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Abstract

By introducing some special bi-orthogonal polynomials, we derive the so-
called discrete hungry quotient-difference (dhQD) algorithm and a system re-
lated to the QD-type discrete hungry Lotka-Volterra (QD-type dhLV) system,
together with their Lax pairs. These two known equations can be regarded as
extensions of the QD algorithm. When this idea is applied to a higher ana-
logue of the discrete-time Toda (HADT) equation and the quotient-quotient-
difference (QQD) scheme proposed by Spicer, Nijhoff and van der Kamp, two
extended systems are constructed. We call these systems the hungry forms of
the higher analogue discrete-time Toda (hHADT) equation and the quotient-
quotient-difference (hQQD) scheme, respectively. In addition, the corresponding
Lax pairs are provided.

Keywords: Orthogonal polynomials, Discrete integrable systems, Lax pair

1 Introduction

Discrete integrable systems richly connect many areas of mathematical physics and
other fields, e.g., orthogonal polynomials, numerical algorithms, and combinatorics.
This paper is devoted to the research between discrete integrable systems and orthog-
onal polynomials.

Emails: changxk@lsec.cc.ac.cn,chenxm@lsec.cc.ac.cn,hxb@lsec.cc.ac.cn,tam@comp.hkbu.edu.hk
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There has been growing interest in studying the relationship between discrete
integrable systems and orthogonal polynomials, as orthogonal polynomials provide a
powerful tool for studying discrete integrable systems [7, 21]. For example, in [17],
the quotient-difference (QD) algorithm [18]

el+1
k ql+1

k = elkq
l
k+1 ,

el+1
k + ql+1

k+1 = elk+1 + qlk+1

(1)

is nothing but the compatibility condition of the spectral problem related to the
discrete-time Toda equation [11]

τ l−1
k+1τ

l+1
k−1 = τ l−1

k τ l+1
k − (τ lk)

2.

(We remark that, throughout this paper, the discrete indices are integers except
otherwise specified.) The compatibility of a special type of symmetric orthogonal
polynomials yields the discrete-time Lotka-Volterra chain [22]. The (2+1)-dimensional
Toda lattice can be obtained by using formal bi-orthogonal polynomials [28]. More
examples can be found in references such as [14, 21, 23, 24, 28, 30]. The following
table, which is by no means exhaustive, summarizes the relationships stated in the
above references:

Table 1: Some examples relating orthogonal polynomials and discrete integrable sys-
tems

Orthogonal polynomials (OP) Discrete integrable systems (dIS) Ref.

standard OP discrete-time Toda equation [17, 21]

symmetric OP discrete-time Lotka-Volterra chain [22]

string OP (2+1)-dimensional Toda lattice [28]

a class of OP discrete-time hungry Lotka-Volterra chain [28]

R− I polynomials a generalized relativistic Toda chain [30]

R− II polynomials R− II chain [23]

FST polynomials FST chain [24]

Cauchy bi-orthogonal polynomials a special dIS [14]

quasi-orthogonal polynomials another special dIS [14]

a class of two-variable OP higher order analogue of discrete-time Toda [20]

Based on these observations, we plan to enrich the connections between orthog-
onal polynomials and discrete integrable systems.

In this paper, we first derive two known discrete integrable systems, namely,
the so-called discrete hungry quotient-difference (dhQD) algorithm [27] and a system
[9] related to the QD-type discrete hungry Lotka-Volterra (QD-type dhLV) system,
by introducing a novel bi-orthogonal condition. The corresponding bi-orthogonal
polynomials satisfy a linear recurrence relation. To the best of our knowledge, this is
the first time that connections are derived between these two systems and orthogonal
polynomials. The details will be presented in Section 2.
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Additionally, in a recent paper [20], Spicer et al. have proposed a higher analogue
of the discrete-time Toda (HADT) equation

σl−2
k+1(σ

l+1
k−1σ

l+2
k σl−1

k − σl+1
k−1σ

l
kσ

l+1
k + σl+2

k−2σ
l+1
k σl−1

k+1)
= σl+2

k−1(σ
l−1
k σl+1

k−1σ
l−2
k+2 − σl−1

k σl
kσ

l−1
k+1 + σl+1

k σl−1
k+1σ

l−2
k )

(2)

and a so-called quotient-quotient-difference (QQD) scheme

ul+3
k wl+1

k = ul+1
k+1w

l+1
k+1 ,

ul+3
k vl+1

k = ul
k+1v

l
k+1 ,

ul+3
k + vl+1

k+1 + wl
k+1 = ul

k+2 + vlk+1 + wl+1
k+1

(3)

by considering two-variable orthogonal polynomials restricted to an elliptic curve.
Our second objective is to give generalizations to these two systems, calling them
the hungry forms of the HADT (hHADT) equation and the QQD (hQQD) scheme,
respectively, by constructing orthogonal conditions. This part will be described in
Section 3.

In the literature, the recurrence relations of many algorithms in numerical analy-
sis can be regarded as integrable systems. For example, one step of the QR algorithm
is equivalent to the time evolution of the finite nonperiodic Toda lattice [26]. Wynn’s
celebrated ε-algorithm [31] is nothing but the fully discrete potential KdV equation
[15, 16]. On the other hand, some discrete integrable systems have been used to de-
sign numerical algorithms. For instance, the discrete Lotka-Volterra equation can be
used as an efficient algorithm to compute singular values [12, 13, 29]. Several con-
vergence acceleration algorithms have been derived by virtue of discrete integrable
systems [5, 10, 25]. Additionally, since the dhQD algorithm can be used to compute
eigenvalues of a totally nonnegative banded matrix [8], we hope also that the hQQD
scheme has future applications in numerical algorithms.

2 The dhQD algorithm and the system related to

QD-type dhLV via an orthogonal condition

In this section, we derive the dhQD algorithm [27] and a system [9] related to the
QD-type dhLV equation using some special bi-orthogonal polynomials. Both of these
two processes can be reduced to the ordinary orthogonal polynomials case, which
yields the discrete-time Toda equation.

For a fixed positive integer m, let P l
n(m, x), Ql

n(m, x), n = 0, 1, 2, ..., l = 0, 1, 2, ...
be two classes of adjacent monic polynomials satisfying the bi-orthogonal condition

< P l
k(m, x), Ql

n(m, x) >l
m= hl

k(m)δkn,

where < ·, · >l
m is a bilinear form defined by < f(x), g(x) >l

m=
∫

Γ
f(xm)g(x)w(x)xldx.

In general, both the weight function w(x) and the contour of integration Γ are com-
plex. In the sequel, we omit the index m for abbreviation.

3



If we define the moments ci =
∫

Γ
w(x)xidx, it is easy to check that P l

n(x) and
Ql

n(x) may be expressed as

P l
n(x) =

1

τ ln

∣

∣

∣

∣

∣

∣

∣

∣

∣

cl cl+1 · · · cl+n−1 1
cl+m cl+m+1 · · · cl+m+n−1 x

...
...

. . .
...

...
cl+mn cl+mn+1 · · · cl+mn+n−1 xn

∣

∣

∣

∣

∣

∣

∣

∣

∣

and

Ql
n(x) =

1

τ ln

∣

∣

∣

∣

∣

∣

∣

∣

∣

∣

∣

cl cl+1 · · · cl+n

cl+m cl+m+1 · · · cl+m+n

...
...

. . .
...

cl+m(n−1) cl+m(n−1)+1 · · · cl+m(n−1)+n

1 x · · · xn

∣

∣

∣

∣

∣

∣

∣

∣

∣

∣

∣

,

where τ ln denotes det(cl+mi+j)
n−1
i,j=0 and we use the convention that τ l0 = P l

0 = Ql
0 = 1

and P l
−1 = Ql

−1=0. We remark that P l
n and Ql

n both satisfy m + 2 term recurrence
relations. In fact, when one expands xP l

n and xmQl
n−m+1 as

xP l
n = P l

n+1 + aln,nP
l
n + aln,n−1P

l
n−1 + · · ·+ aln,0,

xmQl
n−m+1 = Ql

n+1 + bln,nQ
l
n + bln,n−1Q

l
n−1 + · · ·+ bln,0,

one obtains
aln,i = bln,i = 0, i = 0, 1, · · · , n−m− 1

by orthogonality. Thus m+ 2 term recurrence relations are satisfied.

Note also that the P l
n and Ql

n studied in this section are both particular cases
of adjacent families of formal bi-orthogonal polynomials [3, 4] (or string orthogonal
polynomials [1, 28]). In addition, m is fixed for all values of n in our P l

n and Ql
n,

whereas m varies with n for general bi-orthogonal polynomials.

Now consider relations among P l
n. Employing the two-row/column Sylvester

identity (or Jacobi identity [2, 6, 20]) to the determinants

D1 =

∣

∣

∣

∣

∣

∣

∣

∣

∣

1 cl cl+1 · · · cl+n−1

x cl+m cl+m+1 · · · cl+m+n−1
...

...
. . .

...
...

xn cl+mn cl+mn+1 · · · cl+mn+n−1

∣

∣

∣

∣

∣

∣

∣

∣

∣

and

D2 =

∣

∣

∣

∣

∣

∣

∣

∣

∣

∣

∣

0 0 · · · 1 0
cl cl+1 · · · cl+n−1 1

cl+m cl+m+1 · · · cl+m+n−1 x
...

...
. . .

...
...

cl+m(n−1) cl+m(n−1)+1 · · · cl+m(n−1)+n−1 xn−1

∣

∣

∣

∣

∣

∣

∣

∣

∣

∣

∣

,
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we have

DiDi

(

1 n + 1
1 n + 1

)

= Di

(

1
1

)

Di

(

n+ 1
n+ 1

)

−Di

(

1
n + 1

)

Di

(

n + 1
1

)

, i = 1, 2,

where D

(

i1 i2 · · · ik
j1 j2 · · · jk

)

denotes the determinant of the matrix obtained from

a matrix D by removing the rows with indices i1, i2, · · · , ik and the columns with
indices j1, j2, · · · jk. These two relations are equivalent to

P l+m
n =

1

x
(P l

n+1 + vlnP
l
n) , (4)

P l
n+1 = P l+1

n+1 + wl
nP

l+1
n , (5)

with

vln =
τ l+m
n+1 τ

l
n

τ l+m
n τ ln+1

, wl
n =

τ ln+2τ
l+1
n

τ l+1
n+1τ

l
n+1

.

The compatibility of relations (4) and (5) leads to a system [9] related to the QD-type
dhLV equation:

wl+m
n vl+1

n = wl
nv

l
n+1 , (6)

wl+m
n−1 + vl+1

n = wl
n + vln . (7)

With the help of (4) and (5), we can also obtain a Lax pair for (6) and (7). Let

Ψl
n = (P l+m

n , P l+m−1
n , · · · , P l

n)
T ,

then
Ψl

n+1 = Ll
nΨ

l
n , Ψl+1

n = M l
nΨ

l
n , (8)

with

Ll
n =























λ− wl+m−1
n −wl+m−2

n −wl+m−3
n −wl+m−4

n · · · −wl+1
n −wl

n −vln
λ −wl+m−2

n −wl+m−3
n −wl+m−4

n · · · −wl+1
n −wl

n −vln
λ 0 −wl+m−3

n −wl+m−4
n · · · −wl+1

n −wl
n −vln

...
...

...
...

. . .
...

...
...

λ 0 0 0 · · · −wl+1
n −wl

n −vln
λ 0 0 0 · · · 0 −wl

n −vln
λ 0 0 0 · · · 0 0 −vln























(m+1)×(m+1)

and

M l
n =















1 0 0 · · · 0 1
λ
(vl+1

n − wl
n) −vln

λ

Im

0
0
...
0















(m+1)×(m+1)

,
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where Im denotes the unit matrix of order m. The compatibility of the two linear
systems in (8) may be written as

Ll+1
n M l

n −M l
n+1L

l
n = 0 ,

which leads to (6) and (7). Note that when m = 1, this Lax pair reduces to

Ll
n =

(

λ− wn,l −vn,l
λ −vn,l

)

, M l
n =

(

1 + 1
λ
(vn,l+1 − wn,l) − 1

λ
vn,l

1 0

)

,

which is in accordance with [17, 20].

Until now, we have indicated that the system (6) and (7) related to the QD-type
dhLV equation can be derived by using the compatibility of the relations among the
polynomials P l

n. We next use the polynomials Ql
n to construct the dhQD algorithm

w̃l+1
n ṽl+m

n = w̃l
nṽ

l
n+1 , (9)

w̃l+1
n−1 + ṽl+m

n = w̃l
n + ṽln. (10)

Similar to P l
n, the crucial relations are

Ql+1
n =

1

x
(Ql

n+1 + ṽlnQ
l
n) ,

Ql
n = Ql+m

n + w̃l
n−1Q

l+m
n−1 ,

with

ṽln =
τ l+1
n+1τ

l
n

τ l+1
n τ ln+1

, w̃l
n =

τ ln+2τ
l+m
n

τ l+m
n+1 τ

l
n+1

,

which are obtained by using the two-row/column Sylvester identity. In addition, we
can also get a Lax pair for the dhQD algorithm (9) and (10). Let

Ψl
n = (Ql+m

n , Ql+m−1
n , · · · , Ql

n)
T ,

then
Ψl

n+1 = Ll
nΨ

l
n , Ψl+1

n = M l
nΨ

l
n ,

with

Ll
n =























−w̃l
n 0 0 · · · 0 λ −ṽln

λ −ṽl+m−1
n 0 · · · 0 0 0

... λ −ṽl+m−2
n · · · 0 0 0

...
...

...
. . .

...
...

...
0 0 0 · · · −ṽl+2

n 0 0
0 0 0 · · · λ −ṽl+1

n 0
0 0 0 · · · 0 λ −ṽln























(m+1)×(m+1)
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and

M l
n =

















−
w̃l+1

n−1

λ
(1−

ṽl+m

n−1

w̃l

n−1

) 0 0 · · · 0 1 −
w̃

l+1

n−1
ṽ
l+m

n−1

λw̃l

n−1

Im

0
0
...
0

















(m+1)×(m+1)

.

The compatibility condition Ll+1
n M l

n −M l
n+1L

l
n = 0 is equivalent to the dhQD algo-

rithm (9) and (10). Note also that this Lax pair reduces to the QD algorithm [17, 20]
when m = 1.

3 The hHADT equation and the hQQD scheme from

an orthogonal condition

In [19, 20], Spicer et al. have considered two-variable orthogonal polynomials, where
the variables are restricted by the condition that they form the coordinates of an
elliptic curve. More precisely, Spicer et al. have employed the Weierstrass elliptic
curve

y2 = x3 − ax− b

and developed a sequence of elementary monomials

e0(x, y) = 1, e2k(x, y) = xk, e2k+1(x, y) = xk−1y, k = 1, 2, · · ·

associated with this curve as the basis of a space named V. By defining an inner
product <,> on the space V and assuming that

< xP,Q >=< P, xQ >

for any two elements P,Q ∈ V, a new class of two-variable adjacent orthogonal
polynomials has been introduced:

P l
k(x, y) =

∣

∣

∣

∣

∣

∣

∣

∣

∣

∣

∣

< el, e0 > < el, e2 > · · · < el, ek >
< el+1, e0 > < el+1, e2 > · · · < el+1, ek >

...
...

. . .
...

< el+k−2, e0 > < el+k−2, e2 > · · · < el+k−2, ek >
e0 e2 · · · ek

∣

∣

∣

∣

∣

∣

∣

∣

∣

∣

∣

/∆l
k−1, l = 2, 3, · · · ,

with

∆l
k =

∣

∣

∣

∣

∣

∣

∣

∣

∣

< el, e0 > < el, e2 > · · · < el, ek >
< el+1, e0 > < el+1, e2 > · · · < el+1, ek >

...
...

. . .
...

< el+k−1, e0 > < el+k−1, e2 > · · · < el+k−1, ek >

∣

∣

∣

∣

∣

∣

∣

∣

∣

, l = 2, 3, · · · .
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These monomials and polynomials satisfy the orthogonal condition

< el, P
l
k >=< el+1, P

l
k >= · · · =< el+k−2, P

l
k >= 0, l = 2, 3, · · ·

The HADT equation (2) and the QQD scheme (3) are produced by the compat-
ibility condition of several recurrence relations of P l

k and some auxiliary polynomials,
with the help of the three-row/column Sylvester identity [2, 6, 20]

DD

(

i1 i2 n
j1 j2 n

)

= D

(

i1 i2
j1 j2

)

D

(

n
n

)

−D

(

i1 n
j1 j2

)

D

(

i2
n

)

+D

(

i2 n
j1 j2

)

D

(

i1
n

)

,

where i1 < i2 and j1 < j2.

We next give generalizations to the HADT equation and the QQD scheme by ex-
tending the orthogonal polynomials above. The methodology is similar to the gener-
alization from the QD algorithm to the dhQD. We call the generalizations the hungry
forms of the HADT (hHADT) equation and the QQD (hQQD) scheme, respectively.

We begin with the adjacent elliptic orthogonal polynomials

P l
k(x, y) =

∣

∣

∣

∣

∣

∣

∣

∣

∣

∣

∣

< el, e0 > < el, e2 > · · · < el, ek >
< el+m, e0 > < el+m, e2 > · · · < el+m, ek >

...
...

. . .
...

< el+(k−2)m, e0 > < el+(k−2)m, e2 > · · · < el+(k−2)m, ek >
e0 e2 · · · ek

∣

∣

∣

∣

∣

∣

∣

∣

∣

∣

∣

/∆l
k−1 ,

with

∆l
k =

∣

∣

∣

∣

∣

∣

∣

∣

∣

< el, e0 > < el, e2 > · · · < el, ek >
< el+m, e0 > < el+m, e2 > · · · < el+m, ek >

...
...

. . .
...

< el+(k−1)m, e0 > < el+(k−1)m, e2 > · · · < el+(k−1)m, ek >

∣

∣

∣

∣

∣

∣

∣

∣

∣

for a fixed positive integer m and l = 2, 3, · · · . Note that we have omitted m from
P l
k(m, x, y) and ∆l

k(m) for simplicity. In addition, we introduce the polynomials

Ql
k(x, y) =

∣

∣

∣

∣

∣

∣

∣

∣

∣

∣

∣

< el, e0 > < el, e2 > · · · < el, ek >
< el+2m, e0 > < el+2m, e2 > · · · < el+2m, ek >

...
...

. . .
...

< el+(k−1)m, e0 > < el+(k−1)m, e2 > · · · < el+(k−1)m, ek >
e0 e2 · · · ek

∣

∣

∣

∣

∣

∣

∣

∣

∣

∣

∣

/Θl
k−1 ,

with

Θl
k =

∣

∣

∣

∣

∣

∣

∣

∣

∣

< el, e0 > < el, e2 > · · · < el, ek >
< el+2m, e0 > < el+2m, e2 > · · · < el+2m, ek >

...
...

. . .
...

< el+km, e0 > < el+km, e2 > · · · < el+km, ek >

∣

∣

∣

∣

∣

∣

∣

∣

∣
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for l = 2, 3, · · · .

It is easy to observe that

< el, P
l
k >=< el+m, P

l
k >= · · · =< el+(k−2)m, P

l
k >= 0, l = 2, 3, · · · .

Obviously, this orthogonal condition reduces to the one in [19] when m = 1.

Now we follow the same route in [20] to deduce the new systems. Firstly, we list
out the main relations in deriving the desired equations. Their proofs can be obtained
by comparing with the corresponding formulae in [20]. (The formula numbers in [20]
are given in the left parentheses.) We sketch the proofs in the appendix.

(3.9) → P l
k = xP l+m+2

k−2 − V l
k−2P

l
k−1 +W l

k−2P
l+m
k−1 , (11)

with V l
k =

∆l
k∆

l+m+2
k

∆l
k+1∆

l+m+2
k−1

, W l
k =

∆l+m
k ∆l+2

k

∆l
k+1∆

l+m+2
k−1

,

(3.12) → P l
k = P l+m

k + U l
k−1P

l+m
k−1 , with U l

k =
∆l

k+1∆
l+m
k−1

∆l
k∆

l+m
k

, (12)

(3.14) → P l
k = xQl+2

k−2 −
∆l

k−2Θ
l+2
k−2

∆l
k−1Θ

l+2
k−3

P l
k−1 +

∆l+2
k−2Θ

l
k−2

∆l
k−1Θ

l+2
k−3

Ql
k−1, (13)

(3.15) → Ql
k = P l+m

k +
∆l

k∆
l+2m
k−2

∆l+m
k−1Θ

l
k−1

P l+2m
k−1 , (14)

(3.16) → Ql
k = P l

k −
∆l

kΘ
l
k−2

∆l
k−1Θ

l
k−1

Ql
k−1, (15)

(3.17a) → ∆l
k∆

l+2m+2
k−3 = ∆l

k−1∆
l+2m+2
k−2 −Θl

k−1∆
l+m+2
k−2 +∆l+m

k−1Θ
l+2
k−2, (16)

(3.17b) → ∆l
k∆

l+2m
k−1 = Θl

k∆
l+m
k−1 −∆l+m

k Θl
k−1. (17)

3.1 The hHADT equation

We move on to derive the hHADT equation by eliminating Θl
k from (16) and (17).

These equations can be rearranged as

∆l
k∆

l+2m+2
k−3

∆l+m+2
k−2 ∆l+m

k−1

−
∆l

k−1∆
l+2m+2
k−2

∆l+m+2
k−2 ∆l+m

k−1

=
Θl+2

k−2

∆l+m+2
k−2

−
Θl

k−1

∆l+m
k−1

,

∆l
k∆

l+2m
k−1

∆l+m
k−1∆

l+m
k

=
Θl

k

∆l+m
k

−
Θl

k−1

∆l+m
k−1

,

which can be simplified to

X l
k = Γl

k − Γl
k−1,

Y l
k = Γl+2

k−2 − Γl
k−1,

9



where

X l
k =

∆l
k∆

l+2m
k−1

∆l+m
k−1∆

l+m
k

,

Y l
k =

∆l
k∆

l+2m+2
k−3

∆l+m+2
k−2 ∆l+m

k−1

−
∆l

k−1∆
l+2m+2
k−2

∆l+m+2
k−2 ∆l+m

k−1

,

Γl
k =

Θl
k

∆l+m
k

.

Then we obtain

Y l
k+2 +X l

k+1 = Γl+2
k − Γl

k,

X l+2
k + Y l

k+1 = Γl+2
k − Γl

k.

Thus
Y l
k+2 +X l

k+1 = X l+2
k + Y l

k+1

is satisfied and can be equivalently expressed as

∆l
k+1(∆

l+m+2
k−1 ∆l+2m+2

k ∆l+m
k −∆l+m+2

k−1 ∆l+m+2
k ∆l+2m

k +∆l+2m+2
k−2 ∆l+m+2

k ∆l+m
k+1 )

= ∆l+2m+2
k−1 (∆l+m

k ∆l+m+2
k−1 ∆l

k+2 −∆l+m
k ∆l+2

k ∆l+m
k+1 +∆l+m+2

k ∆l+m
k+1∆

l
k).

(18)

We call this equation the hungry form of the HADT (hHADT) equation. Obviously,
it reduces to the HADT equation when m = 1.

3.2 A Lax pair for the system (16) and (17)

Since the hHADT equation is obtained by eliminating Θl
k from (16) and (17), we may

regard (16) and (17) as a coupled system by introducing an auxiliary variables Θl
k in

the hHADT equation. Now we present a Lax pair for this coupled system.

We let

Ψl
n = (Ql+2m+2

n , · · · , Ql+m+1
n , P l+2m+2

n+1 , · · · , P l+m+1
n+1 , Ql+m+2

n+1 , · · · , Ql+1
n+1, P

l+m+2
n+2 , · · · , P l+1

n+2, )
T .

Then
Ψl

n+1 = Ll
nΨ

l
n, Ψl+1

n = M l
nΨ

l
n,

where Ll
n and M l

n are respectively block matrices

Ll
n =









A11 Im+2 0 0
0 A22 0 Im+2

0 0 A33 Im+2

0 0 A43 A44









+ λ









0 0 0 0
0 0 0 0
0 0 0 0

B41 B42 B43 0









, (19)
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and

M l
n =









C11 C12 C13 0
0 C22 C23 0
C31 C32 C33 0
0 C42 0 C44









+
1

λ









D11 D12 0 0
0 0 0 0
0 0 0 0
0 0 0 0









. (20)

The explicit formulae will be presented in Appendix B because they are slightly
cumbersome.

These relations can be verified by applying (12)-(15). Then the compatibility
condition Ll+1

n M l
n −M l

n+1L
l
n = 0 yields the system (16) and (17). Thus the matrices

L and M provide a Lax pair for the system (16) and (17). We remark that, when
m = 1, this Lax pair is different from that in [20]. In addition, we have given a unified
formula for all values of m.

3.3 A Lax pair for the hQQD scheme and the hHADT equa-

tion

We now give a Lax pair that leads to the hQQD scheme directly and to the hHADT
equation as well. Here we denote U l

k, V
l
k ,W

l
k by ul

k, v
l
k, w

l
k, respectively.

Let

Ψl
n = (P l+3m+2

n , · · · , P l+2m+1
n , P l+2m+2

n+1 , · · · , P l+m+1
n+1 , P l+m+2

n+2 , · · · , P l+1
n+2)

T ,

then
Ψl

n+1 = Ll
nΨ

l
n, Ψl+1

n = M l
nΨ

l
n,

where Ll
n and M l

n are respectively block matrices

Ll
n =





A11 Im+2 0
0 A22 Im+2

0 A32 A33



 + λ





0 0 0
0 0 0

B31 B32 0



 , (21)

and

M l
n =





C11 0 0
C21 C22 0
0 C32 C33



 +
1

λ





D11 D12 0
0 0 0
0 0 0



 . (22)

The explicit expressions are given in Appendix B.

From the compatibility condition Ll+1
n M l

n − M l
n+1L

l
n = 0, we get the hQQD

scheme
ul+3
k wl+1

k = ul+1
k+1w

l+1
k+1,

ul+2+m
k vl+m

k = ul
k+1v

l
k+1,

ul+2+m
k + vl+m

k+1 + wl
k+1 = ul

k+2 + vlk+1 + wl+m
k+1 .

(23)
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Thus L and M can be regarded as the Lax pair of the hQQD scheme. It is obvious
that this scheme reduces to the QQD scheme when m = 1. When one expresses u, v, w
in terms of ∆, the third equation of (23) yields the hHADT equation. Therefore L
and M also provide a Lax pair for the hHADT equation. Note also that this Lax
pair, in the case m = 1, is different from that in [20].
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A Determinant relations

We sketch the derivations of (11)-(17) in this appendix.

In fact, (11), (13) and (16) are consequences of applying the three-row/column
Sylvester identity to (3.9), (B.9) and (3.17a), respectively, in [20]. We are left with
proving the other four relations.

We introduce the intermediate determinants

T l
k(x, y) =

∣

∣

∣

∣

∣

∣

∣

∣

∣

∣

∣

< el, e2 > < el, e3 > · · · < el, ek+1 >
< el+m, e2 > < el+m, e3 > · · · < el+m, ek+1 >

...
...

. . .
...

< el+(k−2)m, e2 > < el+(k−2)m, e3 > · · · < el+(k−2)m, ek+1 >
e2 e3 · · · ek+1

∣

∣

∣

∣

∣

∣

∣

∣

∣

∣

∣

/Πl
k−1 ,

(24)
with

Πl
k =

∣

∣

∣

∣

∣

∣

∣

∣

∣

< el, e2 > < el, e3 > · · · < el, ek+1 >
< el+m, e2 > < el+m, e3 > · · · < el+m, ek+1 >

...
...

. . .
...

< el+(k−1)m, e2 > < el+(k−1)m, e3 > · · · < el+(k−1)m, ek+1 >

∣

∣

∣

∣

∣

∣

∣

∣

∣

(25)

for l = 2, 3, · · · .
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Using the two-row/column Sylvester identity as in Appendix B of [20], we have

(B.3a) → P l
k = T l+m

k−1 −
∆l+m

k−2Π
l
k−1

∆l
k−1Π

l+m
k−2

P l+m
k−1 , (26)

(B.3b) → P l
k = T l

k−1 −
∆l

k−2Π
l
k−1

∆l
k−1Π

l
k−2

P l
k−1, (27)

(B.8) → ∆l
kΠ

l+m
k−2 = ∆l

k−1Π
l+m
k−1 −∆l+m

k−1Π
l
k−1. (28)

These three formulae lead to the derivation of (12).

If we define Σl
k by

Σl
k =

∣

∣

∣

∣

∣

∣

∣

∣

∣

< el, e2 > < el, e3 > · · · < el, ek+1 >
< el+2m, e2 > < el+2m, e3 > · · · < el+2m, ek+1 >

...
...

. . .
...

< el+km, e2 > < el+km, e3 > · · · < el+km, ek+1 >

∣

∣

∣

∣

∣

∣

∣

∣

∣

, l = 2, 3, · · · , (29)

then

(B.5a) → ∆l
kΠ

l+2m
k−2 = Πl+m

k−1Θ
l
k−1 − Σl

k−1∆
l+m
k−1 , (30)

(B.5b) → Θl
kΠ

l+2m
k−2 = Πl+2m

k−1 Θl
k−1 − Σl

k−1∆
l+2m
k−1 . (31)

Eliminating Σ from the two equations above, we get

(B.7) → ∆l+m
k−1 (Π

l+2m
k−1 Θl

k−1 −Θl
kΠ

l+2m
k−2 ) = ∆l+2m

k−1 (Πl+m
k−1Θ

l
k−1 −∆l

kΠ
l+2m
k−2 ). (32)

With the help of (28), we obtain

∆l+m
k−1 (Π

l+2m
k−1 Θl

k−1 −Θl
k∆

l+2m
k−2 ) = Θl

k−1(∆
l+m
k−1Π

l+2m
k−1 −∆l+m

k Πl+2m
k−2 )−∆l+2m

k−1 ∆l
kΠ

l+2m
k−2 ,

from which (17) is derived after cancelling some terms.

In addition, by employing the two-row/column Sylvester identity, we can also
arrive at some intermediate relations for P l

k and Ql
k:

(B.10) → Ql
k = T l+2m

k−1 −
∆l+2m

k−2 Σl
k−1

Πl+2m
k−2 Θl

k−1

P l+2m
k−1 , (33)

(B.13a) → Ql
k = Sl

k−1 −
Σl

k−1Θ
l
k−2

Σl
k−2Θ

l
k−1

Ql
k−1, (34)

(B.13b) → P l
k = Sl

k−1 −
Πl

k−1Θ
l
k−2

Σl
k−2∆

l
k−1

Ql
k−1, (35)

(B.14) → ∆l
kΣ

l
k−2 = ∆l

k−1Σ
l
k−1 − Πl

k−1Θ
l
k−1, (36)
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where

Σl
k =

∣

∣

∣

∣

∣

∣

∣

∣

∣

∣

∣

< el, e2 > < el, e3 > · · · < el, ek+1 >
< el+2m, e2 > < el+2m, e3 > · · · < el+2m, ek+1 >

...
...

. . .
...

< el+(k−1)m, e2 > < el+(k−1)m, e3 > · · · < el+(k−1)m, ek+1 >
e2 e3 · · · ek+1

∣

∣

∣

∣

∣

∣

∣

∣

∣

∣

∣

, l = 2, 3, · · · .

From (26), (30) and (33) one can deduce (14). Lastly, equation (15) can be
proved by using (34)-(36).

B Explicit expressions of Lax pairs in Section 3

B.1. The explicit expressions of the Lax pair (19) and (20) are given by

A11 = diag{−
∆l+2m+2

n+1
Θl+2m+2

n−1

∆l+2m+2
n Θl+2m+2

n

,−
∆l+2m+1

n+1
Θl+2m+1

n−1

∆l+2m+1
n Θl+2m+1

n

, · · · ,−
∆l+m+1

n+1
Θl+m+1

n−1

∆l+m+1
n Θl+m+1

n

},

A22 = diag{−
∆l+m+2

n+2
∆l+2m+2

n

∆l+m+2

n+1
∆l+2m+2

n+1

,−
∆l+m+1

n+2
∆l+2m+1

n

∆l+m+1

n+1
∆l+2m+1

n+1

, · · · ,−
∆l+1

n+2
∆l+m+1

n

∆l+1

n+1
∆l+m+1

n+1

},

A33 = diag{−
∆l+m+2

n+2
Θl+m+2

n

∆l+m+2

n+1
Θl+m+2

n+1

,−
∆l+m+1

n+2
Θl+m+1

n

∆l+m+1

n+1
Θl+m+1

n+1

, · · · ,−
∆l+1

n+2
Θl+1

n

∆l+1

n+1
Θl+1

n+1

},

A43 = diag{−
∆l+m+4

n+1
Θl+m+2

n

∆l+m+2

n+1
Θl+m+4

n

,−
∆l+m+3

n+1
Θl+m+1

n

∆l+m+1

n+1
Θl+m+3

n

, · · · ,−
∆l+3

n+1
Θl+1

n

∆l+1

n+1
Θl+3

n

},

A44 = diag{
∆l+m+4

n+1
Θl+m+2

n+1
−∆l+m+2

n+1
Θl+m+4

n+1

∆l+m+2

n+2
Θl+m+4

n

,
∆l+m+3

n+1
Θl+m+1

n+1
−∆l+m+1

n+1
Θl+m+3

n+1

∆l+m+1

n+2
Θl+m+3

n

, · · · ,
∆l+3

n+1
Θl+1

n+1
−∆l+1

n+1
Θl+3

n+1

∆l+1

n+2
Θl+3

n

},

B41 =



















0 · · · 0 −
∆l+m+4

n+1
Θl+m+4

n−1

∆l+m+4
n Θl+m+4

n

0 0 0

0 · · · 0 0 −
∆l+m+3

n+1
Θl+m+3

n−1

∆l+m+3
n Θl+m+3

n

0 0

0 · · · 0 0 0 0 0
...

. . .
...

...
...

...
...

0 · · · 0 0 0 0 0



















(m+2)×(m+2)

,

B42 =















0 · · · 0 1 0 0 0
0 · · · 0 0 1 0 0
0 · · · 0 0 0 0 0
...

. . .
...

...
...

...
...

0 · · · 0 0 0 0 0















(m+2)×(m+2)

, B43 =















0 · · · 0
0 · · · 0

0 0
0 0

Im

0 0
...

...
0 0















(m+2)×(m+2)

,

C11 = C33 =











0 · · · 0 0

Im+1

0
...
0











(m+2)×(m+2)

,

14



C12 =













0 · · · 0 ∆l+m+3
n ∆l+2m+3

n

∆l+m+3

n+1
∆l+2m+3

n−1

(

1−
∆l+m+3

n Θl+3

n+1

∆l+3

n+1
∆l+2m+3

n

)

0 0

0 · · · 0 0 0 0
...

. . .
...

...
...

...
0 · · · 0 0 0 0













(m+2)×(m+2)

,

C13 =













0 · · · 0 ∆l+m+3
n Θl+3

n

∆l+3

n+1
∆l+2m+3

n−1

0 0

0 · · · 0 0 0 0
...

. . .
...

...
...

...
0 · · · 0 0 0 0













(m+2)×(m+2)

,

C22 =













0 · · · 0
∆l+m+3

n Θl+3
n+1

∆l+3

n+1
∆l+2m+3

n

0 0

Im+1

0
...
0













(m+2)×(m+2)

,

C23 =













0 · · · 0 −
∆l+m+3

n+1
Θl+3

n

∆l+3

n+1
∆l+2m+3

n

0 0

0 · · · 0 0 0 0
...

. . .
...

...
...

...
0 · · · 0 0 0 0













(m+2)×(m+2)

,

C31 =













0 · · · 0 −
∆l+m+3

n+1
Θl+m+3

n−1

∆l+m+3
n Θl+m+3

n

0 0

0 · · · 0 0 0 0
...

. . .
...

...
...

...
0 · · · 0 0 0 0













(m+2)×(m+2)

,

C32 =











0 · · · 0 1 0 0
0 · · · 0 0 0 0
...

. . .
...

...
...

...
0 · · · 0 0 0 0











(m+2)×(m+2)

,

C42 =













0 · · · 0 −
∆l+3

n+2
∆l+m+3

n

∆l+3

n+1
∆l+m+3

n+1

0 0

0 · · · 0 0 0 0
...

. . .
...

...
...

...
0 · · · 0 0 0 0













(m+2)×(m+2)

,

C44 =











0 · · · 0 1 0 0

Im+1

0
...
0











(m+2)×(m+2)

,
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D11 =













0
∆l+2m+3

n Θl+2m+1

n−1

∆l+2m+1
n Θl+2m+3

n−1

0 · · · 0

0 0 0 · · · 0
...

...
...

. . .
...

0 0 0 · · · 0













(m+2)×(m+2)

,

D12 =













0 −
∆l+2m+3

n Θl+2m+3

n−2

∆l+2m+3

n−1
Θl+2m+3

n−1

+ ∆l+2m+3
n ∆l+m+1

n

∆l+2m+3

n−1
∆l+m+1

n+1

0 · · · 0 −∆l+2m+3
n ∆l+m+1

n

∆l+2m+3

n−1
∆l+m+1

n+1

0 0 0 · · · 0 0
...

...
...

. . .
...

...
0 0 0 · · · 0 0













(m+2)×(m+2)

.

B.2. The explicit expressions of the Lax pair (21) and (22) are given by

A11 = diag{−ul+2m+2
n ,−ul+2m+1

n , · · · ,−ul+m+1
n },

A22 = diag{−ul+m+2
n+1 ,−ul+m+1

n+1 , · · · ,−ul+1
n+1},

A32 = diag{−wl+m+2
n+1 ul+m+2

n+1 ,−wl+m+1
n+1 ul+m+1

n+1 , · · · ,−wl+1
n+1u

l+1
n+1},

A33 = diag{wl+m+2
n+1 − vl+m+2

n+1 , wl+m+1
n+1 − vl+m+1

n+1 , · · · , wl+1
n+1 − vl+1

n+1},

B31 =















0 · · · 0 −ul+m+4
n 0

0 · · · 0 0 −ul+m+3
n

0 0
0 0

Im

0 0
...

...
0 0















(m+2)×(m+2)

,

B32 =















0 · · · 0 1 0
0 · · · 0 0 1

0 0
0 0

Im

0 0
...

...
0 0















(m+2)×(m+2)

,

C11 = C22 = C33 =











0 · · · 0 1 0 0

Im+1

0
...
0











(m+2)×(m+2)

,

C21 =











0 · · · 0 −ul+m+3
n 0 0

0 · · · 0 0 0 0
...

. . .
...

...
...

...
0 · · · 0 0 0 0











(m+2)×(m+2)

,

C32 =











0 · · · 0 −ul+3
n+1 0 0

0 · · · 0 0 0 0
...

. . .
...

...
...

...
0 · · · 0 0 0 0











(m+2)×(m+2)

,
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D11 =











0 ul+2m+3
n−1 wl+2m+1

n−1 0 · · · 0 −ul+2m+3
n−1 vl+2m+1

n−1

0 0 0 · · · 0 0
...

...
...

. . .
...

...
0 0 0 · · · 0 0











(m+2)×(m+2)

,

D12 =











0 −ul+2m+3
n−1 0 · · · 0

0 0 0 · · · 0
...

...
...

. . .
...

0 0 0 · · · 0











(m+2)×(m+2)

.

References

References

[1] Adler M and Moerbeke P V 1997 String-orthogonal polynomials, string equa-
tions, and 2-Toda symmetries Commun. Pure Appl. Math. 50 241–290

[2] Aitken A C 1959 Determinants and Matrices (Edinburgh: Oliver and Boyd)

[3] Brezinski C 1992 Biorthogonality and its applications to numerical analysis
(Monographs and Textbooks in Pure and Applied Mathematics vol 156) (New
York: Marcel Dekker)

[4] Brezinski C 2002 Computational aspects of linear control (Numerical Methods
and Algorithms vol 1) (Berlin: Springer)

[5] Brezinski C, He Y, Hu X B, Redivo-Zaglia M and Sun J Q 2010 Multistep
ε-algorithm, Shanks’ transformation, and Lotka-Volterra system by Hirota’s
method Math. Comp. 81(279) 1527-1549

[6] Brualdi R A and Schneider H 1983 Determinantal identities: Gauss, Schur,
Cauchy, Sylvester, Kronecker, Jacobi, Binet, Laplace, Muir, and Cayley Linear
Algebra Appl. 52/53 769–791

[7] Chudnovsky D V and Chudnovsky G V 1983 Laws of composition of Bäck-
lund transformations and the universal form of completely integrable systems in
dimensions two and three Proc. Natl Acad. Sci., USA 80 1774–1777

[8] Fukuda A, Ishiwata E, Yamamoto Y, Iwasaki M and Nakamura Y 2013 Integrable
discrete hungry systems and their related matrix eigenvalues Ann. Mat. Pur.
Appl. 192 423-445

[9] Fukuda A, Yamamoto Y, Iwasaki M, Ishiwata E and Nakamura Y 2011 A Bäck-
lund transformation between two integrable discrete hungry systems Phys. Lett.
A 375(3) 303–308

17



[10] He Y, Hu X B, Sun J Q, and Weniger E J 2011 Convergence acceleration
algorithm via an equation related to the lattice Boussinesq equation SIAM J.
Sci. Comput. 33 1234–1245

[11] Hirota R 1977 Nonlinear partial difference equations. ii. discrete-time Toda equa-
tion J. Phys. Soc. Japan 43(6) 2074–2088

[12] Iwasaki M and Nakamura Y 2002 On the convergence of a solution of the discrete
Lotka–Volterra system Inverse Probl. 18 1569–1578

[13] Iwasaki M and Nakamura Y 2004 An application of the discrete Lotka–Volterra
system with variable step-size to singular value computation Inverse Probl. 20
553–563

[14] Miki H and Tsujimoto S 2011 Cauchy biorthogonal polynomials and discrete
integrable systems J. Nonlinear Syst. Appl. 2(3-4) 195–199

[15] Nakamura Y 2000 Applied Integrable Systems Tokyo: Shokabo (in Japanese)

[16] Papageorgiou V, Grammaticos B, and Ramani A 1993 Integrable lattices and
convergence acceleration algorithms Phys. Lett. A 179 111–115

[17] Papageorgiou V, Grammaticos B, and Ramani A 1995 Orthogonal polynomial
approach to discrete lax pairs for initial boundary-value problems of the qd al-
gorithm Lett. Math. Phys. 34(2) 91–101

[18] Rutishauser H 1954 Der quotienten-differenzen-algorithmus Z. Angew.e Math.
Phys. 5(3) 233–251

[19] Spicer P E 2006 On orthogonal polynomials and related discrete integrable
systems PhD thesis, University of Leeds

[20] Spicer P E, Nijhoff F W and van der Kamp P H 2011 Higher analogues of the
discrete-time toda equation and the quotient-difference algorithm Nonlinearity
24(8) 2229–2263

[21] Spiridonov V and Zhedanov A 1995 Discrete darboux transformations, the
discrete-time Toda lattice, and the Askey-Wilson polynomials Methods Appl.
Anal. 2(4) 369–398

[22] Spiridonov V and Zhedanov A 1997 Discrete-time volterra chain and classical
orthogonal polynomials J. Phys. A: Math. Gen. 30(24) 8727-8737

[23] Spiridonov V and Zhedanov A 2000 Spectral transformation chains and some
new biorthogonal rational functions. Commun. Math. Phys. 210(1) 49–83

[24] Spiridonov V, Tsujimoto S, and Zhedanov A 2007 Integrable discrete time
chains for the Frobenius-Stickelberger-Thiele polynomials Commun. Math. Phys.
272(1) 139–165

18



[25] Sun J Q, Chang X K, He Y and Hu X B 2013 An Extended Multistep Shanks
Transformation and Convergence Acceleration Algorithm with their Convergence
and Stability Analysis Numer. Math. 125 785-809

[26] Symes W W 1982. The QR algorithm and scattering for the finite nonperiodic
Toda lattice Physica D 4 275–280

[27] Tokihiro T, Nagai A, and Satsuma J 1999 Proof of solitonical nature of box
and ball systems by means of inverse ultra-discretization Inverse Probl. 15(6)
1639-1662

[28] Tsujimoto S and Kondo K 2000 The molecule solutions of discrete equations and
orthogonal polynomials RIMS Kôkyûroku Bessatsu 1170 1–8 (In Japanese)

[29] Tsujimoto S, Nakamura Y, and Iwasaki M 2001 The discrete Lotka-Volterra
system computes singular values Inverse Probl. 17 53–58

[30] Vinet L and Zhedanov A 1998 An integrable chain and bi-orthogonal polynomials
Lett. Math. Phys. 46(3) 233–245

[31] Wynn P 1956 On a device for computing the em(Sn) transformation Math. Tables
Aids Comput. 10 91–96

19


	1 Introduction
	2 The dhQD algorithm and the system related to QD-type dhLV via an orthogonal condition
	3 The hHADT equation and the hQQD scheme from an orthogonal condition
	3.1 The hHADT equation
	3.2 A Lax pair for the system (??) and (??) 
	3.3 A Lax pair for the hQQD scheme and the hHADT equation

	A Determinant relations
	B Explicit expressions of Lax pairs in Section 3

