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0. INTRODUCTION (HISTORICAL REMARKS).

The classical theory of Calderén—Zygmund operators started with the study of con-
volution operators on the real line having singular kernels. (A typical example of such

an operator is the so called Hilbert transform, defined by Hf(t) = [, f(t%)sds) Later
it has developed into a large branch of analysis covering a quite wide class of singu-
lar integral operators on abstract measure spaces (so called “spaces of homogeneous
type”). To see how far the theory has evolved during the last 30 years, it is enough
to compare the classical textbook [St1] by Stein published in 1970 (which remains an
excellent introduction to the subject) to the modern outline of the theory in [DJ], [St2],
[Ch2], and [CW].

The only thing that has remained unchallenged until very recently was the doubling
property of the measure, i.e., the assumption that for some constant C' > 0,

pu(B(x,2r)) < Cu(B(z,r)) for every x € X', r > 0,

where X is some metric space endowed with a Borel measure 1, and, as usual, B(x,r) =
{y € X : dist(z,y) < r} is the closed ball of radius r centered at z.

The main result we want to present to the reader can be now described in one short
sentence:

The doubling condition is superfluous for most of the classical theory.

The reader may ask: “Why should one try to eliminate the doubling condition at all?”

The simplest example where such a necessity arises is just a standard singular integral
operator considered in an open domain €2 C R" with the usual n-dimensional Lebesgue
measure, or on a surface S (say, 2-dimensional surface in R3) with the usual surface area
measure, instead of the whole space. If the boundary of € is nice, or if S is a Lipshitz
surface, we get a space of homogeneous type and everything is well understood. But
for domains with “wild” boundaries, the doubling property for Lebesgue measure fails
and the results for spaces of homogeneous type can no longer be directly applied to
them. Similarly, a few spikes on the two-dimensional surface S often do not spoil “two-
dimensionality” of the surface measure (what we formally need is the upper bound
wu(B(z,7)) < Constr?), but they can easily ruin the doubling condition.

Singular integral operators of such type are sometimes claimed to “appear naturally
in the study of PDE”. We will abstain from any comment on this issue, but the problem
seems to be very natural indeed, and definitely is of independent interest. As far as we
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know, in both cases no satisfactory theory of Calderéon—Zygmund operators has been
previously developed.

Another example, which actually was the main motivation for our work, concerns
the action of the Cauchy integral operator on the complex plane. The problem here is
the following:

Given o finite Borel measure p on the complex plane C, determine
whether the Cauchy integral operator

Cf(z) = Cyuf(x) = /C %ﬂlﬂy@)

acts on L*(p) (on LP(p), from L'(u) to LY*°(u), and so on).

A particular case of this question, when g is one-dimensional Hausdorff measure on
some strange compact set I' on the plane, has long been one of the central problems
in the study of analytic capacity (see [DM], [D], [MMV], [Chl] and [Ch2]). If ' is a
Lipschitz curve or something similar, then we have a space of homogeneous type and
one can apply most of the classical techniques with suitable modifications (see [Ch2]).

But in general the measure does not satisfy the doubling condition and, until recently,
one had to look for an alternative approach. One possible way to go around the difficulty
was proposed by Melnikov and Verdera. They noted that the kernel ﬁ of the Cauchy
integral operator satisfies the following beautiful identity:

1 1

5 @o() = To(2) (o) — Tg(m)  Rl@1,w2,73)%

where S5 is the permutation group of order 3, as usual, and R(x, y, z) is the radius of the
circumscribed circumference of the triangle with vertices x,y, z € C. This observation
allowed them to reduce the investigation of the oscillatory kernel x—iy to the study of

the non-negative kernel I Later, Tolsa, developing their ideas, became the first

1
R(z,y,z
to construct a satisfactory(tlzl/eory of the Cauchy integral operator on the complex plane
with respect to an arbitrary “one-dimensional” (see the definition below) measure .
He Went as far as to prove the existence of the principal value of the improper integral

= Jc I d“ W), _almost everywhere.

On the other hand for the general theory of Calderén-Zygmund operators, such an
approach was a mere disaster: the Cauchy integral operator, which had always been
one of the most natural and important examples of Calderén-Zygmund operators, was
thus completely excluded from the general framework.

The present paper can be considered a complement to [NTV1], where we dealt with
the L2-part of the theory. The main result was, roughly speaking, that the Cauchy
integral operator is bounded on L?(y) if and only if it is bounded on the characteristic
functions of squares, which is equivalent to the celebrated Melnikov-Verdera curvature

condition:

/// dp(x ( ) < Const 1(Q) for each square Q C C.
R(z,y,2

The main dlfference between [NTV1] and the corresponding earlier work by Tolsa [T1]
is that the proofs in [NTV1] remained valid for a quite wide class of Calderén-Zygmund
integral operators. So, in a sense, [NTV1] could be viewed as the first approximation
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to the general L?-theory of Calderén-Zygmund integral operators in non-homogeneous
spaces.

Now we are going to consider only the part of the theory concerning the boundedness
of a Calderén-Zygmund operator 7' and the associated maximal operator T* (see the
definition below) in the LP-spaces (1 < p < 00) and from L!(u) to L}*°(u) under the a
priori assumption that T is bounded on L?(). The main problem here is that one of the
basic and most frequently used tools of the classical theory — the Calderén-Zygmund
decomposition — fails to work in the non-doubling setting and should be given up
completely. The most important question we are going to answer in the present paper
is “What can one replace it with?”

Acknowledgements: Most of the results in this note arose from the visit of the
first author to Paris, France in Summer 1997. We are very grateful to the University
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1. SOME DEFINITIONS AND THE FORMULATION OF THE MAIN RESULT.

Fix n > 0 (not necessarily an integer). Let X be a separable metric space endowed
with a non-negative “n-dimensional” Borel measure p, i.e., a measure satisfying

pu(B(z,r)) <r" forall z € X, r > 0.
Let LP(p1), 1 < p < oo be the usual Lebesgue spaces, and let L1*° () be defined by

L)y ={f: X - C: HfHLLOO(M) = iggt-,u{x €EX : |f(z)] >t} < +oo}.

Note that the “norm” || f|| Lieo(u) is not actually a norm in the sense that it does not

satisfy the triangle inequality. Still, we have
pu— . g 2
HCfHLl,oo(M) |C‘ HfHLl’OO(M) a‘nd Hf—i_gHLl,oo(M) (Hf|’L1’OO(/L) + HgHLl’(’O(M))

for every ¢ € C, f,g € LY%®°(u). (The latter is just the observation that in order to
have the sum greater than ¢, one term must be greater than ¢/2).

Let M(X) be the space of all finite complex-valued Borel measures on X'. We will
denote by ||v|| the total variation of the measure v € M (X).

For f € LP(u), we will denote by supp f the essential support of the function f, i.e.,
the smallest closed set F© C X for which f vanishes p-almost everywhere outside F'.
Also, for v € M(X), we will denote by supp v the smallest closed set F' C X for which
v vanishes on X' \ F' (i.e., v(E) = 0 for every Borel set E C X'\ F).

Since X is a separable metric space, such smallest closed set always exists. If {5; };";1
is some countable base for the topology on X, then for v € M(X), the support supp v
is just the complement of the union of those B; on which the measure v vanishes. For
a function f € LP(u), we obviously have supp f = supp v where dv = | f|P dpu.

Let K : X x X — C be a classical “n-dimensional” Calderén—Zygmund kernel on X,
i.e., for some A >0, ¢ € (0,1],
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A
1. K <—=
K@)l € s
dist(z, z')¢
2 |K(ey) = K@), [K(y.2) — Ky, 2')] < A- -SSU&2)

dist(z, )"t
whenever z, 2’y € X and dist(z,z") < %dist(x,y).

Remark. We want to call the attention of the reader to the fact that, though we call
the number n “dimension” all the time, it is the dimension of the measure p and of
the kernel K(x,y), but by no means is it the topological (or metric, or whatever else)
dimension of the space X. For instance, for the case of the Cauchy integral operator
on the complex plane, n = 1, not 2! Actually, the topological dimension of the space
X may be even infinite — we do not care.

Definition. A bounded linear operator T on L?(p) is called a Calderén-Zygmund
(integral) operator with the Calderén-Zygmund kernel K if for every f € L%(p),

Tfa) = [ K w)dut)
for p-almost every = € X'\ supp f.

Obviously, the adjoint operator T* is also bounded on L?(p) and has the kernel
K*(z,y) = K(y,x), which is a Calder6n—Zygmund kernel as well.

Let v € M(X) and = € X \ supp v. For technical reasons it will be convenient to put
by definition

Tv(zx) ::/XK(:U,y) dv(y).

Note that we do not attempt here to define the values Tv(x) for x € suppv.
The maximal operator T% associated with the Calderén-Zygmund operator T  is
defined as follows. For every r > 0, put

i) [ K@) i) dat)
X\B(z,r)
for f € LP(u), and
T,v(x) = / K(z,y)dv(y)
X\B(z,r)

for v € M(X).
Define

T f(x) = sup |T, f (z)]
r>0

for f € LP(u), and

T*v(z) := sup |Tv(z)|
r>0

for v € M(X). Now we are able to formulate the main result of this paper:

Theorem 1.1. For every Calderdn-Zygmund operator T the following statements hold:

1. LP-action: For every p € (1,400), the operator T is bounded on LP(u) in the
sense that for every f € LP(u) N L%(p),

IT 10 < Ol
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with some constant C > 0 not depending on f (recall that T is bounded on L?(u)
by definition, so T'f is a well-defined function for every f € LP(u) N L?(u) ).

2. Weak type 1-1 estimate: The operator T is bounded from L'(u) to LY (u) in
the sense that for every f € L'(u) N L?(u),

<
||Tf”L1’°°(;L) ~N CHf”Ll(y,)

with some constant C > 0 not depending on f.
3. Action of the maximal operator on LP(u): For every p € (1,+00), the
operator T* is bounded on LP(u) in the sense that for every f € LP(u),

||Tﬁf||Lp(u) < CHf”Lp('u)

with some constant C' > 0 not depending on f.
4. Weak type 1-1 estimate for the maximal operator: The operator T% is
bounded from M(X) to LY*°(u) in the sense that for every v € M(X),

s <

with some constant C' > 0 not depending on v.

Remark. The above theorem will remain true if we replace the a priori assumption

T HL2 (L2 < +o0 in the definition of the Calderon-Zygmund operator T' by the

assumption that 7" is bounded in some other LPo(u) with 1 < p, < oo (all the proofs
below do not use any special properties of the number 2). It is even possible (though

a little bit less trivial) to show that the a priori assumption ||7|| L)L () < +00

would suffice as well.

On the other hand, we should confess that we do not know of any example of a
Calderon-Zygmund operator T for which to check its, say, L*(u)-boundedness would
be easier than to check its L?(u)-boundedness.

2. THE PLAN OF THE PAPER

For notational simplicity, we will restrict ourselves to the case of real-valued functions,
measures, and kernels (to obtain the result for the complex-valued case, it is enough
to consider the real and the imaginary parts separately). In Section 3 we shall outline
some preliminary lemmas (all of them well-known) that will be used throughout the
rest of the paper (sometimes even without an explicit reference). In Sections 4-5 we
shall prove the weak type 1 — 1 estimate for Tv where v is a finite linear combination
of unit point masses with non-negative coefficients (these two sections constitute the
core of the whole article). In Section 6 we shall present a simple approximation scheme
that extends in the weak type 1 — 1 estimate from such “elementary” measures to
functions f € L'(u) N L?(u). The LP-boundedness of 7' will then follow immediately
via the standard interpolation and duality tricks. In Section 7 we shall prove a Cotlar
type inequality for the maximal operator T%, which will allow us to establish its LP-
boundedness for 1 < p < 4+00. In Sections 89 we shall prove the boundedness of T*
from M (X) to L1*°(u), thus finishing the story.

Our aim was to make the paper completely self-contained (up to a few well-known
facts that could be found in any standard textbook), so we apologize in advance if the
reader finds some sections too boring (this especially concerns Sections 3, 6 and 9).
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3. PRELIMINARY OBSERVATIONS.

Recall that the Hardy-Littlewood maximal function M f(x) is defined (for Borel
measurable functions f) by

1
= - du.
Mf(@) = sup g ) /B@,ﬂ Fldu

Note that if € supp p, then u(B(z,r)) > 0 for every r > 0 (otherwise a small open
ball centered at x could be omitted from the support of u), so the definition makes
sense p-almost everywhere.

If the measure p satisfies the doubling property, or if X has nice geometric structure
(similar to that of RY), the Hardy-Littlewood maximal function operator is well-known
to be bounded on all LP(u) with 1 < p < +oo and from L'(u) to LV*°(u). But,
unfortunately, for arbitrary separable metric space X and measure p, the best one can
say is that M is bounded on L*(u) (which is just the obvious observation that the
integral does not exceed the essential supremum of the integrand times the measure of
the domain of integration). Fortunately, all that is needed to avoid this problem is to
replace the measure of the ball B(z,r) in the denominator by the measure of the three
times larger ball, i.e., to define

~ 1

Note that always M f(x) < M f(z) and, if the measure p satisfies the doubling condi-

tion, M f(z) < C - M f(z) for some constant C > 0 (the square of the constant in the
doubling condition).

Lemma 3.1. The modified maximal function operator M ‘s bounded on LP (1) for each
p € (1,+00] and acts from L'(u) to LY>°(p).

Proof. The boundedness on L (u) is obvious. To prove the weak type 1 — 1 estimate,
we will use the celebrated

Vitali covering theorem. Fiz some R > 0. Let E C X be any set and let
{B(z,72)},cp e a family of balls of radii 0 < ry < R. Then there exists a count-
able subfamily {B(zj,r;)};2, (where z; € E and rj := ry;) of disjoint balls such that
EC UjB(Hfj,3Tj).

For the proof of the Vitali covering theorem, we refer the reader to his favorite
textbook in geometric measure theory.

Now, to prove the lemma, fix some ¢ > 0. Pick R > 0 and consider the set E of the
points € supp p for which

— 1
MW f(z) = sup 7/ dp > t.
)= sup  B@s) Jun ¥

For every such x, there exists some radius r, € (0, R) such that

/ fldp > tu(B(z,3r,)).
B(z,re)
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Choose the corresponding collection of pairwise disjoint balls B(z;,r;). We have

||f||
B) < 3 u(B(a;,3r))) < Z/ W<
j Iy’Ty

Ll L () )
It remains only to note that M(R)f / Mf as R — +4o0.
The boundedness on LP(u) for 1 < p < 400 follows now from the Marcinkiewicz
interpolation theorem. O

Remark. Exactly the same proof shows that for every finite non-negative measure v
on X, the function

B
Mu(e) = sup 7500 30)

belongs to L1*°(u) and satisfies the estimate

I, < (),

LYo ()

We shall also need a modification of the maximal function M f,in which the averaging
of | f] over balls is done with some power 3 # 1. Namely, for each 5 > 0, put

Myf@) = [P = supl om0 ]

r>0 x, 3T))

Note that the greater (3 is, the greater ]\75 f(z) is (the Holder inequality). Note also
that Mgz is bounded on LP(u) for every pe (B, 400] (to say that Mg is bounded on

LP(p) is exactly the same as to say that M is bounded on L"/%(p)).
We shall however need one less trivial (though no less standard) observation:

Lemma 3.2. For any 8 € (0,1), the maximal operator Mg is bounded on LY“°(u),
i.e.,

M, <

with some constant C > 0 not depending on f.

Proof. Let f € LY*(u). Write f = f; + f! where

flx), i |f(2)] <t t 7 if [f(z)| <t
filz) = { 0, if [ £(2)] > ; and  fi(z) = {

0
flx), it [f(x)] >t

Since II%ftHL%) < £l ooy, <t and [M3f]? < [Mafi)P + [Maft)? (additivity of
integral), we have

—_~ 1 —~—
p{r € X« Mgf > 20t} <p{lx e X : Mgft >t}
o€ X s MUY >y <0 [ 170 d
X

according to the weak type 1 — 1 estimate for M.
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On the other hand, we have

+oo
/ P dp = Pl f] > 1) + / BP 1| f] > s}ds
X t

<L, + IS a2 = L Loy

SO e e f, P YT T4 Lhes ()’
So, finally we get

~ 1 1 1
ple € X Mgf > 20t} < m;“f“Ll,m(m,
ie.,
— 21/8

proving the lemma. O

3.1. Comparison lemma.

Lemma 3.3. Let U : (0,+00) — [0,+00) be a continuous non-negative decreasing
function. Let v be any non-negative Borel measure on X. Then for every x € X and
R >0,

+00
t"U(t) dt] :

/ U(dist(z,y)) dv(y) < 3"Muv(z)|R"U(R) + n /
X\B(z,R) R

Proof. Consider first the case when U is a “step-function”, i.e., U(t) for some

=X
(0,71

T > 0 (as usual, by x  We denote the characteristic function of the set E). T <R,

the inequality is obvious because the left hand side is 0. For T' > R, it is equivalent to

the estimate
v(B(z,T)\ B(z,R)) <3"Mv(z)-T",
which easily follows from the definition of My (z) and the inequality u(B(z,3T)) <
3m.rm.
Now to obtain the lemma, it is enough to recall that every non-negative continuous

decreasing function U(t) can be represented as the limit of an increasing sequence of
linear combinations of step-functions with non-negative coefficients. O

3.2. Hormander inequality. We shall need one more standard observation about
Calderon—Zygmund kernels.

Lemma 3.4. Let n € M(X), n(X) =0, and suppn C B(z,p) for some p > 0. Then
for every non-negative Borel measure v on X, we have

/ \Tnldv < Ay Vv (z) ]
X\B(z,2p)

where A1 > 0 depends only on the dimension n and the constants A and ¢ in the
definition of the Calderon—Zygmund kernel K. In particular,

/ Tyl - | fldu < Ay M £() ]
X\B(z,2p)
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for every Borel measurable function f on X, and

/ Tyldi < Ay ]l
X\B(z,20)

Proof. For any y € X \ B(x,2p), we have

Tl = [ Kwahane| =|[  Ka) - K@) <
(z,p) (z,p)
<l sup 1K (ya)) — K(y,a)| < [l
z'€B(xz,p) ’ 7 diSt(iL‘, y)n+5

It remains only to notice that from the Comparison Lemma (Lemma 3.3) with R = 2p

o°
and U(t) = prol

/ € dv(y)
X\B(z,2p) dist(z,y)Te

— £ 00 __
< 3"Muy(x) (2p)"(2£7n+5 + n/2 " 1tn+6 dt =3"27°(1+ 2)Mv(x).
P

O

4. THE GUY DAVID LEMMA.
The following lemma is implicitly contained in [D].
Lemma 4.1. For any Borel set F' € X of finite measure and for any point x € supp u,
TﬂXF(ac) <2-3" MTXF(x‘) + Az
where Ao > 0 depends only on the dimension n, the constants A and € in the definition
of the Calderén—Zygmund kernel K, and the norm HTH

1) =L (n)’

Proof. Let » > 0. Consider the sequence of balls B (a;,rj) where r; := 3/r, and the
corresponding sequence of measures p; := p(B(x,r;)) (j =0,1,...).

Note that we cannot have pu; > 2-3"u;_1 for every j > 1. Indeed, otherwise we
would have for every j =1,2,...,

W(B(x, 7)) = po < [2-3M Ty < [2- 3" Il = 270,

Since the right hand part tends to 0 as j — +o00, we could conclude from here that
w(B(x,r)) = 0, which is impossible.

Therefore there exists the smallest positive integer k for which pup < 2-3"ug_1. Put
R :=r,_1 = 3*~1r. Observe that

Trx w—Txar</ K(z,y)|du(y
Trxp (@) = Ty pxp(2)] (x3R)\B(a:r)’ (@, y)| du(y)

k

—Z/ e K@l i) = 3T,

J=1
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Now recall that |K(z,y)| < m and therefore 7; < Ar;,fjl for every j =1,...,k.
Note that p; < [2- 3”](j+1_k)uk_1 and rj_1 = 39 kp,_ for j=1,...,k. Hence

k

k
Ky Hr—1 i—k
LiSA) - <A2:3" o > 2 <4.3mA
j=1 j=1 -1 k=1 j=1
(for pp—1 = p(B(@,r6-1)) < 73_1)-

And that is basically the main part of the reasoning, because now it is enough to
pick any standard proof based on the doubling condition to get the desired estimate
for T, , x - () (recall that pu(B(z,3R)) < 2-3"u(B(x, R))!).

One such standard way is to compare T} , x F(x) to the average

1
V. (x):= 7/ Tx .dp
R n(B(z, R)) B(z,R) F

(which is clearly bounded by % MTXF () <3- 2”MTXF (2)).

We have (here and below 0, is the unit point mass at the point x € X):
TypXp(@) = Vi(z) =
1
/F\B(L?»R)T O = Bt (o, ) I w(B(x, R)) /XXB(x,R) X prp(asr) -

The first term does not exceed 24; according to Lemma 3.4 (applied to the adjoint
operator T™ instead of T'), while the second can be estimated by

1
1(B(z, R)) T2 20 W,y iy X prBar iy S
1
M(B(w’R))IITIILQ(H)HLQ(#)\/M(B(%R))\/M(B(fc,?»R))\\/2 3NN 2y 2

Combining all the above inequalities, we see that one can take Ay = 4-3" A+ 2A; +

V2T

) =L (p)’
O
The lemma we just outlined is crucial for our proof of the weak type 1 — 1 estimate,
but, unfortunately, not sufficient alone. In the next section we will present a construc-
tion that, however simple and natural, seems to have been completely overlooked (at
any rate we do not know about any other paper in which it is used).

5. AN ALTERNATIVE TO THE CALDERON—ZYGMUND DECOMPOSITION

Let v € M(X) be a finite linear combination of unit point masses with positive

coefficients, i.e.,
N
V= E Oéz(sxl
=1

Theorem 5.1.

ITv| < A4y

L1220 (p)
with some Ay > 0 depending only on the dimension n, the constants A and € in the

definition of the Calderon—Zygmund kernel K, and the norm ||THL2(/L)HL2(M).
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Here there is no problem with the definition of Tv: it is just the finite sum
ZZ]\L 1 0K (x, x;), which makes sense everywhere except finitely many points.

Proof. Without loss of generality, we may assume that ||v|| = >, a; = 1 (this is just a

matter of normalization). Thus we have to prove that ||Tv|| Ll () < Ay
Fix some ¢ > 0 and suppose first that u(X) > 1. Let B(z1,p1) be the smallest

(closed) ball such that u(B(z1,p1)) = % (since the function p — p(B(z1,p)) is in-

1 _ «
creasing and continuous from the right, tends to 0 as p — 0, and is greater than n > 71

for sufficiently large p > 0, such p; exists and is strictly positive).

Note that for the corresponding open ball B'(z1,p1) := {y € X : dist(x1,y) < p1},
we have p(B'(z1,p1)) = limp—,,—o p(B(z1, p)) < %. Since the measure p is o-finite
and non-atomic, one can choose a Borel set E; satisfying

(6
B'(z1,p1) C E1 C B(x1,p1) and w(Ey) = 71

Let B(x2,p2) be the smallest ball such that p(B(z2,p2) \ E1) = % (since pu(X) > 1,

1—0&1 (6%
o)

the corresponding open ball B'(x3, p2), we have pu(B' (22, p2) \ E1) < %, and therefore

the measure of the remaining part X'\ Ej is still greater than . Again for

there exists a Borel set Ey satisfying
Q@
B/(ZL‘Q, p2) \ Ei C Ey C B(:Z?l,pl) \ E; and ,LL(EQ) = 72
In general, for i = 3,4,..., N, let B(x;, p;) be the smallest ball such that

(01

i—1
B(zi, p; E>>_iv
u(Ba P\ UE) =5

and let E; be a Borel set satisfying

i—1 i—1
.
B (x:. 0 ) L. ) = iy
(zi )\ \J Be € Bi € Blai,p) \ | J B and - p(E) = -
=1 =1
Put E :=J; E;. Clearly
1
U B (@i, pi) € E | B(wi, pi) and wE) =~

Now let us compare Tv to t ), X4\ B(a: -Tx .. =:to outside E. We have

2p;) E

Ty—w:Zgai
i

where

©Y; = OJZT(S% - tXX\B(xi,Qpi) ' TXEI .

Note now that

/ lpildp < / |T[ctidq, — tXp, du]|dp +/ a; | Tz, |dp.
X\E X\B(zi,2p:) B(wi,2p:)\B' (i,pi)
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But, according to Lemma 3.4, the first integral does not exceed
A1Hai5xi - tXEZ_d,uH = 21410[@',

while |T'6,,| < Ap; " outside B’(x;, p;) and therefore the second integral is not greater
than a; Ap; " (B(x4,2p;)) < 2"Ac;. Finally we conclude that

/ Ty — toldu < (241 + 2" A) Y o = 241 + 2" A,
X\E P

and thereby |Tv — to] < (241 + 2" A)t everywhere on X' \ E, except, maybe, a set of
measure % To accomplish the proof of the theorem, we will show that for sufficiently
large As,

1N

plof > Az} <

Then, combining all the above estimates, we shall get

pf{z € X ¢ |Tv(z)| > (A3 + 241 + 2" A)t} <

|

1

Since the same inequality is obviously true in the case when u(X) < ¢,

A4 = 4(A3 -+ 2A1 + QHA)

We will apply the standard Stein-Weiss duality trick. Assume that the inverse in-
equality p{|o| > As} > 2 holds. Then either p{o > A3} > 1, or u{o < —A3} > 1.
Assume for definiteness that the first case takes place and choose some set /' C X of
measure exactly % such that ¢ > As everywhere on F'. Then, clearly,

A
/ oxX pdp > 73
x

On the other hand, this integral can be computed as

Z /X[TXEJ . XF\B(%,QM) dp = Z /X X [T*XF\B(%,ZM)] -

Note that for every point x € E; C B(x;, p;),

one may take

T o o (@) = Ty (2)] < / K (y, )| duly) <
F\B(fcquPz) F\B(w’Pz) B(ri,2pi)\B(CE,pi)

< Ap; " p(B(wi, 2pi)) < 2"A
and thereby for every x € E; Nsupp p,

|T*XF\B(xi,2pi)($)‘ < (T*)ﬁXF(x) +2"A<2-3" MT*XF(x) + Ay +2"A

according to the Guy David lemma (Lemma 4.1). Hence
/XO'XFdM < (Ag+2"A)u(E)+2- 3" /XXE . MT*XFd,u.

Ay +2"A .
But the first term equals — while the second one does not exceed
2-3"

2-3" HXEHLQ(#)||MT*XFHL2(#) < THM‘|L2(;J,)—>L2(/L)HT*HL2(,U,)~>L2(M)'
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Recalling that ||T° *H we see that one can take

L2(N) H ||L2 LQ( )7

A3 A2+27LA+2 3n”MHL2(M *LQ(M HTHL2(,u)—>L2(u)

to get a contradiction. Since the norm HM I is bounded by some absolute

2 2
(1) =L (1)
constant (the constant in the Marcinkiewicz interpolation theorem), we are done. [

6. FROM FINITE LINEAR COMBINATIONS OF POINT MASSES TO L!(p)-FUNCTIONS

Note first of all that Theorem 5.1 remains valid (with constant doubled) for finite
linear combinations of point masses with arbitrary real coefficients. Indeed, every such
measure v can be represented as vy — v_ where v1 are finite linear combinations of
point masses with positive coefficients and ||v|| = ||lv4|| + ||v—||. Hence

1T ooy < 20TV ey 1TV rsey) < 240wl + [l 1) = 2A4] V-
Now we are ready to prove
Theorem 6.1. Let f € L*(u) N L%(n). Then
T <A
7501y < A5l

with some As > 0 depending only on the dimension n, the constants A and € in the

definition of the Calderén—Zygmund kernel K, and the norm ”THLQ(M)—L?(N)'

Proof. Let Cy(X) be the space of bounded continuous functions on X with bounded
support (a function is said to have bounded support if it vanishes outside some (large)
ball of finite radius). Clearly, Co(X) C L'(u) N L?*(u), and it is a standard fact
from measure theory that Co(X) is dense in L'(x) N L?(u) with respect to the norm
[ wt IR " Therefore it is enough to prove the desired inequality for f € Co(X).

Fix t > 0 and put G := {x € X : |f(z)| > t}, f! =[xy and fi = We
have T'f = T'f* + T'f;. Now observe, as usual, that

2du < <
Jnkda<e [ inlde<n,,,
Therefore fX T f:|? du < HT||2 LQ(M)tHfHLl(,LL)’ and

11,
o € X [TH@)| > ¢ T} < 2

Note now that G is an open set (this is the only place where we use the continuity of f)
and that u(G) < 1| f||L1 W Recall that every open set GG in a separable metric space
allows a “Whitney decomposition”, i.e., it can be represented as a union of countably
many pairwise disjoint Borel sets G; (i = 1,2,...) satisfying

diam G; < §dist(G;, X \ G).
Put fi:=f-x, . Then ft =322, fi where the series converges at least in L?(u1). Let
f®) be the N-th partial sum of this series. Define

m:Aﬁmzéﬁm
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Obviously, > 2 |a;| < ”fHLl(u)' Choose one point z; in every set G; and put v, =

Zi]il @;dy,. Consider the difference Tf(N) — TVN outside GG. We have

N N
Tf(N) —Tv,, | du< / T[fidp — a;dy, ]| du<2A; || < 241]f]
according to Lemma 3.4. Thus |Tf®) — Tvy| < 241t everywhere outside G save,

maybe, some exceptional set of measure at most %H fll L As we have seen above,

1)
_ 1 1
plr € X ¢ Ty (z)] > 244t} < gHVNH < ZHfHLl(u)'
Hence
2
plr e X\ G : TN (2)] > 2(A; + Ag)t} < ;HfHLl(M),
and

3
plz € X |TfN (@) > 2(As + At} < SIFl -

Since fN) — ftin L?(u) as N — —+o0, we have TfN) — T ft in L?(u) as N — +oo,
which is more than enough to pass to the limit and to conclude that

3
: t < = .
plo € X 17 @) > 241 + Atk < 2IF

Thus, we can take A5 =4[ ||T||L2(#)_>L2(“) +2(A1 + Ayg) ]

As usual, by the Marcinkiewicz interpolation theorem, we obtain that the operator T’
is bounded on LP(u) for every 1 < p < 2. By duality, this result automatically extends
to all p € (1,+00). O

7. COTLAR TYPE INEQUALITIES AND BOUNDEDNESS OF T% ON LP(p).

Now we are ready to prove the boundedness of the maximal operator 7% on all spaces
LP(u) with 1 < p < +o00. This follows immediately from

Theorem 7.1. Let f € L?(u). For any 8> 1 and x € supp p,
T f(2) < 4-9"MTf(x) + B(3) M, f (x)

where the constant B() > 0 depends on the parameter > 1, the dimension n, the
constants € and A in the definition of the Calderén—Zygmund kernel K, and the norm
||THL2(,U,)*>L2(M) Only

Proof. It is just a minor modification of the proof of the Guy David lemma. Let again
r > 0. Put r; = 3r and p; = p(B(z,r;)) as before, but let now k be the smallest
positive integer for which pgi1 < 4-9"uk_1 (ie., we look now two steps forward when
checking for the doubling). Note that such an integer k exists, because otherwise for
every even j,

u(B(a,r)) <2737 p(B(x,15)) < 27907,
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and thereby p(B(z,7)) = 0, which is impossible. Put R = r,_; = 3*~1r exactly as
before. We have

T, f(x) — Ty f ()] < / o K9 Sl dnw)

k
- K(z,y)|- ST
;/Bum\B(wﬂ)\ (@.9)] - 1f (W) duly) = ) I

Note that
7 < [ o Wl < A M),
.'L’TJ

Observe now that r;_; = 3/"1"Fr; and p;pq < [4- 9"] = g for 1 < 7 < k (it is
enough to check this inequality for j = k,k — 1 and k — 2). Hence
k k
NI, <421 AMf(x) BE ST 2 < 827" AMf(2) < 827" A M f(x).
r
. k ] 1

So, again, we need only to estimate T}, f (). As before, consider the average

1
Vo (2) i = ————= / Tfdu,
n) = B R oo
which is bounded by %MTN&:) <4- Q”MTf(x) according to our choice of £,

and write
Ty f () = V() =
1

/X\B(m,i’)R)T (2 —H(B(zvR))XB(x,R)d”]fd/‘ ,u(B(a:,R))/XXB(%R) T[fXB(z,SiR)]d'u'

Using Lemma 3.4, we can now estimate the absolute value of the first term by
2A M f(x) < 2A1Mﬁf(a:). As to the second term, at this stage we know that T is

bounded on L?(j1), and therefore the absolute value of the second term does not exceed

1
WH HLB(M)HL" HXB(xR)HLﬁ( HfXB(x,gR)HLB(u)

where 3/ := ﬁi is the conjugate exponent to 3. Clearly

— /8
HXB(%R)HLB'(M) - {M(B(x7R)>} .

The point is that now, according to our choice of k, we have u(B(z,9R)) < 4 -
9"u(B(x, R)), and therefore

1B n 1/
”fXB(m,:}R)HLB(”) {'U’ x QR } M f {4 9 B(&C,R))} .
This allows us to conclude ﬁnally that the second term is bounded by

[4-9")°|T ()= L5 (o J\7f($),

proving the theorem with B(3) = 8 - 27" A + 2A1 + 49T, RTINS O
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8. WEAK TYPE 1-1 ESTIMATE FOR THE MAXIMAL OPERATOR T"

Now, to complete the “classical LP-theory”, it remains to prove that the maximal
operator T* is bounded from M(X) to LY*(u), i.e., that for every signed measure
ve MX),

1T < Cll

Ll oo

with some constant C' > 0, not dependlng on v.
We will start again with “elementary” measures v € M(X), i.e., with the measures

of the kind v = Zij\ilaiém where z; € X, a; >0 (i=1,...,N).

Theorem 8.1. Let 5 € (0,1). For every elementary measure v € M(X) and for every
T € supp p,
[Th0(2))° < 4-9"[MgTw(x))” + B(5) [Mv())®

with some B(B) > 0 depending only on the parameter < 1, dimension n, the con-
stants A and € in the definition of the Calderon—Zygmund kernel K, and the morm

HTHL?(M)—)LQ(M)‘

Note again that Tv is well-defined everywhere except finitely many points, so the
first term on the right does make sense.

Corollary 8.2. For every elementary measure v € M(X),

1T < Ag|lv|

Ll oo )
with Ag > 0 depending only on the dimension n, the constants A and ¢ in the definition
of the Calderéon—Zygmund kernel K, and the norm HT||L2 (W) L2 ()

Proof of Theorem 8.1. Take some r > 0. Put r; = 3/r and u; = u(B(z,r;)) as usual,
and let again (like in Section 7) k be the smallest positive integer for which priq <
4-9%up_1. Put R=rp_1 = 3k—1y

The same reasoning as in the proof of Theorem 7.1 yields

Tov(x) — T, v(2)| < 8- 27" A My(x)

Now represent the measure v as v, + vo, where

= Z a0y, and vy = Z 0y,

i:x;€B(z,3R) t:x;¢B(z,3R)

For any 2’ € B(z, R), we have
T, (x) — Twn(a')] = [T (x) — Twn(a')| = ‘ / T*[6, — b,] dw(
X

< / T (6, — 6] dvn = / T (6, — 6] dv < 24, M)
X X\B(z,3R)
(see Lemma 3.4). Hence

SR v(z) — Twa ()| du(a’ Mu(a)1?
1(B(z, R)) /B(x’R) Ty (x) — Twa(a)|” du(a’) < [241 My (2)]".
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On the other hand,

; V$/—V£U/ﬂ .T/
MM%RDL@MWQ<>1ﬁ<Mdm>

1

= — v (2P xz
—MBWR»mewl<ndm>

1 +o00
= B T € Bl R T ) > ) ds

Note now that for every s > 0,

Ay ||V1H)

w{z' € B(z,R) : |Tvi(2)| > s} < min(,u(B(:U,R)), .

. B(z,9R)) Ay Mv(x . 4-9™ Ag Muv(x
< (B, R)) min(1, e #7) < pu(B(a, R)) min (1, 2242),
Therefore
- o Bs’tu{z’ € B(x,R) : [Tvi(z')| > s} ds
n(B(z, ) Jo ’

+oo .qn r
< / Bs51 min(l, 4-9" A4 My(a;)) ds
0

s
— +o00
=[4-9" 44 Mu(x)]ﬁ BsP1 min(1, 1) ds = ﬁ[4 9" A4MV( )]ﬁ
0

Using the elementary inequality |a + b|® < |a]® + b]® (a,b € R; B € (0,1)), we obtain

1 / / : N
W(B(z,R) /B@,R) T,z () — T ()|’ du(a)<(241)° + 2504 - 9" A4)°) [Mw(2))°.

Using it twice more, we finally get

e L 1B
T < ) fy T
+ (1827 A + [241)° + {154 9" A4)?) [Mu ().

To prove the theorem, it remains only to note that
1 / u(B(z,3R)) v
_ |Tv|? dp < 7[M Tv)P <4-9" M, Tv).
w(B(z, R)) Jp(,r) 1(B(z, R)) g
O

To prove Corollary 8.2, it is enough to recall that Mﬁ is bounded on L' (p) for any
B € (0,1), and that HTV”LLOO(H) < Ay4ljv]] and ||My||

Ll,oo(u) < ||V||

9. THE WEAK TYPE 1 — 1 ESTIMATE FOR ARBITRARY MEASURES v € M (X)

Theorem 9.1. For any finite non-negative measure v € M(X), one has

1T 1 ey < Aol

where Ag is the same constant as in the corollary 8.2.
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Theorem 9.1 essentially says that elementary measures are “weakly dense” in the set
of all finite non-negative measures. Though by no means surprising, it is not completely
obvious (or, maybe, it is, but we just do not see how), because we work with a space
that is not locally compact and with a kernel that is not everywhere continuous. That
is why we decided to include a formal proof.

Corollary 9.2. For every v € M(X),

IT#v]| < 24611

Lo (p)
Proof of Theorem 9.1. Fix t > 0. Our aim is to show that
As vl
et
Take R > 0 and consider the truncated maximal operator

plr € X Thu(z) >t} <

T?%I/(l') :=sup |T,v(x)|.
r>R

Since Tjﬁ%y /" T*v pointwise on X as R — 0, it is enough to check that

Agl|lv
p{r e X : Tﬁzy(ac) >t} < #
for every R > 0.

For every N € N, consider the random elementary measure

]
VN =y Z‘Sm
=1
v(E)

where the random points z; € X are independent and P{x; € E} = & for every
Borel set E C X. (Here and below we denote by P{X} the probability of the event X,
by £¢ the mathematical expectation of a random variable &, and by D¢ := £|€ — EE|? =
E|E? — |E€)? the dispersion of the random variable €).

Note that for every fixed x € X and r > R,

ET6,,(2) = Th(E 6,,)(x) = ”%”Try(x)

and
DT,6z;(7) < ET64,(2))? € 5 < 5
Hence
1 A2v|?
N R2n )

Fix a very small number v > 0 and note that for every point x € X satisfying |T,v(x)| >
t, we have

ETvy(x) = Tv(z) and DTrvy(r) <

P{|Tvy (2)] < (1 =)t} < P Ty (2) - Tw(a)] > 1)
DTy (r) _ 1 Ay

S 22 SN Rz ST
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provided that N € N is large enough. From here we incur that for every point z € X
satisfying |Tlﬁ%y(az)] > t, we have

P{T vy (2) < (1 =)t} <.
Let now E be any Borel set of finite measure such that T]n%u(m) > t for every x € E.
We have

Epfr € B+ [Thyy(2)] < (1— )t} = é P{ITtv (2)] < (1 — 7)1} dulz) < yl(E).

Thus there exists at least one choice of points z; (i = 1,..., N) for which u{z € E :
‘TﬁI/N ()] < (1 =)t} < yu(E) and therefore

ple € B« [Ty (2)] > (1 =)t} = (1 —7)u(E).

According to the weak type 1 — 1 estimate for elementary measures, this implies

Asllvgll— Aqlv]
WE) < =N = T e
(=72t (L=7)%t
Since v > 0 was arbitrary, we get u(E) < M. At last, since p is o-finite and FE

was an arbitrary subset of finite measure of the set of the points x € X for which
Tgy(:c) > t, we conclude that

proving the theorem. O

To prove Corollary 9.2, it is enough to recall that every signed measure v € M (X') can
be represented as v, —v_, where vy are finite non-negative measures and ||v4||+|v—| =
1.

10. WEAK TYPE 1-1 ESTIMATE FOR 7T IMPLIES THE BOUNDEDNESS OF T IN L?(p)

In [T1] Tolsa proved that the Cauchy integral operator is bounded on L?(u) if it
is bounded from L'(u) to LY*°(u). It turns out that this is a general property of
Calderén-Zygmund operators which extends to nonhomogeneous situation for all such
operators.

Theorem 10.1. Let a Calderdn-Zygmund operator be bounded from L'(u) to LY (p).
Then it is bounded on L?(u).

Proof of Theorem 10.1. Let us make the following observation. The weak boundedness
of T in L'(p1) implies Cotlar’s inequality of Theorem 8.1 for all L!(u) functions. Thus,
all operators T,, r > 0, are uniformly bounded from L!(u) to LY*°(u). And the
bound (let it be N1) depends only on the norm of T as the operator from L'(u) to
LY*°(u). Notice that each T, is obviously bounded on LP(u), p > 1. Let us denote
the corresponding norm by N,(r). One only needs to get a uniform estimate of these
norms.

Let us use interpolation arguments. Clearly, Ny/3(r) < C’Nll/gNg(r)l/2. By duality
the right side gives also the bound for the norms of 7* on L*(u). Now if T/ would
be Calderén-Zygmund operators we would proceed as follows. If C’Nl1 / 2N2(r)1/ 2 s
the bound on L*(y) than the bound of T as the operator from L'(u) to LY“%°(u)
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will be C’lNl1 / 2N2(r)1/ 2 4+ Cy. This follows from following the constants in Theorem
5.1 (and Theorem 6.1) and from a simple remark that in Theorem 5.1 one can use
the boundedness of 7' in any LP (with p > 1) instead of L? boundedness. Using
interpolation again we would get that the norms of T* in L*/3(u) are also bounded by
ClNll/QNQ(T)l/Z + (5. Duality now gives Ny(r) < ClNll/QNg(r)l/2 + C5. Interpolating
between L*(p) and LY3(p) for T, we would get Ny(r) < 01N11/2N2(r)1/2 + C5. The
last inequality obviously implies that Ny(r) < C3Ny.

However, T7F is not a Calderén-Zygmund operator. So we cannot use Sections 5, 6
to pass from estimates in L*(x) to weak type estimates. To avoid this difficulty, one

needs only to consider a better “cut-off” than T,. Namely, let ¥ be a smooth function
on R such that ¢ (t) = 1, |¢| > 1, and ¥(t) = 0, |[t| < 1/2. Consider the operators

TY f(z) = J K(z,y)(dist(z,y)/r) f(y)du(y), where K is the kernel of operator T

Then the operators TY are Calderén-Zygmund operators. On the other hand any kind
of boundedness of T, is equivalent to ﬂle same kind of boundedness for Tﬁb . This is
because obviously |(T —T}) f(x)] < CM f(z). And we know (see Lemma 3.1) that this
maximal operator is bounded on the whole scale of LP(u) spaces and acts from L'(u)
to LY (u).

Now the reader can see that we can finish the proof by passing everywhere from 7,
to Calderoén-Zygmund operators 7, % and than passing back to 7.

As a result we get the uniform boundedness of T, on L?(u). The passage from the
uniform boundedness of T} on L?(u) to the boundedness of T' on L?(p) is straightfor-
ward.

O
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