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ABSTRACT. In this paper we work toward the Homflypt skein module of the lens spaces L(p, 1),
S(L(p, 1)), using braids. In particular, we establish the connection between S(ST), the Homflypt
skein module of the solid torus ST, and S(L(p, 1)) and arrive at an infinite system, whose solution
corresponds to the computation of S(L(p,1)). We start from the Lambropoulou invariant X
for knots and links in ST, the universal analogue of the Homflypt polynomial in ST, and a new
basis, A, of S(ST) presented in [DL1]. We show that S(L(p,1)) is obtained from S(ST) by
considering relations coming from the performance of braid band moves (bbm) on elements in
the basis A, where the braid band moves are performed on any moving strand of each element
in A. We do that by proving that the system of equations obtained from diagrams in ST by
performing bbm on any moving strand is equivalent to the system obtained if we only consider

elements in the basic set A.

The importance of our approach is that it can shed light to the problem of computing skein
modules of arbitrary c.c.o. 3-manifolds, since any 3-manifold can be obtained by surgery on
5% along unknotted closed curves. The main difficulty of the problem lies in selecting from the

infinitum of band moves some basic ones and solving the infinite system of equations.

0. INTRODUCTION

In this paper we relate the Homflypt skein module of the lens spaces L(p, 1), S(L(p, 1)), to
the Homflypt skein module of the solid torus, S(ST). This work is part of the PhD thesis of
the first author [D] and in [DL3] we develop an algebraic approach to the computation of the
Homflypt skein module of the lens space L(p, 1) via braids.

Skein modules are quotients of free modules over ambient isotopy classes of knots and links in
a 3-manifold by properly chosen skein relations. The skein module of a 3-manifold M based on
the Homflypt skein relation is called the Homflypt skein module of M, also known as Conway
skein module and as 3" skein module ([P, P2]). More precisely, let M be an oriented 3-manifold,
R = Z[uil, zil], L the set of all ambient isotopy classes of oriented links in M and let S the
submodule of RL generated by the skein expressions u='L, — uL_ — zLg, where Ly, L_ and

Ly comprise a Conway triple represented schematically by the illustrations in Figure 1.
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FI1GURE 1. The links L., L_, Ly locally.

For convenience we allow the empty knot, (), and we add the relation u='0) — ul) = 2T}, where
T1 denotes the trivial knot. Then the Homflypt skein module of M is defined as:

S(M) =8 (M;Z[u*!, 28] ,u™ Ly —uL_ - zL) = BLg.

Skein modules of 3-manifolds have become very important algebraic tools in the study of

3-manifolds, since their properties renders topological information about the 3-manifolds.

The starting point for computing the Homflypt skein module of the lens space L(p, 1) is the
Homflypt skein module of the solid torus, S(ST), which is free as shown in [HK] and [Tu]. The
reason is that ambient isotopy in ST is extended to ambient isotopy in L(p,1) by adding extra
moves, which reflect the surgery description of L(p, 1) and which are called band moves (for an
illustration see Figure 3). We start with a link L in ST and have that L ~ sli(L), where si(L) is

the result of the performance of a band move on L.

In [La3] S(ST) is computed via knot algebras and Markov traces. More precisely, oriented
links in ST are represented by the Artin braid groups of type B, Bj,, and link isotopy in
ST corresponds to braid equivalence moves in By, ([La3, La4]). To the braid groups B,
are associated Hecke type knot quotient algebras: the Hecke algebra of type B, H, (¢, @), the
cyclotomic Hecke algebras of type B, H,(q,d), and the, so called in [La3], generalized Hecke
algebras of type B, H; ,(¢). Note that in [La3] Hy,(q) is denoted as H,(q,o0). Then, the
universal analogue of the Homflypt polynomial, X, for links in the solid torus ST, is obtained
from the generalized Hecke algebras of type B via a unique Markov trace constructed on them,
which recovers S(ST). In the algebraic language of [La3] the basis of S(ST) is given in open
braid form by the set A’ in Eq. (4) (for an illustration see left-hand side of Figure 11). The
algebraic setting of L(p, 1) is the same as ST, and thus, the invariant X is appropriate for being
extended to the lens space L(p,1). In order to extend X to an invariant of knots and links in
L(p,1), we need to solve an infinite system of equations resulting from the braid band moves,
that is, equivalence moves between mixed braids which are band moves between their closures.

Namely, we force

(1) Xo = X—



TOPOLOGICAL STEPS TOWARD S (L(p,1)) VIA BRAIDS 3

where @ is an element of a braid group of type B and @ denotes a braided sliding of the closed
braid a.

In [DL1] a new basis, A, of S(ST) is presented (see Theorem 5 in this paper). For an
illustration see right-hand side of Figure 11. The formulations of Eq. (1) become particularly
simple if one considers elements in the basis A, since braid band moves can be naturally described
by elements in that basic set (see Figure 9).

In this paper we present all topological steps needed in order to relate S(L(p,1)) to S(ST).

We also present an augmented set L O A which plays a crucial role on this paper.
Our strategy is based on the following steps:

e By linearity, Equations 1 boil down to considering only words in the canonical basis of
the algebra Hy ,,(q), X/

n:

e For words in 3/, we have to solve the equations X~ = X , where slyq(a’) is the
(e}

sti1 (o)
result of the performance of a braid band move on the first moving strand of the closed
braid o/, and o/ € ¥/,.

e We then express elements in X/, to elements in the linear bases of Hj ,(q), X,, and
show that the equations described in step 2 are equivalent to equations of the form
Xa =Xt

e Starting now from elements in 3,, we reduce the equations described in step 3 to equa-

, where a € X,

tions obtained from elements in the H; ,,(¢)-module L, where the braid band moves are

performed on any moving strand. Namely, X 3= XSE(\B)’ where S@) is the result of

the performance of a braid band move on the i*" moving strand of the closed braid E ,
and g an element in the augmented set L followed by a “braiding tail”.

e Then, we reduce the equations obtained from elements in the H; ,(¢)-module L by
performing braid band moves on any strand, to equations obtained from elements in the
Hi »(g)-module A ([DL1]) by performing braid band moves on any strand.

e We eliminate now the “braiding tails” from elements in the H; ,,(¢)-module A and reduce
the computations to the basis of S(ST), A, which is better adopted to band moves.

e Finally, the computation of the Homflypt skein module of the lens spaces L(p, 1), reduces
to solving the infinite system of equations obtained from elements in the basis of S(ST),

A, by performing braid band moves on every moving strand.

In [DL3] we deal with the solution of this infinite system and compute S (L(p,1)). The paper
is organized as follows: In Section 1 we recall the algebraic setting and results needed from
[La2, LR2, DL1]. We present the generalized Iwahori-Hecke algebra of type B, which is related
to the knot theory of the solid torus and which plays a crucial role for this paper. We discuss its
properties and present the Homflypt skein module of the solid torus (via braids). In Section 2 we
start from diagrams in ST and show that in order to compute S(L(p, 1)), it suffices to consider
elements in the linear bases of the algebras Hj ,(¢), ¥,. Finally, in Section 3 we reduce the
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FIGURE 2. A mixed link in S3.

computations only on elements in the basis A of S(ST) and we arrive at the infinite system of

equations, the solution of which is equivalent to computing S(L(p, 1)).

In [GM] the Homflypt skein module of the lens spaces L(p, 1) is computed using diagrammatic
method. The diagrammatic method could in theory be generalized to the case of L(p,q),q > 1,
but the diagrams become even more cumbersome to analyze and several induction arguments
fail. The importance of our approach is that it can shed light to the problem of computing skein
modules of arbitrary c.c.o. 3-manifolds, since any 3-manifold can be obtained by surgery on S3
along unknotted closed curves, and since braid band moves are much more controlled than the
ones in the diagrammatic setting. Indeed, one can use the results presented here in order to
apply a braid approach to the skein module of an arbitrary c.c.o. 3-manifold. The advantage
of the braid approach is that it gives more control over the band moves than the diagrammatic
approach and much of the diagrammatic complexity is absorbed into the proofs of the algebraic
statements. The main difficulty of the problem lies in selecting from the infinitum of band moves
(or handle slide moves) some basic ones, solving the infinite system of equations and proving
that there are no dependencies in the solutions.

1. TOPOLOGICAL AND ALGEBRAIC TOOLS

1.1. Mixed links and isotopy in L(p,1). We consider ST to be the complement of a solid
torus in S3. An oriented link L in ST can be represented by an oriented mized link in S3, that
is a link in S® consisting of the unknotted fixed part T representing the complementary solid
torus in S® and the moving part L that links with 1. A mized link diagram is a diagram TUL
of TUL on the plane of f, where this plane is equipped with the top-to-bottom direction of I.

It is well known that the lens spaces L(p,1) can be obtained from S3 by surgery on the
unknot with surgery coefficient p. Surgery along the unknot can be realized by considering
first the complementary solid torus and then attaching to it a solid torus according to some
homeomorphism on the boundary. Thus, isotopy in L(p,1) can be viewed as isotopy in ST
together with the band moves in S3, which reflects the surgery description of the manifold (see
Figure 3). In [DL2] we show that in order to describe isotopy for knots and links in a c.c.o.

3-manifold, it suffices to consider only the type a band moves (for an illustration see Fig. 3) and
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Type a band move Type b band move

FiGURE 3. The two types of band moves.
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FIGURE 4. The closure of a mixed braid to a mixed link.
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thus, isotopy between oriented links in L(p, 1) is reflected in S? by means of the following result
(cf. Thm. 5.8 [LR1], Thm. 6 [DL2] ):

Two oriented links in L(p, 1) are isotopic if and only if two corresponding mixed link diagrams

of theirs differ by isotopy in ST together with a finite sequence of the type a band moves.

1.2. Mixed braids and braid equivalence for knots and links in L(p, 1). By the Alexander
theorem for knots in solid torus (cf. Thm. 1 [La4]), a mixed link diagram TULof TUL may be
turned into a mized braid I U B with isotopic closure. This is a braid in S® where, without loss
of generality, its first strand represents 1. , the fixed part, and the other strands, 3, represent the
moving part L. The subbraid £ is called the moving part of I U (see Fig. 4).

Then, in order to translate isotopy for links in L(p, 1) into braid equivalence, we first perform
the technique of standard parting introduced in [LR2]: Parting a geometric mixed braid means
to separate the moving strands from the fixed strand that represents the lens spaces L(p,1).
This can be realized by pulling each pair of corresponding moving strands to the right and over
or under the fixed strand that lies on their right. Then, we define a braid band move to be a
move between mixed braids, which is a band move between their closures. It starts with a little
band oriented downward, which, before sliding along a surgery strand, gets one twist positive or

negative (see Figure 5).

The sets of braids related to the ST form groups, which are in fact the Artin braid groups
type B, denoted By, with presentation:
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F1GURE 5. The two types of braid band moves.

FIGURE 6. The generators of By .
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FIGURE 7. A mixed braid and the two types of L-moves

oitoit = totoq

to; = o;t, 1>1
BLTL: t,O’l,...,O'n_l . )
0i0i 4105 = 04103041, 1<i<mn—2

oi0; =005, |i—j]>1
where the generators o; and ¢ are illustrated in Figure 6.

In [LR1] the authors give a sharpened version of the classical Markov’s theorem based only on
one type of moves, the L-moves: An L-move on a mixed braid B|J 3, consists in cutting an arc
of the moving subbraid open and pulling the upper cutpoint downward and the lower upward,
S0 as to create a new pair of braid strands with corresponding endpoints, and such that both
strands cross entirely over or under with the rest of the braid. Stretching the new strands over

will give rise to an L,-move and under to an L,-mowve. For an illustration see Figure 7.

Isotopy in L(p,1) then is translated on the level of mixed braids by means of the following

theorem:

Theorem 1 (Theorem 5, [LR2]). Let L1, Ly be two oriented links in L(p, 1) and let TUSBy, TUfBy
be two corresponding mized braids in S3. Then Ly is isotopic to Lo in L(p, 1) if and only if TU B
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is equivalent to I U By in tJol By, by the following moves:
n=

1)  Conjugation : an~ B tag, if a,B € By,.
Jug ,
(i)  Stabilization moves : o ~ aoil € By,q1, if a € By,
111) Loop conjugation : a ~ Tl if « € Biy,.
/4 Jug )
(iv) Braid band moves : o ~ t) o/, a € Bipt1,

where t), = oy, ...o1to; ' ..o, (Eq. (3)) and o is the word o with the substitutions:

-1 -1 2

+1
«— (o] ...op 00

1 -Un_l...Jlt)

Equivalently, by the same moves as above, where (i) and (ii) are replaced by the two types of

L-mowves.

In the statement of Theorem 1 the braid band moves take place on the last strand of a mixed
braid. Clearly, this is equivalent to performing the braid band moves on the first moving strand
(see Figure 8) or, in fact, on any specified moving strand of the mixed braid. Indeed we have
the following:

Lemma 1. A braid band move may always be assumed to be performed on the first moving
strand of a mized braid. Moreover, such a braid band move can be expressed algebraically by the

following relation

+1
a~tPaiol,

where oy 1s a with all indices shifted by 1.

Proof. In a mixed braid I U 8 consider the last strand of 8 approaching the surgery strand [
from the right. Before performing a bbm we apply conjugation (isotopy in ST) and obtain an
equivalent mixed braid where the first strand is now approaching I (see Figure 8). In terms of

diagrams we have the following:

g ~ (oie1...omort o ) B (ot o) B (0it . o) = a
\J 1
slei(B) = sle (@)

The proof of the second statement of the lemma is clear by viewing Figure 9.

Notation 1. We denote a braid band move by bbm and, specifically, the result of a positive or

negative braid band move performed on the it"-moving strand of a mized braid B by sli;(j3).

Note also that in [LR2] it was shown that the choice of the position of connecting the two

components after the performance of a bbm is arbitrary.
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FIGURE 8. Proof of Lemma 1.
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FIGURE 9. Braid band move performed on the first moving strand.

1.3. The generalized Iwahori-Hecke algebra of type B. It is well known that B , is the
Artin group of the Coxeter group of type B, which is related to the Hecke algebra of type B,
H, (¢, Q) and to the cyclotomic Hecke algebras of type B. In [La3] it has been established that
all these algebras form a tower of B-type algebras and are related to the knot theory of ST. The
basic one is H,, (¢, @), a presentation of which is obtained from the presentation of the Artin

group Bi, by adding the quadratic relations

(2)

and the relation t2 = (Q — 1)t + @, where ¢,Q € C\{0} are seen as fixed variables. The middle
B-type algebras are the cyclotomic Hecke algebras of type B, Hy, (g, d), whose presentations are
obtained by the quadratic relation (2) and t% = (t —u1)(t —uz) ... (t — ug). The topmost Hecke-
like algebra in the tower is the generalized Iwahori-Hecke algebra of type B, Hi (q), which, as
observed by T. tom Dieck, is closely related to the affine Hecke algebra of type A, ﬁn(q) (cf.

92 =(q—1)gi+gq

[La3]). The algebra H; ,,(¢) has the following presentation:

gitgit = tgitgr

tgi = git, 1>1
Hi,(q) = < 1,915y 9n—1 9i9i+19; = §i+19iGi+1, 1<t<n—2 > .
9i9; = 99, li—jl>1

912:(q_1)gl+q7 izla"'7n_1
That is:
Z [qil] Bl,n

Mnld) = = ("o =g
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FIGURE 10. The elements ¢, and ¢;.

Note that in Hj,(g) the generator ¢ satisfies no polynomial relation, making the algebra
Hi ,,(¢) infinite dimensional. Also that in [La3] the algebra Hj ,,(¢) is denoted as Hy (g, 00).

In [Jo] V.F.R. Jones gives the following linear basis for the Iwahori-Hecke algebra of type A,
Hy,(q):

S ={(9i9ir—1 - - Gir—k1) (GioGin—1 - - - Gin—ks) - - - (GiyGip—1 - - - Gip—bep) } »
for1<ip<...<ip<n—-1.
The basis S yields directly an inductive basis for H,,(g), which is used in the construction of the
Ocneanu trace, leading to the Homflypt or 2-variable Jones polynomial.
In Hy 5, (¢q) we define the elements:

(3) ti = gigi—1...g1tg1 ... gi—19; and t] := gigi_1 ... gitgy ... g e
as illustrated in Figure 10.

In [La3] the following result has been proved.

Theorem 2 (Proposition 1, Theorem 1 [La3]). The following sets form linear bases for Hy »(q):

(1) X, = {tflltf; . tf: -0}, where 1 <i; <...<i, <n-—1,
(1) X! = {tglklt;fg . .t;rkr -0}, where 1 <y <...<i, <n—1,
where ki, ..., k. € Z and o a basic element in Hy,(q).

Remark 1. The indices of the t’s in the set 3/, are ordered but are not necessarily consecutive,
neither do they need to start from t.

1.4. The Homflypt skein module of ST. In [La3| the basis X/ is used for constructing a
Markov trace on |J;2 | Hi ().

Theorem 3 (Theorem 6, [La3]). Given z,si, with k € Z specified elements in R = 7 [qil],
there exists a unique linear Markov trace function

tr: U Hin(q) = R(2,s,),k € Z
n=1
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determined by the rules:

(1) tr(ad) = tr(ba) for a,b € Hi(q)

(2) tr(1) =1 for all Hy ,,(q)

(3) tr(agn) = =ztr(a) for a € Hy ,,(q)

(4) tr(at,”) = sptr(a)  for a € Hin(q), k € Z.

Note that the use of the looping elements ¢, enable the trace tr to be defined by just ex-
tending the three rules of the Ocneanu trace on the algebras H,(q) [Jo] by rule (4). Using tr
Lambropoulou constructed a universal Homflypt-type invariant for oriented links in ST. Namely,
let £ denote the set of oriented links in ST. Then:

Theorem 4 (Definition 1, [Lad]). The function X : L — R(z, si)

X |: 1—)\q :|n_1<\/x)e ( ( ))
a=|—— tr (7 (),
Tl VA9

Z'Fq%, a € By, is a word in the o;’s and t}’s, & is the closure of c, e is the exponent

sum of the o;’s in o, and 7 the canonical map of By in Hy ,(q), such that t — t and o; — gi,

where \ 1=

is an invariant of oriented links in ST.

In [Tu, HK] ST was considered as (Annulus) x (Interval). In our braid setting, the elements
of §(ST) correspond bijectively to the elements of the following set A’:

(4) N = {thod PR R ke 2\ {0}, ks > kg Vi, n e N}

n

So, we have that A’ is a basis of S(ST) in terms of braids. Note that A’ is a subset of |, Hi
and, in particular, A’ is a subset of | J,, X/,. Note also that in contrast to elements in |J,, X,, the
elements in A’ have no gaps in the indices, the exponents are ordered and there are no “braiding
tails”. The Lambropoulou invariant X recovers S(ST), because it gives distinct values to distinct

; kot k1 yr ko 1 kny
elements, since tr(t“0t] " ¢5"% .. t),"") = Sk, Sk, 1 - - - Sky Sko-

1.5. The new basis, A, of S(ST). In [DL1] we give a different basis A for S(ST), which was
predicted by the third author. The new basic set is described in Eq. 5 in open braid form.
The looping elements ¢; are in the algebras Hj ,,(¢) and they commute. Moreover, the ¢;’s are
consistent with the braid band move used in the link isotopy in L(p, 1), in the sense that a bbm

can be described naturally with the use of the t;’s (see for example [DL1] and references therein).

Theorem 5 (DL, Theorem 2). The following set is a Z[qT!, 2]-basis for S(ST):
(5) A= {thoth . thn ke 7\ {0}, ki > ki1 Vi, n € N}.

Notice that comparing the set A with the sets X,,, we observe that there are no gaps in the
indices of the t;’s and the exponents are in decreasing order. Also, there are no “braiding tails”
in the words in A.



TOPOLOGICAL STEPS TOWARD S (L(p,1)) VIA BRAIDS 11
| |
| |
| |
| |
| |

3,2, 32
tt, t, tg t

FIGURE 11. Elements in two different bases of S(ST).

The importance of the new basis, A, of S(ST) lies in the simplicity of the algebraic expression

of a bbm, as given in Lemma 1 and as illustrated in Figure 9.

2. REDUCING COMPUTATIONS TO THE LINEAR BASES OF THE ALGEBRAS Hj ,(q)

In order to compute S(L(p, 1)) we need to normalize the invariant X by forcing it to satisfy
all possible braid band moves. In the following sections we show that it suffices to consider
elements in an augmented set L and perform braid band moves only on the first moving strand
of the mixed braids. More precisely, we first show that it suffices to consider elements in the
canonical basis of the algebra Hj ,,(¢q), ¥/,, and perform bbm’s on their first moving strand. We
then pass from the linear basis of Hy ,,(q), X5, and reduce the equations obtained from elements
in ¥/ to equations obtained from elements in ¥ by considering the performance of bbm’s on
their first moving strand. In order to reduce the computation to elements in the basis of S(ST),
A, we first order the exponents of the looping generators of elements in ¥,, and obtain elements
in the augmented set L, followed by “braiding tails”. Note that the performance of braid band
moves is now considered to take place on any moving strand. Then, we show that the equations
obtained from elements in the Hj ,,(¢)-module L by performing braid band moves on any strand,
are equivalent to equations obtained from elements in the Hy ,,(¢)-module A by performing braid
band moves on any strand. We eliminate now the “braiding tails” from elements in the Hy ,,(q)-
module A and reduce the computations to the set A, where bbm’s are performed on any moving

strand.

2.1. Reducing to braid band moves on Y'. From now on we shall denote by ¥ the set
UpX, and similarly, by ¥’ we shall denote the set U,X!/. We now show that it suffices to
perform bbm’s on elements in the linear basis of Hy ,(¢), ¥’. This is the first step in order to

restrict the performance of bbm’s only on elements in A. For this we need the following lemma:
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Lemma 2. Braid band moves and skein relation are interchangeable, that is, for { € ¥’ and

w € Hy(q) the following diagram commutes:

+)(p,1)bb
o w &) 1)bm, 75wy gl
lquadratic lquadratic
(£)(p,1)bbm
> fila)m —= X fila)Th - wi g7

Proof. Let 71 a monomial in #’s, w € Hy(g) such that w = " | fi(q)w;, where w; are words in
canonical form and f;(¢q) a one parameter expressions in C for all i. We perform a braid band
move on 7] - w and obtain:

/ (H)(p,1) / +1
T W > Ty WGy

bbm
where wy =" | fi(¢)w;, . Then:

,1> -
Z filgyw, S0 S f(qwy, gt
=1

We also have that:

+)(p,1 .
] - w, %)—) TS - wj+giﬂ V j, and thus

Y filQuwigit = -wigi,
and this concludes the proof (see also Figure 12). U
Using Lemma 2, we have the following:

Proposition 1. It suffices to consider the performance of braid band moves on the first strand
of only elements in the sets Y.

Proof. By Artin’s combing we can write words in By ,, in the form 7’ -w, where 7’ is a monomial
in #’s and w € B,,. By Lemma 2 we have that:

B (L. 2)
Xm = Kppighy, =
Zi Ai XT/’—E - Z Ai tPT”Zi\le,
where w; are words in reduced form in Hy ,,(¢), Vi and A; € C. O

Remark 2. Note that even though the trace is linear, the invariant X is not a linear function.
Namely, if 7 = 11 + T2, where 7,71,72 € X}, such that Xz = A -tr(1), X5z = Ay - tr(11) and

Xz = Ay - tr(m), where A, Ay, Ay € C, then:
Xe=A tr(r)=A-tr(n + 1) =A-tr(m) + A-tr(m) # Ay - tr(71) + A2 - tr(m) = X5 + X5.
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a a a
skein
— +
relation
b b

| | |
| bbm \]/ bbm

b+ | b+

1 l 1
p | p I p I
| I I
a; a+ a4
skein
— +
relation
| | b+

FIGURE 12. Proof of Lemma 2.

2.2. From the set ¥’ to the set X. We shall now show that it suffices to perform bbm’s on
elements in the linear bases 3, of the algebras H; ,,(¢). Their union is the set ¥ which includes
as a proper subset the basis, A, of S(ST), described in § 1.5.

Let 7w € ¥/. We have that:

k km — — -1 -2 — _
ow = (R Py cw = (g L (gt 95 o e g,

T

l)km ‘w =

= T-w
Perform a bbm on the first moving strand of both 7" - w and 7 - w and cable the new parallel
strand together with the surgery strand. Denote the result as ¢bl(ps). Then:

bb
w2 ebl(ps) -7 w0t

row 2 cbl(ps) - 7-w- ot

So: X — = i Xy = XSW)‘ But since 7 - w € Hj,(g), we can express
7w as a sum of elements in the linear basis of Hy ,(q), ¥, that is, 7-w = >, a;T; - w;, where
T; -w; € X, Vi, T; a monomial in ¢;’s with possible gaps in the indices and unordered exponents,

and a; € C, Vi.
Xee = Xsm) = a-tr(t-w) = b-tr(cbl(ps)T-w- gfcl)
= a-Y,a-tr(T-w) = b->tr(a; - cbl(ps)T; - w; -gfl)
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We conclude that:

T w b bl(ps) -7 -w- ot (%)
| |
T-w by cbl(ps) - 7-w- o

| |
bb
doiai-Ti-w; = >oiai Ty - wi+9fl ()

The above are summarized in the following proposition (see also Figure 13):

Proposition 2. The equations

(6) X = X —

T w tPT”gf[l.er

result from equations of the form

(7) X— = X

Tw tpTJr.g?El.er’

where T -w € X, Vi.

Note that elements in ¥ consist of two parts:
e A monomial in ¢;’s with possible gaps in the indices and unordered exponents,

followed by

e a “braiding tail” in the basis of H,(q).

In order to prove that the system obtained from elements in ¥ is equivalent to the system
obtained from elements in A, we first manage the gaps in the indices in the monomials in t;’s, we
then order the exponents and finally we eliminate the tails. The procedure is similar to the one
described in [DL1], but in this case we do that simultaneously before and after the performance
of a braid band move and show that the equations obtained from elements in the sets ¥ and A

are equivalent.

3. REDUCING COMPUTATIONS TO THE BASIS A OF S(ST)

In order to reach to equations obtained from elements in the set A, we follow the same steps
as in the proof of Theorem 5 [DL1]. The proof of Theorem 5 is based on the following idea:
We start with an element \' € A’ and convert it into a linear combination of elements in A.
First we pass by elements in the sets 3. This means that in the converted expression of \ we
have monomials in the ¢;’s, with possible gaps in the indices and possible non ordered exponents
followed by monomials in the braiding generators g;. So, in order to reach expressions in the set
A we first manage the gaps in the indices on the ¢;’s. For this we define an ordering relation in
the sets X' and X, which include A’ and A as subsets.
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| e | s | s | e | e
@

W,

W,

FI1GURE 13. Proof of Proposition 2.

3.1. An ordering for the sets ¥, ¥, A’ and A. In the definition of the ordering relation we
use the notion of the index of a word in A’ or in A, denoted ind(w), which is defined to be the
highest index of the ¢’s, resp. of the ¢;’s, in the word. Similarly, the index of an element in
¥ or in ¥ is defined in the same way by ignoring possible gaps in the indices of the looping
generators and by ignoring the braiding part in H,,(q). Moreover, the index of a monomial in

H,(¢) is equal to 0.

We are now in position to define the ordering relation on the sets X, ¥/, A and A”:

Definition 1 (Definition 2, [DL1]). We define the following ordering in the sets X .
Let w = t;lkthQkQ .. .t;-uk“ and o = tg-l)‘lt;-;‘z .. t;-l/)‘”, where k¢, A\s € Z, for all t,s. Then:

(a) IE 38 o ki < 327 Ni, then w < 0.
(b) If Z?:o ki = Z’L]'/ZO i, then:

(i) if ind(w) < ind(o), then w < o,
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(ii) if ind(w) = ind(0o), then:
() if i1 = j1,42 = joy ..y is—1 = Js—1,0s < Js, then w > o,
(B) if iy = je Yt and k, = Ay ku—1 = Au—1, - - -, ki1 = i1, |ki| < |Ai], then w < o,

(v) if iy = je YVt and ky = Ay k1 = Ayt - kil = X1, [ki] = [ M| and &y > Ny,
then w < o,

(0) if iy = j¢ Vt and k; = N;, Vi, then w = 0.

(c) In the general case where w = t;lklt;;” .. t;u Fu. B and o = t;-l’\lt;-2 = .t;u)‘” - B9, where
B1, P2 € Hy(q), the ordering is defined in the same way by ignoring the braiding parts

/817 62-

Definition 2. We define the subset of level k, Ay, of A to be the set

m
Ap o= Rt the > ki =k, ki € Z\ {0}, Ky > ki Vi),
i=0
In [DL1] it was shown that the sets Ay are totally ordered and well ordered for all k£ (Propo-
sition 2 [DL1]).

3.2. Managing the gaps: From bbm’s on ¥ to bbm’s on the H, (¢)-module L. A word
in Y is a monomial on ¢;’s followed by a “braiding tail”, a monomial on the g;’s. This braiding
monomial is a word in the algebra H,,(¢). The monomial on the ¢;’s may have gaps in the indices.
Using the ordering relation given in Definition 1 we can manage these gaps by showing that a
monomial on ¢;’s can be expressed as a sum of monomials on ¢;’s with consecutive indices, which
are of less order than the initial word and which are followed by braiding tails (see Theorem 8
[DL1]). We can prove this by only applying conjugation. Note that topologically conjugation
corresponds to closing the mixed braid.

Notation 2. For the expressions we obtain after conjugations we use the notation =. We also
use the symbol ~ when a stabilization move is performed and = when both stabilization moves

and conjugation are performed.

After managing the gaps in the indices of the t;’s we obtain monomials on ¢;’s with consecutive
indices followed by “braiding tails”. Note that the exponents of the ¢;’s are not ordered, so these
monomials do not necessarily belong to the basis A of S(ST). In order to restrict the bbm’s
only on elements in A, we need first to augment the set A. So, as a first step we consider the
augmented set L in S(ST) that contains monomials on the ¢;’s with consecutive indices. In this

subsection we consider the set L as an H,(¢)-module.

Definition 3. We define the sets:

L0 = Rt the ke Z7), Le=| L™,
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and the subset of level k, Ly, of L:

m
Ly o=ttt i |y ki =k, ki € 27}
i=0
We now show that Eqs (7) (Proposition 2) reduce to equations of the same type, but with
elements in the set L (i.e. no gaps in the indices). We need the following lemma, which serves

as the basis of the induction applied to prove the main result of this section, Proposition 3.

Lemma 3. The equations XtAk = ti?\il are equivalent to the equations
1 201
thl = titlotul +17 v up, Uy < k- up tup = k’
X{k = titkail’ bbm on 1st strand,
X5 = X bbm on 2nd strand.
th tptkogaitlo'gl

Proof. We have that:

— i k—1—j —
tlf = t]f Loitoy = (q—l)z Oq]tj“t1 o1 + qk 1ﬂtk01
\ 2
tihott = i logtioaott = (- 1) X5 P oot + ¢ HPoythosot!

Applying now the skein relation we have:

¢lotke = gl e ¢" g — Dthor + ¢"t*

¢ Wosthorot! = ¢ Wthosoiloy 2" Mrtkosetlort + ¢F L (g — Dirthosoi!
and by applying a stabilization move we have:

g —Dtkor +g*F ~ ¢ lg-DtF + gkt
{ {

Ftrthogolog + ¢ g — DtPthogot! ~ ¢F (g — 1)zttthet!t + FtPthootloy !

Moreover,
—2 iig1,k—1—j
(-1 @iy oy =

= (- D) EG [(a - DI Pttn Iy h iyt

_ (q_l)QZ Zk 2— Jq]+¢tj+1+¢tk 1-j—¢ + (¢-1) Zk 2qk: 1tj+1o.1tk: 1-j ~

12

k— 2 i k—1—75— _
(q = 12520 ot @t T (g 1)(k — 1)gh et

and
(q_l)zk‘ Qq]tptj—i-ltk: 1— j itl —
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= (¢—1) Z?;g qjtpt{+1 . [(q -1) Z’;j)_j q‘bt(lbtgk_l_j_q5 + qk_l_jUQtlf_l_j] ot =
= (g—1)? Z;f:g ZZ;%—J' qj+¢tptg1‘+1+¢t12~c—1—j—¢ali1 + (g—1) Z;:;g qk—ltpt{+12tlf—1—jgitl ~
~ (q— 12 SR gtow PO (g — 1) (k — 1)gbLatrthor
So we have the following:

bbm 15t —str.
tk "o etk

~ ~
~ ~

. ) . bbm 15t —str.
k—2 s~k—2— k—1—j—
(q—1)2 DB Dt I qitopititoh=1-i 4 -

(q—1)2 Z?;g 2’;;(2)—1' qj+¢tpt{+1+¢t’2€—l—j—¢o_it1
_ bbm 1°¢ —str. _
(g —1)(k —1)gF 1tk TS (g = 1) (k= 1)gF etk ot
st __
(g —1)gFtath bbm 175 str. (q — 1) LatPthot!

bbm 2n%—str.
ktk

q qkztptlf@afla;l

and this concludes the proof. O

Proposition 3. In order to obtain an equivalent infinite system to the one obtained from ele-
ments in X by performing bbm on the first moving strand, it suffices to consider monomials in
L followed by braiding tails in Hy,(q) and perform a braid band move on any strand.

Proof. Let 744ps be a word containing gaps in the indices but not starting with one. We use
Lemma 13 and 14 in [DL1]. The point is that when managing the gaps, the first part of the
word (before the first gap) remains intact after managing the gaps and the same carries through
after the performance of a braid band move. That is, the following diagram commutes:

15¢str.
T-w = tPry - w+gf1
bbm
man.gaps man.gaps

15t str. 41
ZZAszwz — ZiAitpTi+ C Wi, g1
bbm
where 7-w € ¥ and 7; € L, Vi.

In the case where the word 7-w € X starts with a gap, we show that equations obtained from
T - w are equivalent to equations obtained from elements 7; - w; € X, where 7; are monomials
in t;’s not starting with a gap, but with the bbm performed on any strand. We prove this by
induction on the strand m where the first gap occurs and the order of 7 in X:

The case m = 1 is Lemma 3. Suppose that it holds for all elements where the first gap occurs
on the m'-strand. Let 7-w = t¥ . - . Then, using Lemma 13 and 14 in [DL1], for m + 1 we
have:
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12 ... 0+
1 n ;_J'
':: | P E:D
I/
a—] (=
a —~ | a.
-4
I I I I
w w,
I [ |
| gaps
1 ...n
(qp—
b
—

FIGURE 14. Bbm’s before and after managing the gaps.

k bbm 15t —str. pik +1
g1 - @ — Pl 100407

o~ ~

k=1 u—14u sk—u bbm 1°¢ —str. k=1 u—1 k—u +1
(@—=1) > u0d" by 100m41 - (0= 1) 20" Pty it 50 Omy107

_ bbm 15t —str. _
k 1t'lr€n m sir k ltptk

+1
q Om+1Q0m+1 q mA10m+2040m4207

Interacting now on the left part the braiding generator o,,11 with the looping generators in

th

«, we obtain words in ¥ where the first gap occurs on the m"-moving strand. We follow the

same procedure on the right part and the result follows by the induction hypothesis. U

3.3. Ordering the exponents: From bbm’s on the H,(¢)-module L to bbm’s on the
H, (q¢)-module A. We now order the exponents and show that equations obtained from elements

in the H,(¢)-module L, reduce to equations obtained from elements in the H,,(¢)-module A.

The monomials in the t;’s that we obtain after managing the gaps are not elements in the set
A, since the exponents of the loop generators are not necessarily ordered. In order to express

these monomials as sums of elements in the set A we introduce the following notation:

Notation 3. We set Tzk;_f_%” = tf"tffll . tf_ﬁ,’f, where m € N and k; # 0 for all j.

Then we can order the exponents of the t;’s using conjugation. Indeed, we have the following:
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Theorem 6 (Theorem 9 [DL1]). Applying conjugation on an element in ¥ we have that:

kOm ~ § >\0]
Tom . .

whereTojj € A and w,w; € Hy(q), Vj.

The procedure we follow in order to prove that equations of the infinite system obtained from
elements in L followed by braiding tails in H,(q) are equivalent to equations obtained from
elements in A followed by braiding tails, where a braid band move can be performed on any
moving strand, is similar to the one described in [DL1], but, as we mentioned earlier, in this

case we do that simultaneously before and after the performance of a braid band move.

Proposition 4. Equations of the infinite system obtained from elements in L followed by braid-
ing tails in Hy(q) are equivalent to equations obtained from elements in A followed by braiding

tails, where a braid band move can be performed on any moving strand.

Proof. Tt follows from Theorem 9 in [DL1] (see Theorem 6 in this paper), since all steps one
needs to perform so as to order the exponents in a monomial in ¢;’s, remain the same before and

after the performance of a bbm. O

3.4. Eliminating the tails: From the H,(¢)-module A to A. We now deal with the braiding
tails and prove that equations obtained from elements in A followed by words in H,(q) by
performing bbm’s on any moving strand, reduce to equations obtained from elements in L by

performing a bbm on any strand.

In [DL1] we eliminate the braiding ‘tails’ by applying conjugation and stabilization moves,
denoted by ~. We have the following:

Theorem 7 (Theorem 10 [DL1]). Applying conjugation and stabilization moves on a word in
the U, Hn(q)-module, A we have that:

ko,m E UO“
T()m wn— fj Q7 T[)u] 9

such that Y vou; = ) kom and ng:j < Tom’lm, for all j.

Applying the same technique before and after the performance of a bbm, we have the following
result:

Proposition 5. Equations of the infinite system obtained from elements in A followed by words
in Hy(q) are equivalent to equations obtained from elements in L by performing a braid band

move on any moving strand.

Proof. We perform a bbm and we cable the parallel strand with the surgery strand. We then
apply Theorem 10 [DL1] (Theorem 7 in this paper) before and after the performance of the bbm
and uncable the parallel strand. The proof is illustrated in Figure 15. g
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|
. |
.

1>

i |
bbm ‘/ \ bbm
1 1 1 1
p | pl pl p !
I I I
= 1 = [ - | T ol | FE
‘ W+ ‘ w ‘ ‘
F1GURE 15. The proof of Proposition 5.
Example 1. In this example we demonstrate Proposition 5.
15t str.
ttita - 919291 ﬁ tPtitots - g2g3gagy
| |
elim.tails elim.tails
\J }
15t str.
(=D —q+1)thts =5 (¢=1)(¢° —q+1) Phistsgy”
+ +
15t str. +
q(q —1)%z - tt? ﬁ q(q —1)%2 - tPt1tdg; !

+ +

st
a2t 17sty- a - tPt3tyg!
bbm
+ +
15t sty
[®(q—1)(¢* —q+1)2% -3 ﬁ [¢*(q — 1)(q> — g+ 1)z - tPtig7!

where a = @3z + ¢*(q — 1)? +2¢%(q¢ — 1)z + q(q — 1)*=.

Following the same procedure and applying the same techniques as in [DL1], we obtain the

following:

Theorem 8. It suffices to perform braid band moves on any strand on elements in the basis A
of S(ST), in order to obtain the equations needed for computing the Homflypt skein module of
the lens spaces L(p,1).

Proof. The proof is based on Theorems 8, 9 and 10 from [DL1] and the fact that the braid band
moves commute with the stabilization moves and the skein (quadratic) relation (Lemma 1 in
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bbm

15t strand

bbm

3dstrand

FIGURE 16. The performance of a bbm on the 1% and on the 3"¢ strand of an
element in A.

this paper). The fact that the braid band moves and conjugation do not commute, results in

the need of performing braid band moves on all moving strands of the elements in A. U

To summarize the above results, we have that the computation of the Homflypt skein module

of the lens spaces L(p, 1) reduces to:
(i) considering elements in A and
(ii) performing bbm’s on any strand.

In particular, in order to compute S(L(p, 1)), it suffices to solve the infinite system of equa-

tions:
where sl;(7) is the result of the performance of bbm on the i**-moving strand of 7 € A, for all
7 € A and for all 7.

4. CONCLUSIONS

In this paper we related S(L(p,1)) to S(ST) and in particular we showed that in order to

compute the Homflypt skein module of the lens spaces L(p,1), we need to solve an infinite
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system resulting from the performance of braid band moves on any strand on elements in the
basis A of S(ST). This is a very technical and difficult task and is the subject of a sequel paper.
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