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Let wo(x)=exp(—Q(x)) be a weight function and {p,} the system of polyno-
mials orthonormal with respect to wf_, on R. We show that if Q satisfies certain
technical conditions, then

Wo(X) P S ergy 2 for x| <erg =123,

where ¢, ¢, are constants depending upon Q alone and ¢,Q(q,)=n.n=1,2, ...
The weights considered include exp(—|x|*) when 2 >4. The proof involves the use
of certain “infinite-finite range inequalities” to estimate the coefficients in a differen-
tial equation satisfied by p,. These estimates, in turn, enables us to use a concavity
argument. € 1990 Academic Press, Inc.

1. INTRODUCTION

One of the classical inequalities for the orthonormal Hermite polyno-
mials /4, (orthonormal on R with respect to the weight function exp(—x?))
is the following

THEOREM 1.1 [24, Theorem 8.22.9]. Let ¢>0. Then there exists a
positive constant c(&) such that for all real x with |x| < (1—¢) \/@;,

lexp(—x2/2) h,(x)| <cl(e) n 4 (1.1)

In recent years, there has been considerable interest in obtaining
generalizations and refinements of this theorem for Freud polynomials, i.e.,
polynomials orthonormal on R with respect to a weight function of the
form exp(—2Q(x)) [22, 23, 13, 14, 3,4, 1]. A typical result is the following

* This work was done in part during a sabbatical leave from the California State Univer-
sity, Los Angeles and in part during the author’s visit to the Center for Approximation
Theory, Texas A&M University, College Station.
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TueoREM 1.2 [4, 13]. Let m be an even positive integer and {p,; the
system of polynomials orthonormal on R with respect to exp(—x")}. Then,

lexp(—x"/2) p(x)((2Bn'")? — %) < e
for x| <2Bn™ n=1,2,.

praen
(3%
a

i

where ¢ is a constant depending upon m alone and

N (m,'Z)‘;”"

b= rm+12)]

)

All of the results known to the author in this direction concern the case
when Q is a polynomial. (See, however, the announcement in [127.) An
essential ingredient of the proofs is detailed information about the
asymptotic behavior of the recurrence coefficients for the orthogonal
polynomials.

In this paper, we obtain an analogue of Theorem 1.2 for polynomiais
orthonormal on R with respect to a weight function of the form
exp{ —20Q{x)) where Q is a “general” function. The main idea is essentiaily
to use a differential equation satisfied by these polynomials and a concavity
argument as in [4]. However, practically no information is known about
the recurrence coefficients for the “general” weight functions. We shalil rely
upon our results with Saff in [20] to obtain some relatively crude estimatas
on these coefficients and other quantities in the differential equation. These
estimates will then help us to deduce an analogue of Theorem 1.2. Of
ccurse, our result is not as sharp as Theorem 1.2 but is sufficient in many
applications [9-11, 18, 23].

After the first draft of this manuscript was submitted, we learned from
Doron Lubinsky that he has, in fact, obtained the Plancherel-Rotach-tvpe
asymptotics for polynomials orthogonal on R with respect to a weight
function belonging to a fairly general class of weights. His results imply our
results as a special case, and are valid, in particular, for the weights
exp{—|x}*) when 2>3. To the best of our knowledge, cur approach in
general, and, in particular, the simplification of the differential equation as
well as the estimation of the various quantities appearing in the equation
remain as the novel features of this paper. The simplification, in fact, has
been used in the study of Hermite interpolation based at the zeros of Freud
polynomials [217]. Using the ideas of [217, it seems possible that our con-
ditions on the weight function can be relaxed somewhat so as to include
the weights exp(—|x|*) when « > 3. In the light of Lubinsky’s results, we
choose not to do so in this paper.

In the next section, we state the precise conditions on the weight func-
tion and discuss the main results. These results wiil be proved in Section 3.
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I thank Paul Nevai, for his kind encouragement in this work, including
making [1, 4] available to me as well as Doron Lubinsky for his several
comments.

2. MAIN RESULTS

We shall consider weight functions of the form wzQ where
wo(x) :=exp(—Q(x)). Throughout this paper, we shall adopt the following
convention. The symbols ¢, ¢,, ... will denote constants depending upon Q
alone. Their values may be different at different occurrences, even within
the same formula. 4 ~ B will mean ¢, A < B< ¢, A. The class of all polyno-
mials of degree not exceeding » will be denoted by 7I,.

We shall assume the following conditions on .

(W1) Q is an even, convex function in C*R) and tQ'(z)— ¢ as
[zl = cc.

(W2) Let g, be the least positive solution of the equation

4,.9'(¢,)=n. (2.1)
Then for every ¢>0 and ¢, < |f| < |x| < cq,,
(¢ (5
thg ) <e, Qx(;) <cyng?, (2.2a)
QW)
——|<c,. 2.2b
Qr(t) 2 ( )

(W3) For the numbers q, defined in (2.1), q,, ~ q,.

We do not claim that these conditions are independent. They are all
satisfied when Q(x) = |x|* « =4, which are some of the prototypical Freud
weights. Another example is the weight |x|® exp(—|x|*), x>4, B>0. We
note the following simple consequences of our conditions which will be
needed later.

o(x<Q(y) if |x|<y (2.3)
EQQ—(—S—;) <c  if |xze (2.4)
x—QQT(;) <c  if |xze,. 2.5)

A consequence of our results with Saff in [19, 20] is the following
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THEOREM 2.1. Let O0< p,r<xc. There exists a sequence {a,fQ)} and
positive constants c,, ¢, depending upon p, r, Q alone such that for every
n=1,2,..and Pell,,

[wolx) P(x)|”
<eexp(—cm) | wolt) P(1)] x| >a,(0), (26
s <a,«10)
o . rip
{ | iwolx) P(x)|? dx¥
( xjzanQ) J
gclexp(—czn)J lwolt) P(OI" dt,  |xI=a(0) (27
il <an(@)
We caution the reader that the notation here is different from that in
[19, 20]. We can, in fact, take [19]
arz(Q)~qrz‘ :2.8&1
In particular, for any p, r >0,
a,(Q)~ a,,(rQ). (2.85

We shall denote a,(Q/2) by q,,.
Let {p,} denote the system of polynomials orthonormal on R with
respect to wp,.

7
pn(x)z}!nx’l+ o =Yn H (x_xk.n} ‘[293‘\
‘;“n>0’ Xnn<Xp_1.,< ' <Xi, {12'9&"

[* 2
[ pu0) a1 Wty di =5, (29¢)

[

Our main theorem is the following.

THeEOREM 2.2. If Q satisfies the conditions (W1}, (W2}, (W3), ihen
there exist constants ¢, ¢, >0 such that
38

o) puo <cra;'?if x| <caa,

We note the following consequences of our theorem which might be of
some interest in applications.



242 H. N. MHASKAR

COROLLARY 2.3. There exists a constant ¢ with the property that for any
£§>0,

pixIwh(x)dx>1—e, n=12, .. (2.11)

v|xl = ceay,

CoroLLARY 24. (cf. [3.14]). Forn=1,2, ..,

a7 P < WX ) Po—1(Xe0) S a2 i |xgnl<cza,.  (2.12)

It seems probable that a more precise version of Theorem 2.2, similar to
Theorem 1.2, is true. The techniques known to the author for proving such
inequalities, however, require that the sequence {a; 'y, _,/7,} converges at
a “good” rate as n — occ. While the convergence itself is known for a large
class of weight functions [15], the rate is known only in the case when Q
is a polynomial of even degree and positive leading coefficient [2, 16, 17].

3. Proors

The first step in our proof of Theorem 2.2 is to obtain a differential
equation satisfied by p,. This equation does not really require the condi-
tions (W1), (W2), and (W3) on Q. In each of the results stated below
while obtaining this equation, we assume only that w, is a weight function
and Q has sufficiently many continuous derivatives to make the various
quantities involved well defined. ‘

We begin by recalling certain standard properties of orthogonal polyno-
mials.

ProrosiTioN 3.1 [5]. (a)

xpn—l(x)zpnpn(x)+ﬁnpn—1(x)+pn—1pn—2(x)’ XERa n=2, 3: saey

(3.1a)
where
Phn :=yn~1//yn’ ﬁneR' (31b)
(b) For every polynomial Pell,_,, xeR,
P(x)= J P(1) K, (x, 1) wh(t) dt, (3.22)
where
not pn(x)pn—l(t)_—pn(t)Pn—l(x). (32b)

Kn(xa t) = Z Pk(x)pk(t)=pn x—1
k=0
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irz(x) = {Kn(xa X)} 7{

Then

A;l(x)=pn{P;t(x)pn71(x}'_pn{x}p:z-ll\x\;

1
H
)

In particular,

L= -4 = " Yoo dx )
/'kn '-An \xk,n)_pnpn(xk.n,'t’nflx"k,n}'

{d) For every Pell,, .,

~ n

! P(t) wzQ(tj dr= Z ';'knP(xk.n)‘
{e)

| p2()y wh(t) dt = n?lpl,  n=1,2, ..

£

Next, we obtain an expression for p;, in terms of p, and p, , (ck

THEOREM 3.2. Forn=1,2, .., xcR,
p;n(x) = An(x) Pn_ l(x) - Bn(x,\' P,-z(:‘f)s
where, with

_ ! t\_ l(._\
O, n ==L

we have

[ p2(2) wi(1) O(x, 1) de

4,(x):=2p,

B,(x) :=2p, | p,(t) P () w(1) O, 1) .

Proof of Theorem 3.2. In view of Proposition 3.1(b},

Pulx) = | pir) Ko(x, ) whit) d.

NS
5
L

L]
(€]

A
Lod
P
o

W
Lh
-

w
e
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If we integrate by parts and observe that p,, is orthogonal to (é/ct) K,(x, £),
which is a polynomial of degree at most # —2 in ¢, then we get
Pa(x)=2 J pa(t) K(x, 1) Q'(2) wo2) at. (3.10)

Since p,, is orthogonal to K,(x, ), we see that for any constant K,

Py =2 [ palt) Ko, 0)(Q'(1)— K) whi(r) di. (3.11)

We choose K= Q'(x) and use (3.2b) to arrive at (3.8). }

We note one corollary of (3.11) which will be used in the sequel.

COROLLARY 3.3. For any KeRandn=1,2, ..,

2

[P0 -K7 Wi di> £

n

(3.12)

Proof. Equation (3.11) shows that p;(x)/2 is the nth partial sum of the
orthonormal expansion of the function p,(x)(Q'(¢t) — K). We get (3.12) by
using Bessel’s inequality and (3.7). ||

Next, we use some ideas originating from Shohat and also from Nevai,
and perform some elementary computations based on (3.1a) and (3.8a) to
obtain, as in [4, 1],

THEOREM 3.4. Forn=2,3, .. and xeR,

Pu(x) + M (x) pr(x)+ N, (x) p,(x)=0, (3.13a)
where
My(x) = Bo(x) & By 2(x) =P g, ()= 2D (313p)
Pt A,(x)
N,,(x) = An(x) An—f l(-x) pn _ An‘ l(x) Bn(x)(x_ﬂn)
Pr_1 . Prn_1
+B(x) B, (x)+B.x)— 5 g ) (3.13¢c)
An(x)

We pause to make the following observation which will simplify the
expressions for M, and N,,.
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ProposiTION 3.5. Forn=2,3, .., xeR,
x_l{))n z e 345
B.(x)+ B, _(x)— A, _(x}=—=20'(x). (3.14)
n—1
Proof. Using (3.8) and (3.1a), we get
Bn{,x)_}_Bn—l(x)
= jpn—l(t)lpn n(t)+pn—1pn42 }}QX 12Q(!}dt
=2 | p2_ (1)t =B,) Olx, 1) wh(t) di
=2{ P Q- Q) Wi d+ T, ()
Y n—~1
=—-20'(x)+ iz A, (x)+2 ; P (D) Q' (1) wh(nydr.  (3.15)

On-t

Using integration by parts, we see that

2$p1 (1) Q'(r) wh

Thus, (3.15) gives (3.14). |

t)dt—lp,,ﬁ.(t)pn-i( ) wi(1) dr =0.

Following [4, 1], we next use a standard technique in the theory of
differential equations to convert Eq. (3.13a) into an equation without the

“middle term.”
xeR.

THEOREM 3.6. Forn=2,3, .. xeR, let

2,(x) = po(x) wolx) A, % (x).

Then
z(x) + @,(x) z,(x} =0,

where
®,:=N ~1MZ—EM’.
n n g ML — 5 My

The proof of Theorem 3.6 is an elementary computation

We note first that since @ is convex, 4,(x)>0 for every

and hence is
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omitted. The only remark we wish to make is that there is no “correction
term” in the expression for z,, as a result of (3.14).

Next, we proceed to show that, in fact, @,(x) ~ (n/a,)’ if |x] <ca,. This
is the part where we require all the assumptions (W1), (W2), and (W3) on
the weight function. These are therefore assumed in the sequel.

First, we obtain some estimates on p, and 4,. We do not claim that the
estimates on p, are new [6-87], but since they are not difficult, we include
the proof.

PrOPOSITION 3.7. Let Q satisfy the conditions (W1), (W2), and (W3)
defined in the beginning of Section 2. We have

clanspngclan' (318)

For every L>1,

cl(L)aisAn(x)scz(L)al, if Ix|<La,. (3.19)

n n

A critical aspect of the proof is to prove certain “infinite—finite range
inequalities” for the integrals which arise in connection with p, and A4,(x).

LEMMA 3.8. Let Q satisfy the conditions (W1), (W2), and (W3) defined
in the beginning of Section 2.

(a)

| QU wendi<eQ (I woly) i y>e  (320)

It =¥

(b)

PA(1) Q1) wi(1) de < ¢ exp(—c5n). (3.21)

Y0t = an
(¢) If L>1, |x|<La,. and ¢>0, then

@)= A=

[t <(L+e)ay

P Ox, 1) wh(1) dr s% exp(—c,n), (3.22)

where ¢, ¢, may depend upon L.

Proof of Lemma 3.8. (a) Using (2.4) and (W1), we observe that
0"(1)/Q"*(1) = 0 as [t] —» . Consequently, if |7| >c, then

wo(t)={Q(t)— 0" (1)} wol(1) ~ Q(8) wo(2). (3.23)

The estimate (3.20) now follows upon integrating (3.23).
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(b) Using (2.6) with r=2 and Q/2 in place of @, we get

wQ(t)pfl(t) <c, exp(—c,yn) \ wQ(u)pf’i(u} du
<c exp(—cn)wy'ia,) i jdza, (3.24)
Hence, if r is large enough, (3.20) yields
[ pA1) Q7 (1) wilr) dr
iz a,
<c exp(~cn)wy'(a,) | Oty wo(t) dr
Vit zan
Scpexp(—eyn) Q'(ay,)
< ¢y exp(—c3n)
{c} When |x|{< La, and (7] > (L +¢) a, then {z — xi > ¢a,, whils
1Q'(1) = Q'(x)] <c |Q'(1)] <c@(1).
Hence, {3.21) yields that
= — N C ¢
Q Pa(t) Q(x, 1) wilr) dt < — exp(—c.n) <~ exp{—c,n).
"'it|>-fL+ala,. n £
The estimate (3.22) now follows from (3.8c). §
Proof of Proposition 3.7. First, we observe that an application of the
Schwarz inequality gives, for every 4 >0,
| I W) dr < A. (325)

MHEY]

Using Theorem 2.1, (2.8), and (3.25) with A=cqa, for an appropriate
choice of ¢, we get

——
Loy
3]
[e)

-

1Pu(8) P,y -1 (1) wi(t)] di < ¢; exp(—cyn).

vt = cay

In view of (3.25), (3.26), we have

0 <[ 1p.(0) P (1) wh(1)| d

=(J J )|rpn(t)p,,_lltm ) dt
it <cap |t = ca,

<ca,+c,exp(—en)<ea,. {3.27)
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Next, It L > 1. In view of the mean value theorem, (2.4), and (2.2), when
lx| < La,,

| P00 ywieyar
|7l < 2Lay
nr n
<c— ) wi(r)de<e—. 3.28
az"‘!IISZLar,p’( Jwolt)e a? (3.28)

=

7

Therefore, (3.27) and (3.22) (with e= L) imply that, for every L>1,

|4,(x)| <c(L) ;—’ it |x|<La,. (3.29)

n

In view of (2.8), Theorem 2.1, Theorem 3.2, we see that for sufficiently
large L,

[P dis2 | ipnweln)*
(e 5
<c “m . A pr_ (D whle) dt
+[ B d:}. (3.30)
7| € La,
Now, (3.29) implies that

. n\?

A1) p?_ () wh(n) di<c (—) . (3.31)
Ve < Lay a,,

Using the Schwarz inequality in (3.8d), and the estimates (3.27), (3.28), it
is readily seen that

|B,,(t)f2<c<i)', | <La,  forevery L>1.  (3.32)

n

Substituting from (3.32) and (3.31) into (3.30), we get

r n 2
Jp,’f(t) wolt) dr<c (—) )
an
In view of (3.7), this yields p, = ca,.
Finally, we prove the first inequality in (3.19). Let L> 1. If |x]| < La,,
then it is not difficult to deduce, using Lemma 3.8(b) and (2.2) that
PADwHH Q' (1) = Q'(x)}? di< e exp(—cyn).  (3.33)

JitIZZLan
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Consequently, (3.18) and (3.12) yield that

{ 2 a T IAN
Ay we{Q ()~ Q' ()} drze—. {3.34
~'|H<2La,. a;,
Next, if 1t} <2La,, then
[(t—x)Q'(1)—Q'(x)) € ca,Q'(a,} < cn.
So, since Q is convex, (3.34) implies that
e PN O(x, 1) wp(z) dt
Y1 < 2La,
cr b) = reoat 2
S pAN W) - Q') dr
Ny <2La,
n -
2C— {3.35}
a

The first inequality in (3.19) now follows from {(3.22) and {3.18). §

We also need estimates on A4, B,,, A,.. These are obtained exactly in the
same way as the upper estimates on 4,, using the mean value theorem
(2.2), (24), (2.5), and Lemma 3.8. We omit the proofs, but note the resuit
below.

PROPOSITION 3.9. Let Q satisfy the conditions (W1), (W2}, and (W3}
defined in the beginning of Section 2. Let L> 1. Then, for |xI < La,,
AN <c(L)yna,; "t r=0

4
i
L} e

[
R u;
(o8]
i

5

IB{(x)| <c{L)na; ' r=0, 1. 2.

2

We would like to observe that in proving Propositions 3.7 and 3.9, we
did not really need the fact that Q is even. In order to estimate @, we will,
however, need a more refined estimate on B,. At this time, we are able to
do so only when Q is even.

ProrosiTioN 3.10. Ler Q satisfy the conditions (W13}, (W2), and (W3}
defined in the beginning of Section 2. For any L> 1 and |x| < La,,

Proof. Since Q is even, p,(1) p,_{t) is an odd function of 2. Conse-
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quently, (3.8d) shows that B,(0)=0. Estimate (3.38) now follows from the
mean value theorem and (3.37). |}

We are now in a position to estimate @,,.

THEOREM 3.11. Let Q satisfy the conditions (W1), (W2), and (W3)

defined in the beginning of Section 2. There exists a positive constant 2,
depending upon Q alone, such that for |x| <aa,,

B (x)~ <£> (3.39)

all

Proof. Since Q is even, the parameter f, in (3.l1a) is zero. Conse-
quently, (3.13c) becomes

— An(x) ‘An-l(x) Pn _ Anfl(x) Bn(x) X

AITH(X) .
Pn-1 Pn-1
1 By(x) By 1(x)+ Bix)— 2 g . (340)
4,(x)

Let |x) <aa,, where 0 <a <1 will be chosen later. In view of Proposi-
tions 3.7, 3.9,

IN,(x)| <c (5) . (3.41)

n

Propositions 3.7, 3.9, 3.10 also yield that

A 2
AnAn- 18,0 "*la”p">m1<_n_) (3.42a)
Pr-1 a,
A, A 2
N, — 2n=12nPnl a2 (1> : (3.42b)
Pr—1 a,

where m, and m, are constants depending only on Q. Since < 1, they do
not depend upon «, as it might appear. Next, Propositions 3.5, 3.9, and
estimates (2.2) yield that

M2(x)= (ZQ’(X) + j:‘g;)z <mya? (ai)z (3.43)

Propositions 3.5, 3.9, and estimates (2.2) also show that

M0 <& (1) (3.44)

n\a,
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Substituting from (3.44), (3.43), and (3.41) into (3.17), we see that

S
]
—
>
=
N
(o}
AN
&
3
-
W
A
Ay

Substituting from (3.44), (3.43), and (3.42) into (3.17), we get

/ a\2 cf p\ 2
. AR I 7} L Foy P
D (x)=(m, —m,a* — az){—j —=l—1. (3.46)
4 \Gn n\ga,/
We now choose
a = /myj(4m,+ m;) (347}

to get, for x| <aa,,

D, (x) > (i’ﬁi - E)( 2\_ >c (—\ (3.48)

4 n an, \a,/

The remainder of our paper uses the same argument as in [4, 1. First,
if we compare the differential equation

\._
Y +e ("; Y=0 (2.
ail/’

Lo
I
N
ot

for judiciously chosen constants ¢ with (3.17), then Sturm’s comparisen
theorem [24] with Theorem 3.11 yields the following

COROLLARY 3.12 (cf. [8]). Let Q satisfy the conditions (W1}, (W2},
and (W3) defined in the beginning of Section 2. For the consecutive zeros
Xiens Xicv1.n Of Dy, which lie in the interval | —za,,, xa, 1, we have

o
Lo

Xieon = Xk v 10 ™ /1

S

Next, we need a technical estimate.

LEMMA 3.13.  Let Q satisfy the conditions (W1), (W2), and (W3) defined
in the beginning of Section 2. With the numbers 7, defined in (3.5}, we Aaze

- P27 N —1 -2 Vo SEE I
LknPn (xk.n) A (xk.nrlpn Scnan . 1591

LAY

o

Proof. The equality in (3.51) follows from {3.5) and (3.8a); the
inequality follows from Proposition 3.7. §

Proof of Theorem 22. let x be fixed such that Ixi<uag, ,-Z
xe (X/pin X nlE [—2a,, 2a,]. Then Theorem 3.11 and (3.17) show that
izl :=|z,}| is concave on [x,, .. x,;,}. Hence, the area of the triangle
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bounded by the x-axis, the vertical line through the point (x, 0), and the
line joining the points (x, |z(x)|), (x,,,0) is not more than the area
bounded by the x-axis, the vertical line through the point (x, 0), and the
graph of |z|. Thus,

1 . Xin
Sz, =l <[ 0] dt (3:52)
We now use the Schwarz inequality, Proposition 3.7, (3.6) (with
P(t) := p2(t)(t — x,,,)"?), and Lemma 3.13 to get

1 2
{‘i IZ(X)(XL,, - Y)I}
<”‘"" (2(2))? dt) (X1, —x)’°

< 2
Yx (t'_xl,n)— 3

~

re pa1)

o= x[’n)2 W“Q(t) dt

a 2
<c o (xl.n _x)J
n ,

a )
<c ;n (x/,n - x)3 A p;lz(x[.n)

<< (v, —x) (3.53)
a

n

With (3.50), this gives
12(x)]% = | pa(x) wo(x)|* 4,71 (x)

<= Jxy,—x| <. (3.54)
a, n

Since A4,(x) < cn/a,, this completes the proof of Theorem 2.2. |

Corollary 2.3 is obvious and so is the second inequality in (2.12). Under
conditions on Q much less restrictive than ours, Freud proved in [6]
(cf. (2.8a)) that

1

. a R
b <ewhle,), Xl <ca,. (3.55)

The first inequality in (2.12) follows from this and the identity

/:];11 = pn p:t(xk,n)pn - 1_(xk.n) = pn‘4n(xk.n)p57 1(xk‘n) (356)

together with Proposition 3.7. This completes the proof of Corollary 2.4. |}
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