K7 = ! v/ 2, % R
2 AR § \ § 7 ) 5
A il 7 S A ‘ 7 Y 4
/ \ < J
= > 77 S T
N I 8 > |
i = li
SRS 3 77
f i 7aYAYaY
N 7 , i i il
D 75g X s
0% s PR 3 2
Zi ] 7
= T / 7 Iy i
s i i Ot WY o )
S X A f %
: I X A T i 1
g ) - 5
o NS ) ,
: S N/ S N
AN ] 0 )
1k ) 0
2 " T 7 S i
\ \ (i
: Sis e S 2 1 %2 >
¥ C > y r/ 7 %
& ¢ 3
: X G i
T R 3 3 /i \ \»
S : S / ; ; : : :
= A\ If ) A N /
7% Al \ % Y i v
} A% X 2 = i
S A W s > 7/ 2
N \ i i & — =
- — Y SRE } i
i A0 A
: ) TSRS i

ty of Oslo

1Versi

On The Continuity of the Spectrum

of Fields of Operators

Master’s Thesis, Spring 2016

Un

Christian Aarset

©
S
Q
=
©
=
Y
o
1=
Q
£
S
©
Q.
Q
o
O
—







On The Continuity of the Spectrum of Fields of
Operators

Christian Aarset

May 29, 2016



© Christian Aarset

2016

On The Continuity of the Spectrum of Fields of Operators
Christian Aarset

http:/ /www.duo.uio.no/

Printed at: Reprosentralen, Universitety of Oslo



Special thanks to my advisor Erik Christopher Bedos, and his amazingly sharp eye for details.

To my father: Happy birthday, dad.



Abstract

Based on a paper by Beckus and Bellisard, we study the continuity of fields
of operators, mainly by studying their associated spectra. We discuss and extend
Beckus and Bellisard’s results about self-adjoint operators, including unbounded,
self-adjoint operators, and we also look briefly at bounded, normal operators.



Introduction

This is Christian Aarset’s Master’s thesis for the course MAT5960 at the University of
Oslo.

In [3], Beckus and Bellissard discuss the following problem: Given a family of bounded
self-adjoint operators (A;)ier indexed by a parameter t in some topological space T', what are
the different interesting forms of continuity of the spectrum of these operators, and how are
the different types of continuity connected? They conclude that for bounded, self-adjoint
operators, there is an equivalence between continuity of the gap edges, p2-continuity
of the field and Fell continuity of the spectrum; furthermore, for metric space settings,
they give results relating p2-a-Holder continuity of (A;);er with a-Holder continuity
of the gap edges and «/2-Holder continuity of the width of gaps.

In this article, we will extend several of Beckus and Bellissard’s ideas, as well as giv-
ing detailed and precise proofs of all their claims. This is particularly true in the case
of unbounded, self-adjoint operators, which are only treated very briefly by Beckus
and Bellisard.

The first chapter serves as a refresher and an introduction to several important con-
cepts we will make extensive use of. The second chapter deals with the core results for
tields of bounded, self-adjoint operators. The third chapter deals with Holder continu-
ity of fields of self-adjoint, bounded operators, proving and in some cases improving
Beckus and Bellisard’s estimates. The fourth chapter extends some of the earlier results
to the case of unbounded, self-adjoint operators. The fifth chapter explores some pos-
sibilities for giving results for fields of normal operators, and discusses the difficulties
involved in this approach.
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1 Preliminaries

1.1 Basic definitions
The main concept is that of a field of operators:

Definition 1.1. For any given topological space 7', a family H = (H;);cr of Hilbert
spaces is called a field of Hilbert spaces. If we for each t € T' define a linear operator A,
in H,, then the family A = (A;):cr is called a field of operators.

We will often assume that the H, are already given, and refer to fields of operators
without explicitly mentioning any H;. We will also just use the word "operator" to
refer to linear operators. Whenever we are given a point t, € 7, we will often use the
convention A, := A, to simplify notation.

Given some field A = (A;);er and a point ¢, € T, it is natural to ask whether A
is, in some way, continuous at ¢,. However, many of the common ways of assess-
ing continuity of families of operators fail with fields. For example, norm continuity,
strong continuity and weak continuity are all meaningless concepts when the under-
lying Hilbert spaces of the different operators are allowed to be different, that is, if for
every neighbourhood U C T of ¢, there exists a t € U such that H; # H;,. Indeed, it
is easy to construct cases where the underlying Hilbert spaces are pairwise different,
thatis, H; # H, for all pairs ¢, s € T'with ¢t # s.

It follows that in order to have a meaningful definition of continuity, we need some
sort of property that allows for comparison. Fortunately, any linear operator, no matter
how exotic, can be related to a subset of C or R through the notion of the spectrum.

Definition 1.2. For any Hilbert space H over C, we denote the space of all bounded
linear operators in H by B(H) and the space of all invertible bounded linear operators
by GL(H), that is,

GL(H) := {B € B(H) | There exists some C' € B(H) such that BC = CB = I}

Definition 1.3. For any Hilbert space I/ over C and any bounded operator B : H — H,
the spectrum of B is defined as the subset o(B) C C where

o(B):={\eC|A\ —-B¢GL(H)}

It is well known that the spectrum of a bounded operator B is a non-empty, closed
and bounded (i.e., compact) subset of C such that

r(B) == suplo(B)| < |B]|

with equality if B is normal, that is, if it commutes with its adjoint. Similarly, it is
known that B is self-adjoint if and only if the spectrum is contained in R. Furthermore,
for any bounded, normal operator B and any complex function f whose restriction to
o(B) is continuous, we have that



1.1 Basic definitions

and the same is more generally true for any bounded operator 5 and any polynomial
p. These facts will be used throughout the article.

The complement of the spectrum, the resolvent set, is denoted by p(B). From the
notes above, it follows that for a bounded operator, the resolvent set is an open, non-
empty subset of C.

For any A € p(B), the operator

R(\,B) .= (M - B)™*
(alternatively denoted by R, (B)) is called the resolvent (of B at \).

As spectra are generally closed, we will be working extensively with closed sets, so
we introduce for every topological space X the space € (X) of all closed subsets of X.
Initially we will focus on the case where X = R, but as we progress we will consider
cases where X is a subset of R or even C.

One important word of caution: Many authors choose to let €' (X) (or % (X)) de-
note the space of compact, non-empty subsets of X. However, we do not do this. Per our
definition, we have F' € € (X) for any closed set F' C X, including empty and non-
compact F'. Although this choice will result in some extra work, it will pay off later,
when we start considering unbounded operators.

Another important construction is the compactification. More accurately, we have
the following definition from [9], page 237:

Definition 1.4. A compactification of a space X is a compact Hausdorff space Y con-
taining (a copy of) X as a subspace such that X = Y. Two compactifications Y; and
Y, of X are said to be equivalent if there is a homeomorphism % : ¥; — Y, such that
h(x) = x for every x € X.

A fairly common compactification of R is the so-called "one-point compactification"
R U {oc}, which is homeomorphic to S'. However, this compactification will not be
very useful to us. Its main issue is that it "does not differentiate between sequences
that diverge towards the left or towards the right" - for example, note that in R U {oc},
we get that

.1 : 1
lim — = oo = lim ——
z—0 ng z—0 1;2
The way to address this is to work with the two-point compactification of R, denoted
by R U {£o0} or [—o0, 00|, where co and —oo are the classic plus and minus infinity
symbols. The basis for the topology on [—o00, oo] consists of all intervals on the form
(a,b), [—00,a) and (b, 0o] where @, b € R and a < b; see [1], page 57.
Throughout this paper, we will often look at sets that are on the form X U {oo},
X U{—o0} or X U{£oo}, where X is some subset of R. These will always be treated
as subsets of [—00, 00|, and, where necessary, will be be endowed with the subspace
topology inherited from [—oo, oo]. For example, the space [0, oo (occasionally written
as R* U{oo}), which is the one-point compactification of R*, will be treated as a subset
of [—o0, 0.



1.2 Gap edge continuity

One possible method of determining "continuity of the spectrum" is by looking not
at the spectra themselves, but at their so-called gaps, that is, the connected compo-
nents of their complements. If these gaps "vary continuously" in some manner, then it
would be reasonable to say that the spectrum, too, is continuous in that manner. More
accurately, we have the following definition:

Definition 1.5. Take F' € % (R). A gap of F is a connected component of its comple-
ment.

It is well known that any non-empty open subset of R can be written as a countable
union of disjoint open intervals. As such, any F' € ¢ (R) with /' # R has at most
countably many gaps. In other words, a gap of F is an interval (a,b) C R\F with
a € FU{—oo}and b € F'U{oo}. The points a and b are sometimes referred to as gap
edges of F'. The gap edges inf F' and sup F (if finite) are sometimes referred to as the
outer gap edges, while other gap edges are sometimes called the inner gap edges.

For each I’ € € (R), there is at most one gap of /" where a« = —oo and at most one
gap where b = 0o, and if F'is unbounded there may be no such gaps. If F' = (), its only
gap is (—o0o,00) = R, while if F' = R it has no gaps (unless we consider @) as a gap,
which we generally will not do).

In particular, since the spectra of self-adjoint operators are closed subsets of R, the
concepts of gaps and gap edges are well defined for them.

A useful fact to note is that if /' € ¥(R) and K C F*°is a compact subset of R, then
K is contained in the union of only finitely many gaps of F'. For since the gaps of F
are open sets, they form an open covering of disjoint subsets of R covering K, and by
the compactness of K there exists a finite subcover. Said differently, every connected
component of K is contained in exactly one gap of F.

We will need a formal definition of what it means for "the gap edges to be a contin-
uous function of ¢":

Definition 1.6. Consider amap ¢t € T +— F; € %(R). For any ¢, € T, we say that the
map t — F; is gap edge continuous at  if the following conditions are both satisfied:

* For every gap (a,b) of F},, there exists an open neighbourhood U C T of ¢, such
that for every ¢t € U, there exists a gap (as, b;) of F; so that —oo < a; < by < o0,
with

lim a; = aand lim b, = b
t—to t—to

* Assume {t,},., is anet of points in 7" converging to to, and {a, },.;, {0.},; are two
convergent nets of points in [—o0, 00| such that

a .= li{n a,,b:= li{nbb
and (a,,b,) is a gap of F}, for every ¢ € I. Then either (a, b) is a gap of F},, or a = b.

3



1.2 Gap edge continuity

We will say that the map ¢t € T'— F; € € (R) is gap edge continuous if it is gap edge
continuous at all points ¢t € 7.

For a field of self-adjoint operators A = (A;);er and any ¢, € T, we say that A is
gap edge continuous at t, if the map t € T' — o(A;) € €(R) is gap edge continuous at
to as defined above. We say that A is gap edge continuous or that the gap edges of A are
continuous if A is gap edge continuous at every t € 7.

Intuitively speaking, the above definition says that gap edge continuity at ¢, means
that gaps cannot "appear" or "disappear" at t.

Note that in the second condition of gap edge continuity, we clearly have that q,
b € Fi, U{xoo} if (a,b) is a gap of F},, by the definition of gaps. However, we did not
say anything about the case where a = b. Fortunately, we have that a, b € F;, U {£o0}
in this case as well.

Proposition 1.7. Assume that a map t € T — F;, € € (R) is gap edge continuous at some
point ty € T. Assume also that we are given a net {t,},., of points in T converging to t,, as
well as two convergent nets {a,},.;, {b.},c; of points in [—oo, o] such that each (a,,b,) is a

gap of Iy, If

a:= lima, = limb, =: b
then a = b € Fy, U {£o0}.

Proof. Set Fy := F;,, and assume thata = b ¢ FyU{£o0}. We will show that this causes
a contradiction.

Assume that F, # R, and thus has at least one gap, as otherwise the proof is trivial.
Since a = b ¢ Fy, U {£oo}, it must lie in a gap of F; by the comments following
Definition 1.5, it follows that this gap is an interval (c, d) with ¢, d € Fy U {00} and
c<a=0b<d.

Assume first that —oo < ¢ < d < oo. By the first condition of gap edge continuity,
there exists a neighbourhood U C T of ¢, such that for each ¢t € U, there exists a gap
(ct, d;) of Fy where

_ d—
¢ Candldt—d|< ¢

ley — ] <

However, this is impossible. For by assumption, each (a,,b,) is a gap of F},, and
eventually we have

—c d—
max {|a, — a|,|b, — a|} <min{a2 C, 5 a}

But this implies that eventually we have ¢, < a, < b, < d;,, so eventually (a,,b,) C
(¢t,,dy,), while at the same time both (¢;,,d;,) and (a,,b,) are gaps of F;,, which is im-
possible as any two different gaps are necessarily disjoint. This proves that a = b €

Fy U {£o0} in the case where —oco < ¢ < d < 0.

4



1.2 Gap edge continuity

Next, assume that —co < ¢ < d = oc. By the first condition of gap edge continuity,
we have that for any NV > 0 there exists a neighbourhood U C T of ¢, such that for
each t € U, there exists a gap (¢, d;) of F; with

a_canddt>N

lee — ] <

Again, this is impossible. For, since N was arbitrary, we can choose N so N > a+1.
But since each (a,,b,) is a gap of F},, and since a, — a and b, — a, we eventually have
that

max {|a, — a|,|b, —a|} < min{agc,l}

Since t, is eventually in U, we must eventually have that ¢;, < a, < b, < dy,, so
eventually (a,,b,) C (¢, d,, ), while at the same time both (¢, d;,) and (a,,b,) are gaps
of F},. But this is impossible, as any two different gaps are necessarily disjoint. This
proves that a = b € Fy U {£o00} in the case where —0co < ¢ < d = 0.

The case where —co = ¢ < d < oo is completely analoguous to the previous case.

Finally, if —co = ¢ < d = o0, it follows that F, = (). By the first condition of gap
edge continuity, we know that for any NV > 0 there exists a neighbourhood U C T of
to such that for every ¢ € U, there is a gap (ct, d;) of F; such that

g < —N<N<d

As N was arbitrary, we can choose it so that N > a + 1. However, as a, — a and
b, — a, we must eventually have

min {|a, — a|,|b, —a|} <1

Since t, is eventually in U, we must eventually have (a,,b,) € (¢,,d;,) while both
(a,,b,) and (¢, dy, ) are gaps of F;,. Again, this is impossible as any two different gaps
are necessarily disjoint. Thus a = b € F, U {£oo} also in this case; as this exhausts all
possible cases, we are done.

]

The following examples serve to illustrate gap edge continuity.

Example 1.8. Set T" = [0, 1] with the standard topology it inherits as a subset of R, and
consider themap t € T'— F; € ¢(R) given by

F = (—OO, _t] U [t7 OO)
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-1 0 1

Figure 1: A partof themap t € T'— F, € €(R) pictured as a subset of 7' x [—1,1] =
0,1] x [—1,1].

We claim that the map t € T' — F, € ¢ (R) is gap edge continuous at all points
telT.

Forall ¢ # 0, we see that (—t, t) is a gap of [}, and is indeed the only gap of F;. Thus
for any t, # 0, it follows that if we set a = —to, b = to, U = (0, 1] and for every ¢t € U set
a; = —t and b; = t, then (a, b) is a gap of F}, and (a;, b;) is a gap of F} for t € U. Clearly,

lim a; = aand lim b; = b
t—to t—to

Thus, the first condition of gap edge continuity is satisfied at ¢, # 0.

For the second condition, we have that if {t,},.; is a net in T" converging to ¢, such
that for each ¢ € I we know that (ay,,b;,) is a gap of F},, then again clearly we must
have a;, = —t, and b;,, = t,, so it follows that

11{11 ag, = —ty and 11{11 th =1y

and so the second condition is satisfied as well at ¢y, # 0.

Next, note that for ¢, = 0, Fy = R is a connected set and has no gaps, so the first
condition is trivally satisfied at ¢, = 0. Furthermore, if {¢,} ., is a net in 7' converging
to 0 such that for each ¢ € I we know that (ay,, b;,) is a gap of I}, then clearly we must
have a;, = —t, and b;, = t,, so it follows that

lim a;, = 0 = lim b;, € Fy
t,—0 t,—0
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and so the second condition is satisfied as well at t, = 0.

Example 1.9. Consider any bounded, self-adjoint operator A,, and define the field
A = (A)er = (f(t)Ao)ier for any function f : 7' — R that is continuous at some
point ¢y € T'. Since 0(A;) = o(f(t)Ao) = f(t)o(Ap) forall t € T, it follows that A is gap
edge continuous at ¢, as can easily be verified.

Example 1.10. We claim that the standard procedure to construct the Cantor set is gap
edge continuous. More explicitly, define 7" := NyU{oo}, and equip it with the subspace
topology inherited from [—o0, 0o]. We make the following recursive definition:

Co = [O, 1]
L Cn—l 2 On—l
C, = 3 U<3+ 5 ) forn € N
and set
Cy = ﬂ C,
neNy

Figure 2: The steps from n = 0 to n = 6 of the Cantor set generation process. Image
courtesy of [13].

Since () is closed, an inductive argument shows that C,, is a closed set for every
n € Ny. Since U, is a countable intersection of closed sets, it is itself closed. It follows
that we have that C,, € ¥(R) for everyn € T.

As can be seen in [5], (', is the standard Cantor set. Our claim that "the standard
procedure to construct the Cantor set is gap edge continuous" now becomes equivalent
to the statement that "the map n € T'— C,, € ¥(R) is gap edge continuous".

The first few sets can be expressed as

12
6=\ (53)

=\ ((5:5)" (5:5))

1 2 7 8 19 20 25 26
=\ ((53)Y(55)Y (55) Y (5 37))
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An inductive argument shows that if we for each n € N set
o, ={0,2}"

and

then in general,

1 2
e ( 3 3 ) )

—0\U U (84584 5)

k=1 BEB)_1

for 1 < n < oo, where all the sets in the union are disjoint, and the union is finite.
From this it follows that

ckzmuﬁu U (5+5.8+5)

keN BEBy_1

(2)

As {n} is an open set for all n € T with n # oo, the map is trivially gap edge
continuous at all points ny # oc.

Next, we prove gap edge continuity at ny = co. Observe that from (2) we see that
any gap G of C,, is either (—00,0), (1,00) or on the form (6 + 35,8+ 3%> for some
m € N and some 3 € %,,_1.

In the first two cases, the first condition of gap edge continuity is trivially satisfied,
as (—o0,0) and (1,00) isa gap of C), foralln € T

So assume G # (—o0,0) and G # (1,00). From (1) we see that G is a gap of C,,,
and in fact it is a gap for all C,, with n > m. Since {n € N|n > m} U {oco} is an open
neighbourhood of ny = oo, the first condition clearly holds.

For the second condition, consider a net {n,},., of points in 7" converging to ny =
oo, as well as two nets {a,},.;, and {b,},., of points in [—00, 00]. Assume that we are
given that for every € I, we have that (a,,b,) is a gap of C,,,, and thata, — a, b, — b
for some a, b € [—00, 00]. We must show that either a = b or that (a,b) is a gap of C.

Assume first that a = —oco. As C,, N (—00,0) = () for all n € T, it follows that we
in order to have a, — —oo, we must eventually have a, = —oo. Thus, we must also
eventually have b, = 0, so the second condition is clearly satisfied in this case. The
case where b = oo is similar.

Assume next that a # —oo and b # co. As each g, and b, is a gap edge of (), , it
follows by the preceding discussion that a,, b, € CoxU{£o0} forall: € I. As C,,U{xo0}

8



1.2 Gap edge continuity

is closed, we get that a, b € C,,, U {£o0}, and by assumption a # —oo and b # oo, so
we must have a, b € C.

Assume that a # b; otherwise we are done. Begin by noting that by (1), it follows
that for every « € I we have that

1 2
aL:BL—i—ﬁandbL:[J’ﬂ—%
for some m, € N and some 3, € %,,,_;. It follows that
log(b, —
B, =2a, — b, and m, = _log(b. —a)
log 3

Thus we see that the nets {f3,},., and {m, },., converge to

_log(b—a)

b=2a—band m = log 3

respectively. We have m, € NU {oo} for every ¢ € I, and NU {oo} is a closed subset
of [—o0, 0], so m € N U {oo}. Since b # q, it follows that m # oco. But this implies that
eventually, m, = m € N, and so eventually

1 2
= P o d bL = M Py
a, =B, + 3m an B8, + m
with 5, € %,,,_1. As %,,_1 is just a finite collection of singletons, it is a closed set. Since
{B,},c; converges to 3 and eventually 3, € #,,,_;, we must have 3 € %,,_;.
Since we have

1 2
azﬁ—i-g—mandbzﬁ—i—?)—m
with m € Nand g € %,,_,, it follows from (2) that (a,b) is a gap of C. This proves
that the second condition of gap edge continuity holds at n, = oo, so we are done.

A very nice consequence of gap edge continuity is that if t — F} is gap edge contin-
uous at a point ¢y, then we can always find a neighbourhood U of ¢, such that each F;
with ¢t € U has "roughly as many" gaps as F;,. More formally, we have the following
definition and result.

Definition 1.11. Define the map #¢ : €(R) — Ny U {oco} by

N if F has exactly N gaps for some N € N
oo if F' has countably infinitely many gaps

#G(F ) = {
Note that, by the discussion following Definition 1.5, the map #¢ is well defined,
and clearly #¢ is a surjection from %’(R) onto Ny U {co}.

Proposition 1.12. Assume that amap t € T — F, € € (R) is gap edge continuous at some
point ty € T'. Then the following statements both hold:



1.2 Gap edge continuity

o If #c(Fi,) = N for some N € Ny, then there exists a neighbourhood U C T of t, such
that #¢(F,) > N forallt € U.

o If #(F,,) = oo, then for every N € N there exists a neighbourhood Uy C T of ty such
that #c(F,) > N forallt € Uy.

Proof. Write Fy, := Fy,. If Fy = R, then #¢(F,) = 0, and there is nothing to prove. So
assume Fy # R and thus #4(Fy) # 0.

Start by taking any N € N with N < #¢(Fp). As each gap of Fj is on the form
(a,b) for some a, b € [—o00, o0] with a < b, and as R with the standard order is a totally
ordered set, it follows that we can find a family {(a,, b,)}’_, of intervals in R such that
for each n with 1 <n < N, (a,,b,) is a gap of F, and such that

an < bn S apt1 < bn—i—l

forall n with1 < n < N — 1. As (an,b,) N (am,by) = 0 for all n # m, it follows the
family {(a,,b,)}"_, consists of exactly N disjoint gaps of .
Next, define

a2 — aq

€ 1=

! 2
. (a — Ay Ay — Qp—

en::mm{ n+12 Loz 2n1}for2§n§]\f—1
aN —an-1

EN = 9
By the first condition of gap edge continuity, we can for each n find a neighbour-

hood U,, C T of t; such that for each ¢t € U, there exists a gap (an, b,,;) of F; with
|an,t - a'nl < €n
Now set U := N_, U,; asitis a finite intersection of neighbourhoods of ¢, it is itself

a neighbourhood of ¢,. For every ¢t € U and every n, we now have a gap (a,, b,,;) of
I}, and from the definition of the ¢,’s we see that

as + aq
a1 <
’ 2

Ap — Ap—1 Ant1 + ap
e

2 2
aN —an-1
72 < aN,t

for every t € U and for every n with 2 < n < N — 1. Note that this implies that

At < % < apy1, for every t € U and every n with 1 < N < N — 1. But this

implies that we must have
an,t < bn,t S anJrl,t < bn+1,t

10



1.2 Gap edge continuity

for every t € U and for every n with 1 < n < N — 1. For if not, then we must have
A1 < by for at least one n and at least one ¢t € U. Therefore, we must have

(an,ta bn,t) N (an—i—l,ta bn—i—l,t) - (an—i—l,ta min {bn,ta bn—i—l,t}) 7é @

while at the same time (a1, byt) 7 (Ant1.6; bnt1e) @S any < Gy, But this is impossible,
as both (ant,bnt) and (an414,bn414) are gaps of Fi, and any two different gaps are
necessarily disjoint.

Thus for every ¢t € U, the family {(a,,, bm)}g:l of intervals in R consists of exactly
N disjoint gaps of F}, implying that F; has at least IV gaps, so it follows that we must
have #¢(F;) > N forevery t € U.

As N was arbitrary (under the restrictions N < #¢(Fp) and N € N), the proof of
the second statement follows immediately, and the proof of the first statement follows
by taking N := #¢(F)).

[l

Note that neither of the statements in the above Proposition can be improved, as
these two examples show.

Example 1.13. Set T" = |0, 1] with the standard topology inherited from R, and consider
themapt € T — F; € €(R) given by

b | R\Uken(2k —t,2k+ ) ift #0
TR ift =0

It is not hard to verify that ¢t — F; is gap edge continuous at all points ¢t € 7. We
see that #4(Fy) = 0 while #4(F}) = oo forall ¢ # 0.

Example 1.14. Consider n € T +— C,, € € (R) as defined in Example 1.10. It is not hard
to see that #4(Cy) = oo, while #4(C,,) < oo for all n € Ny,

We will not go much further down the path of counting and labeling gaps, although
we will reference the above Proposition later to explain the difficulties involved in
working in C.
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1.3 Topologies on ©(X)

In addition to the previous notion of gap edge continuity, we would like to have more
topological interpretations of the concept of continuity of families of closed sets. Recall
that for any topological space X, we let ¢ (X) be defined as the set of all closed subsets
of X.

When X is a metric space - for example, any subset of C - we often work with
the Hausdorff distance on the space of closed subsets of X. Many authors work with
Hausdorff distance only on the space of compact, non-empty subsets of X. However, we
want to give a slightly more general formulation:

Definition 1.15. Given a metric space (X, d), we define the Hausdorff distance between
points in X and elements in (X)) by the function dist : X x ¢ (X) — RT U {0}, given

by
dist(z,Y) := ;Ielé d(z,y)

Similarly, we define the Hausdorff distance between elements in %'(X) by the identi-
cally named function dist : € (X) x €(X) — R" U {oo}, defined as

dist(Y, Z) := max {Sup dist(y, Z), sup dist(z, Y)}

yey z€Z

= inf d inf d
max {zgg inf d(y, 2), sup inf (2, y)}

Note that as by definition inf ) = oo (oo is the biggest number that is smaller than
all numbers in the empty set), we have dist(z, ) = oo for all z € X, and so

dist(0,Y) = dist(Y, 0) = oo

forallY € €(X) with Y # .

It is somewhat more difficult to define dist((), #). One reasonable way to define it
would be to use the fact that sup) = —oo (—oc is the smallest number that is greater
than all numbers in the empty set), but a more practical convention, which was sug-
gested in for example [1] and which we will use, is to simply set dist((), #) = 0.

One thing to be careful about with Hausdorff distance is that, in general, for any
given x € X and F' € % (X) we do not have that dist(z, F) = dist({z},F). For
example, when X = R with the standard metric we have dist (0,[0,1]) = 0, but
dist ({0},[0,1]) = 1.

As long as all the quantities involved are finite, we have, for example from [1], page
110, that

dist(Y, Z) > 0

dist(V,Z2)=0&Y =2

dist(Y, Z) = dist(Z,Y)

dist(Y, Z) < dist(Y, W) + dist(W, Z)

12



1.3 Topologies on ¢ (X)

forall Y, Z, W € ¥¢(X), and indeed, if we restrict ourselves to non-empty, compact
sets, then we see, also from [1], that the Hausdorff distance is a metric. However, in
general the Hausdorff distance on ¢ (X) is not a metric, as infinite distances can occur;
for example, if X = R with the standard metric, then

dist((—o0, 0], [0, 00)) = o0

There is, however, still a natural definition of Hausdorff continuity of maps of the
formt e T — F, € €(X):

Definition 1.16. Given a metric space (X,d), amapt € T — F, € ¥(X) and any
to € T, we say that the map t — F; is Hausdorff continuous at t, if the map t € T —
dist(Fy,, F;) € Rt U {oo} is continuous at ¢, that is, if

tligt dlSt(FtO, Ft) =0

We can use this to define Hausdorff continuity of the spectra of self-adjoint operators:

Definition 1.17. Given a field A of self-adjoint operators and any ¢, € 7', we say that
the spectrum function of A is Hausdorff continuous at t, if the map t € T' — o(A;) € €(R)
is Hausdorff continuous at ¢(; that is, if the map

t € T dist(o(Ay,),0(A))) € RT U {00}

is continuous at t,.

If the spectrum function of the field is Hausdorff continuous at every point ¢ € T,
we will say that the spectrum function of the field A of self-adjoint operators is Hausdorff
continuous.

To shorthand notation a bit, we will usually not mention the "spectrum function"
teT — o(A) € €(R), and will often just say that "the spectrum of A is Hausdorff
continuous" or even just "A is Hausdorff continuous " (alternatively "Hausdorff con-
tinuous at ¢y").

It is well known - see for example Theorem 6.2.1(v) in [2] - that if H is a Hilbert
space, t € T — A; € B(H) is a map that is norm continuous at ¢, and A; is a normal
operator for every t € T, then the map

t €T dist(o(Ay),0(Ar)) € RT U {o0}

is continuous at ¢, that is, t — A, is Hausdorff continuous at ¢,. However, this result
is not very useful to us, as it both requires norm continuity, which is a very strict
condition, and that the underlying Hilbert space does not change with ¢.

As noted above, the Hausdorff distance is a metric on the space of non-empty, com-
pact subsets. Since self-adjoint, bounded operators always have non-empty, compact
spectra, it is reasonable to consider the above definition of Hausdorff continuity of the
spectra of operators as a proper topological concept.

A more explicit topological framework on ¢ (X ), which makes sense even when X
is not a metric space, turns out to be the Fell topology, first showcased by Fell himself
in [6]. We will now introduce the Fell topology as it is defined in [3].

13



1.3 Topologies on ¢ (X)

Definition 1.18. Let X be a topological space. For any K C X compact and for any
finite family .7 of open sets in X, define

UK, F)={Ce¥FX)|CNK=0,CNnO#0 forall O € F#}
The collection of all % (K, .#) is the basis for the Fell topology on & (X).

This clearly gives us a definition of Fell continuity of maps to ¢ (X), that is, continu-
ity with respect to the Fell topology. In simple terms, a map to ¢'(X) is Fell continuous
if it never "jumps" into a compact set or out of a family of open sets. The following
Lemma, taken from [12], page 454, characterizes convergence in the Fell topology:

Lemma 1.19. Let X be a locally compact topological space. Let {F,},_, be a net in € (X), and
take F' € € (X). Then F, — F in the Fell topology on € (X) if and only if

1. given x, € F, such that x, — x for some x € X, then x € F and
2. given x € F, then there is a subnet {F,_ } and x,, € F,_ such that x, — x.

Proof. We start by proving the "only if" parts. To prove 1., we assume that we are given
F, - F,z, € F,and x, — z. Assume z ¢ F. Since F'is closed, there exists a compact
neighbourhood K C X of z with F N K = {); since z, — z, we must eventually have
that z, € K, which implies that we eventually have F, ¢ % (K, 0).

However, since F N K = () we have F' € % (K, (), which is now impossible since
we eventually have that F, ¢ % (K, () while we simultaneously know that F, — F' in
the Fell topology. Thus we must have x € F, proving 1.

To prove 2., let < be the ordering on /. Given any z € F, define

I':={(,U) | v € I,U is an open neighbourhood of z, F, N U # 0}

I' is not empty as (;,X) € I' for all © € I. We will show that I is a directed set
under the ordering <, where (¢, U)=<(/,U’) if « </ and U D U’. It is clearly reflexive;
t < tand U D U so (:,U)=<(t,U), and it is also transitive, for if (:,U)=<(/,U’) and
(/,U)=(",U") thenwehave t </, / <", U D U"and U’ D U”; by the transitivity of
< and D it follows that ¢ < /" and U D U" so (¢, U)=<(",U").

Finally, it also has the upper bound property. For take any two (., U), (//,U’) € I
Then if we define U"” := U NU’, wehave U 2 U” and U" O U”, and U” is an open
neighbourhood of z. Since z is also in F' by assumption, F' € % (0,{U"}) (where {U"}
is the finite family of open subsets of X consisting only of U"”), and since F, — F'it
follows that there exists some ¢’ such that ¢« < //, / < /" and F,» € % (0,{U"}), so
(.",U") € I and we have both (¢, U)=<(",U") and (//,U")<(.",U"). Thus I' is directed
under the ordering <.

Now for each (x,U) € I', choose some ¥, 1y in F,, N U (by the definition of I, these

exist); {y,},p is now a net converging to z. If we for each (x,U) € I'set F,_, = Fj

and z,, ,, = Y(xv), it follows that {E7 }weF is a subnet of {F,},.; and {x”}yer is the
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1.3 Topologies on ¢ (X)

required subnet converging to x with z,, € F,_ for every ,. This proves 2., and so the
"only if" part is done.

To prove the "if" part, assume that both 1. and 2. hold. Suppose F' € % (K,.7) for
some compact X C X and some finite family .# of open subsets of X.

If we don’t eventually have F, N K = (), then there exists some subnet {F,, } such
that 7, N K # { for all +,;, and thus we can find a net {z,,} of points in X such that
z,, € F, N K for every ¢,. As K is compact and z,, € K for all ¢, it follows that there
exists some subnet {x%} that converges to some x € K. By 1., it also follows that
xr € F,soz € F'N K, contradicting the fact that ' N K = (), and so we must eventually
have F, N K = (.

Next, take any U € .#, and assume that we don’t eventually have F, N U # (). Then
there exists some subnet {F;, } such that F,, " U = () for all «,.. Since F N U # (), there
exists at least one z € F'NU. By 2., this implies that there exists a sub-subnet F,_ such

that we can find a net {x%} withz, € F, withz, — z. Sincer € U we must
eventually have T, € FLM N U, contradicting our earlier assumption that 7, NU = {)
for all ¢, and so we must eventually have F, N U # 0.

As there are only finitely many U, it follows that eventually we must have that
F,NK = (and that F, N U # ( for all U € .#, which implies that we eventually
have F, € % (K,.#). As K and .# were arbitrary, this means that ¥, — F in the Fell
topology, and we are done.

O

Since the spectra of operators are always closed, we can extend the concept of Fell
continuity to also cover fields of operators:

Definition 1.20. Given a field A of self-adjoint operators and any ¢, € T, we say that
the spectrum function of A is Fell continuous at t, if the map

teTw— o(A) € €R)

is Fell continuous at ¢; that is, if for every basis element % (K, .#) of the Fell topology
on ¢'(R) such that o(A,;,) € % (K,.%), there exists a neighbourhood U C T of ¢, such
thato(A;) € % (K,.Z) forallt € U.

If the spectrum function of the field is Fell continuous at every point ¢t € T', we will
say that the spectrum function of the field A of self-adjoint operators is Fell continuous.

Once again we will shorthand notation a bit; we will usually not mention the "spec-
trum function" t € T' — o(A;) € € (R), and will often just say that "the spectrum of A
is Fell continuous" or even just "A is Fell continuous " (alternatively "Fell continuous
at tg).

Although we will mainly be working with the Hausdorff and Fell topologies, it
is convenient for some purposes to introduce a third topology on ¢ (X) when X is a
metric space - the Wijsman topology, as detailed in for example [4], page 34. It turns
out to be equivalent to the Fell topology whenever both are defined, and so it will
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1.3 Topologies on ¢ (X)

mostly serve as an aid in certain proofs, or as a starting point for readers more familiar
with this sort of topology than they are with the Fell topology.

Definition 1.21. Let (X, d) be a metric space. For every € X and every o > 0, define
the two sets

{F e ¢(X) |dist(z, F) < a}
and
{F € €¢(X) |dist(z, F) > o}
The collection of all such sets is a subbase for the Wijsman topology on €' (X).

Alternatively, one can say that anet {£}},_, of elements in €’ (X') converges to some
F € €(X) in the Wijsman topology on ¢'(X) if and only if

lim dist(z, F,) = dist(x, F)
for every z € X.

Lemma 1.22. Assume that we are given a metric space (X, d), somemapt € T — F, € € (X)
and some point to € T. Assumet € T — F, € €(X) is Fell continuous at t,. Then it is
Wijsman continuous at t.

Proof. To show that ¢t — F; is Wijsman continuous at ¢,, we will show that the map
t €T~ dist(z, F}) € RT
is continuous at ¢, for every = € X.
Choose any = € X. Write Fj, := F;,. Assume first that that « ¢ F;.
Set r := dist(z, Fy) > 0. It follows that for any 0 < € < r, we have
Fy € % (B,-(z),{Bry.(2)})

Note that { B, ()} is the finite family of open sets consisting of the single element
B,+.(x). Thus by the Fell-continuity of ¢t — F; at {,, there exists a neighbourhood
U C T of ty such that

Fi € % (Br-o(@),{Brye()})

for every t € U. This implies that for every ¢ € U, the point in F; closest to A is

contained in B, .(x)\B,_(z), thatis, r — ¢ < dist(z, ;) < 7 + ¢, S0

\dist(z, Fp) — dist(z, F})| < e
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1.3 Topologies on ¢ (X)

for allt € U. Since ¢ was arbitrary, we have proven the continuity of the map
t — dist(z, F) for all x ¢ Fj,.

Assume next that x € Fy. The proof in this case is exactly as in the previous case,
just by using the fact that

Fo e % (0,{Bc(x)})

and that by the Fell-continuity of ¢ — F} at t, there exists a neighbourhood U C T'
of ¢y such that

Fye U (0,{Bc(z)})
forallt € U. This proves Wijsman continuity at ¢,.

]

Lemma 1.23. Assume that we are given a metric space (X, d), somemapt € T — F, € €(X)
and some point ty € T. Assume t € T — F, € € (X) is Wijsman continuous at to. Then it is
Fell continuous at t,.

Proof. To show thatt — F; is Fell continuous at t,, we will show that for every compact
K C X and every finite family .# of open sets O C X such that

Foe ¥ (K, F)
there exists some neighbourhood W C T of ¢, such that

F, e % (K, %)
foreveryt € W.

1) For every x € K, consider r, = dist(z, F') > 0. Clearly we have

K C U BT1/2(I)

zeK

and by the compactness of K there exists a finite subcollection z;, € K,1 < k < [ such
that if we write rj, := r,, then

l
K C U Brk/g(il?k)

k=1

Since for each k the map ¢ — dist(xy, F}) is continuous at ¢y, we can for each k find
an open neighbourhood U;, C T of ¢, such that
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1.3 Topologies on ¢ (X)

|diSt(CL’k, Fo) — diSt(Ik, Ft)| < Tk/Q
for every t € Uy, which implies that
diSt(l’k, ,Ft) > T’k/2

for every t € U.
It follows that for each k with 1 < k <[, we have B,, /»(z;) N F; = () for all t € U.
Thus if we define U := ﬂi;:1 U, then for all t € U we have

l
KﬂFt C (U Brk/2<xk)> ﬂFt :(Z)
k=1

As U is a finite intersection of open neighbourhoods of #, it is itself an open neigh-
bourhood of t,, and the first part of the proof is complete.

2) Next, fix O € .. We know by the fact that O N Fy # () that there exists a point
z € ONFy C O. Furthermore, since O is open, there exists a real number r» > 0 such
that B, (z) C O.

Clearly dist(z, Fy) = 0. By the continuity of ¢t — dist(z, Fy) at to, there exists an
open neighbourhood Vo C T of ¢, such that dist(z, F}) < r for all ¢ € Vp. But this
means that

BT<I> N Ft 7A @
forall t € Vp. Since B,(z) C O, it follows that

forallt € V.
Now set V' := Npc# Vo; it is a finite - remember, . is a finite family! - intersection

of open neighbourhoods of #, so it is itself an open neighbourhood of ¢y, and ONF; # ()
forallt e Vandall O € #.

3) It follows that F;, € % (K,.%) forallt € W := U N V. This completes the proof.
O

As such, we will generally not mention Wijsman continuity as anything else than
a tool for some proofs.

We would like Hausdorff continuity and Fell continuity to be equivalent to each
other. Unfortunately, as the next example shows, this is not the case.
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Example 1.24. Set T' = [0, 1] with the standard subspace topology it inherits from R,
and consider a field A of bounded, self-adjoint operators with spectra given by

| {0} ift=0
o(A) = { (YU {1/t} ift>0

We claim that this field is Fell continuous at ¢, = 0, but not Hausdorff continuous
there.

1) First, we check Fell continuity at ¢, = 0. Take any % (kK .#) such that we have
o(Ay) € % (K,.7). To prove continuity, we must find an open neighbourhood W C T’
of O such that o(A;) € % (K,.7) forallt € W.

Assume k := max K < 0. Then it follows that o(A;,) N K C [0, 00) N (—00,0) = @ for
allt e T.

We cannot have k& := max K = 0 since {0} N K = (. So assume next that k& :=
max K > 0. Now note that X' C (—o0,0) U (0, k]. But if we set U := [0, 1/k), then it
follows that

o(A;) C {0} U (k,00)

forall ¢t € U. Then clearly o(A;) N K = ( forallt € U.

Next, take any O € .Z. Since o(Ap) N O # (), it follows that 0 € O, so o(A;) N O # 0
forall t € T This is true for every O € .%#,so we canset W := U NT = U, which is the
desired neighbourhood.

This proves Fell continuity at ¢,.

2) To see that the spectrum of A is not Hausdorff continuous at t,, we note that for
allt #0,

. 0 ift=0
dist(o(Ao),0(Ar)) = { dist ({0}, {0} U {1/t}) =1/t ift>0

so the map t — dist(c(Ay), o(A;)) is clearly discontinuous at 0.

We see that Fell continuity and Hausdorff continuity are not equivalent. However,
as is easily verified, the field is Fell continuous and Hausdorff continuous at each ¢ # 0.
Indeed, it turns out that the only thing that "can go wrong" is the behaviour presented
in this example - specifically, the fact that even though the field consists of bounded
operators, there exists no neighbourhood U C T of 0 such that sup,;; || A¢|| < oo.

Definition 1.25. Let (X, ||-||) be a normed space equipped with the topology induced
by the norm, and consider amap ¢t € T' +— F; € €(X). We say that the map is locally
uniformly bounded at t, if there exists some neighbourhood U C T of ¢, such that

sup sup ||z|| < oo
tGU LBGFt
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Definition 1.26. Let A be a field of operators. We say that A is locally uniformly bounded
at toif themap t € T +— o(A;) € €(C) is locally uniformly bounded at ¢,. If A is a field
of bounded, normal operators, this is equivalent to demanding that there exists some
neighbourhood U C T of ¢, such that

sup || A¢]] < o0
teU

In many situations, we shall demand that a field be Fell continuous and locally uni-
formly bounded at t,; to be clear, this just means that we require it to both be Fell con-
tinuous at ¢, and locally uniformly bounded at #,. As the following Lemmas show,
the condition of local uniform boundedness is sufficient to prove equivalence between
Fell continuity and Hausdorff continuity.

Lemma 1.27. Let X be a subset of C with the subspace metric, and assume that some map
t € T — I, € €(X) is Fell continuous and uniformly locally bounded at some point t, € T.
Thent € T — F, € €(X) is Hausdorff continuous at t.

Proof. Fix any € > 0, and write Fj, := F,,. We must show that there exists a neighbour-
hood of ¢, such that dist(Fy, F;) < eforallt € U.

As t — F; is uniformly locally bounded at ¢, there exists an m > 0 and a neigh-
bourhood W C T of t, such that sup,.y, sup |F| < m; in particular, F;, = F; N B,,(0) for
all t € W. As such, if we define

K := B,,(0)n{z € X | dist(x, Fy) > ¢}

then K is a bounded subset of X with F, " K = (), and it is clearly also closed, so K is
compact.

Note that since Fj is closed and bounded, we have that Fj is a compact set. It
follows that since the collection {BE /g(x)}meFO of open balls covers Fy, there exists a

. 1
finite subcollection {BE /Q(xk)}k_l which also covers Fj. So set % = {Be/Q(xk)} oy’

We clearly have Iy € % (K, .%). By the Fell continuity of ¢ — F; at ¢, it follows that
we can find a neighbourhood U C T of ¢, such that F; € % (K,.%) forallt € U. Since
F,NK =0forallt € U, it follows that for allt € U N W we have

FEn{z eR|d(Fy,z) > €} =EFN[—m,m|N{z € R|d(Fpy,z) > €}
= Ft N K
=
and so in particular dist(z;, Fy) < € for all z; € F;. Since F; is closed, we actually have
SUp,, e, dist(zy, Fy) < eforallt € UNW and all z; € F;.
Fix any zy € F,. As % covers Fj, there exists a ky with 1 < k; < [ such that

T € Beja(w,). Since we have Fy N B.(xy,) # 0 for every ¢ € U, it follows that for every
t € U there exists a point x; € F; N B,j2(xy,), SO

[0 — 24| < |wo — Tk | + | TRy — 24
<€/24+€/2<ce€
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foreveryt € U.

Hence dist(zg, F;) < € for every t € U. x, was arbitrary, so we must have that
dist(xo, F}) < € for every x, € Fy and every ¢t € U. Since £ is closed, we actually have
SUp,, e, dist(xo, F}) < e forevery ¢t € U.

As such we now have

dist(Fy, F;) = max{ sup dist(zo, F}), sup dist(xy, Fg)}

zo€Fp Tt €LY
< max {e€, €}
=€
forallt € U NW. As e was arbitrary, this proves that ¢t — F; is Hausdorff continuous

at ty.
[

Lemma 1.28. Let X be a subset of C with the subspace metric, and assume that some map
t € T — F, € €(R) is Hausdorff continuous at some point t, € T and that F,, is bounded.
Thent € T — F, € €(R) is Fell continuous and locally uniformly bounded at t,.

Proof. Take any compact K C X and any finite family .# of open subsets of X such
that F, := F,, € % (K,.%), that is, such that /;, N K = () and F;, N O # () for every
O € .#. We must find a neighbourhood of ¢, such that F;, € % (K, .%) for all ¢ in this
neighbourhood.

1) We will first find a neighbourhood U C T of t; such that F; N K = () forallt € U.
Since F, N K = (), there exists for every x € K a real number r, > 0 such that

FO N Brz(l') = @

Clearly the collection of smaller balls {Brz s2(x) }IeK is an open covering of K, and
since K by definition is compact, there exists some finite collection {z};_, of points

of K such that if we set r;, := r(x), then {Brk/g([[‘k)};_ is also an open cover of K.

By the Hausdorff continuity of ¢ — F} at ¢, it follows that for each k we can find an
open neighbourhood U, C T of t, such that dist(Fp, Fi) < r/2 for all t € Uy. We claim
that F; N B,, /2(z;) = 0 for all t € Uy. For if not, there exists a point y, € F; N B,, j2(xk),
which implies that

yr — wk| < 71/2
and
dist(yx, Fo) < dist(F}, Fy) < r1/2
But then

diSt(ZEk, Fo) < dist(yk, Fo) + |yk — ZL‘k|
< T‘k/2 + Tk/2

:Tk
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contradicting the fact that B,, (z;) N Fy = 0. Thus B,, /»(z) N Fy = @ for all t € Uy,
If weset U :=._, Uy, then U C T is an open neighbourhood of ¢, and

l

k=1

forallt € U, so the first part is done.

2) For the second part, we must find a neighbourhood V' C T of t, such that we
have F,NO # ( forallt € V and all O € .#. Start by fixing O € .Z.

Choose any x € F;NO; as O is open, we can choose some r > 0 such that B, (z) C O.
Since ¢t — F; is Hausdorff continuous at ¢;, we can find a subset V5, C T such that

dist(Fy, F,) < r

forallt € V. Now note that for every ¢t € V), there must exist at least one point z, € F}
that is also in B, (z); for otherwise, we would have

dist(Fy, Fy) > dist(z, F}) > r

for at least one ¢ € Vp, which is impossible.
This implies that the required z; exists, so we have

forallt € Vo, givingus F; N O # () forallt € V.
Since . is finite, we see that V' := Npec# V0 is an open neighbourhood of t,, and
F,NO # ( forevery O € .# and every t € V. This proves the second claim.

3) We now see that forallt € UNV,wehave ;N K = @ and F, N O # ( for all
O ZF,s0F, €% (K,Z)forallteUNYV.
This proves Fell continuity of ¢ — F; at ¢y, as K and .# were arbitrary.

4) To prove local uniform boundedness, we must find a neighbourhood W C T of ¢
such that sup,cy sup |F;| < co. Recall that, by assumption, we have sup |Fy| = m < .

By Hausdorff continuity, we can find a neighbourhood W C T of ¢, such that
d(Fy, Fy) < 1forallt € W. Since F; is a closed set for every ¢t € T, we see that for any
t € W we cannot have sup F; > sup Fy+ 1 or inf F; < inf Fy — 1, as otherwise we would
have

d(Fy, Fy) > max {|sup Fy — sup Fy|, |inf Fy — inf 3|} > 1
which is impossible by assumption. But then for all t € WV,
sup |Fi| = max {|sup F;|, [inf F}|} <m+1 < o0

which proves local uniform boundedness, and the proof is complete.
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1.3 Topologies on ¢ (X)

The next chapter will be devoted to proving that as long as we have this property
of local uniform boundedness, then all the types of continuity we have discussed so
far are indeed equivalent.
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2 Bounded, self-adjoint operators

2.1 Forms of continuity for fields

Now that we have laid the groundwork, we can start considering how to define conti-
nuity of a field A. The different notions of continuity for maps ¢t € 7' — F, € ¢(X) are
certainly interesting, but we would like to have notions of continuity that relate more
directly to the nature of the operators involved.

For families of bounded operators {A;},., such that each A, is an operator on the same
Hilbert space H, we have several well-known forms of continuity. Among the more
famous ones are norm continuity, strong continuity and weak continuity. In the following
discussion, we will use the term family of bounded operators to refer specifically to such
families where each operator acts on the same Hilbert space.

Definition 2.1. Let {4,},., be a family of bounded operators on some Hilbert space
H, and take any ¢, € T'. We say that { A;},_, is norm continuous at ¢, if

Jixn 4, — Addl = Jim sup [(Ay — Ao 2] =0
Definition 2.2. Let {4,},., be a family of bounded operators on some Hilbert space
H, and take any t, € T'. We say that { A;},_, is strongly continuous at ¢, if

Jimn [[(Ay, — Ay ]| =0

for every x € H.

Definition 2.3. Let {4,},., be a family of bounded operators on some Hilbert space
H, and take any ¢, € 7. We say that {A;},., is weakly continuous at  if

lim<(At0 — A) :U,y> =0

t—to
for every pair z, y € H.

However, these definitions do not necessarily make sense in the case of a field of
operators, as the H; are allowed to be different. The term (A4;, — A;) z is only well
defined when both A;, and A, are both actually able to operate on z, and it appears
in all three definitions. We will need to find some common area that we can use to
evaluate continuity.

Our first idea is a variation of norm continuity. While norm continuity as above is
not useful to us, we could try to see whether

lim || 4y, | = [[A][| = 0

as this is always well defined. However, this would be far too weak a test of continuity.
For just consider the case where for all t € T'we have H, = H for some Hilbert space
H and we define A = {A;},., by

L L IBIE ifr=1,
7)1 B otherwise
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2.1 Forms of continuity for fields

for some point ¢, € 7" and some bounded operator B. Then by the above notion of
continuity, we would have

QWMWMMZMMWWWMFO

t—to

suggesting that A is continuous at t;, which seems quite counterintuitive, as B was
any arbitrary operator in B(H), and may be very different from the identity operator.

In [3], Beckus and Bellissard suggested that a better approach would be to use the
following method:

Definition 2.4. We say that a field A = (A;).cr of bounded operators is p2-continuous
at a point t, € T if for every polynomial p of degree two or less with real coefficients,
the map

teTw |p(A)] € RT
is continuous at ¢, that is, if

lim | [[p(As,)|| = [[p(A0)][| = 0

t—to

for every p as above.
We say that A is p2-continuous if A is p2-continuous at every pointt € 7.

We can show that this definition is weaker than or equal to norm continuity in situ-
ations where both definitions make sense, and under the assumption of local uniform
boundedness.

Proposition 2.5. Let A = (A;)ier be a field of self-adjoint, bounded operators, take t, € T
and set H := H,,. Assume that there exists a neighbourhood U C T of t, such that

* H, = H foreveryt € U,
* m = sup,y || A < oo,
* t € Uw— A, € B(H) is norm continuous at t,

Then A is p2-continuous at t.

Proof. 1f {t.},.,is anet of points in T’ converging to ,, then eventually ¢, € U, so there
exists x' € J such thatt,, € U for every x > «'. It follows that eventually, ||A;, — A, || is
well defined and

11}1}1 ||At0 — Atn” =0

But for any polynomial of degree two or less with real coefficients, say p(z) =
pax? + prx + po, we have

(A = Ip(A)Il| < llp(As) — p(AL)]
= ||p2 A7 + p1As, + po — P2 A7 — p1 AL, — Dol
< p2|[[Aty — At || [ Ay + Ar || + [p1] [ Ay — As, ||
< (2lpalm + [pa]) | Ay — Au|
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2.1 Forms of continuity for fields

for every x > «'. It follows that
lim [[[p(As, )| — [p(Ae)l] =0

and we are done.

Example 2.6. Set T" = R with the standard topology, set for each t € T'

oo L*([0,1]) iftcQ
B c? ift c R\Q

with their standard Hilbert space structure, and set A, := tI for every t € T.

Intuitively, the field A = (A;)er "should" be continuous due to its simple nature,
but as H; changes as we move along 7', we cannot apply the definitions of norm,
strong or weak continuity. However, A is p2-continuous at every t, € T'. For take any
polynomial p(z) = paa? + p1x + po with real coefficients of degree two or less, and note
that

(Al = Ip(ADI| = |IpEo) Il = )1 ]|
= |Ip(to)| — Ip(2)]]
< |p(to) = p(t)|

and that lim;_,,

p(to) = p(t)| = 0.

Example 2.7. Set T' and H, as in the previous example, but assume now that the oper-
ators A, € B(H,) are self-adjoint and satisfy

| 10,1] ifteQ
o(A) = { {0}u{1} ifteR\Q

We claim that in this case, A is not p2-continuous. For any polynomial p, it follows
from the functional calculus that

(Al = sup [p(a(Ay)]

Set p(z) = 1— (z — 1/2)? = 2® — 2 — 3/4, and take any ¢, € Q. Now note that for
any ¢t € R\Q, we have

(A | = lp(Ad | = | (sup [p([0, 1)]) = (sup [p({0} U {1})]) |
=|1-3/4]=1/4

Since any neighbourhood of ¢, in 7" will contain at least one point in R\Q (in fact,
uncountably many), we have

lim‘ Ip(As)[] — Hp(Af)H‘ 70

t—to
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2.1 Forms of continuity for fields

and since p is a polynomial of degree two with real coefficients, we are done in this
case. By reversing the argument, we see that this also holds for ¢, € R\Q, so A is
nowhere p2-continuous.

As an aside, note that || A;|| = sup |o(A;)| = 1 for every t € T, so by our naive first
attempt at defining continuity of fields, A would indeed be everywhere continuous.

As the last example illustrates, the truly interesting properties of an operator (with
regards to evaluating continuity) seem to lie not in its norm, but in the shape and size
of its spectrum, justifying our work so far.

We shall make a short detour, and consider what would happen if we replaced our
polynomials in the definition of p2-continuity with other sorts of functions. Although
not intuitively obvious, the choice falls on proper functions, as these will arise naturally
in our considerations later.

Definition 2.8. A continuous map f : X — Y between two topological spaces X and
Y is said to be proper if the inverse image of any compact subset is compact; that is, if
we have that f~!(K) is compact in X for every compact subset K C Y.

Definition 2.9. A field A = (A;);er of self-adjoint, bounded operators is proper-continuous
at a point t, € T if for every proper, continuous function f : R — R, the map

teT | f(A)ll € RT

is continuous at ¢y, that is, if for every f as above we have

lim {1 (As)|| = Lf (A | = 0

t—to
We say that A is proper-continuous if A is proper-continuous at every point ¢ € 7.

Proposition 2.10. All polynomials of degree two or less with real coefficients, that is, all
polynomials on the form p : x € R — ax® + bx + ¢ € R, are either proper (in the standard
topology on R) or constant functions.

Proof. For p(x) = az* + bx + ¢, choose any compact subset K € R; we must either show
that

p ' (K)={AeR|aN+bA+ce K}

is a compact subset of R, or that p is a constant function.
Assume that a # 0. Remember that the equation az® + bx + ¢ = y has the solutions

b+ \/b2 —4a(c—y)‘
2a

xr =
whenever b? — 4a(c — y) > 0, and no (real) solutions otherwise.
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2.1 Forms of continuity for fields

Assume a > 0. It follows that if we set
b2
L= {yER[ch—}
4a

then p~!({y}) = 0 forally ¢ L, hence p~*(U) = p~(U N L) for all subsets U C R. L is
clearly closed.
It follows that if we define the two functions ¢, ¢» : L — R by

—b+\/b2 —da(c—vy)
2a

qliyELH

and

—b— \/b2 — 4da(c — y)
2a

thenp ' (K) = p Y(KNL) = ¢(KNL)Ug(KNL). Both ¢; and ¢, are clearly continuous
functions, and K N L is compact in L by the definition of the subspace topology. It
follows that ¢;(K N L) and ¢2(K N L) are compact in R, so p~'(K) is compact, and we
are done with this case.

The case a < 0 is similar. If a = 0, then we have to consider the two cases b = 0 and
b#0.

Ifb# 0thenp:z € R+~ bxr+ c € R. If we define the (clearly continuous) function
q:y € R~ < € Rthen clearly p~!(U) = ¢(U) for any subset U C R; in particular, if
K is compact then p~!(K) = ¢(K), which is compact by the continuity of ¢, so in this
case we are done.

If b = 0 then p is just the constant function p : z € R — ¢ € R, and we are done.

Gy <L

]

Corollary 2.11. Let A = (A¢)ier be a field of self-adjoint, bounded operators, and choose any
to € T. If A is proper-continuous at t,, then A is p2-continuous at t,.

Proof. The continuity of t € T' + ||aA? + bA, + || € RT in the case where at least one
of a and b are non-zero follows directly from Proposition 2.10. When a = b = 0, we
have

HaAf +bA; + c” = sup |{c}| = ||

and the map ¢t € T' — |c| € R" is obviously continuous, which covers the case where
p:x € R— c € Ris a constant function; this clarification is necessary, as constant
functions from non-compact spaces are not proper.

O

It follows that the definition of proper-continuity is stronger than or equal to that
of p2-continuity. It turns out, maybe surprisingly, that in fact these two definitions are
equivalent, and we will prove this in the next section.

So far we have discussed various different forms of continuity. We will repeat
Example 1.24 to illustrate that once again, we will need local uniform boundedness to
prove that they are all equivalent.
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2.1 Forms of continuity for fields

Example 2.12. Set T' = [0, 1] with the standard subspace topology it inherits from R,
and consider a field A of bounded, self-adjoint operators with spectra given by

] {0} ift=0
o(A) = { {0}u{1/t} ift>0

We showed in Example 1.24 that this field is Fell continuous at ¢, = 0, but not
Hausdorff continuous there. We will now show that the field is gap edge continuous
at ¢y, but neither p2-continuous nor proper-continuous there.

1) First, we show that t — o (A;) is gap edge continuous at .

For the first condition of gap edge continuity, note that o (A) has two gaps, (—o0c,0)
and (0,00). (—00,0) is also a gap of o(A;) for all t € T, so the first condition trivially
holds for this gap. For the gap (0, c0), we note that for any NV > 0, the set

Uy :={teT|1/t> N}

is an open neighbourhood of ¢, = 0, and for every ¢t € Uy\ {0}, we see that o(A;) has a
gap on the form (0, b;) where b, > N. But this implies that lim; ,; b; = oo, and the first
condition of gap edge continuity holds here as well.

For the second condition of gap edge continuity, note that for any ¢t € 7'\ {0}, we
know that o(A;) has three gaps: (—00,0), (0,1/t) and (1/t,00). Let {t,},.,; be some net
of points in 7" converging to ¢y, = 0, and let {a,},.; and {b,},.; be two convergent nets
of points in R U {£o0}. Assume that we are given that for every ¢ € I, (a,,b,) is a gap
of o(A;,). We must show that if a, — a and b, — b, then we have that a = b or that (a, b)
is a gap of o(Ay).

If a < 0, it follows we eventually have a, < 0. But since a, is a gap edge of o(A;,),
it follows that eventually a, = —oo. Since (a,,b,) is a gap of o(A,,), it follows that
eventually, we have b, = 0. But then clearly « = —oo and b = 0, and (a,b) = (—00,0) is
a gap of o(Ay).

If a = 0, then eventually |a,| < 1. But, again since q, is a gap edge of o(4;,),
it follows that eventually we have ¢, = 0, and so a = 0. From this it follows that
eventually b, = 1/¢,, and so

b=1limb, =lim1/t, = o0

and (a,b) = (0,00) is a gap of o(Ay).

If a > 0, then eventually we have that a, > 0. Again, we can use this and the fact
that a, is a gap edge of o(A;,) to conclude that eventually, a, = 1/¢,, which in turn leads
us to conclude that eventually b, = co. But this implies that

a=lima, =lim1/t, = o0

and b = 0o, so a = b, and we are done.
As this exhausts all possible cases, the second condition of gap edge continuity
holds. Since both conditions of gap edge continuity hold, it follows that ¢t — o(A;) is
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2.1 Forms of continuity for fields

gap edge continuous at ¢y = 0.

2) To prove that the field is neither p2-continuous nor proper-continuous at ¢, = 0,
notice that if we set p(z) = z then p(z) is a polynomial of degree one, and is also proper,
being the identity function, and

0 ift=0
Ip(A) ] = [l 4]l = { 1/t ift>0

so t — ||p(A;)]| is clearly discontinuous at t, = 0.

Combining the two examples, we have now demonstrated that Fell continuity and
gap edge continuity are not equivalent to the other forms of continuity. However, as
is again easily verified, the field is Fell continuous, Hausdorff continuous, gap edge
continuous, p2-continuous and proper-continuous at each ¢ # 0, and we claim that
once again, the only "problem" is the lack of local uniform boundedness at ¢, = 0 - a
claim we will prove in the next section.
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2.2 Equivalence of different forms of continuity

So far we’ve considered several main forms of continuity of spectra: Gap edge continu-
ity, p2-continuity, proper-continuity, Hausdorff continuity and Fell continuity. The first
major result of [3] shows for locally uniformly bounded fields of self-adjoint, bounded
operators, gap edge continuity, p2-continuity and Fell continuity are equivalent. Here,
we will prove an extended version of the theorem, stating that in this case, all five
forms of continuity are equivalent.

Theorem 2.13. Let A = (A;)ier be a field of self-adjoint, bounded operators, and take any
to € T. Consider the following statements:

1. Ais gap edge continuous at 1.
2. A s Fell continuous at t

3. A is p2-continuous at t.

4. Ais proper-continuous at t.

5. A is Hausdorff continuous at t,.

Then 1. and 2. are equivalent. If A is locally uniformly bounded at t,, then all the above
statements are equivalent.

It should be noted that in [3], this theorem is formulated rather differently, ignor-
ing the condition of local uniform boundedness. However, Beckus and Bellisard do
acknowledge the necessity of local uniform boundedness in the proofs they give later
on in the article, although they never directly name the property. The concepts of
proper-continuity and Hausdorff continuity are not explicitly introduced in [3].

As such, our first goal is to prove the various equivalences in Theorem 2.13, while
clarifying the notation from [3] as much as possible. First, a few technical results.

Proposition 2.14. Let —oco < a < b < oo, and set X = (a, b]. Then the map
Fe?¥(X)—supFelR
is continuous with regards to the Fell topology on €' (X) and the standard topology on R.

Proof. Fix Iy € €(X) with sup Fy = \; we have \ € [ since Fj is closed and A < oo
since Fy € €(X). To show that the map defined above is continuous, we must show
that for any real number € > 0, there exists an open (in the Fell topology) neighbour-
hood % (K., .#.) around Fj such that

|sup Fy —sup F| < €

forall F € % (K., %.).
We will begin by assuming that —oco < a.
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2.2 Equivalence of different forms of continuity

First assume \ < b. For any given ¢, let us define

. i { A—a b—)\}
€:=minqe, ——, ——
2 2

Now set K, := [A+ €, b] and O, := (A — €,b]; clearly K. is compact in X and O. is
open in X. Furthermore Fy N K, = (0 and Fy N O, # 0, so Fy € % (K., {O.}).

Take any other F' € % (K., {O.}). It follows that F' N K. = (), which implies that
sup {F'} < A + ¢, since F is closed. Furthermore, F' N O, # (), which similarly implies
that A — € < sup F.

From the above, it is clear that

|sup Fo —sup F'| < € <

for all F' € % (K.,{O.}), which proves continuity for A < b. But for A = b, the exact

same proof with K, = () and € := min {e, Ag“} proves the result in the case —oco < a.

In the case a = —oo, the method above works in its entirety, although one could
choose to remove the mention of 25 in the definitions of & This completes the proof.
O

Proposition 2.15. Let X be a topological space, Y be a locally compact Hausdorff space, and
[+ X =Y bea proper, continuous function. Then themap f : F € €(X) — f(F) € €(Y)
is Fell continuous.

Proof. A version of The Closed Map Lemma says that any proper, continuous function
from a topological space to a locally compact Hausdorff space is closed, that is, it sends
closed sets to closed sets; for a proof of this version, see [8].

Thus we see that the map f is well defined. It remains to demonstrate Fell-continuity;
that is, we need to show that for every basis element % (K, .#) in the Fell topology on
Y, theset f~! (% (K,.%)) is open in the Fell topology on X. In order to do this, we will
show that there exists an open set W C % (X) in the Fell topology on X such that for
every '€ % (K, #) C € (Y), we have

F=fYFewcf (%K, F))cC?X)

which will prove continuity.

Given % (K,.#) C € (Y), we know that K C Y is compact and that .# is a fi-
nite family of open subsets O C Y. Since f is continuous and proper, we know that
/71 (0O) C X is open for every O € .% and that f~'(K) C X is compact. It follows that
the set  (f~'(K), f~'(.%)) is open in the Fell topology on ¢ (X); we set

W= (1K), [H(F))

Now fix an F' € % (K,.%). By definition, F N K = () and F N O # 0 for every
O € .#. We have that
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2.2 Equivalence of different forms of continuity

For, if there existed an z € X with z € F N f~1(K), then
f(x) € f(f71(F)) = Fand f(z) € f (f 1(K)) = K
which is impossible. We obviously have F' N O # §) for every O € .%; thus
Few (1K), (%))
Next consider any G € Z (f~Y(K), f~'(%)); to show the inclusion
U (UK, [UF)) C (2 (K, 7))

we need to show that G € [~ (% (K, %)), i.e. that f(G) € % (K, ). Similar to above,
we must have f(G) N K # (); for otherwise there would exist an € G such that
f(z) € K, which implies z € f~!(K), which cannot be true. Similarly it is clear that
f(G)N f(O)#Dforall O € Z#.

O

Proposition 2.16. Let B be a bounded, self-adjoint linear operator. For any given m > || B||,
define the polynomial p(z) := m? — 2% Then for any r < m, we have

lp(B)I < m? —r*

if and only if B,(0) N o(B) = 0, where B,(0) ={\ € C| |\| <r}.
Equivalently,

lp(B)I| > m* —r*
if and only if B,.(0) N o(B) # 0.
Proof. Since B is self-adjoint, o(B) C R, and for any polynomial P, o(P(B)) = P(c(B)).
Since |A\| < ||B|| for all A € o(B), it follows that
pN) =m? =22 >m?—|B|> >0

for all A € o(B); in particular |m? — \?| = m? — A% for all A € o(B).
Note also that B,(0) N o(B) = () implies that [A\| > r for all A € o(B). Thus

lp(B)|| = sup |o(p(B))|
= sup |p(a(B))]

= sup [p(\)]
A€o (B)

= sup {jm® -7}
= 2 {m* = X
<m?— 2
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2.2 Equivalence of different forms of continuity

To prove the reverse implication, note that everything we did except the last line is
still valid, so ||p(B)| = supye, gy {m* — A*}. If we assume that ||p(B)|| < m* — 72, then
we have

sup {m2 — )\2} <m?—r?
Xeo(B)
I

inf A2 > p?
A€o (B)
I

inf |A >
A€o (B)

which clearly implies |A\| > r for all A € o(B), which is equivalent to saying that
B,(0) No(B) = (). This completes the proof of the first statement.
The second statement is logically equivalent to the first, so we are done.

We are now ready to prove the results that in turn will prove Theorem 2.13.

Lemma 2.17. Let A = (A¢)ier be a field of self-adjoint, bounded operators, let t, be any
point of T, and assume that A is p2-continuous at t,. Then A is Fell continuous and locally
uniformly bounded at t,.

Proof. Fix ty € T, and remember our convention of writing A, := A,,; we must show
both that for every basis element % (K, .#) of the Fell topology on % (R) such that
o(Ay) € % (K,F), there exists a neighbourhood S C T of t; such that o(4;) €
% (K,Z) forallt € S, and that there exists some neighbourhood W of ¢, such that
supycr [[4i] < oo.

1) Since K No(Ap) = 0, there exists for every x € K a real number r(z) > 0 such
that B, (z) N o(A4y) = 0. Clearly the collection of (smaller) balls {BT(I) /Q(I)}zeK is
an open covering of K, and since K by definition is compact, there exists some finite

collection {z;};_, of points of K such that if we set r;, := r(z;) then {Brk/g(xk)};zl is
also an open cover of K. Clearly we still have B,, (z;) No(Ay) =0 forall 1 <k <.
By the p2-continuity of A, there exists a neighbourhood Uy of ¢, such that for all

t e U,
A = 1 4ol| < 1

This implies that ||4;|| < 1+ ||Ao||, and, in particular, sup,;, ||4:|| < oo. Since by
compactness sup,. i || < oo, it follows that we can fix a real number

m > 2sup ||As]| + sup |z
teUy rzeK
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2.2 Equivalence of different forms of continuity

Furthermore, since B,, (zx) N 0(Ay) = 0, we can use Proposition 2.16 to conclude
that

Hm2 — (A — xk)zH <m?—r}

By p2-continuity of 4, it follows that for each k € {1, ..., 1} there must exist an open
neighbourhood U, C Uy C T of t, such that

[m? = (A = )2 = m? = (Ao — 22)?]| < 302/4

tor all t € Uy, for each k. This gives us
[m? = (A = 22)?|| < |m? = (Ao — 20)?|| + 3rF/4
<m®—r;/4

for all t € U, for each k. It now follows that if we set U := ﬂszo Uk, we can again use
Proposition 2.16 to conclude that B,, j5(xx) N o(A;) = 0 for every k € {1,...,1} and all
t e U. Since K C ULZO B, 2(xy), it follows that K No(A;) =0 forall t € U.

2) Take any O € .#. Since we have O N o(Ay) # 0, it follows that for any given x €
O No(Ap) there exists a real number r(z) > 0 such that B,,)(z) C O, by the openness
of O. Since z € o(Ap), we have |z| < ||Ay||, and accordingly [|Ay — z|| < 2||Ao]] < m
with m as earlier. Since B, (,)2(x) No(Ag) # 0 (as z € o(Ap)), we get from Proposition
2.16 that ||m? — (Ag — x)?|| > m? — r(z)?/4.

Now by p2-continuity, there exists a neighbourhood Vi, C T of ¢, such that for all
teVp,

[[[m? = (Ag = 2)?|| = [Im? = (A — 2)?[|| < 3r()?/4
which gives us
Im? = (Ao — )| = [|m* = (A, = 2)*|| < 3r(x)*/4
forall t € V, implying
m® —r(2)*/4 = 3r(z)*/4 < ||m* — (A — 2)*|
forall t € Vp, so we can finally conclude
Im* = (A = 2)*[| > m® = r(x)*

for all t € V. Again by Proposition 2.16, we thus have B, (z) N o(4;) # 0 and so
OnNo(A:) # 0 forallt € Vp. Since . is a finite family, V' := Npcz Vo is an open,
non-empty neighbourhood of ¢ and O No(A;) # @ forall O € . and allt € V.
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2.2 Equivalence of different forms of continuity

3) We now have that S := U NV is the desired neighbourhood of ¢, such that
o(A) € % (K, %) forallt € S. Since K and .# were arbitrary, the proof of the first
statement now follows.

4) Local uniform boundedness at t, was "accidentally" proved in part 1); we get the
desired W by setting W := Uj. This concludes the proof.
O

We will need a refresher on proper functions before our next result.

Proposition 2.18. The function |-| : x € R — |z| € R is proper (in the standard topology on
R).

Proof. Choose any compact subset K € R; we must show that
[T () = {A e Cl A € K}

is a compact subset of R.
As K is compact, it is bounded, so there exists a finite » > 0 such that sup |K| = r.
It follows that

sup 7" (K)| = sup| {A € R | |A] € K}
=sup|K|=r

so |-| " (K) is also bounded. By the continuity of |-|, it is also closed, which completes
the proof since closed, bounded subsets of R are compact.
O]

Proposition 2.19. Let X and Y be two topological spaces, and let f : X — Y be a continuous
proper function. If Xp C X is a closed subset of X and Y C Y is a closed subset of Y with
f(XR) C Yg, then the restriction fr : Xr — Yg of f is a continuous proper function when
Xr and Yy are equipped with their respective subspace topologies.

Proof. Proving continuity is trivial, so we will focus on proving that fz is proper.
Take any compact subset Kr C Yi. As Yj is closed, Ky is a closed subset of Y.
Let {V.},.; be a covering of Ky by sets openin Y. Then

el

{V.nYgr}

el

is a covering of K by sets open in Y%, and as such there exists some finite subcovering
{V,, NYz}*_,. This implies that {V, }*_, is a finite subcollection of {V,},, that covers
Kpg, s0 Kris compactinY.

As f is proper, f~'(KR) is compact in X. Since

fe'(Kr) = f(Kg) N Xg

el

it is by definition closed as a subset of Xp.
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2.2 Equivalence of different forms of continuity

Let {Ug,},.,; be a covering of f;'(Kp) by open subsets of Xz. Consider the family

{Ur, U (X\XR)},¢;

We claim that this is a family of open subsets of X.

For any given ¢ € I, consider any net {z,},., of points in (Up, U (X\Xg))". As
r, € Xp for every k € J and Xp is closed in X, it follows that if {z,},_, converges
towards some z € X (in the topology on X), then z € Xp.

Furthermore, if z € Ug, then it follows that z,, — x also in the subspace topology
on Xp. But this contradicts the fact that Uy, is open in Xp. It follows that if x exists,
we have

r € (Ug, U (X\XRg))

so (Ug, U (X\Xg))"is a closed setin X and Ug, U (X\Xg) is open in X.
Now {Ug, U (X\Xg)},., is a family of open subsets of X covering fz'(Kx), which
is compact in X. Thus we have a finite subcollection

{Ur,, U(X\XR)}:_,

that also covers f5'(Kp).
Finally,

{(Urun U (X\XR) N Xe}py = {Uru by

is now an open subfamily of {Ug,},., covering f5'(Kg). Thus f;'(Kg) is compact as
a subset of X, and the proof is complete.
O

Lemma 2.20. Let A = (A;):er be a field of bounded, self-adjoint operators, and choose any t, €
T. If A is Fell continuous and locally uniformly bounded at t, then A is proper-continuous at
to.

Proof. Let f : R — R be a continuous, proper function. Recall that since each A; is
self-adjoint and bounded, o(A;) is compact in R and

flo(Ay) = o(f(A)) CR

Furthermore, recall from Proposition 2.15 that for any continuous, proper function
h : X — Y between two locally compact Hausdorff spaces, h is the (Fell-continuous)
map

Fe®X)—h(F)e?€Y)

We start by claiming that the field {f(A;)},., is also locally uniformly bounded at
to. To prove this, note first that for each ¢t € T, we have

1/ (A = sup [o(f(Ar))|
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2.2 Equivalence of different forms of continuity

Since A is locally uniformly bounded at ¢, there exists a neighbourhood U C 7' of
toand a R > 0 such that o(A;) C [-R, R] forall t € U. Since f is continuous, it follows
that there exists some R > 0 such that

o(f(A) = f(o(A) C f([-R,R]) C [-R, R]

forall ¢t € U. Since [R, R] is compact and f is continuous, [—R, E)] is also compact.
It now follows that for all t € U, we have o(f(A4:)) € € q— R, RD and |o(f(Ay))| €
€ ((—oo, R} ) If we now look at the restrictions

fr:[-R, Rl — |-R,R|
and
[ [-R R = (=00, R]

of f and ||, respectively, then we see that we can write themap ¢t € U — |[f(A4))| € R
as the composition

o~

teUm  o(A)e€(-RE) 5  o(f(4) e C([-R.R))
S o(f(A))| €% (( =00, R]) = sup|o(£(A)| € R

The first map is continuous at ¢, by assumption. The second and third maps are
continuous by Proposition 2.15, since || is proper by Proposition 2.18 and the two
restricted maps fr and |-|, are continuous and proper by Proposition 2.19. The last
map is continuous by Lemma 2.14. This proves continuity at ¢.

The comment at the end of the lemma immediately follows from the fact that all
polynomials of degree equal to or less than two with real coefficients are either proper
functions or constant functions, as shown in Proposition 2.10, and the map is obviously
continuous in the constant case.

O

Lemma 2.21. Assume that a map t € T — F, € € (R) is Fell continuous at some point
to€T. Thent € T — F;, € €(R) is gap edge continuous at t.

Proof. 1) We will first show that the first condition of gap edge continuity holds. Let
(a,b) be any gap of Fy := F}, - if Fj has no gaps, then Fj = R, and the first condition of
gap edge continuity is trivially satisfied.

Assume first that —oo < a < b < co. We will show that for any ¢ > 0 such that
€< bjT“, there exists a neighbourhood U C T of ¢, such that for each ¢t € U, there exists
a gap (at, b) of F} such that

|at—a]<6and|bt—b|<6
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2.2 Equivalence of different forms of continuity

Note that if we set
K:=la+eb—¢,0,:=(a—€ea+e)and O, := (b—€,b+¢)
then K is a compact set and .% := {O,, O,} is a finite family of open sets, and we have
FoNK=0and FyNO #0

for all O € .#. It follows that Fy € % (K,.7). By the Fell continuity of ¢t — Fj, there
exists a neighbourhood U C T of t, such that F; € % (K,.%) for all t € U. This implies
that for all ¢ € U, we have

FNnla+eb—€e=0,FN(a—ea+e)#Dand F;N(b—eb+e€) #0

But this tells us that for each ¢t € U, there exists some gap (a;, b;) of F; containing
[a + €,b — €] such that its gap edges lie in (a — €¢,a + ¢) and (b — €, b + ¢), respectively.
Thus we must have that

\at—a]<6and]bt—b]<6

for all t € U, and we are done in this case.

Next, assume that —oo < a < b = o0, so that (a, 00) is a gap of Fy. Choose any € > 0
and any NV > 0 such that N > a + . We will show that there exists a neighbourhood
U C T of ty such that for each ¢ € U, there is a gap (at, b;) of F; with

\at—a\<6andbt>N

Note that if we define K := [a + ¢, N] and O := (a — €, a + €), then K is compact, O
is open, and we have

FoﬂK:(JandFoﬂO#(Z)

Thus we have F, € 7% (K,{O}. It follows from the Fell continuity of the map ¢ — F;
that there exists a neighbourhood U of ¢, in T" such that we have F; € Z (K, {O}) for
allt € U. This implies that for all ¢t € U, we have

F,nla+e,Nl=0and F; N (a —¢€,a+¢)

This implies that for each ¢t € U, there must exist a gap (a;, b;) of F; such that it
contains [a+e¢, N| and such that its gap edges lie in (a—¢, a+¢) and (N, o), respectively.
But this means that

\at—a\<6andbt>N

for all t € U, and we are done in this case as well.
Proving that the first condition of gap edge continuity holds in the case where
—00 = a < b < oo is completely analogous.
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2.2 Equivalence of different forms of continuity

Finally, if —oo = a < b = oo, then F = (), and given any N > 0 we will show that
there exists some neighbourhood U C T of ¢, such that for every ¢t € U, there exists a
gap (at, by) of F; such that

a; < —Nandbt>N

We see thatif we set K := [~ N, N, then clearly F, € % (K, 0)). By the Fell continuity
of t — F, there exists a neighbourhood U C T of t such that F, € % (K, ) forallt € U.
Thus for all t € U, we have

F,N[-N,N] =10

This implies that for each ¢ € U, there exists a gap (as, b;) of F; such that it contains
[—N, N] and such that its gap edges lie in (—oo, —N) and (N, 00), respectively. But this
means that

at<—Nandbt>N

forall t € U, and we are done.
This covers all possibilities, and proves that the first condition of gap edge conti-
nuity holds at ¢.

2) Assume that we are given a net {t,},., of points in 7" converging to t,, as well
as two nets {as, },;, {b,},.; of points in [—o0, oo such that (a,,b;,) is a gap of F}, for
every . € I, and such that a;, — a and b;, — b for some a, b € [—00, c0].

In order to prove that the second condition of gap edge continuity holds, we must
show that either a = b or that (a, ) is a gap of F{,. So assume to the contrary that a # b
and that (a, b) is not a gap of F,. We will show that this causes a contradiction.

Since a # band a;, < b, for all v € I, it follows that a < b. Since (a, b) is not a gap of
Fy, at least one of the following must hold:

e a¢ [HU{—o0},
e b¢ FyU{oo} or
e there existsa c € Iy witha < ¢ < b.

Assume that a ¢ Fy U {—oc}. Then a € (Fy U {—0o0})¢, which is an open set. Since a
lies in an open set and a # +oo (if we had a = oo then we could not have a < b), there
exists an € > 0 such that Fy N (a —€,a +€¢) = (). If we set K := [a — 5,0+ g} then we
see that F N K =0, so Fy € % (K, D).

By the Fell continuity of ¢ — F; at t,, there exists a neighbourhood U C T of ¢, such
that F;, € 7 (K, () for all t € U. Since t, — t,, we eventually have that

€ €
FtLﬂK:FtLﬂ{a—Q,aﬁLQ]:@
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2.2 Equivalence of different forms of continuity

Since a;, — a, we eventually have that |a;,, —a| < §. But this implies that we

eventually have a;, € [a — 5,0+ g} = K, which is impossible, since by assumption
a;, € I, for all « € I and eventually we have F;, N K = (). Thus we have obtained a
contradiction in the case where a ¢ Fy U {—o0}.

The proof in the case where we assume that b ¢ F; U {oo} is analogous to the case
where we assumed that a ¢ Fy U {—o0}.

Finally, assume that there exists a c € F{y with a < ¢ < b. If we set

at+c b+c
O'_< 2 72 )

then we have ¢ € O. Thus Fy € % (0,{O}) (remember that {O} is the family of open
sets consisting only of O). By Fell continuity, we can choose a neighbourhood U C T
of to such that F, € % (0,{O}) for all t € U, that is, such that F, N O # () for all t € U.

Since t, — t, it follows that we eventually have ¢, € U. Furthermore, since a;, — a
and b, — b we eventually have that |a;, — a| < %5 and |b, — b] < <°. This implies
that we eventually have that

a+c< c—i—b<b
‘ 2 2 b

Qy

and so eventually O C (ay,,b,). But this is impossible - for since, by Fell continuity,
eventually we have F;, N O # 0, it follows that eventually we have F; N (ay,,b;,) # 0,
and so eventually (a,,, b, ) is not a gap of F},. This contradicts our starting assumptions,
and completes the proof.

O

Lemma 2.22. Assume thatamapt € T — F, € € (R) is gap edge continuous at some point
to € T. Then the map t — F; is Fell continuous at t,.

Proof. Choose any compact subset X C R and any finite family .# of open subsets
of R such that F}, := F,, € Z(K,.#). We must find a neighbourhood of ¢, such that
F, € % (K,.7) for all t in this neighbourhood.

1) We will first find a neighbourhood U C T of ¢y such that ;N K = () forall ¢t € U.

Choose any = € K. As Fy; N K = (), we have = € F§. This implies that « € (a,, b,)
where (a,, b,) is a gap of Fj.

Assume first that —oco < a, < b, < oco. By the gap edge continuity of ¢ — F; at
to, there must exist some neighbourhood U, C T of ¢, such that for each t € U,, there
exists a gap (@, b, 1) of F; with

T—a; by —x
max{|ax7t—ax|,|bx,t—b$|}<min{ == }

)

This implies that if we set ¢, := “5* and d, := ba

(¢y,d,) and F, N (¢z, d,) = 0 for all ¢t € U,.

5, it follows that we have z €
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2.2 Equivalence of different forms of continuity

Next, assume that —oo < a, < b, = oo. By the first condition of gap edge conti-
nuity, we can find some neighbourhood U, C T of ¢, such that for each ¢t € U,, there
exists a gap (a4, by ¢) of F; such that

lag — ag <1 2 “and b, > |z| +1

Thus if we set ¢, := 5% and d, := |z| + 1, it follows that z € (c,,d,) and F; N
(cz,d;) =0 forallt € U,.

The case where —oco = a, < b, < oo is completely analoguous to the previous case.

If —oo = a, < b, = 00, we can, again by the first condition of gap edge continuity,
find some neighbourhood U, C T of t, such that for each ¢t € U,, there exists a gap
(apy, by ) such that

azy < — || —land by > |z] + 1

It follows that if we set ¢, = — |z| — 1 and d, = |z| + 1, then = € (¢,,d,) and
F,N (¢, d,) =0 forallt € U,.

Now the collection of all (c,, d,) for x € K form an open covering of K, so by the
compactness of K there exists a finite subcollection {xk}ézl so that the collection of all
(Cpp»dy,) for 1 < k <l also covers K.

Define U = N\ _, U,,; it follows that U is an open neighbourhood of ¢, such that for
allt e U,

l
FchFm(U Cay, d ) 0

so we have found the required U.

2) For the second part, we want to find a neighbourhood V' C T of ¢, such that
F,nO #(forallt € Vandall O € .Z. Start by fixing O € .Z#.

Choose any = € Fy N O, and choose any r > 0 such that B,(z) C O. Now there
must exist an open neighbourhood V, C T of ¢, such that F; N B,(x) # () for all t € V.
For if not, then for every open neighbourhood V' C T of ¢, there would have to exist a
ty € V such that F}, N B,(z) = 0 - that is, there must exist a gap (ay, by) of F;, with

ay € [—o0o,z —r] and by € [z + r, o0]

The net {t,} (where the V’s are open neighbourhoods of ¢,, ordered under reverse
inclusion) converges to ¢y. Furthermore, as all elements of the net {ay } lie in the com-
pact set [—o0, z — 7], it follows that there exists some convergent subnet {ay, },.; such
that ay, — a for some a € [—oo, v — r]. Now all elements of the net {by, },, lie in the

compact set [x + r, 00], so there exists a convergent subnet {bm N } o such that by, — b

for some b € [z + 1, ).
Accordingly, we have that

th —>lfo,CLVL,_i —>aandbm — b
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2.2 Equivalence of different forms of continuity

and that (ay, _, by, ) is a gap of Fy,_ for each x € J. We also have
a € [—oo,x —rjand b € [z + r, 0]

Thus we can use the second condition of gap edge continuity of ¢t — F; at t, to
conclude that (a, b) must be a gap of Fy.

Now we also have = € (a,b), that is, « lies in a gap of £y, so we have = ¢ Fj, which
is impossible. Therefore the required Vo, such F;NO # (0 for all t € V, must exist. Since
Z is finite, it follows that V' := N # Vo is the required neighbourhood of ¢, such that

FFNO#0
forallt e Vandall O € .#.

3) It now follows that F;, € % (K, .%) for every t € UNV, with U NV being an open
neighbourhood of ¢, so we are done.

]

Proof of Theorem 2.13:
Recall that we are considering a field A = (A;);cr of self-adjoint, bounded opera-
tors; in particular, o(A;,) is a compact subset of R. Now:

¢ Fell continuity at ¢, implies gap edge continuity at ¢y by Lemma 2.21.
* Gap edge continuity at ¢, implies Fell continuity at ¢, by Lemma 2.22.
* Proper-continuity at ¢, implies p2-continuity at ¢, by Corollary 2.11.

* p2-continuity at ¢, implies Fell continuity and local uniform boundedness at %,
by Lemma 2.17.

¢ Fell continuity and local uniform boundedness at ¢, implies proper-continuity at
to by Lemma 2.20.

¢ Fell continuity and local uniform boundedness at ¢, implies Hausdorff continuity
atto by Lemma 1.27.

* Hausdorff continuity at ¢, implies Fell continuity and local uniform boundedness
atto by Lemma 1.28.

i
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2.3 R-continuity

Another reasonable way of considering continuity of spectra is to instead look at the
norm of the resolvent, that is,

a7 = 5)7|

for A € p(B). For self-adjoint operators, this is comparatively straightforward; you
"only" need to calculate the norm of the resolvent for A in C\R, as opposed to A in all
of C or arbitrary subsets thereof. The set C\R will always be included in the resolvent
since the spectrum is a subset of R; furthermore, as the resolvent set is open and the
resolvent is continuous in )\, the norm of the resolvent at any point in the intersection of
the resolvent and R can be approximated arbitrarily well by approaching it from above
or below, thus justifying that we do not need to verify continuity for A € R\o(B).

The second result from [3] states that R-continuity is also equivalent with gap edge
continuity, thus allowing us to apply Theorem 2.13. In [3], the proof for this theo-
rem was extremely brief, so the majority of this section has been written from the
ground up. In particular, we have chosen to demonstrate the equivalence between
R-continuity and Fell-continuity, rather than gap edge continuity, as it both provides a
cleaner proof and generalizes more easily.

We begin with a relevant definition.

Definition 2.23. A field A = (A;).er of self-adjoint operators is called R-continuous if
themapt € T — ||(M — A;)7Y| € RY is continuous for every A € C\R.

We usually just write A for the operator A/ in cases where there can be no confusion
about this.

As promised, the main result of this section is that this definition of continuity is
the same as those we have encountered before:

Theorem 2.24. Let A = (Ay)er be a field of bounded, self-adjoint operators. Then A is
R-continuous at a point t, € T if and only if the spectrum of A is Fell-continuous at t.

The main idea behind proving this will be to use the connection between the norm
of the resolvent at A and the distance between \ and the spectrum, allowing for a much
simpler proof based on our earlier topological considerations.

Lemma 2.25. Let B be a bounded, normal operator, and take any A € p(B). Then
B 1
 dist(\, 0(B))
Proof. By the continuous functional calculus for normal bounded operators, we have
1
o(A—B) ‘
B 1
infoU(B) A — x|
1
dist (A, o(B))

o5

o5 =
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2.3 R-continuity

O

Proof of Theorem 2.24:

As each A, is self-adjoint, 0(A4;) C R for every t € T'. Lemma 2.25 thus implies that
forevery A € C\R, themap ¢t € T — ||(A — A;)7!|| € R* is continuous at ¢, if and only
if the map t € T' — dist(\, 0(A4;)) is.

For any A\ € R, we have for every ¢t € T that since 0(4;) C R, we can use the
Pythagorean theorem to see that

dist()\, 0(A4;))* = inf : A —z)?

r€o(Ay

= inf N4ir—az? =2
z€o(At)

= dist(A +ir,0(A))? — r?

for any r € R, and so it follows that the map ¢ € T — dist(), 0(A4;)) is continuous at ¢,
if and only if the map t € T' — dist(\ + ir, 0(A;)) is continuous at ¢, for every r € R.

Thus, we see that the map ¢t € T+ ||[(A — A;)7 Y| € R* is continuous at ?, if and
only if the map t € T' +— dist(\, 0(A;)) is continuous at ¢, for every A € C.

But this is exactly the same as demanding thatt € T'+— o(A4;) € € (R) be Wijsman
continuous at ¢y, and Lemmas 1.22 and 1.23 imply that Wijsman continuity at ¢, is
equivalent to Fell continuity at ¢, so the result follows.

O
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3 Holder Estimates

3.1 oo-metrics

In this chapter, we will study what happens when we are given not just a topological
structure on 7', but a metric structure. In this section, we will mostly just be dealing
with technicalities that are needed for the rest of the chapter, and the reader can safely
skip this section.

As a refresher, a metric space is a space X together with a map

d: X x X - R"
- the so-called metric - such that for any z,y, z € X, the following conditions all hold:
* d(z,y) = 0 < x =y (identity of indiscernibles)
* d(z,y) = d(y, x) (symmetry)
* d(z,y) < d(z,z) + d(z,y) (subadditivity)

Any metric space is also a topological space, with its basis the collection of open
balls B,(z) := {y € X |d(x,y) <r} forall » > 0 and all x € X. However, not all
topologies arise from a metric structure. For example, let X be any non-Hausdorff
topological space. Then there exists a pair z, y € X such that z # y, and such that for
every open set U C X we have x € U if and only if y € U. If the topology on X was
induced by a metric d, then we would need to have y € B,(x) for all » > 0, implying
that d(z,y) = 0 even though = # y, which is impossible.

R with the Euclidean metric is a classic example of a metric space, and the standard
topology on R is induced by the Euclidean metric. The topology .7 on the two-point
compactification [—oo, 00| of R, as we defined it in Section 1.1, is also induced by a
metric, but it is not simply an extension of the Euclidean metric. For define the map
dso 1 [—00,00] X [—00,00] = RT U {00} by

|z —y| ifx,y € (—o00,00)
doo('r?y) = 0 ifv = ye {—OO, OO} (*)
00 otherwise

Although d., is an intuitive extension of the Euclidean metric, it is, in fact, not
a metric itself, and even if we did define a topology on [—oo, o0] by letting its basis
consist of all balls B,(z), it would not induce .7. As d., takes values in R™ U {oo}, it
does not match our definition of metrics - although it should be noted that it is what
we will call an co-metric - but the issue of not inducing .7 is the more pressing one. To
see this, simply note that B, (co) = {oo} for all 0 < r < oo, even though {co} ¢ 7.

As we introduced the term oo-metric, we would do well to define it properly.

Definition 3.1. Let X be a space. Amap do, : X x X — Rt U{oo} is called an co-metric
on X if, for every x,y, z € X, the following conditions all hold:
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3.1 oo-metrics

* do(z,y) =0 2=y
* doo(7,y) = do(y, 7)

* doo(z,y) < ds(x,2) + dwo(z,y), with the convention that
0 <oco+a<oo+ooforalla > 0.

The space X together with the co-metric d, is called an co-metric space.

One reason why co-metrics are not always considered is that it is quite straightfor-
ward to transform an co-metric into a (regular) metric. For, given an co-metric d on
a space X, define either d; (z, y) := min {1, ds(z,y)} or

doo(CC7y) .
d2($,y> = { 1+doo (z,y) if doo(ﬂU,y) < 0

1 otherwise

It is not difficult to confirm that both d; and d; will be metrics on X. However, they
both have a large flaw in our case - they do, again, not induce the standard topology
T on [—o0, 0], as

{z € [—00,00] | di(z,00) <1} ={x € [—00,0] | da(x,00) <1} ={c0} ¢ T

forallr < 1.
There is, however, a way to construct the "correct" metric from d...

Lemma 3.2. Define d, : [—00,00] X [—00,00] — Rt U {0} as in (*), and define the map
sign : [—oo,00] — {—1,1} by

. | -1 ifx € [-00,0)
sign(z) := { 1 otherwise

Then the map d : [—o0, 00] X [—00, 00] — R defined by

d(z,y) == ‘sign(:c)e—l/doo(w) — sign(y)e—l/doo(ym‘

is a metric on [—oo, 00|, and it induces the standard topology .7 on [—oo, <.

Proof. 1t is easy to see that d(z,y) = 0 if and only if both d(z,0) = dw(y,0) and
sign(z) = sign(y). Referring to the definition of d,, we see that this is the case if and
only if x = y, so d satisfies identity of indiscernibles.

The symmetry of d is trivial.

To see that d is subadditive, note that for any z, y, z € [—00, cc] we have

d(xy) = [sign(z)e /=00 — sign(y)e /=0

= ‘sign(x)e’l/d“’(x’o) — sign(z)e/d(=0)
+ Sign(z)e_l/d“(z’o) — sign(y)e_l/d“(y’o)‘

<d(z,z)+d(z7y)
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3.1 oo-metrics

To see that the topology generated by the basis consisting of all sets of the type
Bi(z) :={y € [~00,00] | d(z,y) < r} for z € [-00,00] and r > 0 is equivalent to .7, it
is sufficient to show that for every x € [—o0, oco] and for every U € .7 with z € U, there
exists some r > 0 and some ' € [—00, 00| such that Bd(z') C U, c.f. [9].

Note that by definition,

1 ifz =00
. e (zo) ) sign(z)e Vel if 2 € R\ {0}
sign(x)e =1 0 =0
-1 ifr=—c0
1 ifz =00
e V/* ifx € (0,00)
=<0 ifz=0
—el/® ifx € (—o0,0)
-1 ifr=—-c

Assume first that + = oo, and fix any U € .7 with x € U. By the definition of .7,
there exists some a € R such that (a,00] C U. If a < 0, then it is easily verified that
Bi(oo) = {y € [—00, 0] | d(c0,y) <1} C (0,00] C (a,00) C U.

Assume a > 0. If y € B%(c0) for some r with 0 < r < 1, then we see that we must
have y > 0 and

r > ’e’l/oo - e’l/y‘ =1—e v
which implies that
eV > 17

and so y > —5—- It follows thatif r < 1 - e/, then y > a for all y € B%(c0), so
Bi(00) C (a,00) C U.

If z € (0,00), then from the definition of .7 there exists some 7’ > 0 and some
interval (z — 7',z +1') C U. As the map = € (0,00) — e '/ € R is bicontinuous at
all points in (0, c0), we can always find some r > 0 such that for all y € (0, c0) with

‘6*1/”” - efl/y‘ < r,wehave |z —y| <1/, s0
Blz)C(x—r",2+7)CU

If z = 0, then, again by the definition of .7 there exists some r’ > 0 such that
(—r',7") C U. Thus we need to find some r > 0 such that |z| < 7’ whenever ‘sign(x)e‘l/m‘ <
r. Clearly |sign(z)| = 1 and e~/ > ( for all # € [~o0, o0]. Thus if ‘sign(x)e*W’”| <r
then e~/I*l < r, so by similar manipulations as we did earlier we get that |z| < r’
whenever e~ /Il < e=1/" implying that

BY,,.(0)C (=r,r)CU
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3.1 oo-metrics

If x € (—00,0) or x = —oo, then we can use methods completely analogous to those
above to find B(z) C U forany U € F with z € U. This proves that d induces 7, and
we are done.

O

Note in particular that the work above means that as long as we are working only
bounded subsets (in the Euclidean metric) of (—oo, 00), then we can use the Euclidean
metric and the "new" metric d quite interchangeably, and we will do so several times
without explicitly remarking this. This is hardly news - indeed, by how we initially
defined the topology on [—o0, 0], clearly a sequence {z,}, .y of points in [—o0, o]
converges to a point € (—o0, 00) if and only if for every € > 0, there exists some n’
such that |z,, — | < € for all n > n’. Similarly, z,, — oo if and only if for every N € N
there exists some n’ such that z,, > N for all n > »’, and z,, = —o0 if and only if for
every N € N there exists some n’ such that z,, < —N for all n > »'. In conclusion, the
metric d on [—o0, oo] will not find many practical uses, if any, and we will always use
the Euclidean metric whenever we can get away with it.

After all this work, one might expect that we will be actively avoiding co-metrics;
however, this is not the case. In fact, we will do quite the opposite: For the remainder
of this text, we will refer to both metrics and oco-metrics whenever we speak of "metrics”,
unless we explicitly say otherwise. The main motivation for this is the fact - that we
stated without proof earlier - that the Hausdorff distance that we defined in Section
1.3 is an oo-metric.

Lemma 3.3. Let (X, d) be any (non-oo) metric space, and let dist : € (X) x €(X) — Rt U
{oo} be the Hausdorff distance defined by

dist(Y, Z) := max {sup inf d(y, z), sup in}f/ d(y, z)}

yey 2€Z €2 YE

ifY, Z # 0, with dist(0,0) = 0 and dist(0,Y) = dist(Y,0) = oo for all non-empty Y €
€ (X). Then dist is an co-metric on € (X).

Proof. It is not hard to see that

dist(Y,Y) = supd(y,y) = 0
yey
for every non-empty Y € € (X). Conversely, if dist(Y,Z) = 0 forany Y, Z € €(X),
then

0 = max {sup ing d(y, z),sup in}f/ d(y, z)}

yey 2€ 2€Z Y€

implying that inf.c; d(y, z) = 0 for every y € Y and infycy d(y, z) = 0 for every z € Z.
As Y and Z are closed sets, this implies that for every y € ¥ we can find some z € Z
such that d(y, z) = 0, and vice versa. As d is a metric, this is equivalent to saying that
for every y € Y we can find a z € Z such that y = 2, and vice versa; this implies that
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3.1 oo-metrics

Y C Zand Z C Y, so we must have Y = Z. This proves that dist satisfies identity of
indiscernibles.

As d is a metric, proving symmetry is completely trivial.

To see that dist satisfies subadditivity, start by noting that as dist(0,) = 0 and
dist(0,Y) = co forall Y € € (X)\ {0}, we trivially have

dist(Y, Z) < dist(Y, W) + dist(WV, 2)

ifany of Y, Z and W € ¢ (X) are the empty set. So for the rest of the proof, assume
that we work only with non-empty Y, Z and W € ¢(X).

Note that as d is a metric, we have d(y, z) < d(y,w) + d(w, z) forall y, z, w € X, and
recall that we defined the map dist : X x ¢ (X) — R* by dist(y, Z) = inf,cz d(y, ). We
see thatforany Y, Zand W € ¥(X),anyy € Y, z € Z and w € W we have

dist(y, Z) = inf d(y, z)
< inf (d(y, w) + d(w, 2)
= d(y,w) + dist(w, Z)

< d(y,w) + (sup dist(w, Z))
< d(y.w) + dist (W, 2)
As this holds for all w € W, we also have
dist(y, Z) < Jg‘gv (d(y,w) + dist(W, Z))
= dist(y, W) + dist(W, Z)

< <sup dist(y, W)) + dist(W, 2)

yey

< dist(Y, W) + dist(W, Z)
Taking supremum over Y on both sides, it follows that

sup dist(y, Z) < dist(Y, W) + dist(W, Z)

yey

By interchanging the roles of Y and Z, we see that we also have

supdist(z,Y) < dist(Y, W) + dist(W, Z)

z€Z

Thus,

dist(Y, Z) = max {sup inf d(y, z), sup inf d(y, z)}

yeY z2€Z 27 YEY
= max {sup dist(y, Z), sup dist(z, Y)}

yey z€Z

< dist(Y, W) + dist(IV, 2)
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3.1 oo-metrics

Even so, we will attempt to be careful, and will continue to refer to dist as the
Hausdorff distance, rather than the Hausdorff metric, even though we shall treat it as an
(oco-)metric for all upcoming purposes. This is mostly to avoid confusing readers who
are familiar with the Hausdorff metric defined on the space of non-empty compact
subsets, which is a (traditional) metric, but which we shall not make use of in this

paper.
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3.2 Holder continuity

In the case where T is a metric space, we can obtain additional information about the
continuity of the spectrum by considering Holder continuity. More precisely, we find
a relation, albeit imperfect, between Holder continuity of "second-order polynomi-
als of the fields" and Holder continuity of the spectrums themselves with respect to
Hausdorff distance.

Our first order of business should be to define the different types of Holder conti-
nuity.

Definition 3.4. Given a real number o > 0 and two metric spaces (X, dx) and (Y, dy),
as well as a function f : X — Y, we define the a-Holder constant of f as

dy (f(z), f(2'))
)

We say that f is a-Holder continuous if Hol”(f) < oc.

Given a family .# of functions f : X; — Y} together with two families {(X £rdx; )}

Hol“ ‘= su
(f) m;éal?’ dX (IL',

feF
and {(Yf, de)}feﬁ of metric spaces, we define the a-Holder constant of .7 as

Hol*(.%#) := sup Hol*(f)

feF
We say that .7 is a-Holder continuous if Hol®(.#) < cc.

Note that, as discussed in the previous section, both (X, dx) and (Y, dy ) are allowed
to be co-metric spaces.

Example 3.5. The function z € [0,1] — z!/2 € R* is a typical example of a Holder
continuous function; indeed, it is a-Holder continuous for every o with 0 < a < 1/2.

To see that it is 1/2-Holder continuous, begin by noting that for any z, y € [0, 1],
we have by the triangle inequality that

‘xl/Q . yl/Q‘ < ’x1/2‘ + ‘yl/Q‘ _ ‘ml/Q +y1/2‘

, it follows that

By multiplying each side with ‘xl/ 2 yl/2
‘$1/2 B yl/Z‘Q < ’$1/2 B y1/2’ ‘$1/2 i y1/2‘ — |z —y|

SO ‘xl/Q — ylﬂ‘ < |z —y|"* for all 7, y € [0,1] and we are done. To see that this also

holds for all a with 0 < a < 1/2, just note that as |z — y| < 1, we have |z — y|'? <
|z — y|”, and so

‘:cl/Q _y1/2‘ < \:c—y\l/Q <l|z—yl®
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3.2 Holder continuity

This implies that Hol®(z'/2) < 1 for all a with 0 < a < 1/2, and since

‘11/2 _ 01/2‘

L |
10

it follows that Hol®(z'/2) = 1 for every such q, that is, the a-Holder constant of z''/2
on the interval [0, 1] is 1 for every a with 0 < a < 1/2.

Note that if @ = 1, then a-Holder continuity is just the same as the more widely
known Lipschitz continuity.

Definition 3.6. Given any M > 0, we define &%,(M) as the set of polynomials p : = €
R — po + p12 + pox? € R with real coefficients such that

Iplly = |pol + |p1| + |p2| < M

Given any field A = (A;);er of bounded operators where (7', d) is a metric space,
we define for every polynomial p the function ®, : 7' — R* given by

©,(t) = [[p(Ar)]

Considering R with its standard metric, and for any o, M > 0, we further define
Can :=Hol” ({®, | p € P2(M)})

Keep in mind that the C,, )/ is also dependent on the underlying field A. We will
typically only be working with one field at a time, so generally there should be no
confusion as to "which" C, ; we are referring to.

Definition 3.7. Let (7', d) be a metric space, and take any o > 0. A field A = (A;)ier
of bounded operators is said to be p2-a-Holder continuous if, for all M > 0, the family
{®y} e, ar) Of maps @, 1 t € T = [[p(Ay)]| € R* is uniformly a-Holder, that is, if for
all M > 0 we have

Ca,M < 0

Proposition 3.8. Let (T, d) be a metric space, and let A = (A¢)ier be a field of bounded
operators. For any o, M, N > 0 we have that C,, 5y < oo if and only if C, n < 00, and in this
case Coy = 2Co 1.

Proof. Assume that M # N (otherwise we are done), and assume that we are given
Conr < 00. Note first that if p(z) = paa?® + p1z + po € Po(N) and we define ¢(z) :=
X p(x), then

M
lall, = 57 llpll, < M
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3.2 Holder continuity

and so ¢ € Z,(M). Since the map = € RT — %w € R* is a bijection for any M, N > 0,
it follows that

Z2(M) = 3 Po(N)

Thus we see that

[Ip(AI = Ilp(A|

Can = pESOJgI()N) t#s d(t, s)*
LN IR IR
M pezy(N) ts d(t, s)
P | C R TEDI
M ge2,(m) 115 d(t, s)*
= ]\]\;CQ’M < 00

The reverse implication follows immediately from switching the roles of N and M

in the argument above, so we are done.
O

As a consequence of Proposition 3.8, proving that a given field A of bounded oper-
ators over a metric space (7', d) is p2-a-Holder continuous is just the same as proving
that

(A0 = Ip(An)]l|
Co1 1= sup < 00
pEPo(1) ts d(t,s)"

and, indeed, since we just proved that C, s = MC,:, we will generally just write
Cy = C,,1, which reduces the need for computations significantly.

Another convenient consequence of p2-a-Holder continuity is that it implies local
uniform boundedness at every t, € T

Proposition 3.9. Let (T, d) be a metric space, take any « > 0, and let A = (As)ier be a field
of bounded operators. If A is p2-a-Holder continuous, then A is locally uniformly bounded at
every to € T.

Proof. Since A is p2-a-Holder continuous, we have that

A = (A |
i d(t, s)°

< MC,

for any p € &,(M). In particular, with p(z) = = we have

A=A
e dts)r
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3.2 Holder continuity

Fixty € T. If we set U := B;(ty) C T, then it follows that

1Al = 11 Al
sup |||A:]] —[|A <
teU\{to}‘ Al = o tei\{toy  d(t, to)”
1A = (A
<su
i dtt)”
< (0, <o
and, as ‘HAtoH — || 44|l | = 0, it follows that
sup| 4]l = |44l | < o0
teU
and hence supyc; | Ail| < supge|[Ad] = | A || + | A ]| < oo.

As t, was arbitrary, this completes the proof.
O

Note that this does not mean that p2-a-Holder continuity of A implies that sup,. || 4] <
oo - it is true if 7" is a bounded metric space, but not necessarily otherwise.

Definition 3.10. Let (7, d) be a metric space, take any « > 0, and let A = (A;);er be
a field of self-adjoint, bounded operators. We say that the spectrum of A is a-Holder
continuous if the function t € T' — o(A;) € € (R) is a-Holder continuous with respect
to Hausdorff distance, that is, if the a-Holder constant
dist(c(As), 0(As))
t#s d(t, S)a

is finite.
We are now ready to formulate the main result of the section:

Theorem 3.11. Let (7', d) be a metric space, take any o > 0, and let A = (Ay)er e a field of
self-adjoint, bounded operators such that sup, . || A:|| < oo. Then the following both hold:

1. If Ais p2-a-Holder continuous, then the spectrum of A is «/2-Holder continuous.
2. If the spectrum of A is a-Holder continuous, then A is p2-a-Holder continuous.
We will need a few technical results before proving this.

Proposition 3.12. Let (X, dx) and (Y, dy) be metric spaces, take any o > 0, and take any
a-Holder continuous proper function f : X — Y. Then, the map

fiFeb(X)— f(F)e?(Y)

is a-Holder continuous, that is, there exists a constant C' > 0 such that for every pair K,
L € €(X), we have

dist(f(K), f(L)) < Cdist(K, L)
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3.2 Holder continuity

Proof. As in Proposition 2.15, f is well-defined since we demand that f be continuous
and proper. We can set C' := Hol"(f) and use the a-Holder continuity of f to conclude
that

dist(f (1), f(L)) = inf {dv(f(x), f(1)) |1 € L}
<inf{Cdy(z,)*|l € L}
= Cdist(z, L)”

Accordingly,
dist(f(KC), f(L)) = max {zgg st (). (1), sup st/ (K), f(l))}
< max {sup Cdist(k, L)*, sup Cdist(K, l)a}

keK leL

= Cdist(K, L)

which completes the proof.
O

Lemma 3.13. Let B be a bounded, self-adjoint operator, choose any m > ||B||, and define
p:=4m? — (z — ¢)* for any ¢ € R with |c| < m. Then p € Py(4m?* + 2), and

Ip(B))| = 4 — inf |t~ cf
which can be alternatively written as
|4m? — (B = ¢)?|| = 4m? — dist(c, o(B))?
Proof. For the first part, we know that m > |c| so [4m? — ¢?| = 4m? — % It follows that

lpll; = H4m2—02—|—202—22H1
= ‘4m2—c2’+20+1
=4m? —* +2c+1
=4m*+2—-c2+2c—1
=4m? +2— (c—1)?
<4Am® +2

For the second part, we first note that

(B =0 < 1B -dl

2
< (1Bl + lel)
< 4m?
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3.2 Holder continuity

It follows that 4m? > (¢t — ¢)* for all t € o(B), so we have
lp(B)] = [[4m? = (B -7
= sup ‘4m2 —(t— 0)2‘

teo(B)

= sup (4m2 —(t— 0)2)
teo(B)

=4m? — inf (t—c)?

teo(B)

Finally, from Definition 1.15 we see that

inf (t—c¢)>= inf |t—c|
teo(B) teo(B)
= dist(c, o(B))?
so the proof is finished. O

Lemma 3.14. Let A = (A)ier be a p2-a-Holder continuous field of self-adjoint, bounded op-
erators such that m := sup,cp ||A¢|| < oo. Then the spectrum of A is a/2-Holder continuous

with o/2-Holder constant less than or equal to \/(4m? + 2)C, .

Proof. Consider s, t € T. Choose any A € o(A;); we will show that

dist(n o(A.)) < /(i & DC, (s, 1)

If X € 0(A;) No(As), then clearly dist()\, 0(A;)) = 0 and we are done. So assume
that A € 0(A;)\o(As). Since A € 0(4;), it follows by Lemma 3.13 that

[4m? = (A, = A)?|| = 4m?
Similarly we have
|[4m? — (A, = 2)?| = 4m? — dist (, o(A,))°

If we define p(z) := 4m? — (2 — \)?, then, again by Lemma 3.13, we have that
p € Py(4m? + 2). Tt follows that

dist (A, 0(4,))* = 4m? — (4m? — dist (X, 0(A,))?)

= [lIp(A)]| = llp(A)l|
< Ca,4m2+2d<t7 S)a
= (4m? +2)C,d(t, s)*

Since this is true for every A € o(A;), and since we can interchange the roles of s
and ¢ in the discussion above, it follows that

dist (0(A,), 0(Ay) < \/(4m? +2)C,, d(s, )"

which completes the proof.
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3.2 Holder continuity

Proposition 3.15. Let (X,dx), (Y,dy) and (Z, dy) be metric spaces, and assume that we are
given functions f : X — Y and g : Y — Z such that f is a-Holder continuous with a-Holder
constant C and g is $-Holder continuous with 3-Hoélder constant D for some o, 3, C, D > 0.
Then the composition g o f : X — Z is aS-Holder continuous with o5-Holder constant less
than or equal to CP D.

Proof. Since f is a-Holder continuous , we have

dy (f(x), f(2")) < Cdx(z,2")*

for any z, 2’ € X. Similarly

dz (9(), 9(¥)) < Ddy(y,y')°

for any y, v’ € Y. It follows that

dz(9(f(2)),9(f(x))) < Day (f(x), }(«))
< DC” (dx(x,x/)a)ﬁ

B

for any z, 2’ € X, and we are done.
O

Lemma 3.16. Let A = (A;)ier be a field of self-adjoint, bounded operators such that m =
sup,er ||At|| < oo. If the spectrum o(A;) is a-Holder continuous with Holder constant C,
then A is p2-a-Holder continuous with C,, < 2nC, where n := max {2m, 1}.

Proof. Asin Lemma 2.20, the map ¢t € T +— ||p(A;)|| € R can be seen as a composition
of the maps

Es o(A) B o(p(4)) £ o ((A))] ™2 lp(A)]

The map t — o(A;) is a-Holder continuous with Holder constant C' by assumption.
Next, we have that if p = po2? + pyz + pg is any polynomial of degree two or less with
real coefficients, then its restriction to the compact set [—m, m| is 1-Holder continuous
with Holder constant less than or equal to 2m |ps| + |p1], as

[p2a® + p1a + po — par”® — pra’ — po| < |pa(a? = 2) + pi(a — 2)
< (Ip2l [z + 2" + [pa]) [ — 2]
< (2mpa| + [pa]) J2 — 2|
for all z, 2’ € [—m,m]. Furthermore, there exists some m > 0 such that p([—m,m]) C

[—m, m] for any p € P5(1). For set m := max {1, m, m*}, and take any p € %,(1). We
see that for any = € [—m, m| we have

< |po| 2 + [p1] || + |po]
< (|p2| + [p1| + |pol) ™
<m

’prQ +pir+ po‘
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3.2 Holder continuity

and so p([—m,m|) C [—m,m] for all p € P5(1).

Trivially, the map || : [-m, m] — [0,m] is also 1-Holder continuous with Holder
constant 1.

Finally, the map sup : %([0,m]) — R is also 1-Holder continuous with Holder
constant less than or equal to 1. For take any F, F' € %([0,m]), and note that sup F' € F
and sup F' € F’ since F and F’ are compact sets. Assume that sup F’ < sup F. Now
we must have

nf |sup F — 2| = |sup F' — sup F”|
IE ’

and so it follows that

|sup F' — sup F”| <sup mIf7 |z — 2|
/e /

If conversely we assume that sup /” < sup F), then we see by the same argument as
above that

|sup F' — sup F'| < sup inf |z — 2|
a'eFr vEF

But then in either case we must have

|sup F' — sup F’| < max {sup inf |z — 2|, sup inf |z —z |}
Fa'el’ 2/ eF! TEFR
= dist(F, F")
As F, F' € €(]0,m|) were arbitrary, it follows that the map
sup : €([0,m]) - R

is 1-Holder with Holder constant less than or equal to 1.
Now by combining Proposition 3.12 and Proposition 3.15, it follows that for each
p € P5(1), the map o(A;) — |p(A:)||, that is, the composition
sup o |- o p

is a-Holder continuous with Holder constant less than or equal to 2m |ps| + |p1|. Thus
again by Proposition 3.15, we see that for each p € #,(1) we have

Ip(A) | = (Al < (2m [ps] + [pa)Cd(s, )"
< (Ipa + [pa]) 2nC (s, 1)°
< 2nCd(s,t)®

As n < oo, it follows that

< 2nC < oo

. (A = lIp(Anll]
t£s pePr(1) d(s,t)*

By the comments following Proposition 3.8, it follows that A is p2-a-Holder con-
tinuous, and we are done. O
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3.3 Holder continuity of gap edges

In a sense, the result in the previous section can be seen as an analogy, if imperfect,
to the proof that p2-continuity and Hausdorff continuity are equivalent, in a Holder
continuity setting. It turns out that we are also able to provide a similar analogy to the
equivalence of p2-continuity and gap edge continuity.

There are a few problems involved in trying to get Holder estimates for the position
of gap edges. For one, "continuous families of gaps" only exist locally, and their exact
area of definition is often unclear at best. The more serious issue is that even if a map
t € T — F, € ¢(R) is gap edge continuous at a point ¢,, then the nature of the gaps
may be very chaotic except quite close to ¢y, which can make the Holder constant blow
up disproportionally or even become oo.

We can, however, make use of a "local" generalization of the concept of Holder
continuity - the property known as the dilation:

Definition 3.17. Given two metric spaces (X, d,), (Y,dy), a point z € X, a function
f: X — Y and some r > 0, we define for each o > 0

Holo(f) =  sup /@ /@)

(o' |0<dx (wa)<r}  dx(T,2)*

We say that f is locally a-Holder continuous at x if Hol)'(f) < oo for some r > 0, in
which case we set

dil"(f)(x) = lipn Hol?(/)

As clearly 0 < Holy(f) < Hol)(f) for any 0 < r < 7/, the limit is well defined and
finite, and we call dil®(f)(z) the a-dilation of f at x.

Example 3.18. Set X := U,cz(n,n + 1) C R with the standard metric it inherits from
R. We claim that the function f : X — R given by

fx):=n’ifn<z<n+lfornec’Z

is not 1-Holder continuous, but is locally a-Ho6lder continuous with a-dilation equal
to zero for all & > 0 at every z € X.
For note that for any z, 2’ € X, we have that if

n<zr<n4+landn <z’ <n +1

for some n, n’ € Z then |z — 2’| < |n —n/| + 1. It follows that

_ ! 2 _ 02
qp L@ = FEO Lt 0
wta |o— | ngt 10— 1| 41
o7
su =
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3.3 Holder continuity of gap edges

To show that the a-dilation is 0 at every x € X, start by fixing 2. As [z — 2’| = 0 we
must eventually have that z, 2’ € (n,,n, + 1) for some n, € Z, so

_ / 2 _ 2
lim sup —|f(x) Jj<f ) =lim sup Lx 77‘3’
™0 o<|z—a!|<r |I - ’ ™0 o<|z—a’|<r |I -z ’
0
=lim sup =0

740 o<|z—z'|<r |$ - :L,/|Oz B

As the example shows, a function f : X — Y can be locally a-Holder continuous at
every x € X without being a-Holder continuous. On the other hand, it is not difficult
to see from the definitions that if f is a-Holder continuous, then it is also locally a-
Holder continuous at every z € X.

With the notion of local a-Holder continuity developed, we want to be able to
speak of a-Holder continuity of gaps. Before that, we will make a small remark: It is
well known that whenever we work in a topological space that is also a metric space,
we can always consider sequences instead of nets, and we will always do so. As such,
any definition or result that considers metric spaces will always only concern itself
with sequences, while any definition or result that considers topological spaces will
concern itself with nets.

Definition 3.19. For a metric space (7', d), lett € T'— F, € ¥(R) be a map, and choose
any to € T. We say that the map ¢t — F} is a-Holder gap edge continuous at t, if the
following both hold:

* For every gap (a,b) of F},, there exists an R > 0 and two maps
t € Bgr(ty) — a; € FyU{xoo} and t € Bg(ty) — b, € F, U {£o0}

such that for each ¢ € By(ty) we have that (a;, b;) is a gap of F; with —oo < a; <
by < 00, and such that both these maps are locally a-Hoélder continuous at ¢, -
that is, such that

|a — ay

dil*(t — a;)(to) := lim sup
( o)) ™0 {tjo<d(to,t)<r<R} d(to, )"

and

. . b — by
dil®(t — b;)(tg) := lim sup
( 0){to) rl0 fro<d(to,t)<r<r} d(to, t)*

e Assume {t,},.y is a sequence of points in 7" converging to ty, and {a,}, ., and
{bn},cn are two convergent nets of points in [—oo, o] such that

a:= lign a, and b := liTanbn
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3.3 Holder continuity of gap edges

and (a,, b,) is a gap of F;, for every n € N. Then either (a,b) is a gap of F}, or
a = b, and in either case
la — a,|

lim sup — <0
rl0 {njo<d(totn)<r} A(to, tn)®

and

im sup -
0 (njo<d(to,tn)<r} d(to, tn)®

On occasion, we shall say that only some given family of gaps of t — F; are a-
Holder gap edge continuous at ¢y; this just means that only these specific gaps satisfy
the equations above.

Ift — F}is a-Holder gap edge continuous at ¢y, and given some family {(a., b.)},.c,
of gaps of F}, - for example, the collection of all inner gaps of F;, - we call the quantity

sup max {dil*(t — (ay)¢), dil* (¢ — (be)s)}
kEJ
the a-dilation of the family, where the maps are as they were defined above.
Given a field A = (A;):er of self-adjoint, bounded operators, we say that the gaps of

A are a-Holder continuous at t, if the map t € T'— o(A;) € €(R) is a-Holder gap edge
continuous at #.

Theorem 3.20. For a metric space (T, d), let A = (A¢)ier be a p2-a-Holder continuous field
of bounded, self-adjoint operators. Then A is a-Holder gap edge continuous at every t € T.

We will break down the proof into two lemmas: One where we show gap edge
continuity for outer gaps, and one where we show gap edge continuity for inner gaps.

Lemma 3.21. For a metric space (T, d), let A = (A)ier be a p2-a-Holder continuous field of
self-adjoint, bounded operators. Then the outer gap edges of A are a-Holder gap edge contin-
uous at every t € T, and for each t € T there exists an m; with 0 < m; < oo such that the
a-dilation of the outer gaps of A at t is less than or equal to (1 + m,)C,, .

Proof. Begin by fixing some t, € 7. We will begin by showing that the first condition
holds.

For eacht € T, let I, = inf(o(A;)) be the lower outer edge of 0(A4;) and u; =
sup(c(A;)) be the upper outer edge of o(A;). By Proposition 3.9, there exists some
neighbourhood W C T of t; and some m; = m > 0 such that ||A;|| < m forallt € W.

We have || A¢|| = sup |o(As)| = max {|ls] , |ue|}. AsO <l;+m <wu+mforallt € W,
it follows that

| Ay + m|| = sup |o(A; + m)|
= sup |o(A;) + m)|
= max {|l; +m|, [u; + m|}

=Ur+m
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3.3 Holder continuity of gap edges

forallt e W.
Similarly, we have [; —m <wu; —m < 0forallt € W, so
|A; + m|| = sup |o(4A; — m)]
= sup |o(A;) — m)|
= max {|l; — m|, |u; — m|}
=m — lt
forallt € .

Now by the p2-a-Holder continuity of A, we know that for all M > 0 there exists a
real number C, ) > 0 such that for any p € Z5(M),

(A = Ip(ADl| < Caprd(s, )
= MC,d(s,t)"

With p; == 2z —m € P(1+m) and p, := z + m € P5(1 + m), we see that for all
t € W we have

lizy = Lell = 1 (m = Ly) = (m = 1)
= [ll4i, = m]l = |4 = m|||

= [Ipe (Al = o (4D
< (14 m)Cyd(ty, t)*

and similarly,

Uy — ug| = [(ug, +m) — (uy +m)|
= [l 4, + mll = | A; + ml]|
= | lIp2(Aw) | = llp2(AD)|l|
< (14 m)Cyd(to, t)*

It follows that we have

. . Ly — Ui
dil“(t € W — [; € R)(ty) = lim sup 0
( ! (o) ™0 fteW|0<d(to,t)<r} d(to,t)®

sup Lty — ]
T ew\{to} d(to, 1)

<(1+m)C, <0

and

. . ’Ut - Ut’

dil*(t € W — u; € R)(¢p) = lim sup —

( ! )(to) ™0 felo<d(to,t)<r} d(to,t)*

g, — ]

< sup o ——
tew\{to} d(to,1)*

< (14 m)C, < o0
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3.3 Holder continuity of gap edges

As t; was arbitrary, the proof follows.
O

Corollary 3.22. For a metric space (T, d), let A = (A;)ier be a p2-a-Holder continuous field
of self-adjoint, bounded operators, and assume that m := sup,cp || Ai|| < oo. Then the outer
gap edges of A are a-Holder gap edge continuous with a-dilation less than or equal to Cy 14,
ateveryt € T.

Lemma 3.23. Let A = (Ai)ier be a p2-a-Holder continuous field of self-adjoint, bounded
operators. Then the inner gaps of A are a-Holder continuous at every t € T, and for each

t € T there exists a m > 0 such that each gap (a,b) of A, has a-dilation less than or equal to
(8m?* +4)C,/(b— a).

Proof. Fix t, € T and some inner gap (a,b) of A;,, and divide (a,b) into six equal
intervals

(a+ (n—1)r,a+ nr)

forn € {1,2,3,4,5,6} and r := (b — a)/6. Set also ¢ := a + 4r = b — 2r, i.e. the point
2/3rds of the way between a and b. Clearly, the p2-a-Holder continuity of A implies
that A is p2-continuous at ¢(, so, by Theorem 2.13, A is gap edge continuous at ty,. So
there exists some open neighbourhood U C T of ¢, such that for each ¢t € U, o(A;) has
a gap (at, b;) with |a; — a| < rand |b, — b| < r. It follows that for each ¢ € U, we have

by—ar=(b—b)+(b—a)+(a—a) >—r+6r+—r>4r>0
and
by—c=0b—b)+(b—c)>—-r+2r=r
as well as
bp—c=(br—b)+(b—c)<r+2r=3r
which yields » < b, — ¢ < 3r. Finally,
c—ar=(c—a)+(a—a)>4r—r=3r

It follows that 0 < b, — ¢ < 3r < ¢ — a;. In particular, this implies that a;, < ¢ < b, so
c lies in the gap (at, b;) of F}, and as |b; — ¢| < |a; — ¢| we have

dist(O'(At), C) = bt —C

By Proposition 3.9, we see that the p2-a-Holder continuity of A implies there exists
some neighbourhood V' C T of t; and some m > 0 such that

sup || A¢|| <m < o0
teV
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3.3 Holder continuity of gap edges

It follows thatforallt € UNV, |¢| < ||A;]| < m. Lemma 3.13 gives us
4m? — (by — ¢)? = 4m? — dist(c, o(4;))
forallt € UNV. Setnow p(z) := m? — (z — ¢)®. Again by Lemma 3.13,

p(AD] = Ip(Aw)Il| = [4m? = (b1 = 0)* = 4m? + (b — ¢)?|
= |b; — 0] |bs + b — 2c]|
= |bt—b| |bt—C+27’|
as b — c = 2r by definition.

By our earlier inequalities, we have, forallt € UNV, that b, —c > r > 0, and clearly
2r > 0. It follows that

|by —c+2r| =b, —c+2r > 3r

Since ||p||, < 4m?* + 2 (cf. Lemma 3.13), we have by the p2-a-Holder continuity of
A that

Ip(AD] = [P(A| € Caamz 42t 5)°
= (4m? +2)C,d(t, s)*

Thus fort € UNV, we get

(A = llp(Aw) |
’bt — C+27"’

(4m?* + 2)C,
< ——d(t, tg)”
> g’T (70)
2(4m” +2)C,
= 25 T gt 1)
267‘ (t.to)
(8m?* +4)C,
= T T 1)
b—a (t:%o)

b —b| =

The same statement holds with @, and a, instead of b, and b, by instead choosing
c:=a+2r =b—4r, ie. closer to a than to b. As ¢, was arbitrary, this completes the
proof.

O

A note: The original result in [3] showed that the Holder constant was equal to or

12m?246)C . .
less than % ; however, we were able to improve upon this result.

Proof of Theorem 3.20:

Proof. This is just a combination of the two previous lemmas.
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3.4 Holder continuity of gap widths

The final result inspired by [3] concerns itself with gap widths and the behaviour around
so-called closed gaps, and linking the a-Holder continuity of the gap widths to the p2-a-
Holder continuity of the field itself. Since we are working with bounded, self-adjoint
operators, the gap widths are easily defined - the width of a bounded gap G' = (a, b) is
simply b — a. The "width" of the two unbounded gaps is not considered.

We will first need to introduce one new concept - we want to give a name to what
happens when a gap "closes", that is, that "a gap disappears" at certain values of ¢:

Definition 3.24. For a topological space T and for some t, € T, lett € T — F, € ¢(R)
be a map that is gap edge continuous at ¢,. We say that a point ¢ € F;, U {00} is a
closed gap of F, if there exists some net {t,},_, of points in T\ {,} converging to t,, and
two convergent nets {a,},., and {b,},.,; of points in [—o0, co] with

lima, =c=1imb,
and such that (a,, b,) is a gap of F}, for every . € I.

Remembering Definition 1.6, we see that a gap is closed if it satisfies the second
option of the second condition, that is, if a = b.

It may seem strange that we allow ¢ = £o0 to be a closed gap. However, we have
already seen an example where it is appropriate to say that ¢ = oo is a closed gap -
consider the map ¢ € [0,1] — o(A;) € €(R) as we defined it in Example 1.24, that is,

({0} if t =0
o(A) = { {0} u{1/t} ift>0

Now (1/t,00) is a gap of o(A,) for all t # 0, and as lim, o 1/t = oo it is quite natural
to consider oo as a closed gap of o(Ay).

Example 3.25. Recall the map ¢t € 7' — F; € ¢(R) from Example 1.8 defined by
Fy = (_007 _t] U [t7 OO)

We claim that the point 0 is a closed gap of F}, for t, = 0. For recall that any gap
of F; for t # 0 is on the form (—t,t), so if ¢, — t¢ and (a,, b,) is a gap of F;, for every
n € N, then a,, = —t,,, b, = t,, and

lima, =0 =1imb,
n n
and we are done.

Example 3.26. Consider the standard procedure to construct the Cantor set and its
associated map n € T — C,, € €(R), as introduced in Example 1.10. It is well known
that in addition to containing points on the form 5+ 5 or S+ 2, that is, points that are
end points of removed intervals, the Cantor set C, also contains uncountably many
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3.4 Holder continuity of gap widths

other points. To shed some light on the nature of these points, we claim that every point
of the Cantor set is a closed gap.

So fix any point ¢ € C«. It suffices to show that there for each n € N exists some
gap (an, by,) of C, such that

2
max {|c — a,|,|c— b,|} < i

This will prove that c is a closed gap, as

lim a, = c= lim b,
n—oo n—oo

A simple inductive argument shows that each (), is composed of intervals of length

L and to either the left or right of each such interval there is a gap (a,, b,) of length

3n/s
37 Since ¢ necessarily lies in one of these intervals, we must have
1 1 2
max {[c — ap|, [c = by} < 3 + 30 3

which proves the claim.

When T is a metric space, we will often want to consider every pair of sequences
{tn}nen and {(an, byn)}, o satisfying the conditions in Definition 3.24. First, we define
for any space X the space of sequences on X:

Definition 3.27. For any space X, we define the space X" by
XN = {{xn}neN |z, € X foralln € N}

Definition 3.28. For any metric space (T',d), any t, € T and any map t € T — F, €
% (R), define for each closed gap c of F, with ¢ # +oo the subset ¢¢ C TV x (R2)" by

0= { (e L))

limt, =tg, lima, =limb, = c,

t, # to and (ay,, by,) is a gap of F}, for eachn € N}
If we are given a field A = (A;),cr, then we define ¥ (A) as ¢ for the map ¢ ¢
T +— O'(At) c %(R)
By the definition of closed gaps, ¥ is always non-empty. Note in particular that we
do not define ¢ for c = o0, and that we do not accept elements | {t,, }nen, {(@n, bn) }n€N>

such that a,, = —oo or b, = oo for any n € N. The reason for this is, as we discussed
earlier, that we do not want to work with the width of the outer gaps.

By the terminology of Beckus and Bellisard, ¢¥,; would be "the space of all families
of gaps closing on c at t," (although ¥¢ was never formally introduced or used in [3]).
We will usually use the symbol g to denote elements in a space ¢, which means that
any g will be on the form

({tn}neN, {(an, b”>}n€N) €T x (R2)N
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3.4 Holder continuity of gap widths

Example 3.29. ¢ can be quite large. For example, set 7" = [0, 1] with the standard
metric it inherits from R, and define the map t € T — F, € € (R) by

F, = J {tk}

kEZ

It is not hard to see that

g5 = {({tn}neN, {(an, bn)}neN)

limt, =0,

t, # to and a,, = t, ky, b, = t,(k, + 1) for some k,, € Z for each n € N}

As, for every sequence {t, },eny with limt¢,, = 0 and ¢,, # {, for all n € N, there are
countably infinitely many choices of k, for every n € N, it follows that ¢ is homeo-
morphic to 7% x N2.

Definition 3.30. For a metric space (7', d) and for some t, € T, lett € T — F; € ¢(R)
be a map that is gap edge continuous at ¢,. If cis a closed gap of F},, then we say that
the width of the gaps of t — F} closing on c at ty is a-Holder continuous if

bn — Qn

sup lim sup —_—
geg ™0 {n|o<d(to,tn)<r} d(to, tn)®

If A = (A;)ier is a field of self-adjoint operators, we say that the width of the gaps of
A closing on c at ty is a-Holder continuous if
b, — ay

sup lim sup _—
9e9e (4) ™0 {njo<d(to,tn)<r} A(to, tn)®

and we refer to this quantity as the a-dilation of the width of the gaps of A closing on c at
to.

Theorem 3.31. For a metric space (T, d), let A = (A¢)ier be a p2-a-Holder continuous field
of bounded, self-adjoint operators, and take any t, € T'. Assume that c is a closed gap of o (Ay,)
such that c is an interior point of o(Ay,). Then the width of the gaps of A closing on c at t, is

«/2-Holder continuous at to, with «/2-dilation less than or equal to 2,/ (4m? + 2)C,, .

Proof. For simplicity, we write F; := 0(A;) and Fp, := o(A4y,).
Let us consider some

g= ({tn}neNa {(ana bn)}neN) S gtf) (A)

Define for all n € N the number A, := (a,+b,)/2. Since cis an interior point of £y, it
follows that there exists some ¢ > 0 such that (¢ — ¢,c¢+¢€) C Fy. Aslimb, = lima, = ¢,
it follows that lim \,, = ¢, so there exists some n’ € N such that |\, —¢| < € for all
n > n/, thatis, such that \,, € Iy forall n > n/.
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3.4 Holder continuity of gap widths

By Proposition 3.9, there exists some m > 0 and some neighbourhood W C T of %,
such that sup,cyy |Fi| < m. Ast, — t,, there exists some n” € N with n” > n' such that
t, € W for all n > n”. Since c is an interior point of F), we have —oco < ¢ < 00, and so

—o < —m<a, <A\, <b, <m<
for all n > n”. Since max {|| A, ||, [\n|} < m, we get that
2
4m? = (2m)* > (sup | An — x\)
{L'EFtn
for every n > n”. It follows from Lemma 3.13 that

[4m? = (Agy — An)?| = 4m? — dist(\,, Fy)

= 4m?
and

[4m? = (Ay, = X\)?|| = 4m? — dist(\,, F,)
=4m?* — (b, — a,)*/4
for all n > n”, as dist(\,,, Fy) = 0 forn > n" > n'.
Finally, we observe that if we for each n > n” define the map p,, : R — R by
() == 4m? — X2 + 2\, 0 — 2
= 4m? — (z — \)?
then by Lemma 3.13, ||p,|l, < 4m? + 2 for all n > n”, which means that we have

Pn € Po(dm? + 2) for alln > n’.
Using the p2-a-Holder continuity of A at ¢;, we see that

1 (bn — an)* = (4m?) — (4m® — (b, — @) /4)

4
= [[[4m? = (A, = An)*[| = [[4m® = (A = A0)?]l|
= [Ipa(As)l| = Ipa( A |
S Ca,4m2+2d(t0a tn)a
= (4m® + 2)C,d(to, t,)"
for each n > n”, again by Lemma 3.13. It follows that

1
7 (b — a,)” < (4m? + 2)Cod(to, t,)*

for all n > n”, alternatively

by — an < 2¢/(4m? + 2)C, d(to, t,)*/?
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3.4 Holder continuity of gap widths

Finally, as t,, — ¢, and t,, # t; for all n € N, there exists some " > 0 such that
d(to,t,) < r'if and only if n > n”, and so
1. bn — An 1 bn — ap
im sup ———— =lim sup -
0 {n]|0<d(to,tn)<r} d(t07 tn)a/2 40 {n|0<d(to,tn)<r<r’} d(t07 tn>a/2

< 24/(4m? +2)C,
Asg= ({tn}neN, {(ay, bn)}n€N> € 9 (A) was arbitrary, it follows that

b —
sup lim sup In T n (4m? + 2)C,

ae%g (A) ™0 {njo<d(to,tn)<r} d(to, tn)>
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4 Unbounded Operators

4.1 Unbounded, self-adjoint operators

So far we have worked chiefly with bounded operators. However, many interesting
operators are not bounded. Unbounded operators are, in many ways, much less well
behaved than bounded operators.

One notable problem is that any unbounded operator B on a Hilbert space H is
generally not defined on all of H, but rather only on some linear subspace D(B) C H,
the domain of B. Typically, we will demand that D(B) is dense as a subset of H, that
is, that B is densely defined. We therefore use the phrase "operator on H" to refer to any
operator, bounded or unbounded, that is defined on some dense linear subspace of H.

The following definitions and results are all taken from [10]:

Definition 4.1. Let B be an operator on some Hilbert space H. We say that B is closed
if

I(B) = {(z, Bx) |z € D(B)}
is a closed subset of H x H.

Definition 4.2. Let B and B’ be operators on some Hilbert space H. If I'(B’) D I'(B),
we say that B’ is an extension of B, and we write B’ D B. Equivalently, B’ O B if and
only if D(B’) D D(B) and B'x = Bz forall x € D(B).

Definition 4.3. Let B be a densely defined linear operator on a Hilbert space H. Let
D(B*) be the set of y € H for which there is a z € H with

(Br,y) = (x, 2)
for all z € D(B). For each such y € D(B*), we define
B*y:==z2
B* is called the adjoint of B.

Definition 4.4. A densely defined operator B on a Hilbert space H is called symmetric
if B C B, thatis, if D(B) C D(B*) and Bx = B*x for all z € D(B). Equivalently, B is
symmetric if and only if

(Bz,y) = (z, By)
forall z, y € D(B).

Definition 4.5. A densely defined operator B on a Hilbert space H is called self-adjoint
if B = B*, that is, if and only if B is symmetric and D(B) = D(B*).

Theorem 4.6. Let B be a densely defined operator on a Hilbert space H. Then B* is closed.
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4.1 Unbounded, self-adjoint operators

As an immediate consequence, any self-adjoint operator is necessarily closed, and
so whenever we speak of a self-adjoint operator B, we will understand B to be densely
defined, symmetric and closed, with B = B* and D(B) = D(B*).

In order to work with the inverses of unbounded operators, we need to carefully
redefine the resolvent:

Definition 4.7. Let B be a closed operator on a Hilbert space. A complex number A is
in the resolvent set, p(B), if \I — B is a bijection of D(B) onto H with a bounded inverse.
If A € p(B),

Ryx(B) := (M - B)™*
is called the resolvent of B at .

To be clear, the inverse of A — B is the unique bounded operator R)(B) € B(H)
such that R, (B)(H) = D(B) and such that

RA(B)(Mp(s) — B) = Ipm)
and
(Mps) — B)RA(B) = Iy

where I (p) is the identity operator on D(B) and I} is the identity operator on H.

We shall usually not bother with the subscripts and just write I instead of Ip ()
or Iy. Furthermore, as before, we shall usually write ) instead of A\I whenever this
can not cause any confusion. We will also interchangably use the notation R,(3) and
(A — B)~*! for the inverse of A — B, depending on which is more convenient.

Now that we have defined the resolvent p(B) of B, we can naturally define o(B),
the spectrum of B, as the complement of p(B) in C.

Like in the bounded case, we would like to have some control over the properties
of the spectrum of B. Fortunately, as long as B is self-adjoint, ¢(B) will always be a
closed subset of R.

Theorem 4.8. Let B be a closed densely defined linear operator. Then the resolvent set of B
is an open subset of the complex plane on which the resolvent is an analytic operator-valued
function. Furthermore,

{BA(B) [ A € p(B)}
is a commuting family of bounded operators satisfying
R\(B) — Ru(B) = (1 — M) Ru(B)RA(B)

Theorem 4.9. Let B be a closed symmetric operator on a Hilbert space H. Then the spectrum
of B is one of the following:
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4.1 Unbounded, self-adjoint operators

1. The closed upper half-plane.
2. The closed lower half-plane.
3. The entire plane.

4. A subset of the real axis.
B is self-adjoint if and only if case 4 holds and the spectrum is non-empty.

However, unlike in the bounded case, the spectrum on an unbounded self-adjoint
operator can be empty, and if not empty it is in general an unbounded closed subset of R,
as the two following examples, both also taken from [10] (pages 291 and 254, respec-
tively), illustrate.

Example 4.10. Set H = L*(R), the space of square integrable functions on R, and let
the operator B on H be multiplication by z, that is, Bf(z) = z f(z) for every x € R and
every f € H.

B is obviously a linear operator. We claim that B is unbounded. For note that for
any r € R, the function x4}, that is, the indicator function for the interval [r,r + 1],
has L?>-norm of 1, as

el = [ Prsn(a)de

= ldx =1
[rr+1]

However, || Bx[,41]|| 22 grows to be arbitrarily large as r does, since

I BX 1|72 :/R|$X[rm+1](x)|2d$

1
= 2’dr =r"+r+ =
[ryr+1] 3

which tends to infinity as |r| does. Thus B is unbounded.
Next, we claim that o(B) = R. It is not hard to see that B is self-adjoint, and so we
must have o(B) C R. Take any A € R. Then the operator A — B is given by

(A= B)f(z) = (A —2)f(z)

for every z € Rand every f € L*(R). It follows that there cannot exist any linear operator
Sy on H such that Sy(A — B) = (A — B)S\ =1, as

A=B)f(A) =A=Nf(A) =0

forevery f € L*(R), and if S\ was a linear operator satisfying S\(A — B) = I we would
necessarily have

F) =1f(A) = Sx(A=B)f(A) = 50 =0

forany f € L*(R). As there clearly exist f € L*(R) with f(\) # 0, we have proven that
there exists no inverse S, of (A — B). As A € R was arbitrary, it follows that o(B) = R.
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4.1 Unbounded, self-adjoint operators

As a side note, the above example demonstrates that there are indeed unbounded
operators whose domain of definition is all of H; however, generally speaking, un-
bounded operators are not defined on all of . In the below example, we will see an
unbounded operator that is defined only on a dense, proper linear subspace of the
Hilbert space it acts on.

Example 4.11. Set H = L*([0, 1]), the space of square integrable functions on [0, 1], and
denote by AC(]0, 1]) the dense linear subspace of all absolutely continuous functions
on [0, 1] whose derivatives are in L2([O 1]); the norm on H is the L?*-norm. Define the

unbounded linear operator B = i-L with domain

D(B) = {f € AC([0,1]) | f(0) = 0}

Again, it is simple to confirm that B is a linear operator, D(B) is clearly a dense
linear subspace of AC (]0,1]) and thus of H, and unboundedness of the derivation
operator is also rather trivial. Fix A € R. We claim that the map S, defined by

(Shg)(@) =i [ e g(y) dy
for g € H is a bounded linear operator on H with Sy(H) = D(B), and satisfies the
conditions (A — B)S\ = Iy and Sx(A — B) = Ip(p).

Linearity is obvious. To see that S, is a bounded operator taking values in D(B),
note that for any g € H we have that

1
19132 = [ 1(839)(@) da
< (s (50)0P)
z€(0,1]
T ) 2
= <SUP i / e AV g(y) dy >
z€[0,1] 0
< <SUP/ [eMe-u) ] dy) (sup/ Ig(y)|2dy>
z€[0,1] z€[0,1] Y0
= (s [ 0w ol
z€[0,1]

. 2
where the quantity (Spre[O,l] Iy ’e*M(“y)’ dy) is finite and depends only on A, and

clearly

(539)(0) =i [ ¥ g(y)dy =0

so S\(H) C D(B) To see that S\(H) = D(B), note that if we for any given f € D(B)
set g(z) = —ie" AL [f(x)e”m}, then g € H as f € AC([0,1]), and we have by the
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4.1 Unbounded, self-adjoint operators

fundamental theorem of calculus that

(Sxg)(z) =i /0 T () e—“yjy [/ (y)e™] dy

L
= (f@)e™ = f(0)e) = f(2)

as f(0) = 0 since f € D(B).
To see that S}, is the inverse of A — B, note that for any ¢ € H, we have, again by
the fundamental theorem of calculus, that

(0= B)Sig) (2) = (0= B) (i [P gy dy)

T . d e iz
= (7 [ e gt dy) —ig (i [ e g ay)
d T o d T
—iX(z— y —iAT Y —ix Y
M/ dy+d e }/0 ¢™gly)dy + e UO € g(y)dy}

z/\/ —iM@=y) g y)dy —ide”’ / eMg(y) dy + e e g(2)
0

while for any f € D( ) we can use integration by parts to see that
S\ (A= B)f) (@) =i [ ey (Af< )—if'(y >) dy

=i\ /x e MY £ dy + / —iA y) dy

Yy=x

o[ e dy+[ “(”*y’f(y)]y - /Oxjy[e“w} )y

_Z)\/ —iX(z— y dy_i_efz)\Of( )_ 71/\:1:](' Z)\/ —iX(z— y y

as we have f(0) =0 by assumption.

As ) € R was arbitrary, this shows that ¢(B) "R = ). As Theorem 4.9 shows that
the spectrum of B must be either all of C, the upper or lower (closed) half-plane or a
subset of R, this implies that the only possibility left is o(B) = (). This completes the
proof.

As another remark, the above example can be manipulated to show just how im-
portant our choice of D(B) is. For had we set D(B) = AC([0,1]), then B would still
be a well-defined unbounded operator, but its spectrum would be all of C, as we have
e~ e AC([0,1]) and

4 . od
AN— B —iAr _ A —i T g —IAT
( Je e e

— )\e—z)\m + i2>\e—z)\:ﬂ

=0
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4.1 Unbounded, self-adjoint operators

for all A € C, and a similar argument as in Example 4.10 shows that there thus cannot
exist a bounded inverse for any A € C. With our old definition of D(B), however, we
would have e=™* ¢ D(B) for all A\ € C. As such, one must always understand an
unbounded operator as being defined not only by its "form", but also its domain of
definition, as even operators who agree on a fellow domain of definition may behave
dramatically differently.
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4.2 Continuity for fields of unbounded operators

It is reasonable to ask whether the ideas and results from Chapter 2 can be extended
to fields of self-adjoint, not necessarily bounded operators. The answer is, at least in
part, yes, due to our insistence on working with ¢’ (R) and [—oo, oo] in Chapters 1 and
2, as opposed to just working with J# (R) (the space of non-empty compact subsets of
R) and R.

The concept of p2-continuity can, unfortunately, not be applied to general fields
A = (A¢)ier of unbounded operators. One problem already appears when we try to
define p(A;). [10] does assert that there exists a functional calculus for unbounded,
self-adjoint operators, such that f(B) is well defined for every bounded continuous
(in fact, Borel) function f on R, and that we have

If(B)I < sup [f(z)]

z€o(B)

However, non-constant polynomials, while continuous, are most certainly not bounded,
as lim,_, [p(x)| = oo for all non-constant polynomials p. Moreover, the fact that we
only have an inequality, as opposed to an equality, makes any implementation of con-
cepts similar to p2-continuity tedious at best.

The definition of gap edge continuity, however, can be applied to unbounded oper-
ators directly from Definition 1.6. In fact, note that in this definition, we never assumed
that the sets or operators involved were bounded, and Example 1.8 is an example of
gap edge continuity foramap t € T — F;, € ¢ (R) where every F; is unbounded.
Similarly, both the definition of Hausdorff continuity in Definition 1.17 and Fell conti-
nuity in Definition 1.20 were defined for any field of self-adjoint operators, bounded
or unbounded. In fact, Lemma 2.21 proved thatamap ¢t € T — F, € € (R) is gap edge
continuous at a point ¢, if and only if it is Fell continuous at ¢, without requiring the F}
to be bounded, and so we have already shown that a field A = (A;);er of self-adjoint,
not necessarily bounded operators is gap edge continuous at a point ¢, if and only if it
is Fell continuous at .

However, as we demonstrated in Example 1.24, Fell continuity and Hausdorff con-
tinuity are in general not equivalent for maps t € 7' — F; € € (R). The problem with
unbounded sets is that there can easily be cases where t — F; is Fell continuous at
some t, € T, but dist(F},, F;) = oo for all ¢ # t; for example, set 7' = [0, 1] and

e [R ift =0
Y7 [=1/t,00] otherwise

In Chapter 1, we overcame this difficulty by demanding that ¢ — F; be locally
uniformly bounded, but clearly this condition is unreasonable for fields on unbounded
operators. We instead suggest a slightly modified version of Hausdorff continuity.

Definition 4.12. For every k € N, define the map O, : ¢(R) — %(R) by

Ok(F) = (FU{£k}) N[k, K

77



4.2 Continuity for fields of unbounded operators

Definition 4.13. Givenamap t € T — F; € ¢(R) and any ¢, € T, we say that the map
t — F} is N-Hausdorff continuous at t, if for every k € N, the map

teT— Ou(F) € Z(R)

is Hausdorff continuous at ¢, that is, if for every k € N we have
Jim dist((FtO U{k}) N [=ko k], (FU{=k}) 0 [—k,k]> —0

Theorem 4.14. Assume that we are given some map t € T +— F, € €(R) and some to € T.
Then t — Fy is Fell continuous at ty € T if and only if it is N-Hausdorff continuous at t.

Taking the intersection of F; and [—F, k| intuitively makes sense, as we are trying
to "enforce" local uniform boundedness. The addition of the two points {£k} is less

intuitive. However, we do need them, as the following example demonstrates.

Example 4.15. We slightly modify Example 1.8. Set T" = R with its standard topology,
and consider the map t € T' — F; € € (R) given by

This map is clearly both Fell continuous and Hausdorff continuous at all ¢t € T.
However, we claim that forany k € N, themap t € T — F, N [k, k] € € (R) is neither
Fell continuous nor Hausdorff continuous at t, = k. Proving this claim is rather simple.
We have

EO = (—OO, _k] U [k7 OO)
and so clearly
Fyy N[k, k] = (=00, k] U [k, 00)) N [k, k] = {£k}
However, for any t > ¢, we see that F; N [—k, k] = (). Thus
dist(Fy,, Fy) = dist ({xk},0) = o0

forall t > ty, sot — F; N [—k, k] cannot be Hausdorff continuous at t,. Furthermore,
clearly we have F;NO =0NO = forallt > ¢y, evenif F;, NO # 0,sot — F,N[—k, k]
cannot be Fell continuous either at ;.

Proposition 4.16. Assume two mapst € T +— F, € €(R)andt € T — F) € €(R) are

both Fell continuous at some point ty € 1. Then the mapt € T — F, U F] € €(R) is Fell
continuous at t.
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4.2 Continuity for fields of unbounded operators

Proof. Write Fy, := Fy, and Fy := F} , and choose any compact subset K C R and any
finite family .# of open subsets of R such that F, U Fj; € % (K,.%). We must find a
neighbourhood of ¢, such that £, U F] € % (K,.7) for all ¢ in this neighbourhood.

1) We will first find a neighbourhood U C T of ¢, such that
(FFUF)NK =1
forallt € U.
Note that (Fy U Fjj) N K = () implies that F, N K = () and Fj N K = (. By the Fell
continuity of both maps ¢ — F; and t — F}, there exist two neighbourhoods Uy, U; C T

of ty such that ;N K = ( forallt € U; and F/ N K = () for all ¢t € U,. It follows that if
we set U := U; N U, then U is a neighbourhood of ¢, such that

(FFUF)NK =1
forallt e U.
2) For the second part, we want to find a neighbourhood V' C T of ¢, such that
(F,UF)NO #1)

forallt € Vand all O € .#. Start by fixing O € .Z.

As (Fy U Fj) N O # 0, there must exist some x € (Fy U Fj)) N O, and we must have
that either x € F, or © € FJ. Assume the former. Then F, N O # (), and by the Fell
continuity of the map ¢ — F; we can find some neighbourhood Vi, C T of ¢, such that
F,NO # ( for every t € O. If we instead had = € F{j, then analogously we can find
some neighbourhood Vi, C T of ¢, such that F{ N O # () for every t € O.

It follows that if we define V := Npc# Vo, then for each ¢t € V and each O € . we
have either F; N O # ( or F/ N O # (), and so

(FFUF)NO#0
forallt € V.

3) We now see that forallt e UNV, (F,NF)NK =0 and (F; N F})N O # ( for all
Oe€Z,s0(F,NF)e (K, Z)forallte UNV. O

Lemma 4.17. Assume that a map t € T — F, € €(R) is Fell continuous at some point
to € T. Then for any k € N, the map

teT s O4(F) € €(R)

is Fell continuous at t.
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4.2 Continuity for fields of unbounded operators

Proof. Fix any k € N. Write F; := F;;, and choose any compact subset X C R and
any finite family .# of open subsets of R such that ©4(Fp) € Z (K, .#). We must find a
neighbourhood of ¢, such that ©(F};) € % (K, .#) for all ¢ in this neighbourhood.

1) We will first find a neighbourhood U C T of t, such that ©(F;) N K = () for all
teU.
Note that [k, k] N K is a compact subset of R, and by assumption we have

(FoU{£k}) N (=K N K) = <<FO U{£k}) N[k, k]) NK
=Ou(F)NK =1

As the map ¢t — F; at ty is Fell continuous at ¢, by assumption, and as the map
t € T — {xk} € ¥ (R) is (rather trivially) Fell continuous, we have from Proposition
4.16 that the map ¢t — F; U {£k} is Fell continuous at ¢,. It follows that we can find
some neighbourhood U C T of ¢, such that

(FU{£k}) 0 ([=k, k] NEK) =0
for every ¢t € U. But
(FU{£k})  ([—k, K N K) = <(Ft U {£k}) N [k, k]> NK
=0,(F)NK
foreveryt € T, and so O, (F;) N K = () for every ¢t € U.
2) For the second part, we want to find a neighbourhood V' C T of ¢, such that
((FU{Ek}) N[~k k)N O #0

forallt € Vand all O € .#. Start by fixing O € .Z.
By assumption, we have

(Fo U {&k} N [~k K]) NO #0

In particular, there exists some z € (Fo U {ik:}) N O with |z| < k, and as B is open
there exists some r > 0 such that B, (z) C O. Accordingly,

(Fo U {£k} N[k, k]) N By (z) O {x} £
and so we have
(Fo U {&k}) N Bo(w) D (Fo U {£k} N[k, k]) N By(x) # 0

Again, we use the fact that the map ¢ — F,U{=£k} is Fell continuous at ¢,. It follows
that there exists some neighbourhood V,, C T of ¢, such that

(FU{£k}) N B.(x) # 0
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4.2 Continuity for fields of unbounded operators

for every t € Vp; in particular, for each ¢ € Vj, there exists some z, € R with
z, € (F,U{#k}) N B,(x)
Fix t € Vp. If |2;| < k, then clearly
z € (F U {xk} N[~k K]) N B.(x)

and so @k(ﬂ) NoO D @k(ﬂ) N BT(I) 75 .

If |z;| > k, then we must have k < |z;| < k + r since z; € B,(z). But this implies
that £ — r < |z| < k, and so in particular we have either £ € B,(z) or —k € B,(z). In
the first case, we have

k€ (F,u{£k}n [~k k]) N B.(z)
while in the other case we have
—k € (F,U{£k} N [~k K]) N B, (x)

and so again, O;(F;) N O D Oy(F;) N B,.(x) # 0.
As t € Vp was arbitrary, we have O(F;) N O D O(F;) N B.(x) # (0 for all t € Vp.
Setting V' := Npc#, we get that

forallO € % and allt € V.

3) We see that O, (F};) € % (K, %) forevery t € U NV, and we are done.
O]

Note the necessity of adding in the two singletons {+k}; part 2 of the above proof
would not have gone through without them.

Corollary 4.18. Assume that amap t € T — F, € €(R) is Fell continuous at some point
to € T. Then the map t — F} is N-Hausdorff continuous at 1.

Proof. This follows immediately from Lemmas 4.17 and 1.27, as we clearly have that
for each k£ € N, the map

t— Ok(F) = (KU {£k}) N[~k k]

is locally uniformly bounded at .

Lemma 4.19. Assume that for some point t, € T and for any k € N, the map
teTw (FU{£k}) N[k Kk € C(R)

is Fell continuous at ty. Thent € T — F; € € (R) is Fell continuous at t.
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4.2 Continuity for fields of unbounded operators

Proof. Choose any compact subset X C R and any finite family .# of open subsets
of R such that F, := F,, € Z(K,.#). We must find a neighbourhood of ¢, such that
F, € % (K,.%) for all t in this neighbourhood.

1) We will first find a neighbourhood U C T of ¢y such that ;N K = () forall ¢t € U.
By assumption, we have [, N K = (). As K is compact, there exists some k € N such
that K C [—k, k]. It follows that

Fon K = (FyU{&k} N[~k K]) N K

By the Fell continuity of ¢ — (Ft U {:I:k}) N [k, k] at ¢y, there exists some neigh-
bourhood U C T of ty such that

((FU{Ek}) N[~k k) N K =0
forallt € U. But
(FU{Ek) N[~k k)N K = FNK

forallt € T, so we have F; N K = () for all t € U, and so the first part is done.

2) For the second part, we want to find a neighbourhood V' C T of ¢, such that
F,NO #0forallt € Vandall O € .Z. Start by fixing O € .Z.

By assumption, we have F; N O # (). In particular, there exists some = € F, N O.
Take any £ > |z|. We see that = € (Fo U{x+k} N [—k, k:]) N O and so in particular,

(FoU {&£k} N [~k K]) NO #0

By the Fell continuity of ¢ (Ft U {j:k:}) N [k, k] at ty, there exists some neigh-
bourhood V C T of t; such that

((FU{£k}) N[k k)N O #0
for all t € V. It follows that
F,n0 D ((FU{Ek}) N[k k) NO 0

forall ¢t € Vp. Since .% is finite, it follows that V' := Npc# Vo is the required neighbour-
hood of ¢, such that

FENO#10
forallt e Vandall O € .%.

3) It now follows that F; € % (K,.%) for every t € UNV, with U NV being an open
neighbourhood of ¢, so we are done.
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4.2 Continuity for fields of unbounded operators

Corollary 4.20. Assume that amap t € T — F, € € (R) is N-Hausdorff continuous at some
point ty € T. Then the map t — Fy is Fell continuous at t.

Proof. This follows immediately from Lemmas 4.19 and 1.28, as for each k € N, the
map

t = O(F) = (F,U{£k}) N[~k k]

is locally uniformly bounded at ¢.

Proof of Theorem 4.14: This is just Corollaries 4.18 and 4.20.
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4.3 R-continuity for unbounded operators

Recall that the definition of R-continuity, specifically Definition 2.23, did not rely on
boundedness. Now that we have defined the inverse, resolvent and spectrum of un-
bounded operators, it is natural to ask what the consequences of R-continuity are in
the context of fields of unbounded operators. The main idea comes from [7], Problem
6.16 on page 177.

Proposition 4.21. Let B be a self-adjoint operator. Then for any A € p(B), (A — B)™*
normal operator.

Proof. With (-,-) as the inner product on H, we see that for any z € D(B) and any
y € H we have

(=B (A= B)ay) = (A= B)a.( = B)y)
= (& (\=B) 0 =B)"y)
=(z,(A\=B) (A= B)'y)

= (z,9)

where all the products and operations are well defined. Similarly, for any z € H and
any y € D(B) we have

(6= (A-B)ay)

(A\=B)z, (A= B)'y)
(15 0= 5))

v, (A=B)(A\-B)'y)
y)

I
P S

T

—~

This implies that {()\ — B)*l] "= (5\ — B>_1. By Theorem 4.8, the resolvents of B
commute with each other, so

>~
=
>~
|
=
|
I
~~
>
|
v
~—
L
>~
|
=
L

and so (A — B) "' is normal.

Proposition 4.22. Let B be a self-adjoint operator. Then for any X € p(B), we have

1

|6 =87 = Zmoem
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4.3 R-continuity for unbounded operators

Proof. As )\ € p(B), we know by Proposition 4.21 that (A — B) ! is a bounded, normal
operator, so we have

6= 57 = sup o (A= )7)]
We claim that for any ¢ € p(B)\ {\}, the operator
A=+ =0 ¢-B"

is the (bounded) inverse of (A — ¢)~' — (A — B) .
To see this, we first show that the operator

Sxe=A=B) ' =(C-B)'+A-0ON-B)(¢(-B)"

satisfies S\ (H) C D(B) and is the zero operator. For the first part, note that by
assumption we have that (A — B)"'(H) = (¢ — B)"'(H) = D(B), which implies that
(A= B)™'(¢ — B)"'(H) C D(B); since D(B) is a linear subspace of H, it follows that
S)\,C(H) C D(B)

For the second part, note that since Sy (H) C D(B), the product (A — B) Sy is
well-defined, and we have

(A=B)S\¢ =
A=B) [A=B)"' = (=B "+ -OQN-B)(¢(-B)| =
I-M¢=B) ' +B(-B)"+(A=0-B)" =
I-(C-B)C-B)" =0
As )\ — B is by assumption injective on D(B), being invertible, the above implies
that we must necessarily have that (A\— B)™ — ((—= B) '+ (A=) (A—B)"'((—B)™*

is the zero operator.
It follows that

(A=07 =0 =B ) (A =0+ =-0*C¢-B)") =
I-A=QOX=B) "+ =0C-B) " =\=*A-B)(-B)" =
I-(A=Q[A=B) "= (=B '+ (A=W -B)'(¢-B)| =
I—-A=0S\c=1-0=1

By Theorem 4.8, all the involved operators commute, so it follows that we also have

(A =0+ =0 ¢=-B)") (-0 - -B ") =1

-1

Being the sum of (by assumption) bounded operators, (A — ) + (A — ¢)? (¢ — B)
must be bounded as well, and thus is the inverse of (A —¢)~! — (A — B)". So we have

(A=¢) e p((A=B)) forall ¢ € p(B)\ {A}.
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4.3 R-continuity for unbounded operators

We claim that this implies that

1 )
sup o (A= B)™')| < dist(\, o(B))
For take any = e C with |z| > m Clearly there exists some unique ¢ € C\ {\}

such that z = /\ o which implies that

1 1
A=~ dist(x o (B))

or equivalently, |\ — (| < dist(\,o(B)). It follows by the definition of dist that we
cannot have ¢ € o(B), so by our earlier calculations we must necessarily have that

z=55 €p((A\—=B)™!) forall z € Cwith |2] >
Next, we claim that

m, which is equivalent to (1).

> b (2)
sup|o (0= B)7)| 2 dist(\, o(B))

As was mentioned in 4.8, the map A € p(B) — (A — B)™' € B(H) is analytic in
A; as is argued in [10], we have for each A € p(B) that {( € p(B) whenever we have
IA—¢| < |[(A=B)7Y|"". Thus if we instead had ¢ € o(B), then we would necessarily
have
-1

A=¢=||n=-B)7

As this holds for every ( € o(B), we see that
dist(\,0(B)) = inf |\ —z|

x€o(B)

>l - B !

or equivalently

1
o (0= 5)7)] = [0 - 572 gooom

Combining (1) and (2), we see that

1

sup o (A= B) )| = dist(\, o(B))
[]

Note that we could not simply use the bounded Borel functional calculus to prove
Proposition 4.22, unlike in the bounded cases, since - as we remarked earlier - we
generally only have

IF(B) < sup [f(x)]

z€o(B)
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4.3 R-continuity for unbounded operators

for unbounded operators B (and valid choices of f), unlike the case where B is bounded,
where we can obtain an equality by using the continuous functional calculus.

Theorem 4.23. Let A = (A,).er be a field of self-adjoint operators, and assume we are given
some point to € T. Then A is R-continuous at t, if and only if A is Fell continuous at t.

Proof. Proposition 4.22 implies that A is R-continuous at ¢, if and only if the map ¢ €
T — o(A;) € €(R) is Wijsman continuous. The Lemmas 1.22 and 1.23 imply that
Wijsman continuity at ¢, is equivalent to Fell continuity at ¢, so the result follows.

O
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5 Normal Operators

5.1 The problem with normal operators

The article [3] concerned itself entirely with self-adjoint operators; this simplified mat-
ters significantly, as self-adjoint operators always have spectra belonging to the real
line, allowing for very simple characterizations of gaps as just intervals. However,
genereally speaking, the spectra of operators are considered as subsets of C, and given
a not necessarily self-adjoint operator, its spectrum may be any arbitrary closed subset
of C.

In this chapter, we will attempt to consider fields of normal, bounded operators. How-
ever, while boundedness still gives us many good properties, it turns out that normal
operators are significantly more troublesome than self-adjoint operators.

We will start by redefining some of the concepts used earlier in the setting of nor-
mal, bounded operators.

Definition 5.1. Let F' be a closed subset of C. A gap of F' is a connected component
G C C\F; each G is necessarily open. A gap G is a bounded gap if G is a bounded set,
and an unbounded gap otherwise.

This definition is significantly harder to work with than the definition of gaps we
had in the first section. While the gaps of an element of ¢(R) can be characterized
very easily as open intervals, there is generally no such easy characterization of gaps
of an element of ¢'(C) - gaps are still open sets, but their shape can be almost entirely
arbitrary.

One small advantage of elements F' of ' (C) is that if F' is bounded (i.e., compact),
then F' has exactly one unbounded gap; for since F'is bounded, there exists some r > 0
such that F' C B,(0). Now clearly C\B,(0) is connected (as a subset of F) and thus
lies in exactly one connected component of F'“. Clearly no other connected component
can be unbounded. For unbounded F, however, there is no such result - there can be
any number of unbounded gaps, including none and infinitely many.

Another problem is that when we were working in R, gaps behaved "nicely" in
the sense of the first and second conditions of gap edge continuity in R - "convergent
families of gaps" either become a single gap or close. In C, however, things are not so
simple, as the following example serves to illustrate.

Example 5.2. Set " = [0, 1] with the standard topology inherited from R, and define
themapt € T'— F, € €(C) by

F,={ze€C||S()|=1}UJ{zeC]| |R(z)|=kand ¢t < [I(z)| < 1}
keZ
It can be checked quite easily that we indeed have F; € ¢(C) for every t € T
For t # 0, I, has three gaps - one "above", one "below" and one "between". How-
ever, the number of gaps of [| is countably infinite - one "above", one "below" and
countably infinite many gaps "between". While the construction of ¢ — F; intuitively
seems "continuous", it still exhibits disturbing behaviour at ¢, = 0.
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5.1 The problem with normal operators

In particular, this example demonstrates that we cannot hope to find anything re-
sembling Proposition 1.12 for the complex case, which severely complicates any at-
tempt at working with "continuity of gaps" in this setting.

The topological concepts of Hausdorff continuity and Fell continuity fortunately
still make sense in the complex setting.

Definition 5.3. Let A be a field of operators. We say that the spectrum function of A is
Hausdorff continuous at a point t, € T (or just that A is Hausdorff continuous at t,) if the
functiont € T — o(A;) € € (C) is Hausdorff continuous at t; that is, if the map

teT o dist(o(Ay,), 0(A)) € R* U {oo}

is continuous at .
If the A is Hausdorff continuous at every point ¢t € T', we will say that the spectrum
function of the field A is Hausdorff continuous (or just that A is Hausdorff continuous.

Definition 5.4. Let a A be a field of operators. We say that the spectrum of A is Fell
continuous at a point t, € T (or just that A is Fell continuous at t,) if the spectrum function
teT — o(A;) € €(C) is Fell continuous at .

If the spectrum of A is Fell continuous at every point ¢t € T, we say that the spectrum
of A is Fell continuous (or just that A is Fell continuous).

From Lemmas 1.27 and 1.28, we know the relation between these two forms of
continuity:

Theorem 5.5. Let A = (A;)ier be a field of normal, bounded operators, and take t, € T.
Then A is Fell continuous and locally uniformly bounded at t, if and only if it is Hausdorff
continuous at t.

However, as before, these forms of continuity are not really tied to the nature of the
operators A, involved, and so verifying either type of continuity cannot be done with-
out geometric study of their spectra. With bounded, self-adjoint operators, we worked
with p2-continuity and proper-continuity in order to link continuity of the spectra to
the behaviour of each operator A;. Recall that the main "trick" in using p2-continuity
was that for any gap (a,b) we could define a polynomial taking its maximum value
inside that gap; see e.g. Example 2.7 or Lemma 3.13. However, a result from com-
plex analysis tells us that we cannot do anything similar in C - the famous maximum
principle, here cited (very slightly paraphrased) from [11]:

Theorem 5.6. If a function f : C — C is analytic in an open set D C C and |f(z)| achieves
its maximum value at a point z, € D, then f is constant in D.

As polynomials are a rather famous example of functions that are analytic on all of
C, it follows that no matter which polynomial p and which gap G we choose, we will
always have

sup [p(2)| = |p(20)|
zeG
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5.1 The problem with normal operators

for some z, € JG, rendering our "trick" unusable in C. As it is not hard to find func-
tions that are both analytic and proper, we must similarly abandon any hopes of uti-
lizing proper-continuity.

There does exist a rather large class of more or less well-behaved functions that are
not analytic on all of C - the meromorphic functions. However, rather than delving into
complex analysis, we will simply note that any results that could be gained through
studying meromorphic functions can be obtained much more easily by simply study-
ing the behaviour of the inverse, as we shall do in the next section.
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5.2 R-continuity for normal operators

In Section 2.3, we stated that a field A of self-adjoint operators is called R-continuous
if for every A € C\R, the function

teT H(A]— At)‘lH € Rt

is continuous. However, for normal operators, this definition does not make sense
- while self-adjoint operators have spectra that are always subsets of R, in general
normal operators have spectra that can be arbitrary closed subsets of C. Thus while
some arbitrary A € C may be in the resolvent set of A;, for some ¢, € T, there is no
guarantee that A will lie in the resolvent set of any other A;.

However, we can still define a form of R-continuity which will make sense for
general fields of bounded operators.

Definition 5.7. Let A be a field of bounded operators, and let ¢, be a point in 7. Then
Ais R-continuous at ty if, for every A € C, the function d, : t € T — R" U {oo} defined

by

_ IO = A)7H if A € p(Ay)
h(t) = { 50 i) € o(A)

is continuous at ty. If A is R-continuous at every point t € T, we say that A is
R-continuous.

The main result of this section is the following:

Theorem 5.8. Let A be a field of bounded, normal operators, and take any t, € T. Then A is
Fell-continuous at t, if and only if it is R-continuous at t.

Proof. The proof of is largely the same as in Section 2.3, with only slight modification.
We start by noting that Lemma 2.25 still holds, so for any bounded, normal operator
B we have

1
-1

H(A -B) H ~ dist(\, 0(B))
for any A € p(B). In particular, it follows that the map d, : 7' — R is continuous at ¢
if and only if the map ¢ € T +— dist(\, 0(4;)) € R* is continuous at t,. Now we just re-
use the proof from Section 2.3 - for the map ¢ € T' +— dist(\, 0(4;)) € R* is continuous
at t;, exactly when the map t € 7' — o(4;) € ¥(R) is Wijsman continuous at ¢y, and
Lemmas 1.22 and 1.23 imply that this happens if and only if it is Fell continuous at ¢,
so the result follows.

O
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Closing thoughts

There are still many interesting questions that remain. In particular, our treatment of
normal operators was extremely superficial; however, Beckus and Bellisard point out
that many strong results can be obtained through the use of C*-algebras, an approach
that is certainly worth pursuing further. In a similar vein, it is likely that our results
about unbounded, self-adjoint operators could have been strengthened considerably
through the use of alternative approachs. The author also suspects that, if done cor-
rectly, one can construct something similar to p2-continuity for unbounded operators,
and possibly use it to give certain Holder estimates even in the unbounded case.

When it comes to Holder estimates, the author also spent some time trying to find a
version of Theorem 3.31 that would hold even when the closed gap c is not an interior
point; although the results so far are too fragmentary to include in this thesis, it is quite
possibly a problem worth revisiting.

A very interesting idea, suggested by Professor Christian Pétzsche in personal con-
versation, is extending our definitions and results to encompass fields where instead
of working on Hilbert spaces, we work on Banach spaces. Unfortunately there was not
enough time and space to deal with this approach, but it is another promising future
project.
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