GOALS PREREQUISITE NOTES

These notes represent a crash course in functional analysis, focusing on ideas and concepts that will be
referenced during the GOALS mini-courses. While it is likely you have been exposed to some of this material
in a graduate analysis course, for the purposes of GOALS there is no expectation that you have seen all of it
before. Moreover, you are not expected to master all of the concepts presented here. Instead, we ask only
that you familiarize yourself with these notes enough to not be caught off guard when these concepts arise in
the mini-courses. We encourage you to post questions in the Piazza forums, or email the organizers directly.

Many of the results below are presented without proofs. In most cases, proving them yourself would be
an excellent exercise. Detailed proofs can also be found in most standard textbooks on functional analysis.
The presentation below is based on this MSU Functional Analysis Couse, which followed John B. Conway’s
A Course in Functional Analysis, Second Edition (Springer, 1990).

Throughout the notes, all vector spaces are taken to be over C.
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1. Hilbert Spaces
Definition 1.1. For a vector space V, an inner product is a map (-, -) : V x V — C satisfying:

1. {(ax+by,z) =a(x,z) +b(y,z) for all a,b € C and x,y,z€ V (linearity);

2. (x,y) =(y,x) for all x,y € V (conjugate symmetry);

3. (x,x) >0 for alxeV (positive semi-definiteness);

4. (x,x) =0 if and only if x = 0. (non-degeneracy).


https://users.math.msu.edu/users/banelson/920.html
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A degenerate inner product is a map satisfying (1)-(3), but not (4). That is, there exists a non-zero
x € V with (x,x) = 0.

An inner product space is a pair (V, (-, -)) consisting of a vector space and a (non-degenerate) inner
product on V.

Example 1.2.
(1) C™ has an inner product defined by

<(ala .. '7an)7 (blv .. 7bn)> = Za]‘bij

(2) Myxn(C) has an inner product defined by
(A, B) := Tr(AB*)

where B* is the conjugate transpose (adjoint) of B.
(3) Let (X, p) be a measure space with positive measure p. Then L?(X, ) has the inner product

- /X F(2)9(@) dpz).

In particular, if X is an countable set equipped with the counting measure u, then L?(X, ) can be
identified with

(X)) = {(az)zex € cX Z laz|* < oo},
zeX
which has the inner product

<(aI)I€Xa x :EGX Z ar -

zeX

Exercise 1.3. Let (V, (-, -)) be an inner product space. Show that it satisfies conjugate linearity:
(x,ay +bz) = a(x,y) +b(x,z) a,beC, x,y,z€V,
Given an inner product space (V, (-, -)), consider the map || - ||: V" — [0, 00) defined by
x|l = ((x,x))'/*  xeV.
This defines a norm on the vector space V' (see Definition 2.1).

Exercise 1.4. Let (V, (-, -)) be an inner product space. Show that |lax|| = |a|||x]|| for alla € C and x € V.

Note that the non-degeneracy of the inner product implies ||x|| = 0 if and only if x = 0. Moreover, the
previous exercise implies ||x —y|| = ||y —x]| for all x,y € V. Thus, up to establishing the triangle inequality,
we have shown that d(x,y) := ||x — y|| defines a metric on V. This will be a corollary of the next result.

Theorem 1.5 (Cauchy-Schwarz Inequality). Let (V, (-, -)) be an inner product space. For any x,y € V
we have

[y [ < Dyl
Moreover, if the above is an equality then one of x or'y is in the linear span of the other.

Corollary 1.6 (Triangle Inequality). (V, (-, -)) be an inner product space. Then for all x,y,z € V we have
Ix =yl <lx—z| +z -yl
Consequently, (x,y) — ||x —y|| defines a metric on V.
Exercise 1.7. Use the Cauchy—Schwarz inequality to prove the Triangle Inequality.
Recall that a metric space (X, d) is complete when all Cauchy sequences converge.

Definition 1.8. A Hilbert space is an inner product space which is complete with respect to the metric
induced by its norm.
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All of the examples in Example 1.2 are complete and hence Hilbert spaces. For a non-example, consider
(Q+iQ)™ equipped with the inner product it inherits as a subspace from C™. Tt is not complete and hence
not a Hilbert space, but its completion is C”.

A more sophisticated non-example comes from C(0, 1), the space of continuous functions on the interval
(0,1), which we equip with the inner product:

(f,9) :=/0 f(t)g(t) dt.

Observe that this is simply the inner product it inherits as a subspace of L?(0,1). Since C(0,1) is a proper
dense subspace of L?(0,1), it follows that C(0,1) is not a Hilbert space with this inner product, but its
completion is L%(0,1).
Exercise 1.9. Let (V,(-, -)) be an inner product space. Show that if (X,)nen, (Yn)nen C V are Cauchy
sequences then

lm (X, yn)

n—o0
exists. Use this to define an inner product on the completion of V' (as a metric space) making it into a
Hilbert space.

Exercise 1.10. Let H be a Hilbert space and define H := {X: x € H}; that is, H as equivalent to H as a
set but with elements decorated with formal ‘—’ notation. Show that if we equip H with the vector space
operations

X+y=x+y xye€H
ax =a aecC
and inner product
(%,5) = (y,x),
then # is a Hilbert space. H is called the conjugate Hilbert space to .

1.1 Orthogonality and Convexity

Definition 1.11. Let (V, (-, -)) be an inner product space. We say x,y € V are orthogonal and write
x Ly if (x,y) =0. We say two subsets X,Y C V are orthogonal and write X L YVifx Ly forallx € X
andy €Y.

For X C V, the orthogonal complement of X is the set

Xt ={yeV:y LxVxeX}

Observe that by the linearity (or conjugate linearity) of the inner product, X+ is always a subspace of
V (even if X isn’t). Moreover, the Cauchy—Schwarz inequality implies it is always a closed subspace. It is
also easy to check that V- = {0} (that is, the only vector orthogonal to every other vector is zero) and

{0}+ =V.
Exercise 1.12. For x,y € V orthogonal, establish the Pythagorean theorem
I + v = lIx[* + [yl
One very important aspect of Hilbert spaces is how they interact with conver subsets.

Definition 1.13. Let V be a vector space. We say a subset K C V is convex if for every x,y € K one has
tx+(1—t)yCc K forall 0 <¢<1.

Theorem 1.14. Let H be a Hilbert space and let K C H be closed, convex, and non-empty. Then for any
x € H there is a unique yo € K satisfying

— :.f — :dt K .
e = yoll = inf lx =yl (= disi(x, K))

When K in the above theorem is a subspace, we can achieve a stronger conclusion:
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Theorem 1.15. Let H be a Hilbert space and let K C H be a closed non-empty subspace. Forx € H,yo € K
is the unique vector satisfying

_ — inf IIx —
Il = yoll = inf flx -yl
if and only if x —yo € K+.

Given a closed subspace K C H, define Px: H — H by letting Pcx be the unique yg € K which minimizes
the distance from x to K. Then Pg is linear (Exercise: check this) and the previous theorem implies
x — Pxex € K*. Consequently, every x € H can be written uniquely as a sum of vectors in K and K*:

x = Pex + (x — Pex).
Definition 1.16. The linear operator Px defined above is called the (orthogonal) projection onto K.

Exercise 1.17. For a closed subspace K C H, show
(a) x € K if and only if x = Pgx.
(b) x € Kt if and only if Pxx = 0.
(c) [|Pex]|| < ||x|| for all x € H.

Exercise 1.18. Let H be a Hilbert space. For any X C H, show that (X1)* equals spanX, the closure of
the span of X.

1.2 Orthonormal Bases and Dimension

Definition 1.19. Let H be a Hilbert space. A subset F C H is called orthonormal if for all x,y € F we
have

(xy)=0  and  [x[|=1
We say £ C H is an orthonormal basis for H if it is an orthonormal set satisfying span& = H.
Just as every vector space admits a basis (i.e. a linearly independent spanning set) every Hilbert space

admits an orthonormal basis. In fact, one can characterize an orthonormal basis as a mazimal orthonormal
set, and consequently the existence of an orthonormal basis can be shown using Zorn’s lemma.

Example 1.20.

(1) In C,
1 0 0
0 1 0
e = . ,€2 = . yee € 1=
0 0 1

is an orthonormal basis.

(2) Let E; ; € M,,x,n(C) with 1 in the (¢, j) entry and zeros elsewhere. Then {F; ; : 1 <i<m, 1 <j <
n} is an orthonormal basis.

(3) In L2([0,1],m), define f,(t) := e**™ for each n € Z. Then {f, : n € Z} is orthonormal (Exercise:
check this). Moreover, Fourier analysis tells us that it is actually an orthonormal basis. |

Exercise 1.21. Let £ C H be an orthonormal set in a Hilbert space. Show that £ is an orthonormal basis
for H if and only if £+ = {0}.

Theorem 1.22. Let H be a Hilbert space with orthonormal basis £. Then for all x € H one has

X = Z (x,e)e and Ix||? = Z | (x,e)|?.

ecé ecé

In particular, (x,e) =0 for all but countably many e € £.

A vector space V' does not have a unique basis, but any two bases have the same size. The same holds
true for Hilbert spaces:

Theorem 1.23. If H is a Hilbert space then any two orthonormal bases for H have the same cardinality.
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Definition 1.24. For a Hilbert space H, the dimension of H, denoted dim H, is the cardinality of any
orthonormal basis for #.

Moreover, just as any two vector spaces of the same dimension are isomorphic, we have the following.

Theorem 1.25. If H,K are Hilbert spaces and dim(H) = dim(K), then H,K are isomorphic in the sense
that there exist a bijection U € B(H,K) satisfying
({Ux,Uy) = (x,y)
for allx,y € H.
Exercise 1.26. Show that U € B(H K) satisfies

(Ux,Uy) = (x,y)
for all x,y € H if and only if ||Ux|| = ||x||. Thus, in this case U is automatically injective.
Recall that a metric space is said to be separable if it admits a countable dense set.

Theorem 1.27. A Hilbert space H is separable if and only if dim(H) is countable.

1.3 Direct Sums and Tensor Products Let H; and Hs be Hilbert spaces. The direct sum of H;
and H, is the vector space

Hi® Hy = {(x,y) : x € H1,y € Ha}
with operations
a(x1,y1) + (X2,y2) = (ax1 + X2, ay1 + y2).

This is naturally a Hilbert space with the inner product

(x1,¥1), (x2,¥2)) := (x1,%x2) + (y1,¥2)

Note that

13l = (12 + Iy 1) 2.

More generally, if {H;}icr is a family of Hilbert spaces indexed by a countable set I, we define the direct
sum as the vector space

@Hi = {(Xz’)ieI 1X; € Hz‘,z [[=]1* < 00} .

el el
with operations
a(Xi)ier + (Yi)ier = (aXi +¥i)ier
and inner product
((%3)icr, (Yi)ier) = Z (xi, yi) -
il

Exercise 1.28. Verify that €, _; H,; is complete, and therefore a Hilbert space.

iel
When H; = H for all i € I, we write
C(ILH) = P H.
iel
Note that for H = C, one has ¢*(I,C) = ¢*(I).
If H1 and Hs are a pair of Hilbert spaces, the tensor product of H; and Hs, denoted by H; ® Ha, is
defined as follows. Consider first the algebraic tensor product

Hi O Ho = ij®yj:n€N, XjEHl,ijHQ

j=1
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with operations
X1y +Xe®y = (x1 +X2)®Yy
XQYI +X®y:s =X® (y1 +Yy2)
(ax) @y =x® (ay) = a(x®y)

and inner product
(X1 ®y1,X2 ®y2) := (X1,%X2)(¥1,¥2)-
H1 ® Hs is then defined as the completion of H; ® He with respect to metric induced by this inner product.

Exercise 1.29. Let #; and #, be Hilbert spaces with orthonormal bases (e;)icr and (f;)jes. Compute
orthonormal bases for H1 @ Ho and Hi ® Ho. Use this to show that

Hi ® Ho = 82(J,/H1) = 62(.[, 7'[2)
Exercise 1.30. Show that (?(I) @ H = (2(I, H).

1.4 Bounded Linear Operators
Proposition 1.31. Let ‘H and K be Hilbert spaces. For a linear operator T: H — I, the following are
equivalent:

(i) T is uniformly continuous.
(ii) T is continuous at zero.
(i) sup | Tx]|/[]x]| < oo

xeH\{0}

Definition 1.32. We say a linear operator T: H — K is bounded if it satisfies any (hence all) of the
conditions in Proposition 1.31. The operator norm of T is the quantity

Tx
7= sup I
xer\{oy |1l

The collection of all bounded linear operators from H to K is denoted B(H,K), and we write B(H) :=
B(H,H).
In the case that K = C, then we call T € B(H,C) a bounded linear functional.

Note that for T € B(H,K) and x € H we have ||[Tx| < || T||||Ix/-
Exercise 1.33. Let T: ‘H — K be a bounded linear operator. Show that
IT|| = sup ||Tx|| = sup ||Tx| =inf{c>0: | Tx]| < ¢|x]| Vx € H}.
\

Ix[|<1 lIx[I=1

Example 1.34. Let (X, u) be a positive measure space. For ¢ € L>(X, u) define M, € B(L*(X,u)) by
Myf = ¢f. It is easy to see that ||My|| < ||¢||eo, and if p is o-finite then one can prove that | My|| = ||¢] co-
|

On a Hilbert space #H, the linear functionals H > x — (x,y) are bounded by the Cauchy—Schwarz
inequality. It turns out all bounded linear functionals are of this form.

Theorem 1.35. If T: H — C is a bounded linear functional, then there exists a unique y € H so that
Tx = (x,y) for all x € H. Moreover, ||T|| = |yl

Using this one can establish the existence of the adjoint of a bounded operator.

Theorem 1.36. Let H and K be Hilbert spaces. For each T € B(H,K) there exists a unique S € B(K,H)
satisfying
(Tx,y) = (x,Sy) VxeH,yek
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Proof. Fix y € K and use the Cauchy—Schwarz inequality to observe that
[(Tx,y) | < ITx|[llyll < 1Tyl

Thus x — (T'x,y) is a bounded linear functional on . The previous theorem implies there exists z € H so
that (Tx,y) = (x,z). Define S: K — H by Sy := z so that
(Tx,y) = (x,5y).

Using the uniqueness of the vector z and the linearity of the inner products, one can show S is linear
(Exercise: check this). Observe that:

ISylI* = (Sy, Sy) = (T'Sy,y) < |TSylllyll < ITIllSylllyll-

Consequently ||Sy|| < ||IT|||ly|l, and so S is bounded.
It remains to check that S is unique. Suppose R € B(K,H) also satisfies (T'x,y) = (x, Ry) for all x € H
and y € K. This implies

(x,Sy — Ry) = (x,8y) — (x,Ry) = (I'x,y) — (I'x,y) =0
for all x € H and y € K. So in particular it holds for x = Sy — Ry, which yields || Sy — Ry||*> = 0. That is,
Sy — Ry =0 or Sy = Ry. O

Definition 1.37. Given an bounded linear operator T' € B(H,K), the unique S € B(K,H) satisfying
(Tx,y) = (x,Sy) for all x € H and y € K is called the adjoint of T" and is denoted 7™ := S.

Example 1.38. For T' € M, x,(C), its adjoint when thought of as a element of B(C™, C™) is the conjugate
transpose of T'. Indeed, let [T]; ; denote the (i, j)th entry of T. Then for any x = (z1,...,2,) € C" and
y =1, ym) € C™ we have [T'x|; = >°7_,[T]; j;, and therefore

m n
(Tx,y) = > > [T ;¥
i=1 j=1
In order for this to equal
xT7y) =Y [T 0,
j=1i=1
we must have [T%],; = [T]; ;. [ |

Definition 1.39. We call an operator T' € B(H):
e self-adjoint if T'=T*;
e normal if T*T =TT,
e invertible if there exists S € B(H) with ST =TS = 1.
e a unitary if T*T =TT* = 1;
e a projection if T = T* = T?;
e an isometry if 7T =1
e a partial isometry if T'=TT7T"*T.

Note that self-adjoint operators, unitaries, and projections are all normal. A unitary is precisely a normal
isometry; equivalently, a unitary is an invertible isometry. Isometries, unitaries, and projections are all
partial isometries. (Exercise: convince yourself of these statements.)

Example 1.40. In M5 (C)
( cos(t) sin(t) )
—sin(t) cos(t)

)G
) |

is a unitary for all ¢t € R,

7N
O =
= O
~~_

are projections, and

_= O
o o
N~

O =

7N
o O
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are partial isometries. Also, A € M,(C) is invertible if and only if det(A) # 0, which is equivalent to
ker(A) = {0}. (However, this latter statement is not true for bounded operators on infinite dimensional
Hilbert spaces.) [ |

Note that an operator S is only invertible if it admits both a right and a left inverse. The existence of
a left inverse for S does not imply the existence for a right inverse of S, and vice versa, as the following
exercise shows.

Exercise 1.41. Consider S € B(¢?(N)) defined by
S(x1,x2,...) = (0,21, 2a,...).
Show that S is an isometry but not a unitary.
Proposition 1.42. Let T € B(H).
(1) If T is a projection, then T(1—T) =0 and TH L (1 —T)H.

(2) T is an isometry if and only if ||Tx| = ||x]|| for all x € H.
(8) T is a partial isometry if and only if T*T and TT* are projections.
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2. Banach Spaces

Definition 2.1. For a vector space V, a norm is a map || - ||: V — [0, 00) satisfying
L+ yll < fIx|[ + [ly]| for all x,y € V;
2. ||ax|| = |a|||x|| for all ¢ € C and x € V;
3. ||x|| =0 if and only if x = 0.

A normed space is a pair (V,|| - ||) consisting of a vector space and a norm.
Observe that a norm defines a metric d(x,y) :=||x —y|| on V.

Definition 2.2. A Banach space is a normed space which is complete with respect to the metric induced
by the norm.

Example 2.3.

(1) Every inner product space is a normed space and every Hilbert space is a Banach space. However,
a normed space (Banach space) is an inner product space (Hilbert space) iff the norm satisfies the
parallelogram law:

4+ ylI* + llz = ylI* = 2(/l«)1* + [ly[I*)-
In this case, the inner product associated to the norm is unique.
(2) Let (X, ) be a positive measure space. For all 1 < p < oo, LP(X, i) is a Banach space with norm

151 = ([ 1 du(w)>1/p-

In particular, ¢P(N) is a Banach space with norm

1/p
an)nenly = (z |> |

neN

(3) Let X be a locally compact Hausdorff space. Let C,(X) denote the collection of bounded continuous
functions f: X — C. This is a vector space with pointwise operations and is a Banach space under
the norm

If1l := sup | f(z)].
zeX

Let Co(X) denote the subset of Cp(X) which consists of functions vanishing at infinity: that is,
f € Co(X) iff for all € > 0 the set {x € X: |f(z)| > €} is compact. Then Cy(X) is also a Banach
space with the norm it inherits from Cy(X). If X is compact, then Cp(X) = Co(X) = C(X), the
collection of all continuous functions on X.

In particular, for X = N equipped with the discrete topology, we have Cp(N) = ¢*°(N) and
Co(N) = ¢o(N) (the collection of sequences converging to zero). [ |

Remark 2.4. For another perspective on functions vanishing at infinity, recall that any locally compact
Hausdorff space X has a one-point compactification, often denoted X U {co}, whose topology is generated
by all open sets of X along with all sets of the form (X\C) U {oco} where C C X is compact. With this
perspective, we can view Cy(X) as the subspace of C'(X U{oo}) consisting of continuous functions that are 0
at the point co. For example, when X = (0, 1], its one point compactification is [0, 1], and we view Cy((0,1])
as the functions f in C([0, 1]) such that f(0) = 0.

The analogue of Proposition 1.31 holds for linear operators between two normed spaces V' and W. The
collection of all such bounded linear operators is denoted B(V, W), and we write B(V) := B(V, V). Note
that the operator norm on B(V, W) makes it into a normed space.

Exercise 2.5. Let V be a normed space and X a Banach space. Show that B(V, X)) is a Banach space
under the operator norm. (In particular, B(V,C) is always a Banach space.)

Example 2.6.
(1) Let (X, u) be a positive measure space. For ¢ € L>°(X, ) and 1 < p < 00, define My € B(LP(X, u))
by Myf = ¢f. Then ||[My| < ||¢|lco and if p is o-finite then this is an equality.
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(2) Let X be a locally compact Hausdorff space. For any zp € X, Cy(X) 3 f — f(x0) defines a bounded
linear functional of norm 1. |

Definition 2.7. Let V and W be normed spaces. An isomorphism between V and W is a bijection
T € B(V,W) such that T-! € B(W,V). An isometric isomorphism between V and W is a bijection
T € B(V,W) such that |Tx| = ||x| for all x € V.

If T is an isometric isomorphism between normed spaces then 7! is automatically bounded with ||T'|| =
71| = 1.

Bounded linear functionals on a Banach space (B(X,C)) are not as simply characterized as those on a
Hilbert space. This will be explored further in the next section.

The following four theorems are often first encountered in a graduate analysis course, where they are
stated in terms of LP spaces. However, they are really theorems about general Banach spaces:

Theorem 2.8 (Open Mapping Theorem). If X and Y are Banach spaces and T € B(X,)) is surjective,
then T(U) C Y is open for any open U C X.

Theorem 2.9 (Inverse Mapping Theorem). If X and Y are Banach spaces and T € B(X,)Y) is bijective,
then T~1 € B(Y, X).

Theorem 2.10 (Closed Graph Theorem). If X and ) are Banach spaces and T: X — ) is a linear
transformation whose graph

graph(T) == {(x,Tx): x € X} C X DY
is closed, then T € B(X,)).

Theorem 2.11 (Principle of Uniform Boundedness). Let X' be a Banach space and V' a normed space. For
any collection of bounded linear operators € C B(X,V), if

sup || Tx|| < oo Vx e X,
Te®

then
sup ||T|| < oo.
Te?

2.1 Dual Spaces

Definition 2.12. For a normed space (V,]| - ||), its dual space is the set V* := B(V,C) of bounded linear
functionals on V.

Recall that V* = B(V,C) is always a Banach space, even if V is not.

Example 2.13.
(1) Let H be a Hilbert space and let H its conjugate Hilbert space (see Exercise 1.10). Theorem 1.35
implies that
Hf— M
X+ (+,X%)
is an isometric isomorphism.
(2) Let (X, 1) be a o-finite measure space. For 1 < p < 00, let 1 < ¢ < oo be such that %—&—% =1 (when
p =1 we take ¢ = 00). Given g € LI(X, u) define F,, € LP(X, pu)* by

)= [ fodn feD(Xp)
X
Then real analysis tells us that
LIY(X, p) = LP(X, pn)*
g— Iy

is an isometric isomorphism.
In particular, ¢9(N) is isometrically isomorphic to ¢P(N)*. [ ]
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Another important example is the dual of Cy(X) for a locally compact Hausdorff space X. However, in
order to describe it we must first recall some facts about complex measures.

Definition 2.14. Let Q be a o-algebra over a set X. For a complex valued measure p on (X, ), define for
EcQ

|| (E) := sup {Z |(En)|: {En}ney is a Q-measurable partition of E} .
n=1
Then || is a positive measure on (X, ) called the absolute value of p. The total variation of p is the
quantity [ja] = |1/(X).

If p is a positive measure, then |u| = p. If p is real valued, then by the Jordan decomposition theorem
= p4 — p— for positive measures py and consequently |pu] = pg + p—.

Definition 2.15. Let X be a locally compact Hausdorff space and let 2 be the Borel o-algebra on X. A
positive measure p on (X, Q) is called a regular Borel measure if

(1) u(K) < oo for all compact K C X; and
(2) Forall E € Q

w(E) =sup{u(K): K C E compact} = inf{u(U): U D E open}.

We say a complex valued measure v is a regular Borel measure if |v| is a regular Borel measure. The set
of all complex valued regular Borel measures on X is denoted M (X).

For a locally compact Hausdorff space X, M (X) is a vector space with operations defined by
(ap+v)(E) := ap(E) + v(E).

It is also a normed space with the norm of p given by its total variation ||p||. In fact, the following example
implies it is even a Banach space:

Theorem 2.16 (Riesz Representation Theorem). Let X be a locally compact Hausdorff space. For u €
M(X), define F,, € Co(X)* by

Fuh = [ 1 dn
X
Then
M(X) — Co(X)*
= Fy,
is an isometric isomorphism.

Example 2.17. As a partuclar example of the previous theorem, consider N equipped with the discrete
topology so that Cy(N) = ¢o(N). Note that every u € M(N) satisfies

Y )] = llul < oo

neN

Thus co(N)* = M(N) is isometrically isomorphic to ¢1(N) via the map pu > (u({n}))nen- [ |

2.2 Weak and Weak* Topologies The relationship between a Banach space and its dual space
induces new topologies on each of them.

Definition 2.18. Let X’ be a Banach space. The weak topology on X, denoted o(X, X*), is the topology
generated by sets of the form

{x € X: |xj(x —%0)| < €} x5 € XY, xg € X, €>0.
The weak* topology on X*, denoted o(X*, X), is the topology generated by sets of the form

x* e X |(x* —x3)(x0)| < € x5 € X", xg e X, e>0.
0 0
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From the perspective of analysis, these topologies are best understood in terms of convergence. However,
they are (generally) not metrizable and consequently convergence must be understood through nets rather
than sequences (see the Appendix on nets).

A net (x;);er C X converges to some xg € X in the weak topology if and only if for all x* € X'* one has

lim x*(x;) = x*(x0).
1—> 00

In this case we say the net converges weakly to xq.
A net (x});e; C X* converges to some xj; € X'* in the weak* topology if and only if for all x € X one has
lim x}(x) = x§(x).
1—> 00
In this case we say that the net converges weak™® to xg.

Note that if (x,)neny C X converges in norm, then it also converges weakly since each x* € X'* is norm-
continuous. Consequently any subset of X that is closed in the weak topology is also closed in the norm
topology. (In topologlical terms: the weak topology is coarser than the norm topology.) Likewise, any subset
of X* that is closed in the weak* topology is also closed in the norm topology. The following examples show
that the converse of these statements is not true.

Example 2.19.

(1) Let e, € £2(N) be the element which has a 1 in the nth position and zeros elsewhere. Then (e, )nen
converges weakly to zero, but |le,||l2 = 1 for all n € N, so (e, )nen does not converge to zero in norm.
(2) Let .# be the collection of finite subsets of [0,1], directed by inclusion. For each F € %, define

pr € M([0,1]) by
1
HF = 57 5Ia
P>

zeF
where §, € M([0,1]) is the Dirac probability measure at z. If we identify M ([0,1]) with the dual
of C([0,1]), then the net (ur)resz C M([0,1]) converges weak* to the Riemann integral, but not in
the total variation norm. [ ]

Despite these subleties, the weak and weak* topologies can be easier to work with than the norm topologies.
For example, the closed unit ball (X*); := {x* € X*: ||x*|| < 1} is compact in the norm topology if and only
if X* is finite-dimensional (Exercise: prove this). However, it is always compact in the weak™ topology:

Theorem 2.20 (Banach—Alaoglu Theorem). The closed unit ball in the dual of a normed space is weak*
compact.

2.3 Ultrafilters If we view ¢>°(N) as bounded functions on N, then elements w € £°°(N)* can be viewed
as finitely additive C-valued measures on N. Indeed, for S C N let 15 denote the indicator function on the
subset S (i.e. the sequence (ayn)nen with a, = 1if n € S and a,, = 0 otherwise). Then linear combinations of
such functions are the simple functions on N, and these are dense in £*°(N). Consequently w, as a bounded
linear functional, is completely determined by its values on indicator functions. Thus we write w(S) := w(1g).
(Exercise: verify that w is finitely additive.)

Now, given ng € N, define 4, € £>°(N)* by

Onp ((@n)nen) = an,

Let BN denote the weak* closure of {d,: n € N} C ¢>°(N)*. (This is the Stone-Céch compactification
of N.) Viewing ¢°(N)* as finitely additive C-valued measures on N as above, elements in SN are finitely

additive {0, 1}-valued measures. Indeed, if w € QN then it is the weak® limit of some net (d,,)icr. Since
dn,; (S) € {0,1} for each i € I, we have w(S) € {0,1}.

Definition 2.21. The elements w € SN are called ultrafilters on N. We say an ultrafilter is principal if
w € N, and otherwise say it is non-principal (or free).

It turns out there is an easy way to distinguish the principal and non-principal ultrafilters:

Exercise 2.22. For w € SN, we have w € N if and only if there exists a finite subset F' C N with w(F') = 1.
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Thus a non-principal ultrafilter, viewed as a measure, vanishes on all finite subsets of N. Morally speaking,
this means the non-principal ultrafilters ignore any finitary behavior of bounded sequences. Exploring this
further yields another important feature of non-principal ultrafilters (when viewed as elements of £*°(N)*):

Proposition 2.23. For (a,)nen C {°(N), ag € C is a cluster point of the sequence if and only if there
exists w € BN\ N with

w((an)nen) = ao.
In particular, if (an)nen C £°(N) is a convergent sequence then
w((an)nen) = nh—{%o an
for allw € SN\ N.

Compare the above to the behavior of a principal ultrafilters. In light of the preceding proposition, we
adopt the following notation

lim ap, := w((an)nen)

for any w € SN\ N and any (a)nen C £°°(N).
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3. Banach Algebras

Definition 3.1. An algebra is a vector space A that admits a multiplication operation

AxA—= A
(x,y) = xy
satisfying
1. (xy)z = x(yz) for all x,y,z € A (associativity);
2. x(y+z)=xy+xzand (x+y)z=xz+yzforall x,y,z€ A (distributivity);

3. a(xy) = (ax)y = x(ay) for all « € C and x,y € A.

We say A is unital if it admits an element e € A such that ex = xe = x for all x € A. We call e the
identity (or unit) of A. We say A is abelian if xy = yx for all x,y € A.

Exercise 3.2. Show that the identity in a unital algebra is unique.

Definition 3.3. A Banach algebra is an algebra A equipped with a norm that makes A into a Banach
space and satisfies

Ixyll < [Ixllllyll  vx,y €A
If A is unital, it is assumed that |le|| = 1.

Observe that for a unital Banach algebra, ||ae|| = |a| and so C 5 a + ae is an isometry. Consequently,
we typically write 1 := e and a := ae for all a € C.

Example 3.4.

(1) For a locally compact Hausdorff space X, Cp(X) is a Banach algebra with multiplication operation
given by point-wise multiplication

(f9)(x) := f(x)g(x)
and the same norm which makes it a Banach space. Moreover, it is unital with identity given by the
constant function = — 1.
The same multiplication and norm make Cy(X) into a Banach algebra. However, Cy(X) is unital
if and only if X is compact.
(2) For (X,Q,u) a o-finite measure space, L (X, u) is a unital Banach algebra with point-wise mutli-
plication and identity given by the constant function 1(x) =1 for p-a.e. x € X.
(3) For H a Hilbert space, B(H) is a unital Banach algebra with multiplication operation given by
composition, identity given by the identity map x — x, and norm given by the operator norm.
In particular, M, (C) is a Banach algebra under matrix multiplication and the operator norm. W

Exercise 3.5. For f,g € L'(R) define their convolution f * g € L*(R) by

(f * g)(t) == /R F(t— 5)g(s) ds.

Show that with convolution as the multiplication operation, L'(R) is a Banach algebra that is abelian but
not unital.

Banach algebras (and their subalgebras, homomorphisms, and related structures) are a cornerstone of the
field of operator algebras. Ideals in Banach algebras will be particularly important for us.

Definition 3.6. For a Banach algebra 4, an ideal is a closed subspace Z C A which satisfies xy,yx € 7
forall x € Aand ally € 7.

Example 3.7. Let ¢: A — C be a continuous homomorphism. Then ker ¢ is an ideal of A. Indeed, it is
closed subspace since ¢ is, in particular, a continuous linear functional. Also, if x € A and y € ker ¢ then
we have

Thus xy,yx € ker ¢.
If A is unital, then for all x € A, x — ¢(x)1 € ker(¢). Since we can write x = (x — ¢(x)1) + ¢(x)1, it
follows that A/ ker(¢) = C. [ ]
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Any ideal Z C A in a unital Banach algebra that satisfies .A/Z = C is of this form:

Theorem 3.8. If Z C A is an ideal in a unital Banach algebra satisfying A/Z = C, then there exists a
continuous homomorphism ¢: A — C with ker ¢ = T.

Remark 3.9. Our use of the word “ideal” here is more specific than what is typically seen in algebra (where
one can consider non-closed ideals, left ideals, or right ideals). The above theorem is our motivation for
adopting this convention throughout GOALS (and likewise is the motivation for the convention appearing
in most of the operator algebras literature).

Sometimes, as in the case of B(H) or Cy(X), there is also a natural involution on a given Banach algebra.

Definition 3.10. A Banach x-algebra is a Banach algebra A with involution # (called the adjoint) which
is an anti-isomorphism, i.e. for all x,y € A and X € C,

e (x+y) =x"+y"
o (ax)* = ax*

o (x")*=x

o (xy) =y

When we are working in a Banach x-algebra, we will also assume ideals are *-closed.

3.1 The Spectrum

Definition 3.11. A element x € A of a unital algebra is said to be invertible if there exists y € A with
xy = yx = 1. In this case, we write x~ ! :=y.

Example 3.12.

(1) Let X be a compact Hausdorff space. Then f € C(X) is invertible if and only if f(z) # 0 for all
x € X. In this case, its inverse is given by the function g(z) = 1/f(x).
(2) Let (X, 9, u) be a o-finite measure space. For f: X — C, the essential range of f is the set

essim(f) :={a € C: u({z € X:|f(z) —a|] <e€}) >0 for all e > 0}

Then f € L*°(X, u) is invertible if and only if 0 & ess.im(f).
(3) Let H be a Hilbert space. The Inverse Mapping Theorem implies T' € B(#) is invertible if and only
if T is bijective. ]

Theorem 3.13. Let A be a unital Banach algebra. Then
G := {x € A: x is invertible}
is open and the map G 3 x — x~1 is continuous.
Definition 3.14. Let A be a unital Banach algebra. The spectrum of x € A is the set
o(x) :={a € C: x — a is not invertible}.
The resolvent of x is the set p(x) := C\ o(x).

Example 3.15.

(1) For A € M,(C), o(A) is given by the eigenvalues of A. Indeed, A — a is not invertible if and only if
det(A — a) = 0, which is equivalent to a being an eigenvalue of A.

(2) Let X be a compact Hausdorff space. For f € C(X), o(f) = f(X) since f — a is invertible if and
only if 0 # (f —a)(x) := f(z) —a for all x € X.

(3) Let (X, 9, u) be a o-finite measure space. For f € L>®(X, u), o(f) = ess.im(f). [ |

Theorem 3.16. Let A be a unital Banach algebra. For all x € A, o(X) is a non-empty compact subset of
{a € C: la| < |Ix[|}.

We will just prove that it is a subset of {a € C: |a| < ||x]|}.
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Proof. If |A| > ||a||, then the series
ATES AT
n>0
converges in norm. Notice that for each N > 0,

. N N+1
()\1 — U;))\7 Z}\in&n =1- W — 1.
n=0
A similar computation with multiplication on the left shows that the limit of the series is (Al —a)~t. O

Corollary 3.17. For any element a in a unital Banach algebra, if ||a| < 1, then 1 — a is invertible with
inverse Y, o, a".
Definition 3.18. Given x € A in a unital Banach algebra, the spectral radius of x is the quantity:

r(x) := sup |al.
a€o(x)

Theorem 3.16 implies that we always have r(x) < ||x||. However, the reverse inequality need not hold as
the following example demonstrates.

Example 3.19. Consider
0 1
X<O O)GMQ((C)

From linear algebra we know the only eigenvalue of x is zero, so o(x) = {0} and hence r(x) = 0. On the
other hand, x| =1 (Exercise: verify this). [ |

Observe that in the previous example we have x> = 0 and so we do have the equality r(x) = |x?||'/2. Tt
turns out one can always prove a modified equality:

Theorem 3.20 (Spectral Radius Theorem). Let A be a unital Banach algebra. For allx € A

T n|l/n
r(x) = I [x"[".
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4. The Hahn—Banach and Krein—Milman Theorems
4.1 The Hahn—Banach Theorem and Corollaries

Definition 4.1. For a vector space V, a seminorm is a map p: V — [0, 00) satisfying

L p(x+y) <px) +p(y) for all x,y € V;
2. p(ax) = |a|p(x) for alla € Cand x € V.

Every norm is a seminorm, but a seminorm p is only a norm if p(x) = 0 implies x = 0. (Note that p(0) =0
always by the second part of the above definition.)

Example 4.2.
(1) Let X be a locally compact Hausdorff space and let K C X be compact. Define

p(f) = Sullzlf(ﬂ?)l [ e C(X).
S
Then pg is a seminorm on C(X), and px(f) = 0 for any f that vanishes on K.
(2) Let X be a Banach space. For fixed xo € X and x§ € X*, the maps
X = |xg(x)] and x* = |x*(x0)|
are seminorms are X and X*, respectively. |

Strictly speaking, the following is not the Hahn—Banach Theorem, but rather a corollary of it. However,
this is what researchers typically mean when they invoke “The Hahn—Banach Theorem” and we will continue
this tradition in the GOALS mini-courses.

Theorem 4.3 (Hahn-Banach Theorem). Let V' be a vector space, W C V a subspace, and p a seminorm
onV. If f W — C is a linear functional satisfying

) <plx)  VxeW,
then there exists a linear functional F': V' — C satisfying Flw = f and |F(x)| < p(x) for allx € V.

We note that the power of the above theorem is not in the existence of an extension F' (of which there
are many), but in the fact that one can find an extension which is still “continuous” with respect to the
seminorm p.

We mention a few useful corollaries of the Hahn—Banach theorem

Corollary 4.4. If V is a normed space and W C V is a closed subspace, then for any bounded linear
functional f: W — C there exists a bounded lienar functional F: V. — C satisfying Flw = f and |F|| = ||l

Corollary 4.5. IfV is a normed space, then for any x € V,
[[x|| = sup{|x*(x)[: x* € V7", [|Ix*|| = 1}.
In particular, there exists x§ € V* with ||x§|| =1 and satisfying x3(x) = ||x||.
Corollary 4.6. IfV is a normed space, then for any subspace W C V
W = ({ker(x*): x* € V* with W C ker(x")}.
In particular, W is dense if and only if W C ker(x*) for some x* € V* implies x* = 0.

By adopting a geometric perspective, one can obtain the following result as another corollary of the
Hahn-Banach theorem:

Theorem 4.7 (Hahn—-Banach Separation Theorem). Let V' be a normed space. If XY C V are disjoint
closed conver subsets with Y compact, then there exists a continuous linear functional f: V — C, a € R,
and € > 0 such that

Ref(x) < a < a+e < Ref(y) Vxe X, yev.

The above theorem may same innocuous at first glance, but it is in fact quite useful for proving (by way
of contradiction) equalities of various closures. For example:

Proposition 4.8. Let X be a Banach space. If C C X is convex, then its norm closure is equal to its weak
closure.
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Proof. Let C7 and Cs denote the norm and weak closures, respectively, of C'. Recall that this means C
(resp. C3) equals the intersection of all norm (resp. weak) closed sets containing C'. Also recall that being
weak closed implies being norm closed, so C5 is norm closed and hence Cy C Cs.

Now suppose, towards a contradiction, that there exists xg € Cq\ C1. Then, in the norm topology, C; and
{x0} are disjoint closed convex closed sets (Exercise: show that C; is indeed convex) and {x¢} is compact.
Thus the Hahn—Banach Separation Theorem implies that there exists x* € X*, « € R, and € > 0 such that

Re[x*(x)] < oo < a4+ € < Re[x" (x0)] vx € Cy.
In particular, Re[x*(x)] < a for all x € C'. Consider the set
D :={x € X: Re[x"(x)] < a}.

It is convex and weakly closed (Exercise: check this) and contains C. Hence Cy C D, but this contradicts
xg & D. Thus we must have C \ C; = ) and so C; = Cs. O

4.2 The Krein—Milman Theorem

Definition 4.9. Let V be a vector space and K C V a convex subset. A point xg € K is called an extreme
point of K if xg # tx+ (1 —t)y for any 0 < t < 1 and x,y € K. The set of all extreme points of K is
dentoted ext(K).

Example 4.10.
(1) If P C R? is a closed convex polygon, then ext(P) consists of its vertices.

(2) For D the open unit disc of C, ext(D) = () while ext(D) = {z € C: |z] = 1}.
(3) For K = {f € L'([0,1],m): || fll1 <1}, ext(K) = (). Indeed, let ¢y € (0,1) be such that

to 1
| rwna=3.

Define g := 2f1j9,4,) and h := 2f1j, 1. Then g,h € K and f = %g + %h € (g,h), so f is not an
extreme point. |
As the examples above demonstrate, it is possible for a convex set to have no extreme points. However,

if the convex set is also compact, then this is not possible thanks to the following theorem.

Theorem 4.11 (Krein—Milman Theorem). Let V' be a locally convex set. For a nonempty compact convex
subset K CV, ext(K) # 0 and K is equal to the intersection of all closed convex subsets containing ext(K)
(i.e. the closed convex hull of ext(K)).

Recall that by the Banach—Alaoglu theorem, the closed unit ball of the dual of a normed space is weak*
compact. Hence we obtain the following corollary to the Krein—-Milman theorem:

Corollary 4.12. For a normed space V, the closed unit ball of V* is equal to the closed convex hull of its
extreme points.
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5. Appendix: Nets

Roughly speaking, nets are a generalization of sequences wherein the indexing set N is replaced by a directed
set. As the name suggests, these sets have a notion of direction much like N does (1 — 2 — 3---), however
they may be uncountable and may have multiple “paths to infinity.” The elements that are indexed by a
directed set live in a topological space so that one can consider the notion of convergence of a net. Nets are
essential for general topology in the sense that they can characterize closedness, compactness, and continuity
in the same way that sequences do in metric spaces.

5.1 Directed Sets

Definition 5.1. A directed set [ is a set equipped with a binary relation < that satisfies:

l.i<iforalliel (reflexive);
2. ifi<jand j <k, theni <k (transitive);
3. for any i,j € I there exists k € [ with i,j <k (upper bound property).

Typically reflexivity and transitivity are obvious, whereas the upper bound property may need to be
justified.

Example 5.2. N, Z, Q, R are all directed sets with the usual ordering. In fact, any subset of R (even finite
ones) are directed sets with the order they inherit from R. |

Example 5.3. Let X be a set, and let .# denote the collection of all finite subsets of X. For A, B € &,
write A < B if A C B. This makes .# into a directed set. Note that A U B serves as an upper bound for
both A and B. ]

Example 5.4. Let X be a topological space, and fix g € X. Let A4 (x¢) denote the collection of open
neighborhoods of zg. For A, B € A (xg), write A < B if A D B. This makes .4 (zg) into a directed set
where A N B is an upper bound for A and B. |

Example 5.5. Let X be a topological space. Then {(¢, K): e > 0, K C X compact} is a directed set where
(e, K) < (¢, K")
if and only if € > ¢ and K C K'. (Exercise: determine a common upper bound for (¢, K) and (¢/, K’).) W

Exercise 5.6. Let {an}neny C C. Show that the following are equivalent:
(a) The net (3, a”)Fey converges, where .Z is the collection of finite subsets F' C N.
(b) For any permutation m: N — N, Y>> Qr(n) CONVErges.
(¢) D07 |an| converges.

5.2 Nets
Definition 5.7. Let X be a topological space. A net in X is a map x: I — X where [ is a directed set.

A net z: I — X is usually denoted (z(7));er or (z;)ic; where x; := x(4). This is supposed to remind you
of sequence notation. As with sequences in a metric space, there is a notion of convergence:

Definition 5.8. A net (z;);c; converges to x € X if for every open subset U C X containing z there is
ig € I so that x; € U whenever i > ig. In this case we call x the limit of the net and write

r = limz;.
K3
When I = N, this is simply the usual notion of convergence for a sequence. When I = R this is also

capturing familiar behavior:

Example 5.9. Let f: R — R be a function. Recall that we say f has a limit at oo if there exists L € R so
that for all € > 0 there exists tg € R so that

[f(t) — L| <e Yt > to.
But this is precisely saying that the net (f(t)):cr converges to L. |
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Example 5.10. Let X be a topological space, let g € X and let 4 (x0) be as in Example 5.4. For each
U € A (x0) pick any point in U and label it 2. Then (2y)ye s () is @ net which converges to xq. Indeed,
let U C X be an open set containing xo. Then U € A (x¢) and for any U’ € A (xo) with U’ > U, we have
Ty € U'cU. |

Example 5.11. Let X be a topological space and let f: X — C be a function. For each pair (e, K) as
in Example 5.5, let f( k) be any function g: X — C satisfying |f(z) — g(x)| < € for all z € K. Then the
net (f(e kx)) converges to f in the topology of uniform convergence on compact subsets. Indeed, fix K C X
compact and let € > 0. Then for any (¢’, K') > (¢, K) we have |f(z) — fr k) (x)| < € < eforall z € K'; in
particular, for all x € K. ]

Proposition 5.12. Let X be a topological space. Then V C X is closed if and only if for every convergent
net (x;)icr CV one has lim; x; € V.

Proof. (=): Let (z;);er C V be a convergent net. Suppose, towards a contradiction, that x := lim; z; is not
contained in V. Then x € V¢ which is an open set. Consequently, by definition of the convergence of a net,
there exists ig € I such that x; € V¢ for all i > ig. But this contradicts x; € V for all ¢ € I.

(«<): To show that V is closed, we will show that V¢ is open. Suppose, towards a contradiction, that
there exists x € V¢ such that for all open subsets U containing x one has U NV # 0. Let 4 (x) be as
in Example 5.4. For each U € A (x), let zy € UNV. Then (vy)yes(w) C V and it converges to = by
Example 5.10. By assumption we must have x € V, but this contradicts € V¢. Thus for any x € V¢ there
is an open set containing x which does not intersect V; that is, V¢ is open. (]

We say a subset S C X in a topological space is sequentially closed if whenever (x,,)nen C S is a convergent
sequence one has lim,, x,, € S. Since sequences are particular kinds of nets, the above proposition implies
that closed sets are sequentially closed. In a metric space, the two notions are equivalent. However, for
general topological spaces sequentially closed does not imply closed, as the following example illustrates.

Example 5.13. ! Consider RF with the product topology, which we think of as arbitrary functions f: R — R.
Recall that under the product topology, an open subset of RF is a union of subsets of the form

HUt7

teR

where U; C R is open for all t € R and U; # R for only finitely many ¢ € R. Consequently, a net (f;);c; C R®
converges to f € R® if and only if the functions (f;);e; converge pointwise to f on R. Let B be the subset
of Borel functions. Then B is sequentially closed because we know from measure theory that the pointwise
limit of a sequence of Borel functions is Borel. B is also also dense. Indeed, let f € RE. Let .# be the
collection of finite subsets of R, ordered by inclusion. Then for each F' € .# we can find a polynomial pg
such that pr(t) = f(t) for each ¢ € F. The net (pr)recg converges pointwise to f and consists of Borel
functions. Therefore the closure of B is all of R®. On the other hand, we know there are non-Borel functions,
so B cannot be closed. ]

Proposition 5.14. Let X andY be topological spaces. Then f: X — Y is continuous if and only if for every
convergent net (x;);er C X one has that (f(z;))ier CY is a convergent net with lim; f(x;) = f (lim; z;).

Proof. (=): Suppose f is continuous and (z;);e; C X converges to some z € X. Let U C Y be an open
subset containing f(z). Then f~1(U) C X is an open subset containing z. Consequently there exists ig € I
such that for all i > ip we have z; € f~1(U). Thus for all i > iy we have f(x;) € U. So (f(;)icr) converges
to f(x).

(<): Let U C Y be an open subset. We must show f~1(U) is open. If not, then there is an z € f=1(U)
such that N N f~1(U)¢ # () for all N € A (z). We can then define a net by letting zny € N N f~1(U)¢ for
each N € .4 (x). Then the net (zn)ne 4 (x) converges to x by Example 5.10. By construction, f(zy) € U¢
for all N € 4 (x). By assumption, (f(zn))ne.s(z) converges to f(x), and since U¢ is closed the previous
proposition implies f(x) € U¢. But this contradicts z € f~1(U). Thus f~(U) must be open and therefore
f is continuous. |

LThanks to Ben Hayes for supplying this example.
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Let (X,d) be a metric space. We say a net (x;);er C X is Cauchy if for all € > 0 there exists ig € I so
that whenever 4, j > iy we have d(z;, ;) < e. We conclude this section by examining Cauchy nets in metric
spaces. In particular, we will show that Cauchy nets in a complete metric space converge. The idea is to
extract a Cauchy sequence from the Cauchy net, so as to use the completeness.

Proposition 5.15. Let (X,d) be a complete metric space and let (x;)ier be a Cauchy net. Then (x;)er
converges.

Proof. Let i(1) € I be such that d(z;,x;) < 1. Let i(2) € I be such that i(2) > i(1) and d(x;,2;) < 5 for
all 4,5 > 4(2). We inductively find i(n) € I for each n € N such that i(n) > i(n — 1) and d(z;,z;) < = for
all 4,7 > i(n). We claim that the sequence (z;(,))nen is Cauchy. Indeed, let e > 0. If N € N satisfies % < €,
then for n,m > N we have d(z;(n), Ti(m)) < % < e. Since (X, d) is complete, (x;(,))nen converges to some
x € X. We claim the original net also converges to this z. Indeed, let ¢ > 0 and choose N € N such that for
all n > N we have d(2;(,),r) < §. By choosing a larger N if necessary, we may assume % < 5. Then for
any ¢ > i(N) we have

3 |~

1
d(xi, x) < d(xq, 25n)) + d(zi(n), ) < N + - <e

DO |

Hence the (z;);c; converges to z. O

Remark 5.16. When (X, d) is a metric space, any Cauchy sequence (z,)nen C X is bounded. Indeed, let
N € N be such that d(x,, x,,) < 1 for all n,m > N. Then setting R := max{d(z1,zn),...,d(xn_1,2N), 1},
we have (zp)nen C B(xy, R). This same argument does not work for nets. We can still find iy € I such
that d(x;, ;) <1 for all 4,5 > i, but then there are not necessarily finitely many i < i3. For example, the
net (e *);cr converges in R to zero but is not bounded.

5.3 Subnets Subnets are the analogue of subsequences, though they are a bit more subtle.

Definition 5.17. Let (x;);c; be a net in a topological space. Then (y;) e is a subnet of (x;);cs if there
exists a map o: J — I such that
(i) w,(j) = y; for all j € J;
(ii) if j; < jo then o(j1) < o(j2); (monotone)
(iii) for any ¢ € I there exists j € J such that o(j) > . (final)

Example 5.18. For a sequence (x,,)nen, any subsequence (z,, )ren is a subnet where o(k) = ny. However,
because we only require the map o to be monotone (rather than strictly monotone) there are subnets of the
sequence which are not subsequences. For example, (21,1, 21, %2, 23,...) is a valid subnet, even though it
is not a valid subsequence. |

Proposition 5.19. Let X be a topological space. If a net (x;);er C X converges, then every subnet converges
to the same limit.

Proof. Let « := lim; ;. Let (y;);jes be a subnet with monotone final map o: J — I. Let U C X be an
open subset containing xz. Then there exists ig € I such that x; € U for all ¢ > iy. By finality there exists
jo € J such that o(jo) > 9. Thus, by monotonicity, for all j > jo we have o(j) > o(jo) > 4o and hence
Yj = To(;) € U. That is, (y;)jes converges to x. O

Finally, we conclude this note by characterizing compactness in terms of convergent subnets. This is the
analogue of the fact that in a metric space a set is compact if and only if every sequence in it has a convergent
subsequence (which is sometimes called being sequentially compact).

Proposition 5.20. Let X be a topological space. Then K C X is compact if and only if every net (x;);c; C K
has a convergent subnet.

Proof. (=): Let K be compact. We recall that it has the finite intersection property: if {C;}ics is a
collection of closed subsets of K satisfying (;cC; # 0 for any finite subset F' C I, then (., C; # 0.
Indeed, otherwise {C§{}icr is an open cover for K with no finite subcover.
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Now, let (z;)icr C K be a net. Define C; := {x;: j > i}. Then for F' C I finite, we can find j such that

j > for each i € F and so

Tj € ﬂ C; # 0.
icF

By the finite intersection property we therefore have (1),.; C; # 0. Let y be an element of this set. Then for
every i € I, y € C; which means for every neighborhood U of y, U N {z;: j > i} # (. That is, for every
i € I and every neighborhood U, there exists j > i such that z; € U. Set y ;) = z;. Then (yw,;)) is a
net (where (U, j) < (U’,j') means U D U’ and j < j'), which converges to y. Defining o (U, j) := j yields a
monotone final map and so (y(y,;)) is a (convergent) subnet of (z;)ier.

(«): Towards a contradiction, let {U;: i € I'} be an open cover of K with no finite subcover. Let .% be
the collection of finite subsets of I, which we make into a directed set by ordering by inclusion. For each
F € .7 let xp be any point in K \ |J;cp Us (which exists by virtue of there being no finite subcover). Then
(rr)res is a net and consequently has a convergent subnet (z,(;))jes, say with limit z. Then 2 € U; for
some ¢ € I and consequently there is jo € J such that x,;) € U; for all j > jo. Let j; € J be such that
o(j1) > {i} € #. Then there exists j > ji and j > jo. For this j we have z,(;) € U; but o(j) > o(j1) > {i}
implies z4(j) € U;, a contradiction. Thus every open cover of K has a finite subcover and K is therefore
compact. O
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6. Appendix: Inductive Limits

An inductive limit is a way to start with many “smaller” objects that are assembled in a specific way to
construct a larger object of the same type. These objects may be groups, rings, vector spaces, or algebras
depending on the context. How these small pieces come together to build the limiting object is determined by
a family of group homomorphisms, ring homomorphisms, linear maps, or algebra homomorphisms between
these smaller objects.

As a motivating example, we consider a sequence of subgroups (G, )ren such that G,, < G,,11 for every
n € N, i.e. we have an ascending sequence of subgroups. It is left as an exercise to verify that G = J,,cyy Gn
is also a group. Here, there are families of homomorphisms ¢y, ., : Gy, =+ G, whenever n > m given by
the inclusion of subgroups G, C G, with the property that if n < k < m then the composition of the
intermediary maps is ¢p m = @k.m © Pn k. Moreover, for every n € N there is a map ¢,, : G5, = G. These
observations form the prototype of essential properties of the inductive limit of the sequence of G,,’s.

Definition 6.1. Let (A,)nen be a sequence of objects of the same type (groups, rings, etc) along with
suitable maps ¢, , : A, = A, whenever n < m so that

(1) ¢nn=1ida,, and

(2) for every n < k < m, ¢n,m = ¢k,m o ¢n,k-
Then the collection (A, ¢ m) is called a directed system. An object B along with a family of maps
¢n : A, = B is compatible if for every n < m we have that ¢, = ¢, © P m.

Let A along with maps ¢, : A, — A be compatible. A is called an inductive limit of the directed

system (A, dn,m), denoted A = ligAn, if it satisfies the following universal property: if whenever B with
maps ¥, is compatible we have that there exists a unique map p : A — B so that ¥, = p o ¢,.

Exercise: check that the definition above ensures that if an inductive limit exists, it is in fact unique up
to isomorphism in the appropriate sense.

Remark 6.2. Sometimes inductive limits are also called direct limits, but they should not be confused with
”co-limits” or inverse limits, which are more often seen in topology, where the arrows go the other way.

Inductive limits may be generalized by allowing the family of objects (A4;);ecz to be indexed by an arbitrary
directed set 7.

Example 6.3. Let A, = M2n(C) be the algebra of 2" x 2" matrices with maps ¢, n41 : Man (C) = Man+1(C)

defined by
z 0
T — (0 x) .

Letting ¢y m := @m,m—10 -0 ¢pnt1 Whenever m > n, we see that by construction this forms a directed

system. Since these are inclusions, one can identify the inductive limit with (J,, ¢y An- |

Example 6.4. Let H be a separable infinite dimensional Hilbert space with orthonormal basis (e, )nen. Let
P,, be the projection onto the subspace spanned by {ey,--- ,e,}, and let A,, = P, B(H)P,, with ¢y, py1: A —

Apq1 the canonical inclusion map. Again, the direct limit of this system can be identified with |J,,c An. W

Suppose that (4,) is a directed system of algebraic objects (e.g. rings, algebras, vector spaces). The
direct limit can be constructed by considering

A=||An/ ~, (6.1)

the disjoint union of the A,’s modulo the following equivalence relation: z, € A, and x,, € A, are
equivalent if and only if there exist k¥ > n,m so that ¢ (Tn) = Gm x(Tm). Loosely, this means that two
elements are equivalent under ~ if they eventually become equal in some Aj. Notice that this was automatic
in the prototype example of nested groups.

While this construction is well-behaved for algebraic objects (if each A, is a group, then the object A
defined in Equation (6.1) is clearly a group), this may not be the case when working with analytic objects
such as Hilbert spaces or Banach algebras. In these situations, one must take extra care to show that an
inductive limit of the appropriate type actually exists.
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7. Introduction to Operator Theory

Given a Hilbert space H, we will explore several ideals of operators in B(H): finite-rank, compact, trace
class, and Hilbert—Schmidt.

7.1 Projections, Partial Isometries, and Positive Semi-Definite Operators We will begin
by taking a closer look at certain types of operators that will be important throughout the mini-courses:
projections, partial isometries, and positive semi-definite operators. We encountered the first two types in
the prerequisite notes, while the last type is defined below.

Let H be a Hilbert space and X C H a closed subspace. Recall that we defined the projection onto K as
the operator Px € B(H) such that, for all £ € H, we have Pc¢ € K and

— Pl = inf ||€ — ]
€ — Pl nlrel,cllﬁ ull

We also saw that Pk is equivalently defined to be the operator such that Pcé € IC and & — Pcé€ € Kt for all
¢ € H. In particular, if £ € K then P& = ¢ and if € € K+ then Pcé = 0 (see Exercise 1.17).

From an operator algebras perspective, there is a much more natural way to think about projections,
which is given in the following theorem.

Theorem 7.1. For p € B(H), p is a projection if and only if p = p* = p2.

subspace and p = Ppyy.

In this case, pH is a closed

Proof. First suppose p = Px for some closed subspace K C H. Since P& € K for all £ € H and Pxn =1n
for all n € K, we have PE¢ = Pc(Pc€) = Pc€. Thus PE = Pec. To see that Pc = Pg, let £, € H and use
the fact that K is closed (and so H = K ® K1) to compute

(Px&,m) = (P&, Pxn + (1 — Px)n) = (P&, Pen) = (Pcé + (1 — Px)€, Pen) = (€, Pen) -

So P¢ =Pk.
Conversely, suppose p € B(H) satisfies p = p* = p?. Let K := pH. Then K is a subspace and moreover it
is closed: suppose (p&p)nen C K converges to some 7 € H. Then since p is continuous we have

pn=p lim p&, = lim p?¢, = lim pé, = 1.
n—oo n—oo n—oo
Thus n = pn € K, and so K is closed. Additionally, for £ € H and pn € K we have

(€ = p&,pm) = (&) — (&, pn) = (&, pn) — (&, p"p0) = (&, pm) — (&, p°n) = (&, pn) — (€, ) = 0.
Thus £ — p& € K+, and by definition of K we have p¢ € K for all £ € H. Consequently, p = Px. O

The previous theorem allows us to redefine a projection as an operator p € B(H) satisfying p = p* = p?.
We will typically take this more algebraic perspective in the mini-courses. Note that if p € B(H) is a
projection, then one can use this definition to quickly verify that 1 —p is also a projection (see Exercise 7.34).
In particular, 1 — p is the projection onto (pH)*.

Definition 7.2. We say two projections p,q € B(H) are orthogonal to one another if pg = 0. We say a
family of projections {p;},c; C B(H) is (pairwise) orthogonal if p;p; = 0 for all 4,j € I with i # j.

For a projection p € B(H), observe that p = p? is equivalent to p(1 —p) = 0. Thus p and 1 — p are always
orthogonal projections. Also pH and (1 — p)H are always orthogonal subspaces (see Exercise 7.34). This
is not a coincidence: two projection p,q € B(H) are orthogonal if and only if pH L ¢H (see Exercise 7.30,
which explains the terminology.

We will now move onto a related class of operators: partial isometries. Recall that we defined a partial
isometry as an operator v € B(H) that satisfies v = vv*v. We will soon see why this terminology makes
sense, but we first make a few observations. By taking the adjoint of each side of v = vv*v, we see that
v* = v*ov*, and so (since (z*)* = z for all x € B(H)) v* is also a partial isometry. Moreover, vv* and v*v
are projections: they are both self-adjoint and

(vv*)? = vo*ov* = (VV*v)v* = Vo,
and similarly (v*v)? = v*v. Thus v*v and vv* are projections by Theorem 7.1. In fact, this gives an alternate
characterization of partial isometries (see Exercise 7.37).
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Definition 7.3. For a partial isometry v € B(#), the source projection of v is v*v and the range
projection of v is vv*.

Note that the source projection of v is the range projection of v*, and vice versa.

Theorem 7.4. Let v € B(H) be a partial isometry and consider the subspaces S := v*vH and R := vv*H.
Then v|s and v*|r are isometries and v|s. =0 = v*|g+. Moreover,

vlg: S =R
is an isometric isomorphism with inverse v*|x.

Proof. By definition of S, we have v*v€ = £ for any £ € S. Consequently,
[0€]1? = (v, v€) = (v*vE, €) = (£,€) = ||€]1*.
Hence v|s is an isometry. The proof of v*|g is similar. Also, using v = vv*v, we see that
v(l—v*v)=v—wv=v—v=0.

Consequently, v is identically zero on (1 — v*v)H = S*. Similarly, v*|z. = 0.
To see that v|g is valued in R, note that v€ = (vv*v)§ = (vv*)v€ € R. Finally, for £ € S we have

vt (vf) = (v'v)§ =&
Since R C vH, this shows that v*|g = v|§1. O
Thus if v € B(H) is a partial isometry, then its restriction to v*v#H is an isometry while its restriction to

(1 —v*v)H = (v*vH)" is identically zero. It turns out that this is actually equivalent to v being a partial
isometry (see Exercise 7.39).

Definition 7.5. We say « € B(H) is positive semi-definite if (z£,£) > 0 for all £ € H.
If x = y*y for some y € B(H), then z is positive semi-definite: for £ € H we have

(€,€) = (y*y€, &) = (Y& y&) = |ly&|* > 0.

In particular, if p € B(H) is a projection, then p = p?> = p*p and so is positive semi-definite. We will
eventually see in the C*-algebras mini-course that x = y*y for some y € B(#H) is the only way for x to be
positive semi-definite. Moreover, we can require that y also be positive-semidefinite, in which it is unique
and we denote it 2'/2 := y. For now, we can check this when # is finite dimensional and B(H) = M,,(C):

Example 7.6. Suppose A € M,,(C) is positive semi-definite. If X is an eigenvalue of A with eigenvector x,
then
Allx|[* = O, %) = (A€, €) > 0.

Thus A > 0. Now, A is self-adjoint by Exercise 7.42, and consequently it is diagonalizable: A = UDU™* for
U a unitary matrix and

A1 0
D = . 7
0 An
where Aq,...,\, are the eigenvalues of A counting multiplicities. Since \; > 0 for ¢ = 1,...,n by the
argument above, we can define
VA1 0
DY/? .=

0 Van
Note that D'/2D'/2 = D and (D'/?)* = D'/2. If we set B := UD/2U* then we have
B*B = (UDY?U*)*(UDY*U*) = (UDY*U*)(UDY?U*) = UDY?DY?U* = UDU* = A.
Thus A = B*B. ]
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7.2 Finite-Rank Operators All of the classes of operators we will consider in this section contain this
first class:

Definition 7.7. We say x € B(H) is a finite-rank operator if dim(zH) < co. In particular, if dim(zH) =n
for n € H we say x is a rank n operator. The collection of finite-rank operators on # is denoted FR(H).

Example 7.8. For £,7 € H, define £ ® j € B(H) by

E@m)={ms (eH.
Then £ ® 7H = span{{}, so that £ ® 77 is a rank 1 operator. Observe that for {1, (s € H we have

<(§®ﬁ)(<1)7<2> = <<Clvn> €7<2> = <<1777> <§a<2> = <Cla <CQ;€> 77> = <Cla (77®€)(<2)> .

Thus (E®7)* =n®E. In particular, §{ ® £is self-adjoint. B B ) B
If [|£]| = 1, then in fact £ ® € is a projection: (€ RE)? = (E®&)* =R E. To see that (E®E)?2 =£@E, we
compute:

(€@ EE @) = (€D )E) = (G, €)(E )¢,

which equals (¢ ® £)¢ since ||€]| = (€,€)'/2 = 1.
More generally, it turns out that the product of any two of these operators is also a rank 1 operator of
the form & ® 77 : for &1,&2,m,m2,( € H we have

(61 @Mm) (L @m)(C) = (&1 @71) ((Cm2) §2) = (¢ m2) §2,m) &1 = (C,m2) (§2,m) &1 = (¢, (M1, 62) n2) &1
In other words,
(§1@M) (L2 @M) = ((§2,m) &1) @2 = &1 @ (11, 62) Na-

To remember this formula, it can be helpful to think of the special case where 177 = £ has norm 1. In that
case, we have

(1 @m)(m @) =4 0.
Finite rank operators behave a lot like matrices. For example, we have a “Rank-Nullity” type result.

Lemma 7.9. For x € FR(H), the rank of x is dim(ker(z)").

Proof. First note that since H = ker(x) @ ker(x)*, we have ¥H = xker(z)’, and so the rank of z is
dim(z ker(z)1) < dim(ker(z)1).

On the other hand, let £ be an orthonormal basis for ker(z)1. Since z is injective on ker(z)*, |E] = |z€].
So, we just need to show that the set {x{: { € £} is linearly independent. If a; € C and §; € & are such
that

k
Z Oéj.l?fj = O7
j=1

then Z?Zl a;&; € ker(z) Nker(z)*, and so we must have a; = - - = oy, = 0 since &1, . . ., & are orthonormal.
That means |[{z: £ € £} < n. O

It turns out the operators in the previous example give all rank 1 operators. In fact, we have

Theorem 7.10. If x € FR(H) is rank n for n € N, then there exist &1,. .., &ny M1y« € H so that

z=) &®T;.
j=1

In particular, if © is the projection onto a finite dimensional subspace K C H, then
n
T=) &®E
j=1

for any orthonormal basis &1, . ..,&, for K.
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Proof. Let {n1,...,m,} be an orthonormal basis for ker(z)*, and set & = am; for each j = 1,...,n. For
¢ € H, we can write

n
C=) am+G
j=1
for some ag,...,a, € C and ¢y € ker(x). We then have

dYoGen | Q=Y & => <Z axéy + Coﬂ?j> §aC =Y a; () & > ajan; = at
j=1 j=1 j=1 \k=1 j=1 j=1

Thus 2 = Y, & 1.

If z is a projection onto a subspace X C H with orthonormal basis &1, ..., &,, then in the above argument
we have n; = z&; = ;. Thus z has the claimed form. O

Corollary 7.11. FR(H) is a (not necessarily norm-closed) two-sided x-ideal in B(H).

Proof. Let x € B(H). By the previous theorem, it suffices to show (£ ® 7), (E ® )z € FR(H) for £,n € H.
For ¢ € H we have

(€@ 0)(¢) =z (¢,m) & = (¢, m) x§ = ((x) @ 7)(C).
So z(§ ®17) = (2€) ® 1 € FR(H). Likewise one can show (¢ ® )z = £ ® x*n € FR(H). O

Corollary 7.12. Any nonzero two-sided ideal in B(H) contains FR(H) — even if the ideal is not x-closed
or norm-closed.

Proof. Let 0 # J < B(H). By Theorem 7.10, it suffices to show that J contains all rank one projections.
(Pause and convince yourself of this.) Let x € J be a nonzero operator, £ € H such that € # 0, and
p € B(H) a rank one projection. Then by Theorem 7.10, p = n ® 7} for some n € H. Let y € B(H) such that
yx€ = 1. (What would such an operator look like?) Then for any ¢ € H,

yr(§ @ x "y ¢ = yx(z 'y (, §)¢ = (x™y"(, §yxs = (C, yx&)yxl = (¢, m)n = p¢.

So, p =yz(§ ® &)xz*y* € J. Since p was arbitrary, it follows that J contains all rank one projections. |

Exercise 7.13. Show that for any x-closed ideal J < B(H), if J contains one rank one projection, then .J
contains all of FR(H).

If H is finite dimensional, say with dim(#) = n, then FR(H) = B(H) since every operator is at most
rank n. However, if H is infinite dimensional then FR(H) is not closed. Indeed, let {&,}nen C H be an
orthonormal set and let (o, )nen € co(N). Recall from Example 7.8 that &, ® &, is a projection and so has
|l€n ® &, = 1. From Exercise 7.51, it follows that

zi=Y b ®E,

n=1
is the norm limit of the partial sums (which are finite-rank operators). Since z¢; = af;, we see that
dim(a2M) = co and so x is not finite-rank. However, it is an example of the next class of operators.

7.3 Compact Operators As we specified in the Prerequisite Notes, we will primarily be concerned
with norm-closed ideals. The compact operators are the norm closure of FR(H).

Definition 7.14. We say « € B(H) is compact if = lim; 2; is the norm limit of a sequence of finite-rank
operators. The collection of compact operators on H is denoted K (H).

Of course, the distinction between FR(H) and K (H) is nonexistent when # is finite dimensional.
Exercise 7.15. How would K (#) change if we took it to be the set of limits of nets of finite-rank operators?
Exercise 7.16. Prove that K(#) is a (norm-closed) ideal in B(H).

It follows from Corollary 7.12 that every norm-closed 2-sided ideal in B(H) contains K (H). In particular,
Exercise 7.13 tells us that if p is any rank-one projection, then the norm-closed ideal generated by p is
precisely K(H).
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Exercise 7.17. Fix a rank one operator ¢ ® in FR(H). Show that the *-closed, norm-closed ideal of B(H)
generated by ¢ ® ¢ is K(H).

Moreover, we shall see later in the C*-algebra course that if J<B(H) and I <J, then I <B(#H). It follows
then that K (#) is simple.

In fact, it turns out that when #H has a countable basis, then K(#) is the unique closed 2-sided ideal in
B(H). That means that the quotient B(H)/K(#) is also simple. This quotient is called the Calkin algebra
and has played a fundamental role in the theory of extensions of C*-algebras.

As seen in Example 3.15, the spectrum of an operator is a generalization of the notion of eigenvalues for
matrices. The following definition gives another, more explicit generalization.

Definition 7.18. For = € B(#), the point spectrum of z is the set
op(z) :={a € C: 3¢ € H \ {0} satisfying € = a}.
For any a € o,(z), * — a has a non-trivial kernel and therefore is not invertible. Hence we always have

the inclusion o, (x) C o(x). The reverse inclusion holds when # is finite dimensional (by Example 3.15.(1)),
but does not hold in general.

Example 7.19. Let S € B(¢*(N)) be the shift operator:

S(al, as, .. ) = (0, ai,ag, .. )
From Exercise 1.41 we know S is an isometry but not a unitary. That is, S is injective but not surjective.
Consequently, 0 € a(5) \ 0,(5). [ ]

When # is finite-dimensional, we can diagonalize any normal element x € B(#). In other words, there
exists a unitary u € B(H) such that u*zu is a diagonal operator whose entries are the eigenvalues of z. In
infinite dimensions, this is no longer necessarily true. However, we do have the following result. Because it
often appears in a graduate real analysis course, we will omit the proof. But one can be found in [Conway,
Section 7.4].

Theorem 7.20 (Spectral Theorem for Compact Normal Operators). Let x € K(H) be normal. Then
op(x) is countable, has no non-zero cluster points, and for each A € o,(x) the subspace ker(x — ) is finite-
dimensional. Let py € FR(H) be the projection onto ker(x — X). Then {px: A € op(z)} are pairwise
orthogonal, sum in the SOT to 1, and

z= >,

A€oy (z)
where the series converges in the norm topology.

Observe that in the above theorem, py € FR(H) for each A € o,,(x) implies that for any finite F' C o, (z),
the partial sum » ,_, Apx lies in FR(H). This gives an explicit description of a compact normal operator x
as the norm limit of finite-rank operators.

7.4 Trace Class Operators Let £ C H be an orthonormal basis. For x € B(H) positive semi-definite,
we have (z£,£) > 0 for all © € H. Consequently, we can define

Tr(z) := Z (x&, &) €10, 00]

gee

It turns out the above formula does not depend on the particular orthonormal basis (see Exercise 7.54).

Example 7.21. Let K C H be a finite dimensional subspace and let © € B(#) be the projection onto K.
We claim Tr(z) = dim(K). Indeed, let {&1,...,&,} C K be an orthonormal basis for K so that

x:ij ®€7‘
=1

by Theorem 7.10. Extend {1, ...,&,} to an orthonormal basis £ for . We have

Tr(e) = <Z(5j ®£j><£),s> = 2_ &I = n = dim(K),

cee \j=1
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as claimed. |

Given x € B(#H), recall that x*z is positive semi-definite and so we can consider |z| := v/z*z, which we
call the absolute value of x.

Definition 7.22. We say x € B(H) is trace class if
llz]l1 := Tr(|z]) < oco.
The collection of trace class operators is denoted L!(B(H)).

The notation L'(B(H)) is motivated by a concept in von Neumann algebras called the predual, which
will be explored later in the von Neumann algebras mini-course. For now, let the following example serve as
justification for the notation.

Example 7.23. Let H be a separable Hilbert space and let {&,, € H: n € N} be an orthonormal basis. For
any (an)nEN € 61 (N)a

= an&n ®E, € L'(B(H)).
n=1

Indeed, first note that the series defines a bounded operator by Exercise 7.51 (using the fact that ¢}(N) C
¢o(N)). In order to compute ||z||1, we must first determine |z|. By Example 7.8 we have

> o (n @ &n)(6n @ &) = Z T (6 m) ém) © &n = Z|an\ & ® &n.

m,n=1 m,n=1

By a similar computation, the quantity on the right is the square of the positive semi-definite operator
> |an|én ® &,. So by the uniqueness of |z|, we obtain

|$| = Z ‘O‘n|§n ®§7L-
n=1

We then compute

”:Z:Hl - TI‘ “T| Z |x|§n7£n Z <Z |am‘ gm ®§m)(§n) §n>

= n= m=1
0o

oo
Z (|odnéns €n) = Z |an] = [[(@n)nenllr < oo,

and so x € L*(B(H)) as claimed. We also note that by a similar computation

Z (T€n,&n) = Zana
n=1

n=1

which converges. |

The series obtained at the end of the above example should be viewed as Tr(z). It turns out that for any
x € L'(B(H)) and any orthonormal basis & C H one has

Dolas a1 <Y (l=l€,€) = |l
gee ee
We will delay proving this until later on in the mini-courses, but for now note that it implies the series

> cce (€, €) is absolutely convergent. Thus we make the following definition:

Definition 7.24. For z € L'(B(H)), the trace of z is the quantity
Tr(w) 1= (€, €)
£ee

where £ is an orthonormal basis for H.
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Just as with positive semi-definite operators, the trace is independent of the choice of orthonormal basis
for H. As the name suggests, when H is finite dimensional this quantity agrees with the usual trace on
M, (C) (see Exercise 7.55). Moreover, like the trace on M, (C) it is invariant under cyclic permutations:
Tr(zy) = Tr(yx). We collect this fact along with several others in the next theorem, whose proof is delayed
until later in the mini-courses.

Theorem 7.25. On LY(B(H)), || - |1 is a norm satisfying ||z| < ||z|1. L*(B(H)) is a (not necessarily
closed) x-ideal in B(H) such that ||z*||1 = ||z||1, | Tr(z)| < ||z,

lazblly < allllolllzll,  a.be B(H), € L'(B(H)),
and
Tr(ax) = Tr(za) a € B(H), x € L*(B(H)).
Moreover, L' (B(H)) equipped with || - ||1 is a Banach algebra for which FR(H) is a dense subalgebra.
We leave the proof of the following corollary as an exercise (see Exercise 7.56).

Corollary 7.26. For any Hilbert space H, L'(B(H)) C K(H).

7.5 Hilbert—Schmidt Operators

Definition 7.27. We say x € B(H) is a Hilbert—Schmidt operator if
|z)l2 == Tr(z*z)'/? < 0.

The collection of Hilbert—Schmidt operators is denoted HS(H).

Another way to characterize when x € B(H) is Hilbert-Schmidt is if z*x € L'(B(#)). Consequently,
sometimes the notation L?(B(H)) is used for HS(H). Since L'(B(H)) is closed under multiplication, we
have L'(B(H)) C HS(H). Indeed, by Theorem 7.25 we have

Tr(z*z) = |lz*z|y < ||z*|lllzlh = llzllllell: < [l
Thus
]|z = Tr(z*2)/* < |l«],  Va € L'(B(H)).
In particular, we have FR(H) C HS(H).
Example 7.28. Let &1,...,&0,71,---,7n € H and set

zi= &
j=1

Let £ C H be an orthonormal basis. Then

|2]l3 = Tr(z*z) = Y (@*2€,&) = > (2&,28) = <Z (&) &,y (& m) 5k>

cee gee tcee \j=1 k=1
=) (&)Y O Em) =D (& &) <Z<77k>€> fﬂ?j> = > (& &) (ko) -
1,7=1 £e€ i,j=1 £e€ 1,7=1

Observe that final sum is precisely the square of the norm of ) §; ®7; when viewed as a vector in the Hilbert
space tensor product H ® H (recall from Exercise 1.10 that H is the conjugate Hilbert space to ). ]

The observation made at the end of the above example is precisely why the notation £ ® i was used in
the first place. It also hints that HS(H) has a Hilbert space structure itself.

Theorem 7.29. On HS(H), || - |l2 is a norm satisfying ||z|| < ||z|l2. HS(H)) is a (not necessarily closed)
x-ideal in B(H) such that |z*|2 = ||z||2 and
lazbllz < llall[lblllzll2  a,b € B(H), v € HS(H).
For x,y € HS(H), vy, yx € L*(B(H)) with Tr(zy) = Tr(yx). Consequently, HS(H) is a Hilbert space with
inner product
(x,y)y = Tr(y"z)  x,y € HS(H),
and FR(H) is a dense subspace. As a Hilbert space, HS(H) is isomorphic to H ® H.
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We leave the proof of the following corollary as an exercise (see Exercise 7.56).

Corollary 7.30. For any Hilbert space H, L*(B(H)) C HS(H) C K(H).

Exercises
In what follows H is a Hilbert space.

Exercise 7.31. For x € B(H), show that ||z| = ||z*]-
Exercise 7.32. For € B(H), show that ||z|| = [Jz*z||'/2.

Exercise 7.33. Suppose (z,,), € B(H) is a sequence that converges in norm to x € B(#H). Show that z
also converges to z*.

Exercise 7.34. If p € B(H) is a projection, show that 1 — p is also a projection and (1 — p)H = (pH)*.

Exercise 7.35. If p,q € B(H) are projections such that ¢H C pH, show that p — ¢ is a projection with
pPH=qH & (p— M.

Exercise 7.36. For projections p,q € B(H), show that pg = 0 if and only if pH L ¢H.

Exercise 7.37. Show that v € B(H) is a partial isometry if and only if v*v is a projection. [Hint: expand
|(v — vo*v)¢||? for € € H.)

Exercise 7.38. Let H be a Hilbert space and H1,Ho two subspaces of H. Suppose there is a bijective
isometry @ : Hi — Ho. Show that for any &, n € Hi, we have (u&, un) = (£, n).
Hint: Use the polarization identity: for any d,( € H,

3

48,¢) = Y115 + ¢,

k=0

Exercise 7.39.
Exercise 7.40. Let v,w € B(H) be partial isometries. Show that if ww*H C v*vH, then vw is a partial
isometry.
Exercise 7.41. Let p € B(H) be a projection of rank n. Show that pB(H)p ~ B(pH) ~ M, (C).
Exercise 7.42. Let z € B(H).

(1) Show that x = z* if and only if (&, &) € R for all £ € H.

(2) Show that if x is positive semi-definite, then z is self-adjoint.

Exercise 7.43. For x € B(H) with x = 2*, show that

sup | (¢, &) [ = [lz].
lel=1

[Hint: show Re (z€,n) = % (x(€+n),E+n) + % (x(€—n),&—n) for all §,n € H.]

Exercise 7.44. For x € B(H), show that ker(z*) = (aH)*.

Exercise 7.45. For z € B(H), if (z€,n) =0 for all £,n € H, then = 0. What if (z£,£) =0 for all £ € H?
Exercise 7.46.

Exercise 7.47. Let x,y € B(H) be self-adjoint. We say x > y if  — y is positive semi-definite. This gives
us a partial order on the the collection of self-adjoint operators on B(H). Show the following for x € B(H).

(a) 2,y >0=2z+y >0.
b)z>y,z=z2"=>z+2z>y+z
c) z,y > 0= zy > 0.

(d) x =2* =22 >0.

() x>y >0 22 >y2



32 CGOALS PREREQUISITE NOTES

Exercise 7.48. For x € B(H), its numerical range is the set W(x) = {(z£,£) : ||&]| = 1} and its numerical
radius is w(z) = sup{|z| : z € W(z). Show that %[z]| < w(z) < |z|.

Exercise 7.49. For £, n € H, show that ||£ @ 7| < [|€]|[In]]-

Exercise 7.50.

Exercise 7.51. Let {p,: n € N} C B(H) be a family of pairwise orthogonal projections.

(a) For m < n and @, Qupt1, - -, € C, show that
n
a;pi|| = max |ajl.
Z iPj m§j§n| 1
j=m

(b) For (an)nen € co(N), show that
D Py
i=1 neN

is a Cauchy sequence (with respect to the metric induced by the operator norm).

Exercise 7.52. Let £ C H be an orthonormal basis. For x € B(H) show that
Do llzEl? = el
¢ee ceg

[Hint: use Theorem 1.22 and Fubini’s theorem.]

Exercise 7.53. Suppose z,y € B(H) are such that © = y*y. Show that x is positive semi-definite.

Exercise 7.54. Let H be a Hilbert space and let £ be an orthonormal basis.

(a) Show that if uw € B(H) is a unitary operator, then {uf: £ € £} is an orthonormal basis.

(b) Show that for any other orthonormal basis F, there exists a unitary operator v € B(#) such that
u€ = F.

(c) Assume for x € B(H) that x = y*y for some y € B(H). Show that for any u € B(H) unitary,

> (wug,ug) = (2€,€).
ge€ £e€
[Hint: use yy* = yuu*y* and Exercise 7.52.]

Exercise 7.55. For # = C" and A = (4; ;)}';—; € M,(C), show that the trace defined in Definition 7.24 is
given by

n

Exercise 7.56. For a Hilbert space H, prove the inclusions
FR(H) C L*(B(H)) C HS(H) C K(H).
[Hint: approximate by finite-rank operators in the appropriate norm.|

Exercise 7.57. Fill in the following table. (Group exercise.) Note that some cells can have more than one
correct answer.

Algebraic Definition Spatial Definition

Normal Tr* =17*T
Self-Adjoint T=T* (hint: E.7.42)

Projection T=T>=T* T is an orthogonal projection onto a closed subspace of H
Invertible

Unitary ™Tr=1=TT*

Isometry ITE| = [|€]| for all £ € H
Co-Isometry TT* =1

Partial Isometry T=TT*T For some closed subspace K C H, Tk is an isometry and T'|x. =0
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