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- EIGENFORMS, AND SPECTRA FOR THE
O-NEUMANN PROBLEM ON G-MANIFOLDS.

JOE J PEREZ AND PETER STOLLMANN

ABSTRACT. Let M be a complex manifold with boundary, sat-
isfying a subelliptic estimate, which is also the total space of a
principal G-bundle with G a Lie group and compact orbit space
M/G. Here we investigate the 0-Neumann Laplacian [0 on M.
We show that it is essentially self-adjoint on its restriction to com-
pactly supported smooth forms. Moreover we relate its spectrum
to the existence of generalized eigenforms: an energy belongs to
o(0) if there is a subexponentially bounded generalized eigenform
for this energy. Vice versa, there is an expansion in terms of these
well-behaved eigenforms so that, spectrally, almost every energy
comes with such a generalized eigenform.
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1. INTRODUCTION

The approach to the theory of several complex variables via partial
differential equations involves the analysis of a self-adjoint boundary
value problem for an operator [J similar to the Hodge Laplacian. This
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2 JOE J PEREZ AND PETER STOLLMANN

problem, called the 0-Neumann problem, is the subject of this article
and we will give a brief description here.

We will assume that M is a complex manifold, n = dim¢ M, with
smooth boundary bM such that M = M UbM. Assume further that
M is strictly contained in a slightly larger complex manifold M of
the same dimension. For any integers p,q with 1 < p,q < n denote
by C*(M, AP%) the space of all C* forms of type (p,q) on M, i.e. the

forms which can be written in local complex coordinates (z', 22, ..., 2")
as
(1) o= > ¢rsdz' ndZ

l|=p,|J|=q

where dz! = dz A -+ ANdziv, dz = dE N NdF T = (i),
J = (1,1 Jq), 1 < -0 < p, J1 < -+ < Jg, with the ¢ smooth
functions in local coordinates. For such a form ¢, the value of the
antiholomorphic exterior derivative 0¢ is

o=y Zagb” dz" A d2' A dz’

[I|=p,|J|=q k=1

s0 O = 0|, defines a linear map 9 : C®°(M, AP9) — C=(M, APa+1).
With respect to a smooth measure ;2 on M and a smoothly varying Her-
mitian structure in the fibers of the tangent bundle, define the spaces
L2(M, AP7). Let us consider J as the maximal operator in L? and let
O* be its Hilbert space adjoint operator (this involves the introduction
of boundary conditions). Define the nonnegative form

(2) Q(¢, 1/1) - <5¢, 5¢>L2(M,Ap’q+1) + <5*¢, 5*1/1>L2(M’Ap,q71)7

with domain dom (Q) = dom (QP?) C L*(M, AP) and denote the as-
sociated self-adjoint operator in L?(M, AP?) by

O=0,,=0+ 05",

using + for the form sum of two self-adjoint operators; see [13]. The
Laplacian is elliptic but its natural boundary conditions are not co-
ercive, thus, in the interior of M, the operator gains two degrees in
the Sobolev scale, as a second-order operator, while in neighborhoods
of the boundary, it gains less. The gain at the boundary depends on
the geometry of the boundary, and the best such situation is that in
which the boundary is strongly pseudoconvex. In that case, the operator
gains one degree on the Sobolev scale in neighborhoods of bM and so
global estimates including both interior and boundary neighborhoods
gain only one degree.
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More generally, one says that the Laplacian satisfies a pseudolocal
estimate with gain € > 0 in L?*(M, AP9) in the following situation.

If U C M is a neighborhood with compact closure, ¢, (" € C>(U)
for which ('|suppic) = 1, and afy € H*(U,AP?), then (O + 1) 'a €
H#t¢(M, AP) and there exists a constant C¢ ¢ > 0 such that

(3) €A+ 1) allgsrerars < Cee(ICal

uniformly for all « satisfying the assumption. See [21, 22,23, 14, 12]
for these results.

Mostly for the simplicity that a group symmetry implies, let us in
this paper that the manifolds in consideration satisfy the following
requirements.

Hs(M,Apa) T ||O‘||L2(M,AM))

Definition 1.1. We will say that M satisfies Assumption (A) if the
following hold. First, assume that M is a complex manifold which is
also the total space of a principal G-bundle with G a Lie group acting
by holomorphic transformations and with compact orbit space M /G:

G — M — X.

Assume also that M has a smooth pseudoconvex boundary and that
O = 0O, satisfies a pseudolocal estimate with gain € > 0 in L?(M, AP9).

Though our results hold in substantially greater generality, which we
will indicate where we feel necessary, we keep our setting as above, with
exact invariances. We note that in the case in which G is unimodular,
there is a good generalized Fredholm theory for the [J as well as gen-
eralized Paley-Wiener theorems for G-bundles which together provide
an effective framework for understanding the solvability of equations
involving . These are worked out and applied in [30, 31, 10]. In [32],
the unimodularity condition is dropped, as in our setting here.

Bundles constructed in [18, 19] are examples of manifolds satisfying
our assumptions with e = 1 for all ¢ > 0.

We will in this article be concerned with the following fundamental
properties of the operator [1.

Theorem 1. Assume (A) from[1.1. Then [ is essentially self-adjoint
on C2°(M, AP?) N dom OJ.

This type of result is very common for many natural partial differen-
tial operators on manifolds without boundary. It is important because
it provides that there is only one way to extend the operator from a do-
main consisting of smooth, compactly supported forms to a self-adjoint
operator. The case at hand is more complicated due to the boundary,
which moreover plays an important role and comes with noncoercive
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boundary conditions. We prove Theorem 1 in Sect.[7 by a cutoff pro-
cedure that requires taking the boundary condition into account. We
borrow from [4] and from discussions of the first-named author with E.
Straube.

The reader will notice that we state this theorem first and prove it
last. The reason for this is that we base the following two results on
quadratic form methods for which we do not need the more precise
description of the domain of the operator.

Theorem 2. (Schnol-type theorem) Assume (A) from[1.1. The
existence of a generalized eigenform for L1 with eigenvalue \ satisfying
certain growth conditions implies that A € o(0J).

This type of result is often called Schnol’s theorem in the literature.
The precise statements are Theorem [5.2 and Corollary below. Ac-
tually, the original result of Schnol’s paper [38] is an equivalence, so
Theorems 2 and the following Theorem 3|together give results reminis-
cent of Schnol’s theorem from Schrédinger operator theory; see [38] and
the discussion in [6, 27] for a list of references and recent results in the
Dirichlet form context. See also [39, 40] for results on general elliptic
operators on sections of vector bundles over complete manifolds.

Theorem 3. (Eigenfunction expansion) Assume (A) from [1.1.
Let w € L*(M,R) with w™' > 1. Then, for spectrally a.e. A € o(J)
there is a generalized eigenform ey for J with eigenvalue \ so that
wey € LQ(M,Ap’q).

For the proof of Theorem 2 we follow the strategy from [6], see also
[27]: starting from the well behaved generalized eigenform u we con-
struct a singular sequence u, = miu for the form ) of [J. The cutoff
functions have to be such that the product niu belongs to the domain
of the form (). That is achieved by using the intrinsic metric of [J to
define 7. The intrinsic metric for [J was introduced in our previous
work [33] and turned out to be useful in estimating the heat kernel of
[J. Here we provide some more results and a useful characterization of
the intrinsic metric in Section[3l That the cutoff does provide a singu-
lar sequence is a consequence of a Caccioppoli type inequality, which is
the subject of Section/4. In Section|5 we prove two variants of Theorem
2, making precise what “certain growth conditions” means.

Expansion in generalized eigenelements is typically based on strong
compactness properties. Here we use the method developed in [5] for
Dirichlet forms, based on an abstract result from [34]. The main input
is from [33], where we showed ultracontractivity of the heat semigroup
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corresponding to [J; we also refer to this paper for more pointers to
related literature.

2. PRELIMINARIES

We will have to describe smoothness of functions, forms, and sections
of vector bundles using G-invariant Sobolev spaces which we define
here.

We denote by C°(M, AP?) the space of smooth (p,q)-forms on M,
by C>°(M, AP4) the subspace of those forms that can be smoothly ex-
tended to M and by C°(M, AP9) the subspace of the latter, consisting
of those smooth forms with compact support. Given any G-invariant,
pointwise Hermitian structure

O (M, AP) 3,0 — (u(z), v(x))pe €C, (€ M),
and its volume form u, we define the LP-spaces LP(M,A?") of forms,
for 1 < p < 00, as those forms u, for which the norm

/o 1/p
HUHLP(M,Aqm) = {/ <u,u>ﬁq7r du} )
M

is finite, with the obvious modification for p = oco. We will some-
times abbreviate (u,u)jqar by writing |ul3,. instead. Also, we will
write (-,+)a» to mean the Hermitian structure on C @ AP = GgA?"
with S = {(q,7) | ¢ +r = p} as well as the Riemannian metric on A’
associated, see [33, §3.2].

As we have a manifold with bounded geometry, there exist partitions
of unity with bounded multiplicity and derivatives, [16] 17, 24,25, 26
37,40] and, by differentiating componentwise with respect to local geo-
desic coordinates, we may assemble G-invariant integer Sobolev spaces
H*(M,AP?) for s =0,1,2,....

Because M /G is compact, the spaces H*(M,AP?) do not depend
on the choice of an invariant Hermitian structure on AP?. The usual
duality relations for L? spaces hold (polarizing the above norm) as well
as the Sobolev lemma, etc. Background on this is provided in [15]. We
will also need the LP-Sobolev spaces

WP(M, AP = {u € LP(M,A?") | 0% € L* for |a| < s},

for 1 < p < oo, s € N, where again differentiation is understood
componentwise, with respect to local geodesic coordinates, and in the
distributional sense.

As mentioned above, the group invariance and the compactness of
the quotient provide us with a number of useful uniformities. This
applies, e.g. to the pseudolocal estimates required in assumption (A)
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from 1.1 above in that all we will ever need will be derivable from the
estimate for a single neighborhood U and a fixed pair of cutoffs (, (’,
yielding a universal € > 0 and constant C¢ ¢, as in [33]. We refer the
reader to [8, 7,12] for a discussion of this type of estimates as well as
sufficient geometric properties.

Let us end this section with a final word on forms and forms: Un-
fortunately we need to use these completely different concepts that
bear the same name in this paper. From Hilbert space theory we need
sesquilinear forms that are bounded below, e.g., the Q@ = QP? above.
See Kato’s [20] and Reed and Simon’s [35] classics and Faris’ excellent
lecture notes [13] for background. These forms are defined on L2-spaces
of differential forms, as we already mentioned. The standard reference
for the relevant notions of differential forms related to the d-Neumann
problem is [14].

3. THE INTRINSIC METRIC

In [33] we used the intrinsic metric to bound the heat kernel of the 0-
Neumann Laplacian. Here it will again turn out to be extremely useful.
In this section we give a characterization and prepare the ground for a
cutoff procedure that is well suited to forms in the domain of the form

Q = Q"7 We rely on assumption (A) from 1.1} as usual.

Definition 3.1. We define the G-invariant pseudo-metric on M by
do(z,y) = sup{w(y) — w(x) | w € L NC®°(M,R), (0w, Ow) yor < 1}.
We define the distance between sets accordingly,

do(A; B) = sup{i%fw—sgpw | w € L°NC=(M,R), (0w, Ow)ron < 1}

for arbitrary A, B C M.

Compared to the above definition, we extend the family of functions
over which we take the supremum as follows.

Lemma 3.2. Let A' = {w € C(M,R) | |0w|pon <1, i — a.e.} where
the derivative is understood in the distributional sense. It follows that
any w € Al is a limit, locally uniformly, of smooth functions wy with
léwk\/\m S 1.

Proof. Apply Friedrichs mollifiers. ¢
Corollary 3.3. do(z,y) = sup{w(y) —w(z) | w € A'}.
Definition 3.4. For £ C M, put

pe(x) = nf{do(z,y) [y € E}.
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Lemma 3.5. The function pg € A' and do({z}, F) = pg(z).

We deduce the preceding lemma from the following description of the
saturation properties of A!.

Proposition 3.6. [6, Props. A.1, A.2] For A as above, we have the
following properties.

(1) A' is balanced, i.e. it is convex and closed under multiplication
by -1.

(2) A! is closed under the operations min and max

(3) A is closed under the operation of adding constants

(4) A is closed under pointwise convergence of functions uniformly
bounded on compacts

(5) Let F ¢ A'NC(M,R) be stable under max (resp. min). If
u=sup{v |v € F}, (resp. u=inf{v | v € F}) then u € A".

Proof. Note that the form &(u,v) = (Ju,dv)pon from [33] on D =
dom (Q%Y) is a strongly local Dirichlet form with energy measure

D(u,0) = (Bu(x), Bo(z))roa di(z),
so the formalism of [6, Appendix] applies. ¢

Now let us turn to an alternative description of the intrinsic metric.
As calculated in [33, §3.2], if the Hermitian metric on A%! is associated
to the Riemannian metric on A!, then

2(0w, Ow) yor = {dw, dw)y1, w € C°(M,R).

By [36,/45], the form on the right induces the Laplace-Beltrami operator
A g on functions.

Definition 3.7. Where
b
Lo) = [ 1ol de
for v piecewise smooth curves v : [a,b] — M, and the length of 7 is
measured with the Riemannian metric on 7'M, let
p(x,y) =inf{L(v) | v is a piecewise smooth curve joining x and y}.
Corollary 3.8. In the situation above, we have
dD(J;?y) :\/isup{w(y) - w(a:) | <dw7dw>/\1 < ]-}
=V2p(z,y).
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Proof. Fix a w € A' N C*(M,R) and let « : [a,b] — M be a curve
with

pla,y) = L(v) +¢
We get

w(y) — w(z) =w(y(1)) - / Cwont
/0 (1)), 4 () dt

< [ awG)n olnd < V2 [ Ol
<V2(p(z,y) + ).

Thus do(z,y) < v2p(x,y). To show the reverse inequality, fix y € M
and note that it is enough to prove that for w(z) = p(x,y) we have
weak differentiability and |dw(z)[y1 < 1, p-almost everywhere in M.
By Rademacher’s theorem, this amounts to showing that

w(z) — w(z)| < p(x,2')
which follows from the triangle inequality for p. ¢

Remark 3.9. The existence of minimizing geodesics in the case at
hand is demonstrated in [1]. In the general Dirichlet form setting, the
intrinsic metric gives at least a length space, as shown in [43]. From
now on we will simply write d(-, ) instead of dg(-, -).

We now use the intrinsic metric to define cutoff functions. Let b > 0
and ¢ € C'(R, [0,1]) so that (|(—se0] = 0, (|peo) = 1, and sup [¢'(¢)] <
2/b. It follows that

e Copp e W(M,R),
* [0(Copp)| <2/b,
e (opplp =1,
e (opglp,mEe =0.
where By(E) = {y € M | d(y, E) < b} is the b-neighborhood of E.

A word on notation: For two quantities A and B, we write A < B to

mean that there exists a constant C' > 0 such that |[A(¢)| < C|B(¢)|

uniformly for ¢ in whatever set relevant to the context.
We have the following elementary

Lemma 3.10. Foru € L> (M, A*) with support in E and v € L*(M, A),
we have

ot A 0l2aag sty S 0l aran /E ().
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Proof. Pointwise, we have |u A v|je+t S |ular|v|pr, and by Sect. 2]
|u||p = esssup,,|u|sx, from which the result follows on integration.

¢

Proposition 3.11. Let ¢ € WY (M ,R) and v € dom Q. Then ¢u €
dom Q) and

Qo) S N6l [Qu) + [lullZ2] -
Proof. First assume that ¢ and u are smooth. Then
O(pu) = ¢pOu + 0p Au, 0 (pu) = pd*u — *[0p A *uj,
cf. [33, Lemma 3.10]. The fact that the Hodge * is an isometry gives
Q(ou) =[l0(¢u) |72 + (10" (¢u) 72
=l ¢dulli> + 60 ull7> + 10 A ullZ> + (|96 Axull7
+ 2Re(PpOu, 0p N\ u) 2 — 2Re(Pp0 u, *x[0p N *ul) 2.

With the previous lemma, Cauchy-Schwarz, and again the fact that x
is an isometry, we obtain

c S ]@l7 Q) + 100 Lec [[ullZz + 106 ec ullZ:
+l¢0ullZ2 + 106 AullZ2 + 160 ullz2 + (106 AxullZ,

and each of these terms bounded by a constant multiple of the right-
hand side in the assertion. Now drop the assumption of smoothness
and choose (¢,)r, C W NC! so that ¢ — ¢, pointwise a.e. and with
lonllwioe < ||@llwres, and similarly (uy,), C C°(M, AP?) so that

Q(ur —u) — 0 and |lug — ul||p2 — 0.

It follows that ¢pur — ¢u in L? and sup Q(¢pui) < oo. Standard
Fatou-type arguments [29] give that ¢u € dom () and

Q(¢u) < liminf Q(¢pur),

giving the assertion. ¢

4. THE CACCIOPPOLI INEQUALITY

As usual, we work under the assumption (A) from/[1.1labove. Let us
first introduce the notion of a generalized eigenform.

Definition 4.1. A form u € L (M, AP9) is said to be a generalized
esgenform for 00 = 0, , if
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1) u € domy,. Q. That is, for any compact K C M there is a
v € dom @ such that v|x = u|x and

2) There exists a A € R such that Q(u, ¢) = A(u, ¢) for all
¢ € O (M, AP9).

Remark 4.2. Note that domy,.Q is in Hllo/f; see [18, Prop. 1.2]. Note

also that the identity in 2) is a weak form of the equation Ou = Au.
By locality of the energy we can define Q(u, ¢) = Q(v, ¢) provided

supp ¢ C K and v is as in the definition. Alternatively, we can write

Qu,¢) = /@U(ﬂf)ﬁqﬁ(x))/\p,qﬂ + (0" u(x), " (x)) Ava—1r dpu(x)

noting that the integral is convergent. Moreover, we have that

u € domyye Q & Ju € Lip (M, AP9Y) and 0% € L, (M, A7),

loc loc

The Caccioppoli inequality states that for any generalized eigenform
u, the energy

M 3z +— (Qu(x), Ou(x))ara+r + (0 u(x), 0 u(x)) Ar.a—

is locally bounded by the L?-norm of u. We follow the strategy of
[6] in what follows. See also [2, Prop. 3], for a similar result. The
authors of the former paper had not been aware of the latter at the
time their paper appeared. The reader should note one important
difference between the result in [2] and in the following result: u is not
supposed to be in the domain of the operator, or even locally in the
Sobolev space H?2.

Theorem 4.3. (Caccioppoli inequality) For any generalized eigen-
form w of O, , associated to an eigenvalue X > 0, every compact set

E C M, and every b € (0,1] we have

_ _ 4
/ |au|?\pvq+1 + |(9 uﬁ\paq—l < 2)‘/ |U|?\M + ﬁ/ |U|3\M'
E E By(E)

Remark 4.4. Note that in order to control the energy on E we need
to take the L?-norm on a slightly larger set By(F), the b-neighborhood
of E.

Proof. Pick a cutoff function n = ¢ o pg as constructed in Sect. SO
that |On| < 2/b, n|g = 1, and n|p,(g)c = 0. The eigenvalue equation

Q(U, ¢) = )\<U, ¢>L2(M,AP*‘1)7 (¢ € CEO(M, A]%q))’
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extends to arbitrary ¢ € dom @ by approximation. Therefore we may
calculate

Mu,n'u) = Q(u,n"u)
— [ (a0 + (07 ()
By(E)
:/ n?[|0ul? + [0*u|?] + (Ou, On* A u) — (0 u, x[0n* A *ul).
By(E)
Leibniz’ rule gives
-= / 2 [|0u)? + |0%ul?] + 2(ndu, On A u) — 2(nd*u, x[0n A u)).
By(E)
Now rearrange terms, apply Cauchy—Schwarz, and Lemma 3.10 to get

/B - lloul® + 10" ul*) < Xu, n*u) + 2llnoull|lon Aull + 2[[nd"ul|[|0n A xul

1 _
<[ Pl (gl + alon A sl
By(E)

The second term on the right hand side is 1/2 the left hand side so we
have

1 - = 2
3 [t A [ @Bt [ u)Bo
By(E) By(E) By(E)\E
which yields the assertion since n =1 on FE. ¢

5. SUBEXPONENTIALLY BOUNDED EIGENFORMS INDUCE SPECTRUM

Here we closely follow [6], see also the survey [27]. The treatment here
rests on two main observations. The first is a criterion for A € o(H) in
terms of the quadratic form h associated with H. Singular sequences
or Weyl sequences for H and X are sequences (f,)neny C dom (H) that
satisfy || f.|| = 1 for all n € N and

|H fr, — Afn]] — 0 for n — co.

Clearly, the existence of such a sequence implies that A\ € o(H ). How-
ever, due to the requirement f,, € dom (H) such singular sequences
may be hard to construct. The next proposition gives a quadratic form
version, which clearly is easier to find. Note that the terms “singular
sequence” and “Weyl sequence” are most commonly used in a stricter
sense; namely, it is required that, additionally, f, — 0. In this case
one even gets that A lies in the essential spectrum of H. Our criterion
below does not require this. E.g., for an eigenvalue A one could simply
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take f,, = f, where f is a normalized eigenelement of H with eigenvalue
A

Throughout this section we assume (A) from

Proposition 5.1. (Weyl type Criterion) Let h be a closed semi-
bounded form and let H be the associated self-adjoint operator. Then
the following are equivalent:

1)Neo(H)

2) There exists a sequence (uy)g in domh with ||ug|| — 1 and
sup{|h(ux, v) — Mug,v) 2| | v € domh, ||v]|, <1} — 0

for k — oc.

For the proof see [43, Lemma 1.4.4] and [11].
As a last ingredient for the main result, let us introduce the inner
b-collar of a set E C M, given by

Co(E)={z € E|d(xz,E) < b}.

Theorem 5.2. (1/2-Schnol) Assume that A\ € R admits a generalized

eigenform u so that there exists a sequence Ej, of compact subsets of M
and b > 0 with

||U1Cb(Ek)||

—0 as k — oo.
[ulg,|

Then \ € o(H).

Proof. Let us first calculate, for n € W1 (M,R) and u,v € domye. QP4,
Q(nua U) - Q<u7 77“)

4) = /M (0(nu), dv) — (Du, d(nv)) + (0" (u), 0"v) — (0"u, 0" (nv))

:/ (On A u, Ov) — (Ou, On Av) + . ..
M

+ ([0 A xu], 0*v) — (0 u, x[On A xv)).
Now choose a sequence Ej, as in the assumptions and define

Fy,={z € Ey | d(z, E}) > b/2},

with which we will define suitable cutoff functions. So pick ¢ € C1'(R)
with 0 < ¢ < 1, (|0 = 1, {|pja0) = 0, and sup |¢'| < 8/b. Note
that ny = C o pr, € Wh(M,R) satisfies 0 < n, < 1p,,,(r,) and

supp [Onk| C Bya(Fi) \ Fr =: Gj. Moreover, note that By,(Gy) C
Cy(Ey).
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We now show that
kU

© Tl
gives an approximate eigensequence as required by the Weyl criterion
above.
Let v, = ngu. For v € dom Q77 with |jv||g < 1, we estimate

Q1) = Mo, ) = T (@0 ) = M)
- HU:HLQ Qs v) = A, 0]
_ m [Q(mu, v) — Qu, )]

since 7y, is real-valued. We have used that u is a generalized eigenform
with eigenvalue A and the fact, discussed in the proof of Caccioppoli’s
inequality, that n,v can be taken to be a test function. Now, as in (4),

Q(uka U) - )\(’LL],C’ ’U>
1 /) a — _
ez /M@"’“ A u, Qv) — (Du, Oy, A v)

— (x[Onk A *u], "0 + (0w, %[Oy, A *v)).
Due to the support properties of the n;, we know that

/G 10melloc [l 2|0l 22 + ull 2|0 ]| 2]
k

S ol
o | 0wl (10l + 10wl ol o]
kllz2 Ja,
< 1
™ vkl 2
Now apply Caccioppoli with £ = Gy and b/4 to get
1
ol
< ||u 1Cb(Ek)||L2
[ulp,||L
since 0 < m < 1g, and Bya(Gr) C Cy(Ey). ¢

llwe,llzzllvllq + l10ull 2 10l 2any + 110"l 2 10l 2ary] -

e, 12 + ull 2, 6o

Generalizing the notion from statistical mechanics, let us call a se-
quence (Ey) a van Hove sequence if it has the property that
vol Cb<Ek)

ol E, — 0 as k — o0,
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for some b > 0.

Corollary 5.3. Assume that M admits a van Hove sequence. It follows
that 0 € 0(0op) and 1 is a generalized eigenfunction.

Proof. Clearly, 1 is a generalized eigenfunction for the eigenvalue 0.
By the preceding remark, it satisfies the requirement for the theorem
above. ¢

Apart from certain uniformities, the G-invariance which we assume
throughout this treatment is certainly too strong a condition to im-
pose. Note that a suitable generalization of the theorem above allows
for manifolds with very different geometries in different “directions to
infinity.” One such direction which supports a van Hove sequence is
sufficient for 0 to be in the spectrum of Uy .

We now add some sufficient conditions for the assumptions in the
theorem. They rest on the following notions: A function J : [0, 00) —
[0,00) is said to be subezponentially bounded if for any o > 0 there
exists a C, > 0 such that

J(1r) < Cpe®” (r>0).
0,1

Similarly, a form u € L (M,

bounded if for some zg € M,

ey € L*(M, AP9)

) will also be called subexponentially

for any a > 0, where w(z) = d(z, 2).
As in lemmata 4.2, 4.3, and Thm. 4.4 of [6], we obtain

Corollary 5.4. Assume that A € R admits a subexponentially bounded
eigenform for 0. It follows that A € o(0OJ).

This or the previous corollary has as a special case

Corollary 5.5. Assume that there is a zg € M such that r — vol B,(z)
is subexponentially bounded. It follows that 0 € o(OJ).

Remark 5.6. See the example in [10, §5].

During the writing of [6, 27] we were not aware of M. Shubin’s papers
139, 40], where strongly related results are presented. The main differ-
ence is that our approach is based on the underlying forms, making it
applicable in cases where nothing is known about the domain of the
operator. On the other hand, the latter papers contain results about
higher order elliptic operators.
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6. EXPANSION IN GENERALIZED EIGENFORMS

Here we prove Theorem 3, in fact the stronger result Proposition 6.3
below, where assumption (A) from is required, as usual.

Some explanations are in order: spectrally a.e. means a.e. with re-
spect to a spectral measure; in turn, a spectral measure p is a measure
with the property that p(I) = 0 if and only if E;(0) = 0, where E.(0)
denotes the spectral projection of the operator [l.

The strategy of proof is sufficiently parallel to the one in [5] so that
we do not carry out all the details but rather point at differences; we
fixed integers p > 0, ¢ > 0 so that the pseudolocal estimate holds true.
This latter condition is important in that we use ultracontractivity
established in [33], i.e., e™™ : L2(M,AP9) — L>®°(M,AP9) for t >
0. The compactness property referred to above is contained in the
following;:

Lemma 6.1. In the situation of the theorem above let y(z) := e *

and T := M, the multiplication operator. Then (0T~ is Hilbert-
Schmidt.

Proof. This follows from the factorization principle based on Grothendieck’s
theorem. See [9] for the abstract background and [5] for an application
in a situation similar to ours.

Indeed, for bounded operators, from

A: L[> —L® B:L*— [

it follows that BA : L? — L? is a Hilbert-Schmidt operator. We can
apply this to deduce that

(V@T) = (T7)y(0O)

is Hilbert-Schmidt: ~(0) : L? — L™ is the above mentioned uultracon-
tractivity and 7! = M, : L™ — L?, since w is an L? function. Since
the adjoint of a Hilbert-Schmidt operator is likewise Hilbert-Schmidt,
we have the result. ¢

Suppressing the indices p, g, let
H, = {a € L*(M,A\") | a € dom (T)},

and H_, the completion of H := L*(M, AP?) with respect to the inner
product (o, B)_ := (T1a, T~ 3)4. We have a special case of a Gelfand
triple here, considering on H, the inner product (a, 8) 4 := (T, T 5) .

Remark 6.2. We have that
CX(M,AP?) C {a € dom () Ndom (T') | Do € dom (T") }
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is dense in ‘H. In the next section we will prove much more, namely that
C°(M, AP1) is a core for (). Note the important difference between M
and M here.

In the following result we see a much stronger though more technical
version of the theorem above. It uses the notion of an ordered spectral
representation, that goes as follows: Given is a self adjoint operator H
in some Hilbert space H, a spectral measure p of H, N € NU {oc0} a
sequence (M) <o of measurable subsets M; C R so that M; D M,
and a unitary

U= (Uj)jeoo : H — @ L*(M;, p)L*(M;, dp)
j<N
so that
Up(d) = MU
for every bounded measurable function ¢ on R.
Proposition 6.3. Let p be a spectral measure for O and U = (U(7))j<n,
N € N U {oo}, an ordered spectral representation for 0. Also let

w, T, Hy and H_ be as above. Then there are measurable functions
M; — H_,A+—¢j for j €N, j <N such that:

(1) Uja(X) = (a, ;) for a € Hi and p-a.e. X € M;.
(2) For every g = (g;)j<n € @,y L*(Mj, p) we have

Ulg lim / A)ejadp(N),
m*NR—’OOZ M;n[- RR] ”

and therefore, for every a € H,

lim / (N)eindp(N).
mHNR*)OOZ M;n[— RR %

(3) If a € dom () N'Hy with Do € Hy., then
(Oa,gjx) = Ma,gja) for p—a.e. X € M.
For details on ordered spectral representations, see [34]; this reference

is the basis for our proof of the eigenform expansion.
Part 3 of the above proposition ensures that

De’fj’)\ = )\€ij
in the weak sense. This is why we speak of a generalized eigenform.

Remark 6.4. Due to the interior ellipticity of OJ, [14, Thm. 2.2.9] we
obtain that the eigenforms constructed above are in C'*°(M, AP?) for
q > 0.
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7. ESSENTIAL SELF-ADJOINTNESS OF [

As we explained in the introduction, [J is defined via its sesquilinear
form, so its domain dom ((J) is only given implicitly. In the previ-
ous sections we have seen that even without explicit knowledge of its
domain we can analyze important properties of 1.

On the other hand it is known for manifolds without boundary that
elliptic operators are typically essentially self-adjoint on smooth com-
pactly supported forms, see e.g. [39, 40, 41] and the literature cited
there. Thus it is a natural question whether the same holds true in the
situation at hand with two important differences: there is a boundary,
and we do not have ellipticity but only subellipticity.

Essential self-adjointness means that there is a unique self-adjoint
extension of |gom, and this is in turn equivalent to the fact that
dom, := dom.0 := dom (O) N CX(M,AP?) is a core for OJ, ie.,
Ogom, = O, where T denotes, as usual, the closure of the operator 7T
We want to point out that there is a big difference due to the boundary:
in the usual complete case without boundary, the so-called minimal op-
erator, defined on C2°(M, AP*?) is essentially self-adjoint. This fails in
our situation. There are various different self-adjoint extensions. E.g.,
the operator [, , we consider is obviously different from the Friedrichs
extension of [, | (ar,ar.ey Which would usually be called the O with
Dirichlet boundary conditions, and which has a smaller form domain.

A first step in showing the asserted essential self-adjointness is the
following result from [18]. As usual, asumption (A) from[1.1 is in force.
Here and for what follows we fix p to be the (positive) distance to bM
as given by a G-invariant Riemannian metric on M.

Proposition 7.1. Let 9 be the formal adjoint operator to 0, and denote
by 0 = o(v,-) its principal symbol. Assume also that ¢ > 0 and let
O=0,4. Then

domg O := {u € C®(M, A»?) |u, Qu, Ju € L?,
o (9, dp)ulyys = 0, o (3, dp)Oulprs = 0}.
s a core for 1.

Proof. For convenience, we reprove this proposition here. Let u €
domU,,. Then Ou+u = a € L?. Now let (ay)r C C°(M, AP9), so
that ay — « in L? and put ux = (O + 1) 'ay. Since (O+ 1)7tis
defined everywhere and is bounded, we have that (uy); is Cauchy in
L? with limit u. Applying the pseudolocal estimate [12], [33, Thm. 2.4]
we have

||| g=+e = [|C(O+ 1) ]

meve S o llms + |lowl| 2,



18 JOE J PEREZ AND PETER STOLLMANN

thus (ug)y € C®(M,AP?) and we have shown that the assertion is
true. ¢

For the proof of essential self-adjointness we need some geometrical
tools. First recall the following

Definition 7.2. [14, p33], [44, §2.2] A special boundary chart U is a
chart intersecting bM having the following properties:

(1) With p the function defining bM as above, the functions ¢ :=
{t1, ..., tan—1}, together with p form a coordinate system on U.

(2) The functions {¢,p = 0} form a coordinate system on bM N U.

(3) With respect to the Riemannian structure in the cotangent bun-
dle, choose a local orthonormal basis wy, . . ., w, for C*(U, A}?)
such that w, = v/2 Op on U.

Let us describe dom [] by restating the boundary conditions as in
[14, §5.2]. In terms of the Hermitian structure (, ) in A»9, the above
conditions on the symbol o(¥,dp) translate to the following criteria.
Members of domg[J are those forms ¢ € C°°(M, AP?) satisfying the
following O-Neumann boundary conditions

(1) (gé, (‘)p/\ ¢>A|bM =0, (77/) € Ap’qfl), and
(2) (00, 0p Np)aloar =0, (¢ € AP9).
The first condition (equivalent to ¢ € domg ) is obviously preserved
by introduction of a cutoff function ¢ — x¢ since the condition is
algebraic.
The second “free boundary” condition becomes

(0(x), Op A alonr = ((OX) A @, Dp A aloar + (XOb, Op A ) alpar = 0.

Upon restriction to the boundary, the second term is zero by assump-
tion that ¢ € dom[J, which assumes that d¢ € dom d*. Thus we are
interested in the condition

((OX) A ¢, 0p AN)alonr = 0, Vip € AP,
In terms of the forms defined in the special boundary chart, we have
the formulas

_ 1 _ _
dp = %@", Ox = Lyx &

so cutoff functions x satisfying
(5) Ly Xloar =0

preserve dom[]. Notice that there are no other restrictions on x €

C*(M) beyond this one at the boundary, so y satisfying may be
extended smoothly to the interior of M in an arbitrary way.
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We may write the relation (5) in such a way that manifestly separates
the tangential and normal derivatives of x, as indicated in [4, p86].
First note that since L,, is dual to w™ = \/§8p, we have

Lup = dp(Ly) = {(0+ D)p,w")x = V2(0p, Dp)a,

and similarly L,p = v/2(9p,dp)s. It follows that (L, — L,)p = 0
and thus L, — L, is a vector field tangential to bM. If J is the com-
plex structure, then L, and L, lie in the i and —i eigenspaces of J,
respectively and

J(Ln — L) = —i(Ln + L)

must not be tangential; indeed, (L, + L,)p = 2v/2(0p, dp) # 0. The
same calculations provide that the equation

(6) - ZJ([_/n —Ln)x = (Ln — Ln)x

(in bM) is equivalent to the property L,x|snsr = 0. Since only the
normal derivative is prescribed at the boundary, it follows that given
any smooth function y in bM, there exists an extension to a collar of bM
which fulfills the requirement (5). Thus, any function x € C*°(bM) can

be extended to M in such a way that (5) holds, ¢f. Lemma 7.5 below.

Definition 7.3. A sequence of functions (xx)r in C°(M,R) is called
a good cutoff-exhaustion of M if

(C1) xx — las k — oo,

(C2) Lpxklpsr = 0 for all k € N, and

(C3) sup{||0“Xk||co; || < m} < 00, for any m € N,

where the derivatives in the last condition are with respect to geodesic
coordinates. Note that L, is globally defined in a collar of the boundary
of M.

Our goal here will be to demonstrate the existence of good cutoff-
exhaustions of M and to use such a sequence can to show that dom,
is a core for [J. We start with:

Proposition 7.4. Let U be a special boundary chart and x € C°(U, R)
with Lyx|oar = 0. Then, for any v € domO, , for ¢ > 0 it follows that

xu € dom ]
and

(1) 802z < supdll0Xlloo, o] < 2} -(I0ulz + JJull3)2.

=lIxllyy2,00
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Proof. The factor (||[Jul|2 + |[u||2)2 appearing above is called the oper-
ator norm ||u||g of w. It dominates the form norm |jul|g in the sense
that )

lullg = (Q(u, w) + [lu]l2)? < llullo.
Let us first consider the case that v € domyU,,. By the calculation
above, yu € dom[. For the proof of the estimate (7), we use the
following straightforward calculation:

Ixu) = (Ox) Au+ xOu
0" (xu) = (=% 0x)(xu)
— — % [(0X) Al + 1P
from which we get that
(Oxw),v) — (xBu, v)| = [Q(xu,v) — Q(u, xv)|
= [{0(xu), 0v) + (9" (xu),0"v) — (Qu, I(xv)) — (0"u, 0" (xv))]
= [{Ox Au, 0v) — (Qu, Ox Av) — (x(Ox A *u), 0 v) 4+ (0*u, (Ox A *v))|.
The first term can be estimated as

(0 (Ox A ), 0)] S Ixllwes<[[ullgllvll
and similarly we can bound the third term. The second and fourth
terms are easily bounded and we get

[(O(xw), v) — (XOu, v)| S Ixllweellullollv]

for arbitrary v € dom @Q. Since the latter is dense in L?, we obtain the
estimate

1B0cw) = xOull S [Ixlwzeellullo.
Since
IXBull S lxllwze [[ullo
is obvious, we arrive at the desired estimate. Since domg[] is a core
for [J the assertion carries over to arbitrary u € dom [. ¢

Before going on, let us note that due to the invariance under the
group action and the compact quotient our manifold has bounded ge-
ometry. We rely on [37] for the definition and a number of nice technical
properties that come with bounded geometry. The first is the existence
of r. > 0 so that the geodesic collar

j:N=1[0,7.) x bM — M, (t,x) — exp,(tvy)

is a diffeomorphism onto its image, with v, denoting the unit inward

normal vector at x; so t refers to the distance p to the boundary men-
1

tioned previously. Denote j([0, 37.) x bM) =: N 1 and define Nz ac-

cordingly.
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Lemma 7.5. Let U C Ng be a special boundary chart and p € C2°(U,R).
Then there is 1 € C°(U,R) so that
(8) Ulonr = @lons,  Ln®loar = 0.

Moreover, if |y =1 on a set of the form V = j([0,r) x R) C U with
R a relatively open subset of bM, then |y, = 1.

Proof. We set ( =1 — ¢, so we want the derivatives of { to satisfy

—iJ (Ln = L) + Clloar = (Lo — L) [0 + CJlons-

We should have |y = 0, so we obtain (L, — L,)¢|sar = 0 since the
vector field is tangent to bM, thus

_iJ(En — L)+ Cloar = (En — Ln)glom
and so
—iJ(Ly, — Lp)Cloar =(Ln, — L) @lons + i (L, — L) loar
=2L,0|pnr-
Following the computations in [33, §3.2], one can derive that L,( =

d¢(L,) = (d¢,w™) s and likewise L,( = (d(,0"), so that

1L — L)C = (Lo + L)C = V(G dp)s = ﬁg—i

In the special boundary chart U, we are left with solving the equations

{ S(tp)| = —V2Lp(t,0)
oy = 0.

Define now, for r < %7’0,

C(t,r) = _\/5/07“ dp Loo(t, p).

It follows that a solution 9 to Eq. exists. Clearly, it satisfies the
required bound on the derivatives as well as the assertion on the level
sets. ¢

Proposition 7.6. There exists a good cutoff-exhaustion of M.

Proof. We begin by constructing a sequence of functions with bounded
derivatives that converge to 1. To this end, let (;);cz be a partition of

unity as in [37, Lemma 3.22]. with supports of diameter smaller than
%rc. Moreover, there is a uniform bound on the number of j’s so that

the support of ¢; meet a given point. We fix 2y € M and let
1 := {i € Z| supp i N Byir,(z0) N N1 # 0},
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0) ._ :
Note that ¢, = Zieléo) @; satisfies

0
1> Spl(c) > 1Bk+rc(x0)mN%'
Due to the uniform bounds for the partition of unity,

s%p ]|go,(€0)]|wm,oo < 00.

Note that cp,(f) € O%(U,R), where U is the interior (in M) of By, 41(20)N
N 2. The functions go,io) build the “boundary part” of a smooth exhaus-
tion we want to construct. We will now modify them in a way to
make sure that the product with any function in domg in the domain
dom (0J).

To this end we use Lemma|7.5/to find 1/),230) for go,(fo) so that ¢,(€0) satisfies
the requirement from (8), mutatis mutandis. Moreover,

0
Uy )|[0,%rc)><(Bk(xo)ﬂbM) =1,

since 80]({:0) is 1 on the respective set by definition and the triangle in-

equality.
Denote Iy, :={i € Z | supp¢; C Brir. (7o)} and

1 0
¢ = =0 Y e

i€ly,
By the assumption on the support of the ¢;, the sum is 1 on By(xo)
and supp w}g}) C Bgr.(z9). In particular, w,(cl) € C*(M,R) and

———
is 1 on By(xg). Thus (C1) from the definition of a good cutoff ex-
haustion above is satisfied. The function @D,(CO) was constructed so that
the required condition (5) holds and since ¢,(€1) is supported away from
the boundary, yy satisfies (C2). The uniform bound on the derivatives
is evident from the definition and the properties of the partition of
unity. ¢

Proof of Theorem 3. We have to show that any v € dom[] can be
approximated by a sequence (u) in C°(M, A7) in the Hilbert space
(dom 0O, || - ||o). Since domg [ is dense by Prop. we can restrict to
the case in which u € domy . Since C2°(M, AP?) is convex, its weak
and norm closures in (dom [, || ||g) coincide, so we are left with finding
(ug) that converges weakly in the latter space. We take a good cutoff
exhaustion (xx) and claim that u; := x,u does the job. By (C1) and
(C3) we know that uj, — w in L*(M,AP?) as k — oo. Moreover, by
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(7) in Prop. [7.4 it follows that (ux) is bounded in (domd, || - ||o). It
thus has a weakly convergent subsequence that has to converge to u by
uniqueness of the limit and the L2-convergence we already established.

¢
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