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Abstract

Let 1 be a finite positive Borel measure supported on R, L[ f] = xf” + (@ + 1 — x) f/ witha > —1,
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1. Introduction

Orthogonal polynomials with respect to a differential operator were introduced in [1] as a
generalization of the notion of orthogonal polynomials. Analytic and algebraic properties of these
classes of polynomials have been considered for some classes of first order differential operators
in [2,11], for a Jacobi differential operator in [4], and for differential operators of arbitrary
order with polynomials coefficients in [3]. In this paper, we consider orthogonal polynomials
with respect to a Laguerre or Hermite operator and a positive Borel measure p with unbounded
support on R.

We denote by £; the Laguerre and by Ly the Hermite differential operators on the linear
space IP of all polynomials, i.e. for all f € P and o > —1

LUl = xf "+ (e =0 f =x e (e ) ()

1 1 !

Ef// _xf/ — Ee.sz (efxz f/) . (2)
Each one of these second order differential operators has a system of monic polynomials

which are eigenfunctions of the operator and orthogonal with respect to a measure. Let {L}72

be the monic Laguerre polynomials with « > —1 and {H,}° , the monic Hermite polynomials,

then

Lylf]l=

(ws Ly = [ LioLgmdug e {;8 e

=0 if ,

(. ) = [ Ho 0 Ho ) (0 Léo S

where dw§ (x) = x* e™*dx and dwy (x) = e dx. In addition,
Lr[LY=—nLY and Lyx[H,] = —nH,. 3)

To unify the approach, we will denote by £ the Laguerre or Hermite differential operator (L,
or Ly) in the sequel, by dw the Laguerre or Hermite measure (dw§ or dwp), by L, the nth
Laguerre or Hermite monic orthogonal polynomial (LY or H,) and by A the set R, or R, re-
spectively. We will refer to one or the other depending on the case we are solving.

Let 11 be a finite positive Borel measure, supported on A and {P,};°, the corresponding
system of monic orthogonal polynomials, i.e.

(Pn, P)y = f Py (x) Pr(x)d(x) {ig gz ; I]z, “4)

We say that Q,, is the nth monic orthogonal polynomial with respect to the pair (£, ) if O,
has degree n and

/ L[O,1(x) xkdu(x) =0 forall0<k<n-—1, ®)]

or, equivalently,

»C[Qn] = Ap Py, (6)

where A, = —n.



It was shown in [4, Section 2] that it is not always possible to guarantee the existence of a
system of polynomials {Q,},ez. orthogonal with respect to the pair (L£@P | 1), where £@F)
is the Jacobi differential operator and p an arbitrary positive finite Borel measure. As will be
shown later (cf. Propositions 1 and 2), a similar situation occurs for the case of Laguerre and
Hermite operators. Let m € IN be fixed, a fundamental role in the existence of infinite sequences
of polynomials {0, },~, orthogonal with respect to the pair (£, w) is played by the class Py, (A)
defined as the family of finite positive Borel measures  supported on A for which there exists a
polynomial p of degree m, such that u = (») 'w.

If © € P,u(4) it is not difficult to see that if n > m, then

Py(z) = an,n—k Ly—x(2), bn,n—k = / Py(x)Ly—r(x)dw(x), @)
k=0

Tn—k

_ 2 2 _n'rn+a+1), pePrRy),
=1l = [ Leodue = {3 0508 D m ®)

and from (6) we obtain that the monic polynomial of degree n, for n > m defined by the formula

m

~ A
0n(@) = Y bk Lok, ©)

k=0 "=k

is orthogonal with respect to (£, ).

Notice that from the equivalence between relations (5) and (6), the polynomial Qn +c,ceC,
is orthogonal with respect to (£, ) so that we do not have a unique monic orthogonal polynomial
of degree n. We had a similar situation when we studied the orthogonality with respect to a
Jacobi operator. A natural way to define a unique sequence would be to consider a sequence
of complex numbers {£,}7° +1» and define the sequence {On}2,, 41 satisfying (5), as the
polynomial solution of the initial value problem

LIyl=xy Py, n>m,
10
{y(m —o. (10
We say that {Q,,}°° 41 1s the sequence of monic orthogonal polynomials with respect to the pair
(L, w) such that Q,(&,) = 0.
Notice that the initial value problem (10) has the unique polynomial solution
V@) = 0a(2) = 0a(2) = 0ulEn): (an

In this paper, we study some analytic and algebraic properties of the sequence of orthogonal
polynomials with respect to a Laguerre or Hermite differential operator. In order to study the
asymptotic properties of the sequence of polynomials we shall normalize them with an adequate
parameter.

Let x,, be the modulus of the largest zero of the nth orthogonal polynomial with respect to

u (or w), from [12, Lemma 11 with A = 2] for the Hermite case and [12, Coroll. (p. 191) with
y = 1] for the Laguerre case, we get

lim ¢, 'x, =1, (12)

n—0o0



where ¢, is usually called Mhaskar—Rakhmanov—Saff constant, here with the closed expression

4n, w€Pu(Ry) or wx)=x%"" x>0,

= V2n, pwePpR) or wkx)= e*xz, x € R. (13)
Throughout this paper we denote the functions ¢(z) = z + vz2 — 1 and ¥ (z) = 2z — 1 +
24/72(z — 1), where the branch of each root is selected from the condition g(c0) = oo and
¥ (00) = o0, respectively. Let A, be the interval [0, 1] in the Laguerre case and [—1, 1] in the
Hermite case. Let 3, (z) = ¢,,”* P,(c,2) be the normalized monic orthogonal polynomials with
respect to a measure u € P, (A).

To each generic polynomial g,, let u, = n™! > G (@)=0 8 be the normalized root counting
measure, where J,, is the Dirac measure with mass 1 at the point w. From [12, Ths. 4 & 4’] we
find that the limit distribution v,, of the zero counting measure of the normalized Laguerre and
Hermite polynomials is

11—t
dvy (1) = znil\/ : dt, te€[0,1]  Laguerre case,

27 W1 —12dt, te[—1,1] Hermite case.
From [14, Chs. III & IV] we have that

1 o
_ L @O e PRy,
it B @I =1 71 Rz /()] P (R o
Z e S )
) \/E lp(2)] 1% m(R)
uniformly on compact subsets K C C\ A..
We are interested in asymptotic properties of the normalized monic orthogonal polynomials
with respect to a pair (£, 1) defined by

9,(2) = Qu(2) — Qu(&n), (15)

where ﬁn (@) =c," @n (cnz). For these polynomials we prove the following results.

Theorem 1. Let u € Py, (A), where m € IN. Then:

) ~ ~ ) X
(a) If vy, o, denote the root counting measure of L, and Q' respectively then v, —> v, and
g n resp Y

* .
0, —> Vy, in the weak star sense.

(b) The set of accumulation points of the zeros of {ﬁn }OO

n=m+1 s

A

Theorem 2. Let m € IN, u € Py, (A). Then, for every compact subset K of C\ A, we have
uniformly

lim

%@:Fuemmg 6)
n—o0 Qn (Z)

I pePnR)

1
LS @I O e PRy,
"1 Rz/p()] a7
m lp(2)| e w € Pu(R).

nlingo }ﬁn (2)



The following result shows that the set of accumulation points of the zeros of the sequence of
normalized polynomials, orthogonal with respect to (£, w) is contained in a curve.

Theorem 3. Let m € N and n € Py, (A). If {g,,}jf:mH is a sequence of complex numbers with
limit ¢ € C\ A.. Then:

(a) The accumulation points of zeros of the sequence {Q,}>° 41 Such that 9,(,) = 0 are
located on the set E = £(¢) | A¢, where E(C) is the curve

EQ)={zeC: V()= V) (18)

U(z) = ¥ @) PO for p € Py (Ry), and ¥ (2) = p(2)| "D for p € P (R).
(b) If 9(¢) = infyep, |1& — x| > 2 then E = £(¢) and for n sufficiently large are simple.

The relative asymptotic behavior between the sequences of polynomials {9,},~, and
{Bn}n>m reads as

Theorem 4. Let {{,},>m be a sequence of complex numbers with limit { € C\ A, m € NN,
uw € Pu(A) and {Q,}n>m be the sequence of normalized monic orthogonal polynomials with
respect to the pair (L, w) such that Q,(¢,) = 0, then:

1. Uniformly on compact subsets of 2 ={z € C:|¥ ()| > |¥(2)l|},

Q5(2)
= 19
PBn(z) n—oo 4
2. Uniformly on compact subsets of 2 ={z € C:|¥(2)| < [P} \ Ac
Qp (2) —1, (20)

L

mn (é‘n) n—o0o
where W is as defined in Theorem 3. If 0(¢) > 2 then (20) holds for 2 = {z € C: |V (2)] <
1Y)}

The paper continues as follows. Section 2 is dedicated to the study of existence, uniqueness
and some results concerning the properties of the zeros of orthogonal polynomials with respect
to the Laguerre or Hermite operators. In Sections 3 and 4 we study the asymptotic behavior of
the polynomials £, and £, respectively. Finally, in Section 5 we show a fluid dynamics model
for the zeros of these polynomials.

2. The polynomial Q,

First of all, we are interested in discussing systems of polynomials such that for some m € IN,
for all n > m, they are solutions of (6). In order to classify those measures p for which the
existence of such sequences of orthogonal polynomials with respect to (£, n) can be guaranteed,
we prove a preliminary lemma.

Lemma 5. Let u be a finite positive Borel measure with support contained on R and let n € N

be fixed. Then, the differential equation (6) has a monic polynomial solution Q, of degree n,
which is unique up to an additive constant, if and only if

f P,(x)dw(x) =0, where P, isas (4). 21D



Proof. Suppose that there exists a polynomial Q, of degree n, such that L[Q,] = —n P,. Then,
integrating (1) or (2) with respect to the Laguerre measure on R4 or Hermite measure on IR
respectively we have (21).

Conversely, suppose that P, satisfies (21). Let Q, be the polynomial of degree n defined
by 0,(z2) = L,(2) + ZZ;& an kLk(z), where an o is an arbitrary constant and a,; =
Ai’;k f P,(x)Ly(x)dw(x), k = 1,...,n — 1. From the linearity of £[-] and (3) we get that

LIOy)=-nP,. O

From the preceding lemma, as in [4, Coroll. 2.2], we obtain

Proposition 1. Let w be the Laguerre or Hermite measure and |4 a finite positive Borel measure
on A, such that du(x) = r(x)dw(x) with r € L*(w). Then, m is the smallest natural number
such that for each n > m there exists a monic polynomial Q, of degree n, unique up to an
additive constant and orthogonal with respect to (L, i) if and only if r~' is a polynomial of
degree m.

Proof. Suppose that m is the smallest natural number such that for each n > m there exists a
monic polynomial Q, of degree n, unique up to an additive constant and orthogonal with respect
to (L, ). According to Lemma 5

) o
/Ln(x) :2)(:;) =/Ln(x)dw(x){¢(o) EZ;Z

But this is equivalent to saying that Tlx) = Y i ockLr(x) with ¢,, # 0. The converse is
straightforward. O

It is possible to give another characterization, in terms of the quasi orthogonality concept, for
the existence of a system of polynomials such that for all n > m, for some m € IN, they are
solutions of (6).

Proposition 2. Let u be a finite positive Borel measure on R and { P, },  the sequence of monic

orthogonal polynomials with respect to (. Then, m is the smallest natural number such that
for each n > m there exists, except for an additive constant, a unique monic polynomial Q,,
orthogonal with respect to the pair (L, ), if and only if for all n > m

/Pn(x)xkdw(x) =0, fork=0,1,...,n—m,

i.e. the polynomial P, is quasi-orthogonal of order n — m + 1 with respect to the measure w.

Proof. Assume that m is the smallest natural number such that for each n > m there exists a
monic polynomial @, of degree n, unique up to an additive constant and orthogonal with respect
to (£, w). From Lemma 5 we have that (21) holds for n > m. From the three term recurrence
relation for {P,}72

XPy(x) = Pup1(X) + BuPu(x) + a2 Poo1(x), n>1,
Py(x)=1, P_1(x) =0, ap, B, € Rand «,, #£ 0, 22)

thus / Py(x)x*dw(x) =0 forall0 <k <n —m, (23)

which implies that the polynomial P, is quasi-orthogonal of order n — m + 1 with respect to the
measure w (Laguerre or Hermite).



Conversely, assume that m is the smallest natural number such that for n > m, the polynomial
P, is quasi-orthogonal of order n — m + 1 with respect to the measure dw. Then we have that

m
Py(x) = Ln(x) + Y dp—xLn—(x),
k=1
which implies that for all integers n > m the polynomials P, satisfy the condition (21). From
Lemma 5 we have that there exists a monic polynomial Q, of degree n, unique up to an additive
constant and orthogonal with respect to (£, u), foralln > m. O

From the above proposition, we deduce in particular that the differential equation (6) has,
except for an additive constant, a unique monic polynomial solution Q,, of degree n for all the
natural numbers only if P, = L, anddu = dw. Hence Q,, = L,, the polynomial eigenfunctions
of L, whose properties are well known. R

Let us continue by noting that the polynomials 0, and Q, (see (9) and (11)) are primitives of
the same polynomial Q) (or Q},) and

/Q,,(x)xkdw(x)zo, k=0,1,....n—m—1. 24)

Applying classical arguments [17], it is not difficult to prove the following result, which will
be used in the sequel.

Proposition 3. The polynomial Q,, defined by (9) for all n > m, has at least (n — m) zeros and
(n —m — 1) critical points of odd multiplicity on A.

For m = 2 we denote by Pz[lR] the class of measures of the form du = dx x1 # 0in

the Hermite case. The following proposition shows some results concerning the zeros of Qn and
Q for measures u € Pi[Ry] or u € P>[R].

Proposition 4. Assume that @ € Pi[Ry] or n € ﬁz[R], then the zeros of @n and ’Q\;l are real
and simple. The critical points of Q, interlace the zeros of P,.

Proof. 1. Laguerre case. If m = 1 and u € Pi[R4] from Propgsition 3 the polynomial Q,,
has at least (n — 1) real zeros of odd multiplicity on R. But, Q) is a polynomial with real
coefficients and degree n, consequently the zeros of Q,, are real and simple. As Q, = Q),, from
Rolle’s theorem all the critical points of Q,, are real, simple, and (n — 2) of them are contained
on R =]0, oo[.

Denote G(x) = x%tle™* 0,(x), with « €] — 1, 00[. Notice that G is a real-valued,
continuous and differentiable function on R’ . Suppose that there exists x € R such that
G(x) = 0. As G(0) = 0 from Rolle’s Theorem there exists x" € R such that G’(x") = 0.
But, G'(x) = x¥ e *L1[0,] = Ayx® e P,(x) and all the critical points of G are contained on
R’ . Hence all the critical points of Q, belong to R} .

2. Hermite case. Consider now u € Pz[]R] thatis,m =2 and du(x) = dx x1 # 0. Using
the relations (9) and [18, 5.6.1] we have that for k > 1

~ 1 2 k (P, Hop—2,)H —1 2

Ou(2) =L@ + 2@, 25)

k —1 (Hpr—2, Hy—2, )H



2k 4+ 1 (Poyy1, Hu—1,)m
2k — 1 (Hyk—1, Hy—1, >H

Oxus1(zx) = le/z( 2y + 1/2 (z ).

1/2(22), ZL,l,/ 2(zz) are the 2n and 2n 4 1 monic orthogonal polynomials of degree 2n

As L,
and 2n + 1 respectively with respect to the measure du(x) = e_xzdx, from (25) and [18, Th.
3.3.4] we have that the zeros of Q,,, n > 2 are real.

The statement that critical points of Q,, interlace the zeros of P, follows by applying Rolle’s
theorem to the functions G(x) = x**le ™ Q! (x) and G(x) = e 0, (x), for both the

Laguerre and Hermite cases. [J

We conjecture that Proposition 4 is still valid for any measure in the class P,,(A), m > 1, for
the Laguerre case or m > 2, m even, for the Hermite case.
Finally, we find asymptotic bounds for the coefficients b, ,_ that define the polynomial Qn

Proposition 5. Let m € IN and n € P, (A). Then for n large enough, there exist constants C ﬁ
and C /fl such that

by P Lol {Cﬁfﬁ Laguerre case,
non—kl — — 5

I Ln—kll, C;{ n*  Hermite case,

fork=1,...,m
Proof. Let p(x) = Z;": 10 jxj and p; = maxo<;<m |p;|. From the Cauchy—Schwarz inequality
we have

| Pall oL |
[Dnn—kl < 'u\/ Ly—k, Ly— nmu\/pnk’nk

k w =
ILn—kll?, Ipml ILn—kll?,

3107 L2l | 01060 L2 0l (26)
j=0

B Ipmllan 10m| 1Ln—i112 =

We analyze separately the Laguerre and Hermite cases. Without loss of generality we can
assume that n > 2m.

e Laguerre case (L, = L, A =R4 and dw(x) = x*e™*dx). From [13, (II1.4.9) and (1.2.9)]
we have the connection formula

k+j . k
tao=3 (7 ) e

v=k
then from (8) and the orthogonality

P = A AR R o) Lot g
(! (Le_ ) = Z N sy ( ()) e dx,

v=k
k+j F
=Z( >(n—k)!F(n—v+j—|—a+1),
= v—k
<2m—k\n—k+j+a+l),
m m
and > () Lp )w < M=KD 2T —k+j+a+ 1),
Jj=0 j=0
< "' D - n—k+m+a+1).



Hence, from (26), (8) and n large enough

|bn,n—k| <

’

or Q" 1) [m—m)Tn+a+DIn+m—k+a+1)
| om| n—kIn—k+a+1)

pr@ 1) [rapn _pamerti o1
< n*.
[ Om | (n— m)mik [ om|

e Hermite case (L, = H,, A =R and dw(x) = e‘xzdx). By the symmetry property of the
Hermite polynomials, if v is an odd number

/x” H? , (x)dw(x) = 0.

Hence, from (26)

2
bpnk| < ————— Z e/ Hymll2, | D llxd Hy 13,
| om | ”Hn k” =0 j=0

where for all x € R, the symbol | x| denotes the largest integer less than or equal to x. As it is
well known (cf. [18, (5. 5.6) and (5.5.8)]), the Hermite polynomials satisfy the recurrence relation
zH,(z) = Hu11(2) + 5 Hy—1(2), from which we get by induction on j

) J
2 Hy(2) =) 0j.u(n) Hyp j20(2), 7)
v=0

where o;,(n) is a polynomial in n of degree equal to v and leading coefficient 2"’(9
(ie.oju(n) =27"(! )n +-..). Hence, from (8), for n large enough

J
' 2 2 2
e/ Hy il = Y07 (0 = k) Hukj-20 13-

v=0
f(z’i—_kﬂ_]) (ZZZ“U W= k) (n — k+j)2j2”>,
2f (n—k— PDln—k? (2j
n— —k ]
with j =0,1,..., [ %], therefore
o4 2n—k L%J L%J
byt < —————— llxJ Hy— |2 llxi Hy—i )12
T om] (0= B! ;0 S ;0 S
2mlp, (n— i | S~k — )
< Z(n —m)2 (n — k)2 ———=
INE= —k)! — (n — k)!

~
Il



2mlps 5] (n —m)2J L] (n —k)2i

loml (| =0 (n —m — jym+i=k = (n—m—j)i
2m! m m 8 !
< mp+\/8m(n—k)7|_7j\/2m(n—k)l_TJ nk: mnk. O
Yo | om|

3. The polynomial )5,,

In this section we prove asymptotic properties of the normalized monic orthogonal polynomi-
als with respect to a Laguerre or Hermite differential operator. We recall that as in Section 1, A,
denotes the interval [0, 1] in the Laguerre case and [—1, 1] in the Hermite case, and the sequence
of real numbers {cn}fj":1 is given by (13). Set £,,(z) = ¢, Ly(cn2); £n(2) = £,0(2) and

‘Bn,v(z) = C;V Py(cn2); ‘Bn(z) = mn,n (2).

We prove now some preliminary lemmas.

Lemma 6. Let m € N, u € P, (A) and ¢ such that }3” (¢) = 0. Then for all n sufficiently large
d.(¢) < 2w, where

1+27! C/f Laguerre case,
e = H .
14 x/ECp Hermite case,
de(z) =minge, |z — x|, and C é and C llf are the same constants of Proposition 5.

Proof. For each fixed n > m, we have that

—nA 2 )\n bn,n—k
D) = 30 Ak

k=0

—n+k
L . 9
where x, is the zero of the largest modulus of L. It follows that the smallest interval containing
the zeros of {xn’kLk(xnz)}Z:O is A.. Hence, if ¢ is such that O, (x,¢) = 0, from [15, Coroll. 1],
Proposition 5, (13) and (12) we have,

bn,n—k

k
n

)Vn bn,n—k

< wg, 28
xrliknik D¢ ( )

<1+ 2 max
1<k<m

d.(¢) < 14+ max
1<k<

m

X
where
14271 CS Laguerre case,
Pe = {1 + \/Elel Hermite case.

Notice that 53,1 (j—:z) =c," Qn (x,2); therefore, if ¢ is such that @n (x,¢) = Othen ¢* = ’é—:{

Xn

Cn

is such that ﬁn (¢*) = 0. From (12) and (13) we have that for n large,
we obtain the lemma. [J

< 2. Using now (28)

If {II,};2, is a sequence of orthogonal polynomials with respect to either the measures 1 or
w we denote by {t,}7° , the sequence of monic normalized polynomials, that is,

th(2) = Cn_an(CnZ) and t,.,(z) = Cn_vHv(CnZ)- (29)

10



From the interlacing property of the zeros of consecutive orthogonal polynomials, if K is a
compact subset of C \ A, it follows that there exist a constant M, such that for n large enough

tn—
k@) <M, k=1,m, o
,(2)

uniformly on z € K, where M}, = 2 sup =5 |z — x|7%, My, = max{M,, ..., M,,}.

The following lemma is needed to study the modulus of the sequence { Zn } o
n=

n

Lemma 7. Suppose that m € W is fixed, and K C C\ A; a compact subset. Then, for n
sufficiently large

(cn+m>n t,(2)
Cn tn(cnc%z)
where d = inf .cx |z — x| and t,, as in (29).

xeAc

<349, n>ng, Vze K, 31

n n
Proof. Let us define the monic polynomial t}(z) = (C—”) t, (%z) We have that (31) is

Cn+m
equivalent to proving that

t m

M 5327, n>ngy, Vz € K.

t(2)
If {z} , }i—1> {zk.n Y}, denotes the zeros of the polynomials t, t, respectively, we have the rela-
tion zj , = ﬁZk,n, k=1,...,n. If we denote k,, = ch:m ,

t L kn — 1 L

n(2) 1_[<1+( n )Zk,n> 51_[(1+|kn_1| Zk,n >
t:(2) el 72— knZin e 2= knZkn

1 2kp — 1\" 20l "
<]_[< |>_<1+%) <3 <37, (32)

where d = inf <K lz—x|. O
(e.¢]
We prove now that the modulus of the sequence [%} 0 is uniformly bounded from above
n n=|

and below in the interior of C \ A,.

Lemma 8. Let u € Py, (A), where m € N and K C C\ A, a compact subset. Then, for all n
sufficiently large there exists a constant C* such that

ip)’l (Z) *
< | =C", n>np VZeK.
£n(2)
Proof. From Relation (7) we deduce that % =14+ > b"(—%—k% Hence, from
Proposition 5, and Lemma 7 we deduce that for n large enough
(2) Lnon— k(Z)
<1+ C , 33
£4(2) Z 7l 49

Using (33) and (30) we deduce the lemma. [

11



Lemma9. Let u € Py, (A), where m € N and K C C\ A, is a compact subset. Then, for all n
sufficiently large there exists a constant C such that

B (2)

“=1%0

, n>ng, Vz€K.

Proof. We have that p(z)L,(2) = Y ;o bn,n—k Pot-m—i (2), where
b _ fLn(X)Pn+m—k(x)/~7(x)du(x)
=k = a2

, or equivalently,

(34)

P(Cn+mZ) < Cn >n £n(cnctm 2) Sn(z) _ i bn,n—k S1311—i-m,n—i-m—k(z)
£n(@  PBnim(2) k=0 Cﬁ+m PBr+m (2) .

From the Cauchy Schwartz inequality we have that

1/2
(f L20dw®) " (] P2, 0dwe) | Lyllull Pami o
” Pn+m—k ”;21 ” Pn+m—k ”;2/,

n
Cotm Cn+m

|bn,n7k| =

Using an infinite—finite range inequality for the case in which w is a Laguerre weight, cf. [14],
we have that there exists a constant k7, such that for all n large enough

ko,L

00 ) oo ) 1 /411 )
/0 L, (x)dw(x) < (4n)m,/0 P;(x)dw(x) < —,o+(4n)m A P, (x)dw(x)

krp
p

s/mﬁmwux
0

where p; = maxo<j<u |0;|. Analogously, for the case of an Hermite weight, for all n large
enough, we have that there exists a constant kg such that

ku [ , ko, H ., 1 /«/ﬂ 2
) /ﬂO L, (x)dw(x) < QT2 [oo Pr(x)dw(x) < pran | P, (x)dw(x)

sfmﬁmwm.

Hence, for all n large enough
”Pn”i > kpn ™| L,|?, Laguerre case, (35)
| Pn ||,2L > kyn~"/?|L,|%, Hermite case.

From (7) and Proposition 5 we deduce that for n large enough, there exists a constant k1 such
that

I Pullw < killLnllw. (36)

Inequalities (35) and (36) give us that there exists a constant M* such that for all n large enough
bn.n—

Onnctl e, 1<k <m. 37)
Cntm

From (30) it follows that there exists a constant M, such that for all z € K

q3n+m,n+m7k (2)

<M, k=1,...,m. (33)
‘Bn—i—m(z)

12



Using Lemma 7, (34), (37) and (38) we obtain

p(cntm2) || Ln(2) 2m X
u <37 (1+mM*M,), (39)
‘ Chntm PBr+m (2) ( *)

with d as in Lemma 7. Hence, from (30), (38), (39) and Lemma 7 we obtain that for all n
sufficiently large there exists M > 0 such that

,O(Cn+mZ) £n(2)
\4 .
’ C;n_l—m P2 <M, ze K 40)

Let us denote by {zx};"_, the roots of the polynomial p, and d* = inf <k |z|. Let us choose &

so that for n large enough Cﬁm ‘ <e<d* k=1,..., m Hence,
m m
p(Cnymz)
4 —e)" < <|z|— ok >§ (z— i )‘=‘ . @41)
( ) ]1:[1 Cn+m ]1:[1 Cn+m C:zn+m
Therefore, from (40) and (41), for all n large enough we have that
£ M
@) < - VzeK,
Ba(2) (d* —e)
and this proves the lemma. [
Lemma 10. Let u € P, (A), wherem € N and K C C\ A. is a compact subset. Then,
Dn(z) _ mn(z) —~0, VzeK.
£1(2) £q(2)
Proof. For each fixed n > m, we have that
9@ =P @ _ ¢ ( b 1) bunk Lnnk@ @
As A, = —n in the Laguerre case and A, = —2n in the Hermite case, then for each k fixed,
k=1,...,m,
. An
lim =1. (43)

n—oo )\n—k
From (30), (42), (43) and Proposition 5 we deduce the lemma. [
Proof (Theorem 1). (a) From [18, (5.1.14), (5.5.10)] we have that 2; nei = (n — k)En,n_l_k,
where

Iy ey IO LEH  (eqz),  Laguerre case,
a—l—k =1 " ei— .
" e, 1 k(cnz), Hermite case.

Let us define

a’w%+l (x), Laguerre case,
dwg (x), Hermite case.

div(x) = {

13



c, Td w} (cpx), Laguerre case,
cn_lde (cyx), Hermite case.

dwy,(x) = {

¢, g wzH (cnx), Laguerre case,
¢, Ydwy (cpx), Hermite case.

d i, (x) ={

Notice that {Sn,n—k}zzo and {En,n—k}zzo are monic orthogonal polynomials with respect
to wy, W, respectively, hence, from [8, (11)], we have that the sequences {€nn—k},2 and
{€nn—k};2 forevery k =0, ..., m satisfy that

. 1/n _ —Fy : ~ J I/n —_ ,—Fy
nlingo ||wn£n,n—k||L2(A) =e , nlirgo ||wn£n,n—k”L2(A) =e , (44)

where F,, is the modified Robin constant for the weights w, w (or the extremal constant
according to the terminology of [8]) and |.[l;2¢4) denotes the L%-norm with the Lebesgue
measure with support on A.

From [9, Ths. 1 & 2] we have that

lwnLnn—rkllzoecay < Kin wnLnn—kll 20 ), (45)

1@ Cn—icllLoocay < KanPl|WnLan—kll 202,

where K1, K; are constants that do not depend on n, 8 = 1/2 for the Laguerre case, and 8 = 1/4
for the Hermite case. Using (44), (45), and [8, (11)] we obtain that

. 1/n _ —F, . ~ 3 1/n _ —Fy
nll>nolo ”wngn,n,k”Lm(A) =e€ , nll?go ”wn'gn,n*k“LOO(A) =e . (46)
Then we have
m
< )\n bn,nfk
lwaQnlloea) < Y || lwnnnkllLoca)
=0 ChAn—k

(m + 1A, bn,nfk*(n)

k*
Cn (n)?»n—k*(n)

lwnLnn—rxmy LAy,

and
(n =k, bn,nfk

I wnEn,n—l—k | oo Ay
Cﬁ)\n—k

m
10,9, |l LAy < Z
=0

(m + D (n — k™ (m)An bpn—re+n)

ok

” ﬁnzn,n—l—k**(n) ||L°°(A) ,
Cn (n))\nfk**(n)

<

where ||.||L(a) denotes the sup norm and k*(n), k**(n) denote positive integer numbers such
that the following equalities hold

An bn,n—k*(n) )Wz bn,n—k

lwnLnn—k | Lo A),
Cz)tnfk

||wn£n,n—k||L°°(A): max
k=0,...,m

k*
Cn (n))\n—k* (n)

(n — K**(n)) Ay by p—te(m)

k**
Cn o An—k (n)

(n =k, bn,n—k
Cﬁ)\n—k

”wrlgn,n—l—k**(n) ||L°°(A)

= max ||wn£n,n—k”L°°(A)-

14



From these last inequalities and (46) we deduce that

_Fw _Fw
9 .

. 3 1/n . ~ &/ 1/n
nll)ﬂolo (lwaQnliLecay) ' =e nlgfolo (1, Q, llLoa)) " =e

Therefore, if v,, §, denote the root counting measure of ﬁn and ﬁ; respectively, from [5, Th.

1.1] we deduce that v, N Vw, On = vy in the weak star sense.
(b) From Lemma 9, if ¢ is sufficiently small and K C C \ A, is a compact subset, for all n
sufficiently large we have that, for some positive constant C,

@\
£n(2)

_ @]

C—-—¢e<
= £,(2)

From this fact and from Lemma 6 we deduce that the set of accumulation points is contained
on A, and from (a) of the present theorem we deduce that the set of accumulation points of the
zeros of Q, is A.. O

Proof (Theorem 2). From (b) of Theorem 1 we deduce that for the Laguerre case
//
lim Qn €nd) _ o Dnlend) _ / [1—1 T /z)
n—00 Qn(cnz) oo Q/ (cn2) 2r z—1
and for the Hermite case
Y, oY/ 1 1 1 — 2
fim —22D M:-/ dz=z<1—,/1—1/z2),
= ¢, Qn(cnz) n—00 ¢, Q;,(an) TJo1 z—t

on compact subsets K C C\ A.. From (6) and the preceding relations we have for the Laguerre
case

Palcnr) _ zen 0/ (cuz) Q (cn2) n (1 +oa— cnz) 0., (cn2) @7
0n(ca2)  *n 0)(ca2) Onlcn2) A Onlcnz)’

and for the Hermite case
Pa(end) _ 11 Oy(cnd) Oplens) <cnz> 0, (cn2) )
0On(cn2) 2 dn Q;l(cnz) Qn(cnz) Qn(cnz)

Taking limits in (47) and (48) we obtain (16). Relation (17) follows from (14) and (16). [J
4. The polynomial £,

Some basic properties of the zeros of 9, follow directly from (1) and (2). For example, the
multiplicity of the zeros of 9, is at most 3, a zero of multiplicity 3 is also a zero of ‘B, and a
zero of multiplicity 2 is a critical point of Q In the next lemma we prove conditions for the
boundedness of the zeros of £, and determine their asymptotic behavior.

Lemma 11. Let n € Py (A), where m € IN and define for z € C, D(z) = sup,cp, |z — x|. If
{;n};‘lier] is a sequence of complex numbers with limit ¢ € C, then for every d > 1 there is a
positive number Ny, such that {z € C : Q,(z) =0} C {z € C : |z] < D(¢) + d} whenever
n > Ny.

15



Proof. As 9,(z) = 0 then ﬁn () = ﬁn(gn). From the Gauss—Lucas theorem (cf. [16, Sec-
tion 2.1.3]), it is known that the critical points of )\Qn are in the convex hull of its zeros and from
(b) of Theorem 1 the zeros of the polynomials {Q,};7, ., accumulate on A.. Hence, from the

bisector theorem (see [16, Section 5.5.7]) |z] < ©(¢,) + 1 and the lemma is established. [

We are now ready to prove Theorem 3.

Proof (Theorem 3). From Lemma 11 we have that the zeros of £, are located in a compact set.
From (15) the zeros of £, satisfy the equation

~ 1 ~ 1
}Dn(z)’n = |Qn(§n) " 49)

If z € C\ A, taking limit when n — o0, from Lemma 11, and using (17) of Theorem 2
on both sides of (49), we have that the zeros of the sequence of polynomials {Q,}.2, ., cannot
accumulate outside the set

zeC: ¥ = v} A

To verify the second statement of the theorem, note that if 7 is a zero of 9, from (15) we get

2 — Xnk - ~
Z mP 11, where Xn i are the zeros of Q. (50)
Cn — Xnk

k=1

Let V. (A,) be the e-neighborhood of A, defined as V,(A.) = {z € C : 0(z) < €}, as
lim, 0 & = ¢, then for all ¢ > O there is a N, > 0 such that [0(¢,) — 0(¢)| < & whenever
n > Ng.

If 9(¢) > 2, let us choose ¢ = &; = % (0(¢) — 2) and suppose that there is a zo € Ve, (4,)
such that 9,,(z9) = 0 for some n > N, . Hence

n _A 2 n
20 in,k - < +8;> <l 1)
k=1 Cn — Xnk (%)

which is a contradiction with (50), hence {z € C : Q,(z) = 0}V, (A) = @ foralln > N,
i.e. the zeros of £,, cannot accumulate on Vgt (Ap).

From (15) it is straightforward that a multiple zero of £, is also a critical point of /@n. But,
from (b) of Theorem 1 and the Gauss—Lucas theorem the set of accumulation points of £, is A,
where we have that for n sufficiently large the zeros of 9, are simple. [

Proof (Theorem 4). 1. Let us prove first that

O N ()
Q0 (2) Qn(z) n—oo

uniformly on compact subsets K of the set {z € C : |¥(z)| > |¥(¢)]}. In order to prove (52) it
is sufficient to show that

20 6n) = 0, (53)

Q,(z) n—oo

uniformly on K.

1, (52)
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From [7] and Lemmas 8, 9, we have that for all n large enough it is possible to find constants
c*, ¢ such that

* ;‘pn(z)

¢ = o) =<c, (54)
uniformly on compact subsets of C \ A.. Then we have

Q@) | Q@) | |Ba@ || Buen) || 2" @) ‘(u‘/@n))"

@ | B | 120 7" C) | Bu@ |\ ¥) ]

From (16) of Theorem 2 and (54) the first four factors on the right hand side of the previous
formula are bounded; meanwhile, the last factor tends to O when n — o0, and we get (53).
Finally, the assertion 1 is straightforward from (16) of Theorem 2.

2. For the assertion 2 of the theorem it is sufficient to prove that

2@ 2@
— = = -1 = -1, (55)
Qn({n) Qn({n) n—oo
uniformly on compact subsets K of the set {z € C: |¥(2)| < |¥(¢)|} \ A.. Note that
90(2) _ 94(2) Bul@n) Fu(2) ") ( ¥ (2) )
Q&) Ba@) Qu(2n) V@) B \ (@) /)

Now, the first part of the assertion 2 is straightforward from (16) of Theorem 2 and (54).
Ifo(g) > 2,1let Ve(A,) = {z € C : 0(z) < €} be a g-neighborhood of A, where

£E=¢g = % — 1. By the same reasoning used to deduce (51) we get that
0@ | n forallz e Va(Ad, & < 1. (56)
Qn(&n)

Hence from the first part of the assertion 2 and (56) we get the second part of the assertion 2. [
5. A fluid dynamics model

In this section we show a hydrodynamical model for the zeros of the orthogonal polynomials
with respect to the pair (£, u). In [4], we gave a hydrodynamic interpretation for the critical
points of orthogonal polynomials with respect to a Jacobi differential operator.

Let us consider a flow of an incompressible fluid in the complex plane, due to a system of n
different points (n > 1) fixed at w;, 1 < i < n. At each point w; of the system there is defined
a complex potential V;, which for the Laguerre case equals to the sum of a source (sink) with a
fixed strength 9[c;] plus a vortex with a fixed strength J[c;] plus a uniform stream U; at infinity.
Here c; and d; are fixed complex numbers which depend on the position of the remaining points
{w;}?_,, see [10, Ch. VIII] for the terminology. We shall call n system to the set of the n points
fixed at w; with its respective potential of velocities.

Define the functions

R (wi)
R} (wi)

n
Fi(wi, ..., wy) = . i=1,....nwhere R,(z) = [ [z — wp).
i=1
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The complex potentials V;, (Laguerre case) or Vg (Hermite case) at any point z (see [6, Ch.
10]), by the principle of superposition of solutions, are given by

Vi@ =) Vii=Y (—z+ (I +a—w)logz — w)
i=1 i=1

+ (z + wi log(z — wy)) fi(wi, ..., wp)), (57)
and
n n 1
V(@) =) Vui=y, (—z + 5 (fitwr, ... wn) = 2w;) log(z — wi)) : (58)
i=1 i=1

From a complex potential V, a complex velocity V can be derived by differentiation (V(z) =
%). A standard problem associated with the complex velocity is to find the zeros, that corre-
spond to the set of stagnation points, i.e. points where the fluid has zero velocity.

We are interested in the problem: Build an n system (location of the points wy, ..., w,) such
that the stagnation points are at preassigned points with nice properties. As it is well known, the
zeros of the orthogonal polynomials with respect to a finite positive Borel measures on R have a
rich set of nice properties (cf. in [18, Ch. VI]), and will be taken as preassigned stagnation points.
Here we consider u € Pi[R+] or u € P>[R]. In the next paragraph we establish the statement
of the problem for both Laguerre and Hermite cases.

Problem. Let {xy, ..., x,} be the set of zeros of the nth orthogonal polynomial P, (n > 1 for the
Laguerre case and n > 2 for the Hermite) with respect to a measure u € Pi[R4] or u € P>[R].
Suppose a flow is given, with complex potential V; (Laguerre case) or Vg (Hermite). Build an

n system (location of the points wy, ..., w;,) such that the stagnation points are attained at the
points z = x;, withi = 1,2, ..., n.
Consider first the Laguerre case. If x; (k = 1, ..., n.) are stagnation points then
V. 1 1 1 R/ (w;)
— ) =0 +a—x) +xp )y —F——=0. (59)
9z ; Xg — wj ; R}, (wi) (xk — wi)

We are looking for a solution R,(z) = H?:] (z —w;), with w; # w; # xi, Vi, j k,i # ],
such that (59) holds. This assumption implies that the sum in the second term of the left hand side

of expression (59) is the partial-fraction decomposition of % evaluated at x = xi. Therefore,
(59) is equivalent to

xR (k) + (1 +a — xR, (x) =0, k=1,2,...,n.

Note that xR (x) + (1 + o — x)R},(x) is a polynomial of degree n, with leading coefficient
A, that vanishes at the zeros of P,, i.e.

xR(x) + (1 +a—x)R,(x) = Ay Py(x). (60)

Observe that expression (60) is equivalent to (6). Erom Proposition 4, the zeros of Q,,, /Q\;
are real, simple and Q/,(xx) # 0. Therefore, R, = Q, is a /s\olution. Hence, an answer to our
problem yields the n points as the n zeros of the polynomial Q,,.
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For the Hermite case we have a similar situation. Thus, if xj is a stagnation point, BV” (xx) =
0, which gives

1 n R// .
ka __Z#w')zo, k=1,2,....n. (61)

X —wi 244 Ry (wi)(xx — w;)

Again, we can deduce that the expression (61) equals to %Rg (xk) — xk R (xx) = 0, for
k=1,....n

Note that %R;/q/ (x) — xR}, (x) is a polynomial of degree n, with leading coefficient %, that
vanishes at the zeros of P,, i.e.

%R;{(x) — xR;, (x) = A Py(x). (62)

Therefore, the expression (62) is equivalent to (6). From Progosition 4, the zeros of @n, /Q\;l
are real and simple and Q) (xx) # 0, which implies that R, = Q,, is a solution to our problem.
As a conclusion,

Answer. The flow of an incompressible two-dimensional fluid, due to n points with complex
potential Vi or Vg, located at the zeros of the nth orthogonal polynomial Q, with respect to
(L, w), with u € P [R;t] or u € Po[R] has its n stagnation points at the n zeros of the nth
orthogonal polynomial Q,,.

It would be interesting to consider the uniqueness of the solution obtained. In other words,
what could be said about the solutions of the form Q,(z) = Qn () — Q,,(;n) and to extend
this model to more general classes of measures . It would be also of interest to decide if these
stagnation or equilibrium points are stable.
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