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Syllabus

The main source of material for the lectures: this very document (to be published and weekly updated on the course
website—please do not print before the course is finished and the label “final version” appears at the top).

Official course textbook: No one, main official text will be used but in preparing these notes; I will probably make
heavy use of | | as well as | | and | |

Other books one may consult are | , , , , , , , , , , ,
].
Two lectures per week: Tue and Thur, 2:55pm—4:15pm in Fine Hall 322.

People involved:

— Instructor: Jacob Shapiro shapiro@math.princeton.edu
Office hours: Fine 603, Thursdays 4:30pm-5:30pm, or, by appointment (first office hour appointment on Sep
11th 2025).

— Assistant: Jui-Hui Chung (juihui@princeton.edu)
Office hours: Fine 216, Fridays 2:30pm-3:30pm (first office hour appointment on Sep 12th 2025).

HW to be published weekly on Friday evening.
Submission by end of the semester.

HW may be worked together in groups.
Self-graded via the honor system.

Grade: 15% HW, 35% Midterm (written, will take place on the week of Oct 6th-Oct 10th 2025, probably scheduled
so evening), 45% Final (oral, will take place on the week of Dec 13th-Dec 19th 2025), 5% participation.

Attendance policy: 5% extra credit to students who attend lectures regularly and ask questions or point out problems.
Anonymous Ed discussion enabled. Use it to ask questions or to raise issues (technical or academic) with the course.

If you alert me about typos and mistakes in this manuscript (unrelated to the sections marked [todo]) T'll grant
you some extra credit. In doing so, please refer to a version of the document by the date of typesetting and to the
equation number / section number; annotated screenshots help most.

— Thanks goes to: Olivia Kwon (x3), William Liu (x2).

Semester plan

List of (big) theorems and topics aimed at being included:

The Banach-Steinhaus theorem, open-mapping theorem, closed-graph theorem.
Hahn-Banach theorem and convexity.

Weak topologies and Banach-Alaoglu theorem.

Duality in Banach spaces.

Polar decomposition.

Bounded operators on Hilbert space: spectra.

Spectral theorem for bounded self-adjoint operators and the functional calculus.

Spectral theorem for unbounded self-adjoint operators, the Hille-Yosida theorem, semigroups.
The trace ideals, Schatten classes, etc.

Fredholm theory: Atkinson’s, Dieudonné’s, Fedosov, Atiyah-Jénich, Kuiper, etc.

Mathematical quantum mechanics.

Semester plan by date:



1 Soft introduction

Functional analysis is the branch of mathematics that is obtained when one marries together topology (or point set topology)
and linear algebra, both of which are assumed the reader is very well familiar with (as well as measure theory). The first
order of business, is why you should want to combine these two?

Remark 1.1. For notational simplicity we will almost always assume that our vector spaces are over C, sometimes
some statements may be recast for R, certainly some care should be taken for general fields. Hence from now on please
read the phrase “vector space” as “C-vector-space”.

In a vague sense (and there will be more about this in the homework) all finite dimensional vector spaces are “equivalent”
and hence the question of their topology only becomes interesting when the dimension of the vector space goes to infinity.
To be a bit more explicit, in n € N dimensions, there is only one vector space, and we denote it by C”. We measure
distances between vectors in Euclidean fashion, which induces a topology, and we have a notion of a standard basis
{e; }?:1 which gives us a way to concretely write down matrices and vectors as tables and columns. This class is about
what happens when n goes to infinity. Then, one has to make some additional choices which concern the interplay between
topology (and more concretely, analysis) and the vector space structure, and one has to contend with topological and
analytical questions of convergence that essentially build the heart of what is functional analysis. These types of infinite
dimensional vector spaces usually arise in applications as spaces of functions, which is the reason for the name of the field
“functional analysis”: we will do analysis on functions, whereas so far we have done analysis on numbers.



Remark 1.2 (Motivation for physicists). We should make a distinction between analysis on C™ where, after the analysis
is done, one performs n — oo asymptotics, versus analysis on C*, as it were (meaning will be given to that symbol
in due time), from the get go. The former belongs to the realm of asymptotic analysis and random matrices and
is harder since it maintains the information of how quickly certain sequences converge. On the other hand, by first
taking the limit and then doing analysis, we need to wrestle with topological questions but may avoid asymptotic
analysis. Our class will rather focus on working with C* from the get go.

To motivate a bit more the situation for physicists (we follow | | in this paragraph), among many things
we want to understand is the notion of continuous spectrum. After all, the development of quantum mechanics and
functional analysis are intimately related. Consider then the hydrogen atom and its “spectrum” we know it has bound
states of negative energy and scattering states of positive energy. The bound states are “eigenstates” in the sense that
they obey the eigenequation

Hyp =X\

for some wave function ¢ : R®> — C and (negative) eigenvalue A < 0. However, what about the scattering states? Do
they also obey a similar equation? How can we characterize that part of the spectrum?
In many physics textbooks we usually read about the position basis as that basis of Dirac delta “functions”

]l:/wER|x><:I:|dx.

However we know that the Dirac delta is not really a function (but a measure, or a distribution). So how can one
make sense of the above “resolution of the identity”?
Everyone knows the canonical commutation relation, which states that

[, p] = ihl.
Taking the trace of this equation leads to a putative contradiction using the cyclic property of the trace:
tr ([&,9]) = tr (&P — p2) = tr (8p) — tr (p2) = tr (2p) — tr (&p) = 0 = tr (ik1) .
We usually think of p = —iAV as a self-adjoint operator. It should then be the case that

(¥, pp) = (DY, p) -

To prove it one usually invokes integration by parts via

W) = / L E@ i) @) dr

—ih ¢ (z)p (2)

. + ih/wER P (z)p (x)de.

Now one usually says that ¢, 1) are wave-functions so they must vanish at infinity, hence the boundary term vanishes
and we indeed find that p is self-adjoint. However, we define the Hilbert space of wave functions as those functions
which are square summable. Ignoring for the moment the much more basic fact that such square-summable functions
need not be differentiable (and so what do we mean by p acting on them?) we also note that being square-summable
does not imply the function vanishes at infinity. Consider for instance

x> 22 exp (—x8 (sin (x))2> .

This is essentially a shrinking comb. Is p actually self-adjoint?
Can we define a time operator 7' which will act as a time observable (like #7). If so it should obey

{H, T} —inl.

Such an operator cannot exist if H is bounded below (as we shall see) which is the case for most interesting models
in quantum mechanics.



Remark 1.3 (Motivation for mathematicians). Say we have a function f : R — R. How to make sense of f (A) where
A is a linear operator? If f(x) = z™ then clearly f(A) = A" = Ao Ao---0 A, but what about more complicated
functions? Like f merely measurable and bounded?

Let us delve a bit more on the finite-dimensional setting. In what sense do we mean that “things are equivalent”? Surely
on C we may furnish two different topologies 7; and 75 such that (C,7;) and (C, 72) are not homeomorphic!.

Example 1.4. If we define 77 to be the Euclidean topology on C (associated with the Euclidean distance C 3 z — |z])
and 75 to be the topology associated to the French metro metric

d(z,w) = (z,weC).

|z —w| z=owdaeR
|z| + |w| else

(one first shows this is indeed a metric). Then (C,J;) and (C, J2) are not homeomorphic.

Proof. Fix any z € C\ {0} and let 7 < |z|. Then in the French metro metric, B, (z) is an open line segment of
length 27 on the ray defined by z, and centered at z. That ball is by definition, an open ball in the topology J5. If
there were a continuous map f : (C,7;) — (C, %), it better be the case that f=! (B, (z)) is open in the Euclidean
topology, but we know it is not. O

Of course one could also take for J5 the trivial topology (with only the empty set and the whole set as open) to get a
counter-example, albeit a bit too silly since it is not even Hausdorfl.

This example worked in C, which is one dimensional, and we have seen two ways to furnish C with inequivalent
topologies. So what’s all this talk about only needing functional analysis in infinite dimensions?

Enter the concept of topological vector spaces.

Whenever we are doing mathematics with two (or more) mathematical structures (i.e., categories) we need to make
sure they are compatible. A familiar example should be that of a Lie group, which is a group which is also a manifold,
but moreover and crucially, the two structures are compatible in the sense that the group operations respect the manifold
structure: they must be smooth functions on the manifold. We want to achieve the same thing when we combine vector
spaces with topological spaces.

In category theory, to preserve a structure means to be a morphism in a given category. So in the category of topological
spaces, it is the continuous functions which are “topological space morphisms”.

Definition 1.5 (Topological vector spaces). Let X be a vector space furnished with a Tj-topology Open (X). X is
a topological vector space iff the two vector space operations, vector addition + : X? — X, (u,v) — u + v and scalar
multiplication m : C x X — X, (a,v) — av, are continuous with respect to Open (X) (and the standard topology on
C).

Remark 1.6. Recall that for a topology to be T7 means that all singletons are closed. Presumably it is not very useful
to talk about topological vector spaces where Open (X) is not T} [ |

Claim 1.7. In Example 1.4, (C,7;) is a topological vector space (indeed C™ with its standard topology is, for any
n € N) whereas (C, 73) is not.

Proof. [TODO: fix this proof.] We first show that C" is a topological vector space. Clearly the Euclidean topology has
the property that singletons are closed, and is hence 7. We now want to show that vector addition + : C* xC" — C"
is continuous. Suffice to work with bases, so let ¢ > 0 and 2z € C" and WTS that +~! (B. (2)) is open in C" x C".
This set, however, may be written as the (arbitrary) union of open sets:

+71(B:(2))= |J B:(w) x{veC||lutv—2|<e}. (1.1)
ueCn

Similarly, we want to show that for - : C x C* — C™ which maps (a, z) — az is continuous, which proceeds in a

LThomeomorphism is the appropriate notion of equivalence in the category of topological spaces



similar way.
We leave the fact that (C,J) is not a topological vector space as an exercise to the reader. O

Claim 1.8. If X,Y are two topological vector spaces of the same finite dimension then they are both (topologically)
homeomorphic and (linearly) isomorphic, i.e., they are isomorphic in the category of topological vector spaces. Hence
for a given dimension n € N, C™ with its Euclidean topology is the only topological vector space.

Proof. See Claim 2.16 below. O

It is in this sense that to find additional interesting spaces we branch out to infinite dimensions.
Example 1.9. Consider the space ¢ (N — C) of p-summable sequences, i.e.,

Z|a(n)|p<oo} .

KP(N):{CL:N—)C
neN

It is a vector space (with pointwise addition and scalar multiplication), and we furnish it with a topology which is
associated with a metric, which is associated with the norm

P (N)sam al, = (Z |a(n)p>p .

neN

We observe that for different values of p, the space itself (as a vector space) is very similar and the main thing that
changes is the topology! One may verify ¢¢ (N) is a TVS, and moreover, it is infinite dimensional. We claim that
£P (N) is not homeomorphic to ## (N) if p # p’. Note that only if p > 1 are these spaces actually Banach.

Proof. 1t is clear that ¢P (N) is indeed a vector space, so one merely has to show it is a TVS. This follows similarly to
(1.1). To see that ¢ (N) is infinite dimensional we may observe it has a basis { §,, },, € ¢¥ (N) where 6,, (m) = 0pm.-

The proof that ¢P is not isomorphic to ¢*' is somewhat delicate. We will contend ourselves to the fact that if
p <1 and p’ > 1 then these can’t be isomorphic, as the former is not metrizable and the latter is. O

2 Topological vector spaces [extral

We have already seen above in Definition 1.5 the definition of a TVS. Let us get our hands dirty with a few examples and
properties.

Example 2.1 (Some TVS which cannot be realized via norms). The following spaces are examples of topological
vector spaces which cannot be realized as Banach spaces—a complete normed vector space-an important structure
we’ll get to later.

1. For any © € Open (R™), C (2 — C) (often times we’ll write C' (€2) when the codomain is implicitly understood
as C if not indicated) is the space of all continuous functions  — C. It is an infinite dimensional TVS. [TODO:
define the topology on this].

2. For any Q € Open (C), H () is the space all holomorphic functions  — C. [TODO: define the topology on
this|

Definition 2.2 (Bounded, balanced and absorbing sets). A subset S of a TVS X is said to be bounded if for every
neighborhood N of 0 in X there is some ¢ > 0 such that

S CsN (s>1).

S is said to be balanced iff S C S for every a € C with || < 1. Think of balanced like “star-shaped”, which need
not be convex.
S is said to be absorbing iff for any x € X, there is some ¢t > 0 with = € ¢S for some ¢ sufficiently large.



Remark 2.3 (Caution!). This notion of boundedness need not necessarily agree with the usual notion of boundedness
in metric spaces (that where there is a sufficiently large R > 0 such that the set is covered by Bg (0)), actually (see
Rudin 1.29). When the metric is induced by a norm, however, the two notions will agree [TODO)].

Remark 2.4 (Caution!). It might happen that A + A # 2A. Example: A ={0,1} then A+ A ={0,1,2} whereas
24 =1{0,2}.

Recall that a local base at a point ¥ € X is a collection of neighborhoods 7 (open sets which contain ) such that
every neighborhood of ¥ contains an element of . Clearly a local base induces a base for a topology. Recall a base B for
a topology J is a subset B C J such that for any U € J and x € U, there exists some B € B such that

reBCU.

Hence if for every ¢ € X, vy is a local base at 1, then
U
peX
is a base for Open (X). Conversely, if B is a base for Open (X) and ¢ € X, then
{Be®B:¢yeB}

is a local base at 1. We re-emphasize that Open (X) is itself determined by a basis B since the other defining property of
a basis is that any U € Open (X) may be written as

U=|JBa

for some { B, }, € B.
Now, in a TVS X, for any fixed ¢ € X we define the translation map
Ty: X — X
p = Yty

whose inverse is 7, and for any fixed scalar A € C, we define the multiplication map

My: X — X
© = Ap

whose inverse (if A # 0) is M with which it is clear that Ty, and M) (for A # 0) are homeomorphisms from X — X (in
fact M) is a TVS isomorphism because it also respects the linear structure whereas Ty, is merely affine). Since Ty, is a
homeomorphism, the topology Open (X) is translation invariant, i.e., S € Open (X) iff

T-,(S)={veX|p—1peS}=:5+1 € Open(X)

for any ¢ € X. Hence it suffices to determine Open (X) by studying any local basis, e.g., that which is defined at the
origin Ox of X. We may thus characterize Open (X) by specifying its local basis at zero: a collection B of neighborhoods
of 0 such that every neighborhood of 0 contains a member of B, and Open (X) is comprised of unions of translates of
members of B.

Thus, given a local basis B at the origin Ox, we might replace our intuition of “open e-ball around z” for some ¢ > 0

from metric spaces, with x + U where U € 3.

Definition 2.5. A metric d on X is translation-invariant iff

d(+mn0+n)=d@,¢) (Y, 0,m€ X) .

We give the following special terminology for properties of TVS:

1. X is locally convex iff 3 a local base B of 0x all of whose elements are convex. Le., if B € B and z,y € B,

tr+(1—t)yeB (telo,1]) .



2. X is locally bounded iff 0x has a bounded neighborhood.
3. X is locally compact iff 0x has a neighborhood whose closure is compact.

4. X is metrizable iff Open (X) arises from some metric d and X is an F-space iff its topology arises via a complete
translation-invariant metric (sometimes called Fréchet space).

5. X is normable iff there is a norm on X which induces a metric which induces Open (X).

6. X has the Heine-Borel property iff every closed and bounded subset of X is compact.

Lemma 2.6. If W € Nbhd (0x) then 3U € Nbhd (0x) which is symmetric, i.e., U = —U and such that U+U C W.

Proof. Since addition is continuous and 0 + 0 = 0, there are V, V5 € Nbhd (0) such that V3 + Vo C W. Indeed, let
a: X? — X be vector addition. Then a~* (W) is open by definition of continuity. Define then

U=VinVan(=V1)Nn(-V2)
and observe it has the desired properties: it is clearly symmetric by construction, and

U+U=VinVen(-V)n(=VR)+VinVen(-V)N(=V)CVi+Vz CW.

Note that this may be iterated to get a symmetric U with U +U +U +U C W.

Theorem 2.7 (Separation property). Let K,C C X where X is a TVS and such that K is compact, C is closed, and
KNC=@. Then 3V € Nbhd (0x) such that

(K+V)N(C+V)=2.

We note that K +V = (J,c 2 +V and each x + V is open (translation invariance), so that K + V is in fact open,
and contains K. By the same reasoning C' + V' is open, and it is also true that

(K+V)n(C+V) = 2.
Indeed, this is equivalent to
K+V C (C+V)*

but the closure is the smallest closed set which contains K + V.

Corollary 2.8 (Special case). If we take K = {0x }, we find that in particular that for any closed C' which does not
contain the origin, there exists some V € Nbhd (0x) such that

VNn(C+V)=2.

Now, for a given U € Nbhd (0), U* is closed and does not contain zero, and hence, there is some V € Nbhd (0) with
VN (Uc+ V) =g which implies VU =g, i.e., V CU.

Proof of Theorem 2.7. . Assume WLOG that K # & (otherwise there is nothing to prove, with @ +V = ). Let
x € K then, and z ¢ C. Then C°—xz € Nbhd (0) so that by the above lemma, we have some symmetric V,, € Nbhd (0)
such that V, + V, +V, C C° — z, i.e.,

(z+V,+Vo+ V) NC=9g.

Since V. is symmetric (apply —V, on both sides of the equation...), this implies that

(x4+Vo+ V)N (C+V,) =o.



Since K is compact, there are finitely many { z1, ..., 2, } such that
j=1
Define V := (7_, Vz; so that

E+velJ(w+Ve,+V)C U (= +Va, + V)
=1 j

Jj=1

and all of these terms in the union do not intersect C' + V. O]
Lemma 2.9. If X isa TVS and A C X then A= Nuenbhaco) (A +U).

Proof. By definition, € A iff (x +U) N A # @ for every U € Nbhd (0), iff z € A — U for every U € Nbhd (0), But
U is a neighborhood of zero iff —U is. So we find the desired claim. O

Claim 2.10. If E is bounded then so is E.

Proof. By Theorem 2.7, for a given V' € Nbhd (0x), we pick some W € Nbhd (0x) such that W C V. Since E is
bounded, E C tW for all ¢ sufficiently large. For such ¢,

ECtW CtV

so that F is bounded too. O

Theorem 2.11. In a TVS X, (1) For any U € Nbhd (0x) there exists some V € Nbhd (0x) which is balanced such
that V C U and (2) For any U € Nbhd (0x) which is convex there exists some V € Nbhd (0x) which is balanced and
convex such that V. C U.

Proof. [TODO: fill this in from Rudin 1.14] [SKIP] Let U € Nbhd (0x) be given. Thanks to the fact that scalar
multiplication is continuous, there is some § > 0 and a W € Nbhd (0x) such that aW C U for all 0 < a < §.
Set V' :=U,e(0,6@W. Then V obeys the desired criteria. Indeed, clearly V' is balanced, contained in U and is a
neighborhood of 0.

[SKIP| Next, suppose that further that U is convex. Set

A= ﬂ alU

a€eC:|al=1

and let V' be balanced and constructed as above. O]

Theorem 2.12. If X is a TVS and U € Nbhd (0x), then
1. For {rn },cn C (0,00) with lim, r, = oo,
X = U rU.
n=1
Le., any neighborhood of zero is absorbing.

2. If K C X is compact then K is bounded.

3. If { 0 },, € (0,00) are such that 6; > ;41 and lim, 6, = 0, and if furthermore U is bounded, then { ,U }
is a local base at 0x for X.

neN

10



Proof. Fix z € X, and observe the map C 3 a — az is continuous, and so, (-z)”" (U) € Open (C) and contains the
origin (since 0z = 0 € U) and so contains -- for n sufficiently large. That is, -2 € U for n sufficiently large, which
isx enr,U. ! !

Next, let K C X be compact, and pick some W € Nbhd (0x) which is balanced and contained in U. By the first
part,

K C G nW
n=1

But this is an open cover, so there is some finite subset { ny,...,ny } € N with

Kc |J noWwauW

ne{ni,....,nm }

assuming njy is the largest one. This last inclusion follows by the balanced assumption on W. Now, if ¢ > nj;, then
K CtW CtU.

Finally, let V' be a neighborhood of 0. Since U is assumed to be bounded, then there exists some s > 0 such that
U C tV for all t > s. Pick n sufficiently large so that sd,, < 1. Then U C iV, so that V' contains all but finitely
many of the set §,U. O

2.1 Properties of linear maps between TVS

Claim 2.13. Let A : X — Y be a linear map between two TVS X,Y. Assume that A is continuous at 0. Then A is
continuous globally.

Proof. Let U € Open (Y). We want to show that A~! (U) € Open (X). If A=! (U) = @ we are finished. Otherwise,
let z € A= (U), that is

Ax €
I
0y € U-Ax
4
U—- Az € Nbhd (Oy) .

Since A is linear, A0, = Oy, and hence, the fact that A is continuous at Ox implies that A=! (U — Az) € Nbhd (0,).
But that means that A=! (U — Ax) is open, and moreover,

AP U—-Az) = {2z€X|AzeU— Az}
{zeX|A(z+2)eU}
= {zeX|z+2eA(U)}
= A1(U)-=z.

But translations are homeomorphisms, so A= (U) is open indeed. O

Lemma 2.14. Let A : V — C be a linear functional from a TVS 'V such that ker (A) # V. Then TFAE:
1. A is continuous.
2. ker (A) € Closed (V).
3. ker (A) is not dense in V.
4. 3U € Nbhd (0) such that Al : U — C is bounded.
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Proof. Continuity may just as well be characterized by saying the pre-images of closed sets are closed. Since ker (A) =
A=1({0}) and {0} € Closed (C), we find that (1) implies (2).

To be dense, we’d have to have ker (A) = V. But ker (A) is already closed, so that would mean ker (A) = V which
is false by hypothesis. So (2) implies (3).

Let us now assume (3). Then that means ker (A) has a complement which has a non-empty interior. Le., for
some x € V,

(x+U)Nker(A) =g (2.1)

where U € Nbhd (0). Now, WLOG we may assume that U is balanced via Theorem 2.11. Note that linearity implies
that AU is a balanced subset of C. If AU happens to be bounded then we have (4). Otherwise, because AU is
balanced and unbonded, AU = C, in which case, there is some y € U such that Ay = —Az. But the A(z +y) =0
so that z + y € ker (A), in contradiction with (2.1).

Now, assume (4). Then |Ay| < M for all ¢ € U for some U € Nbhd (0) and some M < co. Now, if r > 0,
W := {;U, then by linearity, |[A¢) — AO| = |Avp| < r for any o) € W, so that A is continuous at the origin, and is
hence continuous globally via Claim 2.13. O

2.2 Finite-dimensional spaces

Claim 2.15. If X is a TVS and f : C* — X is linear then f is continuous.

Proof. By linearity, we may write for any z € C™ that
n
) = > #f(e)
j=1

where { e; };.l:l is the standard basis of C™ and z = (21, ..., 2,). Since z > z; is continuous for each j (by definition
of product topology) and addition and scalar multiplication are continuous in X, we find that f is continuous. [

Claim 2.16. If Y C X is a vector space of a TVS X such that dim (Y) < oo then Y € Closed (X) and every VS
isomorphism C" — Y is a TVS isomorphism.

Proof. We start by showing the second property. Let f : C" — Y be a VS isomorphism. We have just seen that
that means f is continuous. Let us denote by

" 2
S:=< zeC" Z\zﬂ =1
j=1

Clearly S is compact as it is topologically S?*~!, and hence, with f being continuous, f (S) is compact too. Since
f is injective and fOc» = 0, and Oc» ¢ S, we must have Ox ¢ f(S). Hence there is some balanced V € Nbhd (0x)
such that V N f (S) = @ (indeed, f (S)° € Nbhd (0x) and apply Theorem 2.11). Hence

E = fff(v)y=fYvny)ccr

is disjoint from S. Since V is balanced it is connected (indeed, path-connected) and one may varify that f being
linear implies that E = f~! (V) is balanced and connected too. Hence E C Bj (0) as 0 € E. So the linear map
f~! takes V. NY into By (0). Hence the linear map f~! is bounded, and so each of its coordinates is a bounded
functional, so that by Lemma 2.14 we learn that f~! is continuous. Hence f is a topological homeomorphism, and
since we have assumed it is a vector space isomorphism, we conclude all together it is a TVS isomorphism.

Next, for the first property, we want to show that Y C Y, which is equivalent to Y¢ C (7)6. Let x € Y°. Then
Z := span (x,Y) is a also finite dimensional, and by the first part, linearly homeomorphic to C"*1. Hence, since this
property holds in C"*! = Z, we have that x € (?)C where now we mean closure and complement in Z and not in

12



X. By definition of the subspace topology,
closurez (Y) = closurex (Y)N Z
and hence (7)C with closure and complement in Z equals

Z\ closurez (Y) = Z\ (closurex (Y)N Z)
= Z\ closurex (Y)
C X\ closurex (Y) .

Hence, x ¢ closurex (V') which is what we wanted to show. O

Theorem 2.17. FEvery locally compact TVS X has finite dimension.

Proof. Assume that there is some V' € Nbhd (0x) whose closure V is compact. By Theorem 2.12, V is bounded,
and { 27"V }  forms a local base (at 0) for X. Since

1
-V
U T+ 5
zeX
is an open cover for V, by compactness, there are some { x1,...,2,, } such that
VC U oA
- 2
z€{Z1,....Tm }

Define Y := span ({ 21, ..., 2, }), so that dim (Y) < m, and so by the above, Y € Closed (X). We have V C Y +1V.
Indeed, for any v € V, there is some j = 1,...,m with v € By ar %V CY + %V. But V C V, so actually

1
V.S Y43V
Using the fact that A\Y =Y for any A # 0 (since Y is a vector subspace) we find
1 1
V. C Y4z
2V - + 4V

and hence

VC

DL

(Y+27"V).

n=1

Now since { 27"V} is a local base, we use Lemma 2.9 to find (|, (Y +27"V) =Y =Y, so V C Y. This implies
that KV CY for all k € N (recall kY =Y) So Y = X via Theorem 2.12. O

Theorem 2.18. If X is a locally bounded TVS with the Heine-Borel property then X is finite-dimensional.

Proof. By assumption, there is some V € Nbhd (0x) which is bounded. We claim that V is also bounded too
(via Claim 2.10). Hence by the Heine-Borel property V is compact. Thus X is locally compact, and thus finite
dimensional by the above theorem. O

2.3 Metrization
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Theorem 2.19. If X is a TVS with a countable local base at Ox then there is a metric d : X? — [0,00) such that:
1. d is compatible with Open (X).
2. B. (0x) is balanced for any e > 0.

3. d is translation-invariant.

Proof. See Rudin 1.24. O

2.4 Cauchy-Sequences

Definition 2.20. A sequence 2 : N — X where X is a TVS (with a local base at zero B) is called Cauchy iff for any
V € B, there exists some Ny € N such that

Ty —Tm €V (n,m > Ny) .
Claim 2.21. This definition does not depend on the choice of local base B.

Claim 2.22. If X is a TVS with Open (X) induced by some metric d then sequences are Cauchy iff they are Cauchy
in the usual sense from metric spaces.

2.5 Bounded linear maps

Definition 2.23. If X,Y are two TVS and A : X — Y is linear, A is called bounded iff A maps bounded sets into
bounded sets.

Note that this is not the same thing as a bounded function, whose range is a bounded set (i.e. it maps the whole
domain to a bounded set). But no linear function could ever be bounded in this way.

Theorem 2.24. If X|Y are two TVS and A : X =Y is linear then (1)->(2)->(3).
1. A is continuous.
2. A is bounded.
3. If £ : N — X has lim,, z,, =0 then { Az, },, is bounded.

It turns out that if X is metrizable then (3) implies (1) too, though we will not show this.

Proof. Assume A is continuous. We try to show it is bounded. So let E be a bounded set of X, and we need to
show AFE is a bounded set of Y. To that end, let W € Nbhd (0y). Continuity of A implies that there is some
V € Nbhd (0x) with AV — A0 = AV C W. Now since F is bounded, E C tV for large ¢, so

AE C AtV =tAV CtW .

Next, we claim convergent sequences are bounded. Indeed, use the fact that for a convergent sequence x, — =,
the set { z,, },, U{x } is compact (any open cover has a finite sub-cover) and then employ Theorem 2.12. But now

since A is bounded, { Az, }, is bounded and we get (3) out of (2). O

2.6 Seminorms

Definition 2.25 (Seminorm). A seminorm on a vector space X is map p : X — [0, 00) which has all the axioms of
a norm (see Definition D.7) except it is allowed that p (z) = 0 for some z # 0. ILe.,

1.p(z+y) <p(x)+p(y) forall z,y € X.
2. p(az) =|a|p(z) for all @ € C and z € X.

14



Lemma 2.26. If p is a seminorm on a vector space X then: (1) p(0) =0, (2) |p(z) —p(y)] < p(x—y) for all
xz,y € X, (3) ker (p) is a vector subspace of X and (4) B:={xz € X |p(x) <1} is convex, balanced and absorbing.

Proof. For (1), use p (ax) = || p (z) with o = 0. From the triangle inequality, we have

p)=pl-y+y) <plx-y) +py) .

Since this holds with z,y interchanged and p (z — y) = p (y — ), we have (2) (which actually implies automatically
p > 0 with y = 0). Next, to show ker (p) is a subspace, let x,y € ker (p) and « € C. Then

0<p(ax+y) <|alp(z)+p(y) =0

so ax +y € ker (p) as well.
Let us show that B is balanced: let a € C with |a| = 1. Then

aB = {az|p(x)<1}
= {ax |;|p(ax)<1}

= {z|p(@) <lal}
= {zlp)<1}.

If x,y € Band t € (0,1) then
plte+(1—-1t)y) < tplx)+(1—-t)ply)<t+1l—-t=1

so that B is convex. Finally, to see B is absorbing, let z € X. Pick some s € (0,00) with s > p (). Then

1

p(sT'z)=s""p(x) <1

so that s~ 'z € B or = € sB. O]

Next, we discuss families of seminorms

Definition 2.27 (Separating family). A family # of seminorms on X is called separating iff Vo € X \ {0} there
exists some p € P with p (z) # 0.

Definition 2.28 (The Minkowski functional). For any convex absorbing set A C X, define its Minkowski functional
Haas
pa(x):=inf({t>0|ze€tA}) (xeX).

The fact that A is absorbing implies 4 : X — [0, 00).

Claim 2.29. Note that if p is a seminorm and B = {x € X | p(x) < 1} then as above, B is convex and absorbing,
and pup = p.

Proof. From the above we have seen that for any « € X and s > p(x), € sB which implies up (z) < s and hence
g < p. Conversely, if ¢ € (0,p ()] then p (}z) = 1p(x) > 1 and hence z ¢ ¢tB. Thus p (z) < pp (z). O

Theorem 2.30. Assume P is a separating family of seminorms on a VS X (note Open (X) is not assumed to exist).
To each p € ® and n € N define

Vn(p):Z{xeX‘p(x)<Tll}.

Let B be the collection of all finite intersections of { V,, (p) }neN,pe@' Then B is a convex, balanced local base for a
topology on X which makes it a locally convex TVS with (1) any p € P is continuous and, (2) E C X is bounded iff
for every p € P, p|g is bounded.
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Proof. Define A € Open (X) iff A is the union of translates of members of B, which automatically defines a
translation-invariant topology on X, for which 3 is a local-base.
Let us see that Open (X) is T3: Since % is separating, for z # 0, p (x) > 0 for some p € #. Hence p(z) > L for

some n sufficiently large, whence x ¢ V,, (p), i.e.,, 0 ¢ x — V,, (p), that is, z is not in { 0 }. This is equivalent to the
fact that { 0 } € Closed (X), and since Open (X) is translation-invariant, we are T;.
Let us see that addition is continuous. For any U € Nbhd (0), we must have by the definition of the local base,

Vo, (p1) N -+ N Vi, (Pm) CU (2.2)
for some finite p1,...,pm € P and ny, - ,n, € N. Define

V= ‘/an (pl) mﬁ‘/an (pm) .

Then
V+V = Van, (p1) N -+ N Vay,, (pm)-i-Vin (1) NN Vap,, (Pm)
subadd.
€ Vi (]91) N--NVa, (pm)
- U.

This shows that addition is continuous.
To see that scalar multiplication is continuous: for x € X and « € C, let U,V be as above. Then thanks to V

being absorbing (why is it?), € sV for some s > 0. Define ¢ := ﬁ Ifyeax+tVand |a— | < % then

By—ax=By—=z)+(f—-a)z

which lies in
BItV+|8—al]sVCV4+VCU

since |8t <1 (why)? and V is balanced.

Hence X is a locally convex TVS. From the definition of V;, (p), every p € & is continuous at zero, and so on the
whole of X thanks to |p(x) —p (y)| < p(x —y).

Now let E C X be bounded. For any p € @, V; (p) € Nbhd (0) so that E C kV; (p) for some k sufficiently large
as F is presumed bounded. Hence p (z) < k for every x € E. Hence p|j is bounded.

Conversely, if p|; is bounded for any p € #, we need to show that E is bounded. Let U € Nbhd (0). Thus
pilp < M, for all ¢ = 1,...,m where m is the same as the finite intersection (2.2) above. If n > M;n; for all
i=1,...,m then E C nU, so that F is indeed bounded. ]

2.7 Quotient spaces
Definition 2.31. For any vector space X and a vector subspace N C X, we define
m(x):=x+N (zxeX).
The space { 7 () },x is called X/N, the quotient of X modulu N, with addition and multiplication defined via
m(@)+rly)=7n(x+y), ar (z) =7 (ax) .
One shows that since N is a vector subspace, X/N is a vector space, and that
7m: X = X/N

is a linear mapping which is surjective and has N has its kernel. Recall also that considered as topological spaces,
Open (X) induces a topology Open (X/N) (the final topology associated with 7: E € Open (X/N) iff 771 (E) € Open (X)).
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Theorem 2.32. Let N be a closed subspace of a TVS X. Then
1. X/N is also a TVS with respect to the quotient topology, and 7 : X — X/N is linear, continuous and open.
2. If B is a local base for Open (X) then 7 (B) is a local base for Open (X/N).
3. The following properties of X are inherited by X /N : local convezity, local boundedness, metrizability, normabil-

ity, F'-space and Banach space.

Proof. See Rudin 1.41. O

2.7.1 Seminorm quotient
If p is a seminorm on a TVS X set N := ker (p), which as we’ve seen is a subspace. Define then p : X/N — [0, 00) via
p(m(x))=px) (zeX).

Note that p is well-defined. Indeed, if 7 (z) = 7 (y) then t + N =y+ N or z —y € N, i.e., p(z —y) = 0. But since
|p () — p(y)] < p(x—y) this implies p(x) = p(y) and hence well-definedness. One may furthermore verify that p is a
norm on X/N.

2.8 Examples

Example 2.33. Let r € [1,00) and define

L"([0,1])={ f:[0,1] — C| f is msrbl. and p, (f) < oo }

pe () = ( / . If(t)lrdt>

We claim that p, is a seminorm on L" ([0, 1]) (indeed, p, (f) = 0 if =0 almost-everywhere, but may not be identically
zero). However, L" ([0, 1]) /N with N = ker (p,) yields a Banach space on which p, is a norm.

with

T

Example 2.34. Let Q € Open (R™) \ { @ }. Then we know that

Q=J K,

neN

with each K, # @ compact, which may be chosen such that K,, C interior (K,41). On C (), we define a separating
family of seminorms

P (f) s=sup({ |f (2)] |z € Kn })

Via Theorem 2.30 this yields a convex topology. Actually this topology is metrizable since the basis is countable, and
the metric is given by

_ X27npn(ffg)
4(f9) = ma Lt+pa(f—9)°

One may show that d is a complete metric. However, C' () is not locally bounded, and is hence not normable!

Example 2.35. Let Q € Open(C) \ { @}, define C () as above and let H () be the subspace of holomorphic
functions. Actually sequences of holomorphic functions that converge uniformly on compact sets have holomorphic
limits, so H () is a closed subspace of C ().

3 Completeness in the context of Banach spaces
In this chapter, we shall delve into the notion of completeness. However, before doing so, let us switch gears and specify

to the case of Banach spaces (instead of TVS). Strictly speaking we don’t have to do this (indeed, see Rudin Chapter 2),
but it seems like the discussion would be smoother this way. To that end
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3.1 Banach spaces

Definition 3.1 (Norm). A vector space V is called a normed vector space iff there is a map
[l : V= [0, 00)
which obeys the following axioms:

1. Absolute homogeneity:
leapl = lal [0 (x€CpeV).

2. Triangle inequality:
¥+ el <9l + el (hpeV).

3. Injectivity at zero: If ||¢|| = O for some ¢ € V then ¢ = 0.
Example 3.2. Of course the first example of a normed vector space is simply C™, with the Euclidean norm:

n

2
> Izl
j=1

C'szm 2| =

To show this is a norm we only need to establish the triangle inequality (the other two properties being easy). To
that end, From the Cauchy-Schwarz inequality:

{2, w)en| < |2][[]w]]

we get

Hz—l—w||2 = (z4w,z+w)
2 2
= |[lzlI” + [[w]” + 2Re {(z, w)}

2 2
< =T A+ flwl]” +2((z, w)
CSs. 2 2

< 2l + wll” + 2] 2] [|wl

(Il=ll + lwl)® -

Hence we merely need to show the Cauchy-Schwarz inequality. To that end, if w = 0 there is nothing to prove. So
define

- (2, 0)
oo
By construction, (Z,w) =0 so
o) | )l o Ll
2 ~ ’ ~12 ) 2 ) 2
121" = ‘ it wH = 21"+ lwl” = 7 llwll™
[[w] [[o]] [[w]

Remark 3.3. Be careful that in the foregoing example we have used the inner-product structure of C", but more
generally, a norm need not be associated with an inner product.
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Definition 3.4 (Inner product space). An inner-product space is a vector space # along with a sesquilinear map
(,):HxFH—C
such that

1. Conjugate symmetry:

(¥, 0) = (p, ) (o, edt).

2. Linearity in second argument:
{00+ @) =a(v,0)+ (¥, 0)  (ppPeH,aeC).

3. Positive-definite:
() >0 (peFH\{0}).

Example 3.5. Of course C™ with
n
<27 w)C” = Z Tjwj
j=1
is an inner-product space.
To every inner product one immediately may associate a norm, via
[l =V (h,9) (P EeF).
The converse, however, hinges on the norm obeying the parallelogram law

Claim 3.6. If a norm satisfies the parallelogram law:

1o+ oll® + v —l* < 210" +20l® (0,9 € %)

then 1
2 2 2 2
W) =7 [l + el* = v = el + il = l* = illig + )’
defines an inner product whose associated norm is ||-|| = 1/(, ). Conversely if the parallelogram law is violated then

no inner-product may be defined compatible with that norm.

Proof. Left as an exercise to the reader. O

Example 3.7 (Normed vector space which is not an inner product space). Consider the space C™, but now with the

L' norm
n
Izl == 1z -
j=1

Convince yourself that it is indeed a norm, and furthermore, that it violates the parallelogram law and hence cannot
be associated with any inner product.

Another example we will see later is that the space of bounded linear operators on a Hilbert space is a normed vector
space which is not an inner-product space.
We will continue with inner product spaces a little later, but for now we focus on normed vector spaces.
To any norm ||-|| a metric is associated via
d:V? — [0,00)
W) = ool

Hence every normed vector space is also a metric space automatically. Recall that a metric space is termed complete if
every Cauchy sequence on it converges.
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Definition 3.8 (Banach space). If a normed vector space (V) ||-||) is complete when regarded as a metric space, then
we refer to it as a Banach space.

Example 3.9. It is clear that C™ as a TVS is also a Banach space with the Euclidean norm.

Example 3.10 (Counter-example). Let X :={ f:[0,1] — C | f is continuous }. On X define pointwise addition and
multiplication, which makes it into a VS. We furthermore define on it the L?-norm

2
= dt.
171, / NICIRT

One shows that on X, |||, is indeed a norm. However, one may find Cauchy-sequences in X which converge to
discontinuous functions (i.e. do not converge in X) and thus X is incomplete. Contrast this with (X, |-||.,) which is
a Banach space.

To see how it is incomplete, consider the sequence of smooth functions:

1 1 1
() = =(l4tanh(n(t—= S — telo,1]) .
o = 5 ((t-2)) -7y el
It is Cauchy because it converges to X[11] in L2
ol
|5l /
£2([0,1)) B te(0.1]

fo (D) dt + fu () —1dt
/te[o,;]' 0 /tew| -1

2
_ / 1 dt +/ !
tef0,3] te[1,1]

1 +e—2n(t—%) 1 _"_eQH(t—%)

w=m(=3) 1 [0 [ e\ 1m0
m ) \iger) “Hay ), \iger)

1) = xy OOf a

2

Fu = X3

2
dt

10 1 [
< —/ eQ”du—&-—/ e 2uduy
2n J_, 2n Jg
1—e 2
= — — 0.
2n

Since X[31] is discontinuous it does not belong to our space, so we do not have completeness.
ol

Another example: Here is an L2-Cauchy sequence of continuous functions converging to a discontinuous function:

_ e 1
fn () = X[L+2-n1] (t)+ X[4—2-n 142-7] (t) (2n t—2n 4 2) (te0,1],n eN).
One shows that
an_fm”Q < 27" (m>n)

and the sequence is hence Cauchy. But also,

X[ ’1] - fn

1
2

, 7 0 and X[3.1] ¢ X.

Definition 3.11 (Dense subsets). If (V,|-||) is a Banach space and S C V then we say S is dense in V iff for any
1 € V and any ¢ > 0 there exists some ¢ € S such that

d(i, ) <e.

This metric definition agrees with the topological one (S is dense iff S = V).
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Definition 3.12 (Separable spaces). If (V,||-||) is a Banach space which contains a countable, dense subset then V/
is called separable.

Proposition 3.13. [extra] Any Banach space is also a TVS.

Proof. We need to show that addition and multiplication are continuous w.r.t. the metric induced by the norm. Let
(X, ||-]l) be a Banach space then. Given any ¢ > 0 and z,y € X, we want to show that there are d1,d2 > 0 (which
depend on ¢) such that if Z € Bs, (z) and g € By, (y) then

(Z+9) € B:(z+y) .
We solve the constraint backwards via the triangle inequality:

12 — | + |7 — vl
01 + 09

[Z24+7—z—yl

[VANVAN

So it is clear that picking §; = do = %5 will do the job.
For scalar multiplication one follows a similar route: given any ¢ > 0 and z € X, A € C, we seek some 41,02 > 0
such that if Z € By, () and A € Bs, (A\) then

M\ € B (\z) .
We have
72—z = |3 =25+ 25—
< X[ 13l + iz - al
< [X= | 1 = all + llz) + IM1@ = 2l
< G2 (01 + lzll) + [A] 61
< S (1+lel)+ N6

Hence if we pick d; := min ({ ﬁ%a, 1 }) and dy := m%g we satisfy the constraint.

Lastly we want to show that X is indeed T, i.e., that { z } € Closed (X) for any « € X. This is a property that
is always true for metric spaces: indeed, we can show { z }° is open by taking any open ball around any point in
{ z }° thanks to the non-degeneracy of the metric: if z # y then d (z,y) > 0. O

3.1.1 The operator norm

[extra] Recall from the discussion on TVS that S C X is bounded iff for any N € Nbhd (0x),

S CtN

for all ¢ sufficiently large.

Claim 3.14. [We take this as a definition] On a Banach space X, S C X is bounded iff

sup||z|| < co.
€S

Proof. All this requires is actually that the metric d is homogeneous:
d(az,ay) = |a|d(z,y) (veCzye X).

This property is automatically true for metrics induced by a norm, thanks to the homogeneity of the norm.
First assume that S is bounded in the TVS sense. We may pick the neighborhood of zero as N := B; (0x). That
means that there exists some t5 > 0 such that if ¢ > ¢ty then

S C tB(0,) .
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Elements in ¢B; (0;) are of the form

tB1(0;) = t{zeX||z] <1}
= {zeX ||zl <t}
B, (0,) .

Le., we have
sup||z|| < to.
€S

Conversely, assume that S is bounded in the metric space sense, which we may take to mean that S C By (Ox) for
some M € (0,00) and let N € Nbhd (0x) be given. Since the open balls at zero form a local basis, we must have
B, (0x) C N for some € > 0. Then

S C By (Ox)

M

M
—N.
€

N

Given any two Banach spaces X,Y, we may consider a continuous linear map
A: X Y.

We have seen above that such maps are automatically bounded Theorem 2.24: If A is continuous then A maps bounded
sets of X to bounded sets of Y. In light of Claim 3.14, we rephrase this as saying: If A: X — Y is continuous, then

A(Br (0x)) € Bum(0y).
In other words,

sup [|Az[ly, < oo.

llzllx <r

An extremely useful notion in this regard for continuous linear maps is that of the

Definition 3.15 (The operator norm). Given a linear map A : X — Y between Banach spaces (in fact the definition
makes sense when X,Y are merely normed vector spaces), we define its operator norm as

[Allgxoyy = swp({[[Azlly [z e Xz <1})

and B (X — Y) as the space of all bounded linear maps. Le., the operator norm gives us the maximal scaling of the
unit ball in the domain.

Claim 3.16. The “operator norm” is indeed a norm.

Proof. Absolute homogeneity is clear. Now if || Ay x_,yy = 0 then [[Az|y, = 0 for all ||lz|| < 1, which implies that
Az =0 for all z, and hence A = 0. Finally, the triangle inequality follows by that of ||-||y-:

I(A+ B)zlly < [[Azlly +[[Bzly (=]l <1).
Take now the supremum over ||z|| < 1 of both sides to obtain

sup [|(A+ B)zlly < sup [[|Az]y + |Bz|y]
Izl <1 el <1

IN

llzll<1 llzll<

(Sup |A$||y> + sup [|Bz[ly .
1
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O

Summarizing the above succinctly, we have seen in Theorem 2.24 is that if A: X — Y is linear and continuous, then

1Al g(x—y) < o0

Claim 3.17. If A: X — Y is a linear map between two Banach spaces and if [|Al|gx_,y) < 0o then A is continuous.

Proof. This could have been demonstrated in Theorem 2.24 if we assumed that X,Y are merely metrizable, but
for Banach spaces (with a homogeneous metric) things are even simpler. Indeed, given € X and € > 0, we show

continuity at x as follows: for any T € B < (x), we have (using Lemma 3.18 right below)

Az — AZ|| = [|A(z—2)]
< Al — ]
= e.
O
Lemma 3.18. If A: X =Y is a bounded linear map between two Banach spaces then
[Az]ly < Allgx—vllelx -
Proof. We write thanks to the homogeneity of the norm,
| Az|ly
[| Az|] ]
v lflx
|| llal
= — | 5 -
lllx ™
But since
x
[
/] x 1 x
we must have
x
A——| <[4 :
H 1]l x 11y P
O
Lemma 3.19. The operator norm is submultiplicative: If A, B : X — X then
[ABllgx) < 1 Allgx)lBllgcxy -
Proof. We have thanks to the above
[ABz| < [|Allg(x) | Bzl
taking the supremum over ||z|| < 1 on both sides we obtain the result. O

Claim 3.20 (R&S Thm. I11.2). If X, Y are two Banach spaces then B (X,Y") together with the operator norm is itself
a Banach space.
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Proof. Thanks to Claim 3.16 we know that (@ (X,Y), ||-||@( X’y)) is indeed a normed vector space (with pointwise

addition and scalar multiplication). To show it is a Banach space we need to show it is complete. Let { A4, }, be
Cauchy. Then that means that ||A, — AmHQ}(X’Y) is small as n,m are large. This implies that for any € X,

”(An - Am) J7Hy = HAnZE = Aml‘H

is small. Le., the sequence { A,z }, is Cauchy in Y. Since Y itself is a Banach space (and is hence complete) that
means it converges to some y € Y. Define a new operator, B, via

X5z~ lim A,z €Y
n—roo

which is clearly linear too since the limit is linear.
From the triangle inequality we have

[An — Amll = [[[An]l = [|Am]
so that { ||4,[| },, is a Cauchy sequence of real numbers, and so converges to some o € R. Hence, by definition of B,

By

Tim || Anally

IN

Tim ([ An g 2l

= CY””CHX-

Hence B is bounded, and so continuous. We want to show that lim, A, = B in operator norm. We have, by
definition of B,
(B —Ap)zlly = nh_{goH(An — Am) x|y

so that for ||z|| < 1 we have
1B~ Awally < lim 4y — Anllyoxyy

which implies
|1B — AchB(X—>Y) < nlggoHAn - Am||@(X—>Y) 0

The right hand side however becomes arbitrarily small for large m. O

Definition 3.21. A linear map A : X — Y between Banach spaces is called an isometry iff ||Az|ly, = |lz||x for any
reX.

Claim 3.22. A closed vector subspace of a Banach space is itself a Banach space.

3.2 Completeness
3.2.1 Baire category [pure topology; reminder]
Definition 3.23. If S is a topological space, £ C S is called nowhere dense iff E has an empty interior:
int (c1(E))=9.
Then,

1. Sets “of the first category” or “meager” are subsets of S which are the countable unions of nowhere dense sets.

2. Sets “of the second category” or “non-meager” are subsets of .S which are not of the first category.
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Example 3.24 (Nowhere dense set). Z is nowhere dense within R.
On the other hand, Q is not nowhere dense within R.
Also, (0,1) is not nowhere dense within R.
Moreover, R is nowhere dense in C.
& is nowhere dense, and it is the only one in a discrete space.
Any vector subspace in a TVS is either dense or nowhere dense.
The Cantor set is nowhere dense within [0, 1].

Claim 3.25. Let S be a topological space.
1. If A C B and B is of the first category, so is A.
2. Any countable union of sets of the first category is of the first category.
3. Any E € Closed (S) such that int (F) = @ is of the first category.

4. If h : S — S is a topological isomorphism (homeomorphism) and B C S then B and h(B) are of the same
category.

Proof. For (1), we have B = |J. . IV; where N; are nowhere dense. Hence A = BN A =J

ien N N; N A, but each
N; N A is nowhere dense:

JEN
cl(V; NA) Ccl(N;)Nel(A) C el (V)

and so
int (cl (V; N A)) Cint (cl(N;)) =2.

For (2), we note that the countable union of a countable union is itself a countable union, and (3) follows from
the definition. For (4), suppose B is of the first category so that B = (J;cy IV; where N; are nowhere dense. Then,

h(B) iU

jEN

Uroy) .

JEN

But each h(N;) is nowhere dense. Indeed, homeomorphisms map closure and interiors to closures and interiors
resp. O

Theorem 3.26 (Baire’s category theorem). If S is either a complete metric space or a locally compact Hausdorff
space and { V; },_y are open dense sets then (o Vj is dense in S itself.
In particular, S itself is of the second category if it is not empty.

Proof. We first show the “in particular™ Note that if { E; }; C & (S) are nowhere dense, we have the following
equivalent chain:

int (cl (E;)) 1]

int (c1(E;)) = S
} (int (A)° = cl (A9))

cl((cl(E))) = S

(cl(E;)) is dense.

25



Hence Baire’s conclusion says that

L (8#92)
Ucl(Ej) £ S

whence it is impossible that | By = S, i.e., S is of the second category.

We now tend to the proof of the actual claim. We only show the claim if S is a complete metric space, the other
case of locally compact Hausdorff space left as an exercise.

Let { V; }, be a collection of dense open subsets. Suffice to show that given any W € Open (5)\ { @ },

wn(Vi#e.
JEN
We will do this by constructing a Cauchy sequence which has a limit since S is complete, and by construction of
the Cauchy sequence, the limit will lie in the above intersection.

Since Vi is dense, W N V7 is non-empty. Let x1 € W N V;y. Since W NV is open, there is some ry € (O7 %) such
that

BT1 (1‘1) Q wn Vl o

We proceed inductively: for j > 2, since V; is dense and B,,_, (z;_1) open, there exists some x; € B,,_, (z;_1) NV}

r; € (0, 5) such that
BT]‘ (xj) < B""j—l (xjfl) N V; :

and remember automatically have
B"'j—l (l'j—l) < Vj—l

by construction, though this fact is unnecessary. We find, for all j > 3,

Ty € B"'j—l (1‘j_1)mVj

c Brj72($j,2)ﬂ‘/},1ﬂ‘/}
C B, ()N Vi
1=2
J
C Wmﬂv;.

=1

We now claim that { z; } is Cauchy. Indeed, if € > 0 then pick any N € N such that 27V < le. Then if n,m > N
we get
Tpy Tm € BrN (zN)

so that
d(Xn,Tm) < d(zn,zn) +d (TN, Tm) <2ry <2 X 27N <¢.

But since S is complete, we conclude x,, — x for some z. But for every NV € N,
Ty € Bry (zN) (n>N)
so that (since the limit must lie in the closure of the set where all terms lie)

x e BrN (l‘N) CVn
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and moreover

z € By, (x1) CW.

Hence
zeVynNWw.

Since this is true for every N > 1, we conclude that x € W N ; V;, i.e., that intersection is not empty. O

For fun, here is an example of an application of the category theorem

Claim 3.27. [0,1] is uncountable.

Proof. Assume otherwise, so that [0,1] = J,¢(o 1) { # } is a countable union. Since each { z } is nowhere dense, [0, 1]
is realized as the countable union of nowhere dense sets, i.e., it is of the first category. But [0, 1] is a complete metric
space, so it is of the second category! O

The Banach-Steinhaus theorem: the principle of uniform boundedness

Theorem 3.28 (Banach-Steinhaus). Let X be a Banach space andY be a normed vector space. Denote by B (X —Y)
the normed space of all continuous linear operators X — Y. For F CB(X —»Y), if

sup || Az|ly < o0 (x € X)
AeF

then
sup [| Al xyyy <00
AeF

We have seen before that continuous implies bounded for linear maps (see Theorem 2.24), i.e.,
[Allg(x -y < o0 (Ae ).

The content of the theorem is that, for continuous families, pointwise uniform (in F) boundedness implies uniform (in
both F and on the unit ball of X) boundedness.

Proof. Define for any n € N,

X, = {xeX

sup|Azlly < n}
AcTF
— Maco{zeX||Azly <n)

This is a closed set with [ J,, . X5 = X. Since X is of the second category, Theorem 3.26 implies that there must be
some ng € N for which X,,, is not nowhere dense, i.e., for which int (X,,) # @: Jz¢ € X,,, and £ > 0 with

BE (1}0) Q Xno 5

Now, let v € X with |ul| <1 and A € F. Then

1
ldully = Ao+ ew) — Azolly
1 1
< g||A(on+5u)||+gHA$0||
1
< —(no+no)
€
which yields
2’110
A ——
4l < 2
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and hence the result
A handy contrapositive of the statement is O

Corollary 3.29. If supacy| 4|, = oo then there must exist some x € X such that sup gcy || Az|y = oco.
A typical usage of the theorem is when F is just a sequence:

Corollary 3.30. Let { A, } CB(X —=Y) where X is a Banach space and 'Y is a normed vector space. If

neN =
sup|| A, x|y < oo (x € X)
neN

then

sup||Anll,, < oo
neN

Example 3.31. Let X = ¢° (N — C), the space of finite-support sequences with norm ¢°°. This space is not complete,
but it is a normed vector space. Let
A, X—>C

by
Ana = nay, (neN).

Then for any a € X, since a has finite support, we necessarily have

sup |4, (a)] < co.
neN

Moreover, we can show each operator is bounded
[Anlly, =7

but of course taking the supremum in n yields oo, and the failure is precisely since £° is not a Banach space.

Example 3.32. Take X =C (Sl — C) with the supremum norm. Define the partial sum operator

SN X - X
fo= > fae™ = fxDy
In|<N

with
sin +1
DN (t) . § eint ((N : )2) t)

In|<N Sin (5

Then Sy are not bounded operators uniformly in NV (but for each fixed N, [|Sn|[,, < log (IV)).
With f =sgn(Dy) (or a continuous approximation of this, which yields the inequality up to some €) we get

1 2

IS8 llop = SN £ . [D (8)]dt.

>
op = 0 = 9r i

28



But

2 B 27 | gin ((N + l) t)
/t:O Dy (D]t = /tzo S

_ T sin (2N + D)
= 2 /t:O sn@) o

dt

Y

2/2 [sin (2N + 1>t>|dt
t=0 t

(2N+1)Z |
_ 2/ 2 |Sm(t)|dt.
0 t

Note that fO(QN—H)% %dt < 0o but not absolutely! In fact

jus

F Jsin (¢)] =

(2N+1) (k+1)m |os
/ By - / Isin ()] 5,
0 t k t

IV
—
=
+
=
3
2
=
—~
=
o,
~~

N
2 1
> = —
- om kz k
> log (N) .
Hence Banach-Steinhaus implies there exists some f € C' (S1 — C) for which the partial sums explode:
sup || Sy fll,, = oo
NeN
As an example application, here is the following

Claim 3.33. Let X,Y,Z be Banach spaces and B : X x Y — Z a separately-continuous bilinear mapping (i.e., for
each x € X, B(x,-):Y — Z is continuous and the same for the other slot). Then B is actually jointly continuous in
its two slots.

Proof. Since B (z,-) is continuous for any = € X, there is some ¢, € (0,00) such that

1B (z,y)l < callyll  (yeY).

Hence
IB(z,y)l| <cx  (y€0Bi(0y)).

We now consider the family F := { B(-,y) : X = Z | y € 0B1 (0y) }. Since this is a family of continuous maps, the
uniform boundedness principle implies there is some M > 0 such that

||B (.7y>||_(/3(X—)Z) <M (y € aBl (OY)) .

Hence if y # 0,

Y
%
Y
< ol |5 () Il
llll B(X—7Z)
< Mzllllyl -
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Proof without directly referencing the uniform boundedness principle. [TODO: FIX THIS]| It suffices to show that if
Zp — 0,y, — 0 then B (z,,y,) — 0. Let us define

T,y := B (zn,y) (yeY).

Each T, is bounded by continuity of B (zy,-). We have { ||T,y| }, bounded pointwise in y. Indeed, this follows
from B (-, y) being bounded and z,, — 0. But then, since boundedness implies continuity,

ITnyll < Cllylly  (ReN,yeY)

for some C < co. Hence
B (#n, yn)ll = 1Tnynll < Cllynll — 0.

Contrast this with how horribly things can go for nonlinear functions:

f:R® - R

3.2.2 The open mapping theorem

Definition 3.34. A map f: X — Y between two topological spaces is open iff VU € Open (X), f (U) € Open (V).

Claim 3.35. [extra, only applies if you read the TVS chapter| A linear map f: X — Y between two TVS is open iff
the image of any N € Nbhd (0x) contains some M € Nbhd (0y).

Proof. First assume that f : X — Y is indeed open and let N € Nbhd (0x). Since f is open, f(N) € Open (Y).
Since f is linear, f (0x) = Oy and hence 0y € f (N), i.e., f(N) € Nbhd (0y ).

Conversely, let U € Open (X) and try to show f(U) € Open (Y). To that end, let y € f(U) and try to show
that there is some M € Nbhd (y) with M C f (U). Since y € f (U), there is some z € U with f (z) = y. That means
that O0x € U — z, i.e., (U —z) € Nbhd (0x). Applying the hypothesis on U — z we find L C f (U — x) for some
L € Nbhd (Oy). By linearity, this implies L + y C f (U), which is precisely what we wanted to show. O

Claim 3.36. If X|Y are Banach spaces and A € B (X — Y) then A is open if the following two conditions hold:

(1) S := AB, (0x) has non-empty interior, i.e., AB, (0x) is not nowhere dense, for some r > 0 and
(2) AB, (0x) € ABy, (0x) for all » > 0.

Proof. Step 1: Reduce the argument for openness of the map to a ball about zero.
We strive to show that for any U € Open (X), A(U) € Open(Y). Let y € A(U). Le., y = Az for some z € U.
Hence there is some r > 0 such that B, (x) C U. Note due to linearity we have

A(B, (2)) = Az + A (B, (0x)) -
Now assume for a moment that there were some fixed rg > 0, ¢ > 0 with which
B: (0y) € A(By, (0x)) (3.1)
then we’d have
B (y) =y + B: (Oy) Cy+ A(Br, (Ox)) = Az + A(By, (0x)) = A(Br, (z)) .

Now by linearity we have
Bye(y)=y+ By (0)

0
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and

Hence
Bzc(y) Cy+A(B,(0) = A(B (2) CA(U) .

Hence we have exhibited that A (U) € Open (Y).

Hence we merely focus on establishing (3.1) using our two hypotheses.

Step 2: Show how (1) and (2) suffice to make conclusions about the ball about zero.

Next, for r > 0 with which assumption (1) holds, note that S := A (B, (0)) is convex and symmetric (under
y — —y) since B, (0) is, and linear maps and closures both preserve these two properties.

We claim that for such S which is convex and symmetric, since (via assumption (1)) Be (yo) € 5, then By (Oy) €
S. Indeed, let z € Y such that ||z|| < §. Then

Yy = Yo+z€B(y)CS
y = yo—2€B:(yo)CS.
By symmetry, also —y’ € S. By convexity,
o
2=7 2y =-y+=(-y)es
This now implies the claim.
Now, using assumption (2), we learn that
10 (Ov) € A(Bar (0x))
which implies (3.1). O

Theorem 3.37 (Open mapping (R&S I11.10)). Let X,Y be Banach spaces and A € B(X —'Y') is surjective. Then
A is an open map.

Proof. Using the preceding Claim 3.36, it will suffice to only show that: (1) AB, (0x) has non-empty interior for
some r > 0 and (2) AB, (0x) C ABs, (0x) for all » > 0.
Step 1: Show (1): We use the fact that

X = |JkBi(0x)=J Bk (0x)

keN keN

thanks to Theorem 2.12. Since A is surjective we have

YAXA(U Bk(OX)> = | 4B (0x)

kEN keN

where we used the fact that the image of a union is the union of the images. Since Y is a Banach space, it is of the
second category, i.e., it can’t be that for all k € N, A (Bj (0x)) is nowhere dense. Le., there exists some k € N such
that

(4B 0x)) #2

and (1) is established.

Step 2: Show (2): Let y € AB, (0x). By the defining property of the closure, for any € > 0 there exists some
z1 (¢) € By (0x) with Az (¢) € B: (y) = B: (Oy) + v, i.e., y — Az (¢) € B. (0Oy). Since this is true for any € > 0,
pick an € for which B (Oy) € ABy, (0x). Such an € exists by scaling: From Step 1 we get some R > 0 and 9 > 0

with B, (0) C ABg (0). Then by linearity

By, (0) C ABr (0) (t>0).
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Take t = 5 to get Be (0) C ABz (0) where ¢ = teg. We thus find some z; € B, (0x) for which
Yy — A.Tl € B, (Oy) - AB%T (Ox) .
We now apply this procedure on y — Ax; to obtain some x5 € B, (0x) for which

y—Aml — Axs € B E(Oy) QAB%T(Ox).

1
2

Note here in the last inclusion we are using the scaling property of the balls rather than picking a new . Repeating
this process inductively n times we find x,, € Byi—n,. (Ox) such that

Yy — ZALU] < Bgl—n5 (OY) g ABQ—nT (OX) .

FE

As a result, 2?21 x; exists and lies in By, (0x), since

ij < ZH%H < ZQlfjr =2(1-2"")r > 2r < .
j=1 j=1 j=1

Hence ||z|| < 2r. Since A is continuous,

Aij :ZAmj € Boi-n. (y) :>nli_>n;oZA:rj :y:>Aij =0
= i=1 i=1 s

so that y € ABs, (0x). We conclude

AB, (Ox) C AB>, (Ox) (T > 0) .

Corollary 3.38 (Inverse mapping theorem). If A : X — Y is a continuous linear bijection between Banach spaces
then it has a continuous inverse (and so it is a homeomorphism).

Proof. Since A is a bijection, it is surjective. Hence it is open, which is tantamount to A=! being continuous. O
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Remark 3.39 (Quantitative bounds on the inverse). Note that being surjective is synonymous with having a right
inverse, i.e., there exists some B : Y — X such that AB : Y — Y is the identity mapping y — y. The map B need not
be unique (unless A is also injective in which case B is unique). If it is unique then B is necessarily linear, but if it is
not unique then there are conditions under which B may be chosen as linear. It is as follows: if ker A is complemented
in X, i.e., there exists a bounded linear P : X — X with P? = P and im (P) = ker (A). In which case, B may be
chosen to be linear. The open mapping theorem says then that || B||,, < oco. Can we estimate ||BJ|,, ?

We know that A is open, in particular, A (B; (0x)) is open. By linearity 0y € A (B (0x)) since Ox € B (0x)
and Ox — Oy. Hence there is some ¢ > 0 with which B, (0y) C A(B; (0x)). Let now y € B, (0y). Then there is
some z € By (0x) such that Az =y.

1. If A is invertible, in which case B is also the left inverse, then

Byl = [[BAz|| = [l=f| <1.

Hence if § € B; (0y) then
N 1 N 1
1Byl = -l Begll < -
€ €
This implies
1

1Bllop. < sup ({e >0 B. (0y) € A(B1(0x)) })

2. If A is not injective but ker (A) is complemented, then using the projection P from above, A|im(llfP) :
im (1 — P) — Y is a bijection. Then even though Az = y does not imply « = By, it does imply (1 — P) 2 = By,
since

y=Ar=A1-P)z=A1-P)(1-P)z

and so
(I1-P)z=[A(1-P)] 'y=By.

We thus learn that
|1 = Pl

1Bllop. < sup ({e >0 B (0y) CA(B1(0x)) })

3. If ker (A) is not complemented an inverse for which a similar bound holds can still be constructed.

Proposition 3.40. A linear map A : X — Y between Banach spaces is bounded if

@) e

Proof. By hypothesis, there exists some xg,e > 0 such that
B. (o) C A~ (W) :
If x € X has ||z]| <e¢, then 2o + x € B. (o) so that
[Az] < [[A(z +2o)ll + [[Azofl <1+ [[Azol -

Hence for general x € X with ||z|| < 1, we always have

1 < 1
2595 < 25
so that
21 1
2
< 21+ || Azl
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so that || A|| < co. O

3.2.3 The closed graph theorem

Definition 3.41 (Graph of an operator). Let f : X — Y be a mapping between two normed spaces. The graph of
f, denoted by T (f), is given by

L) ={(@yeXxY|fz)=y}.

Proposition 3.42. For a linear map f: X — Y, its graph T (f) is a sub-vector space of the Banach space X xY and if
T (f) € Closed (X x Y) then T (f) is a Banach space in its own right.

Theorem 3.43 (Closed graph theorem (R&S Thm. II1.12)). Let A : X — Y be a linear map between two Banach
spaces. Then A is bounded iff T (A) € Closed (X x Y).

Proof. We use the sequential characterization of a closed set. First assume that A is bounded. Then it is continuous.

Hence, given any sequence { (z;, Az;) }jeN CT'(A) which converges to some (z,y) € X x Y, withp; : X xY = X

and pgy : X XY — Y the two projections (continuous by definition of the product topology) we have

zj = p1((z), Az;)) = pr ((2,9)) = =

and
Azj = p2 (25, Azj)) = p2 ((z,9)) =y

by continuity of the projections. But A is continuous, so

Az =limAz; =y.
J

Hence (z,y) € T' (A) so that I' (A) is indeed closed.
Conversely, if I' (A) is closed, since it is a closed vector subspace of X XY, it is a Banach space. Let A : X — T'(A)
be given by
Az := (z, Az) .

Clearly A is a bijection. Its inverse is p1|F( 4)- The restriction of a continuous map is continuous as well, so that the

inverse mapping theorem states it has a continuous inverse, i.e., A is continuous, so that A = ps o A is continuous
too. [

Example 3.44 (Grothendieck). Let p € (1,00) and
1. p is a probability measure on some measure space ).
2. S € Closed (L? (u)) is a subspace.
3.8 C L™®(u).

Then S is finite-dimensional.

Proof. Let j : S — L% (u) be the injection map. Let S have the subspace topology from LP (u), i.e., given by the

norm
151l = ( / f|pdu)"

which is complete (verify..., strictly speaking this is only a norm on the quotient space, when quotioning by the
functions which are zero a.e.).
Now if { f,, }. is a sequence in S such that f, — f in S, and f,, — ¢g in L, then f = g a.e.. Indeed, we have

If = gll, < IIf = fall, + 1fn = gll,

n
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and
fn —gll, < 1fn — 9l

from Holder’s inequality with = +— 1. Hence j satisfies the hypothesis of the closed graph theorem, i.e., that
I'(j) € Closed (S x L>). Hence, ||jlg(s_ro) is bounded, i.e., there exists some K € (0,00) such that

Il < Klfl, (fe€9).
If p <2 then || f[|, < [|fll, by virtue of Jensen’s inequality and o ar being convex. If p > 2, use
2| 42
IFI7 < 11 1£
and integrate it to find that || f||. < K2||f|l,. In either case, IM € (0, 00) such that

Iflle <Ml flly  (f€5).

Ie., the embedding L? — L™ is continuous.

Let { ¢1,...,%, } be an orthonormal set in S regarded as a subspace of L?. Let Q be a countable dense subset
of
B = B]_ (OCW) o
Define
Yv:B — S

n
¢ = ch%'
j=1

Then clearly
¥ (llz < llellen =1

so by the above,
19 ()l < M.

Since @ is countable, there is some Q' C Q with u (Q') = 1 such that |[¢ (¢) (z)] < M for every ¢ € @ and every
z € Q. For fixed x, the map
B3ce [(c) (z)

is a continuous function. Hence |¢ (c) ()| < M whenever ¢ € B and = € . Hence }_; [p; (z)]> < M? for every
x € . Integrating this inequality yield n < M? so that dim (S) < M? and hence the proof of this theorem. O
4 Convexity
We are going to make use of Zorn’s lemma for which we need to set up some basic terminology about order.
Definition 4.1 (Partial order). Given a set X, a relation R C X? is a partial order iff it is
1. Reflexive: (a,a) € R for all a € X.
2. Anti-symmetric: (a,b) € R and (b,a) € R implies a = b for all a,b € X.
3. Transitive: (a,b),(b,c) € R implies (a,c) € R for all a,b,c € X.

The word partial implies that it may be the case that given a,b € X, neither (a,b) € R nor (b,a) € R. If this does
happen to be the case, R is called linearly ordered.

Definition 4.2. In a partial order, if there is some m € X such that
[(m,z) € R=z =m] (x € X)

then m is called a mazimal element. If Y C X and (y,p) € R for all y € Y then p is called an upper bound on'Y.
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Lemma 4.3 (Zorn). If X is a nonempty partially ordered set such that every linearly ordered subset has an upper
bound in X, then each linearly ordered set has some upper bound which is also a maximal element of X.

4.1 Hahn-Banach
Theorem 4.4 (R-Hahn-Banach theorem). Let X be an R-vector space, p: X — R be given such that
plaz+(1-a)y) <ap(@)+(1-a)ply)  (z,y€X;ae(0,1]).
Let A :'Y — R linear where Y C X is a subspace, and such that
A(z) <p(x) (zeY).
Then there exists A : X — R linear such that Aly, = X and such that
A(z) <p(x) (xeX).

Note that the point of this theorem is not that an extension exists, but that an extension which is also dominated by
the convex function exists.

Proof. Let z€ X \Y and Y := span (Y, z). Define A : Y — R via
Aaz+y) == aX(2) + A (y) (yeY,a€R)

with A (z) to be determined soon.
Now we show we may choose A (z) so that the desired properties are obeyed.
Let y1,y2 € Y and o, 8 > 0. Then

BA(y1) +aX(y2) = A(ﬁy1+ay2)=(a+5))\<aiﬁyl+aiﬁ?ﬁ)

IN

@t 09 (25— a2+ 22 4 52))

Bp (y1 — az) + ap (y2 + B2)

IN

so that

Clpln—02) T AW < 5B~ Aw)]

=

Hence we have some number ¢ € R obeying

1 1
su —[= —az)+ A <¢g< inf = + Bz) — A .
A [—p (y1 )+ A ()] < g < a0 B (y2 + Bz) — A(y2)]

Define A (z) := q. We verify A (az+y) < p(az+y): Assume a > 0. Then applying the above inequality with 8 = a,
Yo = y yields

() S lply+ez) - A

which is the desired inequality.

Let now & be the collection of extensions e of A which satisfy e < p on the subspace where they are defined.
Define a partial order R on & by declaring (e1,e2) € R iff e; is defined on a larger subset than e; and e; = e5 where
both are defined, i.e., if e; extends e;. Now if { €4 },c 4 is a linearly ordered subset of &, with X, the subspace on
which e, is defined, define e on |J,c 4 Xa by € (z) := eq (2) if 2 € X, (this is unambiguous thanks to the extension
property). Clearly (eq,€) € R so each linearly ordered set has an upper bound. Now apply Zorn’s lemma to find
that & has a maximal element A defined on some X’ C X with A (z) < p(z) for z € X’. It must be that X' = X
since otherwise we could extend A outside of X’ as above and then it would not be a maximal element. O
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Theorem 4.5 (Hahn-Banach theorem). Let X be a vector space, p : X — R be given such that
plaz+pBy) <lafp(x) +[6lp(y)  (w,ye X;a,f€C:la[+|A]=1).
Let A\ :'Y — C linear where Y C X is a subspace, and such that
A@)<p(z) (xeY).
Then there exists A : X — C linear such that Aly, = A and such that

A(@)[<p(x) (reX).

Proof. Define £ (x) := Re {A (z)}. Then ¢ is a real linear functional on ¥ and
£(iz) =Re {X (iz)} =Re{iX (z)} = — lm {\ (2)}

we have
A(z) =L (z) — il (ix) (xeX).
Applying the above R-Hahn-Banach theorem on the R-valued functional ¢ we find an extension L : X — R with
L (z) < p(z). Define
A(z) .= L(z) —iL (iz) .

Now, A extends A and is R-linear. A (iz) = iA (z) so A is C-linear as well. So we now must show |A (z)| < p(z).
Note that if || = 1 we have p (ax) = p (x) by hypothesis. Then

A ()| = e—iarg(A(x))A(m) — A (e—iarg(/\(x))gc)
= Re{A (efiargmu))x)}
— L(e—iarg(m))x)
< p(entEt@Ng)

= p(x).

Duality

Definition 5.1. Given a Banach space X, its dual, denoted by X* is the space B (X — C), i.e., of continuous linear
functionals X — C, which is also a Banach space. The norm on X* is of course the operator norm:

M= sp P@| (Gex?).
zeX:|z|<1

Example 5.2. Given some g € L” (R) and ¢ € R such that % + % =1, we define a functional G on L7 (R) as

GU%=AQ#

[

lg.f1ly
< gl 71,

By Holder’s inequality, we have

m\
<l
==
IN



so that
1Gllop < llgll,, -

Actually this is an equality (exercise). In fact, all bounded linear functionals on L? arise in this way, and different
g’s give rise to different functionals. Hence, the map LP 5 g — G € (L9)" is an isometric isomorphism (if we take
the co-domain of all spaces as R; otherwise these are C-vector-spaces in which case this map is clearly C-anti-linear).
Hence we identify LP as the dual of L9 for % + % = 1. By symmetry, it is clear that LP = (L9)" = ((Lp)*)*7 so that
LP is its own double-dual.

For p = oo this is different: the dual of L' is L°°, but the dual of L™ is much larger than L'. So it is not always
true that a space is its own double dual!

Theorem 5.3 (X may be regarded as a subset of X**). Let X be a Banach space, and define

J: X — X**

via
X3z~ (X"35A- A (2)eB(X"—>C)=X"".

Then J is isometric and injective, and its range is a (possibly proper) subspace of X**.

Proof. For x € X, € X* we have J (z) € B(X* — C) and the estimate
|7 (z) (M = [A@)] < [[Algp 12l x

so that [|J (2)lg(x-_c) < |2l x- Fixing zo, apply the Hahn-Banach theorem on the one-dimensional subspace Czo
and the linear functional

X D Czo 3 axg — allzo| (5.1)

which is bounded by the convex function p (y) := ||y||, to get some Ay € X* so that

Rolley = sup({ Ao ()] [ llyll <1})

< sup({p( |yl <1})

= 1.
and Ao (zo) = ||zo|| x (since it is an extension). Hence,

1T @y = swp [A(@o)| 2 Ao (@0)] = llzoll

AEX*: /\||Op§1
We conclude that ||J (2)llgx+_c) = l|lzllx for all z € X so that J is indeed an isometry. Clearly J is linear, so its
range is a subspace of its codomain. O

J
If it happens that J is surjective we call X reflexive (in which case X** = X). As we have seen LP are reflexive for p > 1
but L' is not.

Remark 5.4. As Rudin points out in the bottom of pp. 45 of | |, it is not enough to have X** =2 X with any

J
isometric isomorphism to be called reflezive. We must have X** =2 X. We shall encounter the James space as a
counter-example of a space isometrically isomorphic to its double dual, but not reflexive.

Lemma 5.5. Let X be a Banach space and Y C X a subspace. If X\ € Y* then there exists some extension A € X*
for which [[All,, = [All,,-
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Proof. Use the Hahn-Banach theorem with the dominating convex function p () = [|A[|,,[|#[ x which is easily convex.
Now, clearly

AW < ply) (WeY).
Hence we get some A : X — C with
A@)] < [Mlopllzlix

which immediately implies [|A[[,, < [[All,, - Since A extends A, we must have also

Ay = sup  [A(z)]
zeX:||z|<1
> sup [A(z)]
zeY:||z||<1
= sup |\ (z)
z€Y:||z||<1
= [[AMllop-
O
Lemma 5.6 (Another characterization of the operator norm). If X is a Banach space then
Jall = sup ({ @) [ A€ X" 5 AL, <1}) -
Moreover, the supremum is attained.
Proof. Let
a := sup ({ A (2)] ’ AeXT Ay, 1 }) .
Clearly a < ||z]|x by [A (@) < [[AMlgpll]l x-
For the reverse direction, defining, for each zy € X,
Cao 3 Bro > Bllzolly
which has operator norm equal to 1:
Inlle, = sup n (Bzo)]
Bzo€Cxo:||Bzoll x <1
= sup |Bllzolll
Bzo€Cxo:||Bzoll x <1
= sup [1Bol|
Bzo€Cxo:||Bzoll x <1
= I,
So we may use the above lemma to find some Ao € X* with [[Ao||,, = 1 and Ao (z0) = [|zol| (since it is an extension
of n) so that ||zg|| < a. The fact we exhibited Ao means the supremum is attained. O

5.1 Weak topologies on Banach spaces

Definition 5.7. Let X be a Banach space with dual X*. The weak topology on X is the weakest (i.e., coarsest)
topology on X in which each functional A € X™* is continuous. L.e., the weak topology is the initial topology generated
by X*.

Some remarks:
o Recall that J; is coarser (weaker, smaller) than 75 iff

J1C .
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In this case we also say that 7 is finer (stronger, larger) than 7;.
e Recall in particular that this topology is generated by the sub-basis
{X""(E)|xeX*,E€Open(C)} .
So a generic open set in the weak topology is of the form
U m /\c_y,lj (Eouj)
a j=1

with A, ; € X* and E, ; € Open (C), and about any point x in a weakly-open set U we have
T € ﬂ /\j_1 (BEJ. (z])) CcU.
j=1

We have \; (z) € B, (z;), so we may take some ¢ > 0 so that
B.(\ (@) € B, () (G=1....n)

which the inverse image respects, so we get

ze (A (B (N (2) CU. (5.2)
j=1

Remark 5.8. A somewhat subtle point is the fact that as a Banach space, (X, ||| x) has its topology induced by the
metric which is induced by the norm. This data automatically generates

Open (X) = OpenH”X (X)

which in turns generates X* (the space of all linear continuous maps, where continuity is w.r.t. Open”.HX (X)). Now to
define the weak topology Open,,, (X) we use the set of maps in X* (whose definition stemmed from Openy .| (X)!).
Hence Open | (X) induces Open,,,;, (X). This is somewhat confusing since all A € X* are already continuous w.r.t.
Open (X). However, Openy., (X) is defined as the weakest topology on X so that all A € X* remain continuous.

In particular,
Openyeq, (X) € Openy  (X)

so that a set open in the weak topology is necessarily open in the norm topology, and if f : X — Z is continuous in
the weak topology, then for any U € Open (Z), f~1 (U) € Openy, (X) so f~1(U) € Open (X) and hence any
weakly-continuous map f : X — Z is norm continuous too.

Lemma 5.9. If X is an infinite dimensional Banach space then every U € Open,,,,;. (X) is unbounded in ||-|| .

weak

Proof. Let ¢ € U € Open (X). Then there is some finite collection Aq,..., A\, € X* and € > 0 such that

weak
zo € () A;! (B (N (w0))) CU.
j=1

By linearity, we may write

NB. Oy (20) = {o€ X | N (@) € By (20) }

= {zeX | (@) - A (w0)| <e}
{zeX||N(x—xz)|<e}
{z+z0eX ||)\(x)<e}
= st{eX|N@l<e)
o+ X (B (00))

—~
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Hence,

where the last inequality follows from (x 4+ A) N (z + B) = 2+ AN B. Since

ker (A;) = A7 ({0c})
C A7 (B:(00))
we get
n
To € 1o + ﬂker(/\j) CcU.
j=1
Now let
n: X — C"

x = (A(x),..., () .

Clearly, ker(n) = ﬂ?:l ker (A;). If ker(n) = {Ox } we obtain a linear injection 7 into C™ which implies that
dim (X) < n < oo. So it must be that there must be some v € (ﬂ;’:l ker ()\j)) \ {0x }. Then by linearity we find,
in particular, that for all a € C,

o +avelU

and so clearly U cannot be bounded in norm since we can make xy + av arbitrarily large in norm:

[z + av]| | [l = [loll

>
— 0 (la] = o0) .

Lemma 5.10. If X is an infinite dimensional Banach space then the weak topology Open (X) does not arise from

a metric.

weak

Proof. Assume otherwise. Then there is some metric d : X2 — [0, 00) which generates Open,,,, (X). Let then
1
Un:—{zeX‘d(OX,x)<n} (neN).

Each of these sets is open w.r.t. the metric and hence weakly open. By Lemma 5.9 it follows that U, is norm
unbounded, so that for each n € N there must be some z,, € U,, with ||z,|| > n. This however contradicts the fact
that , — Ox in the metric d, and hence weakly by hypothesis, so that { z,, },, is bounded. O

Lemma 5.11. X is a TVS also with respect to Open,e,;, (X). Since Openy. (X) is arises from the metric induced
by ||| x and Open,,,,;. (X) is not metrizable if X is infinite dimensional, we obtain two non-homeomorphism TVS
structures on X starting from merely (X, ||| x)-

Proof. First we need the T property, i.e., that singletons are closed. We shall show that { 0x } is closed which
suffices by translation invariance. To that end we take any point in { Ox }“ and show there is a weakly-open subset
around it which is entirely within { 0x }°. Le., let z € X \{0x }. Then there exists some A\ € X* for which A (x) > 0
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(for example take the construction from (5.1)). Let € > 0 so that A (z) > e. Then
@ ¢ A '(B:(0c))

" Ox ¢ x— A1 (B: (0c)) € Nbhd (z) .

So z — A1 (B: (0c)) is the open set about x which entirely contained within { 0x }“. Thus
{0x } € Closedyeax (X)
making this topology T7.
We leave the demonstration of continuity of addition and scalar multiplication as an exercise to the reader (it

follows very similarly to Rudin’s Theorem 1.37). Note that the topology Open,,,, (X) arises from the separating
family of seminorms

X253 (z,9) = A (@) =A@ = pr(z,y) (AeX).

Lemma 5.12 (Another characterization of the weak topology). x, — x in Open,,.. (X) if A(zn) — A(z) in
Open (C) for every A € X*.

Proof. Assume that x,, — = in Open,, (X) and let A € X*. By definition, for any U € Nbhd.eak () there is some
Ny € N with
r, €U (n > NU) .

Now let V' € Nbhdgpen(c) (A (2)). We want some Ny € N such that
Azp) €V (n>Ny) .
Since A is weakly continuous, we know A~! (V') € Openy,,, (X). Hence apply the above on U := A~ (V) to get that
T, € AT (V) (n> Nx-1(v))

which is precisely what we wanted.

Conversely, we try to show that z,, — @ in Open . (X) given that A (z,,) = A (z) in Open (C) for every A € X*.
To that end, let U € Nbhdyeak (z). We seek some Ny € N such that if n > Ny then x,, € U. By the above proofs,
we know we may find some € > 0 and A1,..., A\, € X™ so that

zex+ A (B (0c)) CU.
j=1

Since we have \; (x,) "= \; () for each j, we have for each j, some N; so that if n > N;
Aj(@n) € X (z) + B (Oc) -

Let Ny := max;j—_1,. . m N; so that, whence for all n > Ny we have
Tp—T € ﬂ )\j_l (B: (0c))
j=1

which implies the condition we wanted to satisfy. U

Proposition 5.13 (Reed & Simon Chapter IV). Every weakly convergent sequence is norm bounded.
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Proof. Let x, — x in Openy,,y (X). For each n € N, let n,, € X** be defined by

M (A) = A (@n)

i.e., in the notation of Theorem 5.3, n, = J (z,,). Via Lemma 5.12, for any A € X*, the sequence { A (z,) },, € C
converges, so { 1, () },, is a bounded set. Hence by the uniform boundedness principle Theorem 3.28 applied on
the pointwise (in A) bounded family of operators 7,, : X* — C we find that

SupHnnHop < 00.
n

But 7, = J (z,,) and J is an isometry (again by Theorem 5.3), so

sup||zn|l x < 00.
n

Definition 5.14 (Weak-star topology). Let X* be the dual of some Banach space. The weak-star topology on X* is
the weakest topology on X* in which all functions (determined by all z € X)

X*"29A—=A(z)eC

are continuous. Since we have the injective isometry J : X — X** via Theorem 5.3, we say that the weak-star
topology is the weakest topology on X* making all elements in J (X) continuous, i.e., it is the initial topology on X*
generated by J (X) C X**.

Claim 5.15. If X is reflexive (i.e., J(X) = X**) then the weak topology on X* and the weak-star topology on X*
coincide.

Proof. The weak topology on X* is characterized by the initial topology generated by X** whereas the weak-star
topology is characterized by the initial topology generated by J (X). O

Actually the converse is also true, see | , pp. 131 Theorem 4.2 Banach Spaces, Reflx revisited]. It is thus clear that
if J(X) # X** (i.e., if X is not reflexive) then the weak-star topology on X* is weaker than the weak-topology on X*
(since it demands less continuity).

5.2 Banach-Alaoglu
We start with an observation.

Lemma 5.16 (Riesz). Let X be a Banach space andY C X a subspace which is not dense. Then for any r < 1 there
exists some x € X with ||| =1 and

inf ||z —y|| > r.

inf o — y| >

Proof. Since Y is not dense, there exists some z € (?)c € Open (X). Then
R:= inf|ly — z|| > 0.
Inf ly — 2|
Now for any € > 0, let y. € Y be such that ||y. — z|| < R+e¢ (by the approximation property of the infimum). Define

Z—Ye
I = vell
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so clearly ||z|| = 1 and

. . Ye
inf ||z —y|| = inf|ly— + ‘
b L O FEa I P
z
Y _ n Ye H
veY|[llz —vell Nz —well Nz — well
_ fevly—zl R
lz—well — R+4e
where the first two inequalities follow from the fact Y is a subspace. Since € > 0 was arbitrary, we may arrange for
lere to be as close to 1 as we need. O

Claim 5.17. Let X be a Banach space. Iff dim (X) = co then B :={z € X | ||z|| <1} is not compact.

Proof. If dim (X) < oo then X = C™ for some n € N. In this case, we know that B is both closed and bounded,
from which it follows (by Heine-Borel) that it is compact.

Conversely, construct a sequence { z, },, C B (using Lemma 5.16) which obeys ||z, — .|| > 3 for all n # m.
This sequence is thus not Cauchy and so cannot possibly have a convergent subsequence. It is only possible to
construct such a sequence if X is infinite dimensional. O

We may thus ask if there exist weaker topologies so that the closed unit ball is compact. It turns out that on X* the
weak-star topology is sufficiently weak to allow for this.

Theorem 5.18 (Banach-Alaoglu). Let X* be the dual of some Banach space X. Then the closed unit ball in X*

Br (0x-) := { Ae X

My <1}
is compact in the weak-star topology.

It should be mentioned that there is something dishonest about presenting Theorem 5.18 as a response to Claim 5.17.
Indeed, they are statements about X and X™*, not the same Banach space. In light of this, one may ask whether
for any given Banach space X there is a predual Y such that X = Y*. The answer is in fact no (L' ([0,1]) is an
example).

Proof. For any x € X, define
By =By (0c) ={z€C|lz| < =] } .

(B::HBQE

zeX

Since this set is compact in C, by Tychonoff,

is compact in the product topology. We may think of B as a set of maps, each of which of the form
b: X —C

obeying [b(z)| < ||lz[|. If b were linear we would say |[b]|,, = 1 though this makes no sense. In particular, we may

think of By (0x+) as that subset of B which consists of maps b: X — C which are also linear, so
Bl (OX*) = @Linear .

We claim that the subspace topology on Bj (0x-) induced by the product topology on B coincides with the
subspace topology on B; (Ox+) from X* taken with the weak-star topology. Indeed, recall that the product topology
on B is defined as the initial topology generated by the set of projections

Pz B — B
b — b(x).
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As such it is clear at this point that on linear maps, p, = J (z) where J : X — X** is the injection from Theorem 5.3.
But this is precisely the definition of the weak-star topology (the initial topology generated by J (X)).
But now, since B is compact, and closed subsets of compact spaces are compact, it is only left to show that

B; (0x+) € Closed (B). To that end, for any z,y € X, A € C, define

(sz)\:@ — C
b — b(z+Ay)—b(z)—Nb(y) .

We note that ¢, is a continuous map. Indeed, the map b — b (x) is continuous by definition of the product topology
and to obtain ¢.yx we merely have to take this map and compose it with other continuous maps. We now identify

Brinear = ﬁ ker (‘pxy)\) .
z,ye X, eC

Le., the kernel forces these maps to be linear which is why they set within X*. Since the kernel of a continuous map
is closed, the intersection of closed sets is closed and we are done. O

Note: there is also a proof with nets which we made sure to avoid.

6 Banach Algebras

Consider X a Banach space, and B (X) = B (X — X) the space of all continuous linear maps X — X. Via Claim 3.20
we know that ® (X) is a Banach space in its own right with norm ||-|[,,. On 3 (X) we may consider a multiplication
operation which is merely composition of functions. It is clear that composition of linear maps is linear, and moreover,
thanks to Lemma 3.19, any A, B € B (X) obey

[ABllop, < [1Allopl1Bllop

op —

so that continuous linear maps compose to a continuous linear map. This turns out to be a good model for

Definition 6.1 (Banach algebra). A Banach space A (with norm ||-]|) is called a Banach algebra iff there is a
multiplication map defined
AP A

which is associative and distributive w.r.t. scalar multiplication and vector addition, and moreover, such that the
norm is submultiplicative
l[adl| < [lalllloll  (a,b€ A)

and such that 31 € A such that al = 1a = a for all a € A and |[1]| = 1.
Clearly 3 (X) is a Banach algebra with [|-||,, and the identity map 1: X — X.

Claim 6.2. Multiplication in a Banach algebra is automatically continuous.

Proof. Let U € Open (A) and consider some a,b € A with ab € U. Then there exists some € > 0 such that

B.(ab) CU.
Let @ € Bs (a) and b € B; (b). Then
Haz} — abH - Haé —ab+ab— abH
< a5~ || + @ - alljol
< (llall+lla ~ al)||p - ]| + 1illa ~
< (1+ flal)) 6+ )18
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so pick § := min ({ i, ——d= ‘1—‘%5 }) to get the desired constraint. O

[6]

Example 6.3. Let C ([0,1] — C) be the space of continuous functions. Then if we define multiplication pointwise,
this turns out to be a commutative Banach algebra. The constant 1 function is the unit element.If we replace [0, 1]
with a finite set we obtain C™ with componentwise multiplication, and for n = 1 we get the Banach algebra C. If we
take B (C™) we get the Banach algebra of n x n complex matrices, which is not commutative.

6.1 Invertible elements

Definition 6.4 (Invertible elements). An element a € A is called left invertible iff there exists some z € A with
xa = 1 and right invertible iff there exists some y € A with ay = 1. If a € A is both left and right invertible then
we call it simply nvertible. In this case it is clear that the left and right inverses are equal:

za=1=ay
S0
y=1ly=(xa)y=z(ay) =zl ==x.
We then denote this (unique) inverse by a=!. We denote the space of all invertible elements within A as Gz = G (A).

Lemma 6.5. If for some x € A we have ||z — 1|| < 1 then x € G,

o

l‘71 — Z (]1 _ x)n

n=0
s a series that converges in operator norm, and

1

—1
Hx H < I—l—z (6.1)

Proof. Define y := 1 — z so that ||y|| =: r < 1. By submul., we have ||y"| < [jy||" = r". We claim the sequence
{ zn } 5 given by

is Cauchy. Indeed,

M M
lew =zl < 3 o< > =

n=N+1 n=M+1

So by completeness z := Y~ ™ exists in A. Now,

N~>oo N~>oo

N
z(1—y) lim Zy (1 —vy) lim lz (yn_yn+1)] = lim []l_yN+1] =1

n=0

and similarly (1 —y)z = 1. We learn that 1 — y = z is invertible and 27! = 77 /(1 — x)" converges in operator

norm. Moreover,
ks H§n§:0:||]l l nZ:oT T—r 1-Jl-a|

1

Claim 6.6. Gz € Open (A) and the ! : G 7 — Gz mapping a — a~! is a homeomorphism.
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Proof. Let a € G. Then if a € By,—1-1 (a), we have

la—al < [la7)
)
||F1—a|\||a71H < 1
!
la"'a—-1]] < 1

so by Lemma 6.5 we get that a~'a is invertible. Thus
(a'a) lata=1
so that (aild)fl a~! is a left inverse for . Similarly,

la—al < [a

<

1

la — allfla™

AN = A

laa™" 1]

1

so that aa™" is invertible, i.e.,

aa~! (da_l)fl =1
and hence a! (&a’l)fl is the right inverse of a. We conclude that a is invertible, so that
Bjjg-1-1 (a) € Ga

and Gz is open. Moreover, we note that the above implies that together with (6.1):

a1 < e < o~ e < — oL 6:2)
1= faa =1 = T—Jalla—al
To show continuity of =1 : Gz — G 7, let us observe the resolvent identity
al—bl=al(b-a)bl. (6.3)

This implies that

la™" =&

IN

™ ||la = bll][6~]]

o
~Tfla~"llla -]
o= |*lla — o]

1—la=!{llla— bl -

IN

o=l ~ bl

In the last step we hav penultimate step we have used (6.2) which relies on [la — b < [la™* ||71. Hence we see that
for any € > 0, if
la=b) < =] min ({ L. })
~ 2 la= |

o=t 571 <.

then

Lemma 6.7. In a Banach algebra A, a,b € A one has 1 —abe Gz iff 1 —ba € Gx.
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Proof. Assume that 1 —ab € G z. Then we claim

(L—ba) ' =1+b(1—ab) 'a.

Indeed,
(1 — ba) (]1+b(]1—ab)*1a) = L—ba+(1—ba)b(l—ab) ‘a
= 1—ba+b(l—ab) 'a—bab(l—ab) 'a
=: %
Now we use
ab(l—ab)™' = (ab—1+1) (1 —ab)™"
= —1+0—ab)”!
to get
x = L1—ba+b(Ll—ab) "a—bab(l—ab) 'a

= ]l—ba—i—b(]l—ab)*la—b[—]l—}—(]l—ab)fl]a

= 1—ba+b(1—ab) 'a+ba—b(1l—ab) 'a
=1

6.2 Banach-space-valued analytic functions
In this short section we mainly want to make the point that complex analysis “goes through” if one replaces C by X for the

codomain of functions, X being a Banach space. For more details see Conway pp. 196 or Rudin pp. 82.

Definition 6.8 (C-Differentiability of a Banach-valued function). Let X be a Banach space and @ C C an open

connected subset. A function
Q=X

is said to be C-differentiable at zy € C (synonymous with holomorphic) iff

lim f (20 +2) = f (20)

z2—0 VA

exists. The limit is to be understood with respect to the topology induced by the norm of X. If the limit does exist
for all zg € €2, we obtain a new function, the derivative f’ :  — X given by

f(ZO+Z)_f(ZO) (ZOEQ)-

z—0 z

Compare this with Frechet differentiability, which would amount to
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Definition 6.9 (Frechet differentiability). Let X be a C-Banach space and 2 C C an open connected subset. A
function

Q=X
is said to be C-differentiable at zg € C iff there exists some C-linear map L : C — X such that

i I|f (z0 + 2) — f (20) — Lz|| _

0.
z€C:|z|—=0 |Z‘

Since we know a linear map L : C — X is represented by some vector v € X, so that Lz = zv, we get

N IR e
z€C:|z|—0 |Z‘

Claim 6.10. The two notions are equivalent.

Note that if X is an R-Banach space then these two notions are not equivalent.

By analogy we also define f : @ — X to be weakly-C-differentiable iff A o f : Q@ — C is C-differentiable (in the usual
sense) for any A € X*. Clearly the norm convergence implies the weak convergence. It turns out that for Banach spaces
these two notions are equivalent

Claim 6.11. In a Banach space, if f: Q) — X is weakly-C-differentiable it is C differentiable.

but we avoid giving the details here (see Rudin 3.31).

Definition 6.12. Given a function f : [a,b] — X where a < b € R and X is a C-Banach space, we define

f

[a;b]

using an analogous Darboux-integral definition: for any n-partition P = a = 21 < 22 < -+ < x, = b of [a,b] we
define, for example,

S(f,P):= Z (zj —zj-1) f (25)

J

and we similarly claim that f is Riemann-integrable on [a, b] iff the

n

w(f,P):=Y (aj—ajma)sup ({Lf (s) = f (Dx | 5.t € (2j-1,25) })

Jj=2

can be made arbitrarily small: for any € > 0 there is some partition P such that w (f, P) < €, in which case
/ f=UmS (f, P,)
[a,b] "

where P, is some sequence of partitions with shrinking size (one shows that f[a ] f does not depend on the limit).
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Lemma 6.13 (Another characterization of the vector-valued integral). Let f : [a,b] — X be continuous. Then for
every A € X*, the function Ao f : [a,b] = C is Riemann-integrable and

A (/[a’b] f> —/[ayb])\of (e X*).

Conversely, if 1 € X is such that
M) = / Aof (e X™)
[a,b]

then
P = I

[a,b]

Proof. See Rudin 3.27 for the forward direction. The converse is left as an exercise to the reader. O

Claim 6.14. If f : [a,b] = X is Riemann-integrable then ||f (-)||y : [a,b] = [0,00) is also, and we have Hf[a b fHX <
S If Ol

Remark 6.15. There is also the Bochner integral which is the Lebesgue-integral version of functions with values in a
Banach space. For more information, one may read, e.g., Rudin “Vector-valued integration”, pp. 77.

Once we have this integral, we may now define contour integration similarly to how it is done in complex analy-
sis:

Definition 6.16. Let v : [a,b] — C be a piecewise smooth contour. We define the contour integral of f : C — X

along ~y as
= [¢] ! 6.4
[y f /[llyb] (f )) Y ( )

where the right hand side is interpreted as follows: 4’ : [a,b] — C and f o~ : [a,b] — X. Then thanks to scalar
multiplication in X, (fo~)vy : [a,b] =& X and we may ask whether (f o)+’ is Riemann-integrable in the sense
of Definition 6.12. If it is, then we define fv f as an element in X via (6.4). The integral does not depend on the
parametrization of ~.

The following collection of statements have proofs which are identical to those found in elementary complex analysis
textbooks, and they use nothing other than the fact that the Banach space X has a norm.

Lemma 6.17 (ML lemma). If f : C — X is continuous and vy : [a,b] — C then

fH < s 7Ol L ()

tela,b

where L (7) is the length of 7.

Theorem 6.18 (Cauchy’s integral formula). Let Q C C be a simply-connected open set and f : 0 — X C-differentiable
on it. Then for any v : [a,b] — Q simple closed contour taken in CCW, if zo is a point in the interior of ~,

M (z0) = l'yﬁ (1n+1f (z)dz (n € N>g) . (6.5)

27 z—zo)

In particular, any C-differentiable function is in fact smooth.
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Proof. Consider the case n = 0. Let A € X*. Then Ao f : Q — C is C-differentiable and so we have from complex
analysis, that

(Ao f)(20) = 1515 ! (Ao f)(2)dz.

2mi zZ— 2

But now, since A was arbitrary, we have thanks to Lemma 6.13 that

f(20) = 1;5 ! f(z)dz,

27 zZ— 29

i.e., (6.5) with n = 0 is correct. The same argument follows for Ao f(™) : Q — C. O

Lemma 6.19 (Cauchy’s intequality). If f: C — X is C-differentiable on Br (zo) then

[ o) < = 17l
™ (2o H < — sup 2)|| x -
X R z€BR(z0)

Theorem 6.20 (Rudin 3.32). Let X be a Banach space and f : C — X weakly-entire with f(C) a weakly-bounded
subset of X. Then f is constant.

Proof. The assumption is equivalent to Ao f : C — C being bounded and entire for any A € X*. Apply Liouville now
on Ao f to learn that it is constant. In particular, (Af) (z) = (Af) (Oc) for any A € X*. Soif f (z) — f (Oc) # Ox,
define some Ay € X* which is not zero on f(z) — f(0c) to find a contradiction, i.e., we find that f is constant
itself. O

6.3 The spectrum

We now come to a main concept for Banach algebras, which is the spectrum. It is mainly in this part of the notes that
the distinction between C-Banach algebras and R-Banach algebras becomes important. As was mentioned already, we will
focus solely on the complex case.

Definition 6.21 (The spectrum). Let A be a Banach algebra. For any element a € A, the spectrum of a, denoted
by o (a), is a subset of C which is defined as

o(a):={z€Cl(a—21)¢Gr}.

Tt is sometimes also convenient to refer to the resolvent set p (a) which is merely the complement of the spectrum

pla):=C\a(a).
One also speaks of the spectral radius v : A — [0, 00) which is

r(a) :=sup|o(a)| .

Example 6.22. If A = Mat,,«, (C) then o (a) is precisely the set of n complex eigenvalues of the n x n matrix a.

In principle the spectrum need not be a finite set.

Theorem 6.23. For any a € A, o (a) is a non-empty compact subset of C.

Proof. Fix a € A. Define ¢ : C — A by
z+—a—z1.
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As the composition of continuous functions, 1 is clearly continuous, so that ¢~ (G 7) € Open (C). But

v (Ga) = {ze€Cly()eCa}
= {z€Cl(a—21)eGa}
= pla)

so the resolvent set is open, i.e., the spectrum is closed. Next, we show the spectrum is bounded. We will show
r(a) < ||a||. Let z € C such that |z| > ||a||. Then

A= 2= - -9l
2| z z

Hence 1 — ¢ is invertible, so that a — 21 is invertible. Hence z € p(a) or z ¢ o (a).
Define now a map

p:pla) > A (6.6)
z (a—21)7"

which makes sense since a — 21 is invertible precisely when z € p(a). Moreover, the domain of ¢ is open by the

above. We claim that ¢ is C-differentiable for any point zg € p (a). Indeed:

plotz)—w(n) _ (a—(20—2) 1)~ — (a—2z1)”"
_ (e—(-2)1)" ([a—2l]—[a— (20— 2)1]) (a—21) "
_ (a—(20—2)1) " z(a—21)""

= ¢ (20— 2) ¢ (20)

We thus find that ¢ is indeed C-differentiable and ¢’ (z) = ¢ (20)°. This is also a weak statement: for any A € X*,
Aoy : C — Cis C-differentiable with derivative

(Aow) () =[(Aep) ()

We claim that ¢ is bounded at infinity. Indeed, assuming |z| > ||a||, we have

51 <
z
so that

a

o= (-2 <

z
and hence using the estimate (6.1) we have

1 1

|e-9)”

< = —.
L-fi-@-9) 1=l

Hence
le@l = |@-207
=il
< et <a]l>
%
1
< e ;
1|14
13 ¢,
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We learn that

A @ < Mleplle (A

so that Ao is also bounded at infinity. Hence, if p (a) = C, ¢ emerges as a weakly-entire weakly-bounded function.
But then, the analog of Liouville’s theorem Theorem 6.20 would imply that ¢ is constant. However, we have
calculated ¢’ () = —¢ (2)® which contradicts that. So o (a) # @. O

Lemma 6.24 (Fekete). A sequence { ay, },, C R is sub-additive iff
ptm < ap + am (n,m € N) .

If { ay },, is sub-additive then lim,, %an exists and equals inf %an.

Proof. Let us write s* := inf,, %» and let & € N with & < b where b € (s*,00). For any n > k, there are two integers
Pn, ¢n such that
n=pyk+q,

ad 0 < g, <k —1. We thus find

an = Gp,k+q,
S Pnag + Ggq,
SO
n _ Pk ok | dg,
n n k n
Now, as n — oo, % — 1 and a% — 0 as the numerator is bounded (by hypothesis, otherwise the lemma is trivial)
and Hence we find for all b > s*:

a a
s*<1im—"_—k<b
n n k
Now let b — s* to get
o . Ganp
s* =inf — = lim —
non non

Then liminf,, %an > s*, so suffice to show limsup,, %an < s*. Assume otherwise. Then there exists a sequence

{ an, }, and € > 0 such that % > s* +¢ for all k. Let a,, be such that %= < s* 4 ie. O

Lemma 6.25 (Gelfand’s formula). For any a € A, the limit limn_,oo||a"||% exists and obeys

r(a) = lim ||a"

" = inf ||a"|\% .
n—o0 neN

Proof. First we observe that the sequence

by = log(|la"])
is sub-additive. Indeed,
bum = log ([|a™*™]))
< log(lla™[lla™ )
< by +by,.

1

1 1
Hence by Fekete Lemma 6.24 lim,, o = by, exists so by continuity of log, lim, ..||a™ || exists and equals inf,en||a™(| ™.
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Next, if |z| > ||a||, we have, using the same definition (6.6) in the preceding proof:

)
o) = =3l
n=0

which converges uniformly on 0Bpr (0Oc) for every R > |la||. Hence we may integrate this term by term (using
Theorem 6.18) to get:

[ee]
yg 2Mp(z)dz = — % 2™ Z z " la"dz
2€0BR(0c) 2€0BR(0c) n=0
= — Z a”% 2m2 "z
n=0 2€0BR(0c)
= =) a"2mibym
n=0
= —2mia™
and so "
a" = — 2"p(z)dz (R > |lall;m € N>p) .

2mi 2€0BR(0c)

Since p (a) = C\ o (a) contains all z with |z| > r (a), we may deform the contour of integration to get

n

-1
=5 2" (z)dz (R>r(a);n € Nxp) . (6.7)
T J2€0Br(0c)

Taking the norm on both sides yields

la*[| < B™1 sup o)l (R>7(a)
ZG@BR(O(;)

bounded

so we get

limsup”a”H% < r(a).
n—oo

Conversely, if z € o (a),
Z"l—a”=(z1—a)(z" 'L+ +a"")

shows that 2"1 — a™ is not invertible. Hence 2" € ¢ (a™). This yields |z"| < ||a™]||. Hence

r(a) < inflla™]|" .
n

Theorem 6.26 (Gelfand-Mazur). If A is a Banach algebra where A\{0} C Gx then A is isometrically isomorphic
to C.

Proof. Le a € A and 21 # z9. Then it can’t be that both @ — 2;1 = 0 and a — 221 = 0 and so, by hypothesis, at
least one of them is invertible. But o (a) # &, so o (a) consists of exactly one point: that one point which makes
a — z1 = 0. Hence for any a € A, a = z1 for some z € C. This provides the desired isometric isomorphism. O

Lemma 6.27. Let { z,, }, C Ga, v € 0Gx and x,, — x. Then H(xn)*lH s 0.
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Proof. Assume otherwise. Then M < oo with H(:I:n)_l H < M for infinitely many n. Since also x,, — x, take one of
these n such that also

1
|lzn — x| < I

Then
Hn — (zn) 33” - H(mn)_l (2 — z)H <1.

Hence (x,)” "z is invertible. But z = z,, (z,)” ", s0 2 € Gz. But 2 € G4 and Gz € Open (A),so z ¢ G5! O

Theorem 6.28 (Continuity of the spectrum). Let a € A and o (a) C Q € Open (C). Then if b is sufficiently close
to a in morm, e.g.,

SUp, cqe ||(a—z1l)*1 |H71

then o (b) C Q also.

Proof. Recall that we know the map
pla)>z— H(a - z]l)flu

is continuous so
-1
Q52— H(a—z]l) H

is bounded, as Q° is closed. Now if b € B , and z € Q°, we rewrite

[suszQCH(afzﬂ)_lu]il (a)
b—z21=(a—2z1) ((a_zﬂ)ﬂ (b—a)-|-]1>

and this is manifestly invertible: the product of two invertibles is invertible, and moreover (a — z1) ™" (b—a) + 1 is
invertible as

-7 0-a)| < [@=27|1b-al
< 1

by construction. This implies z ¢ o (b). O

Corollary 6.29. Let Q2 C C and a, — a in norm. If
o (an) CQ (neN)
then -
o(a) CQ.

Proof. As in the preceding proof, for z € Q°, a, — 21 is invertible by assumption and we may thus write
a—z21 = (a, — 21) ((an —21)" (a—an) + ]l) .

Now this will be invertible if
la — anl|

‘(an - zn)‘lu <1.

Now since z € Q°, 3¢ > 0 such that B. (z) € Q°, and so
1
H(an —z1) H << (6.8)

Hence for every z € Q° there is a choice of n sufficiently large so that lla — an|| < e, and hence, invertibility.
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Note that it was necessary to take the closure here since £2¢ might not be an open set, but we need z to be a
strictly positive distance from Q. O

Lemma 6.30. For any a,b e A,
o(ab)\{0}=0(ba) \ {0} .

Proof. Invoking Lemma 6.7 we get the result. O

6.4 The polynomial functional calculus

For fixed a € A in a Banach algebra, it is clear that we may define a map
Xa: P — A
where @ is the space of all polynomials in one complex variable and A is a Banach algebra via the mapping

Xa P p(a)

since p involves only operations which are unambiguously defined in A: If

n
p(z)=> ¢’
j=1

with { ¢; };.l:l C C the coefficients then it is clear what is meant by

p(a) = chaj eA.
j=1

This mapping is called a functional calculus and currently since we only know how to apply it to polynomials we have
the polynomial functional calculus. Our goal throughout the semester, in some sense, will be to gradually decrease the
regularity of functions on which we may do this. The price to pay will be more and more assumptions on the A and the
elements on which functional calculus may be applied, the culmination of which shall be the spectral theorem of normal
operators on Hilbert space.

For now let us still remain with Banach algebras and go from polynomials to power series.

6.5 The holomorphic functional calculus

Consider the entire function
exp:C—C.

Its power series expansion

exp(z) = Z %z" (z € Q)
n=0

converges for every z, absolutely, so that for a € A we may make sense of exp (a) as follows. The series

M

L,
< > ol

n=N+1

the latter expression goes to zero since exp (||a||) exists as a series. Hence by completeness of A we have exp (a).
What if f is not entire? Then we need to be careful about the location of o (a) C C.
The easiest thing to do is:
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Now if f : C — C is merely holomorphic within a ball Bg (Oc) for some R > 0, we know it may be written as a power

series

oo
= chz" (2| < R) .
n=0

Let now a € A with r (a) < R, i.e., all the spectrum of a is contained within Bg (Oc). Then we define

oo
a) = Z cpa”
n=0

Thanks to the spectral radius formula Lemma 6.25 one may prove that this series is a Cauchy sequence and hence converges,

it goes along the lines of:

n=0

which exists thanks to the assumption on f.

N
E cpa —

M

Y leallla”|

n=N+1
M

= > feal (Jlo

IN

M
E cpa”
n=0

1 n
I)

INA

N
£
=
3

But we want something better: we don’t want to assume that the spectrum of a is contained in one disc on which f

is holomorphic.

Let us start with rational functions which have poles in various places.

Lemma 6.31. Let a € A « € p(a) and Q := C\ {a}. Assume further that we choose some v; : [a,b] — £,
j=1,...,m a collection of m oriented loops which surround o (a) within Q, such that

m

1 5& 1 dz:{l A€o(a) (6.9)
27r1j=1 N 2= A 0 A¢Q

(these are guaranteed to exist thanks to Lemma C.1). Then

;miyg a—2)"(z1 —a) "dz = (ol —a)" (nez). (6.10)

Vi

Proof. Let us show first the case n = 0, namely, we want to show that

For brevity we replace

Lm (zZl—a) "dz=1.
i ¢

zm: - gé - (6.11)

j=1"7i

First we want to replace ¢, with just one CCW simple contour v whose image is dBpg (Oc), such that R > ||a|. On

YR, we have

oo

(21 —a) " = Z PR

n=0
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which converges absolutely and uniformly on z € 9Bg (0). Hence we may integrate term by term to obtain

1 _
— (21 —a) 'dz=1.

2mi -

But p(a) 3 z — (21 —a) " is holomorphic, so we may deform the contour of integration Theorem 6.18 to replace

ﬁ with §.. To do so, we note that even though Q may not be an open disc, on all of its holes, z = (21 —a)”~

1

is actually holomorphic since there is no spectrum there. So we may deform the contours of I' around these holes
to nothing without changing the integral. Once this has been done, we may deform all outer contours into one big

contour around the whole spectrum (note that Rudin doesn’t really explain this point).
For the general case: we denote

1

= (a—2)" (21 —a) " dz (nez)

Yn ‘=
and claim that

(ol — a) yn = Yn+41 (nez).

This would yield the claim since we have just shown yo = 1.
To show (6.12), employ the resolvent identity (6.3) to get that when z ¢ o (a),

(zl—a) '=(al—a) " +(a—2)(al —a) ' (z1 —a)"".
Plug this into

1 . B

Un = 5 F(oz—,z) (21 —a) ' dz
= 2%“ D (a—2)" ((a]l —a) '+ (a—2)(al —a) " (21 — a)fl) dz
— % F(oz—z)”(oz]l—a) dz—i—% (a—2)"(a—2)(al —a)" ' (21 —a) ' dz
= (al—a)! % ) (a—2)"dz +(al—a)" % ;é (a—2)"" (z1—a)"'dz

=0 as « not encircled by T"
=1
= (ol —a)  yYnt1-

Indeed, in the penultimate line we have used (6.9).

Corollary 6.32. Let R: C — C be a rational function, i.e.,
n g
D+ D enlz =)
k=11=1

where p is a polynomial, n € N, and { zi, }, ,{ cky },.; € C. Let now a € A such that { zi, }._; C p(a).
Assume further that we choose some o (a) C £ € Open (C) such that R is holomorphic on Q, and v;

j=1,...,m a collection of m oriented loops which surround o (a) within ), such that
1 1 1 Xe€o(a)
— P ——dz = .
27l Jp z — A 0 A¢Q

(Here we use the notation (6.11)). Then R (a) obeys the Cauchy integral formula, in the sense that

—l—Zchla—zk]l 27‘(1¢R (21 —a)” Ydz.

k=11=1
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Proof. Let us plug in (6.13) into the RHS of (6.14) to get

1 -1
HS = — 1-
RHS = 1“R(z) (21 —a) " dz

1 - 1

= — — 1—
o1 P 2+ DD enalz—2) ](z a) " dz

k=11=1

1 1 1 S~ ! 1

= — Fp (2) (21 —a) "dz+ 7m0 kgﬂ lél Ch.l yg (z—2z) (21 —a) dz.

The first term with the polynomial yields p (a). This actually follows from (6.7) (with another change of contour
from vg to IT'). The second term equals the second term on the LHS via an application of Lemma 6.31. O

Hence we see that rational functions do obey the Cauchy formula.

Theorem 6.33 (Holomorphic functional calculus). Let a € A and Q C C be an open subset such that o (a) C Q. In

particular we do not assume that Q is connected. Let f: Q — C be holomorphic. Let v : [a,b] = Q, j=1,...,m be
a collection of m oriented loops which surround o (a) within Q but are disjoint from o (a), such that

1 1 A = 1 Xeo(a)

2riJrz—A " |0 A¢Q

with the notation from (6.11). Define

1
2

f(a): ﬁf (2) (21 —a) " dz. (6.15)

Then f — f(a) € A is a continuous unital-algebra monomorphism:
o f(a)g(a)=(fg)(a) and f(a) +g(a) = (f+g)(a).
e (z—=1)(a)=1 and (z+— z)(a) = a.

e Continuous in the sense that: if { f, : Q@ — C}, is a sequence of holomorphic functions converging uniformly
in compact subsets of 0, then fy, (a) = f (a) in norm.

This definition certainly makes sense as it agrees with the more naive definitions when f is a polynomial, rational
function, or entire!

Proof. First we want to give meaning to the RHS of (6.15). Since p(a) 3 z — (21 — a)” " is holomorphic, we may
ask whether its contour integral exists, in the sense of Theorem 6.18. Indeed it does: as z stays away from o (a),
and inversion is continuous on A, the function is continuous and hence integrable.

Next, it is clear that f — f (a) is linear, so to show it is injective we ask what is its kernel. If for some f of the
above class, f (a) =0, then the integral formula implies that for that f,

1
2mi

¢f(z)(z]l—a)_1dz:0.
r

If this holds for a, then it must also hold for A1 for any A € o (a). This implies that

1
2mi

55 FR) -1 de=0  (Aeo(a).
r
But this latter formula equals 7 ¢, f (2) (21 — A) "' dz1 so the integral inside must be zero, so that f = 0. Hence

f— f(a) is injective.
Continuity follows from the integral representation since

Z > H(zﬂ — a)_lH
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is bounded on the range of T.
First let us show that (z — 1) (a) = 1: According our definition,

(z+1)(a) = _% F(a—z]l)_ldz.

Now use
(a—z21)(a—21)""'=1
ora(a—z1)""=1+z(a—21)"". Placing this identity within the integrand we find

1 ala—z1)"" =1
1 =
(z—=1)(a) o P p; dz

=1
1 ala—=z1
pele=)
27 Jp z
Since this holds for any series of contour I' which encloses the entire spectrum, we may integrate on circles of
increasing radii to get the second term zero via Ha (a — z]l)le < % (for large |z]) and so it is bounded on these

circles.
Next, for (z — z) (a) = a we have

(z—=2)(a) = —5. Fz(a —21)"'dz
1 1
= —— [a(a—z]l) —]l} dz
27 Jp
1 1
= a|l—-—=—¢ (a—21) dz
2mi r
= a(z—1)(a)
= al
= a.
For the multiplicative statement one may use Runge’s theorem (| ] Theorem 5.7): Any function holomorphic in
a neighborhood of K can be approximated uniformly on K by rational functions whose singularities are in K°. It is
easy to see the statement holds for rational functions, so one is only left with the limit statement. O

We note that the multiplicative property, implies in particular, that f (a)g(a) = g (a) f (a), i.e, functional calculus of an
operator commutes!
Some additional properties of the functional calculus are

Lemma 6.34. Let a € A with o(a) C Q € Open(C) and f : Q — C holomorphic. Then f(a) € Gz iff 0 ¢
im (f|a(a)) .

Proof. Assume that 0 ¢ im (f|o(a)). Let then g : %, which is holomorphic on some Q € Open () with o (a) C Q.
By the holomorphic functional calculus, we have f (a) g (a) =1 so that f (a) is invertible.
Conversely, if 0 € im <f|g(a)), let @ € o (a): f(a) =0. Then we have some h : Q — C holomorphic with

fFRA=hNA-a) (A€

so that
f@)=(a—al)h(a)=h(a)(a—al).

But a — o1 is not invertible (as a € o (a)), so f (a) can’t be either. O
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Theorem 6.35 (The spectral mapping theorem). Let a € A with o (a) C Q € Open (C) and f : Q — C holomorphic.
Then
o(f(a)=flo(a)={f(z)|z€0(a)}.
Proof. Let z € C. We have
z€o(f(a))

1111

The spectral mapping theorem allows us to compose holomorphic functions for the functional calculus

Lemma 6.36. Let a € A and §2 € Open (C) with o (a) C Q. Let f:Q — C be holomorphic. Let Q € Open (C) with
f(o(a)) CQ and g: Q2 — C be holomorphic. Then

g(f(a))=(gof)(a).

Proof. By the spectral mapping theorem, it is clear that

9(f (a))
makes sense. Let T' be a collection of contours in €2 which surrounds f (o (a)). Then the functional calculus says
i

" or

g(f (@) gg 0(2) (f (a) — 21)" dz.

We would like to re-express (f (a) — z1)~" as a contour integral for all z € im (T):

i

(f(a)—21)"! = (f(Q)—2) " (a—c1)~ dC.

,%f

For this to hold, I' needs to be a collection of contours in surrounding o (a) but disjoint from it, and we also need
that
=il
Q5 (f(0)—2)

is holomorphic. This is indeed true, since z only ranges within Q \ f (¢ (a)). We thus find

s(f@) = = g<z>[iy§f<f<<>—z>‘1<a—<n>‘1d<]dz

2 P9 |5
- > b urgggw (f(O—Z)_le] (a—c1)™dc

=(9)(f(O))=(gof)(C)
— —P(go (O (a—¢1)rdC

27 J&

= (9of)(a).

The exchange of integrals is justified thanks to uniform convergence. O

One statement that comes up again and again in applications is
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Theorem 6.37. If a € A and o (a) does not separate 0 from oo then log(a) € A (via the holomorphic functional
calculus) and

a = exp (log (a)) . (6.16)

Proof. Since 0 lies in the unbounded connected component of the resolvent set, there is a holomorphic function
f:Q — C with © simply connected, open, and containing o (a), such that expof = 1, namely, the logarithm with
branch cut outside of Q (note that in this case the branch cut need not be a straight line—this is fine). Hence using
the holomorphic functional calculus we may define

f(a) = [;ﬁ%f(z)(a—z]l)ldz e

for an appropriate contour within  which encircles o (a). The identity (6.16) holds thanks to Lemma 6.36. O

7 Hilbert spaces

In our journey of combining the linear structure of a space and its topological structure, we have become increasingly more
and more specific, starting with TVS, specifying to complete normed spaces, and now we arrive at our final destination:
assuming that the norm satisfies the parallelogram identity, i.e., talking about complete inner product spaces. These
structures are extremely important for various reasons: they are the mathematical structure of quantum mechanics, and
moreover, they are the best infinite-dimensional generalization of Euclidean spaces.

Of course, all of our previous analysis carries over in Hilbert spaces, but as we shall see, the additional assumptions
of having an inner product will allow us to do even more. The culmination of that “more” will be the bounded Borel-
measurable functional calculus of normal operators on a Hilbert space.

First, the formal definition (which we have already seen in Definition 3.4):

Definition 7.1 (Inner product space). An inner-product space is a C-vector space # along with a sesquilinear map
(,):HxFH—C
such that

1. Conjugate symmetry:

(¥, 0) = (p,¥) (o, ed).

2. Linearity in second argument:
a0+ @) =al,p)+(,@)  (p,@YeH,aeC).

3. Positive-definite:
() >0 (peFH\{0}).

To every inner product one immediately may associate a norm, via
[0l == V(W) (W eH).
The converse, however, hinges on the norm obeying the parallelogram law as we have seen in Claim 3.6.

Claim 7.2. Once we have an inner-product, we immediately have the Cauchy-Schwarz inequality

e, 0 < llelliell (p,9 € ).

Definition 7.3 (Hilbert space). A Hilbert space # is a inner-product space with (,-) such the induced norm ||-||
from this inner product makes # into a Banach space (i.e. a complete metric space w.r.t. to the metric induced by

11D
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Hence we identify a Hilbert space as a Banach space whose norm satisfies the parallelogram identity.
One of the central notions available to us now in Hilbert space, which was not available before, is the notion of
orthogonality of vectors:

Definition 7.4 (Orthogonality). Two vectors ¢, 1 € # in a Hilbert space are dubbed orthogonal iff

{0, ¢)z = 0.

A collection { ¢; }, is called orthonormal iff
(@i, j) = bij -
The following two claims involving orthogonality will be useful. Their proof will be a homework assignment.

Claim 7.5. ¢ L o iff

el <llzgp+ell  (V2€C).
Proof. We have
0 < [lzv + @l = |2 [#1° + lell” + 2Re {{2v, )} - (7.1)
Hence if (1, 9) = 0 we have [|2¢) + | > [|]/*
Conversely, if 1) = 0 we are finished. Otherwise, let z := — mﬁ? . Plugging this into (7.1) we find
2 2 2 2
0<llzo+ell” = lel™+ 12" 191" + 2Re {(z¢, ©) }
¥, @) P,
= ol + Ly gpe (W04,
[l Il
loll? |, )
2
¥l

which is coincidentally a proof of the Cauchy-Schwarz inequality. But this also shows that

2 2
129 + @ll” < [l

for one z if {p, ) # 0. O

Theorem 7.6. Fvery nonempty closed convex set E C # contains a unique element of minimal norm.

Proof. Let
d:=inf({||z|||z€ E}) .

Let { y, },, C E so that { ||z,|| },, = d. Since E is convex,

1
§(wn+xm)€E

and hence .

1
| €n + Zm||* = 4”2 (Tp + )| > 4d%.

Then the parallelogram law Claim 3.6
2 2 2 2
[2n + Zm||” + 20 = 2w = 2[|zn " + 2[jzm |
has its right hand side tend to 4d2 also, so ||@, — zm|° — 0 and hence { z, },, is Cauchy, which hence converges to
some z € E (as E is closed) and we have ||z|| = d.

For uniqueness, if y € E with ||y|| = d, then

{zy,2z,9,...}
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must converge by the above, so y = x. O

Theorem 7.7. Let M be a closed subspace of #. Then
Mt={pc#H|p LyWWpec M}
is also a closed subspace of #, M N M+ = {0}, and

H=MeM:.

Proof. Since (i, -) is linear, M is linear. Also,

M= () {0 (7.2)

peM

and (i, -) is continuous by the Cauchy-Schwarz inequality, so M~ is closed. Next, if o € M N M+~ then in particular

(¢, ) =00 p=0.
Finally, let ¢ € #. The set ¢ — M is a convex, closed subset and hence by Theorem 7.6 we get some 1 € M such
that ||¢ — 1| is minimal. Let

ni=p =1
Then
Inll <ln+&ll (£€M)

by the minimizing property. So by Claim 7.5, n € M+. But

o=th+neM+ M.

Claim 7.8. For any subspace W C #, (W)J' =W,

Proof. W C W and from (7.2) we have (W)J' cCwt.
Conversely, let v € W+, We want to show that v € (W)L That is, for all w € W, (v,w) = 0. Let {w, }, CW

with w,, — w. Then
(v,w) = <v,limwn>
n
= lim (v, w,)
n
= limO0
n
= 0.
where in the second equality we have used the fact that (v,-) is a continuous function on #:

(v, ) = (v, 9)] (v, 0 = )
lolllle =l -

IN

Claim 7.9. For any subspace W C #, (WJ-)J' =W.
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Proof. Let w € W. Then (w,v) =0 for all v € (W)L, which, via Claim 7.8, implies that (w,v) = 0 for all v € W+,
which is equivalent to saying that w € (WL)L.
Conversely, by Theorem 7.7, for any closed subspace,

H=TWeo (W)
=WoWwt. (Via Claim 7.8)
Now since W+ € Closed (#) via Theorem 7.7, we may also write
1 1yt
H=W+o (W) .
Hence we learn that
wtewhT = wieW.

Now if W were a proper subspace of (WL)L, this line would lead to a contradiction. O

7.1 Duality in Hilbert spaces and the adjoint

Let us now discuss the duality of a Hilbert space. Our ultimate goal is to define, for every A € B (#), an adjoint operator
A* € B(H).

Theorem 7.10 (Riesz representation theorem). There is an anti-C-linear isometric bijection K : 3 — F* given by

90'_><907'>'

Proof. Clearly K is anti-C-linear. To show it is isometric, we have by the Cauchy-Schwarz inequality

1 (@)l sup ({ (K (¢)) (¢¥) [ ¥l =11})
sup ({ (o, V)| [ [[9ll = 11})

sup ({ [l | 1] = 1 })
el -

ING I

But also,
lell® = {0, 0) = (K (9)) () < 1K (@)l

where the last inequality was Lemma 3.18. Hence ||K (¢)|| = ||¢|| so K is an isometry. But an isometry is always
injective, is it merely remains to show that K is surjective.
Let then A € #*. If A = 0 then K (0z) = 0 = A. Otherwise, since ker (A) is a closed linear subspace, the proof

above says
F = ker (\) @ ker (A\)*

Let therefore n € ker ()\)J‘ and 1 # 0. Since by linearity we have

(M) n— (An) 9] € ker (A) (¢ € #)

we have

0 = (n,[(M)n—(An)yY])
= (A)(m,m) — (An) (n,9)

(38
1l
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or

A1)
A= <(gn, > .
Il
The proof is thus complete.

In concluding this proof, we note that since the map K was established to be injective, the vector thus obtained

(/\77) — Kfl ()\)

2=
Bl

is unique (any choice of  with the constraints above would yield the same result). Hence we recover

(ker (V)" = (K" (V)

so that ker (A) is a closed linear subspace of codimension 1. O

The definition of the adjoint map on B (#) On every Hilbert space, we have the space of all bounded (and hence

continuous) linear functions
B(FH)={A:H — | Alinear and ||A]| < oo} .

As we have seen in Claim 3.20, this is a Banach algebra (but in general not a Hilbert space in and of itself!). Now, as we
shall see, it has additional structure: the adjoint, which maps an operator A to its adjoint A* (sometimes Af in physics).
It is already clear that given any A € B (#), via the above claim, we may map it to an element in B (#*) as follows:

A KAK™Y = (0, ) — (Ap, ) . (7.3)

This is not the definition of the adjoint on B (#). We should remain consistent with the notion of duality on Banach
spaces we had before, with which A* : #* — #* is defined as

<§07 > — <907A> :

Since K : # — #*, by conjugation
K'A*K 9t — ¢

we may view A* as an element of B (#) directly:
o — K 'A*K¢p.
We have its defining feature
(KA Ko, 0) = (@, A) . (7.4)

Indeed,
(KT A" Ko, ) = (A" ({9,))) () = (9, A7) () = (p, AY) .
In common abuse of notation we drop the K’s and just write A* in lieu of K 1 A*K.
Let us see that we could have used (7.4) alone to define A*.
Indeed, the next two statements show us that, to an extent, operators are determined by their “diagonal matrix
elements”, if we are allowed to pick arbitrary matrix elements.

Theorem 7.11. If A € B(#) and (p, Ap) =0 for all p € # then A= 0.

Proof. We also have
(p+v,Alp+9)) =0

S0
(0, AY) + (, Ap) =0 (p, ¥ € ).
We may replace ¢ by iy to get
—i{p, AY) +1(, Ap) =0 (o, € H) .

If we now multiply the last equation by i and add it to the first, we get

<§07A7/}> =0 (%1#635) o
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Hence taking ¢ = A yields HA'L/)HQ = 0 so that Ay =0 for all ¢ € #. O

Corollary 7.12. If A, B € B (#) such that
(p, Ap) =(p,Bp)  (p€d)
then A = B.

Proof. Apply the preceding theorem to A — B. O

Note this would fail if we had an R-Hilbert space, as rotations in R?> demonstrate (take rotations by 90 degrees CCW or
CW)!

Theorem 7.13. If f : #? — C is sesquilinear and bounded, i.e.,
Si=sup({ [f (@, ¥)] : [lell = [l =1}) < oo
then there is some unique F € B (#) such that

flo)=(Fe.4) (g, 0 €H)
and |F|| = S.
Proof. Since

|f (o, 9) < Sllellll]

we have for fixed ¢,

H3¢ = fle9)

a bounded linear functional of norm at most S||¢||. Hence to each such linear functional there corresponds a unique
element, which we call Fp, for which

f (o ¥) = (Fe, )
and ||Fp| < S||¢||. Clearly F : # — # defined in this way is C-linear from the properties of (-,-). E.g.,
(F(ap),¥) = f (ap, ) =af (o, ) = a(Fe,9) = (aFp, ) .
Hence F € B (#) with |F|| < S. Moreover,
1f (o, ) = [(Fo, o) < [[Fllllbll < [IF 1[Il

and hence S < ||F||.

Hence if we have an operator A € B (#), applying the preceding theorem on the function
f () = (o, Ad)
we learn there exists some F' =: A* such that
(0, Ap) = (A", 0) (g, € )

and such that ||A*| = || 4]

We have thus exhibited a map
x: B(H) — B(H)

called the adjoint map which is a C-anti-linear involution:

(A+B)" = A*4+B*
(AA)* = 2A*
(AB)* = B*A*
A = A (involution)

these can be verified using Corollary 7.12.
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Claim 7.14 (The C-star identity). We have [|A]* = || A*A|.

Proof. We have , ,
[Apll” = (Ap, Ap) = (p, A" Ap) < ||A*Alll|¢]”-

But also,

1A= Al < A" [[I1A] = JlAI*.

Again we use the properties of B (#) to make an abstract definition:

Definition 7.15 (C-star algebra). A C-star algebra is a C-Banach algebra A together with a C-anti-linear involution

x: A — A

(i.e. it is a star-algebra) such that
2
la*all = la]| (a€A).

7.2 Kernels and images

Theorem 7.16. If A € B(#) then

ker (A*) =im (A)"  ker (A) = im (A*)" .

Proof. We have

A = 0

!

Aow) = 0 (WeR)
!

(v, A¢) = 0 (pe)
!

@ € im (A)J'
Hence ker (A*) = im (A)". Since A** = A, we get the second statement. O

Lemma 7.17. We have ker (A) = ker (|A|2) with |A]> = A*A.

Proof. We have the chain of implications

peker(d) <= Ap=0
— A"Ap= |A\2ap:O
= @ € ker <|A|2) .
Conversely,
chker(|A\2) AP p=0

(147 ¢,p) = ovy € 2
(Ap, Ap) = OV € % .

111
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In particular, choose ¥ = ¢ to get ||Ap|| = 0 which implies Ay = 0 and so ¢ € ker (A) as desired. O

Definition 7.18 (Order on self-adjoint operators). We say that A € B (#), call it “positive”, denote it by A > 0, iff

(¢, A) >0 (Yed).

Similarly, for two operators A, B € B (#), we say that A > B iff A— B > 0.

Lemma 7.19. For A € B (#), the following are equivalent:
1. imA € Closed (#).

2.0¢0 <|A|2> or zero is an isolated point of o (|A\2)
8. Je > 0 such that

lell = el (veera)t).

Proof. ((1)=>(3)): Assume that im (4) € Closed (7). Consider the bijection A : ker (A)" — im (A). It is clearly
bounded since A is bounded. Since im (A) € Closed (#), im (A) is a Banach space, which implies that A=! : im (4) —

ker (A)J' is bounded by Corollary 3.38. I.e., Hfl_lH < 00, which is tantamount to saying that Jc < oo such that
Hfl_lgoH < c|lg|| for all ¢ € im (A). Now if ¢ € ker (A)F, then At € im (A), and so A~1 A = 1. Hence

Pl < cllAy]|
7
<

1
Il < Al

((3)==>(1)): Let { ¢p },, € im (A) such that lim,, ¢,, = 1) for some ¥ € #. Our goal is to show that 1) € im (A).
Let
T = A" 0, € ker (A)T

Then An, = AA~'p, = ¢n. Now, ||An,|| > €||n.|| by hypothesis. We claim { 7, }, is Cauchy. Indeed, |7, — 7m|| <
LA — )|l = Lllon — @mll- But { ¢, }, converges and is hence Cauchy. Hence lim, , = £ for some ¢ € #
(because regardless of the status of im (A), # certainly is complete and hence Cauchy sequence converge). Since A
is bounded it is continuous, so we find that

A¢E = Alivrlnnn
= lignAnn
= limep,
= 9.
We obtain then that ¢ € im (A) as desired.
((2)<=>(3)): We have ker (\A|2)L = ker (A)J‘ using Lemma 7.17, and, for fixed ¢ > 0, we thus have the

equivalence

lAell > ellell (o€ Geer )

1
el (peter(lar)’).

>
I
>

(0,141 )
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Now write
2 2\t
H = ker(|A| )@ker (|A|)
and consider |A|* as an operator on the direct sum Hilbert space
2 2 2\ * 2 2\ *
A : ker (]41%) @ker (JAP) " — ker (141°) @ ker (14) .

Write it in block operator form as

Ci (Co1)”
AP — 11 21
= [021 Ca }

where

Ci1 - ker (|A\2) 5 ker <|A|2)

etc. By definition of these spaces, we must have C1; = C; = 0 since their domain is ker (|A|2) So actually

, _[o o
AR = 3 ol

We note Cs3 need not be an isomorphism since it could fail to be surjective (but it has no kernel by definition). The
inequality established above is thus equivalent to

2
(p,Ca2p) > &gl

1
for all vectors on the Hilbert space ker (\A|2) . We now invoke Corollary 8.18 on Cs, to conclude this estimate is

equivalent to that it cannot have spectrum on the interval (0, 62), which is what we were trying to show. O

7.3 Orthogonality and bases

Claim 7.20 (Pythagoras). If { ¢; }!_; is an orthonormal set and ¢ € # then

2

917 = 3" s ) + . (7.5)

P =Y (i, ¥) @i
i=1

Proof. Let us define .
P:=>) 0:;®¢;.
i=1
Here we interpret the dual of a vector as a linear functional as follows:
no= () et

Moreover, ¢ ® ©* is thus an operator as

(p®v*)(n) == {,m .
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We claim that P = P* = P2. The first equality is obvious. The second one follows via

n
P2 = ) 0i®pie; ®¢;
ij=1

n

> (i) 0i © 05
i,j=1

= Z 0ijPi ® ¥}

i,7=1

> 0@t
=1

P.

Hence we have
112 = | Pe + Pro| = [Po|? + | P’ + 2Re {(Py, Pry)} = [Py]® + | PLo|”

where in the last step we have used PP+ = 0. O

Definition 7.21. Let { E,, } be a sequence of closed subspaces of #. Then

%:@En

neN

neN

iff { B, },cn is @ mutually orthogonal set (ie. (u,v) = 0if u € E, and v € Ey, for n # m) and span (U, cy En)
(finite linear combinations of elements of E,,) is dense in #.

Note that thanks to Theorem 7.7, given any closed subspace M C #, since
F=MeoM™*
we may define an operator
Py:3# — #

given by
Y (Yar,0) € M@ M*.

This operator is called the projection onto the closed subspace M. It is clearly linear and moreover bounded:

1Pyl = sup ({[[Pue]l [ [l =1})
= sup ({ [|(¥ar, Ol | 1(oars s )l = 1)
< 1.

In fact, its operator norm is also bounded below by 1 since we may always take a unit vector within M, in which case Py,
acts trivially on it. In fact, P}, = P}; = Py is a self-adjoint projection.

Lemma 7.22. Let { ¢, }j C #H be a mutually orthogonal sequence such that

o0
2
> lleill? < .
j=1
Then
n
vim i 3¢
j=1
exists and

2
> llsl®.
j=1
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Proof. The sequence { E;Zl ©j } is Cauchy (almost by hypothesis), so the limit exists. But we also have
n

2

> ei|l =D llesl?
j=1 j=1

by mutual orthogonality. Taking the limit n — co on both sides we obtain the desired equality. O

Theorem 7.23. Let { E,, } be a sequence of closed subspaces of # such that

%:@En.

neN

neN

Then for any i € #,
¢ = lim > Pgp
j=1

n—o00 4

and

S NP, ] = 1l
j=1

Proof. For any n € N, we have

2
n

> =Y P+1- (D> P | |v
j=1

Jj=1

2 ) (mutual orthogonality)
1

n
J=

n
> lPsuf* + || 1-
j=1

> > ||1Pg,vl’
j=1

so applying the previous lemma with ¢,, := Pg, 1 we find that
n
Jim, > ey
j=

exists. We claim it equals . Indeed,

w_ZPEﬂ/’ L En (m <n)

j=1

and hence in the limit n — oo,

n—00

Y- lim Y Ppt| LE, (meN).
j=1

Since

%:@En

neN
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we have that

n—oo

¢ — lim Y Py | L
J=1

ie.,

V=l Poy-

Definition 7.24 (orthonormal basis). We now discuss bases for Hilbert spaces. If S is an orthonormal set in #,
and no other orthonormal set contains S as a proper subset, then S is called an orthonormal basis (or a complete
orthonormal basis) for €.

Theorem 7.25. Every Hilbert space # has an orthonormal basis.

Proof. Let C be the collection of orthonormal sets in #. Order € by inclusion: S7 < Sy iff S; C So. With this order
< on C, € is partially ordered. It is also non-empty since if ¢ € # \ { 0 }, then { ﬁ } is an orthonormal set. Now if

{ Sa }oea is any linearly ordered subset of €, then J,. 4 Sq is an orthonormal set contains each S, and is hence an
upper bound for { S, },c 4. Since every linearly ordered subset of € has an upper bound, we can thus apply Zorn’s
lemma to conclude that € has a maximal element, that is, an orthonormal set not properly contained in any other
orthonormal set. U

Theorem 7.26. Let # be a Hilbert space and { pq },c 4 an orthonormal basis. Then

Y= (Part) Pa

acA
and ) )
1ol* =D 1{pa, 9)]
acA
for any v € #.
Proof. Apply Theorem 7.23 with E,, := Cy,. U

Definition 7.27 (Separable metric space). A metric space which has a countable dense subset is called separable.

Remark 7.28. The notion of isomorphism in the category of Hilbert spaces must preserve also the inner product, i.e.,
[ —H
is a Hilbert space isomorphism iff it is a C-linear homeomorphism which obeys

(fo, fo)ze = (W, 0) g -

Theorem 7.29. A Hilbert space # is separable iff it has a countable orthonormal basis S. If the basis hasn elements,
# is isomorphic to C" as a Hilbert space. If S is countable then # is isomorphic to £ (N) as a Hilbert space.
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Proof. First assume that # is separable as a metric space. Let { ¢, }, be a countable set dense. By omitting some
elements of this collection we may make it linearly independent and whose finite linear combination span is the same
as the original collection, which is dense. We may then apply a Gram-Schmidt process to this independent collection
to a countable orthonormal system.

Conversely, given a countable orthonormal basis { ¢, },,, we may approximate any vector by a finite linear
combination of elements in this collection (say, with rational coefficients, to make sure it is countable) so that it is
dense.

Next, assuming # is separable, setup the isomorphism

U:d — (*(N)

given by
1/’ = (<(p15¢>5<¢27¢>7"') .

Theorem 7.26 shows that this map is well-defined and surjective. The calculation

U, Uy = D UY), (Ue),

n=1
= Y @, ¢n) (0n,9)
n=1
= Z (¥, on) {on, P)
n=1
= Z <¢7 PEn ¢>
n=1
(oo}
= w? Z PEn <)0>
n=1
shows that this map is unitary. O

Remark 7.30. Even though all separable Hilbert spaces are isomorphic, it is still convenient and necessary to work
with concrete examples. The “abstract”, “platonic” separable Hilbert space is usually referred to either as £2 (N) or as
C* (the latter more in topology).

While £>° (N — C) is an example of a non-separable Banach space (we may view the power set # (N) as a subset
of £° (N — C). This set is however uncountable, and moreover, each of its elements is of distance 1 from any other
element in it. Form open sets around each of these points). It is not a Hilbert space. If we insist on an example of a
non-separable Hilbert space, we have

Claim 7.31. Define the space

%:éQ(R){f:RHC

f7H(C\{0}) is a countable set and Z If (@) < o0 }

z€R

with the obvious inner product (using the fact that the countable union of countable sets is countable). Then # is a
non-separable Hilbert space.

Proof. For each y € R, define

5, (x) == {(1) i;z

The set { 0, }yER is an uncountable set of elements of distance /2 of each other. O
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Remark 7.32 (Various types of bases). We define a Hamel basis (of a Banach space, and hence of a Hilbert space) to
be any subset B of a Banach space X such that any vector ¢ € X may be written as finite linear combinations from

the collection B: .
= ajb
=1

with n € N, { o }?:1 C C and { b, }?:1 C B. We have already seen in the homework (HW2 and HW3) that infinite
dimensional Banach spaces cannot admit a countable Hamel basis, and the same is clearly true for Hilbert spaces.
In contrast, a Schauder basis allows the linear combinations to be infinite. Hence the above statements imply that
a separable Hilbert space has a countable orthonormal Schauder basis. Does every separable Banach space have a
Schauder basis? Apparently, according to Enflo, the answer is no.

7.4 Direct sums and tensor products

Definition 7.33. Given a sequence { #, },, of Hilbert spaces, let

e {on

m=1

o0
T, € Hop, A Z||xm||2<oo}.

Then # =: @20:1 #,, is a Hilbert space with the inner product

o0

<(In)n s (yn)n>% = Z <$maym>5¢€m .

m=1

Proof. We want to prove that the inner product is well-defined:

‘<(Z‘n)n ) (yn)n>gg‘ < Z ’(xm?ym>3€m’
m=1

oo
< Z Zm [ lym I (Cauchy-Schwarz)
m=1

< <Z||$m||2> <Z||ym2> : (Cauchy-Schwarz)
m=1 m=1

The fact it is indeed sesquilinear follow from the linear properties of each inner product. For positive definiteness,

o0
_ 2
(@n)n, (@n)n)y = Z meH{r’t’m <o
m=1
But a series of positive terms can only be zero if each term is zero, which means the whole sequence is zero.
Finally we want to show completeness: assume that { z,, },, is a Cauchy sequence in #, i.e., that Ve > 03N, € N :
|Zm — xi|l < € (n,m > N,) .

This last inequality is equivalent to
> lwnm = Tnally, <2 (n,m > Ne) .
neN

which implies that
| Zn,m — xml”;’n < ¢g? (n,m > Ng,neN) .

As such, for fixed n € N, { Z,,,m },, is a Cauchy sequence in #, which converges to some y,,. We want to show that
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Zm — y where y = (y,,),,. Hence,

2 _ 2
Zm — yllz = lexn,m - ynllgen
neN
= Z Hm ||y m — ] 2
l—o00 ’ HdHn
neN
< lim ZHI’nm - xn,lH;‘, (Fatou’s lemma)
l—o0 "
neN
= lim ||z, — 2|5
l—o0 #
< 2.
We still need to show that y € #:
2 2
ll* = > lynl,
neN
2
< > (Ilon = 2nmllze, + lonmlls, )
neN
< 0.

Lemma 7.34. Let A and B be two disjoint sets. Then

FZ(AuB) =2 (A) @ *(B) .

Proof. Setup a basis for £2 (A U B) given by { e, }acaup- Then it is clear how to setup the isomorphism and extend
it linearly. O

Definition 7.35. Given two Hilbert spaces #;, #2, define their tensor product as follows:
V = #1 ®vector space dty

where we mean the vector space tensor product (e.g., take the linear span of formal set { e; ® fi } where {¢; }j is a
basis for #, and { fi }, is a basis for #>). On V, we define an inner product as

(P1 ® 2,91 @ Y2)y 1= (P1,V1) g, (P2,V2) 5,
and extend linearly from non-simple vectors.
%1 QHilbert space %2

is then defined as the completion of V under this inner product. One way to think about the completion is as a space
of equivalence classes of Cauchy sequences. There is also an explicit construction by identifying #1 ®Hilbert space #H2 =
B (#1 — #3) [TODO: expand on this].

Claim 7.36. Given two countable sets A and B,

P(AxB)=?(A) @ (B).

Proof. Send the basis element
€(a,b) F* €a @ €p

and extend linearly. O
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Definition 7.37 (Fock space). Given a Hilbert space #, define

F@H) =P
n=0

n times

where we use the convention that #®° = C. & (#) is separable if # is. Its symmetric and anti-symmetric subspaces
are called the Bosonic and Fermionic subspaces respectively.

8 Some C-star algebra theory

In this section we momentarily leave B (#) and concentrate on an abstract C-star algebra as in Definition 7.15 A. This
is done for the sake of establishing some properties of elements in C-star algebras which only call for this abstract setting.
We shall culminate with the continuous functional calculus in this setting, as well as a representation theorem for C-star
algebras.

8.1 Normals, self-adjoints, unitaries and self-adjoint projections on C-star algebras

Definition 8.1 (Algebraic properties of elements in a C-star algebra). For a € A (with |a|® = a*a) we say it is
1. Normal iff |a|® = |a*|? iff [a,a*] = 0 where
la)* = a*a (8.1)
and where

[a,b] = ab — ba. (8.2)

2. Self-adjoint iff «* = a.

3. Positive iff a = |b|* for some b € A.

4. Unitary iff |a”> = |a*|* = 1. Isometry iff [a|* = 1 and Co-Isometry iff |a*|> = 1.

5. Idempotent iff a® = a.

6. Self-adjoint projection iff a> = a* = a (more commonly orthogonal projection).

7. Partial isometry iff |a|2 is an idempotent (automatically self-adjoint, so we can just as well say that |a|2 is a

self-adjoint projection).

Claim 8.2. For a € A, a = 0 iff |a|* = 0.

Proof. Clearly if a = 0 then |a|2 =a*0 = 0. In fact a* = 0 too by 0* = 0.
Conversely, if [a|> = 0 then H|a\2H = 0. But the C-star identity then says that ||a]|®> = 0, i.e., that |ja]| = 0 so
that a = 0. O

Lemma 8.3. a € A is a partial isometry iff a* is a partial isometry, in which case

a2 aa*a @ sa*aa*a = la*)*alal® .
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Proof. Let us begin by showing (1). Calculate

2
(1)

[(=ta)a] (1= 1) e
a* (11 - |a*|2) (11 - |a*|2) a

— ¢ (]1 —20a* + |a*\4) a

2
= |a|® — 2a*aa*a + a*aa*aa*a

2 0 % A
= la]” —2[a["|a]” + |a|" |a]” |al

= |a|® = 2|a)® + |a|? (Ja|* is an idempotent)
=0.

Now using Claim 8.2 we conclude that (]l — |a*|2) a = 0. Hence
aa*a = |a*|*a = (|a*\2 -1 +]1) a=a.

Next, we want to show that |a*|2 is an idempotent. This is an immediate application of the first equality:

O

This lemma shows us that partial isometries can be considered as “maps” from the range of the SA projection |a\2 to the
range of the SA projection |a*|*.

Claim 8.4. If p € A is a self-adjoint projection then either p = 0 or ||p|| = 1.

Proof. We have

2
lIpll

lp*pll
= [|»*]
= |pll.

Lemma 8.5. If u € A is a unitary then |lu|| =1 and o (u) C S'.

Proof. Again the C-star identity implies
2 2
fa® = || = 121 =1.

Now let A € o (u). Of course A # 0 for otherwise u is not invertible, which is false by u*u = 1. Then by the spectral
mapping theorem Theorem 6.35,

Now we claim that




Next, note that on a C-star algebra, if a € § then a* € ¢ too and (a"“)f1 = (a’l)*. Indeed,

(ail)*a* = (aail)* =1*=1.

Hence,
Aeo(a") <= (@-A)¢¢
— (a-— Xll)* ¢QG
<~ (a—A1)¢CQC
< X€o(a)
so that o (a*) = o (a). Thus we find
A oe o)

As the norm bounds the spectral radius, we have r (u) < ||ul| = 1, so that |A\| < 1. But the above shows also that
‘)\_1’ < 1. Hence |A| = 1. O

Theorem 8.6. If a € A is self-adjoint then the spectral radius r (a) equals the operator norm ||al|.

Proof. By the C-star identity, we have

2 *
lal* = lla*all = [l
from which we conclude that
2
lall™ = {|a*"]
and hence
n 2_n
r(a) = lim|ja"||* = limHa2 = |lall.
n n
O
Corollary 8.7. There is at most one norm on a star-algebra making it a C-star algebra.
Proof. We have for any a € A, using the C-star identity and the fact |a|? is self-adjoint:
2 2
lall® = la*all =7 (lal*) = sup |\l
AGJ(|a|2)
But the RHS is independent of the norm. O
Actually one only needs the C-star identity as an upper bound:
Lemma 8.8. If A is a Banach star-algebra such that
2
llal” < [la”all
then A is a C-star algebra.
Proof. [TODO] O

Claim 8.9. If a € A is self-adjoint then o (a) C R.
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Proof. Since |la*|| = ||a||, clearly the involution is continuous. Note that €' (understood via the entire functional

calculus) is unitary:
ia\* — i" n = (_l)n n —ia
E) =2 ) = =

n=0 n=0

But el®e~i@ = 1. Hence o (ei“) C St
Now let A € o (a). Let b:= Y22 I (a — A1)"~'. Then
eld —eiM = (ei(“_)‘ﬂ) - ]l) e = (a — M) be™.
Since b commutes with a and @ — A1 is not invertible, ¢'* —¢**1 is also not invertible. Hence ¢ € o (ei“) C S! which
implies A € R. O

Lemma 8.10. Let a € A be such that a = a*. Then:
1. If o (a) C [0,00) then [a — [lal[1]| < [|al|.
2. If for some t >0, |la —t1|| <t then o (a) C [0,00).

Proof. We shall use the spectral mapping theorem, and the fact that the spectral radius equals the norm for self-
adjoint elements.
For the first statement, assume o (a) C [0, 00). Together with a being self-adjoint we get o (a) C [0, [|a||] so that

spec. mapping

o (a—a|1) o (a) = [lall € [=llall, 0]

and hence 7 (a — ||a]|1) < ||a|| which is what we need.
For the second statement, assume there is some ¢ > 0 for which ||a — ¢1|| < ¢. Then

assumption

o(a—t1) P TPPNE Lyt C [~

So if there were A € o (a) with A < 0, it would violate this last inclusion. O

Lemma 8.11. Let a,b € A be such that a = a* and b =b*, and such that o (a) C [0,00) and o (b) C [0,00). Then

o(a+b) C[0,00) .

Proof. Using the first item in Lemma 8.10 we find that

lla—llall2]l < flall
o= Tlolnf <ol

Combining the two together we get

A#
la+b—lallL = [olIL)] < lla—allL]l + [ — bl
< lall +[fo] -

Thus, invoking the second item in Lemma 8.10 (and the trivial fact that (a +b)" = a* 4+ b*) we get the desired
result. O

Lemma 8.12. The power series of z — /1 — z about zero converges absolutely for all z € By (0c).
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Proof. We have

vI=z= _§2n1—1 (?) (Zy

O

To define the square root of a positive element, we would have liked to use the holomorphic functional calculus. Unfortu-
nately this is not possible if
0€o(a)

so we must find an alternative route. The best such route is the continuous functional calculus, which we shall encounter
below in Theorem 8.40. Another possibility is the so-called Gelfand representation. However, here we choose to proceed
with the tools we already have:
Theorem 8.13 (Square root lemma). If a € A has a = a* and o (a) C [0,00) then there exists some b € A such
that: (1) [b,a]l =0, (2) b="b*, (8) o (b) C [0,), and (4) b* = a.

Proof. Consider the power series about zero of
1 > /1 o
Bi(0c)3z—V1i—z=(1-2)2 :Z(;) (1) 27

We have

In fact

1

¢ji= = (j) (-1 € (01)  (GeNs).

It is well-known that this series actually converges absolutely also on the boundary of the disc, i.e., on By (0c). As
a result we have the norm convergent series in A

\/Il—x::IL—chxj (xeA:z|| <1). (8.3)
j=1

Applying it to xz :=1 — H}T\Ia we have

s . m in 1
o(x) P EPPTE pma(a)
1
c 1= =00, [lal]
lall
= 1-[0,1]
= [0,1]
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and so since x = z*, ||z|| = 7 (x) < 1. We are therefore justified to plug in = into (8.3) in order to get

= Vel | 1 -

oo

D

j=1

1 J
¢ |1 ——a
J( all )

(8.4)

as a norm convergent series. Since the convergence is absolute we can square the series and re-arrange the terms
to obtain the fact that 6> = a. Since * : A — A is norm continuous and the partial sums in the series for b are

self-adjoint, so is b itself. Moreover, b also has positive spectrum. Indeed, since ¢; > 0 and o (ﬁa) C [0,1], we get

e’} 1 9 e} 1 J
¢ |1 —-—a < el 1 — a)
; j( llall ) ; ! ( lal
e’} 1 J
< 24 a
2 [l
< 29
j=1
= 1.
So the spectral mapping theorem implies
oo 1 7 e’} 1 7
o ]l—Zq(]l—a) = l-0 ch(]l—a>
2 Jal 2 ol
= 1- [_1a 1]
= [0,2]
c [0,00)
Since the series for b converges absolutely, it commutes with a. O

Lemma 8.14 (The positive and negative parts of a self-adjoint element). Given any a € A with a = a* we know
that o (a) € R. Then by the spectral mapping o (a2) C [0,00) and so by Theorem 8.13, Va2 exists as a self-adjoint
operator with positive spectrum. We then define the positive and negative parts of a as

at = %(\/e?:l:a).

Then a* are self-adjoint elements with positive spectra such that a*a™ = 0.

Proof. First note that

el N NN
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But, from Lemma 8.12 it is clear that Va2 is a norm-convergent series in a?, and hence commutes with a.
Let p,, be the polynomial approximation to Va2 up to order n:

n J
o= Vel Z"ﬂ( |2|“2)

Jj=1

so that

20T = hm (pn £ a)

n J
1 \° 1
= ||a||hm 1-) ¢ <a> + —a
Jzzl A\ ol

One verifies that for any n € N the polynomial

(L) vam1-> ¢(1-a?) £a
j=1

is positive and hence by Corollary 6.29, the spectrum of a™ is contained in [0, 00). O
Theorem 8.15 (Characterization of positive elements). a € A is positive iff a = a* and o (a) C [0, 00).

Proof. Assume first that a is positive, i.e., that a = |b|2. Then clearly \b|2 is self-adjoint and we are left to show that
o (|b|2) C [0,00).

To that end, first let us show that if, for some generic a € A, o (— |a|2) C [0,00) then a = 0. Indeed, we first
remark that using Lemma 6.30 we have

o (la)\ {0} = (Ja"*) \ {0} .
Hence o (7 |a|2> C [0,00) implies o (7 |a*|2) C [0,00). Let us write
a=>b+ic
where b = Re {a} = 1 (a+ a*) and ¢ = Im {a} = % (a — a*). Then

af +|@* > = (b+ic)* (b+ic) + (b+ic) (b+id)”
= (b—ic)(b+ic)+ (b+ic) (b—ic)
= b2 —ichb+ibe+ 2 +b* —ibc+ich + ¢
= 202 +2%.

2

Hence |a|® = 2b% 4 2¢% + (f |a* |2> By the spectral mapping theorem Theorem 6.35, b2 and c? have positive spectra,

and the sum of self-adjoint elements with positive spectra has positive spectra Lemma 8.11. Hence \a|2 has positive

spectra. But by assumption, o (f |a|2) C [0,00), i.e.,

o (Jaf*) € 10,00) N (~00,0 = {0}
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so that

lal* = [|la?|| = (1al*) = 0

which implies a = 0 as desired.
. 2 . o . .
Now since |a|” =: b is Hermitian, so using Lemma 8.14 we may write

b=0b" —b"
with b+ self-adjoint with positive spectrum, and b+b~ = 0. Now with ¢ := ab~ we have
—le? = —ba*ab”
= —bbb”
—b~ (b+ — b_) b~

= ().
By the spectral mapping since o (b~) C [0, 00), the same holds for the third power. Thus
2
o (= le?) < [0,00)
so that by the first part of this proof, ¢ = 0. Hence, ab~ = 0 by Claim 8.2 so that b~ =0, i.e.,
b= V2.

But by Theorem 8.13 v/b2 has o (\/173> C [0, 00) so that

o (lal*) € [0,00) .
Conversely, assuming that a = a* has o (a) C [0, 00), apply Theorem 8.13 to get v/a which is self-adjoint and for
which
(Va)" va= (va) va=a.
O

Thanks to this characterization of positive elements, we may extend Va2 from self-adjoints to arbitrary a € A as

Va*a = |al.

Lemma 8.16. The square root defined in Theorem 8.13 is actually unique: if a > 0, and ¢ € A is such that: ¢ > 0,
c? = a then ¢ = \/a.

Proof. Let b := y/a for convenience. We have

so that ¢ commutes with a and hence with b. Thus
b—c)b(b—c)+b—c)cb—c)=b—-c)(b+c)=(b—c) (b*—c®)=(b—c)(a—a)=0.
But both (b—¢)b(b—c) and (b — ¢) c(b— c) are positive: b — ¢ is self-adjoint, and

w*qw

is clearly positive iff ¢ is positive, so they are both zero separately (as in the proof of Theorem 8.15, we would have
the spectrum of a negative operator in [0, 00) which would imply that it is zero). Their difference is

b-¢?® = 0.
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But since b — ¢ is self-adjoint, the C-star identity implies
6=l = |e-9 =0

so that b = c. O
Corollary 8.17. For any a = a*, a < |a||1 and if 0 < a < b then |lal| < [|b]].

Proof. For the first part, we have by the spectral mapping theorem that

o(llalt —a) = |la||—o(a)
C [0,00)

but then, thanks to the above theorem, if ||a||1 — a is self-adjoint and has positive spectrum, then it is positive.
Next, a < b < ||b||1 from which we find ||b||1 — a having positive spectrum. But

o ([[bI1 = a) = [[bl| = o (a)

which means that o (a) C [0, ||b]]], i-e., [la| < ||b]|- O

Corollary 8.18. If a = a* obeys a > €l for some € > 0 then a is invertible and Ha*1|| <
if condition.

é. This is an if and only

Proof. By the above, we have
ocla—el)=o0(a)—¢

positive, i.e., all points A € o (a) for which @ — A1 is not invertible have A > & > 0 so that a is invertible. Moreover,

Ly 1
) =@

and we have

1 1
sup o (a™)| = :

— <
inf |o (a)| ~

But Ha‘lH :r(a_l) ESU.p’O‘ (a_l)‘. O

Corollary 8.19. Ifa = a*, b = b* with a invertible obeys 0 < a < b then 0 < b~ ! < a1l

Claim 8.20. o (p) C {0,1} for any self-adjoint projection p € A. Furthermore, if p is normal with o (p) C {0,1}
then p is a self-adjoint projection.

Claim 8.21. If w is normal and o (u) C S! then u is unitary.

8.2 The GNS representation [extra]

Given a Hilbert space #, we have seen that B (#) serves as a model for a C-star algebra. It turns out that all C-star
algebras may be realized as sub-algebras of B (#) for some #, and this is the contents of this section. In this section we
mainly follow | |

8.2.1 Maximal ideals and homomorphisms
Recall from algebra that an ideal ¢ in an algebra A is a subgroup with respect to addition, and moreover, is closed under
multiplication:

AY

a
A g.

N 1N
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(Strictly speaking what we formulated here is a two-sided ideal. One also speaks of left and right ideals). We may also
speak of mazimal ideals (in the sense of set inclusion): An ideal ¢ C A is mazimal iff there is no other ideal § C A such
that

Jcgca.

According to this convention, maximal ideals are necessarily proper ideals.

Claim 8.22. Every proper ideal is contained in a maximal ideal.

Proof. Let
S:={9 C Aisaproperideal | I C ¢} .

Then J € S and S is partially ordered by set inclusion. If { §; }, is a totally ordered subset of S, then ¢ :=J, §; is
also a proper ideal. So ¢ is an upper bound on { §; },. So Zorn’s lemma yields that S has a maximal element. [

Claim 8.23. Let A be an Abelian Banach algebra. Then a ¢ G5 iff a € M for some maximal ideal 17.

Proof. Let 11 be a maximal ideal and let a € M. If a € Gz then Ja~! € A. Then a~'a € N. But that implies
1 € M, which means that 7711 = A, in contradiction with 771 being maximal and hence proper. Hence if a € 171 for
1M maximal then a ¢ G 5. Conversely, if a ¢ G5 then consider the set

J:={ab|be A} .

This is a vector subspace which is also an ideal thanks to A being Abelian. It is also a proper ideal since a is not
invertible, so it can’t contain 1. But every proper ideal is contained in a maximal ideal, see Claim 8.22. O

Claim 8.24. In a commutative Banach algebra A, every maximal ideal is closed.

Proof. The closure 111 of an ideal 171 is also an ideal. But as 171 is maximal, we must have either 111 = Mor A =M.
But it can’t be the case that M = A. Indeed, we know that 711 N Gz = @ via the proof in Claim 8.23. Hence
1M C ¢@%. But we know that §% is closed (see Claim 6.6) so that 711 C §% so that it can’t be that 1711 = A. O

Proposition 8.25. Let A be an Abelian Banach algebra. Then there is a bijection between the space of non-zero homo-
morphisms and maximal ideals.

Proof. Let M be a maximal ideal. Then since it is closed, A /N1 is a Banach algebra with identity. Let
T A — A/M
be the quotient map. We will show that A /1M = C. Let a € A. If 7 (a) & G /m, then
7w (Aa) =7 (a) (A/M)

is a proper ideal of A /M. Define

g:={beA:7w)en(Aa)}=7""(r(Aa)).
Then J is a proper ideal of A and 111 C ¢. But 11 is maximal, so 111 = . Hence,

m(aA) Cw(9) == (M) = (0)

so that 7 (a) = (0). Le., A/M is a field. Thus Theorem 6.26 implies that

A/M={z+M|zeC}=C.
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Let

p: A/M — C
z+M - z.

Then ¢ : A — C is defined via ¢ := ¢ o . Hence we find that ¢ is a homomorphism and ker (¢) = 111.

Conversely, if ¢ : 4 — C is a non-zero homomorphism, then ker (¢) is a proper ideal and A/ ker (¢) = C again
by Theorem 6.26. So ker (¢) is maximal.

Lastly, if ¢, ¢ are two non-zero homomorphisms and ker () = ker (@), then there is some z € C such that ¢ = a.
But

l=p(M)=ap(l) =a
SO Y = Q. O

Definition 8.26 (maximal ideal space for A). Let A be an Abelian Banach algebra and define
Y:={¢: A —C|p#0A ¢y is an algebra homomorphism }

with the weak-star topology as in Definition 5.14 (as a subset of A*). X is called the mazimal ideal space of A.

Theorem 8.27. If A is an Abelian Banach algebra then its mazximal ideal space ¥ is a compact Hausdorff space and
o(a)={h(a)|heX} (a€e A) .
Proof. For the first part the proof would follow very closely along the lines of Theorem 5.18 and so we omit it [see
[ | pp. 219 for details]|.
Let now ¢ € ¥ and A = ¢(a). Then by linearity, ¢ (a — A1) = 0, i.e., a — AL € ker(¢) so that by the
homomorphism property a — A1l cannot be invertible, i.e., A € o (a). Conversely, let A € o (a). Hence a — Al is not

invertible, and so, (a — A) A is a proper ideal. Let 771 be the maximal ideal in A containing (a — A1) A, according
to Claim 8.22. Let ¢ € ¥ such that 1M = ker (¢), according to Proposition 8.25. Then

0 = pla—)=p(a)—A
so that o (a) C{h(a) | heX}. O
Definition 8.28 (Gelfand transform). Let A be an Abelian Banach algebra with maximal ideal space 3. For any
a € A, define the Gelfand transform of a as the function a : ¥ — C given by

a(p) = (a) (ped).

Theorem 8.29. Let A be an Abelian Banach algebra with mazximal ideal space 3. Then the Gelfand transform maps
A into C (X) continuously as a homomorphism with norm 1, and kernel

ﬂ{m C A | M is a maximal ideal of A } .

Proof. See | | Theorem 8.9. O

8.2.2 Representations of C-star algebras

Definition 8.30 (Representation). Given a C-star algebra A, a representation of it is a pair (m,#) where # is a
Hilbert space and
7 A — B(H)

is a star-homomorphism, with 7 (17) = Lg).
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Definition 8.31. A representation m : A — B (#) of a C-star algebra is cyclic iff there exists a vector ¢ in # such
that

Ty = #.
Two representations are said to be equivalent iff there exists a unitary
U:#, —
with
Uri(a) U™t = m3(a) (aeA).

Theorem 8.32. If m is a representation of a C-star algebra A then there is a family of cyclic representations
{mi: A — B(#;) }, such that 7 and @, m; are equivalent.

Proof. See | ] Theorem VIIL.5.9. O

8.2.3 States on C-star algebras

Definition 8.33. A state p on a C-star algebra A is a linear functional p : A — C which is positive (i.e. p(a) >0
whenever a > 0) and has [p|,, = 1.

8.2.4 The Gelfand-Naimark-Segal construction

Theorem 8.34. Let A be a C-star algebra. Then:

1. If p : A — C is a positive linear function on A, then there exists a cyclic representation (m,,#,) of A with
cyclic vector ¢ such that

pla) =(,my(a)y)  (a€A).
2. If (m,d) is a cyclic representation of A with cyclic vector ¥ and
pla):=(,m(a)y)  (a€A)
and if (m,,#,) is constructed as in the first item, then © and 7, are unitarily equivalent.

Theorem 8.35. If A is a C-star algebra then there exists a representation (w, ) of A such that 7 is an isometry.
If A is separable, then H may be chosen as separable.

8.3 The continuous functional calculus [extra]

Theorem 8.36. Let A be an Abelian C-star algebra and X its mazimal ideal space. Then the Gelfand transform
v: A — C(X) is an isometric star-isomoprhims of A onto C ().

Proposition 8.37. Let A be an Abelian C-star algebra with mazimal ideal space ¥ and a € A such that A = C* (a),
i.e., A 1is the C-star algebra generated by a. Then the map

7:% — of(a)

defined by
7(p) == (a)
is a homeomoprhism, and if p(z,%) is a polynomial and v : A — C (X) is the Gelfand transform, then

v(p(a,a”)) = por.
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Definition 8.38. Let A be a C-star algebra and ¢ € A be normal (so that C* (a) is an Abelian C-star algebra).
Define
p:C(o(a)) = C"(a)

as follows. Any f € C (o (a)) is the limit of polynomials p, (z,%). We thus define

f = limp, (a,a") .

We thus identify p (f) as f (a), the functional calculus of a.

Theorem 8.39. If A is a C-star algebra and a is a normal element of A then the functional calculus has the following
properties:

1. f+— f(a) is a star-monomorphism.

2 (@)l =11l

3. f f(a) is an extension of the holomorphism functional calculus.

Theorem 8.40. For any normal a € A in a C-star algebra, there is a unique x-algebra morphism
C(o(a) = C)—=C*"(1x,a)

which maps z — z into a. It agrees with the polynomial functional calculus, and maps z — Z into a*.

9 Bounded operators on Hilbert space
We begin with yet another characterization of the operator norm in Hilbert spaces:

Claim 9.1. We have for any A € B (#) that

[Allop = sup ({ (e, A [ ol = Il = 13) -

9.1 Normals, unitaries, projections and positive elements in Hilbert space

This section should be contrasted with the corresponding one above for C-star algebras. Here we concentrate on further
information or characterizations that are enabled by the structure of the Hilbert space.

Claim 9.2. On a Hilbert space, A € B (#) is normal iff

[Agll = [[A%¢ (b ed).

Proof. We have
|4l = (A, Ap) = (0,14 ¢) .

Now since A is normal, |A]* = [A*]?, so this equals
(0,147 p) = (4", A%0) = | A"¢|.

These relations are equivalences thanks to Corollary 7.12. [
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Corollary 9.3. If A € B(#) is normal then

1. ker (A) = ker (A*).

2. im (A) is dense in # iff A is injective.

3. A is invertible iff 30 > 0 such that | Av|| > d||¢| for all ¢ € H.
4. If A = \p for some 1) € H, X\ € C then A*1p = \ip.
5

. If A, oare two distinct eigenvalues of A then the corresponding eigenspaces are orthogonal to each other.

Proof. The first statement is an immediate corollary of the preceding claim. We also have im (A)" = ker (A*) which
implies the second statement. By [TODO: cite correct lemma], the third item implies im (A) is closed, hence the
second item implies im (A) = #€ so that A is invertible; the converse is the open mapping theorem. For the fourth
item, consider ker (A — A1) and the first item. Finally, if ¢, p are two eigenvectors of A, u respectively, then

A, ) = (M, ) = (A, ) = (¥, A*p) = (¥, Tip) = T (W, p)
But A # p, so (¥, ) = 0. O

Claim 9.4. If U € B (#) then the following are equivalent:
1. U is unitary.
2. im (U) = # and (U, Up) = (1, ).
3. im (U) = # and [[U|| = [|¢/]-
Each of the following properties implies the others for an idempotent P € B (#():
1. P=P~.
2. |P|> = |P*]%.
3. im (P) = ker (P)™".
4. (0, Pg) = [Py
Moreover, self-adjoint projections P, @ have im (P) L im (Q) iff PQ = 0.

We have already seen above in the chapter about C-star algebras various characterizations of an operator A € B (#)

being positive A > 0 (which we use to mean A = |B|? for some B € B (#)).

Lemma 9.5. For A € B (#) the following two are equivalent: (1) A >0 and (2) A= A* and

(v, AY) 20 (ped).

Proof. Clearly one direction is trivial:
(b, 4%) = (4,1B ) = | By|® 2 0.

Conversely, assume A = A* and (¢, Ay) > 0 for all vectors . Let A € o (A). Since A is self-adjoint, using the Weyl
criterion [TODO: cite| we know that there is a sequence { ¢y, }, such that ||¢,| =1 and [[(A — A1) ¢, || = 0. Then
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for any € > 0 there is some N. € N such that for all n € N>, we have

(Pns (A=2A1) on) < [{pn, (A= A1) @n)]
(Cauchy-Schwarz)

< lenlll (A= AT) el
(Assumption on {¢y,},,)
< €
Hence for such n € N> . we find that
A= el

> <§0n’ ASDH> — €
Note that the first term on the RHS is always > 0 by our hypothesis. Now as we send € — 0 we learn that A\ > 0,

which is what we wanted to prove. We then conclude by Theorem 8.15. O

9.2 The weak and strong operator topologies on B (#()

In addition to the operator norm topology on B (#) we have
Definition 9.6 (Strong operator topology). Openg,,,, (B (#)) is the initial topology w.r.t. all the maps

Ew@(gf) — H
A = Ay

as 9 ranges in #. A sequence { A, }, converges to some A iff
Anp = Ay

in # for any ¢ € # (i.e., it is not uniform in ).

Definition 9.7 (Weak operator topology). Open (B (#)) is the initial topology w.r.t. all the maps

strong

Ep,:B(#) — C
A = (P, Ap)

as 1, ¢ range in #. A sequence { A,, }, converges to some A iff

(¥, Anp) = (Y, Ap)

for all ¢, p € # iff A0 — A in the weak topology on # (considered as a Banach space, as defined in in Definition 5.7).
Remark 9.8. [MISTAKE: FIX THIS| Note that not all bounded linear functionals on B (#) are of the form

for some 1, ¢ and hence the weak topology on B (#) (considered as a Banach space as in Definition 5.7) is not as
weak as the weak operator topology. Since (1, -¢) € (B (#))" it is clear that weak convergence implies weak operator
convergence, but not vice versa. Using the identification

B(H) = HH

we may identify
(B(H)" =2H* 2 H

and hence (¢, @) as ¥* ® . In this regard the distinction between the weak operator topology on B (#) and the
weak topology on B (#) (when considered as a Banach space, as in Definition 5.7) is that the weak operator topology
only considers the simple tensors within #* ® #.
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Claim 9.9. Norm convergence implies strong convergence implies weak convergence. All of these not vice versa.

Proof. If we have A,, — A in norm, then
1(An — A) Pl < [[An — Allll¥l

so that we have strong convergence. Similarly, if we have A,, — A strongly then

(o, (An — A) )| < [lolll|(An — A) ¢

so that A, — A weakly. O

Example 9.10 (Strong does not imply norm). On # = £*>(N), let P; := e; ® e} where {e; };’;1 is the standard
orthonormal basis (in physics, the “position” basis). Then ||P;|| =1 for any j, and yet,

1Pl = [45] = 0

since 1 € £2. So { P; }j converges strongly to zero but does not converge in norm.

Example 9.11 (weak does not imply strong). Again on #¢ := % (N), let R be the unilateral right shift operator:

R(¢17¢2a---)5(07¢1a¢2a-~-) (1/}662)

Then A, := R™ converges weakly to zero:

(s, Anth)| = (e, R"9)]

o0

=1 > P

j=n+1

> lles Pl (Cauchy-Schwarz)

j=n+1

—0asn— 0.

On the other hand, this sequence cannot converge strongly to zero since

14ul? = Yo Aniy| = 3 fyoal® = 017,
j=1 j=n+1

Example 9.12 (An example of something that actually converges in norm). On any Hilbert space, consider A,, := %Il
which converges in norm to 0 as n — oo.

Lemma 9.13. When the Hilbert space # has an orthonormal basis { e, },-, then for each A € B (#), the sequence

N
Z (en, Aem) e, @€,

converges strongly as N — oo.
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Proof. Let ¢ € # be given. Then

N N
H (A_ Z <en1Aem> €n®€:n> /¢ = Adj_ Z <€m7¢> <en7Aem> €n
n,m=1 n,m=1

2

]38

<el7

(er, Ap) — Z (em> ) (et Aem) X(1,...,5 3 (1)
=1

N
Z emaw enaAem>en‘|>

n,m=

I
-

2

Z

I
M8

Il
-

I
NE

{e1, Aem) (em,¥) — > {em, ) (&1, Aem) X{1,..5 3 (1)

2
+

Tt §M8
M= iMz

<em7 '(/)> <el’ Aem>

I
WE

<el7 Aem> <em7 ¢> -

Il
-

m

T
8 3

Lh
[ V)

+ Z Z {e1, Aem) (€m, )

I=N+1 |m=1
N [e's) 2
= Z Z <6[,A€m ema¢ Z Z el7A€m> <€m,¢>
=1 I[m=N+1 I=N+1 |m=1
N oo
= Z Z <ela Aem €m, + Z ela Aw
=1 [m=N+1 I=N+1

Now, the second term converges to zero as N — oo since
o0
2
S lew, AW = 4 < | Al1%] < oo
1=1

The first term converges to zero as N — oo since

SIS et Aem) femy )| =3 lew, AW = 1 4¥] < 1A 191l < oo

=1 [m=1 =1

9.3 The spectrum

We have already discussed the spectrum of elements of a Banach algebra, and B (#) is an example of a Banach algebra.
Here we want to refine the discussion with the new structure coming from the Hilbert space.

Definition 9.14 (Point spectrum). The point spectrum of A € B (#) is defined as
op(A)={AeClker(A-A1)#{0}}.

In particular, this is the set of numbers for which A — A1 is not injective, i.e., for which there exists some ¢ € #\ {0 }
for which
A = b

In this context, ¢ is called an eigenvector of A and A the corresponding eigenvalue.

Contrast this with the general definition of a point A € o (A) which required that A — A1 is not invertible. Hence we
are asking for less now so that
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clearly. Also, the points A € C at which A— A1 is not invertible but is injective are those for which A — A1 is not surjective:
im (A — A1) # #. We further decompose this set as follows:

Definition 9.15 (Continuous spectrum). The continuous spectrum of A € B (#) is given by

o.(A) = { A€o, (A)F

im(A—)\IL)yé%’/\im(A—)\IL):%}.

Definition 9.16 (Residual spectrum). The residual spectrum of A € B (#) is given by

o (A) = o (A)\ (0 (A) o (4)) -

The residual spectrum may be characterized as those points A € C for which A — A1l is injective, but for which
im (A — A1) is a proper but not dense subspace of #.

Remark 9.17. Clearly if # = C™ then o (A) = 0, (A) for any A € B (#).

Example 9.18. Let A on £2 (N) be given by

(), = v (BEPin>1)
Then
JP(A){TIL nZl}.

Indeed, the eigenvectors of A are the elements of the orthonormal basis { e, }, .y With eigenvalues % However, since
the spectrum is closed we must also have 0 € o (A). But zero is not an eigenvalue: indeed, A had a zero eigenvector

1 then

=0 (n21)

which implies ¢ = 0. Let us see that A is self-adjoint: For any ¢, € #,

oA = (o) = Y e = Y Lo = 3 L = 35 (4w, = (0,40

neN neN neN neN
Later we will see that self-adjoint operators have no residual spectrum. Hence 0 € o, (A).
Example 9.19. Let X on L?([0,1] — C) be given by
(X)) (z) = 29 (2) -
One has to verify this operator is well-defined and bounded. Then
o(X)=0.(X) .

One should think of the eigenvectors as the Dirac delta functions at each point in [0,1]. These are clearly not L>
functions but rather distributions and hence they cannot contribute to the point spectrum of X, which is empty.

Claim 9.20. X € o, (A*) implies that \ € o, (A). Conversely, A € 0, (A) implies X € o, (A*) U g, (4%).

Proof. First assume that A € o, (A*). Then im (A* — X]l) is a proper closed subspace of #, so its complement is
not zero. But by Claim 7.8 and Theorem 7.16 we have

(i (4= 31)) " = (im (4"~ X1))" = ker (4 - A1)

which is, as we just said, is non-empty, so A € o, (A4).
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Conversely, if A € o, (A) then as we just saw,

(im (a- fX]l))l £{0} .

This could either mean that A € o, (A*), unless, it somehow happened that also ker (A* — A1) # {0}, in which
case, A € o, (A*). O

Theorem 9.21. If A € B(#) is self-adjoint then o, (A) = & and eigenvectors corresponding to distinct eigenvalues
of A are orthogonal.

Proof. Thanks to Claim 8.9 and Claim 9.20 we have that if A € o, (A), then A € o, (4). But by definition,
or (A)Noy, (A) = 2!

Next, assume that Ay = A and Ay = pp. We want to show that if A # p then ¢ L . To that end, assume that
A # 0 (WLOG; it can’t be that both are zero!). Then

1- 1 1 1 "
y = :A ) = = A 5 = = A 5 = = 714 = = 5 .
(Whg) = =) = = Qo) = = o) = = Al = = (el
But via Claim 8.9 we know that A = X and so either 4 =1 or (1, p) = 0 as desired. O
Claim 9.22. If A € B (#) is normal then o, (A) = @.
Proof. Left as an exercise to the reader. O

9.3.1 The Weyl criterion for the spectrum

Theorem 9.23 (Weyl’s criterion). For any A= A* € B(#), A € o (A) iff there exists some { n },cn With [@n|l =1
such that

The sequence { ¢n }, is called a Weyl sequence.

n

Proof. Assume that A\ ¢ o (A). Then 0 ¢ o (A — A1), or by spectral mapping 0 ¢ o ((A - )\]l)2>. But thanks to self-

adjointness, this means 0 ¢ o (|A - )\]1|2). Since |A — M|* > 0, it being invertible is tantamount to|4 — A\1|* > &1
for some € > 0, which means that

1A= M) gull® = (i, |4 = X1 00} 2 elleul® = .

Hence no normalized sequence { ¢, }, may converge to zero.
Conversely, if for all { ¢, }, N With [l@n]l =1,

lim| (A — A1) o] # 0
then there exists some € > 0 such that

A=A > el (@ e).

This implies that A — A1 is injective. As we have seen, this condition also implies the closed range of A — A1
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Lemma 7.19. Since A has no residual spectrum Theorem 9.21, this means that A — A1 is surjective, i.e., it can’t be
that A € o (4). O

9.4 The polar decomposition

One should have basic knowledge of the polar decomposition for n x n complex matrices: For any A € Mat,, x,, (C) there
is a partial isometry U such that

A=U|A|

where |[A| = VA*A > 0. For matrices v A* A is understood as follows: A*A is normal, so we may diagonalize to define its
square root. The proof of the existence of the polar decomposition for matrices follows via the singular-value decomposition:
there exist to partial isometries W,V such that

A=WEV* = (WV*) (VEV*) .
=U  =ja|

It turns out that this is also true for operators.

Remark 9.24. Note that for matrices U may always be extended from a partial isometry to a unitary, since whatever
kernel A has may be captured by |A|. Not so for operators on infinite dimensional Hilbert space. If U is a partial

isometry, it is isometric on ker (U )J‘7 so its image is closed, and we may write
U : ker (U) & ker (U)" — im (U)" @ im (U) .

Then it is clear that U may be extended to a unitary iff dimker (/) = dim im (U)". For those who know: this happens
when U is Fredholm of index zero, or, if it’s not Fredholm as both of these spaces are infinite dimensional (hence they
are isomorphic). We shall see this more systematically later below.

We have already encountered the notion of partial isometries in Definition 8.1 in the context of C-star algebras. Here
we give another characterization in Hilbert space:

Lemma 9.25. U € B () is a partial isometry iff U is an isometry on ker (U)", i.e., |U| = |[¢|| for all ¢ €
ker (U)™*.

Proof. Let U € B (#) be a partial isometry. Then |U|* is a self-adjoint projection and so is |[U*|>. We have
ker (U) = ker (|U\2>, so that

i
W € ker (U)" = ker (|U|2) = im <|U|2)
implies 1 is in the range of the projection \U|2. But for any projection P, if ¢ € im (P), Py = 1. Hence on

im (|U|2>7 [U|? acts as the identity: |U|* ¢ = t. Thus,

ol = (w,10F ) = 1)

as desired. Conversely, if U is an isometry on ker (U)J', then by definition 1 € ker (U)J'we have |U|2 1 = 1. Using
the decomposition

# = ker(U)®ker (U)"
we then have for general v = 1 + 19,
(|U|4 _ |U|2) b = (|U\4 - \UI2) (1 + ¥2)
= (vf* = [U*) v,

= Yy —1o
=0
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so |U|? is indeed an idempotent. O

Hence, for a partial isometry U, since the range of an isometry is always closed, we may write
U : ker (U) & ker (U)" — im (U) & im (U) ™"
and consider
U:ker (U)" — im(U)
v o= Uy

as an isometric isomorphism. ker (U)J‘ is called the initial subspace and im (U) the final subspace. Similarly,
U* :im (U) — ker (U)™*

is also an isometric isomorphism which is the inverse of U. We have that |U |2 as a self-adjoint projection onto the initial
and |U *|2 a self-adjoint projection onto the final subspace.

Theorem 9.26. Let A € B(#). Then there is a partial isometry U € B (#) such that

A=U|A|

where |A| = VA*A. U is uniquely determined by constraining ker (U) = ker (A). Moreover, we have im (U) = im (A).
In particular, we have uniqueness in the sense that if

A=WP
for some W, P € B (#) with W a partial isometry with ker (W) = ker (P) and P > 0 then P = |A| and W =U.

Note that if A is invertible then |A| is also invertible and positive (using the holomorphic functional calculus). Then

we may define
U:=AlA™"

and verify it is unitary. Indeed, U is easily an isometry:

P = (Al47) AlAr!
= A7 AP A
1.

Whence we learn it is a partial isometry. But an invertible partial isometry is a unitary.

Example 9.27. The right shift R on ¢? (N) has
R?> = R'R=1

but
IR =RR*=1—-e;®e¢t

so that R is not unitary, but is an isometry and a partial isometry. Hence |R| = 1 and so the polar decomposition is
R = U1l

with U := R, a partial isometry.

Proof of Theorem 9.26. For the general case (not assuming A is invertible), define
U:im(|A]) = im (A)

by
U|A|yp = At
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U is well-defined: if |A|¢ = |A| ¢ then

14y — Apll = A (¥ — )| = IIAl (¥ — )] =0

where in * we use

461 = (Av, 4p) = (v, 14P ) = (A%, |4]9) = || 4] ]

Le.,
IUIAlp] = [A%] = [[|A] ]l

so that U is an isometry. Let us extend U to an isometry

U :im (JA]) — im (A) (9.1)

as follows. Let ¢ € im (|A]). Then there is some { ¢, } € # so that |A| ¢, — 1. Define

Uy = limAg,.
This limit exists because

[Apn — Aomll = A (on — em)ll = IAl (on = @m)ll

and the latter expression is arbitrarily small as |A|¢,, converges. Thus Ay, converges to some element in im (A).

. N1l
Next, U may further be extended to an operator # — # by extending to zero on <1m(|A|)> . Since |4| is

self-adjoint, we have via Theorem 7.16 that im (|A|)L = ker (|A]). So
ker (U) = ker (|A|) = ker (A) .

To prove uniqueness, assume that

for some partial isometry U and positive P. Then
|A? = PU*UP=P|U’P
and we assume that |U]? is a projection onto the image of P (since ker (|U|2) = ker (U) = ker (P)). So
AP = P2
By uniqueness of the positive square root this implies P = |A|. So
UlA] = WA

so that U and W agree on im (|A|) which is their initial space, so U = W. O
Claim 9.28. U is the strong-limit of polynomials in A and A*.

Proof. [TODO, once we have the functional calculus] O

Theorem 9.29 (SVD of operators). Given the polar decomposition, we may form a singular-value decomposition for
operators: Given any A € B (), there are two partial isometries W,V and a positive operator D > 0 such that

A=WDV*.

The eigenvalues of D are called the singular values of the operator.
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Proof. [TODO, but requires spectral theorem so perhaps move downwards| O

9.5 Compact operators
In infinite dimensional Hilbert spaces, compact operators may be considered as those operators which mostly resemble

finite dimensional matrices embedded in B (#), or as limits of such.

Definition 9.30 (finite-rank operator). An operator A € B (#) is called of finite rank iff im (A) is a finite-dimensional
subspace of #.

Claim 9.31. A € B (#) is of finite rank iff
N
A= Z Onpn & w:
n=1

where N € N (the rank of the operator), { o, }nN:1 C [0,00) are the singular values of A, and { ¢y },cns { ¥n }
are two orthonormal bases of #.

neN

Another possible general form is
N
A= Z Up @ V),
n=1
where { u, }5:1 A vn }nN:1 are arbitrary.

Proof. Since im (A) is finite-dimensional of dimension N, it is closed. So we may write
H =im (A) ® (im (A))" .

Furthermore, we always have
# = ker (A)" @ ker (A) .

In this decomposition,
A :ker (A)T @ ker (A) — im (A) @ (im (A))*

(A o0
=16 3)
with A : ker (~A)l —5 im (A) being an isomorphism, which means that ker (A)" is finite dimensional of dimension N
as well and A is really an invertible matrix. Then let us write an SVD of

and

A=WDV*

with D > 0 diagonal and V, W : im (A) — ker (A)J‘ unitary. Then A is the diagonal given by ag,...,ay, which are
the singular values and let { ¢, }i:’zl be the columns of V', { ¢, }2]:1 be the columns of W. Complete these two

orthonormal sets into bases of # to get the result. O

Example 9.32. The operator u ® v* for any two u,v € # is of finite rank. Indeed, it is of rank 1. The operator 1
is not of finite rank, and neither is, e.g., exp (—X 2) on % (N). In fact any invertible operator on infinite dimensional
Hilbert space is not finite rank.
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Definition 9.33 (Compact operator). An operator A € B (#) is compact iff it is the operator norm limit of finite-rank
operators. l.e., if it may be written as

N
A= A}gnoo ; Onon @ P (9.2)
I (9.3)
N
ngnoo A— Z Qppn @il =0 (9.4)

n=1

with { a,, }2[:1 C [0,00) and { ©n }ens L ¥n Fren are two orthonormal bases of 7.

Remark 9.34. Clearly A is compact if it is finite rank.

We also want a characterization of compact operators which is valid in Banach spaces:
Lemma 9.35 (Another characterization of compact operators). The following are equivalent for a given A € B (#):

1. (Hilbert space) A is compact.

2. (Banach space) For any bounded sequence { ¢, },, C #, { A, },, has a subsequence which converges.

3. (Banach space) For any bounded B C #, A (B) is a compact set in # (in the topological sense).

Proof. (2) => (3): Assume (2) and let B C # be a bounded set. We want to show A (B) is compact. We use
the sequential criterion of compactness, so let { ¢, } € A(B). We aim to show { ¢, }, has a subsequence which

converges. By its choice, since ¢, € A (B), for each n we may find some ¢, € B such that

1
”Awn - @n“ < -—.
n

Since B is bounded, { ¥, },, is itself a bounded sequence, and so, using the hypothesis (2), { A, }, has a subsequence
{ Atpy,; }jwhich converges, say, to some £ € #. But then the above inequality implies the subsequence { ©n; }j must

converge to £ as well:
1 j— 00
o, =&l < llen, = Avn, || + | A, — €[] < — + ||, —&] =7 0.
J

(3) => (2): Conversely, let { ¢y, }, € # be a bounded sequence. Then its range is a bounded set so that the
closure of its image is compact, admitting a convergent subsequence.

(1) => (3): Finally, assume A is compact, i.e., A = lim,, A,, in norm and A,, are finite rank. Clearly finite rank
operators obey the property that the closure of the image of a bounded set is compact (property (3)). Indeed, let A
be finite rank and B be bounded. Then if ¢ € B,

N N
Z QnPn @ WW = Z Qo <'¢n7 ¢> ©n
n=1 n=1

and hence

N N
AN <~ an [(@n, )] llonll < <sup||¢||> > anllenllllnll < oo
n=1 YyeB n=1

so A (B) is bounded and finite dimensional, so by the Heine-Borel property (on finite-dimensional Euclidean spaces),
A (B) is compact indeed since it is closed and bounded. Now using Lemma 9.36 below, we get condition (3).
(3) => (1): Conversely, assume condition (3). Let {e; }, be a orthonormal basis for im (A) (separable since #

is) and let P, be the projection onto { e; }?:1. Set A, := P,A. Then each A, has finite rank and we claim that
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A, — A in norm. First, strongly:

(An - A) Y = Al/’
= PL Z <6J7A¢>
Jj=1
= Z <€J7A¢>
j=n+1
and hence
I(An = A)l* = > Kes Ap)* .
j=n-+1
So, |[(A, — A) | — 0 as this latter sum is finite for n = 0 by ||A¥|| < co. Next, for the norm convergence, since

A (B) is compact, it is totally-bounded, so if € > 0, there are vectors 11, ..., %, in the unit ball B of # such that

m

U e/3 A"/}j

Now if ¢ € B, let j such that | Ay — Ay,|| < %e. Hence for any n,

[AY — Anll < [|AY = Adjl| + | Ay — Anthjl + [P (Adh; — AQ)|
< 20| Ay — Al + (| Ay — Ants]|
S Zet llAws - Auy.
O
Using the strong convergence, we may find some ng € N with ||Ay; — A, 9] < %5 forall j =1,...,m and n > ny. Hence

|Ayp — A, 9| < € uniformly in ¢ € B. Thus A,, — A in norm.

Lemma 9.36. If A,, is a sequence of operators such that for any bounded B C #, A, (B) is a compact set in #,
and A, — A in norm, then also A (B) is a compact subset for any bounded B C #.

Proof. Let B C # be bounded. Our goal is to show that A (B) is compact. We will show that A (B) is totally-
bounded (covered by a finite number of arbitrarily small balls) and hence A (B) will be compact.
If B=@ or B={0} we are finished. Otherwise, let £ > 0. Pick n sufficiently large so that

1 1
A= An|l < ge——
3" supyepll¥l
Since A,, (B) is covering-compact, A, (B) is totally bounded, and there are vectors ¢y, - - , pn C A, (B) such that
< Ui
For each j =1,--- ,m, since ¢, € A, (B), there exists some 3); € B such that

&l
lAntps = il < 5.

Hence, given any 1 € B, pick that j =1,--- ,m so that |4, — ¢;|| < &. Then

3

& &
14 = Antsll < 14nt = 051l + o5 = Antsll < £+ 5 = <.
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Hence

Ay — Agsl| < [|AY = Antl| + | Ant) — Anthj || + [[Anth; — Ady|
€]

14 = Anllll¥ll + 5 + [14n = Allll¥5]

< e.

IN

Since ¢ € B was arbitrary, we showed that

AB) < |JB:(4yy)
j=1

so A (B) is totally bounded and hence A (B) is compact. O

Corollary 9.37. Using the above two results in conjunction, we learn that the norm limit of a compact sequence is
compact.

Theorem 9.38. The compact operators K (#) form a norm-closed two-sided-star-ideal: if A, K € B (#) with K
compact then AK, KA are both compact, and K* is compact.

Proof. This is obvious from the fact * : B (#) — B (#) is norm continuous and the canonical representation (9.2).
Next, for the two-sided ideal statement, clearly if K = lim, F,, then AK = Alim, F,, = lim,, AF,,. But each
AF, is a finite rank operator and hence their limit is compact. O

Example 9.39. An example of a compact operator which is not finite rank: % on 2 (N).

In fact,

Claim 9.40. If A is a multiplication operator w.r.t. some ONB { e, }, of # then A is compact iff

(en, Aen) = Apn — 0 (n — o0) .

Proof. First assume that A,,, — 0. Then as above, define
AN .= PyA
(projection onto the first N coordinates.) A" is a bounded finite rank operator, with
HA — ANH < sup |Ann| — 0.
n>N
But finite rank operators are compact, and limits of compact are compact, we have exhibited A as the limit of

compact operators.
Conversely, if A, does not tend to zero, then there is some subsequence for which

|An, | > €.

If {€; }; is an ONB (a bounded sequence) then Ae,, = Ay, €5, should have a convergent subsequence. But e, — 0
weakly, which implies Ae,, — 0 weakly. Hence there is a subsequence Ae,, — 0 in norm. This is a contradiction
since |A,, | > e. O

Example 9.41 (Strong limit of compacts is not compact). We have seen in Lemma 9.13 that if we have an ONB
{e; };2,, then

A= D" Aje; @e;

J.k=1

102



converges strongly. In fact, each operator Z;Vk:l Ajre; ® ef, is of finite rank and hence compact. But since this
convergence is merely strongly, it does not make the full operator A compact (of course not, it was generic!).

Theorem 9.42. A compact operator maps weakly convergent sequences into norm convergent sequences.

Proof. Let v, — 1) weakly in #. By the uniform boundedness principle Theorem 3.28, { ||y | },, is a bounded
sequence. Let A € B (#) be a compact operator. Our goal is to show that Aw,, — A in norm. Define

on = Aty pi=AY.

For any \ € #*,

Aen) =A(p) = Alen —9) = A(A(Yn —¢)) = (A"X) (Yn —¢) .

Hence, ¢, — ¢ weakly as ||[A*)| is bounded. Assume ¢, does not converge to ¢ in norm though. Then there
must be a subsequence { ©n; }j which maintains an e > 0 distance from . But 1, is still a bounded sequence, so
Aty contains a norm convergent subsequence, which apparently does not converge to Ay. This however contradicts
n — @ weakly. O

Theorem 9.43 (Riesz-Schauder theorem). Let A € K (#). Then 0 € o (A), o (A) is a discrete set where the only
possible limit point is zero, and
|B: (0c)“No (A)] < oo (e>0).

Moreover,
o (A\{0} Cop(4)
and dim (ker (A — A1)) < oo for all A # 0.

It will turn out much more convenient to prove this theorem using the machinery of Fredholm operators (which we
anyway want to introduce), so we postpone proving this until later.

9.6 Fredholm operators [mostly extra)

In many regards, Fredholm operators are the opposite of compact operators: they explore the full infinity of the Hilbert
space; as we shall see, they are precisely the invertible operators up to compact defects.

Definition 9.44 (Fredholm operator). An operator A € B (#) is called Fredholm iff dimker A, dim cokerA are both
finite dimensional.

Here
cokerA = # /im (A)

in the sense of quotient vector spaces Definition 2.31. Recall that the quotient vector space is defined as:
pr~Y = p—1Y €imA
and

[Pl = {ped]p~y}
cokerA = {[¢]|leec#}.

Definition 9.45 (Fredholm index). For every Fredholm operator A, we define the index, an integer associated with
that operator, as
index (A) := dimker A — dimcokerd € Z.
We denote the space of all Fredholm operators as & (7€), so that

index : & — Z.
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Since an operator is injective iff its kernel is trivial, and surjective iff its image is the whole space (in which case the
cokernel is trivial), we see that Fredholm operators are defined to be precisely those operators which fail to be invertible
up to a finite “problem”.

It is convenient to replace the cokernel with the kernel of the adjoint. To that end, we use the following

Proposition 9.46. For any A € B(d), cokerA finite dimensional iff both (1) ker A* is finite dimensional and (2)
im (A) € Closed (#).

Proof. Assume that imA € Closed (#). Then via Theorem 7.16,

L
(ker (A*))* = ((imA)L)
=imA (Via Claim 7.9)
—imA. (By hypothesis)

Now, we always have

H = (ker A) @ <(ker A)J‘) = (ker A*) ® ((ker A*)J—)
= (ker A*) @ imA.

Hence

cokerA = F/imA
(imA)*"
ker A* .

I

Hence if dim ker A* is finite, so is dim cokerA.

Conversely, assume that dim cokerA is finite. Then #/im (A) is finite dimensional. This readily implies im (A)
is closed. Indeed, if Xis any Banach space and Y C X is a subspace such that X/Y is finite dimensional then Y is
closed: let ¢, € Y and assume v,, = ¢ in X, then

- e+Y.

But X/Y is Hausdorff if it is finite dimensional, so limits are unique, and hence p +Y =0+Y or 9 € Y. Le, Y is
closed. Hence using the above coker (4) 2 ker (A*) so that this later subspace is finite. O

Corollary 9.47. As a result of the above, we say that A € F iff dimker A, dimker A* are both finite dimensional
and imA is closed. Then, the index equals

index (A) = dimker A — dim ker A* .

Of course, to characterize whether the image of an operator is closed or not it would be convenient to employ Lemma 7.19
above.

When dealing with the space of Fredholm operators, it is customary to endow F (#) with the subspace topology from
the topology induced by the operator norm on B (#). Hence by definition & € Open (F (#)) iff § = I N F () for some
T € Open (B (#)), where Open (B (#)) is defined in the usual metric since using open balls.

The Fredholm index is continuous, as well shall see, but taking only half of it does not yield a continuous map.
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Lemma 9.48. dimker : & (#) — N>¢ is upper semicontinuous.

Proof. Decompose # = ker (A) & ker (A)" = ker (A*) & ker (A*)". Since im (A) 2 ker (A*)", we have

a 0

=l
for some isomorphism a : ker (A)* — im (A). Taking any norm perturbation B of size at most Ha’1||71 will
mean that A+ B is injective on ker (A)J‘ and hence dimker A + B < dim ker A. O

Example 9.49. Here are a few trivial examples for the notion of a Fredholm operator:

1. The identity operator 1 is Fredholm and its index is zero. In fact this is the case for any invertible operator.

2. The zero operator # > v +— 0 is not Fredholm.

3. Recall the position operator X on ¢2 (N), which is not even bounded. Its inverse A := X! is however bounded:
|A]| < 1. It is however not Fredholm, even though it is self-adjoint and has an empty kernel. To see that imA ¢

Closed (€2 (N)), use the second characterization of Lemma 7.19 and note that while zero is in o <|A|2>, it is an

accumulation point and hence not isolated in o (|A|2) What is the cokernel of A? Is it finite dimensional?

4. The right-shift operator R on ¢? (N) is Fredholm. Indeed, one checks that
IR? = R‘R=1

and hence by the second characterization of Lemma 7.19 it has closed image. Its kernel is empty and the kernel of
its adjoint, the left shift operator, is spanned by d; and is hence one dimensional.

index(R) = -—1.

Note that, considered on ¢? (Z), R is also Fredholm, but it is now invertible and hence has zero index. The right shift
operator is the most important example of a Fredholm operator, and in a sense, all other non-zero index operators
may be connected to a power of the right shift, as we shall see.

Claim 9.50. If A € B (1, — Fo) with #1, o finite dimensional, then A is Fredholm and its index equals

index (A) = dim (#;) — dim (#5) .
Proof. The rank-nullity theorem | | states that
dim (#;) = dim (ker (A))+ dim (im (A)) .

Furthermore, since coker (4) = #5/im (A), we have
dim (coker (4)) = dim (#3) — dim (im (A)) .
Thus, we have

index (A) = dim (ker (A)) — dim (coker (A))
= dim (#;) — dim (im (A)) — dim (#2) + dim (im (A))

as desired. O

In particular, any square matrix is Fredholm with index zero: finite dimensions are not very interesting for Fredholm
theory. Be that as it may some mechanical models in physics have been studied of finite non-square matrices, which have
a non-zero index.
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Lemma 9.51. (Riesz) 1 — K € F () for all K € K (#) and index (1 — K) = 0.

Proof. Write K = lim,, F}, (in operator norm) where F,, is finite rank. Hence 1 — K + F), is invertible for n sufficiently
large since ||K — F,|| may be made arbitrarily small. Then,

1-K = (]17K+Fn)(]l—(]l—K+Fn)_1Fn>
so that
1-K = G(1-F)

with G invertible and F finite rank. Hence ker (1 — K) = ker (1 — F'). Now, v € ker (1 — F) iff v = F'v which implies
that v is an eigenvector of F' with eigenvalue 1. But this if F' is finite rank its eigenspaces are finite dimensional.
Same for 1 — F*. The two kernels are of the same dimension since F is of finite rank.

Now it is left to show that 1 — K has closed image, for which it is enough to show 1 — F' has a closed image. Let
us write

H =ker(F)aV

where V' is finite-dimensional and F|,, and isomorphism onto im (F'). Then

im(1-F) = {(1-F)y|pedt}

{(L—F) (1 +1b2) | thy €ker (F) Ay € V' }
{1+ —Fipo |y €ker (F)App € V' }

{1+ (M —F)yo |1 €ker (F) A2 €V }
= ker(F)+(1—F)(V).

This is a sum of a closed subspace with a finite-dimensional subspace, and is hence closed. O

Theorem 9.52 (Atkinson). A € F (#) iff A is invertible up to compacts, i.e., iff there is some operator B € B (),
called the parametrix of A, such that,
1- AB,1- BAe K (%) .

We note that we may have 1 — AB # 1 — BA indeed. Furthermore, index (B) = —index (A).

Proof. If 1 — AB,1 — BA € K (#) then BA = 1 — K for some compact K and using Lemma 9.51 we have that
BA is Fredholm of index zero. Hence ker (BA) is finite dimensional. But ker (A) C ker (BA) so that ker (A) is
finite dimensional. Moreover, im (AB) C im (A) (and AB is also Fredholm) so coker (A) C coker (AB). Thus A
is Fredholm. Now, using the logarithmic law Theorem 9.58 further below, since AB = 1 — K, 0 = index (AB) =
index (A) + index (B).

Conversely, assume A € & (#). Want to construct two partial inverses: let P,Q be the orthogonal projections

onto ker (A) and ker (A*) resp. We claim that |A|*+ P and |A*|* +@Q are bijections. Indeed, ker (4) = ker <|A|2) so if

L
# = ker (\A|2> @ ker (|A|2>, AP+ P = |AP im(P) @1 and similarly for the other operator. Hence B := |A|* + P

is invertible, and
1 = B 'A*A+B7'P.

But now, B~!P is of finite rank and C := B~!A* is the sought-after parametrix. O

Definition 9.53 (Essential spectrum). The essential spectrum cess (A) of an operator A € B (#) is the set of all
points z € C such that A — 21 is not Fredholm. TODO: consolidate this with the definition below.

Claim 9.54. If A€ & (#) and index (A) = 0 then A = G + K for some G invertible and K compact.
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Proof. Since index (A) = 0, dimker A = dim ker A*. Thus,
F = ker(A) @ ker (A)" = ker (A*) @ ker (4%)* .

But we know that since dimker A = dim ker A*, there is a natural linear isomorphism 7 : ker (A) — ker (4*). We
also know that im (A) 2 ker (A*)". Hence, Alyer(a)+ is just an isomorphism

ker (A)X — im(4) .
Hence, the map

G:=n® Alggpayr : # — &

is an isomorphism and # > (v1, va) 5 (n(v1),0) € # is compact and hence the result. O

Theorem 9.55. We have the inclusion
F(FH)+ K (FH) C F(H)

and the Fredholm index is stable under compact perturbations.

Proof. If A € F(#) and K € K (#), then by Atkinson Theorem 9.52, there is some parametrix B such that
AB —1,BA —1 is compact. But B will be a parametrix of A + K too:

(A+K)B-1 = AB+KB-1

which is compact since KB is compact (as the compacts form an ideal). Hence A + K is Fredholm. We postpone
the proof that the index remains stable until the next theorem. O

We see from Atkinson’s theorem that the essential spectrum is stable under compact perturbations.

Theorem 9.56. (Dieudonné) index : F (#) — Z is operator-norm-continuous and if B € & (#) is any parametric
of Ae F (#) then

Byp1 (A) € F(@#).

In particular, & (#) € Open (B (#)).

Proof. Let A € F (#) and B be any parametrix of it. Take any A € By gj-1 (A). We have

o (- )] < a4 <3

~ A\ 1 ~
by assumption, so that 1 — B (A — A) is invertible. We claim that (Il - B (A — A)) B is a parametrix for A.

Now

3

0 = index(1)
= index (1 — K)

= index <(]1~ B (A - A))_l BA)

= index (BA)
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Now, via Theorem 9.58 further below we have index (B) + index ([l) and since index (B) = —index (A) we obtain
the result. O

Finally, we finish the proof of Theorem 9.55: if A € F (#) and K € K (#), the homotopy [0,1] 3t — A+ tK € F ()
interpolates in a norm continuous way between A and A+ K and thus the index is constant along this path.

Claim 9.57. A is invertible up to compacts iff it is invertible up to finite ranks.

Proof. Since finite rank operators are compact one direction is trivial. Now, assume that there is some B € F (#)
with which 1 — AB,1 — BA € K (#). Let { F,, }, be a sequence of finite rank operators which converges to
K := 1 — BA in operator norm. Then ||F;,, — K|| can be made arbitrarily small and hence W,, := 1 — K + F,, is
invertible for n sufficiently large. Then,

BA = 1-K
= W,(1-W'F,)
and hence
1-W,'BA = W'F,.

Since finite rank operators form an ideal, W, 1 F}, is finite rank too. This same logic shows that
1-ABW,' = EW,*!
where now F, W, ! is finite rank. So Now, W, ' B is a partial left inverse and BW,; lis a partial right inverse. Then

W, 'BA = 1-W'F,

W, 'BABW,' = BW,!-W'E,BW,!
wolB (]1 - Fan—l) — BW. !-WlE,BW !
W, 'B-BW,' = W, 'BE,W,'-W'F,BW,!

and since the finite rank operators form an ideal within @ (#), we find that W, ' B equals BW, ! up to finite rank
operators and hence there is just one parametrix, say, W, ! B. O

Theorem 9.58. (Logarithmic law) If A, B € F (#) then

index (AB) = index(A) + index (B)
index (A® B) = index(A)+ index(B) .

Proof. The easiest proof is via Fedosov Theorem 9.88: If A is a parametrix for A and B is a parametrix for B then
BA is a parametrix for AB. If we let F':= BB — 1 be finite rank, then

index (AB) = tr (ABBA - E;AAB)
= tr (A(11+F)A—AA+AA—BAAB)
— tr (44— AA) +tr (AFA) + tr (AA - BAAB)
= index (4) + tr (AAF) + tr (44— BAAB)
— index (A) + tr (AA (1+F)— BAAB)

— index (A) + tr (AABB - B/IAB) :

But now, B is a partial inverse of AAB, so the last trace equals index (AAB). Let us write AA =1 +Y for some
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finite rank Y. so

index (AAB) = index((1+Y)B)
= index(B) .

The statement about the direct sum is trivial. O

1%

Theorem 9.59. (Atiyah-Jinich) We have o (F (#)) =2 Z.

Proof. We already know that index : & (#) — Z is continuous and is constant on the path-connected components of
F (#). Thus index lifts to a well-defined map on 7o (F (#)). To see that it’s surjective it suffices to consider powers
of the right-shift operator. So we only need to show it is injective.

First we claim that if index (A) = 0 then there is a path from A to 1: Via Claim 9.54 we have A = G + K for
some invertible G and compact K. By Theorem 10.31, there is a path v from (A — K)f1 to 1, and vA is a path
from 1 — K to A. From there we can define a further homotopy to reduce K to zero.

Next, we need that if index (A) = index (B) then there is a path between them. To that end, let B be the
parametrix of B. Then index (AB) = 0, whence by the above there is a path v : AB — 1. The path 5 := 7B

interpolates between A — AK and B. Again, a further homotopy brings us to A. O

9.6.1 Back to the Riesz-Schauder theorem

We now want to present the

Proof of Theorem 9.43. Let A € K (#). Then clearly A cannot be invertible, as it cannot be Fredholm. Indeed, if
A were Fredholm, then via Theorem 9.52 1 would be compact, which is false as soon as dim # = oco. Thus, since A
is not invertible, 0 € o (A).

Next, we want to show that if A € o(A) \ {0}, then X is an isolated point of the point spectrum with
dim (ker (A — A\1)) < oo. Clearly, if A # 0, then —A1 is invertible and hence a compact perturbation from —A1
into A — A1 does not change that fact (via Theorem 9.52). Thus

dim (ker (A — A1)) < 0.

Now assume that A ¢ o, (A). That necessarily means that ker (A — A1) ={0}. But A € 6 (A), soim (A — A1) # #.
Since
index (A — A1) = index (—A1) = index (1) =0

we have

ker (A — A1) = ker (A* — A1)
so we learn that ker (A* — A1) = {0} too. But

N _
(im (A— A]l)) = (im (A — M) =ker (A" = X1) = {0}

which implies that im (A — A1) = #. Since A— 1 is Fredholm, it has closed range, so we learn that im (A — A1) = #,
which is in contradiction to A ¢ o, (A4).

We have shown thus far that if A € 0 (A)\ {0} then A € 0, (A) and dimker (A — A1) < co. We are left to show
that A is an isolated element of the point spectrum. To this end, let { A, }, be a convergent sequence of distinct
eigenvalues of A. We will show that lim,, A,, = 0. Let 1, be the corresponding eigenvectors and

mn ::Span({d)lu"wwn}) (’I’LEN)

Then
nmy SNy SN C -+
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since eigenvectors of distinct eigenvalues are linearly independent (but not necessarily orthogonal!). Let { ¢, }, be
a sequence of unit vectors chosen so that ¢,, € 1M,, and ¢,, L 1,,_1. Hence for any n € #, we have

o0
Z Pns T Qon""LPO

where g is some vector orthogonal to all of { ¢, },,. Since

2
[l ZI @M + llpoll?

it follows that lim,_, (¢n,n) = 0. But n was arbitrary, so ¢, converges weakly to zero, so that { Ay, }, converges
to 0 in norm via Theorem 9.42. Now, for any n € N there exist scalars { o; };—; C C such that

n
> ai
i=1

so that

n n n n—1
A = widith = A Y outhi+ Y s (A — An) i -
i=1 =1 = =1

——
Pn em,, 1
S0 ,, is orthogonal to the second term and we get
2
2 2
lA¢eal® = Pal®lleal® + Ai = M) Wil > Al
As such, we find
lim |A,]*> < lim [|Ap,|| =0.
n—oo n—oo

We have an inverse of this theorem for self-adjoint operators using the notion of essential spectrum.

Definition 9.60 (Essential spectrum). For any A € B (#), we define the essential spectrum of an operator as
Oess (A) ={A€C|(A=-AL) ¢ F (#)} .

In other words, if the usual spectrum is defined as that set of A € C for which the operator A — A1 is not invertible,
using Theorem 9.52, we identify the essential spectrum as those A for which A — A1 is essentially not invertible, since
to be Fredholm is to be invertible up to compact. We also define the discrete spectrum as anything else

Oaisc (A) := 0 (A) \ Tess (4) .

Clearly, oqisc (A) is comprised of eigenvalues of A of finite multiplicity, which is somewhat smaller than the point
spectrum (which could contain eigenvalues of infinite multiplicity). Since F (#) is open, oess (A) is closed.

We then have

Theorem 9.61. Let # be an infinite dimensional Hilbert space. Let A € B (#) be self-adjoint, A = A*. Then
Ae K (H) iff
Oess (A)={01}.
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Proof. Clearly if A € K (#) then oess (A) = {0} holds, by the very definition of the essential spectrum and the
proof above.
For the opposite direction, assume A = A* and oess (A) = { 0 }. Let us set up the Calkin algebra

C = B(H)/K(F) .
In principle this is a C-star algebra. We have the natural quotient map
T:B(H) — C.
We note that Atkinson’s theorem is equivalent to
Oess. = 0 (m (1)) -

Moreover, 7 preserves the adjoint structure. So 7 (A4) is a self-adjoint element in C with

a(m(A)={0}.

As such, we know that it must be the zero element (here is the point we used the self-adjointness of A): |7 (A)]| equals
the spectral radius of 7 (A), so |7 (A)|| =0 and so 7 (A) = 0. But if 7 (A) = 0 then A € K (#) by definition. O

Example 9.62. To find a counter-example to the above, we seek an element in a C-star algebra whose spectrum

equals to {0} but which is not the zero element. To that end, consider A = Matsy (C) with a = [8 (ﬂ Then
o(a) =0yet a#0.

We use this logic to build an operator on ¢ (N). Let its eigenbasis be { ¢; },.y and define A € B (¢2 (N)) via

Ae, = 0 ?62N+1
€;—1 1 € 2N

so that on each two-dimensional subspace spanned by { eg;,€2,-1 } A acts as this 2 x 2 matrix. One verifies that A
is bounded, non-self-adjoint and not-compact: the sequence { eg; }; is in the unit ball, Aey; = eg;i—1, yet {e2i—1 };
has no convergent subsequence (it’s an orthonormal set). The spectrum, however, is zero, so the essential spectrum
is zero.

If one wanted one could make a compact perturbation of A to make it so that the spectrum of A is not zero but
its essential spectrum is.

Theorem 9.63. Let A € B (#) be normal. We have A € ooss (A) if and only if at least one of the following holds:
1. A e O cont (A)
2. X is a limit point of oy, (A).

3. X is an eigenvalue of infinite multiplicity.

Proof. We know that since A is normal so via Claim 9.22 o, (4) = @.

Now if A € 0ess (A) then A — A1 is not Fredholm. Now, if A € o.(A) we are finished. Otherwise, since
A — M1 is not Fredholm, either dimker (A — A1) = oo in which case we are finished. Otherwise, since A is normal,
dimker (A — A1)" < oo too, so necessarily im (A — A1) is not closed. As we saw in Lemma 7.19 this means that )
is a limit point of o, (4).

Conversely, each of the three conditions imply that A € oess (A). Indeed,

(1) if A € 0¢ont (A) then im (A — A1) # & but im (A — A1) = #. In particular im (A — A1) is not closed so that
A — M is not Fredholm, i.e., A\ € gegs (A).

(2) if A is a limit point of o, (A) then as we saw above again that means that im (A — A1) is not closed.

(3) Finally if X is an eigenvalue of infinite multiplicity then dimker (A — A1) = oo so that A — A1 cannot be
Fredholm. O
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Theorem 9.64 (Weyl’s criterion for the essential spectrum). Let A € B () be self-adjoint, A = A*. Then X €
Oess (A) iff there exists an orthonormal set { ¢y} such that

n

Jim [[(A = AL) ¢ || = 0.

Compare this with Theorem 9.23, where the criterion is for A\ € o (A) and the assumption that ¥, L ., forn #m
s dropped.

Proof. Let us assume that A € oegs (4). If dimker (A — A1) = oo then we are finished: take an orthonormal basis
{%n },, of ker (A — A1) as a Weyl sequence, whence (A — A1) 1, is the constant zero sequence. If dimker (A — A1) <
00, then A — A1 does not have a closed image. This could be either due to A € o.(A4) or due to A\ being a limit
point of o, (A). Either way, thanks to Lemma 7.19 we know that for any n € N, there are infinitely many points in
Sy =0 (A)N B (A). For any n € N, we construct an orthonormal Weyl sequence { ¥, }, .y as follows. The easiest
way to do this is if we have access to the spectral theorem (otherwise build it out of the ordinary Weyl sequences
at each spectral point close to A); even though it only appears below let us invoke it nonetheless. Choose a unit
vector v, € im (XBL(A) (A)) such that 1, L span ({ Y };:f), this is always possible as im (XB; ) (A)) is infinite

n

dimensional for all n. Then, if pa,y, is the spectral measure associated with A, v, we have
A=Al = (Y (A= 20))

spec. thm.
et ) dua, ().
teo(A)
But supp (p4,y,) € B (A), so [t — A < L and we find

1
(A= M) ] < =

Conversely, if we have an orthonormal Weyl sequence. Then by the previous Weyl criterion, A € o (A). Now if
A € Ocont. (A) we are done by the above lemma, so assume that A € g, (4). If dimker (A — A1) = oo or A is a limit
point of o, (A) we are done by the above lemma, so assume for contradiction that A is an isolated eigenvalue of finite
multiplicity. Then (A — AL), (4_yg)+ is invertible, so that

|4 = A)eracsny || 2 <l

for some € > 0 and all ¥ € ker (A — )\]l)l. But since ker (A — A1) is finite-dimensional, only finitely many orthogonal
vectors of thf Weyl sequence can lie within it, after which all other elements of the Weyl sequence lie within
ker (A — A1)~ O

Example 9.65. Consider X on L2 ((0,1) — C). X is bounded and self-adjoint operator. Its spectrum is essential

spectrum equal to [0,1]. Then
XE’VL

V1En]

for a sequence { E,, },, C (0,1) of disjoint intervals accumulating at 3. E.g.

1 11
Epi=-+2"(-2,—=
2 " ( 2 4)

Y 1=

The eigenvalue equation is
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and so

2 2

1
dx

|En| zeE,
— 0.

1
|(-21)+

What boosts this from being in the spectrum to being in the essential spectrum is the orthogonality condition.

2

Example 9.66. On (%> (N), let A:=1 —e; ®e}. Then o (A) = {0,1} but oegs (4) = {1 }. The Weyl sequence for
the eigenvalue 0 is just the eigenvector e;. But we cannot exhaust an infinitude in this eigenspace since it’s only one
dimensional! Another possible Weyl sequence for the eigenvalue 0 is

1
e1+ en

1+

'(/)n =

9.7 Trace-class and Schatten ideals

To generalize the notion of a trace to the infinite dimensional setting, we present the trace-class operators.

Definition 9.67. An operator A € B (#) is said to be of trace-class iff
tl"{ on ¥, (|A|) < 00

where [A] = VA*A (as in Theorem 8.13) and tr(,, jo is the trace calculated in any ONB { ¢, jaeE:

iy, (IA) =D (ons Apn)
n=1

We denote the space of all trace-class operators as §; = §; (#).

Claim 9.68. Tf try, yo (JA]) < oo in one ONB { ¢, } 2, then it is finite in any other ONB.

Proof. Let {1, }., be any other ONB. Then

gy, (4D = 37 G, 1416,)
éHw% ¥
> (Z [(ioms 141% w0 )
S [1a en)|
>t oo

trep, 3, (14]) -

n=1

2

)

Note that it is not enough to have

Z [{(¢n, Apn)| < o0

n

for some ONB { ¢y, }, to be trace-class!
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Example 9.69. The right shift operator is not trace-class though > |(¢n, Rgn)| < oo for it in the position basis.

Remark 9.70. Tt is, however, enough to ask that

> en, Apn)| <00 VONB { ¢y, }, .

n

This notion is equivalent to trace-class.

Example 9.71. Any finite rank operator is trace-class.

Proof. First we note that if F' is finite rank then so is |F|. Indeed, using Claim 9.31 we have

N
FZZ%%@WL

n=1

SO

|F|*> = F*F

N N
= Zand)n ® QD:L Z UnPn @ l/}:

n=1 n=1

N
= Zai¢n®w:

n=1

Since this operator is diagonal we can easily take its square root:

N
IF| = anthn @5,

n=1

Now taking the trace in the 1, basis we get

N
tr(|F|) =) an < 0.
n=1

Claim 9.72. Any trace-class operator is compact.

Proof. First assume that tr (|A|2) < oo and let € > 0. Then we claim there do no exist infinitely many linearly
independent ¢ € # such that

Al el = e.
Indeed, assume otherwise. Let & be an infinite orthonormal set such that

Al = ¢ (p€8).
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Let & be an orthonormal basis of # extending &. Then

()
= Y (o4l )

p€é

> Y (o147 ¢)

p€esé

= > ll4el®

e

= D lllAlel?

peé

>y &
p€es
= o0

V

0.¢]

which is a contradiction.
In conclusion, for any € > 0 we may choose a finite orthonormal set { ¢, }5:1 such that if for some ¢ € #,

IHAf¢ll > e

then v € span ({ ©On }2;1). Define F € B (#) via

- {|A|w v espan ({0n 1)

0 else

N
n=

Then, for any ¢ € #, write b = 1 + 1ho with ¢; € span ({ ©n } 1) and 1, in the complement. We thus get

(IA[ = F) (Y1 +v2) = (Al =F)v1+ (Al = F) e
= (Al =F)yo
= ‘AW)Q

so that
(Al = F)$ll = [|Al2] <e.

As a result, F approximates |A| to € accuracy and thus |A| is compact.

1
Let now A be trace-class, i.e., tr (|A|) < oo which implies that |A|? is compact. Write, using the polar decompo-
sition,

A = UJ4|.
Then
A = U|AZ |4 .

Since K (#) is a two-sided ideal, we are finished. O

Theorem 9.73. If A € G, (#) then
i,y (4)

n=1

converges absolutely and is independent of { oy, }oo ;.
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Definition 9.74. It is thus justified to define, for any A € ¢ (#),

tr (A) = tr{ on 1, (A) .

Proof of Theorem 9.73. Using the above claim, we see that |A| is compact. As a self-adjoint operator with only
finite-multiplicitly non-zero eigenvalues, we have using Theorem 9.43 that there exists some { A, },, C [0,00) and
{ ¢n },, orthonormal with

|Alen = Anpn.

This set forms a basis of #. Indeed, one may appeal to the holomorphic functional calculus for that: we know that

g%®@2=if¢um—zm*dz
2T

for any contour which encircles \,, (assuming it has multiplicity one, otherwise it will be a sum of such projections).
If we now use the additivity of contour integrals we get

* L o -1
Senoei = g plal-anTa:

where the contour on the RHS is a contour that contains the entire spectrum of |A|. However, we then recognize
that contour integral as 1 by the holomorphic functional calculus, and as such, { ¢, } is an ONB of #.
Then with the polar decomposition A = U |A| we have

]38

|tr (A)] (on, U Al @n)

3
Il
—

M2

{(n, Urnpn)

Il
—

n

< Y alllealllUenl
n=1

< 3l
=il

< 00.

Le., 07 An (pn, Upy,) converges absolutely. Then given any other ONB { ¢, },, we have

=il
Z/\" {pn, Uspn) - ZM <Z Ym ®¢?‘nwn,U<pn>
S MW @) W Upn)

abs. conv. DD A (Wm, Un) (0n, ¥om)
A A NS s An) (s )

_ i i (Ym, Apn ® @hthm)
i s )

m

Thus tr (A) does not depend on the basis chosen to calculate the trace. O
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Theorem 9.75. The trace is a C-linear map G4 (#) — C. It is unitarily invariant: for any W unitary, tr (W*AW) =
tr (A4), and if 0 < A < B then tr (A) < tr (B).

Proof. First we show that for any unitary W, if A € ¢; (#) then W*AW € ¢; (#). Indeed, this follows from
W*AW|)? = (W*AW)* W*AW
= WAWW*AW
W*|APW
so that, using the fact the square root obeys unitary conjugation (see the definition of the square root Theorem 8.13
as a power series),

[W*AW| = W™ AW
and since try, } (||) does not depend on the basis { ¢, },,, we find that

trig, 3, (WAW]) = trowe,y, (14]) -

n

Thus we know that W*AW € ¢ (#) too. Now thanks to invariance under the choice of ONB (Theorem 9.73) it is
clear that tr (W*AW) = tr (A). Finally, if
0<A<B

then for any ¢ € #, (¢, AY) < (b, By). Hence,

tr(A) =D {n, Apn) < D (on: Bon) = tr(B) .

n

Lemma 9.76 (The two-sided star-ideal property). If A € §; (#) and B € B (#) then AB, BA, A* € §; (#) and

tr(AB) = tr(BA),
tr (A*) = tr(4).

Proof. First note that any bounded linear operator may be written as the sum of four unitaries. Indeed, Let
B € B(#). Then

1

1 . .

=: Br+iBy

(B - B°)

so any operator may be written as the sum of two self-adjoints. Moreover, any bounded self-adjoint H may be
written as the sum of two unitaries:

H

11l

1 1 1 1 1 1
“|H| | —H +i,/1— —=H? |+ =|H|| | =H —i/1 — —5H?
2 I Hl |H|? 2 | H || IH |

and one readily verifies that
1 1
——H +i, /1 — —-H?
1] VP

Al = |UA]

are unitary. Next, note that
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for any unitary U, so UA is actually trace-class too whenever A is. Also
|AU| = U 'A|U
so also AU is trace class. Then

tr (AB) = ) {(on, ABpy)

n

Y (B Y, AY)

n

= Z <1//naBA¢n>

n

= tr (BA) .

Lastly,

tr(4%) = Z {©n, A" pn) Z (Apn, Pn) :Z<90naA90n> = tr(4).

n

O
If we define on §; (#) the norm
[[Ally := tr (]A])
then
Theorem 9.77. §, (#) is a Banach space with the norm ||-||; and
[Alop < 1Al -
Proof. We have |A|,, = [||Alll,,, but the latter number is equal to r (|4]), i.e., the maximal magnitude of the
spectrum of |A|. On the other hand ||A||; is the sum of all elements in the spectrum of |A|, which is a trivial upper
bound on the maximum. O
Theorem 9.78. We have
G (7€) € % ()
and A € K () is in §1 (#) iff tr (|A]) < o0
Proof. The first part has been proven in Claim 9.72. O

Theorem 9.79. The trace-class ideal §1 (#) is the ||-||;-closure of finite rank operators.

Proof. Given any A € §; (#), we must show that

A = lim F,

n— oo

where each F), is finite rank and the limit is in the sense of |||, i.e.,
HA - FnHl =W

As we have seen, since A € §; (#), A is compact, so it has the operator-norm convergent approximation

Zanwn ®¢Z

n=1
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Here «, are the singular values of A and by definition we have
o0
tr(JA) =) an < 0.
n=1
We then want to show that

oo
Z Onn & W:

N3 .
n=N 1
We have
S oo = u (]S o)
n=N 1 n=N

n=N

= tr(Z anu}n@w;) .

Calculating this in the v, basis we find the result.

9.7.1 Schatten ideals
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Definition 9.80 (Schatten class operators). We define now, for any p € [1,00), the operator A € B (#) to be of p-th
Schatten class, denoted by A € ¢, (#) iff
tr (|4]") < oo.
This also yields the p-Schatten norm,
Al = (tr (|A]"))*

which makes (\(]p (#), H||p> into a Banach space. It is to be contrasted with the usual Lebesgue L? (X, i) spaces,

with X a measure space and p a Borel measure. In this sense these Schatten classes could be considered the non-
commutative analogs of these L? spaces (function multiplication is Abelian of course). We give {5 (#) the special
name of Hilbert-Schmidt operators and it is the only one which is actually itself a Hilbert space under the inner
product

(A, B) mibert-Schmidt := tr (A" B)

in a similar way to how L? is a Hilbert space. In fact, we have the Cauchy-Schwarz inequality:

<Av B>HS

tr (A*B)
= Z <‘pnaA*B<Pn>

n

= > <<pn, A o ® tpanwn>

m

n

£ ¢ZZ|<somA*som>|2\/ZZ|<som,Bson>2

= DD (A O, on) (ns A%0m) [D Y (Ben,om) (0m, Bon)

= \/Z <<Pm,AA*<pm>\/Z (¢n, B*Bepn)
= u(la)u(1BP)

2 2
= ||A*||HS||B||HS

However, since ker (|A| — A\) = ker (|A*| — A) for all A # 0, we get the result.

Remark 9.81. You may wonder how to define |A|”. One easy answer that we will encounter later is that since |4] is
self-adjoint, we may apply to it the bounded measurable functional calculus (below). If p € N then we can just use
the polynomial functional calculus.

Proposition 9.82. We have the inclusion, for any p > 1,

G, (#) C K () .

Proof. If the sum is finite the spectrum will be finite or countable with the origin as limit point, and hence a compact
operator, via Theorem 9.61. In doing so we are invoking the spectral mapping theorem

o(lAF)=c(A)"  (21).

We could also mimic the proof of Claim 9.72. O
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Theorem 9.83. We have the following properties of ¢, (#):
1. G, (#) is a two-sided star-ideal within B (F().

2. If1<p<gq<oothen §,(#) C g, (#) (we have Joo (#) = B (H)), and for any A € §, (#), we have

1All, < 1A, -
3. If p,q,7 € [0,00] are such that
1 1 1
4 ==
q P r

then for A€ §, (#), B € §, (#) we have AB € §, (#) and moreover
IAB], < [All,lIBll, -
In particular, when q¢ = oo (with the convention that |||, is the operator norm) we get

[AB], < Al 1Bllo, -

4. The Schatten norms are unitarily invariant: if U,V are unitary and A € §, (#) then

[UAV |, = [IAll, -

5. Forp € (0,1), |||, is merely a quasinorm.

Proof. We show first that §, (#) is a two-sided ideal. To that end, let A € G, (#) and B € B (#). Then we want to

show that AB, BA, A* € §, (#). As in Lemma 9.76 we may assume that B is in fact unitary, and we then establish
that

[UAP = |AP
whereas
|AU|P = U* |APU
so that UA and AU are also Schatten-p.
Next, if p < ¢ we want to show that
lAll, < llAll,.

To that end, we want to show that

1
P

Q=

IN

() = (o)

where { 0, (A) },,cn are the singular values of A (we know there are only discrete of them since A is compact). This
follows the usual proof that the £¢ norm is smaller than the ¢ norm: Let 2 = { o, (4) } and assume WLOG that
||x||q = 1. Then o, (A) <1 so

L=llzll§ =D on(4)? <D on (A =l

Hoelder: TODO. O]

Lemma 9.84. Let p € N>1 and A > 0 be of Schatten class p. Then given 0 < a < b < ||A]|, the spectrum of A with
(a,b), o(A) N (a,b), has a gap of size at least
b—a
L+ [|All5/a?
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Proof. Since A is Schatten p, it is in particular compact so that it may only have accumulation of eigenvalues at
zero. As such there must be a finite number of eigenvalues of A within the interval (a,b). Say that number is n € N.
Then since A > 0,

|A|l? = tr(AP) > aPn.

Hence in the worst case we will have an interval of size at least, say, (b — a)/(1 + n) free of eigenvalues somewhere
within (a, b). O

Lemma 9.85. For any operator A € B (#), an ONB {4, } of #, and

x€Z
Agy = (0, Ady) (z,y € Z)

we have the estimate

HAHp § Z <Z Az+k,r|p> .

kezZ \zeZ

where || A|, = (tr (|A|p))% is the Schatten-p norm.

Proof. Let us decompose A to its diagonals as

A= AK)

kez

defined via (A®) = A, 8,_,x for all k € Z. Since ||-|| is a norm, applying the triangle inequality we find
zy Y Y, p

4l < 30 [[4%] .

kez

But now,

oo

, = ()

p\ L
3\ P
2
2
o °
2

Il
/N
-t
=
7N
R

=
&
()
S~
[NIS)
~
~
3

_ (H’Awr

— H|A(k>|2

But note that

() = ((aw)"a),

- S (). (),

= Z (Azxfsz—:c,k)* Azyéz—y,k

z€Z

= 6w,y Z (Azxéz—w,k)* Azyéz—y,k

z€Z

= 6w,y |A3v+k,a:|2 .

P

is a-posteriori a diagonal operator, it is easy to calculate its Schatten-§ norm, since it is easy to take

Since |A®)|?
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its powers. Indeed,

(Ja®[") 1 = Suy [Aasnal”

zy

()
S (\AWF)Q]

ze”Z

— 2{:‘Az+kw

zeZ

and so

1,

(NS

TT
p

Collecting everything together we find

A

1AL, < > (ZIAHIC,II”)?;

kezZ zeZ

IN

> (z |Az+k7z|p); |

keZ \zeZ

O

Theorem 9.86. Let # be a separable Hilbert space. Then the Hilbert space # @ #H* (where we take the Hilbert space
completion of the algebraic tensor product) is isomorphic, as a Hilbert space, to the Hilbert space of Hilbert-Schmidt

operators, i.e., Jo (#) with inner product
(A,B), :=tr(A*B) .

Claim 9.87. Let X,, — 0 in operator norm and Y € J; (#). Then || X,,Y]||; = 0 and ||[Y X}|; = 0.

9.7.2 The Fedosov formula

One we have the notion of a trace, we may go back and compute the Fredholm index using
Theorem 9.88. (Fedosov) If A € & (#) and B is any parametriz of A such that 1 — AB, 1 — BA is finite rank, then
index (A) = tr([A4,B]).
The following is taken from | |

Proof. First we note that if B, B’ are two such parametrii, then B’ = B + F for some F finite rank. Then
[A, B'] = [A, B] + [A, F] and since F is finite rank, tr ([A, F]) = 0. So we are free to choose any such finite rank

parametrix.

We claim there is a finite-rank parametrix B such that A = ABA. If we can find such a parametrix, then 1 — AB
and 1 — BA are idempotents, and their traces equal the dimension of the cokernel and kernel of A respectively and
hence the result.

To find this special B, since A induces an isomorphism ¢ : ker (A)L — im (A), by the bounded inverse theorem,
™1 is bounded. Let B be any extension of ¢! to #. Then it fulfills A = ABA. O

Another useful trace formula is the following:

Claim 9.89. If there is some n € N such that 1 — |A|* and 1 — |A*|* are n-Schatten class, then
index (A) = tr((1—]A)") —tr((1—]A*])").

The proof is left as an exercise to the reader.
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10 The spectral theorem for bounded normal operators

In this section we finally extend the functional calculus, i.e., we extend the class of functions f : C — C for which we can
define an operator

f(4)

given some A € B (#). To recall what we have so far:
1. The polynomial functional calculus is trivially defined for all elements in a Banach algebra.

2. The holomorphic functional calculus is defined as well for all meromorphic functions whose poles are outside the
spectrum of any element A of a Banach algebra.

3. The continuous functional calculus is defined for all normal elements of a C-star algebra.
4. The square root is defined for all positive elements of a C-star algebra.

We are now going to extend this as follows: For elements A € B (#) where # is a separable Hilbert space, A is normal
(JA]? = |A*|?) and f is Borel measurable and bounded. To define f (A) will take us some steps, the most important of
which will be to define the spectral measures for self-adjoint operators. We mostly follow | Il | and | |

10.1 Herglotz-Pick-Nevanlinna functions

Definition 10.1 (Nevanlinna function). Let
Ct:={zeC|Ilm{z} >0}

be the open upper half plane. A function f : C* — C* which is holomorphic is called a Nevanlinna, Herglotz, Pick
or R function.

Our main interest in such functions stems from

Lemma 10.2. Let ¢ € # and A € B (#) be self-adjoint. Then
Ctsze <¢7 (A—21)"" ¢> = (Ra(2)),,
1s a Herglotz function.

Proof. We know that o (A) C R via Claim 8.9. So C* 5 z = (Ra (2)),, clearly makes sense, as C* C p(A), the
resolvent set of A. Moreover, the function is holomorphic since its derivative exists:

(4, (4= G+u) )™ v) - (4, (4-21) " 9)

w

(v, [A-G+v) )™ —(4-=1)"v)
(. [(A= E+u) ) (2= (2 +w) (A - 20)7] v)
¥ (A= G+u) 1)~ (4-21) " y)

glglr

I
/\

so that taking the limit w — 0 yields
(¥, (A-21)2p) .
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Moreover, we have

m{(s.04-21174))

¥, [(A-20)7 - (4-20)7 %)
(. [(A=21)7" - 2) (A-20)7] p)

Hence if Im {z} > 0 and 3 # 0, we have lm {<w, (A—z1)"" w>} > 0 (note it is impossible for (A — z1) "¢ = 0

since A — z1 is invertible!). O

Example 10.3. Other interesting examples of Herglotz functions are
l. z—c+id,z—c+dzforceR,d>0:
2. z+ 2" for r € (0,1) with the appropriate branch.
3. log with the appropriate branch.

4. tan, — cot

0
1

d
b

a+bz c
5. 2 +— e for Ll

] = M which is Hermitian-symplectic: M*JM = J with J = [ _01} A special case if

Zzrs —1
z

Claim 10.4. If m,n : C* — CT are Herglotz functions then so are m +n and m o n.

The main point of identifying the Herglotz property is the following representation theorem for such functions, whose
proof we skip.

Theorem 10.5 (Herglotz representation theorem). Let f : Ct — CT be Herglotz. Then there exists a unique positive
Borel measure j1y on R satisfying

1
——dps (z) < o0
~/a:€R1+x2 !

such that f may be represented as

[xiz_lfﬂ}m”@) (zeC*) (10.1)

f(z):a+bz+/

z€R

where a :=Re{f (1)} € R and

in which case we would have

1
flz)= / du, (x) (zeCt).
The RHS of the above equation is called the Borel-Stieltjes (or just Borel) transform of the measure py. The sub-class of

Herglotz functions which are the Borel-Stieltjes transform of some measure turns out to play an important role in spectral
theory.
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Proof of Theorem 10.5. Note that if v : CT — (0, 00) is harmonic, then there exists a unique positive Borel measure
pon R and a constant b > 0 such that

— blmis Im {z} ;
v(e) = bl {}+/tER (R@{z}—t)Q—l-hm{z}Qdu(t) (%)

and

1

Indeed, this is just the Poisson kernel formula (see e.g. Stein-Shakarchi Chapter 3 on the Herglotz representation).
Apply the lemma on v := lm {f}. Define

F(2) = Re{f(i)}+bz+/R<1 ! )d,u(t) (eCY) .

t—z 1+¢2

Then F converges absolutely and defines a holomorphic function on C*. Moreover, Im {F} = lm {f}, and F : CT —
CT is also a Herglotz function. Then h := f — F is holomorphic on C* and its imaginary part is identically zero, so
it is constant and one may verify the constant is zero. O

Lemma 10.6. If

f(z) = (Ra(2)),
for some ¢ € # and A = A* € B(#) then the Herglotz representation of f (10.1) indeed admits b = 0 and
a= meR Tz dif ().

Proof. We note that

_ _ —il -1 2 _ vl
7 () = [(Ra @y = [(4, (4= )7 0] < (4 = 20)7 0l < s
Hence
. 2
|f.(177)| < M_W
lin] n?
Hence b = 0. We learn )
o=t [ 775 | e

so that

|f (in)]

1 98
-~ |4
G+A@{z—m 1+ﬂ]ﬁwu)

a 1
> a—/ ——dur (x / —dps (x
wER1+x2 f() zeR L — 11] f<)

z py (R)
S d _m )
> la /az€R1+x2 Mf(x)’ "

so that if uy (R) < oo then as 7 — co we have

indeed.
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To show ps (R) < oo,

Im 1 Im{a
e _ i, f L,
n n zeR T=+ 1
a€eR 1
= —d .
w/g;eR 172_"7]2 i (1’)
Using the bound on f from above, we find
1 | i i 2
[ e = G Gl P
zeR T+ 7 U] n n
But
| i@ = [ i@
- X — T
TER $2+772 Hs a |z|<n x2+772 a
1
s—duy (2)
/I|<77 2n?
= Lu ([=n.n])
2n?2 ! ’ '
We learn ,
pr ([=m,m]) < 2[|9| (n>0)
so that

nr(R) < 209
O

For this reason instead of proving the general representation theorem stated above we contend ourselves with a restricted

version.

Theorem 10.7. Let f : CT — C* be Herglotz such that there exists some M & (0,00) for which

1f(2)] < mn]\i«} (zecCt). (10.2)

Then there is a Borel measure pn on on R such that p (R) < M and such that f is the Borel transform of p:

Proof. We mainly follow | |.
We want to define a sequence of positive measures p. for each € > 0 via the formula

1
pe (A) = / —Im{f (A +ie)} dA (A C R Borel measurable) .
zcA T

To do so, let us first establish a few basic facts about the RHS integral. Let z € R and y > 0 be given. Then for
€ € (0,y) and R > 0 large, define the contour

Fi={z+ie+ A Ae[-R,RI}U{z+ic+Re’ |0€[0,7]} .

Then z := z + iy lies within the interior of the contour whereas z + 2ie does not. Hence Cauchy’s formula implies

1 1 1
Y I et =r= ACL'S
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The explicit form of I" implies

_ 1 (B Yy—¢€ .
f(2) = W/—R)\z—l—(gJ—E)Qf(x+18+)\)d)\+

i (" y—¢ . i0 i0
—&—7/ - z +ic + Re') Re'dé .

™ Jo R2e219+(y_€)2f( )
> Yy

=g

R—o0 1
-~ W/oo()\—x)2+(y—£)

In the last limit, we have used (10.2):

Sf (A +ie)dA.

% /0 RQemyJ(z 7 f (z +ie + Re'?) Re’do| < (Rfiy(y i];i) -
— 0.
Hence taking the imaginary part of both sides of the equation we learn that
m(f @)= [ G MU O R
But by (10.2) the LHS has the bound
hm {7 ()} < 1 @I < -

Hence,
M > ylm{f(2)}

- /jo - 9(63;2_;2;_ 5)271r lm {f (A+ic)} dA

) <1
=3 / Zm {f (A +ie)} dX
o T
= pe (R) -
In particular, since
y—¢€
ge (N i= ——
€ ( ) )\2 + (y _ 5)2
has )
Yy —ye
19 (A) —go (M) < ¢ m
we have

Im {f (2)}

/°° g (0 — @) dpre (A)

— 00
y* —ye
y! — 2y

)

Now we have p. (R) < M so there is a subsequence of measures which converges weakly to some measure pu, and so
we have

_ /°° o (A — ) de (V) + O (5

— 00

e—=0t

=% lim go (A —x)dpe (N) .
R

lm{f(Z)}=/Rgo(A—x)du(A)~

Since f and [ ﬁdu (M) are two analytic functions on Cy that have the same imaginary part, they may only differ
by a real constant. But the bound (10.2) implies this constant must be zero. O
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Claim 10.8. Actually we have

I {f ()} = Im {2} / A_lz|2du )

and
Jim Alm {f(iA)} = p(R) .

Theorem 10.9. Let f be the Borel transform of some finite Borel measure . Then u is unique and can be recon-
structed via

1 [
(4 (0 A2) + (A ) = Jim = [ (i), (10.3)

N

Proof. By Fubini we have

1 [ _ 1 [ €
7r/>\1 Im {f (A +ie)}dA 7r/>\1 (LER(xA)2+€2dp(x)> dX

But
e 1 A2 — A1 —
*/ ;gd/\ = = (arctan <M> - arctan( ! x))
T S (m = )\) + &2 ™ € g
o 1
= P (X[/\1,>\2] (x) T X(A1,02) (I)) € [07 1] .
pointwise. Thus we conclude by the dominated convergence theorem. O

It turns out that a lot about the measure can be deduced from the limit of the Borel transform on the real line, as the
following statements show us. We should keep these statements in mind when discussing spectral measures of self-adjoint
operators, in connection with their resolvents.

Lemma 10.10. Let pu be a finite Borel measure and f its Borel transform. Then

du o1 .
1=l SmOE) (R

whenever the limit on the RHS exists, where % is the Radon-Nikodym derivative of p w.r.t. the Lebesgue measure

L.

We conclude that when lim__,q+ % Im {f (A + ie)} exists, the associated measure u to f is absolutely-continuous w.r.t.
the Lebesgue measure L.

Lemma 10.11 (Characterization of measure type via the Borel transform). Let u be a finite Borel measure and f
its Borel transform. Then

lim 1 Im {f (A +1ie)}

e—0t T

exists a.e. w.r.t. both p and L. Moreover,

{XeR|Im{f(A+i0%)} =00}
and

{XeR|0<Im{f(A+i0")} <0}

are the support of the singular and absolutely continuous parts of p respectively. Moreover, the set of point masses of
W is given by

{)\ lim elm {f (A +1ie)} >0} .

e—0t
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Proof. See | |. O

10.2 The spectral measures associated to bounded self-adjoint operators

Definition 10.12 (spectral measure of an operator and a vector). Given the above considerations, given a self-adjoint
operator A = A* and any 9 € #, we have a unique positive measure p4 4 on R, called the spectral measure of the

duo A, 1), such that C; > z — <w, (A - z]l)f1 w> is the Borel transform of 14 4, i.e.,

(pa-ane) = [ duae)  (ech).
AER N T
It has the property that
2
paw (R) =¥l
so that if ||¢]] = 1 we get a probability measure on R. Moreover,

Claim 10.13. The support of p4. 4 is contained in the spectrum of A.

Proof. We have the inversion formula (10.3), and

lm {<¢ (A—(A+ie)1)~" ¢>} - EH(A — (A+ie) 1) sz

and if A ¢ 0 (A), A — Al is invertible so that

2
supH — (A +ig) )7177/1H < 0.
e>0

As a result, these points will not be contained in the support of the unique measure defined above. O

Recall that we have the polarization identity,

3
(W, Zp) = iz (Y +i%p, Z (¥ +i%9)) . (10.4)

Using this identity we may define the spectral measures associated to triplets of an operator and two vectors:

Definition 10.14 (Spectral measure of an operator and two vectors). Given a self-adjoint operator A = A* and any
two 1, ¢ € #, we have a unique complex measure 14,4, On R given by

1 . .
Bawe = 7 BAy+e = Hag—p = iaprie T iHap—ie]

which obeys the property that

(=)= [ i) (zect).

ERA*Z

10.3 The bounded measurable functional calculus
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Definition 10.15 (The bounded measurable functional calculus). Given any measurable f € L*° (R — C), A= A* €
B (#) we want to define an operator f (A) via its inner products. To that end, for any 1, ¢ € #, we define

(W, f(A) ) = f)dpaye (A).
A€eR
Clearly we have
f ) dpay,e (A)) < sup £ O el
AER Aesupp(pa,p, e
< sup [fV) 2Nl (10.5)
A€o (A)

Once we have the operator f (A) defined in the inner-product for any pair ¢, p € #, it is uniquely defined via
Theorem 7.13, so we get an actual operator f (A4) € B ().

Claim 10.16. We have
1f (Al = sup [f(A)].

A€o (A)
Proof. (10.5) implies, via Claim 9.1, that
If (Do, = sup (i, f(A4) )]
llel=lvl=1
< sup |f(N)] =M.

A€o (A)

So we tend to the lower bound. For any n € N, let
1
E, = {)\GU(A)‘|f()\)|>M—n}.

These sets are not empty by definition of M. Consider now the projection operators

Pn ‘= XE, (A)

which are obtained via the functional calculus. Smce En is non-empty (by definition), there exists some 1, € #
such that P,1,, # 0 (see Claim 10.13). Let ¢, := ”P w T Note P, p, = ¢n. Then

E

If (D eal® = (¢n, f(A)"F(A)pn)
= (¢n fA) n)
= <<pm|f| (4) ¢ >
- / O g, )
> / PO diea e ()
> (M :L) \en dpae, (A)
= (-2) wa e
= (M i) {©ny Pnn)

(w-1)
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T [ [ e el ATV [y -

Theorem 10.17. The functional calculus obeys
f+9(4) = f(A)+g(4)

(fo)(A) = f(A)g(4)
(f) 4 = (FE)”

i.e., the functional calculus is a star-homomorphism from functions to operators, and f > 0 leads to f(A) > 0.
Moreover, we have

(z—a)(A)=A4

and if fn, — f pointwise and sup,, || fr |~ < 0o then f, (A) — f(A) strongly. Next, if [A, B] =0 then [f (A),B] = 0.
Finally,
ker (A — A1) Cker (f(A)—f(N)1)

and equality holds if f is injective on o (A).

Proof. The linearity and star property may be deduced from

W, f (D)) = Rf(>\) dpra e (A) -

pXS

The multiplicative property is proven using

(¥, f(A)g(A) )

<w, F(A)Y en®eng(A) ¢>
zn: -/AER f ()\) d//fA,w,en ()\)//; g ()\) dMA,8n7L'0 (}\)

€rR

and now we’d like to show that

> dttasien Miine e (1) = dae W5 (A= 1) .

This is left as an exercise to the reader.
Now, the measure is fully determined by

;/:2 |m{<¢, (A—)\—ie)_lgo>}d)\.

(W, f(A)y) >0

If f > 0 we have

so that f (A) > 0. Clearly,

(¥, Ap) = (4, (z = x) (A) p) = - Adpay.e () -

If [A, B] = 0 then
[RA (Z) ?B] =0

which implies the same thing about the spectral projections:

(¥, Ra (2) Bo) = (¢, BRa (2) ¢) -
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If ¢ € ker (A — A1) then Ay = A so that

(9, Ra (2)8) = = (0, 9)

and from there the same thing for the functional calculus.
The limit of functions implies the strong limit due to the fact the spectral measures are defined diagonally. [

10.4 Projection-valued measures

We begin with a new notion

Definition 10.18 (Projection-valued measures). Let { Py }cg be a sequence of self-adjoint projections on #¢ indexed
by measurable subsets of R, which obey -

1. Py =0and P_,4) =1 for some a > 0.
2. If Q= Uf;;l Q,, with Q,, N Q,,, = @ for all n # m then

N—oc0

P = slim i Pq, .
n=1
3. For any 1, measurable,
Po, Po, = Pa,nq, -

Then { Po }cg is called a projection-valued measure.

These properties allow us now to define the

Definition 10.19 (Projection-valued measures). Given any A = A* € B (#), we define a map

S B(H)

from Borel measurable sets to self-adjoint projections on Hilbert space as follows. The characteristic function

xs (A) == {(1) i;?

is bounded and measurable for measurable subsets, and so xs (A) makes sense. According to the above definition,
X. (A) is a projection-valued measure.

It is comforting to know that the two guises of the spectral theorem agree, in the sense that
Theorem 10.20. We have for any ¥, p € #,

<¢7 X- (A) (P> = MHAp,p -

Proof. We have, by definition, for any Borel set S C R,

WX = [ da@ =hape(S).

O

We may now also define the functional calculus using the projection-valued measures alone, without reference for 4,4,
itself. This is done as follows: Let x. (A) be the projection-valued measure of A = A*. Then for any f € L (R), we have

f4) = /ER f(x)dx. (A). (10.6)
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Theorem 10.21 (Stone’s formula). We have for any A = A* € B (#),

L1 : .
s-lim 7/ (RA (/\ + 16) —Ra ()\ - 15)) d\ = (X(M,/\z) (A) + X[A1,)2] (A)) .
A

e—0+ 27

N | =

1

Proof. First we note that for £ € R,

1 1 1 » 1
%|E—r—ic E—r+ie] "NE-r-if"

Next, note that

As 1 1 1 EE(/\l,/\Q)
li —1 — dA =
c30 T m{E)\is} ? B¢l
5 Ee{)\l,)\Q}

This can be deduced, e.g., using the “Sokhotski—Plemelj theorem” or “Kramers-Kronig relation”.
But now, invoking Theorem 10.17, in particular, that if f,, — f in L* then f, (A) — f (A) strongly, we obtain
the desired result. O

10.5 The multiplicative form of the spectral theorem
Definition 10.22 (Cyclic vectors). A vector ¢ € # is called cyclic for A € B (#) iff
span ({ A" }, ) = span ({ (A—z1)""y ‘ z€C\R })

(in the sense of finite-linear combinations) is dense in #.

The notion of cyclicity should be intuitively understood as encoding multiplicity of the spectrum. To calibrate the
discussion, we start with

Lemma 10.23. Let A be a normal n X n matriz. Then A has a cyclic vector iff A has distinct eigenvalues. A vector

v € C" is then cyclic iff it has non-zero components in every eigenvector direction.

Proof. Since A is normal we may unitarily diagonalize it as A = U* DU where U is unitary and D is diagonal. Since
we are in a finite dimensional space, A has a cyclic vector v € C™ iff

Span <{ p(A)v}, i polynomial) =C".

Note that unitary conjugation does not change the existence of a cyclic vector, since iff v is a cyclic vector for A
then Uwv is a cyclic vector for UAU* = D:

span ({p (UAU) U}, 1 4 poiymormins) = 5920 ({UP (A0}, 1 poymoins) = 5920 ({UP (A0}, 1 poryuonins) = Uspan ({ p (4

Hence we assume WLOG that A is diagonal. Then

pAv = (PO, p() |
p (A1) 1
_|p(A)re
P (An) vn
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Assume all eigenvalues of A are distinct. Then if we take v to be any vector such that it has non-zero entry in each
component, then we may generate any other vector u € C™ by choosing a polynomial p which solves the following n
equations

p(N) = iUj (G=1--,n).
vy
Indeed, take e.g., the Lagrange interpolating polynomial. So A has a cyclic vector.
On the other hand, if there are two (or more) eigenvalues which are not distinct, then we need to show there
exists some u € C™ such that no polynomial solving the above equations exists. Hence assume for contradiction that
Ai = A; for some ¢ # j and try to generate the vector u = e;. Then in particular we need to satisfy

P (Ai) vi
p(Aj)v; = 0

but since A; = Aj, p (X)) =p(A;) =: p and so we have

pv; =1

pv; =0
Note that iff vz = 0 for some k = 1,--- ,n then v can never be a cyclic vector since then we won’t be able to reach
er. So we must assume both v;,v; # 0. But then it is impossible to satisfy both equations with the same value of
p, since the second constraints p = 0 and the first constraints p # 0. [

Lemma 10.24. If A= A* € B(H) and ¢ € # is a cyclic vector for A then there is a unitary
U:#H — L2 (R,,uA,w)

such that
(UAU™f)(A) = Af(A) (Aea(4)).

Proof. Define U by mapping
FH > A — (A= A" (n € N>g) .

Since ¢ € # is cyclic, this definition (and its extension by linearity) covers a dense subspace of vectors in #.
Moreover, clearly this map is an isometry:

A= A" 2Rip, ) = / A" dpea (M)
A€ER
= (p,14"Pv)
= |Aamy|®.

To extend it to all of # we use the “bounded linear extension theorem” (9.1). It extends as an isometry. It is clearly
injective, because if f = g 114 4-a.e., then

/|f|2dMA,¢ =0
s
If @wl* = o
I
f(A)y = 0
Hence U defined as such is a unitary. O
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Lemma 10.25. If A= A* € B(#) and # is separable, then # is graded as

with N € N>1 U {00} such that:
1. A%, C ;.

2. For each j, A|%j has a cyclic vector:

9, = span ({ A'p [1ENY)

for some ¢ € #;.

Proof. By Zorn’s lemma. O

Theorem 10.26 (Spectral theorem in its multiplicative form). Let A = A* € B (#) with # separable. Then there is
some N € N>y U {00} and measures { pin }7]:[:1 on R such that there is a unitary operator

N
U:%—)@LQ(R,MH)

n=1
such that
(UAU™ ), (A) = Afn (A) (f e L*(R,pn)) -
Proof. Apply the spectral theorem on each invariant cyclic subspace separately. [

We note that these measures are not uniquely defined.

Example 10.27. Take A = [ which is self-adjoint on the Hilbert space C2. As we have seen above, A cannot

10
01
have a cyclic vector. We decompose C* = #; & #5, such that within each summand e; is a cyclic vector for A
restricted to #;. Note we could also have taken fio = % (e1 £ e2) as generating the two cyclic subspaces. This

illustrates that the decomposition into cyclic subspaces is not unique!

Example 10.28. Let R be the bilateral right shift operator on ¢2 (Z). Define
A:=R+R".

It is self-adjoint. How to realize it as a multiplication operator? Set up the Fourier series as the unitary map

F:0?(Z)— L* (S")
which realizes FAF* : L? (S*) — L? (S') as a multiplication operator by the map

[0,27] 5 6 — 2cos () .
To realize A as a multiplication operator by a map

A=A

we must take two direct sum factors. These are the two possible directions of momentum, or even versus odd wave
functions.
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Example 10.29. On L? (R), we have P := —id. This operator is unbounded, but via the (unitary) Fourier transform
we get a multiplication operator by the function

Rap—p.

Definition 10.30 (Multiplicity of the spectrum). Let A = A* € B (#) be given and S C R. Then
As = x5 (A) Alin(xs(a))

is also a self-adjoint bounded linear operator on the Hilbert space im (xg (A)) with spectrum contained in S. We say
that A has spectral multiplicity N within S iff V is the minimal number of direct summands in the application of the
multiplicative spectral theorem for Ag.

10.6 Decomposition of spectrum

The Lebesgue decomposition theorem says that any regular measure p on R may be decomposed as

= ppp + fac + Usc

where py is the pure-point, absolutely-continuous and singular-continuous parts respectively. Indeed, we know that any
regular measure g on R may be written as

H = Hsing + Mac

w.r.t. the Lebesgue measure, where .. obeys: if a measurable set S C R has measure zero then p,. (S) = 0. Hsing 18
singular w.r.t. the Lebesgue measure, meaning that there is a decomposition of R into two disjoint parts, such that jiging
is zero on all measurable subsets of the first constituent and the Lebesgue measure is zero on all measurable subsets of
the second constituent. Now figing is further decomposed into the point masses (pure point) and the rest, i.e.,

Hpp = Zaj5(' —zj) .

JjEN
These three pieces are mutually singular, which implies

L? (Rop) = @ L? (R,,[Lu) :

te{ pp,ac,sc }

We thus define, for any fixed A = A* € B (#),

Ay ={veFH | payist}

= B .

te{ pp,ac,sc }

and obtain

10.7 Extension to normal operators

So far we have obtained the spectral theorem for self-adjoint operators. We now want to extend this to normal operators.
We do it in two steps: (1) generalize the spectral theorem to any number of commuting operators, and (2) write any
normal as a sum of two commuting self-adjoints (its real and imaginary parts):

1 o1 .
A=S(A+A)+ig (A=A,

=Re{A} =Im{A}

Normality of A, [A, A*] = 0, guarantees that
[Re{A},Im{A}] =0.

This construction has been delegated to the homework (in particular, see HW11).
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10.8 Kuiper’s theorem

It is a striking fact, due to Kuiper, that any invertible operator can be path-connected (within invertibles) to 1:

Theorem 10.31. (Kuiper’s theorem) The invertible operators are contractible within B (#).

Proof. Let A € B (#). We wish to find a continuous path to 1. Using the polar decomposition, write
A = UJ4|
where |A| = VVA*A and U = A|A|™" is unitary. Since
log : S* — i[0, 2n]

is a bounded measurable function, we get some self-adjoint operator %1og (U) =: H. Thanks to the functional
calculus, it obeys U = e/, Define the map

v:[0,1] — GL(B(#))
1) = (= 1)|A] + 1) OOH

Then v (0) = A and v (1) = 1, 7 is norm continuous and ~ (¢) is invertible because |A| > 0. O

11 Unbounded operators and their spectral theorem

The material for this chapter is mainly taken from | , ]
It turns out that there are many situations in mathematics and in physics for which bounded operators are insufficient.
The most typical example is that of the position operator X on L? (R):

(X¢) (x) = 29 (2) -

Coming from quantum mechanics, we interpret X as the position operator, i.e., the observable whose measurement yields
the position of the particle. As such its spectrum are all possible position measurement outcomes, so that

o(X)=R
and we expect that X = X*. But since the spectral radius r (X) equals || X|| for a self-adjoint operator, it must be that
[ X]| = oo.
Said differently, we know e.g. that x — ﬁ belongs in L? (R). However, applying the position operator on this function
yields
= x
T
V14 a2?
which is not in L? (R). So it can’t be that X : L? (R) — L? (R) as defined above is a well-defined map. We rather need to
define it on a smaller subset of L? (R).

11.1 The domain of unbounded operators

Let # be a separable Hilbert space. The first thing we want to see is that necessarily we must allow unbounded operators
to be a defined on a subset of # so that they may well-defined linear functions.

Theorem 11.1 (Hellinger—Toeplitz theorem). Let A : # — F be a symmetric linear map, in the sense that

(¢, AY) = (Ap, ) (g e#) .

Then || A|| < co.
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Proof. Recall the closed graph theorem Theorem 3.43 which says that [|A|| < oo iff ' (4) € Closed (#?), where

FA)={(py)e#®|v=Ap}.

is the graph of A. Let then { (¢n,%n) },, €T (A). Then v, = Ap, by definition. Assume that
lim (o, 9n) = (¢, %) € #°

for some (p, ). We want to show that (,) € I' (A), i.e., that ¢ = Aep.
To that end, let £ € #. Then

(6,4} = (& limn ) = (€ lim Apn ) = lim (¢, Agn) = Hm (A€, o) = (A, limen ) = (A€, 0) = (€, Ap) -
Since this is true for arbitrary £, we conclude 9 = Ay and hence the conclusion. O

As a result, we conclude that if, for a symmetric operator A, o (A) is unbounded and hence ||A|| = oo then we must allow
A to be defined on a subset of #. Since we are mostly interested in symmetric operators, we are left to the following
generalized definition of an operator, which applies also to unbounded operators. It supersedes our previous definition of
a bounded linear operator.

Definition 11.2 (operator). An (possibly unbounded) operator on a separable Hilbert space &€ is a pair (D, A) where
D is a vector subspace of # (closed or not) and A is linear map A : D — . The space D is called the domain of
the operator, and sometimes is denoted by D (A). We say that A is densely defined iff D is dense in #. We set

ker(A) = {veD]|AYp=0}
im(A) = {Ave#H|yveD}.

We likewise extend the definition of the operator norm as

[All = sup ({ [A¢[| [ € D = [P =1}) -

Since operators on Hilbert space have natural operations (of addition, composition, etc) the question of the domain of
the resulting operators arises. We set

D(A+B) = D(A)ND(B)
D(AB) = {4 €D (B)|ByeD(A)}.

We emphasize that what specifies an unbounded operator is the duo of both the domain of definition and the map on
which it is defined. As such, changing the domain results in a new unbounded operator. Be that as it may, it is very
inconvenient to keep track of two rather than one symbols for each operator, and so, from now on, we will rather refer to
an operator by A (with the understanding that we really mean (@ (A), A)) and when necessary to refer to its domain use

D (A).
Definition 11.3 (Extension). The operator B is an extension of A iff
D (A) S D(B)

and
Ap=By  (peD(A)).
We then denote this situation by A C B.

The graph of this generalized notion of an operator is defined in a natural way as

LA ={(4p) edt® |veD(A)}.
(This notation means the pair of vectors ¢ and A, not their inner product).

Claim 11.4. For two unbounded operators, A C B iff I'(A) C T"(B).
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Proof. Assume that A C B. Let (¢, ) € I' (A). Then ¢ € D (A). But ® (A) C D (B), so ¢ € D (B). Also, p = Aw.
But on @ (A), A = B, so we also have ¢ = By. Thus (¢, ¢) € I' (B).

Conversely, if I' (A) C T'(B), if ¢ € D (A) then (v, Ayp) € T'(A4) and so (¢, Ay) € T'(B). But then ¢ € D (B).
Also, that means previous equation means Aty = B so that A = B on @ (A) as desired. O

Definition 11.5 (Bounded (generalized) operator). We say that A is bounded iff ® (A) = # and
Al < oo.

We then recover the previous definition from Section 9. Note that some sources don’t require @ (A) = # to be
bounded and instead only ask that ||A| < co.

Claim 11.6 (“BLT lemma”). If A is an operator such that @ (4) = # (i.e. it is densely defined) and

[Ap < Cllpll - (¥ e D(A))

then A has a unique extension to a bounded operator on €.

Proof. We follow the same proof as in Theorem 9.26: Define A : # — # as follows. For all ¢ € @ (A), define
A= Ay

Now let ¢ € # \ D (A) and we need to define Ay. By density, there is some { ¢, },, € @ (A) such that ¢, — .
Thus define }
Ay :=lim Ay, .

The limit exists because
HA<Pn - A‘Pm” = ”A((pn - @m)” < C”‘pn - @m” .

For uniqueness, assume that B € B (#) is some other (bounded) operator such that By = A for all ¢ € D (A).
Then by density, for ¢ = lim,, ¢,, with ¢,, € D (A),

Bt = Blim ¢, = lim By, = lim A, = At
where in * we have used that B is bounded, and hence continuous: Theorem 2.24. ]

Example 11.7 (The position operator revisited). On # = L? (R), we return to the position operator discussed above,
X. We define

D (X) :={@ELQ(R)’/GCERx2|<p(x)|2dx<oo}.

Clearly, this is a vector subspace. We can make || X¢|| arbitrarily large while keeping ||¢|| = 1 by taking, e.g.,

©a () == exp (_;W (z — a)2)

whence ||p,] = 1 and
1 Xpal? = / z? exp (*ﬂ' (z— a)2) dz
z€eR
= / (z +a)® exp (fer) dx
z€R
1
_ 24 =
= a" + o
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As a result, we conclude || X|| cannot be finite. It is also clear that there are no extensions of X since @ (X) is the
largest space on which X will land vectors from L? back in L2.

Definition 11.8 (Closed and closable operator). An operator A is called closed iff its graph

LA ={ (W, Ap) eH* |peD(A)}

is a closed subset of #2. We emphasize that having a closed graph does NOT imply the domain needs to be closed.
A is called closable iff it has a closed extension. If an operator is closable, its smallest closed extension is called its
closure and is denoted by A (with domain @ (4)).

The significance of closed operators stems from the close graph theorem Theorem 3.43, which gives us some sense of
boundedness of A : D (A) — # on its domain. Be careful, however, that even if A is “closed”, @ (A) may not be closed
and hence is not even a Banach space. So one cannot apply the closed graph theorem directly.

Claim 11.9. If A: @D (A) — # is bounded, then D (A) is closed iff A is closed.

Proof. Assume D (A) is closed. Then since A : @ (A) — # is a bounded map between two Banach spaces, by
the closed graph theorem Theorem 3.43, it has T' (A) closed, i.e., A is closed. Conversely, if T (A) is closed, taking
{%n }, € D (A) such that ¢, — 9 for some 1) € #, we want to show 1) € D (A). We have

(Yn, AYy) €' (4)  (n€N)

and
lim (Y, Ap) = (w,limAwn> cont of 4 (1 Agh)

this latter point lies in I" (A) since it is closed, and hence 1 € D (A). O

Corollary 11.10. Any bounded operator defined on a non-closed domain is not closed.

Claim 11.11. The unbounded operator A is closable iff I' (A) is the graph of a linear operator, in which case

r@) = TA).

Proof. First assume that

we have that B is an extension of A, hence A is closable. Since B is that operator whose graph equals the closure
of T'(A), it is the smallest closed extension of A and hence A = B as desired.

In the reverse direction, assume that A is closable. Then let (D (B),B) be a closed extension of (D (A4), A).
Then by definition, I" (A) C I (B) and since I' (B) is closed,

I'(4) cI(B)

as ' (A) is the smallest closed subset containing I' (A). Hence if (0,v) € T' (A) then ¢ = 0. Indeed, then

(0,9) e T'(B)
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Define now R : @ (R) — # via
D (R)

Ry

{v| @) eT@Iw e}
® (cp is the unique vector so that (¢, ) € (A)) .

First we show that R is indeed well defined. This follows since if there are two 1, 2 such that

(W, 01) = (¥,2)

then we’d have (0, 1 — p2) € T'(B) which implies ¢ = ¢2. By construction,

so R is a closed extension of A. But R C B, where B is an arbitrary closed extension, so R = A. O

Not every operator is even closable, as the following example shows:

Example 11.12 (Non-closable operator). Let { ¢, },, be an ONB for # and ¢ € # be some vector which is not a
finite linear combination of these basis vectors. Let @ be the set of finite linear combinations of elements of { ¢, },,
as well as ¢ (so that it is a vector subspace) and on it define

N
Al ay+ Zajgoj =ay
j=1
for all a,a1,...,anx € C. Then since { ¢, };’;1 is an ONB, we may, via approximation, exhibit the set
{(@p+¢ap)lacC e}

within T' (A), so the latter contains both (¢ + 0,4) = (¥, ¥) as well as (0¢ + 1, 0¢) = (1,0). But no linear map B
may contain both of these points in its graph, since that would imply

By = 0
and
By = 4

i.e., B is not well-defined.

Definition 11.13 (Core of an operator). If A is a closed operator then a subset C C D (A) is called a core for A iff

Al =A.
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Definition 11.14 (Adjoint). Given a densely-defined operator A, we define its adjoint using the following procedure.
First, however we end up defining the adjoint A* of A, it better obey the equation

(0, AY) = (A%p,0) (Y €D (A),p€?).
But it might not be the case that there is a solution £ (which is our tentative definition for A*y) to the equation
(0, A) = (& 4) (Y €D (A))
for all ¢. The solution is thus to define
D(A") ={pe#H|IcdH VpeD(A), (pAY) = ()} .
If such a solution & € # exists then it is unique. Indeed, if £ € # also obeys
(e, Av) = (£,v)

then

(Ev) = (pAv) = (&) (W eD(4)).

Assuch, E— €€ D (A)L. But @ (A) is dense, so using Claim 7.8, we have
1L
D (A = (D) =+ ={0}.

Hence, & = £~ Note it may happen that
D(A*):={0}.

If @ (A*) = # then we define A** := (A*)*. Otherwise, (A*)" does not exist as an operator (we need a densely
defined operator to define the adjoint!).

Claim 11.15. For any densely defined operator A,

DAY= pet I, A9)]
ven(a) 1Yl

wp 24V OO} .

Proof. First let ¢ € D (A*). Then we know A*¢ € # exists which obeys

(0, AY) = (A%, ) (v €D ().

Then
(@, Ap)| = [{(A 0, )| < [[A"ell[I¥]

so that A

pen(a) ¥l

: [{,A¥)|
Conversely, if sup,eqa) ‘p”T” < 0o, then
Y= (o, A)

is a bounded linear functional and hence by Riesz’ lemma, Theorem 7.10, there corresponds to it a unique vector
(which ends up being A*p), i.e., p € D (A*). O

Example 11.16 (Example where @ (A*) is not dense). Let f : R — C be bounded and measurable, but not L? (R).
Define

2= {verr®| [If@v@lar<oo .

Now clearly @ (A) contains all L? functions with compact support so that @ (A) is dense in L?. Now fix some 1y € L?
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and define
Ay = ()20 (W ED(A).
Then for ¢ € D (A*), we have

Hence

:<w0a >f

But f ¢ L?, so (¢, p) =0, i.e., ¢ L 1y and hence D (A*) = { ¢ | ¢ L 1 } cannot be dense. So on that domain, A*
is the zero operator.

Theorem 11.17. [RES Thm. VIII.1] Let A be a densely defined operator. Then

1. A* is closed.
2. A is closable iff @ (A*) is dense, and in this case A = A**.

3. If A is closable then (Z)* = A*.

Proof. Define a unitary V on #? via
Vg, ¥) := (o, =¢) .

It is indeed unitary since it can be written in operator block form as

v-[t 9.

The unitarity of V' guarntees that for any subspace E, V (E*) = (V (E))*". We claim that
[(A%) =V (T(4)". (11.1)
This would imply the first statement thanks to Theorem 7.7. But (11.1) holds, via

(p,9) € T' (A7) pED(A )N =A%y

(p, An) = (,m)  (n € D(A))
((®y9),(n,—An))  (n€D(A))
(¥, ), <n, An)  (neD(A))
(

¥,) LV (T (4)) .

[N

For the second statement, we have via Claim 7.8,

T (A) = (r )
V= (ver (4 )
D(A")=V(r(A))*
= (VT (4)*
(A7) -
But if A* is densely defined, (A4*)" is an operator so that I" ( ) I' (A**) is the graph of an operator, and hence
A is closable. Conversely, if A* is not densely defined, let 1 € @ (A* ) . Then

same equation again

(¥,0) € (49"

hence V (I (A*))" is not the graph of a single-valued operator. But (VT (4*))" =T (A), so A is not closable.
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Finally, if A is closable,

A* A* is:closed P

second séatcmcnt (A*)**
— AFF*
= (4"

O

Definition 11.18 (The spectrum of an unbounded densely defined operator). Let a closed operator A be given. Then
p(A):={zeC|(A—21): D (A) — # is a bijection }

is the resolvent set. Since I' (A) is closed, by the closed graph theorem Theorem 3.43, for all z € p(A), (A—21)"":
# — D (A) is continuous, and hence

Ra(z):=(A—z1)""eB(#) (z2€p(A).
The spectrum of a closed operator is defined as
o (4):=C\ p(4) .
We use the same definition of point spectrum
op(A):={z€Clker(A—21)#{0}}.

and residual spectrum from Definition 9.14. The spectrum of a closable operator is the spectrum of the closure of the
operator.

Theorem 11.19. Let A be a closed densely defined operator. Then p(A) € Open (C) and Ra : p(A) — J is an
analytic operator-valued function. Moreover,

{Ra(N) [Aep(A)}
18 a commuting family of bounded operators for which

Ra(A) = Ra(p) = (p—A) Ra(A) Ra (n) -

The proof is the same as in the bounded case and hence is not repeated.
Example 11.20 (Spectrum depends on domain of definition). Let
A :={v¢:[0,1] = C| ¢ isacand ¢ € L*([0,1]) } .
Recall that 1) is called absolutely-continuous iff 1/’ exists Lebesgue-almost-everywhere on [0, 1], ¥’ € L', and
x
v =@+ [ W @el).
0

We then define A1, As both with

D (Al) = A
D(A2) = {peAlp(0)=0}
and with the joint operator
= —in)’

We claim that both A;, Ay have densely defined and closed, but:

0(A1)=Cyeto(4)=92.
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To see the spectral claim, let us calculate _
(A; — A1) e =0

and observe e € @ (A1) and this is true for all A\ € C. For the second spectrum, we exhibit an inverse for Ay — A1 for
all A € C:

(Bag) () = i / P () dy.
0
Then
(A2 —A1)B), = 1g
B)\(AQ_)\]].) = ]lg)(A2).

11.2 Symmetric and self-adjoint operators

Definition 11.21 (symmetric operator). A densely defined operator A is called symmetric iff A C A*. That means
D (A) CD(A*) and Ap = A*p for all p € D (A).

Claim 11.22. A is symmetric iff
(Ap,¥) = (@, AY)  (p,h € D(A)) .

Proof. Assume that A is symmetric. Then A C A*. Then for ¢, ¢ € @ (A), we have

A p=Ap for p€D(A)

(o, AY) = (A%, ) (Ap, 1) .

Conversely, assume

(Ap, ) = (p, AY)  (p, 9 € D (4)) .
Then, given ¢ € D (A), we have £ = Ay as the solution of
(0, AY) = (£, %)

by symmetry, so that ¢ € D (A*). Moreover, Ap = A*p then so that indeed A C A*. O

Definition 11.23 (self-adjoint operator). A densely defined operator A is called self-adjoint iff A = A*, that is, iff
A is symmetric and D (A) = D (A*).

Note that a symmetric operator is always closable by Theorem 11.17, since @ (A*) D @ (A), the latter being dense by
definition of symmetric operator. Moreover, for a symmetric operator, A* is a closed extension of A, so by Theorem 11.17
again, A = A** is contained in A*. Hence, for symmetric operators

ACA™ C A",
For closed symmetric operators,
A=A C A",
Finally, for self-adjoint operators,
A=A" =A".

Hence for A closed symmetric, A is self-adjoint iff A* is symmetric.

Definition 11.24 (essentially self-adjoint operator). A symmetric operator A is called essentially self-adjoint iff its
closure A is self-adjoint.

Claim 11.25. If A is essentially self-adjoint (i.e. if (Z)* = A), then it has a unique self-adjoint extension.
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Proof. Let B be any self-adjoint extension of A. We claim that actually B = A** = A (last equality via Theo-

rem 11.17, recall that symmetric is always closable). We show this in two ways: First B O A**. Indeed, A = A** is
the smallest closed extension of A. But B is also closed and is an extension of A. For the other direction, first note
that if C C D and both are densely defined then D* C C*. Indeed, we have C' C D iff ' (C') C T' (D) via Claim 11.4.
But in a proof above that

* 1
r(c) =v(I(c)
for some unitary operator. Using that fact, we have then for the other direction,
B=B"C((A™)' =(A)" =4=4"

where we have used the fact that A is essentially self-adjoint in the penultimate equality. O

Thus we see that a non-closed but symmetric operator has a uniquely defined self-adjoint operator associated to it, and
many times, it is easier to specify a self-adjoint operator by specifying a non-closed symmetric operator whose domain
doesn’t have to be determined precisely, but just the core on which it is essentially self-adjoint!

Note also that the converse is also true: if A has a unique self-adjoint extension then it is essentially self-adjoint.

Theorem 11.26. Let A be a symmetric operator. Then the following are equivalent:
1. A is self-adjoint.
2. A is closed and ker (A* £11) = {0}. (In fact, here =1 may be replaced by z,Z for any z € C\ R).
3. im (A +il) = %.

Proof. Assume that A is self-adjoint. Then A = A* and since Theorem 11.17 says A* is closed, so is A. Assume that

Ap=1yp (Y eD(A)) .

Then
so 9 =0. Le., ker (A* +il) ={0}.
Next, we show that the second statement implies the third. Assume that

AYp = -—ip

has no solutions. We want to show that im (4 — il) = # which we do in two steps: show im (A — il) is dense and
then that it is closed. For the first step, assume that ¢ € im (4 — i]l)J‘. Then

(A=) e, ) =0 (peD(A4)

so ¢ € D (A*) and hence
(A—il)* = (A* +il)y =0
which is impossible as we said A*¢) = —ii) has no solutions. To show im (A —il) is closed, note that for any
p €D (A),
. 2 2 2
(A —i1) ol = [[Ael” + [l " -

Hence if ¢, € D (A) and (A —il) ¢, — £ then @, — o and Ay, converges too. But A is closed, so pg € D (A)
and (A —il) o = €. Hence im (A — il) is closed.
Finally, let us show the third statement implies self-adjointness. Let ¢ € @ (A*). Since im (A —il) = #, there
is some i € D (A) with
(A—il)y = (4" —1)g.

But @ (A) C D (A*), so
p—n€D(A)
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and
(A" —il) (¢ —n) =0.

But im (A 4 il) = # too, so ker (A* —il) = {0}, so that ¢ = n € D (A). Hence D (A*) = D (A) and hence A is
self-adjoint. U

Corollary 11.27. Let A be a symmetric operator. Then the following are equivalent:
1. A s essentially self-adjoint.
2. ker (A*+£i1)={0}.
3. im (A +il) = 7.

Proof. Assume that A is essentially self-adjoint. Then A = A** is self-adjoint. Applying of the above lemma on A
then yields that A is closed (trivial) and that

ker ((A)" +i1) = {0} .

But by Theorem 11.17 we know that A" = A*. Next, another application of the lemma on 4 yields that im (Axil) =
d#¢. We then claim that

im (A+il) =im (A £il). (11.2)
Indeed, let ¢ € im (A +il). Then { ¢, }, C # with
Ap, +ip, — €.
But

||A(Pn + Z‘pnuz = <A50n + 20, Apn + 2¢n)
= (Apn, Apn) + |Z|2 {(nsPn) +Z{Pn, Apn) + 2 (Apn, Pn)
A symm. 2 ) 2
)| Agnll” + 1217 llenll* + 2Re {2} (¢, Apy)

so that if z = +i we get

. 2 2
1 4gn + ipnll = /[ 4pnl® + llgnl

imply that if { Ap, £1ip, }, is Cauchy, so are { Ap, },, and { ¢, },,. Thus ¢, — ¢ and Ag,, — ¥ for some p, ¢ € #.
Le., (¢,9) € T'(A). But A is closable, so

r () =T@)
and hence (p,¢) € T’ (Z) Le.,v=Apand p €D (Z) Hence
Ap, £ip, = Ap £ip.

But the limit is unique, so B
Ap+ip=¢,
ie., ¢ €im (A+il).
Conversely, if £ € im (Z + i]l), we write £ = Ap % ip for some ¢ € D (Z) Then

' (4) =T (4) 3 (¢, 4p) = (p, £ Fip)
so there is a sequence { ¥, },, € D (A) such that ¥, — ¢ and A, — £ Fip. But

1€ = (Avpn £ ivpn)[| < NI(§ F i) — Ahn|| + [|[Fip F ithn || = 0
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so & € im (A +1i1).

Thanks to (11.2) we now have the third item.

Finally, assuming the third item, using (11.2) and applying the lemma again on A we obtain that A is self-adjoint,
i.e., A is essentially self-adjoint. O

An operator which is merely symmetric but not essentially self-adjoint may have either no self-adjoint extensions or many
self-adjoint extensions.

Example 11.28 (many self-adjoint extensions). Let P := —id with

DP):={pecAlp(0)=p(1)=0}

with A as above. Integration by parts shows that P is symmetric:

wro) = [ePo=) [or =i [Fo= [FDow= [Pou=(Peu).

We claim that P* is given by P* = —i0 as well, but with
D (P )=A.
[TODO: prove this| But P is not essentially self-adjoint, since et € @ (A) and
Pe* = fie®

Actually P is a closed symmetric but not self-adjoint operator. It has uncountably many self-adjoint extensions indexed
by the unit circle: for any a € S,

D(Py)={peA|p(0)=ap(l)}
and P, := —id.

Theorem 11.29. Let A be self-adjoint. Then

1. Ifz€C,
I(A=21) 9" = [(A=Re{z} 1) ¢||* + lm {z}* |[&|* (v € D(A)).

2. 0(A) CR and for all z € C\R,

H — 1) H* (€ C\R) .

I|m{z}\

3. For any x € R and ¢ € #,
lim iy (A — (z4iy) 1) "¢ = —y.

Y—>0o0

4. If M, Ao € 0p (A) with A1 # X2 and 1,2 are the corresponding eigenvectors, then 1 L 1)s.

Proof. We have

I(A = (= +iy) 1) 9| A-(@+iy) 1)y, (A—(z+iy) 1))

U (A= @+ D)’ (A= (@+iy) 1))
(A= @-i1)(A- @+ 1)y
v, ((A=217 +4%1) v)

= (A-a0) gl + 92yl

For the next statement, let z € C\ R. If (A — 21) ¢ = 0 then

I(A = 21) 9 |I” = yll¢* =

which implies ¥ = 0. So
A—z1:D(A) - #
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is injective. By the third condition in Theorem 11.26 (using it at z € C\ R rather than z = +i), since A is assumed
to be self-adjoint, im (A — 21) = #. Hence A — z1 is bijective. By Definition 11.18, this implies z € p(A). Next,
from the first statement of the claim, we have

o
[l {2}

Now let p € #. Then (A—21) "o € D (A) as (A—21)"" : # — D (A) is a bijection. Hence we may write

Il < A=z (v eD(A)).

A1) < — ol (pem)
i (2]]

which is what we wanted to prove. We learn that (A — z]l)_1 is bounded in the sense that its operator norm has
the (so-called) “trivial bounded”
1
(A< b
H [lm {z}|
Of course we may re-define its codomain as #¢ in which case it would be bounded in the sense of Definition 11.5.
Finally, for the third statement, let B := A — z1 for € R. Then B is also self-adjoint. Its domain equals

DA-az)=D(A)ND(—21)=D(A)NH=D(A) .
It is symmetric:
(0, BY) = (p, (A = 2l) ¥) = (¢, AY) — z (0, ¥) = (Ap, ) — (e, ¥) = (A —21) o, ) .
As such, via Theorem 11.26 it is self-adjoint since we can invoke the third condition
im(A+il) =4

with any complex number off the real axis, rather than merely +i. Let us thus prove the statement for B. First, let
¢ € D (B). Then we have

(B—iyl)(B—iyl) ' =
B(B—iyl) ' —iy(B—iyl)""

iy(B—iyl) '+1 = (B—iyl) 'B
and so
lvB-iw) v+y| = |B-iw1)™ By|
< |B-wn|iBy
< Byl

Taking now the limit y — oo yields the desired limit for all v € @ (B). Now, if ¢ ¢ @D (B), since B is self-adjoint,
we have via Theorem 11.17 that @ (B) is dense. So let { ¢y, },, € @ (B) be such that |[¢, — ¢|| < =. Then

livB-in " v+y| < |iwB-iv)™ @ —va)| + v —val +
+[iy (B = iyL) ™ tbn + Un
By,
< 2y -l + L2
2, |IByul
noyl

Taking now limsup,_,., and then n — oo we find the result. The last claim’s proof is identical to the one in the
case of bounded operators, shown in Theorem 9.21. O
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11.3 Direct sums and invariant subspaces

11.3.1 Direct sum of operators

Let A; : D (A;) — #; for i« = 1,2. Then we can form the map A := A1 ® As : D (A1) ® D (A3) — H1 © H5 using the
notion of direct sum of Hilbert spaces as in Section 7.4. Since D (A;) is not required to be closed, the direct sum within
D (A1) @& D (Az) is meant in the sense of vector spaces, not Hilbert spaces. It is clear that if A; is self-adjoint for i = 1,2
then so is A, and

(A—z1)"" = (A —21) '@ (Ay—21)"" .

Definition 11.30 (invariant subspace). Let A be a self-adjoint operator on Hilbert space. We say that a closed
vector subspace § C # is invariant under A iff

(A—z1)"'9Ccd  (2€C\R).
Observe that if J is invariant under A, so is 9*: let ¢ € (A — 21)”" g+, Then
p=(A-z1)""p  Fpegt.
Now let n € 4. Then
<777 (A—z1)"" cp> = <(A —z1)"! n7\gi/> =0

=24 egt

so that = is invariant as well. Let us define for any closed vector subspace ¥/,
D(Ay) = DA)NY
and Ay : D (Ap) — ¢ an operator on the Hilbert space ¢ via

Auw = A’(ﬂ (¢ €D (AV)) .

Claim 11.31. If J is invariant under the self-adjoint operator A then Ay as defined above is also self-adjoint.

Proof. Clearly @ (Ay) is dense in  if @ (A) is dense in #, since 1 is closed. We first show that Ay is symmetric:
we want

<AG<P7¢> = <<P»Aa¢> (8071/) €D (A(J)) o
Since Ag = A on 4, and D (Ag) C g, we have
A symmetric
(Agp, ) = (Ap, ) * TE (o, 44)) = (p, Agt) -
Next, note that

['(Ag) = {(p,Agp)|p€D(Ag)}

= {(pAp) |peD(A)NI}
{(p,Ap) €D (A) }N (9 x )
T (A)N (9 x ) .
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Hence using the same unitary from Theorem 11.17, we have

L(4;) = (VD(4g)*

(V(T(4)N (9 x #))"

= ((VT(A)Nn (9 x (-76)"

=% ((vr@)n wx&e))

= (r Y (dx a0

— (F(A)l gxge)l
{(p,Ap) o € D(A)NI }

= T (Ag).

Hence, Aj = Ag. O

Proposition 11.32. Let { A, : D (A4,) = #,, },, be a sequence of self-adjoint operators. Define the operator A : D (A) —

# on
at = P .

with the direct sum as in Section 7.4, via the domain

D (A) := { YeH | tn € D (An)Vn A Y || Anthnll7, < o0 }

and action
Then:

1. A is a self-adjoint operator on Ft.
2. For all z € C\R,

3. The spectrum obeys

Proof. We have

=P, =Pa.=4

since the adjoint of the direct sum is the direct sum of the adjoints, by definition. The same statement holds for the
inverse, which shows the second claim. Finally, for the spectrum, let z € o (A). Then

(A—21):D(A) > H
is not a bijection. Thanks to the direct sum decomposition, this implies there exists at least one n for which
(Ap — 21,) : D (4,) — &,

is not a bijection for otherwise the whole A would be. But that implies that z € o (A,,) C U, o (4,). Conversely. if

zGUU(An)
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then there is a sequence { w; }j C U,, o (Ar) such that w; — z. Then for each j there is some n; such that
(Anj — wj]lnj) 2D (Anj) — Fp,;

is not a bijection. That means that A — wj;1 is not a bijection for each j, i.e., w; € o (A) for each j. But since the
spectrum is closed, z € o (A) as well. O

11.4 Cyclic spaces and the decomposition theorem

Definition 11.33. Let A be a self-adjoint operator on #. A collection { v, },, € # is called cyclic for A iff

span ({ (A - z]l)_1 Up,

zEC\R}):%’.

Note that a cyclic set always exists since we can always take as the initial set an orthonormal basis for #. If it happens
that the whole set is just one single vector, then that vector is called cyclic for A.

Theorem 11.34. Let A be a self-adjoint operator on 3. Then there exists a sequence of closed subspaces
which are mutually orthogonal (#, L H., for all n # m) and self-adjoint operators { Ay, : D (An) — Hn },, such that

1. For all n, there exists a vector v, € #,, cyclic for A,.

2. # =P, #, and A=, Ap.

Proof. Let { ¢, },, be any cyclic set for A. Define

P = o1

and let €1 be the cyclic space generated by A and v;:

H = span({ (A—21)"" e ’zEC\R}).

We know that ¥; € #; via the third item in Theorem 11.29. Using the same claim, we see that #{; is invariant
under A. We set

A1 = A;}gl

with the notation as in the section above about invariant subspaces.
Let now @5 be the first element of { ¢, @3, ... } which is not in #;. Decompose

B, = By ® P2) € 76, @ G- .
Define

. ~(2
Py = P

and let ¥ be the cyclic subspace generated by A and 5. We claim that #; 1 #>. Indeed,

<(A —21) g, (A — wl) ¢2> <¢1, (A—71) " (A - wl)™! ¢2>

— (o[- = (A= wn) )

w—z

and now use the fact that 19 1 #1. Define A5 are the restriction of A to #5, which is also invariant. By construction
and Proposition 11.32; the rest of the claims follow. O
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11.5 The spectral theorem for unbounded operators

Theorem 11.35. Let (X, 7, ) be a finite measure space, with p a finite positive measure. Let
f+X —- R
be measurable and define My : D (My) — L* (X, ) with

D(My) = {del*(X.p)| fvel?(X,u)
Mgy = fi.

Then
1. My is self-adjoint.

2. My is bounded iff f € L™ (X, ), in which case
Myl = 11 £l -
3. 0 (Mjy) equals the essential range of f, that is,
o(Mp)={XeR|p(f " (B-(\)) >0ve>0}.
Proof. First we want to show that M, is densely defined. This is clear since the compactly supported functions are
dense in L?. Next, My is symmetric, since

im(f)C

(0, My 1o = /X = /X Toudu = (Mo, )z -

According to Definition 11.23 we are left to show that @ (M}‘) C @ (My). Divide X according to the decomposition

Yy () := {1 @l <N (reX).

0 else

Through a limiting argument with Yy we may show that

[M7y]| =1l f]

so that fi¢ € L2, i.e., ¥ € D (My). The proof of the spectral statement follows as in the bounded case (this was
HW10Q6). O

Definition 11.36 (unitary equivalence). Let A; : @D (A;) — #; be given for i = 1,2. We say that A; is unitarily
equivalent to A, iff there exists a unitary map U : #; — &5 such that

UD (A1) = D (As)
and

UAU = A,

Theorem 11.37 (Spectral theorem for self-adjoint operators). Let A be a self-adjoint operator on #. Then there
exists a measure space (X,F, 1) with u a finite positive measure and a measurable functions f : M — R such that A
is unitarily equivalent to the operator My on L* (X, u).

We will prove this theorem in two steps. The first step is to decompose # into the cyclic subspaces of A as in
Theorem 11.34. Then we shall prove the unitary equivalence to a multiplication operator in each cyclic subspace separately.

11.5.1 Proof of the spectral theorem in the cyclic case
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Theorem 11.38. Let V : C; — R be a positive harmonic function. Then there is a constant
c > 0

and a positive measure p on R such that

1
d
ver Re {2} — 1) +Im{z)2

V(z) =clm{z} + Im{z} (t) (zeCt).

Note that z?yTyZ = Ilm{ } so this could also be written as

V() = Ilm{cz—i—/teR tizdu(t)}

connecting with the previous Herglotz perspective and invoke Theorem 10.7.

r—iy

Proof. This is Theorem 2.11 in | |, which we do not reproduce here. O

Theorem 11.39. Let A be a self-adjoint operator on # and ) € # be given. Then there exists a unique finite positive
2
Borel measure (1, on R such that py, (R) = ||¥]|” and

<¢,(A—z]l)7lz/;>:/ L dus(t)  (z€C\R). (11.3)

Rt_Z

The measure 1y is called the spectral measure of A and .

Proof. Le z € C,. Set

and

Then from the resolvent identity,

Vi) = %(U(z)—U(z))
- = (<w, (A=21)7 ) = (v, (4—21)™" w})
= o ({a—a) ) ((A-2)"9,0))
= s ((ma-0e) - (v [a-n 7] )
= o ({w(a-a) )~ (v, (A-21) 1))
= ($.(4-21)" Im {2} (4 -70)" )

2
= Im{z} H(A —21)7" z/JH .
So V is strictly positive on C. In fact, it is harmonic, since it is the imaginary part of a holomorphic function U.
Invoking Theorem 11.39 implies there is a unique measure p and ¢ > 0 such that

! d
ser (Re{z} — )2 +Im{z}2

V(z) =clm{z} + Im{z} (t) (zeCt).
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Since we have

2
v < ol
= [lm {2}
we get ¢ = 0 (the other term is already m as [lm {z}| — oo). Next, we have from the third iterm in Theorem 11.29
that

lim yV (z +iy) = ||
y—)oo

Hence )

. Y 2
im [ —Ydu) =l
Y= Jier (¢ — t)2 + 92
Applying now the DCT yields u (R) = |||,
Finally, the functions C, > z — fR t_%d,uq/, (t) and U are analytic and have equal imaginary parts. So the
Cauchy-Riemann equations imply they are equal up to a constant. But they both vanish at |lm {z}| — oo, so they
must be equal, and hence (11.3) holds. O

Corollary 11.40. Let ¢, € # and A be self-adjoint. Then there exists a unique complex measure ji, ., on R such
that

(pta-m )= [ dueu  zeci\R).

Proof. We use the polarization identity to get

1 .
Heow == 7 (Bt — Hp—yp + 1 (tp—iy — Hotiv)) -

For uniqueness, we note that if v is any other measure obeying

<¢,(Afzn)*1w>:/t L@  (zeC\R)

ERt_Z

then we have

| = [ Zdnam Gecr).

€R t—=z c€R t—=z
But since ¢ — - is dense in Cj (R) as z ranges in C \ R, the two measures must coincide.

Theorem 11.41. Assume that v is a cyclic vector for the self-adjoint operator A. Then A is unitarily equivalent to
the operator of multiplication by x on

L* (R, py) -
In particular,
o (A) = supp (py) -

Proof. We note that (as long as ¢ # 0, otherwise nothing makes sense),

(A—z1) 'y =(A—wl) "y

iff z=w. For z € C\ R, set
=
T, (z) = (x — 2)

Then r, € L? (R, i) and the linear span of { r, }.ec\r is dense in L? (R, py). Define

U(A—z21)"y:=r,.
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If Z # w, then

1 1
zy Tw = jwd = K wd = = z  Tw d = —_ Ed - wd .
(rz,r )LQ(R,W) /Rrr L /Rvur Ly z—w/R(r Tay) ity w [/Rr Lap /Rr ,uw}

But

by definition of j,,. Thus,

(o) gy =z [ (A= 70)710) (0, (4 - wi) )]

Z—w

((A-21)" g, (A—wl) ™ ).

If Z = w, take a sequence of points to get the relation for all z,w € C\ R. Thanks to cyclicity and (9.1), U extends
to a unitary

U:% — L*(R,uy) .
Note that

id.

UA-21)""A—wl) 'y % o (@)re (@) =r. (2)UA—wl) "y

or in other words,
U(A—z1)"" = 7, (2)U
which means that (A — z]l)_1 is unitarily equivalent to multiplication by r,. Next, for any ¢ € #,
UAA-—21)"p = Up+2U0(A—-21)""p
= (IL +z(x— z)_l) Uy

z(x—2)""Up
= 2U(A—21)""¢p

or in other words
UA = 22U

i.e., A is unitarily equivalent to multiplication by . O
Note that a unitary satisfying
UAU™' = multiplication by = + x on L? (R, py)

is not unique, but it can be made unique by further requiring that

Il

U .
Y=

11.5.2 The proof of the spectral theorem in the general case
Using the decomposition theorem Theorem 11.34, we have for any self-adjoint A, the sequence
{A,:D(A,) = #H, }
with ,, € #, cyclic for A,,, and so applying the cyclic spectral theorem pointwise in n we find a sequence of unitary maps
U, : #, — L? (R, fhyp,,) -
We thus define

U = Pu.
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which is also unitary and find

Theorem 11.42. The map
U:3t—@L* R, py,)

n

is unitary and A is unitarily equivalent to @, M, where M,, is multiplication by x — x on L? (R, yy,,). In particular,
o (A) =|_Jsupp (uy,) -
n
Moreover, if p € # and Up := { ¢p },, then piy, = > fie, -

11.6 Schrodinger operators

The material for this section is taken from [ | among other sources.

11.6.1 The Laplacian—free dynamics

Consider the operator —A on L? (Rd). This represents the Hamiltonian of a free particle in three-dimensional space.
Indeed,
P2
H=—+V (X
5 TV (X)

in quantum mechanics where m is the mass of the particle and V : R — R is the potential. Here X is the position
operator on L? (Rd) and P = —iV (we use i = 1). Hence, with V' = 0 (free particle) and m = % we get

Clearly this operator requires some explanation since functions in L2 (Rd) are not differentiable! By the way, recall we
are using L? because quantum mechanics stipulates that if 1) : R? — C is the wave function of a particle, then

RY> z — K% (oc)|2

is a probability density function (which yields the probability to find the particle in a given position).

The problem of functions in L? not being twice-differentiable can be understood as their derivatives (or second deriva-
tives) being infinite, or having infinite L? norm. Hence, to make sense of —A we need to first give it a domain. A natural
choice would be those L? functions which are twice differentiable and whose derivatives land in L?:

D (—A) = {verL? (Rd) | ¥ is twice differentiable with derivatives in L*}.

But this definition turns out to be too restrictive. Instead we need the notion of

Definition 11.43 (Weak derivatives). A function f € L? (Rd — C) is said to be weakly-differentiable with weak-j-
derivative ¢ € L? (Rd) iff

| soe==[ ve  (pecE®Y).

We then say that ¢ = 0;¢ weakly.

Claim 11.44. The weak derivative is unique if it exists.
Hence we rather define
D (-A):= {1 e L* (R | ¥ has two weak derivatives in L* } .

This space actually has a name: the second Sobolev space.
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The Fourier transform There is yet another way to characterize the second Sobolev space, via the Fourier transform
:L? (RY) — L* (RY)
given by

vl

(F4) (p) := (2m)~ /R ) e~ Py (z) dx.

In fact, this integral is initially only defined for functions in L', but not necessarily in L?! A convenient thing to do in
this case is to define & only on the Schwarz space

$ (RY) = { b e 0 (RY)

sup |z (957) (x)] < ooV, B € N‘éo } .

zERY

This space is a vector space which is dense in L? (Rd) (recall the functions of compact support are dense in L? and
C° C &). Then one may prove that
F:8(RY) = & (RY)

is a well-defined bijection with inverse
~ _d P
(10) @ =0t [ @ imap.
pER?

Moreover, 74 = 1. Since we have Parseval’s theorem

[0lle =190, (v €S (RY)
then (9.1) allows us to extend F to the entirety of L? (R?) by setting
(F @) ) = (2m)* lim e P () du
= JxeBg(0)
and the limit is to be understood in the L? norm. Hence & extends to a unitary operator
F: L~ L7
with spectrum

o(F)={+1,+i} .

The Sobolev space With the Fourier transform at hand, it is easier to characterize the Sobolev spaces encountered
above as

Definition 11.45 (Sobolev space). For r € N, we define the rth Sobolev space as

H" (RY) = {¢ e L” [ p=|Ip|"F (&) () € L* (RY) }

which is essentially a statement about existence of weak derivatives. This space turns out to be a Hilbert space, with
inner product

<907’(/}>HT = Z <aa90786¢>L2 .

avﬁeNgo:la‘:‘ﬁlgr

Back to the domain of —A We thus identify
D (-A) = H? (RY) .

We have seen that this domain is a dense vector space within L2. In fact using F we see that —A is unitarily equivalent
to M, 2 on L?. Tts domain is

D (MpHHpH?) = { e L? ‘ p lpl* (p) € L2 } :

We have seen in HW11 that this domain is the maximal domain of definition for this operator. Thanks to this, we know
that —A is self-adjoint.

Claim 11.46. We have
0 (—A) =04 (—A) =[0,00) .
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Proof. We calculate the spectral measure associated to some . We start with the resolvent

<¢,(—A—z]l)_11/1> - <9’1/),9’(—A—z]1)_1£7*5“’w>
— [ o] —r—a
R Ipll” — 2

= Oy / drrd=1 / dQ (w)
r=0 weSd—1
*® 1 4 . 2
= T Cq zﬁ(rw)‘ dQ (w) | dr
r=0 7" — %2 weSd—1

> 1 d—1
= ——— X[0,00) (7)) 77 (Cd/
/r:—oo 72 — 2 69 weSd—1

—:di(r)

¥ (rw) ’2 dQ (w)) dr .

Hence we identify

A0 = xp00 O (Ca [ [piraf a0)) ar

as the spectral measure associated to —A and . Make now a change of variable X := 2 to get

(pca-ame) = [l

with

1 -
Ay () = i) W) A <Cd/ esint

In particular p, is absolutely-continuous w.r.t. the Lebesgue measure. Since 1) was arbitrary, this implies there is
only ac part to the spectrum. O

b (Vaw) ‘2 an (w)) X

Claim 11.47. C2° (RY) is a core for —A.

Proof. In fact & (R?) is a core for —A and hence suffice to show —A|,. contains —A|g. To that end, let ¢ € C°
which is 1 for ||z|| <1 and vanishes for ||z| > 2. Set

Then ¢, (z) := ¢n ()¢ (x) is in C° for any ¢ € § and ¢, — 9, as well as

—Av, = —AY.

Hence we know that —A has a unique self-adjoint extension.

Claim 11.48. For any t > 0 the operator exp (—it (—A)) exists and is given with the integral kernel on L' N L? via

. 1 = —yl?
exp (=it (=A)) (z,y) = 7 exp 1” ym I (:c,y € Rd) .
(4mit)2
and for any 1 € L?, Q C R? compact,
) 2
lim HXQ (X) e_lt(_A)’(/JH =0.

t—o0

In fact one may also calculate the heat kernel

_ 1 Iz —yl? ,
exp (=t (=A)) (z,y) = mexp <_4t> (t>0;z,y eRY).
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Using the identity
1

A—2z

we can calculate the resolvent out of the heat kernel.

= / e tA=Adt  (AeR,zeC:Re{z} <0)
t=0

Claim 11.49. For any z € C with Re {z} < 0, the resolvent of the Laplacian at spectral parameter z, i.e.,
(=A —z1)7"

is given by an integral kernel which has the integral form

oo

_ 1 1
(=A —21) " (2, y) :/ — exp (—||:c—y||2+zt) dt.
t=0 (47t)2 4t

This integral may be evaluated to yield
1 J=z 41
A —21) ! L (O A K — _
A=) o) =g (5 ) T Ky (V=)

where K, is the modified Bessel function, given by the solution to the differential equation

2
(a2+)1(a—1—”>KV=o.

X2
I'(v)
K, (z)= { ol

K, (z) = \/Ze—f (1+@<;)> (J2] = 0) .

In particular, (—A — z1)™" (z,y) has an analytic continuation to z € C\ [0,00). In fact, for odd d we find the explicit
form

It has the asymptotic form

18

)_V + 0O (z7"2) v>0
D (1l = 0)

5) + ) v=20

and

L VEleull g1

2/ —z

(A=) @) = ) gmpe YT d=3.
- d>5

We see in particular that for z = 0 there is still decay for d > 3 but not for d = 1.

11.6.2 The Laplacian on more complicated domains

Studying the Laplacian on some other domain £ C R? rather than the whole space leads to some interesting questions,
e.g., those of boundary conditions, only some of which yield a self-adjoint operator. We have seen some of this phenomenon
in Example 11.28.

[TODO: elaborate on this]

11.6.3 The Harmonic oscillator

Another exactly solvable model is the harmonic oscillator. While it may be solved in any d € N>, we concentrate on
d = 1 for simplicity, the generalization being clear. We thus consider on L? (R — C) the operator

1
Hsuo = P2—|—§w2X2

1
—A + §w2X2 .

For its domain we again need to be careful. We pick

D (Hspo) := span ({ T z% "I

a € N> })
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for reasons that will become clear momentarily. To diagonalize this Hamiltonian, it is convenient to introduce the shift

operators
1 fw [2
= — — X — —
i V2 < 2 Wa)

with the same domain. One then may verify that

R R =1
and 1
H = —w(@2RR"+1).
SHO \/5 ( )
In fact, N := RR* is called the number operator which obeys [N,R] = R and [N, R*] = —R*. Moreover, if ¢ is an

eigenvector of N with eigenvalue n, N¢ = ni, then
NRyY=(n+1)Ry.
Moreover, || R¢||* = (i, R*Ry)) = (n + 1) [¢[|* and |[R*¢|* = n||$||*. Hence
op (N) € Nxg.
If N1y = 0 for some g # 0 then R*1y = 0 which is a simple ODE whose solution is

1
4

w 11,2
)= [—] e 2v2¥* z€R
o) = (5 <R
which lies in @. Hence
1 T
¢n ((E) = R ¢0

Vn!

is a normalized eigenfucntion of N with eigenvalue n. In fact, these generate polynomials, so span (1,) = D (Hsgo).
These polynomials are called the Hermite polynomials. We find

Claim 11.50. Hgpo is essentially self-adjoint on @ (Hsyo) and has an orthonormal basis of eigenfunctions. The
spectrum is given by

o (Hsno) = 0, (Hsno) = { Lw (2n+1)

V2

’I’LENE()}.

11.6.4 One particle Schrédinger operators

These are operators on L? (R?) of the form
H=-A+V(X)

for some V : R* — R. The first question we’d like to ask is what conditions on V' guarantee the self-adjointness of H, and
what conditions on V' imply certain spectral properties of H.
[TODO: elaborate on this|
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A
B

Useful identities and inequalities

Glossary of mathematical symbols and acronyms

Sometimes it is helpful to include mathematical symbols which can function as valid grammatical parts of sentences. Here
is a glossary of some which might appear in the text:

The bracket (-,-),, means an inner product on the inner product space V. For example,
(U, v)ge = urv1 + U2 (u,v € R?)

and
(U, V) o = Urv1 + Uzvs (u,v € C2) )

Sometimes we denote an integral by writing the integrand without its argument. So if f : R — R is a real function,
we sometimes in shorthand write .
[
a

b

F)dt.

t=a
This type of shorthand notation will actually also apply for contour integrals, in the following sense: if 7 : [a,b] — C
is a contour with image set I' := im () and f : C — C is given, then the contour integral of f along 7 will be denoted
equivalently as

when we really mean

b
/fz/ﬂz)dzz F ()7 () at
T I t=a

depending on what needs to be emphasized in the context. Sometimes when the contour is clear one simply writes
z1
JRERCLE
zo

iff means “if and only if”, which is also denoted by the symbol <.

for an integral along any contour from zy to z;.

WLOG means “without loss of generality”.

CCW means “counter-clockwise” and CW means “clockwise”.

3 means “there exists” and # means “there does not exist”. 3! means “there exists a unique”.

V means “for all” or “for any”.

: (i.e., a colon) may mean “such that”.

! means negation, or “not”.

A means “and” and V means “or”.

= means “and so” or “therefore” or “it follows”.

€ denotes set inclusion, i.e., a € A means a is an element of A or a lies in A.

> denotes set inclusion when the set appears first, i.e., A > a means A includes a or A contains a.
Speaking of set inclusion, A C B means A is contained within B and A O B means B is contained within A.
@ is the empty set { }.

While = means equality, sometimes it is useful to denote types of equality:

— a := b means “this equation is now the instant when «a is defined to equal b”.
— a = b means “at some point above a has been defined to equal b”.
— a = b will then simply mean that the result of some calculation or definition stipulates that a = b.

— Concrete example: if we write i2 = —1 we don’t specify anything about why this equality is true but writing
iZ = —1 means this is a matter of definition, not calculation, whereas i? := —1 is the first time you’ll see this

definition. So this distinction is meant to help the reader who wonders why an equality holds.
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B.1 Important sets

1. The unit circle
S' = {zeC||z|=1}.
2. The (open) upper half plane

H = {zeC|lm{z}>0}.

C Reminder from complex analysis

Lemma C.1. Given Q € Open(C) and K € Compact (C) such that K C Q. Then there exists some collection
v; 0 10,1] = Q, j =1,...,n of simple loops none of whose range intersects K, and such that

i ”yg 1 1 aeK
— dz = .
2w N X2 0 a¢Q

j=1

D Vocabulary from topology
Definition D.1. Given a set S, a topology on S is a set of subsets 7 of S (i.e., it is a subset of the power set & (.5))
with the properties that:
1. S,9€d.
2. ANBe€J forany A,BeJ.

3. (Uneg Aa) € T for any { Ay },cg € T. Here J is any index set, which need not be countable.

If we have a space S which we know is a topological space and we want to refer to its topology, we denote this by
Open (5).

Definition D.2. A neighborhood of a point x € S is any open set U € Open (S) that contains z: € U € Open (5).
We denote the set of neighborhoods of a point z as Nbhd (z) C Open (S).

Definition D.3. A topological space S is called Hausdorff iff for any x,y € S such that = # y, there are U €
Nbhd (z),V € Nbhd (y) such that UNV = &.

Definition D.4. A subset B C Open (5) is called a base or basis for Open (S) iff any U € Open (S) may be written
as

U:UBa

acd

for some { By }.,.q C B. Here J is some (not necessarily countable) index set.

acd

Definition D.5. A set T' C S is compact iff every open cover of T has a finite sub-cover.

Definition D.6 (Metric). Given a set S, a metric on S is a map d : S — [0, 00) such that
1. d(z,y) = 0 implies that z =y for all z,y € S.
2. d(z,y) =d(y,x) for all z,y € S.

3. d(z,y) <d(xz,z) +d(z,y) for all z,y,z € S.
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Definition D.7 (Norm). A vector space V is called a normed vector space iff there is a map
[l : V= [0, 00)
which obeys the following axioms:

1. Absolute homogeneity:
bl = lal [0 (x€C,peV).

2. Triangle inequality:
¥+ el <9l + el (hpeV).

3. Injectivity at zero: If ||¢|| = O for some ¢ € V then ¢ = 0.

To any norm ||-|| a metric is associated via

d:V? — [0,00)
W) = Y=ol
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