Chapter 4

Schrodinger operators and essential
spectrum

The aim of this chapter is to show how crossed product C*-algebras can be used for the
computation of some spectral information on self-adjoint operators. These operators
appeared naturally in the context of quantum mechanics, but then their investigations
has been developed on a pure mathematical level. For simplicity, all the following con-
siderations will be based on the group R%, but with the content of the previous chapters
these investigations could be made on an arbitrary locally compact abelian group. This
natural generalization should hold mutatis mutandis, and it is certainly a very useful
exercise to check this statement (note that the main difficulties come from the constants
and from some historical conventions).

4.1 Multiplication and convolution operators

In this section, we introduce two natural classes of operators on R?. This material is
standard and can be found for example in the books [Amr09] and [Tes09]. We start by
considering multiplication operators on the Hilbert space L?(RY).

For any measurable complex function ¢ on RY let us define the multiplication op-
erator p(X) on H := L?(RY) by

[p(X)fl(z) = p(2)f(z) Vo eR?
for any
FeD(e() = {g e 1| [ lol@Flgle)fde < oo}
Clearly, the properties of this operator depend on the function . More precisely:

Lemma 4.1.1. Let o(X) be the multiplication operator on H. Then p(X) belongs to
B(H) if and only if p € L®(R?), and in this case ||p(X)]| = ||¢]loo-

93



54 CHAPTER 4. SCHRODINGER OPERATORS AND ESSENTIAL SPECTRUM

Proof. One has

eCOSE = [ letPlr@Pds < el [ 17@)Pde = [P

Thus, if ¢ € L®(R?), then D(p(X)) = H and [[o(X)]| < [|¢]l-

Now, assume that ¢ & L>°(R?). It means that for any n € N there exists a measur-
able set W,, C R? with 0 < |W,| < oo such that |o(z)| > n for any z € W,,. We then
set f, = xw, and observe that f, € H with || f,||> = |[W,| and that

LI = [ le@Plh@Pd = [ le@Pde > g

n

from which one infers that || o(X) f.||/|| fnl| > n. Since n is arbitrary, the operator ¢(X)
can not be bounded.

Let us finally show that if ¢ € L>®(R?), then ||o(X)|| > ||¢]loo- Indeed, for any & > 0,
there exists a measurable set W, C R? with 0 < |[W.| < oo such that |p(z)] > ||¢]le — €
for any o € W.. Again by setting f. = xw. one gets that ||o(X)f|/IIf|l > ll¢lle — &,
from which one deduces the required inequality. O

If p € L>®(RY), one easily observes that p(X)* = $(X), and thus (X)) is self-adjoint
if and only if ¢ is a real function. If ¢ is real but does not belong to L>°(R%), one can
show that the pair (¢(X), D(¢(X))) defines a self-adjoint operator if D(¢(X)) is dense
in . In particular, if ¢ € C(R?) or if || is polynomially bounded, then the mentioned
operator is self-adjoint, see [Amr09, Prop. 2.29]. For example, for any j € {1,...,d}
the operator X; defined by [X;f](z) = z;f(x) is a self-adjoint operator with domain
D(X;). Note that the d-tuple (Xi,...,Xy) is often referred to as the position operator
in L?(R?). More generally, for any o € N¢ one also sets

X = X, X5

and this expression defines a self-adjoint operator on its natural domain. Other useful
multiplication operators are defined for any s > 0 by the functions

d
s/2
R 52— (2)° = <1+Zx?) eR.
j=1

The corresponding operators ((X e, ’HS), with

o {fenpsen)={ren| [ Wi <o,

are again self-adjoint operators on H. Note that one usually calls H, the weighted
Hilbert space with weight s since it is naturally a Hilbert space with the scalar product

(f,9)s = Jaa f(2)g(x)(x)*da.
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Exercise 4.1.2. For any ¢ € Cy(RY), show that the spectrum of the multiplication
operator p(X) coincides with the closure of p(R?) in C.

We shall now introduce a new type of operators on H, but for that purpose we need
to recall a few results about the usual Fourier transform' on R?. The Fourier transform
F is defined on any f € C.(R?) by the formula?

1

FAE = 1O = G | Fw)a. (111)

This linear transform maps the Schwartz space S(R?) onto itself, and its inverse is
provided by the formula [F~'f](z) = f(z) = wa e f(€) d€. In addition, by
taking Parseval’s identity [u, |f(2)?d2 = [, |f(€)[2d€ into account, one obtains that
the Fourier transform extends continuously to a unitary map on L?(R?). We shall keep
the same notation F for this continuous extension, but one must be aware that (4.1.1)
is valid only on a restricted set of functions.

Let us use again the multi-index notation and set for any a € N¢

(—i0)® = (—i0,)* ... (=i0y)* = (—i)lapr ... 959

with |o| = a3 + -+ + ag. With this notation at hand, the following relations hold for
any f € S(R?) and any a € N%

F(—i0)f = X“Ff,
or equivalently (—i0)*f = F*X*F f. Keeping these relations in mind, one defines for

any j € {1,...,d} the self-adjoint operator D; := F*X;F with domain F*D(Xj;).
Similarly, for any s > 0, one also defines the operator (D)* := F*(X)*F with domain

Ho={feH | (XYFfeH)={feH|(X)feH]}

Note that the space H? is called the Sobolev space of order s, and (D1, ..., D) is usually
called the momentum operator?.
We can now introduce the usual Laplace operator —A acting on any f € S(RY) as

d d d
~Af=— Z&?f = Z(-@)?f = pr.f. (4.1.2)

In the more general framework of arbitrary locally compact abelian group, the Fourier transform
has been defined at the end of Section 3.2. The constants are chosen here such that the Fourier
transform extends to a unitary map on L?(R?).

2Even if the group R? is identified with its dual group, we will keep the notation & for points of its
dual group.

3In physics textbooks, the position operator is often denoted by (Q1,...,Qq) while (Py,..., Py) is
used for the momentum operator.
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This operator admits a self-adjoint extension with domain #H?, i.e. ( — A,’HQ) is a
self-adjoint operator in H. However, let us stress that the expression (4.1.2) is not
valid (pointwise) on all the elements of the domain H?. On the other hand, one has
—A = F*X*F, with X? = Z;.lzl X?, from which one easily infers that o(—A) = [0, c0).
Indeed, this follows from the content of Exercise 4.1.2 together with the invariance of
the spectrum through the conjugation by a unitary operator.

More generally, for any measurable function ¢ on R? one sets ¢(D) := F*po(X).F,
with domain D(p(D)) = {f € H | fe D(¢(X))}, and as before this operator is
self-adjoint if this domain is dense in H, as for example for a continuous function ¢
or for a polynomially bounded function ¢. Then, if one defines the convolution of two
(suitable) functions on R? by the formula

e+ 10) = s |, KO =)y

and if one takes the equality g * f = F*(g f ) into account, one infers that the operator
(D) corresponds to a convolution operator, namely

e(D)f =¢x* f. (4.1.3)

Obviously, the meaning of such an equality depends on the class of functions f and g
considered.

Exercise 4.1.3. Show that the following relations hold on the Schwartz space S(RY):
[iX;, Xy] = 0=[D;,Dy] for any j. k € {1,...,d} while [iD;, Xj] = 1.

4.2 Schrodinger operators

In this section, we introduce the main operator we want to investigate.

First of all, let i : R? — R be a continuous real function which diverges at infinity.
Equivalently, we assume that h satisfies (h — 2)™* € Cy(R?) for some 2 € C\ R.
The corresponding convolution operator h(D), defined by F*h(X)F, is a self-adjoint
operator with domain F *D(h(X )) Clearly, the spectrum of such an operator is equal
to the closure of h(R?) in R.

Some examples of such a function hA which are often considered in the literature are
the functions defined by h(¢) = €2, h(€) = |€| or h(€) = /1 + &2 — 1. In these cases,
the operator h(D) = —A corresponds to the free Laplace operator, the operator h(D) =
|D| is the relativistic Schrédinger operator without mass, while the operator h(D) =
v1—A — 1 corresponds to the relativistic Schrodinger operator with mass. In these
three cases, one has o (h(D)) = 0,(h(D)) = [0, 00) while o, (h(D)) = 0, (h(D)) = 0.

Let us now perturb this operator h(D) with a multiplication operator V(X). If
the measurable function V : R? — R is not essentially bounded, then the operator
h(D)+ V(X) can only be defined on the intersection of the two domains, and checking
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that there exists a self-adjoint extension of this operator is not always an easy task. On
the other hand, if one assumes that V € L>°(R%), then we can define the operator

H :=h(D)+V(X) with  D(H) = D(h(D)) (4.2.1)

and this operator is self-adjoint.

A lot of investigations have been performed on such an operator H when V' vanishes
at infinity, in a suitable sense. On the other hand, much less is known on this operator
when the multiplication operator V' (X), also called the potential, has an anisotropic
behavior. The main idea of the approach presented here is to encode the anisotropy
in an algebra ¢ of functions on R?. Then, if the potential belongs to this algebra of
functions, we can show that the operator H itself belongs to the crossed product algebra.
More explanations about this construction are provided in the next section.

4.3 Affiliation

The main ideas of this section are borrowed from [Man02]. Some other references using
similar ideas are [GI02, AMP02, GI06, DG13, Man013]. From now on, we consider an
algebra of functions on R? satisfying the following assumptions:

Assumption 4.3.1. € is a unital C*-subalgebra of BC,(R?) which is Re-invariant and
which contains the subalgebra Co(R™).

Recall that this algebra is Reinvariant if whenever ¢ € 4 and z € R? then
0.(p) == @(- —x) € €. As a consequence of Theorem 2.4.15, there exists a compact
space 2 such that € is isometrically x-isomorphic to C'(Q2). In addition, note that from
the requirement Cy(R?) C ¥ one infers that Q is a compactification of R? (< a compact
space in which R? is dense). Indeed, each point € R? defines a distinct element of the
character space ) by setting  — J, where 0, is the evaluation at x, i.e. J,(p) := @(x)
for any ¢ € %. Finally, one also observes that the action of R? continuously extends to
an action on () defined by the formula:

[0:(7)](9) = 7(02(0)), (4.3.1)

for any ¢ € €, x € R? and 7 € Q. Note that we use the same symbol for the action
of R? on itself and for its extension on €. In summary, the Assumptions 4.3.1 imply
that the triple (C’ (Q),R%, 9) defines a C*-dynamical system, see also Example 3.3.2 and
Exercise 3.3.3.

Exercise 4.3.2. Find a unital C*-subalgebra of BC,(R™) which is R-invariant but for
which the space §) is not a compactification of RY.

Let us now construct a covariant representation of this dynamical system in the
Hilbert space H := L?(R?). First of all, the algebra C() is faithfully represented in
PB(H) by operators of multiplication. Indeed, if one defines the *-homomorphism 7 by

C)=E3pm7(p) i=p(X) € B(H),
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then 7 : C'(2) — AB(H) is faithful and non-degenerate. In addition, let us consider the
unitary representation of the group R? on #H, namely {U, },era given by [U,f](y) =
fly — ) for any f € H. With this definition, the following compatibility condition
holds for any ¢ € ¥

m(0:()) = 7(p(- — 2)) = (X — 2) = Usp(X)U; = Upn() U (4.3.2)

As a consequence, the triple (H,m,U) defines a covariant representation of the dy-
namical system (C’ (), R4, 9), and thus a non-degenerate representation of the crossed
product algebra C(Q) xy R? in B(H), by Theorem 3.4.8. This representation corre-
sponds to the integrated representation m x U(C(2) xy R?).

Exercise 4.3.3. Check that the above operator U, is equal to the operator e~ where

D s the momentum operator introduced in Section 4.1.

In order to get a better understanding of the C*-algebra m x U(C(£2) x5 R?), recall
that C() is unital, and therefore that L'(R?) C C(Q) xp R Thus, by applying the
integrated representation m x U defined in (3.4.1) to some u € L'(R?), one gets

mxU)) = | [ s dy]@) = [ u) e - y)dy = mP2a0)se),
R R
where we have taken equation (4.1.3) into account. More generally, by considering
products u @ ¢ C L'(R?) ® C(Q) C L' (R% C(Q)), we get that operators of the form
(2m)%2p(X)a(D) belong to m x U(C() xy RY). Finally, by considering linear combi-
nations, one infers that:

Theorem 4.3.4. Let € satisfy Assumption 4.3.1 and let €2 be defined by the Gelfand
x-isomorphism € = C(Q). Then 7 x U(C(Q) xg R?) is equal to

(€ - Cy(RD)) .= ¢ (gp(X)v(D) | v e Co(RY) and ¢ € C(Q)), (4.3.3)

and the C*-algebra C(Q) x9 R? is isometrically x-isomorphic to this algebra.

Proof. By construction, and since 7 x U(C(Q) x4 R?) is norm closed, it is quite clear
that this algebra and the C*-algebra defined in the r.h.s. of (4.3.3) are equal. However,
it remains to show that the representation m x U of C(Q) xy R? is faithful. Such a
statement has been proved for example in [GI02, Thm 4.1] and is based on the regular
representation introduced in Example 3.3.6. We do not provide the arguments here since
we are going to prove a more general result in the context of twisted crossed product
C*-algebras in a forthcoming chapter. O]

Remark 4.3.5. In the previous statement, if one chooses* Co(R?) for the algebra €,
then the resulting C*-algebra (Co(RY) - Co(R?)) coincides with C*-algebra A (L*(RY)).
It means that the integrated representation m x U provides the x-isomorphism already
mentioned in Example 3.4.5.

4Obviously, Cy(R?) is not unital, but this lack of a unity can easily be taken into account in the
previous construction.
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We are now in a suitable position for explaining the link between the Schrodinger
operator H and the C*-algebra introduced in (4.3.3).

Lemma 4.3.6. Let € satisfy Assumption 4.3.1 and let 2 be defined by the Gelfand
x-isomorphism € = C(Q). Let h € C(R%R) be diverging at infinity, let V € C(;R),
and let H := h(D) + V(X). Then, for some z € C\ R with |3z| large enough, the
resolvent (H — z)~1 belongs to the C*-algebra (€ - Co(R%)).

Proof. Let us consider the Neumann series
(H—2)" = (WD) -2+ V(X))
= (WD) = 2) " (1+V(X)((D) = 2) ")

[e.9]

= (WD) —2) " S (~1)" [V(X)(h(D) - =) ],

n=0

1

-1

where we have used the result of Lemma 4.1.1 and suitably chosen z such that
[V(X)(h(D) —2)7"|| < 1.

Since each term in the series belongs to (% - Co(R%)), and since the series converges in
norm of (M), it follows that the series converges in (¢ - Cp(R%)). O

Note that from the resolvent equation (1.6.1), one infers the equalities

(H—2)"" = (H=2)"" (1+ (2= 20)(H— %))

=Y "z 20)"((H - 2)™)""

By starting then from the result of the previous lemma and by a approximation ar-
gument, one deduces that if (H — z)™' € (€ - Co(R%)) for some z, € C \ R, then
(H—2)" € (€ - Cy(R?) for all z € C\ R. By a density argument, it even follows that
(H) € (€ - Cy(RY)) for any ¢ € Co(R), and the operator p(H) corresponds to the one
also mentioned in Definition 1.7.9. Thus, H defines a *-homomorphism from Cy(R) to
(€ - Cy(RP)). More generally, one sets:

Definition 4.3.7. (i) An observable affiliated to a C*-algebra € is a *-homomor-
phism @ : Cop(R) — €.

(i1) The spectrum o(®) of an observable ® consists in the set of A\ € R such that
O () # 0 whenever ¢ € Cy(R) and p(X) # 0.

Let us stress that for the previous definition of an observable, the C*-algebra € does
not need to be represented in a Hilbert space. On the other hand, with the observation
made just before the definition, one observes that if H is a self-adjoint operator on a
Hilbert space H, and if € is a C*-subalgebra of %(H) with (H — z)~! € € for some
z € C\R, then H defines an observable affiliated to €, which we denote by ® (in this
case one has ®%(p) = p(H)).

Exercise 4.3.8. In the framework of the previous paragraph, show that J(CIDH) =o(H).
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4.4 JF-essential spectrum

Let us consider a C*-algebra € and one ideal J in € (in this section ideals of C*-
algebras will always be considered closed and self-adjoint). By Corollary 2.5.6, the
quotient algebra €/J is a C*-algebra, and let us denote by ¢ : € — €/J the quotient
x-homomorphism. Then, if ® is an observable affiliated to €, the composed map go & :
Co(R) — €/J defines an observable affiliated to the quotient algebra. In this setting,
one has:

Definition 4.4.1. Let € be a C*-algebra, with J an ideal in &, and let ® be an observable
affiliated to €. The spectrum o(q o @) of the observable q o ® is called the J-essential
spectrum of ® and will be denoted by 0¥ (®), i.e. ¥(P) = o(qo P).

Exercise 4.4.2. In the framework of the previous definition, show that \ € o3(®) if
and only if ®(¢) & J whenever p € Cy(R) with p(X\) # 0.

To motivate the introduction of this notion of J-essential spectrum, let us derive
the original result in this setting:

Lemma 4.4.3. Let H be a Hilbert space, and H be a self-adjoint operator on H. Then
the following equality holds:

Uess(H) _ O,%’(H) (q)H)’

or in other words, the essential spectrum of H can be computed by considering the
H (H)-essential spectrum of the corresponding observable affiliated to B(H).

Proof. From the definition of the essential spectrum provided in Definition 1.7.17, it is
easily observed that A € .. (H) if and only if E((A—4, A\+§))H is infinite dimensional
for any ¢ > 0, where E(-) denotes the spectral measure associated with the self-adjoint
operator H, see Section 1.7.2. This property in then equivalent to the fact that if
¢ € Co(R) with p(\) > 0, the corresponding operator ®#(p) = @(H) & & (H).
Indeed

o(H ) ), and therefore E((A — 8,A 4+ §)) & ¢ (H) since otherwise one would
have ¢(H) = p(H)E((A — 6, A +9)) € A (H).
=: By absurd let us assume that there exists ¢ € Cy(R) with ¢(A) > 0 such that
@(H) € 2 (H). Therefore, for any € > 0 with p(A)/2 > ¢ there exist {g;, h;}}_; C H
such that ||p(H) — A,|| < ¢, see equation (1.3.1) for the definition of A,,. Then, let us
choose § > 0 such that ¢(\) > ¢(\) —e for any X' € (A — 3§, A+ J). By assumption, the
subspace E (()\ — 0, A+ 6))7—[ is infinite dimensional, and so is the subspace

t & > 0 and choose ¢ € C.((A — &, X + §)) with ¢(A) > 0. By assumption
H (M

E((\—6,A+08))H N Vect ({g;,h; | j € {1,...,n}})".

It finally follows from Proposition 1.7.4.(iii) for any f in the above set one has

A+d

A+0
U = [ e ms(ax) > () =2 [ mgax) = (o) =PI

A—=6
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implying that ||@(H)f| > (e(A) = )|l f]] > M| fl/2 > €|l f|l. However, this estimate
contradicts the initial assumption which stated that

le(HE)fI = [ (o(H) = An) £ < el 1]
O

Now, if J is an ideal in a C*-algebra €, the computation of the J-essential spectrum
of an observable ® affiliated to € can sometimes be eased by the existence of a larger
family of ideals J; in € which satisfy N;J; = J. Our interest in such a family is that
the quotient algebras €/J; might be more easily understandable than the quotient €/3.
Note that in this framework we shall denote by ¢ the quotient map € — €/J and by ¢;
the quotient map € — €/J,;. Our next aim is to show that with such a construction, the
spectral properties are preserved. Note that we shall use the notation < for injective
x-homomorphisms.

Proposition 4.4.4. Let € be a C*-algebra, and J,J; be ideals in € satisfying N;J; = J.
(i) There is a canonical injective x-homomorphism €/J — 1I; €/3;,

(i1) If @ is an observable affiliated to €, and if one sets ®; := q; 0 ® for the observable
affiliated to €/J;, then one has

o (®) = U; o(P;) (4.4.1)

Proof. With the notation introduced before the statement, one has that the kernel of
i is Ji. Thus, the kernel of (¢;); : € — II; €/J; is NJ; = J.
By definition, one has
o(®) = o(go d)
={AeR | q(P(p)) # 0 Vp € Co(R) with p(A) # 0}
=U{A e R [ ¢i(P(p)) # 0 Vo € Co(R) with p(A) # 0}
== U10'<q)2)

Alternatively, we can use that for any ¢ € Cy(R) one has

o(qo®(¢)) = a[q(®(p))] = o[ILigi(®(¢))] = Uig (Pi(¢))

where we have used that the spectrum is invariant under an injective *-homomorphism?®
and that the spectrum of an operator belonging to a direct product is the closure of
the union of the spectrum of its components. O

SIndeed, if €, 2 are C*-algebras and if ¢ : ¥ — 2 is an injective *-homomorphism, it follows
from Corollary 2.5.8 that @ and ¢(%) C 2 are isometrically #-isomorphic, and thus computing the
spectrum of A € € or of p(A) € £ provides the same result.
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Remark 4.4.5. In the above framework, if € = B(H) and if J = H (H) then the
quotient algebra B(H)/# (H) is called the Calkin algebra. In this situation, there does
not exist any other ideal in B(H), and thus the construction provided in the previous
proposition is useless. However, if € is a C*-subalgebra smaller than B(H) but with
H(H) C €, then the above construction might provide lots of information, as we shall
see in the following section.

4.5 Orbits and essential spectrum

Our aim in this section is to compute the essential spectrum of the operator H = h(D)+
V(X), with h : R? — R a continuous real function which diverges at infinity, and with
V € €, this C*-algebra satisfying itself Assumptions 4.3.1. Since by Lemma 4.3.6 the
operator H corresponds to an observable affiliated to the C*-algebra (€-Cy(R?)) defined
in (4.3.3), and since by Remark 4.3.5 we already know that ¢ (H) C (€ - Co(R?)),
Proposition 4.4.4 encourages us to find a suitable family of other ideals of (% - Cy(R%))
surrounding J# (H) in the sense of that proposition. Thanks to the functoriality of the
crossed product, as presented in Corollary 3.5.2, these investigations can be performed
quite easily at an abelian level.

Recall first that Q is a compactification of R?. In addition, the group R? acts
continuously on 2, and we use the notation 6,(7) for the action of z € R? on 7 € , see
also Exercise 3.3.3. Clearly, R? is an open and R%invariant subset of 2, and therefore
Co(R?) corresponds to a Ri-invariant ideal of C(€2), see the end of Section 3.5. Now, if
we denote by 99 the boundary of 2 (< Q\R?), then 99 is a closed R%invariant subset
of 2. By taking into account corollary 3.5.2 we deduce the existence of the following
short exact sequence of C*-algebras:

0 — Co(R?) xp RT — C(Q) xg RY — C(0Q) xg RY — 0. (4.5.1)

Note that by Theorem 4.3.4 and Remark 4.3.5 we already know faithful representations
of the first two algebras in the Hilbert space H. Our aim is thus to obtain a better
understanding of the third algebra, by decomposing it into suitable components.

Definition 4.5.1. Let (Q,G,0) be a locally compact transformation group, and let T €
Q2. The orbit O, of 7 is the set {0.(T) | x € G}, while the quasi-orbit Q. of T corresponds
to the closure of O, in ).

Clearly, each orbit and each quasi-orbits are R%-invariant subsets of . In addition,
observe that if 7 € R? C Q, then O; is a dense orbit in €, and therefore Q, = .
On the other hand, if we choose 7 € O\ R?, then O, C 9 and Q, is therefore a
closed subset of 0€2. Remark however that the set of all quasi-orbits is not a partition
of €2, since quasi-orbits may overlap or there may even be a strict inclusion between
them. For that reason, a quasi-orbit is said mazimal if it is not strictly contained in
some other quasi-orbit. On the other hand, note that a subset €' of Q is minimal if
this set is non-empty, closed and invariant and if no proper subset of 2’ has these three
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properties. For example, a quasi-orbit is minimal if it does not contain any other proper
quasi-orbit. Note that any quasi-orbit contains a minimal one (it may be the quasi-orbit
itself).

Exercise 4.5.2. For any 7 € 0N and for any f € C(Q,), check that the map
R*> z+— f(0.(7)) €C (4.5.2)

is an element of BC,(R?), and that the map f — f(Q(T)) is injective. Note that from
now on and with a slight abuse of notation, we shall always identify C(Q,) with its
realization as a subalgebra of BC,(R?), as prescribed by (4.5.2).

Let us now consider {Q,, }; a covering of J by quasi-orbits. Clearly, it implies the
existence of an injective *-homomorphism

0 :C09)> f— (fi)i €1l C(Qr,),

where f; corresponds to the restriction of f to Q,,. Note that this morphism is rarely
surjective, but that the following condition holds, namely

=l 0.(5) = /I = 0. (45.3)

lig sup 62(5) = £l = limsup |6:(flo,) = o,

Here 6. denotes the restriction of 6, to Q,,. In order to keep track of the property
(4.5.3), we denote by II; C(Q,,) the C*-subalgebra of II; C(Q,,) on which this continuity
property holds. From these considerations, one infers that (H; C(Q,), R4, Hlﬂi) is a C*-
dynamical system and that

' C(09) 3 f— (fi)i € I C(Qx)

is an equivariant x-homomorphism. Then, by the functoriality of the crossed product
(see Lemma 3.4.9), one infers that

C(09) xg RY < (H; C’(Qn)> xime RY < T1(C(Qs,) x9 RY),

where we have taken into account the identification of C'(Q,,) with a C*-subalgebra of
BC,(R%) as mentioned in Exercise 4.5.2.
By summarizing our findings, one has obtained that

(% - Co(RY) [ H (LARY) = (€ - Co(R?) /(Co(RY) - Co®?))
~ @ NQRd/CO(Rd) sty RY
=~ O(0N) xg R?
— (H; C(Qn)) g, i R
— I1; (C(Q,) g R?)
~ 11, (C(Q,) - Co(RY). (4.5.4)

We shall denote by ¢.ss the resulting injective *-homomorphism.
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Remark 4.5.3. Note that the same result would have been obtained if we had considered
the ideals Co(2\ Q) of C(2), and observed that N; Co(Q\ Q.,) = Co(R?). Then, by
identifying in Proposition 4.4.4 the algebra € with C(Q) xg R and the ideals J; with
Co(2\ Q,.) xg RY, the first statement of this proposition would have coincide with the
above result.

We can now state the main result of this section:

Theorem 4.5.4. Let H = h(D) + V(X) be the self-adjoint operator defined in Lemma
4.3.6. Let {Q..}; be a covering of 02 by quasi-orbits, and let us set V; := V(Q. (Tl)) €
BC.(RY) and H; := h(D) + Vi(X). Then

Oess(H) = UzJ<HZ) (455)

Proof. In fact, most of the proof has already been performed before the statement.
Indeed, by Lemma 4.3.6 we already know that H defines an observable ® affiliated to
the algebra (€-Co(R%)). Then, by keeping track of the form of all the *-homomorphisms,
we see that ¢, transforms the class modulo J¢ (H) of the element V(X)(h(D) — 2)71

into (Vi(X)(h(D) — 2)71){ Thus, if ¢ denotes the map
4 (% - CoRY) = (% - Co(RY) [ (LA (RY)

then by taking the Neumann series into account, one deduces that te.s(qo®H) = (@H)l
Finally, since the spectrum is invariant under an injective x-homomorphism and since
the spectrum of an operator belonging to a direct product is the closure of the union
of the spectrum of its components, one directly gets

0'655<H) = O'(q o CIDH) = UZO'(@H') = UZO'(HZ)
[

Note that this result should be compared with the content of Proposition 1.7.18.
Note also that such a result holds for more general observables affiliated to the algebra
(€ - Co(RP)), but stronger affiliation criteria are then necessary.

In the publications [Man02] and [AMPO02], highly non-trivial applications of the
previous result have been presented. In part of these examples, the index ¢ belongs to
a continuum, and the corresponding result could hardly be guessed by constructing
Weyl sequences, as introduced in Proposition 1.7.18. On the other hand, let us present
a situation which is much more tractable, see [Ric05] for details.

Example 4.5.5 (Cartesian anisotropy). Let € be the C*-algebra made of functions on
R? having a cartesian anisotropy, i.e. V. € € if and only if there exists V=, V& in
BC,(R) such that

lim sup ‘V(x, y) — Vf(y)‘ =0 and lim sup |V(x,y) — Vli(x)‘ =0.

T—F00 yeR y—+00 peR
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In this case, the compact space ) is rather easy to describe, namely
Q= [—00, 0] X [—00, 0],
and if one sets HfE = h(D) + Vji(X), then (4.5.5) reads:
0uss(H) = o(H") Uo(H; ) Uo(Hy ) Uo(Hy).

Exercise 4.5.6. Consider the cartesian anisotropy in an arbitrary dimension, as in-
troduced in Section 3 of [Ric05].

In the previous example, the space ) was easily understandable. However, even if
() is not so explicit, computations can be performed based on our understanding of
quasi-orbits. We present a final example in this direction.

Example 4.5.7 (Vanishing oscillations). Let us consider the C*-algebra ¢ = VO(R?)
of functions with vanishing oscillations, i.e. V.€ VO(RY) if and only if V € Cy(R?) and
for any x € RY, the function V(- — x) — V(-) belongs to Cy(R?). Clearly, VO(R?) is a
unital Re-invariant C*-subalgebra of BC,(R?), and contains Cy(R?). Therefore, Q is a
compactification of R%, and each point of OQ is an orbit in itself. Indeed, if T € 052,
then 7(¢) = 0 for any ¢ € Co(R?), and then by (4.3.1) one has for any x € R and
o € VO(R?):

[0()] () = T(0(- —2)) =7(p(- —2) — () +7(0(-)) = 7(9).

Thus, the only covering of OS2 is obtained by {7;}icoa, the asymptotic potentials are just
constants, and in this case (4.5.5) reads:

Oess(H) = Uieana (h(D) +V

) = [minh + min V(R?)4,, o0)

where V(R?) s, == NV (RE\ K) and K are arbitrary compact neighbourhoods of 0 in
R,
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