S ) spanned by the elements
Dg p and D ‘sz b

Proposition 3.12 Up to diagrams of smaller degree, for any a,b € Z, we have
|DX6, DX, e VO¥

This proposition rests upon the following relations between the D ab

Lemma3.13 Let k€{0,...,N—1}and a,b € Z.
o Ifké¢i{ko—1,ko} then

k 1k k+1 —1 nk+1
ADa,b_A Da+1 b+1 —ADa+1b+1_A Da,b :
o If k =ko then
k k+1 —1 nk+1
A Dab A- Da+1b+1 ADa+1b+1 —A4 Da,b :
o Ifk=ko—1 then
k k+1 —1 pk+1
ADa,b_A Da+1b+l AlDa+1b+1 % lDa,b :

Proof Those equations are direct applications of the first or second two-holed torus
relation of Proposition 3.5. We apply them in the (k+1)" pair of pants of the decom-
position of X/, which may oriented to the right or to the left depending on the parity
of k. The cases where k = ko —1 or ko work the same as the others, as we can always
keep the extra curves away. |

Let V be the Q(A) vector space formally spanned by elements Dk (and elements
le and ,D Ob) for a,b € Z and k € {0,..., N}. We will, by a shght abuse of
notatlon sometimes consider elements of V' as elements of S(TxS1) that might be thus
k
subject to relations. We define zn V ashift operator s:V— V by s(D, b) = a+1 b1
a+1,b+1 a+1b+1 It should be kept

in mind that this operator s acts on the space of dlagrams V, before quotienting by the

and, similarly, s(le b) and s(;D b)

skein relations; it does not act on elements of the skein module. Alsolet A:V — V
be the multiplication operator by A and consider

Ay =As—A7", A_=—-A"ls4+4 and Ay, =A2"T5—a71

We note that Ay o = A4
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Lemma 3.14 Forany a.b € Z, we have A7} ko DkO e V¥ and AN—ko Dko e V¥

Proof By Lemma 3.13, we have A_ DF ab = =A4 Dk 11 provided we do not run into
the extra m curves. As the operators A+ and A_ commute we get that A2 D ab =
A2 Dk *2 and so on, as long as we do not collide with the m blue curves. In the end

we get A’fg DX = AkopO e V¥ and AN ko, Dk = AYTROpN e 0¥

We will now use Lemma 3.11 in order to translate the first equation of Lemma 3.14,

Ako k° € V% in terms of the elements D% ko et AV (resp 1V) be the sub-

space of V generated by the elements of the form Dk ab (resp. ID b) Lett: ;) V—,V
be the linear operator defined by

t(le’Ob) — A2m(a+b)rD];f)b

forall a,b € Z. By Lemma 3.11, for all a, b € Z we have, up to diagrams of smaller
degree, le?b = t(le?b)' The operator ¢ can be thought of as a change of basis
operator between the ’Df?b and the IDZ) , up to lower-degree terms. Note that the
shift operator does not commute with this transformation; indeed,

k — k
S(ID ) = lDaH bil = f(lDaH pi1) = (08D, %) = (tosot 1)(f(lDa?b))
and, similarly,
ko, mk ko .— k ko .— k
ANL(DY) = (10 AL 017 (I(1D,5)) = A2 @FD (10 AL 071D,
Moreover, it can be easily computed that o s ot ~1 = A*™s, which also implies that
toAy ot = A+,2m.

From this we get, for all a, b € Z and, up to diagrams of lower degree, that Ako Dsob =
A2mta+Db) A]:?,Zm (rDl;?b). In the end, we get the system

Ak() mVDkO c Vaz’
AN- kO,ij?b e V¥,

This should be thought of as an invertible linear system, and we are ready to conclude
the proof of Proposition 3.12.

Proof of Proposition 3.12 We will write D € V¥ fora given diagram D to mean
that D € V%' up to smaller degree diagrams. By Lemma 3.11, we only want to show
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that TDZ;?b € VT We have AX0 (er?b) € V9% and AN ko (rD(];?b) e VT we

+.2m
note that A4 5, = A4 15 — A7 and A_ = —A~ls + A commute, and that
. 1 _
ldV = W(A 1A+,2m + A4m+1A_).

We conclude that
1

-1 4m+1 N k F)oY
(A4m+2_ g—2)N (A7 Ay om + AT AT (D Ob)EV

a,

ko _ 4N ko \ _
rDa,b = 1dV (’"Da,b) =
as, after expanding, any term will contain either A’ff’zm or AN—ko, |

Corollary 3.15 Fix a sausage decomposition of ¥. Any (arrowed) multicurve of the
form

mo = 0 curves

> ny = 0 curves

my = 0 curves mg_1 = 0 curves

is actually a linear combination of curves of the same type with all m; = 0 and of equal
degree, plus multicurves of smaller degree. In the above, arrows may be added in an
arbitrary way.

It should be noted that, by applying Corollary 3.15, we may actually increase the
complexity, as the separating curves are replaced by nonseparating ones, twice in
number.

Proof Corollary 3.15 results from applying Proposition 3.12 many times, pushing the
groups of separating curves out step by step. |

From the results of Section 3.2, the skein module S(X x S!) is spanned by multicurves
of the type described in Corollary 3.15. This may be used to strengthen Corollary 3.15
to the following proposition, which is the main result of the present section.

Proposition 3.16 The skein module S(X x S') is spanned by arrowed trivial curves
and arrowed nonseparating simple closed curves.

Proof Thanks to Corollary 3.15, we will only need to show that multicurves of the type
described in the corollary and with m; = 0 and n + ny = 2 are linear combinations
of multicurves of smaller degree.
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Let us first assume that nq or n, is at least 2. Without loss of generality, let us
assume that ny = 2. Slightly adapting our previous notation, we define arrowed
multicurves Dla" » compatible with the sausage decomposition of %, which have n; —2
extra curves on the left and n, on the right. For example, the multicurve D;’ p looks

like
S N
O

n—2=0 ny =0
curves curves

By comparison, the multicurve ngb_l would look like

| N
O O

n—2=20 ny =0
curves curves
We will use the relations of Lemma 3.13 to relate the multicurves Ds,b for k €
{0,..., N}, while always leaving the “extra” blue curves unchanged. Note that we
can always (up to multicurves of smaller degree) push all arrows from the blue curves
to the red curves. Let ID;,b denote the arrowed multicurve where the red curve
in D;’ p is put to the left of the blue curves. As in Lemmas 3.13 and 3.11, we have
ID;’ p = A2(m=2)b DaI’ p and Ay lDa1’ » = 0. The same computation as before thus
gives A4 n1—2D1 b= 0, where Ay 2 = APM=3g A7

Similarly, if ;D g is the diagram obtained from the diagram D g by putting the
red arrowed curve t0 the rlght of the n, blue curves, we would have A rD 28=1 _ () and

2g—1 —2n->b 28— 2g 1 _ 1 2
rD5 = ATTPD ' Thus A_n, D5 =0, where A_p, =—-A""""25 4+ A.

Thanks to Lemma 3.13, we have
App—2D} =0,

A, 872D = A_,, A272D2871 =,

12 a,b
Let us note that A_, Ay ,,_2> and A_ ,, all commute. Moreover, let us note that

1
A2n1—2 _ A—2—2n2

idy = (ATI722 AL o+ APMT3A_ )
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and

. 1 -1 2n1-3
ldVZW(A Ag 2+ ATT7AL).

When expanding the expression

1
T (AZmi—2_ f-2-2n2)(A2mi—2_ f-2)28—2

idy (ATI2m2A 4+ APM3A )

O (AT Ag o+ AP TIA)PET2,

any term will contain either a factor Ay ,,—» or a factor A_ ,, A>672, Applying idy
to D; p» We conclude that D; » = 0. This shows that as long as n; = 2, the multicurve
above is a linear combination of arrowed multicurves of smaller degree.

Finally, in the remaining case where n; = n, = 1, we can fit the multicurve on a
two-holed torus subsurface, so that the two boundary components of the two-holed
torus are nonseparating in . Proposition 3.5 then shows that the multicurve with
n1 =np =1 is a linear combination of nonseparating simple closed curves (the two
boundary components of the two-holed torus). a

4 Elimination of arrows

By the previous section, the skein module S(X x S!) is spanned by all arrowed
multicurves whose underlying multicurve is either a nonseparating curve or a trivial
curve. We will now study the “vertical” part of those curves, that is, relate elements of
S(Z x S1) that differ only by the number of arrows we put on them. We will treat the
cases of nonseparating curves and of the trivial curve separately.

4.1 Arrows on nonseparating curves

We have:

Proposition 4.1 Let y be a nonseparating simple closed curve, with some choice of
orientation, and for n € Z let y, be the arrowed curve y with n arrows in the direction
of y. Then, for any n € Z, we have y, = yn—2 € S(X x S1).

Based on the above proposition, to span S(X x S1), it is sufficient to consider nonsep-

arating curves with 0 or 1 arrows. Moreover, for nonseparating curves with 1 arrow
the direction of the arrow can be chosen arbitrarily.
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Proof We begin by observing that by using relation Rs of Section 2 we have

o F

Using Kauffman relations K; and K>, this gives the arrow-shift relation

n+1 n—1
O - e

Hence, adding one trivial curve with one arrow in the direct orientation to the diagram
Yn yields the linear combination —Azy,,H — A4yn_1.

On the other hand, the equality

- O

gives, this time, that the same diagram obtained by adding one trivial curve with
one arrow in the direct orientation to y, equals —A%y,_1 — A*y,11. The equality
between these two expressions is equivalent to {1}(Yn+1 — Yn—1) = 0. This proves the
proposition. a

4.2 Arrows on the trivial curve

We now turn to the case of the trivial curve. To set things up, for n € Z let the arrowed
curve S, be the trivial curve with n arrows in the positive direction. If we fix a
sausage decomposition of X, then S, also corresponds to the curve D;(z),o defined in
Section 3.3. It also corresponds to the curve Dii,o- We introduce a last operator 6,
on the vector subspace of V' formally spanned by the S,, by 0(S,) = S—,. This
operator will be treated similarly as we treated the shift operator s (which we recall
is defined by s(S,) = Sp+2 as S, = D,?’O), and the operators Ay = As — A~1 and
A_ = —A715 4+ A in Section 3.3; they are only defined as linear operators on V, but
we will use them to write relations in S(X x S1), as in Section 3.3.

In this context, as there are no “extra” curves that act as barriers here, the relations
given by Lemma 3.13 simply read

— +1
A-D,=AsrDyh
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for any a,b € Z and any 0 < k <2g — 1. Thanks to these relations, we can show that
the arrowed curves S, satisfy the following system of relations:
Proposition 4.2 The multicurves S, € S(X x S1) satisfy

(1) A28, — A"T2S_, € Spangy(4)(So. . ... Sp—1) forall n > 1.

() A%5(Sp) = (80 A%)(Sn).
Proof The second point of the proposition results from our remarks above. Indeed,
from Lemma 3.13, we get, for any n € Z,

A’ D2E = N6 D).

which, recalling that DY = S, and D2 = S_,. gives exactly (2).

Thus we just need to prove point (1). Recall the arrow-shift relation obtained in the
preceding section,

Applying this relation to the diagram

OO

will give us that 4728, = A*S_1, which implies the n = 1 case of (1). We proceed
to prove (1) by induction on 7.

Assume that (1) has been established for some 7. Using the arrow-shift relation, we
have

q-n—2 C}n @ _qn+2 QnO
= —AT" Sy —ATTES,  F ATTAS i+ ATTOS

By the induction hypothesis and the arrow-shift relation, the left hand side is in
Spang(4)(So, - - -, Sn). Thus A™" S, 41 —A"T6S e Spangy (4 (So. - - -, Sn), and,
by induction, (1) holds for all n = 1. |

We will use this system to prove the following proposition, which shows that the
subspace of S(X x S1) spanned by arrowed trivial curves is finite-dimensional:
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Proposition 4.3 The subspace of S(X x S!) spanned by the arrowed curves (Sy)nez,
is actually spanned by the curves S, forn =0,...,2g.

Proof Let n > 1. Let us take a closer look at the equation

A8 (Sp_2g) = (8 0 A%8)(Su—2g)-

We expand both expressions, using that A_ = —A" s+ A and Ay = As—A~1. We
get

28 2 28 2¢

Z( k )(_1)kA2g_2kSn—2g+2k = Z( k )(_l)kAZk_ZgS—n+2g—2k-

k=0 k=0

As we assumed n > 1, extracting the terms in S; with |/| maximal from both sides,
we get A28 Sy 0o = A28 S__5, modulo Span(S_p—2g+1, - -, Snt+2g—1). Now, if
= is equality modulo Span(S—,;—2g+1,...,Sn+2¢—1), using Proposition 4.2(1) we
get the invertible system

A28 Sn+2g - AzgS—n—Zg =0,
A—n—2g—2Sn+2g _ An+2g+2s_n_2g =0;

hence, for any n = 1, we have

Sn+2g, S_n_zg € Span(S_n_2g+1 ey Sn+2g_1).

We remark that using only Proposition 4.2(1), by induction we can show that if |n| < 2g
then S, € Span(So, ..., S2g). From there we can use the above result to inductively
deduce that, for any n € Z, the element S, is in Span(Sop, ..., S2g). O

5 Relating nonseparating curves

In this last section, we conclude the proof of Theorem 1.2. Thanks to Section 3, we
know that S(Z x S!) is spanned by arrowed nonseparating curves and arrowed trivial
curves, and, thanks to Section 4, we know that we need only nonseparating curves
with 0 or 1 arrows and trivial curves with at most 2g arrows to span S(X x S!). Thus,
to prove Theorem 1.2, the only missing ingredient is to prove that two nonseparating
curves y and y’ (both with 0 or 1 arrows) such that [y] =[y’] € H; (X, Z/2) represent
the same element in S(X x S1), which is what we prove in this section.
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Figure 4: On the left, the standard generators of ;(X); on the right, the
Lickorish generators of Mod(X), drawn for X a genus 3 surface.

5.1 Action of Dehn twists on the fundamental group

In this section, we will set some notation for the fundamental group and mapping
class group of X, and perform some elementary computations that we will need in
Section 5.2.

Here, let X be a closed compact oriented surface of genus g. For elements a, b € 71 (%),
we adopt the convention that a - b is the path obtained by following first the oriented
loop a then the loop b. Let ay,by,...,ag, bg be the standard generators of 1(X),
as shown in Figure 4, left, so that 71 (X) is the group

m1(X) =(a1,b1,....ag,bg)/(a),b1)[az.b2]...[ag.be]=1-

We also introduce three families of simple closed curves on X: the curves «;, f;
and y; represented in Figure 4, right. One can easily check that the curve «; (resp. B;
and y; ) represents the free homotopy class [a;] (resp. [b;] and [a;_ Jrllb,-a,-bl._ 11). The
Dehn twists along the curves «;, B; and y; form the well-known Lickorish generators
of the mapping class group Mod(X):

Theorem 5.1 [12] The 3g — 1 Dehn twists 1,78, for 1 <i < g and t),; for
1 <i < g—1 generate Mod(X).

For use in the next section, let us collect here a few formulas expressing the action of
the Dehn twists 74, , g, and 7y, on 71 ().

Lemma 5.2 Let ¢ € {£1}.

e The map rgi sends b; to b,-a;.8 and leaves all other generators of () invariant.
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e The map rg. sends a; to aibi_ ¢ and leaves all other generators invariant.
1

e The map r;fi sends b; to y’b;, sends aj+1 to yiaj+1y; ¢, sends biy1 to
bi+1y; ¢ and leaves all other (including a; ) generators of m1(X) invariant.

The proof of the lemma consists of homotoping the images of generators by the Dehn
twists, and is left as an exercise for the reader.

5.2 An equivalence relation on the set of simple closed curves

For y and § two simple closed curves on X, let i(y, §) be the geometric intersection
number of y and §. Also let [y] € H1(X,Z/2) be the Z/2-homology class of y.
Finally, for any simple closed curve y on X, let 7, denote the Dehn twist along y. We
find some elementary equalities between different simple closed curves in S(Z x S1):

Proposition 5.3 Let y and § be two simple closed curves on X, viewed as elements
of S(X x S!). Then:

o Ifi(y,6)=1,theny = rgz(y).

o Ifi(y,8)=2,theny = 15(y).

Moreover, those relations stay true after decorating y and tg (y) with the same number
of arrows.

Proof If i(y,§) =1, a neighborhood of ¢ Ub in X is a one-holed torus. Moreover,
75(y) and § also intersect once. Looking at the Kauffman resolution of the equation
15(y) -8 =6 -15(y), we have

hence

which gives us that (4 — A7)y = (4 — A_l)fé,z(y), and thus y = ‘L’82()/) as we work
over Q(A) coefficients.
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When i(y, §) = 2, if the algebraic intersection of @ and b is 0, then a neighborhood
of aUb in X is a 4-holed sphere. Otherwise, a neighborhood of a U b is a 2-holed
torus. Let us assume the former. Let y’ be the % fractional Dehn twist of y along §.
The equation y'-§ = § -y’ reads

(@pR@3D)

which implies that (42 — A72)y = (42 — A=2)15(y), and thus y = t5(y).
The case where the algebraic intersection of a and b is £2 is fairly similar and left to

the reader. O

This computation leads us to define an equivalence relation on nonseparating simple
closed curves on X.

Definition 5.4 On the set of nonseparating simple closed curves on X, let ~ be the
equivalence relation generated by:

e If y and § are simple closed curves such that i (y,§) = 1, then y ~ rsz()/).

e Ifi(y,8) =2,then y ~ 15(y).

The proof of Theorem 1.2 now reduces to the following proposition:

Proposition 5.5 Let y and y’ be two simple closed nonseparating curves on X. Then
y ~y' ifand only if [y] =[y'] € H1(Z,Z/2).

Although we think it is likely that an appropriate use of the mapping class group

literature could lead to a short proof of Proposition 5.5, we were unable to find a
statement that would directly apply. Instead, we had to resort to a brute force proof.
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Proof of Proposition 5.5 Notice that, by definition, if y ~ )’ then there is a mapping
class group element o € Mod(X) such that y” = o(y). Moreover, if y and y’ are
related by a generating relation as in Definition 5.4, then clearly [y] = [y’]. The direct
implication follows.

Next we remark that if y ~ §, then, for any ¢ € Mod(X), we have that o (y) ~ o (§).
Indeed, if, for example, y’ = 182()/) andi(8,y)=1,theno(y’) = 0018200_1 (o(y)) =
75(5)(0(8)). Moreover, i(0(8),0(y)) =i(8,y) =1,s0 o(y’) ~o(y). The same is
true for the other generating relations, and the general case follows by transitivity.

Let us now introduce the finite set F of elements of 71(X) of the type
£11.—61 gg; —0g
ay byt -ag by

where the ¢; and §; are elements of {0, 1}, not all zero. Notice that F contains exactly
one element in each nonzero homology class of H;(X,Z/2). Moreover, all of these
loops actually represent simple closed curves on X, which are just connected sums
of simple closed curves afi b; 5 Also let G denote the set of Lickorish generators,
G = {ta;, 18;, Ty; ;- By the above discussion, Proposition 5.5 will follow once we
prove:

Lemma 5.6 For any simple closed curve ¢ = aj'b| 51 a?by 52, Zg b?gg € F and
any Dehn twist T € G = {1y, ., 1g;., Ty, }» We have that t(c) and © 1(c) are equivalent
to elements of F.

Proof Let us treat first the case of the generators 7,,. For ¢ € F, let us write
c= wafi b; Bi z, where w and z are expressed in generators of 71 (X) different than a;
and b;. If §; = 0, then we have rjf,l (c) =c, so the r(;fl(c) are equivalent to elements
of F. Soletusassume 6; = 1. If §; =1, then i(c, ;) = 1, and thus 7, (c) ~ ra_il(c).
So it is sufficient to prove that one of the two is equivalent to an element of F. Let
u € {£1}. By the formulas in Lemma 5.2, we have that ra (c) = wa l._”bl._lz.
Depending on the value of ¢;, we see that either 74, (¢) or rail (c) is an element of F,

so both are equivalent to elements of F.

Working with the generators 7g; is similar: Still writing ¢ = wasi b_si z, we have that
if & =0 then ril (c) = ¢, which is an element of F already. Otherwise, i (8;,c) =1,
so that 7, (c) ~ r 1(c) and moreover we find that one of the ril (c) is an element

of F. We finally turn to the case of the Lickorish generators 7y, . ThlS time, let us write

j 81+lb 81—1—1

&
¢ =wiz =wa'b; i b

z. There are 16 possibilities for the middle word ¢,
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which we subdivide into three categories, depending on the geometric intersection
number with y; :

e Fort=1,a;, b lbl+11, aib7 b}y, bitai bl or aiblaiy1bi L we
have that i ([¢], )/,) =
e Fort = b 1 a;ib; 1 b 1a,+1, a,b ait+1, bi_+11’ a,'bl.__ﬁl, ai+1bi_+11 or
aiai+1bi+1, we have that i([t],yi) =1.
e Fort =a;41 or aja;+1, we have that i ([¢], y;) = 2.
Again, if i ([t], y;) =0, then Ifil(c) = ¢ and we have nothing to prove. Moreover, if
i([t], vi) = 2, then, by definition of the relation ~, we have that t)fl (c)~c.
It remains to show that if i([¢], ;) = 1 then the elements r)fl (c) are equivalent to
elements of F. As before, those two elements are equivalent, so we only have to find
that one of them is equivalent to an element of F in each case. We proceed to show
this in the remaining eight cases:

() Ift = bl-_l then 7y, (c) = wbl._lyl._lz = wal._lbl-_la,-ﬂz. But then we have that

i(ty; (c), ;) = 1, so that 7y, (c) ~ 7,2

o Ty, (c). But we compute that
T2 0 Ty, (¢) = wa;ib 'aity, z,

which is an element of F.

2) Ift= a,'b._l then 7y, (c) = waib._lyl._lz = wb._la,'+1z e F.

(3) Ift=b la;41 then T, 1(c) = wb;” Yaiv1yiz = wa,b z, which is an element
of F.

@) Ifr= a,-bl._la,-_,.l then ry_l.l(c) = wa,-bl-_la,-ﬂy,-z = wal-zbl._lz. Thus,
i(0i, 7, () =1,
so that 7, L) ~ rgi o, L(¢). We compute that

2 1.5 . —1
Ty, 0Ty, () =wb; 'z
is an element of F.

6 Ifr= bl+11 then 7, c)= wy; lbl+112 = wbh;ja; bl. lai+1bi_+llz. We find that

i(ry_il(c), Bi)=1,s0 that ryil(c) ~ ‘Cﬁ_ o1y, (c). We compute that
1
¢ = tizoty_l_l(c) = wbi_lai_lbi_la,-.Hbi—Jrllz.
But now i(¢’,a;) =2, so that ¢ ~ ¢/ ~ rfl(c/). We compute that

-1
(c ) = wa;b; a,+1bl+lz
is an element of F.
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Figure 5: The curves A;, B;, B, C;, D; and Dj in the genus 2 subsur-
face with boundary the curve corresponding to the free homotopy class of
[ai. billai+1. bit1] € T1(D).

6) Ift =a,~+1bi_4}1 then ry_l,l(c) = wyl._laiﬂbi__:lz = wbi_lai_lbibi__:lz. Similarly
to the previous case, we find that

CNrB_iz 1(c)-c«»r1(c)—wab1bl+12

which is an element of F.

(7) Ift _albz+1 then 7, (c) = walyle_lz = wa,al+1b,a,b bz+112 =c’. Letus

introduce A; = a,aH_lb and B; = a;b; 1bz+11 By abuse of notation, we also write

A; and B; for the simple closed curves corresponding to the free homotopy classes
[A4;] and [B;]. Those simple closed curves are represented in Figure 5. We see in the
figure that i (A4;, B;) = 1, and also that 14, (B;) = Al.zB,- . It is moreover clear that 74,
leaves all the generators a; and b; with j not i or i 4+ 1 invariant. Thus we have that

7, (¢) = ¢’ ~ 17 (c") = wAT ' Biz = w(b; 'ai11)(b; 'bi )z ="
Now call C; and D; the simple closed curves corresponding to the free homotopy
classes [b;” Yg;41] and [b; 1bz+1] Again we have that i(C;, D;) = 1, and that
1c;(Di) = Cl. D;, with t¢; leaving the a; and b; with j not i or i 41 invariant. So,
7y, (¢) ~ " ~ rEl_z(c”) =wC; 'Diz =wa;} bi}z.
Finally, this last element is equivalent to wa;+1b;_ -1}12’ an element of F, using the

square of the Dehn twist along o4 .

(8) Finally, if t = a;a;+1b7}, then

i+1
7, (¢) = wa;yiaj41b} 2 = waja;} biaibT  aj1b7) 2 = ¢!
Vi = iYidi+10; 12 = ittt Gi+1bip4 = C -

This time, let 4; = al-al.]}lbl- and B/ =a;b; a,+1b +1- Westill have i(4;, B)) =1
and that t4, (B]) = A.ZB !, so that, similarly to the previous case, we get

¢’ ~ wA; le—wb a,+1b a,+1bl+lz
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Again setting C; =b; 'a; 41 and D] =bl._1a,~+1bl.__i}1 , we still check that i (C;, Dj) =1
and thus that

/ —20 N M —1n/. —1
¢ ~te(c)=c"=wC D;z=wb,z,

which is an element of F. O

Lemma 5.6 now being established, Proposition 5.5 follows: by induction, for any
word in the Lickorish generators w and any element s of F, there is s’ € F such
that w(s) ~ s’. As any nonseparating simple closed curve is of the form w([a1]) for
some w € Mod(X), any nonseparating simple closed curve is equivalent to an element
of F. O
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