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ABsTrACT. We consider the family of polynomials orthogonal with respect to
the Sobolev type inner product corresponding to the diagonal general case of
the Laguerre-Sobolev type orthogonal polynomials. We analyze some proper-
ties of these polynomials, such as the holonomic equation that they satisfy
and, as an application, an electrostatic interpretation of their zeros. We also
obtain a representation of such polynomials as a hypergeometric function, and
study the behavior of their zeros.
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RESUMEN. Se considera la familia de los polinomios ortogonales con respecto
a un producto interno de tipo Sobolev correspondiente al caso general di-
agonal de los polinomios ortogonales de tipo Laguerre-Sobolev. Se analizan
algunas propiedades de estos polinomios tales como la ecuaciéon holonémica
que satisfacen y, como una aplicacién de dicha ecuacién, una interpretacién
electrostatica de sus ceros. También se obtiene una representaciéon de tales
polinomios en términos de una funcién hipergeométrica, y se estudia el com-
portamiento de sus ceros.

Palabras y frases clave. Polinomios ortogonales, polinomios de tipo Laguerre-
Sobolev, polinomios de Laguerre, derivada de una Delta de Dirac.
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1. Introduction

The Laguerre polynomials are defined as the orthogonal polynomials with re-
spect to the inner product

m@azzmmwwww» (1)

where do(z) = z%e ®dx, I is the positive real line, a > —1, and p,q are
polynomials with real coefficients.

We denote by {L%‘(z)}zozo the sequence of monic Laguerre polynomials,

and by {Z%(x)}:ozo the sequence of orthogonal polynomials with respect to
the inner product

J
s = [ pl)ate) o+ 3" M 0 0), 2)
I i=0
where M; € R} and j € N. The goal of this paper is to generalize some results
obtained in [4], [5] and [10], extending them for an arbitrary finite number of
masses.

The structure of the manuscript is as follows. In Section 2, we present some
preliminary results about the Laguerre polynomials. In Section 3, we give a
connection formula which expresses the Laguerre-Sobolev type polynomials in
terms of some Laguerre polynomials. This formula will be our principal tool.

A 2j 4 2 terms recurrence relation for the Laguerre-Sobolev type polyno-
mials is deduced in Section 4. In Section 5, we show a second order differential
equation that the Laguerre-Sobolev type polynomials satisfy. This holonomic
equation will be used in Section 6 in order to find an electrostatic interpretation
of the zeros of L%(z).

In section 7, we use the hypergeometric representation of the Laguerre poly-
nomials to construct a hypergeometric representation for the Laguerre-Sobolev
type polynomials and finally, in Section 8, we analyze the location of the zeros
of L% (x). Some numerical experiments using MatLab and Mathematica software
are presented.

2. Preliminaries

Let p be a linear moment functional defined in P, the linear space of polynomials
with real coefficients, and define their corresponding moments by i, = (i, ™),
n > 0. If {P,(z)}n>0 is a polynomials sequence such that the degree of P, (x)
is n and it satisfies

with K, # 0, n,m € N, and 6, ,, is the Kronecker function defined by
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5m,n:{0’ if m#n;

1, if n=m,

then we say that {Pn(x)}n>0 is the sequence of orthogonal polynomials asso-
ciated with the linear functional p. We will assume that u is a positive definite
linear functional, i.e. <p,7r(:n)> > 0 for any polynomial 7(x) > 0. In such a
case, u has an integral representation in terms of a positive measure, and the
orthogonality relation can be expressed in terms of an inner product such as (1).

It is well known that {P,(z)},>0 satisfies the following three term recur-
rence relation:

TP, (7) = Ppy1(z) + BuPo(z) + v Pp-1(2),

where P_q(z) = 0, Po(x) = 1 and, for n € N, the recurrence coefficients
{Bn}nens {Vn}nen are real with v, # 0. The n-th reproducing Kernel K, (z,y)
associated with {Pn(x)}n>0 is defined by

_ <= Pu@)Pi(y)
Kn(x,y)—kz::() k||Pk||% :

where || Py||2 = <u, (p(x))2>.

There is an explicit expression for K, (z,y), the so-called Christoffel-Darboux
formula, given by

Pry1(2)P(y) — Po()Poya(y)
(= yIPallZ ’

K’V‘b (.137 y) =
for x # y. We will use the following notation for the partial derivatives of
K, (z,y)

O (K (2, y) ;
(gxiayt) = K" (,y).

If p € P and deg(p) < n then we have

(KD (x,y),p(x)) = (y), (3)

which is called the reproducing property.

In [4], the Leibniz formula for the j-th derivative of a product is used to
deduce the following formula:
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4!

[Pt — )yt

PP (a)
21

P, (a) P a)j> ~

K, (x,a) =

(x_a)2_|_...+

(an) + PO (a)( — a) +

<Pn—1(a)+P,§1)1(a)(xa)+ (gj‘—a)2++

2! ;!

||Pn_1||2ga!c — a1
(Pn—l(a) + PP (a) (@ —a) + P’(f;l!(a)(x At M(x _ a)n_l)
(o) - PP@GE -0+ LA CTPE ’(‘;)!(") @-a) @

In the following section, we will deduce a formula for K T(Llfl) (a,a), which will
help us to deduce the derivative of the polynomial L% (z).

The families of orthogonal polynomials that have been most extensively
studied in the literature are the Jacobi, Laguerre and Hermite polynomials.
They are the so-called classical orthogonal polynomials, and have (among
others) the following characterization:

{Pn(m)}neN is classical if and only if P,,, n € N, is a solution of the second
order differential equation

¢(x)y" (z) + 7(2)y (z) + Any(z) = 0,

where ¢ and 7 are polynomials independent of n, with degree at most 2 and
exactly 1, respectively, and A, is a constant.

In this paper, we will focus our attention on the Laguerre monic orthogonal
polynomials. In the following proposition we list some of their properties, that
will be useful in the upcoming sections (see [2], [3] and [12]).

Proposition 1. Let {L%},>0 be the sequence of Laguerre monic orthogonal
polynomials. Then,

1) Formn €N,

wly(x) = Ly () + Cn+ a+ DLy (2) +n(n + a)Ly_y(2). (5)
2) Forn € N,
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k

o) = (—1)" (a4 1), S kT
B = (14 e 3 f g g =

(=)™ +1)p x 1Fi(=n;a+1), (6)

where
1, if m=0;
(a)m — ¢ |Im—1| )
IT (a+ Esgn(m)), it meZ~\{0}
k=0
and

1, if meZy,
sgn(m) = {—1 if meZ+

In other words, the Laguerre polynomials can be expressed as a hypergeo-
metric function of the form 1F;.

3) Forn €N,
; . nllM(a+n+1)
LY (2) = (—1)"t? n )
(£n)(0) = (=1) (n—)T(a+i+1) (™)
4) Forn €N,
[L)12 = nIT(n+a+1). (8)
5) Forn € N, L%(x) satisfies the differential equation
zy’ +(a+1-a)y =—ny. 9)
6) Forn €N,
z (LY (a:))/ =nLy(z)+n(n+a)Ly_;(z). (10)
7) Forn € N,
o oonl Fn+a+1) (—x)k
Lntw) = (—1)m ’; (n—k)T(a+k+1) kI~ (11)
8) Forn € N,
L%(x) = Ly () + nLot (x). (12)
9) Forn €N,
[ 4 [e}%
(L7) (z) = nLyT)(x). (13)

Revista Colombiana de Matemaéticas
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3. Connection Formula

Let {P,}n>0 be the sequence of monic orthogonal polynomials with respect
to a moment linear functional p, and denote by {Pn (w)}n>0 the sequence of
polynomials orthogonal with respect to the inner product

J
(p.a)s = (P @)+ Y_ M p™(0) ¢ (0).
i=0
Since { P, }n>0 is a basis in the linear space of polynomials, we can write
n n—1
Po(2) =Y aniPe(x) = Po(z) + Y an i Pu(z), (14)
k=0 k=0

where

) (Pula), P(@)),
T R@)E

Taking into account that for k < n
j .
(Pa(), Pe(w)), = = > M;P{) (a) P"(a),
i=0

P, () can be written as

J n—1 (i)
~ ~ P, (a)Py(x)
Py(a) = Py() = ) M P (a) Yy  —Ao——to=" (15)
2 DD VARSI
j .
= Pu(x) = > MiP{) (@)K, (). (16)
i=0
In order to find f’r(f)(a) for i =0,...,7, we need to solve the linear system,
1+ MeK©O  MKEOY o a0 ] [BP@] [PY(a)
MoK(:9 14 MKOD o MK () PV (a) PV (a)
MoK #0) M K@D ... MjK(ij) ﬁf)(a) _ Py(bz)(a) (17)
MoK 50 M KUY . 14 MjK(jvj) ]Béj)(a) P,sj)(a)

which is obtained by taking derivatives in (16), where K4 := K,(f:"{)(a,a).
According to (4) we have
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. n (r)
K ]' Pn a r—G—
KD (2,0) = 22~ [ > r!( )<Pn1(a)($—a) T4
n- r=j+1
(k) ()
Pn—l(a) k+r—j—1 Pn—l(a’) r—1
u (x —a) T4+ 7l (x —a) -
n—1 (k)
P a .
i )<Pn<a><m—a>k—f—1+- +
k=j+1 '
(r) (3)
Py ; n
T'(a) (SL‘ _ a)k+r—J—1 4 j’(a) (3;‘ _ a)k 1)] (18)

Having in mind that we are interested in finding KT(LZ_jl) (a,a), we calculate
the i-th derivative in (18) with respect to 2 and evaluate it at © = a to obtain

. n (r) (t4j+1-—r)

K(Z,])(a a) _ J! Z Z'Pn (a’)P'rL—lj (a)_

N T R A (R R e

n—1 i+j+1—k k
(P )P, (a)

i
Z (2 1 — k!
Ml Eli+7+1—-k)!

]. (19

Our goal is to write the polynomials Eg (z), orthogonal with respect to the
inner product (2), in terms of some Laguerre orthogonal polynomials. First, we
need the following theorem.

Theorem 2. Fort,n € N and o > —1, the Laguerre polynomials satisfy the
following property ([9])

L) = 3 ()0 -sLitito) (20)
k=0

Let {Lg“‘j ‘H(a:)} be the sequence of Laguerre polynomials orthogonal with

respect to do(z) = e T2+ dz. We will express K9

n_i(x,0) as a linear com-
bination of L2+ (x). Then,

IZS 2 o s S
Ty .0 = LT @) 4 b B @), )
n—l k=0

where
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[R5y [ 0, i+1
<(Lﬁl)?z‘>(o)Kn—1)($70)7LZ+]+ (l‘)>
1L (=)

_ IE5 -1 3
(L)@ O)ILy ™ (@)

a+j+1

bnfl,k =
Ha+]+1

K (@00, L @)
||a+g+1 atjt+l

From (1) and (3), we see that for 0 <k <n—2—j,

<K(0 l)(x 0) La+J+1 /OOK (0,9) :E 0 LOé+J+1( ) atjt+l,—z g,
0

a+]+1

n

/ K(O’zl) (z,0 (x]HLaﬂH( V)z%e " dx
0

[e3%

<K 09 (2,0), 2 LTI (2 )>
(#

J+1LO¢+J+1 )) (@) (O) _ O
In other words,

(L)) iy

(0,3)
K 0) = +
nt (x’ ) ||Ln71( )”3 nt (l‘)

ez (K@ 0 @)
atj+1 La+]+1(1}). (22)

a+j+1 k
k=n—j—1 ||Lk; ’ ( )Ha-‘,—]-{-l
Taking into account that
KOD gy = § L@ (£5)(0) (3
n— z, = o 9
: P TEY I

and using (7), (8) and (20), we have
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(K2 @00, L5 @)
a+j+1

nol o pay@) )
= Y e . )

| L, ()] a+j+l

= 5 O S (1) gy (55 0, 55 )

m=0 L%(l‘)”g t=0 ¢ a+j+1
—1j+l1 ; a (7

LB M@0 /i, e

=2 e (L @), Ly @)
m=0 t=0 t HLm(w)”a atj+1
n—1j5+1 . i

-3 (7 e I @) 2500
m=i t=0 t (m - t)'F(OZ +i+ 1)(m — Z)' k a+j+1 “km—t:

Forn—j—1<k<n-—2 let

K(O’il) (z,0), L¢T T () ;
n— YY)y i L1, (2) 0
< > +i+1 and Clm1:0) ( 1," ) (0)

Ck;‘ = - N s SN
(0 1L @20 s @2

or, equivalently,

o — nflji j+1 (—1)™+im) 5
(kst) t Jm—t(a+i+ )m—in ="

m=1 t=0
and
_ (_1)n+i_l (24)
=) = i )T (a i+ 1)
Then,
7 n—1
Po(w) = L3(x) = > MP{(0) > cuapLi ™t (2), (25)
=0 k=n—j—1
and using (20), we have
j+1l .
Ta J+ 1 j
B =3 (71 ) -t
k=0
n—1 7 .
~ \ (@) .
> [Z iy Mi (LZZ) )| Ly (@),
k=n—j—1 Li=0

As a consequence, we have the following theorem.
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Theorem 3. Let {Ltaﬂ“(x)};io be the sequence Laguerre polynomials with
parameter a+j+1. Then, the Laguerre-Sobolev type polynomials can be written
as

j+1
Lo(x) =Y AFLAH (), (26)
k=0

where, fork=1,2,...,7+1, Ayfl are constants of the form
J

AM = =N " cmpny M (Z%)(i) (0) + <j Z 1) (n)—k,

i=0

and AL?] =1.

4. The Recurrence Formula

The Fourier expansion of the polynomial z7 +1Eg (x) is given by

n—+j
I (x) = Ly iia(z) + Z An L (), (27)
k=0

where
(zIH1Lg (), Ly ()
IL3N1% o

Now, for each p,q € P and each i € {0,...,j}, we have

S,a
/\n,k = .

i

(xj+1p(:c))(i)(0) =3 ((j+1>' (Z) [27 Tl ()], =0

= j+1—9)\s

and thus

(a7 'p(@) a(@)) = (pl@).a(@),, .,

S,a
Furthermore,

(p@).a*'q(@)) = (a*'p(), q(x))

S,a S,oz.

It follows from the previous observations that
(La@). " Ig@)  (La@) Ig@)

Ay = atj+1
nk = — = = .
ILEN% o IL311% o

)

Therefore, for k € {0,...,n — (§ +2)}, we have A, , = 0. Using the previous
equation and (26), we get
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= JfAWLC’*i“ (2), L () )

J+1j+1

=33 ARAN L @), L @)
s=0 t=0
j+1
Z A[S]A[k+s n] ||La+y+1H

s=n—k

(L) Li(a)
a+j+1 a+j+1

a+j+1

a+j7+1

forke{n—(G+1),n—4,...,n,...,n+75—1,n+j} As a consequence, we
have the following result.

Theorem 4. Forn € N, we have

n+j
mj—HLroz[( )= L%-s-]-&-l( z) + Z An L (2),
k=max{0,n—j—1}
where

N 1= o (OO

_ s s—n [}

e T g
s=n—k S,

5. Holonomic Equation

In order to find the second order differential equation satisfied by the Laguerre-
Sobolev type orthogonal polynomials, we obtain from (9), for 0 < k < j+ 1,

. " . / .
2(L557 @) +a+i+2—a) (L5 @) =~ = HLE @),
Thus,

(k] (7 oatitl " . (k] 7a+i+l ! (k] 7 ati+1
wAR (L3 @) +a+j+2-2)Al (Lo @) = —(-R) AP LI (@)
and, as a consequence, for 0 < k < j+1,

]+1 i1 1 i1 li ~ 1

> [wALf] (Lo @)+ (atj+2-2)Al (L (@) } = 2(Ls(@))

k=0

Jj+1

tlo+j+2-0)(Iiw) = ZAW R)LEH (). (28)

Our goal now is to express LO‘HH( ) as a combination of (fg(x))/ and
L& (), with rational functions as coefficients. First, we will show that Lo/ (z)

can be written as a combination of the Laguerre polynomials Lo+ (z) and
Ly (@)
n_ .
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Theorem 5. For each k,n € N and k < n, we have

@ (#) = Dp_p(2) LS (x) + Sp_i(z)LE (), (29)
where
Dyi(z) = (= My—p11)Dn—pt1(x)  Dp—pi2(x)
Nn—k41 Np— k41
and
Sp_n(z) = (= My—k41)Sn—k+1(x) B S,n_k_,'_z(z)’

ank+1 ank+1
with Dy—1(x) = 1, Dy(x) =0, Sp_1(x) =0, Sp(z) =1, My = (2(n —t) +
l1+a) and Ny—y = (n—t)(n —t + a).

Proof. We will use induction on k. It is clear that the statement holds for
k = 1. Assume that the property is valid for all ¢t < k. Using (5), we get

wLly . (r) = Ly _ji1(2) + My Ly (%) + Ny g Ly 1 ().

Thus,
Fica) = T p ) - T () =
(?vw | Daci(@) L1 (@) + S (@) Li ()~
1

m |:Dn—k+1(-T)L?L_1(I) + Sﬂ—k—&-l(ﬁc)Lz(ﬂf)} —

ank(aj) - N, e

Nn—k

e

Sun(o) - 2520 1) -

Dyt (@) L3y (&) + Suir () LS (2). &

Now we will prove a property about of the polynomials D,,_(z) and S,, _¢ ()
that we will need later.

Theorem 6. For each k,n € N and k <n, D,_;(z) and S,,_x(x) are polyno-
mials with degree k — 1 and k — 2, respectively.

Proof. If k = 1, D,,_1(z) = 1. So deg(1) = 0. Assume that the property is
valid for every ¢t < k. We have that

(@ — My—k)Dn—r(2) _ Dr—py1(7)
Ny k 1IN, & .

Dy g1y () =
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From the induction hypothesis, deg (Dn_k(x)) = k—1 and deg (Dn_k+1(x)) =
k — 2. Thus

deg (Dy—i—1(2)) = 1 +deg (Dy—i(2)) = .

The proof for S,,_x(x) is similar. v

Now, we proceed to write the Laguerre polynomials L&+ () and LT ()

as a combination of the polynomials (L2 (x))" and L (). According to (26) and
(29), we have

j+1 ‘
)=y AVLY ()
k=0
Jj+1 ‘
_ZA [ La+]+1( )—l—Sn,k,mLf{ﬂ"_l(x)}
J+1 Jj+1
ZA[k e k La+]+1 ZA ‘|La+]+1( ) (30)

If we denote

Jj+1

ZA%C]D”_,C(I)] and  fj_1(

Jj+1

ZA[klsnk ] (31)

then we have

Ly(2) = fi—1(@) Lyt (@) + by () Ly (2). (32)

Taking derivatives with respect to x in (30), multiplying by = and applying
(10), we get

j+1
#(Li@) =3 Aa(Lt " @)
k=0
Jj+1 4 .
= A (= LI @) + (0= k)0~ k+ o+ + 1DIEH ()
k=0

and, applying (29) on the previous equation, we obtain
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w@ﬂmY=§;wﬁm—m@%kuw$¢%w+snuww““wo
+(n—k)(n— k; atj+1) (Dn_k_l(x)Lgt{“(z) + sn_k_l(x)LgHH(x)ﬂ
::ngwﬂmw—mzm;x@Lzﬁ+%m+

- (n—k)(n—k+a+j+ 1)Dn_k_1(x)szf{+1(a:)} +

Jj+1

> A (n = kS (@) L ()4

- (n—k)n—k+a+ij+ 1)sn,k,1(x)Lg+i+1<x)} .
Thus,

#(L5 () =

Jj+1

> [l (0= k) Dy (@) + Al — k)0 — k- a4+ 1) Dy (@) L5 (2)
k=0
J+1 _
3 [A = 8) S () + AL (0= K) (= kot @t 1) S ()| L (@),
k=0

If we define
j+1
girr(z) = Al [(n —k)Dp_p(x)+(n—k)(n—k+a+j+ 1)Dn_k_1(x)}
k=0
and
j+1
aj(@) = 3 AW (=) Spr(2) + (0= K)(n — k+ @+ +1)Suy1(2)], (33)
k=0
then B .
2(L%(x)) = q;(2)LETH (@) + gy (2) LEH T (). (34)

From (32) and (34), we obtain the following system of equations:

{My>/ = fia (2L (o) + by () L o)
#(L0@) = @)L @) + g () T @)
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Solving it, we obtain

i D@ (@) - 2(I8@) by (@)
@) = = e @~ @) (33)

argit gy _ CLR@) fia (@ )—Lz@c)qj(x)
) = @ — (@ (@) (36)

and, from (28), we get

j+1 Jj+1
> AW —k) D, >] Ly @)= | Y AW (k) S, (@) | L (2).
k=0

Applying (35) and (36) on the previous expression, we have

m(zf{(m)) +(a+j+2—2x) ( (2) )/

j+1 ~ /

_ K]y (L (7)) fi z)q;(x)

2 Al = B)D- (fJ (@)oss <> 4@
Jj+1

ZAU“ n—=k

o(z)g m — x(m(w))’hm
f] 1

z)gjp1(x) — hj(z)g(x)

Thus,

~ o\ ) zfi_1 it AW ) kYD, (z
2(L2 ()" + [(Oz—i-j Y2-a)+ fj(li%:gm( = (n hj(x;qj(x)( )_

I AR — & Sn—k(2) ] /74 /
fff(Z)gm( >( h-<)>qj<x§ )](L"(”C)) "

[ _ 4(@) SR AN (= B) Do r(a) |
i (@)gj (@) — h-( 2)q;(x)
gi (@) S AW (n k)Snm)] ~
s @0, 1 () — By (@)ay (@)

As a consequence, we have proved the following theorem.

Theorem 7. Let {L“ }n o be the Laguerre polynomials and

{Eg (:U)}ZOZO the orthogonal polynomials associated with the inner product (2).
If we consider the same notation as in (29), (31) and (33), then
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Q(z;n) (L5 ()" + W (23 n) (L8 (2)) + R(z;n) LS (x) = 0, (37)
where

Q(z;n) = fﬂ[fj—l(ﬂc)gjﬂ(x) - hj(x)%'(f”)}a

Wiain) = [(a+]+2 = 2)[fi-1(@)gi (@) = hy(@)g; ()] +

J+1 j+1
xfj_l(:c)ZA[f](nfk)D ) — zh;( ZAk] n—k)Sp—i(x)
k=0
and
R(z;n) =
Jj+1 j+1
—q(2) Y Al (n = k)Dyp(2) + gjaa(2) Y ANl(n — k)Sn—k(l‘)] - (38)
k=0 k=0

6. An Electrostatic Model

As an application of (37), we present an electrostatic model that responds to
the zeros distribution of the Laguerre-Sobolev type orthogonal polynomials. For
n € N, let {z,, x}1<r<n be the zeros of L% (z). Thus, for every k € {1,...,n},
from (37) we get

Q> 1) (LE (@0 k)" + W (@ gy n) (L (w0 1)) =0

or, equivalently,
(La@ni)” _ W(wnnn)
(La((En’k))/ Q(xn,ka n) '

Therefore,

Wanen) _ (@+j+2) o Siz1(@nn) S A (n = k) Dy k(xn, )
(

Q(xp k,n) Tk fi—1(@n k) gj+1(@n k) — fi(@nk)g;
)

Fil@nn) S0 AV (n = k) S ()
- . (40)
fj—l(xn,k)gj+1(xn,k) fi (xn k)gj (xn k)
Since F(xnk) = fi—1(@nk)gj+1(@nx) — fj(@nk)gj(@n k) is a polynomial
of degree at most 2j — 2, then there exists t; € {1,2,...,2j — 2}, such that

ng)7 . ,ng) are all the zeros of F(z) different from 0.
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In the general case, if F(z) has complex and real zeros, we consider I; C

{0,1,...,%1} such that, for each i € I, xEF) is a complex number (but not real)
(F)

and, for each i € Ji, x;

is a real number, where

Ji={0,1,.... .} — I.

Since for each i € I, the complex conjugate of xEF) is also a zero of F(x),
then the number of elements in I; is even, say 2n, where 7 is an integer smaller
than or equal to j — 1. If 41,...,i95 denotes an order of I; such that, for
every k € {1,3,...,2n — 1}, xgli)l is complex conjugate of xff) then we define
I = {zk eh:(1<k<2n)A(k odd)}. For each i € I; and ¢ € .J;, there exist
real constants A, A;, B;, C;, Ag, such that

= 7= 2 2 F)
A=

(L& (znk)) A N Z ( A;x + B; Z Ay 0

and, since (see [21]),

Lo Ty " ° 1
(J;(i’k)), -9 Z —, (41)
(Ln(xn,k)) J=1, j £k n,j n,k
we obtain,
= 1 1A
+ = +
=1,k Tn,j — Tnk 2 Tn,k

Iy Doy Is Ay )
2
2 iely (xmk)z * CZ 2 teJ, Tnk — xéF)

_Therefore, we can make the following electrostatic interpretation of the zeros
of L, (z). If we have n > 1 electric particles located on the complex plane under
the interaction of a logarithmic external field and we have

1 1 .
p1(x) = §Aln|a:| + 3 Z Agln‘x - xéF)‘—F
Ledy
1 B;
3 Z {A,» Iny/22 +C? + Eztan*1 (é)}
i€l
then (42) indicates that the totally energy gradient
eX)=— Y Infy;—ml+ Y ei(w),
1<j<i<n i=1
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with X = (z1,...,2y), vanishes at the points (zp,1,...,%nn). In other words,
the set of the zeros of Laguerre-Sobolev type orthogonal polynomial zg(a:)
constitutes a critical point. However, it is an open problem to determine if this
critical point is a maximum, a minimum, or neither.

For a more general study of the electrostatic interpretation of standard
orthogonal polynomials, we refer the reader to [6], [7], [8] and [11].

7. Hypergeometric Representation

Our goal in this section is to express the polynomials L(z) in terms of a
hypergeometric function, as occurs with the Laguerre polynomials. We know
from (26) that L (x) = Zf;}) Al Lo+ (1), So, taking into account (6), we
have

J+1
+k)t {Et
AR (Z1ymH( DI W e 4
Z (a+j+ kz s )
or, equivalently,
, = (—n); 2t
—D™"a+7+2), X —_—
(1) +j +2) Z;m+3+mtt
J+l1 (k] k
A (=D (—n+t)(—n+t+1)---(—n+Ek+t—-1)

(44)

=0(a+j+2+nfk)~~~(a+j+2+nf1)(—n)-~~(fn+k—l)
If we define

A Ak (e t)(—n+t+ 1) (n+ k+t—1)
(a+j+2+n—k)---(a+j+2+n—1)(-n)--(—n+k—1)

k=0

which is a polynomial such that degm(t) = j + 1, then
7(t) = Dn(t + &) (t+ &) - (E+ &),

where D, is the leading coefficient of m(¢) and &;,--- ,&;41 are complex num-
bers. Therefore,

Ly(x) =

(—1)n(a+j+2nDnZ (t+€1)(t+€2)"'(t+€j+1)=

t=

(=)™ +3j+2)nDnét & Z

a+j+2

Je(+&)e - (L+ &) @t

T G

As a consequence,
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Theorem 8. For alln € N,

Ly(z) = (~1)"(@ +j + 2)nDal1 -+~ &)
j+2Fj+2(7na 1 +£17 .- '71 +€j+1;a +] + 23517' .. a€j+1;x)'

In other words, the polynomials zf{(af) can be expressed as a hypergeometric
function of the form ;i 2F; 0.

In [5], the reader can find the hypergeometric representation of the Laguerre-
Sobolev type orthogonal polynomials for j = 1, which coincides with the pre-
vious formula.

8. Zeros

In order to study the behavior of the zeros of the Laguerre-Sobolev type or-
thogonal polynomials, we will need the next proposition. Its proof can be found
in [1].

Proposition 9. Let {Z;’{(:c)}zozobe the sequence of monic orthogonal polyno-

mials with respect to the inner product (2). Then, for all n > m, L%(x) has
n —n changes of sign in the support of the measure, where n is the number of
masses in (2).

We see that if M; > 0 for i =1,...,j then the previous proposition shows
that L%(x) has at least (n — j + 1) zeros in the support of the measure. In the
following theorem, we show that there exist at least (n—j) zeros in the support
of the measure. First, we present a lemma.

Lemma 10. Let x1,...,z be the different zeros with odd multiplicity of the
polynomial LS (x) in (0,00). Then, there exists o(x) such that degy(x) = j,
and if p(x) = (x —21) - (x — 1) then (pp)D(0) =0 fori=1,...,5.

Proof.
Existence. Let h(z) = p(m)(Zizo atmt) and such that h(0) = 1. Then, from
the Leibniz rule, we have

i ; j (k)
1= () (Zx) )
t=0

k=0

Then,

cappTN0) =0 for  0<i<j,

and thus we have
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RO(0) = agp®(0) =1
1! 1!
h(0) = J1a0p™(0) + 5ra1p®(0) = 0
2! 2! 2!
B2 (0) = Sraop® (0) + La1pV (0) + Sraap® (0) =0

)'alp(jfl)(()) 4+t
j!

i1
Trti-191(0) + Ga;0(0) = 0

or, equivalently, a linear system of equations of the form Aa=y,

p(O)(O ap 1

pM(0)  p©(0) ay 0

p2(0)  2p(0)  2p©(0) az| = (0] . (46)
k U : | :

P9 (0) % . 31p©(0) aj; 0

And since det A = ngo t!p(®(0) # 0, then the polynomial coefficients are
uniquely determined. Thus, we define p(z) = Y7_ asz’.

Degree. This is a particular case of Lemma 2.1 in [1].

Zeros of ¢(x). Using the same argument, we can show that the zeros of ¢(z)
are outside of (0,00) ([1]).

Theorem 11. If M; > 0, for i = 0,...,], there exist (n — j) zeros in the
support of the measure.

Proof. From the previous lemma, we know that ¢(z) has their zeros outside
of the support of the measure. Then, h(z)L%(z) = r(z)p(z)p*(z), where r(x)
and ¢(z) do not change sign in (0, 00). Therefore, we have

hz)Le(x) >0 for z € (0,00) or h(z)L%(z) <0 for z € (0,00).

Thus, by the continuity of the polynomial h(z)L%(z) and the intermediate-
value theorem we have that

RO)IZ(0)=0 or  sgn ( /0 T @)@ du> = sgn (h(O)Zg(O)).
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As a consequence,
‘ / h(z) L (z)ze™® dz + h(0)L2(0)| > 0
0

and, therefore, deg h(z) = j + k > deg L%(x) = n. That is, k > n — j, showing
that L (x) has at least n — j zeros in the support of the measure. vf

9. Some Numerical Experiments about Zeros.

Using (26), we consider some examples of Laguerre-Sobolev type orthogonal
polynomials in order to show the behavior of their zeros. First we analyze an
example where for some fixed parameters, the Laguerre-Sobolev type polyno-
mials remain unchanged if we change one of the masses.
Example 12. Let M = My, M; =1, n =3, j =1 and a = 2. Then, using
MatLab software, we can find that Kg()o’o) (0,0) = 5, K(1:9(0,0) = K§°’1’(0, 0) =
—2.5, K(:1(0,0) = 1.5, L (0) = —60 and L{"(0) = 60.
Then, from (17) we have

)

(1+5M)(L3)0) - 25(12)M©0)  =-60
~25M(122)20) + 1+ 1.5)(13) " (0) =60

and making the computations, the solutions are

{(53)(1)(0) =2 and (I3 P0)=0 if M#-2

2V 0) = -2(12)V0) +24 it M=-2

Since My > 0, then (E%)(O)(O) =0 and (E%)(l)(O) = 24. Furthermore, we
know from (24) and (26) that

(2 (—1)™+im)
Clksi) = Z Z (t> (m =T +1i)(m — i)!ék’m_h

m=1 t=0

and
1 o 2
A = =37 e M P (0) + (k) (3)—#-
i=0
Therefore,
4+ 1

A[Bk] - *240(3—}%;1) + (] k >(3)—k7

where
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o
P

¥

—

=

=

Il

|
—
—
S~— |
—
—
—~
=
[

and, from (11),

3—k _
I k(m)ZZ (=13 k@3 - k)03 —k+4+ 1)2t
- FrB—k—t+14+t+ 1! ~°

t=0

that is,

L3(z) = Li(x) + 10L4(z) + 18L4(z) = 2° — 1122 + 24z

In other words, the Laguerre-Sobolev type orthogonal polynomial zg(a:)
does not depend on Mj.

Example 13. In order to see how the zeros of L§(x) behave when the values
of the masses vary, we present some computations performed in MatLab. It is
important to remark that the results of the numerical experiments illustrates
the Proposition 8 and Theorem 3. For n = 4 and several choices of a, we
developed some numerical experiments which allow us to conjecture that:

(1) If the mass My increases and M; is fixed, the last zero (arranged in
decreasing order) increases.

(2) If the mass M; increases and My is fixed, the last zero (arranged in
decreasing order) decreases.

Now, setting j = 1, n = 4, and fixing one of the masses, our goal is to
determine the value of the other mass such that the polynomial L%(z) has a
negative zero. We will do this for fixed values of & = 3 and o = —0.5.

The following tables show the variation of the last zero of L$(z) when one
of the masses is fixed and the other one varies. The approximated “critical”
value of the varying mass (the value that causes a negative zero) is shown on
the caption of the corresponding table.
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