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A RESTRICTED DICHOTOMY OF
EQUIVALENCE CLASSES FOR
SOME MEASURES OF DEPENDENCE

RICHARD C. BRADLEY

ABSTRACT. In some limit theory for weakly dependent
random sequences, a role is implicitly played by certain mea-
sures of dependence based on “covariances” of random vari-
ables taking their values in Banach spaces. Here it is shown
that in a certain restricted sense, there is a “dichotomy of
equivalence classes” for measures of dependence of that type
that involve “co-norms” of the random variables. The ques-
tion of a possible corresponding “unrestricted” dichotomy of
equivalence classes remains open.

1. Introduction. In probability theory, there is a large literature on
limit theorems under “strong mixing conditions.” The formulations of
such mixing conditions are based on “measures of dependence” between
o-fields of events. Some of that limit theory involves random variables
taking their values in a Hilbert space or (more generally) in a Banach
space.

Building on the work of Rosenblatt [13, Chapter 7], Dehling and
Philipp [7] and other researchers, the author, Bryc, and Janson wrote
a series of papers [4], [5], [6] on the relationships (e.g., “dominations”
or “equivalencies”) within certain classes of measures of dependence.
The latter paper [6] studied in detail a broad class of measures of
dependence involving “covariances” of random variables taking their
values in general Hilbert spaces or Banach spaces.

For the measures of dependence of that latter type that involve the
“oo-norms” of those random variables, it turns out that there is what
one might refer to as a “restricted dichotomy of equivalence classes.”
It will be formulated in Theorem 1.8 and Remark 1.12 below. The
question of a possible corresponding “unrestricted dichotomy” remains
open; more on that in Remark 1.12.

This work was partially supported by NSF grant DMS-9703712.
Received by the editors on May 3, 2000, and in revised form on July 1, 2000.

Copyright ©2001 Rocky Mountain Mathematics Consortium

831



832 R.C. BRADLEY

For simplicity, the presentation is given here for real Banach spaces.
However, the results hold as well for complex Banach spaces, e.g., by a
trivial extension of Theorem 1.8.

Definition 1.1. Suppose (22, M, P) is a probability space. For any
two o-fields F and G C M, define the following three “measures of
dependence”:

(1.1) a(F,G) :=sup |P(FNG)— P(F)P(G)|;
GG
1 VEO= m Fpe
P(F)Gpe(%)>0
1 I J
(1.3) B(F,G) := sup 5 Z Z |P(F;NG,) — P(F;)P(G;)|

where this latter supremum is taken over all pairs of (finite) partitions
{F\,Fy,...,Fr} and {G1,Ga,... ,G} of Q such that F; € F for each
i and G; € G for each j.

Remark 1.2. In (1.3), the factor of 1/2 is not particularly important.
It has become customary in the literature on strong mixing conditions.
In (1.2), the notation ¢*(.,.) is used because the notation (.,.) has
a well-established different (though closely related) meaning. One has
that

(1.4) 0 < 2a(F,G) < B(F,G) <1 < ¢*(F,G) < oo.

The first and third inequalities in (1.4) are trivial consequences of (1.1)
and (1.3). The fourth inequality in (1.4) holds by (1.2) and the fact
that if P(FNG) < P(F)-P(G), then P(F°NG) > P(F€)-P(G). The
second inequality in (1.4) holds by a simple calculation and the fact
that for events F' and G, the quantity |P(FNG) — P(F)P(G)| remains
unchanged if F is replaced by its complement F¢ and/or G is replaced
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by G¢. The fifth inequality in (1.4) is trivial; the point of it is that the
equality ¢¥*(F,G) = oo can occur.

Remark 1.3. The measures of dependence «f.,.) and §(.,.) are the
bases for, respectively, the “a-mixing” (or “strong mixing”) condition
introduced by Rosenblatt [12], and the “f-mixing” (or “absolute reg-
ularity”) condition introduced by Volkonskii and Rozanov [15] (and
attributed there to Kolmogorov). (For strictly stationary, finite-state
random sequences, S-mixing is equivalent to the “weak Bernoulli” con-
dition of Ornstein isomorphism theory; see, e.g., Shields [14]). As a
consequence of (1.4), f-mixing implies a-mixing; however, a-mixing
does not imply B-mixing. The formulations of these two mixing condi-
tions need not be given here.

For the moment, let H be an arbitrary separable real Hilbert space,
and let B be an arbitrary separable real Banach space. An extremely
sharp central limit theorem proved by Doukhan, Massart and Rio
[8, Theorem 1] for real-valued random variables under a-mixing, was
extended to H-valued random variables under a-mixing by Merlevede,
Peligrad and Utev [10, Theorem 1.3]. Dehling and Philipp [7, Theorem
1] proved a very sharp almost sure invariance principle for H-valued
random variables under a-mixing. Dehling and Philipp [7, Theorem 4]
also proved a very sharp almost sure invariance principle for B-valued
random variables under §-mixing; it is not known whether that result
holds (for B-valued random variables) under c-mixing. The author
[3] established a connection between tightness of sums and tightness
of linear functionals of sums, for B-valued random variables under
fB-mixing; it is not known whether (for B-valued random variables)
that result still holds under a-mixing. For limit theory for H-valued
random variables, a-mixing seems to be a natural mixing condition;
and for limit theory for B-valued random variables, (S-mixing seems
to be natural. (One exception to this general pattern is a result of
Philipp [11, Theorem 2] on convergence of normalized sums of B-
valued random variables to stable laws under a-mixing, an extension
of an earlier corresponding result in Ibragimov and Linnik [9, Theorem
18.1.1] for real-valued random variables under a-mixing.)

Definition 1.4. Suppose B is a (not necessarily separable) nontrivial
real Banach space, with norm || - || and B* is its (real) dual space,
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the Banach space of real bounded linear functionals on B, with norm
| - lg=- That is, for y € B*, ||y||p= := sup,ep |(x,y)|/|z||p (Where
0/0 := 0). Here and below, we use the notation (z,y) := y(x) for
x € B and y € B*. (This notation “fits” the well-known connection
between linear functionals and “inner products” in the case of a real
Hilbert space.)

Recall our probability space (2, M, P). For any two o-fields F and
G C M, define the following measure of dependence:

(1.5) R(B;F,G) :=sup |E(X,Y) — (EX,EY)|

where the supremum is taken over all pairs of simple random variables
X and Y such that X is B-valued and F-measurable, Y is B*-valued
and G-measurable, and || X||p < 1 a.s. and ||Y||g+ < 1 a.s. (By using
only simple random variables here, one avoids certain measure-theoretic
technicalities.)

Remark 1.5. Suppose F and G are any o-fields C M.
One has that

(1.6) 4a(F,G) = R(R; F,G) < R(B; F,G) < 28(F,G).

These facts are elementary. By [9, Theorem 17.2.1], one has that
R(R; F,G) < 4a(F,G). To see that equality holds there, consider the
(real-valued) random variables of the form X = I(F) — I(F°), F € F
and Y = I(G) — I(G°), G € G. (Here I(.) denotes the indicator func-
tion.) Also, R(R;F,G) < R(B;F,G) by a simple argument involving
an application of the Hahn-Banach theorem. The last inequality in
(1.6) will take slightly more work to verify.

Suppose X, respectively Y, is a simple F-measurable, respectively
G-measurable, random variable takmg its values in the unlt ball of B,
respectively B*. Represent X = Z 2 I(F) and Y = Z _1Y;1(G; )
where {F1,..., Fr}, respectively {G1,... ,G s}, is a partltlon of Q into
events in F, respectively G, and z; € B7 l|lz:illg <1, y; € B*, and
llyjllB= < 1. Then, by a simple calculation,

E(X,Y) - (EX EY)

(1.7) _ ZZ i, y;) [P(Fi N G;) = P(F;)P(Gy)).
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Now [(z;,y;)| <1 for each (4,7), and hence the last inequality in (1.6)
follows from (1.5) and (1.3).

Using Grothendieck’s inequality and the first equality in (1.6),
Dehling and Philipp [7, Lemma 2.2] pointed out that for any real (not
necessarily separable) Hilbert space H,

(1.8) R(H;F,G) < 10a(F,G).

On the other hand, one has that
(1.9) R(co; F,G) = R(I™; F,G) = R(I*; F,G) = 2B(F,G).

The second and third equalities were pointed out in [6, Theorem 3.1]
with a simple argument, and that argument yields the first equality as
well. Here cp, ' and [ refer to the usual Banach spaces of sequences
of real numbers (with ¢y being the subspace of [ consisting of the
sequences that converge to 0).

In a sense, equations (1.8) and (1.9) “mirror” the observations in
Remark 1.3. For more on this, see [6].

We shall return to Banach spaces in Remark 1.12 below, after dealing
with a broader class of measures of dependence. The next remark will
help provide a framework for what follows.

Remark 1.6. For every § > 0, there exist a probability space
(Q, M, P) and a pair of o-fields F and G C M such that

(1.10) o(F,G) <6,  B(F,G)=1/2, and ¥*(F,G)=2.

One can see this from the class of examples presented in [6, pp.
431-433]. (The dependence coefficient a(F,G) can be fit into the
analysis there via the first equality in (1.6) above. The property
Y*(F,G) = 2 was not mentioned there, but is easy to verify for those
examples.)

In what follows, for simplicity, we shall use that class of examples as
a “benchmark,” and restrict our stated upper bounds on ¥*(F,G) to
numbers 7, 2 < n < oc.

Definition 1.7. Suppose © and I are nonempty sets and X : OxI' —
[-1,1] is a function. For any given probability space (2, M, P) and



836 R.C. BRADLEY

any two o-fields F and G C M, define the following “measure of
dependence”:

(1.11)

where this supremum is taken over all pairs of partitions {Fi,..., Fr}
and {G1,...,Gy} of Q with F; € F for each ¢ and G; € G for each
j and all choices of (not necessarily distinct) elements 61,...,0; € ©
and v1,...,77 €T

Theorem 1.8. Suppose 2 < n < 0o and 0 < C < 1. Then there
exists a positive number T := 7(n, C) such that the following holds:

Suppose © and I are nonempty sets, and X : © x I' — [=1,1] is a
function such that

(1.12)  VY0e€ O, 30 €O such thatVyeT, Xx(6,7)=—-x(6,7).

Suppose that for every § > 0, there exist a probability space (2, M, P)
and a pair of o-fields F and G C M such that

(113) Oé(f, g) < 67 R@J—‘,X(]:a g) > 07 and '(/)*(‘7:7 g) <.

Then for every probability space (0, M, P) and every pair of o-fields F
and G C M, one has that

(1.14) Rorx(F,G) > 1-B(F,G).

Remark 1.9. Theorem 1.8 will be proved in Section 2.

It is unknown whether Theorem 1.8 still holds for 7 = oo (making the
dependence coefficient 9*(.,.) irrelevant). In the proof (in Section 2)
the use of the bound ¢*(F, G) < n seems to be crucial in the derivation
of equations (2.16.16)—(2.16.17).

Obviously there is no essential change in Theorem 1.8 if one restricts
to finite o-fields. Theorem 1.8 can be reformulated in terms of a certain
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class of matrices (such as matrices with the entries p;; in (2.5.1) or the
entries p¥,. in (2.18.1) in Section 2).

With a change in the positive number 7, Theorem 1.8 can be adapted
to functions X that map © x I' into some other reasonable set besides
[—1,1], such as a bounded set in the complex plane.

The following definition will facilitate further discussions.

Definition 1.10. Suppose © and I' are nonempty sets, and X :
© xTI' — [—1,1] is a function.

The ordered triplet (©,T, X) is said to satisfy “Condition B” if there
exists a positive number 7 = 7(0, T, X) such that for every probability
space (2, M, P) and every pair of o-fields F and G C M, equation
(1.14) holds.

If 2 < n < oo, then the ordered triplet (0,T,X) is said to satisfy
“Condition A(n)” if the following holds: For every e > 0, there exists
0 =0(n,e,0,T,X) > 0, such that for every probability space (2, M, P)
and every pair of o-fields F and G C M such that ¢*(F,G) < n and
a(F,G) < 6 hold, one has that Ro rx(F,G) <e.

Obviously, by (1.3) and (1.11), one has that Re r x(F,G) < 26(F,G).
Condition B says that (for the given ©,T",X), the measures of depen-
dence Rorx(.,.) and f(.,.) are within a positive constant factor of
each other.

For a given n, 2 < n < oo, condition A(n) says (for a given ©,T, X)
that under the restriction ¢¥*(.,.) < n, a “small” value of «f(.,.) forces
a “small” value of Rg 1 x(.,.).

Obviously, if 2 < 1y < 12 < 00, then condition A(7) implies condi-
tion A(np). Of course, in condition A(c0), the dependence coefficient
¥*(.,.) is irrelevant.

Corollary 1.11. Suppose © and I' are nonempty sets and X :
O xT' — [—1,1] is a function such that (1.12) holds. Then the following
three statements hold:

(1) For the ordered triplet (©,T',X), the conditions A(n), 2 < n < oo,
are equivalent.
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(2) For the ordered triplet (©,T',X), exactly one of the following two
statements (a), (b) holds:

(a) Condition A(n) is satisfied for all n, 2 < n < co.
(b) Condition B is satisfied.

(3) Suppose that for every e > 0, there exists § = §(,0,T,X) > 0
such that for every probability space (Q, M, P) and every pair of o-
fields F and G C M such that Rgpr x(F,G) < & holds, one has that
B(F,G) <e. Then condition B holds.

Proof. Here we take Theorem 1.8 for granted.

Proof of (1). Suppose that for some 7 € [2,00), condition A(n) fails
to hold. Then by Theorem 1.8, condition B holds. Applying this to
the examples cited in Remark 1.6, one has that condition A(2) fails
to hold. Hence (trivially) for every n € [2,00), condition A(n) fails to
hold. Part (1) follows.

Proof of (2). If statement (a) in part (2) fails to hold, then statement
(b) there holds by Theorem 1.8. Conversely if statement (b) holds,
then applying that to the examples cited in Remark 1.6, one has that
statement (a) cannot hold. Part (2) follows.

Proof of (3). If the hypothesis of (3) holds, then by the examples
cited in Remark 1.6, condition .4(2) fails to hold, and hence by (say)
part (2), condition B holds. Part (3) follows.

Remark 1.12. Now let us return to Banach spaces. Suppose B is
a (not necessarily separable) nontrivial real Banach space. Let ©,
respectively I', denote the unit ball of B, respectively of B*, and
define X : © x I' — [-1,1] by X(z,y) := (z,y). Then R(B;F,G) =
Rorx(F,G) by (1.5), (1.7) and (1.11). We shall say that B satisfies
condition B, respectively condition A(n) for a given 7, 2 < n < oo, if
this ordered triplet (O, T, X) satisfies condition B, respectively condition
A(n). Note that equation (1.12) is satisfied, since (—z,y) = —(z, y).

By (1.8), (real) Hilbert spaces satisfy condition A(c0). Certain other
(real) Banach spaces seem to be known (at least in principle) to satisfy
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condition A(c0), by results in interpolation theory on Banach spaces
(see, e.g., Bergh and Lofstrom [2, Chapter 5] or Bennett and Sharpley
[1]). By (1.9), the Banach spaces cg, ! and [* satisfy condition B.

By Corollary 1.11, for a given (real) Banach space B, the conditions
A(n), 2 <n < 0o, are equivalent; and either B satisfies the conditions
A(n), 2 <n < oo, or B satisfies condition B, but not both. (Similarly,
Corollary 1.11(3) applies to this context.) The following open question
remains unsolved: If B satisfies conditions A(7n), 2 < n < oo, does it
follow that B satisfies condition A(cc0)? If the answer is affirmative,
then B would satisfy either condition A(co) or condition 5.

Here is another perspective. As in [4], [5], [6], let us say that two
measures of dependence are “equivalent” if each one becomes arbitrarily
small as the other becomes sufficiently small. By (1.6) and (1.8),
for any nontrivial (real) separable Hilbert space H, the measure of
dependence R(H;.,.) is equivalent to «(.,.). That is, for arbitrary pairs
of o-fields F and G on an arbitrary probability space (2, M, P), one
has that R(H;F,G) and «(F,G) each become arbitrarily small as the
other becomes sufficiently small. By (1.9), the measures of dependence
R(co;.,.), R(IY;.,.), R(1*;.,.) and B(.,.) are equivalent. By Remark
1.6, the measures of dependence af.,.) and G(.,.) are not equivalent.
It remains an open question whether for every nontrivial (real) Banach
space B, the measure of dependence R(B;...) is equivalent to one of
the two measures of dependence «f.,.) or §(.,.). If so, that would be an
(“unrestricted”) “dichotomy of equivalence classes” for Banach spaces
B. By (1.6) and Corollary 1.11 (parts (1) and (2)), one at least has
the following: For every nontrivial (real) Banach space B, either (i) the
measure of dependence R(B;.,.) is equivalent to §(.,.) or (ii) there is
a “restricted” equivalence of R(B;.,.) with a(.,.), with the pairs of
o-fields F and G being limited to ones satisfying a fixed finite upper
bound on ¥*(F,G). This is the “restricted dichotomy of equivalence
classes” alluded to earlier.

2. Proof of Theorem 1.8. The rest of this paper is devoted to the
proof of Theorem 1.8. Throughout this proof, the following conventions
will be used:

(i) The (one-dimensional) Lebesgue measure of a Borel set S C R
will be denoted [Leb. meas. S].
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(ii) The cardinality of a finite set S will be denoted [card. S].

iii) An “empty sum” > .__ ¢; (where @ is the empty set) is defined
ico
to be zero.

(iv) For typographical convenience, a sum of the form ), g c¢; will
sometimes be written as 3 [c; | 7 € S] and a sum of the form - ; . ¢ cij
will sometimes be written ) [c;; | (¢,4) € S]. (The summand and the
set of indices will be separated by a vertical line.)

In order for the proof to be easier to follow, it will be broken into
a sequence of small “steps” (including some definitions and lemmas).
The numbering of equations will be based on those steps.

Step 2.1. As in the hypothesis of Theorem 1.8, suppose
(2.1.1) 2<nm<oo and 0<C<1

Our first task is to define the positive number 7 := 7(n, C).

Define the positive numbers Ay, 1 < k < 8 and 7 as follows

(2.1.2) A = C)10,

(2.1.3) Ay := Ay /(3n),

(2.1.4) Az = Ay)/2,

(2.1.5) Ay = Az/3,

(2.1.6) Ag = ArAy)2,

(2.1.7) Ag : = A5C/40,

(2.1.8) A7 :=max((0,46C/60]N{1/2,1/3,1/4,1/5,...}),
(2.1.9) Ag i= A3 Aq,

and

(2.1.10) 7 := max((0, As/2] N {1/2,1/3,1/4,1/5,...}).

This completes the definition of the positive number 7 = 7(n, C). Note
that by (2.1.1)—(2.1.10),

(2111) Al,AQ,... ,Ag,’TG (0,1)

Also, in (2.1.8) and (2.1.10), the main requirements are 0 < A; <
AgC/60 and 0 < 7 < Ag/2. Having A7 and 7 be reciprocals of positive
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integers is not vital, but will be helpful for “bookkeeping” purposes
later on.

Step 2.2. Now (as in the statement of Theorem 1.8) suppose that
© and T" are nonempty sets, and X : © x I' — [—1,1] is a function such
that (1.12) holds:

(2.2.1) V0€©O, 30 cOsuchthat VyeTl, X(,7)=—x(6,7).

Also, suppose that for every § > 0, there exist a probability space
and a pair of o-fields on that space such that (1.13) holds.

To complete the proof of Theorem 1.8, our task is to prove that for
every probability space and every pair of o-fields on that space, (1.14)
holds with the positive number 7 defined in (2.1.10).

Let (2*, M*, P*) be an arbitrary fixed probability space, and let F*
and G* be arbitrary fixed o-fields C M*. In order to complete the
proof of Theorem 1.8, it suffices to prove that

(2.2.2) Rorx(F*,G*) > 1. B(F*,G").

The rest of Section 2 is devoted to the proof of this inequality.

Step 2.3. Refer to (1.3) and the last paragraph of Step 2.2. Let M
and N be positive integers, and {F}, Fy, ..., Ff;} and {G},G5,...,Gy}
be partitions of Q*, with F}¥ € F* for each m and G, € G* for each n,
such that

M N
(23.1) Y D IPU(ELNG;) = PHELPNG)| = BF,GY).

m=1n=1

We need to define some more positive constants. Now As > As by
(2.1.4) (and (2.1.11)). Let B; be a number in (0, 1) such that

(232) Ay —2B1 > As.

Also, A3 > A4 by (2.1.5) (and (2.1.11)). Referring to (2.1.1), let By be
a number in (0, 1) such that

(233) Az — Ay — 2nBy > 0.
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Referring to (2.1.11), define the number Bs in (0, 1) by
(2.3.4) Bs = (1/2) - Bs.

Recall the positive integer M above (from (2.3.1)). Referring to (2.1.1),
define the number By in (0, 1) by

(2.3.5) B, := B} C/40.
Referring to (2.3.3), let §y be a number in (0, 1) such that

do

2.3.6
(2:3.6) (45— A~ 20By) By

< Bi.

For later reference, note again that
(237) By, By, B3, B4, 6y € (0,1)

In order to prove (2.2.2) and thereby complete the proof of Theorem 1.8,
we need to select some key elements from the sets © and I' to use
in conjunction with Definition 1.7 and the partitions {Fy,..., F3}
and {G7,... Gy} of Q*. The task of selecting those key elements
from © and I' will involve three stages: First, in Steps 2.4-2.17, we
shall do extensive preliminary work on another, separate probability
space. Next, in Steps 2.18-2.23, we shall return to the probability
space (Q*, M*, P*) and do some more preliminary work. Finally, in
Step 2.24, the key elements from © and I" will be selected and (2.2.2)
will be proved (and thereby the proof of Theorem 1.8 will be complete).

Step 2.4. Refer to the statement of Theorem 1.8 and the second
paragraph of Step 2.2. Let (Q, M, P) be a probability space and F
and G be o-fields C M such that (1.13) holds with § = do:

(2.4.1)  «o(F,G)<dp; Rorx(F,G)>C; and o*(F,G) <n.

(Here, of course, dg, C and n are as in (2.1.1) and (2.3.6).)

Referring to (2.4.1) and Definition 1.7, let I and J be positive integers
and {Fy,...,Fr}and {Gy,...,G } be partitions of  with F; € F for
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each ¢ and G; € G for each j, and 01,... ,0; € © and vq,... ,y5 €T
such that

Refer to (2.2.1) (a restatement of (1.12)). Replacing 6; by 6; for each
1 if necessary, we assume that

(2.4.2) ZZX(@,%) [P(F;NGj) — P(F;)P(Gy)] > C.

i=1 j=1

Step 2.5. Recall the probability space (£2, M, P), the integers I and
J, and the events F; and G; from Step 2.4. For each i € {1,...,I}
and each j € {1,...,J}, define the number

For each ¢ € {1,...,I}, define the number
J
(2.5.2) a; = P(F;) = Zpij~
j=1

(The second equality follows trivially from (2.5.1).) For each j €
{1,...,J}, define the number

I
(2.5.3) b = P(Gj) =Y _pi-
=1

For each ¢ € {1,...,I} and each j € {1,...,J}, define the number

(254) €ij 1= P(F‘z N G]) — P(FZ)P(G]) = Dij — aibj.

The following observations are elementary. First,

1 J
(2.5.5) pi; > 0 for each (¢,7); and ZZPU =1.

i=1 j=1
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Also,
a; > 0 for each 4; b; > 0 for each j;
(2.5.6) ijai 1w zJ:bj -
i=1 j=1
Also,

I J
(257) ZZEU =0.

i=1 j=1
Also, for each i € {1,...,I} and each j € {1,...,J},
(2.5.8) —aibj < Eij < Dij < naibj.

Here the last inequality holds because by (2.4.1) (even if P(F;) =0 or
P(Gj) =0),

pij = P(F;NGj) <™ (F,G) - P(F;)P(Gj) < naib;.

Next, suppose @ and S are any sets such that Q@ C {1,...,I} and
S c {1,...,J}. Consider the events F' := U;coF; and G := UjcsGj.
By (1.1) and (2.4.1), |[P(FNG) — P(F)P(G)| < dy. Of course, P(F) =
Yicq@ and P(G) = . gbj, and also P(FNG) = > .0 icsPij-
Thus, by (2.5.4), one has the following:

vQc{l,...,I}, vSc{l,...,J},

(2.5.9) 3] = |30 Y i — aiby)| < 6o

i€Q jES i€Q jES

Step 2.6. For each i € {1,... I} and each j € {1,...,J}, define
the number

(2.6.1) rij = (1/2)(pij + aib;).
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By (2.5.1), (2.5.2), (2.5.3), (2.5.5) and (2.5.6), these numbers have the
following properties:

I J
(2.6.2) ri; > 0 for all (4,5); and szj =1;
i=1 j=1
J
(2.6.3) Vie{l,.... I}, > ry=a;
j=1
and
I
(2.6.4) Vie{l,...,J} > ry=b;
=1

Also, by (2.5.4) and (2.6.1), for each ¢ € {1,...,I} and each j €
{1,...,J},

(265) |Eij| < 2’[“1']‘.

Next, recall from Step 2.4 the elements 61, ... ,0;€© and v1,... ,vs€
I’ such that (2.4.2) holds. For each ¢ € {1,...,I} and each j €
{1,...,J}, define the notation

(2.6.6) fig = X(0i,7;5)-

Then by (2.4.2), (2.5.4) and the assumption (in Theorem 1.8) that X
maps O x I' into [—1, 1], one has that

(2.6.7) —1< fi; <1 for all (4, j);
and
I J
(2.6.8) Z Zfijgij > C.
i=1j=1

Lemma 2.7. There exists a Borel set Ey C [—1, 1] with the following
two properties:

(i) [Leb. meas. Ey] > 2 — C/5,



846 R.C. BRADLEY

and

(ii) for every x € Ey, one has that

(2.7.1) D Iril(i,5) w = Az < fij <@+ A7) < Ag.

Here, of course, Ag and A; are the positive numbers from (2.1.7) and
(2.1.8). Of course, the sum in (2.7.1) is

D i | Gg) € {1, Ty x {1, J}iw— A7 < fij <z + Aq],

the sum of r;;, taken over all (¢,5) € {1,... ,I} x {1,...,J} such that
x — A7 < fi; < x4+ A7. Throughout the rest of this paper, it will be
tacitly understood that ¢, respectively j, always means an element of
{1,...,1}, respectively {1,...,J}, and that the “set of all (4,5) such
that ...” means the “set of all (z,7) € {1,... ,I}x{1,...,J} such that

2

Proof. Referring to (2.1.8), define the integer x := 1/A7. Of course
k > 2. Define the closed interval Z; := [-1,—1 + 247]. For each
k = 2,3,...,k, define the half-open interval 7 := (=1 + 2(k —
1)A7, —142kA;]. These intervals 71, 7o, ... ,Z,; are (pairwise) disjoint,
and their union is [—1,1].

For each k =1,2,... ,k, define the nonnegative number (see (2.6.2))
(2.7.2) pe =Y [rij | (i.5) : fij € Tu]-

By (2.6.2) and (2.6.7), S5_, pr = Y1y Sy rij = L.
Let T(1) denote the set of all k € {1,...,x} such that p, > Ag/2.
Then

1> > > > Ag/2=(Ag/2) - [card. T(1)].

kET(1) kET(1)

Hence, [card.T(1)] < 2/Ag. Let T(2) denote the set of all k£ €
{1,...,K} such that the set {k —1,k,k+ 1} NT(1) is nonempty. Then
[card. T'(2)] < 3 - [card. T'(1)] < 6/As.
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Define the set E; := Uper(2)Zi. Now each of the intervals 7 has
Lebesgue measure 2A;. Hence, by (2.1.8),

[Leb. meas. Ej] = 2A7 - [card. T'(2)] < (247) - (6/46) < C/5.
Define the set Fy := [—1,1] — E;. Then [Leb. meas. Fy] > 2 — C/5.

This gives property (i) in Lemma 2.7.

Now let x be an arbitrary, fixed element of Ey. To complete the proof
of property (ii) in Lemma 2.7, it suffices to prove (2.7.1) for this z.

The open interval (x — A7,z + A7) contains at most one of the points
-1, =1+ 2A7, —14+4A;,... ,—1 + 2kA7 (= 1). Hence, there exists
an element k € {1,2,... ,xk — 1} such that (z — A7,z + A7) N[-1,1] C
T UZy11. Neither k nor k+1 is an element of the set T'(1). (Otherwise,
one would have that k and k+1 are both in T'(2) and © € Zj;UZk4+1 C Eq,
contradicting the stipulation that = € Ey.) It follows from (2.7.2) and
(2.6.7) (and (2.6.2) and the definition of T'(1)) that

Z[T‘ij|(i,j)i$—A7<fij <:L‘+A7}
< e+ pgr < (Ag/2) + (Ag/2) = As.

Thus (2.7.1) holds. This completes the proof of property (ii) in
Lemma 2.7.

Step 2.8. Refer to (2.6.7). Let L be the positive integer and
90591, - - - ,gr be the numbers in [—1, 1] such that

(28.1) {90,919} ={-L1JU{fi;: 1 <i<I,1<j<J},
and
(2.8.2) —1=go<g1<g2a<--<gr-1<grL=1

That is, the g;’s are, in increasing order, the numbers f;; together with
—1 and +1.

Also, define the function ® : [-1,1] — R as follows. For each
z € [-1,1],

(2.8.3) O(x) =Y [(fij — )eij | (1,5) : fij < al.
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Lemma 2.9. The function ® in (2.8.3) has the following five
properties:

(i) ®(—1) = 0.
(i) ®(1) > C.
(iii) ® is continuous on [—1,1].
(iv) ® is differentiable on the set [—1,1] — {go,91,--. ,95}; and for
each 1 € {0,1,...,L — 1} and each = € (g;,91+1), one has that
'(z) = — Z[%‘ | (6:5) : fij < g1
=— Z[%‘ | (i, 7) : fij < ).

(v) |9'(x)] <2 for all x € [-1,1] — {g0,91,--- ,9L}-

(2.9.1)

Proof. To verify property (i), note that by (2.6.7) and (2.8.3),

(1) = > [(fij + Veij | (6,4) : fiy = =1] = 0.
Property (ii) holds since, by (2.6.7), (2.8.3), (2.5.7) and (2.6.8),

J IoJ
®(1) = Z Z(fij —1eij = Z Z fijei; > C.

i=1 j=1 j=1

Proof of property (iii). Refer to (2.8.1) and (2.8.2). It suffices to
prove that ® is continuous on each of the closed intervals [g;, gi+1],
le{0,1,...,L—1}.

Let I € {0,1,...,L—1} be arbitrary but fixed. For each = € [g;, g1+1)
(the point g;4; is excluded for now), one has trivially by (2.8.1), (2.8.2)
and (2.8.3) that

(2.9.2) O(x) =Y [(fij — 2)ei | (i-) : fij € {90,915, ai}]-

Hence ® is continuous on the (half-open) interval [g;, g;+1). Also, by
(2.9.2), with g;41 also written as g(I+1), for typographical convenience,

(2.9.3)
lim — ®(z) = [(fij — gs1)ei | (6,5) : fij € {90, 01, ai}]-

z—g(l+1)—
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However, trivially,

> ((fi5 = geen)eig | G 4) « fij = gia] = 0.

Hence by (2.8.3) (with (2.8.1) and (2.8.2)), the right side of (2.9.3)
equals ®(g;y1). That is, by (2.9.3), lim,_4q41)- ®(z) = P(g141)-
Hence ® is continuous on the closed interval [g;, gi+1]. Since I €
{0,1,...,L — 1} was arbitrary, property (iii) follows.

Proof of property (iv). Let I € {0,1,... , L—1} be arbitrary but fixed.
To complete the proof of (iv), it suffices to show that (2.9.1) holds for
all z € (g1, gi4+1)-

Recall from the proof of property (iii) that (2.9.2) holds for z €
(91, 91+1). Differentiating (2.9.2), one obtains the first equality in
(2.9.1) (for = € (g1,91+1)). The second equality in (2.9.1) follows (for
z € (g1,g141)) from (2.8.1) and (2.8.2). This completes the proof of
property (iv).

Property (v) follows from property (iv) since Z{zl ijl leij| < 2 by
(say) (2.6.2) and (2.6.5). This completes the proof of Lemma 2.9.

Lemma 2.10. There exists a real number ¢ with the following four
properties:

(2.10.1) —1<(¢<1;

(2.10.2) > Irig [ (1,5) : ¢ = A7 < fij < ¢+ A7] < Ag;
(2.10.3) > leii | (,4) ¢ fij < ¢ — A7 < =C/10;

and

(2.10.4) > leii | (4) ¢ fi = ¢+ A7) = C/10.

Proof. Referring to (2.8.1) and (2.8.2), define the set

(2.10.5) S(1):=[-1,1]—{90,91,--- , 9L}
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Refer to (2.8.3). By Lemma 2.9, the function ® is continuous on [—1, 1]
and its derivative @' is defined, bounded and continuous on S(1). (In
fact by (2.9.1), ® is constant on each of the open intervals (g;, gi+1),
1=0,1,...,L —1.) Also, the set {go,91,.-.,95}, the complement of
S(1) in [—1, 1], has only finitely many elements. It follows from Lemma
2.9 that

1
(2.10.6) / & (z)de = B(1) — ®(—1) > C.

Define the sets

(2.10.7) S5(2):={x e S(1):9'(x) > C/4}
and
(2.10.8) S(3):={zxeS(1):d(x) < C/4}.

By (2.10.8) (and (2.1.1)),

1

/ ' (z) da g/ (C/4) da g/ (C/4) dz = C2.
5(3) S(3) -1
Hence, by (2.10.6), (2.10.7) and (2.10.8), [, ®'(x) dz > C/2. Hence

by Lemma 2.9 (v), fS(Q) 2dx > C/2. Hence

(2.10.9) [Leb. meas. S(2)] > C/4.

Let the set Ey be as in Lemma 2.7. Then from (2.10.9) and property
(i) in Lemma 2.7, one has that

[Leb. meas. Ey] + [Leb. meas. S(2)] > 2 — (C/5)+ C/4 > 2.

Since Ey and S(2) are each a subset of [—1, 1], it follows that EyNS(2)
is nonempty. Let ¢ be an element of Fy N S(2). Of course by (2.8.1),
(2.10.5) and (2.10.7), neither 1 nor —1 is a member of S(2). Hence
equation (2.10.1) holds. Since ( € Ey, equation (2.10.2) also holds
(see property (ii) in Lemma 2.7). Now the remaining task is to prove
(2.10.3)~(2.10.4).
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Since ¢ € S(2), one has that ®'(¢) > C/4 by (2.10.7). Hence by
Lemma 2.9 (iv),

(2.10.10) > leij | Grd) s fiy < ¢ < —C/4
Also, by (2.6.5), (2.10.2), (2.1.7) and (2.1.11),

) ’Z[eij\(i,j)iC—A7<fij <]

(2.10.11
< [2ri | (6,4) : ¢ — A7 < fi; < ¢] < 246 < C/10.

Hence by (2.10.10), equation (2.10.3) holds.
Next by (2.10.10) and (2.5.7),

(2.10.12) > leij | (4) : fi > ¢ = C/A

By an argument analogous to (2.10.11),

| S lews [ 9 ¢ < fiy < ¢+ 41| < /0.

Hence by (2.10.12), equation (2.10.4) holds.

All four equations (2.10.1)—(2.10.4) in Lemma 2.10 have been verified.
This completes the proof of Lemma 2.10.

Step 2.11. Henceforth, let ( be a fixed number satisfying all
properties in Lemma 2.10.

Referring to (2.6.6), define the numbers h;; and X;j, i € {1,...,I},
je{l,...,J} as follows:

(2.11.1) hij == fij — G
and

1 if hij > Ay
(2112) )‘ij = 0 if —A7 < hij < A7

—1 if hyy < —Aq.
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For convenient reference, let us list, in this new terminology, the four
properties in Lemma 2.10:

(2.11.3) —1<(<1;

(2.11.4) > Irig | (1.5) = ij = 0] < Ag;
(2.11.5) > leij | (i.4) : Aij = —1] < =C/10;
(2.11.6) > leij | G, 4) + Mij = 1] = €/10.

Also, by (2.6.7) and (2.11.1), one has that for each i € {1,...,I} and
je{l,...,J},

(2.11.7) “1-(<hy<l-C
By (2.11.2), (2.11.5) and (2.11.6), one also has that

I

J
(2.11.8) >3 Nijei = CJ5.

i=1 j=1

Lemma 2.12. Suppose S is a nonempty subset of {1,...,J}.
Suppose i is an element of {1,... ,I}. Then there exists a nonempty
set D(1,S) with the following three properties (see (2.1.10), (2.5.3) and
(2.11.1)):

(2.12.1) D(i,S) C 8;

(2.12.2) S b= (r/2)- ) by
JED(i,S) jes

and

(2123) max |h” — h7,k:| S T.

J,keD(i,S)
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Proof. If ZjES b; = 0, then this lemma is trivial (simply let
D(i, S) := {j} for some j € S). Therefore, assume that >, s b; > 0.

Referring to (2.1.10), define the positive integer K := 1/7. For each
le{l,2,... 2K}, define the set

(2124) V(1) :={jeS:=1-C+(1-1)/K <hj <-1-(C+I/K}.
By (2.11.7), one has that S = U5 V(I). Hence (see (2.5.6)) djeshi <
1251 > jevaybj- Hence there exists at least one element I’ €
{1,2,...,2K} such that > .y b = (2K)™' X egbj > 0. Let
D(i,S) := V(I') for such an element I’. Then D(%,S) is nonempty
and satisfies (2.12.2) and, by (2.12.4), D(i, S) also satisfies (2.12.1) and
(2.12.3). This completes the proof of Lemma 2.12.

Definition 2.13. Let A denote the set of all integers j € {1,...,J}
with the following two properties (see (2.1.2) and (2.1.6)):

I
(2.13.1) > Nijeij = Aibj;
i=1
and
(2.13.2) I lie{l,... I} Xij = 0] < Asb;.
Lemma 2.14. One has that 3, bj > C/40.
Proof. Define the sets
(2.14.1)
I
A(].) = {] € {1, . ,J} : Z)‘ij‘sij > Albj}
i=1
and
(2.14.2)
I

A(2) = {j €{L Ty Y Ayey < Albj}.

=1
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Then by (2.5.6) and (2.1.2),

(2.14.3) > Z/\UEUS > Ay < Ay = C/10.

JEA(2 JEA(2)

Hence by (2.11.8) and (2.14.1), 3 a1y Simy Aijes; > C/10. Hence
by (2.6.5) and (2.11.2), 3, a 1) Doizy 2737 > C/10. Hence by (2.6.4),

(2.14.4) > by > Cy20.
JEA(L)

Next define the set
(2.14.5)

A(3) == {je{l,... T Iy |ie {1 ,I};Aij=0}>A5bj}.

Then by (2.11.4) (and (2.6.2)),

SN riliefl, I =01 ) Ash

JEA(3) JEA(3)

Hence by (2.1.7),

(2.14.6) D b < Ag/As = C/40.
JEA(3)

Now A(1)—A(3) = A by (2.14.1), (2.14.5) and Definition 2.13. Hence
by (2.14.4) and (2.14.6) (and (2.5.6)),

b= > b Z b; > (C/20) — (C/40) = C/40.

JEA JEA(L) JEA(3

Thus Lemma 2.14 holds.

Definition 2.15. Suppose S is a nonempty subset of the set A (from
Definition 2.13). Let U(S) denote the set of all s € {1,..., I} such that
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the following holds: There exists a pair of nonempty sets T'(4, .S, +) and
T(i, S, —) with the following properties:

(2.15.1) T(i,S,+)C S and T(i,S,—)C S;

(2.15.2) > b= By by

JET(4,5,4) Jjes

(2.15.3) > b =By by

JET(4,S,—) JES
(2154) sup |h” — hzk‘ S T;
4,k€T(4,8,+)
(2.15.5) sup  |hiy; — hig| < 7
4,k€T(4,8,—)
(2.15.6) Xij =1 foralljeT(S,+);
and
(2.15.7) Aij =—1 forall j € T(3,5,-).

Here, of course, Bs is from (2.3.4). The next lemma involves constants
from (2.3.5) and (2.1.4), as well as the numbers a; and b; from (2.5.2)
and (2.5.3).

Lemma 2.16. Suppose S is a subset of A such that

(2.16.1) > by > By

JES

Then S is nonempty, and

(2.16.2) D ai> A

i€U(S)
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Proof. As in the statement of the lemma, suppose S C A and (2.16.1)
holds. Of course S is nonempty by (2.16.1) and (2.3.7).

The strategy for proving (2.16.2) will be as follows: First, some sets
Q(k), 1 <k <7, subsets of {1,...,I}, will be defined. Then it will be
shown that 3,57 @i = As. (That will be most of the work in this
proof.) Then at the end it will be shown that Q(7) C U(S). Thereby
(2.16.2) will be established.

Define the following seven subsets of {1,...,I}:

(2163) Q(l) = {Z S {17 .. ,I} : Z)‘ijgij > Agaiij};

JjES JES
(2164) Q(2) = {Z S {1,. . 7]} : Z)‘ijgij < Agaiij};
jeSs JjeS
(2.165) Q(3) := {z €Q): Y llewl | €S : Ay =0 > Auay ij};

jeS
(2.16.6) Q(4) :==Q(1) — Q(3);
(2.16.7) Q(5) := {z €M) : Y b lieS: Ay =1]< BQZbJ};

jES
(2.16.8) Q(6) := {z €QM): Y [bj|jeS: Ay =—1]<By ij};
jes
(2169) Q7)== Q1) - (Q(5)UQ(6)).

For convenience in the upcoming calculations, define the following
numbers:

(216.10)  S:=Y b; andVke{l,...,7}, Q= > a.

jES i€Q(k)
Note that by (2.16.1) and (2.3.7),
(2.16.11) S>0.

Now by (2.11.2), (2.5.8), (2.1.1) and (2.16.10),

(2.16.12) ST NjEir < >0 el <n-Q1-S.

i€Q(1) j€S i€Q(1) j€S
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Also, by (2.16.4), (2.16.10), (2.5.6), (2.1.11) and (2.16.11),

Z Z/\ijfij S Z (AgazS) S A3S

i€Q(2) JES 1€Q(2)
Adding this to (2.16.12) (see (2.16.3) and (2.16.4)), one has that

I
(2.16.13) DD Nijei <n Q1S+ AsS.

i=1jes

Also, by Definition 2.13 and the assumption (in the statement of
Lemma 2.16) that S C A, one has that Zle Y jes Nijeiy = AiS.
Combining this with (2.16.13) and dividing by S (see (2.16.11)), one
has that A; < nQ; + As. Now Az < A;/3 by (2.1.1), (2.1.3), (2.1.4)
and (2.1.11). Hence by (2.1.3),

(21614) Ql 2 (Al — Ag)/’l] Z 2A1/(3?7) = 2A2.

Now let us look at the sets Q(3) and Q(4). By (2.16.10), (2.16.5),
(2.6.5) and Definition 2.13, one has that

Ai@S= ) AaiS< Y Y llel|ies:x;=0]
i€Q(3) i€Q(3)

SZZH%HJES:M = 0]
<> rijlied{l,... T} =0]

JjeSs
< ZQAsbj = 2A4:8.
JjES
Hence by (2.1.6), (2.16.11) and (2.1.11), Q3 < 2A5/A4 = A,. Hence
by (2.16.6) and (2.16.14),

(2.16.15) Q42> Q1 — Q3> As.
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Next let us look at the set Q(5). Now by (2.16.7) and (2.16.6), Q(5)
does not intersect Q(3). Hence by (2.11.2), (2.5.8) and (2.16.7),

(2.16.16)

Z ZAUEU: Z Zz—:ij—k Z Z[Eij|j€S:>\ij:O]

1€Q(5) jES i€Q(5)jES 1€Q(5)
+2 Z > leij|ieS:xg=1]
1€Q(5
< - Z ZEU + Z Aya;S
i€Q(5) jES 1€Q(5)
+2 ) Y ab; | €S Nij =1]
i€Q(5)
< - Z ZEZ‘]‘ + A4958 + 2By Q5 S.
i€Q(5)jeES

Hence, by (2.5.9), (2.16.7)/(2.16.6)/(2.16.3), (2.3.3) and (2.16.1),

50 Z — Z Z{fij 2 |: Z Z)‘ijsij} — A4Q5S — 2T]BQQ5S

1€Q(5) JES 1€Q(5) JES
> Y M| - 41058 - 2By Q58
i€Q(5)

= (A3 — Ay — 21B3) Q58S
> (A3 — Ay — 2nB3) Q5B

Hence by (2.3.6), (2.3.3) and (2.3.7),

do

2.16.17 Q5 <
( ) ° = (A3 — Ay —211By) - By

< Bj.

Next let us look at the set Q(6). Now by (2.16.8) and (2.16.6), Q(6)
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does not intersect Q(3). Hence by (2.11.2), (2.5.8) and (2.16.8),

o3 NjEii= D0 Y eii— > D lei|i€ S Ay =0

i€Q(6) JES i€Q(6) JES 1€Q(6)
-2 Z ZEZ‘j|j€SZ/\Z‘j:—1]
1€Q(6)
Y Yt Y Aas
i€Q(6) j€S i€Q(6)
+ 2 Z Zaibj’_]ESZ)\ijZ—l}
i€Q(6)
Z Z Eij + A4Q68 + 2B2 Q(;S
1€Q(6) JES

Hence by (2.5.9), (2.16.8)/(2.16.6)/(2.16.3), (2.3.3), (2.1.1) and (2.16.1),

Z Zgw —[ Z Z/\Uel]} A4Q6S — 2B2QS

1€Q(6) jES 1€Q(6) jES
> [ Z AgaiS] — A4Q6S — 2B29sS
1€Q(6)

= (A3 — Ay — 2B5)Q6S
> (A3 — Ay — 2B2) Qs By.

Hence by (2.3.6) and (2.3.3) and (2.3.7),

do
< Bj.
(Ag—A4—2BQ)~B4 =1

(2.16.18) Qs <
Now by (2.16.9), (2.16.15), (2.16.17), (2.16.18) and (2.3.2),

(2.16.19) Qr > Qs — (Q5+ Qs) > Ay — 2By > As.

Now refer to (2.16.2) (the conclusion of Lemma 2.16). By (2.5.6),
(2.16.10) and (2.16.19), in order to prove (2.16.2) and thereby complete
the proof of Lemma 2.16, it suffices to prove that

(2.16.20) Q(7) Cc U(S).
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Now in the rest of the proof of Lemma 2.16, we shall let i € Q(7) be
arbitrary but fixed. In order to show that ¢ € U(S), and thereby
prove (2.16.20) and complete the proof of Lemma 2.16, it suffices
to produce two nonempty sets 7(i,S,+) and T'(i,S,—) such that
equations (2.15.1)—(2.15.7) hold.

First note that since i € Q(7), one has by (2.16.9)/(2.16.8)/(2.16.7)
that

(2.16.21) D Ibili €SN =1] = BS;
and
(2.16.22) > Ibjli€S:Nij=—1]>BS.

Define the set T'(1) := {j € S : A;; = 1}. By (2.16.21), (2.3.7) and
(2.16.11), T(1) is nonempty. Applying Lemma 2.12, let T'(i,S,+) C
T(1) be a nonempty set such that (2.15.4) holds and 3 c7(; g 1) bj =
(T/2) EjeT(l) bj. Then ZjeT(i’S’Jr) bj Z (T/2)BQS = B3S by (21621)
and (2.3.4) (and (2.1.11)). Thus (2.15.2) holds. Also (2.15.6) and the
first part of (2.15.1) hold by the definition of T'(1).

Define the set T'(2) :={j € S : \;; = —1}. By (2.16.22), (2.3.7) and
(2.16.11), T'(2) is nonempty. Applying Lemma 2.12, let T'(¢, S, —) C
T(2) be a nonempty set such that (2.15.5) holds and 3,7 5 ) bj =
(T/2) ZjeT(2) bj. Then ZjeT(i,S,f) bj Z (T/2)B28 = BgS by (21622)
and (2.3.4). Thus (2.15.3) holds. Also (2.15.7) and the second part of
(2.15.1) hold by the definition of T'(2).

The sets T'(i, S, +) and T'(¢, S, —) are nonempty and satisfy equations
(2.15.1)—(2.15.7). Thus, i € U(S) (by Definition 2.15). Since i was an
arbitrary element of Q(7), equation (2.16.20) holds. This completes
the proof of Lemma 2.16.

Definition 2.17. Refer to (2.11.1). For every integer i € {1,... ,I}

and every nonempty set S C {1,...,J}, define the number
2.17.1 H(i = min h;,;.
(2.17.1) (6, 5) = min hi;

(The use of “min” is only for definiteness. For what follows, it is
important only that H(i,S) be one of the numbers h;;, j € S.)
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Step 2.18. Recall from Step 2.5 the notations p;;, a; and b; related
to the probability space (2, M, P) and the o-fields F and G C M from
Step 2.4. We will need corresponding notations related to the “other”
probability space (Q*, M*, P*) in Steps 2.2 and 2.3.

Refer to Step 2.2 and the first paragraph of Step 2.3. For each
m € {1,...,M} and each n € {1,...,N}, define the nonnegative
number

(2.18.1) Drn = P*(Fr NGY).
For each m € {1,... , M}, define the nonnegative number
N
(2.18.2) ay, =P (F3) =Y Phn-
n=1
For each n € {1,..., N}, define the nonnegative number
M
(2.18.3) b, =P (G}) = > Dhun-
m=1

Step 2.19. Refer again to the positive integers M and N from
Step 2.3 and the positive integer I from Step 2.4.

For a given sequence, z1,22,...,2zp of elements of {1,... I}, we
would like to recursively define a two-dimensional array of sets indexed
byme{l,...,M}andn € {1,... ,N}. The “syntax” of the recursive
definition will be slightly less cumbersome if we allow the use of a
superfluous “initial” coordinate zg € {1,...,I}.

In the recursive definition (given below) we shall define for each m €
{0,1,..., M} and each vector y := (20,21, ,2m) € {1,... , I}™ " a
collection of sets S(m,n,y) C A, n € {1,...,N} such that for each
ne{l,..., N},

(2.19.1) > b = ByC/40.
JES(m,n,y)

(Here of course the set A is from Definition 2.13.) Also, for each
m € {1,...,M} (but not m = 0), and each y := (20,21,...,2m) €
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{1,...,I}™* we shall define a pair of sets D(m,y) and £(m,y) C
{1,...,N} and also a number o(m,y) € {-1,1}.

The use of the vector y := (20,21, .- ,2m) € {1,...,I}™ ! (instead
of a vector (zq,21,-..,2nm) € {1,..., I}M*1) may seem awkward but
will facilitate some arguments later on.

Let us start with m = 0. For each y := (29) € {1,...,I} and each
n € {1,...,N}, define the set S(0,n,y) := A (from Definition 2.13).
By Lemma 2.14 (and (2.3.7)), equation (2.19.1) holds with m = 0.

Now suppose m € {1,... , M}, and suppose the set S(m —1,n,w) C
A has already been defined for each w = (29, ... ,2m—1) € {1,... , I}"™
and each n € {1,..., N}, and that (for each such w and n), (2.19.1)
holds with m replaced by m — 1 and y replaced by w:

(2.19.2) > b= Bpic/do.

je€S(m—1,n,w)

Note that by (2.19.2), (2.3.7) and (2.1.1), the set S(m — 1,n,w) is
nonempty for each w and each n.

Suppose ¥ = (Yo,Y1,---,Ym) € {1,..., I} . Denote x :=
(Yo, Y1s- - ,Ym—1), the vector € {1,... I} consisting of the first m
coordinates of y.

Referring to Definition 2.15, define the sets

(2.19.3)
D(m,y):={ne{l,... ,N}:yy ¢ U(S(m—1,n,%x))};

and

(2.19.4)
Em,y):={ne{l,... ,N}:yn € U(S(m—1,n,x))}.

Either one of these two sets could be empty. Obviously, these two sets
complement each other in {1,...,N}.

For each n € D(m,y) (if the set D(m,y) is nonempty), define the set

(2.19.5) S(m,n,y) = D(Ym, S(m —1,n,x))
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from Lemma 2.12. For each n € D(m,y), one has that (i) S(m,n,y) C
A, and (ii) (2.19.1) holds. To see (i), note that S(m,n,y) C S(m —
1,m,x) C A (see (2.12.1)). To see (ii), first note that Bs < 7/2 by
(2.3.4) and (2.3.7), and then apply (2.12.2) and (2.19.2). Note that
for each n € D(m,y) (if D(m,y) is nonempty), the set S(m,n,y) is
nonempty, by (2.19.1), (2.1.1) and (2.3.7).

Next, referring to (2.17.1) and (2.18.1)/(2.18.2)/(2.18.3), define the
number o(m,y) € {—1,1} as follows:
L i3 epiny) HYm, S(m,n,y))
(Dn — aiby) =0
=1 i X epimy) HYm, S(m,n,y))
(Din — aib,) < 0.
(Of course, if D(m,y) is empty, then the sum is 0 and o(m,y) = 1.)

Next refer to (2.19.4) and Definition 2.15. For each n € £(m,y) (if the
set £(m,y) is nonempty), define the following set from Definition 2.15:

(2.19.6) o(m,y) =

(2.19.7)
S(m,n,y) ::{

For each n € £(m,y), one has that (i) S(m,n,y) C A, and (ii) equa-
tion(2.19.1) holds. Here (i) holds by (2.15.1) since S(m — 1,n,x) C A;
and (ii) holds by (2.19.2) and (2.15.2)/(2.15.3).

This completes the recursive definition (for m = 1,...,M) of the
sets S(m,n,y) (C A and satisfying (2.19.1)) and the sets D(m,y)
and £(m,y), and the number o(m,y), for y € {1,...,I}™*! and
ne{l,..., N}

T(Ym, S(m—1,n,%x),+) if o(m,y)- (pk,,,—ar,bs) >0
T(Ym,S(m—1,n,x),—) if o(m,y) - (pk,,—ak,bk) <O0.

Lemma 2.20. Suppose m € {1,..., M}, y := (Y0,Y1,--- ,Ym) €
{1,..., I} andn € {1,... ,N}. Then the following four statements
hold:

(1) One has that > b; > By.

JjES(m,n,y)

(2) The set S(m,n,y) is nonempty and, for every j € S(m,n,y), one
has that (referring to Definition 2.17 and writing y,, also as y(m) and
hi; also as h; ;)

(2.20.1) |hy(m),j — HYm, S(m,n,y))| < 7.
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(3) Letting x := (Yo, Y15+ -+ yYm—1) € {1,... , I}™ (that is, x consists
of the first m coordinates of y), one has that

(2.20.2) S(m,n,y) C S(m—1,n,x) C A.

(4) If n € E(m,y), then

(2.20.3) H(ypn, S(m,1,3))-0(m.y) (D — i) > A+ |p —alubl |

Proof. Statement (1) holds by (2.19.1), (2.3.5), (2.1.1) and (2.3.7).

In the rest of this proof, in the manner of statement (2), y,, is also
written as y(m), and h;; also as h; ; and \;; also as A, ;.

Proof of (2). The set S(m,n,y) is nonempty by (say) statement (1)
and (2.3.7). Also,

(2204) ; kersn(?nxn ) |hy(m),j - hy(m),k| <T.

If n € D(m,y), then (2.20.4) holds by (2.19.5) and (2.12.3). If instead
n € £(m,y), then (2.20.4) holds by (2.19.7) and (2.15.4)/(2.15.5).

Now from (2.17.1), H(ym, S(m,n,y)) is one of the numbers hy () 1,
k € S(m,n,y). Hence (2.20.1) follows from (2.20.4). This completes
the proof of (2).

Proof of (3). This was built into the recursive definition in Step 2.19.
(If n € D(m,y), then the first part of (2.20.2) holds by (2.19.5) and
(2.12.1). If instead n € E(m,y), then the first part of (2.20.2) holds
by (2.19.7) and (2.15.1). The “C A” in (2.20.2) holds from Step 2.19
regardless of whether m —1=0o0orm—12>1.)

Proof of (4). Suppose n € E(m,y). Let x:= (Yo, Y1, - ,Ym—1) as in
statement (3).

Note that |o(m,y)| = 1 by (2.19.6).

The argument will be broken into two cases:
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Case 1. a(m,y) - (phn — ai,bs) > 0. Then

U(m7Y) : (p:nn - a‘;knb:;) = |U*(m7y) : (p:nn - arnb:)l

= [Pin — an byl

(2.20.5)

Now referring to (2.17.1), let j € S(m,n,y) be such that
(2.20.6) H(Ym, S(m,n,y)) = hym),;-

Then j € T'(ym,S(m — 1,n,x),4) by (2.19.7); hence A\y¢my,; = 1 by
(2.15.6), hence hy(,,; > A7 by (2.11.2). Hence by (2.20.5) and (2.20.6),
equation (2.20.3) holds.

Case 1. o(m,y) - (p%,, —a*,bX) < 0. Then

m0m ) B = ) = 0my) (i — )
— [P — G-

Again referring to (2.17.1), let j € S(m,n,y) be such that (2.20.6)

holds. Then j € T(ym,S(m — 1,n,x),—) by (2.19.7), Aymm); = —1

by (2.15.7), —hy(m),; > A7 by (2.11.2), and hence (2.20.3) holds by

(2.20.6) and (2.20.7). This completes the proof of statement (4) and of

Lemma 2.20.

Step 2.21. In connection with equations (2.19.3) and (2.19.4), the
following “indicator functions” will be useful later on:

For each m €{1,... ,M}, eachy := (yo,¥1,--- ,¥m) € {1,..., [}mF?
and each n € {1,..., N}, define

1 ifneé&(m,y),

(2.21.1) Z(m,n,y) := {0 if n € D(m,y).

Step 2.22. Foranym €{1,... , M}, any vectory := (Yo, Y1, -- ,Ym)
€ {1,..., I} and any n € {1,...,N}, define (for convenient
notation) the number

(2.22.1) W(m,n,y):=0a(m,y) - H(Ym,S(m,n,y)) - [prn — anby].
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(This is the left side of (2.20.3).)

For any given vector z := (zq, 21, ... ,2a) € {1,..., I}M*1 we shall
use, for each m € {0,1,..., M}, the notation z., := (20, 21,... ,2m) €
{1,...,1}™*L. (Thus z); = z.) For a given m € {0,1,..., M}, the
vector z,, will sometimes be written z(m).

For each z := (20,21,...,2m) € {1,...,I}MT! one has by (2.19.6)

that "
Z Z W(m,n,zm) > 0;

m=1neD(m,z(m))

and also by Lemma 2.20(4),

M M
Z Z W(m,n, zm,) > Z Z Az |Ppn — a byl

m=1ne&(m,z(m)) m=1ne&(m,z(m))

Hence by (2.19.3)/(2.19.4) and (2.21.1), for each z := (29, 21, ... ,2m) €
{1, R ’I}M+17

M N M
(2.22.2) ZZWmnzm >A7ZZImnzm) Dy —ar, O .

m=1n=1 m=1n=1

Lemma 2.23. There exists a vector z* = (z§,2%,...,25) €
{1,..., I}M+ such that

(2.23.1)

Proof. The easiest way to prove this lemma seems to be an elementary
“probabilistic” argument. In carrying out this argument, we need to
avoid conflicting with the notations for the probability spaces defined
in Steps 2.2 and 2.4.
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Define the probability space (Q**, M** P**) as follows: Q** :=
{1,..., [}M+L M** is the o-field consisting of all subsets of Q**,
and P** is the measure on (2**, M**) such that for each z :=
(2’0,2’1, . ,ZM) e O

M

(2.23.2) P({z}) = [] alzm),

m=0

where a(i) := a; from (2.5.2). By (2.5.6) and a trivial argument, P**
is a probability measure on (2**, M**).

Define the random variables Zy, Z1,... , Z,, on Q** as follows. For
each z := (20, 21,...,20m) € Q** and each m € {0,1,... , M},
(2.23.3) Zm(Z) = Zm.
For each m € {0,1,..., M}, this random variable takes its values in

{1,...,I}. By (2.23.2), (2.23.3), (2.5.6) and a trivial calculation, for
each m € {0,1,... ,M} and each i € {1,... , I},

(2.23.4) P (Zm = 1) = a;.
As a simple consequence of (2.23.2), (2.23.3) and (2.23.4), the random
variables Zy, Z1, ..., Zy; are independent.

Define the random vector Z := (Zy, Z1,...,Zpn). For each m €

{0,1,...,m}, define the random vector Z,, = (Zo,Z1,...,Zm).
(Then Zp; = Z.) The following observation will be handy:

(2.23.5) For each m € {1,... , M}, the random variable
o Zm 18 independent of the random vector Z,, 1.

The following observation will also be useful:

If SC Aand Y b; > By, then Vm € {0,1,..., M},
(2.23.6) jes

P**(Z,, € U(S)) > As.
This holds because, by (2.23.4) and Lemma 2.16,

P*(Zn€US) = > P*(Zn=i)= Y a>As
icU(S) i€U(S)
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In what follows, the “expected value” of a random variable X on Q**
will be denoted E**X.

Refer to Step 2.19. For each vector z := (zo,21,...,2Mm) €
{1,..., I}M+1 each m € {0,1,... ,M} and each n € {1,... ,N}, one
has that S(m,n,z,) C A and Y- c g n.a0m)) b = Ba, by Lemma 2.20
(1), (3) (or for m = 0, by (2.3.5), (2.3.7), (2.19.1) and the definition
S(0,n,y) = A in Step 19). With that in mind, in the calculations just
below, each sum is taken over all sets S C A such that 3>, gb; > Ba.

For each m € {1,... ,M} and each n € {1,...,N}, by (2.21.1),
(2.19.4), (2.23.5) and (2.23.6),

E*I(m,n,Zy) =P (n e &(m,Zy))
=P (Zp, € U(S(m—1,n,Z,_1)))

P (€ VSO~ L)) and
S

S(m_ 1,n, Zm—l) = S)
= ZP**(Zm S U(S) and S(m_ 1,7’L, mel) = S)
S

=3 P*(Z € U(S))- P*(S(m — 1,0, Zy1) = 5)
S

>N Ay P(S(m—1,n,Zp 1) = S)

= Az 1.
Hence,
M N
BN T(m,n, Z) - D — @b}
m=1n=1
M N
(2.23.7) = Z Z Ik, — as, bk |- B T(m,n, Zy,)
"N
> Z Z ‘p:(nn - a:nb:(z‘ ' A3-
m=1n=1

Now for (say) a random variable defined on a probability space with
only finitely many elements (as in Q**), the expected value cannot be
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greater than the maximum value taken by that random variable. Hence

by (2.23.7), there has to exist an element z* := (2§, z7,... ,23,) € O**
such that
M N
Z Zz(mvna Z"L(Z*)) ’ ‘p:(nn_a:nb” > As- Z Z |pmn amb;
m=1n=1 m=1n=1
Since Z,(z*) = (z5,2%,...,2) = zf, for each m = 1,... ;M by

(2.23.3), one has that equation (2.23.1) holds. This completes the proof
of Lemma 2.23.

Step 2.24. In this final step, the numbers h;; in (2.11.1) will also
be written as h(Z,7), and the elements §; € © and 7; € I" from (2.4.2)
will also be written as () and ().

Applying Lemma 2.23, henceforth let z* := (z§,27,...,25) €
{1,..., I}M+! be fixed such that (2.23.1) holds. As usual, for each
me{0,1,... , M}, welet 2, := (25, 27,...,25). (Then z}, = z.)

By (2.22.2), (2.23.1) and (2.1.9), one has that

M N
(2.24.1) Z ZW(m,n,z ) > Ag - Z Z Dy — @ b |

m=1n=1 m=1n=1

For each n € {1,...,N}, let j, be an element of the (nonempty) set
S(M,n,z*) (see Lemma 2.20 (2)). Then by Lemma 2.20 (3) for each
ne{l,..., N},

Jn € S(M,n,z") C S(M —1,n,z3,_;)

c---CSQ1,n,z7) CS0,n,z5) = A.
(Here the last equality comes from Step 2.19.) Hence by Lemma 2.20
(2), for each m € {1,... ,M} and each n € {1,... , N},
(2.24.3) |h(z),, dn) — H(2),, S(m,n,z;))| < 7.

Since |o(m,z},)| = 1 for each m € {1,..., M} (see (2.19.6)), one has
that

M N
YD olmuzg)| - |h(zhs jn) = H (25, S(mn,20,))] - [P — bl

m=1n=1

N
(2.24.4) ST Y Phn — ambil-

(2.24.2)
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Since Ags —7 > 7 by (2.1.10), one has by (2.22.1), (2.24.1) and (2.24.4)
that

M N
YD olmzy) bz}, Gn) - Prwn — ainb}]

m=1n=1

M N
(2.24.5) >7- Z Z Din — b2

Next, for each m € {1,..., M}, by (2.18.1), (2.18.2), (2.18.3) and
trivial calculations,

N N
> Wi = ab] —(men)—(a:nzb;):a;_a;.lzo.
n=1

n=1

Hence, referring to Step 2.11, one has by (2.24.5) that
M N
o olmizy,) - [h(zh,dn) + < [P — @bl

m=1n=1
(2.24.6) N
>7T g Dy — @b |

By (2.11.1) and (2.6.6), for each m € {1,... ,M} and each n €
{1,... N},

(2.24.7) Wz, dn) + € = X(0(2,,),7(n))-

For each n € {1,..., N}, define the element v € T' by v} := v(jn)-
For each m € {1,..., M}, define the element 67, € © as follows:

L [0z ifo(m,zn) =1
(2.24.8) O = {g(z;kn) if o(m, z,) = —1.

Here ( 2* ) is an element of © such that (see (2.2.1)), X(6(z%,),~) =
—Xx(0(z%,),7) for all y € T.
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For each m € {1,...,M} and each n € {1,...,N} one has by
(2.24.8) and (2.24.7) that

o(m,zy,) - [M(zn, Jn) + (] = U(m Zp) - X(0(z,),7(Gn))

(2.24.9) .
X (07 75)
regardless of whether o(m,z},) = 1 or o(m,z},) = —1. Substituting
this into (2.24.6), one has that
N M N
Z ”Yn [ ;an - CL b* 2T Z |p;knn - (1:an|
m=1n=1 m=1n=1

Hence by (1.11) (in Section 1), the first paragraph of Step 2.3, equations
(2.18.1)/(2.18.2)/(2.18.3) and (2.3.1),

M N
Rorx(F*,G*)>T- ZZ|pfrm—a byl >7-B(F*,G").

m=1n=1

Hence (2.2.2) holds. This completes the proof of Theorem 1.8.
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