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ORTHOGONAL POLYNOMIALS ASSOCIATED WITH THE
DELTOID CURVE
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OLFA ZRIBI (Toulouse and Tunis)

Abstract. We study a family of bivariate orthogonal polynomials associated to the
deltoid curve. These polynomials arise when classifying bivariate diffusion operators that
have discrete spectral decomposition given by orthogonal polynomials with respect to
some compactly supported probability measure on the interior of the deltoid curve.

1. Introduction. Orthogonal polynomials in the interior of the deltoid
curve, referred to below as the deltoid domain 2, is one example of the eleven
families of orthogonal polynomials on a compact domain in dimension 2
which are at the same time eigenvectors of an elliptic diffusion operators
(see [2]). These families may be considered as the natural two-dimensional
generalizations of the Jacobi polynomials. The deltoid case is one of the
most intriguing, and has been put forward by Koornwinder [12] 13} [14] (see
also [25] 16]).

The deltoid domain is a bounded set 2 in R?, the boundary of which
is described by some degree 4 algebraic equation P(X,Y) = 0, so that
P(X,Y) > 0in {2 (see equation below). On this domain one considers
the family of probability measures o (dX,dY) = C,P*dXdY, where C,
is a normalizing constant and a > —5/6 is the basic condition to ensure
the finiteness of the measure (see Proposition below). For each such «
there exists a family of polynomials which form an orthonormal basis for
IL2(ue) and which are at the same time eigenvectors of a second order elliptic
differential operator £(*) on §2 (which is a diffusion operator).

Bounded domains in R? for which such structure exists are quite rare
(there are eleven families up to affine transformations, see [2]) and it turns
out that all the structure (operators, measures, orthogonal polynomials, etc.)
may be entirely described from the polynomial P(X,Y") which describes the
boundary of the domain.
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In this deltoid case, the operator £(® and the associated orthogonal
polynomials have been studied by T. Koornwinder [12] 13], with a slight
change of variables. In some respect, our work may be seen as an extension
of those papers. In two special cases (&« = —1/2 and o = 1/2), the operators
have a natural geometric interpretation, respectively of the Laplace operator
in R? acting on functions which are invariant under the symmetries of a
regular triangular lattice, and of the Casimir operator on SU(3), which we
present in detail for the sake of completeness. They both relate to the root
system A, which turns out to be deeply connected with this deltoid model;
see [, B, 6, 15l 1T, 22], and also [7, [§] for related topics on Tits triangle
buildings of type As.

These special cases have been particularly investigated (see [3, 9], and
[23, 24] for a spectral point of view). Those two cases are referred to below
as the geometric cases. Their analysis may provide some insight into the
general situation, which turns out to be more delicate.

In this paper, we concentrate on the eigenvectors of £(®), that is, the
families of orthogonal polynomials. We derive a 3-term recurrence formula,
quite unexpected in this context since such formulae are in general specific
to dimension one and not to be expected in higher dimension. Those recur-
rence formulae take a particularly simple form in the two geometric cases.
The geometric cases provide some simpler expressions for the polynomials,
and allow specific representations of these families to be derived. In the
particular case o« = 1/2, the use of Schur—Weyl duality leads to the con-
struction of polynomials through the characters of the symmetric groups S,
and their associated Young diagrams. We then investigate generating func-
tions, that is, explicit functions whose power series expansions provide the
required sequence of polynomials. Generating functions are not easy to de-
vise in general. We develop a technique related to diffusion operators to give
some explicit form for them. We first provide in the general case a partial
generating function (that is, a function which generates a subfamily of the
polynomials). For a complete generating function, the two geometric cases
(a = £1/2) are already known, and we propose a generic form for them
in the case « = k + 1/2, k € N. Our approach is based on the construc-
tion of harmonic functions in four variables, with respect to some specific
elliptic operator related to the operator £(®. Unfortunately, this leads to a
complicated form for which we do not have a simple general expression, and
although we conjecture a general form of the generating function for those
values of a;, we have only been able to check it for the first values of k, with
however a recursive method for a similar construction for any k£ € N.

The paper is organized as follows: Section [2]is a short presentation of the
general setting of symmetric diffusion processes associated with orthogonal
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polynomials, mostly inspired from [I] and [2]. In Section [3| we give explicit
formulae for the measure and the generator associated to the deltoid model,
and introduce the complex variables in which the associated operator £(®)
takes a much simpler form, leading to the explicit values for the eigenvalues
of the operator. Section |4] is the presentation of the Euclidean case (that
is, the case @« = —1/2), while Section |5 presents the SU(3) case, that is,
a = 1/2. Section |§| concentrates on recurrence formulae in the general case,
and the technical proof of the main Lemma [6.5]is postponed to an appendix
(Section E[) Section |7| provides the simpler representation of the eigenvectors
in the geometric cases. In particular, we provide a representation formula in
the SU(3) case which relies on a relation between the generator £(/2) and
the generator of a standard Markov chain on the symmetric group, which is
a special case of the Schur-Weyl duality formula (see (7.13)). This method
is valid in the general case o # 1/2, but takes an especially simple form
for a = 1/2, which allows for an explicit representation of the eigenvectors.
Finally, in Section |8| we first provide a partial generating function in the
general case, which relies on the study of the action of £(%) on the polynomial
P(T) =1-32T+32T% T3, where z = X +iY is a complex generic variable
in the deltoid domain. We then propose a complete generating function
whenever o = k + 1/2, k € N, with explicit forms for a few values of k.

2. Orthogonal polynomials and diffusion generators. Let {2 be
an open bounded domain in R%,d > 1, with piecewise smooth boundary,
and let 1 a probability measure on §2. Recall from [25, p. 32] that a family
of polynomials P, : RY — R is orthogonal in L?(2, 1) if

[P (@) Py () a(dz) = 0,

where 7 = (11,...,74) € N? is a multi-index, whenever |7| := 71 4+ -+ 74 #
T + -+ 75 = |7'|. In contrast to the real one variable setting, this fam-
ily need not be unique in higher dimensions due to various orders one may
choose when applying the Gram—Schmidt process to the canonical basis
(7" ... x]) ene (see [25, bottom of p. 31]). However, in many situations,
there are natural choices for this family of orthogonal polynomials. In par-
ticular, it may happen that they are also eigenvectors of some diffusion
differential operator. This is the case for the classical families of orthogo-
nal polynomials in dimension 1, Hermite, Laguerre and Jacobi polynomials
(although only the last one corresponds to a bounded domain, see [20]).
On the other hand, when solving stochastic differential equations in prob-
ability theory, one is often led to consider second order differential operators
on {2 which are symmetric in £2(u), at least when one restricts attention
to the set C°(§2) of smooth functions compactly supported in 2. When
1 has a smooth positive density p on (2, these operators may be repre-
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sented as

d d d
1
(2.1) Lf==>" Oklgripdif) = > grOif + > _bi0if
P =1 k,j=1 j=1
where g = (gkj(:c))g j=1,% € {2, is a symmetric non-negative matrix depend-
ing smoothly on = € {2 and

d
1 .
bj = 5 § Ok (gkjp), 7 E€{Ll,....d}
k=1

The coefficients bj(x) are called the drift terms of the operator L.

We call such operators symmetric diffusion operators. They are related to
Markov diffusion processes (&;) with values in 2 through the fact that for any
smooth function f, the process f(&) — Sé Lf(&s)ds is a (local) martingale.
When the operator L is essentially self-adjoint, this entirely characterizes the
law of the process (&) (at least as long as we only consider finite-dimensional
marginals). The operator L is called the infinitesimal generator of the pro-
cess (&).

Working with such diffusion operators, it is often convenient to introduce
the so-called carré du champ operator

I'(f,9) = 5(L(f9) — fLg — 9L]),
and observe that L is entirely determined by I" and g through the integration
by parts formula

\regdp=\gLfdu=—-\1(f9) du,
N 9] 02
valid at least when f and g are smooth and compactly supported in 2.
Moreover, from the representation (2.1)), it is immediate that b;j(z) = L(z;)
and g;; = I'(x;, x;).
More generally, the change of variable formula, valid for any smooth
@ :R* - R, and any k-uple f = (f1,..., fr) of smooth functions, reads

(2.2) LB(f) =Y ab(f)Lfi+ Y (NI (fis f))-

In particular, wheneve; fori,7 =1,.. Z,]k:, there exist functions B; and
Gij such that Lf; = B;(f) and I'(fi, fj) = Gi;(f), one has
(2.3) L(D(f)) = (L12)(f)

where L] is the new diffusion operator acting on the image of {2 under the
function f (which is not necessarily a local diffeomorphism), as

L1(P) =) Gij(2)0}0+ Y Bi(2)0id,
7,7 i

which is called the image of £ under the function f.
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In the probabilistic interpretation, if (&) is the stochastic process with
generator L, then f(&) is again a diffusion Markov process with gener-
ator L£1. In particular, the operator £; is symmetric with respect to the
image measure of p under the map f, which, following , may often be
an efficient way to determine the image measure. When such a situation
occurs, we shall say that £ projects onto L;.

In what follows, we restrict for simplicity to the case where the matrix
g(x) is positive definite on 2. It is then natural to raise the question of
determining when such an £ may be extended as a self-adjoint operator
(see [26]) with spectral decomposition given by a family of orthogonal poly-
nomials with respect to u. In other words, one wants to determine for which
choice of p and g there is a complete family of p-orthogonal polynomials
which are at the same time eigenvectors for £. This will produce a natural
choice for a basis of orthogonal polynomials.

It turns out that the general answer to this question is the following.

The functions g;j(z) are polynomials with degree at most two, and the
boundary 02 is included in the algebraic set {det(g) = 0}. More precisely,
if {P(z) = 0} denotes the irreducible equation of the boundary 0f2, then
there exists a family of degree 1 polynomials L;(x) such that for any i, we
have the algebraic equation

(2.4) > 9ij0;P = L; P.
J

Moreover, the sets of admissible density measures p are entirely described by
the algebraic structure of the boundary. In particular, when the determinant
det(g) is irreducible, the only admissible density measures p are C'()\) det(g)*
for any real A such that det(g)* is £(£2, dx) (see [2]). Once the boundary 912
is given through its irreducible equation, the coefficients g;;(z) are entirely
determined from (2.4). It turns out that they are in general unique up to
some scaling factor.

3. The deltoid model. In dimension 2, up to affine transformations,
there are only eleven bounded sets {2 on which there exists a symmetric diffu-
sion operator for which the associated eigenvectors are orthogonal polynomi-
als with respect to a reversible measure (see [2]). One of the most intriguing
ones is the interior of the deltoid curve, which is a degree 4 algebraic curve
with equation

(3.1) P(x) = (2% + 23)? +18(2F + 23) — 827 + 24x123 — 27 = 0.

The curve P = 0 also has the following parametric representation:
x1(0) = 2cosf + cos20, x2(0) = 2sinf — sin 26.

In complex notation, z(6) = x1(0) + izz(0) = 2% + =29,
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Fig. 1. The deltoid domain {2

We shall denote by (2 the interior of the deltoid curve, by {2 its closure,
and by 0{? its boundary.
For this particular choice, the matrix g;;(x) is uniquely determined by
equation (2.4) up to some scaling factor, and is given by
g11(71,29) = —(32%2 — 2% — 621 — 9),
(3:2) gi2(z1, 22) = —222(221 + 3),
go2(w1,22) = — (323 — 22 + 621 — 9).
Hence we deduce that det(g) = —3P(x). Moreover, in this representation,
for the measure u(dz) = c(a)|P(x)|*dx, the drift terms in the equation read
(3.3) bl(.%'l, .1‘2) = —2(6a + 5)1’1, b2($1, $2) = —2(60é + 5)%‘2.

The general operator £(%) on the interior of the deltoid curve for which a
family of orthogonal polynomial is formed of eigenvectors of £(® is therefore
given by

L1 = g1y (w1, 29)07 + goo(w1, 72)05 + 2g12(21, 22)07 5
—2(6a+ 5)x101 — 2(6c + 5) 202
with associated measure c¢(«)p®dx, with

p(x) = 5 det(g) = P(x),

where P is given in .

As long as we only deal with polynomials, it turns out that it is easier
to use complex variables. Indeed, let z = x1 4+ ix2 and Z = x1 — ix9. Then
the generator is entirely characterized by

I(z,2) = —42% + 127,

I'(z,z) = —22Z 4+ 18,

I(z,2) = —42% + 122,

L@z = —2(6a+5)z, L¥zZ=—-26a+5)z.

(3.4)
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We can simplify the operator by setting z = 321,z = 3z; and multiplying
£ by 1/4, which does not change the eigenvectors and multiplies the
eigenvalues by 1/4. This gives (renaming z; and z; as z and %)

(3.5)

=—1(6a+5)z, L¥z=-1(6a+5)z

In these coordinates, we may choose P to be

(3.6) P(z,2z) = 4((F(z,§)2—F(z,z)F(Z, z)) = 1-627 32222+ 4(23 4+ 2%),
which is positive in {2.

REMARK 3.1. It is worth observing that if for complex numbers 21, 23, 23
such that z12923 = 1 and |z;| = 1, we set z = (21 + 22 + 23)/3, then

P(z,2) = —5-(21 — 29)2 (29 — 23)% (23 — 21)?,
which is a non-negative real valued function.
In particular, giving a particular role to the case @ = —1/2, one has
(3.7) £ = £EYD 3204 1)(20, + 205).

This model has been studied in [12) 13], where the relationship with ho-
mogeneous spaces of rank 2 and the root system As has been put forward.
Observe that the case a = —1/2 corresponds to the Laplace—Beltrami oper-
ator associated with the Riemannian metric g~! associated with the inverse
matrix of g.

Our aim here is to study the associated orthogonal polynomials together
with the associated eigenvalues, and various representations for it. Indeed,
this family belongs to the larger class of Hall polynomials associated with
root systems (here the root system As) (see [19, [I§]), and our aim here is
to present some properties of these polynomials specific to this model.

4. £-1/2) as a projection of the Euclidean Laplacian. As already
mentioned, the case & = —1/2 corresponds to the Laplace—Beltrami oper-
ator associated to the inverse matrix ¢~'. If one computes the associated
curvature (here, in dimension 2, the scalar curvature is sufficient to charac-
terize the metric), we may observe that it vanishes, and therefore it is not
much surprising that the operator is the image, in the sense described in
Section [2, of the ordinary Laplace operator in R2.

To describe this, consider the three third roots of unity in the complex
plane, (1,j,j), that is, the points in R? with coordinates (1,0), (—1/2,/3/2),
(—1/2,—+/3/2), and, for two points x; = (x;,1;) € R?, denote by x - Xo
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= x1%9 + y1y2 their scalar product in R%. Then, consider the function
z :R? — C given by

(4.1) 2(x) = (1% 4 ¢ii + i),

Our aim is to identify the above operator £(-1/2) as the image of the
Laplace operator A on R? through the action of z : R — (2.

For this, denote by A the two-dimensional Laplace operator and by I’
its associated square field operator, that is, I'A(f,g) = 0, f0.9 + 0y fOyg.

LEMMA 4.1.
TA(z,2) = =22 + Z,
IA(zZ,2) = %(1 — 2Z),
TA(Z,2) = —2% + 2,

Az =—z, AzZ=-2Z.

Proof. Fora= (a1, az) € R?,let ea : R2 — C be the function e, (x) = ela™.
Then
Alea) = —llal®ea,  I'(ea,en) = —(a-b)eatb.

Hence, the stated formulae follow immediately. m

REMARK 4.2. In connection with Remark observe that, with the
above notation, z = (e1 + ej + €5)/3 = (21 + 22 + 23)/3, with |2;| = 1 and
212923 = 1, the last formula being a consequence of 1 +j +j = 0.

We shall see (Proposition that z(R?) = 2. Then an immediate com-
parison with shows that £{1/2) is the image of A under the function
2 : R? — 2 (Proposition .

The function z is invariant under the symmetries with respect to the
lines of the regular triangular lattice IL; whose fundamental domain is the
regular triangle A with vertices (0,0), (47/3,0), (47/3)e'™/? (see Fig. 2). We
shall say that a function having those invariances has the symmetries of the
lattice IL1. To see this, it is enough to observe that z is invariant by rotation
through 27/3 and by symmetry with respect to the horizontal lines {y = 0}
and the line {y = 2m/v/3}. As a consequence, z is uniquely determined by
its restriction to A.

PROPOSITION 4.3. The function z is a one-to-one map from A onto ?
and from 0A onto 0f2. In particular, it maps the whole plane onto 2.

Proof. Recall that (2 is the set of points in R? such that P(z,z) > 0,
where P is defined in . Now, for any smooth function f : R? — C, one
has Ia(f, f)2 > Ta(f, f)TA(f, f). Applied to f = z, this shows that z maps
R? into {2.
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Fig. 2. The lattice L1 of regular triangles

Recall also the parametric equation of {2 in complex notation,
21(0) = 2¢" 4 729,
so that z1(0) = z(—26,0), where 6 runs over any interval of length 27. Then
the invariance of z under rotations of angles +27/3 shows that the images
of the intervals
[—47/3,0], [4m/3,87/3]
coincide with the images of the oblique edges of A (the cusps of 02 are the

images of {# = 0,47/3,87/3}). Thus z maps dA onto 912 and it is easy to
check from the complex parametrization of 0f2 that z is one-to-one there.

But then z(A) = 2, since otherwise 2 would not be simply connected,
which leads to a contradiction. B
Now, we shall use the following parametrization of {2:

. , 3
2(x1, xp) = €1 + 2¢~11/2 cos(\gm), x = (x1,22) € A.

For fixed 1 € [0,27/3], the image by z of the vertical segments

[(xlvo)a (xlv \/gl’l)] € “4
is the line segment [(z1) = [A(x1), B(z1)] where
A(z1) = (cos(z1) + 2 cos(x1/2),sin(z1) — 2sin(z1/2)),
B(x1) = (2cos(x1) + cos(2z1), 2sin(x1) — sin(2x7)).
Thus, the coordinates of A(z) are decreasing as functions of z1, while those
of B(x1) are decreasing and increasing respectively. Equivalently, A(z1) runs
over the half of the lowest branch of 02 starting from (3,0), while B(z)

runs over the whole highest one since clearly B(x1) = A(—2x1). Indeed, two
line segments I(x1),I(z}),0 < z1 # 2} < 27/3, never intersect. A similar
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reasoning applies when x1 € [27/3,47/3] and the segment [(x1, —v/3z1 +
47 /+/3), A(x1)] runs over the remaining half of the lowest branch while B(z1)
runs over the whole third one. As a matter of fact, z is one-to-one from A
onto £2. Finally, A is a fundamental domain for the action of the affine group
D3 on R? so that every x € R? is conjugate to a unique element of A. The

proposition is proved. =

We can now identify the operator £(-1/2) as an image of the 2-dimen-
sional Laplace operator acting on functions which are invariant under the
symmetries in the lines of the triangular lattice.

PROPOSITION 4.4. A measurable function f : R? — R has the symme-
tries of the lattice Ly if and only if it can be written as f = g(z), where
g : 2 — R is a measurable function.

Moreover, when f € C?, then we may choose g € C?, in which case

(4.2) A(g(2)) = L (g)(2).
In other words, £=1/2) s nothing else than the 2-dimensional Laplace op-
erator acting on functions having the symmetries of L.

Proof. If we denote by 27! the inverse map 2 — A of the restriction of
z to A, then we just set g = foz . m

Using Remark and the above diffeomorphism between the deltoid
and the triangle, one obtains

ProproSITION 4.5. The function P on the deltoid is integrable with
respect to the Lebesque measure if and only if a > —5/6.

Throughout, we use A = 3 (6 + 5).
Proof. By the change of variables formula we have
S Pad:EldIL‘g = S Pa+1/2 dl‘l dl‘g
N A
=C S |(Z1 — ZQ)(ZQ — 23)(23 — Zl)’2a+1 dl’l dxg
A
where z; = ei91,22 = ew?,zg = ¢ and 0, = x1, 00 =m—x1/2+ \/3332/2,
03 = —(91 —|—92) = —.%‘1/2 — \/3.1,‘2/2
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A rapid inspection of the integrability of this function on the triangle
shows that, near the boundary and outside the corners of the triangle, the local
integrability condition is & > —1, while at the corner of the triangles, there
is a more restrictive condition. Indeed, for the integrability of the measure
near (0,0), we need (21 — 22) (22 — 23) (23 — 21)) =~ —i2V/3 x2(23 — 327), and if
we set 29 = v/3txy, t € [0,1], we have Po+1/2 ~ (- Z228(1 — t2)2)a+1/2,
which is integrable for the measure tdtdz; if and only if « > —5/6. m

5. £L1/2) as a projection of the Casimir operator on SU(3). Let
G be a compact semisimple Lie linear group with Lie algebra L, seen as
the tangent space at Id for G, with Lie bracket [A, B] (see [10]). On L,
the Killing form is a scalar product defined by (A, B) = —trace(AB). On
the other hand, to any A € L is associated a vector field X4 on G de-
fined as X A(f)(g) = O¢|t=of(get?). Given an orthonormal basis (Ay, ..., Ag)
in £ with respect to the Killing form, the Casimir operator is defined as
Ag =), Xi. It is also the Laplace—Beltrami operator on G when G in-
herits the Riemannian structure from the Killing form in £. Ag is a second
order differential operator in the sense that it satisfies the change of vari-
able formula . We shall denote by Ig the corresponding carré du champ
operator.

The Casimir operator commutes with the Lie group action. More pre-
cisely, if, for ¢ € G and for any function f : G — R, one defines the right
action Ry(f)(k) = f(kg), then AgRy = RyAg, and the same holds true for
the left action L,(f)(k) = f(gk).

In order to entirely determine the action of Ag on functions of G, it
is enough to compute Ag(f;) and Ig(f;, f;) for a set of functions which
generates all functions on G (say as o-algebras). Once again, it could be
helpful to consider complex valued functions. On SU(n), if one represents
g as a matrix (z;;) with complex entries, we shall consider the coordinates
g+ zj; and g — Z;; as generating functions.

When performing the above computations in SU(n), one ends up with
the following.

PROPOSITION 5.1. The action of the Casimir operator of SU(n) on the
entries (2i;) of the matriz g € SU(n) is given by

(=D+1)

)

Agun)(zk1) = =2

Agun) (Zrt) = —2%%

9
SU(n)\Zij, 2kl RilZkj T, ”ij Rkl
_ _ 2_
FSU(n)(Zija Zri) = —2ZyZk; + n 5%kl
_ 1 _
Isum) (2ij, Zrt) = 2(0irbj1 — £2ijZn1)-
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We shall not give the proof of these formulae, which is straightforward
from the definition, although a bit tedious.

Since we shall use this later on, we shall compute the action of Agy(,) on
special functions, namely the traces of the powers. For any p € Z, consider
the functions SU(n) — C, T),(g) = trace(gP). For p > 1, one has

n
(5.1) Tp(g) = Z ZivigZigiz " Fipi1s
i1 yeeyip=1
the same formula holds for p < —1 upon replacing z;; by Z;; (and of course
T ,=T)p).

COROLLARY 5.2. The action of the Casimir operator on the functions Tp,

p > 1, is given by

n? — !
(5.2) Asum)Tp = —p <2< n p>Tp + ZTisz)a

i=1

with the conjugate formula for p < —1, while, for any p,q € Z,

1,1,
(5.3) FSU(n) (Tpa T, ) = 2|pq| < n p+q>-
Proof. From the change of variable formula, one has, for any m-uple of
functions (f1,..., fm) and any diffusion generator L,
Lfi L(fi,f))  ~=I( i Ji
(5.4) Ll fu) = fm(z fiyp s LUel)_5h LUA)),
i,j=1 fif; i=1

and, for any m-uple (fi,..., fm) and any k-uple (g1,...,gx),

D(frefmigr--gi) = fie fmgr - g’“(ZZ f“gﬂ>

=1 j=1 ‘fzgj
It remains to apply these formulae to the explicit expression (5.1 of 7},. =

In particular, if we set Z = Ty, Z = T_1, then

2 2
nc—1 = n®—1
Z, AsymyZ = -2

(5.5) AgumyZ = —2 Z,

n
and

(5'6) FSU(n)(Za Z) :2(Z2/’I”L—T2), FSU(n)(Zaz) :2(22/71_?2)’
(5.7)  Tsuw)(Z,2))=2(3—ZZ/n).

Now, consider more precisely the case n = 3. For any matrix in SU(3),
if (g1, p2, p3) denote its eigenvalues, then T}, = pf + pb + pf. The p; are
complex numbers with |u;| = 1 and pypeus = 1. With Z = pq + po + us,
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they are a solution of the equation
X3 - ZX*+7ZX-1=0,

and multiplying this by X? and summing over the three values 1, 2, s,
one gets, for any p € Z,

(5.8) Tpys — ZTpya + ZTps1 — T, = 0,

which for p = —1 gives Ty = Z2 —2Z, and similarly Ty = Z? —2Z. Inserting
these values in (5.5)) and (5.6 leads to

AsuZ =7, Agup)(2)=-%Z

and
Nyww(2.2) = 482 2%),  Tye)(Z.7) = 432 - 2°)
Isue)(Z2.Z) = 2(ZZ - 9).

Setting z = Z/3, on observes that %ASU(:}) acting on functions of (z,%) is
nothing other than £(1/2). Observe also that the functions on SU(3) which
depend only on (z, Z) are exactly those which depend only on the spectrum
of the matrix g € SU(3), that is, the functions which are invariant under
g+ h~'gh for any h € SU(3). Indeed, as long as polynomials are concerned,
those functions are exactly functions depending only on the traces 1), p € Z,
and formula shows that these functions are again polynomials in the
variables (z, Z).
To summarize, we have

PropoSITION 5.3. The operator %ﬁ(l/Q) is the image of the Casimir
operator on SU(3) acting on spectral functions, through the map SU(3) — C
defined by z(g) = % trace(g).

6. Eigenvalues and eigenvectors. We proceed now to the determina-
tion of the eigenvalues of £(%), and give a recurrence formula for the corre-
sponding eigenvectors. To simplify the notation, we shall set A = (6 +5),
so that A > 0 will appear in each case as the minimal nonzero eigenvalue
of —£(®).

In dimension 1, it is well known (and easy to check) that for any prob-
ability measure p for which the polynomials are dense in IL?(y), the unique
(up to sign) associated sequence of orthogonal polynomials satisfies a 3-term
recurrence formula (see [21]), usually written in the form

xPn = anPn—i-l + ann + an—lpn—l-

This is not the case in dimension 2, since one gets in general a recurrence
formula involving at each step n an increasing number of terms. Indeed, if,
for each degree n, one denotes by P,, the space of polynomials of total degree
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at most n and by H, the space of polynomials in P, orthogonal to P, _1,
then for any P € H,,

1P = Qni1+@Qn+Qn-1, 2P =Rpt1+ Ry + Ry,
where Q; and R; belong to H;. But the space H; has dimension i + 1, and
in general one should not expect any simple recurrence formula.

However, looking more precisely at the form of the operators £ in the
variables (z, Z), one should expect for the sequence of eigenvectors of L) 4
6-term recurrence formula. It comes as a surprise that indeed one is able to
get a 3-term recurrence formula, as in dimension 1.

We start by investigating the eigenvalues. Recall first that we are looking

for polynomials PZE,C;) such that
E(O‘)(ngj;)) - _)‘p,qug?ql)
where (p,q) € N? is a bi-index whose weight p + ¢ is the degree of Pgﬁ?.
PROPOSITION 6.1. The eigenvalues of L£(*) are
Mg =A=1)@+q) +0° +¢* +pq,
where A = 1(6a + 5).
Proof. The complex representation easily leads to the eigenvalues. In-

deed, if P,, denotes the space of polynomials (now in the variables (z, z))
with total degree at most n, one may write any P € P, as

n
P=> a,,2"7" 7P+ Q="P,+Q,
p=0
where Q € P,,_1.

Now, looking at the action of £(® on the highest degree term P, of P,
one sees that if £(® P = —uP, then the highest degree term B, of £LP, is
equal to —/uf’n. It remains to find the action of £(® on those highest terms.
Fortunately, in coordinates (z, Z), this action is diagonal (which is not the

case in coordinates (x1, z2)).
Indeed, the change of variable formula (2.2)) gives

E(a)(zpéq) = pzpfliqﬁ(a)z + 291 L @z
+p(p—1)2P2290 (2, 2) + q(q = 1)297 2271 (z, %)
+ 2pq2P 7070 (2, 7),

whose highest term is —Ap, 4229 with A,y = (A= 1)(p +¢q) + P2+ ¢ + pq,
where A = 2(6a+5). m
REMARK 6.2. When a ¢ Q, the eigenspaces associated to the eigenvalues

Ap,q are at most two-dimensional (and exactly two-dimensional when p # ¢).
Indeed, writing 0 = p+ ¢ and 7 = pq, with similar notation o', 7’ for (p’, ¢),
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we have A, = (A — 1) + 0? — , and therefore if A\, , = Ay 4, then either
o=c andthenm =7",or A\=1—0—0'+ (7 — ') /(0 — 0’), whence X € Q.

We shall see moreover that for any (p, ¢) there exists exactly one polyno-
mial Pp(z)(z, %) = 2Pz% 4 lower degree terms, which is an eigenvector of £(®),
Indeed, the following result shows that, for any p,q, there exists at least
one polynomial ng)(zpzq) with unique highest degree term 2zPz¢ which is
an eigenvector for £(®).

THEOREM 6.3. Recall that A = (6 +5) > 0. Let PS%)(2,%) be the

family of polynomials with unique highest term 2Pz? defined by induction
from

o) P = 2P + a0\ p) P i1 + az(0p ) PO,

Py =258 + e\ )P oy + a2 (M a. )P,
with

p(3p +2X —5)
Ap) = — |
a1(A, p) A +3p—1)(A+3p—4)
— prq
az(A, p,q) = Do

where

Npq=4qBq+2A=5)A+3(p+q¢) - (A+p+q-2),
Dpg=A+3¢—1)2A+3(p+q) —5)2A+3(p+q) —2)(A + 3¢ — 4).
Then, for the operator LY determined from (13.5), we have
L(O‘)P}SZ) = _)‘qung,?z) where Apg= (A —1)(p+¢q) +p* + ¢* + pq.
REMARK 6.4. The only possible values of A for which the denominators
vanish in the above formulae are A = 1 and A = 4, which correspond to

a = £1/2 and to the values (p, q) € {(0,0),(1,0), (0,1)}. In those situations,
we have to replace a1 (\,p) and as(\,p, q) by

a1(A,p) =limai (A +¢€,p) and az(A\ p,q) = limaz(A+¢€,p,q).
e—0 e—0
Moreover, in both cases,
al(lap) = a1(47p) = _1/3a a?(]-apa Q) = a2(47pa Q) = _1/97

for every (p, q) except for (p,q) € {(0,0),(1,0),(0,1)} . We have indeed
al(lvl) = _2/37 02(1,0, 1) = _1/37
a1(4,1) = _1/37 a2(4707 1) = _1/9?
al()\, 0) = ag()\,p, 0) = 0,
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In the case a = 1/2 the recurrence formulae simplify for every p,q > 0
to

1/2 1/2 1/2
(6.2) Pz§+/1,()1 = ZPyg,lq/Q) 1P( /121+1 PIE q/ i’

But in the other cas

e @« = —1/2, the recurrence formulae are the same
except for (p,q) € {(1,0), (

0,1)} corresponding to

P( V2 = oz %, P2(7_01/2) =22 %2, PO(;l/Q) =7z - %z.
Therefore, for « = —1/2,1/2, the recurrence formulae for the polynomi-

als are the same, except for the first two coefficients (which explains that
they do not give the same family of polynomials).

It is worth observing that since a;(X,0) = a2(A, p,0) = 0, formula (6.1
makes sense for p = 0 and ¢ = 0, and defines completely the family P,Sf; for
any (p,q) € N2. One observes that PI%) (z,z) = 2PZ7 + lower degree terms,
with real coefficients. It is also easily checked that Pq(f;,) = PIS,O(;).

The proof of Theorem [6.3]is rather technical, and relies on the following

LEMMA 6.5. For the family of polynomials defined in (6.1) and the I’
operator defined in (3.5)), we have

I'(z, PIE q)) = ap(p, q)PZSj‘_)Lq + a1 (p, Q)ngg ,
I'(z, P}iq)) = ao(q,p)PISZLl + al(q,p)Pﬁ :

q— p—1,q
with
ao(p, q) = —5(q+ 2p),
01 (p. ) _1p@A+3¢-5)A+p—qg-—1)
PRV -+ sp—4)
1 N}
Ckg(p, Q) =35 p,q7
2 D}w
where

Npy=dBq+2X=5)A+3(p+9¢) — VA +p+q—2)(2A+p+2g - 2),
Dy.=A+3¢—1)(2A+3(p+q) —5)2A+3(p+q) — 2)(A+ 3¢ — 4).

It is worth observing that although the definition of I" does not involve
the parameter « (or equivalently \), the recurrence formula defining PISZ)
does, and Lemma is valid for any «. However, it is not clear from the
proof for which family of recurrence formulae on PISf;) the 3-terms recurrence
formulae for I'(z, PISZ)) and I'(Z, Pé,oq‘)) are still valid.

Since the proof of Lemma is quite technical, we postpone it to the
Appendix (Section @
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Proof of Theorem . Recall that A = 3(6a 4+ 5) > 0. Assume by
induction that E(O‘)Pphql = —Mp1,qi Ppi,gi Wwhen p1 + ¢ < p + g, where
Mg = (A =1)(p+q) + p* + ¢* + pg. As before, we simply write the change
of variable formula, and using Lemma [6.5] we get

ﬁ(a)PpH,q = E(a)(zpp,q) + al(/\P)ﬁ(a)Pp—LqH + az2(A, p, Q)ﬁ(a)Pp,q—l
= ZE(Q)PIW + Pp,qﬁ(o‘)z +2I(z, Py q)
—a1(A, p)Ap—1,0+1Pp—1,4+1 — a2(\, 0, Q) Apg-1Pp g1
= —(Apg T N)2Bpq +200(p, q) Bpi14
+ (21 (p, q) — a1(N, p)) Pp—1,g+1
+ (2a2(p, q) — a2(A, p, Q))\p,qfl)Pp,qfl-
But
2Ppq = Ppi1,q — a1(Ap) Pp—1,g+1 — a2(Ap, @) Pp g1,
so that

LPy 1y = Bi(p,q)Pps1g + Bo(0, Q) Pp1.411 + B3(p, @) Pg1,

where

Bi(p,q) = —(Mpq + ) +2a0(p, q),
Bs(p, q) = 201(p, q) + (Apg — Ap—1,¢+1 + ANa1(A, p),
Bs(p,q) = 202(p, q) + (Ap,g — Apg—1 + N)az(A, p, q).
Everything boils down to the following formulae, which are straightforward
to check:
Bi(p,q) = —Mp+1.g» Ba2(p,q) = Bs(p,q) = 0.

The same proof applies for E(O‘)Pp,qﬂ = —Mpg+1FPp.g+1. The conclusion
follows. =

REMARK 6.6. From the recurrence formula, it is easily checked that
P, = 2PZ1 + A, (2PT12972 4 B, 2P 270
+ Cp P 120 4 Dy P42 4 B 2PT2 L R,

where deg(R) < p + g — 3. This general form may be easily deduced from
the form of the operator, and should produce a 6-term recurrence formula.
The fact that the recurrence formula contains only three terms (as in di-
mension 1) is indeed quite mysterious.

COROLLARY 6.7. For any p,q, there exists a unique polynomial PI%)
with unique highest degree term zPZ9, which is an eigenvector of L% with
eigenvalue —\p 3 = —((A—=1)(p+q)+p*+¢*+pq). As already mentioned, the
eigenspace associated to A, , has dimension 2 when p # q and dimension 1
for p = q whenever \ ¢ Q.
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Proof. From the fact that the operator is symmetric in the space of
polynomials with total degree less than p+ ¢, we know that there are exactly
p+q+1 linearly independent eigenvectors for this operator with total degree
p + ¢. Since Theorem provides the exact number of such eigenvectors,
we know that we have described a complete set of them. =

7. Other representations of eigenpolynomials. In this section, we
come back to the two different representations for £(=1/2) and £(/2) which
provide new representations for the eigenvectors Péjjj) in those specific cases.
These new representations will allow us to get in those cases linearization
formulae for the product together with generating functions.

Although the case o = —1/2 is quite easy, since it comes from a Eu-
clidean Laplace operator, it gives rise to another family of recurrence for-
mulae. On the other hand, the case a = 1/2, which comes from the Casimir

operator on SU(3), leads to new representations of the eigenvectors P,§,?;)
related to the irreducible representations of the symmetric group. Finally,
comparing the two cases allows us to generalize the SU(3) formulae to the
general situation, although this does not provide any new simple form for
the eigenvectors.

7.1. Case aw = —1/2. In this case, one may see quite easily that all the

1/2) and Pé;l/Q).

polynomials Plsql/ 2 have simple expressions in terms of PIEB
We have

PROPOSITION 7.1.
(1) For any p>q>1,

“1/2) _ p(=1/2) p(=1/2) _ 0-2¢ p(~1/2)
P;q/ >_Pp’0 Py, —372p

(2) Forany ¢q>p>1,

-1/2) _ p(=1/2) p(=1/2) —2p p(—1/2)
p,g,q />_Pp70 Py, =3Py

Proof. With the representation of the operator £(-1/2) one may
represent the function z as a function R? — C through equation . As
in Section |5, we may then write z = (21 + 22 + 23)/3, where z; are three
complex numbers satisfying |z;| = 1 and 212923 = 1.

Then, for any p € Z, setting T}, = 2} + 25 + 2%, one has, by (5.8),

(7.1) Tpyo — 3211 + 321, — T)—1 =0,

with 77 = 3z and T = 3z, Ty = 3. One may observe first that this formula
is unchanged if we replace p by —p and z by z. Setting T,, = 3‘p|Qp, one gets

1 1
(7.2) Qp+1 = 2Qp — §5Qp—1 + ﬁQp—Q'



ORTHOGONAL POLYNOMIALS 19

From this, it is clear that @), is a polynomial of degree less than p in (z, 2),
of the form @, = 2P + lower degree terms. Now, if we replace z1, 22, 23 by
e1, €j, €5 we see that @Q)p is an eigenvector for the Laplace operator A in R2,
with eigenvalue p?. Therefore,

(7.3) Vp20, Qp= P( 1/2)’ Q-p= @p = Pé;l/?)'

Comparing (7.2]) with the recurrence formulae for P;S,Of;), the first line
in (6.1) gives in this case (A = 1)

(=1/2) _ _p(=1/2) 1 1
Pp+1,0 = ZPp,O —34p-11 >

which leads to
P( 1/2) —P( 1/2) _ 1 p=1/2)
which is the second hne in 1D
On the other hand, coming back to the representation T}, = 27 + 25 + 2%,
one sees that, for any (p,q) € Z2,

TyTy = Tprg =D _ 2421 =) 279271,

i#j i#j
from which we get, for any (p,q) € Z2,
(7.4) TpTy = Tp+q = Tp—qT—q = Tp—29g = Ty—pT—p — Tg—2p-
When (21, 22,23) = (el,eJ, J) this becomes a sum of terms of the form

€3(p,q)s Where 1Bp.ql> = p* + ¢* — pg. Therefore, for the £=1/2) operator,
writing 7,7_, — T)—4 as a polynomial in (z, Z), we see that this is an eigen-
vector associated with the eigenvalue p? + ¢? + pg. Looking at the highest
degree term, and translating this in terms of the polynomials @, = 3-lelT D>
we obtain

(75) vp)q Z 17 P(71/2) = QPQ—(] - 372min(p’q)Qp_Q’
)

giving a representation of P(( q)/ %) in terms of the polynomials PIE’BI/ %) and

Pé ql/ %) which is not easy to obtain directly from the recurrence formula (6.1).
When p,q > 0,Q,Qq — Qp+4 is also an eigenvector for the Laplace oper-
ator associated with the eigenvalue p? + ¢ — pq. Indeed, using which is
valid for any (p, q) € Z?, and comparing with , we end up, forp > ¢ > 0,
with
(7.6) PP = QpQq — Qi
The conclusions of Proposition are immediate consequences of these
formulae. w

Observe that equations ([7.5) and (7.6) may be seen as multiplication

formulae, that is, expressions of the products P( 1/2)1’3(1(01/2) P( 1/2)]3(7(11/2)

and P( 1/2)P( 1/2) as linear combinations of the polynomials Pr(S 1/2),
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7.2. Case o = 1/2. We now turn to the inspection of the family Pé}q/z).
As in the case & = —1/2, we may build the various polynomials Plg}q/ 2 from

the polynomials P;S,lo/ 2 and Pé}q/ 2), but the construction is more subtle, and
relies on combinatorial expressions.

We know that %ﬁ(l/ 2) may be represented as the action of the Casimir
operator on SU(3) on spectral functions. Once again, one may represent
z = (21 + 22 + 23)/3 with |z;| = 1 and 212923 = 1. The complex variables
z; are now the eigenvalues of the matrix g € SU(3). Now, the function
T, = 2 + 25 + 2% is also T}, = trace(g?), but may be expressed through the
same polynomials in (z, Z) as in the previous section.

To formulate the main result of this section, we need to introduce some
notation.

For any n € N, n > 1, let II, be the set of sequences of integers p; >
-+« > pg, pi > 1, such that p; +--- 4+ pr = n. An element 7 € II,, is called a
Young diagram, and k is its length. To any w € II,, corresponds a conjugacy
class in the group S, of permutations of n elements. Any ¢ € S, may be
decomposed into cycles with decreasing lengths p; > --- > pp and any
two permutations are conjugate to each other if they have the same cycle
decomposition, so that conjugacy classes are in one-to-one correspondence
with elements of IT,,. We shall denote by 7(c) € II,, the cycle decomposition
of o €§,.

For o € §,,, we denote by |o| the size of its conjugacy class.

A class function on S, is a function S, — R which is constant on con-
jugacy classes.

The characters of the group &S, are class functions, and are also in one-
to-one correspondence with Young diagrams. For any character y and any
permutation o, one may compute the value x(o), which is in fact a function
of (o), and is given through a character table.

PROPOSITION 7.2. Let n > 1. For any o € S, with n(c) = (p1 >
- > pg) € I let Sy = Ty, -+ Tp,. Let & be a character on S,,. Then
> ves, X(0)T5 is an eigenvector of L2 and a polynomial in (z,%) of

degree d < n.

REMARK 7.3. This result is similar to the results of the previous sec-
pi/2) p=1/2)

tion, in that it allows one to construct Py, ™’ as polynomials in 50)

P(((; pl)/ 2), which are used as basic blocks.

and

Proof of Proposition [7.2. Most of the computations are valid for any
a > —5/6. Indeed, in the computation below, one may see that the finite-
dimensional linear vector space spanned by the polynomials Ty, o € II,, is
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always stable under the action of £(%). But the special case o = 1 /2 provides
a simpler form which allows for explicit diagonalization. This result may be
seen as a particular interpretation of a general fact known as the Schur—Weyl
duality (see [17] for example).
Let us start with some basic computations. Using (5.2) and . one

sees that, for p > 1,

p—1
(7.7) LO(T,) = =229 = p)T, +3_ T, ).

i=1
while for p,q > 0,

P4
(7.8) D(Ty, Ty) = 5 (T,Ty = 3Tpsq).

)
with similar formulae for p,q < 0.
If we remember that £(/2) = £(=1/2) — 3(20, + 20;), we get, for p > 0,
the formula

p—1
_ p p
(7.9) (20: +20:)T, = =5 (p = 3)T, + 5 > TT, .
=1

With the help of (3.7)), for p > 1 and for a general parameter «, we end
up with

(7.10) LT, = —%(p(l —6a) + 9(2a + 1))T,,

p—1
+1) Z TiTp—i.
=1

We first perform a slight change in the normalization of the variables Ty,

setting T), = ¢T}, with ¢ = \/2/(2a + 1), in order to reduce (7.10) and (7-3)
to
1

R .13 .
(7.11) E(Q)Tp = —paTp — c Zp Tilp-—i
1=1
SN L .
(7.12) (T, 1) =7 <T Ty — CTp+q>,

with 1,0 = §(p(1 — 6c) + 9(2a + 1)). We change S, into Sy accordingly.
We now look at the action of £(® on S, and compare it with the action
of the operator T(f)(c) = >_ 7. f(o7), where Ty, is the set of transposi-
tions.

It is worth observing that if 7 = (i) is a transposition, the cycle de-
composition of o7 splits one cycle into two subcycles when 7 and j belong
to the same cycle and glues together two cycles when ¢ and j belong to two
different cycles.
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Therefore, for a permutation o with 7(o) = (p1, ..., px), through an easy
combinatorial argument one gets
A pzfl A
ZSTU— pr ZSSMJFZPWJAS Spi+p;-
T€TH pl 7=1 1,7=1 pPj

Now, through the change of variable formula, and (7.11)) and (7.8]), with
the help of (5.4), we get

g, — s( zﬂplﬁzmﬂ

i#j
pi—1
(Z Y 5iSpi—j+ Y _vips Apltpﬂ))
Spi J=1 Z#J SpiS
A p171
:Sa(,ua,a<z ZSSZ]+ZPZPJS’ S )>
Spi J=1 i#]

where, for 7(o) = (p1,...,D0k),

i DiPj n?

a:ZNpi, Z = 1—2a Zpl 2a+1)n—?
i=1 1#£j

Finally,

. . 3 A A 3 -4
(g — _ -2 - _ -2
(7.13) LYY Sy Ha,o S0 70 E Sro Ha,oS6 T(Ss).

2c

Observe that for @ = 1/2 (and only in this case), jtq,o depends on n only,
and therefore finding eigenvectors for £(1/2) amounts to finding eigenvectors
for the linear operator S, — 7T (S,). But the latter corresponds to the op-
erator Zre’rn 7 in the group algebra of the group S,,, which commutes with
every group element. It is therefore diagonal on any irreducible represen-
tation. Turning back to our setting, we conclude that for any character x
of Sn, D ses, x(0)S, is an eigenvector for £1/2), u

REMARK 7.4. Since all our expressions are constant on conjugacy classes,
one may have written S, for 7 € II,, instead of S,, and &() for the constant
value of £(o) on the class m(0). Then the expression for the eigenvectors
becomes » . ; |7|{(m)Sx, where || is the size of the conjugacy class asso-
ciated to 7. Recall that, for 7 = (p1,...,pk),

i n! ﬁ 1
T = ———— —,
H?:l k]' j=1 pj

where k; is the number of cycles of length j in 7.
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It turns out that the expression ) s x(0)T, takes a simple form in
terms of the dual diagram associated to y. As a function of the matrix
M € SU(3), and following [17, formula (20)], this is nothing else, up to
some constant, than the Schur function sy (u1, p2, 3), where A is the Young
diagram associated with the character x, and w1, 2, 3 are the eigenval-
ues of the matrix. It vanishes on all diagrams of length £ > 4. Thanks
to Jacobi—Trudi’s identities (see [I8, formula 1.3.5]), this may be expressed
through the dual diagram A’ of length p as det(ey, iy ;)1<i j<p Where in this
particular context eg = 1, e; =3z, e3 =3%Z,e3 =1, and ¢; =0 when 7 < 0
or ¢ > 4.

As an example, below we list the eigenvectors given by this construction
forn=2,3,4.

The group S3 has two conjugacy classes xi, x2, corresponding to the
partitions (2,0) and (1,1),

=11 x=L]
with corresponding eigenvectors
Q1(272)23Z2_27 QQ(Z,E):E-

For 83, we have three conjugacy classes x1, x2, x3 corresponding to the
partitions (3,0,0),(2,1,0),(1,1,1),

a=LLT] =11 x=0L]
and corresponding eigenvectors (up to some constant)
Qi(2,2) =278 — 152241, Qa(2,2) =922—1, Q3(2,%2) = 1.

For &4, we have five conjugacy classes, with Young diagrams x1, x2, X3,

X4, X5, Corresponding to (47 07 07 0)7 (27 17 17 0)7 (27 27 07 0)7 (37 17 07 0)7 (17 17 17 1)7

X1=|:|:|:|:|,X2= |,X3= y X4 = | |7X5= )
with corresponding eigenvectors
Q1(z,2) = 2724 — 27222 + 322 4 22, Qa(2,2) = z, Q3(z,2) = 32% — 2,
Q4(2,2) = 922% — 32% — 2,Q5(2,2) = 0.

Unfortunately, the correspondence between Young diagrams of length
< 3 and eigenvectors is not one-to-one. For example, (2,2) provides
p to some constant) the same polynomial as (2,0) and (3, 1, 1), namely Ps o.

l
(u
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8. Generating functions. In this section, we first provide a partial
generating function in the general case for the family Péa) or equivalently
P,g 0), which leads as in the previous section to some simple representation of
the polynomials P, ,Sm)l as linear combinations of P(a)P( %) We then provide a
general generating function for some specific values of «, including the two

geometric cases.

8.1. Partial generating functions in the general case. In this sec-
tion, we propose an alternative representation of the eigenvectors in the
general case, together with a partial generating function. A generating func-
tion is an explicit function G(X,Y, z, Z) such that the asymptotic expansion
of G around X =Y = 0 reads

Go(X,Y,2,2) = > XPY%a, PI%)(z, ),
Pyq
where we assume that the series is convergent for small values of X and Y.

Such a generating function is not unique in general. For example, ap-
plying X0x to some generating function G provides a new one, with a, 4
replaced by pa, 4. The same being true for Y dy, we may construct in this
way as many generating functions as we wish, from a first given one.

We first provide a partial generating function for the general value of a.

THEOREM 8.1. Let P(X) =1-32X+32X?— X3 and f = —(1+20a)/2.
Then

P(X)P = ZCnPé’O;L)X”, where ¢, = (—3)"6(5 —D...(f=ntl)

n!

(we replace Pg by log P when oo = —1/2).

Thus, P(X)” is a generating function for the family Po( o) Similarly,
P(X)? is a generating function for the family P,(L 0), where P(X) = X3 —
3zX? + 32X — 1.

We start with a few results which will be useful later.

PROPOSITION 8.2. Let
(8.1) P(X)=1-32X +32X? - X3,

Then, still with A = (6 + 5),

LEO(P(X)) = -AXP + %sz”,

XY

I(P(X), P(Y) = =5

X-Y
from which
XZ
I'(P(X),P(X)) = 7(3PP” —2P").
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Also, with P(Y) =1—32Y +32Y%2 - Y3 = -Y3P(1/Y),

B XY

S 2(XY —1)
Proof. The proof boils down to a simple verification, using the linear-

ity of £ and the bilinearity of I'. The formula for I'(P(X), P(X)) may be

obtained directly from I'(P(X), P(X)) = limy_,x I'(P(X),P(Y)). »
LEMMA 8.3. Let Q = PP with B = (1 —)\)/3 = —(1+2a)/2. Then, for

a#—1/2,

(82) LX) = -AXQ'(X) - X?Q"(X),

I'(P(X),P(Y)) (3XP'P+3YP'P—9PP — (XY —1)P'P').

83 1. =5 (@)
Q(X)QY) ~ QX)Q(Y)
438 -9 )
B4 TQU).QY) = 3855 QXQY)(XS + VS -3)
- EQ),

where S = %I(X), S = %(Y). (For a = —1/2, one should replace Q = PP
by Q = log P).
Proof. Let us look first at £(%(Q). With (2.2), we have
(8.5) LENQ(X)) = BP(X)PI L (P(X))
+B(8 = P(X)20(P(X), P(X)),
and from Proposition [8:2] we obtain
LOQ(X)) = -AXQ'(X) + X*[(\/2+ §(8-1))BP"(X)P(X)"™!
= B(B = )PHX)PPA(X)].
For 8 = (1 — \)/3, we get A/2+ 3(8—1) = —1, giving the announced result.
Turning now to , we write
[(Q(X),Q(Y)) = B2P7 1 (X)P7" (Y)[(P(X), P(Y))
=5 (#reor P me )
3
X-Y
It remains to write Q' = SP' PP~ to obtain (8.3).
Formula is obtained in the same way. =

_l’_

(8PP (V) P/(X) PP~ (X) 5P5<X>P’<Y>Pﬁ—1<y>))
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Proof of Theorem . From , setting Dx = X0x, one sees that
L(Q)+ (A -1)DxQ + D%Q = 0.
On the other hand,
QX) = ZXan(Z:E)y

where R,, is a polynomial in (z, Z) with highest order term ¢, z".
Plugging this in the asymptotic expansion (which is allowed as soon as
X is small enough, z and Z being both bounded), one sees that

S XM(LYRy + (A= 1)n+n?)Ry) =0,

which in turn shows that R, is an eigenvector of £(® with eigenvalue
—(X\ —1)n — n?. This implies that R,, = cnPé?L). This is the announced re-
sult. m

From this partial generating function, one may deduce a description of
the polynomials PI%) in terms of Péf;) and Pr(foy), similar to the explicit form
that we deduced in Section [7l

For this, let us introduce the following operator in four variables
(X,Y,z,2):

(8.6) Lo =LY + D% + D} + DxDy + (A —1)(Dx + Dy).
Then, with the notation of Lemma [8.3] we have

LEMMA 8.4.
~ 362XY
LoQUOQY) = S

where as before S = %(X) and S = %(Y).

QX)QY)XS+YS-3),

Proof. The proof is straightforward using (8.2]) and (8.4). m

This proposition leads us to a new representation of P,E?‘) .

PROPOSITION 8.5. There exist constants d(m,n,p, ) such that
min(m,n

)
Pr(nojr)z = Z dm,n,P:aPr(na—)p,OPO(,c;L)—p‘
p=0

Proof. Writing for simplicity
Q(X) = ZRan’ @(Y) = Z Rmym,

n>0 m>0
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where we recall that R,, is proportional to P(g ) and R, to PT(L 0), we deduce
from Lemma [8.4] that

LRy Ry — Ryp1Rin—1) = —MmBa R — SnmBn1 Rin—1
where
Am = (A= 1) (n+m) +n? +m? + nm,
Inm=1=XNA+n+m—3) = Ap_1,m—1.

Finally, by easy induction, one sees that E(a)(RnR ) is a linear com-

)

bination of R,—pRm—p, 0 < p < min(n,m). Hence P,Em may be written

as
min(m,n)

Z dmnpcx m)pO 0(?1)]) u

REMARK 8.6. Unfortunately, the expression for the constants di, np .«
does not seem to have any simple form, from which one could deduce ele-
mentary expressions as the one described in Section [7| for « = —1/2.

2. General generating functions in particular cases. We now
turn to the description of a generating function (in two variables X and Y)
for some specific values of a, namely a« =k +1/2, k € N.

Following the method of Theorem we are looking for a function
G(X,Y, z,Z) which may be expanded for X and Y close to 0 in a power
series

G(X,Y,2,2) = > XPYIAp,(z,7),
Py
where A, , is a polynomial in (z,Z) with highest term 2”27 and satisfying
the differential identity

Lo(G) = (£ + D% + D} + DxDy + (A —1)(Dx + Dy))G = 0,
where DX = X@X and Dy = Yay
We make the following
CONJECTURE. Let a =k+1/2, k€ N, D = X0x+Y 0y and U(X,Y) =

(P(X)P(Y))_k_l. For each k € N there exists a family of polynomials
Ry i(x), 1 =0,...,k, in one variable, of degree k —i (with Ry = 1), such
that

(8.7) G(X,Y,27) = 1)+t Z Ry, <XY — 1)DiU

satisfies

where Lg is defined in .
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Thus, the asymptotic expansion G(X,Y,2,2) = >  XPYTA4,4(2,%) is
such that A,, is a polynomial with unique highest degree term ¢, 2”29,
proportional to P, (2, z).

Indeed, to compare with the previous section, we set § = —(1 + 2a)/2
= —k — 1. Then, with U = P(X)?P(Y)?, we shall describe under which
conditions on the polynomials Ry ; the function defined in satisfies
Lo(G) = 0. We shall see that this requires strong constraints on the coeffi-
cients of Ry, ;. We have not been able to show that in the general case there
is a nontrivial solution for this problem, but we can produce solutions for
small values of k. (Indeed, with the help of computer algebra, we tested this
form up to k = 10, without finding any regular structure in this family of
polynomials, which could have induced a general form). Unfortunately, this
method or a similar one does not seem to produce any interesting result for
other values of a.

Let us start with some notation. For a function f(x) of the real vari-
able z, we write d(f) = xf'(z). Let g(z) = z/(x — 1), and observe that
d(g) = g(1 — g). Moreover, observe that there exist polynomials Q; of de-
gree i — 1 such that d*(g) = Q;(g)d(g) for i > 1. Those polynomials satisfy
the recursive equation

Qi(z) =1, Qit1(r)=(1-22)Qi(z) +z(1 — z)Qi().
We shall use the polynomials @; in the following.

PROPOSITION 8.7. Given k, suppose that the family of polynomials Ry, ;
satisfy R, =1, Ry —1 =0 and, fori=k,...,0,

k .
+(k+1) Z (z J 1> 210 1Ry

Jj=t
+3k+1)2 Y <Z>2J—1Qj_iRk,j

j=i+1

where by convention we have set (_jl) = 0. Then the associated function G
defined in (8.7)) satisfies the equation Lo(G) = 0.

REMARK 8.8. One may see this system of equations as a recursive def-
inition for the polynomials Ry ;, starting from Ry j down to Ry . At each
step, the polynomials are defined up to some additive constant, so that in
the end we have a choice of k parameters. Thus, the last equation Ry _; =0
is a compatibility condition. Experimentally (up to k& = 10 at least), it turns
out that this problem has a nontrivial solution. However, we were unable to
prove this in the general case.
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Proof of Proposition [8.7. We omit the index k in Ry; to simplify the
notation. To stick with the notation of the previous section, we set § =

—(k+1). From and (8.4), we have
LEOU) = —(A—=1)DU — (D% + D% + DxDy)U + 38g(XY)(DU — 35U).
In other words,
Lo(U) = 3B9(XY)(DU = 3pU).
Now, observe that [Lg, D] = 0; using

7

D¥(AB) = 3 <k> Di(A)D*'B,
=0

we obtain, with p = XY,
i .
LoD'U =38 <Z ) 27~ () (p) (DU — 38DU).
1=0

Now, using D(f(p)) = 2d(f)(p), we have
(8.8) Lo(r(p)D?U) = r(p)Lo DU + 3d(r)(p) DU
+3D7U (d*(r) — 2Bd(r)) (p).
Set h(z) = (z — 1)7#. We apply with r(z) = h(z)R;(g)(z).
We have dh = —fgh. Then
d(hR;(g)) = —BhgR;(g) + hR}(g)dg = h(—BgR;(g) + Rj(g)dg).
d*(hR;(g)) — 2Bd(hR;(g)) = h(BR;(9)(By(g + 2) — dg)
+ Ri(g)dg((1 — 28 — 2g(1 + B)) + R} (9)(dg)?).
Still with p = XY,
Lo(h(p)R;j(9(p))D’U) = h(p) [Rj(9(p)) Lo D’U
+ 3D U (R (g(p)dg(p) — BgR;(9(p))
+3DIU(BR;(9(p))(By(g + 2) — dg)(p)
+ R(9(p))dg(p)(1 — 26 —2(1 + B)g(p))
+ R} (9(p))(dg)* ()]
From this, we get
k
Lo (h(XY) > Rj< XY )DjU> =3h(XY)) T/(XY)D'T,

XY —1 ;
J =0
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where

T, =8 Z ( ! )W“ " (g) —3ﬁ22< )2ﬂ '@ (9) R;(9)

j=i—1
+ Ri_1(9)dg — BgRi—1(g) + B(Bg* + 289 — dg)Ri(9)

+ Rj(g)dg(1 — 28— 2(1+ B)g) + R/ (9)(dg)*,

while, for Ty, we set R_1 = 0 and (_jl) =0.

Looking more carefully at T; for ¢ > 1, one sees that the term j =7 —1
in the first sum cancels with the second term of the second line, and that
the term j = 4 in the first sum added to the last term of the second line
factorizes as —B(8 + 1)dgR;i(g). On the other hand, since d'g = Q;(g)dg for
1 > 1, we see that T; factorizes as T; = dgS; with

k .
=p Z <z i 1) 2H7Q 11 i(9)R;(g)
j=i

k .
~u 3 (7)2-stamsto
+Ri_1(9) - B(B+1)Ri(g)
+ Ri(9)((1 =28 —2(1 + B)g) + R (9)g9(1 — g).
Thus, the equations of Proposition imposed on Ry ; (= R;) are exactly
chosen such that the polynomials \S; vanish, in which case

£0<(XY ~1)7F zj:Rj <X)Y(Y_ 1)DjU> =0.u

REMARK 8.9. In the case k = 0, we obtain

1-XY
(1-3XZ+3X27 — X3)(1 -3YZ+3Y2Z - Y3)’
and this form has been proposed in [9], with however a completely different
approach, based on representations of SU(3). The case k = —1, formally
excluded from our computations, and corresponding to a = —1 /2, suggests
that U should be replaced by log(P(X)) + log(P(Y)). However, a direct

approach using the explicit expression of Section provides directly the
following generating function:

G(X,Y,2,7)) = (3 - XZ(X)) (3 - YZ(Y))

G(X,Y) =

b <X];(X) vl - 3>.
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Beyond the case k = 0, which corresponds to @ = 1/2 and the SU(3)
case, we provide for example the polynomials Ry ;,¢ = 0,...,k — 1, for the
first values of k = 1,2, 3:

k=1 Rio(X)=3(1+2X);

k=2 Roi(X)=902X+1), Roo(X)=2(30X?+51X + 10);

k=3 R3a(X)=18(2X +1), R31(X)=348X%+ 516X + 107,
R30(X) = 6(140X° + 486 X* + 308X + 35).

9. Appendix: proof of Lemma In this section we provide a
detailed proof of Lemma [6.5] For this, we remove the parameter « from the
formulae, since it will not change throughout the computations. Lemma
is proved by induction, from

I'(z, Pp1,q) = I'(2,2Fp4) + a1 (A, ) I'(2, Pp—1,441)
+ az(A,p, 9)I'(z, Ppg—1)
=I'(2)Ppq + 2I'(2, Ppq) + a1(A, p) (2, Pp—1,4+1)
+ az(A, p, ) I'(2, Ppg-1),
and finally
I'(2, Ppt1,q) = (2 — ZQ)Pp,q + 2I'(2, Bpq)
+ a1 (A p) (2, Pp-1,g+1) + a2(A,p, ) L' (2, Ppg—1)-
And by the definition we have
ZPpq = Ppg+1 — a1(A, Q) Ppr1,9-1 — a2(X, ¢, p) Bp—1,4;
2Ppq = Ppi1,g — a1(A, P) Pp—1,4+1 — a2(A, p, @) Pp g1,

so that
(9.1) zQvaq = 2(2Ppq)

= 2Ppi1,g — a1(A, p)2Py_1,441 — a2(A\, p, @) 2Ppg—1-
Furthermore,

ZPp—i—l,q == Pp+2,q —ax ()\717 + 1)Pp,q+1 - CLQ(/\,P + 17 q>Pp+1,q—17
2Py 1941 = Ppgr1 —a1(Ap = 1) Bpg g2 —a2(Ap — Lg+ 1) By g,
z2Ppq-1 = Ppy1,g- 1—a1(\p)P, p—1l,qg — ()‘apvq—l)Pp,qf%
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which gives
Z2Pp,q = Pptoq— (“1()"]9 +1) + al()\,p))Png
— (a2(M\p+1,9) + a2(X, p, @) Ppr1,41
+ar(Ap) (a2 p— 1, + 1) + az(A\,p,q)) Pp—1,4
+ az(A, p,q)az(N, p,q — 1) Py g2
+ar(A,plar(A,p —1)Pp2 442

On the other hand, from the induction hypothesis we have

2I(z, Ppg) + a1(A, p)I'(2, Pp—1,4+1) + a2(A,p, ) I'(2, Fpg-1)
= a0(p, Q) Ppr2,q + 1P, ) Pogi1 +72(, @) Bpr1,g-1
+793(p, ) Pp-1,4 + 74P, @) Pp—2.4-2 + 75(p, 4) Ppg -2,
with
p,q) — ao(p, g)ar(A\,p+ 1) + a1(A, p)ag(p — 1,9 + 1),
2(p,q) — ao(p, @)az(A, p +1,9) + az(A, p, @) (p, g — 1),
Y3(p; @) = a1(\, p)az(p — 1,q¢ + 1) + a1(\, p)az(A, p, q)
—ai(p,q)az(\,p — 1, + 1) — aa(p, g)ai (N, p),
Y4(p; @) = a1(N, p)ai(p — 1,¢+ 1) — a1 (A, p — 1)ai(p, 9),
¥5(p, q) = a2(\, p,q)az(p,q — 1) — az(A, p, ¢ — L)az(p, q).
Substituting everything in , we get
I'(z, Pp+1,q) = (ao(p, q) — 1)Pp+27q + A1 (p, Q)Pp,q+1
+ Ao(p, ) Ppt1,g-1 + As(p, @) Po—1,4
+ A4(p, @) Pp—2,q+2 + As(p, ) Ppg—2,

where

Ai(p,q) = 1+ a1(p, @) — ao(p, QJar (N, p+ 1)
+a1(\,p)ag(p — 1, + 1) +a1(A,p+ 1) + a1 (A, p),

Aa(p,q) = —ar1(N, q) +a2(\,p+1,9) + a2\, p, q) + a2(p, q)
—ao(p, ¢)az(A,p+ 1,9) + a2(A, p,¢)ao(p, ¢ — 1),

As(p,q) = —a2(X, ¢,p) — a1(A,p)az(\,p — 1,4 + 1) — aa(\, p, @)ar (A, p)
+a1(A,p)az(p — 1,4+ 1) + ai(p, ¢ — 1az(A, p, q)
—ai(p,q)az(A,p — 1, + 1) — aa(p, g)ai (A, p),

Au(p,q) = ar1(A\p)ar(p —1,g+ 1) — a1 (A, p— 1)ai(p, q)
—ai(A,plai(A,p—1),

As(p, q) = az(\, p,q)aa(p, g — 1) — az(\, p, ¢ — 1)az(p, q)
—az(\, p,q)az(\,p,q —1).
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A simple calculation shows that

1+ ai(p,q) = a1(p+1,q),
Al(p7Q) :al(p+17Q)7 A2(p7Q) :OZZ(p—i_l?CI)v
As(p,q) = As(p,q) = As(p,q) =0,

which concludes the induction formula for I'(z, Pp11,4). The same method
leads to the result for I'(Z, Ppt1,4), and exchanging p and ¢ in the above
amounts to exchanging z and Zz.

Acknowledgments. I thank D. Bakry and N. Demni for many fruitful
discussions and hints about the content of this paper, together with a careful
reading a previous version of it. I also thank an anonymous referee who
pointed out to us an illuminating simplification of Section (7.2

REFERENCES

[1] D. Bakry, I. Gentil, and M. Ledoux, Analysis and Geometry of Markov Diffusion
Operators, Grundlehren Math. Wiss. 348, Springer, Berlin, 2013.

[2] D. Bakry, S. Orevkov, and M. Zani, Orthogonal polynomials and diffusion operators,
preprint (2013).

[3]] R. J. Beerends, Chebyshev polynomials in several variables and the radial part of
the Laplace—Beltrams operator, Trans. Amer. Math. Soc. 328 (1991), 779-814.

[4] N. Bourbaki, Lie Groups and Lie Algebras. Chapters 1-3, Elements of Mathematics,
Springer, Berlin, 1998.

[5] N. Bourbaki, Lie Groups and Lie Algebras. Chapters 4—6, Elements of Mathematics,
Springer, Berlin, 2002.

[6] N. Bourbaki, Lie Groups and Lie Algebras. Chapters 7-9, Elements of Mathematics,
Springer, Berlin, 2005.

[7] D. I Cartwright and W. Mlotkowski, Harmonic analysis for groups acting on tri-
angle buildings, J. Austral. Math. Soc. Ser. A 56 (1994), 345-383.

[8] D. I Cartwright, W. Miotkowski, and T. Steger, Property (T) and Az groups, Ann.
Inst. Fourier (Grenoble) 44 (1994), 213-248.

[9] K. B. Dunn and R. Lidl, Generalizations of the classical Chebyshev polynomials to
polynomials in two variables, Czechoslovak Math. J. 32 (1982), 516-528.

[10] J. Faraut, Analyse sur les groupes de Lie: une introduction, Calvage & Mounet,
2006.

[11] J. E. Humphreys, Reflection Groups and Cozeter Groups, Cambridge Stud. Adv.
Math. 29, Cambridge Univ. Press, 1992.

[12] T. Koornwinder, Orthogonal polynomials in two variables which are eigenfunctions
of two algebraically independent partial differential operators. III, Nederl. Akad.
Wetensch. Proc. Ser. A 77 = Indag. Math. 36 (1974), 357-369.

[13] T. Koornwinder, Orthogonal polynomials in two variables which are eigenfunctions
of two algebraically independent partial differential operators. IV, Nederl. Akad.
Wetensch. Proc. Ser. A 77 = Indag. Math. 36 (1974), 370-381.

[14] T. Koornwinder, Two-variable analogues of the classical orthogonal polynomials, in:
Theory and Application of Special Functions, Madison, WI, Academic Press, New
York, 1975, 354-495.


http://dx.doi.org/10.1090/S0002-9947-1991-1019520-3
http://dx.doi.org/10.1017/S1446788700035540
http://dx.doi.org/10.5802/aif.1395

34 O. ZRIBI

[15] Y. Kosmann-Schwarzbach, Groupes et symétries: groupes finis, groupes et algébres
de Lie, représentations, Editions Ecole Polytechnique, 2005.

[16]] H. L. Krall and I. M. Sheffer, Orthogonal polynomials in two variables, Ann. Mat.
Pura Appl. 76 (1967), 325-376.

[17]| T.Lévy, Schur—Weyl duality and the heat kernel measure on the unitary group, Adv.
Math. 218 (2008), 537-575.

[18] I.G.Macdonald, Symmetric Functions and Hall Polynomials, 2nd ed., Oxford Math.
Monogr., Oxford Univ. Press, New York, 1995.

[19] I. G. Macdonald, Symmetric Functions and Orthogonal Polynomials, Univ. Lecture
Ser. 12, Amer. Math. Soc., Providence, RI, 1998.

[20] O. Mazet, Classification des semi-groupes de diffusion sur R associés a une famille
de polynémes orthogonauz, in: Séminaire de probabilités, Lecture Notes in Math.
1655, Springer, 1997, 40-54.

[21] A. F. Nikiforov, S. K. Suslov, and V. B. Uvarov, Classical Orthogonal Polynomials
of a Discrete Variable, Springer Ser. Comput. Phys., Springer, Berlin, 1991.

[22] E. M. Opdam, Root systems and hypergeometric functions. I1I, IV, Compos. Math.
67 (1988), 21-49, 191-209.

[23] M. A. Pinsky, The eigenvalues of an equilateral triangle, STAM J. Math. Anal. 11
(1980).

[24] M. A. Pinsky, Completeness of the eigenfunctions of the equilateral triangle, STAM
J. Math. Anal. 16 (1985), 848-851.

[25] J. V. Stokman, C. F. Dunkl, and Y. Xu, Orthogonal polynomials of several variables,
J. Approx. Theory 112 (2001), 318-319.

[26] K. Yosida, Functional Analysis, Springer, 1978.

Olfa Zribi

Institut de Mathématiques de Toulouse
Université Paul Sabatier

118, route de Narbonne

Toulouse, France

and

Département de Mathématiques
Université El Manar, Tunis, Tunesia
E-mail: olfa.zribi@math.univ-toulouse.fr


http://dx.doi.org/10.1007/BF02412238
http://dx.doi.org/10.1016/j.aim.2008.01.006
http://dx.doi.org/10.1137/0516063

	1 Introduction
	2 Orthogonal polynomials and diffusion generators
	3 The deltoid model
	4  L(-1/2) as a projection of the Euclidean Laplacian
	5 L(1/2) as a projection of the Casimir operator on SU(3)
	6 Eigenvalues and eigenvectors
	7 Other representations of eigenpolynomials
	7.1 Case = -1/2
	7.2 Case = 1/2

	8 Generating functions
	8.1 Partial generating functions in the general case
	8.2 General generating functions in particular cases

	9 Appendix: proof of Lemma ??
	REFERENCES

