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1 Hilbert Space Review

1.1 Inner products

In functional analysis, we need to use a field with a topological structure. In this course,
we will use the fields F € {R,C}.

Definition 1.1. Let H be a vector space over F. A semi-inner product (-,-) : HxH — F
is a function such that

1. {(azx+ By, z) = alz,z) + [ (y,2)
2. (z,y) = (y,2)
3. (x,z) > 0.
This is an inner product if (z,z7) =0 = 2 =0.!
Example 1.1. F” has the inner product (z,y) = Y 1" | z;7;.
Example 1.2. F* = {(2;,)%, € FY : 2; = 0 for all sufficiently large i} has the inner
product (z,y) = > > z;7;.
Example 1.3. L2(u) = {f : X — F: f measurable, [ |f|*> du < oo} has the inner product
(f.9) = [ fgdu.
1.2 Norm and metric structure

Theorem 1.1 (Cauchy-Bunyakowski-Schwarz inequality). Any semi-inner product satis-

fies
| (@, 9) | < V(@ 2)/ (v, )-

Corollary 1.1. If we set ||z| := \/W, then

o llz+yl <zl + Iyl

o [ Az]| = |\ - ||z YAeF,xz e H.
Definition 1.2. |- || is called the (semi-) norm associated to the (semi-) inner product.
Proposition 1.1 (Polar identity).

|z +yl* = [|l2]* + 2 Re((z, ) + [ly[I”

Remark 1.1. We get the imaginary part, too, because

Re (—iz,y) = Re(—i (z,y)) = Im (x,y) .

'This is sometimes referred to as the inequality being “coercive.”




Definition 1.3. The associated metric to an inner product is d(z,y) := ||z — y||.

Definition 1.4. A Hilbert space is an inner product space which is complete with respect
to this metric.

Example 1.4. F” is a Hilbert space.
Example 1.5. F*° is not complete, so it is not a Hilbert space.
Example 1.6. L?(u) is a Hilbert space.

Proposition 1.2. If (H,(-,-)) is an inner product space, then there is a Hilbert space
(H',(-,-)") such that

e I C H', and H is dense,
o () lxm = ().
The space H' is called the completion of H.

Example 1.7. The completion of F*® is ¢* = {(2;)2°; € FN : 3%, || < oo} with the
inner product (z,y) = Y22, x;y,. This is also L?(m), where m is counting measure on N.

Example 1.8. Let G C C be open. Then the Bergman space L2(G), the set of L?
functions that are analytic in G, is a Hilbert space.

1.3 Orthogonality

Definition 1.5. Elements z,y € H are orthogonal (denoted z L y) if (x,y) = 0. If
A, BC H,wesay AL Bifxz L yforall (x,y) € Ax B.

Theorem 1.2 (Pythagorean identity). Let H be a semi-inner product space, and let x,, €
H be such that x; L z; for alli # j. Then

lzy + -l = [l [ 4+ .
Corollary 1.2 (Parallelogram law). For any z,y € H,
lz + gl + |z = ylI* = 2(l|=[1* + [[y]1*)-
Definition 1.6. A C H is convex if whenever z,y € A, tx + (1 —t)y € A for all t € [0, 1].

Proposition 1.3. Let H be a Hilbert space, let h € H, and let K C H be nonempty,
closed, and convex. Then there is a unique k € K such that |h — k|| < ||h — K'|| for all
kKeK.

Corollary 1.3. This holds if K is a closed subspace of H.



Theorem 1.3. If M is a closed subspace of a Hilbert space and h € H, then f € M 1is the
closest point to h iff f € M and h— f L M.

Definition 1.7. If A C H, the orthogonal complement of Ais A* ={hc H:h L A}.
Remark 1.2. For any A, Al is a closed, linear subspace.?
Theorem 1.4. Let M C H, h € H, and let Ph be the closest point in M to h. Then
1. P(ah+ 1) =aPh+ Ph
2. [[Ph]| < [[R]]
3. P?h = Ph
4. ker P =M"*, andim P = M.
Definition 1.8. P = Py, is called the orthogonal projection onto M.

Corollary 1.4. (A+)! =spanA.

Corollary 1.5. If Y is a linear subspace of H, then Y is dense in H if and only if
Y+ = {0}.

2You could put in a picture of a rabbit, and AL would be a closed subspace.



2 More Hilbert Space Review

2.1 Linear functionals

Let H be a Hilbert space over F = R or C. We want to consider linear functionals
L:H—TF.

Proposition 2.1. Let L : H — F be linear. The following are equivalent.
1. L s continuous.
2. L 1is continuous at 0.
3. L is continuous at one point.
4. L is bounded (Jc < oo such that |L(h)| < c||h|| for all h € H ).

Definition 2.1. For a bounded linear functional L its norm is
[ L[| = inf{c > 0 : [L(h)| < c||A[}

i)
- p{ ] "’GH\{O}}
sup{[L(W)] < 1] = 1.

Theorem 2.1 (Riesz representation). If L : H — T is a bounded linear functional, then
there is a unique hg € H such that L(h) = (h, ho) for all h € H. Moreover, ||L| = ||hol|.

Corollary 2.1. If L : Li(u) — R 15 a bounded linear functional, then there exists a unique
ho € L (u) such that L(h) = [ hhodu for all h € L ().

2.2 Orthonormal sets and bases

Definition 2.2. A subset £ C H is orthonormal if (e,¢') = d. for alle,e’ € £. Eisa
basis if it is maximal under inclusion.
Proposition 2.2. Any orthonormal set is contained in a basis.

The proof uses Zorn’s lemma.?

E 9 _ l/mint ‘ .
xample 2.1. In Lz([0,27]), let e,(t) = 25— . The set {e, : n € Z} is an orthonormal
set (it is actually a basis, too).

Example 2.2. In F", let e; be the vector with all Os except a 1 in the k-th coordinate.
Then {ej,...,e,} is an orthonormal basis.

3You cannot do this without waving the magic set theory wand.



Example 2.3. In ¢ = {(z;)2, : ., |zi|* < 0o}, let e, be the vector with all Os except a
1 in the n-th coordinate. Then {e, : n € N*} is an orthonormal basis.

Theorem 2.2 (Gram-Schmidt procedure). If (hyp)n>1 is linearly independent, then there

is an orthonormal sequence (e )n>1 such that for all N € N, we have sspan{hi,...,hn} =
span{ey,...,en}.
Proposition 2.3. Let {ei1,...,e,} be an orthonormal set in H, and let their span be

M = span{ey,...,en}. Then Pyh =" (h,e;)e;.

Proof. Recall that Pysh is the unique vector in M such that h — Pysh L M. Check this
property. ]

Theorem 2.3 (Bessel’s inequality). If (e,)n>1 is an orhonormal sequence in H and h € H,
then 2221 | {h, en) |2 < HhH2

Proof. Fix n € N. Then consider (h,e1),---, (h,e,)e,, h— P,h. The Pythagorean identity
gives >0 ;| (h,e;)|? + ||h — Pyhl|? = ||h]|2. Removing the term ||h — P,h||? gives the
inequality for n. O

Corollary 2.2. If £ is an orthonormal set in H and h € H, then & = {e € £ : (h,e) # 0}
is countable.

Proof. We have & = U, &n, where &, = {e € £ : |(h,e)| > 1/n}. So Bessel’s inequality
implies |€,| < n?||h||?. In particular, each &, is finite. O

Corollary 2.3. If £ is orthonormal in H and h € H, then
Do) P < |nl*.
ect

Remark 2.1. By the sum over all e € £, we mean that it is a countable sum, since all but
countably many terms in the sum are 0 for each h € H.

What if we want to talk about uncountable sums in general?
Definition 2.3. Let (h;);er be an indexed family in H. Then
S h=k
el

means that for every € > 0, there is a finite F' C I such that whenever ' C F' C [ and
|G| < oo, we have ||k — Y, cq hil| <&t

“This can be rephrased in terms of nets. Let’s not do that.



Lemma 2.1. If £ is an orthonormal set in H, M =3span &, and P = Py, then

Ph=>Y (he)e.

ec&

Theorem 2.4. Let £ be an orthonormal set in M. The following are equivalent:
1. &€ is a basis
2. If h L &, then h = 0.
3. span & = H
4. Forallhe H, h=>3_(h,e)e.
5. Forallg,h € H, (9,h) =>_,(g,€) (e, h).
6. For allh € H, |[h||*>, | (h,e) %
Corollary 2.4. Any two bases of H have the same cardinality.
Definition 2.4. The dimension dim H is the cardinality of a basis of H.
Proposition 2.4. An infinite-dimensional Hilbert space is separable if and only if its di-
mension is dim H = Ng.
2.3 Isomorphisms and isometries
Definition 2.5. An isomorphism A : H — K is a surjective linear operator such that
1. (Az, Ay) = (x,y) for all z,y € H
2. A is surjective.
If A only satisfies 1, it is called an isometry.

Example 2.4. A : (?> — (? sending A(z1,22,...) = (0,21,22,...) is an isometry but not
an isomorphism.

Proposition 2.5. A is an isometry if and only if ||Az||x = ||z||g or allz € H

Proof. ( =) follows from the definition. To get ( <= ), use the Polar identity. O

Theorem 2.5. dim H = dim K if and only if H is isomorphic to K.

Proof. (== ) Let &£ be a basis for H. Then define A : H — (*(€) as h + ({(h,€))ece. We
get
H K

(&) +— 2(F)

10



Corollary 2.5. An infinite-dimensional Hilbert space is separable if and only if it is iso-
morphic to (?(N).

Example 2.5. The Fourier transform is an isomorphism LZ[0,27) — ¢%(Z) sending f —
2w
o Jfendt.

2.4 Direct sums

Definition 2.6. Let H, K be inner product spaces. The direct sum H x K is an in-
nerproduct space with coordinatewise addition and the inner product (h @& k,h' @ k') =
(h,h') + (k,k"). For an arbitrary family (H;);cs, we define

P i = {(hmef e [Tn: > Inill* < oo} (i (i) =D (B ki)

el el i€l 7

11



3 Brief Introduction to Banach Spaces

3.1 Seminorms and norms

We will denote X as a vector space over F.

Definition 3.1. A seminorm on X is a function p : X — [0, 00) such that
L p(z+y) < p(z) +p(y)
2. p(Az) = |Alp(z) for all z € X, X € F.

We call p a norm if p(x) =0 = x = 0 (coercivity of p).

Remark 3.1. The second property implies p(0) = 0.
A norm has an associated metric d(z,y) = p(x — y).

Definition 3.2. If p is a norm, the pair (X, p) is called a normed space. If X is complete
with respect to this metric, we call it a Banach space.

Proposition 3.1. In a normed space, addition and scalar multiplication are continuous.
Lemma 3.1. Let p,q be seminorms on X. The following are equivalent:
1. p<gq
2. {re X :qx) <1} C{r e X :p(x) <1}
3. {freX:qx) <1} C{zre X :p(x) <1}
4 {zreX:q(z) <1} C{z € X 1 p(z) <1}
):

Proof. (4) = (1): :et z € X be such that g(z) < a. Let € > 0 be arbitrary. Then

x a
q < > < <1
a+e a+e
so p(xz/(a+¢)) < 1. This implies p(z) < a +e. O
Proposition 3.2. For all z,y € X, [p(x) —p(y)| < p(z —y).

Proof. The triangle inequality gives p(z) < p(y) + p(z —y), so p(z) — p(y) < p(x —y). Flip
x and y to get the negative version. O

Remark 3.2. This tells us that the norm in a normed space is Lipschitz.

Definition 3.3. Two norms are equivalent if they generate the same topology.

12



Proposition 3.3. || - ||1 and || - [|2 on X are equivalent if and only if there are constants
¢, C > 0 such that
cll -l < [F-llz <€l - la-

Proof. ( <=): Given these inequalities, consider B%(z,e) = {y € X : ||y — z|l2 < ¢}. This
contains B'(z,e/c). So the topology Ty, contains Ty ,. The other inequality gives the
reverse inclusion.

(= ): Assume || - ||; and || - ||z are equivalent. Consider B(0,1). It must contain
some || - ||2 open neighborhood U of 0. So there is some ¢ > 0 such that B(0,1) 2 B%(0,¢).
This tells you that || - |1 < (1/¢)|| - ||2 by the lemma. We can do the reverse to get another
inequality. O

Definition 3.4. (X,| -||) and (X',]| - ||') are isometric® if there is a linear bijection
A : X — X' such that ||Az|" = ||z| for all z € X. They are isomorphic if || - || and || A(-)|’
are equivalent.

3.2 Examples of Banach spaces

Example 3.1. Let X be a Hausdorff® topological space. Then let the space Cy(X) =
{bounded continuous functions X — F} equipped with the uniform/sup norm | f| :=
sup,ex |f(z)]. Then (Cy(X).|| - ||) is a Banach space.

Example 3.2. If I is any set with the discrete topology, the previous example gives
Cy(I) = (1) = {(z;)ies € F! : sup; |2;| < oo}. If I = N, we call £*°(N) = (.

Example 3.3. If X is locally compact, Co(X) = {f € Cp(X) : Ve > 0,{|f| > ¢} is compact}
is a closed subspace of Cy(X). If X is compact, Cp(X) = Co(X) =: C(X).

We call ¢o = Co(N) = {(2;); € FN : 2; = 0}.
Example 3.4. Let (X.X, u) be a measure space. Then LP(u) for 1 < p < oo is a Banach
space with the norm || f|l, = ([|f[P)}/? if p < oo and || oo = esssup|f|.

Example 3.5. Fix n > 1, and let C([0,1]) = {f : [0, 1] — F with n-fold conts. derivs.}.
With the norm || f|| = max_ <<, sup, | f* (x)], C™(]0,1]) is a Banach space.

Similar spaces called Sobolev spaces, where we do not require the last derivative to
be continuous. These are useful for PDESs; people will define a Banach space of functions
with the correct amount of regularity to find a solution to a PDE inside.

5This is generally a really rigid condition. Theorems about isometry are almost always easy or false.
5We don’t actually need this, but analysts don’t like thinking about non-Hausdorff psaces. If you ever
wonder why the Hausdorff condition is there in a situation, it might be sociological prejudice.

13



3.3 Bounded linear operators

Definition 3.5. A continuous linear operator X — X’ is a linear operator which is
continuous according to the norm topologies.

Proposition 3.4. Let T : X — X' be linear. The following are equivalent:

1. T is continuous.
2. T is continuous at 0 (= Ox ).
3. T is continuous at some point in X.

4. There exists some ¢ < oo such that | Tx|| < c|z| for all z € X.

The proof is similar to the proof of the lemma from before. Because of condition 4,
continuous linear operators are often referred to as bounded.

Definition 3.6. B(X, X’) denotes the vector space of bounded linear operators X — X'.
This has the operator norm

|T|| = inf{c > 0: ||Tz||' < c||z| Vr € X}
T /
—sup{H zl ::UGX\{O}}

]
= sup{||Tz|’ : [|=] = 1}.

Example 3.6. Fix a measure space (X, 3, u) and 1 < p < oo, and let ¢ € C°°(u). Then
the multiplication operator M, : LP(u) — LP(u) sending f — ¢f is bounded:

1/p
Hﬂ%fm==</M#P) < lellooll 11

We can choose a positive measure set where ¢ is close to its essential supremum and let f
be the indicator of that set. This makes || M, f||, arbitrarily close to ||¢|/ssl| f|lp, SO We get

[ Mol = [[¢lloo-

Example 3.7. Consider LP(u). Assume K : X x X — F is such that there exist constants
c1,co < 0o such that

[ 1K@l dute) 01 for prae.

/!K(x,y)!du(y) <Cy  for prae. .
Then the operator M : LP — LP defined by

M) = [ K(e.)f(0) duty)
is well-defined, and | M|| < C}/9Cy/?, where 1/p+1/q = 1.

14



Example 3.8. Let X,Y be compact, Hausdorff spaces, and let 7: Y — X be continuous.
Then the pullback/composition operator 7 : C(X) — C(Y) given by f — for is
bounded with ||[7*|| < 1. If Y # &, then ||| = 1.

15



4 Finite Dimensional Normed Spaces, Quotients, Products,
and Dual Spaces

4.1 Norms on finite dimensional space

Theorem 4.1. Let X be a normed space. If dim X < oo, then any two norms on X are
equivalent.

Proof. We can assume X = F". If || - || is a mystery norm, we show that || - || is equivalent
to the /! norm |z| = Y"1 | |-

Step 1: Let eq,...,e, be the standard orthonormal basis of F". Then let M :=
maxj<i<n HeZH Then

]l =

n
E Ti€;
i=1

Step 1.5: This shows that Id : F™ — F™ is continuous from |- | to || - ||. So {z : |z| =1}
is compact according to || - ||

Step 2: So we get € > 0 such that any = with |z| =1 has ||| >e. So {]| - ||/e < 1} C
{|-] < 1}. Thatis, |- | < (1/e)| - ||. O

7

<Y lailllesll < Mlal.
7

Remark 4.1. A result called John’s theorem gives explicit constants dependent on n.
Corollary 4.1. Any finite dimensional subspace of a normed space is closed.

Corollary 4.2. Let X,Y be a normed spaces with dim X < oco. Then if T : X — Y is
linear, it must be continuous.

Proof. ||z||x + || Txz|ly is a norm for X, so there is a constant M < oo such that ||z x +
[Txlly < Mllz]lx. O
4.2 Quotients in normed spaces

Let X be a normed space over ' with a subspace M. Linear algebra tells you that the
quotient X/M = {x + M : x € X} is a vector space.

Definition 4.1. The quotient space X/M has the quotient seminorm |z + M| :=
inf{||z —y| : y € M} = dist(z, M).

Lemma 4.1. The quotient seminorm is a norm if and only if M is closed.
Definition 4.2. The quotient map is the map @ : X — X/M given by z +— = + M.

Theorem 4.2. The quotient has the following properties:

"Check out the proof of this one!

16



1. ||Qz| < ||z|| for all z € X.
2. If X is a Banach space and M is closed, then X/M is a Banach space.
3. U C X/M is open if and only if Q=1 (U) is open in X.
4. Q is an open mapping.
Proof. 1. Since 0 € M, ||z + M|| < ||l + 0] = ||=]|.

2. Suppose (z, + M), is Cauchy in X/M. Then there is a subsequence (z,; + M); such
that ||zn, — @p,,, + M| <27 for all i. Then there is a y; € M + (z, — Ty, ) such
that [|y;]| < 27% Now xp, € Ty, +y1 + M, Tp, € Ty, +y1+y2+ M, and so on, giving
Us Tn, , € Tny +y1+ -y + M, where z,, +y1 + - - - y; is a Cauchy sequence in X.

Now suppose that z,, +y1 +---y; — z. Then ||z,,,, — 2+ M| — 0. Then z,, + M —
z+ M in X/M

3. This is a rephrasing of (4).

4. Continuity follows from part(1). If U C X is open, € U, and B(z,e) C U, then
any y + M € Bxy(z + M,e) = Q(B(z,¢)) € Q(U).
]

Definition 4.3. We use M < X to say that M is a closed subspace of X.

Theorem 4.3. If X is a normed space, M < X, and N is any finite dimensional subspace,
then M+ N ={z+y:x € M,y € N} is closed.

Proof. Observe that M + N = Q~'(Q(N)). Q(N) is finite dimensional, so it is closed. Q
is continuous, so Q~1(Q(NV)) is closed. O

Remark 4.2. This is surprisingly tricky to prove without using the quotient X /M.

4.3 Products of normed spaces

If we have a general family (X;);e; of normed spaces, there is no canonical norm on the
product. We may define notions of product by considering various subspaces of [[,.; X;.

Example 4.1. Fix 1 < p < oco. The -direct sum @pXi = {(xi)ier € [ Xi :
> llzil|? < oo} is a normed space with the norm ||(z;); :== /Y, [|:]l7.

Example 4.2. The (*°-direct sum @ X; = {(x;)ier € [[; Xi : sup; ||zi|li < oo} is a
normed space with the norm ||(x;); := sup; ||z;]|; < oc.

Example 4.3. If I = N, we also have @, X; = {(z:)ier € [[; Xi : ||zs|ls = 0}.
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Proposition 4.1. 1. For each of these notions of product X, X s complete if and only
if X; is complete for all i.

2. X — X/{(xi)ier : ©i = 0} is an isometry to X;.

3. Each coordinate projection X — X; has norm 1 and is open.

4.4 Dual spaces

Definition 4.4. The dual of X is the space X* := B(X,F) of bounded linear functionals.
The dual norm is || L, := sup{|L(x)| : ||z] = 1}.

Proposition 4.2. IfY is complete, B(X,Y) is complete.
Corollary 4.3. X* is a Banach space.
Here is a proof of this fact independent of the general fact about operators.

Proof. Let L € X*, and consider L|p restricted to the closed unit ball. Then L|p € Cy(B).
So the map p sending L — L|p gives us that p(X™) is a lienar subspace of Cy(X). Moreover,
p(X™*) is closed. Since Cy(B) is complete, so is O

Example 4.4. Let X = co = {(2i)ieny € RN : 2; — 0}. Then L(z1,x9,...) = 1 is a linear
functional.

Let e; be the vector with all Os but a 1 in the i-th coordinate. Then {ej,es,...,} U
{(1,1/2,1/3.1/4,...)} is linearly independent. So there exists a linear functional L : ¢y —
R such that L(e;) = 0 for all ¢ and L(1,1/2,1/3,...) = 1. This L is not continuous.
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5 The Hahn-Banach Theorem

5.1 Examples of Dual Spaces

Here are examples of concrete descriptions of some dual spaces.

Example 5.1. If (X, ¥, 1) is a measure space, 1 < p < oo, and p~! + ¢~ = 1, then the
map L9 — (LP(u))* given by g +— Lg is a linear isometry, where Ly(f) = [y fgdp.

Example 5.2. If (X,X, ) is o-finite, then L°°(u) — (L'(u))* given by g + Ly, is an
isometric isomorphism, where Ly(f) = [ fgdp.

Example 5.3. Let X be a locally compact Hausdorff space, and let M (X) be the set
of F-valued regular® Borel measures on X with [|u|| equalling the total variation of .
Then the map M(X) — Co(X)* given by pu — L, is an isometric isomorphism, where

Mu(f) = fxfdﬂ-
5.2 The Hahn-Banach theorem

Let X be a vector space over F.

Definition 5.1. A sublinear functional on X is a function p : X — R such that

L p(z+y) <p(x) +p(y)
2. p(ay) = ap(y) for all a € [0, 00).
Example 5.4. Any seminorm is a sublinear functional.

Theorem 5.1 (Hahn-Banach). Let F =R, let M be a linear subspace of X, and let p be
a sublinear functional on X. If f : M — R is linear and f < p|as, then there is a linear
F: X — R such that F|y; = f and F < p.

Proof. Step 1: Assume dim(X /M) = 1. Then there is some xg € X such that M+Rzy = X.
We must find something of the form F(y + tzg) = f(y) + tag for some oy € R such that
F <p. What must o satisfy? We need f(y) + tag < p(y) + txg) for all y € M,t € R.

e If t > 0, divide by t to get f(y') + ap < p(y/ + o) for all ¥ € M. That is, we need
ao < infyen p(y' +z0) — f(y).

o If t <0, divide by —t to get f(y') — ap < p(y' — x¢) for all y/ € M. That is, we need
ag = supyenr f(y) — (Y — 20).

8For general locally compact spaces, “regular” can have different meanings. Take it to have the meaning
that makes this theorem work.
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It remains to check that for any v/, y” € M, f(y") = p(y" — x0) < p(y — x0) — f() (so
such an ag exists). We can rearrange this to get f(v' +y") < p(t' + z0) + p(y” — x¢). But
this is true because

by the subadditivity of p.

Step 2: The idea is to “iterate” Step 1 to get the general case. Let P be the collection
of pairs (N, g) where N is a linear subspace such that M C N C X, g: N — R is linear,
and g|ps = f. We have the partial ordering (N,g) < (N'.¢') if N C N’ and ¢'|y = g¢.
If ((Ni,g9:))i is a chain in P, then (|J; NVi,|UJ; 9:) € P is an upper bound for the chain.
By Zorn’s lemma, there is a maximal element (N, g) € P. We now must have N = X;
otherwise, apply Step 1 to N C N + Rz for some 21 € X \ N to contradict the maximality
of N. O

Theorem 5.2 (complex Hahn-Banach). Let F = C, let M be a linear subspace of X, and
let p be a sublinear functional on X. If f : M — C is such that |f(z)| < p(z) for all
x € M, then there exists some linear F': X — C such that F|y = f and |F| < p.

Proof. Here is the sketch. Treat X as a real vector space. Then g = Re(f) is an R-linear
functional M — R. Extend g via the real Hahn-Banach theorem to get G on all of X. If
G : X — R is R-linear, then F(x) = F(x) — iG(ix) is C-linear. Then ||F|| = ||G]. O

Here is the special case where p is a norm.

Corollary 5.1. Let X be a normed space over F € {R,C}. If M is a linear subspace and
f € M*, then there is an F' € X* such that F|y = f and | F|| = || f]]-

5.3 Corollaries of Hahn-Banach

Corollary 5.2. Let X be a normed space overF, let x1,...,x, € X be linearly independent,
and let aq,...,an € F. Then there is some f € X* such that f(x;) = o, for all i.

Proof. Define f by f(x;) = a; on span{xi,...,z,}. This is automatically bounded since
this is a finite dimensional subspace. Now apply Hahn-Banach. O

Corollary 5.3. Let X be a normed space over F, and let x € X. Then ||z| = max{|f(z)| :
fe Xl <13

Proof. (>): This follows from the definition of the dual norm.
(<): Apply the previous corollary with x; = = and a1 = ||z||. O

Corollary 5.4. Let X be a normed space over F, let M be a non-dense linear subspace, and
let v € X. Then there is an f € X* such that flpr =0, ||f]| =1 and f(x) = dist(z, M).
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Proof. Consider the quotient map @ : X — X/M. By Hahn-Banach, there exists an
fo € (X/M)* such that ||fo|| = 1 and fo(x + M) = dist(x, M). Let f := foo Q. Then
f(y) = foly+ M) for all y € X. O

Corollary 5.5. If X is a normed space and M is a linear subpsace, then

M= (] kerf.
fexr
flar=0

Proof. (C): ker f O M for each element in the intersection, and each ker f is closed.
(D): If z € X \ M, then take f from the previous corollary. Then f(x) > 0, so

:L‘géﬂfkerf. O
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6 Applications of The Hahn-Banach Theorem

The last application we will go over is not in Conway’s textbook.

6.1 Banach limits

Let F = R and ¢ = ¢*°(N). Then ¢ = {(z,,) € ¢ : lim,, z,, exists} is a closed subspace.
lim is a bounded linear functional on ¢, so we can extend it to all of £°°.

Theorem 6.1. There exists an L € (£>°)* such that
1. L(z) = limy, =, for all z € c,
2. L(z) >0 if x,, > 0 for all n,
3. L(o(z)) = L(x), where o(x) = (x2,x3,...).

Proof. Let M = {x — o(x) : © € £>°}, which is a linear subspace of ¢*°. We will apply a
corollary of Hahn-Banach to get an L that kills M and L((1,1,...)) = 1.
Claim: dist(1 = (1,1,...),M) =1. Let  — o(z) € M. Then

dist(1,2 — o(x)) = sup |1 — (xy, — Tpt1)].

Since (x,,) € £°°, the right hand side gets arbitrarily close to 1 when z,, is close to inf,, z,.
So there exists an L € (£*°)* such that L(M) = 0, L(1) = 1 and ||L|| = 1. This covers
property 3.

For property 2, use ||L|| =1 and L(1) = 1. It’s similar to the fact that if y is a signed
measure, then |u|(X) = |u(X)| = pu=0.

For property 1, suppose x € ¢ and let « := lim,, z,,. We claim that ||o"(x)| — al|| — 0
as n — oo; this is a rewording of a := lim,, 2,. So L(xz) = L(¢™(z)) — aL(1) = «. O

Corollary 6.1. ¢y C ker L.

6.2 Dual of quotients by subspaces
Let X be a normed space, and let M < X (i.e. M is a closed subspace).
Definition 6.1. The annihilator of M is M+ := {L € X*: L|j; = 0}.

Theorem 6.2. Let X be a normed space, and let M < X. Then the map X*/M~+ — M*
sending f + ML — f|ar is an isometric isomorphism.

Proof. This map is linear. We need to show that it is surjective and that ||f|am]| = ||f +
M*||. We have the inequality <. The rest of the proof follows from the following claim:
Given g € M*, there exists some f € X* such that f|ys = ¢g and || f]| = ||g||. This is just
Hahn-Banach. ]
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Theorem 6.3. Let O : X — X/M be the quotient map. Then the map (X/M)* — M+ C
X* given by g — g o Q is an isomelric isomorphism.

Proof. Any v inM* defines a linear functional on X/M. We want it to be bounded with
the same norm:

£l = sup{lf(2)| : 2 € X, ||| <1} = f(x) < |If] -]z + M|

for all . And Q@ is surjective. O

6.3 The double dual

We can keep taking the dual spaces of dual spaces to get X*, X** X*** ...

Definition 6.2. The natural map X — X** is given by = — &, where Z(f) = f(z).
Lemma 6.1. The natural map is isometric.

Proof. Since |Z(f)| < ||f]| - ||z]|, we have ||Z|| < ||z||. Equality is by Hahn-Banach. O
Definition 6.3. X is reflexive if X = X**; i.e. the natural map is surjective.

Example 6.1. Let 1 < p < co. Then LP(u) is reflexive by Riesz representation.
Example 6.2. Id dim X < oo, then X is reflexive.

Example 6.3. ¢y = Cy(N) is not reflexive. ¢ is the collection of signed finite measures on

N, which is £}(N) by Riesz-representation. So c§* is £>°(N), which is bigger than cy.

6.4 Optimal transport

Let (X, p) be a metric, and let p,v € Prob(X). We want to move the mass according to
the distribution p to that of v. This is called the transport problem. For infinitesimal
regions dx, dy, think of A(dz,dy) as how much mass moves from dz to dy. We interpret
A € Prob(X x X).

A has to satisfy

> Adw,dy) = p(dw), Y Mdz, dy) = v(dy)
dy

dx

SO we want

AMA x X) = u(A), AMX x B) =v(B)
for all measurable A, B C X.

Definition 6.4. A measure A with these properties is called a coupling of pu,v.
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Call the collection of all such couplings C'.
Example 6.4. The product measure A = p X v is a coupling.

Let’s suppose it costs us to move mass from dx to dy. Then we want to find A and
estimate

i d\ .
rAnelg/p(w,y) (z,v)

This is not the inf because it is weak*-continuous.
Obstructions: Suppose f € L, the collection of 1-Lipschitz functions X — R. Then for
reC,

[ran= [ 1ar= [(s@) - f@)axey) < [17@) - swlirew) < [ par
Theorem 6.4. Let D :=sup;c; | [ fdu — [ fdv|. THen there exists a A\ € C' such that
[ pdx=D.

Remark 6.1. This theorem says that these obstructions are the only ones.

Proof. Equivalently, by Riesz representation, we want ¢ € C(X x X)* (which corresponds
to A) such that

1. (coupling) 6(f(x) - 1(5)) = [ f dp and $(1(x) - g()) = [ g for all f,g € C(X),
2. (minimizer) ¢(p) = D,
3. (probability measure) ||¢|| = ¢(1xxx) = 1.

So define M = {f(x) + g(y) + ap(z,y); f,g € C(X),a € R} C C(X xY). Define ¢ on M
by
Y(f + g+ ap) :/fdu~l—/gd1/+aD.

We need to check that ¢ is well-defined and |[1||a+ < 1. Taking b = 0,1 it follows
from the claim: If f + g+ ap < b, then ¢¥(f + g+ ap) < b. It is equivalent to show that if
f+g9g<b+apforalz,ythen [fdu+ [gdv <b+aD.

Case 1: a < 0. This is straightforward and is in the online notes.

Case 2: a > 0. We may assume a = 1. Rewrite this as f(z) < infy[b—g(y) +p(z, y)] =:
h(z) € L. Then f <h <b— g(x), so

/fd,ug/hduﬁ/ddu+D§b—/gdy+D.

o Start with b — g(z)
e Draw cones at each point on the graph.

e Take h to be the minimum of the cones.

Then applying Hahn-Banach to 1 gives ¢. O
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7 The Open Mapping Theorem, Closed Graph Theorem,
and Uniform Boundedness Principle

7.1 The open mapping theorem

Definition 7.1. Let X and Y be topological spaces. A function f : X — Y is open if
flU] is open for all open U C X.

Remark 7.1. In metric spaces, this is equivalent to: For all B(x,r) C X, thereisane > 0
such that f[B(x,r)] 2 B(f(z),e). In normed spaces, it is enough to check this at x = 0x.

Theorem 7.1 (Open mapping theorem). Let X, Y be Banach spaces. If A: X —Y isa
bounded linear surjection, then A is open.

Proof. Step 1: Write Y = |J;2; A(Bx(0,n)). By the Baire category theorem, these cannot
all be nowhere dense. So there exist n € N, y € Y, t > 0 such that A(Bx(0,n)) 2 By(y,t).
The left hand side is symmetric under z — —z, so A(Bx(0,n)) 2 By(—y,t), as well. By
convexity,

- 1 1
ABx O 2 {0+ )+ oyt u)s el fuly < ¢}
e S el Jwlly < ¢
- 2 2U). Y, Y
— By (0,1).
Step 2: For any a > 0,
A(Bx(0,an)) D B(0,at).

Step 3: We will show that A(Bx(0,2)) 2 B(0,r). for r = t/n. Let y € By(0,7). By
step 2, there is an z1 € Bx(0,1) such that ||y — Az1|| <r/2. Let y1 =y — Az, and choose
x9 € B;(0,1/2) such that ||y; — Azsz|| < r/2. In this way, pick y,,x,41 for each n. Let
x = Y >°  xp; this converges because the lengths are bounded by a convergent geometric

series: ﬁ;h <>, llznll < 2. Then Az =3">7 | Az,. For each N € N,
N N N
y_ZASCnZyl—ZAxn:yQ—ZAxn:...:yN’
n=1 n=2 n=3
and [lyn|| — /281 = 0. So y = Az. 0

Corollary 7.1. A bounded linear bijection between Banach spaces is an isomorphism.

Proof. Since A : X — Y is a bijection, A~! exists as a linear transformation ¥ — X.
Boundedness of A~! is precisely the openness of A. O

Definition 7.2. If A: X — Y, then graph of A is gra(A4) := {(z,Az):2 € X} C X @Y.
It is a linear subspace of X &Y with the graph norm ||(z,y)|| = ||z|x + ||ylly-
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7.2 The closed graph theorem

Corollary 7.2 (Closed graph theorem). Let X,Y be Banach spaces, and let A : X =Y
be a linear transformation. If gra(A) is closed, then A is continuous.

Proof. gra(A) is a closed subspace of a Banach space, so it is complete. In the following
diagram, A = P, o A, so it is enough to show that A is continuous.

A A:x— (x, Az) gra(A)
A

Pa:(z, y)—y
Y

But A = (P| gra( A))_l, so0 it is continuous by the previous corollary. O

Example 7.1. Let X = C([0,1] and Y = C|0, 1], both with the uniform norm. Then A
sending f ~ f’ is not continuous. But its graph, gra(4) = {(f, f/) : f € CM} is closed:
Suppose (fn)n is such that f, — ¢ uniformly, and f; — h uniformly. Then f, — f — 0,
which means that f], — ¢’ — h — ¢’ uniformly; sp we may assume that f,, — 0 and f], — h.
We must show that A = 0. We have that for all ¢ € [0, 1]. so

[ hs)ds =tim [ =timl(0) - £2(0)) =0
0 0

So h =0.

In general, gra(A) is closed if x,, — 0 and Ax,, — y implies y — 0. This is often easier
to check than continuity.

7.3 The principle of uniform boundedness

Theorem 7.2 (Principle of uniform boundedness). Let X be a Banach space, let Y be a
normed space, and let A C B(X,Y). Assume that sup{||Az| : A € A} < oo for allx € X.
Then sup{||A]| : A € A} < c0.

Instead of citing Baire category, we will adapt the proof of that theorem to prove this.

Proof. Assume, towards a contradiction, that M (z) := sup{||Az|| : A € A} < oo for all z,
but sup gc 4 ||A]| = co. So for every € > 0, there is an € X and A € A such that ||z| < ¢
and ||Az| > 1/e.

Construct sequences (z,) in x and (A,) in A by recursion: Pick any [|z1]| = 1 and any
Aj. Now choose (x2, Az) such that |xs|| < 1/2, ||A1z2| < 1/2, and ||Asxa|| > 2 + M(x1).
Now choose (z3,As) such that ||z3], [|[A123]|, [|[A2xs|| < 1/4 but ||Aszs| > 3 + M(x1) +
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M (z2). At the n-th stage, choose (x,, Ap) such that ||z, ||, [[Aizn], - -, |An—12n| < 1/27
but ||Apxn||?n + M(x1) + M(x2) + - -+ M(xp—1).
Now let © = Y >° | x,,. Then

o0
Aka: = Z Akxn

n=1

k—1 oo
= Z Apzp + Apxy, + Z Az,

n=1 N k+1
—— [-I>k+M(z1)++M(zp-1) ,

[I<M (21)+-+M(xpq1) (-l <2—*

So ||Agx|| > k — 1, which implies that M (z) = oo. This is a contradiction. O

Corollary 7.3. Let X be a Banach space. If A C X* is such that sup{|L(z)|: L € A} for
all z, then suprc4 || L] < oo.

Corollary 7.4. Let Y be a normed space. If A CY and sup{|L(a)|:a € A} < oo for all
L € Y*, then sup,c4 ||a| < oo.

Proof. Consider the natural embedding of A into A C Y**, O

Corollary 7.5. Let X be a Banach space, let Y be a normed space, and let A C B(C,Y).
If sup{|L(Az)| : A€ A} < 00 for allz € X and L € Y*, then A is uniformly bounded.

Proof. This is a double application of the principle of uniform boundedness. O

Theorem 7.3 (Banach-Steinhaus). Let X,Y be Banach spaces. Let (Ay,)n be a sequence
in B(X,Y). If for every x, there is a y such that A,z — vy, then

1. sup,, [|4,] < oo,

2. There exists some A € B(X <Y) such that Ap,x — Azx.
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8 Locally Convex Topological Vector Spaces

8.1 Topologies generated by seminorms

Definition 8.1. A topological vector space (TVS) over F is a vector space (X,7)
with a topology such that

1. X x X — X sending (z,y) — = + y is continuous,
2. F x X = X sending (o, z) — ax is continuous.

Let X be a vector space over [F, and let P be a family of seminorms on X. We can use
P to generate a topology (like how we do with norms). We get a base for the topology
given by

k
{ﬂ{mip(x—l’z’) <&} 1p1,-~-,Pk€737$1,-~-756kEX,6i7-~-,6k>0}-
i=1

Definition 8.2. A TVS X is alocally convex space (LCS) if the topology is is generated
by some family P of seminorms and (),cp{z : p(z) = 0} — {0} (the seminorms separate
points).

Proposition 8.1. Let X be a TVS, and let p be a seminorm on X. The following are
equivelent:

1. p is continuous.

2. {z : p(x) < 1} is open.

3. 0 €int{x : p(x) < 1}.

4. 0 €int{z : p(z) <1}.

5. p is continuous at 0.

6. There is a continuous seminorm q such that p < q.

Proof. The first four statements get weaker, so we have (1) = (2) = (3) = (4).
(4) = (5): Let € > 0. Then

U=int{x : p(x) <e/2} =¢/2 - (int({z : p(x) < 1})).

(5) = (1): Compose with translations.
(6) = (1): Suppose taht p < g. Then 0 € {¢g < 1} C int{p < 1}. O

Proposition 8.2. Let p1,...,p, be continuous seminorms. Then p1+-- -+ p, and max; p;
are continuous seminorms.
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Proposition 8.3. If (p;); is a family of continuous seminorms and p; < q for all i, where
q s a continuous seminorm, then sup; p; s continuous.

Example 8.1. Let X be a (Tychonoff)? topological space, let K C X be compact, and
let pr(f) = || flkllsup- Then {px : K C X compact} generate a locally convex topology.
On R, this topology is generated by {pm :n € N}

Example 8.2. Let X be a normed space. For any f € X*, let ps(z) = |f(z)|. Then X
with the resulting LCS structure is called X with the weak topology.
8.2 Convex sets

Definition 8.3. Let X be a vector space, and let A C X. The convex hull of A is
coA = m{C :C D A, C convex}.
The closed convex hull of A is

coA = ﬂ{C :C' D A, C convex and closed}.

Proposition 8.4. ©6A = co A.

Proof. (2): The left hand side, closed, convex and contains A.

(C): It suffices to show that co A is convex. Consider ¢ = ta+(1—t)bfor a a,b € co A and
0 <t < 1. Consider F: X x X — X given by (z,y) — tz+ (1 —1t)y; F is continuous. Then
for any neighborhood W > ¢, there is a neighborhood W’ 5 (a,b) such that F[W'] C W.
By the definition of the product topology, we can find a neighborhood U x V' C W' with
the same property. Now pick @’ € UNcoA and ' € BNcoA. Now F(a',b') € W NcoA.
So ¢ € co A, as desired. O

8.3 Correspondence between nice convex sets and seminorms
Definition 8.4. Let X be a vector space over F, and let A C X be convex.
1. Ais balanced if €A C A for all @ € F and || < 1.
2. A is absorbing if for all z € X, there is a 8 € (0, 00) such that x € SA.
3. A is absorbing at a € A if A — a is absorbing.

Proposition 8.5. Let X be a vector space over F. If V is a nonempty, balanced, convex
set which is absorbing at all its points, then there is a unique seminorm on X such that

V={z:pl) <1}

9This means that it is Hausdorff and whenever zinX and A C X is closed, there is an f € C(X) such
that f(z) =0 and f|a = 1. If X is not Tychonoff, this still works, but the space is actually very small.
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Proof. Define p(z) := inf{t > 0 : = € tV}. This is called the Minkowski functional of
V. Then p is a seminorm:

e (homogeneity): p(ax) = inf{t: ax € tV} = |a|inf{t : @Tm} = |a|p(z).

e (subadditivity): If ,y, suppose x € tV and y € sV. Then x+y € tV+sV = (t+s)V
(by convexity). So if p(x) <t and p(y) < s, then p(z +y) <t+s.

If p(z) < 1, then z € tV for some t < 1. Because V is balanced, V 2 tV, so z € V.
This gives {p <1} C V.

Conversely, suppose © € V. Then p(z) < 1. Since V is absorbing at z, there exists
some ¢ > 0 such that z +ex € V. So p(x) <1/(1+¢) < 1. This gives V C {p < 1}.

Uniqueness: if seminorms satisfy {p < 1} = {¢ < 1}, then p = ¢ (from lecture 1). [

Corollary 8.1. A TVS is a LCS if and only if the collection of convex, balanced sets
absorbing all their own points is a neighborhood base at 0.

Proposition 8.6. A LCS is generated by a translation invariant metric if and only if it
is generated by a countable family of seminorms.

Proof. If (p,)22 is a sequence of seminorms, then we can define
oo

d(z,y) ::;2_"%. O

Definition 8.5. A convex set A in a TVS X is bounded if for any neighborhood U of 0,
there is a t < oo such that tU D A.

Theorem 8.1. A LCS is normable if and only if it has a bounded, open neighborhood of
0.
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9 Metrizibility and Normability of LCSs and The Geometric
Hahn-Banach Theorem

9.1 Metrizable locally convex spaces
When is a LCS topology metrizable?

Theorem 9.1. Let X be a LCS. Then X is metrizable (with a translation invariant metric)
if and only if its topology can be generated by a countable family of seminorms.

Proof. Suppose the topology is generated by (py)n. Define

. -n pn(x_y)
R DL e )

For every € > 0 and N € N, there is a § > 0 such that

N
{y:d(x,y) <5} € ({y:pale—y) <e}.

n=1
Conversely, for any € > 0 and N € N such that

N
{y:d(z,y) <} D ﬂ{y:pn(aﬁ—y) <ce}.

n=1

Now assume d is a translation invariant metric generating the topology of X. Then {z :
d(0,z) < 1/n} for n € N form a neighborhood base at 0. Let P be any family of seminorms
generating the topology. Then for any n, there exist seminorms py1,...,pn N, € P and
€n > 0 such that

ﬂ{x tpni(z) <ep} C{x:d(0,z) <1/n}.
i=1

Now Py = U2 {Pn.1,---,Pn,n,} is countable and generates the same topology. O

Example 9.1. C(R") has the metric

d(f,g) ::i2—n Hf|Bn_g‘BnHoo .
R

Definition 9.1. A TVS is a Fréchet space if its topology can be generated by a complete,
translation invariant metric.
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9.2 Normable locally convex spaces

When does a LCS have a norm?

Definition 9.2. A C X is bounded if for any neighborhood U > 0, there is an € > 0 such
that U D eA.

Theorem 9.2. A LCS X is normable if and only if it has a nonempty, open, bounded
neighborhood of 0.

Proof. Let B be a nonempty, open, bounded subset B > 0. By openness, there is a
continuous seminorm p such that B O {p < ¢} for some e. We can assume that B D
{p < 1}. We must show that p generates the topology. Let ¢ be another continuous
seminorm on X, and consider {¢ < §}. By boundedness, there exists some ¢ > 0 such that
e{p <1} ={p <e} C{qg<d}. So p generates the topology. Since an LCS must separate
points, p must actually be a norm. ]

9.3 The geometric Hahn-Banach theorem

Since continuous linear functionals make sense for LCS spaces, we still denote the dual
space as X*. It will have a topology, but we will not discuss which topology yet.

Proposition 9.1. Let f: X — F be a linear functional. The following are equivalent:
1. f is continuous.
2. f is continuous at 0.
3. f is continuous at some point.
4

. ker f is closed

B

x — |f(x)| is a continuous seminorm.
If X is an LCS generated by P, then also iff
6. There exist p1,...,pp € P and a1, .., 0y € [0,00) such that |f| <> i, cip;.

Proof. (5) = (2): f is continuous at 0 iff for every € > 0, the set {z : |f(x)| < ¢} is a
neighborhood of 0.
(5) = (6): For any € > 0, there exist p1,...,p, € P and S1,...,5, > 0 such that

{171 < e} 2 My {s < B S0 7] < 555 T 0

Proposition 9.2. Let X be a TVS, and let G C X be an open, convex neighborhood of
0. Then q(x) :=inf{t > 0:tG > x} is a nonnegative continuous sublinear functional (and

G={qg<1})
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Theorem 9.3 (Geometric Hahn-Banach theorem). Let X be a TVS, and let G C X be a
nonempty, open, convex set with G # 0. Then there is a closed hyperplane M C X such
that M NG = 2.

Proof. Suppose F = R. Let zg € G, and let H := G — xg be an open, convex neighborhood
of 0. Then 0 € H, but —xg ¢ H; as H is convex, tH # —z¢ for any 0 < ¢t < 1.
Let g(z) := inf{t > 0 : tH > x} as in the proposition. Then ¢(—zp) > 1. Now let
Y =span{—zp}. Then g: Y — R with g(—z¢) = 1 is a continuous linear functional, and
Hahn-Banach gives a linear f : X — R such that f(—zo) =1, |f|] < g; so f is continuous.
Now {f =1} N H = @, so ker(f) NG = &. So pick M = ker(f).

In the case F = C, applied the theorem to X (viewed as a vector space over R). We get a
continuous R-linear f : X — R such that ker(f) NG = @. Construct g(z) := f(x)—if(ix),
which is a complex linear functional. Then ker g = (ker f) Ni(ker f). O

Corollary 9.1. Let X is a TVS, Y C X be a closed affine subspace, and G # 0 be an
open convex subset with Y NG # @. Then there is a closed affine hyperplane M DY such
that M NG =92.

Proof. Suppose 0 € Y. Consider the quotient map @ : X — X/Y. Then Q(G) is an
open, convex subset of X/Y with Q(G) # 0. Find a hyperplane M C M/Y such that
MNQ(G) =, and let M := Q[M].

If 0 ¢ Y, do the same with a translation. O
9.4 Half-spaces and separated sets

Definition 9.3. In a real TVS an open half-space is a is a set of the form {f > a} for
some f € X* and o € R. A closed half-space is a is a set of the form {f > «a} for some
feX*and a € R.

Definition 9.4. A, B C X are separated of there exist closed half-spaces H, K such that
ACH, BCK,and HN K is an affine hyperplane. A and B are strictly separated if
there are open half-spaces H O A and K O B with HN K = @.

Theorem 9.4. Half-spaces and separated sets have the following properties:
1. The closure of an open half-space is a closed half-space.
2. The interior of a closed half-space is an open half-space.

3. If A, B are separated, then there exists an f € X* and o € R such that f|a < a and
flp = o

4. If A, B are strictly separated, then there exists an f € X* and a € R such that
fla < aand f|lp > a.
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Theorem 9.5. Let X be a real TVS, and let A, B be disjoint, convex sets with A open.
Then there exist an f € X* and o € R such that fla < «, flp > a. If B is also open,
then A and B are strictly separated.

We will get this as a consequence of geometric Hahn-Banach next time.
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10 Separation Results and Weak Topologies

10.1 Separation results in topological vector spaces

Last time, we had the geometric Hahn-Banach theorem.

Theorem 10.1. Let X be a real TVS, and let G be a nonempty, open, convex subset with
x € X\ G. Then there exists

e an f € X* and a € R such that f(x) = a and f(G) C (—o0, @),
e a closed affine hyperplane M = {f = a} such that t € M and M NG = &.
This separates a point from a convex set. What about separating two convex sets?

Theorem 10.2. Let X be a real TVS, and let A, B be disjoint convex sets with A open.
Then there are an f € X* and a € R such that A C {f < a} and B C {f > a}. If B is
also open, then B C {f > a} (strict separation).

Remark 10.1. This proof is difficult to imagine algebraically, but the main idea is only 1
step on top of the previous theorem.

Proof. Let G:=A—B ={a—b:a € Ab¢c B}. Thisis convex, and we can also write
G = Upep(A — b), which shows that G is open. Since AN B = @, 0 ¢ G. By the previous
theorem, we find f € X* such that f[G] C (—o00,0). This set is f[G] = f(A) — f(B). So
a :=sup f[A] <inf[B]. Then A C {f < a} and B C {f > «a}. Because A is open, we can
get A C {f < a}. If B is open, we can do the same. O

10.2 Separation results in locally convex spaces

Theorem 10.3. Let X be a real LCS, and let A, B be disjoint, closed, convexr subsets. If
B is compact, they are strictly separated.

Lemma 10.1. Let K C X be compact, and let V 2O K be open. Then there is an open
neighborhood U > 0 such that K +U C V.

Proof. For each x € K, there is a neighborhood U, of 0 such that x + Uz C V. Because
addition is continuous in X, there is a smaller neighborhood W, 3> 0 such that W, — W, C
U. Let x € K, and suppose x € x; + W,, By compactness, there exist z1,...,z, € K such
that K C Ui, (z; + Wy,). Now take W := (| Wy,.

Let x € K, and say z € z;+W,,. Then x+W C z;4+W,,+W C x;+W,, +W,, C V. [

Corollary 10.1. If X is an LCS, we may take U to be conver.
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Proof. B C X\ A. The lemma gives a convex open U > 0 such taht (B+U)NA = @. The
previous version of the theorem gives f € X* and « € R such that f[B] + f[U] C{f < a}
and A C {f > a}. B is compact, so f[B] is compact; so there exists some £ > 0 such that
f[B] < a—e. Also, f[A] > a. O

Corollary 10.2. Let X be a real LCS, let A be closed and convex, and let x € X \ A.
Then x, A are strictly separated.

Corollary 10.3. Let X be a real LCS, and let A C X. Then €OA is the intersection of all
closed half-spaces containing A.

Corollary 10.4. Let X be a real LCS, and let A C X. Then spand is the intersection of
all closed hyperplanes containing A.

Remark 10.2. These theorems all hold for complex vector spaces, as well. Here’s how
we get the complex vector space cases: If f : X — C. then let f = Ref. Then f =
g(z) —ig(ix). In this case, when we say that two sets are separated, we mean the real part
of f separates them.

10.3 Weak topologies

Example 10.1. Let (X,X, ) be a finite measure space with no atoms (like the unit
interval). Let L°(u) be the space of measurable functions X — C with the topology of
convergence in measure. So the topology is generated by sets of the form {f : u{|f — g| >
e} < e} for each g € LO.

There are no opne, convex sets besides the whole space. Assume U is convex with
U30. ThenU D {f: u{|f| >} <e}. Let n > 1/e. If 1 <i < n, define g; = n(gﬂ[%’%]).

Then g = 2(g1,...,90) € U.
Example 10.2. Let C(R"™) with the seminorms pg (f) := || f|x| for all compact K C R"™.

Then if L € C(RN)*, then |L| < ap for some K. There exists a finite signed (or complex-
valued) Borel measure i € M(K) such that L(f) = [ fdp for all f € C(R™).

Let X be an LCS over F.

Definition 10.1. If z € X and z* € X*, we can write (x,z*) as 2*(x); we may also write
<._’E*, .ZL‘>.10

Definition 10.2. The weak topology on X is the topology generated by the seminorms
{If] : f € X*}. The weak* topology on X* is the toplogy generated by {|z| : x € X},

where z(f) := f(z).

0 Conway’s textbook says you can write it either way around because of some category theoretic duality.
Professor Austin is pretty sure that it is because no one can remember which way it goes.
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This is not stronger than the original topology.

Remark 10.3. Some authors refer to (X, X*) as the weak topology on X and o(X™, X)
as the weak* topology on X*.

Theorem 10.4. Let X be a locally convex space.
1. (X, wk)* = X*.
2. (X*, wk*)* = X.

Lemma 10.2. Let X be any vector space, and let f,g1,...,gn be linear functionals such
that ker(f) 2 (i, ker g;. Then f € span{gi,...,gn}-

Now let’s prove the theorem.

Proof. 1. We need to check that X* C (X,wk)*. If f € X*, then |f] is a generating
seminorm for the weak topology on X, so f € (X, wk)*.

2. (C©): This is from the definition of wk*.

(2): Suppose f : X* — F is continuous for the wk* topology. Then there exist scalars
ai,...,on > 0and z1,...,2, such that |f| <. a;|#;|. Then ker(f) 2 () ker Z;.
The lemma then tells us that f=>""; Bizi = Oy Biws)" € X. O

For clarity, we will use the terms open, closed, and continuous to refer to the original
toplogy on a space. We will use the terms weak-open, weak-closed, and weak-continuous
to refer to the weak/weak™ topology on a space.
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11 Weak Closure of Convex Sets, Polars, and Alaoglu’s The-
orem

11.1 Weak closure of convex sets
Last time, we proved the following theorem:
Theorem 11.1. Let X be a locally convex space.
1. (X, wk)* = X*.
2. (X*,wk*)* = X.

Unlike with normed spaces, we can’t just keep constructing duals and duals of duals.
We can only construct (X, wk*) and its dual, (X, wk).

Theorem 11.2. Let AC X. Then coA = co AWk.

Proof. (C): The weak topology has fewer closed sets.
(2): Suppose x ¢ co A. Then there exist an f € X* and o € R such that Re f[co A] <
a < Re f(z). SocoAC{Ref <a}. O

Corollary 11.1. If A is convexr, A = ave,

Remark 11.1. The weak topology is the weakest topology with all closed, convex sets (in
the original topology) still closed.

11.2 Polars and quotients
Definition 11.1. Let A C X. Its polar is A° ={f € X*:|f(z)| < 1Vx € A}

Definition 11.2. Let B C X*. Its pre-polar is °B := {z € X : |f(x)| < 1Vf € B}.
Definition 11.3. If A C X its bipolar is °(A°).
Proposition 11.1. Let AC X.
1. A° is convex and balanced.
If Ay C A, then A D A°.
If a € F\ {0}, then (aA)° =a 1A°.
A C° A°.

AR

AO — (OAO)O'
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Remark 11.2. There is an analogous version of this proposition for pre-polars if we start
from B C X*.

Theorem 11.3. Let A C X. Then °A° is the closed, convez, balanced hull of A (i.e. the
intersection of all closed, convez, balanced sets containing A).

Proof. (2): From the proposition, °A° is closed, convex, and balanced.

(C): Suppose there exists some convex, balanced, closed Ay O A and z € X \ Aj;
we need to show that © ¢ °A°. Then there exist some f € X* and o € F such that
Re f[A1] < a < Re f(z). Since Re f[A1] 3 0, @ > 0; we can assume « > 0. Since we have
the balanced assumption, we can assume o = 1.

If f(z) € R, then we are done, since x ¢ °A°. So our only worry is that f(z) ¢ R. Then
choose w := f(x)/|f(z)|. Now let g := wf. Then g(z) = Re f(z), and g[A;] = flwA;] =
f[A1]. So we can use the argument for when f(z) € R. O

Definition 11.4. Let X be a locally convex space, and let M be a linear subspace. The
annihilator of M is M+ := {f € X*: f|y = 0}.

Proposition 11.2. Let X be a vector space over F, and let M be a linear subspace. Let p
be a seminorm on X, and define

plz+ M) :=inf{p(x+y):ye M}.

Then the function P is a seminorm on X/M. If X is an LCS and P is the collection of
continuous seminorms on X, then {p : p € P} generates the quotient topology on X/M.
This is an LCS if M is closed.

Remark 11.3. This doesn’t work unless we take P to be the collection of all continuous
seminorms on X. What we need is p; + py > p; + Py, so we want a generating family of
seminorms that is closed under addition (max is okay, too).

Theorem 11.4. Let Q : X — X/M be the quotient map. Define (X/m)* — M=+ sending
f—= fo@. Thisis an isomorphism of LCSs.

Proof. Onto: Let ¢ € M*. Then g = f o @ for some linear f : X/M — F; we need
to show that f is continuous. We have that |g| is a continuous seminorm on X. Then
l9l(x + M) = |f|(x)], so |f] is a continuous seminorm. So f is continuous.

To check that the topologies are the same, he have that {f € (X/M)*: |f(x+ M)| < &}
corresponds to {g € M~ : |g(z)| < €}. These generate the respective topologies for the
domain and codomain. O

Theorem 11.5. The map X* — M* sending f + f|u quotients to X* /M+ — M*. This
s an isomorphism of LCSs.
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Remark 11.4. We want X*/M~* to be Hausdorff, so we want M+ to be closed. But M+
is always closed, so this is okay.

Proof. Onto: If ¢ € M™*, then there is a continuous seminorm p on X such that g < p.
Now apply Hahn-Banach to extend g to a continuous seminorm bounded by p. O
11.3 Alaoglu’s theorem

Theorem 11.6. Let X be a normed space, and let B* = {f € X*; || f|| < 1} be the closed
unit ball in the dual space of X. Then B* is weak*-compact.

Proof. Consider the map ¢ : B* = [ cx <1 D, where d = {z € C : |z| < 1}, given by
[ {f(2))|jz<1- We claim that ¢ is a homeomorphism to a closed subset of ], < D.
We claim that we have

o[B"] = {(a(@)) <1 € [[D : alatey) = alw)+ealy) if [l2]l gl < Le € F, [l + ey < 1}.

For (D): If a is in the right hand side, define f(x) := ¢ 'a(ez) forallz € X withe < 1/||z.
Then f € B*.
Closed: Suppose a ¢ ¢[B*]. Then there are z,y, ¢ such that

la(z + cy) — a(z) — ca(y)| > e > 0.

If |/ (z) —a(z)], [o'(y) —a(y)l, |/ (z+cy) —a(z+cy)| < /3, then o (z+cy) # o (x)+cd/(y).
So ¢[B*] is closed.
Check that the topologies agree. O

Theorem 11.7. For any normed space X, there exists a compact Hausdorff space Z such
that X embeds isometrically as a subspace of C(Z).

Proof. Let Z = B*. For the mapping, take x +— &

B*. O
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12 Reflexive Banach Spaces and Metrizability of the Unit
Ball in the Weak* Topology

Today’s lecture was given by a guest lecturer, Professor Dimitri Shlyakhtenko.

12.1 Reflexive spaces

Let X be a Banach space. For this lecture, we will denote the weak topology by o (X, X*)
and the weak*-topology by o(X™*, X). Lst time we proved the following theorem:

Theorem 12.1 (Alaoglu). (X*); is o(X*, X) compact.
Definition 12.1. X is reflexive if X = X™**.
Example 12.1. For 1 < p < oo, LP and /P are reflexive.
Proposition 12.1. (X); C (X™)1 is o(X™, X*)-dense.
Remark 12.1. o(X** X*)|x = (X, X¥).

Proof. Take B to be the closure of (X); in the o(X™**, X) topology. Then B C (X**);
as (X**)p is closed. If 2** € (X**); \ B, then by Hahn-Banach (on (X**, o % X** X*)),
there exist an z* € X* and a € R such that Re (z,2*) < a < o + ¢ < Re (a*, z§*) for all
x € (X)1. So there is an z* € X* such that Re (z,2*) <1 < 1+¢e < Re(z*, 2§*) for all
x € Xo. Then | (z,z*) | =11if ||z]| <1, so z* € (X*);. We now get

1+e<Re(s™,2p") < |{wag’) | < [lag™[ < 1.
This is a contradiction. O
Theorem 12.2. Let X be a Banach space. The following are equivalent:
1. X is reflexive.
2. X* is reflexive.
3. o(X*,X)=0(X*, X").
4. (X)1 is compact in o(X, X™).

Proof. (1) = (3): This is because X = X**.

(1) = (4): If X = X**, Then (X); = (X™)1. So o(X, X*) = o(X*™, X*), the weak*
topology on X**. So (X); is compact by Alaoglu’s theorem.

(4) = (1): Note that o(X™, X*)|x = o(X, X*). Thus, if (X); is o(X, X*) compact,
then (X); is compact in o(X**, X*) as a subset of X**. By the proposition, (X); is
o(X*, X**)-dense in X**. And compact implies closed.
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(3) = (2): By Alaoglu’s theorem, (X*); is o(X*, X)-compact. By assumption,
(X*)1 is o(X*, X**)-compact. Now apply the argument of (4) = (1) to X*. So X* is
reflexive.

(2) = (1): Observe that (X); is norm-closed in X** (because this is an isometric
inclusion). Therefore, (X); is o(X**, X**)-closed. Assuming (2), (X); is o(X**, X*)-
closed. Bt the proposition, (X); is o(X™**, X*)-dense in (X**);. So (X); = (X*);. O

12.2 Additional properties of reflexive spaces

Corollary 12.1. Let X be a Banach space. If Y C X is a closed subspace, then Y is
reflexive.

Proof. We have (Y); =Y N(X)1. Soif X is reflexive, then (Y'); is (X, X*)-compact. But
then o(X, X*)|y = o(Y,Y™) (check this using Hahn-Banach). So Y is reflexive. O

Example 12.2. Can you embed > C (2 isometrically? No. Since £ is not reflexive.
What about embedding L? into L>?

Corollary 12.2. Let X be a Banach space. If X is reflexive, X is weakly sequentially
complete. That is, any (X, X*)-Cauchy sequence has a o(X, X*)-limit.

Proof. Suppose {p}n is weakly Cauchy: for all z € X*, {(zy,2*)} is Cauchy. Then it is
bounded. The principle of uniform boundedness implies that there exists some M such that
| (xn,z*) | < M for any z* € (X*);. So ||z, < M for all n. Now by reflexivity, M (X); is
compact in o (X, X*). So there exists a limit point x € M (X); such that (x,,z*) — (z,z*)
for all z* € X*. Then z,, — z in the o(X, X™*)-topology. O

Example 12.3. Let X = C([0,1]), and let

I = —nx+1 z€l0,1/n]
"o z € (1/n,1].

Then for any signed measure p € C([0,1])*, (fn, p) = [ fu(t) du(t) — p({0}), but fn, A f
weakly. So be careful.

Definition 12.2. A subspace Y C X is called proximal if for all zyp € X, there exists
some yp € Y such that ||xg — yol| = dist(Y, z¢)

Corollary 12.3. Let X be a Banach space. If X 1is reflexive, then any subspace Y C X is
prorimal.

Proof. The map =z — ||z — x| is o(X, X*)-semicontinous. Then Y N {z : ||z — z¢| <
2dist(x0,Y)} is a o (X, X*)-compact set (by reflexivity). Semicontinuous functions achieve
their minima. O
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Proposition 12.2. If x* € X*, then ker z* is proxzimal if and only if there is an x € (X);
such that (x,z*) = ||z*||.
Example 12.4. Let L : [0,1] — Cbe 01/2

(you want a step function, but this is not continuous), so ker L is not proximal.

fdz—| 11/2 f dx. The norm of L is never achieved

Theorem 12.3 (James, 60s). X is reflexive if and only if every closed hyperplane is
prorimal.

12.3 Metrizability of the closed unit ball in the weak™* topology

Theorem 12.4. Let X be a Banach space. (X*)1 is o(X*, X)-metrizable if and only if X
is separable.

Proof. ( <= ): Assume X is separable. Let {z,}, be a countable dense subset of X. Let
D={z:|z] <1}, and let Y = [[yD. Then the map 7f — X by 7(z*) = {(z*, z,) }»n gives
a homeomorphism from ((X*);,0(X*, X)) = Y.

(= ): If (X*)1 is o(X™*, X)-metrizable, then there are open sets U, C (X*); with
0 € Uy, such that (), U, = {0}. By the definition of the weak™® topology, there exist finites
subsets F;, of X such that {* € (X*); :| (2%, 2)| <1Vx € F,,} CU,. Let F =, F».

We claim that F is dense. Then ' =+ (F1). So it is enough to prove that F'+ = {0}.
If z€F1\ {0}, then for all x € F,,,

*
0= x—,x w elU, = 37
[l [

<1l = =
[l
So F+ = {0}. O
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13 The Krein-Milman Theorem and The Markov-Kakutani
Fixed Point Theorem

Today’s lecture was given by a guest lecturer, Professor Dimitri Shlyakhtenko.

13.1 The Krein-Milman theorem

Definition 13.1. Let K C X be convex. Then a is an extreme point of K if a € K and
if whenever a = a + (1 — a)y for some o € [0,1] and z,y € K, then a =0 or a = 1.

So extreme points cannot be on the interior of a line segment in K. The set of extreme
points is denoted as ext(K).

Example 13.1. Suppose K = {f € L'([0,1]) : ||f|l1 < 1}. What are the extreme points
of K7 If || f|l1 = 1, then fol |f(t)]dt = 1. The primitive F(T) = fOT | f(t)] dt is continuous,
so there is a T such that fOT |f(T)|dt =1/2. Now define

h(t>:{2f(T) t<T g(t):{o t<T

0 otherwise, 2f(t) otherwise.

Then ||h|l2 = |lgl]l2 =1, and f = %h + %g. So there are no extreme points.

Theorem 13.1 (Krein-Milman). Let X be an LCS, and let K be a nonempty, compact,
convex subset. Then K =to(ext K). In particular, ext K # &.

Corollary 13.1. If B C X is a nonempty, conver subset such that ext(B) # &, then no
LCS structure on X makes B compact.

Corollary 13.2. If X is a Banach space and ext(X); = &, then X # Yx for any Y.
Example 13.2. This shows that L' is not the dual of anything.
Proposition 13.1. Let K C X be convex. The following are equivalent:

1. acext K.

2. Ifa= %(wl + x9) with x1,x2 € K, then x1 = .

3. Ifxq,...,2 € K and a € co{z,...,z1}, then a = x; for some j.

4. K\ {a} is convez.

Here is the idea of the proof of the Krein-Milman theorem: Look for maximal (non-
trivial) relatively open convex subsets (and hope that these are the same as {K \ {a}:a €
ext K}).
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Proof. We want to use Zorn’s lemma. Let Y = {U C K : U rel. open, convex,U # @, U #
K}. This is nonempty and ordered by inclusion. Assume that Uy C U is a chain. Let
Up = UUEZ/{O U; this is open (as a union of open sets), and it is convex.'! Uy is nontrivial,
as well: if Uy = K, then Uy is an open cover for K, which means that K C U for some
U € Uy, This is a contradiction.

By Zorn’s lemma there exists a maximal element U € U. Let x € L and X\ € [0, 1].
Define T,y : K — K by T, \(y) = Ay + (1 — X)z. This is continuous and affine (i.e.
T (22 oys) = 225 T (y;) if oy = 0 and -5 o5 = 1).

We claim that if A < 1 and # € U, then T, x(U) € U. Thus, U C T, {(U), which is
an open, convex set. If y € U \ U, then T, \(y) € [z,y) CU. Soif U C T:;;(U), then
T \(U) =K. Thus, T, \(K) CU for all z € U and X € [0,1).

"We claim that if V C K is open and convex, then VUU =U or VUU = K. This is
because VUU is open, and the conclusion above implies that V UU is convex. If VUU # K,
then V. UU C U by maximality.

We now claim that K \ U is one point. If a,b € K\ U and a # b, then choose disjoint,
open, convex subsets V,,V, C K with a € V,,b € V}. Then V,UU # U, so V,UU = K.
However, this implies b € V, NV}, which gives a contradiction.

We now claim that if V' C X is open, convex, and ext K C V, then K C V: Suppose
not, so there exists an open, convex V C X such that extx K CV by VN K # K. Then
VNK CU, so there is a maximal U € U such that VN K CU = K \ {a} and a € ext(K).
Then a ¢ V, which is a contradiction.

To finish the proof: Let E = co(ext K). If 2* € X*, o € R, and £ C {z € X :
Re (z,2*) < a} =V, then K C V. Hahn-Banach says that E is the intersection of such
sets V. So £ D K. O

Here is another theorem. This is

Theorem 13.2. Let X be an LCS, and let X

;K be compact, and convex. Assume that
F C K is such that K =¢o(F'). Then ext(K) C F.

-
-

13.2 The Markov-Kakutani fixed point theorem

Fixed point theorems allow us to show the existence of desired objects by expressing them
as a fixed point of some map(s).

Theorem 13.3 (Markov-Kakutani fixed point theorem). Let K C X be a nonempty,
compact, convex set. Let F be a family of affine maps K — K which is abelian (ST =TS
for all S,T € F). Then there exists a fized point xy € K such that T(xg) = xo for all
TeF.

1Tt also has a hilarious notation.

45



Proof. Let T € F. Define T = %Zz;é T*. Then T(™ is a again an affine map taking
K - K. If S,T € F, then S™ T(™ commute for all n,m. Let K = {T")(K): T € F,n >
1}, which is a collection of compact, convex sets. If T1,...,T, € F and ni,...,n, > 1,
then

Tl(m) 6.0 T}Sﬂp)(K) c ﬂ T](”])(K)
j=1
These are arbitrary elements of I, then K has the finite intersection property. So there
exists an xg € (e K-
We claim that xg is the desired fixed point. Take t € F, and let n > 1. Then
zo € T(K), so zg = T (z) for some z. In particular,

20 = %1: +T(@) + -+ T (a)).

Applying T', we get

Subtracting this, we get
1, . 1
T(xo) — o = —(T"(z) —x) € —~(K — K,
n n
where K — K is compact. This is true for any n. If U is an open neighborhood of 0,

then there exists some n such that (K — K) C U. Then T(zo) — 29 € U for all open
neighborhoods U of 0, so T'(xg) = xo. O
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14 Adjoints

14.1 Adjoints of linear maps

If T: X - Y is alinear map, then f — f oT is a lienar operator on linear functionals. If
T is bounded, then f o7 is continuous, so this restricts to a linear map 7% : Y* — X*.

Definition 14.1. T™ is called the adjoint of T
Proposition 14.1. If T is bounded, then ||T*| < ||T|.
Proof.
[T fIl = sup{|T" f (@)| : ||lz]x <1}}

= sup{[f(Tz)| : [l=]x <1}}
< LA ]

Proposition 14.2. Let X,Y be normed spaces, and letT : X — 'Y be linear. The following
are equivalent:

1. T is bounded.
2. foT € X* forall f € Y*.
3. T is continuous (X, wk) — (Y, wk).

Proof. (1) == (2): This is because T' is continuous.
(2) = (3): Consider

ﬂ{y (fiy) | <ei} ﬂ{x (fi, Tw)| < e}
=ﬂ{x:|<fioT,x>|<ei}
i=1

(3) = (1): We must show that T[Bx] C M By for some M < co. Given f € X*,
consider

fITBx]] = {f(Tz) : |lz]x <1}

We know that there is a weak neighborhood U 5 0x such that T[U] C {y : |f(y)| < 1}.
The weak topology is weaker than the norm topology, so there exists some ¢ > 0 such that

T[Bx] S{y:[f(y)l <1/e}. So [f[T[Bx]l| < 1/e. =

Proposition 14.3. Adjoints have the following properties:
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1. (kA + BB)" = aA* + B* for all A,B € B(X,Y).
2. If T € B(X,Y), then T* is continuous from (Y*,wk*) to (X*, wk*).

Remark 14.1. Riesz representation gives H* = H via Lj := (-,h) — h, which is
conjugate-linear in h. So Lyp =@ - Ly,

If H = C", then A is represntaed by [a;;] € M;,(C). Then H* = C", so A* is
represented by [a;;]. But A* on H itself is represented by [a;].

Proposition 14.4. Let X,Y be Banach, and let A € B(X,Y).
1. A¥|x =A
2. ||4%]| = ||A].
3. If A is invertible, so is A*, and (A*)~1 = (A~1)*.
4. If Be B(Y,Z), then (BA)* = A*B*.

Proof. For (2), we need to show that ||A*|| > ||A||. We know that ||A**|] < ||A*]] < ||A].
Since A** is an extension of A to a larger space, ||A**|| > ||A||. So these are all equal. [

Example 14.1. Let 1 < p,p’ < oo. Consider an operator LP(u) — 1 (v) given by

0= [ @)K ) duta).

Then T : LY (v) — L9(p). For g € LY (v) and f € LP(p),

(T°9.0) = 0.T5) = [ [ o) @)K .0) dutz) dvly)

T'g(y) = [ (K y,2) dvly),
If we are in a Hilbert space, we may want to do (f,g) = [ fgdu instead.
Proposition 14.5. Let A € B(X,Y). Then ker A* = (ran A)*, and ker A = *(ran A*).

Proof. We prove the second one; the first is similar. We have

rekerd <= Az =0
— (Az,y") =0 Vy* e Y™
— (z,A%y")=0 Yy e€Y”
— z € ‘(ran A%). O
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Proposition 14.6. Let A € B(X,Y). Then A is invertible if and only if A* is invertible.

Proof. ( <= ): If ker A* = 0, then ran A is dense. If ran A* = X*, then ker A = {0}. To

finish, we need to show that ran A is closed. This follows because if y = Az, then

[Az|| = sup{|f(Az)| - [[flly- <1}
= sup{[A"f(2)| : [ flly~ <1}
= sup{|g(z)[ : f € A*[By-]}

For some ¢ > 0,
> sup{|g(x)|: g € cBx~}
= cf|zflx.

So ran A is closed. O

14.2 The Banach-Stone theorem

Example 14.2. Let X,Y be compact, Hausdorff spaces, let 7 : ¥ — X be a homeo-
morphism, and let a : ¥ — S! be continuous. Define T : C(X) — C(Y) by Tf(y) =
a(y) - f(7(y)). Then T is an isometric isomorphism.

Theorem 14.1 (Banach-Stone). Any isometric isomorphism C(X) — C(Y) is of this
form.

The key is to tell you what Banach space structure of C'(X) to look at to recover what
X is.
We know that 7™ is an isometric isomorphism from M (Y) — M(X).

Proposition 14.7. Let X be a compact, Hausdorff space.

1. Let X x S' = M(X) send (z,a) — x - 6,. This is a homeomorphism from X x S!
to (ext(B(x)), wk*).

2. Let X x {1} = M(X) send x — d,. This is a homeomorphism X — ext P(X).

Proof. We prove (1). We must show that y € By (x) is extreme if and only if 4 = ad, for
some «, x. L]
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15 The Banach-Stone Theorem and Compact Operators

15.1 The Banach-Stone theorem

Lemma 15.1. Let X be a compact, Hausdorff space. Let X x S* — M(X) send (z,a)
a - 6,. This is a homeomorphism from X x S to (ext(Br(x)), wk*).

Proof. First, we show that ad, is an extreme point. If ad, = tul — t)v, then the total
variation of p or v must be 1. So u and v are supported on {x}. Since a € S!, we must
have y = §, or v = d,.

Let ¢(x,a) = ad,. Then

{(@,a") 1 ]a'f(a") —af(x)] <e} = ¢ {u : \/fduaf(fﬂ)l < 8}-

So this is continuous.
Injectivity: If |@d,| = |@/d,|, then x = 2’ and a = /.
Finally, assume that u € ext(B)y(x). Then |pe| is a regular positive Borel measure. The
support K of |u| is the set
K= (]

CCX closed
[|(X\C)=0

Then |u|(X \ K) (because the measure is regular).

We need to show that K is a singleton. Suppose not. Suppose that U NV = @, where
p has positive measure in each. Then there is an f : X — [0, 1] such that f|y = 0 and
flv = 1. If p is positive, write

_ fn B (1= flu
n= [ san ffdu+/<1 D=y

These two measures are different, which contradicts the fact that p is an extreme point.
For general u, use p = %“A
This argument shows that K = {x}. This implies that u = ad, for some a € St. O

Theorem 15.1 (Banach-Stone). Any isometric isomorphism C(X) — C(Y) is of the form
Tf(y) =a(y)f(r(y)), where 7: Y — X is a homeomorphism and o : Y — St

Proof. The adjoint T* : M(Y) — M (X)) resitrcts to a continuous map (ext By(y), wk*) —

(ext EM(X),Wk*). By the lemma, we have a continuous map Y x ST — X x S1. We can
view Y =Y x {1} C Y x S and same for X. Then T*(0,) = a(y) - 0,(,) for some a,,
both continuous. Moreover, T must be invertible. Now we have

Tf(y) = (Tf,oy) = (£, T70y) = ay) f(7(y)),
as desired. ]
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15.2 Compact operators

Let X,Y be Banach spaces.

Definition 15.1. A € B(X,Y) is compact if any of the following equivalent statements
hold:

e A(Bx) is norm compact.

e A(By) is totally bounded.

e For any bounded sequence (), in X (T'zy), has a norm-Cauchy subsequence.
Example 15.1. If dimran(A4) < oo, then A is compact.
Proposition 15.1. If dim X = oo, then Idx is not compact.

Proof. Assume (towards a contradiction that By is compact and hence totally bounded.
So there existzy,...,z, € X such that Bx C |J;_, B(X;,1/2). Then let y € Bx and
z € span{xi,...,x,} be such that ||y — z|]| < (1 = edist(y, M) > 0. Then ||y — z|| <

(14¢e)dist(y—z, M). So1 < (1+¢) dist(ﬁM); i.e.dist(ﬁM) >1/(1+¢) >1/2. O

Theorem 15.2. Let X, Y be Banach spaces, and let A € B(X,Y). Then A is compact if
and only if A* is compact.

Proof. (= ): Let (fn)n € By+. Observe that

|A* fIl = sup{|f (Az) : x € Bx} = ||f| a5y lloo-

If f € By, then f is 1-Lipschitz and bounded by 1 on the compact space A(Bx). So

{f ]W : f € By} is norm-compact. So there is a Cauchy subsequence in (A* f,,)n by
Arzela-Ascoli.
(<:): A**‘X:A. OJ

Definition 15.2. Denote By(X,Y) as the collection of compact operators X — Y and
Boo(X,Y) as the collection of finite-rank operators X — Y.

Proposition 15.2. Let X,Y be Banach spaces.
1. By is a closed subspaces of B(X,Y).

2. Suppose A: X —Y and B:Y — Z are bounded. If either A or B is compact, then
BA is compact.
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Proof. Suppose A € By(X,Y); we want to show that A is compact. Consider A(Bx) C

B-(C(Bx)). For every ¢ > 0, there is a C € By(X,Y) such that |4 — C|lop < €. So we can
cover A(By) with finitely many balls of radius 2.

Assume A is compact, then A(By) is totally bounded, and B(A(By)) € B(A(Bx)).

0

Corollary 15.1. By(X) is an ideal in B(X). So Bo(X) is an algebra.

Example 15.2. Let (X, %, 1) be a measure space, an dlet k € L?(X x X, u x p). Then
define the kernel operator

Kf(y) = / k(e 9) () du(z).
Then K € B(L2(), L2()), and [ K lop < ¥l (e

K is comapct because for all ¢ > 0, there exist ¢1,...,¢, € L?(p) and 91,...,9, €
L?(u) such that

<e.

k(z,y) =Y eil), di(y)
=1

L2
So a finite rank approximation gives us that K is compact.

It is not always true that we can approximate by finite rank operators, but the coun-
terexamples tend to be complicated.

Theorem 15.3. Let X be a compact Hausdorff space. Then the space Byo(C(X)) is dense
in By(C(X)).

Proof. Assume A(B¢(x) is totally bounded. Pick e > 0, and let Uy, ..., U, be an cover X
with x; € U;. For any f € Be(x) and z € U;, we have [Af(r) — Af(x;)| < e. There exists a
partition of unity: 1, ..., ¢, with 0 < ¢, < 1 such that cpz-|Uic =0ad > ! | ¢; = 1. Define

Acf(w) =) Af(wi) - pil2).
i=1
This is finite rank because it takes values in the span of the ¢;. We then have

Af(2) = Af(2)] < D JAf(x) = Af(2i)] @i(2) <e. O
=1
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16 Adjoints and Hermitian Operators on Hilbert Spaces

Today’s lecture was given by a guest lecturer, Professor Sorin Popa.

16.1 Sesquilinear forms and adjoints

If T € B(X,Y), we have the adjoint operator T* € B(Y*, X*). If H, K are Hilbert spaces,

then H* = H, the conjugate of H (i.e. H itself). Soif T' € B(H, K), we get T* € B(K, H).

Definition 16.1. A sesquilinear form is a function v : H x K — C which is linear
in the first variable, antilinear in the second variable, and bounded (as a bilinear map):
[u(€; | < Cliéllullnlx for all § € H and n € K.

Example 16.1. Let A € B(H,K) and B € B(K,H). Then uxs(§ eta) = (AL, 1), and
up(&,n) = (£, Bn)y are sesquilinear.

Theorem 16.1. Let H, K be Hilbert spaces. If u : H x K — C is sesquilinear and bounded
by C, then there exist unique A € B(H, K) such that u = uy = up with ||A]|,||B| < K.

Remark 16.1. In fact, ||u|| = 4| = || B].

Proof. For each { € H, let L¢ : K — C with L¢(n) = u(§,n). This is linear, and |L¢(n)| <
ClEllInll =: C¢lln|| for all n, so Lg € K*. By Riesz representation, there is an f € K
with [[f|| < C||&|| such that L¢(n) = (n, f). Thus, A : H — K defined by A(&) = f is
linear: A(a1&1 + aeéa) = a1 A(&1) + a2 A(&2) by the uniqueness in the Riesz representation
theorem. We also have [|A(£)]| < C|£||, so A is bounded. O

Definition 16.2. If A € B(H, K), the unique B € B(K, H) that satisfies ua(&,n) =
(A&, n) i = up(&,n) = (&, Bn)y is called the adjoint of A (denoted A*).

Proposition 16.1. u € B(H, K) is an isomorphism of Hilbert spaces if and only if u is
invertible and u™! = u*.

Proof. We have that
lug]|* = {ug, ug) = (u™ug, &) = (€,€)

for all ¢ € H if and only if u*u = 1. Since u is invertible, u* = u~!. 0
Proposition 16.2. Let A,B € B(H,K), and let C € B(K, K').

1. (a¢A+ BB)* = aA* + BB*.

2. (CA)* = A*C™.

3. If H=K (so A€ B(H)), then (A*)* = A.

4. If A is invertible, then A* is invertible and (A*)~' = (A~1)*.
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Proposition 16.3. If A € B(H), || A*|| = ||A|| = ||A*A|/2.
Remark 16.2. The second equality is something you don’t get in Banach spaces.

Proof.

|AII> = sup (A& AE) = sup (A*AE€)
¢e(H) Ee(H)

< sup (A"AL ) < sup [|ATAL|€]]
ge(H) ¢e(H)

= [|ATAJ] < [|AT[[[| Al

So we get that ||A|| < ||A*||. In particular, this holds for ||A*||, so we get ||A*| < ||A]|.
Then all inequalities are equalities, so ||A*|| = ||Al| = HA*A||1/2. O

Example 16.2. If M, € B(L*(X,u)) with ¢ € L®(X, ), is multiplication by ¢, then

Example 16.3. The right shift S : 2(N) — ¢2(N) given by S(a1,az,...) = (0,a1, a9, ...)
is isometric. Then S*(aq,ae,...) = (a2, as,...).

16.2 Hermitian operators

Definition 16.3. A € B(H) is Hermitian (or self adjoint) if A = A*.

Proposition 16.4. A is Hermitian if and only if (A, &) € R for all§ € H.

Proof. (= ): We have
(A€, §) = (& AL) = (AL, €),

o (A, &) € R.
( <= ): We would like to prove that if (A, &) = (€, AE) for all £ € H, then (A&, n) =
(€, An) for all £,m € H. We use a polarization trick: check that

(Ag,n) = ii < €+Zn£+zn>

3

€A = 3 ik (e v itn A+ i)

i=0
The right hand sides are equal, so the left hand sides are, as well. ]

Proposition 16.5. Let A € B(H).

1 || All = supg e my, | (A& 0) |-
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2. If A= A7, then ||A]| = supgep), | (AE, &) |-

Proof. For (1), we have >. For <, take n = H’:—EH for & with A¢ # 0.
For (2), we use

(A€ £n), & £m) = (AL, &) £ (A, n) = (An, &) + (An,n)

= (A&, §) £ (A&, n) £ (A&, n) + (An,n)
= (A&, §) £ 2Re (AL, n) + (An,m)

By subtracting one from the other, we get
ARe (AL, m) = (A +n),§+n) — (A€ —n),{ — eta)

< ( sup | (A, §) !) (11 +nll* + ll = nl1*)

¢e(H)

=2 ( sup | (Ag,€) |> (€N + [1mll?)

§€(H)

£e(H)

By part 1, we get [|A[| < supee), | (A, €) |-

Corollary 16.1. If (A&, &) =0 for all £ € H, then A= 0.

Proof. For any A € B(H), we can decompose A as two self-adjoint operators:

A4+ AT A A

A
2 +2z’

If (A€, &) = 0, then this is true for each of these two parts. So each of these parts has norm

equal to 0 by the previous proposition.
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17 Projections and Idempotents in Hilbert Spaces
17.1 Projections and idempotents
Let H be a Hilbert space over F.

Definition 17.1. An operator E € B(H) is idempotent if E? = E. E is a projection
if £2 = E and ker £ = (ran E)*.

Proposition 17.1. Let £ € H.
1. E is idempotent if and only if 1 — E is idempotent.
2. ran E = ker(1 — E), ker E = ran(1l — FE), and these are closed subspaces of H.
3. ker ENran E = {0}, and ker E +ran E = H.

Proof. 1. (1-E)>=1-2E+ E2

2.
h €ranF <= hFEk for some k
<~ FEh=FE’k=FEk=h
< (1-E)h=0.
3. h=Eh+ (1— E)h. O

Remark 17.1. This also holds for Banach spaces, but we will not use it in that generality.

Proposition 17.2. Let P be a nonzero idempotent in B(H). The following are equivalent:
1. P is a projection.

2. P 1is the projection onto ran P.

3. |P| =1.

4. P = P*.

5. P is normal.

6. (Ph,h) >0 for all h (nonnegativity).
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Proof. (1) = (2): Let M = ran P, which is closed. Then the projection Pyh is
characterized by Pyyh — h L M; we show that P has this property. For any h € H,
h — Ph = (1— P)h €ran(l — P) =ker P, and ran P C (ker P)*. So h — Ph 1. M.

(2) = (3): Write hy = Ph, so h = h; + (h — h1). Then ||h1] < ||h|| if h € M.

(3) = (1): We want to show that ker P = (ran P)*. We will show that (ker P)* =
ran P. Assume h 1 ker P; we will deduce that h € ran P. We get

0= (h,h—Ph) = ||h||* = (h, Ph) = ||h]|* < |R|||Phll < [IP]|IA]* = |4l
so all these are equal. Then
I — Ph|* = |[a]]* + || PA|* — 2Re (h, Ph) =0,

so h € ran P.
Suppose h € ran P. Then h = hy = ho, where h; € (ker P)*, and hy € ran P. and is
orthogonal to ranP N(ker P)*. This means hy € ran P Nker P = {0}. so h = hy.
(2) = (4): Suppose P = Py;. Then h = hy + he and k = ki + ko, where hy, k1 € M
and hs, ks L. M. Then
<Ph,k‘> = <h1, ki + k‘2> = <h1,/€1> = <h,Pk> .
(4) = (5): if P = P*, then P commutes with P*.
(5) = (1): If PP* = P*P, then ker PP* = ker P*P. If PP*h = 0, then
(PP*h,h) = (P*h, PR} = | P* |12
so multiplying by an adjoint does not change the kernel. So ker(PP*) = ker(P*) =
(ran P)*. On the other hand, the same argument gives ker P*P = ker P.

(6) = (1): Suppose (1) does not hold, so there are an h = Ph and k € ker P such
that (h, k) # 0. Then

(P(ah + Bk), ah + Bk) = (ah,ah + Bk) = ||ah|® + aB (b, k),

where (h, k) is not necessarily > 0. O

17.2 Invariant and reducible subspaces

If P is a projection, then the map h +— (Ph,h — P — h) is a Hilbert space isomorphism
H — ran P®ker P. So if we have an operator on H, we can think of it as an operator acting
on this direct sum. More generally, if we have a closed subspace M, then H = M @& M*.
If A€ B(H), we identify it with

v B (1]

where X € B(M), Z € B(M*), Y € B(M*+,M), and W € B(M,M~*). This gets us
partway to diagonalization if we can show that W,Y = 0.
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Definition 17.2. A subspace M < H is invariant for A € B(H) if AM C M. M < H is
reducing for A € B(H) if AM C M and AM+ C M*.

Here’s how we find X, Y, Z, W:
A(hi+hg) = PA(h1+h2)+(1—P)A(hi1+hy) = PAPh+PA(1—P)h+(1—P)APh+(1—P)A(1—P)h.

In other words,
X Y| PA|y PA|y .
W Z| |(1-P)Aly (1—P)A|y.

Proposition 17.3. 1. M is invariant for A <= PAP = AP <— W =0.
2. M is reducing for A < PA= AP < W =0,Y =0.

Proof. 1. If PAP = AP, then W = (1 — PA|y = (1 — P)AP|y = 0.
If M is invariant, then
X Y| |h| (XM
0 Z||o| | 0|

2. If PA = AP, then PAP = AP, so M is invariant. On the other hand PA = PAP,
so PA(1 — P) =0. So M* is invariant, making M reducing. O
Idea on the route to the spectral theorem for self-adjoint operators: Break A into
X 0
0 Y
such that X, Y are both “simpler” than A was originally. Keep doing this to “diagonalize”
A.
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18 Approximation and Eigenvalues of Compact Operators

18.1 Approximation of compact operators by finite rank operators

Last time, we were talking about invariant and reducing subspaces of a Hilbert space M.
Here, we have H = M @ M+ and A € B(H) is

i 2

We saw that M is reducing < Py A= APy <— Y =0,W =0.
Proposition 18.1. M is reducing if and only if M is invariant under both A and A*.

Proof. This is because
]

Y* Z*
Then M is invariant for A* iff Y = 0 iff M+ is invariant for A. O

Recall that By(H) is the space of compact operators, and By is the space of finite rank
operators.

Theorem 18.1. Byy(H) is dense in Bo(H).

Proof. If T € By(H), then T(Bp) is a compact metric space. So it is countable. Then
ranT C spanT(Bpy) C spanD, where D is any countable dense set in T'(Bp). So there
is an orthonormal (ey), such that ran7T C Span{e,}. Let P, be the projection onto
span{er, ..., en}. We will show that || P, T — T||op — O.

Observe that for any h € By, we have Th = > (Th,e;)ep,. Then P,Th — T}, in the
norm of H. Let ¢ > 0. We can choose hi,...,ji € By such that for all h € By, there
is some ¢ such that ||Th — Th;|| < €. Choose m such that ||P,Th; — Th;|| < ¢ for all
1=1,...,k. Then

| P Th — Th|| < ||Pm(Th — Th)|| + | PmTh; — Thy|| + |Th —i — Th]|| < 3e.

S0 || P — Tllop < 3. 0
Remark 18.1. If you try to do this with general Banach spaces, it fails. The issue is that
you cannot guarantee that || Py| = 1 for all m. So you lose control of the bound at the
end.

Suppose (ey),, is an orthonormal basis for H. Define an operator by Te,, = ayey, for
ay €F.

Lemma 18.1. T € By(H) if and only if |ay| — 0.
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Proof. (= ): Assume there exist some ¢ > 0 and n; < ng < --- such that|a,, > . Then

{Ten,, Teny, - = {an,€n, Anyeny, ...} C T(By). These all are distance > ¢ to each other
and are orthonormal to each other.
(«<=): Let

<
The—n= {anen n_m:PmT.
0 n>m

Then we have the diagonal matrix:

[0

QAm 1
Omp4-2

So we can see that | T — PpT | op < maXysm |- O

Example 18.1. Let k € L?( x p) and let
Kf(a) = [ ka.) () duty).
For example, if h € L?(—n,7), we have
Kf@) = —— [ bz -)f)d
x)=— xr— .
o ) Y)J\y)ay
Let the Fourier basis be ey (z) = ﬁe*im for all n € Z. Then we can check
Ken(z) = h(z) - en().

18.2 Eigenvalues of compact operators

Definition 18.1. If A € B(H), an eigenvalue of A is a A € F such that ker(A—\) # {0}.
The M-eigenspace is the set of eigenvectors corresponding to the eigenvalue A\. We
denote the point spectrum o,(A) to be the set of eigenvalues of A.

Remark 18.2. This is a special subset of the spectrum, which is the set of A € F such
that A — Al is not invertible.
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Example 18.2. In C*, the matrix

o O O O
SO O =
SO ==
O = ==

has no nonzero eigenvalues but is nonzero. This kind of phenomenon becomes much richer
in infinite dimensions, and we can have compact operators with no nonzero eigenvalues but
with interesting properties.

Example 18.3. On L2([0,1]), the Volterra operator is

x 1
Vf(x)=/0 f(y)dy=/0 Liy<ay f(y) dy.

Proposition 18.2. The Volterra operator is compact but has no eigenvalues.

Proof. Suppose Vf = Af with f # 0. If A = 0, then the integral of f only any interval is
0, s0 f = 0. Suppose A # 0. Then we get f(z) = A~} fox f, so f is absolutely continuous,
f! exists, and f’(x) = A71f(z) a.e. Since we must have f is continuous, this gives f'(x) =
A~ f(x) everywhere. The solution to this differential equation is f(z) = Ce™. But we
must have C' = 0 because the original equation implies f(0) = 0. So f = 0. O

Proposition 18.3. Let T € By(H) and A € 0,(T) \ {0}. Then dimker(T" — A1) < oo.

Proof. Call M = ker(T — A1). Then Tx = Az for all z € M. We have T(By) 2 T(Bg N
M) = AB)y, which is not totally bounded unless dim M < oo. O

Proposition 18.4. Let T € Bo(H), and let A # 0. Assume that
inf {||(T = Ml : [Ih] = 1} =0,
Then X € 0, (T).

Remark 18.3. This says that “approximate eigenvalues” are actually eigenvalues for com-
pact operators.

Proof. Choose hi, ha,... with ||h,|| = 1 such that Th,, — Ahj, = (T — A\)hy, — 0in || - ||
Choose n; < ng < --- susch that Th,, — g. Then Ah,, = Th, — (Th, — Ah,) — g, so
hp — A "1g. So Thy, = X\ 1Tg =g. O

Corollary 18.1. Let T € By(H), and suppose that A ¢ o,(T)N{0} and X ¢ o,(T*). Then
T — X is invertible.

Remark 18.4. In fact, we will see that A ¢ 0,(T™) is implied by A & o,(T') N {0}.
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Proof. We know that ker(T" — X) = {0}. On the other hand,
(ran(T — X))+ = ker(T* — X) = {0}.

To finish, we will show that ran(7" — A) is closed. (7" — A\)h = 0 has no nonzero solutions,
so there is a ¢ > 0 such that ||[(T"— A)h|| > c||h|| for all h. So (T' — A) is an open mapping,
which forces ran(7T — \) to be closed. O

18.3 The spectral theorem for self-adjoint operators

We will prove the following theorem.

Theorem 18.2 (Spectral theorem for self-adjoint operators). Suppose T is comapct and
self adjoint. Then

1. 0p(T) is countable.
2. If o,(T) \ {0} = {1, X, ... } and P, is the projection onto ker(T — \y), then

e PP, =P,P,=0 forallm #mn (i.e. ker(T — \,,) L ker(T — \p,)).
e )\, €R for alln.
e T'=3"2 APpin |- |lop-

This is an infinite-dimensional diagonalization of 7.
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19 Spectral Theorems for Compact Operators

19.1 Spectral theorem for compact, self-adjoint operators

Last time, we proved the following propositions about eigenvalues of compact operators.
Proposition 19.1. Let T € Bo(H) and A € o,(T') \ {0}. Then dimker(T' — A1) < oo.

Proposition 19.2. Let T € By(H), and let A\ # 0. Assume that
inf{[[(T" = Mnll - [[A]] = 1} = 0.
Then X € o,(T).

Theorem 19.1 (Spectral theorem!? for self-adjoint operators). Suppose T is comapct and
self adjoint. Then

1. 0p(T) is countable.
2. If o (T) \ {0} = {1, X, ...} and P, is the projection onto ker(T — \y), then

e PP, =P,P,=0 forallm #n (i.e. ker(T — \;,) L ker(T — \p,)).
e )\, € R for all n.
o T'=3 0" APy in | lop-

The last sum should be thought of as an infinite block diagonal matrix where the blocks
are Ailran p;-

Lemma 19.1. If T is normal, ker(T — \) = ker(T* — X) is a reducing subspace.

Proof. If © € ker(T' — \), then (T'— \)Tx = T(T — Ax) = 0. Then Tz € ker(T — A), and
same for 1. O

Lemma 19.2. Let T be self-adjoint. If A, i are eigenvalues with A # i, then ker(T — \) L
ker(T — p).

Proof. Let x € ker(T — \) and y € ker(T' — p). Then
Mz, p) = (Az,y) = (Tx,y) = (2, Ty) = (2, py) = 1z, y)
So (z,y) = 0. O

Lemma 19.3. If T is self-adjoint, then op(T) C R.

12Tim learned about the spectral theorem at the same time when he was preparing for his driving test.
This was a dangerous idea.
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Proof. If x € ker(T'— \) \ {0}, then
Mz, z) = O, 2) = (Tz,x) = (2, Tz) = Xz, 2),

SO = . O

Lemma 19.4. Let T be compact and self-adjoint. Then at least one of ||T|lop, —||T|lop €
op(T).

Proof. Recall that
1T} = sup{| Tz, z) | : ||| = 1}.

Since (Tz,z) = (x,Tx) = (Tz,z), we will assume that this equals sup{(Tz,z) : ||z| = 1}
(the other case is the negative case). Suppose ||z,| = 1 and (T'z,,, z,) — 1. Then

Tz, — )\ﬂvn||2 = (Txp, Txy) — 2\ (Txp,x — N) +)\2||mn||2.

<2 ——2)2

By the lemma, A € 0,(X). O

Proof. If | T'|| € 0,(T), let Ay = ||T||, and let P; be the projection onto ker(T'— A1) (this is
reducing). Now consider T1 = T'[ye(—»,)+- This is compact, self-adjoint, and || T3] < ||T7.
If —HTH S O'p(Tl), let )\2 = —HTH and P2 = Pker(T—/\Q)' Then let T2 = T(l —P1)<1 - P2) =
T|(ker(Tf)q)+ker(T7A2))|p€7‘p' Now ||T2|| < HTH

Continue to produce a sequence of eigenvalues |[lambdag, A4, A5, ... such that |A1] >
|[A2] > |As| > |A\4] = -+ and a sequence of projections P; onto ker(7'— )\;). In this sequence
of eigenvalues, there are no consecutive equalities. Also, we have |Aiy1| = [|Ti+1]| and

Tiy1:=T(1—-P)---(1—F).
Next, we show that |A\;| — 0. If not, let x; € ker(T'— \;) be such that ||z|| = 1. Then
Tx; = Mz, is a sequence of orthogonal vectors not going to 0, contradicting compactness.
Now consider S = >"°; A\; ;. We want to show that S = T. Call Sy = le\il i P;. We
have by Parseval’s theorem that

2

o0 (o) o
(S = Sw)zll* = || D NPl = > APIPz|* < Aval Y [1Pz]* — 0.
i=N+1 i=N+1 i=N+1

Now
(T — SN)a: = (T — SN).T1 + (T — SN)xQ

where 1 = (Py + -+ Py)z,22 = x — x1 L span(ker(T — \1),...,ker(T — Ay). Now split
r1=Pix1+---+ Pyxy =211 + -+ 21,8 to get

N
= Z(T — SN)ﬂfLi -+ (T — Sn)Xg
=1
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=Tuxs.
And we also have
[Txs| = 1 Tv 122 < [Avsalllze]l < [Anvialllz] — 0.
Finally, we have enumerated all the eigenvalues, so there are only countably many. [
The proof gives us the following facts, as well.
Corollary 19.1. Let T be compact and self-adjoint.
1. The P, each have finite rank.
2. |An| — 0.
3. kerT = (3, ran P,)*
Here is a formulation which makes this look even more like diagonalization:

Corollary 19.2. There exist an orthonormal basis (e,)n for (ker T): and (pin)n in R with
n — 0 such that

Tx:ZMn (x,en) en, Vo € H.
n

Proof. Let T =% AmPn. Convert to the above form. Each A, appears dim P,,-many
times as a fi,. O
19.2 Spectral theorem for compact, normal operators

If N is normal, then N = S 4 iT, where S, T are self-adjoint and ST =T'S. T and S are
linear combinations of N and N*, so if N is comapct, so are S, 7.

Proposition 19.3. Suppose S = > .72, a;P; with o; € F distinct (and nonzero) and P;
orthogonal projections, If ST =TS, then P,TP;, =TP; for all i. If S is self-adjoint, then
PT =TP; for all i.

Proof. Check that ker(S — «;) = ran P;. If Sz = oz, then STx =TSz = T(oyz) = o Tx.
This shows that P,TP, = TPF,;.
If S = 5%, then P; reduces T for all i:

ST* = S*T* = (TS)* = (ST)* = T*S* = T*S.
So P,T = TP, 0

Theorem 19.2 (Spectral theorem for compact, normal operators). Let N be comapct and
normal. Then
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1. 0p(T) is countable.

2. If o,(T) \ {0} = {A\1, X2, ...} and P, is the projection onto ker(T — \y), then
e PP, =P,P,=0 for allm #n (i.e. ker(N — \,,) L ker(N — \,)).
e N =X APy in - flop.

Proof. Let N = S+iT with S, T self-adjoint, and write S = >, -, AZ PY. Now P reduces
T for all k. Now choose a further decomposition P,f = Qk;—k -+ 4+ Qk,m, such that
TP =TQry+ -+ TQumy, = BL1Qr1 + -+ Bl Qrmy,- Now S = 37, 37 X2 Qi
and T =3, > B 1Qk. So

mg
S +iT = Z Z(AE + 1Bk,1) Q-
P

Check that 8 ; — 0 and that Q;Q/; = Q¢ Q% = 0. O

For non-compact operators, we will have an analogous result that gives T' = f: AAE(N).
We have to make sense of this integral.
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20 Positive Operators and Spectral Families

20.1 Positive operators
We want to generalize the following theorem, without the assumption of compactness.

Theorem 20.1 (Spectral theorem in finite dimensions). Let dim(H) < oo, and let T :
H — H be a self-adjoint operator with eigenvalues a < A\j < Ao < -+ < A\, =b. Then

T = zn: APy,
=1

where Py, is the projection onto ker(T — X;).

Example 20.1. On L?([0,1]) we have T'f(z) = xf(z), the multiplication operator. Then
IT|lop <1, and
1 —_—
Ts.9) = [ af@yle) de = (1.70).
However, T' has no eigenvectors! If T'f = A f, then xf(x) = Af(x) for a.e. z. So f =0 a.e.

Observe that if V' = ker(T — X\) # {0}, then V is reducing and T'|y = Alyy. We want to
loosen this to uly < Ty < Ay for p < A.

Definition 20.1. T € B(H) is positive (written T > 0) if T is self-adjoint and (T'z, z) > 0.
If S, T are self-adjoint, we say S < T if T'— S > 0.

This defines a partial order on the set of self-adjoint operators. How does this relate to
our previous examples?

Example 20.2. In the finite dimensional case, for A € R, define

A< <A<
These all reduce T', and
nE(p, A) S TE(u, A) < AE(p, A)
for all p < A. If \; is the unique element of 0,(T) N (i, A, \iP; < TPy, < \;P;.

Example 20.3. With the multiplication operator T on L?, let V(u, \) := {f € L*([0,1]) :

f=flx} for any p < A Then let E(u, \) = Py, »). We can check that

TE(N? )‘)f(x) = xf]]-(,u,)\](x)

Then pE(u,A) < TE(p, \) < AE(p, A).
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Lemma 20.1. Let T be self-adjoint, and let a = inf| =y (Tz,x). andb = sup| =1 (T'z,z).
Then a <T <b and |T|| = max(|al,|b|).

Proof. If ||z|| = 1, then
(T —a)z,x) = (Tz,z) =a > 0.

The upper bound is the same.
We have seen already that ||T'|| = sup | (T'z,x) |. O

Corollary 20.1. If S<T and T < S then S=1T.
Proof. This implies that ((S —T)z,x) =0 for all . So the norm is ||[S — T'|| = 0. O
Lemma 20.2. For projections P,Q, the following are equivalent:

1. P<Q.

2. QP =PQ =P.

3. Q — P is a projection.

4. I1Pal] < Q.

5. ran P Cran(.

Proof. (1) = (5): If (5) is false, then there is some x # 0 such that Px = z but Qz # z.
Then ||z||?> = (Pz, ), but (Qz,z) = ||Qx|> < ||z||>. This contradicts (1).

(5) = (2): QP = P by the condition of (5), and we get (QP)* = P*Q* = PQ by
self-adjointness.

(2) = (4): ||Pz| = [|PQx| <[|Qx]|.

(2) = (3): ((Q = P)z,x) = (Q(1 = P)z,z) = (Q(1 = P)z,Qx) > 0.

(3) = (1): @ — P is a projection, so Q@ — P > 0. O

20.2 Spectral families and the spectral theorem

Definition 20.2. A spectral family on H is a map A — F(\) from R — {proj. on H}
such that

1. If A > p, then E(X) > E(u)
2. There exist a,b € R such that E(\) = 0 if |lambda < a and E(\) = I if A > b.

3. E(\)x — E(p)x as A\ | pfor all z € H (convergence in the strong operator topology).
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Theorem 20.2. Let T be a self-adjoint operator on H. Then there exists a spectral family
(E(X\))xer such that

a= inf (Tx,z), b= sup (T'z,x)
llzll=1 |lz||=1

T= /R)\dE()\).

This means (Tx,y) = f[a b] Ndpgy for all x,y € H, where ji 4 is the Lebesgue-Stieltjes
measure corresponding to F .

To interpret this integral, we need the following lemma.

Lemma 20.3. If E is a spectral family, then for any x,y € H, then function Fy, : X —
(E(N)x,y) is right-continuous and of bounded variation.

Proof. Right continuity follows from property (3) of a spectral family. For bounded varia-
tion,

Step 1: If y = x, then F, ,(\) = |E(\)z||?, which is increasing with .

Step 2:

(EN(z+y),z+y) — (ENz,z) — (EN)y, y)

Fry(N) =(E(N)z,y) = 9

is a difference of nondecreasing functions, so it is of bounded variation. O

Example 20.4. In the finite dimensional case, E()\) is constant, except for finitely many
jumps. So the integral becomes a finite sum.

Example 20.5. Returning to the multiplication operator on L2, if f,g € L?([0,1]), then
1 [
Ttg) = [ af@a@de,  da=dug,,
Here, E()) is the proejction onto {f = flj y} ,and (E(N)f,g) = fOA fgdax.

20.3 Functional calculus

How do we find this map A — E(A)? In the finite dimensional case, we have a self-adjoint T’
with eigenvalues a = A\ < Ay < - <Ay =band T =), \;Py,. If p(t) = Z?:l zit! € R[t]
is a polynomial, we can write p(T) = Z?:l ¢;T7. Since TV =3, )\gPZ-, we have p(T) =

Zz‘ p()‘i)PM .
Choose any py € RJt] such that



Then
pA(T) = > Py, = E(\).

Ai<A

We need to make this work in infinite dimensions. But R[t] is not rich enough. We
must extend the map R[T] — B(H) taking p — p(T) to a larger class of functions. After
doing so, we get the functional calculus of T'. In particular, we want to be able to get
the function p(T), where p(t) = 1 (_q z (1)
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21 Continuous Functional Calculus for Self-Adjoint Opera-
tors

21.1 Idea for proving the general spectral theorem for self-adjoint oper-
ators

Theorem 21.1. Let T be a self-adjoint operator on H with

a= inf (Tx,z), b= sup (T'z,x).
llzll=1 lz||=1

Then there exists a spectral family (E(\))xer such that

T= / AAE(N).
R
This means (Tz,y) = f[a b] Ndpgy for all x,y € H, where p, is the Lebesgue-Stieltjes
measure corresponding to Fy ,(\) = (E(N), z,y).
Method: Consider the map R[z] — B(H) sending p(t) = > | cit’ v+ S0 ;T
Remark 21.1. This is a homomorphism of algebras over R.

The idea is to enrich the domain of this homomorphism to produce many more operators
out of T'. Why is this relevant? Suppose

N
T=> MNENi-1,\)
=1
like in the finite case. Then N
T? = NE\i-1,\).
=1

This generalizes to any polynomial of 7. Assume we can do this for the functions p(t) =
]l(—oo,,u] (t) Then
o
§T) = [ sV AEW) = Bl
a

So this should tell us what E(u) is. The proof of the spectral theorem is basically this idea
in reverse.
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21.2 Continuous functional calculus

When we extend our functional calculus to non-polynomial functions, we only really care
what the functions only do on the spectrum of 7. In particular, the function p(7") should
only depend on the values of p in [a, b], where a,b are as above.

Our next goal is to show that if p € R[t] and ¢ < p(t) < d for all ¢t € [a,b], then
cl < p(T) < dl. It is enough to show one side of the inequality, and so it is enough to
show it when ¢ = 0. So we will show that if p[(, 3 > 0, then p(T) > 0.

Lemma 21.1 (sum of squares decomposition). If p € R[t] and p > 0, then there exist
qi,- - qm € R[t] such that p(t) = > ¢;(t)?.

Remark 21.2. This can actually be shown for m = 2.

Proof. Let p(t) = Y1 jcit’. If n = 0, we are done. Suppose n > 1 and p > 0. Then n
is even, and ¢, > 0. Then there exists some u € R such that p(u) = minp(R) =: ¢. Let
p1(t) := p(t) — c. Then p; > 0, and p;(0) = 0. This implies that (t — u)? divides p in R[]
so p1(t) = (t — u)?pa(t). Since py is continuous, py > 0 with degps = n — 2. By induction,
pa(t) = ¥, ;(t)?, and we get

p(t) =D ((t = wa;(t)* + (Vo). [

J
Proposition 21.1. Let T' be self-adjoint. If pljqy > 0, then p(T) > 0.

Proof. Step 1: Assume p > 0. Then p(t) = Ej qj(t)?, so p(T) = Zj(qj(T))Q, which is a
sum of positive operators: ((q(T))*z,z) = ||q(T)z|>.

Step 2: Assume a = —1, b =1, so p\[,m} > 0. Let ¢ > 0, and choose > 0 such that
(P + €)l[=(144),1+6) = 0. Define p,(t) = p(t) = ¢ + (%M)Q”. Then p,, > 0 for all sufficiently
large n. So by case 1, p,(T') > 0 for all sufficiently large n. But

o+ -l =| (155) | < as = oy
So pn(T) 2 (p + €)(T), which makes (p + €)(T) > 0. Then p(T) > 0. O

So p = p(T) satisfies |[p(T)llop < |IPljapllsup- So if f € C([a,b]), define f(T) =
lim,, p,,(T"). Then for all p, € R[t] such that p,, — f uniformly on [a, b] this is well-defined.
So f— f(T) is still a homomorphism: If p, — f and ¢, — ¢ in C([a, b)), then p,q, — fg
in C([a,b]). Therefore,

(£9)(t) = im(paga)(T) = lim p (1)gu(T) = (D)g(D).

This gives us a well-defined functional calculus for continuous functions.
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21.3 Weak operator limits of positive functions

Definition 21.1. If (T,,) € B(H)and T € B(H), T,, — T in the weak operator topology
it (T,x,y) — (Tx,y).

Remark 21.3. We could also define the strong operator topology by T,z — Tx for
allz € H.

Proposition 21.2. Suppose (T,), € B(H) with T,, > 0 and T,, > T41 for all n. Then

there exists a positive T € B(H) such that T, Wor, .

Remark 21.4. We actually get SOT convergence here, but the proof is a bit harder.

Proof. For all z € H, (T,,x, z) must converge to some Q(z,z) > 0. FOr all z,y we get

(Tow,y) = 5 ((Ta(x +y), v +y) — (Thz,z) — (Thy, y))

(Q([E Ty, T+ y) - Q(.’B,JJ) - Q(yvy))
= Q(:E?y)

Check that (z,y) — Q(x,y) is symmetric, bilinear, positive, and Q(z,z) < M||z|? for
some M.

So for each z, the map Q(x,-) € H* = H and is bounded: ||Q(z,-)|| < M||z|. By Riesz
representation, there exists some Tx € H such that Q(z,y) = (T'z,y) for all z,y. Check
that T' € B(H) is self-adjoint with 7" > 0. O

N —

N

_>

The idea for the next step is to let (f,),, € C([a,b]) be bounded below with f, | g
(possible e.g. if g = 1(_ ). Then if f,, > f in C([a,b], fu(T) = fut1(T) in B(H). We
will define ¢(7T") as the WOT limit of the f,, (7).

73



22 Extension of Functional Calculus and Proof of The Spec-
tral Theorem

22.1 Proof of the spectral theorem for self-adjoint operators

So far, we’ve constructed continuous functional calculus: a map C([a,b]) — Bsa(H) sending
f f(T') which is

e linear,

o f(g)(T) = f(T)g(T),

e fzg9g = [(T)=y(T),
o 1(T) =1,

o A < 11/ llsup-

If (fn)n is a sequence in C([a,b]) with f, > 0 and f,(z) | g(x) for all z € [a,b], then
we want to define g(7T") by (¢(T)z,y) = lim, (f,(T)z,y). Last time, we showed that this
limit exists (as a weak operator topology limit).

Lemma 22.1. Suppose fn, fl | g. Then the limit, g(T), is the same.

Proof. Let fn, f], | g. For every x, ¢ > 0, and n € N, there exists an n'(z,¢) such that
fli(x) < g(x)+e < fulx) + €. Then for each n € N, ¢ > 0 and z, we get n’(n,z,¢) and a
neighborhood U (n,z,¢) of x such that f},|u, .. < (fn + &)U,z Choose x1,. ..,z such
that Ui, U(n,zi,€) = [a,b]. Let n” = max(n'(n,21,¢€),...,n'(n,z,,¢)). Now fln < fate
on [a,b]. Then f/,(T) < fu(T) + €I, so lim,y f/,(T) < fu(T) + € for all n,e. Since
e is arbitrary, and by symmetry, we get that lim f/ (7)) < lim, f,(T) and lim f} (T) >
lim,, f,(T"). So the limits are equal. O

Now, if we have f, L g > 0, we get g(T') > 0. This is
o still additive: If f,, | g, f, | ¢;, then f, + f, L g+ ¢'. We have

(9+gNT) = WOLm(fu(T) + £,(T)) = 9(T) + ¢'(T).

Lemma 22.2. If f, L ¢ >0, and f}, | g, > 0, then

(99')(T) = 9(T)g'(T).

Proof. We have f,f} | g¢’, so (g¢')(T) = WO lim,(f,, f},)(T). We want to show that the is
the product of the limits of f,(T) and f/(T). By polarization, it is enough to show that
limy, ((fuf})Tx,z) = limy, limy, (f,(T)f.(T)z,z). The limit of the diagonal terms is the
same as lim,, lim,, because the array is decreasing in n,m (a basic real analysis fact). O
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Given A infa,b] and n € N, define

1 t<A
ort) =4 —n(x—(A+1/n)) A<t<A+1/n
0 t>A+1/n

Then @) | 1(_oo ] as n — 00. Define E()) := lim, o (T).
Here are the properties of E(\):

1. E()) is self adjoint (as a WO limit of self-adjoints).
2. EQN) = 1o n(T) = ﬂ%ﬁoo’/\](T) =E(\)>.
3. If A > p, then
E()EX) = ENE() = (-0 L (o0 (T) = E(p).
4. Declare E(\) =0 if A < a and E(b) = lim,, 1(T) = 1.

5. Fix A € [a,b]. Then E(u)r — E(MN)z as u | X for all x € H. Equivalently,
(BE(p) = E(N))x, x) — 0.

To show this, we know (E(\)z,z) = lim, (¢)(T)z,z). Pick n large enough so that
{op(T)z,z) < (E(A)z,x) +e. This is also lim,,j (¢h(T)z,z). So for p close enough
to A, we get

(B(u)z,z) < (ph(T)x,x) < (pp(T)z,x) +e < (E(\)a, z) + 2.
This gives us a spectral family for 7. If a <y < A < b, then
E(u,A] := E(A) = E(u) = WO lim[p(T) — ¢h(T)].
This gives us
TE(u, Al = WOlm T[i(T) — @}y (T)] = WOLim((t - (pp(t) — i ()))(T)]-

Now
11 < Heon(E) — @A) < ALuasi/ng

Taking the weak operator limit, we get
pE(p, A) < TE(u,A) < AE(p, A).
Now let a =X g < A1 <--- < A, =0b. Then

I = E(B)
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(E(An) = E(An-1)) + - + (E(A1) — E(X0))
= E(a, )\1] + E()\l, /\2] + -+ E()\n_l, b]
Multiplying by T', we get
T = TE(a, )\1] + TE()\l, /\Q] + -+ TE()\n_l, b]

So we get

Z NicitENi—1, ) T < Z NE (i1, Al
i—1 i—1

This gives
> At (Biy, A, z) < (T, ) < X (B(hioy, A, @)
i=1 i=1

These are partial sums in the definition of the Riemann-Stieltjes integral. So taking the
limit as max; |[A; — Ai—1| = 0, we get

(Tz,x) = /Ad(E(A)at,a:).
This completes the proof of the spectral theorem.

22.2 Borel functional calculus and spectral measure

How far can we take this functional calculus? Here is another method which allows us to
extend to all Borel functions. Assume we have a continuous functional calculus: f +— f(7T)
for all f € C([a,b]). Given z,y € H, consider

f= {f(T)z,y).

This is bounded by | (f(T),z,y) | < || fllsupllz]/|y]|. So there exists some p,, € M([a,b])
such that ||uzyll < llz|llyl| and (f(T)z,y) = [ fduzy. So given g bounded and Borel,
define

Qg(,y) :Z/gduz,y~
This is bilinear in z,y and bounded: |Qq(z,y)| < |lgllsllz||||y]l. At each step, our con-
struction is symmetric in z,y, so Qq(x,y) is symmetric in z,y. Now define g(7') by
(9(T)z,y) = Q4(x,y). We can now define, as before, 1(_ (7).

The advantage of this method is that we can also define F(A) := 14(7T) for all A €
B([a,b]). We can now show that

e Every E(A) is a projection.

76



e F(ANB) = E(A)E(B).
e E(2)=0, and E([a,b]) = I.

o B(U, An) =3, E(Ay).

This gives a spectral measure, which has the properties of a measure but takes values
in projections. More advanced versions of the spectral theorem use this approach.
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23 Spectral Theorem for Normal Operators

23.1 Spectral theorem for normal operators

Let T be a self-adjoint, bounded operator on a Hilbert space H. We have shown that

T:i/ AdE(N),
[a.0]

in the sense that

(T, y) = o AA(E(A), z,y),

where d (E()\), z,y) is the Lebesgue-Stieltjes measure given by the map A — (E(X\), z,y).
We can extend our functional calculus to Borel-measurable functions by defining f(7)
to satisfy

(f()z,y) = F) dEX), 2, y).

[a,b]

So we can construct a spectral measure E : B([a,b]) — Proj(H) such that
e E(@)=0, E([a,b]) =1,

o If A, are disjoint, E(J;~; An)z = > 7 E(Ay)x for all z (this is a weak operator
convergent sum).

e E(ANB)=E(A)E(B) for all A, B € B([a,]).

Diagonalization of an operator looks like

T= > AP,

A€oyp(T)

In the self-adjoint case, all As must be real. In the case of normal operators, A may be
complex.

Theorem 23.1 (Spectral theorem for bounded normal operators). Let H be a Hilbert
space over C, and let N € B(H) be normal. Then there is a compact D C C and a spectral
measure E : B(D) — Proj(H) such that

N:me@.

In other words,
Ve, = [ 2B,

where U w— (E(U)x,y) is a complex-valued measure for each z,y € H.
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Given N, we can write S + i1, where S, T are both self-adjoint and commute.

Lemma 23.1. In the spectral representation of T', every E()\) commutes with every oper-
ator that commutes with T .

Proof. 1If p € R[t]) and S commutes with 7', then S commutes with p(7"). Commutativity

survives for f(T') with f € C([a,b]) by convergence in operator norm. Finally, if 7}, Wo,
and ST,, = 1T,5S for all n, then

(STz,y) = (Tx, S*y) = lim (T,z, S™y) = (T'Sz,y),

for all x,y € H,so ST =TS. O
Corollary 23.1. ES(u)ET(\) = ET(AN)E®(u) for all A, p.
Proof. Apply the lemma twice. O

Now, given (p, q] + i(r, s] C C, define

E((p.q) +i(r, s]) = E((p, q)) + iE" ((r, ])
= (E%(q) — E%(p)) +i(E(s) — ET(r)).

Warning: We may have (E5((p, ) E”((r, s}z, u) # (ES (g, )z, y) (E7((r, s}z, ).
Let ¢ = inf (Sz,z) and b° = sup (Sz,z), and define a” and b” similarly. We can now
define

N’:/ zdE(z), D =[a®,b%] +i[aT,bT].
D

We want to check that N = N. Using the spectral theorem for self-adjoint operators,

N' = / xdE(z) —1—2'/ ydE(z) =S +1iT = N.
D D
The middle step is by a “Fubini”-type argument.

23.2 Approximate eigenvalues

In the compact case, we had T'= Y2, A\; P,, where the \; were the eigenvalues of T'.

Definition 23.1. Let X be a normed space. A € C is an approximate eigenvalue for
T e B(X) if
inf{[[(T" = N)z| : ||« = 1} = 0.

For compact operators, we saw that these were actually eigenvalues of the operator. In
general, this isn’t true. Here is an example:
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Proposition 23.1. Let H = L?([0,1]), and let Tf(z) = xf(x). Then X is an approximate
eigenvalue if and only if A € [0, 1].

Proof. Let 0 < XA < 1,50 (T — A\)f(z) = (x — \)f(z). For any ¢ > 0, pick f € L%([0,1])
with ||f]| = 1 such that f(z) =0if = ¢ (A —e,A+¢€). Then |Tf|| < el f]. O

How does this play into our spectral representation, T' = f[a b] AAE(N)?
Definition 23.2. The support of E is {\: E(A+¢) # E(A —¢) Ve > 0}.
Proposition 23.2. The support of E is the set of approrimate eigenvalues for T'.

Proof. (2): Suppose that E(c) = E(d) for some a < ¢ < d < b, and let ¢ < p < d; we will
show that p is not an approximate eigenvalue. Then

T = / AE(N) = / AAE(N) +/ AAE(N),
[a,b] la,c] [d,b]

so we get

T = /[wb] NAE(\) = /[m(/\ ~ W) dEQX) + / (A — p) dE(N).

[d,]

T1 T2
Both T3 and T3 are reduced by I = E(x) + E(d, b]. If we write x = 1 + x2, then
[T = e = plllzdll, Toze] = [d = plflz2],

so we cannot make these arbitrarily small.
(D): If p € spt(E), let € > 0. Then E(pu—e, u+ €] # 0. Pick z with ||z|| = 1 such that
E(p—e,pu+€lx =x. Then

(T =)= [

(A —n) dE(/\)wZ/ A =) d(EN)z,y) <ellz|llyll. O
[a,b]

[n—e,pute

This will give us a better idea of what the set D is. It will be a set of eigenvalues.

23.3 Banach algebras

Definition 23.3. An algebra over F is a vector space A over R togetehr with a multi-
plication A x A — A : (a,b) — ab which is associative and distributive with addition. An
algebra has an identity if there is some e € A such that ea = ae = a for all a € A.

Definition 23.4. A Banach algebra is a Banach space A which is also an algebra such
that
lab]| < [[all[[oll,  Va,be A
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Example 23.1. Let X be compact and Hausdorff. Then C'(X) is a Banach algebra. If X
is locally compact, Cy(X) is a Banach algebra.

Example 23.2. L>°(u) is a Banach algebra.
These are all commutative. Here are some noncommutative examples.
Example 23.3. B(X) is a Banach algebra if X is a Banach space.

Example 23.4. The collection of compact operators, B(X), is a Banach algebra (when X
is a Banach space).
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24 Banach Algebras

24.1 Convolution of measures

Understanding Banach algebras will help us obtain a better understanding of the spectral
theorem.
Here is a motivating example.

Example 24.1. Let G be a locally compact Hausdorff group (so you can think of G = R%).
Then there is a space M (G) of finite, regular, F-valued Borel measures. Given pu,v € M(G),
define the convolution

prv(A) = px ({(g,h): gh € A}).

This is related to convolution of functions: dy = fdm and dv = f'dm, then f(uxv) =
(f * f")dm. We could alternatively define this by its action on f € Cy(G):

[t = [[ sam dutg) dvi.

This is distributive over addition, and associative:

/ F ()« A) = / / F(ghk) Fiu(g) dv(h) dA().

Observe that

/fd(u*V)

- ] [[ st auto) du<h>' < [[ sl it < 151 el - 1],

so |[p v < flllflv ]l
There is also an identity element with respect to convolution, §.. We have

(0c 1) (A) = (0 x p)({(g,h) : gh € A}) = p({h : h € A}) = p(A),

and a similar property holds for right multiplication by d.. You can also check that d,%d;, =
dgn- So M(X) is a unital Banach algebra with convolution as the multiplication.

24.2 Invertibility and ideals

Definition 24.1. Let o7 be a Banch algebra. Then x € &/ is left-invertible if there is
some y € o/ such that yzr = 1, right-invertible if there is some y € & such that zy =1,
and invertible if it is left and right invertible.

If x is left and right invertible, the inverses are the same: z = yrz = y. We write this
as v L.
One important question is: Given an algebra, can we recover information about what

generated it?

82



Definition 24.2. M is a left ideal in & if M is a vector subspace and xy € M for all
x € Aand y € M. M is a right ideal in & if .# is a vector subspace and yx € M for all
x € Aand y € M. M is an ideal if it is a left and right ideal.

Example 24.2. The compact operators, By(X) C B(X), form an ideal.

Example 24.3. Let X # & be compact, and let K C X be closed and nonempty. Then
CX)2{feC(X): flxk =0} =I(K). Then K C L < I(L) C I(K).

These get bigger if K gets smaller In fact, there is a correspondence between maximal
ideals of C'(X) and points of X. So we can recover X from C(X).

Lemma 24.1. Let o/ is a Banach algebra with identity, and let x € o/ have ||z — 1| < 1.
Then x is invertible.

Proof. Let y := Y 32,(1 — x)*. The norm of the k-th term is < 1||1 — z||*. So this is an
absolutely convergent series. So for any z € A, we have zy = 372, 2(1 — z)*. This gives

o0 o0

I-a)y=) 1-2)1-a)f =) (1-a)" =y - (1-2)"
k=0 k=0
So we get zy = (1 —z)° = 1. O

-1
Corollary 24.1. If [z — 1| <e <1, then |27 — 1| < 1=

Proof.
oo [o.¢] c
- k k
lz~! = 1| = 21—@ <> |-z <o O
k= k=1

Corollary 24.2. Ifba =1 and ||c — a|| < 1/||b||, then c is left-invertible.

Proof. We have
lbc = 1| = [|bc — bal| < [|b]lllc — afl < 1.

so there is an x = (bc)~!. So (xb)c = 1 means that xb is the inverse of c. O
Proposition 24.1. Let &/ be a Banach algebra with identity, let Gy be the left-invertible

elements, let G, be the right-invertible elements, and let G = Gy N G,.. Moreover, the map
G — G:xw— x~ b is continuous.

Proof. Openness follows from the previous corollary. For continuity, if z € G, suppose that
ly — z| < et for some small enough ¢ > 0. Then ||[z~ty — 1|| < ]|z~ || < 1. So

1 ell="1
I(z"ty) ™ =1 < 17
1—ellz=1|
Then y~! exists (because it is equal to (z7!y)"'z~!, and
—12
—1 —1 ellz” ||
— —_— ]
Hy H 1—6”1'_1”
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24.3 Maximal ideals and quotients

Definition 24.3. A left/right /two-sided ideal M is maximal if it is
1. proper (M # A),
2. M is not properly contained in any other proper ideal.
Corollary 24.3. If &/ has an identity, then
1. The closed of a left/right/two-sided ideal is an ideal of the same kind.
2. Mazimal ideals are closed.

Proof. Check the proof of (1).

If M is a maximal (e.g. two-sided) ideal, then M NG, = @. This is because if v € M NGy,
then there exists some y such that yx = 1. So 1 € M, but then a =al € M for all a € /.
So M = /. In fact, we have M NGy = @. Now M = M by maximality. O

Example 24.4. The algebra Co(R) 2 C¢(R) = {f : fl[—a,qc = O for some a}. This is a
dense ideal. This tells us that this fact really relies on the existence of an identity.

Proposition 24.2. Any proper (left/right/two-sided) ideal in any algebra is contained in
a mazimal (left/right/two-sided) ideal.

Proof. Zorn’s lemma. O

Lemma 24.2. Let </ be a Banach algebra, and let M be a closed idea in </ . Then <f /M
is still a Banach algebra.

Proof. Given (x+ M), (y+ M) € o/ /M, define (z+ M)(y + M) := xzy+ M. To show that
this is well-defined, we have that for any m,n € M,

(x4+m+M)(y+n+M)=azy+my+azn+mn+M =azy+ M.
—_—
eM

To check that o/ /M is a Banach algebra, we have
Iz + M)(y + M)|| = |lzy + M| < [[zy[| < [lz][|ly]-

This is true for all z,y, so we can take the inf over z and y to get ||(x + M)(y + M)|| <
(@ + M)[[[[(y + M- O
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24.4 The spectrum of an element

Definition 24.4. Let &/ have an identity, and let 2 € A. The spectrum is o(z) = {\ €
F : x — X not invertible, the left-spectrum is oy(z) = {\ € F : x — A not left-invertible,
and right-spectrum is o,(x) = {A € F : © — X not right-invertible. The resolvent is

plx) = F\ o(x).

Example 24.5. Let X be a compact, Hausdorff space, and let f € C(X). Then o(f) =
f(X) is the image of f. If g(f — A) = 1, then g(z) = ]”(T%—)\ for all x.
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25 Weakly Compact Operators

25.1 Weak compactness and reflexivity

In this lecture, X, Y, etc. will be real'® Banach spaces. We will write Bx as the closed
unit ball in || - || x.

Definition 25.1. T € B(X,Y) is weakly compact if T(BX)Wk(Y) is is weakly compact
inY.
We will start with a bit of a digression. Suppose we have a Banach space X. We can

embed it inside its dual X*x by x — 2. The weak topology of X is the restriction of the
weak™ topology on X** to X. We will denote by 7 the weak™ topology on X**.

Proposition 25.1. Let X be a Banach space, and let 7 be the weak® topology on X**.
Then Bx = Bx=~; i.e. Bx is T-dense in Bx»=.

Proof. Let C := Bx C Bx=«+. Suppose that z € By \ C. Then, by Hahn-Banach, there
exists a continuous linear functional f on (X**,7) and a € R such that f(C) < a < a+e <
f(2). That is, there is a continuous linear functional on X such that

C(f) <a<a+e<z(f)

Moreover, C(f) contains a neighborhood of 0. By rescaling f, we can take = 1. Then
C(f) ={y(f) :y € C} D {f(x) : € Bx}. What this says is that || f||x+ < 1. However,
since z(f) is the pairing of elements in the unit balls of their respective spaces, we should
not have z(f) > 1, O

Corollary 25.1. X is dense in X**.
Corollary 25.2. X is reflexive if and only if Bx is weakly compact.

Proof. ( = ): This is Banach-Alaoglu.
(<= ): If Bx is weakly compact, then Bx C X** is compact for 7. So By is closed in
(X**,T). Then BX:BX :Bx**. O

We can rephrase this corollary as the following:
Corollary 25.3. X is reflexive if and only if Ix is weakly compact.
Proposition 25.2. If X orY is reflexive, then every T € B(X,Y) is weakly comapct.

—Y
Proof. Consider T'(Bx) C Y; we want to show that this is weakly compacts. If X is
reflexive, then By is comapct, so T'(Bx) is weakly compact. On the other hand, if ¥

is reflelxvibe, r(By) is compact for all ». Now take r large enough so that T(BX)Y -
TBy. ]

3The story is not so different for the complex case.
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Proposition 25.3. If S or T is weakly compact, so is SoT.

This is the same proof as before.

25.2 Characterization of weak compactness

Corollary 25.4. T € B(X,Y) is weakly compact if it has a factorization

x T,y

va[/%

where W is reflexive.
Theorem 25.1. This is an exact characterization of weak compactness.
Proof. Every T has the factorization

x T vy

o 4

X/kerT

where T'(Bx) = T(BX/ kerT)- So it is enough to treat T. So we may assume that ker T =
{0}.

Switch to regarding X C Y with different norms ||-||x and ||- ||y, where ||-|lyv|x < |- llx
(meaning there is an implicit constant in the inequality). We will find a W and || - || with
X <W <Y such that (W, |- |lw) is reflexive, || [[y[w < [ - [lw, and || - lw]x < |- [|x-

The idea here comes from the theory of interpolated Banach spaces. For w € Y,
let p,(w) = inf{27"||z||x +2"|lyllw : = € X,y € Y,x +y = w}.'* These are new norms

on Y. Let
p(w) = /an(w)Q, W= {w: p(w) < oo}.

1. The p, satisfy the triangle inequality, so p does, too. Then p is a norm on W, and
(W, p) is a normed space. Moreover, W is a Banach space.

Check that

2. If z € X, then py(z) < 27"||z| x, so p(x) S |||l x-

“Tmagine you can pay for 2 € X with || - ||x and y € Y|| with || - ||y. Then this is the least you have to
pay for w.

87



3. If w € W, then p;(w) < p(w). So there exists a decompostion w = x + y such that
lzllx + llyllw < p(w). So flwlly =z +ylly < p(w).

To finish, we will show that W is reflexive. What is the dual of (W, p)? We claim that
f € W* if and only if there is a sequence (f,)n, € Y* such that f(w) =", fn(w) for all w
and >°, pi(fn)? < oo, where p} is the dual norm on Y* induced by py,.

Let Y,, = (Y,py). Then W is isometrically isomorphic to a subspace {(yn)n € @2 Yy :
Yn = Ym Vn,m}. Check that the dual of @Y, is @;.Y,;. So W* is the quotient
(@;:Y,r)/W. This proves the claim.

To show that W is reflexive, we will show that Iy is weakly compact. Now suppose
(2j); € Bw; we want to find a weakly convergent subsequence in W. We may assume
that p(z;) < 1 for all j. Write z; = ;, + y;n such that 27"z ,| x + 2™||yjn|y is very
close to pp(zj). In particular, p,(z;) < 1 for every n, so ||z;,|x < 2" and ||yjn|y <27

Because By is weakly precompact in Y, for each n, there is a y, € Y such that z; wk, Un

as j — oo. We also have that for each j, |2, — zjmlly = |[Yjn — Yjm| < 277 +27™,
Taking j — oo, we get ||y — ymlly < 27" + 27 (weak limits cannot increase norm). So
lI-lly

Yn — Yy € Y as n — oo. So we get that z; — y (weakly in Y'); check this from the
definition.

To finish, we need y € W, and we need to show that z; — y weakly in W. The point is
that for each n, p,(y) < liminf; p,(2;). Then Fatou’s lemma gives p(y) < liminf; p(z;) <
00. Soy € W. Now for f(y) = >, fu(y) = >, lim; f,(2;). We can take out the limit
outside the sum because | fn(y)| < pj,(fn)Pn(y)., which is a uniform bound. O
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26 The Spectrum and The Spectral Radius

26.1 The spectrum of an element

Let & be a Banach algebra with identity 1. Recall that if |ja — 1|| < 1, then a~! exists and
equals > (1 — a)k. The spectrum of a is 0(a) = {z € F: 2z — a is not invertible in A}
(and similarly for right/left spectrum o,, o). The resolvent is p(a) =F \ o(a).

Example 26.1. Let X be a compact, Hausdorff space. If f € C(X), then o(f) = f[X].

Example 26.2. Let X be a Banach space, and let A € B(X). Then
o(A)={A€F:A—)\is not a bijection X — X},
o(A) ={X e F:inf{|[(A— Nz : [|z|| = 1} = 0}.

Example 26.3. If F = R, we can have elements with empty spectrum. For example, take

[(1) _01] € My(R).

If we take this as an element in M3 (C), the spectrum is nonempty. So the spectrum depends
on the space the element is sitting in.

Theorem 26.1. If F = C and a € &, then o(a) is a nonempty, compact subset of
{ze€C: 2] < lal}-

Proof. Consider z —a = 2(1 — a/z). If |z| > |a||, then ||a/z|| < 1. Then (2 —a)~! =
1(1— 2)~1 exists. This tells us that o(a) C {z € C: |z| < |la[|}.
Also p(a) = g~!({invertible elements}), where g(z) = z — a is continuous. Since the
invertible elements form an open set, we have p(a) is open. So o(a) is closed and bounded.
Consider the resolvent function f : p(a) — & by z — (2 —a)~'. This is a continuous

map from p(a) — {invertible elements in «7}. If |z| > ||a||, then

J(2) = i(l_i) 722’“’

k>0

So we can get

Ha||k
£ < |z[ Z O(1/|#]) as |z| — oo.

k>0

If z € p(a), then

f(Z—i—h})L—i-f(Z) h—0 ((z—a)_1)2
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(proven below). So we can say “f is holomorphic on p(a).”!?

This shows that if o(a) = &, then f is a holomorphic and bounded function. By a
version of Liouville’s theorem (proven below), f is constant. So f = 0. But this is a
contradiction. ]

Lemma 26.1. If z € p(a), then

f(z"i_h]i_‘_f(z) h—0 ((z—a)_1)2.

Proof. If |y € o7 are invertible, then

- y_l = x_lyy—l — :E_lxy_

=z (y—a)y

1

This is called the resolvent identity. So

R R E GRS TS
20 (2 —a) ™2 O

Lemma 26.2 (Liouville’s theorem for Banach-valued holomorphic functions). Let X be a
Banach space. If f: C — X is holomorphic and bounded, it is constant.

Proof. For any p € X*, po f:C — C is holomorphic and bounded, so it is constant. [

This trick is a common way to transfer results from complex-valued holomorphic func-
tions to Banach-valued ones.

26.2 Spectral radius
Definition 26.1. Let a € &7. The spectral radius of a is 7(a) := sup{|z| : z € o(a)}.

az[‘l) 8}

Then a? = 0, so o(a) = {0}. So the spectrum of a is nonempty, but it has zero spectral
radius.

Example 26.4. In M(C), let

Theorem 26.2 (spectral radius formula). Let a € o/. Then

(@) = lim [la"V".

15This is a notion of holomorphic functions that take values in a Banach algebra.
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Remark 26.1. Since the norm is submultiplicative, this is < ||a™||*/™ for any m. So this
equals inf,, [|a”||*/".

Proof. (<): We know that r(a) < |al|. We claim that o(a™) = {z™ : z € o(a)}.!°
If A € C, then ™ — X = [[";(a — w;), where the w; are the m-th roots of X\. Since
each a — w; is invertible, a™ — X is invertible. If a™ — X is invertible, then (a — w;)™! =
[T75(a —w;)(a™ — A)~t. This proves the claim and gives us 7(a™) = r(a)™ for any m. So
r(a) = r(a™)Y™ < ||a™||/™ for all m.

(>): Let h(w) = (2 —a)™! for w such that 2 € p(a). Extend this so h(0) = 0. As
before,

h(w)=w> wha" Y| < [la| ™",
k>0

and h is holomorphic on {0} U {21 : z € p(a)}. Now we use a fact from complex analysis
(which extends to this case): By Hadamard’s formula for the radius of convergence of a
series, the supremal R such that h has a holomorphic extension to the ball B¢(0, R) equals
the radius of convergence of the series; this is lim,, 1/||a™||*/". So inf{1/|z| : z € o(a)} =
lim,, 1/|]a™||*/™. O

Remark 26.2. Here is another way to show that the sequence converges. We have
la™ ™| < ||la™]| - [[a™]], so log[la™™| < log|la™|| + log ||a™|. Now use Fekete’s subad-
ditive lemma.

Example 26.5. For f € L?([0,1]), the Volterra operator is

x 1
Vi) = /0 ;= /0 Lyen /(9) dy.

Then o(V) = {0}, so (V) = 0.

Proposition 26.1. Ifz € p(a), then ||(z—a)~!|| > m. In other words, dist(z, o (a)) >
1/lI(z = a)~]I.

If z is in the spectrum, (2 — a)~! doesn’t exist. This says that if z is close to the
spectrum, then this blows up.

Proof. If h € C with |h| < H(Z*ii)_ll\’ then

z4+h—a=(z—a)(h(z—a)"t +1)

is invertible. So B(z,1/|(z —a)~Y)) C p(a). O

16This is a special case of the spectral mapping theorem, which we will discuss later.
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26.3 Riesz functional calculus

Here is a teaser for what we will discuss next time.

If a € &7, then the resolvent map f : p(a) — o7 takes z + (z —a)~'. Any holomorphic
f: G — o satisfies Cauchy’s integral formula. As a result, if G is an open subset of C
with G D o(a), then let I' = 73 U --- U, wind once around any z € o(a) and 0 times
around any z € C\ G. Then if f : G — C is holomorphic, define

F(a) = % /F F()(z—a)tdz e .

This allows us to produce more elements of our Banach algebra.
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27 Riesz Functional Calculus and The Gelfand Transform

27.1 Riesz functional calculus

Theorem 27.1 (Cauchy’s integral formula). Let G C C be open, let f : G — C be
holomorphic, and let ' =~ U---U~, be a system of contours such that the total winding
number around any point in C\ G is 0. Let z € G\T'. Then

o k! 1
(winding # of T' around z)f*)(z) = éwf(w) dw Vk > 0.

T 2mi w)

This is ok when the target space is a Banach space X. The idea is that if & is a Banach
algebra over C with identity and a € <7, we let G be an open neighborhood of o(a). Then
there exists some I' = vy, U - -+ cupy,, such that the winding number is 0 around any point
in C\ G and 1 around any point in o(a).

Now define

fla) = 5 ;g f(w) - (a— w)~ duw.

This is well-defined because if we define this with I" and I", the difference is a sum of zeros
by the Cauchy integral formula. Here are the properties of the functional calculus we get
from this:

Proposition 27.1. Let o/ be a Banach algebra with identity, let a inge/, and Hol(a) be
the functions holomorphic on the spectrum of a. Then

1. Hol(a) — & : f — f(a) is an algebra homomorphism.

2. If f(2) = 2 >0 az® has radius of convergence > r(a), then
Fa) =3 axat
k

3. If f1, fa,..., f are all holomorphic on G 2 o(a) and f, — f uniformly on compact
subsets of G, then fp(a) — f(a) in | |lco-

Remark 27.1. These properties uniquely determine this algebra homomorphism. The
proof uses Runge’s theorem; first do this for rational functions, and then extend via density.

27.2 Abelian Banach algebras

To return to the spectral theorem, we first need some considerations about abelian Banach
algebras.

Example 27.1. Let C(X) be a compact Hausdorff space. Then C(X) is an abelian,
Banach algebra. The maximal ideals in C'(X) are the sets {f : f(x) = 0}. This tells you
that you can recover X by looking at the maximal ideals of C'(X).
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Theorem 27.2 (Gelfand-Mazur). Let o/ be a Banach algebra with identity. Assume that
o/ is a division ring (every nonzero element of </ is invertible). Then o7 = C - 1.

Remark 27.2. We are not assuming o7 is abelian, but this follows from the proof.

Proof. Let a € o/, and choose A € o(a). Then a — A is not invertible, so a — A = 0. So
a = Al. O

Proposition 27.2. Let o/ be a unital, abelian Banach algebra over C If h : of — C 1is
a homomorphism (sending 1 — 1), then ker h is a maximal ideal, and all mazimals ideals
arise this way uniquely.

Proof. 1f a € ker h and b € o7, then h(ab) = Oh(b) = 0, so ab € ker h. So ker h is an ideal.
If ker H C M C of, where M is an ideal, then h(M) is a subspace of C (and actually
an ideal). Then h(M) = C or {0}. Since M is proper, we get h(M) = {0}. So M = kerh
is an ideal and is in fact maximal.
Now let M be a maximal ideal. There is the quotient map @ : &/ — &/ /M. Since
M is maximal, & has no nontrivial ideals. Then all nonzero elements are invertible, so
by Gelfand-Mazur, we get that o/ /M = Cl, ;. If we call the isomorphism 7 : &/ /M —

Clym, then M = ker(m o Q). O
Lemma 27.1.
{a € & : a not invertible} = U M.
Mmaz.
ideal

Proof. If a is in the left hand side, then {ab : b € &/} is an ideal without 1. So it is
contained in a maximal ideal.

On the other hand, if ab =1 and a € M for some ideal, then 1 € M. Sob=1b € M,
making M = o7 . O

We take the convention that ||1]|, = 1.
Proposition 27.3. Any homomorphism h : o/ — C is continuous with ||h|| o~ = 1.

The idea is that homomorphisms are a special kind of linear functional, the ones that
preserve multiplication. This says that they are all contained in the unit ball of .&*.

Proof. h is continuous because ker h = M is closed. To show the norm estimate, we have
h(1) = 1, which gives ||h||os» > 1. Now let a € o7, and let A = h(a) € C\ {0}. Then
h(1—%)=0,s0 1~ % is not invertible. Then |§|| > 1. This gives |A| < ||a]|. O
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27.3 Maximal ideal spaces and the Gelfand transform

Definition 27.1. The maximal ideal space of .« is
Y ={h € &* : h unital homomorphism}.
Proposition 27.4. X is compact for the weak* topology.

Proof. ¥ C B+, which is compact by Banach-Alaoglu. Also,

S ={h € By~ :h(1) =1} N () {h € By~ : h(ab) — h(a)h(b) = 0},
a,bed/

which is an intersection of weak™-closed sets. So ¥ is compact. O

Theorem 27.3. If X is a nonempty, compact, Hausdorff space, then x +— &, is a homeo-
morphism X — X, the mazimal ideal space at C(X).

Proof. We only need to show that every maximal ideal M in C(X) has the form {f :
f(z) = 0}. By Riesz representation, h(f) = [y fdu. Since |[h]| =1, h(1) = 1. So p is a
probability measure. Now f € M <= [ fdu =0. And if f € M, then |f|> = ff € M|
so [|f |2du = 0. Check that this implies that the support of y is a singleton. O
Proposition 27.5. Ifa € &7, then o(a) = {h(a) : h € L}.

Proof.

A € o(a) <= a— X not invertible
<= a — A is contained in some maximal M
<= h(a) — A =0 for some h € ¥. O

Definition 27.2. The Gelfand transform of a € & is the function @ : ¥ — C with
a(h) = h(a).

Now we can basically write the functional calculus but in reverse:

Theorem 27.4. a — a is a continuous homomorphism of — C(X). Its kernel is rad(A) =
Mhes ker b, and
[@llsup = lim [la" (/" < [a].

Proof. @ € C(X) because @ = h(a) is the kind of functional which defines the weak*

topology. The expression for the norms is the spectral radius formula. Lastly, @ = 0 for all
h if and only if h € rad A. This is an ideal (and intersection of ideals is an ideal). O

95



The Gelfand transform is the canonical “best possible way to compare 27 to continuous
functions on something.” It’s the best way because if we have another map & — C(X),
the radical will still get sent to 0. Next time, we will discuss conditions under which this
map is surjective.

Example 27.2. Let V € B(L?([0,1])) be the Volterra operator, so o(V) = {0}. Then
[V™||'/™ = 0. Let & = {p(V) : p € C[z]}. This is an abelian Banach algebra with identity.

The Gelfand transform sends V +— V = 0. Then if p(z) = > o arz®, RV\) =ap-1. So
the kernel of the Gelfand transform is the unique maximal ideal. You can check that this

is {p(V) : p € C[X],p(0) = 0}.
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28 ("-Algebras and Normal Functional Calculus

28.1 ('*-algebras

Definition 28.1. On an algebra & over C, an involution is a map &/ — & : a — a*
such that

1. (a*)* = a,
2. (ab)* = b*a*,
3. Ma+b)*=Xa*+b* forall A\ € C, a,b€ &.
This this & is a *-algebra.
Definition 28.2. A Banach algebra with an involution is a C*-algebra if
lall? = la*a]  Va€ .
Example 28.1. Operators on a Hilbert space form a C*-algebra:
|IT2||? = (Tz, Tx) = (T"Tw,z) < | TT]|||z]*.
Example 28.2. By(H) is a C*-algebra (without identity, unless dim H < o0).
Example 28.3. If X is compact and Hausdorff, then C¢(X) is a C*-algebra with f* := f.
Henceforth, we will only deal with unital C*-algebras.

Proposition 28.1. Let o/ be a C*-algebra. Then for all a € o, ||a*| = ||al|. If o is
unital, then 1* =1 and ||1]] = 1.

Proof. We have ||al|? = ||a*|/||a]| < ||a*||||a||, which gives ||a|| < |la*||. Switching a and a*,
we get the other inequality.

Suppose a € &/. Then 1*a = (a*1)* = (a*)* = a (and same for right multiplication), so
1* = 1. This gives ||1]|* = ||[1*1]| = ||1]|, so [|1]| = 0 or 1. But this is a norm, so |[1]| = 1. O
28.2 Self-adjoint, normal, and unitary elements

Definition 28.3. a € & is
e self-adjoint if a = a*,

e normal if aa* = a*a

1

e unitary if a* =a7".

Proposition 28.2. Let a € <.
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1. If a is invertible, then a* is invertible, and (a*)~! = (a=1)*.
2. a =z + 1y, where x,y are self-adjoint.
3. If w is unitary, ||u|| = 1.
4. If a is normal, its spectral radius is r(a) = ||a]|.
Proof. 1. We have a*(a™1)* = (a"la)* = 1* = 1.

*

2. Letx:“’LT“andy:agl‘.l.

3. [lull? = Jluuf = L.

4. We know that r(a) = lim, ||a”|'/". In particular, we can take a subsequence with
powers of 2. We have

la®" (27 = [l T P = e =

= lall.
So limy, [|a®"[|2™" = [|al|. O
Proposition 28.3. Let h: .o« — C be a nonzero homomorphism. Then
1. If a = a*, then h(a) € R. In particular, if <7 is abelian, o(a) C R.
2. h(a*) = h(a).
3. h(a*a) > 0.
4. If u is unitary, then |h(u)| = 1.
Proof. 1. We know ||h||a~ < 1. Let t € R, and consider h(a + it). We have
|h(a) + it|* = |h(a + it)|?
< la+it|?
= (a+it)"(a +it)
= [[(a — it)(a +it)
= fla? + 7|
< Jla?l| + 2

If h(a) = = + iy, then we get 22 + (y +t)? < ||a||*> + ¢* for all t. This gives us
22 4+ y? + 2yt < ||a||? for all . So we get y = 0.

2. If a = a + iy, where x,y are self-adjoint, then ¢* = x — iy. Now apply h.
3. h(a*a) = h(a*)h * (a) = |h(a)|?.

4. We have 1 = uu®*. Now apply h. O
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28.3 The Gelfand Transform and functional calculus for normal elements

The extra structure here makes it clear why the spectral theorem is true.

Theorem 28.1. If o/ is an abelian C*-algebra, then the Gelfand transform of — C(X) is
an isometric *-isomorphism,

Proof. 1t preserves the involution because

a*(h) = h(a*) = h(a) =

o)

(h).

If a € o7, then a is normal, so ||@||sup = 7(a) = ||a||; so the transform is isometric.

To check that this is surjective, by the Stone-Weierstrass theorem, we need only check
that <7 separates points. If hy # hg, then let a € &7 be such that hi(a) # ha(a). Then
a(hy) # a(ha). O

This gives us a full functional calculus: if o is any abelian C*-subalgebra of B(H),
then there exists an isometric *-algebra isomorphism C(X) — &7, namely the inverse of
the Gelfand transform. If N € B(H) is normal, then C*(N) := {p(N,N*) : p € C[z,Z]} is
an abelian C*-algebra which contains N. So normal operators are precisely the ones that
have a functional calculus like this.

Proposition 28.4. In this example, Yc«(ny) is homeomorphic to o(N) C C under the
homeomorphism N: Yo vy = C.

Proof. We know that N(X) = {h(N) : h € S} = o(N). We need to check that if N(hy) =

~

N (hz), then hy = ha. We have hi(N) = ha(N), so

hi(N*) = hi(N) = ho(N)ha(N™*).
So hi, hy agree on any polynomial in N, N*, which means h; = hs. O

Let @ : C(o(IN)) = C*(N) be our functional calculus. For any f € C(o(N)) and
x,y € H, consider

(@(f)x,y) = /(N) fdﬂx,y

for some complex-valued Borel measure p, ,. The right hand side is defined for all bounded
Borel functions f on o(N). Use this to define ®(f) for some functions. This extends ® to a
functional calculus from all bounded, Borel functions on o(N) to B(H). To get a spectral
measure of N, use ®(14) for all Borel A C o(N).

Remark 28.1. We can look at abelian algebras generated by multiple commuting opera-
tors. There is a form of the spectral theorem in that setting, too.
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