GEORGE LORENTZ AND INEQUALITIES IN APPROXIMATION

TAMAS ERDELYI

ABSTRACT. George Lorentz influenced the author’s research on inequalities in approximation
in many ways. This is the connecting thread of this survey paper. The themes of the survey
are listed at the very beginning of the Introduction.

0. INTRODUCTION

Bernstein-type inequalities for exponential sums.

Remez-type inequalities for exponential sums.

Lorentz degree of polynomials.

Markov- and Bernstein-type inequalities for constrained polynomials.
Miintz-type theorems.

Remez-type inequalities and Newman’s product problem.
Multivariate approximation.

Newman’s inequality.

9. Littlewood polynomials.

10. Inequalities for generalized polynomials.

11. Markov- and Bernstein-type inequalities for rational functions.
12. Nikolskii-type inequalities for shift-invariant function spaces.
13. Inverse Markov- and Bernstein-type inequalities.

14. Ultraflat sequences of unimodular polynomials.

15. Zeros of polynomials with coefficient constraints.
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1. BERNSTEIN-TYPE INEQUALITIES FOR EXPONENTIAL SUMS

The results in this section were, in large measure, motivated by the letter of Lorentz
below.
“Dear Tamas: Feb. 27, 1988
I know you are interested in Bernstein-type inequalities and I am also. In some non-linear
cases one has
1Pl x < @(n)||Plly

where n is the dimension of the set of the P’s, and the norms are taken in different
Banach spaces X and Y. For instance, inequalities of Dolzhenko and Pekarskii for rational
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functions are of this type. I have proved an inequality of this type for exponential functions
> a;e® or the extended exponential sums

l l
S Py @), Y (ki +1) =n.
j=1 1

I enclose my arguments. Would you like to help me? Are my inequalities sharp in some
sense? What are other arguments that can lead to such inequalities? Hope to see you
again in April, when I will be again in Columbia.

Sincerely, George Lorentz”

In his book [41] Braess writes “The rational functions and exponential sums belong to
those concrete families of functions which are the most frequently used in nonlinear ap-
proximation theory. The starting point of consideration of exponential sums is an approx-
imation problem often encountered for the analysis of decay processes in natural sciences.
A given empirical function on a real interval is to be approximated by sums of the form

n
At
Z ajze N
Jj=1

where the parameters a; and A; are to be determined, while n is fixed.”
In [23] we proved the right Bernstein-type inequality for exponential sums.
Let

FE, = {f:f(t):ao-l—Zaje)‘jt, aj,)\j GR}.
j=1

So FE, is the collection of all n+1 term exponential sums with constant first term. Schmidt
[128] proved that there is a constant ¢(n) depending only on n so that

1 lta+5.8-81 < ()07 I flljat)

for every f € E, and 6 € (0,%(b— a)). Here, and in what follows, || - [|4,5) denotes the
uniform norm on [a, b]. Lorentz [103] improved Schmidt’s result by showing that for every
o > 1, there is a constant ¢(a) depending only on « so that c(n) in the above inequality
can be replaced by c(a)n®'°8™ (Xu improved this to allow o = 3), and he speculated that
there may be an absolute constant ¢ so that Schmidt’s inequality holds with ¢(n) replaced
by cn. The main result, Theorem 3.2, of [23] shows that Schmidt’s inequality holds with
c(n) =2n — 1. That is,

(11) sup ‘f/<y)‘ 2n —1

S — , y € (a,b).
oS T flles = min{y —a,6— 1} (a,0)

In this Bernstein-type inequality even the point-wise factor is sharp up to a multiplicative
absolute constant; the inequality

1 n—1 ‘f/<y)‘ ye(a b)

- < sup )
e —1 min{y —a,b —y} 0#£fEE, ||f||[a,b]
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is established by Theorem 3.3 in [23]. Inequality (1.1) improves an earlier result obtained
in [16] where we have only 8n? in the place of 2n — 1. Lorentz presented our simple elegant
proof of our weaker result in [16] on pages 378 and 379 of his book [105] and remarked
that the exact inequality (1.1) would appear in [17]. I do not know if Lorentz ever read
my paper [23] but it looks to me he accepted it as it was presented in my book [17] with
P. Borwein.

Bernstein-type inequalities play a central role in approximation theory via a machinery
developed by Bernstein, which turns Bernstein-type inequalities into inverse theorems of
approximation. See, for example, the books by Lorentz [104] and by DeVore and Lorentz
[44]. From (1.1) one can deduce in a standard fashion that if there is a sequence (f,)o2
of exponential sums with f,, € E,, that approximates f on an interval [a, b] uniformly with
errors

||f_fn||[a,b] :O(n_m(logn>_2)7 TL:2,3,... )

where m € N is a fixed integer, then f is m times continuously differentiable on (a, b). Let
P, be the collection of all polynomials of degree at most n with real coefficients. Inequality
(1.1) can be extended to E,, replaced by

N N
E, = {f:f(t>=ao+Zij<t>e*jt, a0, \j ER, Py, € Py, Z(mj+1)§n}-
j=1 j=1

In fact, it is well-known that E,, is the uniform closure of E, on any finite subinterval of
the real number line, see Theorem 2.3 on page 173 of [41], for instance For a function f
defined on a set A let

[flla = [[flleeca = Ifllzocay = sup{|f(2)] : = € A},

and let
1/p
1l = 1l = ( / |f(:v)|”dx) L pso,

whenever the Lebesgue integral exists. In [65] we focus on the classes

G = {f Cf) =Y ae N g e R},
j=1

N N
G = {f:f(t) =3 P, ()TN N ER, Py € Py, Y (my+1) gn},

and

{fif(t) > Fm j ‘ }
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Note that én is the uniform closure of GG,, on any finite subinterval of the real number
line. Let W (t) := exp(—t?). Combining Corollaries 1.5 and 1.8 in [45] and recalling that
for the weight W the Mhaskar-Rachmanov-Saff number a,, defined by (1.4) in [45] satisfies

an < cyn'/? with a constant ¢; independent of n, we obtain that

inf ||(P — q)W < con ™2 gmW
Plgpnll( IWlL,® < can g Iz, (®)

with a constant ¢y independent of n, for every g for which the norm on the right-hand side
is finite for some m € N and ¢ € [1, 00]. As a consequence

it 17 = gWlle,m < esn™™/2 3210+ H W) O Oz,
n k=0

with a constant c3 independent of n for every g for which the norms on the right-hand side

are finite for each k = 0,1, ... ,m with some g € [1,00]. Replacing gWW by g, we conclude
that
(1.2) inf | f = gllo,@ < csn™ 2> A+ )™ Fg W (@)L,

feqGy =0

with a constant c3 independent of n for every ¢ for which the norms on the right-hand side
are finite for each kK = 0,1,... ,m with some ¢ € [1,00]. In [65] we proved the following
results.

Theorem 1.1. There is an absolute constant c4 such that
U(0)] < ean'’? | Un |

for all U, of the form U,, = P,Q, with P, € én and an even Q, € P,. As a consequence
1Pyl < can'/? || Pallm

for all P, € én.

We remark that a closer look at the proof shows that ¢4 = 5 in the above theorem is an
appropriate choice.

Theorem 1.2. There is an absolute constant cs such that

141
5+ /4,,1/2

||U;L||Lq(R) <c 1Unll ., ®)

for all U, € G, and q € (0,00).



Theorem 1.3. There is an absolute constant cg such that
105y < (e Tnm)™ 2| Unll 1, )
for allU, € Gy, q € (0,00], and m =1,2,....

We remark that a closer look at the proofs shows that c¢; = 1807 in Theorem 1.2 and
c¢ = 1807 in Theorem 1.3 are appropriate choices.

Our next theorem may be viewed as a slightly weak version of the right inverse theorem
of approximation that can be coupled with the direct theorem of approximation formulated
in (1.2).

Theorem 1.4. Suppose q € [1,00], m is a positive integer, € > 0, and f is a function
defined on R. Suppose also that
inf |[fn — fllz,® < C7n_m/2(logn)_1_6 , n=23,...,
fn€Gn

with a constant c; independent of n. Then f is m times differentiable almost everywhere
on R. Also, if

inf ||fo = fllL,® = crn”™2(logm) =172, n=23,...,
fneGy,
with a constant c; independent of n, then, in addition to the fact that f is m times differ-
entiable almost everywhere on R, we also have
||(1+|t|>m_]f(])(t>||Lq(R) < 00, ]20717 , M.
Theorem 1.5. There is an absolute constant cg such that
10 2os-s/200r21 < 77" (5) 10nlyfy-svs
for all U, € Gy, q € (0,00], y € R, and § € (0,n'/2).

A multidimensional analogue Gy, of the class GG, is introduced and studied briefly in
Section 7. An element of Gy, is called a Gaussian network of N neurons. In this context
H. Mhaskar [110] writes “Professor Ward at Texas A&M University has pointed out that
our results implicitly contain an inequality, known as Bernstein inequality, in terms of the
number of neurons, under some conditions on the minimal separation. Professor Erdélyi
at Texas A&M University has kindly sent us a manuscript in preparation, where he proves
this inequality purely in terms of the number of neurons, with no further conditions. This
inequality leads to the converse theorems in terms of the number of neurons, matching
our direct theorem in this theory. Our direct theorem in [109] is sharp in the sense of n-
widths. However, the converse theorem applies to individual functions rather than a class
of functions. In particular, it appears that even if the cost of approximation is measured in
terms of the number of neurons, if the degrees of approximation of a particular function by
Gaussian networks decay polynomially, then a linear operator will yield the same order of
magnitude in the error in approximating this function. We find this astonishing, since many
people have told us based on numerical experiments that one can achieve a better degree
of approximation by non-linear procedures by stacking the centers near the bad points of
the target functions”. (The concept of width is introduced and examined thoroughly in
Chapter 13 of [105].)
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2. REMEZ-TYPE INEQUALITIES FOR EXPONENTIAL SUMS

The classical Remez inequality [122] states that if p is a polynomial of degree at most
n, s € (0,2), and
m({ze[-11]:|p(z)| <1}) 22—,

2+s
11 < T, ;
Pl < 70 (522

then

where T,, defined by
T, (x) := cos(n arccos ) , x e [-1,1],

is the Chebyshev polynomial of degree n. This inequality is sharp and

T, (; + 8) < exp(min{5ns'/2, 2n%s}), s € (0,1].

Remez-type inequalities turn out to be very useful in various problems of approximation
theory. See, for example, Remez [122], Borwein and Erdélyi [17], [18], [25], and [27], Erdélyi
[46], [51], and [52], Erdélyi and Nevai [75], Freud [83, p.122], and Lorentz, Golitschek, and
Makovoz [105]. Lorentz liked my essentially sharp Remez-type inequality for trigonometric
polynomials [51] and he stated in his book [105, p. 77] correctly.

Theorem 2.1. If p is a trigonometric polynomial of degree at most n, s € (0,7/2], and
m({t € [-m,m) : |p()| <1}) = 27w — s,

then
P/l—x,x] < exp(cns)

with an absolute constant ¢ > 0 (c =2 is a suitable choice).

He writes “The proof of this trigonometric Remez-type inequality needs new ideas, and
is far from being a copy of the methods working in the algebraic case”. My memory is
that at one point Lorentz sent me an approach that seemed to reduce the proof of my
Remez-type inequality for trigonometric polynomials to the Remez inequality for algebraic
polynomials. The mistake in it was so subtle that at first I approved it. Later, when I
observed a gap in it, Lorentz decided he would just state the result without proof. I think
even today only my paper [51] contains the trigonometric Remez inequality with correct
proof.

Another remarkable result in [51] is the following essentially pointwise Remez-type in-
equality for algebraic polynomials.

Theorem 2.2. Ifp is an algebraic polynomial of degree at most n, s € (0,1], y € (—1,1),
and
m({z € [-1,1]: p@) < 1}) = 2 - s,
6



then

Ip(y)| < exp (cnmin {%, \/E})
L—y

with an absolute constant ¢ > 0.

In fact, both Theorems 2.1 and 2.2 easily extends to the classes GTPy and GAPy,
respectively, of generalized (trigonometric) polynomials. These classes are introduced in
Section 10 where inequalities for generalized polynomials from the classes GTPy and
GAPpy are discussed.

In [27] we proved the following result.

Theorem 2.3 (Remez-Type Inequality for E, at 0). Let s € (O, 1] . There are

2
absolute constants co > 0 and c3 > 0 such that

1
- exp(eans) < sup |£(0)] < explesns),
f

where the supremum is taken for all f € E,, satisfying

m({ze[-L1]:[f(z)| <1}) =22 -s.

In fact, in [27] Theorem 2.2 is carelessly stated. The factor 1/2 on the left hand side is
missing. More accurate estimates for the values of the Chebyshev polynomial appearing
in the proof of the above result give the following more complete result.

Theorem 2.3* (Remez-Type Inequality for F, at 0). Let s € (0, l} . There are

2
absolute constants co > 0 and c3 > 0 such that

exp(co min{ns, (ns)?}) < sgp |£(0)] < exp(c3 min{ns, (ns)*}),

where the supremum is taken for oll f € E,, satisfying

m({ze[-L1]:[f(z)| <1}) =2 -s.

In [67] we established an essentially sharp Remez-type inequality for G,, and G,. We
also prove the right higher dimensional analog of our main result.

Theorem 2.4 (Remez-Type Inequality for én) Let s € (0,00) and n > 9. There is
an absolute constant ¢; > 0 such that

exp(er (min{n'/?s, ns?} + s2)) < sup || f||r < exp(80(min{n'/%s,ns?} + s?)),
f

where the supremum s taken for all f € Gn satisfying

m({t eR:|f(H)]=1}) <s.
7



Important results of Turdn [137] are based on the following observations: Let
g(v)=> bz, bz €C.
j=1

Suppose
i 1 >1 =1,2,...,n.
@lgnlzjl_, J=12...,n
Then

max \g<u>|z( ) by + by + -+ b

v=m+41,... m+n

_n
2e(m + n)

for every positive integer m.
A consequence of the preceding is the famous Turan Lemma: if

(2.1) f(t) = i biedt b\ eC,
j=1
and
1%1& Re(\;) >0,
then "
501 (D) e

for every a > 0 and d > 0.
Another consequence of this is the fact that if

p(z)::ijzAj, b eC, X eR, z=¢€",
j=1

then
der\"
max [p(z)| < <T) max  [p(2)]

|z|=1 |z|=1
a<Larg(z)<a+d
for every 0 < a < a4+ 6 < 2.

Turan’s inequalities above and their variants play a central role in the book of Turdn
[137], where many applications are also presented. The main point in these inequalities
is that the exponent on the right-hand side is only the number of terms n, and so it is
independent of the numbers A;. An inequality of the type

max [p(z)] < c(d)*  max |p(2)],

|z|=1 - |z|=1
a<arg(z)<a+d

where 0 < A\; < Ay < --+ < A\, are integers and ¢(d) depends only on d, could be obtained
by a simple direct argument, but it is much less useful than Turan’s inequality. F. Nazarov
8



has a seminal paper [113] devoted to Turan-type inequalities for exponential sums, and
their applications to various uniqueness theorems in harmonic analysis of the uncertainty
principle type. The author derives an estimate for the maximum modulus of exponential
sums f of the form (2.1) on an interval I C R in terms of its maximum modulus on a
measurable set ' C I of positive Lebesgue measure:

o [Ree [ Am(I))n_l
|ReAg |m(I) [ £211°A7 )
itellj)\f(t)\ﬁe (m(E) ?gg‘f(t)‘a

where A is an absolute constant.

3. LORENTZ DEGREE OF POLYNOMIALS

In 1916 S.N. Bernstein [8] observed that any polynomial p having no zeros in the interval
(—1,1) can be written in the form p(z) = Z;l:o a;j(l1—x)/(1+x)?J with all a; > 0.
Hausdorff claimed this result independently, and the Pdlya-Szegé book attributes it to
him [87, pp. 98-99]. The smallest natural number d for which such a representation
holds is called the Lorentz degree of p and it is denoted by d(p). The Lorentz degree was
named after George Lorentz, who established essentially sharp Markov- and Bernstein-
type inequalities on [—1, 1] for polynomials of Lorentz degree d, and one of his students,
J.T. Scheick [127] has contributed to the topic substantially. The Lorentz degree d(p)
can be much larger than the ordinary degree of the polynomial p. Nevertheless, in [48]
and [73], essentially sharp upper and lower bounds are given for classes of polynomials of
ordinary degree n having no zeros in ellipses with axes [—1, 1] and [—¢i,¢€i], € € (0,1]. As
a by-product, the proofs of Lorentz’s Markov- and Bernstein-type inequalities [102] are
shortened so that they are fit to print in his book [44, p. 115] with DeVore.

To formulate our main theorem from [48] we need some notations. Let ¢ be a positive
continuous function defined on (—1,1), and let

D(p) :={z=x+1iy: |yl <ep(z), |z|<1}

denote the domain of the complex plane determined by it. We introduce

Ln(p) :={p€Pn: p(2) #0, z€ D(p)}

and

dn(p) = sup d(p).
pELn(gD)

Sharpening a result in [73, Theorem 3|, we proved the following in [48].

Theorem 3.1. If

: p(x)

: infi. —— >0,
- ze(-1,1) /1 — a2

then



where 0 < ¢1 < ¢o are absolute constants.

Let
p(r):=(1—-2)> =21 —2)(1+2)+4(1+2)* and ¢(z):= (1 +z) + %(1 —x).

Then d(p) = 4, d(q) = 1, and d(pg) = 3. As far as I know the following two questions
raised in [48] are still open. Is it true that d(pq) > min{d(p),d(q)} for any polynomials p
and ¢? Is it true that d(pq) > |d(p) — d(q)| for any polynomials p and ¢?

4. MARKOV- AND BERNSTEIN-TYPE INEQUALITIES
FOR POLYNOMIALS WITH CONSTRAINTS

The Markov-Bernstein inequality asserts that

(@) < min{ (—1.1),

n
ﬁ ) n2} HpH[—l,l] ) HAS

holds for every polynomial of degree at most n with complex coefficients. Here, and in what
follows, |[p||la := sup,e 4 [p(y)|- Throughout his life ErdSs showed a particular interest in
inequalities for constrained polynomials. In a short paper in 1940 Erdés [78] has found a
class of restricted polynomials for which the Markov factor n? improves to cn. He proved
that there is an absolute constant ¢ such that

cy/n en

()| < min , — —1.1], re(—1,1),
G {(1_332)2 ; } [Pl (-1,1)

for every polynomial p of degree at most n that has all its zeros in R \ (—1,1). This
result motivated a number of people to study Markov- and Bernstein-type inequalities for
polynomials with restricted zeros and under some other constraints. Generalizations of
the above Markov-Bernstein type inequality of Erdds has been extended later in many
directions. Let Pp , denote the set of all polynomials of degree at most n with complex
coefficients and with at most k& (0 < k < n) zeros in the open unit disk. Let P, ; denote
the set of all polynomials of degree at most n with real coefficients and with at most &
(0 <k < n) zeros in the open unit disk. Associated with 0 <k <n and z € (—1,1), let

. n(k+1) e n(k +1)
B = maX{ FEr (ﬁ) } S

and
M,y := max{n(k + 1), nlogn}, M, =nk+1).
It is shown in [53] and [54] that
/
cymin{By, ;. ., M, .} < sup @)

e pes, [Pl-11)
10
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for every x € (—1,1), where ¢; > 0 and ¢z > 0 are absolute constants. This result should
be compared with the inequalities

/
C3 min{Bn,k,am Mn,k} S sup ‘p (x)|

S C4 min{Bn,k,am Mn,k}
PEPn. k ||p||[—1,1]

for every x € (—1,1), where c3 > 0 and ¢4 > 0 are absolute constants. The upper bound of
this second result may be found in [14], and it may be surprising that there is a significant
difference between the real and complex cases as far as Markov-Bernstein type inequalities
are concerned. The lower bound of the second result is proved in [53]. It is the final piece
of a long series of papers on this topic by a number of authors starting with Erdos in 1940.
In addition, in [15] we established the right Markov-Bernstein type inequalities on for the
classes Py in Ly[—1,1], p > 0.

Let PS(r) be the set of all polynomials of degree at most n with complex coefficients
and with no zeros in the union of open disks with diameters [—-1, —1 + 2r] and [1 — 27, 1]
(0 < r <1). Let P,(r) be the set of all polynomials of degree at most n with The lower
bound of the second result is proved in [53]. and with no zeros in the union of open disks
with diameters [—1, =1+ 2r] and [1 —2r,1] (0 <7 <1).

Essentially sharp Markov-type inequalities for Py, (r) and P, (r) on [—1, 1] are established
in [53] and [47]. In [53] we show

1 e |
¢1 min nog(e+n\/?),n2 < sup m<c2min nog(e+n\/;)7n2
VT 0#£pEPE (1) ||P||[—1,1] T

for every 0 < r < 1 with absolute constants ¢; > 0 and ¢y > 0. This result should be
compared with the inequalities

/
03min{i,n2}§ sup HpH[i_l’l]§c41r1111r1{i,712}, 0<r<1,
\/; 0#£pEP, (1) HpH[—l,l] \/7_“

where ¢3 > 0 and ¢4 > 0 are absolute constants. See [47].

Lorentz included a more general version of the above result for higher derivatives al-
lowing k& (0 < k < n) zeros in the union of open disks with diameters [—1,—1 4 2r| and
[1 — 2r, 1], respectively (0 < r < 1) In his book [105, pp. 64-73]] he followed the proof
in [47], where the idea of “Lorentz representation” turns out to be crucial. Note that
induction does not work here due to the lack of a Gauss-Lucas Theorem.

Let K, be the open diamond of the complex plane with diagonals [—1, 1] and [—ia, ia]
such that the angle between [ia, 1] and [1, —ia] is axr. In [85] Haldsz proved that there are
constants ¢; > 0 and ¢y > 0 depending only on « such that

‘(1 M=
ot <y PO Wl

< < cen®T*,
p HpH[—l,l] p ||P||[—1,1]

where the supremum is taken for all polynomials p of degree at most n (with either real

or complex coefficients) having no zeros in K.
11



Erdés had many questions and results about polynomials with restricted coefficients.
Let F,, denote the set of polynomials of degree at most n with coefficients from {—1,0,1}.
Let G,, be the collection of polynomials p of the form

pl@) =Y aja?,  lam|=1, o] <1,
j=m

where m is an unspecified nonnegative integer not greater than n. In [28] and [30] we
established the right Markov-type inequalities for the classes F,, and G,, on [0, 1]. Namely
there are absolute constants ¢; > 0 and ¢y > 0 such that

"Il 0,1
cinlog(n + 1) < ’
o#preFn [Ipllo,1

< conlog(n+ 1)

and .
[F2 ||[0,1] < C2n3/2

Cln3/2 < max
O#pegn ||p||[071]

Observe that the right Markov factor for G, is much larger than the right Markov factor
for F,,. We also show that there are absolute constants ¢; > 0 and ¢y > 0 such that

12" ll 0,1
canlog(n+1) < max ———— < conlog(n+1),
0£p€Ln ||pl[j0,1]

where £,, denotes the set of polynomials of degree at most n with coefficients from {—1, 1}.
For polynomials

peF:=|JF. with |p0)|=1
n=0

and for y € [0,1) the Bernstein-type inequality

_2 _2
6110g<1—y> < max 1211 0,7 <C210g<1—y)

-y rer plljo,y -y

[p(0)|=1

is also proved in [30] with absolute constants ¢; > 0 and ¢y > 0.
Let P;* be the collection of all polynomials of degree at most n with real coefficients
that have at most m distinct complex zeros. In [6] we prove that

max |P’'(z)| < 32-8"n max |P(z)|
x€[0,1] x€[0,1]

for every P € P]*. This is far from what we expect. We conjecture that the Markov factor
32 - 8™n above may be replaced by cmn with an absolute constant ¢ > 0. We are not able
to prove this conjecture at the moment. However, we think that our result above gives the
best known Markov-type inequality for P;* on a finite interval when m < clogn.

12



For continuous functions p defined on the complex unit circle, and for ¢ € (0, 00), we
define
27 . 1/q
ok = ([ oteear)

0o = li = .
IPlloc == Tim [lplly = max [p(e”)]

We also define

Based on the ideas of F. Nazarov, Queffelec and Saffari [125] showed that

/
aup 17l

= Yn,q lim v,,=1,
pELy Hqu n—roo

for every q € (0,00], ¢ # 2 (when g = 2, lim,, o0 Yn.q = 3~'/2 by the Parseval Formula).
It shows that Bernstein’s classical inequality (extended by Arestov [2] for all ¢ € (0, c<])
stating that

1'llg < nllp'llq

for all polynomials of degree at most n with complex coefficients, cannot be essentially
improved for the class £,,, except for the trivial ¢ = 2 case.
Let SR denote the set of all self-reciprocal polynomials p,, € Py satisfying

pa(z) = 2"pu(271).

Let SR,, denote the set of all real self-reciprocal polynomials of degree at most n, that is,
SR, := SR¢ NP,. For a polynomial p,, € P of the form

(4.1) pn(2) = Zajzj, a; € C,
§=0

pn € SRS if and only if
a; = Qp_j, 7j=0,1,...,n.
Let ASRY{ denote the set of all antiself-reciprocal polynomials p,, € P¢ satisfying
pn(z) = _ann<z_1) :

Let ASR,, denote the set of all real antiself-reciprocal polynomials, that is, ASR,, :=
ASRE NPy, . For a polynomial p € PS of the form (4.1), p, € ASRS, if and only if

a; = —ap—j, ij,l,...,n.
Every p, € SR;, and p,, € ASR, satisfies the growth condition
(4.2) pu(2)] < (L 2" palli—10, 2 € R\[-1,1].

The Markov-type (uniform) part of the following inequality is due to Kroé and Szabados
[101]. For the Bernstein-type (pointwise) part, see [17].
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Theorem 4.1. There is an absolute constant ¢ > 0 such that

. e
) < conmin fiogn, 1og () Hlnlov

for every x € (—1,1) and for every polynomial p, € PS satisfying the growth condition
(4.2), in particular for every p, € SR;, and for every p, € ASR;, (n >2).

It is shown in [17] that the above result is sharp for the classes SR,, and ASR,,, that is,
there are absolute constants ¢; > 0 and ¢y > 0 such that

/
clnmin{logn, log (%)} < sup% < chmin{logn, log (1 - 2)} ’
- pn IPnll[-1,1] -7

where the supremum is taken either for all 0 # p,, € SR, or for all 0 # p,, € ASR,, (n > 2).
Associated with a polynomial p,, € P of the form (4.1) we define the polynomial

pr(z) =Y @y .
5=0

Let D and 9D denote the open unit disk and the unit circle, respectively, of the complex
plane. It is well-known and proved in [106, p. 689] that

/ */ _
max (L ()] + |pg (2)]) = n max [pa ()]

In particular, if p,, € P¢ is conjugate reciprocal (satisfying p,, = p}), then
n

/
< — .
max P (2)] < 5 max [pn(2)]

In [120] the inequality

! <(n—1/4 n .
max [, (2)] < (0 — 1/4) max [pa(2)

is stated for all p,, € SRS. In this inequality the Bernstein factor (n — 1/4), in general,
cannot be replaced by anything better than (n — 1), as the following example shows. Let
P € P, 4 be defined by

P(e™) = (cos((2n + 1)t) +i(sin((2n + 1)t) sint))e’ 2t teR.

Since Q(t) := cos((2n + 1)t) € Tap+1 and R(t) := sin((2n + 1)t)sint € Tay,42 are even
(real) trigonometric polynomials, P € Pf, ., is a self-reciprocal polynomial. Obviously
|Pllop < 1 since

cos?((2n 4 1)t) + sin?((2n + 1)t) sin®t < 1.

Also
Z-P/(eiﬂ'/2>ei7r/2 _ (2n + 1)(_1>n—|—1ei(2n+2)ﬂ'/2 + (2n + 2)(_1>n—|—1e(2n+2)ﬂ'/2,

hence
| P'[lop > 4n+3 > (4n + 3)||Pllap -

14



5. MUNTZ-TYPE THEOREMS

Miintz’s classical theorem [112] characterizes sequences A := ();)32, with
O=Xg < A < A <+

for which the Miintz space M (A) := span{z*°, 2?1 ...} is dense in C[0,1]. Here, M(A)
is the collection of all finite linear combinations of the functions z*0,z*, ... with real
coefficients, and C(A) is the space of all real-valued continuous functions on A C [0,00)

equipped with the uniform norm. If A := [a, b] is a finite closed interval, then the notation
Cla,b] := C([a, b]) is used.

Miintz’s Theorem. Suppose A := ()\j)]‘?‘;o is a sequence satisfying 0 = g < A1 < Ay <
--. Then M(A) is dense in C[0, 1] if and only if

(5.1) > Ai

j=1""

Extending a result of Clarkson and Erdds [42], in [25] we proved the right Miintz-type
theorem on compact subsets of [0, 00) with positive Lebesgue measure.

Theorem 5.1. If A := ()\j)]‘?‘;o is an increasing sequence of monnegative real numbers
with A\g = 0 and A C [0,00) is a compact set with positive Lebesgue measure, then M(A)
is dense in C(A) if and only if (5.1) holds. Moreover, if (5.1) does not hold then every
function from the C[0,1] closure of H(A) := span{1,2*, 2?2 ...} can be represented as
an analytic function on {z € C\ (—00,0] : |z| < ra} restricted to (0,74), where

ra:=sup{z € A:m(ANJ[zx,00)} >0.

See also [18]. This result had been expected by Erdds and others for a long time. Lorentz
liked this then quite recent result too and stated it in his book [105]. In fact the key to the
proof of Theorem 5.1 is the bounded Remez-type inequality for non-dense Miintz spaces,
the key result in [25] and [18].

Theorem 5.2. For every increasing sequence A := ()\j)]‘?‘;o of nonnegative real numbers
with Ao = 0 for which (5.1) does not hold there is a constant ¢ depending only on A and s
(and not on A or the number of terms in p) so that

for every p € span{z?0, ™ ...} and for every A C [0,1] of Lebesque measure at least
€ (0, 1).

Extending earlier results of Miintz, Szasz, Clarkson, Erdos, L. Schwartz, P. Borwein,
Erdélyi, and Operstein, in [72] we proved the result below.
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Theorem 5.3 (“Full Miintz Theorem” in L,[0, 1] for p € (0,00)). Let p € (0,00).
Suppose ()52, is a sequence of distinct real numbers greater than —(1/p). Then H(A) is
dense in L0, 1] if and only if

(5.2) Z A J;/;/p)

Moreover, if (5.2) does not hold then every function from the L,[0,1] closure of H(A) can
be represented as an analytic function on {z € C\ (—o00,0] : |z| < 1} restricted to (0,1).

In handling the non-dense case, that is, the case when (5.2) does not hold, in [72] we
needed to refer to [4].

In [72] the authors were not able to include the case p = oo in their discussion. The
right result when p = oo is proved in [61].

Theorem 5.4 (“Full Clarkson-Erd&s-Schwartz Theorem” in C[O 1]). Let (A)52

1
be a sequence of distinct positive numbers. Then span{l,x* 2?2 ...} is dense in C[0, 1]
if and only if
(5:3) Z A241
j=1"1J

Moreover, if (5.3) does not hold then every function from the C[0,1] closure of H(A) can
be represented as an analytic function on {z € C\ (—o00,0]: |z| < 1} restricted to (0,1).

This result improves an earlier result by P. Borwein and Erdélyi (see [20] and [17])
stating that if (5.1) does not hold then then every function from the C|0,1] closure of
H(A) isin C*°(0,1).

In [64] we present the proof of the above “full Miintz Theorem” in L, [0, 1] for p € (0, c0)
by using more elementary text book methods.

The following problems are still open.

Problem 5.5. Characterize the compact sets A C [0,00) for which “Miintz’s Theorem
holds”, that is for which span{z*0,z* ...} is dense in C(A) if and only if (5.2) holds.

Problem 5.6. Does Miintz’s Theorem hold on every compact set A C [0,00) of positive
logarithmic capacity?

Problem 5.7. Does Miintz’s Theorem hold on the ternary Cantor set?

Problem 5.8. Is there a compact set A C [0,00) of Lebesgue measure 0 on which Mintz’s
Theorem holds?

6. REMEZ-TYPE INEQUALITIES AND NEWMAN’S PRODUCT PROBLEM

Let A := ();)52, be a sequence of distinct real numbers. Let

R(A) = {g :p,q € span{asAO,xkl,...}}.

A surprising result of Somorjai [131] and Bak and Newman [3] is the following.
16



Theorem 6.1. R(A)NC|0,1] is always dense in C0,1].

So division has extra usefulness. Can multiplication have this extra utility? In [115, p.
51] Newman writes “Thus we have the very sane, if very prosaic, question: P(10.6) Are the

functions (3 a;z’ )(> aj:z:j2) dense in C[0,1]?” In a more general setting let A := (A;)52,
be a sequence of distinct nonnegative real numbers with A\g = 0. Let

k

MF(A) = Hpj : pj € span{zt M .}
j=1

Suppose k > 2 and 3777 1/A; < c0. Can M¥(A) be dense in C[0,1]? In [25] we solved
this Newman product problem. In fact, we observed before that it would be a reasonably
simple consequence of our bounded Remez-type inequality, Theorem 5.2, for nondense
Miintz spaces.

Theorem 6.2. If 3372, 1/\; < oo k > 2, and A C [0,00) is a compact set of positive
Lebesgue measure, then M¥(A) is not dense in C(A).

Remark 6.3. M¥(A) is contained (not equal to)

Span{gﬁ‘jl gt Ay )\jl, )‘j27 ce ,)\jk c A}

Example 6.4. Let A := ()\;)52, be defined by

- 0, j=0
Ai '_{21—1, j=1,2,....

Then

1
2. .
Aj17>\j2""7)‘jk€/\ )\]1 +>\]2 —|— -..+)\jk

so it follows from Miintz’s Theorem that M*(A) is not dense in C[0,1].
Example 6.5. Let A := ()\;)52, be defined by \; := j2. Then

M*(A) spa:a{avkzHZJ””Z‘M2 : k,l,m,n € N} =span{z" : n € N}.
So in this case the non-denseness of M*(A) is not obvious at all.

7. MULTIVARIATE APPROXIMATION

In April, 1996, Lorentz sent me a letter related to a volume discussing “multivariate
approximation”. He speculated: “Some of the chapters may be trivial in the sense that
they contain only a collection of known (important) results, others in the sense that their
results mimic or are obtainable in a simple way on the univariate material. Even such

17



“trivial” chapters are very much needed. Then there will be chapters (example: multivari-
ate polynomial interpolation) that have very little to do with univariate results. What are
these chapters?”

Knowing Lorentz’s appreciation of the Remez inequality and its analog for trigono-
metric polynomials first proved in [51], I believe that Lorentz would like the right higher
dimensional analog of Theorem 2.4. This is the only result we formulate in this section, it
is proved in [67].

Let

m = (my, ma,...,mg) and J:="0172,--Jk),

where each m; and j, is a nonnegative integer. Let
B :={(ji,j2,---»jk): 1<, <m,, v=1,2,... k},

X 1= (x1, %2, ... ,0;) € R¥,

dj::(djlvd]é?"'7djk)€Rk7 jeB,

G = {f ) =Y Ajexp(—lx— djl), AjeR, dje Rk},

j€B

where
k

Ix = djlf* =) (2, —dj,)*.

v=1
Theorem 7.1 (Remez-Type Inequality for G,,). Let s € (0,00) and n > 9. There is

an absolute constant ¢c; > 0 such that

exp(ciR(my,ma, ... ,mg,s)) < Sl}p | fllre < exp(80R(mq1, ma,... ,mg,s)),

where

k
R(mi,ma, ... ,mg,s) = Z (min{m;/zsl/k, m;s¥/FY 4 52/

Jj=1

and the supremum is taken for all f € Gy, with

m({xe]Rk:|f(x)|21}) <s.

8. NEWMAN’S INEQUALITY
Let A, :={ o < A1 < -+ < A\,} be a set of real numbers. The collection of all linear

combinations of et et .. e*! over R will be denoted by

E(A,,) := span{et, eMt . erntl,
18



Elements of E(A,,) are called exponential sums of n + 1 terms. For a real-valued function
f defined on a set A let

[fllLoca = [[f]la = sup{[f(z)| : = € A},

1/p
||f||LpA:=(/A |f(w)\”dw) . p>o,

whenever the Lebesgue integral exists. Newman’s inequality (see [114] and [17] is an
essentially sharp Markov-type inequality for E(A,) on [0, 1] in the case when each \; is
non-negative.

and let

Theorem 8.1 (Newman’s Inequality). Let A, := {\g < A1 < -+ < A\, } be a set of
nonnegative real numbers. Then

2 O 1Pl (=o0,00
- N < sup <9 Aj
3 2™ Pl oo Z

0£PEE(Ay)

Lorentz knew Newman’s inequality and he presented the beautiful proof of Newman
in the section “Markov-Type Inequalities for Miintz Polynomials” of his book [105, pp.
362-365]. When he learned from me that an extension of

P. Borwein’s Markov-type inequality [12]

(8.1) 1Pl =117 < 9n(k + D[Pl 1,1

to polynomials from P, ; (the set of all polynomials of degree at most n with real coef-
ficients and with at most & (0 < k& < n) zeros in the open unit disk) can be obtained
easily by using only Lorentz representation and Newman’s inequality, he decided to follow
my paper [49] to present a proof of (8.1) in his book [105, pp. 64-66], even though my
argument gave a multiplicative absolute constant slightly worse than 9. Moreover, Lorentz
[105] presents a short and simple proof of the inequality

(8.2) 1P l-1,1) < e(m)(nk +1)™pll -1, P € Pag,

for higher derivatives, where ¢(m) is a constant depending only on m, as it is done (es-
sentially) in [49]. Note that a simple induction does not work here due to the lack of a
Gauss-Lucas type theorem.

Lorentz presents Newman’s Inequality only with constant 11 rather than 9 in his book
[105]. The book [17] seems to be the first one working out the details of the necessary
modification and simplification of the proof of Newman’s inequality with constant 9 by
eliminating an application of Kolmogorov’s inequality from Newman’s original approach.
Later we observed that the best known multiplicative constant in Newman’s inequality is
8.29 given in [82].

In [35] orthonormal Miintz-Legendre polynomials were studied. As a by-product we
proved an essentially sharp version of Newman’s inequality in L. An L,, 1 < p < oo,
version of the upper bound in Newman’s Inequality is established in [7], [22], and [55].
Here we formulate some of the main results in [55] that give the constant 8.29, which is
better than 9 in [7] and [22].
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Theorem 8.2. Let A, :={)\g < A\ < --- < A\, } be a set of nonnegative real numbers. Let
1 <p< 0. Then

QM2 (—o0.00 <829 | DX | QUL (~os0]
Jj=0

for every Q € E(A,,).

Theorem 8.2%. Let 1 <p < oo. Let A := ()\j)]‘?‘;o be a sequence of distinct real numbers
greater than —1/p. Then

28" ()|, 10,1y < (1/19 +8.29 <Z (N + 1/2?))) 1511z, 10,11

§=0
for every S € M, (M) := span{z?°, z* ... a*}.
The following L,[a,b], 1 < p < oo, analog of Theorem 8.1 has been established in [7].

Theorem 8.3. Let A, := {X\g < A1 < -+ < A\, } be a set of real numbers, 1 < p < oo,
a,b € R, and a < b. There is a constant ¢y = ¢1(a,b) depending only on a and b such that

1PN 2, 0 n
7=0

0£PeE(Ay) 1PlL,[a,b)

Theorem 8.3 was proved earlier in [21] (p = o0) and [55] under the additional assump-
tions that A\; > 0j for each j with a constant § > 0 and with ¢; = ¢1(a,b) replaced by
c1 = c1(a,b,9) depending only on a, b, and 0. The novelty of Theorem 8.3 was the fact
that

A, = {)\0<)\1 < <)\n}

is an arbitrary set of real numbers, not even the non-negativity of the exponents JA; is
needed.

In [62] the following Nikolskii-Markov type inequality has been proved for E(A,) on
(—00,0].
Theorem 8.4. Let A, :={\g < A1 < -+ < A\, } be a set of nonnegative real numbers and

0<q<p<oo. Let u be a non-negative integer. There are constants ca = ca(p,q, ) >0
and c3 = c3(p, q, p) depending only on p, q, and p such that

1_1 1_1
“+q P “—’_q P

n P -
Z)‘j < sup H HLp( 0] Z)\ ’
j=0

0£PeEA) NPl Ly(~00,0]

where the lower bound holds for all 0 < ¢ < p < oo and u > 0, while the upper bound holds
when =0 and 0 < q<p < oo, and when p>1,p>1, and 0 < ¢ < p < o0. Also, there
are constants ca = ca(q, ) > 0 and cs = c3(q, p) depending only on q and p such that

Hra ) a
n Pu
DR B Trser L DORY
= 0£PeEA) 1PN Ly (—o0,y]
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forall0 < qg<oo, p>1, andy € R.

Motivated by a question of Michel Weber, in [66] we proved the following couple of
theorems.

Theorem 8.5. Suppose 0 < q < p < o0, a,b € R, and a < b. There are constants
¢y = c4(p,q,a,b) >0 and c5 = ¢5(p, q,a,b) depending only on p, q, a, and b such that

1 1 1 1

q P n q p

n
Y SRS S I il U PR P
5=0 5=0

0£PEE(Ay) HPHLq[avbl

Theorem 8.6. Suppose 0 < ¢ < p < o0, a,b € R, and a < b. There are constants
¢ = c6(p,q,a,b) >0 and c7 = ¢7(p, q,a,b) depending only on p, q, a, and b such that
N 1P AR
b]
co |12+ I\ < sup R A ,
= ozper(hn) 1P, (b =
where the lower bound holds for all 0 < q < p < oo, while the upper bound holds when
p>1and 0 < q<p<oo.

It has been observed by Bernstein that Markov’s inequality for monotone polynomials
is not essentially better than that for all polynomials. He proved that

19| (= 1,11 1(n+1)%, if n is odd

Pl

where the supremum is taken for all polynomials 0 # p of degree at most n that are
monotone on [—1,1]. See [121, p. 607], for instance.

In [68] an effort is made to extend the above results of Bernstein to the classes E(A,,).
We proved the following couple of results.

su
P in(n+2), if n is even,

Theorem 8.7. Let n > 2 be an integer, b € R. Then there is an absolute constant ¢; > 0

such that
P (=00,
A sup <9)» A,
fogr Z: Pl JZO J

where the supremum is taken for all 0 # P € E(A,,) increasing on (—oo,00).
Theorem 8.8. Let n > 2 be an integer. Let [a,b] be a finite interval with length b—a > 0.

There are positive constants ca = ca(a,b) and cs = c3(a,b) depending only on a and b such
that

1< 12" [[1a,
2 [a,
co | n*+ |\ <su S DY
ogn 2 TPl Z

where the supremum is taken for all 0 # P € E(A,,) increasing on (—oo, 00).

It is expected that the factor 1/logn in the above theorems can be dropped.
Most of the results in this section are fairly recent. I think Lorentz would like the results
in this section and might include some of them rather than Theorems 8.3 and 8.4 in [105,
p. 367] with proofs.
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9. LITTLEWOOD POLYNOMIALS

The well known Littlewood Conjecture was solved by Konyagin [93] and independently
by McGehee, Pigno, and B. Smith [107]. Based on these Lorentz worked out a textbook
proof of the conjecture in [44].

Theorem 9.1. Let ni,no, ... ,ny be distinct integers. For some absolute constant ¢ > 0,
o | N
/ Zem’“t dt > clog N .
0 |k=1
This is an obvious consequence of
Theorem 9.2. Let ny < ny < --- < ny be integers. Let ay,as,...,ar be arbitrary

complex numbers. We have

1 o= x|
dt > — N 2kl
_SO; k

/27r
0

I read the proof of Theorem 9.2 presented in Lorentz’s book [44] with special interest.
This was one of my main motivations to start working on unimodular polynomials (poly-
nomials with complex coefficients of modulus 1), and Littlewood polynomials (polynomials
with coefficients from {—1,1}), and with other classes of polynomials with various other
coefficient constraints.

Pichorides, who contributed essentially to the proof of the Littlewood conjecture, ob-
served in [119] that the original Littlewood conjecture (when all the coefficients are from
{0, 1} would follow from a result on the L; norm of such polynomials on sets £ C 9D of

measure 7. Namely if
n

for any subset £ C 9D of measure m with an absolute constant ¢ > 0, then the original
Littlewood conjecture holds. Throughout this section the measure of a set £ C 9D is the
linear Lebesgue measure of the set

N

ingt
E age
k=1

|dz| > ¢

{tc[-mn):e" € E}.

Konyagin [92] gives a lovely probabilistic proof showing that this hypothesis fails. He does
however conjecture the following: for any fized set E C 0D of positive measure there exists
a constant ¢ = ¢(£) > 0 depending only on E such that

n

|dz| > ¢(F) .
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In other words the sets E. C 0D of measure 7 in his example where
n
L1
B. 55
must vary with € > 0.

In [29] we show, among other things, that Konyagin’s conjecture holds on subarcs of
the unit circle 0D.

In [84] S. Giintiirk constructs certain types of near-optimal approximations of a class
of analytic functions in the unit disk by power series with two distinct coefficients. More
precisely, it is shown that if all the coefficients of the power series f(z) are real and lie in
[—p, 1], where p < 1, then there exists a power series Q(z) with coefficients in {—1,+1}
such that |f(2) — Q(z)] — 0 at the rate exp(C|1 — z|7!) as z — 1 non-tangentially inside
the unit disk. Giintiirk refers to P. Borwein, Erdélyi, and Kés in [34] to see that this type
of decay rate is best possible. The special case f = 0 yields a near-optimal solution to the
“fair duel problem” of Konyagin, as it is described in the Introduction of [84].

In [34] we consider the problem of minimizing the uniform norm on [0, 1] over polyno-
mials 0 # p of the form

|dz| < e

plx)=> ajz’, laj <1, a;€C,
5=0

where the modulus of the first non-zero coefficient is at least 6 > 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 (~e1vi) < inf [pljo.y < exp (~eov/)

for every n > 2, where F,, denotes the set of polynomials of degree at most n with
coefficients from {—1,0,1}.
The results of [29] show that many types of polynomials cannot be small on subarcs of

the unit circle in the complex plane. A typical result of [29] is the following. There are
absolute constants ¢; > 0, ¢o > 0, and c3 > 0 such that

_ < inf inf < _
exp (—c1/a) _Oilprlefnllplle), ot [plla < exp(—c2/a)

for every subarc A of the unit circle 0D := {z € C : |z| = 1} with length 0 < a < c3.
The lower bound results extend to the class of f of the form

f(z)zzajzj7 CLjGC, ‘aj‘§M7 ‘am‘:17
j=m

with varying nonnegative integers m < m. It is also shown in [29] that functions f of
the above form cannot be arbitrarily small uniformly on subarcs of the circle. However,
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this does not extend to sets of positive measure. It is shown that it is possible to find a
polynomial of the above form that is arbitrarily small on as much of the boundary (in the
sense of linear Lebesgue measure) as one likes.

The height of a polynomial

is defined by
H(py) ::max{M: ji=0,1,... ,n}.

An easy to formulate corollary of the results of [29] is the following.

Corollary 9.3. Let A be a subarc of the unit circle with length ((A) = a. If (px) is a
sequence of monic polynomials that tends to 0 in L1(A), then the sequence H(py) of heights
tends to oo.

In [24] We are concerned with the problem of minimizing the supremum norm, on an
interval, of a nonzero polynomial of degree at most n with integer coefficients. This is
an old and hard problem that cannot be exactly solved in any nontrivial cases. See the
references in [24]. We examined the case of the interval [0, 1] in most detail. We improved
the known bounds by a small but interesting amount. This allowed us to garner further
information about the structure of such minimal polynomials and their factors. This was
primarily a (substantial) computational exercise. We also examined some of the structure
of such minimal “integer Chebyshev ”polynomials. We disproved conjecture 36 (ascribed to
the Chudnovsky brothers and others) in [111, p. 201]. In recent years a number of papers
related to [24] were published. See [39], [86], and [138], for example, and the references in
them.

In 1945 Duffin and Schaeffer proved that any power series that is bounded in a sector
of the open unit disk and has coefficients from a finite subset of C is already a rational
function. Their proof is relatively indirect. It is one purpose of [37] to give a shorter direct
proof of this beautiful and surprising theorem. An easy consequence of this, for example,
is that any algebraic function that has a power series expansion on the open unit disk with
coefficients from a finite subset of C is, in fact, a rational function.

10. INEQUALITIES FOR GENERALIZED POLYNOMIALS

The function
(10.1) f@) = lw[ [z — 2"
j=1

with 0 < 7r; € R,2; € C, and 0 # w € C is called a generalized (algebraic) polynomial

of degree N := Z;nzl rj. If f is a positive constant identically, its degree is defined to be

0, while if f is identically 0, its degree is defined to be —1. Let GAPy be the set of all
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generalized algebraic polynomials of degree at most N. If in the representation (10.1) of
f all the exponents r; are integers, then f is the absolute value of an ordinary algebraic
polynomial (of degree N). If f € GAPy is of the form (10.1) with distinct z; € C, then
the numbers z; are called the zeros of f, while the exponent r; is called the multiplicity
of the zero z; in f.

The function

~
&

i
S
_|_

NE

(ay, cos kx + by sin kzx) | ag,bp € R, apb, #0,
k=1

is called a real trigonometric polynomial of degree n. It is well-known that every real
trigonometric polynomial P of degree (order) n can be written as

2n
2) = w [ sin((z - 2)/2),
j=1
where w € R, z; € C, and the non-real zeros z; of P form conjugate pairs. The function

(10.2) P(x):==w[]|sin((z — 2zj)/2)[", =z€R,

J=1

where 0 < r; € R, z; € C are distinct (mod 27), and 0 < w € R, is called a generalized
trigonometric polynomial of degree N := % Z;nzl r;. If P is a constant identically, then its
degree is defined to be 0. Note that the absolute value of a real trigonometric polynomial
of degree n may be viewed as a generalized trigonometric polynomial of degree n. Let
GTPpy denote the set of all generalized trigonometric polynomials of degree at most N.
Observe that if P € GTPy is of the form (10.2), then

P(z) —wH sin((z — 2;)/2) sin((z — %;)/2))"7/? = HT (z)71/2, r eR,
j=1

where each T is a real trigonometric polynomial of degree 1 being nonnegative on the real
line. For a P € GTPy of the form (10.2) the numbers z; are called the zeros of P, while
the exponent r; is called the multiplicity of the zero z; in P.

The problem arises how to define f’ for an f € GAPy and P’ for a P € GTPy. Observe
that if r; > 1 for each j = 1,2,...,m in (10.2), then, although P’ may not exist at the
zeros of P, the one-sided derivatives P’ and P/ exist, and their absolute values are equal.
This means |P’| is well defined on the real line by either |P’ | or | P |. Similarly, if r; > 1
for each j = 1,2,... ,m in (10.1), then f’ is well defined on the real line. It is a simple
exercise to check that if P € GTPy has only real zeros with multiplicities at least 1, then
|P'| € GTP y has only real zeros as well, and at least one of any two adjacent zeros of | P’|
has multiplicity exactly 1. A similar comment can be made on f € GAPy having only
real zeros with multiplicities at least 1.
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One might expect to extend various polynomial inequalities to generalized polynomials
by writing the generalized degree N in place of the ordinary degree n. However, even
when it is possible, such an extension might be far from obvious. Remez-type inequalities
serve as examples of a situation when a polynomial inequality easily extends to generalized
polynomials.

In [76] we started with the (straightforward) extension of the algebraic and trigonometric
Remez-type inequalities to GAPy and GTP y, and proved the following results.

Theorem 10.1. There is an absolute constant 0 < ¢; < 1 such that

m (y € [-1,1]: £(y) > exp(—NV/5) max f(a:)) > o

—1<z<1
for every f € GAPn and 0 < s < 2.
Theorem 10.2. There is an absolute constant 0 < co < 1 such that

m (t € [~m, 7] : P(t) > exp(—Ns) max P(T)) > ¢y

—n<t<™T

for every P € GTPy and 0 < s < 27.

As a consequence, in [76] we obtained the Nikolskii-type inequalities below.
Theorem 10.3. Let x be a nonnegative, nondecreasing function defined in [0,00) such
that x(x)/x is non-increasing in [0,00). Then for 0 < g < p < co we have

IX(P) |2y fme) < (ea(+gN)) PP 1y (mim)s P € GTPy,

where c3 is an absolute constant. If x(x) = x, then c3 = e(4w) ™! is suitable.

Theorem 10.4. Let x be a nonnegative, nondecreasing function defined in [0,00) such
that x(x)/x is non-increasing in [0,00). Then for 0 < g < p < co we have

IX(P) Iz, =1 < (ea(L+ gN) 2P x(Allny-11),  f € GAPy,

where ¢4 is an absolute constant. If x(x) = x, then ¢y = €?(2mw) ™! is suitable.

In [50] and [76] we have proved even (essentially) sharp Markov- and Bernstein-type
inequalities for the classes GAPy and GTPy in L, norms. In [77] we extended these
results to the setting below.

Theorem 10.5. Let 0 < p < oo. We have
IP'QllL,(—rm) < " TP(N + M) log(min(N, M + 1) + 1)|| PQI| L, [ x)

for any two P € GTPx and QQ € GTP ), such that the roots of P and Q have multiplicities
at least 1. Moreover, this inequality is sharp up to the constant ¢*t1/p.
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Theorem 10.6. Let 0 < p < oco. We have

V1 = 22§ (@)g(@)| L, -1.1) < TPV + M) log(min(N, M + 1) + 1)[| £gl| 1.1

for any two f € GAPy and g € GAP s such that the roots of f and g have multiplicities
at least 1. This inequality is sharp up to the constant ¢*T1/P.

Theorem 10.7. Let 0 < p < oo. We have

£ gl —11) < PN + M)2||f9||Lp[—1,1]
for any two f € GAPN and g € GAP); such that the roots of f have multiplicities at least
1. This inequality is sharp up to the factor ¢'*/? for all N, M > 1.

In [74] we combined some of our inequalities for generalized polynomials with some
other ideas and obtained the following result.

Theorem 10.8. For all Jacobi weight functions w(z) = (1 — x)*(1 + x)? with o > —1/2
and 8 > —1/2, the inequalities

s Palw) 1(2+ Var T 7)

ee[-1,1] Y p_oPi(w,z) = 2n4+a+ B +2

and
2e (2 ++a? + B2>
max /1 — z2w(z)p? (w, z) <
x€[—1,1] T
hold for n = 0,1,..., where p,(w,x) denote the orthonormal polynomials of degree m

associated with the weight w on [—1,1].

11. MARKOV- AND BERNSTEIN-TYPE INEQUALITIES FOR RATIONAL FUNCTIONS

We denote by P; and P; the sets of all algebraic polynomials of degree at most n
with real or complex coefficients, respectively. The sets of all trigonometric polynomials
of degree at most n with real or complex coefficients, respectively, are denoted by 7. and
T.¢. We will use the notation

[fla = sup |f(2)]
z€EA
for continuous functions f defined on A. Let
D:={zeC:|z| <1}, 0D :={z€C:|z| =1}, K := R (mod2r) .

The classical inequalities of Bernstein [8] state that

' (20)| < nllpllap, p€P,, =z €0D,
t'(6o)| < nllt|k, teTy, bOyek,
n C
0’ (z0)| < 7/72’“0”[—1,1], peP,, w€(—1,1).
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Proofs of the above inequalities may be found in almost every book on approxima-
tion theory, see [104], for instance. An extensive study of Markov- and Bernstein-type

inequalities is presented in [120],[121], and [17].
In [19] we study the rational function spaces:

Pfl(al,ag,... ,an,ﬁD) = niz

on 0D with {ay,as,...,a,} C C\ dD;

T (a1, ag,. ..y agn; K) =
on K with {aq,as,...,a2,} CC\R;
PrcL(CLl,CLQ,...
on [—1,1] with {a1,as,...,a,} C C\ [—1,1];
Pr(a,az, ..., an;R) =

on R with {ay,as,...,a,} C C\ R, and

Pr(a,az,...,ap;R) = ¢ —————:p, € P}
I |z — ay]
j=1
on R with {ay,as,...,a,} CC\R.
The spaces
tn (6
ﬂ(al,ag,...,agn;K) = ( ) :tn€7:§

I Jsin((0 - a,)/2)
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on K with {aj,as,...,a,} CC\R and

Pn (aj)

n

I |z — ajl

j=1

Pr(ar,az, ... an;[—1,1]) = tpn € P,

n [—1,1] with {a1,a9,...,a,} C C\ [-1,1] have been studied in [36] and [17], and the
sharp Bernstein-Szego type inequalities

F'(00)* + Bn(00)* f(80)* < B(00)?|If%,  6o€ K,

for every f € T, (a1,aq9, ... ,as,; K) with

(11.1) (a1,a9,...,a9,) C C\ R, Im(a;) >0, j=1,2,...,2n,

and

(11.2) (1= 25).f"(z0)* + Bu(20) f(20)* < Bn(xo)*|I fIf11, 2o € (-1,1),
for every f € Pr(ay,a9,... ,ay;[—1,1]) with

{ay,a2,...,a,} CC\[-1,1]
have been proved, where

mJ |2

Z |emJ _ 620‘2 ’ 0cK

and

B, (z) :=Re S| x € [—1,1]

with the choice of , /a? — 1 is determined by

‘aj—,/ai—l‘ < 1.

These inequalities give sharp upper bound for |f’'(6y)| and |f’'(x¢)| only at n points in K
and [—1, 1], respectively. In [19] we establish Bernstein-type inequalities for the spaces

Pr(ar,as,...,a,,0D) and Tr(ai,as,...,as; K)
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which are sharp at every z € D and 0 € K, respectively. An essentially sharp Bernstein-
type inequality is also established for the space

Pi(ar,asz,. .. a[-1,1]).

A Bernstein-type inequality of Russak [118] is extended to the spaces

Pr(ar,az, ..., an;R),
and a Bernstein-Szeg6 type inequality is established for the spaces

Pr(ar,az,...,an;R).

For a polynomial

qn(z):cH(z—aj), 0+#ceC, aj € C
j=1

we define .
gi(z) =¢ [J(1 —a;2) = 2", (=7").
j=1

It is well-known, and simple to check, that
4n(2)] = lan ()],  z€0D.
We also define the Blaschke products

L2y
=1
associated with {a1,as,...,a,} C C\ 0D, and
~ L z—a
S, = J
n(2) H 2 —a
7j=1

associated with {a1,as,...,a,} C C\R.
In [19] we proved the following five theorems. The first one is called the “Borwein-
Erdélyi inequality” in [130].

Theorem 11.1. Let {aj,az,...,a,} C C\ 9D. Then

I'(20)| < max Z o —1 Z 1—la;[* I £llop
- = laj =z = lay -zl
laj|>1 laj|<1
for every f € PS(ay,az,...,a,;0D) and zg € OD. If the first sum is not less than the
second sum for a fived zo € D, then equality holds for f = ¢S}, ¢ € C, where S} is the
Blaschke product associated with those aj for which |a;| > 1. If the first sum is not greater
than the second sum for a fized zo € 0D, then equality holds for f = ¢S, , c € C, where

S,, is the Blaschke product associated with those a; for which |a;| < 1.
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Theorem 11.2. Let {aj,as9, ... ,a2,} C C\R. Then

2n ia.s 12 2n ia; |2
/ e ]* —1 1—e™|
[f'(Bo)| <max ) [efas — g2’ > leias — ¢t 2 £ 11z
Jj=1 Jj=1
Im(a;)<0 Im(aj;)>0

for every f € T(a1,as,...,a2,;K) and 0y € K. If the first sum is not less than the
second sum for a fized 0y € K, then equality holds for f(0) = ¢S5 (¢?), ¢ € C. If the
first sum is not greater than the second sum for a fized 6y € K, then equality holds for
f(0) =S, (€), ceC. Sf and S,, associated with {e'1,e'2 ... el2n} are defined as
in Theorem 1.

Theorem 11.3.. Let {a1,az,...,a,} CC\[-1,1] and

Cj = a; — a2-—1, |Cj|<1

with the choice of root in ,/a? — 1 determined by |c;| < 1. Then

¢ |_ —1 ;|
|f'(z0)] < mmax Z 4 Z\c ;‘2 [ fll =11
— 22 )

— 2|2’
for every f € PS(ar,az,...,a,;[—1,1]) and xg € (—1,1), where zy is defined by

20 = xo + 14/ 1 — a2, xo € (—1,1).

Note that

3
Q
NN
|
=
3

Our next result extends an inequality established by Russak [118] to wider families of
rational functions.

Theorem 11.4. Let {aj,az,...,a,} C C\R. Then

n

Pl <maxd 3 2@l 2Almleg)|

= lro—aP = fro—ayf?
Im(a;)>0 Im(a;)<0
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for every f € PS(a1,as,...,an;R) and xg € R. If the first sum is not less than the second
sum for a fized vo € R, then equality holds for f = ¢S;, ¢ € C, where S} is the Blaschke
product associated with the poles a; lying in the upper half-plane

H" :={2¢€C:Im(z) >0}

If the first sum is not greater than the second sum for a fized xo € R, then equality holds
for f = cg,j, c € C, where 5’5 is the Blaschke product associated with the poles a; lying in
the lower half-plane

H™ :={zeC:Im(z) <0}.

Our last result in [19] is a Bernstein-Szeg6 type inequality for P) (ay, as, ... ,a2,;R). It
follows from the Bernstein-Szegé type inequality (11.2) for P} (ay,as,... ,an; [—1,1]).
Theorem 11.5. Let

{ay,as,...,a,} CC\R, Im(a;) >0, j=1,2,...,n.

Then R R
F(#0)* + Bn(z0)? f(0)* < Bn(zo)?| 1z, T € R,
for every f € Pl (a1,az,...,a,;R), where
SN
Z - aj , z € R.
|z — a;[?

We remark that equality holds in Theorem 11.5 if and only if z( is a maximum point of f
(i.e. f(zo) = £||f|lr) or f is a “Chebyshev polynomial” for the space P; (a1, ag, ... ,a,;R)
which can be explicitly expressed by using the results of [36] and [17].

Note that Bernstein’s classical inequalities are contained in Theorem 11.1, 11.2, and
11.3 as limiting cases, by taking

(¥ o, .. a®}ycc\D

in Theorems 11.1 and 11.3 so that lim |a§-k)| = oo for each j =1,2,...,n, and by taking

(0 o, Py cc\R
in Theorem 11.2 so that agﬁj = E(k) and hm |Im( )| = oo for each j = 1,2,...,n
Further results can be obtained as hmltlng cases by ﬁxmg 1,09, ... ,0,, 1 <m <n,in

Theorems 11.1 and 11.3, and by taking

{ai,aq,... am,agﬂ_l,ag:z_z,... ,alM}cC\D
so that hm |a(k)| = oo for each j = m+ 1,m + 2,...,n. One may also fix the poles
ai, as,. .. am, Gnt1,Ant2y -+ 5 Gpgm, 1 < m < n, in Theorem 11.2 and take
{ai,... ,am,a,(ql,fzrl,..., ) gty s g, @ g:)_mﬂ,... (k)} CcC\R
so that a,(f_ﬁj = Egk) and lim |Im( )\ = oo for each j =m +1,m+2,.

k—o0
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12. NIKOLSKII-TYPE INEQUALITIES FOR SHIFT-INVARIANT FUNCTION SPACES

The well known results of Nikolskii assert that the essentially sharp inequality

[hnllz,(=1,1] < e(p, Q)nz/p_Q/q||hnHLp[—1,1]

holds for all algebraic polynomials h,, of degree at most n with complex coefficients and
for all 0 < p < g < oo, while the essentially sharp inequality

ltallzy () < e @) P bl 1y m)

holds for all trigonometric polynomials ¢, of degree at most n with complex coefficients
and for all 0 < p < ¢ < co. The subject started with two famous papers [116] and [134].
There are quite a few related papers in the literature.

Let V,, be a vector space of complex-valued functions defined on R of dimension n + 1
over C. We say that V,, is shift invariant (on R) if f € V,, implies that f, € V,, for every
a € R, where f,(z) :== f(z —a) on R. Let A, := {0, A1,...,\,} be a set of distinct
COMPLEX numbers. The collection of all linear combinations of e*ot e*t ... e*? over
C will be denoted by

E(A,) :=span{e*? eMt . Mt}

Elements of F(A,,) are called exponential sums of n+ 1 terms. Examples of shift invariant
spaces of dimension n + 1 include E(A,,). In [66] Theorem 8.5 is proved. Using the L
norm on a fixed subinterval [a 4+ 0,b — 6] C [a,b] in the numerator in Theorem 8.5, we
proved the following essentially sharp result in [27].

Theorem 12.1. If A, := {Ao, A1,..., A\n} is a set of distinct real numbers, then the
mequality

n+1\"?
1lzctorsoes < e (1) 1l o

holds for every f € E(Ay,), p>0, and § € (0,%(b— a)).

The key to this result is the Remez-type inequality of Theorem 2.3*. Having real
exponents A; in the above theorems is essential in the proof using some Descartes system
methods. In [32] we prove an analogous result for complex exponents J\;, in which case
Descartes system methods cannot help us in the proof.

Theorem 12.2. Let V,, C Cla,b] be a shift invariant vector space of complex-valued func-
tions defined on R of dimension n+ 1 over C. Let p € (0,2]. Then

2 (n+1 L/p
I lztorsses <207 (SE) 10

for every f €V, and 6 € (0,%(b—a)) .

Problem 12.3. Is it possible to extend a version of Theorem 12.2 to ALL p > 07
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13 INVERSE MARKOV- AND BERNSTEIN-TYPE INEQUALITIES

Let € € [0,1] and let D, be the ellipse of the complex plane with large axis [—1, 1] and
small axis [—ie,ic]. Let PS(D.) denote the collection of all polynomials of degree n with
complex coefficients and with all their zeros in D.. Extending a result of Turan [136], Eréd
[81, III. tétel] proved that

/
c1(ne + v/n) < inf I#'llo.

< CZ(’I’LS + \/ﬁ) )
r |plo.

where the infimum is taken for all p € PS(D.) Recently Levenberg and Poletcky [95]
rediscovered this beautiful result.

Let ¢ € [0,1] and let S. be the diamond of the complex plane with diagonals [—1, 1]
and [—ie, ie]. Let PS(Se) denote the collection of all polynomials of degree n with complex
coefficients and with all their zeros in S;. Let

1flla :=sup|f(z)|
z€EA

for complex-valued functions defined on A.
In [69] the following result is proved.

Theorem 13.1. There are absolute constants ¢; > 0 and co > 0 such that

/
c1(ne + v/n) < inf ||||p ||||SE < ca(ne +v/n),
P Plls.

where the infimum is taken for all p € PS(S:) with the property

p(2)| = [p(=2)[,  2¢€C,

or where the infimum is taken for all real p € PS(Se).

It is an interesting question whether or not the lower bound in Theorem 13.1 holds for all
p € PS¢(e). As our next result in [69] shows this is the case at least when e = 1.

Theorem 13.2. There are absolute constants ¢; > 0 and co > 0 such that

/
o< ing 1Pl

S Can
p ||p||S1

where the infimum is taken for all (complex) p € P5(S7).

Motivated by the author’s initial results in this section, Sz. Révész [123] established the
right order Turan -type converse Markov inequalities on convex domains of the complex
plane. His main theorem contains the results in this section as special cases. Révész’ proof

is also elementary, but rather subtle.
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Theorem 13.3. Let K C C be a bounded convexr domain. Then for every p € Py having

no zeros in K we have
IV s iy with i) = o.ooo:sLK2 ,
Ipll d(K)

where d(K) is the diameter of K and

w(K):= min (maxRe(ze ") — minRe(ze ")
yE[—m, 7] \ z€K 2€EK

1s the minimal width of K.
In particular, the lower bound in Theorem 13.1 holds for all p € P (¢).

14. ULTRAFLAT SEQUENCES OF UNIMODULAR POLYNOMIALS

Let D be the open unit disk of the complex plane. Its boundary, the unit circle of the
complex plane, is denoted by 0D. The class

I = {pn pn(2) =) a2, ax € C, lay| = 1}

k=0

is often called the collection of all (complex) unimodular polynomials of degree n. The

class
L, = {pn i pn(2) = Zakzk, ay € {—1,1}}
k=0

is often called the collection of all (real) unimodular polynomials of degree n. By Parseval’s
formula,

27 n
/ Pa(e)Pdt = 203 Jaxf? = 27(n + 1)
0 k=0

for all P, € K,,. Therefore

min |P,(z)| < vn+1 < max |P,(2)].
z€0D z€0D

An old problem (or rather an old theme) is the following.

Problem 14.1 (Littlewood’s Flatness Problem). How close can a P, € K, or
P, € L, come to satisfying

(14.1) IP.(2)|=vnt1, z€dD?

Obviously (14.1) is impossible if n > 1. So one must look for less than (14.1), but
then there are various ways of seeking such an “approximate situation”. One way is the
following. In his paper [98] Littlewood had suggested that, conceivably, there might exist
a sequence (P,) of polynomials P, € IC,, (possibly even P, € L,,) such that

(n+1)"V2Pu(e”)]

converge to 1 uniformly in ¢ € R. We shall call such sequences of unimodular polynomials
“ultraflat”. More precisely, we give the following definition.
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Definition 14.2. Given a positive number €, we say that a polynomial P, € IC,, is e-flat
if
1—e)vn+1<|P,(2)|<(1+e)vn+1, z€0D.

Definition 14.2%. Given a sequence (e, ) of positive numbers tending to 0, we say that
a sequence (P, ) of polynomials P, € ICy, is (en, )-ultraflat if each P, is (ey,)-flat. We
simply say that a sequence (P, ) of polynomials P, € IC,,, is ultraflat if it is (e, )-ultraflat
with a suitable sequence (e, ) of positive numbers tending to 0.

The existence of ultraflat sequences of unimodular polynomials seemed very unlikely in
in view of a 1957 conjecture of P. Erdés (Problem 22 in [79]) asserting that, for all P, € IC,,
with n > 1,

(14.2) max |P(2)] > (1+¢e)vn+1,
zE

where £ > 0 is an absolute constant (independent of n). Yet, refining a method of Kérner
[91], Kahane [90] proved that there exists a sequence (P,) with P, € K, which is (&,)-

ultraflat, where
en =0 (n‘l/”\/logn) .

(Kahane’s paper contained a slight error though which was corrected in [125].) Thus the
Erd6s conjecture (14.2) was disproved for the classes KC,,. For the more restricted class £,,
the analogous Erdds conjecture is unsettled to this date. It is a common belief that the
analogous Erdés conjecture for £,, is true, and consequently there is no ultraflat sequence
of polynomials P, € £,,. An interesting result related to Kahane’s breakthrough is given
by Beck [5]. For an account of some of the work done till the mid 1960’s, see Littlewood’s
book [99] and [125].

Let (e,) be a sequence of positive numbers tending to 0. Let the sequence (P,) of
polynomials P,, € K, be (g, )-ultraflat. We write

(14.3) Po(e) = R, (t)e " | R, (t) =|P,(e")], teR.

It is a simple exercise to show that «a,, can be chosen so that it is differentiable on R. This
property of «,, is assumed in the rest of this section. The structure of ultraflat sequences
of unimodular polynomials is studied in [56], [58], [59], and [60] where several conjectures
of Saffari [126] (see also [124] and [125]) are proved.

Theorem 14.3 (Uniform Distribution Theorem for the Angular Speed). Suppose
(Pp) is an ultraflat sequence of polynomials P, € KC,,. Then, with the notation (14.3), in
the interval [0, 2], the distribution of the normalized angular speed o, (t)/n converges to
the uniform distribution as n — co. More precisely, we have

m({t € [0,27] : 0 < a/,(t) < nx}) = 27z + Y, ()
for every x € [0, 1], where

li n =0.
A, 1, ()
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Theorem 14.4 (Negligibility Theorem for the Higher Derivatives). Suppose (P,)
is an ultraflat sequence of polynomials P,, € KC,,. Then, with the notation (14.3), for every
integer v > 2, we have
() < r
omax fan (t)] < ynrn
with suitable constants vy, , > 0 converging to 0 for every fixed r =2,3,. ...

Theorem 14.5 (The Moments of the Angular Speed). Let g > 0. Suppose (P,) is
an ultraflat sequence of polynomials P,, € IC,,. Then we have

1 27

nd
— L(B)]Tdt = —— 4 6, 4n?

and as a limit case,
max | (t)|=n+d.n.
0<t<2m
with suitable constants 6, 4, and 6, converging to 0 as n — oo for every fized q.

An immediate consequence of Theorem 14.5 is the remarkable fact that for large values
of n € N, the L,(0D) Bernstein factors

2Pl ()9 dt
JET | Pa(eit)|a dt

of the elements of ultraflat sequences of polynomials P,, € IC,, are essentially independent
of the polynomials. More precisely Theorem 14.5 and (14.3) impliy the following result.

Theorem 14.6 (The Bernstein Factors). Let (P,) be a &,-ultraflat sequence of poly-
nomials P, € IC,,. For ¢ > 0 we have
o [Pt dt e
Sy Paet)adr at1

On,qn?,

and as a limit case, .
maxo<<ar [ (€"))]

maxo<s<aor | Pn(e)]

=n-+o,n.

with suitable constants oy, 4 and o, converging to 0 as n — oo for every fized q.

In [59] an extension of Saffari’s uniform distribution conjecture to higher derivatives is
also proved.

Theorem 14.7. Suppose (P,) be a e,-ultraflat sequence of polynomials P,, € KC,,. Then
m {t € (0,27 : |P{) ()] < nTH/zxr} =271z + 0r ()

for every x € [0, 1], where lim,,_,o 0y n(x) = 0 for every fized r =1,2,... and z € [0, 1].
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For every fized r = 1,2,..., the convergence of o, r(x) is uniform on [0,1] by Dini’s
Theorem.

For continuous functions f defined on [0, 27], and for ¢ € (0, 00), we define

1fllg == (/0% |f(t)|th)

1Flloo = lim [Ifllg = max |f(t)].

te[0,27]

1/q

We also define

In [63], based on the results in [59], we resolved yet another conjecture of Saffari and
Queffelec, see (1.30) in [125].

Theorem 14.8. Let g € (0,00). If (Py) is an ultraflat sequence of polynomials P, € IC,,
and q € (0,00), then for f,(t) :== Re(P,(e)) we have

(421) 1/q
Ialla ~ (F 21 ) nls?

il 1/q
||f7ll||qN F( (12 ) n3/2,
(g+ I (+1)ym

where I' denotes the usual gamma function, and the ~ symbol means that the ratio of the
left and right hand sides converges to 1 as n — oco.

wl»& ’1

and

In [60] we proved Saffari’s "near-orthogonality conjecture” below.

Theorem 14.9. Assume that (P,) is an ultraflat sequence of polynomials P,, € K,,. Then

n n
Z Ak nAn—k.n = 0(n), P,(z) = Z ak,nzk .
k=0 k=0

Here, as usual, o(n) denotes a quantity for which lim, . o(n)/n = 0. The statement
remains true if the ultraflat sequence (P,) of polynomials P, € ICn s replaced by an
ultraflat sequence (P,,) of polynomials P,, € Ky, , 0 <nj < ng < -

If @, is a polynomial of degree n of the form

In terms of the above definition Theorem 14.9 may be rewritten as
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Theorem 14.10. Assume that (P,) is an ultraflat sequence of polynomials P, € IC,.

Then
1

o= | Pa(2) = Pr(2)]*d2] = 2n+o(n).
27 oD

We remark that straightforward modifications in the proofs of each of the above theo-
rems yield that they remain true if the ultraflat sequence (P,) of polynomials P, € K,, is
replaced by an ultraflat sequence (P, ) of polynomials

P,. €Ky, O<ng<ng <---.

In [31, Theorem 3] the following inequality has been observed.

Theorem 14.11. Let P be a conjugate reciprocal unimodular polynomial of degree n.

Then
max |P(z)] > (1+¢e)vn+1

z€0D

with € := /4/3 — 1.

In [126] another “near orthogonality” relation has been conjectured. Namely it was
suspected that if (P, ) is an ultraflat sequence of polynomials P, € K, , then

n n
Zak,nan—k,n =o(n), P, (z) = Z ak,nzk , n=mny,, m=12 ...,
k=0 k=0

However, it was Saffari himself, who showed with Queffelec [125], that this could not
be any farther away from being true. They constructed an ultraflat sequence (P, ) of
plain-reciprocal polynomials P, € K, such that

n
I k _ _
P, (z) = g apn2" k. = Gp—kn k=0,1,2,...,n,
k=0
and hence

n

E ak,nan—k,n:n'i‘l, n="mnm, m:1,2,....

k=0

15. ZEROS OF POLYNOMIALS WITH RESTRICTED COEFFICIENTS

Let 0 < mp < ng < -+ < ny be integers. A cosine polynomial of the form T (0) =
ijzl cos(n;0) must have at least one real zero in a period. This is obvious if ny # 0,
since then the integral of the sum on a period is 0. The above statement is less obvious if
ny1 = 0, but for sufficiently large N it follows from Littlewood’s Conjecture simply. Here
we mean the already mentioned Littlewood’s Conjecture with a textbook proof in [44]. It
is not difficult to prove the statement in general even in the case n; = 0. One possible way
is to use the identity

> Twn((2j — )m/nn) =0.

j=1
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See [94], for example. Another way is to use Theorem 2 of [108]. So there is certainly no
shortage of possible approaches to prove the starting observation of this section even in
the case nqy = 0.

It seems likely that the number of zeros of the above sums in a period must tend to oo
with N. In a private communication B. Conrey asked how fast the number of zeros of the
above sums in a period tend to oo as a function N. In [43] the authors observed that for
an odd prime p the Fekete polynomial f,(z) = Zi;é (%)zk (the coefficients are Legendre
symbols) has ~ kgp zeros on the unit circle, where 0.500813 > r¢ > 0.500668. Conrey’s
question in general does not appear to be easy.

Littlewood in his 1968 monograph “Some Problems in Real and Complex Analysis” [99,
problem 22] poses the following research problem, which appears to still be open: “If the
n, are integral and all different, what is the lower bound on the number of real zeros of
fo:l cos(n,,0)? Possibly N —1, or not much less.” Here real zeros are counted in a period.
In fact no progress appears to have been made on this in the last half century. In a recent
paper [38] we showed that this is false. There exist cosine polynomials Zgzl cos(n,0)
with the n,, integral and all different so that the number of its real zeros in the period is
O(N°®/%log N) (here the frequencies n,, = n,,(N) may vary with N). However, there are
reasons to believe that a cosine polynomial Zgzl cos(n,,0) always has many zeros in the
period. In [33] we prove the following.

Theorem 15.1. Suppose the set {a; : j € N} C R is finite and the set {j € N:a; # 0}
1$ infinite. Let

T.(t) = Zaj cos(jt) .

Then lim, oo N (T),) = 0o ., where N'(T},) denotes the number of sign changes of T,, in the
period [—m, 7).

The book [13] deals with a number of related topics. Littlewood [96], [97], [98], [99],
[100] was interested in many closely related problems. See also [31].
The study of the location of zeros of polynomials from

Fo = {p cp(z) = Zaixi, a; € {—1,0, 1}}
i=0

begins with Bloch and Pélya [10]. They prove that the average number of real zeros of a
polynomial 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 result, which appears to be the first on this subject, shows that polynomials

from F,, do not behave like unrestricted polynomials. Schur [129] and by different methods

Szeg6 [133] and Erdés and Turan [80] improve the above bound to cy/nlogn (see also [17]).
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In [34] we give the right upper bound of ¢y/n for the number of real zeros of polynomials
from a large class, namely the class of all polynomials of the form

n
p(:L'):Zajxj, la;| <1, lao|=lan| =1, a; €C.
§=0

In [26] we extend this result by proving the following theorems.

Theorem 15.2. Fvery polynomial p of the form
n
plx)=> aja’,  Jaol=1, |a;/ <1, a;€C,
§=0

has at most c\/n zeros inside any polygon with vertices on the unit circle, where the constant
c depends only on the polygon.

Theorem 15.3. There is an absolute constant ¢ such that
plz) = aja’, lag| = lan| =1, |a;| <1, a; €C,
§=0

has at most c(na + /n) zeros in the strip {z € C : |Im(z)| < a}, and in the sector
{z € C: |arg(2)| < a}.

Theorem 15.4. Let o € (0,1). Every polynomial p of the form
plx)=> aja’,  Jao|=1, |a;| <1, a;€C,
j=0

has at most ¢/« zeros inside any polygon with vertices on the circle {z € C: |z| =1 —a},
where the constant ¢ depends only on the number of the vertices of the polygon.

The paper [26] containing Theorems 15.2, 15.3, and 15.4 appeared sooner than [34].
The book [17] contains only a few related weeker results. Our Theorem 2.1 in [34] is a
simple consequence of Theorem 15.2, and it sharpens and generalizes results of Amoroso
[1], Bombieri and Vaaler [11], and Hua [88] who gave upper bounds for the multiplicity of
a zero that a polynomial with integer coefficients may have at 1.

The sharpness of Theorem 15.2 can be seen by the theorem below proved in [34].

Theorem 15.5. For every n € N, there exists a polynomial p, of the form given in
Theorem 15.2 with real coefficients so that p, has a zero at 1 with multiplicity at least

V] —1.

When 0 < a < n~'/2, the sharpness of Theorem 15.3 is shown by the polynomials
n(2) = pn(2) + 27" pa(z71),

where p,, are the polynomials in Theorem 15.5. Namely the polynomials ¢, of degree 2n+1
are of the required form with [/n] — 1 > ¢(na + y/n) zeros at 1. When n~%/2 < o < 1,
the sharpness of Theorem 15.3 is shown by the polynomials ¢, (z) := 2™ — 1.
The next theorem proved in [26] shows the sharpness of Theorem 15.4.
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Theorem 15.6. For every a € (0,1), there exists a polynomial p,, of the form given in
Theorem 15.4 with real coefficients so that p, has a zero at 1 — a with multiplicity at least
|1/a] — 1. (It can also be arranged that n < 1/a? +2.)

Let D(zp,r) := {z € C: |z — 29| < r} denote the open disk of the complex plane
centered at zp € C with radius » > 0. As a remark to Theorem 15.5 we point out that a
more or less straightforward application of Jensen’s formula gives that there is an absolute
constant ¢ > 0 such that every polynomial p of the form

pa) =S, Jaol=1, la/<1, a;€C,
j=0

has at most (¢/a)log(1/a) zeros in the disk D(0,1 — «), @ € (0,1).k An example in [57],
using only real coefficients, suggested by Nazarov, shows that this upper bound for the
number of zeros in the disk D(0, 1 — «) is, up to the absolute constant ¢ > 0, best possible.
So, in particular, the constant in Theorem 15.4 cannot be made independent of the number
of vertices of the polygon.

Also, it is shown in [57] that there are polynomials p € IC,, with no zeros in the annulus

{zeC:1—clogn/n <|z| <1+ clogn/n},

where ¢ is an absolute constant. It is conjectured that every p € K,, has a zero in the
annulus {z € C:1—c¢/n < |z| <14 ¢/n}, where ¢ > 0 is an absolute constant.

The class F,, and various related classes have been studied from several points of view.
Littlewood’s monograph [99] contains a number of interesting, challenging, and still open
problems about polynomials with coefficients from {—1,1}. The distribution of zeros of
polynomials with coefficients from {0, 1} is studied in [117] by Odlyzko and Poonen.

Bloch and Pélya [10] also prove that there are polynomials p € F,, with

1/4
Viogn

distinct real zeros of odd multiplicity. (Schur [129] 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 [100] prove that the number of real roots of
ap € L,, on average, lies between

(15.1)

1
logloglogn

and it is proved by Boyd [40] that every p € L, has at most clog® n/loglogn zeros at 1
(in the sense of multiplicity). It is conjectured that every p € L,, has at most clogn zeros
at 1 with an absolute constant ¢ > 0.
Kac [89] 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
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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 related
paper Solomyak [132] studies the random series > +A".”

In [71] we improve the lower bound (15.1) in the result of Bloch and Pélya to cn'/4.
Moreover we allow a much more general coefficient constraint in our main result. Our
approach is quite different from that of Bloch and Pdlya.

Theorem 15.7. There are absolute constants ¢y > 0 and co > 0 such that for every
{a07a17~'~ 7an} - [17M]7 1 SMSeXp(cln1/4)7

there are
bo,b1,...,b, € {—1,0,1}

such that .
P(Z) = Z bjCLij
=0

/4 distinct sign changes in (0, 1).

has at least con
Let 0D denote the unit circle of the complex plane. Let

Pl = P .
1] = max | P(2)

A classical result of Erdés and Turdn [80] is the following.
Theorem (Erdés—Turdn). If the zeros of

P(2) ::Zajzj, a; €C, apa, #0,
5=0

are denoted by
zj =rjexp(ip;), r; >0, ¢;€l0,2m), j=1,2,...,n,
then for every 0 < a < 8 < 27w we have

Z 1-— ﬁ;an’ < 16y/nlogR,

™
JEI(e,B)

where
R := |agan| /2| P|

and
I(a,8):={j:a<p; <pB}.
Note that some books quote this result with
R = |agan| "/ *(Jao| + |ai] + - + |an])

in place of R := |agay,|~Y/?||P|. In fact, the weaker result is an obvious corollary of the
stronger one by observing that ||P| < |ag| + |a1]| + --- + |an|. In [70] we offer a subtle
improvement of the above Erdos—Turdan Theorem.
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Theorem 15.8. If the zeros of
P(2) ::Zajzj, a; €C, apa, #0,

are denoted by
zj =rjexp(ip;), r; >0, ¢;€l0,2m), j=1,2,...,n,

then for every 0 < a < < 2w we have

Z l—ﬁ_an§16 nlog Ry,
27

jell(aaﬁ)

and
Z 1-— B_an§16 nlog Ry ,

) 2T

]€I2(a76)
where

Ry = |an| Y|P, Ry := |ao| "|P|,
and
Il((l/,ﬁ) = {JQSSOJ SB? Ty Z 1}7 IQ(O!,B) = {]O'/SSDJ SB: Tj S 1}

This result is closely related to a recent paper of V. Totik and P. Varju [135]. In fact,
it may as well be derived from part (ii) of Theorem 1.1 in [135]. However, here we do not
rely on this recent result. Our approach is based on the interesting observation that the
Erdés—Turan Theorem above improves itself.

A straightforward consequence of the above theorem is the following.

Corollary 15.9. If the modulus of a monic polynomial P of degree n (with complex co-
efficients) on the unit circle of the complex plane is at most 1 + o(1) uniformly, then the
multiplicity of each zero of P on the unit circle is o(n'/?).
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