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Let f(t) have an absolutely convergent Fourier series
f(t) = Sare* and set || f]| = > {ar|. In this paper we will
study the asymptotic behavior of || f*|| as n — .

TueoreM, Let f be absolutely continuous and let /' be
of bounded variation on the real line module 27, Let f(0) =
1 but |f({)| <1 for t + 0 and suppose that for t near O,
f(t) = ¢(e'*) where ¢ is defined and analytic near z=1.
Define the parameters «, p, ¢, A and j3 as follows

a=¢'(1)
o) =2+ Air(z — 1)» +o1)(z — 1)?, 2> 1(A = 0)
lglet)| =1 — 5te+otD), £ >0 (3+0).
Then, (a) for p + q
1711 ~ @) 1259 [p(p — DI '(p/20) | A ["25»/mb=o:
where 6(p) = 0 if p is even and, =1 if p is odd; (b) for p = ¢
lim || f+]] = (1/2) || Fl,

where £ is the Fourier transform of F(t) = exp (At»).

The following results about these parameters are known
and easily verifiable: p and ¢ are positive integers, 2 < p < ¢,
qgiseven, 8>0, ReA=0; p=gq if and only if ReA+0;p=g¢q
implies 8 = —ReA;

(1) #(e’) = exp [1at + At? + ()], t->0if p=¢q,

and

(2) @(e't) = exp [tat + (—1)PAt? + 7, Z cTtT — B¢
+ 2@, as t—0, cr real if p#q.

We outline in §5 how it is possible to relax the condition
of analyticity at { = 0 and replace it with conditions (1) and
(2) where the <7 terms satisfy certain smoothness conditions,

G. W. Hedstrom proved in 1966 that under these same
hypotheses, there exist two constants ¢, C such that ¢ <
an H n-1-r/0/2 < C

1. Introduction. The -classical result of this type is that
m,_.. || """ = 1, but much better estimates, namely ||f"|| = & (n),
n— c and even ||f"|| =W 1), n—  were relatively easy to
obtain [1], [5], [6]. It is also known that this last estimate is the best
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possible. More precise estimates for ||f"|| were separately sought
for those functions satisfying respectively

(i) |¢4(2)| attains its maximum on |z| =1 at finitely many
points,

(ii) |¢(z)] =1 for |z| = 1.

It is known that if ¢#(z) satisfies (ii) and is not a power of z, then
||f*]]— o as m— c [1], and more precisely, there exist positive
constants ¢,, ¢, such that ¢, vV'7n < [|f*]| £ .V [6].

It was proved in [1], [3] that if ¢#(z) does satisfy (i), then the
necessary and sufficient condition for [|f"|l= ~(1) as n— « is
that p = ¢ at each point of maximum modulus. In the case where
p = q is not satisfied at each point Hedstrom [4] has shown that
there exist constants C,, C, such that Cn® < ||¢"|| £ C,n* where
s = max (1 — p/q)/2, the maximum being taken over all points where
» # q. Further developments and connections with the work of
Kahane and Leibenson can be found in Hedstrom’s paper where he
considers the more general case when f(¢) has an absolutely conver-
gent Fourier series. Connections with the conformal invariance of
peripheral convergence can be found in a paper by Bajsanski [2] and
a recent thesis by Whitford [9]. The main results of Bajsanski,
Clunie, and Vermes were rediscovered and appear in a recent paper
by Newman [7]. In connection with this paper in §4 we discuss
some partial results concerning the behavior of ||f"]| when |f| has
several points of maximum on [—7, ).

2. Preliminary lemmas. We give in this section some lemmas
which will be needed in the proof of the theorem. The proof of the
following lemma is explicitly contained in the proof of Lemma 2.1
in [4] and so is not given.

LeMMA 1. Let f(t) be absolutely continuous and suppose that
f'(t) is of bounded wariation and |f(t)] <1 for all t. Then, if a.,
is the Fowurier coefficient of f(t), k =0, £1, «-., there are constants
C,, C, such that | a,,| < Cn/k for | k| = Cyn.

Using (1) and (2) we can write
f(t) = exp (iat + ip(t) + Gi(t), t — 0

where p(t) is a real polynomial of degree at most ¢ and G(t) =
—Bt? + Gyt), G(t) = & (t+"), as t— 0. Since f(¢) is analytic at ¢t =0,
by putting

z-"¢(2) = exp [ip[(log 2)/i] + Gil(log 2)/i]}, z—1,
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we have f(t) = ¢(¢*) for ¢ in some neighborhood of ¢ = 0, where ¢(2)
is analytic in a neighborhood of z = 1.

The following lemma generalizes Lemma 1 in [1] and plays a
fundamental role in the proof of the theorem.

LeMMA 2. Let ¥(r,t) = Re[log [(ré)=*¢(re)]] and r =1 £ n°,
c=1—(p—1)/q. Then, if ¢ is sufficiently small,

SE"» exp [n¥(r, H]dt = (1), n— <o .

Proof. By Taylor’s formula
W(r, 1) = 5 Co(0)t™ + Cofrs O, | £] < &

where
C.(r) = A/m)o W (r, t)/ot™ |,=gy m = 0,1, +++, g — 1
and
Cy(r, ) = (Lfgho ¥ (r; /ot |-, [ T] < [E] <& .
The derivatives of C,(r) are given by
d"C.,(r)/dr™ = L/m)o™ " (v, t)/6r"0t™ |~ ,

but log z=*¢(2) = ~(1)(z — 1)?, z—1 and this implies that ¥ (r, t) =
Re[7 (1) (e (r — 1) + ¢ — 1)"] so that the partial derivatives of ¥ of
order less than p are zero at r =1, t = 0. Thus C,(r) has a zero
at the point » =1 of order = p — m, for m =0,1, .-+, »p — 1 and
so |C.(r)] < C,|r—17™ in a sufficiently small neighborhood of
r =1 for constants C,. In addition ¥'(1,t) = —Bt* + & (") as t — 0,
so that C,(1) =0, m = p, ---, ¢ — 1 and thus for » sufficiently near
1, |C.(»|=C,|r—1|, m=p, +++,¢q—1. Furthermore, d"¥(1, t)/dt*|,-,=
—q! 8 < 0 implies that o¥(r, t)/ot* < —M, M > 0 for r sufficiently
close to 1 and |t]| < ¢, for some ¢ > 0. Thus, if »r=1+n" and
[Tl =&

T ) < S Con= =7t » + S Com—c|t|™ — Mt
m=0 m=p

and so we have

oo

S“’ exp [n¥(r, §)]dt < n~l/qg exp [Q(u)]du |
where Qu) = S 2 C, n' e ="y 4 >0t Con' =™y " — Mu?. But
Q(w) is bounded by
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q-—-1
> Clul™ — Muf
m=0

since l—¢c—mfg <0 for m=p, -+, g—1and 1—c(p—m)—m/qg L0
for m =0, -+, p — 1; the result follows.

LemMMA 3. Let h(t) = at + P(t) be a real polynomial where a 0
and P(t) = ct? + «+« + ety ¢ = p =2, q even and let g(t) = P'(t)/h(t).
Then, of for ted = [s, s,], P” is of constant sign, h'(t) = 0 and G(t)
is such that ReG(t) < Bt'/2 (8 > 0) and ,G'(t) | < C|t |, there 1s a
constant M depending only on C, 8 and q such that

I= HJeXp [ih(t) + G(t)]d¢

= Mlo[™ max [max [g(t) — 11|, [g(s) ], [9(s:) ] -

Proof. Integration by parts yields

I= [ exp [ih(t) + GB)/I()

&2
81

+ [ SJexp [ih() + GENGE)/(B)dt
+ !SJeXp [ih(t) + G(t)][h”(t)/(h’(t))ﬂdtl L+ L+1,.
We have
L=la|" max|a/k(t)] = |a ™ max [g(t) — 1]
since |exp G(¢)| < exp [—pBtY/2] < 1.
1

2
< M,|a|" max|g(t) - 1]
J

I, < max | L/K/(t) |S°° exp Bt")e [t Idt
J —c0

and
L= (w e P
= lal={ |o@ 1dt = |al™ |o6) = 9(s)|
since ¢'(t) does not change sign. The result follows.

LEMMA 4. Let (g.(x) be a sequence of real valued fumction on
an interval [a, b] such that
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(a) g, is continuous, for each =.
(b) lim g,(x) = ¢’(x) uniformly

(¢) limg,(a) = g(a)

N>

d ¢g'@ =o>0.
Then, if f(x) is continuous on [a, b],

lim Sbf(:c) | cos (g.(3) + 6) | do = —%Sbf(m)dx

n—oo Ja i

for any ¢ > 0 and any real 6.

The lemma is a straightforward generalization of Exercise 118
in [8] and so the proof will not be given.

3. Proof of the theorem. The proof of our result is divided
into several parts. We want to determine the asymptotic behavior of

171 = Sl aw] = 222 |7 rwea |

The essential ideas in the proof are these: depending upon the
parameters «, p, ¢ introduced above and #%, there are only small
ranges of values for k& near na which are significant in the determi-
nation of the asymptotic behavior; and for these values of & there
are only small neighborhoods of ¢ = 0 in the integrals above which
are of significance. Part 1 will provide an initial reduction of the
expression above. Part 2 will further this reduction for the case
» # q. In the remaining three parts the asymptotic constants will
be obtained separately for the cases p = ¢, p even; p # ¢, p odd;
D =4q.

We shall omit the phrase “for n sufficiently large” finitely many
times in the course of the proof.

The following notation will also be used consistently:

H=na—k Y = (ra — k)yn="*
S(n) = {k:nb, < | p] < n'¥Y
Tn) = {k: b, < || <nb,}
U(”) = {7: n““qb% <7< ,nc—l/qbn} .

We now choose ¢, sufficiently small so that |G,(¢)| = pt?/2, for
[t < &, ¢(re’) is analytic for |t| < e, and » sufficiently close to 1,
and |4(re)] £1 -0 <1 for t = +¢, and » sufficiently near 1, for
some d > 0.
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PART 1

We first show that

®) 27 3| an] = 5

geo fHtye*idt | + o(nt-riom)
¥ —Eg

as n— oo, where the range of summation is for ke T(n) US(n). Let
|| > n'*, Then for some K >0, [k|> Kn'""* and so by Lemma 1
S o lawl=nC 3 Y=o, n—e.

| ¢l >nlti/g [k|>nltl/dg

If we write

ora,, = (S + S )freHat = at + aif
[—=yz\[—egr0]

ey
then

€

m <
Ianklz

exp (—nBtY2)dt = &™), n—

and since for all te[—7, 7]\[—¢, &] there is a 7 > 0, such that
IfH1=s1—-—n<1, |[af]| <271 — 7)" and we obtain

2 ek = om™%,) , n—ee

lplsby
and

S |al| =@ AL -9, n— .

[nlsnl+l/e

Each of these last sums is o(n"~?/?"%) ags n— o and so (3) follows.
We next show that

2 {au}c] — O(n(l—p/q)/2)
keS(n) "

as n— o by using the analyticity of f(¢) at ¢t = 0 to deform the
contour of integration for the function ¢. Indeed, ! is the integral
of ¢™(z)z~*' along the path z = ¢*, |t| < ¢,. We replace this contour
by contours I”,, chosen to be functions of #, & and %k in the follow-
ing way: let

. =R, UQ, UR;
where

Qut 12| ;l—n“°,lc§na,largzl < e
s | 2] =

F 1+ n°%k>na|argz| <e,,
1—n° <21,k < na

Rt argz = +¢
w818 °?(1§[z{g1+n—c,k>na.
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These paths are illustrated below.

\

\
k< na ! 1

l

|

For definiteness we will assume that « > 0. The cases for o < 0
and a = 0 follow in a similar fashion. We write

2 [<Z,J

where

-3l -3,

s

an

the integrand in each case is ¢"(2)z~*' and the range of summation
is for ke S(n).

We estimate each J,:

Toh< 3| 1o @ del

k

™

= 5| st priar
ksna
14n—¢C )
+ k> S; |p(7"6i“0) Inrhkﬁld'r = 21 + 22 .
Now
=2~ oyt 3oty e =1—n
and
> it = o[ntexplan], n— oo,
=na
SO

> = [ — d)"exp (an® V)] = o(1) , Mm—> oo .
Further,
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1+1/g

S22 =06 S 1=0(l), n— oo

and so J, and J, are both o(n'~??%) ags n— . To estimate J, we
treat two cases:

(i) Let 3, denote the sum in J, restricted to ke S(n), k& > na.
Then

Zs = Z rrek

SEO [(,’.eit)—agé(re?&)]nei(na——k) tdt
—sq ‘

=5 | expnyir, pldt

e
=omN) 3 r"t, r=1+n"°
by applying Lemma 2 and since
"t ~ n°exp (—b,) ,
keS(n) ,k>na
23 — ﬁ[n(l—p/l])/2~1] :-O(,n(l—P/Q)ﬂ) , N —> co .
(ii) If 3, is the sum in J, restricted to k < na,
Si=comMy et r=1—n"

as m— oo. This last sum is also of order %°exp (—b,) and so X, =
o(n"~??"2) ag n— o« completing the estimate for J,. Thus, we can
write

(4) 2w 3 lawl = 3 lagi] +om""7%) , n— oo,
k=—co kel (n)

PART 2

By making a simple change of variable we can write

2 lagi]

kel (n)

enlle
6 = 3 n“”"[ S exp it + inp(tn=10) -+ nGi(tn—”q)]dt‘
TelU(n) 1/q

—&yn

ecnlle
S _exp [~ it + inp(tn") + G (tn=0)]dt |]

—egnl

where
p@) = bt? + 3 byt .
k=p+1

If b <0, we can write p(t) using —|b| instead of b and then by
taking conjugates (5) can be put into the same form as above with
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|b] instead of b. Hence, whether b is positive or negative (5) can
be written in the form

2 n"U(I[
7el(n)

+lewmmm+amﬂu

—egn

S'/ exp [ih(t) + G(b)]dt i

—&gn

(6)

where

h(t) = vt + nP{tn"")
ha(t) = —vt + nP(tn1%)
Pit) =bt* + 3 et*, b>0

k=p+1

G(t) = —BtT + n19Gy(?)

and Gy(t) = @', tn"—0, n—oc and |Gyt)| < BtY2, for
[tn~"| < ¢, In what follows we will establish the existence and
uniqueness of zeros of hj(t) and hy(¢f) in certain intervals which
depend upon 7, and then show that, after splitting off from (6) the
sum of integrals in small neighborhoods of these zeros, the remainder
will be o(n"*??2), as n— . We define

N, = (2/8)""(log n) =

where w > (1 — p/q)/2 is to be determined as follows: there is an
w > (1 — p/g)/2 such that

) bo/pb\ < 6 < -;— :

Indeed, b,/pbAi" = (1/pd)(B/2)* V[ — p/g9)/2 + 1]/w. Let V=
(1/pb)(B/2)*—?,  Then, if V < 1/2, pick v = (1 — p/¢9)/2 + 1 and if
V' =1/2, pick o so large that [(1—p/q9)/2+1]/w <1/2V. We establish
the existence of zeros of 4] and 4, by use of the following inequalities:
for ¢ > 0 sufficiently small P, P’ and P” are monotone on each of
[—¢, 0] and [0, ¢] and in each of these intervals

%pb tP < P < 2pb |t
ép(p — Dbt < [P < 2p(p — Dbt

For » sufficiently large, \,n7"? < ¢, and then in the case of even p,
for te[—N,, 0], we have,

v+ 2pbnl—p/qtp—1 <v+ n1~l/qP'(tn—1/q) < v+ _é_pbnl—p/qtp—l
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and both of these bounding polynomials have zeros in [—2X,, 0].
Hence, A((t) has a zero, say —t,, in [—X\,, 0]. Furthermore, since
P’(tn""%) is monotone there, this zero is unique and for ¢e ][0, \,] we
have [Ai(t)|=~v. In a similar way we can show that hj(¢) has a
unique zero, t,., in [0,\,] and [Ri{#)| =7 for te[—X,, 0]. If p is
odd, the same type of arguments yield |Al(f)]| =7 for te[— N, Nl
and hi(t) has unique zeros in each of [—X,, 0] and [0, \,], say, re-
spectively, —7,, and %,,.
Let ¢, be a zero of R/(t) or hj(t). Then |¢,| <\, and

n' Pt ) = ' Ppbtd 1 + 7 (nmV log m)]
since A, = ¢ (logn) as n— . Thus,
[t,| = (v/m'=?lpb)*="(1 + 7 (n~""log n))
as n— co from which it follows that

lim [| o]/ (7/m=7p8) ) = 1

uniformly in k.
We now introduce the following intervals:

Ink = [tnk(l - n—d)y tnk(l + n“d)]
e = [—tn(l 4+ 770, =t — %]
‘I/L;C = [_Tnk(l + nﬁd)y _Z"nk(]- - n—d)]
for d =71 — p/g)/16. Also let D, = [\, &', D, = [—emn'?, —N,],

D3 = [07 )\’n]l D4 = -Db\-[;l.k! D5 - ['—7\'1” 0]’ -Ds = D3\Inky D7 = D4\ 7’;;5 Our
purpose is to show that if p is even

S Jal= 3w

keT(n) TelU(n)

Sz,,k exp [ihs(t) + G(t)]d¢ '

_|_

S ~exp[il(t) + G()ldt l]

ok
+ O(n(l—plq)lz) , M — oo

and if p is odd
Slag= 3w
7eU(n)

exp [ihy(t) + G(t)]dt’

Slnku%'k
+ o) g — oo,

If we let

Coy= S n‘”"HD.exp [iho(t) + G(t)]dt}

Tel (n)

m=127=1,---,7, by using (§) we can write, for p even,
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> fayl— 3w
kEeT(n) 7el(n)

SI exp [iho(t) + G(b)]dt ‘
8 nk
© + || exoling + G| || =205+ S0,

where the first sum is for j=1,2 3,4 and the second is for
j=1,2 5,6 and if p is odd

S ol = 3w

keT(n) 7el(n)

=26+ 3Gy

where the first sum is for 1, 2, 3,5 and the second is for 1, 2, 6, 7.
We must show that each of these C;; is o(n"?/?%) as n — oo,
First for ¢ = 1,2 and j = 1, 2, C;; is bounded by

exp [ihs(t) + G(B)]dt ( l

SlnkUlln/k

©)

g

S n—ws%" lexpG(t) | dt = S n—wr exp(__l.gtq)dt
yET (n) 2, Fer(n) i 2
and since

g“’ exp (—yt9dt < CL' " exp (=L, L > 1
L

for some constant C and » > 0, the sum above is bounded by

C >, nUny%exp [~ (log n)”*="] < Cub,n~11\N?
7eU(n)
— O(n(l—p/q)ﬂ), as n — oo

because w > (1 — p/g)/2.

In order to estimate the remaining C;; we apply Lemma 3.
Consider those integrals which have one limit zero and the other
either A, or —x\,. We have g(¢t) = n"""P'(tn""'%)/h’'(t) where h(t) is
either #,(t) or h,(t) and then ¢g(0) = 0 and

90D | S VLT — |y/m P (Enn ) )]

But since M, n7'""— 0 as n— o, we have by (7)

LY/ P (A ) | < }v/nl-m_;_pbwl < 2b./pbAnt <20 < 1.

Thus, | g(£N\,)| is bounded and if A’ has no zero in [0, \,], | 2'(¢) | = 7.
Hence, maxy,, ;|7/h'(t)| =1 and so we have

Hzn exp [th(t) + G(t)]dt1 < M
' v

for some constant M. A similar estimate for the integral over the
interval [—X\,, 0] holds and thus we obtain a bound of order



368 DENNIS M. GIRARD
(10) >, A/rnVt = 2 (log m) = o(n"P9R) , n— o,
rel(n)

for C,;, C, and C,.
Consider the integral

SD exp [iha(t) + G(8)]dt

and write [0, 7] = [0, z,) UL, U (%, N]. We will show that the
conditions of Lemma 3 are satisfied on these two outside intervals.
First, we have shown above that |g(\,)| is bounded. Further,
maxy,. 1 1/| k(%) | = 1/| hy(x,)| and

[hy(@,) | = | =7 + 0 7YP'[t(1 — n~%)n="]|
= Zq‘, kcktﬁ?n‘*k/qlﬂi‘i <k - 1>(_1)m,n~dm
k=p m=1 m

since hi(t,,) = 0. This last sum is equal to
nw=p(p — Dbtz n[l + ('t logm)], n— o
and since
wlpbtt = [l + Z(n Mt log m)], m—eo

| hi(z,) | = (1/2)yn~¢ By replacing 1 — »n~? by 1+ »~¢ in the above
arguments it follows that |4)(y,)| = 1/2)vn~% A similar calculation
shows that g(x,) and g(y,) are both < (n?) as n— «. Thus, our
integral is #(n?) and we get by (10) that

Cu= (') 3 (At = o(n=—»0%)
7el (n)
as n— oo. A similar argument applies also to C,, Cy and Ci.

PART 3

In this section we will obtain the asymptotic constant for the
case when p is even and different from ¢. Indeed, if we let

To= 3w
7eU(n)

S, exp [iho(t) + G(B)]dt
then

1 .
2-”, ~ *Z—‘L’n/(l_p’q'/z , M— oo,

where
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L= 2a1/?g°°F(x)dx
for
F(f(;) — a;~(:ﬂ—2)/2(p—l) eXp (__IB:UQ/(Z)—I))
and
a = (2pb/(p — 1))"*.

For simplicity write h, = h. Then A*(t,,) = 2 (n'""?2;%) as n— oo
for = 2 and so for tel,,

| R® ()t — )Rl | < Mut=riooTiogy,

for some M > 0. Using ¢, = <”[(log n)”* "], n— <« and Taylor’s
formula we have for te I,

BO) = Bltw) + FH € = L) + 200 (log 0]
as n— o. A simple calculation also yields

G(t) = —ptl, + <[(log m)™n~]

for tel,, as n— -« and so we can write

Sm exp [ih(t) + G(b)]d¢ ‘

= exp (=t || exp[ih" (.t — t/2I[L + GHO)dt
nk
where G*(t) = ~[(log n)*n=""—?0"], tel,,, as n— . A change of
variable also yields
[, exp it t — tup/2ldt = (2" (E)1] e u-tidu
Ink 0
where w,, = (1/2)h" (t..)thn2.
Let o,, = p/n'pb and 4o,, = 1/n°pb. Then we can write

‘Znn““"’“"” — —1—L| <
j

2

where
Kl = | Z ’ Swnke‘iuu—lmdu!
0
X [exp (—Btar) (2[R (t,) Pn= P10 — qF(0,,) A0 )
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K, = { 5 aF(ank)Aank[

gwnke”u“‘/zdu’ — ‘l/?]' ,
K, = |aVT S F@.0400 ~ +L|
and

K, = n~ 0?0k 3 n7exp (— Bti,)

glnkG*(t)dt | ,

where all sums are for ve U(n).
To estimate K, we let s,, = 0¥/~ and observe that

D, exp (—pBsh) = pbn’ exp (— Bs%,) (pbn)~

T 7T
= ﬁ(n”)gj exp [—px?'*V]dx
= oMy, n— o,

Then, since ¢,, = s,,[1 + & (n"*log ©)] and s,, = ¢ (logn) as n— oo,

t, = 8%, + [n M (log n)™}, n— o

and so

K’4 g 2,n—(1—p/q) j2—1'¢q 2 exp (“Bsgnk)g | G*(t) Idt
) k

TET (n I,

= (Z[ntrion-talog m))] = o(1), n— oo,

since for te I,,, G*(t) = & [(log n)*n**—??"¢],  — . To estimate K,
we define a sequence of functions as follows: let

Z F(O.nk)Xnk(x)y HAES [bn(ncpb)—ly bn(pb)—ll

Fuw) = { 0 elsewhere

where X,, is the indicator function of [0, 0.,_,) and the sum is for
ve U(n). Then, the sum in K, is equal to S F . (z)dx and
0

K, < aw/?[S:(Fn + F)de + S:(F + F)dw + S{ F,— F]dx]

for 0 < ¢ < R. For any 0 < 0, a straightforward calculation shows
that there exist ¢ and R so that the sum of the first two integral
expressions is bounded by §/2av 7w and since F,(r) converges
uniformly to F'(x) on [e, R] there is an %, such that for »n > n, the
third integral is bounded by 6/2av 7. Thus, K, = o(1) as n — oo.

Also for ¢ > 0 and some M > 0, since Swe"“u"“du =17 &M,
[}
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K,

IA

a >, F(0.)

7elU(n

M >, F(0.,)40,

H=<nCpbe

S ei“u“”zdu‘ A0 .
Unk

IA

+a sup

#>nepbe

r e“‘u“‘“du} San(x)dx .
’M/',,Lk &

The first of these terms is bounded by M’e?2*—Y for some constant
M’ and the second is bounded by

M" sup

>nepbe

Sw e u " du }

Wnk

for some constant M”. Further, integration by parts twice gives

Sw ei“u—lf’zdul < 21V W
Wnk

and since ti, = o2 P V[l + &2 (n " log n)] = (1/2)e?’*~" for sufficiently
large n, we have

1 \ ,
W > _nl—p,qp(p — 1)b5p/(p—1/n—21 — _1_,n(1—p,qu/8p(p _ 1)b8p/(p—1> .
4 4
Thus,
Sup Soo eiuu—lﬂdu‘ — &“(n—(l—p/q)/ls)
“>nCpbe Wnk

as n— oo and so for 6 >0 we can find an ¢ > 0 and 7, such that
n > n, implies that K,<d6. To show that K, tends to zero as n— oo
we need the following fact:

Let ¥, ¢, 6 be complex valued functions of a real variable and
let (t..), (s..) be double sequences. If w,— 0 uniformly in &k as
n— o and ¥(t,.)/é(su) =1+ & (®,), n— >~ and

; | 6(8u)0(tur) | = (1), m— oo,
then,
To apply this it will be sufficient to estimate the behavior of

(11)  exp (=Bt )] [0 p(p — 1)bs,,” ] exp (Bsi).
We have

exp [— B, — st)] = 1 + 2 [n""(log n)*+']
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as n— o and since ¢, = Z(logn), A'(t,.) = n'"p(p — 1)btr .
[L 4+ &~ log n)]. This together with #2;® = s2:%[1 + <& (n Y log n)]
yields

(=7 p(p — DG (E]" = 1+ 22(n="" log m)

and so (11) is of order 1+ Z(n " (logn)*) and hence K, =
Z[n " (log n)*'] = o(1) as n— . Thus, we have

1

12 3 noile SZW exp [h(t) + G(t)]oltl - n‘l“P/q’/z[-EL + 0(1)] :

Tel(n)

N — co .,

In order to treat

S o ne

7eUin)

S% exp [ih(t) + G(t)]dt l

we set 4 = —¢ and notice that h(—t) and G(—t) are of the same
form respectively as h,t) and G(f) since both p ane ¢ are even;
therefore, by precisely the same argument

1

13) S gl SIM exp [ih,(t) + G(t)]dtl - n““”"””[-é—L + 0(1)],

TelU(n)

n——)OO’

and then by combining (4), (8), (12) and (13) we obtain (a) in the
statement of the theorem since by computing the integral

(14) L = 2[2pbr/(p — DI'"*[(p — D)/ql(1/8)"**['(p/2q) .

PART 4

We consider the case when p is odd and different from ¢q. As
before we can write

Sl exp [ih,(t) + G(t)]dt
= exp ity — etll2/h 1| " e u-idu
+ exp [iht) — Bl | G*(t)dt

where G*(t) = &Z[n=*""??"(log n)’], te I, as m— . But we must
also take into account this same integrand for the interval I,,. Let

ho(t) = —ho(—1) = —7t + n'~Plbt? - nkﬁ’; er(—1)b+in ki

=p+1

Then, a change of variable and conjugation produce
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| explin(t) + Gldt = S_I” exp [ihy(t) + G(—D)]dt

ink nk

= exp [—ihy(T,0) — srz,,.nz/hg'(rnk)]wg‘"”’“e—im—wdu
+ exp[—ih(m) — pel| | Gt
~I 3%
where
G**(t) = & (n=0?e¥log n)®), te — I, , n— o,

W, = by (T)Tun ™2 and — 1), = [0, — n™), 7,1 + n9)]. Let

(15) J,= 2, n

7el(n)

We shall show that

| explih(® + G)dt

2, ~ /Ty LnP0% | a8 p—> oo,

To do this we write
(16) 3w _ 2 Ll < Z K,
where K, = K,, K, = K,

K, = wr 3 poinexp[—grid| (G lde
= I’

relU(n) n

K, is K, with t,, replaced by 7., and w,, replaced by w,,,

Z F(O-'nk)do-nk

exp [ihz(tnk)]Swnke"“u‘”zdu

+ exp [—ihs(fnk)]S:hke‘”u‘”zdu! — %—-aV?r_S:eF(x)dx{ :

where the sum is for en'pb < ¢ £ Rnpb, K,, is the sum term of K,
with the range of summation b, < ¢t < en’pb, K,, is the sum term in
K, with the range of summation Rnpb < ¢ < b,n’,

K, = (2a/1/?)S£F(x)da; ,
K, = (2a/1/—7%_)rF(w)dw
R
and o and F'(x) are as defined in Part 3.
Again, we must show that each K, is o(1) as n— . K, is

treated in the same fashion as K,, K; as K,. We remark that there
is a constant M such that
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Y
S e*"“u—”zdu‘ <=M
0

for all Y so that

K, = ﬁ[SZFn(oc)dx] = ofl), €—0
and

K, = ﬁ[S:Fn(x)da:] = o), R—oo.

That K, =o(1), ¢e— « and K,; = o(1), R— « follows easily from
the definition of F(z). To estimate K, we write

KQ é a % F(Tnk) Aank

@
0

S "keiu%_uzdu _ ei““l/7

+a ;, F(o,)

Ugk . . —
g ey tdu — e T ‘Aa%k
0

+ ]m/? S F(0,) | exp lihu(t.s) + im/d] + exp [~ ihu(z,,) — iz/4]

a7) \
- m/F-(z/n)S F(x)dx!

where the sum in each of these terms is over the range en‘pb < ¢ <
Rn°pb. The first and second sums above are treated in the same
fashion as K, and both are 7 (n=“-?91%, 5 — . The sum in (17)
can be written as

av'w 3 F(o.)

|
cos%[m(t%k) + hlew) + w/2]| 40,

Thus, it suffices to show that the limit of the sum in the last
expression is equal to

R
(2/n)g F)da .
This will be accomplished by the following steps:

(i) For each n = n, for some n, there is a function H,(x)
such that

ﬁé(hz(tnk) + ho(Ta)) = WPH (O 0)

thus, the sum above will take the form

cos <n1"”/an(0nk) — —1—71‘)‘110'”,, .
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(ii)

: - iy
— ] rla —_ — — co ,
S, SsF(,%)1cos (n H,(x) 47r> dzx 0, =n
(iii) The limit of the integral in ii) is precisely
(Z/n)SRF(m)dx .

After we construct the sequence (H,(x)) iii) will follow directly as
an application of Lemma 4. To construct the sequence (H,(x)) first
recall that

hy(t) = —vt + n'=P0t + n Eq] cpn Itk

k=p-+1

and

hy(t) = —vt + n'?%tr + n Ea_] Ck(—l)k’n_k/qtk
=

=p+1

and that %43(¢,.) = 0 and hi(z,;,) = 0. Let

Sult) = 1771+ S key(pb)tmtoriogt
k

=p-rl

and
Pall) = 7= 3 ke (ph) (= 1)kn e plagt
k=p+1

Then, t,, and 7,, are respectively the unique solutions to %'~?'7pbg,(t) =
v and ®'7?9pby,(t) = v in the interval [0, \,]. That is, @.(t..) = Oum
and +,(7.) = 0,,. Now, ¢,, is contained in the interval [e, R] since
en’pb £ ¢t < Rn'pb. We will consider ¢, and .r, over an interval
[r, s] where » > 0. First,

$.(t) = "L + 2 (nY) =t + 7 (n)
on [r,s] as n — <o, and then
su(t) = (p — DE=(L+ 2 (n7)
> %—(p — 1) > 0

for n sufficiently large. Thus, 6,(¢) is strictly increasing for n greater
than some #n,. Similarly,

Ya(t) = (1 + (1))

and so +r,(f) is strictly increasing on [r, s] and there
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¢;1(x) — w‘/(r~l)(1 4 59(71;—1/!1)) = gllir—D + ﬁ(%-%/il)

as n— co. Also, [¢;'(®)] = 1/9,(t) where & = ¢,(f), and so there is a
constant M such that [¢;'(®)]' < M for xze[s,(r), ¢.(s)]. Similar
statements hold for +;'(x). We rewrite

—%(hz(tnk) + afT0))
= 2w phousiow) — Vsl — 3 en s )]
+ ‘;‘W“”"[ﬁbanmlm) = by (0}

— 3 (Do Ty )

k=p+

for n > n,. Thus, for n > n, we define
) — 1 1 =1 P 5 —k—p)/af 41 k
H,(x) = e} pbug. () — blg'(@)]” — 3. e [¢7'(®)]
k=p+1
+ L phoyr@ = My @ — | 3 (- Doty @) |
k=p+1

for xe[e, R], and for n > n, the following conditions hold:

(a) H,(®) and H,(x) are continuous

(by lim,... H,(x) = (p — 1)bx?*~" and

lim,_.. H () = pbx"® " uniformly

(¢) |H.2)—H,(y)| < M|x—y]| where M is a constant depending
on p, b, ¢ and R but independent of =.

If we let H(®) = (p — 1)ba?’*", then H'(x) is bounded away
from 0 on [¢, R] and hence the conditions of Lemma 4 are satisfied
and so (iii) is proved. Let

Xoi(2)

cos (nl"”"Hn(ank) - %n)

p=encpb

j S Fo,)

F.() = l for ze U [, O p—t)
%

0, elsewhere.

Then,
R
S, = S F,(x)dx
and we need only show that

18 Foo) = F(@)|cos (wro ) — x| |
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tends uniformly to zero on [¢, R] as n— o in order to prove (ii).
Let wele, R]. Then, x €0, 0.,.] and thus (18) is bounded above by

F(O-nko)

cos (nl"”’an(om) - %ﬂ) — cos <n1“”"an(x) - %n)l
+ | Flow) — F(x)| .

Since F'’(x) is bounded on [¢, R], we have |[F(0,, )— F(x)|=
M|o,,, — x| = Mn°/pb for some constant M and so the second term
tends uniformly to zero as n— oo. Also on [¢, R], F(z) < M’, for
some M’, so that the first term is majorized by (using condition ¢)
above) :

M”cos <n“”/“Hn(ankl) — i‘-n) - €OS <n1‘p"'”Hn(m) - %n’)l
< M0 Hy(0w) — Hu@)| = M0 0, — w| < M"/nl'ph .

Thus, (18) tends uniformly to zero on [¢, B] and so we have shown
that K, = o(1), as n— . Finally, by combining (4), (9), (15) and
(16) we have the result and this completes the proof for p odd.

PART 5

We now consider the last case, namely » = q. By (4)

zleank[:kZ’a“(nll):iJFO(l)v n — oo

eT (n)

and since p =gq, f(t) = exp[iat + At® + G,(t)] where ReA = —p3,
Gy(t) = 2 @#t*™"), t— 0 and Re[G,(t)] < (1/2)(ReA)t”, |t]| < &. That is,
the polynomial p(t) is (ImA)t*. Thus, by a change of variable

Slag| = S

snlle
S " explivt + at’ + G()]dt
—c ntle

where the sums are for ke T(n) and where G(t) = n~'?7 ("),
t/n''®— 0, as n— co.

Further for |t| < A, we can write exp G(t) = 1 + G*({) where
G*(t) = & [n"*(log n)*™'] as n — oo.

If we let

enllp
s, = >, nlr S ‘ ,EXDP [ivt + At® + G(t)]dt
Hp

where the sum is for ve U(n) and let

F(o) = exp (A7), F(z) = r F(t) exp (izt)dt
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the Fourier transform of F', then
(19) 50 — S“f Flde = o(l), n—co.
Indeed, we can bound (19) in absolute value above by >}i., L, for

L, = l Simle

S” exp [ivt + At”]dt] - S”mmxj ,
—co 0
L= nir S exp [ivt + At* + G(t)]dt{ ,

D UDy

Ly = S n exp [ivt + AtP]G*(t)dtl ,

Snsupﬁ

L, =S n-t S exp [ + At”]dtl ,
D

where the D, are defined in Part 2, D = (— o, \,) U (N, o) and all
the sums are for ve U(n). First, we remark that L, and L, are
bounded above by

2 3 n”””rexp <—i3t?’>dt
Teuin) 1 2
which is o(1) as n— c=. Next, since
L, = o [ban"(log n)w]g” exp (ReAt")dt = o(l), n— oo |

it remains to estimate L,. As before we define a sequence of
approximating functions

nllpy

S F (e ) L(®), b < @ < b,

@ =1 1ro) 0= < b
0 elsewhere .

The sum in L, is then San(x)dac + 0(1), m—  and so we have
0
reduced the problem to showing that

]Sj{ﬂ@ — | F(w) ildwl =o(l), n—oo.

Let R be a fixed positive number to be chosen below. The expression
above is bounded by

S:; Fu@) — | F@) | do + S:Fn(x)dx + i:i F(@) | do

and by using the standard estimate: | F(y)| < K/y*, y + 0, for some
constant K, we have



THE ASYMPTOTIC BEHAVIOR OF NORMS OF POWERS 379

nl/Ph,

| Fu@ds = "3 | Fmmn | o < w5V 12 < 1Y(E - 2))

B n=nl/PR u=nlPR

and so we can pick R so large that for 6 > 0 the sum of the last

two integrals above is bounded by 20/3. Then, for this fixed value

of R there is an n, such that for all # > n,, the first integral is

bounded by 6/3 since F,(x) converges uniformly to | F'(z)| on [0, R].
Similarly, we can show that

lim 3 o] = | [ Fde

n-—>c0

where the sum is for ke T(n), k > na, so that if p = ¢ we have

lim 3 | a.| = @)~ || F,

n-—00

and this completes the proof of the theorem.

4. Several maximum points. The results we have obtained can
be extended partially to the case when |f(¢)| = 1 at several points
in the interval [—m, w]. Assume that f{¢t) is absolutely continuous
and f’(t) is of bounded variation; |f{t)| <1, t = ¢;, f(t;) = 1 and f(¢)
is analytic at ¢t =¢;,, 5 =1, ---, m. For each of the points ¢; we can
define parameters a;, p;, q; corresponding to the parameters «, p, ¢
defined above. We let T;(n) and S;(n) be defined by replacing «, p, ¢
in the definitions of T(n) and S(n) by «;, p; and ¢; respectively.

Let Q;,7 =1, ---, m be sufficiently small intervals centered about
each of the points ¢; and set I; = S f “t)e~Fidt, 1] = S Frtye*idt — I.
If we assume that ;= a;; ©+7, then T;(n)N T(n) =¢ for =

sufficiently large and it follows by a straightforward application of
the previous arguments that, for j =1, -.-, m,

S L = ow' 305, S| I | = ofn'i197)

as n— co, where the first sum is for £ in the complement of T(n)
and the second sum is for ke T,(w). Thus, we have

27 3l awl = 3 S IL]+omt =), n— e
=1 kely

where s = min; (p;/q;). We can also show that 3}.c,, | [;| = nt-rit"

[C; + o(1)], n— < for a constant C; depending upon the parameters

associated with each of the points ¢;. Thus, we obtain

lim 2an 4" Z |l = >, C;

n—>00



380 DENNIS M. GIRARD

where the sum extends over all those j such that p,/q; = s. This
“additivity” does not, however, extend to the general case and, as
an example by Newman [7, p. 40] shows, the asymptotic limit may
fail to exist.

5. A stronger result. In our proof the condition of analyticity
is used only in Part 1 to show that

S la| = omt>") , m— e

where the sum is for kes(n). Here we outline a proof of this
statement using only the smoothness conditions assumed in Hedstrom’s

paper.
We first remark that the proof of our theorem from Part 2
onward is not affected if we take b, = tlogn for any fixed 7 =

1+ (1 — p/g)/2. Define
af = | rear
where

il
I = [N, N x;=(%) (@ log my/r—"

' > (1/2)A + (p + 2)/9). For n sufficiently large
lag — am| = Zso[exp [——;—nﬁ(k;n‘”q)]q]

and so
Slag — af| = 2[00 = o(ntPIE) . m— oo

where the sum is for ke S(n). In order to show that 3)|all] =
o(n P p— o we treat separately the cases p = ¢ and p = q.

In the case p==q we fix a value for 7=1+ (1 — p/g)/2 in
b, = 7 log n so that

Pb(N)PHb, < 1/2.

A change of variable followed by an application of Lemma 3 yields
(as before)
M

ig“‘ exp [ih(t) + G()]dt| =
-1, [ ]

for some constant M; thus
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keS(n)

lagi| = ﬂ[z I—l——ln””"] = [log n] = o(n"~?""?) , n— o,
Y
If p=gq, a¥ takes the form

g [exp izt + ng(t)]ldt

Integration by parts twice, followed by majorization and use of the
estimate

Var [ng'(t)er"] = &(n'Y), n— o

yields
keS(n)‘ @ | ﬁ(log n) o), = ’
Thus,
Slafl =X lal —adl| + Xlai| = om" "%, n— e

in both cases.

The author wishes to thank his doctoral advisor, Professor Bogdan
Bajsanski, for many useful conversations and suggestions, and the
referee for several useful suggestions.
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