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Introduction

Let X be a real or complex Banach space and S be a subset of X. Let
{T(®);t=0} be a one-parameter family of (possibly mnonlinear) contractions
from S into itself satisfying the following conditions:

(i) T(0)=1I (the identity mapping), T(H)T(s)=T(-+s) on S for t, s=0;

(i) for each x< S, T(t)x is strongly continuous in {=0. Then the family
{T@®)} is called a semigroup (of contractions) on S. And we define the infin-
itesimal generator A, of a semigroup {T(t)} by on——-hlirﬁh‘l{T(h)x—x} and

the weak infinitesimal generator A’ by A’x=w-lim h"*{T(h)x—x}, if the right
h—+0

sides exist, the notation “lim” (or “w-lim”) means the strong limit (or the
weak limit) in X.

The purpose of the present paper is to construct the semigroup of con-
tractions determined by a (nonlinear) operator given in a Banach space. Our
results consist of sufficient conditions for a (multi-valued) operator in X or
a pseudo-resolvent of contractions in X to determine a semigroup of contrac-
tions. Also, we are concerned with the generation of semigroups of differ-
entiable operators.

We find other interesting results on the generation of semigroups of
contractions in [2]-[5], [8]-[14], in which (multi-valued) maximal dissipative,
m-accretive or m-dissipative operators are treated as the infinitesimal genera-
tors. In this paper we extend these generation theorems to the case of a
(multi-valued) dissipative operator A such that the range R(I—21A) of I—2A
contains D(A) for every 1>0. Recently, Brezis and Pazy [1] considered
similar problems in Hilbert spaces. A result related to their generation theo-
rem will be given in §6.

Section 0 gives the notion of a dissipative operator and some of its basic
properties.

Section 1 contains the statements of main results and some remarks.

Section 2 concerns the abstract Cauchy problem.
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Section 3 deals with the pseudo-resolvent.

Section 4 deals with the approximation of operators.

Section 5 contains the construction of the semigroup determined by the
dissipative operator.

In Section 6, the differentiability of the constructed semigroup is discussed.

Finally, Section 7 deals with the construction of semigroups of differenti-
able operators.

The author wants to express his deep gratitude to Professors 1. Miyadera
and H. Sunouchi for their many valuable suggestions.

§0. Preliminaries

In this section we introduce some notions and notations which will be
used in this paper.

An operator means a single-valued operator or a multi-valued operator
when we do not specify it. For the notion of multi-valued operator, we refer
to Kato [11; §2]: let A be an operator in X; then the domain D(A) of A
is the set of all xe X such that Ax=+0; the range R(A) of A is given by
xLEjXAx; here, Ax=40 if xa& D(A); and we write AS (or A(S)) for xgsAx. For

S, S, X, S,+S, denotes the set {x+y; xS, yS,}, where S,4S,=0 if
S;=0 or S,=0. For a scalar 2 and SC X, AS denotes {Ax; x=S}. And we
write y+S for {y}+S. Accordingly, we define the sum A+B of two opera-
tors A and B on D(A)N\D(B) by (A+B)x= Ax-+Bx, the scalar multiplication
AA on D(A) by (AA)x= 2Ax, and the product AB of two operators A and B
by ABx=(AB)x= A(Bx). We write y+4A for the operator y/-+14. And we
denote by A-! the inverse operator of an operator A. Let G(A) denote the
graph of an operator A. Then G(A™) = {(y, x); (x, y) € G(A)}. A single-valued
operator A with domain and range in X is regarded as a special case of a
multi-valued operator in X. Let A be a single-valued operator such that
R(A)c D(A). Then for any positive integer k, we may define the iterations
A* on D(A) by Afx= A(A*'x). Here, we define A°=1.

Let A, A be two operators in'X. Then we say that A is an extension of
A, and A is a restriction of A (denoted AD A, AC A), if Axc Ax for xe X.
Thus D(A)c D(A). Let A be an operator in X and SC X. Then by a restric-
tion of A to S, denoted A|gs, we mean an operator such that D(A|g) = D(A) NS
and A|gx=Ax if x= S.

Let SCX. Then we denote the closure of S in X by S. Let A4 be an
operator in X. Then B is called the closure of A if G(B)=G(4) in XX X;
and we write B=A.

Let X* be the dual space of X. Then we denote by <x, /> the pairing
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between x& X and f< X*, and the duality mapping F of X is the (multi-
valued) mapping from X into X* defined by

Fy={fe X*; relx, [H=xI*=|1I"}.

DEFINITION 1. A dissipative operator in X is an operator A such that
for every x, ye D(A) and x’ € Ax, y' € Ay, there exists an fe F(x—y) such
that

rel{x'—y, f>=0.

Let SC X. If an operator A is dissipative and if any dissipative extension
of A coincides on S with A, then it is said to be maximal dissipative on S.
And A is said to be m-dissipative, if it is dissipative and R(J—A1,A)=X for
some A,> 0.

An m-dissipative operator A is maximal dissipative on D(A). It is known
(see [11; Lemma 3.5]) that if X* is strictly convex and if A is maximal dis-
sipative on S, then Ax is convex and closed for x< D(A)NS. And it is
proved in [8] or [15] that for an m-dissipative operator A, R(I—-2A)=X for
A>0.

DEFINITION 2. Let SC X and A be a dissipative operator. We denote by
E[A; ST the set of all dissipative operator B such that D(B)c S and BxD Ax
for x&€S. Be&[A;S] is called a maximal dissipative extension of A in S, if
it is maximal dissipative on S.

DEFINITION 3. An operator A is said to be demi-closed, if the following
condition is satisfied: if x,e D(A), x,—x< X strongly and if there are
Y. € Ax, such that y,—ye X weakly, then x& D(A) and y< Ax. And A is
said to be closed, if the graph G(A) is closed in X X X.

A demi-closed operator is closed. Closed linear operators, m-dissipative
operators in a Banach space with the uniformly convex dual, and the opera-
tors treated in [16] are all demi-closed. In general, it is proved (see [11;
Lemma 3.7]) that if X* is uniformly convex and if A is maximal dissipative
on D(A), then A is demi-closed. This notion plays a central role in the argu-
ment of differentiability of semigroups.

DEFINITION 4. Let A be an operator in X. Then we define a (multi-
valued) operator A° by

Ax={ye Ax; |yl =inf [llul ; u s Ax]} .

We call this operator the canonical restriction of A.

Let X* be uniformly convex and A be maximal dissipative on S. Then
A° is defined on D(A)NS and A°x is convex and closed for each xe D(A)NS.
Assume that both X and X* are uniformly convex and that Ax is convex and
closed for x = D(A). Then the infimum of {||y|;ye Ax} is always attained
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by a unique element. Thus A° is single-valued and D(A%) = D(A). For details
on the canonical restriction we refer to Kato [11; § 3].

Finally, in order to get shorter statements, we introduce the following
notations.

(1) For any non-empty set SCX, we write ||S]| for the infimum of
{lx]l; xS}. Thus for any operator A in X, [|Ax|| is defined for all xe D(A).

(2) Let G be a single-valued operator in X and B D(G). Then we mean
by |GllLipzy the smallest Lipschitz constant for G on B. And we denote the
family of all contractions on a fixed set SC X by Cont (S).

(3) We write J; for the resolvent (/—AA)™* if it is well defined. Also,
we write R; for the range R(/--14)={x—Ay;y & Ax, x& D(A)} of I—-2A.

(4) Let KC X. Then coK denotes the convex hull of K and c¢o K for
the convex closure of K. Let A be a multi-valued operator in X. Then we
write A, for the operator which is defined on D(A) by A.x=¢0o(Ax). For
instance, if A is maximal dissipative on D(A), then A= A,.

§1. Main Results

In this section we state our main results and make some remarks. The
detailed statements and their proofs will be given later (see §§5, 6).

Throughout this paper we make the basic assumption that Banach space
X has the uniformly convex dual. This assumption implies each of the fol-
lowing ([10; Lemma 1.27]):

(a) the duality mapping F of X is single-valued and uniformly continuous
on every bounded set of X;

(b) X is reflexive.

The following result is well known ([10; Lemma 1.17).

PrOPOSITION 1.1. An operator A is dissipative if and only if [,=U—AA)™*
is defined as a single-valued operator on R;=R(I—21A) and J,< Cont(R)), for
4> 0.

In view of this we consider the dissipative operator A such that

(R) R(I—2A) D D(A) for every 2> 0.

REMARK 1.1. (a) If A is a closed dissipative operator satisfying (R),
then we have that

(R.) R(I—2A)DD(A)  for every 1> 0.

(b) Brezis and Pazy [1] treat a closed dissipative operator A in a Hil-
bert space satisfying

(R.o) RUI—1A)Dto D(A)  for every 2> 0.
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EXAMPLE. Let X=L%*a, b). Let A be an operator with domain and range
in X, defined as follows. We denote by £%*(a, b) the class of all functions
u(s) on [a, b] such that u(s) is measurable and square summable over [a, b].
Let D(A) be the class of those x= X for which a representative function
x(s)e L%a, b) can be found such that x(s) is monotone non-decreasing on
La, b], |x(s)—x(s")| <|s—s’|, and x(a)=0. This means that

x(s) = j Sx’(o)da, x'(sye L¥a,b), and 0=x(s)=1 a.e.

We then define Ax as an element of X for which —x(s)x/(s) is a representa-
tive function. We shall demonstrate that A is a demi-closed, dissipative
operator satisfying (R). Let x, ye D(A). Then —2(Ax—Ay, x—y) can be
written in the following forms:

§ o3y (=335 + | S 3=V s,

— [ AN 3 ds + | T IR~ NV ds
Therefore, we have
(Ax—Ay, x—3 = —27 (@) +y D —I(s)’ds

—27Hx(8) =y () () Fy(NIe =0,

which means that A is dissipative. Next, we show that A is demi-closed.
Assume that x, < D(A), x, ye X, x,— x strongly and Ax,—y weakly. We can

write 27x,(s)* = | “x(0)x(0)do. But [ “xuorxi(@rdo—— "Y(o)do for each se
[a, b]; the convergence on [a, b] is uniform with respect to s. Thus we see
that x,(s)? converges uniformly to the limit z(s), where 27!z(s) = —fsy(a)do.

On the other hand, a subsequence {n’} can be found such that x,.(s)— x(s)
a.e. Also, by Arzera-Ascoli’s theorem there is a subsequence {n”} of {n’}
such that x,.(s)—u(s) uniformly with respect to s. Clearly u(s) is monotone
non-decreasing, |u(s)—u(s’)|<|s—s’}, and u(a)=0. Since u(s)=x(s) a.e., u(s)
is a representative function of x, and so xe D(A). Since x,.(s)*—u(s)?, u(s)?
=2z(s) a.e. But u(s)> and z(s) are continuous, so u(s)’=z(s). Consequently,

2"1u(s)2:—jsy(0)da and thus —u(s)u/(s)=2y(s) a.e. This means that Ax=y.
It is clear that D(A) is convex. And D(A) is closed, because, as mentioned
above, x,< D(A), and x,—x< X strongly imply that x= D(A). Finally, we

show that R; D D(A) for every A>0. For this purpose, we quote Dor-
roh [5; Example 410]: Let 2>0 and v(s) be monotone nondecreasing on
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Ca, b], |v(s)—v(s)|=|s—s’|, and v(a)=0. Then by the same argument as in
[5; Example 4.10] there is a unique solution x(s) of the differential equation
x(8)+x(s)x’(s) =wv(s) such that x(s) is monotone nondecreasing on [a, b], 0=x'(s)
=1, and x(a)=0. This means that x € D(A) and ([—2A)x=wv. It then follows
that R, D D(A).

In the sequel we shall study that a dissipative operator satisfying (R)
determines a semigroup of contractions. Our main results are now stated as
follows.

Let A be a dissipative operator satisfying (R). Then we have the fol-
lowing assertions.

I. There is a semigroup {7T(¥)} of contractions on D(A) such that T(t)x
= lim (/—2A4)W4x for t=0 and x< D(A). If furthermore, A satisfies (R,,),

A—+0
then for any Aecé&[A; DA)], T(t)x= lim (I—2A) ™%y holds for t=0 and
x < D(A).

II. Let A=&[A; D(A)] be maximal dissipative on D(A). Then there is
a uniquely determined semigroup {7(f)} of contractions on D(A7) such that for
each xED(fNI), d/dHT(x e Zl"T(t)x for almost all t=0. If furthermore, X is
uniformly convex, then A° is the infinitesimal generator.

III. Let A be single-valued and ﬁeé’[A;D_(Z)]. If A is also single-
valued and demi-closed, then it is the weak infinitesimal generator of a uni-
quely determined semigroup {7({)} of contractions on D(le).

IV. Let X be uniformly convex. Let A=&[A; D(A)]. If A is closed,
then A° is single-valued and is the infinitesimal generator of a uniquely
determined semigroup {7T(f)} of contractions on D(;l). In particular, A° is the
infinitesimal generator of a semigroup on D(A).

These theorems [—IV correspond to Theorems 5.1, 5.2, 6.1, 6.2 and [6.3.

REMARK 1.2. The results mentioned above can be extended to the case
of the semigroup {T(t); t=0} of Lipschitzians on a subset S such that there
is a real number w >0 with

e *'T(t) € Cont (S) for t=0.

This kind of semigroup is called a semigroup of local type. In this case we
consider the operator A satisfying the following conditions:

1.n A—w is dissipative,
1.2) R(I—2A)D D(A) for 2€(0, 1/w).

Then, by similar arguments to the analysis in the sequel we can obtain a
semigroup {7()} of local type on D(A) and quite similar conclusions as above.
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§ 2. Abstract Cauchy Problem

A semigroup of contractions is closely related to the abstract Cauchy
problem, formulated as follows:

(CP) Given an operator A in X and an element x< X, find a function
¥(t; x) such that

(i) w(¢; x) is strongly absolutely continuous on every finite subinterval
of [0, co);

i) ¥0;x)=x and (d/d)y(t; x)= Ay(t; x) for a.a. t=0; here, if A is
single-valued, then “&” in the above problem is replaced by “=".

We call this an abstract Cauchy problem formulated for A. The multi-
valued operator has been introduced so that each range R(/—1A) may include
D(A) (see also Komura [8]). We are led to such a kind of problem in this
paper. (CP) is related to the notion of semigroup in the following manner.

PROPOSITION 2.1. Let A be a dissipative operator in X. And suppose that
for each x = D(A) there is a solution of the (CP) formulated for A. Then there
is a uniquely determined semigroup {T()} of contractions on D(A) in such a
way that y(t; x)=T{x for all t =0 and x = D(A). In particular, if A is single-
valued, then A coincides with the weak infinitesimal generator of the {T(1)} on
a dense subset of D(A). Conversely, if A is the weak infinitesimal generator
of a semigroup {T(t)} of contractions, then A 1is dissipative and for each
xe D(A), T(t)x is a unique solution of the (CP).

The proof is in Miyadera and Oharu [14]. We note that the first half
of this Proposition 2.1 is still true for an arbitrary Banach space.

REMARK 2.1. Let A be a dissipative operator satisfying condition (R).
Then, e.g., Theorem II described in §1 states that the semigroup obtained
by iteration of resolvents of A gives a solution operator of (CP) formulated
for a maximal dissipative extension A of A in D(A). In particular, if X is
uniformly convex and if A is closed, then the semigroup gives a solution
operator of (CP) formulated for the canonical restriction A° In view of
these facts, we may restate the main results in §1 in terms of abstract
Cauchy problem. See also Kato [11; Remark 6.4].

ExaMpLE. Let X=L%*a, b) and A be the operator defined in Example in
§1. We are concerned with the initial-value problem

2.1) utuu, =0, u0, s)y=x(s)e L%a, D).

If we restrict ourselves to the initial functions x(s) such that x < D(A), then
as an equation in the space X, (2.1) can be written

(d/dtyu(t) = Au(?), u@)=x.
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According to Theorem III or IV stated in §1, this problem has a unique
solution in X if xe D(A). The solution is u(f)=T(¥)x, where {T(f)} is a semi-
group on D(A) generated by the A. And for each fe X*, (u(?), f> is con-
tinuously differentiable and <{u(?), ), = (Au(f), f)> (see Theorem 6.2 mentioned
later). This means that

[ utt, (o)do— [ x@f@)do =—{ ["u(e (e, o)fto)dod

Since it is easily seen that both u(f, s) and u(?, s) are measurable and essen-
tially bounded as functions of two variables s and f, using Fubini’s theorem
we obtain

[t 9=+ [ e, e, g1 fds =0.

This means that for each initial function x(s) e .L*(a, b) with x € D(A), (2.1)
has a weak solution u(f, s) in the sense that

uy(t, $)+u(t, s)u,t, s)=0 for a.a. (¢, s);

b
lim j lu(t, s)—x(s)|?ds = 0.

t—+0

In order to show the unicity of semigroup of contractions, we restate
Proposition 2.1 in the following form.

PROPOSITION 2.2. Suppose that A is dissipative. Then there is at most one
semigroup {T(®)} of contractions on D(A) such that for x e D(A),

(a) T{)x< D(A) for a.a. t; and

(b) there is a Bochner measurable, locally integrable function f(t; x) such
that f(t; x) € AT®)x for almost all t and (d/dt)T()x= f(t; x) almost everywhere.

§ 3. Pseudo-Resolvents

In this section we consider pseudo-resolvents of nonlinear operators in
X. Let {I;; 2> 0} be a one-parameter family of contractions with the fol-
lowing properties: for every 4, #>0 and xe D(l)),

() R[-#+(—)L]cpiy;

(i) Lx= Iy[—ﬁizﬂ— (1—*%)le] .

We call this {I;; 2> 0} a pseudo-resolvent of contractions. We say that a
pseudo-resolvent {I;} has the property (DM), if there exists an »>0 such
that I, has the following property: if D(ly) = x,—x weakly and ILyx,—Y



534 S. OHARU

strongly imply that x< D([;) and y = Iyx.

REMARK 3.1. R(I;) is constant, for the resolvent equation (ii) implies
that R(I;) C R(I,) for every 4, > 0.

PROPOSITION 3.1. Let A be a dissipative operator in X and let J;={I—21A)™!
for 2>0. Then we have:

@) {Ja; 2> 0} defines a pseudo-resolvent of contractions;

(b) if A is closed, then each R, is closed; if A is demi-closed, then {J;}
has the property (DM);

(¢) if A satisfies (R), then for x < D(A), J,x is strongly continuous in >0

and lm [fx=x.
A—+0

PrROOF. (a) Take any x= R,. Then we have that

R, DU—pM)ix=Jix— 424 Jix = b at (1= ) i,
from which it follows that R[~§i+ (1-—{%) J;]J©R, and

3.D) Ji=J [ A4 (=) 1] =

(b) Fix any 2>0. Suppose that A is closed, y,€ R; and y,—ye X
strongly. Then x,=/;y,—x< X, and so, Ax,>(x,—¥,)/A—(x—y)/A. Thus
(x—y)/ A€ Ax, which means that y = R;. Next, assume that A is demi-closed,
Y.< R, v,—y weakly, and x,=/];y,—x strongly. Then Ax,>(x,—y,)/2A—
(x—)/2 weakly. Thus x< D(A4) and (x—y)/2 < Ax, that is, [;y=nx.

(¢c) Take any x< D(A). Since J,&Cont(R,) for >0, and since {/x;
0<4<e} is bounded, [;x—J.x as A—pu by (3.1). The last part is clear from
| Jox— x| = A1 Axll. Q.E.D.

We obtain the converse of the above Proposition 3.1.

PROPOSITION 3.2. Let {I;; A>0} be a pseudo-resolvent of contractions.
Then there is a dissipative operator A, defined on D= R(;), such that I, =
(I—2A4)* for every A>0. If a D(I;) is closed, then A 1is closed. And if the
{I; 2> 0} has the property (DM), then A is demi-closed.

PROOF. Since R(l;) is constant by Remark 3.1, we write D for it. We
first show that for each 4, x>0 the following relation holds:

(3.2) AN x—I7'%) = p i (x—1,'%) for xeD.
For this purpose we show that
(3.3) A x—I7')C p i (x—1,'x)

for each x& D and 4, £>0. Fix any A>0and > 0. Then, operating ;' on
both sides of the resolvent equation (ii), we have that I.'[;y> (u/)y+
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(A—p/D;y for ye R, that is, 2 (Ly—y) ey '*U—I,);y. Hence, for any
xe€ D and y € D(I;) with I;y=ux, we have 2" '(x—y) € p'(I—1,")x, which implies
(33). We then define an operator A on D by Ax=2"'(x—I7'%x) for xe D. It
is easy to see that I,=({U—2A4)% Since (/—1A) ' Cont (D(I;) for 1>0,
Proposition 1.1 yields that A is dissipative. The remaining part of the asser-
tions is easily seen. Q.E.D.

REMARK 3.2. Assume that each I; of a pseudo-resolvent {I;; 2> 0} be-
longs to Cont (X). Then the operator A obtained by Proposition 3.2 is, by
definition, an m-dissipative operator. So, A is demi-closed. Hence, {[;} has
the property (DM). Also, A=A, in this case.

Next, we present an extension of Proposition 3.2 (see also Brezis and
Pazy [1; Theorem 2.3]).

PROPOSITION 3.3. Let {I;; 2> 0} be a one-parameter family of single-valued
operators such that the relations (i) and (ii) hold for each 2, p with 0 < pu=21
and the following condition is satisfied:

(iii) for each 2> 0 and x, y € D),

|Lx—Ly|2 = re{x—y, F(Lx—Ly)).

Then there is a dissipative operator A such that D(A)-—-H)R(Ix) and (I—2A) 'x
=ILix for x€ D(I;) and 2> 0.

Proor. For each 4> 0 we define an operator AQ) by AD)x=1"Yx—17'%)
for x< R(I;). Then by the same argument as in the proof of (3.3), we see
that

(3.4) RUDCRU,) and AWNCA(y) for 0<p<2a.

Let A=\J) A(%). Then it follows from (3.4) and (iii) that A is dissipative.
>0
Also, for 2> 0, we have

3.5) x—AAXx D x—2A)x = I7x for x= R({)),

so it follows that ([—2A)'y=1,y for y € D). Q.E.D.
COROLLARY 3.1. Let K be a convex set and let {I;; 2>0} be a one-parameter
family of single-valued operators such that I,KC K for every 2> 0 and (ii) and
(iii) hold for every pair A, p withO< pu=<2and xe K. Then there is a dissipa-
tive operator A such that D(A):/I\>J0 LK, RU—2A)DK>Dco D(A) for 2>0, and

(I—2A)y*x=ILx for 2>0 and xe K.

ProOF. Set I;=I,|x for A>0. Then {I;; 1> 0} satisfies all of the as-
sumptions of Proposition 3.3. We then let A be the dissipative operator ob-
tained by Proposition 3.3. Then (3.5) states that R(I—AA)D R(I—2AQQ))DK
D\URI;) = D(A) for 2> 0. Q.E.D.
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§4. Approximation of Operators

Let A be a dissipative operator in X. Then by Proposition 1.1, /;=(I—1A4)™*
exists on R;= R(I—2A) for each 2>0. We then define a single-valued opera-
tor 4, on Ry for >0, by

@l Apx=n"[J,x—x], =xcR,.

It is easy to see that |Ay|ricr,p = 2/7 and that each Ay is dissipative. In this
section we shall give some properties of A, and some of the basic properties
of closed or demi-closed dissipative operators. First, we present the next
lemma which is proved in a similar way to Kato or Crandall and
Pazy [2; Lemma 2.3].

PropOSITION 4.1. Let A be a demi-closed operator in X, {x,} C D(A), and
Xy — X, Strongly as n—oo. Then we have:

(@) Let y,e Ax, for each n and {y,} be bounded. Let V be the set of all
weak cluster points of {y,}. Then x,& D(A), V+0 and VC Ax,. In particular,
if A is single-valued, then Ax,=w-lim y,.

N—00

(b) Assume that X is uniformly convex and thal the canonical restriction
A’ s single-valued. If y, € Ax, for each n, x,& D(A®) and lim sup || y,[| = | A°x,|,
then A'x,=1lim y,.

Next, referring to Brezis and Pazy [1; §2], we obtain

PROPOSITION 4.2. Let X be uniformly convex and A be a closed dissipative
operator satisfying (R). Let A be a maximal dissipative extension of A in
D(A). Then D(A)= D(A)= D(A%) and A'= A= A"

PROOF. We first note that A is demi-closed, A° is single-valued and that
]Ax:(I—Z/Nl)“lx—wc strongly as A——+40 for xED(ﬁ). And A? is also single-
valued. Let 7;]0, Jo=J,., and A,=79;(J,—I). Then by Proposition 4.1 (b),

(4.2) Ax=lim A,x  for xe D(A).

k—o0

Now take any z& D(A) Then by the assumptlon there are x,< D(A) and
i € Ax, such that z=ux,—»,y;. Since y,=A,ze Ax,, it follows that x; _]kz
—z strongly. Combining with (4.2), the closedness of A implies that ze D(A)
and A%z Az. But then AzC A.zC /le, s0 we see that ﬁ"z:ASze A’z. Also,
H{A"z]]{gl]ﬁ"zn. Hence the relation ve A°2C Az states that v= A%, because
A0 is single-valued. This means that A° is also single-valued. Q.E.D.

That A° is single-valued was suggested by Mr. J. Chambers.

Let 9,10, Ji=Jp, and Ay= Ay, Then the sequence {A;} approximates
A in the following sense.

COROLLARY 4.1. Let A be a dissipative operator satisfying (R). For each
x& D(A) let V(x) be the set of all weak cluster points of {Axx}. Then we have:
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(@) If A is demi-closed, then V(x)# 0 and V(x)C A°%x. If A is demi-closed
and if A® is single-valued, then A’x=w-lim Axx.

(b) Let X be uniformly convex. If A 1is closed, then Ax=Ilim Agx for
x € D(A).

ProOOF. (a) For xe D(A), lim Jrx=x and [|Axx] =Z|[|Ax[|. It then follows
from Proposition 4.1 (a) that V(x)c Ax. Let Apx—y weakly. Then we see
that | y| <||Ax|l, which means that V(x)C A%x. If A° is single-valued, then
each V(x) is a singleton, and so the whole sequence {Azx} converges weakly
to A’x for xe D(A). (b) is an immediate consequence of Proposition 4.2 and
the convergence (4.2), since /lex:Akx for each x = D(A). Q.E.D.

REMARK 4.1. As proved in Proposition 4.4, (I—AAy) 'x— J;x strongly as
k—o0, for A>0 and x< D(A). This shows that {A4,} approximates A in a
generalized sense.

REMARK 4.2. Let A be a demi-closed dissipative operator satisfying (R).
Let A be any maximal dissipative extension of A in D(4), and ]}:([—Z/Nl)‘l
for 2>0. Then /;DJ; and ADA,DA. Now fix an x& D(A), then | A.x]|
=Y rx—axl = 2 Jx—Si(x— ) < 9] for ye Ax and 2>0. Hence, || 4,x]
<||Ax|| < ||co Axl| < ||Ax]| for x< D(A) and 1>0. Let Jyx—x strongly and
Az;x—y weakly. Then Corollary 4.1 (a) yields that ye Ax, and |y =<
lim inf ||A;,x]. This means that [|Ax]||=] ﬁxl”:]l[Acx]ll———llﬁirE) |Azxl|l. Since

AxC 7o AxC Ax for x< D(A), it follows that A’x=@ and AxC Axc A'x for
x < D(A).

In the following, we consider the resolvent of A,.

PROPOSITION 4.3. Let A be a dissipative operator, [={I—2A)* for 1>0
and A, be defined by (4.1). Then for every n, h>0, (I—hAy)™! exists as an
operator from Ry, onto Ry, and

4.3) (I—hA,) %= EﬁTJMhH’Vthx . for x€ Ryyn.

Proor. Fix any pair u, 2>0. Then for x & Ry,

h
M—hfmnx%—#x :];7+hx——77T17h Lpsnx—x] € U= A Jpnx C Ry,
and for xe Ry,

h ok
(I—hAp)x= %x—T I

n+h
7

where we used the relation A '[ J,x—x]e AJ,x. Using these relations, we
obtain

= Jpx— Chx—xle (—@+nA)xC Ry,
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h
(- hAv)[Wh_fmnx + —77_17{716 ]

_nthyr_h /2 N A _
= Lgga etk ]y B Dy =

for xe Ryyp,; and

h
[ ant— g LJa—hAps

__h _ Ui n+h h _
= Sl =D At L[ e ] =,

for xe R;,. Thus (I—hA,)' exists as an operator from R,,, onto R, and

hence holds. Q.E.D.
PROPOSITION 4.4. Let A be a dissipative operator in X satisfying (Re)

(stated in Remark 11). Let U,= Aylazpw and Ju(p)=A—hUy)™* for 5, h>0.
Then R(I—hUy)Dco D(A)=D(U,) and Jy(n) < Cont(R(I—hUy,) for 7, h>0.
Furthermore, for xe D(A), h>0 and n,

(4.4) ﬂli_rilofn(??)"x =Jix.

ProoOF. Under (R,,), (4.3) implies that J,(y)[co D(A)]c co D(A) for 5, h>0.
Hence, we see that R(I—hU,)D¢o D(A). Since U, is dissipative, Ju(p)
e Cont (R(I—hUy)). Hence, the iterations [,(y)*, n=1, 2, .-, are well-defined
on R(I—hU,) and

(4.5) 1U2 o) xl =l Axll for x& D(A).

h
Take x € D(A), then by (4.3), Ju(p)x—Jpx= Wj%hx—k v—v—%x—jhx for h, >0.

. . . . . h
Since the right side is estimated by m{l Jranx— Jux || -{—nbﬁ—hllx—]hxﬂ,
Proposition 3.1 (¢) implies that lirf_l0 Ju(m)x=Jux. Since J,(n) € Cont (R(I—hUy)),
—
(4.4) holds for each positive integer n. Q.E.D.

§5. Construction of the Semigroups

In this section, we construct the semigroup determined by a dissipative
operator A which satisfies the condition (R).

LEMMA 5.1. Let A be a dissipative operator in X satisfying (R). If x= D(A)
and T >0, then

(5.1) y(t; x)= lim (]_ZA)—[W]X
1—+0

exists uniformly for t< [0, T ].
ProoF. Set [;={—2A)* and A;=2J;—1I), A>0. Let xe D(A) and
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T>0. We note that

(5.2) | AnJ2x| < Il Ax|) for A>0 and m.

Now, assume that nA<h and Am < T, where 4, h>0 and m, n are integers.
Let k=m. Since f’i’“x—]ﬁ”""”xz2§;Aszfﬁ<k—l>x, we have that (J*x—J3% %)
—(Jhx— ]ﬁ"x):/l:}:]: {AJ2 J3%Vx— A, JEix}+(nd — ) A, J5'x. Thus we can
write

(Tpe—J3e 0 —(Jke—JE 10, FUFa—J50)

= 5 Mg 05— Ay T, P804 Ty
=0

25 AT x— A 5%, PO x— i) — (07— i)
p=i

+(nA—hm A J5 %, F(J5Fx—JEx) )
=1L+1,+1,.

We now estimate each term. Since A is dissipative, I, <0. Also, by using
(5.2) we have that

n—1
Il < 2| Axllllpgo I F(J5ex—Jix)—F(J7% e x— il .
Employing the uniform continuity of F on bounded sets, we can find a func-
tion e(h)=e¢(h; x, T) such that e(h)—0 as h |0, and

sup _ [|F(J3*x—Jin)—F(J7¢ P a—Jin| S e(h) .
nAsh,hk=T

Note that | J3®-v+etix— J2kx| =0(h) as h | 0. Also,
Ll < |na2—h|ll Ax | | J§*x—T5x|l -
Consequently,

I J5mx—JRx|* = kZz)l T =TJRel>— | T3P x—J ~'x*}

8

=
Tk

s 2re {(JFx—Jin) — (1% Pa—Ji7 ), F(JFx—Jha)

Il

= ¢(2~, h,

where ¢(2, h)=const (x, T)h+e(h)+m|An—h|) and note that [x|>—|y|> =
2re{x—y, F(x)). Hence, for each t< [0, T],

3= T3 S G2, B

First, take A=¢,=27#, h=¢,=27", m=[t/e,] and n=2"". In this case
(e €v) = const (x, T)(e,+-¢(e,)) —0 as v —co and |[t/e,]—2#"[t/e,]]| £ 2. So,
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we see that (by (5.2)) || J&x— J&, x| =0(s,), and hence | Juemx— [l

set

(5.3 y(t; x) = lim J¥ox, te[0, T].

y—0oo

Finally, we show that the limit is independent of the sequence chosen. Let
0=t<T, and 0<A=<h<T—t Taking, this time m=[t/h]+1 and n=

[WE%_]FT], we observe that
—- [ mh<t+h, nA<h, |t—nim|=22+Ti/h,
' I[/A]—nm|A < 3A+TA/h, m|nA—h|<2h+-24+TA/h.

Again take A=¢,. Using and 'letting v —oo, we see that ¢(e,, h)
—const (x, T)(3h-+e(h)). Therefore, and imply that

(5.5) | 3t ; x)—J %" x| < const (x, T)vV h+e(h) .
Q.E.D.
LEMMA 5.2. Let A be a dissipative operator in X satisfying (R).

@ Ny x)—y@; M = llx—xll  for 120 and x,, x,€ D(A).
(b) For every x< D(A),

I3(t; )=y ; | = |t—t' ||| Ax||  for ¢, '=0.

ProOOF. (a) Since J; = Cont(R;) for 1> 0, (a) follows from (5.3).

(b) For xe= D(A), (5.2) yields that || J/™x— ]y < |t—t/+h||| Ax]| for t,
t/=0. Letting h—-+0, we have (b).

Consequently, we have the following main theorem.

THEOREM b5.1. If A is a dissipative operator in X satisfying (R), then there

exists a semigroup {T(®} on D(A) such that

(5.6) T(Hx=lim (I-24)™"x  for t=0 and x< D(A)
—+0

and the convergence is uniform with vespect to t in every finite interval.
PrOOF. In view of Lemma 5.1, set T(H)x=y(t; x) for t=0 and x = D(A).
First, by using Lemma 3.2 (a), we can obtain a unique extension of T(¢) to
D(A) by continuity, we denote this extension by the same symbol T(#). Then
each T(f) maps D(A) into itself and T(¢) € Cont (D(A)). To establish the semi-
group property ; first take xe D(A) and {, s=0 with t+s<7. Let ¢>0 and
take z< D(A) such that |z=T(s)x| <e. Then, |TE+)x—THOTS)x|=|TEH-9)x
— JHEEOR || || JEEFO /R g JURTIR || | JUAR Ry JUR | - || YDz T(t)z|| 4 || T ()2
—TOT()xl| < | T( +)x—J0 x| + 22 Ax ||+ J¥Px—2| + | J¥Bz— Tz + | z—
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T(s)x||. Therefore, letting 2—+0, we have |T({+s)x—TET(s)x| <2 This
means that {7T(¢); ¢t =0} has the semigroup property. (5.6) was established in
Lemma 5.1. Q. E.D.

REMARK 5.1. Let A be a dissipative operator in X satisfying (R,). Then
J¥" e Cont (D(A)) for >0 and = 0. Hence, the convergence (5.6) holds for
all t=0 and x< D{A).

REMARK 5.2. (a) Let A be a dissipative operator satisfying (R), and
{T(H} be the corresponding semigroup obtained by Theorem 5.1. Let
Ae e[A; D{AY] and put B, = R(I—2A) and J,=(I—A4)"", then J, D], for 1>0.
Now, if A is maximal dissipative on D(A), then by Remark 1.1 (a) we have

that B; D D(A)D D(A) for 2>0. So that A satisfies (R,). Thus, Lemma 5.1
and Remark 5.1 yield that

(.7) T(t)x = llim ([— A A)-teriy
—+0

for =0 and x < D(A).

(b) Let A be a dissipative operator satisfying (R,). Then for ﬁeé’[A;
D(A)], JEDD_(?I—)DD(;D for 2> 0, and hence we have the same conclusion
(5.6) for t=0 and x = D(A).

In view of these results, we obtain the following

THEOREM 5.2. Let A be a dissipative operator in X satisfying (R.). Then
there is a semigroup {T(t)} of contractions on D(A) such that the convergence
(5.7) holds for A= &[A; D(A)].

Next, in terms of pseudo-resolvent, we can obtain some variations of
Theorem 5.1.

COROLLARY 5.1. Let SC X, and {I;; 2> 0} be a pseudo-resolvent of con-
tractions from S into itself. Then there is a semigroup {T(t)} of contractions
on R(L) such that T(t)x:zlinllolamx for each t=0 and x < R(I)).

The proof is a simple consequence of Theorem 5.1. For, Proposition 3.2
implies that {/;} determines a dissipative operator A on D= R(J;) in such a
way that [,=(I—2A4)"!. The assumptions yield that A satisfies condition (R)
and therefore, by Theorem 5.1 we have the assertions.

COROLLARY 5.2. Let KC X be a convex set and {I;; A >0} be a one-para-

meter family of single-valued operators such that LKC K for every 1>0 and
such that

(.8) La=1I[ % xt+(1—4) ],

(6.9) | Lx—Ly|? S redlx—y, F(Lx—5Ly),
for 2, p with 0< p <2 and x= K. Then there exists a semigroup {T®)} of
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contractions on \J LK such that T(H)x= lim I¥3x for t=0 and x < lUfzK-
>0 140 S0

The proof is easily seen from Corollary 3.1 and Theorem 5.1, in the
similar way to the proof of Corollary 5.1.

Finally, we present a result on the semigroups determined by the approx-
imate operators A,.

COROLLARY 5.3. Let A be a dissipative operator in X satisfying (Re), and
{T@)} be the corresponding semigroup on D(A). Let A, n>0, be the operators
defined by (A1). Then we have:

(@) Let Uy,= Aylzpw for >0, then

Ty(Dx = lim (I—AU,) 4y
Ai—+0

exists for t=0, xeco D(A) and 7> 0, and {Ty(t); t=0} forms a semigroup of
contractions on co D(A). Furthermore, if x< D(A), then the convergence is uni-
Sform with respect to >0 and t in every finite interval.
(b) For xe D(A) and t=0,
lim T,(Hx = T@)x,

7—+0
where the convergence is uniform with respect to t in every finite interval.

PROOF. (a) The first assertion follows from Proposition 4.4 and Remark
5.1. To prove the second assertion; let x& D(A) and T > 0, then by (4.5) we
see that the set { Jy(9)"x; h, >0, nh < T} is bounded and Osspuig_lu Ja(p)rk=Deptiy
— ()" x|| < na|| Ax||. Therefore, by the same argument as in Lemma 5.1, we
have the following estimate:

(5.10) | T x—Ju()x]] < const (x, T)V hte(h)

where the constant const(x, T') and the function ¢(h) are independent of >0
and te [0, T1.
(b) Let xe D(A) and T>0. Then (5.5) and (5.10) imply that

1T x—TyH®x| = const (x, T)V h-+e(h)+ 1 T x— ()™ .

Take any ¢>0, then there is an #,>0 such that const (x, T)V h,+e(hy) <e/2.
Since {[t/h,];0=t<T} is a finite set, there is an 1z, such that | Ji¥rox
— Jag()U*lx|| <e/2 for ne<(0,n,). Consequently, 021{13p1[T(t)x—~T7](t)x|| <e for
7 € 0, 7o) o Q.E.D.

§ 6. Differentiability of Semigroups

In this section we consider the differentiability of semigroups obtained
by Theorem 5.1 and some relations among the semigroups and the infinitesi-
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mal generators. The central part of the proof is based on the results by
Kato [10, 117.

Throughout this section we use the following notations: Let »,=2" and
I, =[0, r] for r>0. We then set J,=U—r;'A)", A,=7r,[J,—I], and T(n;1)
=I—r; A)-trnl,

LEMMA 6.1. Let A be a dissipative operator satisfying (R). Let x& D(A)
and f,(t)= A,T(n; )x for t=0. Then,

(6.1) [ e ALTm; x and || O W Axll - for 120,

t
6.2) IE7Gu; =11 fols)ds) = 001/72)
PROOF. (6.1) is obvious. (6.2) is obtained by estimating
63 [ s =Y Ao
0 k=1

=[Tn; -1 x+r{Ax—A,Tn;tHx}. Q.E.D.

LEMMA 6.2. Let A be a demi-closed dissipative operator satisfying (R). Let
{T®} be the semigroup of contractions on D(A), obtained by Theorem 5.1. Then
we have:

(@) For every x< D(A), T(t)xe D(A) for t=0 and there is a function
J(- 5 x) on [0, ) such that f(t; x) € AT(O)x for almost all t=0 and

(6.4) T(Hx—x= f: fls; x)ds,  for t=0.

(b) If A is single-valued, then for xe D(A), AT()x is weakly continuous
n t=0, and

(6.5) TWr—x= O”AT(s)xds . for t=0.

PROOF. (a) Fix any xe D(A) and any p with 1<p<+oco. And set
[o(t)=A,T(n; t)x. Then by (6.1) {f,|;,; n} forms a bounded set of L1, ; X)
for each integer »>0. Thus, by moving » and by using the diagonal proce-
dure, we may find a subsequence {q} of {n} and a function /> defined on
[0, o0), such that f;|I, converges to f|I, weakly in L?(I,; X), for each r.

Hence, x*j zfq(s)ds—wc*f tf(s)ds for x*< X* and t=0. Therefore (6.4) follows
0 0

from (6.2). Next, we write V(f) for the set of all weak cluster points of
{fa(t);n} for each £. Then from Lemma 5.1 and Proposition 4.1 (a) it follows
that T(Ox e D(A), V() #0, and V(@) AT({)x for t=0. Hence, by the same
argument as in Kato [11; Lemma 82] we see that f()<¢o AT(H)x almost
everywhere. Moreover, in a similar way to Kato [11; Lemma 6.2], we can
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prove that || f(¥)| =||co AT()x|| almost everywhere (where we apply the argu-
ment in Remark 4.2). Thus it follows that f(¢) € AYT(t)x almost everywhere..

(b) Aussume that A is single-valued. Then each V() is a singleton, and
so, Proposition 4.1 implies that w-lim f,(!) = AT()x for all £=0. Also, from
the strong continuity of 7(t)x and the boundedness of AT(t)x we see that
AT(t)x is weakly continuous in . Thus follows from [6.2). Q.E.D.

REMARK 6.1. Let A be a demi-closed dissipative operator satisfying (R)
and {T(¥)} the semigroup obtained by Theorem 5.1. Then {T(?)|pcs; t=0}
forms a semigroup of contractions on D(A) by the above lemma.

REMARK 6.2. By (6.4) we see that the infinitesimal generator A, of {T(¢)}
is densely defined in D(A).

In view of these results, we obtain the following.

First, combining with Remark 5.2 (a) we obtain

THEOREM 6.1. Let A be a dissipative operator satisfying (R). Let A be
any maximal dissipative extension of A in D(A). Then there is a uniquely
determined semigroup {T(t)} of contractions on D(/Nl) such that for each xe< D(/Nl),
(d/dDT®)x € A°T®x for almost all t=0.

Next, for the single-valued case, we obtain

THEOREM 6.2. Let A be a single-walued, demi-closed dissipative operator
satisfying (R). Then A is the weak infinitesimal generator of a wunique semi-
group {T()} of contractions on D(A) such that for each x < D(A), T(t)x is

weakly continuously differentiable in t=0 and T(t)x-—xzftAT(s)x ds for t=0.
0

In the remainder of this section we consider the case X is uniformly
convex. Assume that X is uniformly convex. Let A be a closed dissipative
operator satisfying (R), and A be any maximal dissipative extension of A in
D(A). Then by Theorem 6.1, A generates a semigroup {7(t)} of contractions
on D(A). Also, from Proposition 4.2 it follows that D(A) = D(A) and A°= A"
Hence, for x<= D(A), || A'T(t)xill:HlAT(t)xi]l for t=0 and (d/d)T({)x= A*T(t)x
almost everywhere. - Therefore, we can say that {T(t)} is the semigroup on
D(A) which is determined by the A. For this semigroup, we have the fol-
lowing

LEMMA 6.3. For each x = D(A), we have:

@) WAT@®x|| is of bounded variation on every finite interval of the form
[0, T] and has no positive jumps;

(h) the right derivative DV¥T(t)x exists and strongly right-continuous in ft,
and D*T@)x=AT{)x for all t=0;

(c) A°T(t)x is strongly continuous except possibly at a countable number of
points L.

PROOF. (a) Let A be a maximal dissipative extension of A in D(A). Let
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xe D(A) and 0<7 <t. Then by the same argument as in Kato [11; Lemma
6.6] we see that [|AT@®x|| = | AT@)x]|l.

(b) By Proposition 4.2, Ao (= A° is a single-valued operator with D(/Nl")
= D(A). Fix any xe D(A) and t=0. And choose a sequence #,|¢. Then
by the proof of Kato [11; Theorem 7.5] we see that {ﬁ“T(tk)x} contains a
subsequence which converges strongly to ﬁ"T(t)x. So, /Nl"T(t)x is strongly

t o~
right-continuous in t. But, since T(t)x~—x:f A'T(s)xds by Theorem 6.2, it
0

follows that D*T(t)x = A'T(H)x = A"T()x for each .

(c) By (a), IIﬁOT(t)x]I:IIIAT(t)xm is continuous except for a countable
number of points ¢. In order to prove that ﬁ"T(t)x is continuous except for
those points, it suffices to repeat the same argument as in (b) with #, 11

Q.E.D.

Hence, we obtain the following result.

THEOREM 6.3. Assume that X is uniformly convex. Let A be a closed
dissipative operator satisfying (R). Then A° is the infinitesimal generator of a
unique semigroup {T(t)} of contractions on D(A) such that for each x< D(A),
D*T()x = AT()x for all t=0 and D*T(t)x is strongly right-continuous in t=0.

REMARK 6.3. Let X be a Hilbert space. Then there are the following
remarkable results (see Crandall and Pazy [2, 3], and Kdmura [9]):

(D If A is maximal dissipative in X, then D(4) is convex.

(II) For any dissipative operator A in X there is a unique m-dissipative
extension A of A such that D(A)c o D(AD).

In view of these results, we see that Theorem 6.3 gives a result of
Brezis and Pazy [1; Theorem 2.17.

Finally, we present some variations of Theorem 6.3 in terms of pseudo-
resolvent :

COROLLARY 6.1. Assume that X is uniformly convex. Let S be a closed
subset of X and {I;; 2> 0} be a pseudo-resolvent of contractions from S into
itself. Then there are a closed dissipative operator A defined on D= R(I;) and
a semigroup {T(t)} on D, such that I;={I—AA)™* for A>0 and A° is the in-
finitesimal generator of {T(1)}.

PROOF. Let A be the closed dissipative operator obtained by Proposition
3.2. Then it satisfies the conditions of Theorem 6.3.

COROLLARY 6.2. Let KC X be convex, and {I;; 2> 0} be a family of
single-valued operators satisfying all of the assumptions of Corollary 5.2. Then
there is a closed dissipative operator A such that D(A)= 1@:[71?, Lx={U—21A)"x
for 2>0 and x< K, and such that A° is the infinitesimal generator of a unique
semigroup on D(A).

Proor. Let A be the closure of the dissipative operator obtained by
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Corollary 3.1. Then it satisfies the assumptions of [Theorem 6.3  Q.E.D.

§7. Semigroups of Differentiable Operators

The purpose of this section is to construct the semigroups of differenti-
able operators.

Let SC X and G be a single-valued operator in X such that D(G)DS
and there is an L(X, X)-valued continuous function dG(-) on S such that

1G(x+3)—Gx—dG(x) y|| = o(|| ¥I)

for x& S and y= X with x+ye S. Here L(X, X) denotes the Banach algebra
of endomorphisms of X. Then we denote the family of such operators by
F(S). 1f S is open, then F(S) is the family of operators which are continuously
Fréchet (F-) differentiable in S. For the notions of F-differentiable operators,
Gateaux (G-) differentiable operators, and analytic operators, we refer to
Hille-Phillips [7; Chap. III] and J. T. Schwartz [19] (By an analytic operator
we mean an analytic function on vectors to vectors.)

In the remainder of this section we need to assume that X is a complex
Banach space. Our result is the following

THEOREM 7.1. Let A be a single-valued, closed dissipative operator satisfy-
ing (R). Assume that D(A) is the closure of an open convex set D (hence (R,)
is satisfied) and that (I—2A)~' is G-differentiable in D for every 2>0. Let
{T(t)} be the semigroup on D(A) obtained by Theorem 51. Then we have:

(@) for each t>0, T(t) is analytic in D and T(t) € F(D);

(b) for each x< D\ D(A), AT()x is strongly continuous in =0 and
d/dhT(t)x = AT(®)x = dT(t)(x)Ax for all t=0.

Before proving this theorem, we state some remarks and give an ex-
ample.

REMARK 7.1. Let {T(H)} be a (C,)-semigroup of bounded linear operators
and A be the infinitesimal generator. Then for each xe& D(A), (d/dt)T(t)x
=ATHOx=T(#)Ax for t=0. The assertion (b) corresponds to this property
and the nonlinearity appears in the term dT(t)(x).

REMARK 7.2. If a single-valued operator G on a complex Banach space
X is uniformly Lipschitz continuous and G-differentiable on X, then by virtue
of the Liouville’s theorem for vector-valued analytic functions G becomes a
combination of a linear operator and a translation by a constant vector.
Now, assume that A is a densely defined, m-dissipative operator in X and
(I—2A)™' is G-differentiable in X for 2> 0. Then A determines a semigroup
{T()} of contractions on X, and Theorem 7.1 states that each T(f) is an
analytic operator on X. Therefore, it is proved that for each { =0, x—S(H)x=
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T®x—T(#)0 is a linear operator on X (see Komura [9; §4, p. 397]). Since
1S@®x| < ||x|| and S(#)S(s)x = SOT(s)x—SHT(s)0 = T+ s)x—T(t+5s)0= St +s)x
for t, s=0 and x< X, the family {S(¢); t =0} forms a (C,)-semigroup of linear
contractions on X. Therefore {T(¥)} is an affine semigroup (see Crandall and
Pazy [2; §5]).

ExamMpLE. Let X=C' and let us consider an operator A defined by
Az=2% ze D(A)={ze C'; rez=< —|im z|}. Then the interior D(A)’= {z= C!;
rez<—|imz|} is convex. Since re (2i—z3)(z;—2;) =|z,—2z,|*re (z2,+2,) <0 for
z, z,€ D(A), A is dissipative. And we see that R; D D(A) for every 1> 0.
Since z—2z—2z% is analytic on D(A)°, it follows from the implicit function
theorem that (/—2A)~! is analytic in D(A)".

In the remainder of this section, let A be a single-valued, closed dissipa-
tive operator satisfying all of the assumptions of Theorem 7.1. Let U,=A,|5z
for >0, and {T%(f)} be the semigroup on D(A) determined by U, in the
sense of Corollary 5.3. And, taking a sequence 75, | 0, we write U,, for Uy,
and {T,®} for {Ty,®}.

For the proof of Theorem 7.1 we need the theory of analytic functions
on vectors to vectors. Let G be an operator in X, which is G-differentiable
in a finitely open set D, and if x € D we may define the n-th variation §"G(x; v)
of G at x with increment v as

8"G(x; v) = [—d‘%G(er 5“)]520 )

The key fact is the following theorem (see Hille-Phillips [7; Theorem 3.18.17).

THEOREM A. Let {G,} be a sequence of operators in X analytic and locally
uniformly bounded in a fixed domain D. If Gx=Ilim G,x exists in D, then the
limit operator G is analytic in D. Furthermore, 0*G(x; v)=Ilim 6*G,(x; v) for
each k, x€ D and ve X.

LEMMA 7.1. (a) For each 2> 0, ;={—2A)" is analytic in D and for
xe DN\ D(A) and ye X, }irixodjl(x)y =y.

(b) For each x= D\ D(A), lim Uyx= Ax.

p—+0
ProoF. Since each J, is locally bounded in D, it is analytic in D. Since

lim J;x = x for x = D(A), Theorem A implies that dJ;(x)y = d/,(x; y) —y strongly

A—+0

as A—+0, for xe DN\ D(A) and y& X.

(b) Fix an xe D\ D(A). Then x—nAxe D for »>0 sufficiently small.
Since Uyx=9""[ Jpx—J,(x—nAx)], it follows from the argument in Hille-Phil-
lips [7; Theorem 3.17.1, p. 113] that [|Uyx—d[,(x)Ax|| =n"'o(| Ax|y) as 5 —+0.
Therefore, combining with (a) we have the assertion. Q.E.D.

LEMMA 7.2. (a) For each t=0, T,(t) and T(t) are analytic in D (hence
e F(D)), and lim dT,()(x)y =dT{)(x)y for x& D and ye X.
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(b) For each x& D, ye X, dT{)(x)y is strongly continuous in t.

ProOOF. (a) For the proof of (a) it suffices to show that T,(t) are analytic
and locally uniformly bounded in D. For if so, then Corollary 5.3 (b) and
Theorem A would yield that T(#) is analytic in D (hence T() < F(D)) and
AT, (O(x)y =0T (t)(x; ¥) =0T (x; ) =dT()(x)y strongly as m—oco for xe D
and ye X. Now, fix an 7>0. Then (4.3) and Lemma 7.1 (a) imply that
(I—hUy)"* maps D into itself and is analytic in D (and hence  F(D)). Thus
(I—hUy) "= F(D) for h>0 and n, by the chain rule of F-differentiability.
On the other hand, (4.5) implies that for any T > 0, the contractions {(/—hU,)™";
h, 77> 0, nh & [0, T]} are locally uniformly bounded in D. Hence, by Corollary
5.3 (a) and Theorem A we see that T,({) are analytic and locally uniformly
bounded in D.

(b) Fix any xe D and y= X with ||y =1. Let p(x; y) be the supremum
of all numbers p such that |§|=<p implies that x+&ye D, and C be any
circle |&|=p’ <p(x;y). Then by the Cauchy’s integral formula [19; p. 111],

ATOWy = 5o | ETOG+ENdE,  for t20.

Now, let 0t /< T, then we have that

1

AT(E)(0)y—dTOED y =

J TG e =T t-£9)) dé

Since the integrand is uniformly bounded with respect to £ C and , V' &
[0, 7], and since the convergence lim T(t")(x+£&y) = T(H)(x+&y) holds uniformly
t'—t
for £ C, it follows that lim dT(")(x)y = dT({)(x)y. Q.E.D.
t'—t

PROOF OF THEOREM 7.1. Fix an m and let =0 and xe D. Since T,(f)
e F(D) by Lemma 7.2 (a), we have that

W HTu(+Mx—Trt)x} = B H{ TOLxH(Tp(W)x— 21— Tr()x}
=dT (XA YT (W x—x)]+ho(| Tp(R)x—x|) as A—+0.
Since Dc D(U,), passing to the limit as h— 40, (d/d)T()x=U,T()x

=dT,t)(x)U,x. The derivative (d/dt)T,(t)x is strongly continuous in #, and
s0, we have that

(7.1) Tu(tyi—x= [ dT(X)Unxds, for t=0 and x& D.
i}

On the other hand, |T,®)(x+y)—TOx—dT Oy =o(l¥]) as |y]—0, and
hence [[dT(O)@X)(Y/[ YD SNT w42 —Tw@x /1 Y1+l YD/ I =1+ ¥/ yII-
This means that [[dT,()®)|=1 for t=0 and xeD. Thus, the set
(AT w(s)(X)Upx; s=0, m} is bounded for x € D~ D(A). Hence, Lemmas (b)
and 7.2 (a) imply that



Generation of semigroups 549

(7.2) lim dT(8)(X)U px = dT(s)(x)Ax .
By Lemma 7.2 (b), dT(s)(x)Ax is strongly continuous in s=0. Applying the
dominated convergence theorem to [(7.1), we have

T@x—x= | ‘AT()(W)Axds  for t=0 and xe DA D(A).
0

Finally, we show that dT()(x)Ax=AT{)x for t=0. By UnpTn(®)x=
A Jpr Tn(®x—dT(t)(x)Ax strongly for each t=0. Since lim Jy, Tn(t)x=T({x

m—0od

and A is closed, it follows that T(*)x € D(A) and dT({)(x)Ax=AT()x. Q.E.D.

Waseda University
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