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Carleson measures for the generalized
Bergman spaces via a T(1)-type theorem

Edgar Tchoundja

Abstract. In this paper, we give a new characterization of Carleson measures for the
generalized Bergman spaces. We show first that this problem is equivalent to a T(1)-type problem.
Using an idea of Verdera (see [V]), we introduce a sort of curvature in the unit ball adapted to our
kernel. We establish a good A inequality which then yields the solution of this T(1)-type problem.

1. Introduction

Let n be a positive integer and let
C"=Cx..xC

denote the n-dimensional complex Euclidean space.
For z=(z, ..., zn) and w=(w1, ..., w,) in C", we write

z2-W=(z, W) = 21W1 + ...+ 2, Wy,
and
2l = VIz1P 4l
The open unit ball in C™ is the set
D={zeC":|z| <1}.

We use H(D) to denote the space of all holomorphic functions in D. Let
S=0D be the boundary of D. For a€R, a>—-n—1, we define the generalized
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Bergman spaces A2, see [ZZ)], to consist of all holomorphic functions f in the unit
ball D with the property that

I(n+1
IFI5= " letm I (nrltoml
el n+1+|m|+a)

where f(2)=)_ cnn» c(m)z™ is the Taylor expansion of f.
For S€R, we define the fractional radial derivative of order G by

I+R)f(z)i= Y (1+|m|)Pe(m)=".

meN™

One then easily observes, by means of Taylor expansion and Stirling’s formula, that

(1) I£112 g/D ((I+R)™ F(2)]P (1= [)*™ dA(2),

where 2m+a>—1. One also observes that the finiteness of the right-hand side
of (1) is independent of the choice of m. If we let 20=a+n+1 then we see by (1)
that A2=Bg, where BY is the analytic Besov—Sobolev spaces defined in [ARS].
Thus this scale of spaces includes the Drury—Arveson Hardy space A2, [D], the
usual Hardy space H?(D)=A?, and the weighted Bergman spaces when a>—1.

An interesting question about these spaces is to find their Carleson measures,
that is characterize positive measures p on D such that

—-n

(2) /D FPdu<CfI2, feAl.

(A measure p which satisfies (2) is called a Carleson measure for A% or simply an
A2 Carleson measure, p€ CM(A2).)

Viewing the space A2 as defined by the relation (1), we see that the literature
is now rich with solutions of this question for various values of «. The first case
of interest was the case a=—1 (the usual Hardy space). In [C], Carleson gave the
characterization when n=1 and later in 1967, Hérmander [H] gave a solution for
n>1. Stegenga [St] (when n=1), Cima and Wogen [CW] (when n>1) characterized
Carleson measures for a>—1.

For p>0 and B€R, the Hardy—Sobolev space H%(D) is the set

{renam: 17 =sup [ |1+R) o) dol) <oc ).

One can see, by means of Taylor expansion for example, that Ai:H%(D) with 8=
(—a—1)/2. For ae(—n—1,—n), Cohn and Verbitsky [CV] gave a capacitary char-
acterization of Carleson measures and recently Arcozzi, Rochberg and Sawyer [ARS]
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gave a different proof for a different (non-capacitary) characterization. It has been
known, [AC] and [CO], that the capacitary condition is sufficient but not necessary
for ueCM(A2) when a>—n. For the special case of the Drury—Arveson Hardy
space (a=—n), [ARS] completely characterized their Carleson measures using cer-
tain tree conditions.

In this note, we present a sequence of conditions equivalent to u€ CM(AZ2,),
some implicit in [ARS], some new, and a completely different proof. Contrary
to [ARS], the proof presented here works the same way in the whole range a€
(—n—1, —n].

To obtain our characterization, we show first that this problem is equivalent to
a kind of T(1)-type problem associated with a Calderén—Zygmund type kernel and
then we solve the T(1)-type problem which occurs. Recall that for a topological
space X with a pseudodistance d, a kernel K (z, y) is called an n- Calderén—Zygmund
kernel (or simply a Calderén—Zygmund kernel) with respect to the pseudodistance d
if

(a) there exists C1>0 such that
&

|K($,y)|§m,

and

(b) there exists 0<d<1 such that
d(z,2")°
!/ ! I
(K (z,y) =K (2, y)|+|K(y, ) - K(y, 2)| < CZW
if d(z,2")<Csd(z,y), z, 2’ ,yeX.

Given a Calderén—Zygmund kernel K, we can define (at least formally) a Cal-
deron—Zygmund operator associated with this kernel by

Tf(z)= /X K (2, 9) £ (y) du(y).

One important question in the Calderén—Zygmund theory is to find a criterion
for boundedness of a Calderén-Zygmund operator in L?(u).

Many authors studied this problem. When X =R™, u=dz (the usual Lebesgue
measure) and d is the Euclidean distance, a famous criterion was obtained by Journé
and David [DJ] who also introduced the terminology T(1)-theorem. This criterion
states that a Calderén—Zygmund operator is bounded in L?(dy) if and only if it is
weakly bounded (in some sense), and the operator and its adjoint send the func-
tion 1 into BMO. This result was extended to spaces of homogeneous type in an
unpublished work by R. Coifman. Later it was an interesting question to extend
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this T(1)-theorem to the case where the space is not of homogeneous type. (This
essentially means that the measure p does not satisfy the doubling condition). Sev-
eral authors such as Tolsa, Nazarov, Treil, Volberg and Verdera [T1], [T2], [NTV]
and [V] treated this situation in the setting of R™ with the Euclidean distance.
One good example of a Calderén—Zygmund operator is the Cauchy integral opera-
tor. We say that the Cauchy integral operator is bounded in L?(dyu) whenever, for
some positive constant C', one has for every >0,

| etmPansc [ i rert),

where

c.me = [ 1O gue), zec.

|(—z|>e C_Z

Their result is that the Cauchy integral operator is bounded in L?(du) if and
only if

(i) u(D)<Cr(D) for each disc D with radius r(D);

(ii) [} [Ce(xpp)|? du<Cu(D) for each disc D and £>0.

We now return to the problem (2). We consider the kernel K, defined by

Ka(z,w)zRe(ﬁ)

For a positive Borel measure p in D, we consider the operator T, associated
with this kernel defined by

Tf(2)= [ Koz w)du(w), 2€D.

We will prove that if on D we consider as in [B] the pseudodistance d defined
by

zZ W
2| fwl]

the kernel K, is an (n+1+a)-Calderén-Zygmund kernel in the unit ball D with
respect to the pseudodistance d. Let B=B(z,r)={weD:d(z,w)<r} be a “pseu-
doball” or simply a ball of center z and radius r. We are now ready to state our
result.

)

d(z,w>=\|z|—|w|\+]1—




Carleson measures for the generalized Bergman spaces via a T(1)-type theorem 381

Theorem 1.1. (Main theorem) Suppose that a€(—n—1,—n] and let p be
a positive Borel measure in D. Then the following conditions are equivalent:

(a) p is a Carleson measure for A2;

(b) Ty, is bounded in L?(u);

(c) There exists a constant C such that

(i) p(B(z,r)) < Crmtite,
(i) [ 1T o)l < Cup)
for each ball B=B(z,r) which touches the boundary of D.

This theorem is a T(1)-type theorem with respect to the Calderén—Zygmund
operator T, ((b)<(c)) and it shows the relation of this T(1)-type problem with
Carleson measures for A2 ((a)<(b)). Observe that the equivalency (a)< (b) is
proved in [ARS, Lemma 24] in a general situation of Hilbert spaces of functions.
Thus to prove Theorem 1.1, we will essentially prove the hard part (b)<(c). To
prove the hard part, we will adapt to the unit ball the idea used by J. Verdera [V]
to give an alternative proof of the T(1)-theorem for the Cauchy integral operator.

Let us mention that an analogue of condition (ii) here appears implicitly
in [ARS]. Namely

(3) /B To(xs)dp<Cu(B)

for each ball B=B(z,r) which touches the boundary of D. Since (3) implies (ii),
our condition is much stronger. Moreover, by the Calderén—Zygmund theory, we
know that the condition (b) is equivalent to the boundedness of Ty, in LP(u) with
1<p<oo. Thus in condition (ii), we could replace 2 by p for any pe (1, c0).

This paper is organized as follows. In Section 2 we gather some preliminaries
including a key covering lemma, terminology and background. Section 3 is devoted
to the study of the generalized Bergman spaces A2 and the proof of (a)< (b).
Section 4 contains the proof of the hard part of the main theorem. Section 5 deals
with some extensions, comments and opens questions.

2. Preliminary results

In this section we collect a few results which will be useful to our purpose.
These concern results on general homogeneous spaces and results for the special
case of the unit ball D.
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2.1. Definition and properties of a space of homogeneous type

Definition 2.1. A pseudodistance on a set X is a map p from X x X to R such
that

(1) p(z,y)=0 if and only if z=y;

(2) p(z,y)=p(y, v);

(3) there exists a positive constant K >1 such that, for all z,y,z€ X,

plx,y) < K(p(z,2)+p(z,y)) (the quasitriangular inequality).

For € X and r>0, the set B(z,r)={ye X :p(x,y)<r} is called a pseudoball or
simply a ball of center x and radius r.

Definition 2.2. A space of homogeneous type is a topological space X with
a pseudodistance p and a positive Borel measure 1 on X such that

(1) the balls B(z,r) form a basis of open neighborhoods of z;

(2) (doubling property) there exists a constant A>0 such that, for all x€ X
and r>0, we have

0 < u(B(z,2r)) < Au(B(z,1)) < co.

(X, p, ) is called a space of homogeneous type or simply a homogeneous space.
We will often abusively call X a homogeneous space instead of (X, p, u).

Homogeneous spaces have been treated by several authors such as Coifman and
Weiss [CWe], and Stein [S]. We refer to them for further details.

We will use the following lemma to prove a key type of covering lemma,
Lemma 2.4 below. It will be crucial in our argument later.

Lemma 2.3. There exists a constant Cy such that if B(x1,71) and B(x2,732)
are two non-disjoint balls and if ri<ro then

B(z1,71) C B(22,C112).

Proof. Let yeB(x1,7m1)NB(x2,72). We have for x€ B(z1,r1),

pla, x2) < K(p(z,y)+p(y, 22))
<K(K(p(z,z1)+p(1,9))+p(y, 22)) < K(2Kr1+72) < K (2K +1)7rs.

We obtain the desired result if we set C;=K(2K+1). O

Lemma 2.4. Let (X,d,u) be a homogeneous space. There exists positive
constants K1, Ko and Kz with K3>Ko>K(C1+1)K;y such that for an open set



Carleson measures for the generalized Bergman spaces via a T(1)-type theorem 383

O of X (0&X), there exists a collection of balls By:=B(zk, pr) so that, if Bi=
B(zy, Kipr), By*=DB(vg, Kapi) and By =B(zy, K3py), then

(a) the balls By are pairwise disjoint;

(b) 0=, By;

(c) O=U, By

(d) for each k, Bi**NO°#;

(e) a point z€O belongs to at most M balls Bf* (bounded overlap property).

Moreover, the constant M depends only on the constants K1, Ko, A and K.

Proof. Let O be an open set of X (OCX). Let e=1/16K2C%(1+C1), where
C1 is the constant defined in Lemma 2.3. Consider the covering of O by the balls
B(z,£6(x)), where §(x)=d(z, 0°), z€O.

We have d(z, 0°)>0 since O° is a closed set. We now select a maximal disjoint
subcollection of { B(x,€d0(x))}zeo; for this subcollection By, Ba, ..., By, ... with By:=
B(zg,ed(xr))=B(xk, pr), we shall prove assertions (a)—(e) above. We set

1 1 2

K=o —— and Ks=-.
VTUR2(Ci+ e’ 2T 2er MY BT

Observe that our choice makes these constants satisfy our hypothesis. Note
that (a) and (d) hold automatically by our choice of By. It is also clear that

. (zx) 0(k) \ _ ppus

What remains to be shown is that OC|J, B, (in this case (b) and (c) will be valid)
and that (e) is true.

Let us prove that OclJ, Bj.

Let z€0O; by the maximality of the collection By,

B(z,e6(xr))NB(x,e0(z)) #@ for some k.

We claim that §(x)>d(x)/4C;. If not, since e<1/2C1 <1, we have

B(zy, 25(xk))ﬂB<x, (;(—Cx'l)> # 2.

Since 2d(xk)<d(x)/2C, by Lemma 2.3, B(zk,20(xx)) C B(z,d(x)/2), which gives
a contradiction since B(zg,2d(xy)) meets O°, while B(z,d(z)/2)CO. Using the
fact that 4C1ed(xg) >ed(x), Lemma 2.3 gives that

x € B(x,e6(x)) C B(xy, 4eC35(xy)) = Bj.

This proves (b) and (c).
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We proceed to prove (e).
Assume that xéﬂi/lzl B;*:ﬂfy:l B(zy, K2pr). We have that

d(zy, O°) < K(d(x,0%)+d(z, xy)) < K(d(z, 0°)+ Kapy);
this implies that d(x, O°)>(d(zy, O°)— K Kapy)/K. But

d(xka OC)

KKgpk:KKQEd({Ek,OC): B

and thus d(z, 0¢) >d(xg, O°) /2K =pi/2Ke. Hence pp <2Ked(x, O°).
On the other hand,

d(z,0°) < K (d(zx, 0°)+d(z, z1)) < K(Kgpk—l—%) = K(Ko+e Ypg.

So if x€ B}*, the radius p;, satisfies

d(z,0°)

— " L <p,<2Ked ‘).
K(Kg—f-&_l)ipki € (va)

From this, we have that
B(zk, pr) C B(x, Cad(z,0°)),
where Co=2K?(K3+1)e. We also have, for each k,
B(z, Cad(z, 0°)) C B(xk, Cspr),
where C3=K (CoK (Kay+e 1)+ K3). Thus

U B(x, pr) € B(x, Cad(x, 0°))
k

and
B(x, Cod(xz,0°) C B(xk,C3pg) for each k.
Therefore, by the doubling property and the disjointness of By, we have that

M
> Bk, pi)) < p(B(z, Cad(z, 0°))) < p(B(x, Capr)) < Cp( B, pi)).
k=1

Thus M <C and we are done. [O
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One key result in the real variable theory is that, by means of the Besicovitch
covering lemma, the usual central Hardy-Littlewood maximal function is bounded
in LP(R™,du), 1<p<oo, where the measure p is not assumed to be doubling.
Since the Besicovitch covering lemma is no longer true in general homogeneous
spaces [KR], we will obtain the same LP estimates for a certain “contractive” central
Hardy-Littlewood maximal function to be defined later, via the following lemma,

Lemma 2.5. (e-Besicovitch) Let (X,d, ) be a homogeneous space. Let E
be a bounded set, fix a positive number M and denote by F the family of balls
B(a,r) with center a€ E and radius r<M. Then there exists a countable subfamily
{B(ak, 1)}, of F with the following properties:

(1) ECUiZ, Blak,);

(ii) for all 0<e<1, the family F.={B(ak, (1—¢)ry)}s>, has bounded overlap,
namely

= 1
Z XB(ag,(1—€)ry) (Z‘) < C log g,
k=1

where C' depends only on constants of X and x o denotes the characteristic function
of the set A.

Proof. See [FGL, Lemma 3.1]. O
We now turn our attention to the special domain of interest, the unit ball
D={zeC":|z| <1}.
In [B] a map d on DxD is defined by

z

w .
||Z|—|w|‘+‘1_m'm , if z,weD”,

d(z,w)=

|z|+|w], otherwise,

where D*=D\{0}.

2.2. Properties of the pseudodistance d

Lemma 2.6. The following assertions hold:
(i) d is a pseudodistance on D
(ii) d is invariant under rotations in U(n).
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Proof. Assertion (i) follows essentially from the fact that the map (&,{)—
|1—£C|Y/? is a distance in D (see [R, Proposition 5.1.2]). Assertion (ii) follows
from the fact that the inner product z-w is invariant under rotations in U(n). O

Remark 2.7. The pseudodistance d at the boundary becomes the Koranyi dis-
tance (see [R]). Hence, it is not equivalent to the usual “pseudohyberbolic” distance
on D.

The pseudoballs associated with this pseudodistance satisfy this important
observation.

Lemma 2.8. The pseudoball B(z,r)={weD:d(z,w)<r} touches the bound-
ary of D if and only if r>1—|z|.

Proof. Fix a pseudoball B(z,r). Let e=r—(1—|z|). Since we are interested in
points which touch the boundary, we have to find conditions on points we B(z,r)
such that |w|>|z|. For such w, we have d(z,w)=|w|—|z|+|1—(z/|z|)-(W/|w])|. So

zZ W
(4) diz,w)<r <<= ‘1—ﬂﬂ‘ <e+1—|z|—|w|+|z| =e+1—|w|.
z| |w

From this we have our result. In fact, (4) shows that B(z,r) touches the boundary
of D if and only if e>0. O

These pseudoballs have close relations with the so called Koranyi balls. Pre-
cisely, for £€0D=S and §>0, the Kordnyi ball of center £ and radius ¢ is the
set

Q5(€)=Q(&,8)={2€D:[1-2-¢ <4}
We have the following simple proposition.

Proposition 2.9. There exist positive constants a1 and as such that, for every
pseudoball B(z,r) which touches the boundary of D,

Q(é,r)CB(z,alr) and B(z,r)CQ(%,ay‘).

For a>—1, let d\,(2)=(1—|2|?)*d\(z), where d\(z) is the usual Lebesgue
measure of C" ~R?", We then have the following result.

Lemma 2.10. For each fivzed a>—1, the triplet (D,d,d)\,) is a homogeneous
space.
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Proof. Since d is already a pseudodistance on D, we need only prove that d\,
is a doubling measure. One can prove that for 0< R<3, (=(r,0,...,0), 0<r<1,

(5) Aa(B(¢, R)) = R max(R, 1—r)°.
This ends the proof of the lemma. [J

Remark 2.11. This lemma shows that we can apply Lemmas 2.4 and 2.5 in
(D, d, dAa).

We will make use of the following properties of d, whose proof is immediate.

Lemma 2.12. For every z€D and ro, 0<ro<1, if we let z9=(r¢,0,...,0) we
have that

(1) |1—z1-r0|2%d(z,z0);

(2) |21 —7o|<d(z, 20);

(3) Yoo l2l* <2d(2, 20);

(4)

4) |1—z-20| <1—=13+d(z, 20).

For a>—n—1 fixed, set k=n+1+a. We consider the kernel K, given by

Ka(z,w):Re(ﬁ)

The next result shows some important properties of this kernel.

Proposition 2.13. (1) There exists a constant Cs such that for all z,weD,

C3

|Ka(z,w)|§W.

(2) There exist two constants Cy,Cy such that for all z,w,(€D satisfying
d(zv C) > Cld(wa C)v

we have

d(w, )'/?
|K0z(za w)_Koz(Z7 C)| < CQ d(Z, C)k+1/2 !

Before proving this, let us observe that this proposition shows that the kernel
K, is a k-Calderon—Zygmund kernel with respect to the pseudodistance d. We will
give the proof of this proposition for the kernel H,(z,w)=1/(1—z-w)* instead. The
case K, is then a consequence.
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Proof. Assertion (1) follows from (1) of Lemma 2.12 and the invariance under
rotation. Indeed for z, weD, if A is the rotation such that A(w)=(|wl,0, ...,0) then
we have

(6) d(z,w) = d(A(2), A(w)) < 31— A(2)A(w)| < 31— =7

So d(z,w)k <3¥|1—z-w|*. Take C3=3F.
Let us prove (2). By the invariance under rotation, we can suppose that (=
(r0,0,...,0). We use the identity

hz(@-0)

1—z-w—tz(C—w))k+1 at

Ha<z,w>—Ha<z,o=/0 :

to obtain that
! k|z-(@=0)|

(7) |Ha(z,w)—Ha(27<)|§ 0 |1_Z.w_tz(z—w)|k+l

We have that

2 (@—0)| < |21+ (@1 —70) |+ (i |Zk|2>1/2 (kz; Iwk|2>1/2

k=2
n 1/2 , n 1/2
< |w1—7”0|+<z |Zk|2> <Z |wk|2> .
k=2 k=2
So by Lemma 2.12 and (6), we have that
|2-(@=C)| < 2d(w, () (d(w, OV +d(z,0)'/?)

4 1/2 1/2 ﬁ /219 _ . 7F|1/2
(8) S\/C—ld(w&) d(z,¢) S\/C—ld(w,C) [1—z¢|'/=

This shows that for C; large enough, we have |z-(w—()|<%[1—2:¢|. On the other
hand, observe that

12— t2(C—m) | =127,
where n=(1—t)w-tC. Since
(12O~ (12 7)| = |=-@-0)|
and
(1—2O)—(1—2 )| = (1-1)|z-@-0)| < |=-@-T)|,

we conclude that for large C1, |[1—z-7|>1|1—2-(].
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Therefore, from (7), (8) and (6), we have that

C 1—2-C|V2d(w, )V/? d(w, ¢)'/?
|Ha(z,w)—Ha(z,C)|SQkam' Z|1|_Z,Z|(I:1<]H) < Qd(ifug)k)ﬂ/z'

3. The generalized Bergman spaces A2

In this section, we define the space A%2. We give some properties of this space.
Finally we show that the Carleson measures problem for these space is equivalent
to the T(1)-type problem associated with the Calderén-Zygmund kernel K.

Definition 3.1. Let a€R, a>—-n—1. We denote by A2 the space of all holo-
morphic functions f in the unit ball D with the property that

9 I'(n+1+a)m!
< 00,
1= 3 e )

where f(2)=)_,, cyn ¢(m)2™ is the Taylor expansion of f.

Theorem 3.2. The space Ai is equipped with an inner product such that the
associated reproducing kernel is given by
1
Ba(z,w) = (I—zm)iira’

Proof. For f(z)=)_  cync(m)z™ and g(z)=>_  cyn d(m)z™, define the prod-
uct by

B RS P(n+14+a)m!

This clearly defines an inner product in A%. Let f€ A2 with f(2)=}
Since

menn ¢(m)2™.

Fin+1l+m|+a) ,,
B — m .
a(zw) Z I'(n+1+a)m! =

’
meN™

we have for weD,

<fa Ba( : aw)>01 = Z C(m)

meNn

I(n+1+ |m|—|—oz)wm I'(n+14+a)m!
I'(n+14+a)m! I(n+14+|m|+a)

We are done. [
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Remark 3.3. The space A2 is a Hilbert space with the Hilbert norm || - [|4-

The following proposition gives a norm of a certain element in A2. The proof
is a straightforward computation.

Proposition 3.4. Let weD and set f(z)=1/(1—z-w)*. If 2s>n+1+a« then
fE€A2Z. Moreover,

2 ~
||f||a - (1_|w|2)257n717a :

We recall that we want to characterize positive Borel measures p on D such
that

(9) /D FPdp<CWIfI% feAZ.

As we have mentioned in the introduction the solution of this question is well
known for a>—1. The result from these cases is the following theorem.

Theorem 3.5. (Carleson, Hérmander, Stegenga, Cima and Wogen) Let o> —1
and let u be a positive Borel measure on D. The following conditions are equivalent:
(a) There exists a positive constant C' such that

(10) u(@Qs()) < Comtite

for all £€S and all §>0;
(b) The measure u is an A2 Carleson measure.

The actual range a€(—n—1, —1) is more difficult. A characterization of Car-
leson measures in terms of capacity when a€(—n—1,—n) is an old result of Cohn
and Verbitsky [CV]. Recently Arcozzi, Rochberg and Sawyer [ARS] obtained an-
other characterization for all & in (—n—1, —n]. Our approach gives a new character-
ization of Carleson measures for this case. It seems likely that our characterization
could be extended to the remaining range a€(—n, —1). However, we have not yet
succeeded to do this.

We must observe that for «>—n—1, condition (10) remains a necessary condi-
tion for Carleson measures for A2. This can be seen by using Proposition 3.4, (9)
and the following result [ZZ, Theorem 45].

Theorem 3.6. Let a€R be such that n+1+a>0 and let u be a positive Borel
measure on D. Then the following conditions are equivalent:
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(a) There exists a positive constant C' such that

p(Qs(€)) <Contite

for all £€8S and all §>0;
(b) For each s>0 there ezists a positive constant C such that

_ 2\s
O dutw) _

(11) sup L I—zmrriters =

zeD

(¢) For some s>0 there exists a positive constant C such that the inequality
in (11) holds.

The equivalence (a)< (b) of Theorem 1.1, as we have mentioned in the intro-
duction, is a consequence of [ARS, Lemma 24]. We state it below as a proposition.
Recall that the Calderéon-Zygmund operator Ty, is given by

Taf(z):/Df(w)Ka(z,w)du(w)7 zeD,

where the kernel K, is defined by

Ka(z,w)zRe(ﬁ)

Proposition 3.7. (see [ARS]) Suppose that n+1+a>0 and let {1 be a positive
Borel measure on D. Then the following conditions are equivalent:

(a) The measure p is an A% Carleson measure;

(b) The operator Ty, is bounded in L?(u).

4. Proof of the equivalence (b)<(c) in Theorem 1.1

This section is devoted to the proof of the T(1)-type theorem, that is the
characterization of positive Borel measures ¢ on D such that the operator Ty, is
bounded in L2(u). To get the equivalence (b)<(c) in Theorem 1.1, it suffices to
prove the following theorem.

Theorem 4.1. Let k=n+1+« and let p be a positive Borel measure on D.
Then the following conditions are equivalent:

(1) The operator T,, is bounded in L*(p);

(2) The operator Ty, is bounded in LP(u) for some p>2;
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(3) (i) There exists a constant C>0 such that
(12) u(B(z,1)) < Cr*

for all pseudoballs B(z,r) which touch the boundary, and
(ii) there ezists a constant C>0 such that

/B (/B Re (ﬁ) du(w))2 du(z) < Cu(B)

for all pseudoballs B which touch the boundary.

4.1. Proof of the implication (1)=-(3) in Theorem 4.1

Assertion (i) follows from the discussion after Theorem 3.5 and the fact that
the sets B(z,7) and @, (z/|z]) are comparable when B(z,r) touches the boundary
(in the sense of Proposition 2.9), we also make use of Proposition 3.7. Assertion (ii)
is obtained by testing the boundedness on the characteristic function f=yxg.

4.2. Related maximal functions

Definition 4.2. We say that a measure u satisfies the growth condition when p
satisfies inequality (12).

We proceed now to prove that (i) and (ii) are sufficient for the boundedness
of T, for some p>2, that is the proof of the implication (3)=(2). We focus our
attention on the special case a=—n. We then set T=T_,, and K=K _,,.

As we have mentioned in the introduction, we follow the same idea as in [V].
Indeed, we first introduce a sort of curvature which plays the role of the Menger
curvature. This curvature is adapted to our domain and has a close relation with our
operator. Next, we proceed to construct for every ball which touches the boundary,
a subset in this ball satisfying some properties (see Lemma 4.9 below). This is the
first crucial step of our proof. Finally, the next crucial step is to prove an appropriate
good A inequality without resorting to a doubling property on . Lemma 2.4 is used
in those steps.

We suppose that a measure u satisfies the growth condition. In our estimates
we use two variants of the central Hardy—Littlewood maximal operator acting on
a complex Radon measure v, namely,

M)~ wp MBE)

r>1—|z| r
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and for a positive constant p>1,

v|(B(z,r))
MPv(z)= sup —————"=%, 2z ESUppu,
. ( ) r>1—|z| /,L(B(Z,p?”))

where B(z, ) is the pseudoball centered at z of radius r which touches the boundary
and supp p is the closed support of p.

Proposition 4.3. Let u be a positive Borel measure which satisfies the growth
condition. For every p>1, there exists a positive constant C(p) such that for any

feLr(p),

(13) [ty ansc [ \pan 1<p<oc.

Proof. Fix p>1. Let E{={2€D:Mf(fu)(2)>A}. Observe first that, for each
z€ EY, there exists a pseudoball B(z,7,) such that

1
(1) u(BG <3 [ ifldn

B(z,rz)

Consider the family f:{B(z,prz)}zeEg. Applying Lemma 2.5 to this fam-
ily with e=1-1/p, we obtain a subfamily {B(zx,pri)};2, of F such that EfC
Ui, B(zk, pri), and the family {B(zp,7%)};2, has bounded overlaps. Therefore,
from (14) and this bounded overlap property, we have

o0

C
W) <3 u(B(o, or1) Z/ )|f|du<¥/})|f|du.

k=1

Hence, M/ is of weak type (1,1). We obtain the desired result from the obvious
L estimate and the Marcinkiewicz interpolation theorem. [

Remark 4.4. Observe that for some constant C(p)>0, we have
(15) Muv(z) <C(p)M[v(z), z€supppu,

so (13) remains true if we replace Mf by M.
The weak estimate is valid if one replaces fu by any finite measure v.

Lemma 4.5. Let p be a positive Borel measure which satisfies the growth
condition. Given >0, there exists a constant C such that for 20, R>1—12° and
a positive measurable function f,

e / FE)dw)  cppepz)
d

(2°,w)>R d(zov w)1+ﬁ -



394 Edgar Tchoundja

for all z€ B(°, R). In particular, we have

W50 | _dntw) ¢

d(z%,w)>R |1 _Z0w|1+ﬁ B

Proof. Fix 3>0, 2%, R>1—|z°] and a positive measurable function f. Let

2€B(2°, R). We have
/ f(w) dp(w) / f(w) dp(w)
d(z%,w)>R d(z0,w)1+P 2k R<d(20,w)<2k+1R d(z0,w)1+P

IA

1
e W) d
(2kR)1+5 /d(zO,w)<2k+1R f(w) dp(w)

NERRNgE

IN
il

0
2 .IB /dz 2K2 1R

oo

CM Z 21€R 1+l3

:O

< CRPM(fp)(2).

E%g

f(w) dp(w)

=~
Il
o

By using (6), the second claim of the lemma follows from the fact that
WP (B(z°, R) < CR® L ¢ and
= T 1=2%w| 8 T (29, w)1tB’

M(fu)(z*)<1 for f=1. O

For a Radon measure v set, for z€D,

ooy [ I

Lemma 4.6. Let 2 be an open pseudoball which touches the boundary and let
u be a positive Borel measure on D satisfying the growth condition.
If we set v=xqecp, then

[ruvpausc [ IfPan reriw).
Q D

Proof. 1t is enough to prove that for some 7>0, there exists p>1, v>0 and
C>0 such that

(16)  p({zeQ:T(fv)(2)> (A+n)t}) < Cu({z€Q: M{(fv)(z) >t}).
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Indeed if (16) is true, then, by (13),
/ T*(fv)?dp= /OO p{z€eQ:T*(fv)(z) >t})2t dt
Q 0
= [z e T (1)) > ()21
< c/oo u({z €9 ME(fo)(2) > )2t de
0

<c / M(f0)2(2) du(2)

<C / [fI? dv.
D
To prove (16), we applied Lemma 2.4 to the open set

E,={zeQ:T*(fv)(z) >t}.
We will obtain (16) once we prove that for each 7,
A7) u{ze BT (f)(2)> (1n)t and ME(fv)(z) <At}) =0,

where B is a term in the first decomposition of the open set F; with respect to
Lemma 2.4.
In fact we will have

p({zeQ:T(fr)(2) > (1+n)t})
< Z p({z € By :T*(fv)(2) > (1+n)t})

< Z p({z € By :T*(fv)(2) > (1+n)t and M{(fv)(z) <~t})

+ZM({Z €B; : M/ (fv)(z)>t})

<3 ul{ze B} ML) () > 1))

<Cu({z€Q: M(fv)(z) >t}),

by the bounded overlap property.
So it remains to prove (17).
Set B=B(z", K10)=B; and B'=B(z", Ky0)=B;*.
Suppose without loss of generality that there exists £°€ B such that

(18) M (fr)(€°) <.
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Let z° be a point in EfNB(2%, K30). Let B be a ball centered at z° whose
radius is equal to R=max (2(1—|2°]),Cp), where C' is a constant greater than or
equal to K3 to be made precise later. Then B touches the boundary of D.

Let fi=fxg and fo=f—fi=fxge. There exists a constant A; such that

(19) T*(f0)(z) ST* (i) (=) + (L+ A, 2€B.

To prove (19), let z€ B. Then

(o) = [ Ll

5o [1—zw

|/ (w)l dv(w) VI S T P
< ”‘1 pee e L C)
<T*(fv)(2°)+ / | f (w |’1 — 1_2% dv(w)

d 1/2
<t4+Cy /E |f(w)|% dv(w)

provided that C' is chosen large enough so that we can use (2) of Proposition 2.13.
Hence by Lemma 4.5 and (18), we have that

T*(fv)(z) < (L+ A1)t

as d(z,z )<R and %€ B(2°, R) provided C is large enough. This proves (19).
Set B= B(£°,C1 K1) and observe that BCBCB’CEt
Now, if Cp>2(1—2°]), there exists a constant A >0 such that for € B,

(20) T*(f1v)(2) <T*(frxp) () + Axyt.

To prove (20), we have that

T*(f10)(2) < T*(foxg) (=) + / f)ldviw) _ ;..

BB |1—2w

where 1= [ 5 (1 (w)/|1—=-0) dv(w).
By (6), 1/|1—2-w|<C/d(z,w), and on the other hand, for we B\ B,

(frxg)(2)+1,

C1K10<d(€% w) < K(d(25,£%)+d(28,w)) < K(K 0+ K (d(27, 2)+d(z,w))).
Thus

K2d(z,w)>C1K 10— KK o(K+1)= K, K?p.
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Therefore
I < CM(fv)(€%) < Agyt.

This proves (20). Since BC €, we have that T*(fvxg)(2)=0.
For the case Co<2(1—|2°|), we have for z€ B and we B,

|1—z-w|>1—|z| > C'(1—]2°)).
The second inequality in the previous line follows from the fact that

2K (K3+K))

|z|—|zo|§d(z,zo)§K(K3+K1)g< c

(1-12%) < 5 (1-129)),

provided C is sufficiently large. Hence

C
T*(rxp)() < T 11w < OO < M.
So we finally conclude that there exists a constant A>0 such that
T*(fv)(z) <(1+Av)t, ze€B.

From this we have that

u({z€ B:T*(fv)(=) > (14+n)t and ME(fv)(z) <t})
< ul{z € B: (14 Ay)t > (14n)t and ML(fv)(2) < v});

so if we choose 0<y<n/2A, we obtain (17). This ends the proof of the lemma. O

4.3. Curvature in the unit ball

Definition 4.7. Given three points zi,z9,23€D, we define their curvature
c(z1, 22, 23) by

02 (Zlv 22, 23) = Z K(ZU(Q)a Za(l))K(za(S)v za(l))a

where the sum is taken over the six permutations of 1, 2 and 3.

For a positive Borel measure v the quantity

2(v) = / / /C P, 7,7) () di(z2) do(z)
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is called the total curvature of v. One important fact about this curvature is that
(21, 22, 23)>0. Indeed for z and w in D

Re(1—z-w) 1—Re(z-w)

K = =
Cw) =57 = =P

>0

since Re(z-w)<1.
The next lemma gives a relation between this curvature and our operator T'.

Lemma 4.8. Let v;, j=1,2,3, be three Borel measures. Then

S [ T T vy = [[[ 0,20 dor 1) (o) ),

Proof. We have
/DT(VU(U)T(VU@))CZVU(?,)

= / / /D K (2o(3), 200) K (20(3), 20(2) Vo 1) (20(1)) Ao (2) (20(2)) AVo(3) (20(3)-

Since for each o,

Vo (1)(20(1)) AV (2) (20(2)) Ao (3) (20(3)) = dvi(21) dva(22) dvs(23),

summing over the six permutations we obtain
Z/ T(Vg(l))T(l/a(Q)) dyg(3) = /// (32(2:17 22, 2:3) dVl (2:1) dVQ(ZQ) dl/3 (23) O
~ JD D3

We apply Lemma 4.8 to v1=vp=fu with f (a real function) in L?(u) and
v3=xpi with B a fixed pseudoball which touches the boundary. We then have

(21) 2/3IT(fu)|2du+4/DT(fu)T(xBu)fdu
=[] #0086 £ (O duz) dutuw) dutc).

In particular, if we replace f by xp in the integral, one gets that
6 [ 1rGmPdn=[[[ w0 dut) duw autc)
and thus
(22) I e du) dutwy auc) < o),

provided p satisfies condition (3)(ii) in Theorem 4.1 (the case k=1).
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We are now ready to produce a subset inside a given pseudoball B which
touches the boundary. As in [V], set

9= [[ @Cu0dutw)dn). <.

By Chebyshev’s inequality, condition (3)(ii) in Theorem 4.1 and (22) we have that
(23) p({zeB:cp(z)>tor [T(xpp)(2)| >1})

([ d@a [ 1remmerae)
n(B
t2

IN

~—

IN

C

From this we have the following lemma.

Lemma 4.9. Given 0<0<1, there exists a set ECB such that

C C
h(z)< 7 and [T(xpu)(2)*< 5, 2€F,

and
1(B\E) < 0u(B).

Proof. Fix 0<0<1. If u(B)=0, there is nothing to do. If p(B)#0, set

C C
E= {zEB:CQB( )< 7 and |T'(xpp)(2)* < ﬁ}
It is then easy to verify that this set satisfies our requirements. [J

We set k(z, w)= [ *(z,w,() du(¢) so that

%, ze k.

(24) /E k(2 w) du(w) = & (2) <

Since k(z, w)=Fk(w, z) we obtain the following lemma.

Lemma 4.10. There exists a constant C=C(0) which does not depend on B
such that

//[szDCQ(Z’w’Of (2) f(w)xs(C) dp(z) dp(w) du() < C /E £2du,

where feL?(E)=L?(E, ), with f real.
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Proof. The result follows from Schur’s test since

/kzwdu % zeE. O

Therefore from (21), Lemma 4.9 and Lemma 4.10, for any fe€L?(E, i), we get

/BIT(fu)|2du<C</B IT(fu)|2du>1/2</Ef2du>1/2+C[Ef2du

and consequently

that

[1rGwedisc [ i rere),
B E

By duality this implies that

/IT(gu)IQdMSC/gzdu, geL*(B).
E B

So by Chebyshev’s inequality
C
(25) plze Bs M) > < 5 [ dPdn ge1*(B).

Now, for every he L?*(D, 1), Lemma 4.6 and (25) give

@) ulze BT > ) <u({ze BTt ) 5 })

+M<{Z€E;|T(h><3uﬂ)(2)|>%}>
/th L / T (hoxe ) (2) ] dp
/ 2 +t2/ W du
<,

4.4. A good ) inequality

In this subsection we will establish the next crucial argument in the proof of
the implication (3)=-(2) of Theorem 4.1. The result is the following theorem.
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Theorem 4.11. Let p be a positive Borel measure on D with satisfies (i)
and (ii) of Theorem 4.1. Then, for each n>0 there exists y=~(n)>0 small enough
so that

p({z €D |T(fu)(2)] > (1+n)t and ME(f*1)"/?(2) <At})
<su({zeD:|T(fu)(2)| > t}).

Proof. Let Q={z€D:|T(fu)(z)|>t}. The set Q is open. By Lemma 2.4 applied
to this set, the theorem will follow if we can prove the following lemma.

Lemma 4.12. Let n>0 and 0<a<1. There exists y==~(n,a)>0 such that
(@1)  w{zeB) (o) > (1+m)t and ME(Pu)Y2(2) <4th) < apu( B,

where B} and B;* are the first and the second decompositions of the open set €1,
respectively, with respect to Lemma 2.4.

Indeed, if the lemma is true, then

u({z €D T(fu) ()] > (L)t and ME(f2)"/2(2) < 4t})
= u({z € Q: [T(f)(2)| > (L)t and ME(f20)*(2) <))
<3 ul{ze B} [T(f)(2)| > (L+n)t and ME(S ) V() <7t})

J
<a > u(By)
J

<aMp(S),

by the bounded overlap property.
We then have to choose « so that onz% to obtain the result. [

Proof of Lemma 4.12. Set B=B(25, K10)=Bj and B'=B(25, Ks0)=B;". We
follow with a little change, the proof of the Lemma 4.6.
Suppose without loss of generality that there exists £°€ B such that

Mp(fPu) 2 (%) <.

Let 2° be a point in Q°NB(27, K30). Let B be a ball centered at z° whose radius
is equal to max (2(1—|2°]), C), where C is a constant greater than or equal to K3
to be made precise later. Then B touches the boundary of D.

Let fi=fxgz and fo=f—fi=fxge. As in the proof of (19) there exists a con-
stant A; such that

(28) T <IT(fin)(Z)|+(1+ At z€B.
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On the other hand, if we set §:B(§0, C1K10), we observe that
BCpBCB cQ

for some p>1.
Now, if Cp>2(1—12°|), there exists a constant A2>0 such that for z€ B,

(29) T (frp) ()| < IT(frxp)(2) |+ At

We obtain (29) as in the proof of (20).
From (28), we have that

nl{z € B:|T(fu)(2)| > (L+n)t and ML (f2)'/?(z) <t})
< u({z € B:|T(fp)(2)| > (n—Ary)t and ME(f2p)'/2(2) <At}).
If Co<2(1—|2Y), then as in the proof of the Lemma 4.6 we have that
IT(fuxg)(2)| < C"yt
so that for « small enough
[2€ B:[T(Aim)(2)] > (n— Ary)t and ME(f2)"2(2) <At} = 2.
Thus (27) is satisfied in this case. If Cp>2(1—|2°|), then from (29), we have that
u({z € B: [T(fu)(2)| > (1+m)t and ME(f20)Y/2(2) <44))
< pl{z € B:|T(fip)(2)] > (n—(Ai+A2)7)t and Mf(F2)'/2(2) <at}).

If we choose vy small enough (0<y<n/2(A;+As) will do), we finally have that

(30) u({z€ B: IT(fu)()] > (L)t and ME(f2)"2(2) < 41})

< u<{ € BT (fmep) )| > 1t and ME(f0)Y2(z) < w}).

We distinguish two cases.
If B does not touch the boundary then we easily obtain that

IT(fuxi)(2)] <C*Mf(°) < O,

such that for 4 small enough (0<y<n/4C), (27) is satisfied.
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Finally, suppose that B touches the boundary. Let E be a subset associated
with the ball B and the number 6 as in Lemma 4.9 . From (30) and (26) we have
that

p({z € B:|T(fu)(2)|> (14n)t and M (fp)"/?(2) <41})

<u({ze B> Jrand dp( 02 <} )

<um\E)a({ € BoITGung) ()1 > e}

provided @ and v are chosen small enough so that (§+Cn~2+%)<a. This completes
the proof of Lemma 4.12 and consequently the proof of Theorem 4.11. [

4.5. Proof of the implication (3)=-(2) in Theorem 4.1

Let 2<p<oo and f€LP(y). We have that
[t
~ [ utzeDs Ty > ) ar
(e [ u(z €D () > ) de
§(1+77)”/00o p({z €D T (fu)(2)| > (L+m)t, ME(fP )2 (2) <t}) dt?

sy | " u{z DML ()2 (=) 2 1)) de
< (+n)?
- 2

+“j—;’)p [z e a

/O T U{zeD: [T(f) ()| > 1)) d?
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by Theorem 4.11. We then choose n small and use Proposition 4.3 to obtain that

(31) [irunpanzc [1ovan

4.6. Proof of the implication (2)=(1) in Theorem 4.1

Since T is self-adjoint, it follows by duality that (31) holds also for 1<p<2.
Hence, by interpolation it also holds for p=2. This finishes the proof.

We have proved the result for the case a=—n. The same argument holds with
minor changes for —n—1<a<-—n. In fact one has to use the following maximal
operator

V(o) swp MIBE)
r>1—|z| r

in the place of M, where k=n+1+«, and the following curvature

(21,20, 23) = Z Ko(202) 20(1)) Kal(Z0(3), Z0(1))-

Indeed, in Lemma 4.5, one should replace d(z°,w)'*? by d(z°,w)**+#. The growth
condition (u(B(z,7))<Cr*) ensures the boundedness of My in LP(u) (1<p<oo).
The rest of the proof works the same way with T replaced by T, and K by K.
Proposition 2.13 ensures that the estimates used are still valid in this case.

5. Comments

One reason why we could not carry out our argument in the remaining range
—n<a<-—1is that the kernel’s real part is signed and we do not have immediate
information on the sign of the curvature we defined. Nevertheless, we conjecture
that condition (3) in Theorem 4.1 is sufficient for boundedness in the remaining
range.

Since T, is a self-adjoint Calderén—Zygmund operator, one classical result
in the Calderén—Zygmund theory is that a Calderon—Zygmund operator which is
bounded in L?(u1) is weakly bounded. So a natural question comes: Is it true that
condition (3) in Theorem 4.1 implies that Ty, is weakly bounded?, that is

p({z€D:|Taf(2)] >>\})§C||f”% for all f € L (u).
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