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Preface

In the summer and fall of 2005, I gave a series of lectures at the Erwin Schrodinger In-
ternational Institute of Mathematical Physics in Vienna on the basic £2-Sobolev theory
of the -Neumann problem on domains in C”. These lectures, aimed at advanced grad-
uate students and young researchers, produced a set of notes of about eighty pages. In
the spring semester of 2006, I taught a graduate course at Texas A&M University on the
same topic, revising and somewhat expanding the notes in the process. Subsequently,
I set out to further revise the notes and to make them more or less self-contained, as far
as the 0-Neumann problem is concerned. The intent remained the same: to provide a
thorough introduction to the topic in the title, in the setting of bounded pseudoconvex
domains in C”, that leads up to current research. This monograph is the result.

The basic £2-theory is presented in Chapter 2. In Chapter 3 we discuss the sub-
elliptic estimates on strictly pseudoconvex domains. From the point of view of leading
up to current research, Chapter 4 on compactness and Chapter 5 on regularity in Sobolev
spaces are the most important. For a detailed description of the contents of these
chapters, along with historical remarks, I refer the reader to the introductory Chapter 1.

A word about prerequisites. The reader is assumed to have a solid background in
basic complex and functional analysis (including the elementary £2-Sobolev theory
and distributions). Some knowledge in several complex variables is clearly helpful, if
only for motivation. Concerning partial differential equations, not much is assumed.
The elliptic regularity of the Dirichlet problem for the Laplacian is quoted a few times.
On the other hand, the ellipticity results needed for elliptic regularization in Chapter 3
are proved from scratch.

I have received institutional support for this project from the Erwin Schrodinger
International Institute of Mathematical Physics through a Senior Research Fellowship,
from Texas A&M University through a Faculty Development Leave, and from the
National Science Foundation through grants DMS-0500842 and DMS-0758534. This
support is hereby gratefully acknowledged. I am indebted to the students and colleagues
(young and not so young) in Vienna and in College Station who attended the lectures,
asked pertinent questions, caught errors, and made suggestions for improvements.
I thank them all. Likewise, I thank everybody who has communicated to me errors,
typographical, grammatical, mathematical, or historical, in various draft versions of
the manuscript.

Some of the results presented here come from my own work. For the most part,
these results were obtained in collaboration with others. I would like to take this
opportunity to thank my coauthors over the years for sharing their ideas.

College Station, Texas Emil Straube
December 2009
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1 Introduction

In this chapter!, we give a brief historical introduction to the d-Neumann problem,
combined with an outline of the organization of this monograph.

The 8-Neumann problem was formulated in the fifties by D. C. Spencer as a means
to generalize the theory of harmonic integrals, i.e., Hodge theory, to non-compact
complex manifolds. Apart from antecedents (such as [120], [146], [147]), the only
written record of this introduction appears to be a set of notes [279] of lectures given
at the Colleége de France in 1955 ([199], p. 19). But then ‘the early work on the 9-
Neumann problem owes much more to D. C. Spencer than is documented in print’
([173], p. 330). For domains in C”, which is the context we restrict ourselves to in this
monograph, the problem can be formulated as follows. Denote by €2 a pseudoconvex
domain in C”, and by £2 )(Q) the space of (0, g)-forms on 2 with square integrable

(]
coefficients. Each such form u can be written uniquely as a sum
!/
u= >y uydiy, (1.1)
J
where J = (ji,..., jg)isamulti-index with j; < jo <+ < jg, dZy =dzj NN

dz;,, and the " indicates summation over increasing multi-indices. The inner product

(u,v) = (Z/ujdfj, Z/UJdZJ) = Z//Qujv_JdV (1.2)
J J J

turns éC%O q)(Q) into a Hilbert space. Set

Q(Z/ujdij) Z Z' a“"dz, ANdZy, (13)
J

where the derivatives are computed as distributions, and the domain of d is defined to
consist of those u € £2 (. )(Q) where the result is a (0, g + 1)-form with square inte-

grable coefficients. Then § = 8 is a closed, densely defined operator from £2 (. q)(Q)

2
to éC(O g+1)

(We will not use the subscripts when the form level at which the operators act is clear
or not an issue.) One can check that 99 = 0, so that we arrive at a complex, the P] (or
Dolbeault)- complex.

(£2), and as such has a Hilbert space adjoint. This adjoint is denoted by 8

b
22Q) S 22 1)(sz) 22 2)(9) LN :e(o n(R) = 0.

In analogy to the Laplace—Beltrami operator associated to the de Rham complex on a
Riemannian manifold, one forms the complex Laplacian

Og = dg—10,_; + 9,9, (1.4)

IThis chapter is a modified and expanded version of the introduction to my survey [286]. I am grateful
to K. Diederich and J. Kohn for comments regarding that introduction.



2 1. INTRODUCTION

with domain so that the compositions are defined. Alternatively, [J; can be defined

as the (unique) self adjoint operator on :8%0 q)(Q) associated to the quadratic form

O®u,u) = ||ou]® + ||E_)*u||2. The d-Neumann problem is the problem of inverting
Oy; that is, given v € LEC%O 5 (). find u € Dom(Uy) such that Ogu = v. Note that

Dom(,) involves the two boundary conditions u € Dom(é*) and du € Dom(é*);
these are the 0-Neumann boundary conditions. The condition u € Dom(é*) is equiv-
alent to a Dirichlet condition for the (complex) normal component of u. Similarly, the
condition du € Dom(é*) is equivalent to a Dirichlet condition on the normal compo-
nent of du, that is, a complex Neumann condition for u. The two conditions together
are referred to as the d-Neumann boundary conditions. B

From the point of view of partial differential equations, the d-Neumann problem
represents the prototype of a problem where the operator is elliptic, but the boundary
conditions are not coercive (so that the classical elliptic theory does not apply). From
the point of view of several complex variables, the importance of the problem stems
from the fact that its solution provides a Hodge decomposition in the context of the
d-complex, together with the attendant elegant machinery (as envisioned by Spencer).
For example, such a decomposition readily produces a solution to the inhomogeneous
0 equation, as follows. Assume for the moment that O, has a (bounded) inverse in
SC%O, 2 (€2), say N;. Then we have the orthogonal decomposition

=00 Nou+09 oNgu, ueLd (). (1.5)

If du = 0, then 5*5Nqu is 5—close_d as well (from (1.5)). Consequently, 5*5Nqu =0
(since it is also orthogonal to ker(0d)), and

u =33 Nyu), (1.6)

with [|3" Nyu|> = (30" Nyu, Ngu) < C|lu||*. Thus the operator 9" N, provides an
£2-bounded solution operator to d. In fact, this operator gives the (unique) solution
orthogonal to ker(d) (equivalently: the solution with minimal norm). This solution is
called the canonical solution.

That O, does have a bounded inverse N, was known for strictly pseudoconvex
domains by the early 1960s. Kohn ([187], [189], [188], [190]), starting from his
generalization of an estimate discovered by Morrey ([228]), showed that in this case, not
only is there an £2-bounded inverse, but N, exhibits a subelliptic gain of one derivative
as measured in the £2-Sobolev scale. Another interesting approach was given by the
second author in [229], [230]. Shortly after Kohn’s work, Hormander ([170], [172],
see also Andreotti—Vesentini [2] for similar techniques), combining ideas from [228],
[188], and [4] with the use of weighted norms, proved certain Carleman type estimates
which in the case of bounded pseudoconvex domains imply the existence of N, as a

bounded self-adjoint operator on éC%O 2 (£2). The weights are such that these techniques
2

o (Q)-category. Interior elliptic regularity, applied to the
weighted canonical solution, then gives (a new proof of) solvability of din C ®(Q) as

are also applicable in the £
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well?. Other early applications of the new ideas included the real analytic embedding
of compact real analytic manifolds ([228], [229], [230])3, a new solution ([188], [170])
of the Levi problem4 , a new proof ([188]) of the Newlander—Nirenberg theorem on
integrable almost complex structures ([234]), and, in general, an approach to several
complex variables which takes advantage of d-methods ([170], [172], [125], [243]).
Interesting ‘eyewitness’ accounts of this foundational period by two of the principals
appear in [173] and [199], respectively.

We reverse the historical order and discuss the £2-results on general pseudoconvex
domains in Chapter 2 and the subelliptic estimates on strictly pseudoconvex domains in
Chapter 3. The Carleman type estimates of Hormander and Andreotti—Vesentini arise
from considering the d-complex in weighted £2-norms. This point of view results
in a very useful extra term in the so called Kohn—-Morrey formula (the basis for the
results in the strictly pseudoconvex case) when the weights have certain plurisubhar-
monicity properties. A little over twenty years later, Ohsawa and Takegoshi ([244])
discovered that also introducing a ‘twisting’ factor into the d-complex results in yet
another additional new term which allows to compensate, in certain situations, for the
lack of plurisubharmonicity in the weights. Their work was simplified and extended in
the mid nineties by Berndtsson ([35]), McNeal ([220]), and Siu ([275]). Boas and the
author then noted ([52]) that it is advantageous to base the £2-existence theory on the
resulting ‘twisted’ version of the Kohn—Morrey—Hormander formula as well. We take
this approach in Chapter 2. The chapter closes with an application to extension, with
&£2-bounds, of holomorphic functions from affine submanifolds: we prove (the most
basic version of) the Ohsawa—Takegoshi extension theorem.

It is not hard to see that Kohn’s results for strictly pseudoconvex domains are
optimal: N can never gain more than one derivative, and it can gain one derivative
only when the domain is strictly pseudoconvex. However, under what circumstances
subellipticity with a fractional gain of less than one derivative holds was not understood
until the early eighties. Kohn gave sufficient conditions in [193] and noted that work
of Diederich and Fornass ([107]) implies that these conditions are satisfied when the
boundary is real analytic. Kohn’s students Catlin ([66], [67], [70]) and D’ Angelo ([87],
[88], [89]) resolved the issue: on a smooth bounded pseudoconvex domain in C”, the

For domains of holomorphy, this existence theorem was obtained in the early fifties via sheaf theoretic
methods (Cartan [61], Serre [267], Dolbeault [118]). The solution of the Levi problem (the fact that pseudo-
convex domains are domains of holomorphy, see below), also accomplished by the early fifties, then implies
solvability on pseudoconvex domains. The remarks following the proof of Theorem 2.14 contain further
details.

3Shortly after [228] was circulated, this result was generalized by Grauert ([149]), using sheaf theoretic
methods, to manifolds with countable topology. Moreover, [228] contains a gap (fixed by the author in [229],
[230], see also [189], [188], [170]) related to density in the graph norm of forms smooth up to the boundary
(see Proposition 2.3; for historical details, see [173]). Our discussion shows that nevertheless, [228] was
quite influential.

4The Levi problem, that is, the question whether pseudoconvex domains are domains of holomorphy, was
one of the main problems in several complex variables during the first half of the last century. It was solved in
the affirmative independently by Bremermann ([58]), Norguet ([238]), and Oka ([246], [247]). See Remarks
(ii) and (iii) following the proof of Theorem 2.16 and Remark (i) following the proof of Theorem 3.7 for
details and references, both historical and mathematical.
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d-Neumann problem is subelliptic if and only if each boundary point is of finite type,
that is, the order of contact, at the point, of complex varieties with the boundary is
bounded above. This elegant characterization not withstanding, the question of how
to determine the exact range of subellipticity remains open. One of the main tools in
[193] is provided by the notion of subelliptic multipliers and their ideals. Although
subellipticity is established in [70] by a different method, these ideas raised algebro-
geometric questions of independent interest (see [236], [278] for recent work), and they
turned out to be influential in later developments in complex and algebraic geometry
([232], [99], [276], [277], [198]).

We take up the subelliptic estimates for strictly pseudoconvex domains in Chapter 3.
Because [, acts coefficientwise as (a constant multiple of) the real Laplacian, and in
view of the boundary term in the Kohn—Morrey formula, the estimates at the ground
level are a consequence of the corresponding Sobolev estimates in the Dirichlet problem
for the real Laplacian. Lifting these estimates to higher Sobolev norms leads to a
situation common in partial differential equations: one can prove certain Sobolev
estimates, assuming that the Sobolev norms in question are finite (because one has to
absorb these norms). But that these norms are finite is precisely what one wants to
prove. The classical method to deal with this problem consists in obtaining uniform
estimates for difference quotients (which are in 2 if the function/form is), and then
letting the difference parameter tend to zero, rather than estimating derivatives directly.
A method better suited for the d-Neumann problem is elliptic regularization, developed
in the context of operators defined by certain quadratic forms by Kohn and Nirenberg
in the mid sixties ([201]). We give a careful discussion of the method in the case
of the d-Neumann problem and prove in particular that the regularized operators do
have the claimed elliptic properties. Thus Chapter 3 gives an essentially self-contained
proof of the subelliptic estimates in the strictly pseudoconvex case. By contrast, the
general subelliptic estimates on domains of finite type are only briefly described, and
subelliptic multipliers are omitted entirely; a detailed treatment of each of these topics
would warrant a monograph in its own right.

When N, does not gain derivatives, butis still compact (as an operator on :E%O, 2 (),

it follows from the already quoted work of Kohn and Nirenberg ([201]) in the mid six-
ties that N, preserves the Sobolev spaces W(f) q)(Q) for all s > 0. In particular, Ny

preserves C (%O 2 () (it is globally regular). These two authors did not, however, inves-

tigate when the compactness condition is actually satisfied. But work of Catlin ([68],
compare also Takegoshi [293]) and Sibony ([272]) in the eighties shows that compact-
ness provides indeed a viable route to global regularity: the compactness condition can
be verified on large classes of domains. This verification was achieved via a potential
theoretic condition called property(P ), introduced and shown to imply compactness in
[68]. In [272], property(P) is studied in detail using tools from Choquet theory. One
striking result is that even when the set of boundary points of infinite type is large, for
example has positive measure, property(P), and hence compactness, may still hold.
We prove these results in Chapter 4.
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The most blatant violation of property(P) is an analytic disc in the boundary. The
obvious question whether such a disc is necessarily an obstruction to compactness
received an affirmative answer quickly for the case of domains in C? (commonly
attributed to unpublished work of Catlin which became folklore). When the domain
is in C" with n > 3, the answer is not known. Sahutoglu and the author recently
obtained a partial answer which does generalize the C? result to higher dimensions
([265]): when the disc contains a point at which the domain is strictly pseudoconvex
in the directions transverse to the disc (a condition void in C?), then this disc is indeed
an obstruction to compactness. On the other hand, Christ’s student Matheos was able
to show in his dissertation ([217]) in the mid nineties that there are obstructions to
compactness more subtle than discs in the boundary. Shortly afterwards, Fu and the
author discovered that there is however a large class of domains where the analysis, the
potential theory, and the geometry mesh perfectly ([141]). They proved that on a locally
convexifiable domain, the following three conditions are equivalent: the 9-Neumann
operator is compact; the boundary satisfies property(P); the boundary contains no
analytic discs.

According to a recent result of Christ and Fu ([86]), compactness and property(P)
are equivalent also on smooth bounded pseudoconvex Hartogs domains in C2. (By
what was said above, on these domains, they imply the absence of analytic discs from
the boundary, but are not equivalent to it.) In general, however, it is not understood
how much room there is between compactness and property(P). In fact, until about
five years ago, the only way to obtain compactness of the d-Neumann operator was via
verifying P. Then, in [285], [231], the authors developed a new method for verifying
compactness in certain cases. But while the method does not proceed via property(P),
it is not clear whether among the domains where it applies, there are ones without
property(P). A little earlier, McNeal had introduced a modification of property(P)
that is formally weaker and that still implies compactness ([221]). To what extent it is
strictly weaker is not understood at present. These results (with the exception of [86])
are also proved in Chapter 4.

Studying regularity properties of a differential operator is natural from a partial
differential equations perspective. When the d-Neumann operator N, is globally reg-

ular, that is, when it preserves C(%o q)(S_Z), the canonical solution operator 8*Nq gives

a solution operator for d which preserves C°°(Q) as well. There are other important
implications of global regularity for several complex variables; chief among these is the
relevance for boundary behavior of biholomorphic or proper holomorphic maps. Work
of Bell, Catlin, Diederich, Fornass, and Ligocka ([32], [23], [30], [108]) shows that if
1 and 25 are two bounded pseudoconvex domains in C” with smooth boundaries,
such that the 9-Neumann operator on (0, 1)-forms on 2 is globally regular®, then
any proper holomorphic map from €2; to 2, extends smoothly to the boundary of €2;.

SActually, the regularity property that is needed in these results is global regularity of the Bergman
projection, which in the pseudoconvex case is a consequence of global regularity of the d-Neumann operator
(more can be said; see Theorem 5.5 for the precise relationship). [32], which deals with biholomorphic maps,
does not require pseudoconvexity; for a generalization in the case of proper maps to the nonpseudoconvex
setting, see [25].
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This result represents a vast generalization (as well as a simplification) of the celebrated
mapping theorem of Fefferman ([123]), which covered strictly pseudoconvex domains
and biholomorphic maps. It is highly nontrivial: in contrast to the one variable situa-
tion, where at least the biholomorphic case is classical (going as far back as Painlevé
([249], [250]; see [31] for the history), the general case in higher dimensions, even for
biholomorphic maps, is open. Further exposition of the ideas and issues involved here
can be found in [113], [16], [90], [31], [27], [206], [131], [81], [139].

In the early seventies, Kohn ([191]) noticed that by choosing suitable weights in
Hormander’s method, one can obtain a weighted d-Neumann operator that is continuous
in Sobolev norms up to a certain level. More precisely, forevery k € N, thereis a weight
so that the weighted d-Neumann operator is continuous on W(%’q)(Q) for0 <s <k.
The associated canonical solution operator is also continuous in W*(2),0 < s < k.
When combined with a Mittag-Leffler argument (credited in [192] to Hormander),
these solution operators yield a solution of 9 in the C°°()-category on any smooth
bounded pseudoconvex domain. The weighted theory also allows one to determine the
exact relationship, discovered in the late eighties ([47]), between regularity properties
of the d-Neumann operators and those of the Bergman projections. Chapter 5 begins
with these results.

Global regularity may hold when compactness fails. Throughout the eighties and
into the early nineties, there appeared a series of results on global regularity that con-
cerned domains with transverse symmetries ([28], [8], [10], [281], [79]), domains
with partially transverse symmetries that allow the normal to be well approximated
by holomorphic fields on the rest of the boundary ([46], [49]), or that combined these
techniques on a portion of the boundary with subellipticity or compactness arguments
on the rest of the boundary ([78], [44]). These methods apply in particular to Reinhardt
domains and to many circular domains.

In the early nineties, Boas and the author proved in [48] that if 2 admits a defining
function whose complex Hessian is positive semi-definite at points of the boundary (a
condition slightly more restrictive than pseudoconvexity), then the d-Neumann problem
is globally regular (for all g). This class of domains includes in particular all (smooth)
convex domains. (For convex domains in C2, the result was obtained independently
by Chen, [80].) The proof is based on the existence of certain families of vector
fields which have good approximate commutator properties with d (different treatments
were given recently in [169], [287]). This method also covers (and was inspired by)
the results mentioned earlier based on transverse symmetries and holomorphic vector
fields. When computing the relevant commutators, there is a one-form, introduced into
the literature by D’ Angelo ([91], [92]), that comes up naturally. The existence of the
required families of vector fields is equivalent to this one form being ‘approximately
exact’. From this point of view, the case when the domain admits a defining function
that is plurisubharmonic at the boundary is the ‘trivial’ case: the form vanishes (in the
directions that matter), so it is trivially approximately exact.

The same authors then studied the situation when the boundary points of infinite
type form a complex submanifold (with boundary) of the boundary of the domain
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([51]). The form mentioned in the previous paragraph defines a de Rham cohomology
class on such a submanifold. This cohomology class is the obstruction to the existence
of the vector fields needed. In particular, a simply connected complex manifold in
the boundary is benign for global regularity of the 9-Neumann problem. The obvious
question whether the cohomology class is also necessarily an obstruction to global
regularity is still open. It is noteworthy that this class also plays a role in deciding
whether or not the closure of the domain admits a Stein neighborhood basis; in this
role, it had appeared already in the late seventies in work of Bedford and Fornass ([17]).

A natural next step was taken in [289], where the authors considered the case
where the boundary is finite type except for a Levi-flat piece which is ‘nicely’ foliated
by complex hypersurfaces. Whether or not the families of vector fields with good
approximate commutator properties with d exist turns out to be equivalent to a property
of the Levi foliation much studied in foliation theory, namely whether or not the foliation
can be defined globally by a closed one-form. These connections, while of interest in
their own right, also allow one to bring tools from foliation theory to bear on the problem
of finding the required families of vector fields and thus obtaining global regularity of
the d-Neumann operator ([289], [132]).

The question how to unify the two main approaches to global regularity, via com-
pactness or via vector fields with good commutator properties with d, arose as soon
as [48], [51] were completed. Chapter 5 closes with a recent result of the author that
proposes such a unified treatment of global regularity.

So far we have only discussed positive results. Whether global regularity holds
on general pseudoconvex domains turned out to be a very difficult question that was
resolved only in the mid nineties. Barrett ([11], see also [9] and [183] for predecessors)
showed that on the worm domains of Diederich and Fornaess ([105]), N1 does not
preserve Wy 0.1 (R2) for s sufficiently large, depending on the winding (that is, exact
regularity falls) Christ ([83], see also [84], [85]) resolved the question by proving
certain a priori estimates for N; on these domains that would imply exact regularity
in Sobolev spaces (and thus would contradict Barrett’s result) if N; were to preserve
the space of forms smooth up to the boundary. While worm domains are discussed in
Chapter 5, the reader is referred to the original sources for the proofs of the Barrett-
Christ results.

In addition to these proofs, and a detailed treatment of subelliptic estimates already
mentioned, there are other important topics in, or closely related to, the $£2-Sobolev
theory on bounded domains in C" that are not treated in this monograph. The spectral
theory of the d-Neumann operator studies connections between the spectrum and the
boundary geometry; compare [137], [138], [140] and the references there. One can also
ask what happens with regard to Sobolev estimates when the domain is not assumed to
be C*°-smooth. For results on Lipschitz domains, we refer the reader to Shaw’s survey
[270]. It is furthermore useful to consider (a version of) the d-Neumann problem on
nonpseudoconvex domains. When g > 1, an assumption weaker than pseudoconvexity
suffices to make the &£2-Hilbert space machine run, starting from the (twisted) Kohn—
Morrey—Hormander formula. While we do discuss this case, there are variants of the
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Kohn—Morrey—Hormander formula still more general that we do not include. In all
these cases, results typically hold for a restricted set of form levels ¢, the restrictions
depending on properties of the boundary related to pseudoconvexity (see for example
[171], [125], [268], [305], [169], [1], [255], [271]). Another topic closely related to
the subject of this monograph, but not treated here, is the &£2-Sobolev theory of the
boundary complex, or, more generally, of the d;-complex on CR-manifolds ([269],
[45], [195], [811, [197], [185], [235], [200], [255], [254]). Finally, we mention recent
activity towards creating an £2-theory of d on singular complex spaces ([109], [129],
[248], [262] and their references).



2 The £2-theory

2.1 The basic £2-setup

Unless otherwise specified, 2 will be a bounded domain in C”, u a (0, g)-form on €.
That is

w@) = Y us(2) dzy,
IJ1=q
J =01 J2o-sJg) 1= 1 <ja<--<jg=n,
dZJ = dfjl A dsz JAREEIAN deq.
Here, the coefficients u y(z) are functions (belonging to various function classes) on
2. We take these coefficients to be defined for all multi-indices J of length ¢, by the

requirement that they are antisymmetric (interchanging two indices results in multipli-
cation by —1). é‘ifo q)(SZ) consists of the (0, g)-forms u such that

ul? = 3 / s ()P dV(z) < oo

|J1=¢q

with associated inner product

(M,U)=(Z/MJ dzy, Z/UJ dZ] Z/MJ(Z)UJ(Z)dV(Z) 2.1

|Jl=g IJ1=q |Jl=g
We define 9: SE%O )(Q) — 38%0 qul)(Q) as
- 0
a( > u dz,) Z 3 ”’dz, AdZy 2.2)
IJ =g J=1J|=q

with dom(aq) ={u € éﬁ(o () |du € éﬁ(o »(&)}. This gives rise to the d- (or
Dolbeault) complex

5 5 5
xZ(Q) 3, L5 Q) = £5 Q) — - — L5 n)(sz) 2. (2.3)

(2.3) is indeed a complex, that is, 30 = 0. This can be seen by direct computa-
tion. An alternative, and more illuminating, argument is obtained by also considering
9: £2, (Q) — :8%1 q)(Q) defined by

0.9)
WY usaz)=3Y Z a”—’dz, ndZy. Q2.4)

IJ1=¢ IJ1=qj=1
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Thend+ 9 =d , the de Rham exterior derivative. Hence
0=d*u= (04 0)(d+ d)u = 90u + d0u + ddu + ddu.

The bidegrees of ddu, d0u + ddu, and ddu are, respectively, (2, q), (1, g+1), (0, g +2).
If forms of different bidegrees add up to zero, each term has to be zero. Thus dd = 0,

99 = —99, and 90 = 0.
Lemma 2.1. For0 <gq <n, 3 (= 2_9,1) is a closed, densely defined operator.

Proof d is defined on all smooth compactly supported forms; these are dense in

(0 q)(SZ) To see that 9 is closed, observe that u, — u in £2 (©, )(SZ) implies that
©. qul)(Q) u € dom(aq)
and du = v. |

du, — du as distributions. Therefore, if also du, — v in £2

It follows from Lemma 2.1 that ker(8 ) C £2
implies that (8q) has a Hilbert space adjoint

(09)*: L3441 Q) = L3, (Q).

(©. )(Q) is closed. Lemma 2.1 also

Recall that abstractly, 8 is given as follows. v € £2 0.9 Jrl)(SZ) € dom(('_);) if and only
if there exists a constant such that |(v, du)| < Clu| forall u € dom(dy). Then there
exists U € éE%O,q)(Q) such that (v, du) = (0, u) for all u € dom(d,). Since dom(d,)
is dense in éﬁ%o,q)(Q), ¥ is unique, and we set (d4)*v := 0.

General Hilbert space theory gives the following orthogonal decomposition:

23 (@) = ker(3,) ® Im(,). (2.5)

Also, Im(é*) - ker(E_JZ 1) (if g = 1, because 99 = 0); therefore Im(éZ) - ker(éz_l).
The orthogonal projection from £2 (©. )(Q) onto ker(éq) is called the Bergman projec-
tion; we denote itby Py, 0 < g < n:

Py £3 (Q) — ker(d,). (2.6)

We next compute E_)Z. For this, assume €2 is bounded and smooth enough to allow

integration by parts, say C~. 2. Let p be a defining function that satisfies |[Vp| = 1 on
bQ. Letu € C(o q_H)(Q) aeCy )(Q). Then

(u,éot):( Z/ uy de,Z Z aol—Kdz]/\dZK)

\J\—q-i-l J=1|K|=q

-y Y /u]Kaa—KdV

J=1|K|=q

2.7)
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_Z [ aqu_

'_llK\ =q

+ZZ / u]KozK—dU

J=1|K|=¢q

- (X (- 3 38”21']{<)de, > ax dzg

|K|=q Jj=1 |K|=q

+ Z / Zu,K—>aK do.

|K|=q

The same computation with a compactly supported o works for u € :6(0 q +1)(Q) and
without any boundary regularity assumptions on €2. It results in the right-hand side of
(2.7) without the boundary term. Therefore, if u € dom(a*), then

-y (Z a”JK)de, u € dom(3"). (2.8)

|K|=q Jj=1

The expression on the right-hand side of (2.8) can be computed for any u (if derivatives
are taken as distributions); this is denoted by ¥ u and is called the formal adjoint of 9.
It is important to note that even if Yu € £2 (©. )(Q), u need not be in the domain of 9.
This is also obvious from the boundary condition which we now compute. Returning
to (2.7), we conclude that if u € C(o q_H)(Q) N dom(é_)*) (and © with at least C?
boundary), then the boundary term on the right-hand side of (2.7) has to vanish for all
a € €@, (§2). Consequently,

n
0
Zuﬂ(—p=0 on b2 for all K, 2.9)
— sz
ifuecC (10 4 +1)(Q) N dom(é*). In fact, the boundary condition (2.9) is necessary and

sufficient for u € C} (Q) to be in the domain of d". To see that the condition

(0.g+1)
is sufficient, note that the computation in (2.7) shows that (u, dor) = (Yu, ) when
(2.9) holdsand ¢ € C(0 q)(Q) In view of Proposition 2.3 below, C(0 )(Q) is dense in
dom(d) in the graph norm. Therefore, (u, d) = (Yu, «) for all & € dom(d), whence
u e dom(E_)*) (and 3u= du).

It is useful to know that the domain of 3" is preserved under multiplication by a
function in C1(Q). Letu € dom(d"), v € dom(d), and ¥ € C1(Q). Then

(v, Yu) = (Y, u) = BWv), u)— 0¥ Av,u) = (Yv,d u)— (V% Av,u). (2.10)
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The right-hand side of (2.10) is bounded by ||v||; therefore, Yu € dom(é*). Then

K

3 W) = d(u) = ydu— Y (Z(aw/azj)u,,K)de. 2.11)
J

Alternatively, (2.11) results directly from (2.10).

2.2 Special boundary charts

We now introduce some special vector fields and (1, 0)-forms associated with b 2.
Let Q have boundary of class at least C2. For P € b2, the complex tangent space
T;,: (b2) is given by those w € C” satisfying Z;-’zl(ap/(‘)zj)(P)wj = 0, where p is
a defining function for 2. It is easy to see that this definition is independent of the
defining function chosen. Tf,: (b2) is a complex subspace of C”; it is the maximal
complex subspace of Tp(b<€2). Near a point P € b2, choose fields Ly, L, ..., Ly—1
of type (1, 0) that are orthonormal and that span TZC (b2¢) (z near P), where Q, =
{z € Q|p(z) < —e}. This can be done by first just choosing a basis, and then using the
Gram-Schmidt process. To this collection add L, the complex normal, normalized
to have length 1. (So L,, is a smooth multiple of ) ; dp 9 ) Note that in contrast to

Li,Ly,...,Ly—1, L, is globally defined. Now denote by w1, w3, ..., w, the (1,0)-
forms dual to Lq,..., Ly, ie., w;j(Lx) = ;5. The w;’s then form an orthonormal

basis for the (1,0)-forms near P. wj, is a smooth multiple of Z -1 a L.dz;, and is
again defined globally. Taking wedge products of the w;’s yields (local) orthonormal

bases for (g, 0)-forms also when g > 1. {w1,...,w,} is called a special boundary
frame. We can also choose coordinates (t1,1,,...,t—1,p) near P € b2 such that
p is a defining function for Q and (¢1,...,f,—1,0) are coordinates on b2 (near P).

These coordinates together with a special boundary frame are referred to as a special
boundary chart in [125], where the technique is ascribed to [4].

One of the reasons that special boundary frames are very useful is that the boundary
condition (2.9) takes on an especially simple form when expressed in a special boundary
frame. Let L; = Y 0, ajs %, wj =Y« 1 bjsdzs, 1 < j <n. Then

Sk = wj(Ly) = ijsdzs( Z o ) Zb,saks 2.12)

Consequently, if f is a function,
8f = sk 5] _ N —
Af = Z d Zy = Za (L DY @ =Y (L, f)a;, (2.13)
Jjks j=1

where the superscripts denote the (entries of the) inverses of the corresponding matri-
. . . . . . . . —~ %
ces with subscripts. Since multiplication by functions in C°°(£2) preserves dom(d ),
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we may assume that the form u is supported in a special boundary chart. So u =
Y ugoy, where @y = @, Ao+ A @j,, withuy € CH(Q) (e, u € Co.0) ().
Then, in view of (2.13)

Il
DI

u

(35
.

(s A&y +usday) (2.14)

S

/

J— / -
(Ljuj)@ Aoy + Z usly.
j=1 J

Arguing now as in (2.7), (2.8) above, but computing the inner product (u, E_)a) in terms
of the coefficients with respect to the basis {w|J increasing, |J| = ¢} reveals that

u e dom(é*) < uy=00nbQ whenn e J. (2.15)

Indeed, the only boundary terms that arise come from integrating |, Q Lnagii,g by parts
and they equal [, axitng(Lnp). Since ag can be arbitrary on b2 (and L, p # 0 on
bQ2), we conclude u,x = 0on b2 for all K. That the condition is sufficient follows as
for (2.9). When ¢ = 1, (2.15) simply says that u, = 0on b2: the ‘normal component
of u’ vanishes on the boundary. Alternatively, (2.15) can be derived from (2.9) directly,
either via basis change computations analogous to (2.12), (2.13), or by expressing (2.9)
in a basis free manner. Namely, the left-hand side of (2.9) equals the K-th coefficient
of the interior product of L, with u. Thus this interior product should vanish on the
boundary. Expressing this in a special boundary frame gives (2.15).

These arguments also give the formula for ¢+ and 5*, respectively, in special bound-
ary frames:

du = 0(2'14,5,) -y (Xn:L_,-qu)aK + O-th order().  (2.16)

J |K|=g—1 j=1

0-th o_rger(u) indicates Jterms that contain no derivatives of the u;’s. When u €
dom(d ), (2.16) gives 0 u.

2.3 Sobolev spaces of forms

We will also consider (£2) Sobolev spaces of forms. We use the usual notation W* (),
s € R. Wg(€2) denotes the closure of the smooth compactly supported functions in
W15 (€2). Detailed information on Sobolev spaces may be found for example in [215],
[299], [294]. When needed, we will use a subscript s, occasionally also a subscript
W5 (), to denote the norm in W*(2). The Sobolev spaces of forms are defined
coefficientwise, i.e.,aformu = Y ; u;dz;isin W*(Q)ifandonlyifu; € W*(Q) for
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all J. We use a subscript (0, ¢) to indicate spaces of forms, i.e., W(so’q) (), Wos,(o,q) (),
etc. This convention is also adopted for forms with coefficients in other function spaces,
such as C(‘(’)‘fq)(S_Z), C(’B’q)(S_Z), etc. The reader should note that when we change to
special boundary frames, the coefficients in general need not be in the same space,
unless the boundary is regular enough. When k derivatives are involved, the boundary
should be at least C¥*+1: then the normal is C¥, which implies that the coefficients in
the formulas passing from the Euclidean frame to a special boundary frame, or vice
versa, are in C*(Q).

It will be seen in subsequent chapters that it is important to be able to work with
‘derivatives’, i.e., first order partial differential operators or vector fields, which pre-
serve the domain of 9 . Assume that the boundary is regular enough that when com-
puting a certain Sobolev norm of a form u, we may compute £2-norms of derivatives
of the coefficients of u in a collection of boundary frames. Given (2.15) for member-
ship in dom(Z_J*), it is natural to consider tangential vector fields and let them act in
special boundary frames. Then the right-hand side of (2.15) is preserved. However,
this breaks down for the normal derivative. The next lemma takes care of this problem:
normal derivatives of u are controlled by tangential ones, 514, 5*u, and u itself, and
u e dom(c’_i) N dom(é*) isin W(}),q)(Q) as soon as all tangential derivatives are square
integrable.

Lemma 2.2. Let Q be a bounded domain in C" with C*+1 boundary, k > 1. Denote
by 0/ v the normal derivative, near b 2. Then, ifu is a (0, g)-form, (0u/dv) (computed
coefficientwise) can be expressed as follows:

u ) o . . . kS
P linear combination, with coefficients in C*(2), 2.17)

of coefficients of du, Yu, u, and tangential derivatives of u.

We remark that in somewhat more sophisticated language, (2.17) is an expression
of the fact that <2 is not characteristic for the complex d @ . We have not specified
the regularity of u: we interpret (2.17) as equality between first order partial differen-
tial operators (on (0, ¢)-forms) with C*(Q) coefficients. For this, it suffices to check
equality on u € C(lo, q)(S_Z). Note that if (2.17) holds when the differential operators
involved act componentwise in some frame, then it holds when the operators act com-
ponentwise in a different frame. This results from the transformation formulas from
one frame to another (i.e., linear combinations with coefficients in C*()).

Proof of Lemma 2.2. Via asuitable partition of unity on Q, it suffices to check (2.17) in
a special boundary frame. Since d/dv = (1/2)(L, + L,), and L,, — L, is tangential,
it suffices to see that for each coefficient u ; of u, L,u s or L,u s has the required form.
When n € J, we use (2.16) and read off that L,u,x is of the form required in (2.17).
Whenn ¢ J, (2.14) shows that Lnuy is of the form needed. O
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2.4 Density of ‘nice’ forms

‘Nice’ forms are dense in the graph norm of ('_3*, d,and d @ 5*, respectively. (ii) and
(iii) below are in Hormander ([170]), a version of (i) is pointed out in [81].

Proposition 2.3. Let 2 be a bounded domain in C".

() Colo.q)(82) is dense in dom(é*) in the graph norm u v+ (||Jul|* + ||5*u||2)1/2.

(i) IfbQis C!, then C(%Oq)(S_Z) is dense in dom(d) in the graph normu +— (||lu|? +
190e]|2)/2.

(iii) Let k > 1. If b is C¥*1, then Ck () N dom(3") is dense in dom(d) N
dom(f_i*) in the graph norm u — (|u||® + ||ou||? + ||('_)*u||2)1/2. The statement
also holds with k + 1 and k replaced by oo.

The reader should note that compactly supported forms are not dense in dom(E_)) N
dom(8*) (in the graph norm). For compactly supported forms, (the computation in the
proof of) Proposition 2.4 below gives

393

|J1=gj=1

ou 2 32 3% 12
S| = 13l + 37w .18)

J
J

foru = Zf Jl=q UJ dzy, with uy compactly supported. Integration by parts also

shows that in this case ||du/0z; “2 = |dus/0z; ?,so that

lull} < 2003l + 13°2]?).  w € C5%.4) (). (2.19)

where ||u|; denotes the standard Sobolev-1 norm of u on 2. In particular, the closure
of the compactly supported forms in dom(d) N dom(c‘_)*) in the graph norm is contained
in the Sobolev space WO1 (). For forms that are (for example) C! on Q, this means
that they are zero on the boundary. This is considerably stronger than (2.9).

Proof of Proposition 2.3. In [170] (see Proposition 2.1.1), the result is obtained as a
special case of results about more general systems of differential equations (compare
[209]; see also the exposition in [212], Chapter V). A proof for the case of Pl 3" is
in[81], Lemma 4.3.2. We combine elements from both [170] and [81].

When 2 satisfies some boundary regularity (for example C'!), part (i) can be proved
using mollifiers carefully (see [81], proof of Lemma 4.3.2). When no boundary regu-
larity is assumed, a soft (duality) argument still gives the result. It suffices to see that if
u e dom(E_)*) is orthogonal to all smooth compactly supported forms (in the inner prod-
uct corresponding to the graph norm), then . = 0. So assume (E_)*u, E_)*v) +u,v)=0
for all smooth compactly supported v. The first inner product equals (55*14, v), where
the first term is computed as a distribution, and the pairing is now between a distribution
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and a test function (form). Therefore, we obtain (éé*u + u,v) = 0 for all such v,
whence 39 u +u = 0. But u is in £2, therefore 9 u is in £2, i.e., d u € dom(d).
Then 0 = (39 u,u) + (u,u) = | u||® + |[u||>. Thusu = 0, as required.

To see (ii), note that we may assume that the form u is supported near a bound-
ary point, via a suitable partition of unity on Q: the compactly supported part can be
approximated (in the graph norm!) by convolution with standard mollifiers. For u
supported near a boundary point P, we choose the mollifiers slightly more carefully,
in such a way that ‘jumps’ across the boundary do not interfere. Pick a (small) neigh-
borhood U of P, an open cone I' (with vertex at the origin of C”), and a > 0 so that
z—teQforallz € Ut eT,|{| <a. This can be done because b2 is C!. We
may assume that u is compactly supported in U N Q. Choose ¢ € Cse(I' N B(0,a)),
with ¢ > 0, and ['¢ = 1. Here, B(0,a) denotes the open ball of radius a, centered
at0. Fore > 0, set p.(z) = 8_2'1(,0(%). Denote by a superscript tilde the extension to
C" of a function/form in £2(U N Q) by setting it zero outside U N Q. Finally, use *

to denote convolution. Then u, := ¢, x i € C (%oq)(S_Z) (as the restriction of a form in

C°(C")). Moreover, 5u8 = Qg * dii, so that on 2, 5148 = @, * (5u) (again because
@, hence ¢, is supported in I' N B(0,a)). Consequently, ¥, — u in the graph norm
ase — 0.

Part (iii) is more subtle, because the approximating forms need to be in dom(é*),
that is, their normal component must vanish on the boundary. To achieve this, itis again
convenient to work in a special boundary chart. So assume u € dom(d) N dom(E_)*) is
supported in a special boundary chart U, u = Z/J ujwy,and u is compactly supported
in U N Q (note again that multiplication by a smooth function preserves dom(é*)). We
may assume that (¢, ..., #,—1, ) are coordinates in U such that r is plus or minus the
boundary distance, depending on whether the point is outside or inside 2. Then d/dr is
the unit vector field perpendicular to the level sets of r, and L, = (1/+/2)(3/0r +iT),
where T = +/21m L,, is a (real) unit vector field tangential to the level sets of r and
perpendicular to the complex tangent space of these level sets.

Choose ¥ € CS°(R** 1) with [pou— ¥ = 1 and ¥ (—x) = ¥ (x). Set ¥,(x) =
(1/e*" 1)y (x/e). Define the measure (. with support in {r = 0} by [pon f dite =
f[RZ"_] f(ll, ooy lon—1, 0) Wg(l‘], cee [2n_1)dV([1, Cee 1‘2,,_1) for f € C([Rzn) Set
Ug = Z/M_]’ga_)J, where vy, = pe * uy. That is, we have smoothed u only in
tangential directions. Intuitively, this should preserve the domain of 3". While this

is obvious for u € C(l0 q)(S_Z), the case of u only in dom(d)N dom(é*) requires some

2
(7
in ifo 2 (£2). Next, observe that because of part (ii) of the proposition already proved,

care. First note that by standard facts about convolutions, u, € &£ )(Q) andu, — u

it suffices to pair u, with dv for v € C (). In the special boundary chart,

(0,g—1)
v € C'(R?") on the support of u, where R?” = {r < 0}. We can now repeat the
discussion in the proof of (2.15). Because v 4(t1,...,t2n—1,r) is smooth for almost
all r > 0, we can integrate the tangential operators L_j, 1 < j < n—1by parts without
boundary terms. The result is in £2(R?"): the coefficients of these operators in the
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special boundary chart, as well as the Jacobian of the coordinate transformation, are
in C*(R?"). Similarly, the tangential operator T in L, = 1/+/2(3/dr + iT) can be
integrated by parts without boundary term. Computing the inner product (dv, u¢) in
the special boundary chart, we therefore obtain, modulo terms that are Og 4 (||v]]),

o~ ¥ 7 [ S

|K|=g—1 or
Z (V2! / a(us*vzc)u_ (2.20)
\Kl=g—1 R27 ar nk

~ (e * v),u) = (e ¥ 1,0 u).

We have used here that convolution with i is self-adjoint in £2(R?") (by our choice
of the mollifier ¥ above), and that it commutes with d/dr. In the last step in (2.20),
note that v is smooth up to the boundary on €2 and therefore, pe * v is C k up to the
boundary of R?” (on the support of u). In particular, s * v € dom(E_)). (2.20) shows
that [(0v, ug)| < Cellv]|, that is, u, € dom(é*).

Friedrichs’ Lemma about commutators between convolutions with families such as
{¥e}e=0 and first order partial differential operators says that the commutators tend to
zero in £2(R?"~1) when ¢ tends to zero (see for example [299], Lemma 25.4 or [81],
Lemma D.1). Applying this lemma in the variables (#1, ..., 25—1) for r < 0 fixed to
the convolutions with u, (i.e., convolutions with ), together with the fact that d/dr
commutes with these convolutions, shows firstly that EITS € £2 (ie., uy; € dom(d)),
and secondly that 11, % (Ju) — du, — 0 and pg * (8 u) -3 us — 0 in the respective
£2 spaces. Thus us — u in the graph norm of 9 & 3.

Since the tangential derivatives of u, are in £2, we infer from Lemma 2.2 that
u, € WH(Q). Approximating u, in W1(Q) by forms with coefficients in C ()
shows that (2.7) holds when u,|p g is interpreted in the sense of a trace in £2(b 2) (the
relevant trace and density theorems may be found, for example, in[122], Chapter 5 ;
density of C*®(€2) in W (2) also follows from the argument in (ii)). Arguing now as in
(2.9) (or in (2.15)) shows that the functions (1), x have trace zero on b 2 for all multi-
indices K of length ¢ — 1, and consequently can be approximated, in W !(£2), by smooth
compactly supported functions (see again [122]). Approximating the functions (u.) s
withn ¢ J in W1 () by functions in C *°(Q) yields approximation in W () of u by
forms in C*(Q) with compactly supported normal components. (The approximating
forms have coefficients in C°°(Q) in the special boundary frame, but in general only
in C*(Q) in the Euclidean frame, since b is only assumed C**1.) Such forms are in
dom(d) N dom(é*), and the approximation is in the graph norm (since it is in W!(Q)).

When k and k + 1 are infinity, the above arguments prove density of forms in
C®(Q)N dom((‘_)*). This concludes the proof of Proposition 2.3. |
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2.5 Weighted norms

It will be useful to consider weighted £2-norms as well. The weight will be of the
form e™¥ for suitable functions ¢; we denote these norms by || - ||,. The d-complex
can be set up with respect to weighted £2-spaces as well; we will denote the resulting

adjoint by 5: and the resulting formal adjoint by ¢},,. Note that ¢ and ©,, are related as
follows:
Dou = du + Z Z —qu dzg, (2.21)
J=1|K|=q

where u = Z\/J\=q+1 uy dzy. This can be seen by pairing with d of a compactly
supported form (as in (2.21)). In particular, ¢, and ¢ differ by an operator of order

zero (i.e., involving no derivatives). More generally, for u € dom(E_)*) and ¢ € C1(Q)
(1, d)y = (u, e ?v) = (u, (e v)) — (u,d(e™) A V),
= (5*14, e~%v) — (u,9(e” %) A V) (2.22)
= (E_)*u, V) + (u, 3 A V)g.

The right-hand side of (2.22) is bounded by C(u)||v| 4, so that u € dom(i_i;g) (by def-
inition of 5;). Similarly; dom(E_);) C dom(é*). Co_risequeflily, dom(('_):;) = dom(é*);
moreover, (2.21) holds with ¥, and ¢ replaced by 9, and 9, respectively:

_ _ n r 0 _ _
u=au+y > a—(p_qu dzg, wedom@,) =dom@").  (2.23)
j=1Kl=q 7
Remark. Proposition 2.3 continues to hold for the weighted operators (when ¢ €
CY(Q)). Indeed, in view of (2.23), the same approximating sequences will work
(since the £2 norms are comparable).

2.6 The ‘twisted’ Kohn—Morrey—Hormander formula

The following identity, often referred to as the twisted Kohn—Morrey—Ho6rmander for-
mula, is the key to the £2-theory.

Proposition 2.4. Let Q be a bounded domain in C" with C? boundary and (C 2)
defining function p; let u be a (0, q)-form (1 < q < n) that is in the domain of (8 )
and that is continuously differentiable on Q; and let a and ¢ be real-valued functions
that are twice continuously differentiable on Q, with a > 0. Then

d
Iva Bl + va dul2 = 3 Z/ L P o

ralet 82,8zk Vol

+zz/

gl o gy (2.24)

3z
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+2Re(z Zu,K dZK,B u)
4
+Z Z [( Pa )u~ ke dV.
az,azk T 9zj0z, ) TKTRK '

Note that the defining function only enters into the boundary term on the right-hand
side of (2.24). Computation of the complex Hessian of p = e$p (near b2), and then
using the boundary condition (2.9) for membership in the domain of 3" orof 5; shows
that this boundary term is indeed independent of the defining function. The casea = 1
and ¢ = 0 gives the classical Kohn—Morrey formula (see [188], [190], [228]; also
[4]); the case a = 1 (but ¢ non-constant) is in [170]. The idea of using an additional
auxiliary function goes back to [244], [240]; it was further developed and put into the
above formin [275], [220] (see also [243]). For a derivation of (2.24) different from the
one below, the reader should consult [35]; useful additional perspective can be found
in [36] and in [223].

Proof of Proposition 2.4. The proof uses integration by parts repeatedly; boundary
terms are again handled using the boundary condition (2.9). When integrating by
parts, it is convenient to have a normalized defining function p, i.e., a defining function
pwith|Vp| = 1onbQ. IfbQis C¥ with k > 2, anormalized defining function which
is also C*¥ may be obtained starting, near b2, with the signed boundary distance (see
e.g. [148], Lemma 14.16 for a proof that this boundary distance is Ck near bQ). By
what was said above, it suffices to prove the proposition for such a defining function.
The reader new to dealing with differential forms is advised to go through the proof
first with ¢ = 1 in mind; there are no new ideas needed when ¢ > 1. Our presentation
(which is by now standard) follows [170], [221].
Letu = Zf”:q uj dZj asin the proposition. Then

- ou
du = Z Z a—Z’dz, Adzy (2.25)

and

-y Z (E — a) upk dZg (2.26)

|K|=g—1k=1

(compare the computation in (2.22)). It will be convenient to set

ad g
B 1= — 2
sz 8Zk (2.27)

azk
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We get

_ x ’ " duy dupy _
IWabul? +IVa Tl = 3 Y i [ Sl ay

3z, 0z
1J|=IM|=q j.k=1 J Ok

+ Z, Z/Qa(ﬁjquSkukKe_"’dV,

|Kl=g—-1 j.k

(2.28)

wheresj.‘JM =0ifjeJorke Morif{k} UM # {j} U J, and equals the sign of

the permutation (k 1}4 ) otherwise. The right-hand side of (2.28) can be rewritten as

J
/ n ’ n 8 ‘ a_
Z Z + Z Z /Qa{SjMJKSkukK— ;;J: ggf}eﬂp dv.

[J]=qj=1 Y |K|=qg-1j,k=1
(2.29)

The second sum in (2.28) appears in (2.29) unchanged, and we only have to work on
the first sum. Consider first the (nonzero) terms where j = k (and hence M = J).
These terms result in the portion of the first sum in (2.29) where j ¢ J. On the other
hand, when j # k, then j € M and k € J, and deletion of j from M and k from
J results in the same strictly increasing multi-index K of length ¢ — 1. Consequently,
these terms can be collected into the second sum in (2.29) (the part with the minus
sign, we have also interchanged the summation indices j and k). In this sum, the terms
where j = k compensate for the terms in the first sum where j € J. Next, in the
second sum in (2.29), we move the operators 8 and d/9zZ; to the left as 9/0zx and §;,
respectively, by integration by parts. Note that

d 0
(ie) =~ + [ fagtee do 230)
v ba " 0Zk

PPN

ouy 2

8z

Va

for f and g sufficiently smooth. With this, we obtain that the second sum in (2.29)
equals

’ " 0 ou
Z Z {A (—a(a(ﬁjuﬂ()—i—&' (61?]:)) urge ¢ dV

|K|=g—1j,k=1

0 ou; 0
+/ aSjquukKTpe_‘p da—/ a u_JKukK—pe_“’ da}.
b 0Zk po  0Zk 0z;

2.31)

The first boundary integral vanishes because »_; ma% = > Ukk ai—';{ = 0 (since
;% . . . R . .
u € dom(d )). Inthe second boundary integral, the derivative ), Uxx % is tangential

(at boundary points). Integrating it by parts and observing again that > U jK%,.)i =0
on the boundary gives that this term equals

’ 82/0
Z Z/ a —ujxirge ? do. (2.32)
\K|=q—1 jk bQ aZjazk
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The first sum in (2.31) can be written as

R 0
R P 4
E E {/Qa[Sj,azk]u]KukKe dv

|K|=g—1jk=1 (2.33)
da ou; da _
ARG L atl)
J

Here [8 7,0/ 8Ek] denotes as usual the commutator between (differential) operators. It
is easily computed to be the 0-th order operator of multiplication by (8%¢/0z;0Zx).
This takes care of the sum in (2.33) coming from the first term. In the second integral in
(2.33) we integrate d/ 0z by parts in the first term. Again, the boundary term vanishes
(since Y (dp/0zx)uxx = 0 on the boundary, for all K). We obtain

P da oujg __ _
Y Y [ S mRe av
Q

Koot j ot 0z; 0Zk
T 9%a
=— > > / 5, oz WKTkKe ™V dV (2.34)

|Kl=q—1jk=1"% “=/ 9%k

R da Uk g

+ Z Z/_qu(— +—ukK)e_“’ dav.
|K|=q—1jk=1 Qazj 3Zk 8Zk
Because

— Z’ (Xn:—SkukK) dix (2.35)

(compare (2.21)), the contribution from the second integral in (2.33) is

- oa —x - 0%a

" dz — T e ®

2Re< Z Z”’Kaz,- de,a(pu)(p Z Z /Qazjazk”f"”"” dv.
|K|=g—1j=1 |K|=q—1j,k=1

(2.36)

This completes the proof of Proposition 2.4. O
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2.7 The role of pseudoconvexity

Let us recall the definition of pseudoconvexity. If Q is a domain with C? boundary,
is called pseudoconvex if

n 2 L
Y Il w20 zebQ weC withY (2w =0. (237)
iy 0z;0Z i1 0z;

Here p is a (C?) defining function for . In other words, the complex Hessian of
p should be nonnegative on vectors that are orthogonal (in the Hermitian inner prod-
uct in C") to the complex normal (dp/0zy,...,dp/0Z,). The vectors w satisfying
Z;’Zl (dp/0z;)(z)w; = 0 are called complex tangent vectors at z € h$2; they make
up the complex tangent space to b2 at z, denoted by T.C(h2). The reason for the
terminology is that w € T (hQ) if and only if both w and i w are tangent to H 2 at z
(iw is defined as usual, i.e., (iw); = iw;,1 < j < n). The quadratic form appearing
in (2.37), i.e., the restriction to T.L (h2) of the complex Hessian of p, is called “the”
Levi form of b2 at z. Although this form depends on the choice of defining function,
its essential properties do not: a different choice of p results in a Levi form that is a
positive scalar multiple. In particular, the condition in (2.37) (and therefore our defi-
nition of pseudoconvexity) is independent of the defining function. If the inequality in
(2.37) is strict, we call the domain strictly pseudoconvex. In general, without boundary
regularity assumption, a domain €2 is defined to be pseudoconvex if it can be exhausted
by an increasing sequence of strictly pseudoconvex domains: Q = [ J, Q, with Q,
relatively compact in €2, 41 and with €2, a strictly pseudoconvex domain. This is com-
patible with our definition in the case of C? domains because any such domain can
be exhausted by strictly pseudoconvex domains ([207], [259]). When the boundary is
C3, more can be said.

The following lemma from [191] says not only that there always exists a defining
function whose level sets inside €2 are strictly pseudoconvex, but it gives an explicit
form, starting from an arbitrary defining function. This lemma will be needed in
Chapter 5.

Lemma 2.5. Let Q be a bounded pseudoconvex domain in C" with C3 defining
function p. There is M > 0 such that the subdomains Qs defined by Qs = {z €

Q| p(z) + seMlz ? < 0} are strictly pseudoconvex subdomains of Q2. Equivalently:

the defining function for Q, r 1= e Mlz 2 p(2) has strictly pseudoconvex level sets
{r = =8} for § > 0 close enough to 0.

Proof. The proof comes from [191]. We have

o —mizp (3_P N Mpz_j) (2.38)
8Zj

8Zj
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and
02 0
T —Mz_je_Mlz‘2 (Tp - Mpzk)
0z;0Zk 0Zk
2p 9 (2.39)
Mz (28 a2 Mps;
te (82_/82k aZj “k POk ) -
We need to check the Hessian of r on vectors w satisfying
" o 2o [ Op
-M —
. 87jwj = ¢~ Mzl Z(a_z,_Mij) w; =0, (2.40)
j=1 j=1 -
i.e., w is a complex tangent to b Q5. We obtain for such w
azr M 2 3
e = e~ Mzl { i
Z 0z,05, k= oz 05 Ik
’ (2.41)

where we have already used (2.40) once. Using (2.40) again, we obtain for the right-
hand side of (2.41) (we omit the positive factor e Mz |2)

2
Zaz 8ka]wk—M p‘gzkwk‘ — Mp|w|*. (2.42)

Note that we are inside €2, so that —p > 0. Split w = wr + wy, where wr and wy
denote the tangential and normal parts of w respectively, with respect to the level set
of p (not of r). Then

32
2 Z 7235, (W) + ))@F W)
J.k

0z; azk

p — 0%p _
> i — .
= ;; 82]- FEn (U)T)J (wr)k ‘ jzk azj PER (U)N)j (WN )k (2.43)

¥?p _‘
—2|R i .
\ ejZk T2z T (i

There is a constant C such that the first term on the right-hand side of (2 43) is at
least Cp|wr|? (because 2 is pseudoconvex). Using that |wy| = |, y az Lwi| =
Mp| Y ;W) | (from (2.40)), we estimate (2.43) from below (changing C if necessary)
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by

Cplwf? = Cluy[? = Clwrllwy|
2
> Cplw? = CMp2| 3" Fu|
J

M 2C* _ 12 (2.44)
+ 7P|ll)|2 + M—pMz,Oz‘ Zijj)

(C+M)p|w|2 CMZPZ‘Zz]wj) +2C M,o‘Zz]wj‘ .

Now we can see that if M is chosen big enough the two (positive) terms in (2.42)
involving a factor (—p) will dominate the terms in (2.44) (all of which are negative): if
M is big enough M(—p)|w|? > (C + %) |p||w|?, and

n 2 n 2 2
M2 (=p)| Yz | = CMP0?| Y 2| 202 M(=p)| 3 |
j=1 j=1 j

if also p is small enough. But p small enough is equivalent to § small enough (once M
is chosen). This completes the proof of Lemma 2.5. (|

Remark. The Levi form has a very useful geometric interpretation: it computes the
normal (1, 0)-component of commutators. More precisely, if L; = Z;-’zl a;jd/dz;
and L, = Z;’zl b;0/0z; are two complex tangential fields, then

_ L da; 92p
ap([Ll’sz——;(LzaJ)aZ Z e (azk) 2, Z az,azk“fb"

(2.45)
In the last equality we have used the fact that L, is complex tangential, that is, that
2?21 aj(dp/0dz;) = 0. For more information on the Levi form, we refer the reader to
[54], Section 10.3, [92], Section 3.1.1.

Pseudoconvexity is a central notion in several complex variables, and there are
many equivalent characterizations. We refer the reader to [172], [207], [259], [81]. In
our context, the motivation for the definition comes from (2.24): for u € dom(a ),
> ;(0p/0zj)ujx = 0on b2 forall K, so that pseudoconvexity implies that the bound-
ary term in (2.24) is nonnegative. This turns out to be essential.

We keep the differentiability assumptions from Proposition 2.4 on €2 and on u €
dom((‘_)*). Choosing ¢ = 0 and a = 1 in (2.24) gives (because the boundary integral
is nonnegative)

8MJ

19| + 18" u)? = (2.46)
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that is, the bar derivatives of u are controlled (in £2(£2)) by du and 3 u. Since integra-
tion by parts turns tangential vector fields of type (1, 0) into fields of type (0, 1), one
obtains that for many purposes, derivatives of type (1, 0) that are (complex) tangential
are also "under control‘; see Lemma 5.6 and the remark preceding Theorem 3.6 for
precise statements and applications.

Now leta = 1 — e?, where b € C2(Q) is nonpositive (so that 1 — eb > 0). (2.24)
gives (again because the boundary integral is nonnegative)

n
Iv/a 3ull? + ||va 3" ul|> > —2Re (e Z (ZM,K )de, é*u)
b b b o
- ; Z / (82/ sz 8zj82k) H/KUKK av
- e Y Y | aZ a- wkiteg dV.

K jk=1

(2.47)

The last inequality follows by applying the Cauchy—Schwarz inequality and then the
inequality 2|cd| < ¢2 + d? to the term with Re. Taking [|¢?/23"u/|? to the other side
and noting thata +e? = 1 proves the following lemmawhenu € C ! 0.0) (Q) ﬂdom(a*):

Lemma 2.6. Let 2 be a bounded pseudoconvex domain in C" with C 2 boundary, let
beC?Q),b<0.Then

191 + 118" ]| > Z Z[ az a % ujkiirg dV, (2.48)

|K|=g—1j,k=1

for all u € dom(d) N dom(é*).

Proof. When u is only assumed in dom(d) N dom(é*), we use Proposition 2.3 to
reduce to the case where u € C(0 )(Q) N dom(a*), shown above. |

Remark. (2.46) similarly holds for all u € dom(d) N dom(é*): if u, — u in the
graph norm, then d(up)s/0z; — Ouy/0Z; as distributions. Since the £2-norms
remain bounded, du;/0z; € £2(RQ), for all J, j, and (2.46) holds. Moreover, both
(2.46) and (2.48) hold on any bounded pseudoconvex domain, without any regularity
assumption on the boundary. This will be established in Corollary 2.13 by exploiting
the d-Neumann operators on exhausting smooth subdomains.

We now choose a particular function b(z) in (2.48). Fix P € Q and set b(z) :=
—1 + |z — P|?/D?, where D is the diameter of Q. Then we have e?® > ¢! and
(02h/0z;0%Zx)(z) = §;1/ D?. (2.48) gives in this case

D2 b X = Sk
u|? < Te(naun2 + 10 ul|?), u e dom(d) Ndom(d ). (2.49)
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The factor 1/¢ arises because each strictly increasing multi-index J of length ¢ will
appear ¢ times in the sum on the right-hand side of (2.48).

We can dispense with the smoothness requirement on b 2 (needed in our argument
for integration by parts). If Q is only assumed bounded and pseudoconvex, it can
be exhausted by an increasing union of pseudoconvex domains of class C2. We thus
need to see that (2.49) is preserved under such unions. The reason that this is not
obvious is that when a form u in dom(f_i) N dom(é*) on 2 is restricted to a subdomain,
it need not be in dom(é*) there (as can be seen from the boundary condition (2.7) for
membership in dom(é*)). It is convenient to first reformulate (2.49). For this, we
make no assumptions about boundary regularity of Q2. As the reader will see, it is
advisable here to use subscripts to indicate the levels of the forms on which the opera-
tors act.

Assume (2.49). Note that ker(éq)l = Im(('_);) c ker(f_);_l). Butifu € ker(('_);_l)ﬂ
(ker(('_iq)J-)J- = ker(éz_l) ﬂker(éq), then by (2.49)u = 0. So ker(E_Jq)J- = ker(éz_l),
ie., éﬁ%o’q)(Q) = ker(éq) &) ker(E_);_l). (2.49) now implies that Im(éq) and Im(f_);_l)
are closed. Hence Im(éZ) and Im(éq_l) are closed as well (note that (5;_1)* = 5,1_1):
this is a general fact from functional analysis; it follows from an estimation like (2.51)
below. Therefore, ker(E_)q) = Im(éq_l) and ker(E_);_l) = Im(éZ). Consequently, by
the above orthogonal decomposition of SC%O, 2 (R),everyu € 28%0, 2 (£2) can be written
as

U= E_Jq_lv + E_):;w, v E ker(éq_l)L, w e ker(éZ)J‘. (2.50)

To estimate the norm of v, it suffices to pair with forms in Im(éz_l) (since these are
dense in ker(f_)q_l)L). Leta € dom(éz_l) N ker(éz_l)l - ker(éq). Then

—x 2 = 2 = D2%e\, =
0.3 0| = (.0 < ||3q_1v||2(7)||8q_101||2. 2.51)

In the last inequality in (2.51), we have used (2.49) for o, which is in ker(éq).

Combining the resulting estimate for v ||§62 @ with the analogous estimate for
Jwl? 041

2
ol + w2 <Pp (2.52)
£30.4—1)( ) Lo.q+n @ ~ ¢ '

(since the decomposition (2.50) is orthogonal). Thus (2.49) implies that every u €
SC%O 2 (£2) can be written as in (2.50), with estimate (2.52).

Conversely, assume that every u € éﬁfo q)(Q) can be written as in (2.50), with

: a a* . a =k
estimate (2.52). Let u € dom(d,) N dom(d,_;), and write u = dg—1v + d,w,
with (2.52). Note that then E_)q_lv € dom(('_):;_l) and ('_)Zw € dom(éq) (since E_J:;w €
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ker(éz;_l) and E_)q_lv € ker(éq)). Therefore,
el = 113, 1v||2+||5*w||2=(5* 0g-10.0) + (9g0,w, w)
< 18,y 3g—rvllllv] + 133 wlllwl]
(||a Bg—10l% + 13,8;w1) " (vl + w]?)" (2.53)

1/2
—% = 1/2 D28
< (1P + 1) (25 .

In the last inequality in (2.53) we have used that 2_9:;_1 dg—1v = 2_9:;_1u, that 9, E_JZw =
dqu, and (2.52). (2.53) immediately gives (2.49).

We have shown: (2.49) holds for all u € dom(éq) N dom(éz_l) if and only if every
ue QC%O 2 (£2) has a representation (2.50) satisfying estimate (2.52). We now use this
reformulation to prove that (2.49) holds on any bounded pseudoconvex domain.
Proposition 2.7. Let Q2 be a bounded pseudoconvex domain in C", with diameter D.

Then for u € dom(d) N dom(a ) C é‘i(o )(Q), we have the estimate

2 D%e - 2 ¥ 2
flall ST(Ilaull +0 ull®), 1<g=n. (2.54)

Note that all the ramifications of (2.49) discussed above consequently also hold on
any bounded pseudoconvex domain.

Proof. Tt suffices to see that (2.50), (2.52) are preserved under increasing unions. So
let Q =, Qn, where Q,, CC Q,41, and each €2, is a pseudoconvex domain with
C? boundary. Letu € £3, (). Thenu|g, € £, ,)(24) and

ulg, = vy + 3" W, (2.55)
with
D?e

lvalizs  q t lwnlys — lull®. (2.56)
qd— q

<
+1(&n) —

We have used here that Q,, has diameter < D and that |[u|g,, | ?6(20 @ < Jlu| £, @)
-q ’

Extending the v,’s and the w,’s by zero outside of €2, gives two sequences bounded
in £2 (0.q— 1)(Q) and £? (0. +1)(Q), respectively. Passing to an appropriate subsequence

. . D2e 2
gives two weak limits v and w with ||v]2 + w2 < [l ]|
Li0.4-1( @ L0.4+1(@) 1

Because the decomposition in (2.55) is orthogonal, dv, |g,, is bounded in £2 indepen-
dently of u. This and the fact that weak limit and distributional limits agree shows that
v € dom(d) and a subsequence of { an} 2, (extended by zero) converge to dv weakly.

To see that w € dom(aq), observe that for @ € dom(aq),

[(w, 50{)| < lim sup |(wp, 5a)| = lim sup |[(wy,, éOl)Qn|
n—>00 n—oo

. x , . (2.57)
= limsup [(3" wy, @)q, | < (limsup 0" wa ) [leel| < fluell[lec]].
n—>oo n—oo
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We have again used that the decomposition (2.55) is orthogonal, so that ||E_J*wn | <
llule, I < llu|l. Weak convergence of a subsequence of {a*wn}ff’zl to 0 w follows

now also along the lines of (2.57). Consequently, u = v + 5*w, and v and w satisfy
the required estimate. This completes the proof of Proposition 2.7. O

It is worth noting that the constant in (2.54) does not depend on the dimension 7.
Also note that as a result of (2.54), we may take the quadratic form on the right-hand

side of (2.54) as the square of the graph norm for 9@ inabounded pseudoconvex
domain.

2.8 Complex Laplacian and 3-Neumann operator

The quadratic form in the previous section, and the role it plays, suggest looking at
the self-adjoint (unbounded) operator defined by it. It will be convenient to have the
notation

O (u,v) := (du, dv) + (5*u, E_)*v) (2.58)

foru,v € dom(éq)ﬂdom(éz_l), 1 < g < n. With the inner product (2.58), dom(E_Jq)ﬂ
dom(E_)Z_l) is a Hilbert space (in view of Proposition 2.7 and the fact that 5,] and 5;_1
are closed operators). Therefore, there is a unique selfadjoint operator on :E%o, q)(Q)
associated to the quadratic form Q, compare for example Theorem VIII.15 in [260] or

Theorem 4.4.2 in [96]. This operator is the complex Laplacian [J; associated to the
d-complex. We recall the construction from [260]. Denote by j the natural embedding

of dom(éq) N dom(éz_l) into ii%ojq)(Q), and by ; the conjugate of its adjoint from
i%o’ 1) () into X, the space of conjugate linear functionals on dom(éq) ﬂdom(éz_l).
That is, if g € éC%O,q)(Q), then (j(g),u) := (g, ”)13(20,‘,)(52)’ where (-, -) is the pairing
between X and dom(éq) ﬂdom(('_):;_l ). Next, consider the usual isometric identification
of a Hilbert space with its conjugate dual: define an operator [1; from dom(d,) N
dom(('_);_l) onto X as follows. For u,v € dom(éq) N dom(éz_l), set

(ﬁqv,u) = (E_Jv, f_)u) + (5*1), E_)*u). (2.59)

Then, by elementary Hilbert space theory, Elq is an isometric isomorphism from
dom(éq) N dom(éz_l) onto X. Now set

dom(0,) := {v € dom(3y) N dom(d,_,)/Tgv € £2) ()}, (2.60)

and, for v € dom(Oy), ~
Ogv = Ogv. (2.61)
Note that in (2.60), we are slightly abusing the notation: ﬁqv is an element of X,

not of :E%O’q_l)(Q); what is meant is that T,v € f(effo’q)(ﬂ)) C X. Since J is
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injective (because dom(aq) N dom(aq 1) is dense in éE(O q)(Q)), we can identify f(g)
with g € :6(0 )(Q). It follows that v € dom(aq) N dom(aq_l) belongs to dom(Oy)
if and only if there exists a (necessarily unique) form Oyv € ‘f%o, q)(Q) such that if
u € dom(d) N dom(é*), then

(v, du) + (3" v, 9 u) = (Ogv. u) 2@ (2.62)

Alternatively, [, can be described as follows.

Proposition 2.8. Let 1 < g < n. Then

dom(0Oy) ={u € dom(éq) N dom(éz_l)/équ € dom(f);), 5;_1u € dom(éq—l)},
(2.63)
and for u € dom(Oy),

Ogu =00 u+0 ou. (2.64)
Proof. It is clear that if ¥ is as in the right-hand side of (2.63), then u € dom(O,),
and Ogu = 99 u + 9" du. It remains to be shown that dom([y) is contained in the
right-hand side of (2.63), that is, that E_iqu € dom(f_i;) and 5;_1u € dom(éq_l) when
u € dom(Oy). Soletu € dom(d,), v € dom(d,). Then, because (I — Py)v €
ker(f_);—l),

(Bqu, 3gv) = (Bqu, 34(I — Py)v)
= (gu, 3g(I — Py)v) + B,_qu.8,_ (I — Py)v) (2.65)
= (Qyu,{ — Py)v) = (({ — P)Ogu,v).

The penultimate equality in (2.65) follows from (2.62), because u € dom(O,). (2.65)
shows that du € dom((‘_);), and

3,0qu = (I — Py)Oqu. (2.66)
On the other hand, if v € dom(éz_l), then 5;_1 v = ('_9:;_1 P,v, and so

By, y_yv) = (By_yu, 3,y Pgv) + (Jqu, 34 Pgv)

(2.67)
= (Ogu, Pyv) = (Pz04u, v).

(2.67) shows that 5;_114 € dom(é;k_l)* = dom(éq_l) (since (5:_1)* = 54_1), and
that
g—10,_u = P;Oqu. (2.68)

This completes the proof of Proposition 2.8. |
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The two boundary conditions u € dom(é*) and du € dom(é*) are called the
9-Neumann boundary conditions. The second one, u € dom(é*), is the so-called
‘free boundary condition’. It is only implicit in the definition of [J,; via the quadratic
form Q, while the condition u € dom(E_)*) is explicit (it enters into the definition of
dom([,)). Note that by (2.8), (2.15), u € dom(é*) amounts to a Dirichlet boundary
condition on the normal component of u, and E_)u_e dom(é*) amounts to a Dirichlet
boundary condition on the normal component of du. i.e., a complex (or d) Neumann
condition.

The d-Neumann problem is the study of ‘the’ operator [y, 1 < g < n. The fun-
damental £2-existence theorem for the -Neumann problem says that [, is invertible
on a bounded pseudoconvex domain. This inverse is the d-Neumann operator N,.

Recall that j = j, denotes the embedding dom(d) N dom(é*) — £2 (), where
q 0,9)

dom(d) N dom(é_)*) is provided with the graph norm, and that by Proposition 2.7, this
embedding is continuous.

Theorem 2.9. Let Q2 be a bounded pseudoconvex domain in C* where n > 2. Let D
denote the diameter of 2, and suppose 1 < q < n.

(1) The complex Laplacian Oy = 30" + "9 is an unbounded selfadjoint surjective
operator on I%O q)(Q) having a bounded selfadjoint inverse Ng = jq o j; .

(2) Forallu € éﬁ%o q)(Q), we have the estimates

D?e
[Ngull = ——Ilul].
) s (2.69)
19Ngu | + 19" Ngul|* < Tllullz-
3)
ON,u = Nyyq0u,u € dom(d)
L - (2.70)
0 Ngu = Ny—10 u,u €edom(d ), ¢q > 2.
4) -
Py qu=u—0 Ngou. (2.71)

Remarks. (i) The restriction in the second equation in (2.70) that ¢ > 2 is due to
the fact that we have not defined a d-Neumann operator when ¢ = 0. However, this
can be done; one only has to take into account that [y = é; do now only maps onto
Im(éz) = ker(dg)L. Details may be found in [81] Theorem 4.4.3.

(i1) Note that in (2.70), the operators NqHE_)q and Nq_li_);_l,
only on dom(éq) and dom(f_);_l), respectively, extend to bounded operators on all of
L@

originally defined
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Corollary 2.10. Let Q2 be a bounded pseudoconvex domain in C", where n > 2, and
assume 1 < q < n.

(1) Ifu € ker(éq), then E_)Z_quu gives the solution f to the equation 5q_1f =u
of minimal ‘f%O,q—l) (R2)-norm.

2) Ifu € ker(éz_l) then équu gives the solution f to the equation 5; f=uof
minimal QC%O q_H)(Q)-norm.

The solutions of minimal £2-norm to the d and 9" equations, respectively, provided
in Corollary 2.10, are often referred to as the canonical, or Kohn, solutions. In turn,
one can express /Ny in terms of these solution operators (see [258], compare also [125],
p.55). Letu € 2 (R),1 < g < n. Then

0.9)
Ngu = Ny(33" + 8 d)Nyu
= (Ng9)(@ Nyu + (Ngd")(ON, u (2.72)
= (0" Ng)* (@ Nt + (3" Ng1)(@ Ngt1)*u.

In the last equality, we have used (2.70).

Proof of Corollary 2.10. We start with u = éé*Nqu + E_)*E_)Nqu. If du = 0, then
5*5Nqu € ker(d,) as well. But 5*5Nqu is also orthogonal to ker(d,). Therefore,
5*5Nqu =0,and u = 5(5*Nqu). A similar argument proves part (2) of Corol-
lary 2.10. It is clear that these solutions have minimal norm in SC%O, 2 (R2), as they are
orthogonal to the respective kernels. |

Proof of Theorem 2.9. If Ny is to invert (g, it must map into dom(O,) < dom(d) N
dom(a*), and we must have

(u,v) = (OgNgu,v) = ((E_)E_)* + 3 d)Nyu, v)

—x — _ _ _ . (2.73)
= (0 Ngu,0d v) + (0N4u,dv), v € dom(d) Ndom(ad ).

This means that as an operator to dom(é) n dom(é*), N, must coincide with j q* (note

that (u,v) = (4, jqv)). As an operator to éﬁ%o’q)(Q), Ny must thus equal jg o j;

Accordingly, we set N; = jg o jq* . It remains to check that N, so defined has all the
required properties.

We have Nj = (jg © j;)* = jqojf = Ng.ie., Ny is selfadjoint (it is of course
bounded). Also, estimate (2.54) in Proposition 2.7 gives

- =%k .
1ONgul? + 10" Ngull* = [l jrullZ

) . D2e 2.74)
< g 1PHel® = g Pl l? < ——llull?,
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and
2 L ko2 CnAi 2 D2e\?
[Ngull™ = [ljg o jgull™ = gl lull” < (T) [[e]]” (2.75)

(2.74) and (2.75) give the estimates in part (2) of Theorem 2.9. 5
Next, we show that N, as defined above does indeed invert [,. Consider [, N, u.
We have

(OyNyu, v) = Q(Nyu,v) = Q(j ju,v)

_ —x (2.76)
= (u, jqu) = (u,v), v e dom(d) Ndom(d ).
(2.76) says firstly that N,u € dom(O,) (see (2.60)) and secondly that
g Ngu =u 2.77)

(see (2.62)). Since ker(O,;) = {0} (even kerﬁlq = {0}: qu is an isomorphism of
dom(éq) N dom(éz_l) onto its conjugate dual), we also get

NgOgu =u, u € dom(0,). (2.78)

We now check the commutation properties in part (3) of Theorem 2.9. Letu €
dom(d). Then

Nq+1éu = Nq+15(éé* + 5*5)Nqu
44100 ON,u = Ny11(307)0N, (2.79)
= Ny41(90" + 97 9)dN,u = dN,u.

We have used here that 5*5Nqu € dom(é_iq) and 5Nqu € dom(Oy4q) ifu € dom(d):
5Nqu € dom(('_)q+1)ﬂdom(f_9;), 5(5Nqu) = 0, and 5*5Nqu = u—E_)E_)*Nqu € dom(d).
The second equality in (2.70) now follows by a similar argument or by taking adjoints.

Finally, we check (2.71). Note that we are not assuming that u € dom(d,). Rather,
(2.71) should be interpreted in the sense that E_)*Nq du extends as a continuous op-
erator form dom(dy,) (Wthh is dense in 15(0 _— 1)(Q)) to éC(O - 1)(SZ)._ _ljamely, if
u € dom(d,—1), then 3 Nyou = 3" 8Nq ju. Sinceu = 9" INg—1u + 09 Ny_qu is
an orthogonal decomposition, we have ||3 Ny 8u|| = ||8 BN —1ul| < |lu]|. To see that
(2.71) holds, it now suffices to observe that 3" Nydu is orthogonal to ker(d,—;) and
that d(u — 3" Ny du) = du — 0u = 0 when u € dom(aq 1). Since both ker(aq 1)
and ker(aq 1)l are closed in :6%0 4—1)(§2) (by Lemma 2.1 for ker(aq 1)), density and
continuity show that this statement holds for all u € éE(O a—1) (£2). This completes the
proof of Theorem 2.9. |

Remarks. (i) It should be noted that the crucial result for the existence of the 0-
Neumann operator (as a bounded operator on £2 ©. )(Q)), and for its properties, as
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given in Theorem 2.9, is Proposition 2.7 (that is, boundedness of j;). Indeed, once
Proposition 2.7 was established, we have only used elementary Hilbert space arguments.

(ii) In establishing Theorem 2.9, we used pseudoconvexity only to ensure that the
boundary term Y Y7y [,q a(8*p/0z;0Zx)u g iixge”?do in (2.24) in Proposi-
tion 2.4 is nonnegative. In fact, pseudoconvexity insures that for each K fixed, the term
is nonnegative, which is more than what is needed when ¢ > 1. When g > 1, we only
need that Y3 "7, (9%p/02; 02 )ujk kg > 0 on b<2. For this, it suffices that the
Levi form have the property that the sum of any g eigenvalues (equivalently, the sum of
the smallest g eigenvalues) be nonnegative, see Lemma 4.7 in Chapter 4. Accordingly,
Theorem 2.9 holds for ¢ fixed under this weaker (if ¢ > 1) hypothesis.

2.9 Applications of real potential theory

In this section, we gather some observations about the d-Neumann problem that follow
from the elliptic theory of the Dirichlet problem for the real Laplacian.

We first take a closer look at the operator d¢ + #d. On domains in C”, it takes
a simple form: it acts coefficientwise as —%A. In particular, then, so does [, on its
domain. We remark that this is not true on general complex manifolds, but it continues
to hold on Kéhler manifolds (see for example [5] for information on Kédhler manifolds).

Lemma 2.11. )
- - / /
(09 + 99) EJ uydzy :_Z EJ (Auy)dzy. (2.80)

Proof. The proof of the lemma results from a direct computation:

oou =i Y (fang‘f)dzx)

|K|=g—1 Jj=1

i (2.81)
%u ik
Z Z p J de/\dZK,
Kima1 jkon 92107k
_ s ouy
You = Z D 8_de ANdZy
J k=1 %k
P 0 ou _
— _Z 8—((8—1de A dZJ) )dZM (2.82)
IM k,j=1 “k M
o~ uy Pujk
Z—ZZ Z Z = dzr NdZk.
J j=1 82,82, |K|=g—1 k.j 0} 02k

The first term on the right-hand side of (2.82) arises from collecting terms where k = j,
k ¢ J,j ¢ M,andthe second term arises from collecting terms where k € M, j € J.
(Note that then J\{j} = M\{k} = K.) Adding (2.81) and (2.82) gives the desired
result. |
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Lemma 2.11 has several useful consequences that follow from the classical elliptic
theory of the Laplacian. A first immediate consequence of Lemma 2.11 is the interior
elliptic regularity of O: if V CC U C Q are open sets, with V' relatively compact in
U,andu € W ,(U), then Ngu € W(f)j;f)(V), s > —1. This holds because of (2.80)
and because the corresponding fact holds for A. More precisely, the elliptic theory
for the Laplacian (see e.g. [122], [215], [299], [294]) combines with (2.80) to give the

following estimate: let s > —1, ¢ € R; then there is a constant C such that
lllyzt2 ) = C(IBaullw,, n + Il @)- € dom(@y).  (283)

(2.83) is to be understood as a genuine estimate (as opposed to an a priori estimate,
where u would be assumed to be in W52 on V): if the right-hand side is finite,
then so is the left-hand side, and the estimate holds. When ¢ is less than s, the last
term in (2.83) is weaker than the first: W*(U) in this case embeds compactly into
W*(U), by Rellich’s Lemma. Rewriting (2.83) for Nyu and ¢+ = 0 and using that

Nyu < ||Nyu < ||u , we find
INarllaz, , ) = INatlaz, @ = Ilez,

2
INgll sz = C (Il @) + lullgs, @) 1€ Lhg)(@. @84

One says that locally, in the interior, N, gains two derivatives. In particular, if u €

C(%‘fq)(Q) N éﬁ%o’q)(Q), then so is N u, by the Sobolev imbedding theorem.

Similarly, we have interior elliptic regularity for d @ 9: if du and 9 u are con-

tained in W({)’ g +1)(U ) and W(f)’ q—l)(U ), respectively, then u € W(i)j:ll)(V) (since then

(09 + 9d)u € W(%_ql) (U)and s — 1 > —1 as long as s > 0). The estimate analogous
to (2.83) is therefore, for s > 0,1 € R:

Il vy = € (Ml .,

o)+ 10ullwg oy + lullwy @) (285)

A second consequence of Lemma 2.11 is the following observation about the normal
component of a form in dom(d) N dom(a*): the normal component is then in W' (2)
(rather than just in £2). For u € :E%O q)(Q), denote by upom the contraction of the

vector field Y7_ (3p/9z;)(3/dZ;) with u, i.e., Unom is the (0, ¢ — 1) form

Unom 1= Y ( 8—’°u,~,<) dz. (2.86)

Kia1 \i=1 9%
Although this is true only up to a smooth factor (which does not vanish near the
boundary) when the defining function does not have normalized gradient, we will call
Unorm the’ normal component of u. Strictly speaking, upom as defined depends on the
defining function p. However, the essential properties, in particular estimate (2.88)
below, do not. Accordingly, we will not indicate this dependence unless it is necessary
to avoid confusion. Note that the boundary condition (2.9) for membership in dom(é_)*)
says precisely that

Upnorm = 0 on b Q2. (2.87)
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One reason for omitting the normalizing factor 1/|V p| in (2.86) is that V p can vanish.
However, it is always nonvanishing in a neighborhood of the boundary, and the sublevel
sets R, = {z € C" | p(z) < —&} are smooth for ¢ > 0 small enough. This gives a well
defined decomposition, near the boundary, of a form u into its normal and tangential
parts. If u = Z/J uydy in a special boundary chart, set Unom = Z;EJ usjdoy =
Z\/K|=q—1 Uknd Ok N Oy and Uy = Z;mél uydiy. That is, Unom collects all the
terms that contain @y, while u,, collects the terms that do not. This decomposition is
independent of the special boundary chart. As a result, Unom and Uy, can be defined
globally (near the boundary) via a suitable partition of unity. Up to a normalizing
factor, Unorm = Unorm A @, (because Z;’zl(a,o/ 0z;)(0/0z;) and w, are dual to each
other, modulo normalization). Note that in view of (2.87), when ur,, is continued to
all of Q and then restricted to 2, = {z € C" | p(z) < —¢}, this restriction is in the
domain of 3" on ¢, for ¢ > 0 small enough.

Often, for example in (2.87) or for questions of membership in Sobolev spaces, it
does not matter whether we consider ¥ ,orm O UNorm-

Lemma 2.12. Let 2 be a bounded pseudoconvex domain with C* boundary. There is
a constant C such that ifu € dom(dq) Ndom(d,_,), then unom € Wol’(qu_l)(Q), and
letnomlly < CCUFull + 13 u]). (2.88)

Proof. First assume that u € C(l0 q)(S_Z) N dom(éz_l). Then Uyom = 0 0n b2, and for
K an increasing (¢ — 1)-tuple fixed, we have

“(unorm)KHI = C “A(unorm)K”—la (289)

since A: WO1 () — W~I(Q) is an isomorphism (see e.g. [122], [215], [299], [294]).
Using (2.86) to compute A(Uyom)x shows that this Laplacian is a sum of terms of
the form C ' (Q) function times coefficients of 1 plus C ' (Q) function times first order
derivatives of coefficients of  plus C ! () function times Ay ik (we have used here that
p € C*. By Lemma 2.11, terms of the last kind can be expressed as combinations of
C(Q) function times first order derivatives of coefficients of du and of 3" u. Because
functions in C ' () are bounded multipliers of W, (2), they are bounded multipliers
in W~1() (by duality). Therefore we obtain from (2.89) that there is a constant such
that

| @nom) i ll1 < C(luell + [18uel] + 18 ull) < C(l1du]| + (18 ul), (2.90)

where the last inequality comes from Proposition 2.7. In (2.90), we have made use of
the usual convention that a constant may change its value at successive appearances.
. . a ;% ..
When u is only assumed in dom(d,) N dom(aq_l), we use Proposition 2.3 to

approximate u in the graph norm by forms in C (10 q)(S_l) N dom(é*). (2.90) shows that

the approximating sequence is Cauchy in WO1 © q_l)(Q). Since it converges to Uyorm
in i%o,q—l)(9)7 passing to the limit shows that upem € Wol,(o,q—l) (2), and that (2.88)
holds. The proof of Lemma 2.12 is complete. |
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Lemma 2.12 implies in particular that the normal component of Nyu is in

w (£2), with the estimate

1
(0,g—1)

I(Ngtnorm 1 S 10Nqul| + (19" Ngue|| S [ue]; (2.91)

similar estimates hold for the normal components of N, u and E_J*Nqu. There is also
an estimate dual to (2.91). Let V' be the intersection of a small enough neighborhood
of b 2 with €2 so that the decomposition of a from u into its tangential and normal parts
is well defined on V. Let U be a neighborhood of €2 \ V' and choose y1, y» € Cs°(U)

with y; identically equal to one in a neighborhood of 2 \ V and y, identically equal
to one in a neighborhood of the support of y;. Then we have for u, v € ifo 2 (2):

|(Ngu. v)| = |(u, Ngv)| < [(u, x2Ngv)| + [((1 — x2)u. Ngv)|
< lull=1llx2Ngvlls + 1(1 = x2)uranll | Ngv |

(2.92)
+ (1= xDun -1 [[(1 = x2)(Ngv)n 1
< (fJufl-1 + 11 = x2)uranl) [[0]-
In the last inequality in (2.92) we have used (2.84) and (2.91). (2.92) gives
INgull S Null=1 + I1(1 = x2)urall S llull—1 + llu A 0p (2.93)

(p is a defining function for €2). We have used that ||(1 — y2)utul| ~ [[(1 — x2)(u A
)|l < llu A dp)|. (2.93) says that to estimate || Nyul|, the £2-norm of only the
tangential component is needed, while the normal component enters only with the
(—=1)-norm. Again, analogous estimates hold for Z_)Nq andd" N,. Combining these with
(2.91) yields an improvement of (2.91) that gives the ‘correct’ gain of two derivatives
for N, ‘with respect to the normal components’:

I(Ngtt)nomll1 < lull—1 + [l A dp]. (2.94)

A special situation occurs when ¢ = n. In this case, a form equals its normal
part, and the second term on the right-hand side of (2.94) vanishes. This gives the
estimate | Nyull1 < |u||-1. Because Nju is in W(%)’n)(Q), its trace on the boundary
(the boundary value) vanishes in the sense of the elliptic theory of the Dirichlet problem
for the Laplacian ([122], [215], [294], [299]). We can therefore invoke Lemma 2.11 to
obtain the elliptic estimate

[ Nnttls+2 < Csllus. (2.95)

Similarly, it is clear from the proof of Lemma 2.12 that when b2 is regular enough,
there is a version of Lemma 2.12 for higher order Sobolev spaces. For example, when

b2 is C°, we obtain for s > Oand u € dom(éq) N dom(f_);_l) N W(f) q)(Q):

[tnormls+1 < Cs(1dulls + 18" ulls + lluells)- (2.96)

|u]|s must be included because we cannot in general infer the last inequality in (2.90)
for s-norms when s > 0. There are then versions of the estimates above in Sobolev
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spaces, but one has to assume exact regularity of the operator in question (in £, this is

not an issue). For example, it is shown in [55], Theorem C, that if 5*Nq is continuous
in Sobolev spaces, then there is an estimate in Sobolev norms corresponding to (2.93).

Remark. There are other useful consequences of Lemma 2.11, based on the observa-
tion that the lemma implies that any form u = Z/J uydzy € dom(d) N dom(¥) can
be written as ¥ = v + w, where v has coefficients in WO1 (2) and w has harmonic
coefficients (set v = Z/J vydzy where vy is the unique solution in WO1 (2) of the
equation Avy = Auy; note that ||[Auy|—; < ||ou + ||du])). The idea of such a
decomposition can be traced back at least to [230]. Its usefulness stems from the fol-
lowing two facts about harmonic functions. First, for ¢ small positive, the e-norm of
a harmonic function g is equivalent to the £2-norm of g times the boundary distance
to the power —e ([178]). Second, a harmonic function in W*(2) has a distributional
boundary value which is in W*~1/2(hQ), forall s € R ([215], Chapter 2, Section 8.1).
Applications of the first property to estimates for the d-Neumann operator and related
operators can be found for example in [283], [37], [226], [156], and [157]. The second
property implies, in view of the above decomposition, that a form in dom(d) Ndom(¥})
has a distributional boundary value (coefficientwise) in W~'/2(h Q); in particular, this
applies to the forms N,u, E_)Nqu, and E_)*Nqu. For these ideas, and applications, see
[55], [76], and [226].

2.10 Restriction of forms to subdomains

With the 8-Neumann operators in hand, we now return briefly to inequalities (2.46) and
(2.48) and show that they remain valid without any boundary smoothness assumption.
When 2 is only assumed pseudoconvex, it can be exhausted by a sequence of smooth
(strictly pseudoconvex) domains {€2,}72 ;. On these subdomains, (2.46) and (2.48)
hold. The reason why these estimates do not pass immediately to €2 is that when

U € dom(8) N dom(8 ) is restricted to €2, the restriction need not be in the domain of
9" on 2, (the normal component need not be zero on the boundary of €2,)). There is a
simple procedure to deal with this difficulty that exploits the d-Neumann operators of
the subdomains; this idea comes from [283].
Corollary 2.13. Let Q be a bounded pseudoconvex domain, u = Z/J ujdzy €
dom(d) N dom(8 ) C ‘:C(o )(Q). Then

(i) duy/0z; € £2(Q),1<j <n,and

DS 0ug /0212 < 19ul® + 118 )| (2.97)

J j=1

(i) if b € C2(Q), b < 0, then

Y [y

|K|=¢g—-1j.k=1

uJKudeV < [19u)* + 13 u|?. (2.98)
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Proof. Let{£2,}52 | be an exhaustion of €2 by smooth (strictly) pseudoconvex domains.
Given u € dom(d) N dom((‘_i*), define forms on €2, via

wy 1= 0, Ng1,0(Bule,) + (Ngwdy)Pulg,), (2.99)

where -|q, denotes restriction to £2, and the subscripts indicate that operators are on
2,,. The parentheses in the last term in (2.99) indicate that N ,,d, is to be interpreted
as one (bounded) operator on £ (since Y u/g, is not necessarily in dom(d,)); alterna-
tively, one could use the composition d, Ny—1,, (when g = 1 thisinvolves Ny ,; see Re-
mark (i) after the statement of Theorem 2.9 for Ny, ,). Now u,, € dom(d,) N dom(éz ),
and we obtain from (2.46) (combined with the remark following Lemma 2.6)

< 1909y Ng1,0 Gl IR, + 19, Naw v P ula, )13,
Qu (2.100)

v)J
0Z;

3 2 2 2,112 a* 2
< [dulg, g, + IPule, g, < |0ull” + [0 u]”.

Here we have used that 5,, 5: Ny+1,0 and E_J: Ny E_Jv are orthogonal projections. In view
of (2.69), we similarly have

Dze - =%
luvllgy, < 7(||8u||2 + 119 ul?). (2.101)

where D is the diameter of 2. Consequently, when the forms u, are continued by
zero on 2 \ Q,, a suitable subsequence will have a weak limit in 362 (Q) say w.
By passing to a further subsequence, we may assume, by (2.100), that the functions
d(uy)y/0z;, continued by zero outside €2, converge weakly in £%(2), for all J and
J - Denote these weak limits by w; y. The proof of (i) will be complete if we can show
that w = u, because this implies that w; ;j = duy/0z; (as distributions); this in turn
gives the desired estimate (2.97) (in view of (2.100)).

We first note that w € dom(d) N dom(éf). For a smooth compactly supported
(0,g + 1)-form o, the distributional pairing (dw, o) equals

(w, E_J*oz) = lim (uy, E_i*oz)gv = lim (E_iuv,a)gv.
vV—=>00 V—=>00

But du, = E_9u|gv on 2, (see (2.99)), so we obtain = lim\,_)oo(i_)u, o), = (E_)u,a),
whence dw = du. When B € dom(d), |(uy,3B)q,| = |(8:Nq,v8(l9u|g,,),ﬁ)gv| <
- =%
IPulle, B, = IPullllB]l. Therefore, |(w,dp)| < [[Full|lA]l, and w € dom(d").
Computing 0 w as the (distributional) limit of du, (extended by zero outside w,),
we find that it equals the limit of 8:Nq,v8v(19u|gl,) = Yulg, — Py—1,(Pulg,).
(Recall that P;_; , is the orthogonal projection of :C%O q—l)(QV) onto ker(d).) The
weak limit of P, ,(Du|g,) is d closed, and its difference to 9u is orthogonal to
ker(d). Consequently, this limit equals Py— 9 u. As aresult, 3w = du— Py 1%u =
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E_)*u — Pq_lf_)*u = 5*14. Since also du = 5w, it follows that u = w. This completes
the proof of (i).

To see (ii), fix a smooth relatively compact subdomain Q of Q, and p € C5P(2)
with ¢ = 1 in a neighborhood of the closure of Q. By the interior elliptic regularity of
9 @ ¥ ((2.85)), we have the estimate

A ok
lounll, 1 < 19u(@un)lig, + 19, (un)lg,

) — . (2.102)

S lullg, + 19vunlg, +19,uulg, -
with constants independent of v, v big enough (Q and ¢ fixed). Asin (2.100), the right-
hand side of (2.102) is bounded independently of v. Consequently, a suitable subse-
quence of {u, }52; converges in é(iz o) (W1(Q2) embeds compactly into £2(Q2));
frorll what was shown in the proof 0f (1), it is clear that this limit is (the restriction
to Q of) u. Applying (2.98) to u,, on €2, (this is Lemma 2.6) and again using that
[ER™F: Lt ||8:u,,||2 L= [|0u||? + ||8*u||2 (as in (2.100)) now gives (2.98) with the
integration on the left-hand side over Q. Since Q was arbitrary, this implies (ii). O

Remarks. (i) In applications of (2.98), the form Y| /=,y >} k=1 ebazaz—abZkqum
is typically positive semidefinite. In this case, it suffices that b € C2(Q) (as opposed
to C2()): in the very last step of the proof, convergence of the integrals over Q to the
integral over €2 follows from Fatou’s lemma when the integrands are positive, without
any boundary regularity of b.

(ii) Note that in the above arguments, the various weak limits are independent of the
particular subsequence as v — oo. This implies that the weak limits existas v — o0: it
is not necessary to pass to suitable subsequences. In particular, if u € £? 0.9) (£2), then

P, (u|g,) (continued by zero outside €2,) converges weakly to Pyu in éC(O’q)(Q).
Variants of these arguments also yield the weak convergence of Ny ,u (continued by
zero outside €2,,) to Nyu. These ideas occur for example in [44], proof of Theorem 2,
[283], proof of Theorem 1, and [225], proof of Theorem 1.2 .

2.11 Solvability of 3 in C(0 q)(SZ)

So far we have used Proposition 2.4 only in the simplified form with ¢ = 0. We now
give a first illustration of the flexibility afforded by the exponential factor. Assume €2
is a bounded pseudoconvex domain, and consider a form u € C(0 )(Q), with du = 0.

Write 2 = UQ,,, where {2, }men is an exhaustion of 2 by (C 2) strictly pseudoconvex
domains. Thenu € éﬁfo,q) (2;) Nker(9) for all m, and consequently there are (g — 1)-
forms f € f'%(),q_l)(gm) with d f;, = u on Q,, and ”fm”ém = (Dze/CI)”u”?zmy
by Theorem 2.9 and Corollary 2.10 (where D is the diameter of £2; it dominates the
diameter of €2,,, for all m). Unfortunately, this does not produce a solution of d f = u
on 2 (say by taking weak limits) because |u||g,, may be unbounded as m — oo.

However, for suitably chosen ¢, u € éf%o q)(Q ,e™ %), where £%(2, e~ ) denotes the
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space of functions square integrable with respect to the weight ™% ; and the full version
of Proposition 2.4 can be exploited to prove solvability of d in the C°°(2) category
([172], Corollary 4.2.6, see already [170], Section 2.2).

Theorem 2.14. Assume Q2 is a bounded pseudoconvex domain, and u € C(%o q)(Q),
1 < g < n, with du = 0. Then there exists [ € C(o - 1)(52) such that 3 f = u.

Proof. Fix u = uy as given in the theorem. We first show that there exists a smooth
plurisubharmonic function ¢ on €2 that grows fast enough towards the boundary that
Uy € éﬁ%o’ q)(Q ,e~?). We use the following fact from the classical theory of several
complex variables: there exists a smooth plurisubharmonic exhaustion function % for
Q ([207], Theorem 3.3.5, [259], paragraph I1.5). We look for ¢ in the form ¢(z) =
g(h(z)) for a suitable smooth function g. Plurisubharmonicity of ¢ means that

92 -
Y g )T
k077K

(2.103)

+g(h(z>>2a w0

= §2)) Z (z)w,

where z € Q, w € C". Since & is plurisubharmonic, any g such that g’ is posi-
tive and increasing will do. u will be in ;ﬁfojq)(sz,e—w) if, say, ¢(z) = g(h(z)) >
2log(|u(z)|+1) near the boundary (since €2 is bounded). Note that the exhaustion func-
tion / is bounded from below; without loss of generality, we may assume that 2 > 0 on
Q. Setoy, := minzesTm\Qm_1 h(z) (where Q¢ := @). Because & is an exhaustion func-
tion, 0y — 00 as m — 00. Next, set by, = max, g~ 2log([u(z)| + 1). It now suf-
fices to choose a smooth increasing convex function g on [0, co) such that g(0,,,) >
form = 1,2,.... This can be done starting from the piecewise constant increasing
function g(x) := max{u;|o; € [0, x]} = uj,, where jo = max{j|o; € [0, x]}. Then
gh(z)) = g(om) = m = 2log(lu(z)| + 1), where m is the smallest integer such that
z€Qum
Fix such a ¢. Also fix m for the time being. Let b € Cz(m), b < 0. Then

13ul2 + [16,ull? = Z Z / 82 82 ujkiigge  dv, (2.104)
J

|K|=g—1j,k=1

forall u € dom(i_i) N dom(E_J:,). Here the £2 spaces are the spaces éﬁfojq)(Qm, e ?).
(2.104) follows from Proposition 2.4 witha = 1 — e®, and ¢ as chosen, in exactly the
same manner that (2.48) was derived. Note that the density result from Proposition 2.3
used in the proof remains true for the weighted operators (see the remark after (2.23)).
(2.104) implies the analogue of (2.49), again upon choosing b(z) = —1+|z—P|?>/ Dy,
(also noting that the diameter D of €2 dominates the diameter D, of €2,,):

Dze - —x - —x
ul? < T(naung + [18,ul2). u € dom(d) N dom(d,). (2.105)
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The analysis following Proposition 2.7 now applies essentially verbatim, yielding
weighted operators [y, ;, and Ny 4, on 2,,, with the (weighted versions of the) prop-
erties in Theorem 2.9 and Corollary 2.10. (Recall that £2,, has C? boundary, so the
argument needed in the proof of Proposition 2.7 to accommodate domains with possi-
bly irregular boundaries is not needed at this point.) In particular, we have the weighted
canonical solution operator E_); N4, and

é(é*N(p,quo) = ug on Ly,
2 2 (2.106)

D~<e D<e
2 2
with ||8 Ny quolly, < TIIMollw Qm = — lluolly-

Of course, we have used that ug € éﬁ%o q)(Q,e_‘/’), so that up|g,, € éﬁ%o q)(Qm, e ?).

. ok
To shorten notation, set fm := ., Ny, qto0-

We claim that f,, € C(%o q)(Qm). This is a consequence of the interior elliptic

regularity of I® ¥ as given in (2.85). Fix arelatively compact open subset of 2,,. By
(2.23), we have on £2,,

0 fon =S — > ( %(fm)_,-K)de. (2.107)

|K|=¢—2 Jj=1

When g = 1, the sum over K is to be interpreted as 0. Note that f,, € :C%O q—1)(Qm)-
Therefore, since a. oJm =0, 3 fm 1is square integrable on €2,,. Of course, so is

afm = ug (4o is smooth on 2). Consequently, (2.85) gives that fm ly € W 0 a— 1)(V)
V was an arbitrary relatively compact subdomain of €2,,. Therefore, we can repeat the
above argument for open sets V7, V> with V; CC V, CC Q4,. (2.107) now gives that
3 fm isin W1 on Vs, and since 0 f,, = uo also is, (2.85) gives that actually f;, is in
W2 on Vy. So fn isin W? on every relatively compact subdomain of §2,,. Because
@ is smooth in 2, we can continue this procedure to obtain inductively that f,, is in
W* for all k € N on every relatively compact subdomain of £2,,. Now the Sobolev

Lemma implies that f,, € C(%Oq 1)(Qm).

We now produce a solution on 2 from the f,,. Define f:,, € SC%O’ q_l)(Q,e_"’)
by setting it equal to f;, on ©,, and to 0 on Q \ 2,,. By (2.1006), {ﬁn} is a bounded
sequence in éE(O _— 1)(Q). Let f be the limit of a weakly convergent subsequence.
One can check in the above inductive argument that for a fixed relatively compact
subdomain V of , and (fixed) k € N, ||fm||Wk L= ||fm||Wk NG is bounded
independently of m for m big enough (i.e., V CC Qm). Consequently, a further
subsequence of { fm} converges weakly in W0 g 1)(V) This weak limit must equal the
restriction of f to V. Since k and V' were arbitrary, it follows that f € C° (O.q— 1)(Q)
Moreover, weak convergence in £2(Q2,e7%) implies convergence as distributions,
whence 0 f = ug (first as distributions, but since both f and ug are smooth, also as
smooth forms). This completes the proof of Theorem 2.14. |
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Remarks. (i) For domains of holomorphy, solvability in C*°(2) (so ¢ = 1) goes
back implicitly to Oka’s paper [245], where it is shown that the first Cousin problem
is always solvable on a bounded domain of holomorphy in C”. But modulo solving d
locally, say on a polydisc (the Dolbeault—Grothendieck lemma), which is elementary,
the two problems are equivalent (see for example [97], Chapter 6, [207], Chapter 6).
For all g (still on domains of holomorphy), this existence theorem was first obtained
with the sheaf theoretic methods of the early fifties. Indeed, Cartan’s Theorem B
([61], [267], [154], p. 96, [97], p.281, [207], Theorem 7.1.7 (warning: here, the
theorem is stated for pseudoconvex domains)) gives that in this situation H9(2, Q)
vanishes for 1 < g < n — 1, where @ denotes the sheaf of germs of holomorphic
functions, and the Dolbeault isomorphism ([118], [119], [97], Corollary 6.40, [207],
Theorem 6.3.1) equates this sheaf cohomology group with the g-th d-cohomology.
The solution of the Levi problem (the fact that pseudoconvex domains are domains
of holomorphy), achieved in the early fifties also (see Remarks (ii) and (iii) following
the proof of Theorem 2.16 below) then implies solvability on pseudoconvex domains.
For additional information on the use of sheaf theoretic (i.e., algebraic) methods in
complex analysis, see [172], [154], [207], [97], [150].

(ii) It is a consequence of the ‘classical’ Cartan—Thullen convexity theory ([62])
that domains of holomorphy are pseudoconvex (see [259], Chapter II, Section 3, in
particular Theorem 3.24), so one can obtain the results in the previous remark from
Theorem 2.14. More importantly, the fact that the £2-methods of this chapter work
on pseudoconvex domains directly also leads to a solution of the Levi problem: once
Theorem 2.14 is established, it is fairly easy to prove that pseudoconvex domains are
domains of holomorphy (compare again Remarks (ii) and (iii) following the proof of
Theorem 2.16 below).

2.12 Non-plurisubharmonic weights

There is considerable additional flexibility in Proposition 2.4. For a thorough discussion
of the relevant ideas, we refer the reader to the surveys [36], [223]. In the following,
we provide a brief discussion (following, more or less, [243], [223]). Returning to the
general setup in Proposition 2.4, we obtain (pseudoconvexity implies as before that the
boundary term in (2.24) is nonnegative)

9%a
i s | 5 (2 o
Ivadu|Z + | vad,ull; Z Z az,azk 0% UjKikKe
K
/ Ba —%
+2Re(z Zuﬂ(r, awu) . (2.108)
K j=1 Zi ¢

Let b again be a C2-function on  (but not necessarily nonpositive as in (2.47)). As
in (2.47), inserting a factor e®/2 on the left-hand side of the inner product in the
second line of (2.108), and a corresponding factor e?/2 on the right-hand side, and then
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invoking the Cauchy—Schwarz inequality gives

/ZZ 9%a ebaaaauuew
Q 82,8zk " 0z,0% dz; 0z ) KKK

K jk=1

<||f8u||2+“Va+eb8 uH _||f8u||2+” (8\/a+eb) H

(2.109)

u was assumed to be in C(l(),l) (), but (2.109) persists foru € dom(d) ﬁdom(é*), again
by density in the graph norm (Proposition 2.3). (2.109) gives useful estimates when the
Hermitian form in the integrand on the left-hand side is strictly positive definite. When
g = 1, this amounts to the matrix G (z) = (a azaj (;’;k azizazk — e_b%%)jk (2)
being uniformly strictly positive definite on © (see Lemma 4.7 when g > 1). In this
case, so is the matrix G(z), which therefore has a Hermitian square root (G)/2(z)
which is as smooth as G. Ifu = Y u (z)dz;, we set (G)?u(z) = Y% Dk
((G)V?)jx(z)urk (z)dZjk. If ¢ > 0 denotes a lower bound for the eigenvalues of G
(equivalently: of G), we can rewrite (2.109) as

gelully = qll(G)'2ulg = Z/Z Z(((_;)m)jkukK 2o
Q
/Q > Y Guruskitege™ (2.110)

K jk
< Iabul} + | (3va+eb) ul’s

we have used that G is Hermitian in the second equality. One can now replace the form
Q in (2.58) with the right-hand side of (2.110) and define a (I operator. (2.110) then
implies that this operator can be inverted, yielding an associated ‘Neumann’ operator
(essentially equivalently, the framework in Section 1.1 of [170] also applies; note that
(V/ad)o(dva + e?) = 0). We only derive estimates for solutions to 9, arguing directly
from (2.110).

Proposition 2.15. Let Q be a bounded pseudoconvex domain, a, b and ¢ in C*(Q),
a > 0, such that the resulting matrix G is strictly positive definite on Q. Let 0 <

g <n—1 Ifu € ker(d) and (G)Y?u € JE%O g1y (Q.€79), there is a solution f to

3 f = u which satisfies the estimate

2
1

H,/a];eb' S_2/ Z Z(G Djkujiege. (2.111)

(% K jk=1

Proof. We first assume that © has C 2 boundary and that a, b, and ¢ are in C2(Q). The
arguments are standard and by now familiar. They follow those from (2.49) through the
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proof of Proposition 2.7. Consider the operator T = dva +eb: éC%O q)(Q ,e %) —

éC%O qul)(52,6_“’). Using (2.110) in place of (2.49), we obtain that the range of T

equals the kernel of Ja d, which equals ker(é). To estimate the norm of the solution
f to T f = u that is orthogonal to the kernel of 7', we argue as in (2.51) and pair with
an element in the range of T(::

(ATF0eP = 00,2 = (G 7u.(G)20),
(2.112)

— — 1, =
= @7 2ulg 1@ 2ol = 1@ ul [ Tyv g

the last inequality is (2.110) applied to v. It follows that || f ||é is dominated by
(1/¢)|I(G)~"/2u||2, which equals the right-hand side of (2.111). Now f := v/a + ¢ f
provides a solution to 3 f = u that satisfies (2.111).

The general case can be handled by exhaustion of 2 by C? (strictly) pseudoconvex

domains £2,,, as in the proofs of Proposition 2.7, Corollary 2.13 (see also Remark (i)
following that proof), and Theorem 2.14. We leave the details to the reader. a

Remarks. (i) Note that the weight function ¢ in Proposition 2.15 is not required to
be plurisubharmonic. Also, we may replace ¢ by ¢ + A in (2.111), without changing
¢, where A is any plurisubharmonic function: doing so will only ‘increase’ G (by the
Hessian of 1), hence the same constant ¢ in (2.110) will still work. Likewise, the same
matrix G will still work in (2.111). Then Proposition 2.15 corresponds to Theorem B
in [223] (the roles of ¢ and A are interchanged).

(i1) We will use Proposition 2.15 to prove the Ohsawa—Takegoshi extension theorem
(Theorem 2.17 below). More precisely, we will use the following variant. Suppose
we are in the situation where all the functions involved (a, b, and ¢) are in C 2(S_Z),
as in the first part of the proof of Proposition 2.15. We only require that G(z) is
positive semidefinite on Q. Then (G)'/? is still well defined (but in general only
continuous), and (2.110) still applies. The fact that G may no longer be invertible can
be compensated for by the following assumption on u. View the pointwise defined
operator u(z) — Gu(z) as an operator on i%o’q)(ﬂ,e_“’); it is selfadjoint. The
assumption on u is now that u is contained in a (possibly one dimensional) subspace
H, of xfoaq)(sz,e—w) that is invariant under G and on which G is strictly positive

(as a selfadjoint operator; in particular, the restriction G| H, 1s invertible). Then the
conclusion of Proposition 2.15 holds, but with (2.111) modified to

2

_ 1. —
(Gla,) "uu), = a||(G|Hu)‘1/2u|{fo. (2.113)

1
< —
e 4

7=

a+eb
The proof is along the lines of the proof of Proposition 2.15, but it is convenient to
slightly reformulate it. Let v € dom(TJ). Denote by Pg,, the orthogonal projection
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of QC%O q)(Q,e_‘/’) onto H,. Then

(. v)o 2 = |Gt Pat,v)o? = [((Glar,) ™. (Glut,) " P, v) |
< |Gla)u))2 | Glaa)? P v

< [ Gl |Gl (2.114)

1. —
< ;IH(GIHJ”ZMHZ |75,

where the last estimate is a consequence of (2.110), applied to v. We have also used that
|Gl 2 Pa,v], < [(G)V/20]];
under G, hence under (G)"/2 (in particular, (G|g,)"/? = (GY/?)|x,). and Gis positive
semidefinite. The estimate |(u, v)y| < C||T;; v]|, implies that there is f with T f* = u
and || f ||§ < C. Indeed, the estimate says that 7;v — (u, v), is a bounded linear

, which follows because (Hu)J- is also invariant

functional on Im T;. It extends to the closure Im(T(;‘) by continuity, and by the
R~iesz theorem, there is f € Im(7 ) ~such that (~u, V) = ( 7 Ty v)?. This says that
S € dom(7;*) = dom(T), that T f = T;*f = u, and that | f{|, < C. Here,
C = (1/9)|(G|m,)"?u|? (from (2.114)). We will use this version in the proof of
Theorem 2.17.

2.13 9-techniques, the Ohsawa-Takegoshi extension theorem

We close this chapter with an illustration of what are usually referred to as ‘d-tech-
niques’. Roughly speaking, this means the following. Suppose one looks for a holo-
morphic function (or some other ‘holomorphic’ object, such as a d-closed form) with
certain properties. Often, it is easy to find a C* function with the desired property.
Say g is such a function. Now the idea is to modify g in such a way that the result is
holomorphic and so that the modification preserves the desired property. The require-
ment that the modification be holomorphic leads to a d-equation for a function involved
in the modification. Results such as Theorem 2.14, Corollary 2.10, or Proposition 2.15,
then allow to solve this equation in the appropriate category, and the problem is solved.
This simple strategy, with modifications, turns out to be surprisingly powerful. (We
will give another example at the end of Chapter 3 (Theorem 3.7).) It is noteworthy that
while these techniques originated with several complex variables, they are useful in the
function theory of a single complex variable as well (see for example [172], (proof of)
Theorem 1.4.5).

We consider the problem of extending holomorphic functions from the intersec-
tion of a pseudoconvex domain with a complex hyperplane to the whole domain (as
holomorphic functions).

Theorem 2.16. Let Q2 be a bounded pseudoconvex domain, H a complex hyperlane,
and f a holomorphic function in Q N H. Then there exists a holomorphic function F
on Qwith Flg = f.
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Proof. We first construct a smooth extension. Assume that coordinates are chosen so
that H = {z € C" | z, = 0}. Denote by 7, the projection onto H: 7,(z1,...,2z,) =
(z15++-,2n=1,0). H N Q and Q \ 7, '(H N ) are both relatively closed in Q.
Consequently, there exists a smooth function ¢ in Q with values in [0, 1] that is one
on H N Q and zero on Q \ 7,7 '(H N Q) (by the C* version of the Tietze-Urysohn
Lemma). Composing this function with a smooth function from [0, 1] to [0, 1] that is
zero on [0, 1/4] and one on [3/4, 1] shows that we may actually assume that ¢ vanishes
in a (relative) neighborhood of Q \ 7, 1 (H N §2) and equals one in a neighborhood of
H N Q. This guarantees that the function g, defined by

9(2) f(ma(2)), zeQNm,'(HNQ),
g(z) = (2.115)
g(z) =0, ze€Q\m,'(HNQ),

is smooth on 2. Of course, g extends f. Now we modify g. In order to make sure that
the modified function still agrees with f on H N 2, we take it in the form g + z,h.
Holomorphy of this modified function is equivalent to

g +z,h) =0, or 0h=——. (2.116)

Because f (7, (z)) is holomorphic where ¢ > 0, and because ¢ equals one in a relative
neighborhood of H N €2 in €2, dg vanishes in this neighborhood, so that the right-hand
side of (2.116) is smooth and d-closed on €2 (strictly speaking: extends by zero into
{zn = 0} as a smooth d-closed form). By Theorem 2.14, there is & € C*°(£2) that
solves (2.116). But then F := g + z,h is smooth on 2, with dF = 0. So F is
holomorphic. And F|g = glg = f. |

Remarks. (i) The ideas in the proof of Theorem 2.16 generalize to give extension
of holomorphic functions from a submanifold M of 2 that is the zero set of a holo-
morphic function with nonvanishing gradient; see for example [153], Theorem E7.
For a sheaf theoretic approach, on domains of holomorphy, see for example [207],
Theorem 7.2.8.

(ii) There is more to Theorem 2.16 than meets the eye. The theorem also works for
extension of d-closed forms (with the same proof). This allows to prove that a domain
Q with the property that for every u € C(%‘:q)(Q) N ker(d) there is f € C(%‘jq_l)(Q)

with 9 f =u,1<gq <n, (asin Theorem 2.14) is a so called domain of holomorphy.
This means roughly speaking that there exist holomorphic functions that cannot be
holomorphically continued past any boundary point (see for example [81], [172], [207],
[259] for the precise definition). The argument is by induction on the dimension. When
n = 1, every domain is a domain of holomorphy. In the induction step, one considers
intersections of the domain €2 with a hyperplane H through a boundary point P. By
Theorem 2.16, this intersection also has the property that d is always solvable in the
C°(Q2) category (and at all form levels): extend a d-closed (0, g)-form to Q2 as a
d-closed (0, g)-form, solve d on €2, and restrict the resulting (0, ¢ — 1)-form to H N 2.
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(Note that this extension involves solving d for a (0, q + 1)-form on 2.) By induction
assumption, there is a holomorphic function on H N Q2 with bad boundary behavior
at P. Extend this function to a holomorphic function on €2 (again by Theorem 2.16);
the extension still has bad boundary behavior at P. Since P was arbitrary, classical
methods of function theory show that 2 is indeed a domain of holomorphy. There
are some difficulties with this argument that need to be taken care of. For example,
it need not be the case that for every boundary point there is a hyperplane H so
that the point is also in the boundary of H N 2. There are various ways to address
these issues; we refer the reader to [207], Chapter 5, [172], p. 88 (where the above
argument may be found). So domains where d can be solved in the C *°-category (at
all form levels), and therefore pseudoconvex domains, are domains of holomorphy.
Actually, the two classes of domains are the same, but the direction indicated here,
namely that pseudoconvex domains are domains of holomorphy, is the hard part. (For
a somewhat different approach to this implication, also based on d-methods, see the
remarks after the proof of Theorem 3.7.) This direction, historically known as the Levi
problem, played a major role in the development of function theory of several complex
variables. For more information and for historical comments, we refer the reader to
[259], Chapter II, in particular Section 2.9 and the notes at the end of the chapter, and
to [21], [274], [233], [211]. Lieb’s account [211] also contains interesting biographical
sketches, including photographs, of some of the early protagonists. For the original
solutions, the references are Oka [246], [247], Bremermann [58], and Norguet [238]
for bounded pseudoconvex domains in C"; and Grauert [149] for relatively compact
strictly pseudoconvex domains in a complex manifold. [149], and implicitly already
[247], use sheaf theoretic methods. For a development that uses neither sheaf theoretic
nor d methods, see [134], Section V.6.

(iii) By Theorem 2.14, pseudoconvex domains have the property that d can be
solved in C(%‘fqﬂ)(Q) for all form levels ¢, 0 < g < n—1. Such domains are domains
of holomorphy, by the previous remark. By the Cartan—Thullen convexity theory
([62], [259]), domains of holomorphy are pseudoconvex. Thus we have obtained more
than the solution of the Levi problem, namely a cohomological characterization of
pseudoconvex or holomorphy domains: a domain is pseudoconvex, equivalently, a
domain of holomorphy, if and only if the g-th d-cohomology vanishes for 1 < g < n.
If one ‘only’ wants to solve the Levi problem, one can get by with solvability of d on
(0, 1)-forms. It suffices in the above induction argument on the dimension to change
the induction hypothesis to the effect that a pseudoconvex domain in C” is a domain
of holomorphy.

(iv) The cohomology in the previous remark, the Dolbeault cohomology, arises
when the d-complex is considered on forms with coefficients in C°°(£2). In this chap-
ter, the main focus has been on the complex on forms with coefficients in £2(2).
The resulting cohomology, the £2-cohomology, does not necessarily agree with the
Dolbeault cohomology. In particular, the cohomological characterization of pseudo-
convexity from the previous remark remains true in this setting if the domain is the
interior of its closure, but not in general. These matters are explained in [140].
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Given Theorem 2.16 (and the context of this monograph), it is natural to ask whether
there is a corresponding result with £2-bounds. The Ohsawa-Takegoshi extension
theorem ([244], see also [240], [243]) gives such a result.

Theorem 2.17. Let Q be a bounded pseudoconvex domain in C"* and H a complex
hyperplane. There exists a constant C that depends only on the diameter of 2 (but not
on H) such that for every holomorphic function f in £*(H N Q) (with the induced
Euclidean measure), there is a holomorphic function F on Q with F |gng = f and

/Q|F|2 §C/Hm|f|2. (2.117)

Moreover, the extension is given by a linear operator.

Itis noteworthy that there are no transversality conditionson H . Like Theorem 2.16,
Theorem 2.17 also allows for considerable generalizations. For example, H can be
allowed to be a pure dimensional closed complex submanifold of C”, see [240, 242].
For extensions of certain sections of suitable vector bundles, see [216], [224], [300],
and their references. For limits on what is possible, we refer the reader to [114], [115].
For example, the submanifold H cannot be allowed to have singularities, nor need
there be extension with sup-norm bounds.

Proof of Theorem 2.17. The proof is based on Proposition 2.15, as amended in Remark
(ii) following its proof; the argument follows [223], [243] (compare also [275], [35]).

We first note that the ‘moreover’ part is for free. Indeed, if there always is an
extension with the required estimate, then it can be made linear by taking the unique
extension of minimal norm, i.e., by projecting onto the orthogonal complement of the
subspace of £2(£2) N O () consisting of those functions that vanish on H.

2 is pseudoconvex, so can be exhausted by a sequence {2}, of strictly
pseudoconvex C? domains. It suffices to prove that for every m € N, and f €
E2(H N Qi) N O(H N Qppis), there is F € £2(Q) N O(Q,,) which extends
S and with | F|g,, dominated, independently of m, by || f|ane,4. = I|IfllHNg-
These extensions of f, continued by zero on 2 \ €2,,, are then (uniformly) bounded
in £2(Q). The weak limit of a suitable subsequence is holomorphic, its £2-norm
is dominated by || f ||z g, and because point evaluations are continuous in the weak
topology on holomorphic functions, it extends f.

By Theorem 2.16, there is a holomorphic function F on Q with F |l = f. Now
fix m. We modify F on ©,,. Since m is fixed, we will not use subscripts on various
objects in the argument below that depend on m. The strategy for modifying F is the
same as in the proof of Theorem 2.16, but the details are considerably more involved
due to the estimates that we require. We may again assume that H = {z,, = 0}. Let
x € C®(0,1]), x =0,y =1o0n[0,1/4] and y = O on [3/4, 1], and for ¢ > 0, set
x:(z2) = x(|zx]/€). Welook for an extension Fy on 2, in the form F, = XgFA +zphe,
where /. solves .

oh, = F0xe _ (2.118)
Zn
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Then F, will be holomorphic on €2,, and its restriction to H N 2, will agree with f.
Note that « is smooth on €2,, (0. vanishes when |z, | < £/4).

To see what kind of estimateA we require on the solution to (2.118), first observe that
leells,, < €7 Jq, iz, 1< | F17 (because [dxs| ~ ™' and on the support of 9y,
|zn| =~ €). Here, < indicates an estimate with a constant that does not depend on e&.
Now let ¢ be small enough so that 2, N {|z,| < &} € (H N QL+1) X {|zn| < €} CC

-2 2 -2 2 2
Qo Then e fo iz 1<a 1P =672 [inng,,oxtizal<ey 12 = 1/ Eng,,.,
as ¢ — 0T, Therefore, we seek an estimate for %, of the form

znhell@,, < elloell@n: (2.119)
then, as ¢ — 0,

2 212 2
1Fellg,, < lxeFlg, + lIznhelg,,

< (& + l)(8_2/ |ﬁ|2) (2.120)
(HNRp 4 1)x{1zn ] <8}

2 2
= I/ g, = 1 lane-

Thus a limit of a suitable subsequence of the F, will give an extension with the desired
estimate. Estimate (2.119) will result from an advantageous choice of the auxiliary
functions a = a, and b = b, in Proposition 2.15, with ¢ = 0. The factor z, in (2.119)
allows for the term +/a; + e?¢ in the estimate for /, that results from (2.113) to tend
to infinity (slow enough) as z,, — 0.

We first choose b, = 2logag, so that ebe = af in (2.113). In order to be able to
absorb the term involving the gradient of a, in the expression for the matrix G (see
(2.109)), we take a, in the form a, = p, + log p,, with p. > 1. Then

d 1\ad
e (14— ) 2 (2.121)
0Zg Pe) 0Zk
and 02 02 dpe 0
1 1
a _ (1 _) Pe_ 1 0P 9pe (2.122)
0zj0Zx De) 0zj0Zx  p2 0zj 0Zg
So we need 5
_ 1 _
(pe + log pe) > (1 + p—) <p2 (2.123)
&

(2.123) holds if p; > e. Now for the choice of p,. What we have left over from
the negative Hessian of a, in the expression for G is (1 4 (1/p,)) times the negative
Hessian of p,. We choose

pe = M —log(|za]? + &%), (2.124)

where M is a constant big enough so that p, > e on ,,. Then

(1 n 1 ) 82]78 _ (1 n 1 ) g2 - g2 (2.125)
P ) 02,02, 7e) (|zn]2 +€2)2 = (|za]? + £2)2° ’
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Note that when |z,,| < &, the right-hand side of (2.125) is at least (1/4)e~2. With these
choices, the only nonzero entry in G is G;. Also, the only nonzero component of o,
is the dz, component. Therefore, we may choose the subspace H,, in the amended
version of Proposition 2.15 (see Remark (ii) after its proof) as follows. We take Hy,
to consist of those forms in ker(d) < i%o,l)(Qm) of the form u = fdz, with f

supported in {|z,| < &}. Then (2.125) and the lower estimate of (1/4)e~2 for its right-
hand side show that the right-hand side in (2.113) is estimated from above by 42 ||u||?.
Therefore, (2.113) gives a solution /4, to (2.118) that satisfies the estimate

< 2¢)ce - (2.126)
QITI

he

Then z,h, satisfies

lznhellQ,, =

Zny/ae + a? he
n Py s\/:2
ag + aZ

< 28(sup {|Z,,| ag + a§ })”%”Qw
Qm

o
(2.127)

It now only remains to note that supg {|zn|,/a,s + ag} is bounded independently
of m and ¢ by a constant that depends only on the diameter of € (|z,| controls the
log-terms near z, = 0). O

Remarks. (i) The same proof shows that one may take norms with weight e™% in
(2.117), where ¢ is plurisubharmonic on 2. More generally, these ideas give results
when different weights, subject to certain conditions, are used in the two £2-spaces.

(i) We will use Theorem 2.17 in the proof of Theorem 4.21. For applications
related to the Bergman kernel function, see for example [241], [136], [220], [112],
[38]; applications to algebraic geometry may be found in [275], [98], [100], [243],
[38].



3 Strictly pseudoconvex domains

In this chapter, we discuss only the basic aspects of the £2-Sobolev theory of the 9-
Neumann problem on smooth strictly pseudoconvex domains. Much more is known:
the condition of strict pseudoconvexity allows for the construction of integral kernels
that solve d with strong mapping properties. In particular, analogues of the Sobolev
estimates proved below hold for £7-Sobolev spaces and for Holder spaces. We refer
the reader to [151], [259], [15], [212], and to their references.

3.1 Estimates at the ground level

Consider the simplest case of Proposition 2.4, i.e., the case a = 1 and ¢ = 1. Then
(2.24) immediately gives

/ n 82p _ _
S Y G do < [l + 5P 1)
K Jk=1"1

foru € dom(a ynck 0.9) (). This turns out to be a very strong estimate if the quadratic
form that appears inside the boundary integral is positive definite. This is the case when
2 is strictly pseudoconvex. If € is bounded, so that b2 is compact, there then exists
a constant ¢ > 0, such that

Z P 8_ (z2)wjwg > clw?, zebQ, we TZC(bQ). (3.2)

Inserting this estimate into the left-hand side of (3.1) now shows that when €2 is strictly
pseudoconvex, the boundary £2-norm of u is dominated by the £2-norms (on ) of
du and 3" u. Modulo controlling the Laplacian (of the coefficients) of u, this boundary
norm should control the Sobolev-(1/2) norm of u. But in view of Lemma 2.11, the
Sobolev-(—1) norm of Au is also dominated by ||du|| + ||E_)*u||. These observations
immediately give the following proposition. Recall that we denote by || f || s the standard
Sobolev-s norm (see e.g. [215]) on a bounded domain with C *° smooth boundary. For
forms, WS )(Q) is the Hilbert space of (0, ¢)-forms with coefficients in W*(£2), with

0,9
(Z/uj dEJ,Z,UJ dZJ): Z/(L{],U])S. 3.3)
J J J

inner product

Proposition 3.1. Let Q be a bounded strictly pseudoconvex domain in C" with bound-
ary of class C*°, 1 < q < n. Then dom(d,) N dom(az_l) - W(B/qz)(Q), and there
exists a constant C such that

lull1/2 < C(1dul + 18 ul), u € dom(d) N dom(d"), (3.4)
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[Ngull1/2 < Cllull-1/2. (3.5)

and _ _*
1aNqull + 13" Noull < C lull-12. (3.6)

Note that (3.5) and (3.6) say that N,, N, and 8" N, originally only defined on

)(Q) extend to bounded operators from W, 1/Z(Q) to W1/2 (), :C(O q+1)(§2),

(0 q 0,9)

and éC(O q_l)(Q) respectively.

Proof of Proposition 3.1. Assume first that u € dom((‘) )N C(1 q)(S_Z) The Sobolev
theory of the Laplacian (see for example [124], [215], [299], [294]) gives that

Il < CUAUIP + [l p)- (3.7)

where Au is the form obtained by letting A act componentwise. Estimating ||u ||§62 Q)
by (3.2) and (3.1), and || Au||%, by

1Aul|Zy < 1199 ul|Zy + [90ul2y < 19" ul? + |9u]?

(u e dom(é*), so tu = 5*u), (3.4) follows.

If u is only assumed in dom(c’_iq) N dom(éz_l), then it can be approximated in the
graph norm by forms smooth up to the boundary (Proposition 2.3). The case of (3.4)
already proved then shows that the approximating forms form a Cauchy-sequence in

W, q)(Q) passing to the limit shows that u € W(0 2 (Q) and that (3.4) holds.

Ifu e QC%O )(Q), then Nyu € W(O/z)(SZ) by (3.4) (since Nyu € dom(d) N

dom(d")), and moreover

INgull}/5 S 10Ngu|? + 110 " Nyull?
= Q(Ngyu, Nyu) (3.8)
= (u, Ngu) < | Ngull1/2llull-1/2-

In thelastinequality in (3.8) we have used the duality between W, (0 2 % (R)and Wo. 1q/)2 (2)
(which results from the duality between W 1/2(2) and W ~1/2(Q); for this latter duality,
see [215]). (3.8) now gives firstly (3.5) (since we already know that Nyu € W /2 (Q),

O

0.9)
i.e., ||[Ngul|1/2 is finite), and then, secondly, (3.6).

3.2 Estimates for operators related to the 3-Neumann operator

Before extending the estimates in Proposition 3.1 to higher Sobolev norms, we prove
a useful lemma that says that operators related to N, such as éNq, B*Nq, 55*Nq, and
5*5Nq =1- E_)E_J*Nq, are ‘as good as N’ with regard to Sobolev estimates. This does
not hinge on strict pseudoconvexity, but we prove the lemma now because we will need
some of the arguments in its proof in the proof of Theorem 3.4 below.
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Lemma 3.2. Let Q2 be a bounded pseudoconvex domain in C" with C* boundary.
For each k € N, there exists a constant C such that whenever u and Nyu € C (%"q) (),
then

19Ngullx + 18" Nyullx + 199" Nyulx + 13" 9Ngullx < C(INgullx + ulle). (3.9)

Proof. Note first that the case k = 0 follows from Theorem 2.9 and the fact that
u = éé*Nqu + 2_3*5Nqu is an orthogonal decomposition. Note that at this level, the a
priori assumption that N,u is smooth up to the boundary is not needed: all the relevant
forms are known to be in £2.

When k is an integer that is at least 1, the idea is the following: via integration by
parts, one makes the combination [, N,u = u appear. First note that on a relatively
compact open subset U of €2, the estimates (3.9) follow from interior elliptic regularity:
||Nqu||W(/642%(U) < |lu|lxg. We argue by induction on k. The case k = 0 has been

disposed of above. If D¥*+1 is a derivative of order k + 1, then repeated application of
Lemma 2.2 shows that there is a tangential differential operator 7y, of order k + 1,
such that near b Q2

D** YN u = Tiy 10N u + Li(d ONgu) + My (DN,u). (3.10)

where Lj and M} are operators of order k. The last two terms on the right-hand
side of (3.10) are controlled by the induction assumption. A similar formula holds for
D**+19" Nyu. For D19 3N u, we have

D** 1" N u = Ty y1d dNgu + Ly (90 dNju) + My (d ONu). (3.11)

We have slightly abused notation: the operators in (3.10) and (3.11) are of the same
type, but not necessarily the same. The last term in (3.11) is controlled by the induction
assumption, the second to the last is equal to L (Z_)u) (since 5*5Nqu =u— 55_*Nqu),
hence is controlled by ||u||x+1. It follows that we only have to control || Ty 41 dN,u|,
||Tk+12_)*Nqu||, and ||Tk+15*5Nqu||, where Ty is a tangential differential operator
of order k 4+ 1. Because of the transformation rule for coefficients under a change
of frame, it does not matter with respect to which frame we let 7" act coefficientwise.
Therefore, we may take 7 to be supported in a special boundary chart and to act

componentwise in the special boundary frame (hence preserving dom(é*)). Then
1T 10Ngu® + | T 419" Nou|)?

= (3Tk11Ngut, T4 10N u) + (S*Tk-l-quuv Tk+15*Nq“)
+ O(| Ngu 41 (1 Tie41INgu | + || 18" Ngul)

= (Trs1Ngu, 0" Tip1ONgu) + (Tes1 Ngu, 0Tk 419 Nyu) (3.12)
+ O(| Ngr i1 (1 Ties1INgu | + || 10" Ngul))

S (T 1 Ngtt, Tigrw)| + | Ngulle (10N [l 41 + ||5*Nq”||k+1)

S INgulles1(ullesr + 10N u kg1 + ||5*Nq”||k+1)-
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Adding up the analogues of (3.12) over a set of boundary charts that cover 2, and
inserting the sum into the estimate for ||8Nqu||iJrl + ||8*Nqu||lzc+1, we see that the

terms on the right-hand side of (3.12) containing ||5Nqu||k+1 and ||E_9*Nqu||k+1 can
be absorbed, and (3.9) results. (We use the usual inequality |ab| < %az + %bz for

| Ngu ||l k+1llu]lk+1)- This completes the induction for the norms of 5Nqu and 5*Nqu.
Similarly, we have

(Tis19 ONgu, Tyyr0 ONgu)
= (" T 10NgU, Tie4190Ngu) + O(|INgu41110” ONgulli41)
= (Tks10Ngu, 8Tj 10" ONgu) + O(|0Ngu k41 10" INgu 1) (313)
= (Te419Ngu. Ti190° ONgu) + O(|dNgulli+1 110" INgull 1)
= (Tk410Nqu, Tis10u) + O(|0Ngu k41110 INgu [ +1)-

Since we already know that ||E_)Nqu||k+1 < |INgulle+1 + ||[u]lk+1. the last term in
(3.13) can be absorbed. In the second to the last term, we reverse the above process to
move the d from the right to the left. The result is that this term equals

(Tk+15*5Nqu, Tiy1u) + 0(||5Nq”||k+1 llullxr1)

- (3.14)
< (107 ONgullks1 + 1ONgullk+1) el +1-

Absorbing the term containing ||E_)*E_)Nqu||k+1 and using again that ||E_)Nqu||k+1 is
already estimated completes the argument. The proof of Lemma 3.2 is complete. [

Corollary 3.3. Let Q be a bounded pseudoconvex domain in C* with C*° boundary.
Let 1 < q < n. Assume that N; maps W(’(‘) q)(Q) continuously to itself, for all k € N.
Then 5Nq, 5*Nq, 55*Nq (= Py), and E_)*éNq all map W¥*(Q) continuously to itself at
the respective form levels, for all k € N.

Note that saying that N; maps W(’(‘) q)(SZ) to itself is the same as saying that it
does so continuously. This follows immediately from the closed graph theorem. That
the graph of N, as an operator W(I(‘) q)(Q) — W(l(‘) 2 (R2) is closed follows from the

. . . 2
continuity of N, in &£ (O,q)(Q)‘
Proof of Corollary 3.3. c(o;q)(s‘z) is dense in W(’g Q). Foru e cgfq)(s‘z), Nyu €
C (%Oq) (Q) by assumption (and by an application of the Sobolev lemma). Therefore, we
have the estimates in (3.9), and by density, these estimates extend to W(IS q)(Q) (since
the operators are continuous between the respective £2 spaces). |

Remark. Corollary 3.3 says in particular that Sobolev estimates for N, imply cor-
responding Sobolev estimates for the Bergman projection P;. A more precise result
about the relationship between regularity for the d-Neumann operators N, and the



3.3. SOBOLEV ESTIMATES, ELLIPTIC REGULARIZATION 55

Bergman projection operators P, holds: estimates for N, are equivalent to estimates
for the Bergman projection operators P, 1, Py, Pyy1, at the three levels ¢ — 1, g,
and g 4+ 1. In particular, exact regularity of N; implies exact regularity of Py; this
implication is not covered by Corollary 3.3. This result of Boas and the author ([47])
will be discussed in Chapter 5 (see Theorem 5.5).

3.3 Sobolev estimates, elliptic regularization

We now return to the question of extending the estimates in Proposition 3.1 to higher
Sobolev norms. (3.4) is a so-called subelliptic estimate: u is in a Sobolev space of
higher order than duandd u, but the gain is less than the order of the operator (E_) @ é*)
indicates (that is, less than 1). (3.4) entails a similar subelliptic gain at all levels s in
the Sobolev scale (s > 0). Similarly, (3.5) indicates a subelliptic gain of 1 for the
d-Neumann operator, and this gain percolates up the Sobolev scale. More precisely,
we have the following theorem, which is the main result of this chapter. It is due to
Kohn ([188], [190], see also [230], [229]).

Theorem 3.4. Let Q2 be a bounded strictly pseudoconvex domain in C" with C*
boundary. Let 1 < g < n. For each nonnegative real number s, there is a constant C
so that the following estimates hold for every (0, q)-form u:

ulls412 < C10ulls + [37ulls). u € dom(d) Ndom(3").  (3.15)
[ Ngulls+1 < Cllulls, (3.16)
10Ngulls+1/2 + 13" Naulls41/2 < Clulls. (3.17)

We emphasize that these are genuine estimates; that is, the left-hand side is finite if
the right-hand side is. In particular, the operators Ny, 5*Nq, and dN, are continuous
between the respective Sobolev spaces.

We postpone the proof of Theorem 3.4 and first discuss the method of elliptic
regularization, introduced in this context by Kohn and Nirenberg in [201]. It consists
of modifying the quadratic form Q (see (2.58)) by a term which makes the form coercive
(see below). As aresult, the inverse Ns , of the selfadjoint operator (s , defined by the
modified form will gain two derivatives in Sobolev norms (see Proposition 3.5 below).
In particular, it will map forms smooth up to the boundary to forms smooth up to the
boundary. This property is very useful in proving Sobolev estimates, such as the ones
in Theorem 3.4, where typically one has to absorb terms. For this, one needs to know
that the terms to be absorbed are finite. For this same reason, elliptic regularization
will also be used in Chapter 3.

For the time being, €2 is only assumed to be a smooth bounded pseudoconvex
domainin C”. Letu € W(}),q) ()N dom(é*): this is the form domain of the new form
Qs defined by

Qs (u,u) i= [[3u))® + 18" ul|? + 8| Vu|?, (3.18)
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where Vu denotes the vector of all (first) derivatives of all components of u. The term
coercive here refers to the fact that Qs(u, u) dominates the 1-norm of u. This fact
has crucial consequences: the problem of inverting the operator (s ; associated to Qs
becomes elliptic, and the inverse Ns , gains two derivatives in the Sobolev scale. In
particular, if u € C(o )(Q), then Ns ju € C("Oo,q)(ﬁ).

The construction of [s , and its inverse Ns , is analogous to that of Oy and Ny
given in Chapter 1. Denote by X the conjugate dual of Wl (Q) ﬂdom(a ) (with norm
mduced by Qs, Wthh is equivalent to || - ||; for & ﬁxed) Then we have the anGCtIOHS

(0 »EN dom(a ) — 1’,(0 (&) = X, and D,gq (0 )(Q) N dom(8 ) —> X
is defined to be the canonical identification of W1 )(SZ) N dom((‘) ) with X (compare
the discussion for [0, in Chapter 1; note that the form domain of Qg, W, (. q)(Q) n
dom(8 ), is dense in "f(o q)(SZ)). Now we set dom(Os,) = {u € (%)’q)(SZ) N

dom(8 )| Dg,qu € éﬁ%o,q)(Q)} and Os qu = é?,q”’ u € dom(Ojs 4). By the general
theory of selfadjoint operators associated to quadratic forms (see for example [260],
Theorem VIIIL.15), Os , is the unique selfadjoint operator on QC%O 2 (2) with

(Os.qu,v) = Qs(u,v), uedom(ds,), ve W(})’q)(Q) N dom(('_i*). (3.19)

To compute Os ,u for u € dom(Os 4), take v to be a smooth compactly supported
g-form in Q. Then
Qs(u,v) = (du, ) + (5*u E_i*v) + 8(Vu, Vv)

! (3.20)
= (Fou,v) + (00 u,v) —8(Au,v),

by integration by parts (with the pairings taken in the sense of distributions when
necessary, Au is computed coefficientwise, see Lemma 2.11). This gives

(Os,qu,v) = Os(u,v) = —((;1 + S)Au, v) (3.21)

for v smooth and compactly supported. Such v are dense in £? ©. )(Q), so it follows
that

1
Os,qu = _(Z + S)Au, u € dom(Os 4). (3.22)
(3.22) not withstanding, s , is not a multiple of [, : the domains are different,

because the free boundary condition has changed. Indeed, repeating the computation
in (3.20) with v € C(%" q)(S_Z) N dom(a*) and taking the boundary terms into account

shows that u € C(0 )(SZ) belongs to dom (s ,) if and only if u € dom(é*) and

(0)norm + 8(3u/3V)1an =0 on HS2. (3.23)

Here, (3/0v) acts componentwise in the Euclidean frame, (01) porm denotes the normal
component of du (a (0, g)-form), and (du /dv ), denotes the tangential part of (du /dv)
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(see the discussion before the statement of Lemma 2.12; here, a normalized defining
function is to be taken in the definition of u,om). Note that for 8 = 0, (3.23) reverts
back to just the free boundary condition in the d-Neumann problem. A less ad hoc
discussion of the free boundary condition (3.23) may be found in [295], Section 12.5.

We now define Nj ,. Note that although we are not using the analog of the em-
bedding j, explicitly, the definition used here is equivalent to that given for N, in
Chapter 1. Foru € cf%o’q)(Q), the pairing v — (u, v) defines a continuous conjugate

linear functional on W(}) q)(Q) N dom(E_)*), since

2

D 1/2
0, 0)] < ] o] < (Te) I ll(Q5 (v, v) 2 (3.24)

by Proposition 2.7. Consequently there is a unique element Ns ,u € W(}, q)(Q) N
dom(f_)*) such that

(u,v) = Q5(Ns qu, v). (3.25)
Then N5 , maps i(o )(Q) onto dom((s 4), and
OsgNsgu =u, ueLy (), (3.26)
and
Ns ¢Osqu =u, u € dom(Os ), (3.27)

that is, Ns , inverts Os ,. That Ns , is selfadjoint can be seen in the same way that
selfadjointness for N, was proved. Note that by (3.24), the norm of Ns , as an operator

from :E%O »(@)to W, )(Q)ﬂdom(a ), provided with the norm [|v|| = Qs(v, v)"/?,

is bounded independently of § by (D2e/q)'/2. In particular, the norm of Nj, on
(0 q)(Q) is bounded by D?e/q, independently of § > 0 (again in view of Proposi-
tion 2.7).
We now indicate the role played by the coercivity of Qs, that is, by the fact that Qg
majorizes the 1-norm. If v € W, (0 »EN dom(8 ), then
vl < (Qsw.o)"? ~ |05 gvll 5. (3.28)

Because the norm in W(})’q)(Q) N dom(é*) is the 1-norm, the norm in X is roughly
speaking like a (—1)-norm, so that (3.28) represents an (elliptic) gain of two derivatives
for Iizq. The constants in (3.28) depend of course on § and blow up as § — 01. By
contrast, J = Q does not majorize the 1-norm (or any Sobolev norm with positive
index, if €2 is merely assumed pseudoconvex), and no estimate like (3.28) holds for
Oy. Once one has (3.28), it is a matter of lifting the estimate to higher Sobolev norms
to get a gain of two derivatives for Ns 4, and this can be achieved by classical methods.

Proposition 3.5. Let Q be a smooth bounded pseudoconvex domain in C", § > 0,

1 <q <n,s=0. Then N5 4 maps Wy () continuously to Wi 3(S2).
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Proof. The boundary conditions u € dom(é*) together with the free boundary con-
dition (3.23) are regular boundary conditions (when § > 0) for (s , in the sense of
Section 5.11 in [294], and the general results there consequently imply the proposition.
However, the situation is more elementary, and (as pointed out in [295], Section 12.5)
one can obtain a proof by following the arguments in the proof of the correspond-
ing result for the Neumann problem for the Laplacian (the d-Neumann problem), as
presented in [294], Section 5.7.
The starting point is (3.28). We first prove the Sobolev estimate in Proposition 3.5
at the ground level s = 0:
[ Ns qull2 < Cs 4l

ull. (3.29)
Actually, we will prove (3.29) in the form

[ull2 < Cs,4110s,qull, u € dom(Os4). (3.30)

The first observation is that if y € C° () and its normal derivative dy/dv satisfies a
suitable condition on b €2, then multiplication by y preserves the domain of (s ,. Let

u € dom(Os4), v € dom(3") N W(}),q)(Q). Then
(5.9 (xu). v)|
= |30, o) + (37 (. 37v) + 8V (). V)|
< ((Xéu, ) + (8w, 3*v) + 8(xVu, vv)(

+ ((5;( A Bv) + (Y@ /0z) sk é*v) +8((V ), V).
K

(3.31)

In the middle term on the last line of (3.31), 9" can be integrated by parts as d to the
left side. As a result, this term is dominated by ||u|{|[v]. In the other two terms,
integration by parts also yields two terms that are dominated by ||u| 1| v]|; however,
there are now also two boundary terms. Combining these two terms into one boundary
integral, we have

/ ((5){ AU)N + 58—Xu, v) do, (3.32)
1.X9] E)v

where (-)x denotes the normal component of a form (compare (3.20) and (3.23)).
Note that both u and v are in Wg o (€2), so their coefficients have traces in W/ 12(bQ),
and the integrations by parts are justified (see e.g. [215], [124], [294], [299]). Because

uy = 0on b, (3.32) equals

/ ((L_n)( + 58—X)uT, v) do, (3.33)
bQ dv

where for the moment L, is the complex normal normalized so that [Im L,| = 1 on
bQ2. Then L,y = (1/2) ((dx/0v) + i Im L, y). Therefore, if

((1/2) + 8)(0x/v) + (1/2)i ImL,x =0 onbS, (3.34)
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the (boundary) integral in (3.33) (hence in (3.32)) equals zero. This means that the last
line in (3.31) is dominated by ||u]|1]v].

In the first line on the right-hand side of (3.31), we move the factor y to the right side
of the inner product in all three terms, and commute it with 5, 5*, and V, respectively.
The error caused by the commutators is bounded by |[u |1 ||v]]. The resulting term equals
Os(u, yv) = (Iﬁ;;lu, xv) = (Os 4u, xv) (note that yv € W(B,q)(Q) ﬁdom((‘_)*) since
v is, and that u € dom((s 4)).

Combining these estimates gives that

[{T5.4 Gew), v)| < (105 guell + Tl D)llv]) (3.35)

This says that if (3.34) is satisfied, then yu € dom(Os 4), and
106,4 G ll < 18s,qull + llulln < 10s,qull + 1O qull < [10s,qull.  (3.36)

The first inequality holds because of (3.35) and the fact that W(%) q)(SZ) N dom(é*) is

dense in éﬁ%o, 2 (€2), the last inequality in (3.36) holds because u € dom([s 4). Note
that once it is known that yu € dom(O;s ,), Os 4 (%) can be computed according to
(3.22).

From this first observation, we conclude that in order to prove (3.30), it suffices to
consider forms supported in a special boundary chart. To see this, start with a partition of
unity {y; } of a neighborhood of b2 subordinate to a cover by special boundary charts.
For j fixed, choose a function ¥; € C*(£2) and compactly supported in the special
boundary chart associated with y, that equals zero on b 2 and whose normal derivative
0y /dv satisfies ((1/2) + 8)(0vy;/dv) = —((1/2) + 8)(dy;/dv) — (1/2)iIm L, x;
on b Q2. Then the functions y; + v are compactly supported in the respective special
boundary chart, and they satisfy (3.34). Consequently, (y; + v¥;)u € dom(Os 4), and
(3.36) holds. Because 1/2 <[> . (x; + ¥;)| < 2 near b2, we have for a suitably
chosen ¢ € C5°(R2)

hellz S loulla + D 1 + ¥pulla < Julls + 10s.qull S 1Dsqull.  (3.37)
J

assuming that (3.30) holds for forms supported in a special boundary chart. We have
also used the interior elliptic regularity for (s , (in view of (3.22)), as in (2.83), and
again the estimate ||u|; ~ ||If|;:1u||f < ||8s,4u (in the last inequality in (3.37)).
So assume now that u is supported in a special boundary chart. We first esti-
mate tangential derivatives. To this end, we employ the classical method of obtaining
uniform estimates on difference quotients. These estimates will then imply that the
corresponding derivative actually is in £2, or in the appropriate Sobolev space (see e.g.
[122], Theorem 3, Section 5.8; [124], Theorem 6.21). Choose coordinates as in the
proof of Proposition 2.3, that is, (f1,...,%,—1) are coordinates on the boundary and
r is the transverse coordinate. Sobolev norms may be computed and estimated in the
local coordinates. Denote by D j}-’, 1 < j < 2n—1, the difference quotient with respect
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to ¢, acting on forms coefficientwise in a special boundary frame associated to the
special boundary chart. Then Dh preserves both dom(a*) and W, }) )(Q) This is clear
for Wo q)(Q) For dom(8 ), it can be seen as follows. The coefficients of forms in

Wo. q)(SZ) have traces on b2 in W'/2(h Q). The arguments from Chapter 1 (see (2.9))
apply also in this more general context to show that u € W(}) 2 (R)isin dom(8 ) if and
only if the normal component (defined via the traces of the coefficients) vanishes on
the boundary. This last property is preserved under translations in the (1, ...,%,—1)
variables, hence under D]}.‘. (Note that to see that the trace is zero, it does not matter
whether we take the trace in €2 or in the local coordinates.) For u € dom(Os ), we
want to estimate ||D]}.’u l1, uniformly in 4. We do this by estimating the (equivalent)

norm in X of ﬁqu/’.’u. We have

|(Ii|-E:1D;‘u, v)| = |(5D;’u, dv) + (E_)*D;’u, 5*1}) + 5|(VD;’u, Vv)|

< lullillvlly + |(DFou. dv) + (D13 u, 3" v) + §|(DIVu, Vo)
(3.38)

We have used that D]’.’ applied to a function smooth up to the boundary is bounded
uniformly in & (by the mean value theorem) in order to estimate the commutators

between Dh and 0, Z_)* and V, respectively, applied to u. In the second line of (3.38),

the D /h can be moved to the other side of the inner products as D~ —h plus a O-th order
term. This can be seen by writing the inner products as 1ntegrals over R” in the
variables (t1,...,t5—1,7), where R” denotes the half-space where r < 0. Upon also

commuting Dj_h with 5, Z_)*, and V, respectively, we obtain

(G54 01w, )| < lullillvll + 105G, D))
= lullsllvlls + |(Ts.q1. D7) (3.39)
< ullallvls + 135 gull| D],

with a constant that does not depend on . We have used again that difference quotients
of a function smooth up to the boundary are bounded uniformly in . More generally,
when f € W, then the difference quotients D jh are bounded in £2 (uniformly in A),
see for example [206], Lemma 7.5.6, [124], Theorem 6.47 (and its proof). In particular,
the last term in (3.39) is bounded by ||Os 4u||||v]|1. Taking also into account that |[u ||

is dominated by |||f|;;1u | . hence by ||Cs ,ull, we have that

(T5.4 D, v)| < 1105 gullllv]l1, (3.40)
so that .
ID}ull S 1054 Dl g < 105 gull, (3.41)

again with constants uniformin /. Since j is arbitrary, (3.41) implies that the tangential
derivatives of u are all in W' (), and that ||Vzu|; < [|Os4u|l, where Vru denotes
the gradient with respect to (¢1, ..., %2,—1) (see again [124], Theorem 6.47).
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To estimate the full Sobolev norm, observe that |[u|> < ||[Vru|i + [0%u/0v?|.
Writing A in terms of tangential and normal derivatives in our local coordinates, we

have
2n—1

2 1agad 1 ( D
A=y 080 ik —), 3.42
02 " 2gavan T Z a8 Ve, 042)

where (g1 ) gives the Riemannian metric mduced on the level sets of r by the (standard)
Euclidean metric in C”, (g/%) = (gjk)_l, and g = det(g;x). Combining (3.42) with
(3.22) shows that ||d%u/dv?|| is dominated by | 0s 4u| + [[u|l1 + |V7ul|1, and thus,
by what was shown above, by ||Os ,u||. Therefore, we have shown (3.30).

The next step in the proof of Proposition 3.5 consists of an induction to lift (3.30) to
higher norms with integer index. We assume that for an integer k > 0, there is a constant

Cs kg such that if u € dom(s ;) and O ju € W, (0 )(Q) then u € W(Ifff(Q), and

[Os gtk (3.43)

lullk+2 < Cs.k.q

(3.30) corresponds to the case k = 0. We must show that (3.43) holds with k replaced
by k 4+ 1. The argument that it suffices to consider forms that are supported in a
special boundary chart is essentially the same as above: in (the analogue of) (3.37) one
uses the induction assumption (3.43) in lieu of |ju|; < |||f|;;1u||f. So assume that
u € dom(Os ), Os qu € W(ISJ;; (€2), and u is supported in a special boundary chart.
We want to apply (3.43) to Djhu. For this, we must know that Djl.’u € dom(Os 4).
This is the case if the local coordinates are chosen carefully. Namely, we can choose
(t1,...,t2n—1) so that Im L, corresponds to d/dt,,—1 (since a single vector field can
always be straightened). By the induction assumption, u € Wk+2(Q) withk +2 > 2.
Therefore, the coefficients of u and their first order derivatives have traces on b 2 which
are in W5+t1/2(pQ); the same holds for DJ’.’u. As above, D}’u € W(})jq)(Q) Ndom(3").
The arguments that led to (3.23) work with boundary values taken in the sense of traces
as well, and to see that Dj}.’u € dom(Os 4), it suffices to see that Dj’.’u satisfies (3.23)
with boundary values taken as traces. Now d/dv ~ d/dr commutes with D;‘, and by

our choice of coordinates, so does L, ~ a/or +a(ty,...,tan—1,r)d/dtrn—1 at points
of the boundary (because a(ty,...,t2n—1,0) = —i). Therefore

(0D"u)nom + 80D/ 9v)1an

. (3.44)
= D} ((0u)norm + 8(3u/0v)1an) mod V7 (tporm) 0N b2,

where V7 (upem) denotes tangential derivatives of the normal component of u. Be-
cause U € dom(é*), these latter derivatives are zero on the boundary. Because
u € dom(s 4), (01 ) norm +8(d14/ V) 1an is zero on the boundary, so that the first term on
the right-hand side of (3.44) is zero as well. This shows that Dj}.‘u € dom([s 4). The
rest of the argument is standard: the induction assumption (3.43) gives (with constants
uniform in A):

1D} ulle+2 S 1056 D ullk < lullksa + 10705 gulle S 105 guller (345



62 3. STRICTLY PSEUDOCONVEX DOMAINS

Consequently
[Vrulk+a < Cs k41,4106 gullk+1- (3.46)

It remains to estimate ||0%*3/0v5+3u| < |]02/0v%u||x+1. This is done again using
(3.42). This completes the induction and the proof of Proposition 3.5 when s is a
non-negative integer.

The final step in the proof consists of noting that the result for general s > 0 follows
from that for integer s by interpolation of linear operators. The Sobolev spaces form a
so called interpolation scale; as a result, an operator that is continuous from W%/ (€2)
to W4 (Q), j = 1,2, is also continuous from W?s1+0=9)s2(Q) 1o wn+0-Ne2 (),
0<% <1 (sayfors;,t; >0, j = 1,2). For this, see for example [215], Chapter 1,
[294], Chapter 4; the reader interested in a thorough treatment of interpolation in its
own right may consult [33]. This result carries over to the Sobolev spaces of forms;
in particular, continuity of Ns , from W(k,q)(Q) to W(](‘)“(Q) for all integers k > 0

0 )
implies continuity from W(ﬁ:’)9 () to W(’(‘)Z?JFZ(Q), 0 < 9 < 1. This completes the
proof of Proposition 3.5. O

We are now ready to prove Theorem 3.4.

Proof of Theorem 3.4. Letu € C (%oq)(S_Z). Then by Proposition 3.5 and the Sobolev

imbedding theorem, N5 ,u € C (%"q)(S_Z). We will first show the estimates (under this
assumption)
[Ns qullk+1/2 < Crgllullk—1/2. k=12,... (3.47)

with Cy , independent of S. The restriction k > 1 takes care of some technicalities
that would otherwise arise. We have, again by the Sobolev theory of the Laplacian,

2 2 2
||N8,q”||k+1/2 S ||AN8,qu“k_3/2 + ”N&qu”k,bgz

(3.48)
< ||”||i—3/2 + [ Ns.qul% -

To estimate || Ns 4ulx,»q. We consider vector fields that are tangential at the boundary
and let them act coefficientwise in special boundary frames. More precisely, returning
to coordinates in a special boundary chart like the ones used in the proof of Proposi-
tion 3.5, we let 7; denote one of the 9/0¢;, 1 < j < 2n—1, but multiplied by a suitable
cutoff function so that it is defined on Q. It then suffices to estimate || 7% Ns 4ul0.5 >
where @ = (a1,...,d2,—1) is a multi-index of length k, T% = Ty ... T,2"7", and
the 7; are as described. Note that 7% Ns 4 is then also in dom(3”). In the following
estimates, all constants are independent of §, unless otherwise indicated. (3.1) and
(3.2) give

- =k
IT* N5 qullg po < 19T N5 gull* + [0 T* N5 qull?
< QS(TaNS,qu: TaNS,qu)-
The right-hand side of (3.49) is dominated as follows:

(3.49)

Q5(T*Ns qu. T* N5 qu) < [(T*u, T* Ny qu)| + | Ns qulz: (3.50)
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this is a special case of Lemma 3.1 in [201] (or see Lemma 2.4.2 in [125]). We postpone
the proof of this special case and continue with the proof of Theorem 3.4.

We would like to estimate |(T%u, T* N5 4u)| by |[u|lx—1/2||N5,qullk+1/2. This re-
quires some extra care because derivatives of order k do not in general map Wk=1/2(Q)
to W_I/Z(Q) (see [215], Section 12.8, Chapter 1, for a discussion of this). However,
tangential derivatives are not a problem. We indicate how to obtain the desired estimate.
Duality between W~1/2(R2"~1) and W 1/2(R?"~1) gives, for suitable ro:

[(T%u, T N5 qu)|

0
< [ (-, 1) ||Wk—1/2(|R2n—1) | Ns gu(-,r) ||Wk+l/2(|RZn—l) dr (3.51)
,

0

0
=Y ST —y
ro

where the norms have their obvious meaning. The two terms in the second line of
(3.51) are the norms of u and of Nj,u, viewed as elements of £%([ro,0]) with
values in W5=1/2(R27=1) and £2([ro,0]) with values in W*+1/2(R27~1) respec-
tively. It now suffices to observe that these norms are dominated by ||u|[x—;/2 and
| Ns.qullk+1/2, respectively. (For example, use a continuous extension operator to
R2"; for compactly supported functions in R?”, the corresponding statement is ob-
vious from the description of the Sobolev spaces via the Fourier transform.) Thus
|(T%u, T*Ns qu)| < llulle—1/2[1Ns qullk+1/2-

Combining this estimate with interpolation between || N5 4u|lx+1/2 and || N5 4u|lo
(i.e., [ N5 qullZ < s.c.||N5,qu||i+l/2 + Lc.|| Ns qu||3, see [215], Theorem 16.3, [124],
Chapter 6, Section A, [148], Theorem 7.28) gives that the right-hand side of (3.50) is
dominated by

1/2 1/2

0
(/ ”Nﬁ,qu('ﬂr)||%[/k+1/2(|]32nl)dr) )
’

0

lulli—1/20 Ns.gulli+1/2 + .| N5 gulli 41/ + Lellullf
/ q / q“llk+1/2 0 (3.52)

2 2
< s.c.||N3,qu||k+1/2 + 1-C-||”||k—1/2’

where s.c.and l.c. denote a small and a large constant, respectively. The boundary of
2 can be covered by finitely many boundary charts, and we have estimates (3.49)—
(3.52) for each of these charts. Adding up these estimates, combining with (3.48), and
choosing s.c. small enough lets us absorb || Ns ,u ||,2C +1/2 into the left-hand side of the
estimate. The estimate we obtain is (3.47).

This was for u € C° (Q) (hence Nsqu € CQ° (Q)), but since C® (Q) is

_ 0,9) (0,9) 0,9)
dense in W(’;_qy 2(9), and Nj , is continuous in SC%O 2 (Q2), it follows that (3.47) for k
fixed, holds for all u € Wk_l/z(SZ).

0,9)
We now claim that N, inherits these estimates ‘upon letting § — 07. The proce-
dure is the following. Take u € Wk_l/z(Q). Then {Ns 4u | 0 < § < 8o} is a bounded

0,9)
set in W(If);;/ Z(Q), because the estimate (3.47) is independent of §. Consequently,

there is a subsequence {Ns, ,u} that converges weakly in wkt1/2

©0.) (R2) to a limit, say u
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asn — oo. Of course ||t ||x+1/2 < Ck gllullk—1/2- Butit = Nyu. This can be seen as

follows. If Ns, qu — 1 weakly in W(OJF; 2(Q) then first derivatives of N, ,u con-
verge weakly to the corresponding first derivatives of #f in £2(2) (as k > 1). From this

observation it follows easily that i € dom(('_i*). Now take v € W(}) q)(Q) N dom(E_)*).
Then

O(Ngu,v) = (u,v) = Qs(Ns qu,v), (3.53)

by definition of N, and Nj 4, respectively. Furthermore, the last term in (3.53) tends
to Q(1,v) as n — o0, by the observation about the weak convergence of derivatives
of Ng, qu. Therefore, (3.53) gives, upon letting n tend to infinity, that O (Ngyu,v) =

Q(,v). This in turn implies Nyu = i, because W(}) »HE)N dom(E_)*) is dense

in dom(d) N dom(é*), by Proposition 2.3. This completes the proof of the Sobolev
estimates (3.16) for Ny fors =k —1/2,k = 1,2, ..., and the case k = 0 is covered
by Proposition 3.1.

The estimates for ||5Nq|| % and ||5*Nq||k follow from those for | Ny||x and the
proof of Lemma 3.2. Take u € C(%f q)(S_Z). Then, by what we have already shown,

Ngu € C§, )(Q). In the proof of Lemma 3.2 for estimating [|dNgullx + 18" Nyt k.
|u||x enters only in estimating the term (7% N u, T%u), which there is estimated by
| Ngullk|lu| % Ifinstead we use (3.51) (and the discussion following it), we can estimate
the term by || Ngu k417211 llk=1/2 < ||u||i 1/2 (by the estimate for Nqu). A density

argument as above extends these estimates to all of W(](c) 1)/ 2(SZ).

The estimates at all levels s in (3.16) and (3.17) follow by interpolation from those
shown (although the index —1/2 requires caution, W ~'/2(Q) interpolates ‘correctly’
with Wk=1/2(Q), see for example Theorem 12.5 in [215]).

It remains to prove the estlmates in (3.15). They are consequences of what s already
proved for u € dom(d) N dom(8 ), write u = =20 Ngu + 3 8Nqu = 8Nq 10U+
3 Nyt du and apply (3.17). Actually, there is one case that is not formally covered by
this; when ¢ = 1, the d-Neumann operator N arises, which we have not discussed (but
see [81]). To avoid using No, we can write @5* Niu = (N 5)5*14; recall from Chapter 1
that N1 0, originally defined only on dom(d), extends as a continuous operator to all of
282(52) Now one checks along the lines of the ideas above that this operator satisfies
[N10v||k4+1/2 < [[v]|x. This completes the proof of Theorem 3.4, subject to the proof
of (3.50), which we will address after the following remark.

Remark. In proving Theorem 3.4, one can work directly with Sobolev spaces of
general real index. (3.48) remains valid, and one can then use tangential Bessel potential
operators in (3.49) for the norm on the boundary; see the appendix in [125] for the
relevant properties of these operators. The arguments above carry over essentially
verbatim.

The proof of (3.50) will involve commutators between an operator A and powers
of an operator 7. The following purely algebraic formula is very useful for dealing
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with such commutators (see e.g. [103], Lemma 2, p. 418):

k
[A.TF] = ( ]j‘ )...[[A.T].T].... T T*
j=1

Jjfold

i (3.54)

=3 ’J‘ VTR L ALT).T].... T].

Jj=1

j-fold

To prove (3.54), write AT = TkA—I—Z;:(l) T/[A, T]T*=/~1, obtained by commuting
Tk past A, one factor T at a time. Successively commuting all factors of 7' to one
side of the commutator in each term of the sum produces iterated commutators, and
keeping track of how many j-fold iterated ones there are gives (3.54).

To establish (3.50), we use a now familiar strategy: we commute 7% with 9, 5*, and
V, and integrate by parts in order to make a term of the form Qs(Ns 4u,v) = (u,v)
appear. Thus

Q5(T%Ns gu, T* N5 qu) = (9T*Ns qu, dT* N5 qu) + (8" T N5 qu,d T* N5 4u)
+ 8(VT*Ns qu,VT*Ns qu)
= (T®Ns qu, dT* N5 qu) + (T*d" Nj qu,d T*Ns 4u)
+ 5(T°‘VN5,qu, VT"‘Ng,qu)
1
+ O(INs qull§) + 5 Qs (T* Ny qu, T* Ny gu).
(3.55)
The last term in (3.55) can be absorbed into the left-hand side. The O(-)-term has
constants independent of §. The sum of the first three terms on the right-hand side of
(3.55) equals
(ONs qu. (T*)*3T N5 qu) + (3" N5 qu, (T%)*3" T Ns qu)

3.56
+ 8(VNs qu, (T*)*VT*Ns 4u), (330

where (T%)* denotes the £2-adjoint of T%. This is again a tangential operator of
order k. Now

(ONs qu, (T*)*dT* N5 4u)
= (N3 qu, [(T*)*, 9] T*Ns 4u) + (N5 qu, 0(T*)*T* N 4u)
= (ONg qu, [(T*)*, 3], T*] N5 qu) + (N5 qu, T*[(T*)*, 8] N5 qu)
+ (N5 qu, d(T*)*T* N5 4u)

(3.57)

We analyze the commutator in the first term on the right-hand side of (3.57). (3.54)

with 4 = [(T%)*, 9] gives that [(T%)*,d]T* = (T, [(T*)*,d] + terms of the form
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T,V By )T2 .. TS, where By j, is an operator of order k and 1 < j; < a.
We can continue in this fashion with Tza 2 etc., to obtain that [[(T"‘)*, E_)], T"‘] is a sum
of terms of the form 74 Bg, where Bg is an operator of order k and |B| < k — 1.
Integrating T2 by parts to the left side of the inner products shows that the first term
on the right-hand side of (3.57) is dominated by || N5 qu [|x—1 ]| Ns,qullx S || Ns,qu ||,2c

In the second term on the right-hand side of (3.57), we integrate 7% by parts to
the left and commute it with . Modulo error terms that are O(||Ns ,u ||i), this term
therefore equals, in absolute value,

(T N5 qu, [(T*)*, 0] N gu)|
< 5.c.| 0T Ns gul* + L. Ns gu|? (3.58)
<5.¢.05(T* N5 qu, T* N5 qu) + Lc.|| Ns gull7.

The first term on the right can be absorbed into the left-hand side of (3.55).

Similar arguments apply to the other two terms in (3.56). This leaves us with
the sum of the third term on the right-hand side of (3.57) and its analogues for
3" and V (coming from the second and third term in (3.56)). This sum equals
Os(Ns qu, (T*)*T*Ns qu) = (u,(T*)*T*Ns qu) = (T%u, T*Ns 4u). This com-
pletes the proof of (3.50) and of Theorem 3.4. O

Theorem 3.4 is sharp in the following sense: if (3.15) holds for (0, 1)-forms, then
the domain is necessarily strictly pseudoconvex Namely, we then have |[ull g2 q) <
lullij2 + [[Aull-1 < l|u| + ||8 u|| for a (0, 1)-form u € dom(a )N Ca l)(Q).
Here, we have used that although the trace is not generally defined on W/, (2), it is
on functions whose Laplacian is in W~1(Q), and it satisfies the estimate in the first
inequality. (This is a standard consequence of the elliptic theory of the Laplacian: write
U = U1 + u,, with u; harmonic and u, € Wo1 (R2), cf. [215]). Therefore an estimate
called ‘the basic estimate’ in [125], page 22, holds. By Theorem 3.2.2 in [125], this
implies that €2 is strictly pseudoconvex. (Note that here €2 is assumed pseudoconvex;
therefore the possibility that the Levi form has ¢ + 1 = 2 negative eigenvalues, also
allowed by Theorem 3.2.2, cannot occur.)

Remark. One can say more if one considers nonisotropic Sobolev spaces (i.e., dif-
ferent ‘numbers of derivatives’ in different directions). For example, if €2 is a smooth
bounded strictly pseudoconvex domain, u € dom(é)ﬂdom(é*) C éﬁ%o,q)(Q), and X =
> i—1a;(3/dz;) is a smooth vector field on Q such that > i1 (p)(dp/3z;)(p) =0
for each boundary point p, then

1Xu))? < Cx (3u]? + 8 u|?): (3.59)

that is, [|0ul| + ||E_)*u|| controls a full derivative of type (1,0) in complex tangential
directions. Since all derivatives of type (0, 1) are dominated by || du|| + || 3 u | (in view
of (2.46) and the remark following the proof of Lemma 2.6), we obtain that all complex
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tangential derivatives are dominated by | du|| + ||E_J*u | (but only half a derivative is
when all directions are allowed). The derivation of (3.59) starts with integration by
parts as in (5.46) in the proof of Lemma 5.6. The computation there shows that

1Xul® = (| Xu® - L([Y,X]u)ﬁ + O (UIXull + 1 Xul)Jull) - (3.60)

The term || Xul|||u]| < s.c.||Xu|> + l.c.|Ju||?> can be absorbed (note that in view of
Proposition 2.3, it suffices to prove (3.59) for forms smooth up to the boundary, so that
the norms involved are finite). By Lemma 2.6 and Proposition 2.7, || X u||% + || X u/||||u||
is dominated by the right-hand side of (3.59). The remaining term fQ([)? , Xu)u is
dominated by ||u ||% J2b this is analogous to the discussion concerning the first term on

the right-hand side of (3.50) above, because [X, X] is a tangential first order operator.
By Proposition 3.1, ||u ||% /2 is dominated by the right-hand side of (3.59), and we are
done.

_ One can now modify the methods in the proof of Theorem 3.4 to obtain that the
d-Neumann operator gains two complex tangential derivatives (on a strictly pseudo-
convex domain). Just as in the isotropic case, the nonisotropic estimates hold for
£2-Sobolev and Holder spaces as well, but their proofs require machinery that is
considerably more sophisticated ([151], [15], Remark 2 on page 187).

3.4 Pseudolocal estimates

The estimates in Theorem 3.4 are strong enough that they localize, modulo a weak
global term. Such estimates are called ‘pseudolocal’ estimates; they go back to [188],
[190] (compare also [201]).

Theorem 3.6. Let 2 be a bounded strictly pseudoconvex domain in C" with C*
boundary. Let 1 < q < n, and fix two smooth cutoff functions @1, @2, such that ¢, is
identically equal to one in a neighborhood of the support of ¢1. For every s > 0, there
exists a constant C so that the following estimates hold for every (0, q)-form u:

- — % - =%
lprullsi/2 < Clllp20ulls + ll929 ulls + |9l + [0 ul)),

_ . (3.61)

u € dom(d) N dom(d );
o1 Ngulls+1 < Clloaulls + llull: (3.62)
lordNgullss12 + @10 Ngrllsi1/2 < Cllgaulls + [lull. (3.63)

Remark. One can also obtain pseudolocal estimates for P,_; from those for R
details are in Remark (iv) after the proof of Theorem 5.5.

Proof of Theorem 3.6. We first show (3.61). Note that ¢;u € dom(d) Ndom(d"). The
estimates in the proof of (3.61) do not involve absorbing terms; they are genuine in
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the sense that the left-hand side is finite (i.e., the forms are in the Sobolev space in
question) when the right-hand side is. Theorem 3.4 gives

= o
lprulls+1/2 < 19(pr)lls + 110" (@22 5

_ ., (3.64)
S lgrdulls + lo10 ulls + [l xaulls,

where y; is a cutoff function equal to one in a neighborhood of the support of ¢;
and with support contained in the set where ¢, is equal to one. The last term on the
right-hand side of (3.64) is of the same type as the term on the left-hand side, but with
the Sobolev index lowered by 1/2. We can therefore argue inductively to obtain

_ —x - —%
lo1ulls+1/2 < loioulls + @10 ulls + [ x10ulls—1/2 + [ x10 ulls—1/2 + -+
= x
st e Oulls—ky2 + I xk0 wlls—k/2 + | X+1ulls—k/2  (3.65)
- — % - =%
< ll20ulls + llo20 ulls + [[0uflo + || ullo,

where k is the first integer such that0 < s —k/2 < 1/2andthe x;,2 < j <k +1, are
nested cutoff functions chosen so that y; equals one in a neighborhood of the support
of y;—1 and such that ¢, equals one on the support of yx4. The last inequality in
(3.65) follows from the support properties of the cutoff functions (|| x;0ulls—;» =
||)(j(p25u||s_j/2 < ||gazéu||s_j/2 < |l¢20u||s; multiplication by a smooth function is
continuous in Sobolev norms) and from Theorem 3.4 (or Proposition 3.1).

We now prove (3.62). We may assume without loss of generality that ¢; and ¢,
are supported in a special boundary chart. In such a chart, we use coordinates as in
the proof of Proposition 3.5 or in the proof of Theorem 3.4. The tangential Bessel
potential operators A are defined via the Fourier transform in the tangential variables
(t1,....tan—1). Thus, for f supported in the special boundary chart, and in £2(%2),
set

~ . 2n—1 _ ..
f(Tlv--szn—l:r):fz 161(21=1 rftf)f(ll,...,l‘zn_l,r)dV(l],...,l‘zn_l).
R21—

_ (3.66)
f canbe recovered from f via the Fourier inversion formula in the tangential variables.
Now define A® via

ANt tome1r) = (1 + 22 f(ri, ... Tane1, 7). (3.67)

Note that while A° f is still supported in R” , its support in general is no longer compact
(in (t1,...,Tan—1)). For properties of the operators A®, we refer the reader to the
Appendix of [125], where they are discussed in detail. The reason we need these
operators here is that they control the Sobolev norms with respect to the tangential
variables. For forms, A% acts coefficientwise (in the special boundary chart we are
working in). In particular, for u as above, [[u|[spq =~ [|A*u(-, 0)| g2(g2n—1y. Choose
a cutoff function y whose support is contained in the set where ¢, equals one and
which is equal to one on a neighborhood of the support of ¢;. We first prove (3.62) for
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u € C(%oq)(S_Z). Note that then also Nyu € C(C(’)oq)(S_Z), by Theorem 3.4. We have for
s >0,

o1 Ngulls+1 S 1A(@1 Ngu) [ls—1 + llo1 Ngulls 172,00

(3.68)
< lerulls—1 + [lxNgulls + |AST 20 Ngu (-, 0) || g2 g2n—1y.-

We have used here that if ¢ is a derivative of ¢;, then 0 = oy, so that |[oNguls <
| xNgulls. As always, we also freely use the fact that Sobolev norms are equivalent
under diffeomorphisms, so that it is immaterial whether norms are taken on €2 or on R2%.
In order to proceed, we need to ‘change’ the last term in (3.68) to one that is supported
in the boundary chart we are working in, so that the form corresponds to a form on
Q. To this end, observe that yASt1/2 maps forms supported in our special boundary
chart to such forms, and that y AST1/2¢, Nyu — ASTV20 Nyu = [, AST1V2]p; Nyu
(because y¢; = ¢1). The commutator [y, AST1/2] is a (pseudodifferential) operator
of order s — 1/2 (see the Appendix in [125]). Consequently, (3.68) gives

lorNgulls+1 S llorulls—1 + | xNgu|
a=ls s s (3.69)

+ XAV 20 Naullopa + Il Ngttlls—1/2.p0-

Estimating the last term on the right-hand side of (3.69) by |1 Ngu||s + | Ap1 Ngu ||s—1
(using the same version of the trace theorem as in the discussion preceding the statement
of Theorem 3.6; the (s — 1)-norm, rather than the (s — 2)-norm, is to cover the case
where s — 2 is less than —1) shows that it is dominated by the first two terms on the
right-hand side of (3.69). With respect to the second to the last term on the right-hand

side of (3.69), note that y A**1/2¢; N u isin C&o (Q)Ndom(d"): yAS+1/2 preserves

smoothness up to the boundary (since A*+'/2 preserves C*°(R2"~1), and it suffices to
check that the normal component vanishes on the boundary to confirm membership in

dom((‘_i*). Thus we can use (3.1) and (3.2) to bound this term. In summary, we obtain

”‘pquu”s-i-l < lerulls—1 + ”XNqu”s

(3.70)
+ QAT 20 Nyu, yASTV20, Nyu).

An estimate analogous to (3.50) holds for the last term in (3.70), at the expense of
possibly ‘enlarging’ (the support of) the cutoff function y. This is verified in the same
way as (3.50), but paying attention to supports and using commutator properties of
the tangential Bessel potential operators analogous to the corresponding properties for
differential operators ([125], Appendix) (or see Lemma 3.1 in [201], Lemma 2.4.2 in
[125]). So choose y; identically equal to one in a neighborhood of the support of y
and supported in the set where ¢, equals one. Then, as in the proof of Theorem 3.4,

Q()(ASH/Z(pquu, )(AsH/z(p]Nqu)
SN P g A 2o Ngw) | + [ N34
< lenlsllor Noulls + I NoullZ
< sellgnNgullZ iy +Lelol? + 0 Ngul 2y -

(3.71)
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Combining (3.70) and (3.71) gives, after absorbing the term s.c. || Nyu ||?Jrl into the
left-hand side,

o1 Ngulls+1 < llorulls + I x1 Ngulls+1/2- (3.72)

As in (3.64), the second term on the right-hand side of (3.72) is of the same kind as the
term of the left-hand side, but with the Sobolev index lowered by 1/2. An induction
similar to the one used to derive (3.65) from (3.64) gives

o1 Ngulls+1 < lloaulls + | xk+1Ngulls—k/2—1/2

S lg2ulls + INqulls < llo2ulls + llullo,

(3.73)

where k is the first integer such that 0 < s —k/2 —1/2 < 1 and yx+1 is a suitable
cutoff function supported on the set where ¢, equals one. The last inequality in (3.73)
comes from Theorem 3.4 ((3.16) for s = 0). This concludes the proof of (3.62) when
u is smooth on the closure of 2.

For general u, we use an approximation argument in combination with splitting
u into a part near the support of ¢; and a part away from that support. Choose a
cutoff function y so that ¢, x, and ¢, are nested. Also choose a sequence of forms
U, € C(%‘:q)(f_Z) such that u,, — u in éﬁfo’q)(Q). Then (since the supports of y and
@1 are disjoint) by the case of (3.62) already proved, [[¢1 Ng(1 — x)(Un — um)[ls+1 <
(1 — y)(uy — um)|lo (With the constant independent of n,m). Consequently, the

sequence {¢1 Ny (1—y)u,}52 , is Cauchy in W(i)‘zl) (£2). Since it converges in :C%O 2 ()

t0 1 Ng (1= )u, 1 Ng(1=)u € Wit 5(2), and |91 Ng (1= 0)ulls+1 < |(1=x)ullo-
Combining this with the global estimate from Theorem 3.4, applied to ||¢1 Ny (u)||s+1,
gives the desired estimate:

||§01Nqu”s+1 = ”‘pqu(Xu)”s-i-l + ”‘pqu(l — Oulls+1
< lxulls + 1= 0ullo < llpaulls + llullo

(3.74)

(since yu = ygau).

It remains to prove (3.63). This can be done along the lines of the proof of the
corresponding statement in Theorem 3.4, i.e., by modifying the proof of Lemma 3.2
in a similar way, by arguments that are by now familiar. Consequently, the details are
left to the reader. This completes the proof of Theorem 3.6. (|

Remarks. (i) The reader has probably noticed that it is not necessary to formulate
and prove Theorems 3.4 and 3.6 separately: one can prove (the stronger) Theorem 3.6
directly (still using elliptic regularization). However, breaking up the proof into the
global part and then the localization may more clearly show what the issues are at each
step.

(i1) Scrutinizing the proofs of Theorems 3.4 and 3.6 shows that in Theorem 3.6, it
suffices to assume that the smooth domain €2 is strictly pseudoconvex on (and hence
in a neighborhood of) the support of ¢;.

(iii) (3.62) was derived from (3.72) by a rather obvious induction. It is interesting
that there is a more sophisticated iteration scheme that allows to have the global term
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with a norm of negative index; this is not obvious, because (3.72) is available only for
s > 0. For this, see Appendix A in [41].

The estimates in Theorems 3.4 and 3.6 are subelliptic estimates: there is a gain
in Sobolev norms, but it is less than the order of the operator. More generally, the
d-Neumann problem is said to satisfy a subelliptic estimate of order ¢ for (0, ¢)-forms
at a boundary point P, if there is a neighborhood V' of P such that for all (0, ¢)-forms
u supported in V N Q and smooth there, the following estimate holds:

lulle < C|3u|l + 107 ul)), u € dom(d) N dom(d"), (3.75)

where C does not depend on u. Of course, ¢ > 0, and from what was said above,
e < 1/2. Work of D’Angelo ([87], [89]) and Catlin ([66], [67], [70]) provides a
characterization of when a subelliptic estimate holds, in terms of the geometric notion
of finite type. For ¢ = 1, the appropriate notion of finite type of a boundary point
P is that there should be a (finite) bound for the order of contact with b2 at P of
one-dimensional analytic varieties. Then a subelliptic estimate holds at P for (0, 1)-
forms if and only if P is of finite type. A subelliptic estimate implies the pseudolocal
estimates from Theorem 3.6, but with gains of €, 2¢, and ¢, respectively. As in the
& = 1/2 case, these estimates go back to [201]; they can be proved along the lines of
the argument above. In addition to the references given so far, the reader may consult
[69], [92], [94], [95], [168], [278], [236], [156], [71], [73], [180] and their references
for further information on subellipticity and finite type.

3.5 Singular holomorphic functions

We conclude this chapter with another application of Z_J—techniques to several complex
variables: existence of holomorphic functions with singular behavior at a specified
boundary point P.

Theorem 3.7. Let Q2 be a smooth bounded strictly pseudoconvex domain, P € bQQ.
Then there exists a holomorphic function f on 2, smooth up to the boundary except
at P, withlimgs;p | f(2)| = oco.

Proof. We follow [188], Section 9. Denote by p a defining function for £ which is
strictly plurisubharmonic in a neighborhood of »2. Such a defining function can be
found in the form p(z) = e°?) — 1, where o is an arbitrary defining function, by
choosing the real constant a big enough; see Proposition 2.14 in [259] for details. Set

Ny &
8@ =25 (P =2 =5 2 G (D =)=z (BT
j=1 k=1

g is a holomorphic polynomial of degree 2 (called the Levi polynomial of p at p),
and g(p) = 0. The Taylor expansion of p at p together with the fact that p is
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strictly plurisubharmonic implies that the zero set of g stays outside Q near P (ex-
cept at P): there is a ball B(P, rg) s.th. {z|g(z) = 0} N Q N B(P,zy) = {P} (see
[259],Proposition 2.16 for details). Choose a cutoff function y € C§°(B(P, ro)) with
x = 1on B(P,r9/2). Then

=03 (x(1/g) (3.77)
is in C(o 1)(Q). By Theorem 3.4, there is h € C () with dh = a. Set
f(2) = h(z) — x(2)(1/8(2)). (3.78)

/ is holomorphic on Q (3 f = 0), and f is smooth up to the boundary except at
P (since both & and y(1/g) are). Because & is also smooth up to P, we have that
lim;—p | f(z)] = oo, and Theorem 3.7 is proved. |

Remarks. (i) Starting from Theorem 3.7, methods of classical function theory allow
one to find holomorphic functions on €2 that cannot be continued past any boundary
point: €2 is a domain of holomorphy. Furthermore, the classical methods also yield
that the union of an increasing sequence of domains of holomorphy is a domain of
holomorphy (this is the Behnke—Stein Theorem, cf. [19], [20], and [301], Section 16,
Chapter III). Consequently, Theorem 3.7 (in tandem with classical function theory)
provides another proof that a pseudoconvex domain is a domain of holomorphy, that is,
another solution of the Levi problem (compare Remarks (ii) and (iii) after the proof of
Theorem 2.16; there, we also give references to prior work and different approaches).
(i) In the above proof, we have used the boundary regularity results on strictly pseu-
doconvex domains derived in Chapter 2. While this is convenient, it is not necessary.
Observe that the form « in (3.77) is actually smooth in a neighborhood of Q: the zero set
of g stays away from  on the support of 3 y. So we can choose a smooth (even strictly)
pseudoconvex domain 2, that contains Q and such that o € C° ©o.1) (Q)) c £2 ©.1) (£21).

By Corollary 2.10, there is h € £2(21) with dh = a. By interior elliptic regularity of
d (as in (2.85)), h is smooth on 21, hence on Q. Note that to conclude that d maps onto
ker(d) C él’, 0.1) (£21), all that is needed is (2.49) (essentially Lemma 2.6) for smoothly
bounded domams Also, the interior elliptic regularity used relies on little more than
the elementary £2 theory of the Fourier transform. This proof comes from [257],
[259], Section V.1.4, except that there Corollary 2.10 (or Lemma 2.6) is replaced by an
elementary integral formula for an approximate solution operator to d. This produces
a proof of Theorem 3.7 (and hence a solution of the Levi problem) that minimizes the
machinery used.

(iii) Another interesting variant of the argument in the proof of Theorem 3.7, taken
from [192], shows that there are bounded (necessarily nonpseudoconvex) domains in
C",n > 2, where 9: £%(Q) — 15%0 1)(Q) does not have closed range. Assume only
that the domain is strictly pseudoconvex near the boundary point P, while the rest of the
boundary is not assumed pseudoconvex. Instead, assume that 3: £2(Q) — :C%O’l)(Q)
has closed range. We still have the polynomial g. By taking a sufficiently high power
of g, if necessary, we may assume that 1/g fails to be square integrable in U N Q
for any neighborhood U of P. Approximating g near P by translations of it in the
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direction of the normal at P, it is easy to see that the form « in (3.77) is in the closure
of the range of 9, hence in the range of d (which is closed by assumption). Thus there
is h € £2(R) with & = . The holomorphic function f = h — y(1/g) fails to be
square integrable near P. Now choose €2 and P such that P belongs to a bounded
component of C" \ Q (for example, 2 can be a spherical shell with an inward bump
on the inner boundary, and P a can be a strictly pseudoconvex point on the bump). In
this case, Hartogs’ theorem ([206], Theorem 1.2.6, [259], Theorem 2.1, Chapter IV)
implies that the holomorphic function f extends holomorphically past P, and so is in
particular square integrable near P, contradicting our earlier finding. Thus, for such
Q, the range of 3: £2(Q) — :C%O,l)(Q) is not closed.



4 Compactness

Let 2 be a bounded pseudoconvex domain in C”. Then we know from Chapter 2 that
the d-Neumann operator N, is continuous form :ﬁ%o, 2 (R2) to itself. In this chapter, we
are interested in the situation when Ny is compact.

Whether or not the d-Neumann operator is compact is relevant in a number of
circumstances. Examples include the Fredholm theory of Toeplitz operators ([125],
[167]), existence or non-existence of Henkin—Ramirez type kernels for solving d ([164],
and certain C* algebras of operators naturally associated to a domain ([266]). In the
£2-Sobolev theory of the -Neumann problem, the relevance of compactness histori-
cally stems from the fact that it implies regularity in Sobolev spaces (i.e., global regular-
ity, [201], Theorem 4.6 below). In addition, over the last ten years or so, it has become
increasingly clear that global regularity is a very subtle property, and there are reasons to
hope that compactness is perhaps more readily amenable to a characterization in terms
of properties of the boundary. For example, compactness may be viewed as a limiting
case of subellipticity (which gives compactness because W(S (RQ) — :62 (Q) is
compact, by Rellich’s lemma, if €2 is a bounded domain) when the gainin the subelhp-
tic estimate tends to zero, and subellipticity is indeed characterized by properties of the
boundary, namely the property of finite type (for smooth domains; see the discussion
in Section 3.4).

4.1 An application to Toeplitz operators

In the Fredholm theory of Toeplitz operators the crucial property is that commutators
between the Bergman projection and certain multiplication operators are compact.
This is an easy consequence of compactness of the d-Neumann operator. Recall that
P, denotes the Bergman projection on (0, g)-forms, i.e., the orthogonal projection
from £2 (. )(Q) onto the subspace of d closed forms. The following proposition was
essentially observed in [72].

Proposition 4.1. Let Q be a bounded pseudoconvex domain in C"*. Assume that for
some q, 0 < g < n — 1, the canonical solution operator Fl Ny is compact. Let f be
continuous on Q. Then the commutator [Py, f] is compact on £2 0.q)(82)-

Note that compactness of 5*Nq+1 follows from compactness of either Ny or Ny 1,
in view of Proposition 4.2, equivalence of (i) and (iv), below.

Proof of Proposition 4.1. The proof we give is from [142]. Assume first that f is not
only continuous on €, but that in addition f has first derivatives that are continuous
and bounded on . Letu € SE%O o () and setuy := Pgu, uz := (1— Py)u. Both P,
and (1 — P,) are continuous (they are orthogonal projections). Therefore, it suffices to
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show that [P, f]is compact on both ker(d) and ker(9)L. Now

[Pq’f]ul = quul_quul
= fur =9 Ngs1d(fur) — fus (4.1)
=9 Ngt1Bf Aur).

Since f has bounded derivatives, u; P f A uy is bounded in £2, and because
B*NqH is compact, it follows that [P, f] is compact on ker(d). On the other hand,

[quf]uz = quuz—quuz
= quuz = qué*Nq+1((_)M2 (42)
= Py(f 3 Nyg1dus — 8" fNys19uz);

the last equality follows because P, annihilates the range of 3". So we have

[Py, fluz = Py[f; 3 1(Ngs1)ua. (4.3)

Because f has bounded derivatives, [ f, 5*] acts as a bounded operator on £2, as does
P,. But Nq+1('_) = (E_)*Nq.H)* is compact, so that [P, f]is compact on ker(a)J-

Now assume only that f is in C(2). Extend f to a continuous function f on C"
(for example, by the Tietze extension theorem). Approximate f umformly onQbya
sequence of functions {gx}72, € C°°(C"). Then the gi (restricted to Q) satisfy the
additional assumption on the derivatives, so that the commutators [P, gx] are compact.
It therefore suffices to see that these commutators converge to [ Py, f] in operator norm.
But

[Py, f1—[Pg. 8kl = Pg(f —gx) — (f — 8k) Py- (4.4)

Since the operator norm on £2(£2) of multiplication by (f — gg) is max, g |(f —&x)|,
(4.4) implies that [|[Py, f]— [Py, gk]l| = O for k& — oo. This completes the proof of
Proposition 4.1. |

Remarks. (i) Proposition 4.1 is proved in [142] only under the additional assumption
on the first derivatives of f made in the first part of the proof above. The authors thank
S. Sahutdglu for pointing out this oversight.

(i1) To what extent properties of commutators between the Bergman projection and
multiplication operators, or between Toeplitz operators, can be used to characterize
compactness properties in the d-Neumann problem is open in general. However, com-
pactness of the canonical solution operator FN Ny 41 restricted to forms with holomor-
phic coefficients is easily seen to be a consequence of compactness of the commutators
[Pg.Z;].1 < j < n,see[266], Lemma 2, [142], Remark 2. Indeed, any (0, ¢ 4 1)-form
u =Y, uydz; canbe written in the formu = (1/(¢q + 1)) > Yuikdzj Adik,
and if u has holomorphic coefficients, the u; g are holomorphic. Then we get from
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(4.1) that
_Z[Pq’zj]<z/uj’Kd2K> = Zé*Nq-‘rl(déj A Z/uj,deK)
J K J K
= 5*Nq+1(z Z/ ujxdzj A dZK) 4.5)
Jj K

= (¢4 )3 Nyy1u.

For a formulation in terms of commutators of Toeplitz operators, see [184]. Re-
markably, on convex domains, compactness of this restriction implies compactness
of 5*Nq+1 (even of Ny 1; [141], Remark (2) in Section 5; see also Remark (i) after
the proof of Theorem 4.26 below). This provides, on convex domains, the characteri-
zation alluded to above.

4.2 General facts concerning compactness in the 3-Neumann problem

We now discuss some general facts concerning compactness in the d-Neumann problem.
We start with useful reformulations of the compactness property. As usual, dom(d) N
dom(d") is provided with the graph norm.

Proposition 4.2. Let Q be a bounded pseudoconvex domain in C*, 1 < g < n. Then
the following are equivalent:

() N, is compact as an operator from £> (. q)(Q) to itself;
(ia) Ny is compact as an operator from SC(O q)(Q) to dom(d) N dom(é*);

(ii) the embedding of dom(d) N dom(a ) into £? (. )(Q) is compact;

(iii) for every € > 0, there exists a constant C, such that we have the estimate

] < e(9u® + 1107 u|?) + Cellull?, for u € dom(3) N dom(d");

(iv) the canonical solution operators 3 Ng: £2 (. )(Q) Nker(d) — £2 () and

(0.g—1)
3 Ngq1: (0 q+1)(Q) N ker(d) — 26%0 )(Q) are compact.

The estimate in (iii) (actually, it is a family of estimates) is usually referred to
as a compactness estimate. Note that the constant 1 in front of ¢ is immaterial, by
rescaling of &, any function o(¢) with o(¢) — 0 as & — 0T will do. Saying that
the canonical solution operator is compact is the same as saying that there exists some
compact solution operator: compactness is preserved by projection onto the orthogonal
complement of ker(d) (which produces the canonical solution). The proposition is
essentially folklore, but see [201], Lemma 1.1 for the equivalence of (ii) and (iii),
[221], Lemma 2.1, and [142], Lemma 1.1.
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Proof of Proposition 4.2. Let j, : dom(a) N dom(8 ) — £2 (©. )(Q) denote the canon-

ical embedding where dom(d) N dom(a ) is provided with the graph norm. Recall from
Theorem 2.9 that N, = j, o jq as an operator on £2 (), and Ny = j; as an op-

0,9)
erator from 33%0 q)(Q) to dom(d) N dom(a ). Therefore, the claim that (i), (ia), and
(ii) are equivalent amounts to the claim that j, o j q* compact < jq* compact < jg,
compact. But an operator A4 is compact if and only if A* is compact, and an operator
of the form AA™* is compact if and only if both A and A* are compact.

Note that in (iv), it is equivalent to say that E_i*Nq and E_)*Nq.H are compact on
the full £2-spaces, since both vanish on the orthogonal complement of ker(d). The

equivalence of (i) and (iv) now follows from the formula

Ny = Ny + 9 9)N, = (N;0)d Ny + 9 Nyr1(Ngy19) i
=k =3k =k =% ( * )
= (0 N)*I Ny 40 Nyy1(d Nyy1)*

(see (2.72)). We have commuted 9" and § with Ny in the second term, see (2.70); the
parentheses are meant to indicate that we view N, 0 and N, 410 as bounded operators
on all of 1’, -1 (2) and SC(O )(Q), respectively (alternatively, one can observe that it
suffices to estabhsh (4.6) for smooth compactly supported forms, since such forms are
dense in 93(0 )(Q)). Both operators on the right-hand side of (4.6) are nonnegative, so
Ny is compact if and only if both those operators are compact. But again, an operator
of the form A* A4 is compact if and only if A is compact. This shows the equivalence
of (i) and (iv).

The equivalence of (ii) with (iii) is a special case of Lemma 4.3 below, with X =
dom(d) N dom(é*) (with the graph norm), ¥ = (0 q)(Q) and T the inclusion jj, :

dom(a) N dom(8 ) — £2 (o )(Q) The implication (ii) = (iii) follows from part (i) of
Lemma4.3, with Z = W © q) (£2) and with S given by the composition of the inclusions
S: dom(a) N dom(8 ) — éC(O )(Q) — W ©. )(Q) The reverse implication follows

from part (ii) of the lemma with Z, = Wo. )(Q) and S, = S for all € > 0. Note that
S is compact: by Rellich’s lemma, the second inclusion in the definition of S is. This
completes the proof of the proposition. |

The following lemma from functional analysis is very useful for dealing with com-
pactness questions in our context. It appears in the literature in various forms, compare
[201], Lemma 1.1, [215], Theorem 16.4, [93], Proposition V.2.3, [221], Lemma 2.1.

Lemma 4.3. Assume X and Y are Hilbert spaces (over C), T: X — Y is linear.
(1) Assume Z is a third Hilbert space, and S: X — Z is linear, injective, and
continuous. If T is compact, then for all € > 0 there is a constant C¢ such that

ITxlly <elxllx + CellSxllz. 4.7)
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(i1) Assume that for all ¢ > 0 there are a Hilbert space Z, a linear compact
operator S¢: X — Z., and a constant C, such that

ITxlly <elxlx + CellSex| z..- (4.8)
Then T is compact.

Proof. To show (i), assume that the family of estimates (4.7) does not hold. Then, there
is &9 and a sequence {x, |2, in X such that

ITxnlly > €ollxnlx + 2llSxallz. (4.9)

In particular, T'x, # 0, and we may rescale the x, so that || Tx, ||y = 1. Then
1> gollxnllx + nllSxnlz. (4.10)

By (4.10), {x,}52, is bounded in X . After passing to a subsequence, we may therefore
assume that {x,}52, converges weakly to a limit, say x. Because T is compact,
{Txn}5>, convergesto Tx in Y. Because || Tx,|ly = 1 foralln, |[Tx|y = 1. Also
by (4.10), Sx,;, — 0 in Z. On the other hand, Sx, — Sx weakly (the continuous
operator S preserves weak convergence). Therefore, Sx = 0, whence x = 0 (S
is injective). But then Tx = 0, which contradicts ||T x|y = 1. This contradiction
establishes the family of estimates (4.7).

To prove (ii), assume (4.8) holds. Let {x,};2; be a bounded sequence in X. It
suffices to show that it contains a subsequence whose image under 7 is Cauchy in Y.
Let ¢ > 0. Because S, is compact, there is a subsequence {x,, },20:1 such that Sx,,
converges in Z, (and so in particular is Cauchy in Z;). Then (4.7) gives

”Txnkl - Txnk2 ”Y = ”T(xnkl - xnkz)”Y (4 11)
= 8||xnkl — Xng, x + C8||Se(xnk1 - xnkz)”Zg-

Because {x, };2; isbounded in X and {S¢x,, }7= ; is Cauchy in Z, the right-hand side
of (4.11) can be made as small as we wish, say less than 1/2, by first choosing & small
enough and then k1 and k» big enough. This means that the sequence {7 x,, }7> ; has
the property that there exists Ko such that || Tx,,, — Txp, ||y < 1/2form,k > K.
Repeating this procedure produces a subsequence of {7'xy, jg=, with an analogous
property, but with 1/2 replaced by 1/3. Iteration now produces successive subse-
quences {Tx,i }%=, with the j-th one having the property that there exists an integer
Kj sothat [|Tx; —Txi lly < 1/j for ki,ka > K;. This implies that the diagonal

sequence {Tx,’;},‘;"zl is Cauchy, hence convergent, in Y. This completes the proof of
Lemma 4.3. O

_ In contrast to global regularity (to be discussed in Chapter 4), compactness of the
d-Neumann operator can be localized:
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Proposition 4.4. Let Q2 be a bounded pseudoconvex domain in C", 1 < g <n.

(1) If for every boundary point P there exists a pseudoconvex domain U such that
P e U and U N Q is a domain (i.e., connected) and Ny on U N Q is compact,
then Ny on S is compact.

(2) If U is a strictly pseudoconvex domain and U N Q is a domain (i.e., connected),
and if Ny is compact on 2, then Ny is compact on U N Q.

Proof. (1) follows from a partition of unity argument. Cover b2 by finitely many of

the open sets, say Uy, U,, ..., Uy. Let @, 91, ..., ¢ be a partition of unity on Q,

such that supp ¢o € Q andsupp@; € U;, 1 < j <m. Letu € dom(d) N dom(é*) c
(0 q)(Q) Then

JulP < Z lojull® < llgoul? + e(Z 130112 + 13" ()11
J=0 (4.12)
+ caz gl
j=1

We have used here that p;u € dom(d) N dom(f_)*) on Q NU;. This is clear for dom(d);
for dom(E_)*) it follows by pairing with dv for v € dom(d) on Q N U; 7, and then writing
the integral as an integral over Q. The term ||@ou ||? can be estimated by interior elliptic
regularity by 8(||8(ga0u)||2 + 118" pou|?). Expressing d(p;u) as dg; A u + @; du, and
similarly for 3 (¢ju), one can choose ¢ small enough so that the terms involving ||u |
can be absorbed (the partition of unity is independent of ). The result is the required
compactness estimate on £2.

The proof of part (2) requires some ideas which we will discuss in connection

with Theorem 4.8 below. We therefore postpone this proof until after the proof of
Theorem 4.8. O

Finally, we discuss an observation that, for smooth domains, i_s implicit in [197]
and explicit in [253], [138], [222]: compactness percolates up the d-complex.

Proposition 4.5. Let Q be a bounded pseudoconvex domainin C*, 1 < g <n—1. If
Ny is compact, then so is Nyy1.

Proof. We will establish a compactness estimate on (0,g + 1)-forms. Let u =
ZTJ|=11+1 uydzy € dom(d) N dom(8*). Fo_r k = 1,.._;,11, we deﬁne_(O,q)-forms

k= Z\,K|=q UrgdzZg. Then vy € dom(d) N dom(d ). For dom(d), this holds
because the components of vk are linear combinations of terms du s /0Z;, and their

£2-norm is controlled by ||du]| + ||E_)*u|| (Corollary 2.13). To see that vg € dom((‘_)*),
note first that inner products with vy are closely related to inner products with u: if
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o= ZTK|=q agdzk € SC%O o) (§2), then for k fixed

(dzk /\oc,u) = (Z, aK(de/\de), Z/ quEJ))

|K|=q [JI=q+1

/
= Y agiigg = (. vg).

|K|=q

(4.13)

2

© q)(Q), respectively. Therefore, for

The inner_products are in ‘f%o, ; Jrl)(Q) and £
B € dom(0),

(0B, vk) = (dZ A 0B, u) = —(I(dZk A B),u)

Y (4.14)
=—(dzx AB.0 u) = —(B. yk).

where y; = ZiS|=q—1(5*u)deES‘ The last equality follows as in (4.13). (4.14)
shows that vy € dom(é*), and that

=k

d v = —Yk. (4.15)

Now fix € > 0. The compactness estimate for the g-forms v gives

n

R 1 _ .
lul? = —— 3" el < —— 3" (g P+ vl )+ Cellve 12, (4.16)
qg+1 = qg+1 Pt

where the first equality follows from the definition of v; and the observation that
in the sum on the right-hand side of this equality, [|us[|* occurs precisely (¢ + 1)
times for each strictly increasing multi-index J of length ¢ + 1. Both ||dvg||? and
10" vg||? are dominated by ||du||? + [0  u||?, independently of . For ||dv|? this
was noted at the beginning of the proof, for || E_J*vk |2, this follows from (4.15). Since
also [lug]l2, < |lu]|2,, by the definition of vg, (4.16) implies a compactness estimate
for u. .

Remark. The proof of Proposition 4.5 can easily be adapted to show that subelliptic
estimates percolate up the d-complex as well ([253], [222]).

4.3 Estimates in Sobolev norms

From the point of view of the £2-Sobolev theory of the d-Neumann problem, the most
important application of compactness is that it implies global regularity. The following
theorem comes from [201].

Theorem 4.6. Let Q2 be a smooth bounded pseudoconvex domainin C". Let1 < g < n.
Assume Ny is compact on i?o q)(Q). Then Ny is compact (in particular, continuous)

from W(f) q)(Q) to itself for all s > 0.
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Of course, whether Theorem 4.6 provides a viable route to global regularity depends
upon (the size of) the class of domains for which one can establish compactness. We
will address this question after we prove the theorem.

Proof of Theorem 4.6. We will prove only the case when s € N; the general case
may then be obtained from interpolation of linear operators (see [251] for the results
concerning compactness). The proof follows [201]. As in the proof of Theorem 3.4,
Chapter 3, we use elliptic regularization. Thus, if u € C("O‘?q)(S_Z), Ns qu € C(%‘jq)(S_Z)
for § > 0 sufficiently small. Fix a positive integer k. We want to show that for each
& > 0, there exists a constant C, (independent of § > 0) such that

[[Ns.qulle < ellulle + Cellullo 4.17)

whenu € C(%o’q)(S_Z). If (4.17) holds for u € C(%O’q)(S_Z), it holds for all u € W(’(‘),q)(Q),

since C(°0°q)(S_2) is dense in W(IB q)(SZ) (and Ns 4 is continuous in :ﬁ%o q)(Q)). We can
then let § tend to O (as in the proof of Theorem 3.4) to obtain the same estimate for
Ngu:

INgulle < ellulle + Cellullo. 1 € W (). (4.18)

(4.18) implies that N, is compact; this follows from Lemma 4.3, part (ii), using that
W(’&q)(Q) — i%o’q) (£2) is compact (since k > 1). Thus it suffices to establish (4.17)
foru € C(%‘jq)(ﬁ).

In the following estimates, all constants will be uniform in § > 0. We first consider
tangential derivatives of Ns,u. Let k € N; we use the notation from the proof
of Theorem 3.4 and let 7% = T,"' ... T,>"T" denote a tangential operator of order k.
Again, T} is a smooth multiple (by a cutoff function) of (d/0x;), where (x1, ..., X2,—1)
are local coordinates in a special boundary chart; in particular, the 7} ’s are supported in
a special boundary chart. We also let the T} act componentwise in the special boundary
chart, so that they preserve dom(é*). Then

- —x
IT* N5 qull> < e(|0T* N5 qul|® + 19" T* N5 qu||*) + Cel|T* N5 qu|?,
< EQS(TaNS,q% TaNS,qu) + CSHNS,qu”i—] (4.19)
Se¢ (l(Tau’ TaN8,qu)| + ||N8,qu||i) + C8||N5,q“||i_1‘

The last inequality follows from inequality (3.50). Upon estimating [(T%u, T* Ns 4u)|
by [|7%u||* + ||T*Ns 4u||* and absorbing &|| 7% N5 4u||?, this gives

IT%Ns qull® < e(lully + IINs,qullz) + Cell N5 qullz_,- (4.20)

We now address £2-norms of derivatives when some (possibly all) of the derivatives
are normal. Let ¢ be a smooth cutoff function supported in a special boundary chart.
It will be convenient to have the notation ||| - |||x for tangential k-norms, that is, £2-
norms of tangential derivatives up to order k. Suppose a derivative of ¢ N5 ,u of order
k, when expressed in the coordinates of the boundary chart, contains precisely one
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normal derivative. Commuting both the normal derivative and the factor ¢ all the way
to the left makes an error of order at most k — 1. Therefore, such a term is estimated
by

ID* N5 qull® < ll9(3/0v)TP N5 gul)> + [ N5 qull;_;. (4.21)

where |8| =k —1. T# Ns 4u is in the domain of 3". Lemma 2.2 and (3.50) give

le(8/9v) TP N gu|?
S TP Ny qulll3 + 1077 Ns qull® + 110" TP Ny qul® + | N5 qul?_,
< lleNs qullf + Qs (T? Ns qu. T? Ny gu) + | Ns gull_, (4.22)
< lleNs qullf + 1(TPu, T# N5 qu)| + | Ns gull;_,
< lleNs qull + IINs quliz_; + lulf_;.-

Next, recall from (3.22) that
1
Osqu = _(Z + 8) Au, u € dom(Osy), (4.23)

where A acts componentwise. Writing A in terms of normal derivatives and tangential
derivatives (locally, in a boundary chart) as in (3.42), and differentiating (m — 2) times
with respect to v gives, for an integer m, 2 < m < k, and a multi-index 8 with

Bl =k —m:

m—2 m

9 _
AN;s qu = ¢T? e Ns qu + ¢D* "' N5 ju
2n—1 gm 4.24)

Tﬂ( —— N )
te j;aﬂavm—zazkag 8.

B
¢T 3vm—2

In the above equation, D¥~! denotes an expression involving at most k — 1 derivatives,
and the aj; are smooth functions. Of course, the left-hand side of (4.24) is essentially
@TB ™2 /(3v)™2u (from (4.23) above). Therefore, after commuting the tangential
derivatives in the last expression in (4.24) to the left past the normal derivatives,

om 2 m—2
”‘PTﬂaV—mNs,qu S Mz + INs gl -y + o5~ Ns.gtllE - (4.25)

The last expression in (4.25) is of the same form as the expression on the left-hand
side, modulo commuting ¢ with the tangential derivatives, which makes an error that
is 0(||N5,qu||,2€_1). However, there are now only (m — 2) normal derivatives. Con-
sequently, we can repeat this argument until there are no normal derivatives (m even),
or until there is precisely one normal derivative (m odd). In the latter case, we invoke
(4.22). The result (in both cases) is the estimate

loNs qullz < lloNs qully + N5, qullz_; + lullz_;. (4.26)
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Let ¢o,¢1,...,9j, be a partition of unity in a neighborhood of Q, with ¢y €
C&°(R2), and ¢; compactly supported in a special boundary chart for 1 < j < jo.
Applying (4.26) and then (4.20) to [|¢Ns qul|7, and (2.84) (interior elliptic regularity)
to [@o N5 qu |7, we obtain

Jo
INsqul2 <3 gy Ns qull? + llpo Ns qull?
j=1
Jo ) 5 5 4.27)
<3 llgy Ns.qulll2 + INs qul2_, + lull?_,
j=1

2 2 2 2
S e(llullie + [INs,qulli) + Cell Ns qullic—y + el -

Interpolating Sobolev norms for both u and Ns qu (|v[7_, < €[lv[I} + Celv|3).
using the continuity of Nj , in L2 ©. q)(Q) with norm bounded independently of §, and
absorbing e[| N5 ,u ||k, gives (4.17). This completes the proof of Theorem 4.6. O

Remarks. (i) Note that Corollary 3.3 applies: dN,, é*Nq, 55*Nq, and 5*2_)Nq are all
continuous in Sobolev norms when N, is compact. So is P,_1, see the remark after
the proof of Corollary 3.3 (or go directly to Theorem 5.5).

(i1) The reader should note the following. To obtain Sobolev estimates in W(’f)’q) ()
for k fixed, one does not need estimates (iii) in Lemma 4.2 for all ¢ > 0; indeed, the
above proof shows that for a given domain 2, there is ¢ = &(k) > 0 so that estimates
in W(0 2 (2) follow if there is a constant C such that

el < eC)(19u]> + 197 ]?) + Clul, (4.28)

for u € dom(d) N dom(é*). This observation has important implications; we shall
return to this in Chapter 5 (Theorem 5.1).

4.4 A sufficient condition for compactness

The value of Theorem 4.6 depends on the size of the class of domains that satisfy
compactness estimates. We now begin to address this question. Recall Corollary 2.13:
if Q is bounded and pseudoconvex, and if b € C 2(Q) is nonpositive, then

S Z/ az = D kiR AV < |l + 5] (4.29)

K jk=1

foru € dom(é) N dom(é*). Therefore, if there exist bounded such functions b with
large Hessians, (4.29) should imply a compactness estimate. Moreover, by interior
elliptic regularity, one only needs to estimate the norm of u in neighborhoods of the
boundary.
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These ideas can be made precise as follows. For a bounded pseudoconvex domain
Q in C", we say that b2 satisfies property (P,) if the following holds: for every
positive number M, there exists a neighborhood U of »Q and a C2 smooth function
Aon U, such that 0 < A(z) < 1, z € U, and such that for any z € U, the sum of

any ¢ (equivalently: the smallest ¢) eigenvalues of the Hermitian form (az‘ff—a);k(z))j f
is at least M. This definition goes back to [68] (for ¢ = 1, but the generalization to
q > 11is fairly straightforward; it may be found for example in [142]). More generally,
we can replace b2 in the definition of (P,) by any compact subset X € C” (the
terminology B-regular and B,-regular is used in [272] and [142], respectively). Note
that (P;) = (Py41): if (Py) holds, there can be at most (¢ — 1) negative eigenvalues,
and adding the smallest (¢ + 1) eigenvalues adds a nonnegative term to the sum of the
smallest g eigenvalues.

(P,) says precisely that the sum on the left-hand side in (4.29) dominates M |Ju||?;

this follows from the following lemma from (multi)linear algebra. Denote by A§°=‘”
the space of (0, g)-forms at z (i.e., the space of skew symmetric g-linear functionals
on C").

Lemma 4.7. Let A be as above. Fix z andlet 1 < g < n. The following are equivalent:

() Forallu e A9,

loes M)
>y ()quukKZM|“|2~

0z;0Z
|K|=q—1jh=1 "7k

(i1) The sum of any q (equivalently: the smallest q) eigenvalues of (
least M.

32A(2) .
0z; 0z )],k is at

e 2 s
Gii) Y7_, Z?k:l ngZ)(;,Z (t5);(t5)x > M whenevert',1?,..., 17 are orthonormal
> J
in C".

Proof. The equivalence of (i) and (ii) follows quickly when the Hermitian form
(aZA(z))

0z;0Z

ik is diagonalized. Denote the eigenvalues by A; < A, < --- < A,,. Then, in

a suitable basis,

s PA(z) P )
Z Zaz,-—azk”f"‘“" = le|MjK|

|K|=q—1j,k=1 |K|=g—1j=1 (4.30)
/
= X (iAo Al
J=(j13'-~1jq)
The last equality results as follows. For J = (j1, ja,--.., jq) fixed, |us|* occurs

precisely ¢ times in the second sum, once as |u;, g, |?, once as |uj,k, |?, etc. At each
occurrence, it is multiplied by A;,. Now clearly (ii) implies (i) and vice versa (fix
(1. J2.-.-.jg)andsetu = dz;; N---ANdZj,).
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We now show that (ii) and (iii) are equivalent. Assume (iii). Let e’ be an eigenvector
associated with the eigenvalue A;. Then for any g-tuple (ji, ..., jg), e’',... e/ are
orthonormal, so that (iii) gives

CRENGIESY
b+ =30 Y

s=1jk=1

Jsy . (e%s
92,05 (e/)j(e”) = M. (4.31)

Now assume (ii). Fix Ll, ...,t2 € C". This set of vectors can be augmented to an
orthonormal basis of C" by 191!, ..., 1". Denote by (b;x) the matrix of the Hermitian
form )", ; (92A(2)/0z;9Zx)w; Wy in the basis ¢',...,¢". Then the sum on the left-
hand side of (iii) equals b11 + -+ + byq. By the Schur majorization theorem (see for
example [174], Theorem 4.3.26), this sum is no less than the sum of the smallest ¢
eigenvalues, hence, by (ii), itis at least M. This completes the proof of the lemma. [J

In view of its importance, it is convenient to have compact notation for the expres-
sion on the left-hand side of (i) in Lemma 4.7. We set

_ S Az -
Hy(A,z)(u,u) := Z Z 5 .;_)u,-KukK, ueANOD, (4.32)
Kl=g—1j k=1 *71 0%k

The following theorem is from [68] for domains with sufficiently smooth bound-
aries; that no boundary regularity is required was shown in [283].

Theorem 4.8. Let Q be a bounded pseudoconvex domain in C*. Let 1 < q < n. If
b <2 satisfies property (Py), then Ny is compact.

Proof. Fix M, and choose Ay according to the definition of property Py: Ay €
C?%(Uyy) for a neighborhood Uy, of h2, and the sum of any ¢ eigenvalues of its
complex Hessian is at least M. Denote by y a smooth cutoff function that is compactly
supported in Uy and is identically equal to 1 near 5S2. Let u € dom(d) N dom(é*).
Then (4.29) (i.e., Corollary 2.13) with b = (A3 — 1) gives

e M lul?
< e 'Myul? + e M1 = pul?

L Ly %A E— _
=3 Y [ e T Gy Gt @V e MG = oul?
K k=1 Q BZjaZk

< 19Gan 1 + 19" o I? + e~ ML (1 = pyul)?

_ - _ 9 2
S N0ull® + 197 ull® + 1@ Aul® + %UJKH +e T M1 = pul?.
K J
(4.33)

The last three terms in the last line of (4.33) are estimated by interior elliptic regularity,
as follows. Choose a relatively compact subdomain V' of Q2 that contains the support
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of both (1 — y) and Vy. Then (see (2.85)), ||u||€V1(V) < Cy(||ou]® + ||<r_3*u||2 +
”””%V-l(sz))' Since Wi (V) < £2(V) is compact (Rellich’s lemma), Lemma 4.3, part

(i) gives that for every ¢ > 0, there exists a constant Cy 7 such that

1122y < el f 1y + Cev L f iy £ EWHV). (434

If € is chosen small enough (depending on M), this shows that the last three terms in
(4.33) can be dominated by | du/||? + ||8*u >+ Cm ||u||%V As a result, we obtain
from (4.33)

—H@)

C - i
llull> < M(Ilaull2 + 110 ull?) + Carllul?;. (4.35)

with a constant C that does not depend on M. Since M is arbitrary, (4.35) shows that
Ny is compact (Proposition 4.2). |

Remarks. (i) In the above proof, we used Corollary 2.13 with b = (Ap — 1). The
sesquilinear form H, (A, z) in the second line of (4.33) is positive definite (in fact,
large), so that Remark (i) following the proof of Corollary 2.13 applies. That is, we
only need the functions Aps from (P;) on Uy N Q (instead of on all of U); this
gives a somewhat stronger result. We have chosen the stronger definition of (P;) for
two reasons. First, it turns out that on minimally smooth domains, for example when
the boundary is locally a graph, the two versions are equivalent. This follows from
Corollary 4.13 below ((P,) is alocal property of the boundary), and translation (locally,
when the boundary is a graph, the weaker version implies the stronger one). The second
reason is that the stronger version allows for an elegant study using methods of Choquet
theory (see below).

(ii) In addition to only require the functions Aps on Uy N 2, one can also relax
the requirement that the A3;’s be C2. For example, when ¢ = 1, the complex Hessian
of Ay may be considered as a current when A is merely a distribution, and the
requirement then becomes that this current be at least M i 39|z|?, in the sense of currents.
For this, see [283], Corollary 3; for details about currents and their comparison, see for
example [210], Chapter 2.

(iii) Theorems 4.6 and 4.8 together imply in particular, that if b2 satisfies (P;),
then N is continuous on W(f)’l)(Q) for s > 0. If Q is not assumed C *°, but only C*,

then for k > 2, one can still conclude that N; is continuous on Wk_l(Q), see [157],
Theorem 1.1.

At this point, we pause to finish the proof of Proposition 4.4.

End of proof of Proposition 4.4. Let U be a strictly pseudoconvex domain so that U N
Q is connected. Assuming that the d-Neumann operator is compact on éC%O q)(SZ), we
have to show that the corresponding d-Neumann operator N, qU N8 on U N is compact.
We show how to obtain a compactness estimate on U N Q. Fix ¢ > 0. Because the
boundary of U is strictly pseudoconvex, it satisfies (P1), hence (Py) for all g. Using

Corollary 2.13 as in (4.33) we find a suitable cutoff function ¢, that is identically equal
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to 1 near bU and supported in a sufficiently small neighborhood of U, so that for
u € dom(d) N dom(a*), we have the estimate (as in (4.33))

ell® < llgerll® + 111 = ge)ul?
S e(|9(pen) |2 + 1107 (@) [?) + (1 = pe)u? (4.36)
S e(10u ] + 10 ul®) + Cellxsul® + 11— ge)ul]®.

Here, y. is compactly supported in U and identically 1 on the support of V¢,, and
C. = max |Vg,|. We may view the forms y.u and (1 — ¢¢)u as forms on Q2. Pairing
with dv, one checks that they are in dom () ﬂdom(é*) on 2. Applying the compactness
estimate on €2 to these forms (with &’ to be chosen below) gives

lul® < eldu]® + 137u)?) + & (Ce(18 0w 12 + 13" (xer0) 1)

181 = @)1+ 137(1 = geu)|1?)

+ Cor(Cellyeully + 111 — @)ul,).
(4.37)

The (—1)-norms in the last line of (4.37) are on 2. However, because y. and (1 — ¢;)
are compactly supported in U, these norms are dominated (with a constant depending
on ¢) by the (—1)-norms on U N 2: choose y, € C5°(U) equal to 1 on the supports of
xe and (1—@;); ye is a (continuous) multiplier from W, () to W' (U NK2), hence from
W=HUNQ) to W~H(Q). But ye ysu = y:u, and likewise for (1 —¢,)u. Furthermore,
the (—1)-norms in the last line of (4.37), taken on U N2, are dominated by | u | -1,unq-
The terms in the second line of (4.37) give terms involving ||du||2 + [|d" u|? and
lu]|?. Choosing &’ small enough results, after absorbing the [|u||? term, in the desired
compactness estimate

lul® 5 el + 1972]?) + Cellue]2,, (4.38)

where all the norms are on U N 2. This completes the proof of Proposition 4.4. [

4.5 Analysis of property (P,)

We proceed to study property (P). In this, we follow Sibony [272] (for ¢ = 1, but
his arguments carry over to the general case, see [142]), who realized that this notion
fits neatly within the framework of Choquet theory for the cone of plurisubharmonic
functions (see Chapter 1 in [145] for an exposition of Choquet theory in this context,
[252] for the general theory). Actually, when g > 1, the appropriate class of functions
consists of the functions that are continuous in an open set U and subharmonic on (the
intersection with U of) every g-dimensional affine subspace, with the metric induced
by the ambient C*. We denote this class by P,;(U). The remark about the metric is
needed because while harmonicity is invariant under unitary linear transformations, it
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is not under general affine linear transformations. So coordinates in the affine subspace
are to be taken with respect to a basis that is orthonormal in the inner product induced by
C". In particular,being a member of P, (U) for some open set U is not preserved under
biholomorphic maps when g > 1, since these maps are in general not conformal. As a
consequence, whether or not (P, ) isinvariantalso wheng > 1lisnotclear. Nonetheless,
property (Pg) turns out to be a useful notion in these cases also.

Lemma 4.7 immediately gives the following characterization of the functions in
C2(U)N P,4(U) (see also [175], where functions in P, (U) are studied under the name
‘g-subharmonic functions’):

Lemma 4.9. Let U be an open subset of C", A € C?(U). Then A € Py(U) if and
only if at every point of U, the sum of any q (equivalently: the smallest q) eigenvalues
of its complex Hessian is nonnegative.

Proof of Lemma 4.9. If ({1, ..., {4) are coordinates in the affine subspace with respect
to the orthonormzi basist,...,t e then the left-hand side of (iii) in Lemma 4.7 equals

1_(021/0250¢5) = (1/4)AA. The corollary now follows from the equivalence of
(i1) and (iii) in Lemma 4.7 (for M = 0). O

Denote by P, (X) the closure in the algebra C (X)) of continuous functions on X of
the functions that belong to P, (U) for an open neighborhood U of X (U is allowed
to depend on the function). A probability measure ;& on X is a g-Jensen measure for
ze X if

h(z) < / hdp forallh € Py(X). (4.39)
X

That is, the functions in P, (X)) subaverage at z with respect to . In the terminology
of [145], Chapter 1, these measures are the R-measures for the family R = P, (X).
Denote by J,(X) the associated Choquet boundary: the set of points z € X for which
the only g-Jensen measure is the unit point mass at z.

Proposition 4.10. Let X be a compact subset of C". The following are equivalent:
(1) X satisfies property (Py),
(i)) Py(X) = C(X),
(i) Jy(X) =X,
(iv) the function —|z|? belongs to Py(X).

Proof. The equivalence of (i), (ii), and (iv) is a relatively easy consequence of the
definitions. To see that (i) implies (ii), let f € C(X). We may assume that f € C?
in a neighborhood of X (these functions are dense in C(X)). (i) implies that for all
t > 0, there is a C2-function A;, 0 < A, < 1, in a neighborhood of X such that
tf + As € Pg(Uy) for some neighborhood U; of X. But then f + (1/t)A; € Py(Uy),
and f + (1/t)A; — f, uniformly on X. (ii) trivially implies (iv). When (iv) holds,
and M > 0, then —M |z|?> € P,;(X), and there is A € P4(U), U a neighborhood
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of X, with —(1/2) < A — (=M |z|*) < 1/2,ie,0 < A+ M|z|> + (1/2) < 1.
Functions in P,(U) can be approximated by smooth functions in P, (U) in the same
way that plurisubharmonic functions (that is, functions in Py (U)) can be approximated
by smooth plurisubharmonic functions. We may therefore assume that A is smooth.
Then A + M |z|?> + (1/2) is smooth, and the sum of the smallest ¢ eigenvalues of its
complex Hessian is at least M (the Laplacian on any g-dimensional affine subspace is
at least M'). Since M > 0 was arbitrary, we have established (i).

That (ii) implies (iii) is clear: (ii) implies that the subaveraging property (4.39) of
g-Jensen measures holds for continuous functions. Therefore, (iii) holds. To prove
that (iii) implies (ii), we need a result of Edwards (see [145], Theorem 1.2) that says
that the following two quantities are equal: for f € C(X), we have

sup{A(z) | A € Py(X),A < fonX} = inf{fX fdu|pe Jq,z}, (4.40)

where J; ; denotes the set of g-Jensen measures for z. Note that if A € P,(X)
and A < f on X, then A(z) < [y A du < [y f dpu, so that the left-hand side
of (4.40) is trivially less than or equal to the right-hand side. The other, nontrivial,
direction is a consequence of a geometric Hahn—Banach type theorem about separation
of convex sets. When (iii) holds, the right-hand side of (4.40) equals f(z), and thus
f(z) =sup{A(z) | A € Py(X),A < f on X}. It now follows from compactness of X
that f is the uniform limit of functions of the formmax{A,, ..., Ax}, where all A; arein
P, (U) for some neighborhood U of X. But such a maximum belongs itself to P, (U)
(subharmonicity on g-dimensional affine subspaces is preserved), whence f € P, (X).
We have shown that (iii) implies (ii). This concludes the proof of Proposition 4.10.

O

Remark. One immediate consequence of Proposition 4.10 is that analytic discs in the
boundary are obstructions to property (P1) (in view of (ii) and the maximum principle
for subharmonic functions, or in view of (iii)). It is natural to ask whether they are
obstructions to compactness as well. We will have more to say on this subject later
(see Theorem 4.21).

Abstract Choquet theory provides the following useful characterization of points in
Jq(X) ([145], Theorem 1.13).

Proposition 4.11. Let X C C”" be compact. For a point z € X, the following are
equivalent:

(i) z € J,(X),

(i) for every f € C(X), there exists A € Py(X) with A(z) = f(z) and A < f
on X,

(iii) there exist constants @ < 0 < B such that for every compact subset E of X not
containing z, there is a function A € Py(X) that satisfies A(z) = 0, A < o on
E,and A < B on X.
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With the help of this characterization of J,(X), it is easy to see that property (Py)
is a local property. In fact, more can be said. For z € C" and r > 0, denote by B(z, r)
the (open) ball of radius r centered at z.

Lemma 4.12. Let X C C”" be compact, zg € X, andr > 0. Then
Jqg(X N B(zo,7)) \ bB(20,7) € J4(X).

It is not hard to see that the exclusion of bB(zg, r) is necessary. For example,
let X C C2 X = {(0,0)} U {(1,w)||lw|] < 1}. Letzg = (0,0), r = 1. Then
X N B(zg,r) = {(0,0),(1,0)}, and (1,0) € J1(X N B(zg,r)) (since any finite set
satisfies property (P1)). But (1,0) ¢ J1(X), as it is the center of an analytic disc in X .

Proof of Lemma 4.12. Letz € J4(X N B(zo,7)) \ bB(z¢, 1), and let E be a compact
subset of X not containing z. Let @ < 0 < B be the constants from (iii) in Proposi-
tion4.11 (appliedtoz € J;(X NB(zp,r))). Set E = (ENB(z0,r))U(XNbB(zg.r)).
Eisa compact subset of X N B(zp, r) that does not contain z. By Proposition 4.11,
there is a function v € Py(X N B(zg,r)) with ¥ < « on E,9(z) =0,and ¥ < B
on X N B(zg,r). By approximation followed by translation, we may assume that
v € P,4(U) for an open neighborhood U of X N B(zg, r). Set v({) = max{v({), a/2}
on U N B(zg,7), and v = «/2 on the complement of B(zg, ). Itis easy to check that
v € Py(V) for some open neighborhood V of X, and v < @ on E, v(z) = 0, and
v < B on X. We have verified (iii) in Proposition 4.11. Therefore, z € J(X). |

Corollary 4.13. Let X be a compact subset of C". Assume that for every z € X, there
exists r > 0 such that X N B(z, r) satisfies property (Pg). Then so does X.

Proof. Let z € X, and r > 0 such that X N B(z,r) satisfies property (P;). By
Proposition 4.10 and Lemma 4.12, z € J,(X N B(z,r)) \ bB(z,r) C Jy(X). It
follows that J,(X) = X, and X satisfies (P;) (again by Proposition 4.10). |

Lemma 4.12 also implies that Property (P;) is preserved under countable unions,
as follows.

Corollary 4.14. Let X = UZ°=1 Xy, with X compact for all k. Assume that X is
compact. If all Xy satisfy property(Py), then so does X.

Proof. By (4.40), it suffices to show that when f € C(X), then sup{A(z)|A €
Py;(X),A < f on X} = f(z). Sofix f. The set A where the preceding equal-
ity fails (i.e., the left-hand side is less than f(z)) is openin X. Assume A is not empty.
A is locally compact, so by the Baire category theorem, there is k¢ such that 4 N Xy,
has nonempty interior in A, hence in X. Pick a point z¢ in this interior. Thus there is
r > 0 such that X N B(z9,r) € A N Xj,. But then X N B(zo,7/2) € Xj,. Con-
sequently, X N B(zp,r/2) satisfies (P,) as well (that (P,) passes to compact subsets
is obvious from the definition). Therefore, zo € J(X N B(zg,7/2)) \ bB(z9,7r/2) C
J(X). The last inclusion is from Lemma 4.12. Because zo € J(X), (4.40) implies
sup{A(zo)|A € Py(X),A < f on X} = f(zo). This contradicts the fact that zg € A.
That is, the assumption that A is nonempty leads to a contradiction. |
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There is more information in [272]. In particular, when €2 is regular enough, (P;)
can also be characterized (in addition to the properties given in Proposition 4.10) by
the existence of peak functions in P,(2) N C (Q), or by the fact that every contin-
uous function on b is the boundary value of a function in P,(Q) N C(Q) ([272],
Théoreme 2.1 for the case g = 1, but the arguments carry over to general gq).

Remark. On Lipschitz domains, property (P;) can be reformulated in the spirit of
Oka’s lemma: b2 satisfies (P ) if and only if it locally admits functions p comparable
to minus the boundary distance so that the complex Hessian of —log(—p) tends to
infinity upon approach to the boundary ([156]).

4.6 Some examples

The simplest examples of domains that satisfy (P1) (hence (P,) for all g) are strictly
pseudoconvex domains. Such domains admit a strictly plurisubharmonic defining
function (see the proof of Theorem 3.7 and the reference there), and (P;) follows
immediately. Of course, we already know from Chapter 3 that the d-Neumann problem
on these domains is subelliptic (with a gain of one derivative for N ); this is considerably
stronger than compactness. More generally, when the domain is of finite 1-type (see
the discussion in Chapter 3, and the references given there), then the boundary satisfies
property (Pp) (hence (P,) for all g). In fact, this was the motivation for introducing
this notion in [68]. Of course, Catlin later proved subellipticity for such domains ([70]).
The point in [68] was that the weakly pseudoconvex boundary points are contained in a
union of certain special submanifolds of the boundary. Let S be a smooth submanifold
of the boundary Q2. For P € S, denote by TI‘)E (S) the complex tangent space to S at
P, and by Np the null space of the Levi form of b2 at P. The following proposition
is implicit in [68] and explicit in [272] (for g = 1).

Proposition 4.15. Let Q be a smooth bounded pseudoconvex domain in C". Let 1 <
q < n, and assume S is a smooth submanifold of b 2 such that dimg¢ (Tf,: (S)NNp) < ¢q
forall P € S. Then any compact subset of S satisfies property (Py).

Remark. The quantity dimg ( Tf,: (S)NNp) isimportant for the notion of “holomorphic
dimension’ introduced by Kohn ([193]) in his work on subelliptic multipliers; see also
[107] and [18].

Note that totally real submanifolds, that is, submanifolds without complex tangents,
trivially satisfy the assumption in Proposition 4.15, for all g. On the other hand, when
S is a complex submanifold of b2 of dimension m, then dim¢ (TI“,: (S)YNNp) =m
forall P € S.

We can now give examples of domains where subellipticity fails (i.e., which are
not of finite type), but where compactness holds. This is illustrated by the following
corollary.

Corollary 4.16. Let 2 C C" be a smooth bounded pseudoconvex domain, 1 < g < n.
Assume that the boundary points of infinite type are contained in a submanifold of the
boundary that satisfies the assumptions in Proposition 4.15. Then N, is compact.
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Proof. The set K of points of infinite type is a compact subset of <2 ([89], [92]). By
Proposition 4.15, it satisfies property (Py). b2\ K can be written as a countable union
of compact subsets of itself. Using the results from [68] (specifically, a local version
of Theorem 2), we obtain that these compact subsets also satisfy (P;). Therefore, b2
is the countable union of compact sets all of which satisfy (P;). By Corollary 4.14,
b satisfies (P,) as well, and Theorem 4.8 applies. |

Remarks. (i) The previous argument shows that the assumption in Theorem 4.8 can be
modified: it suffices to require that the set K of boundary points of infinite type (1-type
in the sense of [89]) satisfy (P;). Then b <2 satisfies (P;). The conclusion that if the
set of points of infinite type satisfies (P,), then N, is compact can also be obtained
by exploiting the pseudolocal estimates near points of finite type (see Chapter 2) to
modify the proof of Theorem 4.8.

(i) Letg = 1. If the points of infinite type are contained in a smooth submanifold .S
of the boundary of (real) dimension less than two, then the assumptions in Corollary 4.16
are satisfied (and consequently N; is compact). There is a ‘nonsmooth’ version of
this fact, formulated in terms of two-dimensional Hausdorff measure: if the points
of infinite type are contained in a set of two-dimensional Hausdorff measure zero,
then b 2 satisfies (P;); see [272], remarque on page 310, and [42], where an explicit
construction of the required plurisubharmonic functions is given.

Proof of Proposition 4.15. We still follow [272]. Let S as in the assumption, K € S,
K compact. It suffices to show that there exists a C? function A in a neighborhood
U of K such that A = 0 on K, and such that there is a constant @ > 0 so that at any
point of K, the sum of the smallest ¢ eigenvalues of the complex Hessian of A is at
least a. Pick a defining function p for Q2. In view of Corollary 4.13, we may assume

that near K, the submanifold § is given by p = p; = --- = p,, = 0 for suitable
smooth functions py, ..., pm. Set
m
A(z) = p2) + C(p(2)* + Y pi(20?). (4.41)
=1

where the positive constant C is to be determined momentarily. Then A = 0 on K.
To check the second property, we verify (iii) in Lemma 4.7. For an orthonormal set of
vectors Ll, ...,t9, wehaveforz € K

s=1jk=1
g n o
0%p(z R
=> 8;);2) (%) () (4.42)
s=1j k=1 9%k
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Aslong as C > 0, the right-hand side of (4.42) is strictly positive when the first term is.

On the other hand, when Y "7_, Z;‘ o1 gjjﬂggz (t%); (t5)x < 0, the second line in (4.42)
is positive. Otherwise, all #* would be in the complex tangent space to S at z as well

as in the null space of the Levi form at z, contradicting the assumption on S.(We have

used here that if all £* are complex tangential to b €2, then Z;’ he1 aazsza(;,)( (t%); e =0
for all s, by pseudoconvexity.) Consequently, C can be chosen big enough to make
the right-hand side of (4.42) (strictly) positive. By compactness, this can be done

uniformly for z € K, and the proof is complete. |

In the examples furnished by Proposition 4.15 (as well as the ones from Remark (ii)
above) the sets of boundary points of infinite type have (surface) measure zero. How-
ever, there are domains whose boundary satisfies (P1), yet whose boundary points of
infinite type form a subset of the boundary of positive measure. The construction of the
examples rests on a suitable characterization of compact sets in the plane that satisfy
(P;) (the equivalence of (1) and (2) in Proposition 4.17 below). Recall that the fine
topology in an open subset U of the complex plane is the coarsest topology that makes
all subharmonic functions in U continuous. For properties of this topology, we refer
the reader to [166], Chapter 10, or [3], Chapter 7. In particular, the fine topology on
an open set is strictly finer than the Euclidean topology, and the restriction of the fine
topology of C to an open subset U coincides with the fine topology of U. Finely
open sets are still ‘massive’ near a point: if z is a fine interior point of a set £ C C,
then lim,_o(o(bB(z,r) N E)/2nr) = 1, where o denotes arclength and B(z,r)
is as usual the ball (i.e., disc) centered at z with radius r ([166], Corollary 10.5;
[3], Corollary 7.2.4). Moreover, there exist arbitrarily small positive r such that
bB(z,r) C E ([166], Theorem 10.14; [3], Theorem 7.3.9).

The following proposition combines work from [272] and [135]. It is formulated
in [143]. For an open subset U of C, denote by A;(U) the first eigenvalue of the
Dirichlet problem for the Laplacian on U, i.e., A{ (U) = inf{/ |Vu|? | u € C§°(U),
[ |ul* = 1} (compare e.g. [77]).

Proposition 4.17. Let K be a compact subset of C. The following are equivalent:
(1) K satisfies property (Py).
(2) K has empty fine interior.
(3) K supports no nonzero function in Wy (C).

(4) For any sequence of open sets {U;}72, such that K CC Uj41 CC Uj and

N2, U = K, \(Uj) » coas j — oo.

By what was said above, the statement in (ii) may be taken with respect to the fine
topology on any open subset U of C that contains K.

Proof. We first show the equivalence of (1) and (2) (this equivalence is from [272]).
Assume there is a fine interior point zg € K. Then o(bB(zo,7) N K)/2nr — 1 (see
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the discussion above). (iii) in Proposition 4.11 now shows that zo ¢ J(K). To see
this, take a circle centered at z( of small enough radius as the compact set E, and use
subaveraging; note that o and § are independent of E, hence of the radius of the circle.
We have shown: if the fine interior of K is not empty, then K does not satisfy (Py).
On the other hand, assume that K has empty fine interior, and let zo € K. Then zj
is a fine boundary point of K. If i is a Jensen measure for zg, then in particular the
restrictions to K of functions harmonic in some neighborhood of K have to subaverage
with respect to p at zo. That is,  is an R-measure for zg, in the terminology of [145],
associated to the family R of functions that are harmonic in some neighborhood of
K. Theorem X.3 in [57] says that the corresponding Choquet boundary equals the fine
boundary of K. (The theorem requires that K be a compact subset of a ‘Green space’,
which C is not. But any bounded open subset U is, and since the fine interior of K
with respect to such a subset U is the same as the fine interior with respect to C, the
conclusion remains valid in our case.) Since z is a fine boundary point of K, it belongs
to this Choquet boundary, and consequently, u is the point unit mass at zy. In other
words, zg € J1(K). Since zg € K was arbitrary, this shows that K = J;(K), i.e., K
satisfies (P1), by Proposition 4.10. We have shown that (1) and (2) are equivalent.

It was observed in [143] that the equivalence of (2), (3), and (4) is essentially in
[135]. The Dirichlet problem for the Laplacian, familiar in the setting of open sets,
can also be formulated for finely open sets ([135] and the references there). The
resulting theory inherits many features of the classical theory, but avoids some of its
problems related to stability of eigenvalues under unions or intersections of sequences
of domains. We continue to use the notation A;(U) and Wy (U) when U is only
assumed finely open. If (2) holds then {0} = W (inty K) = W, (K), where ints K
denotes the fine interior of K. For the second equality, see [135], equation (3) on p. 93.
But Wy (K) = {0} implies (3). Assume that (3) holds. Then (4) must hold. Otherwise,
there would exist a sequence of functions {u;}72,, u; € Wy (U)), with [Ju;|| = 1

and [[Vu;|| =< C, for a suitable sequence {U;}?2, and a constant C. Passing to a

subsequence that converges both weakly in W} (C) and in £2 of a neighborhood of K
yields a nonzero element of W (C) that is supported on K, contradicting (3). Finally,
that (4) implies (2) is a consequence of Theorem 2, part 1° in [135]: choose a sequence
{U;}32, asin (4); then lim; o0 A1(U;) = A1 (inty (); U;) = A1 (inty K). This forces
ints K to be empty, otherwise, the last quantity would be finite. This completes the
proof of Proposition 4.17. O

4.7 Hartogs domains in C?2

Hartogs domains in C? are domains with rotational symmetry in the second variable
(see e.g. [259] for properties of these domains). Many interesting examples and coun-
terexamples in several complex variables are found within this class of domains ([105],
[183], [9], [111, [83], [49], [130], [205], [213]). We are going to discuss examples of
Hartogs domains from [272] whose boundary points of infinite type form a set of posi-
tive measure, yet whose d-Neumann operator is compact. There will also be examples
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of Hartogs domains (also from [272]) which fail property (P) although their bound-
aries contain no analytic discs. This requires some preparation. Suppose €2 is a smooth
complete Hartogs domain over the unit disc D: Q = {(z,w) | |[w|*> < e™9®)}, with
¢ € C°(D). Q is pseudoconvex if and only if ¢ is subharmonic. Over D, we may
take p(z, w) = |w|? — e~¥@ as a defining function. We have

2
¥ p (z.w) = —e?® So ), e“”(z)—az(p
i 0z0z i 0z 28282’ (4.43)
a°p a°p 9°p
=1 d = ,w) = 0.
dwas = W) and 5555 = g5, G W

The complex tangent space T(GZ: w)(b Q) at a point (z, w) € bQ is given by {({1,$2) |
e @ (3¢ /3z)(z)¢1 + W, = 0}, and so is spanned by (1, —(e~??) /1) (¢ /3z)(2)).
Inserting this vector into the Levi form results in (in view of (4.43) and the fact that
|w|?> = e~¥ on the boundary)

A
0z

 9zoz lw|?
Consequently, a boundary point (z, w) with z € D is a weakly pseudoconvex point
precisely when A¢(z) = 0. We assume now in addition that boundary points (z, w)
are strictly pseudoconvex when |z| is close to 1. Denote by K the compact subset of
D where Ag vanishes.

3 |? 92 1
a—‘p —e 2P _ _evAg.  (444)
z

0z0Z 4

Lemma 4.18. Consider Q as above. Then b2 contains an analytic disc if and only if
K has nonempty (Euclidean) interior.

Proof. Assume K contains an open disc B(zg,r). ¢ is harmonic on B(zg, r); denote
by v a conjugate harmonic function. Then z — (z, e~(1/2@()+1v(2))) j5 holomorphic
in B(zg, ), nontrivial, and maps into b 2. On the other hand, if { — (z({), w({)) is a
nontrivial analytic disc in b €2, the equation for T(E(E)’w ©) (b2) shows that z'({) # 0
(note that w(¢) # 0). Thus the projection of (the image of) the disc covers an open set
in the z-plane, and A¢ = 0 at all of these points. (]

Lemma 4.19. Consider Q as above. Then b2 satisfies (Py) if and only if K satisfies
(P1) (equivalently: has empty fine interior).

Proof. T am indebted to N. Sibony for correspondence on the details of the argument
in [272] and on the examples there.

Assume that K satisfies (P;). To show that b2 satisfies (P;), it suffices to show
that the set W of weakly pseudoconvex boundary points satisfies (P;). This is a con-
sequence of Corollary 4.14, see Remark (i) after the proof of Corollary 4.16. Note that
W = {(z,e"W/D9@+%) |z ¢ K, § € [0,27]}. On W, the function — (|z|2 + |w|?)
equals —|z|? — e=®®); in particular, it is a function of z alone. Because K satisfies
(Py), it can be approximated uniformly on K by functions subharmonic near K. These
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functions, when viewed as functions of (z, w), are plurisubharmonic near W, and they
approximate — (|z|> + |w|?). By Proposition 4.10 (part (iv)), W satisfies (Py). Alter-
natively, one can construct functions A, 0 < A < 1, with large Hessians in the form
Az, w) = h(z) + A(lw|?> — e7))2, where h(z) has big Hessian near K (and is
between zero and one), and A is sufficiently big.

Now assume that W satisfies (P;). Fix M > 0. There exists a plurisubharmonic
function A in a neighborhood of W, 0 < A < 1, with its complex Hessian at least M
(as a Hermitian form). We may assume that A is rotationally invariant in w: consider
A= (1/27) fozn)t(z,wem)dl‘}. Set h(z) = A(z,e~1/29@)  } is defined in a
neighborhood of K, and 0 < & < 1. The computation of the Hessian of % is simplified
by the introduction of the auxiliary function wu(z, w) := A(z,e"). It is defined in
a neighborhood of W = {(z,w) | z € K, Re(w) = —(1/2)¢(z)}, and h(z) =
u(z,—(1/2)¢(z)). Note that 0 < u < 1, and the complex Hessian of u is at least
¢M for a constant ¢ independent of M. The rotation invariance of A implies that
/L is invariant under translations in the direction of Im(w). Therefore, (du/dw) =
(du/0w). This gives, at points where z € K (i.e., Ap(z) = 0)

2h 9 (au Buaga)

9z0z 9z \ 9z 0w 07 445)
_%u Pp dp  0*p 0y P g .
T 0z0Z  Qwdz 3z 09zdw 0z Qwdw | Az

The right-hand side of (4.45) equals the complex Hessian of u applied to the vector
(1,(d¢/0%), and so it is at least c M (1 + |dp/3Z|?) > ¢M . Thus 3?h/9z0% > cM on
K, and therefore in a suitable neighborhood of K. Since ¢ is independent of M and
since also 0 < h < 1, we are done. O

The examples we are interested in now arise by arranging for the set K to have
various properties. To this end, observe the following: for every compact subset K of
D, there exists a smooth pseudoconvex complete Hartogs domain with base D whose set
of weakly pseudoconvex boundary points projects onto K. For simplicity of notation,
assume K is a compact subset of the disc of radius 1/2. Let g; € C°(D) with
g1(z) >0ifz e D\ K, and g1(z) = O when z € K, and choose g, € C°°(D) so that
Agy = g1. Let y € Cg°(D) with y = 1 in a neighborhood of B(0,1/2). We take ¢
in the form ¢(z) = y(z)g2(z) + g3(z), where g3(z) is a radially symmetric function
which is identically equal to zero on B(0, 1/2) and which agrees with —log(1 — |z|?)
when |z| is close to 1. Then Ags = 3%g3/3%r + (1/r)dg3/dr. We can take g3
to be monotone, convex, and with 02g3/9%r as big as we want on the compact set
supp(y) \ B(0,1/2). In particular, we can arrange for the resulting function ¢ to
be subharmonic on D. Then Q given by Q = {(z,w) | |w|*> —e*® < 0} is
pseudoconvex, complete, and smooth. For the last assertion, note that when |z| is close
to 1, bQ agrees with the boundary of the unit ball in C2.

The following two examples are from [272].
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Example. Choose K with empty fine interior, but positive (Lebesgue) measure. Then
the resulting domain €2 satisfies (P;) (Lemma 4.19), hence has a compact d-Neumann
operator, yet the set of weakly pseudoconvex boundary points has positive (Euclidean
surface) measure on b 2. The set of infinite type points then also has positive measure.
(By Catlin’s results, the set of weakly pseudoconvex points of finite type has measure
zero, in general. In C2, the situation is considerably simpler, as the various notions of
type agree; see [92], Section 4.3.1.) To obtain such a set K, observe that the projection
of a finely open subset of C onto one of the coordinate axes is open. Indeed, recall
from the discussion preceding Proposition 4.17 that if z is a fine interior point of a set
E, then there are arbitrarily small positive r such that bB(z,r) € E (one such circle
contained in E would suffice). Take K = K; x K» € R* ~ C, where K; and K,
are compact subsets of R, both with positive Lebesgue measure, and K in addition
with empty (Euclidean) interior. If K had nonempty fine interior, its projection onto
the first coordinate axis, K1, would have nonempty (Euclidean) interior.

Example. Choose K with empty Euclidean interior, but nonempty fine interior. Then
the boundary of €2 contains no analytic disc (Lemma 4.18), but nonetheless, it does not
satisfy (P1) (Proposition 4.17 and Lemma 4.19). Such a set K is obtained as follows.
Denote by {a;}72 a sequence of points in the unit disc D that is dense in D. Define
g(z) = 3 72,(1/j*) log(|z —a;|/3), where |z| < 2 and the sum is in £'(B(0, 2)) or,
equivalently, pointwise (note that the partial sums are decreasing, since |z—a;|/3 < 1).
As a limit of a decreasing sequence of subharmonic functions, g is subharmonic (since
by the &£!-convergence, g is not identically equal to minus infinity). Choose a finite
value ¢ that is assumed by gon Dandset K = {z € D | g(z) > c¢}. Because g is upper
semi-continuous, {z € B(0,2) | g(z) < ¢} is open; therefore K is compact. Because
the sequence {a;} is dense in D, K has empty Euclidean interior. On the other hand,
the set where g > c is finely open, hence so is its intersection with (the finely open set)
D. This intersection is contained in K, and the maximum principle implies that it is
nonempty (since g is not constant). Thus there is a nonempty finely open subset of K,
i.e., K has nonempty fine interior. All properties of subharmonic functions used here
may be found for example in [207], Section 2.1 or in[3], Chapter 3. The latter also
contains a similar example of a set K as above (see Example 7.9.3; I am indebted to
B. Fuglede for this reference). An explicit construction of sets with empty Euclidean
interior, but nonempty fine interior, by removing suitable sequences of discs from D,
can also be found in [86], Section 4.

4.8 Obstructions to property (P,) and to compactness

We have already mentioned that the obvious (but not the only, in view of the preceding
example) obstructions to property (P;) are analytic discs in the boundary. More gener-
ally, sets that pick up ‘plurisubharmonic hull’ ([64], [155], [65]) are obstructions. For
acompactset K CbQ,set K ={z € bQ | A(z) < max¢eg A({) for all plurisubhar-
monic functions A in C()}. By aresult in [272] (mentioned, but not proved, earlier),
(Py) implies that every continuous function on the boundary is the boundary value of a
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plurisubharmonic function ([272], Théoréme 2.1). Therefore, if there is K € b2 such
that K # K, then b2 cannot satisfy (Py). When n > 3, this can happen even if the
boundary does not contain analytic discs ([65], Theorem 5). By contrast, in C2, a set
K can pick up plurisubharmonic hull only via an analytic disc in the boundary ([65],
Theorem 4; see also [265], Proposition 1). Thus the previous example shows that there
can be obstructions to property (P;) that do not arise as nontrivial plurisubharmonic
hulls (in particular not as analytic discs in the boundary).

When g > 1, the role of analytic discs is played by g-dimensional complex mani-
folds, or analytic polydiscs. A g-dimensional analytic polydisc is a holomorphic map
F from the g-fold product D x --- x D to C” so that at all points { € DY, F’({) has
maximal rank ¢. In addition, we assume that F' € C 2(ID_‘I). As usual, we will also use
the term analytic polydisc to denote the image of F'.

Lemma 4.20. Let 2 be a bounded pseudoconvex domain in C"* and let 1 < g < n. If
b2 contains a q-dimensional analytic polydisc, it does not satisfy property (Py).

Proof. In view of Proposition 4.10 (and the definition of P, (D9)), it suffices to show
that C? functions that are in P, of a neighborhood of DY satisfy a maximum prin-
ciple on D?. This maximum principle is a consequence of the maximum principle
for elliptic operators, as follows. Shrinking the polydisc if necessary, we may con-
sider smooth vector fields X!,..., X4 on DY, of type (1,0), such that their push-
forwards Fx(X1),..., Fx(X?) are orthonormal in C”. This can be achieved by using
(Fx(X), Fx(Y))cnr as an inner product on the tangent vectors on D, and then applying
Gram—Schmidt near 0 € D? (and then shrinking the polydisc: F(z) := F(z/a), with
a>1). Nowlet A € P,(U) N C?(U), where U is a neighborhood of F(D?), and set
h(z) = A(F(z)). Then h satisfies

1. 92h(z)
=1 sz 8'

2(2) 4NV
X )XLz) + - +Za X()X(z)

J.k=1

= Hi(A, F(2))(Fa(X"), Fe(X")) + -+ + Hi (A, F(2))(Fx(X?), F«(X%)) > 0.
(4.46)

The last inequality follows because A € P,(U)and Fx(X1'), ..., Fx(X¥) are orthonor-
mal. In other words, & satisfies
Lh = >0, 4.47
(2) = Z ajk() a_ (2) = (447)
J.k=1
witha;x(z) = ;I=1 X; (2) X} (2) = ag,;j(z). L is uniformly elliptic on D4:
q g 4 5
> ap@wm = Y X OXOw T = Y| 3 X @w| = clul,

jk=1 jk.,s s=1 j=1
(4.48)
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for a positive constant ¢. The last inequality holds because {X*(z) | s = 1,...,q}
is a basis for C?, z € D?. The maximum principle for second order elliptic oper-
ators (see for example [122], Theorem 1, p. 327, [148], Theorem 3.1) gives h(z) <
max¢eppe 1($); z € DY. This completes the proof of Lemma 4.20. O

To what extent are the above obstructions to property (P) obstructions to com-
pactness of the d-Neumann operator? Here is a simple example (taken from [213],
[205]).

Example. Still denote by D the unit disc, and let f be holomorphic in D and square-
integrable. The domain 2 is D x D with the edge (bD x »D) rounded to make 2
smooth (but keeping the rotational symmetries intact). Then

AW f(2)) = f(z)dw. (4.49)

Also, if g(z, w) is holomorphic and square-integrable in €2, then

(¢.5(2) = /Q ¢ ww FDAV (. w). (4.50)

Integration in w, with z fixed, gives the integral of a holomorphic function (namely
g(z, w)w) over a disc centered at 0. This integral equals a multiple of the value at
w = 0, hence in our case equals 0. Therefore, w f(z) is orthogonal to holomorphic
functions, i.e.,

@ f(z) =3 Ni(f(z)d D). 4.51)

To see that 5*N 1 1s not compact, it suffices to observe that
lwf)llg2@) ~ I1f | g2¢0) & ||f(Z)dw||x2 H®)"

Ifa'N 1 were compact, this would imply that the unit ball in £2(D) ﬂker(a) is compact.
Since £2(D) N ker(a) is infinite dimensional, this is a contradiction. So 3N 1 1s not
compact; by Proposition 4.2, neither is Nj.

On the other hand, here is an example (from [142]) of a domain with an analytic
disc in the boundary whose d-Neumann operator is nonetheless compact. The reason
is that the £2-theory does not detect the disc.

Example. Set Q := {(z,w) € C? | |z]> + |w|®> < 1, 0 < |z| < 1}. Q is the
unit ball minus the variety {z = 0}, and so is nonsmooth (but pseudoconvex). The
natural isometry i(o )(Q) — "f(o q)(B(O, 1)) commutes with d, ¢ = 0,1,2. This

can be checked by an argument as in [24], p. 687. 3" then enjoys similar commutation
properties, and consequently, so do [J and its inverse. In particular, N; on €2 inherits
compactness from N; on the unit ball.

When the boundary is smooth enough, an example like the previous one is not
possible in C2. This observation is usually ascribed to Catlin (unpublished); a proof
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for the case of a Lipschitz boundary is published in [142]. However, when n > 3,
whether or not an analytic disc in the boundary (say, of a smooth domain) is necessarily
an obstruction to compactness is open. The answer is known to be affirmative when the
domain is locally convexifiable (Theorem 4.26 below; on these domains, compactness
is completely understood). For general domains, only a partial result is known: an
analytic disc is known to be an obstruction when it contains a point at which the
boundary is strictly pseudoconvex in the (n — 2) directions transverse to the disc. In
fact, we have the following result from [263] (and [265] for ¢ = 1).

Theorem 4.21. Let 2 be a smooth bounded pseudoconvex domain in C", n > 2. Let
P € bQQ and assume that there is an m-dimensional complex manifold M C b2
through P (m > 1), and that b2 is strictly pseudoconvex at P in the directions
transverse to M (this condition is void when n = 2). Then the 0-Neumann operator
Ny on 2 is not compact for 1 < g < m.

Remarks. (i) In particular, if the Levi form is known to have at most one degenerate
eigenvalue at each point (the eigenvalue zero has multiplicity at most 1), a disk in the
boundary is an obstruction to compactness of N;j. A special case of this is implicit in
[182] for domains fibered over a Reinhardt domain in C2.

(i1) The assumption that the boundary is strictly pseudoconvex at P in the directions
transverse to M is somewhat curious. One would expect a flatter boundary to be even
more conducive to noncompactness. It turns out that the present methods require some
control over the boundary geometry at P; the setup in Theorem 4.21 provides this in
a geometrically simple way. (Compare also Theorem 4.26 and its proof below.)

The proof of Theorem 4.21 requires two auxiliary results; both are from [265]. They
are of independent interest. The first result gives control over the boundary geometry
near a point of a complex submanifold of the boundary.

Lemma 4.22. Let Q be a smooth bounded pseudoconvex domain in C"*, M a complex
manifold of dimension m in b2, and P € M. Then there is a ball B centered at P, a
biholomorphic map G : B — G(B), such that

@ G(P) =0,
(i) GM N B) ={w e GB) [ wnt1 =+ =w, =0},
(iii) the real normalto G(b Q2N B) at points of G(M N B) is given by the Re(wy, )-axis.

Proof. We can change coordinates near P so that M is (locally) givenby {z | z;4+1 =
-« =12z, = 0}and P = 0. When p is a defining function for 2 (say with dp/dz,, # 0
near P), then there exists a real-valued C*° function %, near 0, such that the complex
normal to b given by e”(3p/dZ;,...,0p/dZ,) has conjugate holomorphic compo-
nents on M. Whenm = 1 (i.e., M is a disc), this is the conclusion of Lemma 1 in
[18]. These methods can be adapted to cover the case of m > 1. Alternatively, we
can use the ideas that will be developed in Chapter 5; this approach comes from [288].



4.8. OBSTRUCTIONS TO PROPERTY (P;) AND TO COMPACTNESS 101

Specifically, (5.85) and (5.92) show that there is a C * function /4, defined on M near 0,
that satisfies

_ _ 1 < #Pp o
dyh(L) = L)=- — W, 4.52
mh(L) = a|m(L) W}; 7205 5, (4.52)
where L = Y j_; wi(9/0zx) is tangential to M (i.e., Wpt1 = - = w, = 0),

and « is the form introduced in Chapter 5. Because « is real, & can now be extended
into a full neighborhood of P = 0 as a real valued function, so that (4.52) holds
near 0 at points of M for any L (not necessarily tangent to M). Now set L, ; =
el Z;'=1 (dp/0%;)(d/dz;). Then (4.52) means that the inner product of L(L,, ;) (where

L acts componentwise) with the conjugate of the complex normal is zero on M :
n n
- B d 0 0 B
ZL(eh_’O)sz Z Wy — (eh_p)T’O
= 8Zj sz k=1 aZk aZj 8Zj

n
- Pp dp
— oh 2 § : ) —
=e ((Lh)|3p| + i azjazkg_jwk) =0.
JK=

(4.53)

The last equality is from (4.52). The inner products with the conjugates of complex tan-
gential fields vanish by virtue of pseudoconvexity of <2 (and regardless of what / is):
if Z?:l £;(0/0z;) is such a field then (4.53) becomes

n ap n 32,0
Z(eh—)z~ =¢" —_¢wg = 0. (4.54)
j; az; )~ j,k2=:1 0z;0z;

We have used that Z;’Zl (9p/0z;)¢; = 0. The last equality holds because L is a Levi
null direction, and the Levi form is positive semidefinite. So at any point of M (near 0),
Ij(m) has inner product zero with the vectors in a basis of C”, hence vanishes. Since
L was an arbitrary field tangential to M, this shows that L, ; has coefficients that are
holomorphic on M.

The holomorphic change of coordinates

n
a
z —> (217 e Zne1, Z Zjeh(Zl,...,Zm,O,-..,O)i(zl’ ey Zm, 0, ey 0)) (455)

j=m+1 0z
takes the complex tangent space of b2 (near 0) into the complex hypersurface z, = 0
(we also use z to denote the new coordinates); this is easily computed. In other words,
the complex normal is constant at points of (the image of) M, and the real unit normal
is of the form (0, ..., 0, e'?). On M, the function o is pluriharmonic ([105], Section 5;
[17], Proposition 3.1; [18], Lemma 1; [14], proof of the main theorem).

Denote by o7 a pluriharmonic conjugate (near 0). The final coordinate change

(Zl, o Zn) N (217 e Zne1s Zneol (zl,...,zm,O,...,O)—iU(zl,...,zm,O,...,O)) (4.56)
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rotates the real normal: it becomes constant along M (near 0). Combining the above co-
ordinate changes gives the required biholomorphic map G, and the proof of Lemma 4.22
is complete. 0

Remark. The fact that the complex normal is conjugate holomorphic (rather than
holomorphic) implies (and is explained by) the following: the bundle given by the
complex tangent space 7T (b 2) is holomorphic on M. Indeed, writing the condition
for membership in TI? (b2) at a point P in terms of the complex inner product with
the normal at P results in a linear equation whose coefficients vary holomorphically
in P on M. Locally, this gives a basis for TC(bQ2) that varies holomorphically
on M.

The second result concerns the ‘source’ of noncompactness. Denote by A(£2) the
Bergman space of €2, i.e., the subspace of £2(2) consisting of holomorphic functions.

Lemma 4.23. Let Q2 be a bounded pseudoconvex domain in C", smooth near the strictly
pseudoconvex boundary point P. Assume the pseudoconvex domain S21is contained
in 2, shares the boundary point P with €2, and is smooth near P. Then the restriction
map from A(R2) to A(21) is not compact.

Proof. We produce a bounded sequence of functions in A(£2) without a subsequence
that converges in A(21). Choose a sequence {P;}72, of points on the common inte-
rior normal to b$2 and b2y at P so that P; — P. Denote by Ky (-, ) the Bergman
kernel function of a domain U (see [259], [207], [176], [81], [243] for properties of
this kernel function). For z € @, K(z,-) is the reproducing kernel for A(2) at the
point z. It follows from the mean value property of holomorphic functions that K(z, -)
is given by the Bergman projection of a function ¢ € C§°(£2), radially symmetric
with respect to z, and with fQ ¢ = 1. Therefore, by (4) in Theorem 2.9 and Theo-
rem 3.6, K(z,-) is smooth up to the boundary near P. (More can be said, compare
[179], [26], [40].) For j > 1, define f;(z) = Kq(z, P;)/Ka(P;, Pj)l/z. Then
I fillg2(y = 1; furthermore, f;(z) — O for all z € Q. The last assertion holds
because K(z,-) € C®(Q) near P and Kq(P;, P;) — oo. For the last statement, see
e.g. [170], Theorem 3.5.1, where the precise asymptotics are determined as follows:
limje0 |Pj — PI"" Kq(Pj, P;) = (n!/4n™) x (product of the eigenvalues of the
Levi form at P); compare also [104]. The proof applies methods discussed in Chap-
ters 1 and 2. This result has been generalized considerably in [53] (compare also
[111]).

By the reproducing property of Kq,, applied to the function Kq (-, P;) (viewed as
an element of A(£21)), we have

2
Ka(P;. P = ( /Q Ko, (P;.w)Ka(w, P,-)dV(w>)

< 1K, (-, P2 1K P32 g,
= Ko, (P;, P)Ka(-, P)lIg2q,):

4.57)
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(This argument is from [141], p. 637.) Therefore,

IKa(-, P)I? Kq(P;, P;
112, = @) a(fy. F;) >C >0. (4.58)
! Ka(P;, Py) Ko, (P;, Pj)

For the second inequality in (4.58), note that €2 is also strictly pseudoconvex at P, so
that by Hormander’s result mentioned above, both kernels have the same asymptotics at
P: the quotient in (4.58) converges to the (strictly positive) quotient of the determinants
of the Levi forms at P of €2 and €21, respectively.

Because f;(z) — O for z € Q (in particular, for z € 1), (4.58) implies that no
subsequence of { fj } convergesin £2(21): by (4.58), £2 convergence would resultin a
nonzero limit, contradicting the pointwise convergence to zero (since £ convergence
of holomorphic functions implies their pointwise convergence, for example via the
mean value property). This concludes the proof of Lemma 4.23. (|

Proof of Theorem 4.21. The argument, from [265], [263], follows closely [141], Sec-
tion 4. In turn, that section relies heavily on ideas from [65] and [116]. We assume
that 1 < g < m, and that N, is compact. This will lead to a contradiction. Keeping
the notation from the previous two lemmas, we denote G(B N £2) by Q. Shrinking B
if necessary, we may assume that G is biholomorphic in a neighborhood of B N €.
Choose positive numbers rp < r1 < ro and a ball B in C"™ small enough such
that My x B C Q, where M; = {w = (wy,...,w4,0,...,0) € M | |w| < r;},
Jj = 0,1, 2. This is possible because the real (unit) normal to the boundary is constant
on M (near P). Denote by S¢ the (n — m)-dimensional slice of Q through O and
perpendicular to M. (Further shrinking B if necessary to ensure that this slice is a
domain, i.e., is connected.) Because the biholomorphism G preserves the rank of the
Levi form at P, Sy is strictly pseudoconvex at 0. By Lemma 4.23, the restriction map
from A(So) to A(B) is not compact. Thus, there is a bounded sequence { f;}72 | none

of whose subsequences converges in A (E ). The Ohsawa-Takegoshi extension theorem
(Theorem 2.17) provides a bounded sequence { F;}72 | in A(€2) such that F; = Jj on

So. The forms aj := Fidw; A -+ A dwg are d-closed on 2. By Proposition 4.4,
part (2), the d-Neumann operator on (0, g)-forms on B N L is compact (in view of our
assumption that N, on €2 is compact). Therefore (Proposition 4.2) there is a compact
solution operator for d on (0, g)-forms. This gives, via the pullback under G a
corresponding compact solution operator on £2. This solution operator, when applied
to {o;}72 |, produces a (bounded) sequence {f;}72, in i?o,q_l)(ﬁ) with 08, = «j,
J € N. Note that the last equality still holds when we redefine 8; by omitting all
the terms that contain a factor dwy with k > ¢ (since o; does not contain terms

with such a factor); we use f; to denote these new forms. Moreover, {8;}72, has

a convergent subsequence, hence so does { ,BAJ};?‘;l (omitting terms decreases norms).
Choose a smooth cutoff function y: C¢ — [0,1] with y(wy,...,wg) = 1 when
[(wy,...,wg)| < rz, and y(wy,...,wg) = 0 when [(wy,...,wq)| > ri. Set
y(w) = y(wi,...,wy,0,...,00dw; A--- A dwy. The mean value property for
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holomorphic functions gives
[£i00,....,0, wntt,....wn) — f&(0,....0, Wpt1,..., W)l

=C'/ (oj — o, y)dV(wy, ..., wy)
[(W1,....wm)|<ro

(4.59)

:C'/ <,B\j—,é\k,l9)/>dV(UJ1,...,wm)
[(wy,....wm)|<ro

(recall that ¥ denotes the formal adjoint of d). Applying the Cauchy—Schwarz inequality
and integrating in (Wy 41, ..., Wy,) gives

I1fi = fillz, < ClIB; — Bell3, - (4.60)
{,é} }]9‘;1 contains a convergent subsequence. In view of (4.60), this contradicts the fact
that { f;}72, does not. The proof of Theorem 4.21 is complete. |

Theorem 4.21 implies that if N; is compact, the set of weakly pseudoconvex bound-
ary points cannot have interior ([265]). Note that this set is in general considerably
larger than the set of Levi flat points (where all eigenvalues of the Levi form vanish).

Corollary 4.24. Let 2 be a smooth bounded pseudoconvex domain in C", n > 2. If
the d-Neumann operator Ny is compact, then the set of weakly pseudoconvex boundary
points has empty interior in b Q.

Proof. Let U be a nonempty open set in b2 contained in the set of weakly pseudo-
convex boundary points. Let P € U be a point where the Levi form has maximal
rank, say m, among the points of U (such a point exists because the rank of the Levi
form assumes only finitely many values). Note that m < n — 2 (otherwise, the point
is a strictly pseudoconvex point). Near P, the rank has to be at least m, hence is equal
to m (in particular, it is constant). Therefore, b2 is foliated, near P, by complex
submanifolds of dimension n — 1 — m (see for example [133]). At P, b2 is strictly
pseudoconvex in the directions transverse to the leaf through P (because the rank of
the Levi form at P is m). By Theorem 4.21, N, is not compactfor1 < g <n—1-m.
In particular, N; is not compact, contradicting the assumption. O

Remark. Both Theorem 4.21 and Corollary 4.24 can be formulated in terms of a
compact solution operator for d (on (0, g)-forms and (0, 1)-forms, respectively). The
modifications in the proofs are minor and are left to the reader.

We have already seen that property (P;) can fail without discs in the boundary (see
the discussion following the proof of Lemma 4.19). The examples arise via compact
sets in the plane with empty (Euclidean) interior, but nonempty fine interior. Such
sets also give rise to examples of domains in C? without discs in the boundary, whose
0-Neumann operator is not compact. This was realized in [217]. The treatment we
give here follows [142]. A Hartogs domain (say in C?) is called complete if with each
point (z, w), it also contains the points (z, Aw) for all A with [A| < 1.
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Theorem 4.25. Assume that K is a compact subset of C with nonempty fine interior.
Then there exists a smooth bounded pseudoconvex complete Hartogs domain 2 C C 2
whose weakly pseudoconvex boundary points project onto K and whose 0-Neumann
operator Ny is not compact.

Remarks. (i) If we choose K in Theorem 4.25 with empty Euclidean interior (in
addition to having nonempty fine interior), then »Q will contain no analytic disc
(Lemma 4.18). Note that in this case, C \ K has infinitely many connected com-
ponents. Namely, if z is a fine interior point of K, then there are arbitrarily small
positive r such that the circle of radius r, centered at z, is contained in K ([166],
Theorem 10.14; [3], Theorem 7.3.9). If z is not an (Euclidean) interior point of K, we
obtain a sequence of radii tending to O so that each annulus between successive circles
contains at least one component of C \ K (since the circles are contained in K).

(ii) Although the domains in Theorem 4.25 have noncompact d-Neumann operator,
this operator is globally regular (continuous in Sobolev spaces): a smooth bounded
complete Hartogs domain in C? without discs in the boundary is ‘nowhere wormlike’,
in the terminology of [49], and consequently has globally regular d-Neumann operator
([49], Theorem 1).

Proof of Theorem 4.25. Without loss of generality, we may assume that K C D. We
are going to build a Hartogs domain €2 over 2D, the disc of radius 2. It will be given
by |w|? < e, where ¢ € C*°(2D). Near 2D, ¢ will be given by —log(4 — |z|?);
then Q2 will be smooth near {w = 0} also (compare our discussion following the
proof of Lemma 4.19: Q2 will then agree with the sphere of radius 2 near {w = 0}).
Because we want €2 to be pseudoconvex, we require Ag > 0 (see (4.44)); furthermore
(also by (4.44)), we need that K is the zero set of Ag (so that the weakly pseudoconvex
points project onto K). In addition, we want ¢ so that the resulting Hartogs domain has
noncompact d-Neumann operator. This will be achieved through a careful construction
of ¢ ([217]).

Let ¥ be a nonnegative smooth function on C that is strictly positive on C \ K,
and that vanishes to infinite order on K. We treat the case where D \ K has in-
finitely many connected components (by Remark (i) above, this is the main case
of interest); when D \ K has only finitely many components, the proof works with
the obvious modifications. Denote by D;, j = 1,..., the connected components
of D\ K. Sety; = ¥ on D; and 0 on D \ D;. Then y; € C>(D), and
X = Z;’il V¥ on D. Next, we pick a sequence {¢j}172, C (0,1] and a strictly in-
creasing sequence of positive integers {n;}2, such that: (i) n;c; /, D, Y = 2m, (i)
Citilvitillee = ¢jll¥jllgee, (i) njcipill¥jsillgee = 1, and (iv) nj4q is di-
visible by n;. This can be done inductively. First, choose n; sufficiently large so
that ¢; := 271/(111fD1 Y1) < 1. Assume cq,...,c¢; and ny,...,n; have been cho-
sen. Choose an integer m sufficiently big so that ¢, ; := 27 /(mn; ij+1 Yig1) <
min{1, (¢; ¥l 2oo)/I1¥j+1llgoe. 1/ (njl|¥j+1ll2o0)}. Then set njyy := mnj. Now
we set ¥ 1= Zj‘;l cj ;. The supports of the v;’s are disjoint, except for points of
K, where all derivatives of ¥, hence of the ¥;’s, vanish. As a consequence, the sum
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converges in C (D). In particular, ¥ € C°(D). Finally, set
1 -
p(2) = 2—[ log(lz = DY (OdA(D). (4.61)
7T JD

Theng € C*®(D),and Ag = ¥ on D ((1/27) log |z| is the fundamental solution for A,
[122], [299]). As in the discussion following the proof of Lemma 4.19, we can extend
¢ (from a disc of radius slightly smaller than 1) to a C*° function on 2D (still denoted
by @) so that on 2D \ K, ¢ is strictly subharmonic and so that near {|z| = 2}, it agrees
with — log(4—|z|?). We define Q by Q = {(z, w) € C2 | z € 2D, |w|?—e~*® < 0}.

Claim: The d-Neumann operator N1 on €2 is not compact.

Proof of claim: Recall from the discussion around Proposition 4.17 that A (U ) denotes
the first eigenvalue of the Dirichlet problem for the Laplacian on U, in the classical
sense when U is Euclidean open ([77]), but also when U is only finely open (with the
appropriate definition of the Dirichlet problem, [135]). No boundary point of D; is a
fine interior point of K. This follows from Theorem 10.14 in [166] (or Theorem 7.3.9 in
[3]), which implies that if z is a fine interior point of K, then there are arbitrarily small
positive r such that the circle bB(z, r) is contained in K. These circles would ‘discon-
nect’ D;. Therefore,inty K C Wy 1= ID\(U?=1 Dj),and Ay (W) < Aq(inty K) < oo,
by the monotonicity of Ay ([135]), and by our assumption that inty K # @. It follows
that there exists a sequence of functions {vg }22 . vk € Cg° (W), llvkllg2@y = 1, and
||VUk||°<C2([D) =< 1. Define \pk by

1 k
w(2) = 5 [ toellz 5D Y e w ) da@). 4.62)

J=1

Then AY;, = Z?:l ¢;j¥; = 0 on Wg. Thus Wi is harmonic on the finitely connected
domain Wj.. Moreover, the properties (i) and (iv) of the sequences {c; } and {n; } imply
that the periods of ng Wy, given by (sums of) the integrals ny fD/ AWy = ngcj fD/’ Vi,
1 < j <k, are integer multiples of 27r. Consequently, 71; Wy has a harmonic conjugate
O on Wy whose values are determined up to an integer multiple of 2. Therefore,
exp(i O ) is single valued and smooth, and exp(ng Y + i ®) is holomorphic on W.

With the help of these functions, we define the following sequence of forms in
dom(é) N dom(é*) on Q:

ur = Jnrvrexp(nge + i Op)w"x 1 (wdi — 2exp(—2g0)z—(§dw). (4.63)

Note that the form (Edi — 2exp(—2(p)g—‘§dw) € dom(é*) (see (4.43)), hence so is u.
In addition, |jug|| 22 @ 1 (meaning that these norms are bounded and bounded

away from 0), and uy L u; if k # j (different powers of w are orthogonal on discs
in the w-variable centered at 0). As a result, uy — 0 weakly in SC%O 1)(Q) and hence
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strongly in W(Ell)(Q). Therefore, in order to prove the claim, it suffices to show that

19w ||? + [0 ug||? < 1: if this holds, the compactness estimate
= ok
lurell® < e(ldurl® + 119" ur 1) + Cellur I, (4.64)

cannot hold for all ¢ > 0.
The Kohn—Morrey formula (Proposition 2.4 witha = 1, ¢ = 0) gives

_ - 0%p — 2
g || + 10" g || =/ —(uy); (u —|—[
1w+ 03w = | D 5 s e Qj;

2 2
Jl=1

0™ 4 65)

3z,

where we have temporarily denoted z by z; and w by z5; p is a (normalized) defin-
ing function. Take p = |w|? — exp(¢(z)), suitably normalized. If f; denotes the
function /ngviexp(nge + i Or)w™ !, the right-hand side of (4.65) is dominated
independently of k by
2)
(4.66)

P 2 2, |9k
[ tinl +/Q(|fk| +|%
2 d(nky +10y) 2)

0%
< 2 2
< /Wk (nklvkl 5295 T [vg|” + P

Note that although ® is multiple valued, derivatives are well defined and single valued.
The first term on the right-hand side of (4.66) is dominated by ny maxgew, |9%¢/0z0Z|
Jw P < nicll¥ g owioy S, 1vel>. By (ii) and (iii), ni[|¥ [l goo(wy) < 1, and by
our choice of v, fWk |k |? < 1 as well, so that the first term on the right-hand side
of (4.66) is bounded independently of k. Again by our choice of vy, the second
and third terms are bounded independently of k. To control the last term, note that
d(ng Wy +i0Ox)/dz = 0, by our choice of ® as conjugate harmonic to ¥x. Therefore,
we may replace ng ¢ +i O by ng (9— V) in the last term in (4.66). From the definitions
(4.61) and (4.62), we obtain via differentiating under the integral and invoking (ii)
and (iii)

Vg

0z

+ ‘vk

Nk Z;ik-i—l ¢j;j(©)

R e

dAG) < nicrrillgr+illge < 1. (4.67)
Since the [[vk || g2¢w,) < 1, (4.67) shows that the last term in (4.66) can be bounded
(independently of k). This completes the proof of the claim and therefore the proof of
Theorem 4.25. O

Remark. The proof of Theorem 4.25 was facilitated by the freedom to construct the
domain (i.e., ¢) suitably. What if the domain is given? Through a considerably more
subtle analysis, Christ and Fu have recently shown that on a smooth bounded pseu-
doconvex Hartogs domain in C2, compactness of N and (P;) are actually equivalent
([86], Theorem 1.1). Their work uses an interesting connection between compactness
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of N1 and (P;) and the behavior of the lowest eigenvalue of certain sequences of
magnetic Schrodinger operators and their nonmagnetic counterparts, respectively (in
the complete case). These Schrodinger operators live on the base of the domain (an
open set in C), and the sequences are indexed by the Fourier variable that arises from
the rotational symmetry of the domain (essentially the exponent of w in (4.63)). This
connection was established in [143]; a portion of it is implicit in [217]. The main issue
then is to show that if the lowest eigenvalues of the operators without magnetic field
stay bounded as the Fourier variable tends to infinity, then the eigenvalues of the oper-
ators with magnetic field have finite limes inferior (Theorem 1.5 in [86]). This requires
a considerably more refined analysis than that in the above proof (see Section 8 in
[86]). For further information on Schrédinger operators in this context, the reader may
consult [165]. The connection between d and Schrédinger operators predates [143];
for more on this connection, see [34], [161], [162].

4.9 Locally convexifiable domains

There is a class of domains where the analysis, the geometry, and the potential theory
mesh perfectly. This is the class of locally convexifiable domains. We say that the
domain €2 is locally convexifiable if for every boundary point there is a neighborhood,
and a biholomorphic map defined on this neighborhood, that takes the intersection of
the domain with the neighborhood onto a convex domain. Pseudoconvexity is a local
property of the boundary; consequently, locally convexifiable domains are pseudocon-
vex. Note that convex domains are Lipschitz (see for example [218], Section 1.1.8);
therefore, so are locally convexifiable domains. The following theorem comes from
[141], [142]. By an affine variety of dimension ¢ we mean a (relatively) open subset
of a g-dimensional affine linear subspace of C”.

Theorem 4.26. Let 2 be a bounded domain in C" which is locally convexifiable. Then
the following are equivalent:

(i) The 3-Neumann operator Ny is compact.
(i1) b2 does not contain any analytic variety of dimension > q.
(iii) b2 satisfies (Py).
If Q is convex, then (1)—(iii) are also equivalent to

(iv) b2 does not contain an affine variety of dimension > q.

Remarks. (i) The equivalence of (ii) and (iv) on convex domains is a manifestation
of the general principle that for convex domains, questions of orders of contact may
be decided by considering affine (in particular; smooth) varieties ([219], [49], [304]).
This is in stark contrast to the situation on general pseudoconvex boundaries (see [89],
[92]).
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(i1) Complex manifolds in general (but smooth) pseudoconvex boundaries are stud-
ied in [18].

(iii) On convex domains, compactness of N has been shown in [181] to be equiv-
alent to a condition called property-K in [181]. This property encodes information
concerning the holomorphic structure of subdomains having the property that the re-
striction operator from the Bergman space of the domain to the Bergman space of the
subdomain is not compact. This latter property plays a crucial role in establishing
failure of compactness on certain domains, see the role Lemmas 4.23 and 4.27 play
in the proofs of Theorems 4.21 and 4.26, respectively. Interestingly, the definition of
property-K involves the Kobayashi metric of the domain.

(iv) Given Lemmas 4.23, 4.27, and the remarks in (iii), the following question
arises. Determine necessary and sufficient conditions on a pair of domains 2; C 5,
with b2, N bR, # @, for compactness of the restriction operator A(£25) to A(£21).
In this context, see [181], [182].

(v) It is in general not easy to decide whether a given (nonconvex) domain is
locally convexifiable; in particular, there is no known characterization in terms of local
boundary data. For some results on domains in C2, we refer the reader to [202], [203].
For the issue of local versus global convexifiability, see [237].

The analogue of Lemma 4.23 required in the proof of Theorem 4.26 is as follows.
It is implicit in [141], and is made explicit in [182].

Lemma 4.27. Let Q be a bounded convex domain in C" with 0 € bQ2. Let Qy/, =
{(1/2)z | z € Q}. Then the restriction from A(2) to A(2y,2) is not compact.

Proof. The strategy is the same as in the proof of Lemma 4.23, but the tactics need to be
adjusted. Choose a point P € 2 on the normal to a supporting hyperplane at 0 € b <2,
and a sequence of points P; on the line segment from O to P such thatlim; .o, P; = 0.
Note that convexity of €2 implies the following geometric arrangement. There exists

—
r > 0and jo such thatfor j > jo, the translate of 2N B(0, r) by the vector 0 P; is con-
tained in 2. Asin the proof of Lemma4.23, weset fj(z) = Ka(z, P;)//Ka(P;, P}),
where Kgq (-, -) denotes the Bergman kernel function of the domain €2 (see again [259],
We also need that K(P;, Pj) — oo when j — oo. This is true on general
pseudoconvex domains that satisfy a mild geometric condition (a so called outer cone
condition) that is satisfied by convex domains, see e.g. [176], Theorem 6.1.17. The
point is to show that there exists a function /4 in A(£2) that tends to infinity along the se-
quence {P;}%2 . Then |h(P))] = |(h, Ka(. P < [l g2l K, P)lz2@) =
Il ¢2(@) v/ K@ (Pj, P;) — oo. In our situation (but not on general pseudoconvex
domains) this can be done easily. Without loss of generality, we may assume that the
normal to the supporting hyperplane at 0 is the x,-axis, and that Q2 C {x, > 0}. Then
the function /(z) = log(z,) will do, where log denotes the principal branch.
Functions in A(£2) can be approximated in norm of A(£2) by functions in A(£2) N
C*°(Q): it suffices to consider dilates with respect to a point in Q. For & € A(Q) N
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C®(Q), h(P;)/Ka(P;, Pj) = 0as j — oo (since Kq(P;, Pj) — oo as j — 00).
In other words, A(2) > h — h(P;)//Ka(P;. P;) gives a sequence of continuous
linear functionals on A(2) that converge weakly to zero on a dense subset of A(£2).
Moreover, the norms of these functionals are bounded by 1:

|h(P))| = [(h. Ka(P;. )| = |hlle2@)ll Ka(P;. ) le2@) = I1hll£2(@) / K(Pj. P).

Consequently, the sequence of functionals converges to zero weakly on all of A(2).
In particular, for z € Q fixed, h = Kq(-,z) € A(R2), so that

f;(z) = Ka(P;,2)/\/Ka(P;, P;) = 0 asj — oo.

(For this argument, compare [239] and [176], Section 7.6.)
We also have

||fj||,%(32(9 .= M — —nM_ (4.68)
V2T Ko, (P, Pj) Ka(2P;.2F))
The inequality on the left follows as in (4.58), while the equality on the right results
from the transformation rule for the Bergman kernel under the map z — 2z that maps
21/, biholomorphically onto 2. To obtain a lower bound on the right-hand side of
(4.68), we use a localization property of the Bergman kernel function. Namely, there
exists a constant C such that for z € B(0,r/2), Kq(z,z) > CKqnp(o,r)(z.2) ([176],
Theorem 6.3.5). Consequently, when j is big enough,

Kqo(P;, Pj) > CKqnpw,n)(P;. Pj)

(4.69)
= CKr;@nB0.)(2P;,2P;) > CKa(2P;,2P)),

where T denotes translation by the vector O—P; (under which the kernel is invariant).
The last inequality in (4.69) holds because 7; (2 N B(0,r)) € Q. Combining (4.68)
and (4.69) shows that the || fj[|£2(q, ,) stay bounded away from 0. Together with the
pointwise convergence to 0, this implies that{ f; }72 ,, which is bounded in A(£2), has no
subsequence that converges in A(£2/,). This completes the proof of Lemma4.27. [

Proof of Theorem 4.26. We follow [141], [142]. The key to the equivalence of (ii) and
(iv) (only (iv) = (ii) is nontrivial) on a convex domain is the observation that if V/
is a g-dimensional variety in C”, then its convex hull V' contains an affine variety of
dimension ¢q. (See e.g. [82] for information about complex varieties.) This can be seen
by induction on the dimension #n. When n = 1, this is clear. Let now V C C”. If v
has nonempty interior (in C"), we are done. If the interior of V is empty, there do
not exist 2n line segments with endpoints in V' that are linearly independent over R.
Therefore V is contained in a real hyperplane. After changing coordinates, we may
assume this hyperplane is {x, = 0}. The open mapping property of nonconstant
holomorphic functions, applied to the coordinate function z, restricted to the regular
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part of V', shows that V is actually contained in the complex hyperplane {z, = 0}, and
the induction is complete.

We now show that not (ii) implies not (iv). So let V' be a variety contained in 2 of
dimension at least g. Without loss of generality, we may assume that P =0 € V, P is
aregular point of V, and that {x, = 0} is a supporting hyperplane for Q at P. Near P,
V is a smooth manifold, say Vp, and the argument from the previous paragraph shows
that Vp is contained in {z, = 0}. Therefore, its convex hull is contained in both & and
{z, = 0}, hence in b 2. But by the previous paragraph, this convex hull contains an
affine variety of the same dimension as Vp (at least g), that is, (iv) fails.

Next, we come to the equivalence of (i)—(iii) on locally convexifiable domains. We
already know that (iii) implies (i): that is the content of Theorem 4.8. It remains to
show that (i) = (ii) and (ii) = (iii).

For the proof that (i) = (ii) we argue indirectly and assume that N, is compact
on 2 and there is a g-dimensional variety in contained in h€2. This will lead to a
contradiction. Choose a regular point P in the variety. By assumption, there is a
neighborhood U of P, and a biholomorphism F on U that maps 2 N U onto a convex
domain. By considering the inverse image of a small ball centered at F(P), we may
assume that U is strictly pseudoconvex, and that F is biholomorphic in a neighborhood
of U. By part (2) of Proposition 4.4, the 3-Neumann operator NanU on Q NU is
compact (because N, qQ is). By Proposition 4.2, there is a compact solution operator for

d: f'%o,q—n(g NU) — :8%0,‘])(52 N U). Via the pull backs F* and (F~')* (which
commute with ), this solution operator gives an analogous compact solution operator
on F(QNU).

The boundary of F (€2 N U) contains a g-dimensional complex manifold (through
F(P)). Because of the equivalence of (ii) and (iv) on convex domains that we al-
ready proved, bF (2 N U) contains a g-dimensional affine variety. In suitable coor-
dinates, we have that Mg = {(z1,...,24,0,...,0) | |z1]% + -+ + |z4]*> < R?*} C
bF(2 N U) for some R > 0. Denote by 2y € C"~¢ the domain {(zg+1,...,2n |
©,...,0,zg41,...,2n) € F(RNU). Note that 2 is convex. Set Q5 := (1/2)Q;.
Then Mg/» x Q212 € F(NU). (This is a special case of a general fact about convex
sets, see [261], Theorem 6.1. In our case, each point in this set is the midpoint of a line
segment in Mg x 2 and so belongs to F(2NU). But M5 X 21/, is open, so must
then be contained in the interior of F(2 N U),i.e.in F(2 N U), where equality holds
by convexity.) From now on the proof proceeds exactly as the proof of Theorem 4.21.
The roles of My and B are played by Mg, and 2;/,, respectively. The resulting
contradiction shows that if N, is compact, b$2 cannot contain a complex variety of
dimension > g.

We now show that (ii) implies (iii). For this, we require the following function
algebra result. For a compact set X, denote by H(X) the Banach algebra given by
the closure in C(X) of the functions holomorphic in a neighborhood of X. A closed
subset E of X is a peak set for H(X) if there exists f € H(X) such that f(z) = 1
on £ and | f(z)] < 1 on X \ E. For more information on uniform algebras, we refer
the reader to [144], [280]. Let X be compact and convex, 1 < g <n. Let P € X



112 4. COMPACTNESS

and assume X contains no variety of dimension > ¢ through P. Then there exists a
complex affine subspace L of dimension < (¢ — 1) through P such that X N L is a
peak set for H(X). The simplest case, g = 1, simply says that when X contains no
variety of positive dimension through P, then P is a peak point for H(X). For a proof
of this fact, we refer the reader to [141], Proposition 3.2. Note that X N L C bX.

So assume now that €2 contains no analytic variety of dimension > ¢g. We must
show that b Q2 satisfies (P;). By Corollary 4.13, it suffices to do this locally. Fix a
boundary point Q € Q2. Using a biholomorphism F' that convexifies b2 near Q, as
in the proof of (i) = (ii), together with the function algebraic result from the previous
paragraph (applied to a suitable convex domain on the image side), we obtain the
following. There is a neighborhood U of Q so that 2 N U is a biholomorphic image
(under F~!) of a convex domain. Furthermore, there is > 0 such that through each
point z of bQ N B(Q, r) there is a (connected) complex manifold M, of dimension
m < (¢ — 1) through the point so that M, N (2 N U) is a peak set for H(Q2 N U).
Also, M, N (QNU) € bQ. Moreover, in a neighborhood of 2 N U, there are
holomorphic coordinates w; = g;(¢), 1 < j < n, where g1, ..., g, are holomorphic
in a neighborhood of Q N U, g(z) = 0, and M, is given by gp+1 = --- = g, = 0.

Let 1 be a g-Jensen measure for z with respect to P, (b2 N B(Q,r)). Because
the absolute values of functions in H (2 N U) belong to P, (b2 N B(Q,r)), it follows
that p is supported on M, N (b2 N B(Q,r)) = M, N B(Q,r). If m = 0, we have
that w is supported on {z}. If m > 0, consider the function

h@) = Z|gz(c>|2+c 3w (4.70)

I=m+1

where C > 0 is big enough so that h € P,(Q NU) — Py(b2 N B(Q,r)). To see
that this can be done, let { € Q N U, and let ¢, ... Wy, be orthonormal in C”. Then

q n

82
> Z @) 525, 1
s=1],
] q m q n
S YD a @+ Y IDLsi@P

s=1]=1 s=1]=m+1

4.71)

where D, _g; denotes the derivative of g; in the direction of £ . It now suffices to observe
that compactness gives that the negative term on the right-hand side of (4.71) is bounded
fort € QN U (and . ... .1, orthonormal), and that Y -7_, >°/_ | |D; g1 (0)[* as-
sumes a (strictly) positive minimum. The last assertion follows because | <m < g—1
and the g; have linearly independent gradients: if Y 7_, >/ ., |D; g1(0)|* = 0,
then z,,... Wy and the gradients of g; at {, m + 1 < [ < n, would be linearly
independent. That is, there wouldbe g +n—m > g+n—(¢q—1) = n + 1
linearly independent vectors in C”, which is impossible. Therefore, C can be cho-
sen big enough so that the right-hand side of (4.71) is positive; by Lemma 4.7, the
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sum of any ¢ eigenvalues of / is nonnegative, i.e., h € P;(2 N U) (Lemma 4.9).
Note that on M, \ {z}, h < 0, while 2(z) = 0. Because we already know that a
q-Jensen measure u for z is supported on M N B(Q, r), this implies that it is actually
supported on {z}. We have shown: if u is a g-Jensen measure for z with respect to
P,(bQ2N B(Q,r)), thenitis supported on {z}, forallz € bQ N B(Q,r)). By Propo-
sition 4.10, bQ N B(Q, r) satisfies (Py). O € b2 was arbitrary, so Corollary 4.13
shows that b Q2 satisfies (P;). This completes the proof of (ii) = (iii), and thus the
proof of Theorem 4.26. O

Remarks. (i) In the case of a convex domain, the proof of the implication (i) =
(ii) above can be streamlined somewhat; and it gives a proof of (i) = (iv) that uses
only the existence of a compact solution operator for d on forms with holomorphic
coefficients (see [141] for details). Consequently, on convex domains, the existence of
such a compact restricted solution operator is already equivalent to compactness of the
d-Neumann operator. For spectral properties of this restricted solution operator, also
in the context of weighted spaces, see [163] and their references.

(i1) Pseudoconvex Reinhardt domains are locally convexifiable at most of their
points, and the above ideas yield results on this class of domains as well. In [142],
the following theorem is proved (Theorem 5.2). Let 2 be a bounded pseudoconvex
Reinhardt domain in C”, 1 < ¢ < n. If bQ does not contain an analytic variety of
dimension > ¢, then it satisfies (P;), and consequently, the d-Neumann operator N, on
(0, g)-forms is compact. Indeed, the argument above in the proof of (ii) = (iii) shows
that b2 satisfies (P,) locally near every point not on a coordinate hyperplane (these
are precisely the points where the domain can be locally convexified). Consequently,
the part of the boundary where all coordinates are nonzero (this is not a compact set) is
a countable union of compact sets satistying (P;). A little extra work is needed to see
that the rest of the boundary satisfies (Pg); this follows from logarithmic convexity,
using tools from Section 8, Part II, of [261] for unbounded convex domains (details
are in [142]). The conclusion is that the boundary is a countable union of compact
sets satisfying (P,); by Corollary 4.14, it satisfies (P;) as well. We remark that a
weaker version of the result had been shown earlier in [167]. Note in particular (in
view of Lemma 4.20) that the boundary of a bounded pseudoconvex Reinhardt domain
therefore satisfies (P,) if and only if it does not contain g-dimensional analytic varieties.
For a characterization when pseudoconvexity is not assumed (but g = 1), see [117],
Proposition 3.1.

4.10 A variant of property (P,)

There is a condition potentially weaker than property (P,) that still implies compact-
ness. It arises from (P,) by replacing the uniform boundedness condition in the family
of functions by that of having uniformly bounded gradient in the metric induced by
the Hessian of the functions. This condition was introduced, and shown to imply com-
pactness, a few years ago by McNeal ([221]). We say that 2 satisfies property (Fq) if
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the following holds: there is a constant C such that for all M > 0 there exists a C2
function A in a neighborhood U (depending on M) of b2 with

() Z/ )anak() -’2<C Z/Z 32/\() J— 4.72)
1 gjzwﬂ( < azjaikzijka .

[K|=g—1 j= |K|=q—1 j.k

and

i K Wre > M|w|?, e AOD (), 473
(ii) |K|Z,: UkZl Z/a_ (D)wixrx = Mw?, w (z) (4.73)

for z € U. Note that this implies in particular that H,(A, z) is positive semidefinite,
i.e., A € P4(U). The condition of having the gradients uniformly bounded in the metric
induced by the Hessians ((4.72)) appears in various contexts in the literature; we refer
the reader to the references in [221], see also [223], [36]. Note that the constant C in
front of the sum on the right-hand side of (4.72) is immaterial: by scaling A — aA
(a € R), it can be made arbitrarily small.

Lemma 4.28. We have (i) (P,) = (P,), and (i) (Py) = (Py11).

Proof. To see (i), denote by Ay the family of functions from the definition of (Py).
Then fipr = e*™ will work for (Pg). This is seen by a simple computation. Now
assume that Q2 satisfies (P,), and let A7 be the family of functions from the definition.

Then the same family works for (qu+ 1). We already know that for (4.73) (in view of
Lemma 4.7): if the sum of the smallest g eigenvalues of the complex Hessian of 454 is
at least M, then the sum of the smallest ¢ + 1 is also at least M (since there can be at
most (¢ — 1) negative eigenvalues, the extra eigenvalue that is added is positive). To
check (4.72), let w € A(O’qH)(z). Then

2

A
M , (4.74)

oz; w”“
|K|=q Jj=1 (m,S) j=

0Am
8

— WimsS

where (m, S) is an increasing g-tuple. Letting m and S vary independently increases
the sum. We may also interchange the indices j and m on the right-hand side of (4.74)
(since wpyjs = —Wjms). Applying (4.72) to v, = ZTK|=q wmrdZg € A9 (2),
we obtain that the expressions in (4.74) are bounded by

Z Z ’ZaAMmeSZ

m=1|S|=¢g—-1 j=1

CE5)
< ZC( 3 Z 7 aAZ/IkwijuTkS) (4.75)

m=1 [S|=g—1j,k=1

92
=qC Z > 5 aA_l WjK WkK -
|K|=q jk=1"""
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The equality on the last line of (4.75) follows because in the sum in the second line
of (4.75), each term w;x Wi occurs precisely g times as Wjms Wkms = Winjs Wmks -
(Similar arguments have occurred earlier in the proof of Proposition 4.5.) O

Remarks. (i) The proof of (i) in Lemma 4.28 shows that (Py) is (ng), but with
a uniform bound on the functions Az, in addition to (4.72) and (4.73). It is not
hard to see that on the level of an individual function, having the complex gradient
bounded in the metric induced by the complex Hessian (as in (Fl )) does not force the
function to be bounded, see the discussion in [221]. However, what happens on the
level of families, as in (4.72) and (4.73), is not at all clear. That is, whether (ISZI) is
strictly more general than (P;) is not understood. Note that they are equivalent for
classes of domains where compactness of N, is equivalent to () (since then (13;1) =
Ny compact = (Py)), in particular for locally convexifiable domains (Theorem 4.26)
and for smooth pseudoconvex Hartogs domains in C? (see the remark following the
proof of Theorem 4.25). (P;) and (P;) are also equivalent for compact sets in the
complex plane ([143], Lemma 7). This means in particular that an analytic disc in
the boundary is an obstruction to (Fl) as well (via pulling back the plurisubharmonic
functions to the unit disc in the plane; see also [286], Section 2.2).

(ii) (I~’1) also occurs naturally when one constructs Stein neighborhood bases of Q
via a suitable power of a defining function which is (strictly) plurisubharmonic outside
Q (whose sublevel sets then give the basis); compare [272], proof of Théoreme 4.1, in
particular equation (4.4); [273], proof of Theorem 2.4. For a construction of a Stein
neighborhood basis from (P;) when the boundary is only C!, see [159].

(iii) In [293], Takegoshi introduced a sufficient condition for compactness of the
d-Neumann operator that may be viewed as a precursor to property (ﬁ), in the sense
that the condition replaces the boundedness condition on the family of functions in
property (P1) by a certain condition on the gradients. In fact, Takegoshi’s condition
implies (4.72) and (4.73) (for ¢ = 1) when z € b2 is a weakly pseudoconvex point
and w € Tz(l’o) (b<2). This already implies the full property (171): it suffices to have
(4.72) and (4.73) for z weakly pseudoconvex and w in the null space of the Levi form
at z ([74)).

We now state and prove McNeal’s result ([221]):

Theorem 4.29. Let Q2 be a bounded pseudoconvex domainin C", 1 < g < n. Assume
2 satisfies property (Pg). Then N, is compact.

Proof. This proof is from [286]; the strategy is the same as in [221], but the details are
different. We only treat the case where 2 is (at least C 2) smooth and refer the reader to
the proof of Corollary 2.13 for the regularization procedure (from [283]) in the general
case.

In view of Lemma 4.2, it suffices to establish compactness of 5*Nq and 5*Nq+1.
Because (13;1) = (Py+1) (Lemma 4.28), it suffices to establish compactness of B*Nq

(assuming (EI)). Compactness of 5*Nq is equivalent to compactness of its adjoint
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(5*Nq)*, and this is what we will establish. Note that on ker(d)~, (5*Nq)* gives the
canonical solution to 5*, while on ker(é), it is identically 0.

For M > 0, denote by Ay the function from the definition of (}’;;). We may
assume that Aps is a smooth function on all of Uy U Q (replacing Ups by a slightly
smaller set if necessary; (4.72) and (4.73) are still only assumed near b §2); this function
is still denoted by Aps. The starting point is the Kohn—-Morrey—Hormander formula
(Proposition 2.4 witha = 1). We use Ay as the weight ¢. If u € ker(d) N dom(é*) C

(0 2 (£2), we obtain from Proposition 2.4

/ 'y az a kqum e < |19y, ull?,,. (4.76)
|K|=g—1 j

A comment is in order In Proposition 2.4, it is assumed that u € C'(Q). If u is only
in ker(d) N dom(a ) we use Proposmon 2.3 (density of smooth forms in the graph
norm): expressing EN Ang U interms of 8 u and O-th order terms ((4.77) below) shows that
(4.76), augmented by the d term on the right-hand side, passes from the approximating
sequence to (4.76) for u € ker(é) N dom(f_i*). From (2.23) we have

oA
G u=0u+ Y (Z Mqu)de, (4.77)

|K|l=g—1 j=1

= = oA
e_AM/28:Mu = M2y y 4 eAM/2 Z/ (Z BZM u,K)dZK
IK|=g—1 Jj=1

9 (4.78)
-3 (e—/lM/Zu) Ze~MMm/2 Z ( Mqu)dEK.
IKl=g—1 Jj=1
Taking squared £2-norms and combining with (4.76) gives
%Ay o
[ 5 5 2 s
IKl=g—1 jk 0K
8/X (4.79)
<C; Hé* (e_’lM/2 + C1/ Z M e M
|K|=q—1 J—l

with a constant C; independent of Ay (hence of M). Therefore, because Ajy satisfies
(4.72), the integrand in the last term in (4.79) can be absorbed into the integrand on the
left-hand side for z € Ups N 2. We use here that we may take the constant C in (4.72)
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as small as we please; in particular, we may assume that C;C < 1/2. The result is

[ 5 52t

IKl=q—1j (4.80)

<20, 5" (e 2u) | + Cullulys  anomy

Now we use (4.73) for z € Uy N €2 and observe that integrals involving u (but not
derivatives of u) over Q \ Uys can be moved to the right-hand side and estimated by

Curllu|? ___ . This gives the estimate
M|l ||x(2()‘q)(Q\UM) g

2Cy = 2
—Am/2,,12 1 * —Am/2 2 —_—
lle ul =7 (e “)H + Cum ”“”xgogq)(sz\UM)'

(4.81)

We estimate the W !-norm of u on €2\ Uy by interior elliptic regularity (see the estimate
(2.85)) and then use the interpolation inequality ”u”$2(s2\U ) S sc ||u||Wl(Q\U )t
1.c.||u||%V7l ATa)’ Inserting the result into (4.81) gives, after collecting terms (and
when s.c. is chosen small enough)

Cy =
M

* 2
oM /22 < (™42 |+ Caglle ™4 2u) 2, (4.82)

with a constant C, that does not depend on M. We have also used that the (—1)-norm
on Q\ Uy is dominated by the (—1)-norm on 2. (4. 82) looks like the compactness esti-

mate we need for the canonical solution operator to 3 ,except thatitis on e~ *M/2ker(9),
rather than on ker(a) itself. To handle this difficulty, we use the Bergman projection

(0 2 () — ker(d), and its weighted variant Py 34, /2 (the orthogonal projection
w1th respect to (-, -)1,,/2)- The pointis thatevery v € ker(d) is the projection of a form

e~ M /2y with u € ker(9):
v = Py(e*M2(Py 5, 2) (M) (4.83)
To verify (4.83), it suffices to pair with a d-closed form g:

(e_AM/ZPq,AMﬁ(eAM/ZU)’ g) = (Pq,AM/Z(eAM/ZU)v g)AM/z

(4.84)
= (e /2y, g))t 5= g).

Because v € ker(d), (4.83) follows. Note that u = (Pq’AM/Z)(e'lM/Zv) € ker(d), and
ifv e dom(é*), then so is u (the domains of ('_J* and éz /2 agree, and are preserved
under the respective Bergman projections; compare the discussion around (2. 21) to
(2 23)). Observing that the Bergman projection is norm- nonmcreasmg, and that 5 g =
3P ;8 forany g € dom(B ), we obtain from (4.82), for v € ker(d) N dom(a ),

I = _
[0 5 2213702 + Car le ™4 2Py )@ P0) 2, (489)
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Because the canonical solution operator to 5* is continuous in £2-norms, the norm
in the last term of (4.85) is compact not only with respect to ||v]| (that is, v —
e~ AMI2(P, ;5 15)(e*M/20) is compact from ii%o o) to ng ) (€2)) , but also with

respect to ||E_)*v|| Since M was arbitrary, this 1mphes in view of Lemma 4.3, that
(8 Ny)*, restricted to ker(9)+, is compact. But (8 Ny)* vanishes on ker(9), so it is

compact on £2 (0.q— 1)(Q) (to £2 (. q)(Q)) This completes the proof of Theorem 4.29.
O

4.11 Geometric sufficient conditions for compactness

To what extent property (P;) (or (P;)) is necessary for compactness of N, on general
(say sufficiently smooth) domains is open. So far, all the compactness results discussed
rely on property (P,) (or (Pg4)) (note that this also holds for domains of finite type:
subellipticity is established via families of plurisubharmonic functions that have prop-
erties stronger than those required for property (Py), see [70], [283]). We now discuss
an approach to compactness that does not proceed via veritying (Py,) (or (13:1). This
approach, introduced by the author in [285] for domains in C?2, relies on geometric
conditions satisfied by the boundary. More specifically, the condition is formulated in
terms of short time flows generated by certain complex tangential vector fields. We use
the following notation. If Z is a real vector field defined on some open subset of b2
(or of C?), we denote by F, % the flow generated by Z. Let B(P, r) denote the open ball
of radius r, centered at P. Note that for a smooth domain in C2 the various notions of
type coincide (see e.g. [92]), so that we need not specify in which sense finite type is
to be understood.

Theorem 4.30. Let Q2 be a smooth bounded pseudoconvex domain in C2, and denote by
K the (compact) set of boundary points of infinite type. Assume that there exist constants
Ci,Cy > 0,C3with1 < C3 < 3/2, and a sequence {&; > 0};";1 withlimj o =0
so that the following holds. For every j € N and P € K there is a (real) complex
tangential vector field Zp_; of unit length defined in some neighborhood of P in b2

with max | div Zp ;| < Cy such that ¥/, S (B(P, Cy(£,)3) N K) € bQ\ K. Then
the 3-Neumann operator Ny on Q is compact

Here is a geometrically simple special case. We say that b2 \ K satisfies a complex
tangential cone condition, if there is a (possibly small) open cone C in C? ~ R* having
the following property. For each P € K there exists a complex tangential direction so
that when C is moved in a rigid motion to have its vertex at P and axis in that complex
tangential direction, then C N b2 is contained in b2 \ K.

Corollary 4.31. Let Q2 be a smooth bounded pseudoconvex domain in C2. Assume that
bQ2 \ K satisfies a complex tangential cone condition. Then the 9-Neumann operator
Ny on Q2 is compact.

Proof. The complex tangential cone condition implies that the assumptions in Theo-
rem 4.30 are satisfied with C3 equal to 1. |
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It is noteworthy that the conditions in the theorem are ‘minimal’, in the sense that
modulo the size of the lower bound on the radius given by C28jc3, they are necessary
for compactness. Assume that €2 is a smooth bounded pseudoconvex domain in Cc?
with compact d-Neumann operator. This implies that <2 contains no analytic disc
(Theorem 4.21). Now let P € b2, and let Z be a real vector field defined near P,
complex tangential to the level surfaces of a defining function for 2. Then Z and
J Z span (over R) the complex tangent space to b2 at each point near P. Here J
denotes as usual the complex structure map of C"*: J(z1,...,zy) = (iz1,...,i2Zy).
For0 < 9 < 27, denote by Z the vector field Z? = (cos 9)Z+(sm 0)JZ. Fors > 0,
set M, : {37% (P)|0<t<¢e0<6 <2m}. M,isasmoothtwo (real) dimensional
submanifold of b 2. It was shown in [63] (see also [265], Lemma 3, for a generalization)
that if all points of M, are weakly pseudoconvex points of b2, then M, is an analytic
disc. Catlin’s argument is as follows. It suffices to see that M, has only complex
tangents, that is, the tangent space to M, is invariant under J ([6], Proposition 1.3).
So we need to show that every tangent vector to M, is a (real) linear combination of Z
and JZ. Set f(t 0) = 372 (P); then af = 7% = (cos#)Z + (sin §)J Z. It remains

to consider 2 39 . Regard 0 as a parameter in the initial value problem that determines
F. Zte (P). Then df /00 satisfies the initial value problem

(2_2) _ (382:) % (sin 6)Z + (cos 6)J Z. .

af(o 9) =0,

Here, the last two terms on the right-hand side of the differential equation come from
37?96, x temporarily denotes a coordinate on b2 near P, and 9Z%/dx is the real
Jacobian matrix (the derivative). Because the initial value problem (4.86) has a unique
solution, it suffices to see that it has a solution in the form ag (1) Z +bg(¢) J Z to conclude
that % is a linear combination of Z and JZ at each point of M. Substituting this
ansatz into (4.86) and taking into account that (0Z /0x)JZ —(0J Z /dx)Z = [J Z, Z]
gives the following conditions for (ag(z), bg(t)):

ayZ +byJZ + (bgcos —agsin0)[Z,JZ] = —(sin0)Z + (cos 0)J Z, 487
ag(0) = bg(0) = 0. '
If all points of M, are weakly pseudoconvex boundary points of b2, then the com-
mutator [Z, J Z] is complex tangential and so is a linear combination of Z and JZ
(with coefficients that are smooth). (4.87) then becomes a linear inhomogeneous ini-
tial value problem for (ag(t), bg(t)) that has a (unique) solution. So the initial value
problem (4.86) indeed has a solution in the form aZ + bJZ, and we are done. We
have shown: if b2 contains no analytic disc, then for all £ > 0, M, contains strictly
pseudoconvex boundary points. If ¥ (P) is such a point, then there is r > 0 such

that FZSHO (B(P,r)) € b2\ K. Slnce P was arbitrary, this shows that the vector
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fields required in Theorem 4.30, without the lower bound onr, exist. Moreover, since
there are domains without discs in their boundaries whose d-Neumann operator fails
to be compact (Theorem 4.25 and Remark (i) following the theorem), we also obtain
that with no lower bound on the radius, the conclusion in Theorem 4.30 does not hold.
While our bound is most likely rather far from optimal, it is not clear what an optimal
bound would be, nor even whether such a bound exists, that is, whether compactness
(in C?) can be characterized in these terms.

Remarks. (i) Whether or not domains that satisfy the assumptions in Theorem 4.30
satisfy property (P) is open. That is , whether Theorem 4.30 can furnish domains with
compact d-Neumann operator, but without (P), remains to be seen.

(i1) Theorem 4.30 and Corollary 4.31 have been generalized to C” in [231]. There
it no longer suffices that the vector fields Zp ; are complex tangential: it is important
that they are in directions where the Levi form is no more than a constant (independent
of P and ¢) times its minimal eigenvalue (at the point). Remark (i) also applies.

Proof of Theorem 4.30. We follow [285]. To show that N; is compact, we will establish
a compactness estimate: for all ¢ > 0, there is a constant C; such that

lull® < e(0u)l® + 10" ul>) + Celul®, forallu e C& (@) Ndom(d*). (4.88)

Note that because 2 is C *°-smooth, (4.88) then holds for u € :C%O,I)(Q) (by density
in the graph norm, Proposition 2.3).

The idea of the proof is simple. To estimate the £2-norm of u near a point P of K,
we write ¥ there in terms of the values in a patch that meets b €2 inside the set of finite type
points, plus the integral of Zp_;u along a short integral curve of Zp_;. The contribution
from the patch is easily handled by subelliptic estimates. The contribution form the
integral is dominated by the square root of the length of the curve (i.e., ,/¢;) times
the £%-norm of Zp ju. Because Zp ; is complex tangential, the latter is estimated

by [|0u|? + ||d" u||? on domains in C2. Making this argument precise raises overlap
issues as well as divergence issues for the Zp ;. These are handled by the uniformity
built into the assumptions in Theorem 4.30.

The details are as follows. The fields Zp,; can be extended from b €2 inside €2 by a
fixed distance by letting them be constant along the real normal; we still denote these
fields by Zp ;. Note that these fields are complex tangential to the level sets of the
boundary distance, and we still have the bounds on |div Zp ;|.

Fix j € N. Because of the overlap issues that will arise, we cover K somewhat more
carefully than usual by balls resulting from the assumptions in the theorem. Namely,

the family of closed balls { B( P, %(s )3 | P e K} covers K. This implies that there
exists a subfamily of pairwise disjoint balls so that the corresponding balls of radius
% (s)c3 (i.e., the radius has increased five fold), hence the open balls of radius C,r63,
still cover K (see for example [306], Theorem 1.3.1). Because K is compact, we thus

obtain a finite subfamily of balls { B(Py, C6€3) | 1 < k < N} that covers K so that

the closed balls B( Py, % (€)€3) are pairwise disjoint. To simplify notation, we denote
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the vector fields Zp, ; by Zy (recall that j is fixed). We may assume, by decreasing
(> in the theorem if necessary, that ?’Zgi (B (Pk, C, (8)C3) NnK ) is relatively compact
in b2\ K. Therefore there are open subsets U, 1 <k < N, of Q, such that

K N B (Pg,Ca(g/)?) S Uy € B (Pr. Ca(e;)?) (4.89)
and '
F, U NbQ)NK =0. (4.90)

It is understood here that the Uy ’s are chosen in a sufficiently small neighborhood of
b Q so that the flows ?ék, 1 <k < N, are defined for 0 < ¢ < ¢; for all initial points
in Ug. B

Foru € C®. (Q) N dom(a*), we have

0,1)
ul2 = /|u|2 + /|u|2. @91

(Usioe)ne o\(Us, vk)

Q\ U/va=1 Uy, meets the boundary in a closed subset of b2 \ K, and we can apply
subelliptic pseudo-local estimates (see (3.75) and the discussion there) to estimate the
second term on the right-hand side of (4.91): there is an open subset V' of €2 that
contains £ \ U,ivzl Uk, an s > 0, and a constant C such that the restriction of u to V
belongs to W¥ (V') and satisfies the estimate

Il ary = C 190G + 1107 ullg). (4.92)

Interpolation of Sobolev norms gives
112
o) + Cjflull

2 Ejin2
[ b < gz, 0y = Sl A
\(UN=, ) (4.93)
= =k
<& (19ull® + 118" ull?) + Cjllull?,.
We now come to the first term on the right-hand side of (4.91). For 1 < k < N fixed,
we have

&

‘ 2
/ lul? = / u(?zsz(x))—/zku(.?ék(x))dt dV(x)
UkﬂQ
UkﬂQ 0
<2 [ [u(F2, () PV (x) (4.94)

U NQ

2 [ '7zku(f~gk () ds

UnQ 0

2
dV(x).
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To estimate the first term on the rlght hand side of (4.94), we use a change of coordinates
under the diffeomorphism ¥ Zi RN (Uk N Q) — Ux N Q2. We denote the (positive)
real Jacobian determinant of thls dlffeomorphlsm by det(dx/dy). Then

[ g e = [ w0 de@y/anave)

Urne ﬁé’k (UpNQ)
(4.95)

e / PV ().

e
¥z, (UkN)

The last term in (4.95) can be estimated using subelliptic estimates (in view of (4.90)),
and an argument analogous to the one that led to (4.93) gives

/ lu(y)PdV(y) < (||8 ullg + 19" ullg) + Cyllull?,. (4.96)
fg(ukm)

The Cauchy—Schwarz inequality and Fubini’s theorem give for the second term on the
right-hand side of (4.94)

&j

2
/ f Ziu(F4 (x)dt| dV(x)
UnNQ 0
/ [|Zku($sz(x))|2dzd1/(x)
Ukmsz 0
_g,/ / |Zu (5%, (0)|*dV(x) dt 4.97)
0 UrNSQ

=& [ / |Ziu(y) [ det(3x/dy)d V(y) d1

0 .’FZ (UrNQ)

<25 [ [ zamPavear

0 FL (UxnR)

In the last estimate we have used the bound |div Z;| < C;. Because div Z; mea-
sures the rate of change of the volume under the flow generated by Zj (compare for
example [294], Section 2 of Chapter 2), this implies that det(dx/dy) < exp(1C;) <
exp(e;C1) < 2 for j big enough (i.e., &; small enough; it suffices to establish the
compactness estimate (4.88) for small ¢).
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Putting together estimates (4.94)—(4.97) and adding over k, we estimate the first
term on the right-hand side of (4.91):

(Uyu)ne 71 wene

N
2g; , = ¥
<> [Tf(naun2 + 110" ul?) + Cyllul?, (4.98)
&
+4ej/ [ IZku(y)Ide(y)dt}-

0 .Ték UrNQ)

That is,

/ P < 26; (1ull® + 13°1P) + C; ul?,
(U/jcv=1Uk)ﬁf2
—|—48J/(

C; denotes as usual a constant whose value depends only on j, but whose actual value
may change at each occurrence.

(4.99)

5 [ 1z dV(y))

=g wene)

We now address the overlap of the sets ¥ Ztk (UprN),1 <k < N,inthe sum in the
lasttermin (4.99). If 0 € ¥} (UxNQ)NF (UnNQ), thenby the triangle inequality,
the distance between ¥ k’ (0) and 7! (Q) is no more than 2t < 2g; (recall that
|Zk| = 1). Consequently, B (P, % (ej)c3) - B(Pk 2e; +2Ca(g;)¢? —|— 5 (g )C’)
Since the balls B(Pl, %(s])cg), 1 <1l < N, are pairwise disjoint, comparlson
of volumes gives that no more than C (Cz)(Sj)4_4C3 of them can be contained in
B(Py,26;+2C5(2))C3 + $2(£;)C3), where C(C2) = [(24+2C2+C5/10)/(C/10)]"
It follows that for ¢ fixed, no point of 2 is contained in more than C(C;)(e j)4—4c3 of
the sets ?ék (Ur N Q).

If p is a defining function for €2, denote by L the complex tangential field
(0p/022)d/0dz1 — (dp/0z1)d/ 0z, normalized near b2 so that |[L| = 1 in a tubu-
lar neighborhood of h 2 that contains U,]Ll Uy (shrink the Uy if necessary). Then
Zr = axL + axL with |ag| = 1, 1 <k < N, and |Zgu|? < 2(|Lu|? + |Lu|?).
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(4.99) and the conclusion reached at the end of the last paragraph then give

[

(Uﬁ:lUk)nQ
< 26 ([13u))® + 119" ul|?) + C;llu®
i . )+ Gl (4.100)
+ 4é; [ 2C(Ca)(g)4 463 2 [ (ILu()? + | Lu(y) ) dV(y) dt
0 Q

= 2¢; (||9u)® + 18" ul?) + C;lull?,
+8C(C™ 2 [ (ILuG)P + Eu(r)P) V().

Q

In C2, the integral in the last term in (4.100) is dominated by ||du||? + |9 u|?
(Lemma 4.32 below). Combining (4.93) and (4.100) then shows that there is a constant
independent of j such that for j sufficiently big

—4C = o
el < C (e + &) (10u))> + 107 ull?) + Cjllul?,. (4.101)
By assumption, 6 —4C3 > 0, so that ¢; + 8]6-_4C3 — 0as j — oo. Therefore, (4.101)

gives the desired compactness estimate, and the proof of Theorem 4.30 is complete. [

The following lemma is a special case of Théoréeme 3.1 in [101] (and the proof is
from there). Derridj shows that for domains in C”, an estimate like (4.102), where
norms of complex tangential derivatives are controlled by || du|| + | 3 u | (a so-called
‘maximal estimate’) holds if and only if all the eigenvalues of the Levi form are com-
parable. In C2, this condition is trivially satisfied. Further interesting properties of
these domains are in [102], [185], [186].

Lemma 4.32. Let Q = {p(z) < 0} be a smooth bounded pseudoconvex domain in C?,
L= ij'=1 a;j(z)(9/9z;) a type (1,0) vector field with coefficients in C*°(2) which
near b2 is complex tangential to the level sets of p. Then there is a constant C such
that

ILu|? + | Lu|> < C(|0ul® + [ u]?), u e dom(3) Ndom(@"). (4.102)

Proof. Nearb (2, L isasmooth multiple of the field (dp/dz5)(9/0z1)—(dp/0z1)(9/0z2).
We may assume that L is normalized; a smooth factor only affects the constant in
(4.102). Furthermore, it suffices to prove (4.102) foru € C ("00,1)(5_2), via approxima-
tion of u in the graph norm. In view of the Kohn—Morrey formula (Proposition 2.4 with
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a =0, ¢ = 0), the estimate for || Lu ||3 is clear. Integration by parts gives for || Lul|3

/ Lu Lu = —/ LLu i+ O(||Lul|||u])
Q Q
= —/ [L,Lu —f LLu it + O(||Lul|||u]) (4.103)
Q Q
=/Q[L,Z]ua+/g!Zul2+0(||Lu||||u||+||Zu||||u||>.

The last term in (4.103) can be estimated by s.c.|| Lu/||? + 1.c.(||5u 1%+ ||5*u [1?) (since
|u||? is also dominated by [|du|? + |3 u||?; see (2.49)), and the | Lu||3 term can be
absorbed into the left-hand side. The middle term in the last line of (4.103) is again

estimated as above. It thus only remains to estimate the first term in the last line of
(4.103). To this end, write

[L.L] =aL +bL +c(Ly — L), (4.104)

near b2, where L, = (9p/021)(9/0dz1) + (dp/0Z2)(9/0z2) is the complex normal to
the level sets of p. Actually, b = —a (since [L, L] = —[L, L]), but this is not needed
here. By what was said above, the contributions in (4.103) form all the terms in (4.104)
are either under control or can be absorbed, with the exception of the one coming from
cL,. For its contribution, we have the estimate (again by integration by parts)

p— L
/ cLouii = —/ cu Lou +/ clul? (L’O) + o(llul?). (4.105)
Q Q bQ Vol

The first and the last term on the right-hand side of (4.105) are O (lu|| ||L_2u||) and
O (|lu]|?), respectively. By what was said above, they are under control. For the
boundary term, we note that ¢ is ‘the’ Levi form applied to L, L. Because u €
dom(é*), the vector (u1,u2) is complex tangential at points of the boundary; thus
(u1,uz) = |u|L. Consequently, c|u|? is comparable to Zf.,k:l(azp/az, OZk )u, i,
and the integral is comparable to [, o Z?,k:l (0%p/0z;0Zx )u, .. But this integral is
also dominated by ||du/[|% + || 3 u |?, again by the Kohn—-Morrey formula. (4.104) holds

only near b$2. But on a relatively compact subset V of Q, ||[L, L]u||> < ||u||§V1(V)

is dominated by [|du||? + || u||2, by interior elliptic regularity (see (2.85)). This
completes the proof of Lemma 4.32. O



5 Regularity in Sobolev spaces

. . 7% .
In the last chapter, we have seen that the canonical solution operator & N, for d satisfies
estimates in Sobolev norms on a smooth bounded pseudoconvex domain €2 when
N, is compact as an operator on 15%0 q)(Q). In this chapter, we first address the

question of solving d with Sobolev estimates on a general domain. Sobolev estimates
for the 3-Neumann operator need not be available ([11], [83], see Theorem 5.21 below).
However, work of Kohn [191] shows that for k € N fixed, there is a weight e~%
so that the weighted canonical solution operator E_):N(M (see (2.21) through (2.23))
is continuous in Sobolev-k norms. With some additional work, one can combine
these operators to obtain a linear solution operator that is continuous on C ().
Another application of the regularity results for the weighted operators gives the precise
relationship between global regularity properties of the d-Neumann operators N, and
the Bergman projections P,.

We then return to the unweighted d-Neumann problem and study regularity in
Sobolev spaces. It turns out that there are many domains where compactness fails, but
regularity in Sobolev spaces holds. For example, global regularity holds on all convex
domains, regardless of whether or not there are analytic varieties in the boundary
(whereas compactness holds only when there are no varieties in the boundary, by
Theorem 4.26). On the other hand, this regularity does not hold on all domains: work
of Christ [83] shows that on the so called worm domains in C2, N; does not even
preserve C*°(Q2). The positive results are obtained via families of vector fields that
have good approximate commutation properties with d. The existence of these families
is equivalent to a certain 1-form o on the boundary being approximately d-exact on the
null space of the Levi form via d of approximately real functions (see Proposition 5.13
for a precise formulation).

The chapter concludes with a recent result from [287] that shows how the approaches
to global regularity via compactness and via vector fields having favorable commutation
properties with d can be unified under one general theory. It is noteworthy that the
sufficient condition for global regularity that arises discriminates among form levels:
it becomes progressively weaker as the level g increases (as in the (P,) and (Py)
conditions for compactness). In particular, when ¢ > 1, one obtains results that are
not covered by the vector field method.

5.1 Kohn’s weighted theory

Assume that € is a smooth bounded pseudoconvex domain in C*. For ¢t > 0, let
@i(z) = t|z|?. Note that since e™#’ is bounded and bounded away from zero on
2, the weighted and unweighted norms are equivalent. Recall from Chapter 1 that
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dom(é*) = dom(é;), and that for u = ZiJl=q uydZzy in this common domain

=% =% " ! Bgot _
8,u=8 M—}—Z Z 8—jqudZK,1§q§n. 5.1
Jj=1|K|=¢g—1 -

For economy of notation, we use subscripts ¢ instead of ¢; (which would correspond
to the convention used in Chapter 1). In view of (5.1), Proposition 2.3 gives that
forms smooth up to the boundary are dense in the various graph norms in the weighted
setup as well. Combining this with Proposition 2.4 with @ = 0 and ¢ = ¢; (so that
0%2¢/0z;0Z; = 18; ), we obtain

tqllull? < 19u|? + 8, u]?, u € dom(3) N dom(d; ); (5.2)

the factor ¢ arises as in (2.49): every strictly increasing multi-index J of length g arises
g times in the relevant sum in (2.24).

With (5.2) in hand, we can retrace the steps in Chapter 1, starting with Propo-
sition 2.7; its role is now played by (5.2). We obtain that O; , := E_)E_)j + 5:5 has a

bounded inverse on f%o 2 (€2, 7). This inverse is the weighted d-Neumann operator

N¢,4. Proposition 2.8, Theorem 2.9 and Corollary 2.10 remain valid in the weighted
context, with the same proofs as in the unweighted case. The factor ¢ in the left-hand
side of (5.2) is crucial; it makes it possible to prove the following result from [191].

Theorem 5.1. Let Q2 be a smooth bounded pseudoconvex domain in C", and k € N.
Then there exists ty > 0 such that for all t > to, the operators N; 4, 0Ny g, 8:N,,q,
BjaNt,q, aath,q, and Py 41, are all continuous in W (Q) for 1 < q < n.

Remark. The various operators in Theorem 5.1 are all continuous in £2(2). By
interpolation, they are thus continuous in W9 (2) for 0 < s < k.

Proof of Theorem 5.1. We first consider N, 4. Recall the second remark made after the
proof of Theorem 4.6: to obtain estimates for a fixed Sobolev level k (rather than for
all k), a compactness estimate is only needed with some small enough ¢ = &(k) (see
(4.28)). The role of the compactness estimate is now played by (5.2). The argument
follows that in the proof of Theorem 4.6 essentially line by line (and thus it follows
[201], [191]); with all the operators replaced by their weighted counterparts. This
includes the regularized operators N; s ,; they are defined via the Hermitian form
O:su,v) = (Ou, Iv); + (E_)ju, E_);kv), +6(Vu, Vo), foru,v € W(}),q)(Q) N dom((‘_):).
Choosing ¢ big enough (i.e., 1/¢ small enough) allows one to absorb the relevant terms.
Consequently, one has to keep track of the dependence of the various constants on ¢;
this results in a modification of the crucial estimate (3.50), and its proof, which we now
indicate (compare also [191]). With the notation from (3.50), we claim that for k € N,
there exist a constant C independent of ¢ and of 6, and constants C; independent of §,
such that

Qz,S(TaNt,S,q“v TaNt,S,q”) = C(”“”?k + ”NZ,S,qu”ik) + Ct”“”? (5.3)
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(5.3) is proved by induction on k. When k = 0, it holds by definition of N; s ,.
So assume now that it holds up to some integer kK — 1 > 0; we have to show that it
holds for k. To do this, we can follow (3.55) through (3.58), paying attention to the
dependence of constants on ¢. (3.55) is modified to

Qt,S(TaNt,S,quv TaNt,E,qu)

= (T*ON,; 5,41, 0T Ny . qu); + (T%3; Ny s g1, 0, T* Ny g q11)s
o o 1 o « G4
+8(T*VN; 5.qu,VT* Ny 5 qu); + EQt,S(T Nsqu, T* N5 qu)

+ O(INs qull? ) + O (INt.5.qull7 —y)-

Here, O indicates a constant that does not depend on ¢ nor on 8, whereas O, indicates
a constant that is allowed to depend on ¢, but not on §. We have used that the k-th order
term in [E_)j, T*] is independent of ¢ (recall that 3" and E_);k differ by an operator of order
zero). The (1/2) O, s-term is absorbed as in Chapter 2, and the second to the last term
on the right-hand side of (5.4) is dominated by the right-hand side of (5.3). The last term
can be estimated by interpolation of Sobolev norms by || N, 5 ,u “ik + C¢|| Ny s qull? <
| Nts.qu ”ik + C¢|lu|?, and so is also dominated by the right-hand side of (5.3). (We
have also used that || N, s qu|; < (1/tg)|u|;, which follows from (5.2).) For the
remaining terms on the right-hand side of (5.4), we have the analogue of (3.56):

- w7 =% wnk
(aNt,S,qu» (Ta)t 8TOl]\']t,S,qu)t + (at Nt,S,qua (Ta)t at TaNt,S,qu)t

o)k o (55)
+ 8(VN; 5,qu, (T*); VT N; 5 qu)s-

Then, as in (3.57),

(N 5,qu, (T*)FOT* Ny s qu)e = (0N 5 9u. [[(T*)F. 0] T%] Ny s qu):
+ ONp5,qu, T*[(T*)}, 0Ny s qu)e  (5.6)
+ (5Nt,8,qu7 5(Tw);kTOlNz,(S,q“)t-

We analyze the first term on the right-hand side of (5.6) along the lines of the argu-
ment for the corresponding term in (3.57). Because (7*)7 differs from (7%)* by an
operator of order not exceeding k — 1, the result is that this term is O(|| N 5,4u ||f’ Es
0,(||N,,5,qu||ik_1), hence is controlled by the right-hand side of (5.3) (as in (5.4)
above, via interpolation of Sobolev norms).

In the second term on the right-hand side of (5.6), we integrate 7% by parts to the
left as (T%); = T* + A;, where A, is a tangential operator of order at most k — 1,
with coefficients that depend on . Commuting both 7% and A, with 0 and using that
(T*); differs from (7%)* by an operator of order at most k — 1, we can argue as in
(3.58) to obtain that this term equals

(T Ny 5 qu, [(T*)}, 0Ny qu) + (ISP Ny 5 qu, [(T)F, 0N, 5.4):

(5.7)
+ 0(||Nt,8,qu||$,k) + Ot(”Nt,B,qu”t,k—l||Nt,8,qu||t,k),
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where S# denotes a tangential operator of order not more than k — 1. Using again that
(T*)} differs from (T*)* by an operator of order at most k — 1 (for the first term), the
induction hypothesis (for the second term), and the inequality |ab| < l.c.|a|? +s.c.|b|?,
(5.7) is dominated by

S.C.[0T* Ny s gull7 + 1| Ny s qull? .

(5.8)
+ O(”Nt,S,q“”?,k) + Ot(”Nt,S,qu” J—1 + ”u”tk 1)

where l.c. and s.c. are independent of #, §. The first term can be absorbed into the
left-hand side of (5.3), the second term can go into the third, which is dominated by
the right-hand side of (5.3), as is the last term (again by interpolation).

We are left with only the third term in (5.6). This was for the first term in (5.5), but
similar arguments apply to the other two terms in (5.5), and we are left with the sum
of the corresponding third terms in (5.6), i.e., with

Q15 (Nesqu, (T*)[ TNy s qu) = (u, (T*)[T* Ny s qu):
= (T%u, T“N,,g,qu)t 5.9
= O(llullx + INes.qull? 5)-

This completes the proof of (5.3), and, by what was said above, the proof of the estimates
for N 4.
_*_Once the estimates for N; 4 are in place, those for 5Nt,q, 5: Nt g, 55:N,,q, and
9, 9Ny 4 follow as in the unweighted case. It suffices to show the estimates for u €
(o q)(Q) (since this space is dense in W (Q)). Now the desired estimates follow
essentially from (the proof of) Lemma 3. 2 w1th the following modification. The proof
of Lemma 3.2 proceeds by absorbing terms; that they are finite is guaranteed by the
assumption that Nyu € C(o q)(Q). In our case, we only know that N; 4u € W(’(‘),q)(Q),

hence that N, 4, 8, Ntg, 88, Nt g, and éréNt,q, are in W*~1(Q) and Wk=2(Q),
respectively. However, this situation is easﬂy rectified. It suffices to choose ¢ big

enough so that N; 4 is continuous in W(OJS (2). Then all forms in question are (at

least) in W*(Q) (foru € C° ©, )(Q)), and the argument can proceed as in the proof of
Lemma 3.2.

Inview of the formula P; , = 89, N, 4 (see (2.70) and (2.71)), we have the estimates
that are claimed in Theorem 5.1 for the Bergman projections P; , for 1 < ¢ < n, but
not for P; . The proof that P; o nonetheless is continuous in wk (£2) (¢ big enough)
follows the argument used in [194] to show that compactness of N implies Sobolev
estimates for Py. The type of argument used in these proofs is by now familiar enough
that we will only give the proof for k = 1. That is, we will prove there exists 7o such
that for ¢ > to, the weighted Bergman projection P; o maps W!(2) contlnuously to
itself. Let u € C*(Q). By what we already proved, Py, ou =u- 3 Ny, L du is in
W1(2) when 1 is big enough so that N; ; is continuous on W, (. 1)(52)) In partlcular
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P; ou, we only need to estimate tangential derivatives in order to estimate the norm
in Wl(Q). Consider T as in the proof above (i.e., as in the proof of Theorem 4.6);
in particular, 7" acts componentwise in a special boundary chart, and so preserves the
domain of . Then | TP, ou|? < |Tu|? + | T, N;10ul||?, and
(T, Ny 1du, T3, Ny du),
= ([T.0; 1N, 10u. T3, Ny1du); + (TN, 0u,dTd; Ny 0u),
= ([T, 87Ny, 0w, T3; Ny du), + (TN, 10u, [3, T0; Ny.1du),
+ (TN, 13u, T3, N;.1du);.

(5.10)

The first order term of [T, E_J:] is independent of ¢, Nt,lé_) is continuous in £2(R2), and
88:N ¢,10u = du. Therefore, the right-hand side of (5.10) is estimated from above by

$.C.[|3y Nedul|? | + Le | Neadul|? | + Collull? + (TNg,1du, T, (5.11)

where s.c. and l.c. are independent of ¢. In the last term in (5.11), we perform the steps
in (5.10) in the reverse order to obtain
(TN 0u, Tdu); = (T, Nyyou, Tu),

o _ _ (5.12)
+ ([07. TIN¢ 10w, Tu) + O(ITNeadull llull.1):

this term is thus dominated, independently of 7, by the first two terms in (5.11) plus
Cellu ||f,1 . We next estimate || N;,1 du ||f’1 . Modulo terms that are under control, it again

suffices to estimate ||TN,,15u||$. (5.2) gives

—

TN 0ul|? < = (10T Ny 1 dul|? + |9, TN 1 9u||?)
(5.13)

QN

= —(INedullgy + Cellull} + 179, Neioul7).

The first two terms inside the parentheses on the right-hand side of (5.13) arise from

the commutators [0, 7] and [('_3:, T]. Summing over a suitable collection of 7’s, using
(2.85) to estimate norms on compact subsets, and choosing # big enough, we find after
absorbing terms

_ C - _
INeadullfy < 1097 NeadullZy + Collul (5.14)

We similarly sum in (5.10). Choosing the constant s.c. in (5.11) small enough to absorb
I 8:N,,1 ou ||%,1, using (5.13) for the last term in (5.12), and substituting estimate (5.14)
for ||N,,15u||il, gives

_ _ C - _
197 Neadullfy < — 197 NeabulZy + ColluZ,. (5.15)
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Choosing ¢ big enough one more time gives the desired estimate for 5:N 1 du, hence
for P; .
The proof of Theorem 5.1 is now complete. a

Remarks. (i) We will also require Sobolev estimates for the operators N; qé_) where
1 < g < n. When g > 1, these estimates are immediate from Theorem 5.1 and the
commutation relation N, qa = JN, g—1 0n dom(d) (the latter is analogous to part 3
in Theorem 2.9; see also Remark (ii) following the statement of Theorem 2.9). The
Sobolev estimates for N, ;d result from (5.14) above and the corresponding estimates
for 5:<N 1 0.

(ii) Theorem 5.1 says that by switching to a suitable weighted norm, the behavior
with respect to Sobolev estimates of the d-Neumann and related operators can be
improved. In view of (5.1), this is not the case for a subelliptic or a compactness
estimate. It is less obvious that subellipticity and compactness are independent of
the metric (say among metrics smooth and nondegenerate on the closure) even when
general metrics on g-forms are allowed (rather than one that is, at each point, just a
multiple of the Euclidean metric). For a general result in the coercive case, see [292];
a simple proof for subellipticity and for compactness in the case of the d-Neumann
problem is in [75].

(iii) Theorem 5.1 implies that the scale of Sobolev spaces W, (. q)(Q) N ker(a)
s > 0, forms a so called interpolation scale. This observation is from [39]; for general
information on interpolation spaces, see [33]. Whether this property holds in general,
without the assumption of pseudoconvexity, seems to be open. For results on starshaped
domains, via a different approach, see [282].

(iv) Solvability with Sobolev estimates, but with a loss of three derivatives, has
been obtained by S. L. Yie ([303]) for domains with only C# boundary.

(v) For a version of Theorem 5.1 valid when the boundary is only C k ,k > 1, see
[160].

Theorem 5.1 has the following useful corollary.

Corollary 5.2. Let Q2 be a smooth bounded pseudoconvex domain in C", sy, s2 both
nonnegative, s1 < s». Then W(f)z ) (&) Nker(9) is dense in W(i)l , (@) N ker(d).

Proof. We use that V[/'(“(v)2 )(Q) is dense in W(i)lq)(Q). So givenu € W(i)‘ () Nker(d),
there is a sequence of u;’s in W(o )(Q) that converges to u in the norm of W(0 q)(SZ)
Choose ¢ big enough so that P; is continuous on W(0 q)(Q) (and hence in W' q)(Q)

by the remark above). Then P;u; € W(SO2 )(Q) N ker(d), and Piu; — P;u = uinthe

N
norm of W(O‘,q)(Q). O

Remarks ) Corollary 5.2 and Theorem 5.3 below will combine to show that even
Co q)(Q) is dense in W, (0 )(Q) s > 0, see Corollary 5.4.
(i1) Corollary 5.2 may fail when the domain is not assumed pseudoconvex; for
examples, see [9], [13], [49].
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5.2 A linear solution operator continuous in C ()

Suppose that u € C(0 )(Q) N ker(i_)) is given. By Theorem 5.1, there exists, for

each k € N, v, € Wo g 1)(52) with dvg = u, namely v, = 8 N,ku with
chosen sufficiently big. This together with Corollary 5.2 allows for a Mlttag -Leffler
type construction (see below) that results in a solution v smooth up to the boundary.
This observation is in [192] (p. 230), where it is credited to a communication from
L. Hérmander. With some additional work, one can obtain a solution operator that
is continuous in Sobolev spaces with arbitrarily small loss. Whether there is such an
operator that is exactly regular in Sobolev spaces is open.

C () has the usual Fréchet space topology induced by C*(Q), k € N, or
equivalently (by the Sobolev embedding theorem) by W*(Q), k € N. That is, a
sequence converges in C°° () if and only if it converges in W* () for all k € N.
An operator T on C*® () is continuous if and only if for each k; € N, there exists
k> € N and a constant Cg, x, such that |Tullx, < Ci, i, llullk,, u € C>°(Q). (For
information on Fréchet spaces, see for example [298], [260].)

Theorem 5.3. Let Q2 be a smooth bounded pseudoconvex domain in C*, 1 < q <n.
There exists a continuous linear operator Ty : C o, )(Q) Nker(d) — C° () such

— (0,g—1)
that 0Tyu = u; moreover, Ty satisfies | Tyu|j—s < C;, ifor j =1,2,..., and
6 >0.

Proof. Letu € C(o )(Q) N ker(d). We first construct w € C(%‘jq_l)(f_Z) with dw = u,
without paying attention to linearity, to see what the basic idea (i.e., the Mittag-Leffler
type constructlon) is. As mentioned above, Theorem 5.1 provides a sequence (wg)$°
with w, € Wk (Q) and dwy = u. Note that one can modify wy by a d-closed

(0,g—1)
)(Q) without affecting the two properties in the previous sentence. The

form in W(0 a1
idea is now to modify the sequence to obtain one where ||W;4+1 — Wi ||lm < 1/2™,

which will result in a limit in C (%" o 1)(5_2). We do this inductively. w; stays the same:
W = wy. wy — wy is d-closed and belongs to W1 1)(SZ) By Corollary 5.2, there
isv e qu 1)(Q) N ker(d) with lv — (w2 — w1)||1 <1/2. Set w> = wy — v. Then
Ws € qu H(€2), dws = u, and || Wz — wi|l1 = |lwa —wy —v|; < 1/2. Proceeding
inductively, approximating wy,+1 — Wy, to within 1/2™ at the m-th step, we obtain a
sequence (W,,){° with the desired properties. Now we set

w= Wi+ Z W1 — Wim) (5.16)

(5.16) converges in W, ,_,,(R), since [|Wp+1 — Wmll1 < [@Wmt1 — W llm < 1/27.

(Oq DN
But for any k € N, w = W + Y p—y (Wmt1 — W), and this sum converges in
W* (again because ||w/m'I1 Wlle < [Wmt1 — Wimllm < 1/2™ when m > k).
Consequently, w € W0 g 1)(Q) for all k, and hence in C(o o 1)(Q), by the Sobolev

embedding theorem. It is clear that ow = u.
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In order to obtain a linear solution operator, the approximation (from Corollary 5.2)
needs to be done via linear operators. We use a construction that uses the same type of
mollifiers that were used in the proof of part (ii) of Proposition 2.3 (and that were taken
from [170]). Cover the boundary of €2 by finitely many open sets U;, j = 1,..., N
so that there are truncated open cones I'; such that z — ¢ € Q when z € U; N Q and

¢ € I';. Denote by Uy an open relatively compact subset of 2 such that QcC Uj-vzo U;.
Next choose ¢; € C5°(U;), 0 < j < N, such that Zév ¢; = 1 in a neighborhood
of Q. Denote by Iy the ‘cone’ {|¢| < a}, where a is small enough so that z — ¢ € Q
when z € Uy and |{| < a. Finally, choose x; € Cg°(I';),0 < j < N, with y; >0
and [ x; = 1. For0 < e < 1,set xj, = ¢ *"x;(z/¢). Note that then y; . € C$(T))
as well.

For a function 7 € £%(Q) and 0 < ¢ < 1, define

N
S°h(z) =) Xje * 9. (5.17)
j=1

where (xjs * @ih) (2) = [fen 2je(©) (9jh) (z — {)dV(C). Then S¢: £3(Q) —
C°°(RQ) is continuous (see also the proof of part (ii) of Proposition 2.3). We define S®
on forms coefficientwise.

Via a variant of the Mittag-Leffler argument from above we construct inductively
a sequence of continuous linear operators Ry : W(’(‘)’q)(Q) — W(](‘)’q_l)(Q) such that

(i) Ry is continuous W(’g‘jq)(Q) — W(’(’)”q_l)(Q), 0 <m < k (ii) 0Rgu = u, and

(iii) || R 411 — Ritt|mes < (C/k*)||tt||m, 1 < m < k (for § > 0 fixed). To start,
set Riju = B:N,u for u € W(}) q)(Q), where ¢ is chosen big enough so that R;

is continuous in W!l-norms. Assume Rji,..., R have been constructed, for some
k > 1. To construct Ry 1, set, foru € W(I(‘)J;; (),
Ris1t = S®Ryu + 8, Ny g (u — 3S° Ryur) (5.18)

where now ¢ is chosen big enough so that E_ﬁN,,q is continuous in W**1(Q) and ¢
(small) is to be specified later. The first term on the right-hand side of (5.18) approx-
imates Riu by a form in C°°(£2); the second term then makes a correction to ensure
that 0 Ry 1u = u (thus we have (ii)). In view of the mapping properties of S¢ and of
8:Nt,q, we have for u € W(IBZ; (Q)and 0 <m <k +1:
1Rk+12llm < Crce (| Rittllm—1 + [l — 3S® Reu|m)
< Cie (Iullm—1 + llullm + I1S® Rett [l 1) (5.19)
=< Ck,s”””m + Ck,a Riu|m—1 < Ck,s Ul

(As usual, the constant Cy . is allowed to change its value from one occurrence to the
next.) This verifies (i).
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To prove (iii), let 1 < m < k. We have

R4 14 = Rictt |y < [|S® Reewe — Reullm—y + 10, Ny (u — 9S® Ry [l 1. (5.20)

To estimate the second term on the right-hand side of (5.20), it suffices to estimate
lu — 9Sek Ry ul|m—1 (since Z_):N, is continuous in W¥-norms for 0 < s < (k + 1)).
Note that on €2, we may compute 0 first, and then convolve (because of the special
choice of mollifiers, there are no boundary terms arising; see again the proof of part
(ii) of Proposition 2.3). Thus

3S° Ry = a(z;{,g g Ri) = ZX/e s (pju + dg; A Reu). (521
Jj=0 j=0

where we have used that dRxu = u. Therefore, using that Z]N=0 ¢; = 11in a neigh-
borhood of €, and consequently Zjv:() E_)(pj = 0, we have

N

dS*Ryu —u = Z (x)j.e * @ju — @ju)
/=0 (5.22)

N
Z Xie * ( Btp]/\Rku) E_)(pj/\Rku).

To estimate the right-hand side, we use the fact that the W™~ !-norm of a difference
quotient of a function is bounded by a constant times the W™ -norm of the function
([124], Theorem 6.21, [122], Theorem 3, Section 5.8.2). Convolution of, say, ¢;u, with
Xj.e amounts to a convex combination of forms all of which have W™~ !-distance from
@ju not exceeding Cre|l¢;u||,». Consequently this convex combination, x; . * ¢;u,
also has W™~ distance from ¢;u not exceeding Cxel|¢;u| . Therefore

N N
u—35° Reatllmr = Cee( 3 lesullm + Y 1305 A Rl ) < Crellullm. (5.23)
Jj=0 Jj=0

By the same argument, we have for the first term in (5.20)
[1S® Rt — Ryl m—1 < Crellutlm- (5.24)
Combining (5.20) through (5.24) gives the estimate

[ Ri1u — Rigut[m—1 < Crellut||m. (5.25)

Because convolution with the x;,.’s maps W™ (2) continuously to itself with norm
bounded independently of & (this reduces to the case of W°(Q) = £2(Q), where it
is a consequence of Young’s inequality, see for example [124]), we also have from the
formulas above

[ Rk+1u — Riut||m < Cil|ulm- (5.26)
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(5.25) and (5.26) combined with interpolation of Sobolev norms give
1R 1t = Ricttlm—s = 75 IIuIIm + Ceellulm. (5.27)

Choosing ¢ < 1/ (kzac) gives (iii) above and finishes the inductive construction.
We can now construct the operator 7 from the theorem. For u € C (%o 0 (), we
set

o0
Tyu = Riu+ Y (Repru — Ryu). (5.28)
k=1
The series converges in W0 . 1)(Q) (in view of (iii) above), so T,u is well defined

as an element of W1 48 1)(52) Also, 8Tqu = dRyu = u. To obtain the continuity
properties of T clalmed in the theorem, let j € N and note that T,u = Rju +

Zii_/ (Rk41u — Rru). Thus

o0
I Tqully—s < IRull—s + 3 I Rerae — Ryullj—s
k=j

— C
(6 + Y )y
k=)

(5.29)

This completes the proof of Theorem 5.3; the continuity in C*(Q) follows from the
Sobolev estimates (5.29). O

Corollary 5.4. Let Q be a smooth bounded pseudoconvex domain in C*, 1 < g < n.

Then Ciy,(Q) Nker(d) is dense in W () Nker(d) for s > 0.

Proof. Letu € W, (0 )(Q)ﬂker(a) we may also assume thatg < (n—1) (forg = n, the
condition to be in ker(d) is vacuous). Fix ¢ > 0 and j € N, j > s. By Corollary 5.2,
there is u € WJ+; (Q) N ker(d) with Ju — ii||s < &/2. Because C (L) is dense in
I/Ii'/“(Q), th_ere is a sequence {u, }3° C C(%oq)(Q) such that ||u, —l[;+1 — 0. Thuf
[0unll; = 9(un —w)|l; — O as well. Denote by Ty the solution operator to 9
from Theorem 5.3 and note that it is continuous from W/ (©. +1)(Q) to W(f) q)(Q) Then
(tn = Ty un) € €G3, (@) O ker (@) and ||ty = Ty41914n) = il = Nlun — il +

||Tq+18un||s — 0. Consequently, for n sufficiently large, || (uy —Tq+13un)—u||s <e.
As ¢ was arbitrary, the proof of Corollary 5.4 is finished. |

Remarks. (i) It follows from interpolation that when s > 1, then 7, : W, q)(Q)
W0 . 1)(Q) is continuous. The case 0 < s < 1 is not covered because j = 0 was

omitted in Theorem 5.3; this was done to avoid technicalities.
(i1) Corollary 5.4 is shown in [29] to hold also when s < 0 in the case g = 0.
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(iii) Dufresnoy has shown in [121] that when no boundary regularity assumptions
are made on €2, but instead the condition is imposed that Q can be approximated from
the outside in a nicely controlled way by pseudoconvex domains, then one also has
solvability in C () (here, C () is interpreted in the sense of Whitney). In partic-
ular, this holds on convex domains. Recently, Harrington has shown that Dufresnoy’s
assumption holds on all C! domains whose boundary satisfies property(P;) ([159]).
However, the assumptions are not satisfied on all smooth domains. In fact, there are
smoothly bounded pseudoconvex domains whose closure does not admit any neigh-
borhood basis consisting of pseudoconvex domains (a so called Stein neighborhood
basis), much less a particularly nice one. For these domains, usually referred to as
‘worm domains’, see [105], [130], [81], [43], [208]; we will encounter them also later
in this chapter.

5.3 Regularity: the Bergmann projections vs the 3-Neumann operators

Kohn’s weighted theory can also be used to analyze in detail the relationship between
regularity properties of the Bergman projections P, and those of the d-Neumann op-
erators Ny, 0 < g < n. Recall the relevant terminology: an operator on (0, g)-forms
is said to be globally regular if it maps C(%‘j q)(§_2) continuously to itself, and exactly

regular if it maps the Sobolev spaces W(J”0 q)(Q) continuously to themselves for s > 0.
When the operator maps from one form level to another, the definitions are analogous.

Itis clear from the formulas in Theorem 2.9 that there are relationships between the reg-

ularity properties of N and P. For example, from Kohn’s formula P, = 1— 5*Nq6_)
(see (2.71)), it is obvious that if N, is globally regular, then so is P, 1. It is however
not obvious from this formula that exact regularity of N, should imply exact regularity
of P41, nor that regularity properties of the Bergman projections should imply cor-
responding properties for the -Neumann operators. Therefore, the following theorem
from [47] is of interest.

Theorem 5.5. Let Q be a bounded smooth pseudoconvex domain in C"*, 1 < g < n.
Then Ny is exactly regular if and only if the three Bergman projections Py_1, Py and
Py 11 are exactly regular. The same equivalence holds with ‘exactly regular’ replaced
by ‘globally regular’.

Here, P, formally acts on the zero-dimensional space of (0, n 4+ 1)-forms, so is
always exactly regular.

Remark. Theorem 5.5 gives in particular exact regularity of the Bergman projections
in the cases where we have already shown that the d-Neumann operators are exactly
regular. When €2 is strictly pseudoconvex, Theorem 3.4 implies that for 0 < g < n,
P, is exactly regular in Sobolev spaces. More generally, it suffices that €2 is of finite
type, compare the discussion after the remarks following the proof of Theorem 3.6.
When 1 < ¢ < n and Ny is compact, Theorem 4.6 shows that it is exactly regular;
consequently, Py—1, Py, and P, are exactly regular as well.
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Proof of Theorem 5.5. Recall from Chapter 2 that

SRk

P, =1-3"3N, = 33"N,. (5.30)

Next, consider the inner product ( f,g) between two (0, g)-forms, with g d-closed.
Then (Py—1 f. g) = (/. g), and if we denote the weight function etz by w;(z), this
inner product satisfies furthermore

(Pg-11.8) = (f.8) = (W= [, 8):

5.31
= (Prg—1w—s . 8)t = (Pg—1w; Prg_1w_; . g), -0

where the subscript ¢ denotes the inner product with weight w;(z). Consequently, for
q=1,
Py—1 = Pg—qwi Prg—qw—;
= (1—3"N,d)(w, P g_1w_y) (5.32)
= W¢ Pt,q_lw_t — 5*Nq(éwt N Pt,q_lwt).

For P41, we observe that Pyr1 — Pr g1 = Pyy1(1 — Prg41). Inserting (5.30) for
P, 1 on the right-hand side and moving P; 41 to the right gives

Pyr1=Prg+1 + 55*Nq+1(“ — Prg+1)
= Prgs1+ 0Ngd (1= Prgi1) (5.33)
= Prgt1+ 5Nq(é* - 5:)(“ — Prgt1).

We have used here that 1— Pt q+1 € ker(a ) (soin particular, itis 1n the domam of 3" so

that the commutation of 9" Ngr1 =Ny 9" is justified). Note that 9 — 8 is an operator
of order zero. From the weighted theory we know that given any k € N, we can
choose 7 big enough so that P; 4,1, P; 4 and P; 41 are continuous on wk (2) (at the
respective form levels). Thus we have expressed P;_1, Py, and P, in terms of good
weighted operators, and operators that are ‘as good as N, (in view of Corollary 3.3),
namely the operators E_%_)*Nq, E_)*Nq, and dN,.

We now express Ny in terms of Py_1, Py, Py+1, and good weighted operators. We
have

Ny =Ny + 3 9N, = @ Ny)*@ Ng) + (3 Nyx 1) Nyr1)*  (5.34)

(this observation comes from [125], p. 55, and from [258]). Observe that 3N,
B*Nq Py; this is clear on ker(d), and on ker(d)L, both operators are zero. Thus

3N, =3 N, P,

_ (5.35)
=(1- Pq—l)a;th,qPq
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(5.35) results from interpreting E_J*N as the canonical solution operator to 9: we may
take the solution operator provided by 8 Ny 4 and then prOJect onto ker(d)* by (1 —

P,;_1). Since the adjoint in the unweighted metric of 8 Ni g is w(Ny qa)w £ it
follows from (5.34) that

Ny = Paw;(Ny40)(w— (1 — P4—1)d; Ny g Py)
+ (1= Pg)d; N g1 Pgs1wy (Nr g 1) (w— (1 - Py))
= Pyw Ny g(w—y Py + dw—y A (1= Py_1)d, Nig Py)
+ (1= Pg)d, N g1 Pysaw N, g (w—s (1= Py)).

(5.36)

To obtain the last equality in (5.36) we have used that 8(1] - P, 1)8 NigPy; =
99, ¢t Niq Py = P4 (in particular, o (1 — Py 1)8 N, 4 P, maps into dom(d), so that
‘breaklng up’ (Ny,40) is justified, see Remark (ii) after the statement of Theorem 2.9)
and that (N; 44+10) = dN; 4 (see again Chapter 2).

Combining (5.30), (5.32) (5.33) and (5.36) with Corollary 3.3 (plus interpolation)
and Theorem 5.1 proves the theorem. Assume N, is exactly regular. Then so are
5Nq, 5*Nq, and 55*Nq, by Corollary 3.3. Fix s > 0, and choose ¢ big enough so
that all the weighted operators in (5.32) and (5.33) are continuous in W*-norms. Then
(5.30), (5.32), and (5.33) show that P;, P,_1, and P, 1, respectively, are continuous
in W*-norms; in (5.33), we use that E_)* — E_J: is an operator of order zero (i.e., it does not
involve derivatives). As s > 0 was arbitrary, Py, P;_1, and P, are exactly regular.
Conversely, if P;—1, P4, and P, are exactly regular, we use (5.36) in conjunction
with Theorem 5.1 to conclude that N, is exactly regular. The proofs of the assertions
about global regularity are similar: one shows that for each positive integer k1, there
exists an integer k» such that the operator is continuous from W¥2(Q) to Wk1(Q).

O

Remarks. (i) By writing E_)*Nq = Nq_lé* in formula (5.34), one can express N, in
terms of Ny and Ngy1.

(i1) N, is always exactly regular (on a bounded smooth pseudoconvex domain). In
fact, more is true: N, gains two derivatives in Sobolev norms, see (2.95). P,_; =
11— E_)*N,,E_J is then (trivially) exactly regular.

(iii) Theorem 5.5 has the following corollary: when N, and N,i3 are exactly
(globally) regular, then so are N;1 and Ny4>. (That one can bridge a gap of one was
observed in [125], p. 55., using Remark (i).) In particular, for dimension n < 4, exact
(resp. global) regularity of N1 implies exact (resp. global) regularity of N, for all g, in
view of Remark (ii). That is, for these low dimensions (essentially n = 3, 4), regularity
of the 3-Neumann operator percolates up the Cauchy—Riemann complex. Recall from
Proposition 4.5 and the remark following its proof that compactness and subellipticity
percolate up in all dimensions. For regularity, this is open.

(iv) The formulas in the proof of Theorem 5.5 can also be used to obtain pseudolocal
estimates for the Bergman projections from those for the d-Neumann problem. We only
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illustrate the idea and show how to obtain a weak such estimate: the global term is not
optimal. But the estimate is sufficient for what we need later. Assume for example
that 5*Nq satisfies pseudolocal estimates near all points of an open subset U of the
boundary, say of the form

lg19” Nulls < llgaulls + Ilull, (5.37)

whenever ¢; and ¢, are two smooth cutoff functions with ¢, = 1 near the support
of ¢1, and whose supports intersect the boundary in U. Then the Bergman projection
P, satisfies the pseudolocal estimates

o1 Pg—rulls < llgaulls + llull1. (5.38)

where 1 < g < n + 1, with ¢; and ¢, as above. (Of course, the case of interest
is s > 1.) First note that @1 Pg—1ulls < llo1 Pg—192ulls + llo1 Pg—1(1 — @2)ulls.
Expressing P;_1 in the first term by (5.32) and in the second term by the usual formula
(Kohn’s formula) gives

-
o1 Pg—1ulls < lorwe Prg—1w—r@aulls + l910 Ng(0w; A Prg—qwpau)|s

- (5.39)
+ llo1(1 = @2)ulls + [[910 Ngd(1 — @2)ulls,

where ¢ is chosen big enough so that P; ,_; is continuous on W(f) 2 (£2). The supports
of g1 and (1 — ¢,) are disjoint. This has two consequences. First, the third term on the

right-hand side of (5.39) is zero. Second, the pseudolocal estimates for 5*Nq give in
this situation

19" Ngd(1 — @a)ulls < 131 — @o)ul| < [fulls; (5.40)

the local term (obtained when introducing a suitable third cutoff function ¢3 so that ¢y,
@3, and ¢, are nested) vanishes as well. The first term on the right of (5.39) is bounded
by ||@2u||s, by the Sobolev estimates for Py 4—;. To the second term, we also apply the

pseudolocal estimates for 5*Nq and obtain that it is dominated by

l@2(dwe A Prg—iwe@au)|ls + |0we A Prg—iwegoul (5.41)
< 0ws A Prg_awrpaulls < lloaulls;

the last step again uses the Sobolev estimates for P; ,_;. Thus the right-hand side of

(5.39) is indeed dominated by the right-hand side of (5.38), and (5.38) is established.

5.4 Benign derivatives

We now return to Sobolev estimates for the unweighted d-Neumann operator. A first
general observation is that derivatives of type (0, 1) and complex tangential derivatives
of type (1, 0) are benign for the 0-Neumann problem ([48]):
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Lemma 5.6. Let Q be a smooth bounded pseudoconvex domain in C" with defining
function p, k € N, 0 < g < n, and Y a vector field of type (1,0) with coefficients
in C®(Q) with Yo = 0 on bQ. Then there is a constant C such that for u €
C(%‘fq)(f_Z) N dom(i_)*), we have the estimates

o )
Iw; 82,- k—1

< C>I1Bul3_, + 18 ul?_, + lul?_) (5.42)

and
IYullz_, < CUloulz_y + 10 ullz_y + lulle—1lule)- (5.43)

When ¢ = 0, we understand 3" to be the zero operator. As an illustration of
‘benign for the d-Neumann problem’, consider the following. Suppose we want to
estimate ||Ngu|;. Let X be a field of type (1, 0) that is transversal to the boundary
(Xp # 0 on b2). Any derivative D can be written as a sum aX + Y + Z, where
Y and Z are also fields of type (1,0), and Y is tangential at the boundary. Then
IDNyul|| < [|XNgu|l + |Y Nyu|| + || Z Nyu|), and we obtain

INgul| T < I1XNgul® + [9Ngu > + 118" Ngue||* + || Ngue | [ Ngullx

(5.44)
S IXNgu|® + llull® + s.c.|| Ngu || + Le.|| Ngul|*;

at the a priori level (i.e., assuming that Nyu actually is in W(}, q)(Q)), we can absorb
the term || Ngul|? to get

INgull} S IXNgul? + [lul®. (5.45)

That is, in order to prove a Sobolev-1 estimate (at the a priori level), we only have to
control a transverse derivative of type (1, 0). Similarly, to control the commutators in
Theorem 5.7 below, it suffices to have control over the normal (1, 0)-components.

Proof of Lemma 5.6. When g = 0, (5.42) is trivial: du/0z; is a component of du.
When g > 1, the case k = 1 of (5.42) follows from Proposition 2.4 (with a = 1,

¢ = 0). To obtain the case k = 1 of (5.43) from (5.42), we integrate by parts as
follows:

yul? =y / Yuy Vieg = -y / FYusaz + O(ullully)
Q Q
J J
/ v — / vV —
.y / Yuss - /[Y,Y1u1u1+0<||u||||u||1) (5.46)
J /e J /e

=Y [ Fus T = 30 [ 7YY+ O(ulul ).
Y 7 e
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Now || Y u||? is estimated by (5.42) (k = 1), and since the commutator [Y, Y] is an
operator of order 1, the last two terms in (5.46) are dominated by ||u| 1 ||u]|.

To lift the k = 1 case of (5.42) to higher norms when ¢ > 1, we use induction
on k. Denote by D¥ a derivative of order k. Lemma 2.2 gives

2 2

du

0z;

ou

HD" Ou + |pk13 2%
0z;

0z;

HDk IT

0 ) (5.47)

0z;

du

Dk-1g—
H 82,

+HDk 1

where T is a tangential derivative (vector field). Commuting 9/0z; with T, d, and 6,
respectively gives that the right-hand side of (5.47) is dominated by

2
Ha' Tuj,

= ok
Lt 192l + 110 27 + Nuellz- (5.48)
Letting T act in special boundary charts changes T'u only by O-th order terms, hence
the error we make in the first term in (5.48) is O(||u||x), and so is acceptable. If T
acts in special boundary charts, Tu € dom(a*), so that we an apply the induction
assumption to obtain

= =%
H—Tu SNOTullz_, + 110 Tulz_, + 1 Tulz_,

(5.49)
= x
< N9ullg + 110 ullg + llullz-

Combining (5.47)—(5.49) gives the required estimate.
(5.43) follows from (5.42) by integration by parts:

ID* Ty u|? < |YD* = u|? + |ul?_,
< IY DR + | DRul| DR M| (5.50)
S ID 1 | 4 full2_, + llellelleellx—1.-

The second inequality in (5.50) is just the above integration by parts argument (5.46)
applied to Y D*¥~1y (note that in this argument, it is not used that the form is in the
domain of E_)*). It now suffices to apply (5.42) to the first term on the right-hand side
of (5.50). This completes the proof of Lemma 5.6. O

Remarks. (i) We will often use Lemma 5.6 to estimate the £2-norm of say, k, deriva-
tives of a from u, one of which is of type (0, 1) or of type (1, 0) and complex tangential.
The squares of these &£2-norms are dominated by the right-hand side of (5.42) and
(5.43), respectively. This is an immediate consequence of the lemma as formulated.
One can commute the type (0, 1) derivative or the complex tangential type (1, 0) deriva-
tive to the right, so that they act first and the lemma applies. The error produced by the
commutator is O (||u ||,%_1) (and so is dominated by the respective right-hand sides).



142 5. REGULARITY IN SOBOLEV SPACES

(i1) We will also use Lemma 5.6 to estimate (suitable) derivatives of the Bergman
projection P, ju of a form u. Again, the lemma as stated does not apply directly, as

P,_1u need not be in the domain of 9", However, u — P, qu= é*Nqéu is (in fact,
itis in ker(é*)). The application will be to Sobolev estimates for P, u, so the error
introduced by u is harmless.

5.5 Good vector fields imply Sobolev estimates

Recall how Sobolev estimates were proved in the strictly pseudoconvex case (Theo-
rem 3.4) and in the case where the -Neumann problem satisfies a compactness estimate
(Theorem 4.6). What has to be controlled are error terms arising from commutators
between derivatives and 9 and 9 . In the strictly pseudoconvex case, the error terms
are of order lower than the terms to be estimated, while in the compact case, they are
of the same order, but come with a small constant (from the compactness estimate). In
both cases, they can be absorbed. In this chapter, the commutators themselves will be
small (modulo terms which in view of Lemma 5.6 are under control, see in particular
condition (ii) in Theorem 5.7 below).

Remark. There is an observation of Kohn and his school that also relies on having
a small factor in front of the commutators. If €2 is a bounded smooth pseudoconvex
domain in C”, then there exists 5o > 0 such that the d-Neumann operators Ng, 1 <
q < n, are continuous in W(i),q)(Q) for 0 < s < 59. The reason is that if 3 and 5* are
commuted with a (pseudo)differential operator of order s (see (3.67)), the commutator
(which is of order s) comes with a factor s in front. Thus when s is small enough,
these terms can be absorbed. (For more recent work on how to make the range where
estimates hold precise in terms of the Diederich—Fornass exponent of the domain, see
Remark (iii) after Corollary 5.11.)

The following theorem from [48], [51] gives a general sufficient condition for global
regularity. Historically, results on Reinhardt domains and other domains with suitable
groups of symmetries (genuine [28], [8], [281], [78], [44], [79] or approximate [10])
actually came first, and helped prepare the way for Theorem 5.7. We will discuss these
domains in the next section (Section 5.6).

The theorem uses the notion of finite type, which we have discussed only very
briefly in Chapter 2, where we also mentioned pseudolocal subelliptic estimates. These
estimates are required in the proof of Theorem 5.7. We also need the fact that the set
of boundary points of infinite type is closed; this follows from D’ Angelo’s theorem on
the local boundedness of the type (which implies that the set of points of finite type
is open; see [89], Theorem 4.11, [92], Theorem 6 in Chapter 4). Alternatively, the
reader may change ‘the set of boundary points of €2 of infinite type’ in Theorem 5.7
to ‘the set of weakly pseudoconvex boundary points of €2’. (In the applications of
Theorem 5.7, it will be obvious how to make the analogous modification.) Then only
the 1/2 pseudolocal subelliptic estimates of Theorem 3.6 are required. In important
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cases, the required vector fields exist on the whole boundary from the outset; in this
case, no pseudolocal estimates need to be invoked.
Denote by K the set of boundary points of infinite type.

Theorem 5.7. Let Q2 be a smooth bounded pseudoconvex domain in C™ with smooth
defining function p. Suppose there is a positive constant C and open sets Uy, ..., Uy
whose union covers K such that the following holds. For every positive € there are
a neighborhood (in C") U, of K and vector fields Xy, 1 < k < M, of type (1,0),
whose coefficients are smooth in Ug, such that for 1 <k < M

() |arg Xg.ep| < e and | Xg ¢p| < C on Us, C™1 < |Xg ¢p| on Ux N Ug; and
(i) |9p([Xk,e. 0/0Z;])| <con Us, 1 < j <n.

Then the d-Neumann operators N,, 1 < q < n, and the Bergman projections P,
0 < g < n, are continuous on W(f) q)(Q) when s > 0.

(i) says that (Xg e — Xge)p ~ 0, meaning that (X, — Xi ) is approximately
tangential on U, N b Q2. This property will be used via integration by parts. Moreover,
Xk ¢ is transverse to b2 on U, N Ux N b2, uniformly in ¢, so that powers of Xj . will
control the Sobolev norms to be estimated (in view of Lemma 5.6).

(ii) says that the commutator with derivatives of type (0, 1) has small normal (1, 0)-
component in U,. This condition replaces the one, used in the work cited above
concerning domains with suitable symmetries, that the vector fields have holomorphic
coefficients, or equivalently, that their commutators with d/0Z; vanishfor 1 < j <n,
(so that the parameter ¢ was absent). That only the normal component of the com-
mutators matters results from Lemma 5.6; other components produce terms that are
benign.

Admitting finitely many families turns out to be necessary in order to handle situa-
tions where there are otherwise appropriate vector fields that satisfy the transversality
condition only on a part of the boundary. This occurs for a natural class of domains
that includes Reinhardt domains, see Corollary 5.8 below. Note that the fields Xy . are
still defined globally, i.e., in all of Uy, not just in Uy N Uy. Indeed, when Xy  is only
assumed to be defined in U, N Uy, with (i) and (ii) holding there, the conclusion of
Theorem 5.7 may fail. Examples are provided by the worm domains, see Remark 3
following the proof of Theorem 5.21.

Theorem 5.7 applies widely, for example on all convex domains, and more gen-
erally, on domains that admit a defining function whose complex Hessian is positive
semidefinite at all boundary points. We will discuss these and several other applications
after the proof of the theorem.

Remarks. (i) The special form ¢ in the bound in the commutator condition (ii) is of
course not important. Any function of ¢ that tends to zero as ¢ tends to zero will do;
one can rescale the families {Xy .}. If the first part of (i) and (ii) hold on K, then by
continuity they hold in a sufficiently small neighborhood U,.
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(i1) The reader should note that condition (ii) can also be viewed as a statement
about derivatives of X,: (9/0z;) X, (computed componentwise) should have normal
component O(¢) at points in U,. Both points of view are useful.

(iii) Work of Derridj ([102], Théoréme 2.6) shows that the assumptions of The-
orem 5.7 are optimal in the sense that there need not exist a vector field X of type
(1, 0) in a neighborhood U of the set of boundary points of infinite type such that Xp
is real in U and dp([X, 0/0Z;]) vanishes on U, 1 < j < n. This does leave open the
possibility that there would exist a field such that these quantities, while not vanishing
in a neighborhood of K, vanish at points of K only. In this context, compare also
Remark (ii) following the proof of Corollary 5.16.

Proof of Theorem 5.7. We first prove the case M = 1, following (for the most part)
[51], [48]. By replacing U, by U; N U, we may assume that X; , = X, is defined in
Ue, and that (i) and (ii) hold there. By Theorem 5.5, the assertions for the Bergman
projections P, and the d-Neumann operators N, are equivalent. We will prove the
assertions for the P;. As usual, it suffices by interpolation to prove the case s = k € N.

The Bergman projection P,_; is continuous in W(](‘)’ n—l)(Q)' Namely, P,—1 =

1-— é*Nné, and N, gains two derivatives in Sobolev norms, see (2.95). The proof
now uses a downward induction on the degree g. Assume that Py, is continuous

on W({)’m)(SZ) forall j € Nandg < m < n — 1. We are going to show that

then P,_; is likewise continuous on W(l(‘)’ q_l)(Q), where k is any (henceforth fixed)
positive integer. To do so, we first prove a priori estimates, that is, we will show that
| Pg—1ullx < Ci|lu||x if both ¥ and P,_ u are in C(%O’q_l)(Q).

We start by showing that under these a priori assumptions, N, du € C(%‘jq)(Q) as
well. This will guarantee that all the norms in the computations below are finite, and
that there are no issues with the various integrations by parts. In addition, estimate

(5.52) below will be needed in the argument. Recall from the proof of Theorem 5.5
that

Ngd = (@ Np)* = ((1 = Py_1)d, N; g P,)"
q q _( q—1)Y: IVt,q ‘1) (551)
= Pqw;(Ni,g)w— (1 — Pg—1).

When j € N and ¢ is chosen big enough, the Sobolev estimates for N, ,,qé (see Remark
(i) following the proof of Theorem 5.1) in conjunction with the induction assumption
on P, show that N,ou € W({) » (), with the estimate

INgdull; < C;(llully + | Pg—1ul;)- (5.52)

Thus N, du belongs to W({)’q)(Q) for all j € N, hence to C(%‘:q)(Q_Z) (by the Sobolev
imbedding theorem).

To prove the desired a priori estimate, fix ¢ > 0 (its value will be specified later),
and denote by X, the corresponding vector field from the assumption in the theorem
(with M = 1). We first show that in order to estimate || Py, u ||i, it suffices to estimate
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[1729.¢ ;‘ Py_1ul|? (¢e is a suitable cutoff function). This is where the transversality
condition in (i) is needed. _

In order to apply Lemma 5.6, we need a form that is in the domain of 3", and so
cannot directly apply this lemma to P, u. However, (1 — P;_;)u is in the domain (in

fact, in the kernel) of E_)*, and Lemma 5.6 applies. Choose a smooth cutoff function ¢,
that is supported in U, and is identically equal to 1 in a neighborhood of the compact set
of boundary points of infinite type. Then ¢g(u — P;_1u) € dom(é*). On the support
of (1 — ¢.), we have subelliptic pseudolocal estimates ([70], or Theorem 3.6 for the
modified version of Theorem 5.7); in particular, (5.37) holds (U is the set of points of
finite type, or the set of strictly pseudoconvex boundary points for the modified version;
see also Remark (ii) after the proof of Theorem 3.6). Therefore, (5.38) also holds, and
we obtain

I Pg—1ullf < llgs Pg—1ullz + (1 — @¢) Pg—1ull}
S llpe Py—rullz + Cellull (5.53)
N “906(1] - Pq—l)u”i + Cs”u”i

(note that k > 1). Observe that on the support of ¢., the normal (1,0) derivative
is of the form a. X, + Y1, where Y} . is a tangential field of type (1,0) and a, is
smooth, and bounded independently of & (from assumption (i) in the theorem). Any
derivative of order k of ¢.(1 — P;—1)u can thus be written as a smooth multiple of
(asXe)*(1— P,_1)u plus a sum of terms, each of which contains at least one derivative
that is complex tangential of type (1, 0) or that is of type (0, 1). Modulo commutators
which are of order at most (k — 1), we may assume that these latter derivatives act first,
so that the £2-norm of these terms is bounded by the (k — 1)-norm of the derivatives.
Applying Lemma 5.6 to these terms gives

e (1= Py—)ullf < ll(@eXe) s (1= Py—y)ull® + Ce{[| (e (1 — Pa—n) 17,
+ 118" (e (1 = P01y + lpe(1 = Py-nulli_,
+ e (1 = Pg—)ulle—1ll@e(1 — Pg—1)ulx § (5.54)
S 1XE e Prul + Cellully
+ Cell Py—rullf_y +s.c.llgs (T — Pg—1ulz,
where the constant in < does not depend on ¢, and where s.c. denotes a small constant

(as small as we want, at the expense of C;). We have also used that if a derivative hits a,,
there will be at most (k —1) derivatives on (1— P;—;)u, that a, is bounded independently

of &, that commutators between ¢, and d and 8*, respectively, are operators of order
zero, and the inequality ab < l.c.a? + s.c.b? (a,b > 0). After absorbing the last term
in (5.54) and inserting the resulting estimate into (5.53), we have

1Pg—rully < ClIXE@e Pymrue])® + Ce(lulf + [ Pg—ruellz_y); (5.55)

with the constant C independent of &.
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The main term in (5.55) is ||Xf</)qu_1u||2 = (Xf(ngq_lu, Xf(ngq_lu). We
want to integrate by parts all the factors X to the right-hand side of the inner product
(it will be clear below why), but at the same time, we would like to avoid boundary
terms as much as possible. If X.p were real, the standard way to achieve this is to
consider X, — X,, which is tangential. The error this introduces consists of terms
that contain at least one (0, 1)-derivative; therefore, it is benign. In our case, X.p
is only approximately real, and we modify X, — X, in such a way that the error
is small: there is a smooth real valued function b, of absolute value not exceeding
2Ce¢ such that Xy — X, + bgiL, is tangential, where C is the constant from (i) in
Theorem 5.7, and L, = (1/]9p|*) X_7_,(9p/8Z;)3/dz; (so that L,p = 1). Namely,
set by = i (X, — X;)p. Then

1XE e Py—yu]?
< [((Xe — Xo + bei Ln)* @ Pg—u, (Xe — X + bei Ln)* g Pg_qut)|  (5.56)
+ Cell Pg—1utll (| Pg—1tullx—1 + llulle) + Cell Pa—yull3.,

where the constant C in the last term is independent of & (but is not necessarily the
constant from (i)). (5.56) arises from arguments analogous to those that led to (5.54),
as follows. In the main term on the right-hand side, consider first terms that contain
at least one derivative of type (0, 1). Modulo commutators that are of order at most
k — 1, we can again assume that this derivative acts first. Consequently, these terms can
be estimated using (5.43) in Lemma 5.6 (applied to u — P,_u); they are dominated
by Ce|| Pyg—1ulx (| Pg—1u|lx—1 + |lu]lx). The remaining terms all have X* P,_;u on
the right-hand side of the inner product. Among these, the contribution from the term
that has k factors X, on the left-hand side of the inner product gives the left-hand
side of (5.56). In the remaining terms, there are m > 1 factors b.iL,. Modulo
commutators that are benign, we can assume that these factors act last, so that we have
(beiLy)™ (Xg)k_m P;_1u. Note that X; = ¢, L, + Y, where the function ¢, is smooth
and bounded (on the support of ¢.) uniformly in &, and Y, p = 0. Therefore, the inner
product of these last terms with X* P,_u has the form

((bsiLn)m(csLn + Ys)k_m Py_qu,(ceLy + Ys)kPq—lu)' (5.57)

Terms containing a factor Y, are estimated via (5.43) in Lemma 5.6. This implies
commuting derivatives so that Y, acts first and replacing P,_ju by u — Py;_ju, which
produces an error that is dominated by C¢ || Pg—1u||x (||u|lx + || Pg—1u||x—1); this error
is thus dominated by the right-hand side of (5.56). For the remaining terms, note
that (bgi L))" (ceLn)*™™ = (bgi )mcé‘_le,j plus lower order terms. Consequently the
inner product with (cg L n)k P,;_1u is dominated by the last two terms in (5.56) (because
of the uniform bounds on b, and ¢;). This proves (5.56).
In the main term in (5.56) integrate by parts k times to bound it from above by

|(Pq—1u, @e(Xe — )?s + bsiljt)Zk@qu—lu)| + Cel| Pg—11t|[k—1 1| Pg—1ulx
= !(u — E_)*ng)u, Qe (Xe — X, + bgiL_n)Zk(pqu_lu)‘ (5.58)
+ Cel| Pg—1u]lg—1 1| Pg—11t |k -
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Note that in the error terms, one can move tangential derivatives from one side of the
inner product to the other, as needed, before applying the Cauchy—Schwarz inequal-
ity. In the main term in (5.58), the contribution coming from u, again by suitable
integrations by part, is of order Cg||ul¢|| Pg—1ullx < s.c.||Pq_1u||,2( + 1.c.||u||i, with
s.c. independent of ¢, and so is benign for the estimate we seek to establish: the term
s.c.|| Pg—1u ||,2€ can be absorbed. In the contribution from E_)*Nq du, we move 9 to the
right-hand side of the inner product as d. This is the key step as far as the role of
the commutator condition (ii) in the theorem is concerned. Because dP;—ju = 0,
we only get terms where d acts on one of the factors ¢, or on (X — X, + bgi L,)?K.
We can dominate the former by Cg||u||x, via the pseudolocal subelliptic estimates on
the support of ¢, as in (5.53) (again integrating tangential derivatives by parts to the
left, as needed). In the latter, we commute 9 with (X, — X, + bgi L_,L)Zk to obtain a
term where d acts again on ¢, (so that the term is dominated by ||u#||z). The resulting
commutator to be estimated is

[0, (X — Xe + bei L)**]
= 2k(Xe = X + bei L) 7' [0, Xe — Xe + bei L, ]
+ terms of the form (X, — X + bgi L,)?*™* (5.59)
X [[...[0, Xe — Xe + bei Ln), Xe — X + bei L] ..., Xe — Xe + bei Ly, |,

s-fold iterated commutator

with 2 < 5 < 2k, see (3.54). Note that the iterated commutators in (5.59) are first order
operators, so integratingup tok —s + 1 < k —1 factors of (X, — )78_-1— bgi L,,) by parts
shows that the contribution from these terms is bounded by C¢ || Ny 0u || x—1 || Pg—1u|lx-
Putting these estimates together gives

}(E_)*Nqéu, 0e(Xe — X, + bgil:l)Zk(ngq_]u)‘
< [(Ngdu, 9e(Xe = Xo + bei L) '[9, X — X + bsi Lulps Pg-1u))|
+ Co(llullf + INgdullx—1 | Pg—1ulx)
< |((Xe — Xe + bei Ln)* Nyou, . ..
o @e(Xe — X + bei Ln)* 1[0, Xo — X + bei Ly]ge Py—1u)|

+ Co(llullf + [INgOu | k-1 | Pg—1lxc)-
(5.60)

In the main term in (5.60), we use assumption (ii) of the theorem: on the support of ¢,
[0, X, — X, + bi L,] can be written as a sum of derivatives of type (0, 1), of tangential
derivatives of type (1,0), and a function of modulus less than ¢ times L,. Terms of
the first two types are again estimated using Lemma 5.6 (commuting derivatives and
replacing P,_1u by u — P4;_ju). So we obtain an upper bound for the main term in
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(5.60) of the form
| (Xe — X + bei L) Ngou|| x -
x (Celllulli + | Pg—ruelly | Pg—ruell ) + &l Pg—rullic)

< ” (Xe — Xa + blen)quau || (Ca(”u”k + ”Pq—l”“k—l) + 8||Pq—1u||k)-
(5.61)

Write X, — X, + bgi L, as (1/as + bei) times Ly, plus a derivative of type (0, 1) plus a
tangential derivative of type (1, 0), and apply Lemma 5.6 once more. Note that the k-
norm of Nq(‘_)u only arises when none of the derivatives act on (1/a, + b,i); this allows
the constant in front of || Ngou ||]2c in the following estimate to be chosen independently
of & (in view of (i) in the theorem and the fact that b, = O(¢)):

| (Xe = X + bei Ln)* Nodu||®
< C[Ngdully + Ce(1l3" Nodullg_y + INgOulle—r | Ngduellx) — (5:62)
< CINgOu [} + Co(| P—rullF_y + ull}y)-

In the last inequality in (5.62), we have expressed 3 Ny du as u — P,—1u, and we have
used the interpolation inequality || N, Oulj—1 < s.c. ||N du | +1.c. |Ng du/|. (Alsonote
that | Ngdu|® < ul® < [lul?_,.) Combining estimates (5.55)~(5.62), using again
the inequality ab < s.c.a® + l.c.b? (a,b > 0), as well as the interpolation inequality
lullg—1 < s.c.|ullx + l.c.|lu]|, and absorbing terms, we obtain the estimate

1Pg—1ullf < eC (I Pg—1ullf + INgdull7) + Cellullz, (5.63)

with C independent of ¢. Finally, inserting (5.52) into (5.63) and choosing ¢ small
enough gives the a priori estimate

IPg—1uly < Clul. wuand Pg_yu € Ciy ) (Q). (5.64)

In order to turn this a priori estimate into a genuine estimate, we use a method differ-
ent from elliptic regularization. Fix a number M so large that ps(z) := p(z) + §eM 212
defines a smooth strictly pseudoconvex subdomain 5 of €2 for § > 0 small enough
(see Lemma 2.5). Then on Q5, Py su € C(%‘:q_l)(ﬁg) if u is, by Theorems 3.4 and
5.5. We modify the induction hypothesis and require that Sobolev estimates hold uni-
formly in § on 5, for § small enough (k is fixed). The above estimates can be carried
out, uniformly in §, on Qg, by using the fields X, from the theorem. Note that the
pseudolocal subelliptic estimates (alternatively, the pseudolocal estimates from Theo-
rem 3.6) on Qg on the support of (1 — ¢.) are also uniform in §. If u € C(0 q)(SZ),

Py_15u € C(0 q)(Qg), by Theorem 3.4, and these estimates apply. We obtain
| Py—

< Crllull (5.65)

with Cy independent of §. A subsequence of the extensions by zero of the P,y su
converges weakly in 13%0 q—l)(Q) (since the P,_; su form a bounded sequence in
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ef%o q_l)(Q)). Pairing with d-closed forms in SE%O q_l)(Q) shows that this weak limit
is P;_qu. If V is afixed relatively compact subdomain of €2, then a further subsequence

will converge weakly in W(’(‘) q_l)(V), by (5.65). But this weak limit must agree with

the weak limit in QC%O q)(V) which is (the restriction to V' of) P;_ju. Consequently,

Py_1u has W*-norm on V dominated by |u||x, independently of V. Since V was

arbitrary, it follows that P,_ju € W(](‘) q_l)(Q), and that estimate (5.64) holds. Since

C(C(’)‘:q_l) (Q) is dense in W(’(‘),q_l)(Q), this estimate carries overto all u € W(’(‘,,q_l)(Q).
This completes the proof of Theorem 5.7 in the case when M = 1.

Itremains to indicate the necessary modifications in the proof when there are finitely
many families {X; .}, 1 < j < M, asinthe theorem. Let Uy, ..., Uy be the neighbor-
hoods from the theorem, and choose a partition of unity {x; }jM: , of a neighborhood of
K such that supp(y;) € U;. We only have to estimate ||¢; x; Pq_1u||,2c forl <j <M.
The analogue of (5.54) becomes

lpex; (1= Pa—)ull7 < I1XFo@ex; Pa—1ul® + Cjellul}

(5.66)
+ Cjell Pg—rullg_y +s.c.llpex; (1= Pg—1)ullz,

where 1 < j < M. Since

X o0e 2 Pa—1ull® S 117 X fops Pmrull® + Cje (| Pg—ruel7 )

f ) ) (5.67)

S X5 o0e Pg—1ull” + Cje( Pg—1ullic—y).

we only have to estimate ||X]]-€£(ngq_1u||2 for 1 < j < M. This is done exactly as
above. The proof of the a priori estimate is complete.

Finally, this a priori estimate is turned into a genuine estimate as in the case M = 1

above. |

5.6 Domains with symmetries

Before embarking on a systematic study of when the families of vector fields needed
in Theorem 5.7 exist, we give a first application to the results mentioned earlier as
precursors. A domain is a Reinhardt (or multi-circular) domain if whenever z =
(z1,...,2n) € Q,thensoisw = (eielzl, .. .,e"‘)"zn),forall (01,...,6,) € R". This
class of domains plays an important role in the function theory of several complex
variables ([177]): for example, the domain of convergence of a power series in several
variables is a Reinhardt domain (see e.g. [207], [259], [177]). More generally, we
consider domains with transverse symmetries. This notion, introduced in [8], means
the following. Consider a Lie group G of automorphisms of the smooth bounded
domain 2 such that the map G x Q@ — 2, (g,z) — g(z) extends to a smooth map
of G x Q@ — Q. We say that G acts transversely on Q when for each P € h<2, the
image of the tangent map (tp)«: Ty, G — Tp(b2) (where go € G is the identity)
induced by the map tp: G — b2, g — g(P), is not contained in Tlﬂ: (b2). Finally,
we say that € has transverse symmetries if €2 admits a Lie group of symmetries as
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above that acts transversely on Q2. If € is Reinhardt, one takes the n-torus T” for
G, with the obvious action (01, ..., 6,) — (¢'%1z1,...,e/%z,). Ttis clear that this
action extends smoothly to the closure. To see that it is transversal, fix a boundary
point P = (¢1,...,8n.0,...,0), 1 <m <n,and{; # 0,1 < j < m. In other
words, P has precisely the first m coordinates nonzero. It is not hard to see that
smoothness of €2 excludes the origin from the boundary, so that P has at least one
nonzero coordinate. For simplicity, we assume that all nonzero coordinates come first.
P is fixed under rotations in the last (n — m) variables, and rotations take normals
to normals (they are unitary). As a result, the complex normal at P also has its last
(n—m) coordinates equal to zero. Consequently, the vectors (0, ...,0, Wy 4+1,..., Wy)
belong to TI(_? (b2) for any (Wp+1,...,wy) € C*™. Consider the action of the
m-torus on Q given by (61,...,0,) = R(01,...,0s), where R(0y,...,0,)(z) =
(eielzl, R eiemzm, Zm+1----,Zn). The associated tangent map at the origin, Ry,
maps the tangent space to R™ at O into the tangent space to 2 at P. The image is
given by the span over R of the vectors (iz1,0,...,0),...,(0,...,izy,0,...,0). If
R (R™) were contained in Tf,: (b2), then T)‘,: (b €2) would also contain the span over C
of the vectors (1,0,...,0),...,(0,...,0,1,0...,0). With what was said above about
TI‘? (h£2), this would imply that Tlf,D (h2) is all of C", a contradiction. We conclude
that there exists 0p € R™ such that Rj(0p) is transverse to Tf,: (b2). So Reinhardt
domains have transverse symmetries and are covered by Corollary 5.8. Examples where
the symmetries are not rotational are obtained from suitable biholomorphic images of
Reinhardt domains.

Corollary 5.8. Let S2 be a smooth bounded pseudoconvex domain in C" with transverse
symmetries. Then the 9-Neumann operator N is continuous in W(”(V) q)(Q), fors >0
and 1 < g < n. The Bergman projection Py is continuous on W(%,q)(Q) when s > 0
and0 < q <n.

Remarks. (i) The class of smooth bounded pseudoconvex domains that admit trans-
verse symmetries is invariant under biholomorphisms: if €2, and €2, are biholomorphic,
and ; admits transverse symmetries, then so does €2,. It suffices to note that in view
of Corollary 5.8 and Bell’s regularity theorem ([23]), the biholomorphism extends to
a diffeomorphism of the closures.

(ii) In the case of Reinhardt domains, Corollary 5.8 is in [79]. In [281], exact global
regularity for the Bergman projection Py was shown to hold on any smooth bounded
domain with transverse symmetries, pseudoconvex or not.

(iii) For results when the symmetries are only assumed to act transversely on the
complement of a compact subset of the boundary that satisfies certain properties (for
example property (P1)), see [78], [44]. B

(iv) The pullback induced by a rotation on xfo,q)(sz) commutes with d; since it is

an isometry, it also commutes with 2_9*, hence with ;. One can exploit this observation
to prove Corollary 5.8 when €2 is a Reinhardt domain; for details, see [281], [44], [79].

Proof of Corollary 5.8. We will construct vector fields as required in Theorem 5.7 that
do not depend on . Moreover, X .p = Xy p will be exactly real on b Q.
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Let P € bQ2. By assumption, there exists a fp in the tangent space to G at the
identity go € G such that (tp)«(0p) ¢ TE (b2). Choose a smooth curve g(¢) in G
with g(0) = go and (d/dt)g(t)|;=0 = Op. Denote by Xp(z) the (1, 0)-vector field
on Q givenby Xp(z) = (d/dt){g(t)(2)}|:=0. Xp is smooth on  (because the action
of G is smooth on G x ), it has holomorphic coefficients (because for ¢ fixed, g(¢)(z)
is holomorphic in z), and Xp + Xpis tangential to b 2. Xp is defined only on Q, but
it can be continued as a field with smooth coefficients into a neighborhood of 2. Then
Xpp # 0in a neighborhood Up of P (p is a defining function for £2), and (shrinking
Up if necessary), we may assume that | Xpp| > cp > 0. We can cover the compact
set K by finitely many of the Up’s, say Up, , ..., Up,,. The families Xy , = i Xp, for
all ¢ > 0 satisfy the assumptions in Theorem 5.7, with U, chosen small enough. [

5.7 Commutators with strictly pseudoconvex directions

We now begin a systematic study of when families of vector fields as in Theorem 5.7
exist. A key observation is that the commutator conditions in part (ii) of Theorem 5.7
for commutators in strictly pseudoconvex directions as well as in the complex normal
direction come for free ([48]). In the context of a nondegenerate Levi form and real
analytic boundary, this observation goes back at least to [204] (see Section 3) and [103]
(see Propositions 1-5). The observation is crucial, and we formulate the following ver-
sion of Theorem 5.7, which is implicit in [48], [51]. For clarity, we only formulate the
version for one family of vector fields, the extension to finitely many as in Theorem 5.7
being straightforward. N (P) denotes the null space of the Levi form at a boundary
point P; recall that K is the set of boundary points of infinite type.

Theorem 5.9. Let 2 be a smooth bounded pseudoconvex domain in C" with smooth
defining function p. Suppose there is a positive constant C such that the following
holds. For every positive € there is a vector field X, of type (1,0) whose coefficients
are smooth in a neighborhood U, of K, such that

() |arg Xep| < eand C™' < |Xep| < C on K, and

(ii) |8p([X5, Z])(P)’ < & whenever L is a tangential (1, 0)-field of unit length near
P € K with L(P) € N(P).

Then, the assumptions of Theorem 5.7 are satisfied. Consequently, the d-Neumann
operators Ny, 1 < q < n, and the Bergman projections Py, 0 < q < n, are continuous

on W(%’q)(Q) when s > 0.

Note that whether such a family {X.} exists does not depend on the choice of the
defining function p.

Proof of Theorem 5.9. Suppose first that we know that dp([X,, L]) is O(¢) for all tan-
gential unit vector fields L of type (1,0). By shrinking U, if necessary, we may
assume that both this and (i) hold in U,. Then the fields X, can be extended from the
boundary such that (ii) in Theorem 5.7 holds. If L, denotes the complex normal, it



152 5. REGULARITY IN SOBOLEV SPACES

suffices to prescribe the real normal derivatives Re L, (X,); of the coefficients (X;);
of X, at points of U, in such a way that L_n(Xg)j =RelL, —iImL,)(Xs); =0
in U,. Note that Im L, (X,); is a tangential derivative. By continuity, we then have
dp([Xs, Lx]) = O(e) for 1 < k < n in a neighborhood of K in C”. Similarly, (i)
holds for the extended field in a neighborhood of K.

Now denote by { X} the family from the theorem. We modify X, to obtain a field Y,
as follows. Fix P € K. Near P we look for Y, in the form Y, p = X, + Z;:i aj.Lj,

where {L1, ..., L,—1}is abasis for 7 (1.0) (b2) near P, and ajs- are constants. We have

n—1

Op([Ye,p, Ll) = 9p((Xe. L) + Y af0p((Ly k). 1=k <n—1. (568)
j=1
We may assume that the basis {L1, ..., L,—1} is chosen so that it diagonalizes the Levi
form (see (2.45)) (ap([LJ,Lk]))]k , at P and so that {L1(P),...,Lm(P)} span
N(P) (1 <m <n—1). (5.68) shows that if we set

a]s- =0, 1<j<m, (5.69)

and _
! dp([L;, L;1)(P)
then the field Yy p = X, + Z}’;i a%L;, defined near P, satisfies

m4+1<j<n-—1, (5.70)

O (Yep. Li]) (P) = O(e). 1<k <n—1. (5.71)

By continuity, this holds in a neighborhood V; of P. Moreover, dp(Ye, p) = dp(X).
Via a partition of unity {ys }SA’LI of a neighborhood U, of K, subordinate to a finite
cover of the compact set K by V,’s, we obtain a field Y, = Zfil XsYe P, In Ug, this
field satisfies, for any complex tangential (1, 0)-field L of unit length:

M
i (1¥e. 1) = p( Y lxsYer,. I1)
s=1
M M
== (L) dp(erp) + D xs0p (Werio L) (572)

s=1 s=1

M
=2 (L) ap(xs)+2xs0(s) 0(e).

s=1 s=1

In the last equality, we have used that dp(X,) is independent of s (i.e., X, is defined
‘globally”), so can come out of the sum, and that Z?’I:I Lys = Z(Z?’il xs) = L(1) =
0. Also, by construction, Y.p = X,p, so that (i) of Theorem 5.7 is also satisfied. By
what was already shown above, these fields can now be extended into a neighborhood
of K in C” to obtain a family that satisfies the assumptions in Theorem 5.7. O
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5.8 Good vector fields and the complex Hessian of a defining function

In view of the previous section, in order to understand when there is a family of vector
fields { X} as in Theorem 5.7, it suffices to analyze the conditions in Theorem 5.9. We
argue at first locally, near a boundary point P, as in the proof of Theorem 5.9. Set

= (1/19p1%) Y7, (9p/0Z;)3/dz; (so that L,p = dp(L,) = 1). Then
n—1
Xe=eL,+) diL;. (5.73)
j=1
where the a%’s and h, are smooth. Moreover, &, is bounded uniformly in ¢ and has
imaginary part that is O(e) (because of (i)). As in (5.68), we find

n—1
0p((Xe. L]) = —e"* Lhe + e"*3p(Ln. LD + Y _afop((L;.L). (5.7
j=1

where L is a tangential field (say of unit length) of type (1,0). Note that dp([L;, L]),
the Levi form (see (2.45)), is semidefinite (€2 is pseudoconvex). Therefore, if we
evaluate at a point Q € bQ where L(Q) € N(Q), then dp([L;, L])(Q) = 0 for
1 < j <n —1, by the Cauchy—Schwarz inequality. As a result, we obtain, in view of
the uniform boundedness of /4, the condition

— Lhe(Q) + 3p([Ln, LD(Q) = O(e), L(Q) € N(Q), Q € K. (5.75)

Note that /4, is defined ‘globally‘ (i.e., in a neighborhood of K), because L, is. There-
fore, so is (5.75). Conversely, if there is a uniformly bounded family {/.} so that (5.75)
holds, then the family { X} = {e”¢ L,} satisfies the assumptions in Theorem 5.9. Con-
sequently, we have the following fact, which we formulate as a lemma for emphasis.

Lemma 5.10. The vector fields required in Theorem 5.9 exist if and only if there is
a uniformly bounded family of functions {h.} satisfying (5.75), with h. defined in a
neighborhood U, of K, and with Im h, = O(¢).

It is trivial to satisfy(5.75) when dp([L,, L])(Q) = 0 for L(Q) € N(Q) and
Q € K: we may simply take h, = O for all ¢ > 0. To see when this might happen,
it is useful to have the following expression for do([L,, L]) (compare the remark after
the proof of Lemma 2.5). Set L = Yy _; wx(9/dz). Then

n

_ —( 1 dp\ dp
len D == (it ) 5

Jj=1

2p 0p __
|8,0|2282, (azj) |ap|2 Z 02,02, 0%, Wk:

In the second equality, we have used that (1/|dp|?) Z;’l=l (0p/0z;)(dp/0z;) is constant.

(5.76)
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(5.76) shows that dp([L,, L])(Q) = 0 for L(Q) € N (Q) does indeed hold for
a large class of domains: when the complex Hessian of p at points of the boundary
is positive semidefinite on all of C”, that is, when €2 admits a defining function that
is plurisubharmonic at the boundary, the Cauchy—Schwarz inequality implies that the
right-hand side of (5.76) (hence dp([L,, L])) vanishes for L(Q) € N (Q). In fact,
it suffices that there is a defining function whose complex Hessian is positive semi-
definite on the span of N (P) and the complex normal at P, at weakly pseudoconvex
(or infinite type) boundary points. Thus we obtain the following corollary to Theo-
rem 5.9 ([48]):

Corollary 5.11. Let 2 be a smooth bounded pseudoconvex domain in C" that admits
a defining function whose complex Hessian has the property that at each boundary
point P of infinite type, its restriction to the span (over C) of N (P) and the complex
normal at P is positive semidefinite. Then the 0-Neumann operators Ny, 1 < q < n,
and the Bergman projections P, 0 < q < n, are continuous in W(%,q)(Q) when s > 0.

The main application of Corollary 5.11 is to domains that admit a defining function
which is plurisubharmonic at the boundary. Such a domain is in particular pseudo-
convex, but pseudoconvexity is slightly weaker: it requires only that the Hessian be
positive semidefinite on the complex tangent space, rather than in all directions. The
reader should note that whether or not the complex Hessian is positive semidefinite at
points of the boundary depends on the defining function, in contrast to definiteness on
the complex tangent space.

Every smooth convex domain admits a smooth defining function that is plurisubhar-
monic at the boundary, namely its Minkowski functional ([261], p. 35). The Minkowski
functional is convex in a neighborhood of the boundary, hence plurisubharmonic there
(it is convex, hence subharmonic, on each complex line), and it is smooth when 2
is. Nonconvex examples may be obtained by considering sublevel sets of sums of
moduli of holomorphic functions. In addition, the superlevel sets Q5 = {z € Q |
dist(z, b2) > &} of the boundary distance in a smooth bounded pseudoconvex do-
main admit a defining function that is plurisubharmonic at the boundary. Indeed,
ps(z) := —log(dist(z, b2)) + log 4 is such a defining function: pseudoconvexity of
Q implies that —log(dist(z, b2)) is plurisubharmonic in € (cf. [207], [259]), and
for § small enough, its gradient does not vanish on »Qs. In particular, then, when
the outside level sets of the boundary distance are pseudoconvex, €2 admits a defining
function that is plurisubharmonic. Such domains are studied in [302] under the name
‘special domains of holomorphy’.

The class of domains that admit a defining function that is plurisubharmonic at
the boundary is also invariant under biholomorphisms: if €2; and €2, are two smooth
bounded pseudoconvex domains that are biholomorphic, and if €2; admits a defining
function that is plurisubharmonic at the boundary, then so does €2,. The reason is the
same as in Remark 1 following Corollary 5.8: Corollary 5.11 and Bell’s regularity
theorem ([23]) combine to show that the biholomorphism extends to a diffeomorphism
of the closures; it then suffices to push forward the defining function of €2 (and extend
it smoothly to a neighborhood of €25).
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Examples of pseudoconvex domains that do not admit a defining function that is
plurisubharmonic at the boundary are the so called worm domains, which we will
describe later (see Lemma 5.20 below). There are also examples that do not admit
even local defining functions that are plurisubharmonic at the boundary ([126], [22]).

One can obtain domains that satisfy the assumptions in Corollary 5.11, but that do
not admit a defining function that is plurisubharmonic at the boundary by considering
domains having as suitable lower dimensional sections domains without local defining
functions that are plurisubharmonic at the boundary (from the previous paragraph). In
the context of vector fields, this observation comes from Remark 3 in [51].

Remarks. (i) A Sobolev-1/2 estimate for the Bergman projection Py on C 3-domains
thatadmita plurisubharmonic defining function had been shown earlierin [56]. Sobolev
estimates for the 9-Neumann problem on convex domains in C? were established in
[80]. A 1/2 estimate on domains with a plurisubharmonic Lipschitz defining function
is proven in [226].

(i1) It is shown in [169] that if €2 admits a defining function whose Hessian has the
property that at each boundary point, the sum of any g eigenvalues is nonnegative, then
the Bergman projections P,_1, ..., P, are (exactly) globally regular. When g = 1,
this paper gives another approach to Corollary 5.11. The reader should notice the
analogy to the scale of the successively weaker properties (P;) from Chapter 3. We
will elaborate further on this later in the chapter; see in particular Lemma 5.23 and
Corollary 5.25 below.

(iii) Although not every domain admits a plurisubharmonic defining function, there
always exists a defining function p and 1, 0 < n < 1, such that —(—p)” is plurisub-
harmonic in €2 (near the boundary), see [106], [256]. This can be exploited to obtain
estimates in the Sobolev scale up to a certain level that depends on 1. Such a quantita-
tive analysis is carried out in [196], from the point of view of microlocal analysis. For
small Sobolev levels, a somewhat more precise range can be obtained in terms of the
Diederich—-Fornzss exponent 7(£2) of the domain (the supremum of the exponents 7
from the first sentence). This exponent has recently been shown in [158] to be strictly
positive when the domain is only assumed to have Lipschitz boundary. The author
then observes firstly that his result combines with [37] to give estimates in W* for
the Bergman projections P, and the canonical solution operators é*Nq, 1 <qg=<mn,
for 0 < s < n(2)/2, and secondly that the work in [60] can be adapted to also give
estimates for the d-Neumann operators N, for the same Sobolev range. This result
is sharp with respect to the assumption of Lipschitz regularity of the boundary in the
following sense. There exists a bounded pseudoconvex domain €2 in C?2, smooth ex-
cept at one point, such that the 3-Neumann operator is continuous on W(f)’l) (£2) for no
s > 0 ([264]).

(iv) Suppose p is a defining function for €2 that is plurisubharmonic at the boundary.
Itis interesting to see what the implications are for the behavior of the Hessian of p near
the boundary of €2. This question has recently been studied in [127], [128]. p need
not be plurisubharmonic in any neighborhood of the boundary. But the authors obtain
estimates on the Hessian of p which imply that for every > 1, one can produce a new
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defining function r such that 77 is (strictly) plurisubharmonic in C”* \ Q (near b 2). This
implies in particular that  admits a neighborhood basis consisting of pseudoconvex
sets (a Stein neighborhood basis): the sublevel sets of r” will do. Whether or not €2
admits a defining function that is plurisubharmonic in a neighborhood of the boundary
remains open.

(v) As we pointed out, Corollary 5.11 applies to convex domains. However, in
this case it is not necessary to proceed via a plurisubharmonic defining function (the
domain’s Minkowski functional). It was observed in [237] that derivatives of the unit
normal in Levi null directions vanish on the boundary of a convex domain. This shows
directly that one can take the complex unit normal as X, in Theorem 5.9. A quick way
to see that these derivatives vanish is via expressing the Levi form in terms of the second
fundamental form of the boundary: L,(X, X) = (X, X) + [I(JX, JX), with the
usual identifications, and with JX = iX (componentwise). When L,(X, X) =0,
both TT(X, X) and I1(J X, JX) must vanish, since convexity means that the second
fundamental form is positive semidefinite. This translates into the statement about the
derivatives of the unit normal. Details may be found in [54], Theorem 2 in Section 10.3,
and the discussion following it.

Here is another situation where there exists a defining function p that satisfies
0p([Ly, w])(Q) = 0 when w € N (Q); it comes from [284].

Corollary 5.12. Let Q2 be a smooth bounded pseudoconvex domain in C" with the
property that for each pair (z, w) € bQ2 x C" with w € N (z), there exists a sequence
{(Zjawj}?il in Q x C" such that (z;,w;) — (z,w) as j — oo, and for all j, w;
is in the null space of the Levi form at z; of the level set of the boundary distance
through z;. Then the 0-Neumann operators Ny, 1 < q < n, and the Bergman projec-
tions P4, 0 < g < n, are continuous on W(f),q)(SZ) when s > 0.

The condition in Corollary 5.12 says that weakly pseudoconvex directions at bound-
ary points should be limits of weakly pseudoconvex directions to level sets of the
boundary distance. It arose in [284] in connection with domains whose closure admits
a ‘very nice’ Stein neighborhood basis. As far as the author can see, it is not currently
well understood. It does, however, also cover convex domains (see Remark 4 in [284]).

Proof of Corollary 5.12. We only have to show that dp([L,,, L])(Q) = Owhen L(Q) €
N (Q). Choose the signed boundary distance for p and use again that —log(—p) is
plurisubharmonic in €2, i.e., that its Hessian is positive semidefinite. This gives, after
multiplication by the (positive) factor —p(z),

z 0%p 1 9o _dp _ n
> —(z) — —(2)=— () |wjwz =0, ze€Q, weC" (577
= 0z;0zk p(z) 0z; " 0zg

Now let (z, w) as in the corollary, (z;, w;) — (z, w),andlet L, (z) = (¢1(2), ..., Cx(2))
(note that L,, is defined in a neighborhood of the boundary). Denote by @ (w, w) the
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sesquilinear form on the left-hand side of (5.77). (5.77) says that @ is positive semidef-
inite. This implies, for / sufficiently big,

0P I

\j_; azjapzk @G DDk | = 1QEDE (), )]
< Q)& (. EE)) Q) (wy. ) = 0,

(5.78)

where the inequality in the middle is the Cauchy—Schwarz inequality for @. The last
equality holds because @ (z;) (wy, w;) = 0 (w; is complex tangential to the level surface
of p through z; and is a Levi null direction). Letting / tend to infinity completes the
proof of Corollary 5.12. |

Remark. We have stated Corollary 5.12 as it is for simplicity. The above proof
gives a little more. Namely, Q(z;)(¢(z;),¢(z;)) ~ 1/p(¢;). Therefore, w; does
not necessarily have to be a Levi null direction to the level surface; it suffices that the
complex Hessian 27,k=1 (0%p/02;0Zx)(z1) (wy); (wy ) (which equals Q(z;)(w;, wy))
tends to zero faster than then the boundary distance of z;.

5.9 A useful one-form

In order to analyze the condition (5.75) when dp([L,, L])(Q) is not necessarily zero
when L(Q) € N(Q), we observe that this quantity depends only on L(Q), and
linearly so (terms that contain derivatives of the components of L are of type (0, 1),
thus vanish once dp is applied). That is, this quantity represents a 1-form. We study
this form following D’ Angelo ([87], [91]). Everything that is needed from the calculus
of differential forms may be found in [227], Chapter 2, or [152], Chapter I'V. Following
the notation of [91], we let n denote a purely imaginary, nonvanishing one-form on b 2
that annihilates 79 (b Q) @ T©D (hQ). For example, n = (1/2)(dp — dp), where
p is a defining function for €2, will work. Let T be the (unique) purely imaginary
tangential vector field orthogonal to 79 (b Q) & TV (h2) and such that n(T) = 1
on b 2. With the previous choice of , T becomes T = L, — L, (L, as above).
The form we are interested in is

a=-—-Lrn, (5.79)

where £ denotes the Lie derivative in the direction of 7. We suppress the depen-
dence on 7 in the notation; it will turn out that the relevant properties of o will all be
independent of the choice of 7. Note that because both n and 7" are purely imaginary,
o is real.

To see the connection with the form that occurs in (5.75), let us compute (L),
where L is a (local) section of 719 (b Q). The definition of the Lie derivative and the
fact that 7 annihilates 719 (b Q) @ T©D (b Q) imply that

a(L) = —&rn(L) = =T (n(L)) + n([T, L]) = n([T.L]) = n(aT) = a, (5.80)
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where [T,L] = aT mod THOBQ) & TOVBQ), ie, a = a(L) is the T-
component, mod 719 (hQ) @ TV (hQ), of [T, L]. The same computation applies
to a(L) (alternatively, since « is real, one can just take conjugates). With the particular
choice of n and T" from above, we get from (5.80) that

a(L) = %(8[) —3p)(ILn — Lu, L]) = 9p([Ln — Ln, L]) = 9p([Ln. L]). (5.81)

Here we have used first that (dp + 9p)([Ln — L. L]) = dp([Ln — Ln, L]) = 0
(ILn — Ln, L] is tangential), and then that dp([L,, L]) = O (since dp annihilates
vectors of type (0, 1)). So a(L) is precisely the 1-form from above, i.e., the quantity
that occurs in (5.75). The first part of the following Proposition is therefore just a
restatement of Lemma 5.10.

Proposition 5.13. A family of vector fields as in Theorem 5.9 (and hence one as in
Theorem 5.7) exists if and only if there exists a family {h¢} of smooth functions defined
in a neighborhood (in b2) U, of K, uniformly bounded in &, with Imh, = O(e),
satisfying

dhe(L)(Q) = a(L)(Q) + O(e), L(Q) € N(Q). Q € K. (5.82)

Moreover, whether or not such a family {h.} exists is intrinsic: it does not depend on
the choice of the form n that determines o, in particular, it does not depend on the
choice of defining function in (5.81).

Here dh, denotes the differential of /.. Note that dhe(L) = dhe(L) and a(L) =
a(0,1)(L) (to,1) is the (0, 1)-part of «), so that (5.82) can be reformulated as

dhs(L)(Q) = a(0,1)(L)(Q) + O(e). L(Q) € N(Q), Q € K. (5.83)

Proof of Proposition 5.13. We only have to prove the second part of the proposition.
Since the defining function does not matter in Theorem 5.9, existence of the family
{h¢} cannot depend on the choice of defining function in (5.81). To understand the
intrinsic nature of (5.82), and to see that a general form 7 can be allowed, let 7 = e$n,
where g is a smooth real valued function. (The case 7 = —e®7 is analogous; these
are the only two cases, as both 7 and 7 are purely imaginary and nonvanishing.) Then
T = ¢ 4T, and for X € TM9(hQ), we obtain in view of equation (5.80) (and the
remark following its statement)

@(X) = i(T. X]) = e*n(le”* T, X])

(5.84)
= ([T, X]) + Xg = a(X) + dg(X).

In the third equality, we have used that n(7') = 1. Because «, @, and g are real, (5.84)
also holds with X replaced by X. So @ and « differby dgon T (b Q)@ T OV (b Q),
and if {h.} satisfies (5.82) with «, then {h.} := {h, + g} satisfies (5.82) witha. [
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Note that combining (5.81) and (5.76) gives the expression for a(L) directly in
terms of the defining function p. It is, up to normalization, the Hessian of the defining
function applied to the normal and L (the ‘mixed’ term in the Hessian):

- 1
I)= P T 5.85
“L) = 5on ,-,; 9z, 9%y, 02, (>83)

Remark. The equivalence of the conditions in Theorems 5.7 and 5.9 and Proposi-
tion 5.13 were studied in [288], where they were shown to be equivalent to the exis-
tence of a family of ‘essentially pluriharmonic defining functions’ and to the existence
of a family of conjugate normals which are ‘approximately holomorphic in weakly
pseudoconvex directions’. We refer the reader to the main theorem in [288] for details.
We also take this opportunity to correct an inaccuracy in [288]. Namely, the authors
used that the differential d/, in equation (12) there is real on K. This does not follow
in general when £, is known to be real only on K. To correct the situation, one should
assume that condition (1) in [288], C™! < Xgp < C, holds not just on K, but in a
neighborhood U, of K (the point being that X, p is real in a full neighborhood). It is
not clear how much more stringent this condition actually is in practice; we discuss this
in Remark (iii) following the statement of Theorem 5.22 below. Alternatively, one can
modify the definitions of ‘« is approximately exact on the null space of the Levi form’
and of a family of ‘essentially pluriharmonic defining functions’ in a fairly obvious
way, in analogy to Proposition 5.13 and Theorem 5.22, respectively.

In Corollaries 5.11 and 5.12, the domain has a defining function so that the resulting
form « vanishes on the null space of the Levi form. This allows for the trivial solution
he = 0 (¢ > 0) in (5.82) in Proposition 5.13. When « is not (known to be) zero,
the following closedness property is important (in light of (5.82)): do vanishes on
Np @ Np. This property was discovered in [51].

Lemma 5.14. Let Q be a bounded smooth pseudoconvex domain in C*, P € bQ.
Denote by Np C TISI’O) (b2) the null space of the Levi form at P. If X and Y belong
10 Np @ Np, then (da)p(X,Y) = 0.

Proof. We follow [51]. Extend X and Y to local sections of 719 (5 Q) @ TV (hQ).
Using that the Lie derivative and the exterior derivative commute, and the definition of
the Lie derivative on 2-forms, we obtain

—d)(X,Y)=Lrdn(X,Y)=Tdn(X,Y)—dn(T,X],Y) —dn(X,[T,Y)).
(5.86)
By definition of the exterior derivative, we have

dn((T, X1.Y) = [T. X]n(Y) = Yn([T. X]) = n([[T. X]. Y]). (5.87)

The first term on the right-hand side of (5.87) vanishes because 7(¥) = 0. In the
third term, write [T, X] = n([T. X])T + A + B, where A, B € T"9(hQ). Then
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[4.Y] € TAO(bQ), whence n([4,Y]) = 0. Write Y = Y1 + Y3, with Y1, Y, €
TObQ) @ To,1(hS2). Then n([B,Y3]) = 0, and

n([B.Y]) = n (B, 11]) = —n (1, B))
= —g (30— 9p) (V1. B]) = —2¢0p ([11, B]),

where g is a nonvanishing function. We have used that (dp + dp)([Y, B]) = 0 (both
Y and B are tangential, hence so is their commutator). The right-hand side of (5.88)
is a multiple of the Levi form (see (2.45)). Because €2 is pseudoconvex (so that the
Levi form is positive semidefinite, and Cauchy—Schwarz applies) and Y;(P) € Np,
this term must vanish at P. Consequently, the third term in (5.87) equals, at P,
n((T. XDT.Y(P) = n(T. X))(P)n(T.YN(P) — Yn(T. X))(P)n(T)(P). In-
serting this last expression into (5.87) and noting that n(7T)(P) = 1 gives

dn(T, X1, Y)(P) = —n([T. XD(P)n([T, Y])(P). (5.89)

(5.88)

A similar computation, using that X(P) € TI(,I’O) b)) ® Tl(,o’l)(b Q), gives

dn(X, [T, Y]D(P) = n([T. XD)(P)n([T. Y])(P). (5.90)
Thus, upon inserting (5.89) and (5.90) into (5.86):
da(X,Y)(P) = =Tdn(X,Y)(P) = Tn([X,Y](P); (5.91)

the last equality in (5.91) follows from the definition of the exterior derivative and the
fact that n(X) = n(Y) = 0.

We use (5.91) to see that da(X,Y)(P) = 0. First, let both X and Y be in
TALO (B Q). Then [X, Y] € THO(BHQ); so, n([X,Y]) =0, and Ty([X, Y])(P) = 0.
Since « is real, this also holds when both X and Y belong to 7D (b Q). Next, consider
the case where X € T1O (b Q)and Y = Z € TH9(hQ). The form da([X, Z])(P)
is skew hermitian on Np. In order to see that it vanishes, it suffices, by polarization,
to see that the associated sesquilinear form da([Z, Z])(P) = Tn([Z, Z])(P) van-
ishes. Because 2 is pseudoconvex and Z(P) € Np, the function n([Z, Z]) (the Levi
form, up to a nonvanishing factor, see (5.88)) takes a local extremum at P, whence
Tn([Z,Z])(P) = 0. It now follows from linearity that da(X,Y) = 0 for all X and
Y in Np @ Np. The proof of the lemma is complete. (|

5.10 Submanifolds in the boundary and a cohomology class

Lemma 5.14 implies that when M is a submanifold of the boundary with the property
that Tp (M) C Np forall P in M (for example when M is a complex submanifold of
the boundary), then « |y, the restriction of « to M, is closed and so defines a de Rham
cohomology class [o|pr] on M. This class is intrinsic:

Lemma 5.15. Let M be a submanifold of b2 such that at each point P of M, the
(real) tangent space to M is contained in Np. The class [|pr] does not depend on the
choice of n.



5.10. SUBMANIFOLDS IN THE BOUNDARY AND A COHOMOLOGY CLASS 161

Proof. We have shown in the proof of Proposition 5.13 that two forms associated to
two different choices of 7 differ on T4 Q) @ TV (HQ), hence on M, by the
differential of a smooth function (see (5.84)). Consequently, they define the same
cohomology class on M. O

Remark. When M is a complex submanifold of the boundary, the closedness of «|as
corresponds to the pluriharmonicity of certain argument functions, as in [14], [17],
Proposition 3.1, [18], Lemma 1, and [105], page 290. The class [c¢|37] occurs in [17] in
connection with sufficient conditions for the existence of a Stein neighborhood basis of
the closure of Q: if [|ss] is below a certain threshold in a suitable norm on cohomology,
then a Stein neighborhood basis exists. The authors interpret the class geometrically as
a measure of how much the boundary winds around M. This interpretation, in terms
of winding of the normal, is also implicit in [105].

The main difficulty in a general study of (5.82) stems from the fact that the dimension
of N (P) in general varies with P € b 2. However, this fact is not a problem when the
boundary points of infinite type are contained in a submanifold M of the boundary as in
Lemma 5.15, and the following theorem from [51] is another corollary to Theorems 5.7
and 5.9. It furnishes easily verifiable geometric conditions that imply global regularity
(especially the version given in Corollary 5.17). We denote by H!(M) the first de
Rham cohomology of M.

Corollary 5.16. Let Q2 be a smooth bounded pseudoconvex domain in C". Suppose
there is a smooth real submanifold M (with or without boundary) of b 2 that contains all
the points of infinite type of b 2 and whose real tangent space at each point is contained
in the null space of the Levi form at that point. If the H' (M) cohomology class [ct|p]
is zero (i.e., o is exact on M), then the 9-Neumann operators Ny, 1 < q < n, and the
Bergman projections Py, 0 < g < n, are continuous in the Sobolev space W(f),q)(Q)
when s > 0.

When M is a manifold with boundary, we assume that it is smooth as a manifold
with boundary. We need not distinguish between the cohomology of M and that of
its interior (in our situation): these are naturally isomorphic (see for example [152],
p- 231). Note that when M is a complex submanifold of the boundary, then it has to
be closed (since all points in the closure are points of infinite type). Therefore, M has
to be a manifold with boundary (otherwise, all holomorphic functions, in particular
the coordinate functions in C”, would be constant). The class [«|3s] is always trivial
when H (M) is trivial, for example when the connected components of M are simply
connected. The appearance of the class [«|ps] explains why an annulus in the boundary
is bad for Sobolev estimates on the worm domains (see Theorem 5.21), but not on some
other Hartogs domains ([49]), while an analytic disc is always benign ([49]).

For emphasis, we formulate the following special case of Corollary 5.16 separately.

Corollary 5.17. Let 2 be a smooth bounded pseudoconvex domain in C", of finite
type except for a smooth (as a manifold with boundary) simply connected complex
manifold in the boundary. Then the 0-Neumann operators Ny, 1 < q < n, and the
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Bergman projections Py, 0 < q < n, are continuous in the Sobolev space W(S0 q)(Q)
when s > 0.

Proof of Corollary 5.16. Choose a defining function p; this gives «. Since [«|pr] = 0,
there is a real-valued function 4 € C°° (M) (smooth up to the boundary of M if M is
a manifold with boundary) with

duh = o|y. (5.92)

Fix a point P € K (P may be in the boundary of M). Choose local sections
Li.....Ly_1 of T&9(bQ) suchthat Ly, ..., L, span the complex tangent space to
M at P,and L1(P),...,L,—1(P)isabasis for the complex tangent space to b2 at P.
Here, 0 < m < (n—1); if M has no complex tangents at P,thenm = 0. (Ly,..., L,
need not be tangent to M at points other than P.) Whenm + 1 < j <n — 1, the real
two dimensional plane spanned by the real and imaginary parts of L ; (P) intersects the
real tangent space to M at P in a point or in a line (since it is not contained in this real
tangent space). Therefore, we can extend i from M (near P) into a neighborhood (in
C") of P to a function h p that satisfies

Lihp(P)—a(Ly)(P)=0, 1<j<n. (5.93)

(L, is the complex normal, as before.) Indeed, it suffices to extend / with appropriately
prescribed derivatives at P in the directions transverse to M. This extension can be
chosen so that its modulus does not exceed 2 max,ex |2(z)|. Given ¢ > O fixed, hp
satisfies

|Lihp(Q) —a(Lj)(Q)| <e. QeUp, 1<j<n, (5.94)
where Up is a small enough neighborhood (in C”) of P. We can over the compact set
K of points of infinite type by finitely many of these neighborhoods, say Up, , ..., Upg.

Denote by {¢; } 15= | a partition of unity of a neighborhood of K subordinate to the cover
Upl,...,UpS. Set

S
he =Y gjhp,. (5.95)
Jj=1

he is defined in a (full) neighborhood of K, and || < 2max.eg |2(2)|. Let Q € K,
and L a (1,0)-field on b2, near Q. Then

]

Lhe(Q) =Y (#;(Q)Lhp,(Q) + Lo; (Q)hp, (Q)). (5.96)

Jj=1

But Q € K € M, so that Epj (Q) = h(Q) is independent of j. Therefore,

S S
Y Lej(Q)hp;(Q) = h(Q))  Lg;(Q) =0 (5.97)
Jj=1

j=1
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(because Z}g:l ¢; = 1in a neighborhood of K). Therefore,

S
|Lhe(Q) — a(L(Q)] < Y ¢ (Q)|Lhp, (Q) —a(L)(Q)] < e, (5.98)

Jj=1

by (5.94). If we choose the neighborhood U, of K small enough, then the family 4, that
we have constructed satisfies (5.82) in Proposition 5.13 (in fact, it is not even required
that L(Q) € N(Q)), and the proof of Corollary 5.16 is complete. O

Remarks. (i) In the situation of Corollary 5.17, the cohomology class [|5s] actually is
an obstruction to the existence of a family {/.} as in Proposition 5.13. If such a family
exists, then by the uniform bounds, a suitable subsequence of {/.} converges weakly
in, say, D’(M) to areal distribution 1 as ¢ — 01, with dprh = «(9,1)|m (the (0, 1)-part
of a). Because both « and / are real, dyrh = Iy + Im)h = a1.0)lm + 2@.1)lm =
o|m, and [x|pr] = O (h is automatically in C°°(M) because « is). Whether or not
[a|ar] # O also excludes global regularity is open. There is a result in [12] that points
in this direction. Roughly speaking, on a class of domains in C? with an annulus M in
the boundary, if [«|as] lies outside a certain exceptional set that is small in a potential
theoretic sense, then Ny does not preserve the Sobolev spaces. ([a|y] # O being an
obstruction to regularity would correspond to the exceptional set consisting of the zero
class.)

(i) How profitably a limiting argument as in the previous remark can be used in
the general case of Theorem 5.9 to replace the family {X.} by a single ‘vector field’
X on K remains to be seen. Compare also the discussion following the statement of
Theorem 5.7. _

(iii) The functions A p, and consequently the functions /., in the proof of Corol-
lary 5.16 can be taken real valued: because « is real and 4 is real on M, the derivatives
that need to be prescribed in directions transverse to M (in view of (5.93)) take real
values.

5.11 A foliation in the boundary

In Corollary 5.16, forcing all the action onto the submanifold M took care of the
problem that in general, the dimension of N will vary with the point. One can similarly
‘tame’ (5.82) by assuming that the set of infinite type points is foliated by complex
manifolds. This leads to interesting connections with questions that are studied in
foliation theory. To illustrate these connections, we discuss the case of a codimension
one foliation in the boundary. Let us assume that €2 is a smooth bounded pseudoconvex
domain which is strictly pseudoconvex except at points of K, and that the relative
interior of K is foliated by complex hypersurfaces. This foliation is often referred to
as the Levi foliation of K. In analogy to the situation in Corollaries 5.16 and 5.17, we
look for a real valued smooth function / on K that satisfies

dhly = alg (5.99)
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for all leaves &£ of the Levi foliation. This problem is equivalent to a question well
studied in foliation theory, namely whether or not a given codimension one foliation
can be defined globally by a closed 1-form. A foliation is said to be defined by a form
if the tangent space to the leaf coincides with the null space of the form. Background
on foliation theory and notions used here can be found in the monographs [59], [296],
[297]; a concise review in our context is in [7]. We set ; = in and T =—iT (n and
T as above). Then 7 and T are real.

Lemma 5.18. (5.99) is solvable (say on the relative interior of K) if and only if the
Levi foliation of K can be defined by a closed 1-form. In this case, if h solves (5.99),
w = e "7 is such a one form, and vice versa.

Proof. The Levi foliation on K can be defined by 7: the tangent spaces to the leaves are
given by the null space of 7. The Frobenius condition then reads d7j A 7j = 0 (see for
example [296], Proposition 2.1). Therefore, d 7 is a ‘multiple’ of 7: there is a 1-form
B such that dij = B A 7). It turns out that @ = —£L7n = —L 77 is such a form, that is

di=anf onk, (5.100)

(see for example [296], Propositions 2.1 and 2.3). If @ is another 1-form defining the
foliation, then w = e "7 (up to sign), and

do = e "(—dh A+ d7j) = e "(—=dh + a) A T, (5.101)

in view of (5.100). Therefore,
do=0 < (—-dh+o)Aj=0 < (—dh+a)|g=0 (5.102)
for each leaf £. O

Remark. To assume that a boundary patch is foliated by complex manifolds is equiva-
lent to assuming that the dimension of N (Q') does not vary (equivalently: the rank of the
Levi form is constant): the Jacobi identity [[X, Y], Z] 4+ [[Z, X], Y]+ [[Y, Z]. X] =0
gives that in this case the distribution N (more precisely, the underlying real distribu-
tion in C" ~ R?") is integrable (see [133] for details), and the Frobenius theorem then
gives a foliation by leaves whose tangent space at a point Q coincides with N (Q).
This means that all tangents to a leaf are complex tangents; such submanifolds of C”
are necessarily complex analytic submanifolds ([6], Proposition 1.3.14). For more
information on Levi foliations, see [7], Chapter 3.

Lemma 5.18 allows us to bring tools from foliation theory to bear on the problem of
solving (5.99), and thus to obtain still further corollaries of Theorems 5.7 and 5.9. One
has to have some control over the boundary behavior of the leaves of the Levi foliation.
A simple geometric setup that provides this control results when one assumes that
the Levi foliation of K is part of a bigger foliation of a Levi flat hypersurface whose
intersection with b2 is K. The following theorem comes from [132]. A codimension
one foliation is called simple if through every point there exists a local transversal line
that meets each leaf at most once.



5.12. WORM DOMAINS 165

Corollary 5.19. Let Q C C" be a smooth bounded pseudoconvex domain such that
the set K of all boundary points of infinite type is the closure of its relative interior
in bQ. Assume K is contained in a smooth Levi flat (open) hypersurface M, whose
Levi foliation satisfies one (hence both) of the following equivalent conditions: (i) the
leaves of the restriction of the foliation to aneighborhood of K are topologically closed;
(ii) the foliation is simple in neighborhood of K. Then the 0-Neumann operators N,
1 < q < n, and the Bergman projections Py, 0 < q < n, are continuous in W/(SO’q)(Q),
s > 0.

Proof. That (i) and (ii) are equivalent is shown in [132], at the beginning of the proof
of their Proposition 1.2 in Section 4. The point of this proposition is then that these
(equivalent) conditions (among some others) are sufficient for the Levi foliation of
M, restricted to an open neighborhood V' of the compact set K, to be defined by
a closed 1-form. Lemma 5.18 now gives a smooth real valued function 4 on V so
that (5.99) holds. We can extend 4 from V' into an open subset of C" which is a
neighborhood of K; call the resulting function A. & satisfies (5.82) in Proposition 5.13:
if Q € Kand L € T'%(bQ2) near Q, then L(Q) is tangent to the leaf through O of the
Levi foliation, and dﬁ(Z)(Q) = I_J;(Q) = Lh(Q) = a(L)(Q). Therefore, setting
he := h on aneighborhood U, = U of K gives a family that satisfies the requirements
of Proposition 5.13. |

Remarks. (i) By Lemma 5.15, the class [«|¢] on each leaf is intrinsic. This only
reflects the fact that the leaf is a complex submanifold of the boundary, but not that it is
a leaf in the Levi foliation. One could reasonably expect this class to also be linked to
the foliation. This is indeed the case: [|g] coincides with the infinitesimal holonomy
of the leaf ([59], Example 2.3.15; [289], Remark 2). A detailed explanation of this
connection may also be found in [7], Section 3.6; there, a thorough discussion of [¢|a/],
[a| ], etc., is provided from the point of view of foliation theory.

(i1) The assumption in Corollary 5.19 that the Levi foliation of K is part of the Levi
foliation of a bigger Levi flat hypersurface is the strongest possible in terms of imposing
control on the boundary behavior of the leaveson K. One can get results under weaker
assumptions, especially in C2. This is done in [289], Theorem 1. The authors also
show that the two conditions in Lemma 5.18 are equivalent to a third one in terms of
the flow generated by the transverse field 7' ([289], Proposition 2). This equivalence is
potentially of interest because the flow exists whether or not there is a foliation in the
boundary. Using ideas from [290], [291], the authors then derive a characterization of
when dh|¢ = ag is solvable on K in terms of a homological condition on foliation
currents associated to the flow generated by the transverse field 7' ([289], Theorem 3).

5.12 Worm domains

The results so far show that (exact) global regularity for the d-Neumann operator holds
on large classes of domains. However, it does not hold on all smooth bounded pseu-
doconvex domains. The known counterexamples are the so called worm domains of
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Diederich and Fornaess. This family of domains was introduced in [105] as examples
of smooth bounded pseudoconvex domains whose closure does not admit a Stein neigh-
borhood basis (for suitable values of the parameter). But, as the authors remark, ‘once
it was at the disposal, it seemed to be useful to test also several other questions about
pseudoconvex domains ...". This turned out to be the case also for global regularity.

To define the worm domains (following [81]), fix r > 0 and a function ¢, with the
following properties: (i) ¢, is even and convex, ¢, > 0, (ii) ¢, (x) = 0 < x € [—r, 1],
(iii) there exists a > 0 such that ¢, (x) > 1 if [x| > a, (iv) ¢,.(x) # 0if ¢, (x) = 1.
Then we set

Q= {(z1,22) € C? | |21 + €812 12 < 1 g, (log |22]?)}. (5.103)

Note that 2, has rotational symmetry in the second variable and so is a Hartogs do-
main. The intersection with z, = const. is a disc centered at —e’ 18 221> and radius
V1 —¢,(log|z2|?). This radius is 1 for e77/2 < |z,| < e’/2, then decreases to 0
as |z,| increases past e’/2 or decreases below e™"/2 (note that (iii) guarantees that
|z2| > 0). The latter parts of the domain are usually referred to as the ‘caps’. Note that
we can choose a as close to r as we wish, so that these caps are very ‘flat’. In the three
dimensional picture, with coordinates (z; = x1 4+ iy, |z2|), the discs wind around the
|z2|-axis, so that this image of the domain looks somewhat like a worm. The parameter
r determines the total amount of winding around the |z, |-axis (when the caps are flat,
so that their contribution to the winding is negligible): the center of the disc winds by
2r radians.

Lemma 5.20. 2, is a smooth bounded pseudoconvex domain. It is strictly pseudo-
convex except at points of the annulus A := {(0,25) € C2 | e77/2 < |z,| < €'/},
The class [a|4] is nonzero; in particular, Q, does not admit a defining function that is
plurisubharmonic at the boundary. Nonetheless, near every boundary point, there is a
local plurisubharmonic defining function.

Proof. It is clear that 2, is bounded. To see that it is smooth, we check the gradient
of a defining function on the boundary. Taking

o(z1,22) = (Zl + eilog\22|2)(z—l + et log|22|2) + ¢, (log |22|2) -1

' (5.104)
=|z1)> + 2Re (zle_’ 1°g|22|2) + ¢, (log |22]?),
we have 3
f =5 eihelnl (5.105)
1
and
a_p —ié ]0g|22\2i(2—1 +et 1Og|22|2)
0z3 22 (5.106)

~ oy 1
— (21 + el )it~ gl (log [z )
V) Zy
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At a boundary point where dp/dz; = 0, we must have ¢, (log|z2]?) = 1 (by (5.104)),
so that dp/dzp # 0 (by (5.106) and property (iv)). Thus the gradient of p does not
vanish on b 2,, and €, is smooth.

Near a boundary point, there is a smooth branch of arg(z;) and an associated
holomorphic branch of log(z,) (since no points with z, = 0 are in the boundary), and
we can take

p(z1,22) = earg(zg)P(Zl,Zz)

. (5.107)
= |Zl|2€arg(2§) + 2Re (zle_’ 10g(z§)) + ¢, (log |ZZ|2)€arg(Z§)

as a local defining function. The first and the second term on the right-hand side
of (5.107) are, respectively, the modulus of zfe_i 1°g(25), and twice the real part of

; 2 . . .
z1e71102(22) "and thus are plurisubharmonic. For the third term, we have (by computa-
tion)

ol 22
> ¢y (log |22|2)earg(z%) — ((p;/(log |221%) + ¢ (log |Z2|2)) eE(2)
322822 " |22|2

>0 (5.108)

(¢r is convex and > 0). This shows that €2, admits local plurisubharmonic defining
functions near every boundary point; in particular, €2, is pseudoconvex. Computing
the Hessian of |z; |zeafg(2§) = ’Z]E_i log z ‘2 (the first term on the right-hand side of
(5.107)), gives

2 2 z logz 2
|Zl| arg(z) ww ‘ Zle —i log 2)w
EI k= Z ~
0z;0zk / /
k=1
2
. iz1 _ 5.109
— ’e 110g22 wy — e 110g22 ( )
Z2
2
. 2 Z1
— ‘e ilogzo Wi — i —wy
Z2

At aboundary point in one of the caps (i.e., where |z2| < e™"/2 or |z,| > €’/?), (5.108)
is strictly positive. Therefore, the Hessian of p, applied to a vector (wy, wp) # (0, 0), is
strictly positive as long as w, # 0. If w, = 0, it is strictly positive in view of (5.109).
(We also use that each term in (5.107) has nonnegative Hessian.) In particular, €2, is
strictly pseudoconvex at points of the caps. Now assume that e™" 12 < |z2] < e’l?,
Then only the first term on the right-hand side of (5.107), contributes to the Hessian
of p; this Hessian is therefore given by (5.109). Inserting the complex tangent vector
(—0p/0z2,0p/0z1) into (5.109) shows that the Levi form vanishes precisely when
z1 = 0, 1.e.,0n A.

To check that [a|4] # 0 also amounts to a computation. On A, the normal L5 is
el log ‘22|2(8/821). We may take L to be d/dz,. Then

[La,0/0%,] = (—i/53)e 81221 (3/0z)).
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g =ad||L I\ 5.110)

Thus (recall that « is real)

Therefore

Wl = —dzy — 2d5,. (5.111)

V4 V)
When e7/2 < q < /2
will follow from fl

, the circle |z;| = a is a concentric circle in A4, and [«|4] # 0
a # 0. But

za|=a

[ a=] (l—dzz—l:déz) —2Re (1/ @) — —4n. (S.112)
|z21=a |z2l=a \ 72 72 |z2l=a 22

We have seen that when a domain admits a defining function that is plurisubharmonic at
the boundary, then the form o resulting from choosing this defining function is zero on
the null space of the Levi form, in particular, it vanishes when restricted to a complex
submanifold in the boundary (see the proof of Corollary 5.11). Then its cohomology
class on this submanifold is zero. Since this class is independent of the choice of
defining function (Lemma 5.15), [e|4] 7 0 as above implies that 2, does not admit a
defining function that is plurisubharmonic at the boundary. This completes the proof
of Lemma 5.20. (|

Once worm domains are at hand, it is not hard to see that their closure does not
admit a Stein neighborhood basis when the amount of winding is not too small. Indeed,
when r > m, any open set that contains the closure of 2, must contain a neighborhood
of the compact set A U {(z1,22) | |z1 + e7"|? < 1,|z2] = e77/2} U {(z1.22) |
|z1 4+ 71022 < 1 |z,| = e(""+2™)/2) [f the open set is pseudoconvex, it must
then also contain the “filled in’ part {|z; + e 7|2 < 1} x {e77/2 < |z5| < e(7+2M)/2},
For this and further interesting properties of the worm domains, we refer the reader to
[105], [130], [214], [43], [208]. For the role that the class [«t|4] plays in this context,
the reader should consult [17]. For us, the main interest in the worm domains stems
from the fact that on them, global regularity fails.

The first indication that things can go wrong with respect to estimates even on
smooth domains came in [9], where Barrett exhibited smooth bounded Hartogs domains
in C? whose Bergman projection Py does not preserve smoothness up to the boundary.
These domains were however not pseudoconvex. A few years later, Kiselman ([183])
discovered that on worm domains with the caps removed, one can exploit a certain
resonance phenomenon to again show that Py does not preserve smoothness up to the
boundary. Of course, removing the caps means that the resulting domain is not smooth.
In [11], Barrett proved that on 2, Py does not preserves the Sobolev spaces W*(2;)
when s > 7/2r. This left open the possibility that Py preserves C°°(Q,) (with loss
of derivatives, that is, for each s > 0 there exists k(s) such that Py is continuous
from W¥©)(Q,) to W*(,)). This question is very important from the point of view
of several complex variables, since this regularity property is good enough to imply
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smooth extension to the boundary of biholomorphic and proper holomorphic mappings
([32], [23], [30], [108]). The issue was resolved by Christ ([83], see also [84], [85]).

Theorem 5.21. If 2, is one of the worm domains above, then both Ny and Py fail to
map C () to itself (at the level of (0, 1)-forms and functions, respectively).

We refer the reader to [83] for the proof. The proof uses Barrett’s result from [11] in
arather unexpected way. Namely, Christ shows that for most s > 0, N on €2, satisfies
a priori estimates in W(f) 1)(SZ): there is a constant C such that when both u and Nyu

are in C(%‘jl)(S_Z), then || Nyulls < Cs|lul|s holds. If Ny were to preserve C(%‘jl)(S_Z), this

would imply Sobolev estimates. Indeed, if u € C(%‘jl)(STr), then Niu € C(%‘fl)(STr),
and the a priori estimate holds:

[Nyulls < Csllulls. (5.113)

Because C(%ol) (Q,)isdensein W(f) 1 (2,) and Ny is continuous in SC%O 1 (£2,), estimate
(5.113) carries over to all of W(f) 1)(52,). But then Theorem 5.5 implies Sobolev
estimates for Py as well, contradicting [11]. This contradiction establishes the result.

Remarks. (i) Christ’s analysis shows in particular that one has to pay attention to the
issue of a priori estimates versus genuine estimates; a priori estimates can not always be
converted into genuine estimates. For this phenomenon in the context of the Bergman
projection, see [49].

(ii) At points of A, the normal is invariant under rotations in the z,-variable. If r
is small it only winds little (2r radians) when passing from the inner boundary of A4 to
the outer boundary. Therefore, it can be well approximated on A by a constant field.
More precisely, a constant field satisfies (i) in Theorem 5.7 for e &~ r on K = A (it
satisfies (ii) for all €). Since size estimates on derivatives of the defining function do
not depend on r, this allows to prove Sobolev estimates up to a certain level. This
is made precise in [49], Proposition 1, where the authors show that if ¥k € N and
k < 7 /4r, then Py satisfies estimates in W (€2,). Note that this level is half the level
above which estimates are known to fail (by [11]). It is not known what happens at the
levels in between. If, however, weighted projections are allowed, say with weights that
are rotationally symmetric in the second variable, the discrepancy disappears almost
completely. There are weights where the threshold of failure is as close to 7 /4r as we
wish, while the methods of [49] still apply and give estimates at levels below 7 /4r.
For more details, see [11], Remark 4.

(iii)) From Lemma 5.20 we know that the domains €2, admit local plurisubhar-
monic defining functions. The proofs of Corollary 5.11 and Theorem 5.9 show that
there are open sets Uy, . .., Ups that cover A and families of vector fields {Xj .} as in
Theorem 5.7, except that {Xj .} is only defined on Uj. (We may in fact take M = 2.)
Nonetheless, global regularity fails. This shows that the assumption in Theorem 5.7 that
the families { X .} be defined in a neighborhood U, of K and satisfy all the conditions,
except transversality, there (rather than just in U, N Uy), is needed.
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5.13 A unified approach to global regularity

We have seen two distinct avenues to global regularity in the 9-Neumann problem:
one is via compactness (Theorem 4.6), the other via what we may call the ‘vector field
method’ (Theorem 5.7). We now show how these two approaches can be combined.
We treat in detail a version that corresponds to the case M = 1 in Theorem 5.7. The
following theorem comes essentially from [287].

Theorem 5.22. Let Q2 be a smooth bounded pseudoconvex domain in C", p a defining
function for Q. Let 1 < q < n. Assume that there is a constant C such that for all
& > 0 there is a function h, € C°°(Q) with

|hel < C: |Im(he)| < e, (5.114)

and

/ 2 02(ehp) dp N\, |7
2 2 o oz, )4
Kl=q—1 " jik=1 °779%k 0% (5.115)

< e(l19u]? + 119" ull?) + Cellull?,

forallu e C® (Q)N dom(é*). Then the d-Neumann operator Ny on (0, q)-forms

0,9)
is continuous on W2, - (2) when s > 0.

0,9)
Remarks. (i) As in Theorem 5.7, the particular form of the bound ¢ is not important;
it suffices to have a bound of the form g(¢) with g(¢) — 0 when e — 0%,

(i1) Whether or not a constant C and a family {h.} exists satisfying (5.114) and
(5.115) does not depend on the choice of defining function p: if 5 = e”p, the family
{he—h} works for 5. The extra term arising from d(e” p)/0z; is dominated by Ce || pu||?;
it can be estimated by the right-hand side of (5.115) in the same manner as the term
|| /=pu|? in (5.117) below (replacing Q. there by Qe/cy1/2)-

(iii) Actually, Theorem 5.22 is stated in [287] only when the functions %, are real. In
this case, e”¢ p is a defining function for 2, denoted p, in Theorem 1 in [287]. However,
the arguments in [287] work in the slightly more general situation of Theorem 5.22.
We also take this opportunity to correct an error in [286], [287] that is relevant in this
context. It is claimed in [287], Proposition 1 (and, as a result, in Proposition 3.6 in
[286]), that when there is a family of vector fields X, as in Theorem 5.9, then a family
{he} of real-valued functions exists that satisfies the assumptions in Theorem 5.22
(rather than one where the imaginary part is allowed to be O(e)). We give a corrected
version in Proposition 5.26 below. The argument in the proof of Proposition 1 in
[287] works only in the case where the family X, satisfies the more stringent condition
that X,p is real in the neighborhood U, of K. This remark also applies to the main
theorem in [288] (see also the remark following (5.85)). On the other hand, in the cases
where the vector field method applies (Corollaries 5.8, 5.11, 5.12, 5.17, 5.16, 5.19),
one actually does have X, p real in the neighborhood U, of K. This is obvious, except
perhaps for Corollary 5.16, where it is noted in Remark (iii) following its proof.
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(iv) The left-hand side of (5.115) is stated in terms of a global £?-norm. Nonethe-
less, all the action is still near K, the set of points of infinite type. If U, is a neighborhood
of K, then the portion of the £2-norm in (5.115) on © \ U, can be handled by the
pseudolocal subelliptic estimates (see (3.75) and the discussion following its statement;
in the strictly pseudoconvex case, see Theorem 3.6) to obtain the upper bound given
by the right-hand side of (5.115) (again in the sense of Remark (i)). Details of this
argument are in the proof of Proposition 5.26 below. Moreover, it suffices to control
the contribution of components of u in directions that are close to the null space of
the Levi form, in the following sense. The integrand on the left-hand side of (5.115)
is (pointwise) dominated by Cg|u|?>. But, (very) roughly speaking, at points where
u(z) stays away from the nullspace of the Levi from, the Levi form controls |u|?.
Consequently, the portion of the integral over the set of these points is dominated by
Ce o 2 k=1(8>p/0z;0Z )u;iig (assume g = 1 for simplicity). This integral in turn
can be estimated as required by the right-hand side of (5.115), see (5.117)—(5.122)
below. In other words, the estimate for this portion of the norm on the left-hand side
of (5.115) always holds. The arguments in (5.117)—(5.122) also show how to account
for the fact that u need not be tangential to the level sets of p, and that these level sets
need not be pseudoconvex.

We postpone the proof of Theorem 5.22 and first discuss various aspects of the
theorem. In doing so, we follow [287].

Itis obvious that when N, is compact, the assumption in Theorem 5.22 is satisfied.
Indeed, it suffices to set i, = O for all ¢ > 0. Then the left-hand side is bounded by
C ||lu||?, which is bounded by the right-hand side of (5.115) (this is the compactness
estimate in Proposition 4.2).

We will show below (Proposition 5.26) that when the assumptions of Theorem 5.7
are satisfied, then so are the assumptions in Theorem 5.22 (at all form levels ¢). But it
is worthwhile to discuss separately the special case when the domain admits a defining
function p that is plurisubharmonic at the boundary. The simple solution of taking
he = 0 for all ¢ > 0 also works in this case. We claim that then (5.115) holds for
q = 1 (and hence for all g, in view of Lemma 5.23 below). Take h, = 0. There is
a constant C such that the complex Hessian of p is bounded from below by Cp near
b Q2. This means that subtracting the form Cp|u|? results in a form that is positive
semidefinite near b2 (note that p is negative on 2). Applying the Cauchy—Schwarz
inequality to this form pointwise gives, near b €2,

o _|?
< Cpbix ) Lz
‘ Z az,azk a9z, N‘ Z (az,azk P f”‘)az,-“"

— 2.2 2
N/Z (azjaz —cp(sj,k)ujukJrc o2 ul?.

+ C2,02|M|2
(5.116)

Integrating over €2 shows that the left-hand side of (5.115) (with i, = 0) is bounded
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from above by

itk | + vV (—p)ull* + ull3, (5.117)

9%p
u
oz Uj
@ 42 0z;0Zk

where V' is a big enough relatively compact subdomain of 2 (we may assume that
P> < —pon@\V). IV (—pull® < ellul+Cluly, < e(l1Bul®+15"ul?)+ ul,.
where €2, denotes the relatively compact subdomain of €2 consisting of the points whose
distance to the boundary exceeds €. Here, the last inequality is from Proposition 2.7.
Because of interior elliptic regularity of D 3" (see (2.85)) and interpolation of Sobolev
norms (i.e., the estimate |[u[|? < e|lu|? + Cellu||%,), the compactly supported terms
are easily seen to be dominated in the manner required by the right-hand side of (5.115).
To estimate the first term in (5.117), we split u into its normal and tangential parts:
near b2, U = Unom + UTan. If @ is a cutoff function whose support is contained in a
small enough neighborhood of b €2, and which is equal to one near b2, we can write
u = (1—¢@)u + QUunorm + @UTan. The first term in (5.117) is then dominated (with a
constant that does not depend on ¢) by

n
0%p R
‘ /Q Y. g2z un); (Pummdi| + ellgumall” + Cellgttnoml® + 11 = o)ull”
: J

(5.118)
We have used the inequality |@u || @UNorm| < €|@UTan|? + Ce|@UNom|?. The last term
in (5.118) is compactly supported; it can be estimated in the same way the compactly
supported terms above were estimated. For Cg||¢unom ||, We have

C8||§0uNor1n||2 = 8”‘puNorm”% + C~8||‘/)uN0rm||31

- — - (5.119)
S e(l9ul® + 10" ull?) + Cellull2,.

The first inequality follows from interpolation of Sobolev norms, the second from
Lemma 2.12. Since ||guga||2 < [ul? < [0u]|? + |3 u||? (Proposition 2.7), it only
remains to estimate the first term in (5.118). We split the integral over €2 into one over
Q \ Q; plus one over .. The latter is compactly supported and can be estimated as
the other compactly supported terms above. For the former, we use Fubini’s theorem
and integrate first over the level sets b Q25 of p, 0 < § < ¢, and then over §. This gives

‘ /;2\95 82] 8' = (putm); ((puTan)k)

5 (5.120)

a°p — dog
a_ a- an) j an ——|dé
FER (@UTan)j (QUTan )k Vol

b =1

(see e.g. [259], Chapter III, Lemma 3.4 for a convenient expression for doy that shows
that (daog/|Vp|)d s corresponds to d V). Because gury, is in the domain of 3" on Qs,
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0 < § < &, we can apply Proposition 2.4 on 4, with a = 1 and weight 0. As a result,
the right-hand side of (5.120) is dominated by
2
)d ]
Qs

) d 5* - a((pu an)'
/0 (Ila(wum)lléa + 18" (ura)lB, + > ' Tan);
J.k=1
2) (5.121)

0Zy

= =% " 8 UTan)j
< ¢(IA@ur)? + 15" Gura) P + Y H@Ti)j
J.k=1

< e(13(@uran) |1 + 18" (9uran) 1?).-

The last inequality is again from Proposition 2.4 (€2 is pseudoconvex, while the Q2
need not be). Finally, by Lemma 2.12, Proposition 2.7, and the decomposition u =
(1 - (P)u + Y UTan + PUNorm>»

- —x - =%
19C@uran) IZ + 119" (@uran) I < 192ll> + 118"l + l[ul® + ll@renom T

_ _ (5.122)
< 0w + 1197w

We have shown: if p is a defining function for €2 that is plurisubharmonic at points of
the boundary, then (5.115) holds with 4, = 0 for ¢ > 0.

Remarks. (i) It was convenient to split ¥ into its normal and tangential parts (near
b2) in order to apply Proposition 2.4, which is formulated only for u € dom(é*). If
u is not assumed in dom(é*), there are additional terms. This results in additional (but
benign) terms for bes (82,0/82]- 0Zx )ujurdos; compare formula (1) in [293].

(ii) In view of Lemma 4.3, (5.115) holds with a fixed real valued function i, = h
if and only if there is a defining function p = e” p such that the operator

TAOTSED Sl s 3 VER
P k=1 8zj8§k 82,-

|K|=q—1

(5.123)
u € dom(d) Ndom(@") C £2, ().

is compact as an operator from dom(d) N dom(é*) C cffo 2 (£2) (with the graph norm)

to éC%O a—1) (£2). This is a compactness property considerably weaker than compactness

of the d-Neumann operator that still implies global regularity. That this compactness
property is much weaker than compactness of the d-Neumann operator can be seen by
considering convex domains. They always admit a defining function p that is plurisub-
harmonic at the boundary (see the discussion following the statement of Corollary 5.11),
so that B, is always compact. The 0-Neumann operator, on the other hand, is compact
(if and) only if the boundary contains no g-dimensional varieties (Theorem 4.26).

The sufficient conditions for global regularity in the d-Neumann problem in Theo-
rem 5.22 percolate up the d-complex. It would be interesting to know whether global
regularity itself does so also (compactness and subellipticity do, see Proposition 4.5).
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Lemma 5.23. Suppose the assumptions in Theorem 5.22 are satisfied for q-forms,
where 1 < g < n — 1. Then they are satisfied for (q + 1)-forms. Moreover, up to
rescaling, the same family of functions {h¢} may be taken.

Proof. The proof is analogous to the proof of Proposition 4.5. Let u € C(0 g+1) Q)n
dom(8 ). For 1 < k < n, define the (0, g)-forms vy = Z|K|=q urg dzg. Then

vk € dom(d") and (see (4.15))

Fue=— Y (unsdzs. (5.124)
[S|=g—1

Now observe that
02 (e"= p) dp P(eep) dp |
z[lza % | = z/!z
- zj0Zg 0Z; - szazk 82
- (5.125)
where the outer sum on the right-hand side is only over those pairs (m, K) such that
(m, K) is an increasing g-tuple. This sum is thus bounded from above by the sum over
all m and all increasing (¢ — 1)-tuples. Also replacing u, , o by —u, , o0 = —(vm);

and using (5.115) for g-forms, we find that the right-hand side of (5.125) is dominated
by

3% (et p) O o
m—1 8Zk 82 UmkR
IKl=q-1 (5.126)
Z (19vm 12 + 110" vm|I?) + Cs Zuvmn -
m=1 m=1

E_Jvm involves only barred derivatives of the coefficients of vy, hence of the coefficients
of u. Their éEZ -norms squared are bounded by ||ou|® + ||0 u||2 (Proposition 2.4).
Similarly, ||0 vm||2 is dominated by |0 u||2, in view of (5.124). Also, |[v]2, is
dominated by [u||?, (from the definition of v,,). Therefore, combining (5.125) and
(5.126) gives (5.115) for u, completing the proof of Lemma 5.23. |

There is a useful reformulation of condition (5.115) which will be used in the proof
of Corollary 5.25 below. We set (departing slightly from (4.32))

Hp(u,it) = Z (Z o u,KukK) (5.127)
Kl=g—1 " jik=1 "~

Lemma 5.24. Assumptions as in Theorem 5.22, p is a defining function for Q. Then,
modulo rescaling, a family of functions {h.} satisfies (5.114) and (5.115) if and only if
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it satisfies (5.114) and

{‘/ Hene pq 8p/\,8 i)

BeC, ,)m)

2}
HBII<1

< e([aul® + 119 ul?) + Cellul?,.

(5.128)

Proof. If ¢ = 1, this equivalence is clear from the variational characterization of the
norm. If ¢ > 1, the argument needs a little more care. For = "|x\—,_ bxdZk €

Coog— 1)(Q) denote by f the form f = Z\Kl —— ledZK Then

HehSp,q(élO /\B ﬁ)

82 eha
= Z 32( azp) p A B) ik (5.129)
|K|=q—1jk=1 9%k
1 8% (e"p)
= Z Z (0 A B) ity Fhkr g1
(q — 1)! """" kg1 =1jk=1 szazk JK1-

The factor 1/(q — 1)! arises as usual because each increasing (¢ — 1)-tuple K occurs
precisely (¢ — 1)! times as the ordered tuple of some ki ...k, in the unrestricted
sum. Now

(3p A ,5)jk]mkq_l = (dp )~/§k1...kq_1 + ‘error terms’

p (5.130)
= bk, ...k, + ‘error terms’.

a_
The ‘error terms’ have the form (up to sign) (9p/0Zk )bk, ...j..ky—y» 1 <5 < (g —1).
The contribution from the first term on the right-hand side of (5.130) to (5.129) equals
the (pointwise) inner product of the form on the left-hand side of (5.115) with 8. The
contribution from an error term, after summing over kg, will be a smooth multiple
(depending on ¢) of bkl kg1 Zk —1(0p/0Zk,) Ukk, _ky..k,_;- The part in the sum
is the conjugate of a coefficient of the normal component U, of u (see (2.86)), as
Ukky..ks...kq—; €quals plus or minus Uy x, k. k,_,- Therefore,

/ n 32 ehg 0 _
(> (2 552 )i )
, zj0Zg 0Z;
Kl=q—1 " jk=1 (5.131)

/ Hhqu 8)0/\,3 )dV+ Z / gaJK,BJ(unorm)K dv,

IJ1,IK|=¢—1

where the g. s x are functions in C*°(Q) that do not depend on B. For the terms in



176 5. REGULARITY IN SOBOLEV SPACES
the sum on the right-hand side of (5.131), we have the estimate

‘ /Q e x By Gk dV| < CollB N tnorm

< 1Bl (lltnomll1 + Cellttnorm | -1)
< IBI(eC (19wl + 13" ull) + Cellull-1),

(5.132)

for a constant C that does not depend on ¢. The inequality in the second line of
(5.132) comes from interpolation of Sobolev norms, the one in the third line from
Lemma 2.12. As usual, C; is allowed to change in the course of the estimates. Using
the variational characterization of the norm, taking suprema over  with ||8|| < 1, and
invoking (5.132) to estimate the second term on the right-hand side of (5.131) proves
the lemma. (]

Besides unifying Theorems 4.6 and 5.7 (and corollaries), Theorem 5.22 also cov-
ers situations when ¢ > 1 where Theorem 5.7 does not apply (more precisely: not
without substantial modifications which would ultimately lead to Theorem 5.22). Let
2 be a smooth bounded domain in C”, and ¢y a fixed integer, 1 < g¢ < n. Assume
that the Levi from has the property that the sum of any g¢ eigenvalues is nonneg-
ative (note that this statement does not depend on the choice of defining function).
When go = 1, this just says that €2 is pseudoconvex. However, when ¢go > 1, such
a domain need not be pseudoconvex. Nonetheless, the theory developed in Chap-
ter 2 still goes through for forms of degree ¢ > ¢g¢. To see this, recall how pseudo-
convexity was used in Theorem 2.9. What was needed was that the boundary term
Yk Z;'l,k=1 a(0p/0dz;0Zx)ujxugge ? do in (2.24) is nonnegative. When g > 1, it
is not necessary for this that all eigenvalues of the Levi form be nonnegative. Indeed,
in view of Lemma 4.7, it suffices that the sum of any ¢ eigenvalues is nonnegative. As
a consequence, Theorem 2.9 remains true for ¢ > go on domains where the Levi form
has this property, as does Theorem 5.5. Likewise, the proof of Theorem 5.22 will show
that it similarly remains valid (when ¢ > ¢¢) when the assumption of pseudoconvexity
is replaced by the assumption that the Levi form has the property that the sum of any
qo eigenvalues is nonnegative. Assume now that £2 admits a defining function p whose
(full) Hessian has the property that at each boundary point the sum of any g, eigenvalues
is nonnegative. (Note that in view of Lemma 4.7, equivalence of (ii) and (iii), the Levi
form then has this property as well.) This notion is a natural generalization to the case
q > 1 of the notion of a defining function that is plurisubharmonic at the boundary (and
so in particular is not independent of the defining function). What we said earlier when
2 admits a defining function that is plurisubharmonic at the boundary applies equally
well here, with the modification that Lemma 5.24 is needed: by Lemma 4.7, H, ;4 is
positive semidefinite at points of the boundary. After adding a form that is O(p), one
can again invoke the Cauchy—Schwarz inequality (while the pairing in (5.115) is not
between g-forms) and then estimate the left-hand side of (5.128) in a manner that is
completely analogous to the case when ¢ = 1 discussed in detail earlier. One thus
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verifies (5.128); Lemma 5.24 then gives (5.115). Consequently, Theorem 5.22 applies,
and we obtain the following result from [169].

Corollary 5.25. Let 2 be a smooth bounded domain in C", 1 < qo < n. Assume that
Q admits a defining function with the property that the sum of any qg eigenvalues of its
Hessian is nonnegative at each point of the boundary. Then the d-Neumann operators
Ny, g0 < q < n, and the Bergman projections Py, qo — 1 < q < n, are continuous in
W(f)’q)(Q)fors > 0.

Remark. Using the counterexample domains from [9], one can construct domains in
C",n > 3, with the property that Py does not preserve smoothness up to the boundary,
while P,, ..., P, do ([169], page 337).

We now show that the assumptions in Theorem 5.7 with M = 1 (which do not
discriminate among form levels) imply those in Theorem 5.22 (at all form levels).

Proposition 5.26. Let Q be a smooth bounded pseudoconvex domain in C". Assume
the assumptions in Theorem 5.7 are satisfied, with M = 1. Then the assumptions in
Theorem 5.22 hold for 1 < q < n.

Proof. By Lemma 5.23, we only have to consider the case ¢ = 1. The arguments are
similar to arguments in the proofs of Lemma 4 and Proposition 1 in [287]. Denote
by p a defining function for Q. Fix ¢ > 0. Define functions %, and vector fields Y,
(complex) tangential to the level sets of p, in a neighborhood U, of K by

X, =eheL, + Y, (5.133)

where {X.} denotes the family of vector fields provided by Theorem 5.7. Here and
throughout the proof we assume that U, has been shrunk if necessary so that everything
is well defined. The family {/.} satisfies (5.114) on U,, modulo rescaling in the sense
of Remark (i) after the statement of Theorem 5.22. Further shrinking U,, we may
assume that /i, has an extension to a function in C °°(§_2), still denoted by /., so that
(5.114) holds for the family of the extended functions. Modulo rescaling, this family
{h} will satisfy the assumption in Theorem 5.22. We need to verify (5.115).

Letu = Z}’:l ujdz; € C ()N dom(é*). Choose a cutoff function ¢, €

(0,1)
Cy°(Uyg) that is identically equal to one in a neighborhood of K. Then

=\ 0%(eep) dp
Y ————

= 0%(eep) dp ?
|y 0y DD |+ Gl gl
zj0Zy 0Z;

2
< 2
92,07, 9z, N/Q‘pe
(5.134)

(1 — @¢)u has support that meets the boundary inside the set of points of finite type
(the complement of K). Therefore, the last term in (5.134) can be estimated, via
interpolation of Sobolev norms and pseudolocal subelliptic estimates (see the discus-
sion following (3.75); alternatively, if K is taken to be the set of weakly pseudoconvex
points, use Theorem 3.6), by &(||0u||2 + | 3 u (%) + Ce|lu||* |, which is what is required

J.k=1 jk=1
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in Theorem 5.22. To estimate the main term in (5.134), note first that

? 3 (h ap) 92ehe dehs dp
ep) = ‘ 2 5.135
9z, 0% (") = 55, 5, ) T 305" T oz 0% (5:133)

The contributions from the second and third terms on the right-hand side of (5.135)
are always under control, as follows. The contribution from the term containing the
factor p is estimated as the corresponding term in (5.117). The contribution from the
third term contains Y ; _, (dp/dZx)iig, the conjugate of the normal component of u,
and so is dominated, via Lemma 2.12 and again interpolation of Sobolev norms, by the
right-hand side of (5.115). In order to control the contribution from the first term (the
main term) on the right-hand side of (5.135), we invoke the commutator estimates (ii)
for the family {X.} in Theorem 5.7.

Denote by L, the vector field L, = Z;-’zl u;j(0/0z;). Then L, is complex
tangential at points of the boundary (L, p = 0 at points of the boundary, because
u e dom(é_)*)). (i) in Theorem 5.7 gives

|0p(([Xe. Lul)| < elLul = elul on Us: (5.136)

we have used that terms where X, acts on one of the i ’s disappear when dp is applied.
On the other hand, dp([ X, L,]) is related to the main term in (5.135) as follows:

— dp ) dp
h o
*9p ([Xe. L =§ ’
e 3,0([ & u]) kaz (|3,0|2 82 + (Ye);
—e_hf “. 9 o ( p, o
= — U € Y
|0p]2 jkzl 0z, "* 9%, (e ) Z( )f""a az,
(5.137)

—he
We have used that )} _; T %%ehs = land that )7, (Ye), 52 . = 0. (5.136)
and (5.137) together with the uniform bounds on /. show that the contrlbutlon to the

main term in (5.134) coming from the first term on the right-hand side of (5.135)

satisfies
Jol 3 et
sz 0z;
n
< 2 ul? +[ 02
& k=1

0%p
E Y.) i —
(¥e) ik 97,0z

) (5.138)

The term &2 ||u||? is dominated by the right-hand side of (5.115) (modulo rescaling). It
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remains to estimate the last term in (5.138). We have

2

Y,
‘ Z( )f”"a kazj

Jk=1
2 2

n g P
Z (Ys)j (uNorm)kW
k=1 Oz

2
< ¢;

- — 32,0 2 2
E (Ys)j Utk s=——| + (28
023 0z;
k=1 k@
(5.139)

Z?,k:l (02p/0z;0Zx )w; Wy, is bounded from below by —C§|w|* on the complex tan-
gent space to the boundary of the sublevel set {z € Q | p(z) < —8}. Therefore,
Z;'l,k=1 ((0%p/8z;0Zx) — CpS; ) w;wr > O (on the complex tangent space to the
sublevel sets of p), and the Cauchy—Schwarz inequality applies to this Hermitian form.
We use this observation to estimate the first term on the right-hand side of (5.139); this
is analogous to the discussion immediately preceding (5.117). The result is that the
right-hand side of (5.139) is dominated by

( Z 8218_ = (@eTan); (Petitan)k — Cpl@etitan] )
(5.140)

n
2
C2¢€2p2) E (Ye)j(uTan)j‘ + |(psuNorm|2-
Jj=1

The last term in (5.140) arises from the last term in (5.139). The integrals over €2 of
the first and the last term in (5.140) are now estimated like the corresponding terms
were in (5.120) and in (5.119), respectively, with some extra care because the cutoff
function ¢, depends on &. Specifically, the term |Ju||? in (5.122) has to be replaced by
|V |ul|?. Similarly, the term |||V e |u||? has to be added into the right-hand side of
(5.119). This term can be estimated in the same manner as the term ||(1 — ¢, )u||? in
(5.134). The integrals of the two terms in (5.140) that contain a factor p are estimated
in the same way that the middle term in (5.117) was (note that |uy|? < |u|?), with
the obvious modification to account for C,. The result is that the right-hand side of
(5.139) is dominated by the right-hand side of (5.115). This completes the proof of
Proposition 5.26. |

The above proof shows the connection between (5.115) and (ii) in Theorem 5.7: by
(5.134) and the estimate for ||(1—¢,)u||, we only have to control the portion over 2 NU,
of the left-hand side of (5.115). There, modulo a factor that is bounded uniformly in &
and terms that are dominated by its right-hand side, the left-hand side of (5.115) is just
the square of the &£2-norm of ¢,dp([X;, Ly]). Then, if ¢,p([X¢, Ly]) is O(e)|u| on
U, its £2-norm on § N U, is a fortiori O(e)|lul| < O(e)(||dul| + 9" u])). So (5.115)
arises naturally as the ‘correct’ £2-version of the pointwise commutator condition
in Theorem 5.7. That it also covers compactness (trivially) is an indication that this
generalization may point in the right direction. In this regard, the reader should also
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consult Remark (i) following the proof of Theorem 5.22. We now give this proof. That
is, we show that the £2-version of the commutator condition is still strong enough to
imply global regularity.

Proof of Theorem 5.22. We keep the setup from the proof of Theorem 5.7. Recall
that there we established Sobolev estimates for the Bergman projections; those for
the d-Neumann operators then followed from Theorem 5.5. Here we will similarly
prove Sobolev estimates for Py, for m > (¢ — 1). Note that the downward induction
on the degree ¢ from the proof of Theorem 5.7 also applies here; this uses the fact
that when the assumptions in Theorem 5.22 are satisfied at level g, then they are also
satisfied at the levels g 4+ 1,...,n (Lemma 5.23). The next step is to show a priori
estimates; this is done via a relatively simple adaption of the proof of Theorem 5.7
(with M = 1). We only give the argument for these estimates in W(}) q)(Q). This will
show the modifications that are needed; these modifications work in the case ¢ > 1 as
well.
If {h.} is the family from Theorem 5.22, set

X, =e "L, (5.141)

Because of (5.114), the family {X,} satisfies (i) in Theorem 5.7 (with M = 1). Now
the argument follows that in the proof of Theorem 5.7 until (5.60). When k = 1, (5.60)
shows that what needs to be estimated is

|(¢(Xe — X + bei Ly)Ngdu, [0, Xe — X, + bei Ly]@Py—1u)|

+ Ce ([l + IINg dull| Pg—rull1) -
Note that in contrast to (5.60), we may take the cutoff function ¢ to be independent
of &: he is defined on all of €2, and L,, is defined globally near the boundary. Using that
| Ngoul||| Pg—1ull1 < s.c||Pg—1ul|? 4 Lc.|Ng0u||* shows that the term in the second
line of (5.142) is benign. In the main term, we estimate the contributions coming

from X, L,, and commutators of d with them, with Lemma 5.6 (replacing P;_qu by
u — Py _1u). Therefore, we are left with estimating

|(¢(Xe + bei Ln)Ngou, [0, XsloPy—yu)|
= |(g0(e_h‘E + bgi) Ly Ngou, [0, Xs]oPy—1u)|.

Here the argument departs from that in the proof of Theorem 5.7 in that we deal
more carefully with the commutator [0, X.]. Roughly speaking, rather than estimating
each coefficient ([d, XelpPg—1u);y individually, we will estimate, for each J, the
inner product of Y 7_, ([0, XeJpPg—1u);7dZ; with 37, ¢(Ln N, L0u)jydz;. u =

Z\J|=q—1 MJdZJ, then

(5.142)

(5.143)

_ _ 0
0Xeu — X 0u = Z —(X us)dzj Ndzy — Z Xe—— MJ dz; Ndzy

JsJ JsJ j

10X, 10 (e dp \ouy
- dz B dz; AdZy,
JZJ: 9z e ,%:J 9z; (|3P|2 35k) gz N OH

(5.144)
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where 0X,/0Z; is understood coefficientwise, and the prime in the sums only relates
to summation over J. Because tangential derivatives of type (1, 0) are under control
by Lemma 5.6 (replacing P;_iu by u — P4_ju), we only have to consider the normal
component of d/0z; when substituting (5.144) into (5.143). This normal component is
(0p/ 0z ) Ly Therefore, substituting into (5.143) shows that what we have to estimate
is

19 (e he 8p ap
I(Z f(la 2 0z )82 Lu(¢Pq-1u)5dZj AdZy.¢(e™" + bei) Ly Nq3u)‘
kg 0 k k

(5.145)
The arguments in (5.137) and (5.135) show that (5.145) is dominated uniformly in &
by

e"2he p. 92 (pe’=)
[0p|? o, FER 0Z;0zk

e~2he v 9p (3,0 dehe 32ehe )
G, . Y L VLu(oPy_qu)sdz; AdZy. ...
+‘(|3p|2j; 92 \3z, 0zp | Pz 0z, ) EnWPamsdz ndis

T La(pPyu)ydz; AdZy, (e e + bgi)L,,Nqéu) ’

op(e™ 4 bei)LyNyou))|.
(5.146)

The contribution from the second line of (5.146) corresponds to the contribution that
the last two terms in (5.135) make to (5.134), and the estimates are analogous. The term
containing the factor p is estimated by e[| Pg—yu|| 1| Ngu |1 +Ce|| Pg—
where V, CC €2. By (2.85) (interior elliptic regularity), the latter term is bounded
by Cg||Pq_1u||1||5*Nq5u|| < C¢||Pg—1u|1|lu||. For the term containing the factor
dp/0z;, some extra care is needed. When j and J are fixed in (5.146), the term
dz; A dzy in the inner product picks out the coefficient (-);; of the form on the
right-hand side. Summation over j therefore produces

n

p —=—— (& 9\ —=——
Za—;j(Lanau)j, - Ln(; (N, au),J) ZL (a;j)(Nqau)j,. (5.147)

Jj=1

We have used here that L, acts coefficientwise in the Euclidean chart. The last term
in (5.147) contains no derivatives of N;0u and so poses no problem. The expression
in parentheses in the first term on the right-hand side of (5.147) is the conjugate of a
coefficient of the normal component (Ny 01 )norm. The £2-norm of this term is therefore
dominated by ||(Ng4 31 )norm || 1, Which in turn is estimated by || 5*Nq du| < |Jul|, in view
of Lemma 2.12. Its contribution in (5.146) is thus dominated by C || Py—1u|l1 [[u].
The remaining term in (5.146) is the main term. It is here that estimate (5.115) in
the assumptions in Theorem 5.22 enters into the argument. Upon writing out the inner
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product and rearranging factors, the term becomes

e—2th/(zn: 3;082(/03”8)(LN5) )(—h ¥ boi)Ln(oP ), dV
A 0p 07(pe™F) o z »
o 9p[? TN 0zx 0z;0zx $LnNqoU)j7 el ) Ln\PLg—1U)J

n 2
p. % ( )—_) )

L,Ngou);y|d P._ )

(Z 071 82 azk (9LnNgdu)jy JdZs || Pg—1ully

(5.148)

We have used the uniform bounds on ¢ "¢ and on be. The first factor in the second
line of (5.148) is the left-hand side of (5.115) in Theorem 5.22, with u replaced by
¢L, N,0u. However, we cannot yet apply the theorem, because L, N,du need not be
in the domain of 3 . But the remedy is the usual one. We first replace L, by L, — L,
to obtain a tangential operator. This makes an error whose &£2-norm is bounded by
CellLnNyou| < Co(]|d” Nydu| + || Nyou|)) < Ce|lul (by Lemma5.6). The resulting
error in (5.148) is therefore dominated by Cg||u| || P4—1u]|/1, and so is benign. Then
we let L, — L, act in special boundary charts (via a partition of unity). This makes
an error that does not involve derivatives of ¢ L, N,0u, and which is therefore also
bounded by Cg||ul||| P4—1ul|l1. Now we can apply (5.115). This gives that the square
of the (modified) first factor in the second line of (5.148) is dominated by

e(10((Ln — L) Ngdu) |2 + 118" (@(Ln — L) Nydu)|?)

+ Calle(Ln — La)Ngdu ||,
e(|Ngdul2 + llo(Ln — Ln)d" Ngdu|®) + Cql|Nguu|>
e(IINgOull? + | Pg—rull} + [lull3) + Cellul>.

(5.149)
<
<

To obtain the first inequality, we have commuted 9 and 3" with o(L, — Ly). The
second inequality then follows by writing 8*Nq8u asu — Py_q1u.
Collecting all our estimates, absorbing terms, etc., we recover (5.63):

| Pyl < eC (I Pamrull} + | Ngdull3) + Cellull3, (5.150)

where the constant C does not depend on &. The argument thus returns to that in the
proof of Theorem 5.7: inserting (5.51) into (5.150) and choosing ¢ small enough gives
the desired a priori estimate

| Pg—1ull < Cllull}. (5.151)

It remains to turn these a priori estimates into genuine estimates. Here, a substantial
difference occurs compared to the proof of Theorem 5.7. There, we exhausted €2 by
strictly pseudoconvex domains, and then argued that the a priori estimates were uniform
on the approximating subdomains. Because the Bergman projections on these domains
were known to preserve smoothness up to the boundary, these estimates had to be
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genuine estimates (starting with a form smooth on the closure), and a limiting process
then gave the estimates on Q. By contrast, the £2-estimate (5.115) does not seem
to be strong enough to be inherited by the approximating subdomain (with uniform
constants). Consequently, we have to use another regularization method. A natural
one to use is elliptic regularization (since we know that it works in a special case, that of
compactness). It turns out that this introduces some technical difficulties which force
a certain reformulation of the proof given for the a priori estimates. This is because
the argument does not rely solely on properties of the form Q(u, u) that hold equally
for the regularized form Qg (u, u) (see (3.18)). We do not reproduce the details here,
but instead refer the reader to [287]. O

Remarks. (i) The flavor of the condition (5.115) in Theorem 5.22 is potential theoretic.
That is not surprising: global regularity is not likely to be determined by geometric
conditions (unlike the much stronger property of subellipticity). But it is interesting to
extract a geometric sufficient condition for global regularity from (5.115), and to see
what this condition turns out to be. Let ¢ = 1 for simplicity. Then the quantity on
the left-hand side of (5.115) is comparable to the square of the £2-norm of a function
of the following kind: the mixed (complex tangential unit vector - complex normal
unit vector) term in the complex Hessian of e”¢p times |u|. (More, precisely, one
has to choose local bases of 709 (5 Q) and express u in these bases.) The estimate
lull? < |10u||® + |8 u||? suggests that in order to achieve (5.115), this mixed term
should be amultiplierin £2(£2) of operator norm not exceeding /. This operator norm
coincides with the sup-norm of the multiplier. So this multiplier should be uniformly
bounded by +/¢. Since we have control over compactly supported terms, this estimate
is actually only needed at (hence near) the boundary. (5.135) and (5.137) in the proof
of Proposition 5.26 show that this happens precisely when |dp([e”cL,, L])(P)| <
/€| L(P)| for acomplex tangential field L. In other words, we recover the vector field
method (Theorems 5.7 and 5.9). In this sense, the vector field method constitutes the
geometric content of Theorem 5.22.

(i1) Just as in the case of Theorem 5.9, there is a version of Theorem 5.22 that is
analogous to Theorem 5.7 in that there are finitely many families {4, ¢}, 1 <m < M,
where for each m, the lower bound on |e®7-¢| (uniform in &) is only imposed on a
portion of the boundary. The proof is the same (but using the modification for M > 1
in the proof of Theorem 5.7). Inspection of the proof of Proposition 5.26 reveals
that the uniform transversality of {X.} is only used to get a uniform lower bound on
{he}. Accordingly, this proof shows that the assumptions in the general version of
Theorem 5.9 imply those in the general version of Theorem 5.22.
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