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Abstract

In this contribution we consider varying Krall-type polynomials which are orthogonal with
respect to a varying discrete Krall-type inner product. Our main goal is to give ladder operators
for this family of polynomials as well as to find a second—order differential-difference equation
that these polynomials satisfy. We generalize some results appeared recently in the literature.
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1 Introduction

In this paper we are interested to know some properties of the sequence of monic polynomials
orthogonal with respect to the varying discrete inner product

m
(9o = [ F@g()die+ 3" Mos(ei)gter), 1)
i=1
where p is a finite positive Borel measure supported on an infinite subset of the real line, { M, ;}I",
are sequences of nonnegative real numbers, ¢; € R for i € {1,2,...,m} and ¢; # ¢ if i # j.
Polynomials orthogonal with respect to a varying inner product have been considered in different
frameworks, for instance, in general contexts related to different types of weights (see, among others,
[2, 5, 16, 17, 20, 29, 30, 31, 36, 38]) or in Sobolev orthogonality (see, for instance, [1, 18, 34]).
When we consider a varying inner product, for every n, we have a square tableau of monic

orthogonal polynomials with respect to (1), i.e., {Q,(CM"’“M"’Q""’M””")(x; C1,C2y. .., cm)}k>0, but we



only deal with the diagonal of this tableau, {Q%M"‘l’M"’Q"”’M”’m)(:B; c1,C2,. .. ,cm)} o To simplify
n

the notation, we will denote them by {Qy(z)},>0 and name them as varying Krall-type orthogonal
polynomials.

In the special cases when m = 1 and m = 2 we denote the sequences of monic orthogonal
polynomials with respect to (1) as {Qn(z;¢1)},>0 and {@Qn(x;c1,¢2)},,50, respectively. We will
give some examples in these relevant cases. - -

Also, we define {P, }n>0 to be the sequence of monic polynomials orthogonal with respect to
the inner product

(f, 9 = / F(@)g(z)dn, (2)

thus, we have

(Pnypk)u = /Pn($)Pk(l')d/L = hnon i, n,k € NU {0}, (3)

where 9, ;, denotes the Kronecker delta and h,, is the square of the norm of these polynomials.

Since the inner product (1) is standard, i.e., the property (zf,g), = (f,2g), holds, then it is
known that the sequence of monic orthogonal polynomials { P, },>0 satisfies a three-term recurrence
relation of the following form:

2Py (x) = Ppoi1(x) + anPy(x) + BnPp-1(x), n >0, (4)

with initial conditions SpP-1(z) = 0 and Py(z) = 1. In addition, we have 3, = hy,/hp_1 for n > 1.
If the measure p is symmetric, then it is well known that a, = 0 (see, for example [14]).

Our objective is to obtain ladder operators and a linear second—order differential equation,
which we will call holonomic equation, for the sequence of monic polynomials {Qy, }n>0 orthogonal
with respect to (1).

Ladder operators are important in the theory of orthogonal polynomials. On the one hand,
they have a natural connection with the coefficients of the recurrence relation and from the point
of view of physics they are related to the harmonic oscillator (see [40]). On the other hand, they
are a very useful tool to construct differential equations whose solutions are the corresponding
orthogonal polynomials. For these reasons, among others, the literature about ladder operators in
different frameworks is very wide, we cite some of them [7, 8, 10, 11, 12, 24, 25, 26, 40]. Moreover,
the ladder operators approach has been successfully applied to show the connections between the
solutions of the Painlevé equations and recurrence coefficients of certain orthogonal polynomials
(see, for instance, [4] or [11] and the references therein).

We assume that the sequence of monic polynomials {P,},>¢ orthogonal with respect to (2)
satisfies the following relation:

A(z) Py (x) = Bp(2) Pa(2) + Cp(2) Poo1 (), n =1, (5)



where A(z) is a polynomial and, B,,(z) and Cy,(x) are certain functions. It is important to remark
that the relation (5) is very general, and as we will see later in the examples, all the classic
families as Jacobi, Laguerre, Hermite or semi-classical families, for example the generalized Freud
orthogonal polynomials (see for instance [15]) or the generalized Jacobi orthogonal polynomials
(see for example [19]) or in more general framework (see [8]), satisfy this relation (5).

We define the lowering operator from (5) by

U, := A(z)— — B, (z), n>1, (6)
hence
U, [Pr(z)] = Cp(x)Pp—i(x), n> 1. (7)
We can obtain the raising operator. Indeed, using (4) we have:

Py a(z) = Gl Oén—1)g7:l__11(x) — Pn(a:)7 n>2, (8)

so, by changing n — n — 1 in (5) and inserting the previous expression (8), we get

A(z) Py (x)
= Bn_l(a:)Pn_l(w) + Cn_1<1‘)Pn_2(1‘)

B Cn-1(z)(z — ap—1) B .
= <Bn_1(x) + 3. > Pn_1<l') 7571_1 Pn( ). (9)

Similarly to the previous case, from (9) we define the raising operator by

O, = anl(x) n C’n1($;(x1— Oénfl) . A(fﬂ)%, n> 2,
hence,
O, [P—1(z)] = C%l(lx)Pn(x), n > 2. (10)

Now, we can obtain the holonomic equation for the sequence of monic polynomials {P,},>0
orthogonal with respect to (2). We get

1 () P () + pn2(2) Py (2) + pnaPo(z) =0, n>2, (11)

where



,On,l(l') = 5n_1A2($)Cn($),
pna(@) = urAlz) (A'(ac)cn(x) ~ A@)Cl () —Bn<x>cn<x>)

pusta) = Culi) (Coa@Coll) 4 Buli) (a1 Bues (&) + Coca0)(o = 1) )
B A) (Bn<x>o;<x> - B;<x>cn<w>) |

In order to obtain this result, we follow the typical proof (see, for example, [3, 8,9, 13, 20, 24, 26]
and the references therein). From raising operator we have that

Cn_l(x)

BalPs()] = P o),
Then, using (7), we get
Do[Pos ()]
0, | g Va0
(ot ) (i)
(ot S 2) (2 )

46 (g (40 - B.0) )
= <Bn_1(x) + Cn—l(%ix_l— an—1)> A(z) P, (x) = Bn(2) Pa()
(A/@)P4(2) + A PUE)Ca(w) -
C2(v)
BL)Ea(a) + Ba@)P4())Cule) — Bula)Pa()Ch(2)
) '

— A(z)

+ A(:c)(

Now, equating with the expression on the right side of (10) and multiplying everything by
Bn-1C2(z), we obtain the required second order ordinary differential equation (11).
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We will follow a similar technique to obtain the holonomic equation for the polynomials Q,, ()
from the corresponding ladder operators. This paper is structured as follows. In Section 2 we
obtain some connection formulas that are satisfied by the polynomials @, (z). In Section 3 we use
a standard technique to obtain the algebraic relations between the polynomials @, (z), their first
derivatives and polynomials P,(z). These relations are essential to tackle our main objective in
Section 4 which is devoted to the derivation of the ladder operators and a second—order differential
equation for the orthogonal polynomials @, (z). Finally, we give explicit examples.

2 Connection formula for Q,(x)

In this section we obtain a connection formula between the polynomials {@Qy, }»>0, orthogonal with
respect to (1), and the sequence of polynomials { P, },>0, orthogonal with respect to (2). We follow
a similar technique as in [23, Sect. 2] or [35, Sect. 2].

It is well known that the sequence of polynomials { P, }, >0 orthogonal with respect to (2) forms
a basis of the linear space Py[z] of polynomials with real coefficients of degree at most n. So, we
can write

Qn(x) = Z 1 P ().
k=0

The coefficient a,,,, = 1 because Q,(z) and P,(x) are monic polynomials. For 0 < k <n —1,
we use the orthogonality of @, (z) and P,(x), and we get

0 = (Qn(x), Pe())nm
= | ) an;Pj(x), Pu(z)
=0

n,m

= Z Qn,j (Pj(.l‘), Pk(.l‘))u + Z M'rL,’LQTL(C’L)Pk(Cl)
j=0

=1
m
= an,khk + Z Mn,an(Cz)Pk(Cz)
=1

Thus,
- 2imy MniQn(ci) Pe(ci)
hy,

. (12)

Qn k=

Finally, we define the kernel polynomials by



Kl y) = 3 20EE) (13)

h .
i=0 ’

It is well established that the kernel polynomials (13) satisfy the Christoffel-Darboux formula (see,
for example, [14] or [39])

Pn+1(:c)Pn(y) - Pn(x)Pn—H(y) (14)

1
K =
n(Z,y) ™ pra—y ,

and its confluent form
Using (12), (13), we get

n—1 m ) c: G
Qn(x) _ Pn(x)_ZZzlenll?:( 1)Pk( )Pk($>

n—1

= ZanQn & Z Pk Cz Pk
=1

k=0
= Py(x)— Z My iQn(c) Kn_1(x, ¢;). (15)

In order to obtain the value of Qn(cx) with k € {1,2,...,m}, we substitute x = ¢, into (15)
and we write the following system of m linear equations with m unknowns. For 1 < k£ < m, we
have

m
Pu(cr) = (1+ My K1 (ck, i) Quler) + Y My iQu(ci) K1 (cr, ci).
iZh
We follow the notation of [23] and get
Pn,m = An,an,m7

where
1+ Mn,lKn—l(Cly Cl) Mn,ZKn—l(Cly C2> . Mn,mKn—l(Cb Cm)
Mn,lKn—l(c27 Cl) 1+ Mn,ZKn—1(027 62) e Mn,mKn—l(CQ’ Cm)
An,m = : : .. . ’
Mn,lanl(Cma Cl) Mn,Zanl(Cﬂ% 02) B Mn,manl(Cmv Cm)
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Po(c1) Qn(c1)

Pn C Qn c
Pn,m = ( 2) and Xn,m = ( 2)
Pr(cm) Qn(cm)
Using Cramer’s rule we can obtain the values of Q,(¢;) for all i € {1,2,...,m}.

Corollary 2.1 In the particular cases when m =1 and m = 2, we have
M, 1Pn(cl)
x;c1) = Py(x) — :

Qnlwicr) n(@) 14+ My 1 Ky—1(c1,c1)
Qn(z;cr,c2) = Po(x) — Mp1Qn(cr;er, c2) Kno1(w, 1) — My 2Qn(co; c1, c2) Kn—1(x, c2),

anl(l‘,cl), (16)

where
Po(c1)(1+ My oKy 1(c2,c2)) — Po(c2) My 2Ky 1(c1, c2)
n(c1;e1, ) = ’ | ’ !
Qn(c1; e, c2) det (A, 2) "
Pn(CQ)(l + Mn lKn—l(cla Cl)) — Pn(Cl)Mn lKn_l(Cl, 02)
n\C2;C1, = ’ | ’ *
Qn(co;c1,c2) det (Ap2) o
with
det (An,Z) = 1+ Mn,lKn—l(clv Cl) + Mn’an_1(027 CQ)

+ My 1 Mo (Kp—i1(c1,e1) Kn—1(c2,¢2) — K2_(c1,¢2)).

3 Relations between Q,(x) and P,(x)

In order to obtain the holonomic equation for @, (x), we need several technical relations between
Qn(x) and P,(z). We have introduced a perturbation in the inner product (2) adding masses
located at the points ¢;, with 1 < ¢ < m. Then, the polynomial (z — ¢1)(z — ¢2)...(x — ¢,) can
be used to eliminate this perturbation. The following results show how this polynomial helps us
to obtain a useful relation between both families of orthogonal polynomials P, (x) and Q,(x). We
follow a similar ideas as in [3], [20] or [23].

Lemma 3.1 For the sequences {Qn}n>0 and {P,}n>0 we get

wm(m)Qn(x) = fl(x7n)Pn<w)+gl(xﬂn)Pn—1($)7 n =2, (19>
A(z) (wn(2)Qu(x)) = fa(z,n)Pu(2) + g2(w,n) Paci(2),  n>2, (20)



where

1, ifm=1,
m

Wiy () = H(CE —¢), ifm>1,
5

TN M iQn (€) Pr—1(¢i) Wi i ()
Z hnfl ’

fi(z,n) = wp(x) —

i=1
= Mn,an(Cz)Pn(Cl)wm,l(x)
Z hn—l

g1(z,n) =

9
=1

with A(z), By(x) and Cp(z) defined in (5).

Proof: To prove (19), in (15) we use (14) and multiply by w,(x):

Qn(x) = Pn(l') - Z Mn,iQn(Ci)Kn—l(-x; Ci)

i=1

= Pal) = Y My Qu(en) - PrlEna(e) = Pule) Paoa ()

i=1 hn—l T —c
- N ~ MnsQulei) P () x o~ My iQn(ci) Pa(ci) x
B (1 ; hn—1(z = ¢) ) Fale) + (H hn1(z — ¢;) ) Pp1(2).

Multiplying by already mentioned wy,(z) we obtain the result. To prove (20), we differentiate (19):

(W (2)Qn(2))" = fi(z,n)Pu(@) + fi(z, n) P (2) + g1 (2, n) P () + g1(2, ) Py (2).
Now, we multiply by A(z) in the previous expression and use (5) and (9) to get the result. O

Lemma 3.2 For the sequences of monic polynomials {Qn}n>0 and {P}n>0 we have



wm(x)anl(x) f3($7n)Pn(x) 93( ) )Pnfl(x ) > 37 (21)
A(l’) (wm(l‘)anl(w))/ f4($7 n)Pn(x + 94( 7n)Pn71(33)7 el 37 (22)
where
f3(@,n) = —91(;7:111— 1),
g3(x,n) = fi(x,n — 1)+ g1(x,n — 1)%7
B —g2(z,n —1)
f4(x’n) B ﬁnfl ’
ga(z,n) = fo(z,mn —1) 4+ go(xz,n — 1)%,

with A(x), Byp(x) and Cy(z) defined in (5), and fi(z,n), gi(z,n), fo(x,n) and g2(z,n) defined in
Lemma 35.1.

Proof: To prove (21) and (22) it is only necessary to change n — n — 1 in (19) and (20) and apply
(8). O

Lemma 3.3 For the sequences of monic polynomials {Qn}n>0 and {Py}n>0 we have

W ()

Pn(l‘) A(l‘ TL) (93($7n)Qn(x) - gl('%n)anl(x)) ) n 2> 37 (23)
Pnfl(x) = Zznx(a;)) (_f3(xvn)Qn(x) + fl(l'an)anl($)) ) n =3, (24)

where A(:E,TL) = fl(x,n)gg(x,n) _gl(xvn)]%(x’n)v and fl(x’n); gl(x?n)7 f3($an) and 93(m?n) are
defined in Lemma 3.1 and Lemma 3.2.

Proof: From (19) and (21) we have a system of two linear equations with two unknowns P, (x)
and P,_1(x), and the lemma follows by applying Cramer’s rule. O

4 Ladder operators and holonomic equation

In this section we obtain the second-order linear differential equation satisfied by the varying
Krall-type orthogonal polynomials. The first step is to obtain the ladder operators for this family
of polynomials. Lemmas 3.1-3.3 obtained in the previous section are the key to deduce these ladder
operators.



Theorem 4.1 Let {Q,}5°, be the sequence of monic polynomials orthogonal with respect to (1).
Then, there exit a lowemng differential operator, L, and a raising differential operator, Ry, defined

by

Ly, = Yy(z,n)+ @(m,n)%, n > 3,
Rn = Vs(x,n)+ @(x,n)%, n >3,
and satisfying
Ly [Qn(z)] = Ya(z,n)Qn-1(2), > 3, (25)
R [@n-1(2)] = Wa(z,n)Qn(z) n=>3, (26)
with
O(x,n) = A(z)wn(x)A(z,n),
Uy(z,n) = Al@)wp,(2)A,n) + wn()(fs(z,n)g2(z,n) = fo(z,n)gs(z, n)),
\P2($7n) = wm(x)(fl(‘rvn)g?(x?n) (‘T’n)fQ(x? ))
Us(z,n) = A(@)wpy,(2)A,n) + wn(@)(filz,n)g1(z,n) — fi(z,n)gs(z,n)),
\114('%'7”) = wm(x)(f4(x,n)g3(x,n) (.%',n)fg( ))
Proof: Replacing (23)—(24) in (20) and (22) we obtain the result. 0

Theorem 4.2 (Holonomic equation) The varying Krall-type orthogonal polynomial satisfy the
following second—order linear differential equation:

oni1(x, n)Q!(z) + on2(z, n)Q (z) + on3(z,n)Qn(x) =0, n > 3, (27)
with
oni(z,n) = Wy(z,n)®*(z,n),
ona(z,n) = Uo(z,n)®(z,n) (Vs(z,n) + Ui(z,n) + ' (v,n)) — ®*(z,n)Vh(z,n),
ons(z,n) = Waz,n) (Vi(z,n)¥s(z,n)+ Vi(z,n)®(z,n) — Vo(z,n)¥y(z,n))

—Uy (2, n)Wh(z,n)®(z,n).

Proof: The proof is straightforward once we know the corresponding ladder operators given in
Theorem 4.1. We follow similar steps that we used to prove (11).

On the one hand, from (26) we have Ry, [Qn—1(2)] = V4(z,n)Qr(x). On the other hand, from
(25), we have

10



Rn [Qn—l (.T)]

_ [ L [Qn ()]
= R | Ua(z,n) ]
_ [V (z,n)@n(2) + (z,n)Q, (2)
= Ru | Uy (z,n) }
B (U (2,n)Qn(x) O (z,n)Q), ()
= Ra | Ya(z,n) } + R [ Uy (x,n) ]
_ \Ij3(x’n)\1]1($’n)Qn($)
Uy (x,n)
LU TR TE BUACKLNCR XE
3(z,n)®(z, n)Q ()
Uy(x,n)
() Wy(z,n) (¥ (z,n)Q, () + q)(\;lpég%(x)) — W (2, )@ (x, 1)@ ()

Finally, equating this with W4(z,n)Q,(z) and multiplying by ¥3(x,n) we obtain the result.
O

Remark 4.1 [t is important to remark that all functions ®(z,n), A(x,n), fi(z,n), gi(x,n) and
U;(z,n), with 1 < i <4, that were defined in Lemmas 3.1-3.3 and Theorems 4.1-4.2, are given ex-
plicitly and, hence, they can easily be calculated using any computer algebra system. Thus, knowing
the functions A(x), Bp(z) and Cy(z) in the expression (5) we can deduce the lowering and raising
operators (see (25) and (26), respectively) as well as the holonomic equation (27).

4.1 Example 1

We consider the inner product (1) with m = 1 and involving the Jacobi measure, i.e., u(z) =
(1 —2)*(1 + 2)? with o, 8 > —1. We take {M, 1 },>0 a sequence of nonnegative real numbers and
¢1 = 1. Then, the inner product (1) is transformed into

1
(F.g)n = / F@)gla)(1 = 2)(1+ ) e+ Mo f(1)g(1). (28)

This inner product was used, for example, in [37] or in more general framework in [33], where the

authors obtained asymptotic properties of polynomials {Q%a’ﬁ ) (x; 1)} - orthogonal with respect
n>
to (28).

11



We denote by {PT(LQ’B ) (x)} N the sequence of monic Jacobi polynomials orthogonal with respect

n>0

to the measure u(z) = (1 —2)*(1+ z)” and we denote by { (eB) (x; 1)} . the sequence of monic
n>

polynomials ortogonal with respect to (28).

The sequence of monic Jacobi orthogonal polynomials satisfies (4) with (see, for example, [14,

p. 211] or [9, f. (2.15)] and [9, f. (2.18)])

62_042
n @n+a+B)@2n+a+tp+2)
dn(n +a)(n+ B)(n+a + B)
Cn+a+B)2Cn+a+B+1)2n+a+p—-1)

ﬁn = 2
The norm is deduced using (3) and (4). We have

hy = hoB1B2 ... Bn,

and using that
ho = 200+ Fla+1I(B+1)
Fa+p5+2)

we get

b,

B 22n+a+5+11‘\(n +a+ 1 )I'(n+p+1)T'n+a+8+1)(n+1)

'Cn+a+p+1D)I'2n+a+ 5+ 2)
The value at x = 1 is given by (see, for example, [9, f. (3.3)])

JTh+a+D)I'(n+a+8+1)

pPlad) (1) =9
n () Fa+1)I'2n+a+p4+1)

Also, using [9, Sect. 3], we can deduce that pled (x) satisfies (5) with

Alx) = 2% -1,
By(x) = (z+1)n+ 2r,,
Cn(x) = _QBanv

where the quantities r,, and R,, are given by (see [9, f. (2.9)] and [9, f. (2.12])

= ra(a,B) = ﬁ—a—Zn—(a4+ﬁ+2n—|—2)an’

C2Znta+B+1

R, = Rn(aaﬁ): 9

12



With the expressions (29)—(37) we can obtain the ladder operators and the holonomic equation

for the polynomials lea’ﬁ ) (z;1). It is only important to remark that the quantity Q%a’ﬁ )(1; 1) can
be obtained from (16).
If we take ¢ = —1 in the inner product (28) we can obtain similar results using that (see, for

example, [39, f. (4.1.3)]) pled (x) = (—1)”P,§6’a)(—x), so we deduce that

F'n+B8+1)n+a+p+1)
T(B+1)T(2n+a+B+1)

PA(-1) = (-1)"2" (38)

4.2 Example 2

We consider the inner product (1) with m = 2 and involving the Jacobi measure, i.e., u(z) =
(1 —2)*(1 +2)? with a, 8 > —1. We take {M,, 1}n>0 and {M,, 2}n>0 sequences of nonnegative real
numbers and ¢; = —1 and ¢y = 1. Then, the inner product (1) is transformed into

(1 g)nz = / F@)g(@) (1 = 2)°(1 + 2)°dx + Moy f(~1)g(=1) + Muaf(Dg(1).  (39)

This inner product (39) was used, for example in [21], [27] or [28], in the nonvarying case (when
M, 1 and M, o are constant) where the authors studied another properties. Using (29)-(38) we
get the holonomic equation for the orthogonal polynomials with respect to (39). If we denote

by { (@6) (x;1, —1)} 0 the sequence of monic polynomials orthogonal with respect to (39), it is

important to remark that the quantities Q aﬁ)(l 1,—1) and @ O‘ﬁ)( 1;1,—-1) are given by (17)
and (18), respectively.

4.3 Example 3

Another relevant case happens when we introduce the Laguerre measure, i.e., u(z) = z% =% with
a > —1. Thus, the inner product (1) is transformed into

+oo m
(P = [ f@glaa®e o+ 30 M, ife)aler). (10)
i=1
The particular case with ¢ = 0 and m = 1 was introduced in [6] and more generally in [32]
where the authors obtained asymptotic properties of orthogonal polynomials with respect to (40)
and properties about their zeros. It is important to remark that the holonomic equation for the
orthogonal polynomials with respect to (40) was obtained in [22] in the constant case.
In order to obtain the holonomic equation and ladder operators, it is necessary to use the
following properties (see, for example [14] or [39, Ch. 5]).

13



We denote by {L,(Ta) (IL‘)} . the sequence of monic classical Laguerre orthogonal polynomials.
n=z
Then, L) (x) satisfy (4) with
an, = 2n+a+1, (41)
Bn = n(n+a). (42)

The value in = = 0 are given by

(=D)"T'(n+a+1)

L) 0) = 4
00 = (43)
The norm is

hp, =T(n+ 1DI'(n+ a+1). (44)

The classical Laguerre polynomials L,(f‘) also satisfy (6) with
A@) = =, (45)
B,(x) = n, (46)
Cp(z) = n(n+a). (47)

With the expressions (41)—(47) and applying Lemmas 3.1-3.3 and Theorems 4.1-4.2 we can
deduce explicitly the ladders operators and the holonomic equation for the orthogonal polynomials
with respect to the inner product (40).
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