PRIME FACTORS OF QUANTUM SCHUBERT CELL ALGEBRAS
AND CLUSTERS FOR QUANTUM RICHARDSON VARIETIES

T. H. LENAGAN AND M. T. YAKIMOV

ABSTRACT. The understanding of the topology of the spectra of quantum Schubert
cell algebras hinges on the description of their prime factors by ideals invariant under
the maximal torus of the ambient Kac—Moody group. We give an explicit description
of these prime quotients by expressing their Cauchon generators in terms of sequences
of normal elements in chains of subalgebras. Based on this, we construct large families
of quantum clusters for all of these algebras and the quantum Richardson varieties as-
sociated to arbitrary symmetrizable Kac-Moody algebras and all pairs of Weyl group
elements. Along the way we develop a quantum version of the Fomin—Zelevinsky twist
map for all quantum Richardson varieties. Furthermore, we establish an explicit re-
lationship between the Goodearl-Letzter and Cauchon approaches to the descriptions
of the spectra of symmetric CGL extensions.

1. INTRODUCTION

1.1. Background. The quantum Schubert cell algebras play an important role in rep-
resentation theory (the Kashiwara—Lusztig theory of crystal/canonical bases [23, 25]),
ring theory [22, 29, 31|, Hopf algebras (coideal subalgebras [20]) and cluster algebras
[13, 17]. Let g be a symmetrizable Kac-Moody algebra and w an element of its Weyl
group. The corresponding quantum Schubert cell algebras U*[w] are deformations of
the universal enveloping algebras U (n+ Nw(ns)) where ny are the nilradicals of the stan-
dard opposite Borel subalgebras of g. They were defined by De Concini-Kac—Procesi
[7], Lusztig [26] and by Beck in the affine case [1].

In this paper we construct explicit models for the prime quotients of the quantum
Schubert cell algebras by ideals invariant under the maximal torus of the ambient Kac—
Moody group. These quotients play a key role in two problems that have attracted a
lot of attention. One is of algebraic nature and is about the description of the topology
of the spectra of quantum Schubert cell algebras. The other is of combinatorial nature
— the construction of cluster algebra structures on quantum and classical Richardson
varieties.

From the point of view of ring theory, the algebras U~ [w] are large families of defor-
mations of universal enveloping algebras of nilpotent Lie algebras. It is a long-standing
problem to carry out an analog of the orbit method [9] for these types of algebras. The
canonical maximal torus H of the related Kac-Moody group G acts on U~ [w] by algebra
automorphisms. The H-invariant prime ideals of U~ [w] were classified in [29, 31], where
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it was shown that they are parametrized by W=% := {u € W | u < w} — the corre-
sponding ideals will be denoted by I,,(u). By a general result of Goodearl and Letzter
[15], SpecU ™ [w] is partitioned into

SpecU ™| |_| Spec, U™ [w]
ueW=sw
where each stratum Spec, U~ [w] is homeomorphic to a torus and the ideals in it are ob-
tained by extension and contraction from the center of Fract(U ™ [w]/I,(u)). The main

ring-theoretic problem for U~ [w] is to describe the topology of their spectra, ideally by
identifying it with the topological space of the symplectic foliation of the standard Pois-
son structure on the full flag variety of G (restricted to the Schubert cell corresponding
to w). Understanding this topology amounts to solving the containment problem for the
prime ideals of U~ [w] for which one needs an explicit model for the H-prime quotients
U [w]/Iy(u).

Recall that a quantum torus is an algebra of the form

K(YE, .. v
(YY) — qiYiYe, k > j)

for some ¢;; € K*. From each reduced expression

T :=

(1.1) W= S8j; ...Siy

one constructs Lusztig’s root vectors Fg,, ..., Fg, which form a generating set of U™ [w];
here (31, ..., BN are the roots of ny Nw(n_). The algebra U~ [w] has two presentations
as an iterated skew polynomial extension

(1.2) U™ [w] :K[Fﬁl][FBQ;02752]"‘[FBN;O-N’(SN]

(1.3) = K[Fpy][Fy_1; 0ON-1,0n-1] - - [Fy5 01,01

The Cauchon method of deleted derivations (applied to the first presentation) constructs
in an iterative fashion a set of elements Y}, € Fract(U~[w]/I,(u)), indexed by a subset
D(u) C [1, N] called the Cauchon diagram of I, (u), such that the elements {Yki1 | k e
D(u)} generate a copy of a quantum torus

T (Yi, k € D(u)) — Fract(U ™ [w]/IL,(u))
satisfying
U™ [w]/Lw(w) = T (Yi, k € D(u)).

This is the key construction that is currently used to understand the factors U~ [w]/ I, (u)
and the topology of SpecUd~[w]. There are two main difficulties with it. Firstly, the
elements Y; are the result of an involved iterative construction and are not explicit in
any way. Secondly, the elements Y; do not lie in the algebra U~ [w]/I,,(u) in general but
rather in its division ring of fractions. This leads to difficulties for the Goodearl-Letzter
approach to SpecU ™ [w] because one needs to contract ideals of T (Yy, k € D(u)) to
U™ [w]/ Ly (w).

The Cauchon method can be also applied to the reverse presentation (1.3) giving rise
to another quantum torus in which &~ [w]/I,(u) is embedded

U [w]/Iw(u) = T (Yirevs k € Drev(u)) — Fract(U™ [w]/I,(u)).

The are analogous difficulties in this situation.
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1.2. Results on the description of Cauchon generators. We resolve the above
problems and show that the Cauchon tori 7 (Yy,k € D(u)) and T (Y rev: & € Drev(u))
have explicit generating sets that lie in U~ [w]/I,(u). Our approach is based on the
following general idea. Denote the canonical projection

p: U [w] = U [w]/ Ly (w).
Consider chains C of subalgebras
Al CAyC...C Ay =U"[w]
such that
(1.4) GKdim Ay — GKdim A;_; = 1.

Here and below GK dim denotes the Gelfand—Kirillov dimension of an algebra. Given
such a chain, we can project it

p(A1) Cp(As) C ... Cp(An) =U" [w]/1o(u)

and associate to it a subset of the form

Y¢ := {a nonzero normal element y;, € p(Ay)
for those k such that GK dimp(Ay) — GKdimp(Ag_1) = 1}.

We will call the set of k’s, the jump set of the chain C. The main idea is to construct
chains with the property that the projected subalgebras have sufficiently many nontrivial
normal elements, and to show that sets ¥¢ of the above form generate quantum tori and
U™ [w]/Iy(u) embeds in them.

For each reduced expression (1.1), there are two special chains of subalgebras of U~ [w]
obtained by adjoining the generators (1.2) of &~ [w] in the direct order and the reverse
order (1.3). Denote them by C and Cyey. Our first result is as follows, see Theorems 5.1
and 8.1 for details.

Theorem A. (i) The jump set of the chain C is the complement to the index set of the
unique right positive subexpression of (1.1) with total product u in the sense of Deodhar,
Marsh and Rietsch [8, 27]. A sequence of normal elements ¥¢ is provided by the sequence
of quantum minors
p(Augkwkﬂngwk)

for the integers k in this index set. The set Y¢ is a set of independent generators
of the Cauchon quantum torus T (Yiyev,k € Drev(u)) and these generators belong to
U™ [w]/Iw(u). Furthermore, the Cauchon generators Yy ey are Laurent monomials in
the projected quantum minors whose exponents form a triangular matriz.

(ii) The jump set of the chain Cyey is the complement to the index set of the unique left
positive subexpression of (1.1) with total product u. A sequence of normal elements ¢,
can be constructed using a similar sequence of quantum minors; Y., C U™ [w]/Iy(u)
is a set of independent generators of the Cauchon quantum torus T (Y, k € D(u)). The
Cauchon generators Yy, are Laurent monomials in the elements of ¥¢,., with exponents
forming a triangular matrix.

In Theorems 4.2 and 7.1 we also describe explicitly all projected algebras p(Ay) and
P(Akrev), in other words all contractions

Iy(u)N A, and  Iy(u) N Ag rev-
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1.3. Results on quantum twists maps for Richardson varieties in symmetriz-
able Kac—Moody groups. The full flag variety of a symmetrizable Kac-Moody group
G has the Schubert cell decompositions

G/By= || By-wBy = | | B--uB;
weW ueW
where By is a pair of opposite Borel subgroups. The open Richardson varieties are
defined by
Ry.w =By -wByNB_-ubBy,
and R, ., # @ if and only if v < w, [8, Corollary 1.2]. Since Lie (B;) + Lie (B—) =
Lie (G), they are smooth, irreducible varieties and dim Ry, ,, = ¢(w) — £(u). We have

G/By= || Ruw

u<weWw

The quantized coordinate ring of R, , can be expressed as
Rq[Rugw) = (U [w]/L(w))[Ey ]

where E,, ,, is a multiplicative subset of U~ [w] /I, (u) consisting of normal elements, see
§2.5 for details.

Twist maps, defined by Fomin and Zelevinsky [10], are certain isomorphisms between
double Bruhat cells. They play a major role in the study of the totally nonnegative part
of G, canonical bases and cluster structures for double Bruhat cells. More recently, such
were considered for open Richardson varieties in Grassmannians [28, 30|, and were used
to study cluster expansions and to prove local acyclicity for the related cluster algebras.
We construct twist maps for all Richardson varieties and, in addition, do this in the
quantum situation.

Theorem B. There is an algebra antiisomorphism
Ou: U [w™] = U [w]
given by (6.1). It satisfies Oy (I,—1(w™t)) = L(w) for allu € W, u < w and induces
an antiisomorphism
Ow: Ry[Ry-1 1] = Ry[Ruw)-
The twist map ©,, interchanges the statements in parts (i) and (ii) of Theorem A.

1.4. Results on quantum clusters for Richardson varieties in symmetrizable
Kac—Moody groups. Recently, for each symmetric Kac-Moody algebra g, Leclerc
[24] defined a cluster algebra structure inside the coordinate ring of each Richardson
variety R, . such that the two algebras have the same dimension. We apply Theorem
A to obtain large families of toric frames for the algebras U™ [w]/I,(u) and Ry[Ryw),
with the ultimate goal of controlling the size of Leclerc’s cluster algebra from below.
Similarly to [17], consider the following subset of the symmetric group Sy:

=y :={m € Sx | 7([1,k]) is an interval for all k € [2, N]}.
The chain of subalgebras obtained by adjoining the Lusztig generators of &~ |[w] in the
order Fj_ ..., Fp_, has the property (1.4). Denote this chain by C;. We recover the
chains C and Cyey for the identity and the longest element of Sy. Those are elements of
the set Zn which is very large.

Theorem C. For all elements m € 2, one can construct sets Xc, consisting of projected
quantum minors. Each of these sets produces toric frames for U™ [w]/I,(u) and Ry[Ry ]
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in the sense of Berenstein and Zelevinsky, [2].

For the detailed formulation of this result we refer to Theorem 9.2.

1.5. Unifying the Cauchon and Goodearl-Letzter approaches to the torus
invariant prime ideals of CGL extensions. The quantum Schubert cell algebras
U~ [w] are members of the large axiomatic class of Cauchon-Goodearl-Letzter (CGL)
extensions. These are iterated skew polynomial extensions with an action of a torus H
that satisfy certain natural properties resembling the definition of (universal enveloping
algebras of) nilpotent Lie algebras via derived series, see Definition 2.1. There are two
approaches to describing the H-invariant prime ideals of such algebras R. The Goodearl—-
Letzter [15] one describes these ideals via recursive contractions with the subalgebras
of R and shows that at each step at most 2 ideals lead to the same contraction. The
Cauchon approach first checks if a generator x of R belongs to an H-prime ideal I and
then maps the ideal to the leading coefficients of its elements written as polynomials
in x, or to another contraction ideal. No connection between the two approaches was
previously found.

In Theorem 3.2 we unify the two approaches for symmetric CGL extensions — ex-
tensions that satisfy the CGL axioms for the direct and reverse order of adjoining the
generators of R. This relation interchanges the two approaches applied to the two op-
posite presentations.

The results of the paper have applications to the problems in §1.1 that will be de-
scribed in forthcoming publications. Firstly, we will show that the toric frames in
Theorem C are related by mutations and use this to control the size of Leclerc’s cluster
algebras [24] from below. Secondly, we use Theorem A to set up a torus equivariant
map from the symplectic foliation of a Schubert cell to the primitive spectrum of the
corresponding quantum Schubert cell algebra. This will be a conjectural candidate for
the desired homeomorphism from §1.1 for all quantum Schubert cell algebras U~ [w].
We believe that this will provide a framework in which one can attempt to settle the
Brown—Goodearl conjecture [4, Conjecture 3.11] in the case of the algebras U~ [w]; this is
a general conjecture on the topology of spectra of quantum algebras that is only verified
in very low GK dimension. Finally, we will also construct a direct relationship between
the spectra of the quantum Schubert cell algebras U~ [w] and the totally nonnegative
part of the corresponding Schubert cell; previously such was obtained for the algebras
of quantum matrices [14].

Acknowledgements. We are thankful to Ken Goodearl, Ryan Kinser, Allen Knut-
son, Stéphane Launois, Bernard Leclerc and Jiang-Hua Lu for helpful discussions and
for their comments on the first draft of the paper. We would also like to thank the
anonymous referee for the very helpful suggestions.

2. QUANTUM SCHUBERT CELLS, CGL EXTENSIONS, AND TORUS INVARIANT PRIMES

In this section we collect some facts on quantum groups and quantum Schubert cell
algebras, as well as facts on their prime spectra, that will be used in the paper. For
more details on quantum groups we refer the reader to [21, 22].

2.1. Quantum algebras. Let g be a symmetrizable Kac-Moody algebra of rank r with
Weyl group W and set of simple roots «, i € [1,7]. Let (.,.) be the invariant bilinear
form on Raj + - - - + Ray,. normalized by (v, ;) = 2 for short roots ;. Denote by P+
the set of dominant integral weights of g, and by P and @ the weight and root lattices
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of g. Let {w;} and {a)} be the fundamental weights and simple coroots of g. The
corresponding simple reflections in W will be denoted by {s;}.

Let K be an arbitrary infinite base field and ¢ € K* be a non-root of unity. Denote
by U,(g) the quantized universal enveloping algebra of g over the base field K with
deformation parameter q. We will use the conventions of [21] for the (Hopf) algebra
structure on Uy (g), with the exception that the generators of U,(g) will be denoted by
E;, F;, Kiil, indexed by i € [1,r] rather than by the set of simple roots of g. Recall that
the weight spaces of a U, (g)-module V' are defined by

V, ={veV|Kwv=¢*"}, veP

For A € P* denote by V() the unique irreducible highest weight U, (g)-module with
highest weight \. Let vy be a highest weight vector of V(\). We will use Lusztig’s
actions of the braid group of g on U,(g) and V(\), A € PT, in the conventions of [21].

Denote by Ll,;t(g) the unital subalgebras of U,(g) generated by {E;} and {F;}, respec-
tively. Given a Weyl group element w and a reduced expression

(2.1) W= Si; ...Siy
of w, consider the root vectors

B1 = i, B2 = 85 (Qiy)y oo, BN = 84y - Siy_y (Qiy ).

De Concini, Kac, and Procesi [7], Lusztig [26, §40.2] and Beck [1] defined the quantum
Schubert cell algebras U*[w] as the unital subalgebras of Z/{;t(g) with generators
(2.2) {Bs, =Tp,...T,

i]'_l

(Eo;) | g €[1,N]} and
{Fﬁj = El"'n]’—l(Faj) |j € [1,]\7]},

respectively, and proved that these algebras do not depend on the choice of a reduced
expression of w. Define the quantum R-matrix associated to w by

(2 3 RY = E y (qizl _ Qij)mj E™MN EM & TN Fm
. ) = H ) mj(m]'—l)/2|:m,} | BN B ® BN T B
mi,...my€EN \ j=1 qi; 915 °

considered as an element of the completion of U™ ® U~ with respect to the descending
filtration [26, §4.1.1]. As usual, ¢g-integers and g-factorials are defined by

n

- q"—q
Cq—q
For A € Pt and w € W set

[n]q : n]g! :==[1]g...[n]g, n € N.

V) = Tzz_ll’l))\ S V()\)w)\.

It is well known that v,,), depends only on wA and not on the choice of w and A. Since
dim V' (\),n = 1, there is a unique dual vector

Swx € (V(A)*)fw)\ such that <§w)\7vw/\> =L
For a pair of Weyl group elements (u,w) one defines the quantum minor
Cul,w € (uq(g))* given by CuA,w/\($) = <£u)\a'rvw)\>a Vo € uq(g)

This quantum minor does not depend on the choice of a highest weight vector of V().
Given a reduced expression (2.1) and k € [1, N], set w<j := s;, ...S;,. The algebras
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U*[w<y] coincide with the subalgebras of U*[w] generated by the subsets of (2.2) with

j € [1,k]. For u € W and k € [1, N, consider the quantum minors

(2.4) Aurwor = (Corwa AT @ 1d, RY<F) € U [we] C U [w]

where 7 denotes the unique graded algebra antiautomorphism of U, (g) defined via
(2.5) T(E;) = E;, 7(F) = F;, 7(K;) = K; ', Vi€ [l,r],

see [21, Lemma 4.6(b)]. The quantum minor (2.4) is nonzero iff u < w<y, in the Bruhat
order. Using the form of R" and the highest weight property of vy, one easily derives
that

(2.6) Au)\,wgk)\ = <Cu)\,w§k)\7' ® id,Rw>.

2.2. CGL extensions. Consider an iterated skew polynomial extension of length N,
(2.7) R :=K|x1][x2;09,092] - - [xN; 0N, ON].
For k € [0, N], denote the k-th algebra in the chain of extensions
Ry, == Klz1][z2; 09, 02] - - - [wg; ok, O]
In particular, Ry = K and Ry = R.
Definition 2.1. An iterated skew polynomial extension R as in (2.7) is called a Cauchon—

Goodearl-Letzter (CGL) extension if it is equipped with a rational action of a K-torus
‘H by K-algebra automorphisms satisfying the following conditions:

(i) The elements z1,...,xy are H-eigenvectors.
(ii) For every k € [2, N], dj is a locally nilpotent oj-derivation of Ry_;.
(iii) For every k € [1, N], there exists hy € H such that o, = (hy-) and the eigenvalue
of zi, to be denoted by Ar € K*, is not a root of unity.

A CGL extension R possesses the following canonical chain of subalgebras which are
CGL extensions:

(2.8) R1CR2C...CRN=R,

where Ry, are equipped with the restriction of the H-action.
For 1 < j <k < N denote the eigenvalues A\; € K given by
Uk(.Tj) = hk . :Ej = )\ijL'j.
Set Mgk = 1 and \j = A,;jl for j > k. For j,k € [1,N] denote by Rj;; the unital
subalgebra of R generated by {z; | j <i < k}. In particular, Rj;; = K if j £ k.
Definition 2.2. A CGL extension R of length N as above is called symmetric if it

can be presented as an iterated skew polynomial extension for the reverse order of its
generators,

R=Klenlley-1;0N-1,08-1] -~ [21;07, 7],
in such a way that conditions (ii)—(iii) in Definition 2.1 are satisfied for some choice of
hy,....,hi € H.

The following proposition is easy to prove and is left to the reader.
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Proposition 2.3. A CGL extension R as above is symmetric if and only if it satisfies
the Levendorskii—Soibelman type straightening law

Tplj — )\kj:njxk S R[j,k}? Vj <k

and there exist hy € H, Vj € [1,N], such that h} -z = /\,;jl:vk for all k > j. In this

case, the endomorphisms o7 and (5;‘ of Rjj41,n) are given by oy := (hy-) and

07 (z) = wjmp — Njparw; = —Njdp(z5), Vk € [j+1,N].

A symmetric CGL extension R possesses the following reverse chain of subalgebras
which are CGL extensions:

(29) RN,reV - RN—I,rev c...C Rl,rev = R;
where the intermediate subalgebras Ry ey are given by
Rk,rev = K[xN] [$N71; UTV—I? 57\[—1] T [:Ek; O-Za 6]2]

and are equipped with the restriction of the H-action.

2.3. Cauchon’s method of deleting derivations. Consider a CGL extension R as
above. The Cauchon map

[e.e]

IR L—An)™ _ _
Ory: Ry—1 — Ry[z)'] is given by 6, (b) = Z %[5%01\,”1(1))]951\,”1

m=0 (m)AN'
for b € Ry—1. We set (0)g = 1, (m)qg = (1 —¢™)/(1 —q) for m > 0, and (m),! =
(0)g...(m)q for m € N and a non-root of unity ¢ € K*. This map is an injective H-
equivariant algebra homomorphism, [5]. Denote Ry _; := 0, (Rn—_1), and let R be
the subalgebra of R[zy'] = Ry[ry'] generated by R, and xy. The map oy extends
to an automorphism of Ry[zy'] by setting on = (hn-) (in the notation of Definition

2.1) because x is an ‘H-eigenvector, and furthermore oy restricts to an automorphism
of R, _,. Then, [5]

(2.10) Ry 2 Rjy_i[zn;on] and Ry[zy'] = Ry[ry']-

For an element a = b2’y + -+ + b2’} € Ry [val] with n < m and b,, # 0, denote

its leading coeflicient

legy (@) == by,
(called leading term in [12]). Set lc; (0) := 0. For a subset S of Ry[zy'] denote by
leg (S) the set of leading coefficients of all elements of S.

Goodearl and Letzter proved [15, Proposition 4.2] all H-prime ideals of a CGL exten-
sion are completely prime. Cauchon’s method of deleting derivations associates to each
H-prime ideal I of a CGL extension R of length N as above, a subset CD(I) C [1, N],
called the Cauchon diagram of I, and a sequence of nonzero elements

(2.11) Yy € Fract(R/I), ke [1, N\CD(I),

which, together with their inverses, generate a copy of a quantum torus inside Fract(R/I)
with commutation relations Y;Y; = A\ YiYx, k,1 € [1, N\CD(I). This quantum torus
contains R/I, and is a localization of R/I.
We will call the elements (2.11) the Cauchon generators of R/I, and will denote the set
of them by CG(R/I).

The sets CD(I) and CG(R/I) are defined recursively as follows:
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Case 1, xy € I. In this case I = I N Ry_1 + Ryxn and we have the isomorphism
(2.12) ¢: Ry/I = Ry_1/(INRN-1),
the inverse of which is induced by the embedding Ry_1 < Ry. One sets
CD(I):=CD(INRyx_1)U{N} and CG(RN/I):= ¢ 'CG(Rn_1/(INRN_1))

and continues recursively with the H-prime ideal I N Ry_1 of Ry_1.
Case 2, vy ¢ I. In this case I[zy'] = Omezbay (Icxy (1))2, [12, Proposition 2.5(i)],

(2.13) I' = Iz 1N Ry = 0,y (eoy (I)[zn;on] and T[zy'] = I'lzy].

We have the isomorphisms

(214) ¢: (Rn/Dlay'] = (Ryley'])/(I'lay']) =
= (Riy_1/0ay (Ieay (1)) 235 o8] 2 (Ry—1/ leay (1)) [ay's on]

where the last map is obtained by applying 6 ; and keeping xy fixed. The first three
maps are the canonical isomorphisms induced by (2.10) and (2.13). One sets

CD(I) := CD(lexy (I)) and CG(Rn/I) := o 'CG(Rn_1/lcay (I)) U{zy}
and continues recursively with the #H-prime ideal lcg,, (I) of Ry_1.

2.4. Torus invariant prime ideals of the quantum Schubert cell algebras. The
algebra U, (g) is Q-graded by setting deg E; = «;, deg F; = —qy, and deg KfEl = 0. The
graded component of U,(g) of degree v € @ will be denoted by U, (g)y. The rational
character lattice of the K-torus

is identified with the weight lattice P of g by mapping v € P to the character

)
Vv
(tyeeeste) o (b1 t)” = [T VL.t € KO
=1

The torus H acts rationally on U,(g) by algebra automorphisms by
h-z=h'z for ze€Uyg)y,yEQ.

This action preserves the subalgebras U*[w]. There is a unique algebra automorphism
w of Uy(g) that satisfies

(2.15) w(E;) =Fi, w(F)=F;, wk;) =K1 Viecl[l,r].

This automorphism restricts to an isomorphism w: U™ [w] 2 U™ [w], Yw € W.
The Levendorskii—Soibelman straightening law is the following commutation relation
in U~ [w]
(2.16) FﬁjFﬁk — q_<6k’ﬁj>F5kng
= Z pn(Fﬁjﬂ)nj_l s (Fﬂk+1)nk+17 pn € K,
n=(ngy1,...,nj_1)ENXG—k=2)

for all & < j. It follows from (2.16) that each algebra U~ [w] is a symmetric CGL
extension with an original presentation of the form

(2.17) U™ [w] = K[Fp,|[F3,502,02] ... [Fpy; 0N, ON]
and reverse presentation

(2.18) U Tw] = K[Fay|[Fpy_y; ON—1,0N-1] - - [Fy5 07, 61
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The automorphisms o and o}, are given by
op = (hr) and o = (")

where hy, are the unique elements of H such that Y = ¢{"#%) for for all v € P. The
skew derivations d and J; are given by
Oor(z) = Fg, 2z — (hy - Z)Fﬁk and  &(2) = Fp, 2z — (hlzl ) Z)Fﬁk'
The H-primes of U~ [w] are classified by the following result [33, Theorem 3.1].
Theorem 2.4. For all symmetrizable Kac—Moody algebras g, Weyl group elements w,
base fields K and non-roots of unity g € K*, the poset of H-primes of U™ [w] is isomorphic

to W= equipped with the Bruhat order. The ideal corresponding to w € W, u < w is
given by
L) = {{ce oy ©id, RY) | € € V(A€ LU (g)vun, A € P},

In [33] this result was formulated for simple finite dimensional Lie algebras g. However,
all proofs in [33] carry over word-by-word to all symmetrizable Kac-Moody algebras g.
In all proofs one uses the quantized coordinate ring of the corresponding Kac—Moody
group G instead of the quantized coordinate ring of the connected simply connected
finite dimensional simple Lie group. The former is the subalgebra of the dual Hopf

algebra (Uy(g))* consisting of the matrix coefficients of all finitely generated integrable
highest weight U, (g)-modules.

2.5. Quantum Richardson varieties. For u € W, u < w, denote the canonical
projection
p: U [w] = U [w]/Ly(u).

The elements {p(Ayxwr) | A € PT} are nonzero normal elements of U~ [w]/I,,(u) and
(2.19) p(Bunun)z = q TN zp(An ), Ve € U]/ Tu(u))y, 7 € Q,
see [33, Theorem 3.1 (b), Eq. (3.1)]. It follows from [31, Theorem 2.6] that they satisfy
(2'20) Au}\1,w>\1Au>\2,w>\2 = q<(w_u)>\17u>\2>Au(>\1+>\2)7w(>\1+>\2)a VAL, A2 € Pt
Given u < w, one defines the open Richardson variety
me = B+ . ’LUB+ NnNB_- UB+ C G/B+

Its quantized coordinate ring is defined by

Ryl Ruws) i= U 0]/ T(0)[p(Duran) A € P,

This algebra has a canonical rational form over Q[¢*!] whose specialization is isomorphic

to the coordinate ring of R, ,, in the case when K = C, see e.g. [32, Sect. 4]. In the

finite dimensional case, this is proved in [32, Sect. 4]; the general case is analogous.
Given an integral weight A € P, let A\, Ao € P be such that A\ = A\; — X\a. Denote

the localized quantum minors

(221> Au/\,w)\ = q_<(w_u))\hU/\2>Au)\1,w/\1A_l

U2, WA

€ Fract(U ™ [w]).

It follows from (2.20) that this definition does not depend on the choice of A1, Ay € PT.
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3. CONTRACTION OF H-PRIMES IN SYMMETRIC CGL EXTENSIONS

In this section we prove a very general contraction formula for the H—prime ideals of
a CGL extension R with the subalgebras in the chain (2.8). This formula is given in
terms of the Cauchon diagrams with respect to the reverse presentation of R which has
to do with the chain (2.9).

3.1. Statement of main result. Let
(3.1) RZK[xl][x2;02,52]...[.Z'N;UN,(;N}

be a symmetric CGL extension as in Definition 2.2 with a rational action of the K-torus
‘H. Consider the reverse CGL extension presentation of R

(3.2) R=Klzn|[lzn-1;0N_1,0n_1] - [21;07, 6]]
and the reverse CGL extension presentation of Ry_1
(3.3) Ry-1 =Klzn-a][zn-2;0N_ 0,0y o] ... [z1507,07].

The maps o3, 05, k € [1, N — 2] in (3.3) are restrictions of the corresponding maps in
(3.2). We use the same symbols for simplicity of the notation.

Definition 3.1. For every H-prime ideal I of a symmetric CGL extension R as in
(3.1), we will denote by CDyey(I) the Cauchon diagram of I with respect to the reverse
presentation (3.2), where the indices in CDyey(R) are recorded in the same way as those
of the generators z (without any change of the enumeration).

Given a prime ideal J of the symmetric CGL extension Ry_1, denote its Cauchon
diagram with respect to the presentation (3.3) by CDiev(J) with the same convention
as the one for the ideals of R.

To clarify the convention in Definition 3.1, we give an example. If Rx; is a prime
ideal of R, then CDyey(Rz1) = {1} rather than {N}.

The next theorem provides a very general contraction statement for H-primes of sym-
metric CGL extensions. It provides a bridge between the two approaches of Goodearl—
Letzter (contractions) [15] and Cauchon (deleting derivations) [5] to the H-prime ideals
of symmetric CGL extensions.

Theorem 3.2. Let R be a symmetric CGL extension of length N. Assume that I and
J are two H-prime ideals of R and Ryn_1, respectively, such that
CDrev(J) = CDyev(I)N[1,N —1].

Then
J=INRyN_1.

3.2. Proof of Theorem 3.2. We argue by induction on N. First, consider the case
1 € CDyev(J). The assumption CDyey(I) N [1, N — 1] = CDyey(J) implies 1 € CDyey(I).
Therefore

I:le—FIﬂR[g’N], J:.T1RN71+JQR[27N,1].

and
INRy_1 = (z1R+1INRpN) NRy-1
= 1Ry 1+ 10 Rpn N Byt
The second equality follows from the fact that {z{"*...2y" | mi,...,my € N} is a

basis of R.
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Consider the CGL extension presentations of Ry y) and Ry y_1) obtained from (3.2)
and (3.3) by removing the last step of the extensions associated to adjoining x;. The
Cauchon diagrams of the H-prime ideals N Ry n) and JN Ry y_1] of Rp v and Rpp n_)
with respect to these presentations are

CDyev(I)\{1} and CDyev(J)\{1}.
Note that in the second case the generators of Ry n) are indexed by [2, N] in the defi-
nition of the diagram. The inductive assumption implies that
INRp NN Ry-1=INRpN)NRey_1=JN R n_1)
Thus,
INRyy=x RN+ JNRpy_1 =
Next, we consider the case 1 ¢ CDyey(J), which implies 1 ¢ CDyev(I). Hence,
I=0, (leg,(D)) x5 7]NR and  J =0y, (g, (1)) 2755 7) N Ry,
see Section 2.3. We have
INRy_1 = 0y, (Ieg, (1)) 2785 71]) N Ry
=0z, (Ico,(I) N Rpp y—1) [27"371] N Riv—1.
The second equality is proved by recursively applying the property
0z, (a) —a € ©y 121 "Rig i), Va € R, k € [2, N].

This property follows from the definition of the Cauchon map 6., and Proposition 2.3.
In this case CDyey (1) and CDyey(J) coincide with the Cauchon diagrams of the H-primes
leg, (I) and lcg, (J) of Rjp Ny and R y—1) obtained from (3.2) and (3.3) by removing the
last step of the extensions. The inductive assumption implies

leg, (I) N R[2,N—1] = lcg, (J)
and thus
INRN_1 =0z, (Ieg, (N[ 1] N Ry = J.
This completes the proof of the theorem. O

4. CONTRACTIONS OF H-PRIMES OF U~ [w] AND SEQUENCES OF NORMAL ELEMENTS

In this section we prove an explicit formula for the contractions of all H-prime ideals
of the quantum Schubert cell algebras &~ [w]| with the intermediate subalgebras corre-
sponding to the presentation (2.17). For each such ideal, the projection of the chain to
the prime factor gives a chain of subalgebras of the prime factor. We define an explicit
sequence of normal elements for each such chain.

4.1. Contractions. Throughout the section we fix a Weyl group element w € W of
length N and a reduced expression of w as in (2.1). The subexpressions of the latter
are parametrized by the subsets D C [1, N]. For such a subset D, denote

D,_ Sik’ Ika_D7
1, ifké¢D

Sk‘ =

Vi

|
£

_ D D — D D D ._ D D
Wy 2= 81 ... 8, WSp i= S ... SN, Wi t= S 80, W
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A subexpression is called right positive (respectively left positive) if its index set D
satisfies wng < wgksiﬂ Vk € [1,N — 1], (respectively wgk < siilwgk, VEk € [2,N]).
Deodhar and Marsh—Rietsch [8, 27] proved that for each u € W such that u < w there
exists a unique right positive subexpression of (2.1) with total product equal to u, i.e.,
w? = u. Its index set will be denoted by RP,,(u). When one passes from subexpressions
of w to those of w™!, the sets of left and right positive subexpressions are interchanged.
Hence, for each u € W such that u < w there exists a unique left positive subexpression
of (2.1) with total product equal to u. Its index set will be denoted by LP,,(u).

We will use the convention of Definition 3.1 for diagrams with respect to reverse
presentations.

Theorem 4.1. Let w be a Weyl group element with reduced expression (2.1). For all
Weyl group elements u € W, u < w, the following hold:

(a) the Cauchon diagram CD(Iy(u)) of the H-prime ideal I,,(u) of U™ [w] with respect
to the presentation (2.17) equals the index set LP,(u) of the left positive subexpression
of (2.1) with total product u, and

(b) the Cauchon diagram CDyey(Iy(u)) of Iy(u) of U™ [w] with respect to the presen-
tation (2.18) equals the index set RPy(u) of the right positive subexpression of (2.1)
with total product u.

The first part of the theorem is [12, Theorem 1.1]. The proof of the second part is
completely analogous.
The intermediate subalgebras for the direct CGL extension presentation (2.17) of
U~ [w] are given by
U [wly =U [w<g], kel0,N].
For a Weyl group element v € W such that v < w, set for brevity
- . RPw(u)
U< = wg k .
The vector notation is suggestive of the definition of right positive subexpression. (Right
positive subexpressions of reduced expressions of Weyl group elements are picking up
indices to the far right of the reduced expression.) A reverse vector notation will be
used in relation to left positive subexpressions in Section 7.
Theorems 3.2 and 4.1(b) imply at once the following result describing all contrac-
tions of the H-prime ideals of U~ [w] with the intermediate subalgebras for the direct
presentation of U~ [w]:

Theorem 4.2. Let w be a Weyl group element with reduced expression (2.1). For all
Weyl group elements u € W such that u < w and k € [1, N], the contractions of the
ideal I,(u) with the subalgebras Uw]y, are given by

Ly(u) N ui[wﬁk] = I’wgk(ﬁﬁk)'
4.2. Sequences of normal elements.

Definition 4.3. For an algebra B, by a sequence of nonzero normal elements

(4.1) Ay, A
we will mean a sequence of nonzero elements for which there exists a chain of subalgebras
(4.2) Bic...cB =8B

such that for all k, Ay is a normal element of Bj,. We will also say that (4.1) is a normal
sequence for the chain (4.2) when it is necessary to emphasize the chain of subalgebras
in the background.



14 T. H. LENAGAN AND M. T. YAKIMOV

Note that in general a sequence of normal elements for an algebra B does not consist
of normal elements of B. We will construct quantum clusters for an algebra B from
sequences of normal elements by removing intermediate terms Ay that are algebraically
dependent on the previous terms.

As in Section 2.5, for a pair of Weyl group elements u < w, we will denote by

p: U [w] — U [w]/Ly(u)

the canonical projection. Consider the chain of subalgebras of the prime factor U~ [w]/I,,(u)
obtained by projecting the intermediate subalgebras for the extension presentation (2.18)

(4.3) pU” [w<i]) € pU [w<a]) € ... S pU [wen]) = U [w]/ Ly (u).

Theorem 4.2 implies that

(4.4) Kerply-jwo,) = lwe, (U<k) and  pU™ [w<i]) = U [wp]/Twe, (U<k).
The next theorem constructs a sequence of normal elements for the chain (4.3).

Theorem 4.4. Let w be a Weyl group element with reduced expression (2.1) and u be a
Weyl group element such that u < w. Then for allk € [1, N] and X\ € PT, p(AﬁgkA:wgk)\)

is a nonzero normal element of the k-algebra p(U~ [w<y]) in the chain (4.3) and more
precisely

(4'5) p(AﬁSk)\,wgk)\)x = q_<(w§k+ﬁ§k)/\ﬁ>xp(Aﬁgk)\,wgk)\)7 V’Y € va € p(u_[wﬁkD’Y'

In particular,

(46) p(Aﬁgﬂﬂzl ,wglwil )7p(Aﬁ§2wi2 ,w§2wi2 )7 ctt ’p(AﬂSNsz ’wSNwiN ) 6 Z/{_ [w] /Iw (U)
is a sequence with the property that its k-th element is a nonzero normal element of the

k-algebra p(U~ [w<g]) in the chain (4.3) and

p(Aﬁgkwik,wgsz‘k)z ﬁgkwik7w§kwik)7

for all k € [1,N],y € Q, 2 € pUU~[w<x])»-

Proof. Theorem 4.2 (or equivalently (4.4)) implies that to prove (4.5) it is sufficient to
establish it for k£ = N, in which case it follows from (2.19). O

Taking into account that

for k € [1, N], we obtain the following:

Corollary 4.5. For all pairs of Weyl group elements u,w € W with u < w and reduced
expressions of w, the sequence of elements (4.6) of the prime factor U~ [w]/I,(u) is
quasi-commuting, more precisely,

(47) p(AﬂSkwik,wSkwik )p(AﬂSjwijwajwij) =

—((wektti<p)wiy (w<;—t<;)wi;)

q

p(Aﬂgjwz'j W< T )p(Aﬁgsz'k W<y, )

forall1<j<k<N.
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5. SEQUENCES OF NORMAL ELEMENTS VS. REVERSE CAUCHON GENERATORS FOR
PRIME FACTORS OF U™ [w]

In this section we derive an explicit formula expressing the Cauchon generators of
the H-prime factors of U~ [w] with respect to the reverse presentation (2.18) in terms
of the sequences of normal elements associated to the direct presentation of U~ [w] from
Theorem 4.4. This formula is of monomial nature and the exponents have triangular
form. As a consequence, the formula yields explicit quantum minor generators of the
Cauchon quantum tori for all H-prime factors of &~ [w] (for the reverse presentation of
U~ [w]). In particular, this constructs quantum clusters of the H-prime factors of U~ [w]
in terms of quantum minors.

5.1. Statement of the main result. As in the previous section we fix a Weyl group
element w € W and a reduced expression (2.1) of w. Let u be another Weyl group
element such that v < w. Recall from Section 4.1 that RP,(u) denotes the index set
of the right positive subexpression of (2.1) whose product is u. By Theorem 4.1(b),
the Cauchon diagram CDyey (I, (u)) of the H-prime ideal I, (u) of U~ [w] for the reverse
presentation (2.18) is RP,(u). Thus, the Cauchon deleting derivation method applied
to the reverse presentation (2.18) of &~ [w] defines a sequence of nonzero elements

Yirev € Fract(U ™ [w]/Ly(u)), k€ [1, N]\RPy(u)

which, together with their inverses, generate a copy of a quantum torus inside
Fract( ~[w]/Ly(w)). This quantum torus contains U~ [w]|/ I, (u), and is a localization of
U™ [w]/I,(u). Following the convention of Definition 3.1, the indices of the Y-elements
match those of the z-elements even though the z-generators are adjoined in the reverse
order.
The expression (2.1) gives rise to a partial order on [1, N| given by

(5.1) Jj<kifi; =i, and j <k.
Set j = kif j < k or j = k. Extending the notation u<j, from the previous section, set

_ . RPw(u)
Uljk] *= Wik

Define the following integer matrix of size (N —|RPy(u)|) x N whose rows are indexed
by the set [1, N\ RPy(u):

0, if 1>k
aji, = . L
’ (o 1) (@) = sk = D25 ci=kaerpo w0 Ui (q)), i 7 <k,

where d;< := 1if j < k and Jj<; := 0 otherwise. Recall the definition of the quantum
minors (2.4). The equality in the second case follows from Eq. (5.5) in Proposition 5.5.

Theorem 5.1. Let g be a symmetrizable Kac—Moody algebra and w be a Weyl group
element with reduced expression (2.1). Let w € W, uw < w. For all base fields K and a

non-root of unity q¢ € K*, in Fract(U ™ [w]/I,(u)),
(' —a,)%
p(AﬂSkwikvakwik) = H m%}ﬁ:\,, Vk’ € [1,N]

FELEN\RPw (u) i,

where p: U™ [w] — U™ [w]/I,(u) is the canonical projection. The product in the right
hand side is taken in decreasing order from left to right.
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The special case of the theorem when U~ [w] equals the algebra of quantum matrices
is due to Cauchon [6], the case u =1 (all w and g) was obtained in [16].

Remark 5.2. (1) The principal minor of the matrix (a;;) of size N — RPy(u) (whose
rows and columns are indexed by [1, N]\RP,,(u)) is triangular with ones on the diagonal.
Thus it is invertible and its inverse

(bjk)j,ke[1,N\RPuw (u)

is an integral matrix with the same properties. Theorem 5.1 implies that

Yk,rev = Ck: H p(AfJSjwij WL Wi )bjkv Vk € [17 N]\Rpw (u)
JELNN\RP (u)
where (. € K* can be computed explicitly using the g-commutation relations between
the elements Y}, 1. The product in the right hand side can be taken in any order, but
since the terms g-commute (Corollary 4.5), the scalars (; depend on the choice of order.
(2) Theorem 5.1 and the first part of the remark imply that

p(AﬁSszk,wgszk) = 0]{? H p(Aﬁé]wlj angwij )ajk’ Vk e RPU)(U’)
JE[LEN\RPw (u)
for some integers a; . and scalars 6, € K* which can be computed explicitly. The integers

a’y, have the property that a’y = 0 for j > k.
(3) The matrix (a;i) has stronger properties than plain triangularity, for example,

ajr = 0j<k, Vj € max{l Xk} NRP,(u),k],k € [1,N].

Corollary 5.3. For all symmetrizable Kac—Moody algebras g, pairs of Weyl group ele-
ments u < w, base fields K and non-roots of unity q € K*, the nonzero elements

DAy, avpoms, ) €U [W]/Tu(u), & € [1, N\RPy(u)

and their inverses generate a copy of a quantum torus inside Fract(U ™ [w]/ L, (u)) with
commutation relations (4.7). This quantum torus contains U~ [w]/I,(u), and is a local-
ization of U™ [w]/I,(w)

By the Cauchon procedure (Section 2.3) the elements {Yil | k€ [1, N\RPyw(u)}

k,rev
generate a quantum torus inside Fract(U~[w]/I,(u)) and this quantum torus contains

U™ [w]/Iy(u). The corollary follows from the fact that, by Theorem 5.1, the elements
{p(Aa.,.. T ) |k €1, NJ\RPy(u)} generate the same quantum torus.

Recall that a toric frame (with index set Z C Z, |Z| < oo|) for an algebra R is a map
M: 7% — Fract(R)

which satisfies the following conditions:

e For some multiplicatively skewsymmetric group bicharacter A: Z% x Z% — K*,

M(fI)M(f2) = A(f1, )M (f1 + f2), Vfi, fo € Z"

(in particular, for the standard basis {e; | k € T} of ZF, M(ey)*' generate
a quantum torus inside Fract(R) with commutation relations M (ex)M (e;) =
Aler, e5)* M (ej) M (ex)),

e M(N?) C R, and

e the quantum torus generated by M (ex)*!, k € Z, contains R.
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A quantum seed for R is a pair consisting of a toric frame and an integral Z x 7' matrix
whose principal part is skewsymmetrizable and which is compatible with the cocycle A
in the sense of [2, Definition 3.1] and [17, §2.3]. (Here Z' C 7 is a set of exchangeable
indices.) We refer to Berenstein—Zelevinsky [2] where these notions were introduced.
The case of algebras over Q(q) was considered in [2] and the general case of arbitrary
base fields in [17].

We note that [2] defines toric frames for division algebras without requiring the third
condition above. However, if one has a quantum cluster algebra structure on a given
algebra R, then the third condition is a consequence of the quantum Laurent phenome-
non. It was shown in [17, Sect. 7] that the presence of the third property for a family of
frames can be used in an essential way for the construction of a quantum cluster algebra
structure on R. This is the reason for making it part of the definition.

Corollary 5.4. Let g be a symmetrizable Kac—Moody algebra, u < w a pair of Weyl
group elements, K a base field, and q € K* a non-root of unity such that \/q € K. The
prime factor U™ [w]/I,(u) admits a toric frame M : ZIWNNRPw() s Fract(U~ [w] /1, (u))
defined by

M(ek) = p(Aﬁgkwikawgkwik)’ vk € [1, N]\RPw(u)

with respect to the multiplicatively skewsymetric bicharacter given by

Alen, ;) i= /g "Wt 0z —T)=0) -y s j € gLNNRPu(),

i

The toric frame can be extended to a quantum seed of U™ [w]/I,(u) using Leclerc’s
matrices [24, Theorem 4.5 and Corollary 4.4].

The compatibility in the last part of the corollary was established by Leclerc in [24,
Sect. 6].

The proof of Theorem 5.1 is given in Sections 5.3 and 5.4; Section 5.2 contains some
auxiliary degree results that are needed for the proof. Proposition 5.8 in Section 5.5
is a generalization of the theorem that is needed for the proof of Theorem 8.1. For
simplicity of the exposition we provide full details of the proof of Theorem 5.1 and leave
the (analogous) proof of Proposition 5.8 to the reader.

5.2. Degree considerations. Given a Weyl group element w, consider an expression
w = 8, ...S8;, which is not necessarily reduced. Let

(5.2) S={d1 < - <dn} C[I,N] and u=s;, ...s; .

We will use the generalization to this setting of the notation Sy, w<g, wy;z, and the
partial order < on [1, N]. For simplicity of the notation set u<y := w‘ék, Ufji] = W] gy
and ug := 1. For j € [1,k] and A € P, denote

(5.3) ajk(A) == <O‘2/j7u[j+1,k]()‘)>‘

The matrix in Section 5.1 is a special case of this notation: for S = RP(u) and j < k,
aji = ajr(wiy )

Proposition 5.5. Let w = s;,...8;, € W, and S C [1,N] and u € W be given by
(5.2). For allk € [1,N] and A € P,

(5.4) (wek —u<A=— > aj(N)B;.

J<k.j¢S
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Furthermore, for all i € [1,7] (where r is the rank of g) and j < k,
upj1 1) (i) = wi — Z (o ugiag-1)(a)) ;.
i<l<k,;=ileS
In particular,
(5.5) ap(@i) =0 — > o uppon ().
I<i<k,g=ti,leS

Proof. For all j € [1,k], 7 ¢ S,

wej (ugjm(V) = wgosi; (ugr g (V)
= w<j1(ugp1,u(N) = (05 upr(N)B;
= wW<j-1 (U[j,k](A)) = a;k(N)B;.
Adding these identities, proves (5.4).
If the set {n € [j + 1,k] | i, = i,n € S} is empty, then the second identity in

the proposition is trivial. Otherwise, denote by ! the maximal element of the set and
compute

UL,k T = U1, = Ufjp1-1) (@ — Q)

Then iterate this with uf; 1 5 replaced by wpjq1;-1)- O

Corollary 5.6. In the setting of Proposition 5.5, if | ¢ S, then
(5.6) S BnBarN) = D (B Bae(N) = (wek + u<k) A, Br).
j<l,j¢S 1<j<k,j¢S

Proof. Note that the integers a;;()) only depend on the expression s;; ... s;, and not on
the rest of the expression defining w. Let m € [1, N]. Applying (5.4) for the expression
Sip -+ - Siy Of Wiy N glVes

(W) = Umg) A== Y apNwZy,_1(8))
m<j<h,j¢S
and thus
(Wek = Wem 1Upp)A =— > a(N)B;.
m<j<h,j¢S

Using this identity for m = [ and [ + 1 and once again (5.4), we obtain that the left
hand side of (5.6) equals

S B BlaEN) = Y B BlapN) = > (B Bak(N)

i<k.j¢s 1<j<k,j¢S 1<j<k,j¢S
= ((w<k +u<i), B) — (Wrupyr g + w<i—1ug )\ Br)-

The corollary follows from the fact that the last term vanishes,

(warupg g +w<—1ug ), Br) = (w<i—1(si; + Dug A, wa—10,) =
= <u[l,k]A7 (Sil + 1)Clz‘l> = O,

where we used the fact that [ ¢ S, thus upq 4 = up - O
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5.3. Proof of Theorem 5.1, part I. Here we prove that
(5.7) N 11 Y%, Yk €L N]
JELEN\RPw (u)
for some n; € K*. In the next subsection we compute the scalars 7 explicitly.
Denote for simplicity
Ay = p(Dicyomi, weym,) € PU [w<r]) S pU [w]).

The last part of Theorem 4.4 implies that

Apz = ¢ Wkt T<)=u M SN - Yz € Fract(pU~ [w<i])), 7 € Q.
It follows from the description of the Cauchon procedure in Section 2.3 that

Y rev € Fract(p(U ™ [w<])) C Fract(p(U ™~ [w]))

for all I <k, 1 ¢ RPy(u), and that Y., has the same degree as Fp,. Therefore,

ZkYVl,reV = q<(w§k+ﬁ§k)w%’m)n,revzka Vi S k7l ¢ Rpw(u)
Since {Y/ 21 |1 € [1,k],1 ¢ RPw(u)} generate a quantum torus inside Fract(U~ [w] /I, (v))

l,rev

with commutation relations Yj ey Y] rev = q*<ﬁjﬂl>}ﬁ7reijJeV, for j > [, we have

[T Y | Yieer = "Yirer | R
JE[LEN\RPw (u) FE[LE\RPw (u)

where
m= Z (B, Biyajr — Z (Bj, Bi)ajk.
J<LjERPw(u) 1<j<k,jEgRPw(u)
By Corollary 5.6, applied to A = w;,, we have m = ((w<y + tU<)wi,, ). Since the
division algebra Fract(p(U ™ [w<g])) is generated by the set {Y] ey | I < N, 1 & RPy(u)},

[T v | A € Z(Eract(p [wel)).

j,rev
JELEN\RPw (u)
Applying Eq. (5.4) in Proposition 5.5 for A = w;,, we get that the element is in
Z(Fract (p(U~ [w<x])) ¥
The Goodearl strong H-rationality result [3, Theorem I1.6.4] for the H-prime ideals
of CGL extensions implies that

Z(Fract(p(U~ [wk)))™ 2 Z(FractWU ™ [wep] /Tuwe, (@<i)™ = K.
This proves that (5.7) is satisfied for some 7 € K*.

5.4. Proof of Theorem 5.1, part II. Here we obtain an explicit formula for the
scalars 7 in (5.7) and complete the proof of Theorem 5.1. The definition of right
positive subexpression implies that for all [ € [1, N],

(¥) RPyw(u) N [l,N] is the index set of the right positive subexpression of wj, ... w;y
with total product iy -

Denote the scalar in the right hand side of (5.7) for the triple (wy Ny, Ny, k) by
Thoy k- Here k > I. Theorem 5.1, now follows by iterating the next lemma and
using (*) at each step.
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Lemma 5.7. For all Weyl group elements u < w and 1 <k < N = {(w),

77’lU[21,N] ,ﬁ[Q’N],k’ ?’f 1 6 7?’7310 (U)
Nwuk = § (@, —2i;)1k .
q‘_"lk("‘lk_l)/2 nw[27N],ﬁ[27N],k7 Zf 1 ¢ RPw(u)

1

where we set T, 1.

o, N2, Nl T
Proof. The last extension in the reverse presentation (2.18) of U~ [w] is
(5.8) U™ [w] =Ty, (U [wio, ;])[Fpy 5 07, 67]-

To analyze the nature of the Cauchon procedure applied to this step coupled with

the effects of the representation theory of U, (g), we need to consider three cases: (1)

1€ RPw(u), (2) 1 ¢ RPy(u) and d<g(as,) € QT (3) 1 ¢ RPy(u) and d<k(ay,) € —QT.
Case (1) 1 € RPy(u). Then @2} (a;,) € —QF and

<§ﬁ§k71wik ’ EZLU> = <571(Ei1)m§ﬁ§k,1wikav> =0, Vm>0,ve V(wzk)
It follows from (2.6) that

A =T, (Ag

U<k @iy W<k Tk [2,k]wik:w[2,k]wk)’

Theorem 4.1 (b) implies that we are in the situation of Case 1 in Section 2.3. So,
Fp, € Iy(u) and  Iy(u) NTi, (U™ [wg,n]) = Til(Iw[z,N] (u2,n)))-
We have the isomorphism
U™ [w] /T (u) = Ty (U [wig,n11)/Tis Ty, (Ug2,n7))
the reverse of which is induced by the embedding T}, (U~ [wp,n)]) = U~ [w]. Under this
isomorphism,
Aﬁgkmkvwgkm + Lu(u) = Til(Aﬁ[zmwikvw[zk]wk) +T, (Iw[zzv] (“[2’1\7}))

which proves the lemma in this case.

Case (2) 1 ¢ RPw(u) and ﬁgk(ail) S Q+. Now ﬁgk = ﬁ[lk]’ alg = <a¥l,ﬁ[2,k]wik> > 0
and vg_, «, is a highest weight vector for the U (slz)-subalgebra of U, (g) corresponding
to the i1-th root with highest weight aixw;, .

We will need the following properties of U, (slz)-modules and the Lusztig braid group
action on them:

(—q)" 1

(5.9) T1Upe, = il Fl'pm,, Ty “ope, = [n—b!Ffvnw1 and
(5.10) EYFl'nm, = (000w, Yn >0,
see [21, Eq. 8.6 (3-7) and Lemma 1.7]. From them we obtain
_ 1
E{T 1”ﬂsxcwik - WEZMF;?%@SW% - ([alk]qh!)vﬁékwik'
1klgiy:
Thus,
(Cicpms, » BT M0) = ([a1rg,)) sy, - )
and

+mop—1
<£ﬁ§kwik’E’?11k mTil U> =0
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for all v € V(w;, ), m > 0. This and the definition of quantum minors (2.3)—(2.6) imply
that in the extension (5.8)

-1 _  \ag
e s, = MT, (Ag

<kWip  W<kWiy ajp(ap—1)/2 ="

i1
Applying the result in Section 5.3, the fact that the leading term of the Cauchon map
(from Section 2.3) is the identity and the equality Y1 ;v = Fj,, proves the lemma in this
case.

Case (3) 1 ¢ RPy(u) and d<k(a;,) € —QT. Now

U<y = sjpyu’ for some o' € W l(u) = €(d<y) — 1.

A

a1k 3
[Q,k]wikvw[Q,k]wik)Fﬁl + lower order terms in Fp, .

The above Weyl group elements satisfy
u < ey = tp g < W
with respect to the Bruhat order. Moreover, a1 = <a;/1,71’[27k] w;, ) < 0. For brevity, set
a = |ayg|.

Then a1, = —a and vg_,, is a lowest weight vector for the U (sls)-subalgebra of U,(g)
corresponding to the i1-th root with lowest weight —aw;,. The highest weight vector of
this module is Ve, - This implies that

Sil(Eil)mfu/wil € (U;(g)wﬁgkwil )J', VYm € [O,a — 1].

So,
(5.11) <CS_1(Ei1)vawngkT ®id, RY) € Ly, (U<k), Vm € [0,a —1].

Given a linear operator L on a vector space V, denote its adjoint by L*: V* — V*,
satisfying (L*¢,v) = (&, Lv), Vv € V, £ € V*. For m € [0, a], denote

Dm =1, <<C<Ti;1)*sfl<Ei)m§ufw% Pupg gy, O idmw["”“) € T (U [wa p))-

1%,
The properties (5.9)—(5.10) imply
—1 —1p—1 _
Til Vg, :Til Til V' = (=) a”ﬂ’wz‘k

and
(5.12) Ef iy, = Ef, T._lvu/wil = ([alg;,)vue,, -

1 11711

It follows from the first equality that (T;l)*ga <wi, = &wew,- Combining this with the
definition of the quantum minors (2.4), leads to
(5'13) Dy = (_Qil)_aTsl (Aﬁ[g,k]wik,w[z,k]wik)'
By (5.12), (T;,)*S™(Ei) 6w, = ([alg,)éurcm,, - This and the fact that S~ (Ei ),
= 0 imply
(5.14) Dg = ([a](hl!)nl (AU’wz‘Mw[z,k]wz'l) = ([a]Qil!)Aﬁgkwik7wgkwik'

The R-matrices (2.3) satisfy RVst = (T, R"2H)R*. Using this and the above
mentioned highest weight property of Ve, with respect to the Uy (slz)-subalgebra of
U,(g) associated to the i;-th root, after some computations, we obtain

m —1
. Z (qi1 - qil)n
<CS—1(Ei1)a—m’vakwkT ® ld, Rw> — . WDG_WLJF?]FEI, Vm S [0, CL].
n= 21 Q1"
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The left hand side belongs to the ideal I,,(u) for m € [1,a]. By inductiononn =0,...,a,
applying the ¢-binomial formula

i (_1)mfnq(mfn)(mfn71)/2 _ (_1)mqm2/2 i(_l)nq(’In—l)n a—m _
n(=D/2m — nlg![n],! ol

[m]q! =0

we obtain
—1)" n(”fl)/2 -1 _ . \n
Da_n:( )"q;, - ('q“ i) DuFS mod L(u).
iy

Combining this with (5.13) and (5.14), and taking into account that —a = ayj, gives
Frok (qi_11 — i)™

U<k @ip, W<k Wiy * By qur(a—1)/2

A Ts, (Ag mod I, (u).

[2,k]wikaw[2,k]wik)

The lemma now follows from the fact that the leading term of the Cauchon map is the
identity, the result in Section 5.3 and the fact that Y1 ;ov = Fj,. U

5.5. A generalization of Theorem 5.1. For an integral weight A € P, define the
(1, N\RPy(u)) x [1, N] matrix

n=1" i j >k
ak - = . .
’ (o il (V). if 5 <k,

which is a specialization of the notation in (5.3) to the case S = RPy(u). The following
result generalizes Theorem 5.1. Its proof is analogous and is left to the reader.

Proposition 5.8. In the setting of Theorem 5.1, for all A\ € P, the localized quantum
minors (2.21) satisfy

(q;." = qi;) "+ aji(\)
P(Aacrwenn) = - k]\HRP ( )qq]-iu)(ajk(x)—l)/ﬂ},ﬁev )
] 5 w (W 25

Vk € [1, N]

in Fract(U ™ [w]/I,(u)). The product in the right hand side is taken in decreasing order
from left to right.

6. QUANTUM TWIST MAPS FOR QUANTUM SCHUBERT CELL ALGEBRAS AND
RICHARDSON VARIETIES

In this section we define a quantum twist map ©,: U~ [w™!] — U~ [w] that inter-
changes the direct and reverse presentation of the two algebras. It is a quantum version
of the Fomin-Zelevinsky twist map [10]. This map is an algebra antiisomorphism. We
furthermore prove that it restricts to antiisomorphisms

Ouw: U [w /Ly (w™) =5 U [w]/Iy(u) and Oyt Ry[Ry-1,4-1] = Rg[Ruw)-
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6.1. The quantum twist maps. For w € W consider the algebra antiautomorphism
(6.1) O = TyTSTw: Uy(g) — Uy(g)

where S is the antipode of U,(g), 7 is the antiautomorphism of U, (g) defined in (2.5),
and w is the automorphism of U, (g) defined in (2.15). The repetitive use of the map 7
is needed because of the presence of this map in Theorem 2.4. One checks that wr = 7w
and wS = Sw, so O, is also given by

Oy = T,wrST.

Proposition 6.1. For a reduced expression w = s;, ...s;, consider the reduced expres-

sion w™t = s; ...si,. For all k € [1,N], the antiisomorphism ©,, satisifies

(6.2) Ou(Tiy - Tip,, (Fi)) = CusTiy - - T, (Fy,)

for some (1, € K*. In particular, ©,, restricts to an algebra antiisomorphism
Ou: U [w™] = U [w].

Proof. For v =", n;a; € Q, denote K, :=[[, K" € Uy(g). The antipode satisfies

(6.3) S(x) = Gr(x)KT', Vo € Uy(bs)y, 7 €Q

Yy )
for some ¢, € K* ([19, Lemma 2.2]). This property and the following compatibility
property of 7 and the braid group action [21, Eq. 8.18(6)]
T(Twr) = T, (r(x)),  Va € Uy(g), we W,

imply
TST(Ti to T%k-&-l (F'Lk)) = ClT(TiN ce Tik+1(Ek))KisiN...sik+1(aik)
—1 —1
= Clj—;'N T (Fik)K:I:siN...sik+1 (aiy)

C Tkl

for some (; € K*. Hence,

Ou(Tiy - - le+1(FZk)) =Q (T, ... Tiyw) (Tz;,1 LT (Fik)KisiN--~sik+1(aik))

7N |
=Gl Ty (T3 T (B ) By ()
=Ty - Ty (By K = 6Ty - Ty ()
for some (2,(3 € K* where in the second equality we used the commutation property
[21, Eq. 8.18(5)]
wThy(z) = (Tyw(x), Vo € Uy(g)y, v € Q

for some ¢ € K* depending on ~. O

6.2. Properties of the quantum twist maps. For u© < w, denote the canonical
projection
(6.4) p U [w ] = U [w /Ty (uh).

By [11, Theorem 3.3(i)], {Auxwr, A € Pt} is an Ore subset of U~ [w]. We extend p and
p’ to projections

U [w][Aurwns A € PT]T = Ry[Ruw], U [ [Ay-1x0-10,A € PT]TH = Ry[Ry-1 1)
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Theorem 6.2. The following hold for an arbitrary symmetrizable Kac—Moody algebra
g, Weyl group element w, base field K, and a non-root of unity q € K*:

(a) The quantum twist map ©,, restricts to an algebra antiisomorphism ©,: U~ [w™!] —
U~ [w] which interchanges the direct and reverse CGL extension presentations (2.17)—
(2.18) of the two algebras.

(b) For allu e W, u < w,

Ou(Iy-1(w™ 1)) = I (w).

(¢) The algebra antiisomorphism

(6.5) Ou: U [w /T2 (u™h) = U [w] /Ty (u)
induces an antitsomorphism

(6.6) Ouw: Ry[Ry-1 1] = Ry[Ruw]

and

(67) @w(p/(Au_l)\,w_l)\)) = C)\p(Au(u_l)\),w(u_l)\))7 VAer

for some (\ € K*. In the last equality the notation for localized quantum minors (2.21)
is used for \ and v\ € P, respectively.

Proof. Part (a) of the theorem follows at once from Proposition 6.1. Part (b) follows
from Theorem 4.1 and the first part.
(c) The antiisomorphism (6.5) induces an antiisomorphism

Oy : Fract(U [w™']/I,-1(u™1)) — Fract(U ™ [w]/I,(u)).

We will prove that (6.7) holds in Fract(U ™ [w]/I,(w)). This implies (6.6) and establishes
part (c).

The definition of the quantum twist map ©,, gives that
(6.8) Ou(2) € U™ [w]/Tw(u))—wy, Yz € U [w']/L-1(u™))y, 7 €Q.
Eq. (2.19) holds for all A\ € P. This equation, the fact that ©,, is an antiisomorphism
and the identity
ww ™t £u YA = (u £ w)ut)
imply that @w(p(Au_1)\7w_1)\))p(Au(u_b\),w(u_l)\)))_1 is in the center of the division ring
of factions of U~ [w]/I,(u). Furthermore, this identity and (6.8) imply

6111(p/(Aufl)\,wfl)\))p(Au(ufl)\),w(ufl)\)) € Z<FraCt< [ ]/I ( )))

The Goodearl strong rationality result [3, Theorem I1.6.4] for the torus invariant prime
ideals of CGL extensions gives Z(Fract(U~[w]/I,(u)))* = K which completes the proof
of (6.7) and the theorem. O

The quantum twist map ©,, will be used in an essential way in the proof of the
Berenstein—Zelevinsky conjecture [2] in [18].

The theorem has the following corollary for elements of the form p(Ayx wx) € Ry[Ru,w]
for A\ € P that belong to the subalgebra U~ [w] /I, (u).

Corollary 6.3. We have
P(Aurwr) €U [w]/Ly(u)  for X € PTU u (P,
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7. REVERSE CONTRACTIONS OF H-PRIMES OF U~ [w] AND SEQUENCES OF REVERSE
NORMAL ELEMENTS

In this section we describe the contractions of the H-prime ideals of each of the
quantum Schubert cell algebras &~ [w] with the intermediate subalgebras associated to
the reverse presentation (2.18). Using the quantum twist map, we also construct an
explicit sequence of normal elements for each of these chains which we call a sequence
of reverse normal elements.

7.1. Reverse contractions. As before, w € W denotes a fixed Weyl group element and
we work with a fixed reduced expression (2.1) of it. Denote w, := w<j_1, (w<1 :=1)
and w> = Wi N)-

The intermediate subalgebras for the reverse presentation (2.18) of U~ [w] are given
by

(7.1) U [Wkrer = K(Fpy, -, Fy) = Tw U [wsr], k€ [1,N].
For a Weyl group element v € W, u < w, set
o o LPw(u) _
H[]vk} = w[]’k] and sz = %[k:N]

The reverse vector notation is suggestive of the definition of left positive subexpression;
the point being that left positive subexpressions of reduced expressions are picking up
indices to the far left of the reduced expression.

The following result describes the contractions of all H-prime ideals of U~ [w] with
the intermediate subalgebras (7.1) for the reverse presentation of &~ [w]. It follows from
Theorems 3.2 and 4.1(a). (One can also use Theorem 6.2 (a)-(b), but this is not really
needed at this point.)

Theorem 7.1. For all pairs of Weyl group elements u < w and reduced erpressions
(2.1) of w, the contractions of the ideal I,(u) with the subalgebras U™ [w]i rev are given

by
Lo(w) N Ty U~ [ws] = T, <1w2k(fa2k)), vk € [1, N].

7.2. Sequences of reverse normal elements. Consider the canonical projection

p: U [w] = U [w] /Ly (u).
The chain of subalgebras

U [W]Nrey CU [WIN-1rev C ... CU [W]11ev =U (W]
gives rise to the chain of subalgebras of the prime quotient
(7.2)  p(Tw U [w=n]) € ... C p(Tw U [wxe]) € p(U™ [w]) = U [w]/T(w).
By Theorem 7.1, the k-th term in this chain is given by
(7.3) (T U [w3k]) = T U [wsh] /(T U [w35] N L(u))
= To o U [wzk] [Ty (Tuzk(Usg)) = U [wek]/Twzk(lsg)-

For simplicity of the notation we will write

wgkl = (w) ", ‘ngl = (sz)_l-
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Theorem 7.2. Assume the setting of Theorem 7.1. For all k € [1,N] and X\ € PT,

p(Twen (D, (@ =D A ws g ‘1)A)) is a nonzero normal element of p(U™ [w]k rev), and more
>k > )AHW>E(T 5

precisely

(74) p (Tw>kA<ng(<ﬂ Z—klA),wzk(‘ﬂgkl/\)) :

—(wep(wsgTw 1),
=q (we( >k% > ) PY>Zp(Tw>kA%2k(%Z_kl)‘)vwzk(%z_lj)\))
for all z € p(U™ [k rev)y, ¥ € Q-
The sequence
(7.5) Ay = p(Tw<NA%Zk(%gwik)’%@ i) k=N,

>k Wiy
has the property that its k-th element is a nonzero normal element of the k-th algebra

(U [W]krev) in the chain (7.2). In particular, the elements in the sequence quasi-
commute,

AA, = q((wz_kl-ﬁ-ﬁz_kl)wik7(w2_ll—%2_ll)wiz>£kzl
foralll<k<I<N.

The theorem follows by applying the quantum twist map to the sequence of normal
elements from Theorem 4.4 for the algebra U ~[w™!], using Theorem 6.2 and the identity

(7.6) Owiwy = T, Ow, for wi,wy € W such that {(wijws) = (w1) + £(ws).

The inverses of Weyl group elements arise from the application of Theorem 6.2 (c).
There are simpler sequences of normal elements but they do not have the property
proved in the next section characterizing the Cauchon generators for U~ [w]/ Iy (u).

We will call the sequence (7.5), a sequence of reverse normal elements for U™ [w]/ I, (u).
It is a sequence of normal elements in the sense of Definition 4.3 for the chain of subal-
gebras (7.2).

8. SEQUENCES OF REVERSE NORMAL ELEMENTS VS. CAUCHON GENERATORS FOR
PRIME FACTORS OF U™ [w]

In this section we use the quantum twist maps to obtain explicit expressions for
the Cauchon generators of the H-prime factors of U~ [w| with respect to the direct
presentation (2.17) of U~ [w] in terms of the sequences of reverse normal elements from
the previous section. The latter are associated to the reverse presentation (2.18) of
U~ [w]. This produces another quantum cluster for each H-prime factor of the algebra
U™ [w].

In the next section we show that a recursive combination of the results of this section
and Section 5 applied in a recursive fashion to subalgebras of U~ [w] can be used to
construct whole families of toric frames for the H-prime factors of U~ [w].

8.1. Statement of the main result. As before, w denotes a Weyl group element
with a fixed reduced expression (2.1), and u is a Weyl group element with v < w.
Theorem 4.1(a) gives that the Cauchon diagram CD(I,(u)) of the H-prime ideal I,,(u)
of U™ [w] for the direct presentation (2.17) equals the index set LP,,(u) of the left positive
subexpression of (2.1) with product u:

CD(Ly(u)) = LPuw(u).
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So, the Cauchon deleting derivation method applied to the direct presentation (2.17) of
U~ [w] defines a sequence of nonzero elements

Yy € Fract(U™ [w]/Iy(w)), k€ [1, N\LPy(u).

The elements {Y;! | k € [1, N]\LP,,(u)} generate a copy of a quantum torus inside
Fract(U~ [w]/I,(u)) and this quantum torus contains U~ [w]/ L, (u).

Recall the partial order < on [1, N] from (5.1). Consider the following integer matrix
of size (N — |LPy(u)|) x N whose rows are indexed by the set [1, N]\LPy,(u):

0, if 1<k
b = 1, it 1=k
<O‘u’ﬁ[kl 1)(@ix ) = Okt — ijj<l,je£7>w(u)<0‘u’H[ﬁll ylaig)), it 1> k.

The equality in the third case follows from Eq. (5.5) in Proposition 5.5. As in the
previous section, we write
- -1
ﬁ[k - (ﬁ[k,l])
Theorem 8.1. Let g be a symmetrizable Kac-Moody algebra and w be a Weyl group
element with reduced expression (2.1). Let w € W, uw < w. For all base fields K and a
non-root of unity q € K*, in Fract(U~[w]/ Ly (u)),

(qil Qzl) blk
P(TuciBe >kw%)w>m2;%)):le[kN]l\_l[:P ()qmwlkn/Y . Vke[LN]
s wl(U 1]

where p: U~ [w] — U™ [w]/Ly(u) is the canonical projection. The product in the right
hand side is taken in a decreasing order from left to right.

The case of the theorem when U~ [w] equals the algebra of quantum matrices was
proved by Cauchon in [6], the case u =1 (all w and g) was obtained in [12].

Remark 8.2. Up to a reordering of rows and columns, the matrix in Theorem 8.1 equals
the one in Theorem 5.1 for the Weyl group elements ! and w~! (with the reversed to
(2.1) reduced expression). Because of this the matrix in Theorem 8.1 has the triangular
properties in Remark 5.2 (after reordering of rows and columns).

The formulas in Theorem 8.1 prove that the quantum torus inside Fract (U~ [w]/I,,(u))
generated by

(V' | k€ [1, N\LPy(u)}

also has generators
(8.1) {p(Tw_, A (S, ) (7 e ) [ &€ [1 NN\LPy(u)}.

This quantum torus contains U~ [w]|/I,(u), and is a localizations of the prime factor.
The elements of the second set are monomials in the elements of the first set with
exponents given by a triangular integral matrix, and vice versa the elements of the first
set are monomials in the elements of the second set. Finally, Theorem 8.1 also implies
that the elements

{p( w<k ‘ﬁ;klwlk)w>k(u> Wiy, )|k€‘CP ( )}

are mononomials in the elements of the set (8.1). One can easily derive explicit formulas
for this; we leave the details to the reader.
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Corollary 8.3. For every symmetrizable Kac—Moody algebra g, pair of Weyl group
elements u < w, base field K, and a non-root of unity q € K* such that \/q € K*, the

prime factor U~ [w]/I,(u) has a toric frame M : ZINNEPw() s Fract(U~ [w]/ I, (u))
given by
M(ex) == ( w<kA<ﬁ (T kw%)wzk(%;wik))-
The corresponding multiplicatively skewsymetrzc bicharacter is given by
Aey, ex) == \/§<(wz_kl+<ﬂz_kl)wik7(“’2_11_%2_11)7”1'1)’ VI > k e ZLNNEPw(w)

The toric frame can be augmented to a quantum seed of U~ [w]/I,(u) using Leclerc’s
matrices [24, Theorem 4.5 and Corollary 4.4], ¢f. Remark 8.2.

Theorem 8.1 is proved in the next subsections. For the purposes of an induction
argument, we establish a stronger result. For A € P and [ € [1, N], denote

bi(A) = (e, Tz (V)
Then by, = bl(ﬁ>k wzk)
Proposition 8.4. In the setting of Theorem 8.1, for all A € P, we have

(q;,' — gi,)"' ™ by(\)
( w<kA%>k>‘w>k>\) H my 3 Vk S [1,N]
1€k, N\LPw(u)

in Fract(U~ [w]/Ly(u)), recall the notation (2.21) for localized quantum minors. The
product in the right hand side is taken in a decreasing order from left to right.

8.2. Proof of Proposition 8.4. For A € P, set
Z)\,k,rev = p(Tw<kA<H>k)\ wzk/\)'
The identity (7.6) for the quantum twist maps and Theorem 6.2 imply that
Z)\,k,rev = Ck,wGwPI(A& _1(<ﬂ2k)\) w>k (% k/\)) for some Cw,k € K*,

Ty,

recall (6.4). It follows from Theorem 5.1 (applied to the Weyl group elements v ! and
w~!) and Theorem 6.2 (a) that

(82) Z)\,Ic,rev = Ck H Yibl(/\), Vk € [1, N]
1€[k,N]\LPw(u)

for some (; € K*.

We obtain an explicit formula for the scalars in (8.2) by induction. The arguments
for the inductive statement are different from those in Section 5.4. It follows from the
definition of left positive subexpressions that for all j € [1, N],

(%) LPw(uw)N[1, j] is the index set of the left positive subexpression of wy, ... w
total product ti<;.

For k < j, let (\ w_; i,k be the scalar in the right hand side of (8.2) for the quadruple
(A, w<j,t<j, k) and the above choices of reduced expressions of w<;. Proposition 8.4
follows by induction from the next lemma and (xx).

i with

5

Lemma 8.5. For all Weyl group elements u <w and 1 < k < N = {(w),

C51N>\w<N 1’(%§N—17k’ Zf NG'CPU)(U)
C)\,w,u,k = (ql —qipn )bN A .
WCAM<N iy ke N & LPy(u)

N
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where C)\vng—laﬁgN—lvN =1.

Before we proceed with the proof of Lemma 8.5, we establish a general fact on Weyl
group invariance of localized quantum minors (2.21) which is of independent interest.
This fact will also play a role in the next section in connection to toric frames for the
quantum Richardson varieties.

Proposition 8.6. Let A € P, w be a Weyl group element with reduced expression (2.1)
and u < w be such that N € RPy(u). Then

(8.3) PAu) ) = P(Aaoy (s N wen—1(siyN)

where the localized quantum minors use the notation from (2.21) with A and s;(\) € P,
respectively.

Proof. By Theorem 4.2
Ly(u) N u_[wSN—l] = IngA (ﬁSN—l)-
The embedding
Z/l_[wSN_l] — Z/l_[w]
induces the embedding
p: U [wen ]/ Twey (T<n—1) = U [w]/T(u).

We will denote by the same letter the extension of this embedding to the corresponding
division rings of fractions. It is easy to see that the Cauchon generators of the prime
factor on the left with respect to the reverse presentation

U [wen—1] = K[FBNfl][FBN72; ON—1,0Nn-1] -+ [FB1§UT7 &1
are precisely
{¢7 (Yipew) | k € [LLN = 1\RPy(u)}.
The equality (8.3) now follows from the fact that the two sides have the same expressions
in the sets {Virev | kK € [I, N — 1\RPy(u)} and {o ' (Virev) | k € [1, N — 1\RPy(u)}
given by Proposition 8.4. (It is straightforward to see that the exponents in the two
expressions are the same.) O

Proof of Lemma 8.5. We consider two cases: (1) N € LPy(u) and (2) N ¢ LP.,(u).
Case (1) N € LPy(u). This implies us;, < u. Hence, N € RPy(u) and i<ny_1 =
U p_q- The lemma now follows from Proposition 8.6.

“Case (2) N ¢ LP,(u). We prove the statement of the lemma for A € P*. The general
case follows from the commutation relations between the elements Y; and the definition
of the localized quantum minors (2.21).

The end of the direct presentation (2.17) of U~ [w] is
(8.4) U [w] = U Twan][Fpy; 0N, ON]-
In this case we are in the situation of case 2 in Section 2.3 and ﬁ[ka_l] = U Using
the fact that v, is a lowest weight vector for the U, (sl>)-subalgebra of U, (g) spanned
by Ty, -1 {1 Eins Fin s K'Y with lowest weight —by ()i = — (), ) @iy, one easily

N

obtains that, with respect to the presentation (8.4), the leading term of

T,

W<k

(g = @)™
Too Ay dwspr 18 @]\I,V(A)(bN(A)q)/z Fay ™ (
in

Aq

[kYNfl]Avw[k,Nfl]/\) :
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Now the lemma follows from this, (8.2) and the fact that the leading term of the Cauchon
map from Section 2.3 is the identity. O

8.3. A second Weyl group invariance of localized quantum minors. Analo-
gously to the proof of Proposition 8.6 one derives the following mirror version of it using
Proposition 8.4. This fact will be needed in the next section for the construction of toric
frames for the quantum Richardson varieties.

Proposition 8.7. Let A € P, w be a Weyl group element with reduced expression (2.1)
and v < w be such that 1 € RPy(u). Then

P(Aurwr) = D(Ts; Ao A ws1n)
in the notation from (2.21).

9. FAMILIES OF TORIC FRAMES FOR Fract(U ™ [w]/I,(u))

In this section we construct families of toric frames for the #H-prime factors of U~ [w]
and the quantum Richardson algebras R,[R,, ). This is done by a recursive application
of the results of Sections 5 and 8 to different chains of subalgebras of U™ [w]/I,,(u).

9.1. Families of chains of subalgebras of U/~ [w] and contractions of prime
ideals. Let =n be the subset of the symmetric group Sy which consists of all per-
mutations m € Sy such that

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

The subset =x can be equivalently described as the set of all 7 € Sy such that 7([1, k])
is an interval for all k € [2, N].

Consider a symmetric CGL extension R, recall Definition 2.2. Each m € Zy gives rise
to a CGL extension presentation [16, Remark 6.5] of R,

(9.1) R = Kl21)][Tr(2): Or(2) Orz)] - (22 (V) Ty Oy s
where

O’;_(k) = On(k), I (k) = hn(r) and 57’7(k) 1= Or(y, if m(k) =maxn([l,k—1]) +1

™

and

The direct presentation (3.1) of R corresponds to the identity element 7 = 1 and the
reverse presentation (3.2) to m being equal to the longest element of Sy. It was proved in
[17, Theorem 8.2] that, under very mild assumptions, each 7 € =y gives rise to a quan-
tum seed of R and that those seeds are related by mutations. This was used to develop
a general theory of quantum cluster algebra structures on symmetric CGL extensions in
[17]. In what follows we use the results of Sections 5 and 8 to construct families of toric
frames for all H-prime factors of the algebras U~ [w] indexed by the elements of Zy.
The prime quotients of an algebra usually behave in much more complicated fashion
than the algebra itself and cluster structures for such are more difficult to construct.
Fix a Weyl group element w and a reduced expression (2.1) of it. Let m € Zx where

N :={(w). For k € [1, N], define ¢(k) < d(k) € [1, N] by
[c(k), d(k)] := = ([1, k]).

By the definition of =y,

(9.2) (k) = c(k) or d(k).
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The k-th intermediate subalgebra of R with respect to the presentation (9.1) is R (k) a(k)-
For the quantum Schubert cell algebra U~ [w],

(9.3) U [Wie(r),ak) = TweopU [Wiew),d)]]-
We have the direct CGL extension presentation of the algebra U™ [w](c() (k)]

U [w]er),ar)) = KB o 1 EB. 15 Tetk)+15 Octiy+1] - - - [FBugry Td(k) s Oar) ]

and the reverse CGL extension presentation of it

U [w]ietk),ak) = KBy FBagy 15 Ta) =15 Odgiy—1 - - - [FBurys Toiy Oei) -

The automorphisms o;, o7 and skew derivations d;, J; are the ones from (2.17) and
(2.18), restricted to the appropriate subalgebras. Another way to look at these presen-
tations is to take the two CGL extension presentations (2.17)—(2.18) of U™ [wiek),ak)]]
associated to the reduced expression

Wie(k),d(k)] = Siery =« * Siag)

and to apply the automorphism T3, ce(iy 1O the corresponding Lusztig root vectors, taking
into account (9.3). The index sets of the left and right positive subexpressions of this
expression will be computed as subsets of [¢(k),d(k)] (not of [1,d(k) — c(k) + 1]).

Let u be a Weyl group element such that v < w. Next, we describe the projections
of the chain of subalgebras

(9.4) U™ [W0]e1),a) €U [We@)yae) € -+« CU [Wevy,aavy = U [w]

into each prime factor U~ [w]/I,(u). Define recursively a sequence of Weyl group ele-
ments

w(N) :=u,u(N —-1),...,u(l) e W
as follows. Recall (9.2).
Case (1) m(k+1) =d(k+1). Set
u(k) = min(u(k + 1)si,, ., u(k + 1))
with respect to the Bruhat order.
Case (2) m(k+1) =c(k+1). Set
u(k) = min(s;, ., u(k + 1), u(k +1)).

Note that the sequence depends on 7. This dependence will not be shown explicitly
for simplicity of the notation. The sequence can be equivalently defined by setting

w(k) = {u(k + D)Siggnys I Ak +1) € RPuyrr) agessy (wlk + 1)
uk + 1), i d(k + 1) & RPuypr) aieery (wlk +1)).

in the first case and

u(k) = Sicgeny Wk +1), i e(k+1) € LPuppn)arry (W(k + 1))
WS D), ekt 1) € LPu sl £ 1)

c(k+1),d(k+1)

in the second.
Since m(k+1) = ¢(k+1) or d(k+1), and [c(k), d(k)] = [e(k+1),d(k+1)\{m(k+1)},
each of the extensions

U [wlje(k),dwy) © U [We(k+1),d(e+1)]
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falls within the framework of subalgebras of quantum Schubert cell algebras treated in
Sections 4 or 7, i.e., subalgebras obtained by removing the first or last of the Lusztig
root vectors. Recursively applying Theorems 4.2 and 7.1 to the chain of subalgebras
(9.4), we obtain the following,

Corollary 9.1. For all pairs of Weyl group elements u < w, reduced expressions (2.1)
of w, and elements m € Ep, the contractions of the ideal I,(u) with the subalgebras

U™ [w][e(k),dk) are given by
AMOOQU_WMwmwn=T@@@@mwmwﬂu%ﬂ} Vk € [1, N].

Therefore, in the framework of Corollary 9.1, the images of the subalgebras (9.4)
under the projection p: U~ [w] — U~ [w]/I,(u) are given by

U [Wliewy,am) = U [wliew),ae)/ Twcon (Iw[ <k>»d<k>1(“(k))>
=U- [w[c(k ]/I [e(k), d(k)( u(k))-

For an arbitrary m € =y, each of the extensions
PU[w]ie(ry acky) © PUT [Wliek41),dek+1)])

falls within the framework of those treated in Theorems 5.1 and 8.1. We will use those
results to construct sequences of normal elements inside the prime factors U~ [w]/ L, (u).

9.2. Families of toric frames for the algebras U~ [w]|/I,(u) and R4[R, ). Define
the following subset of [1, N],

D(m) :={d(k) | k € [1, N], n(k) = d(k),d(k) € RPy Wie(k) d(k)]( u(k))}
U{c(k) | k€ [1,N], (k) = c(k),c(k) € ‘pr[c(k),d(k)]< u(k))}.

(The dependence of the set D(m) on w is not explicitly shown for simplicity of the
notation.) The second definition of u(k) implies that

D(m)N[e(k),d(k)]
u(k) = Wie(ke) (k) , Vke|[l,N]
in the notation of Section 4.1. For k € [1, N], define the weights
)\:I: o w<c(k)( [c(k),d(k)] + u(k))wld(k)7 if W(k> = d(k)
kT : —
W) (W [c(k;) d(ky) £ u(k))u(k) i, if (k) = c(k)
and the sequence of elements
An g = Tw@(k)A“(k)wid(k)’w[c(k),d(k)]wid(k)’ if w(k) = d(k)
’ Lo <oty Butky (k)11 ) 0peqiy. gy (wk) 2w, )0 I T(R) = (k)

in the notation (2.21) for localized minors. It follows from Corollary 6.3 that
p(Ark) € (L[*[w]/fw(u))/\;k, vk € [1, N].

By Theorems 4.4 and 7.2, p(Ar ;) are nonzero normal elements of p(U™ [w](e(x),d(k))) for
all A € P, and more precisely,

(D)2 = P 2p(An )
for all z € p(U™ [w](e(k),d(k)))v> 7 € Q- In particular,
p(Ar1), .- p(Ar )
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is a sequence of normal elements for the chain of subalgebras of U~ [w]/I,(u) consist-
ing of the images of the intermediate subalgebras (9.4) of U~ [w] with respect to the
presentation (2.5). Furthermore,

_ /)T - .
P(Ari)p(Ar ) = ¢ Pri? il p(Ar p(Ari), VEk>je[1,N].

Theorem 9.2. Let g be a symmetrizable Kac—Moody algebra, u < w a pair of Weyl
group elements, K a base field, and q € K* a non-root of unity such that \/q € K*. For

allm € Ey, the algebras U™ [w] /I, (u) and Ry[Ry..) have a toric frame M : ZINNP(T)
Fract(U ™ [w]/Iy(u)) given by

M(ey) =p(Ark) Yk e[l, N\D(n).
The corresponding multiplicatively skewsymmetric bicharacter is given by
Aew,ej) == /a P, Wk > j € [1, N\D().

We have D(1) = RPy(u) and D(w,) = LP,(u) where w, denotes the longest element
of =5. In the special cases of 7 = 1 and m = w,, the toric frames in Theorem 9.2 recover
the ones in Corollaries 5.4 and 8.3.

9.3. Proof of Theorem 9.2. Before we proceed with the proof of the theorem we
establish two lemmas.

Lemma 9.3. For all symmetrizable Kac-Moody algebras g, Weyl group elements u < w
and m € ¥ (where N = {(w)), the elements p(Ayxwa) are Laurent monomials in the
quantum torus generators {M(ex) | k € [1, N]\D(m)} for all integral weights A.

The elements in the lemma are precisely the normal elements of U~ [w]/I,(u) for the
localization defining quantum Richardson varieties in Section 2.5. The lemma follows
from Propositions 8.6 and 8.7 and the identity

Avwywew; = Dicy wiwen m V8 E[L,N] i # i,
the latter in terms of the reduced expression (2.1).
Lemma 9.4. In the setting of the previous lemma and the reduced expression (2.1)
P(Aay vy i, ) = Gy = Gin )P(Fpp DDty wen vy, ) — P(2)
0, if N € RPy(u)
B {pmmwwm), if N ¢ RPy(u)
for some x € U™ [w<y_1].

Proof. The first equality follows from [12, Proposition 4.7]. The second case of the
second equality is straightforward. In the first case, N € RP,(u) implies

(licn—1 — Wwiy = l<n-100y € QT\{0}.
Thus, fﬁgzv_lwm L U;(G)Uuwm and Aﬂgw_lwm,wwm € Ly(u). O
Proof of Theorem 9.2. The only part of the theorem that has not been proved yet
is that U~ [w]/I,(u) and Ry[R, .| are subalgebras of the quantum torus generated by
{M(er)*" | k € [1, N]\D(n)}. The second statement follows from the first and Lemma

9.3. To establish the first statement, we prove by induction on ! =1, ..., N, the stronger
fact that
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pU™[W]qy,au)) is a subalgebra of the quantum subtorus of Fract(U ™~ [w]/I.,(u)) gen-
erated by {M (ex)*' | k € [1,1]\D(m)}.

Denote by 7; the quantum subtorus of Fract(U/~[w]/I,(u)) generated by {M (ex)*! |
kE € [1,l\D(m)}. Assume the validity of the statement for { — 1. Consider the case
(1) = d(l). Applying Lemmas 9.3 and 9.4, we obtain that

_ —1
p(Fp) € (7E — (U~ [w] [C(l—1)7d(l—1)]))p(Au(l—l)wz‘l7w[c(zf1),d(171)]wil)

The space on the right is a subspace of 7; because of the inductive assumption and the
fact that the last term is a Laurent monomial in the generators of 7; by Lemma 9.3.
The case 7(l) = ¢(l) is handled similarly by applying the quantum twist map Ou

c(1),d(1)]
to the equalities in Lemma 9.4. (]
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