7

Semigroups of linear operators

Having developed the probabilistic tools needed for our study of stochastic
evolution equations, in this lecture we turn to the theory of Cy-semigroups.
We review their basic properties and show how semigroups are used to solve
the (deterministic) inhomogeneous abstract Cauchy problem

' () = Au(t) + f(t).

Here A generates a Cy-semigroup on E and the forcing term f is a locally in-
tegrable E-valued function. As we shall see in the next lecture, the techniques
for solving this problem by means of so-called weak and strong solutions can
be extended to stochastic abstract Cauchy problems with additive noise, the
main difference being that Bochner integrals are replaced by the stochastic
integrals introduced in the previous lecture. Heuristically, the reason why this
works is that the noise can be viewed as a ‘random’ forcing term.

7.1 Cp-semigroups

Linear equations of mathematical physics can often be cast in the abstract

form
{uﬁ):Awm tel0,7],

w(0) 2, (ACP)

where A is a linear, usually unbounded, operator defined on a linear subspace
2(A), the domain of A, of a Banach space E. Typically, E is a Banach space
of functions suited for the particular problem and A is a partial differential op-
erator. The abstract initial value problem (ACP) is referred to as the abstract
Cauchy problem associated with A.

Ezample 7.1. Let D be an open domain in R? with topological boundary dD.
On D we consider the heat equation
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0Ut6) = aufr,0), 1e0.7), €€ D;

u(t, §) =0, t€0,T], € € OD; (7.1)
u(0,8) = uo(§), £eD.

For initial values x = ug € LP(D) with 1 < p < oo, this problem can be
rewritten in the abstract form ([ACP) by taking £ = L?(D) and defining A
by
P(A):={f e W*P(D) : flap =0} = W2P(D)nWy*(D),
Af = Af, fePD(A).

Here, W*P(D) is the Sobolev space of all f € LP(D) whose weak partial
derivatives up to order k exist and belong to L?(D), Wg’p(D) is the closure

in WHkP(D) of all test functions f € C®(D), and A = Z?Zl g—; is the

Laplacian. Note how the boundary condition is built into the definition of A
by the specification of its domain.

The idea is now that instead of looking for a solution u : [0,T] x D — R
of () one looks for a solution u : [0,7] — LP(D) of (ACP). To get an idea
how this may be done we first take a look at the much simpler case where
E=R?and A: 2(A) = E — FE is represented by a (d x d)-matrix. In that
case, the unique solution of (ACP) is given by

u(t) = euo, t €1[0,7],

where et4 = >0 tnn—“,‘n The matrices e!4 may be thought of as ‘solution
operators’ mapping the initial value ug to the solution e*ug at time t. Clearly,
P4 = I, etdesAd = (494 and t — e'4 is continuous. We generalise these
properties to infinite dimensions as follows.

Let E be a real or complex Banach space.

Definition 7.2. A family S = {S(¢)}+>0 of bounded linear operators acting
on a Banach space E is called a Cy-semigroup if the following three properties
are satisfied:

S1. S(0) = I;
S2. S(t)S(s) = S(t+s) forallt,s > 0;
S3. limy o ||S(t)x — z|| =0 for all z € E.

The infinitesimal generator, or briefly the generator, of S is the linear operator
A with domain 2(A) defined by

P(4) = (v € B+ lim (S(0)e — ) exists)

1
Az = ltlllf(()l ;(S(t)x —x), z€2(A).
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We shall frequently use the trivial observation that if A generates the Cy-
semigroup (S(t))i>0, then A — u generates the Cp-semigroup (e #*S(t))i=0.

The next two propositions collect some elementary properties of Cy-
semigroups and their generators.

Proposition 7.3. Let S be a Cy-semigroup on E. There exist constants M >
1 and p € R such that ||S(t)|| < Mett for all t > 0.

Proof. There exists a number § > 0 such that sup,cp g [S(¢)]| =t 0 < oc.
Indeed, otherwise we could find a sequence t,, | 0 such that lim, . ||S(t,)|| =
00. By the uniform boundedness theorem, this implies the existence of an
x € E such that sup,,; [|S(t,)z|| = oo, contradicting the strong continuity
assumption (S3). This proves the claim. By the semigroup property (S2), for
t € [(k —1)8,kd] it follows that ||S(t)|| < oF < o®*+1/9 where the second
inequality uses that ¢ > 1 by (S1). This proves the proposition, with M = ol
and p = é Ino. a

Proposition 7.4. Let S be a Cy-semigroup on E with generator A.

(1) For all x € E the orbit t — S(t)x is continuous for t > 0.
(2) For allx € 2(A) and t > 0 we have S(t)x € P(A) and AS(t)x = S(t)Ax.
(3) For all x € E we have fg S(s)xds € 2(A) and

A/O S(s)xds = S(t)x — x.

If x € 9(A), then both sides are equal to fg S(s)Ax ds.
(4) The generator A is a closed and densely defined operator.
(5) For all x € P(A) the orbit t — S(t)x is continuously differentiable for
t >0 and p
ES(t)x = AS(t)x = S(t)Az, t=0.
Proof. (1): The right continuity of ¢ — S(t)x follows from the right continuity
at t = 0 (S3) and the semigroup property (S2). For the left continuity, observe
that

IStz = S(t = h)al| <[[SE—=m)IS(h)z — 2| < sup [[S(s)][[|S(h)z — =],

s€[0,t]

where the supremum is finite by Proposition
(2): This follows from the semigroup property:

- %(S(t + e = S(0)r) = S(0) lim %(S(h)x _2) = S(t) A

(3): The first identity follows from
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hm S(h) —I/S a:ds-hm /Ss—l—hxds—/S xds
thh
— 1(/ d —/ S(s d
_i%ﬁ)lh ) ) ds a:s

where we used the continuity of ¢ — S(t)x. The identity for z € Z(A) will
follow from the second part of the proof of (4).

(4): Denseness of 2(A) follows from the first part of (3), since by (1) we
have limy o + fo s)rds = x.

To prove that A is closed we must check that the graph 4(A4) = {(z, Az) :
x € P(A)} is closed in E x E. Suppose that (x,)%2 is a sequence in 2(A)
such that lim, o x, = = and lim, o, Az, = y in E. We must show that
z € P(A) and Az = y. Using that lim o 1(S(t) — 1)S(s)z, = S(s)Az,
uniformly for s € [0, h], we obtain

1 1
E(S(h)x —x) = nlirgo E(S(h)a:n — )
1"

:nlgroloﬁ(A ; S(8)xn ds)
— lim i l(S(t)—I)/hS() d
= Jim, 3 im | Sl ds
=1l l1 hl(S(t)—I)S() d
= lim [ o) d

= lim —/ S(s)Ax, ds

n—oo

- / S(s)y ds.

Passing to the limit for h | 0 this gives x € Z(A) and Az = y. The above
identities also prove the second part of (3).
(5): This follows from (1), (2), and the definition of A. O

In hindsight, the second part of (3) is a special case of Hille’s theorem.
However, our proof of the closedness of A already gave the result in this
particular case.

Definition 7.5. A classical solution of (ACP) is a continuous function w :
[0,T7] — E which belongs to C1((0,T); E) N C((0,T); 2(A)) and satisfies
uw(0) =z and v'(t) = Au(t) for all t € (0,T].

Here 2(A) is regarded as a Banach space endowed with the graph norm.

Corollary 7.6. For initial values x € P(A) the problem (ACP) has a unique
classical solution, which is given by u(t) = S(t)z.
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Proof. Part (5) of the proposition proves that ¢t — u(t) = S(t)z is a classical
solution. Suppose that ¢t — wv(t) is another classical solution. It is easy to check
that the function s — S(¢ — s)v(s) is continuous on [0,¢] and continuously
differentiable on (0,t¢) with derivative

diSS(t —s)v(s) = —AS(t — s)v(s) + St —s)v'(s) =0

where we used that v is a classical solution. Thus, s — S(t—s)v(s) is constant
on every interval [0,¢]. Since v(0) = z it follows that v(t) = S(t — t)v(t) =
St —0)v(0) = S(t)z = u(t). O

Note that for z € Z(A) the orbit t — S(t)x even belongs to C1([0,T]; E)N
C([0,T]; 2(A)). The reason for defining classical solutions as we did above is
that there exist important classes of Cp-semigroups which have the property
that ¢ — S(t)x is a classical solution not only for z € Z(A), but for all x € E.
An example is the class of analytic Cy-semigroups which will be studied later
on in this course.

Definition 7.7. Let T be a linear operator with domain 2(T) on a complex
Banach space E. The resolvent set of T is the set o(T') consisting of all A € C
for which there exists a (necessarily unique) bounded linear operator R(\,T')
on E such that

(i) RATYN—T)x =z for all x € D(T);

(ii) RN, T)x € 2(T) and A —=T)R\,T)x =z forallxz € E.

The spectrum of T' is the complement o(T') := C\ o(T).

We call R(A\,T) = (A—T)~! the resolvent of T at \. It is routine to check
the resolvent identity: for all A1, A2 € o(T") we have

RO T) — RO2, T) = (2 — M)R(O1. T)R(Aa, T).

When T is an operator on a real Banach space we put o(T") := o(T¢) and
o(T) := o(T¢), where T is the complexification of T' (see Exercise [I]).

In the next two lemmas, A is the generator of a Cy-semigroup S on a
Banach space E (in the case of a real Banach space, all formulas involving
complex numbers should be interpreted in terms of complexifications). We fix
constants M > 1 and u € R such that ||S(t)|| < Me! for all t > 0.

Proposition 7.8. We have {A € C: ReA > u} C o(A) and on this set the
resolvent of A is given by

R\ A)x :/ e MS(t)xdt, x€E.
0

As a consequence, for ReA > u we have

M

A .
1RO A < gy —
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Proof. Fix « € E and define Ryz := [~ e”*5(t)z dt. From a straightforward
computation using the semigroup property we obtain the identity

1
lhlﬁ)l E(S(h) —DRyx =Rz — =z
from which it follows that Ryz € 2(A) and AR x = ARxx — x. This shows
that the bounded operator Ry is a right inverse for A — A.
Integrating by parts and using that £S(t)z = S(t)Az for x € Z(A) we
obtain

- T
/\/ e MS(t)xdt = —e M S(T)x + = + / e MS(t) Az dt.
0 0

Since ReA > p, sending T' — oo gives ARyx = x + Ry Az. This shows that Ry
is also a left inverse. O

Lemma 7.9. For all © € E we have limy_,oc AR(\, A)z = x.

Proof. First we prove this for x € Z(A) by using the resolvent identity. Pick
N > p. Writing (M — A)x =: y we have

A

R(Ala A)y - R(Aa A)y) - R(Alv A)y

Passing to the limit A — oo the right hand side tends to 0. This gives the result
for x € 2(A). By the estimate of Proposition [[8, the operators AR(\, A) are
uniformly bounded for A > po > p. Therefore the result for x € E follows by
density. a

This lemma self-improves to limy_. A" R(A, A)"2z = x, which shows that
P(A™) is dense in E for all n > 1.

7.2 Duality

For the discussion of the inhomogeneous Cauchy problem in the next sec-
tion we need some preliminary material on duality of densely defined linear
operators.

Let E; and E5 be Banach spaces. To keep track of domains it will be
useful to define a linear operator A with domain Z(A) from E; to Es as a
pair (A, Z2(A)), where Z(A) is a linear subspace of E; and A : 2(A) — Ej
is a linear mapping. If (A, 2(A)) is densely defined, that is, if Z(A) is dense
in Fy, we may define a linear operator (A*, Z(A*)) from Ej to E} in the
following way. Define 2(A*) to be the set of all 5 € E with the property
that there exists an element x7 € EY such that

(z,2}) = (Az,23), Yz € D(A).



7.2 Duality 95

Since Z(A) is dense in Ej, the element x} € ET (if it exists) is unique and we
set
A%z =a], a5 € D(A").

Definition 7.10. Let (A, Z(A)) be a densely defined linear operator. The op-
erator (A*, 2(A*)) is called the adjoint of (A, Z(A)).

In order to discuss the properties of A* in a systematic way it is helpful
to consider the topology on the dual space E* induced by the elements of a
Banach space E, the so-called weak*-topology.

Definition 7.11. The weak*-topology on E* is the topology generated by all
sets of the form
{z* € B : [{x,y" —2")| < e}

where x € E, y* € E*, and € > 0.

It is easily checked that the mappings z* +— (x,y* —x™*) are continuous with
respect to the weak*-topology, and that the weak*-topology is the coarsest
topology on E* with this property.

Lemma 7.12. Let V' be a non-empty subset of E. The annihilator
Vi={2*cE*: (v,2*)=0 forall veV}
is weak* -closed.

Proof. Let y* € V* be arbitrary. By assumption there exists v € V such that
(v,y*) # 0. The set

* * * * 1 *
U= {a" e B oy — o) < 5100}
is weak*-open, contains 3*, and is disjoint from V. It follows that the com-
plement of V1 is weak*-open. a

It is an exercise in linear algebra to check that a linear subspace F' of E*
is weak*-dense if and only if it separates the points of F, that is, whenever
x # y in F there is an 2* € F such that (z,2*) # (y,2*). This fact is not
really needed however. Whenever we say that a subspace F' of E* is weak™-
dense, what we shall actually use is that F' separates the points of £ and all
formulations could be adapted accordingly.

Proposition 7.13. Let E; and Es be Banach spaces and let (A, Z(A)) be a
densely defined linear operator from FEy to Fs.

(1) The adjoint (A*, P(A*)) is weak*-closed from E5 to EY, that is, the graph
of A* is weak”-closed in E5 x EY.

(2) If (A, 2(A)) is also closed, then (A*, Z(A*)) is weak*-densely defined,
that is, the domain of A* is weak*-dense in E3.
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Proof. We start with the preliminary remark that if £ and F are Banach
spaces, then the pairing

(@, 9), (¢, y7)) = (2, 2%) + (y,y")

allows us to identify E* x F* with the dual of E x F.
(1): Let 9(A*) = {(z7, A*z}) : z7 € 2(A*)} be the graph of A* in
E3 x Ef. By definition of Z(A*) we have (z3,z7) € 9(A*) if and only if

<(—A£E1,£E1),((E§,x>{)> =0, vz, € @(A)

In other words, 4(A*) is the annihilator of p(4(A)), where p : Ey X Ey —
Es x Ey is defined by p(z1,22) = (—x2,21). By Lemma [T 4 (A*) is weak™*-
closed. This proves that A* is weak*-closed.

(2): Now assume that (A, Z(A)) is also closed. We will show that Z(A*)
separates the points of F5. Suppose o # y2 in Es. Then (0, z2 — y2) is a non-
zero element of F1 x FEy which does not belong to 4 (A). Since ¢(A) is closed,
by the Hahn-Banach theorem there exists an element (7%, z3) € (4(A))* such
that

((0,29 — y2), (21, 73)) = (22 — ya, 23) # 0.
To finish the proof we check that x5 € Z(A*). For all 1 € Z(A) we have
(x1,Ax1) € 4(A) and therefore

0= <($1,AJ31), (Jf{, $§)> - <J31,$>{> + <AZ‘1, Z‘§>
But this means that «3 € Z(A*) and A*x§ = —x7. O
The following simple result ‘dualises’ the definition of Z(A*).

Proposition 7.14. Let (A, Z2(A)) be a closed and densely defined linear oper-
ator from Eq to Es. If x4 € E1 and xo € E5 are such that (xq,x5) = (x1, A*z5)
for all x5 € D(A*), then z1 € Z(A) and Axy = z,.

Proof. We must prove that (z1,z2) € 9(A). Since ¥(A) is closed in E; X Ea,
by the Hahn-Banach theorem it suffices to check that ((x1,x2), (x7,23)) =0
for all (z3,23) € (9(A))*L.

Fix an arbitrary (z3,23) € (4(A))*. As in the second part of the previous
proof we have 25 € Z(A*) and A*x3 = —z7. Hence,

(@1, 22), (21, 23)) = (21, =A"3) + (22, 23) = 0. O

7.3 The abstract Cauchy problem

We now take a look at the inhomogeneous abstract Cauchy problem
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Au(t) + f(t), te€]0,T],

w(0) =2 (IACP)

—N—
g\
=
Il

with initial value x € E. We assume that A generates a Cy-semigroup S on
E and take f € L1(0,T; E).

Adapting the notion of a classical solution to the problem ([[ACP)) leads
to the so-called problem of maximal regularity. Instead of going into this, we
refer to the Notes for more information and introduce here two alternative
notions of solutions in terms of the integrated equation.

Definition 7.15. A strong solution of ([ACH) is a function u € L'(0,T; E)
such that for all t € [0,T] we have f(f u(s)ds € 2(A) and

u(t):x+A/()tu(s)ds+/()tf(s)ds.

A weak solution of ([[ACP) is a function u € L'(0,T; E) such that for all
t €[0,7] and z* € P(A*) we have

(ult), %) = (z,27) + / (u(s), A*z*) ds + / (f(s),2*) ds.

As an immediate consequence of Proposition [T we make the following
observation:

Proposition 7.16. Fvery weak solution of ([[ACD) is a strong solution.

Of course the converse holds trivially. We proceed with an existence and
uniqueness result for strong solutions of ([[ACP]).

Theorem 7.17. For all x € E and f € L'(0,T;E) the problem ([ACD)
admits a unique strong solution w, which is given by the convolution formula

u(t) = S(t)z + /0 S(t — ) f(s) ds. (7.2)

If f e LP(0,T; E) with 1 < p < oo, then uw € LP(0,T; E).

Proof. For the existence part, by Proposition [LTH it suffices to show that
([[ATP) admits a weak solution. It is an easy consequence of Proposition [Z4]
(3) that u is a weak solution corresponding to the initial value z if and only
if t — wu(t) — S(t)z is a weak solution corresponding to the initial value 0.
Therefore, without loss of generality we may assume that = = 0.

Let u be given by ([CJ). Then u € LY(0,T;E); if f € LP(0,T; E), then
u € LP(0,T; E). By Fubini’s theorem and Proposition[ZZl (3), for all ¢ € [0, 7]
and z* € Z(A*) we have
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/<( A**ds—// r), S*(s — r)A*z*) dr ds
// — ) A ") ds dr

=/<f(r),S (t—r)x™ —a*)dr

0
= {u(t), ") — / (F(r), ) dr.

To prove uniqueness, suppose that u and ﬂ are strong solutions of ([ACP).
Then v := u — u is integrable and satisfies v(t) = A fo s)ds for all ¢t € [0,T].

Put
/ / ) drds.

By the fundamental theorem of calculus, w is continuously differentiable on
[0,7], and using Hille’s theorem we see that w(t) € Z(A) and

w'(t) = / ds—/ / r)drds = Aw(t).

Fix ¢t € [0,T] and put g(s) := S(t — s)w(s). Then ¢ is continuously differen-
tiable on [0, ¢] with derivative

g'(s) = —AS(t — s)w(s) + S(t — s)w'(s) = 0.
It follows that g is constant on [0, t]. Hence
wlt) = g(t) = g(0) = S(t)w(0) = 0.

We have shown that fo Jo v(r)drds =0 for all ¢ € [0, T]. It follows that v = 0
almost everywhere. ad

7.4 Examples of Cy-semigroups

In this section we collect, without proofs, a number of important examples
of Cp-semigroups. We encourage the reader to formulate the corresponding
initial value problems; cf. Example [[Jl References to the literature are given
in the Notes.

Ezample 7.18 (Multiplication semigroup). Let (A, 7, 1) be a o-finite measure
space and let m : A — R be p-measurable. If esssupge 4 f(§) < oo, then the
formula

S f(&) =" Of ()
defines a Cp-semigroup on LP(A) for 1 < p < oo. The domain of its generator
A consists of all f € LP(A) such that mf € LP(A), and for f € 2(A) we have
Af =mf.
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Ezample 7.19 (Translation semigroup). On the space LP(R4), 1 < p < oo, the
formula

(S )E) == f(E+1)
defines a Cy-semigroup S. The domain of its generator A consists of all f €
LP(R) whose weak derivative f’ exists and belongs to LP(R), and for f € 2(A)
we have Af = f’.

These two examples represent perhaps the simplest constructions of Cy-
semigroups and can be extended in various ways. We continue with two ex-
amples involving the Laplace operator.

Ezample 7.20 (Heat semigroup). On LP(R?), 1 < p < oo, the formula

f(n)exp (— €- nIQ) dn

(SOE) P

_ 1

- /(Art)r Jra
defines a Cp-semigroup. Its generator A is given by 2(A) = W2P(R?) and
Af = Af.

Ezxample 7.21 (Heat semigroup on bounded domains with Dirichlet boundary
conditions). Let D be a bounded domain in R? with C%-boundary dD. On
the space LP(D) with 1 < p < oo, the Dirichlet Laplacian is the operator A
defined by

9(A) = WP(D) N W,"(D),
Af:=Af for fe 2(A).
See Example [l This operator is the generator of a Cy-semigroup on LP(D).

The previous two examples admit far-reaching generalisations to more gen-
eral second order elliptic operators, and also different kinds of boundary con-
ditions can be allowed.

We continue with two examples of operators generating a Cy-group. These
are defined in the same way as Cy-semigroups, except that the index set is
now the whole real line.

Ezample 7.22 (Wave group). On the space W12(R9) x L2(R?) we consider
the operator A defined by

P2(A) == WH2(RY) x WHERY),
A(f1, f2) := (f2, Af1) for (fi1, f2) € Z(A).

This operator is the generator of a Co-group on W12(R?) x L2(R?) which is
associated with the wave equation u”(t) = Au, written as a system u’ = v,
v = Au.

Ezample 7.23 (Unitary Cy-groups on Hilbert spaces). If A is a self-adjoint
operator on a complex Hilbert space H, then iA is the generator of a Cy-group
S of unitary operators on H. This classical result of STONE is of fundamental
importance in quantum mechanics. By the spectral theorem for self-adjoint
operators, this example can be viewed as a special case of Example
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7.5 Exercises

1.

Suppose that E is a real Banach space. The product E x E can be given
the structure of a complex vector space by introducing a complex scalar
multiplication as follows:

(a+ib)(x,y) := (ax — by, bx + ay).

The idea is, of course, to think of the pair (z,y) € E x E as if it were
x + 1y. The resulting complex vector space is denoted by FE¢.

a) Prove that the formula

(@, )|l := sup ||(cosO)z + (sinf)y]|
0€[0,27]

defines a norm on F¢ which turns E¢ into a complex Banach space.
b) Check that this norm on E¢ extends the norm of F in the sense that

for all x € F,
([, O} = {10, 2) || = |-

c¢) Check that for all z,y € E we have ||(z,y)] = ||(z, —y)||-
d) Show that if T is a (real-)linear bounded operator on E, then T ex-
tends to a bounded (complex-)linear operator T¢ on E¢ by putting

Te(z,y) == (Tx, Ty),

and check that [|T¢c|| = ||T|
A norm on E¢ with the properties b), ¢), d) is called a complexification
of the norm of E. The norm introduced in a) is by no means the unique
complexification of the norm of F, and in concrete examples there is often
a more natural choice.
e) Show that any two complex norms on E¢ which satisfy b) and ¢) are
equivalent.
By e), the spectrum of Tt is independent of the particular complexification
chosen.

In this exercise we prove some properties of resolvents. We assume that
(T, 2(T)) is a linear operator from E to E with resolvent set o(T').

a) Prove that if o(T") # @, then T is closed.

b) Prove the resolvent identity: for all A\j, A2 € o(T") we have

R()\hT) - R()‘27T) = ()\2 - Al)R()\la T)R()\27T)

c¢) Prove that o(T) is an open subset of C.
d) Prove that
T) — T
i BAT) = R(p, T)

= —R(u,T)?
)\—’/l )\_//4 (/”L) )

with convergence in the operator norm.
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e) Prove that if T is closed and densely defined, then o(7*) = o(T") and
R\T™) = RIAT)Y, A€ o(T) = o(T7).

f) Show that every closed subset of C is the spectrum of a suitable closed
operator T

3. Let S be a Cpy-semigroup on FE which is uniformly bounded, that is,
sup;~q [|S(t)[| < oco. We show that there exists an equivalent norm || - ||

on E such that S is a contraction semigroup with respect to || - ||, that is,
IS@| <1 forall ¢ > 0.
a) Show that [|z| := sup,>q [|S(t)z|| defines an equivalent norm on £.

b) Show that S is a contraction semigroup with respect to || - ||

4. Let S be a Cy-semigroup on E with generator A, and suppose that
[IS(#)]| < Me* for all ¢ > 0. Prove that

(RO, AN*|| < M/(Reh — p)*, Red>p, k=1,2,....

Hint: By considering A — p instead of A we may assume that g = 0. In
that situation observe that ||R(A, A)| < 1/ReA.

Remark: A celebrated theorem of HILLE and YOSIDA asserts that the
converse holds as well. We refer to the Notes for more information.

5. Let (A, 4, ) be a o-finite measure space. Suppose f : A — E* is a
function such that & — (x, f(&)) belongs to L!(A) for all z € E.
a) Show that the map S : E — L'(A) defined by Sx := (z, f) is closed.
b) Conclude from this that the formula

(@)= [ (o)

defines a bounded linear functional x* € E*.
The functional x* is called the weak*-integral of f with respect to u,
notation:

z* = Weak*/ fdu.
A

c¢) Show that the weak*-integral commutes with adjoints of bounded op-
erators on E.

d) Show that if f is an E*-valued Bochner integrable function, then the
Bochner integral and the weak*-integral of f agree.

Now suppose that A generates a Cyp-semigroup on E and put S*(t) :=

(S(t))* for t > 0.

e) Prove the following dual version of the identities in Proposition[Z4] (3):
for all z* € E* and ¢ > 0 we have weak” fg S*(s)x* ds € Z(A*) and

t
A* (Weak*/ S*(s)x* ds) =S*(t)z" — .
0

If z* € 2(A*), then both sides are equal to weak” fg S*(s)A*z* ds.
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Notes. Excellent recent introductions to the theory of Cy-semigroups include
the monographs by ARENDT, BATTY, HIEBER, NEUBRANDER [3], DAVIES [29)],
ENGEL and NAGEL [38], GOLDSTEIN [A1]], PAazy [89]. For a discussion of the ex-
amples in Section [ A we refer to these sources. Their monumental 1957 treatise
of HILLE and PHILLIPSHY] is freely available on-line (http://www.ams.org/
online bks/coll31/).

Due to limitations of space and time we have chosen not to discuss the
two basic generation theorems of semigroup theorem. The first of these, the
Hille- Yosida theorem, reads as follows.

Theorem 7.24 (Hille-Yosida theorem). For a densely defined operator A
on a Banach space E and constants M > 1 and p € R, the following assertions
are equivalent:

(1) A generates a Cy-semigroup on E satisfying ||S(t)|| < Met* for all t > 0;

(2) {A€C: A > p} Co(A) and ||(R(A, A)F|| < M/(ReX — p)* for all X > p
and k=1,2,...;

(3) {A € C: ReX > u} C o(A) and ||(R(X, A)*|| < M/(ReX — p)* for all
ReA>pand k=1,2,....

For Cy-contraction semigroups, Theorem [[24 was obtained independently
and simultaneously by HILLE [A7] and YosIDA [IT1]; the extension to arbitrary
Co-semigroups is due to FELLER, MIYADERA, PHILLIPS. The easy implication
(1)=(3) has been discussed in Exercise @l and (3)=(2) is trivial; the difficult
implication is (2)=(1).

In order to state the second generation theorem, the Lumer-Phillips theo-
rem, for x € E define 0(z) := {z* € E* : ||z*|| = ||z||, (z,z*) = ||z||||z*]}.
By the Hahn-Banach theorem, d(z) # @.

Theorem 7.25 (Lumer-Phillips theorem). For a densely defined operator
A on a Banach space E with o(A) N (0,00) # @ the following assertions are
equivalent:

(1) A generates a Cy-contraction semigroup on E;

(2) For all x € Z(A) and X > 0 we have ||(A — A)z|| = A||z||;

(2) For all x € 2(A) and all z* € O(x) we have Re(Ax,z*) < 0;

(3) For all x € 9(A) there exists x* € J(z) such that Re(Ax, z*) < 0.

This theorem, as its name suggests, is due to LUMER and PHILLIPS [71].
We shall return to it later in the context of analytic Cyp-semigroups. A detailed
account of Theorems and [[2ZH and their history is given in [3§].

The terminology for the various notions of solutions is not entirely stan-
dard. Ours is suggested by that of DA PRATO and ZABCZYK [27] for solutions
of stochastic evolution equations.

The results of Section can be found in any introductory text on func-
tional analysis.
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Theorem [T is due to BALL [B], who also proved the following converse:
if ([ACPH) admits a unique weak solution for all f € L*(0,T;E) and initial
values « € E, then A is the generator of a Cy-semigroup on F.

The convolution formula [Z2) is often taken as the definition of a mild
solution. Typical questions then revolve around proving regularity properties
of mild solutions in terms of properties of the forcing function f and the
semigroup S. We refer to [89, Chapter 4] for some elementary results in this
direction. For the treatment of certain classes of non-linear Cauchy problems it
is of particular importance to know whether the mild solutions have mazimal
L?-regularity, meaning that for all f € LP(0,T; E) the solution u belongs to
WhP(0,T; E) N LP(0,T; 2(A)). A necessary condition for this is that S be
analytic; it is a classical result that this condition is also sufficient in Hilbert
spaces. For analytic Cp-semigroups on Banach spaces the maximal regularity
problem has recently be settled by KALTON and LANCIEN [57] (who gave a
counterexample in LP-spaces E) and WEIS [I08] (who obtained necessary and
sufficient conditions for maximal LP-regularity in UMD Banach spaces E).
We refer to the lectures by KUNSTMANN and WEIS [G1] for a detailed account
of this problem and its history, as well as a number of non-trivial examples.

A systematic discussion of complexifications is given in MUNOZ, SARAN-
TOPOULOS, TONGE [79]. The reader is warned that not every complex Banach
space is the complexification of some underlying real Banach space. The first
(non-constructive) proof of this fact was given by BOURGAIN [[1]. An explicit
counterexample was found subsequently by KALTON [6].



