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We obtain a property which characterizes the Chebyshev orthogonal polynomials of first,
second, third, and fourth kind. Indeed, we prove that the four Chebyshev sequences are
the unique classical orthogonal polynomial families such that their linear combinations,
with fixed length and constant coefficients, can be orthogonal polynomial sequences.

1. Introduction

The classical orthogonal polynomials (OP) on the real line, which are the most useful
and important families, can be characterized by different conditions (see [3]). In the case
of bounded support, the classical model is the family of Jacobi polynomials, which has
been extensively studied. Very well-known families of Jacobi polynomials are the so-called
Chebyshev polynomials of first, second, third, and fourth kind (see [9]).

The orthogonal polynomials with respect to rational modifications of these Chebyshev
weights are the Bernstein polynomials (see [3, 9]). It is well known that the Bernstein
polynomials can be expressed as linear combinations of Chebyshev polynomials, with
fixed length and constant coefficients (see [4, 5]). This property of orthogonality satisfied
by the linear finite combinations of sequences of orthogonal polynomials is quite general.
Indeed, taking into account the result of Uvarov (see [10]), the orthogonal polynomial
sequences with respect to a rational modification of a positive measure on an interval
can be written as a linear combination of the orthogonal polynomials with respect to the
original measure, with fixed length and coefficients depending on the degrees. Although
the representation of the Bernstein polynomials is a consequence of Uvarov’s result, it is
important to note that in this first case, the coefficients are constant.

The study of linear combinations of orthogonal polynomials is an interesting sub-
ject for different reasons. For example, several quadrature formulas have been obtained
choosing the nodal points as the zeros of some linear combinations. Another reason could
be the important role that these linear combinations of OP play in the problem of lin-
earization of products of OP, as well as, in the problem of approximation of the polyno-
mial solution for differential equations. For a detailed presentation of these problems and
some others, see [6].
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The general problem of the orthogonality for combinations of length three was studied
in [2]. Indeed, there necessary and sufficient conditions on the sequences of coefficients
of the linear combinations with fixed length three were obtained in order that the new
sequences be orthogonal. Very interesting examples appear in [2] and also in [1]. An-
other interesting contribution in the same direction is [7], in which the authors study the
orthogonality of linear combinations of two orthogonal polynomial sequences. Applying
the results in [2, 7], we have studied in [4] the following inverse problem, that is, we have
determined that the four Chebyshev sequences are the unique Jacobi sequences such that
their linear combinations with length 2 or 3 and constant coefficients can be orthogonal.

Our aim in this paper is to prove that the four Chebyshev families are the unique fam-
ilies among all the classical orthogonal polynomials such that linear finite combinations
with arbitrary fixed length and constant coefficients can be orthogonal sequences. How-
ever, this property can be satisfied by nonclassical orthogonal polynomial sequences. In-
deed, we give examples of nonclassical orthogonal polynomial sequences such that linear
combinations, with fixed length and constant coefficients, are orthogonal.

The structure of the paper is the following. In Section 2, first we recall some properties
concerning the classical orthogonal polynomials and we present the Bernstein orthogonal
polynomials. Moreover, we construct several examples of finite linear combinations, with
constant coefficients, of nonclassical orthogonal polynomials, such that they are again
orthogonal sequences. Finally, in Section 3, we prove our main result, that is, the property
that characterizes the four Chebyshev orthogonal polynomial sequences.

2. The Bernstein polynomials
In the positive definite case, the classical orthogonal polynomials are the Jacobi poly-
nomials Pf,“’ﬁ )(x) which are orthogonal with respect to the positive measure on [—1,1],
Aptap(x) = (1 —x)%(1 +x)Pdx, with a, 8 > —1, the Sonine-Laguerre polynomials L (x)
orthogonal with respect to the positive measure on [0,+00), duy(x) = x*e™*dx, with a >
—1, and the Hermite polynomials H,(x) orthogonal with respect to the positive measure
on (—co,+00), du(x) = e dx.

By virtue of their orthogonality, the classical monic polynomials satisfy the following
three-term recurrence relations:

WP ) = (6= Buc ) PR () = s P (1), =1, (2.1)
where

ﬁZ_aZ

2n+a+p)2n+a+p+2)’

Pn=

(2.2)
dn(n+a)(n+p)(n+a+f)

Yn = 2n+a+p)?22n+a+B+1)2n+a+pf—1)

with Py(x) = 1 and P_;(x) = 0 (fp = —a in case a + 3 = 0);

LO®%) = (x = B ) L1 () = yu i L5 (1), n=1, (2.3)
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where
Pn=2n+a-1, ypp=(m-1)(n+a-1), (2.4)
with L% (x) = 1 and L' (x) = 0;
Hy(x) = xHp-1(x) = yn-1Hn2(x), n=1, (2.5)

where

1

Yn = E(” -1), (2.6)

with Ho(x) = 1 and H_;(x) = 0.

Notice that the unique classical families with constant coefficients in the three-term
recurrence relation are those Jacobi families corresponding to « = +1/2 and § = +1/2,
that is, the Chebyshev families. Indeed, they satisfy for n > 2 the same recurrence relation
P,(x) = xP,_1(x) — (1/4)P,_»(x), n > 2, with different initial conditions.

The Bernstein polynomials generalize the classical Chebyshev polynomials. They are
orthogonal with respect to positive measures obtained by introducing a positive polyno-
mial divisor into the Chebyshev weight function (see [3, 5, 9]). Next, we recall a useful
representation for these Bernstein sequences.

Let g (x) be a polynomial with real coefficients and positive in [—1, 1]. By Féjer-Riesz
representation, there exists a polynomial Ax(z) = Zf;o m;z' such that A(z) # 0 for |z| <
1, A¢(0) >0 and gx(cos0) = |Ax(e?)|2.

If dy (x) is the rational modification of the Chebyshev measure of first kind dy; (x) =
dx/(mqr(x)~v/1 — x2), and {P,(x,p1)} is the monic orthogonal polynomial sequence with
respect to y; (MOPS(y1)), then for n > k,

k
. i1
Py (x,p1) = Tu(x) + E ucs ?Tn—i(x), (2.7)
i=1 Mo

where {T,(x)} is the sequence of monic Chebyshev polynomials of first kind.
If du,(x) is the rational modification of the Chebyshev measure of second kind
dus(x) = 2+/1 — x?2dx/(mqi(x)), and {P,(x,u2)} is the (MOPS(y2)), then for n = k,

k
. m; 1 ..
Py(x,12) = Un(x)+Z—5Unf,-(x), (2.8)
i1 Mo

where {U,(x)} is the sequence of monic Chebyshev polynomials of second kind.
If dus(x) is the rational modification of the Chebyshev measure of third kind dus(x) =
1/(mqie(x))y/(1 +x)/(1 — x)dx, and {P,(x,pu3)} is the (MOPS(y3)), then for n = k,

k
. i 1 .
Pu(x,3) = Wa(x)+ > % 5 Wasil), (2.9)
i1 Mo

where {W,(x)} is the sequence of monic Chebyshev polynomials of third kind.
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If dus(x) is the rational modification of the Chebyshev measure of fourth kind
dus(x) = 1/(mqr(x))/(1 — x)/(1 + x)dx, and {Py,(x,u4)} is the (MOPS(u4)), then for n >k,

Py (x,us) =V, (x)+Z 'n i(x), (2.10)

where {V,,(x)} is the sequence of monic Chebyshev polynomials of fourth kind.

Hence, it is clear that these types of linear combinations of Chebyshev polynomials are
again orthogonal sequences. Although our aim is to prove that this property character-
izes these Chebyshev families among all classical families, nevertheless, this property can
be satisfied by nonclassical families. Next we present examples of nonclassical sequences
such that they satisfy the same above property as the Chebyshev families.

Example 2.1. Let {P,(x)} be the MOPS satisfying the recurrence relation
Py(x) = (x - En—l)Pn—l(x) - ﬂn—an—Z(x)y nx>1, (2.11)

with P_;(x) = 0 and Py(x) = 1, and such that #, = a€,, witha € R, a # 0, and €, # 0, for
all n. Then the sequence of monic polynomials {Q,(x)} defined by

Qu(x) = Pp(x) +aPp-1(x) (2.12)

is the MOPS with respect to a regular linear functional.

It is clear that the sequence {P,(x)} is different from the Chebyshev families. Besides,
it is easy to see that the sequence {Q,(x)} satisfies the following three-term recurrence
relation:

Qn(x) = (X - bn—l)Qn—l(x) - Cn—lQn—2(x)y forn =0, (2-13)
with ¢, = a€,_; and b,, = €,,. Indeed,

Qu(x) = Py(x) + aPy-1(x)
=(x— en—l)Pn—l(x) — n-1Pu2(x) +a((x — €4-2) P2 (x) = 1n2Pp3(x))
(x = €n-1)Pu1(x) — a€y 1Py 5 (x) + a(x — €4-2) Py2(x) — a’€y 2Py 3(x)
= (x—€u- 1)( e 1(X +aP, 2(x)) — a€y—2(Py_2(x) +aP,_3(x))
( )

= (x—bu-1) Qu-1(x) — cn—1Qpu-2(x).
(2.14)

Therefore, by Favard’s theorem (see [3]), the sequence {Q,(x)} is the MOPS with respect
to a regular linear functional or a positive definite functional.

In order to obtain that the sequence {Q,(x)} be a MOPS with respect to a positve Borel
measure on [—1,1], we can take, for example, €, = 1/4 and a = 1/16. Then b, = 1/4 and
¢y = 1/64, and therefore the measure of orthogonality of the sequence {Q,(x)} belongs
to the class M(1/4,1/4), see [8]. Hence, the support of the measure is a subset of [—1,1].
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3. Linear combinations with constant coefficients of classical polynomials

Jacobi polynomials. Now we consider the sequence of monic polynomials
Quik(®) = Pyt 0 +aPip () + -+ aP @), mk=1, (1)

with k a fixed integer, and a; (i = 1,...,k) real numbers such that a; # 0. We continue
denoting by {P,(qa’ﬁ ) (x)} the MOPS with respect to the Jacobi weight with parameters «
and f8.

THEOREM 3.1. Let {Qu+k(x)} be the sequence defined in (3.1). If {Q,(x)} is the MOPS with
respect to a linear regular functional or a positive finite measure on [—1,1], then the sequence
{Pn “/5)( )} must be one of the four Chebyshev sequences, that is, « = =1/2, f + 1/2.

Proof. If {Q,(x)} =1 is a sequence of monic orthogonal polynomials, then there exist two
sequences of real numbers {€,} and {#,}, such that the following three-term recurrence
relation holds, see [9],

Quik(x) = (x - €n+k—1)Qn+k—l(x) - ’7n+k—1Qn+k—2(x)- (3.2)

Taking into account relation (3.1), we can rewrite (3.2) as follows:

Qn+k(x) = (x_€ﬂ+k—1)( n+k l x)+Z“Pn+k i— 1 )>

i=1

(ar,B)
—n kl( k2 (X)+ > aiP g o (x ))
+ +k 2 Z +k—i—2 (3.3)
= (X—€n+k—1)Pn+k 1)+ ((x = €pk-1)ar — ﬂn+k—1)P£,0i£12(x)

+ ((-x E€ntk— 1) — Mn+k-14i- 1)Pn+lf)fi 1( X) — Nn+k— lakP ﬁ)( ).

VR

i=2

On the other hand, if we use the recurrence relation satisfied by the Jacobi polynomials,
then (3.1) becomes

Quik(x) = (x = Burke1) P () = i1 PP ()

+Zai< ﬁn+k i— I)Pn+k i 1(x) yn-%—kfiflpfloif)_i_z(x))
i=1

o @B) - - (@f) (3.4)
(x ﬁn+k—1)Pn+k71(x) + (al (x /3n+k—2) Yn+k—1)Pn+k72 (x)

(( ﬁnJrk i- 1) — Yntk—iGi- 1)Pn+£)fi 1( )_ak)’n 1P ﬁ)( ).

-

+

i=2



2076  Chebyshev orthogonal polynomials

By equating the second members of expressions (3.3) and (3.4), we get the following
relations:

Entk—1 = ,8n+k7])
A1€nsk—1 + Mnsk—1 = Pnsk—1 + A1 Brsk—25

A2€pik—1 + A Mpik—1 = A1 Ynsk—2 + A2 Pnik-3
(3.5)

Ak€psk—1 + Ak—1Mpsk—1 = Ak—1Yn + AkPn-1,

AkNn+k—-1 = AkYn—1-

If we substitute €,+k-1 by Burk—1 and #7,4k—1 by y,—1, we can rewrite the other above equa-

tions using only the coefficients of the recurrence relation of the sequence {Pifx’l3 ) (%)},

ay (ﬂn+k—l _ﬁn+k72) = Yn+k-1 — Yn-1>

a (,BnJrkfl - ﬁn+k73) =a (Yn+k72 - )’nfl)>
(3.6)

ak (Brik—1 = Pn-1) = ak-1(yn — yn-1), forn=2.

Now we can consider the following two cases.
(1) If Busk—1 = Pu-1, then it must be a? = 2, otherwise,

Cun+a+p-2)2n+a+p)=2n+2k-2+a+p)2n+2k+a+p), (3.7)

which is impossible unless k = 0.
So we assume that a® = 8.
We consider i = max{j € {1,...,k—1}:a; # 0}, or i = 0 if a; = 0 for every j = 1,...,
k — 1. Then y,1k—(i+1) — Yn—1 = 0, and we distinguish between two possibilities.
(i) If B = a, the expression Y4k—(ir1) = Pu—1 can be written as follows:

dn+k—-i-1Dn+k—-i-1+a)(n+k—i—1+2a)
2n+2k—2i—2+2a)?22n+2k —2i—2+2a+1)2n+2k —2i—2+2a—1)

(3.8)
3 4n—-1Dn—-1+a)?*n—-1+2a)
C (2n-2+2a)22n+2a—-1)2n+2a—-3)’
from which we obtain, after some computations,
(n+k—i—-1)(n+k—i—14+2a)2n+2a—1)2n+2a—3) (3.9)
3.9

=n—-1)n-142a)2n+2k —2i+20—1)2n+2k — 2i+2a — 3).

It is easy to see that the coefficients of the powers n*, n’, and n? are equal in
both members of the above formula. By equating the coefficients of n and the



E. Berriochoa etal. 2077

independent terms, we get

(4a® —1)(k—1i) =0,
3.10
(40? —1)(k—i)a+k—i-2) =0. (310

Since k — i # 0, the system is compatible only for a? = 1/4. Therefore, we obtain
thata=f=1/2ora=p=-1/2.
(ii) If B = —a, the equality ypik—(ix1) = Yn-1 18

4n+k—i—-1)(n+k—i-1+a)(n+k—-i—-1-a)in+k—i—1)
(2n+2k—2i—2)22n+2k - 2i—1)2n+2k — 2i — 3)

(3.11)
_An-1)n-1l+a)(n-1-a)(n-1)
B (2n—2)22n-1)2n—3) ’
from which we deduce
n+k—-i—-1+a)(n+k—i—-1-a)2n—1)2n-3)
(3.12)

=Q2n+2k-2i-1)2n+2k-2i-3)(n—-1+a)(n—1—a).

Developing in powers of 1, we see that the coefficients of n*, n’, and n? are the
same in both members of the equality, and by equating the coefficients of n and
the independent term, it yields

(402 —1)(k—i) =0,

3.13
(40> —1)(k—i—2) =0, G139

from which it follows that a® = 1/4. Therefore, we obtain that « = —f8 = 1/2 or
a=—f=-1/2.
(2) If Busk—1 # Bn-1, then ax_y # 0 and y, — yu—1 # 0. Therefore, from (3.6), we get y, —
Yn-1 = (ar/ax-1)(Bntk-1 — Pu—1), for n = 2. If we take into account the expression of the
coefficients in the recurrence relation for the Jacobi polynomials and we denote R =
ax/ai_1, we have

dn(n+a)(n+p)(n+a+p) dn—-1n-1+a)(n—-1+p)(n—1+a+p)
Q2n+a+p)?2n+a+p+1)2n+a+p—1) B 2n+a+pf-2)22n+a+f-1)2n+a+f-3)
1 1
:R(ﬁz_az)((2n+2k+¢x+ﬁ—2)(2n+2k+¢x+ﬂ)_(2n+oc+/3—2)(2n+oc+[3))’

(3.14)
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or equivalently

Cn+a+p+2k-2)2n+a+p+2k)
x (2n+a+pf-2722n+a+Bf-3)n(n+a)(n+p)(n+a+p)
—2n+a+p)Pn+a+B+)(n—1)(n-1+a)(n—1+pf)(n—1+a+p))
=R —a*)(2n+a+B-2)2n+a+p)— 2n+a+p+2k—2)2n+a+p+2k))

X2n+a+p)2n+a+f+1)2un+a+p-1)2n+a+p-2)2n+a+p—-3).
(3.15)

Finally, we compute the coefficients of #n° and n° obtaining the following system:

202 +2B% — 1 = —4kR(B* — o?),

(202 + 2% — 1) B+ 3P+ 2k — 3) = —2kR(B? — a?) (6 + 6B + k — 6). (3.16)

If we substitute the first equation in the second one, we obtain k = 0, which is impossible.
Therefore, case (2) cannot be satisfied. O

Laguerre and Hermite polynomials. 'We consider the sequence of monic polynomials
_ @ (@ ... (@) k
Ruwk(x) =L, (x) +aiL, . (x)+ +arLyV(x), nk=1, (3.17)

with k a fixed integer, and a; (i = 1,...,k) real numbers such that a; # 0. We continue
denoting by (LY (x)} the MOPS with respect to the Laguerre weight with parameter a.
We also consider the sequence of monic polynomials

Sk (x) = Hyyk (%) + a1 Hpyj1(x) + - - - +arHp(x), nk=1, (3.18)

with k a fixed integer, and a; (i = 1,...,k) real numbers such that ax # 0. We continue
denoting by {H,(x)} the MOPS with respect to the Hermite weight.

THEOREM 3.2. Let {Ry4k(x)} be the sequence defined in (3.17), and let {S,k(x)} be the
sequence defined in (3.18). Then the sequence {R,(x)} is not the MOPS with respect to any
linear regular functional or positive finite measure on [0,+00), and {S,(x)} is not the MOPS
with respect to any linear regular functional or positive finite measure on (—o0,+c0).

Proof. The idea is to solve the system (3.6) that appears in the previous theorem with

the recurrence coefficients of the Laguerre and Hermite polynomials respectively. In the

Laguerre case, if ,+k-1 — Bu—1 = 0, then we get k = 0, which is impossible, and if ,,+k-1 —
Bn-1 # 0, we also get to a contradiction.

In the Hermite case, since 3, = 0, we obtain y,4k—1 = y»—1, which implies that k = 0.

O

As a consequence we obtain the following corollary.

CoRroOLLARY 3.3. Consider the sequence of monic polynomials

Quak (%) = Puai(x) + a1Ppig—1(x) + - - - + axPu(x), nk=1, (3.19)
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with k a fixed integer, and a; (i = 1,...,k) real numbers such that ay # 0, and {P,(x)} a clas-
sical MOPS (Jacobi, Laguerre, or Hermite). If {Q,(x)} is the MOPS with respect to a linear
regular functional, then {P,(x)} must be one of the four Chebyshev orthogonal polynomial
sequences.
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