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Abstract

Given a symmetric Sobolev inner product of order N, the corresponding sequence
of monic orthogonal polynomials {Q,} satisfies that Qo (z) = Py (22), Qopny1(x) =
1R, (z?) for certain sequences of monic polynomials { P, } and { R, }. In this paper, we
deduce the integral representation of the inner products such that { P, } and { R, } are
the corresponding sequences of orthogonal polynomials. Moreover, we state a relation
between both inner products which extends the classical result for symmetric linear
functionals.
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1 Introduction

It is well known (see e.g. [8, p. 43]) that Hermite polynomials can be obtained
from Laguerre polynomials using a symmetrization process. More precisely,

Hao(z) = Li7 V2 (2?), Hanpa(w) = 2L (2?), n 20,
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where {L(®} and {H,,} denote the classical Laguerre and Hermite monic poly-
nomials, respectively.

An extension of this result due to Chihara [8, p. 41| states that, if a linear
functional U defined in the linear space P of polynomials with real coefficients
is symmetric, i.e.,

U(z*™™) =0, n>0,
and quasi-definite, i.e., there exists a sequence of monic polynomials {Q,}
such that

(1) deg(Qn) =n,
(2) U( an) = Knémm, K, 7é 0,

then

Qon(2) = Po(2®),  Qonya(2) = 2Ry (2?), (1.1)
for certain sequences of polynomials {F,} and {R,}. Chihara proved that
{P,} is the sequence of monic polynomials orthogonal with respect to the
linear functional L given by

L(z") = U(z*).

Furthermore, {R,} is the sequence of monic polynomials orthogonal with re-
spect to the linear functional L* given by

L*(p) = L(zp) = xL(p), peP, (1.2)

namely, {R,} denotes the sequence of monic kernel polynomials with param-
eter 0 associated with {P,}.

On the other hand, taking into account the three-term recurrence relation

satisfied by {Q,},

ZEQn(I') = Qn-ﬁ-l(‘r) + ’YnQn—l(x) ) Tn 7& 07

Chihara was able to deduce the parameters of the three-term recurrence re-
lations that {P,} and {R,} satisfy, in terms of the parameters {v,}. In [1],
an extension of this problem is considered when mass points are added to an
absolutely continuous and symmetric measure.

Let us consider the more general case of a Sobolev inner product of order N
defined in the linear space P x P,

N
(p.q)s = /quduwzki/Rp(’) ¢ dp; (1.3)
=1

where p( denotes the ith derivative of p, and ); are positive real numbers
[9]. We assume that pg, fi1,..., uy are nondiscrete positive Borel measures



supported on a subset of the real line, such that the corresponding sequences
of moments are finite,

n

c(i):/x”d,ui<oo, 1=0,1,...,. N, n>0.
R

This kind of inner products, as well as their corresponding sequences of orthog-
onal polynomials, have been exhaustively studied during the last ten years.
An extension of (1.3) can be given in terms of a matrix of measures df? in
such a way that

(p,q) = /R p, o, o, pM g, ¢, ..., g™ ], (1.4)

where df) is a square matrix of size N + 1 with real measures as entries. These
nondiagonal Sobolev inner products were introduced by J. Blankenagel in his
Doctoral Dissertation [2], but the problem of stating a general theory for the
corresponding sequences of orthogonal polynomials remains open.

The Sobolev product in (1.3) is said to be symmetrized if (2", 2™); = 0 when
n + m is an odd number. It can be easily shown that this condition holds if
and only if pg, p1,..., puy are supported on a subset of the real line which is
symmetric with respect to the origin and the measures themselves are also
symmetric, i.e. ‘
=0, i=0,1,..,N, n>0.

The concept of symmetrized Sobolev inner product constitutes an extension
of the definition of symmetric linear functional. Given a quasi-definite sym-
metrized Sobolev inner product of order N, let {@,} be the corresponding
sequence of monic orthogonal polynomials. Then, it is easy to prove that there
exist two sequences of polynomials { P, } and {R,} such that (1.1) holds. The
analog of Chihara’s symmetrization problem for Sobolev products would then
be to find, for the sequences {P,} and {R,}, the explicit expressions of the
bilinear functionals with respect to which they are orthogonal, recurrence re-
lations with a finite number of terms, and explicit algebraic relations between
them.

This problem has already been solved for N = 1 (see [4]). The aim of our
contribution is to extend some of the results in [4] for any N > 1. More
precisely, we prove that the sequences {P,} and {R,} are orthogonal with
respect to nondiagonal Sobolev inner products of the form (1.4), which we
denote, respectively, by (-,-); and (-, -)s. In Theorem 3.1, we state an explicit
relation between both inner products, that extends the well-known result (1.2)
for the linear symmetrization problem. Moreover, we explicitly construct the
corresponding matrices of measures df2; and df)s, and we prove that they are
congruent, that is, we find a nonsingular matrix A such that dQ2, = A dQ; A
(see Corollary 3.4 below). The derivation of recurrence relations for the se-



quences {P,} and {R,} as well as explicit algebraic relations between them is
left for a separate paper [6]. Finally, we apply our results to Freud-Sobolev or-
thogonal polynomials [7]. In particular we prove that, in this case, the matrices
of measures d2; and d€)y are diagonal, which means that the sequences {P,}
and {R,} are orthogonal with respect to standard Sobolev inner products.

2 Orthogonality properties for {P,} and {R,}

In this section we prove that the sequences {P,} and {R,} are orthogonal
with respect to nondiagonal Sobolev inner products, and we construct the
corresponding matrices of measures.

The orthogonality of the sequence {Q,} yields, for n # m,
0 = (Q2n, Q2m)s = /P %) d }jA/ : dl.
(Q2n, @2 Ho+ R d:cl d:l:Z a

(2.1)
Using Faa di Bruno’s formula for the ith derivative of the composition of two
functions, we get

AP _ "N ot P )
— =1
dx? T

@) 2.2)
v [] (2k —i)l(1 — k)!
where p)(z) := dd—;p(z) (see Appendix A for a detailed derivation). From now
on, and for the sake of simplicity, we consider that the upper limit of the
previous sum is ¢, although this implies that some of its terms can be zero.

Plugging (2.2) into (2.1), we get

0= / P 22)dpo
+ Z )\ Z Z /62 k s/ P k P(S )x2k+28_2id[1,i ’
k= [7,+1] [1+1
where ,
B‘ e 22k+2872z (“)2

2k — i)l — k)1(2s — )l(i — s)!

Introducing the change of variable t = 22, we obtain

0=2 / (t)djio
SYNY Y fu [T ROWED @R,
=1

SEIPREY




where djfi; := d,uj(tl/z), j=0,..,N,and

22k+2s—2i+1 (Z')2
2k — )1 — k)l(2s — )i — s)!

ﬁi,k,s = QBi,k,s = (23)

This means that {P,} is a sequence of monic polynomials orthogonal with
respect to the non-diagonal Sobolev inner product

(p,q 1—2/ (t)djio

+ Z)\i 3 Z Bis / PO O, . (2.4)

k:[z-gl] 142—1

The inner product (-, -); can also be expressed in terms of a matrix of measures
dS); of size N + 1 as

<p7 q>1 - ‘/0 [p7 p/7 AR p(N)] dQl[q7 q/J AR q(N)]t Y (2‘5>
where
min{2 min{ f,c},N} 4
A0 (f +1,c+1) = > Ni Bige ™, 0< f,e<N. (2.6)

i=max{f,c}

In this expression, \g = 1 and d(f + 1,c¢+ 1) = 0 if min{2min{f,c}, N} <
max{ f, c}.

It is also possible to find the inner product such that the corresponding se-
quence of monic orthogonal polynomials is { R, }. For n # m,

0 = (Q2nt1, Qams1)s
:/RxQRn(:U2 2?)dpo + Z)\ /Q2n+1 2m+1< )dp; - (2.7)

For the ith derivative of the polynomial Qg,11(x) = xR, (x?), Leibniz’s rule
gives
i i 2 i—1 2
(Quls) _ Ple?) | 2 Pols?)
dxt dxt dxt=t
The derivatives in the right-hand side can be evaluated in explicit form by
means of (2.2). A straightforward calculation then leads to

AQunia(®) _ wla(@)] _ 0y, Z R g2y 2T

dri  doi el SRy s T AT
2 (2.8)



Substituting this expression into Eq. (2.7), we have

0 :/ 22 R () Ron () dpto
R
N i i
+ Z)‘i Z Z %k,s/RR;k)(sz)Rr(fl)($2)$2k+28_2i+2d/%,
= afs] el

where
22]’6“1’2872@' [(’L + 1) ]2
2k —i+ D! — k) (2s—i+ )i —s)!

The change of variable ¢t = 2?2 yields

’%Jc,s =

0_2/ {R,y (1) R (1) djio

A 7

N 00 ]
F N DY ke [ RPORDOF g
k=[3] s=[3]

where

22k+2s—2i+1 [(Z + 1) ]2
2k —i+ D)6 — k)25 —i+ 1D)(i —s)!

Vik,s = z:}/i,k,s = (29)

Therefore, { R,,} is the sequence of monic polynomials orthogonal with respect
to the non-diagonal Sobolev inner product

(p,q 2—2/ tp(t)q(t)dfio

n ZA 2 Z ks / PP (O, (2.10)

k=[5] s=[3]

The inner product (-, -)s can also be given in terms of a non-diagonal matrix
of measures df), of size N + 1 as

<p7 Q>2 - ‘/O [p7 p/’ AR p(N)] dQQ[Q’ q/’ R | q(N)]t7 (2'11>
where
min{2 min{ f,c},N} '
db(f+Let )= > Nyiget! T dp, 0< fle< N,

i=max{f,c}
(2.12)

with A\g = 1, and dQ(f + 1,¢+ 1) = 0 if min{2min{f, ¢}, N} < max{f,c}.



3 Relation between the inner products associated with {P,} and

{Rn}

It is natural to ask whether in the bilinear case a result similar to (1.2) can be
obtained for the functionals such that {P,} and {R,} are the corresponding
sequences of orthogonal polynomials. The answer is in the affirmative. The
inner products given in (2.4) and (2.10) are not independent, and the following
theorem gives the relation between them.

Theorem 3.1 If (-,-); and (-, ) are the inner products defined in (2.4) and
(2.10), respectively, then the following relation holds:

(p,q)2 = (x"?p, 2" ?q): . (3.1)

Remark 3.2 Notice that the inner product (2.4) is defined in the linear space
of polynomaials with real coefficients. If we extend its domain to the set of
continuously differentiable real functions, then Theorem 3.1 makes sense.

PROOF. Taking into account (2.4),

(xV?p, %q), = 2/ zp(z)q(x)dfg
+ ZA Z > B / [ 2p(a)) Wt 2q ()] D . (3.2)
k=[] s=[]

The derivative [2'/?p(z)]*) can be expressed as a combination of p, p/, ..., p*.
Using Leibniz’s rule and the explicit expression of the (k — i)th derivative of
/2, we get

k
[l‘l/Qp(:L‘)](k) _ ka,i C(]Z_k+1/2 p(z) (ZE) :
=0

Mg s = (1;:) (—1)F (_;>k—i , (3.3)

and (z), denotes the Pochhammer symbol defined as

where

() =2(z+1)---(r+n—-1), (x)o=1.
Substituting the previous expression into (3.2), we obtain
(x'%p, 21%q), = 2/ xp(x)q(z)dfig

FEAY Y | o9 @ @yt (3.4)

=1 k=0 s=0



where
i i

Oiks = Z Mk { Z Bt ml,s:| . (3.5)
I}

t:max{k,[igl l:max{s,[“;l]}

On the other hand, notice from (2.9) that ;s = 0 when k < [%] or s < [%]
since, in that case, either 2k —i 4+ 1 < 0 or 2s — i+ 1 < 0. Then, (2.10) can
also be written as

P7 2—2/ fp d,uo

EEAY S [ @i (30

i=1 k=0 s=0

Comparison of Egs. (3.4) and (3.6) reveals that Theorem 3.1 is equivalent to

5i,k,s = Yik,s v ia k7 S . (37>

To prove (3.7), we represent the sum inside the brackets in (3.5) as a hyper-
geometric function. Recall that the generalized hypergeometric function ,Fy is

defined as
Ay, @2, ...,
PF‘]<
bi, by, ..., by
and it is said to be balanced if

P q
D= b -
I=1

=1

- ) (ap>k ok
) Z b2) (k!

k=0

Taking into account the well-known properties

zl=T(x+1), (3.8)
(@ = S = (s (3.9)
[(2r) = 22“W : (3.10)




These expressions enable us to represent the sum inside the brackets in (3.5)
as a balanced 4F3 hypergeometric function of unit argument,

i

oo
Z @',t,z mps = Zﬁi,t,l mys
l:max{s, [“;1]} =0

_ 221 (—1)t(—i), o (=i (-3—9),
SIT(L=s) (3), 0= (1-4),(G-1), = (1-1),(

_ 2—2z‘+1(_1)t(_i)t N —i, 1, 1, —% — 5 D
ST =) (3), 00 =0k (1 -5), (- 9), <1_;,;_;,1_5 )

Taking advantage of the transformation formula [11],

—n, b, c, d
4F3 1

b—Tann—H —|—d—|—
2d —b+1), —n,2d, + +d—c

:<+)3F2< 2 |1>7 neN,
(L—="0)n ctd+12d-b+1

and noting from (3.9) that (0), = (—1)"/I'(1 — n), we find that

—i, 1,1, =3 — s
! Z,
,1—5,1—8

)t (1

1),

The o F7 hypergeometric function can be evaluated in closed form by means of
the well-known Gauss summation formula,

a, b
2 F1
c

N | =
VDS

_ T(e)T(c—a—0b) ole—q—
1>_r(c—a)r<c—b)’ Re( b)>0,

which leads to

(=1 —2s); D(1 — )T(1 — )i + 2)
1) = ST . (3.11)

Thus we conclude that

i I 221 (1) (—i)y(~1 — 25), T(i + 2)
> Burmis = (O ra—i(1-1) (3—1) )TU—-s+i)

l:max{s,[zgl]} 2/




Plugging this result into (3.5), this double sum can be expressed as

(—1)F 272+ (=1 — 25); T(i + 2)
Klsl(3) (3) T = k)P =)l (1 — s +1)

—1, 1, 1, —%—k
X4F3 ) ) 1 R
1-£ -1 1-k

27 2 27

5i,kz,s -

which using (3.11) simplifies to
27 (4 )P (=1 — 2s); (—1 — 2k);
(i =) (i — k)KL (3) (3)

ik,s —
From (3.9) and (3.10), we can easily prove that

(—1) (1426 (Z)72% (3 4+ ¢)T(1+1)
(1+2t—a)! (1+2t — )T (3) '

(=1 —2t); =

Thus, we have

92252041 [(j 4 1)I]? 41“(% + s)F(% +

5i,k,s =

(i — $)1(i — k)1 +25 — i)(1+ 2k — i)l W%)F @)k (

and Equation (3.7) follows. O

Remark 3.3 When considering general symmetrized and symmetric bilinear
functionals, the functional associated with the sequence {R,} is not uniquely
determined by that associated with { P,} [5]. However, Theorem 3.1 shows that,
in the case of symmetrized Sobolev inner products defined in terms of absolutely
continuous measures, the inner product (-,-)o can be deduced directly from
(-,)1. Therefore, in this case, {R,} is said to be the sequence of generalized

kernel polynomials associated with {P,}.

The result given in Theorem 3.1 can also be expressed as a relation between
the matrices of measures that define the inner products (-,-); and (-,)s. In

fact, we can prove that both matrices are congruent.

Corollary 3.4 Consider the matrices of measures given by (2.6) and (2.12).

Then,
dQQ - A dQl At ;

where A is an upper triangular matriz whose jth column A(:,j) is given by

. . ¢
A, j) = {mj’() x1/2_], mj m3/2_], Ce, My $1/2, 0, ..., O} ,

and m;; is defined in (3.3).

10



PROOF. It suffices to take into account (2.6), (2.12) and

[212p, (2'2p), o (@' Pp) B ] = [p, p, . pW AL D

4 Example: Freud-Sobolev orthogonal polynomials

In this section we apply the previous results to the case when du;, = dy =

e~'dx for i =0,1,...,N, ie., we consider the inner product
4 N . . 4
(P @)s =/ pge " dr + Z)\i/ p g e d . (4.1)
R i-1 /R

The polynomials {@, } orthogonal with respect to (4.1) are a particular case
of the so-called Freud-Sobolev polynomials [7]. Applying to this example the
main results in Section 2, we deduce that the corresponding sequences {F,}
and {R,} are orthogonal with respect to the inner products (2.4) and (2.10),
respectively, where, for 1 = 0,1,..., N,

1 )
dji; = dji = &(v)dw,  &(z) = Ex—l/%—f : (4.2)

Notice that the weight function w is semiclassical, since it satisfies the Pearson
equation (¢w) = ¥ with ¢(z) = 2z, ¥ (x) = 1—42?, and boundary conditions
o(z)p(x)w(z)|s° = 0 for any polynomial p. Taking advantage of general results
for semiclassical linear functionals obtained in [9], we get

¢" (2) D" (@()) = ¥(z, N)w (), (4.3)

where

@ZJ("E?O) =1,
Y(z,N) =22y (x, N = 1) + (2, N = 1)[1 —2N — 42*], N >1,

and
deg(¢(z,N)) <2N. (4.4)

In general, the inner products (2.4) and (2.10) are non-diagonal. But we
will prove that, in the case of Freud-Sobolev polynomials, they are standard
Sobolev products.

Proposition 4.1 In the particular case (4.2), the inner products given by

(2.4) and (2.10) can both be expressed in terms of diagonal matrices of mea-
sures of size N + 1.

11



PROOF. The matrix of measures associated with {P,} will be diagonal if
the inner product

i

N 7 00 .
FXN Y Y Bus | pP@EI @, (@5)

i=1 k:[i+1] s:[i+1]

2

can be expressed in such a way that it contains only terms in which p and ¢
are affected by the same derivative, i.e., p® ¢ For a fixed i, 1 <i < N, we
consider the change of indices

l=2i—k—s, r=i—k=s—1+1.

The corresponding term of the sum in (4.5) then becomes

)

2 Z 6zks/ p®) (2)g® ()2~ djy

k=[] =[]
21’—2[”1] i

= Zﬁi,i—r,i—l—i—r/ PN (@) (@) (4.6)
0

=0 r=r

where

f:max{(),l—i—i—[zzl}}, i:min{i— [Zgl},l}.

Notice that

- -1
For a fixed [, consider the sum
Zﬁi,ifT,iflJrr/ p(%r)(%’)q(%lw) (z)2"dp
r=f 0
! ﬁi:i*ﬂi*H’T > (i—r) (i—l+r) i—l
= Bii—ri-l47 Z 7/ p (z)q ( ) (4.8)

r—f @,i—f,i—urf 0

Now we add and subtract from (4.8) the term

@J,_f’i_l#/o U4 (2) g+ ()] 2P iy

12



which using Leibniz’s rule can also be expressed as

r=r

17 .
[ —=2r o i—r r4i— =l g
Bisiimisi Y ( ~> /0 P (@) g ()2

r—r

We see from (4.7) that 7 + [ = 1, hence the upper limit of the previous sum is
I — 7 = 1. Then, we obtain

Bii— 47 iﬁi(i)_m_pﬂ /OOO p(i_r)(x)q(i_l”) (z)z" " dj
+ Biiiritir /OOO U4 (2) g4 ()] -2 iy (4.9)
where
Bii—i it 47 r—r

8 :M_C—?f)

Since 7+ = [, and Bik.s = Bisk, the following property holds,

Bii—it+7 = By i 1147 - (4.10)
Notice that 61-(;)_;,1-_”7: = z'(li)—l”i—z+i = 0. Then, (4.9) simplifies to

Z_l m . . .
Bricrictrr > B it /0 P (@) g T (2)2
r=r+1

+ 5¢,i—f,i—z+f/0 [ () g ()] 20 Ly (4.11)

2
procedure to the first integral in (4.11) to obtain the result. If i — [ # 0, we

apply integration by parts to the second integral in (4.11) and obtain

Ifi—1=0, then 7 = {ﬂ} and [ — 27 = 0, so it suffices to apply the previous

_ /O PO ()05 () [~ ()] 2 d (4.12)

. o0
since x”lw(a:)‘o = 0. Then,

1-27

o o L= 27\, (o), ,
o) =3 (1) @ el
j=0
27 1_2,': ) o .
N ( j ><i—2l+2f+j—1)l_2f_j T (G (2) D L (4.13)
j=0

13



Taking into account (4.3), we find that

= Z<l _ ) (i—20+2F + j — 1)j_o5j '~ 2l+2’”21]¢(a: j)o(z)
w(@

where deg(R(z)) < i—27 due to Eq. (4.4). Finally, we plug the previous result
in (4.12) to get

= [P @) @) R

which completes the proof. A similar reasoning enables us to prove that the
matrix of measures associated with {R,} is also diagonal. O
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A Appendix: Derivation of Eq. (2.2) from Faa di Bruno’s formula

Faa di Bruno’s formula for the ith derivative of the composition (f o g)(x) =
f(g(z)) [3,10] states that

dzf( il Z f k) Z ﬁ [g('j) x)]kj (Al)

d:cl kth ..... by 1 (G0 k!
where the inner summation is extended over all partitions satisfying
ki+ke+...+k =k, ki+2ko+ ... +ik;=1. (A.2)

In particular, when g(x) = 22, [¢)(x)]* vanishes for j > 3 unless k; = 0, in
which case it equals unity. Conditions (A.2) then read

kv 4+ ke =k, ky + 2ky =1, ks=...=k =0,

14



and the first two of these equations uniquely determine the values of k; and
ks in terms of k£ and 1,

ki =2k —1i, ky=1i—Fk.
Application of Faa di Bruno’s formula (A.1) then yields

dzf .’13'2 . % ) 27 2k—1i
d:<vi - “k 2 S >(2k:(—2'))!(z' T (4.3)

[

where the lower bound in the sum over k, with [z] denoting the integer part
of x, follows from the fact that ky = 2k — ¢ is a nonnegative integer. When
f(z) = P,(z) is a polynomial of degree n in x, f*)(2%) vanishes for k > n, so
that the upper bound i can be replaced by min{i, n}. Thus we obtain (2.2). O
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