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ABSTRACT. We consider orthogonal polynomials in two variables whose deriva-
tives with respect to x are orthogonal. We show that they satisfy a system of
partial differential equations of the form

o= — —
Ot(:v,y)ax Un+ ﬁ(iv,y)ax Un=AnUnp,

where dega < 2, deg < 1, U)n = (Uno,Un—1,1," -+ ,Uon) is a vector of
polynomials in = and y for n > 0, and A,, is an eigenvalue matrix of order
(n+1) x (n+1) for n > 0. Also we obtain several characterizations for these
polynomials. Finally, we point out that our results are able to cover more
examples than Bertran’s.

1. INTRODUCTION

We are concerned with the problem of characterizing orthogonal polynomials
in two variables whose partial derivatives with respect to x are also orthogonal.
W. Hahn [5] solved the univariate version of this problem partially. He showed
that the only positive-definite orthogonal polynomials whose derivatives also form
positive-definite orthogonal polynomials are Jacobi, Laguerre or Hermite polyno-
mials. Later H. L. Krall [I0] extended Hahn’s results to the quasi-definite case
and showed that the only orthogonal polynomials whose derivatives also form or-
thogonal polynomials are the classical orthogonal polynomials of Jacobi, Laguerre,
Hermite and Bessel. In addition to the work of Bochner and Krall (see also [14]),
there are many characterizations for the classical orthogonal polynomials (see [I],
[3], [13], [I7]). For example, the following statements are equivalent:

Let {P,(x)}2, be an orthogonal polynomial set (i.e., deg P,, = n for all n > 0).

(i) For each n > 0, y = P,(x) satisfies a second order ordinary differential equa-

tion

(1.1) a(@)y”(z) + B)y (x) = Any(x),
for some a(x) = ax? +br +c # 0 and B(x) = dx + e, where \,, = an(n —1) +
dn#0ifn > 1.

(ii) Up to a complex linear change of variable, { P, (x)}22, is one of the following
sets of orthogonal polynomials:
(a) Jacobi polynomials {Pr(la’ﬁ)(:c)};’fzo for some a,8,a+5+1 ¢ {—-1,—-2,---},
(b) Laguerre polynomials {L;"’(x)}gozo for some v ¢ {—1,—-2,---},
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(c) Hermite polynomials {H,,(z)}:>

n=0"
(d) Bessel polynomials {B,(la’ﬁ)(x)}gozo for some a ¢ {0,—1,—-2,---} and
B £0.
(iii) There exists a nonzero orthogonalizing moment functional o for {P, ()},
such that
(1.2) (a(z)o) = B(z)o

for some polynomial a(x) of degree < 2 and §(z) of degree < 1.
(iv) {P/(z)}>2, is weakly orthogonal; i.e., there exists a nonzero moment func-
tional 7 such that

(1.3) (r,P!(z)P},(z)) =0 if n#m.
(v) {Pn(z)}5, satisfies a difference-differential equation of the form
(1.4) a(z)Pl(z) = (rmx + sp)Pp(x) + t, Pr_q(x)

for some nonzero polynomial «(z) of degree < 2 and constants ry,, s, and t,,.

The study of classical orthogonal polynomials in one variable leads us to consider
the relationship between orthogonal polynomials in two variables and a second order
partial differential equation of the form

(1.5) Augy + 2Buyy + Cuyy + Duy + Euy = A,

where A(z,y), B(z,y) and C(x,y) are polynomials of degree < 2, D(z,y) and
E(x,y) are polynomials of degree < 1, and )\, is the eigenvalue parameter. The
important work in this direction was done by Krall and Sheffer in 1967 [I1]. But
there have been only a few results in this area since Krall and Sheffer. One of the
possible reasons lies in the fact that the general theory of multivariate orthogonal
polynomials was developed only very recently. The matrix-vector notation has
played an essential role in the recent development of the general theory. It was
introduced by Kowalski ([8], [9]). He characterized the orthogonality of polynomials
in several variables by the recurrence relations with matrix coefficients. Xu [I8]
gave another formulation of the recurrence relations and gave a simple proof of
Kowalski’s theorem.

Owing to the three term recurrence relations with matrix coefficients, we [6]
obtained a characterization for orthogonal polynomials in two variables which sat-
isfy the partial differential equation of the form (IC5). In fact, we generalized the
property (v) to orthogonal polynomials in two variables.

In this paper, we generalize the Hahn-Sonine theorem to bivariate orthogonal
polynomials and obtain characterizations analogous to the classical orthogonal poly-
nomials. In particular, we show that a generalization of (iv) does not produce a
second order partial differential equation of the form (LF) but does produce a sec-
ond order partial differential equation with two-parameter eigenvalues. Finally,
we show that our results can cover more examples which cannot be covered by
Bertran’s (see Examples B-1] and 323).

2. MAIN CONTENTS

The set of all polynomials in two variables will be denoted by P. By a polyno-
mial system (PS), we mean a sequence of polynomials {¢mn (%, )}y n—o such that
deg ¢mn = m +n for all m,n > 0 and {¢,—; ;}7_ is linearly independent modulo
polynomials of degree < n — 1. For brevity, we denote {¢,,—; ;}7_o by an (n+1) x 1
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matrix ®, and a PS {@mn(x,y)}or 1m0 by {Pn}nlo. A PS {®,}7°, is said to be
monic if ¢y (x,y) = 2™y"+ lower degree terms.

We call any linear functional on P a moment functional. We denote the action of
a moment functional o on polynomial 7 by (o, 7). Similarly, for a matrix Q = (Q;,;)
with @;,; being a polynomial, (o, Q) is defined to be the matrix ({(c, Qi ;)). We see
that <0, ABT> = <U, BAT>T for any column vectors A and B of polynomials.

For a moment functional o, we define the partial derivatives of ¢ by the formulas

<89c0'7 ¢> = —<U, 8:c¢>a <ay07 ¢> = —<0’, 8y¢>a peP

and define the multiplication on ¢ by a polynomial ¥ through the formula

(Vo,¢) = (0,9¢), ¢€P.

Definition 2.1. A PS {®,,}2° is called an orthogonal basis (OB) relative to o if
there is a nonzero moment functional o such that

(0 Pmndr1) =0 if m+n#k+1L
We say that {®,,}22 , is a weak orthogonal polynomial system (WOPS) relative to
o if
<07 ¢mn¢kl> = Kmn(smk(snl

If Ky # 0 for each m,n > 0, then we say that {®,}22, is an orthogonal polyno-
mial set (OPS) relative to o.

It is obvious that there is an OB relative to o if and only if there is a WOPS
relative to o.

Definition 2.2. A moment functional o is quasi-definite (resp., weakly quasi-
definite) if there is an OPS (resp., a WOPS) relative to o.

From Definition R.1], we see that a PS {®,,}°, is a WOPS (resp., an OPS)
relative to o if and only if (o, ®,,®L) = H,,0,,, and H,, := (0, ®,®T) is a diagonal
(resp., a nonsingular diagonal) matrix.

For any PS {®,}>°, there is a unique moment functional o, which is called the
canonical moment functional of {®,}5° ,, defined by the conditions

<U’1>:17 <Ua¢mn>:07 m+n > 1.

Note that if a PS {®,,}72 is an OB relative to o, then o is a constant multiple
of canonical moment functional of {®,,}5% .

Theorem 2.1 ([6], [I1]). For any moment functional o, the following statements
are equivalent:
(i) o is quasi-definite.
(ii) There is a unique monic OB relative to o.
(iii) There is a monic OB {P,}°, such that H, := (o,P,PL) is nonsingular for
alln > 0.

Lemma 2.2 ([6]). Let o and 7 be moment functionals and ¢ be a polynomial. Then
(i) o =0 if and only if Oy0 = Oyo = 0.
(i) Let {®,}52 be an OB relative to a quasi-definite moment functional o. Then
(a) ¢o =0 if and only if ¢ = 0;
(b) (1, ®,) = 0 for n > k if and only if 7 = o for some polynomial ¢ of
degree < k.
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Theorem 2.3 (Favard’s Theorem [18]). Let {®,}52, be a PS. Then the following
statements are equivalent:

(1) {Pn}32 is an OB relative to a quasi-definite moment functional o.

(ii) Forn >0 and i = 1,2, there are matrices Ayn; of order (n+1) x (n+2), Bp;
of order (n+1) x (n+1), and Cy; of order (n+ 1) x n such that
(a) ;P = Ani®ny1 + Bni®n + Cpi®r_1;
(b) rank C,, = n + 1, where C,, = (Cp1, Cp2).

Now we are ready to state our main results.

Theorem 2.4. Let {P,}5%, be a monic OB relative to a quasi-definite moment
functional 0. Assume that 0, Pon, = 0 (resp., OyPno = 0) for all n > 0. Then the
following statements are equivalent:

(i) o satisfies the functional equation of the form

(21) (Oé(i[,’,y)O')x = ﬂ(xa y)(r (T@Sp,, (d(xvy)a)y = B(xa y)g)v
where a(x,y) (resp., a(z,y)) is a polynomial of degree < 2 and B(z,y) (resp.,
B(x,y)) is a polynomial of degree < 1.
(ii) {Pn}2, satisfy a system of equations of the form
(2.2)
oz, y)(‘)ﬁﬁn + B(z,y)0x ﬁn:/\nﬁn (resp., a(z, y)@iﬁ)n + B(z, y)ayﬁnzf‘nﬁn),

where a(x,y) (resp., a(z,y)) is a polynomial of degree < 2 and B(z,y) (resp.,
B(x,y)) is a polynomial of degree < 1, A,, (resp., I'y) is a constant matriz
of order (n+1) x (n+1) and ﬁn = (Uno,Un—1,1," - ,Uon)T s a vector of
polynomials for each n > 0.

(iii) {P{ye, (resp., {P¥)}>2,) is a monic OB, where

1

ng) = (Pv(f))v P'V(Lz—)l,l’ e 7PO(Z))T7 Pr(;i)k,k - maxpn—i-l—k,k for0sksm,
P(y) _ P(y) P(y) P(y) T P(y) _ 1 o P <k<
n ( n0 » I n—1,1>"""1r40n ) y Pn—kk — k?—‘f'l ydn—kk+1 fOT 0<k<n.

Proof. We prove the case that 0, Py, = 0 only since the other case can be proved
similarly.

(i) = (ii): Since a(z,y)92P, + B(x,y)d:P, is a vector of polynomials of degree
<, there are matrices A} of order (n+1) x (j +1) ( =0,1,---,n) such that

(2.3) a(z, y) 0P, + B(x,y)0uPp = > ATP;.
j=0

Then we have for 0 <k <n -1

ApH = A (o, PPT) = (0,7 ATB,PT ) = (0, (ad2Py + 50,Pn) PY )
= (00,0, (0, PaPT) — 0,Pn0,PT) + (o, 0, PaBT) = — (a0, 9,P,0,PT)
= — (00,0, (PuP]) = Pu02PL) = {0,y (ad2Py + 50, Py)" ) = 0

since deg (a@%Pk + B@ka) < 2. Hence we have A} = 0 forall 0 < k < n— 1
By comparing the coefficients of the highest degree terms in both sides in (Z3]), we
obtain (ii).
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(1i) = (did): Let Psf) = (0:Pn41.0,0:Pn1, -+ ,0:P1 )T, Then for m # n, we
have

(00, 0, Py 10, P, 1) = (00,0, (]P;fwrlaxPﬁJrl) —Pp10P 1)
_ <0, Poi1 (ad2P,, + B0,P,,) > = —(0,Pp 1 PL )AL =0

since {P,}32, is an OB o. Thus {Psf)};’fzo is a monic OB relative to ao) since
(o, 03Py 410, Ppyy1) = 0 implies (ao, Psf)]ngf)T> =0.
(131) = (7): Let 7 be the canonical moment functional of {]P’gf) o - Note that
7 PEPETY = 0 implies that (7, 0,Pm410,P%, 1) = 0.
If we take m = 0, then for n > 0 we have
(1,0.Pny1) = — (70, Ppy1) = 0.
Hence by Lemma 2.2, there is a polynomial § of degree < 1 such that
. = Bo.
If we take m = 1, then we have for n > 1
(1,0, P, PL, 1) =0,  (1,0,P110,PL, ) = 0.

Hence by Lemma [22] there are polynomials ag(z,y), a1 (z,y) of degree < 2 such
that

(&CPQ()T);C = (o0, (89513117');5 = (X10.
Thus we have 7 = %(ao — B0, Pyo)o and %[(ao — B0, Pyo)o], = Bo. Since ag —
B0, Py is a nonzero polynomial of degree < 2, (i) is proved. O

Remark 2.1. The condition that 0,FPy, = 0 for all n > 0 is not too restrictive. In
fact, all weak orthogonal polynomials found by Krall and Sheffer [11] satisfy this
condition.

Theorem 2.5. If A, (resp., T'y) in (2.2) is diagonalizable for allm > 0, there is an
OB {®,,}52, relative to o such that {®,}52 satisfy a partial differential equation
with two-parameter eigenvalues

(2.4)
a(z, y)ou+ B(x,y)0:u = An_ppu, (resp., a(z,y)dou+ B, y)dyu = yn_kru),
where Ap—p i (resp., Yn—k.x) are the eigenvalues of Ay, (resp., T'y) for 0 <k <mn.

Proof. Let A, be a nonsingular matrix of order (n+ 1) x (n + 1) such that
Ar_llAnAn - Dn;

where D,, is a diagonal matrix D,, = Diag(Ao, An—1,1,- ", Aon). Define a PS
{®,}5°, by @, = A, 'P,. Then {®,}2, satisfy a partial differential equation
(24)). Thus the theorem is proved.

We can obtain similar results for I',,. O

Theorem 2.6. Let {P,}52, be a monic OB relative to a quasi-definite moment

functional o. Suppose that OyPpo = 0, FPon, = 0 for all n > 0. If {PL‘”)};O:O and

{Pgly)};’f’:o are OB’s relative to quasi-definite moment functionals, then {P,}22,
satisfies a second order partial differential equation of the form

(25)  Alw, )02 TUn + C(x, )02 Up + D(x, )0, Up + E(w,4)0y Un = 2, Up,
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where deg A,deg B < 2 and deg D,deg E < 1 and ., are eigenvalue matrices of
order of (n+ 1) x (n+1).

Proof. The theorem is proved by applying Theorem [2.4] repeatedly. O

Theorem 2.7. If each Q, in (2.8) is diagonalizable for each n > 0, then there
is an OB {®,,}22, satisfying a second order partial differential equation with two-
parameter eigenvalues

A(:L‘, y)umg + C(xa y)uyy + D({E, y)uz + E((E, y)uy = Wn—k,kU,
where wn—k.; (0 <k < n) are eigenvalues of 1y,.
Proof. The theorem is proved in the same way as in Theorem 2.5 [l

Remark 2.2. 1. The conditions that 9y Pno = 0, P, = 0 for all n > 0 hold for
many OPS’s. For OPS’s satisfying a second order partial differential equation
of the form (H), these conditions are equivalent to A, = C; = 0. See [6] for
the details and their properties.

2. In fact, Q,, = A, + T, where A,, and T, are given in (Z2).

3. EXAMPLES AND BERTRAN’S WORK

Let {®,,}5° , be an OB relative to a quasi-definite moment functional o satisfying
a second order partial differential equation of the form

(3.1) Atgy + 2Bugy + Cuyy + Dug + Euy = Au.
If we write {®,}5° , by

Pn—jj(@,y) = Zk:o afx" *y* 4+ lower terms  (j = 0,1, ,n),
then the monic PS {P,,}72, defined by

P, = A, '®,, where A, = (a?k) (n >0),

n
4.k=0
also satisfies the partial differential equation ([B.]). We call this PS {P,}22, the
normalization of {®,}°° . From now on, {P,}>° , will denote the normalization of
an OB {®,,}22, relative to a quasi-definite moment functional o.

The partial differential equation (Bl) was introduced and investigated by Krall
and Sheffer. Then it is well known (see [6], [I1]) that o satisfies the following
functional equations, called the moment equations,

{(Aa)x + (Bo), — Do =0,

(3:2) (Bo)y + (Co)y —Eoc =0

Solving the moment equations (B2) for o, and oy, we have

(3.3)
{ ((B? = AC)o), = [(B? — AC), + (A, + B, — D)C — (B, + C, — E)Blo,
((B% — AC)o), = [(B? — AC), — (Ay + B, — D)B + (B, + C, — E)Alo.

Note that deg(AC — B?) < 3 and the coefficients in (33) is of degree < 2.
Bertran [2] studied some properties of orthogonal polynomials in v-variables

obtained by orthogonalizing an ordered basis of monomials. He derived a system

of partial differential equations of the form (24 for these orthogonal polynomials
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under the strong conditions that the weight function w(x) satisfies the system of
first order partial differential equations with boundary conditions

0y, w = Piw, aw=00ondR (i=1,2,---,v),

where dega; < 2,deg3; < 1 and R is the region of the orthogonality. Also,
he gave some examples of orthogonal polynomials in v-variables satisfying a second
order partial differential equation with two-parameter eigenvalues of the form (2:4)).
However, Bertran’s results are not applicable if we do not know the orthogonalizing
weight function and the region of orthogonality. We recall that there are many
OPS’s whose weight function is not known ([11], [15]).

Below, we show that our theorems can be applied to more examples which cannot
be covered by Bertran’s results.

Example 3.1. Consider the following partial differential equation:
(3.4) (2% — Duge + 22Yuay + (Y* — Dy + gouy + gyuy, = n(n + g — 1u.

The polynomial solutions are called the circle polynomials. Recently [12], we showed
that the differential equation (3.4]) has an OPS as solutions if g # 1,0, —1,--- . Let
o9 be the orthogonalizing moment functional of the circle polynomials. Solving
the equation (B.2)) for ol and o@(,g ). we have

{ (1 =22 —y2)0@) = (1 - g)za,
(1= 2% —y*)olD)y = (1 - g)yo'?).

Thus by Theorem 24 and 26 {P,,}52, will satisfy three partial differential equa-
tions:

(3.5) (1— 22 —y»02P, + (1 — )20, P, = A, Py,
(3.6) (1—2* —y*)0;P, + (1 — g)ydyPp = TPy,

(1—a® —y?)8P, + (1 — 2® — y*) 0P,

3.7
(3.7) + (1 = 9) [20:Pn + yoy P ] = (A, + T'y,) Py,

where A,, and T, are constant matrices of order (n + 1) x (n 4 1) given by

an 0 by,
0 Ap—1 0
An = ;
as 0 b2
0 a1 0
0 0 O
0 0 0
0 aiq 0
b2 0 as
T, = ,
0 QAp—1 0



2388 JEONGKEUN LEE

where a, = —k(k + g — 2) and by, = —k(k — 1). Since the eigenvalues of A, and
T',, are all distinct, A,, and I';, are diagonalizable matrices. Thus by Theorem 2.5]
there is an OB {®,,}22, (which in general is not monic) such that

(1—2® —yH)2bn—tk + (1 — 9)20:0n—kk = @n—rbn-rr (0 <k <n).
Similarly, there is an OB {¥,,}22, (which in general is not monic) such that
(1—2®— yQ)azwn—k,k + (1 = 9)yOythn—ix = axtn—rr (0 <k <n).

Furthermore, the partial derivatives {Psf)}ffzo and {Psly)};’fzo of {P,}22, with
respect to x and y are OB’s relative to a moment functional (1 — 22 — y?)o(9) (see
[6]). In fact, we have

(1 _ 2 y2)0(9) — g9+2)

Thus {P{}22, or {P{¥}22_, is orthogonal relative to the moment functional o9+
and satisfies the partial differential equation

(2% = Vtge + 2xyusy + (y* = Vuyy + (9 + 2)zus + (9 + 2)yuy = n(n + g+ u.

Bertran dealt with the circle polynomials only for ¢ = 3. But he did not give
the eigenvalues explicitly and did not notice that partial derivatives of {P,}22,
with respect to x or y are OB’s relative to the weight function w(z,y) =
H(1 — 2% — y?)dxdy. We emphasize that our theorem has an advantage of be-
ing able to apply to the circle polynomials (with g # 1,0, —1,---) and to prove the
orthogonality of partial derivatives with respect to x and y of the normalization of
the circle polynomials.

Remark 3.1. The matrix Q,, = A, + T, in (B7) has complex eigenvalues for some
n > 0. Thus there is no real PS satisfying the partial differential equation with
two-parameter eigenvalues

(1—2?—yH2v+ (1 —2* — y2)8§’u + (1 = g) [20,v + yOyv] = wn—k k0.

Remark 3.2. Schwartz (see [4] [16]) derived a pair of partial differential operators
which have the circle polynomials as joint eigenfunctions. One of his partial differ-
ential operators is ([3.7)) with g = 2+ 3. He showed that the circle polynomials for
v > —1 are the unique solutions to the generalized Bochner problem [16]: Find all
triples (L1, La, P) where P is a family of polynomials, and L;(i = 1,2) are second
order linear partial differential operators such that ¢ o(x,y) := z+1iy € P, and for
every ¢ € P

¢(1) =1, 9P, ¢(2) = 6(2),
L1¢ = ¢(1), Lag = ¢y(1)0.

Example 3.2. Consider the partial differential equation for the triangle polyno-

mials

(22 — T)ugy + 22YUsy + (Y2 — Y)uyy + [(a + B+ 7+ 3)z — (o + 1)] uy
+(a+B8+7+3)y— (B+1]uy = Au.

The partial differential equation (38) has an OPSifa+1+4+n, 5+1+n, v+ 1+n,

a+y+2+n, f+y+2+n, a+B+y+3+n#0foraln>0 (see [12]). Then o

satisfies the moment equations

zy(z +y— 1oz =y[(a+7)z+ay —a]o,
(39) { zy(z +y—1oy, =z [fz+ (B+7)y — Blo.

(3.8)
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It is shown [7] that the common factors in (33]) can be cancelled out and o satisfies
{ [z(x +y—1ol, = [(a+7+2)z+ (a+ 1)y — (e +1)]o,
y@+y—1)ol, =[(B+1Dz+(B+7+2)y—(B+1)]o.

Then by Theorem 4], the monic triangle polynomials satisfy the partial differential
equations

x(a: + Yy — 1)8319" + [(a + Y + 2)17 + (a + l)y - (a + 1)] a:an = AnIPn;
Yy +y -1, + [(B+ )z + (B+7+ 2y — (6+1)]9,P, =T,Py,

where A,, and T, are constant matrices of order (n + 1) x (n + 1) given by

Qp Bn 0 0

(e5] ﬂl Yn—1 0
0 0 o Tn

where a, = k(k+a+v+1), Bk = k(k+a), v, = k(k+06+v+1) and 6, = k(k+5). By
Theorem 2.3, there is an OB {®,}5° , satisfying a second order partial differential
equation with two-parameter eigenvalues forn > 0and 0 <k <n
z(x+y—1)02¢n—ki + [(a+7+2)z+ (a+1)y
- (04 + 1)]az¢nfk,k = Oénfkqsnfk,ka
since A, is diagonalizable if o + v + 2 4+ n # 0 for n > 0. Similarly, there is an OB
{0, }52, satisfying a second order partial differential equation with two-parameter
eigenvalues forn > 0and 0 <k <n
y(@+y— D) Yn ke +[(B+Dz+ (B+7+2)y
_(ﬂ + 1)] aywnfk,k = ’ykwnfk,ka

since I',, is also diagonalizable if 8+ v+ 2 +n # 0 for n > 0.

The following example shows that our theorem improves Bertran’s statement in
the sense that our theorem can apply to an OPS relative to a moment functional
o which satisfies a single equation of the form (2.1).

Example 3.3. Consider an OPS relative to a quasi-definite moment functional o
satisfying the partial differential equation ([11], [15])

(3.10) 3YUza + 2Uzy — TU; — YUy + nu = 0.
Then o satisfies
(3.11) { (Byo)s + 0y = 20,

Op = —Yyo.

Solving (B:11)) for o, and o,, we have
(3.12) Or = —Yo, oy = (—z + 3y*)o.

Note that (BI2)) are neither of type considered by Bertran nor equations for a weight
function. ¢ is nothing but a moment functional and its integral representation is
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not known. Nevertheless, by Theorem 24, {P,}5° , satisfy a system of partial
differential equations

(3.13) 0P, — yd, P, = AP,
where A,, is a matrix of order (n + 1) x (n + 1) given by
0 —n 0
0 0 -n+1
0 O 0
A, =
0 -2 0
0 0 -1
0 O 0

However, A,, is not diagonalizable since the eigenvalues of A, are all 0 and the
number of linearly independent eigenvectors is 1. Thus there is no OB which
satisfies the partial differential equation (310) and a partial differential equation
of the form (24)) simultaneously.
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