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Abstract

We establish criteria for the stability of the essential spectrum for un-
bounded operators acting in Banach modules. The Banach module structure
allows one to give a meaning to notions like vanishing at infinity or quasilocal
operators which covers many situations of practical interest. Our abstract re-
sults can be applied to large classes of differential operators of any order with
complex measurable coefficients, singular Dirac operators, Laplace-Beltrami
operators on Riemannian manifolds with measurable metrics, operators act-
ing on sections of vector fiber bundles over non-smooth manifolds or locally
compact abelian groups.

1 Introduction

The main purpose of this paper is to establish criteria which ensure that the dif-
ference of the resolvents of two operators is compact. In order to simplify later
statements, we use the following definition (our notations are quite standard; we
recall however the most important ones at the end of this section).

Definition 1.1 Let A and B be two closed operators acting in a Banach space 7.
We say that B is a compact perturbation of A if there is z € p(A) N p(B) such that
(A—2)~! — (B — 2)~! is a compact operator.

Under the conditions of this definition the difference (A — z)™' — (B — 2)~!
is a compact operator for all z € p(A) N p(B). In particular, if B is a compact



perturbation of A, then A and B have the same essential spectrum, and this for
any reasonable definition of the essential spectrum, see [GW]. To be precise, in
this paper we define the essential spectrum of A as the set of points A € C such
that A — )\ is not Fredholm.

We shall describe now a standard and simple, although quite powerful, method
of proving that B is a compact perturbation of A. Note that we are interested in
situations where A and B are differential (or pseudo-differential) operators with
complex measurable coefficients which differ little on a neighborhood of infinity.
An important point in such situations is that one has not much information about
the domains of the operators. However, one often knows explicitly a generalized
version of the “quadratic form domain” of the operator. Since we want to consider
operators of any order (in particular Dirac operators) we shall work in the following
framework, which goes beyond the theory of accretive forms.

Let ¢, 27, % be reflexive Banach spaces such that ¥ c »# C ¢ continu-
ously and densely. We are interested in operators in .7# constructed according to
the following procedure: let Ay, By be continuous bijective maps ¢ — % and let
A, B be their restrictions to Ay .77 and By ' . These are closed densely defined
operators in .7 and we take z = 0 € p(A) N p(B). Then in B(.#",¥4) we have

Ayl — Byt = Ayt (By — Ao)By t (1.1)
In particular, we get in B(¢)
A7l - B = A N (By - Ag)B7h (1.2)

We get the simplest compactness criterion: if Ag — By : ¢ — ¢ is compact, then
B is a compact perturbation of A. But in this case we have more: the operator
Ayt = Byl 1 & — % is also compact, and this can not happen if Ag, By are
differential operators with distinct principal part (cf. below). This also excludes
singular lower order perturbations, e.g. Coulomb potentials in the Dirac case.

The advantage of the preceding criterion is that no knowledge of the domains
D(A),D(B) is needed. To avoid the mentioned disadvantages, one may assume
that one of the operators is more regular than the second one, so that the functions in
its domain are, at least locally, slightly better than those from ¢. Note that D(B)
when equipped with the graph topology is such that D(B) C ¢ continuously
and densely and we get a second compactness criterion by asking that Aqg — By :
D(B) — 2 be compact. This time again we get more than needed, because not
only B is a compact perturbation of A, but also Agl — Bal : A — 9 is compact.
However, perturbations of the principal part of a differential operator are allowed
and also much more singular perturbations of the lower order terms, cf. [N1] for
the Dirac case.



In this paper we are interested in situations where we have really no information
concerning the domains of A and B (besides the fact that they are subspaces of ¥).
The case when A, B are second order elliptic operators with measurable complex
coefficients acting in 7# = I?(R™) has been studied by Ouhabaz and Stollmann in
[OS] and, as far as we know, this is the only paper where the “unperturbed” operator
is not smooth. Their approach consists in proving that the difference A—% — B=*
is compact for some k& > 2 (which implies the compactness of A=t — B~1). In
order to prove this, they take advantage of the fact that D(A*) is a subset of the
Sobolev space W1 for some p > 2, which means that we have a certain gain of
local regularity. Of course, LP techniques from the theory of partial differential
equations are required for their methods to work.

We shall explain now in the most elementary situation the main ideas of our
approach to these questions. Let s# = L2(R) and P = —i%. We consider
operators of the form Ag = PaP+V and By = PbP+ W where a, b are bounded
operators on ¢ such that Re a and Re b are bounded below by strictly positive
numbers. V and W are assumed to be continuous operators 721 — .7 ~1, where
2 are Sobolev spaces associated to .27, Then Ag, By € B(#', #~1) and we
put some conditions on V, W which ensure that Ay, By are invertible (e.g. we could
include the constant z in them). Thus we are in the preceding abstract framework
with 9 = 21 and # = 2#~! = 4*. Then from (1.2) we get

A B = A'P(b—a)PBT + AN (W - V)BT (1.3)

Let R be the first term on the right hand side and let us see how we could prove
that it is a compact operator on 7. Note that the second term should be easier to
treat since we expect V' and T to be operators of order less than 2.

We have R#7 C 1, so we can write R = v(P)R; for some ¢ € By(R)
(bounded Borel function which tends to zero at infinity) and R, € B(.¢). This
is just half of the conditions needed for compactness, in fact R will be compact if
and only if one can also find ¢ € B(R) and Ry € B(.5) such that R = ¢(Q)R2
(the notations are standard, see the paragraph after Proposition 2.23 if needed). Of
course, the only factor which can help to get such a decay is b—a. So let us suppose
that we can write b—a = £(Q)U for some £ € By(RR) and a bounded operator U on
. \We denote S = A, ' P and note that this is a bounded operator on .J#, because
P — s 'and Ayt : #~' — " are bounded. Then R = S&(Q)UPB™!
and UPB~! € B(2#), hence R will be compact if the operator S € B(#) has
the following property: for each £ € By(R) there are ¢ € Byo(R) and T' € B(.%)
such that S&(Q) = ¢(Q)T.

An operator S with the property specified above will be called quasilocal. For
reasons that will become clear later on, we should be more precise and say “right



quasilocal with respect to the module structure defined by 5(R)”. Anyway, we
see that the compactness of R follows from the quasilocality of S and our main
point is that it is easy to check this property under very general assumptions on A,
cf. Corollary 2.14, and Proposition 2.22 for abstract criteria and Lemmas 3.7, 5.2
and 6.11 for more concrete examples. The perturbative technique used in the proof
of Lemma 6.11 seems to us most interesting since it shows that for the quasilocality
question it suffices in fact to consider operators with smooth coefficients.

The applications that we have in mind are of a much more general nature than
the example considered above. In fact, an abstract formulation of the ideas de-
scribed above, see Proposition 2.6, allows one to treat pseudo-differential opera-
tors on finite dimensional vector spaces over a local (e.g. p-adic) field (see [Sa, Ta]
for the corresponding calculus), in particular differential operators of arbitrary or-
der on R™, and also abstractly defined classes of operators acting on sections of
vector bundles over locally compact spaces, in particular an abstract version of the
Laplace operator on manifolds with locally L°° Riemannian metrics. Sections 4-6
are devoted to such applications. We stress once again that, in the applications to
differential operators, we are interested only in situations where the coefficients are
not smooth and the lower order terms are quite singular.

Plan of the paper: In Section 2 we introduce an algebraic formalism which al-

lows us to treat in a unified and simple way operators which have an algebraically
complex structure, e.g. operators acting on sections of vector fiber bundles over
a locally compact space. The class of “vanishing at infinity” operators is defined
through an a priori given algebra of operators on a Banach space .7, that we call

multiplier algebra of .77, and this allows us to define the notion of quasilocality in
a natural and general context, that of Banach modules. Several examples of mul-

tiplier algebras are given Subsections 2.4, 2.5 and 6.1. We stress that Section 2 is

only an accumulation of definitions and straightforward consequences.

We mention that this algebraic framework allows one to study differential op-
erators in LP spaces. However, this question will not be considered in the present
version of our work.

Section 3 contains several abstract compactness criteria which formalize in the
context of Banach modules the ideas involved in the example discussed above.

In Section 4 we give our first concrete examples of the abstract theory. In
Subsection 4.1 we discuss operators in divergence form on R"™, hence of order 2m
with m > 1 integer, with coefficients of a rather general form (they do not have to
be functions, for example). In the next subsection we consider pseudo-differential
operators on abelian groups and Dirac operators on R"™.

Perturbations of the Laplace operator on a Riemannian manifold with locally
L metric are considered in Section 5. We introduce and study an abstract model



of this situation which fits very naturally in our algebraic framework. We also have
results on Laplace operators acting on differential forms of any order, but we shall
include them only in the final version of the paper.

In Section 6 we discuss the question of “weakly vanishing at infinity” func-
tions, a notion which is easily expressed in terms of filters finner than the Fr echet
filter. The quasilocality result presented in Theorem 6.8 is, technically speaking,
the deepest assertion of this paper: the proof requires nontrivial tools from the
modern theory of Banach spaces, cf. the second part of the Appendix. Theorem
6.12 is a last application of our formalism: we prove a compactness result for op-
erators of order 2m in divergence form assuming that the difference between their
coefficients vanishes at infinity in a weak sense. Such results were known before
only in the case m = 1, see [OS].

In the first part of the Appendix we collect some general facts concerning op-
erators acting in scales of spaces which are often used without comment in the rest
of the paper. In the second part we prove a version of the Maurey’s factorization
theorem that we need in Section 6.

Notations: If ¢ and .7 are Banach spaces then B(¥¢, J¢) is the space of bounded
linear operators ¢ — 7, the subspace of compact operators is denoted X(¥, .77 ),
and we set B(.%7") = B(s¢, ) and K() = K (7, 7). The domain and the
resolvent set of an operator .S will be denoted by D(.S) and p(.S) respectively. The
norm of a Banach space ¢ is denoted by || - || and we omit the index if the space
plays a central rble. The adjoint space (space of antilinear continuous forms) of a
Banach space ¢ is denoted ¢* and if u € ¢ and v € ¢* then we set v(u) = (u, v).
The embedding ¥ C ¢** is realized by defining (v, u) = (u,v).

If ¢, ¢, ¢ are Banach spaces such that ¢4 C . continuously and densely
and 2 C . continuously then we always identify 5(.7°) with a subset of
B(¢,.%") with the help of the natural continuous embedding B(.7¢°) — B(¥, %)

A Friedrichs couple (¢, 5¢) is a pair of Hilbert spaces ¢, .7 together with
a continuous dense embedding ¥ C . The Gelfand triplet associated to it is
obtained by identifying 7 = ¢ with the help of the Riesz isomorphism and
then taking the adjoint of the inclusion map &4 — 7. Thuswe get ¥ C ¢ C ¥*
with continuous and dense embeddings. Now if u € ¥ and v € J# C ¥* then
(u,v) is the scalar product in 2" of v and v and also the action of the functional v
on u. As noted above, we have B(#) C B(¥,4™*).

If X is a locally compact topological space then B(X) is the C'*-algebra of
bounded Borel complex functions on X, with norm sup,.c x |¢(z)|, and By(X) is
the subalgebra consisting of functions which tend to zero at infinity. Then C'(X),
Cy(X), Co(X) and C.(X) are the spaces of complex functions on X which are
continuous, continuous and bounded, continuous and convergent to zero at infinity,




and continuous with compact support respectively. The characteristic function of a
subset S C X is denoted Xg .

Acknowledgments: We would like to thank Frangoise Piquard: several discus-
sions with her on factorization theorems for Banach space operators have been
very helpful in the context of Section 6.

2 Banach modules and quasilocal operators

2.1 Banach modules

We use the terminology of [FD] but with some abbreviations, e.g. a morphism is a
linear multiplicative map between two algebras, and a x-morphism is a morphism
between two x-algebras which commutes with the involutions. We recall that an
approximate unit in a Banach algebra M is a net {J,} in M such that ||.J,|| < C
for some constant C' and all « and lim,, ||JoM — M|| = lim, [|[MJ, — M| =0
for all M € M. Itis well known that any C*-algebra has an approximate unit.
If 7 is a Banach space, we shall say that a Banach subalgebra M of B(J¢) is
non-degenerate if the linear subspace of .77 generated by the elements M, with
M e Mandu € 52, is dense in 7.

Definition 2.1 A Banach module is a couple (.7, M) consisting of a Banach
space ¢ and a non-degenerate Banach subalgebra M of B(.7#) which has an
approximate unit. If 27 is a Hilbert space and M is a C'*-algebra of operators on
2, we say that .57 is a Hilbert module.

We shall adopt the usual abus de language and say that .72 is a Banach module.
The distinguished subalgebra M will be called multiplier algebra of 2#” and, when
required by the clarity of the presentation, we shall denote it M (5#). We are
especially interested in the case when M does not have a unit: the operators from
M are the prototype of “vanishing at infinity operators”, or the identity cannot
vanish at infinity. Note that it is implicit in Definition 2.1 that if .7 is a Hilbert
module then its adjoint space * is identified with .52 with the help of the Riesz
isomorphism.

If {J,} is an approximate unit of M, then the density in .7 of the linear
subspace generated by the elements Mw is equivalent to

lim||Jou —ul|=0 forall we 7. (2.9)
(7
But much more is true:

u € H = u = Muvforsome M € Mandwv € 7. (2.5)



This follows from the Cohen-Hewitt theorem, see Theorem A.3. By using (2.4)
we could avoid any reference to this result in our later arguments; this would make
them more elementary but less simple.

If 27 is a Banach module and the Banach space .77 is reflexive we say that
A is a reflexive Banach module. In this case the adjoint Banach space 57* is
equipped with a canonical Banach module structure, its multiplier algebra being
M(*) .= {A* | A € M()}. This is a closed subalgebra of B(.77*) which
clearly has an approximate unit and the linear subspace generated by the elements
of the form A*v, with A € M(5¢) and v € 7, is weak*-dense, hence dense, in
€. Indeed, if w € 5 and (u, A*v) = 0 for all such A, v then Au = 0 for all
A € M(F) hence u = 0 because of (2.4).

Definition 2.2 A couple (¢, .7) consisting of two Hilbert modules such that ¢ C
2 continuously and densely will be called a Friedrichs module. If M(5#) C
K(¥,.7), we say that (¢,.7) is a compact Friedrichs module.

There is no a priori relation between the multiplier algebras of .7 and ¢ and
the choice M(¥) = B(¥) is allowed. We observe that in general it is not possible
to take M (%) equal to the set of operators M € M (.7) which leave ¢ invariant:
it may happen that this algebra has not an approximate unit.

In the situation of this definition we always identify .77 with its adjoint space,
which gives us a Gelfand triplet ¥ C 2 C ¢*. Note that, ¢ being reflexive, ¥*
is also a Hilbert module.

If (¢,.7¢) is a compact Friedrichs module then each operator M from M (.2)
extends to a compact operator M : 57 — &* (this is the adjoint of the compact
operator M* : ¢ — ). Thus we shall have M (J#) C K(¥, ) N K(H,9*).

2.2 Operatorsvanishing at infi nity

Let 27 and .# be Banach spaces. If ¢ is a Banach module then we shall denote
by Bé(%,% ) the norm closed linear subspace generated by the operators M T,
with T € B(#, ¢ ) and M € M(¢). We say that an operator in B} (2, ¢) left
vanishes at infinity (with respect to M (¢"), if this is not obvious from the context).
If J, is an approximate unit for M (.¢"), then for an operator S € B(7, %) we
have:

SeBiA#, #) o lim|JS—S| =0 (2.6)
& S=MTforsome M e M(x%)and T € B(H, . %).

The second equivalence follows from the Cohen-Hewitt theorem.



If 27 is a Banach module then one can similarly define 5} (7, .%") as the
norm closed linear subspace generated by the operators TM with T' € B(#, %)
and M € M(s€). We say that the elements of B (7, 2¢") right vanish at infinity.
As above, if J,, is an approximate unit for M (.7") we have

SeBI(A,H) = lm|SJ.—S|=0 @.7)
& S =TM forsome M € M()and T € B(,.%).

If both 2 and ¢ are Banach modules we set
Bo(H, H ) = BY(HA, H) N\ By (A, H). (2.8)

The elements of By (77, ") are called vanishing at infinity.

If (4, ) is a Friedrichs module then the space B(¥¢,4*) for example is well
defined, but it could be too large for some purposes (it is equal to B(¥¢,%*) if the
multiplier algebra of ¢ is B(%)). For this reason we introduce the next spaces.
Recall that we have a natural continuous embedding B(7#) C B(¥,%*). Let

Bty(4,%9*) = norm closure of BL(#) in B(¥,94). (2.9)
The spaces Bj,(¢,%*) and Byo(¥,%*) are similarly defined. We have
K(¥,9") C Boo(9,97) (2.10)
because /() is a dense subset of (¥, %) and IC(7) C By(s), see below.
Some simple properties of these spaces are described below.

Proposition 2.3 If ¢ is a reflexive Banach module and S € B(#, %) then S*
belongs to B (£, 7).

Proof: We have S = MT with M € M(¢) and T' € B(s#, ¢ ) by (2.6), which
implies S* = T*M* and we have M* € M(.¢*) by definition. L

Corollary 2.4 If 5 is a Hilbert module then B, (.77) is a C*-algebra and S be-
longs to By(.#) if and only if S = MTN with M, N € M(s¢)and T € B(.7).

Proof: By(#) isa C*-algebra, so S = 5155 for some operators Sy, Se € By (.2
Thus S; = MT and Sy = Ty N for some M, N € M(Z) and Ty, Ty € B(),
hence S = MT 15 N. |

).
)

Proposition 2.5 If # is a Banach module then (57, .#) C BY(A, ). If A
is a reflexive Banach module, then IC(#, %) C By (I, %).
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Proof: If {J,} is an approximate unit for M(.%") then s-lim,, J,u = w uniformly
in u if u belongs to a compact subset of J#". Hence if S € K(s,.%) then
lim, [|JoS — S|| = 0 and thus S € B(s#,.#) by (2.6). To prove the second
part of the proposition, observe that if S € (27, %) then S* € (¢, 77),
hence S* € Bl(¢*, #*) by what we just proved, so S** € Bf (. *) by
Proposition 2.3. So lim,, ||S**J, — S**|| = 0 if {J,} is an approximate unit for
M(). But clearlyS = S**, hence S € B} (A, x). L

Proposition 2.6 Let .7 be a Banach module and ¢ a Banach space continuously
embedded in 7 and such that M(#) C K(¥, ). If R € Bl{(#) and R# C
¢, then R € K(42).

Proof: According to (2.6) we have R = lim,, J, R, the limit being taken in norm.
But R € B(.,%) by the closed graph theorem and J,, € K(¥,.7¢) by hypothe-
sis, so that J, R € K(2). u

Corollary 2.7 1f (¢, ¢ is a compact Friedrichs module and R € B{(#) is such
that R77 C ¢, then R € K(7).

2.3 Quasilocal operators

Definition 2.8 Let .7, .%#" be Banach modules and let S € B(s#,.%"). We say
that S is left quasilocal if for each M € M(.#") we have M S € B (s, .¢"). We
say that S is right quasilocal if for each M € M (#) we have SM € B{(#, #).
If S is left and right quasilocal, we say that S is quasilocal.

We denote Bql(ji”,%), By (s, %) and B, (A, %) these classes of operators.
These are clearly closed subspaces of B(.7#°,%). The next result is obvious; a
similar assertion holds for right quasilocality.

Proposition 2.9 Let {J,} be an approximate unit for M(.#") and let S be an
operator in B(s#, ¢). Then S is left quasilocal if and only if one of the following
conditions is satisfied:

(1) JoS € Bi (2, %) for all a.

(2) for each M € M(¥) there are T € B(,. %) and N € M(s) such that
MS =TN.

The next proposition, which says that the set of quasilocal operators is stable
under the usual algebraic operations, is an immediate consequence of Proposition
2.9. There is, of course, a similar statement with “left” and “right” interchanged.
We denote by ¢, .57 and % Banach modules.



Proposition 2.10 (1) S € BY(A#, ¢ ) and T € BL(Y,#') = ST € BUY, .X).
(2) If 52, ¢ are reflexive and S € Bé(%,%), then S* € By (A, 7).
(3) If 27 is a Hilbert module then B,(7¢) is a unital C*-subalgebra of 5(77).

Obviously B{(, %) C By (A, ) and B (A, ¢) C BL(A, ). But
our main results depend on finding other, more interesting examples of quasilocal
operators.

Remark: A more natural and suggestive name for “quasilocal operators” would
be decay preserving operators. We did not use it because the french version of this
terminology is rather heavy to use.

24 X-modulesover locally compact spaces

In the next two subsections we give examples of Banach modules important for this
paper. We always denote by X a locally compact non-compact topological space;
later we equip it with some more structure.

Definition 2.11 A Banach X -module is a Banach space 7 equipped with a con-
tinuous morphism @ : Co(X) — B(7) such that the linear subspace generated
by the vectors of the form Q(¢)u, with ¢ € Cy(X) and u € S, is dense in
€. If 2 is a Hilbert space and Q is a x-morphism, we say that .7 is a Hilbert
X-module.

A Friedrichs module (¢, .7¢) such that .77 is a Hilbert X -module will be called
Friedrichs X-module. Note that here there are no assumptions concerning the
module structure of ¢.

We shall use the notation ¢(Q) = Q(p). The Banach module structure on .72
is defined by the closure M in B(.7¢) of the set of operators of the form ¢(Q) with
¢ € Cp(X). In the case of a Hilbert X-module the closure is not needed and we
get a Hilbert module structure (recall that a x-morphism between two C *-algebras
is continuous and its range is a C*-algebra).

We note that the morphism @ has an extension, also denoted @, to a unital
continuous morphism of Cy,(X) into B(X') which is uniquely determined by the
following strong continuity property: if {,,} is a bounded sequence in Cy(X)
such that ¢,, — ¢ locally uniformly, then ¢,,(Q) — ¢(Q) strongly on . Indeed,
using once again the Cohen-Hewitt theorem we see that for each u € J# there are
P € Co(X) and v € # such that u = (Q)v hence we can define p(Q)u =
(p)(Q)v for each ¢ € Cp(X); then if e, is an approximate unit for Cp(X') with

leall <1 we get p(Q)u = lim(peq)(Q)u hence [[o(Q)] < [|Qf sup [¢|.
In the case of a Hilbert X-module we can say more.
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Lemma 2.12 If 57 is a Hilbert X-module, then the «-morphism ¢ canonically
extends to a x-morphism ¢ — (Q) of B(X) into B(s¢) having the property : if
{©n} is a bounded sequence in B(X) and lim,,_,o ¢, () = ¢(x) for all z € X,
then ¢, (@) converges strongly to ¢ (Q) on 7.

Proof: () extends, by standard integration theory, to a x-morphism of B(X) into
B(.#) which is uniquely determined by the following property: if U C X is open
then Xy (@) = sup,, ¢(Q), where ¢ runs over the set of continuous functions with
compact support such that 0 < ¢ < Xy. We note that if X is second countable
then this property is equivalent to the convergence condition from the statement of
the lemma. |

Remark: A separable Hilbert X-module is essentially a direct integral of Hilbert
spaces over X, see [Di, Ch. Il], but we shall not need this fact. On the other hand,
Banach X-modules appear naturally in differential geometry as spaces of sections
of vector fiber bundles over a manifold X, and this is the point of interest for us.

The support supp « C X of an element « of a Banach X -module 7 is defined
as the smallest closed set such that its complement U has the property ¢(Q)u =0
if o € C.(U). Clearly, the set 7#, of elements « € J# such that supp w is compact
is a dense subspace of 7.

If 7 and ¥ are Banach X-modules, then a map S € B(s¢,.%) is called
local if supp Swu C supp u for each u € JZ; clearly locality implies right quasilo-
cality. Now we look for more interesting criteria of quasilocality.

Let S € B(s,. %) and p,¢ € C(X), not necessarily bounded. We say that
©(Q)SY(Q) is a bounded operator if there is a constant C' such that

16(@)p(Q)SY(Q)n(Q)]| < C'sup [¢] sup 7|

for all £,m € C.(X). The lower bound of the admissible constants C' in this
estimate is denoted || (Q)SY(Q)|. If # is a reflexive Banach X-module, then
the product ¢(Q)Sv¥(Q) is well defined as sesquilinear form on the dense subspace
JF x . of 2 x 7 and the preceding boundedness notion is equivalent to the
continuity of this form for the topology induced by 7 * x 2. We similarly define
the boundedness of the commutator [S, o (Q)].

Proposition 2.13 Assume that S € B(2,.¢) and let © : X — [1,00] be a
continuous function such that lim, .., ©(z) = co. If 671(Q)SO(Q) is a bounded
operator then S is left quasilocal. If ©(Q)S©~1(Q) is a bounded operator then S
is right quasilocal.

Proof: Let K C X be compact, let U C X be a neighbourhood of infinity in X,
and let p, ¢ € Cp(X) such that supp ¢ C K, supp ¢ C U and |p| < 1,|¢| < 1.
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Then ©¢ is a bounded function and y© ! is bounded and can be made as small as
we wish by choosing U conveniently. Thus given e > 0 we have

le(@)SVQ) < llpol - [67HQ)SOQ)I - [0 v <&
if U is a suficiently small neighbourhood of infinity. |

The boundedness of ©~1(Q)SO(Q) is usually checked by estimating the com-
mutator [S, ©(Q)]; we give an example for the case of metric spaces. Note that
on metric spaces one has a natural class of regular functions, namely the Lip-
schitz functions, for example the functions which give the distance to subsets:
pi(x) = infycx p(x,y) for K C X,

We say that a locally compact metric space (X, p) is proper if the metric p
has the property lim,_. p(z,y) = oo for some (hence for all) points z € X.
Equivalently, if X is not compact but the closed balls are compact.

Corollary 2.14 Let (X, p) be a proper locally compact metric space. If S belongs
to B(2, %) and if [S,0(Q)] is bounded for each positive Lipschitz function 6,
then S is quasilocal .

Proof: Indeed, by taking & = 1 + px and by using the notations of the proof of
Proposition 2.13, we easily get the following estimate: there is C' < oo depending
only on K such that

lp(@)SY(Q)Il < C(L+ p(K,U) ™,

where p(K,U) is the distance from K to U. Since S* has the same properties as
S, this proves the quasilocality of S. Note that the boundedness of [S, p,.(Q)] for
some x € X suffices in this argument. |

2.5 X-modulesover locally compact groups

If X is a locally compact abelian group one can associate to it more interesting
classes of Banach modules. We always assume X non-compact and we denote
additively the group operation. For example, X could be R™, Z"™, or a finite di-
mensional vector space over a local field, e.g. over the field of p-adic numbers.
Let X™* be the abelian locally compact group dual to X. One can construct in-
teresting Banach subalgebras of Cy(X') by using the Fourier transformation and
submultiplicative functions on X *, but the approach we adopt is more intrinsic.

Definition 2.15 If X is a locally compact abelian group, then a Banach X-module
is a Banach space .77 equipped with a strongly continuous representation {V} of
the dual group X* on 7.
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Note that we shall use the same notation V. for the representations of X * in differ-
ent spaces .»# whenever this does not lead to ambiguities.

Such a Banach X-module has a canonical structure of Banach module that we
now define. We choose Haar measures dx and dk on X and X* normalized by
the following condition if the F Fourier transform of a function gp on X is given
by (Fp)(k) = = [y k(@)p(z)dz then p(z) = [y. k( k)dk. Recall
that X** = X. Let C’( (X ) = ]—“Li(X*) be the set of Fourler transforms of
integrable functions with compact support on X *. It is easy to see that C'(®)(X) isa
x-algebra for the usual algebraic operations; more precisely, it is a dense subalgebra
of Cy(X) stable under conjugation. For ¢ € C'(®) (X)) we set

0@ = [ Vietka. 2.11)
This definition is determined by the formal requirement k(@) = V;. Then

M := norm closure of {¢(Q) | ¢ € CW(X)} in B(#) (2.12)

is a Banach subalgebra of B(.77).

Lemma 2.16 The algebra M has an approximate unit consisting of elements of
the form e, (Q) with e, € C(@(X).

Proof: Indeed, let us fix a compact neighborhood K of the identity in X*. The
set of compact neighborhoods of the identity « such that « C K is ordered by
a1 > ag < ag C a. For each such « define ¢, by e, = X,, /||, where |« is the
Haar measure of c. Then ||eq(Q)]] < supcg ||Vl < oo, from which it is easy to
infer that lim,, || (Q)p(Q) — ¢(Q)|| = 0 for all ¢ € C((X). |

It is easily seen now that the couple (.7, M) satisfies the conditions of Defi-
nition 2.1, which gives us the canonical Banach module structure on 7.

Remark 2.17 Assume that A is a Banach algebra with approximate unit and that
a morphism @ : A — M (s#) with dense image is given. Then the Cohen-Hewitt
theorem shows that each u € ¢ can be written as u = Av where A € ®(A) and
v € . We give now examples of such algebras in the preceding context. If w
is a sub-multiplicative function on X*, i.e. a Borel map X* — [1, oo[ satisfying
w(k'E") < w(k")w(E") (this implies local boundedness), let C'(“)(X) be the set of
functions ¢ whose Fourier transform ¢ satisfies

Il = [ 180 w(k)ar < o. 2.13)
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Then C'“)(X) is a subalgebra of C(X) and is a Banach algebra for the norm
(2.13). Moreover, C(®)(X) ¢ C“(X) densely and the net {e,} defined in the
proof of Lemma 2.16 is an approximate unit of C'“)(X). If [|Vi||lpe) < cw(k)
for some number ¢ > 0 then (Q) is well defined for each ¢ € C“)(X) by
the relation (2.11) and ®(¢) = ¢(Q) is a continuous morphism C'“)(X) —
M() with dense range. We could take w(k) = sup(l, ||Vi|5.»)) but if a
second Banach X-module %" is given then it is more convenient to take w(k) =

sup{1, [|[Villg(ey: IVillg) }-

The adjoint of a reflexive Banach X -module has a natural structure of Banach
X-module. Indeed, it is known and easy to prove that a weakly continuous repre-
sentation is strongly continuous. Thus we can equip the adjoint space .7* with the
Banach X-module structure defined by the representation & — (17)*, where k is
the complex conjugate of & (i.e. its inverse in X*).

The group X is, in particular, a locally compact topological space, hence the
notion of Banach X-module in the sense of Definition 2.11 makes sense. But this
is in fact a particular case of that of Banach X-module in the sense of Definition
2.15. Indeed, according to the comments after Definition 2.11, we get a strongly
continuous representation of X* on J# by setting V;, = k(Q). In the case of
Hilbert X-modules we have a more precise fact.

Lemma 2.18 If 57 is a Hilbert space then giving a Hilbert X-module structure
on ¢ is equivalent with giving a Banach X-module structure on 2 such that
the representation {Vj }xc x~ is unitary. The relation between the two structures is
determined by the condition Vj, = k(Q).

Proof: If 27 is a Hilbert X-module then we can define 1, = k(Q) € B(s¢)
and check that {Vj}rcx+ is a strongly continuous unitary representation of X*
on 2 with the help of Lemma 2.12. Reciprocally, it is well known that such a
representation allows one to equip 2 with a Hilbert X-module structure. The
main point is that the estimate ||¢(Q)|| < sup |¢| holds, see [Lo]. L

If X is a locally compact abelian group, then Banach X-modules which are
not Hilbert X -modules often appear in the following context.

Definition 2.19 If X is a locally compact abelian group then a stable Friedrichs
X-module is a Friedrichs X-module (¢,.7) satisfying V¢4 C ¢ for all k € X*
and such that if uw € ¢ and if K C X™* is compact then supycx ||Viullg < oo.

Here Vi, = k(Q). Itis clear that V¢ C ¢ implies V}, € B(¢) and that the local
boundedness condition implies that the map k& — Vj, € B(¥) is a weakly, hence
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strongly, continuous representation of X * on ¢ (not unitary in general). The local
boundedness condition is automatically satisfied if X* is second countable.

Thus, if (¢,.27) is a stable Friedrichs X-module, then ¢ is equipped with a
canonical Banach X-module structure. Then, by taking adjoints, we get a natural
Banach X-module structure on ¢* too. Our definitions are such that after the
identifications ¥ C 7 C ¢ the restriction to .77 of the operator V acting in ¢*
is just the initial V. Indeed, we have V¥ = V,! = V; in 2. Thus there is no
ambiguity in using the same notation V), for the representation of X * in the three
spaces ¢, 2 and 4*.

Remark 2.20 We stress that if (¢,.¢) is a stable Friedrichs X-module then ¢
is always equipped with the Banach module structure associated to its X-module
structure defined above (we recall that in the case of a general Friedrichs X -module
there was no restriction on the module structure of ¢). As a consequence, we
have BL(#,4) c Bl(, ) for an arbitrary Banach space .#’, hence also
Bj(,9) C B (A,7) if % is a Banach module. Indeed, if S € B, 9)
then S = o(Q)T for some ¢ € C@(X) with w(k) = sup(1,||Vi|lp«)). see
Remark 2.17, and some T' € B(.#,¥). But clearly such a ¢(Q) belongs to the
multiplier algebra of 5 and T' € B(¢", 7).

We show now that, in the case of Banach X-modules over locally compact
groups, quasilocality is related to regularity in the sense of the next definition.

Definition 2.21 Let .77 and % be Banach X-modules. We say that a continuous
operator S : Z — ¢ is of class C"(Q), and we write S € C*(Q; 7, %), if
the map k — V1SV, € B(o#, %) is norm continuous.

Note that norm continuity at the origin implies norm continuity everywhere. The
class of regular operators is stable under algebraic operations:

Proposition 2.22 Let ¥, .5, ¢ be Banach X-modules.
MIfSecCcH@;#,2)and T € C*(Q; ¥, ) then ST € C(Q; ¥, .%).

(i) If S € CW(Q; 52, %) is bijective, then S—1 € CY(Q; .7, 7).

(i) If S € C(Q; 7, %) and 7,9 are reflexive, then S* € CU(Q; H*, 7).

Proof: We prove only (ii). If we set Sy, =V, *SVj then V,~ 1SV} = S, %, hence
V'S Wi = S7H = (15,1 = ST = 151 (S = Sk)STH < C|lS — S|

which tends to zero as k — 0. |
Proposition 2.23 If T' € C"(Q; ##, ¢) then T is quasilocal.
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Proof: We show that p(Q)T € Bg (s, %) if ¢ € C@(X). A similar argument
gives Tp(Q) € BY(s#, #). Set Ty, = Vi, TV, !, then

A@r= [ pwvira= [ Tipwvid.

Since k +— T}, is norm continuous on the compact support of @, for each ¢ > 0
we can construct, with the help of a partition of unity, functions 6; € C.(X*) and
operators S; € B(2¢, ¢ ), such that || T, — >, 0;(k)S;|| < e if §(k) # 0. Thus

RO 3 RUCEECIATES o) MEC AR

Now, since By(7#,.%") is a norm closed subspaces, it suffices to show that the
operator [ 0;(k)S;o(k)Vidk belongs to B (2, %) for each 4. But if «); is the
inverse Fourier transform of 6,3 then this is S;t;(Q) and t; € C(@)(X). [

We recall that if X is an abelian locally compact group then there is enough
structure in order to develop a rich pseudo-differential calculus in L2(X), but we
give only elementary examples. If ¢ and « are bounded Borel functions on X
and X* respectively then, following standard quantum mechanical conventions,
we denote by ¢(Q) the operator of multiplication by ¢ in L2(X) and we set
Y(P) = F~1MyF, where M, is the operator of multiplication by + in LZ(X*).
Then one gets more general pseudo-differential operators of order zero by consid-
ering C*-algebras generated by products ¢(Q)w(P). We recall that the C*-algebra
generated by such products with ¢ and ) bounded Borel and convergent to zero at
infinity is the algebra of compact operators on I?(X).

Let Cp(X) and CP(X™) be the algebras of bounded uniformly continuous
functions on X and X* respectively. Below the space L?(X) is equipped with
its natural Hilbert X-module structure.

Proposition 2.24 The C*-algebra generated by the operators (@) and (P)
with ¢ € C%(X) and ¢ € C2(X™) consists of quasilocal operators on L?(X).

Proof: Since the set of quasilocal operators in B(L?(X)) is a C*-algebra, it suf-
fices to show that each »(Q) and ¢ (P) is quasilocal. For ¢(Q) the assertion is
trivial while for ¢(P) we apply Proposition 2.23. |

3 Abstract compactnessresults

In this section (¢, 2¢) will always be a compact Friedrichs module, see Definition
2.2. As usual, we associate to it a Gelfand triplet ¥ c 57 C ¢* and we set
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Il Il = |l - || =- We are interested in criteria which ensure that an operator B is a
compact perturbation of an operator A, both operators being unbounded operators
in 27 obtained as restrictions of some bounded operators ¢ — ¢*. More precisely,
the following is a general assumption (suggested by the statement of Theorem 2.1
in [OS]) which will always be fulfilled:

and having the following properties: D(A) C ¢4 densEIyLD(A*) cY,

A, B are closed densely defined operators in .72 with p(A) N p(B) # 0
(AB)
D(B) C ¢4 and A, B extend to continuous operators A, B € B(¥,9*).

The role of the assumption (AB) is to allow us to give a rigorous meaning to
the formal relation, where z € p(A) N p(B),

(A=2)'—B-2)'=UA-2)"Y(B-A)B-2)"" (3.14)

Recall that 2 € p(A) if and only if z € p(A*) and then (A* — 2)~! = (4 — )~ 1%,
Thus we have (A — 2)~1*# C ¢ by the assumption (AB) and this allows one to
deduce that (A — z)~! extends to a unique continuous operator ¥* — ¢, that we
shall denote for the moment by R.. From R.(A — z)u = u for u € D(A) we get,

by density of D(A) in ¢ and continuity, R.(A — z)u = u for u € ¢, in particular
(B—2)'=R,(A—2)(B—2)""
On the other hand, the identity
(A-2)'=(A-2) ' (B-2)(B-2) ' =R(B-2)(B-2)"
is trivial. Subtracting the last two relations we get
(A=2) = (B=2)' = R(B-A)(B-2)"

Since R, is uniquely determined as extension of (A — z)~! to a continuous map
@* — s, we shall keep the notation (A — z)~! for it. With this convention, the
rigorous version of (3.14) that we shall use is:

(A-—2)'=B-2)t=(A-2)"Y(B-A)(B-2)"" (3.15)

Theorem 3.1 Let A, B satisfy assumption (AB) and let us assume that there are a
Banach module %" and operators S € B(.¢,4*) and T € BL(¥,¢) such that
B-A=STand(A-z)"'S € Bl (A, ) for some z € p(A)Np(B). Then the
operator B is a compact perturbation of the operator A and oess(B) = 0ess(A).
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Proof: It suffices to showthat R = (A—2)"' — (B —2)~! € B{(#), because the
domains of A and B are included in ¢, hence Rs7 C ¢, which finishes the proof
because of Corollary 2.7. Now due to (3.15) and to the factorization assumption,
we can write R as a product R = [(A — z)~1S][T(B — z)~!] where the first factor
is in By (¢, ) and the second in B{(.#, ), so the product is in B{(#’). W

Remarks 3.2 (1) We could have stated the assumptions of Theorem 3.1 in an ap-
parently more general form, namely B — A = "}, SiT}, with operators Sj, €
B(#,9*)and Ty, € B(¥Y, %#;.). But we are reduced to the stated version of the as-
sumption by considering the Hilbert module 2" = @.%; and S = &S, T = ®T.
2 fV e K(¢9,9*) and if ¢ is an infinite dimensional module, then there are
operators S € B(.#,%4*)and T € K(¥,.%") such that V' = ST (the proof is an
easy exercise). This and the preceding remark show that compact contributions to
B — A are trivially covered by the factorization assumption.

Example 3.3 One can construct interesting classes of operators with the properties
required in (AB) as follows. Let ¢4,, 4 be Hilbert spaces such that ¢ C ¢, C 7
and ¢ C ¢, c s continuously and densely. Thus we have two scales

GCY, CH CY C9YT,
GYCYGhCHCY CY”.

Then let Ay € B(9,,9,;) and By € B(%,,%;") such that Ay — z : 4, — ¢ and

a’ “q

By — z : 9, — ¢, are bijective for some number z. According to Lemma A.1 we
can associate to Ag, By closed densely defined operators A :ZB, B = EB in 22,
such that the domains D(A) and D(A*) are dense subspaces of ¢, and the domains
D(B) and D(B*) are dense subspaces of ¢;,. If we also have D(A) C ¢ densely,
D(A*) C 4 and D(B) C ¢, then all the conditions of the assumption (AB) are
fulfilled with A = Ay|¢ and B = By|¥.

The case when one of the operators, for example A, is self-adjoint is worth to
be considered separately. As explained in the Appendix, the conditions on A in
assumption (AB) are satisfied if D(A) ¢ ¥ c D(|A[/?) densely. Moreover, if A
is semibounded, then this condition is also necessary. In particular, we have:

Corollary 3.4 Let A, B be self-adjoint operators on .5 such that
D(A) ¢ 4 c D(|A|Y?) and D(B) c ¥ c D(|B|*/?) densely.

Let A, B be the unique extensions of A, B to operators in Z(¥,%*). Assume that
there is a Hilbert module . and that B — A = S*T for some S € B(¥,.#") and
T € B{(4, ) such that S(A — z)~* € BL(, ) for some z € p(A) N p(B).
Then B is a compact perturbation of A and oess(B) = 0ess(A).
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The results which follow are either corollaries of Theorem 3.1 or are versions
of the theorem based on essentially the same proof. We shall use the results and
the terminology of the Appendix. We begin with the simplest corollary which
nevertheless covers interesting examples. Note that X is always assumed non-
compact.

Theorem 3.5 Assume that (¢, .5¢) is a compact stable Friedrichs X -module over
a locally compact abelian group X and that condition (AB) is satisfied. Assume,
furthermore, that A — z : &4 — %* is bijective for some z € p(4) N p(B) and
that A € CU(Q;¥,%*). If B— A € BL(¥,%*), then the operator B is a compact
perturbation of the operator A.

Proof: We apply Theorem 3.1 with 2~ = ¢*, S the identity operator and 7" =
B — A. Then (A — z)~ ! is of class C"(Q;9¥*,%) by (ii) of Proposition 2.22,
hence (A — 2)~1 € B,(¥*,%4) by Proposition 2.23. But this is stronger than

(A—2z)"t e By(9*, 1), as follows from the Remark 2.20. u

The next results are convenient for applications to differential operators in di-
vergence form. In these statements we implicitly use Lemma A.1: we note that the
operators D*aD and D*bD considered below belong to B(¢,%*) and we denote
by A, and A, the operators on .# associated to them. The notation Béo(éa, &*)is
introduced in (2.9).

Theorem 3.6 Let (¢,.#) be a compact Friedrichs module, let (&,.%¢") be an ar-
bitrary Friedrichs module, and assume that we are given operators D € B(¥,&)
and a,b € B(&,&*) and a complex number z such that:

(1) The operators D*aD — z and D*bD — z are bijective maps ¢ — 4*,

(2 a—beBL(&,E%),

) D(A; —z)~t € Bi(s#, ).

Then Ay is a compact perturbation of A,.

Proof: We give a proof independent of Theorem 3.1, although we could apply this
theorem. From Lemma A.1 it follows that the operators A, — z and A, — z extend
to bijections ¢ — ¢* and the identity

R:= (A —2)7 = (Ap = 2) 7' = (A = 2) ' D* (b~ a)D(Ay — 2) 7

holds in B(¢*,%), hence in B(.2¢). Since the domains of A, and A are included
in ¢, we have R C ¢. Thus, according to Corollary 2.7, it suffices to show
that R € B{(s#). Since the space B¢(s#) is norm closed and since by hypothesis
we can approach b — a in norm in B(&, &*) by operators in B(¢), it suffices to
show that

(D(A: — 2)"H*eD(Ay — 2)7L € BY(#)
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if ¢ € BY(A). But this is clear because cD(A, — 2)~' € Bl(A#, %) and
(D(A; —z)71)* € By (¢, ) by Proposition 2.10. u

By (2.10) we have K(&, &*) C Bly(&, &), but the case a — b € K(&, E*) is
trivial from the point of view of this paper. Although the space Béo(é", &*) is much
larger than /C(&, &), we can allow still more general perturbations and obtain
more explicit results if we impose more structure on the modules, cf. Remark 4.2.
We now describe such an improvement for the case of X-modules, where X is a
locally compact abelian group. We shall need the following fact.

Lemma 3.7 Let X be an abelian locally compact group and let (¢,.7) and
(&,.%) be stable Friedrichs X-modules. Let D € B(¥4,&) and a € B(&,&™)
be operators of class C"(Q) such that D*aD — z : 4 — %* is bijective for some
complex number z and denote A, the operator on .7 associated to D*aD. Then
the operator D(A, — z)~! € B(s#, &) is quasilocal.

Proof: The lemma is an easy consequence of Propositions 2.22 and 2.23. Indeed,
due to Proposition 2.23, it suffices to show that the operator D(A, — z)~! is of
class C%(Q; 57, &). We shall prove more, namely that D(D*aD — z)~! is of class
C'(Q;9*,8&). Since D is of class C*(Q; ¥, &), and due to (i) of Proposition 2.22,
it suffices to show that (DfaD — z)~! is of class CY(Q; 9*,¥). But D*aD — z
is of class C*(Q;¥,%*) by (i) and (iii) of Proposition 2.22 and is a bijective map
¢ — @*, so the result follows from (ii) of Proposition 2.22. |

Theorem 3.8 Let X be an abelian locally compact group and let (¢,.7) be a
compact stable Friedrichs X -module and (&, %) a stable Friedrichs X -modules.
Assume that D € B(¢,&) and a,b € B(&,&*) are operators of class C"(Q) such
that the operators D*aD — z and D*bD — z are bijective maps ¢ — <* for some
complex number z. Ifa—b € Bé(é", &%) then Ay is a compact perturbation of A,.

Proof: The proof is a repetition of that of Theorem 3.6. The only difference is that
we write directly

R=(D(A; =2)71) (b—a)D(Ap —2)7"
and observe that (b — a)D(Ay — 2)~' € BL(s#, &%) and that (D(A% — 2)~1)* as

an operator &* — 7 is quasilocal by (2) of Proposition 2.10 and by the fact that
the operator D(A? — z)~1 : J# — & is quasilocal, cf Lemma 3.7. u
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4 Pseudo-differential operators

4.1 Operatorsin divergence form on Euclidean spaces

Our first example is in the context of Theorem 3.8. Here X = R" equipped with the
Lebesgue measure and 7 = L2(X) with the obvious Hilbert X -module structure.
If s € R we denote by .77 the usual Sobolev space.

For each s > 0 the couple (2%, ) is a clearly a compact Friedrichs module.
Indeed, for each ¢ € Cy(X) the operator p(Q) : F#° — J is compact. But
we have more: (7%, ) is also a stable Friedrichs X -module with respect to the
additive group structure on X. In fact, if we identify as usual X* with X with the
help of the exponential function, the representation of X in s# which defines the
Hilbert X-module structure of .77 is (Viyu)(x) = exp(i(z, k))u(z), where (z, k)
is the scalar product. Then we easily get V..27° C ¢ and ||V || < C(1 + |k|)*.

Let us describe the objects which appear in Theorem 3.8 in the present context.
We fix an integer m > 1 and take & = 2" Let X = D, <., Ha, Where
H,, = 2, with the natural direct sum Hilbert X-module structure. Here « are
multi-indices « € N™ and |a| = a3 + - - - + a,. Then we define

& = @ %m*k!‘ — {(ua)|a‘§m cx ‘ Uy € %mf|a‘}
o <m

equipped with the Hilbert direct sum structure. It is obvious that (&, #") is a stable
Friedrichs X-module (but not compact).

We set P, = —i0y, Where 0y, is the derivative with respect to the k-th variable,
and P* = P ... Py if a € N™. Then for u € ¢ let Du = (P%u)|q|<m € .
Since

1Dul* = 1Pl = [[ull3em

|| <m
weseethat D : ¢ — 7 is a linear isometry. Moreover, we have defined & such as
to have D¥ C &, hence D € B(¥,&). We shall prove now that D € C*(Q; ¥, &)
(in fact, much more). We have, with natural notations,

Vi 'DVi = (Vi 'PVijajzm = (P + E)Y)jaj<m

and this a polynomial in & with coefficients in B(¥, &), hence the assertion.
We shall identify 57* = ¢ and _#* = ¢, which implies ¥* = 57~ and

& = @Ia\gmﬁﬂ'a‘*m
The operator D* € B(&*,%*) acts as follows:
D*(ta)jajzm = Y, Pta € 47,

|laj<m
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because u,, € JZol—m.

By taking into account the given expressions for & and &* we see that we can
identify an operator a € B(&, &*) with a matrix of operators a = (aas)|a|,|8/<m:
where a5 € B(s#™ 181 s#1el=m) and

a(ug)igizm = ( D asup) oj<pm:
161<m

Then we clearly have

D*aD = Y P%P". (4.16)

lal,|B|<m

which is a general version of a differential operator in divergence form. We must,
however, emphasize, that our a,p are not necessarily functions, they could be
pseudo-differential or more general operators.

In view of the statement of the next theorem, we note that, since the Sobolev
spaces are Banach X-modules, the class of regularity C(Q; 575, ") is well
defined for all real s,¢. A bounded operator S : #* — .#* belongs to this
class if and only if the map k& — V_,.SV} € B(s¢%, ) is norm continuous. In
particular, this condition is trivially satisfied if S is the operator of multiplication
by a function, because then V;, commutes with .S. Since the coefficients a3 of the
differential expression (4.16) are usually assumed to be functions, this is barely a
restriction in the setting of the next theorem. The condition S € Bl(s#%, #7) is
also well defined and it is easily seen that it is equivalent to

lim [|0(Q/r)S| st — O (4.17)

where 6 is a C* function on X equal to zero on a neighborhood of the origin
and equal to one on a neighborhood of infinity. Now we can state the following
immediate consequence of Theorem 3.8.

Proposition 4.1 Let a5 and b,s be operators of class C(2™~ 181, slel—m)
and such that the operators D*aD — z and D*bD — z are bijective maps 2™ —
2™ for some complex z. Let A, and A, be the operators in .7 associated to
D*aD and D*bD respectively. Assume that

Jim [|6(Q/7)(aas = bap) || som-1a - splal-m =0 (4.18)

for each «, 3, where @ is a function as above. Then A, is a compact perturbation
of A, and the operators A, and A, have the same essential spectrum.
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Example: In the simplest case the coefficients a,z and b, of the principal parts
(i.e. || = |B] = m) are functions. Then the conditions become: a,s and b,z
belong to L>°(X) and |aqs(x) — bag(x)] — 0 as |x| — oo. Of course, the
assumptions on the lowest order coefficients are much more general.

Example: We show here that “highly oscillating potentials” do not modify the
essential spectrum. If m = 1 then the terms of order one of D*aD are of the
form S = >3, (Pyv}, + v} Py,), where v}, € B(1, ) and v € B(A#, 2 71).
Choose vy, € B(1, 5#°) symmetric in 2 and let v}, = ivg, v = —ivg. Then
S = [iP,v] = divo, with natural notations, can also be thought as a term of order
zero. Now assume that v, are bounded Borel functions and consider a similar term
T = [iP,w] for D*bD. Then the condition |vg(z) — wi(z)] — 0 as |z| — oo
suffices to ensure the stability of the essential spectrum. However, the difference
S — T could be a function which does not tend to zero at infinity in a simple sense,
being only “highly oscillating”. An explicit example in the case n = 1 is the
following: a perturbation of the form exp(z)(1 + |z|) ~! cos(exp(x)) is allowed
because it is the derivative of (1 + |z|) ~! sin(exp(z)) plus a function which tends
to zero at infinity.

In order to apply Proposition 4.1 we need that D*aD — z : ™ — 7~ be
bijective for some z € C, and similarly for b. A standard way of checking this is
to require the following coercivity condition:

C { there are p, v > 0 such that for all u € 2™ :
3 ol 51<m R (PO, aagPPu) 2 pullull3pm — vljull3,

Example: One often imposes a stronger ellipticity condition that we describe be-
low. Observe that the coefficients of the highest order part of D*aD defined by
Ag = z\a|=\ﬁ|=m P%a,5 PP are operators a,z € B(¢). Then ellipticity means:

there is o > 0 such that if u,, € S for |a| = m then

Ell
(E1) { 5 el RE (s Qst05) = 13 g 112

But we emphasize that, our conditions on the lower order terms being very general
(e.g. the anp could be differential operators, so the terms of formally lower order
could be of order 2m in fact), we have to supplement the ellipticity condition (E!11)
with a condition saying that the rest of the terms Ay = . 5<om P%,5 PP
is small with respect to Ay. For example, we may require the existence of some
0 < pand y > 0 such that

Y Re(Pu.ansP )| < dllulZen + Al (419)
|a|+|Bl<2m
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This is satisfied if 4.2™ c 2~ for some 6 > 0, because for each £ > 0
there is c¢(e) < oo such that ||u|| yom-e < e||u||szm + c(€)||ul .

Remark 4.2 To understand the relation between Bl (&, &*) and B}(&, &*) it suf-
fices to consider that between Bl (2, ) and BL(s#%, ) for s,t > 0,
where Bl (7, 7) is the closure of BL(#) in B(o#5, #7"). If s =t =0
then these spaces are the same, hence we get the same conditions on the coeffi-
cients a,3 — byp Of the principal part (|o| = |3 = m) of the operator a — b if we
use Theorem 3.6 or 3.8. But if s + ¢ > 0 then B/, (2#*, 5#~) does not contain
operators of order s + ¢, while B}(#%, 7 ~) contains such operators.

4.2 A classof pseudo-differential operatorson abelian groups

In this subsection X will be a locally compact non-compact non-discrete abelian
group. We also fix a finite dimensional complex Hilbert space E and take .5# =
L?(X; E) equipped with its natural Hilbert X -module structure. Note that, accord-
ing to our conventions, the unitary representation of X * is given by the multiplica-
tion operators Vi, = k(Q).

Let w : X* — [1,00[ be a continuous function satisfying w(k) — oo as
k — oo and such that w(k'k) < w(k")w(k) holds for some function w and all
k' k. We shall assume that w is the smallest function satisfying the preceding
estimate. It is clear then that w is sub-multiplicative in the sense defined in Remark
2.17 (see [Ho, Section 10.1] for this construction).

Then w(P) is a self-adjoint operator on # with w(P) > 1. We denote s#* =
D(w(P)) and equip it with the Banach X-module structure given by the norm
|lullw = |Jw(P)ull and the representation Vj|.7”*. Obviously, this space is a
generalization of the usual notion of Sobolev spaces.

Lemma4.3 (", ) is a compact stable Friedrichs X -module.

Proof: If ¢ € Co(X) then o(Q)w(P)~! is a compact operator because w~!
belongs to Co(X), hence ¢ (Q) € K(H#, 7). Then observe that V, 'w(P)Vj, =
w(kP) and w(kP) < w(k)w(P). Thus Vj leaves stable 7" and we have the
estimate ||V || gew) < w(k). |

We shall consider now an operator A on 7 such that there are w as above
and an operator A € B(#, #"*) such that A — z : % — J"* is bijective
for some complex z and such that A is the operator induced by Ain # (see the
Appendix). For example, the constant coefficients case with £ = C corresponds
to the choice A = h(P) with h : X* — C a Borel function such that c'w? <
1+ |h| < ¢"w? and such that the range of & is not dense in C.
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Theorem 3.5 is quite well adapted to show the stability of the essential spectrum
of such operators under perturbations which are small at infinity. We stress that the
differential operators covered by these results can be of any order and that in the
usual case when the coefficients are complex measurable functions a condition of
the type A € C(Q; v, 7*) is very general, if not automatically satisfied (see
the remark at the end of this subsection). Hence the only condition really relevant
in this context is B — A € B(", #*) and the main point is that it allows
perturbations of the higher order coefficients even in the non-smooth case.

It is clear that these results can be used to establish the stability of the essential
spectrum of pseudo-differential operators on finite dimensional vector spaces over
local fields, cf. [Sa, Ta], under perturbations of the same order.

We shall give only one explicit example of some physical interest, that of Dirac
operators. Let X = R™ and let ag = 3, a1, . .., a, be symmetric operators on E
such that ooy, + aj = 01,. Then the free Dirac operator is D = >, o Py +
m/3 for some real number m. The natural compact stable Friedrichs X-module
now is (#1/2, ) where .#* are usual Sobolev spaces of E-valued functions.

Proposition 4.4 Let V, W be measurable functions on X with values symmetric
operators on E and such that the operators of multiplication by V' and W define
continuous maps Y2 — 12 and V. — W € By(s1/%, 4 ~1/2). Assume
that D + V + i and D + W + 4 are bijective maps /2 — #~1/2. Then
D + V and D + W induce self-adjoint operators A and B in 27, B is a compact
perturbation of A, and oess(B) = Tess(A).

This follows immediately from Theorem 3.5. We stress that the main new
feature of this result is that the “unperturbed” operator A is locally as singular
as the “perturbed” one B. The assumptions imposed on V, W are quite general,
compare with [Ar, AY, KI, N1, N2].

Remark: We shall discuss here the relation between the abstract class of operators
A considered in this subsection and the notion of hypoellipticity due to Hormander.
For this we shall consider the case of differential operators on R™ (which is identi-
fied with its dual group in the standard way). Assume first that 4 is a polynomial on
R™ and that A = h(P). Then the function defined by w(kf = 3" |h(¥) (k)|? sat-
isfies w(K +k) < (1+c|k'|)™?w(k), where c is anumber and m is the order of h,
see [Ho, Example 10.1.3]. Now the “form domain” of the operator h(P) in L2 (R")
is the space ¥ = D(|h(P)|*/?) and this domain is stable under V}, = expi(k, Q)
if and only the function w satisfies u? < ¢(1 + |h|), see Lemma 7.6.7 in [ABG].
On the other hand, Definition 11.1.2 and Theorem 11.1.3 from [Ho] show that A
is hypoelliptic if and only if A (k)/h(k) — 0 when k — oo, for all a # 0. So
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in this case we have c’'w? < 1 + |h| < ’w? and the operator A = h(P) satis-
fies the conditions of this subsection if A (R") is not dense in C. If n = 2 then
h(k) = ki + k2 is a simple example of polynomial which has all these properties
but is not elliptic. See [GM, Subsections 2.7-2.10] for the case of matrix valued
functions h.

5 Abstract Riemannian manifolds

Let o7, % be two Hilbert spaces identified with their adjoints and d a closed
densely defined operator mapping 7 into #". Let ¥ = D(d) equipped with the
graph norm, so ¢ C s continuously and densely and d € B(¥,.%").

Then the quadratic form ||du||?, on # with domain ¢ is positive densely
defined and closed. Let A be the positive self-adjoint operator on .7 associated to
it. In fact A = d*d, where the adjoint d* of d is a closed densely defined operator
mapping %" into 7.

Now let A € B(2¢) and A € B(.%") be self-adjoint and such that A > ¢ and
A > ¢ for some real ¢ > 0. Then we can define new Hilbert spaces% and 4 as
follows:

(){% S as vector space and (u | v)— = (u | Av) ¢

A
H = as vector space and (u | v) > = (u | Av) »

Since 7 = %” and # =  as topological vector spaces; the operator
d:9 c # — ,)i/ is still a closed densely defined operator, hence the quadratic
form HduH2 on .7 with domain ¢ is positive, densely defined and closed. We

shall denote by A the ® positive self-adjoint operator on H associated to it.
We can express A in more explicit terms as follows. Denote d the operator
d when viewed as operator acting from 10 . Then A = d*d, where d* :
(d*) C A — A isthe adjomt of d = d with respect to the new Hilbert space
structures (the spaces %, A being also identified with their adjoints). It is easy to
check that d* = A~1d*A. Thus A = A~1d*Ad.

Now let (X, p) be a proper locally compact metric space (see Subsection 2.4)
and let us assume that .27 and %" are Hilbert X-modules.

Definition 5.1 A closed densely defined map d : 5 — ¢ is a first order operator
if there is C' € R such that for each bounded Lipschitz function ¢ : X — R the
form [d, »(Q)] is a bounded operator and ||[d, (Q)]|| 5.,y < CLip ¢.
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Here

Lip o = inf lp(z) — @(y)lp(z,y) "

In more explicit terms, we require

[(d™u, p(Q)v) s — (u, p(Q)dv) 5| < C'Lip @ [[ull s [|v]]

forall w € D(d*) and v € D(d). Thus (d*u, o(Q)v) — (u, (Q)dv) is a sesquilin-
ear form on the dense subspace D(d*) x D(d) of £ x s which is continuous
for the topology induced by .7 x #". Hence there is a unique continuous operator
[d,»(Q)] : # — ¢ such that

forall u € D(d*), v € D(d) and ||[d, ¢(Q)]|| g,y < CLip .

Lemma 5.2 The operator d(A + 1)~ is quasilocal.

Proof: We shall prove that S := d(A + 1) ! is a quasilocal operator with the help
of Corollary 2.14, more precisely we show that [S, »(Q)] is a bounded operator if
¢ is a positive Lipschitz function. Lete > 0 and o, = ¢(1 + ep)~ L. Then ¢. is a
bounded function with |p.| < e~! and

lp(x) — oy
T ep(@) (1 +ep) ~ 1P

hence Lip ¢. < Lip ¢. Letv € D(d) we have for all uw € D(d*):

(du, e (@) se] = [u, 9e(Q)dv) 2 + (u, [d, 9 (@)]v) 2|
[ull (e~ | vl + C Lip @2 [lull ).

e () — @e(y)| = ( —p(y)|

IN

Hence . (Q)v € D(d**) = D(d) because d is closed. Thus ¢.(Q)D(d) C D(d)
and by the closed graph theorem we get ¢.(Q) € B(¥¢), where ¢ is the domain
of d equipped with the graph topology. This also implies that ¢ (@) extends to an
operator in B(¢*) (note that . (Q) is symmetric in J7).

Now, if we think of d as a continuous operator 4 — ¢, then it has an adjoint
d* : 2 — %* which is the unique continuous extension of the operator d* :
D(d*) C # — s C 4*. Thus the canonical extension of A to an element of
B(¢,%*) is the product of d : ¥4 — J# with d* : J# — ¥* (note D(d) is the
form domain of A). Then it is trivial to justify that we have in B(¢,%*):

(A, 0:(Q)] = [d", e (Q)]d + d*[d, e (Q)]-
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Here [d*, - (Q)] = [pe(Q),d]* € B(o#, ). Since A+ 1: 9 — ¢4* is a linear
homeomorphism, we then have in B(¢4*,¥):

[pe(@), (A+ 17 = A+ DA e (@A +D)7
= (A+ 1) e=(Q),d"d(A+1)7"
+ (A1) e (@A + 1)

Finally, taking once again into account the fact that . (@) leaves ¢ invariant, we
have:

[pe(@),dA+ 1) = [p(Q),d](A+1)
+d(A +1) ee(Q), d]*d(A + 1)
+d(A + 1) M [d, e (Q))(A + 1) 7

Hence:

e (@), dAA+ 1) lipe, ey < Ne=(Q), dlllsue ) (A + 1) e
+1d(A + D) e, 0= (Q), Al [l 50 o) |AA + 1)l g,
+1d(A + 1) d* s ) lllds 0 (@]l B0 1A + 1) s

The most singular factor here is
1A + 1) d* (s o) < 1], (A + 1) g @) 1" (I3 )

and this is finite. Thus we get for a finite constant G’

e (@), (A + 1) Nsur.y < Cillld, 0 (@]llse,x)
< C1CLipp. <C1ClLipyp

Now let u € %, and v € 7. We get:

(e(Q)u, d(A +1)""0) — (u, d(A + 1) 'p(Q)v)| =
— i (o (Qud(A + D)7 10) — (u,d(A + 1) Qo)
< CiClipy

Thus [0(Q),d(A + 1)~1] is a bounded operator. |

Theorem 5.3 Let (X, p) be a proper locally compact metric space. Assume that
(¢,.) is a compact Friedrichs X-module and that %" is a Hilbert X-module.
Letd, A, A be operators satisfying the following conditions:

28



(i) d is a closed first order operator from J# to ¢ with D(d) = ¥;

(if) A is a bounded self-adjoint operator on .7 with inf A > 0 and such that
A—1eK(¥9,5¢) (9. \— 1€ By(x)),

(iif) A is a bounded self-adjoint operator on # with inf A > 0 and such that
A—1€ By(x).

Then the self-adjoint operators A and A have the same essential spectrum.

Proof: In this proof, we shall consider Aasan operator acting on 7. Since H =
A as topological vector spaces and the notion of spectrum is purely topological,
A is a closed d densely defined operator on .7 and it has the same spectrum as the
self-adjoint A on 7. Moreover, if we define the essential SPectrum oees(A) as the
set of z € C such that either ker(A — 2) is infinite dimensional or the range of
A — z is not closed, we see that the essential spectrum is a topological notion, so
aess(A) is the same, whether we think of A as operator on .7 or on J#. Finally,
with this definition of gss We have o (A) = Tess(B) if (A — 2)~! — (B — 2)71
is compact operator for some z € p(A) N p(B).

Thus it suffices to prove that (A + 12 — (A + 1)~ € K(#). Now we
observe that

A+1=X"1d"Ad+1=X1"1(d"Ad + \)

and A, = d*Ad is the positive self-adjoint operator on 7 associated to the closed
quadratic form ||du||2~ on . with domain ¢. Thus (A 4+ 1)~ = (Ay + A) 1A
and

A+ = (A + X0 =M+ 0T A =D =[A=D(Ar+ N7

The range of (Ax + A)~! is included in the form domain of A, + A, which is
9. Themap (Ap +\) 71 # — Zis continuous, by closed graph theorem,
and A — 1 : ¢ — 7 is compact. Hence (A + 1)~1 — (Ap + A)~! is compact.
Similarly:

A+ = (A + NP =(d*d+ 1) = (d*Ad+ 1) € K(#)

For this we use Theorem 3.6 with: & = ¥, D =d,a =1,b = Aand z =
—1. Since d*d and d*Ad are positive self-adjoint operators on 7 with the same
form domain ¢, the first condition of Theorem 3.6 is satisfied. Then the second
condition holds because A — 1 € By(.#"). Thus it remains to observe that the
operator d(A + 1)~ is quasilocal by Lemma 5.2. |

Remark: The map ¢ — (Q) provides 2 with a Banach X-module structure.
J is a Hilbert X-module for this structure if and only if X is Co(X)-linear. Indeed,
the adjoint of ©(Q) in 2 is A™13(Q)A and A 15(Q)A = B(Q) is equivalent to
(A 2(@Q)] =0.
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We shall consider now an application of Theorem 5.3 to concrete Riemannian
manifolds. It will be clear from what follows that we could treat Lipschitz mani-
folds with measurable metrics (see [DP, Hi, Te, We] for example), but the case of
C' manifolds with locally bounded metrics suffices as an example.

Let X be a non-compact differentiable manifold of class C'! and T* X be its
cotangent manifold, a topological vector fiber bundle over X whose fiber over x
will be denoted 77" X. If u : X — R is differentiable then du(z) € T} X is its
differential at the point = and its differential du is a section of T* X. Thus for the
moment d is a linear map defined on the space of real C' (X) functions to the space
of sections of T* X.

We now assume that X is equipped with a measurable locally bounded Rie-
mannian structure. To be precise, each 7T X is equipped with a scalar product
(-]-)» and the associated norm || - ||,. satisfying the following condition:

if v is a continuous section of T X over a compact set K such that
(R) { wv(x)#0forx € K, then z — ||v(x)||, is a bounded Borel map on
K and ||v(z)||» > ¢ for some number ¢ > 0 and all z € K.

This structure allows one to construct a metric compatible with the topology on X
(if the scalar products do not depend continuously on z, this is not a completely
trivial matter, see the references above). Since X was assumed to be non-compact,
the metric space X is proper in the sense defined in Subsection 2.4 if and only if it
is a complete metric space.

It will also be convenient to complexify these structures (i.e. replace 7'y X by
T X ® C and extend the scalar product to the complexification as usual) but to
keep the same notations (we could, of corse, work with real Hilbert spaces, but this
would not be coherent with the conventions of the rest of the paper).

Now let 1 be a positive measure on X such that:

(M) 1 is absolutely continuous and its density is locally bounded
and locally bounded from below by strictly positive constants.

We shall take /# = L2(X,u) and % equal to the completion of the space of
continuous sections of 7 X with compact support under the natural norm

ol = /X o) |2 duz).

In fact, .Z is the space of (suitably defined) square integrable sections of 7% X .
The operator of exterior differentiation d induces a linear map C}(X) — ¢

which is easily seen to be closable as operator from 27 to . (this is a purely

local problem and the hypotheses we put on the metric and the measure allow us
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to reduce ourselves to the Euclidean case). We shall keep the notation d for its
closure and we note that its domain & is the natural first order Sobolev space 7"
defined in this context as the closure of C!(X) under the norm

lul3r = /X (Ju(@)? + lldu(@) |2 ) dpu().

Note that the self-adjoint operator A = d*d is a slightly generalized form of the
Laplace operator associated to the Riemannian structure of X because p is not
necessarily the Riemannian volume element (but we could choose it so).

We shall now consider perturbations of this structure. We assume that the
perturbation preserves the local structure, although Theorem 5.3 allows us to go
much further.

Proposition 5.4 Let X be a non-compact manifold of class C'! equipped with a
Riemannian structure and a measure satisfying the conditions (R) and (M) and such
that X is complete for the associated metric. Let A be a bounded Borel function
on X such that A(z) > ¢ for some number ¢ > 0 and lim,_,, A(z) = 1. Assume
that a new Riemann structure verifying (R) is given on X such that the associated
norms || - ||, verify al(z)[ - ||l < || - [l < B(x)]| - || for some functions «, 3 such
that lim, . a(x) = lim,_ S(x) = 1. Let A be as above and A’ be the analog
operator associated to the second Riemann structure and to the measure ' = Ap.
Then gess(A) = ess(A').

Proof: We check that the assumptions of Theorem 5.3 are satisfied. \We noted
above that X is a proper metric space for the metric associated to the initial Rie-
mann structure. The spaces 7, .# have obvious X-module structures and for
each p € C.(X) the operator o(Q) : s#1 — # is compact. Indeed, by using
partitions of unity, we may assume that the support of ¢ is contained in the domain
of a local chart and then we are reduced to a known fact in the Euclidean case. Thus
(¢,.) is a compact Friedrichs X-module. To see that d is a first order operator
we observe that if ¢ is Lipschitz then [d, ¢] is the operator of multiplication by the
differential dy of ¢ and the estimate ess-sup ||d¢(x)||. < Lip ¢ is easy to obtain.
The conditions on X in Theorem 5.3 are trivially verified. So it remains to consider
the operator A. For each =z € X there is a unique operator Aq(z) on T X such that
(ulv)!, = (u|Ag(z)v), for all u,v € T X and we have a(x)? < Ag(x) < B(x)?
by hypothesis. Here the inequalities must be interpreted with respect to the initial
scalar product on 7y X. Thus the operator A on % is just the operator of multi-
plication by the function « — A(z)A(z) and the condition (iii) of Theorem 5.3 is
clearly satisfied. |
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We note that if 1 is the measure canonically associated to the initial Riemann
structure then we can choose ) such that ;/ be the measure associated to the second
Riemann structure. In particular, if we have two locally L Riemannian metrics
on a non-compact C'* manifold, if the structures are asymptotically equivalent in
the sense made precise in Proposition 5.4, and if the manifold is complete for one
of the metrics (hence for the other too), then the Laplacians associated to the two
metrics have the same essential spectrum. We stress that this is known, and easy to
prove if one uses some local regularity estimates for elliptic equations, if one of the
metrics is locally Lipschitz or Holder continuous (in the second case, the required
regularity estimate is not so easy, however). On the other hand, it is clear that our
arguments, although quite elementary, cover situations when X is not of class C'!
and the metrics are only LP. In fact, the arguments work without any modification
if X is a Lipschitz manifold and a countable atlas has been chosen, because then
the tangent space are well defined almost everywhere and the absolute continuity
notions that we have used make sense.

6 Weakly vanishing perturbations

6.1 General remarks

The algebraic framework introduced in Section 2 and the abstract Theorems 3.1
and 3.6 should allow one to go beyond the primitive idea of “vanishing at infinity
perturbation” that we considered so far. Indeed, we recall that, according to our
general definitions, the multiplier algebra of a Banach module should be the pro-
totype of the notion of vanishing at infinity operator. The purpose of this section is
to give examples of such extensions.

Let X be a locally compact non-compact topological space and let 57 be a
Hilbert X-module. Then the C*-algebra of the operators ¢(Q) with ¢ € Cy(X) is
the initial multiplier algebra of .77 but, due to Lemma 2.12, we can also consider on
¢ the Hilbert module structure defined by the algebra consisting of the operators
»(Q) with ¢ an arbitrary bounded Borel function on X. These operators cannot be
considered as vanishing at infinity, but we could consider some other subalgebras
of B(X). Itis easy to see that each function ¢ € By(X) can be written as a
product ¢ = 6 with 6 € Cy(X) and v» € By(X) (this is obvious if one accepts
the Cohen-Hewitt Theorem A.3). Thus we get no improvement by going from
Co(X) to By(X). Hence we have to point out a class of functions which vanish at
infinity in a weaker sense.

A natural idea is to extend the usual notion of neighborhood of infinity. It is
usual to define the filter of neighborhoods of infinity as the family of subsets of
X with relatively compact complement; we shall call this the Fréchet filter. If
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F is a filter on X finer than the Fr echet filter then a function ¢ : X — C such
that limz ¢ = 0 can naturally be thought as convergent to zero at infinity in a
generalized sense (we recall that lim = ¢ = 0 means that for each € > 0 the set of
points x such that |p(x)| < e belongs to F). It is clear that

Br(X) = {p € B(X) | lim ¢ = 0} (6.20)

is a C*-algebra and that we can consider on 7 the Hilbert module structure de-
fined by the multiplier algebra Mz = {p(Q) | ¢ € Br(X)}. We will be
interested in the corresponding classes of vanishing at infinity or quasilocal opera-
tors. To be precise, we shall speak in this context of (left or right) F-vanishing at
infinity operators or of (left or right) F-quasilocal operators. Below and later on
we use the notation N¢ = X \ N.

Lemma 6.1 Let .77, # be Hilbert X-modules. Then an operator S € B(s#, %)
is right F-quasilocal if and only if for each Borel set NV with N¢ € F and for each
e > O there is a Borel set F' € F such that | X(Q)SXn(Q)|| < e.

Proof: We note first that the family of operators X, where N runs over the family
of Borel sets with complement in F, is an approximate unit for Bx(X). Indeed,
if e > 0and ¢ € Br(X) then the set N = {x | |p(x)| > ¢} has the properties
required above and sup,, |¢(x)(1 — Xn(x))| < e. Thus, according to Proposition
2.9, S is right F-quasilocal if and only if SXn(Q) is left F-vanishing at infinity
for each N. Now the result follows from (2.6). |

The main restriction we have to impose on F comes from the fact that the
Friedrichs couple (¢, .7) which is involved in the definition of the class of opera-
tors that we study must be such that p(Q) € K(¥¢,5¢) if p € Bx(X). That this
is an important restriction follows from the following easily proven result:

Lemma 6.2 Let X be an Euclidean space, »# = L?(X), and let ¥ = J#° be a
Sobolev space of order s > 0. If p € B(X) then p(Q) € K(¥4, ) if and only if

lim lo(x)|dx = 0. (6.21)
a—0o0 ‘ZE*CL‘Sl

The importance of such a condition in questions of stability of the essential spec-
trum has been noticed in [He, LV, OS, We]. That it is a natural condition follows
also from the characterizations that we shall give below in a more general context.

Let X be a locally compact non-compact abelian group. We shall say that a
function ¢ € B(X) is weakly vanishing (at infinity) if

lim |p(x)|dx = 0 for each compact set K. (6.22)

a—0o0 CLJrK
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We shall denote by B, (X) the set of functions ¢ satisfying (6.22). This is clearly
a C*-algebra. Note that it suffices that the convergence condition in (6.22) be
satisfied for only one compact set K with non-empty interior.

Let us now express the condition (6.22) in terms of convergence to zero along
a certain filter. We denote |K | the exterior (Haar) measure of a set X C X and
weset K, = a+ K ifa € X. Asubset N is called w-small (at infinity) if there
is a compact neighborhood K of the origin such that lim, ., |[N N K,| = 0. The
complement of a w-small set will be called w-large (at infinity). The family F, of
all w-large sets is clearly a filter on X finer than the Frechet filter.

Observe that a Borel set is w-small if and only if its characteristic function
weakly vanishes at infinity. Denote f x g the convolution of two functions on X.

Lemma 6.3 For a function ¢ € B(X) the following conditions are equivalent:
(1) ¢ is weakly vanishing; (2) 6 = |¢| € Co(X) if 0 € Co(X); (3) limzr, ¢ = 0;
(4) ©(Q)y(P) is a compact operator on L?(X) for all 1) € Co(X).

Proof: The equivalence of (1) and (2) is clear because fKa lplde = (XK *|¢])(a).
Then (3) means that for each ¢ > 0 the Borel set N where |p(z)| > ¢ is w-
small. Since Xy < /e, the implication (2) = (3) is clear, while the reciprocal
implication follows from X ¢ * || < sup |[Xx * Xy + €| K|. If (4) holds, let us
choose 1) such that its Fourier transform ¢ be a positive function in C.(X) and let
f € C.(X) be positive and not zero. Since ¢ (P)f is essentially the convolution
of 12 with f, there is a compact set K with non-empty interior such that ¢)(P) f >
cX g with a number ¢ > 0. Let U, be the unitary operator of translation by «
in L2(X), then U,f — 0 weakly when a — oo, hence ||o(Q)U¥(P)f|| =
1p(Q)¥(P)U f1| — 0. Since Uz p(Q)Ua = o(Q—a) we get [|p(Q—a) X | — 0,
hence (1) holds.

Finally, let us prove that (1) = (4). It suffices to prove that ¢(Q)u(P) is
compact if 1) € C.(X) and for this it suffices thate(P)||2(Q)v(P) be compact.
Since ¢ := |p|? € By(X) and since (P) is the operator of convolution by a
function in # € C.(X), we are reduced to proving that the integral operator S with
kernel S(z,y) = [0(z — 2)&(2)0(z — y)d=z is compact. If K = supp 6 and A is
the compact set K — K, then clearly there is a number C' such that

1S(z,y)| < C /K £(=)d=Xa(x — y) = d(x)Xa(x — )

where ¢ € Cy(X). The last term here is a kernel which defines a compact operator
T. Thus n(Q)S is a Hilbert-Schmidt operator for each n € C.(X) and from
the preceding estimate we get ||(S — n(Q)S)u| < (1 — n(Q))T'|u|| for each
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u € L*(X). Thus ||S — n(Q)S]| < ||(1 —n(Q))T|| and the right hand side tends
to zero if n = 1, is an approximate unit for Cy(X). [

We define now a second class of functions which vanishes at infinity in a gen-
eralized sense, and this for an arbitrary Borel space X equipped with a positive
measure  such that x(X) = oco. Let us say that a set ' C X is of cofinite mea-
sure if its complement F¢ is of finite (exterior) measure. The family of sets of
cofinite measure is clearly a filter 7; and if X is a locally compact space and 1 a
Radon measure then F,, is finer than the Frechet filter. Moreover, if X is an abelian
locally compact non-compact group then F,, C F, and the inclusion is strict. If
@ is a function on X then limx, ¢ = 0 means that for each ¢ > 0 the set where
lp(z)] > e is of finite measure. We denote B,(X) the C*-subalgebra of B(X)
consisting of functions with this property.

Proposition 6.4 Let (X, ) be a positive measure space with x(X) = oo and
let us equip L?(X) with the Hilbert module structure defined by B, (X). If S €
B(L*(X)) N B(LP(X)) for some p < 2, then S is right 7 ,,-quasilocal.

Proof: We first show that M, := {¢(Q) | ¢ € B,(X)} defines indeed a Hilbert
module structure on . = L%(X). Let NV, be the set of Borel subsets of finite
measure of X. Then {Xx}nen, is an approximate unit of B, (X) because for
each ¢ € B,(X) and each ¢ > 0 we have N = {z | |p(z)| > ¢} € N, and
sup | — Xny| < e. That the action of M, on J# is non-degenerate follows from
the density of L' N L> in L? and the fact that each u € L' N L> can be written as
u = pvwith p = \/[u] € L2N L>® C M, and v = /Ju| signu € L2.

Now let S € B(L?(X)) such that S induces a continuous operator in LP(X)
for some number p such that 1 < p < 2. We shall prove that for each N € NV,
the operator 7' = SXx(Q) has the property: for each ¢ > 0 there is a Borel set
F € F,suchthat |[Xp(Q)T| < e. According to Lemma 6.1, this implies the right
Fu-quasilocality of S.

Since N is of finite measure, Xy (Q) is a bounded operator L2 — LP, hence
T € B(L? LP). The rest of the proof is a straightforward application of the fol-
lowing factorization theorem, due to Bernard Maurey [Ma]:

Let 1 < p < 2 and let T be an arbitrary continuous linear map from a Hilbert
space # into LP. Then there is R € B(2#, L?) and there is a function g € L9,
where . = § + ¢, such that 7' = g(Q)R.

In our case .# = L2. Leta > 0 real and let F be the set of points x such that
lg(z)| < a. Since g € L9 with ¢ < oo, we have F' € F, and

IXr(@)T g2y = IXF(Q)g(Q)Rl|p(12) < allRl(12)-

Thus it suffices to choose a such that a[| R|jz(z2) = «. u
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We introduce now classes of vanishing at infinity functions of a more topo-
logical nature. We consider only the case of an Euclidean space X, the extension
to the case of locally compact groups or metric spaces being obvious. We set
Buy(r)={x € X ||z —a| <r}, B, = By(1)and B(r) = By(r).

Let us fix a uniformly discrete set L C X, i.e. a set such that inf |a — b] > 0
where the infimum is taken over couples of distinct points a,b € L. Let I, =
L + B(e) be the set of points at distance < ¢ from L. We say that a subset N C X
is L-thin if for each ¢ > 0 there is r < oo such that N\ B(r) C L.. In other terms,
N is L-thin if there is a family {d, }4cr of positive real numbers with §, — 0 as
a — oo such that N C |J B,(d,). The complement of such a set will be called
L-fat. We denote F;, the family of L-fat sets, we note that F, is a filter on X
contained in F,, and finer than the Fr echet filter, and we denote B X) the set of
bounded Borel functions such that lim z, ¢ = 0. So ¢ € B(X) belongs to Br,(X)
if and only if the set {|p| > A} is L-thin for each A > 0. The advantage of this
filter is that we have a simple criterion of 77, -quasilocality.

Proposition 6.5 Let X = R" and let S be a bounded operator on L?(X) such
that on the region = # y its distribution kernel is a function satisfying the estimate
|S(z,y)| < c|lz —y|~™ for some m > n. Then S is Fr-quasilocal.

Proof: Let § € C},(X) such that §(z) = 0 on a neighborhood of the origin and
Se(x,y) = 0(x — y)S(x,y). If {(x) = O(x)|z|~™ then for the operator Sy of
kernel Sy (z,y) we have ||Sgu|| < c||£ * |ul|| hence ||Sq]| < c||£]|z1 By choosing a
convenient sequence of functions € we see that .S is the norm limit of a sequence
of operators which besides the properties from the statement of the proposition are
such that S(z,y) = 0if |z — y| > R(S). Since the set of F-quasilocal operators
is closed in norm (see Subsection 2.3), we may assume in the rest of the proof that
the kernel of S has this property. In fact, in order to simplify the notations and
without loss of generality, we shall assume S(z,y) = 0if |x — y| > 1.

Let V be an L-thin Borel set and let ¢ > 0. We shall construct an L-fat Borel
set with ¥ C N¢ such that || X5 (Q)SXr(Q)|| < e. Since the adjoint operator S*
has the same properties as .S, this suffices to prove quasilocality.

We shall only need two simple estimates. First, if p,.(G) is the distance from a
Borel set G to a point z, then

dy -2
———— < C(m,n)p:(G)" ™. (6.23)
| 5 < Clmmon(©)
Then, if By, B are two balls with the same center and radiuses ¢ and ¢ + ¢, then

/ pz(BS)" 2" dx < C(m,n)e" 26", (6.24)
Bo
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We shall choose ¢ = §™/2™, Then Xg,(Q)SXp-(Q) is an operator with integral
kernel and we can estimate its Hilbert-Schmidt norm as follows:

X5 (Q)SXpe(Q) 135 = / X0 ()| (2, 9)|2X e (y) derdy
XxX

d
c/ dx/ 7y2 <C [ pu(BY) " da
Byo < ‘x - y’ m Bo

< ClenTmgn = 075 (6.25)

IN

where A\ = n?/2m > 0.
We can assume that N =, B4(d,), Where the sequence of numbers 4, satis-
fies §, — 0 as a — oo. Denote N, = B,(d,) and M, = By (d, + €4), Where we

choose ¢, = 62/ ™ as above. Choose r such that the balls N, are pairwise disjoint

and 04 + &, < 1if|a| > rand let R such that X, (Q)SXp(r)-(Q) = 0if [a] <.
Let M =|J M, and F' = M\ B(R), so that F'is a closed L-fat set. Then for any
u € L*(X) we have:

XN (@)SXp(Qull* = XN, (Q)SXr(Q)ull*.

la|>r

Since S'is of range 1 we have X, (Q)SXp, (2)-(Q) = 0if d, < 1. Thus

IXN(@)SXp(Q)ull® < > XN, (Q)SXprp @) () X5, (2) (@Q)ull?
la|>r

The number of b € L such that B,(2) meets B,(2) is a bounded function of a,
hence there is a constant C' depending only on L such that

XN (Q)SXF(Q)ul SC‘Stllp XN, (@)SX B, (2) (@) ull-
a|>r

We have I’ C M C Mg hence
XN, (Q)SX g, (2) (@) < Xy, (Q)SXarg (@)l as < C'5,2

because of (6.25). So the norm ||[Xn(Q)SXr(Q)|| can be made as small as we
wish by choosing r large enough. |

Corollary 6.6 Let X = R™, i the Lebesgue measure, and L a uniformly discrete
subset of R™. Then a pseudo-differential operator of class S° on L?(X) is both
Fu-quasilocal and F-quasilocal.
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Proof: In the first case we use Proposition 6.4 by taking into account that a pseudo-
differential operator of class S° belongs to B(LP(X)) forall 1 < p < oo and
that the adjoint of such an operator is also pseudo-differential of class S°. For
the second case, note that the distribution kernel of such an operator verifies the
estimates |S(x, y)| < Cklz —y|™™(1 + |z — y|)* forany k > 0,see [Ho]. M

We shall consider now a general class of filters defined in terms of the metric
and measure space structure of the euclidean X. To each function v : X —]0, oo
such that lim inf .~ v(a) = 0 we associate a set of subsets of X as follows:

N, ={N C X |limsup v(a) }|N N B,| < oc}. (6.26)
a—00
We recall that B,, is the unit ball centered at a. Clearly %, = {F C X | F° € A4}
is a filter on X finner than the Frechet filter. Our purpose is to give a criterion of
Z,~quasilocality. For this we make a preliminary remark concerning the class of
C"(Q). We shall say that an operator S € B(L?(X)) is of finite range if there is
r < oo such that its distribution kernel satisfies S(x,y) = 0 for |z — y| > r.

Proposition 6.7 The set of linear continuous finite range operators on L?(X) is a
dense x-subalgebra of C"(Q).

Proof: The fact that the set of finite range operators in B(I?(X)) is a x-algebra
is easy to check. We prove now that a finite range operator S € B(I?(X)) is
of class C"(Q). Let us denote Z = Z™ and for each a € Z let K, = a + K,
where K =] — 1/2,1/2]", so that K, is a unit cube centered at a and we have
X = ez K, disjoint union. Let X, be the characteristic function of K, and let
us abbreviate X, = X(Q). If r is as above, we similarly define L =] —r—1,r+1]",
L, = a + L and denote ¢, the characteristic function of L,. Note that there is a
number N such that any cube L, intersects at most N other cubes L.

It suffices to prove that for each linear function ¢ : X — R the commu-
tator [£(@),S] is bounded, because this is equivalent to the fact that the map
k — V;*SVj is Lipschitz. We have Y~ X, = 1 strongly on L? and [£(Q), S]X, =
©a[(Q), S]X, due to the assumption concerning the range of S. Thus there is a
constant C' depending only on N such that for « € L2 with compact support:

IE@), STull® < C lleal€(@), SIXaul?
= C) llvalé(@Q) = &(a), SXa - Xoul®
< O CNXeul? = CC'ful”

Now we shall prove that any operator of class C'*(Q) is a norm limit of finite
range operators and this in the more general setting of Hilbert X-modules. Let X
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be an abelian locally compact group and let 27, 2" be Hilbert X-modules. We fix
a Haar measure dk on X* and if S € B(2#,.#") and © € L'(X*) we define

So = / VSO (k) dk. (6.27)

The integral is well defined because k& — V*SV), € B(J¢) is a bounded strongly
continuous map. In order to explain the main idea of the proof we shall make a
formal computation involving the spectral measure E(A) = X 4(Q), see Lemmas
2.12 and 2.18 (we shall use the same notation for the spectral measures in .7 and
). We have for k € X* and ¢(Q) € B(X)

HQVF = o QKQ) = (oF)(Q) = / ()R () E(dx).

Note also that for z,y € X we have k(x)k(y) = k(—z)k(y) = k(y — ). Let
O(z) = [ k(x)©(k)dk be the Fourier transform of ©. Then we have for all ¢, ¢ €
B(X):

P(Q)Sev(Q)

[ e /X /X () () (y) E(dr) SE(dy)
= /X/X@(w—y)w(w)w(y)E(dw)SE(dy)- (6.28)

We can rigorously justify this computation and give a meaning to the last integral
by taking into account that E(A)SE(B) induces a finitely additive measure on the
algebra generated by rectangles A x B in X x X (note that O e Co(X)). If S
is Hilbert-Schmidt then the measure is in fact o-additive and the result becomes
obvious. We shall, however, avoid these questions and we shall directly prove only
what we need. Namely, we show the following:

(%) { If the support of O isa compact set A and if supp ¢ N (A +supp v) = &
then »(Q)Sed(Q) = 0.

Observe that if (x) holds for a certain set of operators .S then it also holds for the
strongly closed linear subspace of B(7#, %) generated by it. So it suffices to
prove (x) for S an operator of rank one S f = v(u, f) with some fixed u € .7 and
v € . Now the computation giving (6.28) obviously makes sense in the weak
topology and gives for f € o7 and g € ¢":

(9, 0(Q)Set(Q)f) = /X /X Oz — )l ()i, E(dwyu)(u, B(dy) f),
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hence (*) holds for such S.

Finally, note that if S € C"(Q) then S is norm limit of operators of the form
Se. For this it suffices to take © = |K['Xx where K runs over the set of open
relatively compact neighbourhoods of the neutral element of X*, | K| being the
Haar measure of K. Then, by approximating conveniently © in L' norm, one
shows that S is norm limit of operators Sg such that O has compact support. M

Remark: This proposition gives a new proof of Proposition 2.23 for the case of
Hilbert X-modules. Indeed, it is obvious that a finite range operator is quasilocal.

Theorem 6.8 Let X = R™ and let v : X —]0, oo such that lim inf,_.. v(a) =0
and supj,_q <, ¥(b)/v(a) < oo for each real r. If S € B(L?(X)) is of class
C*(Q) and if S € B(LP(X)) for some p < 2, then S is right .%,,-quasilocal.

Proof: We can approximate in norm in B(L?(X)) the operator S by operators
which are in B(L?(X)) N B(LP(X)) and have finite range. Indeed, the approxi-
mation procedure (6.27) used in the proof of Proposition 6.7 is such that it leaves
B(L*(X)) N B(LP(X)) invariant (because V}, are isometries in L” too). Since the
set of right .%,,-quasilocal operators is norm closed in B(L?(X)), we may assume
in the rest of the proof that S is of finite range. According to Lemma 6.1, it suffices
to show that, for a given Borel set V € _4;, and for any number ¢ > 0, there is a
Borel set M € .4, such that || X< (Q)SXn(Q)] < e.

In the rest of the proof we shall freely use the notations introduced in the in the
second part of the Appendix (see also the proof of Proposition 6.7). In particular,
q is defined by— i + 4 LIf f € L?(X) we have

IXN fllze(ra) < IXNI Lo 1 f 2 (k) < IN O KoY fll 22 (.-

Since N € .4, we can find a constant ¢ such that |[N N K| < cv(a) (note that
the definition (6.26) does not involve the restriction of v to bounded sets). Thus,
if we take A, = v(a)"2fora € Z = Z", we get X f € £ with the notations
of the Appendix. In other terms, we see that we have X (Q) € B(L*(X),.2).
Let T = SXn(Q) and let us assume that we also have S € B(.¥). Then T €
B(L?(X),.) and we can apply the Maurey type factorization theorem Theorem
A.8, where ;7 = L?(X). Thus we can write T = g(Q) R forsome R € B(L*(X))
and some function g € .#, which means that G := sup,c v(a)~"9||g| (k. is
a finite number. If ¢ > 0and M = {x | g(x) > t} then we get for all a € Z:

|M 0 Kol = X170,y < 19/t () < (G/1)T0(a).

Note that the second condition imposed on v in Theorem 6.8 ca be stated as fol-
lows: there is an increasing strictly positive function ¢ on [0, oo| such that v(b) <
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6(|b—al)v(a) forall a,b. Indeed, we may take 5(r) = supy,_q <, ¥(b)/v(a). Now
let € X and let D(a) be the set of b € Z such that K} intersects B,. Clearly
D(a) contains at most 2™ points b all of them satisfying |b — a| < v/n + 1. Hence:

IMAK < S [MAK)| <2" sup (G/t)w(b) < 2"(G/1)"8(v/m+1)w(a),
beD(a) beD(a)

which proves that M belongs to .4;,. On the other hand, we have:

X Q)T = [[Xare (Q)9(Q) R < [[Xasegllee | Rl < ]| R]|-

To finish the proof of the theorem it suffices to take ¢t = /|| R||.
We still have to prove that S € B(.Z). Since S is of finite range, there is a
number r such that X, (Q)Xy(Q) = 0 if |a — b| > r. Then forany f € Z:

D ONIXSFIT =D N D XaSXeflTe <C > ALXaSXof I

[b—al<r |b—al<r

where C'is a number depending only on » and n. Since S is bounded in L? the last
term is less than CC’Z‘b_aKr A2\ Xyf||%, for some constant C’. Finally, from
v(b) < o(]b — al)v(a) < d(r)v(a) we get

> M= Y vla) < L)a)e

la—b|<r la—b|<r

where L(r) is the maximum number of points from Z inside a ball of radius r.
Thus we have [|S||5 o) < CC'L(r)o(r)?/. [

Corollary 6.9 Let X = R"™ and let S be a pseudo-differential operator of class
SY. Then S is F,-quasilocal, i.e. for each ¢ € By (X) there are 1,12 € By(X)
and Ty, Ty € B(L?(X)) such that o(Q)S = T111(Q) and Sp(Q) = 12(Q)T.

Proof: Since the adjoint of S is also a pseudo-differential operator of class S°,
it suffices to show that S is right &, -quasilocal. We have S € B(LP(X)) for all
1 < p < ooand S is of class C*(Q) because the commutators [Q;, S] are bounded
operators for all 1 < j < m. Thus we can apply Theorem 6.8 and deduce that
for any function v as in the statement of the theorem, for any ¢ > 0, and for any
N € 4, there is M € 4, such that ||Xp<(Q)SXn(Q)|| < e. Now let N be
a Borel w-small set, i.e. such that [N N B,| — 0 if a — oco. We shall prove
that there is a function v with the properties required in Theorem 6.8 and with
lim, . v(a) = 0 such that N € .4,. This finishes the proof of the corollary
because the relation M € 4, implies now that M is w-small.
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We construct v as follows. The relation 6(r) = supjq >, |V N B,| defines a
positive decreasing function on [0, oo[ which tends to zero at infinity and such that
INN B, <6(|a|) foralla € X. Weset&(t) =60(0)if0 <t < 1andfork >0
integer and 2% < ¢ < 2F*+1 we define £(t) = max{¢(271)/2,0(2%)}. So ¢ is a
strictly positive decreasing function on [0, co[ which tends to zero at infinity and
such that 6 < &. Moreover, if 28 < s < 25+ and 2++P < ¢ < 2k+PH+] then

E(t) =€@MP) 2 €@ 2> L > 27P€(28) = 27P¢(s)

hence £(s) > &(t) > 5;£(s) if 1 < s < t. Wetake v(a) = £(|al), so v is a bounded
strictly positive function on X with lim, . v(a) = 0 and |N N B,| < v(a) for
all a. If a,b are points with |a|, [b] > 1 and |a — b| < r then v(b)/v(a) < 1if
la| < |b| and if |a| > |b| then

v(b) _ (b)) _ 2[al
— = < —<2(14r).
V@ &) = o =0T
Thus the second condition imposed on v in Theorem 6.8 is also satisfied. |

Remark 6.10 We stress that we shall need this corollary for a very simple class of
operators, namely S = ¢ (P) with ¢ (k) = k(3 5 <, k28)=1/2 and |a| < m.

6.2 Applications

We shall give an application of the formalism presented in Subsection 6.1 in the
framework of Subsection 4.1. We consider on .7 the class of “vanishing at infin-
ity” functions corresponding to the C*-algebra of multipliers By, (X). The condi-
tions of decay at infinity (4.18) imposed in Proposition 4.1 come from the consid-
eration of .27 equipped with the Hilbert module structure defined by the algebra
By(X). Note that if we equip 7 with the Hilbert module structure defined by
the algebra By, (X) the property of compactness of the Friedrichs module (¢, 5#)
remains valid, cf. Lemma 6.2 and the space 7" inherits a natural direct sum Hilbert
module structure.

Our purpose is to apply Theorem 3.6 in this setting. The only thing which
remains to be checked is the left F,-quasilocality of the operator D(A* — z)~L.
We shall establish such a result below assuming that the lower order coefficients
are also bounded operators, but it is clear that this assumption can be replaced by
much more general ones. Note also that in this subsection we are less precise and
identify the operators D*aD and A, although they act in different spaces.

In the next lemma we consider only the filter %,. Of course, the result remains
true if 7, is replaced by F,, or Fr..
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Lemma6.11 Let Ay = 32|, 51<m P @apP? With anp € B(#) F-quasilocal
(e.9. anp € B(X)) and let as assume that the operator A, : " — 7™ is
coercive, i.e. there are numbers y, v > 0 such that for all v € 52

Re (u, Agu) > pllul2pm — vulp. (6.29)
Then P*(A, + 2)~ 1 is Fy-quasilocal if |a] < m and if Re z > 0 is large.

Proof: We shall denote by A the operator A, corresponding to the case when «a
is the identity matrix, so A = D*D = 3, ., P2 (of course, this is not the
Laplace operator). In fact, A is the canonical (Riesz) positive isomorphism of ¢
onto ¢* and (6.29) means Re A, > uA — v. Note that we can include v in the
term of order zero of A, hence there is no loss of generality if we assume v = 0.
Later computations look simpler if ;= 1 and we can reduce ourselves to this
situations by replacing a by a/u. Thus we may assume that we have the estimate
Re A, > A. Now let us decompose A, = A + D*(a —1)D = A+ V and, if
6 is a positive number, let us set A = A + 0V. Then Ay € B(¥,%*) and we
have Re Ay > A, sothatif Rez > 0then Ay + z : ¥ — ¥* is bijective and
1(Ag + 2) (w9 < 1 (see the Appendix). It follows easily that the function
0 — (Ag + 2)~t € B(¥9*,9) is real analytic on ]0, oo[ which implies that the
function 6 +— PY(Ap+2)~! € B(#) is real analytic too. The set of 7, -quasilocal
operators is a closed subspace of the Banach space B(7#") and an analytic function
which on an open set takes values in a closed subspace remains in that subspace for
ever. Thus it suffices to how that the operator P*(Ag + z)~! is F,-quasilocal for
small values of 6. The operator P%( Ay + z)~! is also a holomorphic function of »
in the region Re z > 0, so by a similar argument we see that it suffices to consider
z > 0. Below we shall take z = 0, the argument in general is identical.

For reasons of simplicity, we change again the notations: we setb = 6(a — 1),
we assume [b]| 5y < 1,and denote V = D*bDand A = A+V. Let S = A~1/2,
where A is considered as self-adjoint operator on 7. Note that S is an isometry
of ¢* onto 7 and of 7 onto ¢. Then we have:

AT =81+ 8SVS) IS = (—1)FS(SVS)rS
k>0

the series being norm convergent in B(¢*,%). Indeed, || DS||p(», ) = 1, hence
1S(SV S)*S ||+ ) = 1(SD*6DS)* |5y < bl )

and [|bl|gx) < 1. Thus P*A~" is a sum of terms P(—1)*S(SV S)*S which
converges in norm, so it suffices that each of them be &, -quasilocal. But

P*S(SVS)*S = (PS)(SD*)b(DS) ... (SD*)b(DS)S
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and each factor in the product is F,-quasilocal: for b this is an hypothesis (or trivial
if the a, are functions), and for P*S, DS and SD* because of Corollary 6.9. W

Below we give just an example of application of Theorem 3.6. The conditions
on the lower order coefficients can be improved without difficulty.

Theorem 6.12 Let A, be as in Lemma 6.11 and let b = (bag)|a),|8/<m With bags
bounded operators .7~ 1%l — #1el=™ such that A, is coercive. For |a| + | 5| =
m assume that b, g —aqg is left 7 -vanishing at infinity (which holds if b, 5 —aas5 €
By (X)). If|a] + |8] < m we assume bz — ang € K(" 10 s#lel=m). Then
the operator A is a compact perturbation of A, in particular A, and A, have the
same essential spectrum.

Proof: We check the conditions of Theorem 3.6. Because of the coercivity as-
sumptions, condition (1) is fulfilled, and (2) is satisfied by Lemma 6.11. The part
of condition (3) involving the coefficients such that |a| + |3] = m) is satisfied by
definition, for the lower order coefficients it suffices to use (2.10). |

Remark 6.13 If b3 € B(X) and bos — ang € Byw(X) for all o, 3, then the
compactness conditions on the lower order coefficients are satisfied. Indeed, if
¢ € By(X) then p(Q) : s#° — ' is compact if s,¢ > 0 and one of them is
not zero, see Lemma 6.2.

A Appendix

1. This Appendix consists of two parts: in the first one we discuss some elementary
abstract facts which are used without comment in the main text and in the second
one we present a Maurey type factorization theorem adapted to our needs.

Let (¢,.7) be a Friedrichs couple and ¢ C s C ¥* the Gelfand triplet
associated to it. To an operator S € B(%,%*) (which is the same as a continuous
sesquilinear form on ¢) we associate an operator S acting in s according to the
rules: D(S) = S—1(#), S = S|D(S). Due to the identification ¥** = ¥, the
operator S* is an element of B(¢,%*), so S* makes sense. On the other hand, if
Sis densely defined in 7 then the adjoint§* of S with respect to .27 is also well
defined and we clearly have S* C S*.

Lemma Al If S — 2z : 4 — 4* is bijective for some z € C, then S is a closed

deniely defineg operator, we have S+ = 5% and 2 S p(§). Moreover, the domains
D(S) and D(S*) are dense subspaces of ¢.
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Proof: Clearly we can assume z = 0. From the bijectivity of S : ¢ — ¢* and
the inverse mapping theorem it follows that S and S* are homeomorphisms of ¢
onto ¢*. Since 7 is dense in ¥*, we see that D(S) and D(:@;) are dense in
¢, hence in 2. Since S+ C §*, the operator S* is also densely defined in 7.
Thus S is densely defined and closable. We now show that it is closed. Consider
a sequence of elements u,, € D(S) such that u, — w and Su,, — v in . Then
Su,, — v in¥%* hence, S~! being continuous, u,, — S~'vin ¥, so in 2. Hence
u=S5"1yv e D(S)and Su = v.

We have proved that Sis densely defined and closed and clearly 0 € p(§).
Then we also have 0 € p(§*), s0 S* D(§*) — J is bijective. Since S* :
D(§;) — . is also bijective and S* is an extension of S*, we get $* = 5*. W

A standard example of operator satisfying the condition required above is a
coercive operator, i.e. such that Re (u, Su) > pul|ul|Z, — v|ju||%, for some strictly
positive constants u, v and all v € ¢. Indeed, replacing S by S + v, we may
assume Re (u, Su) > pllul|Z. Since S* verifies the same estimate, this clearly
gives || Sullg > pllulle and ||S*u|lg+ > pl|ullg forall w € 4. Thus S and S*
are injective operators with closed range, which implies that they are bijective.

If A is a self-adjoint operator on # then there is a natural Gelfand triplet
associated to it, namely D(|A|Y/?) ¢ 2# C D(|A|'/?)*. Then A extends to a
continuous operator Ag : D(|A['/2) — D(|A|"/?)* which fulfills the conditions
of Lemma A.1 and one has Ag = A. In our applications it is interesting to know
whether there are other Gelfand triplets ¥ C . C ¢* with D(A) C ¢ and
such that A extends to a continuous operator 4 — %*. For not semibounded
operators, e.g. for Dirac operators, many other possibilities exist such that ¢ is not
comparable to D(|A|'/?). But if A is semibounded, then the class of spaces & is
rather restricted, as the next lemma shows.

Lemma A.2 Assume that A is a bounded from below self-adjoint operator on J#
and such that D(A) C ¢ densely. Then A extends to a continuous operator A :
¢ — @~ ifand only if ¥ C D(]A|'/?) and in this case A = Ag|y.

Proof: We prove only the nontrivial implication of the lemma. So let us assume
that A extends to some A € B(¥,%*). Replacing A by A + X\ with \ a large
enough number, we can assume that A > 1. For v € D(A) we have

A2 0|y = /(u, Au) = \/m < Cllullg,

where C2 = || Aljg_~. Since D(A) is dense in ¢, it follows that the inclusion
map D(A) — D(A'/?) extends to a continuous linear map J : &4 — D(A'/?).
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If u € ¢ then there is a sequence {u,} in D(A) such that v, — w in ¢. Then
J(uy) — J(u) in D(AY?). Since & and D(A'/?) are continuously embedded in
¢ we shall have u,, — win 2 and u,, = J(u,) — J(u) in 5, hence J(u) = u
forall u € ¢. In other terms, & C D(A'/?). |

We note that, under the conditions of the lemma, the inclusions D(A) C ¢ and
4 c D(|A|'/?) are continuous (by the closed graph theorem), so we have a scale

D(A) c 9 c D(|A|V?) ¢ # c D(|A]Y?)* ¢ 9* c D(A)*
with continuous and dense embeddings (because D(A) is dense in D(|A|/?)).

In view of its importance in this paper, we state below the Cohen-Hewitt fac-
torization theorem [FD, Ch. V-9.2].

Theorem A.3 Let € be a Banach algebra with an approximate unit, let 5# be a
Banach space, and let @ : ¥ — B() be a continuous morphism. Denote .77
the closed linear subspace of 7" generated by the elements of the form Q(y)v with
p € € and v € . Then for each u € ¢ there are ¢ € ¢ and v € . such that

u = Q(p)v.

2. In this second part of the appendix we shall prove a version of the factorization
theorem due to Bernard Maurey (see the proof of Proposition 6.4 here and Theorem
8 in [Ma]). Our proof follows closely that of Maurey; we shall, however, give all
the details, since the Banach space techniques involved in it are not very usual in
the context of spectral theory. We first recall the Ky Fan’s Lemma, see [DJT, 9.10].

Proposition A.4 Let K be a compact convex subset of a Hausdorff topological
vector space and let .# be a convex set of functions F' : K —] — oo, +00] such
that each F' € .# is convex and lower semicontinuous. If for each F' € .# there is
g € K such that F'(g) < 0, then there is g € K such that F'(¢g) < 0forall F € .Z.

We need a second general fact that we state below. Let (X, u) be a o-finite
positive measure space and let L°(X) be the space of u-equivalence classes of
complex valued measurable functions on X with the topology of convergence in
measure. Let % be a Banach space with . ¢ L°(X) linearly and continuously
and such that if f € L9(X), g € £ and |f] < |g| (u-ae.) then f € & and

I1fll < llgll -

Proposition A.5 There is a number C, independent of .#, such that for any Hilbert
space . and any T' € B(.2,.Z) the following inequality holds

1251 Twi) 2Nz < ClT e,y (3 1) 2 (1.30)

for all finite families {u;} of vectors in JZ.
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This a rather standard consequence of Khinchin’s inequality [DJT, 1.10]. The
result is stated in [Pi] with an explicit value for C.

From now on we work in a setting adapted to our needs in Section 6, although
it is clear that we could treat by the same methods a general abstract situation. Let
X = R™equipped with the Lebesgue measure, denote Z = 7", and for eacha € Z
let K, = a+ K, where K =] — 1/2,1/2]", so that K, is a unit cube centered at
a and we have X = ., K, disjoint union. Let X, be the characteristic function
of K, and if f : X — Clet f, = f|K,. We fixanumber 1 < p < 2 and a family
{Aa}taez Of strictly positive numbers A, > 0 and we define .# = &(LP) as the
Banach space of all (equivalence classes) of complex functions f on X such that

£l = (X I fid) " < oc. (131

a€e”Z

Here LP = LP(X) but note that, by identifying X, f = f,, we can also interpret .
as a conveniently normed direct sum of the spaces L?(K,), see [DJT, page XIV].
If \, = 1 for all @ we set 3 (LP) = ¢%(LP). Observe that ¢*(L?) = L*(X).

Let ¢ be given by% = %+%,sothat1 <p <2< q< oo. We also need the
space .# = (5°(LY) defined by the condition

9]l := sup [[AaXagl|La < o0. (1.32)
a€”Z

The definitions are chosen such that ||gully < ||g||.#|lu| L2 where L? = L?(X).
As explained at [DJT, page XV], the space .# is naturally identified with the dual
space of the Banach space .Z, = fi_l(Lq'), where % + % = 1, defined by the
norm

Ihlla, == 1A Xaht ]| -
a€”Z

Below, when we speak about w*-topology on .# we mean the o (. , .#,)-topology.
Clearly
Mt ={geM|g>0lgl.e <1}

is a convex compact subset of .# for the w*-topology.
Lemma A.6 For each f € . there is g € .#," such that || f||.2 = |lg" | 2.

Proof: We can assume f > 0. Since 1 = § + g, we have:

I falle = ILFall 21 fall 7! = S22 0 2l £2/ % = NP/ f N 2| £2/) o
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with the usual convention 0/0 = 0. Now we define ¢, on K, as follows. If f, =0
then we take any g, > 0 satisfying A\, ||gallze = 1. If fo # 0 let

o = Ao (fa/ Il fall o )P E = A M1 S2/9 k0.

Thus we have \,||g. ||z« = 1 for all @, in particular ||g|| » = 1. By the preceding
computations we also have || fo|zr = 195t fall 22| gall Lo and so

IF1% = DNl fallie = D AolgallZallga fallZe = D llga " fall72

which is just [[g~ f |2, u

The main technical result follows.

Proposition A.7 Let (f*“),cy be a family of functions in . such that, for each
a = (ay)yer With ay, € R, o, > 0 and o, # 0 for at most a finite number of w,
the function £ := (3, |ow f"[*)!/? satisfies || || < [lcllp2(rr)- Then there is
g € A suchthat ||g= f¥| ;2 < 1forallu € U.

Proof: For each « as in the statement of the proposition we define a function
F, : M —] — 00, +0c0] as follows:

Fo(g) = llg™ 12172 = ooy = D ai(lg™ 172 = 1)

Our purpose is to apply Proposition A.4 with %" = .#," equipped with the w*-
topology and .% equal to the set of all functions F,, defined above. We saw before
that J#" is a convex compact set. From the second representation of F, given
above it follows that .% is a convex set. Each F,, is a convex function because
g~ f%, = [ g7 2(f*)?d= and the map ¢ — ¢t~ is convex on [0, oco[. We shall
prove in a moment that F, is lower semicontinuous. From Lemma A.6 it follws
that there is g, € % such that || f¥||.« = |lg; ' f|lz2. Then by our assumptions
we have

Fa(ga) = 1£°1I% = llalzz ) < 0.

From Ky Fan’s Lemma it follows that one can choose g € .# such that F,(g) <0
for all «,, which finishes the proof of the proposition.

It remains to show the lower semicontinuity of F,,. For this it suffices to prove
that g — |\g—1f||%2 € [0, 00] is lower semicontinuous on % if f € £, f > 0.

But
lo LA =S /K 2 f2de
a a
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and the set of lower semicontinuous functions .2~ — [0, o] is stable under sums
and upper bounds of arbitrary families. Hence it suffices to prove that each map
g fKa g2 f2dz is lower semicontinuous. This map can be written as a com-
position ¢ o J, where J, : .# — Li(K,) is the restriction map J,g = g, and
¢ : LY(K,) — [0,00] is defined by ¢(6) = [ 672 fzdx. The map J, is con-
tinuous if we equip L?(K,) with the weak topology and .# with the w*-topology
because it is the adjoint of the norm continuous map L (K,) — .#, which sends
u into the function equal to w on K, and 0 elsewhere. Thus it suffices to show that
¢ is lower semicontinuous on the positive part of LY(K,) equipped with the weak
topology and for this we can use exactly the same argument as Maurey. We must
prove that the set {6 € LY(K,) | 6 > 0,¢(0) < r} is weakly closed for each real
r. Since ¢ is convex, this set is convex, so it suffices to show that it is norm closed.
But this is clear by the Fatou Lemma. |

Theorem A.8 Let .7 be a Hilbert space and T : 7 — £ a linear continuous
map. Then there exist a linear continuous map R : .# — L?(X) and a positive
function g € .# such that T = g(Q)R.

Proof: Let U be the unit ball of 7# and for each v € U let f* = Twu. From
Proposition A.5 we get

102 = (T () ) e < AT lawul?)? < A, Jaul*)?

where A = C||T'[|g(, ). Since there is no loss of generality in assuming A < 1,
we see that the assumptions of Proposition A.7 are satisfied. So there is g € .#,"
such that ||g_1Tu||L2(X) < 1forall uw € U. Thus it suffices to define R by the rule
Ru= g 'Tuforallu € . |

References

[ABG] W. Amrein, A. Boutet de Monvel, V. Georgescu, Cyp-Groups, commutator
methods and spectral theory of N-body Hamiltonians, Birkhduser, Basel-
Boston-Berlin, 1996.

[Ar] M. Arai, On essential self-adjointness, distinguished selfadjoint extensions
and essential spectrum of Dirac operators with matrix valued potentials,
Publ. RIMS, Kyoto University, 19 (1983), 33-57.

[AY] M. Arai, O. Yamada, Essential self-adjointness and invariance of the essen-
tial spectrum for Dirac operators, Publ. RIMS Kyoto University, 18 (1982),
973-985.

49



[DP]

[Di]

[DJT]

[FD]

[GM]

[GW]

[He]

[Hi]

[Ho]

[KI]

[LV]

[Lo]

[Ma]

[N1]

[N2]

G. De Cecco, G. Palmieri, p-Energy of a curve on LI P-manifolds and on
general metric spaces, preprint.

J. Dixmier, Les algébres d’opérateurs dans I’espace Hilbertien, Paris,
Gauthier-Villars, 1969.

J. Diestel, H. Jarchow, A. Tonge, Absolutely summing operators, Cam-
bridge studies in advanced mathematics, Cambridge University Press, 1995.

J.M.G. Fell and R.S. Doran, Representations of x-algebras, locally compact
groups, and Banach x-algebraic bundles, Vol. 1, Academic Press, 1988.

V. Georgescu, M. Mantoiu, On the spectral theory of singular Dirac type
hamiltonians, J. Operator Theory 46 (2001), 289-321.

K. Gustafson, J. Weidmann, On the essential spectrum, J. Math. Anal. Appl.
25 (1969) 121-127.

R. Hempel, Perturbation by Quadratic Forms and Invariance of Essential
Spectra, Math. Z. 185 (1984), 281-289.

M. Hilsum, Structures riemmanniennes LP et K-homologie, Annals of
Math. 149, 1007-1022.

L. Hérmander, The analysis of linear partial differential operators vol. I-1V,
Springer, 1983-1987.

M. Klaus, Dirac Operators with Several Coulomb Singularities, Helv. Phys.
Acta 153 (1980), 463-482.

V. Liskevich, H. Vogt, On LP-spectra and essential spectra of second-order
elliptic operators, Proc. London Math. Soc. (3) 80 (2000), 590-610.

L.H. Loomis, An introduction to abstract harmonic analysis, Van Nostrand,
1953.

B. Maurey, Théoremes de factorisation pour les opérateurs linéaires a
valeurs dans les espaces LP, Asterisque 11, Soci“et’e Math. de France.

G. Nenciu, Self-adjointness and invariance of the essential spectrum for
Dirac operators defined as quadratic forms, Comm. Math. Phys. 48 (1976),
235-247.

G. Nenciu, Distinguished self-adjoint extensions for Dirac operators with
potentials dominated by multicenter Coulomb potentials, Helv. Phys. Acta
50 (1977), 1-3.

50



[OS] E.M. Ouhabaz, P. Stollmann, Stability of the ensential spectrum of second-
order complex elliptic operators, J. Reine Angew. Math. 500 (1998), 113-
126.

[Pi] G. Pisier, Factorization of operators and geometry of Banach spaces, Amer.
Math. Soc., Providence R.Il., CBMS 60, 1985.

[Sa] L. Saloff-Coste, Opérateurs pseudo-différentiels sur un corps local, thése
de troisiéme cycle, Universit“e Pierre et Marie Curie, 1983.

[Ta] M. H. Taibleson, Fourier analysis on local fields, Princeton University
Press, 1975.

[Te] N. Teleman, The index of signature operators on Lipschitz manifolds, Publ.
Math. I.H.E.S. 58 (1983), 39-78.

[Wa] N. Weaver, Lipschitz algebras and derivations II: exterior differentiation,
preprint 1998.

[We] J. Weidmann, Linear operators in Hilbert space, Springer, 1980.

51



