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Abstract

Let T' denote a dual bipartite -polynomial distance-regular graph with vertex
set X and diameter D > 3. Fix x € X, and let L* and R* denote the corresponding
dual lowering and dual raising matrix, respectively. We show that a certain linear
dependency among R*L*?, L*R*L*, L*2R*, L* holds, and determine whether this
linear dependency endow I' with a dual uniform or dual strongly uniform structure.
Precisely, except for two special cases a dual uniform structure is always attained,
and except for four special cases a dual strongly uniform structure is always attained.

Mathematics Subject Classifications: 05E99, 05C50

1 Introduction

In his thesis [5], Delsarte introduced the @Q-polynomial property for a distance-regular
graph I' (see Section 2 for formal definitions). Since then, the Q-polynomial property
has been investigated by many authors; see for example [1, 2, 3]. A survey about the
@-polynomial property can be found in [4].

Assume I' is Q-polynomial. In [13], Terwilliger introduced the subconstituent algebra
of I For each vertex = of I', the corresponding subconstituent algebra T' = T'(z) is
generated by the adjacency matrix A and a certain diagonal matrix A* = A*(z). The
eigenspaces of A* are the subconstituents of I' with respect to . The matrices A and
A* satisfy two relations called the tridiagonal relations [14, Lemma 5.4], [15]. The first
(resp., second) tridiagonal relation is of degree 3 in A (resp., A* ) and of degree 1 in A*
(resp., A ). In [14], the tridiagonal relations are used to describe the combinatorics of T.

Assume for a moment that I" is bipartite. For any fixed vertex x of I', define two (0, 1)-
matrices, L = L(x) and R = R(x) (indexed on the set of vertices of I') as follows. For the
vertices y, z of ', the (z,y)-entry of L is 1 if d(z,y) = 1 and d(z, 2) = d(z,y) — 1, and 0
otherwise; here 0 denotes the path-length distance of I'. The matrix R is the transpose of
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L. Then the adjacency matrix A of I naturally decomposes as A = L+ R. The matrices L
and R are respectively called the lowering matrix and raising matrix of I' with respect to x
[10, 12]. In the first tridiagonal relation, if one eliminates A using A = L+ R, one finds that
on each z-subconstituent of I' the matrices RL?, LRL, L?R, L are linearly dependent.
The coefficients in this linear dependence depend on the subconstituent. The collection
of these dependencies is called an R/L dependency structure. Motivated by these R/L
dependency structures, in [12] Terwilliger introduced the uniform property for a partially
ordered set. In that work, he described the algebraic structure of the uniform posets and
displayed eleven infinite families of examples. A careful study of the known connection
between the Q-polynomial property and uniform posets was completed in [10], introducing
a variation on the uniform property, called strongly uniform. Strongly uniform implies
uniform. For each Q-polynomial structure on I' (bipartite distance-regular), the authors
determined precisely when the corresponding R/L dependency structure is uniform or
strongly uniform.

Now, assume that our distance-regular graph I' has a dual bipartite ()-polynomial
structure (see Section 4 for formal definitions). Then the diagonal matrix A* of I' can be
decomposed as A* = L* + R*, where L* = L*(x) (resp., R* = R*(z) ) is the dual lowering
matrix (resp., dual raising matrix) of I with respect to x (see Section 3). The matrix R*
is the transpose of L*. In the second tridiagonal relation, replacing A* by L* + R*, one
finds that on each eigenspace of A the matrices

R*L*2, L*R*L*, L*2R*, L*

are linearly dependent. The coefficients in this linear dependence depend on the eigenspace.
We call this collection of dependencies an R*/L* dependency structure (see Section 5). In
light of the analogy with the arguments from the previous paragraph, one can naturally
introduce the concept of a dual (strongly) uniform structure and study the connection
with the dual bipartite ()-polynomial structure. The purpose of this paper is to determine
for each (dual bipartite) @-polynomial structure on I' when the corresponding R*/L* de-
pendency structure is dual uniform or dual strongly uniform. Throughout the paper, we
constantly refer to the classification of P- and @-polynomial orderings contained in [1,
Theorem 5.1]. Precisely, when we say that I' is of type (roman numeral), we mean that
its parameters are those listed in the corresponding case (roman numeral) of [1, Theorem
5.1].

To describe our main result, assume that our distance-regular graph I' has vertex set
X and diameter D > 3, and that it admits a dual bipartite @)-polynomial structure. Fix
x € X, and consider the corresponding dual lowering matrix and dual raising matrix, i.e.,
L* = L*(z) and R* = R*(x), respectively. Consider the following cases.

(i) T is the ordinary 2D-gon.
(ii) T is the cube H(D,2), D even, type [1, Theorem 5.1(III)].

(iii) T is the halved cube $H (2D, 2).

THE ELECTRONIC JOURNAL OF COMBINATORICS 31(4) (2024), #P4.32 2



(iv) T is as in Lemma 8 with s € {¢g7!,¢7*’7'}, ¢*” # 1 (see Sections 4,7 for more
details).

We show that: in Cases (i) and (ii), the corresponding R*/L* dependency structure is not
dual uniform; in Cases (iii) and (iv), this structure is dual uniform but not dual strongly
uniform; in all other cases, this structure is dual strongly uniform.

The paper is organized as follows. In Sections 2 and 3, we discuss the Bose-Mesner
algebra and the dual Bose-Mesner algebra of a distance-regular graph. In Section 4, we
consider the dual @-polynomial bipartite case, and for it, in Sections 5 and 6, we introduce
R*/L* dependency structures and dual (strongly) uniform structures. In Sections 7-10,
for each given (dual bipartite) Q-polynomial structure on I', we determine precisely when
the corresponding R*/L* dependency structure is dual uniform or dual strongly uniform.
Our main result is Theorem 29.

2 Preliminaries

Let X denote a nonempty finite set. Let Matx(R) denote the R-algebra consisting of the
matrices with entries in R, and rows and columns indexed by X. Let V = R* denote the
vector space over R consisting of the column vectors with entries in R and rows indexed
by X. Observe that Matx(R) acts on V by left multiplication. We refer to V' as the
standard module of Matx (R). We endow V' with the bilinear form (, ) : V x V — R that
satisfies (u,v) = u'v for u,v € V, where ¢ denotes transpose. For y € X let 4 denote the
vector in V' that has y-coordinate 1 and all other coordinates 0. Observe that {y |y € X}
is an orthonormal basis for V.

Throughout the paper, let I' = (X, R) denote a finite, undirected, connected graph,
without loops or multiple edges, with vertex set X, edge set R, path-length distance
function 0, and diameter D := max{d(z,y) | x,y € X}. For x € X and an integer i, let
Fi(x) ={y € X | 9(x,y) = i}. We abbreviate I'(z) := I'y(x). For an integer k > 0, we
say I' is reqular with valency k whenever |['(x)| = k for all z € X. We say I is distance-
reqular whenever for all integers 0 < h,i,j < D and all z,y € X with 0(z,y) = h the
number p; := |Ts(x) NT;(y)| is independent of z,y. The constants p}; are known as the
intersection numbers of I'. For convenience, set ¢; :=p%. ; (1<i< D), a; :==p}; (0<1i<
D),b; :=pl, (0<i<D—1), ki :=p) (0<i< D), and ¢y := 0,bp := 0. For the rest of
this paper, assume [ is distance-regular with diameter D > 3. By the triangle inequality,
for 0 < h,7,7 < D we have pﬁ‘j = 0 (resp., p?j # 0 ) whenever one of h,i,j is greater
than (resp., equal to) the sum of the other two. In particular, ¢; # 0 for 1 <@ < D and
b; # 0 for 0 < i < D — 1. Observe that I is regular with valency k = by = k; and that
¢+a;+b,=kfor 0<i<D.

We recall the Bose-Mesner algebra of I'. For 0 < ¢ < D, let A; denote the matrix in
Mat x (R) with (y, z)-entry

1 if d(y, z) =1,

(AZ)yz = { 0 if a<y’ Z) 752 (y,Z € X)
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The matrix A; is called the ith distance matriz of I'. We abbreviate A := A; and call
it the adjacency matriz of T. Observe that (ai) Ay = I; (ail) J = Y2, A;; (aiii) Al =
A; (0 < i < D); (aiv) AjA; = Zthop,thh (0 < i, < D), where I (resp., J) denotes
the identity matrix (resp., all 1’s matrix) in Matx(R). Using these properties, we find
{A;}P, is a basis for a commutative subalgebra M of Matx(R), known as the Bose-
Mesner algebra of T'. By [1, p. 190], A generates M. Furthermore, by [3, p. 45], M has a
basis {E;}2, such that (ei) Ey = | X|71J; (eil) I = S22 E;; (eiil) B! = E; (0 <i < D);
(eiv) B E; = 6;;E; (0 <i,5 < D). We call {Ei}iD:O the primitive idempotents of I'. The
primitive idempotent Ej is said to be trivial.

Since {F;}7, form a basis for M, there exist scalars {6;}, in R such that A =
S P, 6:E;. Combining this with (eiv), we find

AE, = BA=0,E, (0<i< D). (1)

We call 6; the eigenvalue of I' associated with E;. The {Hi}i’;o are mutually distinct since
A generates M. By (ei) we have 6y = k. By (eii)-(eiv),

V = E)W + E;V +---+ EpV (orthogonal direct sum).

For 0 < ¢ < D, the space E;V is the eigenspace of A associated with #;. Let m; denote
the rank of F;, and note that m; is the dimension of E;V. We call m; the multiplicity of
0;.

We recall the Krein parameters of I'. Let o denote the entrywise product in Mat x (R).
Observe that A; 0 A; = 0;;A; for 0 < 4,5 < D, so M is closed under o. Thus, there exist
scalars qlhj € R (0 < hyi,j < D) such that

D
EioE;=|X["') ¢iEy (0<i,j< D).
h=0

The parameters qzhj are called the Krein parameters of T'. By [3, Proposition 4.1.5], these

parameters are nonnegative. The given ordering {Ei}zp:o of the primitive idempotents
is said to be Q-polynomial if for 0 < h,i,5 < D the Krein parameter qzhj = 0 (resp.,
qf’j # 0) whenever one of h,i,j is greater than (resp., equal to) the sum of the other two.
Let E denote a nontrivial primitive idempotent of I and let # denote the corresponding
eigenvalue. We say that I" is Q-polynomial with respect to E (or §) whenever there exists
a (Q-polynomial ordering {Ei}fio of the primitive idempotents of I" such that F; = E.

3 The dual Bose-Mesner algebra

We continue to discuss the distance-regular graph I' from the previous sections. In this
section, we recall the dual Bose-Mesner algebra of I'. Fix x € X. For 0 <7 < D, let
Ef = Ef(x) denote the diagonal matrix in Matx(R) with (y, y)-entry

1 if d(x,y) =1,

(EV)yy = { 0 ifd(x,y)#1 (v € X).
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We call E} the ith dual idempotent of I" with respect to x. For convenience, set £ = 0
fori < 0ori> D. It is known that (esi) I = Zi’io E;; (esii) Ef* = Ef (0 < i < D);
(esili) EfE; = 6;;Ef (0 < i,j < D). By these properties, {E;}2, forms a basis for
a commutative subalgebra M* = M*(z) of Matx(R), known as the dual Bose-Mesner
algebra of I with respect to x; also,

V =EV + E]V +---+ ELV (orthogonal direct sum).
The algebras M and M* are related as follows. By [13, Lemma 3.2],
E;A;E; =0if and only if pl; =0 (0 < h,i,j < D).

Let E denote a nontrivial primitive idempotent of I'. For the rest of the section, assume
[' is @-polynomial with respect to E. Let A* = A*(x) denote the diagonal matrix in
Mat x (R) with (y,y)-entry

Ay, =1 X[Ey  (y € X).
The matrix A* is called the dual adjacency matriz of I' corresponding to E and z. By

[13, Lemma 3.11(ii)], A* generates M*. Since {Ej}iio forms a basis for M*, there exist
scalars {07}, in R such that A* = >>7 0:E. Combining this with (esiii), we obtain

=0 "1
A'Ef = EfA*=0°E; (0<i< D).

We call {9;}5):0 the dual eigenvalue sequence for the given ()-polynomial structure. Note
that the {9;"}2.';0 are mutually distinct since A* generates M*. For 0 < ¢ < D, the space
EV is the eigenspace of A* associated with 6. By [1, Proposition 3.4.(iv)], we have that
0y = rank(F) = dim(EV).

Lemma 1. (/14, Lemma 5.4]) Let {Ei}io denote a Q-polynomial ordering of the primitive
idempotents of I' and, for 0 < i < D, let 0; denote the eigenvalue of U for FE;. Let
{9;*}120 denote the dual eigenvalue sequence for the given QQ-polynomial structure. Then

the following (i)-(1ii) hold.
(i) There exists € R such that

* *
Oio —0ip1 07 5 — i

+1= —
b 01—0, 0, —0

for2<i<D—1.
(i1) There exist v,7v* € R such that
Y =01 —B0; + 01, " =0_,—P0 +0,

for1<i<D—1.
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(iii) There exist o, o* € R such that
0 = 912_1 — 69i_19i + 912 - (9,'_1 + 9,) s
0" =072 — BO;_\0; + 077 — " (67, +67)
for1 <i<D.

Lemma 2. (/14, Lemma 5.4]) Let E denote a Q-polynomial primitive idempotent of T’
and let A* = A*(x) denote the corresponding dual adjacency matriz. Then

[A, AZA* — BAA*A + A*A? — vy (AA* + A*A) — QA*] =0,
where [r,s| = rs — sr and 3,7,7*, 0, 0* are from Lemma 1.

We now recall some special matrices for the graph I'. Define the matrices R* =
R*(x), F* = F*(x), L* = L*(z) by

D D D
R =Y E . A'E, F*=) EAE, L'=)Y E_AE, (2)
=0 =0 =0

where Ep,1 = E_1 = 0. They are known as the dual raising, dual flat, and dual lowering
matrices of I" with respect to x, respectively. Note that R*, F*, and L* have real entries.
Also, observe that F** is symmetric and R* = (L*)'. Moreover,

A'=R'+F"+ L" (3)
Using Equation (2) and the convention that £_; = 0, Fp,; = 0, we find

L'E;=FE,_ L* (0<i<D+1).

Furthermore, one can easily derive the following lemma from the above considerations.
Lemma 3. Let L*, R* be as in (2). Then the following (i), (ii) hold.

(i) R*E;V C E; 1V for0<i< D—1, and R*"EpV =0;

(ii)) L*E;V C E; 1V for1 <i< D, and L*EyV = 0.

4 Dual bipartite Q-polynomial distance-regular graphs

We continue to refer to the distance-regular graph I' from the previous sections. Assume
that I' admits a Q-polynomial structure. Such a Q)-polynomial structure is dual bipartite
whenever af := ¢}, = 0 for 0 < < D. In this case, using [13, Lemma 3.12], we have

EA*E,=0 iflh—il#1 (0<h,i<D). (5)
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Moreover, it follows from (2), (3), and (5) that F* =0 and A* = R* + L*.
For I admitting a dual bipartite ()-polynomial structure, the following classification
results are known.

Theorem 4. ([6, Theorem 1.1]) Let ' denote a distance-reqular graph with diameter
D > 3 and valency k, and suppose I' is not bipartite. Then I has a dual bipartite Q-
polynomial structure if and only if b; = cp_; for 0 <i < D —1 and the array {c1,...,cp}
for T is one of the following:

(i) {1,4,9,...,D?%};
(ii) {1,6,15,...,2D% — D};
(i) {1,k —ay — 1,k}; or

(iv) {1,6n,(6* —1)(2n — 6+ 1),8 (2n + 2nd — 6%)}, where § > 3, n = 35/4 are integers
and n diwvides 6% (6% — 1) /2.

The arrays (i) and (ii) are uniquely realized by the Johnson graph J(D,2D) and the halved
cube %H (2D, 2), respectively. The graphs with array (iii) are the Taylor graphs.

Remark 5. With reference to Theorem 4(iii), the Gosset graph is a Taylor graph with
array {1,10,27} [4, Section 5.1].

Remark 6. An example with array (iv) in Theorem 4 is the Meixner double cover (§ =
4,m = 6) [4, Section 3.2.4]. However, the array (iv) with 0,7 odd has been ruled out by
Jurisi¢ and Koolen [9, Corollary. 3.2].

Theorem 7. ([6, Theorem 1.2]) Let T denote a distance-regular graph with diameter
D > 3 and valency k, and suppose I is bipartite. Then T has a dual bipartite QQ-polynomial
structure if and only if b; = cp_; for 0 < i < D — 1 and the array {c,...,cp} for I is
one of:

(i) {1,1,...,1,2};

(i) {1,2,3,...,k};
(i11) {1,k —1,k};

(iv) {1,2€,46 — 1,4€}, where &€ > 1 is an integer; or

(v) {1,c,k—c,k—1,k}, where k =& (2 + 36+ 1),c=E&(E+1), and € > 2 is an integer.

The arrays (i), (ii), and (iii) are uniquely realized by the ordinary 2D-gon, the cube
H(D,2), and the complement of Kj11 X Ky, respectively. The graphs with array (iv) are
the Hadamard graphs of order 4. The array (v) is uniquely realized for & = 2 by the
double cover of the Higman-Sims graph. We know of no examples with & > 3.

The lemma below will play a crucial role in our analysis.
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Lemma 8. (/11]) Let I = (X, R) denote a distance-reqular graph with diameter D > 3,
and suppose I’ has a dual bipartite Q-polynomial structure with dual ergenvalues 65, . . ., 07,.
Furthermore, suppose T is not the cube H(D,?2), the halved cube 3H(2D,?2), the Johnson
graph J(D,2D), or the Gosset graph. Then b; = cp_; for 0 <1 < D — 1, and there exist
complex numbers q # 0 and s with

¢ #1, 1<j<D,
¢ #-1, 0<j<D-1,
s¢y #1, 2<j<2D,
such that
L (qQZ _ 1) <q2D _ QQZ) <qD ‘I’ q2) (1 + SqD+1) 1 - Z g D B 1
(g = 1) (g2 + qPtY) (g2 + gP) (1 —sg?P)’ T T T ’
" q2i—1 (qD + q) (qD + q2) <q21 _ 1) (1 o Sq2D+2—2i> 1 . Z < D B 1
Z (@ = 1) (¢* +¢P) (¢ + P ) (L —sg?P) 7 =7 7 ’
o - 7= 1) (@ + ) (1 s¢?)
q(q®>—1)(1—s¢?P)
D (=i _ 7D (1 — sg?
gr = @ (=g ") SQ)’ 0<i<D.
(q—1) (1 —sqP+?)

Proposition 9. Let I' = (X, R) denote a distance-reqular graph with diameter D > 3,
and suppose I' has a dual bipartite Q-polynomial structure. Then the statements (ii) and
(iii) from Lemma 1 hold with v* =0, and

ABA— AA™ — (B+1)(A2AA" — ATAA™) = o"(A*A — AAY). (6)

Proof. If T is H(D,2), %H(?D,Q), J(D,2D), or the Gosset graph, then I' has classical
parameters' and so admits a dual bipartite Q-polynomial structure with dual eigenvalues
0 = D —1i, 0 <i< D [3, Corollary 8.4.2] (see also [1, Theorem 5.1], type (IIC) for
H(D,?2), and type (ITA) for the others). Thus, from Lemma 1, we have = 2 and v* = 0.
Note that for the cube H(D,2), with D even, there exists another (dual bipartite) Q-
polynomial structure with dual eigenvalues 6 = (—1)%(D — 2i), 0 < i < D [1, p. 305 —
type (III)]. Here, Lemma 1 gives § = —2 and v* = 0. When I" is none of the previous

graphs, we use the expression of 6} from Lemma 8, so obtaining 8 = ¢+ ¢! and v* = 0
by Lemma 1.
Equation (6) follows from Lemma 2 with v* = 0. O

IFor the sake of completeness, we address the reader to [3, Sections 6.1, 8.4, 8.5, Chapter 9] for all basic
definitions and results regarding graphs with classical parameters. However, all these details, except
those explicitly mentioned, are not relevant in the context of this article.
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Remark 10. The proof of Proposition 9 also reveals that the parameter 5 from Lemma
1 takes on different values depending on the (dual bipartite) Q-polynomial structure we
consider for our graph I'. Precisely,

(a) if Tis H(D,2)- type (IIC), $H (2D, 2), J(D,2D), or the Gosset graph, then § = 2;
(b) if I'is H(D, 2)— type (III), with D even, then § = —2;
(c) otherwise, 8 =g+ q ' # +2 (see Lemma 8).

From now on, we refer to the following notational convention.

Notation 11. Assume that our distance-regular graph I' admits a dual bipartite Q-
polynomial structure with diameter D > 3. Let {Ei}izo denote the corresponding Q-
polynomial ordering of the primitive idempotents of I', and let {Qi}fio denote the cor-
responding eigenvalues. Abbreviate F = FE;, and consider our fixed vertex x € X. For
0 <i< D,let Ef = Ef(z) denote the ith dual idempotent of I' with respect to z. Let
A* = A*(z) denote the dual adjacency matrix of T' that corresponds to E and z. Let
{Qf}i’io denote the dual eigenvalue sequence for the given Q)-polynomial structure. Let
the scalars 3,7,7*, 0, 0* be as in Lemma 1. Let the matrices L* = L*(x) and R* = R*(x)
be defined as in (2).

5 A R*/L* dependency relation

In this section, we display a certain linear dependency among R*L*?, L* R*L*, L**R*, L*.
Proposition 12. With reference to Notation 11, for 1 <i < D,
O —0i 1+ (B+1) (00— 0;1)

0; — 0i1
0 — 01+ (B+1)(0; — ;1) @)
+ 1 7 ‘9 9 7 7 L*2R* — Q*L*
i Yi—1

holds on E;V , where 0_1 and 0p,1 are inderteminants.

Proof. Multiplying (6) by E;_; on the left and by E; on the right, it follows from (1) that
(0; — 0i-1) Ei 1 APE; + (B + 1)Ej_q (A*AA™ — APAA*) E; = 0" (0; — ;1) Ei1 A*E;.

Using A* = R* 4 L* along with (1), (4) and E;E; = 0;;E; (1 <i< D), we find
(0; — 0;—1) (R*L** + L*R*L* + L**R*) E; + (8 + 1) ((0—2 — 0;—1) R*L** + (; — 0;_1) L*R*L*
+(0; — 0i11) L™ R*) E; = 0" (6; — ;1) L*Ex.

Equation (7) is obtained once we factor out the above equation with respect to R*L*?,
L*R*L*, L**R*, L* and divide the result by 6; — ;_1(# 0). In the end, observe that (7)
still holds at the extremes (i = 1, D) as L**E;V = 0 and R*EpV = 0 from Lemma 3. [

We call Equation (7) the R*/L* dependency structure which corresponds to the given
(dual bipartite) @Q-polynomial structure of I.
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6 Dual uniform structures

In this section, with reference to Notation 11, we introduce the notion of a dual uniform
structure for I', which somehow dualizes that of a wuniform structure for bipartite Q-
polynomial distance-regular graphs; see [12], [10], [8], and [7] for further details. We first
need to define what a parameter matrix is.

Definition 13. A parameter matriz U = (e};)1<ij<p is a tridiagonal matrix with entries
in C satisfying the following conditions:

(i) e; =1for 1 <i< D;

(i) ef, 1 #0for2<i< Doref ,,#0for2<i<D;

19—1

(iii) the principal submatrix U(p,t) = (€};)p<i, j<¢ s nonsingular for 1 <p <t < D.
For convenience we write e]~ := e}, , for 2 < i < D and e/ := € for 1 <i <D~ 1.
We also set €]~ := 0 and e} := 0.

Definition 14. A dual uniform structure of I" is a pair (U, f), where U is a parameter
matrix and f = {f7}2, is a vector in CP, such that

G;k_R*L*Q + L*R*L* + €:+L*2R* — fz*L* (8)

is satisfied on E;V (1 < ¢ < D), where E; are the idempotents of I'. In addition, a dual
strongly uniform structure of I' is a dual uniform structure (U, f) for which €]~ # 0 for
2<i<Dandeft #0for 1 <i< D —1.

Consider our @)-polynomial structure from Notation 11. Our next goal is to determine
in which cases the corresponding R*/L* dependency structure is dual uniform or dual
strongly uniform. According to Lemma 8, there are five distinct graphs to deal with.
We start from the case where I is different from H(D,?2), $H(2D,2), J(D,2D), and the
Gosset graph. Recall that in this case 3 = ¢+ ¢~ # 42 (see Remark 10).

7 Case B3=q+q!

In this section, assume that the graph I' from Notation 11 is different from H(D,2),
1H(2D,2), J(D,2D), and the Gosset graph. We determine when the corresponding
R*/L* dependency structure is dual uniform or dual strongly uniform.

Lemma 15. With reference to Notation 11, assume that I' satisfies the conditions of
Lemma 8. Then the corresponding R*/L* dependency structure is given by
2(1 _ ;23 1— D-1(1 _ 35)2

27j+35
(g +1)(1 —g*s) q(q+1)(1 — ¢*s) (11— gP2s)? ©)

on E;V for 1 <i< D. Here, the parameters q, s are as in Lemma 8.
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Proof. According to the notation of [1, Theorem 5.1], T" is of type (I) with ro = —ry,73 =
g 1P s =12 and s* = —¢ 7P, In this case, we find the equations in Lemma 8 as well

as
0; = 0o+ hg (1 —¢")(1 — s¢"™) (0<i< D).

Then, combining this with Lemma 1, we can easily compute the corresponding R*/L*
dependency structure from Equation (7), i.e.,

Calg+1)(1 - g* )

1 —¢%s
@+ DA =¢"s) pp. P+ 120 — %)
(1 - ¢*s) (1—qP+2s)? ’

which holds on E;V for 1 < ¢ < D. The result is obtained once we divide the previous
equation by B+ 2= (¢+ ¢ ' +2) #0. O

Proposition 16. With reference to Notation 11, asssume that T is not H(D,2), $H (2D, 2),
J(D,2D), or the Gosset graph. The corresponding R*/L* dependency structure is dual

uniform if and only if U is not the ordinary 2D-gon. Furthermore, it is dual strongly

uniform if and only if T is bipartite or s ¢ {q~*, ¢ 2P~1}.

Proof. We need to check whether the coefficients

2 21—3 21+3
o (1 —q"°s) . o 1— ¢**3s .
T = — - 2<1<D T = — y 1<i1<D—-1
Z QrDi—gs CSiSD e (DI —gis ISP )

of Equation (9) satisfy the conditions (ii), (iii) from Definition 13. Here, we set f :=
‘w—;ngf(l < i < D). By Lemma 8, ¢~ # 0 for 3 < i < D, and ¢/ # 0 for
1<i<D—2 For1<p<t<D,let Uy; = (€])p<ij<t denote the principal submatrix
of U as in Definition 13. It is easy to see that if p = ¢ then det(U,,;) = 1. Similarly, if

t=p+1, then

Q)

2 2p+1 .\2
_ okt k— (q +q+1)<1_qp 8)
Aetha) =126 = (T2 — ) (- 0 s)'

If t > p+ 2, expanding det(U, ) by the first row and then by the first column, we obtain
that

det(Up) = det(Upgre) — € enyy det(Upyay).

A simple induction argument shows that

(P = 1)(1 = ¢"*'s) (1—g* % *s)?

s
Il
=)

det(U,,) = (10)

DO
—~

T
=
=

(q=D(g+ 1) T (1 —q¢*"s)

-
I
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It follows from Lemma 8 that all factors in the numerator (and denominator) of (10) are
nonzero, implying that U,, is nonsingular. Here, we have to distinguish some different
cases. If s = ¢! and ¢*” = 1, then e}~ = e}, = 0, and the corresponding R*/L*
dependency structure is not dual uniform. This is exactly the case when I' is the ordinary
2D-gon from Theorem 7(i).

If s € {¢7!, ¢ 2P~ 1}, with ¢ # 1, the conditions (ii), (iii) from Definition 13 are
both attained; so I has a dual uniform R*/L* dependency structure, which is not dual
strongly uniform since 5~ = 0 or e};" ; = 0. In this case, I" cannot be bipartite (otherwise,
s =—q P71 [6, Lemma 3.1]), and it is of type (iii) or (iv) from Theorem 7, depending on
whether D = 3 or D = 4, respectively.

If s ¢ {¢g7',q*’~'}, the conditions (ii), (iii) from Definition 13 are satisfied with
ei”#0(2<i< D), et #£0(1<i<D-—1),and hence I has a dual strongly uniform
R*/L* dependency structure. O

8 Case 8 =2

In this section, we assume that our graph I" from Notation 11 has classical parameters (see
[3, Sections 6.1, 8.4, 8.5, Chapter 9] for a detailed description). For such a graph, there is
a dual bipartite @-polynomial structure with dual eigenvalues 67 = D —i (0 < i < D) [3,
Corollary 8.4.2]%; and so, as computed in the proof of Proposition 9, we have 8 = 2. Our
analysis will be then split into four subsections, one for each of the possible cases among
H(D,?2), %H(QD, 2), J(D,2D), and the Gosset graph; we will show that the corresponding
R*/L* dependency structure is always dual strongly uniform, except for the case of the
halved cube, whose R*/L* dependency structure is dual uniform but not dual strongly
uniform.

8.1 The cube H(D,?2)

With reference to [1, Theorem 5.1], let I' be the cube H(D,2) of type (IIC), where r = 2,
rm=—D—1,and s = s* = —2. Then

0, — 0y =07 — 0 =2 (0<i<D). (11)

Lemma 17. With reference to Notation 11, if " is the cube H(D,2) [1, Theorem 5.1(1I1C)],
then the corresponding R*/L* dependency structure is given by

1 1
on BV for1 <i<D.

Proof. Using (11) together with Lemma 1, we can easily compute the corresponding R*/L*
dependency structure from Equation (7), i.e.,

—OR*L*? + AL*R*L* — 2L*?R* = 4L*

2The Q-sequence 07 = 0} — s*i (0 < i < D) from [1, Theorem 5.1(IIC),(ITA)] is here normalized in such
a way that 0}, _; =1,07, =0.
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holds on E;V for 1 <7 < D. The result is obtained once we divide the previous equation
by 5 +2=4. O

Proposition 18. With reference to Notation 11, asssume that T' is the cube H(D,?2) [1,
Theorem 5.1(IIC)]. Then the corresponding R*/L* dependency structure is dual strongly
uniform.

Proof. We need to check whether the coefficients

e =—= (2<i1< D), et =—= (1

N

i<D-1)

of Equation (12) satisfy the conditions (ii), (iii) from Definition 13. Here, we set f} :=
1 (1<i< D). It is obvious that ]~ # 0 for 2<i < D,and ef" #0 for 1 <i< D — 1.
For 1 < p <t < D, let Uy = (€])p<ij<t denote the principal submatrix of U as in
Defintion 13. A simple linear recurrence argument shows that

t—p+2
det(Uy,) = T

implying that U,, is nonsingular. Since the conditions (ii),(iii) from Definition 13 are
satisfied with ef~ £ 0 (2<i< D), et #0 (1 <i< D —1), I supports a dual strongly
uniform R*/L* dependency structure. O

Remark 19. It is known the cube H(D,2) [1, Theorem 5.1(IIC),(III)] gives rise to a P-
and @Q-polynomial association scheme such that P = @, i.e., a self-dual scheme [1, p.
310]. Thus, the corresponding R/L and R*/L* dependency structures have the same
coefficients; also, the first is uniform if and only if the second is dual uniform. In [10] it
was shown that the cube H(D,2) of type (IIC) has a strongly uniform R/L dependency
structure. In light of the arguments above, this means that the corresponding R*/L*
dependency structure is dual strongly uniform, and so Proposition 18 is proved.

8.2 The halved cube ;H (2D, 2)

With reference to [1, Theorem 5.1], let I" be the halved cube %H (2D, 2), which is of type
(ITA) with ry = =D — 1, ro = =D — %, s=—-2D —1, and s* = —4. Then

0; = 0o+ hi(i —2D), 60F =60 —4i (0<i<D). (13)

Lemma 20. With reference to Notation 11, if I' is the halved cube %H(QD,Q), then the
corresponding R*/L* dependency structure is given by

D—142 D—i—-1

- - = T IMR*=4L* 14
2D — 2+ 1 2D —2i+1 (14)

on B,V for1 <i<D.
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Proof. Using (13) together with Lemma 1, we can easily compute the corresponding R*/L*
dependency structure from Equation (7), i.e.,

4D — 4i + 8 9 AD —4i—4

2D—2i+1R + 1 2D —2i+1 1 0
holds on E;V for 1 <7 < D. The result is obtained once we divide the previous equation
by f+2=4. m

Proposition 21. With reference to Notation 11, assume that I' is the halved cube
%H(QD,Q). Then the corresponding R*/L* dependency structure is dual uniform, but
not dual strongly uniform.

Proof. We need to check whether the coefficients

D—1i+42 D—i—1
- — T2 (9<i<D), o T T (1<i<D-1
‘i Dzl CSISPLd D21 1S )
of Equation (14) satisfy the conditions (ii), (iii) from Definition 13. Here, we set f} :=
4 (1 <4< D). Itis easy to see that ¢~ # 0 for 2 < i < D, and ef" # 0 for
1<i<D—-2 Forl<p<t<D,letU,, = (G;kj>p<i,j<t denote the principal submatrix
of U as in Defintion 13. Note that if p = ¢ then det(U,;) = 1. Similarly, if ¢ = p+ 1, then

3(D —p)?
2D —2p—1)(2D —2p + 1)’

det(Ups) =1 —esTer, =

If t > p+ 2, expanding det(U, ) by the first row and then by the first column, we obtain
that
det(Upi) = det(UerLt) 6 €p+1 det(Uerg,t).

A simple induction argument shows that

t—p—1
272D —t+ 1)(t—p+2) [[(D—t+i+1)
det(Upy) = P - (15)
I] @D —2t+i+1)
=0

Observe that all factors in the numerator (and denominator) of (15) are nonzero, imply-
ing that U,, is nonsingular. Since both the conditions (ii) and (iii) from Definition 13
are satisfied, I' supports a dual uniform R*/L* dependency structure, which is not dual
strongly uniform as e}, = 0. O

8.3 The Johnson graph J(D, 2D)

With reference to [1, Theorem 5.1], let I be the Johnson graph J(D,2D), which is of type
(IIA) with 7y = =D — 1,7, =—D+1, s = —2(D +1), and s* = —2(2D — 1). Then

2i(2D — 1)

6= b+ hi(i —2D — 1), 6 =6~ ——

(0<i< D). (16)
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Lemma 22. With reference to Notation 11, if I is the Johnson graph J(D,2D), then the
corresponding R*/L* dependency structure is given by

2D —2i+5 2D —2: -1
= " "Ry R = 7
it T iD—it 1) D?
on E;V for1 <1< D.

Proof. Using (16) together with Lemma 1, we can easily compute the corresponding R*/L*
dependency structure from Equation (7), i.e.,

2D —2i+5 2D —2i—1 4(2D —1)?
-~  RIMPHALR L - — ¥R =" " [*
D—i+1 * D—i+1 D2
holds on E;V for 1 <7 < D. The result is obtained once we divide the previous equation
by 5 +2=4. ]

Proposition 23. With reference to Notation 11, asssume that I" is the Johnson graph
J(D,2D). Then the corresponding R*/L* dependency structure is dual strongly uniform.

Proof. We need to check whether the coefficients

2D —2i+5 2D —21—1
e L O I P ) o ST T 1<i<D-1
i —i+n 2sish. o« iz IS )
of Equation (17) satisfy the conditions (ii), (iii) from Deﬁnition 13. Here, we set f/ :=
(QDDQI)Q (1 < i< D). Tt is easy to see that ef~ # 0 for 2 < i < D, and €/t # 0 for

1<i<D—1 For 1 <p<t<D,let Uy = (€)p<ijt denote the principal submatrix
of U as in Defintion 13. Note that if p = ¢ then det(U,;) = 1. Similarly, if ¢ = p+ 1, then

. 3(2D — 2p + 1)?
det(Ups) = 1= e;7e;7y = 16(D—p)(D—p+1)

If t > p+ 2, expanding det(U, ) by the first row and then by the first column, we obtain
that
det(Up) = det(Upgre) — € enyy det(Upyay).

A simple induction argument shows that

2(t—p)
@2D—t-p+2)(t—-p+2) [ @D-2t+i+2)
det(U,,) = =0 . (18)
23(t p-l—l)H —t4i+ )

Observe that all factors in the numerator (and denominator) of (18) are nonzero, implying
that U,, is nonsingular. Since both the conditions (ii) and (iii) from Definition 13 are
satisfied with e;~ #0 (2<i < D), " #0 (1 <i <D —1), ' supports a dual strongly
uniform R*/L* dependency structure. O
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8.4 The Gosset graph

With reference to [1, Theorem 5.1], let I' be the Gosset graph, which is of type (ITA) with

ro=—4,r, = —%, 5= —%, and s* = —1?4. Then

0; = (9 —44)(3 —1) — 4, 9;‘:7—52' (0 <i<3). (19)
Lemma 24. With reference to Notation 11, if I is the Gosset graph, then the correspond-
ing R*/L* dependency structure is given by
47— 19 4i — 7 49

- RI®4+LRL ———— LR'=_"L* 20
2(4i — 13) + 2(4i — 13) 9 (20)

on E;V for1 <i<D.

Proof. Using (19) together with Lemma 1, we can easily compute the corresponding R*/L*
dependency structure from Equation (7), i.e.,

81 — 38 81— 14 196
47 — 13 * 49 — 13 9

holds on E;V for 1 < ¢ < D. The result is obtained once we divide the previous equation
by 5 +2=4. O

Proposition 25. With reference to Notation 11, assume that I" is the Gosset graph. Then
the corresponding R*/L* dependency structure is dual strongly uniform.

Proof. We need to check whether the coefficients

4i— 19 47
= 77 (7=2.3 *+._ __ 0 (;1=1.2
© Sai—1g U=« sai—13 =LY

of Equation (20) satisfy the conditions (ii), (iii) from Definition 13. Here, we set f :=
T (1 <i<3). Itis clear that e # 0 for i = 2,3, and €7 # 0 for i = 1,2. For

1<p<t<3, let Uy, = (e;‘j)p@,jgt denote the principal submatrix of U as in Defintion
13. Note that det(U,,) = 1, and

49 27 7
det(ULg) = @, det(U273) = 2—0, det(U) = det(ULg) = 6, (21)
which are all nonzero. Since both the conditions (ii) and (iii) from Definition 13 are
satisfied with ef~ #£ 0 (1 = 2,3), e/t #£0 (i = 1,2), T supports a dual strongly uniform
R*/L* dependency structure. O
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9 Case 8= -2

As mentioned in the proof of Proposition 9, the cube H(D,2) admits a further (dual
bipartite) @-polynomial structure with respect to the original one, which yields the re-
strictions 11 = —D — 1, ry = —%, rg = —r9,and s = s* = D+ 1 [1, p. 305 — type (IIT)].
Then

0; =07 = (-1)(D—2i) (0<i<D), (22)
and hence Lemma 1 gives § = —2. We will show that in this case the corresponding

R*/L* dependency structure is not dual uniform.

Lemma 26. With reference to Notation 11, if I' is the cube H(D,2) [1, Theorem 5.1(I11)],
then the corresponding R*/L* dependency structure is given by

2 2
B *L*2 L*2 *— AL 2
D—Qi-f—lR +D—2i+1 k (23)

on E;V for1 <1< D.

Proof. Using (22) together with Lemma 1, we can easily compute the corresponding R*/L*
dependency structure from Equation (7), so obtaining (23). O

Proposition 27. With reference to Notation 11, assume that T is the cube H(D,2)
[1, Theorem 5.1(11I)]. Then the corresponding R*/L* dependency structure is not dual
uniform.

Proof. Equation (23) does not match the form of (8). O

Remark 28. In [10] it was shown that the cube H (D, 2) of type (III) has a R/L dependency
structure which is not uniform. In light of the same arguments as in Remark 19, this
means that the corresponding R*/L* dependency structure is not dual uniform, and so
Proposition 27 is proved.

10 The main result

In this section, we simply collect together all the results obtained in the previous sections,
thus providing our main theorem.

Theorem 29. Let I' be a distance-reqular graph with vertexr set X and diameter D > 3.
Assume T has a dual bipartite Q-polynomial structure. Fix x € X, and let L* = L*(x),
R* = R*(x) respectively denote the corresponding dual lowering matriz and dual raising
matriz as in (2). Then the corresponding R*/L* dependency structure is dual strongly
uniform with the following exceptions:

(i) T is the ordinary 2D-gon:
(ii) T is the cube H(D,2), D even, type [1, Theorem 5.1(111)];
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(iti) T is the halved cube $H(2D,2);
(iv) T is as in Lemma 8 with s € {q¢71,q¢7*P~1}, ¢*P # 1.

Precisely, in Cases (i) and (ii), the corresponding R*/L* dependency structure is not
dual uniform; in Cases (i) and (iv), this structure is dual uniform but not dual strongly
uniform.

Proof. Immediate from Propositions 16, 18, 21, 23, 25, and 27. O
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