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A GENERALIZED PELL’S EQUATION FOR A CLASS OF
MULTIVARIATE ORTHOGONAL POLYNOMIALS

JEAN B. LASSERRE AND YUAN XU

ABSTRACT. We extend the polynomial Pell’s equation satisfied by univariate Cheby-
shev polynomials on [—1, 1] from one variable to several variables, using orthogonal
polynomials on regular domains that include cubes, balls, and simplexes of arbi-
trary dimension. Moreover, we show that such an equation is strongly connected
(i) to a certificate of positivity (from real algebraic geometry) on the domain, as
well as (ii) to the Christoffel functions of the equilibrium measure on the domain.
In addition, the solution to Pell’s equation reflects an extremal property of or-
thonormal polynomials associated with an entropy-like criterion.

MSC: 44A60 14Q30 42C05 90C25 90C46 32U15 14P10

1. INTRODUCTION

The starting point of our investigation is polynomial Pell’s equation
(1.1) To(2)*+(1—2*)U,_1(2)> =1, VreR, neN,

where T, € Z[z] and U,, € Z[z] are the Chebyshev polynomial of the first and second
kinds, respectively. We aim at extending this identity to multivariate polynomials in
the form of

(1.2) Pi(z)+ ) ¢i(@) Prit(z) = 1, Yz eR? neN,
i=1

where ¢;’s are some products of generators of a domain Q C R?, P# (resp. P;f) 2 s
the sum of the squares of all orthonormal polynomials of degree n (resp. n — deg(¢;))
with respect to the equilibrium measure p on €2 (resp. the measure ¢; - p = ¢;dp with
the same support ).

A theoretical study of this problem has been carried out recently in [14], where it is
pointed out that the problem is connected to several other topics, which we describe
below as they motivate our study. We first define the Christoffel function. Let u be
a measure supported on 2 € R, For n € N, let R[z],, be the space of polynomials
of degree n in & € R?. The Christoffel function associated with y, denoted by A¥, is
defined by

(1.3) M©= it [pwPduty). veer?,

PER[2],p(€)=1
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Let x + g(z) :== 1 — 22, s(n) := (1‘;"), and let p be the Chebyshev (equilibrium)

measure dz/mv/1 —a2? of [—1,1], whereas g - p := /1 —2z2dz/m. After scaling, a
summation of (1.1) leads to the identity

(1.4) Af(@)7 4 (L= a?) ATH (2)7F = s(n) +s(n — 1),

where A" (resp. AZ*) is the Christoffel function of degree n associated with p (resp.
g - 1t). The Christoffel function can also be formulated in terms of the moments of y;
see the next section. For the Chebyshev measure, the formulation is of the form

A (2)™ = v, (2) M, (p) ton(z), Yz eR,
AZfl (x)il = 'Un—l(x)TMn—l(g ! N)ilvn—l(x) ) Vo € ]Ru

where v, (z) = (1,z,22,...,2"), M, (1) is the matrix of moments up to degree 2n of
w, and M, _1(g - ) is the matrix of moments up to degree 2n — 2 of g - .

While polynomial Pell’s equation (1.1) originates from Pell’s equation in algebraic
number theory, it also can be regarded from a different angle. In [14] it was observed
that (1.1) (resp. (1.4)) is the Markov-Lukdcs certificate (vesp. Putinar certificate) that
the constant polynomial z — p(x) = 1 for all z, is positive on [—1, 1]. Indeed while the
former states that a polynomial p of degree 2n, nonnegative on [—1, 1], can be written
in the form

p(a) = q@)* + (1 -2*)q(2)*, VreR,
for two single squares of polynomials gy of degree n and ¢; of degree n — 1, the latter
states that

(1.5) p(x) = oo(x) + (1 —2®)o1(x), VreR,

for two polynomials oy of degree 2n and o1 of degree 2n — 2 that are sum-of-squares.
The latter, importantly, has a multivariate generalization [19] to compact basic semi-
algebraic sets of R? whereas the former is specific to the univariate case. Furthermore,
the reciprocals of the Christoffel functions A# and AY* (both polynomial sum-of-
squares) satisfy an extremal property: Namely the couple (M, (1), M, _1(g - p)™%)
of their respective Gram matrices is the unique optimal solution for the optimization
problem
Jax {logdet(A) + logdet(B) :

(1.6) st. s(n)+s(n—1)= v,(z) Av,(2) + v, 1(2) " Bo,_1(z) (1 — 2?)

oo(x) o1 (z)
VreR},
where the “sup” is over all possible positive semidefinite Gram matrices A and B of
the sum-of-squares polynomials oy and o7 respectively. Interestingly, this is a direct
consequence and interpretation of a result by Nesterov [18] on a one-to-one correspon-

dence between the respective interiors of the convex cone of polynomials of the form
(1.5) and its dual; see [14, 18].

Contribution. In [14], the identity (1.1) is extended to (1.2) in several bivariate cases,
namely for set Q C R? being the Euclidean ball, the triangle, and the cube, but only
for n =1,2,3. In the present paper:

(i) We first show that these extensions hold for all n > 1 and, furthermore, for all
dimensions, not just for d = 2. Together, our results consist of a significant extension
of (1.1) to the multivariate setting and provide the first set of examples for (1.2).
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In particular, it shows that (1.4), as a partition of unity for [—1, 1], has a natural
multivariate analog for the regular domains in our list.

The proof of our extensions comes from a special property of multivariate orthogonal
polynomials. More specifically, the property is an analog of the addition formula for
spherical harmonics, which are homogeneous harmonic polynomials restricted on the
unit sphere S¢ of R4*1. Indeed, let H4+! be the space of spherical harmonics of degree
n and let {V* : 1 < ¢ < dim M2} be an orthonormal basis of HZ; then the addition
formula states that

dimHEH? _ D
(17) S v =0T (e, emest,
{=1

where C denotes the usual Gegenbauer polynomial of degree n and (-, -) is the ordinary
inner product in R%. It shows, in particular, that

dim HAT! mtd—1
n+d—1 a1
> OYrE)r = g1 O (1), V€€ s?,
=1

which is a sum of square formula or an analog of (1.2). For the Chebyshev weight
function on each of the regular domains in our list, we have an analog of the addition
formula, which however is often equal to a sum on its right-hand side, instead of
one term as in (1.7). Nevertheless, in each case, we shall show that an appropriate
combination with associated orthogonal polynomials for a family of weight functions,
involving generators of the set ), leads to an identity that can be used to obtain (1.2).
The identity is of interest in its own as it links all orthonormal polynomials of degree
n for p with all orthonormal polynomials of degree n — deg(¢;) for ¢; -, i =1,...,7,
where (¢;)i_; is a set of generators of the domain .

Moreover, by summing over n = 0,1,...,¢, we obtain an identity satisfied by re-
ciprocals of the Christoffel functions associated with measures p and ¢ - u. As an
analogy with (1.4), it is fair to state that these Christoffel functions are solutions of a
generalized polynomial Pell’s equation for every fixed degree n € N.

(i) In addition, the inverses of the associated moment matrices for these measures
satisfy an extremal property since they also form the unique optimal solution of a
multivariate version of the optimization problem (1.6).

(iii) Next, in the general case of a compact set 2 with nonempty interior, and whose
set of generators is given and fixed, we show that to its associated equilibrium measure
1 is associated a sequence of polynomials (p, )nen of increasing degree, positive on the
domain. We show that the sequence (p,,) is related to the constant polynomial 1:

- in a weak form when p, is seen as a density with respect to u: the resulting
sequence of probability measures (p,p)nen converges weakly to fi.

- in a stronger form under additional assumptions: the sequence (p,,)nen converges
to 1, uniformly on compact subsets of 2.

Altogether, our generalization of (1.4) to certain multivariate settings reveals unex-
pected links with seemingly disconnected fields (orthogonal polynomials, equilibrium
measures, certificates of positivity, a certain conic duality in optimization), which we
hope will be of interest to researchers working in those fields.

The paper is organized as follows. After a brief section on notations and preliminar-
ies, we discuss the background and motivation in the third section, then describe our
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results in relatively simple terms of the Christoffel functions of appropriate measures
on the family of semi-algebraic sets  C R? that we consider in the fourth section. The
proof will be given in the fifth section, which contains the full strength of the identity
derived from the addition formula. The nature of the proof means it is more involved
and technique, for which we will introduce additional notations and restate our results
for easier access and clarity of exposition.

2. NOTATION AND PRELIMINARIES

Notation and definitions. Let R[z] denote the ring of real polynomials in the
variables ® = (z1,...,24) and Rlz], C R[x] be the subset of polynomials of total
degree at most n. Denote by 1 € Rz] the polynomial equal to 1 for all . Let
N¢ := {a € N? : |a|] < n}, where |a| = Y, a;, which has the cardinal s(n) := (d‘gn).
Let vy () = (2%)aene be the vector of monomials up to degree n, where the mono-
mials are listed in, say, the graded lexicographical order, and let X[xz] C R[z] (resp.
Y[z],, C R[z]2n) be the convex cone of polynomials (resp. of polynomials of total
degree at most 2n) that are sum-of-squares (SOS in short). For every p € R[z],, write

x— p(x) = (p,v,(x)), Ve RY,

where p € R*(™ is the vector of coefficients of p in the monomial basis (£*)qecna. For
a real symmetric matrix A = AT the notation A = 0 (resp. A > 0) stands for A is
positive semidefinite (p.s.d.) (resp. positive definite (p.d.)).

The support of a Borel measure p on R? is the smallest closed set A such that
w(R4\ A) = 0, and such a set A is unique. With Q C R? compact, denote by €'(Q)
the Banach space of real continuous functions on 2 equipped with the sup-norm. Its
topological dual €' (€2)* is the Banach space . () of finite signed Borel measures on
Q, equipped with the total-variation norm.

Moment matrix. Associated with n € N and a real vector ¢ = (¢a)aeNg , are the
(Riesz) linear functional ¢ € R[x]5, defined by:

P o) == (P.d) = > Pada, VR,
aeNd

and the real “moment” matrix M, (¢) (or M, (¢)) with rows and columns indexed by
a € N¢ and with entries

M, (¢)(cx,B) = p(x*P) = pasp Vo,B €N,

If 41 is a finite Borel measure on R? with all moments gt = (la)aqene assumed to be
finite, then

M., (1) (a, ) := /w“*ﬁ Qi = piosp, B €N,

and obviously, M,,(u) = 0 for all n since

(P, M, (1) p) = /p2 dp >0, VpeR[z],.

On the other hand, given a real vector ¢ = (¢a)aeng » Mn(#) = 0 is only a neces-
sary condition for the associated linear functional ¢ € R[z];, to have a representing
measure, i.e.,

ba = O(x*) = /wo‘dgo, VaENgn,
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for some Borel measure ¢ on R

Localizing matrix. Given a real sequence ¢ € N, and a polynomial g € R[z], one
may define the new real sequence g - ¢ € R#(27)—deg(9) (and associated Riesz linear
functional g - ¢ € R[x[5, _.0,)) PY:

(g : d))a =9g- (b(wa) = ¢(g wa) = Z B ¢Oc+ﬁ7 Va € Ngnfdcg(g)'
BENE
Then, setting t, := [deg(g)/2] (= [t/2]), the localizing matrix M,,_¢, (9¢) (n > t,)
associated with g and ¢ is just the moment matrix M,, _;, (g - ¢) associated with the
(pseudo) moment vector g - ¢ € R(27)—des(9),

Orthogonal polynomials and their kernels. Here we assume M, (1) > 0 for all
n € N, and therefore the inverse M,, () ~! is well-defined for all n € N. In particular,
this is true in our case of interest, i.e., when the support Q C R? of y is compact with
a nonempty interior and p has a density with respect to the Lebesgue measure on ).
Under the assumption, a sequence of orthogonal polynomials (Py)qene C R[] exists
in L2(p).

Let (Pa)aene C Rx] be a family of polynomials, with the degree of P, being |a/,
that are orthonormal with respect to pu; that is,

[ Pal@)Pa@)du@) = bap. e
Rd

Let V¥ be the space of orthogonal polynomials of degree exactly m. Let { Py : |a| = m}
be an orthonormal basis of V4. Then the reproducing kernel of the space V& in L?(p)
is defined by

(2.1) (@,y) = Ph(z,y) = Y Pa(®)Paly), Vo,y, meN,
la|=m

which is independent of the choice of bases. Summing over 0 < m < n gives the
reproducing kernel of R[x],, in the space L?(y),

(2.2) Kli(z,y) =Y Plx,y)= Y  Pal@)Pa(y),

j=0 || <n
which is sometimes called the Christoffel-Darboux kernel.
Christoffel function. The Christoffel function A# : R — R of degree n, associated
with g, is defined by (1.3) and it can also be defined in terms of the moment matrix
by
x> A () = v, (x) "M, (1) o, (x), Ve e R
Alternatively, in terms of the kernels K(-,-), the Christoffel function satisfies
(2.3) M(x) ' = Kl(@,2) = Y Palz)’, VoecR’
aeNd

It should be emphasized that the above identity holds for the nonnegative measure p,
which is not necessarily a probability measure.
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In its variational characterization (1.3), the Christoffel function is the optimal value
of a quadratic convex optimization problem that can be solved efficiently. Its unique
optimal solution p* € Rx],, reads:

ZaeNg Pa(é)Pa(m) - Kﬁ({, ilt)
S et Pal€? | KEEE)

Remark 2.1. As A} and K} depend only on moments p = (pa)qens Of pt, one may

x = p'(x) = x € RY

also define exactly in the same manner, the Christoffel function A® and the CD-kernel
K? associated with a real (pseudo)-moment vector ¢ € R*™) such that M, (¢) = 0.

Equilibrium measure. The notion of equilibrium measure associated with a given
set originates from logarithmic potential theory (working with a compact set E C C
in the univariate case). It minimizes the energy functional

(24) 10) = [ [ 1og o) dote).

over all Borel probability measures ¢ supported on E. For instance if F is the interval
[-1,1] C C then the arcsine (or Chebyshev) distribution p = dz/7mv1 — 22 is an
optimal solution. It turns out that the integrand of (2.4) is also the Riesz s-kernel

25 K)o {

for the couple (d, s) = (1,2).

Some generalizations have been obtained in the multivariate case via pluripoten-
tial theory in C¢. In particular, if E ¢ R? ¢ C? is compact then its equilibrium
measure (let us denote it by u) is equivalent to the Lebesgue measure on compact
subsets of int(£). It has an even explicit expression if E is convex and symmetric
about the origin; see e.g. Bedford and Taylor [2, Theorems 1.1 and 1.2]. Several ex-
amples of sets E with its equilibrium measure given in explicit form can be found in
Baran [1]. Importantly, the appropriate approach to define the (intrinsic) equilibrium
measure p of a compact subset of R with d > 1, is to consider R? as a subset of C?
and invoke pluripotential theory with its tools from Complex analysis (in particular,
plurisubharmonic functions (and their regularization) and Monge-Ampeére operator).
In contrast to the one-dimensional case d = 1, in C? with d > 1, there is no kernel and
so no “energy” to minimize and the appropriate tool is the Monge-Ampere differential
operator.

However one may still define another notion of equilibrium measure now obtained
by minimizing over measures ¢ on R? an integral functional I(¢) similar to I(¢), which
involves the Riesz s-kernel (2.5) and an external field V (e.g. constant on the Euclidean
ball B(0, R) of R? and infinite outside); see e.g. [6, 7, 20]. But of course the optimal
solution ¢* now depends on the valid couples (d, s) and working in R? (and not in C%),
the tools to obtain ¢* have nothing in common with pluripotential theory in C¢ to
obtain y. It is a coincidence® that for some values of (d, s), the equilibrium measure y
from pluripotential theory specialized to the Euclidean ball E = B(0, R) C R4 (c C%)
of radius R, coincides with the measure ¢* that minimizes I (¢). (Incidentally, the
so-called Riesz potential associated to the Riesz s-kernel is also related to negative
fractional powers of the Laplacian; see e.g. [21, p. 148-149].)

sign(s) |z]™* f -2<s<0ors>0

d
—log || ifs=0 , TERT, z£0,

1The authors want to thank N. Levenverg (in a private communication) for illuminating comments
on this point.
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For more details on equilibrium measures and pluripotential theory, the interested
reader is referred to [1, 2, 12], the discussion in [11, Section 6.8, p. 297] as well as [20,
Appendix B], [16], and the references therein. In the sequel, when we speak about the
equilibrium measure of a compact subset £ C R? we refer to that in pluripotential
theory (i.e., with E considered as a subset of C%).

Finally, it is also worth mentioning that Fekete points (which provide very nice sets
of points for polynomial interpolation) are strongly related to the equilibrium measure
[15, Theorem 4.5.1], and in particular for the specific sets that we consider in this
paper; see e.g. [4].

Bernstein-Markov property. A Borel measure ¢ supported on a compact set 2 C
R? is said to satisfy the Bernstein-Markov property if there exists a sequence of positive
numbers (M, )nen such that for all n and p € Rlz],,

1/2
sup [p(z)| < M, - (/ P’ d(b) and  lim log(M,)/n = 0;
IS Q n—00

see e.g. [15, Section 4.3.3]. If a Borel measure ¢ on 2 has the Bernstein-Markov

property, then the sequence of measures dv, = ; dé(z)

smat@) " € N, converges to p for

the weak-* topology and, in particular,

(2.6) fim [ 2% dv, = 1im [ 200@)

#:/madu, Va € N*
n—oo Jq n—oo Jo s(t)An(x) Q

(see e.g. [15, Theorem 4.4.4]). In addition, if a compact Q C R? is regular then (£, p)
has the Bernstein-Markov property; see [15, p. 59].

3. BACKGROUND AND MOTIVATION

In this section, we discuss a duality result and its connection with the convex opti-
mization problems, which motivates our study.

Let go := 1 be the constant polynomial equal to 1, and let G C R[x] be a finite
set of polynomials that contains go. For every g € Rx], let ¢, := [deg(g)/2] and let
Q@ (g) be the convex cone associated with G, defined by:

(3.1) Quls) = {Zcogg:ogez[wln_tg}, nen.

Clearly, every polynomial p € @,,(G) is nonnegative on the set
(3.2) Q:={xcRl:gx)>0,Y9cG}.

This is the reason that one may say that the sum-of-squares weights (U;) geaq, in the rep-
resentation p = 3 9eG 99 of p, provide p with an algebraic certificate of its positivity
on (). Such a representation of p, however, is not unique in general and, consequently,

neither is such a positivity certificate of p unique.
The associated dual convex cone @, (G)* C R[x];,, of Q,(G) is defined by

(3.3) Qulg) = {9 ROV : M9 ) = 0. geC}.
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Lemma 3.1 ([14, 18]). If p € int(Qn(G)) then there is some ¢ € int(Q,(G)*) such
that

34)  p@) = Y v, (@) Mut,(9-0) vy, (@) g(x), V@R
geG

(3.5) = Z Afl'ftg (x)tg(z), VeecRe.
geG

Eq. (3.4) is due to Nesterov [18] while (3.5) is its interpretation in terms of
Christoffel functions of appropriate linear functionals; see [14] for more details. No-
tice that (3.4) provides p with a distinguished certificate of its positivity on the
set {x € R : g(xz) > 0, Vg € G}, stated in terms of a specific linear functional
5, € Int(Qr(G)*). An immediately question arises: What is the relation between ¢35,
and p? We will provide an answer for the case when p = 1 for certain sets  C R¢
with specific geometry.

Next, we consider the following two convex optimization problems. For every n € N
and a fixed subset G,, C G, the first problem states

HERs(2n)

(3.6) pn = inf {— Z log det(M,,—¢, (g - @)) :
geG

(1) = 1, My_y,(g-¢) = 0, Vgecn},

and the second problem states

(3.7) pr = sup{ Z logdet(Qg) : Qy = 0,Vg € Gp,
g S g9eGn

Z s(n—tg) = Z 9(@) vy, () Quuan_y, (z),V € Rd}

geGn geGn

where the supremum is taken over real symmetric matrices (Qg)geq, of respective
sizes s(n —tg4). (In Section 4 we describe how to choose G,, C G, n € N, to obtain our
main result.) The two optimization problems (3.6) and (3.7) are closely related.

Theorem 3.2. With n € N and G,, C G fized, Problems (3.6) and (3.7) have the
same finite optimal value p, = pk if and only if 1 € int(Qn(Gy)). Moreover, both
have a unique optimal solution ¢, € R*(?") and (Q;)gegn respectively, which satisfy
Q;, =M, (9" @5,) "L for all g € Gy, And, as a consequence,
B8 = 3 9@) v, (@) M, (g 8,) Mo, (@)

Z S(?’L - tg) 9e€Gn

9€Gn

1 e
= Y @) AL (), Vo eRY
Z S(W_tg) ries

9€Grn

Once again, one may interpret (3.8) as providing the constant polynomial 1 with
a specific algebraic certificate of its positivity on the set Q = {x € R? : g(z) >
0, Vg € G, }. Tt also provides Q with a polynomial partition of unity in terms of its
generators g € Gy,. Finally, it is worth noticing that both (3.6) and (3.7) are specific
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convex optimization problems with a “logdet” criterion, which can be solved with
off-the-shelf mathematical softwares such as CVX [10] or JuMP [9].

An interesting and very specific case is when the (unique) optimal solution ¢3,, in
Theorem 3.2, for some ng € N and every n > ng, is the vector of moments up to degree
2n of a same unique measure y on a set 2 := {x € R?: g(x) > 0, Vg € G}. In fact,
can be defined by a smaller set G of generators while G is made of some products of
generators in G. This is because (3.8) may not hold with G while it sometimes holds
with a subset GG,, C G; however, for sufficiently large n, G,, = G. It then turns out
that p is necessarily the equilibrium measure of €.

Assumption 3.3. The set Q in (3.2) is compact with nonempty interior. Moreover,
there exists R > 0 such that the quadratic polynomial  + 0(x) :== R — ||z||* is an
element of Q1(G). In other words, h € Q1(G) is an “algebraic certificate” that ) is
compact.

Theorem 3.4. With Q as in (3.2), let Assumption 3.3 hold. Let ¢ = (pa)oenn (with
¢o = 1) be such that M,,(g- @) = 0 for alln € N and all g € G, so that the Christoffel
functions AY® are all well defined (recall that ¢ € R[x]* is the Riesz linear functional
associated with the moment sequence ¢ ). In addition, suppose that there exists ng € N
such that

(3.9) 1= g- qub )7, V>,
ZQGG S(n g (]EZG

for some subset G, € G for all n > ng (with G, = G for n sufficiently large). Then
¢ is a Borel measure on Q and it is the unique representing measure of ¢. Moreover,
if (,g-¢) satisfies the Bernstein-Markov property for every g € G, then ¢ = p (the

equilibrium measure of Q1) and therefore the Christoffel polynomials (A9 )qEG satisfy
the generalized Pell’s equatwns
(3.10) 1= g- (A", )7h, Vn>ng.
ZQGG S(n g (]EZG
The prototype example of Theorem 3.4 is the interval Q := [—1, 1] with Chebyshev

(equilibrium) measure u = da/7v/1 — 22. Our main result in this paper is to identify
three cases of sets 2 C R? for which this is precisely the case for all n and in any
dimension d, as suggested in [14] where they are verified only for d = 2 and n = 1,2, 3.

Remark 3.1. The equilibrium measure is a probability measure. In the identity (3.9),
however, the measure g- 1 is not normalized as a probability measure. This is important
since the value of the Christoeffel function depends on the normalization. Indeed, if
dp is a measure and <y is a positive constant, then it is easy to verify that

A (@) = YA (@)

4. MAIN RESULT

In this section, we state our main results on (1.2) for several compact sets {2 with
associated equilibrium measure denoted p. That is, we identify three cases of sets
Q C R? for which Theorem 3.4 holds in any dimension d. Since the properties of the
orthogonal structure remain valid under the affine transformation, we shall state our
results only for regular domains. More precisely, we consider
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Unit ball: Q =B? = {z ¢ R?: 1 — ||z||> > 0} and p is proportional to
dx
V1= [lzf|?

Simplex: Q=AY = {x ¢ Ri 1= Z;l:l xj > 0} and p is proportional to

(4.1)

d
(42) “ ; :
VL /T 1_2‘7‘:1%‘
Unit cube: =9 :=[-1,1]¢ and p is proportional to
d
(4.3) “"

\/l—x%-n\/l—xﬁ'

For more details (and even more examples of sets) the interested reader is referred to
[1]. Below we state and discuss our main result for each case in a subsection. The
proof is postponed to Section 5.

4.1. On the unit ball. Let Q = B¢ with associated equilibrium measure p as in (4.1),
and let > g(x) := 1 — ||z||?, for all z € R%.

Theorem 4.1. Let yi be the equilibrium measure of B, normalized to be a probability
measure. Then, for every m € N,

(1) Phew) +gla) P (o) =
And as a consequence, for every n € N:

(4.5) A ()™t 4 glx) ASH (2) 7 = (d+n> + (d+”_ 1), Va € R,

d+m—1) (d+m—2

d
d-1 d—1 ), Vo € R”.

d d

As noted in Remark 3.1, the weight function g - i is not normalized.

We note that the identity (4.4) is the exact multivariate analog for the unit ball
B< of the univariate polynomial Pell’s equation (1.1) for [~1,1]. It is now a property
of all polynomials of degree m orthonormal with respect to p and all polynomials of
degree m — 1 orthonormal with respect to g - u. Moreover, the identity (4.5) is a
generalized Pell’s equation satisfied by the Christoffel functions A# and AZ#. In other
words, we have proved that in any dimension d, the unit ball is an instance of a set
Q2 C R for which Theorem 3.4 holds. In this case G,, = G = {g} for all n, with
2 g(@) = 1 |

Corollary 4.2. Let ju be the equilibrium measure of B normalized to be a probability
measure. Then, for every n,

. . d+n d+n—1\]"" 1
(4.6) ;Q@Aﬁ(m) = mnéﬁ%Aﬁ(w) = {( d )—i—( d )} =: o
and the minimum is attained at all points of the boundary S~ of BY. Moreover
BY C {x:A*(x) > 1/v,}, YneN.
Proof. By (4.5),

<d§n> + <d+3_ 1) ~ (@)t = g@) AL (@) > 0, Ve e B

and the right-hand side vanishes on S?~! because g(x) = 0 for all z € S¢~1. O



A GENERALIZED PELL’S EQUATION 11

The above corollary states the polynomial sublevel set {z : A*(z)™! < 4,} is an
outer-approximation of B? for all n € N. It also states that the polynomial x
Y — AP (x)~1 is in the ideal (g) generated by g.

4.2. On the Simplex. Let A? = {x ¢ Ri : Z?:l x; < 1}, with associated equilib-
rium g as in (4.2). With ¢ € {0,1}4*! and |z| = Zle x;, define

(4.7) x s ge(x) = 2t -2yt (1—|z])*+, Ve e RY,

and introduce the vector 1:=(1,1,...,1) € Ne+1,

Theorem 4.3. Let pi be the equilibrium measure of A%, normalized to be a probability
measure. Then for every m € 2N and € R?,

s 5 (o) P ) = (T (1),

e€{0,1}4+1; [e|€2N; [e]<2m
And as a consequence, for everyn € N and x € R,

(4.9) > g=() G () = (271;— d)’

e€{0,1} 41 [e]€2N; [e| <n
where (a)y, = ala+1)---(a+mn —1) is the usual Pochhammer symbol.

Again we have proved that in any dimension d, the simplex is an instance of a set
Q € R? for which Theorem 3.4 holds. Here G = {g. : € € {0,1}?} with ge as in (4.7),
and G, = {ge € G : € € 2N; |e|] < n} so that G, = G for sufficiently large n.

As an example, the identity (4.9) for d = 2 is given by

Ab(@) ™" + 21w A (@) 7 i AL ()
+ a3 AT ()L = (n+1)(2n + 1),

where @ = (z1,22) and x3 = 1 — x1 — x9. In this example, as well as in the Theorem
4.3, we should keep in mind that g. - 1 is not normalized, as shown in Remark 3.1.
We also have an analog of Corollary 4.2 that follows from a similar proof.

Corollary 4.4. Let p be the equilibrium measure of A%, normalized to be a probability

measure. Then, for every n,

on+d\] " 1
1 # = 1 'LL = = —
(4.10) mlenAfd Ab(x) nin, Al (x) [ ( d ) ] o

and the minimum is attained at all points of the boundary 0N of A?. Moreover
A C {x: A(x) > 1)y}, VYneN.

Again, Corollary 4.4 states that the polynomial sublevel set {x : A¥(z)~! < 7,}
is an outer-approximation of the simplex A? for all n € N. It also states that the
polynomial & +— v, — A#(x)~! is in the ideal generated by all the polynomials g. in
(4.9).
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4.3. The unit cube. Let (¢ = [~1,1]¢ with associated equilibrium measure y as in
(4.3), and for every ¢ € {0,1}, define
d
(4.11) x— ge(x) = H(l - x?)aj , Ve cRe
j=1

Theorem 4.5. Let ;1 be the equilibrium measure of 0%, normalized to be a probability
measure. Then, for every m € N and x € R,

(4.12)
d

e @rien =2 G () - ()

and, as a consequence, for every n € N:

(4.13) Yoo gel@) A (2) = zd: (j) (d+ Z _j), Vz € RY.

e€{0,1}4; |e|<n Jj=0

As in the case for the unit ball, the identity (4.12) is satisfied by all polynomials of
degree m — ¢, orthonormal with respect to the measures g. - i1, ¢ € {0,1}¢ and |g| < m.
Moreover, the identity (4.13) is a generalized Pell’s equation satisfied by the Christoffel
functions (AZE;TE|)E€{071}¢1;|E‘S”.

Thus, we have proved that in any dimension d, the cube is also an instance of a set
Q C R for which Theorem 3.4 holds. Here G = {g. : € € {0,1}?} with g as in (4.11),
and G,, = {ge € G : |e| < n} so that G,, = G as soon as n > d.

As an example, (4.13) with d = 2 reads:

As(@) ™ + (1=} AL @)+ (1= aB) AL ()

n—1
+ (1 —ad) (1 —ad) ALV @) = 1 an(n+ 1),

Thus, we have established the results initiated in [14] for all degrees n and all dimen-
sions d, and we have demonstrated in the three cases listed above that, for every n,
the Christoffel functions (A%#),cq satisfy the generalized Pell’s identity

(4.14) Z s(n—tg) = Z gx) NS (2)~, Ve eR?, VYneN.

geGy, geGn
It is important to emphasize that the set G of generators is crucial. Indeed, in the
case of the simplex for instance, if we take G = {1,21,...,24,1 — >_; ;} then (3.10)
cannot hold. A similar conclusion holds for the box with G = {1,1 —%,...,1 — 22}
as products of such generators are needed.

4.4. Further examples. As shown in the next section, our proof relies on analog to
addition formulas on the domain, which provides a powerful tool whenever it exists.
Analogs of the addition formula are known to exist for orthogonal polynomials on hy-
perbolic surfaces and hyperboloids, but only for the subclass of orthogonal polynomials
that are even in the variable on the axis of rotation [24]. With an appropriate exten-
sion of our setup to the subclass of orthogonal polynomials, it is possible to establish
analogs to our main results on the hyperbolic surfaces and hyperboloids. Since our
main goal in this paper is to demonstrate, via examples, the remarkable multivariate
analog and generalization of Pell’s polynomial equation, we decide not to include these
further extensions as they are more technical in nature.
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4.5. An extremal property of Christoffel functions. We have established the
results initiated in [14] for all degrees n and all dimensions d, and we have demonstrated
in the three cases listed above that, for every n, the Christoffel functions (A%#*),cq
satisfy the generalized Pell’s identity (4.14). Again it is important to emphasize that
the set G of generators is crucial. Indeed, recall that in the case of the box for instance,
if we take G = {1,1 —2%,...,1— 22} then even though a unique optimal solution ¢3,
of (3.6) exists, it cannot be the vector of moments up to degree 2n of the equilibrium
measure u of Q.

As the property (4.14) of Christoffel functions is quite strong, it is likely to hold
only for sets 2 C R? with a very specific geometry and a very specific representation
(3.2) since the choice G of generators is also crucial. What about different sets G of
generators, or more general sets 2 C R%?

In the rest of this section, we suppose that G' C R[z] is given and Q C R? in (3.2)
is compact. By Theorem 3.2, if 1 € int(Q,(G,)) for every n > ng and G,, = G for
sufficiently large n, there exists ¢35, € R*™ which is an optimal solution of (3.6), and

(4.15) Z s(n—tg) = Z g(x) szfgg(w)fl, Ve € RY, Vn > ng.
geGy, 9cGy,

The crucial difference with (4.14) is that now ¢35, depends on n, whereas in (4.14)
the linear functionals (g - t)geq, do not change. It may also happen that ¢3, does
not have a representing measure. Notice, however, that (4.15) still states an identity
satisfied by Christoffel functions AZ?E;, g € Gy, associated with the linear functionals
g &5, g € Gy. Finally, we note that (4.15) also provides a partition of unity for the
set, Q).

Interestingly, the convex optimization problem (3.6) provides us with a tool to check
whether ¢35, is the moment vector of the equilibrium measure p. Indeed if ¢, is the
restriction to moments up to degree 2n of ¢, 5 then indeed, ¢3, may be the vector
of moments of u, up to degree 2n. This is very interesting because apart from sets 2
with special geometry (like in this paper), there is no simple characterization of the
equilibrium measure p (let alone numerical characterization).

Regarding the convex optimization problem (3.6), we mention the following assump-
tion, in which @1(G) is the cone defined in (3.1).

Assumption 4.6. The set Q C R? in (3.2) is compact with a nonempty interior and
the quadratic polynomial  — 1 — ||x||? belongs to Q1(G).

It has been shown in [14] that under Assumption 4.6, (3.6) has always an optimal
solution ¢35, € R*?™) and, in addition, the sequence (¢35, )nen has accumulation points
with associated converging subsequences. For each such subsequence (ng)ren,

m (65,,))a = ¢h, VaeN%

k— o0

for some measure ¢* on 2. A natural question arises: is the measure ¢* unique and,
if so, is ¢* related to the equilibrium measure of 2

Conversely, let p be the equilibrium measure of the set . Then M, (x) > 0 and
M,,_¢,(g - p) = 0 for every g € G and every n € N, n > ng := mingeg ty. Therefore,
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for every n > ng, the polynomial

1 _ B
S sty @A, @), Ve e R,
' 77 geG

is well-defined and belongs to int(Q,(G)). Let duy, := py du, for every n > ng. The
measure i, is a probability measure on € and it is proved in [14] that

tw [ faun = [ fan. v ew@),

n—oo

(4.16) x— pu(x) =

that is, the sequence of probability measures (i, )nen converges weakly to u, denoted
n = o asn — oo. In other words, the density p,, behaves like the constant polynomial
1 when integrating continuous functions against u,, (but the right-hand-side of (4.16)
is not equal to 1). So it is fair to say that

Do b = p (with p, as in (4.16))

is a weak form of (4.15) (and also provides a weak form of Theorem 3.4).
Next, under some additional assumption, we can indeed relate the linear functional
¢5,, which is the unique optimal solution of (3.6) and the equilibrium measure p of 2.

Corollary 4.7. Let Q C R? be compact with associated equilibrium measure p =

fe(x)dx and suppose that lim s(n)Ak(x) = 1 uniformly on compact subsets of int(€2).
n—roo

Assume that g(x) > 0 for all x € int(Q) and all g € G, and let p, be as in (4.16).

Then

(4.17) lim p,(x) =1, wuniformly on compact subsets of int(L2).
n—r00

In addition, assume that 1 € int(Q,,(Gy)) for alln > and let ¢, be the unique optimal
solution of (3.6). Then, uniformly on compact subsets of Q,

A9 P2 ()1 A9 H ()1
4.18 li —— =i ——— =1, VYgeq.
(4.18) Jim g(x) Ep— Jim g(z) p— , Vg€
Proof. As g > 0 on int(€2), by a result of Kroé and Lubinsky [13] (see also [15, Theorem
4.4.1, p. 52]), and using our assumption on p,

lim s(n) AZ" () = g(x)

uniformly on compact subsets of int(2). Rewriting (4.16) as

)
i o) (n 1)
o) = Y AT st e

and taking limit as n grows when € int(Q2), we obtain (4.17).

Next, let ¢35, be an optimal solution of (3.6). Let A C int(2) be an arbitrary
compact subset, and with € > 0 fixed, let n be large enough so that G,, = G and

* (D eqs(n— ))/s(n—t )<1l4e¢forallged,
O

el —¢ S g(m)m
Then by (4.15), 0 < g(z)Af " (z) "1 /s(n—t,) < (1+¢), forall g € G, and all @ € A,
so that for every & € A and every g € G,

Aq P35, -1 _ AIH(x -1
o MA@ M@
s(n —tg)

<l+e.
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As € > 0 was arbitrary, one obtains

) M@ M@ A e
ngﬁgog(w)m—nggog(w)m— , veen,vgel.

O

So, under the assumptions in Corollary 4.7, the linear functional ¢3,,, unique optimal
solution of (3.6), behaves asymptotically like the equilibrium measure of 2, as n grows.
Thus, for instance, for the unit cube with the set of generators G = {1,1—2%,...,1—
x2}, @3, cannot be the vector of moments up to degree 2n of the equilibrium measure
. However:

Aggn -1 A4 ()L
i A @)y, An@)T 1, Ve cint([-1,1]%),
n— 00 s(n) n—00 s(n)
and for every i =1,...,d,
2 * 2
A(lfxi)'d’zn -1 A L—ai)pe =1

lim (1—a?)nt @7 g gyt @7

n—oo S(?’L — 1) n—o0 S(TL — 1)
for all z € int([—1,1]%).

5. PROOFS

Our proof depends heavily on orthogonal polynomials on a family of weight functions
associated with the Chebyshev weight. To avoid confusion, we shall adopt notations
that make it transparent how kernels depend on weight functions. More precisely,
let W be a weight function on a domain €2; we consider orthogonal polynomials with
respect to the inner product

(f,9)= Qf(w)g(fv)W(w)dw.

We then denote the space V? of orthogonal polynomials of degree n by V,(W;Q).
Then

dimng_<”+d> and dimVn(W;Q)—<n+d_1>.
n

n

Let P,(W;-,-) be the reproducing kernel of V,,(W, Q). If {P" : |a| = n,a € Ng} is an
orthonormal basis of V,, (W, ), then the reproducing kernel of V,,(W, ) is

Pu(Wiz,y) = Y Pl(z)Pl(y).

|a|=n

Moreover, the reproducing kernel of T1¢ in L2(W, Q) is denoted by

K,(Wia,y) =Y P(W;,y).
k=0
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5.1. Unit ball. The proof of Theorem 4.1 relies on the addition formula (1.7) for
the spherical harmonics mentioned in the introduction. Spherical harmonics are the
restrictions of harmonic polynomials on the unit sphere and they are known to be
orthogonal on the unit sphere. Let 72*! be the space of spherical harmonics of degree
n in d + 1 variables. For n € N, let {Y;* : 1 < £dimH2*!'} be an orthonormal basis
of H+1, so that

— [ Y ©VE© dol€) = drbum,
04 Jsd

where o4 denote the surface area of S¢ and do denote the Lebesgue measure on S?. We
denote by P, (do;,-) the reproducing kernel of H2+1, which then satisfies the addition
formula
dim HAT!
d—1
G1)  Yudozy) = > YV'(@Y'(y) =2 (my), zyes
=1
where Z is a multiple of the Gegenbauer (ultraspherical) polynomial,

n—+ A
A
In particular, setting y = « in the addition formula, we obtain

2n4+d—1 a1 n+d—1 n+d—2
E n 2 _ 2 _

which follows from C (1) = T'(n 4 2X)/(n!T'(2)\)) and a simple verification.

Taking a cue of (5.1), for any domain € with weight function W, an addition formula
for the reproducing kernel of V,,(W; ) is a closed-form formula for B, (W;-,-).

We now turn our attention to the unit ball B¢. The classical orthogonal polynomials
on B? are associated with the weight function (1—||z[?)®, o > —1. The normalization
constant ¢, of this weight function, so that c,(1 — [|z]|?)® is a probability measure, is
given by

Zp(t) = Ca(t).

In the following, we denote by
Woi(x)=c_1(1—|lz]®)72 and Wi(z)=c_,(1—|z|*)>.

3
Notice that W_ 1 is a probability measure on B?, but W% is not. The spherical har-
monics are closely related to orthogonal polynomials associated with W_ 1 and W% on
the unit ball. In particular, we have the following addition formula:

Proposition 5.1. Let X = (z,/1 — ||z|]?), = € BY, and = € S¥T'. Then
(5:3)  Yaldo; X,Y) = Po (Weyi@,y) + V1= [@P V1= [yPPus (Wyiay) -

Proof. Let {P?(W,;z) : |v| = n,v € N3} denote an orthogonal basis of V4(W,,). By
[8, Theorem 4.2.4], it follows that an orthogonal basis for the space He+! of spherical
harmonics consists of

Yu(l)(mv'rdJrl) :P;l(Wféaw)v |V| =n,

Yu(2)(w7xd+l) :dePf—l(W%’m)’ |V| =n-—1,
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where x € B, (x,2441) € S?. Using the integral identity [8, Lemma 4.2.3],

[ 1@aow = [ [7 (@ VITa) + 1 (2T ToT)| e

it follows readily that c_ 1 /2 = 1/wq is the surface area of S and, consequently,

IS e aoy = IPE OV )l

Moreover, we also obtain

1 - 2
||Y1/(2)||2L2(da) = w—d/Sd ‘$d+1pu 1(W%7$)‘ do

2
—cy [ rov, ) Vs TelPde =
Bd

Consequently, since the reproducing kernel can be written as the sum of products of
orthonormal polynomials, it follows that Y,,(do; X,Y) is equal to

PEW 5. 2)Pr(W_3.y) Tasryan Pr (W, @) Pi= Wy, y)

2
Py (W) '
22wy

-3’ -3 + - 3
D T P P S T A
=P (W_gsz,y) + V1= [ePVI = [yPP0r (Wysay).
This completes the proof. 1

Remark 5.1. As an illustration for the Remark 3.1, we note that if we replace W% by
the probability measure /VV% () =c1(1- []2)2, then

1

1Y, 23200y = —

Wy Jsd

Cil/
— 2

C1 d
5 /B

Hence, following the proof of the above proposition, we obtain the identity

Va(dos X,Y) = Py (W_yi@,y) + (d+ DV = [P/ T = [yl P (Wysay)

)

2
‘da

CL‘d+1P;1_1 (W% , .’I:)

—~ 2 1
n—1 o
P! (W%,w)‘ Wi (z)de = i1 ‘

—~ 2
Py (W)

L2(Wy)
2

2

Notice the additional (d + 1) in this identity in comparison with that of (5.3)

Setting Y = X in the formula that we just proved and applying (5.2) leads to the
following Pell identity on the unit ball.

Corollary 5.2. Ford>1,n=0,1,2,... and € B?,

. _ 2 . _(n+d-1 n+d—2
5 B (W) + 0= el P (Wyiwe) = (") (M0
and, summing up the identity,

. 2 ) (n+d n+d—1
(65) Ko (W) + (1 [z )Knl(w%,w,w)_( ’ )+( o,

The identity (5.4) is exactly the same as (4.4) in Theorem 4.1, whereas (5.5) is
equivalent to (4.5) by (2.3).
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5.2. Simplex. The classical orthogonal polynomials on A% are associated with the
weight function

We(x) =it - 2h? (1 — |x]) et xec AN k> 1.

The normalization constant ¢, that makes this weight function a probability measure
is given by

I(|k|+d+1)
F(Iil + 1) .- 'F(Kd+1 + 1)

For 1= (1,...,1) € R¥*! we define the modified weight function

K —

W2 () = c_1 Wi (2).

By this definition, the weight function W_; /5 is normalized to have the unit integral
on A? but W,, for e # —1/2 is not.

The classical orthogonal polynomials for W2 and those on the ball are closely
related, as seen in [8, Theorem 4.4.4]. Also, the following lemma is known in principle,
but we need its precise form and the norm identities.

Lemma 5.3. Let {P% : |v| = n} denote an orthogonal basis for V,(W2; A%). Let
e € {0,1}4, and define, with k = (k', kq11) and &' € RY,

xz—Qp (x) = a® pytersan (2%,...,23), veN.

Let 1= (1,...,1) € R%. Then {QL2"* 1 e € {0,1}¢, jv| = "=l € Ny, v € NI} is
an orthogonal basis for Vn(Wa,IB%d) and, moreover,

HQH/M) ’ ?

v,e

lpgen

L2(W*

L2(W(D3 71/2+s,o<)

Proof. For € # €', the orthogonality of Q,(,Tsl/ 29 and Q;,(i,/ 29 follows from the par-
ity and the invariance of W, under sign changes. For fixed €, the orthogonality of
{Q;,(el/2’a) : v € N} follows from [8, Theorem 4.4.4]. Furthermore, it is not difficult
to verify that the cardinality of {Q;)(;/z,a) ce€{0,1}4 |v| = "_TIEI € Ny, v € Nd} is
equal to dim V,,(W,;B%), so that the set is an orthogonal basis. Moreover, using the
integral identity ([8, Lemma 4.4.1])

dz
fi . yddy = / flan, ... 2q) —,
B4 Ad

€Tl Xqg

it is easy to verify that c_; /3 o is the normalization constant of WZE on the unit ball.
Hence,

2
HQ,(;;/Q’O‘) x€ P£71/2+€’0‘) (:C%, . ,xﬁ)‘ Wg’(x)d:v

2
=C_1/2
L2(w2) 129 Jga

(—1/24¢,0) 2 oA
=C_1/2,a /d ‘PV &Y (2, ..., a:d)‘ W_1/2+€)a(x)d:17
T
- Hp(—1/2+€7a) ?
i L2(W2 500

where the last step follows from our definition of W2. This completes the proof. [J
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Proposition 5.4. For ky,..., kg1 > —1, x € AY,

A n+d—1 2n+d—2
(5.6) Z Pn,L;\ (W 1/2+4e % m) = < d—1 * d—1 '

ec{0,1}4+1 |e|€2Ng
Moreover, summing up the identity,
A 271 + d
(5.7) Z mEKni% (W 1/24e} s m) = ( on )
ec{0,1}4+1 |e|€2Ng

Proof. Let @ = (x%,...,22). As a consequence of the lemma, we obtain immediately

(=1/2,0) (-1/2,0)
P.(WE x,y) = Z Z Que ()Q (y)

C1/20
d n—lel
S
—1/24e,« —1/2+4¢e,«
_ Z tyf Z PIE /24 )( 2)P( /24e )(y2)
cc{0,1}¢ j|=nsel HP —1/2+4€,a)
noleleng LW, 1/24e.a)
— Z weyEPn;‘E‘ (W_Al/2+e a, 2,y2) ,
ec{0,1}¢
—n;‘E‘GNo

where the sum is over those € € {0,1}¢ such that %M € Np, which implies, in
particular,

PWEhzz)= Y 2P (W 1/2%&,:,,.2,;52).

ec{0,1}*
%MGNO

Choosing o = :I:l and applying the relation (5.4), we obtain

Z o = nlel (W71/2+€ 1,w2 :c2)

ec{0,1}¢
%MENO

+ (1= ||lz[?) Z mzspn—\g\fl (I/I/A1/2Jr€ .z’ wz)

ec{0,1}¢
—nflzf‘s‘ €Ng
The two sums on the right-hand side can be combined by setting € € {0, 1}9*!. Thus,
changing variables « — (\/Z1,...,/Zq) and setting 411 = 1 — |z|, we obtain

d—1
Z P, n-lel (W 1/24e) T ) =7Z,7 (1)

ec{0,1}4+1

n— ‘E‘ENO

by (5.2). In particular, setting n +— 2n, we have proved (5.6). Summing up this
identity gives (5.7), as can be seen be verifying the sum over binomial coefficients. [

Like the case for the unit ball, (5.6) is the same as (4.8), whereas (5.7) is equivalent
to (4.9) by (2.3).
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5.3. Cube. The classical orthogonal polynomials on [—1,1]¢ are associated with the
weight function

d
=[Ja - > —1,
=1

and they are products of univariate Gegenbauer polynomials. More precisely, an or-
thonormal basis for V,(a";[~1,1]%) is given by

d
A (WEia) =[[ it @y, Kl=n, keN,
j=1

where ég denotes the orthonormal Gegenbauer polynomial of degree n. It is worth
mentioning that orthonormality is defined with respect to the probability measure. In
particular, normalized Chebyshev weight functions are (1 —22)~2 and 5= (1 — 22)7,

so that the normalized Chebyshev polynomials T, of the first kind are

Tn(z) = \/6(k) Ta(z), n>0, where (5(k)={1 k=0,

2 k>0

whereas the Chebyshev polynomials U, of the second kind are already orthonormal.
A closed-form formula for the reproducing kernel for V,, (W5, J20 =1, 1]¢) was derived

n [23] and [3], and further explored in [5] recently. It shows, in particular, that if
szhnﬁ@emmwmﬁk:%h”JMJMn
(5.8) Z e*? = [cos @y, cos by, - ,cos 0a)Hp,. 4,
|k|=n.kezd
where [z1,...,24]f denotes the divided difference of f with knots z1,...,z4 and

—sin(nf) for d even,

Hya(cos0) = 2(—1)L2 ) (sin 0)4~1 x
alcost) =1 (sinf) cos(nf)  for d odd

for n > 1 and

Hy g(cosf) = 2(—1 L5+ sin0)? ! cos = x 2
0,d( ) (=1) (sin6) 2 sin% for d odd.

Recall that the divided difference is defined inductively by
b = 7@) and [, gl = Pl 2B nl]

To — Tm
It is a symmetric function of the knots x, ..., x,,, which may coalesce. In particular,
if all knots coalesce and if f is sufficiently differentiable, then the divided difference
collapses to

0 {cos 9 for d even,

S (o)

[0y -y xm]f = — fag=z1=- =z
m!
it follows that the cardinality of {k € N¢ : |k| = n} is given by

_HGGPM ok
=#{kezl: |k = nd o i
for n > 1 and M, Dd = 1. The value of h,, 4 is given by [5, Lemma 2. 3] We shall give
another formula for h,, 4 after the proof of the following proposition.

(5.9) MY

n,



A GENERALIZED PELL’S EQUATION 21

Proposition 5.5. For © = (cosf1,...,co804) and y = (cos¢1,...,cosdq), then

Z ek (0—¢) _ Z glel f[ 5]/2 yj)51/2

|k|=n,kezZ? e€{0,1}4 Jj=1

Pn,‘s‘ (WF1/2+€; way) .

Proof. For k € N&, we write o(k) = {j € Z% : j = (£k1,...,%kq)} be the orbit of k
under Z4. For k € N¢ with ki #0,1<j d it is easy to see by symmetry that

J4 d
Z ei‘i'(eid) g 2d Z H COS(ICZ']. Sij ) COS(kZij tij ) H sin(kzij Sij ) sin(kzij tij )
jeo(k) Kiyyeoskiy 3=1 j=l+1

d
= Y 2EJa-)7F 1 —4) 7 P (Woijoiei®) P (Wo1)24e39) |

ee{0,1}4 i=1
where the sum in the left-hand side of the first equation is over all possible distribution
of k = (k1,...,kq), and we have used the fact that Px (W_1/2+5; :c) contains d — |e]
many fkj (z;) = V/2cos(kj0;) in the second identity. The sum over o(k) with, say,
exactly m elements of k non-zero is the above identity with d replaced by m. Recall that
the orthonormal polynomial of degree 0 is equal to 1 by our normalization, we see that
the identity remains true for k € N¢ that has some zero components. Since summing
over {m € Z% : |m| = n} is the same as summing over {k € N¢ : m € o(k), |m| = n},
summing the identity over k € Ng and |k| = n proves the stated identity. (]

Setting y = x and applying (5.8) in the identity of the above proposition, we obtain
the extended Pell equations for the cube:

Corollary 5.6. Ford>1,n=0,1,2,... and x € [-1,1]%,

(5.10) > 2kl [H (1-a2?)

e€{0,1}4 J=1

gﬁ(j)[(d””) o=t

and, summing up the identity,

(.11) Y 2 [ﬁ(l - x?)“:] Ky (WF1/2+€;:c,m) = Zd: (d) (CH Z _j>.

ec{0,1}d j=1 =0 J

s

n le] (W 1/2+€,:1} .’1})

Proof. Setting y = x as indicated gives the identity (5.10) with the right-hand side
equal to M 4~ Thus, it is sufficient to establish the identity:

o) M2, = (dhﬁ)! :zd: (;z) [<d+z—j) - <d+n;1—j)] .

=0

For this we use the following identity established in [5, Lemma 2.4],

$ ) (1= )

= < 1
-0 ~A—zuge@ Vsr<i

n=0
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which implies, in particular, that the following generating function for A, 4(1),

> hpa(1) (1+r)?
) n: <
;(d_n!’“ a-ne 0sr<b

We now show that the right-hand side of (5.12) satisfies the same generating function.
Indeed, a quick computation shows that

SO <d+"‘1”>}r"

Since both sides of (5.12) satisfy the same generating function, they are equal. This
proves (5.10). Finally, summing over m of (5.10) proves (5.11). O

As in the two previous cases, (5.10) is the same as (4.12), whereas (5.11) is equivalent
to (4.13) by (2.3).

6. CONCLUSION

We have considered a set Q C R? that is the unit ball, the simplex, or the unit cube
in R? in this paper. In each case, we proved a remarkable property of the orthonormal
polynomials (of all degrees) with respect to the equilibrium measure p of 2 and related
measures g-4 on 2, absolutely continuous with respect to 1, and whose density g is some
product of polynomials that define the boundary of 2. This property is a multivariate
analog and generalization of Pell’s polynomial equation satisfied by the Chebyshev
polynomial of the first and second kind for = [—1,1] C R. The property yields
a similar and remarkable property for the Christoffel functions associated with those
measures, already revealed in [14] for Q = [—1, 1] and only partially for the multivariate
cases. Moreover, this (identity) property can be interpreted as a distinguished algebraic
certificate a la Putinar that the constant polynomial 1 is positive on the set €. This
distinguished representation of 1 is a result of a duality between a pair of convex cones,
due to Nesterov. We hope that our result will stimulate further investigation on the
links of the Christoffel functions with those seemingly unrelated fields.
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