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WEIGHTED SQUARE FUNCTION INEQUALITIES

ApAM OSEKOWSKI

Abstract: For an integrable function f on [0,1)?, let S(f) and M f denote the corre-
sponding dyadic square function and the dyadic maximal function of f, respectively.
The paper contains the proofs of the following statements.

(i) If w is a dyadic A; weight on [0,1)?, then

IS L1y < VB] Y2 IM A L1 -

The exponent 1/2 is shown to be the best possible.
(ii) For any p > 1, there are no constants ¢p, o, depending only on p such that
for all dyadic A4, weights w on [0,1),

IS L1 (w) < eplwl 32 1M1 L1 () -
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1. Introduction

As evidenced in numerous works (see e.g. Carlen and Krée [4], Del-
lacherie and Meyer [7], Pisier and Xu [21], Stein [22, 23)), square func-
tion inequalities have played an important role in many areas of mathe-
matics. In particular, it is often of interest to obtain optimal, or at least
good bounds for the constants involved in such estimates. The purpose
of this paper is to study tight weighted versions of Davis’ inequality,
which compares the L' norms of a dyadic square function and a dyadic
maximal function, with a constant independent of the dimension.

Let us start with introducing the necessary background and notation.
Throughout the paper, we will work with the unit cube [0,1)¢, equipped
with its dyadic subcubes, i.e., sets of the form [;—;, ‘“2;'71) X [g—,’j, a";{l) X

- X [g—i, agjl), where n is some nonnegative integer and aq, as, ..., aq
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are some elements of {0,1,...,2" —1}. For n > 0, let Q™ denote the col-
lection of all dyadic cubes of measure 2~"¢ contained in [0, 1)¢. Suppose
that f: [0,1)? — R is a fixed integrable function. Given a dyadic cube Q,
we will denote by (f)¢ the average of f over Q, i.e., (f)g = I%BI fQ f. For
any n > 0, we define f,, to be the conditional expectation of f with re-
spect to Q™, i.e., a function on [0, 1)‘7l7 which is constant on each element
of @™ and such that (f)g = (fn)g for any Q € Q"; in other words,

fn = Z <f>QXQ~

Qe Q’n,

In a probabilistic language, this amounts to saying that (f,),>0 is the
martingale associated with f, adapted to the dyadic filtration. We define
the corresponding difference sequence (df,,)n>0 by putting dfp = fo and
dfn, = fn — fu_1, n = 1,2,... Next, we introduce the dyadic square
function S(f) and the dyadic maximal function M f by the formulae

- 1/2
5(f) = (Z dfk2> and M f = sup|fil.
k=0 k20

We will also use the notation

n 1/2
. — 2 . —
Sn(f) = S(fn) = (kzo |dfi| ) and - My f:=M(fn) = max |fy|
forn=0,1,2,...

The problem of comparing various sizes of f, S(f), and M f is clas-
sical and goes back to the works of Khintchine [11], Littlewood [14],
Paley [19], Marcinkiewicz [15], and Marcinkiewicz and Zygmund [16].
Our motivation comes from the moment estimates

(L.1) IS(Hllzr < Collfllr, 1 <p<oo,

where the constants C}, depend only on p (and not on the dimension).
This inequality was established by Burkholder in [2], actually in a slightly
more general setting of martingales. In the boundary case p = 1, the
inequality does not hold with any finite constant. However, as Davis
showed in [6], we have the substitute

(1.2) IS(Her < Cul[Mf|| L1,
with some universal C; < oo. Burkholder [3] proved that C; = /3 is
optimal.

In this paper we will be interested in a weighted version of (1.2).
Suppose that w is a weight, i.e., a positive, integrable function on [0, 1)d.
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Given 1 < p < oo, we say that w is a dyadic A, weight if it satisfies the
dyadic analogue of Muckenhoupt’s condition:

s, = s (15 [ wioe) (o [ iy 2/ d) < o0,

where the supremum is taken over all dyadic cubes contained in [0, 1)%.
Sometimes, to stress that we consider weights on [0,1)%, one uses the
notation A,([0,1)?). Furthermore, w is a dyadic A, weight, if

[wla.. = sup (|22/Qw(:z:) da:) exp (—@/Qlogw(x) dx) < o0,

where the supremum is taken over the same set as above. Finally, w is
a dyadic A; weight if there is a constant C' depending only on w such
that for any dyadic cube Q C [0,1)<,

1
—/ w(zx)dz < C essinf w.
Q| Q Q

The smallest C' with this property is denoted by [w]a,; observe that
[w]a, > 1. It follows directly from Holder’s inequality that A, classes
grow as p increases. Furthermore, it is well-known that Ao =Uj<pcooAp.

We come back to weighted square function inequalities, and we will
be interested in obtaining tight bounds for the constants involved. Buck-
ley [1] showed the L? inequality

(1.3) I1S(Hlz2w) < Ll 11 |z,

with C being a universal constant. This is probably the first result in
the literature, which singled out the dependence of the constant on the
A, characteristics of the weight. This gave rise to the question about
the optimal (i.e., the smallest possible) exponent at [w]4, in (1.3). This
problem remained open for a few years and was finally answered by
Hukovi¢, Treil, and Volberg [10]: the exponent 1 is the best. See also
the paper [20] by Petermichl and Pott, and [26] by Wittwer. This result
was significantly extended by Cruz-Uribe, Martell, and Pérez [5] to the
case of general A, weights. Here is the precise statement.

Theorem 1.1. Let 1 < p < co. Then there is a constant C = Cyp 4
depending only on the parameters indicated such that for any A, weight w
and any integrable function f,

(1.4) ISz < Cpalwl 32V DY 1| 1y ).

The exponent max{1/2,1/(p — 1)} is the best possible, i.e., it cannot be
replaced in general by a smaller number.
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Consult also the works of Gundy and Wheeden [9], Dragicevié¢ et
al. [8] and Lerner [12, 13] for related results. See also the book by
Wilson [25] for an overview of weighted square function inequalities.

We turn our attention to the description of the results of this paper.
In the first theorem, we provide the substitute of (1.4) in the case p = 1.
Actually, we will work in a more general, vector setting. Let H be a
separable Hilbert space with scalar product (-,-) and a norm |- |, and
let f:[0,1)¢ — H be an integrable function. Then the above definitions
of S(f) and M f make perfect sense and hence we can ask about the
comparison of weighted L' norms of S(f) and M f. Here is the answer.

Theorem 1.2. If w is an Ay weight, then
1/2
(1.5) ISty < VB 2IIM f1] 1w

for any integrable f: [0,1)¢ — H. The exponent 1/2 cannot be replaced
by a smaller number.

The above result can be regarded as a uniform maximal estimate for
the square function: here by uniformity we mean that the multiplicative
constant does not depend on the dimension. Actually, this constant is
not far from optimal: if w = 1, then the best choice is /3, as we have
noted above (cf. [3]).

In the next theorem, we study the A, version of Theorem 1.2.

Theorem 1.3. Let p > 1 and let K be an arbitrary positive constant.
Then there is a positive integer d, an integrable function f:[0,1)% — R,
and an A, weight w on [0,1) satisfying [w]a, < 2, such that

(1.6) IS Ly > KM fl 21 () -

So, there is no uniform square function bound for A, weights, even
if f is assumed to be real-valued. What if we allow the dependence of
the constant on d? Then the corresponding bound holds even for the
A class. Here is the classical result, proved by Gundy and Wheeden [9]
in the one-dimensional case (however, the reasoning presented there ex-
tends easily to general d).

Theorem 1.4. Let w be an An, weight on [0,1)%. Then there is a
constant C = C(d, [w]a.,) depending on the parameters indicated such
that

(1.7) SNy < ClIM fllp1 (w)

for any integrable function f on [0,1)%.
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A few words about the proof and the organization of the paper are in
order. The next section is devoted to the proof of Theorem 1.2. We es-
tablish the inequality (1.5) with the use of the so-called Bellman function
method, a powerful technique used widely in analysis and probability
(cf. [17], [18], and the paper [10] already cited above). The sharpness
of the exponent 1/2 is shown with the use of appropriate examples. Sec-
tion 3 is devoted to Theorem 1.3, which is again proved with the use of
Bellman function method.

2. Proof of Theorem 1.2

We have decided to split this section into four separate parts.

2.1. On the method of proof. Let us describe the technique, which
will be used to establish the inequality (1.5). First, it is instructive to
recall the reasoning of Burkholder [3], which allowed him to obtain (1.2)
with C; = v/3. Burkholder introduced the special function U: H x
[0,00) x (0,00) — R, given by

2 _|p2_9 V 2)2
Uiog. ) — Pl =20 v 2)

|x| V 2z

(here and below, a V b = max{a,b}) and proved that it enjoys the fol-
lowing three properties. First, for any « € H \ {0},

(2.1) U, ], |2]) < 0.
Second, for any (x,y,2) € H x [0,00) X (0, 00), we have the majorization

The final property is the following: if (z,y,z) € H x [0,00) x (0, 00),
Q C [0,1)4 is a dyadic cube and h: Q — R is any simple function of
average 0, then

i/Z/l(x—l—h(‘s‘),\/y?—l—hQ(s),z)dsgl/{(oc,;%z).
Q[ Jo

Having checked these conditions, inequality (1.2) follows quickly.
Namely, it is not difficult to show that the third property above is actu-
ally equivalent to showing that for any function f the sequence

( / UFus Su(F), M fr) ds>
[0,1)¢

n>0
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is nonincreasing. Combining this with the above majorization yields

[0,1)¢ [0,1)4

< / U(fo, Solf), M fo) ds.
[0,1)4

But the latter integrand is nonpositive, due to (2.1), since | fo| = So(f) =
M fo (we may assume from the very beginning that fy # 0, by a simple
continuity argument). Thus ||S,(f)||z1 < V3||M f||z: and letting n —
oo completes the proof.

Our argument below will follow the same pattern and will exploit
majorization and concavity-type properties of an appropriate special
function. However, due to the appearance of an A; weight in the es-
timate, we will be forced to introduce additional two variables. Let us
explain this in a more detailed manner. Following [24], each dyadic
Ay weight w on [0,1)%, satisfying [w]a, < ¢, gives rise to two functional
sequences (wy)p>0 and (vp)n>0, which capture its behavior. Namely,
(wn)n>0 is the associated martingale (sequence of conditional expecta-
tions of w) and for any n > 0, the function v, : [0,1)¢ — [0, 00) is given
as follows: if @ € Q", then v,, is identically essinfg w on Q.

These objects enjoy the following properties. Suppose that n > 0 and
let @ be an element of Q™. Then, by the very definition, w,, and v,, are
constant on Q; furthermore, we have

1
@ wn+1(x) dz = wn‘Qa Unt1 > Up, and v, <wp < cvp,
Q

where the latter bound follows from the A; condition.
As we have announced in the introductory section, our principal goal
is the study of the estimate

ISt wy < Clwla, 1M fll L1 (w)

where C' is some numerical constant and the parameter « is as small as
possible. Suppose that w is an A; weight on [0,1)?, with [w]4, < c. In
the light of Burkholder’s proof presented above, it is natural to search
for a special function B of five variables, defined on the domain

D.(B) = {(x,y, z,w,v) € H x [0,00)* : 2 #0, 2>0,v<w< cv},

which enjoys the following three properties. First, if x € H \ {0} and
0<v<w< cv, then

(2.2) B(z, |z|,|z|,w,v) <0
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Second, there is § > 0 such that for any (z,y, z,w,v) € D.(B) we have
the majorization

(2.3) B(z,y, z,w,v) > B(|ly|lw — Cc(|x| V 2)w).

Finally, if f is an arbitrary function on [0,1)? and w is an A; weight
with [w]a, < ¢, then the sequence

(/ B(fmsn(f)aMfmwmvn)dS>
[0,1)4

is nonincreasing. How to find an appropriate B? Clearly, we expect that
if we plug w = v = 1 (which corresponds to the unweighted setting), then
B(:,,-,w,v) should be equal, or at least “close” to Burkholder’s func-
tion U discussed above. Combining this observation with (2.3) suggests
considering the function

n>0

Blong. o) L0 = w0 = 90 (] v 2
|| V 2
where 1, 2 are some positive constants. However, then the third re-
quirement is not satisfied, as one easily verifies; furthermore, the vari-
able v does not appear in the formula which indicates that B might
not control the full A; property of the weight. A little thought and
experimentation leads to the choice

2 20 2 20 2
yrw — ez o — e (|z] V 2)%v
B(z7y7 Z? w?”) = |$| Vz )

which works with o = 1/2 and 1 = 1, 72 = 4. See below for details.

2.2. A special function and some auxiliary facts. For a fixed ¢ >
1,1let B = B.: D.(B) — R be given by the formula

y2w — clx|?v — de(|z| V 2)%v

B(v’Ua%Z,wﬂj): |I|\/Z

As we have already discussed above, we will require appropriate ma-
jorizations.
Lemma 2.1. (i) Ifx € H\{0} and 0 < v < w < cv, then (2.2) holds.

(ii) For any (x,y,z,w,v) € D.(B) we have
(2.4) B(z,y, z,w,v) > 2vV5c(yw — Vbe(|z| V z)w).
Proof: The first property is trivial, since y?w — c|z|?v < 0. In the proof
of (2.4) we may assume that |z|V z = 1, since B(Az, Ay, A\z,w,v) =
AB(z,y, z,w,v) for any A > 0. It suffices to note that

y?w — clz*v — 4ev > y*w — Sew > 2vV5¢(yw — Vbew),

which is the desired estimate. O
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2.3. Proof of (1.5). Set ¢ = [w]a, and let B = B, be the function
introduced in the previous subsection. Without loss of generality, we
may assume that fy # 0.

The first step is to show that for each n > 0,

(2~5) / B(an,Sn+1(f),an+1,wn+1,vn+1)dx
[0,1)4

S/ B(fn,Sn(f),an,wn,vn)dx,
[0,1)4

the monotonicity we discussed above. To do this, fix an element @ of Q.
We will often use that f,, S,(f), M fn, wy, and v, are constant on Q.
We have M f,, < M f,1+1 and wp41 < cUpt1, SO

el g, o [ S
Q

Q an+1
(2.6)

|dfrit1 [P Vn 41
dz +¢ - - d
M7, o Mfui

Sz (f)wn / |dfn+1‘21)n+1
= "7dx—|-c 7(11‘,
/(; an Q anJrl

where in the second passage we have used the fact that w, and wy,41
have the same average over (). Next, write

(2.7) / _C‘fn+1|2vn+1 B 4C(an+1)2fl)n+1 dfC
an+1

dx.

an+1

Recall that vy, 1 > v,; furthermore, we have
2<fnadfn+1> 2 _2|fn| |dfn+1| = _2|fn| |fn+1 - fn| 2 _4(an+1)2'

Consequently, the expression on the right in (2.7) can be bounded from
above by

76/ <|dfn+1|2vn+1 + (‘fn|2 + 2<fna dfn+1> + 4(an+1)2)vn> da
Q M fri1 M fria
Combining this with (2.6), we obtain

Q
- —c/ |df 1 Pvn1+ (1 fu?+2(fn, dfnt1) +4(M frs1)*) Vit
Q

(2.8) /Q B(fn+1, Sn1(f)s M frg1, Wng1, Vng1) do

an an+1

<

/(Si(f)wn C(fn|2+2<fmdfn+1>+4(an+1)2)vn> d.
Q
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Now we will prove that

(|fn|2 + 2<fn7dfn+1> + 4(an+1)2)vn
an+1

(|fn|2 +2(fn, dfny1) + 4(an)2)vn

> )
- Mfn

which is equivalent to
l(|fn|2 + 2<fn7dfn+1> - 4anan+1)(an+1 - an)vn S O
This is true: we have M f,,+1 > M f,,, v, > 0 and

‘fn|2 + 2<fnadfn+1> = <fn7fn+1> + <fnadfn+1>
S anan+1 + 2anan+1 < 4anan+1

Hence, coming back to (2.8), we see that we have established the bound

/B(fn+1,Sn+1(f)aan+1,wn+1,vn+1)dx
Q

= / B(fn, Sn(f), M fr,wn,vn) dz — 20/ m dz
Q

= /QB(fnaSn(f)vanvwn7vn) dx)

where in the last line we have exploited the equality fQ dfpy1de =0
and the fact that f,, v,, and M f,, are constant on ). Summing over all
Q € 9", we get the desired monotonicity property (2.5).

The next step is to exploit (2.2) and then (2.4), to get

02/ B(fo,So(f), M fo,wo,v0) dz

[0,1]4

> / B(fu Su(f), M frwp, 05) dz
[0,1]4

Z 2\/% (Sn(f)wn - \/aanwn) dz.

[0,1]¢

Consequently, we have proved that

/ S, (f)w, dz < V5e M frow, dz
[0,1]

[0,1]4
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and hence

/ Sp(fHwdz < V5e M frwdex,

[0,1]¢ [0,1]¢

since w, is the conditional expectation of w with respect to Q". It
remains to let n — oo and apply Lebesgue’s monotone convergence the-
orem.

2.4. Sharpness of the exponent. Let N be a fixed nonnegative in-
teger and let Q™ = [0,27")? for n = 0,1,2,... Choose ¢ > 1 and define
w: [0,1)¢ = [0,00) by

(1+2¢ =11 —c )"t ifzeQm\Q"T,0<n<N-1,

1+ = 1)1 —c )N ifzeQV.
Note that w is an Aj-weight and [w]a, = ¢. To check this, pick an
arbitrary dyadic cube Q. If @ is contained in Q" or the two cubes are
disjoint, then w is constant on @, so essinfqw = |Q|™! fQ w and the
desired inequality is satisfied. It remains to consider the case when @
contains Q" (and Q # QV). Then we have Q = Q* for some k =
0,1,2,...,N —1 and

1
essinfw = (14+(2¢—1)(1 —c ))ret =c7L. 7/ w,
Q QI Jq

so the requirement is met. Hence w € A; and, as a by-product, we see
that f[o,l)d w= fQo w=1.

Next, consider a sequence (df,, )2 of functions, given by dfy = X[0,1)4
and

dfn = (—1)n(2X[0¢27n+1)d\[27n’27714»1)(1 — (2d+1 — 2)X[2—n72771+1)d),

forn =1,2,...,N. Note that df, is measurable with respect to the o-
algebra generated by Q". Furthermore, if n > 1, then for each Q € Q™!
we have fQ df, dx = 0. Consequently, if we define f = dfy + df; + df> +
-« ++dfn, then foreachn = 0,1,2,..., N we have f, = dfo+df1+- - -+df,.

To gain some intuition about the behavior of f and M f, pick x €
[0,1)2. If  belongs to the cube [27",27 ") for some n = 1,2,..., N,
then we easily check that fi(z) = (=1)¥ for 0 < k <n —1 and fi(z) =
(—=1)"=1(2%*1 1) for k > n, and hence M f(z) = 24*'—1. For remaining
x €1]0,1)%, it is not difficult to see that the sequence fo, f1, fo, .., fn is
an alternating sequence of signs, which stabilizes after some number of
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steps (and hence M f(z) = 1). Consequently, we may write

N
M f(z)w(x) dx:/ w(z) da +Z(2d+12)/[2 w(z) da

[0,1)4 [0,1)4 —n g-ntlyd
N
=143 (M= - (1) e
n=1

=1+2(1—(1—(1—-2"HcHM).

To analyze the square function, note that for € [0,27V)? we have
dfo(z) = 1 and |dfn(x)] = 2, 1 < n < N. This implies Sf(z) =
Sy f(x) = (1 +4N)/? and hence

/ S(f)(@yw(z) de > / S(f)(@)w(z) de
[0,1)¢

[0,2-N)4
= (1+4N)2(1 = (1 — 27 HN,

Now take o < 3 < 1/2 and put N = [c¢**]. Then lim. (1 — (1 —
274N =1 and hence, by the above calculations,

f[0,1)d S(f)(z)w(z)dx -
[w]3, f[O,l)d Mf(z)w(z)ds

Letting ¢ — oo, we see that no exponent a < 1/2 suffices in (1.5).

(P, asc— oo.

3. Lack of estimates for A, weights, p > 1

Now we take a look at the uniform weighted bounds between
S()|Lrw) and [[M f[|r1 () when w is assumed to be an A, weight,
p > 1. Suppose, contrary to the assertion of Theorem 1.3, that there is
1 < p < oo and a constant K depending only on p, such that for any
dimension d, any function f on [0,1)? and any A, weight w on [0,1)?
with [w]4, <2, we have

(3.1) ISty < KM ]2t (w)-

Fix an arbitrary integer V. The appropriate examples have quite com-
plicated, fractal-type structure. To avoid the technicalities which arise
in their study, we will follow a different approach. In a sense, it can be
regarded as a dual to the approach presented in the previous section.
Namely, we will show that the validity of (3.1) implies the existence of
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a certain abstract function, possessing appropriate concavity and enjoy-
ing a certain majorization. Then, by exploiting these properties in an
appropriate order, we will obtain a contradiction.

We start with an auxiliary geometrical fact.

Lemma 3.1. Let p, N, and d be as above.
(i) Let w, v be two positive numbers satisfying wvP~* > 1. Then
there are points P, Q lying on the curve xy?~! = 1 such that
P+ Q = (2w, 2v).
(ii) Suppose that w=1 and v=2"P=Y_ Then there are two points R, T
such that R = (R, R,) lies on the curve zy?~' =2, T = (T,,T,)
lies on the curve xyP~' =1, R, < T,, and
(3.2) 1-(1-2"YMR+ 1 -2"HYT = (w, v).

Furthermore,
(3.3) (1-(1-2"9HM)2R, <1

provided d is sufficiently large.
Proof: (i) The argument is very simple. Pick any point P = (P, P,) on
the curve xy?~! = 1 and let @ be defined by the condition (P + Q)/2 =
(w,v). Then @ is a continuous function of P. Furthermore, if P, is
huge, then @, is negative, so @ lies below the curve zy?~! = 1. On the
other hand, when P, = v, then P, = Py1*p = v!7P < w; this implies
Q. > wand Q, = v, so @ lies on or above the curve. Thus, by Darboux

property, there must be a point P for which the desired configuration is
satisfied.

(ii) The existence of the points R, T is proved similarly (one analyzes
the move of a point R along the curve zy?P~! = 2). To show (3.3), we
exploit (3.2). We have

l=1-(1-229MR, + (1 -2"HYNT,
and since R, < 1 < Ty,

9 \ /(1)
oM/ — (1 — (1 — 27H)N) (R ) + (1 -2~ HNp /=D
€T

1/(p—1)
(- (12 () -2y,

which implies

1— __ 9—d\N p—1
R, < (1—27% .
1— (1 — 2*d)N/21/(P*1)
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Thus, if d — oo, then R, — 0; on the other hand, we have (1 — (1 —
2-4)N)24 < N for each d. This proves the assertion. O

Let w, v, R, and T be as in (ii). In what follows, we will also exploit
the points Ty, 11, . . ., Ty given by Ty = (w, v) and the recursive equation

(3.4) T = (1 —2"NThy +27°R.

By straightforward induction, we see that (w,v) = (1 —2"H)*T}, + (1 —
(1 —2"4Y")R for each k and hence in particular Ty = T.

Now, let D be a set which consists of all points (w,v) such that
w,v > 0,1 <wvP™l <2 Let Q be a dyadic cube contained in [0,1).
For any x ¢ R,y > 0, z > 0, and any (w,v) € D, consider the abstract
expression

U(x,y,z,w,v):sup{lgﬂ/Q?[(y2_x2+52(f)(x))1/2

~ K(Mf(z) Vv z)}w(m) dx} .

Here K is the number appearing in (3.1) and the supremum is taken
over all integrable functions f: @ — R with average (f)g = x and all
weights w € A,(Q) satistying [w]a, < 2, (W) =w, (W™ VP N)4 =v.

Before we proceed, we need to make two comments. First, we need
to show that for each w, v as above, at least one weight satisfying
appropriate conditions exists: this will guarantee that U is well-defined.
To prove this existence, split the cube () into two halves and put w = P,
on one half and w = @, on the second half, where P,, Q, are the first
coordinates of the points found in part (i) of the previous lemma. Then
we immediately get (w)g = w, (w™ /P~ Y)5 = v and all we need is
the A, condition. For any dyadic cube @’ properly contained in @, the
weight w is constant on @', so

(W) (w /O =1 <2,

It remains to note that on the full cube Q we have
(w)q (w0 — et <9,

Hence [w]a, < 2 and the definition of U makes sense.

The second important observation is that the function U does not
depend on @. Indeed, for any two dyadic cubes @)1 and (J3, an affine
mapping of one cube onto another puts the classes 4,(Q1) and A,(Q2) in
one-to-one correspondence, and such a change of the variable preserves
the averages.
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We will prove that the function U enjoys the following properties.
Theorem 3.2. (i) If y; < y,, then
(3.5) Uz, yy, 2z, w,v) < U(x, yy, 2, w, v).

(3.6) Uz, y, z,w,v) =U(x,y, |z| V 2, w,v).
(iii) We have

(3.7) Uz, ||, |z, w, v) <O0.

(iv) We have

(3.8) Uz, y, z,w,v) > yw— K(|z| V 2)w.
(v) For any A # 0 and any p > 0 we have

(3.9) UMz, Ay, [A|z, pw, p= /P Do) = |\ ulU (z, y, 2, w, v).

Proof: The condition (i) follows directly from the definition of U. To
get (ii), simply note that M f > |(f)g| and hence MfVvz = MfV
|x| V z if f has average x. The condition (iii) follows at once from our
assumption (3.1). The fourth property is also easy: it suffices to compute
the expression in the definition of U for the constant function f = x. To
prove the homogeneity property (3.9), pick arbitrary functions f, w as
in the definition of U(x,y,z,w,v). Then Af has the average Ax, and
pw is an A, weight with characteristics bounded by 2 and such that
(nw)g = pw, ((pw)~ Y=y 5 = =1/ @P=Dy. Consequently,

U(Ax, [Aly, [Nz, pw, M—l/(p—l)v)

b 2 _ (\x)2 2 2)N1L/2
> |Q|/Q<<|Ay> (A2 + S2(Af)())

— KMAf)(x) v (|A2)) pw(z) de

= i 2—X2 2 x 1/2 _ x Z)lw\x x
= Pliggy [ [67 =+ S ()@ = K17 v ) i)

Hence, taking the supremum over all f and w, we get
(3.10) UG, Ay, [z, pw, = /P Dv) > Nl (x,y, 2, w, V).

To get the reverse bound, plug in (3.10) the point (Ax,|Aly,|\|z, pw,
,u_l/(p_l)v) in the place of (x,y,z,w,v) and the numbers A=1, =1 in
the place of A and p. O
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The main property of the function U is studied in the next statement.
It can be regarded as a kind of concavity-type condition.

Theorem 3.3. Leta = k-27% for somek =1,2,...,2%—1. Pickz € R,
y>0, z> |z, dr €R, and (w,v), (wy,vy) € D. If

ady +(1—a)d- =0 and o(wy,vy)+ (1 —a)(w_,v-) = (w,v),
then

U(:Bv Y,z w, U) > aU(w+ dJr? \/ y2 + di7 2, Wy, er)

+(Q—a)U(zx+d_\/y2+d, zw_,v_).

Proof: Pick any functions f*, wy and f~, w_ as in the definitions of

Ux+ds, /y2+di,z,we,vi)and U(x+d_,/y2 +d%,z,w_,v_),
respectively. As we have observed above, the definition of U does not
depend on @, so we may assume that these functions are given on a
certain fixed dyadic cube Q C [0, 1)? of measure 2~¢. Split [0,1)¢ = Q, U
Q_, where Q. is a disjoint union of & dyadic subcubes of measure 2¢
each and Q_ is a disjoint union of 2¢ — k dyadic subcubes of measure 27¢
each; then |Q | = cand |Q_| = 1—a. Copy f onto each subcube of Q
and f~ onto each subcube of ()_, and denote the obtained function by f.
More precisely, if Q" C Q4 is a cube of measure 2= and 7T is an affine
mapping which sends Q' onto 9, we let f(z) = fT(Txz) on Q’; similarly,
if @ C Q_, then let f(x) = f~(Tx), where T is as previously. Then f
has the average

<f>[071)d:‘/Q f+ Qif:a(x—&-dJr)—i-(l—a)(X—i-d,):X.

Furthermore, pick a dyadic cube Q' C Q. with |Q'| = 27¢ and let
T:Q — Q be as above. Let us look at the relation between S(f)|q,
M(f)|q, and the corresponding objects for f+. Observe that if z € @',
then fo(xr) = x and f,(z) = fI (Tz). Consequently, dfy(r) = x,
dfi(x) = dy, and df,(x) = df;"_,(Tz). This implies

(3.11) S2(f)(x) = x2 +dY + S2(f)(Tx) — (x +di)2
Furthermore, since |fy(z)| = |x| < z, we obtain

(3.12) Mf(x)Vz=sup|fu(z)|Vz=Mf (Tz)Vz.
n>1

When Q' C Q_, we have obvious analogues of (3.11) and (3.12): one
only needs to change f*, dy to f~ and d_, respectively.
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Let us apply similar “splicing” procedure to glue w; and w_ into
one weight w on Q. Arguing as above, one checks that (w)g = aw; +
(1—-a)w_ =wand (w /P D)y =av, + (1 —a)v_ = v. Note that
w is an A, weight with [w]a, < 2. Indeed, if @ is a dyadic cube strictly
contained in [0, 1)¢, then the product <w)Q<w’1/(p*1)>%71 is equal to the
corresponding product for wy or w_ (depending on whether Q C Q+
or @ C @_), so it is smaller than 2; on the other hand, as we have just
verified,

<w>[071)d<w71/(p71)>ﬁ)7’11)d =wvP! <2.

Now let us check how the above relations between fi, f, wy, and w
affect the special function U. We have

U(x,y,2,w,v)

> /[) (% =+ (1) (@)/2 ~ K(Mf(x) v )] we) da

= S [0 x4 SN @)Y - KM (@) v 2)|w(@) da
Q+| Jo.,

l1—«
Q- Jq_

Let us look at the first summand on the right hand side. Pick Q' C Q4
of measure 27%. By (3.11) and (3.12), we have

+

(2 %2+ $2() (@)% = K(M (@) v 2) |w(x) da.

1
Q" Jor

(2 = %2 + S2(N)@)? = K(M () v 2)|w(z) de

=y [0 et RS2 @) KO @)V () da
and hence

0] o 167 = £ 82 = KO f (@) v ) wle) de

:g|/ﬂ[(y2+d3‘_(x+d+)2+52(f+)(x))l/Z—K(Mf—‘r(l‘)\/z)}w+(x) d.

We handle the integral over J_ exactly in the same manner. It suffices
to take the supremum over all f*, w4 as above to get the claim. O
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We are ready for the proof of Theorem 1.3. We will sometimes use the
following notation: if x € R, y,z > 0, and P = (w,v) € D, we will write
U(x,y,z; P) :=U(x,y,z,w,v). We start from the observation that, by
Theorem 3.2(i) and (iii),

(3.13) 0>0U(1,1,1,1,2Y®=Y) > U(1,0,1,1,2/ D),
Next, we use Theorem 3.3: by (3.4), we obtain that for each k,
U1, (2k)Y2,1;T) > 27024, (2k + (2¢ — 1)2)V2 1; R)
+(1=27NU(0, 2k + 1)'/%, 1, Thep).
By part (ii) of Theorem 3.2, this expression is equal to
279U (24, (2k + (27 — 1)%)1/2 2%, R)
+ (1 =27HU(0, (2k + 1)Y2,1; Ty ),
which by parts (i) and (v), is not smaller than
270(2%,0,2% R) + (1 — 27YU(0, (2k + 1)1/, 1; Ty 1)
> R,U(1,0,1,1,2Y®=D)y 1 (1 — 2=HU(0, (2k + 1)Y2,1; Thy1).

Furthermore, by Theorem 3.3 and Theorem 3.2(v) again,

1
U(-1, (2k +2)"/%,1; Tj41)

U0, (2k +1)Y2,1; Tjq) > 3

1
+ §U(1a (2k +2)Y2 1, Thpq)

=U(1,(2k +2)Y2,1; Try1).
Hence, by induction, we obtain
U(1,0,1,1,2Y®=Y) = U(1,0,1; Tp)
> (1-27)NU(L, (2N)"/2, 1 Ty)

N—-1
+ Z (1—2"Y*R,U(1,0,1,1,2"/ 1)
k=0

=(1-2"YNT,U(1,(2N)Y2,1,1,1)

+(1—(1-2"HY")2!R,U(1,0,1,1,2"/ 1),
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Now we assume that d is large; if we apply (3.3) and (3.13), we obtain

U

L(2N)V21,1,1) <

1—(1—(1—2"9)N)2dR,
(1—2-9)NT,

U(1,0,1,1,24/¢=1y <.

This, by (3.8), implies V2N — K < 0. This is a contradiction, since N
was arbitrary. The claim is proved.
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