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We introduce some operators on the Bergman space 4> on the
unit ball that generalize the classical (big) Hankel operator. For
such operators we prove boundedness, compactness, and Schatten-
ideal property criteria. These extend known results. These new oper-
ators are defined in terms of a symbol. We prove in particular that for
2 < p < o0, these operators belong to the Schatten ideal S, if and
only if the symbol f is in the Besov space B, . We also give several
different characterizations of the norm on the Besov spaces B,. In
particular we prove that the Besov spaces are the mean oscillation
spaces in the Bergman metric, for 1 < p < 0.

Consider the unit ball B in C” and the Bergman space A42%(B)
of the holomorphic functions that are square integrable with respect
to the (normalized) Lebesgue measure dm. The space 42 admits
a reproducing kernel .7 (z, w), the well-known Bergman kernel. Let
P denote the orthogonal projection of L2(dm) onto 4%. The Hankel
operator on 4% with symbol f, Hy, is defined by

Hyg(z) = (I - #)(F2)(2)
= /B 72— @)% (2, w)g(w) dm(w).

In recent times, the Hankel operator H first appeared in the context
of Hardy spaces on the unit circle. It has been extensively studied
by now, even on the Bergman spaces on the disc and on the ball.
Important papers in this context are [1], {3] for the case n = 1, and
[2], {71, [19], and [21] and [23] for the case n > 1. It is known that
Hy is bounded if and only if f is in the Bloch space (see §2) and it
is compact if and only if f is in the little Bloch space. These results
are due to Axler for the case of the unit disc, and to Arazy, Fisher,
Janson, and Peetre, and independently to Zhu, for the case of the ball.
The Schatten ideal properties of H, have been studied too. Arazy,
Fisher, and Peetre for n = 1, [3], and independently four (groups of)
authors ([2], [7], [19] and [21]) have proved that for c(n) < p < oo,
the Hankel operator Hy is in the Schatten von Neumann class S,
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(see 2.5) if and only if f is in the Besov space B, (see (4)). Here
c(n) is a value depending on the (complex) dimension # of the unit
ball and it has been called “cut-off” in the literature. The cut-off ¢(n)
equals 1 for n =1 and 2n for n>1.1If 0 <p <c¢(n) and Hy isin
the Schatten class S, , then Hy =0 and f is constant.

An essential tool in proving the above-mentioned results is a char-
acterization of the norm in the Besov spaces. Namely for p > c(n)
(in particular, for » > 1 if p > 2n) we have that the following are
equivalent:

(i) f€Bp;

(i) Jp f51f(2) = f)P|\Z (z, w)]* dm(z) dm(w) < co.
Moreover, the Besov spaces can be described in geometrical terms,
that is, in terms of oscillations over balls in the Bergman metric. Let
p > 0 be fixed, and for { € B, let E; be the ball in the Bergman
metric with center { and radius p. For g locally integrable, define
the mean of g over E; as

1
() 86, = 5 L #dm.
¢

Here |E;| denote the normalized Lebesgue measure of the ball E;.
Define the mean oscillation of g at { to be

@ MO, g(8) = 5 [ lg - gz ldm.

Then the following are equivalent for p > 2n (see [22] for the case
n=1)
(i) f€By;

(i) MO, fe LP(dA).

It is also easy to see that if (ii) above holds and 0 < p < 2n then f
has to be constant.

In this paper we investigate these phenomena, trying to explain what
“happens” below the cut-off. We replace the expression f(z) — f(w)
by f(w) =34« 0%/ (2)/(a!)(w — z)* in all the different situations
in which the former appears. The latter expression has a higher order
of zero at w = z, that is, along the diagonal of B x B. We introduce
in this way what we call generalized Hankel operators of order j and

with symbol f. We denote them by H,.; and H}: B explicitly:

, o
82 [ (f(w) -y 2B, z)ﬂ) T dmw);

la]<j
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and

a
Hy8)=[ - 1@)- ¥ EL - wpe | E o dmw).
laf<j

These operators coincide with the classical one when the order j is 1.
For these operators we prove boundedness and compactness criteria.
In these cases the results are the same as in the classical case: the
generalized Hankel operators are bounded if and only if the symbol
is in the Bloch space, and they are compact if and only if the symbol
is in the little Bloch space. For the range 2 < p < oo, we prove that
these new operators belong to S, if and only if b € B, when p isin
the range 2n/j < p < co. That is, we are able to lower the cut-off 2n
by increasing the order of zero on the diagonal in the expression given
by the symbol. In this process, we characterize the norm on the Besov
spaces in terms of double integrals against the modulus squared of
the Bergman kernel, extending the description mentioned earlier. As
a consequence we also prove that, for 1 < p < oo, the Besov spaces
are the mean oscillation spaces in the Bergman metric.

The phenomenon of the cut-off for Hankel-type operators was first
observed by Janson and Wolff in [10] in the context of commutators
of singular integral operators. Later, Rochberg raised the question of
finding Hankel operators with cut-off 1/j, j a positive number. Re-
cently, Janson, Peng, Rochberg, and Wu have studied some operators
on the Bergman space on the unit disc, called intermediate or mid-
dle Hankel operators, with cut-off 1/, where j is the “order” of the
operator. Their approach is different, and we refer the reader to the
papers [9] and [13], and references therein.

The paper is organized as follows. In §1 we state the main results.
Section 2 summarizes the known facts and definitions needed in the
sequel. Section 3 contains the results about what we call higher mo-
ment conditions. This characterization of the Besov spaces is of its
own interest, but also allows us to prove the theorem concerning the
generalized Hankel operators. This is the content of §4. Section 5
contains the proof of one important estimate. Finally in §6 we prove
that the Besov spaces can be characterized as mean oscillation spaces;
we make few remarks and present some open questions.
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were obtained during the preparation of my thesis, written at Washing-
ton University in St. Louis under his direction. I would like to thank
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1. Statement of the main results. Throughout this paper we denote
by B the unit ball in C". For z, w € C" we write the inner product

as
n
zZ-W= ZZI'E,‘.
i=1

The space of holomorphic functions on B will be denoted by #(B)
and the group of automorphisms of B by Aut B. The group Aut B-
consists of all biholomorphic self-maps of B onto itself. The group
Aut B can be described as follows (see [14]). For any { € B define

@; by
=Pz (1—|z)12Q;z

where Py is the orthogonal projection onto the subspace generated by
{ and Q; =1 — P;. Then ¢, € Aut B and ¢, is an involution that
interchanges { with the origin. Moreover,

Aut B={p;oU:{e€eB,Uec},

where 7/ is the space of unitary transformations of C”.
The normalized Lebesgue measure on B will be denoted by dm,
and the invariant volume form by dA. Explicitly,
_ dm(z)
= T Ty

>

(see [14]).
The gradient of a holomorphic function f will be denoted by 9 f,
that is,

Of=@1f, ..., 0nf)
where of
Moreover we will use the following notations. We write
a o°f
0°/(2) = 5(2),

where a is a multi-index. The radial derivative of f € #(B) is
defined to be

Rf(z)=z-0f(2) =) zi0if(2).
i=1
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The Bergman space A? is the closed subspace of L2(dm) that con-
sists of the holomorphic functions. We write . %' (z, w) to denote the
Bergman kernel, that is, the reproducing kernel of A2(B), and £ to
denote the Bergman projection. Explicitly, for any g € L?*(dm),

9”g(Z)=/Bg(w)(—1—:—Z-.w‘)—nH

The (diagonal) Besov spaces of analytic functions B,, 0 < p < o,
are defined by

(4) By ={feX(B):(1-|z))"R"f(z) € LP(dA)},

where m > n/p. We remark that the Besov spaces B, defined here

are the spaces Bp/” (or Bj/”>'/P) of the scale of weighted Besov
spaces (see [11] or [12]). We will not pursue the weighted case in this
paper, and we consider only the spaces defined in (4).

dm(w).

DeFINITION 1.1. For any f € #Z(B), j a positive integer, and for
z, wEB, we set

Aiftw, )= fw) - 3 Ty e
la)<j
Notice the different roles played by the variables w and z. The first
should be interpreted as the variable, and the second as the base point
for the Taylor expansion.
We are ready to state our first main result.

THEOREM 1.2. Let 0<p < oo, n>2. Let j be a positive integer.
If j > 2n/p the following are equivalent.

(@) 11/ g, < 0.
(i) f fi el dm(z) dm(w) < co.

(1-z-w)
If j <2n/p and f € Z(B) satisfies (ii), then f is a polynomial of
degree at most j — 1.

REMARK 1.3. A version of the above theorem holds for n =1. In
this case the integer j must satisfy the inequality j > 1/p. This
phenomenon will carry over through the whole paper. The general
reading key is that one should replace “2n” with “1” when n = 1.
This is a well-known fact by now. It depends essentially on the shape
of the balls in the Bergman metric.

Even if not stated explicitly, all the results proved for n > 1 carry
over to the case n = 1, with the convention mentioned above.
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REMARK 1.4. The above theorem is an important result. It gives
an equivalent norm for all Besov spaces in terms of a double integral
against the modulus squared of the Bergman kernel. It gives a natural
extension to the case j > 1 and 0 < p < 2n of the results in [2], [22],
[19], and [21] where they treat the case j = 1.

We now introduce the generalized Hankel operators on the Bergman
space A%(B).

DEFINITION 1.5. Let j be a positive integer. Let f € Z(B) and
such that 8°f € L!(dm) for |a| < j. For g € L°N#(B), we define
the generalized Hankel operators of order j and with symbol f', Hy. ;
and H}; j by

Hy,j8(2) = [ =870, 27 (2, w)g(w) dm(w),
and
H}. g(z) = /BAjf(z, w)Z (z, w)g(w)dm(w).

If Hr.; and H}; ; turn out to be bounded on 42, we can extend the
domain of the operators to all of 42.

REMARK 1.6. Notice that if j=1, Hy,y = H;.| = Hy, where Hy
is the classical Hankel operator on 4%(B).

For the generalized Hankel operators our main theorems are the
following.

THEOREM 1.7. Let f € Z(B), j be any positive integer. Then the
following are equivalent.
(i) Hy.; is bounded.
(ii) Hy.; is bounded.
(iii) feZ.

THEOREM 1.8. Let f € #(B), j be any positive integer. Then the
following are equivalent.
(i) Hy,; is compact.
(ii) H}; j is compact.
(i) f € %,.

THEOREM 1.9. Let n > 2, fe Z(B), andlet 2<p <oo. Let j
be any positive integer. If j > 2n/p, then the following are equivalent.

(i) Hy €S,
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(ii) H}, €S).
(iii) f€B,.
If j <2n/p and Hy.; or H};j €Sy, then Hy j = H _-0 and f
is a polynomial of degree j — 1 at most.

REMARK 1.10. The above theorem is an extension of the results
about S,-properties of the classical Hankel operators on the Bergman
spaces, as proved in the already mentioned papers [3], [2], [7], [19],
and [21]. Theorem 1.9 describes the phenomenon of the cut-off in
some detail. We should interpret the order j as the order of zero
along the diagonal of the term A;f defined by the symbol f. As
J grows we obtain better S,-properties for the operators Hy.; and

Hy.j-

We conclude this section by stating our theorems about the mean
oscillation spaces in the Bergman metric.

Let p >0, and let E; = E({, p) be the ball in the Bergman metric
with center { and radius p. Recall that in (1) we have defined the
mean of a locally integrable function over E;.

DerFINITION 1.11. Let f € Z(B) and let j be a positive integer.
We define the mean oscillation of order j of f at { to be

MO, /(0) = 7z / A f(w, O~ (A1 f (-, O)E,|dm(w).

THEOREM 1.12. Let 1 < p < oo, and let j be a positive integer.
Let f e #(B) and MO{, f be defined as in 1.11. Then there exists
po > 0 such that for 0 < p < po the following hold. For j > 2n/p the
following are equivalent.

(i) f€B,.
(i) MOJ f € LP(dJ).

If j <2n/p and MO{, f € LP(dA), then f is a polynomial of degree
at most j—1.
Again this result extends the previous results by Zhu to the case (of

the ball, and) tothecase 1 <p<2n and j > 1.

2. Preliminaries. For a C!-function g we denote its gradient by
Vg . We define the invariant derivative of g by setting

(5) Dg(z) = V(g © 9:)(0)]-
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DeFINITION 2.1. For i, j =1, ..., n define the differential opera-
tors T;; by
Tij = 7,'(9]' - E,-B,- .
Then T7;; is tangential, in the sense that 7;;(|z|?) = 0. For C!-
function g we define the tangential derivative D, g by

D.g( 2)2 Z'thg Z)|2

When k >2 and g € Ck we set
Dfg(z)*= > Ty, T, 8(2).

il ’jl ’---yik ’jk

Then D, measures the size of Vg in the complex tangential direc-
tions. For f € Z(B) we have the following identities (recall that we
write 8 f for V f if f is holomorphic).

2*0/(2) + Z (1261 — 2iZ,)9;1(2)9; (2)

i,j=1
= IRf (2)]* + Dof(2)*.
We can relate the radial and tangential derivative to the invariant
derivative. Using Mobius invariance it is easy to see that for f €
# (B)
Df(z)? =18(f 0 9z)(0)?
= (1- 120 f(2)* = IRf(2)])

- #((1 —ZP)?|Rf(2)I* + (1 — |z])D. f(2)?).

An application of the classical Hardy’s lemma (see [8], Theorem 330,
or [2], Lemma 3.3) gives the next result. Set

(6) P f(2))P =Y lo°f(z

o=k

LeMMA 2.2. Let f € (B) be such that 8*f(0) =0 for || < k.
Then for 0 < p < o0, § > —1, there exists a constant C > 0 such that -

/(1 = 2Py’1f(2)ldm(z) < C/(l — |2y kP10 f(2)P dm(z) .
B B

Proof. The case k =1 is just Lemma 3.3 together with Remark 3.2
in [2]. Now it suffices to iterate the same argument using the fact that
9%f(0) =0 for |a| < k. m)
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The Bloch space % on B has been introduced by Timoney in [17]
and [18], and then studied intensively by many authors. The space %
is defined as the space of holomorphic functions f for which Df is
bounded in B . The little Bloch space %, is defined to be the subspace
of functions f €.% for which Df(z) — 0 as |z| — 1~

Recall that in (4) we have defined the Besov spaces B, by

B, = {fefm) [ = zpmiRn )P i) < oo} .

Here m is any integer such that mp > n. It is well known that
the definition of B, is independent of m, and that one can replace
|[R™ f(z)| with |0™ f(z)| in the definition of the Besov spaces (recall
the notation (6)). We want to describe the atomic decomposition of
the Besov spaces B,, as obtained by Coifman and Rochberg in [6]
(see [12] for some details).

THEOREM 2.3 (Coifman and Rochberg). Let 0 < p < oo. Let
v > max (g(p~— 1), 0) .

Then there exists a positive number 0y = 9y(p, v, n) and a constant
C such that if the points {{;} form a O-lattice with O < Oy then the
Sfollowing hold.

(A) If f € By there exist numbers {c;} such that

f(z) = Zc, = K
1-z.0)

and o
ol IS -
1
(B) If 3°1°|cilP < oo then the function defined in (A) is in B, and

o0
I£15 <Dl
1

We recall the Forelli-Rudin estimate (see [14], 1.4.10).

PROPOSITION 2.4. Let s > —1, t € R. Define

Ii(z) = /| (1~ Jw]?) dm(w).

1—-2. w|n+1+s+t
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Then, as |z| — 1=, I is bounded if t < 0, I; is asymptotic to
log(1 —|z|2)~! if t =0, and asymptotic to (1 — |z|*)~" if t > 0.

Finally, we define the Schatten ideal S, .

DEFINITION 2.5. Let 1 < p < co. Let H be a Hilbert space and
let T be a compact operator on H. For any integer k define the
s(k)-number of T by

s(k) =1inf{||T — F|| : rank(F) < k}.

Then we say that T € S, if

is(k)p < 00.

k=1
In this case we set

oo 1/p
ITls, = (Zsuc)ﬂ) .

k=1
3. Higher moment conditions. Recall that in (1.1) we have defined
the jth difference of f at z by

Aif(w, 2) = f(w) -
lerf<j
Now let dA(z, w) be the measure on B x B defined by

1

aai;(z) (w—2)%.

(7) dA(z, w) = dm(z)dm(w).

In the next proposition recall the note made in 1.3.

ProrosITION 3.1. Let n > 1, 0 < p < oo, j be an integer, j >
2n/p. Then there exists a constant C = C(j, p, n) such that for all
f € B, we have

14, f lzr@ay < ClI.f |ls, -

Although this result is essential in the sequel, the proof is rather
long and (somewhat) technical. It is therefore postponed until §5.
However, some of the techniques involved might be of interest of
their own. ’

Recall that we have set

(8) 0sgl> = >

la|=k

0%g 2

ow
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PROPOSITION 3.2. Let n > 1, 0 < q < oo and j be any positive
integer. Then for f € #Z(B) we have that

(1 -z IR f(2)| < C (/B 1A f(p-(w), Z)l"d(W))l/q ,
and

-z IR f(z)|<C (/B 1A f(z, ¢z (w))|? dm(w)>l/q ,
for some constant C independent of f .

Proof. Recall that A;f(¢,(w), z) vanishes of order j at ¢,(w) =
z,i.e. at w = 0. Therefore taking j derivatives of A;f(¢:(-), z)
and evaluating at w = 0, in order to obtain non-zero terms, we need
to land all derivatives on f, not on the terms coming from the chain
rule. Moreover, we use the identity

95(0) = —(1 = |z P; — (1 - |z1))'/?Q,
as in [14], 2.2.2. Thus,
. j « . . . .
1064, f(92(w), 2)lw=ol = Y_(1 = |z]?Y " DIRIT f(2)].
i=0
In an analogous manner, it is easy to see that

oz, 9:(w) = SEE(w): Py P (g(w))(z = pa(w))*.

Therefore, applying the same observation as above, we see that
: j . . . . .
1054,/ (2, p=(w)lwmol & 3 (1~ [2RY~PIDIRI7 f(z2)).
i=0
Now, write F(w, z) for any of the expressions A;f(w, z) or
Ajf(z, w). By the Cauchy estimates it follows that
(1 = 2PV IR f(2)] £ 104 F (p2(w),, 2)luw=0l

<c ([ 1Fe.w), z)tqdm<w>)1/q. o
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THEOREM 3.3. Let n > 1, and 0 < p < oco. Let 0 < g < p and
J be a positive integer satisfying j > 2n/p. Then the following are
equivalent for f € Z(B).

(1) 1141 (@z(+) s 2)llL7@am) € LP(dA).
(1) 14, (z, @z(-Dllze(@m) € LP(dA).
(i) fp [zl1Aif(w, 2)PLZ (z, w)* dm(z)dm(w) < .
(iv) f€B,.
If j <2n/p and f satisfies one of the conditions (i)-(iii), then f isa
polynomial of degree at most j — 1.

Proof. Again, write F(w, z) for either expression A;f(w, z) or
Ajf(z,w). If ¢ <p,by 3.2 and by Jensen inequality it follows that

/B (1 = |ZPY IR F(2)) dA(z) < ¢ /B 1E @) 2)lBa g dA(2)
—c /B /B A £(n, 2)P dA(z, 1),

where we have performed the change of variables # = ¢.(w) in the
inner integral. Recall that the Jacobian of the above transformation

is
1— |Z|2 n+1
(Il -7 ~'Z‘I2>
(see [14] 2.2.6). Thus, we have proved that
(iii) = (i) = (iv),
and
(iii) = (ii) = (iv).
Now, 3.1 gives that (iv) = (iii).

We only need to prove the statement when j < 2n/p. It suffices to
notice that if

1F(@z(+) s 2)lLo(am) € LF(dA)
then A;f = 0. By subharmonicity and 3.2 again we have that

1F(@:()s 2)llzeam > 105 F (92(w), )]l
> (1-|z2/2D{f(z).
Thus,
[ (= 1zRyrrpifczp i)
B
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must be finite. If we assume (without loss of generality) that f is
holomorphic across the boundary, it follows that

Dif=0.

Simple considerations now show that f is a polynomial of degree less
than j. |

We want to prove a version of the previous theorem for the case
p = oo. We need few modifications.

THEOREM 3.4. Let f € Z(B), j be a positive integer, 0 < g < c©.
Then the following quantities are equivalent.

L= 1~IC12’|R’f(CI

Il :=sup (/ 1A f(pc(w), {)| dm(w))l/q.

(eB

REMARK. The case j = 1 of the theorem is proved in [1]; similar
results are proved in [16].

Proof. By 3.2 it follows that

. 1/q
(1-[PVIRf(O)I<c (/B |Aj flp(w), C)!"dm(w)) :
Thus,
I<II.

Write F for Ajf. Since F(p;(w),{) has a zero of order j at
w = 0, we can apply Hardy’s Lemma 2.2.

(9) ”F(¢C ) C)“Lp(dm
/ (1 = w204 F(pe(w), OP dm(l)

< csup D(F(p¢(+), £))(&) = csupﬁ(ﬂ- , O)(E),
&eB éeB

where we have used the equality

sup D(g o y) = sup Dg..
¢eB teB
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Now it follows that
[F(-, Olle < ilelg(l —|zZ0-(F(z, D) <clfllz -
This shows that
n<I.

Hence, we are done. O

COROLLARY 3.5. Let f € #(B). Let j be any positive integer,
0<p<oo,and p>0. Then the following are equivalent.

(i) fe€e%.
(1) limygoq 14/ (0e(-) s Ollzr@am) = 0-

Proof. This is actually a corollary of the proof of 3.4. Recall the
notation there introduced. We have shown that

I<II.

Thus, (ii) = (i). Assume that (i) holds, and let f be holomorphic
across the boundary. Then (ii) holds as a consequence of the Lebesgue
dominated convergence theorem. Now a density argument finishes the
proof. O

4. Generalized Hankel operators. In this section we prove the main
theorems about the generalized Hankel operators. Recall that we have
defined the operators H;.; and HY., on A? by setting

Hy g(z / A fw, DF (2, w)g(w)dm(w),
and
H) g(z /Afz DT (2, w)gw)dm(w).

The operators H.; and H, e share many important properties with
the classical big Hankel operators. Some of these are illustrated in
the propositions that follow. Write (42)1 to indicate the orthogonal
complement of 42 in L?(dm).
LeEmMA 4.1. Let j be any positive integer. Then
Hf,j , f E A2 (AZ)_L

Proof. Same as in the classical case. O



BESOV SPACES 169
LEMMA 4.2. Write Z;(z) = % (z, {). Then for any positive integer
J
Hy 1% = A f(C, )%,
and o
i % =0, OF
Proof. 1t suffices to recall that for h € 42, P(hF;) = h({)Z; . O
The next lemma is a generalization of Lemma 5 in [1].

LEMMA 4.3. Let f € #(B), j be a positive integer. Let 0 < p < 1.
Then
lw|?)

[, znzl———:,m dm(w) < c(1-1zP) 1S I -

Proof. Write F(w, z) for A;f(w, z). Using the identities in [14],
2.2.2 and the change of variables w = ¢,({), we obtain

(10) /B Fw, )LD

|1 __Z.min+l

(1= lp-(OP)* (1 |z)™!
= [1FG:@), 2P T am )

— 112y~
= (1= 12Dy [ 1F(:(0), 2Py ey am(©).

(1 n+1 )
1 < ¢ <min _—,
p n+l—p

and set ¢ = ¢’/(¢’—1). Then applying Holder’s inequality to equation
(10) we obtain
/ |F(w, z) 12 ~lwl)” dm('w)

—Z. w|n+l

1/q
<(1-|zP) ( [1F@-©. 20 dm<c>)

(1—|¢)2)re 1/q’
* (/B [1—¢.Z|(n+1-2p)d' dm(C)) .

Because of our choice of ¢’, it follows that —pgq’ > -1 and
(n+1-2p)g < n+1-pqg. Now, 2.4 implies that the second
integral in the above inequality is bounded by a constant. Therefore
applying 3.4 we obtain the result. a

Let

Now we are ready to prove one of the main results of the paper.
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THEOREM 4.4. Let f € #(B), j be any positive integer. Let k; be
the normalized reproducing kernel; i.e. % [\|\Z;||. Then the following
quantities are equivalent.

I:=sup(l —[ZP)V|R/f(O)].
{eB
1= sup |A; /(£ @c (Dl L2 ggmy -
(eB

Il := sup ||H . ik¢|| -
B AT AN

V= |Hy .
Proof. By 3.4 we know that
I<II.
By 4.2 it follows that
|Hy; ke (2)] = 1A /(L 2)ke(2)]
so that
1Hy el = [ 18,5 Pl dm(z)

=14, /(¢ (ﬁc('))HLz(dm) ,
ie.
I =11I.
It is trivial that III < IV. We now prove that IV < 1. Let g € 42.
Then applying 4.3 we obtain

|Hf,]g(z)|2
2
< ( /B 1A f(w, z>|,1—_'Lw~)'—dM<w>)

Z. wln+1

< [ 1w, z)lzfl;'“"z—)_idm(w)

/ 18 w>|2 "“"l,fﬂ dm(w)

2
(1—|Z|)pl|fll@/lg P dmw)
Thus,
—1z12y—
158 P<US 1 [ (1= hoPrleto) [ S EE dmz) dmw)

<clfiZlel?,
by 2.4. O
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COROLLARY 4.5. Let f € Z(B), j be any positive integer. Then
the following are equivalent.

I:=sup(l — [¢|})|R/ f(0)].
(eB

12
! . . 2
"= sup ( [181£¢. pew)) dm(w)) .

Moreover, let 0 < p < 1. Then

- 2y
/B|Ajf(2, w)lz% dm(w)lec(1 - |z>)?||f 1% -

Proof. The equivalence of II and I is contained in 4.4. With this,
the same proof as 4.3 gives the second part of the statement. o

The following is the companion of 4.4.

THEOREM 4.6. Let f € #(B), j be any positive integer. Then the
Jfollowing are equivalent.

I:=sup(l — ||} |R Q).
{eB
IT:= sup|A; s Ollr2am -
n l jf((ﬂc( ), Olir (dm)
I := sup [|H'. k|
{eB I3 Cl
IV = ||H};j||.

Proof. As in the previous proof we can see that II = III'. Thus, we

know that
I<II=M1I<IV.

Now, that IV’ <1 follows from 4.3. 0
Proof of 1.7. Tt follows immediately from 4.4 and 4.6. O

Proof of 1.8. Let f € %,. Write T for any of the generalized Han-
kel operators H;.; and H},j, and F(z, w) for either —A;f(w, z)
or Ajf(z,w). Let 0< p< 1. For g€ 4> we have

Tg(z)= X{IZISP}/BF(Z’ w)Z (z, w)ydm(w)

+ X{p<izl<1} /BF(Z> w)Z (z, w)dm(w)
=T18(z) + T28(2).
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We first show that 77 is compact. Let {g;} be a sequence weakly
converging to 0. Then,

Ty < / / F(p-(w), 2)PIZ (2, w)l(1 - [w]?)~ dm(w)
[zi<p /B
x /Er QW)L (2, w)|(1 — [w) dm(w) dm(z)
<c(1-p)~*|f |2 /B 181(w) 21— [w]?)~* log(1—|w])2dm(w),

which tends to 0 as / tends to oo. Next, by the same argument as in
4.3 it follows that for any given & > 0 we can choose p close enough
to 1 so that
T2l < sup Df({)* < ce.
p<f<l

Since T can be approximated by compact operators in norm, it fol-
lows that 7" is compact.

If T is compact then |[Tk;|| — 0 as |{] — 17, which implies that
f € % by 3.5 and 4.5. This concludes the proof. 0

We now turn to the Schatten-ideal properties of the generalized
Hankel operators. It turns out that the cut-off depends in an essential
way on the order of zero of (the expression defined by) the symbol f.
We remark that our result contains as particular case (when j = 1)
the unweighted case of the theorems in [2], [7], [19], and [21].

Proof of 1.9. Write T; to indicate any of the generalized Hankel
operators H,.; and H}_ i By 1.2 it follows that

ITills, = 11 |1,

for j>n. For j <n,if | 7]ls, is finite, then f is a polynomial of
degree at most j—1,1ie. 7, =0.

Let 2 < p < c0o. We use Lemma 3.6 of [2], which is an improvement
of a result of Russo, [15]. Let j > 2n/p. Then,

[ [t P17z )P dm(z) dm(w) < el /1, < o0
implies that 7; € S, with S,-norm bounded by the B,-norm of f.

Conversely, if T is any bounded operator from A4? into a Hilbert
space H , one can see that



BESOV SPACES 173

1716, = [ 1722l dm(©) = [ 1Tkl ).

Using interpolation with the obvious case p = oo it follows that for
2<p<o,and T €S,

INTkellalrr@ny < ITls, -

Next, let T; beeither Hy,; or H}. . By 4.2 ||Tjke|| = ||[F (L, kell4,
where F' means the appropriate expression between A;f(w, {) and
A;f({, w). Now we apply 3.3 with g = 2. It follows that

18 f o amy < I Tjlls, -

This implies that if T € S, and j > 2n/p,then f€B,. If TES,
and j < 2n/p, then f is a polynomial of degree less than j (and
T; = 0) as a consequence of 3.3. again. o

REMARK. It is the author’s belief that the result of 1.9 should hold
for the range 0 < p < 2 too. In this case a more detailed analysis
seems to be needed.

5. Proof of 3.1. In this section we prove 3.1. The proof of the case
j =1, using 2.2 and the Mobius invariance, does not give the general
result. Hence, a different approach is needed. We split the proof in
thecases 0 <p<1and 1 <p <oo. When 0 < p <1 we use the
atomic decomposition of the Besov spaces. For the case 1 < p < oo
we use an integration by parts and Holder’s inequality. However, in
both cases we need an estimate of Forelli-Rudin type (see 2.4) for
certain integrals. These integrals come from the expression for A;K;
where K, is a suitable power of the reproducing kernel.

LEMMA 5.1. Let j, v be positive integers, and { € B. Let K; be

defined by
1
Ki(z) = ———.
=iy
Moreover, let

(z-w)- Dt
(1= w- (1 z- Ly

Mi(w,Z, C)::

Then

v—1
AiKg(w, z) =Y diMy(w, z, (),
i=0
for some positive constants d; .
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Proof. By rotational invariance it suffices to prove the lemma for
{ = {1e1, where e; is the base vector (1,0,...,0). Write g for
K¢ e - We first show that

(11) AjK(w, z)
1
(1= w £ (1= z,8y)r+i-1

x ( (1= 2, g+

Stfdy . -
-2 (az) (1= 20" g, (w1 = 20)" |

i=0
Indeed we have,

(12) Ach('U), Z)
1
(=g
y (1 —2121)_””_1
(I —wiy)

j-1 . .
- (V+l._1)?1(11)1—Zl)i(l_ZIZI)j_i—l) .
i=0 !

Now write

(13) (1—z)/7!
= ((1 = wiy) = (wy — z1)¢y) 7!

j-i-l . .
= Z (J - ; - 1)(1 —w §y) ((wy — 21)¢)
=0

and substitute (13) into (12). Using the identity

-6

=0

we obtain (11). Finally,
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j—1

0 -atg =5 (U] w208
= (- a)&)fécia A (T
= (- Z1)Zl)j§d1(1 A (NI
This, together with (11), concludes the proof. o

LEMMA 5.2. Let n>1. Let d>2nifn>1,and d>1ifn=1.
Let 0 <& < 1. Then there exists an absolute constant Cy such that

//Il 21C |d|1 il (1—|ZI|2)——8(1_|wllz)—£d’?1(2)dm(w)
— 1 —

wlClld ll _le1]2(n+1—a)

Sa- 1clt2>d'

Proof. 1t suffices to notice that, if ¢; = ¢, is defined as in (3),
and v,(z) = z; is the coordinate function, then

(21 = wo)l(1 = &%)
[T —w |1 = 2184

= vy 0 ¢ (W) — vy 0 9¢ (2)].

1

Then applying [3] Theorem 1, when #n > 1, or the results in [4] or in
[23] when n = 1, we obtain that

—w){y|? (1 —|zy|))78(1 — |Jwy[2) ¢
// ““Zlclldﬂ—wlﬁld [1 — z @ |2(nt1-2) dm(z)dm(w)
—1_—7211—2)3/3/3“’1 0 0se,(2) = V100 e (W)

(L= ]zi )81 = Jwy )¢
= 2y, =) dm(z)dm(w)

d
o4,

ST

where C in (another) constant, independent of (. O
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LEMMA 5.3. Let f € Z(B). Let 1 < p < co. Then there exists
co > 0 such that for 0 < e <g
(1= |w»)~

| [1rovge -1 qo;el(w)v’“ e dm(z) dm(w)

C / —(ntl
< IDf(2)P(1 = |z]?)~ "1+ dm(z).
A=(gpy Jp P/EF -]
REMARK. Notice that this is an extension to the case ¢ > 0 of one
of the equivalences contained in [9] Theorem 1. Also recall that Df
is the invariant derivative introduced in (5).

Proof. We change the variable z = ¢,,(£) in the first integral. Recall
the formulas 2.2.2 and 2.2.6 in [14]. We also use 2.4, and Lemma 3.2
and Remark 3.2 of [3]. We obtain

[ [ 1rovcta) = ro gt e 1~ oy dmw)
=/B/BIfocococow(é)—fowgoq)w(ow’dm(f)
X (1 = [wf?)~"+1+9) dmaw)
<C [ [ 1B 0p @) dmE)(1 = )~ ) dm(w)
- [ [1eners w( 13;3":1 dm(2)
X (1= [w]?) =149 dm(w)

~ — g2y +lq — 2\~ (n+1+¢)
=/|(Df)(z)|1’/ (I —[n|")" (1 _|(”C(’7)|)
B B

11— z. 72+ D)

—|Z]2yn+l
Il(l— n‘.czllz(nﬂ) dm(n)dm(z)

~ (1= InPP) (1 = g3 * dm(z)
= / I(Df)(z)lp/B |1 —C. m—Ze dm(n)ll _ Z.ZIZ(nJrl)

=i L 1Bner [ . n"é'lz(nﬂ dm(n)dm(z)

_ —(n+1+4¢)
s(l_Mlz)s/BIDf (2P (1= [2P) 1) dm(z)

PROPOSITION 5.4. Let c(n)=2n if n>1,and c(n)=1ifn=1.
Let a,beR, a,b>c(n). Let 0 < 2¢ < min(a, b) —c(n). Then
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there exists an absolute constant Cy such that

/ﬂéu_fz‘”’““ L dm(z) dm(w)

( Clbll—z Zla il — z - w]n+h)

Proof. We give the proof in the case n > 1. If n = 1 the proof
follows the same pattern as in the case n > 1, but some step has to
be considered void. We leave the details to the reader.

By rotational invariance we may assume that { = {;e; where e; =
(1,0, ..., 0) is the base vector. We break the integral into two over
the regions Q and Q'. The region Q is defined by

Q={(z,w)€BxB:|zi —wi| < }((1 - |z1) + (1 = [wi "))}
Notice that in this case
11— 23] < 31— w8y <91 — 2,84
Thus, if d = min(a, b),

(z-w)Te ¢ (z—w) T
L= w- TPl —z-Q ~ (L= KPP |1 —w-Ce|1 — z-C[

Let v; be the coordinate function v,(z) = z; . Thus, the integral that
we want to estimate is less or equal to a constant times

1
e f fy v vt

(1—jw*)=®
ll —z ,le(rHl)

m(z)dm(w).

Now we apply 5.3. Because of our choice of d and ¢ the integral
[ 1BuiP(1 =121+ dimz)
B

is finite. This gives the estimate for Q.
The region Q' is defined by

={(z, w) € Bx B:|z; —~w| 2 §((1 = |21/ + (1 = |w1 )} .
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Write z = (z;, z’) and w = (w;, w'). Now we integrate out.

// z—w) Lt (=P ) dmw)
Q |1-—

w Pt = z- Qa1 = 2-w PO

w)-{)? / /
//ﬂanDII—w 2111 = z- |2 Jy2 <=1z, Jpw' (< (1o, )2

(1 - wP)™*
|1 — Z-le(”+l)

dm(w'ydm(z')dm(w;)dm(z,).
Consider the two inner integrals:
(1 — |’w|2)—8 / /
— dm(w')ydm(z")
/IZ'I<(1—|Z,I2)”2 /|w'|<<1—lw,|2>"2 - z-wporn ")
_ (1= Jwy ) = Jw'|?)*

- ‘/lz'|<(1—lzllz)'/2 /Iw'l<(l—|u)1|2)”2 11— zy@; — 2/ - W' [2(r+D)
x dm(w')ydm(z").

Now we perform the change of variables:

z! d w'’
U= —--—-———  and V= -—---ou—-.
(1 =]z »)1/2 (1— |wy|?)!/?

Thus, the above integrals equal
(1 =]z )" - lelz)”““

(1= |vP)—*
X /Iul<1 l dm(u)dm(v),

v<t |1 — Qu - T|Hn+1)

where we have set

Q=

(1= |zH)V2(1 = jwy )12
(1 - zwy) )

Next, 2.4 gives (recall that u, v € C* 1)

(1=Jv»)~*
/|u|<1 /Iv|<1 |1 — Qu-T|2(n+1) dm(u) dm(v)

1 C
/|u1<1 (1 —joupyre ") < [T jgpye

Now notice that, since (z, w) € ',

1 _ll-—Z]—'U—fIP

= < 25.
(1-101%) |z —wi]?
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Therefore, the integral over the region ' is less or equal to a constant

times
/ / [(z1 —wy) &)@
D1 “w151|b|1 — z1{y|

(1 =z )" (1 — Jwy P
[1 -z |2 n+D)

C '(Zl“wl)'ZIld
= (1—18y)2)b-4 /D/D 11— w891 =z, )4

(1—|w?)*
|1 -z, |4

dm(zl)dm(wl)

dm(zy) dm(w,),

where d = min(a, b). Now we apply 5.3 with f(z) = z;. This
finishes the proof. O

Proof of 3.1. Case 0 < p < 1. This follows easily from the atomic
decomposition and 5.4. Let f € B, let {¢*} be a V-lattice. Then
there exist constants {c;} such that

1= 2
f(2) = Z e 'ZC'W,

and
1F15 ~ 3 leil.
Hence,
A w, )P < (3 leil(1 - 1L 1A Ko (w, 2)])
<Y lalP (L =[Py 1A Kl
Therefore, for j > 2n/p, by 5.4 (with ¢ = 0), it follows that

IATS W an) < DIl A K il s gpy (1 = 1E13)7
<Gy el < Gollf I3, -

Case 1 < p < oo. In this case we will use an integration by parts
and Holder’s inequality. Given p, let j and v be integers satisfy-
ing the following conditions. We let j > 2n/p. Pick ¢, 0 < ¢ <
(jp—2n)(p —1). Finally, let 2n <v <2(n+1)+¢.

Recall the notation introduced in 5.1. Notice that for f € Z(B)
and K; = (1 - z-{)~v, the weighted reproducing kernels (see [14]
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7.1.1) give
Af(w, 2) =0, /B FOAK (w, 2)(1 ~ ()" dm Q)

v—1
— ¢, X_; /B FOMw, z, D1 = [CP =" dm(L).

Now let %, "1 be the integral operator defined for 4 € Z(B) by

Fh(E) = ennt [ gy (1 = [Py dmw).

Its inverse is the differential operator on #(B) with constant coeffi-
cients (give [12] §3 for details)

m h(z):cm/B( hw) (1 = [wP)™* dm(w).

n+l 1=z ,w)z(n+l)+m

Here c,,.; and ¢, are suitable positive constants of normalization.
Now we apply an integration by parts, using Lemma 1.1 in [5]. Notice
that the lemma holds with radial weights since normal derivatives of
holomorphic functions can be written in terms of tangential deriva-
tives. Then, applying the integration by parts near the boundary, the
derivatives do not fall on the weight. We obtain:

/B FOMi(z, w, (1 [L2) =" dm(L)

— m Mi(z,w, n)(l - |,]|2)n+l+m
a /Bg f(C)/B (1=C-7)2n+1) dm(n)

x (L= 1g)r="=tdm(L),

where £ is a differential operator of order m with coefficients C>
up the boundary. Now notice that, by Fubini’s theorem and 2.4, if
n+e<v<2n+1)+e,

_ 2\w—n—-l—-¢g(1 _ 2\n+1
-y [ [ S i dm @) dm(n) < <o

where ¢; is a constant independent of w . Therefore, applying Jensen
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inequality twice, we obtain

(22w, O - e dm()|
s/li’ QO

I z— ’w) ’”H‘l m|2)n+l+m(1 _ |£l2)u—n—-l p )/ .,
</ T a— g R B

U+Dp 11 _ 1512\mP .
<C/|_<Z for /B[ -z nll“ El I|n||2))5p(l—‘c|2)p
(L= jwP) (1 =)™ ey

g 11— w -’ |1 = -7 o dmt)

< W/ Iff S g)] (1- [CIZ)sp+u—(n+1+e)
|(z —w)- ,7| (Jj+ip (1—1n| )n+1+mp

B [1—z.7ut?  |l-w-7"

1
e

dm(n)dm(().

Therefore, since v > 2n,

“Ajf “Iil’(dA)
(L= [GR)PP =150 (1 — [y2ye1ome

v—1
<z [ [1#mo ( T

I(z ) -7|VFDP (1 — | |?)—eP—D)
// u—szI 1—w-7”
dm(z)dm(w)

T 5 oy dmn) dm(Q)
<C/ ™ F(OP(1 m )Ep D+v—(n+1)
1 _ n+1+mp—u-—e(p——1)
% /B '|”1'_ Fm— A dm(0)
1-— (p—D)+v—(n+1)
<c [1enrop SR s an),

if m 1is chosen so that ¥ > mp > n. The last integral is now less or
equal to a constant times

LR QPO =1L dm() = 111,

This concludes the proof. O
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6. Mean oscillation spaces. We begin by proving that the Besov
spaces can be characterized as the mean oscillation spaces in the
Bergman metric. We then conclude with some remarks and open ques-
tions. Recall that in (2) we have defined the mean oscillation of order
j of fe#(B).

Proof of 1.12. Recall that for w € E;, |Ef|™! ~ |detg}(w)|*. Let
p < po as in the proof of 1.2 (then p depends on the size of the
lattice in the atomic decomposition). Then for f € #(B) we have

MOJ, £(0) |E|/|Af(w Ol dm(w)

<c /E A £ (w, )] |det gl (w)[2 dm(w)

¢

<c /E A £ (pe(w), Ol dm(w)
<ec /B 1A, £ (9e(w), Ol dm(w).

Thus, (i) = (ii) follows from 3.1. Conversely, let C; be a function
that depends only on {. By 3.2 and Cauchy estimates we have that

(14)  (1-CPIRIFQ) < c /E A £ (pe(w), ) — Crl dm(w)

1]

—c [ Iaiftw, O - Cel det gy (w)P dm(w)
EC
C

< /. 8w, )= Gldm(w).

We choose C; to be equal to (A;f(-, {)) E,» and we integrate both
sides of (14) with respect to di. This concludes the proof. ]

Final remarks. Some comments and open questions are in order.

First of all, we expect the result in 1.9 to hold for all p’s, that is,
also for 0 < p < 2. In this case more delicate techniques seem to be
needed.

The results about the generalized Hankel operators could be ex-
tended to the weighted Bergman spaces. The same techniques as in
the present paper should enable one to prove the corresponding theo-
rems.
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The characterization of Besov spaces as mean oscillation spaces in
the Bergman metric probably holds also for p intherange O <p < 1.
Moreover a version of Theorem 1.12 should hold possible for the
weighted Besov spaces.
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