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OBSTRUCTIONS FOR COMPACTNESS OF HANKEL
OPERATORS: COMPACTNESS MULTIPLIERS

MEHMET CELIK AND YUNUS E. ZEYTUNCU

ABSTRACT. We establish a connection between compactness of
Hankel operators and geometry of the underlying domain through
compactness multipliers for the 9-Neumann operator. In particu-
lar, we prove that any compactness multiplier induces a compact
Hankel operator. We also generalize the notion of compactness
multipliers to vector fields and matrices and then we use this
generalization to generate compact Hankel operators.

1. Introduction

In this paper, we study obstructions for compactness of Hankel operators
on general pseudoconvex domains in C". One of the most stimulating results
for compactness of Hankel operators is due to Axler [AxI86], which states
that on the Bergman space of the unit disc the Hankel operator Hy for a
holomorphic function f, is compact if and only if f is in the little Bloch
space By. In particular, if the holomorphic function f is additionally smooth
up to the boundary then f is automatically in the little Bloch space and
hence the operator Hy is compact. However, on a general domain in cr
if we take a holomorphic symbol f that is also smooth up to the bound-
ary, we can not immediately conclude that the corresponding operator Hy is
compact. In other words, in higher dimensions there is no universal charac-
terization of compactness, and the geometry of the domain plays a decisive
role.

As for a more specific example, consider a convex domain in C? that con-
tains an analytic disc in its boundary. On these domains, if g is smooth up
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to the boundary then the Hankel operator H, is compact if and only if g
is holomorphic along the analytic disc in the boundary, see [CSOQb7 Corol-
lary 2]. This result indicates that one needs to investigate the boundary
geometry of the underlying domain to understand compact Hankel opera-
tors.

The L? theory of the O-Neumann operator is one of the common ways of
relating the boundary geometry and compact Hankel operators, see [Has01],
[CS09b], [Sah12], [CS12], [CS13], [CS14b], and [SZ] for some recent results.
One reason for this connection is the Kohn’s formula that conveniently
links Hankel operators and the d-Neumann operator. Another tool in this
context is the notion of compactness multipliers, which have been studied
with the purpose of characterizing obstructions to compactness of the 0-
Neumann problem [Cel08]. Therefore, it is natural to relate these multipli-
ers and obstructions for compactness of Hankel operators. As a first ob-
servation, on a bounded convex domain a function that is smooth up to
the boundary of the domain is a compactness multiplier if and only if it
vanishes on the closure of the union of all the (nontrivial) analytic discs
in the boundary [CS09a]. On the same domain, a symbol function that is
smooth up to the boundary induces a compact Hankel operator if and only
if the symbol is holomorphic along analytic discs in the boundary [CS09b.
Therefore, on convex domains any compactness multiplier induces a com-
pact Hankel operator. Without the convexity assumption, such a connec-
tion between compactness multipliers and symbols of compact Hankel oper-
ators was less understood and the following specific question was posed in
[CS09b).

Assume that Q2 is a smooth bounded pseudoconvex domain in C" and f is
a compactness multiplier, then is the Hankel operator Hy compact on Q7

In the first part of this paper, we establish a connection between com-
pactness of Hankel operators and boundary geometry through compactness
multipliers and as a consequence we answer the question above.

THEOREM 1. Let Q be a smooth bounded pseudoconvex domain in C™ and

feC ). If f is a compactness multiplier then the Hankel operator Hy is
compact on A%(Q).

In the second part, we generalize the compactness multipliers tool to vector
fields and matrices and then by using the generalized compactness multiplier
device, we show how to generate symbols that induce compact Hankel oper-
ators.
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THEOREM 2. Let Q) be a smooth bounded pseudoconvexr domain in C™ that
admits a smooth plurisubharmonic defining function r. Let
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be the complex Hessian matriz. Then the Hankel operator Hgey(c) s compact
on A%(Q).

Finally, by following the ideas from [Str08] we obtain a more general theo-
rem that shows how to generate many more compact Hankel operators.

THEOREM 3. Let Q be as in Theorem 2. If A(z) is a positive semidefinite
self-conjugate matriz (of entries continuous functions on Q) such that for all
2€Q and £ €C?

(1.2) 0< (A™(2)-&,8) < (L(2)-&,&)  for somemeZ*t
then the Hankel operator Hy is compact on A*(Y), where ¢(z) = det(A(z)).

The remainder of the paper is organized as follows. In the second section,
we recall the L? theory of the 9-Neumann operator, we introduce compactness
multipliers, allowable vector fields, allowable matrices, and the connection
between the 9-Neumann operator and Hankel operators. In the same section,
we relate the compactness multiplier notion to that of a symbol of a compact
Hankel operator. In Section 3, we prove Theorem 1, present a counterexample
for its converse, and remark on the extensions to higher degree forms. In
Section 4, we prove Theorems 2 and 3. Finally, in the last section we conclude
with some examples and remarks.

2. Definitions and notations

Let © C C™ be a bounded, smooth pseudoconvex domain and let O =
99+ 08" be the 0-Neumann Laplacian, where 9" stands for the L2-adjoint
of the Cauchy—Riemann operator. Under these assumptions on 2, the oper-
ator 0: L%07q)(Q) — L%07q+1)(ﬂ) is closed and densely defined. Furthermore,
the operator [0 acting on its domain is invertible with a bounded inverse
N, which is called the d-Neumann operator, [Hér65)], see also [CSO1] and
[Str10]. Compactness of the d-Neumann problem is a basic property with
many applications. When b2 is smooth, compactness implies global regu-
larity of the -Neumann problem. Also, the Fredholm theory for Toeplitz
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operators is a direct consequence of the compactness of the -Neumann prob-
lem. The following estimate is a reformulation of the compactness property
[Str10, Chapter 4].

A compactness estimate of the d-Neumann operator is said to hold on € if
for a given € > 0 there is a constant C. > 0 such that the following estimate

ul|? < e ([Du])? + [0 u||*) + Cclu)l?,

is valid Vu € Dom(9) N Dom(3") € L2, /(). (|| -||-1 is the L*-Sobolev (—1)-
norm.)

One way to investigate compactness of the 9-Neumann problem through
the compactness estimate is to consider the set of functions f for which one can
estimate the L?-norm of fu in terms of L?-norms of Ou, é*u, and the Sobolev
(—1)-norm of u; the constant C. is allowed to depend on f. Such functions
are known as compactness multipliers [CS09a]. Compactness multipliers are
inspired by the well-known subelliptic multipliers [Koh79], with compactness
estimates taking the place of the subelliptic estimates.

DEFINITION 1. A function f € C(Q) is called a compactness multiplier on §
if for every € > 0 there is a constant C, y > 0 such that the following estimate

— —x 2
(2.1) Ifull® < e(loull® + (0" u|") + Ce llull®
is valid Yu € Dom(d) N Dom(d") C L%O,q)(Q).

REMARK 1. f is a compactness multiplier if and only if f is a compact-
ness multiplier. Then, the real and imaginary parts of f are compactness
multipliers. As a result, it is sufficient to consider real valued compactness
multipliers.

Compactness multipliers have been studied with the purpose of character-
izing the obstructions to compactness of the 9-Neumann problem. Let J? be
the set of compactness multipliers associated with (0, ¢)-forms, 1 < ¢ <n, and
denote by A, the common zero set of the elements in J?, i.e. J9={f € C(Q) |
f=0on A,;}. Then the O-Neumann operator is compact if and only if Ay is
empty [CS09a]. In the same paper, it was also showed that on bounded con-
vex domains, the set A, is exactly the closure of the union of g-dimensional
analytic disks in the boundary.

In our work, we will also use the derivatives of the compactness multipliers.
For a real valued function, we set 2?21 g—zfjuj to be the interior product (the

adjoint of exterior multiplication) of the vector field 0 f = > (2L)-2 and

0z;/ 0Z;
the (0,1)-form u = 3""_, u;dz;. One can estimate the L*-norm of )77, g—fjuj

in terms of L%-norms of Ou, g*u, and the Sobolev (—1)-norm of u; again
constant C; is allowed to depend on Jf.
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We will also employ the term “allowable” which was used in the study of
subelliptic multipliers by D’Angelo in [D’A93].

DEFINITION 2. A vector field

of type (1,0) is allowable (for compactness estimate of the 9-Neumann prob-
lem) if for every € > 0 there is C¢ > 0 such that

n 2
§ :vjuj
Jj=1

— —x 2
< 6(||8u||2 + Ha u|| ) +CE||uH2,1
for all u=Y>7_, u;dz; € Dom(d) NDom(d") C L2, ().

(2.2)

We will also need the following notation.

M, : Dom(9)nN Dom(g*) — L%(M))(Q)7
M, (u) ::Zvjuj, where u:Zuj dz;.
Jj=1 j=1

Thus, the estimate (2.2) can be rewritten as

2 = S 112
(23) M () < (1l + [3u]?) + Celul?,
for all u=3""_, u;dz; € Dom(d) N Dom(d" ) C Lf 1))

Jj=1

In the next definition, we generalize the definition of an allowable vector
field to an allowable matriz.

DEFINITION 3. An n X n matrix A(z) with smooth entries on C" is called
an allowable matriz if for each € > 0 there is a constant C. > 0 such that

(24) 1AG)ul* < e (i@ul® + [[7"u]|*) + Ccllull?,
for all u=3Y"}_, updzy, € Dom(9) N Dom(d") C L?o,l)(ﬂ)'

[A(2)ull? in (2.4) represents 37 || 3"p_; Ajk(2)uk|®. Note that this def-
inition is equivalent to saying that each row of the matrix is an allowable row.
The definition allows the replacement of a row’s entries with components of
an allowable vector field.

Let A?(£2) be the subspace of holomorphic functions in L?*(£2). The op-
erator P: L?(Q) — A2(Q) denotes the Bergman projection. The Hankel
operator with symbol ¢ € L*°(Q) is the operator defined as

Hy=(I—P)p: A2(Q) — LX),
where the symbol ) is identified with the corresponding multiplication opera-
tor. Using Kohn’s formula P =1 — 9N 10, the following relation between the
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0-Neumann operator N and the Hankel operator H,, with symbol ¢ € C*(Q)
is obtained Hy(f) = 0" NO(Yf) =8 Ni(fop), Vf € A2(Q). Because of this
formula it is natural to expect strong connections between Ny and Hy,.

3. Proof of Theorem 1

Let Hé} denote the Hankel operator on ) with symbol ¢ and Ry be the
restriction operator onto an open set U. One can still use functions from
A%(Q2) and work locally, on a neighborhood QN U of p € bQ by using the

composition of the Hankel and restriction operators, HI%QEU( ¢)RQQU. The

composition of those two operators is well-defined on A%((2).

On bounded pseudoconvex domains the set of compactness multipliers in
C(Q) is a closed ideal J and we can express J = {f € C(Q) | f|x =0}, where
K denotes the common zero set of the elements in J. Moreover, K is a subset
of the set of infinite type points on b2, (b§2), and it can easily be shown that
the set () \ K is benign for the compactness of the d-Neumann operator
[Cel08].

THEOREM 1. Let Q be a smooth bounded pseudoconver domain in C™ and
feC ). If f is a compactness multiplier then the Hankel operator Hy is
compact on A?(12).

Proof. We start with the localization of Hankel operators technique in-
troduced in [CS09b, Proposition 1(ii)]. First, we show that for every
p € bS) there is an open neighborhood U, such that @ N U, is a domain,
and Hggg;memUp is compact on A2(Q), then by using [CS09b, Proposi-
tion 1(ii)], we conclude that H)? is compact on A%(§). For this purpose, we
look at the points p € b2 in two separate cases.

Case 1: If p € b2\ K, then there is a complex ball B(p,r) centered at p
with radius r > 0 such that B(p,r) N K = (). Define

Up:=B(p,r)NQ.

The d-Neumann operator is compact on L?(U,). The set of infinite type
points, not in K, is benign for the compactness of the O-Newmann operator
[Cel08] and the rest of the boundary points are of finite type.

If the d-Neumann operator is compact on L*(U,) then Ry, (f) € C(Up)
(for all f € C(Q)) is a compactness multiplier and Hgg (pBu, is a compact

o P

operator on A%(Q) for all f € C(Q).

Case 2: As for the points in K, we use the following construction. For each
j > 1 define an open set

Uj:={zeC"|dist(z,K) <1/}
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containing the zero set K and choose x;(z) € C°°(C™) such that 0 < x;(z) <1,
X;j(z) =1 on C*"\Uj, and x;(z) =0 on Us;. Now, define f;(z) :=x;(2) - f(2),
where f(z) € C() is a compactness multiplier.
Thus, for every j > 1, {f;(2)} C C(Q) such that f;(z) =0 on Us; and f;(z)
is a compactness multiplier (because K C Us;). Moreover, for every j > 1,
Uz;NQ
RUJQJ- na(f;
Thus, by Cases 1 and 2 we conclude that for every p € bQ) there is an

open neighborhood U, such that 2N U, is a domain, and Hgggsp( fj)RQmUp

is compact on A%(Q2). By [CS09b, Proposition 1(ii)] we conclude that Hﬁ is
compact on A%(Q).

Now, the idea is to approximate f uniformly on £ by the above constructed
sequence of functions {f;}. To show that H]? is a compact operator on A%(Q),

)RUQJ.QQ =0 and is a compact operator on A?((2).

it is enough to see that the Hankel operators {HJ%} converge to H JS) in operator
norm. Indeed,

(3.1) Hf —Hf, = (I~ P)(f) = (I = P)(f;)=(f = [T = P(f = [;)

and the operator norm of the multiplication by (f — f;) on L?() is
max, g |(f = f;)|. Thus,

(3.2) |Hf — Hf || =0, as j—oo. O

REMARK 2. If H; is a compact Hankel operator on A%(Q), then its symbol
function f is not necessarily a compactness multiplier. For example, H,, =0
and so is compact on A%(Q) where 2 is a smoothed bi-disc, however z; is not a
compactness multiplier because z; # 0 on {(21,22): 0 < |z2| <1/2 and |z1| =
1}. See Example 1 for more details.

REMARK 3. A Hankel operator with a symbol function f is equal to the
negative of the commutator operator with the multiplication symbol f and
Bergman projection P, Hy(u) = (I — P)(fu) = —[P, f](u). The result in The-
orem 1 also applies for the commutator operator [P, f] on A%(Q). We con-
clude that on a smooth bounded pseudoconvex domain €, if f € C(Q) is a
compactness multiplier then the commutator operator [P, f] is compact on
A%(€2). Moreover, by employing [(S14a, Corollary 2] we further deduce that
the commutator operator [P, f] is compact on A?O,q) (Q)forall0<g<n-—1,
where P, denotes the orthogonal projection from L%qu)(Q) onto the subspace

of d-closed forms.

4. Compactness multipliers machinery

A subelliptic estimate of the O-Neumann problem is a stronger condition
than a compactness estimate. Thus, every subelliptic multiplier is also a com-
pactness multiplier but the converse is false. Indeed, consider a convex domain
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Q2 in C? and on the boundary of this domain have a set of infinite type points
with empty Euclidean interior, any smooth function on € not vanishing on
the boundary of the domain, bS2, is a compactness multiplier, but not a subel-
liptic multiplier. Kohn [Koh79] developed subelliptic multipliers and created
an algorithmic procedure for computing certain ideals. He used these ideals
to find out if there is a complex analytic variety in the boundary and if there
is a subelliptic estimate. Creating an analogue algorithmic procedure with
ideals of compactness multipliers for compactness estimate can be helpful to
examine obstructions for the compactness property of the d-Neumann oper-
ator and of Hankel operators. However, it is important to note that Kohn’s
algorithm is in space of real analytic functions. The ring of real analytic
functions is a Noetherian ring, where every prime ideal of the ring is finitely
generated. This property of the ring of functions plays a fundamental role in
Kohn’s algorithm, it determines when such ideals define trivial varieties on the
boundary of the domain. Since the O-Neumann operator and its compactness
property very much depend on the boundary geometry of the domain, the role
of the defining function in the theory of compactness multipliers becomes fun-
damental. The defining function itself being a compactness multiplier helps
us to connect the geometry of the domain with the compactness multiplier
notion. Because we are working on domains with smooth boundaries (not
necessarily real analytic) this forces us to work with compactness multipliers
from the ring of smooth functions. However, the ring of smooth functions
is not Noetherian. Absence of this essential property makes establishing an
analogous algorithm with compactness multipliers challenging. In this write
up, we ignore questions relating to the algorithmic point of view. Instead, we
study the connections of compactness multipliers with a symbol function of a
compact Hankel operator.

The following proposition establishes a connection between a compactness
multiplier and an allowable vector field, analogous to subelliptic multiplier
case, see [Koh79] or [D’A93].

PROPOSITION 1. Let Q be a smooth bounded pseudoconvexr domain in C™.
Suppose that f € C%(2) is a compactness multiplier. Then df is an allowable
vector field. That is, for every € >0 there exists C 55 >0 such that

2
> gy | <=0+ [ + el
]:

for all w € Dom(d") NDom(d) C L%O,l)(Q)'
REMARK 4. Consequently, for 1 < ¢ <n, the operator

Mpy : Dom(d) N Dom (9") (C LE, ) (Q)) = L ,_1)()
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is a compact operator, providing a property weaker than compactness of the
0-Neumann operator.

COROLLARY 1. Let Q be a smooth bounded pseudoconver domain in C".
Let v be a smooth defining function for Q. Then the wvector field Or =

n or 0
> i1 b2, 95 is allowable.

Proof of Corollary 1. To see that r is a compactness multiplier check with
[CS09a, Remark 2] (or [Cel08, Proposition 4]) and then by Proposition 1 we
obtain that Or is an allowable vector field. (|

Proof of Proposition 1. Initially, we work with smooth (0,1)-forms in
Dom(8") and then at the end of the proof we use the Density Lemma
[CS01, Lemma 432] (or [Strl0, Proposition 2.3]) to move the result to
Dom(8) NDom (8" ) Thus, let u € Cff ) (2 Q)N Dom(d").

Let ¢ := 2?21 52 Ujs SO

(4.1)

I
PO
(]
|
N

~
<=
~_—
+

|

“\,’
(]
Q| Q
<
S~

Now, let’s estimate the last term,

w2 (— ou; ,fw) ’ @ T < [Tl I
)3

< (a/2)]|8"u|)* +1/2a) | f]|?
for any a > 0.

The second inequality follows from the small constant-large constant inequal-
ity.! As for the last term || f¢||?, first notice that

n

N NSO dup [ 0
_kZ:la_ZkUk_;azk ZfaZk ;[azka]‘}uka
and

“[ 0
fo=f {a } f}j
k=1
. of auk Ouy,
kza—z:kuk“rfak fza_ k_fQZazk

L We refer to (a/2) as a small constant, 1/(2a) as a large constant.
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n

0 0
Za— )12 )

k=1
n
k=1

As an operator, >, _ 1[8%’ f] is a zeroth-order pseudo-differential operator,

S [ ]rw

k=1
Second, since f is a compactness multiplier (from the hypothesis) for every
€ > 0 there exists C. y > 0 such that

(4.3) IS S I full? < e(1@ul]? + 8" ul|) + Ce,sllull?,

for all u € Dom(8" ) NDom(d) C L(0 1)(€2). When we put this estimate in (4.2)
we obtain

o ((E5)

< (a/2)||0"u||* + 1/(2a) (e (|Du))? + |07 u||*) + Ce fllull®;)
for any a > 0.

]fuk

IFII* =

To handle the remaining term 377 (8(5‘_;?»)

,¥) in (4.1) we use integration
by parts,

a5 So(A ) <3 (2 )+Z/ s

Jj=1

The boundary integral in the integration by parts vanishes because u is in the
domain of 9". Then,

v )5 )

Jj=1 Jj=1

S (L))

NOW by the CauChy_SChWarZ lnequahty we get
( n l' > H
k=1 E

(o (S 2)) S 2

Jj=1
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Then by the small constant-large constant inequality, we obtain

0
ZHMHZ 5 ( fuk>
8 (<~ of
V=1

<1/2a) Y sl + (a/2) Y
j=1 j
An estimate for the second term follows from the bar derivatives of w, which
are controlled (in L2(Q2)) by du and & u. That is,

()

S 1/(20) | ful? + (a/2) (19u))* + [3"u]*).
When we put this estimate back in (4.6) and (4.5) we get

(%

j=1

2

n 2

(4.7) 1/(2a) Y | fujll* + (a/2) Z
j=1

Jj=

< 1/a)||ful® + (a/2) (|5ul> + |7 u|*).

When we use (4.3) for the first term we get

(4.8 Z( ) )| £ 1/a 0 + 3] + Cogllul)

+ (a/2) (| 9u])? + |[3"u|).
Finally, we put (4.8) and (4.4) into (4.1) to get

5‘f

2
jla

(4.9)

< (a/2) (11Bulf? + [[3"ul[*) + (a/2) |3 u||?

+1/a(5(||5u||2+|_ 2) +Cc pllull4)

- C.
< <a+ 2) (||Oul® + & u||2) + Tf||u||2_1

We set a = /¢ and choose &€ small enough to get the desired estimate in
Proposition 1. O

Recall that an allowable matriz is the same thing as saying that each row of
the matrix is an allowable row. For example, if each jth-row of a matrix is con-
structed from components {v;;} of an allowable vector field v; = Y"1 | vij%
then the matrix is an allowable matrix.

PROPOSITION 2. Let €2 be a smooth bounded pseudoconvexr domain in C".
If A(z) is an allowable matriz with A;j(z) € C*(N2) then the determinant of
the matriz A is a compactness multiplier.
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Proof. Let A(z) be such an allowable matrix. Then B(z) := A*(2)A(z) is
a Hermitian positive semi-definite matrix, B;;(z) € C>°(Q) and there exists
strictly positive C(z) € C*°(Q) such that

(4.10) (det(B(2))u,u) , < C(2)(B(2)u,u)

where the inner product (-,-)g is the standard one in C™ and do not involve
integration.

Indeed, if det(B(z)) = 0 then (4.10) holds trivially. If det(B(z)) > 0, that is
B(z) is a Hermitian positive definite matrix, then there exists strictly positive
C'(z) € C>(Q2) such that

C'(2)IE]° < (B(2)€:€)

for all £ € C™. Multiply both sides by LFE{()Z)) to have

5 _ det(B(z
det(B(2))[¢* < %(B(Z)&E)E

Set C(z) = deg,f(g()z)) to get (4.10). We also set C' = maxgC(z), then consid-

ering the inequality (4.10) and u € CF ,)(€2) N dom(3"), we have

(det (A(2)A*(2))u, u)E < C(A*(2)A(2)u, u)E = C"A(z)u‘QE

Then

Jdet(A())ull2. = Z [ a4 st < [l =claeul
Since A(z) is an allowable matrix, we have det(A(z)) as a compactness mul-
tiplier. 0

REMARK 5. A special set of allowable matrices for the compactness es-
timate of the J-Neumann problem has already been studied by Straube in
[Str08].

4.1. Complex Hessian and compact Hankel operators. We also
present ways of producing other symbols which induce compact Hankel oper-
ators on the same domain. First, we present an installment of a fundamental
symbol, developed completely from the defining function, more specifically,
complex Hessian, carrying information about the boundary geometry of the
domain. Second, we present how to identify more compact Hankel operators
by using derivatives of the symbols in an iterative sense, with every iteration
of the derivative one will be able to generate another compact Hankel operator
on the domain.

THEOREM 2. Let Q a smooth bounded pseudoconver domain in C™ that
admits a smooth plurisubharmonic defining function v such that |dr| =1 on
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bS2. Then Haey(z) s a compact Hankel operator on A2(Q), where L is the
complex Hessian matriz.

Proof. If the determinant of £ is a compactness multiplier, then by Theo-
rem 1 we conclude that Hye(r) is a compact Hankel operator on A%(€2). Since
Q) is a pseudoconvex domain, £ is positive semidefinite matrix. Then, by the
same linear algebra idea in Proposition 2 we can find a constant C' > 0 such
that

(|det(£)|2u, u)E <C-(Lu,u)p

and so
|| det(L)ul| :/Q(det(ﬁ)u,det(ﬁ)u) :/Q(|det(£)| u,u) §C/Q(£u,u)E

Thus, to show the determinant of £ is a compactness multiplier we need
to show that for a given € > 0 there is a C. > 0 such that

[ ez <=1
Q

Yue O, ()N dom(d").

This estimate has already been proven by Straube in [Str08]. We go over
the proof for convenience.

Note that [o,(Lu,u) = [ 7 75 éi)k u;up dV (2).2 Let’s split u into its
tangential and normal parts near bQ u=uy + up. Let n(z) be a cutoff
function whose support is contained in a p-neighborhood of b2, {z € Q| —u <
r(z) <pln(z)=lon {zeQ|—p/2 <r(z) <p/2}; and u= (1 —n)u+nuy +
nur.

(4.11) /Q Z azj 8zk Uk (2)dV (2)

2
) + CEHU”Q—l

/ Z (9z] 8zk 777)U+UUN+77“TL-(Z)
(- n)u + nuy +nur), (2)dV(2)
/ Z 8,2] azk ur);(2)(nur),(2)dV(z)

+ ||TIUT||||77UN|| + |2+ 11 = ).

and then by using the large constant-small constant inequality on the second
term on the right we get

Inurlllnux|l < (a/2)Inur||* +1/(2a) rux .

2 A< B if 3¢> 0 such that A < ¢B.
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Thus, the right-hand side of (4.11) can be bounded from above by (we replace
(a/2) with € and 1/(2a) with C;)

(4.12) S / S PTG () (2 v (2)

zi 02
jm 92 P

+ellmur]|? + Celmun | + || (1 = m)ul|.

(1 = n)ul|? is supported at the interior points of €, so it has a compact-
ness estimate by the interior elliptic regularity. For the C.|lnun|? term
we use interpolation inequality between Sobolev norms (that is, the esti-
mate |lul? <ellul|? + Cclul|?%;), and that the normal component is having

Sobolev 1-subelliptic estimate (that is, |lux|]1 < [|dul| + |0 u||). Moreover,
[nur|? < |Jul? < [|0ul|? + |8 u||>. Thus, the right-hand side of (4.12) is
bounded by

(4.13) <[ > e ) (T ()Y (2

2
+5(||8u||2 + Hé) uH )+ Cellull?,.
As for the first term of (4.13): Let Qg :={z € Q|d(2,bQ) < —=d} for 0 < <e.

Note that ur is in dom(g*) on )5 by the definition of uy. Thus, we split the
integral,

/Q Z azj 2 (), Y () (2

into two integrals

n 27" z —_—
(4.14) S T ) (Y () AV (2)
Q/Q 62_7 aZk

[ T e v )

0. 51 9% 0% T, '
The second term on the right is supported at the interior points of €2 so it has
an estimate by the interior elliptic regularity. The first term on the right can
be estimated by the help of Kohn-Morrey formula and the Fubini’s theorem.

n 27"2’ _—
(4.15) /Q S P ) () ) () AV (2)

0z; 0z
/ijkfl J k

/ /Qé jk= 1azjazk( ) ( )(nuT)k( )dU(Z)d6

< [P + 3 ) )
0
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Then, the right side of (4.15) is bounded from above by &(||0ul/®> +
10" ul[?).
Therefore, from (4.13), (4.14), and (4.15) we have
"L 0%r(2)
(2)a(z) AV
[ S ueme) ave)

Jik=1

(4.16)

Se(0u)? + |0 u?) + Cellul)?,. 0

COROLLARY 2. Let Q be a smooth bounded pseudoconver domain in C™
that admits a smooth plurisubharmonic defining function r. If f € C%(Q) is a
compactness multiplier then Hyey () is a compact Hankel operator on A2(Q),
where B is a matrixz created by replacing the jth-row of the complex Hessian

matrixz with the components of the vector field 0f = Z?Zl %%:
J J

9*r &*r &%r
0z1 0z1 0z1 0Z2 021 0Zn
9*r &*r &%r
62j71 0z 82’]‘71 0Zo 82j71 0Zp
.| ot o o7
T 0z Ozo Ozn
9%r &%r 9%r
82j+1 0z, 8Zj+1 0z BZJ'+1 0Zn
9*r &*r &%r
O0zyn 0Z1 Oz 0Zo 0zp OZp

Proof of Corollary 2. f € C?(Q) is a compactness multiplier then by

Proposition 1 we have df is an allowable vector field (for a compactness
estimate). We will show in Corollary 4 that the complex Hessian matrix is
allowable, that is, every row is an allowable vector field.

The matrix B is formed by replacing the entire jth-row of the complex Hes-
sian matrix (in Theorem 2) with components of df, (g—zfl, g—zfz, e %{L, ). The
matrix B is allowable. Then, by Proposition 2 the determinant of the matrix

B is a compactness multiplier. Finally, by using Theorem 1 we conclude that

Hgey(p) is a compact Hankel operator. 0
Let f17f27~~~7fn € 02(5) and
onh oK ... AN
0z1 Oz2 Ozn
Ofs  Of Of2
F:= 5‘51 % afn
0fs  Ofa o
0z1 Oz Dzn

COROLLARY 3. Let 2 be a smooth bounded pseudoconver domain in C". If

frs fa, -
Hankel operator on A%(Q).

.y fn €C%(Q) are compactness multipliers then Hyeo(ry 18 a compact
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Proof. The proof is the same as in Corollary 2. O

REMARK 6. In Corollary 3, we can replace one of the compactness multi-
pliers in the hypothesis with the resulting compactness multiplier det(F") and
then apply Corollary 3 to get another compact Hankel operator.

Corollary 2 presents a connection between two compact Hankel operators
with two different symbols: one of the symbols is just making the opera-
tor compact and the other symbol involves the characteristics of the domain
itself (the second symbol partially involves the complex Hessian matrix of
the domain). Furthermore, Corollary 3 presents a connection between a set
of compact Hankel operators with another compact Hankel operator whose
symbol is completely developed from the gradients of the symbols of the other
compact Hankel operators.

4.2. Allowable matrices and their relation to Hankel operators. In
this subsection, we further investigate allowable matrices for the compactness
estimate. After developing some technical work, we formulate Corollary 4 and
Theorem 3.

PROPOSITION 3. If A € R™™"™ is a symmetric positive semi-definite matriz
then there exist a unique matriv X € R™ ™ satisfying the equation X2 = A.
Moreover, X is also symmetric positive semi-definite.

Proof. See [HJ13, Proof of Theorem 7.2.6]. O

LEMMA 1. Let B(z) and D(z) be two symmetric positive semi-definite ma-
trices with entries continuous on . If for all z€ Q and £ € C"

0< (B(2)-€,€) < (D(2)-€,¢)
and for all € >0 there is Cc > 0 such that
(4.17) (D(2)u,u),, < (|@ul® + |07 u|*) + Cellul®4,
then B(z) is an allowable matriz.

Proof. The square root of the matrix B(z) is unique by Proposition 3 and
has a compactness estimate on 2:

HBl/zuﬂ2 = / (Bu)u = (Bu,u) 2 < (D(z)u, uy, .
Q
Then by the hypothesis of the theorem we have the estimate for all € > 0 there
is C. > 0 such that
(4.18) |BY2u||%, < e(|[0u]? + |
It follows that,
1Bul|2> = (Bu, Bu) 2
= (BY2BY?u,Bu),,

3"ul”) + Celul?,.
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= (B'?u,(B'/?) Bu),,
<B4 . [ (B72) Bul ,.
<1/(20)||BV2u|>, + (a/2)||(BV2) Bul]%,
< e (|[9ull? + [37u*) + Ceul,.

In the first inequality, we use the Cauchy—Schwarz inequality. In the second
one, we use the large constant-small constant inequality. As for the last
inequality, the second term on the right is under control because the entries
of the matrix B(z) are smooth on © and the norm of the matrix B(z) is
bounded on Q. Then the small constant represented as (a/2) will take care

of the constant coming from (31/2(2))tB(z) in front of the norm and the
term will be estimated with (a/2)(||du]|? + |8 u|?). As for the first term
1/(2a)||BY?u||2,, we use the above estimate (4.18). O

As an application of Lemma 1 one can see that on a smooth bounded
pseudoconvex domain € in C™ the complex Hessian matrix £ (see equation
(1.1)) is an allowable matrix.

COROLLARY 4. Let Q be a smooth bounded pseudoconver domain in C™
that admits a smooth plurisubharmonic defining function. Then the complex
Hessian matriz L is an allowable matriz.

Proof. Consider B(z) = D(z) = L (in Lemma 1) to get the result. Note
that the estimate (4.17) in the hypothesis of Lemma 1 for £ is showed in the
proof of Theorem 2. O

REMARK 7. Combining Corollary 4 and Proposition 2 it follows that det(£)
is a compactness multiplier and thus the result in Theorem 2 follows. Note
that in Theorem 2 we do not use that complex Hessian is an allowable matrix,
but we use an inequality relation between a matrix and its determinant.

A more general application of Lemma 1 is the following.

THEOREM 3. Let Q be as in Theorem 2. If A(z) is a positive semidefinite

self-conjugate matriz (of entries continuous functions on ) such that for all
zeQ and £E€C”

(4.19) 0< (A™(2)-&,8) < (L(2)-&,€)  for somemeZ*t
then the Hankel operator Hy is compact on A?(2), where ¢(z) = det(A(z)).

Proof. If A(z) is allowable, by Proposition 2 we see that det(A(z)) is a
compactness multiplier and then by Theorem 1 it follows that Hgeg(a(z)) is a
compact operator on A%(§). Therefore, it suffices to show that for any cases
of m € Z* the matrix A(z) is allowable.
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If the hypothesis of the theorem is satisfied for m =1, we have

(4.20) 0 < (A(2)u,u),, < {L(z)u,u)

L2 L2

Vu € i, ()N dom(d"). It follows from Lemma 1 that the matrix A(z) is

allowable. Note that the estimate (4.17) in the hypothesis of Lemma 1 for £
is showed in the proof of Theorem 2.

With the hypothesis 0 < (A™(2)u,u)r2 < (L(2)u,u)r2 for some m € Z*
and Vu € CF,)(22) N dom(d"), we show that A™ is an allowable matrix by
using the same approach as for m = 1:

To complete the proof it is enough to show that for given m € Z* and
e >0, there exists C. > 0 such that

(4.21)  [|Au)2. <el|A™ |, + Comllull?e VueC Q) Ndom (D).

If m =2 then this simply follows from the small constant-large constant in-
equality. Indeed,

||Au|\%2 = (Au, Au) = (A*Au,u) 2
(ae=a) = (A0, u) 1
< [ 4%ul| . lull 2
< o1 4% 2 + Sl
For case m = 3 we are going to use the following interpolation inequality;
||A2u||2 = (A%u, A%u) = (APu, Au) < HASUHHA’UJH
which, actually can be generalized as follows;

r+1

(4.22) |4 ul|* < [|A"ul| || Alul|

so we have

1
(423) [ Aul? < o[ A% + 5 ull?

1
< 2—HA?’U|| | Au|| + g||u||2 (one more le—sc inequality)
a
1 /1 3 2 1 a
< —(— )43 —a|Au* + = ||ul?.
< 5 (g ) 150l + g alaul® + Gl
We subtract the middle term from both sides, and multiply both sides by 2
to get
1 2
4l < 5[ 4%]* + alful.
When we choose a sufficiently large we we get (4.21). The general case m > 3

is virtually the same where the generalized interpolation inequality (4.22) is
used. (|
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5. Examples and remarks
We start with the classical example of a rounded polydisc.
EXAMPLE 1. Let
AMt)=0 ift<0 and At)=e Yt ift>0,

A is a convex function on (—o0,1/2). Then, consider the following domain

Q::{(zl,zg)‘

P21, 22) :)\(% <|z1|2 _ i)) +A<% <|Z2|2 _ i)) 8/ <0}.

In Figure 1,  is a smooth bounded pseudoconvex domain. Let
Ly:={(21,22) :0< |22| < 1/2 and |2 | =1}
and
Loy = {(zl,zg) :0< |21 <1/2 and |z2| = 1}
then
L:=LiULyCb

is (Levi flat) foliated with analytic discs.
Note that the defining function of Q, p(z1,22) is a compactness multiplier:
p(z1,22) vanishes on L. Theorem 1 implies that H, is compact on A%(Q).

82
02;0%Zj | 1<; j<o
— z 4 z 2
(SR )
0 (2l el S A (L (22l — 1/4))
|2
I @)
12 +
T
2 1 |z1]

FIGURE 1. ) is a smoothed bi-disc, a bounded pseudoconvex
domain with analytic discs in its boundary.
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is the complex Hessian matrix and by Theorem 2 the matrix £ is allowable.
The determinant of L is

det(L) = k(zl,zg))\<%(z1|2 - 1/4)))\(%(|22|2 - 1/4)>,

where k(z1,22) = 4(lz11° =1)* (| 22| 12‘21|127/?§Lf)14l(‘221‘)2 f/l/)i(\m\ —1)°+17%/18

det(L) vanishes on the set L and so Proposition 2 gives us that det(ﬁ) is a
compactness multiplier and by Theorem 1 it follows that the Hankel operator
Hgeg(zy is compact on A%(€2).

Let’s form matrix B by replacing the second row of the complex Hessian
matrix £ with the allowable vector field Op.

8%p 8%p
—— 0z1 0zZ1 0z1 0Z2
B:= dp Op

8_21 622

2|21 |*+4|z1 |7 +1/8
= <( ‘(Iz‘1|22‘1/‘4)4 BN (121 |2—1/4 7 )
().

T Mz - 1) T M %|Zz| ~

_ 222+ 427 +1/8) | 2 2
celB) = 1 (2 - /9 P (3F - 10

Corollary 2 implies that the Hankel operator Hge(py is compact on A%(Q

Let f1(z) = (|z1[> = 1)(|22|* = 1) and fa(2) =sin((|z1[> = 1)(|z2[* = 1)). fi(=)
and fo(2) are both vanishing on L, so they are compactness multipliers. Then
Corollary 4 tells us that

gfl %
z Z
Fe=\on on

azl 8Z2

— ( (2> = 1) (la* = 1) )
(lz2* = DZ1cos((|z1]? = 1) (|22 = 1)) (Jz1]* = DZ2cos((|21]? — 1) (|22]* — 1)) )’
det(F) = (71 — %2) (|z1]> — 1) (|2z2]> = 1) cos((|21]* — 1) (|22|* — 1)),

and the Hankel operator Hyeq(r) is compact on A%(2).

On the other hand, to show that the Hankel operators Hge(r) is compact on
A2(Q) one may use the result from [CS09b], which requires showing that for all
analytic discs f: D — L C bQ2 the compositions det(F') o f(z) are holomorphic
on D.

REMARK 8. One can find a smooth allowable vector field of type (1,0)
such that its integral solution is not a compactness multiplier. For exam-
ple, in C2, let © be a bounded smooth pseudoconvex domain where the 0-
Neumann operator not compact, that is, Q be a domain with boundary (Levi
flat) foliated with analytic discs. Consider, in a special boundary chart see
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[Str10, page 13], the Y =0- 6%1 +1- % which is allowable vector field of type
(1,0). Y is allowable vector field because u € CE’&U(Q) Ndom(d") and so the

normal component of u, that is us, vanishes on L2. On the other hand, its
integral solution y = ¢ + 22, where c¢ is a constant, can not be a compactness
multiplier, in general. In Example 1, if y = ¢+ 25 is a compactness multiplier
then because y does not vanish on the set L, there would exists compact-
ness estimate on B(p,r) N, where p € L and B(p,r) is a ball. This would
contradict [FS01, Proposition 9] (see also [$S06]).

EXAMPLE 2. If a Hankel operator H is compact on A%((2), then df is not
necessarily an allowable vector field. H,, =0, so is compact on A%(f2) for any
domain 2 C C", but z; is not a compactness multiplier on the domain defined
in Example 1, since 21 # 0 on L. Moreover, 0z; =1 - 8%1 +0- 6%2 is not an
allowable vector field on the domain €2 in the same example.

REMARK 9. One can find a matrix whose determinant is a compactness
multiplier, but the matrix is not an allowable one. From the elementary
algebra perspective this is because, the determinant map is a group homo-
morphism map from the algebra of square matrices (under matrix multipli-
cation) to the algebra of real numbers (under multiplication), but it is not
a group isomorphism. In C? consider Q bounded smooth pseudoconvex do-
main where the 9-Neumann operator is not compact, let Q be a domain with
boundary (Levi flat) foliated with analytic discs. Then, in a special boundary
chart, on the boundary, we will have us, the normal component of the form
u =u1dz1 + usdzo as 0. Now consider the matrix

A((l) 2)

Then det(A) =r. We know that the defining function r is a compactness
multiplier, so does det(A).

Assume that A is allowable, that is, each row of the matrix A is allowable
row. However, if the first row of the matrix A, (A1, A12) is allowable then
we have Ve > 0 3C, > 0 such that

luall? = flul® < e (1Dull? + |37 u]|) + C:llull?,

Vu € Cip () N dom(d"). This implies the existence of compactness on the
domain © which contradicts [FS01, Proposition 9] (see also [$506]). Thus,
the matrix A is not allowable although its determinant is a compactness mul-
tiplier.
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