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Abstract

This paper deals with Mehler—Heine type asymptotic formulas for the so-called discrete Sobolev
orthogonal polynomials whose continuous part is given by Laguerre and generalized Hermite measures.
We use a new approach which allows to solve the problem when the discrete part contains an arbitrary
(finite) number of mass points.
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1. Introduction
Let {u;};_, be finite positive Borel measures supported on the real line. Define the Sobolev
space
r
W2 (o, i, o ) =1 f - / |fPdpo + Zf | £ Pdu; < +o0
i=1
with the inner product

(f.8) = f fedpo+ ) f eV du;.
i=1

It is very well known that this inner product is nonstandard; that is, (xf, g) # (f, xg). Con-
sequently, some nice properties of standard orthogonal polynomials (for example, the three-term
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recurrence relation and the interlacing properties of zeros) are lost. More importantly, some pow-
erful methods and techniques developed through the years to treat standard orthogonal polyno-
mials have not found their equivalent in this setting and many questions remain unanswered.

Here, we give a general solution to one of those problems. Let u be a finite positive Borel
measure supported on the real line, c € Rand M; > 0 fori =0, 1, ..., r. We consider an inner
product of the form

(fr8) = f FE)g@dpx) + Y Mif D)V (o),
i=0

and let {9, },>0 be the corresponding sequence of monic orthogonal polynomials. Such products
are called discrete types. More general discrete type products, in which derivatives of different
orders are multiplied, have also been studied. Recently in [13] the authors prove that every
symmetric bilinear form of this type can be reduced to the diagonal case; therefore, to some
extent, we are considering the most general situation (as long as the reduction is plausible).

Our aim is to obtain Mehler—-Heine asymptotic formulas for the sequence of Sobolev
orthogonal polynomials when the measure which appears in the continuous part is Laguerre
or generalized Hermite. We do this by comparing the Sobolev orthogonal polynomial and its
classical counterpart, and see how the addition of derivatives in the inner product affects the
orthogonal system. Some applications of Sobolev discrete type orthogonality within the theory of
standard orthogonal polynomials are known. For instance, some standard classical polynomials
with nonstandard parameters are not orthogonal in the usual sense, but they are orthogonal with
respect to nonhermitian inner products (see e.g. [11] for the Laguerre case and [10] for the Jacobi
case). Moreover, they are also orthogonal with respect to a discrete type Sobolev inner product
(see e.g. [1] or [12]). This last approach has its origin in a paper by Gonchar where he studies the
convergence of diagonal Padé approximation to meromorphic Markov type functions (see [7]).
Its first use in the context of discrete type Sobolev orthogonal polynomials (and more general)
dates to [14].

This idea allows to reinterpret Sobolev orthogonality as standard quasi-orthogonality (where
some orthogonality conditions are lost). Consequently, the polynomial Q, can be expressed as
a linear combination (with a fixed number of terms) of standard orthogonal polynomials R,
corresponding to the modified measure dv = (x — ¢)"t1du; that is,

r+1

0n(¥) =Y aj Ry j(x). (1)

This approach has proved to be fruitful when u has compact support and c lies in the complement
of the support of the measure.

In the bounded case, a straightforward argument allows to prove that all the connection
coefficients a;, are bounded. If the measure y is in the Nevai class, the orthogonal polynomials
R, have ratio asymptotic which simplifies the study of (1), in order to get the relative asymptotics
of Q,,/R,. The situation is quite different in the case of measures with unbounded support. For
example, consider the Laguerre probability measure, i.e. du(x) = %dx with o > —1, and
the inner product

_ aL—x @) @)
(fs8)r = T +1)/ f)gx)x“e dx+ZMf 0)g*(0), 2
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where M; > 0, i =0, ..., r. We will see in Theorem 2 that the connection coefficients which
appear in (1) are unbounded, and it is well known that the Laguerre polynomials do not have
ratio asymptotics. So, new ideas must be brought in to make efficient use of (1).

We will study the difference between the Laguerre polynomials and the Sobolev polynomials
Q. orthogonal with respect to (2). Because of the structure of (2), one can imagine that the
main difference between two polynomials of equal degree lies around the origin, where the
perturbation of the standard inner product takes place. We will see that is so.

To carry out our plan, we consider Mehler—Heine type formulas since they allow to describe
precisely the Laguerre—Sobolev type polynomials close to the origin. In [4], with » = 1 and
My, M7 > 0 the authors find an asymptotic formula for the polynomials Q,, and conjecture the
expression this formula should take in the general case. We formulate the conjecture as stated
more clearly in [15].

If M; > 0fori =0,...,r,inthe inner product (2), then

lim D"

n—oo nln%

X

Qn,r (_) = (_1)r+1x_a/2~]ut+2r+2(2\/;)’

n

uniformly on compact subsets of the complex plane, where {Qp r}n>0 is the sequence of monic
orthogonal polynomials with respect to (2) and J, is the Bessel function of the first kind of
order o.

In Theorem 1 we prove that the conjecture is true. In [4], the authors benefit from the fact that
there are explicit formulas for the connection coefficients. In fact,

01 (x) = Bo(m) L (x) + Bi(W)x LT3 (x) + Bo(m)x*L2F (x)

where the coefficients B;(n) are given explicitly in [9]. For a general Laguerre—Sobolev inner
product, we only know that the B;(n) are a non trivial solution of a system of r + 1 equations on
r + 2 unknowns. If the system is solved, you get an intricate expression with which it is difficult
to work. So we must follow general arguments. Our approach is new in the framework of Sobolev
orthogonal polynomials.

Mehler-Heine type formulas are interesting twofold: they provide the scaled asymptotics
for O, , on compact sets of the complex plane, and supply information on the location and
asymptotic distributions of the zeros of these polynomials in terms of the zeros of known special
functions. In particular, applying Hurwitz’s theorem, we prove that there exists an acceleration
of the convergence of r + 1 zeros of these Sobolev polynomials to the origin.

In the paper, we also deal with the situation when some M; = 0. We say that such Sobolev
inner products have gaps. For example, consider the inner product

1 * o —X
(f, &)rs = m/o f(x)g(x)x%e *dx

,
+ ) MifO0870) + M £ 0)g9(0),
i=0
wheres >r+2and M; > Ofori =0,...,randi =s.

In this situation, we also establish Mehler—Heine type formulas. We wish to remark that this
case has qualitative differences with respect to the case without gaps. For example, concerning
the convergence acceleration to O of the zeros of the polynomials, the result does not depend on
the number of terms in the discrete part, but it depends on the position of the gap. So, despite
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the presence of the mass My, there only exists an acceleration of the convergence of r + 1 zeros,
such as that occurs in the case of the inner product without the gap.

From the previous results, using a symmetrization process, we prove in Proposition 2 the
Mehler—Heine type formulas for generalized Hermite—Sobolev type polynomials.

The structure of the paper is as follows. In Section 2 we introduce the notation, the basic tools,
and remind some properties of classical Laguerre polynomials. In Section 3 we obtain some new
results for Laguerre-Sobolev type orthogonal polynomials that we use to establish our main
results in Sections 4 and 5. More precisely, Section 4 is devoted to obtain the Mehler—Heine type
formulas for the orthogonal polynomials with respect to a discrete Sobolev inner product with
positive masses, and in Section 5 we get the corresponding ones for orthogonal polynomials with
respect to an inner product with a gap. In Section 4, we give the size of coefficients appearing in
the connection formula between the Laguerre—Sobolev type and the Laguerre polynomials. The
exterior strong asymptotics for the sequences of Sobolev orthogonal polynomials considered in
Sections 4 and 5 are easily deduced from the relative asymptotics obtained in Section 3.

2. Notation and basic results

Throughout this work we will deal with classical Laguerre polynomials; that is, polynomials
orthogonal with respect to the inner product in the space of all polynomials with real coefficients

X

1 o0 o
(p,.q) = mfo p(xX)g@)x%e Fdx, o« > —1.

We will denote by L% the nth monic Laguerre polynomial.

Many of the properties of Laguerre polynomials can be seen, for example, in Szegd’s
book [17]. In what follows we summarize those properties which will be used in this paper.

It is known that the monic Laguerre polynomials are defined by

LOl(x) _ (_])n ‘Z <n+a> (_l)kx

and their L,-norm is

_ F(n +a+1)

LY LY 2 0,—Xx

dx = ———nl. 3

IZg? = T@ +1)/ (L, (x))"x%e Tath " 3)

The evaluation at x = 0 of the polynomial L$ and its successive derivatives are given by
—Dfn! T'@+1 —Dtkpr 1

(Lg)<k>(o>=( )'n (a+1) Lﬁ(O)z( )l I'(n +a + )_ @

(n—k!I'a+k+1) (n—k! I'e+k+1)

A useful tool for some estimates is the Stirling formula:
I'x+1) ~xe"V2rx (x = +00),

where the symbol f(x) ~ g(x) (x — a) stands for lim,_,, A ((X) = 1. In particular,

I'n+a+1)~nln®. 5

As a consequence, from (3)—(5), we get

. (Lw(()))2 1
lim ILe2ne ~ T@+ 1) ©
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The following asymptotic results are known. They can be deduced from Perron’s formula in
Szeg6’s book [17],

nL®_ (x
im L() =1, (7
no Ly(x)
1/2L0t
Hnlﬁ—gifﬁfzzzx/—x. 8)
"Lyt (x)
In both formulas, convergence is uniform on compact subsets of C \ [0, c0).
The nth kernel for the Laguerre polynomials K,(x,y) = Y/ % satisfies the

Christoffel-Darboux formula
1 L%, (0)LEG) — LY ()LL)

Kn(-xa )’) =

1L x—y
As usual, we denote the derivatives of the kernels by
gkts (LD LHV ()
K(k,S) , — K , — L 1
n (x,y) axkays n(x,y) ; ||L;1||2

with k, s € N U {0} and the convention K,EO’O) (x,y) = K,(x, V).
In the next lemma, we show some formulas for the derivatives of the kernels, that we will
need throughout the paper.

Lemma 1. The derivatives of the kernels of the Laguerre polynomials, for k, s € NU{0}, satisfy
(@)

‘ 1 s!
K,(,(ibl)(x,O) = L% 2 ott [Py(x, 0; L% LY (x) — Py(x, 0; LOLY, (x)]
n—1
where Pg(x,0; f) is the sth Taylor polynomial of f at 0.
(b)
KED(0,0)= KB gkratl=2) (LE_ DD O (L k1D ()
" o) e jlk+s+1—))!
F'a+n+1)

(k,0) = (=D
K,”1(0,0) = (=1) (n—(k+ )N a+k+2)

Proof. (a) The result follows from the Christoffel-Darboux formula and Leibniz’s rule.
(b) Observe that, according to Taylor’s formula, %K ,(lk_i) (0, 0) is precisely the coefficient of

xFin K ,E(i‘? (x, 0), therefore
K270, 0)
Kt KLy P @)D 0) — (L) VO Ly 0)
|M$N2Fo Jltk+s+1—j)! ’

In particular, for s = 0, straightforward computations lead us to conclude this lemma. [

Throughout the paper we work with sequences of monic orthogonal polynomials, and we use
the acronym SMOP for them.
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3. Auxiliary results

From now on {Q, r}s>0 denotes the sequence of monic Laguerre—Sobolev orthogonal
polynomials with respect to an inner product of the form

1 9] w . r . .
, = x)g(x)x%e dx + M; pD0)g® (0), 9
(P, q)r F(a+1)/0 p(x)g(x) ;zo ip"(0)g"(0) )
where o > —land M; > 0, i =0, ..., r. Notice that all the masses in the discrete part of this

inner product are positive.

We write K, , for the corresponding nth kernel, that is K, ,(x, y) = Z’;‘:o W, and
Jsre Jsr r

K ,Slf;s) for the derivatives of the kernels.

Observe that, in fact, (.,.);, Qn.r, Ky, and K,glf,‘s) also depend on the parameter o but for
simplicity we have omitted it in the notations.

In the next lemma, we obtain an asymptotic estimation for Qf,kz (0), k£ = 0, that will play an
important role along this paper. To do this, we need to know the “size” of the kernels of Q, , and

their derivatives.

Lemma 2. Let Q, , be the monic polynomials orthogonal with respect to the inner product (9).
Then the following statements hold:
(@) ForO<k<r,
k
w0 Gk
(LHY®) ()  pot2ktl’

where C i is a nonzero real number independent of n.

Fork >r+1,
. " 0) _ k! I(a+k+1)
n (LO®O)  k—+ I T(@+r+k+2)
(b)
lim (Qn,r, Qn,r)r _
n L%

Proof. We use mathematical induction on » € N U {0}.
If r = 0, the Fourier expansion of the polynomial Q, ¢ in the orthogonal basis {L},>0
leads to

On,0(x) = Ly (x) — MoQ,0(0)Ky—1(x, 0),
and therefore
MoL¢(0)
1+ MoK,-1(0, 0)

As a consequence of (4) and Lemma 1 (b), we obtain (a) for r = 0.
Using (10), we have

On0(x) = Lj(x) —

Ky 1(x,0). (10)

Mo(L%(0))?
105 On — Lot 2 n )
(Qn.0 Cnodo = ILI" + 1= MoK 0.0)

Thus, from (6) and Lemma 1 (b), it follows (b) for r = 0.
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Suppose now that (a) and (b) hold for the SMOP {Q,, ,},>0 with r > 0, then we are going to
deduce that they are also true for the sequence {Q, r+1},>0. To do this, we observe that

P> Dri1 = (P Or + M1 p" D (0)g "1 (0) (11)

and therefore

Onrs1 () = Oy () = M1 QUHD O KO (2, 0). (12)

Taking derivatives » + 1 times in (12) and evaluating at x = 0, we obtain

r+1) v o
0 0) = : . (13)
n,r+1 1+ Mr+1Kr(l}’_4iT;r+l)(O’ 0)
Taking now derivatives k times in (12), evaluating at x = 0, and using (13) we get
(k) (k,r+1)
Q1@ _ 0O MK, 70,00 o) 04
LHB©O)  (LHBO) 1+ M,HK,ETI};’“)(O, 0) (LH®(0)

Before taking limits in the last expression, we need to estimate K ,Eliqtl) (0, 0). Applying the
Stolz criterion (see e.g. [8]) the induction hypothesis for {Q r}s>0, (4) and (6), we obtain for
k>r+1

k,r+1 k 1
- K0 0,00 . o RPN (VYO RAR ()
n potktr42 T T, ”Lg71 ||2(a +k4r+ 2)n°‘+k+r+1

_ (DM 0@+ 1)
T @t ktr+ )l @tk+ D@ tr+2)
[ 20O 0O
o (L%_H®(0) (L)1 (0)

kD! (=DK1 (@ + 1)
k=G +DNT(a+k+r+3)(a+2r+3)
and therefore, from (14), we get (a) for k > r + 1.

Now, if 0 < k < r, to estimate the size of Ky(lk_rltl)
thus, we obtain

15)

(0, 0), we use the Stolz criterion again and

K(k,r+])(0’ 0)

n—1,r

(r+ 1! Crxl'(a@+1)
R

=(_1)r+l+k .
r+1—kI'(a+k+1D)I'(a+2r+3)

Using the induction hypothesis and substituting all these results in the right-hand side of (14)
we get

k
Q;;H(O) _ Gtk
(L%)(k) (0) na+2k+1 ’

_ atk+r+2

where C,11 4 = g b

C,k # 0. Therefore the proof of (a) is complete.
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To finish we only need to deduce (b) for {Q, ,+1}n>0. As in the case r = 0, from (11) and
(13), we get

(r+1) 2
My 41(Qn.r *(0))
(Qn,r+l» Qn,r+1)r+l = (Qn,rv Qn,r)r + rt (I:J:I =) .
1 K ’ 0, 0)

+ M1
Using (a) for k =r + 1, (3), (4) and (15) we achieve the result. [

n—1,r

Observe that both Laguerre and Laguerre—Sobolev type polynomials have asymptotically the
same global size from the point of view of the norm, while the size of the successive derivatives
at the point x = 0 is affected by the discrete part of the inner product, but only when the order of
the derivatives corresponds to a positive mass.

We can also establish the following relative asymptotics.

Proposition 1. Let {Qp r}n>0 be the SMOP with respect to the inner product defined by (9).
Then, for k > 0,

o Q)
n (L)

uniformly on compact subsets of C \ [0, 00).

’

Proof. From the Fourier expansion of the polynomial O, , in terms of the Laguerre polynomials
and Lemma 1 (a) we get

Qn,rm:l_iMii!QS}(mPi(x»o; L[, PeoLy Lo
L%(x) i ILE_ |2xi Pi(x,0: L% ) L¥(x) |
Since
Pi(x,0; L% i
Jim D& 0 L) _ X (16)

no(LHD©O) il
from (4) and (7), we have, fori =0, ...,r,

. Pi(x,0; LY) Ly (x)
Iim|1—
Pi(x,0; Ly ) L%(x)

uniformly on compact subsets of C \ [0, 00).
Moreover, taking into account (4), (16), and Lemma 2 (a), there exists
Mt O P 0: Ly )
n ”Lg_lnzxi-&-l

Therefore, each one of the terms in the sum tends to 0 uniformly on compact subsets of C\ [0, c0)
and the result for £k = 0 follows.
From this result, since the functions Q,, /L% are analytic in C \ [0, c0), we have

i ( :1,r(x) Qnr(x)> (Lz)/(x) ST <Qn,r>, _
im — = lim (x) =0,
n LY Lek) ) Lex)  n \ Lg

n
uniformly on compact subsets of C\ [0, 00). Therefore, the result holds for k = 1, and, for k > 1
it suffices to use an induction procedure.  [J
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4. Main results

As we have mentioned in the introduction, if we consider a general discrete Sobolev
inner product, the key used to obtain some results is the possibility to transform the Sobolev
orthogonality into a standard quasi-orthogonality.

Now, in our particular case, the sequence {Q, ,},>0 orthogonal with respect to the inner
product defined by (9) is quasi-orthogonal of order r 4+ 1 with respect to the Laguerre weight
x¥t+le=x that s,

+00
/ p(x)Qn,r(x)xa+r+le_de =0,
0

for every polynomial p with deg p < n — (r + 1) — 1. Therefore, as an immediate consequence
we have a connection formula of the form

r+l1
On.r(x) = Zar/t,rLz——’_;+l(x)’ ar(z),r =1 (17)
=0

We have just shown that both sequences of orthogonal polynomials, {Q; ,},>0 and {L%},>0,
are asymptotically identical on compact subsets of C \ [0, 0c0). In this section, our main aim is to
establish their differences through Mehler—Heine type formulas which describe the asymptotic
behavior around the origin.

4.1. Mehler—Heine type formulas

First of all, we recall the corresponding formula for the monic Laguerre polynomials,
(see [17, Th.8.1.3]):
1"
tim & o (f) = x~2 ], 2%, (18)
n

n  pnln%

uniformly on compact subsets of C, where J,, is the Bessel function of the first kind of order
o (o > —1), defined by

oo (_1)’1 X 2n+a
Ja(x)zng(:)nlf(n—i—(x—i—l) <§) ’

To get the Mehler—Heine type formulas for {Q, ,},>0, we focus on the problem in a different
way than in the bounded case. As we will see later, it is worth noticing that the knowledge of
the asymptotic behavior of the connection coefficients is not enough to obtain directly these
asymptotic formulas.

Write the Taylor expansion of the polynomial Q,, ,

k
v, (2)= Z (=)' 010 LH®©) x*
nlne =" \p = nln® (L%)®(0) k! nk’
Then, to calculate the limit, we use Lebesgue’s dominated convergence theorem. For this
®)
purpose, we need to find a uniform bound for the ratios i LQ(X")’(’A,()(?O). As a first step, using the

connection formula (17), in the next lemma, we obtain a new algebraic expression with a nice
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structure which relates the derivative of order k + 1 of the polynomials Q, , to the derivative of
order k.

Lemma 3. Fixed r > 1, let { Q. }n>0 be the SMOP with respect to the inner product (9). Then,
we have for0 <k <n —1,

o0 atk+1 0%

(LHKDO) — a+r+k+2 (L)

I'e+r+2) %( k )F(“+k+2) A
[(@+r+k+3) & F@+i+1) (LHDO)

19)

where

r+1

' J! I .
A;),:Zﬁagr ), i=1,r 41,

and the coefficients a,J,), are those of (17). By convention, Aﬁl,r =0, wheni > r + 1. Besides,

Anr {o if1<i=<r 20)

lil’Iln(Lg)(’.)(O)_ r+D! fi=r+1.

Proof. Taking derivatives k + 1 times in (17), evaluating at x = 0, and using (4) several times
we get, for k > 0,

r+1 r+1 .
<1<+1) atr+ING+HD oy — j_n-Jj- a+r+1 *)
0) = Zanr(L HAHED ) = j;)a +r+k+2( )®(0)
n—- ® (o 1 - j +r415 (k)
= jay (LT 0
a+r+k+2Q O+ +r+k+2j;”’”( nej 1O
k r+1 ) N
_ n— ® (0 —DI'(ax +r +2) . (n—j! et g
a+r+k+2Q O e k43 ;]a"’r(n—j—k)! n-j O

According to formula (5) in page 8 of [16],

(n n—1—i
= () (),

and therefore

n—p'  G=D E Lk =D)!
(n—j—k)!‘<n—<k+1>>!;(_” (i—l)u—i)!'

Thus, the above expression can be written in the form

k k+1
(1) () — n— ® (o =D*I'a+r+2) -l
0O =~ +k+2Q O+ e T ) ;( )

k) (n —i)! A
) (i—l (n— G+ Dyrme
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which leads to

*D0) n—k  @H®©0) 0%

(LOHED©0) —  a+r+k+2 (LD 0) (LY)®(0)
“DfMa+r+2" & (&
T Tatrtk+3) ;(_1) (i—1>
L=t PO AL,
(n — (k + 1) (L&)E+D(0) (L%)D(0)

_ a+k+1 0RO Fa+r+2) ’f k
T atr+k+2@LH®©0)  Fedr+k+3) i1
Fa@+k+2) A,
X . 9
I'(@+i+1) (LY)D(0)

i=1

where we have used expression (4). So, the first part of the lemma is proved.
To deduce (20) for i = 1, we apply (19) for k = 0, that is

0 _atl 0,00 1 Al
(LHDO)  a+r+2LHO)  a+r+2(LHDO)

and by Lemma 2(a), we get

1
lim—>—— =0
n (LE)M(0)
Now, to deduce the result for i > 2, it is enough to apply a recursive procedure. [

The above lemma, although quite technical, will be very useful in what follows. In the next
subsection, we will use formula (20) to estimate the size of the connection coefficients, while (19)

)
leads us to obtain a uniform bound for the ratios (LQ;T;()O().@‘
Lemma 4. Let {Q,, ,}n>0 be the SMOP with respect to the inner product (9). Then, fixed r > 1
there exists a positive integer ngo such that, for all n > ngy and for all k withr + 1 < k < n, the
inequality

*)
n,r(o) k! Il'a+k+1)
LH®©)| D T T e D e ey

holds. Furthermore, for r > 0, there exists no € N such that,

0.0

Proof. We prove the lemma using mathematical induction on %, i.e., on the order of the
derivative.



M. Alfaro et al. / Journal of Approximation Theory 163 (2011) 460—480 471

Keeping in mind Lemma 2(a) for k = r 4+ 1 and Lemma 3, there exists a positive integer ng,
independent of k, such that for all n > ng, the following formulas hold,

r 1
Fm+f+m Ab <1, i=1,....r (23)
Ta+i+1) [(LYHD(0)
and
A
m 52(1"4—1)' (24)

Notice that formula (22) is the required bound for k = r 4+ 1. Now, we assume that the result
holds for a fixed k, with k > r + 1, and then we will deduce that it holds for k + 1.

Taking absolute values in (19) and using induction hypothesis, (23) and (24), we get for
n>npandk+1<n

a+k+1 wa) Fa+k+2)
a+r+k+2|(LHPO)| Ia+r+k+3)

B0 )-tpen]

Q(k-‘rl) (0)
L) ®0)

k'(k — (r = 1))
< 2(F+1)W+ 2(r +1) +Z( ):|
I'a+k+2)
frm+r+k+$
k!
5_2(”4‘1)( ),(k‘i‘l—(r_]))-i- m]

B I'e+k+2)
a+r+k+3)

< |2+ &Y “+D!} T +k+2)
L k—r)  (k+1—=r)] Ta+r+k+3)
k+ Dt I(@+k+2)
SR s T A ) SR )

So, the first part of lemma is proved. For the second part, using (4), (10) and Lemma 1 (b), we
deduce for every n > k the explicit expression

OO MK, 10,00 a+1 n—k
(LH®©O) 1+ MoK,—1(0,0)a+k+1 n
Then,
2,5

k]

< TH®0)

holds for all k£ with 0 < k < n. According to this fact and the first part of Lemma 4, we
have (21). O
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Next, we show how the presence of the masses in the inner product changes the asymptotic
behavior around the origin. This result proves the conjecture posed in [4].

Theorem 1. Let {Q, ,}n>0 be the SMOP with respect to the inner product (9). Then,

im ", , (5) = O @V,

n  pnln%

uniformly on compact subsets of C.

Proof. Using the Taylor expansion of the polynomial Q, , we can write

(-1 X\ s (=) 0fhO) xF
nlne =" <_) - Z nn® k! nk

k=0
To obtain the asymptotic behavior of the above expression when n — o0, we use Lebesgue’s
dominated convergence theorem. Indeed, given a compact set K C C, from (4), (5) and (21) in
Lemma 4, there exists a positive integer ng such that for all n > ng, for all j > 0 and for all
x ek,

L |ofO | _ re+nizo) 200+ 1) Ixlk
n'n% k! nk n'n® (n—kmk T'e+k+1) k!
4r+1) M-
T TIa+k+1) k!

. .. . k
for each k > 0, where M is a positive constant depending on K. As Y ;2 m%

converges, the assumptions of Lebesgue’s dominated convergence theorem are satisfied. Then,
using Lemma 2 (a), (4) and (5), we have

lim 3 Y xS (=D 1 o
n = nln® k! nk WSt k= + D) Ma+k+r+2)
= (=D T Jy2r22V),

uniformly on compact subsets of C. Thus, the result follows. [

We will show a remarkable difference between the zeros of the orthogonal polynomials LY
and the ones of Q, , concerning the convergence acceleration to 0.

Before analyzing this, recall (see [17]) that the zeros of the Laguerre polynomials are real,
simple and they are located in (0, co). We denote by (Xn,k)Z: | the zeros of LY, in an increasing
order. It is worth pointing out that they satisfy the interlacing property 0 < Xxj41.1 < Xp,1 <
Xp+1.2 < ---, and that x, —n> 0 for each fixed k.

Let (ju.k)k>1 be the positive zeros of the Bessel function J, in an increasing order. Then,
formula (18) and Hurwitz’s theorem lead us to

NXpk = Jak, k=1,
n

and therefore
C
xn,k ~ _k1 k > 11
n

where Cy is a positive constant depending on k.
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Concerning the zeros of Q, ,, standard arguments (see for instance [5]) allow us to establish
that Q, , has at least n — (r+1) zeros with odd multiplicity in (0, 4-00), or equivalently n —(r41)
changes of sign. Moreover, since My > 0 and the mass point in the discrete part of the inner
product belongs to the boundary of (0, 4-00), then the number of zeros with odd multiplicity is
at least n — r (see [2]).

From Theorem 1, Hurwitz’s theorem, and taking into account the multiplicity of O as a zero
of the limit function in Theorem 1, we achieve

Corollary 1. Let (&, ,);_, be the zeros of Qn,r. Then

n,f’k—n>0, l<k<r+1,

néy k= Jatari2k—r—1, k=1 +2.

Remark 1. The presence of the positive masses M;, i =0, ..., r, in the inner product produces
a convergence acceleration to O of r + 1 zeros of the polynomials Q,, ,.

4.2. Connection coefficients

In this subsection, we deduce from Lemma 3 a nice result having his own interest; concretely,
we obtain the size of the connection coefficients aﬁ,,.

Theorem 2. Let a,{)r be the connection coefficients which appear in (17). Then, we have

j
lima"’.r=<r-i._l), 0<j<r+1.
n nl J

Proof. From (20) and the expression

(r + Dlajt!
nn—1---(n—r)

1 1 +r+1
Al = (r 4+ Dla) LA (0) =

n,r

(L0,

it follows easily

r+1
lim =2 =1
n nr+l

A recurrence procedure leads to the result. Indeed, we assume that the result holds for
k+1 < j <r+1, and we will show that it is true for j = k. From (20), for i = k, we
can obtain

e, LYo
hmZ ; -k ooy =0
n K = R R (L ®(0)

From (4) and (5), we get

r+l o ] a;{r
; E ' —_1)k—J nro_
hlgn‘ k( 1) (k) py; =0.
]j=
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From the assumption

J
1im“”’.’=<’”71>, k+1<j<r+1,
n nlt ]
we have
k r+1
.G k+1—j r+1
11,?1 = E (—1) k j

j=k+1
1
r+1> i fpl— <r+1 k) (r—l—l)
= (—1)kH1=J = .
( Jj=k+1 k k

Remark 2. As we have claimed before, the Mehler—Heine type formulas for polynomials Q, ,
cannot be directly deduced as a consequence of the connection formula.

4.3. Generalized Hermite—Sobolev polynomials

As a consequence of the previous results, we are going to establish asymptotic properties for
the orthogonal polynomials associated with the following inner product

2r+1
—x2 i i
p@)g)|x[*e dx + > M;p®0)g7(0), (25)
i=0

1
(P-a)= F(M-i-l/z)/R

with u > —1/2and M; > 0, i = 0,...,2r 4+ 1. We denote by S,’;f, their monic orthogonal
polynomials.

The polynomials H/' orthogonal with respect to the weight |x|2/‘e”“2 (u > —1/2) are called
generalized Hermite polynomials.

Notice that in this case the polynomials S} , are symmetric, that is, S’ (—x) = (—1)" S}, (x),
and because of this symmetry, we can transform this inner product (25) into an inner product
like (9), and so we can establish a simple relation between the polynomials Si, and the
polynomials Q, , considered before. This technique is known as a symmetrization process.
In fact, in [5] this process is considered for standard inner products associated with positive
measures. The simplest case of this situation is the relation between monic Laguerre polynomials
and Hermite polynomials, that is (see [5] or [17]),

-1 2 1/2
Ho(x) = Ly (), Hop1(0) = xL,/* (), n>0.
As a consequence we have

—1/2 1/2
Sh = 0h P, sk o =xon e

where {Qﬁ;l }n>o (respectively, {Q”H/ 2},,20) is the SMOP with respect to an inner product
like (9) with @ = p — 1/2 (respectively, « = u + 1/2).
Therefore, taking into account Proposition 1, the relative asymptotics
(Sn)® ()
im——— =
n (Hy)® (x)

uniformly on compact subsets of C \ R, k > 0, easily follows.

)
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Also, applying Theorem 1 in a straightforward way, we obtain

Proposition 2. Let {S,li rIn>0 be the SMOP with respect to the inner product (25). Then,

. (=D"n x X\ —H+1/2
h)‘l n'nll« g;l r zﬁ = (_1)r+1 (5) JM+2V+3/2(-X)1

(=" x | X\ HTL2
e 2l \ g =Dt (5) Ju+or+5/2(x),

lim ———58%
uniformly on compact subsets of C.

Remark 3. These results generalize some of the ones in [3] and solve the conjecture posed there.
5. Inner products with gaps

In this section, we are concerned with inner products such that in their discrete part at least
one of the masses vanishes:

(P, Drs = (P, Qr + M;p®(0)g® (), s>7r+2, (26)

where My > 0, and (., .), is defined in (9) if » > 0, and, for r = —1 is the classical Laguerre
inner product, and therefore in this case, the polynomials Q, , are the Laguerre polynomials LY.
So, roughly speaking, there is a “gap” in the discrete part of the inner product (., .),s. We denote
by {Th.r.s}n>0 the sequence of monic polynomials orthogonal with respect to the inner product
G5 Irs-

The Fourier expansion of the polynomial T}, , s in the orthogonal basis {Q, }n>0 gives

(s)
M; 0, -(0)
Thrs () = Qr (¥) = @O0 (x,0). 27)
1+ MK, ™, (0,0)

Using similar arguments as in Lemma 2, it can be proved.

Lemma S. Let (T, ,s}n>0 be the SMOP with respect to the inner product (26). Then the
following statements hold:

(a) ForeitherQ <k <rork=s,

Ti050)  Crsx
(LHY®) ()  pot2ktl’

where C, i is a nonzero real number independent of n.
Fork>r+1landk #s

i 78 (0) k! k—s I(a+k+1)
m = .
n (LOBOO) k—(@+DNa+s+k+1T(a+r+k+2)

(b)

. (Tn,r,s Tn,r,s)r,s
lim —2 =1
n LG
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The above lemma also allows to deduce the relative asymptotics for these orthogonal polyno-
mials, that is, for k > 0, we have

k
T;z(,r),s (x)
im — L =
n (LY® (x)

’

uniformly on compact subsets of C \ [0, 00).
Now, we obtain the Mehler—Heine type formula for the polynomials {7}, , s},>0.

Theorem 3. Let {T; . s}n>0 be the SMOP with respect to the inner product (26). Then,

. (=D" X e e el U 0))
lim g Inrs (;) = (=D x2 mfaﬂrw(zﬁ)

s—r+1
+ Z AiJotort2i (Zﬁ)} , (28)
i=2

where \; are nonzero real numbers. The limit holds uniformly on compact subsets of C.

Proof. From (27),

(1) x\ (=1 x M 05)(0)
1o Tn,r,s <_> = | o Q _) - (5.5)

nln nln n 1+MsKn71’r(Oa 0)
(k,s)

n n—1
NS k% (0,0 ()_C)k. (29)

n'n® pr k! n

(k,s)

To estimate the kernels K, )",

obtaining

K7, 0.0)
]
0 ifO<k<r,

k! 5! (=DM +1)

k—G+) G-+ @tk+s+DI@+k+r+2@+s+r+2)
ifk>r—+1.

(0, 0), we apply the Stolz criterion, Lemma 2, (4) and (6),

Moreover, it is not difficult to check that

o (="t 090) =+ @+2s+ Dl @+s+r+2)
, .

I = (1)
n n! K% (0,0 =1 s! F'@+1)

n—1,r

According to the two above results, we get the asymptotic behavior of the coefficients in the
sum appearing in (29),

(—1)" M, (0K Y ,.(0,0)

T K& (0.0)
0 if0<k<r,
= (—=Dkk! (@+2s+1)
k—@+1D))(@+k+s+DINa+k+r+2)

ifk>r+1.
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On the other hand, from (21), there exists ng € N such that for all n > ng, and for every
k,s > 0, we have

)K(k,s) 0, 0)‘ 54(r+1)2‘K(lﬁ‘i)(0’ 0)‘.

n—1,r n

Now, to obtain a bound for the kernels K ’ik_sl) (0, 0), we consider the expression which appears
in Lemma 1 (b). Then, when k > s — 1, it is easy to check that j!(k +s 4+ 1 — j)! > s!(k + 1),

and 'a+j+DI'e+k+s+2—j)>T'(a+s+ DI'(¢+k+2)for0 < j <s. Therefore,
k+s+1
) n*t
K 0,0 ‘ <Ci——m.
} 1 Q0] = "Ta+k+2)

Indeed, given a compact set K C C, from (4), (5) and (21), there exists a positive integer g,
such that for all n > ng, forallk > s — 1, forall j > O and forallx € K,

1
pots+l

o At M
= T Ia4+k+2) k7

n—1,r

k! nk

K,7,(0,0) xk

k
T % converges, we can apply
Lebesgue’s dominated convergence in the last term of (29). Then, using Theorem 1, we obtain

="

where M is a positive constant depending on K. As ) 72, T !

. X —

lim =2 T (5) = (D 2 QV)

n  n.n n
i (DX +2s + 1) xk 30)
S @t ks + DI +k+r+2) k= + 1)

If we write s = r + 1 + h with 2 > 1, then the above series is read as

T'e+k+2r+h+3) (=D)kxk
Ma@+k+2r+3)a+k+2r+h+4) Kk

o0
D @+ 2r +2043) )
k=0

Observe that I'(o« + k + 2r + h + 3)/I'(e + k + 2r + 3) is a polynomial in k of degree h
(the number of gaps) and so we can write

F(a+k+2r+h+3)_F(a+2r+h+3)+zh:ﬂkl
Fatk+2r+3)  T@+t2r+3 ="

where B;, [ =1, ..., h are positive coefficients. Thus, the above series can be expressed as

I'@+2r+h+3) i 1 (—=1)kxk

Ma+2r+3) Zla+k+2r+h+4) Kk

h [ee) 1 k. k
k (—D)kx
+;ﬂlk;r(a+k+zr+h+4) X

For the first one, using the recurrence relation repeatedly (see [17]),

Jam1 QT + Jur1 @VF) = ax™ 20y 2V/5),
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we get

F'a+2r+h+3) & 1 (—1)kxk
I'(x +2r + 3) kZ:OF(ot+k+2r+h+4) k!
I'oa+2r+h+3) _at2r+nt3
= Ta+t2z+13

h+2
_af2r42 1
=13 [—Ja+zr+z<2ﬁ) + D Hidusariai (2\/?)} :
i=2

Jat2r+h4+3(24/%)

oa+2r+h+3

where p; are real numbers which can be computed explicitly.

Moreover, for the remaining series, using the same arguments, it can be seen that each one of
the terms can be written as a combination of Bessel functions of order bigger than « + 2r + 2.
More precisely, forl = 1,...,h

i kl (—l)kxk
kzol"(a+k+2r+h+4) k!

_ i (k+1)!~! (=Dt
B F'@+k+2r+h+5 k!

k=0

_at2r42 I'(a +2r +5) h+2
= 2 — J 2 *] 2 ’
' [ Tt i+ 5 @YD+ D i sai V)

where p are again real numbers which can be computed explicitly.
Finally, taking these results into account in (30), we achieve

. (_1))1 X _ 1l —a/2 a+2r+2h+3
1lrll‘11 WTn,r,s (;) =(=D""x - T T T hT3 Jat2r+2(24/%)

h+2
+ (=) 0 a2 V%),
2

and the proof is concluded. [

For the particular case s = r 4 2 in the inner product (26), i.e., when there is a gap of “length
one”, the result established in the above theorem generalizes the one obtained in [4]. In fact,
handling the right-hand side of expression (30) and using the recurrence relation of the Bessel
functions, we obtain:

—1 n
tim 07, ()
n

n  nln%

2 5 2 3
=<—1>’+‘x“/Z[Ja+zr+z(2ﬁ)— (@+2r+ )x(‘” L) a2V
+2r+5
n %mes (2@]
_ (_1\y+l—a/2 _ (@+2r+5)(a+2r+3)
=(-1""x |:Ja+2r+2(2\/)_€) @2t ASr Jat2r+3(2/x)
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oa+2r+5
(@ +2r +4)/x

— (_1)r+1x—a/2|:

1
+oz—|—2r+4

Ja+2r+5 (2\/)_5)i|

—1

mhﬂrﬂ@ﬁ) — Jat2r+4(2/%)

Ja+2r+6(2\/;)i| .

Concretely, we recover the corresponding result in [4] taking r = —1 in the above formula.

We also generalize other asymptotic results. For example, very recently in [6], the authors
consider the inner product

1 o
_ a—x ) )y, )
(P, q)-1,s = F(a+1)/0 p(x)g(x)x“e "dx + M, p*’(0)g*’(0)

= (P, @) + M;p¥ ()¢ (0), 31)
where s > 1. Notice that the inner product (31) is a particular case of the inner product (26)
taking r = —1. Thus, we recover some asymptotic results obtained in [6].

On the other hand, as a consequence of the above theorem, we present the situation about
the acceleration of the convergence towards the origin of the zeros of the polynomials 7}, , .
The quasi-orthogonality of order s 4 1 of the sequence {7}, ,s},>0 With respect to the positive
measure x*+STle=* assures that 7j, ., has at least n — (s + 1) changes of sign in (0, +00).
However, in [2], the authors proved that the number of zeros in (0, +00) does not depend on the
order of the derivatives, but on the number of terms in the discrete part of the inner product. So,
T,.r.s has atleast n — (r 4 1) zeros with odd multiplicity in (0, 4-00).

The situation is quite different if we are concerned with the study of the acceleration
convergence to 0 of the zeros of the polynomials. So, from Theorem 3 and Hurwitz’s theorem
and taking into account that x = 0 is a zero of multiplicity » 4+ 1 of the limit function in (28), we
achieve the following result:

Corollary 2. Let (¢,73)}_; be the zeros of Ty r.s. Then

n
ng‘;z;;?O, l<k<r+1,

n ,:2 7 ha,r,kfrfl ., k>r+42,
where hy . —r—1 is the (k — r — 1)-th zero of the limit function in (28).

Again, using a symmetrization process, we can also obtain the Mehler—Heine type formulas,
as well as the relative asymptotics for generalized Hermite—Sobolev polynomials with gaps in
the discrete part of the inner product.

Remark 4. We wish to highlight that the convergence acceleration to 0 of the zeros of the
polynomials Q, , and T, . is the same. That is, the addition of a mass M, after a gap in the
inner product does not affect the convergence acceleration to 0. So the breakpoint is given by the
position of the gap.
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