Chapter 1

Hilbert space and bounded linear
operators

This chapter is mainly based on the first two chapters of the book [Amr]. Its content
is quite standard and this theory can be seen as a special instance of bounded linear
operators on more general Banach spaces.

1.1 Hilbert space

Definition 1.1.1. A (complex) Hilbert space H is a vector space on C with a strictly
positive scalar product (or inner product) which is complete for the associated norm!
and which admits a countable orthonormal basis. The scalar product is denoted by (-, )
and the corresponding norm by || - ||.

In particular, note that for any f, g, h € H and o € C the following properties hold:

1) (f,9) = (9, ),
(i) (f,g+ah) = (f,g) +a(f, h),
(it) | £II* = (f, f) > 0, and || f|| = 0 if and only if f = 0.

Note that (g, f) means the complex conjugate of (g, f). Note also that the linearity
in the second argument in (ii) is a matter of convention, many authors define the
linearity in the first argument. In (iii) the norm of f is defined in terms of the scalar
product (f, f). We emphasize that the scalar product can also be defined in terms of
the norm of H, this is the content of the polarisation identity:

Afog) = If+9I” = IIf —gll> =il f +igl* + il f —igl]*. (1.1)

'Recall that # is said to be complete if any Cauchy sequence in A has a limit in . More precisely,
{fn}nen C H is a Cauchy sequence if for any ¢ > 0 there exists N € N such that ||f, — fm] < €
for any n,m > N. Then H is complete if for any such sequence there exists fo, € H such that
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From now on, the symbol H will always denote a Hilbert space.
Examples 1.1.2. (i) H = C¢ with (o, B) = Z?Zl a;B; for any a, B € C,
(ii) H = 1*(Z) with (a,b) = Zjeza_jbj for any a,b € I*(Z),

(i) H = L*(RY) with (f,g) f]Rd x)dx for any f,g € L*(R?).
Let us recall some useful inequalities: For any f, g € H one has
(Lol < IIfllgll - Schwarz inequality, (1.2)
If +gll <[Ifll+llgll  triangle inequality, (1.3)
1f +gl* < 2[1 717 +2)1gl1, (1.4)
L1 =llgll] < 11F = gl (15)

The proof of these inequalities is standard and is left as a free exercise, see also [Amr,
p. 3-4]. Let us also recall that f,g € H are said to be orthogonal if (f,g) = 0.

Definition 1.1.3. A sequence { fn}nen C H is strongly convergent to fo, € H if
lim, o0 || fn — fool| = 0, or is weakly convergent to f., € H if for any g € H one has
lim, o0 (g, fn — foo) = 0. One writes s—lim,, o fr, = foo if the sequence is strongly
convergent, and w—lim,,_,o. f, = feo if the sequence is weakly convergent.

Clearly, a strongly convergent sequence is also weakly convergent. The converse is
not true.

Exercise 1.1.4. In the Hilbert space L*(R), exhibit a sequence which is weakly conver-
gent but not strongly convergent.

Lemma 1.1.5. Consider a sequence { f,}neny C H. One has
s—lim f, = fo <= w—lim f, = foo and lim ||f.] = ||fl|-
n—o00 n—o00 n—oo

Proof. Assume first that s— lim,, o f, = foo. By the Schwarz inequality one infers that
for any g € H:

(9, fo = Jood| < [lfu = Joollllgll = 0 as n — o0,

which means that w— lim,,_, f,, = fo. In addition, by (1.5) one also gets

Fall = [ fscll] < Mfu = focll =0 as n— o0,
and thus lim, o || full = || fool|-
For the reverse implication, observe first that
an o fOOH2 = an”2 + Hf<>0”2 - <fn>f00> o <f007fn> (1-6)
If w—lim, oo fn = foo and lim, o ||fall = ||fll, then the right-hand side of (1.6)

converges t0 || fooll? + | fooll* = || fooll* = || fool|?> = 0, so that s—lim, o fr = foo- |
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Let us also note that if s—lim,, , fr = foo and s—1lim,, . g, = goo then one has
li =
T (f; gn) = (foor Goo)

by a simple application of the Schwarz inequality.

Exercise 1.1.6. Let {e, }nen be an orthonormal basis of an infinite dimensional Hilbert
space. Show that w—lim,, . e, = 0, but that s— lim,,_, €, does not exist.

Exercise 1.1.7. Show that the limit of a strong or a weak Cauchy sequence is unique.
Show also that such a sequence is bounded, i.e. if { f }nen denotes this Cauchy sequence,
then sup,,cy || fnl| < 0.

For the weak Cauchy sequence, the boundedness can be obtained from the follow-
ing quite general result which will be useful later on. Its proof can be found in [Kat,
Thm. I11.1.29]. In the statement, A is simply a set.

Theorem 1.1.8 (Uniform boundedness principle). Let {@a}rea be a family of contin-
uous maps* @y : H — [0,00) satisfying

ox(f+9) < ox(f)+ealg) Vi ,geH.

If the set {ox(f)}ren C [0,00) is bounded for any fized f € H, then the family {©vx}ren
is uniformly bounded, i.e. there exists ¢ > 0 such that sup, px(f) < ¢ for any f € H
with || f]| = 1.

In the next definition, we introduce the notion of a linear manifold and of a subspace
of a Hilbert space.

Definition 1.1.9. A linear manifold M of a Hilbert space H is a linear subset of H,
or more precisely Vf,g € M and o € C one has f + ag € M. If M s closed (< any
Cauchy sequence in M converges strongly in M), then M is called a subspace of H.

Note that if M is closed, then M is a Hilbert space in itself, with the scalar product
and norm inherited from H. Be aware that some authors call subspace what we have
defined as a linear manifold, and call closed subspace what we simply call a subspace.

Examples 1.1.10. (i) If f1,..., fn € H, then Vect(fi,..., fn) is the closed vector
space generated by the linear combinations of fi,... fn. Vect(fi,..., fn) is a sub-
space.

(i1) If M is a subset of H, then
M ={f e H|(f,g) =0,¥g € M} (1.7)

is a subspace of H.

2y is continuous if @ (fn) — ©a(fo) Whenever s—lim,, oo frn = foo-
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Exercise 1.1.11. Check that in the above example the set M= is a subspace of H.

Exercise 1.1.12. Check that a linear manifold M C H is dense in H if and only if
Mt = {0}.

If M is a subset of H the subspace M* is called the orthocomplement of M in
‘H. The following result is important in the setting of Hilbert spaces. Its proof is not
complicated but a little bit lengthy, we thus refer to [Amr, Prop. 1.7].

Proposition 1.1.13 (Projection Theorem). Let M be a subspace of a Hilbert space H.
Then, for any f € H there exist a unique f; € M and a unique fo € Mt such that

f=f+f

Let us close this section with the so-called Riesz Lemma. For that purpose, recall
first that the dual H* of the Hilbert space H consists in the set of all bounded linear
functionals on H, i.e. H* consists in all mappings ¢ : H — C satisfying for any f,g € H
and a € C

(i) o(f +ag) = o(f) + ap(g), (linearity)

(i) (NI < <l Il (boundedness)
where ¢ is a constant independent of f. One then sets

Il = sup 12
otren | f]|

Clearly, if g € H, then g defines an element ¢, of H* by setting ¢,(f) = (g, ).
Indeed ¢, is linear and one has

1 1
gl := sup =g, /)] < sup —=|gll.f]l = llgl-
oxrer |If]l oxfer |1 f]l

In fact, note that [[¢gll2- = [lg]| since r94(9) = prllgll® = llgll-
The following statement shows that any element ¢ € H* can be obtained from an
element g € H. It corresponds thus to a converse of the previous construction.

Lemma 1.1.14 (Riesz Lemma). For any ¢ € H*, there exists a unique g € H such
that for any f € H

p(f) = (9, I).
In addition, g satisfies ||¢|ln- = ||g]|-

Since the proof is quite standard, we only sketch it and leave the details to the
reader, see also [Amr, Prop. 1.8].



1.2. VECTOR-VALUED FUNCTIONS 9

Sketch of the proof. If ¢ = 0, then one can set g := 0 and observe trivially that ¢ = ¢,.
If ¢ # 0, let us first define M = {f € H | ¢(f) = 0} and observe that M is
a subspace of H. One also observes that M # H since otherwise ¢ = 0. Thus, let
h € H such that ¢(h) # 0 and decompose h = hy + hy with hy € M and hy, € M=+ by
Proposition 1.1.13. One infers then that ¢(hs) = ¢(h) # 0.
For arbitrary f € H one can consider the element f — %hg € H and observe that

cp(f — ) hg) = 0. One deduces that f — 2 p, belongs to M, and since hy € M+

o w(h2) o(h2)
one infers that (h)
AU
|22
One can thus set g := h",ﬁfﬁg hy € H and easily obtain the remaining parts of the state-
ment. [

As a consequence of the previous statement, one often identifies H* with H itself.

Exercise 1.1.15. Check that this identification is not linear but anti-linear.

1.2 Vector-valued functions

Let H be a Hilbert space and let A be a set. A vector-valued function ifamap f : A — H,
i.e. for any A € A one has f(\) € H. In application, we shall mostly consider the special
case A =R or A = [a,b] with a,b € R and a < b.

The following definitions are mimicked from the special case H = C, but different
topologies on H can be considered:

Definition 1.2.1. Let J := (a,b) with a < b and consider a vector-valued function
f:J—="H.

(1) f is strongly continuous on J if for any t € J one has lim._ || f(t4+¢)— f(¢)|| = 0,

(11) f is weakly continuous on J if for any t € J and any g € H one has

lim (g, /(£ +2) = £(2)) =0,

(i1i) f is strongly differentiable on J if there exists another vector-valued function
f'+J — H such that for any t € J one has

lim || 2(f(t +2) = f(1)) = F(B)]| =0,

(i1i) f is weakly differentiable on J if there exists another vector-valued function f' :
J — H such that for anyt € J and g € H one has

lim (g, 1(/(t +2) — £(8)) — £/(£)) =0,
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The map f' is called the strong derivative, respectively the weak derivative, of f.

Integrals of vector-valued functions can be defined in several senses, but we shall
restrict ourselves to Riemann-type integrals. The construction is then similar to real or
complex-valued functions, by considering finer and finer partitions of a bounded interval
J. Improper Riemann integrals can also be defined in analogy with the scalar case by
a limiting process. Note that these integrals can exist either in the strong sense (strong
topology on H) or in the weak sense (weak topology on #). In the sequel, we consider
only the existence of such integrals in the strong sense.

Let us thus consider J := (a, b] with a < b and let us set IT = {sg, ..., sp;u1,... u,}
with a = spg < up <81 <up <89 < -+ <uy <8, = b for a partition of J. One also
sets |II| := maxyeq1,.. ) |Sk — Sk—1| and the Riemann sum

n

S(IL, f) = Z(Sk — sp—1) f (ug).

k=1

If one considers then a sequence {11, };cn of partitions of J with |II;| — 0 as i — oo one
writes

b
/ F(t)dt = / F(O)dE = s— lim (T, f)
J a 11— 00

if this limit exists and is independent of the sequence of partitions. In this case, one
says that f is strongly integrable on (a,b]. Clearly, similar definitions hold for J = (a, b)
or J = [a,b]. Infinite intervals can be considered by a limiting process as long as the
corresponding limits exist.

The following statements can then be proved in a way similar to the scalar case.

Proposition 1.2.2. Let (a,b] and (b, c| be finite or infinite intervals and suppose that
all the subsequent integrals exist. Then one has

(i) [, F®)dt+ [ F(dt = [7 f()dt,
(i) 7 (afi(t) + fo(0)dt = a [7 f(D)dE+ [0 fo(8)dt,
(i) || 12 roat| < [ 1@,
For the existence of these integrals one has:

Proposition 1.2.3. (i) If [a,b] is a finite closed interval and f : [a,b] — H is
strongly continuous, then f: f(t)dt exists,

(ii) If a < b are arbitrary and fab || f(t)]|dt < oo, then fab f(t)dt exists,

(111) If f is strongly differentiable on (a,b) and its derivative f' is strongly continuous
and integrable on |a,b] then

| 7= 1) - s
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1.3 Bounded linear operators

First of all, let us recall that a linear map B between two complex vector spaces M
and N satisfies B(f + ag) = Bf + aBg for all f,g € M and « € C.

Definition 1.3.1. A map B : H — H is a bounded linear operator if B : H — H is a
linear map, and if there exists ¢ > 0 such that ||Bf|| < || f|| for all f € H. The set of
all bounded linear operators on H is denoted by HB(H).

For any B € #(H), one sets

Bl = int{e > 0| |Bf| < cllf]| VF € H}
L B
= p

. 1.8
S0 A (18)

and call it the norm of B. Note that the same notation is used for the norm of an
element of H and for the norm of an element of %(H), but this does not lead to any
confusion. Let us also introduce the range of an operator B € Z(H), namely

Ran(B) := BH ={f € H | f = By for some g € H}. (1.9)
This notion will be important when the inverse of an operator will be discussed.

Exercise 1.3.2. Let My, My be two dense linear manifolds of H, and let B € B(H).
Show that
18I = sup [(f, Bg)|- (1.10)
feEM1,ge M2 with ||f[=]lg]l=1

Exercise 1.3.3. Show that B(H) is a complete normed algebra and that the inequality
IABI < [|A[IBll (1.11)
holds for any A, B € B(H).

An additional structure can be added to #(H): an involution. More precisely, for
any B € #(H) and any f, g € H one sets

(B"f,9) = ([, Bg)- (1.12)
Exercise 1.3.4. For any B € B(H) show that
(i) B* is uniquely defined by (1.12) and satisfies B* € B(H) with |B*|| = || B||,
(i) (B) = B,
(iii) ||B*B|| = || B|]*,
(iv) If A € B(H), then (AB)* = B*A*.
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The operator B* is called the adjoint of B, and the proof the unicity in (i) involves
the Riesz Lemma. A complete normed algebra endowed with an involution for which
the property (iii) holds is called a C*-algebra. In particular Z(H) is a C*-algebra. Such
algebras have a well-developed and deep theory, see for example [Mur|. However, we
shall not go further in this direction in this course.

We have already considered two distinct topologies on H, namely the strong and
the weak topology. On Z(H) there exist several topologies, but we shall consider only
three of them.

Definition 1.3.5. A sequence {By}nen C Z(H) is uniformly convergent to By €
PB(H) if limy, o0 [|Br — Bol| = 0, is strongly convergent to B., € B(H) if for any
f € H one has lim,_, || Bof — Boof|| = 0, or is weakly convergent to B, € HB(H)
if for any f,g € H one has lim, o (f, Bng — Bxg) = 0. In these cases, one writes
respectively u — lim,, . B, = By, s — lim,_,o B, = By and w — lim,,_,, B,, = Bs.

Clearly, uniform convergence implies strong convergence, and strong convergence
implies weak convergence. The reverse statements are not true. Note that if { B, },en C
PB(H) is weakly convergent, then the sequence { B },cn of its adjoint operators is also
weakly convergent. However, the same statement does not hold for a strongly convergent
sequence. Finally, we shall not prove but often use that %(H) is also weakly and strongly
closed. In other words, any weakly (or strongly) Cauchy sequence in Z(H) converges
in B(H).

Exercise 1.3.6. Let {A, }nen C B(H) and {Bp}nen C B(H) be two strongly conver-
gent sequence in B(H), with limits Ay and By, respectively. Show that the sequence
{A, B, }nen is strongly convergent to the element Ao By.

Let us close this section with some information about the inverse of a bounded
operator. Additional information on the inverse in relation with unbounded operators
will be provided in the sequel.

Definition 1.3.7. An operator B € %(H) is invertible if the equation Bf = 0 only
admits the solution f = 0. In such a case, there exists a linear map B~' : Ran(B) — H
which satisfies BBf = f for any f € H, and BB~'g = g for any g € Ran(B). If B is
invertible and Ran(B) = H, then B™' € (H) and B is said to be invertible in Z(H)
(or boundedly invertible ).

Note that the two conditions B invertible and Ran(B) = H imply B~ € B(H) is
a consequence of the Closed graph Theorem. In the sequel, we shall use the notation
1 € B(H) for the operator defined on any f € H by 1f = f, and 0 € B(H) for the
operator defined by 0f = 0.

The next statement is very useful in applications, and holds in a much more general
context. Its proof is classical and can be found in every textbook.
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Lemma 1.3.8 (Neumann series). If B € #(H) and | B|| < 1, then the operator (1— B)
is invertible in B(H), with

TR o
n=0

and with H(l — B)_IH < (1 —||BJ|)~". The series converges in the uniform norm of

Note that we have used the identity B = 1.

1.4 Special classes of bounded linear operators

In this section we provide some information on some subsets of B(H). We start with
some operators which will play an important role in the sequel.

Definition 1.4.1. An operator B € B(H) is called self-adjoint if B* = B, or equiva-
lently if for any f,g € H one has

(f.Bg) = (Bf,9). (1.13)

For these operators the computation of their norm can be simplified (see also Ex-
ercise 1.3.2) :

Exercise 1.4.2. If B € B(H) is self-adjoint and if M is a dense linear manifold in
H, show that

IBl = sup  [(f,Bf)I (1.14)
fem, |ifl=1

A special set of self-adjoint operators is provided by the set of orthogonal projec-
tions:

Definition 1.4.3. An element P € (M) is an orthogonal projection if P = P? = P*.

It not difficult to check that there is a one-to-one correspondence between the set
of subspaces of H and the set of orthogonal projections in #(H). Indeed, any orthog-
onal projection P defines a subspace M := PH. Conversely by taking the projection
Theorem (Proposition 1.1.13) into account one infers that for any subspace M one can
define an orthogonal projection P with PH = M.

In the sequel, we might simply say projection instead of orthogonal projection.
However, let us stress that in other contexts a projection is often an operator P satisfying
only the relation P? = P.

We gather in the next exercise some easy relations between orthogonal projections
and the underlying subspaces. For that purpose we use the notation Py, Py for the
orthogonal projections on the subspaces M and N of H.

Exercise 1.4.4. Show the following relations:
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(i) If PyPyn = Py P, then Py Py ois a projection and the associated subspace is
MNN,

(iii) If MLN, then Py Py = Py Py =0, and Pyan = Py + Py,
(iv) If Py Py =0, then MLN.

Let us now consider unitary operators, and then more general isometries and partial
isometries. For that purpose, we recall that 1 denotes the identify operator in AB(H).

Definition 1.4.5. An element U € Z(H) is a unitary operator if UU* = 1 and if
UU=1

Note that if U is unitary, then U is invertible in B(H) with U~! = U*. Indeed,
observe first that U f = 0 implies f = U*(U f) = U*0 = 0. Secondly, for any g € H, one
has ¢ = U(U*g), and thus Ran(U) = H. Finally, the equality U~! = U* follows from
the unicity of the inverse.

More generally, an element V' € B(H) is called an isometry if the equality

VYV =1 (1.15)

holds. Clearly, a unitary operator is an instance of an isometry. For isometries the
following properties can easily be obtained.

Proposition 1.4.6. a) Let V € B(H) be an isometry. Then
(1) V preserves the scalar product, namely (V f,Vg) = (f,g) for any f,g € H,

(i) V preserves the norm, namely ||V f|| = || f|| for any f € H,
(11i) If H # {0} then |V| =1,
(iv) VV* is the projection on Ran(V),
(v) V is invertible (in the sense of Definition 1.3.7),
(vi) The adjoint V* satisfies V*f =V =Lf if f € Ran(V), and V*g =0 if gL Ran(V).
b) An element W € B(H) is an isometry if and only if |W f|| = || f|| for all f € H.

Exercise 1.4.7. Provide a proof for the previous proposition (as well as the proof of
the next proposition).

More generally one defines a partial isometry as an element W € Z(H) such that
W*W =P (1.16)

with P an orthogonal projection. Again, unitary operators or isometries are special
examples of partial isometries.
As before the following properties of partial isometries can be easily proved.



1.4. SPECIAL CLASSES OF BOUNDED LINEAR OPERATORS 15

Proposition 1.4.8. Let W € B(H) be a partial isometry as defined in (1.16). Then
(i) one has WP =W and (W f,Wq) = (Pf,Pg) for any f,g € H,
(ii) If P # 0 then ||W] =1,

(11i) WW* is the projection on Ran(W).

For a partial isometry W one usually calls initial set projection the projection
defined by W*W and by final set projection the projection defined by WW*.

Let us now introduce a last subset of bounded operators, namely the ideal of compact
operators. For that purpose, consider first any family {g;, h; }jvzl C H and for any f € H

one sets
N

Af = g, )y (1.17)

j=1

Then A € #B(H), and Ran(A) C Vect(hy,...,hy). Such an operator A is called a finite
rank operator. In fact, any operator B € Z(H) with dim ( Ran(B)) < 00 is a finite rank
operator.

Exercise 1.4.9. For the operator A defined in (1.17), give an upper estimate for || Al
and compute A*.

Definition 1.4.10. An element B € A(H) is a compact operator if there exists a
family { A, }nen of finite rank operators such that lim,, .. || B — A,|| = 0. The set of all
compact operators is denoted by H (H).

The following proposition contains sone basic properties of JZ (H). Its proof can be
obtained by playing with families of finite rank operators.

Proposition 1.4.11. The following properties hold:
(i) Be X (H) < B* € ¥ (H),
(i1) H# (H) is a x-algebra, complete for the norm || - ||,
(i) If B € #(H) and A € B(H), then AB and BA belong to # (H).

As a consequence, £ (H) is a C*-algebra and an ideal of Z(H). In fact, compact
operators have the nice property of improving some convergences, as shown in the next
statement.

Proposition 1.4.12. Let K € # (H)).

(1) If {futnen C H is a weakly convergent sequence with limit fo € H, then the
sequence { K f, }nen strongly converges to K fo,
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(11) If the sequence {By}nen C B(H) strongly converges to Bo, € B(H), then the
sequences { B, K }pen and {K B! },en converge in norm to B K and KBX | re-
spectively.

Proof. a) Let us first set ¢, := f, — fe and observe that w—lim, .. ¢, = 0. By an
application of the uniform boundedness principle, see Theorem 1.1.8, it follows that
{llnl|}nen is bounded, i.e. there exists M > 0 such that ||p,|| < M for any n € N.
Since K is compact, for any € > 0 there exists a finite rank operator A of the form
given in (1.17) such that || — Al| < 557. Then one has

N
£
1K enll < 10K = Agall + | Agall < 5+ > Hagronl 5]

j=1

Since w— lim,,_,o ¢, = 0 there exists ny € N such that (g;,p,)| ||h;]| < 5% for any
j€{l,...,N} and all n > ny. As a consequence, one infers that ||[K¢,|| < ¢ for all
n > ng, or in other words s— lim,, ,, K, = 0.

b) Let us set C), := B,, — B such that s—lim,,_,,, C,, = 0. As before, there exists
M > 0 such that ||Cy]| < M for any n € N. For any ¢ > 0 consider a finite rank
operator A of the form (1.17) such that ||[K — Al < 55. Then observe that for any
feH

ICLEFI| < MI[(K = A)fI| + [[CuAS]]

N
< M| = ANIFI+ D Ko HHICahy

j=1

N
< {MIK = All + D llgill1Cahsl }IIL
j=1

Since C,, strongly converges to 0 one can then choose ng € Nsuch that ||g;[| [|Cnh;|| < 55
for any j € {1,... N} and all n > ng. One then infers that ||C,,K|| < e for any n > ny,
which means that the sequence {C, K },en uniformly converges to 0. The statement
about { K B} },en can be proved analogously by taking the equality ||K B} — KBX | =
| B, K* — Boo K*|| into account and by remembering that K* is compact as well. [

Exercise 1.4.13. Check that a projection P is a compact operator if and only if PH
is of finite dimension.

Extension 1.4.14. There are various subalgebras of J (H), for example the algebra of
Hilbert-Schmidt operators, the algebra of trace class operators, and more generally the
Schatten classes. Note that these algebras are not closed with respect to the norm || - ||
but with respect to some stronger norms ||-||. These algebras are ideals in B(H).
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1.5 Operator-valued maps

In analogy with Section 1.2 it is natural to consider function with values in #(H). More
precisely, let J be an open interval on R, and let us consider a map F : J — ZB(H).
The notion of continuity can be considered with several topologies on %(H), but as in
Definition 1.3.5 we shall consider only three of them.

Definition 1.5.1. The map F is continuous in norm on J if for allt € J
lim [|[F(t +e) = F(1)]| = 0.
The map F' is strongly continuous on J if for any f € H and allt € J
lim ||[F(t +e)f — F(t)f|| =0.

The map F is weakly continuous on J if for any f,g € H and allt € J

i g, (F(t+2) ~ F(0) ) =
One writes respectively u — lim._o F(t +¢) = F(t), s — lim.,0 F(t +¢) = F(t) and
w —lim. o F(t+¢) = F(t).

The same type of definition holds for the differentiability:

Definition 1.5.2. The map F' is differentiable in norm on J if there exists a map

F':J— B(H) such that

F(t+¢) — F(t)) F’(t)H —0.

lim ”
e—0

The definitions for strongly differentiable and weakly differentiable are similar.

If J is an open interval of R and if F' : J — (M), one defines [, F(t) dt as a
Riemann integral (limit of finite sums over a partition of J) if this limiting procedure
exists and is independent of the partitions of .J. Note that these integrals can be defined
in the weak topology, in the strong topology or in the norm topology (and in other
topologies). For example, if F:J — %B(H) is strongly continuous and if [, [|F(t)|dt <
oo, then the integral [, F' ; F(t)dt exists in the strong topology.

Proposition 1.5.3. Let J be an open interval of R and F : J — PB(H) such that
[; F(t)dt exists (in an appropriate topology). Then,

(i) For any B € #(H) one has

B/JF(t)dt:/JBF(t)dt and (/JF(t)dt)B :[]F(t)Bdt,
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(ii) One has HfJF(t)dtH < [, IF@)| dt,
(iii) If € C B(H) is a subalgebra of B(H), closed with respect to a norm ||-||, and

if the map F : J — € is continuous with respect to this norm and satisfies
S IE@)|Idt < oo, then [, F(t)dt exists, belongs to € and satisfies

H /]F<t>df\\] < [ur@a

Note that the last statement is very useful, for example when € = J#(H) or for
any Schatten class.




