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Abstract

In this brief survey are collected some recent results about optimal interpolation processes
of Lagrange type based on the zeros of generalized Laguerre polynomials, i.e. the sequence
of orthogonal polynomials {pm(wa)}m Where wq(z) = e~ 2. A new extended Lagrange
process having optimal Lebesgue constants is also introduced.
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1 Introduction

Lagrange interpolation is an useful tool in many applications of numerical analysis, since it
is flexible, easily computable and, differently from the most popular piecewise polynomials
approximation, its accuracy increases for smoother functions. It appears in numerical
integration and differentiation processes and also in the numerical treatment of functional
equations by collocation methods.

In the case of the finite interval Lagrange interpolation on the zeros of orthogonal
polynomials was extensively studied and the knowledge of ”good” interpolation processes
appears to be sufficiently complete (see [13],[16] and the references therein). In this short
survey we limit ourselves to some recent developments on Lagrange interpolation of func-
tions on the positive semi-axis.

To be more precise, given a generalized Laguerre weight w, (z) = e‘xﬁxo‘, a>-1,8>
%, let £, (wq)(f) be the Lagrange polynomial interpolating a given function f at the zeros
of the m-th Laguerre polynomial p,,(wq).
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We will assume f € (), which is the space of the functions f satisfying the limit
conditions lim, g+ f(x)u,(x) = 0, limy— 40 f(2)uy(z) = 0, with uy(z) = e 2 4>
0 and equipped with the uniform norm || fu,|/-. Roughly speaking, functions in C,, can
increase exponentially for x — +oo and to have an algebraic growth for z — 0%.

We start from a result about the Lebesgue constant proved by P. Vértesi in [24]:
for any matrix X of knots defined in (0,+o00) one has || £, (X)|lc, > Clogm. However,
L (we) as map of Cy, into P, is a "bad” process since there exist choices of «,~ such
that || L, (wa)ty|leo ~ m™ [15],[19].

To overcome this bad behavior some different processes essentially based on the zeros
of generalized Laguerre polynomials were proposed in [14],[15],[12],[8],[19],[20]. Under
suitable conditions, some new modified Lagrange sequences were recently introduced to
approximate functions f € C, like the best approximation of this space, except the factor
log m.

To complete in some sense the study of optimal Lagrange interpolation processes,
we collect recent results about the so-called extended interpolation. Setting Spyn =
Pn(0)pm(p), being o, p two generalized Laguerre weights, the Lagrange polynomial
Lm+n(p, 0, f) based on the zeros of S, 1., is known as "extended Lagrange polynomial”.
As we shall see, the parameters n,m, p,o have to be chosen in such a way that any
polynomial of the sequence {Si}; have not only simple zeros but also ”far enough” (see
[21]). Indeed, the existence of too much ”close” consecutive interpolation nodes has a
negative consequence on the behavior of the corresponding interpolation process. Since
the research of "good” interpolation matrices of knots is still an open problem, here we
propose a new interpolating process essentially based on the zeros of py,(wa)pm+1(wa),
proving conditions under which the sequence of the corresponding Lebesgue constants
behaves like log m in some weighted uniform spaces.

The plan of the paper is the following: Section 2 contains an excursion on recent
results about Lagrange interpolation processes and their convergence. Section 3 contains
some results about the extended Lagrange interpolation with a new interpolation process.
Finally Section 4 contains the proofs of the new results.

2 Lagrange Interpolation

In the sequel C will denote any positive constant which can be different in different for-
mulas. Moreover C # C(a,b,..) will be used to mean the constant C is independent of
a,b,... The notation A ~ B, where A and B are positive quantities depending on some
parameters, will be used if and only if (4/B)*! < C, with C positive constant independent
of the above parameters.

Throughout the paper 6 will denote a fixed real number, with 0 < # < 1, which can be
different in different formulas and IP,, will be the space of all algebraic polynomials of
degree at most m.

Consider the weight

1
wa(z) =e 2% a>-1, B> 5 (2.1)

Let {pm(wa)}m be the corresponding sequence of orthonormal polynomials having
positive leading coefficients, i.e.

Pm(Wa, ) = Ym(we)z™ 4+ terms of lower degree, i, (wq) >0
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and let {z,, 1 }}*; be the zeros of py,(wy) in increasing order.

As proved in [8],[7] the zeros of p,(wq) lie in the range (0, an(v/w,)), being a,, =
am(v/w,) the Mhaskar-Rakhmanov-Saff number (shortly M-R-S number) w.r.t. w,. We
recall that a,, is defined as the smallest positive number satisfying

maX]P )/ we(x)| = max | P () wa ()|, VPn € Pp,

z€ z€[0, am(vVw,)]
being
- C[28@B)2]7 (. 2a+1\F 1

where I' denotes the Gamma function. Therefore a,,(v/w,) ~ m? .

We observe that in view of (2.2) generalized Laguerre weights having the same expo-
nential part e‘bxﬁ, eventually with a different constant b, have M-R-S numbers differing
for a constant. Therefore, in the next we use only a,, for any generalized Laguerre weight.

Setting
1
u’Y(IE) = e—xﬂ/2x77 Y > 07 B > 5)

C is the functional space defined as follows

q:&eamwmwmﬂ><rﬂ—hmﬂ><ﬁ,

r—0t+ T——+00

and equipped with the norm
1lle. = maxu, (@)|f(2)] = [ f1ty]loo-

We remark that the assumption 5 > % is necessary to assure the density of the poly-
nomials in the space C,, [9].
For any continuous function f, let £,,(wa, f) be the Lagrange polynomial interpolating

fat {om e}y, ie

Lon(wa, ;1) = Zemk F@ma),  Llmi(z) = Pm(Wa, @) . (2.3)

plm(waa xm,k)($ - xm,k)
The m—th Lebesgue constant is defined in the usual way,

[£m(wa)lle, = sup ||Lm(wa, fllc,-

Ifllc,=1

As it is well known, the behavior of the sequence {||L,,(wq)||c, }m determines the order
of the interpolation error, since

If = Lon(wa, )ty lloo < Em(f)u, (1 + [ £m(wa)llc.), (2.4)

being Ep(f)u, =infp _pp [|(f — Pm)uy| the error of best approximation of f € C,.

Similarly to the classical result of Faber and Bernstein in the case of the finite interval,
P. Vértesi [24], [25], in a more general context, proved that for any set of knots in the
interval [0, an,],

| Lo (wa)us|loe = Clogm, € #C(m). (2.5)

Successively, the following "negative” result was proved (see [15], [19]):
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Proposition 2.1. For any choice of a, v > 0 and 8 > %, there exits a positive T s.1.

1£m(w)lle, ~mT,

with 0 < C # C(m).

The ”bad” behavior stressed in the Proposition 2.1 can be overcome by slightly mod-
ifying the usual interpolation process, according to some different approaches that we go
to describe.

2.1 Interpolation with additional knots

Consider the Lagrange polynomial L,,1(w, f) interpolating f at the zeros of p,(wq, x)
and on the special knot a,,,

Lerl(woufaxm,k’) = f(xm,k)> k= 1727"'7m> (26)
Lm+1(wa7 f7 (Lm) = f(am)

Setting T m+1 = am, an expression is the following

Lm+1(wa> fa .Z') = le—’—ll Z:;L,k(x)f(xm,k)a
Lo p (@) = 722l (@), k=1,2,...,m, rom (@) = alet)

being £y, 1, k=1,2,...,m defined in (2.3). Denoting by || Lp+1(wa)| ¢, the correspond-

ing Lebesgue constant, the following result holds [15],[12]:
Theorem 2.1. There exists a positive constant C # C(m) such that
[ Lmt1(wa)lle, ~ logm,
if and only if the parameters a > —1 and v > 0 satisfy the conditions:

a 1 a b
— 4+l )<< =+ 2 2.
max(0,2+4)_’y_2+4 (2.7)

This result is sharp, taking into account (2.5).

In view of the Theorem 2.1, L;,+1(wa, f) approximates f € C,, like the best approxi-
mation of this space, except the factor logm:

If = Liny1(wa, f)]uvHoo < CEm(f)uy log m. (2.8)

In particular for smoother functions, say f € W77, being
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WS = {f € Cy: Hf(r)cpruvﬂoo < oo}, r>1, ()=
a Sobolev-type space, equipped with the norm
HfHW;’?T = || fuqylloo + Hf(r)@ruv”om

the following estimate holds [19]

N

m

EMﬂM<C< >|umdnmm ¢ #Cim, f). (2.9)

Therefore by (2.8) it follows that for any f € WY

HU—LHm%Jmmusc(ﬁ%)wwwwMWsz (2.10)

m

with C # C(m, f).

Assuming now that the parameters o, are both fixed, the assumption in (2.7) could
be never satisfied. In this case it can be useful to add some interpolation knots ¢1,...,ts
”close” to the endpoint 0. Indeed the Lagrange polynomial based on the previous knots
{xmk}?;ll U{ti};_;, under suitable assumptions, is an optimal interpolation process again.

To be more precise, let {t;}7_; be s simple knots added in the range (0, z, 1), for in-
stance t; = S}r%lxm,l, i=1,2,...,sandlet Bs(z) = [[_;(z—t;). Denote by Ly, 11 s(wa, f)
the Lagrange polynomial interpolating f at the zeros of p,,(wq, x)Bs(x)(am — ). By the
same arguments used in the proof of Theorem 3.5 in [15], it is no hard to prove the
following result:

Theorem 2.2. For any function f € Cy, if there exists an integer s such that

1 « 5
i e < — .
4_7 2+s_4, (2.11)
then we have
| Limt1,s(Wa, iy |loo < C fiy||oo logm, (2.12)

where 0 < C # C(m, f).

Remark 2.1. In the case v = a = 0, the assumption of Theorem 2.1 is not verified,
whereas adding one additional point, for instance t; = =5, the sequence {|| Lm+1,1(wa)|lcy }m
has a logarithmic behavior.

We conclude this section with a short remark on the method of additional points. In
the case of Lagrange interpolation on the real axis, J. Szabados [22] introduced the so
called "method of additional points,” adding two extra knots near to *a,,, being a,, the
M-R-S number related to a Freud weight. Upon this idea, in [15] it was introduced the
interpolation polynomial L,,11(wq, f) based on the zeros of classical Laguerre polynomials
and on the additional point 4m which is, more or less, the M-R-S number w.r.t to a
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Laguerre weight e7#2%, « > —1. The extension to the case of a generalized Laguerre

weight was studied in [12]. Similarly to what happens in the Freud weight case (see [9],[10],
[11]), the factors % influence substantially the behavior of the Lebesgue constants.
Indeed, recalling that the Laguerre polynomial in a neighborhood of a,, is estimated as
follows

1
—1
|Pm (Wa, )|/ wa () SC(‘l—j‘—l—m_§> , am(l—¢) <z <ap(l+9),6,e>0,

the factor (a,, — ) damp the growth of the polynomial in the range a,, <z < a,,(1+ 9),
0> 0.

The introduction of the additional points ”close” to the endpoint 0 in the case of the
classical Laguerre weight is referable to [15].

2.2 Truncated sequences of Lagrange polynomials

Let 6 be fixed, with 6 € (0, 1) and denote by X, ¢ the characteristic function of the interval
0,0a,,]. With L,,(wa, f) defined in (2.3), let {xm,0Lm(Wa, fXmo)}m be a "truncated”
sequence of Lagrange polynomials interpolating only a finite section of the function f on
the interval [0, fa,,]. Indeed, since [20], [19]

If(1— Xm,@)u'yHoo < EM(f)M + Ce_Ameu,yHOO, (2.13)

with M = [%m} ~ m, the neglected part of f behaves like the error of best approxi-
mation Eps(f)., being M a fraction of m depending on . Defined

T = Min{Tm : Tk > 0am, k=1,2,..,m}. (2.14)
consider the truncated function f; = f(1 — ¥;), being
0, ifx<0
T—Tom,j
1, ifz>1
By definition, f; has the same smoothness of f, coincides with f in the interval (0, z, ;]
it is identically null for € [z, j4+1,+00), and these two "pieces” are smoothly linked by

the function ¥; in the interval (2, j, Tm j+1)-
Then, for this modified Lagrange process, the authors in [19] proved the following

Theorem 2.3. For any f € Cy, under the assumption

1 o b

«
— 4+l ) <A< =4 = 2.1
max<0,2—|—4>_’y_2—|—4 (2.15)

the following estimate holds
Xm0 Lm (Was )ty llso < C|l fty[loc log m,

with C # C(m, f).

[a] denotes the largest integer smaller than or equal to a € R
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About the error estimate, by the previous theorem and (2.13) one has the following
estimate [19] (see also [17]):

1L = X6 Lo (was fi)uylloo < Clogm (Enr(f)u, + ¢~ fus loo) (2.16)
with C # C(m, f).

By the previous result we can conclude that under the assumption (2.15) the se-
quence of polynomials {L,,(wa, f)}m whose bad behavior on the whole semi-axis was
evidenced by Proposition 2.1, can be successfully used to approximate f € C,, in the re-
stricted range [0, fa,,|, with almost the same rate of convergence offered by the sequence
{Lm+1(wa, f)}m, since de degree M is a fraction of m. Moreover, truncated sequences
afford the advantage of a reduced computational cost and a delayed possible overflow
phenomenon in the computation of f whenever it grows exponentially.

Truncated sequences are a "remedium” in some sense on the growth of the polynomial
Pm(Wq, x) in a neighborhood of a,,, since in the restricted range (2%, fa,, ), with 0 < 6 < 1,
the following estimate holds

‘pm Wey T | V woz =

m27

a
C—TZ <z < Hlay,.
4amx m

2.3 Polynomial sequences of a finite section of f

Now we remark that {x.m.0Lm (Wa; fXm,0) }m is not a polynomial sequence and X, 0 Lm (wa)
does not project C, onto IP,, 1 as well as required in some applications like the numerical
treatment of functional equations (see [13]).

In order to overcome this problem, in [8] (see also [12][18]) the authors introduced a
polynomial sequence interpolating a finite section of the function. To be more precise, for
any fixed 0 € (0,1), let j = j(m) be the index of the zero of p,,(wy) defined in (2.14) and
fj.0 = fXm,p. Then, the interpolating polynomial L** 1 1(Wa, f) is defined as

L:r;k—f—l(waafv r) := Lmy1(Wa, fj0) (2.17)

being Ly,+1(wa, g) the Lagrange polynomial defined in (2.6) interpolating a given function

g at {zy, kz}k 1 U{am}-

The operator L¥¥. | (wq) is a projector of C,, into the subspace Pj, C IPp,, defined as
P ={qePy :qlan) =0=q(@mr), k>j}.

For this polynomial process the Lebesgue constant in C,, have order log m, under suitable
hypothesis on «, . Indeed in [12] it was proved that

Theorem 2.4. If the parameters satisfy the assumptions

mw<Qg+i><7§a+i (2.18)
then
||Lm+1(waa Fuyllos < C|lfj0Uy||oc logm,
and
ILf = Lyt (wa, Al lloo < Clogm (Ear(f)u, + €™ fuylloo) - (2.19)

where M = {Hem] and with C # C(m, f).
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Figure 1: 0,,(0) for 6 € (0,1)

We remark that truncated Lagrange polynomial sequences were successfully applied
in quadrature by introducing truncated Gaussian rules and truncated product integration
formulae, which are more convenient and faster convergent (see [3],[14], [12], [17], [18]).

We conclude this section showing empirically how the number of the interpolation
knots involved in truncated processes depends on 6.

Defined

Np(a,b) = Number of zeros of p,,(wq) in (a,b)
for any 6 € (0,1) let
o (0) = N (0, 0ay,)
m

and
1 N
’Um(g) = m mEZZ vm(ﬁ), N = 2048

In the case @ = 0, the values obtained for different choices of the parameter § are
plotted in Figure 1. As we can see, for increasing values of 8 > 1 the number of zeros in
(0,0ay,) decreases.

3 Extended Lagrange interpolation

First we recall the main idea of extended interpolation based on the zeros of orthogonal
polynomials.

Let p and o be two weight functions, both of them supported in —oo < a < b < 400
and let {pm(p) }ms {Pm(0)}m be the corresponding sequences of orthonormal polynomials.
Assume that the polynomial Q1 = pm(p)pn (o) has simple zeros (;,i = 1,2,...,m + n.
Then, for any continuous function f the Lagrange polynomial £,,1,(p, o, f) interpolating
f at the zeros of Quin, i-e.

‘Cm+n(pvaafa<2):f(cl)7 1=12...,m+n.
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is called extended interpolation polynomial. From

Lonin(p,0, f) = pm(p)Ln <0, qu(p)) + Pn(0) L (p, pn{U)> ;

it follows that L4, (p, o, f) can "extended” a previous interpolation polynomial L, (o, f),
reusing the previous n function evaluations. We point out that when m =n orm =n+1,
an "high” degree Lagrange polynomial can be constructed by two half degree Lagrange
polynomials, which are separately computable. By this way difficulties in computing the
zeros of "large” degree orthogonal polynomials are overcome in some sense. Another
relevant application of extended interpolation processes is the aid in the construction of
extended positive quadratures rules (see [6] and the references therein).

At first we introduce a new extended Lagrange process w.r.t the same weight w, an
based on the zeros of shifted degree polynomials. Set Zo;—1 = Tmt1,4,7 = 1,2,...,m + 1,
Zoi = Tmyi, 1 =1,2,...,m, being {x,, ;}7, and {$m+17k}2:n:—~_11 the zeros of py+1(we) and
pm(wq), respectively. Therefore, the extended Lagrange polynomial Lo,11(wWa, Wa, f)
interpolating f at the zeros of Q2m+1 = Pmt1(wa )pm (wy) there exists and it can take the
following expression:

RUAR. ~ Q (z)
Lom+1(Wa, wa, fr2) = ; Comi1k(2)f(Z), Llomyri(x) = ~m+1?;:;zﬂf—5k)' (3.20)

Now we recall the following result on extended interpolation which bind in some sense
the "good” order of Lebesgue constants sequence to the ”"good” distance between con-
secutive interpolation knots. Indeed, setting X = {&yi, i=1,2,...,m, me N}, let
L (X, g) be the Lagrange polynomial interpolating g at the elements of the m-th row of
X. With o5(x) = e‘xﬁzn(s, 6>0, B> %, and

Cs = {1+ 105 € CO®N), lim, |F(@oste) =0 = Jim |F(@los(e). .

equipped with the norm || f||c; = sup,>¢ |f(z)|os(x), the m—th Lebesgue constant in Cs
is defined as
1L (X)lles = Sup 1£m(X,g)os]l, m=1,2,... (3.21)
glles=1

Then the following Proposition holds [21]:

Proposition 3.1. If for m sufficiently large (say m > my), there exists k := k(m) s. t.

n+1
Ak < (\/7?) Vémpk, 1>0 (3.22)
then
n
1£m(X) ey > C (ﬂ) , (3.23)

where C # C(m).

In [—1, 1] an analogous result was proved in [23].
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Remark 3.1. Setting Z; the knot defined as

Zj = Zj(m) = min {Zk 2 Zp > Oamer, k=1,2,...2m+ 1}, (3.24)

in our case it is no hard to prove that

- ~ ~ Vam+1 = .
Az = Zpp — G ~ 7;1” Vi, k=1,2,....7, (3.25)
uniformly in m € N. In the special case 5 =1, (3.25) was proved in [2].

Note that the distance between two consecutive zeros of ngH is comparable with those
of consecutive zeros of p,,(wq) (see [8],[7], [21].)

However a "good” distance is not enough to assure optimal order of the Lebesgue
constants. Indeed the following ”bad” result holds

Proposition 3.2. For any choice of a, 6 >0 and 3 > %, there exists a positive T s.t.

|Lomt (o wa)lley =  sup  [|Lomer(Was e Hosllos = Cm™,  (3.26)
|foslleo=1

with 0 < C # C(m).

Nevertheless the system of knots made up of the zeros of {Qn}n can be proposed in
order to obtain optimal Lebesgue constants too. This goal will be achieved by considering
the Lagrange polynomial based on the zeros of Qam+1(2)(ams1 — ) and interpolating a
finite section of the function f, being an,4+1 the (m + 1) —th M-R-S number w.r.t. wq.
Denoting by xm, the characteristic function of the segment (0, Z;), let us introduce the
extended Lagrange polynomial defined as

J
L po(War Wa, £;7) =Y lam2() f (Z), (3.27)
k=1
where
lomiok(z) = ZQerl,k(x)M: k=1,2,....2m+1,
(@mi1 — Zk)

. Q2m+1()
lom+22ms2(x) = ———"—.

Q2m+1(am+1)

Obviously, L3, o(Wa, Wa, f) is a polynomial of degree 2m+1 such that L3, o(Wa, Wa, f;am) =
0= L3, 2(Wa, wa, f; Z), for k > j.

We are able to prove that under suitable relations between the weights w, and o, the
corresponding Lebesgue constants grow logarithmically:
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Theorem 3.1. For any function f € Cy, with § > 0,

[ Lo 12(Wa, Wa, f)os|leo < Cl[fos]lo log m (3.28)

with 0 < C # C(m, f), if and only if

AN
[«¥%)
|
Q
AN

B | o

(3.29)

N | =

Moreover

If = Limy2(wa, wa, Nloslloc < C{Eg (s logm +e ™| fos]l} (3.30)
where M = [Qm (&)B] ~m,0<C#C(m,f),0<A#A(m,f).

We conclude recalling an extended interpolation process introduced in [21] and involv-
ing two different weight functions, suitable related among them. Consider the following
weights wq (z) = e o> 1, 8> 1 and wat1(x) = zwa(z). Denote by {z;}74! the
zeros of Py, 41(we) in increasing order and by {y;}7, the zeros of the corresponding m-th
orthonormal polynomial p,, (we+1)-

Set 29,1 = x4,0 = 1,2,....m+1, 20i =y, ¢t = 1,2,...,m, Zomi2 = Gm41. Since
in [21] it was proved that the zeros of py,(wa+1) interlace those of pp41(ws) , (see also
[4]), let Loy t2(wa, wat1, f) be the Lagrange polynomial interpolating f at the zeros of

Q2m+1 = Pm+1(Wa)Pm (wa+1) and at the special knot a,41.
Denoted by z; the knot

Zj = Zj(m) = min{zg : 2k > Oapmi1, k=1,2,...2m+ 1}, (3.31)
and by X ¢ be the characteristic function of the segment (0, z;), let be
L§m+2(waa Wa+1, f) = L2m+2(wa7 Wa+1, me,G) (332)

the Lagrange polynomial interpolating fx,, ¢ at the zeros {zi}?fl'”. Also in this case

the polynomial sequence {L3,, ,,(Wa,Wat1, f)}m, can be used to approximate f € Cjs
successfully, under suitable conditions [21]

Theorem 3.2. For any function f € Cy, with 0 > 0,

L2 +2(Was Wart1, f)os]loc < Cllfosloc logm (3.33)
with 0 < C # C(m, f), if and only if
1<d—a<2. (3.34)
Moreover

If = Lims2(wa, wart, Nloslloo < C{Err(f)a, logm +e ™| fos] oo } (3.35)
where M = [Qm (1—?_0)6] ~m,0<C#C(m,f),0<A#A(m,f).
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If the parameters § and « don’t satisfy (3.34), we can adopt the additional nodes
method [21], introducing the polynomial L3, \5 ((Wa, Wa+1, f) interpolating fx;, ¢ at the
zeros of Qom1(x)Bs(z)(amy1 — ), where t; = y%lxla i = 1,2,...,s and Bs(z) =
[I;_,(z — t;). The following result holds

Theorem 3.3. For any function f € Cs, if there exists an integer s such that

1<éd—a+s<2, (3.36)
then we have
1 L2 42,5(War, Wat1, £)osllc0 < Cl[fos]lo0 logm, (3.37)
where 0 < C # C(m, f). Moreover,
IS = Limso,s(was warr, Nloslloo < C{Er(f)o, logm +e 4™ fos]loc} (3.38)

where M = [2m (1_%9)6] ~m,0<C#C(m,f),0<A# A(m,f).

We conclude giving some details useful for the practical computation of the interpo-
lation knots. We recall the three-term recurrence relation for the orthogonal polynomials
w.r.t. the weight w,.

-1
2

p-1(wa,z) =0, po(wa,z) = ([5° walz)dz)
bn—l—lpn—l—l(wa; .I') = (.CI} - en)pn(wcw x) - bnpn—l(wom l’) (3'39)

bn — Yn—1(Wa)

’Yn(wa) en = f[)oo xpgz(wayx)wa(SU)dx

Although the coefficients {by }«, {ex } . are not always known, there exist efficient numerical

procedures to calculate them [1] (see also [5]). The computation of the zeros of General-

ized Laguerre polynomials with parameter 8 # 1, requires an higher computational effort.
Indeed, when 8 # 1 the coefficients in the three term recurrence relation for the polyno-
mials {p;,(w)},, are not always known. However there exists the Mathematica Package
OrthogonalPolynomials [1] to compute these zeros by using ”high” variable precision.

4 The proofs

Now we collect some polynomial inequalities deduced in [18](see also [7]).
Let © € [@m,1, Tmm] and d = d(z) € {1,...,m} be an index of a zero of p,,(w,) closest to
x. Then, for some positive constant C # C(m, z,d), we have

1/ x—2ma 2 9 8 am\ O3 2 T — Tq 2
e\ ) = P (Wa, T)e ™" (x+7) \/!am —z|4+amm 3 <C|—2—) .
m

C \ x4 — a1 Tm,d — Tm,d+1
(4.40)

and for a fixed real number 0 < § < 1,

12



[P (Wa, )|/ wa(r) < ¢ : Im < <am(1+6).  (4.41)

2
_2 m
€/§</|am — x|+ aypm™3
In particular, for a fixed 0 < 0 < 1
A,
|pm (W, )|/ Wa (2 - — < < Oap. (4.42)
,/amx m
Moreover, for k =1,2,...,m
1 _ Tmk _2
v AT,k - +m 3, Amm,k L, k+1—Tm,k
D7 (Wai, T ) [/ Wa (T k)

For any polynomial P, € IP,,, the Bernstein inequality [7] [19]
max|P x)| v wa(x f<C7 maX|P )y we(z)|, C#C(m,Py) (4.44)

and the Remez-type inequality [19]

max | P ()1 (2)] < € ma | P (@)1t (2)] (4.45)

hold. Finally we recall that for any polynomial P, € IP,,, one has [19]
P, < CemAm P, 4.46
e | P () |y () < Ce™ max [ B () uy () (4.46)

where C # C(m), A # A(m).

In the next will be useful the following

Lemma 4.1. Setting Zoi—1 = Tmy14,1 = 1,2,....m+1, Z2; = Ty, 1 =1,2,...,m, and
Q2m+1 = Pm+1(Wa)pm (W), the following estimate holds true
1
o seYi B an s<s, ccm (1.47)
|Q2m+1<zk)‘0—5(zk) 2k

Proof: Using (4.40)

1 .
< Cﬂl/xm—i-l,k(am - xm—i—l,k)a Tm+1,k < 25, (448)

|pm(wou xm+1,k)| \Y wa(mm+1,k>

so, by (4.43), it follows
1 - C\/m

< ATmiik, Tmylk < Zj
Qb1 (Tms1,k) 06 (Tmr1,k) 503 Ak J

An analogous estimate holds replacing @, 1 5 with x,, . Using then Az, 11 ~ Azp g ~
AZy, Z, < zj, the Lemma follows.O
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Lemma 4.2. For x € (21, Zoam+1) and denoted with Zg the zero of Q2m+1 closest to x, we
have

|Q2m+1($)| 05(.7,') c e Clm. o
Q11 (Ga) (z — 2a)] 5(Za) = # C(m, x). (4.49)

Proof: Denoted by z,,+14 a zero of pp41(wa) closest to @ € [Tpm41,1, Tmt1,m+1], in
[12] it was proved,

p;n_g_1(wom xm—l—l,d)(x - ivm—l—l,d) wa(xmﬂ,d)

Therefore, assuming Z; is a zero of py,+1(w,), we have

Qo1 (@) as(x) _ o [pm(wa,2)| os() VwalZa)

|Q/2m+1(2d)(x - 2d)‘ 05(2d) o |pm(waa Zd)| 06(Zd) We, (af)

and using (4.48) and (4.41),

|Q2m+1(1:)| os(x) <c < z )5—a—i <e

Qi1 (Za) (& — Za)| 95(2a)

since x ~ z4.0
Proof of Theorem 3.1

We prove the sufficient condition. By (4.45) we have

[ L2 12(Wa, Was f)oslloc <C | max  [Lyy, o(Wa, Wa, fi2)0s(x)] (4.50)
Cm—’“ggmgam

and by (3.27)

[ L3p2(Wa, Wars f)oslloe < Cllfoslloo X

max ZJ: _ Q2T+1($)(am+i - ) _ Ué(il‘)
Cm—"ggocgam el Q2m+1(zk)(am+1 — zk)(a: — Zk> 0'6(Zk)
=: C”f%HOOc:T’gI%a;;am Y(x) (4.51)
By (4.42)
§—a—1
Qomia(@)los(z) <) P <z < a (4.52)
2m+l = \/@ ] m2 -~ -~ my .

and recalling (4.47) we have
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E(m) <c i AZ Qm — T q;‘s*a*% Q2m+1(x)(am — x) 0'6(;3)

pia [T A Vam = Ze et | Qb (Ba) (2 — a) (am — Za) | 05(Z0)

By Lemma 5.1 [21, p.19], (see also [15]) under the assumption 0 < § — o — 3 < 1, using
Lemma 4.2 and taking into account (a,, — x) ~ (am, — Z4), we get

Y(z) < Clogm. (4.53)

Combining last inequality with (4.51), (3.28) follows.

We omit the proof of the necessary part, since it follows with a slight change in the
proof of Theorem 3.1 in [21].0

Acknowledgments. The author is grateful to Professor Giuseppe Mastroianni for
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