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A moment ratio bound for polynomials and some extremal
properties of Krawchouk polynomials and Hamming spheres
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Abstract

Let p > 2. We improve the bound % < (p —1)*/? for a polynomial f of degree s on

the boolean cube {0,1}", which comes from hypercontractivity, replacing the right hand
side of this inequality by an explicit bivariate function of p and s, which is smaller than
(p— 1)5/2 for any p > 2 and s > 0. We show the new bound to be tight, within a smaller
order factor, for the Krawchouk polynomial of degree s.

This implies several nearly-extremal properties of Krawchouk polynomials and Hamming
spheres (equivalently, Hamming balls). In particular, Krawchouk polynomials have (almost)
the heaviest tails among all polynomials of the same degree and £ norm'. The Hamming

spheres have the following approximate edge-isoperimetric property: For all 1 < s < 3,

and for all even distances 0 < i < w, the Hamming sphere of radius s contains, up
to a multiplicative factor of O(¢), as many pairs of points at distance i as possible, among
sets of the same size?. This also implies that Hamming spheres are (almost) stablest with
respect to noise among sets of the same size. In coding theory terms this means that a
Hamming sphere (equivalently a Hamming ball) has the maximal probability of undetected
error, among all binary codes of the same rate.

We also describe a family of hypercontractive inequalities for functions on {0, 1}", which
improve on the ‘usual’ “¢ — 2”7 inequality by taking into account the concentration of a
function (expressed as the ratio between its ¢, norms), and which are nearly tight for
characteristic functions of Hamming spheres.

1 Introduction

We prove upper bounds on the moments of polynomials on the discrete cube {0,1}" endowed
with uniform measure. Let H be the binary entropy function, and let ¢ (p, z) be a function on
[2,00) x [0,1/2], defined by

bp.a) = (p—1)+logy ((1—06) +67) = LH(x) — prlog,(1 - 26),

where 4 is determined by z = (5 —0) - %. (It will be shown that § is well-defined.)

1This has to be interpreted with some care.
2There is a similar, but slightly weaker and somewhat more complicated claim for general distances.
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Then, forp >2 0<s < %,3 and for a homogeneous polynomial f of degree s on {0,1}", holds

E|ff?

_ < i), 1
(E f2)2 .

We will show this to be an improvement over the well-known bound
ElfP
(Ef2)?

which follows from the hypercontractive inequality (4) below (see e.g. [34]). Let 91 (p,z) =

ploga(p=1) x, so that (p, %) = Llog, ((p — 1)%) We will show that for any fixed p > 2

< (p-1)7, (2)

2 ~n
the functions ¢ and ¢ and their first derivatives coincide at = 0 and, moreover, that the
function ¢ is strongly concave in z. This will imply ¥ (p, z) < 11 (p, x) for any p > 2 and = > 0.

For a fixed p > 2 and for s < n, the bounds in (1) and in (2) are very close to each other, in
accord with the fact ([26]) that if s is a slowly growing function of n, the RHS in (2) cannot be
replaced by C* with C' < (p — 1)%. However, if we allow p to grow with n, the two bounds can
be significantly different, even for small s. This will be important in estimates which take into
account higher moments of polynomials, as is the cases we discuss below.

Let us also observe that both bounds hold in somewhat higher generality - for all polynomials
of degree at most s on {0,1}" (see Corollary 1.4 below).

We proceed with an informal description of several applications of (1). The formal statements
and a more extensive discussion of these results will be given below, in Section 1.2. First, it
will be shown that (1) is "nearly tight” (in the sense that will be clarified below) if f is the
Krawchouk polynomial K¢ defined by

Ki(z) = Z (—D)Xies®  for x = (x1,x2,...an) € {0,1}".
SClnl,|S|=s

Recalling that K, is proportional to the Fourier transform of the characteristic function of
the Hamming sphere of radius s around zero, this says, alternatively, that Fourier transforms
of Hamming spheres are nearly extremal with respect to (1). This will be shown to imply
that Krawchouk polynomials and Hamming spheres have certain nearly extremal properties,
compared to other objects with similar characteristics. Specifically, we will show that, up to at
most polynomial in n error, the following facts hold for functions on {0, 1}":

e Krawchouk polynomials have (almost) the heaviest tails among all polynomials of the
same degree and {2 norm. That is, for a polynomial f of degree s with ||f||2 = || Ks]|2,
and for a threshold T" > 0 holds

Pr{|K,| > T} 2 Pr{|f| =T},

where T” is not much larger than T'. For the exact formulation see Theorem 1.5.

3This is the interesting range of parameters in terms of s, since the spaces of homogeneous polynomials of
degree s and n — s on {0,1}" are isometric, for any ¢, norm, see Section 1.1.2.



e Forany 0 < s < % and any even 0 < ¢ < W, the Hamming sphere of radius s around

0 contains (almost) the “maximal” number of pairs of points at distance i, among all sets
of the same size. For a general distance 4, the same holds for the union of two Hamming
spheres of consecutive radii.

For the exact formulation see Theorem 1.6.

e For any p > 2, characteristic functions of Hamming spheres are (almost) stablest with
respect to noise among all functions with the same /1 and £, norms. That is, let 0 < s < 7,
let fs be the characteristic function of the Hamming sphere of radius s around 0, and let
f be a function with || f||1 = || fsll1 and || f]|, = || fs||[p. Then, for the noise operator T,
0<e< %, holds

<fS7T6f8> Z <f7T€f> .

For the exact formulation see Corollary 1.9 and the discussion after it.

e For any p > 2, characteristic functions of Hamming spheres have (almost) the largest
spectral projections among all functions with the same ¢; and ¢, norms. That is, in the
notation of the previous item, for any 0 < s < § and ‘many’ 0 < k < 7 holds

Tk fsll2 2 1Tk f]l2-

Here Il f is the orthogonal projection on the span of Walsh-Fourier characters of weight
k. For the exact formulation see Theorem 1.10.

Let us make several comments about these results.

— In all the statements above ’homogeneous polynomials of degree s’ can be replaced with
'polynomials of degree s’, and '"Hamming spheres of radius s’ with "THamming balls of radius s’
(we do not go into details for lack of space, but see Corollary 1.4.)

— It can be seen that the last three of the claims above are essentially equivalent to each other.

— The exact formulations of the claims above will be in terms of functional inequalities (for
functions on {0,1}") involving certain explicit, but rather complicated, functions of two vari-
ables. These bivariate functions describe the relevant aspects of behavior of Hamming spheres
or of Krawchouk polynomials. For instance, consider the function v defined above. As will be
seen, (p, %) is the right constant in the exponent of the ratio between the p™ moment of the
Krawchouk polynomial K, and the p/2-power of its second moment. We point out that the
appearance of these functions in the statements of the results indicates that Hamming spheres
/ Krawchouk polynomials are indeed (almost) extremal objects for these results.

— Continuing from the preceding comment, we observe that while these bivariate functions
describe the correct exponential behavior of Hamming spheres or Krawchouk polynomials, they
do introduce error, which is polynomial in the dimension n of the discrete cube. This is the cause
of imprecision in all of the results above. Let us provide some details. Krawchouk polynomials
on {0,1}"™ and n-dimensional Hamming spheres are discrete objects (if we view a polynomial
as a vector of its coefficients), whose behavior is described by expressions involving binomial



coefficients. Hence it cannot be reduced to a simply exponential expression without incurring a
certain loss. In our case this (lossy) reduction is achieved by replacing the binomial coefficient
(Z) by a larger exponential expression 27 (5) (see (3) below). This is the main source of loss we
incur. For an illustration see Example 1.1 below and observe that the gap between the upper
bound and the lower bound given by a Hamming sphere is due solely to replacing two binomial
coefficients by corresponding exponential expressions.

— Finally, we observe that a polynomial error will typically be much smaller than the main
term in the estimates we discuss, since the approximation of (2) by 24 (5) i usually a very
good one. However, this fact has to be interpreted with some care, since the significance of an
inaccuracy depends on the context. Consider the following two examples.

Example 1.1:

We will show in Theorem 1.6 that if A a subset of {0,1}" with [A| < (7), and if 0 < i <

%_S), then the number of pairs of points at distance ¢ in A is bounded from above by

|A] -2H(2%)'8+H<2("15)>'(nfs). On the other hand, if A is a Hamming sphere of radius s, and if ¢

is even, this number is | A|- (152) (7;/_25) This, by (3), is at least (1) | 4| ~2H(%)'S+H<2<+;s>)'(”fs).

So here the error is of order ¢, which is significant if we view this as an isoperimetric-type result,
since in this context one is typically interested in almost tight results. (With that, to the best
of our knowledge, the bounds we obtain are new. In particular, for ¢ = 2 we seem to obtain
some new estimates related to the Kleitman-West problem. See the discussion in Section 1.2.3.)

Example 1.2:

We will show (as a corollary of Theorem 1.6) that if A is a binary code of length n used over a
binary symmetric channel, then the undetected error probability of A is at most O (n2) times
that of the union of two Hamming spheres of adjacent radii, whose size is roughly that of A. So
here the error is of order n?. However, in this type of coding estimates sub-exponential errors
are ignored. Hence this result implies that unions of Hamming spheres (one can also take a
Hamming sphere or a Hamming ball of an appropriate size) have, asymptotically, the largest
undetected error probability over the binary symmetric channel. (See (8) and the discussion
preceding it, and also Section 3.2.) I

— Finally, let us draw attention to the special case of the third of the claims above (it is also
closely related to the second example above) in which f is a characteristic function of a set. The
claim then is that characteristic functions of Hamming spheres (or Hamming balls) are almost
stablest with respect to noise among all sets of the same cardinality. To say this differently,
consider the following probabilistic experiment. Given a subset A of {0,1}", choose uniformly
at random a point x in A. Flip each coordinate in x independently with probability € and check
whether the obtained point is also in A. Then, the probability of this event is maximized (up
to a sublinear in n factor) if A is a Hamming sphere (ball).

Let us say a few words about the proofs, focusing on the proof of (1), since the applications
described above follow from it in a more or less standard manner. We prove (1) in Theorem 1.3
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by a comparison argument, showing by induction on the dimension that for a homogeneous
polynomial f of degree s, the ratio (]EEJJ;)E/Q cannot be much larger than that for the Kraw-
chouk polynomial K. The error we obtain in this part of the argument is subexponential
in the dimension. It is then reduced to a polynomial error by a tensorization argument (see
Subsection 1.1.4 below), applying the claim proved in the first step to tensor powers f®™ and
passing to the limit as m — oco. In this limit argument, the behavior of discrete objects such as
Krawchouk polynomials is smoothened out, leading to a simply exponential expression in (1),
and incurring a polynomial loss (see also the discussion above).
E[f[P

(E fz)p/ 2
argument is Hanner’s inequality [30]: for p > 2 and for any two functions gg, g1 holds

A key element in controlling the growth of with dimension in the induction part of this

p
lgo + g1llp + llgo — g1llp < (llgollp + lgrllp)” + [llgolly — llgrllp| -

An important part of our argument is showing the following intriguing fact: for any fixed p > 2
and for sufficiently large n and s, Krawchouk polynomials K, and Ks on {0,1}" satisfy
Hanner’s inequality almost with equality. To show this we rely on many known properties of
Krawchouk polynomials (see Section 2.2) and also prove some seemingly new ones: In particular,
we provide a rather tight estimate for the ¢, norms of Krawchouk polynomials; and show their
£ norm to be attained with only polynomial loss between any two of their roots, and also before
their first and after their last roots. An additional implication of our results is that the above
mentioned bivariate functions provide an accurate description of the behavior of Krawchouk
polynomials K for any sufficiently large s (even a large constant s). Previously this seems
to have been known mostly for s growing linearly with dimension n (see also [22] where the
behavior of the magnitude of |K;| was analyzed for any s).

Related work

— A special case of (1), for p = 4, was shown in [19], where it was also conjectured that

the Krawchouk polynomials actually attain the maximum for (HE:E J{:)Q among all homogeneous
polynomials of the same degree. This conjecture has been recently proved in [1], by a short
and a very elegant argument (using compression). It seems possible to extend the argument in
[1] to work for any even integer p. However, since this argument is essentially combinatorial in

nature, it is not immediately obvious how to extend it to general p > 2.

— After completing this paper, we have learned [38] that a generalization of Theorem 1.8 and
Corollary 1.9 was proved in a concurrent work [39]. More specifically [39] proves the conjecture
of [37] (see the discussion following Corollary 1.9 in Section 1.2.4).

— It was shown in [7] that characteristic functions of Hamming spheres (or Hamming balls) of
cardinality 2"~*(") where a(n) is a slowly growing function of n, are (almost) stablest with
respect to noise among all sets of the same cardinality. In [35] Hamming spheres (or Hamming
balls) of any cardinality are shown to be nearly stablest if the noise is very small, and it is
conjectured that this should hold for any level of noise.

— The hypercontractive inequality (4) was used in [3] to obtain bounds on the distance compo-
nents and other parameters of binary codes. We follow the approach of [3] in deriving some of



our results, such as the second of the claims above, but replacing (4) with a (stronger) inequality
(9). We remark that the idea of using (4) to study the distance distribution of binary codes
was introduced already in [18].

Organization of the paper

The remainder of this paper is organized as follows. We describe the relevant notions and
provide some background in the next subsection. Our results are stated formally and discussed
in Section 1.2. Somewhat unfortunately, the statements of the results involve certain functions
of two variables, which will be defined later on in Section 2.1. This is done in order not to
interrupt the flow of presentation.

We define several bivariate functions which play an important role in this paper and describe
their pertinent properties in Section 2.1. Some properties of Krawchouk polynomials and Ham-
ming spheres are described in Sections 2.2 - 2.4. These subsections also clarify the relevance of
some of the bivariate functions defined in Section 2.1, by showing them to describe aspects of
behavior of Krawchouk polynomials or of Hamming spheres.

Theorems 1.5 to 1.10 and some related results are derived from Theorem 1.3 in Section 3.
Theorem 1.3 itself is proved in Section 4. This paper contains many auxiliary results describing
the behaviour of various univariate and bivariate functions. The proofs of these results are
relegated to the Appendix.

Let us suggest that (most of) Section 2 and the Appendix are better viewed as reference sections,
written as laundry lists of results, and suitable for lookup, rather than for continuous reading.

1.1 Background, definitions, and notation

We view {0,1}" as a metric space, with the Hamming distance between x,y € {0,1}" given by
|z —y| = |{i : @i # yi}|. The Hamming sphere of radius r centered at x is the set S(x,r) =
{y € {0,1}": |x —y| =r}. The Hamming ball of radius r centered at z is the set B(x,r) =
{y € {0,1}": |z —y| <r}. Clearly, for any z € {0,1}" and 0 < r < n holds |S(z,r)| = ("
and |B(z,7) =31 _o (1)

Let H(t) = tlogy (1) +(1—t)log, (ﬁ) be the binary entropy function. We will make repeated

use of the following sequence of estimates (the first estimate follows from the Stirling formula,
for the second estimate see e.g., Theorem 1.4.5. in [31]): For 2 € {0,1}" and 0 <7 < % holds

o(\/ssyy) 2" = 8@l < | < 21" )

n—r)

The asymptotic notation will always hide absolute constants (unless specifically stated other-
wise).



1.1.1 Distance distribution, edge-isoperimetry, binary codes

The distance distribution of a subset A of {0,1}" is given by the vector (ag,ai,...a,) with
a; = [{(x,y) € Ax A, |x —y| =i}|. That is, a; = a;(A) counts the pairs of points at distance i
in A. The distance distribution captures many important properties of a subset.

Edge-Isoperimetry. For 1 < i < n, let G; be the graph with vertices indexed by {0,1}", in
which two vertices are connected by an edge iff the Hamming distance between them is 7. In
particular, G is the usual graph of the boolean cube. The edge-isoperimetric problem (see
[6] for a survey on discrete isoperimetry) in a graph G asks for a subset of vertices of a given
cardinality, such that the number of edges crossing from this subset to its complement is as
small as possible. If G is regular, this is the same as maximizing the number of edges in an
induced subgraph of G with a given number of vertices. Note that a subset A of vertices of
G, this number is given by a;(A). The edge-isoperimetric problem has been resolved for i = 1
[12, 15], in which case the solution to the problem is the initial segment of the lexicographic
ordering on the cube. To the best of our knowledge, the problem is still open for any ¢ > 1.

Undetected error probability. A binary symmetric channel (see e.g., [9]), with crossover proba-
bility 0 < e < 1/2 is a communication channel which on input = € {0, 1}" outputs a random
vector y € {0,1}" obtained by flipping each bit of x independently, with probability e. Given a
binary code C' C {0,1}", the undetected error probability [21] of C' is the average probability
(over the codewords) that a codeword transmitted over a binary symmetric channel is distorted
in such a way that the received word, though different from the transmitted one, also belongs
to the code. It is easy to see that this can be expressed in terms of the distance distribution of

C:
1 n . .
Pue(Ca 6) = @ ’ Zal(c)ez(l - E)n_z'
i=1
The worst asymptotic undetected error exponent for codes of rate 0 < R < 1 and crossover
probability € was defined in [3] as

1
Pue(R,€) = limsup,,_, ( max logy (Pue(C, e))) ,
n

where the maximum is taken over all codes C' C {0,1}" of cardinality at most 27",

Binary error-correcting codes. A binary error-correcting code C of length n and minimal dis-
tance d is a subset of {0,1}" such that the Hamming distance between any two distinct points
in C' is at least d. This is clearly equivalent to a; = ... = ag_1 = 0. The problem of finding
the largest possible code with a given minimal distance is open. In [10] a family of linear in-
equalities holding for the distance distribution vector of any binary code were obtained. These
inequalities play a key role in the linear programming relaxation of this problem [10], which led
to the best known upper bounds [32] on the cardinality of a code with a given minimal distance.

The largest asymptotic distance component rate (see e.g., [2, 3]) of a code with given rate and
minimal distance is defined for 0 < p,§ < % and 0 < R<1 as

. 1
bu(R,6) = limsup, . (n mcz}xlogQ (@l (C’))> ,
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where the maximum is taken over all codes C' C {0, 1}" of cardinality at most 2%" and minimal
distance at least on.

1.1.2 Fourier analysis, polynomials, noise operators, and spectral projections

We recall some basic notions in Fourier analysis on the boolean cube (see [34]). For a € {0,1}",
define the Walsh-Fourier character W, on {0,1}" by setting We(y) = (—=1)=¥: for all y €
{0,1}". The weight of the character W, is the Hamming weight |a| of a. The characters
{Wa}taefo)» form an orthonormal basis in the space of real-valued functions on {0, 1}", under

the inner product (f, g) = 5+ > zeqoyn f(2)g(z). The expansion f =3 g yn Fa)W,, defines
the Fourier transform f of f. We also have the Parseval identity, 1£13 = 2acio1}n F2(a). One

additional simple fact will be used several times in this paper: Let g(z) = (—1)I*/f(x). Then,
writing @ = a @ 1 for the complement of a vector a € {0,1}", for all a € {0,1}" holds
fla) =g(a).

Polynomials on {0,1}"™. A function f on {0,1}" is a called a polynomial of degree s, for
some 0 < s < n, if f belongs to the span of Walsh-Fourier characters of weight at most s.
Alternatively, for 1 < i < n, let r; be the Walsh-Fourier character of weight 1, corresponding
to @ = {i}. The functions r; are known as the Rademacher functions on {0,1}". Then f is a
polynomial of degree s if and only if f is a multilinear polynomial of degree s in 71, ..., 7y.

A function f is a homogeneous polynomial of degree s on {0,1}" if f is a homogeneous mul-
tilinear polynomial of degree s in ry,...,7,. Such functions are also called Rademacher chaos
of order s. Note that if f is a homogeneous polynomial of degree s and g(z) = (—1)I*lf(x),
then ¢ is a homogeneous polynomial of degree n — s. In particular, the spaces of homogeneous
polynomials of degrees s and n — s are isometric for any ¢, norm on {0, 1}".

Krawchouk polynomials. For 0 < s < n, let Fg be the sum of all Walsh-Fourier characters of
weight s, that is F; = Z|a|:8 W,. Note that F is the Fourier transform of 2”-1g, where S is the
Hamming sphere of radius s around 0. It is easy to see that Fs(z) depends only on the Hamming
weight |x| of z, and it can be viewed as a univariate function on the integer points 0, ..., n, given
by the restriction to {0, ...,n} of the univariate polynomial K = Y7 _,(—1)"(7) (17f) of degree
5. That is, Fy(x) = K,(Jz|). The polynomial Ky is the s'* Krawchouk polynomial. Abusing
notation, we will also call F, the st Krawchouk polynomial, and write K for Fs when the
context is clear.

Spectral projections. For 0 < k < n we define IIj to be the orthogonal projection to the subspace
spanned by Walsh-Fourier characters of weight k. (This is the eigenspace of the Laplacian of
the discrete cube corresponding to eigenvaleue 2k.) That is, for a function f on {0,1}", and
0 <k <mn, we have Il f = Zlal=k fla)W,. We will also write fj for II; f for ease of notation.

The noise operator. Given a noise parameter 0 < e < 1/2, the noise operator T, is a linear
operator acting on functions on the boolean cube as follows: for f : {0,1}" — R, T.f at a
point x is the expected value of f at y, where y is ”(1 — €)-correlated” with x. That is, y
is a random binary vector whose i** coordinate is x; with probability 1 — e and 1 — x; with
probability €, independently for different coordinates. In other words, (Tcf) (z) = E, f(y),

where y is the output of the binary symmetric channel on input . Writing this out explicitly,



we have (Tcf) (z) = X cq013n elv=21(1 — e)"~1v==l £ (). The noise operators form a semigroup:
T Te, = Tetey—261e,- We will also write fe for T, f, for brevity. It is easy to see that ﬁ(a) =

~

1 — 2¢)lel (@), which means that T, = S°7_ (1 — 2¢)*I1,.
( ) k=0

1.1.3 Hypercontractive inequalities

Hypercontractive inequalities [8, 11, 4] form a family of analytic inequalities for functions on
{0,1}", with many applications in discrete mathematics, information theory, and theoretical
computer science, see e.g., [17, 33, 25, and also the monograph [34] and the references there.

1/
Let the £, norm of a real-valued function f on {0, 1}" be given by || f||, = (2% > zef{0,1}n |f(a;)\p> g

Hypercontractive inequalities assert that applying noise to a function flattens it in a well-defined
sense: a higher norm of the noisy function is upperbounded by a lower norm of the original
function. A useful special case is the one involving the f3 norm, (since this norm is easy to
work with in applications). The inequality in this case is

[fellz < 141202 (4)

It is easy to see that if f is a characteristic function of a subset A C {0,1}", then | f]|3 =
50 > oai(A)5H(1 — )"t for § = 2¢(1 —€). The relevance of (4) to the study of distance
distributions of binary codes has been pointed out in [18]. In [3] this inequality was used to
obtain new bounds on the distance distribution, the undetected error probability, and other
related parameters of binary codes of a given cardinality and minimal distance.

Stronger hypercontractive inequalities for highly concentrated functions. While (4) is known to
be essentially tight for functions which are almost flat to begin with, stronger hypercontractive
inequalities were proved in [40] for functions f on {0,1}" for which the ratio H;H’l’ , for some

p > 1, is exponentially large in n.

An uncertainty theorem. Strong hypercontractive inequalities for highly concentrated functions
were used in [40] to obtain a tight uncertainty-type result for {0,1}". Let a non-zero function
f be supported on a set A C {0,1}", with cardinality of A being at most that of a Hamming

ball of radius p1n (for some 0 < p; < %) In fact, it suffices to assume, more generally, that the

1—H(pq) ~
ratio H;Hf is lower-bounded by 27 2 “n Then f attains only an exponentially small fraction

of its /3 norm on any Hamming ball of radius pan, provided py < % —/p1(1—p1).

1.1.4 Tensorization

We describe a useful and well-known tool in analysis which will be used several times in this
paper. Let f be a function on {0,1}". For an integer m > 1, the m'" tensor power F, := f&™
is a function on nm boolean variables defined for xi,...,x, € {0,1}" by Fp, (21,...,2y) =
[T~ f (xi). We recall some useful properties of tensor powers:

— For any aq,...,a,, € {0,1}" holds Fr\n(al,...,am) = 11, f (o). In particular, if f is a
homogeneous polynomial of degree s, then F},, is a homogeneous polynomial of degree sm; and



if f is a (not necessarily homogeneous) polynomial of degree s, then F, is a polynomial of
degree sm;

— For any q € R holds E |F,,,|7 = (E|f]9)™.

1.2 Our results

1.2.1 Upper bounds for moments of polynomials

n

We show that for any p > 2 and for any 1 < s < 3, the sth Krawchouk polynomial K, =

Z| a|=s Wa attains, within a relatively small error, the maximal ratio of H}CHZ among all homo-

geneous polynomials of degree s. Let 1(p, ) be the function defined in Subsection 2.1.4.

Theorem 1.3: For any p > 2, 0 < s < 5, and for any homogeneous polynomial f of degree s
on {0,1}" holds

p S
EIP < guti)m (5)
(Ef2)2
There is an absolute constant C' > 0 such that for anyp > 2 and 0 < s < % holds
s p
v(pi)n < p.oor. sk M
(EK2)2

Discussion.

— The assumption that f is homogeneous is not necessary. In fact, we have, as a simple corollary
of (5):

Corollary 1.4: The upper bound (5) holds for general polynomials of degree as most s.

— As mentioned above, if p is an even integer, it seems possible to extend the argument given in
P

[1] for p = 4 and to show that Krawchouk polynomials actually attain the maximum for &72‘)%
among all homogeneous polynomials of the same degree.

— The inequality (5) is a Khintchine-type inequality. Recall that Khintchine-type inequalities
establish an upper bound on the ratio of two ¢, norms for functions coming from a certain
restricted domain, typically a space of multivariate polynomials of a specified degree over a
given product space. In particular, the prototypical Khintchine inequality [20] states that the
ratio of fo and ¢; norms of linear polynomials over the boolean cube {0,1}" is bounded by

an absolute constant. See [16] for a recent discussion and references. Viewed in this context,
Theorem 1.3 states that for any p > 2 the “Khintchine ratio” % for polynomials of a given
degree on the boolean cube is maximized, up to a small error, on the Krawchouk polynomial

of this degree.

— It is easy to see that Theorem 1.3 essentially determines the || - |-, norm of the spectral
projection operator IIj (see [36] where the norms of these operators are investigated).
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1.2.2 Tail bounds for polynomials

We show that Krawchouk polynomials have (almost) the heaviest tails among all polynomials
of same degree and £ norm. Let 7 be the function defined in Subsection 2.1.2. Let H be the
binary entropy function.

To make the statement of the second part of the following theorem more legible, recall (see
Section 2.2) that the Krawchouk polynomial K on {0,1}" has all its roots in the interval

[% —/s8(n—s),5 ++/s(n— 5)}, and that the distance between any two consecutive roots is

o(n).

Theorem 1.5:
Let f be a polynomial of degree s < 5 on {0,1}". Then for all 0 < i < 5 holds

Pr{If 2 £l 200G} < oGt (6)
Moreover, for f = K we have:

o Forany0<1i<g—+/s(n—s) holds

()
oH(2)n

Pr¢ |Ks| >

=
D
N}
—~
S
—~
3|
|
SN—
I
N
T
—~
3|
SN—
N—
3
AV
2
7 N
| =
N~
[N}
—~
T
—~
Y
S~—
N
N—
3

Discussion

(%)
oH(7y)n

— Note that, by (3), the correction factor is © (si>.
— A polynomial f of degree s is a linear combination of > ;_, (Z) Walsh-Fourier characters,
which are orthonormal, and all of which evaluate to 1 at 0. It is easy to see that this implies

o Lg(s). . . .
that % <A >rlo(B) <22 (2) n .Wlth equality attained for f = Z\alés We =310 Kp.
On the other hand, the function 7 (%, %) — %H (%) decreases from %H (%) to 0 as ¢ does from

0 to §. Hence (6) provides tail estimates for the whole range of values of |f|.

1
— The bound (6) is a pointwise improvement over the estimate Pr{|f| > ||f|l2-t} < e2- e (€)F ,
due to [5, 43]. To see this, note that the latter bound was obtained by applying the inequality

Pr{|f| > T} < miny>o {Elflp }, using (2) to bound the RHS, and choosing a suitable value of

TP
p. The proof of (6) uses the same approach, while replacing (2) with a stronger bound (1) and
choosing the optimal value of p.

11



— There is a gap between the upper bound (6) and the lower bound provided by Krawchouk

()

ey in the value of the threshold. One can ask

polynomials, due to the correction factor

how accurate (6) is for Krawchouk polynomials, if there is no correction factor. It’s not hard to
see, using the properties of the function 7, that e.g., for ¢ growing linearly with n, that is for ¢

bounded away from |I‘I§(SS|I°; , the error in the estimate of (6) for the probability of | K| > || Ks||2-t

log(s) \ .
is of order at most 2 ( E ) " In particular, if s is an increasing function of n, (6) provides
the right constant in the large deviation inequalities for homogeneous polynomials of degree s
(that is, Rademacher chaos of order s).

1.2.3 An isoperimetric-type inequality

Recall that G; is a graph with vertices indexed by {0, 1}", in which two vertices are connected by
an edge iff the Hamming distance between them is i. We prove an edge-isoperimetric inequality
for the graphs {G;};, and show this inequality to be somewhat tight for the Hamming sphere,
or a union of two adjacent spheres, depending on the parity of 7.

Let A C {0,1}". Recall that a;(A) = |{(z,y) € Ax A, |z —y| = i}| is the i'* distance component
of A.

Theorem 1.6:
Let A C {0,1}", with |A] < 25" for some 0 <o < §. Then for 1 <i < 20(1—o)n holds
a;(A) < |A|- o (7 H (g ) +(1-0)H (gt ) ) m. .

Let s = on, and assume s to be integer. If i is even, this inequality is tight, up to a factor of
O(i), if A a Hamming sphere of radius s. For an arbitrary i, this is tight, up to a factor of

0] ( s i), if A is the union of two adjacent spheres of dimension n—1 and radii s — 1 and
s.
Discussion

— For 20(1—o)n < < %, the distance component a;(A) could be (essentially) as large as |A|.
For 7 > %, the bounds on a; reduce to these on a,_;. See Remark 3.3.

— The proof of (7) follows the argument in [3], replacing the hypercontractive inequality (4)
used in [3] with a stronger inequality proved in Corollary 3.2 (which is a special case of (9)).

— Choosing i = 2 in (7), we get the following claim:
Corollary 1.7: For A C {0,1}" with |A| < (%) holds az(A) < e*s(n —s) - |A].

This is tight, within a factor of €2, if A is a Hamming sphere of radius s.

Let us also consider this bound in the context of the Kleitman-West problem (see e.g., [13]).
This is the edge-isoperimetric problem for the Hamming sphere (see Section 1.1.1). One way to
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pose this problem is as follows. Given the dimension n and the radius 0 < r < 5 of the sphere
S =5(0,r) C{0,1}", determine how large can az(A) be for a subset A of S of a given size.

Let s <7 and let |[A| = (7). Let A be an (n — (r — s))-dimensional Hamming sphere of radius
s embedded in S, by concatenating r — s coordinates to points in A and setting them to be
1. Then ag(A) = s(n —r) - | 4|, so the bound in Corollary 1.7 is tight for A within a factor of

e2. For s < &> where C is a sufficiently large constant, this bound seems to improve the best
known upper bounds on ag(A) for A C S (which, to the best of our knowledge, come from the
logarithmic Sobolev inequality for the Hamming sphere [27]).

— Recall (see Section 1 1.1) that an undetected error probability of a binary code C' C {0,1}" is
given by Pue(C,€) = |C\ S8 ai(0)el(1—€)" ', Theorem 1.6 implies (as shown in Section 3.2)
that a union of two adjacent spheres of dimension n — 1 and radii s — 1 and s maximizes
the undetected error probability for all codes of cardinality at most of (%)'", up to at most a
polynomial in n factor. A simple consequence of this fact is the following expression for the
worst asymptotic undetected error exponent: For all 0 < R <1 and 0 < e < % holds

Pu(R,¢) = oH (g) +(1-0)H <1x(;) + 22 logy(€) + (1 — 22) logy(1 — €), (8)

—e24er/2+4(1—2¢)a (1— 0)

where 0 = H™}(R) and z = z(0,¢€) = 2(1—2¢)

1.2.4 A hypercontractive inequality

We prove a nearly tight hypercontractive inequality for functions on {0, 1}", which takes into
account the distribution of a function, specifically the ratio between its £, and ¢; norms. (See
[40] for a different family of hypercontractive inequalities taking into account the ratio between
¢, and ¢; norms of a function.)

Let 7 be the function defined in Section 2.1.7. Recall that n(z,e) < 0 for all 0 < ¢ < % and

0<z< (1—2¢)?

. . . 1
T A=307" Moreover, 7 is concave and decreasing in x for any 0 < e < 3.

For a function f on {0,1}" and 1 < p < oo let r(p) = rs(p) = Llog, (Hf”’;). Note that
p—1
0<r(p) < >

Theorem 1.8:
Let f be a function on {0,1}", and let 0 < e < 1/2. Then

Ifells < 200 O+A=292) )y g0 o, 9)

This is tight up to a factor of O (83/4) if f is proportional to a characteristic function of a
Hamming sphere of radius s.

Discussion.
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— (9) is a strengthening of the hypercontractive inequality (4). However, since (as is easily

) % = 0, this improvement is significant only if ”Nln?ii%ﬁ > 22(vin),

— We have the following corollary of (9), extending it to other ¢, norms. For p > 1, let n, be
the function defined in Section2.1.7.

seen |z=0

Corollary 1.9: Let f be a function on {0,1}", let 0 < € < 1/2 and let p > 1+ (1 —2¢)2. Then

Ifellz < 2wC@m i r],

As will be seen in the proof of this result, the RHS of the inequality above increases in p, so
it is in general weaker than (9). However, it is still tight up to a factor of O (33/ 4) if fis
proportional to the characteristic function of a Hamming sphere of radius s. To see this, note
that the RHS of this inequality does not depend on p, if f is a characteristic function of a
set. Hence, this corollary can be rephrased as follows: For any 0 < § < % and p > 2 — 26, a
characteristic function of a Hamming sphere of radius s maximizes, within a factor of O (53/ 4),

the inner product (fs, f) among all functions with the same ¢; and ¢, norms?.

— Let us mention a more general conjecture [37]: For any ¢ > 1 and a threshold value t = t(q, €)

there exists po = po(q,6,t) < 1+ (1 — 2¢)?(q — 1) such that for any p > po the maximum

of the ratio |‘|‘];f‘||t1 over all functions f on {0,1}" with r(p) > t is essentially attained at the

characteristic function of a Hamming sphere of an appropriate radius.

— Upper bounds on the asymptotic distance component rates b, (R, ¢) of binary codes with given
rate and minimal distance (see Section 1.1.1) were obtained in [3] using the hypercontractive
inequality (4). These bounds can be improved by using (9) instead of (4), similarly to the
improvement obtained in (7) over the bounds of [3] for b,(R,0). We do not go into details,
since the bounds, both in [3] and here, are not explicit, but rather given, for each R and 0, as
the minimal value of a certain explicit function in a constant number of variables (three in [3]
and two in our case) over its domain.

1.2.5 An uncertainty theorem

We give an extension of an uncertainty-type result from [40] (see Section 1.1.3). Let 7 be the
function defined in Section 2.1.5. Recall that for a function f on {0,1}" and 0 < k < n we
write fi for the orthogonal projection of f on the space of Walsh-Fourier characters of weight
k. We write x A y for the minimum of z and y and, as above, given a function f on {0,1}",

write r(p) for 1 log, (Hpr>.

[HR

Theorem 1.10:
Let f be a function on {0,1}"™. Then for any p > 2 and 0 < k < n holds

ka”? < 2(7r( H 1(1—— T’(P))) 2p 2 7‘(1’) ||f||p (10)

“Recall that || fc||3 = (fs, f), for § = 2¢(1 —¢).
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Let f be proportional to a characteristic function of a Hamming sphere of radius s. Then this
inequality is tight up to a factor of O ((ks)1/4) Jor0<k < §—+/s(n—s)and 5++/s5(n —s) <
k < n. In addition, between any two consecutive roots of the Krawchouk polynomial K there
18 a point k for which this is tight up to a factor of O (n5/2).

Discussion.

— An alternative (somewhat imprecise) way to phrase this result is as follows: For any p >
2, characteristic functions of Hamming spheres have (almost) the largest spectral projections
among all functions with the same ¢; and ¢, norms.

1—H(p)
— Let H;”f =2 2" for some 0 < p < 1. Then the theorem with p = 2 implies || f|l2 <

om(pg)m |fll2. In particular, for £ bounded away from below from 3 — \/p(1 —p), this
implies that || fi|2 is exponentially smaller than || f||2 (since 7 (p, %) is negative in this range,
see Lemma 2.8), recovering the result in [40]. Furthermore, we get a quantitative upper bound

:o Ll ko1
on the exponent of the ratio ”]5”22 for 0 < 2 <5 —+/p(1—0p).

2 Bivariate functions, Krawchouk polynomials, and Hamming
spheres

2.1 Some bivariate functions

Section 1.2 describes some functional inequalities on the Hamming cube. These inequalities
involve certain functions of two variables. A good way to come to terms with these functions
is to realize that they describe various aspects of the behavior of Hamming spheres or of
Krawchouk polynomials (see Sections 2.2 and 2.4). In this subsection we define these functions
and list their relevant properties.

2.1.1 The function I
For0§x§%and0<y§%—\/x(1—x),let

a a+b
(o) = Toga(1—a)+ gy (1 — 20— 0) -+ logs

2(1—53)> —%logQ (2(1—z) — a® — ab)

where a = 1 — 2y and b = /a? — 42(1 — ). Extend this by continuity to y = 0 by setting
I(2,0)=—1forall 0 <z < 3.

Let r(z,y) = 120+ (120" ~4y(1-y) g oy <z<jand 0 <y < §—/az(l-x). Then

2(1-y)
([18], with a correction in [23]) I is an indefinite integral of r, that is [ log, (r(z,2))dz =

I(y,xz)—1(0,x).

Lemma 2.1: For a fired 0 < z < %, the function r(x,y) decreases in y. In particular, for any
y >0 holds r(xz,y) <r(z,0) =1—2z.

Corollary 2.2: For a fired 0 < x < %, the function 1(y,x) is decreasing and concave in y.

15



2.1.2 The function 7
For 0 <z,y < %, let

H(z)+ 1(y,z) — 1(0,z if y<i_\/z(1-=z
T(z,y) = { ( )1+I§(x)—31[(y)( ) ? (1-2)
2

otherwise

It is easy to verify that 7 is continuous in both variables. Using the results in Subsection 2.1.1,

logy(r(x,y)) if y<i_/z(l—2z
WeseethataTgZy):{ ga(r(z,y)) ) ( )

: . This means that 7(x,y

%log2<ﬁ) if 2—yr(l-z)<y<i (@)
1
2

is decreasing and concave in y on 0 < y <
afterwards.

Lemma 2.3:

Forall0 < x,y < % holds

H(y) +7(z,y) = H(z)+71(y,2).

2.1.3 The function h

For2§p<ooand0§x§%,let

-

—1 p—1

h(p,z) = xr(l — ;E)pT +x v (1-— :c)%
Lemma 2.4:

1. For any p > 2 he function h(p,z) increases from 0 to 1, as x goes from 0 to %

2. Forany 0 < x < %, the function h(p,x) increases from 2/x(1 — x) to 1, as p goes from
2 to oo.

3. Let 0 <z < % If p>2 and h(p,y) =1 — 2z, theny<%—\/ac(1—x).
2.1.4 The function
For2§p<ooand0§m§%,let

bip.a) = Hy) = 1+pria,y) - LH(@),

where y is determined by h(p,y) =1 — 2.

The function 1 has another useful representation. First, we state an auxiliary lemma.

16



Lemma 2.5: For any p > 2 the function a(p,d) = (% — 5) . %7;;;52_1 decreases from % to

0, as d goes from O to %

Proposition 2.6: We also have
_ L) P
b(p.a) = (p—1)+log (1 =0y +97) = LH(z) — prlogy(1 - 20),

where § is determined by © = a(p,d). (Note that 6 is well-defined by Lemma 2.5.)

Proposition 2.7:

1. For any p > 2 and for any x > 0 holds ¥ (p,0) = 1(2,x) = 0.
2. The function 1 (p,x) is increasing and (strongly) convex in p for any x > 0.

3. The function ¥ (p,x) is increasing and (strongly) concave in x for any p > 2. We also

9Y(p,x) — Pplogy(p—1)
have =5 . > .

2.1.5 The function 7

For0<z,y < %, let

H(x)+H(y)—1 .
wlz,y) = {I(y,x)—[(o,x)—k()Q(y) if yS%— z(1—x)

0 otherwise

Y In particular, 7 is continuous in both variables.

Note that w(z,y) = 7(z,y) — %

Lemma 2.8: The function w is symmetric, that is w(x,y) = w(y,x) for all 0 < x,y < % It is
strictly negative for y < % — v x(1 — z) and increasing in both arguments.

Lemma 2.9: For any 0 < k,0 < % holds

o) = 3 min {otr () + -1 (12

g — 0

) + 22 1ogy(8) + (1 — 22) logy(1 — ) — klogy(1 — 25)} ,

—62464/62+4(1-20)0(1—0)

where x = x(0,0) = 5T=20) .
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2.1.6 The functions ¢ and ¢3

For 0 <o,e < %,let

Qoe(z) = o (;) v (1-0)H <1f0> + 22 logy(€) + (1 — 22) logy(1 — ).

Let

¢(o,€) = H(o )71+013j<xaaae(x)

—e2+er/e2+4(1—2¢)0(1—0)
2(1—2¢)

The value of z for which the maximum is attained is z = x(o,€) =
e.g., [3])
For0<y<land0<e<j; 1 Jet

(see

o(y,e) = ¢ (H ' (y).e).

We list some relevant properties of ¢.

Lemma 2.10:

For all0 < o,e < % holds

(o) = max {ylog2(1 —2¢)+ H(y)+ QT(U,y)} — 2.
0<y<1

Lemma 2.11: Let 0 <o < 3 and let 0 <y < 20(1 — o). Then

min {¢(0, €)+1—H(o)—ylogy(e)— (1 — y) logQ(l—e)} —oH (i) +(1-0)H (2(y> .

0<e<i 20 1—o0)

Lemma 2.12: Let 0 = 2, s an integer between 0 and 5. Let 0 < € % Let A =
Maxg<z<s Coe(T) and B = maxo<i<s Qe (%) Then B < A< B+ 0 (%), where the con-
stant in the asymptotic notation is absolute.

We also list some relevant properties of q~5

Lemma 2.13:

The function d(y, €) is (strictly) increasing and concave in y, for any fized 0 < ¢ < =. Moreover,
qﬁ(l e) =0, and the one-sided derivatives with respect to y ofgb at the endpoints of the interval
are 8‘i)(O €) =2 and 8(25(1 €) = 1.

€
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2.1.7 The functions 7 and 7,

(1—2¢)2
T+(1—2¢)2°

1- 14 (1—2¢)? 1
n(z,e) = 2¢<1——(i_1(_26)2)-x, 26(1—6))+(1_26>2'x,

where the function ¢ is defined in Section 2.1.6.

For0<e<l andfor0<z< let

= 9

More generally, for p > 1, for 0 < e < %, and for 0 <z < E, let

- L.

wed = 5o(1- L 21-0) 4

p—1 p—1

Note that 7 = 114 (1202

Lemma 2.14: The function n,(x,€) is concave and decreasing in x for fized p and € satisfying
p > 1+ (1 —2€)% Moreover, if we also assume 0 < € < % then it is strictly negative for
0<z< %.

2.2 Krawchouk polynomials

Krawchouk polynomials were defined in Section 1.1.2. In this subsection we list some of their
properties. We refer to [22, 24, 28, 29] for many of the facts stated below. Some of the properties
we describe, in particular Proposition 2.15 and Corollary 2.16 seem to be new and might be of
independent interest.

Notation: Here and below we will write a € b £ € as a shorthand for b—e <a <b+e.

1. Value at 0. For all 0 < s < n holds K,(0) = (7).
2. Symmetry. For all 0 <i,s < n holds K,(i) = (—1)* - Ks(n —1).
3. Reciprocity. For all 0 <i,s < n holds (?)Ks(z) = (”)Kz(s)

S

4. 5 norm. Viewing K as a function on {0,1}" or, equivalently, as a univariate real poly-

_ @)

nomial, endowing R with the binomial measure u(i) = %5

HK8H2 = (Z)

for 0 < ¢ < n, we have

5. Roots. The polynomial K (viewed as a univariate polynomial) has s distinct real roots,
which lie in the interval § £ /s(n —s). For 1 < s < &, the distance between any two
consecutive roots is at least 2 and at most o(n).

6. Magnitude outside the root region. Let I and 7 be the functions defined in Section 2.1.

As shown in [22] (a more precise version of a result in [18]), for any 0 < s < § and

0<i<3g—+/s(n—s)holds

(5)  or(= 2y _ (M) o(1(2.2)-1(0.2))m 3 < o(r(2.E)+o(n)n
Ao 2 = ( ) 2 < K(i) < 2 . (11)




In particular, using (3),

or(58)-o0)n < ey < olr(d) o)

n

7. Magnitude in the root region. By Corollary 2.16, the polynomial K, for 1 < s < 7,
attains its £o norm, up to an error of O (n5/ 2), between any two consecutive roots. That
is, there are at least s — 1 points ¢ between the minimal and the maximal roots of K so

that (%2) < (QLR)Kf(z) < (7). By (3), and by the definition of 7, for any such i holds

K, ()| € 20 (i)Eem)n, (12)

8. Higher norms. Let h be the function defined in Section 2.1.3. The following estimate

seems to be new®. Let p > 2 be fixed. Let n be sufficiently large. Let o <s<§— .
2s

Let 0 <y < % be such that h(p,y) = 1 — <. By Proposition 4.16 the £, norm of K is
attained, up to a small factor, in the vicinity of yn. More precisely, for some (in fact for

all) i € yn + o(n) holds | K| < 20 . G) 5, (o).
By Lemma 2.4, yn < § —\/s(n — s). Hence, using (11), we get the following estimate for
1Kl

K2 e 2(Hw-Lpr(5y)Eom)n,

Since the £5 norm of K is 4/ (Z) this implies that for - < s < § — % holds

Inn

hS]

s112

where v is the function defined in Section 2.1.4.

We remark that Theorem 1.3 will imply that these estimates are valid for all 0 < s < n.

2.3 Attaining norms between consecutive roots

The goal of this subsection is to show that Krawchouk polynomials attain their £5 norm, within
a polynomial factor, between any two of their consecutive roots, and also in the intervals below
their first and above their last roots. We prove this property, in a somewhat higher degree
of generality, for any family of polynomials orthogonal with respect to a discrete measure
supported on {0, ...,n}.

Let p be a positive measure on {0,...,n}, and let {P,..., P,} be the family of polynomials
orthogonal with respect to the inner product (f,g) = > 1" o u(i)f(i)g(i) induced by p, and
normalized® so that Ps(0) =1 for all 0 < s < n.

5Tt might be known to experts, but we are unaware of its appearance in the literature.
5Note that we need to choose a normalization to make the polynomials { Ps} well-defined, however the specific
choice of a normalization is immaterial for the discussion below.
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We will need two properties of orthogonal polynomials. First (see e.g., [42]), for any 0 < s < n,
the roots of Py are real and distinct, and lie in the interval (0,n); and second that its ¢,
norm || Psll2 = /> 1o w(i)P2(i) is minimal among all polynomials of degree s with the same
leading coefficient. This is a simple and a well-known fact, but we provide an argument for
completeness. Let P be a polynomial of degree s with the same leading coefficient as P;. Then
(Q = P — P; is a polynomial of a smaller degree and hence is orthogonal to P;. This means that

1P[13 = 11Ps + QI5 = [|P]5 + [|QII5 = [1Ps[3-

We can now state our claim.

Proposition 2.15: Let s > 0. Let the roots of Ps be y1 < y2 < ... < ys. Assume that y1 > 1
and that ys < n — 1, and that the distance between any two consecutive roots is at least 2.

Assume also that the ratios #6(1)1) and their inverses are uniformly bounded by some R > 0.

1. The ¢3 norm of Py is attained on the intervals [0,y1] and [ys,n] up to a factor of at most
0] (\/ Rn).
2. For any 1 <k < s—1 the {5 norm of Ps is attained between y;, and yri1, up to a factor

of at most O (\/ETLQ)

Proof:

We start with the first claim. We will prove it for the interval [0,y1], the proof for [ys,n] is
similar. We will assume that the claim does not hold, and reach contradiction by constructing a
polynomial P as above with ||P||3 < ||Ps||3. There are two cases to consider: y; is non-integer,
and y; is an integer. We will deal only with the first case, the second case is similar (and easier).

Assume then that the claim does not hold and that y; is not integer. Let i, = |y1]. Let as
be the leading coefficient of Ps. That is Ps(y) = as - [[;—; (v — y;). For a (small) parameter
7 define the polynomial P; as follows: Pr(y) = as - (y —y1 — 7) - [[;=5 (y — y;). Note that the
roots of Py, except for the first root, are those of Ps, and the first root is shifted downwards by
7. In particular, Py = Ps. We will show that %lT:OHPTH% < 0. This would mean that for some

7 > 0 we have ||P;||2 < || P||3, reaching a contradiction.

s
A simple computation shows that - |T ol|P-1[3 is proportional to Y7 & (Z)IP_SZ.(?’). We write this

expression as follows:

im—1 .
Z (i M(Zm) Z (i _ (13)
i—0 y1—Z y1—l >t Z/1—Z

Since the denominators in the summands in the first sum are at least one, the first sum is
2

bounded from above by Zz ™o ,u( )P2(i), which, by assumption, is at most ng’%'lf, for some

constant C' which we may assume to be large. The last sum is negative. Since the denominators

in its summands are at most n in absolute value, its absolute value is bounded from below by

1 dism 1(i)P2(i), which, by assumption, is at least - (1 — &%) - || Ps[|3.

n
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Finally, we need to bound the second summand. Note that both P; (i, — 1) and P; (i,,) are

p051t1ve since Ps 1s Fos&tlve at 0, and both points lie below the first root of Ps;. Note also that

Py(im—1) _ m—1) < Yi—im+1 1
Py (im) =T * i 2 i pei Hence

wlim) B Gm) - Ry — i) in — 1) P2 (i — 1) < R i — 1) P2 (i — 1) < 12202
Y1 —im Cn

)

Summing up, we see that for a sufficiently large constant C, the derivative %|T:0HPTH% is
negative, proving the claim.

We pass to the second claim of the proposition, proceeding via a similar line of argument. We
will assume that both yg, yx+1 are non-integer. The other cases are similar (and simpler).

For a parameter 7 define P-(y) = as-[]; 24 11 (v —¥5) (¥ — Y& + 7) (y — Yo+1 — 7). That is, we
move the two roots in question outwards by 7. A simple computation gives that a%\T:oHPTH% =

Uk — Yk+1) - 2oio %. Hence the contribution of all integer points outside the region

between the two roots is negative, and inside positive. We want to argue that if the norm inside
is smaller than the total /o norm by a factor of more than CRn*, for some sufficiently large
constant C, then %h—:o”PfH% is negative, reaching a contradiction.

Dividing out by |yx — yx+1]|, the outside contributes in absolute value at least 7712 . (1 — ﬁ) .
|P|[3. All the terms on the inside, for which the distance from both roots is at least 5,
contribute together (note that the larger of these two distances is always at least 1) at most
Cn4 -||Ps||3. Tt remains to deal with the inside terms which are close to one of the roots. Since
the distance between the roots is at least 2, there could be only one such term at the most. Say,
1 is close to y; from the inside. But then the contribution of ¢4 1 would be at least Jin L that of i,
by an argument similar to the argument above. Since i+ 1 contributes at most =27 - || Ps[3, we
have that i contributes at most R ~5 || P5||3, and the total contribution of the 1ns1de is bounded
by &2z - | Ps[3. This means that for a sufficiently large constant C, the derivative -2 I | _ollP-13

is negatlve, proving the second claim, and completing the proof of the proposition. I

Corollary 2.16: Let 1 < s < 5, and let x5 be the minimal root of the Krawchouk polynomial
K. Then Ky attains its {o norm within a factor of O (n) on [0,zs] and within a factor of
(@) (n5/ 2) between any two consecutive roots.

Proof: Recall that for 1 < s < % the distance between any two consecutive roots of K is at
least 2. We also use one additional facts about the Krawchouk polynomials: for 1 < s < 3,
the first root of K is at least 1 (see [29]). Hence we may apply the previous proposition with
w being the binomial measure on {0,...,n}. Note that the value of R in this case is n = Z Eé;
The claim of the corollary follows.

2.4 Hamming spheres

Let f = 15, where S is the Hamming sphere of radius s < & around zero. Let ¢ be the function
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defined in Subsection 2.1.6. Let o = >. Then (see e.g., [3]):

was = KL ()70 < s

=0
The second step is by (3) and Lemma 2.12.

Since f = Z%KS, and since T, = Y (1 — 2¢)FII, we have, by Parseval’s identity, that
(T.f, f) =2 peo(1=26)% (fr, fu) = 53w >opo(1—2€)*(}) K2(k). Using (11) and (12) it can bee

seen that the last expression is in 2(maxogyg%{yng(1_26)+H(y)+27(07y)}_Zio(l)).n

Comparing the two expressions for (T.f, f), the following identity should hold:

6(0,) = max {ylogy(1 —26) + H(y) +2r(0,9) } - 2 (14)
0<y<j;

This is verified directly in Lemma 2.10. We remark that this identity, which shows that ¢ is, in
an appropriate sense, a transform of 7, might be considered as a step towards understanding
of the somewhat ’arbitrary looking’ functions 7 and 1.

3 Some Proofs

In this section we prove theorems 1.5, 1.6, 1.8 and 1.10 and some related results.

Note that the arguments in this and in the following sections will rely, without further justifi-
cation, on the properties of the bivariate functions detailed in Section 2.1.

3.1 Proof of Theorem 1.5

n

We start with the proof of (6), distinguishing two cases: 0 < i < § — /s(n—s), and § —
s(n—s)<i< 3.

Consider first the case § — /s(n —s) < i < §. By the definition of 7, for i in this range we
i) = LA () —H(5)
2

‘n

Pr{lfl > flb-2 Q(H)'n}

1-H(L
Set t = ||fll2-2 2( )” Then, by Markov’s inequality, Pr{|f| >t} < Ef — 2(H(5)_1)'",

+2
completing the argument in this case.

have 7 (£ . Therefore (6) reduces to

IN
[\
—~
T
—~
3=
~—
L
~—
S

For0<i<§ —+/s(n—s),sett=]|f|2- o(m(2)=2H(3))™ and use Markov’s inequality and
Theorem 1.3 to obtain

Pr{|f| >t} < min{Ef‘p} = mig{w.Q(PT(Z’£)+§H(Z))'”} <
P>

p>2 | 1P (E f2)2
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grmingza{w(p.3)-pr(3, ) +8H(5))

Consider the function g(p) = ¥ (p, %) —pT (%, %) +tH (ﬁ) We claim that its minimum on
[2,00) is attained at p*, which is defined by h (p*, %) =1- 5. (Note that p* is well-defined
in this range of i.) Since ¥ (p,z) is convex in p, the function g is convex, and it will suffice to
verify that ¢’ (p*) = 0. Proceeding as in the proof of Proposition 2.7 below, we have that

) WW—TG’D%H@) -G =)

where y is determined by h (p*,y) = 1—2*. By the definition of p* we have y = *, and therefore

g (p*) =0, as claimed.

We now compute g (p*). Recall that ¢(p,z) = H(y) —1+p7(z,y) -5 H(x), where y is determined

by h(p,y) =1 —2z. In our case z = > and y = . Substituting, we get g (p*) = H (%) -1,

completing the proof of (6).

We proceed to the second part of the theorem. Let 0 <4 < & — /s(n —s), and let 0 < j <.

Recall that by (11) we have for 0 < j < & — \/s(n — s) that K,(j) > () - 2 2(1(5:3)=1(0:5))m
() or(n) > () -27(%). Recall also that |Ksll2 = 1/ (7). Hence, using (3) in the

e AT
last inequality,

(2
2H(§)n

n

L Zo (7;) >0 Q) gl (4)-1)m

Next, by Corollary 2.16, between any two consecutive roots of K there is a point ¢ for which
( ) - K2(i) > Q( 5) - || Ks]/3. This means that

{IK>Q( 51/2)-HKSH2- (2)} > 4 s Q(li)a(ff(:;)l)-n,

H('

Pr ¢ [Ks| > [[ K2 -

3\*
Ne—

Since in this range of ¢ we have / > 2

claim of the theorem.
|
3.2 Two auxiliary claims
The following claim provides a key to all the remaining results in this section. Note that this

is a special case of (10). Let 7 be the function defined in Section 2.1.5. We write z A y for the
minimum of x and y.
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Proposition 3.1: Let 0 < 0 < % Let f be a function on {0,1}"™ supported on a set of
cardinality at most 27" Then, for any 0 < k < n holds

(o . Ean=k).
Ifille < 27@RASE) ) s,

Proof:

Given a function f, let g be defined by g(z) = (=1)1*If(x). Then f and g have supports of the
same cardinality and (see Section 1.1.2) for any 0 < k < n holds gx = f,—x. Hence we may
k

and will assume in the following argument that 0 < k < 5. Next, recall that 7 (J, E) =0 for

k> 1_/o(1 - 0), reducing the claim of the proposition to the trivial inequality || fi||2 < || f|2.
So, we may assume 0 < £ <1 —/5(1—0).

Let f be a function on {0,1}", supported on a subset A C {0,1}". Let 0 < k < . Using the
fact that fi is an orthogonal projection of f in the first step and the Cauchy-Schwarz inequality
in the last step, we have

implying that %I}ﬁ? < |If& - La]]2- On the other hand, for p > 2, we can apply Holder’s

p—2

. . . AN 7 -
inequality to obtain ||fy - 14]|3 = (f2,14) < H1A||p;%2 : ||f13||g = <|2—n|> " ||f;€|]72J Combining
the two estimates gives

p—2 p—2
el 1 e fe) (W) el <\A\> P o e(pk/n)n
on — ’

Il Dl 1711 [l 2n

where in the last step we have applied Theorem 1.3, using the fact that fi is a homogeneous
polynomial of degree k.

Since, by assumption, |A| < 2H(@)n we have that for any p > 2 holds
kaHQ < 2(%'(11(0)—1)4-%1/1(%%))% ) ||f”2

Since % < % —y/0o(1 — o), there is a unique p > 2 such that h(p,o) =1 — 2%. Fix this p. We
then have, by the first definition of v, that 1 (p, %) =H(o)—1+pr (%,a) - LH (%) And
_ 1+H(E)—H(0) .
hence % (H(o)—1)+ %d} (p, %) =T (%, 0) — M =7 (%, 0’) =7 (0, %), completing
the proof of the proposition. 1

As a corollary we prove the following special case of (9). Let T, be the noise operator corre-
sponding to a noise parameter 0 < e < % (see Section 1.1.2). Let ¢ be the function defined in
Section 2.1.6.

Corollary 3.2:

Let 0 <o < % Let f be a function on {0,1}" supported on a set of cardinality at most oH (o)n
Then, for any 0 < e < % holds

(Tef. f) < 209t =HEDm | f)12.
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Proof:
We have, using Proposition 3.1 in the first inequality, that

n

L =20F(fu fo) < IFI3-D (1= 2¢)ko2r(e i A TE ) <

0 k=0

NE

<T€f7f> =

e
Il

Xocy<d {y 10%2(1—26)+27T(07y)}) ‘n

nllf3 - max, {(1-20f2mlom)n ) < g1 o

1+H(z)—H(y)
2

Since m(z,y) = 7(z,y) — we have

max {ylogy(1 —2¢) +2m(0,y)} = max {ylogy(1 —2¢) + H(y) +27(0,y)}—(1+H(0)) =

0<y<p 0<y<3
¢(o,€) +1— H(o),

where the last equality is by Lemma 2.10. So, (T.f, f) < n - 2@(@0+1-H(o 113

Finally, we remove the extra m-factor by a tensorization argument (see Section 1.1.4). For
an integer m > 1, let F,, = f®™. Observe that F), is supported on a subset of {0,1}" of
cardinality at most 2@ In addition, (Fo, Ep) = (f, /)™ and (TcFo, Fr) = (Tef, )™
Hence, by the above argument, we have

S\H

1
(Tefof) = (TP, B} < ()i - (20005 1=H@mm) ™ (15 |12)

(nm)m - 2@ HI=H @) p12
Taking m to infinity, gives the claim of the corollary. 1

We can now prove Theorems 1.6 to 1.10.

Proof of Theorem 1.6 and related statements

Remark 3.3: Let us first briefly explain why 1 < i < 20(1 — o)n is the relevant range of
parameters. (See also the discussion following the proof of Theorem 5 in [3].) Let s = on
and assume s to be integer, and ¢ = 20(1 — o)n = W to be an even integer. If A is the

Hamming sphere of radius s around zero then ¢ is the expected distance between two points

chosen uniformly at random from A, and it is easy to see that, up to at most an O (jﬁ)-factor,
we have a;(A) = |A|2. Hence in this case we cannot expect a non-trivial upper bound on a;(A).

n

For a larger i, that is 20(1 — o)n < i < §, write i = 2t(7;t), and, assuming t > s to be

integer, choose A to be a random subset of cardinality (Z) of the sphere of radius ¢ around
zero, to a similar effect. For § < i < n, let j = n —4, and let B = AU A, where A is
the shift of A by an all-1 vector. Then 0 < j < %, |A| < |B| < 2|4, ai(B) = a;(B) and

0i(A) < a;(B) < 2 (ai(A) + a;(A). 0 .
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Proof of (7)

We follow the argument in the proof of Theorem 5 from [3] replacing the hypercontractive
inequality (4) used in [3] with Corollary 3.2.

Let € be between 0 and % Note that for any function f on {0, 1}" holds (f., f) = 2% Dy f(x)f(y)e=tvl(1-
€)"le+l. Substituting f = 14 gives (fe, f) = 55 > g ai(A)e'(1 — €)"~*. On the other hand,
Corollary 3.2, gives (f, f) < 2(¢(@O)+1=H(@)n | £|2 = | A| . 2(¢(e:6)—H(7))n

Hence, for any 0 <¢ < n and for any 0 < € < % we have

ek n—k (¢(o,e)+1—H(o))n
e’(l — 6) —t €(l—ent

ai(4) <

Minimizing over e gives

a(A) < ’A‘ ) 2min0<ég%{(]5(0',6)4’171{(0‘)7%10g2(6)7(17%)10g2(176)}-n

4] - 2(7H (@2)+ 0= (5am) ).

where the last step is via Lemma 2.11. I

Proof of near tightness of (7) for spheres or unions of spheres

For an even i = 2j, let A be a sphere of radius s. Then a;(A) = |4| - (S)( %), while (7) gives
a;(A) < 4] Lo H(D) =) H (355 By (3), the upper bound provided by (7) is larger than a;(A)

by at most a factor of © (j . %) <0 (3).

For an odd 7 = 2§ — 1, let A be the union of two adjacent spheres of dimension n — 1 and
radii s — 1 and s. Note that |[A| = (), and that a;(4) = 2]A\( )(" o 1) As above, this loses
sH(

i—1
a factor of at most O(i) to |A] - 2 s DH (G5, Next, a simple analysis, which we
omit, shows that sH (ﬁ) +(n—s)H (m) = sH <2J 1) +(n—s)H ( 2j—1 > is larger than

2(n—s)
sH (%) +(n—-s—1)H (nj_gil *) + O(1), and hence the upper bound
on a;(A) provided by (7) is tight, up to a factor of O (\ [ z) |

) by at most = log2 (

Proof of Corollary 1.7

First, note that for any ¢ > 1 holds tH (1) = logy(t) + (t — 1) log, (t_%) < logy(t) + 15, where
in the last step we have used the fact that In(1 + z) < x for any = > —1.

Let 1 < s < § be an integer. Using the observation above and (7) with o = > and i = 2, gives

az(A) < |A]-2SH(§) (n=9)H(7%) < e’s(n — s) - |Al.
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Proof of (8)

If R = 1, the claim becomes Py(1,€¢) = 0, which is correct, since in this case the undetected
error probability is 1 — (1 — €)" ~ 1. So, we may assume 0 < R < 1. Let 0 = H !(R). Let n
be a large integer. We will assume, somewhat unaccurately, that s = on is integer, whenever

lon]

required (to do this with full accuracy we would sandwich Pye(R, €) between Py, <H (T) , e>
and Py (H (LT:LU ,e) and proceed similarly).

Let A(o,n) be the union spheres of dimension n — 1 and radii s — 1 and s around zero. We
will show below that A maximizes the undetected error probability for all codes in {0,1}" of

cardinality at most 2H(9)n = 2R yp to a factor of at most O (s%n%) This will imply that

Pye(R,e) = limsup (:L logy (Pae (A(o,n),€) )> .

n—oo

Let A = A(o,n), and let f = 14. Then f = g+ h, where g is the characteristic function of

the sphere of radius s around zero and h is the characteristic function of the sphere of radius

s — 1 around zero. Note that P (A, €) = ‘% “(fe, f) — (1 —€)™. We claim that for € > 0

the first of these terms is exponentially in n larger than the second one, and consequently
E

Py (Aye) = |27 (fe, ). Indeed, we have
1 2n 2n
ﬁlogQ <|A| ) <fe,f>> = %IOgQ <|A[ ) <967g>> € ¢lo,e)+1—H(o)+on(1) =

+ 0,(1).
gza, {are(@)} £ ou()
For the second step, see Section 2.4, and for the third step Section 2.1.6. As stated in Sec-

_ 2 2 _ —
tion 2.1.6, the value of z for which the maximum is attained is z* = z(0,€) = — +e 62?14_(126)26)0(1 o) ,

which is strictly positive for o, € > 0. And it is easy to see that oy (2*) > a4.c(0) = logy (1 —e¢).

Next, note that (ge,g9) < (fe, ) = (g + he,g+h) < 2+ ((ge,g) + (he, h)). For the last step

recall that the noise operator is a positive semidefinite linear operator, and hence we have
1 1

the Cauchy-Schwarz inequality (ge,h) < (ge,9)2 - (he, h)2, and similarly for (g, h.). Since

both L log, (‘2—:' : (gﬁ,g>> and 2 log, (% - (e, h)) are in oy (2*) £ 0,(1), this implies that also

Llogy (Puc (4,€)) € ao, (z*) £ 0,(1). Hence

Pye(R,e) = limsup (:], logy (Pae (A(o,n),€) )> = Qg (%),

n—oo
proving (8).
To conclude the proof it remains to show that A maximizes the undetected error probabil-

ity up to a polynomial factor. Let t = @ We first claim that the number of pairs of

points in A at distances between 1 and ¢ from each other is not negligible. More precisely,
2221 a;(A) > Q (n‘g) -|AJ]2. This can be shown by observing that distance distributions
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inside a Hamming sphere and between two distinct Hamming spheres are closely related to hy-
pergeometric distributions with appropriate parameters, and by applying straightforward first
moment estimates for hypergeometric distributions. We omit the details.

Let now C C {0,1}" with |C| < 2H#(©)" On one hand we have by Theorem 1.6 that
t

‘é|~;ai(0)ei(1—e)"_i < o(s—ma) |A|~;ai(A)ei(1—e)"_i < o(s—%n%)-Pue(A,e).

On the other hand, we have

1 - 7 n—i n—t— 1 - n—t—
i > a(C)é(l—em < I —ent 1.@ > a(C) < T 1—em O <
i=t+1 i=t+1

e(1—e)" .0 (s%) Al < O (s%n%> : |il izt;ai(A)ei(l —" " < 0 (s%n%> - Pue(A,€).

We use (3) in the third step, and the inequality >>¢_ a;(A4) > Q <n_%> -|AJ? in the fourth step.

Combining these two inequalities gives

n

Zai(C’)ei(l —a" " < 0 (s%n%) - Pue(A,€).

=1

1

Pue(C,e) = @ .

Proof of Theorem 1.8
Proof of (9)

Note that it would suffice to show a somewhat weaker statement:

1711y ¢ (1 — 2092

n %log —r— ), €]n
Ifella < 2007 -2 ( 2( i ) ) Nl a-26025 (15)

since the 2°(") term by can be removed by a tensorization argument, like in the proof of Corol-
lary 3.2. We proceed to show (15), with an error term which is polynomial in n.

We may assume that f > 0, since replacing f with |f| increases the LHS of (15) and does
not change the RHS. We may also assume, by homogeneilty, that ||f|[; = 1. This means that
I fllc < 2™, and that the points at which f < 27", say, contribute little to both sides ot the
inequality, so we may ignore them for the sake of discussion (that is, we may and will assume
that f vanishes on these points). All the remaining points can be partitioned into O(n) level

sets Aq,...A, such that f varies by a factor of 2 at most in each level set. Let a; = %logQ ("24;" ),
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and let v; = %logg (vi), where v; is, say, the median value of f on A;. Then, up to an additive

error term of O (%), we have, for any p > 1, that

1/p
1 1 — A, @ — 1
Jlogs |Ifll, & - log (Zz RS, o

i=1

Here we use the approximate equality sign ”~” to register that the equality holds up to a
negligible error.

Next, we estimate the LHS of (15) in terms of {a;} and {v;}. Let f; be the restriction of f to
A;. Then fe =3, (fi)., and we have that,up to an additive error term of O (M>,

n

logy (ferf) & -log, (Z<<fi>e,<fi>e>) = log, (Z<(fi)26(1_e),f¢>> ~

i=1 =1

112323 {711 log, <(fi)2e(lfe) 7fz‘>} ~ lrgl%xr {:1 log, (1%2 ) <(1Ai)2€(1—€) ) 1Ai>>} <
max {QNS (i, 2e(1 —€)) + 21/1-},

The first step follows from the Cauchy-Schwarz inequality, the second step uses the semigroup
property of noise operators, and the last step follows from Corollary 3.2, and the definition of

¢.
We will show (15) to be a simple corollary of the following lemma. Given 0 < ayq,...c,, < 1 and

0 < wvi,...p, we write N(p) for max;<i<, {C”Tfl + 1/,-}.

Lemma 3.4: Let 0 < 6 < 1/2, and let p > 2 — 20. Then, for any 0 < aq,...c, < 1 and
0 <uvq,... holds

max {6 (ai,0) + 20} < d(a”,8)+ 2",

1<i<r

where a* =1 — E7 - (N(p) — N(1)), andu*:p%'N(p)—%'N(l).

[y

Proof: We need to show that for all 1 < i < r holds ¢ (a;, ) + 2v; < ¢ (a*,6) + 2v*. Fix i.

Recall that 1—; < w < 2. There are two cases to consider.

1. vy, <v*.

If also @ > a;, the claim follows from the monotonicity of 6 in «. If, on the other hand,
o < ay, then ¢ (a;,9) — ¢ (a*,0) < 2a; — 20, and hence it only remains to verify that
o; +v; < o + v*. To see that note that

ai+v; < 1+N(1) = o +v".
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2. v; > vk

Note that < +v; < % + N(p) = & + v*. In particular, we have that * > a;. And hence

a*
P
1 o — o

p

> 2u; — 2U%.

¢( ,0) — qg(azy) > 17_6'(04*—041‘) > 2.

We can now conclude the proof of (15). Given a function f, define, as above, the partition
of {0,1}" into level sets Ay, ..., A, of f, and define {a;} and {v;} correspondingly. Apply the
lemma with p = 1+ (1 — 2¢)? and 6 = 2¢(1 — €). By the discussion above, and bearing in mind

that ‘a‘f’(ae
10) (log(">) that

is bounded by a constant (in fact by 2), we have, up to an additive error term of

1 1 ~ -
—logy [|fell3 = —logy (fe, f) S max {¢(ai725(1_6))+2Vi} < ¢ (o 2¢(1 - €)) + 20" =

joax,
¢3<1 % C(N(p) — N(1)), 2¢(1 e)> +2-N(p;:iv(1)+2N(p) ~
3 (1 P i, (Hjﬁ”) 91— e>) L. lgp_”f” + 210z, (1) =

o () ) = (). )

Proof of near tightness of (9) for spheres

Proposition 3.5: Let f be proportional to 1g, where S is a Hamming sphere of radius s. Then
(9) is tight for f up to a factor of O (33/4).

Proof:
We write p for 1+ (1—2¢)2. We may and will assume, for simplicity, that || f||; = 1 (which means
f= % -1g). This reduces (9), after taking binary logarithms of both sides, and expanding the

definition of 7, into

1 1~ 1 1
~logs (Ifell2) < 59 (1 — T o (1), 261 - e>) ot log (1)

We want to show this is nearly tight for f. Let o = . We proceed by comparing both sides of
this inequality to M = 3¢(0,2¢(1 —€)) + 1 — H(o).

First, consider the RHS. Let g(z) = 1¢ (1 — 5w, 26(1 - e)) + ;% - z. Then the RHS
is g (2 logy (||f]lp)). Observe that M = g <T%1 1-— H(J))) Note also that Llog, (|| f[l,) =
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ijl (1 — %logQ ((2))) Let z = ijl(l — H(o)) and let y = ijl (1 - %logQ ((2))) By (3), we
have that y > x and that y — 2z < pp%l . (%logQ(s) +0 (TIL)), where the asymptotic notation
hides absolute constants. Since ¢ increases and 2 > gg’ T ) > 1, we have that g increases

261(1 €
)| < %-Llogy(s)+O (). In other

and ¢’ < 5. This 1mphes that g(y) > g(z) and |g(y) — g(x
words, |RHS M| < L logy(s) + 0 (2).

Next, consider the LHS. We have that it equals (writing ¢ for 2¢(1 — €)):

1 1 M S s\ [n—s i 2
o108 (oo ) = 5 loma ({5, ) = log2<(s)§j(i)< ) 2) >

=0

2" 1 SN[ S\ 5201 _ s\n—2i
on 10g2<(8)>+2n51<1?<xsl°g2<<z>< i >5 (1-9) )

In the first step we have used the semigroup property of noise operators. For the second step,
see Section 2.4.

By (3) we have 5-log, (5,:3) > 1—1;(0) + £ logy(s) — O (). Similarly, by (3):

1 S n—s % n—2i
— — >

T {"H (/n> -t (2 )+ 2] om0+ (1227 Yoot =015 om0 ()

> L ax {JH (£) +a -0y (ﬁg) + 22 10g,(8) + (1 — 22) logy(1 — 6)}—21nlog2(3)—0 (i) |

2 0<z<o

The second inequality is by Lemma 2.12. Summing up, we have that the LHS is bounded from
below by

;0213; {UH (g) Y (1-o)H (1f0> + 22 log,(6) + (1 — 22) logy(1 — 5)} +

Lo -

_ %gb(a, 2e(1— )+ 1— H(o) - % logy(s) — O <1> _ M- ﬁ logy(s) — O <1> .

n n

The first step follows from the definition of ¢. Wrapping everything up, we have that LHS —
RHS < % logy(s) + O (%) and hence the hypercontractive inequality is tight for f up to a

multiplicative factor of O (33/ 4).
|
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3.2.1 Proof of Corollary 1.9

We may and will assume, by homogeneity, that ||f|1 = 1. Let F(p) be the (normalized)
binary logarithm of the RHS of the inequality in the claim of the corollary. That is F(p) =
mp (£ 1ogy (|| fllp), €)+2 logy (|| f]lp)- We will show that F(p) increases in p, and hence the claim
of the corollary for p > 1+ (1 — 2¢)? follows from the claim for p = 1+ (1 — 2¢)2, proved in (9).
Expanding the definition of 7,, we have, as in the proof of Proposition 3.5, that

1~ 1 1
F(p) = 59 (1 — g (1) 2e<1—e>) + ot log (1)

Since the derivative of q~5 with respect to its first argument is bounded from above by 2, it
suffices to show that Z; -log, (|| f[lp) is increasing in p to infer that I is increasing. Let
G(t) = logy (|| fll1/¢), for 0 < t < 1. The function G is decreasing and convex (this is a
consequence of Holder’s inequality, see [14], theorems 196-197). Moreover, G(1) = 0, since

1)
[l = 1. It is easy to see that this implies that £ -log, (|| f[|p) = gif; is increasing in p. 11
p

Proof of Theorem 1.10

Proof of (10)

First, as is observed at the beginning of the proof of Proposition 3.1, it suffices to consider the
case 0 < k < 3.

Let 0 <e< % and consider the action of the noise operator 7T on f. Since T, = Zzzo(l—Qe)kﬂk
(see Section 1.1.2), we have that f. = S°}_o(1 — 2¢)*fx, and therefore (fe, fo) = > p_o(1 —

2€)%% (fr., fr). This implies that (fy, fx) is upperbounded by (fizg%k Taking logarithms of

both sides of this inequality, and using Corollary 1.9 in the second step, we get that

1 1 k 1 k
~logy (Ifklla) <~ logy (I£cl2) — ~ loga(1-2¢) < my (r(p), )+ log (If,)— - loga(1-2¢).

Hence (10) would follow if we verify the identity

win, {0, 0. 0) ~ Slomy(1 20} = 7 (EA"E (1o 2 ) ) - 22

. —_ -7”
0<e<3 n n p—1 2p — 2

Writing o for H~! (1 — p%l -r(p)), k for %, d for 2¢(1 — €), and expanding all the defini-

tions, this reduces to verifying that for all 0 < k,0,0 < % holds, writing x = z(o,d) for

—4 — o\l—o . .
5 +6\/6;z;zi(;6)25) =9 {hat m(k,0) = (o, k) is given by

L min {O’H (g) +(1-0)H <1$0> + 2z logy(9) + (1 — 2x) logy(1 — 6) — klogy (1 — 25)} .

2 0<s<

This is shown in Lemma 2.9, and (10) follows.
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Proof of near tightness of (10) for spheres

Proposition 3.6: Let f be proportional to 1g, where S is a Hamming sphere of radius s. Then
(10) is tight for f in the following sense: If k < 5§ — \/s(n — s), then (10) is tight for fup to a
factor of O (k1/4). Moreover, (10) is tight for f up to a factor of O(t), provided k is a point at
which the £o norm of K is attained, up to a factor of t.

Proof:
Let S be the Hamming sphere of radius s around 0. Let f = 1g. Recall (see Section 1.1.2)
that f = 55 + K, and therefore for any 0 < k < n holds fj = 2%KS(IC) - Ki. Hence || fx|le =

VQ,,I,“ | K In particular, ||fxll2 = ||fn-kll2, and in the following argument it suffices to
consider the case 0 < k < 3.

Let R be the RHS of (10). Then 1 log, (| f|lp) = 1— log, ((* )) and r(p) = %-( — Llog, ((1))).

Substituting, we get %logz(R) =7 (%,H‘1 (% log, ((S)))) -3 (1 - %logz ((Z)))

We consider two cases.

1. 0<k< s(n —s).

1\3\3

In this case, see (1 ) we have K (k) > H(( )) = (), Hence, recalling that 7(x,y) =
m(y,z) — H(y)—H(x)—1 ( )=

ottt 2 = (0 5) =5 (1= (1)) )2 (v () - (D)«
2 (o (1)) - ()

By the monotonicity of m we have that 7 (%, H! (% log, ((’;’)))) <m (%, %) and hence

Hogs(R) - SlomIfil) < g+ (1(2) - 1o (7)) +
(5(5)- (7)) = Lasthn 0t
)

This proves the first part of the proposition.

, we have, after some rearrangement, that

| =

where in the last inequality we have used (3

2. K, attains its £5 norm on k up to a factor of .
This means that o (7)K2(k) > Q(t ) - HK 13 = (%) - (%), which implies |K (k)| >

S

0 (l) . (()) Hence || fx|l2 > ©Q %) \/ and recalling that 7 is non-positive,

Lloga(R)~ ~ lom (Ifull2) < w(,’j,ilogz (1)) -toeati+o) < tomsto+o

t

This proves the second part of the proposition.
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To complete the proof of the tightness of (10) for spheres recall that, by Corollary 2.16, between
any two consecutive roots of K, there is a point on which K attains its 5 norm up to a factor
of O (n®/?).

4 Proof of Theorem 1.3 and related results

We first deduce Corollary 1.4 from Theorem 1.3.
Proof: (of Corollary 1.4):

Let g be a polynomial of degree s. Write g = > >_ a,fr, where f. is a homogeneous poly-
nomial of degree r, 0 < r < s. By the triangle inequality for the ¢, norm we have || f||, <

>ov_olar|l|frl[p- On the other hand, the Parseval identity gives ||fl|l2 = />.r_oaZ|flI? >

v(pg),
maxo<r<s |ar||| fr||2- Note also that (5) is equivalent to H;I"’ <27» "

l2 =
Taking all of the above into account, and recalling that i (p, ) increases in x, we have that

¥(p, L) (e )

S S S
ol _Sioolellfle  _ §hLhly o 5o p2eEa e,
r=0 r=0

lglla — maxo<r<s [ar||| frll2 Il frll2

We proceed with a tensorization argument. For an integer m > 1, let G,, = g®™. Note that
G, is a polynomial of degree at most sm on {0,1}"™". By the above,

1 s 1 s
lolls _ <||Gm||p>m < (nm,;@;w.nm)m _ g 228
lol: = \lGul2) =

Taking m to infinity gives Hg lp <2 v
1

We proceed with the proof of Theorem 1.3. First, we introduce some notation. Let R(n,s,p)
ILA11p
[1A115

Then (5) becomes

be the maximum of the ratio

KR
K115

over all homogeneous polynomials of degree s on {0,1}".

Let r(n, s,p)
R(n,s,p) < 2¢(a)m,

The key step required to show this is the following claim.

Theorem 4.1: Let p > 2 be fized. Then, for all 0 < s < n/2 holds

R(n787p) < 20(10&71)) 'T(?’L,S,p).

Here the constant in the asymptotic notation may depend on p.

35



The inequality (5) will follow from Theorem 4.1 and the following limit estimate.

Lemma 4.2: For any integersn > 1 and 0 < s < %, and for any p > 2 holds

1

lim (r(nm,sm,p))m — ov(pz)m,

m—o0

In fact, assume Theorem 4.1 and Lemma 4.2 to hold. Let f be a homogeneous polynomial of
degree s on {0,1}", such that R(n,s,p) = ]EE/QEZ}Z. We proceed with a tensorization argument.
For an integer m > 1, let F},, = f®™. Then F,, is a homogeneous polynomial of degree sm on
{0,1}™™. Hence,

1

— 1
E f? EF; \" 1 O<1 nm ) "
JE A — oo m og(nm) .
R(n,s,p) = b2 12 = < 73 2) < R(nm,sm,p)m < (2 g r(nm, sm,p) ,

where the second inequality follows from Theorem 4.1. Taking m to infinity, and using Lemma 4.2,
gives R(n,s,p) < 21”(”’%)'", establishing the first claim of the theorem.

The second claim of Theorem 1.3 will be dealt with in the following proposition.

Proposition 4.3: There is an absolute constant C such that for any integers n > 1 and

0<s< %, and for any p > 2 holds

on(p ) < n-CP.sh r(n,s,p).

In the remainder of this section we prove Theorem 4.1. Lemma 4.2 and Proposition 4.3 will be
proved in Section 4.5.

Notation: For the duration of this section let sg = so(n) = . Let € = ¢(n) = % Note
that e(n) behaves like ﬁ, up to polylogarithmic factors. The proof of Theorem 4.1 will rely
on the following four claims.

Lemma 4.4: Theorem 4.1 holds for all s < sg.

Proof: We use (2). Since r(n, s,p) > 1, we have

< (p_ 1) 2 < nn < Inn ~r(n,8,p).

ps PsQ ploga(p—1) n ploga(p—1) n
2 2 2 2

R(n,s,p) < (p—1)

Lemma 4.5: Theorem 4.1 holds for all 5§ — sy < s <

(SIS
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Proof: Let ég be the characteristic function of 0. Clearly,

E(sg (Efl)n
R(n737p) < Ep/2(58 = 2\2 .

On the other hand, recall that K,(0) = [|K|[3 = (). Note also that, by (3), we have (}) >

(ﬁfso) 2 <ﬁ) 2G5 n O( ) Hence

2

1 D n\p/2 (E—l)n

n KS(O) ( ) 2 2 —O( 2

r(n,s,p) > 2 = 8 > > 2

(n50) 2 TR 7 5 o)
2

The proofs of the next two claims are harder. We will first state the claims and show how to
deduce Theorem 4.1 from the preceding two lemmas and these two claims and then prove the
claims.

Proposition 4.6: There exists an explicitly defined (see (16)) function F' = F,, of two nonneg-
ative variables T and y such that

1. The function F is increasing in both x and y is 1-homogeneous.
2. For any 1 < s < (n+1)/2 the following inductive relation holds

R(n+1,s,p) < F(R(n,s,p),R(n,s—1,p)).

Proposition 4.7: There exists a sufficiently large constant ng such that for all n > ngy and for
all so(n+1) <s < (n+1)/2 — sg(n + 1) holds

r(n+1,s,p) € (1:i:O(e))2p'F(T(n,s,p),r(n,s—1,p)>.

We now prove Theorem 4.1, assuming the four claims above to hold, and proceeding similarly
o [19]. We will show by induction on n that for all n and for all 1 < s < % holds R(n,s,p) <

9°Toatm r(n, s, p), for some constant ¢ which may depend on p.

For any fixed ng, we may assume, by choosing ¢ to be sufficiently large, that the claim holds
for n < ng, which takes care of the base step. We pass to the induction step. Assume the claim
holds for n and we will show that it holds for n+ 1 as well. Let 1 < s < (n+1)/2 be given. We
may and will assume that n > ng, for a sufficiently large ng. By Lemmas 4.4 and 4.5 the claim
holds for s < sgp = so(n+1) and for s > (n+1)/2—s¢. So we may assume sg < s < (n+1)/2—so.

Let Ry = R(n,s,p) and Ry = R(n,s—1,p). By Proposition 4.6 R(n+1,s,p) < F (Ro, R1). Let
R R

r(n,g,p)’ r(n,sil,p)

and 1-homogeneity of F' given in Proposition 4.6, and by Proposition 4.7, we have that

p = max } By the induction hypothesis p < 2B () . By the monotonicity

F(Ryg,R;) < F(p-r(n,s,p),p-r(n,s — 1,p)> = p-F(r(n,s,p),r(n,s — 1,p)) <
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2c$ -F<r(n,s,p),r(n,s—1,p)) <
en__ % c—ntl
270em - (1+0 ()" -r(n+1,s,p) < 2°0e0FD - r(n+1,s,p),

completing the proof of Theorem 4.1. Note that the last inequality holds, for a sufficiently large

n, since € = O (ﬁ)
|

4.1 Proof of Proposition 4.6

Let p be given. We start with defining the function F' = F}, at a point (z,y) where z,y > 0.
p

2\2/P (\/E+1)p+)ﬁ—1’
Ify=0,let Fz,y) =x. Ify #0, let p = (5) . Let P(z) = 5 . We define
F(z,y) by
P(pp
F(iL“a y) = Y- supﬁe[o,oo)(ﬁ_il)z))ﬂ- (16)

By definition, F' is clearly 1-homogeneous. Since, as is easy to see, P increases in z, for z > 0,
we also have that F' is increasing in x. To see that F increases in y, substitute a = pf and

P
note that F(z,y) = x - SUPae[o,m)#-

We now proceed similarly to the proof of Proposition 4.5 in [19].

Let f be a homogeneous polynomial of degree s over {0,1}"*1, such that Ef/g; = R(n+1,s,p).
For i = 0,1 let f; be the restriction of f to the n-dimensional subcube {z : z,+; =i}. We view
both of these subcubes as isomorphic to {0,1}". Note that there is a homogeneous polynomial
go of degree s over {0,1}" and a homogeneous polynomial g; of degree s — 1 over {0, 1}", such

that fo = go + g1 and f1 = go — g1. We sum up the above by writing f < (g0 + 91,90 — 91)-

Let us first deal with the case in which one of the functions g; vanishes. If gy = 0 then

D
f < (90,90), and hence R(n + 1,s,p) = EE{;Q = Ef;;’Ogg < R(n,s,p). To see that the claim

of the proposition holds it remains to verify that z < F(x,y). This however is true, since
F(z,0) = y and F increases in y. Similarly, if go = 0, we have R(n + 1,s,p) < R(n,s — 1,p).
In this case we need to verify y < F(z,y). This is true, since F(z,y) > yP(0) = y.

E g5 _ Egq
TEE and let Ry = e

Note that Ry < R(n,s,p) and Ry < R(n,s — 1,p). We use Hanner’s inequality [30]: For p > 2
holds

From now on we assume that both g; do not vanish. Let Ry =

p
lgo + g1ll5 + llgo — anlly < (llgollp + llgrllp)” + ‘”gﬂ”p_ l911ln| -

This implies that

Ef (oot aullp + llgo — g1llp)
R(n+1,s,p) = o = ; T
EY" f (Eg +Eg?)
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p p p
L ((lolly + g ll)” + llgolly = g | ) L b ((lanke 4 1)" 4 [faol ")
_ R |

2 2\P/2 2 p/2
(Egj +Eg?) (%—‘Z‘%—Fl)

2/p 2
Let p = (ﬁ) ,and 8 = E—ﬁ%. Then loolle — v pB, and the last expression can be written as
1

1 ||91Hp B

5 (s + 1)+ |vps 1) P(pB)
| (8 + 1) T apr = PR,

Ry

where the last inequality follows from the definition of F'.

4.2 Proof of Proposition 4.7
There are two functions on [2, 00| X [0, %] which will play an important role in the following
argument. The first of these functions is the function h(p, z) defined in Section 2.1.3. We define

1 -1 -1 1
the second function to be g(p,z) = xr (1 — x)pT - a:pT(l — x)r. Note that g is nonnegative.

For fixed p we will frequently omit the first variable and view h and g as functions of x only.

Given n, s < n/2, and p, we define iy = ig(n, s, p) to be the unique real number in the interval
[0, n/2] satisfying

1—23:h<p,i0>. (17)

We now define several quantities depending on n, s, p and ig. Assume s > 0. Let t = t(n, s,p) =

(n—2ig)++/ (n—2ig)? —4s(n—s)
Ul 2(n_5()’ & . Let

n—2710

p(n,S,p) = s t_17 (18)
and let
n s\ P/2 n—3s N
®(n,s,p) = n—i0) (ﬁ) : (1 +— -t) . (19)

The claim of Proposition 4.7 will be based on the following two claims.

Proposition 4.8: Let F be the function defined in (16). Then, assuming 0 < s < n/2, we
have

®(n,s,p) = F(pp/2(n,s,p),1)
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Proposition 4.9: There exists a sufficiently large constant ng such that for all n > ng and for
all sp < s < % — 8¢ holds

1.

r(n,s,p) 2/p 9
<Tw> € (1x£0(€)” - p(n,s,p).

r(n+1,s,
( P .

e p— (1£0 () - ®(n,s,p).

We first derive Proposition 4.7 from these two claims and then prove the claims. By 1-
homogeneity of F', the claim of the proposition is equivalent to

r(n+1,s,p) N2 r(n, s,p)
r(n,s —1,p) € (1£0(9) F(r(n,s—l,p)’1>

Assume Propositions 4.8 and 4.9 to hold. By the monotonicity of F' in both coordinates and
by its 1-homogeneity, we have that
r(n+1,s,p)
—— €
r(n,s —1,p)

1+0()* F (M 1) .

r(n,s —1,p

(1£0 () - B(n,s,p) = (liO(e))p-F(pp/z(n,s,p)J) c

4.3 Proof of Proposition 4.8

First, we observe that p(n,s,p) lies between 1 and p — 1. This will be the contents of the
following lemma.

Lemma 4.10: For all 0 < s < n/2 holds

I < p(n757p) < p_l

Proof: Let x = %0 Then by (17) we have 0 <z < 1/2, and h(z) =1 — 7. Hence > = 1=h(z)

2
1—2z+g(x) .
Trh) To see this, observe

In particular, s is a function of x, and hence so is t. In fact, ¢t =
that a simple calculation gives

L (n — 2ip) + \/(n — 2ig)? — 4s(n — s) (1 —22) 4+ /(1 —22) — (1 — h2(x))
N 2(n—s) N 1+ h(x) '
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Note that h?(x) — g?(z) = 42(1 — ), and hence the last expression is indeed %Jr(igw)

Next, we write p = p(n, s,p) as a function of x as well: p = %. This can be verified by

a simple calculation, using again the identity h?(z) = ¢?(x) + 42(1 — 2):
n— 2i 2(1 —2x)(1 — 2z + g(z))

o1 = 1=
s 1 —h2(x)

p:

((1 —2x) + g(rc))2 12z +g(x)

(1-22)2—g*(x)  1-2z—g(z)
Since g > 0 for 0 < x < 1/2, this implies that p > 1.

Next, we argue that p < p — 1. This is equivalent to g < % (1 = 2x). Since both sides of

this putative inequality vanish at 1/2, it suffices to show that ¢’ > —21’1.%4. Computing ¢' and
rearranging, we have that

(T ) () 6)

1 ES
Let vy = 3- ((H) P4 <ﬁ> p) . Then v > 1 and by convexity of the function t — t*~! we have

T

g > % - % -7y. Using this, it remains to verify the inequality "' — (p—1)y > —(p—2),

for v > 1, and this is true, since it holds with equality for v = 1, and the derivative of the LHS
is positive for v > 1.

|
Next, we consider F' (pp/Z(n, $,D), 1). Let x = pP/2(n, s, p) and y = 1. By the preceding lemma

T

2/p
p=pn,sp = <§> lies between 1 and p — 1. Recall that F(z,y) =y - supﬁe[o’w)%.

Let f(B) = ( ijr(f)ﬁp)ﬂ' The following lemma describes the behavior of f when 1 < p <p — 1.

Lemma 4.11: Assume 1 < p < p— 1. Then f increases from 0 to some point % < pF < oo

PpB) _  _PpB)
(B+1)P/2 T (Br41)p/2”

and decreases from [5* on. In particular, supge(o o)

We will prove the lemma below. Here we proceed assuming that it holds. By the lemma, we may

restrict our attention to the behavior of f on <%, oo}. In this interval P(z) = (‘ﬁﬂ)p;(ﬁ*l)p.

. . . . _ 1 1
It will be convenient to make the one-to-one substitution u = FGEDE Then 0 < u < ps) and

f(B) = p’? - Q(u), where Q(u) = 3 (WVT=pu+vau)’+ (VI=pu—+/u)"). In particular,
F(z,y) =y - p"?-Q (u*) = pP/2 - Q (u*), where u* is the unique point in the interval (0,1) in
which the derivative Q" vanishes. A simple calculation gives that u* is implicitly given by the
following identity (writing u for u* for simplicity):

(Vimpusva)(Vimmpva) = (Vicpva) (Vs ava).

41




(20)
Given this, the claim of the proposition is immediately implied by the following two lemmas.

Lemma 4.12: For p = p(n,s,p) holds

And

Lemma 4.13:
@(n,s’p) = pp/Q Q(’U,*)

It remains to prove Lemmas 4.11 - 4.13.
Proof of Lemma 4.11.

We partition [0, co] into two subintervals [O, ﬂ and [%, oo). The claim of the lemma is implied

by the following two claims.
1. On 1 < B < oo the function f increases up to some point % < B* < oo and decreases
from B* on.

2.0n0<8< % the unction f increases.

P P
The case % < B < oo: On this interval f(8) = (mz%:lgﬁ_l)

ment and simplification, f’ is proportional to

S Vo (Vo) (V- 1) ) = (Vi) (ViR ) ),

and, after some rearrange-

Set z = /pB. Then z > 1 and the above is proportional to ZQ;” — (Zfl;rpl_)figjgz_l.
Let

(z+ 1P+ (z—1)P 2 _ % (z4+ 1Pt = (z=1)P 1

S o sy Py TS R (z+ Pt (z = 1t

Note that the sign of f’ is the same of that of p — t(z). Hence, recalling that 1 < p < p — 1, the
claim will follow if we show that the function ¢(z) strictly increases from 1 to p — 1 on [1, c0).

First, it is easy to see that ¢(1) = 1 and that ¢(z) —, 00 p — 1. Next, we claim that ¢’ > 0,
which is the same as

(+107 = =) 4 =Dz (G + D72 = (2= D7)+ D o (= 1) >
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(P=Dz- ((+DP ' = (=1 (+ 1)+ (2 = 1)P7?)).
Rearranging and simplifying, this is the same as

+1D)?P 2 (=122 > 4p—1)z- (2 —1)" 2.

Consider the function r(z) = 2?P~2. Since 2p — 2 > 2 we have that 7 > 0 and hence (by
developing r into Taylor series around z, up to the second term) that r(z +1) —r(z — 1) >
2r'(2) = 4(p — 1)2*~3. Hence it suffices to show

Ap—1)2"72 > Alp—1)z- (22 - 1)p_2,
which is evidently true for z > 1.

Pl P
The case 0 < 8 < %1 On this interval f(8) = (mtézﬂﬁgim ) . We have that f'(0) = oo.

Next, we consider f’(3) for 8 > 0. We have, similarly to the above, that f is proportional to

v () - () ) () (V))

Set z = /pB. Then 0 < z < 1 and the above is proportional to szp — (ZJ(rzlJ)rpl_)ﬁgizgi_l.
Let

Ha) — (z+1)P4+(1—2)P sz (1P 4+ (1 -2
R e R e T (e T

The sign of f’ is the same of that of p — #(2). Hence the claim will follow if we show that the
function t(z) strictly increases from ﬁ to 1 on [O, ﬂ
First, it is easy to see that lim,_,o¢(0) = p%l and that ¢(1) = 1.

Next, we claim that ¢’ > 0, which, similarly to the discussion above is the same as

G+D)P2—(1-2)22 > 4p—1)z- (2 —1)P.

Consider the function r(u) = u*~2. Since 2p — 2 > 2 we have that r”” > 0 and hence that
r(1+42z) —r(1 —2) > 22r'(1) = 4(p — 1)z, which is evidently larger then the RHS above.

|
Proof of Lemma 4.12.

Let u = pin. Clearly 0 < u < ﬁ < ﬁ. So, it remains to verify that u satisfies (20). As in the

proof of Lemma 4.10, we will write everything as a function of z = %0, reducing to an identity
involving the functions g = g(x) and h = h(z), which we then proceed to verify.

; 1,58 _1-2z—g 1-h _ _1_ 8 _ 1+h
First, we observe that u o T T=2a%g 2 We also have 1 —pu =1— 2 = =5, and that
s 1-2z+4g 1

2, — 5.8 —
pru=p n ~ 1-2x—g 2 -
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Using this, substituting in (20) and simplifying, we need to show

(VIFma=—20+9)+ VI-h(1-25-g) (VI+HI-20—g) - /A -h)(1-20+9)) =

<\/(1 TR -2t +9) — VA - h)(1 -2z —g))p .<\/(1 Y h)1—21—g)++/(1—h)(l—22 +g)) .

Next, we multiply both sides by

-1

(\/(1 TR —22+9) +/1-h)(1-2z —g))p .(\/(1 TR (1—27—g) + /(1 —h)(l—2z +g)) .

We observe that
(14+h)(1-22+g)-(1—h)(1-22—g) = (1+h)(1-22—g)-(1-h)(1—2z+g) = (1 — h?)-((1 — 22)* — ¢°) = (1 - h2)2

and hence, after some simplification,

<\/(1+h)(1—2$+g)+\/(1—h)(1—2x—g)>2 = 2. ((1—2x)+gh+(1—h2)),

and

2
<\/(1+h)(1—2x—g)+\/(1—h)(1—2x—|—g)> = 2. ((1—2x)—gh+(1—h2)).
In addition, after some simplification, we have
(L+R)(1 =22 +g) = (1= h)(1 =22 —g) =2 (1= 22)h + g)
and

(1—|—h)(1—2x—g)—(1—h)(1—2x+g):2-((1—2x)h—g>.

Taking all this into account, we need to show that

((1-22)+gh+(1 - 1?) )pil- (1-20)h—g) = ((1-20)=gh+(1 = ) )-((1=20)h+g)" (21

It’s not hard to verify that

(1—22)+gh+ (1—-r%) = 2-((1—x)2—xpp (l—a:)%>,

that

(1-2)—gh+(1-12) = 2 (1-2P-2i(1-2)"F),

that




and that

1-2)h—g = 2z(1—a)- ((1;x>;<1f$>;>

We can now complete the proof of the fact that (20) holds. In fact, substituting the above and
simplifying, it is not hard to see that both sides of (21) are equal to

2p—2 3p—3 2p—2 2p—2 2 2

w2 T (1—x) w '((1—37) Po—x )p_1'<(1—x)5—:c5>.

This completes the proof of Lemma 4.12

|
Proof of Lemma 4.13.

We again reduce the claim to an algebraic identity involving the functions g = g(z) and h = h(z),
which we proceed to verify. Recalling that Q(u) = % (VIT=pu+ \/ﬂ)p + (VI—pu— \/ﬂ)p),
taking u = u* = = = 12229 . 1-h and recalling the definition of ®(n, s, p), we need to verify

pn 1—2z4g 2 >
the identity

pp/Q‘(<\/m+\/a)P+<m_\/ﬂ>p> _ n <S)P/2'<l+n—s.t>p' (22)

n—1i \n s

We proceed by expressing everything via the functions g and h, as above. It is not hard to see
that the LHS of (22) is equal to

<\/(1 TR —22+g9) + /I —h)(I—2z— g))p + (\/(1 TR (A —22+9) —VI-h)(1-2z —g))p
20/2. (1 — 2z — g)P/? s

and the RHS of (22) equals to

1 1—h\P? [2-2:4g—h\? 1 1
S —= (=17 = . (2 -9 —hP.
-2 < 2 > ( 1= h ) == R —ppr 27219 N

Rearranging, we need to show that

(VEFmI -2+ 9 +V/T -0 -2:—9)) +(VA+ WA -2 +g)—/T-W(1-2:—g)) =

1 1—22—g\??
1—z'< l—hg> 222ty b)Y

We start with simplifying the LHS of this putative identity. Recall that

(\/(1+h)(1—2z—|—g)+\/(1—h)(1—2z—g)>2 - 2. ((1—2z)+gh+(1—h2)).
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Similarly, it is easy to see that

<\/(1+h)(1—22+g)—\/(1—h)(1—22—g)>2 - 2. ((1—2z)+gh— (1—h2)).
Hence, the LHS is 27/2 times
p/2

(1224 gh+ (1- 1)) 4 (-2 4 gn - (1-12))

Recall that we have

(1-22)+gh+ (1—-h?) = 2-((172)272272(172)%)
Similarly, it is easy to see that
1 p=2
— — — 2 — . — —c ? — 2
(1—22) +gh— (1 - h?) 2 (z(l z)< - > z).

Substituting and simplifying, it’s not hard to verify that the LHS is

_ o\ p/2
2P . ((1 — z)zp” c ZQPTQ)p/ )

The RHS is harder to simplify, but we can write it as

2\ P/2
) (1—2z—g)(1—z+%)
1—2z ' 1—-~h

Simplifying and rearranging, veryfying that these two expressions are equal amounts to verifying
that

2
(1—22—9)(1—2—1—%) ) —_— )
T = (1—2*—2z7 (1—-2)r.

Substituting the definitions of g and h, this is equivalent to

(1-22) - (31— )% 25 @-2)) - (W-2) -5 (1 -2p) =

2p—2
P

(1-(e=a ) s —ar)) - (=22 =2 7 (1= 2)p),

—1 1
Writing a = 1 — z and b = ZPT(I — z)», the second term on the LHS is (a — b)?, while the
second term on the RHS is a® — b%. So we can divide out by a — b, and have to show that

p—1 p—1

(1=22)= (27(1=2)F =5 (1=2)7)) - (1= =T (1-2)p) =
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(1- (7a=2)F +:5 (1 -27))  (1-2) +2"7 (1-2)7)

p—1

Write A := z%(l —z) » and B := szTl(l - z)% Then the last identity is
((1—2z)—(A—B)) : ((l—z)—B) - <1—(A+B)> : <(1—Z)+B>

Simplifying and rearranging, this is the same as AB = z(1 — z), which is true.

4.4 Proof of Proposition 4.9
Recall that we assume that n is large and that so < s < 5§ — so, where sg = so(n) = o
We first observe that under this assumption, the value of iy given by (17) is bounded away from

0 and from %

Lemma 4.14: Let 0 <ig < § be given by (17). Then

() < b _ (1 (- S)) _Q ((H)2 (50>4>
n - n = 2 n n P n
Here the asymptotic notation hides absolute factors.

Proof:

n

Let z = %0, y = % —4/2 (1 — %) We start with the first inequality, since it is easier. The
derivative of h is computed in the proof of Lemma 2.4 below, and it is easy to see that for all
p=1 1 p=1

1
0 < z<1/2holds I(z2) < pp%l sz P+ % 2% <2 v4+2 "7 . Since h(0) = 0, it follows that
1
h(z) < PR < 227. Hence h(z) =1-—2 > 2% implies x > (%O)p, completing the first
inequality.
We pass to the second inequality. Recall that h?(z) = g¢%(z) + 4z(1 — 2z). Hence we have,
observing that 4y(1 —y) = ( - 2—5)2, that

n

s\ 2 s 2
h(y) = Vay(l—y) +g*(@y) = ¢(1—2n> +9%(y) > (1—2)+giy),

n

where the last inequality follows from the following easily verifiable clam: Let 0 < a,e < 1.
Then va? +e>a+ §.

Next, we have

g(y)=(y(l—y))%'((l—y)%—yﬂ) > (i-(l—is>2)p-2p;4- %(1—%) >




1
1 1 2s \ 2p—4 f(l f) _p-2 1 2s f(l f)
4 n D n n)  p n n n/

—2\/
To see the first inequality, observe that for 0 < ¢ < 1 holds <tp7> > ;)}'%27 and hence that

p=2  p=2

(1—y)» — ypp > ]%2 - (1 —2y). It follows that

= (-3) (%) (5 20

Let § = ;2> S(1- §)2 -2 (1—2). Recall that by definition h(z) = 1 — 2. Hence we
x

2p n n
get h(y) = h(
all 0 < z < olds 0 < h/(z) < 1. From this, § < h(y) — h(z) < =%, which implies to
0

1
r<y— %5 -y <y — 5 -y (the last inequality follows since clearly § < %)

+ 4. Computing A’ as in the proof of Lemma 2.4, it is easy to see that for

=~

Recalling that y = % —\/ > (1 — %), and that by assumption so < s < 5 — sp, it is easy to check
2
that g Sy >0 ((”_2> . (“;5)4>, and the claim of the lemma holds.

Remark 4.15: We will assume from now on, to avoid complications in notation arising from
replacing ¢g by the nearest integer, that iy is integer, whenever it is convenient for us to do so.
It is easy to see that the error this introduces is negligible. 1

The key step in the proof of Proposition 4.9 is the following claim, which may be of independent
interest.

Proposition 4.16: Let p > 2 be fized. Let 0 <ig < 5 satisfy (17). Then the £, norm of K is
attained, up to a small error, in a union of intervals of length O (\/W) around tg nad n—1g.
More precisely, there is an absolute constant C' such that if I is the interval of length Cy/nlogn
around iy then, for a sufficiently large n, depending on p, and for any o < s < n/2 — o holds

5 ¥ (Nomar = (1-0(5)) 1wl

ielJ(n—1I)
This proposition and the argument leading towards its proof will have the following corollary
as in easy implication. We write a superscript K s(”) for the Krawchouk polynomial on the n-

dimensional cube, when we consider functions on cubes of different dimensions (in the second
claim of the corollary).

Corollary 4.17: Let ig be given by (17). Then
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[ KY (io)
2P = (14+0(e))?- —
K € TECOT TG
2.
n.+1 n . P
HKS(TL'H)HP (272%1) : <Ks€ 1) (10)>
oy € (EOO e
15515 - (K (o))

Looking ahead, the first claim of Proposition 4.9 will be a simple consequence of the first claim
of this corollary, and the second claim of the proposition will follow easily from the second
claim of the corollary. We will prove Proposition 4.16 and Corollary 4.17 and, following this,
complete the proof of Proposition 4.9.

We proceed with the proof of Proposition 4.16.

Lemma 4.18: Let 0 < ig < g be given by (17). Let ni < A< 5 —/s(n—s) —ig. Let
i1 =45 —+/s(n—s5)—A. Then for any 0 < i < iq holds

A KEP(i+1) i S \\P
e > (-0 (%))

for any ig < i < i1 holds

Z-n Kﬁ’(z 1) 7 s
(7’);)1«5(; < 5 (ro(z)

and for any i1 <1 < xs— 1 holds

We will need the two following facts: The location of the first root xs; of the Krawchouk
polynomial K and the behaviour of the values of K in the interval (0,zs). Recall that (see
e.g., [24]) we have

n ( )< <n
- — s\n—s T -
2 — s = 2

—\/WJFO(n%). (23)

The following fact has been shown in [18, 32] (see also proof of Lemma 5.1 in [41] for a more
detailed calculation). Let 0 <i <z, — A for some A > /s. Then

i s n — 2s n—2s)2 —4i(n—1
B ¢ (1140(g) ot Tt

(24)
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We proceed with the proof. We will prove the first inequality. The second is similar. The third
(z+1)Kp(Z+1)
(1)KL ()
(to see this note that clearly the ratio of the binomial coefficients decreases, and as observed in

the proof of the preceding lemma, the ratio K;((:(Jg)l) decreases as well).

follows from the second immediately, since the ratio decreasesinton 0 <1 <zg—1

. . N
Observe that (17) means that mﬁSH\/;;E?j_420(71_10) = (nﬁ’m> ”. To see this, note that, as
in the proof of Lemmas 4.12 and 4.13 above, we can rewrite this equaity in terms of the variable
h(z)+4/h?(z)—dz(l-x)

T = %‘) and the functions g and h of this variable. It transforms into 51=2)

1

(ﬁ) " which is the same as h+g = 227 (1 _@pr7 and this follows directly from the definition
of g and of h.

Hence, we have (using (24) and Lemma 4.14) that

(z+1)Kp(Z+1) - on—i (K (i+1) p n—i [ Ks(ig+1)\"
BEO i+1< K (i) > - i+1( K, (io) )

Y

1+1

)
(1-o(2)) ity = (o) s

(1_0(32>)p‘n—i‘<(n—25)+\/(n—23)2—4z’0(n—z’0)>p _
A .

5
Lemma 4.19: Let 0 <i < x5 — A for some A > "¢ Then
6

S0

1

(+1)K2(Z+1) Asg
A L > 140 .
(K26 ns

Proof: We have, by (23) and (24) that

(H—l)KQ(ZJrl) _ n_i' Ks(i+1) 2
(DE2@) i+l < K (i) > -

2
( ( ))2 n—i [(n—2s)+/(n—25)2—4i(n—1) -
i+1 2(n —1) -
(00 s
4(n—i)(i+1)
The quadratic Q(z) = 4x(n — x) equals (n - 25) at © = § — /s(n —s). It is easy to see
that this means that for i < § — \/s(n —s) — (this estimate on 7 is valid by (23) and by
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our assumption on A), we have 4(i + 1)(n — i) < (n — 25)2 = Q(A - (n —2i)) < (n — 25)? —
Q (A “y/s(n — s)) Hence

_ 924)2 : - 2
(n —2s) S 1+Q<A Vs(n 5)) > 140 Asg

Adn—i)(i+1) — (n — 2s)2 - 5

|
We can now complete the proof of Proposition 4.16, using the three auxiliary claims above.
Proof of Proposition 4.16.
Let A = ns. By Corollary 2.16 and by Lemma 4.19, there exists s — A < ¢/ < x such that,
say, () K2 (i) > 5 - 2"(7), which means that K, (i) > /- - 27(1,(;):) Let i1 = |zs — AJ. Let
D =141 —ig. Note that by Lemma 4.14 we have D > () <Z—§), and hence by the third claim of
Lemma 4.18 we have that

n ) n . 1 2pn/2(7sl)p/2
<i1>K§<Z1) > (Z,)Kg (Z,) Z n3p/2. (ﬂ)p/Q_l .

11

By Lemma 4.18,

(i) K¥ (io) - <1+0<i))7w. (io + 1) (i + 2) ... (io + D)

(KT (@) A2 i B
38
ei%-e(&%) > eQ(DTQ> > eﬂ(z(%),
This implies that
-8
(Maza = G (x>
0 1

I S K ) Bl

n3p/2 (@)p/2—1 - (n)p/2—1'

21 21

Next, for any i < i < n/2 holds () K2() < 2|3 = 2°(3), and henee (3) (K6J(9)” <
2pn/2(’:)?/2 2pn/2(:)p/2

<
mp/2—1 = T oap/2-1
()" ()"

(Z))Kf (ig) > eQ(Zﬁ). Z (:‘) (|K|(0))P

i1<i<n/2

. This implies that

In addition, by Lemma 4.18, similarly to the above, we have that for a sufficiently large constant

"VYKP(
C holds that if 0 < i < iy and |i —ig] > C - y/nlogn then (EQ,))KP((;;) > n3. Let I be the interval

o1



[ig — C - v/nlogn,ig + C - y/nlogn|. Then by the above, we have Doigli<n/2 (1) (K| (9)P <
O (5) - () K% (io).

Finally, recall that K is symmetric around n/2 if s is even, and antisymmetric if s is odd.
Taking all of this into account, we have

2 (”) (K@) > <1_o(;>).m”£,

ielU(n—1I)

completing the proof of the proposition.
|

Proof of Corollary 4.17.

We start with the first part of the corollary. By Proposition 4.16 applied to both K1 and K
there is an interval I of length O (y/nlog n) around i, where i is defined by (17) such that both
the £, norms of K,_; and K are attained, up to a factor of 1-O (#) on I and on n—1I. Taking
into account the symmetry (or anti-symmetry) of the Krawchouk polynomials around §, the

claim of the corollary will follow if we show that for all 7 in I holds Ksj(li()i) € (1+£0(e))- Klji(ll(ﬂzl)

Recall that (") K,(i) = (") Ki(s). Hence - (1(>) _ ((g)) , Kfc(is(i>l)'
5= s—1 o

4
By the above discussion we know that each ¢ in [ satisfies ¢ < x3— ( Z—%) An easy calculation”

using (23) shows that i < x4 — Q (Z—;) implies s < x; — Q (%) Hence we may apply (24),
K;(s) c (1 +0 (n8>) - (n—20)4++/(n—2i)2—4s(n—s)

with roles of s and ¢ reversed, to obtain Ri(5=1)
This means that

K, (i) K, (ig) n® (n —2i) + /(n — 2i)2 — 4s(n — s)
oo wna < (#0(%)) (n — 2i0) +\/(n —2i |

By Lemma 4.14, both n — 2i and n — 2ig are lowerbounded by € (Z—a) Hence =2

n—=21g
n9/2 logl/Q(n)
—_— .

4
1+ In addition, since both 7 and iy are upperbounded by x; — (5—0 =

s n3
s .. (n—2i)2—4s(n—s) ntlog!/?(n)
% — v/ S(n — S) -0 (ﬁ), 1t 1s easy to see that m e 1+ T Recall-
ing the definition of € = €(n) we see that both ratios lie in 1 & € and hence

K (1)
Ks_1(7)

Ks (20)
Ks—l ('LO)

/ € <1j:O(Z;>>-(1j:O(e)) C 1+ 0(e).

We pass to the second part of the corollary. Again, we may focus our attention on an interval
I of length O (v/nlogn) around ig given by (17) in which (half of) the £, norms of Ké’i)l, Kﬁ"),

and K énH) are attained, up to a factor of 1 — # Moreover, following the argument above, for

"We omit the details.
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(n),. (n),.
all ¢ € I the ratio II((?”) ((Z)) isin (1 £ 0O(e)) - ?T%()))' Recall the identity (see [28], but also easy
s—1\ s—1\20
to verify directly) K§n+1)(z’) = Kk (1) + Kﬁ)l (¢). This means that for all i € I holds
(n+1) (), (n) (. (n+1) ¢,
K K K K
ey (.Z) = —& (Z.) +1 e (1+0(e)- < o) (Z.O) + 1) = (1£0() —; QO)'
stl(z) stl(z) stl (ZO) stl (20)
|
Proof of Proposition 4.9
2/ 112 2
We start with the first claim of the proposition. Let p; = (%) g I!ilgi')% / ]!(f;{s:ll\)pz
We need to show that . _ n=2ig 4 _ (n=2i0)++/(n—2i0)* ~4s(n—s)
p1 € (1£0(€))-p, where p = “==0-t—1 and t = Sl=n) .
Recall that E K2 = (%) and that () Ks(i) = () K;(s). Applying the first claim of Corollary 4.17

and using (24) (with roles of s and i reversed) we have that (estimating KKi?s(i)l) as in the proof
%0

of Corollary 4.17):

¢ 2‘(sﬁl)' K (io) ? _ N2 (Z) . Kiy (s) ?
pe 1207 = <K31<i0>> = (2007 12 (K (8_1)> c

n

(1+£0(e)?- <1i0<7>> St e g 120(0)

o8 s s

n —

i -t%(n, s)

Finally, recall that ¢t = ¢(n, s) is a root of the quadratic (n — s)t?> — (n — 2ig)t + s = 0. Hence
t? = % Substituting this in the above expression and simplifying gives the first claim

of the proposition.
We proceed to the second claim of the proposition. We need to show that —-0F1s2) ¢ (14+0 (e))"-

r(n—1,s—1,p)
_ /2 _ p
®(n,s,p), where ®(n, s,p) = 2(n71i0) ()PP (14 s )P
(n+1) (n) p
We have that r(’;g’:rijf)p) _ KSR 15l .. Applying the second claim of Corol-

Ep/2 (K§n+l))2 Ep/Q <K§’1)1>
lary 4.17 (and replacing, within negligible error, 2(n1r{1—z‘0) by 2(7:11‘0)
this expression is in

oo (DN RO )\
roor gt (63) (i

,  m s N2 KM ()
A£0©F 5wy <n+1> (”M) '

-1

) we have that the RHS of

Recalling that

K G) () KP()  n-s+1 Kf?<8>1)e<1io<n7)).”—8-t,

N B 8
K™ o) (M) KM (s —1) s K (s - 50 s
and replacing, within negligible error, 25 by 2, we obtain the second claim of the proposition.
|
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4.5 Proofs of Lemma 4.2 and Proposition 4.3
Proof of Lemma 4.2

Let n and p > 2 be fixed. Let 0 < s < % Let m be an integer, and let N = nm and S = sm.
We need to show that

-

1 E(kM)"
Jim (r(N.8.p) " = im E/<(K(N>)) ~ o)

)

For s = 0 the claim of the lemma reduces to verifying that (p,0) = 0, and for s = § to
verifying that (p, %) = %. Both these facts follow easily from the definition of . So we
may assume from now on that 0 < s < 3.

2

Consider first the denominator. Recalling that E (KéN)> = (g) and using (3), we have that

P

1 i
lim (EW (KgN>)2>’" — lim @[) o gim 28 H(R) = gl (),

mM—r00 m— 00

Next, consider the numerator. Recall that s = so(N) = % For a sufficiently large m,
S = sm satisfies sg < S < % — sg. Hence, by Proposition 4.16, we have that, up to a constant

p p
factor, the value of E (KéN)> is given by 2%, Y icr (];/) (KgN)(z)> , where I is an interval of
length O (\/Nlog N) around ig, and g is determined by h (p, ’NO) =1- % =1- % Let 41

be the leftmost integer point of I and let i9 be the rightmost point. Then for any ¢ € I holds

P P
(]j ) (ngN) (2)) < (g ) (K éN) (21)) , since the binomial coefficients increase as ¢ increases in I,

while the value of K éN) (7) decreases. Next, by the Lemma 4.19 (see also Remark 4.15), we have

2 2 N
that (fz) (KéN)> (i0) > (5\1]) (KéN)) (1). Hence KéN) (i1) < E?S;ng) (ip). Altogether, we
1

have,

(i)

2N

(i)

(KéN)(io))p < E(KgN))p < 0O ‘[’.QN.(

N
(N) (KS ('LO))

Taking the limit as m goes to infinity, and using the approximation of the binomial coefficient
(2) by 208 (@/b)  we have

1
m

i (2 (0)) = (9 (07 @) ) = 2 (107 00)
2s

where we write y for iﬁo, remembering that y is determined by h(p,y) =1 — 2.
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Note that ig < §—/S(N — S), and hence we may apply (11) to obtain KgN) (i) € o(T(Fw)Fe(1)-N

P 1
2(r(G)Eov )N T gives limn-o0 (K (10)) ™ = 207G, and limgn-oc (B (KS" ))p) "
2(H(y)fl+p-f(%,y))-n‘

Summing up, we have

1
lim (T(N,Sjp))m — o(HW-14p7(5u)=5H(3))n — ov(p.5)n

m—0o0

)

where in the last step we use the first definition of ¥ in Section 2.1.4.
|
Proof of Proposition 4.3

We will need a simple technical lemma.

Lemma 4.20:
onH (1)
max

0<i<n/2 (L?j)

< O(n).

Proof:
)

Sl

2nH(
()
Using (3) we have that for 1 <1i <n/2 holds

For 0 < i < 1 we have < o (3) < om (G los(m+0(3)) < O(n).

nH(L) i Li] i=li] o ( Li)
2# <0 (\[Z Qn(H(”)H("))) <0 (\[Z 2n-T'H (n)) ,
(Li j)
where the inequality follows from the concavity of H. Recalling that H'(z) = logy (1—751:) <
log, (1), the last expression is at most O (\/E ﬁ) < O(n).
|

We proceed with the proof of the proposition. We have that v (p, %) =H(y)—1+4+p-7 (%, y) —
PH (£), where y is determined by h(p,y) =1 —22. Set ig = [ny] and observe that iy < ny <

2 — \/s(n —s). Hence, by (11), we have
(s) 2T<%’%O)n >

oH(5)n T oH()m ’

where in the second step we have used the fact that 7 is decreasing in the second variable.

Ks (ZO) Z

Hence, using Lemma 4.20 in the third inequality and (3) in the last inequality, we have

E|KP _ E|KP a7 - (i) KE (io) -
EP/QKSQ B (n)P/2 - (n)p/2 =

S S

r(n,s,p) =
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5 Appendix: Proofs of claims about univariate and bivariate
functions

Proof of Lemma 2.1

The derivative g—; is easily seen to be proportional, up to a positive factor, to (1 — 2z)% + (1 —

27)+/(1 — 22)% — 4y(1 — y) — 2(1 — y). For a fixed y, this is maximized at = = 0, in which case
this is 0. 1

Proof of Lemma 2.3

For y > 3 — \/z(1 — z) the claim of the lemma follows immediately from the definition of 7. It

should also be possible to verify the claim directly for y < % —/x(1 —z) , but we proceed by
observing that in this range the claim follows immediately from the reciprocity of Krawchouk
polynomials (property 1 in Section 2.2), from (11), from (3), and from the continuity of the
function 7. I

Proof of Lemma 2.4

For the first claim of the lemma, the values of h at the endpoints of x are easy to verify. And,
it is easy to see that for 0 < x < 1/2 holds

o _ pgl.((1;;,;);_(12);)%.<<1;x>2¥_<1i$>%> .

p—2

_92 p—2
For the second claim of the lemma, writing h(p,z) = \/z(1 — x) - <(1xz)p2” + (i) 2p ), it

1-x
is easy to see that for a fixed 0 < x < 1/2 this is a strongly increasing function in p. It is also
easy to see that h(2,z) = 24/z(1 — z) and that h(p,z) —p—oo 1.
For the third claim of the lemma, let z be such that h(2, z) = 1—2z. Since h(2,2) = 2+/2(1 — 2),
this is equivalent (after rearranging) to # = 1 — \/z(1 — z), which is the same as z = § —
v (1 — ). Since h(p, z) increases in p this means that h(p, z) > 1 —2z. Since h(p, u) increases
in u, and h(p,y) =1 — 2z, this implies y < z = % —vz(l—=x).1
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Proof of Lemma 2.5

We view a as a function of § for a fixed p. The boundary values of a are easy to verify. It

remains to check that a decreases. We will show that b = 1 — 2a = §(1 — 9) - %

increases. Let g(6) = (1 — 0)P"2 4+ 672, and h(§) = (1 —§)P +6P. Then a = 6(1 —4) - £,
(1*25)gh+5(12*5)(9/h*9h’)
h

and o’ =
a > 0.
Computing and simplifying, we have that g’h—gh’ = (1—26)(5(1— 5));7—3 (20(1-0)+(p—2)),
and that gh = (1—6)272+ 62724+ ((1 - 0)* 4+ 6%) (6(1— 5));;—2. Substituting and simplifying,
we get that

. We will show that the numerator is positive, which will imply

(1—-28)gh+8(1—06) (gh—gh') = (1—0)P2 62+ (p—1)(1-25)(5(1 - 5))1”*2,

which is positive for all p > 2 and 0 < § < %
|

Proof of Proposition 2.6

We need to show that

H(y)—l+p7(w,y)—§H(az) = (p—1)+logy ((1—6)p+(5p> —gH(x)—pxlogQ(l—Zé). (25)

We fix p and view both sides as functions of a free variable 0 < § < % Recall that © = x(0) =

1—§)P—1—gr—1
(% - 5) > (1)—5)P+5P

that y(9) = (1,56)%- To see this, one has to verify h(p,y) = 1 — 2z, and this is easy to do.

and that y = y(0) is determined by h(p,y) = 1 — 2z. In fact, we claim

We start with an auxiliary lemma.
Lemma 5.1: With our definitions of x and y, we have that
1(0,2) — I(y,z) = xlogy (1 —26) —1+ H(x) —ylogy(d) — (1 — y)logy(1 — 4).

Proof:
It is not hard to verify directly that we have

11— 20 =0(1-0) UVt

_ \p—2_ sp—2
2. \/(T=22)2 = 4y(1 - y) = 6(1 - 8) - i

_s\p—1 -1
3. 1f2yf\/(1—2x)2—4y(1*y)=(1*25)'(1(f)—p®7pigz-

_s\p—1
4120+ /=2 —dy(T—y) =26 - {505 = 15 - (2 - 2y),

_ — 2_ —
This implies that Lt (12353 dy) _ %
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5. 22y —(1-22)° = (1 -22)- /(1 - 22)2 — dy(1 —y) = F=5% - (L - »)*.
Substituting this in the definition of I leads, after some simplification, to

1— 22 1—g§)p-1 —gp-1 ) 1 1 240
10.0)-109) = 5 0w (= ey g ) v (775 ) g om0~ g o (=55

We claim that the RHS of this expression can be further simplified to the RHS in the claim of
the lemma. Indeed, simplifying, we need to verify

(1—g)p~t —gr1

xlogy (1 —20)+H(z) = <; — x> logy <(1 T 5p1) —% log, (z(1 — x))Jr% log, (1 —20) .

Expanding the enropy and rearranging, this is the same as

(; - az) log, <(1 —26) - 8 — 232_1 1 ﬁi_i) + <a: - ;) logy(z) + (; - x) logy(1—x) =0,

_ —1__sp—1
which is equivalent to (1 — 26) - % = £ and this is easy to verify directly. I

iy
We continue with the proof of the proposition. Recalling the definition of 7, and substituting
the identity proved in the previous lemma in the LHS of (25), we get that it equals to

p
(p— 1)+ H(y) = S H(z) +p- (y1082(0) + (1 —y) logy(1 — §) — wlogy(1 - 26) ).
Finally, it is easy to see that H(y) + p - (ylogy(d) + (1 — y) logy(1 — §)) = logy ((1 — 0)P + dP).
Substituting this in the last expression gives the RHS of (25).

Proof of Proposition 2.7

We start with the first claim of the proposition. For = 0 we use the second definition of .
We have that § = 1, and hence ¢(p,0) = p— 1 +1logy ((1 — §)? + 67) = 0. For p = 2 we use the
first definition of 1. Since h(2,y) = 24/y(1 —y), we have that z =  — \/y(1 — y), which is
the same as y = & — \/z(1 — z). Hence, by the definition of 7, we have 7(z,y) = w
Substituting this in the definition of ¥, we have (2, z) = 0.

We proceed with the second claim of the proposition, using the first definition of . We
view z as fixed, and write g(p) = ¥(p,x) = H(y) — 1 + pr(z,y) — 5H(x), where y = y(p) is

determined by h(p,y) = 1 — 2z. Note that for z > 0 holds y < 3 — /(1 — z). And hence

or(ay) log, (r(z,y)). Therefore we have that

oy
oy 1—y or 1
r_ . _ - —
9 =3, (logz <y >+pay)+7(x,y) 51 (@)

2 (1og, (1) + oy () )+ e0) ~ 3G

Next, we claim that the expression in brackets vanishes.
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Lemma 5.2: Let 0 < z,y < % be such that 0 < x < % —y(1 —y). Then there is a unique
p > 2 such that h(p,y) = 1 — 2z and this p is given by

logy (54)  loga (1)

p = — - )
logy (r(z,y))  logy (r(z,y))
where r(z,y) = T2 (;:55)2_42’(1_?’).

Proof: By the properties of the function h, there is a unique p > 2 such that h(p,y) =1 — 2z.
So it suffices verify the identity h(p,y) = 1 — 2z for p given in the claim of the lemma.

Writing M for (1 —2x) + /(1 — 27)2 —4y(1 —y) and r = % for r(z,y), we have that

hpy) = yr(1-y)7 +y'7 1-y)r = y%<1—y>%-((1yy>%”2+(y>w> _

1 1
1 1 y? (1-y)zr y+ (1L -y’
Y2 (1 - y)z ) 1 + 1 - =
(1—y)zr y? r
M?%+4y(1 —y)
= 1-2z.
oM v
1
Using the lemma gives
, 1
g = 7(z,y) - H(2).
We claim that this is positive for any p > 2 and hence g is increasing. Recall that 7(z,y) is
decreasing in y. Since 0 <y < 3 — \/2(1 — z), we have that 7(z,y) > 7 (x, T —Va(l- x)) =

1+H(ac)fH<%f x(lfz))

5 > L H(z). Hence ¢’ > 0.

Next, we have ¢’ = g—; . % > 0, since both terms in the product are negative (7 decreases in y

and h increases in p, while y(p) is determined by h(p,y) = 1 — 2z, and z is fixed). This means
that g is strongly convex, completing the proof of the second claim of the proposition.

We pass to the third claim of the proposition, using the second definition of . We view p as
fixed, and write g(z) = ¥ (p,x) = (p—1) +1logy <(1 - 6)p+5p> — S H(x) — prlogy(1—20), where

0 is determined by x = (% — (5) : %. We have

) 1 1

- . . p—1 _ S\p—1y. /_E l—x _ . 1 1 ,
a2 A ogp e P P0G log <m ) plogy(1-20)+px 25

g m21-25

Note that the first and the fourth terms cancel out, by the definition of d, and hence we get
r= oDy 1zz) log, (1 — 26)
g = D) g2 - plogs .
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To show that g is increasing amounts to showing that logy ( ) + log, ((1 — 25)2) < 0, which,

recalling ;%= = (1 —26) - 8732_%, is easily simplifiable to

(18Pt —grt
(1 —4§)p~1 4 op—1

> 1-— 20,

forany p > 2 and 0 < § < % Note that both sides of this inequality coincide for p = 2. We
claim that the LHS increases with p. Indeed, by a simple calculation, the derivative of the LHS
w.r.t. p is proportional to In ( = ) (5(1 — 5)) , which is clearly positive.

Computing the derivative of g at 0 gives, by L’Hospital,

_ _ 2 _ 9
g0 = —L.10g, (hm (0= 2)(1 - 20) > = 2 1og, <1im (125)> ,
2 x—0 9 6_>%

x x
as claimed.
It is easy to see that the limit is p%l, and we get

plogy(p — 1)

g'(0) = 5

We proceed to argue that ¢” < 0 for z > 0, and hence g is strongly concave. It is easy to see
that ¢” is proportional to w(l ot 1462 5- It will be convenient to state the inequality ¢” < 0 in
terms of 4. Recalling the definition of §, and rearranging, we need to show that

dx(1—z) > —(1-260)2'(d),

with equality holding only at § = % Here we write x(9) = (% — 5) : % Note that
both sides vanish at § = %, so we need only to show strict inequality for 0 < § < %

We now introduce some notation to make the following calculations easier to write. Let Ly (p) =
Li(p,6)=(1—9)P+ 0P and let L_(p) = L_(p,6) = (1 — J)? — 6P. Then the inequality above
transforms into (after some simplification):

(2-48)L_(p—1)- (204 (p) — (1 - 20)L_(p— 1)) >

(p—1)(1=26)*Ly(p—2)Li(p) + (2—40)L_(p — 1)Ly (p) — p(1 — 26)*L* (p — 1).
Simplifying, the LHS is (2 — 45)L_(2p — 2).
We also have the following identities: L4 (p —2)Ly(p) = L+(2p 2) (1 =8)2+6%) - ((6(1—

-2

)" Le(p = DLi(p) = L-(2p = 1) = (1 = 20)((6(1 = 8))" 75 L2(p = 1) = L4(2p - 2) —
2((6(1—6))" .
Substituting, collecting similar terms together, and simplifying, we get to

2L (2p—2)+ (1 —=26)L(2p—2) —2L_(2p—1) > (p—1)(1 —26)(5(1—¥8))" >,

Expaning the ” L” notation, this is the same as

_ S\2p—2 _ 2p—2
4 5)1 — R P T ) L (26)

To show this, we start with an auxiliary claim.
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Lemma 5.3: Let p > 2. Then the function f(§) = (1@# decreases on [0, %)

Proof: Computing the derivative and simplifying, we have that f’ is proportional to p -
(6(1 =6t —6P"1(1—6)) — (p—2) - (1 —6)P —6P). So, we need to show that the second
term is greater than the first one. Both are equal to zero at 6 = %, so it suffices to show that
the derivative of the second term is smaller than that of the first term, which, after simplifying,
amounts to (1 — )P~ + 6P~ > §(1 — 6)P=2 + P=2(1 — §), which is true for p > 2, and for
0<6<3. 1

Now consider (26). Note that for § = 3 both sides (LHS at the limit for § — 3) equal

(p—1) (%)21) ! n addition, by the preceding lemma, the LHS decreases, while it is easy to see

that the RHS increases in 6. 1

Proof of Lemma 2.8

First,

1+ H(z) — H(y)
2

7r(:1c,y) - T(.%',y)—

The second equality is by Lemma 2.3.

Next, by the proof of Lemma 2.9, we have that for y < % —v/x(1 — z) the derivative 8“(%2’9) =
—logy(1 — 20), where § = d(x,y) is easily seen to be strictly positive if y > 0. Hence 7 is
strongly increasing in y and, by symmetry, also in x.

Finally, recall that 7 is continuous on [0, %] X [0, %] and that w(z,y) =0if y > % —z(l —x).

This implies that m(z,y) <0 for y < 3 — /z(1—z). I

Proof of Lemma 2.9
Fix o and x, and let F(3) = oH (2) + (1 — o) H (ﬁ) + 2210gy(8) + (1 — 21) logy(1 — 6) —
klogy(1l —26). Then

Ox §2(c—z)(1 -0 —2x) 1 2r  1-2zx 2k
/ — . - . - g
FO) = % 1°g2< (1 0)2a2 >+ln2 <5 =0 +1—25>

1 2¢  1—2x 2K 1

— = - = | 2x(1-20)+2k6(1—6)—6(1—26
2 <5 -9 +1—25> (In2)5(1 = 3)(1 — 26) (20(1-26)+266(1-6)-5(1-25) .
where the first equality follows since it is easy to check that the term multiplying % vanishes

by the definition of .

Recalling the definition of x and simplifying, we have

22(1 — 26) + 2k6(1 — 8) — 6(1—28) = §- (\/52 Y ao(l—o)(1—28) — (1 —2k)(1 — 5)) .
Now there are two cases to consider.
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1. k>3 —+/o(l—o0).
In this case it is easy to see, by squaring both sides and analyzing the obtained quadratic
inequality, that /62 + 4o(1 — o)(1 —26) > (1 — 2x)(1 —6) for all 0 < 6 < 1, and hence
F’(§) > 0 for all §. It follows that F' is increasing and its minimum is given by F(0) = 0.
On the other hand, by the definition of 7, in this case 7(o, k) = 0, and the claim of the
lemma holds.

2. k< % —+/0(1 — o). In this case, again analyzing the appropriate quadratic inequality, it
is easy to see that the minimum of F is attained at the only zero of F’ on [0, %], that is
at

(1—20)/(1—20)2 —4r(l — k) — ((1 —20)% — 4k(1 — ,{))

0="0lok) = 4k(1 — k)

So, we need to verify that for this value of § holds

oH (§)+(1 — o) H <1xa> 121 1ogy (8) +(1—22) logy(1—8) — k logy (1—26) = 27 (0, k) .

Let L(o, k) denote the LHS of the above. We need to verify L = 27. First, note that for

k=3 —4/6(1—95), we have §(c, k) = 0 and both L and 7 vanish. So we have an equality

at an endpoint, and hence it suffices to show that the derivatives g—ﬁ and 8592;) coincide.

We have
OL Ox (o —z)(1 -0 —2x) 00 1 (2 1-2 2k
=51 = —logy(1—26) =
o on °2< (1 - 6)22 5 T 10 Tioas) leell=2)
—logy (1 — 29).
To see the equality, note that the first summand vanishes by the definition of z, and the
second summand vanishes by the definition of 9.

On the other hand, by the definition of 7, we have 27 (o, k) = H(o)+ H(k)—1+2I(k,0)—
21(0,0). Hence, using the notation of Section 2.1.1,

0Cm) _ og, (1;K>+2log2 (r(o, k) =

log; <1;H> + 2log, <(1 2 J(; : ;Z)Q S K)) -

9k In2

<(1 —20) + /(1 —20)% — 4r(1 — ﬁ))z
log 4k(1 — k)

Let C(o,x) = (1 —20)%2 — 4k(1 — k). Then the last expression can be written as

2
log, (W) We can also write § = %. It is easy to see that this

2
implies 1 — 2§ = %.
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It remains to observe that

((1—20)+ﬁ)2 ((1—20)—\@)2 ((1—20)+\FC)2
4k(1 — k) - 4k(1 — k) . 4k(1 — k) =5

(1—26)-

which means that

90y 4 /O)
gL :log2< —125) = logs <(1 4:(1)—+/<) C> - 6(822)‘

This completes the proof of the lemma.

Proof of Lemma 2.10

For fixed o and ¢, let a(z) = oH () + (1 —0)H (ﬁ) + 2xlogy(€) + (1 — 2x) logy (1 —€). As
observed in [3], the maximum of « is attained at the only zero of o/, that is at © = z(0,€) =

—Crey/@HA1299(120) gy this value of @ holds ¢(o,¢) = H(o) — 1+ a(x).

2(1—2¢)

Similarly, for fixed o and e, let 5(y) = ylogy(1l — 2¢) + H(y) + 27(0,y). We are interested
in the maximum of S on 0 < y < % First, note that, by the definition of 7, we have f(y) =
logy(1—2¢)-y+1+H (o) for y > %— o(1 — o), and hence § decreases for %—\/0(1 —o0)<y< %
For 0 <y < 1—./0(1— o), we have 8 = logy(1—2¢)+log, (1%) —1-22—; = (1—2¢)+log, (1_71’)4-
2log, (r(0,y)). It is easy to see that the maximum of § is attained at the only zero of 8’, that

—e)— 2 — —
is at y = y(a, 6) _ (1—e) € —21—4(216 2¢)o (1 O’)'

Write ¢o(0o,€) for B(y(o,¢e)) — 2. We need to verify ¢ = ¢o. First, we check the boundary

conditions ¢(c,0) = ¢2(,0) for all 0 < ¢ < . We have 2(0,0) = 0 and hence ¢(c,0) =

H(c) — 1+ a(0) = H(s) — 1. On the other hand, y(s,0) = 3 — \/o(1 —0). We have
1+H(o)—H (% —\/o(1—0

T(o‘j%— 0'(1—0')) _ ) <; ( )>,andhence¢2(a,0)zﬁ(%— 0(1—0)>—2:

H(%— 0(1—0))+2T<J,%— 0(1—0))—2:H(0)—1aswe11.

Next, we verify that a—¢ = %, which will complete the proof. Writing z for z(o,¢) and y

9 _ _ ..
for y(o,¢€), it is easy to see that ¢ = % : (g—‘;‘u(”)) + 1n(22)i(16—e) = ln(g):’;(f_e). Similarly,

dpa __ Oy B 2y _ 2y . . . 2r—e __ 2y
Be = o (a*y‘y:y(wQ T hR=2 — " m@i=sgc S0 it remains to verify e(f_i) = "1
which is easy to do directly.

|
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Proof of Lemma 2.11

Recall that ¢(o,€) = H(o) =14+ 0H (£) + (1 —0)H (ﬁ) + 2z logy(€) + (1 — 22) logy (1 —€),

—€e2+eq/e2+4(1—-2¢)o(1—0)

51=20) . Substituting, we need to show that

where x = z(0,€) =

i Lot () o (7)o (5 ) <ot (5) w0008 (52

Fix o and y, and let F(e) =ocH (£) + (1 —0)H (ﬁ) + (2z — y) logy (i) Then

X 620'_1' — 0 —X — %€ — %€
I T R B e

since the term multiplying % vanishes by the definition of z.

It is not hard to verify that = strictly increases in € from 0 to o(1 — o), and hence F has a
unique minimum at € for which x = §. Substituting this value of = in F', gives the claim of the

lemma. I

5.0.1 Proof of Lemma 2.12

=246y /e244(1-2¢)0(1—0)

We write a for ag . Let x = 2*(0,€) = 5{=20)
that is A = a(«*). We distinguish between four cases.

be the point of maximum of «,

1. 0 = 0. In this case z = 0 as well, and A = «(0) = B, and the claim holds. So in the
remaining cases we may and will assume o > %

2. 0 < z < &= In this case we will compare A with B’ = a(0) = logy(1 —¢€). Clearly A >
B > B’ and hence A— B < A—B’. Recall that z satisfies: (1—¢)%2? = (0 —z)(1—0—1).
So, €2 = © ((ffz), with asymptotic notation hiding absolute constants. Expanding the

x
entropies, and using the fact that o > % > b, it is easy to verify that A— B’ = O (%)
in this case.

3. :L‘>5Lnanda—:v<%.
In this case we will compare A with B’ = a(0) = « (%) It is not hard to verify (expanding
the entropies and rearranging) that in this case

A-B < zlog, (g) + (0 —2)log, <(1_0220—)x2> +0 (;) .

Observe that = log, (%) =0 (%), and that (1—%# is bounded from above by an absolute
constant. To see the second claim, note that £ is bounded, and that the maximal value
of x, attained for o = % is §, which is at most i. So o cannot be close to % Taking all
of this into account, we get A — B = O (l)

n
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4. x>%anda—a}>%
Recall that o/ (y) = logy (%aﬂ%ﬂ)) We will choose y to be the nearest fraction of
the form » approximating z from above, and set B’ = a(y). Then |z —y| < % and for
any z between x and y holds

Elo—2)(1—0—z Elo—x)(l—0—x
it = o) < o

To see the first inequality note that all the terms in the first expression change by at most
a costant factor compared to the second expression. For the second inequality, recall that

lo—a)1-e=2) _ 1 Hence o(z) <O(1) forally < z <z and hence A— B< A— B' =

(1—€)2z2

a(z) —aly) <O (5)-

5.0.2 Proof of Lemma 2.13

Recall that ¢(c,¢) = H(o) — 1+ oH (2) + (1 — 0)H (%) + 22 logy(€) + (1 — 21) logy(1 — ¢),
—€e2+er/e2+4(1—2¢)0(1—0)

2(1—2¢)

where x = z(0,¢€) =

We have that

[ (0 —z)(1 — 0 —x)e? 87362 -0 T\ T o—z\ x
oo 10g2< (1—e€)x Jo Hog o +H (a) 010g2 x a l-—0o

o l—0c—=x
1— 82 x '

The first summand vanishes, since its first term vanishes by the definition of x , and it is easy

to see that the rest can be simplified to log, (1"75’3> Hence g—fﬁ = log, (1"7“3) Since
d(a,e) = ¢ (H(a),€), we have
~ l—o—2x
9 _ g1y . 92 _ (=)
da (H ) () 80\0 H-1a) In (10‘7) ’

where 0 = H~!(a). Computing the second derivative, we have that, similarly,

ﬁ B 1 -0 In(l—o0—2) —In(oc — x)
da?  logy (=2) 00jo=H () In(1 — o) — In(o) ’

where 0 = H~!(a).

t a In(l1—o—z)—In(oc—2x)
In(1—0)—In(o)

the derivative and rearranging, it is easy to see that this is equ1valent to (writing o’ for g—g):
1-— —z)(1—0— 1—0—
o(l—0)ln 7 > (o —2)1—0—2) -In 77T,
o (1—-2z)—(1—20)a' o—x
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In order to show that ¢ is concave, we need to show tha < 0. Computing




Next, note that 2’ = % Substituting and using the fact that (0 —z)(1 — 0 — x)€? =

2%.14_
(1 — €)?2?, the first term on the right can be simplified to o(1 — o) — 3z. Observing that, for
fixed value of o, the value of z(o,€) increases from 0 to o(1 — o), as € goes from 0 to 3, it
remains to verify that

a(l—o’)ln<1;U> > <U(1—J)—;x> ‘In (1;:”) (27)

for any 0 < 0 < 2 and 0 < 2 < o(1 — ). We proceed to show this. For a fixed o, let f(z)
denote the RHS of this inequality. It is easy to see that f(0) = f(o(1—0)) =0c(1—0)In (=2
We claim that f is convex, which will imply (27). Indeed, direct calculation shows that

. (1-20)z 1
o= (a—x)2(1—a—x)2'(2_2“(1_U)> =0

o .

This completes the proof of concavity of (;3

Let us also observe, for application in the proof of Lemma 2.14 below, that f” > 0 for all
0 <z < o(l — o), which means that the inequality in (27) is strong for all 0 < z < o(1 — o).
)
0

This means that -2

<0, for any 0 < a < 1, assuming 0 < € < %
Next, we compute ¢ at 1. Note that z (3,¢) = &, and hence d(1,€) = ¢ (3,€) = H(e)—H(e) = 0.

We proceed to compute the right derivative of 6 at 0. Using the calculations above, and recalling
that x is between 0 and o(1 — o), we have, by two applications of L’Hospital’s rule, writing
@' (0, €) for the right derivative at O:

In (15222) (1-20) — (1 - 20}’

~ 0 _ i o—T _ li 1— ) xXr g)T

¢(0.€) 50 In (:=2) 50 o(l—o) (c—2)(1—0—2x)

o
1-— 1
o>00(l —0) — 5z 001 — 3o
where in the last equality we have used lim,_,o 2’ = lim,_, ﬁ =1.
672.J;+
To compute the left derivative of ¢ at %, recall that x (%, 6) = 5, and hence, proceeding as in

the preceding calculation,

'(1,¢) = lim ————% = lim —0(1 o) = L .
¢'(1,€) 1— 1
o—1 In(£2) osto(l—0)—3z 1—e

Finally, we observe that since <;~5 is concave, the value of its derivative on (0, 1) is bounded from
below by ¢'(1,¢) = %6 and hence it is strongly increasing. This completes the proof of the

1
lemma. I
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5.0.3 Proof of Lemma 2.14

We rely on the results in Lemma 2.13. The concavity of np(z,€) in z follows immediately from
that of ¢. Next, we compute the derivative of 7, w.r.t. x. Since ¢(y,¢€) is concave in y, its
derivative w.r.t. to y is lower-bounded by the derivative at y = 1, that is by i Hence

P 1 1

1
cz 2¢(1 — < . =
2, 2¢( 6))+p—1 S T2 l—2(l—¢) p-1

o _p 09(y, €) [P
ox 2p—2 Oy p—1

1 D
R - 1 < 0.
p—1 < 1—|—(1—2€)2+> <0

Therefore, 7, is decreasing in x.

Let now 0 < € < % the second derivative of gz;(:z:, €) w.r.t. x is negative for all 0 < = < 1, and
hence the inequality in the above computation is sharp for all z < 7’%. Hence 7, is strongly

decreasing in z. Observing that 7,(0,€) = %(5 (1, 2¢(1 —€)) = 0, this means that 7, is strictly
negative for 0 < z < %.
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