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Abstract

We consider the generalized eigenvalue problem Ay = AB1 for two operators A, B.
Self-similar closure of this problem under a simplest Darboux transformation gives rise
to two possible types of regular algebras of dimension 2 with generators A, B. Realiza-
tion of the operators A, B by tri-diagonal operators leads to a theory of biorthogonal
rational functions. We find the general solution of this problem in terms of the or-
dinary and basic hypergeometric functions. In special cases we obtain general Padé
interpolation tables for the exponential and power function on uniform and exponen-
tial grids.

1. Generalized eigenvalue problem and its Darboux trans-
formations

Let A, B be two operators in some linear space L (either finite- or infinite-dimensional) .
The linear combination Y (\) = A — AB is called a linear pencil [6]. Assume that a vector
1¥(A) belongs to a kernel space of the operator Y (). Clearly

Ap(A) = ABY(A). (1.1)

Thus the vector 1(A) is a solution of the generalized eigenvalue problem (GEVP) (1.1) [2],
[18]. When B = I, where I is identical operator, then GEVP is reduced to the ordinary
eigenvalue problem for then operator A: Ay (A) = Mp(A). The GEVP arises in many
problems in the theory of separation of variables in PDE and in the mechanical vibrations
2], [6].

Assume that a scalar product (1, ) is introduced on the space L. Then it is possible
to consider the conjugated GEVP

AT (A) = AB™YH(N), (1.2)

for some vectors 1*(\), where A* B* are conjugated operators defined by (A*y,x) =
(1, Ax) (note that we define the conjugated operator without taking complex conjugates,
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S0, e.g. in the finite-dimensional case the conjugated matrix coincides with the transposed
matrix). It is then elementary to verify the biorthogonality property

(p(A), B*¢* () =0, if p# A (1.3)
Equivalently, we can write

(Y(A), @) =0, if p#A (1.4)
where

o(n) = B*Y*(n) (1.5)
We thus have two sets () and ¢(\) of biorthogonal vectors with respect to scalar product
(¥, x).

The GEVP (1.1) possesses an important property of projective invariance. Indeed,
define a new pair of operators

C=aA+pB, D=n~A+4B, (1.6)

where a, (3,7, 0 are arbitrary complex parameters such that ad — 3 # 0. Then the vector
P(A) satisfies GEVP

Cy(A) = ADy(N), (1.7)
where

s aA+f

A= Ao (1.8)

This property allows one to choose arbitrary linear transformations of initial operators
A, B which leads merely to the M&bius transformation (1.8) of the spectral parameter A
while the eigenvector 1(\) remains the same.

Define the so-called Darboux transformations for GEVP (1.1) (for details see, e.g. [20]).
Assume that four operators TW, T®) | A, B exist such

AT =17@ 4, BTW =TR R (1.9)

Then it is elementary to verify that the vector

P(A) = TWp(N) (1.10)
satisfies
AP(N) = ABip(N). (1.11)

Thus the operator T transforms a generalized eigenvector (X)) to a new generalized
eigenvector () of a new GEVP (1.11) with the same eigenvalue A. Applying this proce-
dure step-by-step, we can construct a set of GEVP

Aptn(A) = ABpn(N), n=0,1,... (1.12)
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such that

ATV =T A, BTV =19 B, (1.13)
where eigenvectors v, are related as

Y1 (A) = T (). (1.14)

Thus the operator T,gl) can be considered as the upward operator, i.e. n — n + 1 on the
space of eigenvector .
*
Note that the vector TT(LQ) ¥y 1 () belongs to a kernel space of the operator Y,y () =

A¥ —AB;:. Thus the operator T,gQ)* can be considered as “backward” operator, i.e. n+1 —
n (but acting on the space of conjugated eigenvectors 7).
There is a special case of the Darboux transformations (1.9) when

T'=B, T,=B0B. (1.15)
Then the second relation in (1.9) holds automatically and we need the only condition
AB = BA. (1.16)

In this case

B(N) = Bo(A). (1.17)

Repeating this procedure we obtain the chain of vectors 1,,41(\) = Bpn(A), n=0,1,...
satisfying GEVP (1.12) with the condition

An+an — Bn+1An (118)

Consider a simple example of the Darboux transformation of the type (1.15). Let
A=0N+ ZQ!OI ar(2)0% be a differential operator of the order N with unity coefficient
at the highest derivative. Consider GEVP of the form

Ap(z; A) = Ab(x)(x; N), (1.19)

where the operator B coincides with multiplication by a function b(z). Relation (1.16)
reads

N—1 _ N—-1
(85 S akmaf) o) = K@Y + 3 anla)ol), (1.20)
k=0 k=0

where dy (), b(z) are some functions. Comparing terms in (1.20) at highest order N we
conclude that b(z) = b(z). Hence in this case the transformed operator A is merely a
similarity transformation b(x)Ab~!(x) of the differential operator A. Of course, in this
simple case the result is obvious, but in other cases the Darboux transformations (1.9)
can lead to nontrivial solutions of initial GEVP.
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2. GEVP for tri-diagonal operators and biorthogonal ratio-
nal functions

In this section we consider the case when both A and B operators can be presented as
tri-diagonal operators acting on some discrete basis e,, n =0,1,...:

Ae,, = agllenﬂ + b,(ll)en + cg)en_l, Be, = af}rlenﬂ + b,(f)en + cg)en_l (2.1)

with some complex coefficients ag ), bg ), ch), 1 =1,2. Of course, it is assumed that cél) =

c(()Q) = 0 which means that the vector eg is the lowest in the basis e,. The matrices A, B

may be either finite- or infinite-dimensional. In the first case we have additional conditions

ay =alY =0 (2.2)
for some N = 1,2,..., where N is dimension of the matrices A, B. The corresponding
basis in this case is constructed from N linearly independent vectors eqg,eq,...,en_1. For

the infinite-dimensional case we have a,(ll)a,(f) #0foralln=1,2,....

To avoid triviality we should assume that operators A, B cannot be decomposed as
A = LRy, B = LRy, where L, Ry, Ry are two-diagonal operators, because otherwise we
will deal with rather trivial GEVP Rjy = ARy for two-diagonal operators.

In [20] it was shown that GEVP for such tri-diagonal operators leads to a theory of
biorthogonal rational functions. To see this we present the eigenvector ¥ (\) as

N-1
Y(A) = > Ri(Nex, (2.3)
k=0

where Ry () are expansion coefficients and N may be either finite or infinite. Substituting
(2.3) into (1.1) we arrive at the recursion relation for R, (\):

(et = At Ri + (6 = A6g?) Ro = 0,
(c,(llJ)rl - )\CSJ)FI)RWA + (O = MR, + () — XaPHR,_1 =0, n=1,2(2.4)

In what follows we will assume that
cMe® 0, aVa® #£0n=1,2,...,N —1. (2.5)

Then it is seen from (2.4) that

P (2)
R,(2) = Ro(z , 2.6
(2) ol )(Z—al)(Z—OZQ)...(Z—Oén) (26)
where P,(z) is a polynomial of degree < n, Ry(z) is an arbitrary function and
(1)
Cn

It is natural to put Ro(z) = 1 (initial condition). Then from (2.6) R,(z) is a rational
function in z with the prescribed poles ag, k =1,2,...,n.
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Consider conjugated GEVP (1.2), where in our case A*, B* are transposed matrices,
i.e.

A%e, = CSJ)rlenJrl +bMe, +aMe,_1, Bre, = cgi)rlenﬂ +b0Pen +aPe,_;  (2.8)

We can write the corresponding generalized eigenvector 1(\) as

N

PN = > Ri(Nex. (2.9)

k=0

[y

Taking again the initial condition Rj = 1 we arrive at the expression

Pn(z)
R} (2) = kp , 2.10
(2) (z—=051)(z—PB2)...(z— Bn) (2.10)
where P,(z) is the same polynomial as in (2.6) and
(1) n o (2)
_ On I
On ="y tn = 11 Gy (2.11)
n k=1 %Yk

Note that due to condition (2.5) we have ,, # 0,00. We thus see that R} (z) is also
a rational function with the same zeroes as R,(z) and with prescribed poles (B, k =
1,2,...,n.

The polynomials P,(z) play an important role in the theory of biorthogonal rational
functions. They satisfy the three-term recurrence relation

A1 Para(2) + (202 = b)) Po(2) + a2 (2 = an) (2 = Bn) Pa-1(2) = 0 (2.12)

which belongs to a class of so-called R recurrence relations considered in [10]. There is
a relation of the polynomial P, (z) with the characteristic determinant A, (z) of truncated
matrices [20]:

- Ap(2)
T2 2 (2)’

ci’cy .. .cn

Po(z) (2.13)

where
Ap(z) = det(A,, — z2By,) (2.14)

and matrices A,, B, are n X n matrices consisting of the first n rows and columns of
matrices A, B. In the finite-dimensional case we obtain the generalized eigenvalues \ as
roots of the characteristic polynomial

Py(2) =0. (2.15)

In what follows we will assume that in the finite-dimensional case all N roots of the
polynomial Py(z) are simple.
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Now, using (1.5) we can construct the biorthogonal partner 7, (z) for the function
R, (z). In our case the biorthogonal vector ¥ ()) is constructed as () = B*y*(A).
Expanding the vector ¢(z) as

N—-1
¢(2) = Z Tn(z)en
n=0
we have from (1.5)
N—-1 N—-1
> Tu(z)en =) Ri(2)Ben
n=0 n=0
and hence
Tu(2) = a2} Ry (2) + 8P RS (2) + D RE (2). (2.16)

Using the recurrence relation for the rational functions R} (z) we can rewrite the expression
(2.16) in the equivalent forms:

1 * * * —
To(2) = (g Boa (2) + MO R ) + DR, ()27 (2.17)
or
(afthyet? — ail B2 (2) + (00 — D) Ri(2)
T, (z) = L (2.18)
or
(105 — al L b Ri(2) + (alt)y ) — ) )Ry 4 (2)
To(2) = Rt (2.19)
Z0pp1 — Qg
From (2.19) it is clear that 7, (z) is a rational function of the form
T,(z) = @n(2) (2.20)

(z=B1)(z=P2) ... (2 = Bnt1)’

where Q,,(2) is a polynomial with degree < n. We thus see that, in contrast to R} (z), the
function T,,(z) consists of n 4+ 1 poles, i.e it contains additional pole at z = [3,,41.

As was shown in [20] for rational functions R, (z) and T),(z) there exists a linear func-
tional o (defined on the space of rational functions with prescribed poles a; and ;) such
that

U{Rn(z)Tm(Z)}) = hndnm (2.21)
with some nonzero normalization constants h,,. Property (2.21) means that rational func-

tions Ry, (z), T (2z) form two biorthogonal families. For the most general explicit biorthog-
onal rational functions expressible in terms of elliptic functions see [16], [17].
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3. Self-similar closure of the Darboux transformation and
admissible poles

In this section we consider simplest self-similar closures of the Darboux transformations
for GEVP.

Assume that the transformed operators A, B are expressed as linear combinations of
the initial ones:

A=A+ &B, B=¢E&A+ 6B (3.1)

where &; are some constants such that £1&4 — £2&3 # 0.
If condition (3.1) holds then the transformed GEVP can be presented in the form:

0= (A—AB)p(N) (3.2)

or, equivalently,

AP(X) = A BY(N) (3:3)
where
MNa— &
& — A
From (3.3) and (1.1) we conclude that the vector 1;():) belongs to the kernel space of
the operator A — AB. On the other hand, we know that ¥(A) = Bi(A). From this we can

easily conclude that the expansion coefficients 1, (A) with respect to the basis e, can be
presented as

X:

Un(A) = GN)n(N), n=0,1,... (3.4)

with some function G(\). More detailed consideration similar to that in the previous
section yields

) = _ Y (2)

(BY(2))n = ¥n(A) (z—a1)(z—a2)...(2 — any1) (3.5)

where Y,,(z) is a polynomial in z of degree < n.
On the other hand, by (3.4) we have

T () = G(z)Pn(2) _ G(2)P(2)

¥n(2) C—a)(Z—ag)...C—an) (—a)(z—a&2)...(z—ayp) (36)
where

Po(2) = kin (€1 — 265)" P, (f__;) e § (TR (3.7)

i=1

and new poles &, are

Gy = ané1 + &2 (3.8)

CVné‘?) + §4
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We have an identity

Yo(2) _ G(2)Pu(2)
= _ ~ - (3.9)
(z—a1)(z—a2)...(z—ant1) (z—a1)(z—a2)...(2 — ay)
This identity should be valid for all n = 0,1,.... For n = 0 we get (as Py = 1 and
Yo(z) = Yy = const)
Yo
G(z) = 3.10
() = = (3.10)
For all other n we obtain the restriction upon poles a,,:
anél + &2
—= =q 3.11
anés + &4 e ( )

This restriction can be considered as a discrete Riccati equation with constant coefficients.
Its general solution can be found in an elementary way:

_ g (3.12)
p3q" + pa
with some constants g, u; or
= pin + po (3.13)
M3+ fig

The solution (3.12) corresponds to the case when the matrix

= <51 52)
§3 &
is diagonalizable with distinct eigenvalues A1, A2, in this case ¢ = A;/Aa. Solution (3.13)

corresponds to the case when the matrix = is non-diagonalizable.
Quite analogously we obtain similar expressions for poles (,,:

g+t

(3.14)
v3q" + 14
with some constants v; or
vin + vy
= = 3.15
ﬁn V3N + Vg ( )

We thus see that the rational functions ), (z) corresponding to GEVP with the closure
condition (3.1) have the self-similarity property (3.4) with respect to action of the operator
B, i.e. the corresponding Darboux transformation leads only to a rational transformation
of the argument. Moreover, the poles of the rational functions have an explicit dependence
on n given by formulas (3.12), (3.14), or (3.13), (3.15).
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4. Canonical forms of the closure condition and regular al-
gebras of dimension 2

Substituting the closure condition (3.1) into the Darboux relation (1.16) we obtain that
operators A, B satisfy an algebraic relation

(14 +&B)B = (34 +£4B)A (4.1)

This is a quadratic relation involving all second-degree combinations A%, B2, AB, BA.
We already know that the initial GEVP (1.1) preserves its form under arbitrary linear
transformation (1.6) (with projective transformed eigenvalue \). We can use this property
to simplify our problem as much as possible.
Assume first that the matrix = is diagonalizable with distinct nonzero eigenvalues
q1,q2, i.e. tri —4Az = (& + &)? — 4(&1&y — £263) # 0 (as usual, trz, Az are the trace
and determinant of the matrix =). Then it is possible to choose the linear transformation

(1.6) such that
=)
0 g

In this case as easily seen we obtain instead of (4.1) the simple Weyl-type operator
relation

AB = ¢BA (4.2)

where ¢ = q2/q1 (note that zero values of ¢, g2 are forbidden by the restriction Az # 0).
If the matrix Z is non-diagonalizable then it is possible to reduce it to (say) the form

(")

In this case algebraic relation (4.1) becomes

(1]

AB — BA = B? (4.3)

It is interesting to note that relations (4.2) and (4.3) describe two possible types of so-
called regular algebras of dimension two [1], [8]. We thus see that these rather abstract
objects as regular algebras appear naturally in our approach.

In what follows we will assume that g is a real parameter, ¢ # 0,£1. In this case we
can obtain only infinite-dimensional representations of the Weyl relation (4.2). Indeed, if
A, B are nondegenerated matrices of dimension N (i.e. det(A)det(B) # 0) then it follows
from (4.2) that ¢ = 1. Thus nondegenerate finite-dimensional representations of the
Weyl algebras are possible only for ¢ a root of unity.

Note that the Weyl relation (4.2) is well known in quantum mechanics; it lies also in the
base of the theory of “quantum planes” and related quantum groups and algebras (see,
e.g. [13]). Relation (4.3) is closely connected with so-called raising-lowering operators.
Indeed, assume that two operators L, M satisfy the simplest linear commutation relation
[L, M] = M. The operator M is called raising operator with respect to the operator L,
because if ¥(\) is any eigenvector from eigenspace of the operator L with eigenvalue A,
then M1 (\) is again eigenvector of the operator L but with the shifted eigenvalue A + 1.
Now choosing A = LM, B = M we see that relation (4.3) is fulfilled.
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5. Realizations of the regular algebra. Type I

Consider the commutation relation
AB — BA = B? (5.1)

We will assume that off-diagonal entries of the operators A, B are non-zero (non-degeneracy
condition). Note that any non-degenerate diagonal operator S (i.e. Se, = spe, with
some nonzero s,) can be used for the similarity transformation of the operators A, B:
A — SAS™!, B — SBS~!. Clearly, for such transformed operators relation (5.1) will
still hold. We thus can choose the diagonal operator S to simplify the coefficients of the
operators A, B. In particular, it is possible to choose S such that the operator B will be
symmetric in the basis e),:

Be,, = apti1€nt1 + bnen + anep—1 (5.2)

with some coefficients a,,, b,. By nondegeneracy condition we have a,, # 0,n =1,2,....
For the operator A we take the general 3-diagonal form

Ae, = dpt1€nt1 + gnén + rmén—1 (5.3)

with some coefficients d,,, r, g,. We assume that d,r, # 0,n = 1,2,.... We thus have
5 unknown coefficients ay, by, dy,, €, 7. Substituting (5.3) and (5.2) into commutation
relation (5.1) we obtain a system of equations for these coefficients. Equating terms in
front of vectors e,+9 we get

dp = (n—n)ay, rm=—(n—ni)ay, (5.4)

where ng, ny are arbitrary parameters. Equating terms in front of vectors e,+1 we get two
equations

gn — Gn—-1 T+ (n - nO)(bn—l - bn) = by, +bp_1,
and

In-1—9gn — (mn—n1)(byp — bp—1) = by + bp—1,

Solving these equations we obtain

_ g
= (2n —no—n1)(2n + 2 —ng — ny) (5.5)

with some parameter 8 and

9n = bp(no —n1)/2 + 7 (5.6)

with some parameter . Finally, equating terms in front of diagonal vectors e,, we get
equation

:U'n—l/Qai - a?z+1/1'n+3/2 = bi (5.7)
where 1, = 2n — ng — ny. It is easily verified that general solution of (5.7) is

9 (% + 4e(2n — ng — n1)?
a2 = ’ (5.8)
42n —ng—n1)?’(2n+1—ng—n1)2n — 1 —ng —nq)
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where ¢ is a parameter.
In what follows we will demand ag = 0. This conditions merely means that the repre-
sentation is bounded from below by the vector eg. From this condition we find that

_ g
°= _4(7’LO —|— n1)2 (59)
The GEVP
(A—2zB)yY =0 (5.10)

can be written as

(dn - Zan)¢n71 + (gn - an)¢n + (TnJrl - ZanJrl)T,Z)nJrl =0 (511)

or

an(n —no — 2)¥n—1+ (gn — 2bn)n + ant1(n1 —n — 2)hpy1 =0 (5.12)

This recurrence relation defines some rational function ¥, (z) up to an arbitrary factor
Yo(z). In order to find ¥, (z) we first renormalize functions 1,(z) = &,(z)P,(z) where
&n(2) is the denominator of ¢, (z). We then obtain:

Po1(2) + Bn(2)Po(2) + Un(2)Py—1(2) = 0, (5.13)
where
B B(ng —ny + 22)
Bulz) =7+ 22n —ng —n1)(2n +2 —ng —nq) (5.14)
and
U(s) = 32 n(n —ng —ny)(n —ng—2)(n —ny + 2) (5.15)

(ng+mn1)2 2n—ng—n1)2(2n—1—ng—n1)2n+1—ng—nyq)

The solution of this recurrence relation can be found if one notices that relation (5.13)
formally coincides with the 3-term recurrence relation for the Jacobi polynomials [11]
(after appropriate redefinition of the argument and parameters of polynomials). Omitting
technical details we present the result:

1/2 4 (o + m)/ﬁ)
(5.16)

Pn(z):< B )"( (1—n1+2)n)n2F1(—n,l—l—n—no—nl

ng + N 1+n—ng—ny 1+2z—n1

The corresponding rational functions v, (z) with initial conditions ¥»_1 = 0, ¥y = 1 are

Un(z) = b o Fy (

(ng +n1)"(1 +n—np—ny)y

—n,14+n—ng—nq
1+Z—7”L1

1/2 +~v(no + m)/ﬁ)
(5.17)
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Consider the adjacent problem. New vectors 1/; = By. We have

Atp = \B (5.18)
where A = A — B, B = B. Equivalently,

Ap = (A4 1)Byp (5.19)
Thus the new function (z) differs from 1)(z) by a shift of the argument:

Un(2) = const P (z + 1) (5.20)
A direct check shows that indeed

o B +27(no +mn1)
U(2) = (BY)n = 2(ng + nl)(20+ 1 i n1)

Yn(z +1) (5.21)

6. Moments and orthogonality

In the previous section we constructed rational functions 1, (z) as eigensolutions of GEVP.
Omitting unnecessary factors we can put
H) , (6.1)

o

where p = 1/2 + v(ng + n1)/8. Elementary calculations from the general scheme (1.5)
show that their biorthogonal partners V,,(z) can be chosen as

1— u) (6.2)

—n,1+n—nyg—n
1+Z—7”L1

—n,l+n—ng—mn

Vi(z) = oF1 <

2—ng—z

In this section we derive directly biorthogonality property of the rational functions U, (z), V,,(2).
The rational functions U, (z), V,,(z) can be presented in terms of partial fractions:

Un(z) = gnO + Z gnk
k=1

— z—ay’

Vi(z) = o + Y —k (6.3)

where ap, = n1 — k, by = k + 1 — ng are the locations of poles. However, for our purposes
it is more convenient to present functions Up,(z), V,,(z) as the following decomposition

n

_ - L 2) = Tink

— z—mn1+1 = — 14 no)g

Introduce a functional o defined on rational functions with poles a, by by the formula

_ 1 T DI
"”m:”{<z—n1+1>n<z—m—1+no>m}‘< Ve g, &P

This functional satisfies the restriction

On—1,m — Onm—1 — (n +m —ng—n1+ 1)0'n,m

It is easily verified that this restriction is equivalent to compatibility condition for a
matrix o, ,, to be a moment matrix on the space of rational functions with prescribed
poles ayg., by.
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Theorem 1. The rational functions U,(z), V;,(z) are biorthogonal with respect to the
functional o:

g {Un(Z)Vm(Z)} = hn Onm (6.6)

where

(=1)"™n!

h, =
" (1—|—2TL—TL()—’I’L1)(2—TLQ—’I’L1)”,1

(6.7)

Proof. 1t is sufficient to present both U,(z),V;,(z) as hypergeometric series and then
apply the functional defined by (6.5):

N

o {Un(2)Vin(2)} = D

k,s=0

(=n)k(=m)s(L +n —no — n1)r(l +m —no —n1)s
E'sY (2 —ng—mn1)k(2 —ng —n1 + k)s

(6.8)

where N is any positive integer such that N > min(n,m). Then we can calculate the
sum with respect to s reducing it to the hypergeometric function o F; from unit argument
which can be further simplified to get

Zn: (—n)k(1+n—ng—n)p(1+k—m)n

oAUV =)} = kN2 — 1o — n1)g(2 — no — n1 + k)

(6.9)

k=m

This expression is 0 if m > n. But due to obvious symmetry between n, m in (6.8) we can
conclude that this expression is 0 also for n > m. Thus we need only to check the case
n = m. But in this case only one term in (6.9) survives, and we get (6.7).

7. Padé interpolation of the exponential function

The biorthogonal functions, obtained in the previous section, can be presented as

Un(z) = (_1)n((111_:__:10); kn Po(z), Valz) =

(p=1)"(A+n—ng—n1)n
(2—2z—ng)y

Fa(2)

n

(7.1)

where

—Nn,—n-+mny —=z2
—2n 4+ ng + n1

Po(2) = oy ( 1 /u) (7.2)

and

—Mn,—1l—n-+ng+=z
—2n + ng + nq

P =ar ( 1/ -0) (73)

Assume that the parameters ng,n, satisfy the condition

ng+mny=—j (7.4)
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where j is a positive integer. Introduce polynomials

-n—7-—n+ny —=z

Qn+j(2) = 211 (

P - ) (75

of degree n + j. Then from the Pfaff-Euler transformation formula for the Gauss hyper-
geometric function [5] we get

Qn—l—j(ZS) .
2ndics) o — 1), s=0,1,....2n+ 7.6
Po(22) (/(p—1)) j (7.6)
where the grid is
Zs=8—n+n (7.7)
Analogously
Q;';Jrj(ys)
ST (1= 1/p)%, s=0,1,....2n+] 7.8
Patye) M J (78)
where
ys=1+n—ng—s (7.9)

We see that the obtained polynomials solve the Padé interpolation problem (for arbitrary
positive integer j) for the exponential function f(z) = exp(wz) on linear grids.

The Padé interpolation table for the exponential function on the uniform was first
explicitly constructed by Iserles [9]. See also [22] for further analysis and relations with
theory of orthogonal polynomials and biorthogonal rational functions.

8. The Weyl algebra representations

Consider the Weyl commutation relation
AB = ¢BA (8.1)

We are seeking a realization of this relation by three-term operators. In this case it is
convenient to choose the similarity transformation .S such that the operator A has unit
coefficient in front of e, _1, whereas B is arbitrary 3-diagonal:

Ae, = ep—1 + bpe, + Unt1€nil, Bep = ppen_1+ gnen +dpiienyt (82)

Note that this problem was already solved in our paper [19], where, however, we did not
consider relation with GEVP.
From the commutation relation (8.1) we easily find

dn = 19" "tn,  pn = c2q" (8.3)
where c¢1, ¢y - arbitrary constants. Moreover

1- 2
(g T+ " +a)
WnpWp—1

by, =
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where

n

wy = c1q”" = caq"? (8.5)
and ¢4 is an arbitrary.

bu(c1q™™ + c2q™Y) + 3

_ 8.6
n o (8.6)
Finally, for u,, we have the expression
wnwn—anbn—l +¢5
" (q + 1)2vnvn—1 ( )
where
vp = c1q”" — cpq™ ! (8.8)
From the condition ug = 0 we get the restriction for the constants:
2
o = _c3gs1+ s2)(gs2 + 321) (8.9)
(g(g+ 1)(c1 — 2))
where
s1=cs+q(g+ 1)1, se=cqs+qlg+1)e (8.10)
In this case it is possible to present u, in the form
u, = 02— 1= 4= e fe) (A + 5267 /51)(L + 51026" /(5201)) (8.11)

(1 _ CQQZn/Cl)Q(l _ 02q2n+1/01)(1 _ 02q2n_1/01) ?

2
where C' = —%. (It is assumed that ¢; # ¢2).
Now the GEVP (A —zB)1 = 0 for the vector ) = > ;¢ (2)ey, is reduced to solution

of the three-term recurrence relation

(1 = 2pn41)¥n+1(2) + (bn — 29n)¥n(2) + un(l — 2dn)Pp-1(2) =0 (8.12)

with the initial conditions

Yo1=0, %=1 (8.13)

Renormalizing ¢, (z) = P,,(z)/Dy(z) where D, (z) is denominator of ¢,,(z) and then iden-
tifying the recurrence relation P, (z) with that for big g-Jacobi polynomials [11] we get
solution

Yn(z) =

S1C2 , —
Cogine g, (0n o ) 81
n

(M; —c981q/(c182), 2¢9”
C1

Note that t,(z) is a rational function of order [n/n] having poles z = c; ¢ 7% k =
0,1,...,n—1.
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Consider the adjacent problem for the function ¢ = Bi. From the Weyl commutation
relation it follows

Ay = AqBY (8.15)
Hence
n(2) = const n(gz) (8.16)

Consider the conjugated problem
A*p* = zB*Y* (8.17)
where
A*en =ept1+ bpen, + Un€n—1, B*en = Pn+1€nt1 + gnen + dpen—1
We have

-n n+1 0
q ,C2q /Cl’ ) (818)

Un(2) = K 3P2 (_82q/81,q2/(zcl);q;q

where )
(CQQ /Cl; q)?n

(4 @)n(—qc2s1/(c152); @)n
It is sufficient to note that the biorthogonal partners

¢, = B,

kin = q "2 ((ca — e1)eres(qg + 1) /52)"

correspond the same GEVP

with rescaled eigenvalue parameter A — A/q. Thus we have explicitly

-n n+1 0
q 562(1 /Cla . . > (8,19)

016 = vaefa) = gt (1T O g

The rational function ¢ (z) has poles at points z = ¢; '¢*+2. Consider the elementary
rational functions

XD(2) = 1/(ze2;0)n, XD (2) =1/(¢%/(2¢1); @)n

Clearly, X,(ll)(z) has poles at z = 051, . ,cglql_" and X,(f)(z) has poles at z = cflq?’, . ,cflq
thus coincide with poles of ¥, (2), ¢k (2)

Define the matrix of “moments” for some linear functional ¢ acting on the space of

n+2
)

rational functions with these poles:

o D ()@ (o)1 — (TC2819/(€182): )n(—452/513 O
nm = 0{Xn ()Xo (2)} (et Do (8.20)

This functional satisfies the restriction

n+m+1)

On—1,m T Onm—1 = On—1,m—1 1 (1 —q On,m
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which is equivalent to the compatibility condition for the matrix o,,, be a moment matrix
for a linear functional defined on the space of rational functions with prescribed poles.

Instead of ¥, (2), ¢ (2z) we define now rational functions U, (z), V,,(z) which are essen-
tially basic hypergeometric functions without unnecessary factors, i.e.

-n n+1
q , C2q /0170 )
Un(z) = 3® 1 q; 8.21
() ’ 2(—0231q/(0132),z02 ( )
and
-n n+1
q ", c2q"" /1,0 >
Va(z) = 3@ 3 q; 8.22
( ) a2 (—82Q/51,q3/(201) ( )

Theorem 2. Functions U, (z), V;,(z) are biorthogonal with respect to functional o:
o{Un(2)Vin(2)} = hndnm (8.23)

where

_ (=D (ea/e)) " (g:0)n
(c2q2/c1;q)n—1(1 — cag®t1/cy)

(8.24)

Proof. Expanding functions U,(2), V,,(z) in terms of Xz(l)(z),x,(f) and substituting to

lhs of (8.23) we get the double sum
N —n mn —m m
AT (Vi) = 3 (¢ " @)ilcaq" ! e @)ila™™; @)u(cag +1/CIEQ)kqi+k (8.25)
= (45 0)i(a3 D (c2a?/c1; Qv

where N > min(n,m).
Taking into account that

(e20®/e1; @ivi = (e20®/e1; @)ilc2d™ fer; @i
we can separate summation in k£ and 4:

i(02q2"+1/01; Q)iqi "
i(c2g?/c15q)i

(@09
O'{Un(z)vm(z)}_g (¢:9)

?

m

(™ @Q)k(c2g™ e1; )k
Z (@ Q2> [er; ) (8.26)

k=0
The sum in k£ can be calculated using the standard summation formula for basic hyperge-
ometric function [7], [11]:

(@™ @kle2q™ ers @i p _ a™ "D (e2/e))™ (@ @I
(@5 Q) (c2g* [ c1; Q) (c2¢®T/c1;@)m

m

k=0

The remaining expression contains term (¢'**~™;q),, which vanishes if n < m, hence

o{Un(2)Vin(2)} = 0 if n < m. But expression (8.25) is symmetric with respect to n,m,
hence also o{U,(z)Vin(2)} = 0 if m < n. We thus proved that functions U, (z) and V,,(2)
are biorthogonal for noncoinciding values of n,m. If m = n then only one term (with
i = n) survives in the sum (8.26) and we arrive at expression (8.24) for normalization
coefficient h,,.
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9. Interpolation of the power function

Using transformation formulas for basic hypergeometric functions, we can present the
rational functions Uy, (z) in the form

(c1/cap™ L p)n

Un(z) = (—psicaz/s9)™ " 8
(2) = (=psic2z/s2) (—c1s9p/(c251); p)n(1/(2C2); P)n
P —cas1p”"/(c182), zeap! "
. - 9.1
’ 2( 0,cop2"/cy o "

where p = 1/¢. Introduce the polynomials

p", —cas1p "/ (c152), zeapt "
P, =30 1D; 9.2
n(Z) 3 2 ( 0, C2p72n/61 7p7p ( )

It is clear that (to within factor not depending on z) P,(z) are numerators of rational
functions Uy (2).
In what follows we assume that

e =1’ (9.3)

where j is an arbitrary positive integer. Introduce polynomials

P —sap™"/(s1), zeap! "
Qn+j(2) = 3P2 < 0, p—i—2n DD (9.4)

having degree n + j in z.
Using standard transformation formulas for the basic hypergeometric function [11] we
easily find that

— (_ k — ;
m—( 82/81), k—O,l,,Qn—i—] (95)

where

T c;lp—k—f—n—l

This is equivalent to Padé interpolation of the power function

f(z) ==

where « is determined by
p "= —s2/51

Note that the Padé interpolation table for the exponential and power functions was
constructed and analyzed in [22]. Our present interpolation problem differs from that of
[22] by a shift of the interpolation grid, i.e. in [22] the initial point zy of interpolation grid
was the same for all Padé entries m, n, whereas in the present case zy depends on n,m.
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10. Realization of the moment functionals in terms of Fourier
and Mellin integrals and the general interpolation prob-
lem

We defined the moment functionals o formally by the expressions (6.5) and (8.20). A
natural question arises: is it possible to realize these functionals in terms of definite
integrals with respect to some weight function? Such a realization is well known in the
theory of orthogonal polynomials where the Favard theorem provides existence of such a
representation (at least in terms of the Stieltjes integral, including purely discrete weights)
[4].

For the generic situation we didn’t find a corresponding representation. However such
a representation does exist for the case of the Padé interpolation of the exponential and
power functions, i.e. when we have restrictions (7.4) and (9.3).

Consider first the case of restriction (7.4). Note that shifting the parameter n; is
equivalent to shifting the argument z. Hence we can put n; = 0 without loss of generality.
Then ng = —j with some positive integer j.

In this case it is not difficult to show that the moments (6.5) can be presented as

— 5 1 _ S exp(w¢)dg
o= T} 5 T T 10
where e = p/(u—1), ¢;j = (j + 1)!(n — 1)1 and

Wi(z) =2(z2—-1)...(z—j—1)

The contour I' is chosen such that all poles zy3 = s, s = —n,—n+1,...,m+j+1 coming
from denominator in (10.1) lie inside the contour. Indeed, the integral in (10.1) is reduced
to the sum of residues at m+n—+j+2poles zs =s, s=—-n,—n+1,...,m+ 75+ 1. This
sum, in turn, can be easily calculated using binomial theorem.

Now we can deform the contour I' transforming it to a vertical line. If w < 0, we can
choose this line passing to the left of the point z = —n, if w > 0 we choose the line to
the right of the point z = m + j + 1. Indeed, by the Cauchy theorem, in these cases it
is possible to close the contour adding a big semicircle with vanishing contribution to the
integral.

We thus have

Theorem 3. . Assume that n; = 0,n9 = —j. Then the moment functional (6.5) can be
presented in terms of the Fourier integral
e atrioo e“rdx

2T Jo—ico W](x)(x + 1)n(x —m—1 _j)m

(10.2)

Onm

where a < —n for w < 0 and a > m + j + 1 for w > 0.
Consider now the case of the moment functional (8.20) with an additional restriction

aa=q¢"7, ca=¢q (10.3)
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with some positive integer j. This restriction is equivalent to restriction (9.3) necessary
for the Padé interpolation of the power function (the constant ¢y can be chosen arbitrarily
without loss of generality because this leads merely to a shift of the interpolation grid
zs). In this case we have that the basic rational functions Xsll)(z) = 1/(zq;q), have the
poles z = ¢~ 1,¢72,...,¢"" and the functions ng)(z) = 1/(¢?*?/2;q)m have the poles
z =2 @3, 7T Introduce the polynomial Wj(z) = (2 —1)(z — q) ... (2 — ¢ ™)
of degree j + 2. We then obtain that the moment functional (8.20) has the integral
representation

1 } Rj deC

=7 { @ On( @22 0)m | 270 Jr Wi (Ot )n(@72/Ci m (104)

p_ o J+1_G(+1)/2 (¢ C])jﬂ

¢’ = —sa/s1, K5 = (s1/52) " q Cor/on
and the contour I' is chosen to encircle all poles z; = ¢°, s = —n,n+1,....m+j + 1.
Verification of formula (10.4) is elementary using the Cauchy theorem and the g-binomial
formula [11].

Assume now that additionally we have the restriction —1 < p < j + 1. Then the
contour I' can be transformed into the contour consisting from two sides of negative real
axis and two circles with the origin z = 0: one is very small and second is very large. The
contribution from the circles tends to zero and we have

Theorem 4. Under the restrictions ¢; = ¢!/, ¢ = ¢, —1 < p < j + 1 we have represen-
tation of the moment functional (10.4) in terms of the Mellin integral

K sin(mp) /0 |x|Pdz
Tnm = ; 10.5
m —oo Wj(@)(2¢; O)n (@74 /75 q)m (10.5)

Now we can apply these results to biorthogonal rational functions corresponding to
Padé interpolation of the exponential and power functions.

We first need a general result concerning biorthogonality of rational functions corre-
sponding to general Padé interpolation scheme [23].

Let F'(z) be a function and y,, s = 0,41,+2,... an infinite sequence of distinct points
(the interpolation grid). We are seeking polynomials Q4 r/(2; M, k), P, (z; M, k) satisfying
the interpolation property

Qn-{—M(ys; M, k)
F s) = )
o) = (g M)

s=-n+k,—n+k+1,....n+M+Ek (10.6)

We assume that the Padé scheme is nondegenerate, i.e. polynomials Q,+ar(2z; M, k), P, (z; M, k)
exist, have the degrees n + M and n and have no coinciding roots. The last condition is
equivalent to the condition that roots of polynomials Q,1r(2z; M, k), P,(z; M, k) do not
coincide with the interpolation grid ys [3].

It is convenient to normalize polynomials P, (ys; M, k) = 2" +O(2" 1) to be monic (i.e.
with highest-order term being unity). The polynomials Q4 /(2z; M, k) are not monic and
have the expansion

Qn+M(Z;M, /{:) = an,n+M(/§?)2n+M + O(zn+M_1)
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with some leading term o, p41/(k) depending on 3 integer parameters: n, M, k.

The additional integer parameter k£ describes the shift of the interpolation grid. For
k = n we return to the standard interpolation scheme on the grid yo,y1,...,%n+m- In
what follows we will consider the scheme with fized value of the shift k. We will also fix
the value of the parameter M > 0 which means that we deal with a string from the Padé
table parallel to the main diagonal n =m (i.e. M =0).

Introduce polynomials

Wi (2) = (2 = ye)(z — Ykt1) - - - (2 — Ymrrt1) (10.7)

of degree M + 2 and a pair of rational functions U, (z; M, k) and V,,(z;n; M, k) defined as

Bo(z; M
U M, 1) = (= ALA)
(2 = Yntt) (2 = Ynshs1) - (2 = Yr—1)
Pu(z; M,k +1
V(2 M, k) = (2 +1) (10.8)

(2 = Yrmr4248) (2 = Ynm434k) - - (2 = YngtMkt1)

Note that both rational functions U, (z; M, k), V,,(z, M, k) have the type [n/n]| because the
scheme is assumed to be nondegenerate and hence the roots of numerator polynomials in
(10.8) cannot coincide with roots of denominators.

We then have

Theorem 5. The rational functions U, (z; M, k), V,,(z, M, k) are biorthogonal with respect
to the scalar product

L [ F(QUn(¢ M, )V (¢ M, k)dC

— = h,(M,k) dy.m 10.9
2mi Jp Wi (€) ( ) On, ( )
or, equivalently,
m+M+k+1
n(2; M, k)Vi (25 M, k
> Flys) RGS{U < JVin(z )} = hy (M, k) 6pm (10.10)
Tk Wi (2) B
s=—n Z=Ys
where the normalization coefficients are
ha(M, k?) _ Oén,n—i—M—l—l(k)an—l,n—l—M(k) (1011)

anfl,nJrM(kj) - an,nJrMJrl(k)

Remark. The contour I' in (10.9) is chosen to encircle all poles 2 = Yyt ky Y—ntkt1s - - - Yt M+k+1
coming from all denominators and to avoid all singularity points of the function F'(z). In
case if the function F'(z) is multi-valued, we should choose a regularity area in the complex
plane with an appropriate system of cuts, all interpolation points ys; and the contour I'
should belong to the same area of regularity.
For the proof of this theorem see [23]. We mention only that this theorem is a simple
consequence of the well known orthogonality property of the Padé interpolants with respect
to a functional defined in terms of divided differences [12]. Nevertheless, as far as we
know, explicit biorthogonality property (10.9) or (10.10) is a new result. (For the special
case k = n this theorem was proven in [17]). Note, that numerators P, (z; M,k + 1) of
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biorthogonal partners V,,(z; M, k) coincide with the numerator Padé interpolants for the
same function F'(z) but on shifted interpolation grid (i.e. k — k + 1).

We now can apply this theorem to the Padé interpolation of the exponential and power
functions.

Assume that we have exponential function F(z) = e** with w < 0. Assume also that
all interpolation grids ys are real. Then from Theorem 5 we obtain that the contour I'
can be transformed to a vertical line in the complex plane:

1 y+ioco . M 5 M
L exp(wz) Uy (2; M, k) Vi (2 M, k)d( = hu(M, k), Snm (10.12)
271 y—ico WkM(I') 7

where « is an arbitrary real parameter such that v < y_,1x. In particular, if all interpo-
lation points y, are positive ys > 0 then it is sufficient to take v = 0 (i.e. in this case the
contour I" coincide with imaginary axis).

Similarly, in the case of the power function F(z) = 2P (where the p is an arbitrary real
parameter with the restriction —1 < p < M + 1) we have biorthogonality property in the
form

sin(rp) [0 (—x)PUy(x; M, k) Vo (; M, k)dz

We thus have

Theorem 6. The regular Padé interpolation scheme for the exponential and power func-
tions on arbitrary interpolation grids ys (with above mentioned weak restrictions) leads
to rational functions U, (z; M, k), V,,(z; M, k) which are biorthogonal with respect to the
Fourier and Mellin integrals respectively.

Of course, compact explicit expressions for rational functions U, (z; M, k), V,(z; M, k)
can be found only for exclusive choice of the interpolation grid: arithmetic progression for
the exponential function and geometric progression for the power function. Still, Theorem
6 allows to recognize all BRF with respect to the Fourier and Mellin integrals as arising
in problem of the Padé interpolation for exponential and power function. Such integral
realization may be useful in questions concerning asymptotic behavior of corresponding
interpolants.

11. Conclusion

We showed that the simplest self-similarity condition for the Darboux transformations
in GEVP generates 2 possible types of regular non-commutative algebras of dimension
2. Moreover, these two types correspond to biorthogonal rational functions which can
be expressed in terms of (basic) hypergeometric functions. Under a simple restriction
on the parameters of BRF we obtain solutions of the Padé interpolation problem for the
exponential and power function. In these special cases the linear functional providing
biorthogonality can be realized as Fourier and Mellin integrals.

It is useful to compare these results with similar ones obtained in theory of self-similar
closure of the chain of Darboux transformations for the ordinary orthogonal polynomials
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[14], [15]. It is known that self-similar closure of the finite chain of the Darboux trans-
formation in this case leads to so-called semi-classical orthogonal polynomial on uniform
or exponential grids [15]. In the simplest case of closure after the first Darboux transfor-
mation we obtain Charlier or q-Charlier polynomials [11]. It is naturally to conclude that
our constructed examples of BRF are “rational” analogues of the (q)-Charlier polynomi-
als. It would be interesting to study further, more complicated possibilities of self-similar
closure conditions for the Darboux transformations. One can expect the appearance of
non-trivial algebras with non-linear commuting relations. Although many examples of
explicit biorthogonal functions were constructed, still the general hierarchy of BRF is un-
clear. E.g., even in our simple examples of hypergeometric rational functions we were
not able to find an integral representation for the corresponding linear functional in the
general case. The relation of BRF with the theory of the Padé interpolation is also a
very fruitful area of investigation. Connection between the usual Padé approximation and
orthogonal polynomials is well known (see, e.g. [3]) and goes back to classical works by
Chebyshev and Stieltjes. For the Padé interpolation, however, we are only at the starting
point of a similar theory. Some first results can be found in [17], [23].
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