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Abstract. We obtain a new characterisation for weighted Bergman spaces A4 on the
unit ball B, of C" in terms of a double integral of the functions |f(z) — f(w)|/|z — w| and

[f(2) = f()I/11 = (z, w)l.
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1. Introduction. Let B, denote the open unit ball in the n-dimensional complex
Euclidean space C". For z = (zy, ..., z,) and w = (wy, ..., w,) in C" we write

(Z,w) = 2/W + - 4 2, |2l =V |22+ + |zl

Thus B, = {z € C" : |z] < 1}. Whenn = 1, B, is the open unit disc in the complex plane,
and we will denote it by D.

Let dv denote the Lebesgue volume measure on B,. For any real parameter o we
consider the weighted volume measure

dve(z) = (1 — |21 du(z).
It is well known that v, is a finite measure if and only if @ > —1 (see [16]). Whenn = 1,
we will use d4,, instead, because in this case we are dealing with weighted area measures.
We emphasise here that we do not make the a priori assumption & > —1 in this paper.

Suppose 0 < p < oo and « is real. We define the weighted Bergman space A}, as the
space of f € H(B,) such that

(1= 12)V8"f(2) € L' (By, dva)
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for all multi-index m = (my, ..., m,) of non-negative integers satisfying |m| = N, where
N is any fixed non-negative integer with pN + o« > —1 and H(B,) is the space of all
holomorphic functions in B,. Here we use the standard notation that |m| = m; + - - - + m,
and

|m|
a"f = ma—fm
0z ...0z,"
It is well known that the space A% thus defined is independent of the choice of N (see [14]
for a systematic study of 45).

We mention that if « > —1, we can choose N = 0, and the resulting spaces AP are the
usual weighted Bergman spaces with standard radial weight (1 — |z|>)*. If & = —(n + 1),
the spaces 45, coincide with the standard diagonal Besov spaces B, that have appeared in
numerous places in the literature. Another special case that is worth mentioning is 42 >
which is nothing but the standard Hardy space H?. It should be clear now what kind of
spaces this paper is concerned with.

For any f € H(B,) we write

Lif o wy = LSO ooy _pypyire
TRy
and
Lof . w) = W (1 = 2DV = )2,

We can now formulate the main results of the paper as the following two theorems. The
first one is valid for all dimensions but only in the case o > —1.

THEOREM A. Suppose « > —1, p > n+ 1+ a, and f € H(B,). Then f € A% if and
only if

f f Ly (2 )P doy(2) dvy(w) < oo,
B, /B,

where t = [a — (n+ 1)]/2.
The second theorem is for the unit disc, but no restriction on « is required.

THEOREM B. Suppose « is real, p > max(—«a, o« + 2) and f is analytic in the unit
disc. Then f € A% if and only if

/ / Lyf . )P dA(2) dA,(w) < 00
DJD
if and only if

/ / \Lof (2, w)P? dAL(2) dA,(w) < oo,
DJD

where t = (a — 2)/2.
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Results of this type first appeared in [1], where it was shown that an analytic function
f in the unit disc D belongs to the Bloch space if and only if

sup{|Lof (z, w)| : z,w € D, z # w} < oo.

This result was then generalised to higher dimensions in [5].
On the other hand, it was shown in [10] that an analytic function f in the unit disc D
belongs to the diagonal Besov space B, if and only if

/ f |Lyf (z, w)|P dz(z) dT(w) < o0,
DJD

where p > 2 and dt is the Mobius invariant area measure on D. This result was then
generalised to higher dimensions in [3].

2. The case of the unit ball. In this section we consider Bergman spaces in the unit
ball of arbitrary dimension. When combined, the results of this section represent something
more than Theorem A stated in the introduction. We begin with several preliminary
estimates.

LEMMA 1. Let r > 0, and let D(z, r) denote the Bergman metric ball at z with radius
1. Then

1= [zP ~ 1 —|wf ~ |1 = (z, w)]

forall z € B, and w € D(z, r). Furthermore, there exists a positive constant C such that
A= BRIV £ e [ 1) = ff dotw)
(I =121 Jpir

forallz € B, and all f € H(B,).

Proof. The first part is well known (see Lemma 2.27 of [16] for example).
To prove the second part, we use |V/f(z)| to denote the invariant holomorphic gradient
of f at z; that is

V()| = [V(f 0 9:)(0)],

where . is the involutive automorphism of the unit ball that interchanges the points 0 and
z. It is well known that

V(o 0)2)| = [V/(9(2)
for any holomorphic automorphism ¢ of the unit ball (see [16] for more information about
the Mobius invariant gradient).

It is easy to see (using Cauchy’s estimate for example) that there exists a positive
constant C such that

v = [ i —sor am
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for all f € H(B,). Replace f by f o ¢. and make a change of variables. Then

< 1—1z 2\n+1
D) I

— (Z, w) |2(n+1)

dv(w)

forall f € H(B,) and z € B,,. Combining this with the first part of the lemma, we can find
another positive constant C such that

MO — @)~ f detw)

- (1 - |Z|2)n+l D(z,r
forall f € H(B,) and z € B,,. By Lemma 2.14 of [16], we always have
(1= 2PV < V@),

so the desired result is proved. O

LEMMA 2. The involutive automorphism ¢. has the following properties:

1 =1z = |wl)

1= lg-(w)* = T
and
w2228 - KZ;Z%Z— e
Consequently,
|z —w|
lp-(w)| < T-Gwl
and
(=12 = wP) _ 1= le(w)l®
|z —wl? T le(w)l?
and
1 1

< .
lz=wl 7 le-(w)l|l = (z, w)]
Furthermore, when n = 1, all the inequalities above become equalities.

Proof. The first equality follows from (1.5) in Lemma 1.2 of [16], and the second
equality follows from the first one and some elementary calculations. The first inequality
follows from the second equality and the Cauchy—Schwarz inequality. The second
inequality follows from the first inequality, while the third inequality follows from the
first equality and the second inequality. Il

We now proceed to the proof of Theorem A.

LEMMA 3. Suppose p+a > —1 and f is holomorphic in B,. If B and y are real
parameters such that

Bty =a+p—(n+]), (1
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and if

/ ./ Vl‘l(zj f( )l ﬁ(z)dvy(w) < 00,

then f € AL,

Proof. Recall that D(z, r) is the Bergman metric ball at z with radius r, where r is any
fixed positive radius. By the second part of Lemma 1, there exists a positive constant C

such that
A= =PIV = ——— [ rw) — fep dow).
(1 | | )n+ D(z,r)
Combining this with the first part of Lemma 1, we see that there is another constant C > 0
such that
C(1 — |22y If (w) — f(2))
L= zPP IV < ——5— T gy (w),
( VIV (I =1z Jpey 11— (z, w)P ()
and so
C(l — |2y If (w) — f(2)I
1 — 1zZPPIVf )P < d )
( |Z| )17| f(Z)| = (1 _ |Z|2)n+1 B, |1 _ <Z, w>|p v)/(w)
Since
atp-—y-—(r+D=4
we conclude that
_ p
[a-ervrerana e [ [ O GG ),
B, B, Jm, |1 —{(z,w)|?
Taking N = 1 in the proof of A% shows that / € A5. U

LEMMA 4. Suppose a > —1, f € A and B and y satisfy (1). If, in addition,
—1l<B<p—(m+1), —l<y<p—(m+1), 2)
then

/ Ve - fwhi dvg(2) dv, (w) < .

B, |1 —(z,w)

Proof. Fix f € A%, and let I denote the integral above. An elementary triangle type
inequality then shows that we can find a positive constant C such that

4 4
I<c f / i ﬁ)'_ s lf(ul;)l dvs(2) v, (w).

So the integral I will be finite if each of the following two integrals is finite:

I = / [f @) dvg(z) dv, (w)
B, /B,

T —(z, w)p
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and

)l dvﬁ(z) dvy (w)
[ X / .

11— (z, w

By Fubini’s theorem

5= /v<z)|f’dvﬁ(z) / d"y("’)

1 —(z, w)
By (1) and (2), we have
B—a=p—y—-(m+1)>0.

It follows from this and a standard integral estimate (see Proposition 1.4.10 of [6] or
Theorem 1.12 of [16]) that there exists another positive constant C such that

7 d
L=C w = C/ If (2)I? dvg(z) < 0.
B, (1 —|z[?)f~ B,
A similar argument shows that I, < oo. This completes the proof of the lemma. O
We now combine Lemmas 3 and 4 to obtain one of our main results.

THEOREM 5. Suppose a > —1 and f is holomorphic in B,. If B and y are real
parameters satisfying (1) and (2), then f € A, if and only if

/ I (2) —f(w)P

B, |1 —(z,w)P dvg(2) dvy, (w) < o0.

Proof. Since @ > —1 and p > 0, the assumption p + o > —1 in Lemma 3 is fulfilled.
The desired result then follows from Lemmas 3 and 4. (]

COROLLARY 6. Suppose @ > —1, p > n+ 1 + « and f is holomorphic in B,. Then
f e Ab ifand only if
[ [ 1w wr dne@duw < .
Bn IBVI

where t = [ — (n+ 1)]/2.
Proof. Let

a+p—(m+1)
—

oS

B=y=35+t=
Then B and y satisfy condition (1). Also, the condition 8 > —1 is equivalent to p >
n — (a + 1), which clearly follows from the assumptions thatp > n+ 1 + « and ¢ > —1.
Since y = B, the condition y > —1 is satisfied as well. Finally, the conditions f <

—(m+1)and y < p — (n+ 1) are each equivalent to p > n + 1 + «, which is assumed
to be true. So the desired result follows from Theorem 5. O
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3. The case of the unit disc. In this section we consider the special case n = 1. We
will be able to remove the assumption o > —1 in several results of the previous section.

LEMMA 7. Suppose n = 1, a < —1 and f is a function in A% of the unit disc D. Let B
and y be real parameters satisfying (1). If, in addition,

-1 <B<(p-3)/2, —l<y<(@-3)/2, 3)
then

f [ (2) = f(w)l
pJD

Ep—r dAp(z)dA,(w) < oco.

Proof. 1t is easy to see that the assumptions on the parameters imply that p > 1. By
the integral representation for Bergman spaces (see Corollary 31 of [14]), there exists a
function g € LP(D, dA,) such that

[ gwdA_i(u)
f(Z)_/;j)ﬁ’ zeD,

SO

[ (2) —f(w)] </ |lg()| dA—1(u)

lz—w| — Jp |l —zul|l —wul

Let1/p+1/q = 1, and write

- |
l=a+b  —l=- 6—<-+5>, )
g \r ¢

where a and b are real and € > 0, whose exact values are to be specified later. It follows
from Holder’s inequality that the function |f(z) — f(w)|/|z — w] is less than or equal to

1T — zappe|1 — walpe o |1 — zu||1 — w4

[ / lgw)lP(1 — |u|2)‘ﬁ<i+2>dA<u)T [ (1 — Ju?)~1+e dA(u)T
D

Denote the second integral above by I and estimate it using the Cauchy—Schwarz inequality
and Proposition 1.4.10 of [6] as follows:

A=)y~ da@ ] T (4 = P+ dAw ]’
IfUD Tz }[/D = waps ]

1 1/2
<C
- |:(1 _ |Z|2)2qb7175(1 _ |w|2)2qble:|
C

[ =1z - |w|2)]"b—<1+e>/z~

Here we are assuming that b and € satisfy

2gb—1—¢€ >0, (&)
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which will be justified later. Thus |f(z) — f(w)|/|z — w| does not exceed a constant
multiple of

1 / @ (1 — 1) P dAw) |’
A :

[(1 = 212)(1 = Jw]?)] e 11— zape|1 — wap

and |f(z) — f(w)|?/|z — w|? is less than or equal to a constant multiple of

1 2@ = 2y 5+ d A(u)
[(1 = 121 — )P0 Jo U=zl —wape
So the integral
— P
J = MdAﬂ(Z)dAy(Z)

D lz—wP

is dominated by

_ —p(3+5)
/ / (1= 21 = |w ) dA(z)d A(w) / G — )P d Aw)
DJD D

[1 — zuP4|1 — wulpe

where s =8+ p(l +¢€)/(2q) —pb and t =y + p(1 + €)/(2q) — pb. We use Fubini’s
theorem and Proposition 1.4.10 of [6] again to obtain the estimates

(1— |2y dA@) _ ¢
D |1 — zu|pa = (1 — |u|?)pa-2-P-p(+€)/Qq)+pb
and
(1= JwP) dA(w) _ c
D [1 — wulpe - (1= |u|2)pu72fyfp(l+é)/(2q)+pb’

where the requirements (for Proposition 1.4.10 of [6])

s=pB+pl+e€)/2q) —pb>—1, (6)
t=y+p(l+¢€)/2q) —pb> -1, (7
pa—2—pB—p(l+¢€)/2q) +pb>0 (8

and
pa—2—y—p(l+€)/2q) +pb>0 ()

are to be justified later. We deduce that

—p(lyc
J < [ 18P —u) 7 dAw)
- p (1 — u|?)2platb)=4—p—y—p(+e)/q”
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Simplify the exponents of (1 — |u|?) above using (1). The result is

J<cC / g1 dAa(2) < oo,
D

It remains for us to show that it is possible to choose a, b and € > 0 so that conditions
(4)—(9) are all satisfied. Because conditions (5)—(9) all involve strict inequalities, we may
as well assume that € = 0. In other words, if these conditions hold for € = 0, then they will
also hold when € is a sufficiently small positive number. Therefore, we want to show that
it is possible to choose @ and b such that « + b = 1 and

2gb—1 >0,

B+ 4 —pb>—1,
y+”—pb>—1
p—2— ﬂ——>0
p—2— y—f—q>0.

Using the relation 1/p 4+ 1/g = 1 we can change the above conditions to

b>(p—1)/2p).

b<@B+p+1/2p),

b <Qy+p+1)/Cp),

B<W@-3)/2

y <(p-3)/2
The last two conditions are part of the assumptions of the theorem. It is easy to see that the
conditions 8 > —1 and y > —1 are equivalent to

p—1<2,3+p+1 p—1<2y+p+1
2p 2p 2p p

Therefore, if we choose any b according to

p—1 <2,3+p—|—1 2y+p+1)
—<b<m1 , ,
2p 2p

2p

then all the requirements are satisfied. This completes the proof of the lemma. O

LEMMA 8. Supposen =1, 0 = —landp > 1. Iff € AL then
f/MdA (2)dA4,(w) < o0,

where B =y = (p —3)/2.

Proof. Since p > 1, we have 0 < p+a; <p—1 whenever o) < —1 and «; is
sufficiently close to —1. Fix such an «;. Similarly, fix an o, such that 0 < p 4+ oy <
2(p — 1), which is equivalent to —1 < ay < p — 2. Then there is a unique 6 € (0, 1) such
that —1 = (1 — 0)a; + Oay.

Fork =1, 2let

o +p—2

Bk =vk = 5
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Then B¢ + yx = o + p — 2. We also have

-3
—1<,Bl=V1<pT

and
~l<po=y<p-2

and

(-0 +op=""7"=p

It follows from Lemmas 4 and 7 that the operator 7" defined by

_ @~ fw)

Z—Ww

U

maps Aﬁk into L7(D x D, dAg, x dA4,,), where k = 1, 2. By complex interpolation, the
operator 7" maps the space

[A{;] ’ Azz]e = A[il
(see Corollary 37 of [[14]]) into the space
[LP(ID x D, dAp, x dA,,), P(D x D, dAg, x dAyz)]O,

which, according to a classical theorem of Stein—Weiss (see [7]) concerning the complex
interpolation of 17 spaces with different weights, is the same as

I’(D x D,dAg x dA4,).
Therefore, f € A” | implies that

/ [f(z) = f(w)l
D Jo

E— dAp(z)dA,(w) < oo,

where 8 =y = (p — 3)/2. Combining this with Lemma 3, we obtain the desired

result. O

Note that a different interpolation argument can be given whenn = 1,0« = —l andp >
2 (which is stricter than required). In fact, in this case, we can also consider the operator ®
defined by

o) =TEZIW 1 pyea ey,

We already know that & maps the Bloch space B of the unit disc into L*°(D x D)
(see [1]). Next we consider the case p = 2, sothat 8 +y = —1. If

f@) = Zanzn
n=0
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is a function in H*> = A | of the unit disc, then the integral

N YRCE SO 4w
DJD

|z —wl?

can be evaluated as follows:

f—/f

dAﬂ(z) dA,(w)

2
Z ay, 2w/

= z+]n1

—Z|an| // P2y

—Zmn > [ a1 i, o)

dAg(z)dA, (w)

2
dAp(z)dA, (w)

i+j=n—1
1
N 2
,,Z o L TG

Consider the positive coefficients

- ¥ 1 =

i+j=n—1 (l + l)ﬁH(/ + 1)y+1 ’ -

If we write

n—1 1

then it is clear that, for large n, the coefficient C, is comparable to

! dx
o XBHI(1 — x)y+1’

which is a convergent integral, as the assumptions on 8 and y easily imply that —1 < 8 <
0and —1 < y < 0. We conclude that

//MdA (2)dA, (w) ~ Zlaﬂzv
=1

provided B+ y = —1. In particular, the operator ¢ defined earlier maps AZ_l = H?
boundedly into L*(D x D, dA4_3,» x dA_3),). By complex interpolation, the operator ®
maps the space [42 > Blo = A" | (see Theorem 38 of [14]) boundedly into the space

[LZ(D X D, dA_3/2 X dA_3/2), Loo]0 = LP(D X D, dA_3/2 X dA_g/z),
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where 6 € (0, 1) and

Equivalently, if p > 2, then f € A” | implies that

/ V@ =S 44 (5yda, w) < oo,
DJD

|z —wl?

where 8 =y = (p — 3)/2.
We now put the necessary pieces together to prove the other main result of the paper.

THEOREM 9. Suppose n = 1, « is real, p > max(—a, o + 2) and f is analytic in the
unit disc. Then f € Ab if and only if

z) — 1 7
/ / [M(l _ |Z|2)§(1 — |w|2)2:| dA(z)dA(w) < o0,
DJp |z — w]

where t = (@ — 2)/2.

Proof. Let

Then condition (1) is satisfied:
B+y=a+p—-2=a+p—(n+1).

Also, the assumption p > —« is equivalent to 8 = y > —1. Finally, the assumption p >
a + 2 is equivalent to 8 =y < p — (n+ 1). The desired result is then a consequence of
Lemmas 3, 7 and 8 and Corollary 6. O

As an example, we can take « = —2 and p > 2, so an analytic function f in the unit
disc belongs to A” , (which is the classical diagonal Besov space B,) if and only if

/f [M(l — 122 — |w|2)5T dA_»(z)dA »(w) < oo,
pJol [z2—wl

where

dA(z)

dA,Q(Z) = dT(Z) = m

is the Mobius invariant area measure on the unit disc. This is a theorem that was proved in
[10].

4. Further remarks. We first make a general comparison between double integrals
of the functions Lf(z, w) and Lyf(z, w).
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PROPOSITION 10. Suppose B and y are real, p > 0 and n > 1. Then there exists a
positive constant C such that I(f) < CJ(f) for all f € H(B,,), where

_ I (2) —fw)l”
I(]() = /Bn /;3” deﬁ(Z)de(U))

and

0= [ [ T dusterdu, o

Proof. By Lemma 2,

1 1
lz—wl| — I%(w)lll— z, w)l

for all z # w, so

1) = /dv()/ V(w) f(Z)I” dv, (w)

/dM{/V% or_dsw

1= (z,w)lr

Making the change of variables w > ¢.(w) in the inner integral above according to
Proposition 1.13 of [16], we obtain

o @, — fo.(0)7 d
I(f)S/B dva(z)/l;; |f © ¢:(w) — 1 0 ¢:(0)] vy (w)

lwl|? 11— (z, w) [Pt 1H7)=p"

It is elementary to show that there exists a positive constant C (independent of /') such that

If o ¢:-(w) — f 0 ¢(0))

[1 — (z, w)[2o+1+y)—p vy (w).

I@scédwd

Bn
Making the change of variables w > ¢.(w) in the inner integral again, we obtain
i
1)< C / / l/|’1(z) —/ (w)' dvg(2) dv, (w). 0

When n = 1, the inequality in the proposition above can be reversed. In fact, in this
case, we always have

1 1 |z — w| - 1

N—zw| |z—w||l—zw| = |z—w|

This last inequality, however, is invalid in higher dimensions. To see this, take any
z € B, — {0} and take w = @.(u) for some u € B, with |u| = |z| and (z, u) = 0. Then it is
easy to verify that

e—wl I
N—(zwl| J1— 72

which is clearly unbounded as z approaches the unit sphere.
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Our second remark still concerns higher dimensions, for which so far we need the
extra assumption that « > —1. Although we do not know how to deal with general «, we
can improve our Theorem A to the case in which @ > —(n + 1). In fact, according to [3],
Theorem A is valid for « = —(n + 1) and p large enough. Combining this with the « > —1
case, with the help of an interpolation argument as used in the proof of Lemma 8§, we
conclude that Theorem A remains true whenever « > —(n + 1), as long as p is sufficiently
large.

Our next remark concerns a generalisation of our results in a different direction. More
specifically, for any 6 € (0, 1) we consider the operator

Loftewy = LN pyr = pupy
or, somewhat differently,
_ @ —f(w)

Lof(z,w) = (1= 121371 = wH'.

11— (z, w)|

Then for certain &« we conjecture that there exists a positive cutoff constant p, (dependent
on 6 and «) such that for p > py and /' € H(B,) we have f € A% if and only if

/ / |Lof (z, w)|P dv,(z) dv(w) < oo,
B, /B,

where t = [a@ — (n + 1)]/2 is the same as before. At least one such result can be found in
the literature, namely a holomorphic function /" in B, belongs to the Bloch space if and
only if

sup {|Lof(z, w)| : z, w € B, z # w} < o0,

where Lyf(z, w) is the first version above. See [15] for a simple proof in the one-
dimensional case, and see [13] for the higher-dimensional case.

There are several other results in the literature that are related to our main results. For
example, Lemma 4 follows from a result in [11]. In fact, if / € 4%, then by the proof of
Theorem 13 in [11], there exists a non-negative continuous function g € L”(B,,, dv,) such
that

) —fwr _ — sGy gwy

lz—wl T 1= (w1 -(zw)

for all z and w in B,, with z # w. The desired estimate is then a consequence of Fubini’s
theorem and Proposition 1.4.10 of [6] (or Theorem 1.12 of [16]).

Another interesting connection of our results to prior results in the literature concerns
the so-called diagonal operator A, which maps a holomorphic function f(z, w) in the bidisc
D x D to the analytic function f(z, z) in the unit disc D). More specifically, if

— P
/ MdAﬁ(z)dAﬁ(w) < 00,
DJD

|z —wl?
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where 8 = (e« +p — 2)/2 > —1 (which is equivalent to p + « > 0 or p > —a«), then the
function

(@ —f)/—w). z#w,
gz w) = {f/(z), o

belongs to the Bergman space A’; of the bidisc D x D. If we apply the diagonal operator to
g, then by a well-known result (see [8] for example), the function g(z, z) = f’(z) belongs
to A’z’(ﬁHF2 of the unit disc. Since 28 + 2 = « + p, it follows that ' € A5,

The main problem that is left unanswered in the paper is whether or not Theorem B
remains valid in higher dimensions for any real o and sufficiently large p. Here we want
to convince the reader that the proof of Lemma 7 is strictly one-dimensional. In fact, if we
tried the same idea, even if we used the more general Theorem 30 of [14] (instead of its
simpler corollary), we would realise that we still had to use the integral representation

[ swdv,
f(z)—/Bn S T

After going through the same details, we would have arrived at the following ‘theorem’:
Suppose v < —(n—1)p—land B+y =a+p—(m+1).If

2p—np—n—2 2p—np—n—2

—1<,3<f, —1<y<f,

then f € A% implies that

[ V)= 1), ) <o

Clz—wp

What is wrong with this analogue of Lemma 7 in higher dimensions is that there exist
no parameters 8 and y that satisfy the above conditions, unless #» = 1. In fact, for such
and y, we must have

2<B4+y<2p—np—n-—2,

which implies 2p > np + n. Obviously, this is is possible only when n = 1.
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