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Abstract

All algebras in a very large, axiomatically defined class of quantum nilpotent
algebras are proved to possess quantum cluster algebra structures under mild con-
ditions. Furthermore, it is shown that these quantum cluster algebras always equal
the corresponding upper quantum cluster algebras. Previous approaches to these
problems for the construction of (quantum) cluster algebra structures on (quan-
tized) coordinate rings arising in Lie theory were done on a case by case basis
relying on the combinatorics of each concrete family. The results of the paper have
a broad range of applications to these problems, including the construction of quan-
tum cluster algebra structures on quantum unipotent groups and quantum double
Bruhat cells (the Berenstein—Zelevinsky conjecture), and treat these problems from
a unified perspective. All such applications also establish equality between the con-
structed quantum cluster algebras and their upper counterparts. The proofs rely
on Chatters’ notion of noncommutative unique factorization domains. Toric frames
are constructed by considering sequences of homogeneous prime elements of chains
of noncommutative UFDs (a generalization of the construction of Gelfand-Tsetlin
subalgebras) and mutations are obtained by altering chains of noncommutative
UFDs. Along the way, an intricate (and unified) combinatorial model for the ho-
mogeneous prime elements in chains of noncommutative UFDs and their alterations
is developed. When applied to special families, this recovers the combinatorics of
Weyl groups and double Weyl groups previously used in the construction and cat-
egorification of cluster algebras. It is expected that this combinatorial model of
sequences of homogeneous prime elements will have applications to the unified cat-
egorification of quantum nilpotent algebras.
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CHAPTER 1

Introduction

1.1. Quantum cluster algebras and a general formulation of the main
theorem

Cluster algebras were invented by Fomin and Zelevinsky in [11] based on a
novel construction of producing infinite generating sets via a process of mutation.
The initial goal was to set up a combinatorial framework for studying canonical
bases and total positivity [10]. Remarkably, for the past twelve years cluster al-
gebras and the procedure of mutation have played an important role in a large
number of diverse areas of mathematics, including representation theory of finite
dimensional algebras, combinatorial and geometric Lie theory, Poisson geometry,
integrable systems, topology, commutative and noncommutative algebraic geome-
try, and mathematical physics. The quantum counterparts of cluster algebras were
introduced by Berenstein and Zelevinsky in [3]. We refer the reader to the recent
surveys [16, 31, 36, 38] and the book [18] for more information on some of the
abovementioned aspects of this theory.

A major direction in the theory of cluster algebras is to prove that important
(quantized) coordinate rings of algebraic varieties arising from Lie theory admit
(quantum) cluster algebra structures or upper (quantum) cluster algebra structures.
For example, the Berenstein—Zelevinsky conjecture [3] states that the quantized
coordinate rings of double Bruhat cells in all finite dimensional simple Lie groups
admit explicit quantum cluster algebra structures. The motivation for this type
of problem is that once (quantum) cluster algebra structures are constructed on
families of (quantized) coordinate rings, they can then be used in the study of
canonical bases of those rings. In the classical case, a cluster algebra structure on
the coordinate ring of a variety can be used to investigate its totally positive part.

Going back to the general problem, a second part asks if the constructed up-
per (quantum) cluster algebra equals the corresponding (quantum) cluster algebra.
For example, ten years ago Berenstein, Fomin and Zelevinsky proved [1] that the
coordinate rings of double Bruhat cells in all simple algebraic groups admit upper
cluster algebra structures. Yet it was unknown if these upper cluster algebras equal
the corresponding cluster algebras, i.e., if the coordinate rings of double Bruhat
cells are actually cluster algebras.

Previous approaches to the above problems relied on a construction of an ini-
tial seed and some adjacent seeds in terms of (quantum) minors and related regular
functions [1, 3, 14, 15]. After that point, two different approaches were followed.
The first one, due to Berenstein, Fomin and Zelevinsky [1], used the methods of
unique factorization domains to prove that the coordinate rings under consideration
are upper cluster algebras. It was first applied to coordinate rings of double Bruhat
cells [1]. This approach was developed further in [18, 19] and [17]. The second
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approach was via the construction of a categorification based on concrete combina-
torial data from Weyl groups and then to prove that the corresponding (quantum)
cluster algebra equals the (quantized) coordinate ring under consideration. This
approach is due to Geii—Leclerc—Schréer [14, 15], who applied it to the coordinate
rings of the unipotent groups Uy Nw(U-) and the quantum Schubert cell algebras
Uy(np Nw(n_)) (also called quantum unipotent groups) for symmetric Kac-Moody
groups G, where w is a Weyl group element.

In both of the above approaches, one relied on specific data in terms of Weyl
group combinatorics for the concrete family of coordinate rings. Moreover, the ini-
tial (quantum) seeds were built via a direct construction by considering (quantum)
minors.

The goal of this paper is to present a new algebraic approach to quantum cluster
algebras based on noncommutative ring theory. We produce a general construction
of quantum cluster algebra structures on a broad class of algebras and construct
initial clusters and mutations in a uniform and intrinsic way, without ad hoc con-
structions with quantum minors. We first state the main theorem of the paper in
a general form. The following sections contain a precise formulation of it.

MAIN THEOREM I: GENERAL FORM. Fach algebra in a very large, ariomati-
cally defined class of quantum nilpotent algebras admits a quantum cluster algebra
structure. Furthermore, for all such algebras, the latter equals the corresponding
upper quantum cluster algebra.

The theorem has a broad range of applications because many important families
of algebras fall within this axiomatic class. In particular, the previously mentioned
families are special subfamilies of this class of algebras. Furthermore, the required
axioms are easy to verify for additional families of algebras. The proof of the
theorem is constructive, so one obtains an explicit quantum cluster algebra structure
in each case. Initial clusters are constructed intrinsically as finite sequences of
(homogeneous) elements in chains of noncommutative unique factorization domains.
Another key feature of the result is that it holds for arbitrary base fields: there are
no restrictions on their characteristic and they do not need to be algebraically
closed. The proof of the theorem is based on purely ring theoretic arguments which
are independent of the characteristic of the field and do not use specialization.
Finally, when the methods are applied to algebras arising from quantum groups,
the deformation parameter g only needs to be a non-root of unity while the previous
methods needed ¢ to be transcendental over Q.

In this paper, we apply the theorem to construct explicit quantum cluster
algebra structures on the quantum Schubert cell algebras Uy (ny Nw(n_)) for all
finite dimensional simple Lie algebras g. (The technique works for all Kac-Moody
Lie algebras g, but the general case requires technicalities which would only increase
the size of the paper and obstruct the main idea. Because of this, the minor
additional details for infinite dimensional Lie algebras g will appear elsewhere.) If
¢ is symmetric, this result is due to Geif}; Leclerc and Schréer [15]. In this case we
obtain the same quantum cluster algebra structure, but under milder assumptions
on the base field and the deformation parameter.

In a forthcoming publication [25], we will give a proof of the Berenstein—
Zelevinsky conjecture [3] using the above theorem. We will show that the quantized
coordinate rings of all double Bruhat cells are localizations of quantum nilpotent
algebras and that applying the above theorem produces precisely the conjectured
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explicit (upper) quantum cluster algebra structure of Berenstein and Zelevinsky
[3]. In fact, the final result is stronger than the conjecture in that we prove that
in each case the upper quantum cluster algebra coincides with the quantum cluster
algebra.

The main theorem of the paper has an analog for a certain (very large, ax-
iomatically defined) class of Poisson structures on polynomial algebras which can
be considered as the semiclassical limits of quantum nilpotent algebras. A direct
application of that theorem produces explicit cluster algebra structures on unipo-
tent groups of the form U; Nw(U-) (for any Kac-Moody group G) and on all
double Bruhat cells. The latter result also proves that the upper cluster algebras
of Berenstein, Fomin and Zelevinsky [1] for double Bruhat cells are equal to the
corresponding cluster algebras, thus solving one of the abovementioned problems.
This will also appear in a forthcoming publication.

1.2. Definition of quantum nilpotent algebras

Next, we proceed with the definition of quantum nilpotent algebras.

Throughout, K will denote a base field. Its characteristic can be arbitrary,
and it need not be algebraically closed. All automorphisms and skew-derivations
of K-algebras will be K-linear. For two integers j and k we will denote [j, k] :=
{j,i+1,...,k}if j <k and [j, k] := @ otherwise.

Consider an iterated Ore extension (or iterated skew polynomial algebra)

(1.1) R := K[z1][z2; 02,02] - - - [xN; 0N, ON]s

and denote the intermediate algebras Ry := K[z1][z2; 02, 02] - - - [xk; ok, Ok for k €
[0, N]. (Thus, Ry = K and Ry = R.) Our conventions for Ore extensions are
detailed in Convention 3.2.

DEFINITION A. An iterated Ore extension R as in (1.1) is called a Cauchon—
Goodearl-Letzter (CGL) extension [33] 1if it is equipped with a rational action of
a K-torus H by K-algebra automorphisms satisfying the following conditions:

(i) The elements 1, ...,z N are H-eigenvectors.
(ii) For every k € [2, N], dj, is a locally nilpotent oj-derivation of Rj_.
(iii) For every k € [1, N], there exists hy € H such that o, = (hy-) and the
hp-eigenvalue of xj, to be denoted by A, is not a root of unity.

The quantum Schubert cell algebras U,(ny N w(n_)) mentioned earlier, for
non-roots of unity ¢ € K*, are examples of CGL extensions. We refer the reader to
Chapter 9 for details. Particular cases include generic quantized coordinate rings
of affine spaces, matrix varieties, symplectic and euclidean spaces, and generic
quantized Weyl algebras.

Every nilpotent Lie algebra of dimension m contains a chain of ideals

n="n, >0, 10>...>n >n={0}

with the properties that dim(ng/ng—1) = 1 and [n,ng] C ng_q, for all 1 < k < m.
For k € [1,m], let xp, € ny \ ng—1. This set of elements gives rise to the following
iterated Ore extension presentation of U (n):

Um) = Klz][z2;1d, 2] . . . [Tm; id, 6n]-

The derivations d; = ad,, are locally nilpotent. Thus, all universal enveloping
algebras of finite dimensional nilpotent Lie algebras can be presented as iterated
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Ore extensions (1.1) with all o, = id and §; locally nilpotent. One can consider
H = {1} acting trivially on them and then all conditions in Definition A will be
satisfied except for the second part of (iii) — in this case all eigenvalues A, will be
equal to 1.

We consider the class of CGL extensions to be the best current definition of
quantum nilpotent algebras from a ring theoretic perspective. On the level of pre-
sentations, the local nilpotency of d; from the classical situation is kept in the
definition. The torus #H is used to get hold of the eigenvalues Ax. The condition
that they are non-roots of unity is the main feature of the quantum case. On the
level of deeper ring theoretic properties, these algebras exhibit the common prop-
erty of having only finitely many #- invariant prime ideals [5, 22]. This property,
first derived from the pioneering works [26, 27, 29] on the spectra of quantum
groups, has played a key role in the study of spectra of “quantum algebras”. From
another ring theoretic perspective, all CGL extensions are conjectured to be cate-
nary just as Gabber’s theorem for universal enveloping algebras of solvable Lie
algebras (though this is currently established only for quantized Weyl algebras [21]
and quantum Schubert cell algebras [39]).

The class of CGL extensions appears to be very large. We do not know any clas-
sification results except for very low dimensions [37]. As mentioned in Section 1.1,
in addition to the quantum Schubert cell algebras, in [25] we prove that all quan-
tized coordinate rings of double Bruhat cells are localizations of CGL extensions.
When the main theorem is applied to them, these are precisely the localizations
with respect to all frozen variables.

The quantum Schubert cell algebras are special members in the class of CGL
extensions. The former have the property that their gradings by the character lat-
tices of the torus H can be specialized to Zx>(-gradings that are connected. We
provide an example of a CGL extension that does not have this property in Exam-
ple 3.5. This example can be easily generalized to families of higher dimensional
examples.

CGL extensions are very rarely Hopf algebras. Since Drinfeld’s definition of
quantized universal enveloping algebras [9] imposes the condition that they are
topological Hopf algebras, we use the term quantum nilpotent algebras as opposed to
quantized universal enveloping algebras of nilpotent Lie algebras. Along these lines
one should also note that it is currently unknown whether every CGL extension is
a deformation of the universal enveloping algebra of a nilpotent Lie algebra.

All important CGL extensions that we are aware of are symmetric in the sense
that they are also CGL extensions when the generators x1,...,zy are adjoined in
the reverse order

R=Kzn]lxN-1;0N_1,0N_1] - --[T1;07,07]

(This symmetry condition may only hold for certain orderings of the initial genera-
tors.) We refer the reader to Section 3.3 for a detailed discussion of this condition.
Here we note that symmetricity of a CGL extension is equivalent to imposing a
very mild condition on the action of H and the following abstract Levendorskii—
Soibelman type straightening law:

For all j < k, the element xpx; — A\pjx 71 belongs to the unital subalgebra of R
generated by x;11,...,Tk—1 for some scalar \p; € K*.

One easily shows that in the setting of Definition A the scalar Ay; equals the
hy-eigenvalue of z;, i.e., hi - x5 = Apjx;.
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The class of algebras covered by the main theorem is the class of symmetric
CGL extensions satisfying two very mild conditions on the scalars involved.

1.3. Constructing an initial quantum seed and a precise statement of
the main result

The main technique that we use to generate quantum clusters in CGL exten-
sions is that of noncommutative unique factorization domains (UFDs), as defined
by Chatters [6]. We briefly recall some background. A nonzero element p of an
integral domain R is called prime if it is normal (meaning that Rp = pR) and the
factor R/pR is a domain. A noetherian domain R is called a UFD if every nonzero
prime ideal of R contains a prime element. It is well known that, in the commu-
tative noetherian situation, this definition is equivalent to the more common one.
If R is equipped with a rational action of a K-torus H by algebra automorphisms,
then R has a canonical grading by the rational character lattice X (H) of H. Such
an algebra R is called an H-UFD if every nonzero H-prime ideal of R contains a
homogeneous prime element. As in the commutative situation, two prime elements
p1,p2 € R are associates if and only if there exists a unit a € R such that p, = ap;.

Chatters proved [6] that the universal enveloping algebra of every solvable Lie
algebra over the field of complex numbers is a UFD. Launois, Lenagan and Rigal
proved [33] that every CGL extension is an H-UFD. (One can view these results as
another reason for thinking of CGL extensions as quantum nilpotent algebras.) As
noted in Section 1.2, CGL extensions have only finitely many H-prime ideals [5, 22],
so they have only finitely many homogeneous prime elements up to associates.

Our key method for generating quantum clusters, and the first step towards
proving the main theorem, is as follows:

STEP 1. For an H-UFD R and a chain of H-UFDs
C: {00CR C..CRy=R,
define the subset
N
P(C) = U {homogeneous prime elements of Ry up to associates}
k=1

of R and prove that (under some general assumptions) P(C) is a quantum cluster
mn R.

From general properties of prime elements, one gets that under mild assump-
tions the elements of P(C) quasi-commute, i.e., for every y,y" € P(C), yy' = &'y
for some £ € K*. So one of the major points in realizing Step 1 in a particular
situation is to ensure that P(C) has the right size, i.e., that for each k, Rj has
precisely one homogeneous prime element (up to taking associates) that is not a
prime element of some R; for i < k. Furthermore, in order for this to work out the
chain C should be sufficiently fine, e.g., GKdim Ry = k for all k. This condition
is obviously satisfied for the canonical chain of subalgebras associated to the CGL
extension (1.1).

For arbitrary CGL extensions, Step 1 was carried out in [24] in full generality.
In the statement of this result, for a function 7 : [1,N] — Z, we will use the
canonical predecessor and successor functions p := p, : [1, N] — [1 N]uU{—oc} and

)

|
s:=s,:[1,N] = [1, N] U{+oo} for the level sets of n (see (3.4)—(3.5)).
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THEOREM A. [24, Theorem 4.3] Let R be an arbitrary CGL extension of length
N. Then there exist a function n: [1, N] = Z and elements

¢k € Rg—1 for all k € [2,N] with p(k) # —o0
such that the elements y1,...,yn € R, recursively defined by

. {yp(lc)xk —cx, if p(k) # —o0
Yk =

(12) Ty, if p(k) = —oo,

are homogeneous and have the property that for every k € [1, N,
{vj | J € [LK], s(j) >k}

is a list of the homogeneous prime elements of Ry up to scalar multiples. The
elements yi1,...,yn € R with these properties are unique. The function n with
these properties is not unique but its level sets are. Furthermore, the function 1 has
the property that p(k) = —oo if and only if o, = 0.

In different words the theorem states that, if C; denotes the truncated chain
{0} C Ry C ... C Ry, then in the setting of the theorem

P(C) = P(Ch—1) U {yx}

and the prime element yj of Ry is determined by the linear expression (1.2) with
leading term equal to 1 or to a prime element of the previous algebra Rj_1. The
function n (or more precisely its level sets) keeps track of the leading terms of this
recursive formula.
To construct exchange matrices that go with the quantum clusters from Step
1 (Theorem A), we need to introduce some more notation. The quantum clusters
of an algebra generate quantum tori. Recall that a matrix q = (gx;) € Mn(K*)
is called multiplicatively skew-symmetric if qr, = 1 for all k and qx;q;, = 1 for all
k # j. Such a matrix gives rise to the quantum torus
K(YEL Y

1.3 To = .
(1.3) T Y, — qu Y Yk, Yk # 5)

Given a CGL extension R of length N, we consider the unique multiplicatively
skew-symmetric matrix A € My (K*) whose entries Ag; for 1 < j < k < N are the
hi-eigenvalues of z; in the notation of Definition A. Define the (multiplicatively
skew-symmetric) bicharacter

Qx:ZV xZN - K* by Qa(ex,e;) = A\pj, Vk,j€[1,N],

where {ej,...,ex} is the standard basis of ZV. In the setting of Theorem A,
define
e = Z epn(k) € ZN, Vk € [1, N].
n€Zxq, p"(k)#—o0
The set {€1,...,ex} is another basis of Z¥. We consider the (multiplicatively
skew-symmetric) bicharacter
Q:ZN xZV - K* such that Q(eg,e;) := Qa(€x,;), Vk,j € [1,N].

The sequence of prime elements in Theorem A produces a quantum cluster of the
CGL extension R in the following sense:
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For any CGL extension R, the elements y1,...,yn € R from Theorem A and
their inverses generate a copy of the quantum torus Tq inside Fract(R), where

Qkj = Q(ek,ej) = QA(é]ﬁéj), Vk,j S [1,N]
and
R C T4 C Fract(R).
Consider the subset
ex :={k € [1,N] | s(k) # +oo}
of [1, N]. The columns of all N x |ex| matrices will be indexed by ex. The set of
such matrices with integral entries will be denoted by My xex(Z).

MAIN THEOREM II: SPECIFIC FORM. For every symmetric CGL extension R,
the following hold under very mild assumptions on the base field K and the scalars
/\1,...,)\]\[ e K*:

(a) For each k € ex, there exists a unique vector b* = ZZIL bizer € ZN such
that

QbF )2 = A0y, Vi€ [1,N]
and yl{”“ .. .y?VN’“ is fized under the H-action. Denote by Be Mn xex(Z) the matriz
with columns b € Z]X, k € ex.

(b) The matrix B is compatible with the quantum cluster (yi,...,yn) of R in
the sense that they define a quantum seed, call it ¥, see [3] and §2.3 for definitions.
Let A(X) and U(X) be the quantum cluster algebra and upper quantum cluster
algebra associated to this quantum seed for the set of exchangeable indices ex where
none of the frozen cluster variables are inverted.

(¢c) After an explicit rescaling of y1,...,yn, we have the equality

R=AX)=U).

Furthermore, the quantum cluster algebra A(X) is generated by finitely many cluster
variables.

We refer the reader to Theorem 8.2 for a full statement of the main theorem.
The homogeneity condition in part (a) of the theorem can be written in an explicit
form taking into account that for each k € [1, N], yx is an H-eigenvector with
eigenvalue equal to the product of the H-eigenvalues of z,n () for those n € Z>
such that p™(k) # —oo (see Theorem 8.2 (a)).

The quantum cluster algebras in question are built from general (multiparam-
eter) quantum tori by an extension of the Berenstein—Zelevinsky construction [3].
The general setting for such quantum cluster algebras is developed in Chapter 2.

We finish this section with the statements of the two mild conditions which are
imposed in the Main Theorem. In Proposition 5.8, we prove that

A = A for all k,1 € [1, N] such that n(k) = n(l) and p(k) # —o0, p(l) # —oc.

Recall also that Ag; denotes the hy-eigenvalue of x; for 1 <1 < k < N. In this
setting, the two conditions imposed in the main theorem are:

Condition (A). The base field K contains square roots V/Ag of the scalars Ay
for 1 <[ < k < N such that the subgroup of K* generated by all of them contains
no elements of order 2.

Condition (B). There exist positive integers d,,, n € range(n), such that

d d
n(l) _ n(k)
)‘k - )‘l
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for all k,1 € [1, N], p(k) # —o0, p(l) # —o0.

All symmetric CGL extensions that we are aware of (with the exception of cer-
tain very specific two-cocycle twists) satisfy these conditions after a field extension
of the base field K. We give a detailed account of this in Remarks 8.5 and 8.6. The
first condition is needed when dealing with toric frames as opposed to individual
cluster variables. The second condition is needed to ensure that the principal parts
of certain exchange matrices that are constructed are skewsymmetrizable. Both
issues are minor and the main constructions of quantum clusters and mutations
work without imposing those conditions.

1.4. Additional clusters

From now on, R will denote a symmetric CGL extension as in (1.1).
Consider the subset =y of the symmetric group Sy consisting of all permuta-
tions 7 € Sy such that

7(k) =max7([1,k—1])+ 1 or 7(k) =min 7([1,k —1]) — 1, Vk € [2,N].

It is easy to see that =y can also be defined as the set of all 7 € Sy such that
7([1,k]) is an interval for all k¥ € [2, N]. Each symmetric CGL extension has a
different CGL extension presentation associated to every element 7 € =y, of the
form

(1.4) R = K[zr(l)][zr(z); U/T/(Q)a 5/7/(2)] e [ifr(N); C’,T/(N)v 5,7/(1\[)]-

The proof of this fact and a description of the automorphisms o’ ®) and the skew-
derivations ¢” ., are given in Proposition 3.14. This presentation gives rise to a
chain of subalgebras of R,

C;: {0}CR.1C...CR,N=R,

where R;j is the unital subalgebra generated by z,(1),...,%r). Theorem A
associates a quantum cluster

(y‘r,h e 7yT,N) = P(CT)

to R for each 7 € Ey. Clearly, id € Zx and

(Yid,15- - - Yid,n) = P(Cia) = P(C) = (Y1, -, YN)-

MAIN THEOREM III: ADDITIONAL CLUSTERS. Let R be a symmetric CGL
extension satisfying the conditions (A) and (B). For each T € En, the quantum
cluster algebra A(X) from Main Theorem 11 has a quantum seed with a set of cluster
variables obtained from (Yr1,...,YyrN) by a precise rescaling and permutation (see
Theorem 8.2 (a)—(b)). The exchange matriz B, for this seed is the unique solution
of the equations in part (a) of Main Theorem 11 for the bicharacter associated to
the CGL extension presentation (1.4).

In particular, an appropriate scalar multiple of each generator xp of R is a
cluster variable.

The last part of the theorem follows from the first because for each k € [1, N]
there exists an element 7 € Zn such that 7(1) = k.
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1.5. Strategy of the proof

The second step of the proof of the main theorem is to connect the quantum
clusters indexed by the elements of Zx by a chain of mutations:

STEP 2. Let 7 # 7' in En be such that for some k € [1,N — 1], 7(j) = 7'(j)
for all j # k,k + 1 (i.e., the subalgebras in the chains C. and C, only differ in
position k). We prove that in this setting the following hold for every symmetric
CGL extension R:

(a) If (k) and 7(k 4+ 1) have different images under the n-function for the
presentation (1.4), then the quantum clusters P(C;) and P(C,/) are equal. More
precisely,

Yrrj = Yrj for g Fkk+1 and Yo g = Yr k11, Yo/ kt1 = Yrk-

(b) If 7(k) and 7(k 4+ 1) have the same images under the n-function for the
presentation (1.4), then the quantum cluster P(C,/) of R is a one-step mutation of
the quantum cluster P(C.). More precisely,

(1.5) yrk =y | & H y + & H Y,y
JE[L,N],¢;>0 JE[1,N],¢;<0
for some &1,& € K* and an integral vector (c1,...,cn) such that ¢, =0, and

Yr; 18 a scalar multiple of y,; for all j # k.

This result has a simple proof given in Theorems 4.2, 4.3. It is derived from
the uniqueness part of Theorem A and the uniqueness of the decomposition of a
normal element of a noncommutative UFD as a product of prime elements. Thus,
in a nutshell, cluster mutation is forced by the uniqueness in Theorem A and the
unique decomposition in noncommutative UFDs.

The simultaneous normalization (rescaling) of all cluster variables y, ., 7 € En,
k € [1, N] for which all scalars & and & in (1.5) become equal to 1, turns out to
be a rather delicate issue. It is carried out in Chapters 5 and 6 in an explicit form.

The next step is to extend the clusters P(C;) to quantum seeds, which amounts
to the construction of exchange matrices that are compatible with these quantum
clusters. We also need to connect those seeds with cluster mutations. Two elements
7,7 € En will be called adjacent if they satisfy the condition in Step 2, in other
words, if there exists k € [1, N — 1] such that

(1.6) 7 =7k k+1).

STEP 3. Construct exchange matrices B, for quantum seeds going with the
quantum clusters P(C;), T € En.

Show that the seeds corresponding to adjacent pairs 7,7 € En are obtained by
one-step mutations from each other.

Let 7 € Zn5. Step 2 constructs one column of the desired matrix E,. for each
element 7 € Zx which is adjacent to 7. More precisely, this is the k-th column of
B, where k € [I, N — 1] is the index from (1.6). Step 3 involves constructing the
rest of the matrix B, and then showing that the exchange matrices for adjacent
elements of = are related by mutation. One should note that there are not enough
adjacent elements to construct the full matrix B, directly from Step 2.
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The realization of Step 3 and the proof of the remaining parts of the main
theorem are based on using a chain of successively adjacent elements of =y of the
form

(1.7) To=1id—=T = ... > TyM_1 = T = Wo,

where w, is the longest element of Sy and M = N(N — 1)/2 is the length of w,.
The arrows are drawn for the convenience of the description of the procedure.
We first construct B = Bjq. Each chain (1.7) has the property that

(1.8) Vke[l,N—1], i e€[l,M—1] such that 741 = 7;(k, k+ 1).

This implies that every exchangeable index in ex = {k € [1, N] | s(k) # +oo} gets
mutated when Step 2 is applied to the arrows in the chain.

Let k£ € ex. Leaving aside certain technical details concerning a reenumeration
of cluster variables, to define the k-th column of B we choose an index i € [1, M —1]
satisfying (1.8). Step 2 defines the k-th columns of Eﬂ. and B We construct the

k-th column of B by inverse mutation from the k-th column of ET along the chain
(1.7). At this point, one has to prove that this is independent of the choice of .
There two problems here. The first is that the integers ¢; in (1.5) are not determined
from easily accessible ring theoretic data. They are powers in the decomposition of
some normal elements as products of primes, but the setting is very general to get
hold of them. Secondly, the inverse mutation from such data gets combinatorially
overwhelming and one cannot keep track of it in general ring theoretic terms.

We present a very general (ring theoretic) solution to this problem. Firstly, we
establish that there is at most one matrix B that satisfies the conditions in Theorem
IT (a), using a strong rationality result for the H-primes of CGL extensions [4,
Theorem 11.6.4], a special case of which is that

Z(Fract(R))" =K,

Tit1*

where Z(.) stands for the center of an algebra. We obtain the uniqueness statement
in Theorem II (a) by phrasing the conditions for the columns of B in terms of
commutation relations and using the above result. We then use the idea for inverse
mutation along the chain (1.7) to prove that a matrix B with the properties in
Theorem II (a) exists.

All other exchange matrices ET for 7 € Zy are constructed by mutating B along
a chain which is entirely within =y, starts with id, ends at 7, and for which each
two consecutive elements are adjacent. It is not difficult to see that such a chain
exists for every 7 € Ey. Typically, there are many chains with these properties and
the independence of B, from the choice of a chain is proved using one more time
the strong rationality result. The last part of Step 3, that the exchange matrices for
adjacent elements of =y are related by mutation, follows from their construction.

At this point, we have a construction of quantum seeds X, indexed by the
elements of Zx and mutations between them. What is left is to establish part (c)
of Main Theorem II. This is the last step of the proof of the theorem:

STEP 4. Show that
R=AX)=UX)

for ¥ := X4, i.e., that R coincides with the quantum cluster algebra and the upper
quantum cluster algebra for the quantum seed .
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In the remaining part of this section we sketch how this step is carried out.
As previously mentioned, for every k € [1, N] there is an element 7 € Zx with
7(1) = k. Since all quantum seeds ¥, are mutation equivalent to each other, a
scalar multiple of each generator z;, is a cluster variable of A(X). Therefore,

RCA®).
By the quantum Laurent phenomenon,
AX) CUE).

For 7 € =y, denote by E; the multiplicative subset of R generated by all exchange-
able cluster variables in .. We first prove that E. is an Ore set in R. Consider a
chain of elements of ZEy as in (1.7). We have

M
UE) C (RIES.
=0
Combining all of the above embeddings, we obtain
M
(1.9) RCA(D) CUD) C () RIES".
i=0

At this point, we use techniques from noncommutative UFDs and iterated Ore
extensions to describe the intersection of R[E-'] and R[E.'] for two adjacent
elements of 7 and 7’ of 2. Based on it we prove that

M

(1.10) (RIE;'] = R.
i=0

This forces all inclusions in (1.9) to be equalities.

1.6. Organization of the paper and reading suggestions

The paper is organized as follows:

I. Chapter 2 provides the general framework for quantum cluster algebras gen-
eralizing the Berenstein—Zelevinsky construction [3] to mutations between multi-
parameter quantum tori (i.e., quantum tori (1.3) for which the scalars gx; are not
necessarily integral powers of a single element ¢ € K*). This chapter is self con-
tained and can be read independently of [3]. Readers who are familiar with [3]
might look only at the main definitions since the treatment is similar to [3]. Chap-
ter 3 reviews the theory of noncommutative UFDs and the material from [24] that
goes with Theorem A.

I1. Chapter 4 carries out Step 2. For readers who are interested in understanding
the intrinsic reason for the appearance of cluster mutations in the general framework
of quantum nilpotent algebras, we suggest reading the proofs of Theorems 4.2, 4.3.

Chapters 5 and 6 carry out in an explicit form the simultaneous normalization of
all cluster variables y, ; so that all scalars £;, &3 in part (b) of Step 2 are equal to 1.
These chapters are technical and we suggest that readers restrict to the definitions
of y..1, up,] and 7, 7 in Theorem 5.1 (c), Corollary 5.11 and Eq. (6.1), as well as
the statement of Proposition 6.3 and the condition (6.13). This information will be
sufficient for understanding the statement of the main result.

Chapter 7 proves Eq. (1.10) which essentially carries out Step 4. Readers who
are only interested in understanding the main result could skip it.
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III. The main result appears in Theorem 8.2. Chapter 8 also carries out Step
3 and the general part of Step 4.

IV. Chapter 10 illustrates how Theorem 8.2 is applied. It proves that the
quantum Schubert cell algebras U, (n+ Nw(ng)), for all simple Lie algebras g and
Weyl group elements w, are quantum cluster algebras which in addition coincide
with the corresponding upper quantum cluster algebras (Theorem 10.1). Chapter
9 contains the needed details on quantum groups and their relations to quantum
nilpotent algebras.

We suggest the following route for readers who are interested in understanding
the final result (Theorem 8.2) without the details of its proof:

1. Basics of CGL extensions Sections 3.2-3.3 and the base change in Section
4.2 to include \/E in K.

2. The setting of Section 8.1 and the statement of Theorem 8.2. We impose
conditions (A) and (B), but the unique rescaling is a feature of the algebra. One
can read the statement of the theorem knowing only that such a rescaling exists.
If one needs to know its precise form, one can return to the definitions of y. j, u[.
and 77, ; and the condition (6.13) as indicated in IT above.

Readers could also consult [23] for an abridged version of Theorem 8.2, and its
setting and applications.

1.7. Notation

We finish the introduction with some notation to be used throughout the paper.
For m,n € Z~¢ and a commutative ring D, we will denote by M,, ,,(D) the set of
matrices of size mxn with entries from D. We will use a multiplicative (exponential)
version of the standard matrix multiplication: For A = (a;;) € My, n(Z), B =
(bjk) € M, p(D), and C = (cx1) € M), s(Z), denote the matrix

ABC . (Hbj;g"“) € My.o(D).
3k
The two obvious special cases of this operation are given by

A — (Hbj;‘;‘) € M, (D), BC = (Hb;;l) € M,..(D).
J k

Clearly,
(1.11) A(ABC) = AABC and  (ABO) = 4B

for all matrices A; and C; with integer entries, having the appropriate sizes for
which the operations are defined. The transpose map on matrices will be denoted
by A+ AT,

Elements of Z"V will be thought of as column vectors, and the standard basis
of ZV will be denoted by {ex | k € [1,N]}. For g = >, myey € ZV, denote

(1.12) 9]+ = Zmax(mk,O)ek, lg]- = Zmin(mk,())ek.
k k
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CHAPTER 2

Quantum cluster algebras

In this chapter we give a definition of quantum cluster algebras and upper
quantum cluster algebras (over arbitrary commutative rings) that extends the one of
Berenstein and Zelevinsky [3]. The construction in [3] used uniparameter quantum
tori (quantum tori for which the commutation scalars are integral powers of a
single element ¢ € K*). We extend the construction of [3] to mutation of cluster
variables coming from general quantum tori. Furthermore, the construction allows
for arbitrary frozen variables to be inverted or not. Following the argument of
Fomin—Zelevinsky a quantum Laurent phenomenon is established in this generality.

2.1. General quantum tori

Recall that a matrix q = (qx;) € Mn(K*) is called multiplicatively skew-
symmetric if qgr, = 1 and g, = q,;jl for all 7 # k. Such a matrix gives rise to
the skew-symmetric bicharacter

(2.1) Qq : ZN x ZN — K* given by Qqlex,e;) == qr;, Yk, j € [1,N],

i.e.,
T
(2.2) Qq(f,9)="a’ VfgeZ".
(Recall that eq, ..., en denote the standard basis vectors of Z and that all elements

of ZN are thought of as column vectors.)
A multiplicatively skew-symmetric matrix q € My (K*) gives rise to the quan-
tum torus
K(YE, . Y EY

(23) T Y, — qr; VY, Vk # 5)

The subalgebra of Tq
(2.4) Aq =K(Y1,...,YN) CTq
is called a quantum affine space algebra. The quantum torus 74 has the K-basis

(2.5) YF=y™ .YV | f = (mi,...,mn)T € ZV}.

Given any subring D of K that contains the subgroup of K* generated by all
entries of q, one defines versions of 74 and Aq over D. One can either use (2.3)
and (2.4) with free algebras over D instead of K, or consider the D-subalgebras of
Tq and Aq generated by Yk,il, respectively Yy (k € [1, N]).

15
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2.2. Based quantum tori
For a multiplicatively skew-symmetric matrix r := (r;) € My (K*) denote
r?:= (r,%j) € My (K*).

The quantum torus 7.2 has a K-basis which is obtained by a type of symmetrization
of the monomials in (2.5). This basis consists of the elements

(26) Y =8 (HYT =8.(H)Y™ ... .Y for f=(my,...,myn)T €ZV,
where the symmetrization scalar 8,(f) € K* is given by
(2.7) 8e(f) =] ™"
i<k
We have Y (°¥) =Y}, Vk € [1, N]. Furthermore, one easily verifies that
(2.8) YOYO = 0. (f,9)Y U9, vf,geZ”,

recall (2.1). We will call the torus 7;.» with the K-basis {Y (/) | f € ZN} the based
quantum torus associated to the matrix r € My (K*) (or to the corresponding
bicharacter Q. : ZV x ZN — K*).

Each 0 € GLN(Z) gives rise to another generating set of Tz, consisting of the
elements

Yy =YD ke (1, N].
Define the multiplicatively skew-symmetric matrix
r, =717 € My(K*).
It follows from (2.8) that there is a K-algebra isomorphism
(2.9) Vo : Tez = Te2, given by ¢, (Yi) = Yo 1, k € [1, N].
The elements

VD = o (V) = (T o)™ )Y Y for f = (ma,omy)” € ZY
i<k

also form a basis of 7;.2. The next proposition shows that this basis coincides with

the original basis (2.6) of 7-2. In other words, the based quantum torus associated

with r € My (K*) is invariant under the canonical action of GLy(Z).

PROPOSITION 2.1. For all 0 € GLy(Z) and all multiplicatively skew-symmetric
matrices v € My (K*), we have

(2.10) YO =y D vrezN.
ProOF. For all f,g € ZV,
Q(o(f),o(9) = e = T(727) = O, (f.9).
Because of (2.8), to show
y () — Ya(f)» Vfe ZN,
it is sufficient to verify the identity for f = e, k € [1, N]. This is straightforward:
vl =y, =ylen), O
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DEFINITION 2.2. Let F be a division algebra over K. We say that a map
M:ZN - F

is a toric frame if there exists a multiplicatively skew-symmetric matrix r € My (K*)
such that the following conditions are satisfied:
(i) There is an algebra embedding ¢ : 7.2 — F given by ¢(Y;) = M(e;),
Vi € [1, N] and F = Fract(¢(T;2)).
(ii) For all f € ZN, M(f) = o(Y1)).

In other words, a toric frame is an embedding of a based quantum torus into a
division algebra F such that F equals the classical quotient ring of the image.

For a toric frame M : ZN — F, there exists a unique matrix r = (ry;) €
My (K*) with the properties of the definition, and it is determined by M by

Tij = M(ex)M(ej)M (e, + ;)" ", VI<k<j<N.

It will be called the matriz of the toric frame and will be denoted by r(M) :=r.

Suppose that M : ZV — F is a toric frame, with matrix r and algebra embed-
ding ¢ : T2 — F. Let 0 € GLn(Z), and let ¢, : Tr.2 — Tp2 be the isomorphism
(2.9). Then ¢ty : Tp.2 — F is an algebra embedding such that @i, (Y;) = Mo(e;)
for all i € [1, N]. Moreover, using (2.10) we see that i, (Y (F)) = Ma(f) for all
f e ZN. Thus,

(2.11) Mo :ZN — F is a toric frame with matrix 1, = 1°.

2.3. Compatible pairs

We fix in addition a positive integer n such that n < N and a subset ex C [1, N]
of cardinality n. The indices in ex will be called exchangeable, and those in [1, N]\ex
frozen.

The entries of all N x n, n x N, and n X n matrices will be indexed by the sets
N x ex, ex X N, and ex x ex, respectively. For a matrix B = (brj) € Mnxn(Z),
its ex x ex submatrix will be denoted by B and will be called the principal part of
B. The columns of B will be denoted by b’ € Z", j € ex. Recall that B is said to
be skew-symmetrizable provided there exist positive integers di, k € ex such that
dibr; = —d;bj, for all k, j € ex.

Let r € My (K*) be a multiplicatively skew-symmetric matrix and B = (bij) €
Mn«n(Z). Define the matrix t:=8"rc M, v (K*). Its entries are given by

N
(2.12)  ty; = (08, ¢;) = (BTr)kj = 0% =TT v, Vkeex, je1,N].
=1

The pair (r, §) is compatible if the following two conditions are satisfied:

(2.13) tyy =1, Vkecex, j€[l,N], k#j and
(2.14) tixr are not roots of unity, Vk € ex.

Denote the ex x ex submatrix of t by t. The condition (2.13) implies that

(2.15) t8 =5
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PROPOSITION 2.3. If the pair (r, E) is compatible, then B has Jull rank and the
matrixc

bij N
t7 = (645 Jkjcex € Mnxn(K*)
is multiplicatively skew-symmetric.

PROOF. First we show that B has full rank. If this is not the case, then

Ker(B)NZ™ # 0. Let > aje; € Ker(B) NZ™ be a nonzero vector. Applying
(2.13), we obtain

jEex

. b .
t?J’ = HtZ’; = Hrl;ka’f =1, Vj€ex.
k kl
The condition (2.14) implies a; = 0 for all j € ex, which is a contradiction.
Since t8 = t8 = B'yB_(f. (2.15), the second statement follows at once from
the fact that r is multiplicatively skew-symmetric. [

Unlike the uniparameter case [3, Proposition 3.3], compatibility of (r, E) does
not in general imply that B is skew-symmetrizable. The next lemma describes an
instance when this condition appears naturally.

LEMMA 2.4. Assume that (r,g) is a compatible pair. If there exist positive
integers dy,, k € ex such that

(2.16) ty =t Vjk € ex,
then the principal part ofé is skew-symmetrizable via these di, i.e., diby; = —d;bjp

for allk,j € ex.

bkj

Proor. By Proposition 2.3, t,;) = tj_jbj" for all j, k € ex. Combining this with
(2.16) leads to

dibr;  Lbrjd;  ,—dsbjk
tyy =t =t
Thus dibi; = —d;bji because of (2.14). O

REMARK 2.5. The condition (2.16) is satisfied if there exists a non-root of unity
q € K* such that each tgr = ¢"** for some my € Z~g. Then one can set dy = my.

2.4. Mutation of compatible pairs

We proceed with the definition of mutation of a compatible pair (r, E) in di-
rection k € ex. The entries (b;;) of the mutation ux(B) of the second matrix are
given by the Fomin—Zelevinsky formula [11]:

—b;; ifi=k or j=k
2.17 b= T e 1be s tbie [Ba s
( ) 1] {bl] + M‘W, Otherwise.

By [1, Eq. (3.2)], the matrix p(B) is also given by

yi(B) = E.BF.,
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for both choices of signs € = £, where E, = E? and F, = FEE are the N x N and
n X n matrices with entries given by

Oijs ifj £k
(Bo)ij = § —1, ifi=j=k
max(0, —eb;r), ifi#j=k
os) (0, —ebiy), ifi #
dijs ifi £k
(Fo)ij =% —1, ifi=j==kF

max(0, eby;), ifi==Fk#j.
We refer the reader to [11, 3] for a detailed discussion of the properties of the

mutation of the matrix B. Finally, we define the mutation in direction k of the first
matrix of the compatible pair (r, B) by

(2.19) fu(x) 1= BdpPe
This is a multiplicative version of [3, Eq. (3.4)].

PROPOSITION 2.6. Let (r, E) be a compatible pair.

(a) The matriz ux(r), defined in (2.19), does not depend on the choice of sign
€= =+.

(b) Assume also that the principal part of B is skew-symmetrizable. Then the
pair (ug(r), pi(B)) is compatible, the principal part of u(B) is skew-symmetrizable,
and the t-matriz of this pair coincides with the one of the pair (r,B).

We define the mutation in direction k € ex of the compatible pair (r, E) to be

the compatible pair (g (r), pur(B)).

PROOF OF PROPOSITION 2.6. We follow the argument of the proof of [3, Prop-
osition 3.4] phrased in terms of multiplicative expressions.

(a) As in [3, Egs. (3.5) and (3.7)], E? = Iy, F? = I,, and (a correction) E, E_
equals the N x N matrix G with columns

g; = ¢€; —|—5jkbk, Jj e [1,N].

Because of (1.11), part (a) is equivalent to saying that G'rG = r, which is verified
as follows (using (2.13)—(2.14)):

(GTI“G)Z-J- = e o) e+ 0" — Q) (e, + 6,10, ej + 0b")
= Qe €) byt " = Qples,e5) =145, Vi,j €[1,N].
(b) We have

uk(E)T( _ FI'BTEIB!\E. _ F'B" E. _ FI{B.

(1))
The second statement in Proposition 2.3 and the fact that for all ¢, j € ex, b;; and
—bj; have the same signs (which follows from the skew-symmetrizability assump-
tion) imply

£P =PI

Therefore
T T~ ~
.u'k(B) (uk(r)) = FE tE6 :t
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and the pair (ug(r), ux(B)) satisfies the conditions (2.13)—(2.14). Furthermore,
the t-matrices of the compatible pairs (r, B) and (u(r), ux(B)) are equal. The
principal part of uk(é), namely g (B), is skew-symmetrizable (for the same choice
of positive integers d;, j € ex as for B), by the observations in [11, Proposition

4.5]. O

2.5. Quantum seeds and mutations

DEFINITION 2.7. A quantum seed of a division algebra F is a pair (M,E)
consisting of a toric frame M : ZN¥ — F and an integer matrix B € My, (7Z)
satisfying the following two conditions:

(i) The pair (r(M), B) is compatible, where r(M) is the matrix of M.
(ii) The principal part of B is skew-symmetrizable.
The elements M (e1), ..., M(ey) € F will be called cluster variables of the seed

(M, f?) The cluster variables M (ey), k € ex will be called exchangeable and the
M (ey,) for k € [1, N]\ex frozen.

The following lemma is an analog of [3, Proposition 4.2]. It will be used in
defining mutations of quantum seeds.

LEMMA 2.8. Assume that v € My (K*) is a multiplicatively skew-symmetric
matriz, and that k € [1,N] and g € Z" are such that Qx(g,e;) = 1 for j # k and
Qe (g, ex) is not a root of unity. For each ¢ = £, there exists a unique automorphism
Pg.e = Py, of Fract(Tp2) such that

ylew) 4 ylente)  if j =k

2.20 (Y )y =
( ) Pg, ( ) {Y(ej), if 4k

PROOF. Since Q,(ex + €9, e;) = Qp(ek, e;) for j # k, we have
(y(ek) + y(6k+€9))y(ej) — rijy(ey‘) (Y(ek) + y(61«+69))7 Vi # k.
Hence, there exists a K-algebra homomorphism pg. : Tp2 — Fract(7.2) satisfy-
ing (2.20). Denote g = > nje;. We have Q.(g,ex)" = Qv(g,9) = 1. Thus
ng = 0 because (g, ex) is assumed to be a non-root of unity. This implies that
Pg.e(Y(9) =Y. Consequently, p, . is the identity on the set G := K[V (9)]\{0}.
Now G is an Ore set in T2 (observe that Y)G = GY' () for all f € ZN), and so

Pg,e extends to a K-algebra endomorphism of 7.2 G—L.
Similarly, there exists a K-algebra endomorphism p’ of 7;2G~! such that

—€ € -1 e : M
pl(Y(ej)) — (1 + Qr(gaek) Y( g)) Y( k)v lf ] =k
Y€, if j+#k.
Now pg.ep' (Y€)= p'p, (Y (¢)) = V() for all j € [1, N]. Therefore p, . and p’
are inverse automorphisms of 7,2G ™!, so they extend to inverse automorphisms of

Fract(7;-2). The uniqueness of py . is clear, because the elements Y€ j e [1,N]
generate Fract(7,2) as a division algebra. O

Straightforward calculations yield that

prmy(f) i my >0
2.21 e yny 2 SRty 5
( ) pg,e( ) (P;;;i"k) 1)/(10)7 if mp <O
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for f = (myq,...,mn)T € ZV, where
;”ZL:‘: = H(]. + Qr(g, ek)qie(%—l)y(eg))’ VYm € ZZO'
i=1

Unlike the uniparameter case [3, Eq. (4.9)], here p_, _. equals p, . rather than
pg_;. This stems from the fact that in the general situation, there is no analog of
the minimal positive values d(—) used in [3, Subsec. 4.2].

For the rest of this section, we assume that (M, B ) is a quantum seed of F and
denote r :=r(M). We also fix k € ex. Since E, € GLn(Z), (2.11) shows that

(2.22) ME, : ZV — F is a toric frame with matrix puy(r) = By Ee

By abuse of notation, we will identify F with Fract(7,, )2) via the embedding
Ty (r)2 < F associated to this toric frame. From (2.13) and the fact that Eb" =
bk, it follows that

Quk(r)a)kae]’) = Qr(bk,Eeej) = t;jéjk, Vj S [1,N].

Applying the condition (2.14) and Lemma 2.8, we obtain the automorphisms pyx . =

pf,f (:) € Aut(F). When applying these automorphisms, any term YY) = M (f) in

an expression such as (2.20) or (2.21) must be replaced by M E.(f).

PROPOSITION 2.9. Assume that (M, B) is a quantum seed and k € ex.
(a) The map pye JME: : ZN — F is a toric frame of F and is independent of
the choice of sign € = £. The matriz of this toric frame equals py(r(M)).

(b) The pair (ppr M E, ui(B)) is a quantum seed of F.

PROOF. (a) The fact that pyx JME, : ZY — F is a toric frame of F is imme-
diate because E. € GLy(Z) and pyr . € Aut(F). The last fact and (2.22) imply
that its matrix is pg(r). By (2.20),

(2.23) pue ME,(e5) = MEL(ej) = M(e), Vj #
and
pok ME(ey) = ME.(ey,) + ME(ey + eb") = M(Ecey) + M (Ecey, + €bg)
(2.24) = M(—ep, + [—€b™];) + M(—ep, + [—eb*], + %)
= M(—ex + [0]4) + M(—ex — [¥]-),
cf. (1.12). Hence, the toric frame pyx M E. is independent of the choice of sign

€=+
(b) By Proposition 2.6 (b), the pair (r(pbkveMEE),uk(E)) = (ur(r), px(B)) is

compatible, and the principal part of py(B) is skew-symmetrizable. O

DEFINITION 2.10. Define the mutation in direction k € ex of the quantum
seed (M, B) of a division algebra F to be the quantum seed (ux (M), pi(B)), where

p(M) = ppe ME. = pjt I MEP.

COROLLARY 2.11. For all quantum seeds (M, E) of F and k € ex, the following
hold:
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(a) The matriz of the toric frame ur(M) equals pg(v(M)). This toric frame
satisfies

pur(M)(ej) = M(ej), Vi #Fk,

(2.25) pe (M) (ex) = M(—ep, + [b¥]4) + M(—ep, — [bF]_),

f. (1.12).
(b) Mutation is involutive:

,ui(M7§) = (M7§)

ProoOF. Part (a) follows from Proposition 2.9 (a) and (2.23)—(2.24). Turning
to part (b), we use the independence of signs (Proposition 2.9(a)) to write

r r B r
Mﬁ(M) 7p,:2EB))k _e(pbk( )MEB)EHk( ) 7/7 bk _prk( )MEBEB

€

and we apply (2.21) to see that u?(M) = M (it suffices to check this on the Y(¢3),
j € [1,N]). Finally, we recall the well known fact [11, p. 510] that pz2(B) = B. O

Two quantum seeds (M, B) and (M’, B') of a division algebra F will be called
mutation-equivalent if they can be obtained from each other by a sequence of mu-
tations. Definition 2.10 implies at once:

COROLLARY 2.12. If (M, B) and (M',B') are mutation-equivalent quantum
seeds of F, then there exists o € GLn(Z) and ¢ € Aut(F) such that

=yMo:ZN = F.
In particular, the following subgroups of K* are equal:
(Qeany(f,9) | .9 € ZN) = (Qeiary(fo9) | fr9 € Z).

The first part of Corollary 2.12 is one of the conditions in the Berenstein—
Zelevinsky definition [3] of toric frame in the case of uniparameter quantum tori.

The following well known equivariance of mutation of pairs will be needed in
Chapter 8. For a group G we denote by X(G) its character lattice. For a G-
eigenvector u, x, will denote its G-eigenvalue.

LEMMA 2.13. Let F be a division algebra and G a group acting on F by algebra
automorphisms. Assume that (M, B) is a quantum seed for F such that M(f)
is a G-eigenvector for f € ZN (or, which is the same, for f = e1,...,en) and

Xm@iy = 1 for all columns b7 of B. Then all mutations (up(M), px(B)), k € ex
have the same properties.

PROOF. Fix k € ex and denote for brevity M’ := (M) and B’ := pui(B).
The entries and columns of B’ will be accordingly denoted by b and (b')7. Since
Xm@ery = 1, we have Xap(—e,4[b5]) = XM(—ep—[b5]_)- Hence, M'(ex) is a G-
eigenvector and
(2.26) XM (er) = XM(—ep+[b%]1) = XM (—ep—[b*]_)-

Of course, M'(e;) = M (e;) is a G-eigenvector for all j # k.
For the second condition, we have Xy (k) = Xar(—p+) = 1 since by, = 0.
NOW, letj 75 k. If bkj = 0, then XM/((b/)j) = XM(bj) =1 If bkj 7é 0, denote
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e = sign(by;). By (2.17), (V)7 = b7 + eby;[b*]c — 2bg;ex, and using (2.26) we obtain

XM/ ((b')9) = XM (bi+eby;[bF]—bijer) XM’ (—byjer)
= XM (b7 +eby;[b*]c—byjer) XM (byjer —eby; [bF]) = XM(bi) = L. .

2.6. Quantum cluster algebras and the Laurent phenomenon

Let (M, E) be a quantum seed of a division algebra F over K. Fix a subset
inv C [1, N]\ex. This set will be used to determine which frozen variables (indexed
by [1, N]\ex) will be inverted in the definition of quantum cluster algebras. Let D
be a unital subring of K containing the subgroup

(2.27) ((fr9) | f,9€Z™)
of K*, where r = r(M). The ring D will be used as a base ring.

DEFINITION 2.14. Define the quantum cluster algebra A(M,E,inv)p associ-
ated to the above data to be the unital D-subalgebra of F generated by all cluster
variables M'(ey), k € [1, N] and the inverses M’(e;)™!, I € inv for all quantum
seeds (M’, B') of F which are mutation-equivalent to (M, B).

Define the upper quantum cluster algebra U(M, E, inv)p to be the intersection
of all D-subalgebras of F of the form

(2.28) TAGww y.p = D(M'(e))*!, M'(ex) |l € exUinv, k € [1, N]\(ex Ll inv))
taken over all quantum seeds (M’, B') for F mutation-equivalent to (M, B).

Since M’(e;) is a frozen variable for [ € [1, N]\ex, we have that M’'(e;) = M(e;)
for all I € [1,N]\ex and quantum seeds (M’, B') that are mutation equivalent
to (M ,E) Because of this, in the definition of quantum cluster algebras it is
sufficient to consider the generators M'(e;), j € ex, M(e;)*!, | € inv and M(e;),
I €[1,N]\(ex Uinv).

The subalgebra TA( M/ B, is a mixed quantum torus—quantum affine space
D-subalgebra of F. The D-subalgebra of F generated by M'(e;), j € [1,N] is
isomorphic to a quantum affine space algebra. The algebra TA( M7, B),D is equal to
the localization of it by the multiplicative subset generated by M’'(e;), | € exUinv.
If one localizes instead by all M'(e;), I € [1, N], then the resulting algebra will be
the corresponding quantum torus. The mixed nature of TA( M,BY,D has to do with
this partial localization.

The proof of the Laurent phenomenon of Fomin and Zelevinsky [11, 12] carries
over to the quantum case. We state this result and provide all needed details for
the quantum case in the rest of this section. In the uniparameter case and when all
frozen variables are inverted, a quantum Laurent phenomenon was established by
Berenstein and Zelevinsky [3] following their previous work with Fomin [1] using
upper bounds.

THEOREM 2.15. For all quantum seeds (M, E) of a division algebra F over a
field K, subrings D of K containing the subgroup (2.27) of K*, and subsets inv C
[1, N]\ex, we have the inclusion

A(M, B,inv)p CU(M, B,inv)p.

We will need the following lemma.
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LEMMA 2.16. Letr € My (K*) be a multiplicatively skew-symmetric matriz and
D a subring of K which contains the subgroup (2.27) of K*. Consider elements

’

V=[P +&)  ad V' =][¥Y) +¢)
i=1 i=1

i the D-quantum torus D<Y1i1, e Y]§1> C Tp2, where f, f' € ZN are such that
Qu(frer)? = Q(fer)> =1, Vk € [1,N]

and &1, €€y, €Ly €D
If f and f' are Z-linearly independent, then V and V' are relatively prime in

the center of D(Ylil, ce, Y]$1>.

PrROOF. We may assume that &,...,&x, &1, ..., €, are nonzero elements of
D, since the factors with vanishing £’s are central units. Similarly, we may assume
that f and f’ are nonzero.

The center of D(Y™!, ... ,Y]$1> is given by

(2.29) Z=> DYWw
g€eL

for the sublattice L C Z" defined by
L={geZ"|Q(g,er)? =1, Vk € [1,N]}.

After reducing to the center of D(Ylil, cee Y§1>, replacing D by the algebraic
closure of its quotient field, and changing notation appropriately, we may assume
that D is an algebraically closed field and D(YF!, ... YE!) is a commutative Lau-
rent polynomial ring (hence, a UFD).

Write f = ng and f/ = n/¢g’ where n,n’ € Z~q and the ged of the entries of g,
resp. of ¢’, is 1. By hypothesis, g # +¢’. Now the irreducible factors of V, up to
associates, are Y'(9) — ¢ for nth roots ¢ of —&;, and similarly for V’. No Y9 — ¢
is an associate of any y o) — ¢’, so V and V' have no irreducible common factors.
Thus, they are relatively prime. (I

The proof of Theorem 2.15 is analogous to the proof of the Caterpillar Lemma
of Fomin and Zelevinsky [12, Theorem 2.1]. We will indicate the needed ingredients
for the inductive step of the proof in the noncommutative situation.

From now on we will assume that

(M, B,), s€[0,3] are four quantum seeds of F
and
(My, Br) = (Mo, Bo), (Ms, By) = p;(My, By), (Ms, Bs) = ps(Ms, Bs)

for some i # j in ex. Denote

x = My(e;),
y := Mo(e;) = M(e;),
z:= My (e;) = Ma(e;),
u = My(e;) = Ms(e;),
v = M;s(e;).
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Set for brevity T A, := TA( M..B.).D" There exist unique elements P € T Ao,
Q € TA; and R € T As such that

(2.30) z=x"'P, u=y'Q and v=2z"'R.

Each of P, @, R is a sum of two nonzero monomials in the cluster variables for the
seeds (Ms, By), ¢ € [0,2]. We will denote by P(y), Q(z), R(u) the elements P, Q, R
written as polynomials in y, u, z with left hand coefficients that are polynomials in
the other cluster variables in the seeds (Mo, Bo), (My, By), (Ma, Bs), respectively.
(This uniquely defines P(y), Q(z), R(u).) In this setting one can substitute any
element of F for y, z, or u and the result will be an element of F.

Clearly,
(2.31) z=a'P, u=y'Q=y"'Q(z"'P(y)) € TAy and
(2.32) v=2:""R=2""R(y'Q(2)) € TA;.

Recall that an element p of a (noncommutative) domain A is called prime if
it is normal (i.e., Ap = pA) and Ap is a completely prime ideal (i.e., A/Ap is a
domain). We refer the reader to Section 3.1 for details on this notion. For ¢ € A,
we write p | ¢ if ¢ € Rp. For b,c € A, we write b |; ¢ if ¢ € bA.

Denote by T Ay the D-subalgebra of 7.4y generated by the list of cluster vari-
ables and their inverses which appear in (2.28) except for z%! = My(e;) ¥, ie.,

TAY = D(My(e))®, Mo(er) | 1 € (ex Uinv)\{i}, k € [1, N]\(ex LI inv)).

This is another mixed quantum torus—quantum affine space algebra, but this time
of GK dimension N — 1. Clearly,

(2.33) T Ay = TA ™" 0],
where o € Aut(T.Ay) is given by

a(Mo(er)) = r(Mo);Mo(er), Vi€ [1, NJ\{i}.
We will say that b € T.Ag\{0} has leading term cz™ where m € Z and ¢ € T Ay if

b—ca™ € @ 'T.A(\)/xm/
m/<m
The localizations

T, = TAY[Mo(ex) " | k € [1, N]\(ex U inv)]

To := T Ao[Mo(ex) " | k € [1, N]\(ex U inv)]
are quantum tori and

To = T/ 2% 0],

where by abuse of notation we denote by the same letter the canonical extension

of o € Aut(TAy) to an automorphism of 7;".

LEMMA 2.17. The following hold in the above setting:
(a) The element
L:=z"'R(y'Q(0)zP~!
is a monomial in the elements Mo(ey), k € [1, N\{i,7} and y=' = My(e;)™*. In
particular, it belongs to TAf.
(b) The cluster variables v and v belong to T Ay and their leading terms are
equal to y=1Q(0) and Lz, respectively.
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(c) If

ZMF = Gu™m™ o™

for some F,G € TA\{0} and m,mq1, mg € Z>q, then 2™ |; G as elements of T Ag.

Proor. We will denote by b ; the kl-th entry of the exchange matrix Es and
by b, the I-th column of B,.
(a) Set € := sign(by ;;). By a direct computation one obtains that
L= §M2(Ee[bé]e - [bi]e)v

where £ is an element of the subgroup (2.27) of K* and E. denotes the first matrix
in (2.18) for the mutation (Ma, By) = p;(M;y, By). The i-th coordinate of the vector
in the right hand side equals 0, so

L= fMl(Ee[bé]e - [bll]e)

Part (a) now follows by computing the signs of the coordinates of the vector in the
right hand side of the last formula.

(b) The statement for u follows from (2.31). By part (a), 2~ !R(y~1Q(0)) =
LPz~! = La. Analogously to [12], write

v=2:""(R(y'Q(2)) — Rly™'Q(0))) + 2 ' R(y~'Q(0))
=2 (R(y™'Q(2)) — R(y~'Q(0))) + La.

Since
R(y™'Q(2)) — R(y'Q(0)) € €P TAy=
m’>0
we have
2 (Rly7'Q(2)) — Ry Q0)) € P TAY=™ € P TAfz™
m’>0 m’>0

This proves both statements for the cluster variable v.

(c) It is straightforward to see that My(er), & € [1, N]\(ex U inv) are prime
elements of T4y and that My(ex) 1 z. Since a prime element p has the property
that p | ab=-p | a or p | b, it is sufficient to prove that

2" G in To.
By part (a), L is a unit of 7y (in particular, a o-eigenvector). Noting that P €
TAY, using
2™ = (0" (P)...c”™(P))z™™,
and taking into account part (b) leads to
(2.34) (c™H(P)...c7™(P))F = G((y~'Q(0))™ 2™ + lower order terms)

for some F’ € 7.
Denote G =", /ey g™ , where g,y € TAf. We claim that

(™Y P)...0c7™(P)) | gm: in Ty, ¥Ym' €Z.

This will imply that 2™ |; G in Ty and will complete the proof of part (c). Assume
that this is not the case. Let m be the largest integer such that

(2.35) (™Y P)...0c™™(P)) i gm in T, .
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Comparing the components in 73" z™"™2 in (2.34) (with respect to the decomposi-
tion T = @mlez’%\/mm/) we obtain that
(236) (0 (P)e.o (P gmo™ (7 QO)™) i Ty

If by;; # 0, then y~1Q(0) is a unit of 7y (in particular a o-eigenvector) and
(2.36) implies that (c=*(P)...c~™(P)) |; gm in Ty’ which contradicts (2.35).

Now consider the case b1 ;; = 0. Then Q(0) = @ and
(2.37) b, b€ Y Zey,

k#i,5

where the second property follows from the fact that the principal part of By is
skew-symmetrizable. Thus,

o™ (¥~ Q0)™) = (M (b]) + &) ... (M (b]) + &1,,,)0
= (Mo(b]) +&1) - - (Mo(b]) + &m, )6’
for some &1,...,&,,,&1,...,&m, € D and ¢’ € Ty’ such that ¢ is a Laurent mono-

mial in the generators of 7, and its coefficients and &1,...,&,, belong to the
subgroup (2.27) of the units of D. We also have

o (P)...o7™(P) = 0(Mo(bl) + &1) - .. (Mo(bh) + &m)
= O(Mo(—b}) + &) - .. (Mo(=b}) + &m),

where &1,...,&, € D and 6 € TAJ have the same properties. In particular, § and
0’ are units of 7;”. Denote the polynomials

h(t) == (t+&)...(t+En), W (1) :=(t+E)...(t+¢&,,) € DI.
Substituting the above two expressions in (2.36) and clearing the units gives
(2.38) B(Mo(—6) |t gl (Mo(B)) in T
To get to the setting of Lemma 2.16, consider the subtorus
To'V == D(My(ex)*" k #14,5) C T’

It satisfies Ty = To"V[y*';¢], where ¢ € Aut(7,"V) is given by o(Mo(er)) =
r(MO)?kMO(ek), k #1i,j. By (2.12)~(2.13) and (2.37), Mo(—b%) and My(b]) belong
to the center of Ty"Y. Denote ¢ := o(My(b!)) and write

G = ng,lyla gmi € Ty

leZ

Eq. (2.38) is equivalent to
h(Mo(=b})) | gmah!(q' Mo (b)) in ", Vi€

Since Bj has full rank, the vectors —b?, b{ €X 2ij Lek are Z-linearly independent.

Lemma 2.16 implies that h(Mo(—b%)) and h'(¢' My(b?)) are relatively prime in the
center of TV, VI € Z.

It follows from (2.29) that 7,YV is a free module over its center. Applying this
and the relative primeness of h(My(—b%)) and /(¢! My(b))) in the center of 7'V,
for all [ € Z gives

M Mo(=b1)) i gmy in TV, VIleZ
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Hence, h(Mo(—b%)) |; gm and thus (c=1(P)...c7™(P)) |; gm in 7o’V which again
contradicts (2.35). This completes the proof of part (c). O

Theorem 2.15 follows from Lemma 2.17 (a), (c¢) by induction using the argument
of Fomin and Zelevinsky in the first paragraph of p. 127 in [12].



CHAPTER 3

Iterated skew polynomial algebras and
noncommutative UFDs

In this chapter, we gather some facts concerning iterated skew polynomial rings
(Ore extensions) and noncommutative unique factorization domains which will be
used in the paper.

3.1. Equivariant noncommutative unique factorization domains

Recall that a prime element of a domain R is any nonzero normal element p € R
(normality meaning that Rp = pR) such that Rp is a completely prime ideal, i.e.,
R/Rp is a domain. Assume that in addition R is a K-algebra and H a group acting
on R by K-algebra automorphisms. An H-prime ideal of R is any proper H-stable
ideal P of R such that (IJ C P = I C P or J C P) for all H-stable ideals
I and J of R. One says that R is an H-UFD if each nonzero H-prime ideal of R
contains a prime H-eigenvector. This is an equivariant version of Chatters’ notion
[6] of noncommutative unique factorization domain given in [33, Definition 2.7].

The following fact is an equivariant version of results of Chatters and Jordan
[6, Proposition 2.1], [7, p. 24], see [24, Proposition 2.2] and [41, Proposition 6.18
(i)

PRrROPOSITION 3.1. Let R be a noetherian H-UFD. Every normal H-eigenvector
in R is either a unit or a product of prime H-eigenvectors. The factors are unique
up to reordering and taking associates.

3.2. CGL extensions

CONVENTION 3.2. We use the standard notation S[z;o,d] for a skew polyno-
mial ring, or Ore extension; it denotes a ring generated by a unital subring S and
an element x satisfying xs = o(s)x + §(s) for all s € S, where o is a ring endo-
morphism of S and § is a (left) o-derivation of S. The ring S|x;0,d] is a free left
S-module, with the nonnegative powers of x forming a basis.

For every Ore extension S[x;0,0| appearing in this paper, S is a K-algebra, o
is a K-linear automorphism of S, and § is a K-linear o-derivation. As a result,
Slx; 0,0] is a K-algebra.

For convenient reference, we reiterate Definition A:

DEFINITION 3.3. An iterated skew polynomial extension
(3.1) R :=K[z1][x2;02,02] - - [zn; 0N, ON]

is called a CGL extension [33, Definition 3.1] if it is equipped with a rational action
of a K-torus ‘H by K-algebra automorphisms satisfying the following conditions:

(i) The elements x1,...,zy are H-eigenvectors.

29
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(ii) For every k € [2, N], d is a locally nilpotent oj-derivation of the algebra
Ry—1 = K[m][x2;02,02] - - - [T—1; 01, Op—1].
(iii) For every k € [1, N], there exists hy, € H such that o;, = (hi)|r,_, and
the hy-eigenvalue of x, to be denoted by Ag, is not a root of unity.
Conditions (i) and (iii) imply that
ok(x;) = Ay, for some \p; € K*, V1< j <k <N.

We then set A\pp := 1 and Aj; == )\,;jl for j < k. This gives rise to a multiplicatively
skew-symmetric matrix X := (Ag;) € My (K*) and a corresponding skew-symmetric
bicharacter Qy, recall (2.1), (2.2).

The CGL extension R is called torsionfree if the subgroup (Ay; | k,j € [1, N])
of K* is torsionfree. Define the length of R to be N and the rank of R by

(3.2) tk(R):={k € [1,N] |6, =0} € Zsg

(cf. [24, Eq. (4.3)]). Denote the character group of the torus H by X(#). Up
through Chapter 8, we view X (#) as a multiplicative group, with identity 1. The
action of H on R gives rise to an X (H)-grading of R. The H-eigenvectors are
precisely the nonzero homogeneous elements with respect to this grading. The H-
eigenvalue of a nonzero homogeneous element v € R will be denoted by x,. In
other words, x, = X (H)-deg(u) in terms of the X (H)-grading.

EXAMPLE 3.4. For positive integers m and n and a non-root of unity g € K*,
let Oy (M, n(K)) be the standard single parameter quantized coordinate ring of the
matrix variety M,, ,,(K). This is a K-algebra with generators t;; for ¢ € [1,m] and
j € [1,n], and relations

tijtkj = qtrjtis, for i < k,

tijtil = qtilti]‘, fOI‘j < l,

tijter = tritij, fori <k, j>1I,
tijter — trti; = (@ — ¢~ "tutr;, fori <k, j<l.

It is well known that Oy(M,, ,(K)) is an iterated skew polynomial extension
Oy (Myn 0 (K)) = Kla1][w2; 09, 82] - - [n; 0, On],

where N = mn and z(,_1)p4c = lre for r € [1,m] and ¢ € [1,n]. It is easy to
determine the elements o4 (z;) and dx(z;) for N > k > j > 1 and then to see that
the skew derivations §; are locally nilpotent. For later reference, we note that the
scalars Ay; are given by the following powers of ¢:

qsign(r/—r) ife=c
(e o) . 7 Vr,r' € [1,m],
(3.3) Ar—tynte e —Dnter = § ¥, ifr =17, e, c € [[l,n].}
1, otherwise,

There is a rational action of the torus H := (K*)™*™" on Oy(M,, (K)) by
K-algebra automorphisms such that

(517 ce »£m+n) “tpe = gTé-;q,}H:trc
for all (&1,...,&man) € H, r € [1,m], ¢ € [1,n]. Define
hpe:=(1,...,1,¢741,...,1,¢,1,...,1) € H,
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where the entries ¢~! and ¢ reside in positions r and m + ¢, respectively. Then
Or—1ynte = (hrer) and hpe - tre = g %tye. Thus, O4(Mp, n(K)) is a torsionfree CGL
extension of length N. (This is well known; see, e.g., [33, Corollary 3.8].)

The algebra Oy (M, »(K)) and the accompanying #H-action are, of course, de-
fined for any nonzero scalar q. The resulting algebra is an iterated skew polynomial
ring which satisfies all but one of the conditions for a CGL extension. However, if
m,n > 2 and ¢ is a root of unity, there is no element h € H such that 0,12 = (h-)
and h - py9 = ATppo With A not a root of unity.

The algebras of quantum matrices are special cases of the family of quantum
Schubert cell algebras. The latter algebras are treated in detail in Chapters 9 and
10. On the other hand, the quantum Schubert cell algebras are special members
in the class of CGL extensions. They have the property that their gradings by
the character lattices of the torus H can be specialized to Zx>(-gradings that are
connected, meaning that the degree 0 component of the algebra is just K- 1. For
example, in the case of quantum matrices we can define a connected Zxg-grading
with degt;; = 1 for all ¢, 7. The next example contains a CGL extension that does
not have this property.

ExAMPLE 3.5. Equip the quantized Weyl algebra

K<.’171 s $2>
(z2z1 — qT172 — 1)
with the action of H = K* by K-algebra automorphisms such that a - z; = ax;
and a - x5 = a~lzg for a € H. Tt is straightforward to verify (and well known)
that as long as ¢ is not a root of unity, R is a CGL extension Kx1][z2; 02, d2] with
hi=he :=q.

The grading of R by X (#) cannot be specialized to any nontrivial Z>(-grading.
Indeed, if deg x; = n, then degxy = —n, hence, n = 0.

R = A{(K) :=

By [33, Proposition 3.2, Theorem 3.7], every CGL extension is an H-UFD. A
recursive description of the sets of homogeneous prime elements of the intermediate
algebras Ry, of a CGL extension R was obtained in [24]. Tt is expressed using the
following functions.

For a function n : [1, N] — Z, we denote the predecessor and successor functions
for its level sets by

p=py:[1,N] = [1,N]U{—o0}, s=sy:[1,N] = [1,N]U{4+o0}.

They are given by
max{j < k i) =n(k)}, if 3j < k such that n(j) = n(k),
64 plk) = { (G <kln(G)=nk)}, if3 n(i) = (k)

—00, otherwise

and
(3.5) s(k) = {

THEOREM 3.6. [24, Theorem 4.3] Let R be a CGL extension of length N and
rank tk(R) as in (3.1). There exist a function n : [1, N] = Z whose range has
cardinality rk(R) and elements

¢k € Rg—1 for all k € [2,N] with p(k) # —o0

min{j >k | n(j) = n(k)}, if 3j > k such that n(j) = n(k),
400, otherwise.
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such that the elements y1,...,yn € R, recursively defined by

T — ¢k, if p(k —00
Tk Zf p(k) = —00,
are homogeneous and have the property that for every k € [1, N,
(37) {yj |J € [Lk]v S(]) > k}
is a list of the homogeneous prime elements of Ry up to scalar multiples.
The elements y1,...,yn € R with these properties are unique. The function n

satisfying the above conditions is not unique, but the partition of [1, N| into a dis-
joint union of the level sets of n is uniquely determined by R, as are the predecessor
and successor functions p and s. The function p has the property that p(k) = —oo
if and only if 6 = 0.

The uniqueness of the level sets of n was not stated in [24, Theorem 4.3], but
it follows at once from [24, Theorem 4.2]. This uniqueness immediately implies the
uniqueness of p and s. Although one can state the theorem using a partition of
[1, N] into rk(R) subsets, the use of a function will be better suited for combinatorial
purposes. In the setting of the theorem, the rank of R is also given by

(3.8) rk(R) = [{j € [L, N]| s(j) > N}|
24, Eq. (4.3)].

EXAMPLE 3.7. Let R = Oy(M;,, »(K)) be the CGL extension in Example 3.4.
For any subsets I C [1,m] and J C [1,n] of the same cardinality d, let A; ; denote
the d x d quantum minor with row index set I and column index set J. Namely,
if I ={iy < <ig}and J = {j1 < - < jq}, then

- E o). o et
ALJ = (_Q) tllvﬂr(l)tz2v‘7¢(2) tldv]r(d)’
TESq

where ¢(7) is the length of 7 as a minimal length product of simple transpositions.
The homogeneous prime elements 3 from Theorem 3.6 are “solid” quantum minors
of the following form:

Yor—1)n+e = A[r—min(r,c)+1,7"],[c—min(r,c)—i—l,c]a Vr e [Lm], ce [1,71]
The function 7 : [1, N] — Z can be chosen as
n((r—Un+c):=c—r, Vrell,m], cell,n].

It is easily checked that for the CGL extension presentation of R in Example 3.4,
we have 0y = 0 if and only if & € [1,n] or kK = (r — 1)n + 1 for some r € [2,m)].
Hence, rk(R) = m +n — 1.

There is a universal maximal choice for the torus H in Definition 3.3 given by
the following theorem. Consider the rational action of the torus (K*)¥ on R by
invertible linear transformations given by

(717...,7]\/’)'(1:?11"'QT%N):’Y?LI""}/K}LNJ:TI"'%%N.

Denote by Hmax(R) the closed subgroup of (K*) consisting of those ¢ € (K*)
whose actions give K-algebra automorphisms of R.



3.2. CGL EXTENSIONS 33

THEOREM 3.8. [24, Theorems 5.3, 5.5] For every CGL extension R, Hmax(R)
is a K-torus of rank rk(R), and the pair (R, Hmax(R)) is a CGL extension for the
Ore extension presentation (3.1).

Theorem 3.8 implies that the torus Hmax(R) is universal (and maximal) in the
sense that, if H is any torus acting rationally on R by algebra automorphisms such
that (R, M) is a CGL extension for the presentation (3.1), then the action of H on R
factors through an algebraic group morphism H — Hyax(R). The torus Hpax(R)
is explicitly described in [24, Theorem 5.5] on the basis of the sequence yi,...,yn
from Theorem 3.6.

EXAMPLE 3.9. In the case of R = Oy(M,, »(K)) (Example 3.4), Hmax(R) can
be computed from [24, Theorem 5.5]. It can be expressed as follows:

Hmax(R) = {1/) € (K*)mn | w(r—l)n-ﬁ—c = ¢f1¢c¢(r—1)n+1 Vr € [27m]7 cE [2771}}
This torus is related to the torus H = (K*)™" of Example 3.4 via a surjective
morphism of algebraic groups 7 : H — Humax(R), given by

ﬂ-(f)(r—l)n-&-c = grf;ica Vr e [17m]7 ce [1777’]7
and 7 transports the H-action on R to the Hpax(R)-action.

The next result provides a constructive method for finding the sequence of
prime elements y1, ..., yn for a given CGL extension R. Note that the elements y;,
are not a priori assumed to be prime, only normal.

ProrOSITION 3.10. Let R be a CGL extension of length N. Assume that
YooYy and ... cy are two sequences of elements of R such that

(i) y1,...,yn are homogeneous normal elements of R, ..., Ry, respectively.
(ii) ¢}, € Rg—1, Vk € [1, N].
(iii) For every k € [1,N], either y; = x) — ¢}, or there exists j € [1,k — 1] such
that y, = yjxr — C),.
(iv) If p(k) = —oo, then the first equality in (iil) holds.
Then yy, ...,y is precisely the sequence of homogeneous prime elements from
Theorem 3.6, and the function p satisfies p(k) := j if the second equality in (iii)
holds and p(k) := —oco otherwise.

PROOF. The given assumptions imply that ¢j € K and gy} = 21 — ¢}. Since ¢/}
is homogeneous, we must have ¢} = z1 = y3.

Now let k € [2, N]. We will prove that, if y; = y;, Vi € [1,k — 1], then y;, = ys.
This implies the first statement of the proposition by induction. By Proposition
3.1 and Theorem 3.6,

v = [T 1i € (1K, 5() > k)

my

for some ¢ € K* and m; € Z>, where the factors y;** are taken in ascending order
with respect to i. Comparing the coefficients of x; and using the form of y; from
Theorem 3.6, we obtain that mj; = 1. One of the following two situations holds:
(a) m; =0, Vi€ [1,k— 1] with s(i) > k.
(b) my, > 0 for some iy € [1,k — 1] with s(ig) > k.
First we rule out (b). The xzj-coefficient of yj, is either 1 or y}, hence either a
unit or a prime element, by induction. If (b) holds, then y; = z; and

Ui = Yo Tk,
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which contradicts the condition (iv) because y; = xy only occurs when p(k) = —oo.
In the situation (a), we have y;, = {yi. So, either
T — ), = Exg, Or
Yixk — ¢, = EWpk)Th — Ck)-
In the first case, we have £ =1, ¢, = 0 and y), = yx. In the second case, using the

fact that y; = y;, Vi € [1,k — 1], we obtain £ = 1, j = p(k), ¢}, = ¢ and ¥}, = yx.
This argument also proves the second statement of the proposition. [

Although this will not be used later, we also note that the conclusion of the
proposition implies

c/ _ Ck, if p(k) # —00
F 0, if p(k)= —o0c.

The following fact from [24] will be extensively used in the paper to construct
quantum clusters.

PROPOSITION 3.11. [24, Eq. (4.17) and Theorem 4.6] For each CGL extension
R, the elements yi, of Theorem 3.6 quasi-commute: there are scalars qr; € K*,
given in (3.23) below, such that
(3.9) YkYj = QkjYiYe, Vi k € [1, N].

The quantum torus Tq embeds in Fract(R) via the K-algebra homomorphism ¢ :
Tq < Fract(R) given by ©(Y;) = y;, Vi € [1,N], and this embedding gives rise to
inclusions

¢(Aq) € R C ¢(Tq) C Fract(R),
recall (2.4).

3.3. Symmetric CGL extensions

The CGL extensions for which we will establish quantum cluster algebra struc-
tures are those with suitably many different CGL extension presentations, in which
the variables z1,...,zy are permuted in various ways. A symmetry condition,
which we introduce now, is sufficient to guarantee this.

Given an iterated Ore extension R as in (3.1), for j, k € [1, N] denote by R[;
the unital subalgebra of R generated by {z; | j <i < k}. So, Ry, =Kif j £ k.

DEFINITION 3.12. We call a CGL extension R of length N as in Definition 3.3
symmetric if the following two conditions hold:

(i) Forall 1< j< k<N,

k() € Rijia k—-1)-

(ii) For all j € [1, N], there exists h} € H such that
;- xe = Ao = Mrak, Yk € [j+1,N]

and h} - x; = Ajz; for some A} € K* which is not a root of unity.
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For such an algebra R, set
o; = (h}-) € Aut(R), Vje[l,N —1].
Then for all j € [1, N —1], the inner o-derivation on R given by a — z;a— 07 (a)z;
restricts to a oj-derivation 67 of Rjjyq ny. It is given by
5;($k) =TT — )\jkl'kl’j = 7)\jk5k(1'j)a Vk € [j + ].,N]
Forall 1 <j <k <N, oy and oy preserve R[; ;1) and o and d7 preserve R[j 1 -
This gives rise to the skew polynomial extensions

(3.10) R[j,k] = R[j,kfl] [:L‘k; Ok, (Sk] and R[j,k] = R[jJrLk] [xj; ol 5*]

329
In particular, it follows that R has a skew polynomial presentation with the variables
x) in descending order:
R=Klzn]lzn-1;50N_1,0x 1] [z1507,07].

This is the reason for the name “symmetric”.

ExAMPLE 3.13. For example, the CGL extension Oy (M,, ,,(K)) of Example 3.4
is symmetric. It is clear that condition (i) of Definition 3.12 holds in this example.
Condition (ii) can be verified for the elements

etnge = (L1, 1,0 1,7 1L 1) €A,

where the entries ¢ and ¢! reside in positions r and m + ¢, respectively. Then

;- xj = ¢*x; for all j, and so all A} = ¢* here.

Denote the following subset of the symmetric group Sy:

(3.11) Exy:={re€ Sy |7(k)=max7([l,k—1])+1 or
7(k) =min 7([1,k —1]) — 1, Vk € [2,N]}.

In other words, Zy consists of those 7 € Sy such that 7([1, k]) is an interval for
all k € [2, N]. For each 7 € Zy, we have the iterated Ore extension presentation

(3.12) R =Kz )l[272); 07 (2), 07 (2] [T (v)3 7 (3y5 07 ()]s

where o7, = orx) and 67, = O if T(k) = max7([1,k —1]) + 1, while
0 k) =05y and &y =07y if (k) = min 7([1,k - 1]) — 1.

PROPOSITION 3.14. [24, Remark 6.5] For every symmetric CGL extension R
and T € Ey, the iterated Ore extension presentation (3.12) of R is a CGL exten-
sion presentation for the same choice of K-torus H, and the associated elements
h’T’(l),...,h’T'(N) € H required by Definition 3.3(iv) are given by h'T’(k) = hray if
7(k) =max7([L,k —1]) + 1 and hi ) = h7 ) if 7(k) = min 7([1,k - 1]) — 1.

Theorem 3.8 implies that the rank of a symmetric CGL extension does not
depend on the choice of CGL extension presentation (3.12).

When describing permutations 7 € Sy as functions, we will use the one-line
notation,

1 2 ... N
(1) T2 e T(N)

A special role is played by the longest element of Sy,
(3.14) we :=[N,N—1,...,1].

(3.13) T=[r(1),7(2),...,7(N)] :=
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The corresponding CGL extension presentation from Proposition 3.14 is symmetric,
while the ones for the other elements of =5 do not possess this property in general.

3.4. Further CGL details

In order to work closely with CGL extensions, we need some further notation
and relations, which we give in this section. Throughout, R is a CGL extension as
in (3.1); the elements yg, k € [1, N] and the functions p and s are as in Theorem
3.6.

As is easily checked (e.g., see the proof of [33, Lemma 2.6]),

(3.15) (h)0k = Xa (R)Ok(h+), Vh € H, k €[2,N].
We will use the following convention:

All products H y;nJ with P C[1,N] and m; € Z>( are taken
(3.16) jepP
with the terms in increasing order with respect to j.

Set also
(3.17) Yoo = L.

Define the order functions O : [1, N] = Zx>¢ by
O4 (k) := max{m € Zx¢ | s"' (k) # 400}
O_(k) := max{m € Z>o | p" (k) # —o0},
where as usual p° = s° = id. For k € [1, N], define

O_(k)
(319) Ek = Z epm(k) S ZN

m=0

(3.18)

The algebra R has the K-basis
{af=a™ 2V | f = (ma,...,mn)T € Zgo .

Denote by < the reverse lexicographic order on ZJZVO:

(m},...,m\)T < (mq,...,my)T iff 3j € [1, N] such that
mj <mj and my =my, Yk € [j + 1, N].
We say that b € R\ {0} has leading term £x7 where € € K* and f € Zgo if
b= ¢zl + Z I
g€z, g=f

for some £, € K. Set 1t(b) := &zf. Then

(3.20) lt(ala) = <H )\Z;km;>xf+f',

k>j
Vf=(my,....mn)T, f=ml,....my)T e Zgo.
We have [24, Eq. (4.13)]
(3.21) lt(yx) = 2, Vk € [1,N],
of. (3.19).
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For k,j € [1, N], set

O0_(@J)
(322) Qpj 1= Q)\(ek,éj) = H Ak7pm(j) e K*
m=0
O_ (k) O_(j) O (k)
(323) Qkj = Q)\ 6k,6] H H /\ (k),pt(§) = H Qpm (L), j S K*7
m=0 [=0 m=0

recall (2.1) and (3.19). Since A = (\g;) is a multiplicatively skew-symmetric
matrix, so is q := (qx;) € Mn(K*). In addition to (3.9), we have [24, Corollary
4.8; p. 21; Proposition 4.7(b)]

(3.24) YiZp = oz];jlackyj7 Vj,k € [1, N] such that s(j) >k

(3.25) ok(yj) = anjy;, for1 <j<k <N

(3.26)  Ok(Up(k)) = Up(k) (Ae — L)cx #0, Vk € [2, N] such that p(k) # —oo.
Set also, for k € [1, N],

(3.27) Ok —co = Qk,—o0 := L.
For k € [0, N], denote
(3.28) P(k) :={j € [LK] [ s(j) > k}.

Then {y; | j € P(k)} is a list of the homogeneous prime elements of Ry up to
scalar multiples, and |P(N)| = rk(R) (3.8).






CHAPTER 4

One-step mutations in CGL extensions

In this chapter we obtain a very general way of constructing mutations of
toric frames in CGL extensions. The key idea is that, if an algebra R has two
different CGL extension presentations obtained by reversing the order in which
two adjacent variables xy and x4 are adjoined, then the corresponding sequences
of prime elements from Theorem 3.6 are obtained by a type of mutation formula.
This is realized in Section 4.1. In Section 4.2-4.4 we construct toric frames from
Theorem 3.6 and treat their mutations. One problem arises along the way: In the
analog of the mutation formula (2.25) for the current situation, the last term has
a nonzero coefficient which does not equal one in general. For a one-step mutation
such a coefficient can be always made 1 after rescaling, but for the purposes of
constructing quantum cluster algebras one needs to be able to synchronize those
rescalings to obtain a chain of mutations. This delicate issue is resolved in the next
two chapters.

We investigate a CGL extension

(4.1) R :=K[z1][w2; 02,02 - - - [k Ok, Ok) [Tkt 15 Okg1, Ong1] - - [Tn; O, ON]

of length N as in Definition 3.3 such that, for some k € [1, N — 1], R has a second
CGL extension presentation of the form

(4.2) R :=Klz][x2;02,02) - [Th—15Ok—15 Oh—1][Tht1; Th» O [Tk Ohp 15 Opp]

(k125 Oky2, Okt2] - - [@N; ON, ON].

4.1. A general mutation formula

LEMMA 4.1. Assume that R is a CGL extension as in (4.1), and that R has
a second CGL extension presentation of the form (4.2). Then dx11 and 6., map
Ry to itself, and
Ok = Okt1lRi 0k = Okt1l Ry

(4.3) , B , B
O'k+1‘Rk71 =0k 5k+1|Rk—1 = O

Moreover, 6xy1(xk) € K and
(4.4) Trop1 (Tht1) = Mok 41Th41 g1 (Tht1) = =N gt 10041 (28).

PrOOF. Note first that Rj;_; is stable under o1 and U;H. For a € Ry_1, we
have zy1a = 0},(a)zk 41+ 6}, (a) with o) (a), 8}, (a) € Ri_1. Comparing this relation
with zx11a = og41(a)zr11+0k+1(a), and using the fact that 1, 241 are left linearly
independent over Ry, we conclude that o}, (a) = ok41(a) and ), (a) = dx+1(a). Thus,
Ry_1 is stable under dx11, and the first line of (4.3) holds. By symmetry (since
we may view (4.2) as the initial CGL extension presentation of R and (4.1) as the
second one), Ry_; is stable under d;_ ;, and the second line of (4.3) holds.

39
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Now zprpi1 = )\;CJFkakJ'_lxk + 04 11(Zr41), and so we have

/ / !
)\k,k+193k$k+1 - )\k,k+15k+1($k+1) = Tp1%k = M1,k ThTha1 + Opt1(T),

with 6;_,(7k41) € R, = @zo Rk—1$§c+1 and Op41(zk) € Ry = 69?;0 Rk_lzzzfc.
Moreover,

(4.5)  Rgy1 is a free left Rjy_i-module with basis {xi’ﬂx?_ﬁ | Iy lkt1 € Z>o}-

Hence, we conclude that )\§€7k+1 = A1,k and

Nk 10k 1 (Trs1) = Opy1(zr) €K,

from which (4.4) follows. O

THEOREM 4.2. Assume that R is a CGL extension of length N and rank rk(R)
as in (4.1), and k € [1, N—1]. Denote byyi,...,yn andn: [1, N] = Z the sequence
and function from Theorem 3.6. Assume that R has a second CGL extension pre-
sentation of the form (4.2), and let yi, ...,y be the corresponding sequence from
Theorem 3.6.

(a) If n(k) # n(k+1), then y; =y; for j # k,k+1 and y;, = yri1, Y11 = Y-

(b) If n(k) =n(k +1), then

YkYk — Qp(k)Yp (k) Yk+1

is a homogeneous normal element of Ry_1, recall (3.17), (3.22), (3.27). It normal-
izes the elements of Rx—1 in exactly the same way as Yy Yr+1- Furthermore,

(4.6) o Xkrwys, if 5 =5(k+1) for some | € Zxg
) Yi Yj, if 5 <k, orj>k+1andj+# s'(k+1)Vl € Zso.

In both cases (a) and (b), the function n' : [1,N] — Z from Theorem 3.6
associated to the second presentation can be chosen to be ' = n(k,k + 1), where
the last term denotes a transposition in Sn. In particular, the ranges of n and 0’
coincide and the rank of R is the same for both CGL extension presentations.

PROOF. Let R’ be the j-th algebra in the chain (4.2) for j € [0, N]. Obviously
R, = Rj for j # k,k+1 and y; = y; for j <k —1, and we may choose 7' (j) = n(j)
for j < k—1. Since Ry is a free left Ry_;-module with basis (4.5), and Ry, and R,
equal the Rj_i-submodules with bases {xfj | Iy € Z>o} and {xﬁc’jll | lk+1 € Z>o}
respectively, we have

(47) Ry N R;C = Ry_1.

In particular, y;, ¢ Ry.

Denote by L the number of homogeneous prime elements of Rj;1 up to taking
associates that do not belong to Ry_1.

(a) The condition n(k) # n(k + 1) implies L = 2 and thus 7'(k) # n'(k + 1).
Moreover, y; and y;_, should be scalar multiples of either yz and yry1 or yxi1
and yy. Since y; ¢ Ry, we must have y; = {pp1yr1 and y;, = &ryp for some
&k, €xk+1 € K*. Invoking Theorem 3.6 and looking at leading terms gives &, =
&k+1 = 1 and allows us to choose 7' (k) = n(k + 1) and n'(k + 1) = n(k). It follows
from R;- = R; for j > k + 1 that y; = y; for such j, and that we can choose
7' (4) = n(y) for all j > k + 1. With these choices, ' = n(k, k + 1).
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(b) In this case, L = 1 and y; ., should be a scalar multiple of y;1. Further-
more, 1’ (k) and 7’ (k+1) must agree, and they need to equal n’(p(k)) if p(k) # —oo,
so we can choose '(k) = n/'(k+ 1) = n(k) = n(k + 1). By Theorem 3.6,
= {yp(k):vk — ci, if p(k) # —o0

. Yk4+1 = YkTr4+1 — Ck41
Tk, if p(k

(4.8) )=
{yp(k)xk+1 — ¢, if p(k) # —
) =

/o / o /
Y = Yr+1 = Yk — Cp41

mk+17 lf p(

for some ¢, ¢}, € Rg—1, cy+1 € Ry, and C;c+1 € R).. Write the above elements in
terms of the basis (4.5). The coefficients of xxxy 41 in ypy1 and y ., are y,) and
Ak+1,kYp(k), Tecall (3.17). Since y;¢+1 is a scalar multiple of yj1, we thus see that

(4.9) Yir1 = Mot 1,k Ykt1-

Eq. (4.6) and the fact that we may choose n'(j) = n(j) for j > k + 1 now follow
easily from Theorem 3.6. In particular, ' = n = n(k,k + 1).
Next, we verify that

(4.10) YkYi — Qkp(k)Yp(k)Yk+1 € Ri—1.

y (3.26), cxy1 is a nonzero scalar multiple of dx11(yx). If p(k) = —oo, then
Yk = Tk, and so cxy1 € K* by Lemma 4.1. From (4.8) and (3.17), (3.27), we then
obtain
(4.11) YkYk — Qhp(k)Yp(k)Yk+1 = ThTht1 — (ThTp41 — Crog1) = Chp1 € K.

This verifies (4.10) (and also shows that yry; — Qrpk)Yp(k)Yr+1 i @ homogeneous
normal element of Rj_1) in the present case.

Now assume that p(k) # —oo. Invoking (3.9) and the observation that g,y =
Qpp(ky, We have yrypk) = Orp(k)Yp(k)Yk- First, we obtain

(4.12) YUk — Qp(k) Yp(k)Yk-+1 = Yk (Up(k) Tht1 — ) — Qhp(k)Yp(k) (YkTh41 — Cht1)
. = —yrcy + Qkp(k)Yp(k)Ch+1 € .

Using (4.9) together with the fact that o}, (y;) = a1, x¥; (3.25) and the obser-
vation that O‘;c+1,k = Al?il,kakp(k)v we obtain
YrYi — Qkp(k)Yp(k)Yk+1 = yp(k)(a;c—i-l,k:y;c‘rk + 6;c+1(y;c)) — kY
- akp(k)yp(k))‘l;llﬁk(y;cxk — Chy1)
= Yp(k) o1 (k) = kY + Qhp() M1 4 Yp(k) 1 € Rie:

This equation, combined with (4.12) and (4.7), yields (4.10).

We now use (4.12) to verify that yry;, — arp(r)Yp(k)¥r+1 is homogeneous. Note
first that yrc;, and yur)ce1 are homogeneous. By (3.26), ¢}, and ¢y are scalar
multiples of 6, (ypk)) = Ok+1(Ypr)) and Opy1(yw), respectively. Hence, it follows
from (3.15) that

X(H)'deg(ykcgc) = Xyr T Xapt1 + Xypey = X(H)'deg(yp(k)ck+1)'

Thus, —yrcy, + Qpp(k)Yp(k)Ch+1 is homogeneous, as desired.
Finally, whether p(k) = —oo or not, it follows from (3.24) that

(ryr)s = Bizi(urye)  and  (YpayYr+1)Z5 = V2 (YpyYr+1)s Vi € [1,k —1],
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where
O_(k) O_(k)

-1
B = ()l = </\j,k+1 IT N 11 Aij(k))
=1 m=0

-1

= (0pm)k+1) = Vs

and 50 (YrYy — Ckp(k) Yp(k) Yk-+1) L5 = V55 (YrUk — Ckp(k) Yp(k)Yk+1) - This shows that
YY) — Qkp(k)Yp(k)Yk+1 1S @ normal element of Ry_; which normalizes the elements
of Ri_1 in exactly the same way as y,x)yx+1, and completes the proof of the
theorem. [l

Our next result turns the conclusion of Theorem 4.2 (b) into a cluster mutation
statement.

THEOREM 4.3. In the setting of Theorem 4.2 (b), there exist a collection of
nonnegative integers {m; | i € P(k — 1), i # p(k)} and k € K* such that

(4.13) Y =Yp " (akp(k:)yp(k)ykJrl +kK H y;ni)’
i€ P(k—1), i#p(k)

in the conventions from (3.16) and (3.17), recall also (3.22). If p(k) = —oco, then
all m; = 0.

PrOOF. By Theorem 4.2 (b), Yx¥}, — Qip(k)Yp(k)Yk+1 i @ homogeneous normal
element of R;_;. Applying Proposition 3.1 and Theorem 3.6 we obtain

YUk — Chp(k)Yp(k) k41 = K H v
ieP(k—1)

for some k € K and a collection of nonnegative integers {m; | i € P(k —1)}. Recall
from (4.11) that if p(k) = —oo, then yry; — Qup)Yp(k)Yr+1 is a nonzero scalar.
Hence, m; = 0 for all ¢ € P(k — 1) in this case. We need to prove that x # 0, and
that my,) = 0 if p(k) # —oo.

Suppose that x = 0. Then

YkYk — Qp(k)Yp (k) Yk+1 = 0

which is a contradiction since yyy1 is a prime element of Ry1 which does not divide
either y, or y;.

Now suppose that p(k) # —oo and mp) # 0. Then y,) is a prime element
of Ri_1 and

YkYk — Okp(k) Yp(k) Yk+1 € Yp(k) Rie—1-
Hence,
YkYr € Yp(k) Ri41-

Furthermore, by Theorem 3.6, yx = ypx)r — ¢ and yj, = yp(k)Trt1 — ¢}, for some

Ck, ¢, € Ryi_1 such that Yp(k) does not divide ¢ or ¢).. Taking into account the
normality of y,x) in Rx_1 gives

ClCle = YkYk — Yp() TkYk + CkYp(k) Tht1 € Yp(k) Rit1 N Rie—1 = Yp() Ri—1-

This contradicts the fact that y,) is a prime element of Ry_; which does not
divide ¢, or ¢} O
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4.2. A base change and normalization of the elements y;
from Theorem 3.6

If R is a K-algebra with a rational action of a torus (K*)" by algebra automor-
phisms and F/K is a field extension, then there is a canonical rational action of
(F*)" on R ®k F by F-algebra automorphisms. This easily implies the validity of
the following lemma.

LEMMA 4.4. Assume that R is a CGL extension as in (4.1) with an action of
the torus H = (K*)", and F/K is a field extension. Then, as F-algebras,
Rex F = Flzi][zy; 03,05 [tn; o), 0)]

where o} and 6y are the automorphisms and skew derivations obtained from the
ones in (3.1) by base change. Furthermore, R @k F is a CGL extension with the
canonical induced rational action of (F*)" and the same choice of elements hy.

REMARK 4.5. After a field extension, every (symmetric) CGL extension R as
in Definitions 3.3 and 3.12 can be brought to one that satisfies /A;; € K for all
l,j € [1,N] by applying Lemma 4.4 with

F:=K[\/\; |1<j<l<N]

Let R be a CGL extension as in (4.1) that satisfies \/A\;; € Kforall,5 € [1, N].
Fix

(4.14) v; €K for 1 <j <1< N such that ufj = Ajj.
Set
(4.15) vy:=1 for [ €[1l,N] and vy := l/l;1 for 1<j<I<N.

Then v := (1;) € My(K*) is a multiplicatively skew-symmetric matrix and v'? =
A
Analogously to (3.23), for I,j € [1, N] set
O-() 0-(3)

(4.16) rj = 0%Ene) = [ T wrweo €K

m=0 n=0
recall (3.19). The matrix r = (r;;) € My (K*) is multiplicatively skew-symmetric,
2 =q, and
(417) Q,(el,ej) = Qu(él,éj), Vi, j € [1,N].
We normalize the elements y; from Theorem 3.6 by
= I vdgee)w Yielnl
0<n<m<O_(j)
The meaning of this normalization is as follows. The generators x; of R skew
commute up to lower terms of R in the partial order from Section 3.4:
iz — Njz;a; € Span{z? | g € ZJZVO, g<e +e;}.

Ignoring these lower order terms, the above normalization is precisely the normal-
ization from (2.6) applied to the leading term z% of y; (cf. (3.21)), thought of
as an element of the abstract based quantum torus for the multiplicatively skew-
symmetric matrix v (recall Section 2.2); that is

(4.18) U; = Su(€)y;, Vi €[l N
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Proposition 3.11 immediately implies:

PrOPOSITION 4.6. Consider a CGL extension presentation of an algebra R as
in (3.1) for which \/A;; € K for all l,j € [1,N], and define the matrices v,r €
My (K*) by (4.14), (4.15), and (4.16). There exists a unique toric frame M :
ZN — Fract(R) having matriz v and such that M (e;) =7;, Vj € [L, N].

ExAMPLE 4.7. In the case of R = O,(M, »(K)), the scalars A;; for [ > j
are either 1 or ¢!, so the only square root needed in K is V4. (We fix a choice
of this scalar.) However, /g does not appear in the normalizations y,- In fact,
Vps(j)pt () = 1 for 0 <t < s < O_(j) (recall the choice of 1 from Example 3.7 and
the description of the Az in (3.3)), and so in this example, 3; = y; for all j € [1, N].

4.3. Almost cluster mutations between CGL extension presentations

Let R be a K-algebra with a CGL extension presentation as in (4.1). We will
assume that the torus H acting on R is the universal maximal torus from Theorem
3.8. It is easy to see that in this setting, the assumption that (4.2) is a second CGL
extension presentation of R is equivalent to the following condition:

(1) 5k+1(xj) € Rp_1,Vj € [1, k] and E|h;€+1 € H such that h;6+1 T = /\;C+1.’,Ek
for some A}, € K* which is not a root of unity, and hy, - 2; = Agjz;j,
Vie[l,k—1U{k+1}.

The rest of the data for the second CGL extension presentation of R (K-torus H’,
scalars A}, € K*, and elements hj, € ') is given by Lemma 4.1 and the following:

(ii) The torus H’' acting on the second CGL extension presentation can be
taken as the original universal maximal torus H from Theorem 3.8. The
corresponding elements h; € H are given by (i) for j = k+1 and h; = h;

for j # k+ 1.
(iil) o341 = (hyyy)|ry, where R} is the unital K-subalgebra of R generated
by z1,...,zr—1, and Tg11.

(iv) ALy = Ak 1)@, (k1)) for 1 € [1, N,

Here and below, (k,k+ 1) denotes a transposition in the symmetric group Sy,
and Sy is embedded in GLy(Z) via permutation matrices.

Assume that the condition (i) is satisfied and the base field K contains all
square roots \/E for j,1 € [1,N], recall Remark 4.5. Fix v; € K* for 1 < j <
Il < N such that Vl2j = A;; and define a multiplicatively skew-symmetric matrix
v = (v;) € Mn(K*) by (4.15). Let v’ := (vj;) € Mn(K*) be the multiplicatively
skew-symmetric matrix

(4.19) v = (k,k+ vk k+1) € My(K*).

By property (iv), (v;)* = Aj;, V1,4 € [1, N]. Denote by r’ := (r};) € My(K*) the
matrix obtained from v’ by (4.16), where p is replaced by the predecessor function
for ' =n(k,k+1).

Proposition 4.6 implies that ((¥y,...,Yx),r) and ((7,...,Yy),r’) define two
toric frames M, M’ : ZN — Fract(R). Their matrices equal r and r’, respectively,
and M(e;) = y;, M'(ej) = 7}, Vj € [I,N]. The next theorem describes the
relationship between these two toric frames on the basis of Theorem 4.3. Let
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ES € My(Z) be the matrix with entries

o -1, ifi=4=k
(E+)lj = e _
1, ifj=k, andl=p(k)ork+1,
0, ifj=k, andl#p(k), k, or k+1,
of. (2.18).
For the following theorems, we adopt the convention that
(4.20) €oo = C_oo := 0.

THEOREM 4.8. Assume the setting of Theorem 4.2 and that \/E € K for all
J,l €[1,N].

(a) If n(k) # n(k+1), then v’ = (k,k+ 1)r(k,k+1) and §j = Yy, 41, for all
je€1,N], ie, M'=M(k,k+1).

(b) If (k) = n(k + 1), then M'(e;) =7, = 7; = M(ey), ¥j # k and

(4.21) M'(ex) =T = M(—ex + eppry + €xp1) + gM( —ep+ > miei)
ieP(k—1), i#p(k)

for the collection of nonnegative integers {m; | i € P(k — 1), i # p(k)} from
Theorem 4.3 and some ( € K*. Furthermore,
(4.22) = FVRESL

PROOF. Part (a) of the theorem and the equality 3 = 7;, Vj # k in (b) follow
from Theorem 4.2, once one verifies that

S (E) . )\k7k+18y(€j), if j= Sl(/{j + 1) for some [ € Zzo
T 8,(5), if j<k orj>k+1landj#s(k+1)VeZso.

Next we verify (4.21). From (3.9) and the observation that g = Qupr), We
have
Clp() Uiy Yp(0) Vb1 = Yp(t) Vi Yh+1-
In view of (4.18), (2.6), and (2.7), Theorem 4.3 implies that (4.21) is equivalent to
the identity

Tp(k)’k’l“hk_;,_ﬂ‘;(}e)’k_i_lsu(ép(k))su(ék)—lgl,(E;H_l) =8, (ex) =
[Twit i =p2-® k), ....p(k), k + 15 i < j},
where 7_o, ; :=1 and €_ := 0. This identity follows from (4.16).

To show (4.22), first note that Eq. (4.17) (applied to the presentation (4.2))
implies Q- (er,e5) = Q ((k, k + 1)e;, (k, k+ 1)e;) for all [, j € [1, N] (recall (4.19)),
whence

Qv (e, e5) = N(Ere5), Vi,j#k,
Qp (ek, ej) = Qu(ép(k) -+ €k+1,§j), V] 7& k.
Since €p(k) + €kt1 — €k = Ep(k) T+ €rt1, taking into account (4.17) applied to the
presentation (4.1), we obtain
Qi (e, 65) = Qe €5), VI, j#Kk,
Qp (ek7 €j) = Qr(ep(k) + €k+1 — ek, ej), Vj 7& k.
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These two equalities are equivalent to (4.22). O

4.4. Scalars associated to mutation of prime elements

Next, we derive formulas for certain scalars which play the role of the entries of
the matrix t from Section 2.3 for the quantum seeds which we construct in Chapter
8. Assume that there exist square roots v;; = \/E eKfor1<j<I<N.

In the next theorem and Chapters 6 and 8, we will consider the following mild
condition:

The subgroup of K* generated by {1;; | 1 <j <I< N}

contains no elements of order 2.

(4.23)

(This condition automatically holds if char K = 2; otherwise, it just means that the
given subgroup of K* does not contain —1.) For all torsionfree CGL extensions R,
cf. Section 3.2, one can always choose the v;; in such a way that (4.23) is satisfied;
in fact, it suffices to assume that there are no elements of order 2 in the subgroup
of K* generated by {\;; | 1 < j <1 < N}. Condition (4.23) implies that the
bicharacter €, : ZV x ZVN — K* associated to the multiplicatively skew-symmetric
matrix v does not take the value —1 if char K # 2.

Recall from Section 3.2 that for an H-eigenvector u € R, x, € X(H) denotes
its eigenvalue.

THEOREM 4.9. Assume the setting of Theorem 4.3 and that there exists vj; =
VA €K for1 <5 <I<N. Then

2
(420) e teni— > miene) =1 Vi#k
i€ P(k=1), i#p(k)
and
2
O (ep(k) + kg1 — > mie;, 6k> = Xapsr (ay1) ™!

(4.25) i€P(k=1), i#p(k)

= sz( ;H—l)

for the collection of nonnegative integers {m; | i € P(k — 1), i # p(k)} from Theo-
rems 4.3 and 4.8 (b). (Recall also condition (i) in Section 4.3.)
If in addition (4.23) is satisfied, then

(4.26) Q. (ep(k) + ept1 — Z m;e;, ej) =1, Vj#k.
ieP(k—1), i#p(k)
PROOF. Denote for brevity the elements
g:= Z m;e; and §:= Z m;€;
ieP(k—1), i#p(k) i€ P(k—1), i#p(k)

in Z". Using the fact that Y;, J # k belongs to the images of both toric frames M
and M’', we obtain

Y, = (M( ek + ep(r) + env1) + CM(—ex + 9))7;
U (Qe(—er + epry + €rs1, ;) M(—ex + epr) + €rt1)
+ CQr(_ek + 9, ej)QM(_ek + g))»

gkjyjyk ﬂ
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for some &; € K*. Hence,
Qe(—er +epm) + ek+1,ej)2 = (—er+9, ej)z7 Vi # k,
which implies (4.24) and (4.26). Applying (4.24) for j = k + 1 and (4.17) leads to
Qr(ep) + ert1 — gren)® = Qe(epny + ent1 — g, €x)*e(ep) + €rt1 — g, 1) >
= Q0 (Epr) + i1 — 9, €k)° U (Epr) + Ert1 — o Chy1)
= (Ep(k) + Cht1 — Jr €k41) >
= Q0 (Ep) +k — Jrert1) 2
Since 7, is an H-eigenvector, it follows from (4.21) that XM (epy+erii—g) = L. Using
that XM (epy+ensi—g) = XM(epny+ex—g) T Xawprr W obtain
D (Epr) + e — 7, ert1) 2= XM (e +ex—g) (Pt 1)
= XM (epny+ersi—g) Prt1) Xapn (har1) !
= Xanss (i) 7,

which proves the first equality in (4.25).

It follows from (4.24) that M (e, +exq1—g) commutes with M (g), and hence
also with M (epx) + €xt1). By Theorem 4.8 (b), 7,7}, is a linear combination of
M (ep(ky + ex+1) and M(g), so M(e,u) + exp1 — g) also commutes with 7, 7;. By
the first equality in (4.25),

M(epr) + et1 = 9)Tn = Xans (M) T M (epry + err1 — 9).
Interchanging the roles of z; and xyy; and using the symmetric nature of the
assumption of Theorem 4.2 (b) shows that

M (ep(ry + ers1 = 9Tk = Xar (W) ™ TeM (epgr) + err1 — 9)-

In view of Theorem 4.8 (b), the element M'(ey) + ex1 — g) is a scalar multiple
of M(epry + ex+1 — g), so we conclude that
M(epy + exs1 = 9Tk = Xar (hie1) ™ TeM (epr) + €xs1 — 9)-

Therefore, Xa;,, (Ak+1)Xay (h)y1) = 1, which proves the second equality in (4.24).
O






CHAPTER 5

Homogeneous prime elements for subalgebras of
symmetric CGL extensions

Each symmetric CGL extension R of length N has many different CGL ex-
tension presentations given by (3.12). They are parametrized by the elements of
the subset Zx of Sy, cf. (3.11). In order to phrase Theorem 4.8 into a mutation
statement between toric frames for Fract(R) associated to the elements of =y and
to make the scalars ¢ from Theorem 4.8 equal to one, we need a good picture of the
sequences of homogeneous prime elements y1,...,yxy from Theorem 3.6 associated
to each presentation (3.12). This is obtained in Theorem 5.3. Theorem 5.1 contains
a description of the homogeneous prime elements that enter into this result. Those
prime elements (up to rescaling) comprise the cluster variables that will be used
in Chapter 8 to construct quantum cluster algebra structures on symmetric CGL
extensions. Along the way, we explicitly describe the elements of Eyx and prove an
invariance property of the scalars A\; and A} from Definitions 3.3 and 3.12. Theorem
5.13, which appears at the end of the chapter, contains a key result used in the next
chapter to normalize the generators x; of symmetric CGL extensions so that all
scalars ¢ in Theorem 4.8 become equal to one.

Throughout the chapter, n will denote a function [1, N] — Z satisfying the
conditions of Theorem 3.6, with respect to the original CGL extension presentation
(3.1) of R, and p and s will denote the corresponding predecessor and successor
functions. We will repeatedly use the one-line notation (3.13) for permutations.

5.1. The elements y[; sm ;)]

Recall from Section 3.3 that for a symmetric CGL extension R of rank N and
1 <j <k <N, Ry denotes the unital subalgebra of R generated by z;,..., k.
It is an Ore extension of both Ry;,_1) and Rpj1i. All such subalgebras are
(symmetric) CGL extensions and Theorem 3.6 applies to them.

For i € [1, N] and 0 < m < O4(3), recall (3.18) (i.e., s™ (i) € [1, N]), set
(5-1) Cli.am ()] = € F €a(i) + 00+ Campy € LT
The vectors (3.19) are special cases of those:

€L = e[pof(k)(k)k], Vk € [].,N]

We also set ez = 0. The next theorem treats the prime elements that will appear
as cluster variables for symmetric CGL extensions. It will be proved in Section 5.4.

THEOREM 5.1. Assume that R is a symmetric CGL extension of length N, and
i € [1,N] and m € Z>q are such that s™(i) € [1,N], i.e., s™(i) # +oo. Then the
following hold:

49
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(a) All homogeneous prime elements of Rj; ym(;) that do not lie in Rj; gm(iy—1)
are associates of each other.

(b) All homogeneous prime elements of Rj; gm iy that do not lie in R 1 om(s)
are associates of each other. In addition, the set of these homogeneous prime ele-
ments coincides with the set of homogeneous prime elements in part (a).

(¢) The homogeneous prime elements in (a) and (b) have leading terms of the
form

Ex Ol = EmiT ()« o - Tgm (i)
for some € € K*, see §3.4. For each £ € K*, there is a unique homogeneous prime
element of Rj; gm (3] with such a leading term. Denote by yj; sm(s)) the prime element
with leading term T; Ty .. Tem(;y. Let yg := 1.
(d) We have

Yliysm ()] = Ylissm=1(0)]Tsm (i) — Cliysm (i) —1] = Til[s(i),sm (3)] — Clis1,6m ()]

for some c(; gm(iy—1) € Rji sm(i)—1) and Cfi+1,sm(z‘)] € Rip1,sm()]-
(e) For all k € [1,N] such that p(i) < k < s™*1(i), we have

Yli,sm (i) Tk = QA(€[i,sm ()]s €k)TEY[i,sm ()]

The case m = 0 of this theorem is easy to verify. In that case y; = i,
Vi € [1, N].

EXAMPLE 5.2. In the case of R = Oy(My, »(K)), the elements y; ;i (;y of The-
orem 5.1 are solid quantum minors, just as in Example 3.7. More precisely, if
i € [1,N] and | € Z>q with s'(i) # +oo, then i = (r — 1)n + ¢ with r,r +1 € [1,m]
and c,c+1 € [1a TL], and Yli,st (@) = A[7",7”—i-l],[c,c+l]~

The following theorem describes the y-sequences from Theorem 3.6 associated
to the CGL extension presentations (3.12) in terms of the prime elements from
Theorem 5.1. It will be proved in Section 5.4. Recall that for every 7 € = and
k € [1,N], 7([1,k]) is an interval.

THEOREM 5.3. Assume that R is a symmetric CGL extension of length N and
T an element of the subset En of Sy, cf. (3.11). Let y-1,...,Yyrn be the sequence
in R from Theorem 3.6 applied to the CGL extension presentation (3.12) of R
corresponding to 7. Let k € [1, N].

If (k) > 7(1), then y, & is a scalar multiple of Yppm (+(k)),r(k)], where

(5.2) m = max{n € Z>o | p"(7(k)) € 7([1, k]) }.
If (k) < 7(1), then y, & is a scalar multiple of Yir(k),sm (+(k))), where
(5.3) m = max{n € Zx¢ | s"(7(k)) € 7([1,k])}.

In both cases, the predecessor and successor functions are with respect to the original
CGL extension presentation (3.1) of R.

5.2. The elements of =y

In this and the next section, we investigate the elements of the subset =y of
Sn defined in (3.11). Tt follows from (3.11) that every element 7 € Zx has the
property that either 7(N) = 1 or 7(N) = N. This implies the following recursive
description of Zy.
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LEMMA 5.4. For each T € Ey, there exists T € Zn_1 such that either
T(i)=7"(i), Vie[l,N—-1 and 7(N)=N
or
(i) =7(i)+1, Vie[l,N—1] and 7(N)=1.
For all 7' € Zn_1, the above define elements of .
Given k € [1, N] and a sequence k < ji < --- < j; < N, define
(5.4) TGrngn) = (R(E+1) . gr) ... (23...42)(12...41) € Sn,

where in the right hand side we use the standard notation for cycles in Sy. Lemma
5.4 implies by induction the following characterization of the elements of =n. We
leave its proof to the reader.

LEMMA 5.5. The subset En C Sy consists of the elements of the form 7
where k € [I, N] and k < jp <---<j; <N.

Jkye-esJ1)2

The representation of an element of Zx in the form (5.4) is not unique. One
way to visualize 7(;, . ;) is that the sequence 7(1),...,7(NN) is obtained from the
sequence 1,..., N by the following procedure:

(%) The number 1 is pulled to the right to position ji (preserving the order of
the other numbers), then the number 2 is pulled to the right to position jo — 1, ...,
at the end the number k is pulled to the right to position ji, — k + 1.

For example, for k = 2 the following illustrates how 7(;, ;) is obtained from
the identity permutation:

[@7@73a4a"'aj27j2+17"'7j17j1+1,"')N] =
[@73?4a"'aj2aj2+17"'7j17®7j1+17"'7N] =
[374a"'7j2’®’j2+17"'7.j17®7j1+17"'7N]a

where the numbers that are pulled (1 and 2) are circled.

If we perform the above procedure one step at a time, so in each step we only
interchange the positions of two adjacent numbers, then the elements of Sy from all
intermediate steps will belong to Zx. For example, this requires factoring the cycle
(13 2,... ajl) as (le)(lajl - 1) T (17 2) rather than as (17 2)(27 3) T (]1 - 17j1)‘
This implies at once the first part of the next corollary.

COROLLARY 5.6. Let R be a symmetric CGL extension of length N and T € E.
(a) There exists a sequence 19 = id,71,...,7 = T in En such that for all
le[l,n],
7= (n—1(k), ia(kr + 1)1 = 11 (kg by 4 1)
for some ky € [1, N — 1] such that 711 (k;) < 1—1(k; + 1).
(b) If n: [1, N] = Z is a function satisfying the conditions of Theorem 3.6 for
the original CGL presentation of R, then

(5.5) nri=n7:[l,N] > Z

satisfies the conditions of Theorem 3.6 for the n-function of the CGL extension
presentation (3.12) of R corresponding to .
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The above described sequence for the first part of the corollary for the element
T(p,ngi) € Zn has length ji +- -+ jx —k(k+1)/2. The second part of the corollary
follows by recursively applying Theorem 4.2 to the CGL extension presentations
(3.12) for the elements 7;_; and 7;. Corollary 5.6 (b) gives a second proof of the
fact that the rank of a symmetric CGL extension does not depend on the choice of
CGL extension presentation of the form (3.12), see Section 3.3.

COROLLARY 5.7. Assume that R is a symmetric CGL extension of length N
and n: [1,N] = Z is a function satisfying the conditions of Theorem 3.6. Then for
all 1 < j <k <N, the function ny; : [1,k — j+ 1] = Z given by

k) =n(+1-1), V€[l k—j+1]

satisfies the conditions of Theorem 3.6 for the symmetric CGL extension R[; 1.

The meaning of Corollary 5.7 is that the n-function for “interval subalgebras”
of symmetric CGL extensions can be chosen to be the restriction of the original
n-function up to a shift. This fact makes it possible to run induction on the rank
of R in various situations. Corollary 5.7 follows by applying Corollary 5.6 (b) to

r=0,... kj—1,...,1,k+1,... N €=y

and considering the (k — j + 1)-st subalgebra of the corresponding Ore extension,
which equals Ry -

5.3. A subset of Zy

We investigate a subset of =5 which will play an important role in Chapter
8. Write elements 7 of the symmetric group Sy in the form [r(1),7(2),...,7(N)].
Recall (3.14) that w, = [N, N —1,...,1] denotes the longest element of Sy. For
1 <i < j < N, define the following elements of Zy:

(5.6) Tii=[+1...,447+1,...,Ni—1,i—2,...,1] € En.
They satisfy

T =id, TN = Tit1,i41, Vi€ [1,N —1], 7NN = wo.

Denote by I'y the subset of Zx consisting of all 7; ;’s and consider the following
linear ordering on it

(57) I'n Z:{idZTl,l-<...-<T1,N:7'272-<...-<T2,N:T373-<...-<

< T3 N =T44 < ... <TN—2N =TN-1,N—1 < TN—-1,N = TN,N = Wo }.
In the notation of (5.4), the elements of 'y are given by
Tij = T(j,N,...,N), Where N is repeated i — 1 times, V1 <i < j < N.

The sequence of elements (5.7) is nothing but the sequence of the intermediate steps
of the procedure () from Section 5.2 applied to the longest element w, € Sy (in
which case k=N —1and j; =jo=---=jn_1 = N).

Assume that R is a symmetric CGL extension. To each element of I' v, Propo-
sition 3.14 associates a CGL extension presentation of R. Each two consecutive
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presentations are associated to a pair 7; ;,7; ;41 € En for some 1 < i < j < N.
They have the forms

(5.8) R =Klziy1]...[x;;05,0;][xs; 07, 07][xj 150541, 6541] -
[enion, On[wio1; 00 1,00 4] . [w15 07, 67]

and

(5.9) R=Klwiy1]...[2j;05,6;][xj41: 0541, 64][wi 07, 67 ][0 425 0542, 642] - -
[n;oN, ON][Tio1;07_1,07_4] ... [715 07, 67],

respectively. These two presentations satisfy the assumptions of Theorem 4.2. Re-
call from Definitions 3.3 and 3.12 that o = (h;-), of = (k) and hy - z; = Ny,
hi - @ = N with hy, hf € H, A\, Aj € K*. By Corollary 5.6(b), the n-function for
the CGL extension presentation (5.8) can be taken to be n7; ;. In particular, the
values of this function on j+1—4 and j+2 —1 are n(¢) and n(j + 1), respectively. If
n(i) = n(j + 1), then Eq. (4.25) of Theorem 4.9 applied to the presentations (5.8)
and (5.9) implies

(5.10) A1 = Xy (B )X (Rjg1) = 1.

PROPOSITION 5.8. Let R be a symmetric CGL extension of length N and a € Z
be such that |n~'(a)| > 1. Denote

n @) = {Ls(D), ..., s™ (D)}
where 1 € [1, N] and m = O4(l) € Zso. Then

(5.11) N =Xa == Ny = A = Aa = - = Aam gy
ProoOF. It follows from (5.10) that
Nomi(y = Agmaqyy VO <y <mg <m
which is equivalent to the statement of the proposition. ([

5.4. Sequences of homogeneous prime elements

We proceed with the proofs of the two theorems formulated in Section 5.1.

PRrROOF OF THEOREM 5.1. As already noted, the case m = 0 is easily verified.
Assume now that m > 0.
(a) Consider the CGL extension presentation of R associated to

(5:12)  T(em(iy—1,6m(i),....sm (0)) =
i+1,...,8™() = 1,4,8™(),i—1,...,1,s™(i) +1,...,N] € En,

where s™ () is repeated ¢ —1 times. The (s™ (i) —%)-th and (s™ (i) —i+1)-st algebras
in the chain are precisely Rj; ¢m()—1) and Rj; gm(;)). Theorem 3.6 implies that the
homogeneous prime elements of R[; ¢m(;)) that do not belong to Ry; ¢m()—1) are
associates of each other. Denote by z(; ¢m(;y] one such element. Set z5 = 1. (One
can prove part (a) using the simpler presentation of R associated to the permutation

[i,i+1,...,s"(),i—1,...,1,s™(@)+1,...,N] € En
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but the first presentation will also play a role in the proof of part (b).) The equiv-
ariance property of the n-function from Corollary 5.6 (b) and Theorem 3.6 imply
that

(5.13) Ziysm (i) = &ism (2fi,sm =1 (1) Tsm (5) ~ Clissm (i)-1)

for some cp; gm(i)—1) € R[j em(iy—1) and &;;m € K*.
(b) Now consider the CGL extension presentation of R associated to

(514) T(sm(5),...,s™(5)) = [’L +1,..., Sm(i),’i, o1 Sm(l) +1,..., N] € =n,

where s™ (1) is repeated ¢ times. The (s™ (i) —4)-th and (s™ (i) —i+ 1)-st algebras in
the chain are Rj; 1 ¢m(;)) and R ¢m(;y). Theorem 3.6 implies that the homogeneous
prime elements of R[; sm ;) that do not belong to Rj; 41 ¢m () are associates of each
other. They are associates of z|; ym ;). This follows from Theorem 4.2 (b) applied to
the CGL extension presentations of R associated to the elements (5.12) and (5.14).
The fact that these two CGL extension presentations satisfy the assumptions of
Theorem 4.2 (b) follows from the equivariance of the n-function from Corollary 5.6
(b). This equivariance and Theorem 3.6 applied to the presentation for (5.14) also
imply that

(5.15) Z[i,sm(i)] = fg;m(miz[s(i),sm(i)] — Cl[iJrl’sm(i)])

for some Cii+1,sm(i)] € Rjiy1,6m(s)) and &, € K*.

The rest of part (b) and parts (¢)—(d) follow at once by comparing the leading
terms in Egs. (5.13) and (5.15), and the fact that the group of units of an Ore
extension is reduced to scalars.

For part (e), we apply (3.24) in Rimin{k,i},max{k,s™(5)}] With j = s (7). O

PrOOF OF THEOREM 5.3. For k € [0, N], denote by R the k-th algebra in
the chain (3.12). We consider the case when 7(k) > 7(1), leaving the analogous
case 7(k) < 7(1) to the reader. Since 7([1,7]) is an interval for all j < k,

7([1,k]) = [r(2),7(k)] for some i € [1,k].
Therefore RT,k = R[T(i),‘r(k)] and Rr,k—l = R[-r(i),-r(k)—l]- For m € Zzo given by
(5.2) we have
(1) < p"(7(k)) < 7(k).
Theorem 3.6 implies that ypm - (k)),7(x) 15 @ homogeneous prime element of the
algebra Ri;(i),rr)) = Rr k- It does not belong to R; x—1 = Ri7(;),rr)—1) because of
Theorem 5.1 (¢). It follows from Theorem 3.6 that the homogeneous prime elements

of R, that do not belong to R, j_1 are associates of y, . Hence, y,  is a scalar
multiple of Ylp™ (r(k)), (k)] ([l

COROLLARY 5.9. If R is a symmetric CGL extension of length N and i,j €
[1,N], m,n € Z>¢ are such that

i<j<s"(j) <s"(i) <N,
then
Yli,sm @1Y0,5m () = A (Cfism (0], €lsm (D) sm ()Yl ()]

recall (2.1).
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The corollary follows by applying Theorem 5.3 to the CGL extension presen-
tation of R associated to

i=14...,s"0),5—1,...,1,s"(@)+1,...,N| € En

and then using (3.9), (3.23). For this permutation, Theorem 5.3 implies that
Yz sn(j)—j+1 and yrr gm()_i41 are scalar multiples of y; on () and yj; sm(s)), TESPec-
tively.

5.5. An identity for normal elements
For1 <j<I<N, set
(5.16) O (1) = max{m € Zso | p™(I) > j}.
The following fact follows directly from Theorems 3.6 and 5.3.

COROLLARY 5.10. Let R be a symmetric CGL extension of length N and 1 <
j<k<N. Then

{y o7 (@), .\ . ‘ZE [jvkL S(l)>k}
[p (2),1]
is a list of the homogeneous prime elements of Ry;y up to scalar multiples.

Applying Theorems 4.2, 4.3 to the CGL extension presentations (3.12) of a
symmetric CGL extension of length N associated to the elements

Ti sm(i)—1 = [i+1,...,8™@4)—1,4,8™(3),...,N,i—1,...,1] € Exn
and
Ti sm (i) = [i+1,...,8™(@) —1,8™(i),4,8"(@)+1,...,N,i—1,...,1] € En

for ¢ € [1, N] and m € Zs¢ such that s™(i) € [1, N] and using Theorem 5.3 yields
the following result.

COROLLARY 5.11. Assume that R is a symmetric CGL extension of length N,

and i € [1, N] and m € Zsq are such that s™(i) € [1, N]. Then
(5.17) U sm ()] = Yi,sm1 ()] Y]s(i),sm ()] —

Qk(eia Cls(i),s™=1(i)] )y[s(i),sm*1 ()] Y[i,s™ (4))
(5.18) = Yi,sm—1 ()] Y[s(i),s™ ()] —

-1

Qx(esm (i) €s(i),sm=1 (D)) Ylis™ @)]Yls(0),5m =1 ()]

is a nonzero homogeneous normal element of Rj; 11 ¢m(i)—1) which is not a multiple

of Yis(iy,sm—1¢y) o m > 2, recall (2.1). It normalizes the elements of Rjii1 sm(i)—1]
in exactly the same way as Yis(iy,sm—1(i)]Y[i,sm (i)] does. Moreover,

5.19 u’ism i = mki
(5.19) [i,5m(8)] w}gy[po_ﬂ(k)(k)’k]
where 1 € K*,

(5.20) P = Py gmay = {k € [i,s™ ()] \ {i,5(2),...,8™(0)} | s(k) > s™(i)},

and the integers my are those from Theorems 4.3, 4.8. Consequently, the leading
term of uy; ¢m (i) has the form

gmnﬂ.l €if1tFngmy_1€sm ()1

for some & € K* and njq1,...,ngmiy—1 € Zxo such that ny;y = ... = ngm-173 =0
and n; =ny forall i +1 < j <1< s™(i) — 1 with n(j) = n(l).
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The equality (5.18) follows from Corollary 5.9. The scalar in the right hand
side of Eq. (5.17) is the one that cancels out the leading terms of the two products,
cf. Theorem 5.1 (c). The last statement of Corollary 5.11 follows from Egs. (5.19)
and (3.20).

Since yg = 1 and yj; 1 = x;, the m =1 case of the corollary states that
(5.21) Wli,s(0)] = Tis(i) = Yliss(i)] = Cios() 1] = Cit,s(0)]
is a nonzero normal element of Rj; 41 s(;)—1), cf. Theorem 5.1 (d). We set
U[lﬂ] = 1.
EXAMPLE 5.12. In the case of R = Oy(Mn »(K)), Example 3.7 shows how

to express each w; . (;)) as a difference of products of solid quantum minors. In
particular, if i = (r — 1)n + ¢ with s(i) # 400, then r < m, ¢ <n, and

Ul s(4)] = TiTs(i) — YJi,s(i)] = trebr . _Arr c,c
(5.22) [4,5(1)] (i) ~ Yli,s(i) +1,e+1 [r,r+1],[e,c+1]
- qtr,c+1tr+l,c = qTi4+1Ti4n-
More generally, if i = (r — 1)n+ ¢, | € Z>q, and s'(i) # +o0o, then
Ui s ()] = QA r1-1], [+ 1,0 A4 141 [eset 1—1] = QY[i+1,5 1 (i+1)]Yfi+n,s!—1 (i4n]-

This follows from an identity for quantum minors:

A[r,r+l71},[c,c+lfl]A[r+1,r+l],[c+1,c+l] - qA[r,r+lfl],[c+1,c+l]A['r+1,r+l],[c,c+l71]
= A[T,T—H],[c,c—i—l]A[r+1,r+l—1],[c+1,c+l—l]7

forall r € [1,m —1], c € [1,n —1], | € [2,min(m,n)]. This identity can be obtained
from the equation

trctT+l,c+l - qtr,c+lt7'+l,c = A{r,r+l},{c,c+l}

by applying the antipode in a copy of Oy(GL;+1(K)). (See [32, Lemma 4.1] for
how the antipode applies to quantum minors.)

The next result, which is the main result in this section, describes the rela-
tionship between the normal elements in Corollary 5.11. It will play a key role in
normalizing the scalars ¢ in Theorem 4.8.

THEOREM 5.13. Let R be a symmetric CGL extension of length N. For all
i € [1,N] and m € Z~q such that s™*1(i) € [1, N],

(5.23) W6(us (), sm (0) Ul 51 () = Om W6(Ups 5m () ULs (3), 541 (3)))

where 0, = ()\;‘)_19)\(6[52(1-)’5771(1-)], 2e; + 2€S(i))Q)‘(esw1(i), ei)_lQA(es(Z-), ei), recall
Section 3.4 for the definition of leading terms 1t(—).

For m =1, Eq. (5.23) simplifies to
(5.24) 1 (ugi sz ) = (A7) ™ 6 (ups sy s (), 520))-
ProOOF. For a subspace W of a K-vector space V and v1, vy € V', we will write
vy =ve mod W iff vy —wvy € WL
Denote

Won i= ( @ni,maczao @7 Ys(i),sm @) Bli41,0m01 () -1)Z 0 5)) © R amer i)
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By [24, Proposition 4.7(b)] applied to Rq sm+1()],
Osma (i) (Yys(i),sm (@) = Qwlsmir oy €fs(,om @) Asm1 (i) = Defsoy,em 1 )-11,
cf. also Theorem 5.1 (d). Thus,
Yli,sm 1 () Y[s(0),5m ()] = Ylism (@] Tsm+1(0)Y[s(0),m ()] = Yfi,sm (0)]Osm+1.(6) Yls(),5m (i)
= (am1(i)s €[s(0),sm (1)) (Asmt1(6) = DY sm ()]s 0),sm+1 (i) —1]
= esmaa(a), efs()sm (@) (1= Asmr@))Yfism @Yis(@y,smtr() - mod Win.
It follows from Corollary 5.11 and Proposition 5.8 that
Ui, smt1.(2)] = Yfism ()] Yls(e),sm+ 1 (5)] —
-1
(5.25) Qx(egmt1(i)s €s(i),sm ()]) Yli,smtt (D)Yls (i)™ ()]
= (A:)_ly[i,sm(i)]y[s(i),s”’L*l(i)] mod Wm-

First, we consider the case m > 1. Using Eq. (5.25), Corollary 5.9 and the fact
that y[s(i),sm (i) is @ prime element of R[; 1 gm+1(;—1), which follows from Corollary
5.10, we obtain

Uls(4),sm (4)] U[i,s™+1 (3)]

= (Yis(i),sm -1 @1Ys2(0,5m ()] — DA(Es(i)s €[s2(0),5m 1 ()] Y[s2(0),5m =1 () Ys(0) 5 ()])

*\—1
X (AD) 7 Yi,sm ()] Yis (i) s+ (5)]
_ *\—1
= ()\z) Yls(i),sm=1(i)]Y[s2(3),s™ ()] Y[i,5™ ()] Y[s(3),s™+1 (4)]
*\—1

= (A7) 7 I (eqsz i), sm ()]s €[ sm ()] Y] (d),sm =1 ()] Ui, (0)] Y]s2 (6), 57 ()] Y[s(6) s+ (3)]

= emu[i7s7n(i)]u[s(i)7sm+l(i)] mod Wm.
Since the first and last products above belong to Rjjj1 gm+1 ()1
(5.26) Ul (3),5m (1)) Ufi,sm+1 ()] = OmUfi,sm (0] Us(@),sm+1 ()] F Yls(a),sm ()]
for some r € Rty 4m+1(5—1]- The leading term of ys(),sm(s))r has the form
€xf where € € K* and f = nji1€i41 + - + Ngm+1()—1€sm+1(;)—1 are such that
Ns(iys -+ s Mem(i) = 1. Combining this with the last statement of Corollary 5.11
implies that the exponent of the leading term of the third product in (5.26) is dif-
ferent from the exponents of the leading terms of the first two products. Now the
the validity of (5.23) for m > 1 follows from (5.26).

To verify (5.24), we use Eq. (5.25) and the fact that x(;) is a prime element
of Rjiy1,s2(i)—1) to obtain
_ *\ — _ *\—1

w2 )] = A T Ws@Ystiy.2 (@) = A 7 s Us(iys2@y)  mod Wi

Hence,
ufi,s2(i)] = (A7) ™ U (@) Ufs().52(0)) T Ts(i)T

for some 7 € Rjj11 42(i)—1)- Now (5.24) can be deduced analogously to the case of
m > 1. O






CHAPTER 6

Chains of mutations in symmetric CGL extensions

For a given CGL extension R one has the freedom of rescaling the generators
z; by elements of the base field K. The prime elements y; and y; from Theorem
3.6 and Eq. (4.18) obviously depend (again up to rescaling) on the choice of x;.
In this chapter we prove that for each symmetric CGL extension R its generators
can be rescaled in such a way that all scalars ( in Theorem 4.8 become equal to
one. This implies a mutation theorem, proved in Chapter 8, for toric frames for
Fract(R) associated to the elements of Zx via the sequences of prime elements from
Theorem 5.3.

6.1. The leading coefficients of u[; sm ;)

Throughout this chapter we will assume that R is a symmetric CGL extension
of length N and that there exist square roots v; = \/E € K such that the
condition (4.23) is satisfied. Recall (5.17). For ¢ € [1,N] and m € Z>( such that
s™(i) € [1, N], let

s™ () —1
Ti,sm(7)] € K* and f[i’sm(i)] IS Z Zsoej C 7N
j=it+1
be given by
(61) lt(u[i,s””(i)}) = W[i,sm(i)]xf[i’sm(i)] .

Note that 7j; ;) = 1 and f; 7 = 0, because uf; ; = 1.
A quick induction using (5.23) shows that

(6.2) Fisman = Jiis@n + 0+ flsm=1),5m (@)
for m > 0, and thus
(6.3) 2sm @) = pftis@l g flstysmn = gl sm=1@) g flem=10),sm )1
Since all terms in (5.17) are homogeneous of the same X (#H)-degree,
(6.4)
X (H)-deg(a/to=m01) = X (H)-deg(upz, sm (1)) = X (H)-deg(Y[s(s),sm—1 () Yjism (1))
_ X(’H)_deg(zei+2e[s(i)‘sm,—l(i)]+es"”(i))

for m > 0. The next result describes recursively the leading coefficients 7; gm ;).
Recall (2.7).

PROPOSITION 6.1. Let R be a symmetric CGL extension for which there exist
Vi = \/Akj € K*, 0 <j <k <N satisfying condition (4.23). Then the following
hold:

59
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(a) The scalars mj; sm () satisfy the recursive relation

Mls(a)sm @) Tlism1 (0] = (A 707 Qe (35 €5())Tli,om ()] M) m+1.0)
for alli € [1,N] and m € Zsq such that s™1(i) € [1, N].
(b) If
i, s(i)] = Sw(—€i + flis(i))
for all i € [1, N] such that s(i) # oo, then

_2
i sm ()] = Sw(€lsi),sm()]) Sw(—ei + fli,sm (i)
fori e [1,N] and m € Zxo with s™(3) € [1, N].

Before we proceed with the proof of Proposition 6.1 we derive several important
properties of the form Q.

LEMMA 6.2. Let R be a symmetric CGL extension of rank N and i € [1, N],
m € Zsg be such that s™(i) € [1, N]. Then the following hold:
(a) For all0 <k <n <m,

Qx(es,sm @)y fisk @,sm(@)]) = Da(€pi,em @) €sk i) + 26kt 5m-1(0)) + €omni))-
(b) If j €[5, s™(9)]\{4, s(3),...,s™ ()} and k € Z>¢ are such that p(j) < i and
sFFL(5) > s™ (i) > s*(j), then
O (fla,sm @) elsr (1) = Qalei + 2eq5),m=1(0)] + €sm (i) €fj,50())-
(c) For all0 <k <n<m and j € {i,s(i),...,s™(i)} U[L,s*(i)] U [s"(i), N],

Q)\(ej, f[sk(i)’sn(i)]) = ()\:)5333’“(1'>_5j’5n“)Q,\(ej, Esk(;) T 26[Sk+l(i)’sn—1(i)] + esn(i)).
(d) For all0 <k <n<m,

O (fri,sm )]s Jist ),5m (0)])
= (A7)0 0mm Qs (€5 + 2€[5(i), sm—1 ()] T s (3) st (i) F 2€[sk+1 (1) 5m 1 (i)] T Esm(3))-

PROOF. (a) By [24, Theorem 5.3] yj; sm (s)) is an H-normal element of Ry; sm ;)
when H is replaced with the universal maximal torus from Theorem 3.8. This means
that there exists h € H such that yj om)u = (hw)yp smy for all u € Ry gm iy
In particular, y; sm (i) = Xu(h)uyp;,sm i) when u is homogeneous. Taking account
of Theorem 5.1(e) and the result of (6.4) applied to the interval [s¥(i), s™(7)], we
obtain the statement of (a).

Part (b) is obtained just as in (a), since under the given conditions, y; s« ;) is
an Hpax-normal element of Rj; gm ;-

(¢) In view of (6.2), it suffices to prove that

(6.5) Qales, fla-1qays10y)) = A0 9O 7055k Oy (e, eg-133) + €4t ()

for all I € [1,m] and j € [1,s'71(i)] U [s(7), N]. Fix such [ and j, let x denote the
‘H-eigenvalue of 271s1=1@.s' 1 and recall from (6.4) that x equals the H-eigenvalue
of xsz_l(i)assz(i).

Assume first that j > s(i), and recall that

Ajir (1 <i < j)
XIj/ (h) = ! . .
e {Aj (W = ).
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Since #/t'"1@.+l@1 € Ry ;_y), it follows that

(6.6) x(hj) = Qx(ejs fisi-1(),st(0)))-

Since x is also the H-eigenvalue of g -1(;7 4 (;), we have

Q €j5,€E51-1(; +esi ‘>Sl’L.
(6.7) x(hy) = { e esimap Feaw) (> 5 (0)
x(ejs est-1(0)) Ast (i) (j = s'(1))

as well. In the second case of (6.7), we invoke (5.11) and the skewsymmetry of
to obtain

(6.8) X(hy) = (\) 7 aleg,ea-10) +eaw) (5= 5'(0)).

Combining (6.6)—(6.8) yields (6.5) for j € [s!(i), N].

We obtain (6.5) for j € [1,s!71(7)] in the same manner, by working with x(h}).

(d) The case k = 0, n = m is obvious since 2 is multiplicatively skew—
symmetric.

In general, since Qx(f{sk(5),5m(5)]> flsk (i),sm (5)) = 1 and fi; sk o)) + fisn(iy,sm (i) 18
a Z>o-linear combination of e; s with j < s*(i) or j > s™(i), we see from (6.2) and
part (c) that

(6.9)  Qa(fri,em())s Jisk(i),sm () = A Spask (i) + Jism ),sm ()] b (i),5m (0)])
= O (fii st () + Slsm@)sm @) €sk (i) T 2€[55+1(3),5n=1(1)] + €sn(3))-

We now apply part (c) again, with j = s*(i),...,s"(i). If 0 < k < n < m, then
(6.9) yields

QO (fri,sm )]s Frsk (0),5m (0)])
= Qx(€i + 2€[5(s),sh-1(5)] T Esk (i) T €sn(i) T 2€[sn+1(i),sm1(3)] T Csm (i)
€sk (i) + 2€[s+1(5),sm=1(1)] + €sn(3))
and the desired result follows because
Qx(esr (i) + 2Zeqshr1 (i) sn-1(0)] + €5 (@), Esk (i) T 2€[smt1(0) 5 -1(0)] T €sni) = 1.
If k=0 and n < m, then fj ;) = 0 and (6.9) yields
O (fri,sm o)) Jrsk ),sm (0)])
= ()71 (Esn i) + 2€(emi i), m 1 ()] F €5 €6 F 2605001 0] F €sm(0)s

from which the desired result follows. The case kK > 0, n = m is covered in the
same fashion. O

Note from Lemma 6.2(c) that

Qu (e, fi,sty) — s(i))” = (e, flis(i) — €siy)) = Af,  when i, s(i) € [1,N],

and thus A} has a square root in the subgroup (v4; | k, 5 € [1, N]) of K*. All values
of 8., Q,, and Qy lie in this group.

PROOF OF PROPOSITION 6.1. (a) Theorem 5.13 and Eq. (6.3) imply
Ts(s),5m (3)] T[s,sm+1 (iy] L (@ 1o em @1 g flis@n g o, om+1 o)

= O Wi sm ()] W(si) s+ (i) 16(@T 1O @ e @l g o e on)
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for the scalar 6,, € K* from Theorem 5.13. It follows from Eq. (3.20), Lemma 6.2
(d) and Eq. (6.2) that

Ts(i), s (D) T, sm 1 (0

)]
= Om O\ (f1i,5)]5 J1s(0),sm (0)]) = Om O\ (f1i,s000]» flinsm (0)])

Ty ()] T [s(4),sm+1(9)]

= 0 (A7) 70 Qi (eq + e5(i), €1 + 2€(5(i),sm—1(i)] + €sm(i))-

Simplifying the last expression using the definition of 6, from Theorem 5.13 proves
part (a).
(b) Denote

Plirsm ()] = Su(€[s(i),sm (i) Sw(—€i + fliom(a))-
We will prove that
(6.10)  @ps(iy,sm (i) Pli,smti(iy] = (AD) 7™ Qn(€am i) €si) ) Pli,sm ()] PLsi) sm 1 ()]

for all i € [1,N] and m € Z~ such that s™*1(i) € [1, N]. Part (b) trivially holds
for m = 0,1 and follows from the identity (6.10) and part (a) by induction on m.
For all j € 2, N] and f € Zey + --- + Zej, g € Zejq1 + - - + Zen,

(6.11) 8u(f+9) =N (f,9)7'8u(f)8u(g)-
Hence, taking also (6.2) into account,

Plismri)]  wlefseiy,sm @) esmt1(0) 8w (flsm (i),sm+1(0)])

Pli,sm ()] Y (—ei + fli,smt10))s Flsm (6),sm+1(5)])

Similarly,

Pls@em @) _ e + fis@sm i@l fsm@smtr@)
Pl smri@)  Dwl€lsz@),sm @) €smii(@) 28w (fism @), smt1(0)))

Multiplying these two identities and simplifying leads to

Pls(@).sm DIl 1 ()] _ Qu (es(i), €smt1(3)) 2 Qu(ei — es(iy, frsm (i) sm+1(i)])
Dli,sm (4)] Pls(i),s™+1 (3)] Qo (fri,sm+10)) = Jlsti),sm+1(0)) flsm ),sm+1(0)))

The square of the last term in the numerator simplifies, using Lemma 6.2(c), to
()\f)_‘s”‘=1ﬂ>‘(ei — €4(i), Esm (i) T Esmti(s))-

Using Lemma 6.2(d), the square of the denominator simplifies to
()\f)‘s”LJQ;\(ei + €s(i)s €sm(i) T €sm1(y))-

Consequently, after some further simplifications we find that

2
<@[s(i),sm(i)](p[i,snﬂrl(i)]) _ (A*)_Qém’lgk(e m (i), € ())2
Pli,s™ ()] Pls(i),s™+1(4)]

Invoking condition (4.23), we obtain (6.10), as desired. O



6.2. RESCALING OF THE GENERATORS OF A SYMMETRIC CGL EXTENSION 63

6.2. Rescaling of the generators of a symmetric CGL extension
For v := (71,...,7~n) € (KN and f := (n4,...,ny) € ZY set
A=A AN € KR
Given a symmetric CGL extension R of length N and v = (v1,...,7n) €
(K*)N | one can rescale the generators z; of R,
(6.12) Tj = VT4, j e [1,N],

by which we mean that one can use 7,21, ..., YNvTN as a new sequence of generators
of R. This obviously does not effect the H-action and the matrix A, but one
obtains a new set of elements yi, Y[ sm (i), U,sm(:)) Dy applying Theorems 3.6,
5.1 and Corollary 5.11 for the new set of generators. (Note that this is not the
same as substituting (6.12) in the formulas for y, and yj; sm(;)); those other kind
of transformed elements will not be even prime because (6.12) does not determine
an algebra automorphism.) The uniqueness part of Theorem 5.1 implies that the
effect of (6.12) on the elements y; ¢m(;y is that they are rescaled by the rule

Yism (@) > YOy emiy) = (Vi e+ Vam ()Y sm ()]
for all i € [1, N], m € Z>¢ such that s™(i) € [1, N]. Hence, the effect of (6.12) on
the elements uf; 4m ;) is that they are rescaled by
Ui am(iy] > YOO Oy iy = (YY) - - Vom g3y Vs () Ui s ()]
for all ¢ € [1, N], m € Z~¢ such that s™(i) € [1, N]. It follows from (6.1) that the
effect of (6.12) on the scalars 7; ym(;)) is that they are rescaled by

e[ivsm(i)]—"_e[s(i),s’”_l(i)]_f[i’sm(i)]ﬂ-[i sm(i)] =

Ti,sm (i) 7 Y
7i75"‘(i)72e[5(i>,57ﬂ71(i)] —fli,sm (i) 7.(-[2,75"L(i)].
(Note that the rescaling (6.12) has no effect on the integer vector f|; ym(;).) This
implies at once the following fact.

PROPOSITION 6.3. Let R be a symmetric CGL extension of length N and rank
tk(R) for which there exist vy; = \/Ar; € K*, 0 < j < k < N. Then there exist
N-tuples v € (K*)N such that after the rescaling (6.12) we have

(613) T(i,s(i)] = 8,,(—6i + f[i,s(i)])a Vi € [I,N] such that S(’L) 35 “+00.
The set of those N-tuples is parametrized by (K*)rk(R) and the entries y1,...,YN
of all such N-tuples are recursively determined by
vi 1s arbitrary if p(i) = —c0
and
(614) Yi = ryp_(})'yf[p(“’i]71—[;(11‘)71']811(_61)(1‘) + f[p(i),i])y Zf p(l) 7é —0Q,
where in the right hand side the w-scalars are the ones for the original generators
r1,...,xNn of R.

Note that the product of the first two terms of the right hand side of (6.14) is
a product of powers of v,y ..., Yi—1 since fipi),q € Z>0€p(iy+1 + +* + L>0€i—1-

We refer the reader to Chapter 10 for an explicit example on how the rescaling
in Proposition 6.3 works for the canonical generators of the quantum Schubert cell
algebras. As for quantum matrices, we have the following
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EXAMPLE 6.4. In the case of R = O4(M, »(K)), condition (6.13) is already
satisfied, and so no rescaling of the generators is necessary. To see this, let i € [1, N]
with s(i) # +o00. Theni = (r—1)n+cfor somer € [1I,m—1] and ¢ € [1,n—1], and
5(i) = rn 4 c+ 1. From (5.22), we see that mj; ;) = ¢ and fj; 5] = €ip1 + €ign.
Recalling the choice of v from Example 4.7, we find that

8u(—€i + flis(i)) = Viit1ViitnVigrion = VOND() = ¢ = Ti s
6.3. Toric frames and mutations in symmetric CGL extensions

Let R be a symmetric CGL extension of length N for which \/E € K* for
all k,j € [1,N] and let v = (vy;) € Mn(K*) be a multiplicatively skew-symmetric
matrix such that v2 = .

The procedure from Section 4.3 defines a toric frame for Fract(R; sm(;))) for
all i € [1,N] and m € Zs¢ such that s™(i) € [1, N]. We apply the construction
from Section 4.3 to the CGL extension presentation of R[; ¢m(;)) associated to the
following order of adjoining the generators:

(6.15) Titly o3 Tem(3)—1s Liy Lsm(4)-

Extending (4.18), set

(616) y[pn(l)’l] =
Svepn).)Ypr @y, Vi € [1,N], n € Zxo with p"(j) € [1, N].

Let 1 < j < k < N, and recall the definition (5.16) of the function o By
Corollary 5.10,

T o L€ K, s() > k)
{000y | 1€ 1K 50
is a list of the the homogeneous prime elements of R; ;) up to scalar multiples. The
intermediate subalgebras for the CGL extension presentation of R; ¢m (;)) associated
to (6.15) are
Riiv1,iv1)y -5 Blir1,sm @) =11 Bpism () =115 Bla,sm (6)]-
We identify 75" )=+l = Ze, 4 ... 4+ Zegm iy C Z" and enumerate the rows and
columns of square matrices of size (s"(i) —i+ 1) by 4,...,8™(i). Define the mul-
tiplicatively skew-symmetric matrix r(; gm ;) € Mgm(5)—i1(K*) by
(6.17) (r[z’,sm(i)])k,j = Q,,(eﬁc, 6;-), j, ke [i, Sm(i)],
where
e it1 , if keli+1,sm3GE)—1
C ] T P [ =1
(6'18) e = €[i,sm=1(4)]5 if k=1
e[i,sm(i)]v if k= Sm(Z)
Proposition 4.6 implies that there is a unique toric frame M; om ;) : Zs" (D—itl

Fract(R[i7sm(i)}) with matrix r[i,sm(i)] Satisfying

y[poijl(k)(k),kf if keli+1,8™@) —1]
My sm iy (ex) = i am—1(i) if k=1

Ui, sm(5))> if k= s"(i).
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Recall the definition (6.1) of the vectors fj; sm(;). It follows from Corollary 5.11
that there exists a unique vector

Giiam(i) = Y _{muex | k € Py omi}
such that
Jigsm) = Z{mke[po?w(k)yk] ke P[i,smm]}a
where the integers my, are those from Theorems 4.3, 4.8.

Set ¢ := s™(i) — i+ 1. As above, we identify Z' with Ze; & - - - @ Zegm ;), that
is, with the sublattice of Z with basis e;, j € [i,s™(i)]. Define o € M(Z) by
o(er) = e}, for all k € [i,s™(7)], where the e}, are as in (6.18). It is easy to check
that

o is invertible and o(Z%,) C Z%,.

This choice of o ensures that

(6.19) a(9ii,sm ) = fii,sm (o))
and
(6.20) P (@) = (Vlism @)x(ism(0)]) -
The definition of the toric frame M[; sm ;) also implies that
(6.21) 1t (M sm iy (ex)) = 8u (o (er))z” ), VEk € [i,s™(i)).

LEMMA 6.5. For all g € Z%,,

1t (M, 5m iy (9)) = 8u(o(g))a"@.

ProOF. We prove the lemma by using the inductive argument from the proof
of Proposition 2.1. By Eq. (6.21), the lemma is valid for g = e;. The validity of
the lemma for g and ¢’ € Z%, implies its validity for g + ¢’ € Z%, because of Eq.
(2.8) (applied to the toric frame Mj; 4m(i))), Eq. (6.20) above, and the fact that

1t (8, () 8u(f)a’") = Qu(f, f)8u(f + )+, f, f e 25,
The last identity is an immediate consequence of Eqs. (3.20) and (2.8). O

THEOREM 6.6. Let R be a symmetric CGL extension of length N. Assume that
the base field K contains square roots vy; of all scalars Aij, such that the subgroup of
K* generated by vy, 1 < j < k < N does not contain elements of order 2. Assume
also that the generators x1,...,xn of R are normalized so that the condition (6.13)
is satisfied. Then for all i € [1,N] and m € Zsq such that s™(i) € [1, N],

Mi; sy (esiiy — €i) + My sy (9pi,siy) — €i)s if m=1
(6:22)  Ypeqiy,em(i) = § Mpi,sm iy (€sm-13i) + €sm(iy — €;) +
M sm i) (i sm ()] — €i), if m> 1.
PrOOF. Lemma 6.5 and Eq. (6.19) imply
16 (Mg, om (0)) (95,5m )])) = 8w (s om (i) Tioem 001,

By Eq. (5.19), U[i,sm (1)) is a scalar multiple of M[i,sm(i)](g[i,sm(i)])a and so we find
that

(6.23) Ufi s (5)] = Ti,5m (i) Sw (fii,sm ()~ M sm (i) (i, 5m (1))
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In case m > 1, we observe that

Yis(iy,sm (@) — Miism (@) (€sm—1() + €omi) =€) =
8w (€s(i),5m () Y1s(6),5m ()] — EYiam—1(iy Yls(@),sm—1 (1)) Ylirsm (3]
where, taking account of (6.11) and (6.17) and simplifying,
€= Srpyumiy (€sm—1(3) + €sm(iy — €)Su(€s,5m—1(37) " Suw(€[s(a),sm—1 (1)) Sw (€[, 5m (3)])
= 8rpsam iy (esm-1(s) + €sm(i) — €)%
X (€4, €s(2,m—1(1))) (€, €[s(i),5m () Sw (€[s(i),5m ()])
= Oa(eis efs(i),sm=1(0)))Sw (€[s(0).sm (0)))-

Thus, we have

(6.24) sy, sm(5)) — M sm (i) (€sm—1(3) + €sm(s) — €i) =
8w (€fs(i),5m ()Y am—1 iy Ulism () i m > 1.
A similar argument shows that
(6.25) lstisi) — Miisei)(€sy =€) = &7 tup sy, if m=1.
From now until the last sentence of the proof, we combine the cases m = 1 and
m > 1. Using the definition of M[; ¢m(;y) together with (6.11) and simplifying, we
obtain
Mi; om iy (91a,sm ()] — €i)
= 8y m oy (Gl )] — €)Mz m iy (€)1
Sers i (Gtissm (i)~ Mii,sm (i) (i, sm i)])
= Duge iy (€05 9l 5m ()80 (€gs,5m 1)) ™ Yz m 1 () Mis,sm (1) (90, 5m (1)) -
We also have
Qs am i (€ Gpi,sm (1)) = Qw(€piem=1(0)), fli,am(6))
= (e +efs(iy,sm-1)s flism @)
= Q€ fii,sm (i) ¥
Qu(efs(),sm—1(3)]> € + 2€[s(i),sm—1(3)] + €sm(4))
= Q€ fii,sm(0)) Qw (€[s(s),sm—1(5))» € + €sm (i),

where the first equality follows from the definition of rj; jm(;); and the third from
Lemma 6.2 (c). It follows from Eq. (6.11) that

—1
8u(efi,sm—130)]) = Qwleis eps(i),sm=1()))~ Swl€fs(iy,sm—1()))
—1
= Qu(€is elsi),sm—1(0)]) " Swl€[s(i),sm—1(i)]> €sm (i) ) 8w (€[s(s),sm (3)])

and

(6.26) Su(—=ei + fi,sm@1) = Qles, fli,sm0))S8v (fri,sm (i)

Combining the first three of the previous four equations yields

(6.27) M gm iy (gli,sm (i) — €i) =
-1, -1
Qu(eis fli,sm @))Sw (€ls(i),sm (1) ™ Y, gm—1.(iy) Mii,sm (00 (la,sm @) -
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Finally, applying Proposition 6.1 (b) and (6.11) to (6.23) yields

—2
Uli,sm (1)) = Sw(€fsi),sm (@) B (€5 fiiom 1) Mii,sm @3] (9.5m @3] -
Substituting this identity into (6.24), (6.25) and taking account of (6.27) yields
(6.22) and completes the proof of the theorem. O

REMARK 6.7. Because of Theorem 5.1, all instances when Theorem 4.8 is ap-
plicable to a symmetric CGL extension with respect to the CGL extension presen-
tations associated to the elements of the set =y are covered by Theorem 6.6. We
refer the reader to Proposition 8.13 for details.

Excerpting several steps from the proof of Theorem 6.6 yields the following:

COROLLARY 6.8. Let R be a symmetric CGL extension of length N. Assume
that the base field K contains square roots vy; of all scalars Ap;, such that the
subgroup of K* generated by vij, 1 < j <k < N does not contain elements of order
2.

(a) For alli € [1,N] and m € Z~q such that s™(i) € [1, N], eq. (6.23) holds:

s sm (i)] = Ti,sm (18w (Fi,sm (01) ™ Mia,sm () (91i,sm (0)))-
(b) Condition (6.13) is satzsﬁed if and only if
(6.28) M iy (91i.s(iy) — €5) = &7 “upisgiy)s Vi € [1,N], s(i) # +oc.

PROOF. Observe that (6.13) is not used in the proof of Theorem 6.6 until the
very last paragraph, where Proposition 6.1 (b) is applied. Thus, all equations in
the proof up through (6.27) hold without assuming (6.13). This gives part (a).

(b) In case (6.13) holds, we obtain (6.28) by substituting (6.25) into the case
m =1 of (6.22).

Conversely, if (6.28) holds for some ¢ € [1, N] with s(i) # 400, then (6.27)
implies

Uli,s ()] = o€, fii,o01) Mii,s (i) (91i,00)-
Comparing this with (6 23) yields

)
Ti,s(6)] = S (€5 f1i,s(0)))Sw (fiis(0))) = Sv(—e€i + fi,si)))5
recall (6.26), and verifies (6.13). O






CHAPTER 7

Division properties of mutations between CGL
extension presentations

7.1. Main result

In this chapter we describe the intersection of the localizations of a CGL exten-
sion R by the two sets of cluster variables (y-elements) in the setting of Theorem 4.2
(b). This plays a key role in the next chapter where we prove that every symmetric
CGL extension is a quantum cluster algebra which equals the corresponding upper
quantum cluster algebra.

Versions of the following two lemmas are well known. We give a proof of the
first for completeness.

LEMMA 7.1. Assume that R is a K-algebra domain and E a left or right Ore
setin R. Let p € R be a prime element such that K*pE =K*Ep and RpNE = @.
Then p is a prime element of RIE™Y]. If s € R and p { s as elements of R, then
pts as elements of R[E™1].

ProoF. If e € FE, then pe = afp for some a € K* and f € E, whence
pe~! = a7 lf~lp in R[E~']. Similarly, e 'p = B~ lpg~! for some B8 € K* and
g € E. These observations, together with the normality of p in R, imply that p is
normal in R[E~1]. In particular, R[E~!]p is an ideal of R[E~1].

It follows from the assumption Rp N EF = & and the complete primeness of Rp
that R[E~!pN R = Rp. Consequently, R[E~']/R[E~]p is an Ore localization of
the domain R/Rp, so it too is a domain, and thus p is a prime element of R[E~1].

The last statement of the lemma follows from the equality R[E~!pN R =
Rp. (I

LEMMA 7.2. Let Blz;0,06] be an Ore extension (recall Convention 3.2) and E
a (left or right) Ore set of reqular elements in B. If K*E is o-stable, then E is a
(left or right) Ore set of regular elements in Blz;o,d].

ProOF. Replace E by K*E and apply [20, Lemma 1.4]. O

Recall that given a (noncommutative) domain A and a,b € A, we write a |; b
to denote that b € aR.

Assume now that R is a CGL extension of length N asin (3.1). Let y1,...,yn €
R be the sequence of elements from Theorem 3.6. Then y; is a normal element of
Rj and by Lemma 7.2, {y]" | m € Z>o} is an Ore set in R, Vj € [1, N]. It follows
from (3.9) that for all I C [1, N],

(7.1) Er =K [[{y]" | m € Zx0}
JeI

69
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is a multiplicative set and thus is an Ore set in R. Set E := E}; nyj. We will say
that y"* ... yN"Y is a minimal denominator of a nonzero element v € R[E~1] if

mN

— o -
v=y; ... yy S

for some s € R such that y; f; s for all j € [1, N] with m; > 0.

For the rest of this chapter, we assume the setting of Theorem 4.2 (b). Then
for all I' C [1, N],

(7.2) B =K [L{)™ | m € Zso}
Jjer
is another Ore set in R. Recall from Theorem 4.2 (b) that y; is a scalar multiple

of y; for j # k. Hence, E}, = Ep if k ¢ I'. Denote E' := Efl,N].

LEMMA 7.3. For all I,I' C [1, N],
(73) E] N E}/ = E([ﬂl/)\{k} = EEIﬂI’)\{k}'

PRrROOF. Let e € Er N E},, and write

N N ,
e=B]ly/" =8 1]wHm™
j=1 j=1

for some 3, 8" € K* and m;,m/; € Z>o such that m; = 0 for j ¢ I and m); = 0 for
j & I'. We will show that

(7.4) mp =my =0 and m;=mj, Vjel[l,N], j#k,

which then implies e € E(Iﬁ[’)\{k} = EEIHI/)\{k}'

Since yn and y)y are prime elements and associates in R, and they do not divide
Y1,...,YN—1, unique factorization implies that my = m/y. Then, after replacing e
by eyy™N and adjusting 3’, we may reduce to the case in which my = m/y = 0.
Continuing in this manner, we reduce to the case in which m; = m;- = 0 for all
j>k.

If my, > 0, we observe using Theorem 4.2 (b) that

e =P (H y;m>y;nk1(“ + Qep(k) Yp(k) Yk +1)
i<k
for some u € Ry_1. This implies that ey}, is an element of Ry4+1 which has degree
1 with respect to xx11. On the other hand, the equation

ey =0 (H@;)%) (y) ™
j<k
shows that ey; has degree mj + 1 with respect to xx4+1, in view of (4.8). Hence,
mj, = 0 and e € Rj_1, contradicting our assumption that my > 0.
Thus my, = 0, and similarly m) = 0. Proceeding as above, we conclude that
m; =mj for all j < k, verifying (7.4). O

The next theorem contains the main result of this chapter.

THEOREM 7.4. Assume the setting of Theorem 4.2 (b). Let

’ /
M1 my

/ ’
m m My—1/ 1 ’
Noand oy toypty (yk)mkykﬂ N T

(T T
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be two minimal denominators of a nonzero element v € R[E~Y N R[(E")™1] (with
respect to the two different localizations). Then

my =my, =0 and m;=mj, Vje[l,N], j#k.
In particular,
R[(E)~'NR[(Ep) ™Y = R[(Er N Ep) ' = R(Eunrgy) ']
for all I,I' C [1, N].
Theorem 7.4 implies that each nonzero element of R[E~!] has a unique minimal
denominator. The theorem was inspired by [17, Theorem 4.1].

7.2. Proof of the main result

For s € R and j € [1, N], denote
l.
(7.5) s = Z Slj,...,lej] .. ..’L'IIGI, Sljly S ijl-
ljv“'leEZZO

For the proof of Theorem 7.4 we will need the following two lemmas.

LEMMA 7.5. Let R be a CGL extension of length N and y1, ...,yn the sequence
of elements from Theorem 3.6. If

yi oyt y7 s

for some j € [1,N], s€ R, and n1,...,nj_1 € Zxo, then y; |1 s.

MNj—1

PROOF. There exists s’ € R such that y;s" = yi* ...y;27's. Comparing the

: Li+ Iy
coefficients of /[ ... ay leads to
n nj—1
Yj |l yll s yjil Slit1,onlns VZj-i-17 ceey In € ZZO~

By Theorem 3.6, y; is a prime element of R; and y; { y1,...,yj—1. S0y, | 51,,1,...in>
for all lj41,...,In € Z>0, and thus y; |; s.

LEMMA 7.6. If, in the setting of Theorem 4.2 (b), yi |1 s(y},)" for some s €
Riy1 and n € Zxo, then yi |; s.

PROOF. Write s = Zlezzo slxécﬂ for some s; € Ry. Similarly to the proof

of Lemma 7.5, the conclusion of this lemma is equivalent to yi | s1, VI € Z>o.
Assuming this is not the case, we replace s with

5= Z{Slﬂfiﬂ |1 € Z>0,Yk 1 51}

Note that this new version of s satisfies the assumption of the lemma. Moreover,

it has the form
L—1

s = sL:rﬁ+1 + Z slecﬂ
1=0
for some L € Z> such that y; { sp. Then

L L+n—1 l
S(yk)"*ﬁswg(k)zki{l G@l:an kak+1

for some ¢ € K*. The assumption y; |; s(y))" implies that y | SLYp() Which
is a contradiction since yi is a prime element of Ry which does not divide sy, or
Yp(h)- .
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min(mj,m’)

PROOF OF THEOREM 7.4. After multiplying v by [, y; 7~ and using
(3.9) for both sets of y-elements, we can assume that

(7.6) min(m;,m;) =0, Vj# k.
(Under this condition we have to prove that m;y = mj = ... = my = m/y = 0.)
Write
_ _ —m/ —m),_ o —m —m/
o=y s =y T W) T ey S
for some nonzero elements s, s’ € R.
First, we prove that
(7.7) Mpy1 =My g = ... =my =mjy =0.

Assume that this is not the case. Then
i = max{j | max(mj,mj) > 0} >k + 1.

Without loss of generality, we can assume that m} > 0. Applying (3.9) to both sets
of y-elements we obtain

/

(I ) e( TI v)w s

jei—1\{k} je,i—1]

for some £ € K*. Comparing the coefficients of foll LT 1{}’ gives

! m’, ’
(7.8) y:nl( H Yj J>sli+1 ----- ( H yj ) mk82i+1 ..... v € Ri.
JEMi—1]\{k} JEM,i—1]
Since y; is a prime element of R;, by Lemma 7.1, it is a prime element of R;[(y}) ]
Furthermore, by Theorem 3.6 and Lemma 7.1, y; { y; in R;[(y},) "] for j € [1,i—1].
Therefore for all l;41,...,In € Z>o, yi | 5;i+1 vvvvv Iy I Ri[(y;) '] and thus in R; (by
Lemma 7.1). Hence, y; |; 8’ which contradicts the minimality assumption on the
denominators.
Next, we prove that

(7.9) my = mﬁc =0.

Assume the opposite, e.g., mi > 0. (The other case is analogous because of the
symmetric nature of y; and yj.) Similarly to (7.8), one obtains that there exists
¢ € K* such that

k—1 k-1
m’. . _ ’
( H yj J)slk+2:~~~7lN = f(yk)mk ( H y;n]) (y;c) mk82k+27...,lN € Rk+1
j=1 j=1

for all lj4o,...,IN € Z>o. Since {(y})™ | m € Z>o} is an Ore set in Ry,
(y;c)_mg“sikﬁ,m,z]v = SE;“ ,,,,, in (W)™ ™
for some sle v € Riy1 and mj] € Z>o (depending on li 42, ...,Ix). Therefore
k-1
Yk |l ( H y;‘nj)slwrz,...,lw(y;c)mg'
j=1
It follows from Lemmas 7.5 and 7.6 that yx | s1,,,...0n»> Vlkt2,---,IN € Zxo and

thus yi |; s. This contradicts the minimality assumption on denominators and
proves (7.9).
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Finally, analogously to (7.7) one shows that
my=my=...=mp_1=mj_; =0.

This completes the proof of Theorem 7.4.
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CHAPTER 8

Symmetric CGL extensions and quantum cluster
algebras

In this chapter we prove that every symmetric CGL extension possesses a quan-
tum cluster algebra structure under a couple of very mild additional assumptions.
Those assumptions are satisfied by all known examples of symmetric CGL exten-
sions. The quantum cluster algebra structure is constructed in an explicit fashion.
We furthermore prove that each of these quantum cluster algebras equals the cor-
responding upper quantum cluster algebra. The proofs work for base fields of
arbitrary characteristic.

8.1. General setting

Fix a symmetric CGL extension R of length N and rank rk(R) as in Sec-
tion 3.3 over a base field K which contains the square roots of all scalars A,
1 <j <1< N. Choose v; = \/A\; € K* and extend (as in (4.15)) to a multi-
plicatively skew-symmetric matrix v = (1;) € My (K*) such that v2 = A. Define
a multiplicatively skew-symmetric matrix r € My (K*) by (4.16) and a sequence of
normalized homogeneous prime elements 7y, ..., Jy by (4.18). (We recall that gen-
erally each of those is a prime element of some of the subalgebras R;, not of the full
algebra R = Ry.) By Proposition 4.6 we obtain a toric frame M : Z~ — Fract(R)
whose matrix is r(M) := r and such that M (ex) := T, for all k € [1, N].

Next, consider an arbitrary element 7 € Ex C S, recall (3.11). We will
associate to it a toric frame M, : ZN — Fract(R) such that Mg = M. By
Proposition 3.14 we have the CGL extension presentation

(8.1) R =Kz, )][272); 07 (2), 07 (2)] -+ [T (3v): 07 vy 07 )]
with o7/ = (h] ") where bl € H, Vk € [1, N] and

Z(k) = h;,—(k;), (S;_I(k) = 67‘(](:)7 lf T(k) = maX’T([:L k/’ — 1]) + 1
/T/(k) = hz(ry» 5,7/(1@ =07y, if 7(k) =min 7([1,k—1]) - 1.

The A-matrix of the presentation (8.1) is A, := 7717 (where as before we use the
canonical embedding Sy < GLy(Z) via permutation matrices). In other words,
the entries of A; are given by (A;);; := Ar(1)r(j). For this presentation we choose the
multiplicatively skew-symmetric matrix of square roots v, = 7 v € My (K*)
(with entries (v;)1; := vr@1)7(j)). Denote by T the corresponding multiplicatively
skew-symmetric matrix derived from v, by applying (4.16). Let ¥, ,...,7, x be
the sequence of normalized prime elements given by (4.18) applied for the presenta-
tion (8.1). By Proposition 4.6 there exists a unique toric frame M, :7ZN - Fract(R)
whose matrix is r(]\/J\T) :=T, and such that J/M\T(ek) =7, Vk €[1,N].
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The toric frames Z/W\T will be the main toric frames that will be used to construct
a quantum cluster algebra structure on the symmetric CGL extension R. In order to
connect those frames with mutations (without the need of additional permutations)
we need to permute the order of the cluster variables in each frame ]/\4\7. This is
done by applying a composition of 7 and a permutation 7¢ € [],cz Sy-1(a), Where
n: [1, N] = Z is a function satisfying the conditions of Theorem 3.6 for the original
CGL extension presentation of R. Note that all terms in the above product are
trivial except for the terms coming from the range of 1. For a in the range of 7,
denote for brevity |a| := [p7!(a)|. Consider the set

(8.2) nHa) = {r(k1), ..., 7(kja)) | k1 < < kg }
and order its elements in an increasing order. Define 7, € Sy by setting 7¢(7(k;))
to be equal to the i-th element in the list (for all choices of a and 7).

EXAMPLE 8.1. Let N =6 and 7 : [1,6] — Z be given by
n(1) =n(4) =n(6) =1, n2)=n(’)=2 n3)=3.

(This is the n-function for the standard CGL extension presentation of the quantum
Schubert cell algebra U~ [wo] C U,(sly) from Chapter 9, where w, is the longest
element of Sy.) Let
T = Tus) = [3,4,2,5,1,6]
in the notation (5.4) from Section 5.2. Then
n ' (1) ={r(5) =1<7(2) =4 < 7(6) =6}
and
Te(4) =1, 74(1) =4, 7,(6)=6.
Similarly, one computes that 7,(j) = j for j = 2, 3 and 5.

Define the toric frame
(8.3) M, = ]/\4\7(7.7')_1 : ZN — Fract(R).
It satisfies M (ex) =¥y, (r,r)-1(k)» Yk € [1, N] and its matrix equals
rri=1(M;) = (Te7)0, (Te7) "t

The point of applying 7 in this normalization is to match the indexing of the
y-clements with the one of the z-elements in (8.1). (Note that the order of the
z-elements in (8.1) is z,(1),...,Z-(n).) The application of 7, then rearranges the
n-preimages 7(k1), ..., 7(kjq|) from (8.2) in increasing order. This is needed because
in the setting of Theorem 4.2 (b) the element y (not yr+1) gets mutated. Clearly,
Te Preserves the level sets of 7.

Recall that P(N) = {k € [1, N] | s(k) = +o00} parametrizes the set of homoge-
neous prime elements of R, i.e.,

(8.4) {yr | k € P(N)} is a list of the homogeneous prime elements of R
up to associates. Define
(8.5) ex = [1,N]\ P(N) ={k € [1,N] | s(k) # +o0}.

Since |P(N)| = rk(R), the cardinality of this set is |ex| = N —rk(R). Finally, recall
that for a homogeneous element u € R, x, € X(H) denotes its H-eigenvalue.
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8.2. Statement of the main result

The next theorem contains the main result of the paper. Keep M, 7o, M., r,,
ex, etc. as in Section 8.1.

THEOREM 8.2. Let R be a symmetric CGL extension of length N and rank
tk(R) as in Definition 3.12. Define ex C [1, N] by (8.5). Assume that the base field
K contains square roots vy of all scalars \i;, such that v := (v;;) is a multiplicatively
skew-symmetric matriz and the subgroup of K* generated by {v;; | 1 < j <l < N}
does not contain elements of order 2. Assume also that there exist positive integers
d;, © € range(n) such that

(8.6) (A0 = (A5)00, - V4,1 € ex,
recall the equality (5.11). Let the sequence of generators x1,...,xn of R be nor-
malized (rescaled) so that (6.13) is satisfied (recall Proposition 6.3).

Then the following hold:

(a) For allT € Zn (see (3.11)) and | € ex, there exists a unique vector b € ZN
such that xpr iy =1 and

(8.7) Qe (bej) =1, YVj€[L,N], j#1 and Q. (bL,e)? =\

Denote by B, € My yjex|(Z) the matriz with columns b, l€ex. Let B := By.

(b) For all T € Zy, the pair (M,,B;) is a quantum seed for Fract(R). The
principal part of ET is skew-symmetrizable via the integers dy ), k € ex.

(¢) All such quantum seeds are mutation-equivalent to each other. More pre-
cisely, they are linked by the following one-step mutations. Let 7,7 € Zn be such
that

= (rk), 7(k+ 1)) =71(k, k+ 1)
for some k € [1,N —1]. If n(r(k)) # n(v(k + 1)), then M, = M,. If n(v(k)) =
n(r(k+1)), then My = pg, (M;), where ke = Te7(k).

(d) We have the following equality between the CGL extension R and the quan-
tum cluster and upper cluster algebras associated to M, E, a:

R=A(M,B,2)x =U(M,B,2)x.
In particular, A(M,E,@)K and U(M,E,@)K are affine and noetherian, and more

precisely A(M, E, D)k is generated by the cluster variables in the seeds parametrized
by the subset 'y of En, recall (5.7).

(e) Let inv be any subset of the set P(N) of frozen variables, cf. (8.4). Then
Rly; ' | k € inv] = A(M,é,inv)K = U(M,E,inv)K.

Theorem 8.2 is proved in Section 8.6-8.9. The strategy of the proof is sum-
marized in Section 8.5. In Section 8.3 we derive an explicit formula for the cluster
variables of the quantum seeds that appear in the statement of Theorem 8.2. Propo-
sition 2.6 (b) and Lemma 2.13 imply at once the following properties of all quantum
seeds of the quantum cluster algebras in Theorem 8.2.

PROPOSITION 8.3. All quantum seeds (M, E*) of the quantum cluster algebras
in Theorem 8.2 have the properties that

XM*(bl) = ]-7 Qr(M*)(bivej) = ]-7 V] S [LN]a ] 7& l7 and Q!‘(M,()(biael)2 = )\zk

for all I € ex, where the b\, | € ex are the columns of B,.
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In Section 8.10, we give a ring theoretic interpretation of some columns of the
initial exchange matrix B, in terms of the exponent vectors f; s(s)) for certain of
the elements wu; s

ExXAMPLE 8.4. Let R = Oy(My, »(K)) with the CGL extension presentation
given in Example 3.4, and assume there exists a square root of ¢ in K*. Fix a choice
of \/q. Define 7 for R as in Example 3.7 and ex as in (8.5). Then

ex={(r—1)n+clre[l,m—1], ce[l,n—1]}.
Next, define 145 for I, j € [1, N] by replacing ¢ with /g in (3.3). Then the matrix
(v15) is multiplicatively skew-symmetric, and the subgroup (v; | 1 < j <1 < N)
of K* contains no elements of order 2. We saw in Example 3.13 that the CGL
extension presentation of R is symmetric and that all A} = ¢*. Hence, (8.6) is
trivially satisfied with d; := 1 for all ¢ € range(n). Finally, Example 6.4 shows that
condition (6.13) is satisfied.

Therefore all hypotheses of Theorem 8.2 are satisfied, and the theorem provides
a quantum cluster algebra structure on R. The mutation matrix B = (b;;) for R is
easily computed:

+1, ifr=7",c=c+£1

b B or c=c,r=r+1 Vr,r' € [1,m],
(r=Lnte, (r'=1in+e’ = or r=r'"x£1, c=c £1, c,d €[1,n].
0, otherwise

REMARK 8.5. As noted in Remark 4.5, after a field extension every symmetric
CGL extension can be brought to one that satisfies \/E eK foralll <j<I<N.
Recall that a CGL extension R is called torsionfree if the subgroup of K* generated
by {\;; | 1 < j <1< N} is torsionfree. The torsionfree symmetric CGL extensions
form the largest and most interesting class of known symmetric CGL extensions.
All CGL extensions coming from the theory of quantum groups are in this class.
For every torsionfree symmetric CGL extension R, one can always make a choice
of the square roots v;; = \/E € K, 1< j <k < N such that the subgroup of K*
generated by all of them is torsionfree and thus does not contain —1 (i.e., condition
(4.23) is satisfied for all of them).

REMARK 8.6. All of the symmetric CGL extensions that we are aware of satisfy
A =q™*, Yk € [1,N]

for some non-root of unity ¢ € K* and mq,...,my € Z~g. It follows from Proposi-
tion 5.8 that m; = my, for all j, k € ex with n(j) = n(k). This implies that all such
CGL extensions have the property (8.6) where the integers d; are simply chosen as
dn(k) = my, Vk € ex.

_ REMARK 8.7. For applications, it is useful to determine the exchange matrix
B before the generators xj have been rescaled to satisfy (6.13). This is possible
because the rescaling does not change B , as we next note.

Assume R is a symmetric CGL extension satisfying all the hypotheses of The-
orem 8.2 except (6.13). Let the elements yg, T, the skew-symmetric matrix r,
and the toric frame M be as in Section 8.1. Now suppose that we rescale the xj
according to Proposition 6.3, say with new generators zf,..., 2, to make (6.13)
hold. Build the toric frame and its matrix for the new setting as in Section 8.1.
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Since the scalars A; and v4; do not change, the matrix r does not change. The new
versions of the 7, call them %), are scalar multiples of the old ones, and the new
toric frame, call it M’, satisfies M’(ex) = 7}, for all k. Hence, for any vector b € ZV,
the element M’ (b) is a scalar multiple of M (b), and thus x ) = Xarp). Finally,
the same elements Ay, by € H which enter into the symmetric CGL conditions for
the original generators are used with respect to the new generators, which means
that the scalars Ay and A} do not change under the rescaling.

Thus, the conditions in Theorem 8.2 (a) which uniquely determine the columns
of B = Bjq are the same before and after rescaling. Therefore B does not change
under the rescaling.

REMARK 8.8. Theorem 8.2 raises several questions and problems.

(a) For a symmetric quantum nilpotent algebra R, the elements of =y give rise
to seeds for the quantum cluster algebras structure on R whose cluster variables
are prime elements in some subalgebras of R. Do the remaining seeds of R have
any similar ring-theoretic meaning?

(b) In general Theorem 8.2 constructs quantum cluster algebras whose quan-
tum tori are multiparameter in the sense of Chapter 2 rather than one-parameter
in the sense of [3]. However, all examples of such multiparameter quantum cluster
algebras that we are aware of come from 2-cocycle twists of one-parameter CGL
extensions (e.g., quantum Schubert cell algebras). Are there any families of sym-
metric CGL extensions that are genuinely multiparameter, in the sense that they
are not obtained from each other by 2-cocycle twists?

8.3. Cluster variables

The next result gives an explicit formula for the cluster variables that appear
in Theorem 8.2.

PRrROPOSITION 8.9. Assume the setting of Theorem 8.2. Let T € Zx and k €
[1, N].
If (k) = 7(1), then Y, 1, = Yppm(r(k)),r (k)]s Where
m =max{n € Zxo | p"(7(k)) € 7([1,k])}.
If 7(k) < 7(1), then Y, 1. = Yir(ry,sm (r(k))]» where
m = max{n € Zx¢ | s"(7(k)) € 7([1,k])}.

Here the predecessor and successor functions are computed with respect to the orig-
inal CGL extension presentation (3.1) of R.

REMARK 8.10. Theorem 8.2 (d) and Proposition 8.9 imply that the quantum
cluster algebra A(M, B, @)k = R coincides with the subalgebra of Fract(R) gener-
ated by the cluster variables in the (finite!) set of toric frames {M, | 7 € T'n}.

PRrROOF OF PROPOSITION 8.9. We prove the two cases of the proposition in
parallel, by induction on k. If k = 1, both cases are clear because ¥, ; = x,(1) =
Yir(1),r(1))- Assume now that k£ > 1. For the induction step, we will restrict to the
second of the two cases, i.e., the case where 7(k) < 7(1). The first case is similar;
it is left to the reader.

By Theorem 5.3, ¥, = §Yjr(k),sm(r(k)) for some & € K*, so all we need to
show is that the leading terms of the two prime elements are equal. From the fact
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that 7([1,4]) is an interval for all j < k and the assumption that 7(k) < 7(1) it
follows that

7([1,k]) = [r(k),7(¢)] for some i€ [1,K].
Hence, 7([1,k — 1]) = 7([1, k)\{7(k)} = [7(k) + 1,7(7)] and thus
Rek = Bz, ey and  Rrp1 = Rirry 41,000

All leading terms in what follows will be computed with respect to the standard
CGL extension presentation of R[;()-(;)) obtained by adjoining x, ), Tr(k)+1, - - -
Tr(i)—1,Z;(;) in this order. By Theorem 3.6 and Corollary 5.6 (b),

i

Yrk = Yrp (k) Tr(k) — dk—1
for some dy_1 € R, j—1, where p, is the predecessor function for the level sets of
nr=n7:[1,N] = Z.
Suppose first that 7(p,(k)) < 7(1), and note that 7([1, p-(k)]) = k
for some ¢’ € [1,p.(k)]. By definition of p,(k), we have n,.(j) # n.(k), Vj €
[pr (k) + 1,k — 1], and so 7(p-(k)) = s(7(k)). Hence,
max{n € Zx>o | s"(7(p-(k))) € 7([1,p- (K)])} = m — 1.
The induction hypothesis thus implies that Y., ) = Ys(rk)),sm (k). On the
other hand, if 7(p,(k)) > 7(1), we find that 7(p,(k)) = s™(7(k)), and the induction
hypothesis again implies ., (x) = Y[s(r(k)),s™ (+(k))]-
Applying Eq. (6.11) for 8, and 8, gives
h:(y‘r,k) = SVr (ef—p;’”‘(k),k]) lt(yT,pr(k)xT(k))
T -2 T -1
= 8w, (€fpm () k) (€r (k) s (k)5 (r (k)] ™ Swrr (€fpm (k) pr (k)] X
Tr () W(Tr ., (1))
—1 —
= Qu(erk), €[s(r(k)),sm (r(k))]) Tr(k) lt(y[s(r(k)),sm(r(k))])
= 1(Vr(k),sm (k)
where e[Tp;n(k),plT(k)] = epm(k) + €pm=1(k) + e for m > 1 > 0. This completes
the proof of the proposition. O

COROLLARY 8.11. Assume the setting of Theorem 8.2. The cluster variables
of the seeds (M, B;) for 7 in Ex or in I'y are exactly the homogeneous prime
elements Yy, ;. More precisely,

{M-,—(ek) | TE=ZN, kE [1,N]} = {M-,—(ek) | Tel'n, k€ [I,N]}
={Uu; 11 <i<j <N, ni)=n@)}

PrROOF. The second of the displayed sets is contained in the first a priori,
and the first is contained in the third by Proposition 8.9 and the definition of the
M.,. It remains to show that the third set is contained in the second. Thus, let
1 <4 <j <N with n(¢) =n(j). Then i = p™(j) where

m =max{n € Z>o | p"(j) € [i,]}.

Set k' := j — i+ 1, and choose T € 'y as follows:

id:TLl (leZ 1)
T:
Tivg =iy sdyi—Lj+1,...,Nyi—1,...,1] (ifi > 1).
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Then 7(1) =4 < j = 7(k') and 7([1,k']) = [¢,j]. Consequently,

m = max{n € Z>o | p"(7(K')) € 7([1,K']) },
and Proposition 8.9 shows that

Y = Yo (r (k) r (6] = Ylig):
Therefore ¥, 1 = Uy (7or)-1(k) = M~ (ex) where k := 747 (k'). O

EXAMPLE 8.12. Let R = Oy(Mp, »(K)), assume there exists /g € K*, and
let R have the quantum cluster algebra structure coming from Theorem 8.2 as
in Example 8.4. The cluster variables of the seeds (M, B,) in Theorem 8.2 are
exactly the solid quantum minors within [1,m] X [1,n]. To see this, first recall from
Example 4.7 that v;; = 1 for all ¢, j € [1, N] with n(¢) = n(j). Consequently, (6.16)
yields J; sy = Ypi,stiy for all i € [1, N] and | € Zxo with s 1(i) # +o0. These
elements, by Corollary 8.11, are exactly the cluster variables M (ey) for 7 € Ex and
k € [1, N]. On the other hand, each YJi,st ()] 18 a solid quantum minor by Example
5.2. Conversely, for any | € Z>o and r,7 +1 € [1,m], ¢,c+1 € [1,n], we have

Al i) [e,e+1] = Y[(r=1)n+e, st((r—1)n+c)]-
8.4. Auxiliary results

In this section we establish two results that will be needed for the proof of
Theorem 8.2. The first one uses Theorem 6.6 and Proposition 8.9 to construct
mutations between pairs of the toric frames M, for 7 € =Zy5. The corresponding
mutations of quantum seeds (Theorem 8.2 (c)) are constructed in Section 8.6-8.7.

For g=3",g5e; € 7N set

supp(g) :== {j € [1,N] | g; # 0}.

PrOPOSITION 8.13. Let R be a symmetric CGL extension of length N and
vij = \/A; €K for 1 < j <k < N such that (4.23) is satisfied. Assume that the
generators of R are rescaled so that the condition (6.13) is satisfied.

Let 7,7 € EN be such that

= (r(k),7(k + 1)) =7(k, k + 1)
for some k € [1, N — 1] such that 7(k) < 7(k+1).

(a) If n(7(k)) # n(7(k + 1)), then My = M.

(b) Let n(7(k)) = n(r(k+1)). Set ke := Te7(k). Then ke = (7")e7'(k) and
MT(ej)a Zf .7 7é k.

Mo (€p(ra) + €sha) = €ka) T Mr(g —€r,), if J=he

for some g € Z]ZVO such that supp(g) Nn~1n(ke) = @ and |supp(g)Nn~t(a)| < 1 for
all a € Z. Furthermore, the vector epy,) + €sr,) — 9 € ZN satisfies the identities

(88) Moo = {

(8.9) D (ep(ke) T Cs(he) — 9,€5) = 1, Vi # ka,
(810) QrT (ep(k.) + €s(ke) — 9> ek.)2 = AZ.’
and

(8.11) XM, (ep(ra)+es(ie)—9) = 1
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Note that the condition 7(k) < 7(k+ 1) is not essential since, if 7(k) > 7(k+1)

and all other conditions are satisfied, then one can interchange the roles of 7 and

T

PRrROOF. Part (a) follows from Theorem 4.2 (a) applied to the CGL extension
presentation (8.1) of R associated to 7.

(b) Since 7([1, j]) is an interval for all j < k+ 1 and 7(k) < 7(k + 1), we have
(L E+1]) =7([1,k+1]) = [7(i), 7(k + 1)] and 7([1,k]) = [7(i),7(k + 1) — 1] for
some 7 € [1,k]. On the other hand, the set

(LR =7 (L E+ID\{" (k+ D} = 7([L k+ 1)\ {r(k)}
must be also an interval, so 7(k) = 7(¢) and i = k. Therefore,
(8.12) 7([L,k+1]) =7(1,k+1)) = [r(k),7(k +1)],
(LA = [r(k), 7k + 1) — 1], and 7/([L,A]) = [r(k) + 1,7(k + 1]
This implies that
7(k+1) = s™(7(k)) for some m € Zsg
and
813) (k) N ([, k +1]) = {7(k), s(7(k)), .., 7(k +1) = s (7(k))}.
From the last identity and the fact that 7(j) = 7/(j) for Jj # k,k+1 we infer
T pr (k) = (7) "I (i (K)).
By the definition of the permutations 7, and (77),,
ke = To(k) = (7")e7 (k) = s™ 1 (1(k)).
From Theorem 4.8 (b) we have ]/\4\7/(61) = ]/\/TT(el) for I # k. Eq. (8.8) for

j # ke follows from this.
The identities in (8.12) and Proposition 8.9 give

y y T sm—i(T ’ yr y T sm (T )
(8.14) [r(k),sm=1(7(k))] k1 Jlr(k),s™ (7(k))]
yT’ﬁk = Yls(r(k)).sm (r (k)]

Recall the definition of the toric frames M; jm(;)) from Section 6.3. We will con-
struct an isomorphism  from ZF+1 to Zer(k)+- - -+ ZLegm((x)) such that the frames
M7 (k),sm (+ (k)W and J\//.TT agree on suitable e;.

Recall the definition of the set P (k) sm(r(k)) from (5.20), set
A = 0(Pirg),sm (rky)) = (71, k+ 1))\ {n(7(k))}
Q:={jeLk=1]|n(() #n(r{1)), Vie[j+1k+1]},

and note that n7 restricts to a bijection of Q onto A. Thus,

(8.15) Q1 = [A] = [Pr (i), (- )1
The definition of ) also ensures that
(8.16) {t € [r(k),s™(r(k)] [ n(t) =n(r(j))} € 7([L,4]), Vje€Q.

If j € Q and 7(j) > 7(1), then 7([1,j]) = [7(¢;), 7(j)] for some i, € [1,7], and
we observe that 7(j) € Py, S'nl(.,—(k))] Moreover, the integer m; corresponding to

j in Proposition 8.9 equals ol +1( (7)), and hence we obtain
B17) Trj =i (r(5)r () = Mir(r).sm(zmp)(€r(iy)s Vi € @ with 7(j) = 7(1).
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On the other hand, if 7(j) < 7(1), then 7([1,j]) = [7(j), 7(¢;)] for some i; €
[1,7 — 1]. Let m; denote the integer corresponding to j in Proposition 8.9, and
observe that s (7(j)) = 7(j7) € Prk),sm(r(k)) for some j= € [1,j]. Moreover,
mj = 0" ®*(7(j)), and so

(818) ¥ry =TYpmi(r(i-)r i) = Mirk),sm (v (€x ()5

Vie @ with 7(5) < 7(1).
In case m > 1, we set
t = max(r" {s(r(k)),....s" " (7(k))}) = max{j € [L,k = 1] [ n(r(5)) = n(7(k))}

(see (8.13)). Then either 7(t) = s 1(7(k)) or 7(t) = s(r(k)), and Proposition 8.9
yields

(8.19) Urt = Yls(r(k)),sm—1 (r (k)] = Mr(),sm (r(k))) (€5m-1(r(k))), i m > 1.
Now choose a bijection w : [1,k + 1] — [7(k), s™(7(k))] such that
w(k +1) = s (7(k))

w(k) = 7(k)

w(t) =™ (r(k)), it m>1

w(j) =7(j), Vj€Q with 7(j) > r(1)
w(j) =7(j7), Vj€Q with 7(j) <7(1),

and let  denote the isomorphism Z*™' — Ze,(y) + -+ 4 Zegm (- (k) such that
w(ej) = ey for j € [1,k +1]. In particular, nw(j) = n(7(j)), Vj € Q, so nwlq is
injective. By construction, w(Q) € Pir(x),sm(+(k))]> and so we conclude from (8.15)
that

(8.20) w|q : @ — Pir(k),sm(r(k)) 18 a bijection.

Combining Eqs. (8.14) and (8.17)—(8.19) with the definition of w, we see that

VieQU{tkk+1} (m>1)

8.21) M,(e:) =T, . = M ihy am (e th(€;),
(8:21) M-(ej) =r; = Mir(i),sm (r(i)(€5) {VjeQu{k,k+1} (m =1).

Comparing the matrices of the toric frames J/\4\7|Zk+1 and M), sm (r (k)W (recall
(4.16), (6.17), and (2.11)), we find that

(8:22) (r(Mylzsen)),; = ((Wprihy,sm i)
VijeQU{tkk+1} (m>1)
VijeQUikk+1} (m=1).

The next step is to apply Theorem 6.6. We do the case m > 1 and leave the
case m = 1 to the reader. (In the latter case, p(ks) = —o0 and ey (,) = 0.) Observe
that (8.21) and (8.22) together imply that

(823) J/W\T(f) = M[T(k),sm(‘r(k))]w(f), Vf € ZN with Supp(f) - QU {ta ka k+ 1}
Thus, taking account of (8.14) and (8.20), Theorem 6.6 implies that

Uprp = Mr(er + epy1 — er) + My (g' — ep),
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where ¢’ € Z>gpe1 + -+ + Z>oeg—1 is such that supp(¢g’) C Q. By the definition of
Te and Eq. (8.13),

ToT(t) = p(ke) and 7e7(k 4+ 1) = s(ke)-
Therefore,

MT’(ek.) = M'r/(ek) = yfr’,k = M'r(ep(k.) + €s(ke) — ek.) + M‘F(TOT(Q/) - ek.)v
which implies the validity of (8.8) for j = k.

Finally, the identities (8.9)—(8.10) follow from Theorem 4.9, Eq. (8.23) and the
fact that R ki1 = Rprk),sm(r(k))]> S€e (8.12). We note that n(ke) = n(7(k)) and
s(7(k)) # 400, s(ke) # 400, which follow from the definition of 7, and Eq. (8.13).
Because of this and Proposition 5.8, dek)(hj(k)) = )\j(k) = A;,- The identity
(8.11) follows from the fact that 3, ; and 3, ; are H-eigenvectors for all j € [1, N]
and Eq. (8.8). O

The next lemma proves uniqueness of integral vectors satisfying bilinear iden-
tities of the form (8.9)—(8.10) from strong H-rationality of CGL extensions.

LEMMA 8.14. Assume that R is a symmetric CGL extension of length N and
(Vi) € My (K*) is a multiplicatively skew-symmetric matriz with V,fj = A\, Vi, k €
[1,N]. Then for all T € En, 0 € X(H), and &1,...,En € K*, there exists at most
one vector b € ZN such that xar. by = 0 and Qi (b, e;)* = &;, Vj € [1, N].

PROOF. Let by, by € ZN be such that XM, (b)) = XM, (b2) = 0 and Q. _(b1, ej)? =
Qr, (b2,e5)* = &, Vj € [1,N]. Then M, (b1)M,(b2)~" commutes with M, (e;)
for all j € [1,N]. This implies that M, (by)M,(b2)~" belongs to the center of
Fract(R), because by Proposition 3.11 Fract(R) is generated (as a division algebra)
by M, (e1)*!, ..., M (ey)*!. Furthermore,

XM, (b1) M, (bs)-* = L.
By the strong H-rationality of the 0 ideal of a CGL extension [4, Theorem I1.6.4],
Z(Fract(R)" =K,

where Z(.) stands for the center of an algebra and (.)* for the subalgebra fixed by
H. Hence, M, (by)M,(by)~! € K, which is only possible if b; = bs. O

8.5. An overview of the proof of Theorem 8.2

In this section we give a summary of the strategy of our proof of Theorem 8.2.

In Section 8.1 we constructed quantum frames M, : ZY — Fract(R) associated
to the elements of the set Z5. In order to extend them to quantum seeds of
Fract(R), one needs to construct a compatible matrix ET € My x|ex|(Z) for each
of them. This will be first done for the subset I'yy of Zxn in an iterative fashion
with respect to the linear ordering (5.7). If 7 and 7’ are two consecutive elements
of I'y in that linear ordering, then 7" = 7(k,k + 1) for some k € [1, N] such that
T(k) < 7T(k+1). If n(r(k)) #n(r(k+ 1)) then M,» = M, by Proposition 8.13 (a)
and nothing happens at that step. If n(7(k)) = n(7(k+1)), then we use Proposition
8.13 (b) to construct b¥ and b¥s where ko := (7o7)(k). Up to =+ sign these vectors
are equal to e, (x,)+esk,)—9, Where g € Z]>VO is the vector from Proposition 8.13 (b).
Then we use “reverse” mutation to construct b¥s for o € Iy, ¢ < 7 in the linear
order (5.7). Effectively this amounts to starting with a quantum cluster algebra
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in which all variables are frozen and then recursively adding more exchangeable
variables.

There are two things that could go wrong with this. Firstly, the reverse mu-
tations from different stages might not be synchronized. Secondly, there are many
pairs of consecutive elements 7, 7’ for which k, is the same. So we need to prove that
bk is not overdetermined. We use strong rationality of CGL extensions to handle
both via Lemma 8.14. This part of the proof (of parts (a) and (b) of Theorem 8.2)
is carried out in Section 8.6. _

Once Biq is (fully) constructed then the B, are constructed inductively by
applying Proposition 8.13 and using the sequences of elements of =y from Corollary
5.6 (a). At each step Lemma 8.14 is applied to match columns of mutation matrices.
This proves parts (a) and (b) of Theorem 8.2. Part (c) of the theorem is obtained
in a somewhat similar manner from Proposition 8.13. This is done in Section 8.7.

The last two parts (d)—(e) of Theorem 8.2 are proved in Section 8.9. For each
T € Ex we denote by E, the multiplicative subset of R generated by K* and M (e;)
for j € ex. An application of Section 7.1 gives that it is an Ore subset of R. The
idea of the proof of Theorem 8.2 (d) is to obtain the following chain of embeddings

RC AM,B,@)x CUM,B,2)x C (| RIES =R,
7el'n

which clearly implies the desired result. The first inclusion follows from the fact
that each generator z; of R is a cluster variable for the toric frame M, associated
to some 7 € I'y. The hardest is the last equality. It is derived from Theorem 7.4
by using that the consecutive toric frames associated to the sequence of elements
(5.7) are obtained from each other by one-step mutations and each j € ex gets
mutated at least one time along the way. Part (e) of Theorem 8.2 is proved in a
similar fashion.

Both parts (d) and (e) follow from results about intersections of localizations
of symmetric CGL extensions. These intersection results, which do not require any
rescaling of variables, are proved in Section 8.8.

8.6. Recursive construction of quantum seeds for 7 € I'y

Recall the linear ordering (5.7) on I'y C Zx. We start by constructing a chain
of subsets ex, C ex indexed by the elements of I'y such that

exiyg = J, exy,, =ex and ex, Cex,, Vo,7r€l'y, 0 <7

This is constructed inductively by starting with ex;q = @. If 7 < 7/ are two
consecutive elements in the linear ordering, then for some 1 <7 < j < N,

=11 and T =T
(recall (5.6) and the equalities in (5.7)). Thus,
=) =7 —i,7—i+1).
Assuming that ex, has been constructed, we define
ox i {exT U{p()}, ifp(i) = —oo, n(i) = n(j)
ex,, otherwise.

It is clear that this process ends with ex,, = ex.
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For a subset X C ex, by an N x X matrix we will mean a matrix of size N x | X|
whose columns are indexed by the set X. The set of such matrices with integral
entries will be denoted by My« x(Z). (Recall from Section 2.3 that the columns
of all of our N X |ex| matrices are indexed by ex C [1,N].) The following lemma
provides an inductive procedure for establishing Theorem 8.2 (a), (b) for 7 € T'y.

LEMMA 8.15. Assume that R is a symmetric CGL extension of length N sat-
isfying (8.6) and {vy; | 1 < j < k < N} C K* is a set of square roots of A,
which satisfies (4.23). Assume also that the generators of R are rescaled so that
the condition (6.13) is satisfied.

Let 1 € T'y. Forall o € T'y, 0 2 7, there exists a unique matrizc E(” €
MNn xex, (Z) whose columns bf,,T cZN, 1 € ex, satisfy

X, ) =1 Qe (bl ore5) =1, Vje[LN], j#I

8.24
( ) Qr (bir'ﬁ ) :)‘l*

for alll € ex,. The principal part of the matrix Egﬁ is skew-symmetrizable via the
integers {dpyx) | k € ex,}.

PROOF. The uniqueness statement follows at once from Lemma 8.14. If a ma-
trix B, with such properties exists, then its principal part is skew-symmetrizable
by Lemma 2.4 and the condition (8.6), since the conditions (8.24) imply that
(rs, EU,T) is a compatible pair.

What remains to be proved is the existence statement in the lemma. It trivially
holds for 7 = id since ex;q = &.

Let 7 < 7/ be two consecutive elements of I'y in the linear ordering (5.7).
Assuming that the existence statement in the lemma holds for 7, we will show that
it holds for 7/. The lemma will then follow by induction.

From our inductive assumption, (rT,ETJ) is a compatible pair, and conse-
quently (M, ET)T) is a quantum seed.

As noted above, for some 1 < i< j <N wehave r =7,,_1 and 7’ =7, ;. In
particular, 7/ = (ij)r =7(j —d,j—i+ D and 7(j —i) =i< j=7( —i+ 1), so
Proposition 8.13 is applicable to the pair (r,7’), with k := j — i.

If n(i) # n(j), then ex,, = ex, and M, = M, (by Proposition 8.13 (a)). So,
Qr_, = Q. These identities 1mply that the following matrices have the properties
(8.24) for the element 7 € I'y: Ba o= Ba , for o < 7 and B RES Bm.

Next, we consider the case n(i) = n(j). This implies that j = s (i) for some
m € Zso. This fact and the definition of 7, give that the element 7,7(j — i) equals
the m-th element of ~1(n(i)) when the elements in the preimage are ordered from
least to greatest. Therefore this element is explicitly given by

(8.25) Te7(j — i) = s"'pO- (i),
Now set
ke :=TeT(j — 1)
as in Proposition 8.13 (b). There are two subcases: (1) p(i) # —oo and (2) p(i) =
—00.
Subcase (1). In this situation ex,; = ex,, so we do not need to generate an

“extra column” for each matrix. Set Ba o= BUT for o € Ty, 0 < 7. Eq. (8.24)
for the pairs (o, 7") with o < 7 follows from the equality ex, = ex..
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Next we deal with the pair (o = 7/,7'). Applying the inductive assumption
(8.24) for B, , and Proposition 8.13 (b) shows that the vector g € ZY has the
properties

XM, (bhe) = XMr(ep(na)tes(ng) —9)
and
Q. (b’jjT,et)Q = O (ep(ka) + €s(he) — g-€¢)°, VEE [1,N].
Lemma 8.14 implies that e,x,) + esx,) — 9 = bf_:T. It follows from this, Corollary
2.11 (a), and Eq. (8.8) that ug, (M-)(e;) = My (e;) for all [ € [1, N]. Consequently,

Qv (1, €0)* M () Mrr (e) = Mei(er) My (€1) = Q. v,y (€2, €0)* My () My (e4)

for all t,1 € [1,N], so Qr_, (e, €)® = Q. (r,)(€r, €1)?, for all j,I € [1,N]. This is
an equality in the subgroup of K* generated by {v;; | 1 <t <1 < N} and the
condition (4.23) implies that

(8.26) Qe (er,e1) = Qv (s, €1), Vi, 1€ [1,N].

Therefore v+ = ug, (r;) and M, = pg, (M,). We set ET/J/ = Mk.(ér,r)- Lemma,
2.13 implies that the columns of B/, have the property X, ) =1 for all

| € ex; = ex,s. Proposition 2.6 (b) implies that (r,, ET/’T/) is a compatible pair
and
O, (b ve)) =1, VEE[L,N], t#1 and Qo (b 1 e)® = A]
for all [ € ex,/, which completes the proof of the inductive step of the lemma in
this subcase.
Subcase (2). In this case, ex,s = ex, LI {ke} and ke, = s™ (i) = p(j). Define

the matrix B, ;+ by

R L if 1 ke
T, 7! ep(k.) + es(k.) — g7 1f l = k.7

where g € ZY, is the vector from Proposition 8.13 (b). Applying the assumption
(8.24) for ET’T and Proposition 8.13 (b), we obtain that the matrix ETW has the
properties (8.24). We set By, := i, (By.r). As in subcase (1), using Lemma
2.13 and Proposition 2.6 (b), one derives that ET/W satisfies the properties (8.24).

We are left with constructing Eaﬁ/ € Myxex,,(Z) for 0 € 'y, 0 < 7. We
do this by a downward induction on the linear ordering (5.7) in a fashion that is
similar to the proof of the lemma in the subcase (1). Assume that o < ¢’ is a pair
of consecutive elements of I'y such that ¢’ < 7. As in the beginning of the section,
we have that for some 1 < < jV < N,

0 = T3V jv—1 and o' = AR
SO
P = (Ve = (Y =¥, = 4 ).
Assume that there exists a matrix EU/,T/ € Mnyex,, (Z) that satisfies (8.24). We
define the matrix B, -/ € Myxex,, (Z) by
5o {E it (i) £ n(iY)
o, —

s

pky (Bo7r), if n(i¥) =n(5"),
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where
k! = 040(jY —1iV).
Analogously to the proof of the lemma in the subcase (1), using Propositions 2.6

(b) and 8.13 and Lemmas 2.13 and 8.14, one proves that the matrix B, .+ has the
properties (8.24). This completes the proof of the lemma. O

REMARK 8.16. It follows from Lemma 8.14 that the matrices Eaﬁ in Lemma
8.15 have the following restriction property:
For all triples 0 < 7 < 7" of elements of T'y,

b, =bl ., VIEex,.

o,
In other words, E,,’T is obtained from Eaﬁ/ by removing all columns indexed by the
set ex,/\ex,.

This justifies that Lemma 8.15 gradually enlarges a matrix Egvg € Mnxex, (Z)
to a matrix EU)WO € Mpnxex(Z), for all o € T'y. In the case of o = id, we start
with an empty matrix (ex;q = &) and obtain a matrix Eid,wo € My xex(Z) which
will be the needed mutation matrix for the initial toric frame M;q.

PROOF OF THEOREM 8.2 (a), (b) FOR 7 € I'y. Change 7 to o in these state-
ments. These parts of the theorem for the elements of I'y follow from Lemma
8.15 applied to (0,7) = (0, w,). For all ¢ € 'y we set B, := B, ,, and use that
€Xy, = €eX. ]

8.7. Proofs of parts (a), (b) and (c) of Theorem 8.2

Next we establish Theorem 8.2 (a)—(b) in full generality. This will be done
by using the result of Section 8.6 for 7 = id and iteratively applying the following
proposition.

PROPOSITION 8.17. Let R be a symmetric CGL extension of length N satisfying
(8.6) and {vi; | 1 < j <k < N} CK* a set of square roots of A\i; which satisfies
(4.23). Assume also that the generators of R are rescaled so that the condition
(6.13) is satisfied. Let 7,7 € En be such that

7' = (r(k), 7(k + )7 = 7(k, k + 1)

for some k € [1,N — 1] and 7'(k) < 7/(k + 1), n(r(k)) = n(r(k +1)). Set ke :=
ToT (k).

Assume that there exists an N x |ex| matriz B, with integral entries whose
columns bl € ZV | | € ex satisfy

XM, (bL) = L, QrT(bi—vej) =1, V] € [LN]a J#l
O, (b, e)® = X

fqr all I € ex. Then its principal part is skew-symmetrizable and the columns
v, € ZVN, j € ex of the matriz uy, (B;) satisfy

XMT/(bi_,) :17 QI‘T/(bfr/vej):]-? VJG [LN]a ]#l
Q. (bh e)? = A;
for all l € ex. Furthermore,

(8.29) vy = pg(r,)

(8.27)

(8.28)
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and
(8.30) b’ﬁ' = *b’? = €p(ke) T €s(ke) — )

where g € Zgo is the vector from Proposition 8.13.

The conditions (8.27)—(8.28) are stronger than saying that the pairs (r,, B;)
and (r,/, g, (E)) are compatible. The point is to recursively establish a stronger
condition which matches the setting of Lemma 8.14 in order to use the uniqueness
conclusion of the lemma.

REMARK 8.18. The statements of Lemma 8.15 and Proposition 8.17 have many
similarities and their proofs use similar ideas. However, we note that there is a
principal difference between the two results. In the former case we have no mutation
matrices to start with and we use Proposition 8.13 (b) to gradually add columns. In
the latter case we already have a mutation matrix for one toric frame and construct
a mutation matrix for another toric frame.

PRrROOF OF PROPOSITION 8.17. The fact that the principal part of ET is skew-
symmetrizable follows from Lemma 2.4 and the condition (8.6). The assumptions
on B, and Proposition 8.13 (b) imply

Xt (05e) = XM;(ep(he)tea(re)—9)

and
Qr, (V% €)= Qr, (ep(ka) + €ska) — 9-€5)°, Vi € [1, N].

By Lemma 8.14, bk = €p(ke) T €s(ke) — 9- The mutation formula for uk.(ET)

also gives that bf,‘ = —b¥ 50 we obtain (8.30). Analogously to the proof of (8.26),
one shows that

QTT/(ejvel) = Q/Lk.(!‘r)(ej’el)a vj,l € [LN]v

which is equivalent to (8.29). Finally, all identities in (8.28) follow from the general
mutation facts in Proposition 2.6 (b) and Lemma 2.13. O

PROOF OF THEOREM 8.2 (a), (b) FOR ALL 7 € Ex. Similarly to the proof of
Lemma 8.15, the uniqueness statement in part (a) follows from Lemma 8.14. We
will prove the existence statement in part (a) by an inductive argument on 7. Once
the existence of the matrix ET with the stated properties is established, the fact
that the principal part of ET is skew-symmetrizable follows from Lemma 2.4 and
the condition (8.6). Hence, (M,, B;) is a quantum seed and this yields part (b) of
the theorem for the given 7 € Ep.

For the existence statement in part (a) we fix 7 € Ex. By Corollary 5.6 (a),
there exists a sequence 79 = id, 7y,...,7, = T in =5 with the property that for all
l€[1,n],

7= (n—1(k), i1(kr + 1)1 = 11 (ks by + 1)
for some k; € [1,N — 1] such that 7,_1(k;) < 7—1(k; + 1). In Section 8.6 we
established the validity of Theorem 8.2 (a) for the identity element of Sy. By
induction on [ we prove the validity of Theorem 8.2 (a) for 7. If n(m_1(k;)) #
n(71(k;)), then Proposition 8.13 (a) implies that M,, = M,,_, and we can choose

B;, = B._,. It n(mi—1(ki)) = n(n(k;)), then Proposition 8.17 proves that the
validity of Theorem 8.2 (a) for 7;_; implies the validity of Theorem 8.2 (a) for 7.



90 8. SYMMETRIC CGL EXTENSIONS AND QUANTUM CLUSTER ALGEBRAS

In this case B;, := u(,ﬂ).(énfl), where (k;)e = ((7k,)eTs, ) (ki). This completes the
proof of Theorem 8.2 (a) and (b). d

PROOF OF THEOREM 8.2 (c). The one-step mutation statement in part (c) of
Theorem 8.2 and Corollary 5.6 (a) imply that all quantum seeds associated to the
elements of =y are mutation-equivalent to each other.

In the rest we prove the one-step mutation statement in part (c) of the theorem.
If n(7(k)) # n(r(k 4+ 1)), then the statement follows from Proposition 8.13 (a).

Now let n(7(k)) = n(7(k +1)). We have that either 7(k) < 7(k+1) or 7/(k) =
T(k+1) <7'(k+1) =7(k). In the first case we apply Proposition 8.17 to the pair
(1,7") and in the second case to the pair (7/,7). The one-step mutation statement
in Theorem 8.2 (c) follows from this, the uniqueness statement in part (a) of the
theorem and the involutivity of mutations of quantum seeds (Corollary 2.11 (b)).

(I

8.8. Intersections of localizations

Parts (d) and (e) of Theorem 8.2 involve showing that R and Ry, ' | k € inv]
are equal to intersections of appropriate localizations. Proving this does not require
either the existence of square roots of the Ay; in K* or the condition (6.13), and
leads to a general result of independent interest, showing that all symmetric CGL
extensions are intersections of partially localized quantum affine space algebras.

Throughout this section, we will assume that R is a symmetric CGL extension
of rank N as in Definition 3.3, and we fix a function 7 : [1, N] — Z satisfying the
conditions of Theorem 3.6. For each 7 € Z, there is a CGL presentation

R =Kz, )][272); 07 (2), 07 ()] -+ [T (3v): 07 vy 07 )]

as in (3.12). Let p, and s, denote the predecessor and successor functions for the
level sets of 7, := n7, which by Corollary 5.6 (b) can be chosen as the n-function
for the presentation (3.12). Let y,1,...,yr- n be the corresponding sequence of
homogeneous prime elements of R from Theorem 3.6, and denote

A, := the K-subalgebra of R generated by {y, | k € [1, N]}
7T, := the K-subalgebra of Fract(R) generated by {yXi | k € [1, N]}
E. := the multiplicative subset of A, generated by ’

K*U{yrx | k €[1,N], s;(k) # 4o0}.

By Proposition 3.11, 7, is a quantum torus with corresponding quantum affine
space algebra A,. In particular, F, consists of normal elements of A,, so it is an
Ore set in A.,.

THEOREM 8.19. Let R be a symmetric CGL extension of length N.

(a) A, C RC A, [E;Y] C T, C Fract(R), for all T € Zy.

(b) R is generated as a K-algebra by {y-x | 7 € T'n, k € [1, N]}.

(c) Each E; is an Ore set in R, and R[E;'] = A, [E;1].

(d) R= ﬂTEFN R[E‘:l} = ﬂTEFN ‘AT[ET_I]

(e) Let inv be any subset of {k € [1, N] | s(k) = +oo}. Then
Rly,' |k einv]= (| RIE;"|ly;" | k € inv].

Te€ln
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PROOF OF PARTS (a), (b), (¢), (¢). For part (a), the first, third, and fourth
inclusions are clear. For the second, it suffices to show that 2.y € A, [E; ] for all
k € [1, N], which we do by induction on k. The case k = 1 is immediate from the
fact that x (1) = yr1.

Now let k € [2, N]. If p,(k) = —oo, then x4 = yrx € A [ESY]. If pr(k) =
| # —oo, then | < k and yr x = Yr1Trx) — Crk for some element c; in the K-
subalgebra of R generated by x,(1),...,Z;—1). By induction, ¢, € A-[E; .
Further, y.; € E; because s, (I) = k # 400, and thus

Tr(k) = yT_ll (yT,k + cﬂk) € A [E7Y

in this case also.

(b) For each j € [1,N], we have 7;; € I'y with 7; (1) = j. Theorem 5.3
implies that y; 1 is a scalar multiple of yj; j = ;. Thus, in fact, R is generated by
{yea | 7€ ).

(c) By (7.1), for each 7 € Ey the set E; is an Ore set in R. It is clear from
part (a) that R[E- '] = A [ESY).

(e) Let v € N, ey RIE;Y[y, ' | k € inv]. For each 7 € T'y, we can write v
as a fraction with numerator from R[E;!] and right-hand denominator from the
multiplicative set Y generated by {yx | k¥ € inv}. (Note that Y is generated by
normal elements of R, so it is an Ore set in R and in R[E-'].) Hence, choosing a
common denominator, we obtain y € Y such that vy € R[E;!] for all 7 € I'y. Once
part (d) is proved, we can conclude that vy € R, and thus v € R[yk_1 | k € inv], as
required. (I

In proving Theorem 8.19 (d), we need to compare fraction expressions for an
element v of (o R[E; '] across the given localizations, which is done via the
reenumerations 7,7 from Section 8.1. Some properties of these permutations are
given next. We keep the notation ex := {j € [1, N] | s(j) # +o0o}.

LEMMA 8.20. (a) For any T € Zy, the permutation (1747) !

onto the set {k € [1,N] | s;(k) # +o0}.

(b) Suppose that 7,7 € Ex and 7" = 7(k,k + 1) for some k € [1,N —1]. If
nt(k) = nr(k+ 1), then 7,7 = 747

(c) Suppose that 7,7 € Ex and 7' = 7(k,k + 1) for some k € [1,N —1]. If
n7(k) # nr(k + 1), then

maps ex bijectively

To7' (k) = Tem(k + 1) and Tor'(k+ 1) = 1e1(k),

while {7/ (1) = 1e7(l) for alll € [1, N]\ {k, k + 1}.
(d) Let j € ex. Then there exist 7,7 € 'y such that 7/ = 7(k,k + 1) for some
ke [1,N — 1] with nt(k) =n7(k + 1) and Te7(k) = j.

PrOOF. (a) Let j € [1,N] and k = (77)71(j), and note that n(j) = nr(k).
Then j € ex if and only if j is not the largest element of the set n~1(n(4)), if and
only if k is not the largest element of 7='n~=1(n(j)) = n7*(n,(k)), if and only if
sr(k) # +oo.

(b) This follows from the observation that 7=(L) = (7/)~1(L) for all level sets
L of n.
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(c) If L is a level set of n not containing k or k + 1, then 7=(L) = (7/)~(L)
and so 7,7'(1) = 7e7(l) for all [ € L. For the case L = n~1(n7(k)), we have

L={r(i1)=7"(i1),...,7(ir—1) = 7' (ir_1), 7(k) = 7'(k + 1),
T(iry1) = 7' (ipg1), -, 7(i) = 7'(is) }

forsomel <4y < -+ <y, <k <k+1<ipp1 <--- <4 <N, from which it is clear
that 7,7/ (k+ 1) = 7e7(k) and 7,7'(1) = 7e7(I) for all I € {1, ..., 0p—1,0p11, -, 0t}
Similarly, we see that 7,7'(k) = 7e7(k + 1) and 7,7'(l) = 7e7(l) for all [ €
i r(k+ 1))\ {k+1}

(d) Set m = O_(j) € Z>p and i = p™(j) € [1,N], so that p(i) = —oo and
s™ (i) = j. Since s(j) € [i+1, N], we may take 7 := 7; (jy—1 and 7" := 7; 4(;) in T'y.
Then 7/ = 7(k,k + 1) where k = s(j) — 4, and n7(k) = n(i) = n(s(4)) = nr(k + 1).
Moreover, the level set L := n~t(n7(k)) = n7*(n(i)) equals n~1(n(j)) and 7 maps
the elements of [1,k] N 77*(L) to s(i),...,s™(4),4 in that order. Hence, 7o7(k)
equals the (m + 1)-st element of L when L is written in ascending order. That
element is j. [l

PROOF OF THEOREM 8.19 (d). The second equality follows from part (c), and
one inclusion of the first equality is obvious.
Let v € (,cp,, RIE;'] be a nonzero element. For each T € Ty, let

mr 1
H Yru

l€[1,N]

be a minimal denominator of v with respect to the localization R[E '], where all
My € Z>o and m,; = 0 when s, (I) = +oo. We first verify the following
Claim. Let 7,7" € I'y such that 7" = 7(k,k + 1) for some k € [1I, N — 1].

(1) M, (rar)=1(j) = Mer,(r47)-1(j), for all j € [1, N].
(2) If n(k) = n7(k + 1), then m, ; = 0.

If nr(k) = n7(k + 1), then (1) and (2) follow from Lemma 8.20 (b), Theorem
7.4, and Theorem 4.2 (b). If n7(k) # n7(k + 1), we obtain from Theorem 4.2 (a)
that y- p = Yr k41 and Yy g1 = Yr i, while yr; =y, for all I # k,k+1. As
a result, £ = E, and we see that m, ; = m, 41 and mys g1 = m, i, while
my =m, for all [ # k,k + 1. In this case, (1) follows from Lemma 8.20 (c).

Since all the permutations in I" y appear in the chain (5.7), part (1) of the claim
implies that

(831) Mo (640)~1(5) = M1 (re7)~1(j)> Vo, Tr€l'yn, j€ [1,N]

For any j € ex, Lemma 8.20 (d) shows that there exist 7,7/ € 'y such that
7' = 7(k,k + 1) for some k € [1, N — 1] with n7(k) = n7(k + 1) and 7e7(k) = j.
Part (2) of the claim above then implies that m, ;,ry-1(j) = 0. From (8.31), we
thus get

My (040)=1(j) = 0, VoeTy, j€cex

In particular, miq; = 0 for all j € ex, whence miq; = 0 for all j € [1,N] and
therefore v € R, which completes the proof of Theorem 8.19 (d). O
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8.9. Completion of the proof of Theorem 8.2

We finally prove the last and most important part of Theorem 8.2 which es-
tablishes an equality between the CGL extension R, the quantum cluster algebra
A(M, E, @)k and the corresponding upper quantum cluster algebra U (M, E, k.

Recall the setting of Section 7.1. For all 7 € Ep, define the multiplicative
subsets

E; = K*{MT(f) fe) Zzoea‘}
jEex
By (7.1), E; is an Ore subset of R for all 7 € ZEy. In view of Lemma 8.20 (a) and
the definition of M., we see that E, is generated (as a multiplicative set) by
K*U{yrw | k € [1,N], s-(k) # 400},
matching the definition used in Section 8.8.

—_

PROOF OF THEOREM 8.2 (d)—(e). By Theorem 8.2 (c), for all 7 € ZEx the
quantum seeds (M, ET) of Fract(R) are mutation-equivalent to each other. For
each j € [1, N], we have 7;; € I'y with 7;;(1) = j, and so y, 1 =7; ;) = @5 by
Proposition 8.9. Thus, each generator z; of R is a cluster variable for a quantum
seed associated to some 7 € I'y. Hence,

(8.32) R C A(M,B,2)k.
The quantum Laurent phenomenon (Theorem 2.15) implies that
(8.33) A(M, B,2)x CU(M, B, 2)x.
Since M;(e;) € R for all T € En, j € [1, N],
(8.34) UM, B.2)x C (| RIE
TelN
Combining the embeddings (8.32), (8.33), (8.34) and Theorem 8.19 (d) leads to
R c A(Maéag)K - u(MaEaQ)K C m R[E;l] = R7
Tl N

which establishes all equalities in Theorem 8.2 (d).
For part (e) we have the embeddings

(8.35) Rly,'|k €inv] C A(M, B,inv)g C
CUM,B,inv)x € () Rly,' | k € inv][E Y],
7el'n

which follow from the quantum Laurent phenomenon and the fact that each gener-
ator of R is a cluster variable in one of the seeds indexed by I' y. Theorem 8.19 (e)
and the chain of embeddings (8.35) imply the validity of part (e) of the theorem. O

The chain of embeddings (8.35) and Theorem 8.19 (e) also imply the following
description of the upper quantum cluster algebra in Theorem 8.2 as a finite inter-
section of mixed quantum tori-quantum affine space algebras of the form (2.28).

COROLLARY 8.21. In the setting of Theorem 8.2,

U(M,E,inv)K = ﬂ TA,(inv)
TEA
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for every subset A of T'y which is an interval with respect to the linear ordering
(5.7) and has the property that for each k € ex there exist two consecutive elements
T="Tij-1 <7 =7, of A such that n(i) =n(j) and k = 1e7(j — 1), recall Section
8.6. Here T A, (inv) denotes the mized quantum torus—quantum affine space algebra
from (2.28) associated to the permutation 7, D =K, and the set of inverted frozen
variables inv.

In particular, this property holds for A =T'y.

8.10. Some vectors f; s

The normalization condition (6.13) in Theorem 8.2 depends on the leading
terms of the elements u; 4(;) for ¢ € [1, N] with s(i) # +o0, and thus on the expo-
nent vectors fj; s(s)- The entries of these vectors actually arise from the exchange

matrix B = (by), as we now show in the case when [i, s(i)] = [1, N]. This will be
used in Chapter 10.

PROPOSITION 8.22. Let R be a symmetric CGL extension of length N which
satisfies the hypotheses of Theorem 8.2. Assume that N > 3 and s(1) = N, and
recall from (5.20) that Py ny = {l € [2, N — 1] | 5(I) = +oc} in this case. Then

(8.36) Jony = — Z bineg,o-w ) -
leEP)1 N

Proor. We will apply Proposition 8.13 using the permutations
Ti=TyN-1=[2,...,N—1,1,N] and = N=1[2,...,N,1]

from the subset I'y of Zx. In this case, 7/ = 7(k,k+1) for k= N —1 and 747 = T,
so that ke = 1. We first show that

(8‘37) M‘I’ - Mld == M and ET = gld = E'

We have 717 = id < 712 < -+ < 7y, N—2 < 7T in the linear ordering (5.7).
Note that 7y j11 = 71;(j,j + 1) for all j € [1, N — 2], and that (71 ;(j)) = n(1) #
n(j+1) =n(r,;(j+1)) for such j. Theorem 8.2 (c) implies that M, =M, ,,

1,541
and hence also r;, ,  =r; , forall j € [1, N —2]. It follows that the conditions

determining the columns of ETL]. and B
5 S

71,41 in Theorem 8.2 (a) coincide, and thus
71,41 = Br,, by uniqueness. This verifies (8.37).
Recall the toric frame M|, n7 from Section 6.3, and apply Proposition 8.9 to

see that
M vy(€1) = Trpory = Mom~Her) = Mo (er), VL€ [1,N].

Thus, My ny = M, = M. From Section 6.3 we also recall the vector g n) =
> iep, « Muer and the relation
[1,N]

= E me = E me
f[l,N] l [poa(l)(l),l] L€RO-Oy 1
lePn, Ny lePp, Ny

with the last equality following from the fact that n(l) # n(1) for all [ € Py nj.
Corollary 6.8 (a) implies that

(8.38) upy,n) is a scalar multiple of My nj(gp1,n7) = M (g911,37)-
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Set ¢’ := Zlep[l N TUEL-1; and observe from the proof of Proposition 8.13 that
the vector g appearing in the statement of the proposition is 747(g’) = g1, 5. Thus,
equations (8.9)—(8.11) imply, recalling (8.37), that

Qr(eN 79[1,N]76j) =1, V] 7£ 1,
Qr(eN - g[l,N]7el)2 = )\91«,
and
XM(en—gp,ny) = L.
Theorem 8.2 (a) now implies that ey — g1 ,n] = bl. From this we obtain by = 1

and
by = {ml, le P[l,N]
0 lE[l,N—l]\P[LN].
Consequently,

M(gun) = [[ o™
LEP1, N

Eq. (8.36) follows from this and (8.38). O






CHAPTER 9

Quantum groups and quantum Schubert cell
algebras

In this chapter we first set up notation and review material on quantum groups
and quantum Schubert cell algebras. Then we derive an explicit description of
the sequences of prime elements of the latter algebras constructed in the previous
chapters.

9.1. Quantized universal enveloping algebras

Fix a finite dimensional complex simple Lie algebra g of rank » with Weyl group
W and set of simple roots IT = {a1,...,a,}. Let (.,.) be the invariant bilinear
form on RII normalized by {(a;, ;) = 2 for short roots «;. For v € RII, set

V1 = v,)-

Denote by {s;}, {a)} and {w;} the corresponding sets of simple reflections,
coroots and fundamental weights. Let Q and P be the root and weight lattices
of g, and P* = 3, Z>¢w; the set of dominant integral weights of g. Denote the
Cartan matrix of g by

(9-1) (cij) = (', ) € M, (Z).

As in the previous chapters, we will work over a base field K of arbitrary char-
acteristic. Choose a non-root of unity ¢ € K* and denote by U,(g) the quantized
universal enveloping algebra of g over K with deformation parameter q. We will
mostly follow the notation of Jantzen [28], except for denoting the standard gen-
erators of U,(g) by KF', E;, F; instead of K.i,,, Ea,, Fa, which better fits with
the combinatorial notation from Chapters 3-8. We will use the form of the Hopf
algebra U, (g) with relations listed in [28, §4.3], and comultiplication, counit, and
antipode given by

A(K;) = K; ® K, €(K;) =1, S(K;)=K; ',
AE)=FE;®1+K;® Ej, e(E;) =0, S(E;) = -K; 'E,,
AF)=FoK'+19F, e(F;) =0, S(F;) = —F;K;,

for all ¢ € [1,7] [28, Proposition 4.11].

The algebra U, (g) is Q-graded with deg K; = 0, deg E; = «;, and deg F; = —q;
for all ¢ € [1,r] [28, §4.7]. The corresponding graded components will be denoted
by Uy(8)y, ¥ € Q. Define the torus
(9.2) H = (K*)".

97
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Its rational character lattice is isomorphic to Q, where the simple root a; is mapped
to the character

(93) h— h% = tj, Vh = (tl,...,tr) e H.

The O-grading of U,(g) gives rise to the rational H-action on U,(g) by algebra
automorphisms such that

(9.4) h-u="h"u, VyeQ, ueclyg),
9.2. Quantum Schubert cell algebras

Let By denote the braid group of g and {7;}]_, its standard generating set. We
will use Lusztig’s action of By on U,(g) by algebra automorphisms in the version
given in [28, §8.14, Egs. 8.14 (2), (3), (7), (8)]. The canonical section W — By will
be denoted by w — T,. It follows from [28, §4.7, Eq. (1) and §8.14, Eq. (2)] that
(95) Tv(uq(g)'y) :uq(g)si’h VZ € [1,7’], ’Y € Q

The quantum Schubert cell algebras U*[w], w € W were defined by De Concini,
Kac, and Procesi [8], and Lusztig [34, §40.2] as follows. Fix a reduced expression

(9.6) W= i, .. Siy

and denote

1, if j>k

for all j,k € [1, N]. (The above notation depends on the choice of reduced ex-
pression, but this dependence will not be displayed explicitly for simplicity of the
notation.) Define the roots

(97) ﬂk = W< (k1) Wiy, Vk € [1,N]

of g and the Lusztig root vectors

(98) Eﬁk = ngk—l(Ei ) =T ... Ek—l(Eik)7

Fpg, :=Tw_,_,(Fi,) =Ti, ... Ty, (Fy,) € Uy(g), Vk € [1,N],
see [34, §39.3]. Note from (9.5) that Eg, € U,(g)p, and Fp, € Uy(g)—p,-

By [8, Proposition 2.2] and [34, Proposition 40.2.1], the subalgebras U* [w] of
U, (g) generated by Eg, , k € [1, N] and Fg,, k € [1, N], respectively, do not depend
on the choice of a reduced expression for w and have the K-bases

{(ElgN)mN A (Eﬂl)ml | mpy,...,mp € Zzo} and

(9.9) {(Fa)™ .. (Fg,)™ | mas...,my € Zso}.
The algebras U*[w] are Q-graded subalgebras of U,(g) and are thus stable under
the action (9.4).

There is a unique algebra automorphism w of U, (g) such that

wE)=F, wk)=E, wk)=K", Vie[lr].

By [28, eq. 8.14(9)], w(T}(u)) = (1) M gl T;(w(u)) for all i € [1,7], v € Q,
and u € Uy(g)~. This implies that the restrictions of w induce isomorphisms

k

w:UTw] U], w(Bg,) = (~1)Fmanr g Brmeur) fy vk e [1,N],
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where p and p" are the half sums of the positive roots and coroots of g, respectively.
We will restrict ourselves to U~ [w] since these algebras are naturally realized
in terms of highest weight vectors for U,(g)-modules (see Section 9.3 for details),
while the U™ [w] are realized in terms of lowest weight vectors [41, Theorem 2.6].
The above isomorphisms can be used to translate all results to U™ [w].
The Levendorskii-Soibelman straightening law is the following commutation
relation in U~ [w]:

(9.10) Fg, Fp, — q_<5’€’51>ngFBk
= > En(Fpey) ™ o (Fpyp)™*, Em €K,

k—j—1
m=(m;i1,...,mr—1) € Ly’

for all 1 < j < k < N (see e.g. [4, Proposition 1.6.10] and apply w). This
identity and (9.9) easily imply, as recorded in the following lemma, that U~ [w] is
a symmetric CGL extension for the obvious order of its canonical generators:

(9.11) T ::Fgl,...,xN = FgN.

Note that the unital subalgebra of U~ [w] generated by Fg,,...,Fp, is equal to
U [w<g]. Tt follows from (9.3) that for all k € [1, N| there exist hy, b} € H such
that

(9.12) W' = ¢BB) i e [1,k] and (h)% = q PP Vi e [k, N].
Fori € [1,7], set q; := ¢l*i1°/2 € K*. Recall that ||oy||2/2 € {1,2,3} for all i € [1,7].

LEMMA 9.1. For all Weyl group elements w € W of length N and reduced
expressions (9.6) of w we have:

(a) For all k € [1,N], the algebra U~ [w<y] is an Ore extension of the form
U™ [w<k—1)][Fpy; Ok, Ok, where o = (hy-) € Aut(U™ [w<x—1)]) and 0y, is the locally
nilpotent op-derivation of U™ [w<x—1)] given by

5k(u) = Fﬁku - q<ﬁkﬁ>UFﬂk7 Yu € (ui[wg(k—l)])’)’v v e Q
The hy-eigenvalue of Fg, 1s ql-_f and is not a root of unity.
(b) The algebra
(9.13) U™ [w] = K[Fp, |[Fs,; 02,02] - - - [Fy;0n, 6]
is a symmetric CGL extension for the choice of generators (9.11) and the choice of

elements hy, hi, € H.
(c) The corresponding “interval” subalgebras are given by

U [wljr = Twe, (ui[w[j,kl])'

For parts (a)-(b) of the lemma see e.g. [13, Lemma 2.1]. Part (c) of the lemma
follows at once from the definition of the root vectors Fg,. The multiplicatively
skew-symmetric matrix A € My (K*) associated to the above CGL extension pre-
sentation of U~ [w] is given by

(9.14) Aj =g PeBi) W1 <j<k<N.
Furthermore,
(9.15) Ae=gq;° and A\ =¢q, Vk€[L,N],

because ||B||? =



100 9. QUANTUM GROUPS AND QUANTUM SCHUBERT CELL ALGEBRAS

9.3. Quantum function algebras and homomorphisms

Recall that a U,(g)-module V' is a type one module if it is a direct sum of its
weight spaces defined by

Ve={veV|Kw=¢» Vie[lr]}, peP.

The category of finite dimensional type one (left) U, (g)-modules is semisimple (see
[28, Theorem 5.17] and the remark on p. 85 of [28]), and is closed under taking
tensor products and duals. The irreducible modules in this category are classified
by the dominant integral weights of g ([28, Theorem 5.10]). For each pu € P,
denote by V(i) the corresponding irreducible module. Let v, be a highest weight
vector of V' (u).

Let GG denote the connected, simply connected, complex simple algebraic group
with Lie algebra g. The quantum function algebra R,[G] is the Hopf subalgebra
of the restricted dual U, (g)° spanned by the matrix coefficients c’g’v of the modules

V(u), p € Pt, defined by
(9.16) () = (), Yo € Vi), § € V(' u e Uy).

Set for brevity
cg = cgvu, VY € P, €€ V(n)*
The space
R = Span{cl | p € P*, € € V(u)*)
is a subalgebra of R,[G] [30, §9.1.6]. The braid group By acts on the finite di-
mensional type one U, (g)-modules V' (see [28, §8.6]) in a compatible way with its
action on Uy,(g):

Tw(uw) == (Tyu).(Tyv), Yw e W, u e Uy(g), veV

(cf. [28, eq. 8.14 (1)]). Given p € Pt and w € W, there exists a unique vector
Ew,u € (V(H)*)—wu such that

(9.17) <§w,va_—11Uu> =1
For y,w € W and p € P define the (generalized) quantum minors
(9.18) Aypwp = c’gwa;l € RG] and Ay = Apppu = ng‘u € R".

Zqv

For all 4 € Pt and y,w € W, the quantum minor Ay, ., above equals the
quantum minor Ay, .,, of Berenstein-Zelevinsky from [3, Eq. (9.10)]. One shows
this by a repetitive application of the formulas

@Fzmvmwi and  E"F" Ve, = ([m]Qi!)vawi
for m € Z>o, i € [1,7]. (Here and below we use the notation of [4, 28] for g-integers
and factorials.) This is why everywhere in this and the next chapter we use Tuj,ll
instead of T,,. Using the latter would bring some unwanted extra scalars coming
from the formula

(—q)™

[m]g,!

For w € W, the set Ey, := {Ay, | p € P} C RT is a multiplicative subset of
R™T because Ay, Awpy = Awpy+wps, for all py, pe € PT, w € W. Joseph proved
that it is an Ore set [30, Lemma 9.1.10] for char K = 0 and ¢ transcendental. His

—1
Ty Vme, =

Tivmwi =

m
Fi Umwo; -
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proof works for all base fields K, ¢ € K* not a root of unity, [40, §2.2]. Following
[30, §10.4.8], define the algebras

R”:=R'[E,'] and R = {c{A,, |neP", £ V(n)}

One does not need to take a span in the definition of the second algebra, but note
that the elements of Ry’ do not have unique presentations in the form Ce YA 1 . The
algebra Ry is Q-graded by

(RY)y = {ckDup | nePT, €€ V() )y—wn}, V7 €EQ

In particular,

AZ/HA b= ng,HAwl (RO )(w Yy o VPJ € P+7 Yy, w e W.

"

The algebra U~ [w] is realized as a quotient of Ry as follows. Denote Q% :=
Y Zsoay. For v € QF, set my(y) = dimUT[w]), = dim@~ [w])—,. Let
{uvn}m“’('y) and {u,,yn}m“’(w) be dual bases of (UT[w]), and (U~ [w])—, with
respect to the Rosso-Tanisaki form, see [28, Ch. 6]. The quantum R-matrix
corresponding to w is the element

Mw (7

RY:=1®@1+ Y > Uyn®u_qp

yEQt, v#£0 n=1

of the completion UT@U~ of UT @ U~ with respect to the descending filtration
[34, §4.1.1].
There is a unique graded algebra antiautomorphism 7 of U,(g) given by

(9.19) T(E;) =E;, 7(F)=F, 7(K;)=K;"', Viell,r],
see [28, Lemma 4.6(b)] for details. It is compatible with the braid group action:
(9.20) T(Tyu) =T, (1(w), Vu € Uy(g), w e W,

see [28, Eq. 8.18(6)].

THEOREM 9.2. [41, Theorem 2.6] For all Weyl group elements w € W, the
map @y @ RY — U™ [w] given by

ow (D) = (c gT - ®id)(r @ id)RY, VYue P, L€V (n*
is a well defined surjective Q-graded algebra antihomomorphism.

The kernel of ¢,, has an explicit description in terms of Demazure modules, [41,
Theorem 2.6]. Later we will need the following explicit formula for ¢, which follows
at once from the standard formula for the inner product of pairs of monomials with
respect to the Rosso-Tanisaki form [28, Eqgs. 8.30 (1) and (2)]:

1y qZJ QZ])
o wan= X (1 O

mi,...,mn €ZL>o \J= 14 i J]qij'

x (&, (TEg )™ ...(TEﬂN)mNT;}wM)FénN Fg’:l,

for all p € PT, &€ V(p)*.
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9.4. Quantum minors and sequences of prime elements
For y,w € W and ¢ € [1,r], set

(9.22) Eywi,wWi = SOUJ(AywiA_l ) = (Aywi,wWiT ®id)R" € u_[w](w*y)wi'

The elements AMA;}L € RY are normal modulo ker ¢, for all u € P+, which

implies that A, ., are (nonzero) normal elements of U~ [w] for all i € [1,7].
More precisely,

(9.23) Ewi,wwiu = q*<(1+w)w1wv>u5w“ww“ Vie[l,r], uelU [wly, vE€Q,
see [41, Eq. (3.30)].
Denote the support of w € W by
S(w):={ie[l,r]|s <w}=A{i1,...,in},

where < refers to the Bruhat order on W. The homogeneous prime elements of
the algebras U~ [w] are given by the following theorem.

THEOREM 9.3. [41, Theorem 6.2] For allw € W,

{Awi,wwi | (S S(’LU)}
is a list of the homogeneous prime elements of U™ [w] up to scalar multiples.
COROLLARY 9.4. In the above setting,
k(U™ [w]) = [S(w)].

Lemma 9.1 (c) and Theorem 9.3 imply that all prime elements y; sm(;) are

scalar multiples of elements of the form T, (Ag, ww,;) where w’ and w” are sub-
words of (9.6), ¢ € S(w). In the remaining part of this chapter we obtain a more
explicit form of this fact.

From now on we fix a reduced expression (9.6) of w € W. Consider the function

(9.24) n:[1,N]—=[1,r], nk) =i

The associated functions p : [1, N] = [1, N]U{—oc} and s : [1, N] — [1, N]U {400}
are the functions k — k= and k — k™ from [1]:

(9.25) (k) = max{j < k|i; =14z}, if such j exists
' P = —00, otherwise
and
(9.26) (k) min{j > k| ¢; =4z}, if such j exists
. S =
400, otherwise.

(One should note that [11] uses integers instead of +00.) Recall from (3.14) that
wo denotes the longest element of Sy. The CGL extension presentation of U~ [w]
corresponding to this permutation has the form

(927) Z/{_[w] = K[FBN][FﬁN—ﬂU}kal?(S}kal] T [Ffﬁ;UT’ 5;]

We write Yy, 1, -, Yw,,~n for the sequence of y-elements given by Theorem 3.6 for
the above presentation.
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THEOREM 9.5. For all Weyl group elements w € W of length N, reduced

expressions (9.6) of w, and k € [1, N], we have
_ —O4+(N—k4+1)-1 %

(9'28) ywo,k = (qiN17k+1 - qiN7k+1) - AwSN—kwikaJ»l ,wwiN7k+1 .
The function n from (9.24) satisfies the conditions of Theorem 3.6 for the CGL
extension presentation (9.13) of U~ [w], and the corresponding functions p and s
are given by the formulas (9.25) and (9.26).

Furthermore, for all1 < j <k <N,

(9~29) Ang—lwij YWD Awgk—lwik WG, T

<(w§j71+w)wij7(w§k717w)wik>£ A

=4 W< -1 Wiy, , Wi, Ang—lwijﬂﬂwij'

Using the definition of the braid group action, one easily sees that

Acywey = Buc, ymi wemy,» for j = min{k € [1,N] | iy = i}.

PROOF. First we prove (9.29). Applying [3, Eq. (10.2)], we obtain

AU}Sk—lwik sWiy, Ang—lwij iy T

(Weh—1Tiy W14, ) — (T, 7wij>A

q

forall 1 < j <k < N. Eq. (10.2) in [3] was stated for K = Q(g), but its proof
works for all fields K since it only uses the standard left and right actions of U,(g)
on R,[G]. In addition, we have
At = g~ yA,, . mod RY[E; Y kerp,, Yu e (RY),, v€Q, pePt.
see [41, Eq. (2.22) and Theorem 2.6]. Eq. (9.29) follows from these two identities
using that ¢, : RY — U~ [w] is a graded antihomomorphism by Theorem 9.2.
Proposition 3.3 from [13] implies that Awe, ymi, wmi; € U™ [w]jj,n) for all
J € [1,N] and that U~ [w]j; n] sits inside the subalgebra of Fract(U~[w]) gener-
ated by the elements giizflwn,wwm l € [j,N]. Since Awgk_lwik,ww@-k belongs

to (U™ [w])—(wey_s—w)w,, » it follows from (9.29) that Ewgflwl-j,wmj is a normal

WL —1Wi;,Wij Awgk—lwik s Wiy,

element of U™ [w](; n:

u= q_<(w§j—1+w)wm]~ W)u&

Angflwij ,wwij

ng—lwij ,wwij

for all u € (U’[w][j,N])v, v e Q.
Invoking again [13, Proposition 3.3], we have

e _ -1
(930) A’ng—lwij Wi 4 = (qij - qij)Ast(j}—lwis(j),’w’wis(j) Fﬁ]
mod U™ [w](j11,n), if s(j) # +o0
and
931)  Aue, o e

We apply Proposition 3.10 for the presentation (9.27) of U~ [w]. The previous
arguments verify conditions (i)—(iii) of the proposition, where y;, is the element on
the right hand side of (9.28) for k € [1, N] and ¢},...,c)y are obtained from (9.30)
and (9.31). We are left with showing that condition (iv) is satisfied. Denote by s :
[1, N] — [1, N]Ju{+o0} the successor function from Theorem 3.6 for the presentation

= (q;1 —qi;)Fp, mod U™ [w]jj1,n), if s(j) = +o0.

J
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(9.27) of U~ [w]. We need to prove that, if 5(j) = +o0, then s(j) = 400, i.e we are
in the case of Eq. (9.31). If 5(j) = 400, then tkU~[wy; nj] = rkU™ [wij11,n] +
1. Applying Corollary 9.4, we obtain that |S(wy;n))| = |S(wpr1,n))| + 1, and
thus s(j) = +o00. Eq. (9.28) and the statements for n, p and s now follow from
Proposition 3.10. g

Combining Theorem 9.5 (applied to U~ [w<m(;y]) and Proposition 8.9 (applied
to the case when 7 equals the longest element of S,m(;)) leads to the first part of
the following:

COROLLARY 9.6. In the setting of Theorem 9.5, assume there erists \/q € K*.
Then for all j € [1, N] and m € Z>o such that s™(j) € [1, N],

— — —1 . M (4 x
(9:32) yjsm (i = (qijl_q”) : ( H gt (J)>)Aw<1lwij7w§sm<j>mj'
0<l<n<m
and

Eq. (9.33) follows from (9.32) by inspecting degrees with respect to the O-
grading. On one hand, Ang—lwij;wgsm(j)wij has degree (wsm(;) — w<;—1)w;,; by
(9.22). On the other hand,

deg(ypjem()) = > deg(Fs, ) == > Bag):
=0 =0



CHAPTER 10

Quantum cluster algebra structures on quantum
Schubert cell algebras

As an application of the results of Chapter 8, we prove that for all finite di-
mensional simple Lie algebras g, the quantum Schubert cell algebras U~ [w] have
canonical structures of quantum cluster algebras. Previously this was known for
symmetric Kac-Moody algebras g due to Geif}, Leclerc and Schroer [15]. Our proof
works under very general assumptions on the base field K and the deformation pa-
rameter ¢ € K*. The field can have arbitrary characteristic, it does not need to be
algebraically closed, and ¢ is only assumed to be a non-root of unity.

The existence of some quantum cluster algebra structure on U~ [w] is guaran-
teed by Theorem 8.2, once we enlarge the base field to include a square root of ¢
and rescale the generators Fg,, ..., Fg, to satisfy condition (6.13). We actually put
these generators in reverse order, Fg,, ..., Fg,, before arranging to apply Theorem
8.2. What then remains is to identify the initial quantum seed and the cluster
variables of this structure.

10.1. Statement of the main result

Fix a finite dimensional complex simple Lie algebra g, a Weyl group element w €
W, and a reduced expression (9.6) of w. Throughout this chapter, the predecessor
and successor functions p and s will refer to the ones given by (9.25)—(9.26). Recall
that the multiplicatively skew-symmetric matrix A € My (K*) associated to the
CGL extension presentation of U~ [w] for the sequence of generators (9.11) is given
by
Ajr = ¢PP) V1 <j <k <N.

From now on we will assume that the base field K contains a square root of
q and fix such a root /g € K*. Let v € My(K*) be the unique multiplicatively
skew-symmetric matrix given by

ik :\/(}(ﬁ_ivﬁk)’ V1<j<k<N.

The results of Chapters 4-8 will be applied to the algebra ¢~ [w] for this choice of
the matrix v.

Theorem 9.5 implies that there is a unique toric frame M¥: ZN — Fract(U~ [w])
such that

MY _ ||(w7w§k—1)wik“2/2£ vk 1.N
(ex) \/a W<k 1Ty Wiy 5 € [1, N]
whose matrix is given by

(101) r(Mw)jk _ ﬁ((ngfﬁﬂu)wij,(wgkflfw)zmk)v v1 <j< k< N.

105
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The cluster variables M* (ey) are also given by the expressions

I(w y—w<k-1)@iy |17 /2
Mw(ek) = \/a <Oy (k) <k-—1 k Awgk—lwik we,

w —Dwi, |I?/2 X
_ \/a”( e, N1 —Dwig 17/ Awgk_17x7ik wem -
The frozen variables of the quantum cluster algebra structure that we will define
will be indexed by
(10.2) {k € [1,N] | p(k) = —oc}.

Note that this set has the same cardinality as S(w). We will use the convention
that

(10.3) the columns of all n x (N — |S(w)|) matrices
are indexed by {k € [1, N] | p(k) # —oo}.

Under this convention, define the N x (N — |S(w)|)-matrix B* with entries

1, if j=p(k)
-1, if j=s(k)

bjk = 4 ciji, i p(G) <p(k) <j <k
—Cijig> if p(k‘) < p(]) <k<j
0, otherwise.

THEOREM 10.1. Consider an arbitrary finite dimensional complex simple Lie
algebra g, a Weyl group element w € W, a reduced expression (9.6) of w, an
arbitrary base field K and a non-root of unity q € K* such that \/q € K. Then
(M™, B®) is a quantum seed and the quantum Schubert cell algebra U~ [w] equals
the quantum cluster algebra A(M™, E“ﬂ @)k with set of frozen variables indezxed by
(10.2). Furthermore, this quantum cluster algebra equals the upper quantum cluster
algebra U(M™, BY,@)k. For all j € [1,N] and m € Z>q such that s™(j) € [1,N],
the elements

(10.4) Yrs = \[H(U’Ssm(j)*ng—l)wij 112/2 A
’ y[j’sm(.])] q W1 Wi j W< s (5) T
are cluster variables of U~ [w].

As mentioned, Geif}, Leclerc and Schréer [15] constructed quantum cluster alge-
bra structures on the algebras &~ [w] in the case of symmetric Kac-Moody algebras
g. We note that the normalization scalars for the cluster variables in Theorem 10.1
match the ones used in [15]. In the case when w is the square of a Coxeter element
and g is an arbitrary Kac—Moody algebra, a quantum cluster algebra structure on
U~ [w] was constructed by Berenstein and Rupel [2] simultaneously to our work.

Because of the invariance of the bilinear form (.,.) with respect to the Weyl
group W, the scalar in (10.4) equals

\/q“(w[j,sm(j)]_l)wijH2/2.
Theorem 10.1 is proved in S~ection 10.3. In Section 10.2 we prove that the toric
frame M™ and the matrix B* are compatible. Most of the conditions needed to

apply Theorem 8.2 are straightforward to verify for the algebra U~ [w], except for
the condition (6.13). Set for brevity

V@i = a2 vie 1,0,
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We prove in Section 10.3 that the condition (6.13) is satisfied after the rescaling
T) > ,/qik(qi_kl — ;) Fp,, Vk € [1,N]

of the standard generators (9.11) of U~ [w] and the reversal of the order of these
generators.

By setting m = 0 in the last statement of Theorem 10.1, one obtains that the
rescaled generators

Vi (qijcl - qik)FBk

of U~ [w] are cluster variables for all k € [1, N].

REMARK 10.2. The quantum seed of &/~ [w] in Theorem 10.1 comes from the
one in Theorem 8.2 associated to the longest element w, € Z5. More precisely,
MY = M, (w)e if the generators are rescaled appropriately. Using (10.4) and
Proposition 8.9 it is straightforward to write down explicitly the toric frames of the
quantum seeds of U~ [w] associated to all elements of =y via the construction of
Theorem 8.2. To compute the matrices for all those other seeds one needs to solve
explicitly the system of linear equations (8.7).

There is one additional difference between Theorems 8.2 and 10.1. In the first
case the cluster variables for the seed corresponding to w, € Ex (and as a matter of
fact for all clusters corresponding to elements of =) are reenumerated according to
the rule of Section 8.1. This is needed in order to match the combinatorics for the
different seeds. In the case of Theorem 10.1, we do not perform this reenumeration,
in order to match our results to the conventions in the existing literature. Because
of this difference, the roles of the predecessor and successor functions in Theorems
8.2 and 10.1 are interchanged. Details are given next.

For the remainder of Chapter 10, we fix the following choice of generators of
U [w):

(10.5) Tk = G (45, — @i, )Fp,, Yk €L, N],

which as previously noted are rescalings of the canonical generators (9.11). Since
U~ [w] is a symmetric CGL extension with respect to these generators, it is also
a symmetric CGL extension with respect to the presentation with the order of
generators reversed:

(10.6) U [w] = Klzn][zn-1;08 1,05 1]+ [£1507, 07,

We will apply Theorem 8.2 to this presentation as the starting presentation of
U~ [w]. To do so, we must verify that conditions (8.6) and (6.13) hold for the
presentation (10.6).

We will need to identify the data involved when Theorem 8.2 is applied as
above. (These data are not the same as those appearing at the stage 7 = w,
when the starting presentation is the one with the generators in the usual order
Z1,...,xN.) First, we label the generators of (10.6) in ascending order in the form
Ty k = Tuw,(k)- By Corollary 5.6, we can use 7, = nw, for the n-function going
with this indexing. The corresponding predecessor and successor functions are given
by pw, = wesw, and s,,, = wopw,. The multiplicatively skew-symmetric A-matrix
associated to (10.6) is woAw,, where A is the one associated to the presentation
(9.13), recall (9.14). Given the choice of v above, we choose wovw, as the v-matrix
associated to (10.6).
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We have already labelled the sequence of normalized prime elements for the
presentation (10.6) coming from Theorem 3.6 as ¥, x, k € [1, N], and we will show
later that M (ex) = T, w, k) for all k € [1, N].

Proposition 3.14 shows that the elements of H needed for the CGL conditions
on (10.6) can be chosen to be hy;,...,hi. Since hi.z; = Njz; for all j € [1, N], the
singly-indexed A-elements for (10.6), which we denote A, x, have the form

Awosk = Moo (k) = @iy yr 7R € [L,N],
recall (9.15). The set of exchangeable indices for the presentation (10.6) is
ex0 1= (I € [1,N] | su, (k) # +o0} = {I € [1,N] | pua(k) # —oc}
= {k € [1,N] | s(wo)ews(k) # +00} = ((wo)ews) ™" (ex).

In the third equality, we have used the observation that (w,)e acts by reversing
the order of the elements in each level set of 1. Taking account of Proposition 5.8,
we see that

* * —1 -2 -2
(107) )\wo’k = ()\wo’k) = )\woawopwo(k) - qipwo(k) = qium(k)’ vk € Xo-
In particular, it follows that

) 2 s 2 ) 2 ) 2
(e I = gl Pl 2 (e Y%l vj 1 ¢ ex,,

wo,l Wo,]

which verifies (8.6) for the presentation (10.6).

LEMMA 10.3. Let j € [1, N].
(a) If m € Z>¢ such that s™(j) € [1, N], then (10.4) holds:

W< gm () —W<j—1)TW4 2 N
y[j,sm(j)] = \/E]”( <s™(3) <j-1) JH /2A

(b) If k = wo(4), then

W<j—1WijW<s™ (j) Wiy

Yook = \/(}H(wfngﬂ)wiﬂ\?/z Angilw%’ww%.
(¢c) If the presentation (10.6) satisfies condition (6.13), then
MY = My, (wo)e-

Proor. (a) Using Corollary 9.6, the form of the rescaling, and the equality

Tk q q ) y[j7s7”(])} WLj—1TWi ), W< s™m () Fig
where

O = ( H \/awsl(jwﬁs"(.i)))\/querl( H q(ﬁsz(j)ﬁsvt(j)))

0<i<n<m 0<i<n<m

= \/a(val)lﬁle/Q( H \/g(ﬁsz(jwﬁsn(j))) — \/a‘lﬁj+ﬁg(j)+"'+ﬁsnz(j)H2/2

0<l<n<m
:\/a\l(wgsm(j)*ngfl)wijH2/2.
(b) Proposition 8.9 shows that ¥, = ¥j; sm(j) Where
m = max{n € Z>o | s"(j) € [j, N]} = O+(j).

Thus w<m(;y@;; = ww;,, so the desired equation follows from part (a).
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(c) Under the given assumptions, it follows from part (b) and the definition of
M™ that

—

(108) Mw(ek) = ywo,wo(k) = Mwo (ewo(k)) = Mwo (wo)'(ek)a Vk € [LN} 4

10.2. Compatibility of the toric frame MY and the matrix Bv

Recall that the rational character lattice X () of the torus H = (K*)" can be
identified with Q via (9.3). Thus, we now view X (H) as an additive group with
identity 0.

PROPOSITION 10.4. In the setting of Theorem 9.5, the multiplicatively skew-
symmetric matriz v(M"™) and the matriz B* are compatible, and more precisely

(10.9) Qe(ary (08, 1) = ¢, ", k1€ [1,N], p(k) # —c0.
Moreover, the columns b* of the matriz Bv satisfy
(10.10) Xaw k) =0, Vk € [1,N], p(k) # —o0.

PROOF. We derive the proposition from results of [1, 3]. This appears to be
the shortest way to prove the proposition, although some constructions that match
our setting to the setting of [1, 3] might appear to be a bit artificial. To avoid this,
one could prove the proposition directly following the idea of [1, 3]. We leave this
to the interested reader.

Define the function ¥ : [1, N 4+ 7] — [1,7] by

n'(j) =15, Vj€[1,N] and n“(N+i)=i, Viel,r].

The predecessor map pV : [1, N + 7] — [1, N + r] U {—oco} for the level sets of nV
coincides with p on [1, N| and satisfies

max{j € [1, N] | ¢; =14}, if such exists

P’ (N +1i) r={

—00, otherwise

for i € [1,7]. Similarly, the successor map s for the level sets of " is given by

S\/(j)= s(4), if s(j) # +oo

N +i;, if s(j) =+o0
for j € [1, N] and sV (N + i) = +oo for i € [1,7]. Our setting differs from [1, 3] in
that we place additional indices at the end of a word for a Weyl group element, not
at the beginning. The reason for this is that the results of [1, 3] will be applied to

the inverse of a certain reduced expression.
We extend BY to an (N +7) x (N — |S(w)|)-matrix by setting

1, if sV(k)=N+i
bNyik = —Ciip, if p(k) <pY(N+1i) <k

0, otherwise

for all ¢ € [1,7] and k € [1, N], p(k) # —oo, using the convention (10.3). Applying
[3, Theorem 8.3] for the Weyl group elements u := 1, v := w~! and the double word
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corresponding to the reduced expression sy . ..s; which is reverse to (9.6) leads to

N
(10.11) Y " bjsign(j — 1) (@i, @i1,) — (wej—13,, wei—177,))
=1
- ZbN+i,k<wwi7 (w<i—1 —w)wy,) = =0k, 04,)
=1

for k,1 € [1, N], p(k) # —oc.

Using the fact that the one-step mutations in [3] are eigenfunctions of both
the left and right regular actions of the maximal torus of the connected, simply
connected complex algebraic group with Lie algebra g, we obtain that

N r
(10.12) Z bjkwij + Z bnyirwi =0
j=1 i=1
N r
(10.13) Z bjkngfﬂﬂi] + Zb]\uﬂ"kwwi =0
= i=1

for all k € [1, N], p(k) # —oc.
Acting by w on (10.12) and subtracting (10.13) gives

N
XM(bk) = ijk(w - ng,1)wij = 0, Vk € [1,N}, p(k) 75 —0Q0,
j=1
which proves (10.10). Similarly, (10.12) and (10.13) imply

N

ijk«ngfl — w)wij,wwil> =0 and

j=1

N T

> bin(wem,, (wey — w)@) + Y by ({wm, (we—1 — w)w;,) =0
=1 i=1

for the same values of k and all [ € [1, N]. Combining these two identities, (10.11),
and the fact that Qp(arwy(e;,er) = /g™ where

mj = sign(j — l)(<wi]‘,wil> - <w§j—lwijaw§l—1wil>)

- <(ij*1 - w)wijvwwiz> + <wwij7 (wﬁlfl - w)wiz>v vj,le [17 N]

(which follows from (10.1)), we obtain Qr(Mw)(bk761) = \/(71_%1”0%’““2 and thus
(10.9). O

Up to a possible additional rescaling, Theorem 8.2 applied to (10.6) produces
an initial quantum seed that we will label (M., B,). For k € [1,N], the toric
frame M, sends ey to ¥, ; (possibly rescaled), so we see from Lemma 10.3 (b) and
the definition of M™ that up to rescaling, M, agrees with M " w,. Since EO is not
affected by any rescaling, recall Remark 8.7, we may use M"w, in place of M, to
determine Eo, as follows.

COROLLARY 10.5. Bo = woB" (woex, )-
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PROOF. Recalling (2.11), we have
r(M%w,) = wOTr(M“’)wC’ = wor(M"¥)ws,.
Hence, Proposition 10.4 implies that

Ot
Dy (Wob"* ™), 1) = Qeiarny (00, ey ) = .04 =\ Now

Vk € ex,, | € [1, N],
and also
X(Mww)(wobwo ) = 0, VE € eXo.

Recall from Remark 8.7 that neither r(M,) nor xaz, (i), for b € ZN, changes under
a rescaling of the generators x,,, ;. Consequently, the two previous equations also
hold when M™w, is replaced by M,. Theorem 8.2 (a) thus implies that wobwe (k)

equals the k-th column of Eo, for all k£ € ex,, as desired. O

10.3. Proof of Theorem 10.1

Let us write Yo, [i,sm(i)] and Uy, [; sm(i)) for the “interval prime elements” and
corresponding u-elements obtained from Theorem 5.1 and Corollary 5.11 applied
to the CGL extension (10.6). In particular,

Uo [i,5(1)] = Trwo,iTwo,s(i) — Ywo,lis(i)], Vi € [1, N], s(i) # +oo.
As in eq. (6.1), write
lt(uwm[ivs(i)]) = Maw,,[4,5(3)] (xwo)fwo’[i’s(i)]v Vi € [1’ N]v S(Z) 7é +-00,
for some 7, [is(i)) € K* and fi, [i,s(i) € ngj Z>oej, where the leading term

and the monomial (z,,,)/e (] are computed with respect to the order of gener-
ators N, ..., 21

LEMMA 10.6. Assume that in the setting of Theorem 10.1,
W= Sjy - Sin

is a reduced expression such that iy =iy =1 and iy #1i, Vk € [2, N — 1], for some
i€ [1l,r]. Then

N-1
Jwe,1,N] = — Z Cipy(1yi€55
j=2
so that
(10.14) lt(uwo,[l,N]) = Wwo,[l,N]m;\]i]ijili cee ;Cizi.

PRrROOF. In view of Corollary 10.5, the entries in the first column of B, satisfy
(Bo) 1 = (B = Cinniin Wi € 2N — 1.

Since the vector f,, 1,5 does not change under a rescaling of the generators x,, &,
we obtain the desired conclusion by applying Proposition 8.22 to the (possibly
rescaled) presentation (10.6). O
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Note that in the setting of Lemma 10.6, we have 81 = oy, By = —waq,; and

Ywo,N = inwi,wwi

because of Theorem 9.5 and the effect of the rescaling of the generators (10.5).
Hence,

(10.15) Uy, [1,N] = TNT1 — ¢iDo; wew, -
For use in the next proof, we note the following identities for the braid group
action in the case of g = sls:

_\m
(10.16) E"Ty " 0mew, = [M]g! Vmw,  and  TEvme, = (7)Umw17 Vm € Zxo.

([mlgh)?
They are easily deduced from the standard facts ([28, §8.6 and Lemma 1.7]) for
the U, (sl)-braid group action. We leave this to the reader.

LEMMA 10.7. Under the assumptions of Lemma 10.6,
Tuwo,[1,N] = Swovws (€1 + fug,[1,n7)-
PrOOF. Using (6.11), we see that
Swovwe (—€1 + fuo [1,8]) = Quovw, (€1, fwo,[1,87)Swovw, (fwo,[1,87)
= (en: N8 (f) ™ = Qu(f, —en)8u ()~
=38u(—en + f)_lv
where

N-1
f= wOfwo,[l,N] = - E Ci;i€j-
j=2

Hence, what must be proved is that
(10.17) Tuwe,(1,N] = Sw(—en + )7

Since TNT1, Yw,,N, and Uy, [1,n] are homogeneous of the same degree with
respect to the Q-grading of U~ [w],
(10.18) =By —f1 = (w—Dwi = (—Ciy_,i)(=Bn-1) + -+ + (—Cizi) (= f2),
recall (9.22). Therefore,

‘Su(_eN+f)_1 _ \/&</8N,Ci2iﬂ2+"'+CiN71iﬁN—l> H \fcijicikiwj,ﬁk)
1<j<k<N

— \/g(ai,(w—l)ai) H \/acijiciki<5j;5k>7
1<j<k<N

because (—waq;, (w—1)a;) = {a;, (w—1)a;). Taking the square length of the vector
in (10.18) and using that ||B¢||? = ||as, ||* leads to

N-1
Sl llP+2 > eiicii(Bi Br) = (1 —w)as, (1 — w)as)
k=2 1<j<k<N
= 2(a;, (1 — w)ay).
Hence,
N-—1 )
(10.19) Sul—en + )7 =[] v

k=2
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because /q;, = \/6““%”2/2 for all k € [1, N].

Denote for brevity &, := &, for p € P (ie., &, € (V(u)*)—, is the unique
vector such that (£,,v,) = 1). The explicit form (9.21) of the antihomomorphism
©w and the rescaling of the generators (10.5) imply

<§ww(7—Eﬁ2)_Ci21' (TEBN 1) Gin- ILT 1'Uw1>'
Hg 2 Vi “ [ Cij Z}

For all i’ € [1, N] with ¢/ # i, the element ﬂ Vg, 18 a highest Welght vector for the
Uy, (sly)-subalgebra of Uy (g) generated by {Ey, Fyr, K, '} with highest weight

(1020) Fwo,[l,N] = —q;

<Siwi,051\-//>wi/ = <w1 — Oy, a}f)wi/ = —Ciy/;TW;,

because E; F" vy, = F/"Eyvg, =0 for all m € Z>o. Applying (10.16), we obtain

—Cii

E, 0T YT ug,) = [~ Cijilg ' T YWy Vj€[2,N—1].

Using that T(Eﬁj) =T, Lo T;_ll (Ei;) and repeatedly applying the above identity
gives

<§wq‘,7 (TEB’z)ich (TEBN—l) “N-1'T —11qu> =

N-1 N-1
= (bw,, T, *v,) H [—cijila,! = —q; H [—cijila;, !
j=2 j=2

For the last equality we use the second identity in (10.16) for m = 1. Hence,

Twe,[1,N] = H \/7 (_6N+f)717

j=2
which verifies (10.17) and completes the proof of the proposition. O

PrOOF OoF THEOREM 10.1. Applying Lemma 10.7 to each of the interval sub-
algebras

K[xwo,i] [zwo,i+1; U;o(i-i-l)v 6;o(i+1)} . [:Ewo,swo (i); O'ZJOSWO (i)» 5:;1031110 (i)]a
for ¢ € [1, N] such that s, (i) # +00, we conclude that the symmetric CGL exten-
sion (10.6) satisfies condition (6.13). Thus, the hypotheses of Theorem 8.2 hold for
(10.6). Eq. (10.4) has been verified in Lemma 10.3 (b).
By Theorem 8.2, (M,, B,) is a quantum seed and

U~ [w] = A(My, Bo, @)k = U(Mo, Bo, D)k,

with set of frozen variables indexed by ex,. Applying this result to U~ [w<gm ()],
for j € [1,N] and m € Zxo such that s™(j) € [1, N], we see that Yj; ;m(;); is a
cluster variable of U~ [w<sm ;)] and hence a cluster variable of U~ [w].

Since Mo(ex) = Y, 1 = M (€w,(xy) for all k € [1, N], we have M, = M"w,.
Taking Corollary 10.5 into account, we therefore obtain Theorem 10.1. O
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