AN ABSTRACT THEORY OF SINGULAR OPERATORS

GRIGORI A. KARAGULYAN

ABSTRACT. We introduce a class of operators on abstract measure
spaces, which unifies the Calderén-Zygmund operators on spaces of
homogeneous type, the maximal functions, the martingale trans-
forms and Carleson operators. We prove that such operators can
be dominated by simple sparse operators with a definite form of
the domination constant. Applying these estimates, we improve
several results obtained by different authors in recent years.

1. INTRODUCTION

The study of weighted inequalities in Harmonic Analysis started in
early 1970’s. In 1972 Muckenhaupt [27] proved that the maximal func-
tion is bounded on LP(w) for 1 < p < oo if and only if the weight w
satisfies the A, condition

ol o) ()

One year later Hunt, Muckenhaupt and Wheeden [9] established the
same property for Hilbert transform. For the general Calderon-Zygmund
operators weighted LP(w) bound was first proved by Coifman and Fef-
ferman [4].

In 1993 Buckley [3] discovered that the maximal function M has the
sharp estimate

1 —1
(1.2) 1M £l o )s 2wy < Cllwl| 4P,

arising a similar problem for Calderén-Zygmund operators. Last fifteen
years there has been an activity in the investigation of this problem.
For the general Calder6n-Zygmund operators the conjecture was the
bound

(1.3) 1T £l oy oy < Cllw|[ 30703,
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An extrapolation theorem proved in |7] reduced the conjecture to the
case p = 2 so the inequality (1.3) became known as Ay conjecture. After
being established for several particular operators first ([33], [31], [32],
[30], [13]), in 2010 Hytonen [11] proved A, conjecture for the general
Calderon-Zygmund operators.

Series of recent works are motivated on domination of Caldero6n-
Zygmund operators by very simple sparse operators ([22]-[25], [5], [21],
[12]-[17]). From such results in particular follows (1.3), since the A,
bound is very easy to establish for the sparse operators ([24], [14],
28], [29]). A domination of the classical Calderén-Zygmund operators
on R™ by sparse operators was discovered by Lerner [24]. Applying
this domination he gave a simplified proof of Hyténen A, theorem.
Lacey [21] proved a pointwise domination theorem for more general w-
Calderon-Zygmund operators (see (7.17)-(7.20)) with w satisfying the
Dini condition

(1.4) /1 @dt < oo,

deriving weighted bound (1.3) for such operators too. Lacey’s re-
sult was a stronger version of another pointwise bound independently
proved by Conde-Alonso, Rey [5] and Lerner-Nazarov [26]. Moreover,
Lacey’s inequality only assumes the Dini condition, while prior ap-
proaches |5, 26] require 1/¢ in the Dini integral be replaced by (log 2/t)/t.
Hytonen, Roncal and Tapiola [17] elaborated the proof of Lacey [21]
to get a precise linear dependence of the domination constant on the
characteristic numbers of the operator. Lerner [25| gave a simple proof
of Lacey-Hytonen-Roncal-Tapiola theorem.

Anderson and Vagharshakyan [1] proved A theorem for the Calderon-
Zygmund operators in general spaces of homogeneous type with mod-
ulus of continuity w(t) =t%, a > 0.

In late 1970’s, several authors considered also martingale analogs
of the A, theory. For instance, Izumisawa-Kazamaki [18], proved a
variant of the Muckenhoupt maximal function result [27] in this set-
ting. When it came to martingale transforms, the distinction between
the homogeneous and non-homogeneous cases was already recognized
by these authors. Nevertheless, norm inequalities for martingale trans-
forms were proved by Bonami-Lépingle [2]. The A, theorem for martin-
gale transform was proved recently by Thiele, Treil and Volberg [34].
Lacey [21] gave a self-contained, short and elementary proof of this
theorem. Moreover, he established a pointwise domination theorem for
martingale transforms too.
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Grafakos-Martell-Soria [8] and Di Plinio-Lerner |6] considered weighted
estimates for maximal modulations of Calderén-Zygmund operators on
R", in particular, for Carleson or Walsh-Carleson operators. The paper
|8] establishes weighted norm control of the Carleson operators by the
maximal function. In [6] the authors proved weighted norm estimates
of Carleson and Walsh-Carleson operators with explicit dependence of
the constants on Ap-characteristics of the weight.

In this paper we introduce so called BO (bounded oscillation) oper-
ators on abstract measure spaces. Those operators unify the Calderon-
Zygmund operators and maximal functions in general homogeneous
spaces, martingale transforms (non-homogeneous case) and Carleson
operators. The definition of BO operators is motivated by the papers
[19], [20], where some exponential estimates for Calderon-Zygmund and
other related operators were proved. We shall prove that those oper-
ators have pointwise domination by sparse operators and then satisfy
the bound (1.3). We derive variety of other properties of BO operators
significant for their further investigations.

To define BO operators we introduce a concept of ball-basis for an
abstract measure space, which is a family of measurable sets holding
some common properties of d-dimensional balls on R? and their ana-
logues in related theories (martingales, dyadic analysis).

Definition 1.1. Let (X,9M, u) be a measure space. A family of sets
B C M is sawd to be a ball-basis if it satisfies the following conditions:

B1) 0 < p(B) < oo for any ball B € B.

B2) For any points x,y € X there exists a ball B > x,y.

B3) If E € M, then for any € > 0 there exists a finite or infinite
sequence of balls By, k =1,2,..., such that

,u(EALl;JBk> <e.

Bj) For any B € ‘B there is a ball B* € B (called hull of B)

satisfying the conditions

(1.5) U AcC B,
AeB: n(A)<2u(B), ANB#D
(1.6) u(B*) < Ku(B),

where XK is a positive constant.

One can easily check that the family of Euclidean balls in R™ forms
a ball-basis. Moreover, we will see below (see Theorem 7.1) that if
the family of metric balls in spaces of homogeneous type satisfies the
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density condition (see Definition 3.1), then it is a ball-basis too. The
martingale basis considered in Section 8 is an example of ball-bases
having non-doubling property.

Definition 1.2. Let 1 < r < oo, (X,9M, u) be a measure space and
L°(X) be the linear space of functions (include non-measurable func-
tions) on X. An operator

T:L"(X)— L°(X)

15 said to be subadditive if

[T(A- f)@)] = [A-Tf(2)], AeR,

T(f +9)(@)| < |Tf(x)] +|Tg(x)|.
Remark 1.1. As we will see below in the definitions of some oper-
ators (mazimal function, T*) some non-measurable functions can ap-
pear. To apply the results of the paper for such operators we allow
non-measurably of the images in the definition of general subadditive
operators. The definitions of LP (weak-LP) norms and some standard

inequalities that we need for non-measurable functions will be stated in
the next section.

Let 1 < r < oo be a fixed number in Sections 1-4. For f € L"(X)
and B € 5 we set

<f>BJ=(L / |f|T)m, Dpw = swp (far.

1(B) A€®B:ADB
In the case 7 = 1 for those quantities it will be used the notations (f)p
and (f)% respectively (Sections 5-8).
Definition 1.3. We say that a subadditive operator T is a bounded
oscillation operator with respect to a ball-basis B if

T1) (Localization) for every B € B we have

(1.7) sup T(f - Ix\p-) (@) —*T(f Tx\pe) (@)
@,2'€B, [EL"(X) (N B

< L= Ll(T) < 00,

12) (Connectivity) for any A € B (A* # X) there exists a ball
B2 A (i.e. BD A, B# A) such that

T * ]I * *
(1.8) sup IT(f - Lpna-) (@) < Ly = Ly(T) < o0,
x€A, fEL™(X) <f>B*,7"
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where Ly and Lo are the least constants satisfying (1.7) and (1.8) re-
spectively. The family of all bounded oscillation operators with respect
to a ball-basis B will be denoted by BOy or simply BO.

It will be proved below (Theorem 4.4) that if the ball-basis B sat-
isfies the doubling condition, then the localization property implies
connectivity.

Definition 1.4. A collection of balls 8 C B is said to be sparse or -
sparse if for any B € 8 there is a set Eg C B such that u(Eg) > yu(B)
and the sets {Ep : B € 8} are pairwise disjoint, where 0 <y <1 s a
constant.

Given family of balls § we associate the operator
Asef(@) = (f)a, - Ta(@).
Aes

If 8 is a sparse collection of balls, then we say Asg, is a sparse operator.
In the case r = 1 we will simply write Ag. Further, positive constants
depending on K (see (1.6)) will be called admissible constants and the
relation a < b will stand for a < ¢- b, where ¢ > 0 is admissible. We
write a ~ b if the relations a < b and b < @ hold at the same time.

Theorem 1.1. Let an operator T € BOg(X) satisfy weak-L" inequal-
ity. Then for any function f € L"(X) and a ball B € B there ezists a
famaly of balls 8, which is a union of two ~y-sparse collections and
(19) |Tf(x)| 5 (Ll + LQ + ||T||Lr_>L'r,oo) * .AS,Tf(I)7 a.e. T G B7

where L1 and Lo are the constants (1.7), (1.8) and 0 < v < 1 is an
admissible constant.

Definition 1.5. For T' € BOgy define
T*f(z) = sup |T(f Ix\p)(2)l.

Be®B:zeB

We shall prove below (Theorem 4.3) that if T € BOgy satisfies weak-
L" estimate, then T € BOgy and satisfies weak-L" bound too. So from
Theorem 1.1 we will immediately get

Theorem 1.2. If T' € BOg(X) satisfies weak-L" inequality, then for
any function f € L"(X) and a ball B € B there exists a family of balls
8, which is a uniton of two y-sparse collections and

T f(x)| S (L1(T) + Lo(T) + |T|| r—spree) - Asp f(x), a.e. z € B.

Theorem 8.3, Theorem 8.1 and Theorem 7.5 below prove that the
w-Calderon-Zygmund operators on spaces of homogeneous type, the
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martingale transforms and the maximal functions are BO operators
and so they all satisfy the estimate (1.9). Moreover, combining (1.9)
with the weighted bounds for sparse operators, we obtain A, theorems
for all these operators. Hence Theorem 1.1 and Theorem 1.2 cover the
above stated results concerning the weighted bounds and the domi-
nation by sparse operators. Lacey-Hytonen-Roncal-Tapiola ([21], [17])
theorem is a version of Theorem 1.2 for the w-Calderén-Zygmund oper-
ators on R™ with the Dini condition. Lacey [21] domination theorem for
martingale transforms is another case of inequality (1.9). In R™ and in
general spaces of homogeneous type, where a doubling condition holds,
the proofs of such dominations are based on dyadic decomposition the-
orems ([14], [10]). In the case of martingale transforms ([34]) instead of
dyadic decomposition the properties of martingale basis is essentially
used. Since a general ball-basis does not always satisfy the doubling
condition (the typical example is the martingale basis), there is no
dyadic decomposition in general. So our method of proof of Theorem
1.1 is different. It is direct and partially based on the papers [19] and
|20].

In the last sections we prove several weighted bounds for sparse op-
erators to get A, theorems for some BO operators. The method of
proofs of such theorems are based on a duality argument developed in
the papers [25], [5], [14], [21].

Note that Theorem 1.1 also imply exponential integrability results
of our papers [19], [20] proved for the Calder6n-Zygmund operators on
Euclidean spaces and for the partial sums of Walsh-Fourier series.

Applying Theorem 1.1 for the maximal function corresponding to a
general ball-basis, we do not get the full weighted estimate (1.2), which
is known to be optimal for the maximal function in Euclidean spaces
(]3]). In the general case the optimality only occurs when 1 < p < 2.
So (1.9) do not cover some estimates that has the maximal function.
The reason is that the maximal function has some extra properties that
the general BO operators do not have. An example of such a property
is L*°-bound.

In the last section we prove that the maximal modulation of a BO
operator is also BO operator, deriving pointwise sparse domination for
maximal modulated BO operators too.
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2. OUTER MEASURE AND LP-NORMS OF NON-MEASURABLE
FUNCTIONS

Let (X, 9, 1) be a measure space. Define the outer measure of a set
E C X by

w(E) = Fei)%tnlft«“DE'u(F>

We say two sets A, B C X (not necessarily measurable) satisfy the
relation A ~ B if

W (AA B)=0.
Denote by 9t the family of sets in X, which are equivalent to a mea-
surable set. It is clear that 91 is o-algebra. For a given set E C X we

define
E= (] F

Fem: FoE
Observe that
Eem, u(FE)=u(E).

For any function f € L°(X) we denote

Gy(t) ={x e X : [f(x)| > t},

Ar(t) = w* (G(t)) -
Observe that the function

flz)=if{t >0: r€ G;(t)}

is positive, M-measurable and | f(z)| < f(x). Besides, f is the smallest
IMN-measurable positive function dominating |f|. Namely, if g(z) is -
measurable and satisfies | f(z)| < g(x), then f(x) < g(x). For arbitrary
f € L°(X) we define

B S 1/p
I£ler = W7l = (o [~ 0-iastrar)
0
£ lzoszroe = [ fllospnee = iggt()\f(t))l/p-

Definition 2.1. We say a subadditive operator T satisfies weak-LP or
strong-LP estimate if

t - (Ary()'7

ITllssne = sup < o0,
t>0, feLr(X) HfHLp
T
Tl = sup 1A o

rer(x) | fllze ’

respectively.
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One can easily check that the standard triangle and Hoélder inequal-
ities as well as the Marcinkiewicz interpolation theorem hold in such
setting of L norms. We will need the following case of the interpolation
theorem.

Theorem 2.1 (Marcinkiewicz interpolation theorem, [36], ch. 12.4). If
a subadditive operator T satisfies the weak-L' estimate and the strong-
L™ estimate, then for 1 < p < oo it holds

TNz < ep(ITllzrgroe) V7 % (I T2 ) 0

3. SOME PROPERTIES OF BALL-BASIS

Let B be a ball-basis for the measure space (X, 9, 1). From B4)
condition it follows that if balls A, B satisfy u(A) < 2u(B), then A C
B*. This property will be called two balls relation. Hull levels of a
given ball B € ‘B will be denoted by

B =p Brtl= (B[n})*_

By property B4) we have pu(B"+1) < Ku(BM). Applying this inequal-
ity consecutively, we get

(3.1) p(B") <X"w(B), n>0.
We say a set £ C X is bounded if £ C B for some B € 9.

Lemma 3.1. Let (X,9M, 1) be a measure space and the family of sets
B C M satisfy B4)-condition. If E C X is bounded and G is a family

of balls with
Ec /g,
Ge§

then there exists a finite or infinite sequence of pairwise disjoint balls
G, € G such that

(3.2) EclJaG).
k

Proof. The boundedness implies ¥ C B for some B € 8. If there is a
ball G € § so that GN B # @ and u(G) > u(B), then by two balls
relation we have £ ¢ B C GMN. Thus the desired sequence can be
formed by a single element G. Hence we can suppose that any element
G € G satisfies the conditions GNB # @ and u(G) < p(B). Therefore
we get

U G c B,
GeS
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Take G to be a ball from G satisfying

1
wGr) > 5 sup p(G).
Ge§
Then, suppose by induction we have already chosen elements G4, ..., Gy
from G. Take Gy.1 € G disjoint with the balls G1,. .., G) and satisfy-

1ng
1
PG >3 s p(G).
GES:GNGy=2, j=1,...k

If for some n we will not be able to determine G, the process will
stop and we will get a finite sequence G, G, ...,G,. Otherwise our
sequence will be infinite. We shall consider the infinite case of the
sequence (the finite case can be done similarly). Since the balls G,, are
pairwise disjoint and G,, € B!, we have (G,,) — 0. Take an arbitrary
G € G such that G # Gy, k= 1,2,.... Let m be the smallest integer

such that .

u(G) > §M(Gm+1)-

Observe that we have

GNG; #o
for some minimal 1 < 57 < m , since otherwise G had to be chosen
instead of Gy,41. Besides, we have u(G) < 2u(G;), which implies
G C GBH. Since G € § was taken arbitrarily, we get (3.2). O

Lemma 3.2. Let (X, 0, 1) be a measure space with a ball-basis B. If
balls B € B, G, € B, k=1,2,..., satisfy the relation

(3.3) GyNB# @, wGy) —r=suppu(A),
AeB

then
xclJa
k

Moreover, for any ball A € B we have A C GE] for some k > k.

Proof. Since by B2)-condition every point = € X is in some ball, it is
enough to prove the second part of the theorem. So let A € 8. Chose
points z € A, y € B. According to B2)-condition there is C' € B
such that =,y € C. Let G be one of the balls A, B and C, which has a
biggest measure. Applying two ball relation twice, one can easily check
that

AUuBUC c G2,

From (3.3) we find an integer ko such that u(Gy) > u(G®) /2 for k > k.
Therefore, since G, N G2 # @, we get A ¢ G ¢ GQ], k > k. O
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Definition 3.1. For a set E € M a point x € E 1s said to be density
point if for any € > 0 there exists a ball B such that

WBAE)> (1-e)u(B).

We say a measure space (X, M, 1) satisfies the density property if for
any measurable set E almost all points x € E are density points.

Lemma 3.3. Let (X, 9, u) be a measure space. If a family of measur-
able sets B satisfies the density property and B4)-condition, then for

any bounded measurable set E, u(F) > 0, and € > 0 there is a sequence
of balls { By} such that

(3.4) m (U By \ E) <e n (E U Bk> < au(E)

where 0 < a < 1 48 an admissible constant.

Proof. Applying the density property, one can find a family of balls 25
satisfying

EC U B a.s.,

BeB

wW(BNE)>(1-0)uB), BEeB,
where

5= min{ﬁ,m}.

Then, apply Lemma 3.1 we get a subfamily of pairwise disjoint balls
By, with (3.2). Thus we have

I (UBk\E> = (B \ E)

)
< <
< =3 Ek wWBrNE) <26u(F) <e.
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On the other hand

1 (E\U&) = u(E) = u(EN By)
<p(E) = (1=6)>  n(By)
k
< u(E) - 1%5# (U BL”)
SM(E)—%N (U B)
1

- ﬁﬂ(
1

()

So conditions (3.4) are satisfied with a constant « =1 — 1/2X. O

< u(E) E)

Observe that if B3)-condition holds for the bounded measurable sets,
then it holds for all the measurable sets. Indeed, according Lemma 3.2,
there is a sequence of balls G5, such that X = U,G}. This implies that
any measurable set E can be written as a countable union of bounded
measurable sets E = U E). Apply B3)-condition to each set Ej with an
approximation number £/2%. The union of all obtained approximating
balls will give an e-approximation of E.

Lemma 3.4. Let (X, I, 1) be a measurable set. If a family of measur-
able sets B satisfies B )-condition, then it will satisfy B3)-condition if
and only if the density condition holds.

Proof. Let B satisfy B4) and density conditions and E be a measurable
set. The remark stated before the lemma allows us to suppose that £

is bounded. Applying Lemma 3.3 consecutively, we can find sequences
of balls B, k =1,2,..., such that

(3.5) u( g B\E) <%, k> 1,

BeBy

36 ulEN |J B|<au|E\N |J B, k>1,

k k—1
BEszl%]' BGU]-:I%J‘
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where in the case k = 1 the right hand side of (3.6) is assumed to be
E. Then we denote B = U32,B;. From (3.6) it easily follows that

EC U B a.s.,
Be®B

while from (3.5) we obtain

(W))W ) ) =

To prove the second part of lemma let 98 satisfy B4) and B3) conditions.
Suppose to the contrary B does not have the density property. That
is, there exists a number «, 0 < a < 1, a set F € 91 together with its
subset F' C E, u*(F) > 0, such that for any z € F and B € B with
x € B we have

(3.7) w(B\ E) > au(B).

By B3)-condition for any € > 0 it can be found a sequence of balls By,
k=1,2,..., such that

(3.8) [ <F A UBk> <e.

We can suppose that u(B,NF) > 0 for each By. Observe that it implies
BN F # &. Indeed, suppose to the contrary By, N F' = &. Then we
get ' C I\ By, and so a contradiction p*(F) < p*(F\ By,) < u*(F).
Thus by (3.7) we get

(3.9) w(Be\ F) > u(By \ E) > au(By), k=1,2,....

Applying Lemma 3.3, we find a subsequence of pairwise disjoint balls
By, k=1,2,..., such that

1 (F\UB,L”) <e.
k
Thus, applying B4)-condition, (3.8) and (3.9), we obtain

u*(p)gu<ug}j}) +5§K2u(ék)+5§§z,u(§k\p)+s

X _ X
=—pu (FAUBk> +€<5(—+1).
« - a
Choosing enough small €, we get p*(F) = p*(F) = 0 and so a contra-
diction.
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O

We say a measurable set E is almost surely subset of a measurable
set F'if u(E\ F) = 0. We denote this relation by

FEF C F as..

Lemma 3.5. For any bounded measurable set E € 9N there exists a
sequence of balls By, k =1,2,..., such that

(3.10) Ec| B as.
(3.11) > " u(By) < 2Ku(E).

Proof. Then observe that applying B3)-condition consecutively, for a
given measurable set E and € > 0 one can find a countable family of
balls 2 such that

(3.12) Ec|JAas.
(3.13) (U A) (14 e)u(E).

Applying Lemma 3.1, we find a pairwise disjoint collection {A,} C A
such that

ECUAJ»[” a.s
J

The B4)-condition and (3.13) yield

Zu( ”)<9<Zu (UAJ»)
a(y)

<2Ku(E).

Define By, = AL”, one can easily check that (3.10) and (3.11) are satis-
fied. O

We denote by #A the cardinality of a finite set A.
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Lemma 3.6. Let A € B and G be a family of pairwise disjoint balls
such that each G € G satisfies the relations

(3.14) GINA+#g,

(3.15) 0<c <u(G) < e,

with some positive constants cy,co. Then the number of elements in G
s finite and satisfies the bound
min{X3cy, Kp(A)}

C1

#9 <

Remark 3.1. One can easily check that this lemma implies a similar
lemma with the condition G N A # @ instead of (3.14).

Proof. Suppose G1,Go,...,GyN are some elements from §G. We can
assume that
(3.16) (G = p(G)

for each 1 < j < N. If u(A) > p(G'), then from (3.14) and B4)-

condition we get
U Gic | G} cal

1<j<N 1<j<N

Thus, since Gy are pairwise disjoint, from (3.15) we obtain

N-ci<p ( U Gk) < p(AM) < Kp(A)

1<<N
that is
Ku(A)

&

(3.17) N <

In the case p(A) < ,u(G[lu) we get A C G[f} and therefore by (3.14),
AMnel+e, 1<j<N.
Thus, applying two balls relation and (3.16), we obtain
(1] (3]
U ¢ cai
1<j<N

Then, again using (3.15) and (3.1), we get

(3.18) N <p (U Gk> < u(GPY < K@) < Koy,
k

Combination of (3.17) and (3.18) completes the proof of lemma. O



AN ABSTRACT THEORY OF SINGULAR OPERATORS 15

4. PRELIMINARY PROPERTIES OF BOUNDED OSCILLATION
OPERATORS

In this section we derive some preliminary properties of BO oper-
ators. Let (X, 9, u) be a measure space with a ball-basis B and
1 < r < oo. We will need weak-L" inequality of the maximal oper-
ator

(A1) Mf@)= sw (ﬁ / If(t)|rdu(t))1/r

BeB:zeB

associated with a ball-basis 8. The maximal operator corresponding
to r = 1 will be denoted by M.

Theorem 4.1. The mazimal operator (4.1) satisfies weak-L" inequal-
ity. Moreover, we have

(4.2) | M || s proe < KT
Proof of Theorem 4.1. Denote
E={zxeX: M. f(x) >}

Note that F can be non-measurable. For any x € E there exists a ball
B(z) C X such that

1 T T
x € B(x), —M(B(l’))/g(m)|f| > )\

We have E = U,epB(z). Given B € B consider the collection of balls
{B(z) : « € EN B}. Applying Lemma 3.1, we find a sequence of
pairwise disjoint balls { B} taken from this collection such that

EnBc| B! =Q(B).
k

We have Q(B) is measurable and

(4.3) n(Q(B) <3 (B
<X Z 1(B)

_N/|f .
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According to Lemma 3.2 there is a sequence of balls G such that

x=Une

n>1k>n

EC U ﬂ Q(Gr).

n>1k>n

and so we get

Hence we obtain

W (E) = p (U N @(G@) <X /X )t

n>1k>n

and so (4.2). O

Theorem 4.2. If a subadditive operator T satisfies T1)-condition and
the weak-L" inequality, then T satisfies weak-L" inequality too. More-
over, we have

[T |zrspree S L1+ ([T 2rspree.
Proof. Given A > 0 consider the set
E={xeX: T f(x) > A},

which can be non-measurable. For any x € F there is a ball B(z) € B
such that

(4.4) x € B(x), [T(f Iy pug) ()| >\

One can check that ' = U,cpB(x). Given ball B apply Lemma 3.1, we
find a sequence zy € E such that the balls { B, = B(zy)} are pairwise
disjoint and

(4.5) EnBc| B! =Q(B).

Since T satisfies T1)-condition, we have
‘T(f ’ ]Ix\B][cl])(xk) - T(f ’ HX\B,[:])(%)‘ <Ly <f>*Bk,r7 T € By.
Thus, one can easily conclude from (4.4) that
(46) [T(f Ly ) @) > [T(F - Ly, o))
- ‘T(f ’ ]Ix\Bl[‘l])(xk) - T(f ' HX\B][:])(‘%)‘
> A— Ll : <f>*Bk,r7 S Bk
Given [ > 0 define
(@7 Bi={re€Bi: [T(f Lp)@| < B {Np.).
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Using weak-L" inequality of the operator T', the measure of the com-
plement of By is estimated by

~ T\ e proo T\rr—rree \ "
i) < e [y < (o))

< (”T”T“") u(By)

and so for an appropriate constant § ~ ||T|| - re we have

i (B) > p(B) — " (Bi\ By) = (Be) — ' (B§) = Lyu(By).
If
v € B\ (M. f(z) > 6},

then, using subadditivity of 7" together with relations (4.7), (4.6), we
obtain

T f(@)] 2 |T(f - T pm) (@) = [T(F - L) ()]
2A=L1- (Ve =B (Nber
>N = (L1 +B)- M, f(x)

> X — (L1 + B)0A

> \/2,
where the last inequality can be satisfied for
(4.8) §=1/2(Ly + B) ~ (L1 + |T||zropree)

Hence we conclude

@9  UBec (s > TS @) > A2

Since the maximal function M, and the operator T satisfy weak-L"
bound, from (4.5), (4.8) and (4.9) we get

n(@Q(B)) <> u(B)
< 95 > u(By)
< 2K - kZu*(Bk)
< LML) > 6N} 4 LT @) > A/2)

T 1 I
S (L1 + T\ pr—pree) F/X LfI".
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The same argument used at the end of the proof of Theorem 4.1 implies

£ T 1 T
w(B)S (G + [Ty 55 [ 11
X
and so the theorem is proved. O

Definition 4.1. Let T be a subadditive operator. Given balls A and B
with A C B we denote

T(f -1
A(A,B) =Ar(A,B) = sup ) B[”\A“l)(fﬁﬂ'
z€A, fel"(X) <f>B[1],r

Notice that T2)-condition for a subadditive operator 7" means that
for any A € B there exists a ball B such that A C B and A(4, B) < Ls.

Lemma 4.1. If T is an arbitrary subadditive operator, then for any
balls A, B and C satisfying A C B C C we have

(4.10) A(A,B) < A(A, Q).
Proof. Given function f € L"(X) denote
g9(x) = f(x) - Tpm(z).

Then we get the estimate

sup IT(f - Lgop am)(z)| = Sup 1T(g - Teon am) ()]
S

< A(A C)-(9)e
1 1/r
= A(A,C) - f T)
( ) Jou
< A(A,C) - (f)gn
which implies (4.10). O

Lemma 4.2. Let a subadditive operator T satisfy T1)-condition and
the weak-L" bound. Then for any balls A, B satisfying A C B we have

1/r
(1) AAB) < (Lot [ Tlrorr) (%) .

Proof. Applying the weak-L" estimate, we get

9 1/r
v { € A+ T Tomnan) @ > 1T roirm (25 [ 117) } <
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and so we find a point zy € A such that

9 1/r
Lr—Lme <—/ ‘f’r>
p(A) Jpuw
1/r
1(B)
v () A
According to T1)-condition, for any x € A we have

(4.13) |T(f -Tgunam)} (@) =T (f - Tpunam) H (o) < Li-(f -Tpmnam) i,
By the definition of (f)% , there is a ball C' D A such that

(4.12)  |T(f - Tgnnam) Hawo)| < IT

ST

(f - Tpnnam)a, = (f - Igunam) oy
If u(C) < p(BM), then we have C C B and therefore

1/r
(4'14) <f ' HB[H\AU])C,T < (lu ) <f . ]IBU]\A[1J>B[2],T

1/r
> (f - Tgonam) i,

S (%) " (f) B -

In the case of u(C) > u(BM), we have Bl ¢ Cll. Hence we get

Cm 1/r
(4'15) <f : ]IB[I]\A“])C,T‘ < (M/E(C))) <f . ]IB[l]\A[l]>C[1]7T

S (- Tgonam) o,

(f - Ignnam) g,

\ I

(f) B

The estimates (4.14) and (4.15) imply the inequality

B 1/r
(f Tpmnam)a, S <%) A f) B s

which together with (4.12) and (4.13) gives

1/r
T T}l S (Cr+1Tarosrm) (S50 (e € 4

IN A

The last inequality completes the proof of lemma. O
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Lemma 4.3. If a subadditive operator T satisfies T1)-condition and
the weak-L" bound, then for any balls A, B and C' satisfying A C B C C
we have

1/r
(416)  AAC) < (%) (r + Tl e + A(A, B)).

Proof. According to Lemma 4.2 we have

1/r
AB.C)S (1 + T]mr) (45H)

Thus, taking f € L"(X) and = € A, we obtain
T (f Iounam)(z)]
<|T(f - Leon pm)(@)| + [T(f - Lgun am)(2)]
< A(B,C)f)em, + A(A, B)(f) g,

S (L + | T\ pree) (F (few, +ACA B)(f) g,

< @+ Tl (5]

(
1] 1/r
+ A(Av B) (Zggm;) <f>C[1],r

1/r
< (fow, (%) (Gt Tl + A(A, B)

and so we get (4.16). O

Inequality (3.1) and Lemma 4.3 immediately yield

Lemma 4.4. Let an operatorI' € BOy and satisfy the weak-L" bound.
Then for any balls A, B € B with A C B we have

A(A, B™) S I (Ly + T || prspree + A(A, B)).
Theorem 4.3. If an operator T € BOgy satisfies weak-L" estimate,

then the operator T* € BOgy and satisfies weak-L" inequality. More-
over, we have

LT S La(T) + [T e,
Lo(T7) = Lo(T).
Proof. One can easily check that for any balls A, B satisfying A C B
we have the equality
Ar(A,B) = Ar(A, B).
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If balls A and B satisfy T2)-condition for the operator T', then the
same conditions will hold also for T* with Lo(T™) = Lo(T'). To prove
T1)-condition, let B € 98 and f € L"(X) satisfy

(4.17) supp f € X \ BIY.

Take arbitrary points z,2’ € B and estimate |T%f(z) — T*f(2')|. If
T*f(x) = T*f(2'), then the estimation is trivial. So we can suppose
that 7% f(z) > T* f(2'). Using the definition of 7% f(z), we find a ball
A € B with x € A such that

T flx) + T f(2)

(118) s <IT(f T )]
Denote

, B if u(A B),
(4.19) 4 :{ AN ) > D)

Since x,2" € B, from Lemma 4.2 and (4.17) it follows that
(4.20)

I T(f - Tgen am)(@)| = [T(f - Lgen am - Lgn gm))(2)]
< A(B, BYY(f - Tgen am) e
< A(B, BY)(f) i,

[1] 1/r
S (U))@)),
(

S (La(T) + Tl Lr—2re)(F) B0

and similarly

(4.21) T(f - Lpin arm (&) S (La(T) + T Lr—1roe ) F) .-

One can easily check that from (4.19) it follows that B C A’ and so
x' € A'. This implies

T f(@) 2 [T(f - Ty an) (&),
which together with (4.18) yields
(4.22)

T f (@) = T (') = T* f(a) — T*f(a")
< 2T(f - L) (@) — 27" f (&)

<2 (|T<f L) (@)] — |T(F - HX\AM)(:U')!).
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In the case u(A) < pu(B) we get A C B and therefore
AN Z Bl gl Al gl

Thus, applying T1)-condition for 7', from (4.20), (4.21) and (4.22) we
conclude

T f(a) — T* ()| < 2 (\T(f Ty pe) (@)] 4 T(F - Ty ) (@)

—|T(f - Tx\ g (2")| + !T(f']IB@J\A/uJ)(Q?')O

SIT(f HX\B[Q])(x) —T(f- ]IX\B[Q])(x/)’
+ (Li(T) + 1T [ pr 1)) B
S (L(T) + T er—proe ) f) B0

If u(A) > u(B), then by (4.19) we have A’ = Al and so x,2’ € B C
Al AN = ARl Thus, applying Lemma 4.2 and (4.22), we get

T f(a) - T* ()] < 2 (IT(f Ty (@) — 1T HX\Am(a:'n)

<2 (!T<f L) (@)] — [T(F - HX\A[2]><:L~'>\)
+2|T(f - Lyenam) ()]

ST Yo+ (Gr(T) + [T ) () i

(Co(T) + [T s ) (o

and finally, T1)-condition. Weak-L" bound of T* follows from Theorem
4.2. O

S
<

We say that a ball-basis B in a measure space satisfies the doubling
condition if there is a constant n > 1 such that for any ball A € ‘B,
Al £ X one can find a ball B satisfying

(4.23) AC B, wB)<n-uA).

Theorem 4.4. Let the ball-basis B satisfy the doubling condition. If a
subadditive operator T satisfies T1)-condition and the weak-L" bound,
then T' € BOyg. Moreover, we have

Lo(T) S0V (Ly + || T o pree),

where 1 is the doubling constant from (4.23).
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Proof. We need to check T2)-condition. If balls A and B satisfy con-
ditions (4.23), then applying Lemma 4.2, we get

IU’<B> v 1/r
AAB) S (4 + T lmre) (A50) < (04 [T o)

Thus we get Lo(T) < n'/"(Ly + || T||zr—pree) < 00. O

5. PROOF OF MAIN THEOREMS

Lemma 5.1. If a subadditive operator T satisfies T1)-condition and
the weak-L" bound, then for any B € B there exists a ball B’ such that

(5.1) B c B,

(5.2) A(BE, BY) S L1 + [Tl i,
and we either have

(5.3) BW =B or u(B') > 2u(B).

Proof. Letting
A={AecB: ANB # 2},

we denote

(5.4) o= s p(A) <2u(B),
Ael: p(B)<pu(A)<2u(B)

(5.5) b= inf wu(A) > 2u(B).

Ae: p(A)>2u(B)

Observe that there is no ball A € 2 with a < u(A) < b and there exist
balls G, G5 € 2 such that

% < u(Gy) < a,
b < u(Gs) < 2b.

If b < K2a, then we define B’ = G&). Since BN Gy # @ and pu(B) <
a<b<p(Gsy), we get B C Ggl] and therefore B C G[23] = B’. Thus
we get (5.1). Taking into account the inequalities

u(B') = p(GY) < K3pu(Gs) < K3 - 2b < 20K,
u(B) > p(B) > 7,

from Lemma 4.2 it follows that

Lr—Lmo-

1/r
AB2. B < (B) /L T < Lo+ |IT
(B9.8) < (L) (@t Tl S 61+
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Hence we obtain (5.2). Then by (5.5) we have
(5.6) p(B') z p(Gz) 2 b = 2u(B)

and so we get the second relation in (5.3). Now suppose we have
b > K2a. Define B' = G € 2. We have

pw(BMY < K2u(Gy) < aX? < b.

Since there is no ball from 2 with a measure in the interval (a,b), we
get u(B'M) < a. Thus we get

BUNG, #o, wBM) <2u(G)).

These relations imply B! G[ll] = B’, that means B! = B’ and we
get the first relation in (5.3). On the other hand by (5.4) we have
w(B) < a < 2u(Gh) < 2u(B) < 2a < 4u(B).

That means B C B!l = B’ and therefore B2 ¢ B2l = B’. Hence we
obtain (5.1). Using Lemma 4.2 and (5.6), we get

a5 (4

that gives (5.2). Lemma is proved. O

1/r
) (C1+ [Tl i) S L1+ [Tl proes

Lemma 5.2. Let T € BOgy satisfy weak-L" estimate and for a ball
B € B we have BY = B. Then there exists a ball B' satisfying (5.1)
and

(5.7) A(B® By < £,

(53) u(B) > 24u(B).

Proof. Applying T2)-condition, we find a ball B’ 2 B such that
(5.9) A(B,B) < L.

From B = B we get B = B c B’ that is (5.1). Then, applying
(5.9), we get (5.7). Observe that (5.8) holds. Indeed, otherwise by
two balls relation we will have B’ ¢ B!Y = B, which contradicts the
condition B’ D B. O

Lemma 5.3. If T € BOgy satisfies weak-L" estimate, then for any
B € B there exists a sequence of balls B = By, By, Bs, ... such that

(5.10) UB. =X,

(5.11) B? cB, k>1,
(5.12) sup A(BZ By S L1+ Lo+ |Tlropre, k> 1.

k>1
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Proof. We construct a sequence of balls { By} satisfying (5.11), (5.12)
and the relation

(5.13) u(By) > 2u(Bys), k> 2.

We do it by induction. Take By = B and suppose we have already
defined By, for k = 0,1, ...1 satisfying the conditions (5.11), (5.12) and

(5.13) for k < I. If Bl[l] = By, then applying Lemma 5.2, we get a ball
B;.1 = B’ such that

(5.14) BP c B,
A(Blp}u Bl+1) S L27
(Bii1) = 2pu(By).

In the case of Blm # By we use Lemma 5.1. At this time the ball
B+ = B’ will satisfy (5.14) and the conditions

A(BP, Bii) < L1+ T oo,
(5.15) 1(Biy1) > 2u(By).

Applying this process, we get a sequence satisfying the conditions (5.11)
and (5.12). Besides, one can easily observe that at least for one of any
two consecutive integers k& we will have p(Byy1) > 2u(Bg). So the
condition (5.13) will also be satisfied. O

Lemma 5.4. Let T be a BOgy operator satisfying weak-L" inequality.
If

(5.16) A > 3K
then for every measurable set FF C X and a ball A € B with
(5.17) FNA# @, pF)<p(A)/A

there exists a family of balls G C B satisfying the conditions

(5.18) FNAUNG+oifGeg,
(5.19) FnAYc | )G as.
Ge§

1 p(A)
(5.20) I (U Gl 1) S=

Ge§
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Besides, for each G € G there is a ball G (not necessarily in G ) such
that

(5.21) G¢F
(5.22) G c G c Al
(5.23) AGE G S L1+ Lo+ || T || pr o pros-

Proof. Applying Lemma 3.5 for the set £ = F N Al we find a family
of balls P C ‘B such that

(5.24) FNnAYNB+@, Be?,
(5.25) FnAc | JBas.
Be?
(5.26) > w(B) < 2Kp(Fn AM).
Be?

Take an arbitrary element B € P. Applying Lemma 5.3, we find a
sequence of balls B, € B, k = 0,1,2,..., B = By, with conditions
(5.10)-(5.12). To B € P we can attach a ball G = B,,, where m > 0 is
the least index satisfying the relation

(5.27) Bl ¢ F

The collection of all such G defines the family G. If G € G is generated
by B € P, then combining the relation

(5.28) BcBP cB,=aG

with (5.24) we obtain (5.18). From (5.28) we also get

Ueo s

Geg Be?

which together with (5.25) implies (5.19). Then, according to the def-
inition of the integer m (see (5.27)) we have either Gl C F or G € P
(the second relation holds only if m = 0). This remark together with
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(5.26) implies

(5.29) p (U Gm) < u(F) +p (U Bm)
Ge§g Be?
F)+> u(BY)

Be?

and we get (5.20). Now define
- (1] : (1]
(5.30) G = { A if ’U(BT[’{]“)

According to (5.17), we have u(AM) > u(F) and so Al ¢ F. This
together with (5.27) and (5.30) implies (5.21). To check condition
(5.22) notice that form (5.16) and (5.29) it follows that

3K pu(A)
X

p(GP) <3 (@) <K < u(A).

Thus, since G N A # &, we conclude
(5.31) G c Al
If (B, ) > pu(A), then by (5.30) we have G = A and using (5.31)
we get (5.22). If M(BL}L]H) p(A), then since BT[:L]Jrl N A # &, we have
B ¢ AW Hence from (5.11) and (5.30) we obtain

G = Bl c Bl =G c Al
and so (5.22). To prove (5.23) first we suppose that M(BE]H) < u(A)
and so G = B,[Tlirl. Applying Lemma 4.4 and (5.12), we get

A(GP,G) = A(BZ, BlL)

N

m+1

1 r
u(BY. )
( = ) (L1 + | T |zrpmee + A(BE, Boyr))
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Ifl the case M(BEL]H) > (AN we have G = Al B}ijl and therefore
G ¢ BE]H. Once again applying Lemma 4.4, we obtain

A(GP,G) < ABP, BE, )

wB2)\ "
< M(B—m;) (L1 + Lo+ [|T||prspree + A(BE, Bioir))

SLi+ Lo+ || Tlerospree,
which completes the proof of lemma. O

Definition 5.1. We say a set of balls U is a family-tree if

F1) there is an element Ay € A called grandparent of 2,

F2) to each A € A except the grandparent Ay a unique parent pr(A) €
A 1s attached,

F3) foreach A € A, A # Ay we have Ay = pr"*(A) = pr(pr(...pr(A4)...

for some n € N.

Given ball A € A we denote
¢h,(A)={BeA: pr"(B)=A}, n=1,2,...

Gen(A) = O ¢h,(A),

where M is the maximal operator (4.1). The family €h(A) = €h,(A)

is said to be the children of A and &en(A) is the generation of A.
The notation n < m (n > m) for two integers n, m denotes n <

m —1 (n>m+ 1) and n < m stands for the condition |m — n| < 1.

Proof of Theorem 1.1. Let an operator T' € BOgy satisfy weak-L" in-
equality. Define

If(z) = max{|Tf(z)|, T"f(x),L - My f(x)},
where
L=2L1+ Lo+ ||T)propree-
Applying Theorem 4.1 and Theorem 4.2, we conclude that the operator
' satisfy weak-L" estimate and besides

(5.32) Dl or—pree S Ly + Lo+ || T e proo-

Denote

(5.33) T f@) = sup |T(f - Tpo)(@)].
BeB, xeB

Subadditivity of T implies
(5.34) T f(z) <T*f(z)+ |Tf(x)|] <2T'f(x), =€ X.
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Let f € L"(X) and B be the ball from the statement of theorem.
Clearly we can chose a ball Ay such that

(5.35) BY ¢ A,, |f] > iy

2
Ao
Let A > 0 satisfy (5.16). We shall construct a family-tree 2 C 8 with
the grandparent A, such that
1) If G € ¢h(A), then ANG # 2.
2) We have

(5.36) wl U ot 5@.
Geen(A)

3) If G € €h(A), then there exist a ball G and a point ¢ € G such

that
(5.37) GP c G c Al
(5.38) Lfa(€) S LA (f) ami
(5.39) T(f - Lennge) (@) S LA (fam,, € GP,
where
(5.40) fa= { f }Aff] ! ﬁiﬁgf
4) We have

(5.41) ITfa(@)] S LN (f) a6,

for almost all z € AN\ | ] G, if A# A,.
Geeh(A)

The elements of 2l will be determined inductively by an increasing order
of generations levels. The first element of 2 is Ag. Then we suppose
inductively that we have already defined all the members of

U eb.(4)
1<n<lI
such that any member
Ae |J @4
1<n<i—1

satisfies the conditions 1)-4). To define the members of €h,,,(Ay) we
take an arbitrary A € €h;(Ap) and define the children of A as follows.
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Take a measurable set F' = F4 such that

(5.42) F> {I e X : FfA(l’) > B . <f>A[3],r}7
(543)  p(F) = p'{e € X : Tfa@) > B+ (oo, b

Suppose that F' # @. Using (5.32), for any A (include the case A = Ay)
we will have

21 ( AP .
u(F) < 2L e

QJCB : M(A) r

< THF Lr—Lmee

< A

- A

for a suitable constant
b~ L\

since r > 1 and we have (5.32). Not that in the case A = A, one needs
additionally use the inequality (5.35). Thus, applying Lemma 5.4 for A
and F' = F,, we get a family G satisfying the conditions of the lemma.
The family § will form the children collection of A, that is

Ch(A)=G.

The relations 1) and 2) are immediate consequences of (5.18) and (5.20)
respectively, while (5.37) follows from condition (5.22) of Lemma 5.4.
From (5.21) it follows the existence of & € G'\ F and by the definition
(5.42) we get (5.38) ((5.57) if A = Ap). Since £ € G, using (5.22),(5.23)
and (5.38), for f € L"(X) we get the inequality

sup |T'(f - Lgmnge) (@) = sup |T(f - Lys - Lgnn g ) (2)]

x€Gl z€Gl2]

< AGHLG) - (f Tum) g,
S LS L),
< LM (f - Lym)(E)
< T(f - Law)(§) = T fal§)
< B (f) s
S LN (f) as

which implies (5.39). From (5.19) we get

p|lFOAYN U @] | =0
)

Geeh(A



AN ABSTRACT THEORY OF SINGULAR OPERATORS 31

therefore by the definition of F' we have (5.41). Hence, the properties
of the family 2 are satisfied.

Now we construct a sparse subfamily § C 2l consisting of countable
collection of balls, which will satisfy the conditions of the theorem. We
will do that by removing some elements of 2. As we will see below,
removing an element A € 2A, we also remove all the elements of its
generation ®en(A). Thus one can easily check that the properties 1)-
3) will hold during the whole process.

To start the description of the process we let R = X2, where X > 1
is the constant from (1.6). For B € 98 denote

r(B) = [logg u(B)]
Observe that the collections of balls
A, ={BeA: 1(B) =k}
={BeA: R* <pu(B) <R}, k <k,

gives a partition of 2, i.e. we have A = Up<y, A, where ky = r(Ap)
and Ay, = {Ao}. The reduction of the elements of A will be realized
in different stages. The content of 2, will not be changed. In the
n-th stage only the contents of the families 2, with £ < ky —n can be
changed. Besides, at the end of the n-th stage A,_,, will be fixed and
remain the same till the end of the process. Suppose by induction the
[-th stage of reduction has been already finished and so the families 2,
k=ko,ko—1,ko—2,...,ko—1[ have already fixed. In the next (I+1)-th
stage we will apply the following two procedures consecutively:

Procedure 1. Remove any element G € Ay,—;—1 together with all the
elements of his generation &en(G) if there exists a B € 2 satisfying
the conditions

(5.44) GElNB+o,
(5.45) (pr*(G)) < x(B) < r(pr* (@),
for some integer k > 0.

Remark 5.1. Observe that if an element G is removed because of a
ball B satisfying the conditions (5.44) and (5.45) of Procedure 1, then
we should have

1(G) < r(B) < r(pr(Q))

that means (5.45) can hold only with k = 0. Indeed, the left inequality
immediately follows from (5.45). To prove the right one, suppose to



32 GRIGORI A. KARAGULYAN

the contrary in (5.45) we have k > 1. Denote
!
G =pr*(G) € | Uy
=0

Since G"2 > GBI (see (5.87)), we have G'ANB # @. On the other hand
(5.45) can be written by r(G') < r(B) < r(pr(G")). We thus conclude
that G’ satisfies the conditions of the Procedure 1, so G' together with
his generation en(G') (include G) had to be removed in one of the
previous stages of the process, when B was already fixed. This is a
contradiction and so k = 0.

Procedure 2. Apply Lemma 3.1 to the rest of the elements Agy—;1—1
having after Procedure 1. The application of lemma removes some el-
ements of Ax,—1—1. If an element A is removed, then the generation
Gen(A) will also be removed.

Remark 5.2. After the Procedure 2 the elements of Ay,—1—1 become
pairwise disjoint. Besides, we will have

(5.46) U GC U G,

G€y—i—1(before Procedure 2) G€y,—i—1(after Procedure 2)

After these two procedures the family Ay, ;1 will be fixed. Hence,
finishing the induction process, we get the final state of 2 which will
be denoted by D. Since after Procedure 2 in n-th stage Ag,_, gets
countable number of balls so the family D will also be countable at the
end of whole process.

Now we shall prove that for an admissible constant A > 0 the family
D is a union of two 1/2-sparse collections of balls. For A € D define

(547)  E(A)=A\ U &=4a\ U G.
GeD:r(G)kr(A) GeD: GNA#D,r(G)<kr(A)

Observe that

(5.48) E(A)NE(B) =, if r(A) % 1(B) or r(A) = 1(B).

Indeed, take arbitrary A, B € D. If r(A) = r(B), then the balls A, B
are result of the application of Procedure 2 (Lemma 3.1). That means
we have AN B = @ and therefore according to (5.47) it follows that
E(A)NE(B) =@. If r(A) > r(B), then E(A) N B = @ immediately
follows from the definition (5.47) and so we will get again FE(A) N
E(B) = @. To prove

(5.49) u(E(A) = p(A)/2
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take an arbitrary A € D and denote

P={PeD:r(P)=<1(A), PPnA+a}
We have
(5.50) R pw(A) < u(P) < R*-pu(A), Pec?.
On the other hand

PCA L URAURA g,

where [ = 1r(A). Hence P consists of three families of pairwise disjoint
balls. Thus, applying the remark after the Lemma 3.6, we get

(5.51) 4P < 1.
Suppose that G € D satisfies

r(G) <r(A), GNA+#g,
and so GP'N A # @. Since G was not removed by Procedure 1, we
have r(prf(G)) < r(A) for some integer k > 1. Denote P = pr*(G).
We have r(P) < r(A) and P2 > GP by (5.37) and so PEIN A # &.
This implies that P € P and G € Ben(P). Hence, from (5.47), (5.36),
(5.51) and (5.50) it follows that

WA\ Ey) < p U G

GeD: GNA#D,1(G)Kr(A)

(U U e)sxyu| U @

u < 1(4)
DI ILEYLC
Pe? k=1

Thus for an admissible constant A we get (5.49). From (5.48) and (5.49)
we conclude that two families

={AeD:r(A)isodd }, Dy=D\ Dy,
are sparse. Further for an A € D we will need the bound
(5.52) [Cfale)] S LAS) s
for a.a. x € AN\ U et
GeD:r(G)<x(A)
which is based on the inequality (5.41). It is enough to prove that

Al U Bl ¢ Al U G

BeD:r(B)<r(A) Ged: Geh(A)
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or equivalently

(5.53) p= |J BY"> |J @
BeD:r(B)<r(A) Ge: Geen(A)

Take A € 2 and arbitrary G € €h(A). We have r(G) < r(A). In the
case G € D, that is G has not been removed during the Procedures 1
and 2, G is an element of the left union of (5.53) and so G C D. If
G ¢ D, then G has been removed during the removal process. If G
was removed by an application of Procedure 1, then there exists a ball
B € D such that GB' N B # @ and r(G) < r(B) < r(pr(G)) = r(A)
(see remark after the Procedure 1). From the inequality R > X3 it
follows that

1(B)
H(G) < 9u(0) < 9 - 12 = u(B)

Thus we get G € G ¢ B, which means G ¢ D. If G was removed

by an application of Procedure 2, then according to (5.46) we have

G C UkB,E}] for a family of balls By, satisfying r(By) = r(G) < r(A) and
SO B,[j} C D. This again implies G C D and so we get (5.52). To prove
the theorem we need to prove

(5.54) Tf(x)] S LA As, f ()

=LA Z (M Is(z) ae € X,
Ses

where 8§ = {SB . S € D} clearly is a union of two sparse collections.

Observe that the set
e Y
k<ko GeD:r(G)<k

has zero measure, since D consists of countable number of balls with
bounded sum of their measures. Besides we can fix a set F' of zero
measure such that for each A € D inequality (5.52) holds for any

ve AN ) GM|\F

GeD:r(G)<r(A)

Hence, it is enough to prove the bound (5.54) for arbitrary =z € Ay \
(E'UF). Observe that for such x there exists a ball A € D such that

ze [ A\ U G|,
GeD:r(G)<r(A)



AN ABSTRACT THEORY OF SINGULAR OPERATORS 35

and so from (5.52) we conclude

(5.55) T fa(@)] < Cfale)] S LX) a,-

According to the property 1) one can find a unique sequence of balls
Ao, A1, Ay, .. Ay = Ain D such that A; = pr(A;41). According to
the properties (5.37)-(5.39) there exist balls A; and points &;, j =
0,1,...,k — 1, such that

(556) AP c Al c Al
(5.57) I'fa(§) < 'C)‘<f>AB3J7W & € Aji,
(5.58) TCf - Tam i YIS LM g, EE Al
Since

ze Al = Al] C A£2+17
the condition (5.58) holds for ¢t = x. Thus, we get

< .

(5.59) T(f - Tam 4w )@ S LA (f) o

We claim that
(5.60) T fa;(z)] < CLN- <f>A531,r + T fa;,, ()],

where C' > 1 is an admissible constant. Indeed, by T1)-condition and
(5.57), we will have

(5.61) ‘T(fAj . HX\A?L)(%) —T(fa, - HX\ALHI)(&) L<fAJ>A]+1 r
S LMTfAj (5]) S 1—\fAj (£J) 5 LA~ <f>A£.3],7“'

Besides, from (5.59) we get

(5.62) ‘ (fa; Lzt ‘—‘Tf HAlﬂl\ALﬂl)@)‘
SLX-(f) 4

Y

From the definition of fa; (see (5.40)) and (5.56) it follows that

(5.63) fay Teqm, = f Lo = F Lo = Ty .

Jj+1
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Thus, applying (5.34), (5.61), (5.57), (5.62) and (5.63), we conclude
[T fa,(@)] = |Tfa, ()]
< ‘T(fAj 'HX\AE}L T ‘ + ’T fa, ']Igm )(93)’
< Ty Tyion )(@) = Ty T i JE)| + [T, - Ty i ()
+ ‘T Ja; 1 Al \A[3] (z ‘ + ‘T fa; ']IA‘l]?L)(x)‘
< CLA-(f) g, + [T 14, (&)
+ [T T (&)
< CLA- <f>A§3],r

+ 2T**fAj (53) + ‘TfAjH(x)‘
< CLA- <f>A£_3],r

+AD A, (&) + |Tfa,., (@)]
gch-gL@m+¢TMHA@

+ [T fay. (@)

)

where C' > 0 is an admissible constant that can vary in the above in-
equalities. Thus we get (5.60). Applying (5.60) for each j = 0,1,2,...,k—
1, (5.40) and (5.55), we get

T f(x)] = |Tfa,(z)| < CLA- Z A, +IT(f - Tae) ()]

k
SE AP,
j=0

S L ‘AS,rf(x)'
completing the proof of Theorem 1.1. U
Proof of Theorem 1.2. Theorem 1.2 immediately follows from Theorem
1.1, Theorem 4.2 and Theorem 4.3, U
6. WEIGHTED ESTIMATES IN ABSTRACT MEASURE SPACES

6.1. The general case. Let w satisfy A,-condition. We denote ¢ =
1

-57 and let o0 = w ™ »=1 be the dual weight of w. Note that if w € A,

then o = w'/(=P) € A, and

(6.1) 0], = [l
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Besides we have

o ()

[wla, = pew 1(B)

The notation dw in the integrals will stand for wdu, where p is the
basic measure. Any weight w defines a measure on the basic measurable
space (X, M) and the w-measure of a set E is defined as w(E) = [, dw.
Everywhere below we denote by ¢, different constants depending only
on 1 < p < oco. In this section we shall consider maximal functions
with respect to different measures. So we denote the maximal function
associated to a measure [ by

Myf@) = s s [ |f0las).

Recall that Ag denotes the sparse operator corresponding to the case
of r=1.

Lemma 6.1. Let (X, 0, 1) be a measure space with a ball-basis B. If
S C B is a y-sparse collection (0 <y < 1) and the weight w satisfies
the A, condition for 1 < p <2, then

(6.2)

_ 1 -1 1/(p—1
[ As |l Lo (w)y—sLrw) < l[w]A/,,(p )||Mw||Léa((€u)_)>Lp(w) N Mo || r(0) =5 L7 (o) -

Proof. Applying the Holder inequality, for a measurable £ € 9 we
have

(6.3) w(E) :/ w? - w VP dy
E

1/p L 1/q
()" (o)
E E

= (w(E))" (o (E)".
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Now suppose 8 is a sparse collection of balls and f € LP(w) is positive.
Using the inequality (3 az)?~' < S a? ! for 1 < p < 2, we obtain

64 Msfl = [ ((Ash)r )7 wi

q

:/X <Z<f>B']IB>p_1 wap

Bes

< /X (Zm%l .H3>qwdu

BeS§

St Is

Bes§

q

La(w)

There is a function g € LP(w) with ||g||zrw) = 1 such that

SN I

Bes§

BeS

S fro) - fo
2 ) -

w(B) (a(B)\""
gldw- 1 B) (M(B)) wB)

_/ E (/)% - Tpgwdp
X
La(w)

“w(B) Jp
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Thus, applying (6.3), A,-condition and Holder’s inequality, we get

(6.5)

S (I

Bes La(w)
Sv‘l[w]Asze;(g(lB)/deﬂ)p
S'y‘l[w]ApBZES< (1B /fdu)p_1

1
5 /B l9ldw - j(Ep)

(o(Ep))"7x

7 | b (u(zp)

<y Mw]a, (

< (5 (ot o)

> (ot /fa-lda) ) >

1/p
)"

39

The last two factors can be estimated by the maximal functions M,
and M, respectively. Namely, for the second one we have

(6.6)

1/p
< < /!g!dw)- EB)) < 1 Muwgll 1o
Bes

< ||Mw||Lp(w)—>LP(w) ) ”g”L”(w)

= || Muw|| e (w)= L (w)-

Similarly, the first factor is estimated by

(6.7) (BGS (

< [IM, 1%

LP(o)—LP(o

_ HM Hp/q

LP(o)—LP(o

_ HM Hp/q

LP(o)—LP(o

_ ||M Hp/q

LP(o)—LP(o

/ fa_1d0> EB)> "

S 2 KA

Lr(o)

(frroms)”
()"

N Pl
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From (6.4), (6.5), (6.6) and (6.7) we immediately get (6.2). O

Lemma 6.2. Let (X, M, u) be measure space with a ball-basis B, 1 <
p,q < oo and p~t +q ' =1. If 8§ is a sparse collection and the weight
w satisfies the A, condition, then

(6.8) || As ||LP(w)—>LP(w) = [|As ||L‘1(o)—>Lq(U)v

where o s the dual weight of w.

Proof. We have

sl oo = sup / Asf - gduw.

feLr(w),geLd(w)

By the duality argument for f € LP(w) and g € L%(w) we get the
estimate

/X Asf - gdw = /X Asf - qudy = / Fd / gudy

BGS

:/Xfls(gw%fdu:/ﬂs( - pudn = [ 2 pa

P 1/q
<[ A4 i = ([ @stoneaw) 1
La(w) X

_ </X(A5(gw))q0du) h 11| 2o ()

< [[Asl|za@)=ra() [[9w]| La(o) | f1] 22 ()

1/q
= ||As || La(o)—La(0) (/ (gw)qadﬂ) | £l 27 ()
X

= ||Asl|za(o)—La(o) 191 Laqu) [| f1] Lo ()

which implies ||As||trw)—»rrw) < |AsllLa@)—>rLa(e). Similarly we have
the reverse inequality and SO (6 8) O

Lemma 6.3. Let (X, 9, 1) be a measure space with a ball-basis B and
w be a weight satisfying the A,-condition, 1 < p < oo, with respect to
the measure . Then for any balls A, B with A C B we have

WB) oy (HB)Y
(69 ot <l (G05)

Proof. Denote

L[ el
(6.10) a_M<A>/A du :
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By Chebishev’s inequality we find
A
p{te A: w§2a}>#.

Thus we get

(6.11) (/B wl/up))p_1 > (@(za)lmp))%1 _ (251(:(12:

and then by (1.1) and (6.11) we obtain

g (L)

v

and so (6.10).

41

O

Lemma 6.4. Let (X,9M, 1) be a measure space with a ball-basis B
and w be a weight, satisfying the Ay-condition, 1 < p < oo. Then the
mazximal function associated to the measure w satisfies the inequalities

(6.12)  [[Mullrw)srre@) < (2K)° - [w]a,,
(6.13) 1Mol oy < elpop) - KPP, 1< p < oo
where the constant c(p,p’) depends on p and p'.
Proof. Denote
E={xe B: M,f(x) > A}
For any x € E there exists a ball B(z) C X such that

1

v € B(x), wﬁ@ﬁémuww>x

Given ball B € 9B consider the collection of balls {B(z) : x € EN B}.
Apply Lemma 3.1, we find a sequence of pairwise disjoint balls { By}

taken from this collection satisfying

EnBc| B!
k
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Note that B,[j] as usual is defined with respect to the measure p. From
Lemma 6.3 we easily get w(B[ ) < (2K)P - [w]4,w(By) and hence

w (UkBE) <3 w(Bl)
< (2K) - [w]a, Y w(By)

<R fula, 5 3 [ 1l
L k

(2K)P - [w] a,
< f/x|f|dw.

Similarly as in the proof of Theorem 4.1, thus we conclude

wr(g) < ES 1l / flduw

and so (6.12). Applying Theorem 2.1 (Marcinkiewicz interpolation
theorem), we then get (6.13). O

Theorem 6.1. If S is a y-sparse collection and the weight w satisfies
the A, condition for some 1 < p < oo, then the corresponding sparse
operator satisfies the bound

p+2  3p—

(6.14) [ As fl| Loy o) < e(p, K) -y Hwly, 5% }-

Proof. First we suppose that 1 < p < 2. Applymg Lemma 6.1, Lemma
6.4 and (6.1), we obtain

A ]| 2o () £oy < €, K)y o] P70 ] PO (0]

P P Aq

p+2
= c(p, Ky~ Hw] 377V
and so (6.14). If 2 < p < oo, then by Lemma 6.2 and (6.1) we obtain
| As fll e (w)—£r (w) = [[Asf|La(o)—Le(o)

q+2 3p—2

< (g, K)ol = elp, Ky Hwl !

P

Theorem is proved. O
Combining Theorem 1.1 with Theorem 6.1, we obtain

Theorem 6.2. If (X, 0, 1) is a measure space with a ball-basis B and
the operator T € BOwx(X) satisfies weak-L' inequality, then

max{ p+2 3p—2}

T f] e w)— Lo @) < ¢(p, K)(L1 + Lo + ||T||L1_>L1m)[w]Ap p(r—1" p
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6.2. The case of Besicovitch condition.

Definition 6.1. Let B be a family of sets of an arbitrary set X. We
say B satisfies the Besicovitch D-condition with a constant D € N, if
for any collection A C B one can find a subscollection A" C A such

that
Ua=1J 4
A€eA AeA’
> Iu(z) < D.
AeA’

We say B is martingale system if D = 1.

Theorem 6.3. Let (X, 0, p) be a measure space and the collection of
measurable sets B C M satisfy the Besicovitch D-condition. Then the
mazximal operator M, satisfies the bounds

(6.15) [ M|l Lty —zrooy < D,
Ml ooy < ¢ - DYP, 1< p < o0
Proof. Define
E={xeX: M,f(zx)> A}
For any x € E there exists a set B(z) C B such that
1
w(B(@) /B(x) |fldw >\, € B(x).

According to the Besicovitch condition there is a subcollection 21 C
{B(x) : © € E} such that
Ua=U B

(6.16)

Aed zeE
> Tu(z) < D.
Aet
Thus we get
x 1 D
wE)SY wA) <Y <5 [ Ifld
A Aeu /A X

The second inequality immediately follows from (6.15), according to
Marcinkiewicz interpolation theorem (Theorem 2.1). O

The following theorem gives a sharp weighted estimate in general
measure spaces with a ball basis satisfying the Besicovitch condition.
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Theorem 6.4. Let B be a family of sets in a measure space (X, M, 1)
satisfying the Besicovitch D-condition. If 8§ is a v-sparse collection and
the weight w satisfies the A, condition for 1 < p < oo, then

(6.17) |\ Asf ()o@ S cp,y—leax{l/(p—l),p—l} ) [w]f;lax{lal/(p—l)}.

P

Proof. First suppose that 1 < p < 2. Applying Lemma 6.1 and Theo-
rem 6.3 we obtain

||‘AS||LP(w)eLP(w) < Cp’V_l[w]zléx/p(p_l) : Dl/p(p_l) . Dl/p

_ Cpfyfl[w]z/(p—l) . pY/@-1)

p

and so (6.17). In the case 2 < p < oo we use the same argument as in
the proof of Theorem 6.1. U

Applying Theorem 1.1 and Theorem 6.4 we immediately get the
following

Theorem 6.5. Let a family of measurable sets B in a measure space
(X, 9, ) satisfy the Besicovitch D-condition and w be a A, weight
with 1 < p < oo. Then if an operator T € BOwx(X) satisfy weak-L*
inequality, then

1702ty S O+ Lo+ IT o) - [0,

where C' is a constant depending on p and the Besicovitch constant.

7. BOUNDED OSCILLATION OPERATORS ON SPACES OF
HOMOGENEOUS TYPE

Definition 7.1. A quasimetric on a set X is a function p: X x X —
[0, 00) satisfying the conditions

1) p(x,y) > 0 for every (x,y) € X and p(x,y) = 0 if and only if
T =y,

2) p(x,y) = p(y,x) for every v,y € X,

3) p(x,y) < D(p(z, z) + p(z,y)) for every x,y,z € X, where D > 1
15 a fized constant.

Define the ball of a center x and a radius r by
B(z,r)={ye X: p(z,y) <r}, z€X, 0<r<oo

and denote by (p) the family of all such balls, calling them p-balls.
Quasimetric defines a topology, for which the p-balls form a base.
In general, the balls need not to be open sets in this topology. For
B € U(p) denote by ¢(B) and r(B) respectively the center and the
radius of B. For any t > 0 we set tB = B(c(B),tr(B)). We define
also an enlarged family of balls &'(p) as follows: if u(X) = oo, then
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'(p) coincides with $U(p), in the case u(X) < oo we include in U'(p)
additionally the set X.

Definition 7.2. Let p be a quasimetric on X and p be a positive mea-
sure defined on a o-algebra M of subsets of X, containing the p-open
sets and the p-balls. The collection (X, p, M, ) is said to be a space of
homogeneous type if

(7.1) 1(2B) < H - p(B)
for any ball B € $U(p).

Note that (7.1) implies a more general inequality. Namely,
(7.2) pla- B) <H(a) - u(B), a>0,

where H(a) is a constant depending on a and H. From property 3)
of quasimetric it easily follows that for any B € U(p) it holds the
inequality

diam B = sup p(z,y) < 2D - r(B).
z,yeB

In this section the notation a < b will stand for a < ¢ - b, where

~

¢ > 0 is a constant depending on the constants JH and D of the space
homogeneous type .

Theorem 7.1. Let (X, p, 9, 1) be a space of homogeneous type such
that U(p) satisfies the density condition. Then the enlarged family of
balls ' (p) forms a ball-basis for the measure space (X, M, 1) and satis-
fies the doubling condition. Besides, the hull ball of any B = B(xg,r) €
U(p) has the form B* = B(xo, R), 2r < R < oo.

The proof of the theorem is based on the following lemmas.

Lemma 7.1. If (X, p, 9, 1) is a space of homogeneous type, then for
any point xo € X and ball G € U(p) we have

(7.3) G C B(zg,2D*(dist (20, G) + 7(Q))).

Proof. Fix a point y € G with p(xg,y) < 2dist(zo, G). For arbitrary
x € G we have

p(@,z0) < D(p(x,y) + p(y, 20))
< D(2Dr(G) + 2dist(zo, G)) < 2D?*(dist(xo, G) + r(G))

that means = belongs to the right side of (7.3). O
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Lemma 7.2. If (X, p, M, 1) is a space of homogeneous type and the
balls B € U(p), Gy, € Mp), k =1,2,..., satisfy the relations

(7.4) BNGy # 2,
r(G) = 00 as k — oo,

then
pw(X) < limsup p(Gy).

k—00
Proof. Without loss of generality we can suppose that
r(Gy) > r(B).
From (7.4) it follows that dist(c(Gy), B) < r(Gg). Thus, applying
Lemma 7.1, we get
B(c(B),r(Gy)) C B(c(Gy),2D?(dist(c(Gy), B) +1(Gy)))
C B(c(Gy), 4D*r(Gy)),

and therefore by (7.2) we obtain

u(B(e(B),r(Gr))) < H(AD?) - u(Gh)-
On the other hand, since r(Gy) — oo, we have X = U, B(c¢(B), r(Gy)).
Therefore we get

p(X) = lim p(B(c(B),7(Gx)) S limsup pu(Gy).

k—o0

U

Lemma 7.3. Let (X, p, M, u) be a space of homogeneous type. Then
for any B = B(zg,7) € U(p) there erists a ball B* = B(xo, R) with
2r < R < oo such that
(7.5) u(B*) < u(B),
(7.6) U AcC B,

Aeil(p): u(A)<2u(B), ANB#2
Proof. For a given B € $(p) let A be the family of balls A € U(p)
satisfying

ANB#o, u(A)<2u(B).
First suppose that

v =supr(A) < oo.
Aex

Applying Lemma 7.1, for an arbitrary A € 2 we get
A = B(c(A),r(A)) € B(c(B),2D*(r(B) +1(A)))
C B(c(B),4D%y).
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It is clear that B* = B(c(B),4D?v) satisfies (7.6). Take a ball G € 2
such that 7(G) > v/2. Again applying Lemma 7.1, we get
B* = B(c(B),4D%*y) C B(c(G), 2D(r(G) + 4D?*y))

C B(c(G),10D%y)) C B(e(G), 20D (@)

=20D° - G.
Thus we conclude

u(B*) < p(20D7 - G) < H(20D°)(G)

that is just (7.5). Now consider the case v = co. There is a sequence

of balls G € 2 such that r(Gy) — oo. Applying Lemma 7.2, we get
(X)) < limsup p(Gy) < 2u(B).

k—o0

Obviously B* = B(xg,00) = X satisfies (7.5) and (7.6). O

Proof of Theorem 7.1. We need to check conditions B1)-B4) of the def-
inition of ball-basis. The conditions B1) and B2) immediately follows
from the axioms of quasi-metric space and B4) follows from Lemma
7.3 and moreover for B = B(xg) € U(p) the hull ball B* has the form
B(xg, R). The B3)-condition follows from the density property, since
by Lemma 3.4 those are equivalent. In order to prove the doubling
condition, take a ball A = B(xg,r) such that A* = B(x,R) # X.
Denote

S u(B)

~Y

R = sup 7.
r'>R: B(z(,)=B(z0,R)

Since B(zg, R) # X, one can check that R’ < oo and
A* = B(xg, R) = B(x, R') C B(xo,2R’).
Thus defining B = B(xz¢,2R’), we get A C B and
p(B) = p(B(wo,2R")) S p(B(wo, B')) = p(A") S p(A),
that proves the doubling condition. 0

Theorem 7.2. Let (X, p, M, 1) be a space homogeneous type satisfying
the density condition. If 8 C U(p) is a sparse collection of balls and
the weight w satisfies the Ay,-condition for 1 < p < oo (with respect to
the family $A(p)), then the corresponding sparse operator satisfies the
bound

(7.7) | As 1l Lo ()= Lr@w) S Cp[w]jax{l,l/(p—l)}.

The proof of this theorem is based on the Hyttnen-Kairema [10]

dyadic decomposition theorem, which reduces Theorem 7.2 to its mar-
tingale version (the case of D =1 in Theorem 6.4).
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Definition 7.3. Let (X, 9, 1) be a measure space. For two families
of measurable sets B and B' we write B < B’ if for any B € B there
exists B' € B’ such that

BcB, wbB)<yubB),
where v > 0 s a constant. The minimum value of such constants ~y

will be denoted by v(B < B'). If the relations B < B’ and B’ < B
hold simultaneously, then we write B ~ B’ and denote

V(B ~ B) = max{y(B < V), (B < B)}.
Remark 7.1. One can verify that if for two families of measurable sets

in (X, M, 1) we have B ~ B', then the A, characteristics with respect
these families are equivalent. That is

p—1
SUP pegs (ﬁ I, w) (ﬁ I8 w—1/(p—1)>

O0<cg < ) 1 p
SUP e (E I w> (® [5 wfl/(p71)>

< Cg,

for some constants c¢; and cy depending on (B ~ B').
Theorem 7.3 (Hytonen-Kairema [10]). If (X, p, M, ) is a space ho-

mogeneous type, then there exist martingale systems B, C M, k =
1,2,....1, such that

where | and v(U(p) ~ B) are constants depending on H and D.

Proof of Theorem 7.2. Apply Theorem 7.3. For every B € (p) there
exists a set Q(B) € B such that

(7.8) B CQ(B), mQ(B)) S ubB).

We shall consider the sparse operators

Acf@)= > (Nawlam(@), k=121

BeS: Q(B)eB,
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From (7.8) it follows that

(7.9) Asf(x) = Z [ Bls(z) < Z ol ()

BeS§ Bes§

<Z > (Naewlam ()

k=1 Be€S: Q(B)€By,

= Zﬂkf(x)

S.Ij]Ce eaC]l %k ]’E martinga e SyS‘em7 I)y | h orem 64 (for D 1) w
CO Clude tha eore
||‘Akf|| (w < Cp[w}max{] ]/(p )}

Combining this and (7.9), we get (7.7). O
Let (X, p, M, 1) be a space of homogeneous type and K(z,y) : X X

X — R be a measurable function. Given ball B € $(p) define the
function

(7.10) o¢p(t) = sup |K(z,y) — K(2',y)|, if t > 2r(B),
z,x'€B,ye X\ B(c(B),t)

(7.11)  ép(t) = ¢5(2r(B)) if 0 < t < 2r(B),

which is clearly decreasing on [0, 00). Denote

(7.12) —sup/ o5 (p(y,c(B))) du(y),
BeB
dg= sup |K(z,y)l
z€B,ye X \2B
(7.13)

Definition 7.4. An operator T : LY(X) — L°(X) is said to be of
Calderon-Zygmund type if for any B € U(p) it admits the representa-
tion

(7.14)
/ K(z,y)f(y)du(y) whenever x € B, supp f C X \ 2B,

where the kernel K(x,y) satisfies the conditions
(7.15) R < oo, dp < oo for any B € U(p).

Theorem 7.4. If (X, p, M, u) is a space of homogeneous type such
that $(p) satisfies the density condition, then any Calderdn-Zygmund
type operator (7.14) is BO operator with respect to the ball-basis V' (p).
Moreover we have £1(T) < R, where R is (7.12).
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Proof. First note that Theorem 7.1 implies that '(p) is a ball basis
having the doubling property and for B = B(xg,r) € $(p) the hull
ball B* has the form B(xzg, R), 2r < R < co. Since '(p) satisfies the
doubling condition, according to Theorem 4.4, we need to verify only
T1)-condition. Since ¢p(t) is decreasing, we can prove

@16) [ onlolo Bl < - (1),

Indeed, one can easily find a step function v (t) on [0, co) such that

[e.9]

op(t) <Y(t) = Zak]l[07rk](t), ar >0,2r(B)=r <re <...,
k=1

bA¢@@m&%ﬁM@%{L¢MM%dBmde+5SR+&

where 0 > 0 can be enough small. We have

A%WW@) Wldu(y) /¢y, D)l duty)
—z%/ y)ldu(y)
Sf%Zw@M&M)

/ ¥ (ply, c dp(y)

5(R+0).

Since § > 0 is small enough, we get (7.16). Now take B € H(p),
f € LY(X) and suppose that z, 2’ € B. From (7.10) it follows that

K (2,y) = K(2',y)| < ¢5(p(y, c(B)))| whenever y € X \ 2B.
Thus, using (7.16) and the relation B* D 2B, we get the bound

IT(f - Tx\p+)(x) = T(f - Ix\p)(2")]
/X\B*(K(:r, y) — K(',9)) f(y)du(y)

s/’|K@w—K@wmﬂwww>
X\2B
/% (v, e(BY)|f (1) ldpu(y)
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which gives T1)-condition. O

Let (X, p, 9, 1) be a space of homogeneous type and w : [0,00) —
[0,00) be an increasing function satisfying w(t + s) < w(t) + w(s),
w(0) = 0, and the Dini condition

(7.17) Ch— /1 @dt < .

An operator T : L'(X) — L°X) is said to be w-Calderén-Zygmund
operator if it has the representation (7.14) and for any ball B € (p)
we have

Co
(7.18) B YEX\B(()) el = wB(e(B),1))
@ ()
T e S0~ KIS Ly
e ()
(7.20) y7y’eB,a:21)]-(IiB(c(B)7t) |K(z,y) — K(z,y')| < W(B(c(B).1)’

where all these inequalities hold for any ¢ > 2r(B).

Theorem 7.5. Let (X, p, M, ) be a space of homogeneous type such
that (p) satisfies the density condition. If T is a w-Calderon-Zygmund
operator, then it is a BO operator with respect to the ball-basis LU'(p).
Moreover, we have the estimates

(7.21) Li(T) S Cr, Lo(T) S Co

Proof. Taking into account (7.19) and the definition of function ¢z in
(7.10), (7.11), for every B = B(xq,7) € (p) we have

T(B)> 1
t ) w(B(c(B),t))

¢p(t) <w (%) @ if 0 <t < 2r(B).

¢p(t) <w ( if t > 2r(B),
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Thus, applying doubling property (7.1), (7.17) and the subadditivity
of w, we get

/X o5 (p(y, c(B))) duly) = / on -c(B)) dty)

B d
+3 /WB)\(M)Qb (o, (B)) di(y)

$(@1B) - u(2°B)
= () Z W(2°B)
< iw@_k) <C.
k=1

Since this inequality holds for any ball B, applying Theorem 7.4, we
get the first estimate in (7.21). To estimate Lo(T') take a ball A =
B(xzg,r) € U(p) with A* # X. According to Theorem 7.1, A* =
B(zg, R), R > 2r. Denote

L= sup r,
r'>R: B(zo,r’")=B(zo,R)

and let B = B(x,2L). Since B(xg, R) # X, we have L < oo and
A* = B(xo, R) = B(xo, L) € B(xz¢,2L) = B.

Thus we get A C B and

(722)  p(B") S p(Blwo,2L)) < Hu(Blan, L)) = Hu(A%).

Since r(A*) > 2r(A), from (7.18) we obtain

Cy
sup  |K(z,y)| <
€A, ye X\ A* [ ) p(A*)

Thus, using also (7.22), for any point z € A we get
T(f - Tpae) ()] < / K (e, m)|F0)ldy

y)|dy

< 02
Hence we obtain £5(7T") < Cy completing the proof of theorem. O

Combining Theorem 1.1, Theorem 7.2 and Theorem 7.5, we imme-
diately get
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Theorem 7.6. Let (X, p, 9, 1) be a space of homogeneous type such
that (p) satisfies the density condition. If T is a w-Calderon-Zygmund
operator and the weight w satisfies A, condition with respect to the ball-
basis U(p), 1 < p < oo, then we have

(7.23) 1T trw)s 1wy < cp(Ch + Co A+ | T g1y pre ) faw] 32/

P

It is well known that any w-Calderon-Zygmund operator, which is
bounded on L?*(X) satisfies the bound

1Tz spree ST L2 re-

So in (7.23) || T||p1— 1. can be replaced by ||T||1 2 2. Note that the
Hytonen-Roncal-Tapiola [17] inequality is the case of (7.23) for the
w-Calderon-Zygmund operators on R™. Besides, (7.23) is a stronger
version of the Anderson-Vagharshakyan [1] inequality, where the case
of w(t) = t° was considered.

8. OTHER EXAMPLES OF BO OPERATORS

Theorem 8.1. If (X, M, 1) is a measure space with a ball-basis B,
then the mazimal operator M corresponding to r = 1 in (4.1) is BO
operator with respect to *B.

Proof. In order to establish T1) condition we let B be an arbitrary ball.
Take two points x, 2’ € B and a nonzero function f € L'(X) with

(8.1) supp f € X \ BIY.
Suppose that
(8.2) Mf(z) = Mf(a').

We have (f)35 > 0. Thus, by the definition of maximal operator we get

1 «
(8.3) Mf(£)§m[4‘f’+<f>3

for some ball A 5 z. If u(A) < wp(B), then by two balls relation we
have A C Bl and so by (9.4) we get

1
M/Alflzo-

Therefore according to (9.5) and (9.6) we have
| M f(z) = Mf(2')] = Mf(x) = M[f(z) < (f)5.
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If u(A) > u(B), then we get B C Al and so
Mf(z) - 5 [
S / A4 05 S (D

This gives T1)-condition. To prove T2)-condition fix a ball B and set
A={A€B: ANB+2, u(A) > u(B)},

7 = inf u(A).
There exist a ball A € A such that
v < p(A) <27.
Define B’ = A, One can check that
(8.4) Bc Al =p’

On the other hand for any function f € L'(X) and any point z € B
we have

(8.5) M(f - Tgip pm) () /|f| [pun g + 90,

for some ball C'> z and a number 5 > () that can be taken arbitrarily
small. We can suppose that u(C) > u(B), since otherwise we should
have C' C B, which will imply

1
m /C ‘f‘ . ]IB/[1]\B[1] - O

Hence, since we also have C'N B # &, we get C' € A. Thus we obtain
u(C) > ~ and therefore

u(AP) (B
2 2K2  2K2
Hence we have

89— [T S =z [ 101 (D
Comblnmg (9 7) and (8.6), we get

M(f - Lgnpm)(z) S (f)pw

and so T2)-condition is proved. U

Thus, applying Theorem 1.1, we get
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Theorem 8.2. Let (X, 9, u) be a measure space with a ball-basis B
and w be a A, weight with 1 < p < oo. Then the mazimal function
(4.1) satisfies the bound

max{ o

[ M| Lp )= Lrw) S [w]4

If in addition B satisfies the Besicomtch condition, then

HMHLp _)Lp( ) 5 [w]jjx{l,l/(p_l)}'
Remark 8.1. Theorem 8.2 does not give the full weighted estimate
like (1.2), which is known to be optimal for the mazimal function in
Euclidean spaces (|3]). In the general case the optimality only occurs
when 1 < p < 2. The Buckley [3] argument can be applied to get full
bound (1.2) in the case of Besicovitch condition.

Another example of BO operator is the martingale transform. Let
(X, 9, 1) be a measure space, and let {B, : n € Z} be a collections
of measurable sets such that

(1) Each B, is a finite or countable partition of X.

(2) For each n and A € B,, the set A is the union of sets from

%n+1.

(3) The collection B = U, czB,, generates the o-algebra .

(4) For any points z,y € X there is a set A € X such that z,y € A.
For a given A € B let pr(A) (parent of A) be the minimal element
of 9B satisfying A C pr(A). One can easily check that 9B satisfies the
ball-basis conditions B1)-B4). Moreover, for A € B we can define

. Aif pu(pr(A)) > 2u(A),
8.7) A= { pr*(A) if  u(pr™(A)) < 2u(A) < p(pr™t(A)),

and take X = 2. Consider a function f € L'(X). The martingale
difference associated with A € B is

WEE ( 1 [ ) et
B:pr(B
The martingale transform operator is defined by

r) =Y ealdaf(x)

AeB

where ¢4 = &1 are fixed.

Lemma 8.1. Any martingale transform T satisfies T1)-condition and
moreover, £1(T) = 0.
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Proof. Take a function f € L'(X) with
supp f € X \ A”
and two points x, 2’ € A. Observe that
Apf(x) = Apf(a), if B> A"
Apf(z) =Apf(2')=0,if BC A"or BN A" = 0.

Thus we have Agf(z) = Agf(z') for any ball B € 98 and so Tf(z) =
T f(x"). This implies £1(7T") = 0. O

Lemma 8.2. If T' is a martingale transform, then for any ball A € B
we have

(8.8) sup T Dorana) (@) < 9.
z€A, feLl(X) <f>pr(A) B

Proof. Take a function f € L'(X) with

supp f C pr(A) \ A.

Consider the sequence Ay, k = 1,2,..., defined by Ay = A, Apy1 =
pr(Ayg). For every point z € A we have

1 1 .
Bafle) = ((Aka umw)ﬁmﬁﬁk>L
Apf(z) =0, if BC A,

AAlf

Hence we get

S T%Adm+z( 5 50) Lo

k>1 k>1

2
= p(pr(A)) /pr(A> 7l
- 2<f>pr(A)

Lemma is proved. O

Lemma 8.3. If T is a martingale transform, then T satisfies T2)-
condition and Lo(T) is bounded by an absolute constant.

Proof. We need to prove the inequality

T(f - Lprgayya) (@)
(89) xeA,Sflélzl(X) <f>pr(A)

<eg,
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where ¢ > 0 is an absolute constant (see the definition of T2)-condition).
If u(pr(A)) < 2u(A), then applying Lemma 4.2 and Lemma 8.1, the
left hand side of (8.9) can be estimated by c- ||T'|| 1 p1.%. Since K = 2,
we can say that here ¢ > 0 is an absolute constant. It is well-known
that ||7'|| 1 1. is estimated by an absolute constant too. This implies
(8.9). In the case u(pr(A)) > 2u(A), applying X = 2, we obtain

T(f - Tpe(ay-\a-) ()]
sup
z€A, feL(X) <f>pr(A)*

T M H T *
< sw IT(f - Lorcapa) ()]
z€A, fELT(X) <f>pr(A)*
T(f L ay\pr
e T(f - Loy \pr(ay) (@)
z€A, feLl(X) <f>pr(A)*
T(f -1,
<9 — | (f p (A)\A)(w”
z€A, feLl(X) <f>pr(A)
T I T *\pr
L s 7/ - Torayvora)) (@)]
z€A, fEL(X) <f>pr(A)*

The first terms in the last sum is estimated by (8.8). Now let us
estimate the second term. Applying weak-L' inequality, for a A > 0 we
can write

pix € pr(A) | T(f - LIorcay\prea)) (@) > A(f)pr(ay+}

A <f>pr(A)* pr(A)*

_ Tl e - plpr(A)) _ plpr(A))

B A -2
where the last inequality is obtained with a suitable absolute constant
A > 0. This implies that the inequality

(8.10) IT(f - Torcay-\pr(a)) (@) < A(f)prcay

holds for some point x € pr(A). Observe that the function T'(f -
Ipr(ay\pr(a)) () is constant on pr(A) and it can be shown likewise the
proof of Lemma 8.1. Hence we will have (8.10) for any = € pr(A). Thus
we will give a bound of the second term by an absolute constant. [J

Lemma 8.1 and Lemma 8.3 immediately imply

Theorem 8.3. The martingale transform is a BO operator with respect
to the ball-basis B. Moreover, L1(T) = 0 and Lo(T') is bounded by an
absolute constant.
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Applying Theorem 1.1, Theorem 6.4 and Theorem 8.3 we deduce the
following results:

Theorem 8.4 (Lacey [21]). Let T be a martingale transform. If B € B
and f € LY(X), then there is a sparse operator A such that

Tf(r)] <C-Af(x), =€B,
where C is an absolute constant.

Theorem 8.5 (Thiele, Treil and Volberg [34]). If T is a martingale
transform and the weight w satisfies A, condition with respect to the
ball-basis B, 1 < p < 0o, then we have

max{1,1/(p—1
||T“Lp(w)—>[,p(w) < Cp[w]Ap {1/ )}

9. BOUNDED OSCILLATION OF CARLESON OPERATORS

Let {7} be a family of BO operators. In this section we prove that
if the characteristic constants of operators T, are uniformly bounded,
then the domination operator

(9.1) Tf(x) = sup|Tof(z)|
is also BO operator. More precisely, we have

Theorem 9.1. If (X,9M, u) is a measure space with a ball-basis *B.
If a BO-family of operators {T,} satisfies weak-L" inequality, then the
operator (9.1) satisfies the bounds

(9.2) L4(T) < sup £4(T),

(9.3) Lo(T) S sup £1(T,) + sup Lo(Ty) + sup || Tl 1 i

Proof. Let A € 8 be an arbitrary ball. Take two points x, 2’ € A and
a nonzero function f € L"(X) with

(9.4) supp f € X\ A,
Suppose that
(9.5) Tf(z) > Tf().

According to the definition of T, for any 6 > 0 there exists an index «
such that

(9.6) Tf(z) < |Tof ()] + 3.
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On the other hand for the same a we have T f(2') > |T, f(z')|. Thus,
applying (9.5), (9.6) and the localization property of T,,, we obtain
Tf(x) = Tf(a")| = Tf(x) - Tf(z)
< |Tof (@) + 0 — [Tof(2)]
< |Tof(x) = Tof(2)] + 6
< LT, + 6

Since § > 0 can be taken enough small, we get (9.2).
To prove (9.3) fix a ball A (A* # X) and consider the number

v= inf u(B).

BeB: BDOA

Since A # X, from Lemma 3.2 it easily follows that the set of balls B
satisfying B 2 A is nonempty. So there exists a ball B 2 A such that

7 < u(B) <2y
Take f € L"(X) and a point z € A. We have
(9.7) T(f - Tgonam) (@) = [To(f - Lgunam) ()| + 6,

for an index «, where § > 0 can be arbitrarily small. Since T}, satisfies
T2)-condition, there exists a ball C' 2 A such that

(9-8) To(g - Toun am)(2) S La(Ta){g) o,

holds for any g € L"(X). Consider the function g = f - Igup g If

w(C) > p(B), then we have B C CU and so B ¢ CPl. Thus,
applying (9.8) and Lemma 4.2, we obtain

(9.9)

Tog(@)| = |To(g - Loen am)(2)
< |Tu(g - Teonam)(z) + |Talg - Loy em) (2)

1 To(u - Ty om ) (7)]
< Lo(T)(g)en, +  sup .
zeC,ucl" (X) <u>c[2J,r

1 ) 1/r
S Lo(Th) (m /Bm |f] )

M(C[ﬂ))l/r ( 1 T) 1/r
L) I Tle) () (g [ 1
< SUD(Lo (L) + £a(Ta) + [ Tallrne) - (P,

{g)cw
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In the case u(C) < p(B) we have C C B and since C 2 A, we
obtain

u(B) 2 n(BY) > p(C) 2 7 > P
Thus, again applying Lemma 4.2 and (9.8), we conclude
(9.10)

Ta(9) ()| < |To(g - Lpencm)(@)] + [Talg - Lomn am) ()]

|TQ(U-H 2] [1])(13)|
< sup o (9) 1, + Lo2(Ta)(9) ey
zeC,uelm(X) <U>B[2],r
S (L1(Tw) + [ Tallr—pre)(9) o1y + L2(Ta)(9) e,

S sup(Lr(Ta)) + [ Tallzrorree + £2(Ta)) - (F) g,

Observe that the admissible constants used in (9.9) and (9.10) do not
depend on f, point z the number ¢ from (9.7). Hence, since § can be
taken arbitrarily small, from (9.7), (9.9) and (9.10) we get the inequal-

ity
T(f - Tpunam)(x)

sup
2€A, fEL(X) (f)pu,
S La(Ta)) + Lo(To) + (| Tallr—pree,
which implies (9.3). O

Let T be a BO operator and § = {g,} C L>®(X) be a family of
functions such that

(9.11) B =sup ||gallc <00, [T||Lrorre < 0.

One can easily check that the operators

(9.12) Tof(z) = T(ga - f)(),
are BO operator. Moreover, we have
(9.13)

L1(T,) < BLA(T), Lo(Tw) < BLAT), |Tallpr—rroe < BIT||r—spre.

Define the maximal modulation of the operatorT’ by
(9.14) 79 f(x) = sup |To f(2)].

According to Theorem 9.1 and relations (9.13), we conclude that T9 is
also BO operator. Hence, applying Theorem 1.1, we obtain
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Theorem 9.2. If T' € BOg(X) satisfies (9.11), then for any function
f e L'(X) and a ball B € B there exists a family of balls 8, which is
a union of two sparse collections and

(79 f(2)] S sup || galloo(£1(T) + La(T) + 177 || pree) - As f (@),
for a.e. x € B.

Weighted estimates of the maximal modulations of Calderén-Zygmund
operators on R™ (in particular Carleson or Walsh-Carleson operators)
were considered in the papers |6, 8]. Theorem 9.2 implies a pointwise
sparse domination of such operators, which is the strongest version of
the weighted norm domination of Carleson operators by sparse opera-
tors proved in [6].
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