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0. MAIN RESULTS

We consider the problem of minimizing the uniform norm on [0, 1] over polyno-
mials 0 # p of the form

n
p(x):Zaij, |a‘j|§1a ajE(C,
=0

where the modulus of the first non-zero coefficient is at least § > 0. Essentially
sharp bounds are given for this problem. An interesting related result states that
there are absolute constants ¢; > 0 and ¢y > 0 such that

exp (—e1v/n) < o;éipneffn Ipllj0,1] < exp (—c2v/n)

for every n > 2, where F,, denotes the set of polynomials of degree at most n with
coefficients from {—1,0,1}.

This Chebyshev-type problem is closely related to the question of how many
zeros a polynomial from the above classes can have at 1. We also give essentially
sharp bounds for this problem.

Inter alia we prove that there is an absolute constant ¢ > 0 such that every
polynomial p of the form

n
ple) =) aja’, ol <1, lJao|=lan| =1, a;€C
5=0

has at most ¢y/n real zeros. This improves the old bound ¢v/nlogn given by Schur
in 1933 as well as more recent related bounds of Bombieri and Vaaler, and up to
the constant c this is the best possible result.

All the analysis rests critically on the key estimate stating that there are absolute
constants ¢; > 0 and ¢p > 0 such that

c1/a < C_2
O < exp (2 1 llpa

for every f € S and a € (0,1], where S denotes the collection of all analytic
functions f on the open unit disk D := {z € C: |z| < 1} that satisfy

1
1—|2|”

[f(2)] < zeD.

1. INTRODUCTION, HISTORY, AND NOTATION

We examine a number of problems concerning polynomials with coefficients re-
stricted in various ways. We are particularly interested in how small such polyno-
mials can be on the interval [0, 1]. For example, we prove that there are absolute
constants ¢; > 0 and ¢y > 0 such that

exp (—c1v/n) < Oiipnef}.n IPllf0,1) < exp (—c2v/n)
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for every n > 2, where F,, denotes the set of polynomials of degree at most n with
coefficients from {—1,0,1}.

Littlewood considered minimization problems of this variety on the unit disk,
hence, the title of the paper. His most famous, now solved, conjecture was that the
Ly norm of an element f € F,, on the unit circle grows at least as fast as clog N,
where N is the number of non-zero coefficients in f and ¢ > 0 is an absolute
constant.

When the coefficients are required to be integers, the questions have a Diophan-
tine nature and have been studied from a variety of points of view. See [2, 3, 10,
11, 20, 35].

One key to the analysis is a study of the related problem of how large an order
zero these restricted polynomials can have at 1. We answer this latter question
precisely for the class of polynomials of the form

n
p(x):Zajxj, la;| <1, a;€C
7=0

with fixed |ag| # 0.

Variants of these questions have attracted considerable study, though rarely have
precise answers been possible to give. See in particular [1, 7, 6, 19, 39, 41]. Indeed
the classical, much studied, and presumably very difficult problem of Prouhet,
Tarry, and Escott rephrases as a question of this variety. (Precisely: what is the
maximal vanishing at 1 of a polynomial with integer coefficients with [; norm 2n?
It is conjectured to be n. See [22] or [11].)

We introduce the following classes of polynomials. Let

Py = {zn:aia:i ta; € (C}
i=0

denote the set of algebraic polynomials of degree at most n with complex coeffi-

cients. Let
n
P = {Zaixi ta; € R}
i=0

denote the set of algebraic polynomials of degree at most n with real coefficients.

Let
n
Z, = {Zaixz fa; € Z}
i=0

denote the set of algebraic polynomials of degree at most n with integer coefficients.

Let
Fy = {Zaixi ca; € {—1,0, 1}}
i=0

denote the set of polynomials of degree at most n with coefficients from {—1,0,1}.

Let
A, = {Z aix’ : a; € {0, 1}}
i=0
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denote the set of polynomials of degree at most n with coefficients from {0,1}.

Finally, let
n
L, = {Zaimi ca; € {1, 1}}
i=0

denote the set of polynomials of degree at most n with coefficients from {—1,1}.

So obviously
Ly, A, CF,C2Z,C P, CP.

Throughout this paper the uniform norm on a set A C R is denoted by ||.| 4.

In his monograph [30], Littlewood discusses the class £,, and its complex ana-
logue when the coefficients are complex numbers of modulus 1. On page 25 he
writes “These raise fascinating questions.” It is easy to see that the Ly norm of any
polynomial of degree n with complex coefficients of modulus one on the unit circle
is v/n+ 1. (Here we have normalized so that the unit circle has length 1.) Hence
the minimum supremum norm of any such polynomial on the unit circle is at least

vn+ 1.

The Rudin-Shapiro polynomials show that there are polynomials from £, with
maximum modulus less than c¢v/n+ 1 on the unit circle. Littlewood remarks
in [30] that although it has been known for more than 50 years that g,(0) :=
Yo eimlosmeimt gatisfies |g,,(0)] < cy/n+ 1 on the real line, the existence of
polynomials p, € £,, with |p,(z)| < ¢v/n+ 1 on the unit circle has only fairly re-
cently been shown. He adds “As a matter of cold fact, many people had doubted its
truth.” However, it is not known whether or not there are such polynomials from
Pn € L, with minimal modulus also at least cy/n on the unit circle, where ¢ > 0 is

an absolute constant. Littlewood conjectures that there are such polynomials.

Littlewood also makes the above conjecture in [29] as well as several others. In
[28] he writes that the problem of finding polynomials of degree n with coefficients
of modulus 1 and with modulus on the unit disk bounded below by cy/n “seems
singularly elusive and intriguing.”

Erdés conjectured that the maximum modulus of a polynomial from £,, is always
at least cy/n + 1 with an absolute constant ¢ > 1. Erdds offers $100 for a solution
of this problem in [E9-95]. Both Littlewood’s and Erd8s’ conjectures are still open.

In the paper [28] Littlewood also considers ZZ@_;O w™m+1)/2,m and shows that
this polynomial has almost constant modulus (in an asymptotic sense) except on a

set of size cn=1/?%9. Here w is a primitive nth root of unity. Further related results
are to be found in [4, 5, 9, 12, 16, 17, 21, 25, 26, 27, 32, 34].

Carrol, Eustice, and T. Figiel [15] show that

lim fnf 28071)

log(n+1)

where m(n) denotes the largest value that the minimum modulus of a polynomial
from £, can be on the unit circle. They also prove that

log(m(m)) _ . log(m(n)

> 431,

P log(n + 1) log(n+1)°
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They further conjecture that m(n)n~'/? tends to zero (contrary to Littlewood).

The average maximum modulus is computed by Salem and Zygmund [37] who
show that for all but 0(2") polynomials from £,, the maximum modulus on the unit

disk lies between c1y/nlogn and cav/nlogn.

The expected L* norm of a polynomial p € L, is (2n? — n)1/4. This is due to
Newman and Byrnes [33]. They also compute the L* norm of the Rudin-Shapiro
polynomials.

In the case of complex coefficients these problems are mostly solved. A very
interesting result of Kahane [24] proves the existence of polynomials of degree n
with complex coefficients of modulus one and with minimal and maximal modulus
both asymptotically v/n + 1 on the unit circle. See also [4].

The study of the location of zeros of these classes of polynomials begins with
Bloch and Pélya [6]. They prove that the average number of real zeros of a polyno-
mial from F,, is at most c¢y/n. They also prove that a polynomial from F,, cannot
have more than

cnloglogn
logn

real zeros. This quite weak result appears to be the first on this subject. Schur
[39] and by different methods Szeg6 [41] and Erdés and Turdn [19] improve this to
cv/nlogn (see also [10]). (Their results are more general, but in this specialization
not sharp.)

Our Theorem 4.1 gives the right upper bound of c¢y/n for the number of real
zeros of polynomials from a much larger class, namely for all polynomials of the
form

n
p(x)zZaja:j, la;| <1, Jaol=lan| =1, a; €C.
3=0

Schur [39] claims that Schmidt gives a version of part of this theorem. However, it
does not appear in the reference he gives, namely [38], and we have not been able
to trace it to any other source. Also, our method is able to give ¢y/n as an upper
bound for the number of zeros of a polynomial p € PS with |ag| = 1,]a;| < 1, inside
any polygon with vertices in the unit circle (of course, ¢ depends on the polygon).
This may be discussed in a later publication.

Bloch and Pélya [6] also prove that there are polynomials p € F,, with

Cn1/4

Vlogn

distinct real zeros of odd multiplicity. (Schur [39] claims they do it for polynomials
with coefficients only from {—1,1}, but this appears to be incorrect.)

In a seminal paper Littlewood and Offord [31] prove that the number of real
roots of a p € L, on average, lies between

1
L oen and calog?n
log loglogn
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and it is proved by Boyd [13] that every p € £,, has at most clog® n/loglogn zeros
at 1 (in the sense of multiplicity).

Kac [23] shows that the expected number of real roots of a polynomial of degree
n with random uniformly distributed coefficients is asymptotically (2/7)logn. He
writes “I have also stated that the same conclusion holds if the coefficients assume
only the values 1 and —1 with equal probabilities. Upon closer examination it
turns out that the proof I had in mind is inapplicable... . This situation tends to
emphasize the particular interest of the discrete case, which surprisingly enough
turns out to be the most difficult.” In a recent related paper Solomyak [40] studies
the random series » . £A".

2. NUMBER OF ZEROS AT 1 OF POLYNOMIALS
WITH RESTRICTED COEFFICIENTS

The following two theorems offer upper bounds for the number of zeros at 1 of
certain classes of polynomials with restricted coefficients. The first result sharpens
and generalizes results of Amoroso [1], Bombieri and Vaaler [7], and Hua [22] who
give versions of this result for polynomials with integer coefficients.

Theorem 2.1. There is an absolute constant ¢ > 0 such that every polynomial p
of the form

n
p(x):Zajxj, |a’j|§17 (Z]‘€(C
=0

has at most
¢ (n(1 —log|ag|))"”*

zeros at 1.
Applying Theorem 2.1 with ¢(z) := 27 "p(z~!) immediately gives the following.

Theorem 2.2. There is an absolute constant ¢ > 0 such that every polynomial p
of the form

n
p(x):Zajxj, |a’j|§17 (Z]‘€(C
=0

has at most
c(n(1 —logan))"/?

zeros at 1.
The sharpness of the above theorems is shown by

Theorem 2.3. Suppose n € N. Then there exists a polynomial p of the form

n
p(x):Zaij, la;] <1, a; €R
=0
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such that p has a zero at 1 with multiplicity at least
.1 1/2
min 6((n(1—10g|a0|)) —1,n;.

The following two theorems can be obtained from the results above with slightly
worse constants. However, we have distinct attractive proofs of Theorems 2.4 and
2.5 below and we give them also.

Theorem 2.4. Fvery polynomial p of the form

n
p@) = a2, lag| =1, e/ <1, a;€C
=0

has at most |32/n| + 4 zeros at 1.

Theorem 2.5. For every n € N, there exists a polynomial
n?—1

pn(x) = Z ajx’
3=0

such that ap2_1 = 1; ag,a1,...,a,2_o are real numbers of modulus less than 1; and
Pn has a zero at 1 with multiplicity at least n — 1.

Theorem 2.5 immediately implies

Corollary 2.6. For every n € N, there exists a polynomial
n
pn(x):Zaij, an =1, |a;|<1, a; €R,
j=0

and p,, has a zero at 1 with multiplicity at least |/n —1].

The next related result is well known (in a variety of forms) but its proof is
simple and we include it (see [6]).

Theorem 2.7. There is an absolute constant ¢ > 0 such that for everyn € N there

is a p € Fy, having at least c/n/log(n + 1) zeros at 1.

Theorems 2.4 and 2.7 show that the right upper bound for the number of zeros
a polynomial p € F,, can have at 1 is somewhere between c;/n/log(n + 1) and
coy/n with absolute constants ¢; > 0 and co > 0. Completely closing the gap in
this problem looks quite difficult.

Our next theorem slightly generalizes Theorem 2.1 and offers an explicit constant.
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Theorem 2.8. If ag| > exp(—L?) and |a;| <1 for each j = L>+1,L*+2,... ,n,
then the polynomial

p(x) = Zajxj, a; € C
=0
has at most (L + 1)y/n+5 zeros at 1.

The next result is a simple observation about the maximal number of zeros a
polynomial p € A,, can have.

Theorem 2.9. There is an absolute constant ¢ > 0 such that every p € A, has at
most clogn zeros at —1.

Remark to Theorem 2.9. Let R, be defined by

Ra(x) = [T (1 +2"),

i=1

where a; := 1 and a;4; is the smallest odd integer that is greater than ZL=1 ap. It
is tempting to speculate that R,, is the lowest degree polynomial with coefficients
from {0,1} and a zero of order n at —1. This is true for n = 1,2,3,4,5 but fails
for n = 6 and hence for all larger n.

Our final result in this section shows that a polynomial Q) € F,, with k zeros at
1 has many other zeros on the unit circle (at certain roots of unity). A version of
this may be also be deduced from results in [7].

Theorem 2.10. Let p < n be a prime. Suppose Q € F,, and Q has ezxactly k zeros
at 1 and exactly m zeros at a primitive pth root of unity. Then

logp
nN>k——m——
p(m + )_klog(n+1)

3. THE CHEBYSHEV PROBLEM ON [0, 1] FOR
POLYNOMIALS WITH RESTRICTED COEFFICIENTS

If p is a polynomial of the form

pla) =Y aa’
7=0

with a1 = ag = -+ = a1 = 0 and a,, # 0, then we call I(p) := a,, the first
non-zero coefficient of p.

Our first theorem in this section shows how small the uniform norm of a poly-
nomial 0 # p on [0, 1] can be under some restriction on its coefficients.
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Theorem 3.1. Let ¢ € (0,1]. There are absolute constants c1 > 0 and ¢z > 0 such
that

exp (—cl(n(l —log 5))1/2) < ir;f llpllo,1) < exp (—cz(n(l —log 5))1/2) ,

where the infimum is taken over all polynomials p of the form
n

p(m)zzajxjv |a‘j|§1a ajE(C
§=0

with |1(p)] > 6 > exp (3(6 —n)).
The following result is a special case of Theorem 3.1.

Theorem 3.2. There are absolute constants ¢ > 0 and co > 0 such that
exp (—e1v/n) < igf [plljo,1] < exp (—c2v/n)

for every n > 2, where the infimum is taken over all polynomials p of the form

n

p(x):Zaja:j, la;| <1, a; €C
3=0

with |I(p)] = 1.
For the class F,, we have

Theorem 3.3. There are absolute constants ¢ > 0 and co > 0 such that

exp (—e1v/n) < o;éipneff,, Ipllj0,1] < exp (—c2v/n)

for every n > 2.

Note that the lower bound in the above theorem is a special case of Theorem
3.2. The proof of the upper bound, however, requires new ideas.

The approximation rate in Theorems 3.2 and 3.3 should be compared with

1/n _ 21/n

inf 2
HI} ||pH[071] 1

where the infimum is taken for all monic p € P,,, and also with

1 . 1/n 1+ €n
- £ 2T n
2376 < oAt IPlioy < 53505

€, — 0.

The first equality above is attained by the normalized Chebyshev polynomial shifted
linearly to [0,1] and is proved by a simple perturbation argument. The second
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inequality is much harder (the exact result is open) and is discussed in [10]. It
is an interesting fact that the polynomials 0 # p € Z,, with the smallest uniform
norm on [0,1] are very different from the usual Chebyshev polynomial of degree
n. For example, they have at least 52% of their zeros at either 0 or 1. Relaxation
techniques do not allow for their approximate computation.

Likewise, polynomials 0 # p € F,, with small uniform norm on [0, 1] are again
quite different from polynomials 0 # p € Z,, with small uniform norm on [0, 1].

The story is roughly as follows. Polynomials 0 # p € P,, with leading coefficient
1 and with smallest possible uniform norm on [0, 1] are characterized by equioscil-
lation and are given explicitly by the Chebyshev polynomials. In contrast, finding
polynomials from Z,, with small uniform norm on [0, 1] is closely related to finding
irreducible polynomials with all their roots in [0, 1].

The construction of non-zero polynomials from F,, with small uniform norm on
[0,1] is more or less governed by how many zeros such a polynomial can have at
1. Indeed, non-zero polynomials from F,, with minimal uniform norm on [0, 1] are
forced to have close to the maximal possible number of zeros at 1.

This problem of the maximum order of a zero at 1 for a polynomial in F,,, and
closely related problems for polynomials of small height have attracted considerable
attention but there is still a gap in what is known (see Theorem 2.4 and Theorem
2.7).

For the class A,, we have the following Chebyshev-type theorem. This result
should be compared with Theorem 3.3.
Theorem 3.4. There are absolute constants c1 > 0 and co > 0 such that
2 . 2
exp (—crlog*(n+1)) < OilpnefA” [p(—=2)]l[0,1] < exp (—c2log®(n + 1))

for every n > 2.

Our last theorem in this section is a sharp Chebyshev-type inequality for F :=
U2, F,, and S, where S denotes the collection of all analytic functions f on the
open unit disk D := {z € C: |z| < 1} that satisfy

1
1—|z|’

|f(z)] < zeD.

Theorem 3.5. There are absolute constants c1 > 0 and co > 0 such that

— < inf _ < inf _ < —
exp(—ci/a) < s b ol 1—a) < - 2ll[1—a,1) < exp(—c2/a)

for every a € (0,1).

4. THE NUMBER OF REAL ZEROS OF
POLYNOMIALS WITH RESTRICTED COEFFICIENTS

Theorems 4.1 and 4.2 below give upper bounds for the number of real zeros of
polynomials p when their coefficients are restricted in various ways.
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The prototype for these theorems is given below. It was apparently first proved,
at least up to the correct constant, by Schmidt in the early thirties. His complicated
proof wasn’t published — the first published proof is due to Schur [39]. Later new
and simpler proofs and generalizations were published by Szegd [41] and Erdés and
Turdn [19] and others. A version of the approach of Erdés and Turén is presented
in [10].

Theorem A. Suppose

n

p(z) = Z a2’ a; € C

§=0
has m positive real roots. Then
m? < 2nlog (120l Flaal+ o Flan])
V laoan|

Theorem 4.1 improves the above bound of ¢\/n log n in the cases we are interested
in where the coefficients are of similar size. Up to the constant c¢ it is the best
possible result.

Theorem 4.1. There is an absolute constant ¢ > 0 such that every polynomial p
of the form

n
p(x)zzajxjv |a’j|§17 |a‘0|:1a ajE(C
=0

has at most cy/n zeros in [—1,1].

There is an absolute constant ¢ > 0 such that every polynomial p of the form

n
p(a:)zZajxj, la;| <1, Jan|=1, a;€C
7=0

has at most cy/n zeros in R\ (—1,1).

There is an absolute constant ¢ > 0 such that every polynomial p of the form
n
p(x):Zaja:J, la;| <1, Jao|=lan] =1, a;€C
j=0

has at most c\/n real zeros.

Theorem 4.2. There is an absolute constant ¢ > 0 such that every polynomial p
of the form

(41) p((E) = Za’jxjv |a’]| < ]-7 |a’0| = ]-a a; eC
7=0
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has at most c/a zeros in [—1+ a,1 — a] whenever a € (0,1).

This result is sharp up to the constant. It is possible to construct a polynomial
(of degree n < ck?) of the form (4.1) with a zero of order k in the interval (0, 1—1/k].
This is discussed in [3].

The next theorem gives an upper bound for the number of zeros of a polynomial
p lying on a subarc of the unit circle when the coefficients of p are restricted as in
the first statement of Theorem 4.1.

Theorem 4.3. There is an absolute constant ¢ > 0 such that every polynomial p
of the form

n
p(x)zzajxjv |a’j|§17 |a‘0|:1a ajE(C
7=0

has at most cna zeros on a subarc I, of length o of the unit circle if « > n~1/2,
while it has at most c\/n zeros on I, if a < n~Y2. The polynomial p(z)=2"-1
(o > n71/2) and Theorem 2.4 (a < n’1/2) show that these bounds are essentially
sharp.

We point out an interesting extension of Theorem 2.4 as a special case of Theorem
4.1.

Theorem 4.4. There is an absolute constant ¢ > 0 such that every polynomial p
of the form

n
p(x)zzajxjv |a’j|§17 |a‘0|:1a ajE(C
=0

has at most c\/n zeros at a point a € C with 0 < |a| < 1.

There is an absolute constant ¢ > 0 such that every polynomial p of the form

n

p(x)zZajxj, la;| <1, Jan|=1, a;€C
7=0

has at most cy/n zeros at a point a € C with 1 < |a] < co.

One should observe that Jensen’s inequality implies that every function f an-
alytic in the open unit disk D := {z € C : |z| < 1} and satisfying the growth

condition )

FOI=1, EI< o

has at most (c¢/a)log(1l/a) zeros in the disk D, := {z € C : |z| < 1 — a}, where
0 <a <1 andc>0is an absolute constant.

zeD

5. TooLs

The main tool in the proof of Theorem 2.1 is the following result which is of
interest for its own sake.
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Denote by S the collection of all analytic functions f on the open unit disk
D :={z € C:|z| < 1} that satisfy

1

eD.
—z"

IF(2)] <

Theorem 5.1. There are absolute constants c1 > 0 and co > 0 such that

£/ < exp (Z) 1 flli-a

a
for every f € S and a € (0, 1].

Theorem 2.1 is proved in the next section. In the rest of this section we formulate
and prove some technical lemmas used in the proof of Theorem 5.1. We need some
corollaries of the

Hadamard Three Circles Theorem. Suppose f is reqular in
{z€eC:r <|z| <ra}.
Forr € [r1,ra], let

M(r) ;= max|f(z)].

|z|=r

Then
M(r)log(m/m) < M(rl)log(m/r)M(rQ)log(r/m).

Corollary 5.2. Let a € (0,1]. Suppose f is reqular inside and on the ellipse E,
with foci at 1 —a and 1 —a + ia and with magjor axis

1—a—9—a —a—l—@
64’ 64 |

Let E, be the ellipse with foci at 1 —a and 1 —a + %a and with major axis

a 9a
l—a——,1—a+—|.
[ RRETY a+32]

Then

1/2 1/2
ma.x|f<z>|<< ma ]If(2)|> (maxls)

2€E, z€[l-a,1-a+1a

Proof. This follows from the Hadamard Three Circles Theorem with the substitu-

tion
a(z+z1 N (1 N a)
w=— —a+ - .
8 2 8
The Hadamard Three Circles Theorem is applied with r; := 1,7 := 2, and ry :=
4. 0O
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Corollary 5.3. For every f € S and a € (0,1]
64\ 1/2 1/2
< | — .
max £ < (o0 ) (Lawax, 1761)

Proof. This follows from Corollary 5.2 and the maximum principle. [

Lemma 5.4. Suppose
p(x)zzajxjv |a‘j|§1a ajE(C

n—k
p(z) = (@ —Drq(x),  ql@)= Y b, beC.
j=0

Then
n—k

k— k
llallfo,1 < Z |b;] < (n+1)e (%) ' < (n+1) (%) .

=0
As a consequence,

e k
1Pl -ksom < i+ 1) ()

Proof. We have

|bj| = %%(p(x)(m —1)7%) .
L~ ( k+m—1 .
- szz:o :n) (_1)kﬁp(1 )(0)
& kEm -1 1 i - j (k+m-1)
B mz::o (k — 1)|m' (] — m)l ( )(O) = mzz:o m Aj—m

IA
ol

> +
o
N———
IA
VRS
o
ol
=+
o
N——
IA
N
e
=|8
N—
x>

which proves the lemma. [
To prove Theorem 2.3 our tool is the next lemma due to Haldsz [42].

Lemma 5.5. For every k € N, there exists a polynomial h € Py, such that

hO)=1, h(1)=0,  |h(z)] <exp (%) for |z <1.

To prove Theorems 2.4 and 2.8 we need Lemmas 5.6 and 5.7, respectively, below.



LITTLEWOOD-TYPE PROBLEMS ON [0, 1] 15

Lemma 5.6. For every positive integer n, there exists an f € P, with

p< [Fvn]+4

such that
FO) > fM[+[f@)]+ -+ [f(n)].
Proof. Let
bim |4y +1
and

g(z) = %To(x) +T1(z) + To(x) + - -+ Ti(x)

where, as usual, T; denotes the Chebyshev polynomial of degree i. We have g(1) =
I<;—|—%,andfor0<t§7r,

1 sin (k + 1)t sin (k+ 1)t
g(cost):5+cost+(:052t+~'—|—cosk‘t: ( 3) = ( )

2sin £ 2(1 — cost)

whence

Let

and the proof is finished. [

Lemma 5.7. Let n and L be a positive integers with 1 < L < y/n. Then there
exists a polynomial f € P, with

p<4yn+2Lyn+L+4<FLy/n+4

such that

(5.1) fA)y=f@)=--=f(L*)=0

and

(5:2) F(0) > exp(L) (I (L* + D]+ [f(L* +2)[ + -+ [[(n)]) -

Proof. The required polynomial f is constructed as a product of other polynomials.
First we define these factors. Let go € P, with

n<[Fvnl+4
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and

(5.3) 90(0) > lgo(1)[ + |go(2)[ + -+ + |go(n)] -

The existence of such a polynomial gy is guaranteed by Lemma 5.6. For j =
1,2,...,n, we define

and

Then
g5(0) =Ty, (1) =1 and  gj(j) = Tom, (cos ﬁ) =0.

Also, for 0 < x < n, we have

2
1 — cos 52— 2n sin? —Z— Zn( T )
1>1—-— M o> Moo M) s 1-2=-1,
J J
hence
lgj(x)| <1 x€[0,n].
Now let

h(z) = Thr (1+M>, k= [Vn]+1.

n

Then h € P and
|h(z)] <1, L*<z<n.

Further 1 < L < \/n, k = |\/n| + 1, and the concavity of the function cosh™(1 +
22%) on [0, 1] imply

2 2
h(0) = Tyr (1 + £> = cosh <kL cosh™! (1 + £))
n n

> cosh (L\/ﬁ% cosh™' (1 + 2))

> %exp((?/él)LQ) > exp(L?).

Now we define the required polynomial f by

L2
f=n]]g
§=0

This f satisfies
fO)=f@2) = =f(L*=0,

|f(z)| < go(x), L*<ax<n,
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and
£(0) = go(0)h(0) > exp(L*)go(0) .

These, together with (5.3) show that (5.1) and (5.2) are satisfied. The degree of
the polynomial f is at most

(i) 4 Y+ (Vi 4 1)

< (Vi) + (Vi ) Lt Y (Vali+1)
<(Byn+4)+ (Vn+1)L+L*+ (2L - 1)vn

<ALV + 3+ L+4.

This finishes the proof. O

6. PROOFS OF THE MAIN RESULTS

Proof of Theorem 5.1. Let h(z) = (1 — a)(z + 2%). Observe that h(0) = 0, and
there are absolute constants c3 > 0 and ¢4 > 0 such that

|h(e™)] <1 —c3t?, —r<t<m,

and for t € [—cya, ca], h(e™) lies inside the ellipse E,. Now let m := |27wcy/a) + 1.
Let £ := exp(2mi/(2m)) be the first 2mth root of unity, and let

2m—1

9(z) = [] f0u&2)).

Using the Maximum Principle and the properties of h, we obtain

o 2m—1 1 2
O = o) < e o) < (max ) 1T (a7

m—1 4
= (7)) e () < (e ) e

z€E,

and the theorem follows by Lemma 5.3. [

Proof of Theorem 2.1. Let p be a polynomial of the form

p(x):Zajxj, ao #0, |a;|<1, a;€C.
=0
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Then p € S. Suppose p has k zeros at 1. Without loss of generality we may assume
that 2¢/n + 1 < k < n. Applying Theorem 5.1 with a := k/(3n), then using Lemma
5.4, we obtain

9con 9can e\k
3 k 2 9
|ag /" < exp (T) IPlln—k/(on),1) < exp (T) (n+1) (5) '

Taking log of both sides, and after some algebra, we obtain

I<;logg < 3ein <& - 10g|a0|> +log(n+1).
(& C1

Using log(n + 1) < vn+1 < k/2, we can deduce that

k2
k? log2 < 3cin <& - 10g|a0|> +—=.
e c1 2

1
k> <1ogg — 5) <3cin (& — log |a0|) ,
e C1

and the result follows. O

Hence

Proof of Theorem 2.3. Let 0 # |ag| < 1,

Let h be a polynomial given by Lemma 5.5, that is, h € Pk, h(0) = 1, h(1) = 0,
and if |2 < 1, then |h(2)| < exp (). Let
f(z) :=h™(x) =: by + byx + box® + -+ + bema™ .

The degree of the polynomial f is km < n; the multiplicity of the zero of f at 1 is at
least m because of the choice of h; f(0) = by = 1; and for |z < 1, | f(2)] < exp (32).
The last inequality, together with the Parseval formula, implies that

21

4m 4n
<on () =00 ()

< exp (1og (1 + |a0|71))
<1+ Jaol 2.

1 27 )
b0l + 014+ ol = 5 [ (e P
0

Since by = 1, it follows that each of by, ba, ... , brm has modulus less than |ag| .

Let p := agf. The constant term of p is ag; all the other coefficients of p have
modulus less than 1; the multiplicity of the zero of p at 1 is at least m; and

1
m = o ZZ\/nlog(1+|a0|_1)—1

| (4n)1/2 (log (1 + [ao| 1) /2| +1

n (1= logag]) — 1

L
4v2
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whenever exp(—3n) < |ag| < 1. Note that exp(—3n) < |ag| < 1 implies

L(4n)1/z (log (1 + |a0|_1))71/2J +1<2 (4n)1/2 (log (1 + |ao|_1))’1/2

which was used in the first inequality above.

If |ag| < exp(—3n) < (%)n, then the polynomial p defined by p(x) = ao(z — 1)"
is of the required form and has n zeros at 1. This finishes the proof. [

Proof of Theorem 2.4. If p has a zero at 1 of multiplicity p, then for every polyno-
mial f € Py, we have

(6.1) aof(0) + a1 f(1) +---+anf(n)=0.
Lemma 5.6 constructs a polynomial f of degree at most
p< [ Hvn]+4

for which
FO) > [fW]+ [f@)+ -+ [f(n)]-

Equality (6.1) cannot hold with this f, so the multiplicity of the zero of p at 1 is
at most the degree of f. O

Proof of Theorem 2.5. Define

(1) 2t dt .
Ly(x):= /FHZ: =0,1,...

271 o (t—k2)"

where the simple closed contour I' surrounds the zeros of the denominator in the
integrand. Then L, is a polynomial of degree n? with a zero of order n at 1. (This
can easily be seen by repeated differentiation and then evaluation of the above
contour integral by expanding the contour to infinity.)

Also, by the residue theorem,
n 2
Lp(z) =1+ Z ckmmk ,
k=1

where
(=D)™(n)> (= D)F2(n)?

Ckn = n B = .
[z jn (B2 =3%)  (n=K)l(n + k)!

It follows that

Chn < 2, k=1,2,...,n
and |c,,| is decreasing in k. Note also that sign(cy ) = (=1)k for k =0,1,... ,n,
where ¢, := 1. Hence,
Ly(x
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is a polynomial of degree n? — 1 with real coefficients and with a zero of order n — 1

at 1. Also g, has constant coefficient 1 and each of its remaining coefficients is a
2

real number of modulus less than 1. Now let p,(z) := 2™ ~lq,(1/x). O

Proof of Theorem 2.7. This is a standard box principle argument. The number of
different outputs of the map

M(P) := (P(l),P’(l),... ,P<’€*1>(1)> ., PeA,

is at most

k—1

H ((n+ 1)nj) < (n4 1)kEFD/2

j=0
There are 271! different elements of A,,. So if

(TL+ 1)k(k+1)/2 < gn+1
then there are two different P, € A,, and P, € A,, such that
POy =rPP1), j=01,... k-1

that is 0 # P, — P» € F,, has at least k zeros at 1. Note that

(2log2)(n+1)

-1 : li 1 k(k+1)/2 < 2TL+1
Tog(n + 1) implies (n+1)

which finishes the proof. O

Proof of Theorem 2.8. If p has a zero at 1 of multiplicity p, then for every polyno-
mial f € Py, we have

(6.2) aof(0) +arf(1) +-- +anf(n) =0.
Lemma 5.7 constructs a polynomial f of degree at most
p<4Avn+2Lyn+ L+4<2Ly/n+4

for which (5.1) and (5.2) hold. Recalling the assumptions of the theorem on the
coefficients a; of p, equality (6.2) cannot hold with this f, so the multiplicity of the
zero of p at 1 is at most the degree of f. O

Proof of Theorem 2.9. Suppose P € A,, has m zeros at —1. Then (1 + )™ divides
P and the quotient is a polynomial with integer coefficients. On evaluating P at 1

we see that n + 1 > P(1) > 2™ and the result follows. O

Proof of Theorem 2.10. Let

o
j:—exp<7m]>, j=1,2,... ,p—1.
P
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Let @ € F,, be of the form
Q(z) = (z — 1)*R(x),

where R is a polynomial of degree at most n — k with integer coefficients. Then,
for every integer m < k, we have

Q" (2) = (x = 1)* ™"S(a),

where S is a polynomial of degree at most n — k with integer coefficients. Hence

p—1 p—1 p—1
K:=[[Q"™ ) =T] & -] s) =p""N,
Jj=1 j=1 j=1

where both K and N are integers by the fundamental theorem of symmetric poly-
nomials. Further

p—1
|K| < m+1)n™ < (n+ 1)(1’*1)(777,4»1) .
1

J
Hence K # 0 implies
pk—m S (n + 1)(1’7_1)(m+1),
that is,
(p—1)(m+1)log(n+1)
logp

k—m<

)

and the result follows. O

Proof of Theorem 8.1. First we prove the lower bound. If P is one of those poly-
nomials over which the infimum is taken, then

P(z) = 2" Q(x)

with an integer 0 < m < n and with a polynomial @ of the form
Q)= bia’, || <1, b;eC, [Q0) = b|>35.
j=0

Applying Theorem 5.1 with

B 1/2 e 1/2
0<aq e <1 log|b0|) <<2 (6 n)> <L7
n 2n V2

we obtain

—C
1Qlr-a,1) > [bo|/* exp <TQ> > exp (—es(n(1 ~ 1og))"/?)
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with an absolute constant ¢s > 0. Now observe that x € [1 — a, 1] implies

2™ > 2" > (1-a)" > exp (—#) > exp (~ea(n(1 ~ logd))/?)
a

with an absolute constant ¢4 > 0, and the lower bound is proved.

Next we prove the upper bound. Suppose n € N and by := § satisfy
1
exp (5(6 - n)) < |bp| < 1.
Let v := |n/5]. This implies
1
exp(—3v) < exp (5(6 - n)> <l|bo| <1.

Then by Theorem 2.3 (recall the cases distinguished in its proof), there exists a
polynomial S, of the form

Sy(x) = bja?, |b|<1 bjeC
j=0

such that S, has a zero at 1 with multiplicity at least

k> (v (1—log b)) /2 = 1.

=

Let
Sy(z) = (1 - x)kQu_k(x), Qu_r €P,_4.

Let P, € P, be defined by
Pu(z) =28, ().

Note that I(P,,) = by = d, so P, is one of those polynomials over which the infimum
in the theorem is taken. Now Lemma 5.4 implies that

0.11Qv—klljo,1)

v \" k" ev\k
= <4l/+k) <4V+/<:> (r+1) (?)
<(v+1) (Z)k = exp(—klog(4/e) + log(v + 1))

< exp (—es(n(1 — log bo))"/2) = exp (—e5(n(1 — log ))'/2)

1 Pallfo,1) < [l (1 — 2)"|

with an absolute constant c5 > 0, and the upper bound of the theorem follows. [J

As we have already remarked, Theorem 3.2 is an immediate consequence of
Theorem 3.1.

Proof of Theorem 8.3. The lower bound of the theorem follows from Theorem 3.2.
To prove the upper bound of the theorem we argue as follows.
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Without loss of generality we may assume that n € N is sufficiently large. Let

k:=[3v/n]. Let

1—k/Cn)="yo<ypn < - <yp:=1

be k + 1 equidistant points. We use a counting argument to find a polynomial
f € F—1 with the property

(6.3) fy)] <2V7 . j=0,1,... k.
if n is sufficiently large. Indeed, we can divide the (k + 1)—dimensional cube
Q ={(zo,21,...,2x): z; €[0,n+1), j=0,1,... k}

into (m(n + 1))**! subcubes by defining

i; 15 +1 .
Qio,il,...,ik = {(xO;xlv"' ,$k)l Zj € |:_]aj—> ) ]:Oa]-v 7k}7

m m

where (Z9,1,... ,%x) are (k + 1)-tuples of integers with 0 < i; < m(n+1) —1 for
each j =0,1,... k. Note that if P € A,,_1, then

M(P) = (P(yo), P(y1),---, P(y)) € Q.
Also, there are exactly 2" elements of A,,_;. Therefore, if
(mln + 1))+ < 2

holds, then there exist two different P, € A,, and P, € A,,, and asubcube Q;, 4, ,... i
such that

M(P1) = (Pi(yo), Pr(y1)s - -+ s Pi(yr)) € Qiguin.... i

and
M(P2) = (P2(y0), P2(y1), - -+ » Pa(yr)) € Qig in,... i, -

Hence, for 0 # f := P, — P, € F,,, we have
lfly))| <m™,  j=0,1,...,k.

Now choose m := |27V"]. This, together with k := [%\/n], yields that the in-
equality (m(n + 1))¥ < 2" holds provided n is sufficiently large, and (6.1) follows.

Observe that [|[p )| g 1) < n*+2 for every p € F,,_1, in particular, for f € F,_1
satisfying (6.3).

Let y € [yo, 1] be an arbitrary point different from each y;. By a well-known
formula for divided differences,

] f(y) n f(yi) _ 1 !f(k+1)(£)

k
o w—v) = wi—Ile,mwi—y) (k+1)

for some & € [yo, 1].
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Combining (6.3) and our two observations above, we obtain

1/ ()l
k k
< (k:+1) FOHD (6 H;[ Y—yj ‘ D 1w

=0

15 (v — y))
(yi —y) H?:O,j;ﬁi (i — ;)

1 (k+1)!
< k+2 1—vm
SHaD" (e 2 ZZ' =)

< 9=kt 4 ol=Vngk < 9=(1/2)Vny 4 9l=Vn 9(1/2)V/n
< exp (—c3v/n)

with an absolute constant c¢3 > 0. Since y € [yo, 1] is arbitrary, we have proved that

[fllo,1) < exp (—esv/n)
where yo = 1—k/(2n) < 1—3in=1/2 for sufficiently large n. Now for g(z) := 2" f(z),
we have g € F5, and
gl < exp (—c2v/n)

with an absolute constant ¢y > 0.

The proof of the theorem is now finished. [

Proof of Theorem 3.4. First we prove the lower bound. Suppose 0 # p(—z) € A,
has exactly k zeros at 1. Then, using Theorem 2.9 and Markov’s Inequality, we
obtain

[1Plljo.1] = (2n)~2F|P")(1)] > (2n)~closm
> exp (—c(logn)log(2n))

(note that |P(®)(1)] is a positive integer, hence at least 1), and the lower bound of
the theorem follows. The upper bound follows from the following example. Let

Qum(z) :=2%" ﬁ (1 + x3k> .

k=0

Then Qp, € Azm+1, and for x € [0, 1],

k=0 k=0 \ j=0
_ m+1 " L m+1 3m’ﬁ3k
“A\3m+m+1 3 +m+1 o

mAl N
<(tmrr) ¥ en (etm 1)

with an absolute constant ¢ > 0, and the upper bound of the theorem follows. [
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Proof of Theorem 8.5. The lower bound follows from Theorem 5.1 immediately.
The upper bound is a simple corollary of Theorem 3.3 with the choice n := |(c/a)?]
with a suitable absolute constant ¢ > 0. Indeed, without loss of generality we may
assume that a € (0,1/2] and n := [(c/a)?| is an integer. The upper bound in
Theorem 3.3 implies that there is a 0 # p € F,, such that

(6.4) Ipllj0,1] < exp (—c2v/n) < exp (—cac/a) .

Then p is of the form

(6.5) p(x) =a*q(z), q€Fn, q0)=1, 0<k<n.
Here
6.6) 2F>a2">(1-a) Y >exp(—(c2c/(20)), x€[l-al]

with a suitable absolute constant ¢ > 0. Now by (6.4), (6.5), and (6.6), we have
g€ F,q0)=1,and
llall—a,1 < exp (—(c2c/(2a)) .

O

Proof of Theorem 4.2. By using a substitution ¢(x) = p(—=x), it is sufficient to
estimate the number of zeros only in (0,1 — a]. Let p be a polynomial of the form
in the theorem. If @ > 1/2, then p has no zero in [0,1 — a]. So we assume that
a < 1/2.First we estimate the number of zeros only in [1 — (5/4)a,1 — a]. Denote
the number of the zeros of p in [1 — (5/4)a,1 — a] by m. Let y be a point in
[1—(5/4)a,1 — a] at which

lp(y)| > exp (—%‘3) 7

where c3 > 0 is an absolute constant. The existence of such a point y is guaranteed
by Theorem 5.1 (one needs to combine it with a linear transformation). By using a
well-known formula for divided differences at the m zeros of p in [1 — (5/4)a, 1 — a]
and at y, there exists a & € [1 — (5/4)a, 1 — a] such that

1z (3) o 2 (2) o (-2).

Estimating [p(™ (¢)| by the Cauchy integral formula on the circle centered at € with
radius a/2 (note that £ + a/2 < 1 — a/2), we obtain

P (€)] < ml % z (g)—m—l |

Combining the previous two inequalities, we get

2
2™ < — exp (0—3) < exp (0—4) ,
a a a
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which gives m < ¢5/a. Now counting the zeros of p in

[1—(5/4)a,1—a], [1—(5/4)%a,1—(5/4)a], ..., [1—(5/4)%a,1—(5/4)1a],
where k is the smallest positive integer for which (5/4)¥a > 1/2, and applying the
already proved estimate with a, (5/4)a, ..., (5/4)* 'a, we get the bound of the

theorem for the number of zeros in [1/2,1— a]. Since p has no zeros in [0,1/2), the
proof is finished. O

Proof of Theorem /4.1. By using a substitution ¢(z) = z"p(x~1), it is sufficient to
prove only the first statement; the other two follow from it. Also, by Theorem 4.2
and by the substitution ¢(x) = p(—x), it is sufficient to prove that p has at most
cy/n zeros in [1 —n~'/21]. Let p be a polynomial of the form in the theorem.
Denote the number of the zeros of p in [1 —n~'/2,1] by m. Let y € [1 —n~/21]
be a point at which

Ip(y)| = exp (—een'/?) |

where ¢g > 0 is an absolute constant. The existence of such a point y is guaranteed
by Theorem 5.1. By using a well-known formula for divided differences at the m
zeros of p in [1 —n~'/2,1] and at y, there exists a & € [l — n~/2, 1] such that

()] = mt (n2) 7 [p(y)] = min™/? exp (—eon'/?) .
Estimating [p(™ (¢)| by the Cauchy integral formula on the circle centered at € with
radius 2n~1/2, we obtain

2 —1/2 n —m—1
Ip™(&)] < m! % n (1 + 2n71/2) (2n*1/2)
™

< m! nm/2 exp <C7n1/2) g-m—1
Combining the previous two inequalities, we get
2™ < exp <08n1/2) ,

which gives m < ¢con'/2. This finishes the proof. O

Proof of Theorem 4.3. The proof is a straightforward modification of that of The-
orem 4.1. We omit the details. [

Proof of Theorem 4.4. The proof follows easily from Theorem 4.1 by studying
q(z) :==plax). O

7. REMARKS

There is an obvious interval dependence in the problem of finding non-zero poly-
nomials from F,, with minimal uniform norm. It is quite easy to argue that on any
interval [0,4] with 6 < 1/2 the only polynomials from F,, with minimal uniform
norm are +z". On [0,1/2] all of 2™ and £ (2™ — 2"~ 1) are extremals. On any
interval [0, 8] with § > 1/2 the polynomials (2" — 2"~1) have smaller supremum
norm than the supremum norm of z™, so the nature of the extremals change at
1/2. Also, on any interval [1,v] with v > 1, inf || f||;1,4] > 0, where the infimum is
taken over all 0 # f € US2 | F,.
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