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Abstract

This paper presents a theorem on universality on orthogonal polynomi-
als/random matrices under a weak local condition on the weight function
w. With a new inequality for polynomials and with the use of fast de-
creasing polynomials, it is shown that an approach of D. S. Lubinsky is
applicable. The proof works at all points which are Lebesgue-points both
for the weight function w and for logw.

1 Introduction and results

In [6] Doron Lubinsky found a simple and elementary approach to universality
limits. He had a second method in [7] based on the theory of entire functions.
This second, powerful method needs the verification of some preliminary esti-
mates, which, at general points, are far from trivial. In this paper we show how
those preliminary estimates can be proven under relatively light conditions, and
we recapture/generalize the general results of [11] and [14] in a precise, sharp-
ened form.

Let i be a positive finite Borel measure with compact support 3 on the real
line. We assume that 3 consists of infinitely many points, and then we can form
the orthonormal polynomials p, (u; ) = v, (p)z™ + - - - with respect to u. Let

n

Kn(miz,y) = 01 2)p; (11,y) (1)
=0

be the associated reproducing kernels. It is known that some universality ques-
tions in random matrix theory can be expressed in terms of orthogonal poly-
nomials, in particular in terms of the off-diagonal behavior of the reproducing
kernel, see [3], [6], [8] or [9] and the references there. When ¥ = [—1,1] and
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du(z) = w(z)dz, a form of universality in random matrix theory can be stated
as

a b
i Ky (m + w(z)Ky(z,x)’ T+ w(x)Kn(x,ac)) sin 7T(a — b)
11m =

n—00 Kn(l”, il') - 7.(.(0/ _ b) (2)

(with K, (z,y) = K,(u;x,y)) uniformly in a,b lying in some compact subset
of the real line. This had been proven under strong conditions on w by var-
ious authors and recently by Lubinsky [6] under continuity and positivity of
w. More precisely, Lubinsky proved that (2) holds uniformly in z € S and
locally uniformly in a,b € R provided p is in the Reg class (see below) with
support [—1,1], S C (—1,1) is a compact set, u is absolutely continuous in a
neighborhood of S and its density (= Radon-Nikodym derivative with respect
to Lebesgue-measure) w is positive and continuous on S.

Lubinsky had a second approach [7] to universality based on the theory of
entire functions. This work uses this second approach, about which we shall
give some details in the next section.

We shall need some concepts from potential theory, in particular, the log-
arithmic capacity cap(X) and the equilibrium measure py of a compact set
¥ C R. See the books [1], [10] or [17] for these. Denote the density of the
equilibrium measure py of ¥ by ws. It exits everywhere on Int(X) (and it is
continuous — actually C*° — there).

We shall also need the concept of the Reg class. For the leading coefficients
Yo () of pp(p; x) it is known ([12, Corollary 1.1.7]) that

lim inf Ay, ()™ > o

n—oo " - cap(Z)7
and the measure p is called to be in the Reg class (or is called regular from the
point of view of orthogonal polynomials) if

lim () /7 = — (3)

n—oo cap(X)’
and the right-hand side is finite. This is a rather mild assumption, and it holds
under fairly general conditions on p (see [12, Chapters 3 and 4]). For various
properties of orthogonal polynomials with respect to regular measures see [12].
In particular, if v, u have the same support, v > p and p is regular, then so is
v (since then v, (V) < yn(u))-

M. Findley [4] proved a local version of (2) under the condition that the
support of p is [-1,1], logw € L' in a neighborhood of z and z is a Lebesgue-
point for both w and its local outer function. In [11] and [14] the limit (2) was
verified for general measures, in particular, [14] contains the result that (2) is
true a.e. on an interval I provided u € Reg and logw € L'(I). The proof used
a complicated version of the polynomial inverse image method, and it was pure
luck that that method worked in this case. The main objective of this paper is



to reprove and to make more precise the just mentioned result using the second
approach of Lubinsky developed in [7] (see also [2]).

Let, as before, u be a finite Borel measure with compact support 3 C R. We
shall always assume that p is regular in the sense of (3), hence ¥ is of positive
capacity. If u is absolutely continuous with respect to Lebesgue measure on an
interval I C Int(X), then we call its Radon-Nikodym derivative du(x)/dx with
respect to Lebesgue measures its density, and we denote it by w(x).

As usual, we say that zg is a Lebesgue-point for w if

1 ‘s
Jim 7/ (2o +t) — w(zo)|dt = 0,

r—0 2r —r

and for a measure p = psing + fla, Where du,(z) = w(x)dx is its absolutely
continuous part and fiing is its singular part, we call zy a Lebesgue-point for u
if it is a Lebesgue-point for w and

.1
}1_1'}% ?,U/sing([x() — 7,20 + 7"]) =0.
When w, p are defined on a rectifiable Jordan curve (or unions of such
curves), then one can similarly define the concept of Lebesgue-point with respect
to arc length.
In what follows w(x)dx denotes the absolutely continuous part of .

Theorem 1 Assume that i € Reg is a measure with compact support 32 on the
real line such that logw € LY(I) for some interval I, and assume that o € I is
a Lebesgue-point for both p and logw. Then universality (2) holds for p at xy.

As a corollary it follows that (2) is true almost everywhere on I. It was
observed by Levin and Lubinsky [5] that the universality in question implies
fine zero spacing of orthogonal polynomials. Hence, as a second corollary, the
following follows for the zeros z,1 < zp2 < -+ < Zp, of the n-th orthogonal
polynomial p,,(u, 2).

Theorem 2 With the assumptions of Theorem 1 we have

nh_}rr;o n(Zn k1 — Znk)wn (o) =1 (4)

for |zn.x — xo| < L/n with any fized L.

Recall that here wy is the density of the equilibrium measure of the the support
> of p.

In particular, if 4 € Reg and w is continuous and positive on some open
subinterval I of ¥, then uniformly for x lying in any closed part of I we have

nh_)n;o n(Zn k41 — Znp)ws(z) =1 (5)



for |znx — x| = o(1), i.e. the local zero spacing of the orthogonal polynomials
reflect not just the global support, but also the position of the particular zero
inside that support. This follows easily from the proofs below.

Theorem 1 follows from Lubinsky’s method in [7] or directly from [2, The-
orem 1] if we prove the following two results (see the next section for more
details).

Theorem 3 Assume that p € Reg is a measure on the real line with compact
support 3 such that logw € LY(I) for some interval I, and assume that xo € I
s a Lebesgue-point for both u and logw. Let A > 0 be fixed. Then for all real a

wy (.130)
wlao) o

and the convergence is uniform in a € [—A, A] for any fized A.

1
lim — K, (u;zo + a/n,zo +a/n) =
n

n—oo

Theorem 4 Assume that pu is a measure on the real line for which w,logw €
LY[—6,6] for some 6 > 0 and 0 is a Lebesque-point for both w and logw. Then
for the corresponding reproducing kernel we have for |zg| < A and for sufficiently
large n > n g

1
— K, (20/n,20/n) < CeCl20l] (7)
n

where C' is a constant independent of zy and A.

In this theorem (7) needs to be verified for complex values z.

2 Lubinsky’s approach to universality

In [7] not K, but the kernel

n

K (s 2,y) = 0 2)pi (1, y)

Jj=0

was used. This is the same as K,, for real z,y.
It was shown in [7], without the assumption p € Reg, that (2) holds at a
point z = xy where w is continuous and positive if and only if

lim KX (zo + a/n,zq + a/n)

=1 (8)

holds uniformly for a lying in compact subsets of the real line. The proof of this
remarkable equivalence is along the following lines.

The positivity and continuity of w at x easily implies that in a neighborhood
[xo — 6,20 + d] an inequality

1

— < -K’
o n

(r,z) < C

S|



holds, which then yields
1
—|K (&) < C
ka0 <

there via the Cauchy-Schwarz inequality. This, and the classical Bernstein-
Walsh lemma for polynomials implies the bound

1
—|K} (20 + a/n, o + b/n)| < CeCUal+IPD
n

for complex a,b. Therefore, for

* a b
K, ({Eo + w(@) Ky (@0,20) 7 © + w(IO)Ki,(on,mo)>
K (20, o)

fn(a,b) =

we also have

|fu(a,0)] < CeClleleD (9)

with a possibly different C', which, however, is the same constant for all |al, |b] <
A for any fixed A provided n is sufficiently large (depending on A).

Hence, { f,(a,b)}22; is a normal family in both a,b € C, and for any (locally
uniform) limit f(a,b) of any subsequence of {f,(a,b)}52; we have the bound

|f(a,b)| < CeClal+bh)

To confirm with [7] let us mention that this last inequality, combined with the
boundedness of f(a,b) on the real line (which is a consequence of (8)), implies
(see [7, Section 4, (4.4)])

|f(a,b)| < CeCUSal+[Sh))

Thus, f(a,b) is an entire function of exponential type in each variable, and
Lubinsky used in [7] the theory of exponential functions together with some
properties of K (,t) and of some classical results for Gaussian quadrature to
show that necessarily
sinm(a — b)

m(a —b)

The crucial inequality (9) is a consequence (use Cauchy-Schwarz) of

f(avb) =

1
EK”(% +a/n,xzo +a/n) < CeClel, (10)

(here K, and not K is used!) uniformly in |a|] < A for any fixed A and
sufficiently large n (say n > n4), provided we know the behavior K (zq, z¢)/n ~
1.

Once the equivalence of (2) and (8) is established, (2) follows immediately
at x = xg if a limit

1
EK:L(,u;xo—l—a/n,xo—i—a/n) =L (11)



(with a finite L > 0) can be established uniformly in a lying on any compact
subset of the real line, and here K can be replaced by K,,. Theoretically (8)
could be true even if a limit like (11) does not hold, though so far no example
has been found. Moreover, until now the limit (11) has been established only
for measures in the Reg class.

As we can see from this setup, to prove (2) along these lines one needs two
things:

A) prove the equivalence of (2) with (8), and
B) establish (8).

We have already mentioned that A) has been done in [7] provided w is
continuous and positive at zo. If we drop this condition, the crucial inequality
(10) becomes rather non-trivial, and the aim of Theorem 4 is to establish it
under the Lebesgue-point condition stated there (cf. also [7, Theorem 2.1],
where A) is proved at a Lebesgue-point provided w has a positive lower bound
in a neighborhood of zp). For part B) presently the only approach is via a limit
like (11) using the Reg condition. The limit (11) is also less obvious in the
non-continuous case, and it is the aim of Theorem 3 to establish (11) under the
aforestated Lebesgue-point condition.

We emphasize, that in this paper both A) and B) are proved under the same
Lebesgue-point condition using the same polynomial inequality to be discussed
in Lemma 5 below.

Since some of the arguments sketched above are somewhat subtle in our
case, we also mention that the sufficiency of Theorems 3 and 4 for Theorem 1
follows directly from [2, Theorem 1] by Avila, Last and Simon. In fact, these
authors used a modification of the method of Lubinsky to prove in [2, Theorem
1] that (2) holds at a point & = xy which is a Lebesgue-point for p if

a) (8) holds uniformly for a lying in compact subsets of the real line,

lI(n(an 330) > 0;

b) liminf, . -

c) for every £ > 0 there is a C. such that for any R there is an N so that for
all n > N and for all z € C with |z| < R we have

1
gKn(l‘O + zo/n, To + 2zo/n) < C= exp(e|zo?).

Now if zg is a Lebesgue-point for both p (€ Reg) and logw, then Theorem 3
implies a) and b), while Theorem 4 implies ¢), so it is left to prove Theorems 3
and 4.



3 Proof of Theorem 4

By simple scaling we may assume § = 1.
For the proof we need to consider the reciprocal of the diagonal of the re-
producing kernel: the Christoffel functions associated with p are defined as

n —1
Az, 1) = Kn(z,2)7! = (Z |pk(z>2> =, nf / |Pa|?dp,
k=0 n\%)=

where the infimum is taken for all polynomials of degree at most n that take
the value 1 at z.
We shall prove Theorem 4 in the equivalent form

e—Clzol

>
/\n(ZO/n>M) - Cn

(12)

Since A, (-, pt) is monotone increasing in the measure p, we may assume that the
singular part us of u is zero, i.e. du(x) = w(z)dz and p is supported on [—1,1].
By symmetry, it is enough to consider Jzg > 0.

The proof is based on the next lemma.

Lemma 5 Let w > 0 be a function on [—1,1] such that w,logw € L'[-1,1],
and let 0 be a Lebesgue-point for logw. Then there is a constant M such that
for x € [—1,1] we have

1
P, (2)]2 < MeMV/rle] n/ Py 2w (13)
-1

for any polynomials P, of degree at most n =1,2,....

Note however, that outside [—1, 1] (and close to 0) nothing more than |P,(z)| <
M exp(Mmn|z|) (more precisely |P,(z)] < M exp(Mn|Sz|)) can be said (just
think of the classical Chebyshev polynomials with w = 1).

Proof of Lemma 5. The following version of Lemma 5 was proven in [16,
Lemma 3]:

Lemma 6 Let v be a C** (a > 0) smooth simple Jordan curve (a homeo-
morphic image of the unit circle) with arc length measure s, w > 0 a (sy-
measurable) function on v such that w,logw € L'(s,), and let (o € v be a
Lebesgue-point for logw (with respect to s, ). Then there is a constant M such
that for z € v we have

Qu) < MMV [ 10, w s, (14)

Y

for any polynomials Q,, of degree at most n =1,2,....



We are going to apply this with v = C, the unit circle. Let

Qon(2) = 2"P, (; (z + i)) .

This is a polynomial of degree at most 2n such that |Qa,(e)| = |P,(cost)|.
Define on C; the weight W (e®) = w(cost)||sint|, for which we have

/ Qen (AW (2)dsc, () = / " Qan(e) PW (e
C

—T

= / | P, (cost)|*w(cost)]| sin t|dt

—T

1

= 2/ | Py () |Pw(z)da.
~1

Under the map e — cost the point 4 is mapped into 0, and it is clear that

2o = 1 is a Lebesgue-point for log W (with respect to arc-measure on C1). Hence

we can apply (14) to Q2, to get

‘an(eit)|2 S MeM\/2n|eit_i| n/ ‘Q2n|2W dSCI-
C1

Since for t € [0, 7] we have |e® —i| ~ | cost|, the estimate (13) follows.
|

‘We shall also use the following lemma on fast decreasing polynomials, which
was proven in [16, Lemma 4].

Lemma 7 Let K be a compact subset of the plane, § the unbounded component
of its complement, and Z € 02 a point on the outer boundary of K. Assume
that there is a disk in Q that contains Z on its boundary. Then for every § < 1
there are constants c¢1,C7 > 0 and for every n = 1,2,... polynomials S, of
degree at most n such that S, (Z) =1, |P,(2)| <1 for z € K and

1Sn(2)] < Cre—arl==2D° ¢ K. (15)

(The constants Cy,c; depend on 3.) We shall apply this lemma to a K, say
bounded by a smooth Jordan curve, which contains the segment [—2,2] on its
boundary and contains all the segments [—2,2] — ip with 0 < p < 1 in its
interior. If |zg] < A, Szp > 0 and n is sufficiently large, then we shall set Z = 0,
B =2/3in Lemma 7 and consider with the .S,, from that lemma the polynomials
S*(z) = Sp(z — z0/n). For it we have S} (zo/n) = 1, and for z € [-1,1] (in
which case z := & — zp/n lies in K)

[Sh(2)] < Cleﬂn(n|$7z0/n‘)2/3 < Clecl|20|2/3@*61(n|m|)2/3 (16)

with some absolute constants ¢, Cy > 0.
Now we are ready for the



Proof of (12). Recall that du(z) = w(z)dz, z € [-1,1] and w,logw €
L'[—1,1]. We have to estimate A, (z0/n, p) from below for |z9| < A. Let P, be
a polynomial of degree at most n such that P,(z9/n) =1 and

An(zo0/m, 1) :/|Pn\2w.

1
/‘Pn|2w > =
n

then there is nothing to prove, otherwise we obtain from Lemma 5 that

If

|P,(z)]* < MeMVnlel g e [—11). (17)
With the the S} from (16) form
Ry (2) = Po(2)55(2). (18)

This has degree at most 2n, it has value 1 at zo/n, and we estimate its square
integral with respect to w on [—1,1] as follows.

The Lebesgue-point property of w at 0 means that for every € > 0 there is
a p > 0 such that if 0 < 7 < p then

/|<|< () — w(0)|d¢ < e (19)

We define the measure v as dv(z) = w(0)dx on [—1,1]. We shall compare the
values A, (z0/m, 1) and Aoy (20/n,v) of the Christoffel functions associated with
w and v, respectively. From that comparison (12) will follow using the following
facts. Since the measure v is just a constant multiple of the Lebesgue-measure,
for it we have (see e.g. [13, Theorem 1])

1
An(2,v) ~ =
n

uniformly on [—1/2,1/2], hence there is a constant Cj such that
> gi()? < Con,  we[-1/2,1/2], (20)
7=0

where g; denote the orthonormal polynomials with respect to v (they are a con-
stant multiple of the classical Legendre polynomials). Let zp € C be arbitrary.
There are constants |e;| = 1 such that

Z \Qj(zo/nﬂ2 = ZEij(Zo/n)z-
j=0 j=0



For the polynomial Q(z) = Z;’L:O £;4;(2)? we have then Q(z9/n) = Z;’L:O lg;(z0/n)]?,
and at the same time for all z € [-1/2,1/2] the inequality |Q(x)| < Con holds
(because of (20)). Therefore, by the Bernstein-Walsh lemma [18, p. 77] if
g(z) = log|2z + /(22)% — 1| denotes the Green’s function of C\ [-1/2,1/2],
then

n
> lgi(zo/n)P = [Q(z0/n)| < €"90/M Cyn < eI Cyn,
=0

where we used that g is Lip 1 in a neighborhood of the origin. This inequality
proves
Aan(z0/n, ) > w(0)cge™ 2170l /n (21)

with some constants co, Cy > 0 that are independent of n and zg, and, as we
shall see, a similar inequality holds then for A, (zo/n, u).
Clearly,

1
Non(20/m, ) < [ 1 Pu(0)

with the polynomial R, from (18), and we compare here the right-hand side
with the square integral of R,, against w. It follows from (16) and (17) that

Bu(e)] < VAT e exp(M /el j2 - ex(nla)?), € [-1,1],
and hence
Raw)) < M exp(—(e /2 mla)?), w11 (22)

with some constant M.
It follows from (19) for 2¥/n < p/2, k =1,2,... that
2 . 2 2¢i|z0]?/? 2kt . 2k/3
| B ()] [w(z)—w(0)|dz < Mfe e——exp(—(c1/2)277),
2k /n<|z|<2kt+1 /n n

and also

IR, (2)2|w(z) — w(0)|de < M2e2elz0*? =
lz|<2/n n

For the integral over |z| > p/2, we write (see (22))

/ ey @) w0l < CuM7 e o exp (—(e1/2) (np/2)”/%).
p/2< 2|<

Summing these up we obtain

/ \mfw—/ B2 < CyM2e2120™* £ 1 o(1 /)
[—1,1] [—1,1] n

10



with a constant Cy that depends only on w. Hence, in view of | R, (¢)| < |Pn(¢)],
it follows that

Aon(z0/n,v) < Ap(z0/n, 1) + C4M126201‘Z°‘2/3% +o(1/n).

Given A (recall that |z9| < A), choose € > 0 so that

w(0)cge™C24

C4M126261|A|2/36 < . 7
(cf. (21)) and then with this ¢ > 0 for sufficiently large n, say for n > ns we
get from the previous estimate

w(0)cge™ 24
Mon(zo/m, ) < Ao, ) + O
This gives, in view of (21),
w(0)cge 2170l
An(zo/n, 1) = © 22n ;
and (12) has been verified.
|
4 Proof of Theorem 3
We prove the theorem in the equivalent form
lim nA,(xo+a/n,p) = w(zo) (23)

We use the method of [16].

Without loss of generality we may assume xy = 0 and that the support of
is contained in [—1/2,1/2].

We need to prove that under the assumption that the point 0 is a Lebesgue-
point for both p and logw we have

. w(0)

ll’rl;,rl—?ol(l)p nin(a/n, p) < on(0)’ (24)
and (0)

linnig.}f nAn(a/n, p) > os(0)° (25)

Recall that the Lebesgue-point property of p at 0 means that for every € > 0
there is a p > 0 such that if 0 < 7 < p then (19), as well as

psing({z | [2] < 7}) <er (26)

11



hold.

We define the measure v as dv(t) = w(0)dt in a small neighborhood of 0
and v = u outside of that neighborhood. It easily follows from the localization
theorem [12, Theorem 5.3.3] that v is also in the Reg class with support equal
to the support of u. We shall compare the values A, (a/n,p) and A\, (a/n,v) of
the Christoffel functions associated with p and v, respectively. Since the density
v is constant (= w(0)) in a neighborhood of 0, in this neighborhood we have
(see [13] and also [15, Section 8])

lim nA,(x,v) = (27)

n—00 wx, (O)

locally uniformly (recall that 3 is the support of u and wy is the density of the
equilibrium measure of X). In particular,

lim nA,(a/n,v) = (28)

n—o0 ws(0)
uniformly in |a| < A for any given A > 0.
We may assume that p in (19) and (26) is so small that in [—p, p] we have
dv(x) = w(0)dx.

Proof of (24). It follows from the proof of (27) in [15] that there are polyno-
mials @, of degree at most n such that Q,(a/n) =1, |Qn(2)] <1 forall z€ X
and

. 2, w(0)
nl;n;on/|Q7l\ dv = ox(0) (29)
With 8 = 2/3 and some small § > 0 consider the polynomials Ss, of de-
gree dn from Lemma 7 for K = [—1,1] and for the point Z = 0, and set

R, (z) = Qn(x)Ssn(z — a/n). This is a polynomial of degree at most n(1 + 9)
with Ry, (a/n) = 1, |R.(2)] < |Qn(x)] <1 (x € ¥), and this will be our test
polynomial to get an upper bound for A, 14s)(a/n, 1)

We estimate the integral of |R,|? against u using the Lebesgue-point prop-
erties (19), (26). Since for fixed A and for |a| < A

IRa(t)] < €4 exp(—cl(né\t—a/nbz/?’) <Oy exp(—cl(n5|t|)2/3>,t €[-1/2,1/2]

with some ¢y, C1,Ca (where C4 may depend on A), it follows for 2% /nd < p/2,
k=1,2,... that (see (19))
k41

no

IR, (1)} w(t) — w(0)|dt < Cae exp(_clz%/?,),

/Qk/ms<|t|<2k+1/ms

and also 5
/ R (1) 2l (t) — w(0)|dt < &=
t|<2/né no

12



On the other hand, for the integral over |t| > p/2, we write
/ (B () (1) — w(0)dt < C exp((—er (ndp/2)*/?).
p/2<[t], tex
Summing these up we obtain

/|R 2w /|Rn|2 )< Ot oli/n),

where C' may depend on A but not on €, or n.
Similar reasoning based on (26) rather than (19) gives

£
/E (R Pting < OZ 4 0(1/n).

From these (as well as from the estimates leading to these inequalities) and
from the fact that v = p outside the interval where dv(x) = w(0)dz we infer

/ | Ro*dp — / R, |*dv < C% +o(1/n).
Hence, we obtain from (29)

limsup n(1 4 8)An(144)(a/n,p) < limsupn(l+6) [ [R,[*du

n—oo n—00
< limsupn(l +9) |Qn|2d1/+02§(1+5)
n—oo
w(0) €
1460)—=5 +Co=(1+46

with some constant Cs that depends only on A. Now the monotonicity of A, in
n implies that then for the whole sequence of natural numbers
w(0)

hg;sotipnA nla/n,u) < (1+6)70)+02 (1+96).

On letting here e — 0 and then 6 — 0 we obtain (24)
|

Proof of (25). Assume again that 0 € ¥ is a Lebesgue-point for both p (see
(19), (26)) and logw, and select p so that (19), (26) is true for all 7 < p.

Assume to the contrary that there is an @« < 1 and an infinite sequence
N C N of the natural numbers such that for every n € N there are polynomials
@, of degree at most n with the properties @, (a/n) =1 and

[ 1@ ())n (30)

13



In particular,
5 w(0) 1
n < —. 31
1@ < (31)

Let A > 0 be such that logw € L'[-A,A]. Recall that v was equal to u
outside a small neighborhood of 0, and it does not matter what neighborhood
we take, so we may assume that p and v coincide outside [—A, Al.

Lemma 5, transformed from [—1, 1] onto [—A, A], gives

Qu(t)] < Mexp(My/nlt]), ¢ e[-A,A] (32)

with some constant M (recall that 0 is a Lebesgue-point of logw, so Lemma 5
is applicable).

With 8 = 2/3 and some § > 0 consider again the polynomials Ss,, of degree
on from Lemma 7 for K = [—1,1] and for the point Z = 0, and set R,(z) =
Qn(2)Ssn(x — a/n). This is a polynomial of degree at most n(l + 0) with
Ry(a/n) =1, |R,(t)] < |Qn(t)| (t € ¥), and this will be our test polynomial to
get an upper bound for A,(146)(1,7), n € V. Since, as before,

3

[Ssn(t — a/n)| < Caexp(—cimdlt)*?),  te[-1/2,1/2], ol < 4,
it immediately follows that
|Ru(t)] < MCa exp(M\/m— cl(n(5|t\)2/3>7 te-A, A
and hence
[Ra(t)] < CaMyexp(—(e1/2)malt)?),  te[-A,A] (33)

with an My depending on §.
It follows from (19) and (33) for 2¥/né < p/2(< A), k =1,2,... that

k+1

2
IR, (8))?|w(t) — w(0)|dt < C3MZe — exp(f(cl/mzk/s)’

/zk/ms<|t<2k+1/ms

and also 5
[ IRa(0P () - w)ldt < ChMEe .
t|<2/né né

For the integral over A > |t| > p/2, we have
[ IRaloP () — wO)dt < CRCME exp(—(ca/2)(ndp/27%).
p/2<It|<A

where C' is the integral of |w(t) — w(0)| over [-A, A]. Summing these up we

obtain
/ R 2 — /
[—A,A] —A,A

)

| | R |2wds < cfgwg% +o(1/n).
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These yield again (as v = p outside [-A, A])
/ R < /|Rn\2du +OROME =+ o(1/n).
Hence, in view of |R,(t)] < |Qn(t)], it follows from (30)

limsup (1 + §)A\p(146)(a/n,v) < limsupn(1+5)/|Rn\2dV

neN neN
< nmsupnu+5)/|Rn\2du+c§,cM§§(1+5)
neN
< 1+0aY Loz
= ws(0) 05 ’

and here C4 and C are independent of € and 6. But for (14 d)a < 1 (and we
can make this happen by selecting a small §) and small € this contradicts (27).
This contradiction proves the lower estimate in (25) and the proof is complete.
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