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LAGRANGE INTERPOLATION IN THE ZEROS OF BESSEL FUNCTIONS
BY ENTIRE FUNCTIONS OF EXPONENTIAL TYPE
AND MEAN CONVERGENCE

Georgi R. Grozev and Qazi I. Rahman

ABSTRACT. Let J, be the Bessel function of the first kind of order o > —1. Then
Ga(z) := 27 *Ja(z) is an entire function whose zeros are all real. We note that
under appropriate conditions, the Lagrange interpolant of f : R — C in the zeros
of Ga(72) where 7 > 0 is an entire function of exponential type 7. We denote
it by Lra(f;2) and study the mean convergence of L; (f; ) to f as 7 — oo.
We obtain a theorem which is analogous to two well-known results, one due to
J. Marcinkiewicz and another due to R. Askey. Some of the lemmas which we
need for our proof of the theorem are results of independent interest; for example,
Lemma 13 is an extension of the Whittaker-Shannon sampling theorem.

1. Introduction and statement of the main result
For each n € N, let a system of n distinct nodes
1<y < <Tpp<--<xp1<1 (1)

be specified. Let L, _1(f;-) denote the polynomial of degree < n—1 which interpolates
f at the given nodes. It was shown by Faber [10] that for some f € C[—1,1], the
sequence {L,(f;xz)} does not converge uniformly to f(x).

Let Qo, @1, ... be an orthogonal system of polynomials on [—1, 1] corresponding to
some non-negative weight function w belonging to L'[—1,1]. It was proved by Erdds
and Turdn [9] that if the points in (1) are the zeros of @y, then for each f € C[—1,1]
and p = 2

1
[ 1@ = Lu(fs)Pu@) do =0 as n— oo, (2)

At about the same time as Erdos and Turén, but independently of them, Marc-
inkiewicz [19] proved the following

Theorem A. For each n € N, let
2km
O 1 =
BT on 1

and denote by t,(f;-) the trigonometric interpolatory polynomial of degree not exceed-
ing n with

k=0,+1,42,...,4n,

tn(f; en,k) = f(en,k) :
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If f: R — C is a continuous, 2m-periodic function, then for every p >0

2
i [ [(0) ~ ta(f;0)Pd0 =0 (3)
n—oo 0
It may be added that limsup,,_, . |f(8) — t.(f;8)| = oo for every 6 if the continuous
and 2m-periodic function f is suitably chosen [14, 20].
Note that the case w(z) = (1 — 22)~/2 of (2) is contained in (3).
Askey [2, 3] looked for values of p > 2 for which (2) holds and observed that it was
not possible to find such a p for all weights. In the positive direction, he proved the
following

Theorem B. [3, Theorem 10] Let w(z) := (1 — 2)*(1 + )% and P># be the corre-
sponding orthogonal (Jacobi) polynomial of degree n. If the points in (1) are the zeros
of P%P then for each f € C[—1,1],
1
im [ 1f@) ~ La(fs)P(1 - 2)* (1 + 2)%dx = 0 ()
n—oo J_4
forp<4(a+1)/(2a+ 1) when
(i) o, 8> —1/2, or
(i) @ — k| <1+8,-1<B<-12k=23,....

For further results about the mean convergence of Lagrange interpolation based on
the zeros of Jacobi polynomials, see [23] and some of the papers cited therein.

We consider Lagrange interpolation of non-periodic functions in an infinite set of
points on R. Polynomials or trigonometric polynomials are clearly not suitable for
such a purpose. According to a well-known result, a complex-valued function ¢ is a
trigonometric polynomial of degree n if and only if it is the restriction to R of an entire
function of exponential type n which is periodic with period 27. Thus, it is natural
to use (non-periodic) entire functions of exponential type to interpolate non-periodic
functions in an infinite set of points on R. If so, what kind of points on R would be
suitable for interpolation by entire functions of exponential type and for obtaining a
convergence theorem like the one of Marcinkiewicz? In this paper, we shall see that
multiples of the zeros of Bessel functions of the first kind of order o > —1 are such
points.

The Bessel function of the first kind of order o« > —1 can be defined by [33, p. 40]

1\*& 1)\
Ja(z) = <§z) ;(_1)'/%. (5)

Note. Here and elsewhere in the text (%, ¢ # 0 will mean exp(alog() where the
logarithm has its principal value.

In view of (4), it is interesting to note that according to a classical formula [31,
Theorem 8.1.1], if o, 3 are real, then

1 —
lim 7~ P (cos ) = (5) Ja(2), (6)
n—oo n

uniformly in every bounded region of the complex plane .
From the coefficients in the expansion (5) for J,(z) it is easily seen that

Ga(z2) = 27%a(2)
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is an even entire function of order 1 type 1 [5, Theorem 2.2.10] and so is of exponential
type 1. It may be mentioned that
2 1

\/;cosz if o= -3

Ga(z) = sin 2z
\/g ifo=3.

z

According to a theorem of Lommel [33, p. 482], the function J,(z) has only real
zeros if & > —1. They are all simple with the possible exception of z = 0. Arranging
the positive zeros of J,, in increasing order of magnitude, we shall denote the kth zero
by ja,r or simply by ji, if there is no ambiguity. For each k € N, the zero —j,  of J,
will be denoted by ja,—x or by j_.

From (6) it follows that if —1 < 2,,,, < -++ < @,1 < 1 are the zeros of P%#, and if
we write x,, ) = cosfy , 0 < 0, ) <, then for a fixed k > 1

ke
9n1k~]— as n — 00 .
n

To f: R — C, we formally associate

> Gol(rz i
Lro(f;2) = U;OO mf <]?> T >0, (7)
v#0

which interpolates f at the points ji/7, (k € Z\ {0}). Note that 7 does not have to
be an integer.
In order to state our main theorem, we need to introduce a couple of definitions.

Definition 1. Given p > 1, we denote by F*P(§) the set of all measurable functions
f R — C satisfying

@) =0 (1/(al + )™EF)  aeR, (8)

for some § > 0 and by F*? the union (Js, o F*P(5). It is clear that if f € F*P,
then |z|*t2 f(z) € LP(R) for all p > 1 when o > —3 and for 1 <p < ‘2(1_2“‘ when
“l<a<-1/2.

Definition 2. Let R be the set of all functions f : R — C which are Riemann
integrable on every finite interval.

Our analogue of Theorem A now may be stated as follows.

Theorem 1. Leta>—-1/2,p>1lor—-1<a<-1/2,1<p< \za—2+1\ Then

15 = LralrsMa = ([

if f € FPOR.

1 p 1/p
Ia+§ (f(I) - LT,a(f;.I))’ d:Z?> — 0 as T — 00
(9)

Note that the integral of |z = (f(x) = Lr.o(f;2)) [P over (—1,1), and so a fortiori

over (—00,00), may not be defined if @ € (—1,—-1/2) and p > |20¢2—+1|
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Remark 1. We shall show that if o > —1/2, then
ol
sug’x 2 (f(x) — L, o(f; ZC))‘
zE

may not tend to zero as 7 — oo if f satisfies (8).
Remark 2. The case a = —1/2 of Theorem 1 was treated in [27].

Remark 3. In the case a > —1/2, we may replace (9) by

| 1@ = LralfsaPlaf s 0 s o @)

— 00

if p>2.

1.1. Why the weight |z[?**! in (9')? Let {)\,} be an increasing sequence of real
numbers, A, # 0, A_,, = —\,,, and for large n, 0 < A\, <n+«/2—1/2. According to
a result of Boas and Pollard ([6] or [5, Corollary 9.6.14]), if f is an entire function of
exponential type satisfying

ly” fla +iy)e ™ =0, Jy| = oo,

and o < G, then f(z)=0if f(A\,) =0 forn=41,+2,....

Using some of the facts about the zeros j, , which are listed in the next section, it
easily can be concluded from the preceding result of Boas and Pollard that if an entire
function of exponential type o < 7 vanishes at the zeros of G, (72), then it must be
identically zero; here o = 7 is inadmissible as the example G, (7z) shows. This means
that an entire function of exponential type o is completely determined by its values at
the points ju x/7 if ¢ < 7, but not necessarily so if ¢ = 7. However, the quadrature
formula [11, 13]

oo

=2t __ 2 1 > (Gok
e e = k_Z_JG& | (22 (10)
K40

holds for all entire functions of exponential type 27 if the integral on the left exists in
the sense of Lebesgue.

Since (10) correctly evaluates the integral for all entire functions of (exponential)
type 2 times 7, we see it as a Gaussian quadrature formula. We find it interesting that
the weight |22+ and the nodes j, /7 involved in (10) play the same role in (9') as
the corresponding quantities (1 — z)*(1 + x)? and the zeros of P®?, involved in the
Gauss-Jacobi quadrature formula, do in (4). It is for this reason that we consider (9')
to be an analogue of (4).

2. Auxiliary results

2.1. Relevant facts about Bessel functions and their zeros. The asymptotic
formula [35, p. 368]

+ (sin(z - “—2” - g)) 0(2-1)} (11)

holds for |z| large and | arg z| < 7. From (11) follows the auxiliary result [11, Lemma 1]
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Lemma 1. There exists a positive constant c; = c¢1(«) depending only on « such that
for all large R of the form (N + % + 1)m where N € N, we have

. 1 .
Jo(Re)| > ¢1 — - Flsin0l fcR. 12
[Ja(Re)] > 01— (12)
Since J,(z) — (%)1/2 cos(z—a% — ) is regular and of exponential type in Rez > 0
and is O(x73/2) as x — oo by (11), it follows from Lemma 2 below that
9\ 2

J(x)=—|— sin(x—g—ﬁ)—kO(:z:*g/z) as T — 00 . (13)

T 2 4

Lemma 2. [15, p. 198, Lemma 14] If f is of exponential type in Rez > 0, and if for
some A € R,

f(x) =0(@) as r — oo,
then
f'(z) = O(z?) as r — 00 .
For all large m € N, the number of zeros of J, in the interval (0, mm + (% + 1))

is exactly m [33, p. 497].
According to a result of McMahon ([22]; also see [21], [33, p. 506]) the kth positive

zero is given by
B 40% — 1 B (40 — 1)(28a% — 31)
8m(k+3a—1)  384m3(k+ ta— 1)3
(40 —1)(1328a" — 3928a> +3779) (14)
153607 (k + 50 — 1)° '
Thus, jo,k+1 — ja,k ~ 7 for all large k. Since for all k € Z \ {0} the zeros j, i are
simple, it follows that if jo := 0, then
ja,k-l—l _ja,k > 51 = 51 (a) ) (15)
Jak+1 — Jak < 02 = d2(a) (16)

where 01, 02 are positive constants depending only on « .
Formula (14) implies that for all large k

|sin(' —ﬂ—z)} > L
Jk 5 1 Vol
Hence, by (13), there exists ko € N such that
1
Tolie)| > —=—71
| | 2/ |jx|?

The zeros of J, are all simple and so J/,(|jx|) # 0 for all k # 0. Therefore, from (17),
it follows that for some positive constant ca = ¢a(«) depending only on «, we have

ja,k = (k =+ %a — %)W

if k| > Ko . (17)

. C2
BEAGIE e k=+1,42,... (18)
k

and so
JL (5
_ | J& (1)) L@

G’ (jx _ k=+1,42 ... . 19
’ ( )’ |]k|a |jk|a+% ( )
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In addition, we shall need

Lemma 3. For all o > —1,

/0 C;'a(:v.)z dr #0.

e —=J1

Proof. According to a known formula ([1, formula 11.4.5] or [33, pp. 426-427, formula
(11)]), we have

< Ga(z) 4 5
/0 e = s (10 - La(O) . a>-F. ReC>0. (0)
where I, is related to J, by ([1, formula 9.6.3] or [33, p. 77, formula (2)])
I,(z) =i7%Ju(iz) , (21)

and L, to the Struve function ([1, p. 496] or [33, p. 328])
1\ (—1)F (L2
Hu(z) = (—z) 2
2 kZ:()F(k+%)F(k+a+%)
by the formula ([1, formula 12.2.1] or [33, p. 329, formula (11)])
Lo(2) =i 'Hy(i2) . (22)
It is clear that if { =ij; + £ where £ > 0, then

%TZI (Ia(¢) ~ La(¢)) — # (Ia(ij1) = La(ijn))  as€—0.

Besides, it is easily seen that as £ — 0,

* Gaolx) * Gul(z)
/0 o <2d:c — /0 = _j12d:c . (23)

In order to prove this, we note that
/ S / o)
o @+ (ij1+§) 0o TT—Ji

[ G G,
o T+j—1§ x—75 +1i§ 0o T¥—Ji

Let € > 0 be given. There exists a d3 > 0 such that for all § < s,

/_M Ga(2) d:c} <Z. (24)

2
1—8 x2_.71 3

Since G, is an entire function, in the neighbourhood of j;, we have
Ga(z) = ai(z = j1) + O(lz = 1 [%), a1 :=GL(j),
so that for all real £

)2k

Ga(a)] ol
s <[l + Ol i)

Hence, there exists a d4 > 0 such that for all § < 4,

j1+6 j1+6
/ L _Gul®) g/ L |G“,(x)| dr < . (25)
h—e Tt J1—i§w— g1 +1i§ —s T+l /(x —51)2 + &2 3
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Furthermore,
Ga x Ga X
/ 3 ( .)2 - ( )2 dx
0,00\(j1 6,51 +6) | 22 —J1 22+ ¢
— 5/ GQ(I) . §+ 2ij1
0,00N\Gi—8j1+0) | T2 = J7 | |22 — j + &2 + 2i&j
§(€+251) Ga(7)
< — 5z _ _ 5 2 dx
[0,00)\(j1—8,41+08) | T J1
< % (26)

if 6 := min{ds,d4} and ¢ is sufficiently small. The estimates (24), (25), and (26)
readily imply (23). Hence, (20) holds also for ¢ = ij, i.e.,

® Golz T .. ..
jﬁ ( )dx::Zgjﬂa+1(hxkh)—'La@JO)~

2 _ 2
= —Ji

According to (21) and (22), respectively, we have
Io(ij1) =i *Ja(j1e™) =0 and Lq(ij1) =i * 'Ha(j1e™) .

Consequently,

> G, 1)« »
/ 7@ gy = OV Gremy
o IT°—J)1 257
Hence, the Lemma holds if and only if
Ha(j1e™) #0. (27)

We shall show that (27) is indeed true.
Case 1. -1 < a < —1.
In this case, 0 < j; < 5. According to a known formula [33, p. 328]

[

(32)™
Ha(z) = e (1+6(2))
where
z — ex %|Z|2 —
00e) < G { 55 -1
Thus,

2 1171? 2 72
0(—j1)| < = 4 —1s <= — —1)<0.8422,
il < o] (20 <1 f < Sewr (5§
ie., |1+ 6(—j1)| > 0.1588 and so H,(j1e™) # 0.
1

Case 2. —5 <a<z.

In this case, 5 < ji < 7 and ([1, formula 12.1.6] or [33, p. 328, formula (1)])
2(_%.71)& /1 2 1

——=— [ (1 —=t*)*"Zsin(jit)dt .

L(a+3)T(3) Jo

Since sin(j1t) > 0 for 0 < t < 1, the integral is (strictly) positive and so H, (j1¢™) # 0.
Case 3. o > %

Ha(jlem) = -
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It is known [33, Section 10.45] that
Hy(z) >0 for x > 0.

Therefore,
H,(z)

W>O fOI'(EZO.

HY (x) :=

However, HY is an even function, so H%(z) > 0 for all x € R. In particular,
H (j1e™) > 0 and

. 1 \ot! .
Hoie™) = (<50)  Hie™) 0.

O
2.2. Relevant facts about functions of exponential type. In addition to Lemma

2, we shall need some other facts about functions of exponential type. They are
contained in Lemmas 4-9.

Lemma 4. If g is reqular and of exponential type for x > 0 and fooo lg(z)Pdx < oo
for some positive p, then [4]

Amm@+nmwx<m (28)

for every real y, and g(x) — 0 as x — oo. In case g is an entire function of exponential
type 7 and [*_|g(x)|Pdx < 0o, p > 0, then ([25] or [5, Theorem 6.7.1])

(/‘: ot + iy)|pd$>l/p < el (/Z Ig(w)lpdx) " (29)

Lemma 5. [4], [13, Lemma 1] Let {\i} be an increasing sequence of positive numbers
with Agy1 — A > 0 > 0. If g is regular and of exponential type in the open right
half-plane such that

Ammmm<m, (30)

then
S Iyl < oo (31)
k=1

Lemma 6. [5, Theorem 5.6.8], [15, Lemma 9] Let g(z) be regular and of exponential
type < m, largz| < B < T, h(0) := limsup, % < 0. Then we can write
9(2) = g1(2) + g2(2) where g1(z) is an entire function of exponential type less than m
such that g1(x) = O (1/|z]) as x — —o0, while g2(z) is regular and of exponential type

in |argz| < B satisfying g2(x) = O (1/x) as x — +o0.

The preceding result is really due to Macintyre [18], although it was not stated in
this form by him.

Remark 4. The restriction on the exponential type of g is redundant. Indeed, if g is
of exponential type 7 > 7, then g (%z) is of exponential type 5 .
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Lemma 7. If g is an entire function of exponential type 7, and if g € LP(R), p > 0,

then
( [ O; Ig’(x)lpd:c) v <7 < [ Z |g(3:)|pd:c) v _ (32)

The case p > 1 of this inequality is classical [5, Theorem 11.3.3]. That it holds also
for 0 < p < 1 was proved in [26].

Lemma 8. If g is holomorphic and of exponential type in the open right half-plane
and belongs to LP(0,00) for some p > 1, then ¢’ € LP[e, 00) for every e > 0.

Proof. Since g € LP(0,00), g(x) — 0 as & — oo by Lemma 4 and so, in particular,
h(0) < 0. By Lemma 6 applied to g(z + ¢€), g(z) = g1(2) + g2(2) where gy is an entire
function such that g;(z) = O (1/|z]) as ¢ — —oo and gz is regular and of exponential
type in Rez > e satisfying ga(z) = O (1/z) as © — 4o00. Hence, g1 € LP(—o0,¢],
g2 € LP[e,0). Since g € LP(0,00), by hypothesis, g1 = g — g2 belongs to LP[e, c0),
so g1 € LP(R). By Lemma 7, g} belongs to LP(R). Next, we note that the function
292(z), which is of exponential type in Rez > ¢, is bounded on [g,00). Hence, by
Lemma 2, its derivative zg5(x) + g2(x) is also bounded on [e, 00), so gh(z) = O (1/x)
as x — +oo; in particular, g5 € LP[e, 00). It follows that ¢’ = ¢} + g5 € LP[e,00). O

We also need the following result due to Lindelof.

Lemma 9. [16, Theorem 18.3.5] Let g be holomorphic and bounded in the upper half-
plane. If g is continuous at all finite points of the real axis, and g(x) — a when
r — +00, then

lim g(z) =a (33)

Zz2—00
uniformly in any sector 0 < argz < m—49, 0 <J.
2.3. Additional lemmas. The next two lemmas play an important role in our work.

Lemma 10. [32, Theorem A] Let {ay}rez denote any sequence of numbers such that
the series

Z |ax P p>1 (34)
k=—o0
is convergent, and let
1 > Q.
by = — —_— 35
T k:Z_OO k+n+ % (35)

for all values of n. Then, the series Y, |bn|P is also convergent, and there is a number
N, depending only on p such that
o0 o0

STl <N STl (36)

n=—oo n=—oo

Lemma 11. [25, p. 135 (Lemma 7)] Let {ux}rez denote any sequence of numbers

such that the series
oo

> Jul? p>1 (37)

k=—o0
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is convergent, and let {t,}.cz be a sequence of positive numbers such that t :=
Z;O:_OO t, < oo. If

Uy = Z tn_k|uk|, (38)

k=—o00

for all values of n, then

o0 o0
Z vh <P Z |ugl? .

n=—oo k=—0o0

3. Proof of the main result

3.1. Preparatory lemmas.

3.1.1. Properties of the interpolant Ly o(f;-).

Lemma 12. Leta>—-1,p>1,7>0. If

)

k=—oc0

k#0
then the series for Ly o(f; 2) converges absolutely and uniformly on all compact subsets

of C and defines an entire function of exponential type T.

Proof. Let E be an arbitrary compact subset of C and Ng the smallest integer such
that |z] < %jNE for all z € E. For z € E, N1, Ny € Z, N1 < N», we have

N2 Gu(72) Jr
k;\h mf (?)' < A(N1, N2) - B(N1, N2, z) (40)
k0
where
No . o\ 1/p
A(N1, No) ::<Z fG(/Jilzj/,:’)) > ,
g
._ Ak Gao(r2)|* /4 p
PR <k_ZN =) e
k0
By (19)
i Ak . a-l—% ]_k p 1/17
AN < S 3 TR ) (41)
g
Clearly,
)19 1/q
B(Nl’Nz’Z)S(( PEEDD ) SZL—TJZ ) - (42)

‘k‘SNE NE+1S“€‘<OO
k0
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The first sum on the right-hand side of (42) may be estimated as follows. Let d; be as

in (15) and draw circles of radius g—; around each of the points 24, [I| < Ng, | # 0.
On each such circle |z — Lj;| = %, we have
Ga 3
Coltdl < 3 x| (Galr)
TZ = Jk 01 o 1j =21
3 3M
<2 max  |Ga(rz)| = Z=E. (43)
61 51

. )
‘z‘<(]NE+_3L)
= T

Ga(rz)

P is an entire function, it follows that the preceding estimate also holds

inside each of the circles. If z € E but does not belong to any of the disks [z — 2 j;| < %,
lI| < Ng, 1 #0, then |7z — jg| > %1 and the estimate (43) holds trivially. Hence, for

all ze F

Since

Gol(r2)|? 3Mg\?
> ’# §(2NE)( 5E) . (44)
|k|<Ng Jk 1
k£0
Further, for z € £
SCEC TR S
- | = E T
Ng+1<|k|<oco T2 = Jk Np+1<|k|<oco (|jk|_|]NE|)q
1
< (Mp)* Z T — Noyasd
Np+1<|k|<oo (Ik| = Ng)?6;
ME 7 = 1
(%) X m
k£0
Thus,
Mg e 1 1/q
B(N1, N- <[ —== 2N R34 — . 45
(N1, 2,2)_(51 ){ E +k:z_:oo |k|‘1} (45)
k£0

In view of (39), it follows from (40), (41), and (45) that the series

S Gel) <j—’“>
GGk (2 = gk) T \ T
k#0
converges absolutely and uniformly on E, so its sum L, o(f; z) defines an entire func-
tion.
Since G, (7z) is an entire function of exponential type 7, for each € > 0, there exists
a constant C' = C(e) depending on e such that

|Go(12)| < CelmFol=l zeC.

By the definition of Ng, we have 7|z| < jy, forall z € E, soif E:={z € C: |z| < R},
then 7R < jn,. Since jx11 —jr > 61, there cannot be more than [%] positive zeros in
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(0, 7R], therefore, Ng < 7;5—?. From the above calculations, it follows that for |z| < R,

R > 0, we have
: p\ 1/p
et i (2
i

1 o0
Lralial s (2

k=—oc0
k#0
(r+e)(R+02+55) (/97 R 1 \Va
e 3 T
C 34 —
8 o1 {< 01 > +k;m |k|q}
k£0
where J7 is as in (16). This implies that L, o(f;-) is of exponential type 7. O

Lemma 13. Let f be an entire function of exponential type T > 0. If there exists
§ > 0 such that |z|*t2 f(z) € LP(R\ (=6, 8)) for some o > —1 and some p > 1, then

f(z) = Lra(f;2).

Remark 5. In particular, we can claim that if f is an entire function of exponential
type 7 satisfying the conditions of Lemma 13, then it cannot vanish at all the zeros
of G (72z) without being identically zero.

Proof. Consider the integral

1 f©)
In(z) :=— —=d(
&= o fey G000
where Cy is the circle (| = Ry := (N + £ + 3)Z, and N is a large positive integer.
By the residue theorem,

In(z) T Galr2) * jkzgR (z — 2)7GL (k)

if |z| < Ry, z # ji/7. Hence, the desired result will follow if we show that as N — oo,
In(2z) — 0 uniformly for all z belonging to any compact set E C C.

By Lemma 1, there exists a positive constant ¢; = ¢;1(«) such that for all large N,
say N > Ny = Ny(a), we have

L [T [rRy|**2|f(Rne?)| Ry
I < - de . 46
’ N(Z)’ — 27T01 /_ﬂ_ eTRN|51n0| ’RN_|ZH ( )
By Lemma 4, the assumption |z|**2 f(z) € LP(R \ (—4,4)) implies that
|:C|O‘+%f(x) —0 as x — Fo00. (47)

Hence, there exists a constant M7 such that
j2|* 3 | f(2)| < My for o > 1.
Let Mj := max,|<1 | f(2)|, M := max{My, M>}. Consider the function

o(z) = (1(z + zo))o‘Jr%f(z) where zp:=1-+1.
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Clearly, ¢ is regular and of exponential type 7 in the closed upper half-plane, and for
z € R,

o)l = 703 (@ + 1) 4+ 1)2 D] ()

< {(\/5T)“+%|f(w)l i o] < 1,

~ (VB ot | f ()] i Ja] 2 1.

< My
where My := (v/57)"2 M. By a well-known result [5, Theorem 6.2.4],

lo(x 4+ iy)| < Mpe™ for z€R, 0<y<oo.
Now let
9(2) = p(2)e"™ .

It is regular and of exponential type in the upper half-plane. Since |g(z)| = |p(z)| <
My for all z € R and hy(%) = hy(5) — 7 <0, it follows [5, Theorem 6.2.4] that

2
lg(z+iy)| < M for reR, 0<y<oo.
By (47), we have
Jim|g(2)] = lim |p(z)[ =0.
Hence, the function g satisfies the conditions of Lemma 9 with ¢ = 0, so
Jim 0 =0
uniformly in the sector 0 < argz < %T’T. Given € > 0, there exists N1 > Ny(«) such

that for all N > Ny and 6 € [0, 2F], we have |g(Rye')| <e, ie.,

|r(Ryei® +144)| " 2| f(Rye®)|
eTRN sin 6

<e€.
Thus,
(r(Rx = v2)" 2| F(Rye®)]

eTRn|sin|

<e (48)

for all N > Ny and 6 € [0,2F]. The same reasoning applied to the function ¢(—z)
shows that (48) holds for all € [, 7] as well, and therefore, for § € [0, 7]. Changing
the value of zy to 1 — i in the definition of ¢ and applying the above considerations
to the function ¢(z), we conclude that (48) is true also for § € [—m,0) and N > Nj.
Hence, (48) is satisfied for N > N; without any restrictions on 6.

Now let E be an arbitrary compact subset of C. For all sufficiently large N, say
N > Ny > Ny,

Ry
— <2. (49)
[Ry — |z]]
Using (48), (49) in (46), we see that as N — oo, |In(z)] — 0 uniformly for all
ze E. g

Remark 6. The results contained in [7], [11, Lemma 3], [17], [28], and [34] may be
seen as being relevant to Lemma 13, but they do not contain it.
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Lemma 14. Letan—%,p>1 or—1<a<—%,1<p< \1+22a\' If

1

(2) (%)

then there exists a constant B, depending only on o and p such that

ey ()]
TrIGLG) T \ T '

p

< 00,

00 p oo
/ xa+%LT)a(f;x) dx < Bg_}E E
- k=—o0

k0

59

(51)

Remark 7. This is an analogue of a classical inequality of J. Marcinkiewicz [19,
Theorem 10] for trigonometric polynomials, and perhaps is the most nontrivial part

of the paper.

Proof. Without loss of generality, we may assume 7 = 7. Let

' .
fri= —— f(]—’“) k=+1,42, ... .
i

Then, by (19),

S A< (i) 3 ]uw%f(j;’“)'p

k=—o00 k=—o00
k#0 k#0
AN A B AT
() S () (2
Co T T
k=—o0
k0

by (50), Hence, the right-hand side of (51) is finite.
Clearly [* [2°73 Ly o(f;2)|Pde = 305 T, where

n

n+%
Tn ;:/ 29T Ly o(fr2)Pdz,  n=0,£1,%2,... .

2

(52)
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Denote by k; the smallest integer such that ji > 2 for £ > k;. Then,
kl—l

1
2 Jo Ja 1 P
102/2 gorh  JaT) ey Jo(12) o _fi| de

-1 (mz) (7 — jr) (mz)e o=y 7= Jk

k0

1 k1—1 p

<27”1{/2 Z zots Jo(mz) — fr| dz
3 h=—ky 1 (ma) (w2 = jk)
k£0

p 1 p
)(,g,ﬁ ) |

IaJr% JOC (7T.I)

] )

p 1 ﬁ p—1
) (2 (ar=g) ) T}
|k|>k1 Tk 2 |k|>ky

If a > —%, then for all p > 1, whereas if —1 < a < —%, then for 1 < p < ﬁ, there
exists a constant cs = c3(c, p) such that

1
2
€T
_1

2

P

aty__ Jalr2) de <c3  for  k==+1,42,... +(k —1).

(rx)>(rx — ji)

The condition on p also makes sure that

1
2
x
_1
2

exists. Its value depends on « and p; we denote it by ¢4 = c4(a, p). From (14), it
follows that if p > 1, then the series

> (o)

|k = k1

och% ']Ot(ﬂ-x) b

()™

converges. Denote its sum by ¢5 = ¢5(a, p). Thus

k1—1
Iog2p—1{(2k1—2)P—1C3 S flP e ()Pt D> Ifkl”}

k=—ki+1 |k|2k1
k#£0
oo
<ce Y ISl (53)
k=—oc0
k#£0

where
ce = cg(a, p) := max{2p_1(2k1 —2)P g, 2P ey (05);7—1} .

Now we proceed to estimate Y ne—oo Z,,. Let
n#0

L,:=  max |x°‘+%Lma(f;:v)|, n#£0.
n7%§x§n+%
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Then, obviously
T, <[P, n#0. (54)
Let &, be a point in [—3, 3] such that

L, = ‘(n + §n)a+%Lw,a(f§n + gn)

Then,
o0 fk
'C":Waw/z V(4 &n)Ja(m(n + &) kz e (55)
k#£0

At this stage we need to obtain estimates for |\/rzJ, (72)| and |/7x ‘7]7‘; W;)| From
the asymptotic formula (11), we have

Jo 2 1 1
Jol2)  [2 COS(Z—a_;_I)'i‘O( 3> for 2€R, 2— o0

ze T ot 4 oty
Consequently,
Jo(z 2 1
o(2) <——+ for z€R, z— +oo.
2 VT |zt 2

The function L;—Sf) is entire, so, if d := min{m, j1}, there exists a constant ¢y = c7(«)

such that

|3:|°‘+% ‘L;—Ef) <ecr for xER\[ ;l ;i]
Thus,
|Vrzda(mz)| <7 for zeR\ [ a d] . (56)
21’ 27
From (15), we have
jk+1 _jk Z 27‘((5/, 5/ = 6—1 . (57)
2m

Since v/7zJ,(72) is holomorphic and of exponential type in Re z > %, it follows from
(56) that for z € Ay = {z =z +iy:z > 5L, |y| < &'}, we have [5, Theorem 6.2.4]
[Vrzdo(rz)] < cg

where cg = cg() is a constant. For each k € N, let Dy(¢") := {z: |z — 37’“| < ¢'}. Then
for all z in A, \ D (¢), we have
c8

‘\/_ < 7r5 =: co(a) = cg . (58)

In particular, (58) holds for z belonglng to the boundary of the disk Dy(¢") on and
inside which the function \/ﬁ ”) is holomorphic. Hence, by the maximum modulus
principle, (58) holds also for z E Dk (0"), i.e., it is true for all z € A,.

Amongst the points { } ez there are possibly two which are closest to n + &,.

z)

T2 = Jk

Let “7" be (any) one of them. In view of (57), we have

’n+§n——‘>5/ for  keZ\ {kn}. (59)
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Now, let us return to (55) and write

1 1 L —f—&+3
B + . .
nAE B k) (- L) n—k+])
So, by (56)
cr — Jx
k20
+ i 1 vl n+€nJ n+§n J?k_k 5 2f
et m(nt ) — n—k+3
k#0

Using, in the second sum on the right, the estimate (58) for k = k,, and (56) for all
other k, we obtain

%) Jk
c7 fr Co | gn
Ly <——— T
N Y k—z—oo T + ] — kn 1 ‘fkn
k0
Cyr > ——k gn
+ — 60
7Ta+3/2 k;m |n+§n_%||n k+2|‘fk’ ( )
k#0,kn
From (16), it follows that |n + &, — J%| <§":= £ and
jk_n_k:n_ n+l + n_jﬁ
I 51 2|§1+|n < 7{|§1+25”, (61)
In—ky + 3] In—ky + 3]

since n, k,, € Z. Again, from (14), it follows that if 8 := ji/7 — k, then
1Bkl < c10 (62)

for some positive number c¢;9 = ¢10(a) and

1
Using the last three inequalities in (60), we obtain
Ly < |bn] + [vnl (64)
where
o - Tk
bn = 7Ta+3/2 k; n_k-f-% B
P
Cg 7 C7(010 + 1) > 1
n 1= 1+ 26 + .
= g UM e 2 ek e e F A

k40K

Defining ag = 0, ap := (07/7T"‘+3/2)f_;C for k # 0, we write b, in the form

1 ') ag . . o0 . .
=D oo [y where, in view of (52), >~,~ _ _ |ax|P converges. Lemma 10 implies
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that
> jbalP < NP (TM) S UflP (65)
s a6

where N,, is a constant depending only on p. We write v, in the form Y 22 tn—j|ug
by putting

1+ 26"
UOZO, uk:fk fOI‘ k;é(), tnfkn :709( ::rl )7 tnzl,
TYT2
07(010 + 1) 1
t, = . for wEnn—ky
PP = Bt Gallu+ g

Referring to (52), we see that > po _ |uk|P < co. Further, using (59) and (62), we
conclude that ¢ := 77 t, < 00, so Lemma 11 may be applied to obtain

HU=—00
o0 o0
Z o, |P < P Z | ful? (66)
oy i

y (64), we have

i Lﬁ§2p< i |bn|p+ i |Un|p>

n#0 n;éo n#0
Combined with (54), this gives

Z Tn <2p< Sl + > |vn|p> (67)

n=-—00 n=-—00 n=-—o0
n#0 n#0 n#0
» S
7
=2 (Np( a+3/2) +tp) Z |fil”
k=—o0
k0

by (65) and (66). Now recalling the bound for Zy from (53), we get

/Oo O L o (fa ‘ ZI

— 00

c7 p >
< (CG+2p (Ng (ﬂ.a+3/2) +tp))kz | ful?
TEO
which is equivalent to (51). O

3.1.2. Approximation by step functions.

Lemma 15. (i) Let |z|*T2 f(z) € LP(R) for some o > —1 and some p > 1. If
f € LP(—=1,1), then for every € > 0, there exists a step function Q with compact
support such that

(/_11 f(2) — Q(:c)|pd:v>l/p <, </|w|21

1/p
xo""%(f(x) - Q(m))‘pdx> <e. (68)
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(i) Let -1 <a < —%,1<p< If f € F*P(8) for some § > 0, then for

11+ 2al
every € > 0, there exists a step function Q with compact support such that

(/lmﬁéuua—ﬂw»wm)up<a,

-1

</|m|>1

max (/3 02 (f(2 = ) — Qe — u))|de> o

u€R -3

1/p
xo""%(f(x) - Q(m))‘pdx> <e, (69)

Proof. (i) Since f € LP(—1, 1), there exists a step function 2; vanishing outside (—1,1)
such that [29, p. 118, problem 14]

(/1 f(2) — Ql(:c)|pd:c) S

-1

The assumption |z|**2 f(z) € LP(R) implies that for some Yy > 1 and all Y > Y;,

oo i ¥4 -Y i p
[emtropa < [ etf@pa< S

Y —0
Clearly, f € LP(1,Yp) and f € LP(—Yp,—1). Hence, there exists a step function €
vanishing outside [—Yp, —1] U [1, Y] such that
P

Yo
/1 ‘f(x) — Qg($)|pd:c <

€
4Y0p(a+%) ’

/ |f(x) — Qg(:v)|pdx < —F

—Yo 4}/017(01-'1-%) '
Thus, if
O (z) forx e (—1,1),

Q(z) =<0 for x € (—o0, —Yp) U (Yo, 00),
Qo(x) for z € [-Yo, —1] U [1, Yo,

(/_11|f(x) - Q(a:)|pd:c) v <e,

—Y

22T (f(2) — QNP de = Oxa+% P dx Ooxa_,r% P
/121‘ (f(z) — Qx))|"d /_OO| f( )\d+/y‘ f(@)[7d

0

then clearly

—1 Yo ) ,
+f%“”“ﬂ@—mwww+[fwwdﬂw—mmﬂw
b P P P
< Zj+_:[4_:[4_717
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i.e.

1/p
</| I>1‘xo‘+%(f(x) - Q(w))‘pd:v> <e.

(ii) Let 3, := Iplat2)l+1 .04 note that By > 1, [p(a+ 3)|Bp < 1. Further, let

[p(2a+1)]
3 1/Bp
Yea,p = (/ Sp(a+é)ﬁpds)
-3

€1 = mln{<(’7a)p)1/pM1/ﬁp> ,E}

where M = sup, g |f(z)] < o0.
There exists a Yy > 1, dp € (0,1) such that

and set

—Yo 1 g? > 1 e?
/ |z°F2 f(2)[Pde < 2, / |22 f(2)|"dw < 2, (70)
e 5 " 5
Y+3 EP
/ |f(x)|Pde < X for [Y]| > Yo, (71)
Y -3 5
do do L eP
/ ‘f(x)‘pd:r < / ’xo‘Jr?f(x)‘pd:c < El . (72)
760 760

Clearly, f belongs to L?(—Yp, —1) and to L?(1,Yp). Hence, there exists a step function
Q4 vanishing outside [—Yp, —1] U [1, Y] such that

-1 p Yo p
/4 £ (@) — Qu(2)[Pda < %1 , /1 (@) — ()P da < %1 : (73)
so a fortiori
-1 . D Yo . P
[ @ -mefar < 2 Mt - ae)le < E 0

Since f belongs to LP(—1,—dp) and to LP(dp,1), there exists a step function Qs van-
ishing outside (—1, —dp] U [0, 1) such that

o by Esplatil [ P €1 splat]
/1 | f(z) = Qo(a)|"da < 350 ) /5 | f(z) = Qa(z)|"da < 350 . (75)

Consequently,
P

—do P 1
/ 293 (f(2) — Q@) |Pda < %1 7 /50 |25 (f(z) — Qo(x))| da < %1 . (76)

—1
The step functions 7, Q2 may be chosen such that 0 < Q;(z) < M, j = 1,2, at
points where f(z) > 0, and —M < Q;(z) <0 when f(z) < 0. Now put
0 for |z| > Y, or |z| < do,
Qz) .= ¢ Qi (z) for 1 <|z| <Yy,
Qa(z) fordo <Jz| < 1.
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From (72) and (76), it follows that

(/_11}xa+§(f(x) — Q(x))}pdx)l/p < (2)1/;, g1 <¢,

whereas (70) and (74) imply

1/p
</I|>1\xa+é(f(x)_ﬂ(x))\pdx> <e.

For all u € R,

3
/ |xo‘+%(f(:1: —u) — Qx — u))‘pd:c

-3

—u+3
= [ et hise - e
—u—3
—u+3 . 1/8p —u+3 pBp ﬁ%i;l
< (/ |u+t|P<a+a>5pdt) : (/ |f(t) — Q(t)|5p1dt)
—u—3 —u—3
u+3 pBp_ E%;
e R Cllt)
ueR u—3
Since |f(t) — Q(t)| < M for all ¢, we have
ut3 _PBp_ . [uts _p
[ - d < mm= [ 50 - agprd < M
u—3 u—3
by (71)—(73) and (75). Hence,
3 1 1/p 1 R
max (/ |2t (f(z —u) — Qz — u))’pdx) <AE,MPre, " <ce.
ue _3
O

3.1.3. An auziliary function and its properties. Given f : R — C and a > —1, we
define for each 7 > 0 the function
Y e Go(1(z — 1))
Sralfiz) = —/ ft) ———————"=dt
V=1 Ve -7
where A:= [* G, (t)/(t> — j?)dt; A # 0 by Lemma 3.
For real z, we also may write

T [ Gao(Tt)
Sralf;z)=— 1) —5—=dt .
are =5 [ reenmm
Lemmas 16-19 contain facts about S; o(f;-) which we need for the proof of our the-
orem on the mean convergence of L. o(f;-).



LAGRANGE INTERPOLATION IN THE ZEROS OF BESSEL FUNCTIONS 67

Lemma 16. (i) Given o > —2%, p > 1, let |z|*t2 f(z) € LP(R) and f € LP(—1,1).
Then, for T > 1

00 . 1/p
180 (f; Moy = ( / |:ca+fsf,a<f;x>|pdx)

— 00

< c{ (f 11 Pz L ([ eriraras) Up} ()

where Cq p 15 a constant depending only on o and p.
(i) If-l<a<-—-3,1<p< pa—%rw and f € F*P(0) for some § > 0, then

1/p

1.0l < Cun{ ([ 11 o )P (78)

r 3 1/p
a+% 13 . a—i—% B ,
+</|w|21 =572 1) dw) tma (/_3 |27 f (@ — )| dw) }

where C;)p 18 a constant depending only on o and p.

Remark 8. The estimate in (78) holds if |z|**2 f(z) € LP(R) except that

1/p
s ([ Jo e o)

may possibly be 4oc0.

Proof. (i) Since |z|*t2 f(z) € LP(R) and f € LP(—1,1), the function f must belong
to LP(R). Set B(z) := Ga(2)/(2? — j?). Then
P 1/p
dx)

1Sra(fi ), = % (/ / FO)B(r(z — t))dt
= % (/O; 2ot /m Flx — ) B(rt)dt pda:>1/p

. 00 00 . 1/p
<3 |B(Tt)|(/ |xa+zf(x—t)\”dx) dt

by the generalized Minkowski inequality [24, p. 21, Section 1.3.2]. Now, using the fact
that

la]* + |b* ifo< <1,

+ |b
(la| + [p)* < {2,\ Lla|* + b)) if 1< A< oo,
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we obtain

[Sra(fi )., < %/Z’B(ﬁ)’ </Z!($+t)“+%f(x)\pda:>1/pdt
I T
{120 it /_O:O |B(rt)| </_O:O 29 f(2)[Pda

+ |t|p<a+%>/°° |f(x)|de) v

. %S oo . 1/p
< %max{ma*a}zl—; /700 |B(rt)| {</m Ix““f(x)lpdx)

[t (/_O:O |f(:v)|pd:v>1/p}dt ()

00 00 a+l 00
/ T|B(Tt)|-|t|a+%dt=/ B || 2du§/ [+ Bluw)|du |

— 00

If 7 > 1, then

SO

HSﬂa(f; -)Ha)p S% max{1, 20‘_%} -2'"% max {/_ |B(u)|du,/

— 00

x { ([ sispras) i ([ vwpre) Up} .

o0

|ua+%B(u)|du}

Clearly,
[e’e) 1 .
[ i@riss [ p@rdes [ et
—00 -1 |z|>1
e’} 1
[ etti@lie < [ (f@pdes [ ot s,
—00 -1 |z|>1
SO
H‘S'Tﬁa(fp)HapS%max{lﬂa_;}ﬂl_%max{/ |B(u)|du7/ |u0¢+§B(u)|du}

(o) " ([ e}
i.e., (77) holds.

(ii) From (79), we have

Isvatr <5 ([ f ) 0t ([l scaran) a0
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Now, we note that

/_11 |B(Tt)] (/_Z‘(x+t)a+2f ) dz) 1/p N
= /11 IB(rt)] (/22‘(1’ + t)aJr%f(l,)’pdx)l/p u

1 M) a+2 I>1/P
+/_1|B(Tt)|</zz2((|x|—1)|a+§| |zt 2 f(2)|d dt

! t+2 1/p
2973 £ — )P de
SlllB(Tt)l (/” | fla—t)’d ) dt
! 1/p
T Ot-‘r2
w2 [ 1men ([ i) i
1/p
{“ﬁ (/ [ f (@ - )] dw)

1/p 1
+2</ ‘ a+zf ‘Pda:> }/ |B(rt)|dt .
|z|>2 1
Furthermore,

e L 1/p
[t]>1 o
:/ |B(Tt)|(/ (& + 1) f ()| da
It1>1 |o+t|<3
la+1] » 1/p
x anr% z do d
+/R\[—t—§,—t+§] T+t | | |f( )|> > t
S
< [ ([ r+irte- o
1/p
+(2|t|+1)p|0‘+l|/ ’ a+2f ‘pdx) i
/p
a+2
_/|t>1 {</ |27 f (= 1) dw)
1/p
+ @t/ + Dt '(/ |22 f () |de> }dt

3 1 1/p
S o (/ |22 f(w - u)!%) / | B(rt)|dt
A #1>1

A

& 1/p
+ </ | a+2f ‘pd:c) / (2]t] + 1)|a+%I|B(7’t>|dt .
o |t]>1

The estimates (80)—(82) imply (78).

(1)

(82)
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Lemma 17. If f : R — C is measurable and f(z)/(|z] +1)*t3 € LP(R) for some
a > —1 and some p > 1, then S: o(f;-) is an entire function. Furthermore, if a > —%,

|x|°‘+%f(x) € LP(R), and f € LP(—1,1), then S; o(f;") is of exponential type 7. The
same can be said if —1 < a < —%, 1<p< \2a—2+1\’ and f € F*P(4) for some 6 > 0.

Proof. Let

T Go(tw
Ko(w) = a1 ﬁ,

which is an entire function of exponential type 7. Then,

Sealfiz) = [ T HO K= - ©)e .

Now, consider the function

b
87.0(2) = sr,a(2;0,0) == / f(E) Ka(z —§)dE

where —oco < @ < b < co. Take any point z € C and choose R := 2 + max{|z — al,
|z—b|}. The function K, is entire, so there exists a constant Mg such that |K,(w)| <
Mp on |w| = R. Hence, for |h| <1, we have [8, pp. 72-73]

Sra(z+h) = sr0(2) b ,
) - [ seKu: - e

[ st (Kol m SISO o) ae

ho[t Kq(w)
], 10 (/w_R <w—z+5>2<w—z+§—h>dw> *

b
< |WMgR / FO)lde,

which tends to zero as h — 0 since, clearly, f € L*(a,b). Hence, Sr.a(+; a,b) is entire.
Consider the sequence {¥,,},cn where

W, (2) = / " FOKa(z - €)de

Note that for any given z, K,(z — () is an entire function of exponential type 7 in the
variable (. From the asymptotic formula (11) for J,, it follows that, if L is any given
positive number, then for some constant C;, depending only on L,

Cr
(€] +1)o+3
for all z € [~L, L], £ € R. The function F(¢) := (¢ +14)*"2 K, (z — ¢) is holomorphic

and of exponential type 7 in the upper half plane. Besides, |F(£)] < Cp, for all
€ [-L, L], £ € R. Hence [5, Theorem 6.2.4],

[Ka(z = &) <

|F(&+iy)| < Cre™, xe|-L/Ll, £€€R, 0<y<oo,
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e, for x € [-L,L], y <0, and all £ € R, we have
CLeTIyI
)| < — ol
€ +i(1+ [yl

Clearly, the same estimate also holds for z € [-L,L], £ € R, y > 0. Hence, there
exists a constant C such that

‘Ka(z _ 5)‘ < Lé

(1§ +1)2F=
Since f(&)/(|¢] +1)*t3/2 € LP(R), it follows from Holder’s inequality that
fooo FOKu(z — £)dE is convergent and defines a function ¥. Given any compact
set E C C, we can find L > 0 such that E C {z =z +iy: —L < z,y < L}, so (84)
holds for all z € F and all £ € R. This allows us to conclude that ¥, (z) — ¥(z)
uniformly on E. The functions ¥, being all entire, the same can be said about
U(z) = [° f(©)Kalz — &)dE. Similarly, ffoo F(&)Ko(z — €)dE defines an entire func-

tion, so S; o (f;-) must be entire also.

Now, let @ > —1 and suppose that for some p > 1, |z|*t3 f(z) € LP(R) and

f € LP(=1,1). Then, f € LP(R). Note that K,(w) € fq(R) for all ¢ > 2. Hence, for
1

any fixed z = z + iy, Holder’s inequality gives (q = p—)

‘Ka(a: +iy—&

(83)

for [Rez| <L, |[Omz|<L, £€e€R. (84)

e ] | s@kate - e+ e

< (fmora) " ([ e amrae)”
= (/_O:O |f(§)|pd§) v (/_O; |Ka(§)|qd§>l/q Sl

by Lemma 4, i.e., S; o(f;-) is of exponential type 7.
Finally, let —1 < a < —%, 1<p< ‘Qa—zﬂ‘, and f € F*P(4) for some § > 0. Then,

for [¢] — oc.
7= (e

where A := a—|—%+%—|—5 > 0. Hence, f € LP(R) for all p > &. Choose p > max{1, 1}.
Then for any fixed z = = + 1y

|Sra(f;2)] < (/Oo |f(5)|pd§>”” (/W |Ka(§+iy)|qd§)1/q

— 00 — 00

where ¢ := p%l, from which it follows that S: o(f;-) is of exponential type 7, as
above. |

Lemma 18. If a > —1, |z|*t2 f(z) € LP(R) for some p > 1, and f € LP(—1,1),
then

oo

lim [ [2* T2 (f(2) = Sralfia)|'de =0. (85)

T—00

The same conclusion also holds when o € (—1, —%) and p € (1, ‘Qa—zﬂ‘) if f € F¥P(6)
for some § > 0.
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Proof. First, we prove (85) for the characteristic function x of the interval [0,1]
Clearly,

T [T Gu(rt)
Sralva) =5 [ S

1 (7 Ga(t) 1 7072 GL1)
= dt + = el dt
A/O 72 +A/O 7_j2

There exists a constant 7, such that |J,(¢)| < 74 if |t| > 71. Hence, for © > j; + 1
and 7 > 1, we have

}X(x) - ST,Q(X§$)} = }ST,Q(X§I)|
B L TT Ga(t)
4] /7(1—1) t2 —j7 o

Yo . 1 TX 1
ST G- (e -1 —7) / at

rz—1) L+

Yo T

AL (@ =) (e = 1)) = 57)

Given ¢ > 0, there exists, therefore, a number Y, 1(¢) > j1 + 1 such that

[T o) = Srat )P < £ (56)

if X > Y, 1(e). Similarly, there exists a number Yy 2(¢) > j1 + 1 such that

- 1 P €
[ e @) = Sralg oo < 5 (57)

if X >Y,2(e). Let Yy, :=max{Y, 1, Yoo}

From the definition of A, it follows that for every § > 0, there exists a positive
number Ty (d) such that

for all T > Ty (9) .

Since

1 (" Galt)
— dt
il s

is a continuous function of u which tends to % as u — 00, it follows that for all u € R,

1 Ga()
— <
}A/o tQ—j%dt}—““

where p,, is a constant depending only on .
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Now, let n be any given positive number not exceeding % such that

n 1+n
(L)
-n 1-n
Then, for z € 7,1 —n] and 7 > %To(é), both 7z and 7(1 — ) are larger than Ty(d),
S0

3

r
d _—
U AT+ 2y

aots

}Sq-ya(x;x) - 1} < }% /O”” tgi(?fdt — %‘ + %/07(196) tgi(?%dt - % <.
Similarly, if > 1+ 7 or if x < —n, then for 7 > %Tg(&)
|Sra(x; )| < %/0” tfi(?%dt—% + %/OT“I gi(?%dt—% <d.
Thus, if £, := {z:|z| <nor |z —1| <n}, then
Ix(z) = Sralx;z)| <6 for all z € R\ E,
if 7> %Tg(&). Now, setting
- 1/p
b= <i4ff;a |xa+%|pdx> ’
we obtain
/ 230~ Seala)| de < [ pripa =S es)
(Yo Ya\B, v, 4

for all 7 > %Tg(é) =: Ty (e). Furthermore,

L.

It follows from (86)—(89) that (85) holds for the characteristic function on [0,1]. A
similar argument applies to the characteristic function on [1,2]. The result then easily
extends to the characteristic function of any finite interval, and indeed to any step
function with compact support.

Now, let @ > —1 and |z|*tz f(z) € LP(R) for some p > 1. Furthermore, let
f € LP(—1,1). Given € > 0, there exists, by Lemma 15, a step function Q with
compact support such that (68) holds. As explained above, it is possible to choose 7

such that for all 7 > 7, we have

2 (1) = Sralia))| do < (1 2 [ ot ipde <3 (59)
Ey

(/Oo 24 (Q(z) — Sra(9 a:))’pd:c) o (90)

— 00
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Now, we note that

(/_Z $a+§(f($) _ ST,a(f;x))‘p diﬁ)l/p
< </OO 23 (Q(x) —ST,a(f;x))‘pdx>l/p+ (/Oo 23 (f(2) _Q(x))‘p dff)l/p

i P 1/P )
xa+§S7-7a(f—Q;:1:)’ d:c) + (/

<(L. .

+ (/Oo 2 (f () Q(x))‘pdiv>l/p

— 00

<o (fma-sors) ([,

+ </°° 2 Q) — ST,Q(Q;x))]pd:c) v

— 00

(L

since f — Q) clearly satisfies the conditions of part (i) of Lemma 16. By (68) and (90),
we conclude that

2 (f(a) — Q(a:))’pd:c) Up}

2 (f(z) — Q(:c))‘p d:zc) v

1/p

(/m xa%(f(x)—sm(f;x))’p d:c) < Cap26+e+2.

— 00

Since ¢ is arbitrary, (85) holds for the case under consideration.

Finally, let -1 <o < —3,1<p< |20t2—+1|’ and f € F*P(§) for some § > 0. This
time, by Lemma 15, there exists a step function €2 with compact support such that
(69) holds. Since f — Q satisfies the conditions of part (ii) of Lemma 16, using (78),
we obtain

</_O:O 2ot (f(x) — Sr,a(f;g;))‘p da:)l/p

< {([ leris-awlw) e ([

+ max (/3 23 (f(o—u) — Oz — “))‘pdx) l/p}

u€eR -3

+ </°° 22+ (Q(a) — SW(Q;x))]pdx>l/p

— 00

+ (/_Z 22+ (f(x) _Q(;c))}pdx) "

By (69) and (90), we get

2ot 5 (f(z) — Q)

» 1/p
d:c)

S 1/p
(/_ xo""%(f(:v)—Sﬂa(f;:v))}pdx) <Cp,-3e+e+2e,
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which completes the proof of Lemma 18. O

Remark 9. Lemma 18 seems to be a result of independent interest.

Lemma 19. According as o belongs to [—%,00] or to (—1,—3%), let f be in F*P NR
for some p in (1,00) or in (1, ﬁ), respectively. If f*(x) := f(x) — Syo(f; ) where

o >0, then
> ] ) y O‘Jr% : p 00
lim Z Jk — Jk—1 <j_k> 7+ <]_k> :/ |25 (@) Pdz . (91)
T—00 at T T T o

k0

Proof. By Lemma 17, the function S, (f;-) is entire and of exponential type. By
Lemma 16, 222 S, o (f;x) belongs to LP(R) and, therefore to L?(0, 00). Since W (z)
= zots Se.o(f; z) is holomorphic and of exponential type in the open right half-plane,
it follows from Lemma 8 that W’ € LP[a, 00) for every a > 0.

Let C be such that

ﬁ forsome d >0and allz € R .
x|+ 1)°7"r

xa+%f(a:)‘ <

Given € > 0, we choose X; in [(12Op/5p5)1/5p, oo) large enough to have

P
/ x‘”éf(x)‘ dac<i7 (92)
2] > X, 12
/ W ()| do < —— . = (93)
] > X. 201 247
1 5
W' (z)|P d — 94
/IZXJ @ do < s o (94)

If I = I(7) is the largest integer such that j;/7 < X, then

o] . . . a+% .
Jk — Jk—1 Jk Ik
S A |(B) (%)

k=I1+2

e} op
1 Cr T €
v | —dr = — [ = 95
= ! /jz+1 xl+op ! 5]7 <jl+1) = 12 ( )

since (7/j141)° < (1/X.)°P < 6pe/12CP. Similarly,

p . .
CP O~ Jk—Jk

. 1+
T wite (k/T) g

p

— Jk — Jk Jk ot Jk €
— Jk—1
PPy [ L Jk = 96
P T < T ) / ( T > < 12 (96)

For each k € Z, let & € [jx—1/7, ji/7] be such that

Ik

[ w@pde =222t g o7)

s



76 GROZEV AND RAHMAN
Then
o . .
Z Jk — Jk—1
T

S Gl
< op-1 Z Jre = Jr—1 ('W (]k) W)

k=1+2
P i
_ op—1 k— Jk—1 i P
=2 Z ( +/jk7—1 |W ()| dx)

k=142

o~k — k-1 P
= Z —

k=142

T

w (L) -wie + Wi

p

W)

Ik
W' (z)dz
ke

by (97). Clearly,

Ik
™

W'(z)dz

&k

SO

Z Jk—jk 1

k=142

@
< or-! Z < j’“‘“ 1 / |W'(a:)|Pd:c+ﬁfl |W(x)|pd:c>
) 1.

k=142 T T

Szp—l(( W ()P + /i |W(x>|de> by (16)]

< op ((T> / W )|de+/°o|W(x)|de> <= (98)

€ €

Jl+1

by (93) and (94), if 7 > d. Similarly,

—1-2

Z ]k_]k 1

T
k=—o0

S\ |P
(‘7—’“)’ <% if 7> 6. (99)

It is clear that [z f(2)|? and |W (z)[? both belong to R. Hence, taking note of (92)

and (93), we can claim that
(5)7 (%) s (42))
T T
Xe
/.
for all large 7. The desired result follows from (92), (93), (95), (96), and (98)—(100).
O

I+1

Z ]k_]k 1

k=—1-1

p

(100)

I
12

2 (f(2) = Soalfi0)] do
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3.2. Proof of Theorem 1. Let o > 0, and consider
fo =F—Soalf;)-

By Lemma 17, S, o(f;-) is an entire function of exponential type o and so
(xo”r% Se.a(f ;:r))p is regular and of exponential type in the open right half-plane.

Furthermore, by Lemma 16, ffooo |x0‘+%5’g7a(f;x)|p dxr < co. Hence, by Lemma 5,

. a-‘,—% .
() s 1)
T T

Since the function f obviously satisfies (39), it follows from (101) and Lemma 12 that
the series for L. o(f& + So.a(f;); z) is absolutely convergent. Hence, for 7 > o,

p
<oo, T>0. (101)

o0

>

k=—o00
k0

Lra(f;2) = Lra(f5 + So.a(f3 )i 2)
Lro(f5:2) 4 Lra(Sea(f;): 2)
Lro(f2:2) + Soa(f;2)

)
P

by Lemma 13. Therefore,
f(2) = Lro(f;2) = f5(2) = Lra(f55 2)

and
o) 1 P p
(/_ 22 (£%(z) _Lm(f;;x))‘ d:c)

<o (f x%f;(x)}pd“““)l/p (/. Ia*%LT,a(f;;x»}pdz)l/p} .

In view of the hypothesis on f and (101), we have

() ()
T T

%) p

>

k=—o00

k0

< 00,

so, by Lemma 14,

/.

L) de < BT S e (2
€T > (fcr?'r)) T > a,ka:_Oo TaJr%Gg(jk) fcr =

k0

o0 . .
™ Jk — Jk—1
< ppr E el
- a’p(leQ & T
=—00

k0

1

(2) (%)
T T

by (19) and (15). Now, it follows from Lemma 19 that

oo . p
lim xo‘+§f§(:v)‘ dx .
T—00 |

p oo
:CO‘JF%LT,a( ;7x))‘ dr < BP L/

a,p
d1c2 — >

o0
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Hence,

lim </Oo xa+%(f(x)_LT,a(f;x))}pda:y/p

T—00
— 00

fe%e] P 1/p
= 711_{20 (/_ :COH'%(f;(iE) - Lr,a(fiﬂ))’ df)

. 1/p oo . p 1/p
< 2<p1>/p{1 + Ba, (5_) } (/ 2 g ()| dgc) . (102)
1C2 —oo

Now let € be any positive number. In view of Lemma 18, the right-hand side of
(102) can be made less than ¢ by taking o large enough. With this, the theorem is
proved. [l

3.3. Justification of Remark 1. If X denotes the Banach space of all continuous
functions f : R — C which vanish outside [0, 1], then f — L, o(f;-) defines a bounded
linear transformation A, , from X to the normed linear space C[—1, 1] of all continuous

functions ¢ with ||¢|| := max_i<,<1 |¢(x)|. For all large 7, we have
T A GGy — 3l
o<iz<y T 2
1 : |2
> C_|Ga(%jl)‘ > T =il [by (19)]
2 ociz<y WV T 2N
1 . 1
> 516Gl 2.
o<iz<y WY 2 !

since j; > /2 for a > —1/2. Using the asymptotic formula (14), we easily conclude
that

||A7-7a|| > C11 IOgT

where ¢11 = ¢11(a) is a positive constant depending only on «. Thus, sup.,. HAT@H = 0.
Hence, by the Banach-Steinhaus theorem [30, p. 98], there exists a function f* € X
and so satisfying (8) such that

max ’f*(x) - LT@(f*;x)‘

—1<z<1
does not remain bounded as 7 — oo. This idea has been used before in a similar
situation [12].

3.4. Justification of Remark 3. For p > 2, we obviously have

[ @ = bt ar < [ a0 = (i)

|| =1

so it is enough to check that

1
/AU(‘T) - Lr,a(f§$)}p|$|2a+1 dx — 0 as T — 00 . (103)
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Going through the proof of Theorem 1, we need to show that if 7 > ¢ and ¢ — oo,
then

/1 |x|2a+1‘f($) _Sa,a(f;x)‘pdl'_’oa (104)
1

1
/ |3:|2°‘+1‘L7.7a(f;‘; :r)’p dx — 0. (105)
1

As regards (104), it can be established in a manner analogous to Lemma 18 by
first proving it for step functions, which involves verifying it for [0,a], [a,b] where
0 < a < b <1; the argument can be completed as before with the help of Lemma 15
and the following (easy to prove) modification of Part (i) of Lemma 16.

Lemma 16'. If f satisfies the conditions of Part (i) of Lemma 16, then for 7 > 1,
we have
1 ) 1
[ et s atrnfas <cr,{ ([ iwpas)

+( /. |x|2a+1|f<x>|sz>l/p}

where Cy, |, is a constant depending only on a and p.

1/p

In order to verify (105) we first observe that

0o P

1
i ™
/1 2|2 Ly o (2 2) [Pda < Bg,p; Z
_ k
”

1 « (7
— /s (j—k>
= TG () T

which can be proved the same way as (53). Then we apply Lemmas 19 and 18 as in
the proof of Theorem 1.
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