THE DUAL CANONICAL BASIS IN THE SPIN REPRESENTATION
VIA THE TEMPERLEY-LIEB ALGEBRA
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ABSTRACT. The spin representation (C?)®™ has a dual canonical basis introduced by Lusztig that
is important in many areas of algebra, geometry, and physics. Khovanov observed that a portion
of the dual canonical basis can be viewed diagrammatically through the Temperley-Lieb algebra.
We provide a simpler construction that we generalize to the entire dual canonical basis, and write
explicit formulas to compute the dual canonical basis, and thus the canonical basis of the spherical
module, as a byproduct. We reprove some of Khovanov’s results using our new perspective. Fur-
thermore, we use the Hecke algebra to reprove the fact that the canonical basis is indeed dual to the
dual canonical basis, leading to similar results about the canonical basis in M* and N*, the dual
spaces to the spherical and aspherical modules, as a byproduct. Finally, we present an alternative
axiomatic definition of the canonical basis using diagrams.

1. INTRODUCTION

1.1. Background, History, and Motivation. The spin representation (C2)®" is an important
object in various areas of mathematics and physics. Since it was first introduced by Cartan in
1913 [5] and applied to physics by Dirac in 1928 [9], mathematicians and physicists have studied it
extensively. The spin representation parametrizes configurations of n electrons, each of which has
spin-up or spin-down.

If one considers (C™)®" as a (Hy, Uy (sl ))-bimodule, quantum Schur-Weyl duality states that
if m > n, the algebra of endomorphisms of (C™)®" that commute with the action of Uy(sl,,),
where ¢ € C is not a root of unity, is precisely H,, the Hecke algebra with n generators, which
has a natural presentation as an algebra of diagrams on a plane from n vertices to n vertices
subject to certain quadratic relations. However, as we are concerned with the specific case of
m = 2, the algebra of endomorphisms will be a quotient of H,,. This quotient is precisely the
algebra generated by diagrams on the plane from n vertices to n vertices without crossings, with
no additional relations, called the Temperley-Lieb algebra TL,, (see Figure 1). First introduced
by Temperley and Lieb in 1971 [24], the Temperley-Lieb algebra has applications in representation
theory and knot theory, both due to its connection with the spin representation and quantum
groups, and also independently.
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FicURE 1. Examples of some diagrams in the Temperley-Lieb algebra.

One breakthrough in the study of representations of quantum groups is Lusztig’s discovery of the
dual canonical basis, a basis satisfying certain upper triangularity and self-dual conditions in an
arbitrary finite dimensional representation of a semisimple Lie algebra, in 1990 [20]. Lusztig’s dual
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canonical basis quickly led to discoveries about its relation to the crystal basis [14] and algebraic
geometry [21]. Since then, mathematicians have studied this dual canonical basis and related them
with different areas of mathematics, including cluster algebras, total positivity, and categorification
(see [1,23,25]). While leading to many breakthroughs, Lusztig’s dual canonical basis was defined
axiomatically and could not be explicitly computed. An important breakthrough is due to Khovanov
[18], who first related Lusztig’s dual canonical basis and the Hecke algebra through the graphical
calculus of diagrams, allowing mathematicians to understand the dual canonical basis explicitly.
The understanding of this (dual) canonical basis also allows the explicit computation of characters
of certain irreducible highest-weight sl,,-modules. Our paper expands on Khovanov’s work.

In the general case, the explicit computation of the dual canonical basis is extremely complicated.
However, for the specific case of U, (sl2), describing the dual canonical basis in (C?)®" is sufficient,
as every finite dimensional irreducible representation is a quotient of (C?)®", and the dual canonical
basis of the quotient is a subset of the dual canonical basis.

1.2. Structure of the Paper. In the first six sections, we cover preliminaries; our results start
from Section 7.

Khovanov inductively constructs the dual canonical basis, and we first examine the dual canon-
ical basis through the lens of the Temperley-Lieb algebra in Section 7, asserting the isomorphism
Do<i<n Ind?ﬂ:@TLnik Cuiv = (C?)®" and proving that the diagrammatic basis on the left hand
side maps to the dual canonical basis on the right hand side, which we can explicitly construct. We
use our results to reprove Khovanov’s inductive computation though a new diagrammatic perspec-
tive in Section 8.1. As a byproduct of our results, in Section 8.2, we write an explicit, non-inductive
formula for the dual canonical basis in Theorem 8.7, which also leads to an explicit formula for the
canonical basis of the spherical module in Corollary 8.9. In his thesis, Khovanov poses the question
of how his results are related to the results of the Temperley-Lieb algebra and the Hecke algebra
in [11], and our work answers that.

Khovanov also describes the dual canonical basis of the U, (slz)-invariant subspace of (C?)®" in
terms of the Temperley-Lieb algebra. In Section 9, we reprove his result in a simpler way using
diagrams in Theorem 9.9, that can be generalized to the entire dual canonical basis, as we describe
in the previous section.

Besides the dual canonical basis, another important basis in (C2)®" is the canonical basis, which
is dual to the dual canonical basis. We revisit this fact and prove this duality through the perspective
of the Hecke algebra in Section 10, by introducing a pairing between the spherical and aspherical
modules. Our approach allows us to work with the spin representation through the Hecke algebra,
which is more convenient as the bar involution in the Hecke algebra is simpler than the involution
in (C?)®". As a byproduct of our work in the Hecke algebra, we also obtain formulas for the
computation of the canonical bases in M* and N*, the dual spaces of the spherical and aspherical
modules. Finally, in Section 11, we describe an alternative axiomatic definition of the canonical
basis, through a diagrammatic perspective, in Theorem 11.2.

1.3. Future Work. Our approach via the Temperley-Lieb algebra not only allows mathematicians
to visually understand these bases, but also has applications beyond making the dual canonical basis
more tangible to work with. If one studies the analog of the spin representation in the affine setting
(i.e. replacing the symmetric group by its affine analog), there is no known algebraic definition of the
canonical basis in it. Although the analog of the dual canonical basis can be defined geometrically
as a basis of classes of irreducible objects in the heart of a certain exotic perverse t-structure
[2,4], this geometric definition is complicated and doesn’t give insight into its explicit computation.
However, one can show that the canonical basis is still related to the diagrammatic basis of the
affine Temperley-Lieb algebra, the algebra generated by the diagrams on a cylinder, in a similar
way as explained in the finite case in this paper. A deeper understanding of the relation of the
Temperley-Lieb algebra in the finite setting may allow us to understand the relation in the affine
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setting better, importantly allowing us to explicitly compute the characters of E:/[;—modules. This
strategy of computing the characters of sl,-modules proved quite effective for a specific case in
Proposition 2.19 and Proposition 2.21 of [3].

2. THE TEMPERLEY-LIEB ALGEBRA

In this section, we introduce the Temperley-Lieb Algebra, the object that is central to our paper.
Throughout this paper, let ¢ be a complex number that is not a root of unity.

Definition 2.1. An n-diagram is two parallel lines with n vertices on both the top and bottom
line, where the vertices are connected by edges so that the edges are between the parallel lines,
the edges do not intersect each other, and each vertex is the endpoint of exactly one edge. If two
n-diagrams are homotopic to each other, they are considered the same diagram.

We refer to the edges of a diagram by links. Call a link

e straight if it connects the ith vertex on the bottom line to the ith vertex on the top line,
e quasi-simple if it connects two vertices on the same line, and
e simple if it connects two adjacent vertices on either line.

Definition 2.2 (Diagram Algebra). Let £, denote the set of all n-diagrams and let 3 = —q — ¢+

be a complex number. The diagram algebra, denoted Cl,(f3), is the algebra over C generated by the
basis £,,, with multiplication defined as the concatenation of diagrams, with a factor of g multiplied
for each closed loop formed during concatenation.

Let e; refer to the diagram with a simple link connecting the ith and (i 4+ 1)th vertices on each
line and with straight links everywhere else (see Figure 2).

N
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FIGURE 2. The diagram ez in Cly([)

Lemma 2.3 ([7]). The set {ei,...,en—1} generates Cl,(B); in other words, concatenation of the
diagrams {e1,...,en—_1} yield all possible n-diagrams.

If we draw some diagrams, we can see that there are some relations between these generators.
The following definition defines the Temperley-Lieb Algebra, the diagram algebra in terms of this
basis instead of the diagrams.

Definition 2.4 (Temperley-Lieb Algebra). The Temperley-Lieb Algebra, denoted by TL,(5) or
just TL,, is the associative unital algebra over C with words generated by the letters ey, eo, ...,
en—1 with relations

e? = [ - e, eieir1€; = e;, and e;ej = eje; for i — j| > 2.
Theorem 2.5 ([7]). There is an isomorphism of algebras between Ctl,(3) and TL,(8) given by
identifying e; with the corresponding diagram.

For the rest of this paper, we use TL,, interchangeably, referring to both the diagram algebra and
the Temperley-Lieb algebra, and use e; to refer to both its corresponding diagram and the letter
in the Temperley-Lieb algebra. As usual, call a word reduced if it is of shortest possible length.
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3. COMBINATORICAL BIJECTIONS OF THE TEMPERLEY-LIEB ALGEBRA

Diagrams are also related to other combinatorial structures. The goal of this section is to
assert a bijection between the Tempeley-Lieb algebra and other combinatorial objects, laying the
groundwork for Section 8.1. All of the content in this section is from either [7] or [26]. We first
define the parenthesis diagram.

Definition 3.1. A (n,p)-parenthesis diagram is an involution o € S,, such that

(i) there do not exist ¢, j, and k with i < j <k, o(j) = j, and o(i) = k,
(ii) there do not exist ¢, j, k, and [ with i < j < k <, 0(i) =k, and o(j) = [, and
(iii) there are 2p elements i with (i) # 7 and n — 2p elements j such that o(j) = j.

Now, we define a link state.
Definition 3.2. An (n,p)-link state is half of a n-diagram, with exactly p quasi-simple links.

In a link state, the links that are cut off are called defects. If we just consider the quasi-simple
links and ignore the defects, we obtain (n, p)-cup diagrams. An example is shown in Figure 3.

[} U [ ]
FIGURE 3. An example of a (4,1)-link state and its corresponding cup diagram.

Remark. Note that the Temperley-Lieb algebra acts naturally on the vector space generated by all
(n,p)-link states. This will be useful later in this paper.

Lemma 3.3. There is a bijection between (n, p)-parenthesis diagrams, (n, p)-link states, and (n,p)-
cup diagrams.

4. THE HECKE ALGEBRA AND KAZHDAN-LUSZTIG BASIS

4.1. The Hecke Algebra. The Hecke algebra, as described in [19], is an important structure that
is related to the Temperley-Lieb algebra and used throughout our paper. Recall that ¢ € C is not
a root of unity.

Let W be a Coxeter group with set S of simple reflections. We have the Bruhat order < on W,
with y < x if and only if some substring of some reduced form of x is a reduced form of y. Let
¢ denote the function returning the reduced length of a word. Note that for s € S and w € W,
l(sw) = ¢(w) — 1 if w has a reduced expression that starts with s, and ¢(sw) = ¢(w) + 1 otherwise.
Now, we can define the Hecke algebra.

Definition 4.1 (Hecke Algebra). The Hecke algebra H = H(W,S) is the free Z[q, ¢ ']-module
with basis H,, w € W and an associative product determined by

HyH, = Hyy if {(zy) = {(x) + {(y)
H.H, = H,, + (q_1 —q)H, if (xs) = 4(x) — 1.

This basis H, is called the standard basis. We can see that H; is a unit since ¢(1) = 0 and that
the second relation can also be written as

H,H, = Hy, + (¢! — q)H,, if {(sz) = {(z) — 1.
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Remark. Alternatively, the Hecke algebra can be defined by the generators Hs; where s € S and
the following relations. The first relation
(Hs—q ") (Hs+4q) =0
is called the quadratic relation and the other relations
HHH;---=HHH;--- for s#1t €S,

where the number of factors on both sides are equal to the order of st, are called the braid relations.

4.2. The Kazhdan-Lusztig Basis of the Hecke Algebra. The Hecke algebra has a “canonical”
basis called the Kazhdan-Lusztig basis, defined using the bar involution and an upper triangularity
property, that controls much of the representation theory of Uy(sls).

Lemma 4.2 (Bar Involution [17]). The map a — a: H — H such that g = q~ ' and H, = (Hy—1)™*
1S a Ting involution.

From H? = (¢! — q¢)Hs + 1, we obtain H;! = Hy+q— ¢~'. We call a a self-dual element if
a = a.

Lemma 4.3 ([17]). For all x € W, there exists a unique self-dual element B, € H such that
B, e Hy+ 3, q 'Z[g~|Hy. Furthermore, we have By € H, + >y q 'Zlq 1 H,.

Remark. The first part of this lemma is important for its proof. The second part gives upper
triangularity, which is a central part of the structure of the Kazhdan-Lusztig basis and the proof
of the following theorem.

Remark. Alternatively, we can take the ring involution fixing all H; and sending g to —¢~', so

we can also define the Kazhdan-Lusztig basis as B, € H, + Zy ~2Z[g)H,. In this paper, we use
q 'Z[q™'] instead for the later compatibility with the Temperley-Lieb algebra.

Theorem 4.4 (Kazhdan-Lusztig Basis [17]). The By as defined above form a basis of H.

Throughout this paper, the Kazhdan-Lusztig basis will also be called the canonical basis of the
Hecke algebra.

Definition 4.5 (Kazhdan-Lusztig Polynomial). For z,y € W, the Kazhdan-Lusztig polynomial
pyx € Zlg™ ] is such that B, = >y Py Hy.

Note that py, =0 for y A x, pyp =1, and p, , € q 'Z]qg7!] for y < x. Furthermore, note that
it is possible to explicitly compute the Kazhdan-Lusztig basis.

This proposition demonstrates that the basis of the Temperley-Lieb algebra can be thought of
as an analog to the Kazhdan-Lusztig basis of the Hecke Algebra.

5. ACTION OF THE TEMPERLEY-LIEB ALGEBRA

In this section, we discuss the spin representation (C2)®" an important object in many areas
of mathematics and physics, and how the Temperley-Lieb algebra acts on it. To define the spin
representation, we first define the Temperley-Lieb category.

5.1. The Temperley-Lieb Category. The Temperley-Lieb category gives a novel perspective of
the Temperley-Lieb algebra, providing an easier way to visualize the spin representation.

Definition 5.1. A (m,n)-diagram comprises two parallel lines with m vertices on the bottom line
and n vertices on the top line such that the vertices are connected by edges satisfying the following
properties:

e the edges are between the parallel lines,

e the edges do not intersect each other, and
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e cach vertex is the endpoint of exactly one edge.

Given a (¢, m)-diagram and a (m,n)-diagram, we can obtain a (¢, n)-diagram by concatenation.
Similarly to the case of the Temperley-Lieb algebra, in concatenation, a contractible loop may
appear; we remove it and multiply the resulting diagram by formal variable = —¢ — ¢~ !. An
example of concatenation is shown in Figure 4. We define a (a, b)-diagram composed with a (¢, d)-
diagram to be equal to 0 if b # c.

B

VAR

FIGURE 4. The composition of a (3,5)-diagram and a (5, 5)-diagram.

Definition 5.2 (Temperley-Lieb Category). The Temperley-Lieb category, denoted TL, has objects
{[n],n € Z>o}, where [n] is a set of n vertices. The morphisms Hom([m], [n]) is the vector space
with a basis of diagrams consisting of (m,n)-diagrams.

Define €' € Hom([n], [n — 2]) to be the diagram connecting the ith and (i + 1)th vertices on the
bottom line and containing no other quasi-simple links. Similarly, define 6] € Hom([n — 2], [n]) to
be the diagram connecting the ith and (i 4+ 1)th vertices on the top line with no other quasi-simple
links. An example of these diagrams are shown in Figure 5.

N

£

FIGURE 5. Diagrams for €3 and 43, respectively, in Hom([4],[2]).

Every diagram in the Temperley-Lieb category can be decomposed into certain generators, as
described by the following theorem.

Theorem 5.3 ([6]). The algebra P
on

17

mnezs, Hom([ml, [n]) is generated as an algebra by all €' and

where 1 <i < n — 1, with the following relations:
(i) € -6 =—q—q ', and
(i1) id®e}) - (6 ®id) =id = (€} ®id) - Id® 7).
The first of these relations is the removal of contractible loops. Looking back at the Temperley-
Lieb algebra, it is apparent that we set 8 = —q — ¢~! since that is the factor we multiply by when
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FI1GURE 6. The second relation in Theorem 5.3.

obtaining a contractible loop. The second relation (see Figure 6) is the fact that a curved link can
be contracted to a straight link.
With these relations, we can describe the spin representation diagrammatically.

5.2. The Spin Representation. In this section, we describe the spin representation (C?)®" and
how the Temperley-Lieb algebra acts on it.

Let v; denote (1,0) € C? and v_ denote (0,1) € C2. The 4-dimensional vector space C? ® C?
has basis {v4 ® vy, v4 Q@ U_,v_ ® vy, v- QU_}.

Let e: C>® C? — C be

VL vy — 0, v Qv — —q,v- Quy — Lo ®u_+—0

and let § : C — C2 ® C2 be

l—vy®@u_ —q o & V4.

Let €: (C?)®" — (C%H®" 2 be (1d)®! ® e ® (id)®" "1 and 67: (C?)®"2 — (C?)®" be
id*" '@ @id® L

Since €] and 0" generate €P,), ,,~o Hom([m], [n]) and all the relations in Theorem 5.3 are satisfied,
we have an action of P,), > Hom([m], [n]) on D,,5(C*H=m.

We can consider the case of m = n to obtain a representation of TL,,.

Definition 5.4. The spin representation is the action of TL,, = Hom([n], [n]) on (C?)®".

The following example illustrates how we can view the action of the spin representation through
slicing a diagram.

Example 5.5. We describe an example of how TL4 acts on (C?)®%. Given the first diagram in
Figure 7, we write it in terms of the generators of TL by decomposing it as shown in the second
and third diagrams. Explicitly, the first diagram decomposes into §{3€7ej3.

FIGURE 7. An example of how a TL,4 diagram is sliced.
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The action of the diagram in Figure 7 is as follows:
C2RC2RC2RC2EN 2o M9, o292 < ¢ 2% 22 C2eC? .

Remark. The reason the spin representation is defined in this way is that the maps € and § are in
fact homomorphisms of U, (slz)-modules (see Section 9).

We can also define the spin representation in terms of its basis v_ ® v_, v_ ® v4, v4 ® v_, and
V4 & V4.

Lemma 5.6 ([7]). The C-module (C?)®™ equipped with the map ¢ : TL,, — End((C?)®") where

0 O 0 0

I = T
C(el)_ 0 1 _qfl 0

0 0 0 0 iyi+1
is the spin representation. Here, B; 11, where B is a matriz, denotes B acting on the i and (i+1)th
components.
0

Remark. Note that if we set 6 = 1_1 and € = (0 —q 1 O), we obtain that ((e;) = 07 o €],

0
which is consistent with our definition of the spin representation.

6. SPHERICAL AND ASPHERICAL MODULES

In this section, we introduce spherical and aspherical modules, which are specific modules induced
from the trivial and sign representations on a subalgebra of the Hecke algebra. The spherical and
aspherical modules also have a canonical basis, similarly defined using the bar involution and the
upper triangularity property.

We define an action of H on (C?)®". To define the action of H, we must first define the R-matriz
Ri1:C?2@C%2 - C2®C2by R = ¢"/?6 0+ ¢ 1/2id. Note that Ry; is a nontrivial isomorphism
of C?> ® C2. Now, we can define H — End((C?)®") by

H; — 18070 @ ¢ 12R); @ 18M—i-1),
Remark. When ¢ = 1, this is just the natural action of S,, on (C?)®" by permuting components.
Given a subset J C S, let the corresponding coxeter group be Wy C W.
Definition 6.1. Let W7 C W denote the set of elements of minimal length in each left W -coset.

We have a bijection W; x W/ = W by (x,y) — zy. Denote H; = H(W). Let Cyyy denote the
H j-module mapping Hy to ¢! for every s € J and let Cggy, denote the H j-module mapping H; to
—q for every s € J

Definition 6.2 (Spherical and Aspherical Modules). The spherical module is
M =Ind}¥ | Cuiv = H @3, Curiv

while the aspherical module is
N = Ind%J Csgn = H @3, Cogn.

The spherical module has a basis similar to the Kazhdan-Lusztig Basis of the Hecke algebra.
The standard bases are M, = H, @ 1 € M and N, = H, ® 1 € N for z € W7. The bar involution
on H is compatible with these bases, by h® 1 =h ® 1 for h € H.

Similar to Lemma 4.3 and Theorem 4.4, we have the following.
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Theorem 6.3 ([8]). For all x € W, there exists a unique self-dual element M, € M such that
M, e M, + Zy q 'Z[g|M,. We can also do the same for N, obtaining elements N,. These

form a basis of M and N, respectively.

In fact, M, € M, + Zy_<x q 'Zg Y| M, and the same also holds for N

Remark. Similarly to the canonical basis of the Hecke algebra, we can use ¢Z[q] instead of ¢~ 1Z[q~1].

7. THE DuAL CANONICAL BASIS THROUGH THE TEMPERLEY-LIEB ALGEBRA

In Section 4, we defined a canonical basis for the Hecke algebra that is invariant under an
involution and satisfies upper triangularity properties. Furthermore, each canonical basis element
corresponded to an element in the standard basis. We can construct an analog for (C2)®". A
standard basis is {vy ® v4 ® - -+ ® v1 }. We define Lusztig’s dual canonical basis as follows.

Theorem 7.1 (Dual Canonical Basis [18]). Given vk, @ v, | ®@ -+ ®@ vy, where k; € {—,+} for
all i, there exists a unique vy, O -+ Q vy, € (C2)®" such that
(i) v, @ - Qo is self dual under the bar involution (see [18]),
(ii) v, Q- Qg — g, @ @y, is in ¢ 1 Zlg71], and
(iii) If we consider + to have value +1 and — to have value —1, vg, O --- Q vy, is equal to
Uk, ®- - -Quy, plus a linear combination of elements v, ®- - -Quy, such thaty ;L =Y i ki
and Z;il l; = Z;il k; for all1 < n' # n.
The set of elements vy, V- --Quy, € (C2)®™ forms a basis of (C?)®™ called the dual canonical basis.

Remark. The first condition is the self-dual condition, while the second and third conditions give
the upper triangularity properties.

7.1. Relation of (C%)®" to Induced TL,-modules. We introduce how the diagrammatic basis
of the Temperley-Lieb algebra relates to the dual canonical basis in this subsection. For the rest
of this paper, let J = {s1,...,8k_1, Skt1,---,Sn—1}, S0 Hj is precisely Hy @ H,_k. Furthermore,
let (C2)™ denote the subspace of (C?)®" generated by the standard basis elements where k of the
components are v_ and the rest are v.

Proposition 7.2 ([12]). There is an embedding of H-modules 1: M — (C?)®" that maps the
canonical basis of the left hand side to the subset of the dual canonical basis of the right hand side
that lies in (C*)¥" by t: Hy, ® 1 Hy,  v_ @ QU_ QU4 @+ @ V4.

‘kr n—k

Lemma 7.3 ([7]). The action of H on (C?)®" factors through the action of TLy by ¢,: H; —
ei+q .

We present one more general lemma of induced representations that will be useful later in the
section.

Lemma 7.4. Let A be a subalgebra of algebra B, let ¢: B — B’ be a homomorphism of algebras,
and define A' = ©(A). Let V be a A'-module. There exists a map Ind5V — Ind%, V' that is
surjective if @ is surjective.

Proof. By definition, Indﬁ is BV and Indﬁf V is B’ ®4 V, which are quotients of B ® V and
B’ ® V, respectively. A map B®V — B’ ® V that respects the relations is b @ v — ¢(b) @ v. 0O

With these results, we can show the following.
Lemma 7.5. We have an isomorphism of induced modules

M = Ind'H:@'Hn_k (Ctriv = IndTLZ @ TL,_1 (Ctriv-
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Proof. Let ¢ denote the embedding described in Proposition 7.2. Let ¢+~!: Im(:) — M be the
inverse of ¢.
First, we construct a surjective map

P: Inde@Hn—k Coriv — IndTLk ® TLy— Coriv,

which can be done by applying Lemma 7.4 with the surjection ¢, : H, — TLj,.
We construct another surjective map

. T TLn , H, ,
v IndTLk & TLo,_ CtI‘lV —» IndH}c@ank (CtI‘IV'

Due to the universal property of induced representations and Lemma 7.3, such a map is determined
by a map in Homrry, ¢ 11, _, (Ciriv, M), where the action of TL; ® TL,_j on M is due to ¢. We
can verify that one such map is
Yl (@ @ Que @ @ o).
k n—k

Then,
U:g®1—g-9(1)
for g € TL,,. This map is a surjection as (e; + ¢~ 1) ®@ 1 — (e; + ¢ 1) - (1) = Hs, - (1) for all
1 <4 < n, which generates M.
Note that both ® and ¥ are homomorphisms of H,-modules. Furthermore, in both rep-

resentations, the vectors 1 ® 1 are both cyclic. Both ® and ¥ send identity to identity, so
PoVU="Uod=id. O

We need the following result to explicitly identify the bases of the induced modules given above.

Proposition 7.6 (Fan-Green [11]). The surjection p,: H — TL, by Hs, — e; + ¢~ maps a

canonical basis element to either an element of the diagrammatic basis or 0.

Now, we have the following. Let W denote Sy x S,,_i and let W+ be the set of minimal-length
elements of each Wj-coset.

Lemma 7.7. For w € W7, the surjection @: H —» Ind%Zc@Hn,k Ciriv by H — H® 1 sends By, to
the canonical basis element M.

Proof. The canonical basis element B, is in H,, + Zy ~w ¢ 'Z[g~'1Hy,. The element H,, maps to
H, ®1= M,. For each H, where y < w, ¢ sends it to an element of the form (—q~1)*M,, where
a is a nonnegative integer and x is the element in the W-coset of y with minimal length, so z < y.
Therefore, p(By) € My +3_, -, q 'Zlq7 My, and since ¢(B,,) is also self-dual, it is equal to M,
by uniqueness. ([

Lemma 7.8. The isomorphism given by Lemma 7.5 identifies the canonical basis of M with the
diagrammatic basis of Ind%ﬁ: ©TL, 1 Ciriv-

Proof. The dual canonical basis of M consists of elements of the form B, ® 1, where B, is a
canonical basis element of H, by Lemma 7.7 combined with the fact that the canonical basis
elements of the spherical module are M,, for w € W+. The bijection ®: M — Ind%i:@)TLn_k Chiriv
described in Lemma 7.5 maps B, ® 1 to ¢4(By) ® 1, where ¢4(B,,) is a diagram in TL, by
Proposition 7.6. Each ¢q(By) ® 1 is zero if ¢4(By) € TLy ® TL,— and a diagrammatic basis
element of Ind%lﬂz oTL,_, Ctriv otherwise. However, due to the fact that ® is a bijection, 0q(Byw)®1
cannot be zero, so it is an element of the diagrammatic basis. Therefore, we have the identification
as described in the lemma. d
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Theorem 7.9. There is an embedding
Indyy o r,,_, Coiv = (C)°"

that identifies the diagrammatic basis to a subset of the dual canonical basis of (C*)®™ lying in
ra

Proof. Combining Lemma 7.5 and Lemma 7.8 with Proposition 7.2, we obtain an embedding
b: Ind?ﬂ: ©TL, 4 Ciriv = (C%)®" shown in the following commutative diagram.

~ TL
M — IndTL:@TLn,kCtriV

((C2>®n
As in Proposition 7.2, ¢ is an injection sending canonical basis elements of M to dual canonical basis
elements in (C2)®". Since the isomorphism described in Lemma 7.5 identifies dual canonical basis
elements to diagrammatic basis elements by Lemma 7.8, as b is the unique map making the diagram

commutative, b must be an injection mapping diagrammatic basis elements to dual canonical basis
elements, proving the claim. O

Lemma 7.10. The action of TL, on (C*)®" either sends v_ @ -+ @ v_ Q@ vy @ -+ @ vy, with v_
appearing k times and vy appearing n — k times, to 0 or to a vector in ((Cz)gn.

Proof. We show that the action of id, €, and 0 (corresponding to the three possible features) all
satisfy the lemma. The action of id keeps the number of v_ and vy constant. The number of
actions of € and § must be equal since there are an equal number of quasi-simple links on the top
and the bottom. The action of € sends v; ® vy and v_ ® v_ to 0, so in this case, the action of
the entire diagram containing this feature is 0. If € acts on v_ ® vy or vy ® v_, it removes one v_
and one vy, and § adds one v_ and one vy in each element of the sum, so after all the actions, the
number of v_ and v4 will remain constant. 0

Proposition 7.11. The following TL,-modules are isomorphic:

D ndry e, , Conv = (C)°"
0<k<n
and the isomorphism identifies the diagrammatic basis of the left hand side to the dual canonical
basis of the right hand side.

Proof. Due to Lemma 7.10 and by definition of the dual canonical basis, the subset of the dual
canonical basis described in Proposition 7.11 is precisely the elements vg, © --- Q vy, that are in
((CQ)?”. The collection of these for all 0 < k < n is precisely the dual canonical basis. O

7.2. Explicit Bijection Between Diagrammatic Basis and Dual Canonical Basis. Given
a label of the dual canonical basis vy, © -+ Qvg, in (C?)F", we construct an unique diagram D
such that the bijection described in Proposition 7.11 identifies D with v, ©--- Q vy, .

First, we draw the quasi-simple links on the top line. Label the vertices from left to right by
Uk, » Uk, 1 ---» Uk, - We construct these quasi-simple links by the following procedure, an example

of which is shown in Figure 8:

(1) Consider the least i such that k; = 4 that we have not considered yet.
e If there is no j < ¢ such that k; = —, move on to step (2).
o If j is the greatest j < ¢ such that k; = —, draw a quasi-simple link between vy, and
vg; and move on to step (2).
(2) Repeat step (1) until we have considered all vy.
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(N (N v— (N v_— V4 V4 v— (O v—
F1cURrE 8. Construction of the link state of v Qv Quv_Quovy Qou_.

We claim that this procedure gives a valid cup diagram of the top line. First of all, we claim
that there are no unlinked vy, such that vy, is linked to Uk and j < m < . Since j < i, we have
ki = + and kj = —. If k,;, = +, vy, would have been linked with Uk it k,, = —, then v, would
have been linked with v,,. Furthermore, there are no intersecting links as all of the quasi-simple
links we constructed connect the nearest unlinked vertices. By the bijection of cup diagrams and
parenthesis diagrams given in Lemma 3.3, this is sufficient.

V4 V4 v_ V4 v_

O

Lo

F1cUre 9. Construction of the next step for the diagram corresponding to vy Q
vy Qoo Qoy Qo_.

After this step, let the number of quasi-simple links on the top line be p. On the bottom line, we
draw the quasi-simple link connecting the (k — ¢)th vertex to the (k+1+ié)th forall0 <i<p-—1,
and so on, drawing p quasi-simple links total. An example of this is shown in Figure 9.

Finally, we have n — 2p unlinked vertices on both the top and the bottom lines. We link the ith
unlinked vertex from the left on the top line to the ith unlinked vertex from the left on the bottom
line for 1 < ¢ < n — 2p, obtaining our diagram.

Remark. The above starts from a label of the dual canonical basis and obtains a diagram. We can
also construct the inverse. Given a diagram D, we can obtain the label of the dual canonical basis
we get from the action of it actingon v_ ® --- ®v_ @ vy ® - - - @ vy just by observation. We do this
as follows:

(1) Label the points on the bottom line of D left to right from a; to a,. The labels a; to ay
correspond to v_— while ag4;1 to a, correspond to vy. At the end of these steps, we will
label the top line with some permutation a;,, ..., a;, of a1 to a,, and obtain the label of
the dual canonical basis from that.

(2) For the links connecting the ith vertex on the bottom line to the j vertex at the top line,
move a; to the jth position on the top line.

(3) Define an ordering left to right for quasi-simple links as based on the position of the left
vertex of the link. Let there be ¢ quasi-simple links. For each 1 < i < /, if the ith quasi-
simple link on the bottom has labels a,, and a,, in that order, we label the left and right
vertices of the ith quasi-simple link at the top with a,, and a,, respectively.

(4) Now that we have a labeling a;,, a;,, ..., a;, of the top line from left to right, the label of
the dual canonical basis for the action of the diagram is a;; © a;, O ---Qa;,.

Example 7.12. The diagram shown in Figure 10 acting on v_ ® v— ® v+ ® v+ ® v4 gives vy O
vy Qou_ Quy Qou_, since a1 = ao = v— and a3 = a4 = a5 = vy in the labelling of the top line of
the figure.

Lemma 7.13. The construction above gives the bijection described in Proposition 7.11.
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as aq a as a2

a1 a2 as a4 a5

FiGure 10. Computing the label for an element of the dual canonical basis given
a diagram in Ind%%i ©TLs Ciriv-

Proof. Given a label of the dual canonical basis v, © --- Q vy, let D be the diagram con-
structed as above. By construction, the coefficient of vy, ® --- ® vg, of the action of D on
V- ® - QU Uy ®--- ®vg is equal to 1. Since diagrammatic basis elements map to dual canon-

k n—k
ical basis elements and vy, ©---Q vy, is the only dual canonical basis element where v, ®---®@vy,
has a coefficient of 1, we know that D maps to vg, ©--- Quy,. O

Example 7.14. The basis of Ind%lﬂg ©TL, are the diagrams (three of which are shown in Figure 11)
that do not have simple arcs on the bottom line connecting the first and the second vertex, or the
third and the fourth.

VAN

. . . . . TL
FIGURE 11. Some diagrams in the basis of diagrams in Indpr} o 1p, Ceriv.

Explicitly computing the actions gives the following:
A @v- vy Q@uy) =v- Qu_ Qup Qo
Bvm®v_-®uvy @uvy) =0y Qoo Qu_ Quy
Cloo@v-®vyuy)=vs Quy Qo_Quo_.

Note that we do not have enough information to confirm whether the action of diagrams explicitly
corresponds with the element of the dual canonical basis for this example yet; this example is purely
to demonstrate the permutation of components of v— Q v_ Q vy Qvy. The explicit computations
will be in Example 8.2.

8. COMPUTATION OF THE DUAL CANONICAL BASIS

8.1. Inductive Computation of the Dual Canonical Basis. We use the results in the pre-
ceding section in order to explicitly compute the dual canonical basis of (C2)®". The following
inductive computation (see Theorem 8.1) of the dual canonical basis is due to Khovanov, who has
an involved proof in [18]. We first reprove this theorem using the results in the previous section.

Theorem 8.1 ([18]). The dual canonical basis consists of elements of the form vy, O -+ Q vy,
corresponding to vg, ® --- @ v, . They are constructed by the following rules:
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(Z) U— Q? 'vknfl QQ = U- ® (’Uknfl @ ,Ukn72 QQ te )7
(i) vg, Q- Qug, Qvp = (v, O+ Qug,) @ vy, and

(iii) - Qg , Vvy Qou_Quy, , V- = ([d®F V@6 @id®F D). Q. Doy, , 0..0).

i4+1 i41
Example 8.2. We explicitly compute three elements of the dual canonical basis of (C?)®4, con-
tinuing our work from Example 7.14.

Assuming Theorem 8.1, we obtain the following:

e v_CQu_QuiQuy =v_®@v_ @ vty vy,
¢, Qv_Quv_Quv, = Qv_Qv)Quy =v;, ®v_Quv_®vy —q¢ (v Quy Qu_Rvy),
and
e vy Qv Qou_ Qo = (1d®d ®id)(vy Qv_) = (1d®6 ®id)(6) = (Id®0 ® id)(vy ® v— —
¢ Mv-®uy)) =0 Qv @v-@v- — ¢ N ®u-®up @v) — ¢ H(v- ®up ®u_®uy —
¢ M (v- ®@v- @ vy @ vy)).
TL

We confirm that the dual canonical basis aligns with the image of the action of IndTLg ®TLy Ctriv-
Refer to Example 7.14 for the labels of the diagrams. We have the following actions:

e the action of Ais v_®v_®v; vy — v_®v_ vy ®@v4 which is equal to v_ Qv_ Qv Quy,

e the action of Bisv_ ®v_ Qv ®v) — v_Quvy — 13 QU_QV_ RV —q¢ 'v_Rv; QU_Quy
which is equal to vy Qv_ Qv_ Q oy, and

e the action of C' is v ® v_ @ v vy — 1 Quy — 1 — vy Qu_ — ¢ V- Q Uy +—
VL RV ®V_QU_—q vy ®V_ Qv Qv_ —q¢ H(v_®v®v_Quy —q¢ v Qu_Rvy Qvy)
which is equal to v4 Qv Qov_Quo_.

1

Thus, we confirm that our claim in Example 7.14 is accurate.

Theorem 8.3. The action of the diagram we obtain from the label of the dual canonical basis on
V@ QU_Quy @ - Q@ vt 15 precisely the decomposition given in Theorem 8.1.

k n—k

Proof. All the quasi-simple links on the bottom line of the diagram can be ignored because €: v_ ®
vy +— 1. Label the vertices on the top line by b, b,_1, ..., by from left to right. Let a quasi-simple
link on the top line connect b; and b;, where j < i. Then, there is a quasi-simple link on the top line
connecting the b;41 and b;_1, bj;2 and b;_2, and so on, until bj;. and b;_. where : —c = j +c+ 1.
This phenomenon is shown in Figure 12.

FiGURE 12. Example of the nested quasi-simple links described above.

We have Uk = Uk y = "+ = Uk, = U— and vy, = v, , = -+ = v, , = U4+ from construction.
In the action of the Temperley-Lieb algebra, ¢ will act on b;11 and b;—1, bj12 and b;_2, and so
on, until bj;. and b;_.. In the decomposition of Theorem 8.1, in condition (iii),  first appears for
components vk, . and vk,_,, then vy, ., and vg,__,,, and so on, until vy, , and vg,_,. The quasi-
simple links of a link state is a horizontal composition of these “nested quasi-simple links.” This
shows that the § appear in the same places for the action of the diagram and in the decomposition.

Now, for the diagram action, we only need to considering the links connecting the top line and
the bottom line. Let there be « such links within the first k vertices and § within the next n — k
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vertices. The action of just those non quasi-simple links map v ® - @ V- Qv+ R --- ® v4 to

a B
V- Q- QU_Ruy ® - ® vy, but to a possibly different set of vertices from the top and bottom.
o B
Similarly, in the dual canonical basis, after condition (iii) is applied as many times as possible,
the remaining label that is acted upon is v_ Q-+ - Quv_Quv; Q.- Qv since otherwise, (iii) can

a B
be further applied. This is just v_ ® -+ ® v_ ®vy ® --- ® vy by conditions (i) and (ii), which is
a B
consistent with the action of the diagram it is in bijection with. O

Recall that Proposition 7.11 gives a bijection between diagrams in Ind?ﬂ:@)TLn_k Ciriv and the
dual canonical basis elements vy, @ --- Qv with k of the k; equal to — and n — k of the k; equal
to 4+. We explicitly constructed this bijection and computed the action, proving that Theorem 8.1
holds through a Temperley-Lieb perspective.

Remark. The last paragraph of page 6 of [18] states that the author doesn’t know Proposition ??
relates to his result of Theorem 8.1. We have just resolved that.

8.2. Explicit Formula for the Dual Canonical Basis. Furthermore, using the results from
Section 7.2, we can write explicit formulas for the elements of the dual canonical basis. We generalize
a method used in [10] to study a different but related object in order to compute the dual canonical
basis of (C?)®". Given a diagram D, label the vertices of both lines in D from right to left.

First, we state some definitions necessary in the explicit formula of the dual canonical basis.

Definition 8.4. Given a diagram D in Ind%i:@)TLn_k Ciriv define C'(D) as

C(D)={(i,j) | 1 <4,j <n;iand j are connected on the top line of diagram D}.

Definition 8.5. If D is a diagram with m arcs on the top line, let T'(D) consist of all m-element
subsets S of {1,...,n} such that [SNC| =1 for each C € C(D). Let min(C) be the minimal
element of C', and for each S € T'(D),

sgn(S) = (=g~ 1) where ¢(S) = |{C: C € C(D),|C| =2, N C =min(C)}.

Definition 8.6. For each I € T(D), define vy, a vector in (C?)®" with the following procedure:

(1) For each link connecting the ith vertex on the bottom line to the jth vertex of the top line,
set the jth component of v; equal to v_ if i < k and vy if i > k.

(2) For the components of vy that we have not set yet, set the ith position to vy if i € I, and
v_ otherwise.

Finally, we can describe the explicit formula for the dual canonical basis.
Theorem 8.7. For D € Ind$£Z®TLn,k Ctriv, the dual canonical basis corresponding to D is equal
to
Z sgn(l)vy.
IeT(D)

Proof. Consider D embedded in category TL. We will prove this lemma by induction on the
number of arcs in the top line. Let there be m arcs in the top line. In the base case of m = 0,
the dual canonical basis element is v; = v_ ® -+ ® v_ ® vy ® -+ ® v4, which is consistent with
the lemma as T'(D) is the empty set. For D € Hom(n — 2m,n), we can express D = §;D’, where
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D' € Hom(n — 2m,n — 2) and ¢; is ¢ acting after the ith component, representing an arc inserted
between the ith and ¢ + 1th positions. We have

D = ;D'
= Z sgn(I)d;vr

I€T(D’)

= Z sgn(l)vr. O

I€T(D)

Remark. Note that this explicit formula for the dual canonical basis was only possible due to
the results in Section 7.2, further demonstrating the significance of our interpretation via the
Temperley-Lieb algebra.

8.3. Explicit Formula for the Canonical Basis of the Spherical Module. In [18], Khovanov
describes an isomorphism :STCIJ: M — (CQ),;@“ that identifies the canonical basis of the spherical
module with the dual canonical basis of the spin representation (see Proposition 10.1). We can also
explicitly compute the canonical basis of the spherical module as a corollary of Theorem 8.7.

—1
We construct an isomorphism Seq : (C?)¥" — M, which is the inverse of the map described
in [18]. We use this isomorphism to explicitly calculate this canonical basis.

Definition 8.8. Given a vector v = v;; ® v, ® --- ® v;,,, where k of the i; are — and n — k are
+, let {a1,...,ar} be the sequence where i, = --- = i,, = — from left to right. Then, we define

— 1

Seq :v— M, where w = (Sq,-15a¢,-2---51) -+ - (Sap_,—15a5_,—2 - - - Sk—1)(Sap—15a,—2 - - - Sk)-

—_1 —
Remark. Note that this definition of Seq is indeed inverse to Seq as defined in [18] due to the
explicit nature of the action. In our definition, each sequence s,,_154;,—2...s; moves one v_ from
the ith position into its correct position.

Corollary 8.9. Let Iy be the unique element in T(D) where sgn(lp) = 1. Then, the canonical basis
— 1 — 1
element of M with the first term Seq (vr,) is equal to 3 cppysgn(l)Seq —(vr).

Proof. The map %_1 is an explicit description of the inverse of Sf'\ejg described in [18], which
identifies the Kazhdan-Lusztig basis of M with the dual canonical basis of (C?)®". As Theorem 8.7

— 1
describes the dual canonical basis of (C2)®" and this corollary applies Seq  to it, the result is the
canonical basis of M. O

9. Tue IsoMorRPHISM Endy((C?)®") = ((C?)®2")Y TurouGH TL,

Let U = Uy(slz) denote the quantum group. In [18], Khovanov gives the construction of the
isomorphism Endy((C?)®") = ((C2)®?")Y using a complicated proof. We prove this construction
using the bijection between the diagrammatic basis of the Temperley-Lieb algebra and the dual
canonical basis that we explored in Section 7. First, we recall a few facts about the quantum group
U = U,y (sly).

Definition 9.1 (Quantum Group). The quantum group U,(slz) is an algebra over C(g) with
generators E, F, K, and K~! and relations

KK '=1=K 'K, KE =¢*FK, KF = q ’FK

and
K- Kt

EF - FE = —.
q—q
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We can define the comultiplication A in U, (sl2) by
AKFY=KH oK A(E)=E®1+K 'QFE A(F)=FK+1®F
and the antipode S by
S(K*)=KT!, S(E)= -KE, S(F)= -FK™*.
Lemma 9.2 ([16]). The following rules give an action of Uy(slz) on C2:
Ko, =¢ttoy, K*w_ =¢Tw_, Bv, =0, Ev_ =v,, Foy =v_,Fv_ =0.

Let A be a coalgebra. We assert a few general facts about A-modules, all of which follow in a
standard way from the content of [16].

Lemma 9.3. If V is a A module, then V* is a A module by (a-a)(v) = a(S(a) - v) for a € V*,
a€A.

Lemma 9.4. There is an isomorphism of A-modules W @ V* = Hom(V, W) given by ¢1: w® a —
(v = a(v)w).

Lemma 9.5. There is an isomorphism of A-modules W* @ V* = (V. @ W)* given by p2: a ® f —
(v®@w — a(w)B(v)).

Finally, we prove one specific lemma for U.

~Y

Lemma 9.6. There is an isomorphism of U-modules C*> = (C?)* given by @3: vF +— v_ and

o -1
P3: 07 = —q U4

Proof. We can show that the following defines an action on (C?)*:
K’Ui — qxlvi,Kil’Ui — qivi
Evt = —qu ,Ev- =0
Fot =0,Fv = —¢ o, (]
With these, we can construct an isomorphism End((C?)®") = (C2)®?" as follows.
End((C?)®") —"= (C1)®" @ ((C?)®")" —= (C?)®" @ ((C?))®" — (C2)=™"

Let ¢1, denote the isomorphism defined in Lemma 9.4 with V =W = (C?)®", A = U. Let
be the extension of the isomorphism in Lemma 9.5 to n components, with each component being
C? and A = U. Let 3 be the isomorphism of the same name in Lemma 9.6.

Proposition 9.7. There is a isomorphism of U-modules End((C?)®") = (C?)®%n,

Proof. First, we apply ¢1 to End((C?)®"), obtaining (C?)®" @ ((C?)®")*, which we apply g2 to to
get (C2)®"®((C?)*)®". Finally, we apply @3 to each of the last n components to obtain (C2)®?". [

Corollary 9.8. There is an isomorphism Endy((C?)®") = ((C?)®?2)V,

Proof. This statement follows from the fact that the above proposition is an isomorphism of U-
modules. O

Note that Ind%ﬁi"@) 11, Curiv is embedded in (C?)®?" and Endy ((C*)®") is isomorphic to TL,, by
quantum Schur-Weyl duality (see [13]). Finally, we can describe the isomorphism in Corollary 9.8
diagrammatically.

Theorem 9.9. The isomorphism described in Corollary 9.8 can be described as an embedding
TL, — Ind%%fl’"‘@TLn Ciriv by mapping a diagram D to D composed horizontally with n vertical
lines composed vertically with the unique diagram with n “stacked” links in the top line and n
quasi-simple links on the bottom line in Ind?ﬂi"@) TL, Ciriv-
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NSRS

O

FIGURE 13. An example of the embedding of TLj3 into Ind%kg ©TLs Ciriv-

Example 9.10. In the embedding described above, the procedure described in Theorem 9.9 is
shown in Figure 13.

Given a vector v = vg, ® v, |, -+ - vy, , Where k; is 4+ or — for all 7, let v* denote v_j, ®---®
V_, , @ U_p,. A vector of the form v* ® v is called anti-symmetrical.

Proof of Theorem 9.9. Let D be a diagram in TL,, and let D’ = Dy o Dg be the corresponding
diagram in Ind%%g ©TL, Ciriv split into the composition as described. We prove that the action of
D’ gives the same vector in (C2)®?" as the identification of D using Proposition 9.8.

First, we describe the action of D’. The diagram Dp acting on v- ® - - Qv_ Qv @ -+ @ vy

n n
gives a sum of all anti-symmetrical vectors with 2n components. Furthermore, there is a factor
of —¢~! for each v_ in the first n components, or each v, in the last n components. Finally, Dy
actson Dp-v_® - Qv_R®v4 ®--- ®vy by replacing each antisymmetrical vector v* ® v with

n n
(D-v") ®wv.

Now, we compute the embedding of D into (C?)®2" following the proof of Proposition 9.8. The
embedding into (C2)®" @ ((C?)®")* is of the form Y7, a;(D - v;) @ v}, where v; is a standard basis
vector of (C%)®" v} is taken with respect to the standard basis, and a; € C. Applying @2 and
3 replaces the last n components with v® and creates a factor of —¢~! for each v, in the last n
components. Note that this yields the same vector in (C?)®" as above. u

10. THE DuAL CANONICAL AND CANONICAL BASIS THROUGH THE HECKE ALGEBRA

This section is a technical section that will be needed for the description of the canonical basis
in Section 11. The results of this section are extracted from the work of Lusztig [22].

10.1. Background for Canonical Basis. Other than the dual canonical basis, (C?)®" has an-
other important basis called the canonical basis, which satisfies the same upper triangularity prop-
erty as the dual canonical basis and is self dual under another involution. The canonical basis
element with leading term zy, ® xg, , ® - - ® xy, is labelled by xg, & ag, , O -+ O Tk -

The dual canonical and canonical basis are related to the Hecke algebra by maps that send the
spherical and aspherical basis to the dual canonical and canonical basis of (C?)®", respectively.

In [18], Khovanov defines the map Sf'gg/[ mapping W, the set of minimal coset elements of
W/W;, where W is the Coxeter group generated by Sp X S,_, to (C2)®" by sending 1 to
Vo ® - ®@U_®up ® - ®vg and having s; permute the ith and (i + 1)th components in %(1).

k n—=k
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Furthermore, we abuse notation and define another map Sf';z?] : M — (C?)®" on the basis vectors
by Seq(My) = Seq(w).

Proposition 10.1 ([18]). The map S’AeZ] takes the canonical basis element M, to the dual canonical

basis element labeled by Seq(w).

Let Seq be defined as Seq: w — (—1)%®) Seg(w). This map is similar to the map Seq in (18],
but we define it differently for the purposes of this paper.

Proposition 10.2 ([18]). The map Seq takes the canonical basis element (—=1)* ™I N, to the canon-
ical basis element labeled by Seq(w).

Finally, we describe the most important property of the canonical basis, its duality to the dual
canonical basis.

Theorem 10.3 ([18]). If we define a pairing in (C*)®™ by
<xkn DT, @@ Lhys Lkt K- xk;_l @ xk%> = 5k1,k’1 cee 6k‘n—17k;1_15kn7k'£z7
we also have that

<1‘kn Q? Ly 1 @ cee Q? xkl,xkxl <> e <> .’L‘k:Hl <> .%'k%> = 5k1,k’1 e 5kn,1,k’ 15]%’]%.

In Khovanov’s proof, he doesn’t rely on the Hecke algebra, instead proving this duality directly
in (C%)®". We prove this property by proving the analog for the canonical basis in the spherical
and aspherical modules, which also give results about the computation of the canonical basis in
M* and N*, the dual spaces to the spherical and aspherical modules, that are independent from
the spin representation.

10.2. Duality in the Hecke Algebra. In this section, we prove Theorem 10.4, and show that it
implies the duality between the dual canonical and canonical bases (Theorem 10.3).

In order to prove facts about the canonical basis of M* and N*, we must first give a relation
between the canonical basis of H and H*, the dual space to the Hecke algebra. Let wg denote
the longest element of W and wp ; denote the longest element in W;. Define flip: H — H as
flip: Hy — Hygw, extended linearly. Let wy be the longest element in W7. Define flip: N' — N
and flip: M — M by flip(My) = My and flip(Ny) = Nuy -

Theorem 10.4. We show that (flip(M,, ), N,) = (=1)%®)5,, ., with the pairing being defined as
(M, Ng) = (—1)%®)5y, 5.

We can show that our pairing on the Hecke algebra proves the duality between the canonical
basis and the dual canonical basis.

Proposition 10.5. Theorem 10.4 implies Theorem 10.3.

Proof. The fact that M,
and dual canonical basis in (C?)®" is defined “reversed,” or that xy, O xy, _, © -+ Q xy, is paired
with Ty o 'Omké_l Qwyy . The fact that we flip waw is due to the fact that the pairing in (C2?)®"
is defined “reversed.” Furthermore, the fact that there is a factor of (—1)* in both the pairing and

the result is due to the fact that Seq is defined with a power of (—1)5(“’), and furthermore, it maps
(—=1)*® N to the canonical basis element. O

is paired with N, is due to the fact that the pairing of the canonical

w

In order to prove Theorem 10.4, we must first prove some other results involving the flip function.

Proposition 10.6. Let S, denote the standard basis elements of H*, where Sy is defined by
(Sw, Hy) = (=1)/®)§,, .. We show that flip(Bugw) is equal to the canonical basis element of H*,
which we denote D,,, under the identification Hy, — Sy.
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Proof. By definition, By,w = Huygw + Zv<wow DvwowHy. We can modify what the sum is over, to
obtain Byyw = Huyow + Zwov%wow Puwov,wow Huwyv- Finally,
ﬂip(Bwow) =H, + Z pw()v,wova~

wov<wow
Consider ¢: H — H* by ¢ : Hy, — Sy,. We have that
(p(ﬂip(Bwow)) = Sw + Z pwov,wowsv-
wov<wow

Proposition 11.4 of [22] states that ¢y w = Puwov,wows Where gy, are the Kazhdan-Lusztig poly-
nomials in H*. Furthermore, given w, the v such that wov < wow are precisely the v such that
v > w. Therefore,

@(ﬂip(Bwow)) = Suw + Z pwov,wowsv

wov<wow
= Sw + Z Qw,vSv
V=W
= Dy,. O]

Corollary 10.7. Under the pairing of elements in H by (Hy, Hy) = (_1)5@)5%% we have that
<ﬂip(Bwow)aBa:> - (—1)8(1)(51@.

Proof. Tanisaki [15] shows that (D, By) = (—1)/®)§,, , under the pairing (Sy, H,) = (=1)%®)§, .
This implies the corollary. ([

We also prove some lemmas about spherical and aspherical modules.

Lemma 10.8 ([19]). The map t: N — H by v: Ny +— By, ;Hy = (ZweWJ(—q)*e(WO’J)H(w)Hw)Hw
sends N,, to By, juw for all w € w.

Lemma 10.9. We have the equality wo jwy = wo.

Proof. This statement follows from the bijection Wy x W7/ — W by (x,y) — zy; as (xy) =
{(x) + £(y) for x € Wy, y € W/, wy must be the product of the longest element of W and the
longest element of WY, O

Define a surjection o : H — M as follows. Define o1: H — H by o1 : Hy — q*E(w')M(w)Hw/,
where w’ € WY is the element of shortest length such that w and w’ are in the same Wj-coset.
Define o5: H — M by mapping H,, to M, , where w” € W is the shortest length element in the
W -coset that w is in. Define 0 = 09 0 0.

Lemma 10.10 ([19]). The surjection o : H — M maps B, to M,, for w € W;.

Similarly, we can define the surjection o* : H* — N* as follows. Let @ denote the standard basis
for M. Given an element S, in H*, let w’ be the element in wg ;W7 such that w and w’ are in the
same Wj-coset (so w’ is the longest element in the coset w is in). Then, define of: H* — H* such
that 0% : S, s ¢ {@IH®)S . Furthermore, define o%: H* — N* mapping Sy, to Quw, where
w” € W is the shortest length element in the W-coset that w is in. Define o* = o3 o o}.

Lemma 10.11. The surjection o*: H* — N* maps Dy, ju to Q, forweW,.

Proof. First of all, 0* preserves upper triangularity, as the term Sy ;i + D

maps t0 Qu + Y45, ¢ Zlq" ' Qu-

Now, we prove that ¢* commutes with the bar involution. By duality, c* commutes with the bar
involution if and only if (6*)*: N' — H defined by ((6*)*(Ny), Sy) = (N, c*(S,)) for all w € W;
and v € W commutes with the bar involution.

_1Z[q_1}8w0,ﬂ

T-w q
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Let (0*)*(Nw) = > pew @Ty. We have that

((0%)"(Nuw), Su) = (Nu, 0" (Sy)) = <Nwaq7£(v/)+£(v)Qv”>

where v and v” are the longest and shortest elements of the Wj-coset that w is in, respectively.
This is nonzero when v is in the same Wj-coset as w. In that case, <Nw,q_£(”/)+€(”)QUu> =
(_1)Z(w)q76(v’)+Z(v) SO @y = (_l)f(v)(_1)Z(w)qf€(v’)+€(v).

Therefore, we have that

(U*)*(Nw): Z (_1)5(1})(_1)€(w)q—€(v’)+g(v)Tv

veW yw

- Z (—1)Hzw) (_1)tw) g=tawo ) +zw)
zeWy

— Z (_1)f($)q—f(wo,J)+f(m)wa
zeWy

= (—1)4wo.) Z (—q) Mwo)+H@)

zeWy

From Lemma 10.8, (0*)* = (=1)4®0.1)); and as (—1)*0.7)) is a constant and « commutes with the
bar involution (see [19]), (¢*)* and hence o* does so too.
As 0% (D, yw) satisfies both upper triangularity and self dual conditions, it must map to Qw. ]

As before, define p: H — H* by ¢: Hy — Sy. Furthermore, define ¢ : M — N* by My, — Q..
Finally, define ¢'P: # — M as follows. Define O{hp = o loo1* oy and ngp =yl ooyt oh.
Define ofliP = Ughp o o?lp.

Lemma 10.12. We have the equality flip(M,,) = oMP(flip(By,)) for all w € W.
Proof. We decompose 0P = giPog P 5o we attempt to prove that flip(M,,) = o2 P (P (flip(B,))).

We know that By, = Hy + Y,y Po,wHy, and M, = 0(B,,). Therefore, it is sufficient to show
that

(1) flip(o(Huw)) = 03"(01" (Hugw)).
Let w” be the element with smallest length in the Wj-coset of w. Then,
Rip(o () = Aip(q" ™" 0 M) = /@) 4NL,

If w” is the element with smallest length in the W ;-coset of w, the longest element in the W-
coset of wow will be wow”. We have that azﬂip(alﬂip(HwOw)) = Jgip(q_ﬁ(w()w//)*awow)Swowu). By
Lemma 10.9, this is equal to U{;ip(q*awow”)*e(w(’w)Swoywawu) = q*E(‘”Ow//)”(wOw)wawu.

We have that —¢(wow”) + £(wow) = —(¢(wo) — L(w")) + £(wo) — £(w) = £(w") — ¢(w). Therefore,
the two sides of Equation 1 are equal. O

Proof of Theorem 10.4. We have that o* o ¢ = v 0 ¢P| which combined with ¢(flip(By)) = Duwgw
(see Proposition 10.6) implies that o* (¢ (flip(By))) = 0* (Dwyw), which gives that 1 (oP (Aip(B,,)) =
0*(Duy_yw)- Since w € W, we can substitute w = wyx for some z € W to obtain w(aﬁip(ﬂip(BwfgC)) =
U*(Dwowfx) = 0*(Duwy, o) where the last equality is from Lemma 10.9. From Lemmas 10.11
and 10.12, we get that ¢ (flip(M,,,,)) = Q-

As (N, Q) = (—=1)“®)§,, . given the pairing (Ny, Q) = (=1)4®)§,, . due to the definition of
the dual aspherical basis, the theorem is implied. O
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10.3. Corollaries in Dual Spaces to Spherical and Aspherical Modules. We obtain some
corollaries in the dual spaces of spherical and aspherical modules as a byproduct of our results. In
the proof of Theorem 10.4, we obtain the following corollary.

Corollary 10.13. We have that Q  is equal to flip(M,, ) under the identification My — Qu.

Let Ry, be the standard basis elements and let R, be the canonical basis elements of M?*.
As (—1)!@)g,,, = (ip(My ), Ny) = Aip(My), Ny o) = (M, lip(Ny, ), we also obtain the
following corollary.

Corollary 10.14. We have that R,, s equal to ﬂip(ﬂwfw) under the identification Ny — R,,.

With these results, we can compute the canonical bases in H*, N*, and M* from the canonical
bases in H, which is an interesting result, even independent from the spin representation.

Remark. Our approach allows us to work with the spin representation through the Hecke algebra,
which is more convenient as the bar involution in the Hecke algebra is simpler than the involution
in the spin representation.

11. ALTERNATIVE AXIOMATIC DEFINITION OF THE CANONICAL BASIS

In this section, we describe an alternative axiomatic definition of the canonical basis, leading to
a more explicit computation of it.

Lemma 11.1. We can define a right action of TL, on ((C?)®") by defining the map *: TL, —
End((C?)®") such that

0 0 0 O
*(0 o\ 0 _qil 1 0
C (61) - 0 1 —q 0
0 0 0 0 n—i,n—i+1
Proof. We can verify that all the relations hold. O

With this action, we can describe a new axiomatic definition of the canonical basis. Given a
canonical basis element vy, &+ -- Q vy, (see [18]), let d(vg, O - - Q vk, ) denote the diagram associated
with the label of it using the procedure described in Section 7.2. Furthermore, if diagram D
corresponds to canonical basis element vg, © --- Q v, by the bijection described in Section 7.2,
then define flip(D) to be the diagram corresponding to vy, © -+ Q vy .

Theorem 11.2. Given a canonical basis element vy, -« - Qg , let Dy denote the diagram d(vg,
-+ -Qug, ). The canonical basis element v, &+ - -Quk, can be defined as the unique element w € (C2)en
such that under the pairing defined in Theorem 10.3,

(Vo ® - RU_ Uy @+ ®ug, (F(D2)w) = 0Dy flip(D1)
for all possible Ds.

Proof. First, we note that ¢* is constructed to be the unique map such that (D-v,w) = (v, (*(D)w)
for v, w € (C?)®". By Theorem 10.3, we know that

(Vi @ Qg vk, O+ O Uki) = Sd(uy,, 0 Oug, ) Mip(d(vg, O--Gvr, )
Let Dy be equal to d(vg, ©--- Qug,). By Theorem 8.3, we obtain that
<Ukn@"'@Uk1,Ukn<>"'<>Uk1>:<D2'U—®"'®U—®U+®"'®U+,Ul¢n<>"'<>Uk1>
:<’U—®"‘®U—®’U+®"'®U+,C*(D2>(Ukn<>"'<>Uk1>>-
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Therefore, vy, - < vy, is the unique element in (C2?)®" satisfying the pairing condition described
in the theorem. ]
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