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Abstract

In this paper, we introduce an algebra H from a subspace lattice with respect
to a fixed flag which contains its incidence algebra as a proper subalgebra. We
then establish a relation between the algebra H and the quantum affine algebra
U,/2(sl2), where ¢ denotes the cardinality of the base field. It is an extension of
the well-known relation between the incidence algebra of a subspace lattice and the
quantum algebra U/» (sl2). We show that there exists an algebra homomorphism
from U2 (;[2) to ‘H and that any irreducible module for A is irreducible as an
Uq1/2 (ag)-module.

Mathematics Subject Classifications: 51E20, 20G429

1 Introduction

By a subspace lattice, also known as a projective geometry, we mean the partially ordered
set (poset) of all subspaces of a finite-dimensional vector space over a finite field, where
the ordering is given by inclusion. In the field of combinatorics, subspace lattices are
regarded as g-analogs of Boolean lattices and therefore they have been studied from many
combinatorial points of view, such as Grassmann codes and Grassmann graphs. On the
other hand, the quantum affine algebras U,(sly) are Hopf algebras that are ¢g-deformations
of the universal enveloping algebra of the affine Lie algebra ;[2 and their representations
are developed in [1, Section 5] as trigonometric solutions of the quantum Yang—Baxter
equation. Recently, the author succeeded in [7] in establishing a relation between an
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algebra associated with a subspace lattice and the quantum affine algebras Uq(f:\[g) as an
extension of the well-known relation between the incidence algebra of a subspace lattice
and the quantum algebras U,(sly). In this paper, we introduce another algebra and
establish its relation to the quantum affine algebra Uq(sA[Q) which is in some sense the
opposite extreme to that obtained in [7].

Here we briefly recall the known facts. See [5], [6] and [7] for more detail. Let H
denote an N-dimensional vector space over a finite field F, of ¢ elements and let P denote
the subspace lattice consisting of all subspaces of H. From the poset structure of P, we
define the lowering matriz L indexed by P whose (z,y)-entry is 1 if y covers z and 0
otherwise for z,y € P. Similarly, we define the raising matriz R indexed by P whose
(x,y)-entry is 1 if x covers y and 0 otherwise for x,y € P. The poset P has the grading
which is a partition of P into nonempty sets

Py ={y e P|dimy =1} (0<i<N).

From this grading structure, for 0 < ¢ < N, we define the i-th projection matriz Ef by the
diagonal matrix indexed by P whose (z,x)-entry is 1 if x € P; and 0 otherwise for x € P.
By the incidence algebra, we mean the complex matrix algebra generated by the above
three kinds of matrices L, R and Ef, where 0 < 7 < N. It is known that there exists a
surjective algebra homomorphism from the quantum algebra U,/2(slz) to the incidence
algebra. Moreover, it is also known that any irreducible module for the incidence algebra
induces an irreducible U,/ (sl;)-module of type 1.

In our previous paper [7], we extended the algebra homomorphism as follows. Let us
fix one subspace x € P with 0 < dimz < N and consider the following new “rectangle”

partition of P with respect to x:
P,={ye P|dimy=i+jdim(yNnz) =i} (1)

for 0 < i < dimz and for 0 < j < N —dimx. Remark that this is a refinement of the
grading. Then define the new projection matrices with respect to this partition and define
the complex matrix algebra generated by the lowering, raising matrices and these new
projection matrices. By the construction, this new algebra contains the incidence algebra
as its subalgebra. Then it is shown in [7] that there exists an algebra homomorphism from
the quantum affine algebra U /2 (;[2) to the new algebra, which extends the above algebra
homomorphism from U,/2(slz) to the incidence algebra. Moreover it is also shown in [7]
that any irreducible module for the new algebra induces an irreducible U /2(5A[2)—module
of type (1, 1) which is more precisely a tensor product of two evaluation modules.

Now we summarize the main results of this paper. We fix a (full) flag {z;}Y, on H
instead of the subspace x € P, and consider the following new “hyper-cubic” partition of
P with respect to {z;}Y,:

P,={yePldimyna)=pm +us+--+p (1<i<N)} (2)

for = (1, pa, - - ., puv) € {0, 1}, Then for pu € {0,1}¥, we define the projection matriz
E; by the diagonal matrix indexed by P whose (y,y)-entry is 1 if y € P, and 0 otherwise

THE ELECTRONIC JOURNAL OF COMBINATORICS 25(4) (2018), #P4.31 2



for y € P. We next define the complex matrix algebra H generated by the lowering, raising
matrices and these new projection matrices £, where p € {0,1}". By the construction,
the algebra H contains the incidence algebra as its subalgebra. We prove that there exists
an algebra homomorphism from the quantum affine algebra U,/2(sl) to the algebra H,
which again extends the above algebra homomorphism from U,/2(sly) to the incidence
algebra. Moreover it is also proved that any irreducible module for the algebra H induces
an irreducible U, 1/2(sly)-module of type (1,1) which is more precisely a tensor product of
evaluation modules of dimension 2. Our main results are Theorems 62 and 66. To prove
the main theorems, we classify all the H-modules up to isomorphism and determine the
multiplicities appearing in the standard module.

Seen from the viewpoint of the action of the general linear group GL(N,q) on the
subspace lattice P, we may say the results of this paper are “opposite” to those obtained
in our previous paper [7]. (In this paper, however, we will not take this point of view in
any essential way. We refer the reader to [3] for this viewpoint.) Indeed, the partitions
(1) and (2) turn out to be the orbits of maximal and minimal parabolic subgroups of
GL(N, q), respectively. More precisely, the corresponding subgroups stabilize the fixed
subspace x and the fixed flag {z;}¥,, respectively.

It is worth pointing out that our proofs involve a natural and intrinsic combinatorial
characterization of the subspace lattice, while the method used in our previous paper [7]
is rather oriented towards Lie theory and the representation theory of quantum groups.
In this paper, we fix a basis vy, vs,...,vy for H such that z; is spanned by vy, vy, ..., v;
for 1 < i < N. With respect to the basis, we identify each subspace in P with a certain
matrix whose entries are in the base field [F,.

Then, we relate these matrices to classical combinatorial objects, such as Ferrers
boards, rook placements and inversion numbers, and interpret algebraic properties of sub-
spaces in terms of these matrices (and moreover, of other combinatorial objects above).
Almost all the problems which we concern in this paper arrive at problems in such clas-
sical combinatorial fields. This type of argument is motivated by Delsarte [2] and the
technique used in this paper is a kind of a generalized version of that in [2].

Comparing the partitions (1) and (2) again, one may ask whether same kinds of results
can still be obtained if we take a more general partition, which is defined by replacing
a subspace or a full flag by a general flag. We will not develop this point here because
the required computation is expected to be far more complicated. However we emphasize
that we have done for the two extremal and the most essential cases, and conjecture that
similar results still hold in the general case.

We organize this paper as follows. In Section 2, we recall the basic notation and
introduce a hyper-cubic structure in a subspace lattice. In Section 3, we recall some
notation on Ferrers boards, rook placements and inversion numbers which is used in this
paper. In Sections 4 and 5, we introduce a matrix representation of P and interpret some
properties of matrices in terms of rook placements and inversion numbers. In Sections
6 and 7, we introduce the main object of this paper, the algebra H, and discuss the
structure of it. In Sections 8, 9, 10 and 11, we discuss the H-action on the standard
module and classify all the irreducible H-modules up to isomorphism. In Section 12, for

THE ELECTRONIC JOURNAL OF COMBINATORICS 25(4) (2018), #P4.31 3



the convenience of the reader, we repeat the relevant material, including the definition of
the quantum affine algebra U,(sly), from [1] without proofs, thus making our exposition
self-contained. In Section 13, our main results are stated and proved.

2 A subspace lattice and its hyper-cubic structure

We now begin our formal argument. Recall the integers Z = {0,£1,4+2,...} and the
natural numbers N = {0,1,2,...} and let C denote the complex field. The Kronecker
delta is denoted by 6. Throughout the paper except Section 12, we fix N € N\ {0}.
Throughout the paper except Sections 3, 10 and 12, we fix a prime power ¢. Let F,
denote a finite field of ¢ elements and let H denote a vector space over F, with dimension
N. Let P denote the set of all subspaces of H. We view P as a poset with the partial order
given by inclusion. The poset P is a graded lattice of rank N where the rank function is
defined by its dimension and called the subspace lattice. For two subspaces y,z € P, we
say y covers z whenever z C y and dim z = dimy — 1. By a (full) flag on H we mean a
sequence {xi}i]\io of subspaces in P such that dimx; =i for 0 <¢ < N and z;_; € x; for
1 < i < N. For the rest of this paper, we fix a flag {z;}Y, on H. A basis v1, vy, ..., 0y
for H is said to be adapted to the flag {x;}, whenever each z; is spanned by vy, v, ..., v;
for1 <7< N.

By the N-cube we mean the poset consisting of all N-tuples in {0, 1} with the partial
order p < v defined by g, < vy, for all 1 < m < N, where p = (uq, pig, .., iy ),V =
(v1,v9,...,un) € {0,1}Y. (We note that it is isomorphic to the Boolean lattice of all
subsets of an N-set.) The N-cube is a graded lattice of rank N with the rank function
defined by

il = g+ ppo 4+
for pn = (p1, pia, .., pv) € {0, 1},
Proposition 1. There exists an order-preserving map from the subspace lattice P to the
N-cube which sends y € P to (juy, i, . .., uy) € {0, 1}V where
dim(y N @) = p1 + plo + -+ + fim
for 1 <m < N. Moreover this map is surjective.

Proof. Lety € Pand 1 < m < N. We have dim(yNx,,—1) < dim(yNa,,) since 2,1 C .
We also have dim(y N z,,) — dim(y N x,,—1) < 1 since dimz,, — dimz,,_; = 1. Thus
o, = dim(yNx,,) —dim(yNa,,—1) is either 0 or 1. Therefore this correspondence becomes
a map from P to the N-cube. Let y, z € P satisfy y C z and let u = (u1, pig, .- ., fin ), A =
(A1, A2, .-, An) € {0, 1} be the images of y, z under the map, respectively. If there exists
1 <m < N such that zNx,,_1 = 2N x,, then

YN zm) \ (Y OV Zma) = (YN @2m) \ @1 © (N T) \ Ty = (20 2) \ (20 2m1) =0,

and so we have yNz,,_1 = yNz,,. Therefore, \,, = 0 implies p,,, =0 forany 1 < m < N,
which is equivalent to u < A\. We have now proved that the map preserves the ordering.
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To show its surjectivity, let vy, vy, ..., vy denote a basis for H adapted to the flag {z;}¥.
For any p = (p1, ft2,- .., pun) € {0,1}Y, consider the subspace y € P spanned by the
vectors {v; | 1 < i < N,p; = 1}. For each 1 < m < N, the intersection y N z,, is spanned
by the vectors {v; | 1 < i < m,u; = 1}. Therefore, dim(y N x,,) — dim(y N Zpm_1) = fm
for 1 < m < N and so y is mapped to p. This proves the map is surjective. O

Definition 2. If y € {0,1}" is the image of y € P by the map in Proposition 1, we call
w the location of y. For p € {0,1}", let P, denote the set of all subspaces at location p.
For notational convenience, for u € Z" we set P, = () unless p € {0, 1}".

Note that P is the disjoint union of P,, where u € {0,1}". Observe that dimy = ||
for y € P,.

Definition 3. Let 1 < m < N. For u = (1, o, .., pin), v = (v1, 0, ..., vn) € {0,137,
we say [ m-covers v whenever v, < p, and v, = p, for 1 < n < N with n # m.
Similarly, for y,z € P, we say y m-covers z whenever y covers z and the location of y
m-covers the location of z.

For each 1 < m < N, let m denote the N-tuple in {0, 1}" with a 1 in m-th coordinate
and 0 elsewhere. To simplify the notation, we consider the coordinate-wise addition in
ZN so that pu m-covers v if and only if u = v +m for u,v € {0, 1}V.

Lemma 4. For = (py, plo, - - -, ) € {0, 1} and for 1 <m < N, the following (i), (ii)
hold.

(1) Giveny € P,, the number of subspaces m-covered by y is

6# 1qum+1+,um+2+--~+uzv
ms :

(i) Given y € P,, the number of subspaces which m-cover y is

5Mm70q(m—1)—(u1+u2+~-~+um—1).

Proof. (i) Let P be the set of subspaces in P which are m-covered by 3. Then P C P, .
If ft,, = 0, then p —m ¢ {0,1}" and so P = (). We may assume i, = 1. For z € P, we
have yNxp—1 = 2N X1 = 2N Xy, since 2 € Py_5, y € P, and 2 C y.

Set n = dimy — dim(y N zp) = fmt1 + iz + - + pn. Let U, denote the set
of n-sets of linearly independent vectors u = {uy,us,...,u,} C y\ (y N z,,) such that
(Spanu) N (y N xy,) = 0. Since dimy = |u| and dim(y N x,,) = gy + - -+ + fm, we have

n

Ua] = [T (@ — geemmt),

k=1
For u € U, and 1 < k < m, we have (Spanu) Nz = 0. Foru € U, and m < k < N,

since y = Spanu+ (yNx,,) and yNx,, C xy, we have yNxz, = (Spanu + (y Nxy,)) Nay =
(Spanu) Nzg + (y N ay).

ot
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We count the cardinality of the following set S in two ways.
S={(u,2z)|ueU,z€eP,z=Spanu+ (yNam_1)}

Let u € U, and set z = Spanu + (y N x,,_1). Since Spanu C y, we have z C y. For
1 <k<m-—1, we have z Nz, = (Spanu+ (y Nzp_1)) Nz 2 y N xg, and moreover,
equality must hold since z C y. So, we have dim(z N x) = dim(y N zg).

For m < k < N, since y N2y, 1 C 2%, we have z Nxp = (Spanu+ (y N2y 1)) Ny =
(Spanunzy) + (yNxm,_1). Recall that yNap = (Spanunaxy) + (y Na,y,). Since the sums
in these two equations are direct, we have dim(z N zy) — dim(y N xy) = dim(y N ) —
dim(y N x,—1) = 1. Thus, z € P. By these comments, we have

|S] = |Un]- (3)

Conversely, let z € P. We have dim z — dim(z N z,,) = n since z € P,_#. So, there exists
an n-set of linearly independent vectors u = {uy,ug,...,u,} € z\ (2 N x,,) such that
z = Spanu + (2 N x,,) and (Spanu) N (z N x,,) = 0. Let U,(2) denote the set of such
n-sets. Since dim z = |u| — 1 and dim(z N x,,) = g + -+ + fy — 1, we have
[Un(2)] = H(Q\#\—l - qu1+~~~+um+k—2) =q "|Uyl.
k=1

For u € U,(z), we have u C y \ (y N x,,) since z C y, and we also have (Spanu) N (y N
ZTm) = (Spanu) N (z N x,) = 0 since Spanu C z C y. Thus, U,(z) C U,. We may
write z = Spanu + (y N Zy,—1) since y N Zy—1 = 2 N . Moreover, if u € U, satisfies
z = Spanu+ (yNz,_1), then u C z and (Spanu) N (zNx,,) = 0, which imply u € U, (2).
By these comments, we have U, (z) = {u € U, | z = Spanu+ (y N z,,_)} for z € P, and
S0

1= 31U = B x g 7|0, . @)

zeP

Thus, by (3) and (4), we have |P| = ¢". The result follows.

(i) Let P be the set of subspaces in P which m-cover y. Then P C Powm. If =1,
then p+m & {0,1}Y and so P = 0. We may assume fi,, = 0. Let U = 2, \ #r_1. We
have |U| = ¢™ — ¢™!. We also have U Ny C (y Nay) \ (Y N Zpy) = 0.

We count the cardinality of the following set S in two ways.

S={(u,2)|ueUzeP,z=(Spanu) + y}.

Let u € U, and set z = (Spanu) +y. Then y C z. For m < k < N, since Spanu C xy,
we have z Nz = (Spanu + y) Nz = (Spanu) + (y N xy). Since the sum is direct, we
have dim(z Nag) = dim(y Nxg) + 1. For 1 < k < m — 1, since y Nz, C 2,1 and

Spanu N x,,_1 = 0, we have

2Nz = (2N ) N Ty Nxg
= (Spanu +y N xy) N xpy_1 N Xy
= (Spanu N X1 + Yy N Tpy1) N T
=y N Tg.
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In particular, dim(z N z;,) = dim(y N 2;,). Thus z € P. By these comments, we have
1S =1U]. (5)

Conversely, let z € P. We have dim(z N #,,) — dim(z N ap_1) = 1 since z € P, 7. Denote
U(z) =(zNxy) \ (zNxpy_q). For any u € U(z), we have z Nz, = Spanu + (2 N Zpp—1).
Since dim(z N xy,) = 1 + -+ + pm—1 + 1 and dim(z N zp—1) = p1 + -+ - + fm—1, we have

’U(Z)’ — qﬂ1+-..+um—1+1 _ q/ﬁ1+~-‘+#m—1 — q(u1+...+um_1)—(m—1)|U"

By definition, we have U(z) C U. Let u € U satisfy z = Spanu +y. Then u € z, and so
u € U(z). By these comments, we have {u € U | z = (Spanu) + y} = U(z), and so

1= D _[U(:)] = |P] x gltnn=n=bjy), (6)
2€P
Thus, by (5) and (6), we have |P| = ¢(m=D=(m+=+um-1) The result follows. O

Lemma 5. Let 1 <m <n < N. For = (1, o, - -, ) € {0, 1} with iy, = p, = 1,
the following hold.

(1) Given z € P, andy € P,_p_5 with y C z, there exists a unique element in P,_5
which m-covers y and which is n-covered by z.

(1) Given z € P, andy € P,_p_5 with y C z, there exist exactly q elements in P,_z
which n-cover y and which are m-covered by z.

(11t) Giveny € P,_z and z € P,_5, if there exists an element that is covered by both y
and z, then there exists a unique element that covers both y and z.

() Giveny € P,_z and z € P,_5, if there exists an element that covers both y and z,
then there exists a unique element that is covered by both y and z.

Proof. (i) We first show the existence of such element. Set w = y + (2 N x,_1) and let
i’ denote the location of w. We have y C w C z and p —m —n < ¢ < p. Since
m < n—1, we have wNz, = (y+ 20 2,-1) N Ty 2 2N Ty, and moreover equality
must hold since w C z. So, dim(w N x,,) = dim(z N ,,). Since z N,y C z,, we have
wNz, =Yy+2Nx,1) N2, =yNx, +2Nx,_q. Since z € P, and y € P,_z_7, we have
dim(wNx,) = dim(y Nx,) +dim(zNz,—1) — dim(y N 2z,—1) = dim(y N z,,) — 1. Thus the
location g/ must be p —n, ie., w € P,_5. Since y C w C z, the element w must m-cover
y and be n-covered by z.

We next show the uniqueness of such element. Take any w' € P,_5 which covers y
and which is covered by z. Then w’ must contain both y and z Nz, 1. So w C w'. By
computing dimensions, w and w’ must coincide. The result follows.

(ii) Let P be the set of subspaces in P which cover y and which are covered by z.

Since dim(z/y) = 2, we have |P| = (2 —1)/(q—1) = ¢+ 1. Let w € P and let ;' be
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the location of w. Then, we have p’ € {u — 1, — m}. So, the ¢ + 1 elements in P must
belong to either P, 5 or P,_z. Therefore the result follows from (i).

(iii) Let w be an element that is covered by both y and z. Then we have w C y N z.
Since y and z are distinct, we have dimy — 1 = dimw < dim(y N z) < dimy — 1, and so
w=yNz Set w =y+ 2z Then dimw = dimy + 1 = dimz + 1. This means w’ is an
element that covers both y and z. The uniqueness is clear.

(iv) Similar to (iii). O

3 Ferrers boards

We introduce the notion of Ferrers boards. For the general theory on this topic, we refer
the reader to [4, Chapters 1 and 2]. Note that we modify the notations of [4] to fit our
setting.

Let i = (p1, pro, ..., pn) € {0,1}Y. Then p has a natural correspondence with a
bipartition of {1,2,..., N}, which is defined by

S,={seN|1<s<N,u, =0}, T,={teN|1<t< N,y =1}. (7)

We remark that S, and T}, are empty if and only if p =1 = (1,1,...,1) and p = 0 =
(0,0,...,0), respectively. The Ferrers board of shape p is defined by

B, ={(s,t) € S, xT, | s <t} (8)

If both S, and T, are not empty, i.e. if p # 0,1, we can draw a Ferrers board as a
two-dimensional subarray of a matrix whose rows indexed by S, and columns indexed by
T, whose (s, t)-entry has a box for all (s,t) € B,,.

This subarray is also known as a Young diagram of shape p.

Example 6 (N = 13). Let x4 = (0,1,1,0,1,1,0,1,1,0,0,1,0) € {0,1}!. Then the
corresponding Ferrers board B,, has the following subarray form:

2 3 5 6 8 9 12

10
11
13

Take a nonempty Ferrers board B, of shape p. For (so,ty) € B, the rectangle in B,
with respect to (so, %), denoted by B, (so,to), is defined by

Bu(So,to) = {(S,t) S BM | § < s8p,t = to}. (9)
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It is actually the rectangle in the corresponding Young diagram which includes the top-
right corner and the (sg,?p)-th box as its bottom-left corner. We remark that such a
rectangle is called the Durfee square if it is the largest square in B,,. To see the rectangle
structure, we use the following notation:

Su(m) ={s e S, |s<m}, T,(m)={teT,|t>m}, (10)
for 1 < m < N so that we can write B, (so, %) = S,(s0) x T,.(to).

Example 7 (N = 13). Take p € {0,1}'® as in Example 6. Then (4,6) € B, and the
rectangle B,,(4,6) is the set of the following eight elements:

(1,6), (1,8), (1,9), (1,12), (4,6), (4,8), (4,9), (4,12).
In the corresponding Young diagram, B, (4, 6) is the following gray rectangle.
2 3 5 6 8 9 12

7
10
11
13

Take a nonempty Ferrers board B, of shape p. A subset of B, such that no two
elements have a common entry is called a rook placement on B,. Let o denote a rook

placement on B,,. The row index set 7 (o) and the column index set my(0) of o are defined
by

m(o)={s €S, | (s,t) € o for some t}, m(o)={teT,]| (st)€ o for some s}, (11)

respectively. Remark that |m(0)| = |me(0)| = |o|. Assume o # (). For 1 < i < |o], we
denote by s; and by ¢; the i-th smallest element in 7 (o) and in (o), respectively. Then
o gives rise to a permutation of {1,2,...,|o|} which sends i to j where (s;,%;) € 0.

Lemma 8. Let u € {0,1} and o be a rook placement on B, with the row/column index
sets mp = m(0), e = ma(0), respectively. Then the pair (mi,ms) satisfies the following.

(1) Im| = |ms|.

(i) Let n denote the common value in (i). For 1 < i < n, the i-th smallest element in
my 18 strictly smaller than the i-th smallest element in ms.

Proof. (i) It is clear.

(i) We may assume o # () since otherwise the assertion is clear. Let o denote the
permutation of {1,2,...,n} corresponding to o. For 1 < i < n, we write s;, t; for the
i-th smallest element in 7y, 7o, respectively. Fix 1 < ¢ < n. Since ¢ is a permutation,
there exists @ < k < n such that o(k) < ¢. So we have (s, t5x)) € 0. Therefore
5; < s < tyk) <t as desired. O
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Proposition 9. Let p € {0,1}". For a pair (m,m) such that m; C S,, and w5 C T, the
following are equivalent:

(1) there exists a rook placement o on B, such that m = m (o) and m = m(0);
(i) it satisfies (i), (ii) in Lemma 8.

Proof. We have shown in Lemma 8 that (i) implies (ii).

Suppose we are given m; C S, and m C T, satisfying (i), (ii) in Lemma 8. By the
condition (i) in Lemma 8, we set n = |m| = |m|. Let 0 = {(s;,t;) | 1 < i < n}, where
each s;, t; is the i-th smallest element in 7y, 79, respectively. By the condition (ii) in
Lemma 8, we have 0 C B, and so ¢ is a rook placement on B,,. By construction, it is
clear that m = m;(0) and mg = mo(0). So (ii) implies (i). O

Definition 10. Let u € {0,1}" and consider the Ferrers board B,, of shape p. Then the
type of a rook placement o on B, is defined by the disjoint union

mi(o)Umse(o) C {1,2,...,N},

where 7 (0), ma(0) are the row/column index sets of ¢ defined in (11).
Lemma 11. Let p € {0,1}". For A C {1,2,..., N}, the following are equivalent:

(1) there exists a rook placement on B, of type \;

(1t) the pair (AN S, ANT,) satisfies (i), (ii) in Lemma 8.
Proof. Immediate from Proposition 9. [
Lemma 12. For A C{1,2,..., N}, the following are equivalent:

(1) there exists a rook placement on B, of type X for some p € {0, 1Y,

(ii) the cardinality of X is even.

Proof. Fix A C {1,2,..., N}. Suppose there exists a rook placement o on B,, of type A
for some p € {0,1}. Then by Lemma 11, the pair (AN S,, AN T),) satisfies (i), (ii) in
Lemma 8. In particular, |A| = [ANS,| + [ANT,| is even. So (ii) holds.

Conversely, we suppose |A| = 2n for some n € N and show (i) holds. Let (m,ms)
denote the bipartition of A where m; contains the first n smallest elements in A and
contains the remaining n elements in A\. Take any u € {0,1}" such that m; C S, and
my C T),. Then we have m; = AN S, and m = AN 7T,. Observe that the pair (m,72)
satisfies (i), (ii) in Lemma 8. So by Lemma 11, there exists a rook placement on B,, of
type A. In particular, (i) holds. ]
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Since rook placements can be seen as permutations, we define the concept of inversions.
Let 0 be a nonempty rook placement on a Ferrers board B,, of shape p. For (so,ty) € o,
the local inversion number of o at (s, to), denoted by inv(c, so, to), is defined by

inv(o, s, to) = |{(s,t) € o | s < 50, > to}| = o N Bu(so,to)| — 1. (12)
For a rook placement o, the (total) inversion number of o, denoted by inv(c), is defined
by
inv(o) = Z inv(o, s,t).

(s,t)€o

Example 13 (N = 13). Take u € {0,1}'3 as in Example 6. Consider the following rook
placement o on B,:

o ={(1,9), (4,6), (10,12)}.
Then we have inv(o, 1,9) = inv(c, 10,12) = 0 and inv(c,4,6) = 1. Thus inv(c) = 1.
2 3 5 6 8 9 12

*

7
* 10
11
13

Lemma 14. Let u € {0,1}Y and let X\ C {1,2,..., N} satisfy (ii) in Lemma 11. For
1 <m < N and for a rook placement o on B,, of type A\, we have

1Al

o0 (Su(m) x T (m))| = [A0 Su(m)| + AN T (m)| = 7. (13)

In particular, this number is independent of the choice of o.

Proof. Since m1(0) = AN S, ma(0) = ANT, and o is a rook placement, we have

AN Su(m)] = |mi(a) N Su(m)] = [o N (Su(m) x T,)l,
AN Tu(m)| = |me(o) N T, (m)| = [o N (S, x Tu(m))],
Al = [mi(o)] + |me(a)] = 2|a].

Set S,(m) =S, \ Su(m) and T},(m) =T, \ T,(m). Then we have

A
IANS,(m)|+ |ANT,(m)| — %’

= |o N (Su(m) x T,)[ +[o 0 (S x Tu(m))| — o]
= lo N (Su(m) x Tu(m))| = o N (Su(m) x T,,(m))].
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So, it remains to show that o N (S,(m) x T,(m)) = 0. Observe that

B, N <Su(m) X Tu(m)) —{(s,) € B, |t <m < s}=0.

Therefore, from o C B,,, the result follows. O

The next lemma is a generalization of [4, Corollary 1.3.10] and the proof of the next
lemma is motivated by that of [4, Corollary 1.3.10].

Lemma 15. Let o € {0,1}Y and let X\ C {1,2,..., N} satisfy (i) in Lemma 11. For
1 <m < N, let p(m, u, \) denote the left-hand side of (13). Then for q € C with q # 0,1,

we have
Z qinv o) H
o2

sEANSy,

qpsuk)_l

where the sum is taken over all rook placements o on B, of type \.

Proof. If X = (), the assertion is clear. (Note that inv()) = 0.) We assume A # 0. We
claim that there exists a bijection between the following two sets:

(i) rook placements o on B, of type A,
(ii) integer sequences (as)seans, such that 0 < a, < p(s, pu, A) — 1 for s € AN S,

such that inv(c) =} c\~g, @s. Suppose for the moment that the claim is true. Then we
have

(o) p(S:1, ) — qp 1))
qan ag —

So the result follows.

Therefore, it remains to prove the claim. For a given rook placement o on B, of type
A and for s € AN S, there exists a unique t(s) € AN 7T, such that (s,t(s)) € o. Thus,
we consider the map ¢ that sends o to (as)seans,, Where a, = inv(o,s,t(s)). Then for
s € AN S,, we have

0 < 0y = |0 N (Su(s) x Tu(t(s)))] — 1
< o N (Su(s) x Tu(s)) =1
= p(57M7A) —1

Y

where the second inequality follows from the fact that s < ¢(s). This implies that the
map ¢ is from (i) to (ii). To show the bijectivity of ¢, take a sequence (a;)sexns, in the set
(ii). Set r =[ANS,| and for 1 < i < r, we write s; the i-th smallest element in AN S),.
By definition, observe that

0<as, < p(si, 1, A) — 1< IANS,(s)] —1=3—1,
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where the third inequality follows from |[A|/2 — [ANT,(s;)| = {t € ANT, | t < s;}| = 0.
Then, there exists a unique permutation o of {1,2,...,r} such that

as, = {j 11 <j <i,0(i) <a(j)}- (14)

Then consider the set o0 = {(s;,t5)) | 1 <@ < r}, where ¢; is the i-th smallest element in
ANT,. Fix 1 <i<r. By (14), we have (i) > i — a,, and so we have

o(i) Zi—as, 21— p(si, t, A)+1={teXnNT, |t <s}|+1

This implies that s; < tz4;. This holds for any 1 < ¢ < 7 and so ¢ becomes a rook
placement on B,,. It is clear that o is of type A\. By construction, the map which sends
(as)seans, to o becomes the inverse of +. Therefore, our claim holds. O

4 The matrix representation of P

For a field K and for two finite nonempty sets S and 7, let Matg r(K) denote the set of
all matrices with rows indexed by S and columns indexed by T whose entries are in K.
If S =T, we write it Matg(K) for short. For M € Matgr(K), the support of M, denoted
by Supp(M), is the set of indices containing nonzero entries:

Supp(M) = {(s,t) € S x T | My, # 0}.

For pu € {0,1}", recall the corresponding bipartition S, T}, from (7) and the Ferrers
board B,, of shape p from (8). We will assume g # 0, 1 in this section so that both S,
and 7, are nonempty.

Definition 16. Let p € {0, 1} with u # 0, 1. Let M,,(F,) denote the set of matrices
in Matg, 7, (IF,) such that Supp(M) C B,..

Recall the set P, of subspaces at location p € {0,1}" from Definition 2.

Proposition 17. Let u € {0, 1} with u # 0, 1. Fiz a basis vy, vs, ..., vy for H adapted
to the flag {x;},. There exists a bijection from P, to the set M, (F,) in Definition 16
that sends y € P, toY € M (F,), where y has a basis

Z Y s + vy, telT,.

s€S),

Proof. For y € P,, there exists a basis w; (t € T),) for y such that w;, € x; \ x;_; for each
t € T,,. Write each vector w; as a linear combination of the fixed basis vy, vs, ..., v; for z;.
Without loss of generality, we may assume the coefficient of v; is 1. Use linear operations
on the basis w; (t € T},) to make the coefficient of v 0 for any ¢’ € T, with t # . Observe
that the resulting basis w; (¢ € T),) is uniquely determined by y. Then from the basis w;
(t € T,), we construct the matrix Y € Matg, 1, (F,) such that Y, is the coeflicient of v,
in w;. Then we have Y € M, (F,) since w; € z;. On the other hand, let Y € M, (F,).
For t € T, we write w; = ) Y, 1vs + v Since Supp(Y) C B, the vector w; is a

seSy,
linear combination of vy, vy, ..., v;, that means w; € x; \ x;_;. Therefore the subspace y
spanned by the vectors w; (¢ € T,,) must belong to P,. O
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Definition 18. Let u € {0,1}" with u # 0, 1. Take y € P,. By the matriz form of y, we
mean the matrix Y € M, (F,) which is the image of y under the bijection in Proposition
17. We note that the matrix form of y depends on the basis vy, vs, ..., vy for H.

Let € {0,1}" with p # 0, 1. For s € S,,, we denote by s~ the one smaller element
in S,. If there is no such element, we set s~ = 0. For ¢t € T,,, we denote by ¢* the one
larger element in 7),. If there is no such element, we set t+ = N + 1. Observe that for
(s,t) € B, we have (s—,t) € B, if s~ # 0 and we have (s,t*) € B, if t* # N + 1. For
M e M, (F,) and for (s,t) € B, let M(s,t) denote the submatrix of M indexed by the
rectangle with respect to (s,t) in (9). Moreover, we set

k(M(s™,t)) ifs™
(M, 5,8) = 4 M7, 0)iEsm 20, -
0 if s— =0,
k(M(s,t+ it £ N 41
(M, 8) = § PR (5, 87)) AT AN AL o
0 if tt = N +1,
k(M(s™,t%)) if s~ dtt£N+1
(M, s,t) = rank (M(s™,17)) ?S # 0 an #£N+1, )
ifsT=0ortt=N+1.

Definition 19. Let u € {0,1}" with u # 0, 1. For M € M, (F,), we define the set (M)
consisting of all indices (s,t) € B, such that

(M, s,t) =rank (M(s,t)) — 1
for all e € {—,+, —+}.

Lemma 20. Let p € {0,1}Y with u # 0, 1. For M € M, (F,), the set o(M) in Definition
19 is a rook placement on B,,.

Proof. Fix M € M, (F,). Since o(M) is a subset of B,, it suffices to show that no two
elements in ¢(M) have a common entry. To do this, we take (s1,t), (s2,t) € o(M) and
assume s < sg. Observe that s; # 0. Since (s1,t) € o(M), we have

(M, sy, t) = rank (M (s, t)) — 1. (18)

Since (s2,t) € o(M), we have r~T (M, s9,t) = 77 (M, s9,t). By definition, r~ (M, sy, t) =
(M, sy ,t),r (M, s2,t) = rank (M (s3,t)) and so we obtain

(M, sy ,t) = rank (M(s3,1)) . (19)

By (18), the ¢-th column of M (s;,t) can’t be expressed as a linear combination of other
columns of M (sy,t). By (19), the t-th column of M (s;,t) can be expressed as a linear
combination of other columns of M(s;,t). This implies s; < s;, which contradicts to
s1 < s9. Therefore we must have s; = so. Similarly, if we take (s, 1), (s,t2) € o(M), then
one can show that ¢; = t5. So the result follows. O
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Recall the local inversion numbers of a rook placement from (12).
Lemma 21. Let p € {0,1}" with u # 0, 1. For M € M,(F,), we have
rank (M (s,t)) = inv(o(M), s, t) + 1
for (s,t) € o(M).
Proof. Fix (s,t) € o(M). Observe that rank (M(s,t)) can be computed as follows:

> (vank (M(s, ) —r~ (M, s, t)) — " (M, s/, ¥') + r (M, s, 1)) .

(s',t")€BuL(s,t)

Then by the definition of o(M), each summand is 1 if (s',t') € o(M). We claim that each
summand is 0 if (s',t') € o(M). Suppose for the moment that the claim is true. Then
rank (M (s, t)) is equal to the cardinality of o(M) N B,(s,t). The result follows from the
definition of local inversion numbers.

Therefore, it remains to prove the claim. If (s',¢') & o(M), then there exists e €
{—,+, —+} such that r¢(M,s',t') # rank (M (s',¢')) — 1. If € = +, then r™ (M, s, t') =
rank (M(s',t')). In this case, the #-th column of M(s',t') can be expressed as a linear
combination of other columns of M(s',¢'). In particular, if s~ # 0, the #-th column of
M (s'~,t') can be expressed as a linear combination of other columns of M (s'~,¢). This
implies r~t(M, s',¢') = r~ (M, s',t"), which is also true if s~ = 0. Therefore, the summand
is 0. Similarly, if ¢ = —, the summand is 0. If ¢ = —4, then we have two possibilities:
r~t(M,s',t') = rank (M(s,t')) or r~(M,s',t') = rank (M(s',t')) — 2. For the first
case, we have rank (M (s',t")) = r—(M,s,t') = r(M,s',t') = r~H(M,s,t") since we
have rank (M (s',t")) = r=(M,s',t") = r—t(M, s, ') and rank (M (s',t)) = r*(M, s, t') >
r~T(M,s',t') by definition. This also implies the summand is 0. For the second case,
we have rank (M (s',t)) = r—(M,s',t')+ 1 =r"(M,s',t')+1 =r=T(M,s' t') + 2 since
we have rank (M(s',t")) < r—(M,s',t') +1 < r~ T (M,s,t') + 2 and rank (M(s',t")) <
rt (M, s t')+1 < r T (M,s,t') + 2 by definition. This also implies the summand is 0.
Hence the claim holds. ]

Lemma 22. Let p € {0, 1} with u # 0, 1. For a subset ¢ C B, the following are
equivalent:

(1) there exists M € M, (F,) such that (M) = o.
(it) it is a rook placement on B,,.

Proof. Lemma 20 shows that (i) implies (ii).
Assume we are given a rook placement o on B,,. Consider the matrix M, € M, (F,)

defined by
1 if (s,t) € o,
YA S
0 otherwise
for s € S,, t € T),. Then it is easy to check that (M) = o. So (ii) implies (i). O
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5 The number of matrices with given parameter

Let p € {0,1}" with p # 0,1. Recall from Lemma 22 that each matrix M,,(F,) corre-
sponds to a rook placement on the Ferrers board B, of shape p. Recall the sets from (7)
and (10). To simplify the notation, we set

n(m) = Y 1Su(s)| (20)

sEm
for a subset m C S,,.

Definition 23. Let y € {0,1}". A subset A C {1,2,..., N} is said to be column-full
with respect to pu whenever T), € A\. Moreover, a rook placement o on B, is said to be
column-full whenever the type of o is column-full.

Let € {0,1}". We remark that a rook placement o on B, is column-full if and only
if the column index set my(0), defined in (11), is maximal.

Proposition 24. Let pn € {0, 1} with pn # 0,1 and let o denote a rook placement on B,,.
Assume o is column-full in Definition 23. Then the number of matrices M € M, (F,)
such that o = o(M) in Definition 19 is given by

(q — 1)\u\quV(U)HBuI—n(m(U)).

Proof. Let t € T,,. We count the number of possibilities for the ¢-th column of M with
o = o(M). Since o is a column-full rook placement, there uniquely exists s € S, such
that (s,t) € 0. Since (s,t) € o, we have

r~(M,s,t) =r T(M,s,t) = rank (M(s,t)) — 1. (21)

This means that the t-th column of the submatrix M(s™,t) is a linear combination of
other columns. Therefore, the number of possibilities for the ¢-th column of M(s™,t) is
g M=)=1 For a given such column of M (s™,t), the number of possibilities for the ¢-th
column of M(s,t) is at most ¢ since M (s,t) has one more row than M (s~,t). In other

words, the number of possibilities for the t-th column of M (s, t) is at most ¢"™:*)~1 x ¢ =
q" M1 Similarly, since (s,t) € o, we have
r(M,s,t) —1=r"(M,s,t). (22)

This means that the ¢-th column of the submatrix M(s,t) is not a linear combination
of other columns. Since there are ¢"*"~1 columns which are linear combinations of
columns of M (s,t"), the number of possibilities for the ¢-th column of M(s,t) is

qr(M,s,t) . qr(M,s,t)fl — (q . 1>qr(M,s,t)71 — <q o 1)qinv(a,s,t).

The second equality follows from Lemma 21. Since M € M, (F,), or equivalently
Supp(M) C B, the (¢',t)-entries are 0 if ' > ¢. Therefore, for a given ¢-th column
of M(s,t), the number of possibilities for the ¢-th column of M is at most ¢!, where

L=Ks" € 8uls<s <t} =I[5u(0)] = [Suls)].
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Observe that any choices of the t-th column among the ¢ possibilities satisfy both (21)
and (22) by construction. Since the conditions (21) and (22) are equivalent to (s,t) € o,
the number is exactly ¢!. We have shown that the number of possibilities for the ¢-th

column of M is
(¢ — 1)quV(0,sﬁt) % q|su(t)‘—|su(3)‘7

which is independent of the choice of other columns of M. Therefore the number of M
is obtained by taking the product of the values for all ¢ € T}, since o is column-full. The
result follows from the definition of inv(o) and the column-full property and

Z|Su(t)|:|{(3»t)€SuXTu|3<t}|:|Bu|~ u

teT,

Corollary 25. Let p € {0,1}Y with u # 0,1 and let X\ C {1,2,..., N} satisfy (ii) in
Lemma 11. Assume X is column-full with respect to u in Definition 23. Then the number
of matrices M € M, (F,) such that o(M) is of type X in Definitions 10 and 19 is given

by
q\Bul—n(/\ﬁSu) H (qp(s,#,/\) _ 1) 7

s€EANS),

where p(s, i, A) is defined in Lemma 15.

Proof. Use Lemma 15 and Proposition 24. O]

6 The algebra H

Recall Matp(C), the set of all matrices whose rows and columns are indexed by P and
whose entries are in C. We see it as a C-algebra. We write I € Matp(C) for the identity
matrix and O € Matp(C) for the zero matrix. In this section, we introduce a subalgebra
H of Matp(C) which represents the N-cube structure in P.

Let V = CP denote the vector space over C consisting of the column vectors whose
coordinates are indexed by P and whose entries are in C. Observe that Matp(C) acts
on V' by left multiplication. We call V' the standard module for Matp(C). We equip V
with the standard Hermitian inner product defined by (u,v) = u”v for u,v € V, where 7
denotes transpose and ~denotes complex conjugate.

Recall from Definition 2 that we have partitioned P into the sets P, of all subspaces
at location p for € {0,1}". For p € Z", define a diagonal matrix E* € Matp(C) by

1 ifyeP
EXyy = H € P.
(Bl {0 ityd P, Y

Observe that £ = O unless ;€ {0, 1}V, By construction, we have

E'E; =4,,E", pv e {0,137V,
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I= Y E.

pe{0,1}N

Moreover, we have a decomposition of V:
V= Z ELV, (direct sum),
ue{0,1}N

where E7V is the subspace of V' consisting of the vectors whose nonzero entries are indexed
by elements in P,. Thus, the matrix £ is the projection from V" onto EJV and we call
it the projection matriz.

Definition 26. By the above comments, the matrices EY;, where p € {0, 1}" form a basis
for a commutative subalgebra of Matp(C). We denote this subalgebra by K.

We now introduce matrices that generate K. For 1 < m < N, we define diagonal
matrices K, € Matp(C) by

(Km)y,y = q1/2—,um7 Yy E P,uv

where H = (/“L17/~L27 s 7'uN)
Lemma 27. For 1 < m < N, we have

Kn= > ¢/ "mE;,

pe{0,1}N

where 1= (1, pa, -+, PN )-

Proof. Immediate from the construction. O]
Proposition 28. The algebra IC in Definition 26 is generated by K,, for 1 <m < N.

Proof. By Lemma 27, the matrices K, (1 < m < N) generate a subalgebra K’ of K. By
Lemma 27 and since E* are idempotent, for v = (v1,1,,...,vn) € {0, 1}, we have

KileQ/Q .. KK[N e Z qZ%:l(Vm/Qfﬂme)E;.
ne{0,1}N

By linear algebra, if the coefficient matrix Qy indexed by {0,1}", whose (v, u)-entry is
qzﬁﬂ(l’m/%“m”m), is invertible, then each E is a linear combination of Ki'K5*--- K"
(v = (v1,12,...,vn) € {0,1}Y). In particular, in this case, £ is a polynomial in K,
(1 < m < N) for every p € {0,1}" and consequently, K" = K. So, it remains to show
that the determinant of (Qy is nonzero. First, observe that if N =1,

1 1 -
det Q1 = det (q1/2 q—1/2> —=q P ¢ # 0
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since ¢ # 1. We next consider the matrix Q¢ indexed by {0,1}". The (v, u)-entry of
QPN is given by
=1 (Vm /2= pimm)

q )
which is same as that of Q5. This means Qn = Q?N. By Qn = Q?N and det Q1 # 0,
we conclude that det Qn # 0 as desired. O

Next we introduce two kinds of matrices from covering relations in Definition 3. For
1 < m < N, the matrices L,,, R,, € Matp(C) are defined by

1 if z m-covers vy, 1 if y m-covers z,
(Lm)y,z = . (Rm>y,z = .
0 otherwise, 0 otherwise

for y, z € P. We remark that for each 1 < m < N, the matrices L,, and R,, are transposes
of one another. Recall the comment in the above of Lemma 4.

Lemma 29. For 1 <m < N and p € {0,1}Y, we have the following.

(i) LmE;, = B, Ly and RyE; = B} 5 R,
(i) LBV C B, 5V and R, BV C B V.
Proof. Immediate from the construction. n

Because of Lemma 29 (ii), we call L,, the lowering matrices and R,, the raising
matrices.

Definition 30. Let A denote the subalgebra of Matp(C) generated by L, R, (1 < m <
N) and the algebra K in Definition 26.

Proposition 31. The algebra H in Definition 30 is semisimple.

Proof. This follows since H is closed under the conjugate-transpose map. O

We recall the incidence algebra, which is generated by L, R and Ef (0 < i < N) from
the second paragraph in Section 1. We remark that H contains the incidence algebra
as its subalgebra because L = SN _ L., R =S"_ R, and Ef = 3 E;.
Moreover, if N > 2, the incidence algebra is a proper subalgebra of H.

0L}V ul=i

7 The structure of the algebra H

In this section, we discuss the relations among the generators L,,, R,,, K,, of the algebra

H.
Proposition 32. For 1 < m,n < N with m # n, the following hold.

(i) LKy = KoLy,
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(ii) Rk = KnRo.

(111) qLp Ky = KLy,

() RpnKp = KRy,
Proof. This lemma follows by combining Lemmas 27 and 29 (i). O
Proposition 33. For 1 < m,n < N, we have the following.

(i) L, = R% =0.

(i1) qLy Ly = LyLy, if m < n.

(i1i) R, R, = qR,R,, if m <n.

(iv) LR, = RyLy, if m # n.

Proof. (i) It follows from the definition of L,, and R,,. (ii), (iii) These are matrix re-
formulations of Lemma 5 (i), (ii). (iv) This is a matrix reformulation of Lemma 5 (iii),

(iv). O

8 The L,,- and R,,-actions on V

We now describe a basis for V', which is the key in this paper. In this section, we fix a
basis vy, v9,...,vy for H adapted to the flag {xi}f\io and assume that the matrix forms
in Definition 18 are always taken with respect to this basis vy, vs, ..., vy.

Definition 34. Let x denote a nontrivial character of the additive group IF, and let
w € {0,1}N. For y € P,, define a vector x, € V as follows.

(i) If =0 or 1, then for z € P, the z-th entry of x, is 1 if y = z and 0 otherwise.
(i) If u # 0,1, then for z € P, the z-th entry of x, is defined by

x (tr(YZT)) ifz € P,

0 if 2z & P,

where Y, Z € M,(F,) are the matrix forms of y, z, respectively in Definition 18.
Here 7' denotes transpose and tr denotes the trace map of matrices.

For the rest of this section, we fix a nontrivial character x of the additive group F,.

Lemma 35. For u € {0,1}Y, the set of vectors x,, € V fory € P, in Definition 34 forms
an orthogonal basis for the vector space ELV .
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Proof. Let p € {0,1}". For y € P,, observe that y, € E%V from the construction. If
p =0 or 1, then the assertion is trivial, since dim £,V = 1. Assume u # 0,1 and take
v,y € P,. Consider the Hermitian inner product

(Xys Xy) = Z Xy(2)xy (2),

zeP

where x,(2), xy(2) denote the z-th entries of Xy, xy, respectively. By the definitions of
Xy(2), Xy (2), we have

o) = Y. x(tr(y =v)Z"),
ZEM(Fy)

where Y, Y’ are the matrix forms of y, 1/, respectively. Assume y # 3’ and equivalently
Y #Y’. Observe that for g € F,, the number of Z € M,,(F,) such that tr(Y —Y")ZT = ¢
does not depend on g, and so the number is |M,,(F,)|/|F,| = ¢!P+I=1. Therefore, we have

Ot xw) = ¢ " x(g) = 0.

g€l

The last equality follows from the orthogonality of the character x and the trivial charac-
ter. Therefore the set of vectors x, for y € P, becomes an orthogonal basis for a subspace
Vi, of E}V. By comparing their dimensions, we have V,, = EJV and the result follows. [

Recall the m-covering relation from Definition 3.

Lemma 36. Let 1 <m < N and let p,v € {0, 1} with p,v # 0,1 such that i m-covers
v. Takey € P,, z € P, and let Y € M,(F,) and Z € M,(F,) denote the matriz forms
of y, z, respectively in Definition 18. Then y m-covers z if and only if

Zs,t = Y:s,t + }/;,mZm,t

forse S, and fort € T,.

Proof. Recalling the bijection of Proposition 17, for t € T), and t' € T,,, we write

wt(Y) = Z }/;,tvs + vy, U)t/(Z) = Z Zs’,t’vs’ -+ Uy

sESL s'eSy,

Assume y covers z. For each ¢ € T, since z C y, the vector wy(Z) is a linear combination
of w,(Y), where t € T,. Comparing the coefficients of v, for ¢t € T),, we have wy(Z) =
Zp Wi (Y) + wy(Y). Then comparing the coefficients of v, for s € S, we obtain the
desired equality. On the other hand, assume the equality Zsy = Y, p+Z,, Y5  for s € S,
and t' € T,,. By the same argument above, we have wy(Z) € y for all ' € T,,. This implies
y covers z, as desired. O
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Lemma 37. Let 1 <m < N and let p,v € {0,1} with u,v # 0,1 such that p m-covers
v. Takey € P,, z € P, and let Y € M,(F,), Z € M,(F,) denote the matriz forms of
Yy, z, respectively in Definition 18. Then the z-th entry of Ly, X, s given by

Lixy(2) = ¥ (Y 0> Vi

seSy teTy,
if Yoo = ZteT YsiZmy for all s € S, with s <m and 0 otherwise.
Proof. By the definition of L,,, the z-th entry of Lme is defined by

me Z Xy

where the sum is taken over all y' € P, such that y" m-covers z. Then by Definition 34
and Lemma 36, we have

me ZX ZZYstYs,t )

seS, teT,

where the sum is taken over all Y € M, (F,) such that Z,, =Y/, + Y/ 7, for s € S,
and for t € T,,. Observe that 7, \ T, = {m} and so we have

me ZX Zzy;t s,t T mt +2sz,my;/7m

seSy teTy s€Sy
/
:E X E E Y;,tZs,t X E <}/sm_2 Ys,th,t> Ysm )
s€S, teT, s€S, teT,

where the first sum in each line is taken over all Y’ € I, such that Y’ =0ifs>m. If
Ysm # ZteT Y2, for some s € S, with s < m, then by the same argument as in the
proof of Lemma 35, the sum is 0. If Ys,m ZteT YstZy for all s € S, with s < m, then

Luxy(2) = ¢ [ 30D Vi

seSy teT,

Here the coefficient ¢!%+(m=Yl is the number of choices for Y;,, € F,fors € 5, with s <m.
The result follows. O

Lemma 38. Let 1 <m < N and let u,v € {0,1}Y with u,v # 0,1 such that p m-covers
v. Takey € P,, z € P, and let Y € M,(F,), Z € M,(F,) denote the matriz forms of
y, 2, respectively in Definition 18. Then the y-th entry of R, X, is given by

Rsz(Z/) |TV m+1 Z Z Y:% tZst

SES‘L tETu

if Zpt = — ZSESH Zs1Ysm for allt € T, witht > m and 0 otherwise.
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Proof. Similar to the proof of Lemma 37. [

Lemma 39. Referring to Lemma 37, let A denote the type of o(Y) in Definitions 10 and
19. Then the number of Z € M, (F,) such that Y = > cr YsitZmy for all s € S, with
s < m is given by ¢' where

l=|B,|—[ANSu(m—1| = [ANT,(m+ 1)+ |\/2
ifm &M\, and 0 otherwise.

Proof. We count the number of possibilities for Z;, € F, for s € S, and t € T,,. If s > ¢,
then Z,; = 0 since Supp(Z) C B,. If s # m and s < t, then Z;, is arbitrary and therefore
the number of possibilities is ¢. The number of such pairs (s,t) is given by

{(s,t) € B, | s # m}| = [B,| = [T,(m + 1)].

For the case s = m and m < t, by the constraint, the sequence (Z,+)ter, t>m must be a
solution of the system of linear equations over F:

Cu=c,

where C' = (Yy¢)ses, s<mteT, t>m is the coefficient matrix, u = (u)ser, ¢t>m is the unknown
vector and ¢ = (Y )ses, s<m i the constant vector. By linear algebra, the system Cu = c
has a solution if and only if the rank of the augmented matrix [C, c| is equal to the rank
of the coefficient matrix C. By Definition 19, it is also equivalent to (s,m) & o(Y") for
all s € S, with s < m, which means m ¢ X\. Moreover, suppose there is a solution of the
system C'u = c. Since there are |T,(m + 1)| columns in C, the number of solutions is
given by
q|Ty(m+1)|—rankC"

By the proof of Lemma 21, the rank of C' is computed as follows:

rank C' = [{(s,t) € o(Y) | s<m >m+ 1}
=H{(s,t) eo(Y)[s<m-— 1}! + (s, ) eaY) [ £ = m+ 1} = [o(Y)]
=[ANS,(m—=1)|+ANT,(m+1)] — |A]/2.

Therefore the result follows. O

Lemma 40. Referring to Lemma 38, let X denote the type of o(Z) in Definitions 10 and
19. Then the number of Y € M, (F,) such that Z,,;, = — ZSESM Zs1Ysm forallt € T,

with t > m is given by ¢* where
=B, — AN Su(m—=1)] = |ANT,(m+1)| + |A|/2
if mé& M\, and 0 otherwise.

Proof. Similar to the proof of Lemma 39. O
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Definition 41. Let p € {0,1}" and take y € P,. If u # 0,1, then let Y € M, (F,)
denote the matrix form of y in Definition 18. Then the type of y is defined to be the type
of o(Y) in Definitions 10 and 19. If ;4 = 0 or 1, then the type of y is defined to be the
empty set. We note that the type of y depends on the basis vy, vs, ..., vy for H since the
matrix form does.

Lemma 42. Let o € {0,1}Y and let X\ C {1,2,..., N} satisfy (i) in Lemma 11. For
1 <m < N, the following are equivalent:

(1) for anyy € P, of type \, we have Ly, x, = 0;
(1t) m € S, orm € \.

Proof. Set v = p — m so that u m-covers v. Then v # 1. For y € P,, observe that
L., x, € E}V by Lemma 29 (ii).

(i) = (ii) Suppose Ly, xy, = 0 for any y € P, of type A. If u =0, then m € S, and so
(ii) holds. If p = 1, then P, = {y = H} and any subspaces z € P, are m-covered by v,
and so the z-th entry of L,,x, is

Lme<Z) = Xy(y) =1

by Definition 34. This is a contradiction to L,,x, = 0. If v = 0, then P, = {0} and any
subspaces y' € P, m-cover 0, and so the 0-th entry of L,,y, is

Luxy(0)= > x(te(xY"7)),

Y'eMu(Fq)

where Y is the matrix form of y. By the same argument as in the proof of Lemmas 35
and 37, the sum vanishes (if and) only if Y is not the zero matrix from the orthogonality
of the characters y and the trivial character. Since y € Pg, we must have m € A. If
i, v # 0,1, then by Lemma 37, L,,x, = 0 implies that there is no Z € M, (F,) such that
Yom = ZteTy Ys1Zmy for all s € S, with s < m, where Y € M,,(F,) denote the matrix
form of y in Definition 18. In this case, by Lemma 39, we have m € A, where A is the
type of y.

(i) = (i) Suppose m € S, or m € A. If m € S,,, then v ¢ {0,1}" and so E;V = 0.
This implies L,,x, = 0 since L,,x, € E;V. We now assume m € T, and m € A. Observe
that  # 0. If 4 = 1, then A\ = () by Definition 41. This contradicts to m € \. If
v = 0, then by the similar argument above, m € X implies the matrix form of y is not
the zero matrix. Then this implies the O-th entry of L,,x, is 0, which means L,,x, = 0.
If u,v # 0,1, then the result follows from Lemmas 37 and 39. O]

Lemma 43. Let v € {0,1} and let X\ C {1,2,..., N} satisfy (ii) in Lemma 11 with p
replaced by v. For 1 < m < N, the following are equivalent:

(i) for any z € P, of type A\, we have R,,x, = 0;

(ii) m €T, orm € \.
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Proof. Similar to the proof of Lemma 42. O]

Recall from Lemma 12, a subset A C {1,2,..., N} becomes a type if and only if it has
even cardinality. For A C {1,2,..., N} with even cardinality, let V) denote the subspace
of V' spanned by the vectors x, € V for all y € P of type A in Definitions 34 and 41.
Then for A C {1,2,..., N} with even cardinality, we define a matrix £\ € Matp(C) such
that

(Ex — )V =0,
E\Vy =0 i\ £ N,

where N C {1,2,..., N} with even cardinality. In other words, E) is the projection from
V onto V. Observe that E7 and E\ commute for all z € {0,1}" and X C {1,2,..., N}
with even cardinality.

Lemma 44. For € {0,1}" and for A C {1,2,..., N} with even cardinality, the follow-
g are equivalent:

(i) E:E\ = B\E: # 0;
(it) the pair (AN S,,A\NT,) satisfies (i), (ii) in Lemma 8.

Proof. This is a matrix interpretation of Lemma 11. O]

9 The L,,R,,- and R,,L,,-actions on V

In this section, we fix a basis vy, vy, ..., vy for H adapted to the flag {z;}Y, and assume
that the matrix forms in Definition 18 and the types in Definition 41 are always taken with
respect to this basis vy, vs,...,vy. We also fix a nontrivial character x of the additive
group F,. Recall from Section 8, the definition of E) for A C {1,2,..., N} with even
cardinality depends on the basis vy, vs,...,vxy and on the character x. We show in this
section, that E) is independent of the basis vy, vy, . .., vy for H adapted to the flag {z;}¥,
and the nontrivial character x of the additive group IF,.

Lemma 45. Let 1 < m < N, and let p € {0,1} and X C {1,2,..., N} satisfy (ii) in
Lemma 11. Set

R(m, 1, A) = |Su(m = 1)\ A+ |Tu(m + 1) \ Al + [A]/2. (23)

Then for v € EE\V, we have the following:

K (m,p,\) ;
RoL v~ q v ifmeT, andm & A,
0 ifme S, orme A
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Proof. Observe that R,,L,, acts on E*V by Lemma 29 (ii). Fix y € P, of type A in
Definition 41. We show that x, is an eigenvector for R,,L,,. If m € S, or m € A, then
by Lemma 42, we have L,,x, = 0 and so Y, is an eigenvector for R,,L,, with respect
to the eigenvalue 0. If y = 1, then P, = {H} and A = ). So we have dim £}V = 1.
Therefore, x, is an eigenvector of R,,L,, and the corresponding eigenvalue is the number
of subspaces which are m-covered by y = H, which is equal to ¢V~ = ¢"(™1 by Lemma
4 (i). Set v = p— m so that p m-covers v. If m € T,, m ¢ X\ and v = 0, then P, = {0}
and A = (). In other words, the matrix form of y in Definition 18 equals the zero matrix
O, and so y'-th entry x,(y') of x, is 1if y’ € P, and 0 if y' ¢ P,. Since P, = {0}, x, is an
eigenvector of R,,L,, and the corresponding eigenvalue is the number of subspaces which
m-covers z = 0, which is equal to ¢™ ' = ¢*(™™0 by Lemma 4 (ii). If m € T,, m¢&M,
1 # 1 and v # 0, then we have

R Lme |P| Z R Lmeva >X

S

Let y' € P,. Since L,, and R, are (conjugate-)transposes of one another, we have

<RmLmea Xy’> = <Lme7 Lme')
S Lo (T (.

z€P,

Let YY" € M,(F,) and Z € M,(F,) be the matrix forms of y,y’, z, respectively in
Definition 18. Then by Lemma 37, it becomes

D Ly (2) Lnxy (2) = N " | SN (Yo = YY) Zai |

zeP, seSy, teT,

where the sum is taken over all Z € M, (F,) such that

> YairZmi=Yem: S Y Zmi =Y., (24)

teT, teT,

for all s € S, with s < m. Then, since Supp(Z) C B,, by the orthogonality of the
character x and the trivial character, the sum vanishes unless Y;;, = Y/, for all s € S,
and t € T, with s < t, which by (24) and Lemma 39 implies Y = Y’ and so y = ¢/. In
particular, x, is an eigenvector of R,,L,,. Moreover, using Lemma 39 and |P,| = q!Bel,
we can easily show that the corresponding eigenvalues is ¢*("#), O]

Lemma 46. Let 1 < m < N, and let p € {0,1} and X\ C {1,2,..., N} satisfy (ii) in
Lemma 11. Recall k(m, ji, A) from (23). Then for v € ErE\V, we have the following:

L Rov— g~y zfm €S, andm & X,
ifmeT, orme
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Proof. Similar to the proof of Lemma 45. [

Proposition 47. For A C {1,2,..., N} with even cardinality, the matriz E) belongs to
the algebra H in Definition 30.

Proof. Referring to (23), we set

g mmN i m A,

9<m’“’k):{o if e\

for 1 <m <N, pe{0,1}¥ and A C {1,2,..., N} satisfying (ii) in Lemma 11. Then by
Lemmas 45 and 46, we have

RoLin + LRy = Y _ 0(m, 11, \)E} Ex,

HA

where the sum is taken over all pairs u € {0,1}" and X\ C {1,2,..., N} satisfying (ii) in
Lemma 11. Pick p € {0,1}" and multiply each term on the left of the above equation,
by E. Then we obtain

B Ry Ly + E} Ly Ry = > 0(m, 1, \)E},E},
A

where the sum is taken over A C {1,2,..., N} satisfying (ii) in Lemma 11. For a subset
N C{1,2,...,N}, since E};, E are mutually commutative and they are idempotents, we
have

I (B;RuLn + EjLnRy) = <H 0(m, 1, A)) E}Ej, (25)
meN A meN

where the sum is taken over A C {1,2,..., N} satisfying (ii) in Lemma 11. Observe that

the coefficient [], .\, 0(m, 1, \) vanishes if and only if AN X # 0.

We show that each E’FE) is a polynomial in E} Ry, Ly, + B Ly Ry, (1 <m < N) by
induction on [A|. If we apply A’ = {1,2,..., N} to the equation (25), then the right-hand
side becomes a nonzero scalar multiple of 7} Ey. This means that /] Ej is a polynomial in
ERynLy, + E, Ly Ry, (1 <m < N). Suppose each E} Ex is a polynomial in E} Ry, Ly, +
EiLnRyn (1 < m < N) for all || < k. Then for A C {1,2,..., N} with [\ = k
satisfying (ii) in Lemma 11, we apply X = {1,2,..., N} \ X to the equation (25). The
right-hand side is a nonzero scalar multiple of E7 E) plus a linear combination of E} Ey»
with [A\"| <k, which is a polynomial in E* R, Ly, + B Ly, Ry, (1 < m < N) by inductive
hypothesis. This means £ E) is also a polynomial in £} Ry, Ly, + E}, Ly, Ry, (I1<m<N).
Therefore each E7Ey is a polynomial in E} Ry, Ly, + E Ly, Ry, (1 < m < N). Observe
that for A C {1,2,..., N} with even cardinality, we have

Ey=) E}E\
o
where the sum is taken over all u € {0,1}" such that the pair (AN S,, A NT,) satisfies
(i), (ii) in Lemma 8. Then the result follows. O
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We remark that the above proof of Proposition 47 also shows that the matrices F) are
independent of the basis vy, vy, . .., vy for H adapted to the flag {z;}Y, and the nontrivial
character x of the additive group F,.

Lemma 48. Let Ve, denote the set of allv € V' such that L,,v =0 for all1 <m < N.
Then we have

View = Z ELE\V (direct sum),
LA

where the sum is taken over all pairs (u,\) with p € {0,1}¥ and X C {1,2,...,N}
satisfying (ii) in Lemma 11 such that X is column-full with respect to p in Definition 23.

Proof. Take p € {0,1}" and X\ C {1,2,..., N} satisfying (ii) in Lemma 11. Observe that
the following are equivalent:

(i) for 1 < m < N, we have either m € S, or m € X;

(ii) A is column-full with respect to p.

Then by Lemma 42, if A is column-full with respect to p, we have EJ E\V C Viey,. Suppose
A is not column-full with respect to p. Then there exists 1 < m < N such that m € T),
and m ¢ A. By Lemma 45, for any v € E}E\V, R, Ly,v is a nonzero scalar multiple of
v. In particular, L,,v # 0 and so v € Vjew. By above comments and by the fact that V
is the direct sum of EJE\V, the result follows. n

Recall the column-full property in Definition 23. For y € {0,1}¥ and A C {1,2,..., N}
satisfying (ii) in Lemma 11, we say A is row-full with respect to p if S, C A.

Lemma 49. Let V,q denote the set of allv € V such that R,v =0 for all1 <m < N.
Then we have

Voa = Z ELE\V (direct sum),
LA

where the sum is taken over all pairs (pu,\) with p € {0,1} and X C {1,2,...,N}
satisfying (ii) in Lemma 11 such that X is row-full with respect to .

Proof. Similar to the proof of Lemma 48. ]

10 The scalar k(m, @, A)

In this section, we discuss on the scalar x(m, u, A) in (23).

Lemma 50. Let u € {0,1}" and X\ C {1,2,..., N} satisfy (ii) in Lemma 11. Referring
to (23), we have the following.
N—-1)(N -2
S (-1mm, p, ) = D=2

m

where the sum is taken over all 1 < m < N with m & \.
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Proof. Fix u € {0,1}" and we prove the assertion by induction on the cardinality of \.
Let F'(A) denote the left-hand side of the equation. Observe that

A

FO )= D [Suls=D\A+ DY ITu(s+D\A+ > =
sESL\A s€SA\A s€SA\A

Al

— | D0 1St =D\ + D T+ DA+ D 5
teT, \\ teT\\ teT,\\

Each of the second and fourth sums counts the number of pairs (s,t) € S, x T, with
s,t € X and t > s. Thus, the second and fourth terms cancel out, i.e.,

FO)={ D 1Sus=D\A | = [ > [Tt + 1\ +|—;|(ISH\A|—|TN\>\!)-

SESL\A teT\A
If A = (), then we have

(N = [p)(N = |p[ = 1)
5 :

D ISuls =D =0+ 14+ (N = |u[ = 1) =

SES,

and
- lul(lpl = 1)

STt +1)[=0+1+-+(|u| -1 :

=

Therefore, we have

Py — W IO 1)l = 1) (V= DY 2

2 2 2

and the result follows.

If [A| > 1, there exist s = max(ANS,) and t = max(ANT),) since the pair (ANS,, ANT),)
satisfies (i) in Lemma 8. Set X = A\ {s,t} and observe that A’ satisfies (ii) in Lemma 11
and we have

Do IS = DA = [ D S = DAN | = 1S\ AL
s'eS\A s'eS\N

and

Yo+ DAN = > T+ DANT ] = [T\ AL

tET\A tET,\N

Therefore, since |A| = || + 2, we have
F(\) =F(\)

and by the inductive hypothesis, the result follows. O
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In the next lemma, we do not assume ¢ to be a prime power.

Lemma 51. Let p = (1, pi2, ..., pun) € {0,1}Y and X C {1,2,..., N} satisfy (i) in
Lemma 11. Referring to (23), for ¢ € C with ¢ # 0,1, we have the following.

where the sum is taken over all 1 < m < N with m & \.

Proof. For notational convenience, in this proof we use the following notation. Take
n € N\ {0}. For v = (v1,19,...,1,) € {0,1}", a sequence a = (ay,as,...,a,) € Z" is
called a k-sequence with respect to v whenever it satisfies
o — a1 +1 if vy =,
l —0i—1 if vio1 # v
for 2 < i < n. Wecall v € {0,1}" reduced if n < 2 or v is either 0 or 1. Let a =
(aj,a9,...,a,) € Z" be a k-sequence with respect to a non-reduced v = (vy,vs,...,1,) €
{0,1}". Then we have v;_; # v; for some 2 < i < n. Let v/ € {0,1}"2 be the sequence
obtained from v by removing the coordinates i — 1 and ¢, and let @’ € Z"~2 denote the
sequence obtained from a by removing the same pair of coordinates. Then it is easy
to show that the sequence a’ is again a k-sequence with respect to /. Moreover, by

continuing this process, any x-sequence reaches a k-sequence with respect to a reduced
tuple v. More precisely, a k-sequence a with respect to v € {0,1}" becomes

(i) a k-sequence of length 2 with respect to (0,1) or (1,0) if 2|v| = n,
(ii) a k-sequence of length n — 2|v| with respect to 0 € {0,1}" 72" if 2|v| < n,
(iii) a w-sequence of length 2|v| — n with respect to 1 € {0, 1}2VI=™ if 2|v| > n.

We call this a reduced k-sequence from a. For a k-sequence a = (ay,a,...,a,) € Z" with
respect to v = (v1,vs,...,1,) € {0,1}", we define

n

fr,aq) = (=1)" gD

i=1

Observe that the value f(v, a;q) is invariant under the reducing process above. In partic-
ular, if @’ is a reduced k-sequence with respect to v/ obtained from a k-sequence a with
respect to v, then we have f(v,a;q) = f(V/,d';q).

Set n = N — |A]. Let v = v(u,\) € {0,1}" be the sequence obtained from u by
removing all the coordinates indexed by A. Consider the sequence a € Z™ defined by

a=((=1)""r(m, p, )‘))mE{I,Q,...,N}\)\a
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where the index m increases from left to right. For 1 < m < m/ < N with m,m’ &€ A,
observe that

k(m, p, \) —k(m/,p, ) = [{te T,\ AN | m<t<m'}—{seS,\A|m<s<m}.

Therefore, the sequence a is a k-sequence with respect to v. Let a' be a reduced k-
sequence with respect to v/ from a. Then the left-hand side of the desired identity becomes
f(',d5q).

We first consider the case 2|pu| = N. Then we have |S,| = |T,| and so 2|v| = n since
the pair (ANS,, ANT),) satisfies (i) in Lemma 8. Thus, a’ is a s-sequence of length 2 with
respect to (0,1) or (1,0) and so f(¢/,d’;¢) = 0 and the result follows. We next consider
the case 2|u| < N. Then by the similar argument above, we have 2|v| < n. Thus, ' is a
k-sequence of length n —2|v| = N —2|u| with respect to 0 € {0,1}"~2|. By the definition
of k-sequence, @' is an arithmetic sequence with common difference 1. We claim that

o = (|l [l +1,... N = |u| = 1).
To show this, since it is an arithmetic sequence, it suffices to show that

O (N=1)(N -2
S o= Y210 = 24)

a’ea’

This follows from Lemma 50 since > ., a’ = > ., a. For the case 2|u| > N, the proof
is similar to that for the case 2|u| < N. Hence the result follows. O]

11 The H-modules

Recall from Proposition 31 that the algebra H is semisimple. Thus the standard module
V is a direct sum of irreducible H-modules, and every irreducible H-module appears in
V up to isomorphism. We now discuss the H-submodules of V', which from now on we
call H-modules for short.

Proposition 52. Any irreducible H-module is generated by a nonzero vector v € V' such
that Ly,v =0 for all1 <m < N.

Proof. Set ®(v) ={m|1<m < N,L,v # 0} forv e V. Let W denote an irreducible H-
module and take a nonzero vector w € W. If ®(w) = (), then L,w=0forall 1 <m <N
and by the irreducibility of W, the module W is generated by w and so the result follows.
Suppose ®(w) # (. Let m = min ®(w) and set w’ = L,,w € W. By Proposition 33 (i)
and (ii), we have ®(w’) C ®(w). By continuing this process at most |®(w)| times, we get
a nonzero vector v € W such that ®(v) = (). By the same argument above, the assertion
holds. [

Recall from Sections 8 and 9, that there are the matrices F in H and that they turn
out to be independent of the basis v1,vs,...,vy for H and the nontrivial character y of
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the additive group F,. By Lemma 48 and Proposition 52, it suffices to consider the module
Hv for v € > E;E\V, where the sum is taken over all pairs (u, A) with p € {0, 1
and A C {1,2,..., N} satisfying (ii) in Lemma 11 such that A is column-full with respect
to p in Definition 23.

Proposition 53. Let pp € {0,1}" and A C {1,2,..., N} satisfy (ii) in Lemma 11, and
assume that X is column-full with respect to p in Definition 23. Recall k(m, 1, ) in (23).
For a nonzero vector v € E E\V , the H-module Hv has a basis

0 ifme A,

. (26)
0Oorl ifméeA

w(e) € BV, €= (e1,69,...,6N), Em = {

on which the generators Ly,, R, (1 <m < N) act as follows:

Lyw(e)
Rw(e)

I{(m#‘tv)‘)i(ElJ’»'”J’»Em*l)w(g _ fr/fl)
Y

=49
— q5m+1+“'+€Nw(€ + T?L),

where we set w(e) =0 if € is not of the form in (26).

Proof. Let H* denote the subalgebra of H generated by Ri, Rs,..., Ry. Consider Htv,
the H™-module generated by v. We show that H*v is an H-module. Let 1 < m < N.
Then H v is R,-invariant by the construction and K,,-invariant by Proposition 32 (ii),
(iv). In addition, H*v is L,-invariant by Proposition 33 (i), (iii), (iv), Lemma 46 and
since L,,v = 0 by Lemma 48. Since H is generated by R,,, L,, and K,,, for 1 <m < N,
H*twv is an H-module. Thus we have HTv = Hv. By Proposition 33 (i), (iii), HTv is
spanned by
w(e) = RWRY -+ Rj'v,

for e = (e1,e9,...,en) € {0,1}". By Lemma 29 (ii), w(e) € E;,.V. By Lemma 43,
w(e) # 0 if and only if m € S, and m ¢ A for all 1 < m < N with ¢,, = 1. Thus (26)
forms a basis for Hv. For 1 < m < N, the L,,-actions on w(e) follow from Proposition
33 (iii), (iv), Lemma 46 and L,,v = 0. Similarly, for 1 < m < N, the R,,-actions on w(¢)
follow from Proposition 33 (i), (iii). The result follows. O

Proposition 54. Referring to Proposition 53, the basis (26) for Huv satisfies the following.
Knw(e) = ¢t/?mmtemly(e),
for 1 <m < N, where = (uy, flo, ..., fin) and € = (£1,€2,...,EN).

Proof. By Proposition 53, we have w(e) € £, V. The result follows from the definition

of K,,. O

Theorem 55. For any irreducible H-module W, there uniquely exist u € {0,1}" and
A C{1,2,..., N} satisfying (ii) in Lemma 11 where X\ is column-full with respect to p,
such that W is generated by a nonzero vector in E;E\V. Moreover, W is determined up
to isomorphism by p and \.
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Proof. By Proposition 52, there exists a nonzero vector v € W with L,,v = 0 for all
1 < m < N such that W = Hv. According to the direct sum decomposition in Lemma

48, we write
v=>Y E;Ew.
HyA

Since v is nonzero, there exists a pair (g, \) such that EjExv # 0. By Proposition 47,
E7 E\v belongs to W and so by the irreducibility of W, E} E v generates W. Suppose
there exist another pair (4, \') and a vector v' € V' such that E}, Exv" also generates
W. Thus we have the two bases (26) for W. However, by comparing them, we obtain
(1, N) = (u, A) and the result follows. O

Definition 56. Referring to Theorem 55, we call u € {0,1}" the endpoint of W and
AC{1,2,..., N} the shape of W.

Corollary 57. Let A C {1,2,..., N} with even cardinality. For an irreducible H-module
W of shape \, we have
dim W = 2V-1,

Proof. Count the vectors in the basis (26) for . O
Theorem 58. For € {0,1}" and A\ C {1,2,..., N} satisfying (i) in Lemma 11 where

A 1s column-full with respect to u, there exists an irreducible H-module of endpoint p and
shape X. Moreover, the multiplicity in V' is given by

q‘BM*"()mSu) H (qp(s,,u,)\) _ 1) ,

sEANS),
where n(ANS,) is defined in (20) and p(s, pu, N) is defined in Lemma 15.

Proof. Take a nonzero vector v € E7 E\V. We show that W = Huv is irreducible. Consider
an irreducible H-module decomposition of W as follows.

W=W;+Wy+---+W,, (direct sum)

for some positive integer r > 1. According to this decomposition, we write v = w; + wy +
-+« + w, such that w, € W, (1 < n < r). Since this sum is direct and v € ErE\W, we
find w,, € E;E\W for 1 < n < r. However, by Proposition 53, we have dim E EAW = 1.
Thus, all the vectors w,, (1 < n < r) are scalar multiples of v. This forces r = 1, i.e., W
is irreducible.

The multiplicity of W in V' is dim £, E\V, which is determined in Corollary 25. [

12 The quantum affine algebra Uq(glz)

In this section, we fix a nonzero scalar ¢ € C which is not a root of unity. For n € N, we

define . .
" —q

q—q "
We recall the definition of U, (sly) from [1] in terms of Chevalley generators.

(]
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Definition 59 ([1, Section 2]). The quantum affine algebra Uq(glg) is the associative
C-algebra generated by e, k;, k; ' (i = 0,1) with the relations

kbt =k =1, koky = ko, (27)
kel = ¢ ek, kie;‘t = qﬁefk‘i, i F 7 (28)
efe; —e el = ki =k eef —efer =0 (29)
i€ T€ €6 = I 01 —ere =V,
q9—q
()¢5 — Bla(e)e5ei" + [Bleeiei (6) — e (e5)° =0, i #]. (30)

We call e, k;, k' (i = 0,1) the Chevalley generators for Uq(g[g).

It is known that the quantum affine algebra Uq(;[Q) has the following Hopf algebra
structure. The comultiplication A satisfies

Alef)=e¢f @k +1@¢, Ale))=¢ @1+k'®e;, Alk)=k®k.

)

It is also known that there exists a family of finite-dimensional irreducible U, (;[g)—ﬂlOdUleS
Va(a) for d € N, a € C\ {0}, where Vy() has a basis {u;}%_, satisfying

equ; = afi + 1 ui1 0<i<d—-1), equq =0,
efu; = [d—i+ 1 ui (1<i<d), efug =0,
eoui = 'd — i+ 1,u (1 <e<d), eq up = 0,
ey u; = [1 + 1 uin 0<i<d—-1), e; ug =0,
kou; = ¢*"u; (0 <i<d),
ku; = ¢ 2y, (0<i<d).

We call V;(a) the evaluation module for Uq(sA[g) with the evaluation parameter a. We
recurrently define the algebra homomorphism A™) : U, (sly) — U,(sly) ® - - - ® U,(sly) for

=
—+
j=n

g

(N +1) times
N € N by
A =g,
AW = A
AWM = ([d® - ®id®A) o AN (N > 2).
(N —2) ti

This algebra homomorphism A®) is called the N-fold comultiplication. For each N > 1,
by the (N — 1)-fold comultiplication A=Y a tensor product of N evaluation modules
again becomes a U, (;[g)—ﬂlOdUle. More precisely, a tensor product Vg, (o) ®---®@ Vg, (an)
has a basis

U(g):uzfl@"'@uaj\ﬂ 0<51<d17 SR 0<5N<dN7 (31)
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on which the Chevalley generators act as follows:

N
u(e) = D anle + 1]yg2em st (s sy ), 3
m=1
N
FHu(e) = 3l — e+ gg Aoy ) 3
m=1
N
GU(E) = 3 oy — e+ g2y ), (34)
m=1
N
eru(E) = Y lem + yg* @)ty e i), (35)
m=1
hgu(e) = g* et Bty ), (36)
klu(s) _ q(d1-i-w-&-d;\r)—Z(al+~--—l-51\7)u(6)7 (37)
where € = (g1, €9, ...,en) € Z and we define u(g) = 0 if ¢ is not of the form in (31).

Let W denote a finite-dimensional irreducible U, (;[g)—ﬂlOdUle. By [1, Proposition 3.2],
there exist scalars €y,€; € {—1,1} such that each eigenvalue of k; on W is ¢; times an
integral power of g for i = 0,1. The pair (e, €;) is called the type of W. For each pair
€0, €1 € {—1,1}, there exists an algebra automorphism of Uq(g[g) that sends

k‘i — Eiki, 63_ — El’€+ BZ-_ — 62‘_7 (Z = O, 1)

70

By this automorphism, any finite-dimensional irreducible Uq(glg)—module of type (e, €1)
becomes that of type (1,1).

Theorem 60 ([1, Theorem 4.11]). Every finite-dimensional irreducible Uq(glz)—module of
type (1,1) is isomorphic to a tensor product of evaluation modules. Moreover, two such
tensor products are isomorphic if and only if one is obtained from the other by permuting
the factors in the tensor product.

With an evaluation module V;(«), we associate the set of scalars
Sa(a) ={ag"™ ! aq™?,. .. ag™ "}

The set Sy(a) is called a g-string of length d. Two g-strings Sy, (), Sa,(az) are said to
be in general position if one of the following occurs:

(1) Sa, (1) U Sg,(an) is not a g-string,
(i) Sgy(on) € Say(az) or Sg,(az) € Sy, (an).

Moreover, several ¢-strings are said to be in general position if every two g-strings are in
general position.

Theorem 61 ([1, Theorem 4.8]). A tensor product of evaluation modules for Uq(;[2> is
wrreducible if and only if the associated q-strings are in general position.
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13 The algebra ‘H and the quantum affine algebra U,/ - (5A[2)

In this section, we get back to the subspace lattice P over FF,. Recall the matrices Iy € ‘H
in Sections 8 and 9. Let € {0,1}" and A C {1,2,..., N} satisfy (ii) in Lemma 11. For
veEEVandl<m<N,if L,v # 0, then we have m € T}, and m ¢ A by Lemma
42 and so (L, Ry)Limv = ¢" N Lv by Lemma 45. Therefore, we define the matrix
(LnRy) 'L, by

(38)

—Rma N Lov i Lyv # 0
(LmRm)leU:{q v o1 'U7é )

if L,v=20

for v € V. We remark that (L,,R,,) ! L,, does not mean the product of (L,,R,,)"* and L,,
since L,, R, is not invertible by Lemma 45. Similarly, we define the matrix (R,,L,,) 'R,
by

—rmeN R v if Ryv # 0

(RypnLn) Ry = { 1 v i Ho 70, (39)
0 if R,v=0

forveV.

Theorem 62. Let aq, s, ...,ay denote nonzero scalars. The standard module V' sup-

ports a Uz (f/;\lg)—module structure on which the Chevalley generators act as follows:

generators actions on V'
e R DT
e ¢y (LinRin) " L
€ Z%:l ' Lin
2 Z%:l(RmLm)_lRm
ko [T K5
ko' [Tes K
k1 [Ty Km
k! [T K

Here the matrices (LyRpy) 'Ly and (R L) 'R, are defined in (38) and in (39), re-
spectively.

~

Proof. Referring to the above table, for i = 0,1 let €, ¢; , i,EZ-_ I denote the expressions
to the right of €], e;, k;, k; ! respectively. We show these elements &, ¢, , k;, k;* (i = 0,1)

satisfy the defining relations (27)—(30) of U,/ (sly) on V.
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We first show /e\;“,’cT,EZ-,E; ' (i = 0,1) satisfy the relations except the first relation in
(29). They satisfy the relations in (27) by the definitions of ks, /k\:i_l (1 =0,1). They satisfy
the first relation in (28) with 7 = 0 by Proposition 32. They satisfy the second relation
in (28) with (4, ) = (1,0) by Proposition 32. Since the other relations involve €], ¢y, we
show them as follows. Fix a nonzero vector v € V. Then we apply both sides of each

~

defining relation to v and check the results are the same. These elements ¢ ,¢€; , ki,@; !
(1 = 0, 1) satisfy the first relation in (28) with i = 1 by Proposition 32. They satisfy the
second relation in (28) with (¢,5) = (0,1) by Proposition 32. They satisfy the second
relation in (29) and the relations in (30) by Proposition 33.

It remains to show that they satisfy the first relation in (29). Take a nonzero vector
v € EXE\V for some pu = (pu, pa, ..., pn) € {0,1}Y, X € {1,2,...,N}. By Lemmas 45

and 46, we have

(52 —e@es)v="- (qu Z(—l)ﬂmq“m%”) v,

m

where the sum is taken over all 1 < m < N with m € A. On the other hand, by the
definition of K,,, we have

ko — ]{;al Yy qlul—N/2 — qN/Q—Iul .
q1/2 _ q—1/2 - q1/2 _ q—1/2

By Lemma 51, it turns out that both scalars are the same and so 35’,@;,%0,/150_ ! satisfy

the first relation in (29). Similarly, e, ¢y, ki, ki satisfy the first relation in (29). O
Corollary 63. Let a1, Qg, ..., QN denote nonzero scalars. There exists an algebra homo-

morphism from U,/ (sly) to H that sends

N N
eg > g N2 Z O R, ef s VD2 Z(LmRm)’le,
m=1 m=1
N N
eo > > ' L, er = > (RnLm) 'R,
m=1 m=1
N N
k’o —> H K;Zl, k’l —> H Km
m=1 m=1
Proof. Immediate from Proposition 62. m

~

The algebra homomorphism in Corollary 63 turns an H-module into a Up/2(sly)-
module.

Lemma 64. Let p € {0,1}" and A C {1,2,...,N} satisfy (ii) in Lemma 11 where
A is column-full with respect to p in Definition 23. Let W, denote an irreducible H-
module with endpoint (1 and shape X. The basis (26) for W, x has the following actions of
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Chevalley generators via the algebra homomorphism in Corollary 63.

N
egu(e) = ¢* YT gt w(e 4 ), (40)
m=1
N
efue) = g NS rlemnt ey (e — ), (41)
m=1
N
cow(e) = Yy O (i, g~ O (e — ), (42)
m=1
N
eTw(e) = D O, ) g (e + ), (43)
m=1
kow(e) = ¢~ N/FHImHER (o), (44)
krw(e) = ¢Vl (e), (45)
where € = (g1,€3,...,ex) € {0,1}Y. Here we define w(e) = 0 if € is not of the form in
(26).
Proof. Use Propositions 53, 54 and Corollary 63. n

Lemma 65. Let € {0,1}" and A\ C {1,2,..., N} satisfy (i) in Lemma 11 where X is

column-full with respect to p in Definition 23. We define d = (dy,ds, . ..

by

i - 1 ifmé A
"0 ifm e A,
Then we have the following.
(i) |d| = N = 2|pl.

(i) If m & A, then k(m,u, \) = (N —1)/2+ (d; +
defined in (23).

(I1<m<N).

,dy) € {0, 1}V

ot d1)/2 = (A + - dy) /2

Proof. (i) By the definition of d, we have |d| = N — |A|. By the assumption, we have

|A| = 2|u| and so the result follows.
(ii) Assume m ¢ A. Observe that

|Sﬂ(m—1)\)\|:d1+-~-+dm_1,

By the definition of d,

T, (m +1)\ A| = 0.

Al/2=N/2—(di + -+ +dn)/2.

Hence the result follows from the above comments and d,, = 1.
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Theorem 66. Let € {0,1}Y and A C {1,2,..., N} satisfy (i) in Lemma 11 where \ is
column-full with respect to p in Definition 23. Let W, \ denote an irreducible H-module
with endpoint p and shape X\. Then by the algebra homomorphism in Corollary 63, W, x

becomes a Uq1/2<,‘;\[2>—m0dul€ and we have the following.
(1) W, has type (1,1).

(1) W, x is isomorphic to the tensor product of Vi(ay,), where 1 < m < N such that
mée A

Proof. (i) This follows from (44) and (45).
(ii) Recall (dy,ds,...,dy) € {0,1}" from Lemma 65. It suffices to show that

WM,A = V;ll(al) (SRR ‘/dN(OZN).

Recall the basis w(e) in (26) for W, x and the basis u(¢) in (31) for Vg, (o) ®- - -@ Vg, (an),
where € = (g1,€9,...,en) € {0,1}" such that w(e) = 0 and u(e) = 0 if d,, < &,, for some
1 <m < N. We define a linear map ¢ from Vg, (1) ® - - - ® Vg, (an) to W, 5 that sends
u(e) to y(e)w(e), where

lel(1=N)/2 H q(dm+1+'“+d1v)/2_

meT:

v(e) = ¢

We check ¢ preserves the actions of Chevalley generators. Observe that
,_}/(5) _ q(N—l)/Qq—(dm+1+~~+dN)/2,_y<€ + m) (46)

for e € {0, 1}Y.

By (36) and (44) and Lemma 65 (i), ¢ preserves the action of ky. By (37) and (45) and
Lemma 65 (i), ¢ preserves the action of ki. By (32), (40) and (46), the map ¢ preserves
the action of ef. By (33), (41) and (46), the map ¢ preserves the action of ef. By (34),
(42), (46) and Lemma 65 (ii), the map ¢ preserves the action of e;. By (35), (43), (46)
and Lemma 65 (ii), the map ¢ preserves the action of e . O]
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