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TOEPLITZ OPERATORS AND SKEW CARLESON MEASURES FOR
WEIGHTED BERGMAN SPACES ON STRONGLY PSEUDOCONVEX DOMAINS

MARCO ABATE}, SAMUELE MONGODI, AND JASMIN RAISSY*

ABSTRACT. In this paper we study mapping properties of Toeplitz-like operators on weighted Berg-
man spaces of bounded strongly pseudconvex domains in C™. In particular we prove that a Toeplitz
operator built using as kernel a weighted Bergman kernel of weight 8 and integrating against a
measure p maps continuously (when j is large enough) a weighted Bergman space ALY (D) into
a weighted Bergman space A%2 (D) if and only if p is a (X,v)-skew Carleson measure, where A\ =
1+ i — é and v = % B+ % — Z—j) This theorem generalizes results obtained by Pau and Zhao
on the unit ball, and extends and makes more precise results obtained by Abate, Raissy and Saracco

on a smaller class of Toeplitz operators on bounded strongly pseudoconvex domains.

1. INTRODUCTION

Carleson measures are a powerful tool and an interesting object to study, introduced by Carleson
[6] in his celebrated solution of the corona problem. Let A be a (usually) Banach space of holomorphic
functions on a domain D C C™; given p > 0, a finite positive Borel measure p on D is a Carleson
measure for A and p if there is a continuous inclusion A < LP(u), that is, if there exists a constant
C > 0 such that

VieA /lelpduéOllflli-

We shall also say that u is a vanishing Carleson measure for A and p if the inclusion A < LP(u) is
compact.

In this paper we are interested in Carleson measures for weighted Bergman spaces Ag(D), that
is spaces of holomorphic functions on a domain D € C™ which are p-integrable with respect to the
measure 6°v, where v is the Lebesgue measure, § is the Euclidean distance from the boundary of D
and 3 € R; we shall denote by A?(D) the (unweighted) Bergman space Af(D).

Carleson measures for (possibly weighted) Bergman spaces have been studied by several authors,
including Hastings [I3], Oleinik and Pavlov [26], Oleinik [25] and Luecking [24] for the unit disk A C C;
Cima and Wogen [8], Duren and Weir [I1], Zhu [31] and Kaptanoglu [I§] for the unit ball B™* C C";
Zhu [30] for bounded symmetric domains; Cima and Mercer [7], Abate and Saracco [3], Abate, Raissy
and Saracco [4], Hu, Lv and Zhu [16] and Abate and Raissy [5] for strongly pseudoconvex domains.

One of the reasons of the interest for Carleson measures is that they can be characterized in several
different ways, even without any reference to function spaces. A particularly important characteriza-
tion relies on the intrinsic Kobayashi geometry of the domain D € C". Given zg € D and r € (0,1),
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let Bp(z,r) denote the Kobayashi ball of D with center 2o and radius % log if: If v is a finite positive

Borel measure on D, for any r € (0,1) and § € R we can compare the p-measure and the Lebesgue
measure of the Kobayashi balls by using the functions

N M (BD (Za T))

firp(2) = —————5

V(BD (Zv T))

It turns out that the behavior of fi, 9 can be used to decide whether p is Carleson for a given weighted
Bergman space. Indeed we have the following statement:

Theorem 1.1 (Abate-Raissy-Saracco [4], Hu-Lv-Zhu [16]). Let D € C™ be a bounded strongly pseu-
doconvex smooth domain and p a finite positive Borel measure on D. Choose 0 < p, ¢ < 400 and
a > —1, and denote by 6: D — R the Euclidean distance from the boundary of D. Then:
(i) if p <gq, then p is a Carleson measure for AL(D) and q if and only if [an/ptsfo‘q/p € L>(D)
for some (and hence any) r € (0,1);
(ii) if p > q, then u is a Carleson measure for AR(D) and q if and only if i, 16~ °YP € L (D)
for some (and hence any) r € (0,1).

In view of this theorem it is natural to say that a measure p is a (A, a)-skew Carleson measure if
A>1and fi, 07 € L=(D), orif A < 1 and f1,,107%* € Lﬁ(D). When A =1 (i.e., p = ¢q) we shall
say that u is a a-Carleson measure.

Other characterizations can be given in terms of r-lattices and of the Berezin transform of the
measure 4 (see Section 2 of this paper for details); but here we are interested in a different kind of
characterization, an application of Carleson measures to mapping properties of Toeplitz operators.

Roughly speaking, a Toeplitz operator is the composition of a projection and a multiplication.
More precisely, if X is a Banach algebra, Y C X a Banach subspace, P: X — Y a linear projection
and f € X, then the Toeplitz operator Ty of symbol f is given by Tr(g) = P(fg).

In complex analysis, the most important projection is the Bergman projection B, which is the
orthogonal projection of the space L?(D) onto the (unweighted) Bergman space A%(D), where D € C"
is a bounded domain. The Bergman projection is an integral operator of the form

Bﬂ@:LK@MHMWWL

where K: D x D — C is the Bergman kernel of D. It turns out that the Bergman projection can be
extended to LP(D) for all p > 0 and maps LP(D) into AP(D). Cuckovi¢ and McNeal [9] suggested
to study the mapping properties of Toeplitz operators, associated to the Bergman projection, of the
form

Jbﬂw:AK@wHWWWme%

in particular they were interested in determining for which values of 8 € R the operator Tss would map
a Bergman space AP(D) into a Bergman space A?(D). In the paper [4] we realized that to properly
address Cuckovié and McNeal’s questions it is useful to consider the larger class of Toeplitz operators
associated to measures. If p is a finite positive Borel measure on D then the Toeplitz operator of
symbol p is given by

1,5 = [ Klzw)fw) dutu)
clearly, the Toeplitz operator Tss considered by Cuckovié¢ and McNeal is the Topelitz operator of

symbol the measure §°v. Toeplitz operators with a measure as symbol have been studied, for instance,
by Kaptanoglu [18] on the unit ball of C", by Li [21] and Li and Lueckling [22] in strongly pseudoconvex
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domains, and by Schuster and Varolin [29] in the setting of weighted Bargmann-Fock spaces on C";
they already noticed relationships between their mapping properties and Carleson properties of .

In [4] we performed a detailed study of how Carleson properties of p were related to mapping
properties of T},, proving results like the following:

Theorem 1.2 (Abate-Raissy-Saracco [4]). Let D € C™ be a bounded strongly pseudoconver smooth
domain, p a finite positive Borel measure on D and take 1 < p < q < +oo. Then the following
assertions are equivalent:

(i) Tu: AP(D) — AY(D) continuously;

(ii)) pisa (1 + 1—17 - %, O) -skew Carleson measure.

In proving this theorem we realized that the natural setting to study the mapping properties of
Toeplitz operators of this kind is given by weighted Bergman spaces, and we obtained several results
showing that if 7}, maps a weighted Bergman space into another weighted Bergman space then p is
(A, a)-skew Carleson for suitable A and «, and conversely that if 11 is (), a)-skew Carleson then T}, maps
a suitable weighted Bergman space into another suitable weighted Bergman space. Unfortunately, we
got only a few clean “if and only if” statements; moreover, we were mainly interested in mapping
spaces AP (D) in spaces A%(D) with ¢ > p, and we did not discuss the case p > q.

This paper is devoted to prove instead a neat and general “if and only if” statement, following ideas
introduced by Pau and Zhao [27] in the unit ball. To do so we proceed by further enlarging the class
of Toeplitz operators we are considering. Given 3 > —1, the orthogonal projection Pg: L(6%v) —
A% (D) is still represented by an integral operator of the form

Psf(z) = /D K,@(z,w)f(w)é(w)ﬁ dv(w) ,

where the weighted Bergman kernel Kg: D x D — C has properties similar to those of the usual
Bergman kernel (see Section 2). The Toeplitz operator Tl'f of symbol p and exponent [ is given by

125G) = [ Ko fw) dutw).
Then the main result of this paper is the following:

Theorem 1.3. Let D @ C" be a bounded strongly pseudoconver smooth domain. Let 0 < pi1, pa < +00
and —1 < aq, ag < +00. Suppose that f € R satisfies

1 1 i
n+1+ﬁ>nmax{1,—}+ﬂ
J pj
for j=1,2. Put

and, if X # 0, put

1 (651 (6%
v = X ([3 +— - —> .
P11 P2
Then, for any finite positive Borel measure u on D, the following statements are equivalent:

(i) TP: A2 (D) — AP (D) continuously;
(ii) the measure p is a (A, 7y)-skew Carleson measure.
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In particular, Theorem is now obtained as a consequence of Theorem by taking a; = as =
B=0and 1< p; <p2<+o0.

The paper is structured as follows. In Section 2 we collect a number of preliminary results, on the
Kobayashi geometry of strongly pseudoconvex domains, on the weighted Bergman kernels, and on the
known characterizations of skew Carleson measures. Section 3 is devoted to the proof of Theorem [L3]
while in Section 4 we prove a version of Theorem [[.3] for vanishing skew Carleson measures, showing
that (under the same hypotheses on the parameters) Tf AP (D) — AP2 (D) is compact if and only
if the measure p is a vanishing (A, y)-skew Carleson measure.

2. PRELIMINARY RESULTS

In this section we collect definitions and preliminary results that we shall use in the rest of the
paper.

From now on, D € C™ will be a bounded strongly pseudoconvex domain in C" with smooth C'*°
boundary. Furthermore, we shall use the following notations:

§: D — R will denote the Euclidean distance from the boundary of D, that is §(z) = d(z, dD);

e given two non-negative functions f, g: D — R* we shall write f < g to say that there is
C' > 0 such that f(z) < Cg(z) for all z € D (the constant C' is independent of z € D, but it
might depend on other parameters, such as r, 6, etc.);

e given two strictly positive functions f, g: D — R* we shall write f ~ g if f < g and g < f,
that is if there is C' > 0 such that C~1g(z) < f(z) < Cg(z) for all z € D;

e v will be the Lebesgue measure;

e O(D) will denote the space of holomorphic functions on D, endowed with the topology of
uniform convergence on compact subsets;

e given 0 < p < +oo, the Bergman space AP(D) is the (Banach if p > 1) space L?(D) N O(D),
endowed with the LP-norm:;

e more generally, if 4 is a positive finite Borel measure on D and 0 < p < 400 we shall denote

by LP(u) the set of complex-valued p-measurable functions f: D — C such that

[ llpw = [/D [F(2)IP du(Z)} " < 4005

e if & > —1 we shall write v, = §*v, we shall denote by AP (D) the weighted Bergman space
AP (D) = LP(6*v) N O(D) ,

and we shall write || - ||,,o instead of || - ||p,s0u;
e K: D x D — C will be the Bergman kernel of D, and for each zyp € D we shall denote by
k.,: D — C the normalized Bergman kernel defined by

z) = K(Zv ZO) _ K(Z7 ZO) ;
o = R TGl

e given r € (0,1) and 29 € D, we shall denote by Bp(zo,r) the Kobayashi ball of center zy and
radius 1 log $1£.

We refer to, e.g., [IL2LI7L19], for definitions, basic properties and applications to geometric function

theory of the Kobayashi distance; and to [14,[15,20,28] for definitions and basic properties of the

Bergman kernel.

Let us now recall a few results we shall need on the Kobayashi geometry of strongly pseudoconvex
domains.



TOEPLITZ OPERATORS AND SKEW CARLESON MEASURES FOR WEIGHTED BERGMAN SPACES 5

Lemma 2.1 ([3, Lemma 2.2]). Let D € C™ be a bounded strongly pseudoconvex domain. Then there
is C' > 0 such that

1—r
< <
- 0(z0) < 0(2) < T

for all r € (0,1), 29 € D and z € Bp(zp,r).

4(20)

Lemma 2.2. Let D @ C" be a bounded strongly pseudoconvex domain, § € R and r € (0,1). Then
vg(Bp(-,r)) 67
where the constant depends on r.

Proof. For 8 = 0 the result can be found in [2I, Corollary 7] and [3l Lemma 2.1]. If 5 # 0 Lemma 2]
yields

vg(Bp(z0,1)) = / ( )5(2)5 dv(z) =~ 5(z0)5V(BD(zo,T))
BD z0,T
and we are done. O

We shall also need the existence of suitable coverings by Kobayashi balls. Recall that for a bounded
domain D € C", given r > 0, a r-lattice in D is a sequence {ar} C D such that D = |J, Bp(a,r)
and there exists m > 0 such that any point in D belongs to at most m balls of the form Bp(ax, R),
where R = (1 + ).

The existence of r-lattices in bounded strongly pseudoconvex domains is ensured by the following
result:

Lemma 2.3 ([3 Lemma 2.5]). Let D € C™ be a bounded strongly pseudoconvex domain. Then for
every r € (0,1) there exists an r-lattice in D.

We shall use a submean estimate for nonnegative plurisubharmonic functions on Kobayashi balls:

Lemma 2.4 ([3, Corollaries 2.7 and 2.8]). Let D € C™ be a bounded strongly pseudoconvex domain.
Given 1 € (0,1), set R = $(1+7) € (0,1). Then there exists a constant K, > 0 depending on r such
that

K
Vzo € D x(20) < 7/ xdv
v(Bp(20:7)) JBp(20.r)

and

K
Vzo € D Vz€ Bp(2,r) x(2)< 7T/ A
V(BD(ZOaT)) BD(ZO)R)

for every nonnegative plurisubharmonic function x: D — RT.

Now we collect a few results on the weighted Bergman kernels. Given S > —1, the weighted
Bergman projection is the orthogonal projection Pg: L*(vg) — A3(D), where vg = §%v. Tt is known
(see, e.g., [12]), that there exists a function Kg: D x D — C such that

Paf(2) = [ Kolzvw)(w)d(w)dvlo)
for all f € L?(vg). Moreover, Kg(z,w) is holomorphic in z, we have Kz(w, z) = Kz(z,w) and

f(z)ZV/DKB(z,w)f(w)é(w)'Bdu(w)
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for all f € A%(D). The function Kg is called the weighted Bergman kernel of D. For a € D, the
normalized weighted Bergman kernel of D is

Kg(z,a) .
VEg(a,a)

When 8 = 0 we recover the usual Bergman kernel, and we shall write K, respectively k,, instead
of Ky, respectively ko q.

We shall need a few estimates on the behaviour of the weighted Bergman kernel. They are analogous
to the classical estimates for the Bergman kernel and follow from the results obtained by Englis [12]
on the asymptotic behaviour of the weighted Bergman kernel. The first one is the following.

kg.a(2) =

Lemma 2.5. Let D € C" be a bounded strongly pseudoconvexr domain and let B > —1. Then
1K 5, 20)ll2,6 = /K5 (20, 20) = 8(20)" "2 and kg zllop = 1
for all zo € D.

Proof. The first equality, and hence the result for kg, , is well-known, as well as the whole statement
for B =0 (see, e.g., [14]).

If 8 # 0, then thanks to the results in [12], the weighted Bergman kernel is smooth outside the
boundary diagonal; so, in particular, if zo € D" € D the norm || K3(-, 20)||p,s is bounded by a constant
depending only on D’, p and .

Therefore, we only have to estimate the boundary behaviour. Let ¢ € 9D and let U be a neigh-
bourhood of ¢ with coordinates (2, z,) = (21, ..., 2,) centered in ¢ such that

DNU={(,2,) €U : Re(zn) > ¥(2')}

where —1) is strongly plurisubharmonic with Vi # 0. Set r(z) = Re(z,) — ¥(2’). We consider an
almost-sesquianalitic extension of r(z) on U x U, i.e., a function, which we denote again by r, such
that:

o r(zw) = 1w, 2),

e the first derivatives of r with respect to z and w vanish at infinite order along z = w,

e 1r(z,2) =1r(2).
It easily follows from these properties that

0 0
a—ZjT(O) = 8_,ij(O’O) )

and similarly for the other derivatives. Therefore we have

n—1
[2r(2,w) = r(2) = r(w)| = 1]z — wa| + Y Alz5 — wi|* + O]z = w]]?).
j=1

Moreover |2r(z, w)—r(z)—r(w)| is positive outside z = w, and so ¢; > 0. Therefore in a neighbourhood
of (O, O) we have that

[z w)| & | r(2) + r(w) + 20— wal + Y |25 — wyl®
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The results in [I2] imply that Ks(z,w) is asymptotic to ¢(z, w)r(z,w) ™"~ for a suitable function
¢ € C*®(D x D). Therefore on U we have

1 —n—1-08
ne
[Kp(z,w)| & | r(2) +r(w) + |20 — wa| + Y |25 — wy]?
j=1
Thus, following the same proof as in the classical case, we obtain the assertion. O

A similar estimate, but with uniform constants on Kobayashi balls, is the following.

Lemma 2.6. Let D € C" be a bounded strongly pseudoconver domain and let f > —1. Then for
every r € (0,1) there exist ¢, > 0 and 6, > 0 such that if zo € D satisfies 6(zp) < 6, then

C

3(z0) TP < [Kp(2,20)| = -

T(S(ZO)nJrlJrﬁ

and
c 1

— T <|ks. 2 -
8(zp)nt1H8 = kg2 (2)| < cr6(zo) 148
for all z € Bp(zp,7).

Proof. It f = 0 then this is proven in [2I, Theorem 12] and [3l Lemma 3.2 and Corollary 3.3]. If
B # 0, then thanks to the results in [12], we have that

—(n+1+p)

n—1
(1) Kp(z,20) = (2, 20) | 7(2) + 7(20) + |20 — 20ml + D 125 — 20,41

j=1
in suitable local coordinates around a point of the boundary diagonal, i.e., if d(zo,dD), d(z,0D) and
||z — zo|| are small enough. By the completeness of the Kobayashi metric, there exists d, > 0 such

that every z € Bp(zg,r) satisfies such condition if §(zp) < d,. The assertion then follows by arguing
as in |21} Theorem 12] or as in [3} Lemma 3.2 and Corollary 3.3]. O

Remark 2.1. Note that in the previous lemma the estimates from above hold even when §(z9) > 6,
possibly with a different constant ¢,. Indeed, when 6(zg) > 6, and z € Bp(z9,r) by Lemma R.1] there
is 6, > 0 such that §(z) > 4,; as a consequence we can find M, > 0 such that |Kz(z,20)| < M, as
soon as d(zg) > d, and z € Bp(zo,r), and the assertion follows from the fact that D is a bounded
domain.

A very useful integral estimate generalizing the analogous ones for the unweighted Bergman kernel
(see [21] Corollary 11, Theorem 13] and [4, Theorem 2.7]) is the following:

Theorem 2.7. Let D € C™ be a bounded strongly pseudoconvex domain, zo € D and o, § > —1.
Then for 0 <p < 4+oo anda— B < (n+p+1)(p—1) we have

/D K 5(¢. 20)P8(0)*dv(C) < 8(z0)0—F—(rHB+D (=1
In particular,
1K (-, 20)llpaa = 6(z0) 7~ 1HE)

Proof. If 8 = 0 then this is proven in [2I, Corollary 11, Theorem 13| and [4, Theorem 2.7]. If 8 # 0,
then it suffices to use (Il) and follow the same proof as in the unweighted case. O
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Finally, the normalized Bergman kernel can be used to build functions belonging to suitable
weighted Bergman spaces:

Lemma 2.8. Let D € C" be a bounded strongly pseudoconvex domain, and f > —1. Given 0 < p <
+oo and —1 <a<min{(n+ B8+ 1)p—np—1,(n+ 8+ 1)p—n—1}, set
n+1+p nt+lto
2 P '
For each a € D set fo = §(a)"kg,o. Let {ar} be an r-lattice and ¢ = {cy} € P, and put

f = chfak .
k=0

Then f € AZ(D) with |[fl[p.a = llcllp-

Proof. If 8 = 0 then this is a consequence of [16, Lemma 2.6]. If 5 # 0, then it suffices to use the
estimates given by Theorem 27 and follow the same proof as in the unweighted case. O

We also need to recall a few definitions and results about Carleson measures.

Definition 2.9. Let 0 < p, ¢ < +o00 and o > —1. A (p,q; «)-skew Carleson measure is a finite
positive Borel measure p such that

[ 1@ du) 1113
D

for all f € A2 (D). In other words, p is (p, g; «)-skew Carleson if AP (D) < L%(u) continuously. In this
case we shall denote by || ]|p,q:o the operator norm of the inclusion AP (D) < L%(u). Furthermore, a
(p, q; a)-skew Carleson measure is vanishing if

i [ 1) o

for any bounded sequence {f;};en C AP (D) converging to 0 uniformly on any compact subset of D.
For p > 1, p is a vanishing (p, ¢; «)-skew Carleson if and only if A2 (D) < L7(u) compactly (see, e.g.,
[4 Lemma 4.5]).

Remark 2.2. When p = ¢ we recover the usual (non-skew) notion of Carleson measure for A2 (D).

Definition 2.10. Let § € R, and let u be a finite positive Borel measure on D. Given r € (0, 1), let
fire: D — R be defined by
N - ,U(BD (ZaT))
firp(2) = ———5 ;
v(Bp(z,1))

we shall write fi, for fi, 1.
We say that p is a geometric 0-Carleson measure if fi, 9 € L>(D) for all » € (0,1), that is if for
every r > 0 we have

#(Bp(2,1)) < v(Bo(z 1)’

for all z € D, where the constant depends only on r.
Furthermore, we shall say that u is a geometric vanishing 6-Carleson measure if

g o) =0

for all » € (0,1).
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Notice that Lemma yields
(2) firg ~ 6~ (DO g,

In [4] we proved (among other things) that, if p > 1, a measure u is (p, p; @)-skew Carleson if and

only if it is geometric f-Carleson, where 6 = 1 + -45. Hu, Lv and Zhu in [I6] have given a similar

geometric characterization of (p, ¢; a)-skew Carleson measures for all values of p and ¢; to recall their
results we need another definition.

Definition 2.11. Let p be a finite positive Borel measure on D, and s > 0. The Berezin transform
of level s of p is the function BSu: D — Rt U {+oo} given by

- / ke (1) dpa(a0)
D

The geometric characterization of (p, ¢; a)-skew Carleson measures is different according to whether
p < qorp>q. We first recall the characterization for the case p < q.

Theorem 2.12 ([16, Theorem 3.1], [5, Theorem 2.15]). Let D € C" be a bounded strongly pseudo-
convex domain. Let 0 < p < g < 400 and o > —1; set 0 =1+ 2. Then the following assertions
are equivalent:

(i) u is a (p,q; a)-skew Carleson measure;
(ii) w is a geometric %H—Carleson measure;

)
(ili) there exists ro € (0,1) such that firg, 20 € L>(D);
(iv) for some (and hence any) r € (0,1) we have ﬂh%(ra% € L>(D);
(v) for some (and hence any) r € (0,1) and some (and hence any) r-lattice {ay} in D we have
19
Vk e N ,u(BD(ak,r)) jV(BD(ak,r))P :

(vi) for some (and hence all) s > 01 we have

By < s+1(04-3)

)

Moreover we have
(3) lillp.giar = e, 2lloo = i, 267" oo = |6+ G =05) B2yl
P P

The geometric characterization of (p,q; «)-skew Carleson measures when p > ¢ has a slightly
different flavor.

Theorem 2.13 ([I6] Theorem 3.3|, [5, Theorem 2.16]). Let D € (C" be a bounded strongly pseudo-
conver domain. Let 0 < ¢ < p < 400 and o > —1; put 0 =1+ n+
are equivalent:

—=5- Then the following assertions

(i) u is a (p,q; a)-skew Carleson measure;
(ii u is a vamshmg (p, q, @)-skew Carleson measure;

)
(iii) f.6~%% € L7 (D) for some (and hence any) r € (0,1);
(iv) for some (and hence any) r € (0,1) and for some (and hence any) r-lattice {a} in D we have

{firpz(ar)} € 6773
(v) for some (and hence all) s > 0% + 1 (1 - —) we have

67(n+1)(9g—;+%)35u c Lﬁ(D) :
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Moreover we have

N —al _ 1)(0L—s4P=9
(4) lillpgsar & 1fard ™% [ 2 i on (@) 2 & 6~ FDCE=5+50 B0

We also have a geometric characterization of vanishing (p, ¢; a)-skew Carleson measures when p < ¢:

Theorem 2.14 ([I6l Theorem 3.1], [4, Theorem 4.10]). Let D @ C™ be a bounded strongly pseudo-
conver domain. Let 0 < p < ¢ < +o0o and o > —1; set 0 =1+ nL_H Then the following assertions
are equivalent:

(i) p is a vanishing (p, q; «)-skew Carleson measure;
(ii) p s a geometric vanishing 16-Carleson measure;
(iii) there exists ro € (0,1) such that lim fi, 14(2) = 0;
z—0D P
(iv) for some (and hence any) r € (0,1) we have ZE%lD ﬂT% (z)5(z)_o‘% =0;
)

(v) for some (and hence any) r € (0,1) and some (and hence any) r-lattice {ay} in D we have

DS

i firg, 20(ar) = i fir, 2 (ax)d(ar)""» =0

(vi) for some (and hence all) s > 61 we have

. (n+1)(§—03) s _
zgrgDé(z) 2" Bu(z) =0.

A consequence of these theorems is that the property of being (p, ¢; a)-skew Carleson actually
depends only on the quotient ¢/p and on a. We shall then introduce the following definition:

Definition 2.15. Take A\, « € R. A finite positive Borel measure p on D is a (A, «)-skew Carleson
measure if
— A>1and fi, x6 ** € L>=(D) for some (and hence any) r € (0,1), and we shall put ||u|[x.o =
8= locsor,
~ A< 1land 1,07 € LT=x(D) for some (and hence any) r € (0, 1), and we shall put ||z|[x o =
noS—aA
176~ | -
Notice that by [16l Lemma 2.3] different r’s yield equivalent norms.
Furthermore we say that p is vanishing (A, a)-skew Carleson measure if
- A>1and li%lD fir A (2)0(2) 7% = 0 for some (and hence any) r € (0,1); or,
z—
— A< 1land pisa (A «)-skew Carleson measure.

So a measure is (vanishing) (p, ¢; a)-skew Carleson if and only if it is (vanishing) (¢/p, a)-skew Car-
leson. Notice that the definition of (0, «)-skew Carleson does not depend on «.

This definition has the following easy (but useful) consequence.

Lemma 2.16 ([5 Lemma 2.18]). Let D @ C™ be a bounded strongly pseudoconver domain, A > 0
and o > —1. Let p be a (A a)-skew Carleson measure, and 3 > —Aa +1). Then pg = 6°u is a
(A, o+ é)—skew Carleson measure with ||pgl| atl F el ne-

We end this section by recalling the main result in [5], which gives a characterisation of (\,~)-
skew Carleson measures on bounded strongly pseudoconvex domain through products of functions in
weighted Bergman spaces.
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Theorem 2.17 ([5l Theorem 1.1]). Let D € C" be a bounded strongly pseudoconvex domain, and
let 1 be a positive finite Borel measure on D. Fix an integer k > 1, and let 0 < p;,q; < +oo and
—1 < aj < 400 be given for j=1,... k. Set

k k
4 I g
A= = and v == — .
;Pa‘ )\; pj

Then p is a (N, v)-skew Carleson measure if and only if there exists C > 0 such that

) / Hu; I di(: <CHHfJ

for any f; € A% (D).
3. TOEPLITS OPERATORS AND SKEW CARLESON MEASURES ON WEIGHTED BERGMAN SPACES

This section is devoted to the proof of our main Theorem We shall need the following prelim-
inary result:

Lemma 3.1. Let D € C" be a bounded strongly pseudoconvex domain. Let 1 < p < 400, —1 <

a, o < 400 and put

Oél

o)
ﬁ =—+ AR
p p
where p’ the conjugate exponent of p. Then the functional
(f:9)s = / f(2)g(z)dvs(2)
is a duality pairing between AP (D) and Ap,(D), where vg = 6°v.

Proof. The continuous dual of A?(D) is A” , with the usual pairing

/f h(Z)dva(2)

(Fa)s = [ FEaEIs ) = [ PRI ) = (F.05")

is a duality pairing between AL (D) and A’;,( ) as soon as h = g%~ € AP (D), i.e., as soon as
[ 198 () < +oc
D

which is true because the choice of 8 yields (8 — a)p’ + a = . O

Therefore

Now we can prove Theorem

Theorem 3.2. Let D € C" be a bounded strongly pseudoconvex domain. Let 0 < py1, p2 < 400 and

—1 < a1, ag < +00. Suppose that B € R satisfies
1 1 j
(6) n+1+ﬁ>nmax{1,—}+ﬂ
J pj
for j=1,2. Put
1 1
A=1+———
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and, if X # 0, put

Then for any positive Borel measure p on D the following statements are equivalent:
(1) Tf: AP (D) — AP2 (D) continuously;
(ii) pis a (A, y)-skew Carleson measure.
Moreover, one has
IT7 Az (D)= a2y = llsliny -

Proof. The proof is divided into several cases.

(i)=-(ii) We consider two cases: A > 1 and A < 1.

Case 1. Assume A > 1. Let a € D and consider f, = Kg(-,a). By (@) with j = 1, we get
(n+ 1+ B)p1 > n+ 1+ ai, which is equivalent to oy — 8 < (n+ 8+ 1)(p1 — 1), so, by Theorem 2.7}
for a € D we have that

(7) (s a)llp: o, =< 0(a)™FHFor -ttt

in particular, f, € AP (D). We can then apply the Toeplitz operator to f, and consider the value of
the resulting function for z = a:

TBfa /K,@awfa( Ydp(w /|K3aw|du()
(8)

u(Bp(a.r))
zLMwy@wwnw<>;Tfﬁﬂﬁ

as soon as a is close enough to D, where, in the last inequality, we used Lemma 2.6l
Moreover, by Lemma [Z4]

1/p2
W [/B ( )|Tffa(4)|p2dV(O]
vi\bpla,r pla,r
(9) . 5(a)=02/p2

1/172
— T5 f.(Q)P26(¢)*2dv
_Wwa”W4AWﬂuf@|@> @]

< 8(a)” DN Ty ag < N T7N16(a) " HFORP2 follpy s

where we used Lemma [2.2] and Lemma [2.1]
Combining (@), [®) and @) we conclude that

w(Bp(a,r)) < ||T£||6(a)(n+1+3)+(n+1+a1)/171 (ntl+az)/p2 — ||TB||5( ) (1A

TP fula) = [|T ful@)P] /7> <

(10) (n4147)A/ (n+1)
~ ||T£||V(BD((Z, r)) K .

This means that p is a geometric A ( 1+ ) Carleson measure, which, by Theorem2.12] is equivalent
to p being a (A, y)-skew Carleson measure. Moreover,
lellaqy = ITEN -

Case 2. Assume A\ < 1, that is po < p;. In this case, we can adapt the proof of [5 Proposition 3.4]
and we report here the complete proof for the sake of completeness.
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Let {ax} be an r-lattice in D, and {r;} a sequence of Rademacher functions (see [I0, Appendix
A]). Set
n+1+8 n+l+a
2 P1
and, for every a € D, put f, = 0(a)"kg,q. Then Lemma [Z8 implies that

oo

fe =" cxri(t) fa,

k=0
belongs to APL (D) for all ¢ = {ci} € 71, and || fillp, .0y = llCllp,-
Since, by assumption, Tf is bounded from AL} to AL2 we have
> erri(OTf fa, (2)

T2 = |
k=0

< NP5 0 = N NP2 2

p1,1 —

3

P2

dva, (2)

o0

Integrating both sides on [0, 1] with respect to ¢ and using Khinchine’s inequality (see, e.g., [24]) we
obtain

0 p2/2
/D (Z ICkIQITffak(Z)F) dvay (2) TP cllb -
k=0

Set By = Bp(ag,r). We consider two cases: pa > 2 and 0 < pa < 2.
If p; > 2, using the fact that ||al|,,/» < ||lal|; for every a € £* we get

Slal [ ()
k=0 Bk

[e'e] P2/2
</ <Z|ck|2|T,ffak<z>|2ka<z>> v (2)

k=0

(%) P2/2
< /D (;wwffak(z)ﬁ) s (2)

If instead 0 < p2 < 2, using Holder’s inequality, we obtain

S Jexl / T8 fa (2P ey (2)
k=0 By

P2

2

< OOC2Tffak22>T(OO kz> dyazz

/D(;Ouu @) kzzoxBu (2)
o p2/2

j‘/D (Z|Ck|2|T5fak(2)|2> dyaz(z)7

k=0
where we used the fact that each z € D belongs to no more than m of the By.
Summing up, for any ps > 0 we have

Sl [T fu P dvey(2) 2 ITE el
k=0 Br
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Now Lemmas [Z2) 2T and 224 yield
T fay (ar)[P? < 8(ar)~(F1+02) /B T2 fa, (2)P2 dva, (2)
k

and so we have

o0
D lenlP26(aR)" 02T fo, (ar) P2 =T P2 ellB?
k=0

On the other hand, using Lemmas and [2.6] we obtain

T8, (k) = 8(ar)" /D K gk, )k o () dp(w)

r §(ay) / K g (as ) dya(u)
D
> §(ag) A / K s (as ) dja(uw)
BD(G,;C r)
Eé(ak)nﬂm "*11“"1 #(BD(ak, )) . (BD(C% ))

n n+lta °
5(ak)2( +148) 5(ak)n+1+3+71

Putting all together we get

[es} P2
P2 'M(BD(ak’T)) TB P2
Z|Ck| W =TI lell:

k=0
since 14 14
n o n «
nt1+ 8+ L - 2= (nt 1+,
1 P2
Now, set d = {dj}, where
u(Bp(ak,r))
dy = ———F——55 -
5(ak)(n+l+’y))\

Then by duality we get {d}’} € ¢p1/(P1=P2) with ||{d£2}||pl/(p1_p2) =< ||Tf||p2, because p1/(p1 — p2) is
the conjugate exponent of p; /ps > 1. This means that d € ¢P1P2/(P1=p2) — ¢1/(1=3) with

] < (1771l
and the assertion then follows from Theorem T3] (notice that the proof in [16] that {/, xe(ar)} € ¢ T
implies 1,6~ € Llflk( D), where 6 = 1+ 15, holds also for A < 0).

(ii)=(i) We consider three cases: po > 1, po =1 and 0 < ps < 1.
Case 1. If p; > 1, let p5 > 1 be the conjugate exponent of py, and choose o, € R so that

ay ol
(11) B=—+-2.
Y% D2

An easy computation shows that o), = as + (5 — a2)pj, and then of > —1 follows from (@) for j = 2.
Take f € AR (D) and h € Ap% (D). Then

@) = [ R [ Kl fwidntuwddvs (2

(12)
= [ [ Kstw hie)avs() fw)dutw) = [ Bl wlduto)
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Therefore, as p is (), v)-skew Carleson, by Theorem [ZT7] we have
(TE )] = il 1 F s 1Bl

because, by our hypotheses,

1 1 1 :
A=—+— and ”y——(ﬂ—ka—?).
P1 D A\ P P2

As this holds for every h € Aiz (D), that is, by Lemma[B3.T] for every continuous functional on A%? (D),
we conclude that

1T Fllpzsoz = NElrqllfllpen s
that is 7)) is bounded from A2! (D ) to A%2 (D) and || TP < [|lx -

Case 2. If py = 1, that is A = —-, condition (@) for j = 2 implies 8 — az > 0. Take f € AP} (D).
Then

T s < [ [ 1wl )ldn(uddn, 2

= [ 10 [ st w)lse) s ) dit) = [ 13 Pdu)
by Theorem 2.7
1
Now, as j is (), )-skew Carleson, Lemma [Z.16] implies that 628y is (—,a1>—skew Carleson,
b1

with [|6%278 4l /p, a0 = [|pll5,y- Theorems 212 and 213 then implies that 6*2 P p is (p1, 1; a1 )-skew
Carleson, and so we obtain

IT0 Fllts = ety f lpran s
as desired.

Case 3. If 0 < py < 1, thanks to Lemma 23 we can find a r-lattice {ax} and m € N such that for
every z € D there exist at most m values of k such that z € Bp(ax, R), where R = (1 4+ r). Put
Bk = BD(ak,r) and Bk = BD(ak,R).

By Lemmas 2.2] 2.1] and 2.4] for w € By, we have

)P = = [ 11O, (O

and

o)l = s [ 1t Oy ().

Therefore, integrating on By, we get

[ 1Kt )l )l duntw)

By,
<) ( /B FOP oy (©)) o ( /B Kol O ©)) o

Since py < 1, summing over k we get

B 2 Bk P2 1 % 2
107 < Z et Uy, O ) [ 1ot
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Integrating in z over D with respect to v,, we obtain

P2

(13) 1T Fl2z o < 25 st ([ 1fOP @)

thanks to Lemma 22 Lemma 2] and Theorem 27 that we can apply because of (@) for j = 2.
Now, if A > 1 we have that
p (Br) = [|pella 8 (ar) A
and so ([[3)) yields

IZE 2 . < Z(/ |P1dua1<<>> <l 22

On the other hand, if A < 1 (that is p1/ps > 1), by Holder inequality we have

P2

(B )P? . P1
Z 5 ak (n+1+'y Apa <~/§k |f(<)|p dyozl (C))
o /L(B ) pzi17P§2

k=1

Pl

) (Z [ 1o, <<>>Zf.

Now, the proof of the implication (b)=(c) in [16, Lemma 2.5] applied with s = —y\ and p =

p1p2/(p1 — p2) yields
M(Bk) } P1pP2
__ € (ri-p2
{5(%)(”“”)A k>1

and
{5t | ~ il
5(ak)(n+1+v)>\ k>1 Zp;;1f'32 7
So
||Tﬂf||p2 2 -< ||/’l’|| Hprl a1 ?
and we are done in this case too. O

4. CoMPACT TOEPLITZ OPERATORS AND VANISHING SKEW CARLESON MEASURES

In this section we shall prove a version of Theorem [3.2] concerning compact Toeplitz operators and
vanishing skew-Carleson measures. The only interesting case is A > 1, because for A < 1 (that is
p2 < p1) all (A, 7)-skew Carleson measures are vanishing (Theorem [ZT3]) and all continuous operators
from AP! (D) to A2 (D) are compact (see, e.g., [23, Proposition 2.c.3]).

To deal with the case A > 1 we shall need the following version of Theorem .17, whose proof is
analogous to the proof of 27, Theorem 4.1]:

Theorem 4.1. Let D € C" be a bounded strongly pseudoconvex domain, and let p be a positive finite
Borel measure on D. Fiz an integer k > 1, and let 0 < p;, ¢; < +00 and —1 < o;j < 400 be given for

j=1,...,k. Set
k q 1 k aq
A= 2 and v == I3
;pj )\j; Pj

Assume that X > 1. Then the following statements are equivalent:
(i) p is a vanishing (X, 7y)-skew Carleson measure.
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(ii) For any sequence { f1.¢}¢ in the unit ball of AL (D) converging to 0 uniformly on compact sets
in D we have

lim F(¢) =0,

{— 00

where

k
F(l) = sup /D e TT 1 duz) | 1 fillpgar <15 =2,k
j=2

(iii) For any k sequences {fi¢},...,{fre} in the unit balls of A%} (D),..., Abk (D), respectively,
which are all convergent to 0 uniformly on compact sets in D, we have

lim / Fre(2)[® - | foe()| % du(z) = 0.
D

l— 00

Proof. Assume (i) is satisfied, that is p is a vanishing (), v)-skew Carleson measure. Let {f1 ¢}een be
a sequence in the unit ball of AB! (D) which converges to 0 uniformly on compact subsets of D, and
for j = 2,...,k let f; be an arbitrary function in the unit ball of AZJ; (D). Given r > 0, let us set
D, ={z€ D|(z) <r}. Then p, = p|p, is a (A, 7)-skew Carleson measure, and

lim ||l = 0

because p is vanishing. Fix € > 0. Then if » > 0 is small enough Theorem [Z17] yields

(14) |fre(2)[ P f2(2)|% - - [ fr(2)| ™ dpu(z) = /Ifl,e(Z)lqllfz(Z)W' ()" dpr(2) 2 e
D, D

On the other hand, thanks to the uniform convergence of f; , to 0 on compact subsets of D, we can
find M € N such that for any ¢ > M we have |f1 ()| < ¢ for all z € D\ D,. Therefore applying
again Theorem [2ZT7] we have

|f1e(2)[ ] f2(2)|% - | fr(2) [ du(z) < e | | fa(2)|% -+ | fu(2)] ™ dpu(z)
(15) D\D, D

=2 WP IR - |l duz) <<
D
These last two estimates together imply (ii).

It is evident that (ii) implies (iii). To prove that (iii) implies (i) we follow the same construction
as in the proof of Theorem 217 Choose o1, ...,0, € N* such that

oy
o > 1,1 J
P;o; max{ +n—|—1}

forall j=1,...,k, and

k
D aj05> M,
j=1
and set
(n+1)o; n+l+oy
2 pi

’I”j:

For any a € D and j =1, ..., k, consider

fia(2) =0(a)7ka(2)77 .
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Then, since a; < (n + 1)(pjo; — 1) by the choice of o; we know (Theorem [ZT) that || fjallp,.a; =1
for all 7 =1,...,k; moreover it is easy to see that

T [ja() =0

uniformly on any compact subset of D. Therefore (iii) yields

a—0D

k
(16) i | LT 1gsel2)" ) <.
Now, we have
k
/D g Fa(2)| du(z) = /D o ()55 %9 6(a) 55 97 dpz),

and

k k k
d g =(n+1)) [%—93‘1)—]}2 5 > gjo5 — (n+ 1My
i=1 /

Jj=1 Jj=1

Therefore, setting s = >, 0;¢; > Ay, ([6) becomes
lim_§(a)"+D(572) / Ika(2)[* dpa(z) = lim (@)™ (EX) B2 pu(a) = 0,
a—0D D a—0D

where B®p is the Berezin transform of level s of p, and so p is a vanishing (A,~y)-skew Carleson
measure thanks to Theorem 2.14] O

We can now prove the following result:

Theorem 4.2. Let D € C" be a bounded strongly pseudoconvex domain. Let 0 < p; < pa < +00 and
—1 < a1, as < +00. Suppose that B € R satisfies

1 1 ;
(17) n+1+ﬂ>nmax{1,—}+ﬂ
Dj Dj
for j=1,2. Put
1 1
A=14+———
pr D2

and
1 a1 (6%}
Y= X (ﬂ + — - —> .
b1 P2
Then for any positive Borel measure p on D the following statements are equivalent:
(i) Tf: AP (D) — AP2 (D) compactly;
(il) p s a vanishing (\,7)-skew Carleson measure.

Proof. Assume that (i) holds. Since Tf is compact, it maps every bounded sequence in A%} (D)
converging uniformly to 0 on compact subsets of D to a sequence strongly converging to 0 in A?2 (D).
We consider a sequence {a;} € D such that i lim d(ax) = 0 and we set
—+o00

fe(z) = 6(ak)("“+5)’(”“+°‘1)/p1Kﬁ(z, ax) -
Thanks to Theorem 2.7, we have that
1 fellph o, =1

pP1,1 —
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Moreover, for any L € D there exists a constant C; > 0 such that | K| is bounded from above by C
on L x D. Therefore for every z € L we have that

|fu(2)| < C18(ag) HiHA— (e /m
and so, since since our hypotheses give us that (n+ 1+ 8) — (n+ 1+ aq)/p1 > 0, we get

Jim sup|fi() < lm Cyay)t I/ < 0.
o zeL k—+o00

Hence the compactness of Tf implies
(18) kll)r_f_loo ”T;ffk”Pz,Otz =0.

Now, the same computations as in the proof of the implication (i)==(ii) of Theorem B2 yield

w(Bp(ay,r)) ;
3 (ay )+ LB+ (n+ 1an) /ot 2T fr(ar)

and
T filar) < 8(ay) RPN TIf ], 0
Therefore (B )
w(Bp(ag,r 3
3(ap) (X 2T frllpe,as
which, together with (I8) and Theorem R4 implies that p is a vanishing (A,~y)-skew Carleson
measure.

Conversely, assume that pu is a vanishing (), v)-skew Carleson measure with A > 1, and let {gx }ren
be a bounded sequence in A%! (D) converging uniformly to 0 on compact subsets of D. We want
to prove that the bounded sequence {T;f grtren C AP2(D) converges strongly to 0 in AR2 (D). We
consider two cases: po > 1 and 0 < po < 1.

If po > 1 then, as in the proof of Theorem B.2] thanks to Lemma Bl denoting by p) the conjugate
exponent of py and o, the number defined in ([I), using ([2)we have

T2l swp (0 Tio)al < swp [ i llon(ldutc)
/2S1 |h]l 2 o2 <1JD

1Bllpy 0
and Theorem ET] yields that the last integral converges to 0 as k tends to +oc.
If 0 < po < 1, for any r-lattice {a;} we consider the associated balls {B; = Bp(aj,r)} and
{B; = Bp(aj,R)}, where R = (1+r)/2, as usual. Using (I3) we obtain that

o0

p2/p1
(19) T k2 o, = Z W (/§ |9k ()P dvar, (C)) :

Let € > 0. Since p is a Vanishlng (A, v)-skew Carleson measure by Theorem 2.14] there exists jo > 0
such that
1(B;)
3(a;) T

for all j > jo. Choose & > 0 such that B; C L = {z € D | §(z) > 6o} € D for all j < jo. We can
then split the sum in the right-hand-side of (I9) into two parts. For the first part we have

<e

P2

o =1 2
w(B Vo (B )m
Zm (/E 9k (O dva, (C)) = (SlLlp ngl’”) Z (n+1ir’y)>\p2
J
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and clearly the right-hand-side converges to 0 as k tends to +oc.
On the other hand we have

— /J'(Bj)pz 1 B 2 = 1 "
jz§lw—lﬂm /B 9k (P dva, (O) ) <& j:jz(,il /B |95 (O) P dvia, (€)

2 e |lgrllps 0, 2™

because the sequence {gx} is norm-bounded. Therefore klirf ||Tf 9k|lps,as = 0, and this concludes
—+00
the proof. O

(1]
2]
(3]

(4]
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