Math. Res. Lett. 15 (2008), no. 4, 761-778 © International Press 2008

COMPACTNESS OF THE COMPLEX GREEN OPERATOR

ANDREW S. RAICH AND EMIL J. STRAUBE

ABSTRACT. Let 2 C C™ be a bounded smooth pseudoconvex domain. We show that
compactness of the complex Green operator G4 on (0, ¢)-forms on b2 implies compact-
ness of the -Neumann operator Ny on Q. We prove that if 1 < ¢ < n—2 and b satisfies
(Pg) and (Pp—g—1), then G4 is a compact operator (and so is Gn—1—¢). Our method
relies on a jump type formula to represent forms on the boundary, and we prove an
auxiliary compactness result for an ‘annulus’ between two pseudoconvex domains. Our
results, combined with the known characterization of compactness in the d-Neumann
problem on locally convexifiable domains, yield the corresponding characterization of
compactness of the complex Green operator(s) on these domains.

1. Introduction and Results

Let Q2 C C" be a bounded, smooth pseudoconvex domain. The Cauchy-Riemann
operator 0 is a closed, densely defined operator mapping L%O’q)(Q) — L%O’qﬂ)(ﬂ)

and satisfying 52 = 0. The associated complex is the 9, or Dolbeault, complex. Let
0* be the L?-adjoint of 0, and 0 = 9*0 + 09*, the O-Neumann Laplacian. When
Q) is pseudoconvex, and 1 < ¢ < n, O acting on Dom(d) C L(Qo’q)(ﬂ) is invertible
with a bounded inverse N,. This inverse is called the 0-Neumann operator. We refer
the reader to [11, 4, 8, 13, 31] for background on the d-Neumann problem and its
L?-Sobolev theory.

On b9, 0 induces the tangential Cauchy-Riemann operator ;. Kohn and Rossi
introduced the 9, complex in an effort to understand the holomorphic extension of
C R-functions from the boundaries of complex manifolds [21]. Let d; be the L2-adjoint
of Oy, and Oy, = 9,0 + 05 0, the Kohn Laplacian. When 0 < g < n—1, O, is invertible
(on (ker 0y)* when ¢ = 0, and on (ker J;)* in the case ¢ = n — 1) with inverse G,.
G, is the complex Green operator. In particular, D, 5:, and [J, have closed range.
Details may be found in [28, 2, 18, 8]. The regularity and mapping properties of 9, are
well understood when {2 is of finite type and satisfies the condition that all eigenvalues
of the Levi form are comparable. In this case, optimal subelliptic estimates (so called
maximal estimates) were shown in [16]. This work unifies earlier work for strictly
pseudoconvex domains and for domains of finite type in C2. We refer the reader to
[16] for references to this earlier work and further discussion. For general domains, it
is known that subellipticity of G, implies finite type [10, 17, 19]. For additional work
concerning the relationship of the operators on the boundary to those on the interior,
see [19] and the references there. Finally, global regularity, in the sense of preservation
of Sobolev spaces, holds when 2 admits a defining function that is plurisubharmonic
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at points of the boundary ([3]). A defining function is called plurisubharmonic at the
boundary when its complex Hessian at points of the boundary is positive semidefinite
in all directions. For example, all convex domains admit such defining functions.
The question we address in this article is that of compactness of the complex Green
operator, and, to some extent, its relationship to compactness of the d-Neumann
operator. The results discussed above notwithstanding, the regularity results for 9y
do not always parallel those for 0. The reason is that there is a symmetry in the
form levels for 0, with respect to compactness and subellipticity that is absent for
9. This phenomenon was pointed out by Koenig ([17], p.289). He associates to a
g-form w on b an (n— 1 — ¢)-form @ (through a modified Hodge-* construction) such

that ||u| ~ ||il|, 9pe = (—1)9(J,u), and dya = (—1)7"1(Jpu), modulo terms that
are O(||lu]|). Consequently, a subelliptic estimate or a compactness estimate holds for
g-forms if and only if the corresponding estimate holds for (n—1—¢)-forms. In view of
the characterization of subellipticity in terms of finite type [5, 7], and of compactness
of N, on convex domains by the absence of g-dimensional varieties from the boundary
([12]), such a symmetry between form levels is manifestly absent in the d-Neumann
problem. (The analogous construction performed for forms on €2 yields a @ that in
general is not in the domain of 5*.) At one point, we will actually need a version
of the tilde operators that intertwines 8, and 8, without 0-th order error terms; we
discuss such a construction in an appendix (section 5).

Our results are as follows. First, we prove the analogue for compactness of the
fact that subellipticity of G, implies subellipticity of N, ([10, 17]). It is worthwhile
to note that our method provides, in the case of boundaries of smooth pseudoconvex
domains in C", a new proof of this result as well, compare Remark 2.1 below.

Theorem 1.1. Let Q) C C" be a bounded pseudoconvex domain with smooth boundary.
Let 1 < q¢ < n—2. If the complex Green operator G, is a compact operator on
L?O q)(bﬂ), then the 0-Neumann operator Ny is a compact operator on L%o o).

Theorem 1.1 is proved in Section 2. Our strategy is simple. Because [1; = 0°0+00"
acts componentwise as (a constant multiple of) the real Laplacian, the L?-norm of
a form u € dom(d) N dom(d") is controlled by |[dul| + || u|| plus the (—1/2)-norm
of the trace on the boundary. To the tangential part of this trace, one applies the
compactness estimate from the assumption in the theorem, estimating the norms
of Opusen and of EZutan via trace theorems (here w,, denotes the tangential part
of w; taking the tangential part ‘loses’ the normal component of the form, but this
component is benign). In order to avoid various issues related to trace theorems,
we actually work in W (), rather than in Lf, (2). Our arguments involve (as
usual) absorbing terms, and since N, is not a priori known to preserve W(207 q)(Q),

we use elliptic regularization to ensure finiteness of the terms to be absorbed. We
thus obtain compactness of N, (‘only’) on W(QO 2 (). However, as pointed out in [13],

because IV, is self-adjoint in L%O 9 (), compactness in I/V(20 q)(Q) implies compactness
in L%o q)(Q), by a general principle from functional analysis.

Remark 1.2. In view of the symmetry for 9, and its absence for 9, discussed above,
Theorem 1.1 implies in particular that compactness or subellipticity of N, need not
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imply the corresponding property for G, when ¢ > (n — 1)/2. Of course, the ap-
propriate question becomes whether such an implication holds when compactness or
subellipticity is assumed for the d-Neumann operator at levels ¢ and (n — 1 — q).
As far as the authors know, this is open for compactness; for subellipticity, see [19],
Theorem 8.2 and Proposition 5.3.

Next, we show that Catlin’s classical sufficient condition for compactness in the
d-Neumann problem ([6]), imposed on symmetric form levels (this is essentially dic-
tated by the discussion above), is also sufficient for compactness of the complex
Green operator. Let Z, = {J = (j1,...,4q) € N9 : 1 < j; < -+ < j; < n} and
Ago’q) be the space of (0, q)-forms at z equipped with the standard Hermitian metric
|2 sez, wrdz|* =32 jez, lus|®. When the g-tuple J ¢ Z,, u; is defined in the usual
manner by antisymmetry. For a C2-function \(z) defined in a neighborhood of z,

define
N NE))
Hq[)\](z,u) = Z Z 8207, UjKUKK -
KeZlg1j,k=1
Definition 1.3. b satisfies (Py) if for all M > 0, there exists Uy D bQ, Ay €
C?(Uys) so that for all z € Uy and w € Ago’q)
(2) Hy[N(z,w) > Mlw(z)[*.

(2) can be reformulated in two equivalent ways (by standard facts from (multi)linear
algebra): (a) the sum of any ¢ (equivalently: the smallest q) eigenvalues of the matrix
(0?An1/02;0%) ji, is at least M; (b) on any affine subspace of complex dimension ¢
(provided with the inner product from C™), the (real) Laplacian of Ay, is at least M.
For (a) this can be seen most easily by working in an orthonormal basis that consists
of eigenvectors of (0% /02;0%) . This also gives that (b) implies (2). That (2)
implies (b) is an application of the Schur majorization theorem ([15], Theorem 4.3.26),
to the effect that the sum of any ¢ diagonal elements of a Hermitian matrix is at least
equal to the sum of the ¢ smallest eigenvalues. Note that if the sum of the smallest
q eigenvalues is at least M, then so is the sum of the smallest (¢ + 1) (since the
additional eigenvalue is necessarily nonnegative). That is, (P,) implies (Py41) (but
not vice versa). Sibony ([29]) studied (P,) from the point of view of Choquet theory
for the cone of functions A with H,[A] > 0 (actually only for ¢ = 1, but his arguments
work essentially verbatim for ¢ > 1, see [13]). This work provides in particular ex-
amples of domains with ‘big’ (say of positive measure) sets of points of infinite type
in the boundary, whose d-Neumann and complex Green operators are nevertheless
compact.

Theorem 1.4. Let  C C" be a pseudoconver domain with C* boundary and 1 <
g < n—2. IfbQ satisfies (Py) and (Pp_1—q) (equivalently: (Pj;), where § = min{q,n—
1—gq}), then G4 and G,—1_4 are compact operators on L%O’q)(bQ) and L?O’nflfq)(bQ),
respectively.

We prove Theorem 1.4 in Section 4. It suffices to produce compact solution opera-
tors for ;. To do so, we follow Shaw ([28]) in representing a dp—closed form u on the
boundary as the difference of two d—closed forms, o~ on  and a™ on the complement:
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u = at —a~. Then, roughly speaking, (P,) lets us solve the equation 9B~ = a~
on Q, with suitable compactness estimates, while (P,—1_4) lets us do the same for
0BT = at on an appropriate ‘annular’ region surrounding . That the latter can be
done follows essentially from work of Shaw in [27]. The details are given in Section 3
(Proposition 3.1). We mention that in [24], McNeal has introduced a condition called
(P,) which is implied by (P,) and which is sufficient for compactness of N,. Whether
(P,) can take the place of (P,) in Theorem 1.4 is open. This has to do with the fact
that the exact relationship between (P), (P), and compactness is not understood.
However, (P) and (P) are known to be equivalent on locally convexifiable domains
(see the discussion in [31]), so that in our next result, (P) can take the place of (P).

Theorem 1.1, Theorem 1.4, and work of Fu and Straube [12, 13] immediately allow
us to characterize compactness of the complex Green operator on smooth bounded
locally convexifiable domains. We say that a domain 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.

Theorem 1.5. Let Q C C" be a smooth bounded locally convexifiable domain, and
let 1 < q<n—2. Then the following are equivalent:

(i) The complex Green operator Gy is compact.

(i7) Both G4 and G,_1_4 are compact.

(iii) The O-Neumann operators N, and Ny,_1_, are compact.

(iv) bQ satisfies both (Py) and (Ph—1—q).

(v) bQ does not contain (germs of ) complex varieties of dimension q nor of dimension
(n—1-q).

Proof. On a locally convexifiable domain, compactness of Ny is equivalent to each of
(iv) and (v), at level q ([12, 13]). In particular, (iii), (iv), and (v) are equivalent on
these domains, and by Theorem 1.4, they imply (i7). (i) and (ii) are equivalent by
the symmetry in the form levels for 9. By Theorem 1.1., (i) implies (i44). O

In Theorems 1.4 and 1.5 we assume 1 < ¢ < n — 2, thus excluding the endpoints
g =0and ¢ = (n—1). Formally, this restriction arises because if g = 0 or ¢ = (n—1),
then min{q,n — 1 — ¢} = 0, and it is not clear what an appropriate interpretation of
(Py) should be. This is analogous to the situation in the interior. However, Ny =
0"'N20 = 9 N1(0 Ny)* ([8], Theorem 4.4.3.), and compactness of Ny implies that
of Ny. (Py) therefore is a sufficient condition for compactness of Ny. This situation
persists on the boundary. Let n > 3 and assume b2 satisfies (P;), and hence (P,_3).
Then G; and G,,_2 are compact, by Theorem 1.4. In turn, this implies that both Gg
and G,_1 are compact, by formulas analogous to the one quoted above for Ny. That
is, (Py) is a sufficient condition for compactness of Gy and G,,—1.

2. Proof of Theorem 1.1

Let W#(U) be the usual Sobolev space of order s on U (U may be an open subset

of C" or of b2) and let Wi, (U) be space of (0, g)-forms with coefficients in W*(U).

We first express compactness of G, in the usual way in terms of a family of estimates.
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Let s > 0. Then for any € > 0, there exists C. > 0 so that
(1) lullwswo) < e([l0vullw:wo) + 105 ullw:wa)) + Cellullw-10) »

for all u € dom(8,)Ndom(d;) when 1 < ¢ < (n—2). When g = (n—1), we assume that
u L ker(dy) (equivalently u € Im(dy)). When s = 0, (1) is the standard compactness
estimate that is equivalent to compactness of Gy; the proof is the same as that for the
corresponding statement concerning the d-Neumann operator (see for example [13],
Lemma 1.1). This remark applies likewise to lifting the estimate to higher Sobolev
norms.

The main a priori estimate to be proved is as follows: for all € > 0, there exists

Ce > 0550 that if u € Dom(9*)NW§, 1 (Q), du € W, 111(Q), and 9*u € W (%),
then

(2) lullwa@) < e(lloullwz) + 10" ulw2(e)) + Cellullw (o) -

Fix a defining function p for , so that |[Vp| = 1 near b (i.e. take p to agree with
the signed boundary distance near b)). We first estimate the normal component

of u=3",c7, usdzy € Wi ()N dom(8"). This component is given by Uporm =
> > Kkez, . (0p/0z;)ujkdzrc, and its trace on bQ vanishes. Because V0 + 0 acts

coefficientwise as a constant multiple of the (real) Laplacian, we obtain

(3)  MNunormllwz(@) < 1AUUorm |l L2(0)
< C(loullw oy + 10 ullwr ) + llullw o)
< e([|0ullwz(a) + 10" ullw2(@)) + Cellullwig) ;
it is assumed that u is as in (2) above. The last inequality in (3) comes from interpo-

lating Sobolev norms (|| f|lw1 o) < ellfllwz2() + Cell fll2(n))- Similarly, we have that
Unorm € W 4_1y(92) and

(4) Huno7“m||W3(Q) < HAUnormHWl(Q) < C(\|5UHW2(Q) + HCF"*UHW%Q) + HU||W2(Q)) .

(4) is important because it implies that [|Ouorm ||lw=2(q) and |8 wporm ||lw=(q) are also
dominated by the right hand side of (4). (Note that %, has vanishing trace on the
boundary, so it is in dom(8").) Then so are | Owsan|lw2(q) and ”5*Utan”W2(Q)a where

Utan = U — (0p A Unorm) is the tangential part of u. As a result, it now only remains
to establish (2) for usgy.
Let € > 0. As in (3), we have

(5)  Mutanllwz(@) = [AwanllL2@) + [[utanllws/2 o)
< (10utanllwr @) + 10" weanllwi (o)) + 1wtan llws/2bo)
< G(ngtanHW%Q) + Hé*umnHWz(Q)) + Ce||utan||W1(Q) + ||Utan||W3/2(bQ) .
We are going to apply (1) to the last term on the right hand side of (5). Note that
by definition, Op(ttan|bn) is the trace of Quian, projected onto the tangential (g + 1)-

forms. Because uqy, is tangential near the boundary, EZ(uman) equals the trace of
g*utm on the boundary, modulo a term of order zero (i.e. involving no derivatives of
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Utan ). Therefore, with s = 3/2 in (1),

(6)
[ttan l[wsr2 ey < €(106(ttan) lws/2ma) + 105 (utan) lwar2a)) + Cellutanllw -1 o)
< e([lOutanllwsr2 vy + 10" wtan w2y + tanllws/2p0)) + Cellutanllni2 ey
< E(HéutanHWQ(Q) + Hg*utanHWQ(Q) + ||utanHW2(Q)) + Ce”utan”Wl(Q) .

Putting (6) into the right hand side of (5) (for |[tsan |lws/2(s0)) and absorbing the term
€l|ttanllw2(q) gives (2) for usq,. With this, by what was said above, (2) is established
for w.

Because (2) is only an a priori estimate, and N,u is not (yet) known to be in
W(zo’q)(Q) for u € W(207q)(Q), we work first with the regularized operators Nj 4,
0 < ¢ <1, arising from elliptic regularization ([11], 2.3, [32], 12.5). N, inverts (in

Lﬁqu)(ﬂ)) the operator O; 4, the unique self-adjoint operator associated to the qua-

dratic form Qs(u,v) = (Ju, )12 + (E*u,g*v)p(m + 0(Vu, Vo) 12(q), with form

domain W(lo’q)(ﬂ)ﬂdom(g*). Equivalently: for v € L? (), v e Wi (2)Ndom(d),

(0,q (0,9)
(u,v)2(0) = Qs5(Ns,qu,v). Note that for u € dom([s,4),
(7) Oy qu = (~1/4) + 6)Au,

where A acts coefficientwise. (Nonetheless, O; 4 is not a multiple of Og; the domain
has changed.) Qs(u,u) is coercive (it dominates ||ully1(q)), and consequently Nj 4
gains two derivatives in Sobolev norms (see e.g. [32], 12.5). In particular, when
uwe CE ., (Q), then so is N qu.

We now claim that the Ns , are compact on W(Qo’q)(Q), ‘uniformly’ in § > 0. That
is, we claim the following uniform compactness estimate: for every € > 0, there exists
a constant C, such that for u € W(%#)(Q) and 0 <6 <1,

(8) [Ns.qullie(qy < ellullfyziq) + Cellullizq) -

(This type of estimate is equivalent to compactness, compare [24], Lemma 2.1; [9],
Proposition V.2.3.) Because C{f ,(£2) is dense in W(Q0 o) (and Njg4 is continuous
in W(Qqu)(Q)), it suffices to establish (8) for u € CF (). Solet u € Coo (). In the
following estimates, all constants will be uniform in §. We first apply (2) to Ns qu:

9) N5 qullw2() < e(|0Ns qullw2 @) + ||5*N5,q“||w2(9)) + Cc||[Ns qullw () -

Interpolating Sobolev norms, using that Nj, is bounded in L?o q)(Q) with a bound
that is uniform in &, and absorbing || Ns ,Ul[w=2(q), (9) gives

(10)  [INsqullwz() < (10N qullwz() + 18" Noqullwz(o)) + Cellull 2oy -

The estimate [|[ONqul|w=2(q) + ||5*Nqu||W2(Q) S INgullw= () + llullwz(q) is standard;
we next show that it remains valid for the regularized operators N5 4, with constants
uniform in §. This is known, but somewhat hard to pinpoint in the literature.

By interior elliptic regularity (uniform in 6 > 0, in view of (7)) (and interpolation
of Sobolev norms), we can estimate (||0Ns qullw2(r) + Hg*Ng,quHWz(U)) by the right
hand side of (8) for any relatively compact subdomain U of Q. As a result, it suffices
to estimate <p5N5,qu and wg*N(;,qu for a smooth cutoff function compactly supported
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in a special boundary chart. We will also let differential operators act coefficientwise
in the associated special boundary frame. Then, a tangential derivative will preserve
the domain of 9. (For information on special boundary charts and frames, the reader
may consult [11] or [8].) We denote by V the gradient with respect to the tangential
variables and by 0/0v the normal derivative.

For the tangential derivatives, we have

(11) [ V79dNs, qu||L2(Q) +[IVF00" N qU||L2(Q)
S l9dVENs qull72q) + 19 VTNé,qUHQLZ(Q) + (| N5 qulli2 0
S Q(;(VQTN(;’qu, V%N&q“) + ||N5,qu”%{/2(ﬂ)

S 1(VEu, VENs qu)| + [ Noqull 2o

S HN5,qu||12/V?(Q) + HUH%/V?(Q)
Here, constants are allowed to depend on ¢ (but not on 6). We have used the estimate
Qs(V2Ns qu, V2N;s qu) < |(VEu, VN5 qu)| + ||N5’qu||%[,2(ﬂ), which follows from [20],
Lemma 3.1, [11], Lemma 2.4.2 . In the case at hand, it can be established by the usual
procedure: repeated integration by parts and commuting operators as necessary to
make terms of the form Qs(Nsqu,v) = (u,v) appear.

We now come to the normal derivatives. Expressing the real Laplacian in the
coordinates of the special boundary chart gives

o2 gl

Note that ||A<p6N5qu||Lz(Q ~ ||pdANs qull2(q) + 10Nsqullwi) < lullfyrq) +

| Ns,qullw=2(q), in view of (7). There is a similar estimate for the Laplacian of

©0* N5 qu. Applying (12) to v = pdN; ,u and pd* Ns ,u respectively, and using (11)

for the VZ terms now shows that

(13) H 9% (¢ONs qu) ‘ 2 H 0% (0* Ny qu) ‘ 2
ov? L2(Q) ov? L2(Q)

poiy < Cao (18000 + ol @) + 1950l

S ||N5,qu||%/V2(Q) + HUH%IN(Q) .

Concerning the L?-norms of the mixed derivatives, we note that they are dominated
by the L2-norms of the pure derivatives ([23], Theorem 7.4), and therefore by the right
hand sides of (11) and (13). (We remark that using this fact is merely a convenience,
not a necessity; normal derivatives can be expressed in terms of tangential ones, 0,
9, and terms of order zero.) Together with (10), (11), and (13), this gives (via a
partition of unity subordinate to a cover of the boundary by special boundary charts,
and summing over the charts plus a compactly supported term)

(14) N5 qullw2) < e(|Ns.qullw2) + llullwz@) + CellullL2(o)

where the family C. has been rescaled. After absorbing e||Ns qulw=2(q), (14) gives (8)
(first for ¢ less than 1/2, say; but that is sufficient).

Because the constant C. in (8) is independent of d, we can let J tend to zero
and obtain (8) with Nyu. Indeed, if u € qu)(Q) then {Nsqu : 0 < 6 < 1} is

a bounded set in W(Qo’q)(Q). So there exists a sequence d,, — 0 and 4 € W(0 q)(Q)
so that Ns, qu — u weakly in W(O’q)(Q). One easily checks that @ € dom(d).
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Also, if v € W(lo’q)(ﬂ) N Dom(9*), then lim, o Qs, (Ns, qu,v) = Q(@t,v). How-

ever, Qs,(Ns, qu,v) = (u,v) = Q(Ngu,v). Thus, Q(4,v) = Q(Nyu,v) for all
v E W(lo,q)(ﬂ) N dom(@"), whence & = Nyu (since V[/'(l0 )N dom(d") is dense in
dom(9)N dom(g*) with respect to the graph norm induced by Q). Consequently, Nyu

is in W(Qo,q)(Q) and satisfies (8), and so is a compact operator on W(Qqu)(Q).

It remains to be seen that N, is compact on L%qu) (). This turns out to be
a consequence of its compactness on W(Qo’q)(Q) and a general fact from functional
analysis which we now state. Suppose H is a Hilbert space and B C H is a dense
subspace. Assume that B is provided with a norm under which it is complete, and
under which it embeds continuously into H (i.e. ||u|lg < C||ul|p for u € B). Suppose
T is a bounded linear operator on B which is symmetric with respect to the inner
product induced from H: (Tu,v)y = (u,Tv)g for all u,v € B. If T is compact on
B, then it (has a unique extension to H which) is compact on H. This is Corollary
IT from [22]. In our situation, it suffices to take H = L% (Q), B= I/V(2 (©), and

0,9) 0,9)
T = Ny, to conclude that N, is compact on L%O’q)(Q).

This concludes the proof of Theorem 1.1.

Remark 2.1. Our proof above,combined with [30], yields a new proof that subellip-
ticity of G, implies subellipticity of Ny, 1 < ¢ < (n—2). We give an outline. Assume
Gy is subelliptic of order 2s. Equivalently: |lullw=@0) S [10sullz2p0) + ||5;;u\|L2(bQ)
for u € dom(d,) N dom(d,). First, our arguments above can be followed almost

verbatim to obtain that N, maps W(Qo_qs) (Q) to W(2O+qs) (€). Onme change needed is

in (the analogue of) (11): the inner product (VZu,VZN,u) has to be estimated
by |(V2TU7V2TNqU)| N HV%UJHW*S(Q)||V%Nqu”WS(Q) S HUHW%S(Q)||Nqu||W2+s(Q) <
(s-C)INqullFy2rs(qy + (e )[[ullfy2-s () Note that a simplification occurs in that we
no longer have to work with the regularized operators: N, is already known to be
compact (by Theorem 1.1), hence to be globally regular. That this translates into
honest subellipticity of N, follows from arguments used in [30] in a closely related
context. These arguments are also based on [22]. (Very) roughly speaking, they
are as follows. Denote by A® the standard tangential Bessel potential operators of
order s (alternatively: the s-th power of the tangential Laplace-Beltrami operator
may be used). Then N, mapping W(Zo_qs)(Q) (continuously) to W(QOJ“;)(Q) is equiv-
alent to A*N,A® (we are omitting cutoff functions) being continuous on W(%’q)(Q).
But A*N,A® is symmetric with respect to the L? inner product, and so is then also

continuous in L%O o (€0), by [22], Theorem I. (Theorem I is considerably more elemen-
tary than Corollary II used above for compactness.) As a result, N, maps W(Bsq)(Q)
continuously to W q)(Q). By interpolation with the continuity from W(goqu)(Q) to
W(%J’rqs)(ﬂ), N, maps L%O,q)(Q) continuously to W(Zofq)(Q) (see e.g. [23], Theorem 12.4,

for the interpolation between W=%(Q2) and W?2~%({2), negative indices require some
care).

3. Compactness of the 9-Neumann operator on an ‘annulus’

In this section we prove an auxiliary result that will be used in the proof of Theorem
1.4, but which is of independent interest. If 2 and 2; are two bounded pseudoconvex
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domains with Q@ C Q;, we call QF := \ﬁ an ‘annulus’. The d-Neumann problem
on Q7 has been studied in [27]. Since Q" is not pseudoconvex, ker(0,) need not be
trivial, and we let

H, = ker(O,) = {u € Dom(9) N Dom(d*) : du = 0, 9*u = 0},

the harmonic (0, ¢)-forms. Let H, be the orthogonal projection of L?O q)(QJr) onto
H,.

Proposition 3.1. Let Q1 be an ‘annulus’ as above, with smooth boundary, let 1 <
q < (n—2). Assume the outer boundary of Q" satisfies (P,), and the inner boundary
satisfies (Pn_1—q). Then Hq is finite dimensional and Ny is compact.

We comment on the assumptions. (P,_1_4) arises as follows. When establishing
compactness of N, assuming a condition like (P) (on a pseudoconvex domain), one
uses the Kohn-Morrey-Hormander formula, or a twisted version of it ([24, 31]). In the
case of an ‘annulus’ between two pseudoconvex domains, the part of the boundary
integral from the inner boundary has the wrong sign (it is nonpositive instead of
nonnegative), and a modification is needed. From the work in [27], when applied
to our situation, it turns out that the condition needed on the Hessian of a suitable
function is precisely that the sum of any (n — 1 — q) eigenvalues be at least M. The
details are as follows.

In order to state Shaw’s result, we work temporarily in a special boundary chart.
Let Ly,...,L,_1 be a (local) orthonormal basis of 79 (bQ), L,, the complex (unit)
normal, and w; the (1,0)-form dual to L;. For a function f, let f;; be defined by
00f = szzl firw; AT Let ¢ € C=(QT), real valued, and let u = > ez, WIWT €
C’(O& q)(m) N dom@;), supported in a special boundary chart for the inner boundary.

Here, 8:; is the adjoint of 0 with respect to the weighted L? inner product with
weight e~ %. The computations that lead to (3.23) in [27] are valid for general weight
functions, and there is the following analogue of (3.23) (this is made explicit in [1],
Proposition 2.1):

n n—1
(15) Z Z /Q+ Pikujgugrke *dV — Z /Q+ (Z@jj)‘UJFB_L’D dv
=1

KeT, 1 j k=1 JeT,
n n—1
+ Z Z/ piktirUrre ©do — Z/ (Zij)WJPe_WdU
K€eT, 1 jk=1"b JeT, T " =1
n—1
+ > | Enusll + D lI65ul?
JeEIq j=1

< C(0ullf + 105ullg + llullf) ,

where §; = e?L;je”?, p is a defining function for QF, and C' is independent of ¢.
Denote by I[I the set of strictly increasing ¢-tuples that do not contain n. In the
second line of (15), the sums are effectively only over 1 < k,j < (n—1), K € I, _;,

and J € J,, respectively (u,x = 0 on bQ2; u € dom(d")). The integrand in this line
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(without the weight factor) is therefore

n—1 n—1

(16) D> D pirwiKUER — Y (ijj)luJ|2

KeI] , jk=1 JET, j=1
§ § <pjk - 7( § PN) ]k) quukK .
KeT; | jk=1

This is because every |us|? can be written in precisely ¢ ways as |u;x|?. Note that
the Hessian of p is negative semidefinite on the complex tangent space at points of
b C bQT. As a result, the second line in (15) is nonnegative: the right hand side
equals at least |u|? times the sum of the smallest g eigenvalues of the Hermitian matrix

1 n—1
pik == | D pis | Gk
¢\ =

(this is analogous to the discussion of property (Fy) in section 1). Such a sum equals

n—1

Jik=1

minus the trace E;’:—ll pj; plus a sum of ¢ eigenvalues of (pjk)zgil, hence is at least
equal to the negative of the sum of the largest (n—1—¢q) eigenvalues of ((p) jk;)?,;il, and
so is nonnegative. Letting the sums in the first line of (15) run only over K € I,'Ifl,
J €I, and 1 < j.k <n — 1, respectively, makes a mistake that involves (coefficients
of) the normal component of u. These terms can be estimated by the right hand
side of (15) plus C¢||e_“’/2u||%vil(ﬂ+). This follows from an argument similar to that
in (3), starting with the W' to W~ version of the first inequality in (3), and using
interpolation of Sobolev norms to get rid of the dependence on ¢ of the (first) constant.
Therefore, estimate (15) remains valid when the sums in the first line are restricted
so that no normal components of u appear, and the right hand side is augmented
by Cylle=?/2ul|?, L(a+)- Observe that as in (16), the integrand (without the weight

factor e~%) in the ﬁrst line in (15) is then

n—1 n—1
A7) >0 D kTR — Y (ng‘j)lw\Q

KeT!_, jk=1 JeT! =1
Z Z (Sﬁjk - *(Z We) ]k) Uj KUKK 5
KEeT!_, jk=1

where d;;, denotes the Kronecker §. Omitting the nonnegative second and third lines
from (15) (in its modified form), we obtain for u supported in a special boundary
chart:

(18) Z Z/ (%k ZW@) jk> UjgUrKr € FdV

KeT)_, jk=1
< C(|0ull?, + 105ullZ + l[ull) + Colle™ 2 ullfy -1 g -

We are now ready to prove Proposition 3.1.
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Proof of Proposition 3.1. Fix M (sufficiently large) and choose a function Ay €
C>(Q7F), 0 < Ay < 1, that agrees near the inner boundary (say, in U; N Q1) with
—par, where pip is a function given by the definition of (P,—1_4), and near the outer
boundary (say, on U N Q") with a function given by the definition of (P,;). We claim
that we have the following estimate (for M > My):

C = _* 3 %
(19) [lullX,, < 57 UI0ulR,, + 195, ul3,,) +Crllullfy -1+ » v € dom(@) Ndom(d') ,

with a constant C' that does not depend on M. Note that saying that u € dom(g*) is
the same as saying that u € dom(giM ). Also, the unweighted norms and the weighted
norms are equivalent, with bounds that are uniform in M (because 0 < A\p; < 1).

It suffices to establish (19) for forms that are smooth up to the boundary; the
density of these forms in dom(d) N dom(d") does not require pseudoconvexity ([14],
Proposition 2.1.1; [8], Lemma 4.3.2).

Assume first that u is supported near the outer boundary, on U; N QF. Then (19)
follows immediately from the Kohn-Morrey-Hormander formula ([14], Proposition
2.1.2; [8], Proposition 4.3.1) and from (2) in the definition of (P,).

Now assume that u is similarly supported near the inner boundary, on U; N Q+.
Via a partition of unity, we may assume that u is supported in a special boundary
chart. We use (18) with ¢ = A\j;. Note that Ay = —pps near the support of u, where
pn satisfies (1) and (2) in the definition of (P,—1—4). At a point, the integrand on
the left hand side of (18) (without the exponential factor) is at least as big as |u|?
times the sum of the smallest ¢ eigenvalues of the Hermitian matrix

n—1 n—1
(20) ((—MM)jk i1 ( Z(MM)M)%I«)
1= J.k=1

(see again the discussion of property (P,) in section 1). Such a sum equals the trace
Zz,:ll(uM)gg minus a sum of ¢ eigenvalues of ((fas) jk)?,gip hence is at least equal
to the sum of the smallest (n — 1 — ¢) eigenvalues of ((/LM)]-;C);;;, which in turn
is at least equal to the sum of the smallest (n — 1 — ¢) eigenvalues of ((1ar) k)7 x—1
(by the equivalence of (2) and (b), or directly by the Schur majorization theorem
([15], Theorem 4.3.26). That is, the sum is at least equal to the sum of the smallest
(n — 1 — q) eigenvalues of (0%unr/02j0%k)} y—y, 50 is at least equal to M. This gives
(19) (after absorbing the term C|lu|]3,, and rescaling M), but with u on the left hand
side replaced by the tangential part of u. Again, the normal component is under
control, and as in (15), the square of its norm is estimated by the right hand side of
(19). This proves estimate (19) when w is supported near the inner boundary.

When v has compact support in QF, (19) follows by interior elliptic regularity
of 0 ® 5:M7 with a constant C' that is independent of the support (Cys depends on
the support). The reason that C' may be taken to be independent of the support is
that ||Gul| + || L, ull controls the W'-norm on a relatively compact subset. Since we
only need to bound the L2-norm, we can interpolate between the W!'-norm and the
Wl norm to get the desired estimate.

Finally, when u is general, choose a partition of unity on QF, xo, x1, and xa, such
that Yo is compactly supported in 7, and x; and x» are supported in U; and Us,
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respectively. We then have (19) for xou, x1u, and yau. The right hand sides of these
estimates contain terms where d or 5: . produce derivatives of the cutoff functions.
However, these terms contain no derivatives of u, and they are compactly supported.
Consequently, they can be estimated as in the previous paragraph. Collecting the
resulting estimates establishes (19), with C' independent of M.

(19) implies that from every sequence {uy}2, in dom(9)Ndom(y ) (which equals
dom(d) N dom(d")) with ||un|x,, bounded and duj, — 0, E;Muk — 0, one can ex-
tract a subsequence which converges in (weighted) L%O )(Q+). It suffices to find a
subsequence which converges in W, q)(Q ) (using that L(o )(Q+) = Wq q)(Q )
is compact); (19) implies that such a subsequence is Cauchy (hence convergent) in
L%O a0 (7). General Hilbert space theory (see [14], Theorems 1.1.3 and 1.1.2) now
gives that ker(D)\M ¢) is finite dimensional and that 0 : L2 () — L%O o (©7)

(0 () — L%O 4—1) () have closed range. But then RE L(qu_l)(Qﬂ —

L?O’q)(ﬂ ) also has closed range (its adjoint in the weighted space has closed range),

and 52 o

and consequently, so does 9" (acting on (0, g)-forms; this also follows from the formula
0v= e_’\MgiM (e*v)). Therefore, we have the estimate

(21) ull 20+ S 10Ul 204y + ||5*u”L2(Q+) + | HoullL20+)

for u € dom(d) N dom(8"). This estimate implies the existence of N, as a bounded
operator on L%O q)(Q+) that inverts 0, on H, (see for example [27], Lemma 3.2
and its proof). Moreover, the range of 9 : L%O,q_l)(QJr) — L2 »(©7F) has finite
codimension in ker(d) C L (Q“‘) because ker(y,, q) is ﬁnlte dlmensmnal) But

the (unweighted) orthogonal complement of this range in ker(d) C L2 (Q+) equals
ker(OJ,), which is therefore finite dimensional as well.

To see that N, is compact, it suffices to show compactness on Hé‘ (since Ny is zero
on H,). When u € H,, we have from (21) (since Nyu € Hy)

(22) [[Ngullz20+) S [ONgullr2@+) + 110 Nyul r2 (o)

=@ Nyy1) ull 2o+ + [t2 Nyull 2o+ -
Therefore, we only need to show that both E*Nq and E*Nqﬂ are compact. Now
E*Nq—&-la gives the norm minimizing solution to dv = a, a € Im(9) C L%O q+1)(Q+),

while giM Ny q+1¢ gives a different solution (the one that minimizes the weighted
norm). For such «, (19) therefore implies (with constants independent of M)

J— —x —x
(23) [0 Nq+1a||2L2(Q+) < ”8)\MN>\Myq+1a”%2(Q+) S Ha,\MN/\M,qHO‘”iM

—=*
S a7l + Curlldn, N arralliy -1 o+
C
~ 7Ha”L2 o+) T CM”aAMNAM,qH@HW 1Q+)

Because C'is independent of M and giM Nipg+1: L%O’qﬂ)(Q ) — W(o )(Q ) is com-

pact (L2(Q) imbed compactly into W~(Q+)), (23) implies that 8 N, is compact
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on Im(9) ([24], Lemma 2.1, [9], Proposition V.2.3). But on the orthogonal complement
of Im(d), 0 i\iq_l,_l = 0, and s0 & Ngi1 is compact from L?, +1)(Q‘*‘) — L, ().
To estimate 8 Ny, we cannot invoke (19) directly (because 8 Nya is a (g —1)-form),
and an additional step is needed. We have (again for o € Im(9) C L? © q)(QJr))

(24) Hg)\MN)\MﬂO‘”%\M = (%AMNAM,QO“N)\ALQQ))\Jw = (a’NAquOé)AI\/I

2C M
< 7”0[”)\1\/] C”N)\M»qa”%\]u

20 _
< ﬁ”alliM + §||8)\MN/\M,QO‘H§\M +CM||N)\MO[||%/V*1(Q+) .

Here we have used that da = 0 and that a Ly,, Hy,, .4 (since @ € Im(d)) in the
equality in the second line, the inequality |ab| < (1/A)a? + Ab%, and (19) for the last
estimate. The middle term in the last line can now be absorbed, and combining the
resulting estimate with ||5*Nqa||2Lz(Q+) < ||5:MN,\M,qoz||%2(Q+) gives an analogue of
(23). The rest of the argument is the same as above. This completes the proof of
Proposition 3.1. U

4. Property (P) and compactness of the complex Green operator

In this section, we prove Theorem 1.4. We may assume that 1 < g <n—1—g¢q, and
we must show that G, is compact (by the symmetry between form levels discussed in
section 1, G,,—1_, is then compact as well). For u € L (bQ), we have the Hodge

decomposition u = 9y0, Gau + 0y, 0,Gqu ([8)], Theorem 9.4.2). In particular, when
Apu =0, 5; G qu gives the solution of minimal L?-norm (the canonical solution) to the

equation dyor = u. G4 can be expressed in terms of these canonical solution operators
at levels ¢ and ¢ + 1 and their adjoints ([3], p. 1577):

(25) Gq = (aZGq)*(aqu) + (aZGq-i-l)(aZGq-&-l)*

This formula (including the proof) is analogous to the corresponding formula for
the d-Neumann operator ([11, 25]). Therefore, compactness of G, is equivalent to
compactness of both 5; G4 and 5: G¢+1, and we shall prove the latter. Since projection

onto the orthogonal complement of ker(d;) preserves compactness, we only have to
produce some solution with suitable estimates.

We first consider 9,G,. Choose a ball B so that @ cc B. Set QT = B\ Q.
Let o € ker(9p) N C.q)(6€2). By [8], Lemma 9.3.5., there exist 0-closed forms at €
C, q)(Q+) C W (@) and a™ € Cfj (2) € W () such that

(26) a:oﬁfa on b2

(in the sense of traces of the coefficients, but also in the sense of restrictions of forms;
i.e. the normal components of ™ and o~ cancel each other out at points of b2).
Moreover

(27) ot w2y S lall2 e

and

(28) o™ w2 S lallzzee) -
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Estimates (27) and (28) are from [8], Lemma 9.3.6. However, a comment is in order,
as only (28) is explicit there, while the estimate for a™ is given in terms of a 0-closed
continuation of a™ to all of B. On B, only the (—1/2)-norm of this continuation can
be estimated. But this loss occurs across b€2, and so does not affect the estimate on
QF. (27) is implicit in [8]; we sketch the argument (which is the same as for a™).
at is of the form at = (1/2)(Era — V), where the notation is the same as in
[8]. Era is an extension of «, based on an extension operator E for functions (i.e.
the coefficients), modified so that dF,a vanishes to order k on bQ ([8], (9.3.12a)
and (9.3.12b)). From the definition of E ([8], (9.3.8)), it is easily checked that

[Erallwizor) S llellzzeo)- Vi is obtained as the solution of a @ problem on
B. It has the form V,, = E*Nﬁlﬁk, where Uy, is a (¢ + 1)-form supported in
the intersection Qj{ of a thin tubular neighborhood s of b2 with QF (£ is thin
enough so that the usual tangential Sobolev norms make sense). Uy satisfies the
estimate Hﬁknwfl/?(B) S |||Uk|||W71/2(Qs) < el 2 ay; the first inequality is dual
to [l[ulllwir2(0,) S llullwisz(y), the second is (9.3.15) in [8]. Because E*Nqﬁl lo-
cally gains a full derivative, we obtain that Vj is in W(l()< z) away from the outer
boundary of Q% (i.e. the boundary of B). Near the outer boundary, (1/2)-estimates
follow from the pseudo-local estimates for E*N(ﬁ_l near the boundary of B (taking
|Ukllw-1/2(py as the weak global term). Putting these estimates together gives that
[Villwi2@ry S llevllzz ). and (27) follows.

Q7 is not pseudoconvex, so dat = 0 does not automatically imply that o™ is in
the range of 0. That it is follows from [8]: a™ has a d-closed extension to B, which

is in the range of @ on B. By restriction, a® is in the range of 9 on Q*. Therefore,
we have on Q7:

29 at =30 N¥a™t |
q
Similarly, on €2,
(30) a” = %*Nya_ .
Note that both g% := 5*Ny+a+ and 8~ := E*Nya’ have vanishing normal com-

ponent on b2 (as elements of dom(g*)). We also use here that compactness of NN, gﬁ
(from Proposition 3.1) and of N§* (because b2 satisfies (P;)) lift to higher Sobolev
norms (see [20], Theorems 2 and 2/, in particular the remark at the end of the proof
of Theorem 2 (page 466)L1n particular, 8 and B~ are in W1 of the respective
domains (since a™ € C1(Q1), a= € C1(Q)), and so have traces on b2. We obtain
that on b2

(31) a=00B" =™ =0(BT - 57),

where we also use ST and 3~ to denote the traces on the boundary. The elliptic
theory for the (real) Laplacian ( see for example [23]) gives

(32) 187200 < 18T 20004y S 18T lwirzary + 1ABT lw-1(0+)
=% ot = o
= ||8 Ngz Oé+||W1/2(Q+) + ||A8 Néz Oé+||W—1(Q+)

L
SO NG ot [z + lat L2+ -
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Here A acts coeflicientwise on forms. In the last estimate, we have used that O,
also acts as A coefficientwise on forms (up to a constant factor). The corresponding
estimate for 8~ is

(33) 167 2y S 10" NGa™ llwirzo) + lla” |2 -

Combining (31) with estimates (32) and (33), we obtain for the canonical solution
operator EZGq:

—* —x +
(34) [10yGoallzpey S 10Ny at /2o
+ lat |2y + 10 N2a™ sz + e 2o -

Both ngﬁ and NL? are compact (Q satisfies the assumptions in Proposition 3.1).

Therefore, E*Ngﬁ and E*N,? are compact in W(lo/ ;(Q*) and W(lo/ i)(Q), respectively
(again from [20]).The embeddings W'/2(Q*) — L*(QF) and W/2(Q) — L?*(Q)

are also compact. (34) was derived for o € C (6€2). But CF5 \(b2) N ker(dy) is

dense in ker(9,) ([8], Lemma 9.3.8). In view of (27) and (28), (34) therefore implies
that EZGQ maps bounded sets in ker(d) C L%o, o (0€2) into relatively compact sets in

L%o,q—n(bﬁ)' In other words, EZGq is compact on ker(d;), hence on L%O’q)(bfl).

We now consider 9, Gg+1. bQY also satisfies (Py1) (because (P; = (Py41)). Assume
first that 2¢ < n — 2. Then b also satisfies (P,_1_(g41)) = (Pn—2—4) (since ¢ <
(n — 2 — q)). Consequently, the previous case applies (with ¢ replaced by (¢ + 1)),
and 5ZGq+1 is compact. Since we may assume without loss of generality that ¢ <
(n—1-gq),ie 2q¢ < (n—1), in proving Theorem 1.4, the only case left to consider
is 2¢ = (n —1). We argue as follows. (8,G,)*, the canonical solution operator to
52 (as an operator from (0, ¢)-forms to (0,¢ — 1)-forms), is compact because E;Gq
is. Because ¢ —1 = n — 1 — (¢ + 1), the symmetry discussed in section 5 yields a
compact solution operator for d, (as an operator from (0, ¢)-forms to (0, ¢+ 1)-forms).
Therefore, the canonical solution operator 5:GQ+1 is compact.

The proof of Theorem 1.4 is complete.

5. Appendix

In the last step above, we need a version of Koenig’s tilde operators that intertwines
8, and 8, without the 0-th order error term that occurs in [17]. A reference for
precisely the statement we need seems to be hard to pinpoint in the literature, and
we give a brief discussion of a suitable construction. No originality is claimed. Let 2
be a smooth bounded pseudoconvex domain in C™. For 0 < ¢ < (n — 1), define %
E%O)q)(bﬂ) — ‘C%O,nflfq)(bﬂ) via

(35) / 6 ANa A le VANEERIVAN dzn = (ﬁ7 TqOé)[} (bQ2) >
[29]

(0,m—1—gq)

for all 3 € £, ,_,(bQ). Tj is conjugate linear and continuous.

Forg<(n—2),ac Cf"(iq)(bQ), and § € C(O(in_q_Q)(bQ)7 we have

(36) (B, Ty41050) 2

(0,m—q—2)

(bQ):/ BAOpa ANdzy -+~ Ndzp .
b
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In the integral on the right hand side of (36), we can replace dya by da (the extra
terms, when wedged with dz; A -+ A dz,, vanish on bQ)). Now integrate by parts to
obtain

(37) (=), Tq+151>0<)a(20 ) = (083, Tya) c2

(0n—1—q) (0D

;m—2-q)

Because C°(bS2) is dense in dom(3d,) in the graph norm (by Friedrichs’ Lemma, see
e.g. [8], Lemma D.1), (37) holds for o and 3 in dom(9;) of the respective form levels.
It then follows that T, € dom(d,), and that

(38) (—1)n_1_qTq+15bOz = EZTQO( .

We next compute Tj, in a special boundary chart. Let 8 = > METn 1, Br@nr,
u= ZJqu ugwy. Then (from (35))

(39) B.Tyu)= > /ﬂMWAuJLTJ/\dzl/\---/\dzn.
b2

MET, _1_4
JETq

Define the function h by @y A -+ Awp_1 Adz1 A -+ Adz, = hdo on bQ). Then (39)
gives

(40) (6aTqu) = ﬁaﬁ Z 5%:.]..@_1)717@ ;
MET, _1_4
JETq
i.e.
(41) Tou=h Y ef o,
MET, _1_4
JETq
where Ef‘{[ J n_1 are the usual generalized Kronecker symbols. Then

(42) Tooy—gTya = R Y i) 1\ (Tya); oar

MeTZg
JEIp_1—¢
2 MJ JK _
= |h] Z €1, n—1E1, n—1)0K WM
M,K€Zq
JET, 14
= |n)? Z (1)1 wyp = (—1)4 1D |2
MEeZ,

Note that |h| is a (nonzero) constant that is globally defined: @y A -+ AW,—1 Adz1 A
o ANdzp = awWi A - AT Awr A -+ Awy = alconst.) (xwy,) = a(const.)do (when
pulled back to bQ2), with |a| = 1 and * the usual Hodge *-operator, see for example
Lemma 3.3 and Corollary 3.5 in chapter IIT of [26]. Thus (42) provides T, ' with
T, ! = (const.) T,,—1—4. In particular, T, is an isomorphism between the respective
spaces. Moreover, (38) gives ||9y ~ ||@, T,/ and, when combined with the fact
that T,,_1_ Ty = (const.)a, also ||9,al| ~ |0 T,a.
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Now let o € Im(9) C E?O’q)(bQ). Then, by (38), T,a € Im(d), i.e.

(43) Ty = 3,0y Gn1—gTyer .
Set v = (—1)"‘1_qu;_115bGn,1,qTqa. Then (from (38))
(44) T,y = (—1)" 199, Ty 1y = 8,04 Gn_1_g Ty = Tyar

that is, 9,7 = . So if the canonical solution operator to 5:, gbGn_l_q, is com-

pact, we have produced a compact solution operator for 0, at the symmetric level.
=%

Consequently, the canonical solution operator at this level, 9, Gy, is compact.
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