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Abstract

Nakajima introduced [36-40] a t-deformation of ¢-characters, (g, t)-characters for short, and their twisted
multiplication through the geometry of quiver varieties. The Nakajima (g, t)-characters of Kirillov-Reshetikhin
modules satisfy a t-deformed T-system (see [39]). The T-system is a discrete dynamical system that can
be interpreted as a mutation relation in a cluster algebra in two different ways, depending on the choice of
direction of evolution. In this thesis, we show that the Nakajima t-deformed T-system of type A, forms a
quantum mutation relation in a quantization of exactly one of the cluster algebra structures attached to
the T-system.

There are 2 main parts to our work. The bulk of the work is a combinatorial construction that proves
(g, t)-characters of a certain set of Kirillov-Reshetikhin modules ¢-commute under Nakajima’s twisted multi-
plication. We use a slightly modified version of the tableaux-sum notation for ¢g-characters introduced in [38]
and define the notion of a block-tableau, which plays an integral role in the proof. Once t-commutativity is
established, the second half of this thesis is concerned with the commutation coefficients of the given set of
Kirillov-Reshetikhin modules. In particular, we show that the commutation coefficients are compatible with
the cluster algebra exchange matrix and the mutation relations in the language of Berenstein-Zelevinsky
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Chapter 1

Overview

1.1 A short history

An R-matriz is an intertwiner of the co-product of a quantum algebra. An integrable lattice model can be
defined using Boltzmann weights that come from the entries of an R-matrix. The partition function of a
single row of the lattice (in a lattice model) with a periodic boundary condition is called a transfer matriz.

The 6-vertex model is an integrable lattice model defined by the R-matrix of the form VW — WV,
where V and W are 2-dimensional U, (f?[g)—modules. Bazhanov-Reshetikhin showed in [1] that the transfer
matrices of the 6-vertex model obey an interesting functional relation. Later, Bazhanov-Reshetikhin used
the generalized RSOS models in [2] and obtained a class of functional relations that are known as the
T-system of type A,., that is of Dynkin type A and rank r.

The existence of the T-system of type A, is equivalent to the existence of short exact sequences of
finite-dimensional modules over the quantum affine algebra U, (f/)\[y-_l'_l) (see [33]). The short exact sequences

are as follows:
0— Wé”l)(a) ® W,gifl)(a) — W,gi) (a) ® W,gi) (aqz) — ngle(a) ® W,i?l(aqz) — 0, (1.1.1)

where ¢ € C* and W,ii) (a) is the Kirillov-Reshetikhin module (KR-module) of type A, with spectral
parameter a € C* (see Definition 2.2.4 and Section 2.3 for examples), k € Z,, and ¢ = 1,2,...,r. The
T-system of type A, is a quadratic recursion relation on the variables {T,gi) (a)}, where T,gi) (a) is the g-
character, which is a generalization of the usual character over simple Lie algebras to over quantum affine

algebras, of the KR-module W,gi) (a). The T-system is then a character formula induced from the short



exact sequences (1.1.1) and is given by:
i j j j i+1 i—1
10 (@) 1 (a0’) = T (@ T2, (ag®) + T (@7 (a), (1.12)

where T,go)(a) = T]ETH)(Q) = 1. Without loss of generality, we can always assume a € C* is fixed. Then

we need only keep track of the powers of ¢q. Using a change of variables T,Ei)(aqj) N )

okt and relabeling

l=Fk+ j+ 1, we arrive at another form of the T-system, also known as the octahedron recurrence:
(@) ) _ () (i) (i—1)p(i+1)
Tieio1Tegrr = Doy Tl Ty Ty s (1.1.3)

forkeZy,i=1,2,...,r, and with the convention T,E?l) = T,ESH) =1.

Many important results and conjectures followed this explicit representation theoretical connection.
Firstly, the connection of the T-system to a previously known functional relations called the Q-system
became evident. More precisely, every U, (fls\[,«ﬂ)—module can be regarded as U, (sl,11)-module. Taking the
Uq(sly41)-characters of the modules of the short exact sequences (1.1.1), one obtains the Q-system of type

A, given by:
i 7 7 1—1 1+1
Q)2 = QW QW + Qi i, (1.1.4)

The Q-system (1.1.4) is the a — oo limit of the T-system (1.1.2). Kuniba, Nakanishi, and Suzuki used
this connection in [33] and derived the general T-system using the @-systems of all Dynkin types. Similar
conjectures of short exact sequences of finite-dimensional modules over the quantum affine algebras of
all types followed. The proof of this conjecture was given by Nakajima in [39] for types ADFE and by
Hernandez in [23] for general types through an extension of Nakajima’s deformations to all Dynkin types.
The finite-dimensional modules in question are the KR-modules of general type, which were first considered
by Kirillov and Reshetikhin in [31] and studied intensively since then with a motivation from the so-called
Bethe ansatz (see [4,22,33,34] and the references therein).

In this thesis, we take a closer look at Nakajima’s work in [39]. We now give a summary of the results

of this thesis.



1.2 Summary of results

Let g be a simple Lie algebra over C of rank r, and let Uy(g) be the corresponding untwisted quantum
affine algebra (see Chapter 2 for definitions). Let ¢ be a formal variable. The category of finite-dimensional
complex representations of Uy, (g), denoted Rep(U,(g)), has been studied by many authors (see [5-7,18,19,
21,28] and the references therein).

One of the main tools used to study finite-dimensional U,(g)-modules is their g-characters, which are
the affine analogs of U,(g)-characters. The theory of g-characters was introduced by Knight [32] and
Frenkel-Reshetikhin [19] for the Yangians and the quantum affine algebras respectively. The combinatorial
properties of g-characters were studied by Frenkel-Mukhin in [18] and shown to closely resemble the prop-
erties of the classical U,(g)-characters. Despite the close analogy, little is known about g-characters. In
particular, there is no description of the restriction functor to the quantum groups of finite type, no tensor
product decomposition rules, and no equivalent of the Weyl character formula. Frenkel-Mukhin gave an
algorithm in [18] that can compute the g-character of a module iteratively starting from its highest weight
vector for some simple objects in Rep(U,(g)). The special class of modules that Frenkel-Mukhin algorithm
does produce the correct g-characters includes the KR-modules (see [38]).

One of the key properties concerning the KR-modules is that their characters and g-characters satisfy the
Q-system and the T-system respectively. As mentioned before, the former result was proved by Nakajima
in [39] for types ADE using the t-analog of g-characters, (g,t)-characters for short, defined geometrically
through quiver varieties. The Nakajima (g, t)-character map is a t-deformation of the g-character map that
reduces to the g-character when ¢ = 1. The (g, t)-characters of KR-modules satisfy a t-deformed T-system
with a twisted multiplication on the variables T,gzl) The deformed T-system is a quadratic recursion relation
on non-commutative variables that reduce to the classical T-system when ¢ = 1.

Cluster algebras were invented by Fomin-Zelevinsky in [16] as a combinatorial tool to approach total
positivity in algebraic groups and canonical bases in quantum groups, which were invented independently
and simultaneously by Lusztig in [35] and Kashiwara in [27]. Since then, the theory of cluster algebras
have taken a life of its own and many links to areas such as Poisson geometry, integrable systems, higher

Teichmuller spaces, algebraic geometry, and representation theory to name a few have emerged (see [30]



and references therein).

Cluster algebras are commutative algebras generated by the union of overlapping sets, called clusters, of
variables {xg,x1,...}, where x; = (1.4, Z2:i, ..., %) is a tuple of some rational functions. The generators
are related by rational transformations called mutations, which are determined by an exzchange matriz [16].
Since all cluster variables are related to one another via mutations, it suffices to state a single cluster, called
the fundamental cluster, along with the exchange matrix, in order to define a cluster algebra. More precisely,
given an exchange matrix of rank r, we give a set of commutative formal variables xg = (21.9,...,20) as
the very first cluster variables and mutate xg in all possible directions to obtain the rest of the generators.

When the exchange matrix is invertible, there exists a canonical Poisson structure on the cluster vari-
ables [20]. A quantization of this canonical Poisson structure was introduced by Berenstein-Zelevinsky in
[3], and is called a quantum cluster algebra. Quantum cluster algebras are non-commutative algebras, and
as such, their generators are not required to have any commutation relation at all. However, the variables
within the same cluster satisfy a t-commutation relation. Quantum cluster algebras play an integral role
in this thesis, which we explain next.

Kedem [29] and Di Francesco-Kedem [8] realized @ and T systems as mutation relations in certain cluster
algebras. The cluster algebra formulation of the @-system in [29] was used to obtain a unique quantization of
the @-system in [9,10]. The resulting quantum Q-system was shown to have deep connections with many
areas such as the fusion product, defined in [15], of KR-modules [11], the quantum current subalgebra
Uy(ng[u,u™1]) in U, () [13] , where n, is the positive nilpotent subalgebra in sly, and a new set of ¢-
difference operators [12], which are generalizations of the Macdonald raising operators in the limit ¢ — oo,
acting on the characters of KR-modules of type A,.

We assume the {T ézl) } variables to be invertible. Then, the T-system equation can be interpreted as

mutation relations in an infinite rank cluster algebra [8,24]. The T-system in (1.1.3) is written such that the

)

direction of mutation is in the direction of the I-parameter. That is, one can obtain T,gil 1

using variables

with lower value of [ only:

(@) _ i) = (i) ©) (i—=1)p(i+1)
Tyivr = Tpi1) ! <Tk+1,sz—1,l + T, Ty, ) .



It is possible to re-write the T-system in (1.1.3) such that the direction of mutation is in the k-parameter
(see [10]). Because the T-system cluster algebra is an infinite rank cluster algebra, these two choices of
directions of mutations define 2 distinct cluster algebra structures. Moreover, since the exchange matrices in
both cases are of infinite rank, there are no canonical Poisson structures to these cluster algebras associated
with the T-system. Di Francesco and Kedem considered a quantization of the A; T-system in [10], which
reduces to the quantum @Q-system in the a — oo limit. This choice corresponds to the quantization of the
T-system cluster algebra with direction of mutation in the k-parameter.

In light of the above results, it is natural to ask if the Nakajima deformed T-system forms a quantum
mutation in a quantum cluster algebra, and if yes, then which one. The main result of this thesis shows
that the Nakajima deformed T-system is a quantum mutation in a quantum cluster algebra when the
direction of mutation is in the [-direction only. As a consequence, we show that the Nakajima quantization
of the T-system is not compatible with the quantum @-system. This is because the cluster algebra whose
quantization is the Nakajima deformed T-system is a different cluster algebra than the one which reduces
to the Q-system cluster algebra in [10], since the former mutates in the I-direction, while the latter mutates
in the k-direction.

In order to prove that the deformed T-system forms a quantum mutation, we first define a cluster
algebra structure on the classical T-system of type A,. That is, we explicitly write down the exchange
matrix B and the fundamental cluster variables ©, which is a set of g-characters of certain KR-modules.
Then, we follow the Berenstein-Zelevinsky prescription to show that the non-commutative versions of the
fundamental cluster variables, given by the Nakajima (g, t)-characters of the same KR-modules, satisfy the
following 3 conditions:

Condition I: The fundamental cluster variables t-commute with respect to the twisted multiplication
defined in [39]. That is, for any x1,z2 € C, there exists A\jo € Z such that x; *x3 = t*1229 * x1. The matrix
A = ();j) is called the commutation matrix of C.

Condition IT: The commutation matrix A and the exchange matrix B form a compatible pair (see
Definition 3.2.2).

Condition ITII: The commutation matrix A is compatible with the quantum mutation relation, which

is given by the Nakajima deformed T-system. (see Section 3.2)



The proofs of Conditions IT and III are done in full generality, and in fact, applies to types D and
E without any modifications. The proof of Condition I is entirely combinatorial and is specific to type
A, only. As mentioned before, the fundamental cluster variables are given by the (g,t)-characters of
certain KR-modules, which are identical to their ¢-characters in type A, (see [39]). The Nakajima twisted
multiplication is a twisting of the regular multiplication on the monomials of the (g, t)-characters. We use
a slightly modified version of the Nakajima crystal basis from [38] for the (g, t)-characters of KR-modules
of type A, and define the notions of the block-tableau and the twisted multiplication of the block-tableau,
which play an integral role in the proof of Condition I.

The structure of the remaining text is as follows. In Chapter 2, we review simple Lie algebras, quantum
groups, quantum affine algebras of type ADF, and describe g-characters and their properties. In Chapter
3, we describe cluster and quantum cluster algebras, give the formulations of the T and @-systems as cluster
and quantum cluster algebras. We also make Conditions I-IIT explicit and state the precise conditions that
a deformed T-system must satisfy in order to form a valid quantum mutation relation. Chapter 4 contains

the proofs of the main results, and Chapter 5 concludes.



Chapter 2

Quantum affine algebras

In this section, we will describe g-characters of finite dimensional modules over quantum affine algebras
from ground up. For simplicity of notations, we will provide results and definitions for type A, since the
main result pertains to this type alone. However, everything in this section is directly applicable to types
ADE or generalizable to all Dynkin types. When the definition is specific to type A,., we will specify the
type. When the result is applicable to types ADE, we will use general Lie algebra g in the notation. We
will also provide a complete working example of type A; to motivate the need for the g-character theory.

For more detailed exposition on classical Lie algebras and their representations, see [25,26], on quantum
affine algebras and their finite-dimensional representations, see [5,6], on g-characters and their combinatorial

properties, see [18,19] and the excellent online notes [14].

2.1 Quick primer on g and U,(g)

Let g be the finite dimensional complex semi-simple Lie algebra of type ADFE, b its Cartan subalgebra
and r = rankg = dimb be its rank. Let {a1,...,a,} and {w1,...,w,} be the sets of simple roots and
fundamental weights of g. Let I = {1,2,...,r} be the index set. The Chevalley generators of g are

{ei, fi, hi};c; with relations:

[hisej] = Cjiej,  [hi, f3] = —Cjify,  leis f3] = dijhy



together with the Serre relations:
(ad ;)" () = (ad f3)' =77 (i) = 0,

where C' = (Cj;); jer is the Cartan matrix associated to g and ad is the adjoint action given by (ad z)(y) =

[,y] for any z,y € g. When g is of type A and rank r, the Cartan matrix is an r by r matrix given by:

2 -1 0 0 0
-1 2 -1 0 0
C=| o0 -1 2 -1 - 0|, (2.1.1)
0
0 0 0 ~1 2

Define the g-numbers, g-factorial and ¢-binomial as follows:

[n]q = @ =q "4t g (2.1.2)
q—q
[n]q! = [nlgln —1]g- [l (2.1.3)
L T ()
(m)q o [n —m]4![m],! (2.1.4)

The quantum group U,(g) is an associative algebra over C(q) generated by Ei7Fi,Kii1, r € I, with
relations:

_ ) K—K; !
KiEjKi 1 — qC”Ej; ElFJ — FJEl = 5ljﬁ’

KKt =q % Fy; (2.1.5)



for i,j € I, together with the quantum Serre relations:

|
(=)

1-C;; e
(—1)”( Cﬁ) ErE;E} O
q

1-0Cj; —Cii—n
q

where C' is the Cartan matrix of g.

The root data of the quantum group U, (g) is the same as that of the simple Lie algebra g. Therefore, the
finite-dimensional U, (g)-modules are combinatorially identical to those over g as well. Let Q = @:21 Lo
and P = @;_, Zw; denote the root and weight lattices of Uy(g). Let Q4+ = @._, Z;c; denote the positive
root lattice. Let Uy, Uy, U_ be the subalgebras of U,(g) generated by E;, KijE and F; respectively.

We now state the main results concerning U,(g)-modules. For the proofs of each statement, see [25].
Theorem 2.1.1. Let V be an irreducible module over U,(g).

1. There exists A € P and a vector vy € V such that Kvy = q)‘(K)vA for all K € Uy, Ujvy = 0, and
V =U_wv)y. That is, V is a highest weight module generated by a cyclic vector vy. We say that v is

the highest weight vector of V.

2. V is finite-dimensional if and only if A(K;) € Z, for all i € I. That is, A = ), ; nw; for n; € Z.

3. V decomposes into a direct sum of finite vector spaces, called the weight spaces, of the form:

V= @ Vica, where V, = {v eVIKv = ¢y for any K € Uo}
a€Q+

4. GivenaUgy(g)-module V = P, . p Vy., the character of V' is the formal sum x (V) = >_  p dimc(q) Vi.e®,

which, with the identification e** = y;, defines an injective ring homomorphism

X : Rep(Uy(a)) — Zly; ier ,



where Rep(U,(g)) is the Grothendieck ring of the category of finite-dimensional U, (g)-modules.

Definition 2.1.2. A monomial m € Z[yiil]iel is called a dominant monomial if m consists of positive

powers of y;’s only.

By Theorem 2.1.1 (2), a Uy(g)-module is finite-dimensional if and only if its highest weight vector is a
positive and integral linear combination of the fundamental weights. Therefore, the highest weight vector

of a finite-dimensional module V' corresponds to a dominant monomial in x (V).

Definition 2.1.3. Let g be a Lie algebra of type ADFE and let C' be the Cartan matrix corresponding to

g. Let a; € Z[y"ier be defined as follows:

with the convention y; = 1if j ¢ I.

Notice that since y; corresponds to a vector with weight w;, a; corresponds to a vector with U, (g)-weight
«;. That is, the monomial ym;l is a monomial corresponding to a vector with weight w; — ;. Given

V € Rep(Uy(g)), the character of V' can be written as

x(V) =my (1 + ZM,,) , (2.1.6)

P

where m is a dominant monomial corresponding to the highest weight vector, and M,’s are monomials
in a; L’s only. That is, all monomials in y(V), except for the dominant one, is of the form m, M, =
my [[;a; ", vi € Zy, which corresponds to a vector of weight A — >, v;a;. The statement (2.1.6) is
equivalent to Theorem 2.1.1 (3).

Let W be the Weyl group of g, where g is of Dynkin type A,. It is generated by reflections s;, i € I,

that act on the simple roots as follows:

si(ag) = —aoy  and  si(qj) = o + 0y, 0 #

10



The action of W can be extended to Z[yF'];cr in a natural way:
si(a;)) =a;' and si(a;) = aja;.

It is a well-known fact that the image of the character map x consists of W-invariant polynomials in

Z[y;tq]jel. The subring of invariants of s; in Z[y'];cs is equal to:
K; = Z[y; )z © Zlys + yia; ']
Then, the image of the character map is given by:

Imy ~ RepUy(g) ~ [ K - (2.1.7)
el

The classification of irreducible Uy (sl2)-modules is already known and is given by the following theorem:

Theorem 2.1.4. For each m € Z,, there exists a unique irreducible U,(slz)-module V;, of dimension

m + 1, whose Up-eigenspace decomposition is given by

Vm = @(Vm)mf%'
j=0

J

where each of the weight spaces is one-dimensional. Moreover, every finite dimensional irreducible Uy (slz)-

module has the form V;,, for some m € Z, .

Example 2.1.5. Let V,,, be as in Theorem 2.1.4. Then,

x(Vo) = 1=[1,

xVi) = y ' +y=[2,

x(Va) = y2+1+y* =3,

x(Va) = vy Hy try+y’ =4,
x(Vi) = [k+1]



2.2 Drinfeld realization of U,(g) and finite dimensional
U,(g)-modules

The quantum affine algebra U, (g) is generated by xzin (iel,neZ), hin (i€ l,neZ\{0}), KX (iel),

+1/2

and central elements c with the following relations:

- — - ¢ECis gt
K:K; = K;K;, Kihjn =hjnK;, K; x e T
+
[hi n &y, m] [TLC ]qc$ ‘x,] n+m
+ + +C; +Cij .t ot + +
Tim1%jm — ¢ Tm E xz nt1 = VT T 1 T L1 T
_ C 7’7L
[hi,nv hj,m] = 0y, [nC’L]]q F )
[ ; ] 0; o md);r"er ¢;n+m
Tin>Tjm] = Oij e ;

+ + + + . .
ZWGGS ZZ:0<_1)]€ (Z)q'ri,nw(l) e xi,n,\,(ml‘%mxi,nﬂ(wﬂ U mz’,nﬂ(s) =0, (Z 7é .7) )

fors=1-C;

1, and all sequences of integers n1, ..., n,, where &, is the symmetric group on s letters. The

elements (bfn are defined by:

:Zﬁbfinuin:KiileXP( (¢—q th:tmu ) and ¢1¥n—0forn>0
n=0

Definition 2.2.1. A U,(g)-module V is said to be of type 1 if it is the direct sum of its weight spaces
V= ®MEP V,., where V,, = {v € V|Kl-v = g"Kiy i e I}. A U,(g)-module V is said to be of type 1 if

c*1/2 acts as the identity and V, considered as Uq(g)-module, is of type 1.

In this thesis, we consider modules of type 1 only. It is not a restrictive assumption since, according to
[7], every finite-dimensional irreducible U, (g)-module can be obtained from a type 1 module by twisting
with an automorphism of U,(g).

Let H be the subalgebra in U,(g) generated by c*1/2 and (/ﬁlin for all n € Z and 7 € I. Notice that H
is not a commutative subalgebra since h; ., and h; ., have a non-trivial commutation relation involving c.

+1/2

However, the action of H on a module of type 1 is commutative since ¢ acts as the identity. Therefore,

the action of H is simultaneously diagonalizable on modules of type 1.
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Definition 2.2.2. Let V be a finite dimensional U, (g)-module of type 1.

1. A vector v € V is called an [-highest weight vector if for any n € Z and i € I, we have

+ =) + _ g* +
r =0 ¢, ,v=d;,,v forsomed; A6 €C

2. Vis called an [-highest weight module if there exists an [-highest weight vector v such that V' = Uy (g)v.

In this case, we call the r-tuple {@f(u) =30 dii’in ui”}iej the [-highest weight of V.

The classification of finite dimensional irreducible U, (g)-modules was done by Chari and Pressley, which

we state next.
Theorem 2.2.3. (Chari-Pressley, [6,7])
1. Every finite dimensional irreducible U, (g)-module of type 1 is an [-highest weight module.

2. Let V be a finite dimensional U, (g)-module with [-highest weight ®F(u), i € I. Then there exists
a unique r-tuple of polynomials P = (P;(u),..., P.(u)), called the Drinfeld polynomials of V', such
that P;(0) =1 and

3y Pi(ug™)
(bzi u) = quE(Pz)li
() P;(uq)

We denote V := V' (P).
3. The U,(g)-highest weight of V/(P) is A = > _; deg(P;)w; and it has multiplicity one.

4. For P,Q € C[u]", denote P ® Q = (P;Q;)ics- Then V(P ® Q) is isomorphic to a quotient of the

submodule of V(P) ® V(Q) generated by the tensor product of the highest weight vectors.

Definition 2.2.4. Let i € I, k € Z>0, a € C*, let

k 25—2 . .
. _(1—ag®*u ifa=i1
, where (Péj’()l)a(u) = Hs_l( q ) (221)

Pl(ez,)a = ((PIS()I(U))&> s
o€ 1 otherwise

13



a

The irreducible finite-dimensional U,(g)-module with Drinfeld polynomial P,E’i) is called the Kirillov-
Reshetikhin module (KR-module) and denoted ngz) The KR-modules with & = 1 are called the fun-

a

damental modules.

KR-modules were introduced in [31], and then further studied by Kuniba, Nakanishi, and Suzuki in
[33], Hatayama, Kuniba, Okado, Takagi, and Yamada in [22] and Chari in [4]. One of the remarkable
facts about KR-modules is that their characters and g-characters satisfy the functional relations called the
Q@-system and the T-system respectively (see Sections 3.3 and 3.5 for definitions of the Q-system and the

T-system).

2.3 The Drinfeld polynomials of evaluation modules of Uq(f/l\[g)

We now consider the simplest quantum affine algebra U, (sAlg)7 the quantum affine algebra of type A and
rank 1. We will introduce an important class of modules, called evaluation modules, which exist for type
A only. We will derive the [-highest weight of an evaluation module, which will serve as the motivation to
introducing the theory of g-characters.

Since the Lie algebra sly has rank 1, the index set is I = {1}. For the rest of this section, we drop the
index ¢ for notational simplicity.

~

Proposition 2.3.1. Let a € C*. There is a Hopf algebra homomorphism ev, : U, (sl2) — U,(sl2) given by

eva (T2 =1 eva(K*!) = K*!

eve(z)) =q "a"K"E ; evy(z,)=q "a"FK"

Proof. See [5], Proposition 4.1. O

Definition 2.3.2. For any U,(sl2)-module V, its pull-back via ev, is called an evaluation module of U, (5A[2)

and denoted V.

Remark 2.3.3. The evaluation module V, is identical to V' as a vector space. In particular, the U,(sl3)-

14



characters of V, and V are the same. Recall the @-system of type A; from (1.1.4):

(Qr)* —1

Qrr = Qr—1

(2.3.1)

where we rearranged the terms and dropped the parameter i since it takes exactly one value ¢ = 1. We
stated in Section 1.1 that the characters of the evaluation modules satisfy the Q-system. We now see that
the characters of the evaluation modules of Uy (slz) are identical to the characters of the underlying highest

weight modules, which are described in Theorem 2.1.4. Let us verify the Q-system equation with a few

examples.
Qi = X(Vir1) = 9"+ 2 oy F 2yt
Then,
271 + —1 271 _
(Ql?QO _ (y yl) :y2+1+y2:Q27
_9\2 _ _
Q-1 _ @414y 1 Py ety s s
Q1 y+y? y+y! '

We leave the general form as an exercise.

Proposition 2.3.4. Let V,, be the (n + 1)-dimensional Uy(slz)-module from Theorem 2.1.4. Then, there

exists a basis vy, ..., v, of V,, such that:

K’Ui = qn—ini7 E’UZ‘ = [n — 1+ 1]qvi—17 F'Ui = [7’ + 1]qvi+1

Proof. Tt can be seen that v;’s have the correct weights. We directly verify that the coefficients satisfy the
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relations (2.1.5) as follows:

(EF —FE)v; = EFv;,—FEv;, =i+ 1]4n—iquv;—[n—i+1][iqvs

1 % —i— n—1 —n+1 n—1 —n—+i— i —1

= m((qﬂ—q D" =g ) = (" =Y (¢ = g7Y)) v
1 . . . .

_ —n+2i+1 n—2i—1 n—2i+1 —n+2i—1

T lg—q 02 (- —q +q" " 4y ) vi

qn—Q'L _ q—n+2i
SRS
. K-K!
= [n—2i,v = O on

By Theorem 2.1.4, there exists a unique irreducible module of the given dimension and the result follows. [
Proposition 2.3.5. Let V; be the 2-dimensional U,(sly)-module from Theorem 2.1.4 with basis vectors

{vg, v1} as in Proposition 2.3.4. Then, the action of Uq(glg) on the evaluation module (V7), is given by:

Kvg=quy ; Kuvi=q 'v;

o vo = a*(g—q Mo ; v = —a"(qg—q v .

Proof. By applying ev, to the results of Proposition 2.3.4, we can compute:

x:vi = eva(x;)vi =q Fd"K*Ev; = qikak[Q - i]qqk(lﬁ(i*l))vi_l = ak[2 - i]qq72i+2vi_1 ,
v = evg(zy vy =q Fa"FKRu = q_kaqu(l_z(i_l))[i]qvi = a"q H P 2[i] v; .
Using the relation [x:,zo_] = fl—}fl ckd):, we find that ¢ = (g — ¢ )" (a:::cg — :Eo_x;) Then,
divo = (a—q e Fafagug =" (g —q Mo,
dfvr = —(¢— q_l)c_kxaval = —d*(g—q YHv,.

O
Let us compute the [-weights of vy and vy in (V1),. By definition (see Definition 2.2.2), the I-weights

16



are as follows:

oy = q+(@—g ")) au"
k=1
B 4, au

= atl@-q )7——

where we denoted:

P(u)=1—aq 'u. (2.3.2)

Notice the resemblance of the result of this computation and the Drinfeld polynomial expression of Theorem
2.2.3(2). In fact, we computed the [-highest weight and the Drinfeld polynomial of (V),.

Similarly, we compute the I-weight of v; for later use:

2 1 —aq?u P(qu)

o+ S O RN L S | 1— ag-u au _ -1t At qegp £NGTU)

(w)er e (4= )1—au ¢ 1—au+1—au 1—au ¢ P(qu)
Remark 2.3.6. Notice that the Drinfeld polynomial of (V1), in (2.3.2) is identical to (2.2.1) with k = 1,
i.e the Drinfeld polynomial of the KR-module with £ = 1, also known as the fundamental module. In fact,
if we were to compute the Drinfeld polynomial of (Vj),, we would discover it to be identical to the Drinfeld
polynomial of the KR-module W,glg in (2.2.1). Since the evaluation modules are irreducible (because they

are irreducible as U,(g)-modules), they are one and the same as the KR-modules.

Remark 2.3.7. Let a,a’ € C* such that a # o’ and consider V' = V7, the 2-dimensional U, (sl3)-module. As
U, (slz)-modules, V,, and V,/ are isomorphic since they are both 2-dimensional and there must be exactly one

isomorphism class of 2-dimensional modules. However, V,, and V,+ are not isomorphic as U, (E,A[g)—modules

1

since their [-highest weights are different. Indeed, the Drinfeld polynomials of V,, and V,, are (1 — ag™'u)

1

and (1 — a’q~'u) respectively, which are distinct polynomials when a # a’. That is, classical character
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theory does not differentiate between distinct irreducible isomorphism classes of modules over quantum

affine algebras. This is the motivation to introducing g-characters.

2.4 g-characters

As seen from Remark 2.3.7, the classical character theory does not differentiate between unique isomorphism
classes of irreducible finite-dimensional modules over quantum affine algebras. The theory of g-characters
was invented to find the affine analog of the classical character theory. The ¢-characters were defined by
Knight in [32] for the Yangians and by Frenkel and Reshetikhin in [19] for the quantum affine algebras.
There are 3 steps in defining g-characters of a finite-dimensional Uy, (g)-module V. The first step is per-
forming the Jordan decomposition of the action of H on V, where H is the subalgebra of U,(g) generated

by C:t1/2

and gb;fn for n € Z and 7 € I. The second step is identifying polynomials which characterize the
l-weights, and finally defining an injective map to some polynomial ring.
Let V be a finite dimensional U,(g)-module of type 1. Since the action of H on V is commutative, V

decomposes into a direct sum of generalized eigenspaces as follows:

V= @ Va, where V4= {v € Vthere exists p s.t. (qbfk - di[k)pv =0forallielandke Z+} .
d = (df))ier ren,
df, ec

The [-weights are described in the following theorem:

Theorem 2.4.1. (Frenkel-Reshetikhin,[19]) Let V' be a finite-dimensional U, (g)-module, d = (dfk)ig,keN
such that Vg # {0}. Then, there exist polynomials R;(u) and Q;(u) in Clu] for every i € I such that

> o Ri(q  u)Q;(qu)
d+ 'U,k — qdeg R;—degQ; ~1\4 ") =t\4%) , 2.4.1
2 Ri(qu)Qi(a ") s

for any i € 1.
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Definition 2.4.2. Given R;(u) and Q;(u) as in Theorem 2.4.1, denote:

&

Ri(u) = [[(1—a"u) and Qi(u H — b\ ) (2.4.2)

j=1 j=1

Let d € CI*N be such that Vg # {0} with (R,Q) as in (2.4.1) of the form (2.4.2). Define a monomial

corresponding to d in Z[Yiil]iel,aeC* as follows:
k;
a=[[1]Y.0 H Y~ b(,) (2.4.3)
el r=1

Given a finite-dimensional U,(g)-module V, the g-character map x, is defined as follows:

Xq : Rep(Uy8) — Z[Yiil]iel,ae(c* )

V - Z dim(Vd)md s
where Rep(U,g) is the Grothendieck ring of the category of finite-dimensional U, (g)-modules and mgq is as
n (2.4.3).

Theorem 2.4.3. (Frenkel-Reshetikhin, [19]) The map x, is an injective ring homomorphism. Moreover,

the diagram below is a commutative diagram.

Rep(Uy9) s Z[Yiil]iel,aec*

Rep(Uyg) ——— Z[y: ier

where p(Y; o) = y; and res is the restriction map.

Example 2.4.4. Let g = sly and let V} be the 2-dimensional irreducible U,(g)-module. Let (V1), be the

evaluation module over U,(g) considered in Section 2.3. As a vector space, (V1), is isomorphic to Cvy@® Cu;.
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The generalized H-eigenvalues of vy and v, were computed in the previous section and are given by:

1

where P(u) = 1 — ag”'u. In Theorem 2.4.2 notation, the [-weight of vy is given by R(u) = P(u) and

Q(u) = 1, and the l-weight of vy is given by R(u) = 1 and Q(u) = P(q?u). Thus,
Xa((Vi)a) = Yag-1 +Yog!
Remark 2.4.5. Let a,a’ € C* such that a # a’. Then,
Xa((Vi)a) = Yagor +Yigk £ Yarger + Yk = xg((Vi)ar)

We see that the g-character map does differentiate between (V1), and (V1) as promised.

The theory of g-characters was invented to give the affine analog of the usual character theory. Frenkel-
Reshetikhin gave 2 conjectures in [19] that are the g-analogs of the well-known properties of the usual
character theory. The first conjecture is the g-analog of (2.1.6). That is, the g-character of a finite-
dimensional irreducible U, (g)-module must also be the sum of terms with weights of the form X — > n;a;
for some n; € Z. The second conjecture is the g-analog of (2.1.7) and gives an explicit description of the
image of the g-character map. The proof of both conjectures were given by Frenkel-Mukhin in [18], which

we state next.

Definition 2.4.6. Let a € C* and i € I. Define the following monomials:

— —1
Ai,a - }/i,aqflifi,aq }/j@ )
C

ji=—1
with the usual convention that Y; , =1 if ¢ ¢ I, and where C' = (C;;) is the Cartan matrix.

Notice that the monomial A; , restrict to the monomial a; in Definition 2.1.3. That is, the monomial

A; o corresponds to a vector with Ug(g)-weight .
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Theorem 2.4.7 (Frenkel-Mukhin, [18]). Let V' = V(P) be a finite dimensional irreducible U, (g)-module
with Drinfeld polynomial P = (P;(u));er. Then,

Xg(V) = mp (1 + HM,,) :

p

where mp is the monomial corresponding to P through the map (2.4.3), aka highest weight monomial, and

M, is a monomial in Z[A;;]iel,aec*.

Definition 2.4.8. Let m be a monomial in Z[Y;i:ll}iej7a€(c*. For i € I, we say m is i-dominant if m does

not contain negative powers of Y; , for any a € C*. If m is i-dominant for all ¢ € I, we say m is dominant.

By Theorem 2.4.7, the highest weight monomial is the monomial that corresponds to the Drinfeld

polynomial through the map (2.4.3). Therefore, it must be a dominant monomial.

Theorem 2.4.9 (Frenkel-Mukhin, [18]). Define

K; i= ZIY i iacc ® Z[Yip + YipAj ) Ibec ,

J,a
for i € I. Then,

Imy, ~ RepU,(g) =~ ﬂ X;.
il
Theorem 2.4.9 can be used to obtain the g¢-character of all Uq(glg)—modules, i.e irreducible finite-

dimensional modules of type A;. Let us demonstrate this claim with an example.

Example 2.4.10. Let g = sly, P(u) = (1 —ag~'u), and V = V(P) is the irreducible U,(g)-module with
Drinfeld polynomial P(u). The dominant monomial of x,(V) is Y,,-1, where we omitted ¢ € {1}. By
Theorem 2.4.9, the image of the g-character map must contain Yg,-1 + Yyq-14;1 = Y1 4+ Y, !, which

is the g-character of V since V is 2-dimensional. Notice that our result is identical to the derivation in

Example 2.4.4.

Remark 2.4.11. The g¢-character of any Uq(glg)—module can be computed using Theorem 2.4.9 as in
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Example 2.4.10.

Even though the structure of g-characters are completely analogous to the structure of usual characters,
precious little is known about g-characters in generality. In particular, there is no description of the
restriction functor to the quantum groups of finite type, no tensor product decomposition rules, and most
importantly, there is no equivalent of the Weyl character formula. What is known is an algorithm, that
can find, in some special cases, the g-character of a module starting with its [-highest weight monomial.
The algorithm is a consequence of Theorem 2.4.9 and is known as the Frenkel-Munkhin algorithm. The
class of special modules whose g-characters can be computed using the Frenkel-Mukhin algorithm includes
the fundamental modules [18] and KR-modules [38].

The algorithm is as follows:
1. Start with a dominant monomial m that is the highest weight monomial of the module.
2. If m is i-dominant, define another Laurent polynomial ¢;(m) as follows:

(a) If j # i, replace all Y; , that appear in m by 1 and Y; , by Y,. Denote the resulting monomial

in Z[Y,]aec- by .

(b) The monomial 77 can be treated as the dominant monomial of a U, (;[g)—HlOdlll& which can be
computed using Theorem 2.4.9. The g-character with dominant monomial m must have the

form:

where Mp are monomials in A;l.
(c) Obtain monomials M, by replacing A, ' by A@_; in M,.

(d) Define ¢;(m) = m(1 +[], Mp).

3. Starting from m, perform step 2 in every dominant direction possible and denote the resulting set of

monomials D,,. Remove all the dominant monomials other than m, if any, from D,,.
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From now on, we will always assume a = ¢’ for some ¢ € C* that is not a root of unity and j € Z. We
make the following changes in notations accordingly:

Pl =P wi=w v, =Y,

J T T k,gd k,q9°

gis A=Ay

With this new notation, the Drinfeld polynomial corresponding to the KR-module sz; defined in
(2.2.1) is identified with the dominant monomial Y,(;)j through the map (2.4.3) as follows:

Pl(;)] = Yl(clz =Yi;Yijto Y jromk—2)- (2.4.4)

Example 2.4.12. Let g = sl3 and consider WQ(E) The dominant monomial is Yél) =Y ;Y1 4+2. Recall
that A;; = Y1le—1Y1le+1Y2, j- The demonstration of the Frenkel-Mukhin algorithm to obtain the g-character

of Wz(lj) is shown in Figure 2.1.

A—l A—l
v v 1,j+3 1 Li+l 4 1
1, Y1542 YY1 j1aYo 408 — Y1 oYy iaYo 1Yo 543
1 —1
Ag ja Ay jra
—1
O WL Lo
Lida jys 1j4+2¥2,5+1Y2 45
—1
Ay jo
-1 -1
Yy irsYa s

Figure 2.1: The g-character of W2(1]) An arrow decorated with A;; means the target monomial is obtained
by multiplying the source monomial by A;;
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Chapter 3

Cluster algebras and quantum cluster
algebras

In this section, we will give the definitions of coefficient-free cluster and quantum cluster algebras with
examples. For details on cluster algebras, see [16], and for details on quantum cluster algebras, see [3].
We will provide the cluster algebra realization of the @Q-system of type A, introduced in [29], as well as
its quantization introduced in [9,10]. We will also provide the definition of the T-system of type A, and
interpret it as a mutation relation in an infinite rank cluster algebra with mutation in the direction of
the [-parameter. This interpretation is similar to that in [8], where the direction of mutation is in the

k-direction.

3.1 Finite rank cluster algebras

For any n € Z, a cluster algebra of rank n is a commutative ring with unit and no zero-divisors, generated
by the union of variables, called cluster variables. The cluster variables are related by rational transforma-
tions, called mutations, determined by an exchange matriz, denoted B. For the purposes of this thesis, it
suffices to describe coefficient-free cluster algebras.

Let us introduce some useful notations:

-1 :x<0

[z], = max(0,z) ; sgn(z)= 0 :2=0

1 z >0
We will now describe the coefficient-free cluster algebra of rank n. Let x1,...,z, be formal variables
and let F = Q(z1,...,z,) be an ambient field. Let T,, be the n-regular tree whose n edges emanating from
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each vertex receive a different label from the set {1,2,...,n}.

Definition 3.1.1. A cluster pattern is an assignment t — (x;, B;) of any vertex ¢t € T,, to a labeled seed

(xt, B), where:
e the cluster tuple x; = (Z1,1,...,Zn,) is an n-tuple of elements of F forming a free generating set,
e the exchange matriz By = (bg)) € M, «n(Z) is a skew-symmetrizable matrix,

ot <5t in T, if and only if (x;, B) VLN (x¢, By), where py, is the seed mutation in the k-direction

defined as follows:
() _®
xl;% (H;L—1 IEbtk b + H?:l xE;tbik ]+> ifj=k
Tyt 1f] 75 k

—bY ifi=korj=k

— X = (T1r5 .., Ty ), Where x5, = ,

- By = (bﬁl)), where b") =
bg;) + sgn (bgz)) [bi?bgj)} N otherwise

Definition 3.1.2. The cluster algebra associated with a cluster pattern {(x¢, B;):t € T,} is the Z-

subalgebra of F generated by all cluster variables.

We will consider cluster algebras with skew-symmetric exchange matrices only. In this case, the ex-
change matrix B and its mutation can be completely described by a quiver and the quiver mutation

process.

Definition 3.1.3. A quiver Q is an oriented graph given by a set of vertices Qp, a set of arrows Qp, and
two maps s : Q1 — Qg and ¢t : Q; — 9y taking an arrow to its source and target respectively. A loop of a
quiver is an arrow whose source and target are the same. A 2-cycle of a quiver is a pair of distinct arrows

a and 8 such that s(a) = ¢(8) and s(8) = t(«). The rank of a quiver is the number of vertices.

Definition 3.1.4. Let B = (b;j) € Mpxn(Z) be a skew-symmetric matrix. The quiver associated to B,
denoted Qp has n vertices and b;; arrows from ¢ to j if and only if b;; > 0. When the exchange matrix is
skew-symmetric, we simplify our notation and denote the labeled seed (x,Qp) := (x, B).

We will only consider quivers with no loops or 2-cycles. Given (x,,9Q,) LN (xpr,Qp) for p LN p' in T,

the seed mutation in Definition 3.1.1 can be simplified as follows:
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Thp (Hae(gph Ti(ayp + [lae(e,n ffs(a);p> ifj=k
o Xy = (T1,pts- -, Tnyy ), Where zj,y = s(o)=k t(a)=k ,

Lj:p lfj 75 k
and (Q,)1 is the set of arrows in Q,.

e Q, = uk(9,) is obtained from Q, as follows:

— For each subquiver i — k — j, add a new arrow i — j.
— Reverse all arrows with source or target k.

— Remove the arrows in a maximal set of pairwise disjoint 2-cycles.
It can be easily checked that the quiver mutation is consistent with the seed mutation in Definition 3.1.1.

Example 3.1.5. Let Qp be the quiver with Q; = {1,2} with a single arrow 1 — 2. Given the seed

((z1,22),9p), the mutation in direction 1 gives the following seed:

1
H1 z, = T2t -
X1 i) z1 2

QB : — e F QB’ . P
H1

B : <> B’
-1 0 1 0

That is, the mutated seed in direction 1 is given by:

pa((z1,72),Qp) = ((m + l,xg) ,QB/> .

In order to define a cluster algebra, it suffices to give a single seed, called the initial seed or the
fundamental cluster. All other seeds in T, can be obtained from the initial seed via iterated mutations.
In addition, all other cluster variables are Laurent polynomials in the fundamental cluster variables. This

property is called the Laurent phenomenon, and is stated in the following theorem:
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Theorem 3.1.6 (Fomin-Zelevinsky, [17]). The cluster algebra A defined by an initial seed (x, B) is con-
tained in the Laurent polynomial ring Z[x*!], i.e. every cluster variable is a Laurent polynomial over Z in

the fundamental cluster variables 1, ..., z,.

3.2 Quantum cluster algebras

Cluster algebras, whose exchange matrices are invertible, admit canonical Poisson structures that is con-
sistent with mutations (see [20]). Quantum cluster algebras are the canonical quantizations of this Poisson
structure, i.e. non-commutative generalizations of cluster algebras. Therefore, in order to describe quan-
tum cluster algebras, we must give the corresponding non-commutative generalizations of the ambient field

F, the initial seed, and seed mutations.

Definition 3.2.1. Let t be a formal variable. The quiver Q in the quantum case is identical to the non-
quantum case. Let Lo = EBZ-GQO Zi,i.e. the Z-lattice generated by the verticesin Q, andlet A : LoxLg — Z
be a skew-symmetric bilinear form. The based quantum torus associated with (Q, A), denoted T := T(Q, A),

is the Z[t¥2]-algebra with a distinguished Z[t*]-basis {X;|i € Lo} such that:
Xo:=1 and X_;:=X;! (3.2.1)
and the multiplication defined as:
XX o= t2M0D X, (3.2.2)
The basis elements satisfy the t-commutation relation:
XiX; =" XX, (3.2.3)
It can be derived from (3.2.2) that multiplication in T is associative:

(X X)Xy = Xi(X,; Xp) = t2ACDHAGRHAGR) X, (3.2.4)
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It is well-known that T forms an Ore domain, that is, it is contained in its skew-field of fractions. We take

the skew-field of fractions of T as the non-commutative ambient field F.

Definition 3.2.2. Let Q = Qp be the quiver associated with a skew-symmetric exchange matrix B,
and let T be a based quantum torus associated with Q and some skew-symmetric bilinear form A. Let
X = {X;|i € Qo} C T. The pair (X, Q) forms a quantum seed in F if the matrix A = (A(4, j)); jeo, satisfies

the following condition:
AB=D

where D is a diagonal matrix with positive entries. In this case, we say (A, B) forms a compatible pair.

Definition 3.2.3. The quantum mutation is given by:

X;C - X(_k-"_ZuEQl,s(u):k @) + X(_k+EuEQl.t(4x)=k i) (3'2'5)

Given a specific quiver, the quantum mutation (3.2.5) can be made explicit using (3.2.2).

Example 3.2.4. We now demonstrate the quantum version of Example 3.1.5. The quivers Qp and Qp/
are as in Example 3.1.5. The exchange matrix B is invertible, and, therefore, admits a unique, up to

multiplication by a positive diagonal matrix, compatible pair A, given by the inverse.

0 -1 0 1
B= and A=B"!=

1 0 -1 0

We have a quantum seed ((X1, X2),Qp) with a commutation relation X;Xo = tX3X;. We can explicitly

write down the quantum mutation in direction 1 as follows:

X, = X 42+ X 140 (by Definition 3.2.3)
= 22X X, 4+t 220X Xy (using (3.2.2) )
= X Xy 4+ X! (using (3.2.1) )
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where A(1,2) = A;2 = 1. The mutated seed in direction 1 is given by:

(X1, Xa),Qp) = ((f%X;lxz + X;l,X2> ,QB/) .

3.3 The @-system of type A, as a finite rank cluster and
quantum cluster algebra

The Q-system of type A, is a recursion relation on commuting variables {Q,(j)} defined as follows:

. . AN\ 2 . .
Q,Q", = ( g')) —QUTIQUTY for keNjiel, (3.3.1)

with the convention Q,(CO) = Q,(:H) =1.
The @Q-system (3.3.1) was formulated as a mutation relation in a rank 2r cluster algebra by Kedem in
[29]. The variables QEJ) were renormalized, denoted @,(f), such that the right-hand side of the @Q-system

(3.3.1) has a positive sign. The renormalized Q-system has a natural interpretation as a mutation relation.

oy ap o 23
1 e o rtl 1 0 ® @(11) 1 eT—o le)
- (2
o 2) >< H . § >< N
2 e * 42 2 e=Z—/————3 ¢ O 2 OFT———e(
H @ 2 @i
(3) (3)
0 1 > > s
3 e e r+3 3 e—_—3F e 743 3 o::.Qg)
A () A ()
0 1
T ] e 27 T e —————— > e 2r T e _—_—————F e 2r

Figure 3.1: Left: the initial seed (Q,T'g), where Q = { A((f), lei) li € I} is the fundamental cluster variables
and I'g is the underlying quiver. Center: 11(Q,I'g). Right: pop(Q,Tg).

The cluster algebra attached to the @Q-system is defined by the initial seed (Q,I'g) (see Figure 3.1).

Toric mutations (except at the boundaries) are given by the @-system equations. The exchange matrix
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associated to the quiver in Figure 3.1, call it By, is invertible, and, therefore, there is a unique quantization

(up to scalar) of the initial seed. Di Francesco-Kedem introduced this quantization in [9].

0 C 1 0 A
Bg = and A=B;, = , (3.3.2)
-C 0 =

where C is the Cartan matrix of type A, and A = —det(C)C 1.
By construction, (A, Bg) is a compatible pair. The explicit expression of the quantum mutation in

Definition 3.2.3 using A in (3.3.2) defines a quantum @Q-system as follows:

A6 Al ~O\2 | Al—1) A(i+1
200,01, = (QF) +Qp Vot (3.3.3)

3.4 Infinite rank cluster algebras

Both cluster and quantum cluster algebras were initially defined for finite rank cases. It is possible to
generalize the definitions to infinite rank. We let the cluster tuple and the exchange matrix be infinite
dimensional. For the mutations to make sense, we assume that for each j, b;; = 0 for all but finitely many
i. If B is skew-symmetric, this condition is equivalent to saying that an infinite quiver Qp has only finitely
many incoming or outgoing arrows at all of its vertices. An important distinction between finite rank and
infinite rank cluster algebras is that in the finite rank situation, any two clusters can be obtained from each
other by a finite sequence of mutations. In an infinite rank cluster algebra, it is no longer the case. That
is, it is possible to obtain different cluster algebra structures on the same underlying infinite quiver using
different fundamental cluster variables that are not reachable from one to another by a finite sequence of
mutations. Another big distinction is that since the exchange matrix is infinite dimensional, it does not
admit a unique inverse. That is, there are always infinitely many ways to quantize infinite rank cluster

algebras.
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3.5 The T-system of type A, as an infinite rank cluster and
quantum cluster algebra

The T-system of type A, is a recursion relation on commuting variables {Tlszl) } defined as follows:

) 1) =T o0 A T VT for keZyiel, (3.5.1)
with the convention TO(,il) = T,g?l) = T,g?l) = 1. The T-system in (3.5.1) is a discrete dynamical system
evolving in the direction of the parameter [, i.e. variables with higher values of [ parameter can be obtained
from an expression of variables with lower values of [. The T-system can be regarded as a mutation in a
cluster algebra with direction of mutation in the [-direction. It is also possible to rearrange the terms such
that the evolution is in the k-direction. This rearrangement gives a different cluster algebra structure with
a correspondingly different direction of mutation. The latter choice was taken by Di Francesco - Kedem
in [8], which is also consistent with the cluster algebra structure attached to the @Q-system in [9,10] and
described in Section 3.3.

We now define the cluster algebra formulation of the T-system in a similar way to that in [8]. The pa-
rameters 4, k, [ in (3.5.1) correspond to «, k, j parameters in [8] respectively. Let B be the signed adjacency

matrix of the quiver I'p in Figure 3.2.

i\k

1 2 3 4 ]
le )\f 4 if b 4
204 4 )\f ) 4 >
3@ 2O% ® 2O% ®

Figure 3.2: The quiver I'p, (i € I,k € Z4)

Definition 3.5.1. For n € Z,, define (n)s := nmod2.
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To each vertex (k,i) in I'r, we associate a variable T

(it k1) The resulting set is:

e {1}

ks, | P€ 1 K€L} (35.2)

Various boundary conditions can be put on the T-system to obtain different solutions. For example, the
solution given by the g-characters of KR-modules corresponds to the boundary condition given by:
=1 =1 =1 w1, = (91),).

We take (C,T'r) to be the initial seed. Then, for any other I € Z, the value of the variable T,ill) can be
obtained in terms of the fundamental cluster variables in € by successive toric mutations, i.e. mutations
at vertices with 2 incoming and 2 outgoing arrows only, except at the boundaries. Notice that the choice
of the quiver I'r is such that each of the mutations are given by the T-system relations in (3.5.1).

Since the exchange matrix B is of infinite rank, there are infinitely many choices of a compatible pair
A. Consequently, there does not exist a canonical quantization of the T-system cluster algebra.

Suppose we are given non-commutative variables {T,gll) } that satisfy a t-deformed T-system with a
non-commutative multiplication *. Let (C,I'z) be as before, only now we substitute T,Ell) with their non-
commutative versions. Then, (C,T'r) forms a quantum seed if and only if the following 3 conditions hold:

Condition I: The fundamental cluster variables t-commute. Moreover, the commutation matrix A =
(Az:}j;’l,) defined as:

T8« 1), = M T8 T for an T, T € €, (3.5.3)
is an integer-valued matrix.

Condition II: (A, B) forms a compatible pair (see Definition 3.2.2).

Condition ITI: The quantum mutation is given by:

Tlgfl)—l # Ty k.l

ik—1,1 i, k41,1 i k41,1 ; : i—1,k,1 i41,k,1 i+1,k,1 i :
kit 1 — t%Aq‘,,k,L—l"'%Ai,k,z—l_%Ai,k—l,lTéZ_)Ll * Tli:zl,l + t%Ai,k,l—lJ’_%Ai,k,l—l_%Ai—l,k,lT(j’ ) * T]Sfl"'l)

This equation is the specialization of Definition 3.2.3 to the quiver I'p.
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The main result of this thesis concerns a t-deformed T-system introduced by Nakajima in [39]. The
deformation comes from Nakajima’s geometric construction of certain quiver varieties, and there is no apri-
ori reason to suspect that this deformed T-system defines a quantum mutation. We will state Nakajima’s

deformed T-system and show that conditions LILIIT are satisfied in Chapter 4.
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Chapter 4

Nakajima’s deformed T-system as
quantum cluster variables

Nakajima [36,38,40] introduced a t-analog of the the Grothendieck ring Z[t, ¢ '] ®z RepU,(g) and the
t-analog of g-characters, the (g, t)-character for short, through the geometry of quiver varieties. The (q, t)-

character map is a Z[t, t~!]-linear injective map
Xa.t + Zlt,t 1] @2 RepUq(§) — Z[tt ™ ® Z[Y; ;. Y ier jez

with the property that xq:=1 = x4. Although x4 is not a ring homomorphism, Nakajima introduced a
twisted multiplication on both the source and the target of x,: that makes it into a homomorphism of
non-commutative rings.

Recall that the main object of this thesis is Nakajima’s deformed T-system that (g,t)-characters of
KR-modules satisfy. In order to work with the deformed T-system, we must know how to obtain the
(g, t)-characters of KR-modules. However, by [36], the (g, t)-characters of the KR-modules of type A are
identical to their g-characters. Therefore, we will omit the derivation of the (g, t)-characters and move

straight to the description of the twisted multiplication.

4.1 Nakajima’s twisted multiplication

Definition 4.1.1. Let M be the set of monomials in Z[}/ﬁ;l]iehjez. Given m,m’ € M, we say m' is a

descendant of m if m’ is obtained by applying a set of A; jl tom, ie. m'm™! € Z[Azjl}ierjEZ'

s

With this definition, given a g-character of an irreducible module, all its monomials are descendants of

the dominant monomial.
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Definition 4.1.2. For m4, m € M such that m4 dominant and m descendant from m, define u; ;(m) € Z

and v; j(m, m4) € Zy as follows:
m =[]y = ma [ Ay
i,j ,J

The following definitions are due to Nakajima [39].

Definition 4.1.3. For m € M, let @; ;(m) € R (i € I,j € Z) be a solution of the system
Ui j(m) = Ui j—1(m) + i j1(m) = Gi5(m) = Giyr;(m)

such that @; ;(m) = 0 for j sufficiently small. As usual, @; ;(m) =0if ¢ ¢ I.

Remark 4.1.4. For any monomial m € M, it can be seen from Definition 4.1.2, there are only finitely
many non-zero u; j(m). The condition 4, ;(m) = 0 for j sufficiently small ensures there is in fact a unique
integral solution to the system, which can be verified through direct computation. However, there can be
infinitely many non-zero 4, ;(m). The system in Definition 4.1.3 looks cryptic. As we will never have to
solve this system explicitly, the reader need only realize that there is a unique solution to the system at

this point.

Definition 4.1.5. Let m}r, m2+ € M be dominant monomials and m', m? € M such that m? is a descendant

i
of m?_.

e(mi,m3) = = wijpa(mi)i(m3)+ > wiia(md)i(mh)
] (%]
d(m*,ml;m? m3) = Zvi’jﬂ(ml,mi)um(m%+ui7j+1(m1+)vi,j(m2,mi),
i,
A(mtymlmm2) = d(m?,mbsm?,m2) — d(m?, m2;mt,mb)

Notice that the above sums are all finite sums as there are only finitely many non-zero values of u; ;(m)
and v; j(m, m4) for any monomials m and m.. Also, it follows immediately from the definition that both

~ and € are anti-symmetric.
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Remark 4.1.6. Given a monomial m in a (g,t)-character, in our application of the ~ function, it will

always be clear what the dominant monomial of m is. Therefore, we simplify our notation and write

1

y(mt,m?) = y(m!',ml;m?

,mﬁ_) .

Definition 4.1.7. Let V', V? be finite-dimensional U, (g)-modules and let x, , and xZ , be their (¢,t)-

2

characters. Let m!,m3 be the dominant monomials and m',m* any monomials in x} , and xZ ; respec-

tively. The twisted multiplication on monomials is defined as follows:

1,2 1,2
ml % m2 = t’y(m ,m )+e(m+,m+)m1m2 ,

1

where m!m? is the usual multiplication of monomials. Multiplication on (g,t)-characters is defined by

linearly expanding the twisted multiplication on monomials.
We now state the result on which this work is based.

Theorem 4.1.8 (Nakajima, [39]). Let X,(;)j = Xq7t(W,£3), where W,Elj) is the KR-module with dominant

monomial Y,(;)j (see (2.4.4)). The following relations hold between the (g, t)-characters:

_ (i) p(i) i : o (i) (i) . .
t S(Pk,j»Pk,j#»Z)Xq)t(W]g?j)-) * Xq,t(ngfg)'+2) = t C(PkJrl,j7Pk—1,j+2)xq)t(Wk(21,j) * Xq,t(ngi)l’jJrQ)

pli-1) pli+1)

4B k«f“)Xq,t(ngfj_-:i) *Xqi(WIS;jDa

(@)

with convention x;; =1if k=0ori ¢ I.

We also define *, multiplication as follows:
m' %, m? = grembmi) L yom2 = pym'm) 12 (4.1.1)

Then, the deformed T-system can be written more succinctly with respect to x, as follows:

(1) () _ @) (1) -1, (i=1) (i4+1)
Xiej ¥v Xieja2 = Xit1,j ¥y Xel1,j42 T Xp g1 *v Xk,jt1- (4.1.2)
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Remark 4.1.9. Equation (4.1.2) looks slightly different from the T-system shown in (3.5.1). However,
(4.1.2) can be transformed into a deformation of (3.5.1) by a change of variables X,(CZ)J — T,Ef,)ﬂ_j and

relabeling [ = k + j + 1 with no changes to the coefficients.

Recall the cluster algebra structure attached to the T-system in Section 3.5. We will show that the
deformed T-system is a quantum mutation in a quantization of the cluster algebra described in Section 3.5.
The exchange matrix of the quantum cluster algebra is the same as before, given by the adjacency matrix
B of the quiver I'p in Figure 3.2. The fundamental cluster variables are given by the non-commutative
versions of (3.5.2). As we will work in Xg)] variables, the fundamental cluster € in terms of these variables

is as follows:

_1.,@ ;
e_{Xk,—k+(i+k+1)2 |iel, keZ+} . (4.1.3)

Notice that the fundamental cluster (4.1.3) is obtained from (3.5.2) by the change of variables described

in Remark 4.1.9.

Remark 4.1.10. Let x; and x2 be (g, t)-characters with dominant monomials m! and m? respectively.

Suppose x1 and xo t-commute with respect to *. That is, there exists some o € Z such that:
X1 % X2 =t"X2 % X1, (4.1.4)

which is equivalent to:

— 1;()(—26(7711+ m@i)

X1 ¥y X2 X2 ¥y X1 - (4.1.5)

Notice that y(ml,m3,) = 0 as v; ;(m4,my) = 0 for all i,j and any dominant monomial m,. That is,

the dominant monomials in x *, x2 and x2 *4 X1 have coefficient 1. Therefore, (4.1.4) holds if and only if

a= 26(171_1‘_,7713_)7 and X1 %y X2 = X2 *y X1

Corollary 4.1.11. The fundamental cluster variables ¢-commute with respect to *, i.e. Condition I holds,

if and only if they commute with respect to x,. Moreover, if the fundamental cluster variables t-commute,
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then the commutation matrix A, defined in (3.5.3), is given by

7,'/, -/’k/ i Y]
AT =2e YY)

where Y,(Clz is the dominant monomial of Xq,t(W/S;) defined in (2.4.4).

4.2 Proof of Condition I

The main tool we use in this section is the tableaux-sum expression for the g-characters of KR-modules,
introduced by Nakajima in [38], and the mapping m : T — my from the space of allowed tableaux, called
KR-tableaux in the text and to be defined in Section 4.2.1, to the space of monomials M. Let B,(;)J be the
set of all KR-tableaux parametrizing the monomials of xq(W,EZJ))

The idea of the proof of Condition I is as follows. We define a division of the set B,(;)] X 3,(:,3, into 3

disjoint subsets Py, P1,P_1 and an automorphism o on this set such that
e o fixes the elements of Py and is an involution between Py and P_;
® Mm(cT) = Me(c,1), Where m(c 1) := mgemr.
o y(mg,mr) = 7(C,T) = —y(o(C,T)).
The main result of this section is:
Theorem 4.2.1. Let (C,T) € Py, i.e. (C,T) is a fixed point of o. Then (C,T) = 0.

The proof of Theorem 4.2.1 is given in Section 4.2.5. Let us show how Theorem 4.2.1 implies Condition

Corollary 4.2.2. The fundamental cluster variables t-commute with respect to the twisted multiplication

* defined in (4.1.7).

Proof. By Corollary 4.1.11, Condition I is equivalent to the statement that elements in € (see (4.1.3))

commute with respect to *,. That is, given any Xg)j, Xg/ )j, € €, we want to show

X;(f)] ey X/(czu.)j' = chl’,)j’ oy XIE:Z,?j (4.2.1)
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Let’s write

Ny= D meandxiy = 3 mr,

(@) (")
CeBy TeBk,yj,

where B,(;)J and B,(://)j, are the sets of allowed KR-tableaux. Denote B = B,(;)] X B,(f/l)j,. Then,

R D e
(C,T)eB
— > 0o+ S (tv(CvT)m(C’T)+t7(G(C,T))mU(C’T))
(C,TYePonB (C,TYePNB

¥(C,T) = 0 by Theorem 4.2.1
— S mrme+ Y (t—v(Tﬁ)me o+ T mem, C)

(C,TYePoNB (C,7)ePinNB
= X X
where we used (0 (C,T)) = —(C,T) = ~v(T,C) and m(c,ry = memr = m(r,c)- O

4.2.1 Tableaux-sum notation

The tableaux-sum notation we are using is a slight adjustment of the notation introduced in [38]. Let us
begin with the tableaux-sum description of the ordinary character x(V) for V € R as a motivation to the
later definitions of the tableaux-sum notation for g-characters.

Let V) be the highest weight irreducible Uy (sl,11)-module with highest weight A = >"7_, A\;w;. Then
there exists a basis of V), parametrized by semi-standard Young tableaux of shape A = (Ay,..., A,), where
A= ZZ:j Ai. Let S(A) be the set of all semi-standard Young tableaux on the letters {1,2,...,r+ 1} of

shape A. We define a map

m: S(A) — Zyier
(4.2.2)

T =TT
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where #T'(i) is the number of times ¢ appears in 7. With this mapping, we obtain the tableaux-sum

expression for the character of V). More precisely,

x(Va) = Z mr .

TeS(A)

Remark 4.2.3. The U,(g)-highest weight of the KR-module Wélj) is given by kw;. Therefore, the tableaux
that parametrize the character of KR-modules, considered as U,(g)-modules, are rectangular of length ¢

and width k.
Example 4.2.4. Consider g = sly and V =V,,,. Then, A = (1,1, 1).

X(Vas) = ¥+ yoyy + owyy oy

a3_1 agl afl
> 2] >3] >3]

Recall that the monomials a; from Definition 2.1.3, are identified with e®*. Therefore, multiplying a
monomial by a; 1is equivalent to applying a lowering operator with weight —a;. The action of a; L on the

tableaux is given by changing a box with ¢ to ¢ + 1. O

We now describe the tableaux-sum notation for g-characters. Recall that the restriction of U,(g)-
modules to Uy(g) corresponds to the map Y; ; — y; on the monomials, and the finite weight of Y; ; and y;
are the same, given by w;. Therefore, the tableau representation of Y; ; is almost identical to that of y;,
except there are infinitely many Y; ;’s corresponding to j € Z. This infinite property is represented by an

extra vertical coordinate added to the usual tableau data.

Definition 4.2.5. 1. Let T be a diagram consisting of a single column of length 7 equipped with an

additional datum j € Z. To each box in T, we associate an index as follows: the top box gets an

index 17;7j and the indices of the lower boxes increase by one starting from the top box. We call
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the set of indices of T' the support of T, denoted Supp(T). Then,

Supp(T)—{l_l_‘] 1+1—J}

5 e B

The diagrams that we will consider in this paper will have ¢ and j such that (1 —i — j) is always

divisible by 2. That is, Supp(T) C Z. We say T is a column diagram of shape (i, ).
. The head of a column diagram T, denoted head(T), is the index of the first box.
. The tail of a column diagram T, denoted tail(7T'), is the index of the last box.

. The length of a column diagram T is given by i = tail(T") — head(T") + 1. For convenience, we denote

it length(7T).

. A column tableau T is a column diagram T of some shape (7, j) decorated with letters {1,2,...,r + 1},

i.e. we equip T" with an arbitrary map
Supp(T) — {1,2,...,r + 1},

where r is the rank of the Lie algebra g. Equivalently, a column tableau is a column diagram with

integers between 1 and r + 1 filled in each box.

The image of the map at p € Supp(T), i.e. the integer in the box with index p, is denoted T[p] and
is called the value of T at p. If p < head(T), we set T[p] = 0 and if p > tail(T'), we set T[p] = cc.
With this redefinition, we can consider T' to be defined for all p € Z and Supp(7T') is where the value

of T is nonzero and finite.

. A strip in T between py and p;, denoted T'[pg,p1], is the tableau given by the piece of T between

indices pg and p; with end points included.

. A general tableau is obtained by stacking column tableaux horizontally with the indices of the boxes,

defined in (1), aligned.
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Let T = (T4,...,T)) be a general tableau. Let Supp(7T') = USupp(7;). We identify T with a monomial
mp € M given by

mrp = H Hy#(TP] =i)— #(T[p+1]_z+1) (423)

3,5—2p—1
pESupp(T) i=1

where #(T'[p] = 4) is the number of times ¢ appears in T at index p. This is the affine analog of the map

(4.2.2).

Remark 4.2.6. If we drop the indices of the tableaux and collapse all the columns until the heads of
every column are on the same level, then we obtain Young tableaux, which gives the classical tableaux-sum
notation for the highest weight modules. In particular, if we collapse the general tableau, then the map

(4.2.3) reduces to the map (4.2.2). Diagramaticaly, we can add a third column to the commutative diagram

R Z[Yi?_;l]ie],jez {23 {General Tableaux}

resl lp J{collapse

R —X— Zlyics (4:2:2) {Tableaux}

Definition 4.2.7. Let T be a column tableau of shape (7, j). We define Ty, (dominant) to be the column

tableau of the same underlying diagram given by
Tiom[head(T)] =1 and  Tyom[p+ 1] = Tuom[p] + 1, for p € Supp(T)

Remark 4.2.8. Let T be of shape (7,7). Then the map (4.2.3) identifies my,,,, = Y; ;. In other words,
Tyom corresponds to the dominant monomial of all column tableaux T of shape (4, 7). More generally, the
tableaux corresponding to the descendants of any dominant monomial (not necessarily column) will have
the same underlying diagram as their dominant monomial, i.e. the lengths and the indices of each column

will be the same.
Let us illustrate all these definitions with an example.

Example 4.2.9. Let r > 5. Let T = (T1,T») be the general tableau consisting of columns of shapes
{(3,2),(2,1)}. The first column diagram T; is of shape (3,2), which means the length of T} is 3 and
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h(Th) = 1711%;1 = —2. Similarly, the second column diagram T5 is of length 2 and h(T3) = —1. An
example of such general tableau is given below, together with the corresponding collapsed tableau and its

dominant tableau.

diagram of T' tableau T Taom MTyom
72— 72T 72T
General Tableaux —1 1|34 1|21 Y32Y5 1
0 ol4]|5 0|32
1[4 11
Collapsed Tableaux 315 22 Y3Y2
4 3

O

Example 4.2.10. Consider g = sly. Let V be the fundamental Uq(g[?;)—module with dominant monomial

Ys30. The U,(sly)-highest weight of this module is ws. This is the affine analog of Example 4.2.4. We give
the g-character of V' below:

xg(V) = Yapo +  YaiYe, + YioYes o+ Y

~ ~ ~

e . - -1
—1[1] A3,§72-1 —1[1] Agéfzo —1[1] A1,172~(71) -1[2]
0 > 0 > 03] — o
1 1 1 1

Let T'= (T4,...,T)) be a general tableaux. The monomial myp in (4.2.3) can also be written as:
k Tilp] -1
mr =mz,. [[ ] I 4l (4.2.4)
=1 peSupp(T1) i=(T1)dom [p]
We have presented so far the modified crystal basis for g-character monomials in [38]. From here on,

we define new concepts.
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Consider KR-modules and the associated general tableaux. Consider the KR-module with dominant
monomial Y,(jg Y ;Yijvro- Y jyor—2. The diagram associated with this dominant monomial and all its

descendants consists of k columns stacked as follows:

T1 T2 Tk — &

k columns

where each column T}, 1 <[ < k, is of length ¢ with appropriate indices determined by j; = 7 4+ 2l — 2. We
call a diagram of this shape the staircase diagram of shape (3, j, k). Notice that the corresponding collapsed

diagram is rectangular, as expected by Remark 4.2.3.

Definition 4.2.11. Define 3& to be the set of general tableaux given by staircase diagrams T =

(Ty,...,Ty) of shape (4,7, k) along with decorations by {1,2,...,r 4+ 1} such that

1. the values of the columns strictly increase from top to bottom, i.e. T;[p] < T;[p + 1] for all i, p. (see

Figure 4.1, left)

2. the values of the diagonals weakly increase from left to right, i.e. T;[p] < T;41[p — 1] for all 4, p. (see

Figure 4.1, right)
We call a tableau that belongs to ‘B,(j)j for some (i, j, k) a KR-tableau.

Theorem 4.2.12. The g-character of the KR-module W,gzj) is parametrized by the KR-tableaux in BS)J

That is, we have:

W(l) Z mr
TeB,
where my is the monomial associated to the tableau T through the map (4.2.3).
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T1 T2 Tl TZ

.‘4

p—1 p—1 v
and

P P <

p+1 p+1 v

Figure 4.1: Solid and dotted arrows indicate strict and weak inequalities in the direction of the arrows
respectively, i.e. a — b is equivalent to a < b, and a --+ b is equivalent to a < b.

Proof. Notice that if we collapse a KR-tableau, we obtain a rectangular semi-standard Young tableau.
Since res(W,Ef;) = Viw,, and x(Viw,) is given by rectangular semi-standard Young tableaux, the result

follows. O

4.2.2 Fundamental cluster diagrams

Recall the fundamental cluster € defined in (4.1.3). The column diagrams in € are shown in Figure 4.2(a).

g’)j(k’i) € @, the corresponding staircase diagram of shape (i, 7, k) is constructed as follows: start

ﬁ.(l 0 (Figure 4.2(a)), call it the central column and start adding columns of

Given x
with the column diagram x
equal length alternatingly to both sides of the central tableau. When ¢ is odd, we start adding on the left

and when ¢ is even, we start adding on the right (see Figure 4.2(b) for an example).

1= 1 2 3 4 5 6 7 .- k=1 k=2 k=3 k=4

—2 ||

o 0 -

1 L L

2 —

3 | —
(a) Diagrams corresonding to the Funda- (b)i =3and k = 1,2,3,4. The central and
mental modules (k=1) in € the last column that is added are colored.

Figure 4.2: Diagrams corresponding to the fundamental cluster variables
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4.2.3 Twisted multiplication of tableaux

We will now describe the twisted multiplication . from (4.1.1) on the tableaux. Let C,T be KR-tableaux.

In order to simplify our notation of Definition 4.1.5, we denote

u; j(C) == u; j(me); vi;(C) = v j(mc,me,,,); V(C,T):=v(mc,mr). (4.2.5)

Remark 4.2.13. In order to compute v(C, T') for any general KR-tableaux C and T, it suffices to compute

the value of v between column tableaux only. Indeed, suppose T' = (7}). Then,

H H uz,(Tl) Hyzz“le)

l ©,J

. —1)1 FI¢H N — > v, (Th)
mr = H mTldom H A = MThom Al,j :

l 2%}

3
!
[

That is, both u,; ; and v; ; are additive. Therefore, for any general tableau C = (Cy), since v(C,T) is a

linear expression in u; ; and v; ;, we have

YC,T) = ¥(Ci,T).
k,l

Definition 4.2.14. Let (C,T) be a pair of column KR-tableaux. A block in (C,T) at index p is a pair of
boxes given by (C[p], T[p]). We say there is an L*-block, an N*-block, or a U-block at p in (C,T) if the

following inequality conditions hold:

c T c T cC T cC T c T
p—1 p—1 p—1 v p—1 Y., p—1
[ <P ] o[ ] [T ] [ I] o[ <]
L*-block L~-block N+t-block N~-block U-block

The arrow notation is the same as in Figure 4.1 and two-sided arrow is equivalent to equality.

It is important to stress that a block consists of 2 boxes at index p, even though there may be an
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inequality requirement coming from boxes with index p — 1, such as the case of L and N blocks.

Definition 4.2.15. If there is either an L-block or a U-block at p in (C,T), for convenience we say there

is an LU-block at p. Any other combinations are allowed (e.g. LTUN ~-block).

Remark 4.2.16. As we are dealing with KR-tableaux, inequality conditions in Figure 4.1 are always
present. Due to this restriction, any block in a pair of KR-tableaux (C,T) is precisely one of the 5 types:
L%, N* or U. Moreover, the strictly increasing columns condition puts additional restrictions on the order
with which the blocks can appear. For example, (a) an L*-block is never followed by an N*-block; (b)
an N*-block is never followed by an N¥-block, and (c) a U-block is never followed by an N-block. The

reason can be seen by simply composing the arrows. For example,
(a) (b)

Composing arrows composing arrows

- |~ A vl oIVt

- N~ ‘ Contrad. N~ Contrad.

Definition 4.2.17. Let (C,T) be a pair of column KR-tableaux. We define for each p € Z functions L,

and N, as follows:

1 if Clp—1] < T[p] < C[p] 1 if Clp] <Tp—1]
Ly(C.T)=4q -1 ifTlp—1<Clp]<Tlp] ;i Np(C,T)=4¢ -1 ifTp]<Clp—1]
0 otherwise 0 otherwise

In other words, L,(C,T) is %1 if there is an L*-block at p and 0 otherwise, and similarly for N,(C,T).
When there is no confusion as to which KR-tableaux we are referring to, we will suppress the dependance

on C and T and simply write L, and N,,.

Definition 4.2.18. Let (C,T) be a pair of column KR-tableaux with Supp(C) N Supp(T') = {h,...,t}.
The block-tableau of (C,T'), denoted Ber, is a single column diagram with Supp(Ber) = {h,...,t,t + 1}
decorated with letters {L*, L=, NT, N~ U}, such that the value of Bor at index p is given by the corre-

sponding block in (C,T) at p.
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Example 4.2.19. Block-tableau is a convenient way to describe all the blocks of (C,T) at once. Saying
there is an LT-block at p in (C,T) is equivalent to Bor[p] = L.

index C T indea:BoT

W N = o

Definition 4.2.20. Let (C,T) be a pair of column tableaux. We say (C,T) is a fundamental pair if
head(C) > head(T) and tail(C) < tail(T'). We say (C,T) is anti-fundamental if (T, C) is fundamental. We
say (C,T) is a regular pair if head(C) > head(T) and tail(C) > tail(T). We say (C,T) is anti-regular if
(T, C) is regular (see Figure 4.3).

The reason for the name fundamental pair is because of the diagrams in € corresponding to the funda-

mental modules, i.e KR-modules with k£ = 1. Every pair of fundamental modules in € forms a fundamental

or an anti-fundamental pair as in Definition 4.2.20 (see Figure 4.2(a)).

Fundamental Regular
Ber
index C T C T index
0 0 0 0
h—1 0 0 h—1
h h
t t
t+1 o co t+1
t+2 ) o) oo [ee) t+2

Figure 4.3: Types of pairs of column diagrams

Lemma 4.2.21. Let (C,T) be a pair of column KR-tableaux and suppose (C,T) is either fundamental or
regular. Denote h = head(C,T) and ¢ = tail(C,T). Then,

(a) Berlh] is never N~ since C[h — 1] =0 % T'[p).

(b) If (C,T) is fundamental, Bor[t + 1] is never LT or N since T[t] < T[t + 1] < oo = C[t].

(¢) If (C,T) is regular, Bop[t + 1] is never L~ or N~ since C[t] < C[t + 1] < co = TTt].

48



Proof. The statements are clear from the following pictures:

: Imn t
h Iji not N~ S not LT N+t —roo not L™ N—

O

Remark 4.2.22. Tt suffices to compute v(C,T) for (C,T) either fundamental or regular. If (C,T) is of

neither type, then (7, C) is either fundamental or regular and v(C,T) = —~(T, C).

The value of v(C,T') depends on the occurrence of L and N blocks in (C,T) encoded in the functions

L, and N,,. More precisely,

Theorem 4.2.23. Let (C,T) be a pair of column KR-tableaux and let Supp(C) N Supp(T) := {h,...,t}
(see Figure 4.3). Then

t . . .
Nepa(C,T)  if (C,T) is (anti-)fundamental
p=h L1 (C,T) otherwise

Remark 4.2.24. In other words, v(C, T') counts the number of L*-blocks minus the number of L~ -blocks

in (C,T) with one more contribution from the tail block.

Proof. Let’s decompose L,, into its positive L;‘ and negative L, parts such that
L,= L; - L,

Recall that v(C,T) = d(C,T) — d(T, C). The calculation of d(C,T) is borrowed from [38]. For the reader’s
convenience, we reproduce it here.

We want to compute (see Definition 4.1.5, Remark 4.1.6, and (4.2.5) )

d(C,T) = Z Vii—2p(C)ii—2p—1(T) + Z i i—2p(Caom)Viji—2p—1(T) - (4.2.6)
4P

i,p
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Let {condition) be 1 if the condition is true and 0 otherwise. By (4.2.4) and Definition 4.1.2, we know
Vii—2p(C) = (Caom[p] <1 < Cp] - 1) . (4.2.7)
By (4.2.3) and Definition 4.1.2, we have
Uii—op—1(T) = Tpl=1) — Tp+1]=i+1) . (4.2.8)
Putting (4.2.7) and (4.2.8) together,

Z”i,ifzp(c)ui,ifzpfl(T) = D (Caomlp] <i < Clp] = 1) ((Tp] = i) = (Tp+ 1] = i +1))

(Caomlp] < Tlp] < Clpl) = (Caom[p+ 1] < T[p+1] < C[p]) ,

where we used Cyom[p + 1] = Caom[p] + 1. We want to sum up the above value for all p. By shifting the
summation index p, we consider the sums of the form

—{(Caom[p] < Tlp] < Clp — 1)) + (Caom|p] < Tlp] < Cp]) = (Clp— 1] < Tlp] < Cp]) = L, -

P

Now, summing over all p, we obtain:

t

Z’Ui’ifgp(C)ui}ifgpfl(T) = Z L; - <Cdom[t] < T[t + 1] S C[t]> s (429)
P p=h

which gives the first half of d(C,T). The second half of (4.2.6) consists of a single term. That is because

mae,,,, = Yi;, where ¢ = length(C') = tail(C) —head(C')+1 and j = —tail(C') —head(C). By setting j = i—

2p+1, we evaluate p* = tail(C)+1 and i* = length(C') are the only values for which u;« ;» —2p+11(Caom) = 1.

Therefore,

ZUz’,i—2p+1(Cdom)vi,i—Qp(T) = U r—2pr(T) = (Taom[p*] <" <T[p*] — 1)
i,p

(Taom [tail(C) + 1] < length(C) < T[tail(C) + 1] — 1) .(4.2.10)
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By adding (4.2.9) and (4.2.10), we obtain d(C,T). The value of d(T, C) is obtained by switching C' and T,

which gives a sum of L, in the equivalent of (4.2.9). Putting everything together, we obtain

~(C,T)=d(C,T)—d(T,C) = i(L; - L,)+Bd(C,T),
where Bd(C,T) is the boundary term given by
Bd(C\T) = (Taom[t] < Clt+1] < T[t]) = (Caom[t] < Tt +1] < C[t])

+ (Taom [tail(C) + 1] < length(C) < T[tail(C) + 1])

—(Caom[tail(T) + 1] <length(T) < C[tail(T) + 1]) .

We simplify the boundary term next. We consider two cases: when (C,T) is fundamental and when (C,T)
is regular.
Suppose (C,T) is fundamental. Then tail(C) = t, tail(T") > ¢, and C[p] = Caom|[p] = 0o for p >t +1

(see Figure 4.3). Notice that,

Caom[t] = length(C) < length(T'Thead(T),t + 1]) = Tyom [t + 1] < T[t + 1] . (4.2.11)
We compute
0 = <Tdom[t] <Clt+1] < T[t]> - <Tdom[t+ 1] < length(C) < Tt + 1]>
N
[eS) # 00 never true by Eq. 4.2.11

= { Caom[tail(T) + 1] < length(T) < C[tail(T) + 1]> .

oo since tail(T) >t

Thus,

BA(C,T) = { Caomlt] < Tt +1] < C[t]> = (T[t+1] < C[t]) = N (4.2.12)

always true by Eq. 4.2.11

Suppose (C,T) is regular. Then tail(T) = ¢, tail(C) > ¢, and T[p] = Tyom[p] = oo for all p > ¢t + 1.
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Therefore,

<Cd0m[t] <Tt+1) < C[t]> - <Tdom[tail(C) +1] < length(C) < Ttail(C) + 1}> —0.
—_—— =~ —_—
o # oo oo since tail(C) >t

Notice that

Caom[t+1] =t+1—head(C)+ 1 < t —head(C) + 1 < tail(T') — head(T) + 1 = length(T) .

head(C) > head(T) (see Figure 4.3) and tail(T) =t

Therefore, removing the condition that is always satisfied and substituting length(T") = Tyom [t], we obtain:

BA(C,T) = (Tuom[t] <C[t+ 1] <T[t]) — Tuoml[t] < C[t +1])

= (T <Ct+1])=—(Tt] <Clt+1] <T[t+1]) = =L, = Ly1,

where we added the condition C[t 4+ 1] < T[t + 1] = oo, which is always satisfied and, therefore, does not

affect the outcome. O

4.2.4 Exchanging boxes, compatibility conditions, and the involution o

In this section, we define the core concept of exchanging boxes of tableaux, which defines the map o and

the three subsets Pg, Py, P_; of the set ‘B,(:’)j X 3;:%, for any (i,4,k) and (¢/, 5/, k).

Definition 4.2.25. Let (C,T) be a pair of column tableaux. A strip in (C,T) is a slice of (C,T) given
by (C[po,p1], T[po, p1]) for some py < p1 € Supp(C) N Supp(T). An L-strip is a strip that starts with an
L-block and includes all the N-blocks that follow.

Definition 4.2.26. Let (C,T') be a pair of column KR-tableaux. We say an L-strip in (C,T) is column-
compatible if it is possible to exchange the boxes in the L-strip and obtain a pair of valid column KR-

tableaux. That is, the new tableaux also have strictly increasing columns.

Example 4.2.27. Here is an LT-strip starting at p = 0 and ending at p = 2. It is column-compatible

because it is possible to exchange C[0,2] and T[0,2] and obtain a new pair of column tableaux (C’,T").
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Notice that both C’ and T" have strictly increasing columns.

p C T ¢ T

exchanging

Remark 4.2.28. For a strip to be column-compatible, it must begin and end with an equality condition
of a cross-pattern, which occurs at LU-blocks. Indeed,

c T

— B4

Al

LT —block L~ —block U —block

cross-pattern

An L-strip can either be followed by an LU-block or by nothing at all. In the first case, the L-strip is
always column-compatible. In particular, this means only the very last L-strip is potentially not column-
compatible. All others are column-compatible since they are, by definition, at the very least followed by

the next L-block.

Example 4.2.29. Here is an L™ -strip starting at p = 0 and ending at p = 3. It is not column-compatible

since exchanging C[0, 3] and T'[0, 3] will violate the strictly increasing columns condition post-exchange.

p C T Ber
0 block-tableau

| -

2

3 6]

Definition 4.2.30. Let C = (Cy,C4) and T = (Tp,T1) be KR-tableaux and let B; ; denote the block-

tableau of (C;, T;).
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Suppose (C1,Ty) forms an L-strip. We say (C1,T1) is left-compatible if the weakly increasing diagonals
conditions in Definition 4.2.11(2) are not violated when C; and T; are exchanged. Pictorially, (Cy,77)

is left-compatible if conditions (IC) (left-compatibility from C) and (IT) (left-compatibility from T') are

satisfied:
Co C To Th Bo,1B1,1 B1,0B1,1
- > L L
< IR NH N NT| N
o and
Tl e Nt N N—|N
e 1o Nt N N—|N
Nt N—

Ue) (T)

Suppose (Cy, Ty) forms an L-strip. We say L-strip (Co, Tp) is right-compatible if the weakly increasing
diagonals condition in Definition 4.2.11(2) is not violated when the boxes in Cy and T are exchanged.
Pictorially, (Co,Tp) is right-compatible if conditions (rC) (right-compatibility from C) and (rT) (right-

compatibility from T') are satisfied:

Co Cq To Th Bo,0 Bo,1 Bo,0B1,0
~ >

~« > L |NT L |IN~

and

~ > N |NT N N~

< 1] NNt N N~

N Nt N |N—

(rT) (rC)

Remark 4.2.31. An L~ -strip always satisfies (rT) and (IC) and an L*-strip always satisfies (rC') and
(IT). This can be seen by composing the arrows of the L-strip with the arrows within the KR-tableaux.

For example,
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Co Cl To T1 Co C1 To T1 BO,OBO,l

/ < >
“ > | o i BNRG L™|Nt
-1 ) . - NNt
y_.-' . PR . N+N+
. N*tINT

By composing the red and blue arrows, we see that the condition (rT) is always satisfied.

Definition 4.2.32. Let (C,T) be a pair of KR-tableaux and let S = (51,...,Sk), where S; is a union
of one or more L-strips in (Cj,T;). We say S is exzchangeable if it is possible to exchange the boxes in S
and still obtain valid KR-tableaux, i.e. the resulting new pair (C’ , T) have strictly increasing columns and
weakly increasing diagonals. S is minimally exchangeable if removing any nonempty subset of L-strips

from S results in a non-exchangeable sequence.

Example 4.2.33. Consider C = (C1,Cs,C5,Cy) and T = (Ty,Ts, T5).

l
l

C1C2C3Cy T, T2 T3 C1C2C3Cy 1 To T
4 [3] 4 (3]
-3 (6] 3|4 -3 (6] 34
—2 5|8 246 —2 58 2]4]6
-1 [s5]7]o9 4]67 exchange -1 [s5]7]o9 4]67
ol[s[6]9]10 6|78 of[s5]6]8]10 6|79
1]6]910 7189 1l6]8]9 7]910
2[s8f10 slo 2[8l9 s [10
3[10 9 3[9 10

4 4

A sequence of L-strips is shown in bold letters above given by S1 = (C1[3], T1[3]), S2 = (C2[1, 2], T2[1, 2]),
and S3 = (Cs5[0,1],75[0,1]). Notice that each L-strip is column-compatible, S is left-compatible, S5 is
right-compatible, and S7, S3 are not right-compatible. The sequence S is exchangeable since it is possible
to exchange the colored boxes and still obtain a pair of valid KR-tableaux. It is also minimal since
removing any subset results in a non-exchangeable sequence. For example, exchanging boxes of Sy, .55
without exchanging the boxes of S3 will violate the weakly increasing diagonals condition since S5 is not

right-compatible.

Definition 4.2.34. Given a left-compatible L-strip, we say it can be completed to an exchangeable sequence

if it is possible to include boxes that, when not exchanged, cause violations of the left or right compatibility
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conditions and achieve an exchangeable sequence. If, in the process, we end up with an irresolvable

contradiction, we say the L-strip cannot be completed to an exchangeable sequence.
Let us demonstrate some situations where an L-strip cannot be completed to an exchangeable sequence.

Example 4.2.35. In both cases demonstrated below, there is an L-strip in (C1,7T7) (bold), which is not
right-compatible. We iteratively add all the boxes that cause right or column compatibility violations. In

both cases, we run out of boxes to include before resolving all the violations.

C1C2C3Cy Ty Ty T3 Ty C1C2C3Cy T T2 T3 Ty
4 [4] 4 4
-3 [4] AE -3 [4] 5
2 4|6 237 2 4|6 (3|57
~1 [ale]7 2[3]7(s ~1 [ale|7 3578
olale|7]s 3lals]o olale|7]s 5(6|8]|9
1]5]7[s 4]6]9]10 1]5]7]s 6|7]9]10
2/6|8 6| 7]10] 2l6s 7|8 10
3[7] 7 3[7] 8|10

4 ) 4 [10]

(Cq,T») is not column-compatible (Cs,T3) is not column-compatible

Definition 4.2.36. Let (C,T) be a pair of KR-tableaux such that no L-strip can be completed to an

exchangeable sequence. Then we say (C,T) has no exchangeable sequences.

We now describe the the map o. Consider the set B,(;)J X 3,(;-,/3, for any (4,7, k) and (i’,5",k"). We define
Py = {(C7 T)|C’ € Bg)], T e ‘Bg,:;,, and (C,T) has no exchangeable sequences}

Let (C,T) € 155;? X 3,&’%,\?0. By definition, (C,T) has an exchangeable sequence. Suppose (C',T") €

(1) i")
B, x 32,7

ki ,\Po such that (C’,T") is obtained from (C,T) by exchanging a minimally exchangeable se-

J

quence. Then we assign (C,T) to Py, (C,T) to P_1, and define o(C,T) = (C,T). The exact order is not
important. All that matters is that we can partition BS)J X B,Ef%,\f]’o into 2 disjoint subsets. Since the

elements in Py do not have exchangeable sequences, we define o(C,T) = (C,T) for all (C,T) € Py.
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4.2.5 Proof of Theorem 4.2.1

Let C = (C;) and T = (Tj) be a pair of KR-tableaux with no exchangeable sequences. We want to show
~v(C,T) = 0. Recall from Remark 4.2.13 that:

NC,T) = 9C:, Ty)
%]
and by Lemma 4.2.23:

t . . .
N1 (Cy,Ty) it (G4, T;) is (anti-)fundamental
WCi, Ty) = Lp(Ci, T)) + ;
p=h Li1(Cs,Tj) otherwise
where h = head(C,T) and ¢ = tail(C, T).
Let us prove first the theorem in case when both C' and T are column tableaux. Recall that column

diagrams correspond to fundamental modules (k = 1) and the fundamental modules in the fundamental

cluster € form (anti-)fundamental pairs (see Section 4.2.2 and Definition 4.2.20).

Lemma 4.2.37. Let (C,T) be a pair of column KR-tableaux of type (anti-)fundamental with no exchange-
able sequences, i.e. (C,T) € Py. Then v(C,T) = 0.

Proof. Suppose (C,T) admits an L-strip. Notice that an L-strip in (C,T) is exchangeable if and only if
it is column-compatible since there are no columns to the left or to the right of both C' and T. Since
(C,T) has no exchangeable sequences, there can be exactly one L-strip. Otherwise, by Remark 4.2.28, the
L-strips other than the last one are all column-compatible, and, therefore, exchangeable.

We may assume the L-strip in question is an L~ -strip. If not, we simply consider (T, C) instead, where

Lt-strips in (C,T) become L~ -strips in (7, C). Let p* be the index of the head of the L-strip. Then,

’)/(C, T) = Lp* (C, T) +Nt+1 (C, T) 3
——
-1

where ¢ = tail(C,T). Since L, is not column-compatible, it is not followed by an LU-block. That is, it
must be followed by N-blocks only. By Remark 4.2.16(a,b), an L~ -block can only be followed by an N,
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and NTt-blocks cannot be followed by N~-blocks. Therefore, we must have that Ny 1(C,T) = +1 and
~(C,T) =0.

Suppose (C,T) has no L-strips. We can assume (C,T') is a fundamental pair. If not, we simply consider
(T, C) instead. If the boundary term is zero, that is Ny41(C,T) = 0, then v(C,T) = 0 and the result holds.
Suppose the boundary term is not zero. By Remark 4.2.21(b), since (C,T) is a fundamental pair, the
last block is never N*. Therefore, Ny;1(C,T) = —1. By Remark 4.2.16(a,b), an N ~-block can only be
preceded by LT or N~. However, there are no L-blocks in (C,T). So, there must be only N~ -blocks
in (C,T). By Remark 4.2.21(a), the very first block cannot be N~. Contradiction. This concludes the

proof. O

Corollary 4.2.38. Non-column-compatible L-strips in (anti-)fundamental pairs do not contribute to ~y

since their contribution is always canceled out by the boundary term.

Our strategy in proving Theorem 4.2.1 is to find a way to systematically cancel contributions from L,
to v when the sequence cannot be completed to an exchangeable sequence. In the lemmas that follow, we
always have C' = (Cy,Cy) and T = (Ty,T1) a pair of KR-tableaux and (Cy,Tp) has a non-exchangeable
L~-strip. The goal is to find a unique non-exchangeable L*-strip in (C,T') to cancel out the contribution of
L~. Moreover, when the L~ does not contribute to v (as in Lemma 4.2.37), we want to show that there is
no such corresponding L. We make an exhaustive list of all the possibilities for L™ to be non-exchangeable

and give the lemma that address the situation as a reference in Table 4.1.

L™ in (Cy,Tp) is L™ in (Cy,Tp) is .
(Co, To) type right—cfmfpatoi?ble column—(cognpgzible Contributes to -y Lemma
any type No Yes Yes 4.2.41
(anti-)regular Yes No Yes 4.2.43,4.2.44
(anti-)fundamental No No No 4.2.46
(anti-)fundamental Yes No No 4.2.48

Table 4.1: List of non-exchangeable L~ -strips

Example 4.2.39. We demonstrate the most common type of cancellation in Figure 4.4. There is L™-
block in (Cy,Tp) that is column-compatible, but not right-compatible given by 1 < 2 < 3 (colored, left),

which contributes —1 to 7. It is not right-compatible due to 2 in C] since the weakly increasing diagonals
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condition will be violated post-exchange of the L~-strip. However, there is a non-left-compatible L*-block
in (C1,To) given by 2 < 3 < 4 (colored, right). The LT-strip is not left-compatible due to 4 in Cy. That

is, we found a non-exchangeable +1 contribution to 7 to cancel out the previous —1.

Co C 1 To CO Cl TO
1 1
1 112
_>
2 & 2| 4
415 5
s

Figure 4.4: Cancellation of non-right-compatible L™-strips with non-left-compatible L*-strips

Remark 4.2.40. Suppose C = (Cy,C1) and Ty are KR-tableaux. Suppose there is an LU-block at p in

(Co,Tp). Then there is an LT N~ -block at p—1 in (C,Tp) (see Figure 4.5). Indeed, by composing arrows,

Co C; To Bo,o Bi,o Co C; To Bo,o Bi,o

p—1 + LtN— ‘ p—1 € LtN—
po| < L= p | < Ltu

Figure 4.5: Composition of arrows.

we find Ty[p — 1] < C1[p — 1], which means there cannot be an L~ U-block in (Cy,Tp) at p — 1. Also, there
cannot be an N*t-block since Ty[p — 2] < Ty[p — 1] < Ci[p — 1]. Thus, there can be either LT or an N~
block at p — 1 in (C1,Tp).

This next lemma is the main cancellation action demonstrated in Example 4.2.39.

Lemma 4.2.41. Let C = (Cy,Cy) and T = (Tp, T1) be a pair of KR-tableaux. To every right-incompatible
L~ -strip in (Cy, Tp) that contributes to +, there exists a unique left-incompatible LT -strip in (C4,Tp) that

contributes to v. All other LT -strips in (Cy,Tp) are left-compatible.

Proof. Without loss of generality, we may assume (Cp,Tp) is either fundamental or regular. If not, we

simply consider (T',C') which is of the desired type. As before, denote the block tableaux of (C;,T;) by
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B; ;.

We will consider the case of the very last non-right-compatible L~ -strip separately at the end of the
proof. Let L~ be not the very last one, and let p’ be its index. By Lemma 4.2.31, L~ satisfies the condition
(rT), i.e. T; does not pose violations. Since L™~ is not right-compatible, the condition (rC) must fail. Tn
other words, C; must pose a right-compatibility violation. Since L~ is not the last L~, it is followed by

an L-block or a U-block (whichever one comes first). Let p be the index of the LU-block that follows L.

Denote the blocks in (C1,Tp) at indices p’ and p” — 1 by Q' and

Bo,051,0 Q" respectively. By Remark 4.2.40, Q" is either L™ or N~. If
Q" = LT, we have a candidate. Suppose not, i.e. Q" = N—.

g ;; < Then, by Remark 4.2.16 it can only be preceded by L™ or N~.
JU Y% If we don’t allow any Lt between Q' and @”, then Condition
Y] (rC) is satisfied. Contradiction. Therefore, there must be at

least one L*-block between Q' and Q”.

If there is more than one LT-block, let LT be the one with the largest index, i.e. closest to Q. Then LT
is not left-compatible due to the LU-block in (Cp, Tp). Moreover, all other LT-strips between @' and Q"
are left-compatible since (IT') is satisfied (seen from picture) and (IC) is always satisfied for L*-strips.

It is not clear that the L1 we found contributes to ~. Suppose it does not. There is exactly one situation
where an L-block does not contribute to . This can happen only if (Cy,Tp) is fundamental and L7 is the
last L-block followed by N~’s. The boundary term of - is then —1, which cancels out the contribution of

L*. Then we have the following picture:

All L™ -strips in (Cp,Ty) appearing at any indices p > p” sat-

e isfy Condition (rC') since By consists of N~ -blocks only for
g sz; all p > p”, and, therefore, are right-compatible. This means
N[ D+ L~ is the very last non-right-compatible L~-strip, which is a
BN contradiction. This concludes the proof for this case.
—
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Now let L~ be the very last L™ -strip that contributes to v and is not right-compatible. There are exactly

two situations:

1. The situation described above, i.e. L™ is followed by LU, but the corresponding LT in (C1,Tp) does

not contribute to . This happens when (C1,T}) is fundamental.
2. L~ is not followed by LU and (Cy,T)) is regular.

In situation (1), the LT we found did not contribute to v and it is the last LT in (C},Ty). Therefore,
we must look for the appropriate Lt elsewhere in (C1,Tp). In situation (2), since L~ is the absolute last
L~ -strip that is not followed by LU, it is followed by N*-blocks only. This means that any Lt in (C4,Tp)
adjacent to the strip associated to L~ is left-compatible. Since we are looking for a non-left-compatible
L* to pair with L~, we must also look elsewhere in (C1,Tp).

We now consider both situations. Let L~ be the very first L™ -strip in (Cy,Tp), and let p’ be its index.
Denote the first block in (Cy,Tp) by Qo and the block at index p’ — 1 in (C1, Tp) by Q1.

By Remark 4.2.21, the first block in Bj, i.e. @, is not N~. By Remark

4.2.40, @, is either LT or N~. The only way to transition from non N ~-block

Bo.oB1.o
to N~-block is through L*. Therefore, there must be at least one LT-block

EN between Qg and Q1. Let LT be the LT closest to Q1. Then the L*-strip is not

Nt left-compatible due to L~ in (Co, Tp) and contributes to v since it is not the last

iy :j = L-block in (C1,Ty). All other Lt above L+, if they exist, are left-compatible

as seen from the picture. Notice that it is possible to have U-blocks above L.

Then we replace L~ with the very first U and argue as before.

O

Let us put everything together in Figure 4.6 to emphasize the fact that we have unique pairing of

non-right-compatible L~-strips with non-left-compatible LT -strips.

Corollary 4.2.42. Let C = (C_1,Cy) and T = (T-1,Tp) be a pair of KR-tableaux. To every non-left-
compatible Lt-strip in (Cy,Tp) that contributes to v, there exists a unique non-right-compatible L~ -strip

in (C_1,Tp) that contributes to 7. All other L™ -strips in (C_1,Tp) are right-compatible.
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Bo,0B1,0

L+
There is a unique non-left- first L\;
compatible LT adjacent to every ot
non-right-compatible L~. All
other LT-strips in (Cy,Tp) are o
left-compatible. N
L All L in (C4,Tp) in this section
are either left-compatible or do
L not contribute to ~.

Figure 4.6: Unique pairings of non-exchangeable L~ and L*.

Proof. Left-compatibility and right-compatibility are, in fact, identical requirements with different points
of references. This is evident in the underlying inequalities being the same (see Definition 4.2.30). We
simply start with non-left-compatible LT-strips in (Cp, Tp) and assign the L™ -blocks in (C_1,Tp) that pair
with the LT-blocks by Lemma 4.2.41. O

Notice that in the proof of Lemma 4.2.41, when considering the last L~ -strip with (Cy, Ty) regular (case
two), we did not use the fact that L~ is not right-compatible. Moreover, this situation includes the case

when L~ is not column-compatible.

Corollary 4.2.43. Suppose (Cy, Tp) is regular and there is a non-column-compatible L~ -strip. If there is

a column in C' to the right of Cp, call it C, then there is a unique non-left-compatible Lt in (Cy,Ty). O

Lemma 4.2.44. Suppose (Cop, Tp) is regular and there is a non-column-compatible L~. If there is a column

in T to the left of Tg, call it T_1, then L~ is never left-compatible.

Proof. We want to show that Condition (IT") is not satisfied. We have the following picture:
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Co T_1 Ty Bo,—1 Bo,o0

] L-
> Nt
> Nt

Ly 00 Nt

O

Lemma 4.2.45. Let C = (C;) and T = (T};) be KR-tableaux from C. Suppose (C;,T}) is regular. Then
at least one of C;11 or T;_; must exist. In other words, either there is a column to the right of C; or to

the left of T} or both.

Proof. Since the central columns of C' and T form a fundamental pair (see Section 4.2.2), the central

column of T" must be to the left of T; or the central column of C' must be to the right of C;. O

When looking for L™ to cancel out the contributions of non-exchangeable L~ -blocks, we need only
address left-compatible L~-blocks. The reason is that non-left-compatible L~-blocks would have already
been paired with a non-right-compatible LT-blocks previously. Lemma 4.2.41 addresses most of the sit-
uations when we have a non-exchangeable L~ that contributes to . Lemma 4.2.45 shows that there are
exactly two other situations when L~ contributes to v and needs a pair. Lemmas 4.2.43 and 4.2.44 address
each of those situations respectively. This concludes the unique pairing when we have a non-exchangeable
L~ that contributes to ~.

Next, we address the case when we have a non-exchangeable L~ that does not contribute to v. We must
ensure that there is no corresponding LT, which would create an imbalance. There are two possibilities as

listed in Table 4.1.

Lemma 4.2.46. Suppose (Cy, Tp) is fundamental. Then every L~ -strip in (Co, Tp) is column-compatible,

i.e. contributes to 7.

Proof. By Remark 4.2.21(b), the last block in By is not N*, and, therefore, the boundary term of

v(Co, Tp) is zero. O
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Remark 4.2.47. Let C = (Cy,Cy) and T = (Tp) be KR-tableaux. If (Cy,Ty) has an LTUN ~-block at p,

then (C1,To) has an N~ -block at p (see Figure 4.7). Indeed, by composing arrows, we find Ty[p] < Ci[p—1],

which means there is an N~ -block at p in (Cy,Tp).

Co

Ch

ML
¥

To

H N~ in (Cg,To)

Figure 4.7: Composition of arrows.

p—1
p

Co Cy

To

H LTU in (Cp,Tp)

Lemma 4.2.48. Suppose (Cy, Tp) is anti-fundamental and there is a non-right-compatible and non-column-

compatible L~-strip. Then there does not exist a corresponding non-exchangeable LT -strip in (C1,Tp).

Proof. Let L~ be the L™ -strip in question and let p’ be its index. Since L~ is not column-compatible,

it must be the last L-strip in (Cp,Tp) and the last block in (Cp,Tp) must be N*. In other words, the

boundary term of v(Cy, Tp) is +1, which cancels out the contribution of L~. Since the contribution of L~

is already canceled out, we want to show that there is no non-exchangeable L' in (C;,Tp) that is paired

with L~. It suffices to show that all possible L*’s that can be paired with L™ are, in fact, left-compatible.

Notice that there must be C; in order for L™ to fail the condition (rC).

Bo,0B1,0

p |L—

Q1

Nt

Nt

Q2

Ny

Let 1 and Q2 be the index p’ and the last block in (C1,Tp). If

there are any L1-blocks between Q; and ), then they are all

left-compatible. Indeed, (IC) is satisfied (seen from the picture)

and (IT) is always satisfied for LT-strips.

Let L™ be the very first L™ -strip in (Co,To).
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Since (Cyp,Tp) is anti-fundamental, by Remark 4.2.21, the first

block in By ¢ is not N*. Since L~ is the first L~ -strip in (Cp, Tp),

Bo,0B1,0
— the first block in By is not an L~-block either. So, it can
be either N=,U or L*. By Remark 4.2.16, since NT cannot
L follow an LN~ U-block, there are no N*+-blocks above L~. By
Nt

— Remark 4.2.47, the adjacent blocks in (C1,Tp), i.e. the blocks
' above @, are all N~. In other words, there are no Lt-blocks

above ). This concludes the proof.

We are now ready to put everything together.

Proof of Theorem 4.2.1. If there are no L-blocks anywhere in (C,T'), the statement is trivially true. Let’s
assume there is at least one L-block in (C,T), and without loss of generality, we may assume it is L™.
Otherwise we consider (7T, C') instead. Moreover, we can assume the L~ is left-compatible. Indeed, if there
is a non-left-compatible L~ in (C;,T}), there is a non-left-compatible L™ in (7}, C;). By Corollary 4.2.42,
there is a non-right-compatible L~ in (T;_1,C;). If this L™ is again non-left-compatible, we go through
the same chain of arguments. We continue inductively and eventually, since the process must end when C'
or T runs out of columns, we are guaranteed to find a left-compatible L.

Consider a left-compatible L™ -strip in (C;, Tp). If there are no such L™ -strips in (C, Tp), which happens
if there are no L™ -blocks in (C,Ty), we remove Ty from T and consider (C,T}). The list of possibilities for

L~ are listed in Table 4.1.

1. Suppose the L~-block in question contributes to . If it is non-right-compatible, there must be
Ci+1. This is because all L~ -strips satisfy the condition (r7"). In order for the L~ to be non-
right-compatible, there must be C;y; that pose violations. By Lemma 4.2.41, there exists a unique
non-left-compatible L™ in (Cjy1,T;). If (C;,Tp) is regular and there exists Cit1, then Corollary
4.2.42 is used. If there is no C;y1, by Lemma 4.2.45 there must be T_; and by Lemma 4.2.44, the

L~ is not left-compatible, which is a contradiction.
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2. Suppose the L~ -block does not contribute to 7. Then (C;, Tpy) is (anti-)fundamental. If (C;,Tp)
is fundamental, then every L~ contributes to v and we apply the previous analysis. If (C;,Tp) is
anti-fundamental and L~ is right-compatible, there is no need to pair it with anything since L~ does
not contribute to v and pose no violations with C;y1. If (C;, Tp) is anti-fundamental and L~ is not

right-compatible, Lemma 4.2.46 shows there is no corresponding non-left-compatible L™’s.

We now remove Ty from T and consider v(C,T}). Since Ty is removed, all non-left-compatible L~ -strips
become left-compatible. However, restrictions on LT-strips are not changed since left-compatibility comes
from C itself. By the exact same argument, all negative non-exchangeable contributions in v(C,T}) are
canceled by positive non-exchangeable contributions. We continue this argument for all 7;. This proves all
the negative non-exchangeable terms in v(C,T) are uniquely canceled out by non-right-compatible terms
in y(C,T).

Next, we consider (T, C), where all left-compatible L*-strips in (C, T') become left-compatible L~ -strips

in (T, C) and apply the same argument. O

4.3 Proofs of Conditions II and III

The previous section showed that the condition I holds. That is, the (g, t)-characters in the fundamental
cluster t-commute with each other. Then, by Corollary 4.1.11, the commutation matrix A of the funda-

mental cluster C is given by

ik (4) (i)
Ay = 26(Yk,%+(i+k+1)2’Yk/,fk'+(i/+k/+1)2) )
where Y](:; (i, and Y,(f,/;(i, )y are dominant monomials of KR-modules in the fundamental cluster C.

We now show condition II holds.

Theorem 4.3.1. Let B be the infinite matrix associated to the quiver I'p in Figure 3.2 (on page 31 ).
Then,
AB=D
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where D is a diagonal matrix with positive entries. In other words, (A, B) is a compatible pair (as in [3],

Section 3).
We will provide some definitions and lemmas first.
Definition 4.3.2. We fix the following notations for convenience:

1. Given k € Z, the s-number is defined as:

o], = 0,

sh— sk k=1, _k k k+1
k], = —— ="+ fs7HP TR
s—s§

2. Denote F := Z[[s]][s~!]. Then, multiplication operator is well-defined in F.
3. Given f(s) € F, we define [f], to be the constant term in f(s), e.g. [s™' + 3+ 5]y = 3.
Definition 4.3.3. Let m be a monomial in Z[Yf;l] We define the following generating series:
W) = S ugm)s 5 ulm)(s) = Y6 @ wlm)(s)
JEL i=1
where w; j(m) is the exponent of Y; ; in m as defined in Definition 4.1.2 and e; € Z" is the vector with 1

in the ith position and 0’s everywhere else.

Lemma 4.3.4. Let Y be the dominant monomial of Xéilk+(i+k+1)2 € C. Then,

k,—k+(i+k+1)2
e; ® g~ 1H(E+k+1)2 [k]s .

(%) _
Yy irnin,)(8) =

Proof. Denote j := (i + k + 1)2. Modules in € have dominant monomials of the form:

Yl(cl)a =Yi ki Yi—krjr2 Vi _ppjtok-1) - (4.3.1)
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Then, using Definition 4.3.3, we directly compute as follows:

w(Y)(s) = Y uip(Yy))s?
PEZL
= gRHI g2 L gi k2

= g1 (skarl _’_ka+3+_”+81~:71)

= sk,

where u; p (Y,(CZ)J) is the power of Y; , in Y,(;)J, which is either 1 or 0 as seen from (4.3.1). Notice that

ui’,p(Y]gi;) =0 if ¢’ # i. Therefore, u; (Y,(fz)(s) = 0 and we have:

w(Y() = e @ 57 [k

Definition 4.3.5. Let m be a monomial in Z[ijl] We define the following generating series:

Gi(m)(s) =) tii(m)s’ and  a(m)(s) = Ze ® ai(m)(s),

JEL
where 4, ;(m) are the solutions of the system given in Definition 4.1.3.

Definition 4.3.6. Let M € Mat,«,(Z) and g € F. We define an action of M ® g on the space Z" x F as

follows:
(M®g)(ve f)=(Mv)®(gf) forany wveZ' fed,

where Mwv is the matrix multiplication and gf is the usual multiplication.

Recall the system of equations in Definition 4.1.3:
wij(m) = 5-1(m) + ; j11(m) — ti—1,5(m) — Gig1,5(m)
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defined for any monomial m and any i € I,j € Z. Let A = C' — 21, where C is the Cartan matrix of sl, ;.

We rewrite this system for m = v\ as follows:

ky—k+(i+k+1)2
uks)=(1es+1@s '+ A@ )a"(s), (4.3.2)

where the action is as in Definition 4.3.6.

Definition 4.3.7. Denote the operator
K=(1esH(1ol+Aes+12s%). (4.3.3)
Define operator D as a formal power series in s, expanded at 0, given by:
D=(1®1+A@s+12s%) (1®s). (4.3.4)

Then we have DK = KD =1® 1 and Du®*(s) = @*(s).

Remark 4.3.8. In Definition 4.1.3, we require @, j(m) = 0 for j sufficiently small. This condition is
equivalent to expanding the formal inverse of the power series (4.3.3) at 0, which is the choice we made in

(4.3.4).

Remark 4.3.9. It is easy to see that K commutes with 1 ® s™ for any n. Since D is the inverse of K, we

have:
DA®s")=D(1®s")KD=DK(1®s")D=(1®s")D.

That is, the operator D commutes with 1 ® s™ for n € Z.

Definition 4.3.10. Let v,w € Z" and f,g € F. We define the following inner product on R” @ F as follows:

e f) (weg)=(v,w)[f(s7)g(s)],, (4.3.5)

where (v, w) is the usual inner product on R™ and [f(s)], is the constant term in f(s) as defined in Definition
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4.3.2.

Remark 4.3.11. Notice that the inner product in Definition 4.3.10 is symmetric. That is,

e f) (wag)=wg) (vaf).

Definition 4.3.12. Given M ® h € Mat,.,(Z) x F, we define the transpose of M ® h, denoted (M ® h)?,

by the following condition:

wef) - Moh(weg)=Meh)'(ve f) (weg),

for any v,w € Z" and f,g € F. An operator M ® h is symmetric if M @ h = (M ® h)*.

Lemma 4.3.13.

(1l®s)=1®s " K'=K; D'=D.

Proof. Tt is easy to see that K is symmetric. Since D! = K, D is also symmetric. The remaining result

is shown by direct computation:

(v f(s) - (1@s)(weg(s))

(v, w) [f(sfl)(sg(s))]o
(v, w) [(3_1)_1f(5_1)9(3)]0

= 1®s e f(s) (weg(s),

for any v,w € Z" and f,g € F. O

Lemma 4.3.14. Let p,p’ be dominant monomials in M. Then,

ep,p)=(1®s—12s )Du(p)(s) u®)(s),
where € is given in Definition 4.1.5.
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Proof. By definition, we have

s) = Z e ® Zui,j(p)sj and  a(p')(s) = Z ey ® Z iy jr(p')s?
i J i =1

Then,

up)()- Q@ )AW)(s) = 3 lener) | 3 uiy(0)s iy ()s

ii'=1 .3’

Zuzj uzg 1 )

Therefore, using Deifnition 4.1.5, we have:

ep,p) = —Zui,j(p)ﬁi,j 1 Zuw P');,5-1(p)
- —uZ{;><s>-<1®s> 0)(6) u)(e) - (L& D)o
= —ul)() - (18 9)Dul)(5) + ul)(s) - (1@ $)Dulp)(s)
= DY@ ulp)(s) - ul)s) + (18 $)Dulp)(s) - u(p')(s)

= (1®s—1®s ") Du(p)(s) u(p)(s).

O

Remark 4.3.15. As a sanity check, let us verify that the expression we found for € is also anti-symmetric.

ep',p) = (1®@s—1®s ")Du(p')(s) - ulp)(s)

= u(p)(s)-(1®s—1®s ")Du(p))(s)

D'(1®@ s~ = 1@ s)u(p)(s) - u(p')(s) = —e(p,p') .

Definition 4.3.16. When u and @ generating functions of Definitions 4.3.3 and 4.3.5 are applied to the

dominant monomial of a module in the fundamental cluster C, i.e. monomial of the form Y
k,—k+(i+k+1)2’
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we make the following simplifying notation:

u(Y(i)

s, () = U (s) and (Y

k,fk+(i+k+1)2)(s) =

Remark 4.3.17. We emphasize that the superscript u**(s) in Definition 4.3.16 indicates the monomial

v

ket (ik+1), 10 contrast, the subscript u; j(m) indicates the exponent of Y; ; in m.

Lemma 4.3.18. The following equation holds:
ui,k—l(s) + ui,k+1(8) _ ui—l,k(s> _ ui+1,k(8) =1® S—1+(i+k)2Kei ® [k]s ,

forany i € [ and k > 1.

Proof. We have:

=1+ k+1s = (" 2+ +s") 4 (5 +55 7+ 45721 57F)

By Lemma 4.3.4, we have u**(s) = ¢; @ s~ 1+ H+k+1)2 [k] . Then,

ui7k—1(s) + ui,k+1 (8) o ui—Lk(s) o ui—i—l,k(s) _
= ® 8—1+(i+k)2[k —1+e® 8—1+(i+k)2[k F1)s 4 (—eim1 — €i41) ® S—1+(i+k)2[k]s
= 1 X S_1+(i+k)2 (ei X (S + 8_1) [k]s + (—6i71 — 6i+1) ® [k]s)

= 1@s R Ko @ [k, .

72



Notice that when ¢ = 1 or i = r, the above equation still holds since the matrix A incorporates the boundary

values. O
We are now ready to prove the theorem stated at the beginning of the section.

Proof of Theorem 4.3.1. We want to compute:

1 4’,]&?/ 1 , i/ k/
SABE = Sy arsl (4.3.6)
p,n

= Z(l ®s—1®s ) Du(s) - uP™(s)BL K .

pn
pn

The goal is to show that the value of (4.3.6) is 1 if (¢, k) = (¢, k") and 0 otherwise.
Given (¢/, k"), the only non-zero terms in B are given as follows:

ik itk ik ikt pi K ik 41
Bi’fl,k’ = Bi’+1,k’ =(-1) and Bz‘/,k/q = Bi’,k’Jrl =(-1) )

and Bf‘;’}’f/ =01ifn ¢ I or p <0 (see Figure 3.2 on page 31). Then,
1 i K —1y 1y, ik
§(AB)Z.7;C = (1®s—1®s ")Du""(s)-
(_1)z”+k’+1 (ui’,k’—l(s) 4 uz”,k/-i—l(s) _ ui’—l,k’(s) _ u¢’+1,k/(s))
= (-1)"*FH 1 @s—1®s )De; @ s 0TR[] (1 @ s D Koy, @ (K],
_ (_1)z”+k’+1(1 ® S(i+k+1)2—(i’+k’)2)(1 Rs—1® s_l)ei ® [k]s - er @ [K]s

= (D) e o) (571 = ) (s D ),
0

. ’ ]_ ’ ’ ’ ’
= (—1)itEHLg, [85_1 (sk —k _ gmk—k' _ ktk | ok —k):| : (4.3.7)
§— S 0

where  := (i + k")2 — (i + k + 1)2. Notice that § can only be +1,0 or —1.
It is clear that if ¢ # ¢/, the value of (4.3.7) is zero. Suppose k # k', and without loss of generality,
let’s assume k' > k. We want to show that the constant term part of (4.3.7) vanishes in this case. Let

b:=k —k>0and a:= -k — k <0. Notice that a and b have the same parity.
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If 6 = 1, the constant term expression of (4.3.7) is as follows:

1 b —b a —a
s X (8" +s — (s + s =
s (( )= ( ) (4.3.8)
= (P45 +s2 454 ) = (s +sT) (1 +s 24574 4H00)
Notice that —b — 2n,a — 2m < 0 for any n,m > 0, and therefore, s %s72" and s%s~2™ are not constants
for any n,m > 0. If @ and b are odd, it is clear that there is no constant term in (4.3.8). If a and b are
even, there exists some n > 0 such that s®~2" = 1. Since a < 0, there must exist some m > 0 such that
—a—2m

s = 1. Therefore, the constant term in (4.3.8) vanishes.

If § = —1, we write

and use the same argument.

If 6 = 0, the constant term part of (4.3.7) can be written as:

1

1=s2) (" 145707 — (5271 45797 Y) |

and we use the same argument. Therefore, the value of (4.3.7) is always zero if k # k’.

Suppose k = k'. If (i + k)3 = 0, we have § = —1 and (4.3.7) can be written as:

1 ik 1 1 2% -2k
i(AB)i,k = —[s 7—3*1(1—52) (2—5 — 5 )0

= [(2732’“73*2’“) (1+32+s4+~~+52k+~~)]0:1.
If (i + k)2 = 1, we have § = 1 and (4.3.7) can be written as:
1

(AB) = [(12) (- 8_%)} 0

_ [(2—32k75’2’“)(1+s’2+s’4+~~+s’2k+~~-)]0:1.

This concludes the proof. O
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We are now ready to prove the final condition.

Theorem 4.3.19. The quantum mutation is given by:

: : ik—1,1 k41,0 DRl (s . i—1,k0 i1,k R .
Tlgl)—l * Tlifl)—i-l — t%Ai,k,l—lJ’_%Ai,k,l—l_%A;,k—l,lTk(;?Ll % TIEZZI,Z + t%A;,k,l—l'i'%Az,k,l—l_%Ai—l,k,lTk(:fl 1 % TIE?Z-H)'

Theorem 4.3.19 is stated in terms of T,E’l) variables, while Nakajima’s t-deformed T-system is written

in terms of X;(;)g variables, which is achieved by a change of variables as described in Remark 4.1.9. Also

recall that A is expressed in terms of the e function (see Corollary 4.1.11). We now restate Theorem 4.3.19

in terms of X](gl)j variables and € expressions for A.

Theorem 4.3.20. The following equation holds:

; ; (1) () (1) () (4) (1) ; ;
; , ’ ’ 4.3.9)
(1) < (i—1) (1) < (i+1) (i—1) < (i+1) i ; : (4.3.
+t€(Yk,j’Yk,j+1)+€(Yk,j’Yk,j+1)_€(Yk,j+17Yk,j+1)X§€ZjJ’1_)1 * chzj_-il-)l
Proof. Recall Nakajima’s t-deformed T-system (see Theorem 4.1.8):
(i) (i) ; i (i) (i) ; ; (i—1) (i+1) i i
—e(Y;0Y ) (0) (1) _ —e(Y Loy Y ) () (1) —1—e(Y, .Y, ) (1) (i+1)
t kgt k42 Xk,j * Xk,j+2 =t k+1,+27 F k—1,j Xk+1,j * Xk_17j+2 +t koj+10 " kj41 Xk,j+1 * Xk,j+1'

We will show that the t-deformed T-system is equivalent to (4.3.9). It suffices to show:

(Y ) eV Y ) = (YY), (4.3.10)
[ i—1 [ i+1 i 7
E(Yl(c,)j7 Yl(c,j+)1) + E(Yl(c,)j7 Yl(cj-‘r)l) = —1+ 6(Y1(g,;7 Yl(c,)g'+2)' (4.3.11)

By an abuse of notation, let us denote Y,(;)j = u(Y,(;z)(s) =e; @ (s + 872 4 4 72071 (see (2.4.4)
and Definition 4.3.3).

Yl et YIQLj = &Q ((5j+2 Ho TR (I I 5j+2k))
= e ® ((S‘j+2 4+ 4 Sj+2k_2 + Sj+2k) + (SJ + Sj+2 4+ sj+2k—2))
_ (@) (4)
= Yot Yy
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Then, using Definition 4.3.14, we compute:

Y Y0 )+ YY) = (es—1es DY) (Y 0+ YL )
= 1®s-1Q® s—l)DY,(j;. - (Y;(f,l-ﬂ + Y}(;)J)
_ (1) ~(9) (1) ~(9)
= €(Yk,j»Yk,j+2) + G(Yk,j’YkJ) ’
—

0

where e(Y,(:’z-, Y,(j)j) = 0 due to anti-commutativity of e. This proves (4.3.10).

Notice that

1®s+1® 3_1)Yl(cz,)j+1 = Yl(cl,)j+2 + Y,(jg :

Then,
(i—1 i+1 i—1) i+1 = (7) (1) (%)
Yk,j+)1 + Yl(c,jJr)l = Yl(c,j+1 + Yl(c7j+)1 - (l®s+1®s 1)Yk7j+1 + (Y50t Y55)
= —(1@s+1les ' +A )Y + Y ,+ YY)
(@) « a)

= —KY, /., + Yl(c, )+ Yl(c7j+2 :

Next,

i i1 i i1 _ i i1 i1
E(Yl(c,)j7Yl(c,j+)1) + E(Ylg,)J'7Yl(c,j+)1) = (1®s-1®s I)D(Yl(c,)j) : (Yl(c,j+)1 + Yl(ﬂ,j+)1)

= (los—1®s HDYY). (_K(Y“)

(%) i
i) Y +Y®

k,j+2

Jj+1 k.j» 2J

0
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where

(1@s—10s )Y Y0 = [T =s)(s7/ 404 5T (5771 4o g 2]

= [(3_1 - S)S_j_k+1[k]55j+k[k]s]o

1
= |-s — (s —24 57 =1
s—s 0

This concludes the proof of (4.3.11). O

4.3.1 Explicit proof of Condition II for type A,

The commutation matrix A can be computed explicitly and Theorem 4.3.1 can be verified through direct
computation. We will work out the explicit description of A and the direction verification of Theorem 4.3.1

for the case of type A; now.

Definition 4.3.21. Given a matrix M = (m; ;)icr,jes for some index sets I and J (possibly infinite), we

can write M as a generating series M (z1,22) = My 21z}, where z1, 2o are indeterminates keeping

i€l je
track of the indices of the matrix.

The quiver associated to the T-system of type A; is as follows:

1 2 3 4 ) k
. ' ’ ...

Figure 4.8: The quiver I'p, (k € Z4)

The signed adjacency matrix of the quiver I'7 in Figure 4.8 is as follows:
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Ef1 2 3 4 5 6 7 8 9

110 1 0 0 O O O O O

2 10 -10 0 0 O O O

30 1.0 1 0 O O O O

410 0 -1 0 -1 0 0 0 O
B=]15/0 0 0 1 0 1 0 0 0
60 0 0 O -1 0 -1 0 O

70 0 O O O 1 0 1 O

80 0 0 O O 0 -1 0 -1

o 0 o0 0 0 O 0 1 O

which can be written as:

22— 21

B _
(217 22) 2122 1+ 2129

Recall that to each vertex k, we associate the KR-module Wy, ;— 1), (see Equation (3.5.2)), and the

commutation matrix A is given by:
A(k, k/) == 2€(Yk,(k)27k7 Ykl7(k/)27k.l)7

where Y ; = Y;Yj 0 Yjiok_2 (see Equation (2.4.4)), where we dropped the index ¢ in Y; ; since i can

take exactly one value, and € is from Definition 4.1.5. More precisely, we have:

k— k' —1
Yy k)omtor Yir (k)o—k!) = Z )y —kt2j—1 (Yt (it )a—k) + Z Uk yy—k'+2j—1 (Y, (k)a—k )5
7=0 7=0

where @;(m) € R (j € Z) is the unique solution of the system:

u;(m) = j—1(m) + aj41(m) ,
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such that @;(m) = 0 for j sufficiently small (see Definition 4.1.3). Again, we dropped the dependance on 4

and set u; j(m) = u;(m).

Example 4.3.22. Consider m =Y g =Y. Then @;(m) =1 and @;(m) =0 for all j > 1.

us(m)=0 = as(m)+iz(m)=0+0
up(m) =0 = dy(m)+dis(m) =1+0
up(m) =1 = _y(m)+iy(m)=0+1
u_o(m)=0 = da_z(m)+u_1(m)=0+0

Here, we must have @_;(m) = 0. Otherwise, @_2;_1(u) = 0 for all j > 0, which contradicts the condition

Gj(m) = 0 for j sufficiently small.

Example 4.3.23. When m =Y, _» = Y_5Y), we can compute @_1(m) = 1 and 4;(m) = 0 for all j # —1.

Then,

€(Y10,Y2,—2) = —t-1(Y_2Ypo) + (4-3(Yo) + 4-1(Yp)) = -1+ 0= —1.

) )

Example 4.3.24. When m =Y, _4 = Y_,Y_,Y()Y5, we can compute 4_3(m) = 41(m) =1 and @;(m) =0
for all j # —3,1. Then,

€(Y1,0,Ya—4) = —u_1(YouY2YoY2) + (a—5(Yo) + a—3(Yo) + u—1(Yp) + @1 (Yp)) = -0+ 1=1.
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Similarly, the commutation matrix A can be computed and is given by:

which can be written as:

Then,

1
§AB(21, 22)

K1 2 3 4 5 6 7 8 9
10 -1 0 1 0 -10 1 0
211 0 0 0 0 0 0 0 O
310 0 0O -1 0 1 0 -1 0
41-1 0 1 0 0 0 0 0 O
51 0 0 0 0 0 -1 0 1 0
61 0 -1 0 1 0 0 0 0
770 0 0 0 0 0 0 -1 0
8/-1 0 1 0 -1 0 1 0 0
910 0 0 0 0 0 0 0 O
A(z1, 22) 1+ 312;22)2((12:- zfz)z()l +22)
= Res, (;A(217w)3(1722))
= Resy, (; (1 n wzzll)u()l(i 2%1)12)1 n w2) . % zz+ g
= Res, (1 az(n — w)(wz —1) )
w (14 wz1)(1+ 22) (1 + w?)(w + 22)
2329 z1z2(21 + 22) (=25 — 1)

T (+Dn ()1 - azn)(d+23)(1+23)

23 z1(z1 + 22)

—z% + zi’zz + z% + 2122

1422 (1- 221+ 22)

2122

(1= 2122)(1 + 22)
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4.4 Evolution in k-direction

We showed that Nakajima’s deformed T-system forms a quantum cluster algebra with evolution in I-
direction in T,Eil variables (equivalently in j-direction in Xg)] variables). We now show that the same
deformed T-system is not a quantum cluster algebra with evolution in k-direction. In particular, this
shows that the quantum 7T-system is not compatible with the quantum @-system considered in [9].

By re-writing Nakajima’s t-deformed T-system of Theorem 4.1.8 so that the evolution is in k-direction,
we obtain:

(4) (@) _ (4) -1, (i-1) (i+1)
Xiot1,5 7 Xi—1,j+2 = Xij ¥v X2 =t Xpoj+1 % Xy j41 -

Notice that the negative sign on the right-hand side is not compatible with cluster algebra interpretation,
where the right-hand side expression must have exactly 2 positive contributions. However, it is possible to

renormalize Xg)j’s such that the negative sign becomes positive (see [8]). We call the resulting variables

)?,(;)J The ensuing T-system of type A; is as follows:

Xk41,5 *y Xh—1,j42 = Xhoj *y Xhj+2 171 (4.4.1)

where we dropped the parameter i since it can have only one value.
The variables on the right-hand side of (4.4.1) must belong to the same cluster, and therefore, must ¢-
commute if (4.4.1) does form a quantum mutation. We will give a simple counter example to this condition,

which shows that (4.4.1) is not a quantum cluster algebra.

Example 4.4.1. Let g = slo. We consider X1, and X1,2, which are both on the right-hand side of (4.4.1).

The values of these variables are given as follows:

Ql,ozxq,t(Wf,lo)) Y},O + Y : Yl,zzxq,t(Wl(,lz)) = Y1.72 + Yy

> - >
0[1] 0[2] —1[1] ~1[2]

Their twisted product can be computed using Theorem 4.2.23, and is given by:

81



X1,0 %y X1,2 = Yi0Y1,2 + YoV + 'YLV + 0 YY)

~ ~ ~ ~
~1 —1 —1 —1
o[1] o[1] 0[2] 0[2]

Notice that the third term on the right-hand side forms a pair of column tableaux of regular type with

non-zero boundary term in . On the other hand,

X1,2 ¥y X1,0 = Yi2Y10 + Y1f41Y1,0 + tYl,QYfgl + Y1f41Y1T21
—1[1] —1[2] —1[1] —1[2]
0 0 0 0

We see that X1,0 and X1,2 do not ¢t-commute.
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Chapter 5

Conclusion

The Nakajima (g, t)-characters of KR-modules satisfy a deformed T-system, introduced in [39], which is
a t-deformed discrete dynamical system with 3 independent parameters: ¢, k, j. In this thesis, we showed
that this t-deformed T-system forms a quantum mutation in a quantization of the T-system cluster algebra
when the direction of mutation is in the [-parameter. We also showed that, when the direction of mutation
is taken to be in the k-direction, the fundamental cluster variables do not t-commute with respect to the
twisted multiplication of the deformed T-system. In particular, this means that the Nakajima quantum
T-system does not restrict to the quantum Q-system considered in [8-10].

This result pertains to type A only. It is an open question whether the same holds for other types,
and in particular to type D. The proofs of Conditions II and III are applicable to type D with minimal
adjustments. The hard part is the proof of Condition I, the t-commutativity of the fundamental cluster
variables. The proof of Condition I is entirely combinatorial and requires the knowledge of the (g,t)-
characters of all the KR-modules in the fundamental cluster.

There are noticeable differences between types A and D. For example, unlike the case in type A,
the KR-modules of type D are reducible as U,(g)-modules. Also, the (g, t)-characters of the KR-modules
are not identical to their g-characters. Nakajima’s tableaux-sum notation exists for type D as well (see
[38]). However, it is combinatorially different from the type A case, and, therefore, all the combinatorial
structures introduced as part of the proof of Condition I will need to be translated to the combinatorics of

the type D.
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