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Abstract

This thesis is composed of two parts. The first one is based on our work on
DAHA representations at roots of unity and doubly periodic tableaux [BCMN23].
We give a combinatorial description of X-semisimple graded representations of
the DAHA, showing that these can also be constructed using certain spaces of
intertwiners of quantum group representations. As an application, we prove a
conjecture of Morton and Samuelson [MS21] on the tangle algebra presentation
of the DAHA. In the second half of this work, which is based on [BMN]|, we
begin by defining in a skein theoretic fashion the A, algebra of a given surface.
We then focus on the A, of the disc. We give a basis for this algebra by proving
that it is isomorphic to the space of endomorphisms of a certain quantum group
representation. Finally, we construct representations for the A, of the annulus
and A, ; of the torus from spaces of intertwiners.



Zusammenfassung

Diese Arbeit besteht aus zwei Teilen. Der erste Teil basiert auf unserer Arbeit
iiber DAHA-Darstellungen an Einheitswurzeln und doubly periodic tableaux
[BCMNZ23|. Wir geben eine kombinatorische Beschreibung von X-halbeinfachen
graduierten Darstellungen von DAHA und zeigen, dass diese auch mithilfe bes-
timmter Rdume von Intertwinern von Quantengruppendarstellungen konstruiert
werden kénnen. Als Anwendung beweisen wir eine Vermutung von Morton und
Samuelson [MS21] iiber die Tangle-Algebra-Beschreibung von DAHA. In der
zweiten Hélfte dieser Arbeit, die auf [BMN| basiert, definieren wir zunéchst
die A,-Algebra einer gegebenen Oberflache auf skeintheoretische Weise. Dann
konzentrieren wir uns auf die A, der Kreisscheibe. Wir geben eine Basis an diese
Algebra, indem wir beweisen, dass sie isomorph zum Raum der Endomorphis-
men einer bestimmten Quantengruppendarstellung ist. Schlieflich zeigen wir,
wie man Intertwinern verwenden kann, um Darstellungen fiir A, des Kreisrings
und fiir A, ; des Torus zu konstruieren.
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Introduction

The first chapter of this thesis is based on [BCMN23]. The paper contains
two main results: the classification of X-semisimple representations at roots
of one and their reincarnation as spaces of intertwiners, which are then com-
bined to prove the tangle algebra presentation of the DAHA proposed in [MS21].
The crucial objects in both results turn out to be doubly periodic tableauz. In
[BCMN23|, we explore in detail the combinatorial properties of these tableaux,
however, in this work, we choose to take the perspective of DAHA representa-
tions, therefore, we limit ourselves to the facts that are relevant to prove the
results above. Furthermore, we would like to explain the general context in
which the representations defined in the paper arise.

The second chapter is based on joint work with Léa Bittmann and Anton
Mellit, that will converge into the upcoming paper [BMN|. The aim of this
project is to approach similar questions to those we answered for the DAHA for
the double Dyck path algebra A,;. We take a reverse approach, as we begin
by defining an A, ; algebra attached to a surface, to then focus on some specific
examples that should recover the usual A, and A, algebras (with inverses of
the variables). We prove then some Schur-Weyl duality-like results for these
algebras.

0.1 Representation theory and skein theory of
the GL, DAHA

The double affine Hecke algebra (DAHA) was introduced by Cherednik and
gained its popularity when he gave a complete proof of Macdonald’s constant
term conjecture via DAHA [Che95]. Being related to Macdonald polynomials,
the DAHA shares with this special family of polynomials its ubiquity in sev-
eral fields of Mathematics, such as Algebraic Geometry, Representation Theory,
Quantum Algebra and Knot Theory. The DAHA and its degenerations, the
trigonometric and rational Cherednik algebras, were indeed connected to many
geometric objects, such as the Hilbert scheme (see e.g. [GN15], [GS05], [GS06])
and the affine Springer fiber ( [OY16]), and to torus knot invariants ( [GORS14],
|GN15], |[CD16]). This work will be focused on three main aspects of DAHA
theory. The first is the study of its X-semisimple representations. This class



of representations is quite natural to consider, as even the very first example
of DAHA representation, the polynomial representation, falls into this cate-
gory. Moreover, as we shall see in detail, this class of representations can be
fully understood by means of some very interesting combinatorial tools. When
considering X-semisimple representations away from roots of unity, the com-
binatorial objects we end up dealing with are periodic skew tableaux [SVO05|,
whereas, when the parameters are roots of unity, we have to use doubly peri-
odic tableux [BCMN23|. The second element of DAHA theory that we want to
consider is Schur-Weyl duality-like results. These results (in [JV18] away from
roots of unity and [BCMN23|] for the root of unity case) give a construction
of some DAHA module using intertwiners of quantum group representations.
As it turns out, this type of Schur-Weyl duality is in fact linked to our first
point of interest. In both cases, the authors are indeed able to identify these
DAHA modules with a certain X-semisimple representations, reconstructing the
corresponding tableaux. Finally, we will be interested in the skein description
of the DAHA. The DAHA is known to be isomorphic to a braid skein algebra
( [MS21]). We will show, following [BCMN23|, that the tangle skein algebra
description proposed in [MS21] is also isomorphic to the DAHA.

0.2 Representation theory and skein theory of
Ay

The A, algebra (or double Dyck path algebra or Carlsson-Mellit algebra) was
first introduced in [CM18§] by Carlsson and Mellit to prove the shuffle conjecture.
Its connections to Geometry were later explored in [CGM20|, where the authors
define an A, ¢-action on the parabolic flag Hilbert scheme. In some sense, the
A, algebra can be considered as a relative of the DAHA: already in [CM18|,
we can find a comparison between the two, as, at a first glance, one might be
tempted to hope that the (positive half of the) DAHA embeds into A, ;. This
is not the case, however, one can make sense of the relation between the two
algebras by consulting for example [IW24] and [Wei24]. As a matter of fact,
in [TW24], we can find a way to interpret the subalgebra generated by some
elements of A, ; as a stable limit of the DAHA and the polynomial representation
restricted to this subalgebra is constructed from polynomial representation of
the DAHA. More recently, in [Wei24], the author constructs representations for
certain subalgebras of B, ;, an algebra introduced and proved to be equivalent
to Ay in [CGM20], from representations of DAHA. In conclusion, it is natural
to investigate whether we can have A,: analogues for our DAHA results. We
will start from giving a skein theoretic version of A, ;. We would like to remark
that [Mel21] already showed that the A, has interesting connections to skein
theory and is somewhat expected to admit a skein theoretic interpretation. We
want to emphasize that the construction we present here is not original and
is based on unpublished notes by Anton Mellit [Mel19]. From here, it will be
natural to consider certain subalgebras of the A, of the torus and we will



prove certain Schur-Weyl duality results for them. A very nice byproduct of
these proofs will be a description of a basis for one of these subalgebras. It is
worth remarking at this point that, even if the results appear to be very similar
to the ones for the DAHA, they cannot be easily derived from those; on the
contrary, the techniques used in the proofs turn out to be quite different and
only occasionally rely on some classic facts about AHA representations.

Conventions

Throughout the text we will use English notation for tableaux. We will use
reading conventions, so, when writing (¢, j) for a cell, we mean that i goes from
left to right and j from top to bottom. We depict tableaux as follows: we
embed Z? C R? and draw a tableau o by writing the label o(z,y) in the center
of the square cell with top left corner (z,y). In Chapter 1, we will follow the
notations of [BCMN23| with the sole difference that we replace the m of the
DAHA H,(m) in [BCMN23| by n to try to make our conventions as uniform
as possible.



Chapter 1

Doubly periodic tableaux,
DAHA and quantum group
representations

1.1 Introduction

The goal of this chapter is to explain the content of [BCMN23] focusing on its
representation theoretic aspects. More precisely, we will take the perspective of
DAHA theory, avoiding diving into the combinatorial results concerning doubly
periodic tableaux. We will also offer an overview of the context in which the
original results therein arise. Before presenting the results of the paper, we recall
the main facts concerning the GL,, DAHA that are connected to this work. We
begin by giving an introduction to affine root systems and, in particular, to the
extended affine Weyl group of type GL,,, the extended affine permutation group.
We will then give a general introduction to the GL,, DAHA and its polynomial
representation to then proceed to focus on X-semisimple representations. We
will give a brief explanation of how these were classifed in [SVO05] in the generic
case. Afterwards, we start presenting the actual content of [BCMN23|. Here we
focus on the root of unity case and give a combinatorial description of graded
X-semisimple representations. We will use these representations to construct
a faithful representation, which will be later used to prove the tangle algebra
presentation of the DAHA. Graded X-semisimple representations have an al-
ternative construction based on quantum group representations. This will be
the main topic of Section This is the key to link the results obtained from
our DPT construction to the skein presentation of the DAHA, which will be
presented in Section [I.5



1.2 The DAHA of type GL,

In this work, we will be interested in the DAHA of type GL,, (we prefer this
terminology to "type A" to avoid confusion with the DAHA of type SL,). The
recipe to construct a DAHA of a given type goes as follows. We consider the
Weyl group of this type and take its extended affine version. At this point, we
build its corresponding affine Hecke algebra. Finally, we glue two copies of this
AHA along a common representation. As we will be solely dealing with the
DAHA of type GL,, after giving some general preliminaries on root systems
and Weyl groups, we will soon specialize to type A and define the DAHA and
its polynomial representation for type GL,,.

1.2.1 Affine root systems and extended affine Weyl group

Let us quickly recall the general definitions of affine root system and correspond-
ing (extended) affine Weyl group. We follow |[Mac03] in our exposition.

Let R be a reduced irreducible root system, spanning an n dimensional
Euclidean vector space E. The space E is endowed with a scalar product (-, -).
We fix simple roots aji,...,a, and denote by Ry and R_ the positive and
the negative roots respectively. For a root @ € R, we denote ¥ = (3%) the
corresponding coroot and RV the set of the coroots. Let @ be the root lattice
> acr Za and let P be the weight lattice, i.e. the elements of E having integral
pairing with the coroots. Similarly, we set Q¥ =3 v Za" the coroot lattice
and PV to be the coweight lattice, i.e. the elements of E with integral pairing
with the roots(. R)ecall the Weyl group W is the group generated by reflections
Sa(z) =x — 2ty

(e,) 7

Definition 1.2.1. The affine root system is the subset of R"t! given by
R* ={[a,k]:a € R,k € Z}.

For a = [a, k] € R*, the corresponding reflection is given by s,(z) = = —
2((z,0)+k)
(a,0)
Definition 1.2.2. The affine Weyl group W* is the group generated by the

reflections s,, for a € R®.

Q.

Remark 1.2.3. One can verify that W = #(Q") x W, where ¢(Q") denotes the
translations by the elements of the coroot lattice.

Remark 1.2.4. The affine Weyl group is generated by the reflections s,,, for
simple roots «;, and s_p 1, where 6 is the highest root.

The simple affine roots are give by the (finite) simple roots a, ..., a, and
o = [—0, 1}

Definition 1.2.5. The alcoves are the connected components of E \ UH, k,
where H, i {z € E : (z,a) = k}. The fundamental alcove is the alcove defined
by A={z € E: a;(x),0 <i<n}.



Definition 1.2.6. The extended affine Weyl group W is defined as t(PY)x W.

Let us recall the definition of length for an element of the Weyl group. The
length of w is the length I(w) of a minimal expressions in the generators s,,. We
know the length is also equal to [{ Ry Nw~!(R_)}|. This definition can actually
be extended to elements of the extended affine Weyl group by replacing Ry with
RS.

Let

Q={weW*®:l(w) =0}

Then Q ~ PY/QV. One can prove that W ~ Q x W

1.2.2 The extended affine permutation group

We now want to specialize the notion of extended affine Weyl group to type
GL,, and study some of its properties. In this case the (finite) Weyl group is
the permutation group, whereas the extended affine Weyl group is the eztended
affine permutation group &¢,.

We recall here its definition:

SiSi+18; = Si+1SiSi+1, i€ Z/TLZ

~. . $iS; = 8;8i, j#i1+1 modn
6n<7r,si,z€Z/nZ| 52J:1 J i € Z/n .
TS; = Si41T, i € Z/nZ.

Remark 1.2.7. In general, the extended affine Weyl group contains the Weyl
group and the affine Weyl group. In this case, we can see that G, contains the
symmetric group &,,, generated by the reflections s; for 1 < i < n, as well as
the affine permutation group &,, as the subgroup generated by the reflections
Si,1 € Z/nZ.

An element of the extended affine permutation group can be interpreted as
bijection f : Z — Z satistying f(i+n) = f(i) +n. The generators act as follows:

si(j)=74+1 forj=i modn
si(j)=j—1 forj=i+1 modn
si(j) =17 for j#i4,i+1 modn
m(j)=4+1 forallj.

Remark 1.2.8. The elements of the affine permutation group én are the affine
permutations f satisfying > | f(i) = @

Remark 1.2.9. We can give a convenient description of the minimal length left
coset of representatives &,,/6,, as the permutations satisfying f(1) < f(2) <
<+ < f(n) (see e.g. [Hum90]).

1.2.3 The DAHA and its polynomial representation

Let us begin this section by defining the affine Hecke algebra of type GL,,.



Definition 1.2.10. The affine Hecke algebra is the algebra over K generated
by 71, Ty, ..., Tn_1 subject to the relations

(T, —¢)(T;+1)=0,fori=0,...,n—1;

(1)
(2) TVT; =T;T;if i £ 7+ 1 mod n;

(3) II;T;, =T,T;T; f i=j+ 1 mod n.

(4) nTim=t =T, fori=0,....n—2, 7T, 17! = Tp.

The affine Hecke algebra admits the induced representation and the so-called
Cherednik’s basic representation on the same polynomial ring (see e.g. [Sim17]).
The DAHA is obtained by gluing two copies of the AHA along this common
representation.

Definition 1.2.11. Let n € Z~5. The double affine Hecke algebra H,;(n) is
the algebra over C[g*!,t*!] generated by

TOaTla'"aTn—lv’]TilaXitlezilw"aXflv
subject to the relations
(1) (E_q)(ﬂ"i-l):(), fOI"L:O,ﬂ’L—l,

4) T;X;Ty = qXip1, fori=1,...n— 1, Tp X, Ty = t " *qX1;

6) TX;m =Xy, fori=1,....n—1, 71X, 7 =t71Xy;

7

(2)

(3)

(4)

(5) T} X; = X,T;, for j # 4,1+ 1;
(6)

(7) nlim=t =T, fori=0,....n—2, 7T, 17! = Tp;
(3)

8 XlXj = Xin, for 1,J € {1, . .,n}.

For n = 2, the double affine Hecke algebra Hq,t(Z) is the algebra defined by the
same generators and relations (1),(4)-(8).

We call the small DAHA H, ;(n)* the subalgebra of H,;(n) generated by
To, Th,. .., Tp 1 and X714 XFL . XEL

Remark 1.2.12. The generators T1,...,T,_1,7*! form an affine Hecke algebra
(according to our definition) and so do the generators Ty, ..., T, 1, Xlil, co, X
(see for example section 2.4 of [Sim17]). These two presentations reflect the two
ways to express the Weyl group as a semidirect product we saw in Section [1.2.1

Remark 1.2.13. The DAHA admits a grading given by

deg(r®!) = +1,
deg(XE) = deg(T;) =0, (i € Z).



The DAHA admits a so-called polynomial representations. In fact, this is
precisely the common representation of the two copies of the AHA glued together
to form the DAHA. This was used by Cherednik in |[Che95] to prove Macdonald
constant term conjecture. We refer the reader to Cherednik’s book [Che05]
for details on the construction. The fact that will be crucial later on is that
this representation is faithful. To match the notation in [BCMN23|, we use
C(gq,t)[Y;E, ..., Y;E] as the base space of the polynomial representation.

The polynomial representation, which we denote from now on by P, admits
a basis of weight vectors indexed by the the minimal length left coset represen-
tatives in &¢/6,,. It will be important to us that 1 is an element of this basis
with weight (1,q,...,¢" ). Moreover, as f varies in the set of minimal length
coset representatives S = {f € @i|f(1) < f(2) < --- < f(n)}, the set Ty(1)
forms a basis.

We state here the faithfulness result for the polynomial representation, whose
proof can be found in |[Che05].

Theorem 1.2.14. The polynomial representation of the DAHA is faithful when
q and t are treated as formal parameters or specialized to complex values which
are not roots of unity.

1.3 X-semisimple representations of DAHA

1.3.1 X-semisimple representations and their properties

Definition 1.3.1. A representation M of Hqﬂg is called X-semisimple if it is
finitely generated and admits a decomposition M = ®,,M,, with dim M,, < co
for all weights w.

In Section 4.2 of [SV05|, the authors study the general structure of X-
semisimple representations making use of intertwiners. DAHA intertwiners are
elements ¢y, for f in the extended affine permutation group, that send an el-
ement of the weight space M, to the space My(,). In that section, it shown
that, when ¢ is not a root of unity, the nonzero weight spaces are always one-
dimensional. As we shall see, this will no longer be the case when the parameters
are specialized to roots of unity.

1.3.2 Periodic skew tableaux

We will give a short overview of the content of [SV05], where the authors classify
X-semisimple representations via periodic skew tableaux. It was proved that
there is an X-semisimple DAHA action on the space whose basis is indexed by
standard tableaux with a certain periodic skew shape. In fact, any irreducible X-
semisimple representation of the DAHA away from roots of unity is isomorphic
to one constructed in this fashion.



Let us begin by introducing the necessary combinatorial notions. We want
to consider partitions in

Agn =D=M\ >--2A)eZV: N\ — Ay <K}

Recall that, for partitions A, u such that A; > p;, we can define the skew diagram
A/p. More precisely, we are interested in pairs of diagrams in the sets

N
Ty = {0 n) € Axn X Agonv s i > iy » (A — i) = n}
i=1

and
N

(v =1 p) € A v X Ag Nt A > i, Z()\i — ;) =n}
i=1

For \, u € J(”K N> We can define \/u as

Mu={(z,9) €Z* 2 € {uy,+1,....,. 0,y € {1,...,N}}

Here and throughout this work, we are using reading directions, meaning that
the x-axis points towards the right and the y—axis/_p\oints downwards. We can
define the corresponding periodic skew diagram as A/ as the union of translates
M p+m(K,—N). A periodic skew tableauz is a function T : A/u — Z such that
T(u+ (K,—N)) =T(u) +n. A periodic skew tableaux is said to be standard if
it is increasing from left to right and top to bottom. We denote by PST(\, u)
the set of standard periodic skew tableaux of shape \/p.

Ezample 1.3.2. A = (4,3,1) and p = (2,1,0) belong to J§’73 and the skew
diagram A/p is

L]

Here an example of (part of) a standard periodic skew tableau of shape )\//71,
with fundamental domain colored in gray:

—4]-3




The extended affine permutation group clearly acts on periodic skew dia-
grams by permuting the labels, however, in general, it does not send a standard
tableaux to a standard tableaux.

We define the content of a periodic skew tableaux to be the function C’%/ "

7, — 7 given by Cj)l/“(i) =1z — vy, where T(z,y) = i.
We can now define the DAHA action of periodic skew tableaux. Let V/(\, p) =
©repst(r/u)Crr. We assume that ¢ is not a root of unity and ¢ = gk,

Theorem 1.3.3 (Theorem 4.17 [SVO05|). The DAHA H, ;(n) acts V(\, i) by

Xy =" Dvp,  wvp = ver,
qur if i is to the left of i + 1,
Tivp = —Vr if i is on top of i + 1,

17q1+CT(i)*CT('L+1) .
T gCr=Cr D Vai(T) otherwise.

1—q
~igero-erm VT +

The representation V(A u) is irreducible. Moreover, any irreducible X-
semisimple representation is isomorphic to V(A, u) for some choice of A\ and

L

Theorem 1.3.4 (Theorem 4.20 [SV05|). Letn € Z>3 and k € Z>1. Let L be an
irreducible X -semisimple H,i-module where t acts as q", then L is isomorphic
to V(A p) for some (A, ) € Jipr . for some m € [1, k]

We give a sketch of the strategy of the proof, as we will use the same method
to show our classification result for the root of unity case (Theorem 1.3.31)). The
first step of the proof is to show that from a weight of the representation one
can construct a content function, which in turn gives us a skew periodic tableau.
Once this tableau has been determined, the final step consists in showing that
one can obtain an isomorphism by sending the chosen weight vector to the vector
attached to the tableau.

1.3.3 Graded X-semisimple representations

We now want to introduce the class of representations that we will be dealing
with in the root of unity case. Recall from Remark [1.2.13] that the DAHA has
a grading

deg(r®!) = +1,
deg(XE) = deg(T;) =0, (i € 7).
Definition 1.3.5. A representation M of a graded algebra A = @pez Apisa

graded representation if it admits a decomposition M = €, ., M; such that, for
all (p,i) € Z2,

€L

Ap . Mi C Mp+i'
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Remark 1.3.6. A graded representation of the DAHA decomposes into M =
@D,z M; such that for all (p,i) € Z2, 7 (M;) C M.

From the definition of the grading, we immediately have the following.
Lemma 1.3.7. A graded representation M = @,., M; of H, 1(n) is irreducible

as a graded representation if and only if each graded piece M; is an irreducible
representation of the small DAHA H,,(n)®.

In that case, we say that M is a graded irreducible representation. In the next
section, we will give a combinatorial classification of all such representations.

1.3.4 DPT and representations at roots of unity

From this section until the end of the chapter, we will be focusing on the content

of [BCMN23|. However, our exposition will be slightly different as we will try

to assume as much as possible the perspective of DAHA representation theory.
Fix integers K, N, a,b, let n = aN — bK, and assume that n > 0.

Definition 1.3.8. A doubly periodic tableau with respect to (K, N,a,b) is a
surjective function o : Z? — Z satisfying

(1) oz + K,y— N) =o(z,y),
(2) o(x+a,y—b) =o(z,y) +n,

for all x,y € Z.

Let DPT(K, N, a,b) denote the set of all standard doubly period tableaux
with respect to (K, N, a,b).

Also here, we will always use reading coordinates for Z2, i.e. the z-axis will
be oriented from left to right and the y-axis from top to bottom.

Remark 1.3.9. We note that, for any r € Z, it follows immediately from the
definition that

DPT(K, N,a,b) = DPT(K,N,a+rK,b+rN).

We state here a few facts concerning DPT that will be used later; the com-
plete proofs can be found in [BCMN23].

Lemma 1.3.10. The set DPT(K, N, a,b) is nonempty if and only if K, N > 0.

Lemma 1.3.11. Let o € DPT(K, N,a,b), r € Z, and (x,y), (z',y') € Z*. Then
o(z,y) = o', y') +rn if and only if (z,y) = (2',y') + s(K, =N) +r(a, =b) for
some s € Z.

Let us introduce a few definitions that will help us encode the information
contained in a DPT.

11



Definition 1.3.12. Let 0 € DPT(K, N,a,b). The extended fundamental do-
main of o is
Al(o) = {(z,y) € 2* |1 < a(x,y) < n}.

The fundamental domain of o is
Ao) ={(z,y) e Al(0) |[0<y <N}

Ezample 1.3.13. Here an example of a (portion of a) standard doubly periodic
tableau with K =3, N =2,a=1,b=-1,n=1-2—(-1)-3=5.

—14-12-10 -8|—6|—4|—-2| 0
—11-9|-7|-5|-3|-1 7
0(2[4(6]|8]10
—5|—=3|-1| 13 |5 | 7|9 [11]13
6
9

8 |10( 12|14 |16
11113 |15|17|19

We highlight the fundamental domain in gray, in pink its translates by £(a, —b)
and in teal by +(K,—N). The portion of the extended fundamental domain
which appears in the picture is therefore made of the boxes in gray and teal.
We write in purple the filling of the (0,0) box.

It will be useful to introduce this notation. To a DPT o we associate a
partition A = (A1,...,Ax) € ZV such that A\; > --- > Ay as follows

Ai=min{z € Z|o(z,i—1) > 1}.

We will see later that these partitions end up belonging to the fundamental
alcove Ag n. Clearly, we can let the extended affine permutation group act on
the set of DPT, however, it is also immediate to see that the image of a standard
DPT under this action might not still be standard. It is therefore worth taking
a look at what happens when "acting" by permutations to then be able to define
a(n actual) affine Hecke algebra action on DPT(K, N, a,b).

Definition 1.3.14. We say a permutation is allowed to act on a standard DPT
o if the image of ¢ is again standard.

Remark 1.3.15. For any tableau 0 € DPT(K, N,a,b), the action of the Weyl
group &,, (when it is allowed to act) preserves the extended fundamental domain
and the fundamental domain.

Proposition 1.3.16. For o1,09 € DPT(K, N,a,b) there exists a unique n-
affine permutation f € &¢ such that os(x,y) = f(oi(x,y)) for all x,y € Z>.
We denote this affine permutation by Jgafl.

12



Proof. Given an affine permutation f with oo = foy, then for 0 < i < n, pick
(x,y) € Z* with o1(x,y) = i. Then

f(i) = aa(z,y). (1.3.1)

This proves uniqueness.

Moreover, gives a well defined affine permutation. Indeed, if oy (z,y) =
o1(z',y'), then (2/,y') = (z,y) + s(K,—N) for some s € Z by Lemma [1.3.11]
and it follows that oo(x,y) = o2(2’,y'). We also have to show the values
f(0),..., f(n —1) are distinct modulo n. Suppose this is not the case and let
0 <i<j<nwith f(i) = f(j) + rn for some n. There exists (z,y) € Z? and
(',y') € Z? such that oy(z,y) =i, and o1(2’,y') = j. Thus oa(x,y) = f(i) =
o2(2’,y')+rn. By Lemmal[l.3.11] we have (z,y) = (2/,y')+7(a, —b)+s(K,—N)
for some s € Z. We can conclude that i = j + rn, from which it follows that
r =0 and ¢ = j, a contradiction. O

Proposition 1.3.17. If an n-affine permutation f is allowed to act on o and
f=m"s5 ...55 is a minimal length expression of f, thenm, for eachi =1...¢,

the permutation s, is allowed to act on sj,,, ...s;,0.

Proof. Assume now that there is a value of ¢ for which s;, is not allowed to
act on sj,,, ...55,0. Set h = 7"s; ...s;_, and g = sj,,, ...5j,. Since s;,(go)
is not standard, we have s;,(go)(z + 1,y) = k and s;,(go)(z,y) = k+ 1 or
sj,(go)(z,y+1) = k and s;,(go)(z,y) = k+1, for some choice of (z,y) € Z*. By
the minimality of the length of the expression for f, we have that [(hsj,) > I(h),
which implies (see e.g. [Hum90|) that h(k) < h(k + 1). This means, in the first
case, that hs;,(go)(x + 1,y) < hsj,(go)(z,y). Similarly, in the second case, we
see that hsj,(go)(z,y + 1) < hs;,(go)(x,y). In both cases this implies that fo
is not standard, contradicting our hypothesis. O

In order to understand which permutations are allowed to act on a given
DPT, we introduce the concept of content.

Definition 1.3.18. The content function of 0 € DPT(K, N, a, b) is the function
Cy : Z — Z/(N + K)Z sending i € Z to the difference x — y mod (N + K),
where o(z,y) = i.

We can see that, if two cells (x, %), (2/,y) € Z? are both labelled with 7, then
x—y— (' —y') is a multiple of N + K, so the content function is well defined.

Remark 1.3.19. Recall that a box (z,y) is situated along the j-th diagonal if
x —y = j. So we note that the content function of ¢ determines along which
diagonals we can find the box labelled by 4.

The following proposition is immediate to check.

Proposition 1.3.20. The generator s; oféfl is allowed to act on o € DPT(K, N, a,b)
if and only if Cy(i) — Co(i+1) # £1 mod (N + K).

The content function associated to a tableau uniquely determines it in the
sense of the following proposition.
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Proposition 1.3.21. Let (K, N,a,b) and (K',N',a’, V') be such that n = aN —
bK =a'N' —VK'. The following are equivalent:

(1) C, = Cy for some o € DPT(K, N,a,b) and o/ € DPT(K', N',d’, V),

(2) K =K', N =N’ and there exists a pair (r,s) € Z* such that a’ = a+1rK,
¥ =b+rN and o'(z,y) = o(x + s,y + s), for all (z,y) € Z>.

For the proof we rely on Proposition [1.3.30] which we decided to state and
prove next to its direct application, however, the reader interested in the proof
of this proposition might want to take a look at it before going further.

Proof. We know from Remark that any o € DPT(K, N,a,b) is also an
element of DPT(K, N, (a+7rK,b+rN), for all r € Z. Moreover, it is immediate
to see that o,0’ satisfying o/(z,y) = o(z + s,y + s), for some s € Z, will have
the same content function. So we have proved that (2) = (1).

The proof of (1) = (2) is a consequence of the proof of Proposition
If C, = C,/, then we have N + K = N’ + K'. Using the notations of the proof
of Proposition i(()l) is the smallest positive value in the 0-diagonal of both
o and o’. Thus there exists (s1,s2) € Z? such that o(s1,51) = 0/(s2, 82) = iél).
Then, again from the same proof, a (K, N)-periodic lattice path is uniquely
constructed from the content function, up to this diagonal shift. This implies
that K = K’ and N = N'.

The filling is then uniquely extended to a (K, N)-periodic standard filling
of Z2, using the content function. We see that o/(z,y) = o(x + s,y + s), with
s =81 — 89, for all (x,y) € Z2.

Finally, (a, —b) (resp. (a’,—b")) is the n-periodicity of o (resp. o), defined
modulo (K, N). Since o and ¢’ have the same fillings up to diagonal shift (see
again the proof of Proposition , we deduce that there exists r € Z such
that (a/,b’) = (a,b) + r(K, N).

O
Proposition 1.3.22. The DAHA H, (n) acts on Wik, N,ab) bY
XiVe = W, (1), TV = Vno,
qVs if i is to the left of i + 1,
Tive =& —Vs if i is on top of 1 + 1,

1— 1—qwy (1) (we (i41)) 71 .
- 17w0(i)(wc,q(i+l))_1 Vo + lfq;;(i)(ng(ﬂrl))—l Vs,(o) Otherwise.

Proof. We show here the relations that can be immediately verified:

T XiVe = Wo (1) Vno, Ximvy = XiVpo = Wo (i — Ve = 7X; = Xipm
7X, =t"'Xim, where t=¢q %"

The remaining relations can be checked by direct computation (see also
[Ram03b]).
O
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Remark 1.3.23. Note that T;v, is simply a multiple of v, when s; is not allowed
to act on o and, when s; is allowed to act on o, it is a sum of a multiple of v,
and a non-zero multiple of vy, by [[.3:20]

As we shall see, these representations have slightly different properties than
the usual semisimple representations at generic ¢ ant t. The weight spaces are
easily seen to be no longer one-dimensional: for example, every diagonal shift
of a given DPT is again a DPT and its content function will be the same.
Therefore, every weight space is clearly infinite dimensional. Moreover the rep-
resentations are no longer irreducible. However, we can change our perspective
and look at Wk n.ap) as a graded X-semisimple representations, then it will
still have many desirable properties. Moreover, as we shall see, representations
of this form classify all graded X-semisimple representations.

Let us define a grading on DPT. We set

N

deg(o) = — Z i

i=1

For a basis vector v,, we define its degree to be

deg(vy) = deg(a).

Let us take a moment to see why this is a sensible definition and it turns
the representation Wik n.qp) into a graded X-semisimple representation.

Recall Remark which tells us that the action of the (non-extended)
affine Weyl group leaves the fundamental domain (hence the corresponding par-
tition) of a DPT o unaltered. This means that the actions of the generators
XZ-jEl and T; do not change the degree of v,. We now have to check that =
shifts the degree by +1. Let us give a precise description of the action of m
on a DPT. Let (z,,y,) be the cell in Ala,b] \ A such that o(x,,y,) = n. Pick
s € Z such that (zo,yo) := (Tn,Yn) — (@, —b) +s(K, —N) has 0 < yop < N. Then
xo = Ay, +b—sN+1 — 1 and o(zo,yo) = 0. Then we have

N—1 ifi=y,+b—sN+1
(7’(')\)1:
i else.

Ezample 1.3.24. For (K, N,a,b) = (3,2,1,—1), we look at the tableau of Ex-
ample [[.3.13] and we see that the actions of m changes the fundamental domain
(in gray) and changes the partition associated to the tableau:

—7|=5|-3|-1| 1|3 LN —6|—4|-2|0| 2|4
—4|-210]|2|4|6 =3|-11 13|56 |7
1135|719 0[2|4|6]|8]10
214|6|81(10(12 315|719 (11|13

We now want to show that W n,4p) it is irreducible. In order to do so, we
will need the following easy lemma.
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Lemma 1.3.25. Let 0,7 € DPT(K, N,a,b). Then the following are equivalent:
(1) o=1,
(2) deg(o) = deg(r) and C, = C;.
Proof. This is a consequence of Proposition O
We are now ready to prove irreducibility.

Theorem 1.3.26. The representation Wk nap) s an irreducible graded X -
semisimple representation of Hy4(n).

Proof. The fact that Wk n 4. is a graded X-semisimple representation is clear
from the definition of the action in Proposition[I.:3.22]and our choice of the grad-
ing. We have to prove only irreducibility. Take a non-zero graded X-semisimple
submodule M. By Lemma as M is graded, we can find a non-zero weight
vector v, € M, for some o € DPT(K, N, a,b). By Proposition we know
that, for any tableau 7 € DPT(K, N, a,b), we can find an affine permutation
f such that fo = 7. By Proposition [[.3.17] and Remark [1.3.23] the action of
Ty + deg%’gﬂc h,T,, for some coefficients h, € Clg*,tF[XT!, ... X+,
where < denotes the Bruhat order, takes v, to a non-zero multiple of v,.

We have then proven that every weight vector has to be contained in M, so
M =Wk Nap- O

Remark 1.3.27. Note that a consequence of the previous theorem is that each
graded piece (W n,q,p)): is an irreducible X-semisimple representation of the
small DAHA H, ;(n)® (recall Lemma[1.3.7).

1.3.5 Classification of graded X-semisimple representations

Analogously to the case of representations from periodic skew tableaux, the
representations defined via DPT provide a classification of graded X-semisimple
representations of the DAHA at roots of unity.

For A > 3 and B € Z/AZ, we define E%A’B) to be the set of isomorphism
classes of irreducible graded X-semisimple representations of qut(n) where q
acts as a primitive A-th root of unity and t as ¢~ 5.

We can now state our classification theorem.

Theorem 1.3.28. Let A >3 and B € Z/AZ. Let
JWAPB) .— {(K,N,a,b) : aN —bK =n,N+ K = A,a+b= B}/ ~,
where the relation ~ is given by (K, N,a,b) ~ (K',N',d",V) if K = K',N =
N,a=d +rK,b=1 +rN.
Then the map (K, N,a,b) — Wk n.ap) induces a bijection

JAB) =, 5(AB), (1.3.2)
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We will need two intermediate results to prove this theorem. We have to show
that, given a graded X-semisimple representation, it is isomorphic to a repre-
sentation from DPT. Secondly, two representations Wk n 4.) and Wigs n7.ar )
are isomorphic precisely when (K, N, a,b) ~ (K’', N’ d’, V"), according to the re-
lation ~ in the statement.

For the first step we will use methods that are analogous to those used
in [SV05| to prove the classification in the generic case.

For a Hq,t(n)-module M such that ¢ acts as a primitive A-th root of unity,
and t as ¢~ P, we extend the notion of weight periodically. For a weight w and
i € Z, write i = i + kn, with i € [1,n], then

kB

The map Z — ¢%,i — w; will still be denoted by w.

The following result is stated and proved by Suzuki-Vazirani in [SV05, Lemma
4.19] when ¢ is not a root of unity, by induction on j — ¢, but can be adapted
to our situation as long as ¢ does not have order 2.

Lemma 1.3.29. Let L be an irreducible X -semisimple H, +(n)*-module, where
q acts as a primitive A-th root of unity with A # 2. For any weight w and
i,j € Z such that i < j and w; = wj, there exists px € [i + 1,7 — 1] respectively
satisfying:
w; = ¢ wp, .
The following is the analogue in our situation of Proposition 3.20 of [SV05]
and will be the key result to construct a tableau from a weight w € M.

Proposition 1.3.30. Let A € Z~o, B € Z/AZ, and C : Z — Z/AZ, satisfying
(1) C(i+n)=C(i)+ B mod A;
(2) Fori,j € C~Y(r),r € ZJAZ, such that there is no integer between i and j
in C~Y(r), there exist unique i < p+ < j such that py € C~1(r £1).

Then there exist integers K, N,a,b such that N+ K = A,a+b= B,aN—Kb=n
and o € DPT(K, N, a,b) such that C = C,.

Note that the content function C,, of any o € DPT(K, N, a,b) clearly satisfies
conditions (1) and (2), with A= N+ K, B=a+b.

Proof. First of all, we see that conditions (1) and (2) imply that C' is surjective,
and that, for all » € Z/AZ, C~*(r) is unbounded.
For all r € Z/AZ, we write C~1(r) = {i(rj) |je Z}7 such that

Vje Z,i% < iUtV i = min{C7(r) N Zso}.
By condition (2) and induction on j, we have

() _ )
(i) if it < dil)) then { ZJ’) iz(j_ll)  for all j € Z,
r r+1
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W9 S )
> .
(if) if ¢ i > 2(21 then { SG-1) <+(]) for all j € Z,
r+1

We will construct the DPT o and its associated lattice path £ recursively.
First, let 0(0,0) = 10 ,and Lo = (0,0).

For all0 <r < A—1, we assume Ly, ..., L, are constructed and o(Ly), ...,0(Ly)
are defined. We distinguish two cases:

(1) ;1)
(21 > zgl), then £,41 = L, + (1,0) and o(L,41) = igl) R ,

o ifg

FO)
o if 1521 < 1521, then £,41 =L, +(0,-1) and 0(L,41) = Z£1+)1 T
(1)
Uy

Once L4 is constructed, let £L4 = (K, —N). Then, necessarily, N + K = A.
For r > A, we continue constructing £, and o(L,) recursively (the values

of zr belng A-periodic). Similarly, we can build £, and o(L,) for r > 0 by
downward recursion (the new box is placed to the left or below the previous
box). By construction, £ is a (K, N)-periodic lattice path. We see that we have
filled precisely one box in each diagonal x — y = cst.

Now, for all (r,j) € Z?, let

oLy +(j— 1,5 — 1)) =i,

This defines a (K, N)-periodic filling of the whole plane Z?. Moreover, for all
(z,y) € 2%, o(z,y) = i) with r =z — 1.
Moreover, this filling is standard. Indeed, for all (z,y) € Z2, let o(x,y) =

-(5")

i(]) Consider o(x + 1,y) =i, y+1- We have the following configuration

(J) (J )

wy my+1

By definition of o, by moving diagonally in the plane, we encounter these con-
figurations

@, o o, |
and
i, i,
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Now, if i;l_)y_H > i;ljy, then from the first configuration, 5 = j and by

statement (i) from above, o(z + 1,y) = Z';Jzyﬂ > o(z,y). Otherwise, if
ig}lwl < i;l_)y, then from the second configuration, we get j/ = j + 1 and

by statement (i), we obtain o(x + 1,y) = i;]jylll > o(x,y). We can prove

similarly that o(z,y + 1) > o(z,y).

Using condition (1), we see that C(i(()l) + n) = B, so the value iél) +n
appears in the B-th diagonal of 0. Let (a,—b) € Z? be the position of the
box labelled i(()l) + n in that diagonal. We necessarily have a + b = B. Thus
o(a,—b) = 0(0,0) + n. From condition (1) again, all the values appearing the
B-th diagonal are n plus the values appearing in the zeroth diagonal and both
diagonals are ordered increasingly. Thus the translation sending ¢ to ¢ + n,
between those two diagonals, is always (a, —b) and we have o(z + a,z — b) =
o(xz,x) + n, for all © € Z. We now consider the diagonals 1 and B + 1, whose
values are n plus values of the former. From condition (2), the value igj ) is the

unique value between z'(()j ) and iéj AR diagonal 1 (j' = j or j+ 1). Necessarily,
the value i/ + n is the unique value between i) +n and i/ ™ +n in diagonal

B+1. So the value i(lj/) + n is also obtained from i(lj/) by translation by (a, —b).

iéj) igj/)
+m +m
.(j (5 . —b
Zéj) Zgj ) /(GM 0+
0
+m

i+

From one diagonal to the next, we show iteratively that, for all (z,y) € Z2,
o(x+a,y —b) = o(z,y) + n. Therefore, o is indeed a doubly periodic tableau
with respect to (K, N, a,b). From this reasoning, we also deduce that £ < L[a, b]
and that the boxes between these lattice paths only have fillings between 1 and
n, son = alN — bK is satisfied.
Finally, by construction, we clearly have C' = C,.
O

We are now ready to state the classification theorem for irreducible X-
semisimple small DAHA representations.

Theorem 1.3.31. Let M be an irreducible X-semisimple representation of
H,(n)® where q acts as a primitive A-th root of unity and t as g 8. Then
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M is isomorphic to a graded piece (W g n.ap))i of Wk ,N,ap), for some choice
of K,N,a,b such that N+ K =A anda+b=B.

As we mentioned above, the proof of this theorem mostly follows the proof
of [SV05, Theorem 4.20]. The main difference lies in the combinatorial results
concerning content functions which are necessary for the proof (compare our
Proposition to [SV05, Proposition 3.20]). We give a sketch of the proof
and refer to [SVO05] for more details.

Sketch of Proof: We start by picking a weight w of M. For i € Z, let C(4)
be such that w; = ¢¢@. As ¢ is an A-th root of unity, we can define a function
C :Z — 7Z/AZ sending i to C(i). We note that C satisfies the hypothesis of
Proposition [[.3:30} Indeed, the first condition is clearly fulfilled and the second
follows by Lemma [I.3.29] Therefore, applying Proposition [[.3.30} we obtain a
o € DPT(K,N,a,b) with N+ K = Aja+b= B and C = C,. We now want
to show that M is isomorphic to (W n,a.p))i, Where i is the degree of v, in
Wk ,N,ab)-

We define ¢ : M — (W(k n,ap))i as the map of representations sending
Uy t0 Vo, Le. we set Y((XofarTy)vw) = 3 pafTiv,. By the irreducibility of
(WK N,a,p))i (recall Remark we can conclude that v is an isomorphism.

O

Remark 1.3.32. The isomorphism 1 can be defined more explicitly using so-
called DAHA intertwiners. Namely, using these elements of H,(n), one can
give an explicit formula for the image of each weight vector in M (see the proof
of [SV05| Theorem 4.20]).

We now have all the intermediate results we need for the proof of the clas-
sification result in Theorem [[.3.28

Proof of Theorem[1.3.28, Let M be an irreducible graded X-semisimple repre-
sentation of ﬁq,t(n) where ¢ acts as a primitive A-th root of unity and ¢ as ¢~ 2.
We take the graded piece My of M in degree 0. By Theorem we have
an isomorphism ¢ : Mo — Wk n.ap) of X-semisimple H%t(n)s—modules. We
extend ¢ to a H, (n)-homomorphism. By the irreducibility of WK ,Nap) We
obtain that ¢ is an isomorphism.

Moreover, using Proposition we can see that any two representa-
tions Wk n.a) and Wigs nv.q 4y are isomorphic if and only if (K, N,a,b) ~
(K',N',d". 1), 0

1.3.6 A faithful DAHA representation

Constructing a faithful representation of the DAHA is a key step to prove that
the DAHA is isomorphic to a certain tangle algebra of the torus, as conjec-
tured [MS21]. We will show that by taking the direct sum of representations
Wk ,N,ap), a8 N, K,a,b vary, we obtain a faithful representation. We decided
to condense here the proof of this result, whose steps are taken along several
different sections in [BCMN23].
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Theorem 1.3.33. The representation W is a faithful ﬁq,t(n) representation.

We want to reduce to proof of Theorem to a much simpler statement
concerning Zariski denseness of a certain set. We begin by studying a very
important example of DPT and understanding for which values of K, N,a,b
we can find such a tableau. It will be crucial for us to construct a family of
representations Wk n 4, that admit a map P — Wik n 4. We can define
such a map whenever DPT(K, N, a,b) contains a line DPT o, by which we
mean a tableau whose fundamental domain is a line, so, more precisely, that
o(x,0) =z +1, for 0 <z < n. Let us check for which values of K, N, a,b such
a tableau appears in DPT(K, N, a,b).

As 0(0,1) = an + 8 + 1, there exists s € Z satisfying (0,1) = (5,0) +
a(a,—b)+s(K,—N). Therefore, we have o(—3,1) = an+1 and, more generally,
o(—=rB,r) = ran + 1 for all » € Z. In particular, by setting r = N we obtain
o(—NpB,N) = Nan+ 1, which implies 6(—NS8 —an,N) =1,s0 K = NG+ an.
Values of the form kn + 1 can only appear in positions o(—rg8 + tn,r) = ran +
tNn + 1. So, surjectivity implies that in the sequence {ra},cz all residues
modulo N must appear, so we need to have ged(a, N) = 1.

Choose u,v € Z such that ulN — va = 1. Then we have

o(—vB,v) =van+1= (uN —1)n+1, o(—vf —un,v) = —n+1.

Therefore (a,b) = (v8 + un,v) mod (K, N).

Conversely, suppose n, N,a, 8 € Z are given and satisfy n, N > 0, a > 0,
ged(a, N)=1,0< 8 < n, (o, 8) # (0,0). Pick u,v € Z satisfying uN —va = 1.
Set

K =Npg+ an, a=vp+ un, b=w.

In the matrix form, we have

a K\ (n B\ [(u «

b N/ \0 1/\v N/’
Observe that a different choice of u,v gives an equivalent vector (a,b) modulo
(K, N).

Set o(—rB+i,r) =ran+i+ 1 forall r € Z, 0 < i < n and extend o to the
whole of Z? using the fact that

o(x+n,y) =oc(x+aN —bK,y —bN +bN) = o(z,y) + Nn.
The resulting tableau satisfies
olx—p,y+1)=o0(z,y) + an, o(x+n,y) =o(z,y) +nN. (1.3.3)
Using (K, N) = N(8,1) + a(n,0), (a,b) = v(5,1) + u(n,0), we get
olx+ K,y— N)—o(z,y) = —Nan+anN =0
and

olx+a,y—b) —o(x,y) = —van + unN = n.
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Finally, to see that ¢ is standard we use
o, l)=an+B+i+1>i+1=0(0) (0<i<n-—f),
oi,)=an+pf+i+1—-n+Nn>i+1=0(i,0) (n—p<i<n),
and periodicity conditions .

Let us analyse which permutations are allowed to act on a line tableau.
Clearly, no element of the finite permutation group &,, is allowed to act on o.
Consider now a permutation f satisfying f(1) < f(2) < --- < f(n). For N
and « sufficiently large, more precisely for N > W and o > @, the
permutation f is allowed to act on o. So, for a given f to be allowed to act
on o, we just need N and « to be sufficiently large. We state this rather oddly
looking lemma, which will be a very important step in the proof of Theorem

333

Lemma 1.3.34. Fiz f € @Z such that f(1) < --- < f(n) and let K,N,a,b
vary among the values for which DPT (K, N,a,b) admits a line tableau o and
f is allowed to act o. The set of pairs (q,q~ %) is Zariski dense in C?

Proof. The above construction uses numbers N, a,u,v,3. We set § =n — 1.
The remaining numbers need to satisfy uN — va = 1. Computing K, a,b, we
obtain

K+ N=n(N+ ), a+b=n(u+v).

For fixed values of u,v > 0 satisfying ged(u,v) = 1, the values a and b are
fixed and the set {(q,¢g~*")}, as N and « vary, is Zariski dense in the curve
{(z,z7"wtv)) 2 € C}. Indeed, adding (u,v) to (o, N) makes the values of a,
N and K + N arbitrarily large, so ¢ takes infinitely many values.

Next we show that a polynomial vanishing on all these curves has to be
identically zero on C2. We take a polynomial p(z,y) and write

p(z,y) = 2" pm(y) + -+ po(y)-

Fix a complex number n # 0 which is not a root of unity. We know that for
all the solutions to the equations z~™(“*t%) = 5 as u and v vary over pairs of
positive relatively prime integers, the polynomial

() = 2" pm(n) + - + po(n)

takes the value 0. Therefore p, is a polynomial in one variable with infinitely

many zeroes, so it is the zero polynomial, hence p;(n) = 0,7 =0, ..., m. As this
has to be true for any choice of 7, we conclude that p;(y) is the zero polynomial
for i = 0,...,m, hence p(x,y) is the zero polynomial. O

We are now ready to give a proof of Theorem [1.3:33]
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Proof of Theorem[1.3.33. We need to prove that any nonzero element & of H, ;(n)
does not act as zero on the representation W. We know (recall Theorem [1.2.14)
that the polynomial representation P of H,(n) is faithful, so &(p(Y)) # 0, for
some p(Y) € P. Moreover, the element £(p(Y')), possibly up to multiplication
by a denominator, can be written as »_ . g ayT¢(1), where S is a finite subset

of {f € éfL | f(1) < --- < f(n)} and each coefficient oy is a nonzero poly-
nomial in ¢ and ¢t. Now we want to restrict our attention to those values of
N, K,a,b that admit the map P — Wk n,q.p) sending 1 to the line tableau.
We want to show that for some choice of these parameters K, N, a,b we have
> fe s(afT)(0(x,N,ab)) # 0, which would then conclude our proof. Assume
this is not the case, then >, s(afTy)(0(x,N,a,p)) = 0 also for those values of
K, N,a,b for which each f is allowed to act on 0. We deduce from Remark
that as(g,q~*7%) = 0, for ¢ a primitive N + K-th root of unity, for all
these choices of N, K, a,b. But we proved in Lemma that the set of pairs
(q,q~ ") forms a Zariski dense set in C, so each oy must be zero. O

1.4 DAHA representations from intertwiners

As we have previously mentioned, in [JV18] we find a construction of a DAHA
representation from quantum group intertwiners. In that context, a key ingre-
dient is the combinatorial structure of the category of quantum group repre-
sentations. Thanks to that, the authors are able to show that their rectangular
representation is in fact one of the representations in [SV05] and is indeed rectan-
gular in the sense that it corresponds to a periodic skew tableaux of rectangular
shape. Here we want to do something similar in the root of unity context, which
means that we have to change our setting slightly and have to deal with the
fusion category, the category of certain representations of the quantum group
U,(gly) at roots of 1, hoping to then recover our doubly periodic tableaux.

1.4.1 Crash course in fusion rings

We want to interpret our representations Wy i q.5) as spaces of intertwiners.
In order to do so, we need to revise a few facts about fusion rings. We will be
mostly interested in the combinatorial description of fusion rings, however we
will quickly recall the definition. We refer the reader to [Kir96] and [AS14] for
more details.

We want to consider the fusion ring at level K of the quantum group U, (gly).
This is defined as the Grothendieck ring of the quotient of the category of tilting
modules by negligible modules.

Let us spend a few more words on the construction. The quantum group
Uq(gly) is the algebra over Q(q) generated by E;, F;, Kiil,i =1,..., N subject
to certain relations (see for example |[Jan|). We want to specialize the quantum
parameter q to a root of unity v, therefore the construction uses the so-called
Lusztig divided power quantum group U(gly). This is the A = Z[q,q ']
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subalgebra of Uq(gly) generated by KijEl and the divided powers

M =P g _E N s
' g Mo’ T

The quantum group we will be looking at is defined as U, (gly) := Ua(gly)®4C,
where we are considering C as an A-module via the specialization q — v.

Let C, be the category of type 1 modules over the quantum group U, (gly),
where we choose v to be square root of ¢ and therefore a primitive K + N-th
root of 1, if K + N is odd, or a 2(K + N)-th root of 1, if N + K is even.
We consider the Grothendieck ring of C,, i.e. the abelian group generated by
the isomorphism classes in C, with relations [A] + [B] = [C] whenever A, B,C
fit into the exact sequence 0 - A — C — B — 0. We can make C, into a
tensor category using the coproduct in U,(gly), defining effectively a natural
ring structure on the Grothendieck group; this will be called the Grothendieck
ring Gr(C,). We now want to restrict our attention to tilting modules. These
are the modules V' such that V and V* admit a composition series with factors
isomorphic Weyl modules. We refer to [Kir96] for the precise definitions. Let
Xt ={Ae€ZVN : A\ >N >--->Ax}. For each A € X+ there is a unique
tilting module of highest weight A and these modules are all the indecomposable
tilting modules in C, up to isomorphism. To finally construct the fusion ring,
we want to take the quotient of the subcategory of tilting modules in C, by
negligible modules. These are the tilting modules that have no summands with
highest weight out of the fundamental alcove

Agn={ e XT |\ - Ay < K}.

The fusion ring F, is the Grothendieck ring of this quotient category. A Z-basis
for F, is given by the image of the tilting modules with highest weight in Ax n.
By abuse of notation, we will simply write [A] for the corresponding class in the
fusion ring.

We will consider some special representations for which it is easy to compute
tensor products: V := (1,0,...,0),L:= (K,0,...,0) and D = (1,1,...,1).

Proposition 1.4.1 ( [GW90], [MS12|). For all A = (A1, A2, ..., An) € Ag, N,

Vo= >  [Mtgl
1<G<N
[Aejle Ak, N

L® [/\] = [(K + AN, AL, Aoy, )\N—l)]a
D[N =[A+wn]
As we can see, the proposition states that multiplying by L is equivalent to
adding a line from below and multiplying by D shifts the diagram by one box

to the right. The representations L and D have inverses L~! = (0,...,0,—K)
and D =(-1,-1,...,—1).
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Remark 1.4.2. If U, W are irreducible representations W = [A] and U = [u], with
A € Ak N, by Proposition the intertwining space M[(:])W is non-trivial
only if there exist (i1,i2,...,1,) € [1, N]™ such that

m
o= )‘+Z€i£'
=1

1.4.2 Combinatorics of quantum group intertwiners

We want to give a combinatorial description of quantum group intertwiners. To
this end, we introduce lattice paths. Once again, for more details on lattice
paths we refer to [BCMN23|. We fix again n = aN — bK > 0.

Definition 1.4.3. A lattice path L in Z? is a sequence (L;);cz where L; € Z2,
and for each i € Z, L;11 = L; +(0,—1) or L;11 = L; + (1,0). The image of L
is {£;}icz. Given a lattice path £ and integers a, b, form the (a, b)-shifted path
L[a,b] where L]a,b]; = L; + (a,—b). A lattice path £ is (K, N)-periodic if £
and L[K, N] have the same image.

For a (K, N)-periodic lattice path £ and for each y € Z, we define L(y) to
be the unique value of x € Z such that both (z,y) and (x,y + 1) are in the
image of £ (i.e. the x value of the vertical step from y + 1 to y on £).

There is a partial ordering < on the set of Z? lattice paths given by £ < M
when L(y) < M(y) for all y € Z.

Proposition 1.4.4. The following map is a bijection:

{ (K, N)-periodic

lattice paths Ak,N,
L

— ML) = (L£(0),L(1),...,L(N —1)).
Proof. For all (K, N)-periodic lattice paths £, £(0) < L(—1) = L(N - 1)+ K,
so the tuple (£(0), £(1),...,L(IN —1)) is indeed in Ag n.

Moreover, for all A € Ak n, we can define a (K, N)-periodic lattice path £y
via, forall 0 < i< N —1,r € Z,

EA(’L + TN) = )\i+1 —rK.
Then A — L) is the inverse map of £ +— \(L). O

As a consequence of this result, we can consider the (K, N)-periodic lattice
paths (£x)acAx.  as the basis for the fusion ring F,. This gives a ring structure
to the set of (K, N)-periodic lattice paths, using the fusion ring structure. In
particular, we can translate the Pieri rule in terms of lattice paths as follows.

Lemma 1.4.5. For A\ € Ag n,

Ly -Ly= > Lige, (1.4.1)
1<j<N
LAG-1<LA()
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Proof. We can obtain the lattice path Ly, from the lattice path £y by re-
placing each L)(j —1+rN), for r € Z, by Lx(j —14+rN)+1 (adding one box
in lines j — 1 + rN). Therefore, it is still a (K, N)-periodic lattice paths if and
only if Lx(j —1) < LA(j). O

Definition 1.4.6. For £, M two (K, N)-periodic lattice paths such that £ <
M, a standard (K, N)-periodic skew tableau of shape M\ L is a standard filling
o of

M\ L= {(z,y) € Z* | L(y) <= < M(y)},
such that:

(1) ois (K, N)-periodic: for all (x,y) € M\ L, we have (z+K,y—N) € M\L,
and
U(.Z‘—FK,y _N) = O'(.’I?,y).

(2) if n is the number of boxes of M \ L in each N consecutive rows (or K
consecutive columns), then all numbers 1,2...,n appear in o.

Let STk n(M\ L) denote the set of (K, N)-periodic skew tableaux of shape
M\ L.

We want to give a description of the intertwining space My w := Hom(U, V®"®
W), where U and W are classes in the fusion ring.

Let A\, p € Ag,n, if A; < py, for all 1 <4 < N, then fix n

N
n=3" (i~ M), (14.2)

i=1

the difference of the total number of boxes of p and .

For any (K, N)-periodic skew tableau o of shape £, \ £, one can associate
a chain of n + 1 dominant weights u = (ug, u1, ..., uy) as follows. Let ug = A,
then for each 1 < ¢ <n, let uy = wg_1 + ¢;,, where 4, is the row between 1 and
N where the value £ appears in 0. Then, from Remark

un:u:)\—&—Zaiz.
=1

We now want to show that

dim M(1 ) = #8Tie (L, \ L)

This is done with a method very similar to that applied in [JV18]. The
idea is to show that to each standard (K, N)-periodic skew tableau o of shape
L, \ Ly, one can associate a line L, in M[(ﬁ)[

Recall that we had the Pieri rule, according to which

Vo= Y [A+el
Ae;e Ak N

KL follows.
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Therefore, for all j such that A+¢; € Ag v, the (A+¢;)-isotypic component
of V' ® [A] has multiplicity 1 and dim Hom([X + ¢;],V ® [A]) = 1.
Similarly, for ¢, j such that A+¢; € Ag ny and A +¢; +¢; € Ag.n,

Hom (A +¢; + 5], (V@ (V@ [N)are) N (V@ [N)rseite,))

is a one-dimensional subspace of Hom([A + ¢; + £;], V®? @ [A]). It keeps track
of the fact that we have added first ; and then ;. Conversely, Hom([A +¢; +
£;], V®2®]\]) is of dimension 1 or 2, depending on whether i = j and on whether
it is possible to also add first €; then ¢;.

Now, let 0 € STk n(L, \ £2), and let u, = (uo, ..., u,) be the associated
chain of dominant weights. Then

L, := Hom ([u}, ﬁ VerTie (V' @ [/\Dm) (1.4.3)
i=0

is a one dimensional subspace of M [(’Z)[/\].
We obtain the following theorem.

Theorem 1.4.7. There is an isomorphism of vectors spaces

n)
My = D Lo
O'ESTK,N([,H\L:)\)

In particular, the dimension of M[(ﬁ)m is equal to the number of standard
(K, N)-periodic fillings of the infinite skew tableau L, \ Ly.

1.4.3 Affine Hecke algebra action on spaces of intertwiners

In this section, we will define an AHA action on the space Hom (U, V®" @ W).
The fusion category is endowed with a braiding, which is a functorial isomor-
phism called the R-matriz

Ryyv:Ue@W - WaU,
for any two classes U, V.
As the fusion category has a ribbon category structure, morphism can be

drawn as directed tangles. The R-matrix is represented pictorially as

U \Y%

- WU
[

\% W
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Moreover, the fusion category is endowed with a so-called ribbon element 6y

U

Ou

U

For all U € F,, 0y : U — U is a functorial isomorphism satisfying,

duow = RwuRuw (0 @ 0w)  (UW € F). (1.4.4)
Lemma 1.4.8 ( [Kir96]). For all A € Ax n,
Oy = vy,
where 1
p=5((N=Der+(N=3ez+-+(=N+1en).

For any U € F,, write the decomposition of U in the basis of the fusion ring:
U= Z CUy)\[)\].
AEAK N
Let Uy := [A®cUA] = ¢ 5 [)\] denote the A-isotypic component of U.
Corollary 1.4.9. For A\, u € Ak n, if the decomposition of [\ ® [u] is given by

vEAK N

then R[NLM]RP\]»[M] acts on the isotypic component ([N @ [u]), = [V®x] by

multiplication by

LW 20) = (MA+2p) — (1, ut2p)

Proof. From relation (|1.4.4)), we get
y . ~1
Ry i B ) = 0ol (O © O) -
We apply Lemma [T.4.3] to obtain the result. O

We define the Hecke algebra action by postcomposition on the intertwin-
ing space Hom (U, V®" @ W) following |[OR07] (see also |[AS98|). Recall that,
from Remark the AHA H,(n) is the subalgebra of H, ;(n) generated by
Ty, T, ...,Th_y and X1,

Let us define, forall 1 <i:<n—1,

Ri = Idv®(m7i71) ®RV’V & Idv®<i71> ®IdW7
Rg = Idv®(n—1) X (RW,VRV,W) .

28



Proposition 1.4.10. The map

T;—v-R;yy for 1<i<n-—1,
XlHRg,

gives an action of Hy(n) on Hom(U,VE" @ W).

We want to give a pictorial interpretation to this action. A morphism in
Hom(U, V®™ @ W) can be represented as

U

n 1 w

The generator T; acts on a morphism f by braiding the i-th and the ¢ + 1-st
strand at the bottom

nooi414 1 w

We draw the action of X; on f as

X f = \%

n 21 W

Proof of Proposition|[1.4.10. The relations can be verified by using the tangle
representation.
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The R-matrix satisfied the Yang-Baxter equation, which we can draw as the
braid relation: } }

Vol
4 4 (1.4.5)

So, we obtain the braid relation ((2)]) of the DAHA presentation.
Relation ((5))) corresponds to

RiR2 = R%R;, (2<i<n—1).

This is clear using the tangle representation:
) D

— A

As for relation (|(8))), we have to check the following

RiR2R\R2 = RZR R2R,.
This relation can be verified by applying several times the braid relation:

21 W

f%
f_

l

A

Finally, we need to take care of the Hecke relation ((1)|) of Definition |1.2.11
As v? = ¢, these relations are, for all 1 <i <n — 1,

(T; =) (T +1)=0 < (Ri—v)(Ri+v 1) =0. (1.4.6)
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However, we know how the R-matrix of the quantum group U,(gly) acts
on the tensor product V ® V of two standard representations V ~ CN. If
{Eij}1<i j<n denotes the standard basis of End(V'), then we can write:

RVV_UX;Eu(gEu"i'z#:EU@E]z_" v—v ZEH®
7 17£7 >

We can see that RV,V satisfies (Rvy —v IdV®v)(RV,V +v Idygy) =0. Asa
result, this relation is still valid in the fusion category and the R;’s satisfy the

Hecke relation ((1.4.6)). O

We recall the content function of Definition [1.3.18] and extend it to standard
(K, N)-periodic skew tableaux. The content function C, of a standard (K, N)-
periodic skew tableaux o is the function Z — Z/(N + K)Z such that

C,(i)=x—y, for (x,y) € Z? such that o(z,y) = i.

Proposition 1.4.11. For all 0 € STk (L, \ L)), the generators X; of H,(n)
act on Ly as

X, Ly=02%0L, 1<i<n-—1 (1.4.7)

Proof. For all 1 <i<n —1, we have
Xi=q Ty DL XNy Ticy
Therefore, each X; acts on M[(IZ) N by Ri1-- RgRleRle .-+ R;_1. By the
properties of the R-matrix and (|1.4.4])), we get
Xi = ldyen-i @ (é\/@f‘*l®[>\],VRV,V®F1®[>\]) ;

= ldyen @ (Byoigp (O @ Byeion) ).

Hence, using the definition of L, and Lemma m

X, L, = ,U<uiau'i+2p>_<ui—1,ui—1+2p>_<51751+2P>LU’

where wu; is the ith element of u, = (ug,u1,...,uy), the chain of dominant
weights associated to o. Writing u; = u;—1 + €, (the box numbered i is added
to the j;th row of w;_1), we compute

(i, ui +2p) — (ui—1, ui—1 + 2p) — (€1, €1 + 2p)
= 2((ui-1,5.) + (p,€5.) = p,e1)) = 2((wi1)j; +1 = Ji)) -
As (u;—1);, is the size of the j;th row of u;—1, (u;—1);, + 1 is the & coordinate
of the added box ¢ in u;.

So the coordinates of the box numbered ¢ in o are ((u;—1);, + 1, J;) and we
have proved the result. O
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1.4.4 Back to DPT

Our goal is to move from the combinatorics of lattice paths, which we used in
the previous section, to that of DPT, which we used in Section [I.3:4] So, let
us go back to the combinatorial setting which we used to define DPT by fixing
(a,b) € Z?* such that n = aN —bK > 0. Let us state the following useful lemma,
whose proof can be found in [BCMN23].

Lemma 1.4.12. Let £ be a (K, N)-periodic lattice path such that L < L[a,b].
Then A(L) contains exactly n cells.

Let us introduce the operators D and L acting on partitions A € Ag n:

DA=M+1..., v +1) (1.4.8)
L'A:(AN+K,A17)\27"W)\N—1)~ (149)

Note that this definition coincides with tensoring by D and L in the fusion ring
as in Proposition [I.4.1] so it makes sense to use the same notation here. These
actions are invertible and preserve the fundamental alcove Ag n, so, it makes
sense to consider, for all i € Z, D'\, L'\ € Ak y. Also here, the actions of D
and L correspond respectively to horizontal and vertical translations. Indeed,
we have the following lemma.

Lemma 1.4.13. For all periodic lattice paths £ and all (a,b) € 72,
M£L[a,b]) = DL™X\(L).
Proof. For all (K, N)-periodic lattice path,
AL[L0]) = (L0)+1,L(1)+1,...,...,L(N — 1)+ 1) = DA(L),

and
AL[0,-1]) = (L(N = 1)+ K, L(0),...,L(N —2)) = LA(L). O

We consider the shifted partition
Ma, b] := DL7b\. (1.4.10)
Given partitions A, u with N parts, if A\; < p; for all 1 < i < N, recall the
skew shape

0<y<N-1
P\ = {(m,y)ezﬂ A1 €7 < fiys1 }

If \; < Aa,b); for 1 < ¢ < N, it follows from Lemma [1.4.12] that the skew
shape Ala,b] \ A has exactly n cells. We define

AN = Aa, 0]\ A, (1.4.11)

AN\ ={(z+rK,y—rN) € Z?| (z,y) € A(\),r € Z}. (1.4.12)
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Notice that, for 0 € DPT(K, N, a,b), we have
A(o) = A(L(0)) = A(A(0)),
and A'(0) = A'(L(0)) = A'(A\(0)).

We will now start making our way back to the doubly periodic tableaux of
Section We begin by stating the following two easy lemmas, whose proof
can be found in Section 2.2 of [BCMN23|

Lemma 1.4.14. Let 0 € DPT(K, N,a,b). Then
y+— L(y) =min{z € Z | o(z,y) = 1}

defines a (K, N)-periodic lattice path L = L(o) such that L < Lla,b] and
A'(o) = A'(L).

Lemma 1.4.15. Let £ be a (K, N)-periodic lattice path such that £ < L[a,b].
For any (z,y) € Z?, there exists a uniquer € Z such that (x—ra,y+rb) € A'(L).

Lemma 1.4.16. Let £ be a (K, N)-periodic lattice path such that L < L[a,b].
For any (z,y) € Z* there exists a unique (x',y',s,7) € Z* such that (2',y') €
A(L) and (z,y) = (2',y') + s(K,—N) + r(a, —b).

We state and prove the following fact, which finally allows us to connect
lattice paths with DPT.

Proposition 1.4.17. The map
o= (L(0),0]a())
in Lemma[I.4.1], defines a bijection
DPT(K,N,a,b) ~ Q(K,N,a,b).

Proof. By definition, for all ¢ € DPT(K, N, a,b), o|a(s) is a standard filling
of A(L) = A(o) such that the periodic extension to A’'(L) = A’(o) is also
standard. Hence (L£(0),0|a(r)) € Q(K, N, a,b).

We have to define a map from Q(K, N,a,b) to DPT(K, N,a,b) and show
it is inverse to o — (L(0),0|a(r)). Fix (£,0) € Q(K,N,a,b). The periodic
extension o’ of o to A’(L) is also standard. We then apply Lemma to see
that, for all (x,y) € Z?2, there exists unique r € Z such that (z — ra,y + rb) €
A'(L). We set, for all (z,y) € Z?,

7(z,y) :=o'(x — ra,y + rb) + rn.
Observe that rn < 6(z,y) < (r + 1)n.
Let us check that & € DPT(K, N,a,b). By definition of ¢’, ¢ is (K, N)-
periodic. Moreover, we have (z + a,y — b) € A'(L[(r + 1)a, (r + 1)b]), so

d(x+a,y—>b)=ad(z,y)+n.
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Furthermore, we now show that the filling of & is standard.
If (z4+1—ra,y+rb) € A'(L), then

glx+1,y) > d(z,y),

since the filling o’ of A’ is supposed standard. Otherwise, (z+1,y) € A'(L[(r +
Da, (r+1)b]), and (r + )n < d(x + 1,y) < (r + 2)n. In particular,

glx+1,y) > a(x,y).

Similarly, if (z —ra,y + 1+ rb) € A’(L), then 6(x,y + 1) > 6(x,y). Otherwise,
as z — L(z) is strictly decreasing, then (z,y + 1) € A'(L[(r + 1)a, (r + 1)b]),
and thus in any case
gz, y+1) > d(z,y).

We now check that the map (£,0) — & is the inverse to o — (L(0), 0|a(e))-

Given 0 € DPT(K, N, a,b), we send 0 — (L(0),0|a(e)) = . Given (z,y) €
72, using Lemma we write (z,y) = (2/,vy) + s(K, —N) +r(a, —b), where
(@',y") € A(L). Then 6(z,y) = o|a@) (@', y') +rn = o(z,y). Going the other
way, we send (L£,0) +— & + (L£(G),5|a(s)). We immediately get the equality
0 = G| a(s) since & is defined by extending o. For 0 <y < N, by definition, both
L and L(&) coincide with the leftmost boundary of A(&). Since both lattice
paths are (K, N) periodic, we see that £ = L(5). O

This result follows from the previous proposition.

Corollary 1.4.18. The map
[ s U|A(o)

as defined in Lemma[I.].14, defines a bijection

standard fillings o of A(L)
such that o' is standard

DPT(L) ~ {

Let us now go back to our fusion ring setting. For all dominant weights
A € Ak n, we want to consider the representation
W] =D"® L@ [

Using Lemma [1.4.13) we know that £, = Lx[a,b]. We can now put every-
thing together, using Corollary [1.4.18] to get the bijection:

STK,N(,C)\[G,, b] \,C)\) ~ DPT(,C)\)

Moreover, from Lemma [1.4.12] n is equal to the number of boxes in the skew
diagram A[a,b] \ A and it satisfies (1.4.2)). Thus Theorem [L.4.7] gives in this case
the following.

Corollary 1.4.19. For all dominant weights A\ € Ak n and (a,b) € Z? such
that m = aN — bK > 0,

dim (Home, (D*® L™" ® [\, VE" @ [A])) = #DPT(L,). (1.4.13)
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For all dominant weights A € Ax n, we introduce the notation
M)y :=Home, (D*®@ L™ " ® [\, V" @ [\]).

For £ a (K, N)-periodic lattice path such that £ < L[a,b], let W, be the
subspace of Wk n,q.5) With basis v,, for o € DPT(L).
Then, Corollary [[.4.19] gives an isomorphism of vector spaces

M>\ EWLA- (1414)

The next result follows from the expressions given in Proposition [1.3.22]
Remark [1.3.15| and [Ram03b, Theorem 4.1].

Proposition 1.4.20. W, is an irreducible finite-dimensional Hq(n) -submodule
of Wik,N,a,b)-

Proposition 1.4.21. The isomorphism (1.4.14)) is an isomorphism of Hq(n)—
modules.

Proof. From Proposition We, is an irreducible Hq(n)—module. Using
Proposition we know that the H,(n)-modules My and W, are both
X-semisimple and have exactly the same weights and weight spaces. Therefore,
they are isomorphic as H,(n)-modules. O

1.4.5 graded X-semisimple representations from spaces of
intertwiners

We now want to define the action of 7. In order to do so, we will need to resort
to ribbon calculus. We will not present here the whole section concerning ribbon
calculus in [BCMN23|, however, we recall the fundamental fact that is proven
there. Let U = D™% ® L ® V®". Then a homorphism from a representation
W to U ® W can be embedded into a solid torus and drawn as Figure

More precisely, we have that ®xeua, y Hom([A],[A\] ® U) is isomorphic to
the ribbon skein module. The ribbon skein module is the vector space of linear
combinations of ribbon diagrams in the punctured torus, where the puncture
has been colored by the representation U (see Definition 5.4 in [BCMN23|).
This Lemma 5.6 in [BCMN23|, which shows that ®xec.4, y Hom([A],U @ [A]) is
indeed isomorphic to the ribbon skein module associated to U.

Lemma 1.4.22. If a ribbon category C is semi-simple, then for all objects U,
the ribbon skein module Sy is isomorphic to

P Hom(T,UeT).
Telrr(C)

We are now ready to define the action of w. For all W € F,, and f €
Hom(W,U @ W), then 7f and 7! f are given as follows.

35



D—G,Lb
n
21

U

Figure 1.1: Embedding of Hom(W,U @ W) for U = D% @ L®* ® V®" into the
solid torus.

Ve Ww

p-erb ™ 321 *\/ E
View (1.4.15)
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Vew

D—ame 21

Vew (1.4.16)

Remark 1.4.23. Note here that the top and bottom double strands V*® W and
V ® W actually go around the core of the torus and meet each other.

Proposition 1.4.24. The action of m*! given in (1.4.15) and (1.4.16) extends
the Hy(m)-module structure on Sy defined in Proposition|1.4.10 to a Hy(n)-
module structure.

Proof. Note that U = D™% ® L® ® V®" here. The action of T is given by the

relation ((7)) 7o = 7nT,,_17 ! of Definition [1.2.11l To prove the statement, we
need to prove the following relations:

(1) 7Ty = Ty, for all 4 > 1,
(2) 7X1 = Xom,

(3) Tyn? = m2Ty,_4,

(4)

Relation ((1)) is easily verified from the diagrams. For all W € F, and
f € Hom(W,U @ W),
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;- f Tiam- f
K\J ‘ W K\J ‘ W
f f
m ) 1 = n

J V. B J i...l |W
" g@n

p—apbm i+1 21 D—afbm i+1 21

Relation ((2))) is also clearly satisfied.

) 0
w w
~

f f

n 1 p— n 21
I %
w
Vadae
D—H,Lb n 3 D—a,Lb n 321

The picture for Relation ((3)]) is the following.
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pD—arb M 321 pD-arb M 321

We can slide the crossing around the torus, or equivalently use the equiva-
lence

(Idy ®Rv,y ® Idw) o (Idvey ®f) ~ (Idvey @f) o (Rv,y @ Idw),

from ribbon calculus (see Lemma 5.5 [BCMN23)).

For relation , we draw the corresponding embeddings in the solid torus,
as in Figure In order to simplify the picture, the torus is only represented
by its core, noted *, and the band U on its boundary. Here we have to keep in
mind that the lines we draw are actually bands, so we have to take into account
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the twists which may appear when moving them around.

7T)(nf

DfaLb n 2 1

(1.4.17)
When performing this operation, a (negative) twist has appeared in the
leftmost strand labelled by V', which corresponds to multiplying the strand by
the inverse of the ribbon element 9‘71.
We can assume without loss of generality that 0 < b < N, then using
and (L.4.9), we get D™ ® L* = L(\) and V @ D% ® L® = L(u), where

A=(K-a,...,.K —a,—a,—a,...,—a),
b

p=(K-a,....,K—-a,1—a,—a,...,—a).
b

Applying Corollary we deduce that st{a@Lb,vR\_/,lz)fa@Lb = (RV7D7Q®Lb RD7E®Lb7v)’1
acts on V ® D™% ® L’ by multiplication by

p{E1:E1+20)+ (A A+2p) — (. u+2p) _ qa+b — ¢ L
So

Vv D-efrb vV D-erb
N\

— -1 (1.4.18)

Hence, we can replace the picture on the right in (1.4.17) by
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U | U

D—aLb n 2 1 D—aLb 2 1
(1.4.19)
In the picture on the right of (|1.4.19)), the loop at the bottom introduces a new
twist in the strand, which simplifies with the twist which previously appeared
in (1.4.17). In the picture on the right, we recognize Xim - f, which concludes

the proof.
O

Let us make an observation that was perhaps not made explicit in [BCMN23|.
We need to compare the action of 7 on tableaux with the action defined in terms
of skeins. They are indeed the same, as we claim and use for the final application
in the paper, and we have all the tools to show why. The key observation to
make is simply that the skein representation is also graded. As a result, the skein
action of m cannot but be the same as the DPT action of 7 by our classification

theorem (Theorem [1.3.28)).

1.5 The DAHA as a skein algebra

The DAHA is proved to be isomorphic to a certain skein algebra of the torus
in [MS21]. The authors give also a tangle algebra construction which they
conjecture to be isomorphic to the DAHA. The main application of the DPT
construction of DAHA representations is the proof of this conjecture.

Let us quickly recall the set up of the conjecture. The DAHA is isomorphic
to the skein algebra of the torus given by the group algebra of braids on the
punctured torus modulo the usual skein relation and a "crossing" relation for
the special strand (see Theorem 3.5 in [MS21]). More explicitely, these relations
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are

KX o)
e

where we draw the special strand in blue. In [MS21], we find a second candidate
diagramatic presentation of the DAHA as a tangle algebra, where braids are
endowed with a framing and subject to the change of framing relation

There is a natural map from the DAHA | thought of as the braid skein algebra,
to this tangle algebra by framing the braids in the torus. This homomorphism

Hq7t(n) ® (C[Uil] ®(C[qi1,ti1] (C(S, C) — Skn(T2, *) ®(C[si1,ci1] (C(S,C)

is surjective, as shown in Theorem 4.1 in [MS21|. Here ¢, ¢ are related to s, c as
follows:
q= 52, t=rc".

Our goal is to prove the injectivity of this morphism. We can prove it with
the following strategy. We want to show that the (injective) morphism from the
DAHA to the space of endomorphisms of a certain faithful representation factors
through this map. This would imply injectivity. We recall that we have cooked
up a faithful representation by taking the direct sum W = ©on o5 =nW (K N,a.b)-
This representation has a also a skein theoretic interpretation obtained from the
ribbon category structure of the fusion category.

Let ¢ be the homomorphism before taking the localization:

0 Hsycﬂ,(n) — Sk, (T?, ).
Theorem 1.5.1. The homomorphism ¢ is injective.

Proof. Let us call a ﬁs’c,v(n)-representation W' ribbon if the homomorphism

H; c»(n) — End(W) factors through ¢. Suppose we have a ribbon representa-
tion W which is faithful. Then the composition

Hy on(n) £ Sk, (T2, %) — End(W)

is injective, which implies injectivity of ¢, so we are done.

For each K, N,a,b, the representation Wk n ) after the base change to
C[s*!, ¢*1] is isomorphic to the ribbon module Sy, for U = D™ @ L* @ V&,
which is naturally a module for the skein algebra Sk, (72, *) as well: the action
is obtained by gluing 7" x I along the boundary of the solid torus and connecting
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bands in the solid torus which represent elements of Sy with bands in T'x I repre-
senting elements of Sk, (72, ). The base string is labeled by the representation
D~L® and therefore satisfies the local relation, see . Thus we see that
W(K,N,a,p) is ribbon and therefore the direct sum W = @, n_px—n Wik, N,a.0)
is ribbon.

By Theorem W is a faithful representation of H,(n). We need to
show that it is still a faithful representation when we pass to the larger algebra
Hs,cﬂ,(n). Note that the action of v is given by s~V. Similarly to the proof
of Theorem it suffices to show that the set of triples (s,c,v) is Zariski
dense in €3 where ¢ = s™(“t?) = s~V §2 = ¢, ¢ is a primitive n(N + a)-th
root of unity and u, N, v, « range over the set of solutions of uN —va =1, N
and « sufficiently large. It is enough to prove that the image of this set under
the map

Zn’ 2 7277,)

2 u n(u+v) qu)

(5’87 U) - (S = (qnvq

is dense, so, replacing ¢™ by ¢q, we reduce the claim to the statement: The
set of triples (g,q""",¢") is Zariski dense in C3, as q runs over the primitive
(N + «)-th roots of unity and u,v, N, « are as above.

We have (u + v)N —v(a+ N) = 1. In particular, v + v and o + N are
relatively prime and we can replace g by ¢“*t¥. We then have

2 2
(qu-‘rv’ q(u+v) 7q]\/'(u-"-v)) — (qu+v7q(u+v) ’q)

We can make a similar observation to that in the proof of Theoren}zm such
triples for fixed u,v are Zariski dense on the curve {(z%+?, z(v+v)" 2)| 2 € C}.
So, we are left to show that the union of curves

Cr={(22",2")| 2 € C},

where 7 ranges over positive integers, are Zariski dense in C3. Suppose this is
not the case and there exists a nonzero polynomial

P(z,y,2)= > cipa'y’z"  (cijn €C)
ivjk<d

vanishing on all these curves. Take 7 larger than d. Then i 4 rj + r2k are a211
distinct for distinet triples (4, j, k) satisfying ¢, j, k < d and therefore P(z, 2", 2"")
cannot vanish. A contradiction. O

Corollary 1.5.2. The homomorphism ¢ in Theorem|[1.5.1] is an isomorphism.

Proof. Since we have shown that ¢ is injective and localization is flat, the ho-
momorphism in Theorem [1.5.1]is injective. U

Remark 1.5.3. Note that Theorem 5.7 in [MS21] on (a subalgebra of) the elliptic
Hall algebra is stated and proved assuming the tangle algebra presentation of
the DAHA is correct. So, our result implies that the theorem is true.
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1.6 Open questions

While we feel that the role of DPT in the representation theory of DAHA is
somehow fully understood, there are still some purely combinatorial questions
about these objects that are still open. We decided not to venture into an ex-
tensive analysis of the combinatorial properties of DPT, however, we do think
that they are interesting in their own right. For example, they are interestingly
related to Dyck paths (see Theorem 2.51 in [BCMN23]).

Let us observe that the number of DPT is clearly infinite, however, we can con-
sider the sets DPT (K, N, a,b)/(w) or, equivalently (Theorem 2.48 [BCMN23]),
DPT(K,N,a,b)/{L,D). These sets are now finite, so it does make sense to
speak of counting DPT if we refer to these quotients. It is still unclear how to
count or just give a bound on the number of DPT, as only few special cases
have been worked out (Proposition 2.53 and Proposition 2.54 in [BCMN23)|).
Therefore, we believe it would be interesting to explore this topic further and
extend these results to other choices of the parameters K, N, a, b.
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Chapter 2

The Dyck path algebra
associated to a surface

2.1 Introduction

The first part of this chapter is based on Anton Mellit’s unpublished notes on
torus skeins. These notes contain the definition of the A, algebra associated
to a surface. This algebra should coincide with the usual A, algebra (with
inverses of the variables) when the input surface is the annulus and with the
double Dyck path algebra A, (with inverses) when the input surface is the
torus. Inspired by this definition, in the second part of the chapter, we consider
the algebra A,(D), the A, algebra associated to a disc. We give a basis for this
algebra, proving a Schur-Weyl duality-like result about some quantum group
representations. We then move on to deal with the A, algebra associated to the
annulus and construct a representation using intertwiners. Finally, we consider
the A, of the torus and show it acts on similar spaces of intertwiners.

2.2 Preliminaries on the double Dyck path al-
gebra

In this section, we recall the definition of the A, ; algebra following [CGM20]
(note that this has slightly different conventions than the ones in the very first
definition in [CM18]).

As we have mentioned in the previous chapter, the DAHA is obtained by glu-
ing two copies of an affine Hecke algebra; similarly, the A, ; algebra is obtained
by gluing two copies of the so-called A, algebra. So, let us start by defining the
A, algebra.

Definition 2.2.1. The algebra A, is the linear Q(g)-algebra generated by or-
thogonal idempotents 1,, indexed by Z>¢ and elements 1, 1d+1,,1,_2d_1,,
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1,71, 1,y11,, for 1 < i < n, which we will simply denote by dy,d_,T;,y;
leaving the indeces of the idempotents implied, subject to relations

(1) Affine Hecke algebra relations
(T = )(T; + q), Ti;Ti1 Ty = T TiTi 1, Ty = 15T, if |i — j| > 1
TyyinaTi = qyi, yily = Ty, viy; = YiYs
(2) d®Ty 1 =d*,d Ty =Tid_, for 1 <i<n-—2,d_y; =yid_, for1 <i<
n;

(3) Thdi =d3, dyT; = Tiady, for 1 <i<n—1;

(4) dyyi =T To ..., Ty Tt Ty T d — +, for 1 < i < g

() [dy.d-]=(¢=1)TTz... Ta1yn.
Definition 2.2.2. The A ; algebra is the Q(g, t)-algebra generated by d, . d* ,d_,T;, 1 <
1 <n—1,y;2;, 1 <i<n subject to

(1) relations for A, for d_, dy, T}, yi;

(2) relations for A -1 for d_,d7, T[%zi;

(3) dyzi = zig1d4, diy; = yirdy, 1 <i<n, z1dy = —tq”*lyldj.

Remark 2.2.3. While it is clear that, for each n, the (positive part of the) affine
Hecke algebra H,, sits inside the A, algebra, the DAHA does not embed into
Ay . We refer to Remark 7.2 in [CM1§] for a thorough discussion on the issue.

The A, famously has a polynomial representation, defined in [CM18|, on
the space ®,>0Vy, where V,, = A ® C(q,t)[y1,...,yn] and A denotes the ring
of symmetric functions in x1,z9,.... Until recently, this was essentially the
only example of A, ; representation. In [GGS23|, we find the construction of so-
called calibrated representations for an extension of the algebra B, ; of [CGM20],
which is equivalent to A, ; in the sense of Theorem 3.2.7 of [CGM20|. Moreover,
in [Wei24|, we can find modules for subalgebras ]B%,(:t) of B, constructed from
graded DAHA representations.

Warning. This is not the definition of A, ; that we will be using. We will define
the algebra we will be studying later in this chapter.

2.3 The Dyck path algebra as a skein algebra

In this section, we want to define the A, algebra of a given surface. This con-
struction is fully based on unpublished notes [Mell9] written by Anton Mellit in
2019, following discussions with David Jordan and Peter Samuelson. Therefore,
the ideas in this section are not original, however, we feel it is useful to explain
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them in some degree of detail, as the reader has (most probably) no access to
these notes.

The construction is somewhat similar to that of the DAHA in [MS21], how-
ever, we want to replace the special strand by what will be called "the beam".
This is also a strand which behaves differently than the others: as we want to be
able to vary the number of incoming and outcoming strands, we will be allowed
to pull a strand out of the beam (to obtain the dy operator) and put a strand
into the beam (to get the d_ operator). We remark that it was already suggested
by the work in [Mel21| that the A, algebra should have an interpretation in
skein theoretical terms.

2.3.1 Preliminaries on skein algebras

Let us fix the setting for our discussion. Let X be a compact connected oriented
3-manifold with boundary, or, more generally, with corners. A tangle in X is an
embedding of several copies of circles S', which are called knots, and segments
[0, 1], which we call arcs. Our tangles are framed in the sense that at each point
we choose a nonzero normal vector. The ends of the arcs lie on the boundary
of X, while the knots and the interiors of the arcs lie in the interior of X.
When drawing tangles, we use the following convention: we assume the framing
is always parallel to the plane and pointing towards the right of the direction
vector. We fix the base ring to be R := Q(q%)[a%,a%] and we will use the
notation h := q% - q*%. We consider the free module on the set of tangles over
R modulo isotopies that fix the boundary of X and (local) relations:

XX
(2) Unwinding relations \
/‘) = a
/g _

(1) Skein relations

SIS

Nl

a

(3) Unknot relations

We will fix the inputs and outputs of the arcs; we will denote the input points
by xt = (2f,...,z;) and the output points by = = (z],...,z;,). The skein
module with these fixed inputs and outputs will be denoted by Sk(X,z™,z7).

? n
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Remark 2.3.1. Suppose a manifold X can be obtained by gluing X; and X
along the common part of their boundaries Z = 9X; N dX5, so that on Z the
inputs in X7 correspond to the outputs of X5 and vice versa. Then tangles can
be glued to obtain a bilinear map

Sk(X1, —, —) ® Sk(Xs, —, —) — Sk(X, —, —).

Moreover, every tangle in X can be deformed to a tangle transverse to Z, so
that it can always be constructed from tangles in X; and Xs.

Let us consider a surface S with a choice of distinct points x=(x1,...,%n)
with nonzero tangent vectors. Let X = S x [0, 1], then z;7 = (z;,0) and x; =
(x4, 1) are a choice of inputs and outputs in X . By Remark- 2.3.1} Sk(X,zT,27)
admits an algebra structure. We will denote this skein algebra by Sk(S,z). We
will simply write Sk(X,n) when the choice of z is clear.

Ezample 2.3.2. For S = D, the disc, and n points on a line with tangent vectors
parallel to the line, the skein algebra Sk(D, n) is isomorphic to the Hecke algebra
over R.

2.3.2 The beam

We now want to introduce the so-called beam. Tangles can have endpoints along
this special strand. The skein algebra we want to build will be made of tangles
with inputs and outputs in fixed sets of points in X x {0} and 9X x{1} and any
number of inputs and outputs on the beam. Furthermore, we want to impose
the following relations (here the beam is drawn as a thick orange line)

/\/: = ¢ (2.3.1)
:X = ¢z (2.3.2)

X S +h- (2.3.3)

We now introduce a new variable b. We want to introduce the following
relation for adding an arc to the beam

D = (1—-bg™ %) (2.3.4)
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where k is the difference between the number of outgoing endpoints and the
number of incoming endpoints. In other words multiplication by 1 — b cor-
responds to adding an extra arc at the beginning of I and (1 — ¢~%b) at an
arbitrary location on I.

Note that putting together (2.3.3) and (2.3.4) we obtain

‘X =g + hbg " (2.3.5)

Let us make sense of relations (2.3.2)), (2.3.1) and (2.3.3). The operation of
"absorbing" a strand into the beam will be called d_. The drawing

actually means

where

Y Y Y Y ‘

Similarly, the drawing

is interpreted as
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where

y Y

or zero when there is no strand to add.

For the sake of the discussion that follows, let us assume for a moment
that the beam is an interval I embedded in the boundary of X. The beam is
symmetrized: this means that we can imagine that, at its beginning, its strands
are symmetrized so that swapping any of them applying a T; has the result of
simply multiplying by q%. Graphically, we can picture this as having at the top
of the beam

where the box m, is given by

Ty —

Let us verify that the strands are indeed symmetrized. To prove this, we consider
d_. Let us label the strands in the square by 1,...,n and the incoming strand
is labelled n + 1. We denote by T1,...,T, the usual generators of the braid
group on n + 1 strand. Then d_ inside the square looks like the element ~,, =
1—4qT, ... T3ThT, ... T,. It is easy to see that v, commutes with the T;’s for
1=1,...,n— 1. For i = n, we rewrite v, as

Yo =—qh(q 2 + T+ TpTy1Tp+ -+ T ... To 1T Tpoy ... Th).
If we assume the n strands before ~,, were symmetrized, we can replace v, by

_qh(qié + Tn + q%Tn—lTn + -+ Q%T1 .. ~Tn—1Tn)-
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Multiplying by T;, — q% on the left eliminates the summand q_% + T,,. Finally,
1
we can see that T,, — ¢2 kills the other terms by using our assumption and

To(TiTis1 ... TorTo) = (TiTyg1 .. To 1 To) Ty

This proves that relation (2.3.1)) is satisfied. Let us show that relation (2.3.2) is
also satisfied. Recall the Jones-Wenzl idempotent of the Hecke algebra, which

is given by s
ne1Vn—2 - - -

(1-¢)(1-¢*)...(1—q")
and satisfies T;m,, = q%wn. This together with the fact that n strands are
symmetrized if and only if applying 7, produces an equivalent element in the

skein module proves the relation holds. The last relation to verify is (2.3.3).
This corresponds to checking

Tp =

_1
'YnflTnTFn =q 2YnTn + hﬂ—n;
which is true as
1
¢ 2y =T, oy = (T — gDy .. . TOVTy ... Ty Ty,

and
’}/nflTn’]Tn = (Tn — an,1 .. .T1T1 .. Tn)’ﬂ'n

Remark 2.3.3. When we are trying to apply d; but there are no strands to add,
all relations are trivially verified except the third one, which becomes

0=q"%(1—q)+h,

which is also true.

Let us fix some notation before stating what we have proved so far. We
denote here by Skr(X, N, N’) the R[b,b~!]-module on tangles with inputs =
of size N and z~ of size N’ and any number of inputs and outputs on the beam
I module skein relations and (2.3.2)), (2.3.1) and (2.3.3).

Proposition 2.3.4. For every m > 0 the construction above gives a well-
defined map Sk;(X, N, N") to Sk(X, N+m) compatible with the morphism from
R[b,b71] to R sending b to q™.

It is possible to change the orientation of the beam introducing some extra
factors. We denote by I’ the same interval as I with flipped orientation and, for
a tangle s, we set o(s) to be the number of outgoing endpoints on I and k;(s) the
number of outgoing endpoints minus the number of incoming endpoints between
the beginning of the interval I and the i-th outgoing endpoint. We denote by
k(s) the total of outgoing endpoints on I minus the total number of incoming
endpoints on I. We will see that the correction factor is

o(s)
c(s) = [[(~a=2b~ gk )F3).

=1
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Proposition 2.3.5. There is a well-defined morphism over R from Sk (X, N, N')
to Sk;(X,N,N’) sending a tangle s to c¢(s)s compatible with the morphism
R[b,b7Y] — R[b,b™ ] taking b to a~ b= 1gN —N.

Proof. Compatibility with (2.3.2),(2.3.1)) is clear. Let us apply our map to
relation (2.3.4) at the beginning of the beam for I’ to obtain

This is equivalent to
q_% . D e (a_% — a%bq_k(s)) .

which one can show in Sk; by connecting the ends of (2.3.3]) and using (2.3.5).
Similarly, when looking at the map applied to (2.3.3]), we get

1 1 \ 1 1
_afb_lqk_i . /\ E (—a_fb_lqk"’_f)q_% . + h-
———

where k is the difference between the number of outgoing endpoints and that of
incoming endpoints between the beginning of I and the region we are looking
at. This is the same as

g o ‘\ i .
= q 2 . \ J'_ haqu V.
—

which can be verified by twisting the ends of ([2.3.5). O

Corollary 2.3.6. The modules Sk (X, N,N’) and Skp (X, N',N) are isomor-
phic over R.

The following is a combination of Proposition and Proposition [2.3.5

Corollary 2.3.7. For everym > 0, there is a well-defined map from Sk (X, N, N')
to Sk(X, N +m) compatible with the morphism R[b,b~'] sending b to a=tq~—™.
Here the new inputs and outputs are created in a neighborhood of 1 € I and

0 € I, respectively.
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Eventually, we want the beam to have its endpoints located on the boundary
0X and its interior in the interior of X, so, from now on, we will assume this to
be the case. The interval [ is equipped with a framing. We want to extend the
coefficient ring to R[b,b~1,¢,t71]. Now the tangles are allowed to wrap around
the beam. The relation for going around the beam are

J

qt - = - (2.3.6)

) A

‘We have the following result which we can see as a translation of Proposition
[2:374] in this new setting.

Proposition 2.3.8. Denote by Sk;(X, N, N’) the free R[t,t=1 b, b= ]-module
on tangles whose inputs and outputs are fized sets xT,x~ of sizes N,N', plus
any number of inputs and outputs on I modulo skein relations and relations
(2.3.2),(2.3.1),(2.5.9),(2.5.4)), (2.5.6). For every m > 0 we have a well-defined
map from Sk;(X, N, N') to Sk(X, N +m) compatible with the homomorphism
R[t,t71,b,b71] — R sending b to ¢™ and t to 1.

We have an analogue to Proposition [2:3.5] in this context.

Proposition 2.3.9. There is a well-defined morphism over R from Sk (X, N, N')
to Sk;(X, N, N') sending a tangle s to c(s)s, compatible with the homomorphism
R[t,t=1,b,b71] — R[t,t71,b,b7 1] taking b to a= b~ ¢V ~N and t to ¢~ 'L,

Proof. We begin by applying the map to relation (2.3.6):

1 _ _(cabplgithy.

) A

Here k is the difference between the number of outgoing and incoming end-
points in the interval above the diagram. We need to check this relation holds.
We start by twisting the endpoints of the strand to obtain a negative crossing,
to then apply the unwinding relation to get

-1 _ —1 _k+1
t . — + b q 2 . l—

]



We will apply (2.3.5) to see that this is equal to

J
5

Finally, we twist the top end of the thin strand around the thick strand to turn

the equation into

t_l' =q- +b_1qk' D
This is equal to the left hand side by applying (2.3.6)) and (2.3.4). O

2.3.3 The surface Hecke algebra

Let ¥ be an oriented compact surface with at least one boundary component.
We think of ¥ as several polygons glued along the sides with a small disc removed
around the vertices. We denote by 2d the number of sides of the polygon. We
label the sides with numbers in

A={1,...,d~1,... —d,

so that the sides i and —i are glued together for all i. We pick a vertex of the
polygon and call it the base. Let the labels of the sides be wi,...wsq, where
wy is immediately to the left of the base, ws is next to the left of w; and so on.
We then have a linear order on A by setting

wp < -0 < Waq.

We place points 1, ...,x, along a straight line connected to the base, so that
the closest point to the base is z,. The framing vectors are assumed to be
perpendicular to the line along which the points lie.

Ezample 2.3.10. For d = 2, order 1 < —2 < —1 < 2, we get the punctured
torus.
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2

The fundamental group of ¥ is given by

(X)) = (gi 11 € A)/(9ig—i = 9—igi)s

where the generator g; denotes the path that crosses the side labelled ¢ to
reappear on the side —i and goes back to the original position. Let us describe
the braid group of ¥, which we denote by Br, (), for n > 0. It is the trivial
group for n = 0 and simply the fundamental group when n = 1. For arbitrary n,
it is generated by 711,...,T,—1 and g;, i € A, subject to the following relations

(1) Braid group relations for the T;’s;

(2) gin(i7_i)gz’T1 = T1gin(i’_i)gi, for i € A;

@) g7 g1V = 1T D g7 g, for i j e A il # 1],
(4) gig—i = g—ig9: = 1,i € A,

J@ﬁ:{l (i < j)

=1 (i>7).

where

Here g; is as above and T twists the points x; and x;41 clockwise. To take into
account the framing when performing g;, we always assume the point x; moves
towards the center of the polygon, moves towards the designated edge, crosses
it, goes back to the center and returns to its original place from the center.
When returning to its position x; has to perform a U-turn; we chose opposite
turns for g; and g_;, so that relation (4) is true also when taking framing into
account.
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Definition 2.3.11. The surface Hecke algebra H,(X) is the quotient of the
1 1
group algebra of Br, (%) by the Hecke relations (T; — ¢2)(T; + ¢~ 2) = 0.

The algebra H,, comes with a natural morphism

Ho(2) — Sk(Z,n).

2.3.4 The A,; algebra of a surface

We want to finally define the A, ; algebra of a surface. We begin by fixing some
notation. We denote by ¥ the surface obtained from ¥ by gluing a disc to the
base. We place the beam in ¥ x [0, 1] in the middle of the base. We would like
to interpret algebraically our skein theoretic construction of Sk(X x [0, 1], n, n’).
In this section, we fix the base ring to be R = Q(q,t)[a,a~1,b,b71].

Definition 2.3.12. We set A (X) to be the R-linear category whose objects
are indexed by Z>¢ and denoted by [0], [1],. ... The morphisms have generators

(1) The generators of the surface Hecke algebra H,,(X) can be seen as endo-
morphisms of [n];

(2) dy :[n] = [n+1] and d_ : [n+ 1] — [n], for each n € Zx>(.
The relations are
(1) The relations for the surface Hecke algebra H,(X) for each n € Z~.

(2) The relations dy f = ¢(f)dy and fd_ = «(f)d_, for each n € Z~( and each
f € H,(X), where ¢ : H,(X) — Hy,41(X) is the natural homomorphism of
adding a strand.

(3) The relations corresponding to (2.3.2)), (2.3.1), (2.3.3)), (2.3.4).

Toi1d? = q¥dy, d* Ty = qd_
d_Thdy =q ?dyd_ +hd_d.=1—bg ™.

We define A, (X) to be the category A,(X) quotiented by

(4) The relation corresponding to ([2.3.6]):
l—dyd_ =qtT . TV ()T T

n—1»

where ¢ : H1(X) — H,(X) is the natural map and L € H;(X) is the
element corresponding to a strand going clockwise around the base with
constant framing.

Remark 2.3.13. We see that the right hand side of the last relation is invertible.
The inverse to the left hand side is in fact given by

1+b g td d_.
By construction we have natural maps compatible with composition

Hom, s ([n],[n]) — Skr(X x [0,1],m,n'), n,n’ € Zo.
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2.3.5 The A,, algebra of a punctured surface
We consider her the case in which ¥ has at least two boundary components.

Proposition 2.3.14. The natural functor Ay(X) — Aq+(X) is an isomorphism.

Proof. We begin by fixing some notation. Let us assume that the last two sides
of the polygon are —d,d, i.e. wsqy_1 = —d,wsq = d. The surface ¥ can be
represented by gluing the sides of the 2d — 2-gon with labels wy, ..., w2q—2. In
this setting L has the form

L= L/gd.
So we can apply relation (4) to eliminate g4. We write (in A, (3)):

ga=(qgt) (L' DTy ... Tn1(1 —dyd )T q...Th.

We need to show that the map sending g4 to Aq,t(i), thought of as a mor-
phism of Aq(i), extends to a functor. Here, by abuse of notation we will denote
the right hand side of this equation by g4 in A,(X). So we need to show the
following relations (these are all the relations featuring g4):

gad— = d_ga, gad+ = d+ga, 94Ty ' 9aT1 = T194Ty ' ga,

9T gdTy "t = TigaTy Pgs (i=1,...,d—1).

It is easy to observe that the relations involving g, L and g;l or gq¢ and g; in
a different order are redundant. So we go on to check the relations listed above.
The first relation is equivalent to

(1—dyd)d_=d-T,1(1 —dyd_)T,—1. (2.3.7)
We can write the left hand side as
hd_To_1+d_ — (¢ 2dyed_ +h)d_Ty_y =d_ —dyd_d_,

which is indeed equal to the right hand side. The relation for g4 and d4
translates to
d+(1 - d+d7) = Tn(l - d+d7)Tnd+, (238)

which can be verified in a similar fashion. For the third relation, we can write
-1, _ -2 -1 -1
a1y "ga = (qt) (L™ )Te(L™ )Ty .. . Th—1(1 —dyd_)
XTn—l . Tl . Tn—l(l — d+d_)Tn_1 . .Tl.
We now observe that
Tono1..Th.. Tp1=T1...Tp_1...T1.

Therefore
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9aTy  ga = (qt) 2L DT(L DTy ... Ty 1Ty ... T
X(l — d+d_)Tn_1(1 — d+d_)Tn_2 e TlTn—l . Tl.

Therefore, the third identity follows from the following relations:

Tyo(L DTy (LY = o LY Ty (L) Ty, (2.3.9)

T(Ty.. Ty aTy.. Ty o) =(To...Tn1Ty... Ty 2)Ty 1, (2.3.10)
Twi(Tpo.. TiTp g ... TY) = (Tno... ThTpy...T0)T, (2.3.11)

Ty 1(1—dyd )T 1(1—dyd )= (1—dyd )T 1(1 —dyd )T, 1. (2.3.12)

Among these (2.3.9) holds because L’ is a multiple of the element of going
clockwise around the puncture of . The relations (2.3.10) and (2.3.11)) are
2.5.12)

obtained from the classical braid group relations. Finally, we have that (

follows (2.3.7)) and (2.3.8)) as follows:
d+d,Tn71(1 - d+d7)Tn71 = d+(1 - d+d,)d7 = Tn,1(1 - d+d,)Tn,1d+d,.

The last relation amounts to checking the following:

Ti(L'"YTvgi = giTy(L' ™1 Ty,

which again is true because L’ is a multiple of the element of going clockwise
around the puncture. O

2.3.6 The A,; algebra of the torus

Let x1,...,x, be the fixed endpoints on the surface of the torus. The element
T; swaps z; and x;41 clockwise. We denote by y; and z; the generators of the
fundamental group of the torus. Then, if we set

yi:E—l-HlelTl-”E—l s %4 :Tl__llTl_llel_lﬂ__ll,

we have the affine Hecke algebra relations for T;,y; and T;, z;. The element L
is given by y; ‘27 'y121. So relation (4) translates to

l—dyd_ =qtT Ty e e I T (2.3.13)
We will use the element ¢, which is given by
Y = T1 ce Tn_lzn.

We can easily see from the pictorial representation that ¢ satisfies the following
relations

(1) ¢T; =Tip1p, fori=1,...n—2;
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(2) 2Tnﬂ = T1902;

(3) pd_ =d_@T,_1;

(4) ¢Tudy = dyp:

(5) o ld_pt =d_p?Ty;
(6) wyi =yit19, for i =1,.
(7) @yn(l —dyd_) = gty .

_]_;

We remark that relation (2) follows from (4) and (5) (see Lemma 3.1.11

in [CGM20)).

Based on this construction, we now want to give the following definition.

Definition 2.3.15. The A, ; algebra of the torus is the algebra generated by

¢i17d+ad—aTi7yii1
1
2
4) d_d, =1—bg™;
5

—hl;—1=0, T;T; 1 T;

(1)
(2)
(3) d_Tpdy = q~*?dyd_ + h;
(4)
(5)

satisfying relations
Toi1d: = ¢'/2d2, d\ T, = Tydy;

P T,y =, d_T; = Tid_;

Affine Hecke algebra relations

=T 1 TiTi1, TiT; = T;T5, if i — j| > 1

Tiyiv1Ts = yi, 915 = Ty vy = YiYs;

)
)
)
9) pTndy = dig;
)
)
)

(6) dy; = yid—, dyyi = yidy;
(7) ¢T; =Tip1p, fori=1,...n
(8) pd_ =d_¢T,_1;

(

PYi = Yi+1¥, for i = 17"'7”
gl =dop T

oYn(1 —dyd_) = qtyip.

— 2

3

Remark 2.3.16. Note that our variables y; and the element ¢ are invertible,

unlike in the usual A ;.
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2.4 The A, algebra of the disc: A basis and
Schur-Weyl duality

Here we want to consider the A, algebra of the disc, which we can look at as
the subalgebra of the A, ; of the torus generated by d+, T;.

Definition 2.4.1. The algebra A (D) is the algebra generated by d4,d_,T;
subject to relations

1) Tyy1dd = ¢'2d2, d\T; = Tidy;
A>T,y = q"/?d%, d_T, = Tid_;

d_Tndy = q Y?d d_ + h;

)
)

4) d_dy =1—bg™
) T2 — hT; — 1 = 0;
)

Ty =TT, if i — §| > 1, ;T Ty = T TiT 41

Our first goal is to give a basis for this algebra. To do so, we proceed as
follows. We begin by considering certain subalgebras Agn), for a non-negative
integer n, and we give a basis for these algebras. To conclude this step, we will
make use of a Schur-Weyl duality result. In fact, we will prove that Afln) is
isomorphic to the space of endomorphisms of a certain quantum group repre-
sentation. The next step will be to consider a bigger algebra A;N , which has
the property that any element in A, (D) is contained in it for sufficiently large
N. We will use our previous results to give a basis for AgN , which will in turn
give us a basis for the whole A4(D).

The algebra AS,") is made of operators that take in n strands and give as
output n strands.
Remark 2.4.2. It will be useful to observe that Aénfl) is naturally contained

in Ag"). More explicitly, given an element of Agﬂfl), we can interpret it as an

element of AS,") by simply adding a strand to the right and shift the labels of
the preexisting strands by 1.

Theorem 2.4.3. The algebra A,(]") has a basis given by Twled’j_d’iTww where
wy € Sn/(Sk X Snfk;),wQ S Sn,;wwg c (Sk X Sn,k)\Sn, fOT k= 0,...,n.

We observe that it is not difficult to see that any element can be written as
a linear combination of elements of this form. The key observation is that we
can always slide dy and d_ into this position. The only problem we really have
to deal with is what to do when a d appears to the right of a d_ and among
the T;’s there is a T,,, which is the only T" generator that a d; cannot slide past
towards the left. In this case, we can pull to the right the closest d_ on the left
of the dy until it meets the T, and apply relation (3). The crucial remark here
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is that this is always possible because any T, can be written in such a way that
it presents only one T,.

We note that we could have to chosen to place the T,,, on the right, as this
gathers the T7’s that can slide past the d;’s and d_’s in the middle. So, what
we actually need to show is that these elements are linearly independent. Here
is where Schur-Weyl duality will come in handy.

Remark 2.4.4. The number of the basis elements is Y ;_, #22—1@)'

We now want to state and prove our first Schur-Weyl duality-like result. We
want to consider representations of a quantum group U,(gl,,), where M > n
and ¢ is generic.

Let us consider the following endomorphism space

End(Sym(V)E™" @ V&),

for L >> n.

To simplify the notation we will set Sym(V)L=" @ V" =: 1, We want to
give a combinatorial interpretation of this space. According to the Pieri rule,
we can think of an element of End(u,,) as a pair of standard tableaux, both of
shape

with [A| + [£] = n.

Remark 2.4.5. By the combinatorial description, we can see that dim End(u,,) =

2
ZZ:O % In other words, it conveniently matches our candidate for the

dimension of A((Zn) .

We now want to define an action of A((In) on ft,, which will give us a map
¢ : A, — End(py,). In fact, to prove Theorem we will show that this map
is surjective and this will suffice by Remark [2.4.4] and [2:4.5]

For our convenience, we will consider tableaux whose entries that are de-
creasing from left to right and top to bottom. This will make it easier to define
the actions of the dy operators. For a tableau o = (¢,\) define d_o for a

tableau to be 0 whenever "] ¢ ¢ and (£\ , A) when the label n is in ¢. Here

the notation £\ means that we have unlabelled the box with entry n in /.
As for d, it will simply label the rightmost unlabelled box of the first row and
label it by n + 1.
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Ezxample 2.4.6. Consider for example the tableaux o given by

[6]5]4]

The operator d; will send o to dyo given by

HBEE]

On the other hand, d_o will be, up to a constant, given by

[5]4]
312
1]
However, the operator d_ will send the tableau
[5]3]2]
6|4
1

to 0.

Finally, we want to define the action of the T/s. In order to do so, we need
to define the weight of a box of a tableaux . The weight of i is given by
w(i) = ¢° ¥, where the content ¢, is the usual content for the boxes of A and
on the first row we require that the first labelled box has weight bg~"~!. We
are now ready to define the action of each Tj:

q3v, if 4 is to the left of i + 1,

Tivy = _q_%l/a' if 4 is on top of i + 1,

11 R T
q2=q"2 _,, 4 4 2-q2w(i)” w(itl)
1—w(i)w—1(i+1) 7 1—w(i) ~Tw(i+1)

Vs, (o) Otherwise.

The fact that this is indeed an action can be checked by direct computation.

Remark 2.4.7. Note that the action of A,(D) leaves the overall shape of the
tableau unchanged.

We are now ready to prove that ¢ is an isomorphism. As we already men-
tioned above, Theorem will follow.

Theorem 2.4.8. The algebra Aén) is isomorphic to End(u,) via the map ¢.

62



Proof. As we observed, we just need to prove that the map is surjective since
the dimension of AE]") is less or equal to that of End(u,).

We show that, given two standard pairs of tableaux o1 = (A1, ¢1) and o =
(A2, £2), we can construct an element h € Ag") such that hv,, = v,,. Suppose
that for each standard pair ¢ we can construct an element h, such that h,v, =
v, and hyv; = 0 for all 7 # ¢. Then, if w € S,, is the permutation taking o; to
09, we can set h = hy,Tyhes, . So our claim amounts to showing the existence
of h, for a given 0. We prove this by induction on n. We can easily show that

this is true for A,(Il). In fact, we only have to consider the diagrams (D, @) and

(%) . e operator _ multiplies the first — bg™ " and annihilates
(@,L_]). The op dyd_ multiplies the first by 1 — bg~! and annihil

did_ dpd_
the second, so the sought operators are Tpg-T and 1 — Thg-T Now, suppose

this is true for n — 1. Given o, we know there exists RY ¢ A,(Infl) such that
h((fnfl)

annihilates v, for all 7 except those coinciding with ¢ on all boxes except
the one with label 1. By abuse of notation we will also denote by hg,"_l) the

corresponding element of A,(Jn), according to Remark We note that 77 acts
on these tableaux as Tyv, = ¢;v; + ¢, Vs, -, where ¢, is nonzero and ¢’ is zero
when s17 is not a standard pair. Then the element we are looking for is

h,(;n_l)Tlhgn_l) —c,
he =[] p— :
T#Oo

O

We now want to proceed to consider a bigger algebra, which we call AQSN .
This will be the algebra containing all the elements whose number of input
strands and number of output strands are bounded by N. We want to give a
basis for this algebra. We will again use Schur-Weyl duality to find this basis.
Our expectation is now that

A?N ~ End(®)_,un),

where L >> N. As the direct sum is finite, we can decompose the space on
the right hand side into a direct sum of endomorphism spaces End(u,,) and into
homomorphism spaces Hom(fin, fin4;) and Hom(gi,4j, pin). As we have already
dealt with the endomorphism spaces, we want to understand these homomor-
phism spaces to deduce a basis for AZYN. We start with Hom (i, ptn41); we shall
see later that, once we get a grasp of what happen in this case, we can easily
deduce the remaining cases.

Let us begin by giving a combinatorial interpretation of these spaces. An
element of Hom(py,, tin11) can be interpreted as a pair of tableaux of the same
overall shape with n and n + 1 labelled boxes, respectively. It is easy to count
how many such pairs we have. So, the dimension of Hom(gy,, ftnt1) is given by

the formula e
=T (o — 2 /0N /n
§ o))

63



which can be simplified to

Zi:(n o (Z) (Zi 1)

k=0

Let us look at how we can relate these spaces to A;N . On the one hand, we
know that d sends an element of p,, to an element of y,,41, on the other hand,

the elements of AE]‘“) give us endomorphisms of p,41 (actually all of them!).

This observation suggests that Hom (g, fin41) = A,(Inﬂ)dJr.

We now want to understand the elements of A((In+1)d+. We see that we can
act as we did for Aén) to see that any element of Agn+1)d+ can be put into the
form

k+1 jk
1_'11)1 7111)2 d++ d_ Tw:; i

where w1 € Sp41/(Sn—k X Skt1), w2 € Sp_k,ws € (Sp—k X Sk)\Sn, for k =
0...n. Clearly, we have a map cp;l : A,(JHH) — Hom(ptn, pint1), which is sur-
jective by Theorem As the number of elements of our candidate basis and
the dimension of the hom space coincide, we deduce that it is an isomorphism
and therefore the elements listed above form indeed a basis. 4

It is not difficult to see that we can generalize our argument for A((I"ﬂ )di_.

This will have a basis of elements
T Ty dd" T,

where w1 € Spti/(Sn—k X Sk4j),We € Sp_k,ws € (Sp—g X Sg)\Sp, for k =
0...n, and we will have an isomorphism goij : A((Jnﬂ) — Hom(ftn, frtj)-

Let us now treat the case of Hom(ftn+j, itr,). Here we expect this space to be
isomorphic to 4’ AE{L” ). First of all, we observe that the count of the dimension
of Hom(ttn4j, ftr) is the same as for Hom(fin, tinyj). Secondly, we see that an
A((In-i-j)

element of dj_ can be written in the form

k gk+3j
Ty Ty ddZ T

Therefore, we have again an isomorphism ¢, ; : & A((Inﬂ N Hom (ftn+j, tn),
which allows us to prove that these elements form a basis.
We have obtained the following.

Theorem 2.4.9. The algebra AQSN has a basis given by
Ty Top d52d™ T,

where wy € S’nr‘r(k}lka)/(S’ﬂfmin(k‘l,kz) XSmin(kl,kz)Jr(kl*M))? wo € Sn—min(kl,k2)7 w3 €
Snfmin(krl,kg) X Smin(kl,kz)\sn and n,n + (kl - kQ) <N.

As a direct consequence of Theorem we now have a canonical way
to write down any element of A,(D), since all elements of A,(D) belong to
Ay (D)=N for some N.
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2.5 The A, algebra of the annulus

We now look at the A, algebra of the annulus, which we see as the subalgebra
of the A, of the torus generated by d+ and the T and y generators.

Definition 2.5.1. The algebra A,(A) is generated by d., T,y subject to

relations
1) Tyy1d: = q'/2d2, d\ T, = Tydy;
2) d2T, 1 =q"/?d%, d_T, = Tid_;

3) d_Tndy =q "?d d_ +h;

(1)
(2)
(3)
(4) d-dy =1—-0bg™";
(5) T = hT; — 1 = 0;
(6) T;T; =T;T;, if |i — j| > 1, T,Ti44T; = Ti41 T3 Tigns
(7) TiyiTi = i
(8) viy; = vsyis
(9) d-yi = yid—;
(10) dyy; = yid.

Remark 2.5.2. We can observe that the y variables and the T;’s form an affine
Hecke algebra.

Let us take a moment to compare A,(A) with the usual Dyck path algebra
Ay
The dy of A, in Definition [2.2.1] can be described as a skein as a multiple of

the diagram

n+1

L

So, according to this definition, the d is also looping around the annulus, unlike
our skein version of d, which simply adds a strand. We will give more details
on this comparison in Section @

We now want to define the action of Aj(A) on a space of quantum group
intertwiners for the quantum group U,(gl,,). We consider the space Hom([\] ®
det”, &N_o([\] @ Sym(V)N=" @ V&), where X is a partition A = (A\; > -+ >
Ay ) with big gaps, meaning A\; —A; 41 > k, and k-M = N (the only case in which
this space is non-zero). Using the Pieri rule, this space is generated by skew
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[5]2]

| [4]

| [6]3]1]

Figure 2.1: Example of horizontal strip representing an intertwiner in the space
Hom(\ ® det®, A ® Sym(V)!? @ V®%)

tableaux which are horizontal strips. In fact, every tableaux will have the same
overall shape, by which we mean again the shape of the tableaux considering
the labelled and the unlabelled boxes. We can see in Figure how such a
tableau will look like.

Again, to make the action of d4+ more natural, we use tableaux which are
decreasing left to right and top to bottom. The content of a box is again the
difference between its row and its column.

Let us define the action of di. We set dyv, = ), Vo, where ¢’ varies
along all tableaux obtained by labelling by n 4+ 1 exactly one box to the left of
a labelled box of 0. When there are no boxes to add, d acts as zero.

As for d_, its action is given by d_v, = K(o)v,~, where ¢’ is obtained by
deleting the label of the box filled by n in o and K(o) is defined as follows. It
will be convenient to define K (o) as the residue of a function. This will later
allow us to easily verify the relations. Let us denote by Unlab(o) the unlabelled
boxes in 0. We say an unlabelled box in ¢ is addable if it is located immediately
to the left of a labelled box. We denote addable boxes by w;, then

1— 14co(w)—co(w;)
K(o+w;) = H a

weUnlab(o)

1—gq).

1-— qcﬂ(w)760 (wl)

This can be written as a multiple of the residue of the function

wo(z): H Log

— qCo (w)
wéeUnlab(o) 1—q o

14cq (w) Py

at z = q*cﬂ(“’i). More precisely, we have

Kl+w)= lim (1—¢%®)2),(2)

Z_>q*(’fa('w7‘,)

The variables y; act semisimply, multiplying v, by g% (.
Note that, for n = N, the relation d_dy =1 —bg~" givesus 0 =1 — bg~ ",

sob=qV.
We set
- {qéyg if 4 is to the right of i 4+ 1,
Ve = _1 1 -1 .
h b B w(i) " w(it) ;
T—w@uwirn Ve + . 1—;2(;)”*1111;(;111) Vs,(o) Otherwise.
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Proposition 2.5.3. The action of d+,T;,y; described above gives an action of
Aq(A) on Hom([A] ® det®, &3 (A @ Sym(V)V =" @ V).

Proof. The relations (1),(2),(5)-(10) are straightforward to verify (or classical
for AHA calibrated representations, see [Ram03a]). Let us take a look at relation
(3). This gives us two formulas which K(.) has to satisfy, namely

¢EIK(0)+h= > AN, K(o+w) (2.5.1)
w;addable
and )
AR K(sp(o+w;)) = g 2K (o), (2.5.2)

where we denote by Agl_i)rwi and A((i)_w% the coefficients of Vg1, and vy, (54w,)s
respectively, in T, Vy44,. The second formula follows immediately from the
definition of K(.). The first formula is not as straightforward. In fact, we will
prove it by applying the residue theorem. We make use of the following auxiliary

function
1 h o (w) 5

l—q
f(z) = c(n ’ H co (w :
z 1- q ! )Z w€Unlab(o) 1- q ! )Z

We observe that f(z) has simple poles at 0, g™ ¢ ) for every addable
box w. It is easy to see that its residue at oo is 0, therefore we have that

- Zwi addable Res(f(2), q_c"(wi)) = Res(f(2), q_c“(n)) + Res(f(2),0). We see
that Res(f(z), ¢ % () is

(Z _ q_c“(wi’))(l _ q1+co(wi)z) h 1— q1+c(,(w)z
1— geo(w)y

111 ; —co (w; ) _ qCo(n ’
soqeo ) 2(=gee )z e ) =g M e )
which is in fact equal to

—AM K(o+ w;).

otw;

The residue at 0 is lim,_,¢ z - f(z) = h. Finally, the residue at ¢—¢ (™ is

_ co(n) 1 — gltce(w)
hm , (Z qc (n)) ’ }ic (n) H 1 ! co (W) Z’
aorgmee () 2 (_q 7 ) 2ma wé€Unlab(o) -4 “
which is equal to %K(O’) =q 2K (o). O

Proposition 2.5.4. The representation Hom([\@det”, ®N_, ((A|@Sym(V)VN—"®
V&) is irreducible.

Proof. We want to prove that, given a tableaux o, we can reach any other
tableaux T by acting with elements of A,(A). This is true because of two
crucial observations. First of all, the AHA action is transitive on tableaux with
the same labelled shape (the skew diagram drawn by the labelled boxes), so we
just need to make sure that we can act on o and obtain the labelled shape of 7.
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The transitivity of the AHA action enables us to unlabel a box where needed by
applying d_, so we simply have to verify that we can add a box where we need
to. Now we observe that this is indeed possible because all boxes in the overall
shape of tableaux in Hom([\] ® det”, [\] @ Sym(V)N~" ® V®") have distinct
content. As a consequence, once we have applied d; to o, we can choose our
preferred labelled shape ¢ + w; by multiplying by H#j(ynﬂ —w;). O

Let us take a moment to discuss a possible candidate basis. Following the
Ay(D) case, we would like the basis of A,(A) to be made of elements of the form

T,y T . d¥ Ty,

with the w;’s ranging in the appropriate sets, like in the discussion in the previ-
ous section. To write any element as a combination of elements of this kind, we
can repeat the procedure we applied for A,(D), however, we can observe that
we meet an obstacle when we encounter the elements L, := d_y;. . ;dy. These
elements L, are somewhat special as they commute with each other and, as we
shall see later, can be slightly modified to elements L, which are supposed to
be central and still commute with each other.

Let us examine then the elements L, = d_y;,, 1d. We see that we have the
following relation

dyLo= Lo+ (1= @) (Wnr1La-1 + -+ Y1 L1+ yir))dy
and a similar relation for d_.
Remark 2.5.5. Note that we can see L, as an element of Aq(A)(”) for each n.

Proposition 2.5.6 ( [Mell9]). The elements L, and y; commute among each
other in A,(A)™

Proof. Tt is clear that the y;’s commute with each other and with each L,.
What remains to prove is that L,L, = LyL,. Explicitly, we want to say that
the expression

d_yf‘1+1d+d_yz+1d_
is symmetric in a and b. We begin by applying relation (3) to get
1
d,yf{Hder,nyHd, =(1- Q)dfny{dJr + (I?d%ygLHTnHyZHdi

It is immediate to see that the first summand of the right hand side is symmetric
in k and 7, so we can restrict our attention the second summand. Combining
(5) and (7), we obtain the equality T 4+1Yn+1 = Yn+2(Tnt1 — h), which we can
repeatedly apply. together with (1), to get

4y fo(Ynt1s Yny2)d,

for some Laurent polynomial f,. Now, the observation we need to make is

that to the same expression we can apply Ynt1Tn+1 = (Tnt1 — A)Ynt2 and
1 . .

d® T, 1 = q2d> to write it as

d2— fa(yn-l—h yn+2)y2+1di,
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where the polynomial f, is constructed in the same fashion as f. It is now easy
to see that swapping a and b interchanges between these two ways of writing
this summand. O

Ultimately, we would like to modify the elements L, so that they will com-
mute with the whole of A,(A).

We want to see L, as some generalized complete homogeneous functions in
the following way. We consider the function

[T, (1 — zv1)

YO 0y

Then we write ;
ha[X] = (Res.=o + Reszzoo)qS(z)Z*a?Z’

where X = >, = 1My, — Zi\il v;. We want to identify L, with the function
he. We want to change L, by slightly modifying ¢ to

12,0 —zv) T2, — =)
[0, = zug)  TI (1 — 2u0)

Now, the idea is that, for the particular case of our representation, this
corresponds to including in the product the factors corresponding to the labelled
boxes. The modified elements f/k = Ba, defined analogously to h,, should now be
central. Note that, as operators, they clearly commute with the other elements
of A,(A).

It is clear that A,(A)(™ can be seen as a module over A™ := C[L,,y1. ..., yn].
Now, the key observation is that one can go from A to A(™) := ClLa, Y15 Yn)
and back. On the other hand, A acts of Hom(A ® det”, A @ Sym(V)N—" @ V&)
and its action commutes with that of A,(A)™. Using the symmetric function
interpretation, one can prove that the A acts faithfully on the sum over \ of
our hom spaces (to appear in [BMN]), however, it is not yet clear how to prove
that the A, action is also faithful. We think proving this fact could result in
proof of the following conjecture.

Conjecture 2.5.7. The algebra A,(A)(™ admits a basis

-

Ty T y*? . d¥ Ty y™

over C(q)[Ly,], where k = 0,...,n and Tw,y™, T,y range in the appropriate
£l Yay .
AHA quotients, analogously to Theorem and T,y € Hy(n — k).

2.6 The A,, algebra of the torus: Schur-Weyl
duality

We have already introduced this algebra in Section [2.3.6] We want to give
a conclusion to this work by putting together all the Schur-Weyl duality-like
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results that have appeared so far to give yet another statement of this kind for
the A, ; of the torus.

We want to understand the action of the element ¢ € A, in Section @
which corresponds in a sense (or at least pictorially) to the generator 7 of the
DAHA. We would like this element to take an intertwiner in py = Hom([A\] ®
det”, [\] ® V" @ Sym (V)N ") to an intertwiner in pxgy-. Recall this element
is given by @ :=T1 ... T, 2,.

Remark 2.6.1. Usually (see [CGM20]), ¢ is defined as (a multiple of) the com-
mutator of dy and d_. As we have pointed out, our d is different, as it does
not contain a loop. This is not the only difference in conventions though: we
are using a different normalization of the T;’s, so when comparing the "old" d,
which we call J+, to our dy, we have to take this into account. Indeed, the
diagram for J+ will be given by 11, ..., T,z,d, but this will have a coefficient
given by ¢%, as each T} will contribute to a factor q%. One can see that for us
¢ is a multiple of d d_ — q_%d,(L.

It will be convenient to determine the action of ¢ ~! instead of ¢. Let us

take a look at the relations that are satisfied by the element . We have already
stated them in Section but we quickly recall them here in terms of ¢ 1.
We have the following relations

Tt =p T fori=2,...,n—2;
d-T, ¢ ' =¢7'd_;

In this section, we consider the spaces @y ®N_, Hom([A] @ det®, [\| @ V& @
Sym(V)N=")  where A ranges among the partitions with big gaps. The reason
for our choice is that we feel it is easier to understand the action of ¢ ~!. This
will require a change of conventions in our tableaux. Namely, the gray boxes
corresponding to Sym(V') will now be on the right of the labelled boxes. More-
over, the labels will now be increasing from left to right. As a result, we will
take the opposite of our previous definition of content (so it is now increasing
left to right on the same row).

The idea is that ¢! will decrease the entries 2,...,n by 1 and the box
labelled 1 will be the box added to the shape of \. Moreover, we now need to
place the box labelled n: the image of o will be a sum Y x;7;, where the sums
goes over the lines of ¢, and in 7; we have placed the box labelled n in the i-th
TOW.

Ezxample 2.6.2. Let us take for example the tableau
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A [3]6]

5]

[1]2]4] |

One of the summands in the image of this tableau looks like

[2]5]
ARV ‘il(?l

5] |

where by abuse of notation we write A®V for the summand of the corresponding
representation in which we have put an extra box in A in the row where 1 was
located in o.

Note that if we keep applying ¢!, we might end up with a partition that

does not have big gaps. In such case, we set ¢ ')\ = 0.
We now have to determine the coefficients x;. We begin by looking at relation

(6):

gt yr =y (1 —dypd_ Yot
Suppose we apply this to a diagram o

qtqc"(l) Z ;T = ¢ (”)(Z TiTi) — (Z x; K(13))m3),

where we use the notation p~'o = >, z;7;. Let usset Y, z;K(7;) =: C. Then,
comparing the coefficient of 7; on each side, we can write

qCTi (n)C
Ti = qcmi (n) _ qtqee D)

Remark 2.6.3. We see that if we try to compute this equation on a tableau o
for which n = N, we obtain

qtqca(l) — qk+1ch(1),

sot=q".

We now need to determine the constant C. To this end, we will use relation

(3):
Tnd-‘r@_l = Lp_1d+.

This gives us a way to relate the constant C for o and the constant C; for o 4+wyj,
where w; is an addable box in ¢. After computing both sides of the relation
on o, we see that for each C; we get j equations. As for each j the equations
look the same, we will write them for j = 1 to simplify the notation. We have

71



one equation for the case in which the box added by applying ¢!

situated in the same row, which looks like

and d; are

quo (wl)
qca (w1) — qtch(l)

Cige=()
qca(vl) _ qtqc(,(l) !

b=

where v; is the box directly to the right of w;. Then we have j — 1 equation
for C'y involving the weight of w; for j # i. Once again, for simplicity, we write
this for the first and second row:

Gt Cot™ G e
ch(wz) _ qthU(l) qca(wl) _ qtqca 1,W2 ch(wg) _ qtqca(l) 2,W1

where Aq(,}l)m& is the first coefficient of T,, applied to a tableau in which w; has
label n and wy has label n+ 1 and Aq(i,) w, is the second coefficient of T}, applied
to a tableau with label n in we and n 4+ 1 in wy.

From the first equation, we easily see that

co(wr) _ co (1)
C1=q:C a g

= T O B (2.6.1)

We need to check that this is compatible with the second equation. We can use
Aﬁ?ﬁ,wl = q% — A,(Ull),w to simplify the equation to

AW ( chg(w1) B cha(w2) " 1 cha(w2)
w1,W2 ch(u)l) _ qth”(l) ch(wg) _ qtch(l) q qca(w2) — qtqco(l)
Crge- (v
- ch(wz) _ qtqca(l) :
The coefficient AE&E,M is equal to Wfﬁjaf(;i)w, so by inserting this ex-

pression and computing common denominator, we get that the left hand side

1S
hqc”(wg)qtqc”(l)c + q%qca(wg)c(qcﬂ(wl) _ qtqc(,(l))

(g (1) — giq=W)(qe (*2) — gig= (1))

As the numerator is equal to

1 co(w co (w1 Co
Cq2q (r( 2)(q (r( ) _tq (1))7

we see that by replacing C7 on the left hand side using we obtain an
identity.

We now need to take care of the remaining equations. We observe that (1)
and (4) are immediate to verify. We now consider (2). Let us fix some notation.
Here the box labelled n in o will be denoted by v; the coefficients of =1 when
applied to ﬁd,o will be denoted by z; and z; will be the coefficients for

@ 1o, Once we unravel relation (2), we get the following equations:

AP 2K (s,_17;) = K(0)x),

) 4
V,W; 2l
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when 7 is not the row of v, and
K(o)a) = x:K () (AL, —h),

when j is the row of v.

We now want to show that these equations follow from and
respectively. The crucial observation we have to make is that we can easily
compare K(7;) with K (o +w;). Note that the coefficient K only depends of the
unlabelled boxes of the diagram and, in this case, the set of unlabelled boxes
are almost the same for 7; and o + w;. They differ precisely by the fact that
7; has one more unlabelled box located in the row where we deleted the box
labelled 1 and put it into the shape of A\. This box has content tg°*(1). So we

have
qco (wz) _ qtqca (1)

K(1;) = K(o 4+ w;) - (2.6.2)

qca(wi) _ tch(l) :
The first equation can now be easily seen to be equivalent to The second

equation needs some work. We begin by using and the fact that the
a°ep,

content of the bracket is to simplify the equation to

chr("—Ui)cha(v)

EK(0) =Y A, -

‘We now see that

6@ — ggee)
—qca(wi) — tch(l) K(O' + wz).

qCU(U) — tqca(l) _q qca(v) — qca(wi)
ch(wi) _ tch(l) - ch(wi) _ tch(l) :
Therefore, it’s now enough to show that
o (v) _ 4Co(wi)
n 47 797 " V=
Z Av,wi qco(wi) _ tqca(l) K(U + wl) h.

We can show this is true by replacing again K (o + w;) according to equation

[2:6.2] and using

qc,,(wi)
Z qco‘(wi) — qtqca(l) K(TZ) - 1’

which can be verified by writing

C(T(wi)c
Z 1 (1)K(Ti)=Z$iK(T¢):C

g (i) — gtqce

and simplifying C.

We now have to take care of relation (5). We have to stop a moment and
make a crucial remark here. We have understood what happens to the constant
of a given tableau when we apply d+ to it. However, we have not figured out
yet what changes as we vary the overall shape of the tableau, i.e. if we apply
¢~ ! to it. This will come from the relation (5). Let

d_=d_¢ %
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We see that relation (5) is equivalent to
@713_ = J_gpflTl_l.

The above relation will indeed give us a way to determine how constants for
different shapes relate to each other.

The discussion that will now follow is very similar to that in the proof of
Theorem 3.25 in |[GGS23)|.

We want to introduce some notation to make the expressions that will follow
more readable. We set a = ¢°(), b = ¢°*(® | d_o = & and, by abuse of notation,
w; will be used in place of ¢° (). Note that d_ has the effect of deleting the
box labelled 1 in ¢ and putting it in the shape of A, while all the labels of ¢ are
shifted by —1. Assume for now that 1 and 2 are not adjacent in . By applying
the relation above to a tableau o, we obtain the following relation for each i:

C(0)C(5) - %#qw _
g—Va  (b—qta)(w; —tb)w;
b—a (b—ta)(w— gth)(w — gta)
gb—a  (a—gth)(w —ta)(w)
b—a (a—tb)(w— qta)(w — qth)’

C(0)0(5) -

+C(s10)C(s10) -

This gives us

b—qa)(b— gta)
(b—ta) (a —tb)

So, to completely determine the action of ¢~ we are looking for a function
that satisfies this condition. This condition is completely analogous to that
in [GGS23| for the so-called edge function, where the authors also show that
such a function exists for horizontal strips like ours.

Lemma 2.6.4 (Theorem 3.26 [GGS23|]). There exists an edge function C(o) €
Cl(q,t)* satisfying condition . Moreover, any choice of such function leads
to the same representation up to isomorphism.

gb — a)(a — qtb)

C(o)C() - ¢ — C(510)C(s70) - < (2.6.3)

1

The case in which 1 and 2 are adjacent simply gives us an identity, which
we can easily verify by observing that b = ga in this case. Indeed the second
term on the right disappears and the first summand has coefficient
(g—1Da (b gta)(w; — th)w;

b—a (b—ta)(w— qth)(w — qta)’
which equals the one on the left hand side once we replace w; — tb by w; — gta
and simplify.

We proved the following result.

Theorem 2.6.5. The algebra A, 4. of the torus acts on the space ®y ®L_,
Hom([\] ® det”, [\] ® Sym(V)N=" @ V™).
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2.7 Conclusion and future projects

We want to begin this section by remarking that we see that our conventions
have been somewhat incoherent throughout this chapter when we inverted our
diagrams in beginning of the previous section. The reason for this is that we
tried to maintain the notation we used for the disc, which was very useful for
that case. Indeed, our ordering for the tensor product allowed us to easily
count the dimension of the endomorphism space and to define the action of dt
without using shifts on the labels. However, we found it difficult to define the
action of ¢»~! on our "inverted" diagrams. We decided to switch our conven-
tions at this point, hoping that this would not be confusing, and to maintain
the conventions for the annulus to keep the passage from disc to annulus clearer.

We want to conclude this chapter with a few ideas on how our work on

A, + could be extended further. It would be interesting to continue the parallel
with the DAHA and see if it is possible to construct a faithful representation
for A, and A, using representations from intertwiners. Let us recall that it
is not known whether their polynomial representation is faithful. This was a
key ingredient in proving that the representation W in Section [1.3.6]is faithful.
However, we do believe that by taking the direct sum of our representations
from intertwiners, just like we did for the DAHA, one can get a faithful repre-
sentation. Moreover, let us mention that the PBW theorem for the DAHA is
also based on the faithfulness of the polynomial representation. For A, and A,
there is no PBW theorem available and we hope that our work can give a hint
of what a basis should look like (see Conjecture [2.5.7)). For A,(D) the proof
turned out to be a lot more accessible as we could count dimensions, but this is
clearly no longer the case when we consider the annulus and the torus case.
Furthermore, we would like to have an equivalent to Corollary (i.e. the
proof of Conjeture 1.6 in [MS21]). Even if our definition of A, of the torus
is based on the skein theoretic construction, we cannot state an equivalent to
that result. We remark that, also here, our proof was based on a faithfulness
result, which at present we are still lacking on the A, ; side. In a nutshell, there
are a few representation theoretic results for the DAHA that are still missing a
counterpart for A, and A, ;, however, we hope that our work can be somewhat
useful to close this gap.
We have one last point that we would like to bring up in this final section. As we
have briefly mentioned when introducing A, ¢, authors were usually only con-
sidering the polynomial representation of A, ; until the appearance of [GGS23],
which studies calibrated representations of an extension of B, .. These repre-
sentations are calibrated in the sense that a set of variables (and some extra
operators) act semisimply. In our representations of A, a set of variables also
acts semisimply, therefore it would be interesting to compare the constructions
and see if there is a way to pass from one to the other. As we pointed out at
the end of the last section, our computations are indeed very similar, even if we
are looking at slightly different algebras.
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