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IDA AND HANKEL OPERATORS ON FOCK SPACES

ZHANGJIAN HU AND JANI A. VIRTANEN

We introduce a new space IDA of locally integrable functions whose integral distance to holomorphic
functions is finite, and use it to completely characterize boundedness and compactness of Hankel operators
on weighted Fock spaces. As an application, for bounded symbols, we show that the Hankel operator H
is compact if and only if H is compact, which complements the classical compactness result of Berger
and Coburn. Motivated by recent work of Bauer, Coburn, and Hagger, we also apply our results to the
Berezin—Toeplitz quantization.

1. Introduction

Denote by L? the Hilbert space of all Gaussian square-integrable functions f on C”, that is,
[ @Pe T dve) < oo,

where v is the standard Lebesgue measure on C". The Fock space F? (aka Segal-Bargmann space)
consists of all holomorphic functions in L. The orthogonal projection of L? onto F? is denoted by P
and called the Bergman projection. For a suitable function f : C" — C, the Hankel operator H; and the
Toeplitz operator T are defined on F 2 by

HfZ(I—P)Mf and Tf:PMf.

The function f is referred to as the symbol of Hy and T¢. Since P is a bounded operator, it follows that
both Hy and Ty are well-defined and bounded on F? if £ is a bounded function. For unbounded symbols,
despite considerable efforts, see, e.g., [Bauer 2005; Berger and Coburn 1994; Coburn et al. 2021; Hu and
Wang 2018], characterization of boundedness or compactness of these operators has remained an open
problem for more than 20 years.

In this paper, as a natural evolution from BMO (see [John and Nirenberg 1961; Zhu 2012]), we
introduce a notion of integral distance to holomorphic (aka analytic) functions IDA and use it to completely
characterize boundedness and compactness of Hankel operators on Fock spaces. Recently, in [Hu and
Virtanen 2022], which continues our present work, we used IDA in the Hilbert space setting to characterize
the Schatten class properties of Hankel operators. Indeed, the space IDA is broad in scope, and should have
more applications, which we hope to demonstrate in future work in connection with Toeplitz operators.

All our results are proved for weighted Fock spaces F?(¢) consisting of holomorphic functions
for which

[ IF@1Pe " dv(e) < oo,
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where 0 < p < 0o and ¢ is a suitable weight function (see Section 2 for further details). Obviously, with
p =2 and ¢(z) = («/2)|z|?, we obtain the weighted Fock space F(f. The study of LP-type Fock spaces
was initiated in [Janson et al. 1987] and has since grown considerably, as seen in [Zhu 2012].

We also revisit and complement a surprising result due to [Berger and Coburn 1987], which states that
for bounded symbols

Hy: F 2 L? is compact if and only if H 7 1s compact.

In particular, we give a new proof and show that this phenomenon remains true for Hankel operators from
FP(p) to L9(¢p) for general weights. What also makes this result striking is that it is not true for Hankel
operators acting on other important function spaces, such as Hardy or Bergman spaces.

As an application, we will apply our results to the Berezin—Toeplitz quantization, which complements
the results in [Bauer et al. 2018].

1A. Main results. We introduce the following new function spaces to characterize bounded and compact

Hankel operators. Let 0 < s < oo and 0 < g < o0o. For f € Lfoc, set

1
inf _
heH(B(z.) |B(z, )| JB(z.r

(Ggr(NH@NT = |f—hl"dv, zeC",

where H (B(z, r)) stands for the set of holomorphic functions in the ball B(z, r). We say that f € Lfoc is
in IDA%4 if

Il fllipase = 1G4 1 (s < 0.

We further write BDAY for IDA°>? and say that f € VDAY if
lim G4 1(f)(z) =0.
—> 00

The properties of these spaces will be studied in Section 3.

We denote by S the set of all measurable functions f that satisfy the condition in (2-7), which ensures
that the Hankel operator Hy is densely defined on F?(¢) provided that 0 < p < oo and ¢ is a suitable
weight. Notice that the symbol class S contains all bounded functions. Further, we write Hessg ¢ for the
Hessian of ¢ and E for the 2n x 2n identity matrix — these concepts will be discussed in more detail in
Section 2. It is important to notice that the condition Hessg ¢ ~ E in the following theorems is satisfied
by the classical Fock space F2, the Fock spaces Flf generated by standard weights ¢(z) = (a/2)|z]?,
o > 0, Fock—Sobolev spaces, and a large class of nonradial weights.

Theorem 1.1. Let f € S and suppose that Hessg ¢ >~ E as in (2-1).

(@) ForO<p<gq<oocandq>1, Hy : FP(¢) — Li(p) is bounded if and only if f € BDAY, and Hy
is compact if and only if f € VDAY For the operator norm of Hy, we have the estimate

1Hyll >~ I fllBDAS- 1-1)
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(b) For1 <q < p <oo, Hy: FP(¢) — L9(p) is bounded if and only if it is compact, which is equivalent
to f € IDA>Y, where s = pq/(p —q), and

IH 7l = 1| f llipase. (1-2)
(c) ForO<p<g<land f € L*, Hf : FP(p) — L4(¢) is bounded with
[Hfll < Cll fllLe (1-3)

and compact if and only if f € VDAY

We first note that Theorem 1.1 is new even for Hankel operators acting from F? to L>. Previously
only characterizations for Hy and H; to be simultaneously bounded (or simultaneously compact) were
known. These were given in terms of the bounded (or vanishing) mean oscillation of f in [Bauer 2005]
for F? and in [Hu and Wang 2018] for Hankel operators from F/ to L. In Theorem 7.1 of Section 7,
we obtain these results as a simple consequence of Theorem 1.1. We also mention our recent work [Hu
and Virtanen 2022], which gives a complete characterization of Schatten class Hankel operators.

Theorem 1.1 should also be compared with the results for Hankel operators on Bergman spaces A”.
Indeed, characterizations for boundedness and compactness can be found in [Axler 1986] for antianalytic
symbols, in [Hagger and Virtanen 2021] for bounded symbols, and in [Hu and Lu 2019; Li 1994; Luecking
1992; Pau et al. 2016] for unbounded symbols. These two cases are different to study because of properties
such as F? C F1 for p < q (as opposed to A? C A”) and certain nice geometry on the boundary of these
bounded domains, which in turn helps with the treatment of the d-problem.

What is very different about the results on Hankel operators acting on these two types of spaces
is that our next result is only true in Fock spaces (see [Hagger and Virtanen 2021] for an interesting
counterexample for the Bergman space).

Theorem 1.2. Let f € L™ and suppose that Hessg g ~E asin 2-1). [f 0<p<g<oocorl<g < p < oo,
then Hy : F¥ (@) — L(¢) is compact if and only if H is compact.

For Hankel operators on the Fock space F2, Theorem 1.2 was proved in [Berger and Coburn 1987]
using C*-algebra and Hilbert space techniques and in [Stroethoff 1992] using elementary methods. More
recently in [Hagger and Virtanen 2021], limit operator techniques were used to treat the reflexive Fock
spaces F. However, our result is new even in the Hilbert space case because of the more general weights
that we consider. As a natural continuation of our present work, in [Hu and Virtanen 2022], we prove
that, for f* € L, the Hankel operator Hy is in the Schatten class S, if and only if H is in the Schatten
class S, provided that I < p < co.

As an application and further generalization of our results, in Section 6, we provide a complete
characterization of those f € L* for which

- O () _ Oy _ i
tim |77 = 7]l = 0 (1-4)

for all g € L™, where T}t) =POM;: F?(¢) - F2(p) and P? is the orthogonal projection of L?(¢p)
onto F,2(<p). Here Lt2 = L*(C", du,) and

1
du(z) = m exp{—2<p(%> } dv(z).
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The importance of the semiclassical limit in (1-4) stems from the fact that it is one of the essential
ingredients of the deformation quantization of [Rieffel 1989; 1990] in mathematical physics. Our
conclusion related to (1-4) extends and complements the main result in [Bauer et al. 2018].

1B. Approach. A careful inspection shows that the methods and techniques used in [Berger and Coburn
1986; 1987; Hagger and Virtanen 2021; Perild et al. 2014; Stroethoff 1992] depend heavily upon the
following three aspects. First, the explicit representation of the Bergman kernel K (z, w) for standard
weights ¢(z) = (a/2)|z|* has the property that

K (z, w)e~@/DP~@/Dwl _ je/)lz-ul* (1-5)

However, for the class of weights we consider, this quadratic decay is known not to hold (even in
dimension n = 1) and is expected to be very rare [Christ 1991]. The second aspect involves the Weyl
unitary operator W, defined as

Wof = f ok,

where 7, is the translation by a and k, is the normalized reproducing kernel. As a unitary operator
on FJ (oron L%), W, plays a very important role in the theory of the Fock spaces F (see [Zhu 2012]).
Unfortunately, no analogue of Weyl operators is currently available for F”(¢) when ¢ # (a/2)|w|?. The
third aspect we mention is Banach (or Hilbert) space techniques, such as the adjoint (for example, H }‘)
and the duality. However, when 0 < p < 1, F?(¢) is only an F'-space (in the sense of [Rudin 1973]) and
the usual Banach space techniques can no longer be applied.

To overcome the three difficulties mentioned above, we introduce function spaces IDA, BDA and
VDA, and develop their theory, which we use to characterize those symbols f such that Hy are bounded
(or compact) from F?(¢) to L?(¢). Our characterization of the boundedness of Hy extends the main
results of [Bauer 2005; Hu and Wang 2018; Perild et al. 2014]. It is also worth noting that as a natural
generalization of BMO, the space IDA will have its own interest and will likely be useful to study other
(related) operators (such as Toeplitz operators).

In our analysis, we appeal to the d-techniques several times. As the canonical solution to du = gdf,
Hyg is naturally connected with the d-theory. Hormander’s theory provides us with the L2-estimate, but
less is known about L”-estimates on C" when p # 2. With the help of a certain auxiliary integral operator,
we obtain L”-estimates of the Berndtsson—Anderson solution [1982] to the d-equation. Our approach
to handling weights whose curvature is uniformly comparable to the Euclidean metric form is similar
to the treatment in [Schuster and Varolin 2012] which was initiated in [Berndtsson and Ortega Cerda
1995], and a number of the techniques we use here were inspired by this approach. Although the work in
[Berndtsson and Ortega Cerda 1995] is restricted to n = 1, some of the results were extended to higher
dimensions in [Lindholm 2001], and the others are easy to modify.

The outline of the paper is as follows. In Section 2 we study preliminary results on the Bergman kernel
which are needed throughout the paper, and we also establish estimates for the d-solution developed
in [Berndtsson and Andersson 1982]. In Section 3, a notion of function spaces IDA®? is introduced.
We obtain a useful decomposition for functions in IDA*? (compare with the decompositions of BMO
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and VMO). Using this decomposition, we obtain the completeness of IDA*?/H (C") in || - ||ipas«. In
Sections 4 and 5 we prove Theorems 1.1 and 1.2, respectively. For the latter theorem, we also appeal
to the Calder6n—Zygmund theory of singular integrals, and in particular employ the Ahlfors—Beurling
operator to obtain certain estimates on d- and d-derivatives. In Section 6, we present an application of
our results to quantization. In the last section, we give further remarks together with two conjectures.

Throughout the paper, C stands for positive constants which may change from line to line, but does not
depend on functions being considered. Two quantities A and B are called equivalent, denoted by A >~ B,
if there exists some C such that C~'A < B < CA.

2. Preliminaries

Let C" = R?" be the n-dimensional complex Euclidean space and denote by v the Lebesgue measure on C”.
Forz=(z1,...,zy) and w= (wy, ..., w,) in C*, we write z- W =z, W] +- - - +2, Wy and |z| = /7 - Z. Let
H (C") be the family of all holomorphic functions on C". Given a domain €2 in C" and a positive Borel mea-
sure p on €2, we denote by L? (€2, du) the space of all Lebesgue measurable functions f on €2 for which

1/p
I fller@.au = {/Qlflpd,u} <oo for0<p<oo

and || f Il L (@,av) = €sssup,.q | f(2)| < 0o for p = oo. For ease of notation, we simply write L? for the
space L?(C", dv).

2A. Weighted Fock spaces. For a real-valued weight ¢ € C>(C") and 0 < p < oo, denote by LP(¢) the
space LP(C", e"P?dv) withnorm || - || ., = || - llLr(C,e-reav)- Then the Fock space F” () is defined as

FP(p)=LP(p)NH(C"),
Foo((p) = {f € H(Cn) : ”f”oogo = Sup,ccn |f(Z)|€_¢(Z) < OO}

For 1 < p <00, F7(¢) is a Banach space in the norm || - || , , and F?(p) is a Hilbert space. For0 < p < 1,
FP(p) is an F-space with metric given by d(f, g) = || f — g||5’¢,.

Other related and widely studied holomorphic function spaces include the Bergman spaces A% (B")
of the unit ball B" consisting of all holomorphic functions f in L?(B", dv,), where 0 < p < oo,
dvg(z) = (1 —|z]))* dv(z) and « > —1.

In this paper we are interested in Fock spaces F'”(¢) with certain uniformly convex weights ¢. More
precisely, suppose ¢ = @(x1, X2, ..., x2,) € C2(R?") is real-valued, and there are positive constants m
and M such that Hessg ¢, the real Hessian, satisfies

=< ME, (2_1)
J.k=1

82¢<x>)2"

mE < Hessg ¢(x) = <
0x;0xy

where E is the 2n x 2n identity matrix; above, for symmetric matrices A and B, we used the convention
that A < B if B — A is positive semidefinite. When (2-1) is satisfied, we write Hessg ¢ >~ E. A typical
model of such weights is given by ¢(z) = (oz/2)|z|2 for z=(z1, 22, ..., 2y) With z; =x2;_1 +1ix2;, which
induces the weighted Fock space F{ studied by many authors (see, e.g., [Zhu 2012]). Another popular
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example is ¢(z) = 1z|> — %log(l + |z|?), which gives the so-called Fock—Sobolev spaces studied for
example in [Cho and Zhu 2012]. Notice that the weights ¢ satisfying (2-1) are not only radial functions,
as the example ¢(z) = |z|? + sin[(z1 + Z1)/2] clearly shows.

For x = (x1,x2, ..., x0,), t = (t1, 12, ..., 10,) € Rzn, write Zj = X251 +ix2j, %’j =hj-1 +it2j and
&E=(&,%&,...,&,). An elementary calculation similar to that on page 125 of [Krantz 1992] shows
n n 2n
¢ ¢ -1 ¢ 1 0
e E ; E =~ E ——(X)tity > = )
et 0702k (@85 + ymd) 07,07 (@%)5k 2 = 9x; Xy S 2m|§|

Replacing & with i§ in the above inequality gives

n

32 292 -
“Re ) @b Y g @5k = ymisl
jok=1

el 0707k 0z;0
Thus, \ )
9% : 1
> — ()& = mlE[”
; 3Z/3Zk 2
Jj.k=1 -

Similarly, we have an upper bound for the complex Hessian of ¢. Therefore, mwy < dd“¢p < Mw, where
wo = dd°|z|?* is the Euclidean Kihler form on C” and d¢ = %\/—_1 (3 —9). This implies that the theory in
[Schuster and Varolin 2012; Hu and Lv 2014] is applicable in the present setting.

ForzeC"andr > 0, let B(z,r) = {w € C" : |w — z| < r} be the ball with center at z with radius r.
For the proof of the following weighted Bergman inequality, we refer to Proposition 2.3 of [Schuster and
Varolin 2012].

Lemma 2.1. Suppose 0 < p < oo. For each r > 0 there is some C > 0 such that if f € FP () then
@O =C [ IfEe O due).
B(z,r)
It follows from the preceding lemma that || ||, < C|l fl,, and
FP(p) S Fl(p) forO0<p=<g=oo. (2-2)
This inclusion is completely different from that of the Bergman spaces.

Lemma 2.2. There exist positive constants 0 and C, depending only on n, m and M, such that
1K (z, w)| < Cre?@FeWe=blz=wl for gl 7, w e C", (2-3)
and there exist positive constants C, and rq such that

K (z, w)| > Cre?@He0) (2-4)
for z € C" and w € B(z, ryp).

The estimate (2-3) appeared in [Christ 1991] for n = 1 and in [Delin 1998] for n > 2, while the
inequality (2-4) can be found in [Schuster and Varolin 2012].

For z € C", write
K( ) Z)

k(o) = ——L
) VK (z,2)
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for the normalized Bergman kernel. Then Lemma 2.2 implies

%e‘p@ <|IK(-,2)llpp<Ce?@ and % <|lk;llpy <C forzeC", (2-5)

and lim|;|—, o k;(§) = 0 uniformly in £ on compact subsets of C".

2B. The Bergman projection. For Fock spaces, we denote by P the orthogonal projection of L2(¢)
onto F2(gp), and refer to it as the Bergman projection. It is well known that P can be represented as an
integral operator

Pf(z) = [D K (z, w) fw)e ™) dv(w) (2-6)

for z € C", where K (-, -) is the Bergman (reproducing) kernel of F 2(go).

As a consequence of Lemma 2.2, it follows that the Bergman projection P is bounded on L?(¢p) for
1 < p=<o0,and P|pr) =Ifor 0 < p < oo; for further details, see Proposition 3.4 and Corollary 3.7 of
[Schuster and Varolin 2012].

2C. Hankel operators. To define Hankel operators with unbounded symbols, consider
F={>"14K(.z):NeN, g eC, zeC for1 <j <N},
and the symbol class
S = {f measurable on C" : fg € L'(¢) for g € T'}. 2-7)

Given f € S, the Hankel operator Hy = (I — P)M with symbol f is well-defined on I". According to
Proposition 2.5 of [Hu and Virtanen 2020], for 0 < p < oo, the set I' is dense in F”(¢), and hence the
Hankel operator Hy is densely defined on F?(¢).

2D. Lattices in C". Given r > 0, a sequence {ay}7- ; in C" is called an r-lattice if the balls {B(ax, r)}72 |
cover C" and {B(ax, r/(24/n))}32, are pairwise disjoint. A typical model of an r-lattice is the sequence

!%(nu—i—kli,mz—i—kzi,...,mn—i-kni) eC':imj kjeZ, j= 1,2,...,11}. (2-8)
n

Notice that there exists an integer N depending only on the dimension of C" such that, for any
r-lattice {ax}z2 ;.

(00)
1< Z XBa,2r(2) =N (2-9)
k=1

for z € C", where xf is the characteristic function of £ C C". These well-known facts are explained in
[Zhu 2012] when n = 1 and they can be easily generalized to any n € N.

2E. Fock Carleson measures. In the theory of Bergman spaces, Carleson measures provide an essential
tool for treating various problems, especially in connection with bounded operators, functions of bounded
mean oscillation, and their applications; see, e.g., [Zhu 2005]. In Fock spaces, Carleson measures play a
similar role; see [Zhu 2012] for the Fock spaces F[. Carleson measures for Fock—Sobolev spaces were
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described in [Cho and Zhu 2012]. In [Schuster and Varolin 2012], Carleson measures for generalized
Fock spaces (which include the weights considered in the present work) were used to study bounded and
compact Toeplitz operators. Finally, their generalization to (p, g)-Fock Carleson measures was carried
out in [Hu and Lv 2014], which is indispensable to the study of operators between distinct Banach spaces
and will be applied to analyze Hankel operators acting from F?(¢) to L?(¢) in our work.

We recall the basic theory of these measures. Let 0 < p, g < 0o and let i > 0 be a positive Borel measure
on C". We call u a (p, g)-Fock Carleson measure if the embedding I : F”(p) — LI(C", e 9%du) is
bounded. Further, the measure u is referred to as a vanishing (p, ¢)-Fock Carleson measure if in addition

lim / 1£i(2)e @11 du(z) =0
J—>00 Jn

whenever { fj};’O
Jj — o00. Fock Carleson measures were completely characterized in [Hu and Lv 2014] and we only add

the following simple result, which is trivial for Banach spaces and can be easily proved in the other cases.

| s bounded in F”(¢) and converges to 0 uniformly on any compact subset of C" as

Proposition 2.3. Let 0 < p,q < 00 and | be a positive Borel measure on C". Then [ is a vanishing
(p, q)-Fock Carleson measure if and only if the inclusion map 1 is compact from F?(¢) — L1(C", dw).

Proof. 1t is not difficult to show that the image of the unit ball of F'7(¢) under the inclusion is relatively
compact in LY(C", ¢?? di). We leave out the details. O

2F. Differential forms and an auxiliary integral operator. As in [Krantz 1992], given two nonnegative
integers s, t < n, we write

w= Z wa.pdz* ANd7P (2-10)

la|=s.|Bl=t

for a differential form of type (s, ). We denote by L ; the family of all (s, #)-forms w as in (2-10) with
coefficients w,, g measurable on C" and set

o] = Z lwa,pl and @llpe = lll@lllp,e- (2-11)

la|=s,|B|=t

Given a weight function ¢ satisfying (2-1), we define an integral operator A, as

—_ 2 9 j 3 o 2yn—1—j
e<za¢,z—s>zw(§)/\3lé 2|7 A (2009(8)) A (99]€ — 25"/ (2-12)

: jE =22

j<n

Ap(@)(@) = /

for w € Ly,1, where
n

(3pE),z2—8) =Y

j=l1

e

%, &)z — &)

as denoted on page 92 in [Berndtsson and Andersson 1982].
For an (sy, #1)-form w4 and an (s», ©)-form wp with 51 4+ 5> <n, t; + 1, <n, it is easy to verify that
|wa Awp| < |wa||wp|. Therefore, for the (n, n)-form inside the integral of the right-hand side of (2-12),
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we obtain

0l — 22 A (2D0g)) A B3l — 2T | |w®)
jIE =P TP

w (&) A

because 199 ¢ (&) ~ 199 |£|>.
Recall that

r={Y" 4K, :NeN, ageC z;eC for1 <j<N}|
is dense in F'”(p) for all 0 < p < oo.
Lemma 2.4. Suppose 1 < p < 0.

(I) There is a constant C such that ||Ay ()]l p,o < Cllwllp,e for w € Lo 1.

(1) For g € T and f € C*(C") satisfying |0 f| € LP, it holds that 3A,(gd ) = gd f.

Proof. Let z € C". By (2-1), using Taylor expansion of p at &, we get

w(é)
0(z) — (zj — &) +mlz—&,
j=1
Then (2-12) gives
|Ap(@)(2)e *¥| < C f |w<s)|e‘ﬂ“f>{ S }e'"'“zdv@).
Y ~ e € -zl 1E—z>!
For [ < 2n fixed, define another integral operator .4, as
e—mé— -z
A h— h(é) T dv(§).

It is easy to verify, by interpolation, that .A; is bounded on L? for 1 < p < co. Therefore,
Ag(@)lp,e < ClI(AL+ Azp—1)(Iwle” )|l Lr
<CUAllLr—rr +Am-illLrsro)llollpe,

which completes the proof of part (A).

2049

(2-13)

Notice that the convexity assumption in (2-1) yields dd“¢ >~ wg, which in turn means that |85(p($ )|~ 1.
We use p’ to denote the conjugate of p, 1/p+1/p’ = 1. Now, for f € C>(C") satisfying |3 f| € L?, and

z, zo € C", we have

IIPY] J
/ K, zo)af<s>|Ze'|+f)ld ®

5C{ sup |K(&,20) 3 f(&)e @]+ /C - I)IK(é,ZO)5f($)le_“’(5’dv(§)}

£eB(z,1)

<Ce? ! sup [dfE+N0LNLr 1K+, 2z0)llpp} <00
£eB(z,1)
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Hence, for g € I and z € C”, it holds that
— _"’(S)Iaafp(é)lf
/ 23S ) § : — e v®) < oo

From Proposition 10 of [Berndtsson and Andersson 1982], we get (B) (pay attention to the mistake in the
last line of that result where f is left out on the right-hand side). ]

Corollary 2.5. Suppose f € SNC'(C") and |3 f| € L* with some 1 <s < oo. For g € T, it holds that
Hy () = Ap(80 ) — P(Ay(80 1)) (2-14)

Proof. Given f € SNCYC") with |af| € L* and g € T, we have ||gd f|l1., < llglly.olldf ]l < 00,
where s’ is the conjugate of s. Lemma 2.4 implies that u = A(p(gf_)f) € L'(¢) and du = gd f. Then
fg—ueL'(p). Notice that (fg—u) = gd f —du =0, and so fg—u € F'(p). Since P|F¢5 =1, we have

fg§—u=P(fg—u)=P(fg) — P(u).
This shows that Hy(g) = u — P (u). O

3. The space IDA

We now introduce a new space to characterize boundedness and compactness of Hankel operators. The
space IDA is related to the space of bounded mean oscillation BMO (see, e.g., [John and Nirenberg 1961;
Zhu 2012]), which has played an important role in many branches of analysis and their applications for
decades. We find that IDA is also broad in scope and should have more applications in operator theory
and related areas.

3A. Definitions and preliminary lemmas. Let 0 < g < oo and r > 0. For f € Lfoc (the collection of
g-th locally Lebesgue integrable functions on C"), following [Luecking 1992], we define G, ,(f) as

1/q
Gq,r(f)(z):inf{ (; | f —h|? dv) :h e H(B(z, r))} @3-
|B(z, )| Jp@.r
for z € C".

Definition 3.1. Suppose 0 <s < oo and 0 < g < co. The space IDA*9 (integral distance to holomorphic
such that

I fllpase = [1Gg 1 (s < oo.
The space IDA*? is also denoted by BDAY. The space VDAY consists of all f € BDA? such that
lim Gg,1(f)(2) =0
—>X

We will see in Section 6 that IDA*? is an extension of the space IMO®*? introduced in [Hu and Wang
2018].
Notice that the space BDA? was first introduced in the context of the Bergman spaces of the unit

functions) consists of all f € LloC

disk in [Luecking 1992], where it is called the space of functions with bounded distance to analytic
functions (BDA).
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Remark 3.2. As is the case with the classical BMO? and VMO spaces, we have
BDA?” C BDA?" and VDA? C VDA?"

properly for 0 < g; < g» < 0.
Let0 <g <oo. ForzeC", felLiB(z,r),dv) and r > 0, we define the g-th mean of | f| over
B(z, r) by setting

1 g 1/q
Mq,r(f)(Z) = (m B LS dU) .

For w € Lo, we set M, - (w)(z) = My ,(|o])(2).

Lemma 3.3. Suppose 0 < g < 0o. Then for f € L],z € C" and r > 0, there is some h € H(B(z,r))
such that

My (f =)@ = Gqr (f)2) (3-2)
and
sup  |h(w)| < Cll fllLaBzr).dv)s (3-3)
weB(z,r/2)

where the constant C is independent of f and r.

Proof. Let f € L] , z € C" and r > 0. Taking & = 0 in the integrand of (3-1), we get

loc?
Gq,r(f)(Z) =< Mq,r(f)(Z) < Q.

Then for j =1, 2, ..., we can pick h; € H(B(z, r)) such that

My (f —hj)(@) = Gg,r(f)(2) (3-4)
as j — oo. Hence, for j sufficiently large,
My r(hj)(z) = C{My , (f — hj)(2) + Mg, (/) (2)} = CMy,r () (2). (3-5)

This shows that {h; }j?“:’l is a normal family. Thus, we can find a subsequence {£;,}72 , and a function
h € H(B(z,r)) so that limy_, » hj (w) — h(w) for w € B(z, r). By (3-4), applying Fatou’s lemma, we
have

Gar (@) = Mg, (f = 1)(2) =liminf My, (f —hj)(2) = Gg.r(f)(2),

which proves (3-2). It remains to note that, with the plurisubharmonicity of |i|?, for w € B(z,r/2), we
have
|h(w)| < My r2(h)(w) < CMy - (h)(z) <CM,,(f)(2),

which completes the proof. U

q

Corollary 3.4. For 0 <s < r, there is a constant C > 0 such that for f € L, .

holds that

and w € B(z,r —s), it

Ggs(f)(w) <My s(f —h)(w) = CGy (f)(2), (3-6)

where h is as in Lemma 3.3.
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Proof. For0 <s <r and w € B(z,r —s), we have B(w, s) C B(z, r). Then, the first estimate in (3-6)
comes from the definition of G, ;(f), while (3-2) yields

My s(f —h)(w) = CMy ,(f —h)(2) = CGq,r(f)(2),
which completes the proof. U
Forze C" and r > 0, let
A9(B(z,r),dv) =LY(B(z,r),dv)NH(B(z, 1))

be the g-th Bergman space over B(z, r). Denote by P, , the corresponding Bergman projection induced
by the Bergman kernel for A%(B(z,r),dv). It is well known that P, .(f) is well-defined for f €
LY(B(z,r), dv).

Lemma 3.5. Suppose 1 <q < oo and 0 <s < r. There is a constant C > 0 such that, for f € Lfoc and
we B(z,r—s/(Q2)),
Gy s(f)W) =My s(f = Por(f)(w) <CGy,(f)(2) forzeC" (3-7)

Proof. We only need to prove the second inequality. Suppose 1 < g < 0o. Notice that Py is the standard
Bergman projection on the unit ball of C". Theorem 2.11 of [Zhu 2005] implies that

| Po,11l9(B(0,1),dv)— A9 (B(0,1),dv) < OO.

Now for r > 0 fixed and f € LY((B(0, r), dv), set f,(w) = f(rw). Then

I frllLa B, 1y.av) = >N £l L (B(0,1).dv)-
Furthermore, it is easy to verify that the operator f +— Py 1(f+)(-/r) is self-adjoint and idempotent, and
it maps L>((B(0, r), dv) onto A%((B(0, r), dv). Therefore,
z
Py (f)(2) = P, (ﬁ)(;) for f € LY(B(0,r), dv),

and hence

| Po,r Il La (B(0,r),dv)— A2 (BO,r),dv) = || Po,1l|La(B(0,1),dv)— A7(B(0,1),dv)-

Now for z € C" and r > 0, using a suitable dilation, it follows that

| P llLa(B(z.r),dv)— A9 (B(z.r).dv) = 1 P01l L9(B(0,1),dv)— A9 (B(0,1),dv) < OO. (3-8)

Unfortunately, P, , is not bounded on L! (B(z, 1), dv), but with the same approach as above, by Fubini’s
theorem and Theorem 1.12 of [Zhu 2005], we have

| Pz Il L1 (B(ry.dv)— AT (B, (72— - —22)dv) < C (3-9)
forze€C" and r > 0.
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Choose h as in Lemma 3.3. Then h € A9(B(z, r), dv) because f € L;’OC. Thus, P, ,(h) = h. Now for
weB(z,(r—s)/2)and 1 <g < o0,

1/
[ 1r=Pahran}”
B(w,s)
1/
f f = Per(plt v}
B(z,(r+s)/2)
1/
sclf 1@-PH@IC—1E-Prdve)} "
B(z,r)

scf[f, Jr=nrao] [ [ ipar-m©re - -Prave)] )

1/q
<C / |f—h|‘1dv} . (3-10)
B(z,r)

From this and Lemma 3.3, (3-7) follows. O

Given t > 0, let {aj}j?il be a (t/2)-lattice, set J, = {j : z € B(a;, t)} and denote by |J;| the cardinal
number of J,. By (2-9), |J;| = Zc;ozl XB(a;.r)(z) < N. Choose a partition of unity {1 j’il, Y e C(C),
subordinate to {B(a;, t/2)} such that

suppy; C B(a;,1/2), ¥;(2)=0, Y (=1,
j=1

) o (3-11)
@l <Cil Y8y =0.
j=1
Given f € Lf’oc, for j=1,2,...,pick hj € H(B(aj,t)) as in Lemma 3.3 so that
Mg (f —hj)a;) = Gq.(f)(a).
Define
[e.¢]
fi=) kY and  fo=f— fi. (3-12)

j=1
Notice that fi(z) is a finite sum for every z € C" and hence well-defined because we have supp v/; C
B(aj, t/2) C B((,lj, 1).
Inspired by a similar treatment on pages 254-255 of [Luecking 1992], using the partition of unity, we
can prove the following estimate.

q
loc

Lemma 3.6. Suppose 0 < g < o0. For f € L
have f; € C*(C") and

andt > 0, decomposing f = f1 + f» as in (3-12), we

18 f1(@)] + Mq.023 [1)(2) + My.12(f2)(2) < CGy 2 (f)(2) (3-13)
for z € C", where the constant C is independent of f.

Proof. Observe first that f; € C%(C") follows directly from the properties of the functions ; and ¥/;. For
z € C", we may assume z € B(ay, t/2) without loss of generality. Then for those j that satisfy E_)wj (z) #0,



2054 ZHANGIJIAN HU AND JANI A. VIRTANEN

|hj — h1]? is plurisubharmonic on B(z, t/2) C B(aj, t). Hence, by Corollary 3.4,

13.f1(2)| = < 1hj (@) — by (w)] 1395 2]

j=1

> (i (@) = 1 ()Y (2)
j=1
<C Y Myl —h)Q)
{j:laj—z|<t/2}
<C Y [Myya(f —h)(@) + Mgija(f —h)w)]

{j:laj—zl<t/2}

C > Gu(Hap.

{j:laj—z|<t/2}

IA

Thus, using Corollary 3.4 again, we get

10f1(2)] < CGy32(f)(z) forzeC",

and so,

My @ f1)()71 <C Gy ()W) dw < CGya(f)(2).

|B(z,1/2)| JB(z,1/2)
Similarly, we have | f2(6)|7 < C 3 72, | f(§) — h;j(§)|94;(5)%, and so

1

|B(z,t/2)| = hj|"y] t )7
B D] Sy T SC D GraPap

{j:laj—zl<t/2}

Myip(f)@7<CY
j=1

Therefore,
My i2(f2)(2) < CGy3ip2(f)(2).

Combining this and the other two estimates above gives (3-13). (]

Given {y/;} as in (3-11), we have another decomposition f = §| + §2, where
o.¢]
1= Pyu()Y; and Fo=f-3F. (3-14)
j=1

When g = 2, the two decompositions coincide.

Corollary 3.7. Suppose 1 <q < oo. For f € LI _andt > 0, we have §; € C*(C") and

loc
1051 ()| + My 20081 (2) + Mg 2(F2) (@) < CGy i (f)(2) (3-15)
for z € C", where the constant C is independent of f.

Proof. The proof can be carried out as that of Lemma 3.6 using (3-7) instead of (3-6). We omit the
details. U

3B. The decomposition. In our analysis, we will appeal to d-techniques several times. Let Q C C" be
strongly pseudoconvex with C* boundary, and let S be a d-closed (0, 1) form on  with L” coefficients,
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1 < p <o0. Asin [Krantz 1992], we denote by Hq(S) the Henkin solution of é—equation du = S on Q.
We observe that Theorem 10.3.9 of that work implies that, for 1 < g < oo,

IHo(S) I za@.av) < ClISILa(@,dv) (3-16)

where the constant C is independent of S and of “small” perturbations of the boundary. (We note that the
second item in Theorem 10.3.9 of [Krantz 1992] is stated incorrectly and should read [lu|lz¢ < C,ll f1l,
instead.) Indeed, to deduce (3-16), we consider three cases. First, for 1 <g < (2n+2)/2n+1),

IHe(S)[|Le@.av) = ClISIL1(@,av) < ClISIILe(@.dv)-

Forg =02n+2)/2n+1),take l < p=¢g <2n+2 and q; = 2n +2)/(2n) > q. Then 1/q, =
1/p —1/(2n 4+ 2), and by the second item in Theorem 10.3.9 of [Krantz 1992], we have

IHo () Le(@,dv) < CIIHQ(S)291(Q,av) < ClISIILr(Q,dv)-

Finally, for ¢ > 2n+2)/(2n + 1), choose p sothat 1/g =1/p —1/(2n+2). Then 1 < p <2n+2 and
p < q. Now Theorem 10.3.9 of [Krantz 1992] implies

Ho(S) | 2a(@,dv) < ClISILr,dv) < ClISIILa(9,dv)-

Theorem 3.8. Suppose 1 <g <00, 0 <s <00, and f € Lfoc. Then f € IDA®Y if and only if f admits a
decomposition f = fi + f, such that

freC(@, My @f)+Myr(f)el’ (3-17)
for some (or any) r > 0. Furthermore, for fixed t, r > 0, it holds that

I pase = 1Gg. ()l = inf{[| My f)llLs + 1My - (f2) 15}, (3-18)

where the infimum is taken over all possible decompositions f = f| + f» that satisfy (3-17) with a fixed r.

Proof. First, given 0 <r < R < oo, we have some ay, ay, ..., a, € C" so that B(0, R) C U']’-’Zl B(a;,r).
Then, for g € L!

loc?
My (8@ <CY My (9)z+a)’, zeC,
j=1
and

/C My r(8)(2)* dv(z) =C ZA M, - (8)(z+a;)’ dv(z) < C/a: My (8)(2)° dv(z). (3-19)
j=1

This implies that (3-17) holds for some r if and only if it holds for any r.
Suppose that f € quoc with ||Gy ¢ (f)llLs < oo for some T > 0 and decompose f = f| + f2 as in

Lemma 3.6 with t = t/2. Then f; € C*(C") and

19 1| + My /43 f1)(2) + My /a(£2)(2) < CGy(f)(2).
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Now for any r > 0, we have

1My fDlls + 1My (f)lls < CIGge(F)lLs-
This implies that, f = f; + f» satisfies (3-17).

(3-20)

Conversely, suppose f = fi + f» with f; € C>(C") and Mq,,(éfl) +M, (f2) € L* for some r > 0 as

in Theorem 3.8. Then, for any 7 > 0,

1Gg.« (S s = CliMyg - (f)ls = CliMg,r(f2)Ls-

(3-21)

So f, € IDA®4. To consider f, we write u = HB(z,Zr)(é f1) for the Henkin solution of the equation

du = 5f1 on B(z,2t). From (3-16) and (3-17), u satisfies
My 2:()(2) < CMy 2:(3 fi)(z) forzeC”,
which implies that u € L9(B(z, 2t), dv). Similarly to (3-10),

Mq,f (Pr2:(u))(2) < CMq,Zr (u)(2).

Thus,
Mgy (u— P2 (u))(2) < My (u)(2) + My (P; 2. (1))(2)
< CMy 2 (u)(2).
Since
fi—ueLi(B(z,21),dv) and d(f; —u)=0,
we have

fi—ue A1(B(z,21), dv).

Notice that PZ,Z‘E |A‘1(B(z,2r),dv) =1, and so

J1E) =P o (f1)(E) =u(§) =P 2:w)(§) for & € B(z, 27).

Combining (3-22), (3-23) and (3-24), we get

Mq,r(fl —P.2:(f1)(2) = Mq,t (u —P;2: (1)) (2)
< My 2:()(2) < CMy 2 (0 f1)(2).
Therefore, by (3-19),
1Gg.c (fOllLs < 1My, (f1 —Proc () lLs

< ClIMy2:@f)llLs < ClIMy. (3 f1)llLs-
This and (3-21) yield

1Gg.c (Dlls < CUIMyr @ f)llzs + 1My r (f2)lLs}-
Thus, f = fi + f» € IDA™.

It remains to note that the norm equivalence (3-18) follows from (3-20) and (3-25).

With a similar proof we have the following corollary.

(3-22)

(3-23)

(3-24)

(3-25)
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Corollary 3.9. Suppose 1 <q < oo, and f € Ll . Then f € BDAY (or VDAY) if and only if f = fi1 + f>,

loc*
where

fieCHC, dfielLy, (or lim |3fi|=0) (3-26)
’ 77— 00
and
Mq,r(fZ) € L™ (Orzl_i}’lgo Mq,r(fZ) =0) (3-27)

for some (or any) r > 0. Furthermore,

1/ IBDAs 2= inf{l1d fill s, + 1My, (f2)llL< ),

where the infimum is taken over all possible decompositions f = fi + f>, with f1 and f> satisfying the
conditions in (3-26) and (3-27).

Corollary 3.10. Suppose 1 < g < oo. Different values of r give equivalent seminorms |G (- )|l1s on
IDA®? when 0 < s < 0o and on both BDA? and VDA? when s = oo.

Remark 3.11. Recall that each f in BMO? can be decomposed as f = fi + f», where f] is of bounded
oscillation BO and f> has a bounded average BA? (see [Zhu 2012] for the one-dimensional case and [Lv
2019] for the general case). Furthermore, we may choose f; to be a Lipschitz function in C 2(C") (see
Corollary 3.37 of [Zhu 2012]); that is, f € BMOY if and only if f = fi + f> with all af;/0x; € L* for
j=1,2,...,2n and f, € BAY, or in the language of complex analysis both 3 f; and d f] are bounded.
Therefore, f € BMOY if and only if f, f € BDAY. For a similar relationship between IMO? and the IDA
spaces, see Lemma 6.1 of [Hu and Virtanen 2022] and Theorem 7.1 below.

3C. IDA as a Banach space. We next prove that IDA*?/H (C") with 1 <, g < 0o is a Banach space
when equipped with the induced norm

If +HEC)I =l fllpas (3-28)
for f € IDA*1.

Theorem 3.12. For 1 <s, g < 00, the quotient space IDA*4/H (C") is a Banach space with the norm
induced by || - || ipAs-

Proof. Obviously H(C") CIDA*?. Now given f €IDA*? and h € H(C"), wehave G, ,(f) =G, ,(f+h).
This means that the norm in (3-28) is well-defined on IDA*9/H (C"). If || f [lipas« =0, then G, - (f)(z) =0
in C". By Lemma 3.3, f € H(B(z,r)) and hence f € H(C").
Let f1, f> € IDA*? and z € C". According to Lemma 3.3, there are functions /; holomorphic in
B(z, r) such that
My (fi =)@ = Ggr (D) for j=1,2.

Then, since

Mq,r((fl + f2) = (h1 +h2))(2) < Mq,r(fl —h)(z) + Mq,r(fZ —h2)(2),
we have
Gq,r(fl + fZ)(Z) =< Gq,r(fl)(z) + Gq,r(fZ)(Z> for z € c".
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Hence, || fi+ f2llipase < |l fillipase + 1 f2[lipase. In addition, || f|lipas« > 0 and |laf lipas« = |alll f lipas«
for a € C. Therefore, || - ||ipase induces a norm on IDA*9/H (C").

It remains to prove that the norm is complete. Suppose that { f,,,}°°_, is a Cauchy sequence in

I lhpase = 1Gg,1 () llLs-

According to Corollary 3.10, we may assume that { f,,},>_, is a Cauchy sequence in ||G4 (- )|lzs with
r > 0 fixed. We now embark on proving that, for some f € IDA™, lim,, 00 |Gy r/2(fin — f)llLs =0,
which implies { f;,},_; converges to some f € IDA™ in the || - ||pas<-topology. For this purpose, let
{aj} | be some 7 = (r/4)-lattice. We decompose each f;, similarly to (3-14) as

fm,l :Zpa_,-,r(fm)l//j and fm,Zme_fm,lv
j=1
where {1//J}°° | is the partition of unity subordinate to {B(a;, r/4)}°i1 as in (3-11). It follows from
Corollary 3.7 that

My 8(fm2— fi2) (@) =My ,3 ((fm — fo) — Z Py, (fm — fk)‘ﬂ]) ()
=1
<CGyr2(fm— f)(@)°

<c / Gy (fon — () du(®).
B(z,r/2)

This implies that { f;,,. 2}°° | converges to some function f; in the Lq .-topology. In addition, by Lemma 3.5,
we have

My 2(fn2— fe2 = Por(fm2— fr2))(@) = CGyr(fin2 — fr,2)(2).
Letting k — oo and applying Fatou’s lemma, we get
Gyrp2(fm2— )@ <My, 2(fn2— for=Por(fn2— )@
<C likn_l)g!qu,r(fM,Z — fi,2) (@),

Integrate both sides over C" and apply Fatou’s lemma again to obtain the estimate

[ Guarrathna = 2" dv = Climint 1 2= fialiow's.
@n g

Therefore,
lim || fu2 — f2llDA™ = 0. (3-29)
m—0o0
Next we consider { f,,1},_,. Applying the estimate (3-15) to f,, — fx,
18(fm1 = fi)@] = CGyrpa(fn = fi)(@). (3-30)

Hence, {E_)fm 1}5,—; is a Cauchy sequence in Ly 1 (see (2-11)). We may assume E_)fm 1—>S= Z" S;dz;
under the Ly -norm. Since 32=0, 9 fm | is trivially d-closed, and so, as the Ly limit of {9 Sma}se
S is also d-closed weakly. Let ¢ (z) = 5 |z|2 and g =1 €T, and define

fiR) =Ap(S) and [ = As( f1).

m=1°
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Then, by Lemma 2.4,
fis ol €L%() C Liye,  3fop 1 =0fm.1,

and { fm*’l};o: , converges to fi in L°(¢). Therefore, for ¢ € C2°(C") (the family of all C* functions
with compact support) and j =1, 2, ..., n, it holds that

a *
sl == {5 57) :um<fm~1,¢> = tim () 1500
L2 L2 L2 L?

8Zj 8Zj m— 00 azj m—00 BZj

Hence, 3 f1 =S weakly. Then for HB(“)(E_) fm.1— ), the Henkin solution to the equation du=29 fma—S
on B(z,r), (3-16) gives

Hp(,r) @ fn,t = ) La(Ben,dv) < ClII fn,1 = SllLasn,dv- (3-31)
In addition, according to (3-24), it holds that
(it = 1) = Por (fn1 = 1) = Hper) @ fin1 = 8) = Peyr (Hpery (3. fn1 — 5))

on B(z, r). Therefore, by (3-8), (3-9), and (3-31) we have
It = 1) = Per(font = O La(Br/2). av)

= IHp.n @ fru1 =) = Por (He.n 3 fut = SN a(ser 2. av)

< ClHp.r) @ fu1 — S)||££q(3(z,,),dv)

< CUI3 fon,1 = SITa(Bery.any- (3-32)

Since S = limy_ o 3 Sfe1in L‘(‘)’l, by Fatou’s lemma,
18 fint = SWEaaeryany < CHMINE N3t = fio) s ac.ra
< Climinf Gy 2 (fin,1 — fr.1)(@)7, (3-33)
k—o00
where the last inequality follows from (3-30). We combine (3-32) and (3-33) to get
I(fma = f0) =P (fnt = [z r/2y.am) < € hkrgilngq,Zr(fm,l = fe)(@)'.

Integrating both sides over C" with respect to dv and applying Fatou’s lemma once more gives the
estimates

Il fn1 = fillipasa < C/U It = 1) = Por (fnt — fO N Lapzr/2)) AV
< C/n likn_l)iongq,Zr(fm,l — fi,1)' dv
< Clikn_l)gf”fm,l — S lpasa- (3-34)
Therefore, lim,,;— o || fin,1 — fillipase =0. Set f = f1+ fo € L;’OC. From (3-29) and (3-34) it follows that
Jm | fn = fllpase = 1im ([ fm1 = fillpase + 1l fm.2 = f2llpase) =0,

which completes the proof of the completeness and of the theorem. U
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Corollary 3.13. Let 1 < g < oco. With the norm induced by || - |gpas, the quotient space BDA?/H (C") is
a Banach space and VDAY is a closed subspace of BDAY.

Proof. The proof of Theorem 3.12 works for s = co, so BDA?/H (C") is a Banach space in || - || gpa¢-
That VDAY is a closed subspace of BDAY can be proved in a standard way. Il

4. Proof of Theorem 1.1

Given two F-spaces X and Y, we write B(X) for the unit ball of X. A linear operator T from X to Y is
bounded (or compact) if T(B(X)) is bounded (or relatively compact) in Y. The collection of all bounded
(and compact) operators from X to Y is denoted by B(X, Y) (and by K(X, Y) respectively). We use
IT|lx—y to denote the corresponding operator norm. In particular, we recall that when 0 < p < 1, the
Fock space F?(¢) with the metric given by d(f, g) = || f — gllz,(p is an F-space.

To deal with the boundedness and compactness of Hankel operators, we need an additional result
involving positive measures and their averages. More precisely, given a positive Borel measure p on C"
and r > 0, we write [1,(z) = u(B(z, r)). Notice, in particular, (i, is a constant multiple of the averaging
function induced by the measure p.

Lemma 4.1. Suppose 0 < p <1 andr > 0. There is a constant C such that, for | a positive Borel
measure on C", Q a domain in C", and g € H(C"), it holds that

p
( /Q |g(s)e—¢<f>|du<s>) <C /Q Ne@®e 1P, &) du®),

where QF = Uzeqy Bz, 7).

Proof. Let {a; }j?’il be an (r/4)-lattice. Notice that

ara(a) <C inf  f(w
/fLr/4( j)_ weB(aj,r/Z)Mr( )

for all j € Nand (a + b)? <a? +b? for a, b > 0. Then

p o0 P
( / Ig(é)e“’@)ldu(é‘)) 52( / |g<$)e‘ﬂ@>|du(s>)
Q =1\ Bla.r/4Hng
<c > sup  |g(E)e 1P iy pala)”

{j: Blaj.r/hnQo) §€B@,r/HNK

=C > fir/alap)? /B(aj’r/z)lg@)e“"@ﬂpdv(g)

{j: B(aj,r/[HNQ#S}

C fso(%‘)pAr Pd
<< ¥ | o BET P dE)

{J: B(aj,r/4)NQ#D}

[ @O due),

which completes the proof. U
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Remark 4.2. To prove compactness of Hankel operators on spaces that are not necessarily Banach spaces,
we use the following result. For 0 < p, g < 00, Hy : FP(¢) — L9(p) is compact if and only if

1im [1Hy(gn)llgp =0
for any sequences {g,}>_, in B(F?(p)) satisfying

lim sup |gm(w)|=0
m—00 U)EE

for compact subsets E in C".

Necessity is trivial. To prove sufficiency, we notice that B(F?(¢)) is a normal family, so for any
sequence {gm},_; C B(F”(¢)), there exist a holomorphic function go on C" and a subsequence {gy, }j?'il
such that

lim sup |gm; (w) — go(w)| =

]—)OO wekE
This and Fatou’s lemma imply that go € B(F?(¢)), and hence by the hypothesis, we get
lim [|Hy(gm;) — Hy(80)llg.p = lim [|Hy(gm; — g0)llg.p = 0.
Jj—00 j—>00

Thus, Hy(B(F?(¢))) is sequentially compact in L9 (¢), that is, the Hankel operator Hy : F?(¢) — L7 (¢p)
is compact.

4A. Thecase0 < p <q <ooand q > 1.
Proof of Theorem 1.1(a). By (2-3)—(2-5),

Ikllppy <C,  sup |k (&)|e *® >C and Jim sup [k: (w)| =0 (4-1)
£eB(z,r9) O weE

for any compact subset £ C C". As in the proof of Theorem 4.2 of [Hu and Lu 2019], there is an r( such
that, for all z € C", we have

||Hf(k)||q¢_/ | fk; — P(fky)|?e™ " dv

B(z,r0)
>C—rrr f—— dv>CG‘1 (H)@). 4-2)
|B(z, 70)| JB(z.r0) k; o
If Hr € B(FP(p), L1(p)),
| flIBpAae < CllHfll Frp)y—La(p) < OO; (4-3)
if Hr e K(FP(¢), LY(p)), then f € VDA? because
Zlglolo G, (@) =< Czllrgo | Hy(k)llg,p = 0. (4-4)

Next we prove sufficiency. Suppose that f € BDA? and decompose f = f] + f> as in (3-12). Write
w=1|f219dv and dv = |5f1 |9dv. According to Theorem 2.6 of [Hu and Lv 2014] and Corollary 3.9,
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both d and dv are (p, g)-Fock Carleson measures. We claim that both fi, f> € S. Indeed, since g > 1,
we can use Lemma 4.1 with Q = C" and the measure | f>|dv to get

| ROKE DO dv@) <C | M (OIKE Dl dv)

Ccn

<C /C My (H)OIK(E, 2)le D dvu(?). (4-5)
Since f € BDAY, Lemma 3.6 implies

|LEKE le™ dvE) < Cllflppas A K (E, 2)le™ P du(§) < o0

Ccn

for z € C". Hence, f> € S, and so also fj = f — f> € S because f € S by the hypothesis. Since the
Bergman projection P is bounded on L9(¢) when g > 1, we have, for g € T,

1Hyp, (g, = A+ 1Pz Fa) | 28l g.0
= ClIMy r(fNIL>ligllg.e = CliMg (2 IL>lgllp.e

where the second inequality follows from Lemma 4.1. For Hy, (g) with g € T, Corollary 2.5 shows that
Hp (g) = Ay(gd f1) — P(Ay(ga f1)). Lemma 2.4 implies

IHA (g0 <Cllg 18 filllg.o < ClAfillzoliglg.e < ClAfillLeliglp.g- (4-6)

From the above estimates and the fact that I" is dense in F'”(¢), it follows that, for 0 < p < g < oo, we
have

IH sl Fr)—rat) < CUIB fillL + 1My, (f2) 12} < Cl f IBDAS 47

where the latter inequality follows from Lemma 3.6.

For compactness, suppose f € VDAY so that f = f + f» is as (3-12). Notice that both diu = | f»|9 dv
and dv = |9 f1]9 dv are vanishing (p, ¢)-Fock Carleson measures. Let {g,,} be a bounded sequence in
F?(¢) converging to zero uniformly on compact subsets of C". Then

1/q
| Hp, (8m) L) < 18m f2llg.o + 1 P(8mS2) g0 < C(/ lgme |7 du) —0
C

as m — o0o. To prove lim,, oo || Hf, (8m) 1l L4(p) =0, for each m we pick some g, € I' so that || g, —g5 [l .o <

00
m=1

1/m. Clearly, {g, is bounded in F?(¢), and lim,_, o sup,,c |g;, (w)| = O for any compact subset E.

Again by Corollary 2.5,

| Hp () o) < Cllgkd fillLacy < CligklLar.avy = 0 asm — oo.

Thus, since Lemma 3.6 guarantees Hy, € B(F?(¢), LY(¢p)), it follows that lim,, o [| Hf, (gm) Il La(p) = 0,
and so

Hy = Hy + Hy, € K(FP(p), LY (9)).

Finally, it remains to notice that the norm equivalence (1-1) follows from (4-3) and (4-7). [l
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4B. The case 1 < q < p < co. We can now prove the case g < p under the assumption that g > 1.

Proof of Theorem 1.1(b). Suppose that Hy € B(F?(¢), L(¢)). Because the proof of sufficiency is similar

to the implication (A) = (C) of Theorem 4.4 in [Hu and Lu 2019], we only give the sketch here.
Indeed, take ¢ as in (4-1), and set t =ro/4. Let {a; }J?’il be a (¢/2)-lattice. By Lemma 2.4 of [Hu and Lv

2014], | D021 Ajka, ||pv¢ < Cll{A;}llir for all {3;}92, € 17, where the constant C is independent of {;}%2 .

Let {¢; }f.i | be the sequence of Rademacher functions on the interval [0, 1]. Using the boundedness of Hy,

we get
HHf(ij(s)kq,(-)) < CllH Il Frigpy—Lo@ IR 1)1, (4-8)
j=1 q.¢
for s € [0, 1]. On the other hand,
/ |Hyp (k) E)e *®11 dv(E) > CGy (f)(a))1. 4-9)
B(aj,t)

This and Khintchine’s inequality yield

1 oo
/0 Hy (Z Ajj(s)ka, (- )
j=1

Combining this with (4-8) gives

q o0
dt = C Y 219G (f)(ap?.
q,¢ i=1

o
D i19G (H)@)? < CUHf N gy Lo 111217 o
j=1

for all {|A;|4 }j?’il € [P/4. By duality with the exponentials p/g and its conjugate,

(o.¢]
- (p—q)
Y Gy (N)ap?? =0 < C|Hp 1S5, .

j=1
Therefore, by (3-7),
[e.¢]
f Gq,t/z(f)(z)pq/(P—q) dv(z) < Z/ Gq,t/z(f)(z)pq/(p—q) dv(z)
c =B
/(p—q)
< CIH N Fg) Lo (4-10)

which means that f € IDA™? with the estimate || f|lipass < C||Hy|.

It should be pointed out that the right-hand side of the estimate (4.24) (the analogue of (4-10) above)
in [Hu and Lu 2019] should read C||H f”iz/—(f L%Jq) ,and not C||Hyllo»_, ;4 as stated there.

Conversely, suppose f € IDA*4. As before, decompose f = fi + f> as in (3-12). From Lemma 3.6 we
know that || M, (f2) |l pg/(p—q) < CIl f lipas<. Applying Holder’s inequality to the right-hand side integral
in (4-5) with exponent pq/(p — q) and its conjugate exponent ¢, since we have ||K (-, z)|l;,, < 00, it

follows that
/C | HEVK (E)]e P du(€) < ClIMy.r (f2)lpg/(p—g) - 1 K2 llr.p < 00.

This implies f» € S, and so also f € S.
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Now for dv = |3 f1]|9dv, applying Holder’s inequality again with p/(p —¢) and its conjugate exponent
p/q, we get

o) _ r/(p=q)
Iogss =c [ { / |8f1(§)|qdv(§)} dv()
Ccn B(,r)

<C f dv(&) 19 f1(2)|P4/P~D du(¢)

B(,r)
~C / AP do(g) < oo, @-11)
Cn

Theorem 2.8 of [Hu and Lv 2014] shows that v is a vanishing (p, g¢)-Fock Carleson measure; that is,
the multiplier My, : g — glé f1l is compact from F?(¢p) to L?(p) (see Proposition 2.3). Therefore, by
Lemma 2.4(A), Ay, (- éfl) is compact from F?(p) to L9(¢). Moreover, I" is dense in F”(p) and, by
Corollary 2.5, Hy,(g) = Ay (g E_)fl) —PoAy,(g 5f1) for g € I'. Hence, Hy, : FP(¢) — L9(¢p) is compact
and we obtain the norm estimate

IHp | Frpy—Li¢p) < C sup 1A, (3 f)llgo < CNIB fill pg/(p—g)- (4-12)
{geFP():llgllp.e=1}

Similarly to (4-11), using Lemma 3.6, for du = | f>|9dv, we get

o) r/(p—q)
e = C/ {/ | f2(0)]1 dv(C)} dv(§)
C" \JB(&,r)

= ClIMyr (fIED =D < C|| f ippsa < 0.
Hence, du = | f»|? dv is a vanishing (p, g)-Fock Carleson measure. It follows from Proposition 2.3 that
the identity operator

I: FP(p) — L1(C", e 1% dp)

is compact. Using the inequality

1Hp, (@)lg.p = Cllf28llg.0 = CIIK I La(C, eavapn) (4-13)

we see that Hy, is compact from F7(¢) to L9(p).
It remains to notice that the norm equivalence in (1-2) follows from combining the estimates in (4-10),
(4-12), and (4-13). O

Remark 4.3. In [Stroethoff 1992], it was proved that for bounded symbols f, the Hankel operator
Hy: F 2 — L? is compact if and only if

(T =P)(fod)|l =0 (4-14)

as |A| — oo, where ¢ (z) = z + A. This characterization was recently generalized to F} with 1 < p < oo
in [Hagger and Virtanen 2021]. Here we note that, using a generalization of Lemma 8.2 of [Zhu 2012] to
the setting of C”, one can prove that Stroethoff’s result remains true for Hankel operators acting from F
to L, whenever 1 < p, g < oo even for unbounded symbols.
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4C. The case 0 < p < q <1 with bounded symbols. We start with the following preliminary lemma
whose proof can be completed with a standard ¢ argument.

Lemma 4.4. Suppose that 0 < p < oo, h € L*™ and lim,_,, h(z) = 0. Then for any bounded se-
quence {g; }f.il in L} satisfying lim o0 & (2) = 0 uniformly on compact subsets of C", it holds that
]imj—>oo ||gjh||p,(p =0.

Proof. If R is sufficiently large, there is a C > 0 such that

ligihllh,, = (/B(O o +/n\3(0 R))Igj(S)h(s)e‘“’@wdv(g)
< [|kll]~ sup |gj&)e P +Clig;llh, — 0O

|§I<R
as j — oo. (I

Proof of Theorem 1.1(c). Suppose that f € S. Then f € L loc for 0 < ¢ <1, and we may decompose
f = fi+ f» asin (3-12) with t = r/2. We claim that, for g € T,

IHp (@18, < / 18E)e™ 19110 fill e pe.ry.av) AV E), (4-15)

IHp (8, < f 18E)e @1 M, (f2)(E)T dv(§). (4-16)
To estimate || Hy, (g)ll4,4> We use the representation

Hy (8) = Ay(8d 1) — P(Ay(3 1))

(see (2-14)), which suggests that we define a measure du, as
1
-2 -z

Then there is a constant C such that, for w € C",

/ 18 fi <s)|{ L }e'"'“'z dv(§) < C / dpu: ().
B(w,r) |E—z|  |E—z>! = Jewn
Also, it is easy to verify that

dp(€) = |5f1<s>|{ = }e""“' dv(&).

(12),(w) <C sup |3 fi(n)e =2,
neB(w,r)

where the constant C is independent of z, w € C". Recall that

3|E —zI2 A (2009(&))) A (3| — z|2)n—1—
!|€:_Z|2n 2j

AT @ = [ B9 S @ fuce) A

j<n

Therefore, using (2-13) and Lemma 4.1, we get
_ q
Ay (89 f)(@)e ¥ < C( / |8 (E)e ™| duz@))

< / 8O O3 fil gy ane ™ dvE). @-17)
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Fubini’s theorem yields

1A, (gd flE, <C /@ () /@ 8@ 1D il ooipie py.anye ™" dv (@)

=C|. 18E) e C 1D F11 T e 560y, a0) AVE)- (4-18)

To deal with P(Aq,(gf_) f1)), we use Lemma 2.2 to obtain positive constants 6 and C so that, for z € C”,
we have

IK (w, 2)|e ™6 2e™@ gy(z) < Ce¢<w)/ e ME2 0=zl gy ()

n

= Ce?™) (/ —1—/ )e_mlw_zle_glé_z dv(z)
{z:lz—§|=]z—wl} {z:lz=§|<lz—wl}

< Ce¥W)gTlE—ul,

(D4

where T = min{6, m}. Therefore, (4-17) and Fubini’s theorem yield
|P(Ay(g0 f1)(w)| < C A 8@ e @D fillL (8 /2.0 dV(E) /C K, )™ e du(z)
<cer® [ 1g@e Ol wi a7 duee).
Lemma 4.1 again gives

IP(Ay(gd f)w)?, <C /«; 8@ e N Ao 5ty AV E)-

Combining this and (4-18), we get (4-15).
For (4-16), notice first that

If¢lld, <C /C 1@ e O MG (f2)(E) dv(®), (4-19)
and, by Lemma 4.1 with the measure M, ,2(f2) dv, we have
1P(LO@I = c( | I8@OKG. s>e—2¢<§>|M1,r/z<fz)<s>dv(&))q
<C /C @K (@ e DM (£)(E) dv(®). (4-20)
Integrating both sides of (4-20) against e~7¢ dv over C" and using (2-5), we get

1P, <C f@ @ Q1M (L)E) do@). (4-21)

This and (4-19) imply (4-16).
Now we suppose that f € L>* and0 < p <g < 1. For g € H(C"), similarly to the proof of (4-16), we have

1/q
IHp(9)llg.p < C( /C n 18(&)e @1 My, (f)(E) dv(s)) <Clfll=liglp.e-

This implies boundedness of Hy with the norm estimate (1-3).
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For the second assertion, suppose first that lim;| . o G4, (f)(z) =0 for some r > 0 and write f = f1+ f>
as above. Since the unit ball B(F?(¢)) of F?(¢) is a normal family, to show that H; is compact from
F?(p) to L1(p), it suffices to prove that, for k =1, 2,

Iim [|Hy (g)llg.o = lim | fxgj — P(fxgllqo =0
J—= j—oo
for any bounded sequence { gj},?’i | in FP(g) with the property that

lim sup |gj(w)|=0

J 7O weE

for E compact in C". From the assumption that lim,_, .o M, ,(f2)(z) =0, it follows that du = | f>| dv
is a vanishing (p, g)-Fock Carleson measure (see Theorem 2.7 of [Hu and Lv 2014] and Proposition 2.3).
Therefore, we get

I f28llg.0 = IgjlLa(cr. 1 fr12av) = O as j — oo.
Notice also that ||glly,o < Cligllp,, for g € F9(¢) and p < g. Further, by (4-16), we obtain
My (£)E) < 1 fall 5 My () )Y,
and applying Lemma 4.4 to h = Mq,r(fz)qz, we get

IHpglld, <C f@ gy ®)e 1M () () dv(@)

_ _ 2
<ClAI" /@ 1/ (E)e ™ *@ 1M, (f2)(E)T dv(E) - 0
as j — 00. So Hy, € K(FP(¢p), LY(p)). As for Hy,, it follows from Lemma 3.6 that

||éf1 ”LOO(B(S,I‘),dU) < CGq,r(f)(é) — 0 when E —> OQ.
Therefore, by (4-15),

1Hy, (el < C /@ 8O O 18 A1) g0y V) — O

as j — o0, and hence we have Hy, € K(F?(¢p), L1(p)).
Conversely, suppose that H is compact from F?(¢) to L9(¢). Then, as in (4-4), we have

lim Gy ,(f)(z) <C lim [[Hy(k;)llg.p =0 (4-22)
7—> 0 7—> 0

for r € (0, ro] fixed. We claim that (4-22) is valid for any r > 0. To see this, we consider the Hankel
operator Hy on the Fock space FY. From (4-22), using the sufficiency part, it follows that H '+ is compact
from F} to LI(C", e~ 4%/ Dl dv). Notice that the equality (1-5) yields

inf |K(w,z)|>=C >0

weB(z,r)
for any r > 0 fixed, where the constant C is independent of z € C". As in (4-2), we have

zlifgo Gq,r(f)(z) S C 11—1>IBO ”Hf(kz)”Lq(([;n’e—(qaﬂ)\zlzdv) = O'
Thus, f € VDAY U
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The following Corollary 4.5 is a direct consequence of the proof of Theorem 1.1(c) which we use to
complement and extend the classical result of Berger and Coburn in the next section.

Corollary 4.5. Suppose that0 <q <1 and f € L*. Then the limit lim,_, . G, ,(f)(z) =0 is independent
ofr > 0.

5. Proof of Theorem 1.2

Proof of the case 0 < p < q < oc. For R > 0, let {a;}7 | be the (R/2)-lattice
R . . . n .
ﬁ(ml—kkll,mz—i—kzl,...,mn+k,,1)eC cmj,kied, j=1,2,...,n¢.

Choose p € C*°(C") such that

0<p=<1, plpoiz=1, supppC B(O’ %)

Then ||Vp| L~ < oo and

o0

0<) p(e—a)/R)=C

k=1

for z € C". Define v p € C(C") by
p((z—aj)/R)

Y p(z—a)/R)

Then {;, R}]Qil is a partition of unity subordinate to {B(a;, R)}J?'i1 and

Vi r(2) =

RV r()llL~ = C, (5-1)

where the constant C is independent of j and R.
Now we suppose that f € L° and Hy € IC(F?(¢), L(¢)). Theorem 1.1 and Corollary 4.5 imply that

lim Gy or(f)(2) =0 (5-2)

for R > 0 fixed. As in (3-2), pick h; g € H(B(a;,2R)) so that
1

YT |f —hjrI"dv=Ggar(f)(a;)?. (5-3)
|B(aj, 2R)| JB(4; .2R) ! ! !
By (3-3),
sup |hj r(D)| S C|l fllLee.
z€B(a;,R)
Set

f1,R=Zl/fj,th,R and  for=f— fir.

j=1

From estimates (2-9) and (3-3), it follows that there is a positive constant C such that

I f1.rlle + 1 f2,rllLee < CllL fll Lo (5-4)
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for R > 0. Lemma 3.6 and (5-2) imply that

lim M, r(fo,r)(z) = lim M, r(f2,r)(z) =0,
Z—>00 Z—> 00
and so

Hfz,R € /C(Fp((p), L9 (©)). (5-5)

Recall that P, r is the standard Bergman projection from L*(B(z, R), dv) to A*>(B(z, R), dv). Since
hj g is bounded on B(a;, R), we have h; g = Paj’R(hj,R), that is,

— 1 R%hj g(§) dv(§)
h - — ’ , B(a;, R).
i R(2) - /Bm,,R) R G —a)-G—a)y 7z € B(aj, R)

Hence,
17 Rl L (B(z,R),dv)
R

|0k r(2)] < C for z € B(aj, 3R/4). (5-6)

Notice that supp ¥ g hj g € B(aj, 3R/4), and the estimates (5-1) and (5-6) imply that

18 firl < D 1@W.R R+ Y wirld (R §C||fI|IeLoo‘

j=1 j=1
Therefore, using (4-6) (when g > 1) and (4-15) (when g < 1), we have

ISl e
T

”HJFI,R||11;P(¢)—>L‘I(¢) <C|9 f_l,R”Loo <C

The constants C above are all independent of f and R. Therefore,

—0

If Nl
I|Hf — Hg, N rr)—ra) = 1Hf N Fry—>rap) =C R

as R — oo. Finally, using (5-5) and the fact that IC(F” (), L9(¢)) is closed under the operator norm, we
see that H 7€ IC(FP(¢), L1(p)), which completes the proof. U

To deal with the case 1 <g < p < 0o, we use the Ahlfors—Beurling operator, which is a very well-known
Calder6n—Zygmund operator on L?(C), 1 < p < 0o, defined as

o1 f®
TH@=pv.— G2

where p.v. means the Cauchy principal value. The Ahlfors—Beurling operator connects harmonic analysis

dv(§),

and complex analysis, and it is of fundamental importance in several areas of mathematics including PDE
and quasiconformal mappings. See [Ahlfors 2006; Astala et al. 2009] for further details and examples.

Lemma 5.1. Suppose 1 < s < oo. Then there is some constant C, depending only on s, such that, for
feC*CHNL®and j=1,2,...,n,

2

8Zj

af

07;

(5-7)

Ls B Ls
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Proof. We consider the case n = 1 first. Let f € C2(C)N L. If ||3f/8Z||rs =0, then f € H(C) N L™,
which implies that the function f is constant and the estimate (5-7) follows. Next we suppose that
10f/0z]lLs > 0. Take ¥ (r) € C*°(R) to be decreasing such that ¢ (x) = 1 for x < 0, ¥ (x) = 0 for
x>1,and 0 < —y'(x) <2 for x € R. For R > 0 fixed, we set ¥z (x) = ¥ (x — R) for x € R and define
fr(@) = f(@)¥r(z]) for z € C. Since f € C*(C) N L™, it is obvious that fr(z) € C2(C), the set of
C? functions on R? with compact support. From Theorem 2.1.1 of [Chen and Shaw 2001], it follows that

o afR/az
o) = 5 [ S de .
Notice that dfg/dz = Y r(0f/0z) + f(0g/9Z). By Lemma 2 on page 52 of [Ahlfors 2006], we get
0
ﬁ( )= ( fR)( )= (K/fR—f)(Z)JrT(fﬂ)( ). (5-8)
Now for r > 0 and |z| < r, when R is sufficiently large, it holds that
31/fk)‘ N fllee 3R fllze
T dv —
‘ ( ©= m(R=1)? Jrejei<rin ©)= (R—r)?
and hence
5, 25 5
0z

Ls(DO.r).dv)  119Z [l

where D(0,r) = {z € C: |z|] < r}. In addition, by the boundedness of ¥ on L* (see, for example, the
estimate (11) on page 53 in [Ahlfors 2006]), we get

0
H (w—) 'x/fR—f sc‘ —f (5-10)
9z 0z
For R sufficiently large, from (5-8), (5-9) and (5-10) it follows that
2 W B
G Ls(D(0,r),dv) L5(D(0,r),dv)
Therefore,
0 0
2, <l
0z | s 0z
Now forn >2and f € L®N CZ(C"), by (5-11), we have
N
/ e ave) = / ) N[ dven
<C/ la’ (5)/‘—(51, dv(&1).
Cn
This implies (5-7) for j = 1. Similarly, (5-7) holds for j =2, ..., n, and the proof is complete. [l

Proof of the case 1 < q < p < oo. Notice first that if Hy € K(F?(¢), L(¢p), then by Theorem 1.1, we
have f € IDA®? with s = pqg/(p —¢q) > 1. We use a decomposition f = f; + f> as in (3-17) with r = 1.
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Furthermore, by (5-4), we may assume that || fi||z~ < C|| f|lr>~. Then, from Lemma 5.1 it follows that

n n

af af -
19 filles < a =C) o =X || =Clafile.
<j =1 ZjllLs =1 ZjllLs
We also observe that ||Mq,,(f2)||Ls = |IMy ,(f2) s < oo. Now Theorem 3.8 implies that f=fi+fre
IDA®-4, and hence, by Theorem 1.1, we get Hj e IC(FP(p), L1(p)). O

Remark 5.2. Notice that it follows from the preceding proof that

IH 7l Frp)—rap) < CllHf | Frg)—Lap)-

6. Application to Berezin-Toeplitz quantization

As an application and further generalization of our results, we consider deformation quantization in the
sense of [Rieffel 1989; 1990] and focus on one of its essential ingredients in the noncompact setting
of C" that involves the limit condition

O @) (D)
Um |77 T, = Tl pap) r2o) = 0-

Recently this and related questions were studied in [Bauer and Coburn 2016; Bauer et al. 2018; Fulsche
2020], which also provide further physical background and references for this type of quantization.
Recall that ¢ € C?(C") is real-valued and Hessg ¢ ~ E, where E is the 2n x 2n-unit matrix. For t > 0,

1
du(z) = —exp{ 2¢(%)}dv(z)

and denote by L,z(go) the space of all Lebesgue measurable functions f in C" such that

we set

1/2
||f||,={ Cnlflzdm(z)} :

Further, we let Ft2(<p) = L?((p) N H(C™). Then clearly F12(<p) = F?(p) and L%((p) = L*(¢) in terms of the
spaces that were considered in the previous sections. Given f € L, we use the orthogonal projection P")
from L?((p) onto F,2 (¢) to define the Toeplitz operator Tf(t) and the Hankel operator H } ), respectively, by

T =POM; and H=(1-P")M;.
Let U, be the dilation acting on measurable functions in C"* as
Up: fr> f(-V).
It is easy to verify that U, is a unitary operator from L?(p) to L?(¢) (as well as a unitary operator from
Ff((p) to F2(¢)). Further, we have U,P(I)Ut_l = PM, which implies that
Orr—1_ Opr—1 _

UTp U =Tr . UHp Ul = Hpe gy (6-1)

Therefore,

t
1T 2y r20) = 1 T5( vl P21 P20 (6-2)
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and
0
IH M £2 () 12¢0) = 1 H gyl F2(0)> 120) - (6-3)

Given f € L2, for z € C" and r > 0 set

loc?

1/2
MO, (f)(z) = |f = fBen|? dv}

{ 1
|B(z, )| JB(z.r)

where fs = (1/]S|) fS f dv for § C C" measurable.
The following definitions of BMO and VMO are analogous to the classical definition introduced in [John
and Nirenberg 1961], but they differ from those widely used in the study of Bergman and Fock spaces.

Definition 6.1. We denote by BMO the set of all f € leoC such that

[fllx="sup MOs,(f)(z) <00

zeC*, r>0

and by VMO the set of all f € BMO such that

lim sup MO, (f)(2) =

r— zeCn

Definition 6.2. We define BDA, to be the family of all f € L2 such that

loc

| fllBpa, = sup Go,(f)(z) <00

zeC",r>0

and VDA, to be the subspace of all f € BDA, such that

hr% sup G2.-(f)(2) =

zeCn
Given a family X of functions on C", we set X = {f : f € X}.

Proposition 6.3. It holds that
BMO =BDA,NBDA, and VMO = VDA, NVDA,.

Furthermore, we have
Il flIBmo, == Il fIIBDA, + Il f IBDA, (6-4)

for f € Lloc

Proof. From a careful inspection of the proof of Proposition 2.5 in [Hu and Wang 2018], it follows that
there is a constant C > 0 such that, for f € L12oc and z € C", r > 0, there is a constant c(z) for which

1 12 i
{— |f—C(Z)|2dU} = C{G2, (/)@ + G2 (D)}
|B(z,1)] B(z,r)

It is easy to verify that

1/2
MO, (f)(2) < { If—c(Z)Izdv} :

|B(z, )| JB(z.r)
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and hence

MOy, (f)(2) < C{G2,()(@) + G2, (@)}
On the other hand, by definition, we have
G2 (f)(2) MO, (f)(2).

Thus, we have C| and C;, independent of f, r and z, such that

Ci{Ga2, (/)2 + Go,r (H)(@)} < MO, (f)(2)
< Co{Gar (f) (@) + Gor (H)(D)).

2073

(6-5)

Therefore, f € BMO (or f € VMO) if and only if f € BDA, NBDA, (or f € VDA, N VDA,). The

estimate in (6-4) follows from (6-5).
Theorem 6.4. Suppose f € L. Then for all g € L™, it holds that
. () (1) (1) _
Hm |77 T = Tl ) Fr) =0

if and only if f € VDA,.
Proof. Given f € L, it follows from (6-3) that

(1) (1)

ICH ) N 2090 r) = 1H P 200 120 = 1 Hp vy P20 12000

This and Theorem 1.1 imply

%HGz,l(f('\/;))”Lm < NHDY 20— r20) < CNG21(f VD)1,

where the constant C is independent of f and .
Suppose f € VDA,. Then, by definition, we have

lim sup G2, (f)(2) =0.

zeCn

It is easy to verify that
G21(f(- V1) (2) = Gy (/) (zV/1).
Now by (6-7), we get

. (t)\* : £ —
tlgl(l) ||(Hf ) N 22(0)— F2(0) = Ctlg% 1G5, (Pl =0.
In addition, for f, g € L™, it is easy to verify that
Oy @ _ O (@)
T Ty =Ty =—(H ) Hy".
Therefore, for all g € L™,
im (|77 — T 2y p2p) < I8Nz im 1 CH )Y 1200 p2p) = 0
t—0 f 8 fe WF ()= Ff(p) — L =0 f Li(p)— F{ (@) ’

which gives (6-6).

O

(6-6)

(6-7)

(6-8)

(6-9)
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Conversely, suppose that (6-6) holds for every g € L™. Let g = f € L*. Then it follows from (6-9) that

hm I H(’) I

(®)

- )y 17 0)
F2(p)— 12 = MM 1 (H )" H p2 ) 2

: @) (1) ()
= Mm |77 =T, po | p2gp)— r26) = O-
This and (6-7) imply that f € VDA,. [l

Combining Proposition 6.3 with Theorem 6.4, we obtain the following corollary, which is the main
result of [Bauer et al. 2018] when ¢(z) = %Izlz.

Corollary 6.5. Suppose f € L. Then for all g € L™, it holds that
: (1) o (1) @ —_ . () (D) (1) _
th_I)I(l) 1T, T," =T =0 and th_r)% 1TV Ty =T Nl = (6-10)

7. Further remarks

For 1 < p, g < 0o, we have characterized those f € S for which Hy : F”(¢) — L4(¢) is bounded (or
compact). For small exponents 0 < p < g < 1, we have proved that this characterization remains true for
compactness when f € L°. We also note that when p < ¢ and ¢ > 1, boundedness and compactness of
Hankel operators Hy : F”(¢) — L?(¢p) depend on g (see Remark 3.2 and Theorem 1.1), while for p > ¢
we cannot say the same — we note that we have no statement analogous to Remark 3.2 for IDA®4.

Moreover, for harmonic symbols f € S and 0 < p, g < 00, using the Hardy-Littlewood theorem on the
submean value (see Lemma 2.1 of [Hu et al. 2007], for example), we are able to characterize boundedness
of Hy : FP () — L9(p) with the space IDA*9. We will return to this topic in a future publication.

We also note that the space F°°(¢) does not appear in our results because I" is not dense in it. Instead,
it may be possible to consider the space

@) ={feF¥(p): fe ¥ € Co(Ch},

which can be viewed as the closure of I" in F°°(p), and extend our results to this setting.

Regarding weights, the Fock spaces studied in this paper are defined with weights ¢ € C(C") satisfying
Hessg ¢ >~ E. As stated in Section 2A, these weights are contained in the class considered in [Schuster
and Varolin 2012]. Now, we note that for the weights ¢ in that work, id9¢ =~ w, and from Hormander’s
theorem on the canonical solution to the d-equation it follows that

1Hg12, < /@ 18 f12. ¢ dv < Cligla f1I3,,.
and hence we know that the conclusions of Theorem 1.1 remain true when ¢ = 2 (see Theorem 4.3 of

[Hu and Virtanen 2022]). Upon these observations, we raise the following conjecture.

Conjecture 1. Suppose ¢ € C*(C") satisfying id0d¢ ~ wy. Then for f € Sand 0 < p, g < 00, Hy e
B(F?(p), L1(p)) if and only if f € IDA®Y, where s = pq/(p —q) if p>qg and s =oc0if p <gq.
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In the literature, there are a number of interesting results on the simultaneous boundedness (and
compactness) of Hankel operators Hy and H. These types of characterizations often involve the function
spaces BMO? and IMO® ¢ in their conditions; see, e.g., [Hu and Wang 2018; Zhu 2012]. For 1 < g < o0
and 1 <s < o0, set IDA®9 = {f : f € IDA*4}. Then Proposition 2.5 of [Hu and Wang 2018] shows
that IDA*? N IDA*“ = IMO®¢ and the results of Section 4 provide a description of the simultaneous
boundedness (or compactness) of Hy and H as seen in the following theorem, where as before, we set
s=pq/(p—q)if p>qgands=o0if p <gq.

Theorem 7.1. Let ¢ € C?(C") be real-valued, Hessg o~E,andlet f € S. For1 < p,q < oo, Hankel
operators Hy and Hj are simultaneously bounded from F? () to L (¢)) if and only if f € MO,

We state one more conjecture related to Theorem 1.2, in which we proved that for f € L*° and 0 < p < o0,
Hy is compact on F”(¢) if and only if Hj in compact on F”(¢). Recall that this phenomenon does not
occur for Hankel operators on the Bergman space or on the Hardy space. As predicted in [Zhu 2012],
and verified for Hankel operators on the weighted Fock spaces F?”(«) with 1 < p < oo in [Hagger and
Virtanen 2021], a partial explanation for this difference is the lack of bounded holomorphic or harmonic
functions on the entire complex plane. From this point of view it is natural to suggest that a similar result
should remain true for Hankel operators mapping from F?”(¢) to L9 (p).

Conjecture 2. Suppose that ¢ € C2(C") satisfies idd¢ ~ wy and 0 < p, ¢ < oco. Then for f € L™,
Hy e K(FP(¢), L9(p)) if and only if Hy € K(F?(¢), L (¢)).

Notice that IDA®9 N L is a Banach algebra under the norm || - [|pas« + || - |lco- We can also express
Conjecture 2 in algebraic terms; that is, we conjecture that IDA*? N L on C”" is closed under the
conjugate operation f > f, where 1 <s < oo and 0 < g < 00.

Related to our work on quantization and Theorem 6.4 in particular, we conclude this section with the
following problem: characterize those f € L for which it holds that

: Oy _ @O _
lh_r)r(l) ”Tf Tg ng s, =0

for all g € L*°, where || - ||, stands for the Hilbert—Schmidt norm. It would also be important to consider
this question for other Schatten classes S,.
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