DOUBLE-PARTITION QUANTUM CLUSTER ALGEBRAS
HANS PLESNER JAKOBSEN, HECHUN ZHANG

ABSTRACT. A family of quantum cluster algebras is introduced and stud-
ied. In general, these algebras are new, but sub-classes have been studied
previously by other authors. The algebras are indexed by double parti-
tions or double flag varieties. Equivalently, they are indexed by broken
lines L. By grouping together neighboring mutations into quantum line
mutations we can mutate from the cluster algebra of one broken line to
another. Compatible pairs can be written down. The algebras are equal
to their upper cluster algebras. The variables of the quantum seeds are
given by elements of the dual canonical basis.

1. INTRODUCTION

A cluster algebra, as invented by Fomin and Zelevinsky, is a commutative
algebra generated by a family of generators called cluster variables. The
generators are grouped into clusters and the cluster variables can be computed
recursively from the initial cluster.

The theory of cluster algebras is related to a wide range of subjects such
as Poisson geometry, integrable systems, higher Teichmiiller spaces, combina-
torics, commutative and non-commutative algebraic geometry, and the repre-
sentation theory of quivers and finite-dimensional algebras.

In [19], it is proved that the coordinate rings of SL(n,C) and its maximal
double Bruhat cell SL(n,C)"o* are cluster algebras. This is generalized in
the recent work [4] where it is proved that the coordinate ring of any double
Bruhat cell G*" of any semi-simple algebraic group is a cluster algebra.

Quantum cluster algebras were introduced and studied by Berenstein and
Zelevinsky [2]. A main motivation was to understand the dual canonical basis.
Following Lusztig ([15]), the dual canonical basis for the coordinate algebra
O,(M(n)) of an n x n quantum matrix was shown to exist in [11]. This
construction can be carried over to the algebra O (M (m,n)) for all m and n
verbatim.

A quantum mutation is governed by a pair of matrices, called a compatible
pair, with certain favorable properties. To construct a quantum cluster, one
of the main difficulties is to construct the compatible pairs. In the present
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paper we construct a family of quasi commuting quantum minors of the alge-
bra O,(M(m,n)) associated to each so-called broken line L, and construct a
corresponding compatible pair (Ap, Br).

The set of broken lines has a natural partial ordering with unique biggest
and smallest elements.

Let us be more specific: A broken line from (1,n) to (m,1) is a path
in N x N starting at (1,n) and terminating at (m, 1) while alternating be-
tween horizontal and vertical segments and passing through smaller column
numbers (in the horizontal direction) and bigger row numbers (in the ver-
tical direction). To each broken line we construct in Section 6 a family of
nm g-commuting quantum minors. With the line fixed, each of these quan-
tum minors is uniquely given by a point (i,7) € N x N with 1 < i < m
and 1 < j < n. The quantum cluster algebra A, is then determined by
the quantum minors corresponding to the points on or below the line L. We
prove that monomials in these are members of the dual canonical basis. We
introduce the natural ordering on the set of broken lines and introduce some
natural sub-algebras. One such is O (77, U L) which denotes the sub-algebra
of O,(M(m,n)) generated by the standard elements Z; ; of O,(M(m,n)) (cf.
Section 3) for which (4, j) is on the line, or below it.

We introduce a special class of mutations that are called quantum line
mutations. To each triple of broken lines L,, L, with L,, L, < L we can
mutate by quantum line mutations from L, to L.

For a compatible pair (A, By) connected with A, we show that we can
mutate by quantum line mutations to a bigger line L, inside O, (M (m,n)) and,
by carefully keeping track, construct a compatible pair (Ap,, Br,) connected
with A7 in the process. Starting at a particularly simple broken line, namely
the one corresponding to the smallest broken line L™, we can, by repeated
quantum line mutations, construct a compatible pair for .4; . Thus, we obtain
compatible pairs for all broken lines. At first they are just compatible pairs
for the smaller algebras. The algebra O (M (m,n)) corresponds to the unique
maximal broken line L. However, mutating in the opposite direction, we get
a compatible pair for this bigger algebra for any line. Or, indeed, mutating
backwards from any bigger line algebra to a smaller, we get a quantum seed
9Oy, for the bigger line algebra L indexed by the smaller line algebra L;.

Instances of such algebras have been studied in [13], [14], and [6].

The main technical result is the following: Let A be an n x n matrix whose
entries are non-negative integers and let b(A) be the element of the dual
canonical basis of O,(M(m,n)) corresponding to this. Let det, denote the
quantum determinant. If I denotes the n x n identity matrix then

det, = b(I)
and (this is (4.2))
b(A)det, = b(A+I).

Once this has been established, it can be generalized to several other config-
urations involving quantum minors.
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After this introduction, the article continues in Section 2 with a review
of quantum cluster algebras, followed in Section 3 by basic facts and struc-
tures relating to the quantized matrix algebra. The matters concerning the
technical result (4.2) and its generalizations, take up Sections 4 and 5.

In Section 6, using the results on dual canonical bases, we strengthen a
result of Parshall and Wang considerably. In so doing, we obtain a crucial
commutation identity; Theorem 6.17. This result then makes it possible to
introduce the class of mutations called quantum line mutations. We also
include an observation relating this to totally positive matrices.

In Section 7, we construct compatible pairs (A%, B?) and (A, Br). At first
just for the algebra O, (T UL), but later also for the full algebra O, ((M (m, n)).

Finally, in Section 8, we extend slightly a result of Goodearl and Lenagan
([8]) saying that the g-determinantal ideal is prime. We then use quantum
line mutations to give an inductive proof of the following, where C; are the
non-mutable (covariant) elements, and U, is the upper cluster algebra:

Theorem Let C; = {Y1,...,Ys}. Then,
=0T, ul)Y™, ... Y = AL

This result is Theorem 8.5. As a consequence, we conclude that in the case
of Oy(M(m,n)), the quantum cluster algebra is equal to its upper cluster
algebra.

Acknowledgement. We would like to express our gratitude to the referee for
many helpful and clarifying suggestions.

2. BAsics oF QUANTUM CLUSTER ALGEBRAS

Throughout the paper, the base field is K = Q(q), where ¢ is an indetermi-
nate over the rational numbers. To avoid terms involving q%, we work with
the square root of the ¢ used by Berenstein and Zelevinsky; ¢* = ¢2,, = qpz-

Given an integral skew-symmetric matrix A = (\;;) € Mn(Z), the quasi
polynomial algebra £(A) associated to the matrix A is an associative algebra

generated by x1, 29, , &m; 2y, w5, -+, ot with the defining relations

(2.1) vy = ¢

Conversely, given such relations, the matrix A = ()\;;) € My (Z) will be called
the A-matrix of the variables xy - - - , 2.
The set of ordered monomials

ai ..az

{a% = aP2y® agr |a = (a1,a2, - am) € Z"}

m

is a basis of £(A). It is well known that £(A) is a Noetherian domain and one
can talk about its skew field of fractions which is denoted by F(A). Using A,
one can define a bilinear form on Z™ as follows:
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(2.2) AN:7Z"x7™ — 7
A(a,b) = aAb".
For any a € Z™, the normalized monomial is defined as
(@) = qri<i M gh,
The map
(2.3) Vi=1,...m:z;,—x, ¢q—q "

extends to a Q-algebra anti-automorphism, denoted by ¢ — ¢, which actually
does not depend on the ordering. Then

(2.4) z(a) = z(a).
It is easy to check that
z(a)z(b) = ¢"P(a+1b),

which, of course, is equivalent to the commutation relations (2.1).

Denote by K* := Q(¢q) — {0} the multiplicative group of non-zero elements.
The group (K*)™ acts on £(A) as an automorphism group. Explicitly, for any
h = (hy,ho, -+ hy) € (K*)™, it acts on L(A) according to the formulae

h(x;) = hyx; for all 4.

Remark 2.1. If a subspace S C A(A) is invariant under the action of the
group (K*)™, then it is spanned by the monomials that it contains.

In [2], the notion of a quantum cluster algebra was introduced. Let us recall
the definition.

Definition 2.2. Let B be an m X n integer matriz with rows labeled by [1, m]
and columns labeled by an n-element subset ex C [1,m]. Let A be a skew-
symmetric m X m integer matriz with rows and columns labeled by [1,m]. We
say that a pair (A, B) is compatible if, for every j € ex and i € [1,m], we
have

D b = 655,
k=1

for some positive integers d; (j € ex). The nxn sub-matriz of B correspond-
ing to the subset ex is called the principal part of B.  We insist throughout
this article, that Vj : d; = 2.

If one arranges the symbols such that ex = {1,2,...,n}, the compatibility
condition states that the n x m matrix D = BTA consists of the two blocks:
the n x n diagonal matrix D with positive integer diagonal entries d;, and the
n X (m —n) zero block.

With the above setup, the triple ({x1, 22, ,2m}, A, B) is an example of
a quantum seed of F(A). The notion of a quantum seed is more general
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than the one presented here, but ours suffices for the purposes below. The
variables x; are called quantum cluster variables. The variables x;,i € ex are
called mutable variables and the set of these is called the cluster. The variables
z;,j ¢ ex are called non-mutable variables.

Notice that if a = (a1, az,...,an) and f = (f1, fo, ..., fu) are vectors then

Lemma 2.3.

(2.5) Aa)" = (f)F & Vi:z2® = ¢*Fina;.

In particular, if there exists a j such that Vi : f; = —0;; then the column
vector a can be the jth column in the matriz B of a compatible pair.

However simple this actually is, it will have a great importance later on.

Denote by ey, es, -, e the standard basis of Z™. For a given compatible
pair (A, B = (bx;)), one can mutate the cluster in the direction of i € ex,
thereby obtaining a new cluster whose variables are xy, -+, x;_1, %}, Tiyq, - -
ZTwm. The unique new variable is defined by

(2.6) x = x( Z brier — €;) + x( Z —briex — €;).

br; >0 br; <0

)

One can check that z1,--- ,z;_1, 2, 41, -+, Ty 1S & g-commuting family.
We will extend matrix mutations to those of compatible pairs. Fix an index
i € ex. The matrix B = u;(B) can be written as

(2.7) B! =E;BF;,
where
e F; is the m x m matrix with entries
Oab if b # i;
(2.8) ey = —1 ifa=0=1;

max (0, —by;) if a #b=1.

e [ is the n X n matrix with rows and columns labeled by ez, and entries
given by

Oub if a # 1;
(2.9) fa=14 —1 if a =0=1;
max(0,b,) if a =1 #b.

The triple ({z1, -+, 21, 25, Tit1, -+ s om}, Ay = EF AE;, BY) is also a quan-
tum seed. The above process of passing from a quantum seed to another is
called a quantum mutation in the direction 7. We say that two quantum seeds
are mutation equivalent if they can be obtained from each other by a sequence
of quantum mutations. In the general definition of [2] there is an additional
parameter ¢ = +1 in the definition of the matrices FE;, F;. Throughout this
article we restrict to ¢ = 1 and for this reason we suppress it.
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Given a quantum seed, let S be the set of all quantum seeds which are
mutation equivalent to the given one. The quantum cluster algebra A(S) as-
sociated to the given quantum seed is the Q(g) sub-algebra of F(A) generated
by all quantum cluster variables contained in S.

3. THE QUANTUM MATRICES AND THE DUAL CANONICAL BASIS

The coordinate algebra O,(M(m,n)) of the quantum m x n matrix is an

associative algebra, generated by elements Z;;,¢ =1,2,--- ,m;j=1,2,--- | n,
subject to the following defining relations:

(32) Zijij = QQZ]W'ZZ‘]‘ if 1 < k?,

(33) Zistt = ZstZij if 7> S,j < t,

(3.4) ZiiZ4 = ZaZij+ (@ —q N ZuZyifi<s,j<t.

The associated quasi-polynomial algebra o (M (m,n)) of the quantum mxn
matrix is an associative algebra, generated by elements z;;,i = 1,2,--- ,m;j =
1,2,--- ,n, subject to the following defining relations:

(35) RijRik = QQZikZZj lf] < k,
(36) ZijRki = qzzkaij if i < ]{7,
(3.7) ZijZst = Zazij in all other cases.

SO L) >

we define a monomial Z4 by

(3.8) ZA=11"_ 7'

1,j=1%5 >
where the factors are arranged in the descending lexicographic order on I (m, n)
{(4,j) |i=1,2,--- ,m;j=1,--- ,n} given by (1,1) > (1,2) > --- > (1,n) >
(2,1) > .... We define similar elements 2 € o,. It is well known that the
set {Z4A € My, ,(Zy)} is a basis of the algebra O,(M (m,n)).

From the defining relations (3.1) - (3.7) of the algebras O,(M(m,n)) and
04(M(m,n)) it is easy to show the following lemma. The last statement in
the lemma, though trivial, is included for its usefulness.

Lemma 3.1. The mapping
q = q°

extends to an anti-automorphism of the algebra Oy (M (m,n)) as an algebra
over Q. The mapping

(310) 712@' = Zi
q = q

extends to an anti-automorphism of the algebra o,(M(m,n)) as an algebra
over Q.

1
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There is an obvious anti-automorphism of the tensor algebra over the vector
space M(m,n) of which the given anti-automorphism of Oy (M (m,n)) is the
quotient map.

A similar statement holds in o,(M(m,n)).

For any A = (a;j) € My n(Z4),
= (S F ) = )
J

This is called the row sum of A.

co(A) = Zaﬂ, Za]n = (Coy, 09, + 4 CO,)-

J

This is called the column sum of A.

The following result follows easily from the defining relations (3.1) - (3.4):

Lemma 3.2. Let
ZAZB Z aé BZC

where aé’B € Zlq*,q?]. Then ‘v’aé’B #0:
ro(C) = ro(A)+ro(B)
co(C) = co(A) + co(B).

From the defining relations we also have

(3.11) ZA=E(A)ZY+ ) cp(A) 2",

where
E(A) — q—Q(Zi Zj>kaijaik+2i 2j>kajiaki)

and VB < A: cg(A) # 0 = ro(B) = ro(A), and co(B) = co(A). Here,
cp(A) € Z[¢* ¢ 2], and the lexicographic order on M,, ,(Z,), obtained by
augmenting the previous order on I(m,n) by the natural order on Z,, is
denoted <.

Let

(3.12) N(A) = g~ ZiZpran—TiZinnaion and Z(A) = N(A)ZA.
From (3.11) we trivially have

(3.13) Z(A) = Z(A) modulo lower order terms.

In lack of better words we introduce:

Definition 3.3. We call Z(A) the normalized form of Z*. We call N(A) the
normalization factor.
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Let e <sand j <t Set B, s+ = FE,;; + Es; — E;y — E ;, where for any of
the mentioned pairs (a,b), E, is the (a,b)th matrix unit. Upon rewriting ZA
according to our lexicographic order as in (3.11), one picks up terms cq 24,
where A’ is obtained from A by subtraction of elements of the form £ ;.
The next result follows directly from (3.12).

Lemma 3.4. If A" =A—FE; ., then
N(A/) — N<A>q4—2(aij+ast—ait—asj)'

To facilitate the following proofs, we introduce a notion of a level in M,,, ,,(Z):
Definition 3.5. Let
(3.14) D=A{FE;s:|i<sandj <t}

The matriz A € My, ,(Z) is of level L(A) = 0 if there are no elements D € D
and Ay € My, n(Zy) such that A= D+ Ay. Let Ly denote the set of matrices
of level 0. We define the level L(A) of any A not of level zero by

L(A) :==max{r e N|3Dy,...,D, € D,3A € Lo: A=D1 +---+ Dy + Ao}

(It is easy to see that this mazimum is finite).

Notice that if L(A) = 0 then one can reorder Z(A) without invoking the

relation (3.4). Thus, Z(A) = Z(A).

Lemma 3.6. In the equation (3.11), if B < A and cg(A) # 0 then L(B) <
L(A).

Proof. View the right hand side of (3.11) as the result of the reordering of Z4
according to our chosen ordering. The terms with B < A must then have their
origins in the application of relation (3.4) at least once since otherwise we can
get to Z4 using solely the other three relations. In this case, Z(A) = Z(A).
Any application of (3.4) clearly leads, modulo terms proportional to Z*4, to

terms of lower level. O

Set
L= @AeMm,n(ZgZ[Q]Z(A)-

Proposition 3.7. There is a unique Z[q|-basis B* = {b(A)|A € M,,.(Z+)}
of L* in which each element b(A) is determined uniquely by the following
conditions:
(1) b(A) = b(A).
(2) b(A) = Z(A)+> 5.4 hs(A)Z(B) where hg(A) € ¢*Z[¢*] and ro(B) =
ro(A), co(B) = co(A).
The basis B* is called the dual canonical basis of O,(M(m,n)).
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Corollary 3.8. If we number our basis vectors in the two bases By = {b(B) |
B € Myun(Zy)} and By = {Z(B) | B € My, ,(Z4)} according to the lexico-
graphic ordering then the change of basis matrices are lower triangular with
1’s in the diagonal and elements from ¢*Z[q?] in all other non-zero positions.

Proof of Proposition 3.7 and Corollary 3.8. Noticing the ¢* factors in Lem-
ma 3.4, this can be proved in analogy with Lusztig ([15, 2. Proposition]),
see also [11, Theorem 3.5]. However, we will sketch a proof for clarity: We
proceed to prove Proposition 3.7 by induction on the level k, utilizing that if
the proposition holds up to level k& then so does Corollary 3.8. The case of
level 0 is trivial since if L(A) = 0 then b(A) = Z(A). Suppose then that the
result holds up to, and including level k and let A be of level £+ 1. It follows
from (3.11) and Lemma 3.6 together with Corollary 3.8 (up to level k) that
(3.15)

Z@-z= Y 2 zm= Y heB)

B<A; L(B)<L(A) B<A; L(B)<L(A)

with elements hp € Z[g*, ¢ ?]. Since the left hand side of (3.15) is skew
under the bar operator, each hp can be decomposed as hg = h; + hj with

h} € ®Z]¢%) and hy; = —h},. Then

(3.16) b(A) = Z(A) + > _ hfb(B)

is the unique solution. Invoking Corollary 3.8 (up to k) once again, the proof
is complete. [

The following simple principle is very useful:

Proposition 3.9. If my < m and ny < n we may view Oy(M(my,n1)) as
the sub-algebra of Oy(M(m,n)) generated by the elements of (some) my rows
and ny columns. If, correspondingly, we consider M, n,(Z+) C Myn(Zy)
then for any A € My, n,(Zy), upon these identifications, the basis vector
b(A) € Oy(M(my,n1)) is also a basis vector in O (M(m,n)).

If, under such identifications, Oy (M (my,ny1)) and Oy(M(ma,ny)) are two
commuting sub-algebras of Oy (M (m,n)) and if b(A;) € Oy(M(m;,n;)), i =
1,2, are members of the respective dual canonical bases, then b(A; + Ag) =

b(A1)b(Asz) is in the dual canonical basis of Oy (M (m,n)).

Proof. The relations, the bar operator, and the order on the sub-algebras
are restrictions of the relations, the bar operator, and the order on the full
algebra. The result then follows by the uniqueness. [

Remark 3.10. The commutativity condition in Proposition 3.9 is equivalent
to having all canonical generators of one sub-algebra positioned NE of the
other.
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If m = n, one may define the quantum determinant det, as follows:
(317)  dety(n) =det, = Yoes, (=) 21012200 Do)
(3.18) = Bses, (=) ZswaZs@zz Lsmyn
We recall some results from [16] regarding the Quantum Laplace Expansion:

Suppose I = {i; < 1y < -+ <i,} and J = {j1 < jo < -+ < j,} are subsets
of I ={1,2,...,n}. Define

(3-19) 55 = ZUEST(_qz)é(o—)Zilvjcr(l)Zi?,ja(?) T Zir,jg(m
(3.20) = Eresr(—qz)e(T)ZiTm,lei -7

’LT(T)va‘
These elements are called quantum minors. Notice that they are only defined
if #J = #I. For two subsets I, J C {1,2,...,n}, the symbol sgn (I;J) is
defined by

r(2).J2

(0 ifINJ#0
(3.21) sgng(1;J) = { (—g?) D i InJg =0,

where ((1;J) = #{(i,j) |i€ I,j € J,i> j}. Then,

(3.22) Sgn,(Ji; J2)€) = Z el Sgn, (I 1)
I Uul,=

(3.23) Sgnq(Jl,J2)§}] = Z f 259” (11; I2)
LUul,=

It m=mnand I = {1727 ,TL} \ {Z}ﬂ] = {1727 ’n} \ {j}7 §§ will
(occasionally) be denoted by A(i, 7).
The following was proved by Parshall and Wang in [17]:

Proposition 3.11. det, is central. Furthermore, let i,k < n be fized integers.
Then

n

(3.24) Sirdety = > (=Y Zi Ak, ) =Y (—q*) A, §) Zn,

Jj=1 J

(3.25) = Z Y TZAGR) = Y (=a)) T AU D Zj
J
It is of key importance for the rest of the article to note the following
which is proved by an easy induction argument using (3.24) while invoking
the uniqueness of the dual canonical basis:

Corollary 3.12.
det, = det, = b(I).

Thus, all quantum minors are members of the dual canonical basis.
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Definition 3.13. An element x € O (M (m,n)) is called covariant if for any
Zi; there exists an integer n; ; such that

(3.26) vZ;; = " Z; .

Clearly, Zy,, and Z,, 1 are covariant. Two elements x,y € Oy (M (m,n)) are
said to g-commute if there exists an integer p such that

Ty = q2pyx.

Let det,(t) = E%i_tj{n}, fort =1,2,--- ;min{m,n}. It is easy to extend

[10, Theorem 4.3] from the n X n case to the general rectangular case:

Proposition 3.14. The element det,(t) is covariant for allt. More precisely,
let My ={(i,j) eN?* |1 <i<tand1<j<n—t}, M"={(i,j) e N* |t +
1<i<mandn—t+1<j<n}, Ml ={(i,j) eN?*|t+1<i<mand1<
j<n—t}, and My ={(i,j) e N* |1 <i<tandn—t+1<j<n}.
(3.27) Zijdety(t) = det,(t)Z:; if (i,7) € M} U M/,

Zijdet,(t) = q*det,(t)Z;; if (i,7) € M, and

Zijdet,(t) = q *det,(t)Z; if (i,7) € M.

Recall from [10, Lemma 3.3] the result for quantum 2 x 2 matrices:

(3.28) Va €N: Z§,Z11 = Z11Zs, + q (1 — ¢*) 255 Zoy Zn s

For later purposes, we need the following results for n x n matrices regarding
ZnnA(n,n): Using (3.24) we can define elements M;, My by

det, = > (=q*V " ZujAn§) = > (=¢*)" T AN, §) 20
j=1 J=1
ZnnAln,n) + M
= A(n,n)Z,, + Ms.

If one removes the variables in the jth row while adding a new Oth row,
an easy application of Proposition 3.14 gives that for j # n, Z,,A(n,j) =
q ?A(n,j)Znn and similarly for A(j,n), and it then follows that

ZnuM; = q *M; 2, for i = 1,2.

(This result also follows from [17, Lemma 4.5.1].) In the ring of fractions of

O,(M(n)) we can write A(n,n) = (Z,,)~* (det, — My) = (det, — Ma) (Znn) ",
which is useful since, by what we have just proved, the terms M, My have

simple g-relations with Z, ,. Thus,
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ZpnA(n,n) = dety, — M; = det, — g M,
A(n,n)Zy,,, = det, —q*M, = det, — My, and hence
(Zyns Aln,n)] = (q4 —1)M,;
= (1—q")M,.
Notice that all monomials in M, contain factors of ¢ with ¢ > 1.
More generally, it follows by induction that for all r € N,
(230 Al,n)] = ' (L= g )M 2}
= (1- q74T)M222,7nl-

Likewise, for all r € N,

(329) [Z7,,A(L,1)] = —(1—q¢ *)Z{{' Ny, where

(3.30) No= ) (=) Z;A0 )
j=2

(331) = Z (_q2)z(a)Z1,a(1)ZQ,a(2) e Zn,o(n)7
0ESn;o(1)#1

where, for each o in the last sum, (o) € N. This observation is an important
ingredient in the proof of Theorem 4.1 below.

4. det, AND DUAL CANONICAL BASES

In this section, n = m throughout. The following result is of key impor-
tance. However simple to formulate, it is remarkably difficult to prove.

Theorem 4.1. For all A € M, (Z,) there are integers cg € {—1,0,1} and
integers yp > 0 such that

(4.1) Z(A)-dety=Z(A+ 1)+ Y ¢""cpZ(B),

B<A+I
where each B furthermore has the same row and column sums as A+ 1. In
particular,

(4.2) b(A) - det, = b(A + I) = b(A)b(I).

Proof: By using Corollary 3.8, the second claim follows easily from the first.
We proceed to prove (4.1) by induction on the number ¢ such that there are
non-zero elements in at most the columns 1,--- , ¢ of A. For a fixed such ¢ we
proceed by induction on the number r such that there are non-zero elements
in at most the rows 1,...,7 in the cth column. Notice that the formula (4.1)
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holds for any A with non-zero entries at most in the first column. Indeed, as
follows by an elementary computation,

(4.3) Z(A)Z(EU)(—qQ)K(") — (_q2)Z(U)q2@1—(ai,1+ai+1+~~~+an,1))Z<A + E,),

where E, is the matrix of the permutation o, i = 0=%(1), and Z(E,) = Z%-.

It is likewise easy to see that if the theorem holds for any A with non-zero
entries in at most the first ¢ columns 1,2,--- ¢, then it is also true if we
replace A by A + @y c+1E1 41 for any ay .1 € N. Here it suffices to observe
that Z(A+a,ci1F1cp1) = q@rerirad) ZavenBren 7( ). When we multiply by
det, from the left, we obtain elements of the form gt.c+121(4) Zarcr1Breer 7( A7),
where ro(A") = (1,1,...,1) + ro(A), and similarly for the column sums. Due
to the special form of Z%e+1Bue1 Z(A) it is a matter of simple bookkeeping
to verify the claim here.

Now let us assume that the theorem holds up to the rth row in the cth
column, where r < n. Let Z40 correspond to a matrix A, fulfilling the
requirements up to, and including, row r and column ¢, and consider A =
AO + Arii,c* Er+1,c~

Before getting further into the details, let us remark that the two lexico-
graphic orderings (1,1) > (1,2) > --- > (1,n) > (2,1) > ... and (1,1) >
(2,1) > -+ > (n,1) > (2,1) > ... have the same monomials. By this we
mean that if Z4 is written according to one of the orderings, then rewriting
it according to the other will not create auxiliary terms. Indeed, not even a
different coefficient. Let us denote the former ordering by row-column and
the latter by column-row.

Consider

Z(A) - Soes, (=) Z1.00) Z20(2) *+* Znion)-
Set o = (22;11 Ar41),c0(r+1)k + D opq Qri1,elec). Then,
(4.4) Z(A) = Z(Ao) - ¢ “Z 3
The task now is to order each summand in
Z(A) - Soes, (=) Z1 oy Zoo2) + * Zno(n)

lexicographically. To do so, we will group the terms in det, together strate-
gically into sums of products of quantum minors. These minors will then be
ordered collectively while using their g-commutation relations.

We can safely assume 1 < r < n — 1. Decompose
{(Z,]) GN‘ 1§i,j§n}:R1UR2UR3UR4,
Ri={(1,j) |1 <i<r1<j<c—1}, Rp={(G))|1<i<rc
J<n}, Rs={(,)) |r+1<i<n 1<j<c—1}, and Ry = {(4,))
r+1<i<mn; ¢c<j<n} Consider (3.22) applied to det, with J;
{1,...,c—1} and Jy = {¢,...,n}. Then apply (3.23) to each 52, i=1,2
based on a decomposition I; = RV (I;) U R (L) of I;; RV(L;) C {1,...,r},
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and R (I;) C {r +1,...,n}. The result is a formula

(4.5) det, = Z Coy Mo Mz, My VM Mo M3 My,
My, M2, M3,My

where each ¢y, a0, 18 +(¢?)? for some non-negative integer p, and each
M;, i = 1,2,3,4, is a quantum minor with entries from R;, ¢ = 1,...,4.
Notice that it follows from the defining relations that My;Ms = M3M,. Not
all combinations of quantum minors will occur with a non-zero coefficient, of
course. For instance, no pair can share a row or a column.

Let R1 2,3 denote the set of matrices over Z, with non-zero entries at most
in the positions of R{URyUR3, let R4 denote the set of matrices with non-zero
entries at most in the positions of R4, and let My denote the set of quantum
minors having entries from Rjy.

It follows that

(4.6) dety= > > Poum,Z°Mj,

MieMy GER1 2,3

where each P, € Z[g?]. Then, because reordering elements from Rq 3
does not introduce terms from R4,

(4.7) Z(Ag)dety = > Y Py, Z"M,

MyeMy HER 1 2.3

for some elements Py, € Z[g% ¢ 2. At the same time, by the induction
hypothesis,

(48) Z(Ao)detq = Z Z 6L7KZ(K+ L),

LERy4 KER1,2,3

where ¢, i = 1 for the unique configuration corresponding to Z(Ay + I) and
in all other cases, if non-zero, ¢; i = +¢*'%* where vk € N. Here, each
K + L has the same row and column sums as Ag+1, and K+ L < Ayg+1. The
expression Z7 M, in (4.7) is a sum of monomials +¢?i Z# Z54i correspond-
ing to My =), +¢%i 754 as a quantum minor. Furthermore, Vi : p; € Z,
and p; € N for all but one i. Due to the configurations, the normalization
factors N(H + Sy;) are easily seen to be independent of ¢ and may thus for
instance be computed for the unique 7 for which p; = 0. Thus, N(H + Sy;) =
N (H)qretiMa)=co(HiMa) = The symbols ro(H; My) and co(H; My) denote the
row sums, respectively column sums, of H corresponding to the rows, re-
spectively columns, of My. Thus, for each My in (4.7) we get a sum of the
form =Py py, N (H) ™ qrelMa)+eaiMa) 20 7(Ff 4 8, ). Each of these terms
must correspond to a term in (4.8) where we have full information about
the positivity of the powers of ¢. Notice that j:]f’H,M4 is independent of
i. Indeed, Pyas, = Cpag,q*PiMa g reHMa—colHiMa) N (H) for some constant
cum, € {—1,0,1} and some element py s, € Z.. It follows from this that we
have a formula
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(4.9) Z(Ao)detq _ Z Z CH’M4q2pH,M4q—m(H;M4)—Q(H;M4)Z(H)M4‘

MieMy HER 1 2,3

Each summand in ¢ te(H:Ma=—coliMa) 7([1) M, is normalized. With the ex-
ception of one pair (H,, M, ,) where py, ar,, = 0, we have furthermore that
pu,m, € N when ¢y, # 0.

Observing that det, is central, we can insert it in any position we prefer.
Returning to (4.4) we will therefore consider Z(Ay) - det, - ¢~ Z 1. In view
of (4.9) we need to focus on the rewriting of expressions of the form M, Z, ',
and, in particular, to carefully keep track of the ¢ factors we pick up. This is
the only place where negative exponents might originate.

Four different situations may occur:

e 1) M, has all row numbers greater than r + 1 and all column numbers
greater than c.

e 2) M, has all row numbers greater than r + 1 but a column number
equal to c.

e 3) M, has a row number equal to 7+ 1 but all column numbers greater
than c.

e 4) Z,.1. occurs in My ( and hence commutes with M,.)

These cases can be dealt with, and this is, indeed, the reason for the chosen
decomposition: In all cases, what has to be considered are the terms

4.10 x) = cnum q2pH,M4q*m(H§M4)7Q(H§M4)Z H)YMyg 2%, ..
Az r+1,c

In cases 2, 3), and 4), M, quasi-commutes with Z,, ., and (x) becomes
one of the following;:

()2 = (x)3 = cpa Mg oMol il gmag=20 7 (FY 70 | M,
(*)4 = cuum, qQPH,]M4q_m(H§M4)_Q(H§M4)q_O‘Z(H)Z7‘}+17CM4.

The quantum minor M, is a linear combination of monomials with coeffi-
cients which are non-negative powers of (—¢?). These powers are no problem
(they just become part of the coefficients ¢*’5cp in (4.1)), so what need to be
dealt with are the expressions resulting from replacing M, in (%), (%)3, and
(x)4 by any of the monomials A from M.

As already noted, the non-zero positions in Z,, .A are ordered correctly ac-
cording to the lexicographic ordering, so Z¢,, .A = Z" for some B € M,(Z,.).

In case 2), N(B) = ¢~ %, so Z},, ;A = q°Z(B) and the term from (%), we
need to analyze is

(4_11) (**)2 _ CH7M4q2pH,]\/I4 q‘ﬂH;M‘l)_@(H;M‘l)q_‘"q_“Z(H)Z(B).

There are no positions where H and B both have non-zero entries. More-
over, if H and B have non-zero entries in the respective positions (i,j) and
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(k,1) with (k,1) > (i, 7), then the corresponding powers Z}! in Z" and Zj, in
7B commute. This means Z# 78 = Z¢ where C = H 4+ B. Observe that

(4.12) N(C) = N(H)N(B)q—m(H;M4)—Q(H;M4)q—amr+l(H)—a@C(H)'

The matrix H consists of Ay plus the complementary part of a permutation
matrix whose other part is a permutation matrix corresponding to a term in
My. So, ro;(H) = ro;(Ap) for rows ¢ that occur in My and ro,(H) = ro;,(Ag)+1
otherwise. Similarly for the columns. In case 2), this means ro, ,(H) =
ro,1(Ap) + 1 and co,(H) = co,(Ay). Now, aro,,(H) + aco,(H) = a+ a, so

(4.13) N(C) = N(H)N(B)q e rotHMu)-eoltiMa)
and Z(C) = q-e—erelfliMa)—colliMy) 7 (1) 7(B). Therefore
(414) (**)2 = CH,M4qu’M4 Z(C),

the correct form for the right hand side of (4.1).

Case 3) is symmetric.

In case 4), N(B) is either 1 or ¢=**, depending on whether or not A has a 1
in position (r+ 1, c). This time, ro, ,,(H) = ro,,,(Ay) and co.(H) = co.(Ay),
so aro,,,(H) + aco,(H) = « and we end up with, setting C = H + B,

(4.15) (ox)a = eman g™ - [1or ¢*] - Z(C),

in the correct form.
In case 1) we have a reinterpretation of (3.29):

(4.16) (Z¢ 10 Ma) = —=* (1 — ¢ *) 20 T,

where Z,.1.T = ¢*TZ, 1., and a = ary1,.. The factor T' will be discussed
shortly.

Notice that the left hand side of (4.16) evidently is skew under the bar
operator. Thus, it follows that Zg | T = ¢~*™Z¢ | T. We have T =
¢ 2Ny in terms of (3.29), so each monomial Z¥i = Z(Y;) in T occurs with
a factor +£¢*¢ with p; € Z,. However, we must utilize even finer details of
T'. Specifically, we may assume that the monomial summands of T" each have
a contribution Z,,. with x > r + 1 and a contribution Z,,, with y > c.
Furthermore, T" is ordered according to the lexicographic ordering column-
row and a factor of ¢? is taken out of the original determinantal expression
which involves expressions (—¢?)*, where ¢ > 1. It is clearly the term with
¢*>~1% we must be able to handle. Before addressing this, we remark that the
term Z;',; .M, from the commutator is handled by the same argument as in
cases 2), 3), and 4).

We know from the construction that each K + L in (4.8), appearing with
a non-zero coefficient, compared to Ay has an additional element in each row
and column coming from the various summands in the determinant. With
the given M, we then know that the extra element W, ., , in the (r 4+ 1)th
row must have u < ¢ and the extra element W, . in the cth column must have
v<r+1.



DOUBLE-PARTITIONS 17

The above observations easily imply that

Z(H)Z5A T = ¢ "™z TZ(H)
(4.17) — q—4a+4q—2aq—4aq—2m(H;M4)—2Q(H;M4)Z<H)Zg;1170T
+  lower order terms.

The term we have to control is

X — q2q—4aq—aq—m(H;M4)—Q(H;M4)Z(H)Z;};ll,cT'

Equation (4.17) implies that the term in X coming from the leading term
in T is normalized. The other terms are then positive powers of ¢ times
normalized elements as follows by arguments similar to those for the cases 2),
3), and 4).

This completes the proof. [

5. COVARIANT MINORS AND THE DUAL CANONICAL BASIS

Let us consider an n x n matrix X € M,(Z,) decomposed into

(5.1) Xz(ég).

We assume furthermore that C is square of size s. We denote the s X s
quantum minor corresponding to the lower left corner by I, .

Lemma 5.1. Let b(X) be an element of the dual canonical basis with X given
as in (5.1). Then

(5.2) b(X) Iy = W= PIH(X),

A B
C+1, D
and S(D) denote the sum of all entries in A and D, respectively.

with X = . Here, I, is the s x s identity matriz, while S(A)

Proof: Tt is easy to see that ZX = ZAZBZ¢ZP. Suppose then, by Proposi-
tion 3.7, that

(5-3) b(X) = Z(X)+ > ex(X)Z(X),

with cx/(X) € ¢*Z[q?]. Furthermore, each X’ has the same row and column

/ /
sums as X. Here we set X' = ( é, g, ) and then

Z(X/) = CA/7B/’C/7D/ZA/ZBIZC/ ZDI
where

Cu.pcrp =
N(AYN(B')N(C")N(D')N(A', BYN(A',C")N(B', D')N(C", D).
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The factors N(A"), N(B'), N(C"), and N(D') are given by (3 12) as are
the factors of mixed summands; N(A’, B) = ¢~ iAW (B) N4/ C") =
g~ iAW) N(B' D), and N(C', D’) (there will be no non-trivial fac-
tors N(A',D') and N(B',C")).

Looking at row sums we have S(A")+S(B’) = S(A)+S(B), and looking at
column sums we have S(B') + S(D’) = S(B) + S(D). Thus, for the matrices
in the right hand side of (5.3) we have —S(A’) + S(D') = —S(A) + S(D).
Then,

(5.4) g SATSIENY(X) I,y
= S €SOO e (X)Cop g0 2V 2P 20 27 L,
It follows from Proposition 3.14 (a transposed version thereof) that
[,uZ% 25 20 70 = g 25(0+25(D) g &' 7B 7C' gD’ [

Thus, the left hand side, and hence both sides of (5.4) are bar invariant. Now
consider a term in (5.4) of the form

g SAHSENC Y, b 28 2P 29 27 1y,
= ¢ ISINCY g 28 25 29T, 27

Here, Z(C") 1,y = N(C")Z I, ;. By Theorem 4.1 this equals Z(C” + I,) +
ZC,,<C,+IS fcenZ(C") and for all C”, fon a polynomial in ¢*Z[¢*]. Notice
that each C” has the same row and column sums as C’ + I, and that Vi :
ro,(C" + 1) = ro, (C’) + 1 and, similarly, Vj : co;(C" + I,) = co;(C") +1
But then ¢=5A)=SPIN (A" C")N(C',D') = N(A',C")N(C”, D). Thus, the
A B
oD and
gi € Z[q?]. Precisely the term with A’ = A, B'=B, ¢'=C, and D' = D
has a coefficient g; = 1, all other coefficients are in ¢*Z[¢?]. Thus the right
hand side has the right expansion properties, hence is a member of the dual
canonical basis corresponding to the stated element X. [

right hand side of (5.4) is a sum of terms ¢;Z(Y;) with Y; =

Let us instead consider an n x n matrix X € M, (Z,) decomposed into

(5.5) X:(gg),

where we now assume that D is square of size s. We denote the s X s quantum
minor corresponding to the lower right hand corner (as occupied by D) by
[s,lr-

Lemma 5.2. Let b(X) be an element of the dual canonical basis with X given
as in (5.5). Then

(5.6) b(X) 1,4 = ¢SBTONY(X),

O 0 B . . . : .
with X = C D+l ) As before, I is the s X s identity matriz, while

S(B) and S(C) denote the sum of all entries in B and C, respectively.
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The proof follows the same lines as that of Lemma 5.1 and is omitted. By
Proposition 3.9 the following case encompasses the two former. The proof is
omitted for similar reasons.

Lemma 5.3. Let b(X) be an element of the dual canonical basis with

0 By B,
X = Cy D
Gy Gy O

where D is sx s. Then, if I, .. denotes the s x s quantum minor corresponding
to the position of D,

(5.7 (X)L, o0 = 5BV FSEN=SC-S Gy %),
) 0 B B
with X = | C; D+ 1, Cy |. As before, I, is the s X s identity matrix.
Gy Gy 0

Remark 5.4. Using Proposition 3.9 it follows that analogous results hold for
the configurations

X:(01 D 02)75(:(01 D+1, 02)

Gy Gy O G Go 0
and
0 Bs 3 0 B,
X = D Cy , X = D+1, O ,
Gl G2 Gl G2

in which the matriz X is not necessarily square. Similarly, the transposed
cases, where the O matrix is in the opposite corner, are covered.

6. BROKEN LINE CONSTRUCTIONS

Consider the m x n quantum matrix algebra O (M (m,n)). In this section,
all elements Z; ; and all quantum minors are elements of this algebra.

Definition 6.1. A broken line in M,,,(Z;) is a path in N x N starting at
(1,n) and terminating at (m,1). We will occasionally also refer to this as a
broken line from (1,n) to (m,1). It must satisfy furthermore that it alternates
between horizontal and vertical segments while passing through smaller column
numbers (in the horizontal direction) and bigger row numbers (in the vertical
direction).

Unless we are in the extreme cases (1,n) — (1,1) — (m,1) or (1,n)
(m,n) — (m, 1), this will divide the indices (i,7) into 3 disjoint sets Sp, L,
and Tr. Here, Sy, is the set of points above the line (when there are 8 subsets,
we have that (1,1) is above the line), L is the line itself, and Ty, is the set of
points below the line.
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Remark 6.2. A broken line is determined by a double partition
l=i <ip<ig<---<ig=m andn=j1 > jo>j3 > 2>7js=1,

such that the corners in the line L are (iy, j¢);t = 1,2,...,s. This, naturally,
dictates that in the partitions, precisely every second inequality is sharp. Fur-
thermore, if in a given position, one is sharp, then the other is not, and vice
versa.

In a similar vein, the broken line is given by a double flag variety.

For a given broken line L, we now construct a family V; with mn elements
consisting of certain quantum minors: (It will be proved below that all mem-
bers g-commute.) For points in (7,5) € T, U L we take the biggest quantum
minor having its bottom right corner in (4, 7) and completely contained in
T, U L. One can also say that it is the biggest quantum minor consisting of
adjacent rows and columns (we call such a quantum minor solid) and which
contains (7, j) as well as points from L but no points from Sy. The line L is
thus represented by points, that is, 1 x 1 matrices. For the points in S7, we
do something else: For (i,7) € S;, we take the biggest quantum minor con-
sisting of adjacent rows and columns and which contains (7, j) in the upper
left corner (all other rows have numbers bigger than ¢ and all columns have
numbers bigger than j). Notice that with L fixed, each quantum minor in V,
corresponds uniquely to a point (7, 7). By the quantum minor corresponding
to a point we then mean this quantum minor.

The first important observation is:

Proposition 6.3. Any quantum minor corresponding to a point in Sy q-
commutes with any Z; ; for which (i,7) ¢ S¢.

This follows immediately from Proposition 3.14.

Proposition 6.4. Let M = M, (k) be a k x k quantum minor with upper left
cornerin (a,b) and lower right hand corner in (a+k—1,b+k—1), and such that
M s inside the m xn quantum matrices. Refer to the 9 different positions of a
pair (i, 7) relative to M as NW(M),N(M),NE(M), ..., I(M),..., SE(M)
such that NW (M) is (a > i and b > j) and SE(M) is (i > a+k — 1 and
j > b+k—1). Here I(M) denotes the position of the indices of M. Then Z; ; q-
commutes with M unless (i, j) is in NW (M) orin SE(M). For the remaining
pairs, in the q-commutation formulas Z; ;M = ¢**"iMZ, ;, p;; depends only
on the relative positions. Indeed, p;; =1 for (i,7) in W(M)UN(M), p;; =0
for (i,7) in I(M)JUSW (M)UNE(M), and p; ; = —1 for (i, j) in S(M)UE(M).

Proof. With the exception of NW(M) and SE(M), the g-commutation relation
may be seen as taking place inside a smaller matrix algebra in which M is a
covariant quantum minor. [

Proposition 6.5. All members of Vi, q-commute.

Proof. Let A, B € V. Let £(A) denote the entries of A. It follows by inspec-
tion that, after possibly interchanging A and B, only the following cases may
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occur: E(A) C S(B)USW(B)UW(B)UI(B), £(A) C N(B)UNE(B)U
E(B)UI(B), or £&(B) C £(A). Some situations involving fewer sets like
E(A) C S(B)UI(B) or £(A) C S(B) may also occur, while others may be
prohibited due to the configuration at hand. All non-trivial cases are treated
in the same way and it suffices to consider the very first of these. Let B be
fixed and consider the expansion of A into a linear combination of monomials
of the form Z; 11, 4o(1) - Ziy4r,ji+0(r) for some o € S,.. Using Proposition 6.3
and Proposition 6.4 we obtain the following: If W, (B) and S,(B) denote the
number of terms Z; 4 »(;)+: to the west, respectively to the south, of B,
the given monomial will g-commute with B with a factor ¢2We(B)=%(B)) Tt
is easily seen that W,(B) — S,(B) is independent of o, and thus the claim
follows. OJ
This result also follows from [18, Theorem 1].

Remark 6.6. One gets a similar family by interchanging Sp, and Ty,. Collo-
quially speaking, if one allows L to vary, this can be accomplished by a reflec-
tion mapping m X n matrices to n X m matrices while interchanging rows and
columns.

Definition 6.7. We introduce a partial ordering of the broken lines:
Ll < L2 = SL2 - SLl-

In this ordering, the line L™ corresponding to the empty set: (1,n) —
(1,1) — (m, 1), is the unique maximal element, and the line L~ corresponding
to T, =0: (1,n) = (m,n) — (m, 1), is the unique smallest element.

In the extreme case of L*, the g-commuting quantum minors in the corre-
sponding family are the following:

. . o li—i4 =542,
(1) For ¢ > j, 5{172 7777 ! ,

o A{1,2,.0)
(2) For j > 1, §{j7i+1,j7i+2 ..... J}

In the sequel, we shall consider the following more general family Vy, 1, C
V5, where, clearly, Vi, =V 1+:

Definition 6.8. Let Ly, Ly be broken lines with Ly < Ly. The family Vi, r,
is the subfamily of Vi, that corresponds to the points in T, U Lo.

Definition 6.9. Given a broken line L, let O, (T, UL) denote the sub-algebra
of Oy(M(m,n)) generated by the Z; ; for which (i,j5) € T, U L. We will refer
to the members of Vi, as variables. Let V; denote the set of variables in Vr,
corresponding to the points in L U Ty, and let C;, denote the set of variables
in Vy, for the points in L~ (C (T, U L)). Analogously, let V; denote the set
of variables in Vy corresponding to the points in Sp.

In the following we will consider cluster algebra constructions inside an
ambient space which is either i) the skew field of fractions Fi constructed
from Oy (M(m,n)) (or, equivalently, Vy) and where Vi, is part of an initial
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seed or ii) the skew field of fractions F; constructed from O,(T, U L) (or,
equivalently, V; ) and where V; is part of an initial seed.

Proposition 6.3 can be stated as the fact that any variable in V" is covariant
with respect to the full sub-algebra O, (1 U L). The algebra O,(T, U L) has
previously been studied in [14, section 3].

Theorem 6.10. Let V; denote the family of mn q-commuting quantum mi-
nors constructed from a broken line as above. Then up to multiplication by
a power of q, any monomial in the members of Vi is a member of the dual
canonical basis.

Proof: The main tool is Lemma 5.3, but Proposition 3.9 is also important,
c.f. the remark following Lemma 5.3. Consider then a monomial. Rewrite
it, if necessary, in such a way that the factors coming from the points on L
are furthest to the left. Then place to the right of these the 2 x 2-minors
corresponding to the points one step below the line. Continue in this way
until all the factors corresponding to the points on, or below, the line are
positioned. While continuing to add from the right, order the factors coming
from Sp in a similar fashion and such that the factor corresponding to the
position (1,1) is furthest to the right. The finer order is not important. We
view the monomial as the result of a sequence of multiplications from the
right by minors according to this ordering. Inductively, we may at each step r
in the sequence assume that what we are multiplying the minor onto is some
¢*Prb(X,). The start is clearly trivial. When we add minors below the line,
X, is all the time of the form as given in Lemma 5.3. After that the zero
in the lower right corner disappears and we apply Remark 5.4 instead. The
result follows. OJ

Definition 6.11. For a given line L, we say that the line Ly is a closest bigger
line to L if L < Ly and there is no other line Ly such that L < Lo < L.
In this case, if L = (1,n) = --- — (f,d) = (¢,d) = (¢,g) = -+ = (m, 1),
then Ly = (1,n) = -+ = (f,d) > (c—1,d) > (c—1,d—1) = (¢,d— 1) —
(¢,g) = -+ — (m, 1) for some such “corner” (f,d) — (¢,d) — (¢, g), where
we, naturally, also allow f =c—1 and g=d — 1.

We will call the given corner of L convex and the resulting corner of Ly
concave. We will also write

Li=L"1(¢,d) orL=1L; | (c—1,d—1).

6.1. Key technical results. Focus on a position (ig, jo) inside the quantum
matrix algebra Og(M (ng,r0)). Consider the sub-algebra M = O/ (M(s))
generated by the variables Z; .4 j,+» With 0 < a,b < s — 1 where s is the
biggest positive integer such that Z; .1 j,+s—1 € Oy(M(ng,70)). Naturally,
this sub-algebra is isomorphic to O,(M (s)) in which we number the rows and
columns as 0,1,...,s — 1. Assume s > 2. Inside M are the quantum minors
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Y Y(s 2) _ 5{01 ..... s—2} Y Ys 2) _5 ..... s—1} Xo _ X(gs 2) _ 5{1 ..... s—2}

..... s—1} {0,...,s—2} {1,...,s—2}"
5—2 0,...,s—2 5—2 1, ,5—1 s—
X, = X )=£{{o ..... sgiaXb—X( =g, and D = DU =
f}g’i"‘.’:i:g . The last is just the full quantum determinant in M. xV

defined as the constant 1.

Definition 6.12. A set {X;, X}, D, X,,Y;,Y,.} C O,(M(ng,70)) whose ele-
ments are given as above for some g, jo,s € N will be called an M-set.

We have the following facts which follow by direct computation:

Lemma 6.13. The elements Y, and Y, commute. The elements D, X,, and
X, commute, and we have

(6.1) X, DX, ' = X,DX; " and @Y,V X, =@V, Y, X, "

Corollary 6.14. The element X, ' DY, Y; commutes with all elements Zi; €
M with the exception of Z;, ]0 and ZZO+S_1J-O+S_1. In particular, it commutes

with the quantum minors X f f}} fora=1,...,s—2. It g-commutes
with the quantum minors X,, and Xt according to
(6.2) X, X'D7WY, = ¢ X, 'D7Y, VX, and

XX, 'DY Y, = ¢*X;'D7'VYX,.

The following result will allow us to construct the B matrices of the com-
patible pairs. It follows by easy computation.

Corollary 6.15. Let A be defined as the A-matriz of Laurent quasi-polynomial
algebra generated by the variables Xy, X,, D,Y,, Y, and their inverses. Then,

0 —4
-1 0
Al -1 | = 0
1 0
1 0

The following was proved by Parshall and Wang in [17, Theorem 5.2.1] but
is also a special case of [7] Theorem 6.2.

Proposition 6.16 (Parshall and Wang).
XXy = XXy = (¢ — YLV
We wish to strengthen this result considerably, namely to the following

equation which will play an important role later when we consider the quan-
tum mutations in certain directions.

Theorem 6.17.
XXy = X,D + ¢*Y,Y,.



24 HANS PLESNER JAKOBSEN, HECHUN ZHANG

Proof: We first observe that by Theorem 4.1 and Lemma 5.1, X,D and Y,V
are members of the dual canonical basis; X,D = b(A;) and Y,Y; = b(As) for
some specific matrices A;, Ay with Ay < A;. Notice that when cut down to
the s x s block where it is located,

1 0

(6.3) Ay

0 1

We consider the expansion of X; X, onto the dual canonical basis;
(6.4) XX, =Y cilq)b(Cy).

The coefficients ¢; are in Z[g?, ¢~2]. Since X; X, = Z“1 plus lower order terms,
the leading term must be b(A;) with coefficient 1. If we can prove that the
other coefficients actually are polynomials in ¢* without constant term then
the proof follows from Proposition 6.16. We proceed to prove this: First we
expand

(6.5) = ZooX, +Z 2)i Z(Cy,),

where the powers of ¢? are strictly positive and where Z (Cs,) is a normalized
monomial without contribution from Zyo. Thus, Z(Cs;) = b(Cy,,) + >, s,
where the terms ¢; are of lower order and have coefficients in ¢*Z[¢?]. Accord-
ing to Lemma 5.2,

(6.6) O (=) Z(Co)) X,
J
then fulfills the requested condition. It remains to consider Z;oX,X;. But

here we notice that X,X, again is a member of the dual canonical basis;
X, X, = b(A3) with Az, appropriately cut down, given by

0 0

(6.7)

&
I

0 1

This matrix is without contributions from the first row and the first column.
Now notice that

(6.8) b(As) = Z(As)+q* > dr(@)Z(G

Gk<A3
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where the coefficients are in Z[g?] and the first row and column in each Gy
are zero. It then follows from the above remarks that

(6.9) Zoob(As) = Z(As + Eoo) +¢° > di(q)Z(Gi + Eoy).
Gk<A3

Expanding the right hand side in terms of the canonical basis, we get the
requested result about the coefficients ¢; since the basis change matrix is
lower diagonal with 1’s in the diagonal and all non-diagonal terms have zero
constant terms. Also notice that As + Eyo = A;.

Proposition 6.16 implies that X; X, — ¢%Y,Y] is bar invariant and therefore
coincides with the dual canonical basis elements with the same leading term
which is X,D. O

Remark 6.18. The referee has kindly informed us that another, in a way
easter, proof may be obtained as follows: Consider the equation Zy1Zy,, =
P2y 0 Zonn +§is in Oy(M(n)) and apply the anti-endomorphism I' given in [17,
Corollary 5.2.2] to it. The effect of T' on quantum minors has been computed
in [12, Lemma 4.1], and from this one can see that the formula is obtained.

The following result is a variation of [9, Lemma 4.1, Proposition 4.5]:

Lemma 6.19. Let Ap+ be the A-matriz of the Laurent quasi-polynomial al-
gebra generated by the elements of the family Vi+ and let C = C, . be the set
of n +m — 1 covariant quantum minors determined as the variables in Vi+
corresponding to the points in L~. Let s = corank(Ap+). The kernel of Ap+
is then generated by s elements that have non-zero coefficients at most at the
positions of C.

Proof. We consider here m x n matrices; in [9] it is n x r. We assume n < m
and s > 0. Then s = g.c.d.(m,n). Furthermore, if m = y-s, and n =z - s,
then x and y are odd. Let us label the covariant elements by integers j =
1,2,...,n+m—1 corresponding to the broken line starting at (1,n), passing
through (m,n), and terminating at (m,1). The covariant element ¥; then
has its lower right corner at the jth point on the line. Set ¥y = 1. For each
a =1,...,s the element in the Laurent quasi-polynomial algebra generated
by the covariant elements,

y—1
4
CI)G = H \I]gjrlﬁ?ernfl’

l=—z
commutes with all elements Z, ;, and hence with all elements in Vi+. The
proof of this is in [9]. Using Lemma 2.3 one easily constructs elements
v(Py), -+ ,v(Py) in the kernel of Ap+. The element v(®,) is given with ze-
ros everywhere except at the covariant elements U, where the coordinate is
z;ix(—l)fék,aﬁ.“n,l. As these elements evidently are linearly independent,,
the claim follows. OJ
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Theorem 6.20. Consider two broken lines Ly < Ly in My, ,(Z4) such that
Ly is a closest bigger line to Ly. Let Qn, = (Vi,,AL,,Br,) and Qp, =
(Viys AL, Br,) be quantum seeds corresponding to these such that the set of
non-mutable elements in both cases is C = C,,. Then Qr, can be obtained
from Qp, through a sequence of moves which alternate between modifications
to the B matrix at a given step and quantum mutations. The modifications
to the B matrices do not affect their principal parts.

Proof. Let Ly # L~ be an otherwise arbitrary broken line and let (i, j) be a
concave corner of Lo, specifically, assume that (i,j + 1), (¢,4), (i + 1,7) are
points on the broken line Ly. If we replace (i, j) by (i+ 1,7+ 1) while keeping
the other points, we get a broken line L; < Ly such that Ls is a closest bigger
line to L;. Consider quantum seeds Qp, and Qp, as in the statement of the
theorem corresponding to this configuration. We will construct a sequence of
interim quantum seeds Q, = (Va, A4, B,) and Q, = (Va, Aq, B ») such that

(6.10) 0, =90 = Q=0 =91 =-—Qni=095.

The double arrows are quantum mutations while the single arrows indicate
some change on the level of the B-matrix.

Without loss of generality, we may assume that j+m—i < n. By construc-
tion, the quantum minor fg;fl ij 5y 1s both a quantum cluster variable
for the quantum seeds associated to L, and to Lq, but labeled by different
points, namely, labeled by (m,j + m — ¢) in the quantum seed associated
to Ly and labeled by (i,7) in the quantum seed associated to L;. This

quantum minor is not affected by the following manipulations. The quan-

tum minors 5{3}755 ;ill]i, = 5{3 ’;'_:i}_l_i} are changed, step by step, into

fgﬁ}i,fgi Ef%, e ,fgﬂ ivm_iy» and all other quantum cluster variables
stay unchanged.

Specifically, we do the following sequence of replacements:

{i} {i+1}
{g{‘ﬁl} - {€+]1+i2}
L1y = e
(6.11) ita} (i1, i+1+a}

f{J, -,j+a} = €{j+1,--- J+1+a}

m—l} ' {i+1 m}
We claim that each replacement is a quantum mutation in the sense of Beren-
stein, Zelevinsky. Indeed, quantum mutations are determined by B matrices
and we know, modulo the kernel of A,, the relevant column of B, by Corol-

lary 6.14: At any level a < m — 1, the quantum minors f{] ;J_:}} = X,

{i+1, ji+14+a} Jg+1+a} {i+1,-ji+a}  ~-(a) {i+1,- z+1+a}
€{J+1 ]+1+a} ’6{], J+lta} T €{j+1,---,j+a} = Xo ’f{g, Jta}

Y , and 5{]+1 Z+3}+1+a} =Y, constitute an M-set. The elements Xt( ), D@,



DOUBLE-PARTITIONS 27

XO(“),Y}(CL), and Yr(a) are all quantum cluster variables in V,. On the other

hand, for a > 1, Xt(o), e ,Xt(a_l) are not variables in V,. By easy checking of
which variables from V, contain one or the other of Z; ; and Z; 441 jta+1, OF

both, it follows from Corollary 6.14 that the element X{* D@ (v,?)=1(y,()~1
commutes with all the quantum cluster variables in V, except Xt(a). In fact,

Xt(“)X(a)D(a) (Yz(a)>fl<y(a))fl — q74X§a)D(a) (Y;(a)>fl<y;(a))let(a)_

By Lemma 2.3 this implies that, modulo the kernel of A,, the only non-zero
entries in the column of B, corresponding to the variable Xt(a) are at the row
positions of the variables Yg(a) and Y, where it is 1, and at the row positions
of the variables X{” and D@ where it is —1. We then change (if needed) B,

into B, such that the column in the latter corresponding to Xt(a) is non-zero
precisely at the mentioned 4 places. Notice that this change only involves the
kernel of A,. By considering B'A, it follows that any element in the kernel
has non-zero coefficients at most at the places of the non-mutable elements

!/
C. With this, the quantum mutation of X\® to some new element (X

in the sense of (2.6) can be performed; and by combining Lemma 6.13 with

/
Theorem 6.17, it follows that Xlga) = (Xt(a)> is the target of this mutation.

We then perform this quantum mutation and obtain a new interim quantum
seed Quy1 = (Var1, Aat1, Bay1). The variables Yl(a), Y}(a), a=0,1,... are both
in V, and in V,41. In the step a +1, D@ = Xt(aH) and, most importantly,
X = Xlsa) which is now a variable in V,,;. In this way we can carry
out the entire transition from L, to L;. Hence our changing of the set of
variables for a broken line at a concave point is obtained through a sequence
of steps alternating between quantum mutations in the sense of Berenstein
and Zelevinsky, and changes to the B matrix.

OJ

[As an aside, we observe that we, starting at the top, could break off the
above replacements at any lower level, but we shall not find it useful to do
so.]

Remark 6.21. In case Ay, is invertible all modifications to the B matrices in
Theorem 6.20 are trivial. Indeed, a modification makes changes involving only
the kernel of Ar,. Hence, in this case the two quantum seeds are equivalent by
quantum mutations. If we can embed our algebra O (M (m,n)) into a bigger
algebra Oy(M(mq,n1)) such that Qr, and Qr, are the restrictions of quantum
seeds QF = (VE, AL, BL) and QF = (VE, AL, BE) with AY, invertible,
then we need at most make modifications to By, and By, .

We shall see later that this can always be accomplished.
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Now, for each broken line L, we have a family of mn g-commuting quantum
minors which by construction is a generating set of the fraction field of the
Noetherian domain O, (M (m,n)).

Corollary 6.22. Let L be an arbitrary broken line and let & be any solid
quantum minor. Then & can be written as a q-Laurent polynomial with coef-
ficient in Z.,[q* q7%] of the cluster variables associated to L.

Proof. By our construction using broken lines, one can see that the solid
quantum minor £ belongs to some quantum seed associated to a broken
line L'. By the above theorem, &/ can be obtained through a sequence of
quantum mutations from the quantum cluster variables associated to L. Now
the statement follows from the quantum Laurent phenomenon established in
[2, Corollary 5.2]. O

Remark 6.23. Recall that a real matriz A is totally positive (resp. totally
non-negative) if all of its minors are positive (resp. non-negative). In [5], it
1s shown that a matrix is totally positive if all of its solid minors are positive.
Moreover, in [3], it is shown that a matriz is totally positive if some specially
chosen minors (in fact a cluster) are positive. The above result is related to
the totally positivity of real matrices. Specializing q to 1, we obtain a family of
seeds (associated to broken lines) which are mutation equivalent to each other.
To test if a matrixz is totally positive one only needs to check if the minors in
an arbitrary cluster associated to a broken line are positive.

6.2. Quantum line mutations.

Definition 6.24. In the general setting of Fr = Fr+, let Ly be a closest
bigger line to the line L. Assume the configurations are as in Definition 6.11.
The restricted quantum line mutation ugr(Ly, L) is the map Vi, — V1 given
as the composite map (6.11) where (i, j) is replaced by (¢ —1,d —1). Assume
that the set of non-mutable elements is C,, .

If Qn, = Vi, AL, Br,) and Qp = (Vi, AL, BL) are quantum seeds, the
quantum line mutation u(Li,L) : Qp, — Qp is a process as given by
the analogue of (6.10) but where it furthermore is demanded that at each
level i, Q; = Q;. The existence of this will be established in Proposition 7.1.
For practical purposes, we also consider the trivial quantum mutation as a
quantum line mutation and denote it by u(L,L).

Definition 6.25. In the general setting of F, , let Ly < Ls < L be broken
lines such that L3 1s a closest bigger line to the line Lo. The quantum line
mutation p*(Ls, Ly) is the process Qra1 = (Vg Arsp, Brsr) — Qr,r =
(Viyr, ALy, Br,.n) defined in analogy with Definition 6.24. In particular,
wu(Ly, L) = uL+(L1,L). We denote the inverse of u*(Ls, Ly) by ut (Lo, L3).

We have the following diamond lemma for quantum line mutations, cf. ([1]):
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Lemma 6.26. Let L1 < L. Let u*(Ly, Ly | (c1,d1)) and pu*(Ly, Ly | (c2,d))
be quantum line mutations. Then pr(Ly | (c1,d1), (L1 | (c1,dy)) 4 (c2,d2))
and pr(Ly | (co,ds), (L1 | (c2,d2)) | (c1,d1)) are quantum line mutations.
Furthermore,

pH(La L (eryd), (Lo d (er,di) 4 (e2,do)) o p (Lo, Ly (e, dh)) =
pH(Ly L (ea,do), (Lad (c2,da)) L (e1,dr)) o ™ (La, La | (2, do)).

Proof. The key to this Lemma is Corollary 6.15 as well as the explicit for-
mulas (2.8) and (2.9). The mutation which does the replacement X
Xéa) makes changes to the rows in B corresponding to the quantum minors
D@, X , Yl(a), and Y\, It follows by direct inspection that if an entry in the

row of Xt(a) in some position v is zero then the column of v stays unchanged

under the quantum mutation. At this level the entry at the position of Xt(a)

of course is zero. Clearly, Xt(a) is not a member of any of the subsequent sets

D(a+p),X£a+p),Y2(“+p),Yr(a+p), where p = 1,...,pg for some specific positive

)

integer po. It follows that the positions in the row of Xt(a corresponding to

the later values X ™ must be zero since we know precisely what the column
of Xt(aﬂ’ ) looks like. These considerations can easily be extended to include

the case of a second quantum line mutation since none of the variables Xt(a)
take part in any way in the second quantum line mutation. In the case where
(co,dy) = (1 — 1,dy + 1) there is an overlap of variables in the sense that
the Y, variables belonging to (c1, d;) play the role of ¥} variables belonging to
(cg,dsy), but this is easily taken care of: They are not the sources or targets
of mutations and then the effects of the two different quantum line mutations
on the rows of such elements are independent of each other. The crucial ob-
servation is that neither of the two quantum line mutations affects the rows
of the variables involved in the other. OJ

The following result concerning independence of paths, follows easily since
one may fill in diamonds as in Lemma 6.26:

Corollary 6.27. If L; < Ly < - <L, 1 <L, <Land Ly < Ly <--- <
L, < L, are broken lines such that at each level the bigger line is a closest
bigger line to the neighboring smaller one. Then

Pt (Lo, Ly) © -+ 0 (L, Ln—1) = p*(Ly, Ly) o -+ 0 p*(Ly, Ly, _y).

In view of Corollary 6.27 we extend our definition of a quantum line muta-
tion to the following

Definition 6.28. Let Ly < L, < L be broken lines. The quantum line muta-
tion ut(L,, L1) is the composite of any sequence as in Corollary 6.27 between
Ly and L,,.
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Let L, < L and L, < L be broken lines. The quantum line mutation
ut(La, Ly) is defined in terms of any broken line L. < L,, Ly as

NL(Laa Lb) - ILLL(Lb7 Lc)_l © /‘LL(LQ) Lc)

We shall also need

Definition 6.29. A position (c,d) € T U L is called attractive with respect
to Tr, U L if either there exist i > 0, j > 0 such that (¢ —i,d) € T, U L and
(¢,d+j7) € TLUL orif there existi > 0, j > 0 such that (c+i,d) € TLUL and
(¢c,d—j) € TpUL. Clearly, if (c,d) satisfies the first condition of attraction
then (¢ —1i,d+ j) satisfies the second, and vice versa. If (c,d) is not attractive
we call it repulsive.

The following is obvious

Lemma 6.30. The concave corners of L are repulsive. The point (m,n) is
also repulsive.

6.3. Covariant elements. We extend Definition 3.13 in the obvious way to
O,(Ty U L). The next observation we wish to make is that the seeds we
construct are minimal in the following sense:

Proposition 6.31. The set of covariant elements for Oy (T, UL) is contained
in the sub-algebra generated by the m +n — 1 elements in C; .

Proof. First of all it is clear that the elements in C; are covariant, and hence,
so is any monomial in these.

Since there is a unique smallest element in the set of broken lines, this
may be proved by induction. For the line L™ it is clear that we have a
quasi-polynomial algebra so here, the claim is trivial. Consider then a line L
for which the claim is true and let L; be a closest bigger line. Assume the
configurations are as in Definition 6.11. (Thus, (i,j) = (¢ — 1,d — 1).) It
is clear that O,(7r U L;) is obtained by adjoining Z._14-1 to O,(TL U L).
There is a unique element X, from C; having its upper left corner in (c, d).
Depending on the configuration, X, = X;mfc), or Xy = Xénid). This is the
largest solid quantum minor with its upper left corner in this position and
completely contained in O (T, UL). It is clear from Proposition 6.4 that this
is the only element from C; which does not g-commute with Z._; 4_;. On the
other hand, when (¢ — 1,d — 1) is viewed as an element in Sy, the variable
D = D™= respectively D = D=9 does, by Proposition 6.3, g-commute
with all the Z; ; in O (T, U L) - and clearly also with Z._; 4_1. Next observe
that evidently D € C .

Suppose then that C' € O (T, U Ly) is covariant. It is clear that

O,(Ty, U L) CO,(T, UL)D, X; "]

Both adjoined elements are covariant as far as O, (7, UL) is concerned, and it
follows easily that C' must be a polynomial in the variables from C; together
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with D and X ! The element Ze—1,4-1 g¢-commutes with all these generators
except X, and this easily implies that X;ﬂ cannot appear.
O

Proposition 6.32. Consider the quadratic algebra Oy(TLUL) C Oy(M(m,n)).
Then there is a non-trivial center if and only if m = n and L = L*. This
center is generated by det,(n).

Proof. Consider the covariant element M = M,, ,, € C; corresponding to the
position (m,n). If N is any other covariant element and M N = ¢° NM then
0 < 0. This follows by easy inspection. Hence, since any central element
must be a polynomial in the elements in C;, the central element must a
polynomial in those elements from C; that are quantum minors of M. If
there are elements Z;; in the algebra not occurring in M, then there will
be non-trivial commutation relations between these and the quantum minors
from M. Thus, there can be no positions outside M if M is to be central. The
remaining details now follow from the classical result of Parshall and Wang
(17). O

7. ON COMPATIBLE PAIRS

We now settle the existential questions implicitly raised in Theorem 6.20,
Definition 6.24, and Definition 6.25.

Proposition 7.1. To a given broken line L in M,, ,(Z) one can construct
the following data Dy, :

o An ordering of the set of variables Vi, = V{ UV, of the broken line
such that the variables in V; are assigned the numbers from 1 to Ny,
and the remaining variables the numbers from Np+1 to mn. Let ¢, =
#C, . (C, is the set of non-mutable variables when V; is considered
in the ambient space F, . We have, of course, that c; = m +n — 1
but it is convenient to have the additional notation.) We will even
assume that the mutable variables are assigned the numbers from 1 to
NL = NL - CZ.

e The mn X mn matriz Ay corresponding to the wvariables Vi of the
broken line.

e A matriz By, of size mn X (m — 1)(n — 1) such that (Ar, Br) is a
compatible pair.

o The N; x N matrix A% of the variables in V, . We view this as a
sub-matriz of Ar.

o An Np x Np matriz BY such that (A%, BY) is a compatible pair for the
set of variables V, . If one defines a mn X N; matriz BE by adding
mn — Ny, rows of zeros to BY such that BY occupies the top rows of
By, the following holds in addition:
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— ALBE = —2Dy, where D = Iy, ©0 s the mn x N matriz
consisting of Iy, in the top N x Ni corner augmented by an

appropriate number of rows of zeros. Here, Iy is the N, x Np
identity matriz.
— B is a sub-matriz of By.

In the case of ambient space F; , consider the quantum seed Q; = (V;, A}, BY)

with the set non-mutable elements given as C,. If Ly is a broken line in

Myn(Zy) and Ly < L, there ezists a quantum seed Qr, 1, = Vi, .1, Ay 1. Br, 1)
which is equivalent by the quantum line mutations p"(L, Ly) to Q; and where

the pairs (A, ., Br,,r) and (AY , B} ) are related in a way that generalizes in

an obvious manner the way (Ar,, By,) is related to (A} , BY ).

Proof: A short proof would be to say that this follows by bootstrapping. We
give here a more detailed proof using the same principle: First assume that
n = m + 1 (or, analogously, n = m — 1). The existence of By will follow
from the first parts of the proof. We prove the claims involving B¥ and BY
by induction on the partial order on the set of broken lines. The induction
starts with the line L™. There are no mutable elements in V,_ so B} and
BY_ are empty. The other structure we start with is V- and a compatible
pair (A, Br-) connected with this set of variables. The set of non-mutable
elements is C = C;, as before. The matrix Az~ can, naturally, be explicitly
written down. It is known from [9][Proposition 4.5] that A,- is invertible
as a real matrix. Furthermore it follows from Proposition 4.11 therein that
there is a block decomposition into 2 x 2 skew integer matrices. It follows
then from the discussion on p. 85 in [9] that there exists an integer matrix
A with det A = 1 such that A(A,-)A" = D where D is a block diagonal

matrix consisting of 2m(m — 1) 2 x 2 blocks ( _02 (2) ) and m 2 x 2 blocks
_01 (1) . The results in [9] are obtained where ¢ is a root of unity. The end

results on the structure of A;- are, however, independent of special choices of
¢, and hence apply to the block diagonalization of the integer matrix A;- asin
our case. It follows that 2A;! = 2AT(AA;- AT)"'A is an integer matrix. The
existence of By~ follows easily from this as the (m(m +1) x (m(m+1) —c;)
sub-matrix of —2A;" consisting of the first (m(m+ 1) — ¢;) columns. At the
moment, it is only the existence and uniqueness of By~ (up to multiplication
by a positive integer) that matters. After we have presented the induction
step, we encourage the reader to take it right at the start as a simple exercise.

Suppose now that we have a line L with data Dy. Let L; > L be a broken
line closest to L. We must now construct the data Dy, for L;. For this purpose
we consider the inverse, p(L, Ly), of the quantum line mutation u(Ly, L). We
view these mutations as taking place inside the full m(m + 1) x m(m + 1)
matrix algebra, but we shall keep a keen eye on its relation to the ambient
spaces F; and JF . Specifically, how Q grows from Q.
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The mutation u(L, L) begins with a mutation of the form of the reverse of
the bottom line in (6.11) and where the element we mutate from, Xémfi*l),
is a covariant, viz. non-mutable, element of ;. This is not represented in
the matrices BY and BE, so we define a new matrix BF by joining one new
column ¢,y = c(X,Em_i_l)) to B in the position Ny + 1 and labeled
by lem_i_l). Denote by B9 the sub-matrix of BF with the same column
numbers and having rows corresponding to those of BY together with an
additional row labeled by D™~*=1_ If the approach is possible, it follows
from Corollary 6.15 in combination with Definition 2.2 and Lemma 2.3 what
the added column must look like: There should be the value -1 at the positions
corresponding to X and D™= and the value 1 at the positions of
Y}(m_i_l), and Yl(m_i_l). All other entries must be zero. Ap(chm—i—1) is a
column with exactly one non-zero coefficient —4. This occurs at the position
of Xb(m_i_l). We have that X(Em_i_l), Yr(m_i_l), and Yl(m_i_l) are variables of
V; . The element D™~"~Y is a variable in V;, but is not a variable of V; .
It is a covariant (non-mutable) element of V; . To begin with we consider
the set of variables V; , = V; U{D™~"U}. Corresponding to this we have
a A-matrix A9 with one more column and row than AY. Since —1B is a
part of the inverse matrix of Ay it is clear that the matrix B is part of the
matrix By. Furthermore, by construction, (A9, BY) is a compatible pair for
Vi.p- 1t is also obvious, using the equations involved in (6.11) in the proof
of Theorem 6.20, that the skew field of fractions generated by V , is exactly

Fy,- We now perform the mutation inside the full matrix algebra at the

variable Xlgm_i_l). On the level of variables, with the given column of By,
this is, according to Theorem 6.17, exactly the mutation

Xém—i—l) N Xt(m—i—l).

Correspondingly, we obtain an interim pair (A(meifl), Bémfi*l)) which cor-
responds to an interim set of variables Vp, (m,—i—1). At the same time we per-
form a mutation in F, at the same variable but using the pair (A%, BY). Here
we obtain an interim set of variables V[:(mfifl) which is a part of Vp, (n—i—1).
The two mutations do not differ in what they do to the variable Xém_z_l)
The difference lies entirely on the level of compatible pairs. The parts of the
mutations which involve the matrix E; in (2.8) affect the rows corresponding
to the variables X,, D and we get the same contributions for both mutations
as far as Bf is concerned. It is less transparent at first what happens at
the place of the matrix F;. Here there are two different matrices for the two
mutations. The difference relies on the fact that D™ ~1 and one or both
of Yr(m_i_l), Yl(m_i_l) are mutable in the full algebra but non-mutable in the
small algebra. At this moment of the proof we are only concerned with what

happens to the columns of Bf inside Bémﬂ;l). The remaining columns of
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Bgmfi*l), though, are known in principle. The two mutations differ only in
what happens to the columns outside B(Lmﬂ*l) where, according to (2.9), a

multiple of the column corresponding to X, may be added. Furthermore, if
one or both of ¥, ¥,V are non-mutable in V; they stay so in Vib-
So, since the columns of the non-mutable variables of V; ,, are not under dis-
cussion, it is clear that the analogous new compatible pair (A9, BY)m=i=1)
obtained from (A9, B?) by mutation in the ambient space F L,» 18 a sub-pair
of (Ar,,Br,). Now perform the remaining mutations in the quantum line
mutation. These only involve mutable variables and are easily seen to pre-
serve the general form. Finally, one can reshuffle the variables to obtain the
wanted ordering. Again, this does not change the general form. Thereby the
induction step is completed.

In this way we build up B matrices with more and more columns. In
the end we reach Qr+ = (Vr+,Ap+, Br+) of the extremal line L™. Once we
have that, we can mutate back, by quantum line mutations, to any quantum
seed Q = (Vp, AL, Br). We can also stop the growing process at an earlier
point, where we have obtained a seed Q; = (V;, A%, BY) and use mutations
p inside the ambient space F; to obtain the seeds Qr, ; mentioned in the
proposition. Finally recall the independence of path result Corollary 6.27.

The proof applies to any pair (m, n) for which Ay - is invertible. Let us then
consider the general situation of O, (M (m,n)). Suppose for simplicity that
m = n+r with r > 2. We can view this as the sub-algebra of O (M (m,n+r+
1)) generated by the elements Z; ; with 1 <i<mand 2+7r <j<n+r+1.
Any broken line L : (1,n) — -+ — (m, 1) in My, ,(Z,) is similarly considered
as aline L : (LL,n+74+1) = -+ = (m,r +2) in My, my1(Z,) which is
then extended by the segment L — (m,1). This corresponds to adding the
non-mutable covariant variables Z,, 1, ..., Zy ,+1 to all sets of variables in all
quantum seeds. If we stipulate that the mutations and other operations in
O,(M(m,n+r+ 1)) should never involve these we clearly get the result as a
sub-case of the full case based on (m,m+ 1). Finally, the case m = n follows

by analogous considerations.
O

Remark 7.2. Also for the remaining mutations in the quantum line mutation
(L, L1) we can write down explicitly the values in the B-column which we
mutate from simply by using Corollary 6.15 repeatedly. In this way one can
in fact “explicitly” write down the compatible pairs at each step.

8. THE QUANTUM (UPPER) CLUSTER ALGEBRA OF A BROKEN LINE

We define now some algebras connected with a broken line. Our terminol-
ogy may seem a bit unfortunate since the notions of a cluster algebra and
an upper cluster algebra already have been introduced by Berenstein and
Zelevinsky in terms of all mutations. We only use quantum line mutations
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which form a proper subset of the set of all quantum mutations. However, it
will be a corollary to what follows that the two notions in fact coincide, and
for this reason we do not introduce some auxiliary notation.

Definition 8.1. The cluster algebra A; connected with a broken line L in
Myn(Zy) is the Zlq)-algebra generated in the space F; by the inverses of the
non-mutable elements C; together with the union of the sets of all variables

obtainable from the initial seed Q; by composites of quantum line mutations
pt (L, Ly) with Ly < L.

Observe that we include C; in the set of variables.

Definition 8.2. The upper cluster algebra U; connected with a broken line
L in M, (Z,) is the Z[qg]-algebra in F; given as the intersection of all the
Laurent quasi polynomial algebras of the sets of variables obtainable from the
initial seed Q; by composites of quantum line mutations p*(L, Ly) with Ly <
L.

Remark 8.3. The results we obtain below are independent of the pairs (A, B)
entering into the quantum seeds. What enters into the proofs are mutations
as in Theorem 6.20.

Remark 8.4. The algebras A, andU; of a broken line L are defined in terms
of some Oy(M(m,n)), but of course, if the line has a segment (m, 1) < (m, u),

with (m,u) denoting a corner, and u > 1, then the elements Zy, 1,. .., Zmu-1
are all covariant. Thus, Oy (T, U L) = Oy (Ty, U L1)[Zma,-- - Zmu—1] and
. = AL [Zf,i}l, s Zyh 1], where Ly is what remains of L after these el-

ements have been removed. Similarly with segments (1,n) — (u,n). In the
same spirit, covariant elements may be added if it is convenient to view A; as
a part of a quantum cluster algebra based on some other Oy (M (my,ny)) with
m < my and n < ny. See also the last part of the proof of Proposition 7.1.

It is clear that O (T, UL) C U; and that Y= € U; for all Y; € C; . Indeed,
by the ¢-Laurent Phenomenon ([2, Corollary 5.2]), O,(1T, UL) C A, CU; .
Theorem 8.5. Let C; = {Y1,...,Y}. Then,

U, = O (TL U L)Y, ... Y = AL

We need only establish that U, € O, (T, U L)[Y™, ... Y], We will in
the proof of that use the following

Proposition 8.6. A quantum minor M € C, generates a completely prime
ideal of O,(Ty, U L). Specifically, it satisfies the following crucial property:

If p1M = pops in Oy(T, U L) then

P2 = paM or ps = ps M for some py,ps in O (T U L).
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Proof. Goodearl and Lenegan proved in [8, Theorem 2.5] that the determi-
nantal ideal is prime. We can reduce our case, in which M is a covariant
quantum minor, to theirs by using a PBW basis of the full set of variables
{Z;;} in which the variables of the rows and columns of M, henceforth re-
ferred to as the variables of M, are written to the right. The elements ps
and p3 may then be written as sums of polynomials in the variables of M
with coefficients (to the left) that are monomials in the variables that are not

variables of M. Let us be specific and say that M = fg;iﬁmﬂ} Let us
order the monomials in the variables not in M so that the points with column
number less than j are biggest, and ordered lexicographically with the biggest
being the point with smallest row and column number. The finer details are
irrelevant. Next in the ordering we take those points having a column number
between j and 7 +m — ¢ with a similar lexicographical ordering. Finally we
take those with a column number bigger than j + m — i. Here we chose an
opposite ordering. We can then focus on the monomials that are the biggest
in ps and p3. The point of the chosen ordering is that one does not pick up
bigger terms via (3.4) while rewriting a product. Let vJpy be the summand
in p, corresponding to the biggest monomial v9. Here p9 is a polynomial in
the variables of M. Let vp} be the analogous summand for ps. Regrouping
in the product psps according to our total ordering results in a unique highest
term (up to a factor of ¢ to some power) wp9p3, where w is the highest order

element of v9v9. This must then match a term v?p?M in p; M. Specifically,

v = w. By ([8])], p§ = pIM or p§ = pM. Say it is py = pIM. Since M is
covariant with respect to all the variables of O,(T}, U L) we can just drop the
expression vypy from py. Indeed, by looking at the biggest elements, we can
assume from the beginning that neither p, nor p3 contains a summand of the

form pM and then argue by contradiction. 0

Proof of Theorem 8.5. We prove this by induction. For the unique smallest
line L~ the algebra O (T, UL™) = O,(L™) is generated by the covariant ele-
ments in C;_. The algebra is quasi-polynomial and there are no quantum line
mutations except the trivial one. Thus the claim is trivially true. [Actually,
there is also a unique line L; closest to L~ and the situation here essentially
corresponds to O,(M(2,2)). This case is also true and well-known.|] Let us
then consider a line L and let L; be a closest line with L < L;. Let the
notation be as in the proof of Proposition 6.31. Then C; is obtained from
C, by replacing X; by D. Suppose that u € U, . Since U} is an algebra it
is clear that we may assume that when w is expressed as a g-Laurent poly-
nomial of some set of variables, all powers of the covariant elements Cp
are non-negative. Then it is true for all allowed sets of variables as in Def-
inition 8.2. Moreover, L is obtained from L; by a quantum line mutation
and all subsequent quantum line mutations of L are thus also quantum line
mutations of L;. In all these mutations D stays non-mutable. For all lines
L, < L, the algebra generated by the variables from V;, 1, and their inverses
is contained in the algebra generated by the variables from Vp, ; and their
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inverses together with D*'. Tt is then clear that ¢/, C U; [D*']. Now, the
non-mutable variables of L are the same as those of L; with the exception
of Xp. By the argument about the positivity of the non-mutable variables
we can then assume that all these variables except the latter occur with a
non-negative power when w is expanded in one of the allowed quasi Laurent
algebras. Thus, we can assume u € U, [X bﬂ, D). By the induction hypothesis
we then have

(8.1) u € O,(T, U L)X, ", D,

and to meet our goal, we only need to be concerned about the elements with
a strictly negative power of X, in each summand.
Naturally, O (T, U L) can be viewed as a sub-algebra of O, (T, U Ly).

Let us denote the initial variables of Ly by D = Xt(m_c+1), Xt(m_c)7 e ,Xt(o),
Wi, ..., Wy. The initial variables of L are then X, = X[Sm—c)’ Xlgm_c_l), e
Xéo) oo W, oo, Wi Let us look at the element u. This can be written as
a g-Laurent polynomial in the given initial variables of Ly, one of which is D:

m+1—c

u— Z cg@Wﬁ H (Xt(mfc+1fi)>ai .
a,p i=0

We can factor out the biggest non-positive powers such that
m+1—c

—a?
(8.2) U= Prop - W_éo H <Xt(m—c+1—z)> ’
i=0
where pyop € O,(Tr, U Ly) and, in particular, py,, contains no overall factor of
D. We wish to argue by contradiction and thus assume that the multi-indices
a, @0 are non-negative, and at least one ol or 3Y is positive.
Set Z = Z._1,4-1 Then D = ZX, modulo O (T, U L). By (8.1) we have

(8.3) u=)_Z'pX}X,",

where Vi : 0 < k; < p and where, furthermore, the elements p; € O,(17 U L)
are neither divisible by Z nor by X,. Combining (8.2) and (8.3), we have

m+1—c

—al
(Z ZipiXéci)Xl:P = Ditop * WP H (Xt(mfc+1fz)> '
i i=0
Now, in the g-Laurent algebra we clearly get
m+1—c o0 .
i i m—c+1—1 t
(8.4) O zpxi) 1] (Xt( " )) WE = " piopXE,
i i=0

where ¢?7 is an irrelevant factor stemming from the g-commutativity between
X, and the elements W;. We ignore this and similar factors in the following.
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The first crucial observation is that by Proposition 8.6, o = 0 since the
right hand side of (8.4) clearly does not contain a positive power of D.

The next important fact is that the position (¢ — 1,d — 1) is repulsive
with respect to Tp, U Ly. This implies that it is straightforward to look
at the highest order terms of Z in (8.4). In the right hand side we simply
write prp = Z%ug + ¢ where { is of lower order, and where ug is a poly-
nomial in the variables of T, U L. In the left hand side, let us say that
zK ]DKXéC X is the term containing the highest Z exponent K. We then get ad-

oy
ditional Z terms from [~ (Xt(m_cﬂ_z)) , and here the highest Z term

0
. o9 TTm—c (m—c—i)\ % 0 __ m—c+l 0
is Z%s [[,2; <Xb where ad =) Q.

=1 7

Using the repulsiveness again, we get

m—c ) a?
ZK—HX%pK H (Xém—c—z)> XéfK _ ZSUSX[f-
=1

And thus,

m—c ao
o T (x69) s
=1

This identity holds in O, (T, U L). Since p — ki, > 0 it follows by Proposi-
tion 8.6 that X, must be a right divisor of one of the terms on the left hand
side. The X,Sa) with a =0,1,...,m —c— 1) terms of course are impossible in
this respect. Thus, px = pX, for some p. This is a contradiction to the way
px was defined. Hence, there can be no negative power X, ” in (8.3). Thus,
u € Ol(TL U L)[D] Q Oq(TLl U Ll)

OJ

Since we have established the more restrictive inclusion &, C A, we get

Corollary 8.7. The algebras A; and U, coincide with the cluster algebra
and upper cluster algebra of QF in the sense of ([2]).

Corollary 8.8. For the case of the quantum nxr matriz algebra, the quantum
cluster algebra is equal to its upper bound. This holds irrespective of which B
we use in our initial seed.
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