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Abstract

The purpose of these notes is to develop (without mention of the Hilbert-Schmidt operators) the ideal
of trace class operators in B(H) where H is an infinite dimensional Hilbert space. In addition, we will
develop the facts that the trace class operators are the dual of the compact operators and the predual of
B(H). We will proceed to develop the theory in the way that we feel it most intuitive and direct.

In these notes, H will alway be an infinite (but not necessarily separable) Hilbert space and £(H)
will denote the set of compact operators. These notes will assume that the reader has a basic knowledge
of the Continuous Functional Calculus for Normal Operators, compact operators, the spectral theorem
for positive compact operators, and the polar decomposition of an operator. All inner products will be
linear in the first component.

This document is for educational purposes and should not be referenced. Please contact the author
of this document if you need aid in finding the correct reference. Comments, corrections, and recom-
mendations on these notes are always appreciated and may be e-mailed to the author (see his website
for contact info).

The set of trace class operators on a Hilbert space H, denoted C;(#), have many several interesting
and important properties. To begin to understand the importance of the trace class operators, recall that
B(H) can be viewed as a non-commutative version of £ (I) where I is an infinite set and K(*H) can be
viewed as a non-commutative version of ¢y(I). Carrying forth this analogy, we will see that C;(H) is really
a non-commutative analog of ¢1(I). Moreover, it is well-known that co(1)* ~ £1(I) and ¢ (I)* ~ oo (I). As
such, it will be show that K(H)* ~ C;(H) (Theorem 25) and C;(H)* ~ B(H) (Theorem 23). Moreover, the
fact that C;1(H)* ~ B(H) allows us to construct a weak*-topology on B(#H) that is very important to the
study of von Neumann algebras (although this will not be developed here).

In these notes there are several times that we want to take rather a m-tuple (finite sum, finite set) or a
sequence (countable sum, countable set). As such the notation (ay),>1 will denote either a finite m-tuple
(for some m € N) or a countable sequence. Similarly the notation )" - a, will denote a countable sum that
is possibly a finite sum. Moreover, if multiple similar objects are considered together, they are all “finite’ or
all 'countable’. This convenience is made to accommodate finite rank operators simultaneously with compact
operators that are not of finite rank.

To begin a study of the trace class operators it is necessary to develop the theory of compact operators at
least up to the spectral theorem of compact normal operators. We begin with the statement of the afore men-
tioned theorem although we will only need the case that compact operator under consideration is self-adjoint.

Theorem 1. Let H be a Hilbert space and let N € B(H) be a compact, normal operator. Suppose
(Ak)r>1 are the distinct non-zero eigenvalues of N (recall A\, — 0 if there are infinitely many eigenvalues)
and that Py, is the orthonormal projection of H onto My, = ker(N — A\ I). Then each My, is a finite
dimensional Hilbert space, P, Papm; = 0 = Ppq,; Pa,, if j # k, and

N = Z Me P,

k>1

where the series converges in the norm topology on B(H).



Using the above theorem and the polar decomposition of an element of B(#) it is possible to write every
compact operator as a norm convergent sum of rank one operators. Before we show this, we will make some
useful notation.

Notation 2. Let &,n € H. We denote the rank one operator in B(#) that takes 1 to £ by &n* (that
is, £n*(¢) = (¢, m)¢ for all ¢ € H).

Note that it is easy to verify that if T € B(H), o € C, and &,¢&',n,n € H then T o (&n*) = (T¢)n*,
En)" =", (€ +af)n™ = (&n") + a('n"), and {(n + an’)* = (&n*) +@(£(n')7) as operator in B(H).

Corollary 3. Let K € R(#H) be such that K = K*. Then

K = Z )‘nnnnz

n>1

where the sum converging in norm, (A,)n,>1 are the real non-zero eigenvalues counting multiplicity, and
{Nn}n>1 € H is an orthonormal set.

ProoF: Fix K € 8(H) such that K = K*. Thus Theorem 1 implies that we may write K =3, o, A} Py,
(the sum converging in norm) where (\})x>1 is a sequence of non-zero eigenvalues of K that converges to
zero, each My, is a finite dimensional Hilbert space, and Py, Py, = 0 = Pa; P, if § # k.

Let {na}aea, be an orthonormal basis for M. Since each My, is a finite dimensional Hilbert space, Ay
is a finite indexing set and P, = >°,ca, NMafs is norm convergent. Thus (J,~,{na}aeca, is a countable
orthonormal set of vectors as My, and M, are orthogonal if j # k. By ordering |~ {7} ca, We obtain an
orthonormal set of vectors {n, },>1 such that K =Y -, A\, is a norm convergent sum where A, = A},
for the specific k such that 1, € My. Since K is self-adjoint, the eigenvalues of K are real so each )\, is a
real number. [

Corollary 4. Let K € R(H). Then
K=Y sn&um;

n>1

where the sum converging in norm, (S$,)n>1 iS a non-increasing sequence of strictly positive real numbers
converging to 0, and {&,}n>1 C H and {n,}n>1 C H are orthonormal sets (not necessarily orthogonal to
each other).

Proor: Fix K € R(H). By the polar decomposition of operators there exists a partial isometry V € B(H)
such that K = V|K| where |K| = (K*K)2. Since |K| € C*(K) and C*(K) C &(H), |K]| is a posi-
tive compact operator. Thus Corollary 3 implies that there exists an orthonormal set {7, },>1 such that
|K| =)",>1 a7, is a norm convergent sum where (s, ),>1 are the non-zero eigenvalues of |K| (counting
multiplicity). Since |K]| is a positive operator, s,, > 0 for all n. Since lim,, ,~ s, = 0 as | K| is compact, we
may rearrange the order of the n,s such that lim,,_, . s, = 0 and s,, > 5,41 for all n.

To obtain the final expression for K, recall that V' is an isometry on Ran(|K|) and let &, = Vn,,. Since
M, € Ran(|K|) for all n, each &, is a unit vector and & is orthogonal to &; whenever j # k. Whence

K=VIK[=V Z Snllntly | = Z snV () = Z s (Vi )y, = Z $n&nln

n>1 n>1 n>1 n>1
is such a desired decomposition. [
Notice, given a compact operator K, that the above representation is not unique since we could have

chosen different orthonormal bases for each M}. However the s,s are unique as they were simply the eigen-
values of |K| (including multiplicity) arranged in decreasing order. To capture this information, we make



the following definition.

Definition 5. Let K € &(H). The singular values of K, denoted (s, (K))n>1, are the non-zero eigen-
values of | K| (including multiplicity) arranged in decreasing order (with s, (K) = 0 for all n > kg if | K| only
has ko non-zero eigenvalues counting multiplicity). Let || K|, := > < sn(K).

We have seen in Corollary 4 that the singular values appear in a specific decomposition of a compact
operator. It turns out that the singular values appear in any such decomposition.

Lemma 6. Let K € 8(H) and suppose
K = Z tngnnz

n>1

where the sum converging in norm, (t,)n,>1 Is a non-increasing sequence of strictly positive real numbers
converging to 0, and {&,}n>1 € H and {n,}n>1 € H are orthonormal sets (not necessarily orthogonal to
each other). Then t,, = s,(K). Moreover ||K|| = sup,,>; t, = t;.

ProoOF: To determine the singular values of K, we need to compute |K|. However we notice for all ¢ € H
that

K*K(

m>1 n>1

Dt | | D tnlComan

m>1 n>1

S5 bt (G s i

m>1n>1

> (G ) i

m>1

= | Dt | €

m>1

Therefore K*K =Y . 12 n,n}, as this sum clearly converges in norm as {1, },>1 C H is an orthonormal
set and thus K*K can be viewed as a diagonal operator by extending {n,},>1 C H to an orthonormal
basis of H. Similarly T'= )", < tmnmn;, defines an element of B(H) as the sum converges in norm. Since
tn, > 0 for all n, T is a positive operator (as it can be viewed as a diagonal operator with positive diagonal
entries). Moreover, as {n, }»>1 C H is an orthonormal set, it is clear that T2 = K*K so that T = | K| by the
uniqueness of the square root of a positive operator. Whence the eigenvalues of | K| counting multiplicity are
(tn)n>1. Since (tn)n>1 is a non-increasing sequence and by the definition of the singular values, s, (K) = t,
as desired.
Lastly, to see that ||K|| = sup,,~; tn, we notice that

1
K| = K> = [T

by the Continuous Functional Calculus. Since |K| =", tmnmn;,, |K| can be viewed as a diagonal oper-
ator in B(H) with diagonal entries contained in the set {,, };n>1 U {0}, the result trivially follows. [J

Corollary 7. Let K € (#). Then || K| < ||K]||,.



PrOOF: Let K = Y ., sn(K)&n) be a decomposition from Corollary 4. Then || K| = s:1(K) < ||K]|,
by Lemma 6. [J B

Now that we have developed the singular values of a compact operator, we can finally define what it
means for a compact operator to be a trace class operator.

Definition 8. A compact operator K is said to be a trace class operator if ||[K||; =), <, sn(K) < co. We

shall denote the collection of trace class operators by Ci(H) and || - [|; : C1(H) — [0,00) is called the trace
norm.

Now we shall proceed with proving a series of lemmas and theorems in order to show that C;(H) is a
Banach space, B(H) ~ (C1(H))*, and obtain more information about trace class operators. We begin by

showing certain series essential to the theory of trace class operators are absolutely summable.

Lemma 9. Let {(s}aca and {wq}taca be orthonormal sets in ‘H indexed by the same set A and let
K € R(H). Then ) o n (K Caswa)| < [ K];-

PrOOF: Let K =3 -, s,(K)&xn;, be a decomposition from Corollary 4. Then

Z |<KCOMWOL>| = Z <Z 57L(K)<Ca777n>§nawa>

aEA acA n>1

= Z an(K)<<m77n> <£nvwa>

a€A |n>1

< an(K) Z [{(Cavs M) |1{€n» wa) |
n>1 aEA

<Y sa(K) (Z <Ca777n>|2> <Z<emya>|2>
n>1 aEA aEA

< sn(E) mall 1gnll = D sn(K) = | K]l

Therefore the inequality holds as desired. [J

Combining Corollary 4 and Lemma 9 allows us to develop another expression for the trace class norm of
a compact operator.

Lemma 10. If K € &(H) then

| K|, = sup { Z (K o, wa)| | {Cataca,{wataca orthonormal subsets of ’H}
aEA

Moreover there exists countable orthonormal subsets {(,}n>1 and {wp}n>1 of H such that (K(,,w,) > 0
for allm and 3, o1 (K G, wn) = || K|,

Proor: By Lemma 9

sup { Z (K o, wa)| | {Catacar,{wataca orthonormal subsets of 'H} <K,
a€A



To prove the other inequality and the fact that the supremum is obtained, let K = Zn21 sn(K)&am: be

a decomposition from Corollary 4. Choose 6,, € [0,27) such that (Kn,,e®&,) = [(Knm, &m)| > 0. Let
Cm = €&, Then {Gntm>1 and {1y, }m>1 are orthonormal subsets of H and

Z(KUWCM = Z (K s §m)|

m>1 m>1

= ST s Bt s )

m>1|n>1

= Z Sn(K)<<nmvnn>§m€m>

m>1|n>1
=Y sm(K) = K],
m>1
as desired. [J
Proposition 11. C;(#) is a vector space and the trace norm || - ||, is a norm on C;(H).

PRrROOF: First we notice that 0 € Ci(H) since 0 is a compact operator with [|0||; = 0. Next notice
that if K € Ci(H) and A € C\ {0} then AK € R(#). Moreover, since |AK| = (]A\2K*K)z = |)|K],
sn(AK) = |A|s,(K) for all n € N. Whence ||AK]||; = ||| K]]; < 0o so AK € Ci1(H) when A # 0 (and clearly
when A = 0).

Notice that if K1, Ky € C1(H) then K1 + Ky € R(H) and, by Lemma 10,

|1 + Kol = sup { Z (K1 + K2)Corwa)| | {Cataen,{wa}aca orthonormal subsets of 7{}
acA

< sup { Z [(K1Ca, wa)| + Z [{(EK2Ca,wa)| | {Cataca,{wataca orthonormal subsets of H}

a€A aEA
K]l + [[ Kzl < oo

IN

Thus K7 + Ky € C1(H). Whence C;(H) is a vector space.

To complete the proof that || - ||; is a norm on C; (#), we notice that if K € C;(H) is such that ||K||; =0
then s, (K) = 0 for all n. Thus all eigenvalues of |K| are zero. Whence |K| =0so K =0 (as K = V|K| for
some partial isometry V). O

Our next goal is to show that Cy(#) is complete with respect to the trace norm and thus a Banach space.
To prove this, we first will develop more information about the singular values of a compact operator and
develop some important consequences. Our first result enables us a way to compute the n*" singular value
of a compact operator.

Lemma 12. Let K be a compact operator. Then s,(K) = inf{||K — F|| | rank(F) <n —1}.

ProoF: Fixn € N. Let K =}, - si(K)&n; be a decomposition from Corollary 4. Let F' = Z:;ll sk(K)Epmy.
Then F is a rank n — 1 operator and

IK = Fl| = {|> sk(K)&nis|| = sn(K)
k>n

by Lemma 6. Hence s, (K) > inf{||K — F|| | rank(F) <n —1}.



Let F be an arbitrary finite rank operator with rank at most n — 1. Then codim(ker(F)) < n —1 and
thus ker(F) Nspan(ny,...,0,) 7 {0}. Let ¢ € ker(F) Nspan(n,...,n,) \ {0} be such that ||¢|| = 1. Since
¢ € span(ny,...,Mn), ¢ is orthogonal to n for all k > n. Therefore

2 n n

=D su(E) NG = su(K)? Y G )P = su(K)?

k=1 k=1

n

> sk ()G me)én

k=1

1K = FII* > [I(K = F)(QI” = I1K¢|* =

Thus the result follows. [J
Lemma 13. Let K € 8(H) and let T € B(H). Then s,(TK) < ||T|| sn(K) and s,(KT) < s,(K) |[|T].

PrOOF: First recall that TK, KT € £(H) as the compact operators form an ideal. By Lemma 12
we have for all operators F' of rank at most n — 1 that s,(TK) < |[TK —TF| < ||T||||K — F|| and
sn(KT) < ||[KT — FT|| < ||K — F|| ||IT|| as TF and FT will also be finite rank operators with rank at most
n — 1. Thus, as this holds for all such finite rank operators, s, (TK) < |T|| s,(K) and s,(KT) < s,(K) || T||
by Lemma 12. [J

With the above result in hand, we can prove the following important result relating the algebraic struc-

tures of C1(H) and B(H).

Proposition 14. Let A,B € B(H) and let K € Ci(H). Then [|[AKB|, < ||A|||K]||,|B||. Moreover
C1(H) is a self-adjoint algebraic ideal of B(H).

PROOF: Clearly AK B is compact. Moreover s, (AKB) < || A|| sn(K) || B]| for all n by Corollary 13. Therefore

Y su(AKB) < Al | Y sal(E) | 1Bl = | K], 1B < o0

n>1 n>1

Therefore, since C1(H) is a vector subspace of B(H), this implies that C;(H) is an algebraic ideal of B(H).
To see that C;(H) is self-adjoint we notice that if K = 3 _, s,(K)&n; then K* =57 o s, (K)nn&;,
and thus s, (K*) = s,,(K) for all n by Lemma 6. Therefore | K*[[, = ||K||, and thus C; (#) is self-adjoint. OJ

Using the fact that Ci(H) is self-adjoint allows us to decompose each element of C;(H) into a linear
combination of positive elements of C;(H) as we would in a C*-algebra.

Lemma 15. Every element of C1(H) is a linear combination of four positive elements of C1(H).

PROOF: First suppose that K € C;(H) is self-adjoint. Let K = Zn21 Aninny be a decomposition of K
as given by Corollary 3 (where A, € R). Since |K| = (K*K)? = (K2)2 and it is easy to verify that

K2 =Y Anan;,
n>1
we obtain that [K| = 3", -, [An|nan;,. Therefore, as K € Ci(H), >_,,5, [An] < cc. Define
Ky =Y max{0,\p}hnh;, and K_ = (—min{\,,0})h,h;,
n>1 n>1

It is easy to check that K, and K_ are well-defined compact operators such that K = K; — K_ and
K, K_>0. Since ), |A\n| < 0o, we obtain that K, K_ € C;(#H). Therefore every self-adjoint element
of C1(H) is a difference of two positive elements of C; (H).



Next suppose K € C1(H) was arbitrary. Then K* € C1(H) by Proposition 14. Since C;(H) is a vector
space, Re(K),Im(K) € C;(H) and K = Re(K)+iIm(K). Since Re(K) and Im(K) are self-adjoint elements
of C1(H), each is the difference of two positive elements of C;(H). Whence K is a linear combination of four
positive elements of C;(H). O

The following lemma is the last result we need in order to prove that C;(#) is a Banach space.

Lemma 16. Let K be a compact operator. If {(x}}?_, and {wy}}_, are orthonormal families, then

D ohey K ey wi)| < 305y sk (K).

PrOOF: Let U be the rank n partial isometry such that Uwyp, = ( for 1 < k < n. By Lemma 13
sp(KU) < ||U|| sx(K) = sx(K) for 1 < k < n. Moreover and sp(KU) = 0 if £ > n as rank(KU) < n
so that rank(|KU|) < n so KU can have at most n non-zero singular values. Thus, as KU is compact, we
obtain by Lemma 10 that

> K G wi) =D (K Uwg,wi)] < KUy =Y sp(KU) <Y si(K)
k=1 k=1 k=1 k=1
as desired. [

Theorem 17. Ci(H) is complete in the trace norm and the ideal of finite rank operators is dense in
Ci(H).

PRrROOF: To see that C1(H) is complete, let (K,),>1 be any Cauchy sequence in C;(H). Then we notice
that | K, — Ky, || < |[[Kn — Kil|; by Corollary 7. Therefore (K,)n>1 is a Cauchy sequence in £(H). Hence,
since the compact operators are complete, K,, — K € #(#) in the operator norm. Thus we need now show
only two things: that |K||; < oo and ||[K — K,|; — 0.

Since [|K, — K|| = 0, (K({,w) = limy, o (K,(,w) for all (,w € H. Let K = 3 -, sn(K)&m; be a
decomposition of K given by Corollary 4. It is a trivial computation to verify that s, (K) = (Kn,,&,) for
all n € N as {&,}n>1 and {9, }n>1 are orthogonal sets. Therefore for all N € N

N N

N
= JEH;Q Z |<Kj77n7§n>|

< limsup Z sn(K by Lemma 16
]—)OO n=1

< limsup || K, < oo

J—00

since (|| /||, ) >1 forms a Cauchy sequence in R by the reverse triangle inequality. Consequently ZnN:1 sn(K) <
limsup;_, . | Kjl|, for all N € N and thus |[K||; < co. Hence K € C1(H).

Using the same proof as above, it can be shown that [|[K — K|, <limsup;_, [|K; — K¢l|, for all £ € N.
Since limsup;_, . [[Kj — Kell; — 0 as £ — oo, limy o | K — K¢, = 0. Whence K, — K in Ci(#) so that
C1(H) is complete.

To see that the ideal of finite rank operators is dense in Ci(H) we first need to show that each finite
rank operator is in Cy(H). However, if F' is a finite rank operator, F is clearly compact and |F| is a positive
finite rank operator. Since |F| is a positive finite rank operator, |F| only has a finite number of non-zero
eigenvalues counting multiplicity. Therefore only a finite number of singular values of F' are non-zero so

F e Cl(H)



To see that the finite rank operators are dense in C1(H), let K € C1(H) and let K =3 -, 5,(K)&uny,

be a decomposition of K from Corollary 4. Then Fny = Zf:[:l sn(K)&pny is a finite rank operator and

[K = Fnlly = >, 5>ny1 sn(K) by Lemma 6 as K — F, = 3 oy sn(K)&any,. Since Y-, oy g sn(K) — 0
as N — oo, (Fn)n>1 converges to K in Cq(H). Therefore the finite rank operators are dense in C; (). O

The next important development in the theory of trace class operator is the trace (hence the name!).
The above results allow us to make the following definition.

Definition 18. Let {{x}xea be an orthonormal basis for H. We define a trace Tr : C1(H) — C by
Tr(K) =) ealK&x, &n). Note that the sum converges, T'r is linear, and ||Tr|| < 1 by Lemma 9.

Based on the above definition, it is possible that we get a different trace for each orthonormal basis of
H. We will show below that this is not true; that is, every orthonormal basis defines the same trace. This
trace will be essential in our proofs that £(H)* ~ C;(H) and (C1(H))* ~ B(H).

Traditional, a trace 7 on a C*-algebra 2l has the property that 7(A;A4s) = 7(AzA;) for all Ay, Ay € 2.
We will now show that T'r satisfies this property.

Proposition 19. Fach trace Tr given in Definition 18 is independent of the choice of basis (and thus
they are all the same linear functional). Moreover Tr(KT) = Tr(TK) for all K € C;(H) and T € B(H).

PrOOF: Fix an orthonormal basis {{x}rca and define the trace by Tr(K) = >, 5 (K&x, &) for all
K €Ci(H). Fix K € C1(H) and T € B(H). We would like that the following computation is valid:

Tr(TK) = > (TK&, )

AEA

=) (K&, T*6)

AEA

=3 Y (K ) (a, THEN)

AEA €A

= 3" ST (K6 o) a, T

aEANEA

=3 Y e K ) (T€a, &)

aEANNEA

= (T6, K*&)

a€A

=Y (KT¢, &) = Tr(KT)

acA

but it is difficult to see why we can interchange the sums (i.e. we would need absolute convergence of the
double sums which is not apparent). We will be clever to get around this.
First suppose that T'= U is a unitary and K is a positive operator in C; (H). For each A € A let f) = Uey



so that {fx}rea is an orthonormal basis for H. Then U*KU € C;(H) by Proposition 14 and

Tr(U*KU) = Z<U*KU€>\>6A> = Z [(KCfxs F2)]

AeA AEA
- X [inf
AEA
=D D UK frea)l?

AEA aEA

=3 > E2ed)?

a€A XeA

S

a€A

= Z(K@a,ea> =Tr(K)

a€A

2

where the interchanging of sums is valid as all terms in the sum are positive.

Next suppose K € C1(H) and U € B(H) is a unitary. By Lemma 15 we may write K = Zle a; P; where
P, € C1(H) are positive and a; € C. Since U*KU,U*P,U, P;, K € C1(H) by Proposition 14 and since the
trace is linear on C; (H),

Tr(U*KU) = Tr <U* (Z aiP.;> U>
\ =1

= Z a;Tr(U*PU)

i=1
4
=Y aTr(P)
i=1
=Tr(K)
Therefore Tr(U*KU) = Tr(K) for all K € C;(H) and U € B(H) unitary. Moreover if K € C;(H) and U
is unitary then UK € Cy(H) so Tr(KU) = Tr(U*(UK)U) = Tr(UK). Whence Tr(KU) = Tr(UK) for all
K € Ci(H) and U € B(H) unitary.

Next suppose T' € B(H) and K € C;(H) are arbitrary. Then we may write T' = Z?:l b;U; where U; are
unitaries and b; € C. Since T'r is linear and KU;,U; K € C1(H) for all 4,

Tr(TK) =Tr (Z BiUiK> => bTr(UiK) =Y _ bTr(KU;) = Tr(KT)

i=1 i=1 =1

as desired. Hence Tr(TK) = Tr(KT) for all K € C;(H) and T € B(H).

Now suppose {fx}rea is another orthonormal basis for . Define U € B(H) by Uey = f» and extend by
linearity. It is clear that U is a unitary operator. Moreover, for all K € C1(H), Tr(U*KU) = Tr(U*(KU)) =
Tr((KU)U*) = Tr(K). Therefore

Tr(K)=Tr(U'KU) =Y (U'KUey,ex) = Y (Kfr, fr)
AEA AEA
Thus T'r is independent of the choice of basis. [

It turns out that the trace class operators can be defined via the above trace as the next lemma will
demonstrate. In addition, the next lemma will prove a useful fact about the trace of finite rank operators.



Lemma 20. If K € C;(H) is positive then Tr(K) = | K||,. Moreover Tr(&n*) = (&, n) for all {,n € H.

ProoF: Suppose K € Ci(H) is positive. Let K = > -, t,n,n; be a decomposition from Corollary 3.
Since K is a positive operator, ¢, > 0 for all n and thus we may rearrange this decomposition so that
tn > tpi1 for all n € N. Therefore ¢, = s,(K) by Lemma 6 so that || K|, =, -, t,. Extend {n,},>1 to an
orthonormal basis {1, }n>1 U {&x}aen for H. Since the trace is independent of the ba51s selected, we obtain
that

Tr(K) =Y (Tnu,na) + > _(Téx,€))

n>1 AEA

= Z L (M M) N LEN, N Ly, forall A € A,n #m
n>1

= [|K]l

as claimed.
Fix {,ne H. Ifnp=0then &n* =0so Tr(én*) =0 = (£, n). If n # 0 extend { HHH} to an orthonormal

basis { } U {&x}aen for H. Since the trace is independent of the basis selected, we obtain that

Tinll

Tr(en™) = <(£77 y >+ S (e )en6)

Il Tl /) &=

Il LI nLéy for all A € A
Il HUH

=(n)

as claimed. OJ

Now we are finally ready to begin the proof that (Ci(H))* ~ B(#). First we will use the trace to show
that every trace class operator defines a linear functional on B(H).

Lemma 21. Let T € B(H) and define o1 : C1(H) — C by or(K) = Tr(TK). Then @t is linear and
x|l = 17|

PRrROOF: First ¢p is well-defined as TK € Ci(#H) whenever T € B(H) and K € Ci(#H) by Proposition
14. Moreover, since Tr is a linear functional, ¢ is also a linear functional. Moreover, since ||Tr|| < 1, we
obtain for all K € C;(H) that

lpr(K)| = [Tr(TK)| < |TK][, < [T [K],

where the last inequality is by Proposition 14. Therefore ||| < ||T]|.

To see that ||or|| = ||T||, let € > 0. If T = 0, the result follows immediately since ¢y = 0. Thus we may
assume that IT|| > 0 and € < ||T||. Choose a ¢ € H with ||| < 1 such that [|TC|| > ||T|| — € > 0. Consider
¢ = ITCH Then ||¢'|| = 1. Define F = {(¢')* € B(H). Therefore |F|| = ||F(¢')|| = |I¢]| £ 1, and F is a rank

one operator. Therefore F' € C;(H). However, by Lemma 20,

T¢
1<l

Therefore, since ||F|| < 1, we have that ||pr| > ||T|| — e. However, as this holds for all ||T'|] > ¢ > 0,
llor|l = ||T|| as desired. O

lor(F)| = [Tr(T(C(C))] = ITr(TOE))] = |(T¢.C)] = ]<T<, >\ — T > [T - €

10



Lemma 22. Let ¢ € (C1(#H))*. Then there exists a A € B(H) such that ¢ = p4 and | A|| = ||¢|.

PrOOF: Recall for all £, € H that £n* is of finite rank and thus in C;(#H). Whence we may define a
sesquilinear form on H by [£, 1] = p({n*). It is clear that [¢, 7] is linear in the first component and conjugate
linear in the second component so this is indeed a sesquilinear form.

We claim that this sesquilinear form is 'bounded’. To see this, we claim that |[{n*[]; = ||| [|n]| for all
&,m € H. To see this, we notice that the result is trivial if £ = 0 or 5 = 0. Otherwise

e = el (755) (74)

and thus Lemma 6 implies that ||£]| ||n]| is the only non-zero singular value of £n*.
To see that the sesquilinear form is ’bounded’, we notice for all £, € H that

& mll = [e(En™)| < llell 1En™ 1l = llell I Timll

(the above statement is what is means for a sesquilinear form to be bounded).

Now we will use this bounded sesquilinear form to create our operator A. To begin we notice that, since
the sesquilinear form is bounded, the linear functional ¢, : H — C defined by ¢,(¢) = [¢, 7] is bounded for
each fixed n € H. Hence, by the Riesz Representation Theorem, there exists a vector A} € H so that

e(én) = (&) = ¢n(&) = (€, A7)

for all £ € H. Define a map A* : H — H by A*'n = A}. Since [€,7] is conjugate linear in the second
component, A* is a linear map. Moreover

(&, Amm)| = (1€l < llell €] {1l

for all £&,n € H so that A* is bounded with norm at most ||¢||. Therefore there exists an A € B(H) with
norm at most ||¢|| such that (by applying Lemma 20)

o(€n”) = [§,n] = (A&, m) = Tr((A§)n™) = Tr(A(n"))

Therefore, by the linearity of the trace and ¢, we obtain that o(F) = Tr(AF) = p4(F) for all F of finite
rank. However, since ¢4 and ¢ are continuous and the finite rank operators are dense in C;(#) by Theorem
17, we obtain that ¢4 = . Thus ||A]| = ||¢all = |l¢]| by Lemma 21. O

Theorem 23. B(H) is the dual space of C1(H).

PrOOF: Lemmas 20 and 21 together show that the map ® : B(H) — (C1(H))* given by ®&(T) = or
is isometric and onto. Moreover, due to the linearity of the trace, par+s(K) = Tr((A\T + S)(K)) =
ATr(TK)+Tr(SK) = (Apr + pg)(K) for all K € C1(H), A€ C,and T, S € B(H). Hence ® is an isometric
isomorphism and therefore the result follows. [J

Our next goal is to show that (R(H))* ~ C1(H). Before we can show this, we need to know another
fact about the trace class operators. Recall in Lemma 10 that we developed another definition of the trace
class norm || - ||, for compact operators by considering supremums over all pairs of orthonormal sets. The
following lemma shows that if this supremum is finite for a T € B(#H) then T is automatically compact and
thus a trace class operator.

Lemma 24. Let T € B(#). Suppose

sup Z KTCnywn)| | {Cn}n>1, {wn}n>1 orthonormal subsets of H » < oo
n>1

11



Then T is a trace class operator.

Proor: Let My = sup{Zn21 {TCrswn)| | {Cn}n>1,{wn}n>1 orthonormal subsets of ”H} < oo IfT €

R(H) then T € C1(H) by the expression for the trace class norm from Lemma 10. Thus it suffices to show
that T is compact.
To begin, we claim that >, -, |T€,]* < aMj for any orthonormal sequence {£,}n>1 where o is some

finite constant independent of the sequence selected. To see this, we recall that T = Z?:l a;U; where Uj
are unitaries. Whence

DTG =D (T8, T

n>1 n>1
4
< Z Z |O‘j||<T§na Uj§n>|
n>1j=1
4
=Y gl | D T, Uik
j=1 n>1

4
> eyl | Mo

j=1

IN

for every orthonormal sequence {&,},>1 (since if U; is a unitary, {U;&, }n>1 is an orthonormal sequence).
Let M = (Z?:l |ai|) My. Let {nx}rea be an orthonormal basis for (ker(T))%. Then ||Tmy| > 0 for

all A. Since |T¢, ] < M for any orthonormal set {&, }n>1, for all k € N {\ | [|Tna] > +} must be

countable. Whence {1} e is a countable orthonormal basis for (ker(T))> .

Let {n,}n>1 be an orthonormal basis for (ker(T)): and let M’ = D>t |Tn,||* < M. Suppose that
{Cn}n>1 is another basis for (ker(T))*. By restricting our focus to (ker(T))* = ker(|T))* = ker(|T|2)* =

ran(|T|2), we see that

M =Tl

n>1
= Z (T T, )|
n>1
T
=3 |min.
n>1
= Z Z T |21, Ci) | {Cr}r>1 is an orthonormal basis for (ker(T))* = ran(|T|2)
n>1k>1
1
=D TGP
k>1n>1
2
= Z |T|%CkH {Nn}n>1 is an orthonormal basis for (ker(T))*
k>1
= > T T C)|
k>1
=D _ITGI
k>1

(where we can interchange the sums as every term is positive).
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We claim that F,,, := >, (Tn,)n;; — T in norm as m — oo. Since each F), is a finite rank operator, this
will force T' to be compact as desired. To see that F,, — T, let e > 0. We notice since ) -, | T |* = M’

there exists an N € N such that M’—Zgzl ITnnll? < €2. 1 ¢ € (ker(T))+\{0} is orthogonal to {n1, ..., nx},

then by extending {771, TN, HE—H} to an orthonormal basis for (ker(T))* and using the above we obtain

Ie|? < ¢l (M' N ||T77n||2> < |[¢|*. Let & € H be such that [|¢]| < 1 and write & = 3,5, @ tw
where w € ker(T'). Since w € ker(T), wln, for all n so F,,n =0 for all m. Then if k > N

(T = Féll = || D an(Tnn — Fina)

n>1

k

= Z an(Tnn - Fknn) + Z an(Tnn - Fknn)
n>1 n>k+1

k

= 11> an(Tn —Tnn) + Y (T, —0)

n>1 n>k+1

= Z an Ty,

n>k+1

= |\|T Z QnMn, H

n>k+1

Since Y, 5 p1 1 Qnlin € (ker(T))* converges and is orthogonal to {n;,...,ny} as k > N,

T =Fel =T { Y. amnn ||| <| D cmmn||e<[élle<e

n>k+1 n>k+1

As £ € H with ||€]| < 1 was arbitrary, ||T — Fg| < e for all K > N. Hence F,,, — T as desired. O
Theorem 25. The dual of the compact operators is C1(H).

SoLuTION: For each T' € C1(H) define or € R* by op(K) = Tr(TK) (which makes sense as T' a trace
class operator). Since |pr(K)| < ||[TK||, < [|K||||T]|;, each o7 is continuous with |¢r|| < ||T||;. Since T is
a trace class operator, there exists orthonormal sets {&, }n>1 and {1, }n>1 such that ||T)|; = >, <1 (T, )
by Lemma 10. For each m € N let F,,, = > | £,n%. Then F,, is a finite rank operator with ||F,,|| =1 (as
FrF, =" n.n is a projection). However

m

Z T(&uny)) ’

m

Z T, 1)

lerll > lor(F,

where the last inequality is by Lemma 20. Since > (T&,,n,) — | T, as m — oo, |lor|| = |T|,-

Define @ : C1(H) — R(H)* by ®(T) = . Since Tr is linear, ar, 41, = Apr, + ¢, so @ is linear.
Moreover ® is isometric from above. To show that the dual of the compact operators is C;(H), we simply
need to show that ® is surjective.

Let ¢ € R(H)*. Since C1(H) C R(H) (as sets) and |K|| < ||K]||, for all K € C;(#H) by Corollary 7,
[(K)| < |9 |1 K|l < |9l K]];. Whence ¢ € Ci1(H)*. By Theorem 23 there exists a T' € B(H) such that
Y(K) = pr(K) for all K € C1(H). Moreover |pr(K)| < ||¢| || K]| for all K € C1(H). We desire to show that
T € C1(H) by applying Lemma 24.

13



Suppose {&,}n>1 and {n,}n>1 are arbitrary orthonormal set. For each n choose 6 € [0,27) such that
(TE&n,nn)| = € (T&,,n,). For each m € N define F,,, = > €7¢,&: € N. Then F,, is a finite rank
operator, ||F,,|| =1, and

> (T, )

n=1

= lor(Fm)| < 19|

n=1

By letting m — oo we obtain that Y - (T, )| < ||20]| for every pair of orthonormal sequences {&, },>1
and {fn}n>1. Thus T € C;(H) by Lemma 24.

Since T is of trace class, ¥ = ¢ on C;(H). Since C;(H) contains the finite rank operators and the finite
rank operators are dense in 8(H), ¢ = ®(T) on K(H). Whence ® is surjective as desired. O
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