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The purpose of this paper is to extend some of the results in the theory
of semi-groups of operators in Banach spaces to the case of locally convex
topological vector spaces.

We consider a vector space X with two locally convex topologies r and ¢
which satisfy the conditions: (T 1) ¢ is stronger than ¢; (T 2) = has a base
of neighborhoods of 0 composed of convex, circled and o-closed sets; (T 3) X.
is sequentially complete; (T 4) every continuous function f(#) from [0, 1] to ¥,
is Riemann integrable in ¢. We shall call a family of linear operators {7;}izo
in X a (r,0) semi-group if it satisfies the conditions: (S1) T,=1 (identity);
(S 2) Tyws=T,Ts; (S3) {I,} is equicontinuous in LX,, X); (S4) T, is, for every
t, a o-sequentially closed operator; (S 5) T;x is a o¢-continuous function for
every x.

The well-known Hille-Yosida theory deals with the case r=¢ and when
X, is a Banach space. The results have been generalized by Schwartz [§]
when ¥, is a quasi-complete locally convex space. The theory in the case
when X is an adjoint space of a Banach space, ¢ is the strong topology and ¢
is the weak™ topology is known as the theory of adjoint semi-groups by Feller
[2] and Phillips [7].

In §1 we give several sufficient conditions to assure the above assumptions.
Especially it is shown that if X. is quasi-complete and if {7} satisfies (S 1)—
(S 3) and the condition that 7yx converges weakly to x as t—0 for every x,
then {7} is a (z, 7) semi-group. §2 is of preliminary nature.

The infinitesimal generators- A, and A, are defined as usual by

Ax=z-lim 1T(Tt~1)x and  A,x=o-lim —(T,—Dx.

t-0 t—0 t

Thanks to the above assumptions, we can show that the Laplace transform
R@x=("e*Txdt, Rel>0
0

is convergent as an improper o-Riemann integral. {(AR(A)™} is equicontinuous
in (X, ¥, with {7} and R(A) is the resolvent of a r-closed linear operator
A, which we call the generator of {7;}. We are mainly concerned in § 3
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with R(2), A and its relationship with A. and A,, and prove that the relation
A.Cc Ac A, holds and the last two coincide if 7T, is a o-weakly continuous.
operator for every t. We seek also for the condition to certify the o-weak
continuity of R(A), which is used in §7 to define dual semi-groups.

The domain ®(A) of A is o-dense, but it is not necessarily z-dense. We
prove in §4 that T,x is z-continuous for ¢=0 if and only if x € D(A)", the
z-closure of D(A), and that the restriction S; of T, to D(A)" becomes a (z, 7)
semi-group. It will be of some interest that the generator A, of S, coincides.
with A, §5 is again of preliminary nature.

A complete characterization of the generators of (z,t) semi-groups has.
been given by Hille, Yosida and Schwartz. In §6 we give a simple proof for
it and a generalization to a special class of (z, ¢) semi-groups including the
duals of strongly continuous semi-groups in Banach spaces.

The notion of adjoint semi-groups is generalized in §7, and is used to.
prove the uniqueness of the solution of the equation

—C—Z—x(t):Ax(t) with x(0) = x,.

It is proved that a z-continuously differentiable solution is unconditionally
unique and that if the dual space X, is quasi-complete relative to the Mackey:
topology z(¥;, X) and if T, is a o-weakly continuous operator for every tf, then
even a o-weakly continuously differentiable solution is unique. (We note that
this is the case for the duals of strongly continuous semi-groups in Banach
spaces.) Previously we know that x(¢) = T}x, gives a r-continuously differentiable
solution if x, € ®(A,), and a o-continuously differentiable solution if x, = D(A).
The above theorem proves their uniqueness.

We develop in § 8 the general theory of analytic functions with values in
locally convex spaces, and finally in § 9 we investigate the analytic semi-group
T, such that T}, is analytically extendable to the sector |argi|< 6@ and give
various characterizations. This part considerably overlaps Yosida [10].

1. (z, o) semi-group of operators.

Let X be a vector space over the complex number field. We assume that
X admits two locally convex topological structures z and ¢ which satisfy the
following conditions:
(T 1)  is stronger than o.
(T 2) There is a fundamental system of z-neighborhoods of 0 composed of

convex, circled and o-closed sets.

(T 3) X is sequentially complete relative to the topology <.
(T 4) Every o-continuous ZX-valued function f(#) on the interval [0, 1] is
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Riemann integrable in o, i.e., the Riemann sum

SU, 4)= 3 AEt—te)

4: 0=f=ti=t = - Sl =h=l=1

converges to an element x € X relative to ¢ when 4 becomes finer.

(T 3) may be replaced by a weaker condition that for every convex circled
o-closed and z-bounded set B the normed space ¥z generated by B is complete.
(T 3) will be used only in this form.

We shall give several sufficient conditions to assure (T 1)—(T 4) in the
following three propositions.

ProposiTIiON 1.1. If (T 1) and (T 2) are satisfied and if X is sequentially
complete relative to o, then (T 3) and (T 4) hold.

PrOOF. Let x, be a z-Cauchy sequence. By (T 1) x, is also a ¢-Cauchy
sequence. Thus it converges to an element x relative to ¢. Take an arbitrary
o-closed z-neighborhood V of 0. By assumption x,—x, €V holds for sufficiently
large m and n. Letting m tend to infinity, we obtain x,—x<V by (T 2).
This proves that x,— x relative to .

To prove (T 4) let f(t) be a o-continuous function on [0,1]. Since f(¥)
is uniformly continuous, the totality of the Riemann sums S(f, 4) forms a
0g-Cauchy net, and S(f, 4,)=1/n3f(i/n), n=1,2,---, an equivalent Cauchy
sequence. Since X is o-sequentially complete, S(f, 4,) converges. Hence f(t)
is Riemann integrable.

PrOPOSITION 1.2. If X is quasi-complete (relative to the Mackey topology),
then the original topology © and the weak topology o satisfy (T 1)—(T 4).

Proor. (T 1), (T 2) and (T 3) are evident.

As for (T 4) a general result is known ([3], Chap. V, §3. 3, Proposition
4), but we give here a direct proof for convenience sake.

If f(¢) is a weakly continuous X-valued function on [0, 1], then

F(x/):j:q(t), x> dt

converges for every x/ X’ (the dual space of X) and represents a linear form
on ¥. We shall show that F(x")=<x, x’> for an xX. Then it will easily
follow that x is the weak limit of the Riemann sums.

The range {f(t)} forms a weakly compact and separable subset in X.
Therefore it generates a separable closed subspace X, of X. X, is quasi-
complete with ¥. And the weak topology of a closed subspace X, coincides
with the induced topology from the weak topology of X. Thus we may assume
that X itself is separable and quasi-complete without loss of generality.

For a moment let ¥ be complete. Then by a theorem of Banach (cf. [1],



Semi-groups of operators 233

Chap. IV, §2 Théoréme 4 and Remarque after the theorem.) a linear form
F(x’) on the dual space X’ is identified with an element x < X if its restriction
to every equicontinuous set in X’ is weakly* continuous, or since ¥ is sepa-
rable, if for every sequence x, ¥’ which converges weakly* to an element
x’ we have F(x))— F(x’). But this immediately follows from Lebesgue’s
theorem.

When ¥ is not complete, the Riemann sum converges weakly to an element
x in the completion ¥ of ¥. x lies in the closed convex hull in ¥ of the range
{f(®}. However, X being quasi-complete, the closed convex hull in X of a
bounded set is complete, and hence closed in 3%, i.e., it is also the closed
convex hull in ¥. This proves x < X.

PROPOSITION 1.3. Let X=9 be the dual space of a tonnelé space ). Then
the strong topology v and the weak* topology o satisfy the conditions (T 1)—
(T 4).

Proor. (T 1) is clear. The set of the polar sets B° of bounded sets B
in 9 forms a fundamental system of ¢-neighborhoods of 0. B° is clearly
weakly* closed. Hence (T 2) holds. By the Banach-Steinhaus theorem X is
quasi-complete, hence sequentially complete relative to the weak*® topology o.
This implies (T 3), and (T 4) by Proposition 1.1.

The assumption in the proposition may be a little relaxed. Let us call
a locally convex space ¥) countably tonnelé if every barrel (closed convex and
circled subset which absorbs every point in 9) which is the intersection of a
countable family of neighborhoods of 0 is a neighborhood of 0. Then it is
shown by a standard argument that every weak* Cauchy sequence x, in )’
is equicontinuous and thus converges to an element in 9)’. (cf. Proposition 8.9.)

DEFINITION. We shall call a system of linear operators 73, t=0, in ¥ a
o-continuous semi-group of t-equicontinuous operators, or a (r, o) semi-group
for short, if it satisfies the following conditions:

(S 1) T,=I=the identity operator.

S 2) T.s=TT, for every ¢, s=0.

(S 3) {T;}:=o is equicontinuous in (X, X,).

(S 4) T,is for every =0 a sequentially closed operator relative to o, i.e.,
x,—x(0) and v, =T,x,— y(o) imply y="T,x.

(S 5) o-limTyx="T,x for every x€ X and every ¢=0.

s

(S 3) means that for any z-neighborhood V' of 0 there is another r-neigh-
borhood U of 0 such that T,(U)CV for all £. Since we can take for U and
V' convex circled and o-closed subsets, (S 3) has an alternative expression that
for any r-continuous and o-lower semi-continuous semi-norm p(x) on ¥ (we
shall call such a semi-norm a (z, ¢) semi-norm.), there is another (r, ¢) semi-
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norm ¢(x) such that
P(Tx) =< g(x) for all t=0 and all x=X.

(S 4) is certainly satisfied if 7, is o-continuous, or if ¢ is stronger than
the weak topology associated with z.

In certain circumstances the condition (S 5) may be replaced by a weaker
one. The following three propositions give such conditions.

PROPOSITION 1.4. Let a semi-group of operators {1;} in X satisfy (S 1)—
(S 3) and
(S 5 r-ltir% Tix=ux for every x in a dense set ® of X.

Then (S 5) holds with ¢ replaced by .
PrROOF. Let x€®. We have

TtX’—Tsx == Ts(Tc..sx*.x) or - Tt(X""Ts.—tx)
according as {=s or t<s. When s tends to f, the term in the bracket tends
to 0 relative to z. Thus from the equi-continuity of 7 it follows that T,x
—Tx—0. Next let x be an arbitrary element of X. For any c-continuous

semi-norm p(x) and ¢ >0, we can find a y € ® such that p(T,x—T,y) = ¢ for all
t. We have

P(Tx—Tx) p(Tox—T ) +p(Ty—Ts )+ p(Tsy—T'sx)
=2e+pTy—Tsy) .

This proves that T,x is r-continuous in ¢.

PROPOSITION 1.5. If a semi-group of operators {T;} satisfies (S 1)—(S 3)
and

(S 5 o-limTx=x uniformly on every t-bounded set in %,
t—0

then (S 5) holds.
Proor. This easily follows from the identity

Tix—Tx =T 1—s—DTx or ={U~-Ts-)Tix

and the boundedness of {7,x}.

PROPOSITION 1.6. Let X be quasi-complete relative to (the Mackey topology
asscociated with) a locally convex topology 7, and let ¢ be the weak topology
associated with v. If a semi-group of operators T, t =0, satisfies (S 1)—(S 3)
and '

(S 5 o-limTyx=x for every x in a T,invariant dense set D of X,
then it satisfies (S 5) with ¢ replaced by .

Proor. It follows from the semi-group property (S 2) and (S 5)’ that T,x
is weakly right continuous for ¢=0, and from (S 3) that it is uniformly
bounded.

We define the integral
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Ia, x):—é-jo“rtxdz, O<a<co,

as the Dunford-Pettis integral
{I(a, X):?C’)Z—L—j“(Ttx,x')dt for x' ¥’ .
0

It is clear that the function {(T}x, x’), which is bounded and right continuous,
is integrable in the sense of Lebesgue. Since {T,x} is bounded, it easily
follows that I(a, x) belongs to the bidual space ¥”. We shall show that
Ia, x) € X¥. We have for any t=0

(Tox, x' ) =lm {gu(®), 2’7,
where g,(t) is the step function:
gn() =Tpamx for (m—Da/2"<t=ma/2".

This shows that the range {7T,x} is separable and by Lebesgue’s theorem
1 e .1 e _
2T ey dt=lim - [ (g0, >t

. 1 2z
=1lim 23 Tayan X, 7).

N—C0 2”“ m=1

Thus I(a, x) is the weak limit in X” of a sequence from a bounded set in ¥,
the convex hull of {7T,x}. Now following the same argument as in the proof
of [Proposition 1.2, we obtain I(«, x) = X.

We shall show that (S 5) holds for any y=1I(«a, x) with x=D. We have
for any x' ¥’

/ 1 @ / 1 @ 7
Ty, x> =0 T’y = - [ Ton, Tiw'dds = — [ (T, x> ds,
thus

Toy—Touny = - (j“”—j::m)z‘sx ds .

t

So noticing that for any z-continuous semi-norm p(x) on X there is a z-con-
tinuous semi-norm g(x) such that p(7,x) < g(x), we have

P y—Tn)) = 2|h|gx)/a .
On the other hand it follows from (5 5)’ that

x=g¢-lim I{a, x) for any x€D.
a—0

Therefore the set {I(a, x)} is dense in ¥. This completes the proof.
Hitherto we have concerned ourselves more with the topology z. However,
it is possible to start only with the topology o.

For a vector space ¥ with a locally convex topology o, the set of all
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barrels of ¥ forms a fundamental system of neighborhoods of 0 for a locally
convex topology z. We shall call this topology 7 the strong topology associated
with ¢. 7 is always stronger than ¢, and is equal to ¢ if and only if X is
tonnelé relative to o.

PROPOSITION 1.7. Let X be a locally convex topological vector space with
the topology o. We assume that X is sequentially complete. Let a semi-group
of operators Ty, t=0, in X satisfy (S 1), (S 2), (S5) and the following two
conditions:

(S 3) {Tix}izo is bounded for every x< X.
(S 4y T, is a o-weakly continuous operator in X for every t=0.
Then T, is a (z, o) semi-group with the o-strong topology .

PrOOF. In view of the definition of = and Proposition 1.1 the conditions
(T 1)—(T 4) are valid for the topologies z and o. Clearly (S 4)’ implies (S 4).
To prove (S 3) it is sufficient to show that U= T, V) is a barrel for any
barrel V in X. Obviously U satisfies the conditions for the barrels except
that it absorbs every point x in X. However, it follows from the sequential
completeness of ¥ that a barrel absorbs every bounded set (cf. [1], Chap. III,
§ 3, Lemme 1). This proves that {7,x} C AV, hence x< AU for a 1>0, com-
pleting the proof.

COROLLARY. [If, in addition to the assumptions of Proposition 1.7, X 1s
tonnelé, then a semi-group of operators T, satisfying the conditions of Pro-
position 1.7 is equicontinuous.

2. Operators and resolvents.

Before getting into the discussions we shall review a few results about
operators and resolvents in locally convex spaces.

Let A be a linear operator with the domain ©(A4) and the range R(A4) in
a locally convex space X. A issaid to be closed if the graph G&(A)= {(x, Ax);
x = D(A)} is closed in X xX.

A complex number 2 is said to belong to the resolvent set p(A) if (A[—A)
has an inverse (A/—A)~' which belongs to (X, ¥) (i.e. (AI—A)~! is defined on
X and continuous). We denote (A/—A)™! by R(4, A) or R(A) and call it the
resolvent of A.

PROPOSITION 2.1. Let A be a closed linear operator with a non-empty resolvent
set. If 4 and p < p(A), then we have
R 1) G—@HRWR(G=A—mwRERQA) = R(x)—RQ),

(R 2 RDx=0 implies x=0.

Conversely if a family of operators R(A) € (X, X) defined for A in a non-
emptly set A of complex numbers satisfies (R 1) and (R 2) for a 2 A and any
pe A, then R(A) is identical with the resolvent R(A, A) of a closed linear
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operator A with the resolvent set p(A)D A.

PROPOSITION 2.2. Let X be sequentially complete. If p(A) = A and {(cR(A))"}
is equicontinuous for a ¢>0, then any number p with |p—2A| <c belongs to
the resolvent set, and we have

@.1) R(y)x:n%(]?(l))"“(l— Pes

DEFINITION. A family of operators R(2) € &(X, X) defined for 2 4 and
satisfying (R 1) for any 2, p 4 is called a pseudo-resolvent.

PrROPOSITION 2.3. Let {R(A)}ieyq be a pseudo-resolvent. Then the kernel
NRA) = {x; RADx=0} and the image R(RQA))={R(Dx; x= X} do not depend
on AeAd. {RQ)} is the resolvent of an operator A if and only if N(R)
=N(RA)={0}. In this case we have R(R)=R(R(A))=D(A).

We omit the proofs of the above three propositions. They are the same
as in the case of Banach spaces. The following proposition is due to Kato
[5] and Yosida [9].

PROPOSITION 2.4. Let {R(Q)}1e4 be a pseudo-resolvent such that {1,R(2,)}
is equicontinuous for a sequence A,< A with |A,|—oco. Then we have

2.2) RR) ={xe=X; lim A, RA)x = x}
and
2.3) NRER) NRWER)" = {0},

where R(R)T is the closure of R(R). Thus the restriction of R(A) to R(R)" is
a resolvent of a closed linear operator in R(R)".

Moreover if {A,R(A,)x} has a weakly relatively compact subsequence for
every x < X, then we have

2.4) £ — R(R)+R(R) (direct sum).

Consequently R(2) is a resolvent if and only if R(R) is dense in X.
ProoF. On account of (R 1) we have, for any R(pn)y e R(R),

8
25 2 RAIRy— Ry =7 = Ry =" Ry =0

as n—oo. Let xeR(R)". Then, for any continuous semi-norm p(x) and ¢ >0
there is a ye=R(R) such that p(x—y)<e and p(A,R4)(x—y) <e. Hence if »
becomes sufficiently large, we have p(4,R(1,)x—x)<3e. This proves (2.2), and
hence (2.3).

Next let {2,R(4,)x} be weakly relatively compact (without loss of gener-
ality). Then there is a directed set {v} and a function n(v) with n()— oo
such that A,q,R(Z.»)x converges weakly to an element x, = ¥. x, belongs to.
R(R)T, so that we have 2,0 R(4,u))(x—x;)—0 weakly. On the other hand from
(2.5) with y=x—x, we have
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R(p)(x—2)— R0 R(20)) (x—2,)— 0

strongly for any fixed g Since R(y) is weakly continuous, we have thus
x—x, € RUR).

3. Infinitesimal generators and Laplace transform.
Let T,, t=0, be a (z,0)-semi-group of operators in ¥. We define its
T-(resp. o-) infinitesimal genervator A, (resp. A,) by

Avx = z-lim —(T,x—x) (resp. A,x=0-lim %—(T,x—x))
-0

t—0 t

when the right hand side exists.

It was crucial in the theory of semi-groups of operators in Banach spaces
that the infinitesimal generator A has its resolvent R(4, A)=(A[—A)~* which
is representable as the Laplace transform of 7.

The Laplace transform of T,x

3.0 Rx= | “eMT,xdt, for Rei>0,
0

is defined in our case as an improper o-Riemann integral. In fact, it follows
from (T 4) and (S 5) that

N
Ru(Dx = jo e NT xdt

exists as a o-Riemann integral and from (S 3) and (T 2) that for any (z, o)
semi-norm p(x) there is another ¢(x) such that

PRADx— Ry =p( [ T, di)

M
é (Re 2)~1 l ¢~RedN __ ,-Re M 1 q(x) .
This shows that Ry(d)x is a z-Cauchy sequence. Thus R(Dx= z--llvirn Ry(A)x

exists.
We shall examine properties of R({)x. We see that R(1) is a linear
operator from X to X and continuous relative to the topolygy z. Moreover

we have

PROPOSITION 3.1. Let J(A)=Re )~'R(A). Then the family of operators
{JD)™} Re 150, m=0,1,2, 18 equicontinuous in L(X., X;) with {T,} iz

Proor. By considering the Riemann sum, we can deduce from (S 2) and
{S 4) that
3.2) T, R(Dx=RAT,x.

Hence we have
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(3.3) R(RWx= [~ e ds| e, xdt,
0 0

in the sense of an improper ¢-Riemann integral.
Now let ¥’ be an element of the dual space of X relative to ¢. We have

CRGyx, v = [ emds| oM T, 'y dt
0 0

= j‘wte‘“ (Tyx, ' >dt.
0
This shows

RGyx= P le T xdt .
[{]

The existence of the right hand side as an improper o-Riemann integral is
easily shown. Repeating the same arguments m—1 times we have

3.4 RQAY"x= 1), [ Time T .
Thus for any (z, ¢) semi-norm p(x) there is a (r, o) semi-norm ¢(x) such that
/ R 2 m [es] _ _
P = - [ rteReddr - sup p(T) =49

Corresponding problem whether R(A) is o¢-continuous is rather difficult.
We can not except that {R(4)} is o-equicontinuous. For, r-equicontinuous
family of operators is, even relative to the z-weak topology, not necessarily
equicontinuous. Nevertheless we can state the following propositions.

PROPOSITION 3.2. Let B be a family of convex circled o-closed and o-
bounded subsets of X. If a (z, 0) semi-group 1y satisfies the following B-locally
equibounded property:

(S 34 For every BB there is a DB such that \JT(B)C D,
then {J(D)™}re >0, m=1,9, has the same property.

Proor. The proof is similar to the preceding one.

PROPOSITION 3.3. If we denote by B, the set of o-closed convex circled
T-bounded sets, a (t, o) semi-group T, satisfies (S 3)y._.

Proor. From (T 2) we see that the o-closed convex circled hull of a
z-bounded set is z-bounded. Let B be a r-bounded set and let ¥ be an
arbitrary z-neighborhood of 0. Then there is a z-neighborhood U of 0 such
that 7(U)C V. For a a>0 we have BC aU, therefore Ty(B)C aV. This
shows that \UT,(B) is z-bounded.

PROPOSITION 3.4. If X is sequentially complete relative to (the Mackey
topology associated with) o, or if the dual space X; relative to ¢ is sequentially
complete relative to (the Mackey topology associated with) the weak*® topology
o*, then we have B,=B,. Thus (S g, is satisfied with the set of all o-



240 H. KomaTsu

bounded sets B, for any (r, o) semi-group T..

Proor. We see from (T 2) that a family of barrels relative to ¢ forms
a fundamental system of z-neighborhood of 0. If ¥ is sequentially complete,
a barrel absorbs every bounded set. Let X; be sequentially complete relative
to the Mackey topology. If ¥V and B are a convex circled and o-closed z-
neighborhood of 0 and a o-bounded set, then the polar sets V° and B° are a
bounded set and a barrel relative to ¢*. By assumption it follows that B°
absorbs 17°, hence V' absorbs B.

PRrROPOSITION 3.5. Let a (z,0) semi-group T, satisfy (S 4)' (¢f. Proposition
1.7). Then, for any A with Rei >0, R(A) is o-weakly conltinuous on every
-bounded and o-weakly compact set in X. In particular it is sequentially
o-weakly continuous on every t-bounded set.

PrOOF. Let B be a z-bounded and o-weakly compact set. We have to
show that x, x, B and <(x,,y >—{x,)'> for every y ¥; imply that
(R(A)x,, v Y—{R(A)x,v'> for every ¥ € X/, where {v} is a directed set. The
family of continuous functions {{Tx, ¥’ }.ep for t=0 is uniformly bounded
for a fixed y’. We shall show that {<{Tx, ') }.ez 1S a metrizable subset of
the space of all functions CR* with the pointwise topology. Then Lebesgue’s
theorem will show that the mapping which maps {Tyx, y'> to {(R(Dx, y') is
continuous. Since we know by (S 4)’ that the mapping which carries x to
{T,x,y"> is continuous, this will prove the proposition.

We note that {<{Tx, v'> }.ep 1S compact as the image of the compact set
B by a continuous mapping. Consider the projection = from CR* to CN which
maps f(O), t=0, to f{t), 1=12,---, where {’s are nonnegative rational
numbers suitably indexed. Clearly m is continuous and maps the compact
set {{T,x, V' > }.ep in a one-to-one way into the metrizable space CN. Thus
{{T:x, ') }aecp 1S homeomorphic to a metrizable set. This completes the proof.

ProrosITION 3.6. Let T, satisfy (S 4). If the dual space X; of X with o
is quasi-complete relative to the Mackey topology t(¥4, X), then R(A) is g-weakly
continuous.

PROOF. Let y be an arbitrary element in X,. From Proposition 3.5 and
Grothendieck’s theorem ([3], Chap. II, Théoreme 10) it follows that {R(Dx, y)
={x, $» for a 9§ in the completion %’ of the space ¥; relative to the Mackey
topology. It suffices to show that $=X;. Since R(A)x is the o-limit of the
Riemann sums S(e~%T;x, 4), $ is the weak* limit of S(e~#T}y, 4). Note that
S(e~*T7y, 4) is bounded (see Propositions 3.4 and 5.4). Then the same argument
as in the proof of Proposition 1.2 leads to v € X,.

We now turn to the problem how R(A)x behaves when 2 tends to -+oo.

PrOPOSITION 3.7. We have

(3.5) JmA)™x— x () for any x& X
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and uniformly in m=1,2, --- when 2>0 tends to +oco. Moreover the conver-
gence 1s uniform for x in a convex o-closed and t-bounded set C if Tyx con-
verges to x uniformly in x< C when t tends to 0.

PrOOF. Let n(x) be a o-continuous semi-norms. For any ¢ >0 there is a
0 such that #(T,x—x)<e¢ for 0=t<0 and x=C. Thus we have

n’((m—l) -t j 5(zmnm—le—wmx—x),zmdt> <e.

It is easily shown that (m—1)!7! I: AmbH™ e 4 2mdt tend to 0 uniformly in

m, and {7T,x—x} is uniformly bounded relative to z. This proves (3.5).
PROPOSITION 3.8. R(2) is the resolvent (AI—A)™* of a t-closed operator A
with a o-dense domain of definition.
Proor. From (3.3) we get for p=+ 4

R@RWx= 0°° T,xdr | : oA g=it }

= (u—D) Y (RA)x—R(W)x) .
Thus R(A) satisfies the resolvent equation. In order to prove M(R)= {0}, it is
sufficient to show that

3.6) A;R(Dx=URA)—Dx for every x= X.
We have
Tl pye=- 7T s — - [ 7 e #Tuxds
Ah__ oo
= © hh 1 5'0 e“‘sTsxds—e”‘%j:e”‘sTsxds.

When /% tends to zero, the first term converges to AR(4)x in any topology and
as in Proposition 3.7 we have

h
%J‘O e ST xds— x (o).

Thus (3.6) follows. (3.5) shows that ©(A) =NR(R(4)) is o-dense.

We shall call A the infinitesimal generator of {I;}. From the uniqueness
of the Laplace transform follows the

PROPOSITION 3.9. The infinitesimal genervator A determines the semi-group
{T;} uniquely.

Next we shall examine the relationship between A, A. and A,. First of
all we have A,D A from the above proof. The following proposition charac-
terize the domain ®©(A4) of A.

PROPOSITION 3.10. We have x & ®(A) and Ax=y if and only if

37 Tox—x= “Tyds
1]
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for every t in the sense of a o-Riemann integral.

PrROOF. Let x&®(A4) and y=Ax. Then for an element z we have
x=R(A)z and y=AR(A)z—z. Since the both sides of (3.7) are o-continuous
function, the equality follows from the identity of their Laplace transforms.
The Laplace transform of the left hand side is

RDHRXz—p~' Rz ,
and that of the right hand side is equal to

[ emar : T{AR(D)z—z)ds = - RUHARR)z—7) .

Their equality follows from the resolvent equation.
Conversely (3.7) implies R(A)(Ax—y)=x. For,

I:) e~ T (Ax—y)dt = j‘:o e””{lx—#/? J'Ot TsdeMTty}dt

= x+j0°° Tsyds f:o Ze‘“dt—-j:o e™T,ydt

=X.

This proves x = ®(A4) and Ax=2y.
COROLLARY. We have

x= 5“8 Twzdt e D(A) and Ax=Tpgz—T,z

Jor any z€ X and 0= a < B < oo.

PrROOF. (3.7) is easily proved with y=Tpz—T,z.

ProrosITION 3.11. If T, is a o-weakly continuous operator for every t =0,
then we have A,= A. "

Proor. We have only to show that A,C A. Let x be an element in
D(A,). For every v = X, we have

{TeAsx, y' ) = Apx, Ty ) = Him A (T, —Dx, T1Y'
h-0

=Umh {(Toan—Tx, ¥ .

h=-0

Since {T,A,x,y’> 1is continuous, this shows that <{7;x, y'> is differentiable.
Thus we have

t
(T, 3> —<x 3"y = [ (TiAex, 'y dt.

From this we have (3.7), hence x = D(A) and Ax= Asx.
ProroSITION 3.12. A.C A for every (z, o)-semi-group of operators.
ProoF. The same proof as in the previous proposition is applicable. 77y’
may not be in ¥;, but it always belongs to X
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PROPOSITION 3.13. If x=D(A), then Tix = D(A) for every t and we have
AT, x=T;Ax. Moreover the X-valued function x()=1T,x is continuously dif-
ferentiable in t relative to o and satisfies the differential equation

3.8 %x@ — Ax(1).

Proor. The commutativity AT,=71T,A follows from (3.2) easily. (3.7)
proves that T;x is continuously differentiable and d/dt T.x=T,Ax.

4. z-center.

For a (¢, o) semi-group 7}, Tyx is not necessarily z-continuous. The follow-
ing proposition characterizes such an x that 7,x is r-continuous.

PROPOSITION 4.1. Let T, be a (t,0) semi-group and A be ils generalor.
For an x€ X, T,x is t-continuous for t 20 if and only if x € D(A)", the t-closure
of the domain of A. And then T;x belongs to D(A) for any .

Proor. If Tx is r-continuous at 0, we obtain f(A)x—x (r) as A— oo by
the same way as in Proposition 3.7. Since J(A)x & D(A), we have x € D(A)".

If xe®D(A), we have (3.7). Hence for any (z, ¢) semi-norm p(x)

p(Ttx'—Tsx> é [ f—Sl ' S‘Zlopp(TrAx)

holds. This shows that T,x is z-(Lipschitz) continuous. If x & ®(A)7, then for
any (z, o) semi-norm p(x) and ¢ >0 there isa y< D(A) such that p(Ty{x—y) < ¢
for any t. Thus we have

PTox—Tox) E p(T(x—) (T y—Ts3)+(Ts(x—1))
= 2e+p(Tyv—T5y) .

When |t—s| is sufficiently small, the right hand side becomes less than 3e.
Tx = D(A) 1s proved similarly from the equicontinuity of 7, and the fact
that x € ©(A) implies T,x € D(A).

COROLLARY 1. If o is stronger than the weak topology associated with t,
then Tyx is T-continuous for any x < X.

Proor. D(A)" =D(A)’ =X.

COROLLARY 2. If every t-bounded sequence has a r-weakly relatively com-
pact Subsequence, or in particular if X with the topology v is semi-reflexive,
then every (t, o) semi-group T, is t-continuous.

Proor. For every x<X, {nR(n)x} is bounded, hence has a weakly
relatively compact subsequence. From Proposition 2.4 it follows that D(A)"
=RNR) =X.

We shall denote ®(A4)" by X, The above proposition shows that the
restriction of 7, to X, gives a (z,r) semi-group in ¥,, We shall call this
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restriction the c-center of T, after Feller and denote it by T\.
PROPOSITION 4.2. X, is the t-closure of the set of elements x,5 of the form

B8
A1) xap= | Toxdt

with x€X and 0= a < B < co.
Proor. By Corollary of Proposition 3.10 we have x,3= ®D(A) X, Con-
versely if x= X,, then 7,x is z-continuous. Thus we have

h
htx,, = %—fo T,xdt— x

relative to z as A—0.

PROPOSITION 4.3. Let R,(A) and A, be the Laplace transform and the
generator of Ty respectively. Then Ry (A) is simply the restriction of R(R) to
X, and ‘A, is the maximal restriction of A with the range in %,.

Proor. If x=X,, the integral in (3.1) converges in the sense of a r-Riemann
integral. Thus we have R(A)x= R,(A)x. Hence it follows that A,C A. By
definition we have R(A4,) C¥,. Conversely if x&®D(A) and Axs X, then we
have (3.7) in the sense of a z-Riemann integral. Thus it follows from Prop-
osition 3.10 applied to T, and ¥, that x€ ®(4,) and A,x= Ax.

PROPOSITION 4.4. A, coincides with the t-infinitesimal generator A.. If
x € DAy, then x()=T,x is continuously differentiable in t relative to t and
satisfies the differential equation (3.8) and x(0)= x.

Proor. The latter part is a special case of Proposition 3.13. Thus we
have especially A, A,. Conversely let x € D(A,). Then Ax is the z-limit of
h~Y(T,x—x) where T\x and x are elements in ®(A) C X,. Thus we have Ax < X,.
The uniqueness of the solution will be proved in §7.

5. Dual operators.

Let X and 9 be locally convex spaces and ¥’ and %)’ be their dual spaces.
If A is a linear operator with the dense domain ®(A)C X and the range
RN(A) Y, then the dual operator A’ is defined by the following equation

(GRY) CAx, y' ) ={x, AY'),

which should be satisfied for all x= D(A). A’ is a linear operator with the
domain ®(A) <9’ and the range R(A) ¥

The results of this section are mostly due to Phillips [7].

PROPOSITION b5.1. FEvery dual operator A’ is closed rvelative to the weak®
topologies of V" and X’.

PROOF. is equivalent to the equation

((x, Ax), (A, =305 =0
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in @x9Y) =%'x%. Thus we have {(A"Yy, —y)}=@&(A4)°. This proves that
GA) = (v, A’y"); y € D(A)} is closed.

PROPOSITION 5.2. D(A’) is weakly* dense in ) if and only if A has a closed
extension. And then its smallest closed extension is equal to the bidual A”.

Proor. If A has a closed extension, the closure G(A4)°° of the graph G(A)
in X% turns out to be the graph of the smallest closed extension of A. This
shows that the set ®(A’) of the second components of G(A)° is weakly* dense
in 9.

Conversely let ©(A”") be dense. The dual space of ¥’ (resp. ¥/) with the
weak* topology is 9 (resp. X¥) so that the bidual A” of A is a linear operator
from ¥ to 9. It is easy to see that &(A") =®(A)°°, hence A” is a closed
extension of A.

ProrOSITION 5.3. We have DAN=Y if and only if A is continuous
relative to the weak topologies of X and ¥Y). And then A’ is continuous relative
to the weak* topologies of Y and X'.

Proor. If D(A") =Y, the equation (5.1) shows that A is weakly continuous.
Conversely if A is weakly continuous, then the form {Ax, y’) is a (densely
defined) weakly continuous form for any 3’ =%’. Thus there is an x'& ¥/
such that {Ax, y')=<x, x’) for all x e D(A).

Let this be the case. Then the smallest closed extension A” of A is an
everywhere defined weakly continuous operator. From D(A”) =X it follows
that A’ is weakly* continuous.

PROPOSITION 5.4. Let & (resp. ©) be a family of bounded sets in X (resp.
) which covers X (resp. V). If a family of weakly continuous operators {T,}
from X to ) has the (&, S,) equibounded property that for any B & there is
a Ce&, such that T,(B)CC for all a, then the family of dual operators {T,}
is equicontinuous relative to the topologies of uniform convergence on &, and
&. Especially if {T,} is locally equibounded, thus in particular if it is equi-
continuous relative to the original topologies of X and¥), then {T4} is strongly
equicontinuous.

Proor. The set of polar sets B° of B &, (resp. @) forms a base of
neighborhoods of 0 relative to the topology of uniform convergence on &,
(resp. ©). Let B® and C=®, be such that T,(B)CC. Then

sup [{x, Tay'>|=sup [{Tox, y' > =1

for xe B and y’ = C° proves that T,(C°)C B° and hence the proposition.

PROPOSITION 5.5. A’ is one to one if and only if the range R(A) is dense
n 9.

PROPOSITION 5.6. If R(A") is weakly* dense in X then A has an inverse.
If A is closed, the converse is also true.

Proor. The above two propositions follow easily from the equation (5.1)
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and the Hahn-Banach theorem. We note that if A is closed, then we have
A=A".

PROPOSITION 5.7. If D(A) and R(A) are dense in X and 9 respectively,
and if A has an inverse A7, then (A)* and (A=) exist and we have (A)™
= (A~

PrROOF. The existence of (A’)-! follows from Proposition 5.5, and that of
(A~ is clear. :

If yeD(A™Y and x’ € D(A)™Y), then we have

ATy, 27y = (AT, ACAY 2Ty = (0, (A
This proves that x’/ € (A~ and (A~ x'=(A)x’.
Next, let x € D(A) and x' € D(A~Y)’). Then
CAx, (A" x> =(A"Ax, x'>=<{x, x")

proves that (A~"Y)x’ € D(A’) and A’(A~")'x’ =x, and hence (A-Y)' C (4.
PROPOSITION 5.8. Let A be a densely defined operator from X to ¥, and
B be a weakly continuous opervator from ¥ to X. Then we have

(5.2) (A+B)Y =A"+B’'
and
5.3) (BA = A’B’.

Proor. If x=®D(A) and x’ & D(A’), then we have
(A4+B)x, x' ) ={x, (A’+B)x"y.

Thus it follows that (A‘+B)’DA’+B/. Replacing A+B by A and B by —B,
we have A’ D(A+B) —B’, and hence (A+B) C A’-+B'.
Similarly '
(Ax, B'x" ) ={(BAx, x'>=<x, (BAYx")
proves (BA) C A’B’, and
(BAx, x’y={Ax, B'x'y ={x, A’B'x")
proves A’B’C(BA)'.
PROPOSITION 5.9. Let A be a densely defined operator with a nonempty

resolvent set. If A belongs to the resolvent set p(A), then A belongs to p(A’)
and we have

(G (A=A =((AI—-A)) .

6. Generation of semi-groups.

The problem of this section is to constuct a semi-group T, with a given
infinitesimal generator A. First we consider the case when o=7. The
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following generalization of the Hille-Yosida theorem is due to Schwartz [8].

PRrROPOSITION 6.1. Let X, be a sequentially complete locally convex space.
Then, an operator A is the infinitesimal gemnervator of a (z,t) Semi-group of
operators if and only if it satisfies the following conditions:

(G 1) Ais a closed linear operator with a dense domain D(A).

(G 2) There is a sequence of positive numbers 2, with A,—oo such that
A€ p(A) and the family of operators {(I—A;'A)"™} is equicontinuous
mn,m=1,2,--.

ProoF. Necessity follows from Propositions 3.1 and 3.7. We shall prove

the sufficiency by the second method of Hille-Phillips [4].

As in Proposition 3.1 we set /(1) = Re A R(A) for A< p(A). When £4>0, we
have J(A)=({U—2"*A)~'. First we shall prove

(G 2)” Every 4 with Re 2> 0 belongs to the resolvent set p(A4), and {/(A)™}
is equicontinuous in ReA>0 and m=0,1, 2, ---.

It follows from Proposition 2.2 that 1< p(A4) if |1—2,|<4,. Letting n
sufficiently large, we see that every A with Re >0 belongs to p(4). By

Proposition 2.2 we have also

6.1) Ry x= 3 (") G DRGIM

Thus for any continuous semi-norm p{x) we have,
PU™x) =Re /([ An|—12n— A1) sup p(J(2.)™x) .

Let n tend to co. Then the factor in the bracket tends to 1.

Next we shall show that
(G 1 JA™x—x for any x= ¥ and m as 1— oo,
Since ®(A) is dense, Proposition 2.4 proves (G 1) for m=1. If m>1, we
have J(A)™x—x=J(DJAD)™ x—x)+(J(ADx—x). J(A) being equicontinuous, both
terms converge to 0.

We now define

6.2) T :]<_7;‘>n _ (I—

tA N\
It follows from (G 2)” that 7™ is equicontinuous in t>0 and n=1,2, -,
and from (G 1)” that for every x= X and n, T\"x—x as t—0. We see easily
that 7™ x is differentiable (even analytic) in ¢ >0, and for x € ©(4) we have

d oy AN i T
63) arTea=(1==0) T Ar= Ty () Ax,
thus
6.4) TWx—x= J t T (n/s)Axds .
0

We shall prove that 7 ™x has a limit. If x=9®(A4), we have
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t d
Tx—Tmx= [ (T @T"xds

= [ 1T /)T (t— 50 A

Since T T is equicontinuous, for any continuous semi-norm p(x) there is
a continuous semi-norm ¢(x) such that

6.5) PITPx—T™x) = t sup ¢((J(n/$)—J(m/(t—=s))Ax).

Therefore by (G 1)” T/”x forms a Cauchy sequence. Since D(A4) is dense and

T/ is equicontinuous, it follows that 7™ x is a Cauchy sequence for every x.
Let

(6.6) Tiyx=lim T/™x

n—oo
be its limit. Asis seen from the convergence is uniform on every interval
0<t<t,. Thus T;x is continuous for ¢=0.
The semi-group property (S 2) is proved as follows. We have
Timox = (TR
Thus letting »n tends to oo, we obtain
(6.7) Tix=Tyn)"x.
for any x= X and m. The proof is similar to that of (G 1)”. (6. 7) with the
continuity proves (S 2).

At last we have to show that A is the infinitesimal generator of 7,. Let
x=D(A). We have

T /s)Ax—Ts Ax=T(J(n/s)—DAx+ (T —T)Ax—0

uniformly in s [0, {] as n—oco. Therefore letting n tend to oo in [6.3), we
obtain

6.8 To—x={ T,Axds.
0

This shows that A is a restriction of the infinitesimal generator A of 7, by
[Proposition 3.10. However (/—A) and (I—4) both map D(A) and D(A) onto
¥ in a one-to-one way. Thus they must coincide with each other. This
completes the proof.

When ¢ is strictly weaker than (the weak topology associated with) =, a
complete characterization of the generators of (z, o) semi-groups seems very
difficult. We deal only with a special case, which includes the duals of con-
tinuous semi-groups in Banach spaces.

PROPOSITION 6.2. Let X be a vector space with local convex topologies
7 and o satisfying (T 1)—(T 4), and let B be a family of convex circled and
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o-weakly compact sets which covers X. Assume that the dual space X; relative
to o is quasi-complete relative to the topology of uniform convergence on the
sets of B. Then the infinitesimal generator A of a (z,g) semi-group with the
B-locally equibounded property (S 3)§ satisfies the conditions:
(G 1Y A is a o-closed linear operator with a o-dense domain.
(G 2 {T—272A)"™}p, m=1,5, 1S T-equicontinuous and B-locally equibounded for

a sequence A,— co.
(G 3)Y (I—2"tA)™ is a o-weakly continuous operator for every A>0.
{G 4) For every x we have

(I—n"tA)"x—x (o)

as t—0 uniformly in n=1,2, - .

Conversely if an operator A satisfies the conditions (G 1)’—(G 3, then it
generates a (t,w) semi-group T, with the property (S 3)§, where w is the
topology in X of uniform convergence on the compact sets in X,q. Moreover
if (G 4)’ is satisfied, then T,x is o-right continuous for every x, and if the
convergence in (G 4) is uniform on every t-bounded set in B, then T, is a
{t, 0) semi-group.

PrROOF. Necessity follows from Propositions 3.1, 3.2, 3.6 and 3.7. To prove
sufficiency, let A be an operator satisfying (G 1)’—(G 3), and let 9 be the
locally convex space X, with the topology of uniform convergence on B. It
follows from Mackey’s theorem ([17], Chap. IV, §2, Theorem 2) that ' =2X.
According to the propositions in §5, we see from (G 1)/ that the dual operator
A’ of A is a closed linear operator with a dense domain in 9, and from (G 2)’
and (G 3)’ that {(/—A;'A’)"™} is equicontinuous in ¥). Thus A’ satisfies the
conditions (G 1) and (G 2) in Proposition 6.1. Let T, be the semi-group in %)
generated by A’, and let 7T, be its dual operator 77/. We shall prove that T;
is the desired semi-group.

(S 1) and (S 2) follow from corresponding properties for 7;. Here we
note that

{6.9) T,x=o-weak lim <I~t—7’l4«) _nx

n-—x0

for every x= X. By the same way as in the preceding proof it is proved
from (G 2)’ that {({—n"*tA)"}i0,n=1,5,. 1S T-equicontinuous. Thus for any (z, o)
semi-norm p(x) there is a (z, ) semi-norm ¢(x) such that p((I—n""tA)"x) < g(x).
Since the set {x;p(x)=c} is o-weakly closed, it follows that p(T,x)=g(x).
This proves that {7}} is t-equicontinuous. The B-local equiboundedness (S 3)g
is proved by a similar way. (S 4) is clear. To prove (S 5) relative to o, it
is sufficient to show that when s tends to ¢, 77y converges to 77y uniformly
on every compact set in 9. But this follows from (S 3) and (S 5) for 7} by
the Ascoli-Arzela theorem.
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The topology w may not satisfy the condition (T 4). However, since the
range T,x is contained in a convex circled and weakly complete set for every
x, it is easily shown that the integrals (3.1) and converge in X relative
to w. If x=D(A), then we have

["r@an yyds= (" (x, Ty A'yyds
0 0

for every y& ®(A’). When n tends to oo, the left hand side tends to
t t

j {(T,Ax, y>ds, and the right hand side tends to j {x, TiA’yyds=<x, T;y—y>
0 0

={Tyx—x,y). Thus we obtain (6.8.). By the same way as in the proof of
IProposition 6.1, we can show that A is the infinitesimal generator of 7.
When (G 4)’ is satisfied, (6.9) proves that T,x is o-right continuous at 0,

and hence at every ¢ by the semi-group property. The last statement follows
from [Proposition 1.5

7. Dual semi-groups.

We shall give a generalization of Phillips’ theorem [7].

PROPOSITION 7.1. Let T, be a (z, 0) semi-group of operators in X satisfying
the condition (S 4). In the dual space X;, let ©/ be the topology of uniform
convergence on t-bounded sets in X and o’ be the weak*® topology relative to
o. If ¥; is quasi-complete relative to the Mackey topology t(¥;, X) (e.g. if X»
is tonnelé or if ¥, is the weak dual space of a quasi-complete tonnelé space),
then the family of dual operators {T,} forms a (z/,0¢’) semi-group in %X,
Movreover the Laplace transform and the infinitesimal generator of T; are
equal to the dual operators of the Laplace transform R(A) and the gemerator
A of T, respectively.

ProoF. (T 1) and (T 2) are clear, and (T 4) follows from Proposition 1.2.
In view of Proposition 3.4, we see that ¢/ is the strong topology associated
with the duality of X/ and X. Thus it is stronger than the Mackey topology.
Now (T 3) follows as in Proposition 1.1.

Further, (S 1), (S 2), (S 4) and (S 5) are clear, and by Proposition 54 we
have (S 3).

Let ﬁ(/?) and A be the Laplace transform and the generator of 7 respec-
tively. We have

(RDx, x'y = f Z e (Tyx, x' > dt

:j“’ e x, Tix' > dt
0

= (x, Ry
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for every x€ X and x’=X’. Hence it follows that ﬁ(l)::R(R)’, and this
implies by [Proposition 5.7] A=A

DEFINITION. Let X and T, satisfy the conditions in Proposition 7.1. We
denote by X% the z’-closure D(A)” of D(A’), and by T, the restriction of T}
to X*. We shall call T, the dual semi-group of T,.

ProPOSITION 7.2. The dual semi-group T, is a (¢, ") semi-group in X*.
The infinitesimal generator A+t of Ty is the largest restriction of A’ with the
range in X*.

ProoFr. Although this is a consequence of Propositions 4.1 and 4.3, we
shall give another proof based on Proposition 6.1.

It follows by Propositions 59 and 5.4 that A’ has the resolvent R(4, A’)
= (AI— A’)~* such that {(Re AR(A, A")™}ge i>0,m=1,5,- 1S €quicontinuous as a family
of operators from X. to X;.

Let R(2) be the restriction of R(4, A’) to X*. R(XA) satisfies the resolvent
equation and TM(R)={0} by Proposition 2.4. Thus it is the resolvent of a
closed linear operator A* in X*. By Proposition 2.4 we have also z’-lim AR(A)x

Ao
= x for every x< X*. Thus A* satisfies (G 1) and (G 2), and so it generates
a (¢/, ") semi-group T," in X¥*. We shall show that 7" is the restriction of
Ti to ¥t. For every x= X and x’ = X*, we have

CUI—tA/m)y™™x, x' ) = x, [—tAY/m)y™™x" ) .

Let m tends to co. Then Proposition 6.1 proves {(T,x, x'>=<{x, T;"x’). Hence
we have Tix' =T, x'.

It remains to show that A* is the maximal restriction of A’ with the
range in X*. By the definition we have A*C A’. On the other hand if
X' €DA’) and A’x’ = X*, then we have (A[—A’)x’ € ¥*. Hence we obtain

X' =A[—=AN) YA —AN)x e DAY).

As an application of the dual semi-group we shall show the uniqueness
of the solution of the Cauchy problem for the differential equation

@1 Tdtx@ — Ax(p).

ProrosIiTiON 7.3. Let T, be a (t,0) semi-group with a dual semi-group
Ty, and let A be its infinitesimal generator. Let an X-valued function x(¥)
satisfy the conditions: i) x(t) is continuous relative to the o-weak topology
on[0,0] and x(0)=0; 1ii) x() is differentiable relative to the o-weak topology,
belongs to D(A) and satisfies the equation (7.1) on (0,0). Then x(t) is identi-
cally equal to 0.

Proor. For every a < (0,0) and every x* = X* we have



252 H. KoMATSU

< Ta_sx(sg:tf‘£~,x(i) , x+>: <X—(S%E~;@—Ax(t), TJ«¢x+>

+(ZO=ID gy, (T~ T dx* )

-+ < fa_sAx(t), x+>

(B )

Let s tend to t= (0, a). Then the first term tends to 0 because of the differ-
entiability of x(#). By [Proposition 3.4 and the ¢’-continuity of 7Tj,x* the
second term also tends to 0. The third term converges to {T,—Ax(D), xt),
and finally from [Proposition 3.13 we see that the fourth term converges to
(=T Ax(®), x*>. Thus we have

% (T omix(®), x*>=0
for any ¢t < (0, a). Similarly we have

(T gmix (), x*) =L x@), T x* >+{x @), Tg—T3)x*>—0
as t—0, and
(T gmx (@), 23 =< x@), x*>+x (@), Thi—Dx* ) —{x(a), x*)

as t—a. Hence we obtain {x(a), x*>=0. Since ¥* is weakly* dense in ¥/,
this proves x(a)=0.

By a similar way we can prove a uniqueness theorem weaker but with
no stringent condition on the topologies.

PROPOSITION 7.4. Let T, be a (z, o) semi-group, and A be its infinitesimal
generator. A solution x(t) of (7.1) which 1s t-continuous on [0,0] and

T-differentiable on (0, 0) and satisfies x(0)=0 is identically equal to 0.
Proor. We have

Lot () =Teix® _ g (x()—x()
L (50250
+ TomsAx (T2 Lot

When s tends to ¢, the first term tends to 0 relative to z by the equicontinuity
of {T,-}, and the second and the third terms tend to T, Ax(¥) and —T,, Ax(®)
relative to o respectively. Thus T.—x(?) is continuously differentiable relative
to ¢ and the derivative vanishes. Similarly it follows from the equicontinuity
of {T.—} that Tex(t) is z-continuous on [0, a]. Consequently we have x(a)
= Tx(0)=0. ‘
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[Proposition 7.4] verifies the uniqueness of the solution given in
4.4, and [Proposition 7.3 verifies the uniqueness of the solution given in Prop-
osition 3.13 under the conditions that ¥/ is quasi-complete relative to the
Mackey topology z(¥;, X) and that 7, satisfies (S 4)’.

8. Analytic functions in locally convex spaces.

In this section we shall develop the theory of analytic functions with
values in locally convex spaces as a preparation for the next section.

DEFINITION. Let X be a locally convex space over the complex number
field, and let f({)=/f(¢-+in) be an X-valued function defined in a domain on
the complex plane. We call f({) analytic if it satisfies the conditions:
(A 1) f(O is infinitely differentiable as an ¥X-valued function of real variables

¢ and 7.
(A 2) It satisfies the Cauchy-Riemann differential equation
0
f(C) 5 TR ° ) ro=0.

ProrosiTION 8.1. If f(€) is an analytic function, then its derived functions

™) are analytic and we have

B § roaz=o0,

n! SO _
(82) o (C_a)nﬂ d‘: ’“f( ()

for any closed curve encircling «, where the integrals are taken in the sense
of Riemann and f™(a)=0"f(§+i7)/0&" |triy=ar

PrROOF. We remark that for any x’ € X’ {f({), ’) is analytic as a numeri-
cal function and we have {f(Q), x'>™ ={f™Q), x’>. Thus ™) satisfies
(A 2). Since f(¢) is continuous, the Riemann sums form a Cauchy net, and as
the above remark shows they converge weakly to the right hand side. By
the same argument as in the proof of Proposition 1.1, we see that the Riemann
sums converge to the right hand side relative to the original topology of X.

PROPOSITION 8.2. If f(%) is analytic in the circle |{—a|<p, then ¥"f™(a)/n!
converges to 0 for any |r|<p, and we have

®3) 1@ =3I ¢ —ay

Sor any & with |{—a|<p, where the series converges uniformly on every
compact set in the circle in the sense of Mackey, a fortiori relative to the
original topology.

PROOF. The assertions easily follow from the integral formula (8.2). We
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have only to take for the path of integration the circle with the radius p’,
r<p’<p and note that {f({)} on the circle forms a compact, hence a bounded
set in X. :

PROPOSITION 8.3. We assume that every continuous function defined on
[0,1] and with values in X is Riemann integrable. Then, every X-valued
continuous function f(&) which satisfies (8.1) for any closed curve is analytic.

PrOOF. From the assumptions we easily obtain Cauchy’s integral formula

1

8.4) o *(‘Cfi%) g =f(a).

Thus we have

flat+8)—fla) 1 1
ST o § g O

1 g 1 1 _
=2 ¥ (oo~ gar) O«

When & tends to 0, the right hand side converges to 0. This shows that f({)
is differentiable. Similarly, or noting that f® () satisfies the assumptions
in the proposition, we see that f({) is infinitely differentiable. The Cauchy-
Riemann equation is proved similarly.

REMARK. In order to assert (8.1), it is sufficient to show that <{Sf(), x'>
is analytic for x’ in a total set of X'.

PROPOSITION 8.4. Let X be sequentially complete, and let {a,} be a sequence
of elements in X such that {p"a,} is bounded for a p>0. Then

®5) JO= 2 a

converges for |{|<p and represents an analytic function such that a,
=f™0)/n L

ProoOF. The convergence follows from the sequential completeness. We
see easily that f({) is continuous and satisfies (8.1). The last statement easily
follows from (8.2).

PROPOSITION 85. If X is sequentially complete (velative to the Mackey
topology), every scalarly analytic function (i.e. a function f({) such that
(), x'y is analytic for every x’ € X’) is analytic.

Proor. Since X is sequentially complete, the scalarly infinitely differ-
entiable function f() is infinitely differentiable (cf. [3], Chap. III, § 8, Proposi-
tion 15). From Proposition 83 it follows that a continuous and scalarly
analytic function is analytic.

PROPOSITION 8.6. Let two locally convex topologies v and o in X satisfy
the conditions (T 1) and (T 2). If an X-valued function f§) is o-analytic and
r-bounded on every compact subsel of the domain of definition, then 1t is
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T-analytic.
Proor. We have

(8.6) O = f:f‘”*“l)(z)dz%—f‘m(a)

in the sense of a ¢-Riemann integral. The proof is similar to that of Propo-
sition 8.1. If p is small, there is a convex circled and z-bounded set B such
that f®*(z) = B for any z with |z—a|<p. Because of (T 2) we may assume
that B is o-closed. Thus we have, for { with |[{—a|<p, fQ—f™(a)
e |{—a|B. This shows that f™() is continuous relative to z. Now the
Riemann sums which define the integral of (8.6) form a Cauchy net relative
to = and converge relative to o. Hence, as in the proof of Proposition 1.1,
we see that it converges to the same limit relative to z. We have thus (8.6)
in the sense of a r-Riemann integral. This shows that f() is differentiable
relative to 7 and its derivative is f®*(). Thus f({) satisfies (A 1). (A 2)
is clear.

COROLLARY. If X, satisfies the condition in Proposition 3.4, then every
analytic function f(§) is also analytic relative to the strong topology associated
with the original topology.

Proor. The original topology and the strong topology have the same
family of bounded sets. (T 2) is evident.

DEFINITION. An X-valued function f(§) defined on a real interval is called
a real analytic function if it is infinitely differentiable and if it is represented
by the Taylor series (8.3) around every point « in the interval with a positive
radius of convergence.

PROPOSITION 8.7. Let X be sequentially complete. Then, an infinitely
differentiable function f(&) is real analytic if and only if for every compact
set K in the interval there is a pg>0 such that {pf™E)/n!}ecr,n=01,9- 1S
bounded. In this case f(§) can be extended to a complex analytic function
SO defined at least for  with dis (, K) < pk.

Proor. If f(§) is represented by (8.3) for |[§—a|<p, then it is easily
proved that, with p,=0/3, {ptf™(&)/n!}i:mm<pyn=0,1,. is bounded. Thus only
if part follows.

Conversely if f(£) satisfies the conditions, then the Taylor series converges
and expresses an analytic function f,({) for { with [{—a|<pn,- We have to
show that f({) = fs() when { belongs to the intersection of the two disks.
To do so, it is sufficient to show that {f.(&), x'> =<{f(&), x’) for real & with
|§—a| < pw and x’ € X’. But this is easily proved by estimating the residual
term in the Taylor expansion. This completes the proof.

Next we consider operator valued functions. Let X and ¥ be two locally
convex spaces. We denote by (X, ) the space of continuous linear operators
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from X to 9 with the topology of the uniform convergence on every set in
©, where © is a family of bounded sets in X which covers ¥. 2s(%,9) is a
locally convex space.

As a corollary of [Proposition 8.6 we have the

PROPOSITION 8.8. Let f({) be an 2%, %) wvalued analytic function. If
{fO}eex is equicontinuous for every compact set K in the domain, then f(©)
is analytic in fa(X, D) with B the set of all bounded sets in %.

We shall call such an analytic function f({) a locally equicontinuous
analytic function.

PROPOSITION 89. An analytic function f(§) with values in (X, %) is locally
equicontinuous if and only if {ptf™(a)/n!} is equicontinuous for every a
with a p; > 0.

ProoF. It is sufficient to note that the closed convex circled hull of equi-
continuous set is equicontinuous.

COROLLARY 1. An analytic function f(¢) in &%, ) is locally equicontinuous
if and only if its derived function f/(€) is locally equicontinuous.

COROLLARY 2. Assume that every set in X which is an intersection of a
countable set of convex circled and closed neighborhoods of 0 and absorbs
every set in & is a neighborhood of 0 (e.g., X is a tonnelé space or a DF
space). Then every &s(X, ) analytic function is locally equicontinuous.

PrOOF. It is sufficient to show that every countable and Ls(%X, ¥)) bounded
set {u,} of continuous linear operators is equicontinuous. Let V be a convex
circled and closed neighborhood of 0 in ¥. The set U= nu; (V) is the inter-
section of a countable set of convex circled and closed neighborhoods and,
since {u,} is bounded, absorbs every set in ©. Thus U is a neighborhood
of 0.

PROPOSITION 8.10. Let X be countably tonnelé (cf. Proposition 1.3) and )
be sequentially complete. Then, an 8s(¥, V) valued function f(©) is analytic if
and only if {f(Q)x,y ) is analytic for every xX and y' €%)’'. In this case
every analytic function is locally equicontinuous.

ProOF. Only if part is evident. To prove the converse first we consider
the case when & is the set s of all finite sets in X. We know that the dual
space of &«(%,9) is XQ Y’ ([1], Chap. IV, §2, Proposition 11), and it is easily
shown that XX, %) is sequentially complete. Therefore it follows from
Proposition 85 that f({) is analytic in (¥, %). We see by Corollary 2 of
Proposition 8.9 that f(&) is locally equicontinuous. Thus it is analytic in
L&, . ,

ProposITION 8.11. Let X, %), and 3 be locally convex spaces. If f(Q) is a
locally eguicontinuous analytic function in O, 3) and g) is an analytic
Sfunction in Le(X, V), then the product f(©)g) is an analytic function in Ls(X, 3)-
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And we have
@®7) S Qe =G5 O - 8O+Q - 58D

Proor. First we prove the continuity in {. Let the disk |[{—a|=<p be
contained in the domain. For any continuous semi-norm p(z) in 3, there is a
continuous semi-norm ¢(y) in 9 such that p(f(Qy) < q(y) for any y= 9 and ¢
in the disk. We have for any x X and any «, { in the disk

P(FOg QO—f(a)g(a)x)
= p(fO(g Q) —g(@Nx)+ (SO —fla)g(a)x)
= (@O —g@)0)+p((f(O—f)g(@)x) .

Let x be in a set B & and let { tend to . Then the first term uniformly
tends to 0, and since g(a)B is a bounded set in ¥, the second term also tends
to 0 uniformly in x. This proves the continuity.

Similarly we have

b (g (FO2O—F@z @)x—(F (@g @+F@g (@)x)
= ¢((EG=EY —g'@) ) + 6O~ O

+z><(f (iC f (@) f’(a)>g(a)r)

Let xe B. When ( tends to «, the first term uniformly tends to 0 and,-since
{g’(Q)B}i¢-a1=, is bounded in 9, the second term also tends to 0. Finally it
follows from the differentiability of (&) in L¥z®, 3) and the boundedness of
g(a)B that the third term converges to 0. This proves that f(Qg() is differ-
entiable and that its derived function is given by (8.7).

Now the infinite differentiability is proved recursively. Replacing {—a
by E—a we see that f(©)g(0) satisfies the Cauchy-Riemann equation.

Lastly we give a special proposition which will be used in the next
section.

PROPOSITION 8.12. Let X and ) be locally convex spaces, and let f({) be
an (X, MW-valued analytic function defined in the open sector |arg | < zw /240
with 6 >0. If {{f(} is equicontinuous in every subsector |larg {| s w/2+0—¢,
e>0, {+0, then the family of operators {{*"f™()/n'} is equicontinuous in
every sector |larg{|=0—e, ¢>0, {#0.

Proor. Using the integral formula

I¢—ai=clal {—a)

we see easily that {{?/({)} is equicontinuous in every subsector jarg{|<rm/2
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+60—e. The assertion now follows from the following

LEMMA. Let € be a convex circled closed and equicontinuous set in
X, ). If g© 1s an L&, W-valued analytic function defined in the half
plane Re { >0 such that (*g() €€, then we have &g ™(8)/(n+1)1e 28 for
any £€>0 and n=0,1,2, ---.

ProOOF. Deforming the path of integration in (8.2) we have

g("—l)(E) . '_l &/ (n+1)+ic0 1
m—D"1 — 2mi L/(nﬂ)_iw @‘g(C)dC.

This yields

§n+1g(n-l)(§) Sﬁi n+1 n [ df
T e e () @ ©

nl 2rn
=5 (Y e,

9. Analytic semi-groups.

DEFINITION. A (z, o) semi-group 7, is called an analytic semi-group of
class $(0) if it is real analytic in X, X,) for >0 and has an analytic
continuation T, defined in the sector |arg¢| <6 with >0 such that {7} is
equicontinuous in ¥X., X¥,) on every subsector |argt|<0—¢, ¢ > 0.

PROPOSITION 9.1. If T, is a (z, 0)-analytic semi-group of class (), then
the continuation T, is analytic as an Ly (X, X,)-valued function in the sector
larg t| < 0, and satisfies the semi-group property (S 2) for any t and s in the
sector. Furthermore for any x in the t-center D(A)° we have T,x— x relative
to T as t tends to O through the Stolz region |argt|<0—e, ¢>0.

Proor. The analyticity in ¥3.(%., X¥.) follows from Propositions 8.6 and
8.8. The unique continuation property of analytic functions proves the semi-
group property.

If x=Tsy with ¢ >0, then clearly we have T,x— x relative to ¢ as ¢ tends
to 0. Since we have T;y—y (r) for any yeX,=D(A) as 0—0, the set
{Tsy;ve X, 0>0} is dense in X, Now noticing that 7 is equicontinuous on
the Stolz region |argt¢]<0—e¢, we can prove that for any x< ¥, Tyx tends to
x relative to ¢ as t—0 in the region by the same way as in the proof of
Proposition 1.4.

From now on we shall identify the original semi-group and its continuation.

PROPOSITION 9.2. Let T, be a (z,0) semi-group and R(A) be its Laplace
transform. Then the following conditions are equivalent.

O T, is an analytic semi-group of class H(0).

()  AR(A) can be continued analytically to the open sector |arg A|<0+n/2
as an X, X)-valued function and equicontinuous on every subsector
larg | < 0+r/2—e, e>0, 1#0.
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AIl) The family of operators {(AR(A))"}n-o,1,9, 1S equicontinuous in L(X., X.)
on every sector |larg A|=<0—e, ¢>0, 1+0.
av)y If t>0, then TyxeD(A) for any x and the family of operators
{(ent AT)"/n !V aco,t,0,050 1S equicontinuous is L2(X., X, for any ¢ with
0<e<sind.
Proor. 1° (I) implies (II). If [argA|<@-+=x/2, we can find an ® such
that |arg A+w|<7/2 and |w]| <. We define R(2) for such 1 by

Rx=| T M xdt

+0

in the sense of an improper o-integral. From (I) it easliy follows that the
integral converges and represents a continuous linear operator R(4) independent
of the choice of w. If |arg 4| <=/2, this operator coincides with that given
in §3. Since the analyticity in 1 is clear, we see that it gives an analytic
extension. We have, for any (z, 0) semi-norm p(x) and x < %X, the estimate

PARMD) = [ " 2]e ez . sup p(Tx)
argl=w

©.D
=sec (arg A+ w)g.(x),
where ¢,(x) is a (r, 0) semi-norm depending on @. This proves (II).
2° (1) is equivalent to (III). Proposition 8.12 and the relation
d’n

-+l — (‘Dn
9.2 R+ = TRy R

proves that (II) implies (III). Conversely if (III) holds, we can prove (II) by
the same way as in the proof of Proposition 6.1.

3° (II) implies V). First we prove that when (II) holds, we have the
representation

1
©9.3) Tix= 5 f i AR xdA

for any x< X and ¢t >0, where the integral is in the sense of an improper
z-Riemann integral and the path of integration /' runs from e *ico to e'®200
with 7/2 <w; <0+x/2.

It follows from Proposition 8.1 and (9.2) that for any x= ¥ and n=1 we
have

04 (1-4 —nx:(—%R<—7;—)>nx:'~2?7-}i~ u_n/tlze(1—%)_"ze(2)xdz

_ 2_71;; ) (1“%) R xd2

in the sense of a r-Riemann integral. Let n tends to infinity. We see easily
that the right hand side of (9.4) tends to that of (9.3) relative to z. On the
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other hand

( < >) (n— 1)|f ( )S" e~ T xds

shows that the left hand side of (9.4) converges to T,x relative to o. This

proves [9.3)

Next we shall show that if ¢ >0, then T,x € ©(A4) for every x and we have
9.5) ATtx—~ - j AR R(AD)xdA .
Let ¢ be a positive number. We see easily that the integral

St = j (—De*R(A)xdA

2m

converges in the sense of a r-Riemann integral. We have

R@)Spiv =57 | (=D R@R(D)xd]
1
T 2m
=T;x.
Hence we obtain Tyx € D(A) and by the equation AT,x= (uR(p)—I)Su,,x (9.5)

follows. Repeating the same arguments, we can prove that if ¢ > 0, T,x € D(A")
for every x and every n, and that

1
2 —_ y
- eMR(A)xdA o jr e*R(p)xdA

AP = -2715 { ARG xdR

holds. It follows by [Proposition 3.13| that A™T,.x= (AT)"x.

Now let @ be the solution of cosw=-—¢c. We can take for I' a curve
arbitrarily close to the rays |arg4|=w. Therefore for any t-continuous
semi-norm p(x) we have

PHAT oy /n ) S = [ ED merctdr sup  pARM)
T larg 1 =w
1
- nw Qw(x)-

with a continuous semi-norm g,(x) depending on w.
4° (1V) implies (I). If it is shown that 7,x is infinitely differentiable
relative to = and that the derivatives are given by

©6) (-4 Te=(AT,x,

then (I) is an easy consequence of [Proposition 8.7}
ATix =T, /AT, ;x € D(A) proves Tyx = D(A,). Thus it follows from Propo-
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sition 4.4 that 7,x is differentiable relative to z and d/dt T,x= ATyx. Similarly
ATx= AT\, AT, x="T,-,,A?T,;,x € D(A) proves the differentiability of d/dt
T.x and for n=2. The argument is the same for n > 2.

PROPOSITION 9.3. Let A be a closed linear operator with a dense domain
relative to v. Then, in order that A be the genevator of a (r, t) analytic semi-
group of class £(@) it is necessary and sufficient that A has the resolvent
R(2) = R(A, A) which satisfies one of the conditions (II) or (III) of Proposition
9.2.

ProoOF. We know that (II) and (III) are equivalent and that they are
necessary. To prove the sufficiency we could use the representation (9.3) as
in Hille-Phillips [4], Yosida [10] and Kato [6]. But we shall adopt here a
method related to the proof of Proposition 6.1.

We define

\ FAN™

L"”xz([——"n) x
for ¢ with |arg¢| <6 and x= X. From (IIl) it follows that 7y is analytic
and equicontinuous in every subsector |arg | <0—e¢, ¢ >0. By the same way
as in §6, we can show that

Tox=1limTM™x

.
exists for every x and ¢ with |arg | <# and that the convergence is uniform
on every compact set in the sector. Therefore 7,x is analytic in ¢ in the
sector |arg t]<®, and {7}} is, as the set of limits of operators from an equi-
continuous set, equicontinuous in every subsector |arg | <0—e, ¢ >0. Clearly
this T, gives an analytic continuation of 7, constructed in §6.

University of Tokyo
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