THE COLORED HOMLFYPT FUNCTION IS ¢-HOLONOMIC
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ABSTRACT. We prove that the HOMFLYPT polynomial of a link, colored by partitions
with a fixed number of rows is a g-holonomic function. Specializing to the case of knots
colored by a partition with a single row, it proves the existence of an (a, ¢) super-polynomial
of knots in 3-space, as was conjectured by string theorists. Our proof uses skew Howe
duality that reduces the evaluation of web diagrams and their ladders to a Poincare-Birkhoff-
Witt computation of an auxiliary quantum group of rank the number of strings of the
ladder diagram. The result is a concrete and algorithmic web evaluation algorithm that is
manifestly g-holonomic.
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1. INTRODUCTION

1.1. The colored Jones polynomial. The best-known quantum invariant of a knot or
link L in 3-space is the Jones polynomial J;, which when properly normalized, is a Laurent
polynomial in a variable ¢ with integer coefficients. Jones’s discovery of this polynomial
marked the birth of quantum topology [Jon87], and shortly afterwards a plethora of quantum
invariants of knots and links were discovered by Reshetikhin-Turaev; see [RT90] and also the
books [Oht02, Tur94].

Although Jones’s definition of the Jones polynomial came from the von Neumann algebras
and their subfactors, a connection of the Jones polynomial with the simplest non-abelian
simple Lie algebra, sly, and its representations was soon discovered.

More precisely, given a simple Lie algebra g and an irreducible (finite dimensional) rep-
resentation V' (usually called a color, in the physics literature) and a knot K, the theory of
ribbon category [RT90, Tur94] defines an invariant J. (V) € Z[g*']. The original construc-
tion of this invariant was a rational function in a fractional power of ¢, and a normalization
of this invariant was shown in [L&é00] to be an element of Z[¢*?]. The Reshetikhin-Turaev
construction extends to framed oriented links as well, each component of which is colored
by an irreducible representation of g.

Specializing to sly, and using the well-known fact that there is one irreducible represen-
tation h,, of sly of dimension n + 1 for every natural number n, it follows that a knot K
gives rise to a sequence of polynomials Jf(b(hn) € Z[¢*'] for n = 0,1,2,.... This sequence,
although infinite, satisfies some finiteness property which in particular implies that it is de-
termined by finitely many initial terms (the number of initial terms depends on the knot
though). More precisely, it was proven by two of the authors in [GLO05] that for every knot
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K there exists a recursion

(1) ca(q", @) T2 (hnia) + ca1(q" @) 32 (hpra1) + -+ co(q", @) J32 (hy) = 0

for all n € N, where d € N, ¢;(u,v) € Qu*,v*] for all j = 0,...,d and ¢4 # 0. Here
in this paper, N denotes the set of all non-negative integers. The recursion depends on the
knot, and although it is not unique, it can be chosen canonically.

Aside from the above-mentioned finiteness statement, the importance of this minimal re-
cursion (often called the fl—polynomial) is not a priori clear. Keeping in mind that PSL(2, C)
is the isometry group of orientation preserving isometries of 3-dimensional hyperbolic space,
there are at least two connections between the A—polynomial and hyperbolic geometry: (a)
specializing the coefficients of the above recursion to ¢ = 1, is conjectured to recover the
defining polynomial for the SL(2, C)-character variety of the knot complement, restricted to
the boundary torus of the knot complement. This so-called AJ Conjecture is one link of the
colored Jones polynomial with the geometry of SL(2, C) representations; see [Gar04, Lé06].
(b) Such a recursion can be used to numerically compute several terms of the asymptotics
of the colored Jones polynomial at complex roots of unity, a fascinating story that connects
quantum topology to hyperbolic geometry and number theory. For a sample of computations,
the reader may consult [Garb, GZ].

Returning back to recursion relations, sequences that satisfy a recursion relation of the
form (1) are g-holonomic, a key concept introduced by Zeilberger [Zei90]. g-holonomic func-
tions enjoy several closure properties. A key theorem of Wilf-Zeilberger is that a multisum of
a g-proper hypergeometric term (where we sum all but one variable) is g-holonomic [WZ92,
Thm.5.1]. This theorem, and the fact that quantum knot invariants are multisums of g-
proper hypergeometric terms (coming from structure constants of corresponding quantum
groups), explains why the quantum knot invariants are g-holonomic functions.

Converting the above statement into a theorem and a proof requires additional work. To
begin with, one needs to consider functions of several variables. For instance the sls3-colored
Jones polynomial of a knot, or the sly-colored Jones polynomial of a 2-component link is a
function of two discrete variables. A definition of ¢-holonomic functions of several variables
was given by Sabbah [Sab93| using the language of homological algebra. Sabbah used a
theory of Hilbert dimension for modules over rings generated by g-commuting variables, and
proved a key Bernstein inequality. A survey of Zeilberger’s and Sabbah’s work was given
by two of the authors in [GL], where detailed proofs and examples of g-holonomic functions
is discussed. A summary of the main definitions and properties of ¢g-holonomic functions is
given in Section 4.

1.2. The colored HOMFLYPT polynomial. Shortly after the discovery of the Jones
polynomial, five groups independently discovered a two-variable polynomial, the HOM-
FLYPT polynomial W that takes values in the ring Q(q)[z*!] [FYH"85, PT87]. Turaev
[Tur88] showed that the latter unifies the quantum link invariants Jz["(hl, ..., hy), where
hy = C" is the defining representation of sl,,, as follows: for every n > 2 and every framed
oriented link L whose components are colored by C™, we have:

jz[n<hl7 R hl) - WL’J::q"-

Here Jy, is a normalized version of J, see Section 2.
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Let P denote the set of partitions A = (A1, Aa,...) where Ay > Ay > -+ > 0 is a decreasing
sequence of nonnegative natural numbers, all but finitely many zero. As usual, a partition
is presented by a Young diagram. Let P,_; be the set of partitions with at most n — 1
rows. Irreducible representations of sl, are parameterized by partitions in P,_;, and we
will identity a partition A € P,_; with its corresponding irreducible sl,-module (which has
highest weight A, see [FHI1]). With this identification, the partition h,, which has one row
and a boxes, is the a-th symmetric power of h;, and the partition e,, which has one column
and a boxes, is the a-th external power of h; = e;.

Wenzl [Wen90], generalizing Turaev’s result, showed that the sl,-quantum link invariants
interpolate a two-variable function in the following sense. If L is an oriented framed link
with r ordered components and \; are partitions with at most ¢ rows for ¢ = 1,...,r, then
there exists a two-variable colored HOMFLYPT function W (A1, ...,\,.) € Q(g)[z*!] such
that for all natural numbers n with n > ¢ 4+ 1 we have:

jz[n(/\ly ceey )\7‘) = WL()\la s 7)\7")|x:qn'

A detailed definition of the HOMFLYPT polynomial and its colored version in terms of the
HOMFLYPT polynomial of cables of the link is given in [ML03, MMO0S].

1.3. Statement of our results. The set P of all partitions has an involution defined by
A — AT which transposes columns and rows of a partition. The map ¢, : N* — P, given by

t—it1
te(n1y...,ng) = (A1, ..., A\) € Py, where \; = Z n;
j=1
is a bijection, and so is Lz : N — Pg (where 77; is the set of all partitions with at most ¢
columns) defined by ¢§(ny,...,n¢) = (te(ny, ..., ne))t.
Theorem 1.1. Suppose L is an oriented, framed link with r ordered components and £ a
nonnegative integer. Then, the following functions
Wyo (1) N = Q(q)[z*"],  Wro () : N — Q(g)[z*"]
are q-holonomic.

Corollary 1.2. For a framed oriented knot K colored with partitions with a single row, the
sequence Wy (h,) for a =0,1,2,... is g-holonomic.

Some special cases of the above corollary are known; see Cherednik [Che| for the case
of torus knots, Wedrich [Wed] for the case of 2-bridge knots, and Kawagoe [Kaw] for some
2-bridge knots and some pretzel knots.

On the set of all functions from N to Q(z, q) define two operators L, M by

(Lf)(a) = fla+1), (Mf)(a)=q"f(a).
Then LM = ¢gML, and a recurrence for f has the form Pf = 0, where
d
P= cj(g,z, M)L?, ¢;(q,z, M) € Z[g,z, M].
§=0
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When non-zero recurrence for f exists, there are many of them, and there is a unique one,
up to sign, such that (i) d is minimal, (ii) the total degree in ¢, x, M, L is minimal, and (iii)
all the integer coefficients of P are co-primes, see [Gar04, Leé06]. For a knot K, we denote
such a minimal recurrence for Wy (h,) by Ax(M, L, x,q).

Physicists have conjectured the existence of the 4-variable polynomial (see for instance the
works [GSV05a, AV]), and have further conjectured that when we set ¢ = 1, the correspond-
ing 3-variable polynomial Ay (M, L,x,1) is equal, after some universal (i.e., knot indepen-
dent) change of variables with a 3-variable polynomial that comes out of knot contact homol-
ogy [Ng08, AENV14]. In the physics literature, Ax (M, L, @, 1) is often called the Q-deformed
A-polynomial of a knot and it appears in string theory in geometry of spectral curves, topo-
logical strings, matrix models, and M-theory dualities. There is a lot of literature on this
polynomial following the pioneering work of Gukov, Fuji, Stosic, Sutkowski and others. For a
detailed discussion, see [AV, DG10, DGR06, FGS13, FGSA12, GL05, GS14, GS12, GSV05b].

Remark 1.3. The proof of Theorem 1.1 implies the function N x N"* — Z[g*!] defined by
(n,7) € N x N™ = (W 0 (1)) (17) lo=gn
is g-holonomic in all r¢ + 1 variables. The latter was conjectured in [GvdV14].

1.4. An example. Suppose K is the right-hand trefoil, see Figure 6, with 0 framing. Define

ag = tM°(2*M? — 1)(M* — ¢°2?)
ay = q(q8M2x4 _ x4q4 + M6q2x4 + MByt — M6q6x2 _ M6q2x2 — M&22 + Mlo)(M4 _ q4x2)
ay = —x5q6(q4M2 o 1)(M4 _ 1‘2(]2).
Then for all m > 0,
(2) Wi (hm+2) + anWg (hmi1) + aoWk (hiy) = 0.

Remark 1.4. In [FGS13|, a conjectural formula for the colored HOMFLYPT function
Wi (hy) is given, for the case when K is the left-hand trefoil (and other torus knots). Based
on this conjectural formula, the authors of [FGS13], using a computer program of Zeilberger
[PWZ96], found a recurrence formula for Wiy (h,,), which is different from (2) since another
normalization was used. In Appendix C, we will give a proof of (2).

1.5. Plan of the proof. The quantum group invariants require familiarity with category
theory, representation theory of quantum groups as well as a understanding the accompany-
ing graphical notation.

In Section 2 we discuss three categories nRep,, nWeb and nLad which are related to
representations of quantum groups as well as to a diagrammatic description of links and
their invariants. In Section 3 we discuss how to unify the sl, link invariants to one that is
independent of n. In Section 4 we discuss the basic definitions, examples and properties of
g-holonomic functions. In Section 5 we give the proof of Theorem 1.1. The proof is concrete
and algorithmic, with a detailed example for the case of the right-handed trefoil given in
Section 3.7. We summarize the steps here, using the notation of the proof.
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(a) We start with a braid word representative 3 whose closure cl(3) is the link L. The
corresponding braid has m strands and a fixed number of letters. For the trefoil, this
is given in equation (36).

(b) The link is now given by joining to the braid the bottom and top part of the closure
consisting of cup/cap diagrams, respectively. We replace the bottom part by a mono-
mial in some operators E;, the braid word by a product of Lusztig braid operators
T;(b)*! defined in section 3.4, and the top part by a monomial in some operators Fj.
For the trefoil, this is given in equation (37).

(c) Each operator T;(b)*! is a sum (over the integers) of operators F; and Fj (see equa-
tions (29a)—(29b)).

(d) The operators E; and Fj satisfy the quantum group g-commutation relations given in
equations (14a)—(14d), and using those we can sort the above expressions by moving
all the E’s to the right and all the F’s to the left.

(e) The fact that the operators E; annihilate the last bit 1y, corresponding to the pro-
jection onto a highest weight determined from the link diagram, adds a product of
delta functions in our sum.

(f) The requirement that all weights appearing in the sum are positive introduces Heav-
iside functions into the sum as explained in the proof of Proposition 5.2.

(g) This way, we obtain a multidimensional sum over the integers, whose summand is a
product of extended g-binomial coefficients of linear forms (with integer coefficients)
of the summation variables, times a sign raised to a linear form of the summation
variables. These sums are always terminating. For the trefoil, this 6-dimensional
sum is given in equation (39).

(h) We show in section 5.1 that such multisums are g-holonomic.

Hidden in the above algorithm is the quantum skew Howe duality [CKM14], which allows
us to compute colored sl,,-invariants by evaluating ladder diagrams in 2m strands using an
auxiliary quantum group based on the Lie algebra gl,,,. Steps (c)-(e) are exactly a Poincare-
Birkhoff-Witt computation on gl,,,.

To avoid any confusion or misunderstanding, in an earlier article [Gara] one of the authors
reduced the g-holonomicity of the colored HOMFLYPT polynomial to the g-holonomicity of
the evaluation of MOY graphs, and observed that the latter would follow from the existence
of a g-holonomic evaluation algorithm for MOY graphs. Unfortunately, such an algorithm
based on simplifications of MOY graphs or web diagrams has yet to be found.

1.6. Computations and questions. With regards to computation of the 4-variable poly-
nomial of a knot, there are several formulas for the HOMFLYPT polynomial of some links in
the literature colored by partitions with one row, see for example [Kaw, NRZS12, IMMM12b,
IMMM12a]. These formulas are manifestly g-holonomic, as follows by the fundamental the-
orem of WZ theory. Using these formulas and Wilf-Zeilberger theory, one can sometimes
compute the 4-variable knot polynomial. For sample computations for the case of twist knots
and some torus knots, see [NRZS12].

The next question is inaccessible with our methods. A positive answer would be useful in
the study of LMOV (also known as BPS) invariants of links [LMV00]. First, using linearity
extend the colored HOMFLYPT function to the case when the color of each link component
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is a Z-linear combination of Young diagrams. Let p, = > y_,(—1)(k,1°7%). Note that
(k,1%7%) is a hook partition with one row with k boxes and one column Wlth a — k boxes.

Question 1.5. Is it true that the HOMFLYPT polynomial of a knot colored by p, is a
g-holonomic function of a?

2. CATEGORIES, LINKS AND THEIR INVARIANTS

Throughout the paper, N,7Z and Q denote respectively the set of non-negative integers,
the set of integers, and the set of rational numbers. We emphasize that our N contains 0.
Also n will denote an integer greater than or equal to 2. We will denote by Q(g'/™) the field
of rational functions in an indeterminate ¢'/", and Q(q) its subfield generated by ¢ = (¢'/™)".
Also Z[q*'] € ©Q(q) will denote the ring of Laurent polynomials in ¢ with integer coefficients.

In this section we will discuss three categories nRep,, nWeb and nLad which are con-
nected by functors

(3) nLad 23 nWeb % nRep,

A ring homomorphism f : Q(¢"/") — Q(¢*/™) (thought of as a homomorphism from the
empty set to the empty set), is the multiplication by a scalar, and we denote this scalar by

ev(f) € Qg"").
These categories are intimately related to diagrammatic descriptions of framed tangles
and of quantum groups.

2.1. The quantized enveloping algebras U,(gl,) and U,(sl,). Consider the lattice Z™
with the standard Euclidean inner product (-, -), and the root vectors

a;=(0,...,0,1,-1,0,...,0) € Z",

with 1 on the ¢-th position.
The quantized enveloping algebra U,(gl,,) is the associative algebra over QQ(¢q) generated
by L;;i=1,...,nand E;, F;,i =1,...,n— 1, subject to the relations

LoLy = Latb, Lo=1
LoB; = g9~ BiL,, L) = ¢"* " L,
E§2)Ei+1 —E BB+ Ei+1E7;(2) =0= Fz‘(Z)Fi+1 —FFnF+ Fi+1Fi(2)
K;— K !
q—q!
E,E;,=E;E;, FF;=FF, for |i—j>1.

Here L, = L{* ... L% for a = (ay,...,a,) € Z", K; = L;L; Y, and

J_ 4]
EO = BJWLED = FEJ)L, where [r H o
q— q
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There is a structure of a Hopf algebra on U,(gl,) with the co-product and the antipode,
see e.g. [Jan96, CP94, Lusl0).

The quantized enveloping algebra U, (sl,,) is the subalgebra of U,(gl,) generated by E;, Fj, K,
i=1,...,n—1. Then U,(sl,) inherits a Hopf algebra structure from that of U,(gl,).

A weight of Uy(gl,,) (resp., Uy(sl,)) is an element a € Z™ (resp., an element a € Z™ such
that >, a; = 0). A Uy(sl,)-module V is called a weight module (or perhaps better, a weighted
module) if V' = @, Vjq, where each a is a Ugy(sl,)-weight and

Vig ={veV|Kiw)= q<°""“>v}.

For a partition A = (Iy,...,l;) with {y > Iy > -+ > 1, > 0 we call £ = length()) the length
of A and |A| = Y, l; the weight of . Denote by AT the conjugate of A, which is the partition
whose Young diagram is the transpose of that of A. For a thorough treatment of partitions,
see [Mac95]. Finite-dimensional irreducible weight U,(sl,)-modules are parameterized by
partitions A € P,_1, i.e. partitions of length < n — 1, see e.g [CP94, Jan96]. For every
A € P,_1 denote by V) the corresponding irreducible weight U,(sl,,)-module.

2.2. The category of U,(sl,)-modules and link invariants. The category nRep of
finite-dimensional weight U, (sl,,)-modules is a ribbon category [Tur94], where the braiding
comes from the universal R-matrix. To be precise, one needs to extend the ground field to
@Q(g"/™) so that the braiding and the ribbon element can be defined.

By the theory of ribbon categories, for a framed oriented link L in 3-space with r ordered

components and r objects Vi,...,V, of nRep, one can define an invariant
T (Vis. o V) € Qa7).
If \y,..., A\ € P,_1, we use the notation

T, A) = I3 (Vay, -, V).

It is known that a properly normalized version of Ji™(V4, ..., V;) belongs to Z[¢*?], see [MW9S,
Lé00]. A special case of this integrality phenomenon is the following. Let ¢;; be the link-
ing number between the i-th and the j-component of L, with ¢; the framing of the i-th
component. Define

(4) TG, Ay) = g S XLty ),
Then we have
(5) Jim(\, . N € Z[gEY.

Not only is jzl”()\l, ..., A) a Laurent polynomial in ¢, but it also enjoys the following
stability (with respect to the rank n) property.

Proposition 2.1 ([Wen90]). There exists an invariant W (A1, ..., \.) € Q(q)[z*!] such that
for any n greater than the length of any of A;, we have

WrAL - A |emgr = T3 (A1, M),
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Wy is usually called the colored HOMFLYPT function. The theorem was first proved
by Wenzl using quantum group theory. For a detailed proof using skein theory see [Luk01,
Theorem 11.4.18]. The theorem also follows from our proof of Theorem 1.1 below. For the

simplest case, when all partitions have one box, Proposition 2.1 was first proved by Turaev
[Tur8s].

Remark 2.2. The integrality (5) shows that the polynomial P = Wp(A, ..., \.) € Q(q)[z*!]
has the property that P|,—,» € Z[¢*!] for all integer n > 1. Such a polynomial P € Q(q)[z*!]
is called g-integral and is studied in [BCL14, Sec. 2.3].

Remark 2.3. Our Wy (A, ..., A\.) isequal to P(L*(Q,,,-..,Q),.)) in the notation of [MMOS,
Section 6], with our ¢ and z equal to respectively s and v~! there.

2.3. Properties of the colored HOMFLYPT polynomial. Let A be the free (3-vector
space with basis the set P of all Young diagrams, including the empty one. Suppose L is
a framed oriented link with r ordered components. The invariant Wy (Ay,...,A.) can be
extended to a QQ-multi-linear map

Wp: A" — Q(Q)[ﬁﬂ]-

There is a Q-algebra structure on A which makes it isomorphic to the algebra of symmetric
functions, see e.g. [Mac95]. Under this isomorphism, a Young diagram A is mapped to the
Schur function .S corresponding to \.

We collect here some well-known properties of the quantum invariant W,.

Proposition 2.4. Let L be a framed oriented link in the 3-space with k£ ordered components.
(a) Suppose L' is the same L with the components renumbered by a permutation o of
{1,...,k}. Then

WAty A) = Wr( Aoty - Aor)-
(b) Suppose AL is the result of replacing the first component of L by two copies of its parallel
push-off (using the framing). Then

War (AL A Agy ooy A) = WAL, Agy o0 A).
(c) We have:
(6) WiAsy o A) = WAL D) gt

Parts (a) and (b) follow from the corresponding properties for Ji, see [Tur94]. While (a)
is trivial, (b) follows from the hexagon equation of the braiding in the braided category. Part
(c) is well-known and has been discussed in many papers, see e.g. [LMV00, Equ. 4.41]. For
completeness; we give proofs of parts (b) and (c) in Appendix B.

2.4. The category nRep,. Let e, be the partition whose Young diagram is a column with
a boxes, i.e. e, = (1) in the standard notation of partitions. The U,(sl,)-module V., with
1 <a<n-—1iscalled a fundamental U,(sl,,)-module. We also use ey to denote the empty
Young diagram, which corresponds to the trivial U,(sl,)-module.

Let nRep, be the full subcategory of nRep whose objects are those isomorphic to tensor
products of the fundamental U,(sl,)-modules. Then nRep, inherits a ribbon category
structure from nRep.
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The advantage of nRep, is that it has a remarkable presentation using planar diagrams
called spider webs described in the next section. Since nRep is the idempotent completion
of nRep,, we don’t lose much working with nRep,.

2.5. The category nWeb. We describe here the category nWeb of sl,-webs, following
Cautis-Kamnitzer-Morrison [CKM14]. Recall that a pivotal monoidal category is a category
with tensor products and a coherent notion of duality in which the double dual functor is
naturally isomorphic to the identity. The morphisms and the relations among morphisms
of such categories afford a diagrammatic description using planar diagrammatics. They are
essentially equivalent to the description of the Temperley-Lieb algebra for n = 2 and to
Kuperberg’s spider webs [Kup96] (for n = 3) and the planar algebras of Jones [Jon]. They
are also closely related to the MOY graphs of Murakami, Ohtsuki, and Yamada [MOY98].
Standard references for pivotal categories include the books [Tur94, Chpt.XI], [KRT97] as
well [EGNO15, Chpt.4.7].
An n-web is a compact subset Z of the horizontal strip R x [0, 1] with additional data
satisfying (1)-(iii).
(i) Each connected component of X is either an oriented circle or a directed graph (i.e.
a finite 1-dimensional CW-complex) where the degree of each vertex is 1, 2, or 3.
Every circle component and every edge is labeled by an integer in [1,n — 1].
(ii) The set 0Z of univalent vertices of Z is in the union of the top and bottom lines of
the strip and Z \ 07 is in the interior of the strip.
(iii) Up to isotopy there are 2 types of trivalent vertices and 2 types of bivalent vertices
as in the following figure (with labeling of edges attached to the vertex):

a+b a+b n—a n—a

) /i\b)j\bii

a a

The third and the fourth graphs depict bivalent vertices but not trivalent vertices,
as the small tag there is not officially an edge. The tag provides a distinguished side
and makes the bivalent vertices not rotationally symmetric.

We will declare isotopic webs to be equal.

Let 0_Z = (7', ...4;"), where iy,. .., i are the labels of the edges ending on the bottom
line listed from left to right, and €; = + if the orientation at the j-th ending point is upwards
and €; = — otherwise. One defines 0,7 exactly the same way, using the top line instead of
the bottom line.

The category nWeb is the pivotal monoidal ©Q(¢'/™)-linear category whose objects are
sequences in the symbols {1%,... (n — 1)¥}. Given objects a,b of nWeb, the set of mor-
phisms Hom,web(a, b) is the set of Q(g'/")-linear combinations of n-webs Z such that
07 = a,0,Z = b, subject to certain local relations described in [CKM14, Section 2.2].
In [CKM14], our nWeb is denoted by Sp(SL,,). The tensor product Z; ® Z, is obtained by
placing Z, to the right of Z;. The composition Z; 7, is the result of placing Z; atop Zs, after
an isotopy to make the top ends of Z; match the bottom ends of Z;.
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For example, the first diagram in (7) represents a morphism from a* ® bt = (a™,b%) —
(a+ b)T, and the second one represents a morphism from ¢~ ® b~ — (a +b)".

The monoidal unit nWeb is the empty sequence. The planar isotopy condition implies
that the object a™ is dual to the object a~. The cap and cup morphisms

a

(8) Y N/

a

give rise to maps at ® a= — () and ) — o~ ® at that realize this duality.

For simplicity we allow diagrams to carry labels of 0 and n with the understanding that
n-labelled edges connected to a trivalent vertex should be deleted and replaced by a tag as
in the cap and cup diagrams:

(9) /'i& = af/]\}_a \T/ = n_wa

a n—a

and the remaining edges and loops labeled 0 or n should be deleted.

Note that the cap and cup diagrams coming from the duality a* with a~ arising from the
pivotal structure do not require tags.

The followings are consequences of the relations among generators of sl,-webs:

n—a

- e

(11) nal = |~

Remark 2.5. The tags appearing in n-web (which do not appear in [MOY98]) play an
important role keeping track of the fact that while (V,,)* is isomorphic to V., _, this iso-
morphism is not canonical. The tags in sl,-webs keep track of these isomorphisms and
contribute signs that would have otherwise been missed by wrongly identifying the dual of
a®” with (n —a)™.

(10)

2.6. An equivalence between nWeb and nRep,. The main result of [CKM14] is the
construction of an equivalence, which is a Q(g'/")-linear pivotal functor,

I'y, : nWeb — nRep,
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defined on objects by I',(a™) = V., and T',(a”) = (V,,)*. The ribbon structure of nRep,
can be pulled back to make nWeb a ribbon category. In particular, we have a braiding
Xop:a®b— b®a for any two objects a, b of nWeb. For simple objects a,b € [1,n — 1] we
use the diagrams with crossings as in Figure 1 to denote the braiding X, its inverse X ;
The braiding allows us to introduce crossings in diagrams representing morphisms of nWeb.

b a a b

\ /

Xab = Xb_; - /
a b b a
FIGURE 1. The braiding X,; (left) and its inverse Xb_a1

Suppose D is a link diagram in the plane in general position with respect to the height
function, whose components are labeled by integers in [0, — 1]. Then D defines morphism
in the category nWeb from @) to (. Since Hom,wep(?,0) = Q(¢"/™), the morphism D is
determined by the scalar ev(D) € ©Q(¢*/™). The equivalence I',, shows that this scalar ev(D)
is equal to the invariant Ji" (e, , . . ., €4, ), i.e.

(12) JZ["(%I,---,@%) =ev(D),

where L is the framed link whose blackboard diagram is D and aq, ..., a; are the labels of
the components of L.

2.7. The Ladder Category. We give the definition of ladder category Lad,,, which a dia-
grammatic presentation of Lusztig’s idempotent form U,(gl,,) of the quantum group Uy (gl,,).
Typically, U,(gl,,) is regarded as a Q(q)-algebra where the unit is replaced by a system of
mutually orthogonal idempotents 1, indexed by the weight lattice of gl,,,. In [CKM14], using
the quantum skew-Howe duality, they showed that there is a braided monoidal functor from
the ladder category to the category nWeb. We explain how to use this result to calculate
quantum U, (sl,)-invariants of links using ladders.

A ladder Z with m sides is a uni-trivalent graph drawn in the strip R x [0, 1], with

(i) m parallel vertical lines running from the bottom line to the top line of the strip,
oriented upwards,

(ii) some number of oriented horizontal lines in the interior of the strip R x [0, 1], called
steps, connecting adjacent sides,

(iii) a labeling of each interval (steps or segments of sides) by integers, such that the
signed sum of the labels at each trivalent vertex is zero. Here the sign of each
incoming vertex is positive, and the sign of each outgoing vertex is negative.

Let 0_Z (resp. 0. Z) be the sequence of labels appearing on the bottom (resp. top) edge

of the strip. Then 0_Z,0,Z € Z™ are considered as weights of U,(gl,,).

The category Lad,, is the QQ(¢)-linear category whose set of objects is Z™. Given two

objects a, b, the morphisms Homy,ag,, (a, b) is the set of all Q(¢)-linear combinations of ladders
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3 1 0 2
l/\
A X
1
~ 4,
2
/\1
. S~
< A
2 1 1 2

FIGURE 2. A morphism in Lady.

Z with m sides such that 0_Z = a,0,Z = b, subject to the relations described in Equations
(14a)-(14e) below.

Composition of morphisms is given by vertical concatenation of ladders. Note that Lad,,
does not have dual objects and hence is not pivotal.

For an object a = (aq, ..., ay) of Lad,, and for i such that 1 <i <m — 1, and r € N let

E"1, and F"1, denote the following ladders:

a; +r ajqy1 — T
(r) - " H
E7l, = - -+ € Homy,aa,, (a,a + ro;)
a;i—1  a; Qi1 Qit2
a; —T 41+
() T
F1, = - .-+ € Homypaq,, (a,a — ray)
ai—1 a; Qit1 Qit+2

Here and in what follows, we draw the steps of a ladder using slightly slanted lines instead
of horizontal lines such that the orientation of the step is upwards. With this convention
we do not have to mark the orientation in a ladder diagram, since all segments are oriented
upwards.

Comparing the sequence at the end of these ladders it is clear that

(13) Ez(r) 1a = 1a+raiEi(r) = 1a+ro¢iE@'(r) 1aa F’Z(T) 1a = 1a—ro¢iF’i(T) = 1a—raiF¢(r) 1aa

When the specific weight is clear we will write E; instead of E;1, and F; instead of F;1,. For

example, Fi(7')E](s)1a means ﬂ(T)1a+saj E§S)1a,
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With this convention, the relations of the morphisms of Lad,, are given by

r) (s ey (a,06) +1 = 8] _(s—t) m(r—t
(14a) EMF91, = ; l , 11@( B,
(14b) EVFP1, = FPE, if i % j
(14c) EIEM1, = EYE, if |i — j| > 1, likewise for F’s
(14d) EZ-(S)Ei(T)la = [r —: S] EZ-(TJFS)la and likewise for F’s
(14¢) E;E;El, = (EPE, + E;E")1, if i — j| = 1, likewise for F’s.

forallr,se N, 1<i<m—1andaeZm.
Recall (a, ;) = a; — a;41 is the standard inner product on Z™, and the quantum integers,
factorial and binomial coefficients are defined by

(15a) M=L—4_  rez
q—4q
(15b) =Tk, r=>o0
k=1
S 0 s < 0.

Remark 2.6. If % is a field and C is a k-linear category, it gives rise to an algebra A(C)
whose underlying vector space is the direct sum of all Hom spaces &,,Hom(a,b). The
product of x € Hom(b,a) and y € Hom(¥',a’) defined to be zero unless b = «, in which
case the product is defined to be the composite zy. A(C) is a k-algebra without unit,
in general. Since the relations (14a)—(14e¢) are the defining relations Lusztig’s idempotent
algebra U,(gl,,), A(Lad,,) = U,(gl,,).

2.8. The Schur quotient, the highest weight ¢/, and evaluation. Fix positive integers
m and n. The Schur quotient nLad,, is defined to be the (3(¢'/")-linear category with set of
objects all @ = (ay,...,a,) € Z™ such that a € [0,n]™, i.e. 0 < a; < n for all . The algebra
of morphisms of nLad,, is the quotient of the algebra of morphisms of Lad,,, with ground
field extended to Q(g'/™), by the two-sided ideal generated by all 1, with a & [0,n]™.

For example, Ei(r)la is always 0 in nLad,, when r > n.

Let
(16) JI(n,m) == (n™,0™) € Z*"
often abbreviated by 9. Considered as an object of nLads,,,, ¥ is a highest weight element
for nLads,,, in the sense that for every i = 1,...,2m — 1, we have

(17&) Ezlﬂ = 0, 119}72'1194-111- = 0.
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This is because ¥+ a; has entries outside [0, n]. It follows that the algebra of endomorphisms
of 1 is isomorphic to the ground field Q(¢'/"). In other words, we have an evaluation map

(18) Vpm - Homypaa,, (9,9) = Q(¢Y™), T = evym(r)ly.

2.9. Braiding for ladders. The category nLad,, does not have a tensor product and hence
is not a monoidal category. However, nLad := @ ._, nLad,, is monoidal. This category
doesn’t have duals since all webs are directed upwards. But it is a braided monoidal category,
as follows. The objects of nLad are sequences a = (ay, ..., a,) of integers a; € [0,n]. Given
two objects a = (a1, ...,a,) and b= (by,...,b,), Hom,paa(a,b) = Hom,paa,,(a,b) if p =m
and 0 otherwise.

The tensor product of objects a ® b is the horizontal concatenation of a and b from left to
right, and similarly for morphisms.

In [CKM14, Section 6] it is shown that nLad admits a braided monoidal category struc-
ture, i.e. it has a braiding, which is a system of natural isomorphisms X,;, :a ®b — b® a
satisfying the hexagon equations [RT90, Tur94]. The braiding for nLad is constructed using
Lusztig’s braid elements [Lus10].

We also use the diagrams with crossings in Figure 1 to denote the braiding X,; and its
inverse X - g in the category nLad,,.

When [ is a braid on m strands and a = (a4, ..., a,) € Z™, let 81, € Hom,paa,,(a, B(a))
be the morphism described in Figure 3. Here ((a) is obtained from a by applying the

permutation corresponding to the braid 3. For example, 0;1, and o; '1,, where 0;,0; " are
the ¢-th standard braid generator and its inverse, are depicted in Figure 3.
t 11T 1
ﬁla = ﬁ
I
al az Am—1 Qam
oily = /\ o', = ,/\
al aj—1 a; Ai+1 Q42 am ai @;—1 Qg Ai4+1  Ai42 am

FIGURE 3. The morphisms 314, 0414, and o; '1,

Then 07'1, € Hom,pag,, (a,0:(a)). We record here the formula for the braidings from
[CKM14]:

(19) oila= (SRR ()BT L
r,s>0
S—r=a;—ai41

(20) o7 = (1)t TR N (g B B,
r,s>0

S—Tr=a;—a;4+1
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Note that the right hand sides are finite sums, since F\”) and E" are 0 for r > n. Also
1

o, 11, is obtained from o;1, by the involution ¢ — ¢~".
Remark 2.7. Originally Luzstig [Lusl0, 5.2.1] defined the braiding and its inverses using
triple product formulas. The simplification of Lusztig’s formula’s to double products in
equations (19)—(20) was first observed for ¢ = 1 by Chuang and Rouquier [CRO8]. For
general ¢, a proof of this simplification can be found in [CKM14, Lem.6.1.1].

2.10. From ladders to webs. In [CKM14, Section 5] it is proved that there is a Q(g'/™)-
linear functor

v, n : nLad,, — nWeb

defined as follows. For an object a = (ay,...,a,) of nLad,,, ¥, ,(a) is obtained from a by
deleting Os and ns from a and converting k to k™. For a morphism f of nLad,, which is a
ladder, ¥, ,,(f) is the same f considered as an n-web, using the convention about labelings
0 and n. This means edges connected to the label 0 should be deleted from the diagrams
and those connected to the label n should be truncated to the “tags” depicted in the last
two diagrams in equation (7) as explained in (9). The existence of W,, ,,, is a consequence of
the quantum skew-Howe duality.

The functors ¥, ,, : nLad,, — nWeb, with all m, piece together to give a functor
U, : nLad — nWeb. By Theorem [CKM14, Theorem 6.2.1], ¥, is a braided monoidal
functor.

FIGURE 4. The standard closure of a braid 3 with 4 strands.

Suppose 3 is a braid on m strands. We view [ as a diagram with crossings in the standard
plane with strands oriented upwards. Let cl(3) be the link diagram obtained by closing 3 in
the standard way (see Figure 4) and L = L(/3) be the corresponding framed link. Assume
L has r ordered components which are labeled by integers ai,...,a, € [I,n — 1]. Let
a=(ay,...,a.). Let by, ..., by, be the induced labeling of strands of § from left to right (at
the bottom of ). Of course each b; is one of the a;’s.
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Let Lcl(B,a), called the ladder closure of 3, be the endomorphism of ¥(n,m) in the
category nLads,, given by the ladder described in Figure 5. Here the labels of the strands of
the braids are by, ..., b,, which are determined by the labels a4, ..., a, of the link L. All the
dashed vertical lines of the m left sides are labeled by n while all the dashed vertical lines
of the m right sides are labeled by 0. Then the remaining labels are uniquely determined by
the rule that the signed sum at every trivalent vertex is 0.

i by
by

by bs e 364 L~\é§\

n

n
L\\éi\
0
b Ly

\“E\J03
n

n
c
c

by

b1 by |b3 by

Cy C3 C2 1

b3
3
ba
2
by
bl bQ b3 b4
by
ba

/‘2/,420

n EO

n

C3

F1GURE 5. The ladder closure of a braid § with 4 strands, with labels. Here
C; =N — bz

Proposition 2.8. We have

evm(Lel(B,a)) = Jr(eays - - - €aq,)-

Proof. Let L denote the closure of 3. L is a link colored by a. Identities (10) and (11) show
that

U, (L,a) = Lel(B, a).
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Since ¥, is a Q(g'/")-linear braided functor, we have
ev(Lel(B,a)) = ev(V,(L,a))
= JL(eal, ce ,eaT).

where the second identity follows from (12). O

3. INTRODUCING THE VARIABLE z = ¢"

Proposition 2.8 allows one to calculate the quantum sl,-invariant of a link L for each fixed
n > 2. In this section, we introduce an algebra that allows us to unify the quantum s,
invariants of links into Laurent polynomials of a variable x = ¢".

3.1. Free associative algebra on L, F;. Let
(21) Xm:{Ela-"7Em—17Fl>-"7Fm—l}

and 2, be the free associative unital QQ(q)-algebra generated by X,,. Fori=1,...,m — 1,
define the divided powers by

ED = B[] € Uy, FT = F /1)l € U,

)

where [r]! is given by equation (15b). A Q(g)-basis of 2, can be described as follows. For
Y=W,....Y,) € (X,) and k = (ky,...,k.) € N define

Y® = yy )y )

Then the set of all Y*)| where Y; # Y;,; and k; > 1, along with k& = (), is a Q(q)-basis of
A

Note that for each a € Z™, Y*)1, is a morphism in the category nLad,,. For a,b € Z™
and n > 1, define the Q(g)-linear map

Pap U — Homyaa,, (a,b), pZ’b(Y(k)) =1,Y®W1,.
The algebra 2, admits a natural Z™-grading, called weight, defined by
w(F;) = —a, w(FE;) = a.
Observe that p’;b(Y(k)) = 0 unless a = b+ w(Y®).

Let I, be the two-sided ideal of A generated by EZ-(T),F.(T), with 2 = 1,...,m — 1 and

K3
r > s. It is clear that I,,, C I,. Let 2, be the completion of 2, with respect to the nested
sequence of ideals I,. Since pZ}b(Is) = 01if s > n, we can extend pj, to a map, also denoted

by pg,b7

Py QAlm — Homy,paq,,(a,b).
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3.2. Convention on negative powers. The divided powers Ei(r) and FZ-(T) are defined for
non-negative integers r. It is convenient to extend them to negative powers by the following
convention. For r < 0, a € Z™, we use the following convention

EV=F"=0 i,
E™,=F"1,=0 in Lad,

With the above convention, Equations (14a), (14b), and (14d) can be rewritten in the
following form: For all ;s € 7Z and i # j, we have the following identities in Lad,,.

) +r—3s - _
29 EM R (a, ;) F—t plr=tq
( ) ) ) a Z t 7 7 a
teZ
(23) EPFO1, = FPEN,
(24) E.(S)E.(T)l - {T + S:| E(r+3)1 F-(S)F-(T)l _ |:T + S} F»(TJFS)l
) 1 a r ) as 3 1 a r i a-

3.3. Evaluation. Fix positive integers n,m. Recall that 9 given by (16) is an object of
nLads,,,, and recall the evaluation map (18). This gives rise to an evaluation map

(25) evy, : §[2m — (Q(ql/")7 evy(T) == evym (pgﬂg(a:)) .

Given a monomial z in E;, Fj the element ev,(z) can be calculated by a simple algorithm
moving each divided power in E; appearing in z to the right using equations (22) and (23).
Note that we are not moving divided powers of E; past divided powers of E;. Since the
FE;’s annihilate the weight 1y, all that remains after sliding all E;’s to the right is a sum of
products of the quantum binomials produced from the application of (22). For details see
the example in Section 3.7 and Proposition 5.2.

Suppose Y = (Y1,...,Y3) € (Xo,)¥ and b = (by,...,b,) € ZF. There is an easy case when
evn(Y(b)) = 0, namely when 1,Y®1, factors through a weight with a negative component.
The weight of Y®) is denoted by

w(Y®) = (wi(V?),.. wan (V) € 22

We say Y has negative weight if Wj(Y(b)) < 0 for some j with m < 7 < 2m. For an index
i,1 <1 < k define the i-th tail Tail;(Y,b) by

Tail; (Y, ) = Y;* vty %),
We say (Y, b) is tail-negative if there is an index 4,1 < i < k, such that Tail;(Y, b) has negative
weight.

Lemma 3.1. Suppose (Y, b) is tail-negative. Then ev, (Y®)) = 0 for all n.
Proof. Note that Y ()14 factors through Tail;(Y,b)1y € Homgpaay (1, 7), where
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Suppose w;(Tail;(Y, b)) < 0 for some 7 > m and 1 < ¢ < k. We have p; = w(Tail;(Y,b)) +
¥; = w;(Taily(V,b)) < 0. By definition, Tail;(¥;b)1y = 0 in Lad},,. Hence Y1y = 0 in
Lad;,,. O

The tail-negative condition can be characterized by the following function

(26) H(Y,b) = ] J]He(w;(Taili(y,b))).

j=m+1i=1
where
1 ifz>
(27) He(z) = 1 z20
0 ifx<0O.

denotes the Heaviside function. Note that

0 if (Y,b) is tail-negative
1 otherwise.

(28) H(Y,b) = {

3.4. Braiding in 2A. Suppose a = (aq,...,a,) € Z™ and 1 <i <m — 1. Let

(29a) Ti(a) = (—1)%Haio g (—q)~* i(8+az'+1—ai)pi(5) c A
SEZ
(29b) 7—;—1(&) _ (_1)ai+aiai+1q—ai Z(_q)sEi(s+ai+1fai)Fwi(s) c 2’2‘1
SEL

Recall that we use the convention E” = F") = 0 if < 0. Note that 7, '(a) is obtained

)

from T;(a) by the involution ¢ — ¢~'. From equation (19) and (20) it follows that for e = +1,

a;a;
_eli i+1
n

(30) oil,=q

7

T7(a)l, in nLad,,.

7

3.5. Special functions. Let Y = (Yi,...,Y};) € (X,,)*. A function H : Z" — QA[m is called
a Y -special if

(31) H(CI,) = Z(—1)91("ws)qg2(tl,S)Y'(f(a,s))7
set
where

e g, : Z'™" — 7 is quadratic, i.e. given by a polynomial with integer coefficients of
total degree < 2,

e g, : 7' — 7 is linear, and

o f: 7" — 7F is affine such that f(a,-): Z' — 7Z* is injective for every a € Z*.

The injectivity property ensures that the right hand side of (31) defines an element in é\lm
The next lemma is easy to verify.
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Lemma 3.2. (a) The functions T3, T, ' : Z™ — 2A,,, given by Equations (29a) and (29b) are

(E;, F};)-special.

(b) Suppose f : Z* — 7" is a linear function. Then the function H : Z* — ,, given by
H(a) — y(f(a)

is Y-special.

(c) If H" is Y'-special and H” is Y"-special, then H'H" is Y’ x Y"-special.

3.6. Unifying the sl,-link invariant. For a = (ay,...,a,) € Z" let |la|ls be the usual
norm defined by ||al|o = max; |a,|.

Proposition 3.3. Suppose L is framed oriented link in the 3-space with r ordered compo-
nents which is the closure of a braid with m strands. Then there exist a sequence Y of letters

in Xy, and a Y-special function H : Z" — QAlgm such that for all integers a4, ..., a, € [0,n—1],
we have
(32) T (€ayy .. s ea) = evy(H(ay, ..., a,)).

Moreover, (Y, f(a,s)) is tail-negative whenever ||s|lo > ||a||«. Here f(a,s) is the function
appearing in the presentation (31) of H.

Proof. Let L be the closure of a braid 8 € B,, as in Figure 4, and a = (aq,...,a,) € N".
Suppose 1™ ® 3, the braid (in Bs,,) obtainted by adding m straight strands to the left of g,
has a presentation

(33) 1m"@p=0...0, ;€{m+1,....2m—1}ande; € {£l}forj=1,...,¢,

where o; is the i-th standard generator of the braid group (see Figure 1). Here ¢ is the
number of crossings of 3.

Write b = (by,...,by) and ¢ = (¢, €1, - - -, €1) to denote the sequences of labels labeling
the ladder closure Lel(3, a) as in Figure 5, so that ¢; = n—b; and each b; is one of (ay, ..., a,).
The horizontal lines at the bottom and the top of the braid § decomposes Lel(5) into 3
morphisms in nLads,,:

Lel(8, a) = Cap,,(a) (1c @ $15) Cup,,(a).
Each part can be written in a form that does not depend on n.
Indeed, the lower morphism Cup,,(a) is a composition of Fl-(bj ) for various t,7. Hence

Cup,,(a) = V(@) Lotm,m),

where V,,(a) € Ay, is the product of several Fl-(bj ), Explicitly,

" ke[1l,m] i€[1,k—1] m+k* m—k m )

__) e—
Xr;, ‘== X1xry...T H Xr;, ' =—mXTplp—_1...27-
Hie[l,k] i 142 ks i€ [1K] i klk—1 1

Then V,,(a), as a function of a is a special function, see Lemma 3.2.

where
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Similarly, the top morphism

Cap,,(a) = Np(a)legs = Lymm)Am(a)logs
is a special function. Explicitly,
T TT (b) (b
_ (b k k
Am(a) = er[l,m] [Em Hz‘e[l,k—l} (Em“fEmk)] ’

Now consider the middle morphism 1. ® $1;. Using (33) and (30), we have
L ® Bl = ¢ 7 20 % %% 2 (a)2(a) . . 2(a) Loy,

where

zj(a) = TZJ (Uij+1 .. 04 (C, b)) .
Using equation (29a) and (29b) for 7' (b), we see that z; is a special function. Let
(34) H(a) = Np(a)z1(a)za(a) . .. z(a)Vin(a).

Then H : 7F — ﬁzm, is a product of special functions, hence is a special function (see
Lemma 3.2). By (30), we have

Lel(f,a) = q’% 23 4 %% ]/ (a) 1.
Applying the evaluation map ev, to both sides, using Proposition 2.8 and the normaliza-
tion (4) of Jy, for the left hand side, we obtain that

Ji(ays- .. s €a,) = evp(H(a)).
This proves (32).
Let us have a closer look at the formula of H. By (29a) and (29b), z; has the form

(35) = 3 (1)) geitsas) pUi @) gl

L 3]
Sj S/

where g¢; is a quadratic function, and h;, f; are linear functions. From (34), it follows that
H has a presentation (31), where s = (sq,...,5s;), and

H
YW@ = A (a) (Hje[l ] EZ.(jfj(a,Sj))F.(fgj)) Voo (a).

5

Assume |[|s]|oc > ||@]|0o, i-€. there is [ such that |s;| > ||a|lcc. We can assume that s; > 0,
since other wise s; < 0 and the factor Fi(lsl) on the right hand side of (35) is 0. We will show

that the 7;-th component of the weight of Fi(lsl)z is negative, where

%
_ (fi(a,85)) 1(s5)
= (Hje[l+1,t] Eij Fij ) Vin(a).

This will prove that (Y, f(a, s)) is tail negative, since ¢; > m. Note that
w(z) =w(z11(a) ... 2(a)Vi(a)) = (¢ —n, ..., c1 —n, b,
where 0 is a permutation of b. Since ||V/||oc = [|b]|c0 = ||@]|c0, We have

wi,(F*2) = —s; 4 (¥);, <0,

i
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which completes the proof of the proposition. 0

Remark 3.4. Our evaluation algorithm should be closely related to the variant of skew
Howe duality defined for so-called doubled Schur algebras in [QSb, QSa].

3.7. An example: the trefoil knot. Before we proceed further, let us illustrate Proposi-
tion 3.3 by computing the invariant of the trefoil, and draw some useful conclusions regarding

g-holonomicity of the invariant.
We take

(36) B =0} =o10101, m =2, Y= (n,n,0,0).
Then L = cl(f3) is the right-handed trefoil knot, colored by a € NN [0,n — 1] (see Figure 6).

FIGURE 6. The ladder closure of braid 8 = o3.

By Proposition 3.3, and equation (34) we obtain that jgi"(ea) = ev,(H(a)), where
(37) H(a) = B BV B B (1) B BV YR,

where T3 = T5(n —a,n —a,a,a). Using Equation (29a), we replace each occurrence of T3 by
a sum over the integers, and obtain the following triple sum formula
(38) H(a) :Sl75%3EZ(iq)sl+32+83E§a)E§ﬂJEéa)Eéa)(E;’Sl)FéSl)EéSQ)F§52)E§S3)Féss))FQ(ﬂ)Féa)Fl(a)Féa).
This is an explicit form of special function for H.

Next, we use the commutation rules given in equations (22)—(24) to sort the expression of
H(a)ly, moving all the E’s to the right and all the F’s to the left. Every time we move Ei(r)

(from the left) past an Fi(s) (from the right), we obtain a 1-dimensional sum over the integers.
Then, use equation (17a) to add some delta functions in the sum. Finally, Equ. (53), which is
explained later in the proof of Proposition 5.2, tells us to add Heaviside functions He(k) (see
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Section 4). Doing so, we eventually get the following formula for the quantum sl,,-invariant
of the trefoil colored by e, (the details are given in Appendix A).

a

Jz[n (€a) :["] Zseze(—q)*(51+s2+33)He(a—s1)He(a—SQ)He(a—53)He(a+sl+52—34)He(a+52+53—55)He(7—)

(39> [525281] [52;83] [T+6l826+56] [51+§§754] [51+5T2754] [52+Z§755] [52+5;755] [aff] [n;T]
where 7 = 81+ 83+ 83 — 84— 85 — Sg and s = (sy,...,56) € Z°. Keep in mind the convention

that m =0if s <0.
Let us end this example with some observation. The above formula has the form

(40) Ji (eq) Z F(a,s)

where F'(a, s) is a finite product of factors of the following shape
(i) (iQ)A(“ )
(i) He(A(a,s)).
)
)

(ili) quantum binomial | Ala, sﬂ

Bla
(iv) quantum binomial [”E’&(‘;)‘g)} = [qg?a(‘;’)s)}, where for s,l € Z we define
x;s 0 if 1<0
41 T = o i
4 { l ] {Hi-zl T i >0,

Here A(a,s) and B(a, s) are Z-linear functions. Moreover, for each integer value of a and n,
the sum on the right hand side of (40) is terminating in the sense that only a finite number
of terms are non-zero. The number of terms are bounded by a polynomial function of a.

We will show that a similar formula exists for any framed oriented link colored with e,.
But before we do so, let us recall what is a g-holonomic function.

4. g-HOLONOMIC FUNCTIONS

g-holonomic functions of one variable were introduced by the seminal paper of Zeilberger
[Zei90]. The class of g-holonomic functions resembles in several ways the class of holonomic
D-modules, as is acknowledged by conversations of Zeilberger and Bernstein prior to the
introduction of holonomic functions, [Zei90]. An extension of the definition to g-holonomic
functions with several variables was given by Sabbah [Sab93] using the language of homo-
logical algebra. In this section we will review the definition of ¢-holonomic functions of
several variables, give examples, and list the closure properties of this class under some op-
erations. Our exposition follows Zeilberger and Sabbah, and the survey paper of two of the
authors [GL].

We should point out, however, that the precise definition of g-holonomic functions is not
used in the proof of Theorem 1.1. If the reader wishes to take as a black box the examples
of g-holonomic functions given below, and their closure properties, then they can skip this
section altogether and still deduce the proof of Theorem 1.1.
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4.1. The quantum Weyl algebra. Let V denote a fixed (not necessarily finitely generated)
A-module, where A = Z[g*!]. For a natural number r, let S,(V') be the set of all functions
f:Z" — V and S, (V) the set of functions f : N — V. For ¢ = 1,...,r consider the
operators L; and M; which act on functions f € S, (V) by

(42) (Lif)(nay. sy eeyng) = f(ng,...,mg +1,...,n,)

(43) (M;f)(ny,...,n.) =q" f(ny,...,n,).

It is clear that L;, M; are invertible operators that satisfy the g-commutation relations
(44a) M;M; = M;M;

(44b) L;L; = L;L,

(44c) LiM; = ¢" 1ML,

foralle,5 =1,...,r.

Definition 4.1. The r-dimensional quantum Weyl algebra W, is the A-algebra generated by
L. LEL M L M subject to the relations (44a)—(44c). Let W, be the subalgebra

) T )

of W, generated by the non-negative powers of M;, L;.
Given f € S,(V), the annihilator Ann(f) (a left W, module) is defined by
(45) Amn(f) ={P e W, |Pf =0}

This gives rise to a cyclic W,-module My, defined by My =W, f C S,(V), and isomorphic
to W,./Ann(f).

4.2. Definition of ¢-holonomic functions. In this section we follow closely the work
of Sabbah [Sab93]. Let N be a finitely-generated W, ;-module. Consider the increasing
filtration F on W, 4 given

(46)  F W, = {A-span of all monomials M*L? with «, 3 € N" with total degree < n}.

The filtration 7 on W, , induces an increasing filtration on NV, defined by F,,N = F,,W, . -N.
Note that F, W, ,, and consequently F,, N, are finitely-generated .4-modules for all natural
numbers n. An analog of Hilbert’s theorem for this non-commutative setting holds: the
dimension of the Q(g)-vector space QY(q) ®4 F,, N is a polynomial in n, for big enough n.
The degree of this polynomial is called the dimension of N, and is denoted by d(N).

In [Sab93, Theorem 1.5.3] Sabbah proved that d(N) = 2r — codim(V), where

codim(N) = min{j € N | Ext{%,+ (N, W, ) # 0}.

Sabbah also proved that d(N) > r if N is a non-zero and does not have monomial torsion.
Here a monomial torsion is a monomial P in W, , such that Pz = 0 for a certain non-zero
x € N. It is easy to see that NV embeds in the W,-module W, ®w, . N if and only if N has
no monomial torsion. Throughout the paper, we will assume that all W, ;-modules do not
have monomial torsion.

Definition 4.2. (a) A W, ;-module N is ¢-holonomic if N = 0 or N is finitely-generated,
does not have monomial torsion, and d(N) = r.

(b) An element f € N, where N is a W, . -module, is g-holonomic over W,  if W, . - fis a
g-holonomic W, ;-module.
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The above definition defines g-holonomic W, ; modules, and our next task is to define g¢-
holonomic W, modules. Let M be a non-zero finitely-generated left VW,-module. Following
[Sab93, Section 2.1], the codimension and dimension of M are defined in terms of homological
algebra by

codim(M) = min{j € N | Ext}, (M, W,) # 0}, dim(M) = 2r — codim(M).
The key Bernstein inequality (proved by Sabbah [Sab93, Thm.2.1.1] in the g-case) asserts
that if M # 0 is a finitely generated W,-module, then dim(M) > r.

Definition 4.3. (a) A W,-module M is g-holonomic if either M = 0 or M is finitely-
generated and dim(M) = r.

(b) An element f € M, where M is a W,.-module, is ¢g-holonomic over W, if W, - f is a
g-holonomic W,-module.

Next we compare g-holonomic modules over W, versus over W, ;. The following proposi-
tion was proven in [GL, Sec.3] Next we compare g-holonomic modules over W, versus over

W, 4. using Sabbah [Sab93, Cor.2.1.4].

Proposition 4.4. Suppose f € M, where M is a W,-module. Then f is g-holonomic over
W, if and only if it is g-holonomic over W, .

The next corollary is taken from [GL, Sec.3].

Corollary 4.5. If f € S,.(V) is g-holonomic and g € S, (V) is its restriction to N”, then ¢
is g-holonomic.

Remark 4.6. The definition of g-holonomic A-modules can be extended to g-holonomic
R-modules where R is the ring (and also an .A-module)

(47) R =Q(q)l™].
Proposition 4.4 and Theorems 4.7 and 4.8 below hold after replacing A by R.

4.3. Properties of ¢g-holonomic functions. In this section we summarize some closure
properties of g-holonomic functions, whose proofs can be found in [GL, Sec.5].

Theorem 4.7. Suppose f,g € S.(V) are g-holonomic functions. Then,
(a) f+ g is g-holonomic.

(b) fg is g-holonomic.

(c) Restriction. For a fixed a € 7Z, the function g € S,_1(V') defined by

gni,...,ne—1) = f(n1,...,np_1,0)

is g-holonomic.
(d) Extension. The function h € S,41(V) defined by

h(ni, .. snea) = f(na, ... ny)

is g-holonomic.
(e) Linear substitution. If A € GL(r,Z) and f € S,(V) is ¢-holonomic, so is the composition
foAeS. (V).
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Let S;,—11(V) denote set of all functions f : Z" — V such that for every (nq,...,n,_1) €
Z'1, f(ny,...,n,) =0 for all but a finite number of n,.

Theorem 4.8. (a) Suppose f € S,_11(V) is g-holonomic. Then, g € S,_1(V), defined by
St ) = floneeo o)
ne€7Z

is g-holonomic.

(b) Suppose f € S,.(V) is g-holonomic. Then h € S,1(V') defined by

b
(48) h(ny,...,n._1,a,b) = Z f(ni,ng,...,n,)

nr=a

is g-holonomic.

4.4. Elementary g-holonomic functions. A function g: Z°* — Z" is affine if there is an
r X s matrix A with integer entries and b € Z" such that g(a) = Aa +b. If b = 0, such a
function is called linear.

A function f : Z" — Q(q)[z*!] is called an elementary block if f is a finite product of
compositions of a linear function Z" — 7Z° (for s = 1,2) with one of one of the following
functions:

() Z > Zg™), b — (—1)F, or k — ¢¥, or k — He(k),
() 22— 2], (D) = (-1, or (kD) = g or () = | |

or (k,1) — {xl’“}

Observe that functions of the form (i) or (ii) above are g-holonomic [GL]. Regarding the
function f(ny,ny) = (—1)™"2 its annihilator ideal contains the monic operators L? — 1 and
L2 — 1 which generate a g-holonomic ideal [GL, Thm.7.2(a)], hence f is g-holonomic.

A function f : Z" — Q(q)[z*!] is called elementary if can be presented by a terminating
sum

where g : ZFt — Q(q)[z*!] is an elementary block. Here the sum is terminating means for
each a there are only a finite number of b such that g(a,b) # 0. Theorems 4.7 and 4.8 imply
the following.

Corollary 4.9. Every elementary block and every elementary function is g-holonomic.

5. PROOF OF THEOREM 1.1

5.1. Evaluation of monomials is g-holonomic. For n € 7 let eval, : Q(q)[z*'] — Q(q)
be the Q(g)-algebra homomorphism defined by

(49) eval, (f) = flozgn-

The next lemma recovers an element of Q(q)[z*!] from its evaluations.



28 STAVROS GAROUFALIDIS, AARON D. LAUDA, AND THANG T.Q. LE

Lemma 5.1. Suppose that f, g € Q(q)[z*!] satisfy eval,(f) = eval,(g) for infinitely many
n. Then f =g.

Proof. This follows from the fact that a Laurent polynomial in = has at most k roots, where
k is the difference between the highest order and the lowest order in x. U

Let X = (Xj,..., Xk) be a sequence of elements of the set Xy, from equation (21). Recall
that for b = (by,...,bs) € Z*, the monomial X € Ay, and its weight are defined in Section
3.1. By convention, X® = 0 if one of b; is negative. The goal of this subsection is to calculate

evn(X(b)) = eV(lﬂX(b)lﬂ)
where 9 = (n™,0™) € Z>™.

Proposition 5.2. Suppose X = (Xi,..., X)) is a sequence of elements of the set Xy,.
There exists a unique function

Qx : ZF — Q(q)[z™"]
such that for all b € Z*, n € N,

(50) ev, (X®) = eval, (Qx (b).

Moreover, () x is an elementary function given by

(51) Qx(b) = Z Fx (b, ])
je7!
for certain [ € N and elementary block Fy : Z* — Q(q)[z*!]. In addition,

(1) Fx(b,j) =0if ||j||oc > [|bllcc (which implies the sum (51) is terminating), and
(ii) Fx(b,7) = 0if (X,b) is tail-negative or if one of the component of b is negative.

Proof. The uniqueness follows from Lemma 5.1. Let us prove the existence.

The idea is to move the E; to the right of F; using Equations (22) and (23) (this creates
a sum of a product of g-binomials) and then use Equation (17a), which creates a product of
o-functions. Besides, we insert Heaviside functions to make the sum terminating. The result
is an elementary function. Now we give the details of the proof.

Let [ < k be the maximal index such that X; € {Ey, ..., Esy,_1}. We use induction on k,
then induction on [. If £ = 0 the statement is obvious.

For fixed k, we use induction on [/, beginning with [ = k£ and going down.

(a) Suppose [ = k. Recall that ¥ = (n™,0™). Using (17a), we have

X(b)Lg — 5bk,0Y(b/)119,
where Y = (X3, ..., Xx_1) and b’ = (by,...,bx_1). For Y the statement holds. Define

Fx(b,j) = Fy (¥, /)00, Qx(b) = Fx(b,j)
Jez!
Then Fyx(b,j) is an elementary summand. Both statements (i) and (ii) for Fx (b, j) follow
immediately from those for Fy (¢, 7). Then Qx is an elementary g-holonomic function, and
(50) holds.
(b) Suppose [ < k. Assume that X; = E, and X,y = F;. Let Y = (Y1,...,Y%) be the
sequence defined by Y; = X, for all ¢ except ¥V, = X;,; and Y;;; = X;. By induction, the
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statement holds for Y, and we can define an elementary summand Fy (b, j) for (b,j) € Z**+.
Consider two cases.

Case 1: r # s. Because E,.F, = F,E,, we have X©® =y ®) where ¥ is obtained from b by
swapping the [-th and (I + 1)-components. This case is reduced to the case of Y by defining

FX(baj) = FY(blaj)'
Case 2: r = 5. We have
x©® — Xieft (Eﬁbl)F;(bl“)) Xiight

where
_ .

— (05) o (05)
Xleft—HjE[u_” X7 Xiige Hje[m’k] X,

We have Xyigntly € Homypad,,, (9, 1), where

k
n= U+ W(Xright) =9 — Z bjOéij.

=142
Here the index 4; is defined so that X; = F;, for j > [. Using (14a), we have

X(b)lﬂ _ Z [ <,U, Oér> +th — b 1XleftFr(bl“t)ET(,blt)Xrightlﬂ

) [ et Jyen,
tez
where O’ = (b], ..., b;,) such that b = b; for all i except for i = [, 141, with by = b1 —t, b, =

by —t. Clearly 0’ is a linear function of (b, ).
Note that (9, a,.) = nd(r,m). From the definition of pu,

(i, o) + by — by = nd(r,m) + Lin(b)

where Lin(b) = (w(Xyignt), @) + by — biy1 is a Z-linear form of b. For j € Z'" we write
j = (j',t), i.e. tis the last component of j. For b € Z* and j € Z'™!, define

. Lin(b) BV, ) H(X,b)  if r=m
Llr;(b) Fy (Y, 7)) H(X,b) if r%m,

where H (X, b), defined by (26), is an elementary function of b.

Then Fx (b, j) is an elementary function. Let us prove (i) and (ii), which claim Fx (b, j) =0
under certain conditions. If ¢ < 0, then the first factor on the right hand sides of (53) is 0.
Hence we will assume ¢ > 0 in what follows.

(i) Suppose [|j|lcc > [|b]loo- Then either ||7'|lcc > [|b]lco OF |t| > ||b]|oc. In the first case,
17 lo > |blloc = 1|0 ||co, and Fy (b, j") = 0. In the latter case, the {-th component of ' is
negative. By (ii) we have Fy (¥, ') = 0. Hence Fy (b, j) = 0.

(i) First assume that one of the component of b is negative. Then one of the component
of V' is negative. Hence Fy (¥, ;') = 0, implying Fx(b,j) = 0.



30 STAVROS GAROUFALIDIS, AARON D. LAUDA, AND THANG T.Q. LE

Now assume that (X, b) is tail-negative. Then the third factor in the right hand sides of
(53) is 0. Hence Fx(b,j) = 0.

Let us prove (50). If (X, b) is tail-negative, then both sides of (50) are 0, by Lemma 3.1
and the property of H(X,b). Assume now (X,b) is not tail-negative. Then H(X,b) = 1,
and (50) follows from (52), (53), and the identity (50) applicable to Y.

This completes the proof of the proposition. O

5.2. Coloring with partitions with one column.

Theorem 5.3. Suppose L is an oriented, framed link with r ordered components. There
exists a unique function

Qr: N — Q(q)[z™]
such that for any integer n > 2 and a = (ay,...,a,) € N"N[0,n — 1],
(54) " (eq,,. .. €q,) = eval, (Qr(a)).

Moreover, )y, is elementary, hence a g-holonomic function.

Proof. The uniqueness follows from Lemma 5.1. Let us prove the existence. Suppose L is
the closure of a braid § on m strands, as in Section 3.5. By Proposition 3.3, there exists a

sequence X = (X7,...X}) of elements from E;, F; with¢ =1,...,2m—1 and linear functions
g1,G2 : Z" — Z and f : 2" — ZF such that
T (Carss-erea) = 3 (—1)P g ey, (XU
SEZL

By Proposition 5.2, there exists elementary summand function Fx : ZF — Q(q)[z*!] such
that

T ) = 30 (-1 eval, |37 Fy(f(

SEZ?t JEZ
By (i) of Proposition 5.2,

(55) Fx(f(a;s),7) =0 i ljllc > [I(a;8)[lsc

When |[|s]|lco > [|@]|oo, (X, f(a,s)) is tail-negative, see Proposition 3.3 . Hence, by (ii) of
Proposition 5.2,

(56) Fx(f(a,s),5) =0 if [[s]lec > [|af|oo-
Equations (55) and (56) imply that the sum

=3 2 eI P (f(a,5).)

SEZLL jeZ!

is terminating for each a € Z".
Then @, is elementary g-holonomic, and equation (54) holds. U

Remark 5.4. By our construction, ()7 vanishes in Z" \ N".



THE COLORED HOMFLYPT FUNCTION IS ¢-HOLONOMIC 31

Remark 5.5. Theorem 5.3 gives an alternative construction of the colored HOMFLYPT
polynomial Wy of a framed, oriented link colored by partitions with one column. By the
uniqueness,

Qrlay,...,a.) =Wi(eays---,€aq,)

5.3. The Jacobi-Trudi formula. In this section we explain how to extend the ¢g-holonomicity
of the HOMFLYPT polynomial of a link colored by partitions with one row to the case of
partitions with a fixed number of rows. The key idea is the Jacobi-Trudi formula which ex-
presses the Schur function s, of a partition A\ € P,, considered as an element of the algebra
A, as a determinant of a matrix whose entries are partitions with one row. Observe that for
partitions with one row (resp. one column) we have s,y = h, (resp., Spe) = €q).

The Jacobi-Trudi formula [Mac95] states that if A = (A1,...,A;) € Py, then in A,

where the right hand side is an ¢ x ¢ determinant, with the convention ¢y = 1 and e,, = 0 for
n < 0. For example, if A\ is a partition with three rows with A;, Ay and A3 boxes, then we
have

8)\1,)\2,)\3 - - 6)\1+2€>\26)\3—2 + 6)\1+1€)\2+16)\3—2 + 6)\1+2€/\2—16)\3—1

T X CAp+16A3—1 T EX+1EN; 1603 + h‘)\le)\ge)\g'

Let L denote a framed, oriented link L with r ordered components, and choose a partition
A € Py, and partitions po, . .., p,.. Then, part (c) of Proposition 2.4 implies that

(57) WL()‘7 M, .- 7:“7“) = Z Sgn(o->WL’<€/\1+0'(l)—la sy Expta(0)—t M1y - - - 7/~LT)'

o€Sym,

where L’ is the link obtain from L by replacing the first framed component of L by ¢ of its
parallels.

5.4. Proof of Theorem 1.1. Fix a framed oriented link L with r ordered components.
Using the symmetry of the HOMFLYPT polynomial from part (c) of Proposition 2.4, it
suffices to show that the colored HOMFLYPT polynomial of L, colored by partitions with at
most £ rows, is g-holonomic. Said differently, it suffices to show that the function Wy, o (Lz)r

N — Q(q)[#*!] is g-holonomic. Let A = (A, ..., \y) € N Using Equation (57), we have

(Wp o () ngn IWaL(€fon()s 5 €0, 0)

where the sum is over o = (0y,...,0,) € (Sym,)", sgn(c) = sgn(oy) ...sgn(o,) and AL is the
link with ¢ components obtained from L by replacing each component with its /-th parallel
and f,; : Z'* — 7 are affine. Parts (a) and (e) of Theorem 4.7 together with Theorem 5.3
imply that W o (L;)T) is a sum of g-holonomic functions, thus is ¢g-holonomic. This concludes
the proof of Theorem 1.1. O
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APPENDIX A. THE FORMULA FOR THE INVARIANT OF THE TREFOIL

In this section we give the omitted details of how equation (38) implies equation (39). We
start with equation (38), and observe that
(58)

o6 Ssez(_q)_(Sl+S2+S3)Eéa)E§a)E:(§a>Eéa)E§Sl)F?ESl)E:(iSZ)FB(SQ)ELE)SS)F:S(SS)F2(a>FI§a)F1(a)F2(a)1(n’n7070)

:S1 S;gez(_q)7(s1+s2+53)Eéa)Eia)Eéa)Eéa) (Eésl)Fg(sl)E§32)Fgfs2)Eés3)F§53)1(n7a,n7a,a,a))Fg(a)FgEa)Fl(a>F2<a)1(n,n,0,0)

where we used (13) to include the idempotent in the middle term (and the fact that
(n,n,0,0)—aq; —2aasy —aaz = (n—a,n—a,a,a). The term in parenthesis can be simplified
as follows.
B 0 e ) (B )
(14a) S S S S 89 S
— Eé 1)F3( 1)F3( Q)Eé 2)F3( d)E:(,) 3)1(’”7”‘7”7&0‘7”‘)
(13) . .

(14a)
_ (s1) (1) 12(52) p(s2) n(s3) 12(s3)
F351 E3 1 FBSQ E3 2 F3 3 E353 1(

(s2) p(52) [(53) f(53)
>F32E32F33E35

1(n7a,n7a,a,a)
n—a,n—a,a,a)

= F?ESI)l(nfa,nfa,,anl»sl,afsl)Eé31)F?ESQ)1(n7a,n7a,a+52,a752)E:§52)F,?ES3)1(n7a,n7a,a,+s3,afs3)E§83)

(3.1)

= He(a_Sl)He(a_SQ)He(a_53)F3531) (Eé31)F;3(S2> l(nfa,nfa,aqts%afsg)) (E:gSZ)FBES?)) l(n*ay’ﬂ*a,a+s3’a*33))Eigsg)
(14a) _ _

= He(a—51)He(a—sz)He(a—33)S4Z;5 [32;231] [32:583]]:‘?531) (F?Esz 54)Eé51 84)1(n_a’n_a,a+52’a_s2))

X (F?ES3_35)E§S2_S5)1(n7a,n7a,a+53,a753))E;gsg))l(nfa,nfa,a,a)

(1,3) Z sg+s1][s2+s3] p(s1) plsa—sq)

= He(a_sl)He(a_52)He(a_53)s4 35[ s4 H s5 ]F3 Fy l(nfa,n—a,aJrsl+527s4,a751752+54)

X (E:§51754>F3(53755) 1(n7a,n7a,a+52+83755,a752753+s5)) E{§52755)E;<353)1(n7a,n7a,a,a)

(3.1)

= He(a—s1)He(a—s2)He(a—s3)He(a+s1+s2—sa)He(a+s2+s3—s5) X

4s1][sa+53] m(51) p(s2—54) ( (s1—54) p(s3—s5) (s2-55) 1z(53)
3;5 I il T e (Es 2 R 1<n7a,n7a,a+53+32755,1173375#35))E3 B g —a,0,0)

= He(a—s1)He(a—s2)He(a—s3)He(a+s1+s2—sa)He(a+s2+s3—55) X

[52+s1] [32+S3] [s1+2sz+s?,—34—35]F§51>F§52*54> (F§53*55*56)E§51*54*56)) E§52755)E§53)1<

sS4 S5 6 n—a,n—a,a,a)

54,55,56
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(3.1)
= He(a—s1)He(a—s2)He(a—s3)He(a+s1+s2—s4)He(a+s2+s3—s5)He(a+s1+s2+53—54—85—56) X

[324,-31] [324,-33] [sl+232+ss3—34—s5] (F3(51)F3(52754)F3(53fs5736)) (Eésl754—36)E§32735)E§33))

sS4 S5 6 1(”7‘17"*041111‘1)

$4,55,56
(14d)
= He(a—s1)He(a—s2)He(a—s3)He(a+s1+s2—s4)He(a+s2+s3—s5)He(a+s1+s2+53—54—55—56) X

[52+51] [32+53] [sl+232+53—34—35] [Sl +S2—S4] [Sl +32+83—S4—s5—56]

sals5sel 4 55 56 51 s1tsa—s4

52+s3755:|[sl+sz+s3fs4755756:| (s1+so+s3—s4—s5—56) 2(s1+s2+s3—s4—s5—5¢)
X[ 53 sg9+s3—sg F3 E3 1(n7a,n7a,a,a)-

Then to complete the computation of Ye¢(a)ly from equation (58), set 7 = s1 + so + s3 —
s4 — S5 — ¢ for simplicity and use the above computation to simplify each term in the sum
from (58)

1(7’,,777,70,0) Eéa)Egu.) Eéa)Eéa)F3(51+52+53754755756)E§51+52+53754755756)F2(a)F3(a)F1(a) F2(a,) 1(71777,,0,0)
B9 59 P (0 557) (B B9 59 FO B 1

14b a a a T a a T a a a
U2 () ) (17 B2 (B 0 ) 5 F B 00

(13) a a a T a a T a a a
= Eé >E§ )<E:§ >F:§ >1(n7a,n,7',a7T))Eé )F2< )(Eg )F3( )1(n7a,n,a,0))Fl( )F2( )

098 5 |50 B0 (B8 1) B9 (SO B ) R
= Z 11y E("‘)E‘(a)F“*p?) E(a7p2)E(a)F(a)F(“7p1) E(Tipl)F(a)F(a) "
i P2ilr 2 M1 73 3 2 g "l 3 1 F
(14b) 10 (T—=p2) 12(a) (a) (a—p9) (a) m(a) m(a—p1) [ (a) m(a) (T —p1)
- P1,D2 [p2][p1]1’9 (F3 Ey By )Ed Ey Ry T (F1 VB )119
:P;Q 11 ] (o2 B ) B2 B B R P () B (B,
(17a)
= A [p‘;] [PTI] (11957—71)2) Eéa)E%a)Eéa—l’z)Eéa)FQ(a)Féa—Pl)Fl(a)FQ(a) (‘ST,pl 179)
(13)

= BB (B F s amra ) B FOFOL

(143) — a a a—T a—s a—s a—T1 a a
= ;[n‘;;'] Eé )Ei )Eg ) (F2< 7)E§ 7)1(7170(’”‘7_’0177_)) F3( )F1< )F2< )119

:Z[ns;r] Eéa) (Ega) Eéafr)FQ(afsﬂ) (E£a757)F3(a7-r)F1(a)) F2(a>1,9
ST

(lib) ;[ns_;] E® (FQ(a—S7)E§a)E§a77')) (F?EafT)Fl(a)Eéa—S7))F2(a)10

= Z[ns;r] (Eéa)FQ(a_S7)1(n,n—s7,s7,0))Eia)E‘éa_T)Féa_T)Fl(a) (Eéa_s7)F2(a)119)

(lia) [n—T] [n—S’?] [n—37] (119F2(a7577")2)E§”'*'”2))E§G>E§G*T)F§G*T)Fl(a) (FQ(‘Z*Ul)Eé“*S'?*'”l) 119)

s7,01,v2 " °7 Y1 v2

— Z [ns;r] [n;ls’?] [n;;’?] (119F2(a7577v2)) Ega*UQ)E%‘l)Eéa*T)Féa*T)Fl(a)FQ(aful) (Eéa*S’?*”l) 119)
S$7,V1,V2
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(173') a—v —T T a—v
- $7,U1,V2 [ns;f] [n;{w] [n;257] (1‘95”21“*57)E£ 2)E§Q)E§a )F?Ea )Fl(a)FQ( v (6”1"1757 119)
_Z[n T} [Z z;] I:'Z, j;]E(S7)E(a)E(a T)F(a T)F(a)F(S7)
(13) s 3 s a a—T a—T a s
= ;[n;;] [2:;;] [Z:;;]Eé 7)E§ ) (Eé )F?E )1(n7a,n+afs7,s7,0))F1( )FQ( 7)119
(14a)
— P [ns7f] [Z ;;] [Z ;;] [97]E(S7)E(a> (F(a T— ‘U3)E(a T— U3>1(n a,n+a757,s7,0)) Fl(a>F2(S7) 119
4b
) 5 e ar e R ()
(176.) s a a S
2 3 P ) o) B B O (o 1)
(13)

— ;[ns—?‘r] [Z:§;]2 [GSJT]Eéw) (Eia)Fl(a)l(n,n—s7,s7,0))F2(S7)

(14a) 12 s s a—vy) pla—v s
= 8;4 [ns;r] [2::;]2 [(:777-] I::ZZ]E( 7) (F( 4)E§ 4)1(’”1”737757,0))}72( 7)119
(14b)
= 2 L Ll Gome ) B A (B0
(17a)
(69) = Rl sl ghes

Tracing through this computation we have placed the symbol ¥4 to indicate places where we
must introduce Heaviside functions, so that the end result should be multiplied by He(r).
The Heaviside functions He(a — 7)He(a — s7)He(s; — a) are implied by the definition of
quantum binomial coefficients (15¢). Thus, s; = a and the sum simplifies to

He(["2 1[5 "0 T2 et mo00 BV Fa Lm0

=He(r)[" "] [o% ] 1n.m.0.0) ES” Fs 1 (.mo0.0)

(1ia) He(T)Z [n;r] [QET] [7?6] l(n,n,O,O)FZ(a_UG)Eéa_U6)1(”1"1070)

V6
173 n—r a n
07 He(r) [~ ][]1o
(60) O Her) 7], 10

Putting it altogether, the a-colored trefoil evaluates to equation (39).

APPENDIX B. PROOF OF PARTS (B) AND (C) OF PROPOSITION 2.4

For a compact oriented surface (possibly with boundary) ¥ let S(X) be the HOMFLYPT
skein algebra of ¥, as defined in [AM98, MMO8|. Recall that as a QQ(x,¢)-module, S(X) is

generated by oriented links diagrams on > modulo the regular isotopy, the two relations

K- X-on] ]
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and the relation that a disjoint trivial knot can be removed from a diagram at the expense
of multiplication with 9;:—?;:11. The product LiLs of two links diagrams is the obtained by
placing L; atop Lo. When ¥ is a disk, S(X) = Q(¢, x) via a map L — (L), where (L) is a
framed version of the HOMFLYPT polynomial.

The HOMFLYPT skein algebra of the annulus contains the subalgebra C* generated by
the closure of all braids. It is known that C* is isomorphic to the algebra of symmetric
functions (with ground ring ©Q(q,x)). Under this isomorphism, the Schur function s, of
a partition A corresponds to a certain skein element (), which will be recalled later. The
relation with the colored HOMFLYPT polynomial is as follows. For an oriented link diagram
L on the disk with r ordered components, and for partitions \; for ¢ = 1,...,r we have:

(6]_) WL()\l,...,)\r) = <L*(Q/\1,...7Q)\r)>

Here, L % (Q»,,...,Qx,.) is the Q(q, x)-linear combination of link diagrams on the disk ob-
tained by replacing the ith component of L by @,,. The above equality implies part (b) of
Proposition 2.4.

Let 0 : Q(x,q) — Q(z,q) denote the QR-algebra automorphism given by o(z) = z, 0(q) =
—q~'. One can easily check that o extends to a Q-linear automorphism of S(X) for any X
by setting o(L) := L for any link diagram L on X. It is easy to see that y is an element of
the HOMFLYPT skein algebra of the disk, then

(62) a((y)) = {o(y)).

Lemma B.1. For any partition A one has
(63) o(@x) = Qxi -

Proof. In [AM98], Morton-Aiston gave a geometric description of @), in terms of closures
of braids. Let us recall this formula for partitions with one row h, = (a) or one column
e, = (1%) from [AM9S8, p.11]:

1 N 1 ()~
(64) Q) = Y 6., Quey = > () a,.

¥a) TESym, (1) TESym,

e

Here, for a permutation 7 of Sym,,, w, denotes the positive braid corresponding to 7, and
W, € C denotes the closure of w,. Moreover, a, is given by [AM98, p.14]

(65) on = T ' [hook;i)
(4,9)EX
where hook(ij) is the hook-length of the cell (7, j) of the partition A.

From Equations (64) and (65) one can readily check that 0(Qq)) = Qqe), proving the
lemma for the case A = h, = (a). The case of general A can be proved similarly, using
explicit formulas of @) as described in [AMO98]. Alternatively, one can reduce the general
case to the case of one row as follows. The two Jacobi-Trudy formulas

sx = det ((hx,4j—i)s j=1) syt = det ((ex4j-i)5 1)
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together with the case A\ = h, implies the lemma for general partitions. 0

Suppose L is an oriented link diagram L on the disk with r ordered components, and \;
for e = 1,...,r are partitions. We have

o(Wi(Ar,.. ., A)) =0 ({(L*(Qx,---, @) by (61)
= (oL (@xn,---, Q) by (62)
= (L*(0(Qn),---0(@x,)))
(L (@ Q) by (63)
= WML AD.
This concludes the proof of part (c). O

APPENDIX C. THE RECURSION FOR THE COLORED HOMFLYPT OF THE TREFOIL

Let A € P,_1 be a partition of length < n — 1. We also use A to denote the corresponding
U,(sl,,)-module. For every positive integer k, the theory of ribbon categories gives a repre-
sentation J : By — Aut(A®¥), where By is the braid group on k strands and Aut(A®*) is
the group of U,(sl,)-linear automorphisms of A\**.

Suppose € By, is a braid on m strands, and L = cl(3) is the oriented framed link
obtained by closing 3 in the standard way, with blackboard framing. Then

(66) TL A, ) =ty " (T(8)),
where for a U,(sl,,)-linear map f:V — V,
try (f) = tr(fg.V).
Here the right hand side is the usual trace of fg acting on V, and g € U,(sl,) is the
so-called charm element whose exact formula is not needed here. In particular, for a finite-
dimensional weight a U,(sl,)-module V', the quantum dimension dim, (V') := Jy(V) (where
U is the unknot) is
dim, (V) := tr} (id) = tr(g, V).

Let o be the standard generator of By (see X, of Figure 1). Then J(o) is defined by
the universal R-matrix and the action of J(o) on h%? can be calculated as follows. The
decomposition of A%? into irreducible U, (sl,)-modules has the form

m
®2 _
it = €Dt
k=0

where fi,,, ; is the partition (2m — k, k). Since J(o) is Ugy(sl,)-linear, Schur lemma shows
that there are scalars ¢, € Q(¢*/") such that on h%2,

(67) J(0)|,e2 = D emaid,,, -
k=0

One of the axioms of the ribbon structure of U,(sl,,) is that

(68) J(0)|vew = (' @ i )rvew,
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where r is the ribbon element, which belongs to the center of a certain completion of U,(sl,)
and acts on any finite-dimensional weight U, (sl,, )-module, see [Tur94, Oht02]. Geometrically,
r = Jp, where T is the trivial 1-1 tangle with framing 1, and its action on A is known (see
e.g. [Le00, Equ 1.7]):

(69) rly, = r(\)idy, where r(\) = ¢* ),

Here (-, -) is the inner product on the weight space of U,(s[,,) normalized such that each root
has square length 2, and 2p is the sum of all positive roots.
Using (68) in the square of (67), we get

(Cm,k)2 - r(:um,k) r(th)_Q :

Taking the square root and using (69)), one gets the value of (¢, ), up to sign +1. The sign
can be determined by noting that when ¢ = 1, J(o) is the permutation, J(o)(z; ® x3) =
T9 ® x1. Eventually, we get

(7()) Cone = (_1)k’q—m2/nqm2—2mk’+k2—k.

Suppose Ty is the link closure of ¢®, which is a torus link of type (2,s). By (66) and the
decomposition (67),

m

Jr,(h) = ¢ I, (i) = ¢ () dimg (i 1)
k=0

sk _s(m?—2m 2 :
(_1) kq ( 2mk+k*—k) dlmq(,um,k)

I
NE

il
o

I
NE

(71) (_1)skqs(m2_2mk+k2_k) [ T k—2 } [ r;2m—k—1 } [2m — 2k + 1]

; om—k | pm—kt1]’

i

0

where x = ¢". In the last equality we use the well-known formula for the quantum dimension,
see e.g. [ML03, Equ. (11)], which was first established by Reshetikhin. The right hand side
of (71) gives a formula for Wr, (h,,). When s = 3, we get another formula of Wr, for the
trefoil, which is simpler than the one given in Section 3.7, since it is a one-dimensional sum.

For odd s, let T, be the torus knot T, with 0 framing. Then, adjusting the framing, from
(71) we get

(72) Wfs(hm> = x_m Z(_l)kqs(m—ka+k2_k)

m
k=0

vk —2 1] z;2m —k—1 | [2m — 2k + 1]
k 2m — k 2m —k+1]°

Using the Zeilberger algorithm [PWZ96], we get the recurrence relation for Wy, (hy,) as
described in Section 1.4.
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