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Abstract

Recently, F. Nazarov, S. Treil and A. Volberg (and independently
X. Tolsa) have extended the classical theory of Calderén-Zygmund op-
erators to the context of a “non-homogeneous” space (X, d, i), where,
in particular, the measure p may be non-doubling. In the present
work we study weighted inequalities for these operators. Specifically,
for 1 < p < oo, we identify sufficient conditions for the weight on one
side, which guarantee the existence of another weight in the other side,
so that the weighted LP inequality holds. We deal with this problem
by developing a vector-valued theory for Calderén-Zygmund operators
on non-homogeneous spaces which is interesting in its own right. For
the case of the Cauchy integral operator, which is the most important
example, we even prove that the conditions for the weights are also
necessary.

1 Introduction.

Let p be a Borel measure in the complex plane. The Cauchy integral operator
is defined as

f(§)
cz—§

2000 Mathematics Subject Classification: 42B20, 30E20.

Key words and phrases: Non-doubling measures, Calderén-Zygmund operators,
vector-valued inequalities, weights, Cauchy integral.

Both authors are partially supported by DGES Spain, under Grant PB97-0030.

We would like to thank J.L. Torrea for many comments and suggestions.

Cf(z) =C.f(2) = du(g), for p-a.e. z € C\ supp f.




It is natural to wonder whether this operator is bounded on L?(p), on LP(u)
or even between L'(u) and L%*°(u). Besides, since the previous definition
makes no sense for points in the support of the function, another question is
to find conditions on u in order to ensure the existence of the principal values
on these spaces. For example, when p is the one-dimensional Hausdorff mea-
sure over a Lipschitz curve, the boundedness was proved in [Cal| for small
Lipschitz constant and the full result was obtained in [CMM]. Another ap-
proach to this problem is the T'(b) theorem proved in [DJS], (see also [Dal]).
For measures over rectifiable sets and the relation with analytic capacity see
[Chl], [Ch2], [Mur] and the references given there. See also the recent sur-
vey [Da2]. The answer for general measures has been obtained by Tolsa in
[Tol], [To2]. In the first work, it is established the equivalence of the uniform
boundedness of the truncated Cauchy integrals in L?(1) and some geometric
conditions on the measure g, namely: p has linear growth —which means
that the measure of each ball is controlled by a constat times the radius— and
it satisfies certain local curvature condition (see [Tol], [Mel], [MV], [MMV]).
In the second reference, the author obtains that the boundedness in L?(u)
implies the existence of principal values. Besides, those measures, for which
the existence of principal values holds, are completely characterized.

In [NTV1] a T'(1) theorem is proved for Calderén-Zygmund operators in
C with a measure such that u(Q) < £(Q) for all squares Q C C, where ¢(Q)
stands for the side length of . They prove that T is continuous in L?(u)
if and only if 7" and its adjoint are bounded over characteristic functions of
squares. (Actually, as it is pointed out in [NTV1], similar results work for
“n-dimensional” measures in R?, d > n and Calderén-Zygmund operators
with “n-dimensional” kernels K'). In particular for the Cauchy integral, this
result has been also obtained by [Ver]. In [NTV2] a generalization of this
setting is given. They deal with non-homogeneous spaces which are metric
spaces endowed with a positive measure in such a way that the measure of
a ball is controlled by the radius to the power n, where n > 0 is a fixed
real number. In these spaces (where the measure is not assumed to satisfy
any doubling condition) from the L?(;) boundedness, the authors manage
to obtain weak and strong type estimates for Calderén-Zygmund operators
and for the maximal operators associated with them. The main example is
the Cauchy integral where the metric space is C and n = 1.

A non-homogeneous space (X, d) will be a separable metric space endowed
with a non-negative “n-dimensional” Borel measure p, that is,

u(B(x,r)) <r", foralzeXr>0,

where B(z,r) = {y € X : d(z,y) <r} and n is a fixed positive number (not
necessarily an integer).



Definition 1.1 A bounded linear operator T on L?(u) is said to be a Calde-
rén-Zygmund operator with “n-dimensional” kernel K if for every f € L*(u),

Tf(x) = /XK(% y) f(y)duly),  for p-almost every x € X\ supp f,

where, for some A >0, K : X x X — C satisfies

(1) [K(z,y)| < for all x # y;

d(z,y)"’

(17) and the following two conditions hold:
/ K(e) = K g)lduly) < A,
d(z,y)>2d(z,x’)

/ K(y,2) = K(y,2) duly) < A.
d(z,y)>2d(z,z")

Note that this class of operators is slightly larger than those considered in
[NTV2] where pointwise estimates for the kernel are used rather than integral
estimates. Observe that if we take some measure p in C such that the Cauchy
integral is bounded in L?(u), p will have linear growth (e. g. [Tol]), that is, p
is “I-dimensional”. In this case, the Cauchy integral is a Calderén-Zygmund
operator with “l-dimensional” kernel K(z,&) = z_if

The aim of this paper is to obtain some weighted inequalities for these

operators. If 1 < p < oo, consider the following two-weight inequality for 7"

[ s@P u@ dnto) < [ 5@ o) duta), 0
X X
for f € LP(v) = LP(vdu) and where u, v are p-a.e. positive functions.

These inequalities in R? with the same weight in both sides have been
recently studied by [OP]. They have obtained some results about Mucken-
houpt weights and weighted inequalities for Calderén-Zygmund operators.
However, we are interested in a different type of inequalities, namely, we
shall be concerned with the following problem:

Find conditions on 0 < v < 0o p-a.e. (resp. u > 0 p-a.e.) such
that (1) is satisfied by some u > 0 p-a.e. (resp. 0 < v < 0

p-a.e.).



As we can see in Chapter VI of [GR] and in Chapters II, V of [Ste]
this question is closely related to obtaining vector-valued inequalities for T'.
We shall use this connection to get an answer for this problem, that is,
we shall develop a vector-valued theory for these operators to obtain the
necessary vector-valued inequalities. Some references about classical vector-
valued theory are [BCP], [RRT] and [GR].

For these operators the relevant classes of weights will be, as usual, D,
and Z,, 1 < p < oo, which are defined as follows:

D, = {0 <w < 00 p-a.e. : /Xw(x)lpl (14 d(z, 20)) ™" du(z) < oo}
Z, = {w >0 p-a.e. : /Xw(x) (I +d(z,x0)) "Pdu(x) < oo}

for some xy € X. Note that these classes of weights do not depend on
the point xg and that this definition becomes simpler for spaces with finite
diameter (see Section 3). The concrete result is

Theorem Take p, 1 <p < oo. Ifu € Z, (resp. v € D,), then there exists
some weight 0 < v < 00 p-a.e. (resp. 0 < u < oo p-a.e.) such that (1)
holds. Moreover, v (resp. u) can be found in such a way that v* € Z, (resp.
u* € D,), provided that 0 < a < 1.

Once we have obtained sufficient conditions on the weights in order to
ensure that (1) holds, we shall study how sharp are these classes, that is, we
shall prove that for a particular example these conditions are also necessary.
In [GR] this problem is treated for classical Calder6n-Zygmund operators in
R™. There the Riesz transforms are used to show that those classes of weights
are necessary. In our setting this role will be played by the Cauchy integral.
Take a measure u for which the Cauchy integral is bounded in L?(u), see
[Tol]. Now, the weighted inequality is

/(C\Cf(z)lpu(Z) dp(z) < C(u,v) /C\f(Z)\pv(z) dp(z), (2)

for any f € LP(vdu). We devote Section 4 to get the following theorem,
which is, essentially, the converse of the previous one.

Theorem Take p, 1 <p < 0o. Given 0 < u < 0o p-a.e. (resp. 0 < v < 00
p-a.e.), if there erxists some weight 0 < v < 00 p-a.e. (resp. 0 < u < 0
p-a.e.) such that (2) holds, then u € Z, (resp. v € D,).



The plan of the paper is the following. Section 2 contains a vector-
valued version of the main theorem in [NTV2], which shall be proved in
three steps. In Subsections 2.1 and 2.2 we shall obtain the weak type (1, 1)
estimate, whereas the strong inequalities are considered in Subsection 2.3. An
immediate consequence is given in Subsection 2.4, indeed the vector-valued
inequalities obtained there will be the main tool for solving the problem we
are concerned with. Sections 3, 4 are devoted to this problem: the first one
for general operators and the second one for the particular case of the Cauchy
integral, where the necessity is proved.

2 The vector-valued Theorem.

Throughout this section we shall consider vector-valued operators, that is,
operators which take their values in Banach spaces

Let A,B be a couple of Banach spaces. L£(A,B) will denote the set of
bounded linear operators from A to B. We shall say that K : X x X —
L(A,B) is a (vector-valued) “n-dimensional” Calderén-Zygmund kernel if,
for some A > 0, it verifies

(@) 1K (z,y)llcam <

,  forall x # y;
d(z,y)"

(77) and the following two conditions hold:
/ 1K e,) = K )y dulo) < A,
d(z,y)>2d(x,z")

/ IK(y,2) — K () ooy duly) < A
d(z,y)>2d(z,z")

Definition 2.1 Let T be a linear operator mapping boundedly L3 (u) into
L3(p), such that, for any f € L3 (p),

Tf(z) = / K(e.9)f(y) duly), for p-a.e. = € X\ supp f.

where K is an ‘n-dimensional” Calderon-Zygmund kernel. Then we shall
say that T is a vector-valued Calderdon-Zygmund operator.

For r > 0, the truncated operators are defined as follows
1) = [ K@),
X\B(z,r)

b}



and we can consider the maximal operator associated with 7',

Ty f(x) = sup 1T f (2)|[e-

For 1 < p < oo, it is well known that L, (u) C (L% (u))*. If the Ba-
nach space A is reflexive equality holds, however it fails in general. When
we deal with a reflexive Banach space A, we can define T, the adjoint of
T, which turns out to be a vector-valued Calderén-Zygmund operator that
maps boundedly L%.(u) into L3.(u). The kernel is K(z,y) = K(y,z)* €
L(B*,A") (the adjoint operator of K(y,x)). Besides, ||[T%||12, ()12, <

1T 22 oy 22+ Since [[K(y, 2)" || @ av) < K (y, 7)l| cam) and

K (y1, 21)" — K(y2, 22) || e av) < 1K (Y1, 21) — K (2, 22)| £(a,B),

K will be an “n-dimensional” Calderon-Zygmund Kernel with the same con-
stant A.

Let M (X) be the space of all complex-valued Borel measures on X. The
space A ® M (X) will consist of all finite linear combinations of elements of
the form an with a € A and n € M(X). For one of these elements we define
by convenience

T(an)(x) = / K(z,y)adn(y), =€X\suppn.

As in [NTV2], we consider the following version of the Hardy-Littlewood
maximal function:

~ 1

This maximal function is bounded in L”(u), 1 < p < oo, and acts continu-
ously from L'(u) to LM (u).

We shall need the following result, which is a kind of boundedness of an
“atom” away from its support.

Lemma 2.2 Forn =" a;n, € A® M(X) with suppn C B(z,p) and

J J
() =/dn “Ya /dm = (%) =0,
X i=1 X i=1
we have
J
/ ITn)lls duly) < A'S laalla
X\B(z,2 p) i—1

where A is the constant in the definition of the kernel.
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Proof. The proof is standard. By using the properties of  and condition
(47), we can write

/ ITn(y) s duy)
X\B(z,2 )

/X\B(x,zp)

J
S ladlle /
i=1 (

B(z,p

> f ) = Ky aecdn )] dnto)

IA

/ 1K (5, 2") — Ky, 2) ey duly) il ()
) Jd(z,y)>2d(z,2")

J
< AY aillallnll
i=1
O

Remark 2.3 Just as before, the following can be proved: if n = ijl a;m; +
fdup € A®M(X)+ L} (1) with suppn C B(z, p) and n(X) = 37, a; mi(X) +
Jx fdp =0, we also obtain

J
Tn(y)|lsdu(y) < A ailla |l + 1 s ) -
[ Al (3 e bl + 151y

2.1 Weak type inequality for elementary measures.

An elementary measure will be an element of A ® M (X), where the measures
involved are unit point masses, namely

N
v=> b, € Ao MX).

i=1
Theorem 2.4 For an elementary measure as above, the following inequality

holds
N
1TVl < € 3 loalla
i=1

where C' only depends on the dimension n, the constant A in the definition
of the kernel K and the norm ||T'[| 12— 12 (y)-

Observe that here, there is no problem with the definition of Tv because
the sum is finite and



makes sense everywhere except at finitely many points.

Proof. We shall follow the proof of [NTV2, Theorem 5.1] paying special
attention to those details that differ from the scalar case. We can assume
that S |las]la = 1 and prove that HTVHLIE,OO(M) < C. Fix some t > 0,

and suppose that 4(X) > 1. Following the “scalar” case proof —with ||ag]|a

instead of a;— we are able to find some Borel sets Ei, ..., Eyx such that
i—1 i—1 HOJH

B, iy Pi ECEZCB iy Mi E d EZ - ,LA,
(i, ) \ | Eo (@i, p)\|JEr and  p(E;) .

=1 =1
where B'(z;,pi) = {y € X : d(z;,y) < p;}. It is clear that the sets E; are
pairwise disjoint, if we put £ = |, £;,
1
UB/(%,PO CEC UB(%,Pi) and  p(E) = I

Define o
o= Z XX\B(2:,2 pi) T(m XEi>,

and

e%
Tv —to = Z(pz = Z <T(az 65’31) — tXX\B(zi,Qpi) T<—A XE1)>

)

Since B'(x;, p;) C E, we have
Q;
[ teladn < [ (et~ du)| du
X\B X\B(2:,2 1) o] B

| 708, s
B(x:,2 pi)\B’ (zi,p:)

< 2]l +2" Al

where we have used Lemma 2.2 for the first term and condition (i) of the
kernel for the second. Thus

N N
17y~ tolpdu <y [ folade <2 A3 il =20 A
L. 2 o 2

=1

and p{z € X : ||(Tv —to)(z)|ls > 2" At} < 2, since p(F) = ;. Then, it

t?
might be enough to find some big constant Ag such that

uwﬂm>A&§%. (3)

8



In this case, u{z € X : |Tw(z)|[z > (2" A+ Ap)t} < 1. In order to finish
we only have to observe that the above inequality is obvious when p(X) < 1.
Then, if we take C' = 4 (2" A+ Ay), we have just obtained ||TV||L]§,OO('“) <C.

Let us show how can we get (3) in this vector-valued framework. First,
we prove this inequality under the assumption that A is a reflexive Banach
space. For a fixed Ay, to be chosen later, suppose that p{||o|ls > Ao} >
Then, there exists a Borel set F', F' C {||o|lz > Ao}, such that u(F) =
Thus o xr € Lg(11), because

[

1/2
/XHO’XFHB du < p(F) 2 0 2y < 1T 22 -2 Z a3 < o0,

Since L (p) is isometrically contained in (Lg2(p))*, the Hahn-Banach theo-
rem implies the existence of some 8 € Lg (1), ||| 252 (u) = 1, such that

Ao

(3o x) = o xeluzor = [ lot@lladate) > Aap(F) = 5. @)

On the other hand, 3 xr € L3.(u) with || xpllz, g < t=1/2 and we can use
the adjoint operator to obtain

Gioxr) = [ (ee). fo) duta)
- Z/ H%HA )7T*(5XF\B(zi,2pi))($)>du(ﬂf)

< Z / 3 () [T (B X 3 20) () [ ().

For every z € E; C B(x;, p;), by condition (i) of the kernel,

HT* (B XF\B(x;,2 pi))(x) —T*(6 XF\B(x,m))(iU))

</ I (2, 9) e ey 15()
B(z4,2 pi)\B(z,p:)
Hence, if x € E;
[T*(B XP\B(wi,200) (@) [lar < 2" A+ (T7) % (B xF)(2).
Then, by the pairwise disjointness of the sets E;, we have

(Boxe) < 2" Au(E)+ / (@) (T) 5 (8 x#)(2) dia(a).

To finish, we need the following Guy David-type lemma which shall be proved
later.

A*

B dp(y) < 2" A




Lemma 2.5 Let F' C X be a finite measure Borel set and 3 € Lg: such that
||ﬂ||Lf§3 = 1. Then for every x € supp u we have

(T)x(Bxr)(@) < 23" M(IT* (3 xr)

A*)(l’) + Ay,
where Ay =5-3" A+ V23" |T| 12 ()~ £2 ) -

According to this lemma and Holder’s inequality, we can obtain

/X (@) (T) 5 (8 x#)(@) dis()

< Avp(E)+2-3"[Ixellrw

M7 (8 x)]

A)(

< (A1+2 3n||M||L2 w—L12(m) 1T 22 (-2 ())-

L2 (p)

In short, by choosing Ag = 2" A+ Ay + 2 3" | M| 2~ 20 11| 22 (0)— 22 10)
we have proved that (8,0 yr) < 42 which contradicts (4); and therefore
p{llo|l > Ao} < 2. When the Banach space A is not reflexive we proceed as
follows. Let A( be the vectorial subspace of A generated by aq, ... ay, which
is a finite-dimensional Banach space and thus reflexive. Set Ty the restriction
of T to Ag-valued functions. The kernel of Ty will be Ky € L(Ag,B) (the
restriction of K to Ag) which is clearly a Calderén-Zygmund kernel. In
fact, conditions (i) and (i7) are fulfilled by Ky with the constant A of K.
Moreover, HTOHLz =12 < 1T L2 (y—r2 () and thus Tp is a vector-valued
Calderoén- Zygmund operator with “n-dimensional” kernel K. On the other
hand,

a’l
7

Lemma 2.5 provides a new constant A? that verifies
A0_5 3" A+ V23" ||T0HL2 ~>L2 (w) <A17

where Ay = 53" A+ 23" ||T| 12 (4)—12(n) does not depend of Ag. Then,
as in the previous case, we obtain

1 n n v
Broxr) = $(2"A+ Al +2- 3" M 2220 | Toll 22, )—12200)

1 n n AO
< t<2 At Ay 423" M| r20 -2 1T £2 (uy— L2 () = e

10



and we get again a contradiction which finishes the non-reflexive case. O

Let us prove Lemma 2.5.

Proof of Lemma 2.5. We follow the ideas of [NTV2, Lemma 4.1]. Let
x € supp u and r > 0. Consider the sequence of balls B(z,r;) with r; =3/ r
and set p; = p(B(z,7;)). We can choose k > 1, the smallest positive integer
such that ju, <2-3" yy_;. Put R =1,_; = 3¥'r. Then

1T (8 xp)(x) = T5R(5 xr)(2)

o < / IR ()| ooy i)
B(z,3 R)\B(z,r)

Z/ | K (y, 2)|| cam du(y) < 4-3" A,
(,rj)\B(z,rj—1)

just as in [NTV2]. Now we handle T3 ,(5 xr)(x). Note that here we have
the doubling condition p < 2 - 3™ pg_1. Define

1

Vr(z) = m/ . T*(Bxr) du,

which verifies ||Vz(x)||ar < 2- 3”M<||T*(ﬁ XF)
bling condition. On the other hand,

1 /
— T (BXF\B@3R)d
M(B<x> R)) B(z,R) ( B SR)) s

A*> (x), because of this dou-

VR(CE) =

7
+ = T*(Bx 2 dp=1+11I,
HBC ) Joy | X
and | T5z(Bxr)(z) — Vr(z)||ax < | T55(6xF)(x) — I||a+ + ||II]|a.By using
the second condition on the kernel,
IT5R(5 XF)(
< / / 1K () = K02 ecns) o) du(2)
$ B(z,R) Jd(x,y)>2d(x,z)

(B, R))/ oy ) =4

Whereas for the second term, by Holder’s inequality,

1 *
[1I]a < WHT 122, (u)—r2, () 18 XFaB@s Rl 22, (1

p(B(z,3 R))

: (m) 1T 12 - 22000 < V23" 1T Nl 22 (- L2 -

11



Ths, we get [ T2(3xr) @)l < i+ 2 3 M(IT* (3 xp)lla ) @), where

A1 =5-3"A+v2-3"[|T|| 12 (u)~12(n)- By taking the supremum on r > 0 we
have the desired estimate. O

2.2 Weak type inequality for functions in L} (u).
Theorem 2.6 Let f € L ()N L2(p), then

||Tf||LJ§°°(“) <C ||f||L1§(M),

where C' > 0 only depends on the dimension n, the constant A in the defini-
tion of the Calderdn-Zygmund kernel K and the norm ||| 12 ()2 (-

Proof. Let Cy(X,A) be the space of A-valued functions on X, which are
bounded, continuous and with bounded support. It is clear that Cy(X, A) C
Ly ()N L7 (12) and this inclusion is dense with respect to the norm |- || 1 () +
|- Iz —in fact, A ® Co(X) is dense in A ® (L'(u) N L*(p)) which, at
the same time, is dense in L} () N L2(u))—. Therefore it is enough to
prove the above inequality for functions f € Cy(X,A). Fix t > 0 and set
G={zeX:|f(x)||a >t} We can split the function f as follows

f=r+f=rxe+fxxe
and then T'f = T f' + T'f,. First, we observe that

J TR i < 1Ty [ 10 i < IT a3 1 g

and p{z € X ¢ [[Tfi(2)lle > Tl L2-120} < %HfHL}\(#). On the other

hand, since G is an open set (f is continuous) and p(G) < 1 [ f 121 y» Whit-
ney decomposition can be performed to find a sequence of pairwise disjoint
open sets G; (1 =1,2,...), such that,

G=JG and diam G, < %d(Gi,X\G).
=1

Put f; = f xg;- Then the series f' =3">°, f; converges in L3 (1) (due to the
fact that the sets are pairwise disjoint and f € L3 (u)). Set

N
1 N P
f ;fz and o /sz du /Gifdu.

12



It is clear that > 7%, [lau[[a < [[fllL1 (- Choose a point z; in every set G; and

consider the elementary measure vy = Zf\il @; 0,,. Lemma 2.2 and Remark
2.3 lead to

/ ITF™ — Togllpdu < Z / \TF dp— 62,5 di
X\G X\B(z;,2diam G;)

< Z A fill g oy + llevilla 110z,

i=1

) <2 A0Sy

Thus p{z € X\ G : |(TfN) —Tvy)(z)||s > 24t} < %||f||L11%(u). Moreover,
vy is an elementary measure and then Theorem 2.4 applies to it with some
constant Cy in such a way that we get u{z € X\ G : ||[Tvy(z)||p > Cot} <
% I£]] 11 (u)- Consequently

plo € X TSV @)ls > 24+ Co)t)
< pG)+ plr € X\G ITFM@)s > 2A+Co) 1} < 5 1y

Since fN) — ftin L2(u) as N — oo, we have T f™) — Tft in L2(u) as
N — o0o. Then

3
ple € X TS @)lls > 2 A+Co)th < = fllg

and the desired inequality holds with C'= 4 (|| 22 (u)—r2() + 24+ Co). O

2.3 Strong inequalities.

Theorem 2.7 The operator T is continuous from L% () to LE(u) for all p,
1 <p<oo.

Proof. For 1 < p < 2, it is enough to apply the Marcinkiewicz interpolation
theorem. In the other case, 2 < p < o0, assume that A is a reflexive Ba-
nach space. Then the adjoint operator T will be a vector-valued Calderén-
Zygmund operator. By using the previous case, T™ is bounded between
L2 (1) and LY, (11). Thus, T is continuous from L () to LB (x). When A is
a non-reflexive Banach space, consider A, any finite-dimensional subspace of
A. Let Ty be the restriction of T' to Ag-valued functions. As we observed in
the proof of Theorem 2.4, T is a vector-valued Calderén-Zygmund operator
for which all the constants involved are independent of the chosen subspace.
Since Ag is reflexive, by the reasoning above, we obtain that Tj is bounded

13



from L% () to Ly () with a constant independent of Ag. On the other hand,
A ® LP(pu) is dense in L (u), and any element f € A ® LP(u), has an ex-
pression f = Y ", «; f;, for some ay,...,a, € A and fi,..., fn, € LP(p).
By calling Ag to the finite-dimensional subspace generated by aq, ..., a,,, we
have that f € Lj (1) and

1T f ez = 1Tof ez < C ALy = CllF Lz 0,

where C' is independent of A,. O

Remark 2.8 The previous results still hold if we replace the a priori conti-
nuity of T' from L2 (u) to L3(n) by the assumption that T is bounded between
LY (1) and L (1), for some other py, with 1 < py < oo.

2.4 Self-improvement.

Theorems 2.6 and 2.7 have an immediate self-improvement in the following
sense: under the same hypotheses we can use these results to extend the
operators to sequence-valued functions.

Theorem 2.9 LetT be a vector-valued Calderdon-Zygmund operator and take
q, 1 <q<oo. Then

i) T is bounded from L& (1) to L (p), that is,
o ¢
B

e {Siraeie) >af < § [{S i}

(it) T is bounded from L%\(u) to LZ% (i), for 1 < p < oo, that is,

(s, =l ()

L () L ()

Proof. For f = {f;}; € L}, (1) with compact support, we define
A

f() {Tfi( /Kq:yf] ) dp(y /ny du(y),
for p-a.e. © € X\ supp f, where the kernel K :XxX— L(¢4,02) is defined
by

K(z,y)a ={K(z,y)a;};, forany a = {a;}; € (].

14



We take the Banach spaces A = ¢2 and B = ¢2. Theorem 2.7 leads to
IT AN, =D / ITfildp<C / 1 £ill4 i = C 11,
B 7 j A

The fact that K is a Xector—valued “n-dimensional” kernel follows from its
expression, because ||K(I,y)||£@g’gé) < [|K(z, )| cam) and

1K (2, y) — K@, ¢) 2o 00y < 1K (2,y) — K (2, y') || c(am)-

Indeed, the constant A of K is still valid for K. Thus, T is a vector-valued
Calderén-Zygmund operator —where the a priori estimate holds for py = ¢
instead of 2, which is all right because of Remark 2.8— and we can use
Theorems 2.6 and 2.7 in order to obtain the desired inequalities. O

As a consequence of this result, we can extend those operators considered
in [NTV2] to sequence spaces. Namely, let 7" be a (“scalar”) Calderén-
Zygmund operator (see Definition 1.1). Here, “scalar” means that the Banach
spaces are A = B = C. In particular, T fits into the vector-valued theory,
and we can use the self-improvement result (Theorem 2.9) in order to obtain
this sequence-valued extension.

Corollary 2.10 Let T be an operator as above and take q, 1 < q < co. Then
. @ C .
i ufe {2]: ITfj(:v)Iq} ab<$ [ S h@r} duto)
SCM{EJEW
J

Remark 2.11 These vector-valued results will be further used in [GM] to
obtain similar estimates for the maximal operator associated with T', which,
under the appropriate conditions, fits into this vector-valued theory. In par-
ticular, we shall prove the previous inequalities for the supremum of the trun-
cated Cauchy integrals. By means of them, weighted inequalities for this maz-
imal operator will be obtained and we shall be able to study the existence of
principal values in weighted Lebesque spaces.

Lif 1 <p<oo.
L ()

(i) H 75,10}

LP(p)

15



3 Vector-valued inequalities and weights.

The relation between weighted inequalities and vector-valued inequalities was
discovered by J.L. Rubio de Francia in [R] and it can be also found in Chapter
VI of [GR]. The two-weight problem for an operator 7" consists in finding all
pairs (u,v) of positive functions for which the inequality

/X T (@) ule) du(z) < Clu,v) / (@) o) dpu(z), (5)

(f € LP(v)) holds true. We are going to consider the following weak variant
of this general problem:

Find conditions on 0 < v < 00 p-a.e. (resp. uw > 0 p-a.e.) such
that (5) is satisfied by some u > 0 p-a.e. (resp. 0 < v < oo

p-a.e.).

To start, we need the following result, proved in [FT], which establishes
the concrete relationship between vector-valued inequalities and weights.
This theorem is closely related to those contained in [GR] pp. 549-554.

Theorem 3.1 Let (Y,dv) be a measure space; F, G Banach spaces, and
{Ak}rez a sequence of pairwise disjoint measurable subsets of Y such that
Y = U, Akx. Consider 0 < s < p < oo and T a sublinear operator which
satisfies the following vector-valued inequality

{Zirsie)

where, for every k € Z, Cy, only depends on I, G, p and s. Then, there exists
a positive function u(z) on Y such that

<Ak} ker @)

Ls(Ag,dv

{ / I7 @) u(e) (o)} < Cl

where C' depends on F, G, p and s. Moreover, given a sequence of positive

numbers {ay trez with Y, af < oo, and o = (f)/, u(z) can be found in such

a way that |u™ xa, | po-1(ap.am < (az ' Cr)P.
In our context (Y,dr) = (X, du) which is a o-finite measure space. Then, a

simple argument shows that the weight v can be also taken so that u < oo
a.e..

16



Given 1 < p < oo and some zy € X, remember the definition of the
classes of weights in X:

D, = {0 <w < 00 pae. : /Xw(w)l_p/ (14 d(z, 20)) ™" du(z) < oo}
Z, = {w > 0 p-a.e. : /Xw(x) (14 d(x,x0)) "Pdu(z) < oo}.

Note that these classes of weights do not depend on the point z.

Remark 3.2 In the case that the diameter of the space is finite, (or equiv-
alently, the distance is bounded), there exists R large enough such that X C
B(zo, R) and so u(X) < R™ < co. Thus, the previous classes can be given by
the equivalent definition:

D, = {O <w < 00 fi-a.e. : /Xw(x)lpl du(z) < oo}
Z, = {w >0 p-a.e. : /Xw(x) du(z) < oo}

If the support of the measure is a bounded set, we can restrict the whole
space to this set, and we would be in the previous case. So, when we talk
about spaces with finite diameter, we shall be concerned with both cases.

We would like to apply the last theorem to our operators. In what follows
T will be a “scalar” Calderén-Zygmund operator 7', that is, an operator like
those in Definition 1.1.

Proposition 3.3 Take 0 < s <1 < p < 00 and v € D,. Then, if the
diameter of X is equal to infinity, we have

H{DTfjl”}p ’“"{an]nmw}i fork=0,1,....

where Sy = {x : d(z,20) < 1} and Sy = {z : 2¥71 < d(z,x¢) < 2%}, for
k=1,2,.... Otherwise,

(> mory

L3 (S,dp )

< sp{ZufJnMu} .

Le(w)

Proof. Let us see what happens in the first situation. Fix £ > 0 and set
Biy1 = B(wg, 28, Every function f is split as f = f' + " = f X, +

17



Fxx\By,,- Then, for x € Sy and y € X\ By, we observe that 2d(x,y) >
d(y, o) and thus

el s [ g )
< A [ (1 dln) ™ ) o) o) duly)
el 1100 v ann} { [ G )}

< Clfllerwan:

Note that the last inequality holds because v € D,. Then, since u(Sy) <
w(By) < 28" we prove

IN

H S irry

{an]nm} -

On the other hand, due to that fact that 0 < s < 1, we can use Kolmogorov
inequality (see [GR] p. 485) and Corollary 2.10 to obtain
<, ,u Sk

H{Z|Tfj’-|p}; e {ZrTf a%
< cusot [ {Ese PP 0@} o) du(o)

< ous{ [ Siser o)} { [ ooy i)}’
_ sk—l{Zufjnmdu}{/ o@) du(o)}”

By

LS(Sk»d.L")

Ll’oo(sk#ilu')

As £ —1 >0, we observe 1(Sp)s ™" < pu(Bg)s 7t < (287)5 1. Furthermore,

1

{/ 0 ()}

o(z) ,
{ /Bk+1 (1 + d(x) xo))np/ ( + (l‘, JJO)) M(x)} < 7

=

since v € D,,. Then,

[l {angnmdu} -

LS(Smdu)



Collecting these inequalities, we get the desired estimate.

When the space has finite diameter, it measure will be finite as well.
Thus, we proceed like we did with the functions fj’ Since 0 < s < 1, we can
apply Kolmogorov inequality (see [GR] p. 485) and Corollary 2.10 to obtain

[(52mary (Srror
< um' ! [{SIhP} o) o) duto
< u { [ i@l v dno)} { [ oo dutn)}”

A1 i}
J

< Cop(X)=!

Ls () L1220 (p)

IN

because X has finite measure and v € D,, (which, in this case, means =
LY (1)), 0

Once we have the vector-valued inequalities we can use Theorem 3.1 to
obtain weighted inequalities.

Theorem 3.4 Take p, 1 < p < oco. Ifu € Z, (resp. v € D,), then there
exists some weight 0 < v < 00 p-a.e. (resp. 0 < u < 0o p-a.e.) such that
(5) holds. Moreover, v (resp. w) can be found in such a way that v* € Z,
(resp. u® € D,), provided that 0 < a < 1.

Proof. Assume that the case v € D, is proved. If u € Z,, then u = u P e
D,y. Apply this assumption to the adjoint operator 7 (which is an operator
with the same properties as T') in order to obtain some weight v, 0 < v < 00
p-a.e., such that

/X T f(2) T(x) dpu(zr) < © / @) @) du(z).

Take v so that ¥ = v'?. Then, since 0 < v < oo p-a.e., an standard
argument yields that the last inequality implies (5). Furthermore, we can
choose v such that v € D,,, provided that 0 < a < 1. That is, we can find
v in such a way that v € Z,.

Let us prove the case v € D,. Fix 0 < o <l and put ¢g=1+a(p/ —1).
Then 1 < ¢ < p’ and we can find some s, 0 < s < 1, such that ¢ = (%’)I > q.
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When X has infinite diameter, we use Theorem 3.1 with (Y, dv) = (X, du),
F=LP(vdp), G=C, {Ax}r = {Sc}32, and Cy = C'2'%". The vector-valued
inequality (6) is supplied by Proposition 3.3. Then, we know that there exists
a weight u such that (5) holds. Moreover, u can be taken in such a way that
|u ™| po-1(sp.d) < C (az " 25 ), with a; > 0 and > ap < oo. Therefore,

[e.e]

u(a) ) u(a)
4<r+ﬂam»w”w“)‘§:l;u+duﬂmwﬂd””

k=0

q—1

< 2"?’55:2—“?’{/57 u(x)l_adu(x)}ﬁﬂ(gk)(%)

7

%) kn (_p/+P(ql)+ 1 )
/ _ _ s o—1)
< o (¢ E :akp(q 1)2 (q—1> ,
k=0

where we have used Holder’s inequality with exponent 2% > 1. Observe

=
that . .
plg—1) n

/
S o—1
q—1

so, we can choose € > 0 such that ¢ — p’ + ¢ < 0. Take the sequence {ay}

—p'+ =q—p <0,

verifying a,;p(q_l) = 2kne Then

oo (o)

P _kne
g a;, = g 27T < o0
k=0 k=0

and

1—q > ,
/ u(x) d,u(x) <C szn(qu o) < 0.

1+ d(x,xo))"?

In order to finish it is enough to note that o = 11_;1‘)1, and thus u® € D,.
When the space has finite diameter, as well as before, we use Theorem
3.1 with (Y,dv) = (X,du), F = LP(vdu), G = C. In this case, we do not
decompose the space, that is, we just take Ag = X and A, = 0 if £ # 0. The
vector-valued inequality (6) is provided by the second part of Proposition
3.3. Then, there exists a weight u such that (5) holds. Furthermore, u can
be taken in such a way that |[u™" || o-1(x,4,) < C. Since the measure of X is
finite and Z%i > 1, we use Holder’s inequality for this exponent to conclude

q—1

[ty tante) < { [ ut = aua)} w0 < .

X

Observe that a = 11_;;’, and we have u® € D,,. O
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4 Cauchy integral operator.

For a non-negative Borel measure p in the complex plane C, the Cauchy
integral operator of a compactly supported function f € LP(u), 1 < p < oo,
is defined as

fE)

cz—§

Cf(z)=C,f(2) = du(§), for p-a.e. z € C\ supp f.
Assume that p is such that the truncated Cauchy integrals are uniformly
bounded in L?*(p). By [Tol], u will be in particular “l-dimensional”. In
that case, we know that the existence of the principal value for compactly
supported functions holds (see [To2]). Then, a bounded extension to the
whole L?(u) arises from these facts. Thus, we have a metric space C with
the euclidean metric and p a “1-dimensional” measure for which the Cauchy
integral operator is bounded in L?(11). We observe that this operator falls into
the theory developed by [NTV2]. The Cauchy integral operator is defined for
compactly supported function in L?(x) by means of its kernel K(z,£) = - {,
that is clearly a “l-dimensional” Calderén-Zygmund kernel. Then we can
apply the results we have obtained to get vector-valued inequalities for C.
By Corollary 2.10, the following result is established.

Theorem 4.1 Under the above assumptions and for 1 < p,q < oo we have
. C 7
(i) {z c€C: {Z ICf;(z } } <5 /C{ZJ: Ifj(z)|q} dp(z).

(i1 H rij}

SCH{;IW}é

L () L ()

In this framework, for 1 < p < 0o, the classes of weights will be
D, = {O <w < 00 prae. : /w(z)lp, (14 |2]) 77 du(z) < oo}
C
Z, = {w > 0 p-ae. : /w(z) (14 |z|) P du(z) < oo}
C

If the measure has bounded support, these classes admit the equivalent def-
inition given in Remark 3.2. In fact, several results Will be easier when it
happens. For w > 0 a.e. we denote w( f LW , for any measur-
able set A C C.

We would like to apply to this operator the results about weights we have
proved. The point is that here we can obtain that these classes are sharp for

21



this weak variant of the two-weight problem for the Cauchy integral operator:
suppose that for some fixed 0 < u,v < 0o p-a.e., the following two-weight
inequality holds

/C CH(2)Pu(z) du(z) < Clu,v) / FEP (=) duz), (7)

for any f € LP(vdu). We are going to prove that, in this case, the weights
belong to the given classes.

If 2=214102,& =& +1& and f is a real-valued function, for p-a.e.
z € C\ supp f, we observe

Ci) = Re(CH(:)) +iTm(Cf()
S GLGI

—1
c’Z—§|2 <C|Z—§|2

Lemma 4.2 Assume that (7) holds. Then for any z € supp p there ezits a
radius v, > 0, such that, u(B(z,r,)) < co.

f(&) du(&).

Proof. Fix 29 = 2¥ + 429 € supp p, then u(B(z0,7)) > 0 for all » > 0. For
z = z1 + 1 29, we write |z|o = max{|z1], |22|} and

F12{26C2|Z—Zo|oo:2:1—2?}, FQZ{ZEC:|Z_ZO|OO:ZQ_ZS},
F={zcC:lz—2|w="—2}, Fi={2€C: |2~ 2| =2 — 22}

Set By, = B(20,27%) and Sy = By \ Bgy1. Then, there is some ky > 0 such
that Sk, has positive measure (otherwise u(By) = 0). Assume for instance
that u(Sk, [ F1) > 0 (in the other cases we proceed in a similar way). Thus,
there will exist A C Sk, [ F1 so that p(A) > 0 and v(A) < co. For z € By, 42
and £ € A, we have |z — ¢] <5-27%72 Since £ € A C Fy,

2_ko—1 < |§ - ZO| < \/§ max{|§1 — z?|’ |§2 — Zg|} — \/5(51 o ZO).
Besides, 21 — Z? Z —|z _ ZO| Z _2*]6072 and
1
Gi—n=&—2+2—n> E € — 2| — 277072 > (\/5— 1)2 k=2,

Therefore, for z € By, 12, { € A

§1— 2 > (\/ﬁ— 1) 27 ko2 _ V2 -1 9kot2 — (O,
|z — &2 = (5-27ko2)2 25 o
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Then, if z € By, 4o,

“Re(Clxa)()) = / f;_‘ﬂ;

So, for the left hand side of (7) we have

dp(§) = Cry u(A) = € > 0.

/C COW P ulz) du(z) > / (—Re (C(xa)(2)))? u(2) du(2)

> (v /B +2u(z)du(z).

Use this estimate and (7), with f = x4 € LP(v), to obtain u(By,42) < 0.
Then, by taking r,, = 27%0=2 the proof is finished. O

Lemma 4.3 Assume that (7) holds, then there exists R > 0 such that

)
/<C\B(0,R) (14 z|)» dp(z) < oo.

Proof. For j = 1,...,4, set Ej by putting 2o = 0 in the definition of Fj}.
Then, it might be enough to find some R; > 0, for each j, such that,

u(z)
————du(z) < oo,
/Ej\B(o,Rj) (1+]z])r

We shall only do it for 7 = 1 and the other cases can be performed in the same
manner. We can assume that p(E;) > 0 (otherwise there is nothing to prove).
If E(suppp is a bounded set, the estimate is trivial by choosing R; large
enough. In the other case, there exists R; such that p(B(0, Ry/2) () Ey) > 0.
Take A C B(0,Ry/2)( Ey with u(A) > 0 and v(A) < co. Then, for z €
Ei\ B(0,Ry) and § € A, |z] > 2[¢] and |z — £| < |z] + €] < 2 |z|. Moreover,
since both points belong to Fjy,

2] = /22 4 22 < V2 max{|z], 2|} = V22, =&l <l <5 |Z|

and hence
V2 -1
2] — 5 ! | = 2]
\/_ 2
Then,
—& >2(\/§—1)i>2(\/§—1) 1
|z — &2~ 9 2| 9 L+ |z
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and for z € F; \ B(0, Ry),

2(v2-1) 1 C
9  1+z" T

Re(Clu() = [ 2= au) >

Therefore, for the left hand side of (7) we get

/ COW) P u(z) du(z) > / (Re (C(xa) (2))) u(=) du(2)
C E1\B(0,Ry1)

> Cp/ s dp(z).
BB,k (1 +[2])P =)

Since v(A) < o0, (7) can be used. Then the right hand side of this inequality
is finite and the proof is finished. O

Now, we are able to prove the following result, which, together with
Theorem 3.4, gives us necessary and sufficient conditions on the weights in
order to solve, for the Cauchy integral operator, the weak variant of the
two-weight problem we are dealing with.

Theorem 4.4 Take p, 1 < p < co. Given 0 < u < o0 p-a.e. (resp.
0 < v < oo p-a.e.), if there exists some weight 0 < v < 0o p-a.e. (resp.
0 <wu < oo p-a.e.) such that (7) holds, then u € Z, (resp. v € D,).

Proof. We shall use the previous lemmas. Fix 0 < u,v < oo p-a.e. such that
(7) holds. By taking the radius R > 0 supplied by Lemma 4.3, we only have
to see what happens on the ball. Lemma 4.2 and a compactness argument

lead to ( )
ulz
———du(z) < oo.
/B(O,R) (ENEIEa

Thus u € Z,. In order to show that v € D,, we shall use a duality argument.
By decomposing the space in the dyadic level sets where 29 < v(z) < 27+
and since 0 < v < 0o a.e., we can prove that boundedly supported functions
in LP(p) () LP(v™1) () L () are dense in LP(u). This fact allows us to obtain
that (7) implies

/C CHE)P v(2) du(z) < Clu,v) / PP () du(z).

By taking into account what we have just proved, we obtain v'# Zy, that
is, v € D, O
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Remark 4.5 In [GR] pp. 560-562, similar results are proved for classical
Calderon-Zygmund operators in R™. There, necessary and sufficient con-
ditions on the weights are obtained for the Riesz transforms. Those ideas
are not valid here for general measures. If we had that p(E;) > 0, for all
1 = 1,...,4, the proof of the previous theorem would be simper by follow-
ing that method. However, in general, we are not guaranteed to have this
property. That is the reason why we have used Lemmas 4.2 and 4.3.
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