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ABSTRACT

In this paper we propose and discuss implications of a general conjecture that there is
a natural action of a rank 1 double affine Hecke algebra on the Kauffman bracket skein
module of the complement of a knot K C S3. We prove this in a number of nontrivial
cases, including all (2,2p + 1) torus knots, the figure eight knot, and all 2-bridge knots
(when ¢ = £1). As the main application of the conjecture, we construct three-variable
polynomial knot invariants that specialize to the classical colored Jones polynomials
introduced by Reshetikhin and Turaev. We also deduce some new properties of the
classical Jones polynomials and prove that these hold for all knots (independently of
the conjecture). We furthermore conjecture that the skein module of the unknot is a
submodule of the skein module of an arbitrary knot. We confirm this for the same
example knots, and we show that this implies that the colored Jones polynomials of K
satisfy an inhomogeneous recursion relation.

1. Introduction

In this paper we introduce new connections between the representation theory of double affine
Hecke algebras and the colored Jones polynomials of a knot in S3. These connections can be
motivated by the following general considerations.

If K is a knot in S3, the most natural algebraic invariant of K is the fundamental group
71(S3\K) of the complement. This group is not a complete invariant, since complements of
different knots can have isomorphic fundamental groups (cf. [Fox52]), but it is known that the
peripheral map

o :m(0(SP\K)) — 11 (S*\K) (1.1)

is a complete knot invariant. More precisely, a theorem of Waldhausen [Wal68] implies that the
peripheral map determines the knot complement, and a theorem of Gordon and Luecke [GL89]
shows that knots in S? are determined by their complements.

The peripheral map « is quite complicated, so it is natural to simplify (1.1) by replacing
fundamental groups with their linear representations. To this end, fix a complex reductive
algebraic group G and let Rep(m,G) be the set of group representations from a (discrete)
group m into G. The algebraic structure of G gives the set Rep(w, G) the structure of an affine
scheme and G acts on this scheme by conjugation. We write Char(w, G) := Rep(w, G)//G for the
algebro-geometric quotient and OChar(w, G) for the corresponding coordinate ring (which is the
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ring of G-invariant regular functions on Rep(m, G)). This construction is functorial, so a map of
groups f : ™ — 7’ induces a map of commutative algebras f, : OChar(w, G) — OChar(7’, G).

The boundary of the complement of (a neighborhood of) a knot is a torus S! x S! and, if
T C G is a maximal torus, we have the following natural map:

T x T = Rep(Z?, T) — Rep(Z?,G) - Char(Z?,G).

In [ThaOl], it was shown that this map induces a bijection between (T x T)/W and the
connected component Char®(Z?, G) of Char(Z?,G) containing the trivial character (here W is
the Weyl group of G acting diagonally on T x T). In [Ric79], Richardson showed that if G is
simply connected, then Char(Z?,) is connected, i.e. Char®(Z?,G) = Char(Z?,G). Finally, in
[Sik14], it was shown that for classical groups the bijection (T x T)/W — Char®(Z2,G) is an
isomorphism of schemes. Therefore, for a simply connected (classical) G we have an isomorphism
of commutative algebras

O(T x T)" = OChar(Z%,G). (1.2)

The commutative algebra O(T x T)" admits interesting (noncommutative) deformations,
which have been studied extensively in recent years. These deformations can be described in the
following way. Denote by P and PV the weight and co-weight lattices of the Lie algebra g of
G, and write C[P @& PV] for the group algebra of their direct sum. The diagonal action of W
on P & PV extends by linearity to C[P & PV], and we can thus define the semidirect product
C[P @ PV] x W. The algebra O(T x T)"V is canonically isomorphic to the invariant subalgebra
C[P @ PV, which embeds (nonunitally) in C[P @ PV] x W via the map a > ae = eae (where
e =), w/|W]|is the symmetrizing idempotent of W’). The image of this last map is called the
spherical subalgebra. In this way, we get an identification

O(TxT)V 2e(C[PaP']xW)e.

Now, for G as above, Cherednik [Che95] (see also [Che05]) defined the double affine Hecke
algebra (DAHA) Hy; of type G as a two-parameter family of deformations of C[P & PV] x W,
depending on g € C* and t € (C*)", where r is the number of conjugacy classes of reflections in W.
(If G is simple, then r € {1,2}.) The symmetrizing idempotent of W deforms to a distinguished
idempotent e = e,; € Hy;, and the spherical subalgebra of C[P & PY]| x W thus deforms to the
spherical subalgebra of H, ;, which we denote SH, ; := eH, ;e. In particular, when ¢ =t = 1, there
is a natural algebra isomorphism between the spherical subalgebra SH; ; and the commutative
algebra O(T x T)"V.

Summarizing the above discussion, for each knot K C S3, we have a map of commutative
algebras

. : SHy 1 — OChar(m(S*\K), G). (1.3)

This leads us to propose the following natural questions.

Question 1. Let K C S be a knot and N = OChar(r(S?\K), G), viewed as an SH; j;-module
via the map au.

(i) Is there a canonical SH,;-module N, which is a deformation of N?

(ii) What knot invariants can be extracted from N ;7
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We remark that one’s initial inclination might be to deform . as an algebra homomorphism,
but this is too restrictive. When ¢ is not a root of unity, it is known that SH,; is a simple
algebra, and OChar(r1(S3\K),G) is ‘small’ (in particular, the image of Char(m (S3\K),G)
inside Char(Z?, G) is Lagrangian). Therefore, a deformation of v, as an algebra homomorphism
would necessarily have a nontrivial kernel, which is impossible by the simplicity of SHy ;.

To the best of our knowledge, this question has only been raised for g-deformations (i.e. for
t = 1) and has only been answered when g = sl and ¢t = 1. (There is partial progress for ¢t = 1 and
g = sl, in [Sik05]; see also [CKM14].) When g = sly, we can identify P = PV = Z and W & Z,,
so that C[P @ PV] x W = C[X*! Y*1] x Zy, where Zy acts by simultaneously inverting X and
Y. Then Zy acts in the same way on the quantum torus A,, which is the deformation of the
algebra C[X*! Y*1] with X, Y satisfying the relation XY = ¢?Y X. We then have isomorphisms
Hy1 = Ay % Zy and SHy; = AZ2.

The connection to representation varieties comes from the Kauffman bracket skein module.
This is a topologically defined vector space K,(M) associated to an oriented 3-manifold M and
the parameter ¢ € C* that has three important properties.

(i) For a surface F', the vector space K,(F x [0, 1]) is an algebra (typically noncommutative).
(ii) If OM = F, then K (M) is a module over K (F x [0,1]).
(iii) If ¢ = £1, then K,—41(M) is a commutative algebra (for any M).

In [PS00], Przytycki and Sikora showed that K,—_1(M) is naturally isomorphic to the
commutative algebra OChar(m (M), SL2(C)) (see also [Bul97]). By a theorem of Frohman and
Gelca in [FGO00], Kq((S")? x [0,1]) is isomorphic to the algebra AZ2. Combining these two
theorems shows that N, ;-1 := K,(S3\K) is an AqZ2—module, which gives a positive answer to
the first part of Question 1 (when g = sly and t = 1).

At this point, we pause to remark that the knot invariant K,(S®\K) is different from
many other knot invariants in a fundamental way. Roughly, many knot invariants are defined
combinatorially, in the sense that they assign certain data to each crossing in a diagram of K
and then combine these data to produce an invariant that does not depend on the choice of
diagram. In contrast, the definition of the module K,(S®\K) depends on the global topology of
the complement S3\ K, and this makes it difficult to prove general statements about K,(S*\K).
In particular, one may ask what facts are known about K,(S\K) for all ¢ and for all knots K
and, to the best of our knowledge, there are two such statements: K,(S*\K) is a module over
AL and Kq(S*\K) determines the colored Jones polynomials of K (see below). However, we
believe that the calculations in § 4 give some evidence that these modules are not as intractable as
they might seem. In examples, these modules are g-analogues of smooth holonomic D-modules,
i.e. vector bundles with flat connections over C*. (Precisely, they are Z x Zg-equivariant vector
bundles over C*.)

The skein module K,(S*\K) is known to be closely related to other ‘quantum’ knot
invariants. In particular, in [RT90], Reshetikhin and Turaev defined a polynomial invariant
Jv(g, K;q) € Clg*!] for each finite-dimensional representation V of the quantum group U,(g).
If g = sl and V is the defining representation of U (slz), then Jy (sly, K;q) is the famous
Jones polynomial and, if V,, is the n-dimensional irreducible representation of Ug,(slz), then
the polynomials J,(K;q) := Jy, (sla, K; q) are called the colored Jones polynomials. The second
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part of Question 1 is answered by a theorem of Kirby and Melvin. The embedding S3\ K < 3
induces a C[g™!]-linear map e : K,(S?*\K) — K,(S%) = C[¢T!], and it was shown in [KM91] that

In(K;q) = €(Sp-1(L) - 9), (1.4)

where S,,_1(L) is the (n — 1)** Chebyshev polynomial evaluated at the longitude L of K and
applied to the empty link . (The Chebyshev polynomials correspond to characters of irreducible
representations of sly.)

Our main goal in this paper is to introduce the Hecke parameter ¢ into this story. In fact,
in the rank 1 case, more deformation parameters are available: there is a family of algebras
Hgy, depending on a parameter ¢ € C* and four additional parameters t € (C*)*. This family
is a nontrivial deformation of A, X Zy (see, e.g., [Sah99]), which is actually the universal (i.e.
‘maximum possible’) deformation (see [Obl04]). The algebra H,; is the double affine Hecke
algebra associated to the (nonreduced) root system of type C'VC}, and it was introduced by
Sahi [Sah99] (see also [NS04] and [Sto03]) to study the Askey-Wilson polynomials, which are
generalizations of the famous Macdonald polynomials. As an abstract algebra, H,; is generated
by elements Ty, T1,T,, T} subject to the relations

)
(Ty = t2)(Ty +t31) =0,
(T —t3)
(T —ta) (Y +t51) =0,
Vv

For g = slz, Cherednik’s DAHA H,; is isomorphic to 3,1 4-1 (see Remark 2.19).

If ¢ € C* is not a root of unity, then A, % Zy and A?Q are Morita equivalent algebras; in other
words, the categories of modules over A, x Zy and AqZ2 are equivalent via the projection functor
N — eN. This implies that there is a unique A, x Zy-module K,(S3\K) such that ek, (S\K)
and Ky(S*\K) are isomorphic AZ2-modules. Explicitly,

Ky(SN\K) = Ay ® 2, Ky(SP\K).

We call K,(S3\K) the nonsymmetric skein module: by definition it is a module over A, x Zy =
Hy1,1,1,1)- We can now reformulate Question 1 as follows.

Question 2. Is there a canonical deformation of the module f(q(5’3\K ) to a family of modules
over Hy 7

When t = (t1,t2,1,1), we (conjecturally) give a positive answer to this question using an
approach inspired by a construction of shift functors for rational double affine Hecke algebras
developed in [BC11] (see also [BS12]). Let D, be the localization of the algebra A, x Zs obtained
by inverting all nonzero polynomials in X. For every t € (C*)4, there is a natural embedding of
Hgq into Dy:

©:Hyp — Dy, (1.5)

whose image is the subalgebra generated by X, X! and the following operators (see [Sah99,
NS04)):
qle + 19 ng_l + 14

Toztle—m(l—sY), T1 :t35+m( —5)7
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where #; = t;—t; *. The operator T} is usually called the Demazure-Lusztig operator (see [Lus89)),
while T4 Ty is called the Cherednik-Dunkl operator of type CVCy; cf. [NS04]. If K’}IOC(S?’\K) is the

localization of K,(S%\K) at nonzero polynomials in X, then © gives K, 0¢(S¥\K) the structure
of a module over H, ;. We can now state our main conjecture.

CONJECTURE 1. For all knots K C $3, the natural action of Hy 4, 4,11 on KéOC(S3\K) preserves
the subspace! K,(S%\K).

We remark that this conjecture implies that KQ(S3\K ) is naturally a module over the three-
parameter algebra Hy s, +,, even though only one of these parameters appears in the definition
of the skein module. It is natural to ask whether Conjecture 1 can be extended to the full double
affine Hecke algebra Hg ¢, t,.t,,t, depending on all five parameters. The simplest example shows
that this is not possible: if t3 # 1 or t4 # 1, the operator 177 does not preserve the skein module
of the unknot. However, we believe that this is the only obstruction to a canonical extension of
the action of H,, 1, on K,(S*\K) to all five parameters.> More precisely, we have the following
two conjectures.

CONJECTURE 2. For all knots, there is an embedding of left A?—modules
K,(S*\unknot) — K,(S*\K).

CONJECTURE 3. Assume Conjecture 2 and let K,(S®\K) be the quotient of K,(S*\K) by the
image of the skein module of the unknot. Then the action of Hy s, 1, ¢3¢, ON K}IOC(S?’\K) preserves

the subspace Kq(S*\K) € KF¢(S3\K).

We provide some evidence for these conjectures with the following theorem (see Theorems 6.1,
4.1, and Corollary 3.11).

THEOREM 1. Conjectures 1-3 hold in the following cases:

(i) when K C S? is the unknot, a (2,2p + 1) torus knot, or the figure eight knot;
(ii) when ¢ = —1 and K is any 2-bridge knot.

Strictly speaking, for 2-bridge knots we prove the symmetric versions of Conjectures 1-3
(see §3.3). The proof involves calculations which may appear somewhat miraculous and only
applicable to 2-bridge knots. However, in a forthcoming paper, using a different technique, we
extend these calculations to other families of knots (including all torus knots and certain pretzel
knots). More importantly, we show that if Conjecture 1 is true for two knots, then it is true for
their connect sum; thus, for ¢ = —1, it suffices to prove Conjecture 1 for prime knots.

In §3.4, we also show that the restriction ¢ = —1 is almost unnecessary: more precisely, we
conjecturally identify the ¢ = —1 limit of the nonsymmetric skein module for 2-bridge knots (see
Conjecture 3.16), and we show that if this identification is correct, Conjecture 1 holds for all
2-bridge knots with no restriction on ¢ (see Corollary 3.18).

We now provide some remarks about these conjectures. First, Conjecture 1 is equivalent to
the statement that the operator (1 —¢?>X?)~1(1 — s7) preserves the nonsymmetric skein module.

! Technically, part of this conjecture is that the localization map K,(S*\K) — IA(}ZOC(S?’\K) is injective.

2 In examples, five-parameter deformations of K,(S*\K) can be produced ‘by hand’ (see §7), but these are not
canonical in general, unlike the deformations arising from Conjecture 1.
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In Lemma 2.25, we show that H,; can be embedded in D, using this operator. In particular,
Conjecture 1 implies that Hy; acts on the nonsymmetric skein module of a knot complement.
We therefore expect that Question 1 has a positive answer for sl,, and for reductive g when
q = 1, at least up to a similar twist by an automorphism.

Second, Conjecture 1 can also be stated directly in terms of skein modules without using
Morita theory; see Remark 6.3. When specialized to ¢ = —1, this interpretation implies that the
rational function
Tr(p(mi)) — Tr(p(mi~1))

Tr(p(m))? — 4

F(p) =

on Char(T?) pulls back to a regular function on (each irreducible component of) Char(S\K).
(We will discuss geometric implications of Conjecture 1 in future work.)

We next provide two applications of Conjecture 1. First, the existence of a natural H, 4, ¢,-
module structure on the nonsymmetric skein module K,(S%\ K) allows us to define three-variable
polynomial knot invariants J,(K;q,t1,t2) € (C[qil, tfl, t;tl] that specialize to the colored Jones
polynomials when ¢; = t3 = 1. To this end, we modify the Kirby—Melvin formula (1.4):

J’n(K7 q7t17t2) = G(STZ—1<Lt1,t2) . @), (16)

where we replaced the longitude L (viewed as an operator on K,(S3\K)) by its natural (¢1,t2)-
deformation Ly, 4, := TyTo + Ty 'y Y, which is called the Askey-Wilson operator (cf. [AWSS]
and [NS04, Proposition 5.8]). By definition, Li; = L, and this combined with (1.4) shows
that J,(K;q,t1,t2) specializes to the classical colored Jones polynomial. The Askey—Wilson
operator has a denominator involving the meridian: the key point of Conjecture 1 is that these
denominators cancel with the structure constants of the skein module of the knot complement. In
Proposition 6.9, we show that if K is the mirror of the knot K, then J,,(K;q,t1,t2) = J,,(K;q7 !,
tfl, iy 1), which generalizes the well-known symmetry for the classical colored Jones polynomials.
This provides some evidence that definition (1.6) is natural.

We remark that a strong form of the so-called ‘AJ conjecture’ (see, e.g., [Lé06, Conjecture 3))
states that the submodule of K, (S 3\ K) generated by the empty link is determined by the colored
Jones polynomials J,(K;q). However, for general knots it is not clear whether the action of
Hg,t1,t, Preserves the Ay x Zp-submodule generated by the empty link. Hence, the polynomials
Jn(K;q,t1,t2) may contain more information about the skein module K, (S®\K) over C[gT!]
than the classical Jones polynomials. This motivates the following question.?

Question 3. Is there an algorithm for computing J,,(K; ¢, t1, t2) for a fixed n that does not require
computing the skein module K,(S3\K)? Is there an interpretation of J,,(K;q,t1,t2) in terms of
representation theory of the quantum group Uy (slz)?

One may also ask whether there is a purely topological construction of our deformations of
skein modules, or of the corresponding polynomial knot invariants. One approach to this question
(and its relation to Cherednik’s two-variable polynomials for torus knots [Chel3]) is discussed
in [Sam14].

As a second application, we deduce from Conjecture 1 some algebraic properties of the
classical (colored) Jones polynomials, which, to the best of our knowledge, have not appeared in
the earlier literature. Namely, we prove the following theorem (see Theorem 5.12).

3 In future work we will clarify the relation between the J,, (K q,t1,t2) and the classical colored Jones polynomials.
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THEOREM 2. If Conjecture 1 holds for K, then the following rational function is a Laurent
polynomial:
(@ =D [J(n+j)+J(n—1-j)]

Pj(K;n;q) := P

In this theorem, we have used the notation J(n) := J,(K;q) and the convention J(—n) =
—J(n) (for our choice of normalization of J(n), see Remark 2.15). We also remark that the proof
of Theorem 2 suggests that the sequence J(n) of colored Jones polynomials satisfies a recursion
relation governed by the algebra H,; (see Question 5.11). We hope to address this relation in
later work.

As further evidence for Conjecture 1, we follow a suggestion of Garoufalidis and use Habiro’s
cyclotomic expansion of the colored Jones polynomials to prove the following theorem (see
Theorem 5.14).

THEOREM 3. The rational function P;(K;n;q) € C(q) is a Laurent polynomial for all knots
K C S3.

The result of Theorem 3 seems to be new; however, one of its implications (namely, the
numerator of Pj(n;q) is zero when ¢ = —e™/(2n+1)y also follows from [CM15b, Proposition 2.1].
We also note that this theorem can be viewed as a congruence relation, and it is remarkably
similar to several congruence relations for knot polynomials conjectured in [CLPZ14]. In fact,
the proof of Theorem 3 extends almost verbatim to a proof of [CLPZ14, Conjecture 1.6]. We
provide the details in § 5.5 (see Theorem 5.16).

We confirm Conjecture 2 for the figure eight knot and for all (2,2p + 1) torus knots in
Theorem 4.1. This statement has a conceptual explanation: it can be viewed as a quantization of
the fact that L — 1 always divides the A-polynomial of the knot K. (See Remarks 2.4 and 4.2 for
further explanation.) We also point out that even in the simplest examples, this embedding is not
obvious: in particular, the empty link in the skein module of the unknot is sent to a nontrivial
element in the skein module of S3\ K. We expect that there is a topological interpretation of
this embedding, but we will not address this here. As an application of Conjecture 2, we prove
the following theorem (see Theorem 5.10).

THEOREM 4. Suppose that f : Kq(5*\unknot) — K4(S*\K) is an A%2-module map such that
im(f) C Ky(T?)-@. Then there exist two-variable Laurent polynomials cx(—,—) and a sequence

P(n) = Z cr(q, ®™)J(n + k)
k

such that P(n) = P(0) for all n.

We now summarize the contents of the paper. In §2, we give an introduction to double
affine Hecke algebras and Kauffman bracket skein modules. In §3, we prove Conjectures 1-3
for 2-bridge knots (when ¢ = —1). In §4, we use computations by Gelca and Sain to give
complete descriptions of the skein modules of the (2,2p+1) torus knots and the figure eight knot,
and we prove Conjecture 2 for these knots. In §5, we prove Theorems 2 and 3, which involve
divisibility properties for colored Jones polynomials. We also prove Theorem 4, which involves
inhomogeneous recursion relations for colored Jones polynomials. In § 6, we prove Conjectures 1
and 3 for (2,2p + 1) torus knots and the figure eight knot. In §7, we construct noncanonical
deformations of Kq(53\trefoil) to a module over H,; for arbitrary ¢ € (C*)*. In an appendix,
we include example computations of three-variable polynomials specializing to colored Jones
polynomials of the trefoil, the (5,2) torus knot, and the figure eight knot.

1339

https://doi.org/10.1112/50010437X16007314 Published online by Cambridge University Press


https://doi.org/10.1112/S0010437X16007314

Y. BEREST AND P. SAMUELSON

2. Preliminaries

In this section, we provide the background necessary for the rest of the paper by discussing
definitions and basic properties of the Kauffman bracket skein module and double affine Hecke
algebras.

2.1 Knot groups and their character varieties

Recall that two maps f,g : M — N of smooth manifolds are ambiently isotopic if they are
in the same orbit of the identity component of the diffeomorphism group of N. This is an
equivalence relation, and a knot in a 3-manifold M is the equivalence class of a smooth embedding
K :S' < M.If Ny C M is an (open) tubular neighborhood of K, then the complement M\ N
has a torus boundary.

For an oriented knot K C S3, there is a canonical identification 7' = S x S' 5 9(S3\K).
More precisely, let Nx C S2 be a closed tubular neighborhood of K and let N, be the closure
of its complement. Then the following lemma provides a unique (up to isotopy) identification of
Ng N N with S* x St (see [BZ03, Theorem 3.1]).

LEMMA 2.1. There is a unique (up to isotopy) pair of simple loops (the meridian m and
longitude 1) in T subject to the following conditions:

(i) m is nullhomotopic in N;

(ii) [ is nullhomotopic in N¢;

(iii) m, ! intersect once in T';
)

(iv) in S3, the linking numbers (m, K) and (I, K) are 1 and 0, respectively.

Therefore, to an oriented knot K C S3, one can associate the data (w1 (S®\K), m, 1), where
m,l € m(S?\K) are the elements corresponding to the meridian and longitude defined above.
Since the meridian and longitude are well defined up to (base-point-free) isotopy, the elements m,
are well defined up to inner automorphism. The following theorem (see [BZ03, Theorem 3.15])
shows that this data is a complete invariant of the knot.

THEOREM 2.2 (Waldhausen). Two knots K, K' C S3 are ambiently isotopic if and only if there
is an isomorphism ¢ : 71 (S3\K) — 71 (S3\K’) that satisfies ¢(m) = m’ and ¢(1) = 1'.

2.1.1 Character varieties and the A-polynomial of a knot. If 7 is a finitely generated
(discrete) group and G is an algebraic group, the set Rep(m, G) := Hom(7, G) has a natural affine
scheme structure. Informally, one way to define this structure is to pick generators g1, ..., g, for
7, so that a representation p : m — G is completely determined by the images of the g;. This
realizes Rep(w, G) as a subscheme of G", where the ideal defining this subscheme is given by
the relations between the g;. It is well known that Rep(—, G) is functorial with respect to group
homomorphisms f : 7 — 7’. In particular, the scheme structure on Rep(w, G) is independent of
the choices made (see, e.g., [LM85]).

There is a natural action of G on Rep(w, G) (by conjugation), and this induces an action of G
on the corresponding commutative algebra O(Rep(m, G)). We denote the subalgebra of invariant

functions by
OChar(w, G) := O(Rep(m, G))°.

The character variety is the spectrum of this algebra:

Char(m, G) := Spec(OChar(r, G)).
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This scheme parameterizes closed G orbits on Rep(w, G).

We now assume that m = 71 (M) for a manifold M and specialize to G = SL2(C). To shorten
notation, we will write OChar(M) := OChar(r1(M),SLy(C)), etc. If K C S3 is a knot and
M := S3\K is the knot complement, then the inclusion 72 = M C M induces a map of
algebras ¢ : OChar(T?) — OChar(M).

We may identify the algebra @Char(7T?) with O(C*xC*)%2, where the generator of Zs acts via
(a,b) = (a~1,b1). The algebra O(C* x C*)?2 is generated by the functions x(a,b) = a + a1,
y(a,b) = b+ b~', and z(a,b) = ab + (ab)~!. Under the identification with OChar(T?), these
functions correspond to (A, B) — tr(A), (4, B) — tr(B), and (A4, B) — tr(AB), respectively
(cf. Theorem 2.10).

We recall the definition of the A-polynomial, which was originally introduced in [CCGT94].
If M is a knot complement, we have the diagram

C* x C* — (C* x C*)/Zy = Char(T?) < Char(M).

We let Xps € C* x C* be the union of the one-dimensional components of the preimage of the
Zariski closure of the image of Char(M). A theorem of Thurston says that Xj; is nonempty,
which allows the following definition.

DEFINITION 2.3. The A-polynomial is the polynomial A(m,l) € C[m™*!,I*!] that defines the
curve X ;.

(Here we have used Lemma 2.1 to pick generators m, ! for O(C* x C*).)

Remark 2.4. The abelianization of the fundamental group of a knot complement is isomorphic to
Z, and it is well known that the set of representations factoring through the abelianization map
is a component of the character variety. This implies that [ — 1 always divides the A-polynomial.
If K is the unknot, then 71 (S®\K) = Z, which implies that the A-polynomial of the unknot
divides the A-polynomial of an arbitrary knot. If we write Ag and Ay for the A-polynomials

of a knot K and the unknot U, then Ax = Bx Ay, and we have a map of C[m*?!, [*!]-modules
(which is not a map of algebras):
¢ : Clm*L, 1IFY /Ay — Cm*L,1*Y Ak, f— Bkf. (2.1)

2.2 Kauffman bracket skein modules

A framed link in an oriented 3-manifold M is an embedding of a disjoint union of annuli S* x [0, 1]
into M. (The framing refers to the [0, 1] factor and is a technical detail that will be suppressed
when possible.) We will consider framed links to be equivalent if they are ambiently isotopic.
In what follows, the letter ¢ will denote either an element of C* or the generator of the ring
Clg, ¢~ '] (we will specify which when it matters and when it is not clear from context).

Let £L(M) be the vector space spanned by the set of ambient isotopy classes of framed
unoriented links in M (including the empty link). Let £'(M) be the smallest subspace of £(M)
containing the skein expressions Ly —qLo — ¢ ' Lo and LU+ (¢* +¢~2)L. The links L., Lo,
and L are identical outside of a small 3-ball (embedded as an oriented manifold), and inside the
3-ball they appear as in Figure 1. (All pictures drawn in this paper will have blackboard framing.
In other words, a line on the page represents a strip [0, 1] x [0,1] in a tubular neighborhood of
the page, and the strip is always perpendicular to the paper (the intersection with the paper is

[0,1] x {0}).)
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FI1GURE 1. Kauffman bracket skein relations.

DEFINITION 2.5 [Prz91]. The Kauffman bracket skein module is the vector space K (M) =
L/L'. 1t contains a canonical element @ € K (M) corresponding to the empty link.

Remark 2.6. To shorten the notation, if M = F' x [0, 1] for a surface F', we will often write K (F')
for the skein module K, (F x [0,1]).

Example 2.7. One original motivation for defining K,(M) is the isomorphism
Clg, g1 = K, (S?), 1+ 0.

Kauffman proved that this map is an isomorphism and that the inverse image of a link is the Jones
polynomial of the link. The map is surjective because the skein relations allow one to remove
all crossings and loops in a diagram of any link, but showing that it is injective is (essentially)
equivalent to showing that the Jones polynomial of a link is well defined, which is a nontrivial
theorem.

In general K (M) is just a vector space; however, if M has extra structure, then K (M) also
has extra structure. In particular:

(i) if M = F x [0,1] for some surface F', then K, (M) is an algebra, where the multiplication
is given by ‘stacking links’;

(ii) if M is a manifold with boundary, then K (M) is a module over K,(0M). The multiplication
is given by ‘pushing links from the boundary into the manifold’;

(iii) an oriented embedding M < N of 3-manifolds induces a linear map Ky(M) — Ky (N).
Therefore, K,(—) can be considered as a functor on the category whose objects are oriented
three-dimensional manifolds and whose morphisms are oriented embeddings;*

(iv) if ¢ = £1, then K (M) is a commutative algebra (for any oriented 3-manifold M). The
multiplication is given by ‘disjoint union of links’, which makes sense because when ¢ = 41,
the skein relations allow strands to ‘pass through’ each other.

Remark 2.8. The third property is stated in [Prz91, Proposition 4] and can be proved using the
isotopy extension theorem. The first two properties are consequences of the third: for example,
there is an obvious map F'x [0, 1]UF x[0,1] — F'x[0, 1], and the product structure of K,(Fx[0,1])
comes from the application of the functor K,(—) to this map.

*To be pedantic, K,(—) is functorial with respect to maps M — N that are oriented embeddings when restricted
to the interior of M. In particular, if we identify a surface F' with a boundary component of M and N, then the
gluing map M UN — M Up N induces a linear map Kq(M) @c Kq(N) - Kq(M Up N).
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Ezample 2.9. Let M = (S* x [0,1]) x [0, 1] be the solid torus. If u is the nontrivial loop, then the
map Clu] — K,((S! % [0,1]) x [0,1]) sending u™ to n parallel copies of u is surjective (because all
crossings and trivial loops can be removed using the skein relations). This is clearly an algebra
map and it also injective (see, e.g., [SWO0T]).

2.2.1 Skein modules and representation varieties. Here we recall a theorem of Przytycki and
Sikora [PS00] (see also Bullock [Bul97]) that identifies the commutative algebra K,—_1(M) with
the algebra OChar(M) of functions on the SLg(C)-character variety of m (M).

An unbased loop 7 : S! — M determines a conjugacy class in 71 (M) and, since the trace of
a matrix is invariant on conjugacy classes, we can define Tr(y) € OChar(M) via

Tr(v)(p) := Tr[p(7)]-
THEOREM 2.10 [PS00, Bul97]. The assignment v — —Tr(~y) extends to an algebra isomorphism
Ky——1(M) = OChar(M).
The key observation behind this theorem is that for ¢ = —1, the skein relation becomes
Tr(A)Tr(B) = Tr(AB) + Tr(AB™).
(This formula is a simple consequence of the Hamilton—Cayley identity in SLo(C).)

2.2.2 The Kauffman bracket skein module of the torus. We recall that the quantum torus is
the algebra

A C<Xi1,yil>
T XY —?2Y X
where ¢ € C* is a parameter. Note that Zs acts by algebra automorphisms on A, by inverting

X and Y.

We now recall a beautiful theorem of Frohman and Gelca in [FGO00] that gives a connection
between skein modules and the invariant subalgebra A%Q. First, we introduce some notation.
Let T, € C[z] be the Chebyshev polynomials defined by Ty = 2, T3 = z, and the relation
Thy1 = 2T, — Ty,—1. If m, [ are relatively prime, write (m, () for the m,[ curve on the torus (the
simple curve wrapping around the torus [ times in the longitudinal direction and m times in the
meridian direction). It is clear that the links (m,{)" span K,(T?) and it follows from [SWO7]
that this set is actually a basis. However, a more convenient basis is given by the elements
(m, D) := Ty((m/d,l/d)) (where d = gcd(m,1)). Define e, = ¢7"X"Y*® € A,, which form a
linear basis for the quantum torus A, and satisfy the relations

€rsCuv = qrv7u36r+u7s+v.
THEOREM 2.11 [FGO0]. The map Kq(T?) — AL> given by (m,l)r — emg + €_pm; is an
isomorphism of algebras.

Remark 2.12. As explained in §2.1, if K is an oriented knot, then there is a canonical
identification of S' x S! with the boundary of S3\K. If the orientation of K is reversed,
this identification is twisted by the ‘hyper-elliptic involution’ of S' x S' (which negates
both components). However, this induces the identity isomorphism on K, (T2 x [0,1]), so
the AqZQ-module structure on K,(S?\K) is canonical and does not depend on the choice of
orientation of K.
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We also recall another presentation of this algebra that will be useful for computations. Let
z,y,2 € K4(T?) be the meridian, longitude, and (1, 1) curve, respectively.

THEOREM 2.13 [BP00]. The algebra K,(T?) is generated by z,y, z with relations

[, ylg = (0" — a7z [zalg= (2 —a Dy, 2= —q ), (2.2)
and the additional cubic relation
o’ +q 2+ 72— qryz = 2(° + ¢77). (2:3)
Combining this presentation with the isomorphism K,(7?) A?% we have
r—>X+X1 gy Y4Vl et XY+ Xy,
2.2.3 A topological pairing. Let K C S3 be a knot. There is a natural pairing
K, (D?* x S') @c K, (S*\K) — C,

which is used to compute colored Jones polynomials. Informally, this pairing is induced by gluing
a solid torus D? x S' to the complement of a tubular neighborhood of a knot to obtain S3.

Let Ng C S3 be a closed tubular neighborhood of K and let N, be the closure of its
complement. Then Nx N N, is a torus T, and we let Ny be a closed tubular neighborhood
of T. By Remark 2.12, both K,(Ng) and K,(N.) have canonical AqZQ—module structure. More
precisely, if we identify Ny with T x [0, 1], then the embedding 7' x [0,1] — S? gives K (N.)
and K,(Ng) a left and a right AqZQ-module structure,® respectively.

It is easy to see that K (Ng UN.) = K,(Ng) ®c Kq(N.), and the embedding property (iii)
above shows that this induces a map (—, —) : K,(Ng) ®c K,(N.) — K,(S?). If a C Nr is a link,
it can be isotoped to a link inside Ng or a link inside N,, and inside S® both these links are
isotopic. Since these isotopies define the module structure of K,(Ng) and K,(N,), the pairing
(—, —) descends to

(= =) : Kg(D? x S") @, 2y Kq(S°\K) — C. (2.4)

(To ease notation for later reference, in this formula we have identified N with the solid torus
D? x S* and written S*\K for N,. We also used the isomorphism K,(S3) = C described in
Example 2.7.)

2.2.4 The colored Jones polynomials. The colored Jones polynomials J,(K;q) € Clg™]
of a knot K C S® were originally defined by Reshetikhin and Turaev in [RT90] using the
representation theory of Uy(slz). (In fact, their definition works for any semisimple Lie algebra
g, but we only deal with g = sly.) Here we recall a theory of Kirby and Melvin that shows that
Jn(K;q) can be computed in terms of the pairing from the previous section.

If Nk is a tubular neighborhood of the knot K, then we identify K,(Ng) = Clu|, where
u € K4(Nk) is the image of the (O-framed) longitude | € K,(0Nk). Let S, € Clu] be the
Chebyshev polynomials of the second kind, which satisfy the initial conditions S =1 and S1 = u
and the recursion relation S, 11 = uS, — Sp_1.

5 The asymmetry between left and right comes from the definition of multiplication in F x [0, 1]: the product ab
means ‘stack a on top of b’. Since the tori 7% x {0} and T2 x {1} are glued to N. and Nk, the spaces K,(N.) and
K,(Nk) are left and right K,(T?)-modules, respectively.
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THEOREM 2.14 [KM91]. If ¥ € K,(S?\K) is the empty link, we have

Jo(K5q) = (1) 1@ - S,_1(u), D).

Remark 2.15. The sign correction is chosen so that .J,, (unknot; ¢) = (¢*" —q=2")/(¢* —q~2). Also,
with this normalization, Jy(K; q) = 0 and J1(K; q) = 1 for every knot K. These conventions agree
with the convention of labelling irreducible representations of U, (sl2) by their dimension.

2.3 The CVC; double affine Hecke algebra

In this section, we define the five-parameter family of algebras },; which was introduced by Sahi
in [Sah99] (see also [NS04]). This is the universal deformation of the algebra C[X*!, Y *!] x Zj
(see [Obl04]), and it depends on the parameters ¢ € C* and t € (C*)%. The algebra 3, can be
abstractly presented as follows: it is generated by the elements Ty, T1, T/, and T} subject to
the relations

(To —t1)(To +t7) =0,
(Ty) — t2)(Ty +t57) =0,
(Ty — t3)(Ty +t31) = 0, (2.5)
(T —ta)(TY +t,7) = 0,
TYTToTy = q

Remark 2.16. Comparing our notation to [NS04], our ¢~2 is their ¢, and our parameters (¢1,
to, ts, ty) are their (kg,ug, k1, u1). These parameters relate to the original parameters a,b, ¢, d of
Askey and Wilson [AWS5] via a = tty, b = —t3t; !, ¢ = ¢~ 'tite, and d = —q t1t5 .

Remark 2.17. The algebra H,; is a flat deformation of the fundamental group algebra of an
orbifold Riemann surface. Recall that if X is a simply connected Riemann surface and I" is a
cocompact lattice (i.e. a Fuchsian subgroup) in Aut(X), the quotient ¥ = X/I' is defined as an
orbifold and I' is isomorphic to the (orbifold) fundamental group of ¥ (see, e.g., [Sco83, §2]):

g
b -
TP (8, %) = <a1,b1,...,ag,bg,cl,...,cn ¢t =1, H[ai,bi]cl'--cn = 1>,
=1

where the ¢; are generators corresponding to loops around special points of X with stabilizers
Z/n;Z and n; > 1. In the case when X = C and I' = (Z&®iZ) x Zs is acting on X by translation—

reflections, we recover from the isomorphism G = wi’rb(E, x) the presentation

2
P - <Cl,C27037C4 ‘ Ci = ]-7 61020364 - 1>7

where the ¢; are loops around four special points {0,1/2,1/2 +1i/2,i/2} € C. Thus, Hy 1111 =

byt

C[I']. For other interesting examples of Hecke algebras associated to Fuchsian groups, see
[EOROT].
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For t = 1, this algebra is isomorphic to A, x Zy (see Remark 2.19). As mentioned in the
introduction, this algebra can also be realized as a subalgebra of a certain localization of A, x Zs.
More precisely, we recall that A, x Zy is generated by X, ¢, and s (all invertible), which satisfy
the relations

sX =X"1s, sg=09""1s, $$=1, Xi=g9X.
Let D, be the localization of A, x Z3 obtained by inverting all nonzero polynomials in X, and
define the following operators in Dy:

P X2 4 qia X .

W(l — s9),
1?3 + 0 X
Toxzr L)

TO = tlsy -
Tl = t38 +

(We have slightly abused notation by giving these operators the same names as the abstract
generators of H,;.) The following Dunkl-type embedding is defined using these operators (see
[NS04, Theorem 2.22]).

PROPOSITION 2.18 [Sah99]. The assignments
T, T, Ty qly'X, TV~ X777} (2.6)
extend to an injective algebra homomorphism Hy; — D,.

We recall that the standard polynomial representation V' = C(X) of D, is isomorphic as a
C[X*!]-module to rational functions in X, with the action of s and 7 given by

s f(X)=f(X7N), §-f(X)=fla*X).

Under this action, it is easy to check that both operators Ty and 17 preserve the subspace
C[X*!] ¢ C(X), which shows that the action of H,; on C(X) preserves C[X*!] C C(X). In
other words, C[X jEl] is an H,-module, which is called the polynomial representation.

Remark 2.19. The algebra H,; is also generated by the elements X+ Y =TTy, and T :=T.
With this set of generators, the relations become the following (see [NS04, 2.21]):

XT=T"1'X""1— 14,
TYY =Y 'T+1,
T? =1+ 13T,
TXY = @PT7YX — 61X — gty — 14Y, (2.7)

where t; = t; — t;l. This presentation shows that H, 1111 = Ay X Zy (as subalgebras of
D,), since, under this specialization of the parameters, we have 7' =T} = s and Y = g.
Furthermore, Cherednik’s sly double affine Hecke algebra H ; is isomorphic to H, 1 1 -1 ;. Under
this specialization, the presentation (2.7) becomes

TXT=X""' 1Y 'T=Y, (T-tH)T+t)=0, XY =¢T?*YX. (2.8)
The standard presentation of H,; (see [Che(05]) replaces the last relation (2.8) with XY =
¢*Y XT?. Under the map Hyy — H,114-1; given by X — X1 Y > Y ! and T — T, this
becomes the last relation in (2.8).
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The element e := (T} +t3')/(t3 +t3') is an idempotent in 3, ;, and the algebra SH,; :=
e}, e is called the spherical subalgebra. It is easy to check that e commutes with X + X1
and this implies that the subspace e - C[X*!] is equal to the subspace C[X + X ~!] of symmetric
polynomials. The spherical algebra therefore acts on C[X + X 1], and this module is called the
symmetric polynomial representation.

A presentation for the spherical subalgebra SH,; has been given by Terwilliger in [Ter13].
(A less symmetric presentation was given in [Koo08].) We now recall this presentation in our
notation. Define

r=(X+Xbe,
y= (Y + Y_l)e7
z = (TyTy + (T1T8/)71)e,

Q=—qyzz+¢2* +*y* +q2

2* — qaz — qBy — ¢ vz,

where
a:=tity + (qt3)ts, B :=tats + (qt3)t1, v :=tits + (qt3)t2.

Here and later we use the notation gtz := gtz — ¢~ 't3".

THEOREM 2.20 [Ter13, Proposition 16.4]. The spherical subalgebra is generated by x,y,z with

relations
[,ylg= (> — ¢ z—(g—q ),
[y, 2lg = (* —q )z —(g—q a,
(2,2 = (" —q )y —(g—q "B,
Q= (01)° + (f2)” + (q3)* + (£2)* — Tata(qls)ta + (¢° + ¢ )

Remark 2.21. To convert from Terwilliger’s notation to ours, we note that his generators (g,
t1,t2,t3) are our generators (—iTy, —iTy, —iTy, —iT}’) (where i? = —1). Furthermore, his (X,Y")
are our (X~1Y), and his (4, B,C) are our (—y, —x, —z). His  is our 2, and his (a, 3,7) are
our (—f3, —a, —v). Finally, his parameters (q, Py, P>, P3) are our parameters (q~',ity, ita, its).

Proof. Technically, [Ter13, Proposition 16.4] gives a presentation of the (unital) subalgebra of
Hgq generated by x,y, z, T1. However, all elements in this subalgebra commute with 77, so when
we multiply this subalgebra by the idempotent e to obtain the (nonunital) spherical subalgebra,
the generator 77 is absorbed by e and becomes the constant t3. Furthermore, all elements of
the spherical subalgebra commute with 77, so [Ter13, Theorem 13.6] shows that the spherical
subalgebra is contained in the algebra generated by z,y, z,T1. We therefore have the equality
e, e = e(x,y,z,T1)e of (nonunital) subalgebras of H, ;. Finally, the Poincaré-Birkhoff-Witt
theorem [Ter13, Proposition 12.13] for the algebra (z,y,z,T1) shows that this algebra can be
identified with the tensor product (z,y, z) ®c C[T}], which shows that the claimed presentation
above is actually a presentation (i.e. that we have listed sufficiently many relations). O

Remark 2.22. Let t = gt3. The above presentation makes it clear that if we specialize any three
of the parameters {t1, t2, t5, ¢4} to 1 and set the last equal to ¢, then the four spherical subalgebras
obtained in this way are isomorphic. This is not a priori obvious. (We also remind the reader
that our parameters ¢, ts are the parameters ¢'/4, #1/2 of the standard presentation of the DAHA
of type A; in [Che05].)
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Remark 2.23. If ¢ = 1, then the spherical subalgebras are commutative for any (t1, 2, t3,t4). The
corresponding varieties are affine cubic surfaces studied in detail in [Obl04] (and the presentation
in [Obl04] agrees exactly with the one above, where our z, y, z are his X1, X, X3). Also, if t; =1,
a short computation with the commutation relations shows that the presentation of Theorem 2.20
agrees with the presentation of [BP00] for the skein algebra of the torus (see Theorem 2.13).

The operator Ly, 4, := Y + Y1 is called the Askey-Wilson operator: it also commutes
with e, so it preserves the subspace of symmetric functions C[X + X~!. If we write Lifrg
for the restriction of this operator to C[X + X~'], then L) is diagonalizable with distinct
eigenvalues (for generic parameters), and its eigenvectors are the Askey—Wilson polynomials (see,

e.g., [Mac03]). In the following lemma, we use the notation (z)™ =z +2"1 and (z)” =2z — 2~ 1.

LEMMA 2.24. Ifts =t4 = 1, the Askey—Wilson operator can be written as follows:

—_

Ly, = X7 (@) (X2 + 6 (X 2T -6 (X = (47T (9 - 2)
+ty (0(X9) T =g (XTI T - X+t
Proof. This follows from [NS04, Proposition 5.8] and a short calculation. O

(We remark that under the isomorphism of Theorem 2.11, (X¢)* = ¢(1,1), where the right-
hand side is the (1, 1) curve on the torus. This accounts for the apparent differences in the powers
of ¢ in the last terms of the above formula for L") and Remark 6.3.)

Let M be an A, x Zs-module, let M lo¢ he its localization at nonzero polynomials in X, and
suppose that M — M!¢ is injective. Let Uy = (1 — ¢?X?)~(1 — 39) € D,,.

LEMMA 2.25. If UyM C M, then H,; acts on M.

Proof. Cherednik’s embedding of H,; into D, is given by the following formulas (see [Che05]):
X— X, Tw—1T, Y ysii,

with parameters (t1,t2,t3,t4) = (1,1,¢,1). We now twist this embedding by the automorphism
of Dy given by X — ¢X, § — ¢, and s — s7. After this twist, the map Hy; — D, is given by

X = qX, T tsy+tUy, Y — tj+tsUy.

By assumption, UgM C M, which implies that H, ;M C M. O

3. Deformed skein modules of 2-bridge knots

In this section, we will prove Conjectures 1-3 (when ¢ = —1) for an arbitrary 2-bridge knot. To
this end, we will use an algebraic construction of SLo character varieties of finitely generated
groups due to Brumfiel and Hilden [BH95]. We begin by recalling the results of [BH95] in the
form that we need.
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3.1 The Brumfiel-Hilden construction
Let Grp be the category of (discrete) groups and let Alg* be the category of associative C-
algebras equipped with an anti-involution a — a*. Assigning to a group w its complex group
algebra C|r] defines a functor C[—| : Grp — Alg", where the anti-involution on C|r] is defined on
the group elements by ¢g* := ¢~! and is extended to C[n] by linearity. The group algebra functor
has an obvious right adjoint SU : Alg* — Grp defined by SU(A) := {a € A | aa* = a*a = 1}.
Now, for a commutative C-algebra B, the algebra Ma(B) of 2 x 2 matrices over B has an
anti-involution given by the classical adjoint:

a b\’ d —b
(0 (). o
In this case, SUMa(B)] = SL2(B). Thus, for any commutative C-algebra B, we have a natural
bijection
Hom g+ (C[n], M2(B)) = Homgyp (7, SLa(B)). (3.2)
The representation scheme Rep(w) := Rep(w, SLg) is defined by its functor of points and,
with the identification (3.2), this can be written as

Rep(m) : CommAlg — Sets, B~ Hompjg(C[n],M2(B)).

As explained in §2.1.1, this functor is represented by the commutative algebra ORep(rw) :=
O(Rep()). Let py, : C[r] = Ma(ORep(7)) be the algebra map corresponding to the universal
representation p, : ™ — SLo(ORep(w)). Geometrically, the scheme Rep(w) parametrizes
representations of 7 into SLo(C), and p,(g) is the section of the trivial bundle Rep(m) x My(C)

given by p — p(g).
It is easy to see that for any 7, the homomorphism p, factors through the algebra

Hlx]:=C[x] /{lg.h +h™"] | g,h € 7},

which we call the Brumfiel-Hilden algebra of 7 (since it was introduced and studied in [BH95]).
The algebra H ] has a canonical (commutative) subalgebra H " [r] := {a € H|[n] | a* = a} (which
is actually central in H|[r]). The meaning of these algebras is made clear by the following result
proved in [BH95, Proposition 9.1].

THEOREM 3.1. Assume that 7 is a finitely presented group.

(i) The universal representation p, : C[r] — May(ORep(r)) factors through H|x|, and the
induced map p, : H[r] — Ma(ORep(r)) is injective. The image of p, coincides with
the subring of GLo(C)-invariants in Ma(ORep(~)), and we therefore have a canonical
isomorphism of algebras

pu : Hlm] 5 My(ORep(r))h2(©),
(ii) The invariant subring H*t[r] is mapped bijectively by p, onto ORep(r)St2(C),

Summarizing, we have the following commutative diagram.

H*[x] < - Hn] Cln]

Pu

IR
1%

1349

https://doi.org/10.1112/50010437X16007314 Published online by Cambridge University Press


https://doi.org/10.1112/S0010437X16007314

Y. BEREST AND P. SAMUELSON

Geometrically, this theorem says that H[r] is the algebra of GLy(C)-equivariant matrix-
valued functions on the representation scheme, and H*[r] is the (commutative) algebra of
GLy(C)-invariant scalar functions. In other words, H*[r| is the ring of functions on the SLg
character variety of .

Now suppose that M is a manifold with boundary M. The inclusion OM — M induces a
map of groups « : m (OM) — m(M). By functoriality of the Brumfiel-Hilden construction, we
have the following commutative diagram of algebra homomorphisms.

H+[7T1(8M)] — H[ﬂ'l(aM)] «~— C[m(f)M)]

H " [my(M)] = H{[my (M)] «+— Clmy (M)]

If M = S3\K is the complement of a nontrivial knot in S, then 9M = T? and the map « is
an embedding (see, e.g., [BZ03, Proposition 3.17]) (however, the induced map @ is not injective).
Also, in this case the map C[r1(T?)] — H|[m1(T?)] is an isomorphism because the fundamental
group of T? is abelian. With the identifications of Theorem 3.1, the leftmost arrow is precisely
the peripheral map discussed in §2.1.1.

3.2 The Brumfiel-Hilden algebra of a 2-bridge knot

Theorem 3.1 reduces the problem of describing the character variety Char(m, SLg) for a finitely
presented group to that of describing the algebra H[r]. In many interesting cases, H[r| can be
computed explicitly (see [BH95, ch. 3]). If K C S2 is a 2-bridge knot, the fundamental group
71 (S3\K) is generated by two elements (meridians) subject to one relation; in this case, H ' [n]
is isomorphic to the ring of regular functions on a plane curve and H|[r] has the structure of a
generalized quaternion algebra over H[r]. We will briefly describe this structure below, and refer
the reader to [BH95, Appendix A4*] for proofs and more details. We begin with the standard
presentation of 71 (S3\K) in the case of 2-bridge knots.

3.2.1 The fundamental group. Recall that the 2-bridge knots can be indexed by pairs (p, q)
of relatively prime odd integers with p > 0 and 0 < ¢ < p. The pairs (p,q) and (p/,¢’) define
the same knot if and only if p = p’ and ¢¢' = +1 (mod p). For a knot K = K(p,q), the group
7= m(S?\K(p,q)) has a presentation

7w = {(a,b | aw = wb),

where a and b are meridians around two trivial strands contained in one of the balls in a 2-bridge
decomposition of S3\ K. The element w can be expressed in terms of ™! and b*! as a product
of two words:

w = v,

which are images of each other under the anti-involution of the free group F'(a,b) that switches
a and b. The word v is given by

v =0 (a or b)*,

where d = (p — 1)/2 and the exponents e,, € {£1} are computed by the rule sign(e,) = sign(k,),
with k,, defined by the conditions

kn =ng (mod2p), —p <k, <p, k,#0.
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The peripheral map « : 71(T2) — 7 is defined by the assignments

a(m) =a, a(l)=wwa"?,
where  is the word w written backwards (without switching a and b) and s =4 Zi:l €n-

Ezample 3.2. Let p=>5 and g = 3. The corresponding knot K = K (5,3) is the figure eight knot.
In this case, d = (5—1)/2 =2, ky =3, and ks = —4,so that e = 1, e = —1, and s = e; +e3 = 0.
We therefore have w = ba~'b"'a, and the fundamental group has the following presentation:

71(K) = (a,b | aba b a = ba" b 1ab) = (a,b | aba " ba = bab~ab).

(The second presentation is standard, and the relation in the first is conjugate to the relation in
the second.) In this notation, the peripheral map « : 71 (T?) — 71 (K) is given by

me a, 1+ ba b7 'a?b a0,

3.2.2 The Brumfiel-Hilden algebra. For a 2-bridge knot, the algebra H[r] has the following
structure (see [BH95, Proposition A.4*.9]).

THEOREM 3.3. Let m be the knot group of a 2-bridge knot of type (p,q). There is a polynomial
Q € Cl[1, J] of degree d = (p — 1)/2 such that H|[r| admits an H*[r]-module decomposition

Hir] = H'[x] ® B*[x]i ® H[x]j © H [k,

where
Clx, I, J] Clx, I, J]
(IQ,I+J—4(x2—-1))’ (Q, I+ J—4(22-1))

The multiplication in H|[r|] is determined by the (generalized) quaternion relations

Ht[x] = Ht[x] =

=1 3’ =J ij=—-ji=k.

The canonical projection C[r] — H|[n] is given by the equations

+1

att >z 3G +75), bE!

— T F %(z - 7).
Finally, the canonical anti-involution * : H[r| — H|r] is given by

* o . o

=z, t'=-1, jF*=-j, k¥=-k.

Remark 3.4. The image of the polynomial @ in H'[r] determines a curve of conjugacy
classes of mostly irreducible SLo representations of 7; more precisely, the classes of irreducible
representations p : m — SLy(C) correspond to the algebra homomorphisms ¢ : H*[r] — C such
that ¢(Q) = 0 and ¢(I) # 0. It is shown in [BH95] that @ actually has integral coefficients, i.e.
Q € Z[1,J]. We give a formula for @) in Remark 3.7.

Remark 3.5. Under the identification of Theorem 3.1, H*[r] = OChar(r), the generators x, I,
and J correspond to the following functions:

z — 3Tr(a),
I~ 1Tr(a)? + 2Tr(a)Tr(b) — Tr(ad) — 2, (3.3)
J — 1Tr(a)? — 4 Tr(a)Tr(b) + Tr(ab) — 2,

where Tr(g) is the character function p — Tr(p(g)).
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3.3 The nonsymmetric skein module (at ¢ = —1)

In this section, we prove Conjectures 1-3 for all 2-bridge knots when ¢ = —1. We fix a 2-bridge
knot K = K(p,q) and write H := H[r] and H" := H™"[rn] for the corresponding knot group
m=m(S3\K). Let X € H and Y € H denote the images of the meridian m and longitude I
under the (induced) peripheral map

a: H[T? = C[m*,1*!] - H. (3.4)
With the identification of Theorem 3.3, we have
XH=ztl(i+j), Y=waX" (3.5)

Next, we let HT[X*1] denote the subalgebra of H generated by H+ and X*!. Note that
HT[X*!]is commutative and the canonical anti-involution on H restricts to H[X*!] and maps
X +— X1, The following observation is implicit in [BH95, Appendix A.4*].

PROPOSITION 3.6. For any 2-bridge knot, the image of the peripheral map (3.4) is contained in
HT[X*.

Proof. We need to prove that Y € H[X*!]. Following [BH95], we introduce the algebra
H[(a,b)] := H[{a,b)]/{a™ —b"),

which is the quotient of the Brumfiel-Hilden algebra of the free group F(a,b) on generators a,b
modulo the relation a* = bT, where a™ = 1/2(a + a~!). Note that, for any 2-bridge knot group
7 = {a,b | aw = wb), the natural projection H[(a,b)] — H|n] factors through H[(a,b)], since the
relation aw = wb implies that a* = b* in H[r]. The advantage of H[(a,b)] over H[(a,b)] is that
H is a free quaternion algebra:

H=Ht"¢oH" e H j® H"k,

with H* being isomorphic to a free polynomial ring in two variables (see [BH95, Proposition
3.1]).

The algebra H[(a, b)] inherits many symmetries from H|[{a, b)]. In particular, we have the anti-
automorphism « : H — H that fixes a and b and sends ab — ba, and the involution o : H — H
that ‘switches a and b’ (i.e. o(a) = b and o(b) = a). It is easy to see that v and o act trivially
on H*t, while

v:(,5,k)— (3,3,—k), o:(i,5,k)— (—1,7,—k).

If we write v =D + Fi+ Fj + Gk € H for some D, E,F,G € H*, then
v=0v(v)=D — Ei+ Fj+ Gk.

It follows that
w=v0=L+Mj+ Nk, w=y(w)=L+Mj— Nk,
where

L =D?>—-FE’I+F?J]-G?*1J,
M = 2DF + 2GEFEI, (3.6)
N = 2DG + 2EF.
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In H, we therefore have

wiw = (L* + M*J + N%IJ) +2MN Ji +2MLj. (3.7)

On the other hand,
ww* = L* — M?J + N%I.J =1, (3.8)
aw — wb= (L — NJ)i. (3.9)

It follows from (3.7) and (3.8) that ww = (1+2M?J)+2M(NJi+ Lj) in H, while (3.9) implies
that Lt = NJ4 in H[r]. Hence, projecting onto H|r|, we get

Y = woX % =[(1+2M?J) +2ML(i + §)]X % = [(1 + 2M?J) + 2M L8] X %, (3.10)

where § := X — X! =4 + j; see (3.5). This shows that Y € H*[X*!], completing the proof of
the proposition. O

Remark 3.7. In the notation of the previous proposition, @ = L — NJ in H " [x].
Ezample 3.8. In the case of the figure eight knot, K = K(5,3) (cf. Example 3.2), we have
v=bat=(z—- LG —j)(=- LG +4)=Q+3i) —xi+ ik

Hence, by (3.6),
L=1-1%IJ, M=-zI, N=1+1iI
By Remark 3.7, @ =1 — J — IJ and, by Theorem 3.3,

Cla, I, J]
I(1—=J—=1J),I+J—4(x2—1))

OChar(r) = H' [r] =

Finally, formula (3.10) gives
Y=0+T-1J)-IJX*+1X2

Next, we note that S = {1,6,62,...} is an Ore subset in H. We write H[6~!] for the
localization of H at S and define

M= HY X+ HYX*Qs ' c H[7'], (3.11)

where @ = Q(I,J) is the polynomial featured in Theorem 3.3. By construction, M is a module
(actually, a fractional ideal) over HT[X*!] and, by Proposition 3.6, it is a module over C[m*!,
I*1]. We extend this last module structure to C[m*!,1¥1] x Zy, letting s € Zy act on M by the
canonical involution X — X 1.

Now, recall the double affine Hecke algebra from (2.5). We let ¢ = —1 and t3 = t4 = 1 and
define

Ty — —t18Y + (51X + )6 11 + sY),
Ty = Ty 'x—1,

T1 =S,

TY — Xs,

(3.12)

where t; = t; — t;l for ¢ = 1, 2. The main result of this section is the following theorem.

1353

https://doi.org/10.1112/50010437X16007314 Published online by Cambridge University Press


https://doi.org/10.1112/S0010437X16007314

Y. BEREST AND P. SAMUELSON

THEOREM 3.9. For any 2-bridge knot, the assignment (3.12) extends to an action of H_14, 4,
on M.

Remark 3.10. The term (1+sY) in formula (3.12) agrees with the term (1 —sg) in formula (2.6)
because of the sign in Theorem 2.10 (a loop v in the skein algebra at ¢ = —1 gets sent to the
function p — —Tr(p(7)) on the character variety). (The change X — X! is inessential.)

Proof. Let U =011+ sY) =0"1(1+ Y 1s) € H[§"!]. We need to check that UM C M. For
this, it suffices to check that there exist f,g,h € HT[X*!] such that

Y =fQ+g6—1, (3.13)
YQ=(1+h)Q (3.14)
or, equivalently, there exist f',¢',h' € HT[X*!] such that
Yl =fQ+¢6-1, (3.15)
Q= (1+10)Q. (3.16)
Indeed, observe that
M=HTX*)+ BT X*Qs ' =H" + H 6 + H Q5™ !, (3.17)

so it suffices to check that U maps H', H*§, and HT Q5! into M. Assuming (3.15) and (3.16),
we have

UH ) =6'1+Y ) H =510 +Y HHT
=0 (f'Q+gOH =g H + fHTQ5.

Similarly, we have

UHQ =014+ Y ) HTQs =611 -Y HQHTs!
=0 1(— h’éQ)H*é— ~WHYQs 't c M,
UH') =6 1(1 +Y ) H Y =611 -Y HHTS
=(1-Y HH" c HT[X*] c M,

where in the last line we used Proposition 3.6 (and the fact that X and Y commute).
To prove (3.13), we note that by Remark 3.7, we have L — JN = @, and we also have
I =4(x®> —1) — J = 62— J. Hence, by (3.8) and (3.10), we have

Y = X—S(l +2M?J + 2M L§)
X75(2L% + 2N?J(6% — J) — 1 4+ 2ML6)
XS[2(L+ NJ)(L — NJ) +2(N%J6 + LM)§ — 1]
=2XS(L+NJ)Q+2X *(N%2J§ + LM)§ — X *
=2X (L + NJ)Q+ X *[2N?J6 + 2LM + A(X)]§ — 1,

where A(X) = X + X34+ X5 1 with s =43¢ _ ¢,
Formula (3.14) follows from Lemma 3.12 below, which completes the proof of the theorem. O

As a consequence of Theorem 3.9, we deduce Conjecture 1 (at ¢ = —1) ‘at the symmetric
level’.
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COROLLARY 3.11. The SLy-character ring of any 2-bridge knot carries a natural action of the
spherical subalgebra SH_1 4, 1, of the double affine Hecke algebra H_1 4, 1, .

Proof. Since ed = 1/2(1 + s)d = 0, equation (3.17) shows that eM = H™, while Theorem 3.1
shows that Ht = OChar(w,SLy). Then the action of H_1¢, 4,11 on M induces an action of
S:}f*l,tl,tg,l,l on eM. O

To prove Conjecture 2, we need the following lemma, which refines formula (3.14) used in
the proof of Theorem 3.9. We will keep the notation introduced earlier in this section.

LEMMA 3.12. For any 2-bridge knot, the following identity holds in H [r|:

YQ=0Q. (3.18)
Proof. We will actually prove a stronger identity:
wa"*?Q = Q, (3.19)

where s = 4 Zizl en and w is the word w written backwards. To see that (3.19) implies (3.18),
first note that there is an automorphism® of the fundamental group 7 mapping a — a~', b+ b~1.
This induces an automorphism 3 of the Brumfiel-Hilden algebra H x|, which fixes elements of
H* and maps (4,7,k) — (—%,—j, k). Applying 8 to (3.19), we get w*a*/2Q = Q. Therefore,
w*a®*/2Q = wa%/2Q, which implies that Q = a5 2wwa=%/2Q = wiwa*Q = YQ, since w
commutes with a.

To prove (3.19), we assume (without loss of generality) that s > 0 and

v="0"%a%?.. 0%, w=00, wW=a"b?---b%adp%i-1...p°1,
Next, we introduce the following notation: for e = +1, we write z, := x + (1/2)eg, so that
a" =x + %en(i +7) =, + %enz’, b = x + %en(j —1) =T, — %eni
forn =1,2,...,d. Observe that we obviously have
Te,Te,, = TepyTepy Lo = T_el. (3.20)
Using the commutator relations (3.20) and the fact that {Q = Q¢ = 0 in H[r|, we compute
u”ja_s/QQ = (e, + %(211:)(96@2 — %627:) s (e — %edi)(wed + %edi)(wedq - %ed—li) o
o (e, — se1d) (T — %i)S/QQ

= Ce, Loy TeglegTey y  Tey 0 °Q

= J:iN+ 7 N- xs_/2Q
= xiN+x2_N+Q

= (zyx )@,
where N} is the number of (4+1) among the {ej,...,eqs} and N_ is the number of (—1), so that
N, —-N_= ZZZI en = s/4. Finally, note that

iz =(z+ i)z —3j)=2"-Ls=1+1L
This shows that (z;x_)Q = @ and therefore wa=/2Q = (zyz_ )N+ Q = Q. 0O

6 The existence of this automorphism is a consequence of the fact that 2-bridge knots are invertible [BZ03,
Proposition 3.19].
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Remark 3.13. The proof of Lemma 3.12 shows that we also have va=*/4Q = Q in H|[x].

To prove Conjecture 2, we note that by Theorem 3.3 (cf. also [BH95, Proposition A.4*.10])
the element ) € H[r| has the following form:

Q=uao+al+--+ag 17" + (1)1,

where a; € C[z?] ¢ H*. Hence, every element of HT[X*!] = C[X*!,I]/(IQ) can be written
(uniquely) in the form

where u; € C[X*!]. It follows that HY[X*TQé~! = C[X*|Q5~! in H[§~!]. The module
M = HY[X*] + HY[X*Qo~! from (3.11) is therefore free over C[X*!] of rank d + 1; for
a basis in M, we can take {1,1,..., 1971, Q57 '}. Now, by Lemma 3.12, My := C[XT1Qs~ ' c M
is a C[X*!,Y*!] x Zy-submodule of M which is isomorphic to the sign representation. The
corresponding A%Q—module eMj is thus isomorphic to the skein module of the unknot, which

implies Conjecture 2 for two-bridge knots at the symmetric level (when ¢ = —1).
Now, for My as above, consider the quotient M := M /My and identify
M=CX*1@---@C[X* )1 (3.21)
so that M'°¢ = C(X*)1 @ --- @ C(XTH 191, To prove Conjecture 3, we need to show that the
operators

Ty = —t15Y + (81X +12)0 1 (1 + sY),

T, =t3s+ (7?3X + 7?4)5_1(1 — 8),
preserve the subspace M C M™©¢ for all values ti,...,ts. For this, it suffices to check that
U=6Y14sY)and Uy = § (1 — s) preserve (3.21). The inclusion UM C M follows from
(3.13) by the same argument as in the proof of Theorem 3.9, and U1 M C M follows from the
fact that s acts trivially on the basis vectors {1,1,...,I%1}. Thus, Conjecture 3 follows.

We conclude this section by exhibiting an interesting relation between the polynomial @) and

the classical Alexander polynomial Ak (t) of a 2-bridge knot. First, we observe that for any knot
group 7 = 71(S3\K) and for any complex reductive group G, there is a natural map

f:T 5 Rep(n, T) < Rep(w,G) — Char(r, G), (3.22)

where T C G is a maximal torus of G (the first arrow in the definition of f is an isomorphism
induced by the abelianization map m — 7/[m, 7] = Z of 7). It is easy to see that f factors through
the quotient by W, so that f : T/W — Char(w, G). Hence, by dualizing (3.22), we get a map of
commutative algebras

fx : OChar(m,G) — O(T)V < O(T). (3.23)

If G = SLy(C) and 7 is the fundamental group of a 2-bridge knot, we can identify OChar(w, G)
with C[z, I, J]/(IQ,I + J — 4(z? — 1)) and O(T) = C[X*!] using (3.3). With this identification,
the map (3.23) is given by

fol@) = (X +X7Y, (D) =3(X —X712% fi(l)=0.
A direct calculation (similar to the one in Lemma 3.12) shows that
f*(Q) — X—S/Q[l _ X2€1 +X2(61+62) _ X2(61+82+63) 4. +X2(€l+m+6p_l)]7

where s =4 Zle e;. The expression in the right-hand side coincides with a known formula for the
Alexander polynomial A (t) of a 2-bridge knot evaluated at t = X2 (see, e.g., [Fuk05, Theorem
1.2(1)] or [Min82]). Thus, we conclude the following proposition.
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PROPOSITION 3.14. For any 2-bridge knot, the image of () under the map (3.23) is equal to
A (X?).

Remark 3.15. The relation between @ and the Alexander polynomial Ak (t) was observed in
[BH95] (see Example A.8*.13 therein). However, this relation is stated in [BH95] in purely
algebraic terms, without referring to the map (3.23), and the proof in [BH95] is quite different
from ours.

3.4 Conjecture 1 for 2-bridge knots for an arbitrary ¢

Technically, we proved Conjectures 1, 2, and 3 for the module M C H[§~!] defined in (3.11), which
imply symmetric versions of these conjectures for skein modules of 2-bridge knot complements
(cf. Corollary 3.11). However, we believe that the following conjecture is true.

CONJECTURE 3.16. The module M defined in (3.11) is the ¢ = —1 specialization of the
nonsymmetric skein module of the 2-bridge knot K.

Using the results of §4, it is easy to check that this conjecture is true for the trefoil and the
figure eight knot. We now show that Conjecture 3.16 implies Conjecture 1 for arbitrary ¢q. Let
U=(1-¢X*"11-sg) € D,

THEOREM 3.17. Let N be a module over A, xZy which is free and finitely generated over C[X*1],
and suppose that UN C N for ¢ = +1. Then UN C N for arbitrary q.

Proof. Pick an identification of C[X*!]-modules N = C[X*!] ®c V for some finite-dimensional
vector space V. The actions of § and s on N are completely determined by the matrices A(X),
B(X) € Endgix+1(N) defined by

AX) v=9-(1®v), BX) v:=s-(1®v).

Define operators S, P : N — N via the formulas S (f(X)®v) = f(X 1) ®v and P-(f(X)®v) =
f(g72X) ®v. Then the actions of § and s on N can be written in terms of the operators P, S as
follows:

y=AX)P, s=B(X)S,
where the equalities are inside Endc(N). Furthermore, the operators X, ¢, and s satisfy the
relations of A, X Zo, and the relation gsys = 1 implies the identity

B(X)AX HB(¢ X HA(¢*X) =1d. (3.24)

Let C(q) € Endc (V) be the matrix C(q) = B(¢ !)A(q). By Remark 6.5, the condition UN C N
is equivalent to the conditions C'(¢) = Id and C(—¢q) = Id.

Now, by assumption, we have C'(1) = C'(—1) = Id and, if we substitute X = ¢~ into equation
(3.24), we get C(q)? = Id. Now let ¢ = ¢ and write C(q) = C(e*) = Y, C;2". Expanding the

1

equation C(q)? = Id in powers of z, we obtain C(e*)? = C2 + CyCyz + - - - = Id, and induction
on powers of z shows that C'(e*) = Id. This shows that C'(¢) = Id, and a similar argument shows
that C(—q) = Id, which completes the proof. O

COROLLARY 3.18. Conjecture 3.16 implies Conjecture 1 for 2-bridge knots (for an arbitrary q).

Proof. Indeed, if M is the correct specialization of N = Kq at ¢ = —1, then the assumption
UN C N of Theorem 3.17 holds by (the proof of) Theorem 3.9 for ¢ = —1. A theorem of Barrett
[Bar99] shows that the ¢ = 1 and ¢ = —1 skein modules are isomorphic, which shows that UN C N
for ¢ = 1. The fact that N is free and finitely generated over C[X*!] was proved in [Lé06], and
Theorem 3.17 therefore implies that UN C N for arbitrary ¢, which implies Conjecture 1. O
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4. Examples of skein modules of knot complements

In this section, we give an explicit description of the nonsymmetric skein modules for the unknot,
(2,2p+1) torus knots, and the figure eight knot. In the process, we prove Conjecture 2 for these
knots.

THEOREM 4.1. If K is the figure eight knot or any (2,2p + 1) torus knot, then K,(unknot) is a
submodule of K,(S3\K).

Remark 4.2. This theorem can be viewed as a quantization of the map ¢ from (2.1). In particular,
in examples the image of the empty link is a nontrivial element of the skein module of the knot
complement, and this quantizes the fact that ¢(1) = Bg (see Remark 2.4).

We also remark that the natural algebra map C[m™*!,1¥!]/Ax — Cim*! (*1]/Ay from
Remark 2.4 does not quantize for (2,2p + 1) torus knots or the figure eight knot. In particular,
for the trefoil, Lemma 4.10 shows that if ¢ is not a root of unity, then the unknot submodule
of M := K,(trefoil) is the unique submodule, which shows that M has a unique quotient. This
quotient is clearly not isomorphic to the skein module of the unknot.

To simplify notation, we will divide the proof of Theorem 4.1 into separate subsections
after first proving some useful technical lemmas. For the trefoil (i.e. the (2,3) torus knot)
and the figure eight knot, Gelca and Sain have given complete calculations of the symmetrized
module K,(S*\K) in [Gel02] and [GS04], respectively. Using these calculations, we describe the
corresponding A, x Zg-modules explicitly. For the (2,2p 4 1) torus knots, Gelca and Sain gave
only partial computations of the module structure of K,(S3\K) in [GS03]. We complete their
computations to fully determine the module structure of the submodule of K,(S*\K) generated
by the empty link and describe the corresponding A, % Zs-module.

Remark 4.3. The calculations in this section are lengthy, and the reader might worry about
errors with signs or powers of ¢q. However, a strong ‘consistency check’ is available: one can
use Lemma 5.6 together with the module structures described in this section to give explicit
computations of the colored Jones polynomials, and then compare these to known results. For
the (2,2p+1) knots this has been done in [Sam12, Lemma 6.4.7] for all n, and for the figure eight
knot this has been done for many small n. (See also the explicit computations in the appendix.)

We now establish a few technical lemmas. We recall that if m, [ € K,(T?) are the meridian and
longitude, respectively, and z is the (1, 1) curve, then, under the embedding Kq(T2) — Ay X Lo,
we have

m—z=X+X1 lsy=Y4+Y"! ¢! XY+Xx 1y b

As an algebra, the image of K (T 2) is generated by x, y, and z. We now prove a lemma that
is useful for constructing isomorphisms of AqZQ—modules: it essentially says that the AqZQ—module
structure of M is determined by the actions of y and z on a C[z]-basis for M.

LEMMA 4.4. Suppose that M and N are modules over AZ2, and that as a C[z]-module, M is
generated by elements {m;} C M. Furthermore, suppose that f : M — N is an isomorphism of
Clz]-modules that satisfies f(ym;) = yf(m;) and f(zm;) = zf(m;). Then f is an isomorphism
of AqZ2 -modules.
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Proof. From (2.2), the elements z,y, z € AqZ2 satisfy the commutation relations

[ylg= (" —a )z [zaly=("—a )y, 2e=(—q )z

(where we have used the notation [a,b], := gab — ¢~ 1ba). An arbitrary element of M can be
written as m = Y | pi(x)m; and, using the C[z]-linearity of f and the commutation relations,
powers of x in the expressions ym and zm can inductively be moved to the left. This shows that
flym) = yf(m) and f(zm) = zf(m) for arbitrary m € M, which completes the proof. O

We also give a lemma which is useful for explicitly constructing modules over A, x Zy. Let
M = C[X*!] ®c V and define operators S, P : M — M via the formulas

S (fX)®v)=f(XT)®v, P-(f(X)®v):=flg’X)@w. (4.1)

Then the operators X, S, and P satisfy the relations of A, x Zy (and, with these operators, M
is a direct sum of copies of the standard polynomial representation of A, X Zs). Furthermore, if
A(X) € Endgx+1)(M), then SA(X) = A(X™!)S and PA(X) = A(q>X)P (where the equalities
are inside End¢(M)).

LEMMA 4.5. Suppose that A(X), B(X) € End¢x+1(M) satisfy
B(X™HB(X) =1du, AX)B(q°X)A(¢*X ™) = B(X).

Then the operators X, s := B(X)S, and Y := A(X)P endow M with the structure of an
Ay % Zy-module.

Proof. The relation XY = ¢?Y X follows from the fact that X commutes with A(X) and the
fact that X P = ¢?PX. Since X commutes with B(X), we see that XsX = s. The relation s> = 1
follows from the fact that B(X !)B(X) = 1. For the final relation, we compute that YsY is
equal to

A(X)PB(X)SA(X)P = A(X)B(¢ > X)A(¢*X PSP = A(X)B(¢ *X)A(¢*X 1S =5 O
In the following sections, we will frequently use the element
§:=X—-X"1e€A,x7Zs.
We will also use the Chebyshev polynomials S,,, T, € Clz|, which are defined by

So=1, Si=mz, Spt1 =28, — Sp-1,
TO = 2, T1 =, Tn+1 = l’Tn - Tnfl.

LEMMA 4.6. The Chebyshev polynomials satisfy the identities

(X -XNHs,Xx+x H=x""_Xx"1 and T,(X+X H=X"4+X""
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4.1 The unknot
Let K C S be the unknot, so that S*\ K is a solid torus. Then K,(S*\K) = C[u]lf, where
1i € K, (S3\K) is the empty link. The action of K (T?) on K,(S?\K) is given by
- flu)lg =uf(u)lg,
y-lx = (—¢* — ¢k, (4.2)
z2-1g = —q 3ulg.
(The image of the longitude inside the solid torus is contractible, and the —g~2 factor in the

third formula comes from the framing of the image of the (1,1) curve inside the solid torus.)
We give the C[X*!]-module M := C[X*!] the structure of an A, xZs-module via the formulas

Yo f(X) = —f(g7?X), s f(X)=—f(XT). (4.3)

The module M is called the sign representation of Ay X Zy. As a Zs-module, we have the
decomposition M = C[x] @ C[z]d. Since s -1 = —1, we see that eM = C[z]|0 as a Clz]-module.

LEMMA 4.7. The Clz]-isomorphism f : eM — K (S®\K) defined by f(§) = 1y is an
isomorphism of A? -modules. In particular, the skein module of the unknot is the (symmetric)
sign representation.

Proof. By Lemma 4.4, the following computations show the claim:

y o=Y +Y HX-XT)=—~(—q %5
2 6= HXY + X WY H(X - XN = —¢3(X+ X715 O

4.2 The trefoil
Let M = K,(S*\K) be the skein module of the complement of the trefoil knot. In [Gel02], Gelca
showed that M is free and finitely generated as a module over the meridian subalgebra C|x].
(This was also shown in [Lé06] and [BLFO05].) Gelca’s generators are w’, 1 € M, where 1k is
the empty link and w’ is the loop labelled d in Figure 2. However, the vector w := w’ 4+ ¢ %1g
generates a proper submodule of M, so it is easiest to describe the Ag;?—module structure in
terms of the basis w, 1. Translating his formulas for the actions of y and z into this basis, we
get

y-w=—(¢"+q *w,

2w =—g 381 (m)w,

y -l = (¢°Sa(x) — ¢*)w + ¢°T(2) 1k,
z-1g = q553(x)w + q5T5(a;)1K.

(This follows from [Gel02], Lemmas 3 and 7 for ¢ = 0 and ¢ = 1. The parameter ¢ in [Gel02] is
an integer, unrelated to our ¢, and the parameter ¢ is our q.)

Remark 4.8. From these formulas, it is clear that w generates an A?—submodule of M.
Comparing to formula (4.2), we see that this submodule is isomorphic to the skein module
of the unknot. (The isomorphism is determined by sending the empty link to w € M.)

To describe the nonsymmetric module, we first define a C[X=!']-module M via

M = C[X*u e C[XF v, (4.4)
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W

FIGURE 2. Generators for the (2,2p + 1) knot.

(With this notation, v will be identified with the empty link.) Let P, AS : M — M be the operators
given by (4.1). We then define an A, x Zs-module structure on M via the following matrices
(written with respect to the ordered basis u,v):

_[-10 -1 @PX 10X
T s v [ e 15)

It is easy to check that these matrices satisfy the conditions of Lemma 4.5, which implies that
they define a representation of A, x Zo. Explicitly, the action of Y on M is given by the formulas

Y u= —u, Y -v= (qu_l —q6X_5)u—|-q6X_6’U. (46)

Since s acts diagonally in the basis (u, v), there is a C[z]-module isomorphism eM = Clz]ou®
Clz]v.

LEMMA 4.9. The Clz] isomorphism f : eM — M determined by f(0u) = w and f(v) = 1x is an
isomorphism of AqZ2 -modules.

Proof. Lemma 4.4 reduces this to several straightforward computations. For example,
yv=Y+Y No=(Y +sYs)v=(1+s)Yv
=(1+ 8)[( X7 =P X u+ ¢° X )
=[A(X T = X) = "X = XO)u+ ¢* (X0 + XO)
= [~4* + ¢°Sa(2)]0u + ¢°T5(z)v.

(In the last step we used Lemma 4.6.) O

The next lemma describes the structure of M in terms of standard (induced) modules of
Ay X Zo. Let 71 Ay X Zo — Ay X Zo denote the automorphism

(X)=X, 7(s)=s, 7(Y)=q'XY.

Let V'~ be the sign representation of A, X Zy (i.e. the nonsymmetric skein module of the unknot)
and let VT be the standard polynomial representation.

LEMMA 4.10. The module M admits a decomposition into a nonsplit exact sequence
0>V > M-—>75V"H >0,

where 7V (V1) is the twist of V* by V. If q is not a root of unity, then V™ is the unique
nontrivial submodule of M.
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Proof. The existence of this short exact sequence is clear because in our chosen basis (4.4) the
operators S, P, s, Y, and X all act by upper-triangular matrices. We have already identified
the submodule with V', and the identification of the quotient is clear by (4.5). If this sequence
were split, there would exist an m € M with m = v+ f(z)u and (¢°X % —Y)-m = 0 (since this
equation holds in the quotient). However, this equation implies that ¢°*X 6 f(X) + f(¢%2X) =
¢®X 7 — ¢?X 1 and this is impossible because the total degree of the left-hand side is at least
6, while the total degree of the right-hand side is 4.

If ¢ is not a root of unity, then in the standard polynomial representation V' the element
X% is a C-basis for the kernel of the operator Y — ¢—2*. This implies that VT is simple, which
implies that V= and 7(V) are simple. Then the final claim follows from the general fact that
a nonsplit extension of two simple modules has a unique nontrivial submodule. |

4.3 (2,2p + 1) torus knots
In this subsection, we recall the calculations of Gelca and Sain [GS03] for the (2,2p + 1) torus
knot K. We also extend their calculations to completely determine the module structure of the
submodule of K,(S?\K}) generated by the empty link 1x € K,(S3\K}), and we give an explicit
presentation of the nonsymmetric version of this module.

In [GS03], the authors proved that there is an isomorphism of C[z]-modules

p

Kq(S°\K;) = €D Cla]v’.

=0

Here v is the loop labelled d in Figure 2 and v* is i parallel copies of v (and v° = 1k is the empty
link, by convention). We define the element

wi= Sp1(v) + 4725, (0) € Ky(SH\K,).
Then Gelca and Sain proved the following lemma.
LEMMA 4.11 [GS03, Proposition 4.4].

Y-l = ¢ Typiol i + (— )PP (42 Sopya — ¢ 2 S2p—2)w,
z - 1K = q4p+1T4p+11K + (_1)p+1q2p+2(q52p+1 — q_352p,3)w. (47)

We extend their computations with the following lemma.
LEMMA 4.12. The action of K,(T?) on w € K,(S3\K,) is determined by

y-w=—(¢"+q*w,
Zow= —q_3xw.

(4.8)

Proof. (In [GS03], the convention for the isomorphism of Theorem 2.11 is different from ours. In
particular, in their convention the image of (m,n)r € K,(T?) in AqZ2 is ¢"( XY TP XTTY ™).
In this proof only, we will follow their convention.) We first note that proving equations (4.8) is
equivalent to proving the following:

(1, —4p — 2)7 - w = —¢** "2 (¢ 2Supt2 — ¢*Sap) w,

4.9
(1, ~dp — 1)p-w =~ (¢ 2S4ps1 — Sip1) w. (4.9)

To see this, we first note that the proof of Lemma 4.15 (along with a short calculation) shows
that both sets of equations (4.8) and (4.9) hold inside the AqZQ—module eM (which is defined via
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the operators in (4.11)). Then an appropriate Dehn twist of T2 provides an automorphism of AqZ2
that fixes x and sends y, z to the elements (1, —4p—1)p and (1, —4p—2)7, respectively. Therefore,
the proof of Lemma 4.4 shows that either set of equations (together with Lemma 4.11) completely
determines the A?—module structure of eM. (We note that el is actually an A?—module by
Lemma 4.14.)

To prove the first equation of (4.9), we follow the strategy of [GS03, Proposition 4.1]. Namely,
if we remove from S3\K), a regular neighborhood of the M&bius band that is bounded by the
knot, then the resulting 3-manifold is a solid torus which contains both the (1, —4p — 2)7 curve
and the element w in its interior. Therefore, the left-hand side of the first equation in (4.9) can be
simplified inside the skein module of the solid torus as follows, where we abbreviate Sy := Sk(v):

2p+1,-2)p - [Sp—1 + quSp} = q74p72[q74p53p + q74p7653p+1 - q4pSp — q4p+2Sp_1]. (4.10)

(The image in the solid torus of the (1, —4p — 2)7 curve on the original torus is the same as the
image of the (2p+1, —2)7 curve on the torus which bounds the solid torus, and the v curve in the
original knot complement is the image of the longitude of the boundary of the solid torus.) Then
the right-hand side of the first equation in (4.9) can be simplified using [GS03, Theorem 3.1],
and this agrees with the right-hand side of equation (4.10). (To make the powers of ¢ match
exactly, note that the rightmost parenthesized expression of [GS03, Theorem 3.1] is qw.) This
completes the proof of the first equation of (4.9).

The proof of the second equation in (4.9) is more lengthy, so we include a sketch and leave the
details for the interested reader. The strategy is to follow the proof of [GS03, Proposition 4.3]. To
prove this, the authors define two sequences of skeins ay, by, € K,(S*\K,,) so that ¢~%as,+1 = (1,
—4p — 1) - 1. These sequences of skeins can be modified in a straightforward way to obtain
sequences aj, bj with q_6pa’2p 41 = (1,=4p — 1)7 - w. The authors then show that the sequence
by, satisfies a second-order recurrence that can be solved explicitly, and the sequence a; satisfies
a first-order recurrence with an inhomogeneous term depending on by, which can also be solved
explicitly. Then [GS03, Theorem 3.1] allows the simplification of this explicit expression to obtain
the second formula of Lemma 4.11. In a similar way, the sequences aj, and b} can be written
explicitly to obtain the second formula of (4.9). O

We define the submodule M C K,(S*\K}) by
M := K, (T?) - 1.
COROLLARY 4.13. We have equality of subspaces M = K,(T?) - 1xx = C[z]1x + Clz]w.
Proof. This is straightforward from the formulas (4.7) and (4.8). O

We now describe the A, % Zp-module M that satisfies eM = M. As in the case of the trefoil,
we define the C[X*!]-module structure first:

M := C[X*u® C[XF]v.

(In this notation, the empty link is identified with v.) We define operators P, S : M — M using
the formula (4.1). Then we define the actions of Y and s via the following operators (which are
written with respect to the ordered basis (u,v)):

-1 0 —1 (=1)PgPPTi(X 23 _ gmA X —2pHl)
T [ 0 J 5 Y= [ 0 q2(2p+1) x —2(2p+1) P. (4.11)
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LEMMA 4.14. The formulas (4.11) give M an A, x Za-module structure.
Proof. This follows from a straightforward calculation and Lemma 4.5. O

Explicitly, the action of Y on M is given by
Y ou= —u, Y .u= [(_l)pq2p+4(X—2p—3 - q—4X—2p+1)]u + q2(2p+1)X_2(2p+1),U.
As before, s acts diagonally, which gives a decomposition eM = C[z]éu & Clz]v.

LEMMA 4.15. The C[z]-module isomorphism f : eM — M given by f(éu) = w and f(v) = 1k
is an isomorphism of A?Q -modules.

Proof. The element u € M generates a proper submodule of M , and it is clear from Lemma 4.7
that the restriction of f to this submodule is an isomorphism. We then compute

y-v=(Y +sYs)jv=(1+s)Yv

(1 + S) [(_ ) q2p+4(X72p73 . q74X72p+1)u + q4p+2X74p72v]

( 1) 2p+4(X—2p—3 _ X2p+3 _|_q—4X2p—1 o q—4X—2p+1)u _|_q4p+2(X—4p—2 —|—X4p+2)’l)
= (—1)PH P (=g S0y + Sopy2)u + ¢ Ty 0.

(In the last step we have used Lemma 4.6.) This shows that f(y -v) = y - f(v). A similar
computation shows that f(z-v) = z- f(v), and an application of Lemma 4.4 completes the
proof. |

4.4 The figure eight knot

Let M = K,(S*\K) be the skein module of the complement of the figure eight knot. First,
we recall some facts from [GS04] (translated into our notation). As C[z]-modules, we have an
isomorphism

M = Clz]u @ Clz]v @ Clz|w

Under this identification, the empty link is u € M and, if v',w’ € M are the loops labelled y and
z (respectively) in Figure 3, then v = ¢%v' +u and w = ¢ -2, w’ 4+ u. Gelca and Sain then give the
following formulas to describe the module structure.

LEMMA 4.16 [GS04]. The actions of y and z on M are determined by the formulas

you=(+q 2)Su+ (¢S +q v+ (g% + ¢ 2S)w
yov=(=¢"Ss+ @)u+ (—¢"Ss+ @ S2)v + (—¢°S — ¢*)w
y-w=(¢g2=q¢S)u+(—¢ 2= q5S8) v+ (¢72S2 — ¢ 5S))w
z-u= (¢S +q>S3)u+ (¢+q °)Sv+q 3Ssw,
z-v=—¢"Ssu+ (¢S — ¢°S3)v + (—¢° — q)S1w,
Z-w= (q_3S1 —q "S5 )u—q " Ssv+ (q_353 — q_7S5)w

As in the case of the trefoil, there is a proper submodule of M which is isomorphic to the
skein module of the unknot. In this case it is generated by the element

pi= (2> =3u+v+w.
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FIGURE 3. Generators for the figure eight knot.

LEMMA 4.17. We have equalities
y-r=(-—qp, z-p=-q"ap.
Proof. This is an entertaining but lengthy computation, which we omit. O
As before, it is convenient to describe the module structure of M using the C[z]-basis p, u, v.

LEMMA 4.18. As C[x]-modules, we have an isomorphism M = Cx]p & Clz]u & C|x]v, and the
actions of y and z in this basis are given by
y-p=—(*+4a%p,
z-p=—q " ap,
y-u=(q"+q728)p+ [~ Tu+ ¢ To + ¢ Tolu + (¢ — ¢ %) Tav,
zou=q  Ssp+ (—q¢ Ts + ¢ Ty + qT1)u+ (—q *T3 + ¢Th)v,
y v =(=4"S2 = )p+ (¢ — ) ou+ (—¢°Ty + ¢*Ta + ¢*To)v,
z-v=(=¢" = q)S1p+ (¢T3 — "Th)u + (=¢°T3 + 2¢T1)v.
Proof. This is a straightforward calculation. O
We now define the A, x Zs-module M that satisfies eM = M. As a C[X*!]-module, we define
M := C[X*!] @c C{p, u, v}

(We have slightly abused notation by reusing the letters u,v, but this is justified by the fact
that the inclusion K,(S*\K) — M identifies u,v € K,(S*\K) with u,v € M. In particular,
with this notation, the empty link is identified with u.) We use formula (4.1) to define operators
S, P : M — M. As before, we will define the Ay X Zp-module structure on M using matrices
(with respect to the ordered basis p’, u,v). To write these matrices in a more compact form, we
define the following polynomials in C[X*1]:

0= =X 402X+ 2 b= —q X2+ X2 cim g 2XR - XL
To shorten notation further in what follows, if f € C[X*!], we write f/(X) := f(¢?X 1)
(note that f” = f). We then define s,Y € Endc(M) as follows:

-1 0 0 -1 ¢ ¢*c
si=| 0 1 0|8, Yi=| 0 a ¢ |P (4.12)
0 01 0 b d
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LEMMA 4.19. The operators in (4.12) define a representation of Aq X Zs.

Proof. Let B and A(X) be the matrices in (4.12). The first condition of Lemma 4.5 clearly holds,
so we are reduced to checking that A(X)BA(¢>X 1) = B. We compute

-1 ¢ ¢*c -1 ¢ ¢ —1 d+dc+ Ve ¢*(c+ q?be+ ad)
0 a ¢ |B| 0 d ¢b|=1| 0 aa’ + ¢*v'y q*(ab+ ab)
0 b d 0 v a 0 a'b+a'b’ q*bb + aad’

The fact that the matrix on the right is the matrix B follows from the identities
V==b =—-¢X2c, ad—q¢*'=1, dc+?Vd+d=0. O
Explicitly, the action of ¥ on M is given by
Y.-p =-p,

Y - u= [q_2X3 — qu_l]p’ + [—q_2X4 +q2X% 4+ q2]u + [—q_zX2 + qQX_Q]U,
Y v = [q6X73 _ q2X]p/ + [q2X2 _ q6X72]U+ [_q6X74 +q2X72 +q2]7}.

Again, since s acts diagonally, we see that eM = C[z]{dp, w,v}.

LEMMA 4.20. The C[z]-isomorphism f : eM — M defined by f(6p') = p, f(u) = u, and f(v) =v
is an isomorphism of A?Q -modules.

Proof. This is a straightforward computation, which is quite similar to the proof of Lemma 4.9.
O

Remark 4.21. The lower-right 2 x 2 block of the matrix defining the action of Y in formula (4.12)
appeared in [CM15a, Proposition 4.5], where it was used to describe an inhomogeneous recursion
relation satisfied by the sequence of colored Jones polynomials for the figure eight knot.

Remark 4.22. The module M fits into a short exact sequence
0—>N—> M- Q— 0,

where N is the unknot submodule and @ is the quotient. It is not too difficult to see that @
is simple, as long as ¢ is generic. Furthermore, M is a nontrivial extension, so, since N is also
simple, M is generated by the empty link u (as long as ¢ is generic).

5. Divisibility and recursion relations of colored Jones polynomials

If ¢* — 1 is invertible, then A, x Zg and AqZ2 are Morita equivalent, so there is a unique A, x Zo-
module K,(S3\K) such that eK,(S?\K) is isomorphic to K,(S*\K) as an A%Q—module. We call
K,(S%\K) the ‘nonsymmetric skein module’, and we give a formula (5.2) for the colored Jones
polynomials in terms of K,(S%\K).

Garoufalidis and Lé [GLO5] defined an action of A, x Zs on the space H := Hom(Z, C[¢g*!]) of
sequences of Laurent polynomials (see (5.3)). If we define J_,,(¢) = —J(¢), then we can consider
Jn(q) as an element of H, and the main theorem of [GLO05] is that the annihilator of J,(gq) in
A, is nonzero. In other words, the sequence J,(q) satisfies a (generalized) recurrence relation.
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Lemmas 5.6 and 5.7 give a close relationship between the A, x Zo-modules K,(D? x S') and H:
the latter is the linear dual of the former (up to a twist by an automorphism; see Remark 5.9).

We use this observation to give two applications of our conjectures. First, Conjecture 2
states that K,(S®\K) contains K,(S*\unknot) as a submodule. (In particular, the action of
the longitude on the skein module of the knot complement has an eigenvector with eigenvalue
—q¢?> — ¢ 2.) In Theorem 5.10, we show that this conjecture implies that the colored Jones
polynomials of a knot satisfy a (generalized) inhomogeneous recursion relation. These generalized
inhomogeneous recursion relations have been found in examples, but when this paper was written
it had not been proved that they exist for all knots.

Second, the algebra F(g4, 1,11 acts on the space H(q) := Hom(Z,C(q)) of sequences of
rational functions. We show that our conjectured action of Hy4, 4,11 on the nonsymmetric
skein module of the complement of a knot K implies that a - (J,(¢)) € C(q)H C H(gq) for any
a € Kyt 51,1 In other words, if P, (¢) is a sequence of rational functions obtained by multiplying
Jn(q) by an element of 3y ¢, 1,.1,1, then there is a uniform common denominator for the rational
functions in the sequence P,(g). (This is a nontrivial statement, because the action of g ¢, 1,11
does not preserve the subspace C(¢)H C H(q).)

As a corollary, we show a divisibility property for the colored Jones polynomials: the rational
function

(= ") (Intj(q) + Jn1-4(q))
1— q4n—2

is actually a Laurent polynomial. Following a suggestion of Garoufalidis, we use Habiro’s
cyclotomic expansion of the colored Jones polynomials to give a proof of this statement that
does not rely on Conjecture 1.

5.1 Nonsymmetric pairings
In this section, we show that the topological pairing (2.4) lifts via the Morita equivalence between

Ay X Zo and A%% and we give a formula for the colored Jones polynomials in terms of this

nonsymmetric pairing.

5.1.1 Pairings and Morita equivalence. We first give a lemma that gives a sufficient condition
for Ay x Zo and A?Q to be Morita equivalent.

LEMMA 5.1. Suppose that ¢* — 1 is invertible. Then Ay X Zy and AqZ2 are Morita equivalent.

Proof. Recall that e = (1 +5)/2 € Ay % Zy and that AZ? is isomorphic to €(A, x Zs)e via the
map a —> ae. Standard Morita theory shows that A, x Zs and e(A, X Zs)e are Morita equivalent
if the two-sided ideal generated by e contains 1. Then the following computation completes the
proof:

Y, s[X, 14s])Y ' X = ¢~ —¢". O

We now give a lemma showing that pairings lift via Morita equivalences. Let A be an algebra
with an idempotent e = e € A.

LEMMA 5.2. Suppose that AeA = A and let Me and eN be left and right eAe-modules,

respectively. Then the natural map of vector spaces Me ®epe €N — M Q4 N is an isomorphism.
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Proof. Since AeA = A, the functors Ae ®e4e — and eA ® 4 — are inverse equivalences, so the
natural map Ae ®eae €A @4 A — A given by ae ® eb ® ¢ — aebc is an isomorphism. We then
have the following isomorphisms of vector spaces:
Me @cpe €N = (M @4 Ae) @epe (€A ®4 N)
&M R4 (Ae ®ese €A) @4 N
EMRAARAN
=M ®a N.

Under this chain of isomorphisms, we have me ® en — me ® en. O

COROLLARY 5.3. If ¢* — 1 is invertible, then there is a unique (nonsymmetric) pairing
(= =)t Ky(D? x S") @402, Kg(S°\K) - C,
which lifts the topological pairing of § 2.2.3.

5.1.2 The nonsymmetric skein module of the solid torus. Recall that under the isomorphism
Kq(Tz) — A?Q, the meridian and longitude are sent to X + X! and Y + Y !, respectively, and
the (1,1) curve is sent to ¢~ 1(XY + XY 1), If N C 53 is a closed tubular neighborhood of
a knot K C S3, then N is diffeomorphic to D? x S! and K,(Nk) is a right K,(7T?)-module.
Let u=1g- (Y +Y Y e K,(Nk), where 1 is the empty link in Ng.

LEMMA 5.4. As vector spaces, K,(Ng) = Clu]. The right action of K,(T?) is determined by the
formulas

I f(Y +Y71) = f(u),
Ig - (X + X7 = —(¢" + ¢ )1k,
lg - ¢ XY + X7y = —¢ 3.
Proof. The identification K,(Nk) = Clu] and the first claimed formula follow from §2.2.4. The
second formula follows from the fact that the meridian is contractible inside D? x St and 0-framed
inside S® under the inclusion D% x S! < S§3. The third formula follows from the fact that inside of
the solid torus, the (1, 1) curve is isotopic to the longitude with a framing twist (which accounts

for the factor of ¢). The statement that these formulas completely determine the module structure
of K,(Nk) follows from Lemma 4.4. O

Let V = C[U*!] and give V a right A, x Zs-module structure via
fU)-9(V) = fU)gU ), f(U)- X ==f(@V), f(U)-s=—fU).
Because of the sign in the action of s, we have Ve = (U —U Y )C[U+ U~ C V.

LEMMA 5.5. The C-linear isomorphism K,(Nk) — Ve given by f(u) — (U —-U"Y)f({U+U1)
is an isomorphism of right A? -modules.

Proof. The isomorphism is linear over C[Y + Y ~!] because Y + Y ~! commutes with s. We then

compute
U-UN-(X+X)==(@+¢HU-U,
U-UY. ¢ Xy +x v H=4g3W0-UhH-(y+Yh.
Then the claim follows from Lemma 4.4. O
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5.1.3 The colored Jones polynomials from the nonsymmetric pairing. Let Kq(Sg\K) be the
nonsymmetric skein module of the complement of a knot K. From Corollary 5.3 and Lemma 5.5,
we see that if ¢* — 1 is invertible, then the topological pairing lifts to a nonsymmetric pairing

(= =) V @a 7, Kq(SP\K) — C. (5.1)

(The fact that we have used the same notation for the topological pairing and the nonsymmetric
pairing is justified by the last sentence of the proof of Lemma 5.2.) From Theorem 2.14, we have
the equality

Tn(K;q) = (=1)""H{(Sn-1(u), ).

In the nonsymmetric setting, this formula simplifies substantially.

LEMMA 5.6. We have the equality
Ju(Kiq) = (~1)"2(1y - Y™, ). (5.2)

Proof. Under the isomorphism K,(D? x S') 2 Ve, the empty link is identified with the element
U — U~'. Combining this with Lemma 4.6 gives

Sp1(u) =(U—-UNS, ((U+UHY=U"-UT€eV.
Then the following computation completes the proof:
(Ur=U""0) =—(1yY"(1+s),0) = —(1yY", 2e0) = —2(1y Y™, 0). O

5.1.4 The action of Ay x Zy on the sequence J,(K;q). If we define H := Hom(Z, C[¢*!])
and fix a knot K, then J(n) := J,(K;q) is an element of H (after extending the colored Jones
polynomials to negative integers via J_,(K;q) := —J,(K;q)). In [GLO05], Garoufalidis and Lé
defined a left action of A, x Zo on H as follows:

(Xf)(n) === f(n), (YF)(n):=~fln+1), (sf)(n):=—f(-n). (5:3)

(Actually, their action is a twist of this action by an automorphism of A, x Zy; we have chosen
this twist so that Lemma 5.7 holds.) We now relate this action to the formula for the colored
Jones polynomials from Lemma 5.6.

LEMMA 5.7. For a € Ay X Z3, we have the equality
(a-J)(n)=(=1)"(Y" a-1). (5.4)

Proof. It suffices to show the claim for generators of A, x Zs, and these are straightforward
computations. For example,

(—1)™(Y™, Y-1p) = (=1)(Y™" L 15) = —J(n+1) = (Y-J)(n). O

Remark 5.8. This lemma has appeared in the literature for a € AqZ2. However, the extension of
the lemma to all of Ay X Zy gives an interpretation of the appearance of the action (5.3). Also,
the fact that V' is the sign representation (i.e. 1yys = —1y/) gives a skein-theoretic interpretation
of the sign in the definition J(n) := —J(—n).

Remark 5.9. If V is the nonsymmetric skein module of the solid torus, then the choice of basis
{U"™} for V gives a linear isomorphism V* — H, where V* is the linear dual of V. Since V is a
right A, X Zo-module, its dual V* is a left A, x Zs-module and, in this language, Lemma 5.7 can
be interpreted as the statement that the map V* — H is an isomorphism of left A, % Zs-modules.
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5.2 Inhomogeneous recursion relations

We will say that a sequence f(n) € H satisfies an inhomogeneous recursion relation if there
is a nonzero a € A, x Zy such that the sequence’ P(n) := af(n) satisfies P(n) = P(0). Let
Ky C K, (S3\K) be the A?—submodule generated by the empty link @.

THEOREM 5.10. Suppose that there is a nonzero map K,(S*\unknot) — Ky of A%Q—modules.
Then the sequence J(n) := J,(K;q) satisfies an inhomogeneous recursion relation.

Proof. Let V = Kq(S3\unknot) be the nonsymmetric skein module of the unknot described in
(4.3). Since Morita equivalence is functorial, we have a nonzero map V — Ky C K,(S*\K). Let
pE Kg be the image of 1y under this map (which is not the image of the empty link). The
surjective map A? — Ky lifts via the Morita equivalence to a surjective map (A x Zo)e — K(/),

which implies that K@ is generated (as an A, x Zo-module) by the empty link . Therefore, there
exists a € Ay X Zgy such that p = a - ¢. Formula (4.3) shows that 1y is an eigenvector of Y with
eigenvalue —1, so we have Yad = —a@J. We define

P(n):=a-J(n).
We then compute
P(n+1)=~Ya-J(n)=(-1)"(Y",Ya@) = (—1)""1(Y",al) = P(n). O

5.3 Divisibility properties of J,,(Kj;q)

Recall that D, is the localization of A, x Zy at the multiplicative set consisting of all nonzero
polynomials in X. If we define H(q) := Hom(Z,C(q)) to be the space of sequences of rational
functions, then the action of A, X Zy on H extends to an action of D, on H(q) via the formulas

_ . —2n
@88 . f> (n) := Mf(n), (V- F)n) = —f(n+1), (s [)(n) = —f(=n). (5.5)

The double affine Hecke algebra H,; can be viewed as a subalgebra of D, and this gives H(q)
the structure of an H, ;-module. Garoufalidis and Lé [GLO5] showed that the A, x Zy-module
map defined by a + a - J(n) has a nontrivial kernel. This leads to the following question, which
we hope to address in future work.

Question 5.11. Does the map H,; — H(q) defined by a — a - J(n) have a nontrivial kernel?

In this section, we relate the conjectured action of H,¢, +,,1,1 on the nonsymmetric skein
module to the action of Hyy, 1,11 on H(g). We recall from Proposition 2.18 that under the
standard embedding, 3¢, +,,1,1 is the subalgebra of D, generated by the elements X, s, and

Yiw = 1Y — (*0 X 2 + qla X 1)sU,

where U is the operator

1
U=——+—
1_q2X2

"In the definition of inhomogeneous recursion relation, we do not require P(n) to be nonzero. If P(n) = 0, then
f(n) satisfies an inhomogeneous recursion relation that happens to be homogeneous.

(1—-sY). (5.6)
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Let M := (AyxZs) 1k C K,(S?\K) be the submodule of the nonsymmetric skein module of a
knot K generated by the empty link. If A/1°° is the localization of M at all nonzero polynomials in
X, then both D, and its subalgebra H, 4, 1, 1,1 naturally act on M loc We recall that Conjecture 1
states that the natural map M — M is injective and that the action of 3,4, +,.1,1 preserves
the subspace M C M'"¢. It is clear that this statement implies that UY71,; € M for all j € Z.

We then define ( ) ( )
npidm+jg)+JIJ(n—j—1
Pj(n) == (-1) I g2 -1 : (5.7)

THEOREM 5.12. If Conjecture 1 holds for K C S3, then (¢*> — 1)Pj(n) is a Laurent polynomial
in C[¢*!].

Proof. We use Lemma 5.7 to compute the quantity (Y™, UY71,,) in terms of the pairing:

Y™, UY71y) = (=1)"UY? J(n)

1 .
= (—1)”1_(172)(2(1 — sY)Y7J(n)
= (_1)”4']@(1 —sY)J(n+j)
= I () 1)
_ (=) (n+§) + T(n— 1 — )]
q4n—2 -1
= P;(n).

Since the nonsymmetric pairing exists whenever ¢* — 1 is invertible, the rational function Pj(n)
can only have poles when ¢* — 1 = 0. However, the colored Jones polynomials are Laurent
polynomials, and the denominator of P;(n) has simple zeros when ¢> — 1 = 0 and does not
have zeros when ¢* + 1 = 0. Therefore, (¢ — 1)P;(n) is a Laurent polynomial, which shows the
claim. O

5.4 Habiro’s cyclotomic expansion

In this section, we use Habiro’s cyclotomic expansion [Hab08, §6] (see also [GL11, (12)]) of
the colored Jones polynomials to prove that for any knot, the rational function (¢? — 1)P;(n)
from (5.7) is actually a Laurent polynomial. We first recall this expansion in our normalization
conventions (see Remark 2.15). Define the polynomials

k
e = [ J(@™ + a7 =g —q).
j=1
By definition, ¢,,0 = 1, ¢ = 0, and ¢y pq1 = (¢ + ¢ — ¢ — ¢ e .

THEOREM 5.13 [Hab08]. There exist (unique) Hy € Z[qg*"], independent of n, such that

q2n _ q—2n n—1
J(n) = "5——5 > carHe
q- —dq s
1371
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Note that Hy = 1 for all knots. Since ¢, , = 0, we may take the upper limit of this sum to be
infinity. Also, as an example of the theorem, for the figure eight knot we have Hy = 1 for all &,
and for the unknot we have Hy = 1 and Hy = 0 for £ > 1. Finally, since we use the convention
J(n) = —J(—n), the theorem is also true for negative n if we define H_; = Hy.

THEOREM 5.14. The following rational function is actually a Laurent polynomial:

R e

Proof. (In the statement of the theorem we have ignored the sign (— )"ﬂ ) Since Theorem 5.13
is true for both positive and negative n, we are free to assume that n+j>0andn—j—1 > 0.

If we shorten notation by writing a = (¢*"*% — ¢=2"=2%) and b = (¢*"~ 22 — ¢>+2/727) we then
have

1
(a+a "2 -

ZHk acnjk + bcn_j_1 k]
) =

(¢* = 1)P;(n) =

Sk
Z (@+q (g™ 2-1)

k=0

We prove that sy is divisible by (¢ + ¢~1)(¢**~2 — 1) by induction on k. Since ¢, = 1, we
have
(q2n+2j _ q72n72j) + (q2(nfjfl) _ q2(1+jfn))

Sk=0 =
2n42j _ 204j-n) _ (=20=2) | 2(n—j-1)

q
_ q2?(q2n _ q—2n+2>'+ q—2] (q2n—2 - q—2n)
¢ (2 + ¢ Y) (mod ¢*"? —1).

Since the expression on the final line is divisible by ¢%=2 + 1, it is divisible by ¢ + 1, and this
proves the claim for k = 0. For the inductive step, we will show that s = s;_1(mod ¢**=2 —1).
We first compute

Sk = Cpyjk +bCr_j 1k
_ a(q4(n+j) + q—4(n+j) _ q4k o q_4k)cn+j,k’—1

+b(q4(n—j—1) + q—4(n—j—1) gtk q_4k)0n—j—1 1.
We now split this into four terms, each of which can be dealt with similarly. For example,

ag ) —4(n—j—1)

Cn—j—1k—1 = q (aq Cntj,k—1 T bg*~ Cn—j—l,k—l)
= q (aq Cntj,k—1 T bq Cn—j—l,k—l)
= ¢ 1 (mod ¢ 7% —1). O

Cntjk-1 1 bg

Remark 5.15. This proof actually shows that the following rational function is a Laurent
polynomial:
(@ -1+ +JI(n—j—1)
(@ =1)(¢V 2 +1)
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5.5 More divisibility properties

In this section, we prove [CLPZ14, Conjecture 1.6] of Chen et al. using the techniques of the
previous section (and, in particular, Habiro’s theorem). Their conjecture is stated using a different
normalization of the colored Jones polynomials, so in this section we use their normalization.
In particular, their ¢ is our ¢2, and they used the normalized colored Jones polynomials .J,,(K),
which are related to ours via J,(K) = Jpy1(K)/Jne1(unknot). Let [n] := ¢" — ¢~™. We prove
the following theorem, which implies [CLPZ14, Conjecture 1.6].

THEOREM 5.16. For any knot, the following congruence holds:

Ju-1(@) = Jio1(@) =0 (mod [n — Kln + k). (5.8)

Proof. First, we define

(where dy, 0 = 1 by convention). Habiro’s theorem in the normalization conventions of [CLPZ14]
says that there exist polynomials Hj, € Z[¢*!], independent of n, such that

(This sum is finite because dy, , = 0.) We can therefore write the left-hand side of (5.8) as follows:

Tn-1(q) = Je-1(q) = D _(dnj — dij) Hj.
=0

We prove by induction on j that each coefficient a; := (dy ; — di, ;) is congruent to 0 modulo
[n — E][n + k|. The base case j = 0 is trivial since d,, o = 1. Now assume that a;_; = 0. We first
compute

dn,j — (q2n + q—2n _ q2j _ q_2j)dn,jfl
(—n—kn+kE+¢"+q¢ 7 —¢¥ —q 7)dnj
=@ +q¢* ¢ —qH)dy 1.

We then have the following congruences:

aj = (" +q " — ¢ — g H)dp 1 — dy

= q2k+2 4 q72k72 o q2j o q72j)dn7j—1 o dk,j
_ 2k+2 —2k—2
=@ +q

0.

—q¥ — ¢ ¥ (dnj1 — dij-1)

This completes the proof of the theorem. O

Remark 5.17. The difference in the signs in (5.8) and the numerator of Remark 5.15 comes from
the differences in normalization between J,, and J,.
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6. Canonical three-parameter deformations

In this section, we discuss deformations of (nonsymmetric) skein modules to the double affine
Hecke algebra Hg 4, 1, 45.ts = Hgy of type CVCy introduced by Sahi in [Sah99] (see also [NS04]).
To reduce confusion, in this section we write X, ¢, and s for the generators of A, x Zsa. As before,
we let D, be the algebra obtained from A, x Zy by inverting all nonzero polynomials in X. Then
Hg, is the subalgebra of D, generated by X, X!, and the following operators in Dy:

P8 X? + gl X
1—¢2X?2
t_g + 14X

1— X2

To = tlsg) -

(1—s9),
(1—s).

T1 =135+
If M is an A, X Za-module, we write Mloe .= Dy ®a,4z, M for the localization of M at all
nonzero polynomials X. If M is free over the subalgebra C[X*!] (which is the case in all our
examples), then the natural map M — M'°° is injective. Since Hg, is a subalgebra of Dy, it acts
naturally on M°°,
We now prove Conjectures 1 and 3 for our example knots.

THEOREM 6.1. Let M be the A, x Za-module which is the nonsymmetric skein module of the
unknot, a (2,2p + 1) torus knot, or the figure eight knot, and let M’ be the quotient of M by
the unknot submodule.

(i) The action of Hy, 1,11 preserves the subspace M C M.

loc

(ii) The action of Hyy, +,.t4t, Preserves the subspace M' C (M')

Remark 6.2. For the knots listed in the theorem, the results of §4 make it clear that there is a
unique map from the skein module of the unknot to the skein module of K, so the quotient M’
in the second statement of the theorem is well defined.

Proof. We define the operators

1 ) 1
Vo=ipxall =0 Ui=1—5ml=9) (6.1)

To prove the first statement, it suffices to show that Uy preserves M C M. Once this is proved,
the second statement is implied by the statement U; M’ C M’. To avoid confusion of notation,
after proving the technical Lemma 6.4, we will divide the proof into separate subsections (one
for each knot). O

Remark 6.3. Before continuing with the proof of the theorem, we remark that if eM =
Kq(S3\K ), the conjecture that Uy preserves the nonsymmetric skein module M C M'"¢ implies
that ¢~ 'eX ~'Upe preserves eM inside the localization of eM at polynomials in z = X 4+ X 1.
Under the identification AZ2 = K, (T2 x [0,1]), we have

1
(z—(g+a )@+ (g+q")

¢ leX e = (¢ —q e —q (1, -1) + ¢*(1,1)].

(Here z is the meridian (1,0), and the notation (m, ) refers to the (m, 1) curve on T2.) We note
that if K is the unknot, then the operator ¢~ 'eX ~'Upe annihilates the empty link.
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We first give a technical lemma that provides conditions that imply that U;M C M for ¢ = 0,
1. We recall the notation of Lemma 4.5. In particular, suppose that M = C[X*!]®¢ V and define
operators S, P € Endc (M) using (4.1). Furthermore, suppose that A(X), B(X) € Endgx+1(M)

satisfy
B(X)B(X 1) =1, AX)BX)A(FX 1) =B(X).

We then define s,9: M — M by g = A(X)P and s = B(X)S, and Lemma 4.5 shows that the
operators X, s,y : M — M define a representation of A, x Zs.

LEMMA 6.4. Assume the notation in the previous paragraph, and suppose that the following
condition holds:
(1-BX)AX H)M c (1 -¢X*)M.

Then the operator Uy from formula (6.1) preserves M C M'"¢. Also, the statement Uy M' C M’
is implied by the following condition:

(1-BX)M' c(1-X*M'.

Proof. Since (SP)? = 1, the elements fy := (1 4+ SP)/2 are idempotents that satisfy (SP)fy =
+f,. (These are not the standard idempotents that have been used previously.) We can then
write

(1—s9)=(1—B(X)SAX)P)(f, +f_)
= (1-BX)AX HSP)(f. +f)
=(1-BX)AX )N + 1+ BX)AX ).

Since (1 —SP)- (f(X)®v) = (f(X) — f(¢ 32X 1)) ®v, we see that f_ - M C (1 — ¢*X?)M and,
since B(X) and A(X) are C[X*!]-linear, this implies that

(1+BX)AX )M c (1 - ¢*X*)M.

By assumption, (1 — B(X)A(X ) M C (1 — ¢?X?)M, and this shows that UgM C M. The
second statement follows by a similar argument, which we omit. O

Remark 6.5. The first condition in Lemma 6.4 is equivalent to the conditions B(q~1)A(q) = Id
and B(—q 1)A(—q) = Id, where both equalities hold in M, (C). We remark that the conditions
in Lemma 4.5 hold a priori, and when specialized to X = ¢! they become (B(¢~1)A(q))? =1d
(and similar for X = —q).

6.1 The unknot
We recall that the module structure of the (nonsymmetric) skein module M of the unknot is
given by

M=C[X*Y, s-1=-1, §-1=-1.

We then compute
(1—sp)X"=X"— g X",

The right-hand side is clearly divisible by (1 — ¢?X?) and, since {X"} is a basis for M, we see
that Uy preserves M C M'°. The second claim of Theorem 6.1 is tautological in this case.
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6.2 (2,2p + 1) torus knots

Let M be the nonsymmetric skein module of the (2,2p + 1) knot L,. (More precisely, M is
the lift of the K,(T?) submodule of K,(S*\L,) generated by the empty link.) We recall that
M = C[X*'{u,v} as a C[X*!]-module, with the action of s, given by

-1 (_1)Pq2P+4(X—2p—3 _ q—4X—2p+1)

0 20D x-200+1) P.

-1 0 L o
S_[O JS, y=AX)P :=

Since u generates the unknot submodule, we may abuse notation and identify M’ = C[X*!]v,
with the action of s, ¢ given by

s=B'S=1dS, §=[®x2C)p,
LEMMA 6.6. The operator Uy preserves M C M, and the operator U; preserves M' C (M’)IOC.

Proof. To show that the condition of Lemma 6.4 holds, we compute

B 0 (_1)p+1q2p+4(X2p+3 _ q—4X2p—1)
1
1-BAX™) =, 1 — g2@pt+D) x2(2p+D)

Since all the entries are divisible by 1 —¢2X?2, this shows the first claim. The second claim follows
from the fact that B’ is the identity matrix. |

Ezample 6.7. The action of the generators X,s,Y of H,4, ,,1,1 on the generators u,v can be
computed explicitly. For example, for the trefoil (i.e. p = 1), X acts by multiplication, and the
actions of s and Y are given by the following:

S-u = —u,
s-v =,
Y -u=—-tu,

Y. v= [tl(qQX_1 — qﬁX_5) — (thilX_2 + quX_l)(q4X_3 + qQX_l)]u
+ [t1q6X76 — (q2t_1X72 + qt_QXfl)(q4X74 + X2+ D).

Here we have written t; = ¢; — t;l. It is clear that when t; = t5 = 1, these formulas specialize to
the operator Y in (4.6).

6.3 The figure eight
Let M be the nonsymmetric skein module of the figure eight knot. We recall that as a C[X*1]-
module, we have M = C[X*!] ®¢ (Cp’ @ Cu @ Cv). We recall the polynomials a,b,c € C[X*!]:

0= —q 2 X 4 ¢2X2+ % b= —q 2 X2+ @2X 2 c=q X3 2X

Finally, s and ¢ are defined by matrices (with respect to the ordered basis {p’, u, v}):

-10 0 -1 (X)) e(®?Xh
s=10 1 0[S 9=]0 aX) (X H|P
0 01 0 b(X) a(®X™Y

Since p’ generates the unknot submodule, we may write the action of s on the quotient M’ as

e 100
S—BS—[O 1]5’.
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LEMMA 6.8. The operator Uy preserves M C M'°°, and the operator Uy preserves M’ C (M')°°.

Proof. To show that the first condition of Lemma 6.4 holds, we compute

0 —e(X7")  —¢°c(d*X)
1-BAX ) =10 1-a(X"Y —¢*b(¢®X)
0 —-b(XY) 1-a(®X)

It is straightforward to check that all entries in this matrix are divisible by 1 — ¢?X?, which
proves the first claim. The second claim follows from the fact that B’ is the identity matrix. O

6.4 Three-variable Jones polynomials

In the previous section, we gave examples of skein modules of knot complements that extend to
representations of Hy ¢, 1,,1,1- In this section, we use these modules to give example calculations
of three-variable polynomials J,,(q,t1,t2) € C[qﬂ,t{cl, téﬂ] that specialize to the colored Jones
polynomials when t1,t2 = 1. More precisely, if Yy, 4, = sTy € Dy, we define

Jn(Q7 tl, t2) = <®7 Sn—l(Y;fl,tQ + th_l ) : ®>7 (62)

1,t2
where @ is the empty link and (—, —) is the pairing from Corollary 5.3. We remark that the
following equality is a direct consequence of Theorem 2.14 and the fact that Y; 1 + Yil is the
longitude:
In(q) = Jnlg, t1 = 1,12 = 1). (6.3)
In other words, the polynomials J,,(q,t1,t2) specialize to the classical colored Jones polynomials

of the knot K. We prove the following symmetry property of these three-variable polynomials,
which extends the well-known symmetry for the classical colored Jones polynomials.

PROPOSITION 6.9. Let K be the mirror image of K and suppose that Conjecture 1 holds for K.
Then B
Jn(K7 q, tla t?) = Jn(K7 q—17 tfla tgl)

Proof. The mirror map S% — S2 induces a C-linear isomorphism
Kq(S\K) > K, -1(S*\K) (6.4)

and we identify these two skein modules as vector spaces using this map. If €(K, q) : K,(S?\K) —
K,(S3) is the C-linear map induced by the inclusion K — 53, then €(K,q) = ¢(K,q™ ') (under
the identification (6.4)). Furthermore, the skein module K, -1(S*\K) is the twist of the skein
module K,(S*\K) by the isomorphism

prAgHLy— Apai xLs, 9(X)=X, @) =7, ¢(s)=s.
(Since this isomorphism sends s — s, it descends to an isomorphism of the spherical subalgebras.)

This automorphism extends to ¢ : Dy — Dg-1. Let Og ¢ 1, * Hgt 1,11 — Dy be the standard
embedding given by Proposition 2.18. To prove the claim, we show that

P(Og.tnto Vet +Y,3,)) = Opr o1 o1 (Vpor o1 + Y21 ) (6.5)

1,t2 5 Tl
Translating [NS04, Proposition 5.8] into our notation and specializing to t3 = t4 = 1, we have

Ogtrste Yir s T Y 1)) = Agn s (X)) — 1) + A e (X D@ = 1)+t + 87,

1,t2
N (X)__q?qul—t2+t51—tm*RX (6.6)
q,t1,t2 = ] 1 :
g X7 —q¢ X
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We then have the equality
SD(Aq7t1:t2 (X)) = Aqﬂ,t;l,t;l (X_1)7
which proves (6.5) and completes the proof of the proposition. O

For the unknot, we compute a closed formula for .J,(q,t1,t2) in the following lemma, but
for nontrivial knots this computation seems to be more difficult, so we include several example
computations in the appendix.

THEOREM 6.10. If K is the unknot, then
(t'g)" — (1) "
tr'q? — (t7 ')
Proof. Using (6.6) and (4.3), it is straightforward to compute
(Yero +Yii1,) 0= —(t7'¢* + tig 2)9.

1,t2

Jn(K;q,t1,t2) =

Then the claimed equality follows from the fact that (#,#) = 1 and from the identities for
Chebyshev polynomials in Lemma 4.6. O

Remark 6.11. If ¢ is specialized to ¢ = 1, then the classical Jones polynomials are independent
of the knot K. In all examples we have checked, this is also true for the polynomials J,,(K;q =1,
t1,t2) (when they are normalized as in (6.2)).

7. Five-parameter deformations

In this section, we discuss deformations of the nonsymmetric skein module M of a knot to a family
of modules over the DAHA H,, for all parameters ¢t € (C*)*. Unfortunately, the deformations
of M that we produce in this section do not seem to be canonical, and in particular depend on
a choice of C[X*!]-splitting of the module M. If M is the nonsymmetric skein module of the
(2,2p+1) torus knot, there is a natural choice of such a splitting (see Remark 7.2), but for other
knots this does not seem to be the case. For simplicity, in this section we will only discuss the

trefoil.
We recall that H,; is the subalgebra of Endc(C[X*!]) generated by X*! and the two
operators
27 %2 4 .
o T X7+ gt X X
TO = tlsy — W(l - Sy),
t_g + 14X
T1 = t3$ + ﬁ(l — 8).

In §6, we showed that the operator Ty acts on the nonsymmetric skein module of several knot
complements. However, the operator 77 does not even act on the nonsymmetric skein module
V' of the unknot because V is the sign representation of A, x Zs. More precisely, we recall that
V = C[X*!] as a C[X*!]-module, with the actions of § and s determined by

g-1=-1, s-1=-1. (7.1)

Then Tj - 1 is a rational function in X, so, in the sign representation, the action of 77 on C(X)
does not preserve the subspace C[X*1].

To avoid this problem, we define a new operator 7] € D, that acts on V' and show that
the operators X, Tp, and T provide an action of H,; on the sign representation. In examples,
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the nonsymmetric skein module splits over C[X*!] x Zs as a sum of the standard and sign
polynomial representations, and we can therefore use this splitting to define an action of H,; on
the nonsymmetric skein module. We describe this action for the trefoil and then use this action
to define five-variable polynomials that specialize to the colored Jones polynomials of the trefoil.

7.1 The Dunkl embedding for the sign representation
Let V be the sign representation from (7.1) and let V!¢ be the localization of V' at all nonzero
polynomials in X. Define the following operator:

ts—t3' + (ta—t; )X

T, ==t3 s+ 1= x°?

(1+s). (7.2)

(Note that the sign in the term (1 + s) is not a typo: it is required for 7] to act on the
sign representation V.) We recall from (2.5) that H,; is generated by elements V; and V¥ (for
i = 1,2) with relations (2.5).

LEMMA 7.1. The operators Ty and I} preserve the subspace V C Ve Furthermore, the
operators X, Ty, and T} generate a copy of Hy; inside of D, via the map

TorTo, T T7, Ty qTy'X, TY — X Y(17)7L (7.3)

Proof. The operator sy acts in the same way on the trivial and sign representations of D, and
this implies that Ty preserves the subspace V C V'°¢. Since the map D, — Endc(C(X)) is
injective for ¢ not a root of unity, this also shows that Ty and T satisfy the first two relations
n (2.5). Also, the final relation holds by definition.

To show that the third and fourth relations hold, we first note that as a C[X + X ~!]-module,
we have a splitting V = C[X + X 1 @& C[X + X '] X. Furthermore, the operator T} commutes
with X + X! € D,, which shows that it suffices to check that the left-hand sides of the third
and fourth relations annihilate the elements 1, X € V. These are straightforward computations,
which we omit. O

7.2 Five-parameter deformation for the trefoil
We recall that the C[X*!]-module structure of the nonsymmetric skein module M of the trefoil
is

M = C[XHu e C[XF!)o. (7.4)

To define the A, x Zy-module structure of M, we first define two operators S, P : M — M as in
equation (4.1). We can then write the action of the elements §, s € A; % Zs in terms of matrices
(with respect to the ordered basis (u,v) of M):

_[-10 . [-1 X —gfX
3[0 1]5’, y[o SHX6 P.

Remark 7.2. The element u € M generates a submodule M’ C M, and we write M" for the
quotient, so that we have an exact sequence

0> M - M—> M"—-0.

If g is not a root of unity, then M’ and M" are simple A, x Zy-modules and, since this extension is
nonsplit, it is easy to see that M’ is the unique nontrivial submodule of M (see Lemma 4.10). The
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module M" has a distinguished generator v” (the image of the empty link v), so a C[X *!]-splitting
of this exact sequence is determined by the image of v” in M. The natural choice for this image
is the empty link in M, which is v. In this sense, the choice of C[X*!]-splitting given in (7.4) is
natural. However, in general the analogue of the quotient M” has C[X*!]-rank greater than 1,
so a choice of C[X*!]-splitting is not determined by a single element of M.

We now define the operator T} : M — M as follows:
« |17 O
= [ 0 Tl] '

THEOREM 7.3. The operators X, Ty, and T} provide an action of H,; on M via the map (7.3).

Proof. Tt was shown in §6.2 that the operator T preserves the subspace M C M€, and this
implies that Ty and T, ' X satisfy the first two relations of (2.5). The final relation holds by
definition. Finally, since the splitting in (7.4) is a splitting of C[X*1] x Zs-modules, the operator
T} preserves this splitting. Then the third and fourth relations of (2.5) follow from Lemma 7.1
and from the fact that T3 satisfies these relations in the standard polynomial representation. O

Remark 7.4. This action can be used to produce five-variable polynomials J,,(q, t1, to, t3,t4) that
restrict to the colored Jones polynomials J,(¢q) using a similar formula to (6.2); however, the
polynomials this produces are quite lengthy, so for the sake of brevity we omit them.
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Appendix. Computer calculations of multi-variable Jones polynomials

We now include computer computations of three-variable polynomials normalized as in (6.2). To
shorten notation, we write ¢ :=¢; and v = to — ¢, L (We remind the reader of the normalization
conventions for the colored Jones polynomials; see Remark 2.15. In particular, the ¢ of the
KnotAtlas is our ¢2.)

A.1 The trefoil
For the trefoil, we have the following polynomials:

Jo=vg—t @+ (7 + )¢ —t¢f +vg" —v® —t7 0+ (7 — t)g'? — vg!® + t1g"8,

Jy =v2g? — t*lvq?’ +(—1+t 2+ D)t + (2t o+ ) + (1 + D) + (o + tv)q7
o 24y ) t_lvqg F(-14 t_2)q10 — gt 4 17212 — og!d + 1- t2)q14 — tug!
+(1— )q + ( — )T+ (1 =12 — D)+ 2t —t0)¢ 0 + (2 —t72)¢®
+ (2t~ to)g* + ( 2482 — 0P+ o —t0)gP + 2 -t — 12 M
+(t lv + tv)q25 + (=t 2+ 2 =)+t g + (1 — 72 4+ 02) ¢
+(t o+ t0) P+ (=24 12 — 0P — T g + (1 — 724+ 0D + tog® + tog?T
+ (=14 t72)¢® =t og® (=t 2 + D)0+ (=1 4+ t72)¢*2 — t g™ — t7Log® + 728,
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A.2 The (5,2) torus knot
For the (5,2) torus knot, we have

Jo=vq+ (—t71 + t)q2 + (=t + t)q4 +vg® — t¢% +vg" + (—t_1 +1)¢® —vg® — t~1g"0
og (= 02 — 1M — g 4 (7 = £)g" — vg? 4 (71— £)g?t — vg? + 1.

For the (5,2) torus knot, the polynomial J3 is quite lengthy, so we omit it.

A.3 The figure eight knot
Since the figure eight knot is isotopic to its mirror image, Proposition 6.9 shows that J,(q,t,v)
= Ju(g71,t71, —v) (in the current notation for parameters). Explicitly, we have

Jo =
J3

=t

—tg 0 — g T+t =)t =g og+ (—tT )t 4 vg” — 1,
2072 1 tog P 4 tog B+ (1 4+ 2+ (2 + )P Ftog P+ (1 + D)8
+ =t g T (—1+ ) — g P+ (1 — 2 4 0?) g 4 2twg 13

(—2+t2 412 =) 2 —t7 g 10270 —tug 0 + (1 — 2 40?8
(—14+t72=20%)g S+ (=t o —tw)g P+ (2 -t )¢ + (2t v — 2tv)g 3
(2 —2t2)g 2 + (2t v — to)g 4 (1 — 20%) + (t 7o — 2tv)g + (2 — 2t72)¢?

+ 2t —2t0) @ + 2 —t)g* + o+ t0)P + (—1+ 12 — 20D + (1 — 72 +0?)¢®
it g® + 02g"0 4 g (—2 4 £2 4 2 — 0?)g"? — 2 g (1 — 12 4 0?)gM
Ftog" 4 (=1 4+ 62" + t0g'T + (=1 + t2)g™® — t Mg + (=12 + 02)¢®

(=14 172)g2 — t g — 1 og® 4 2%,
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