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In this paper we shall deal with the generation of not necessarily equi-
continuous semi-groups of operators in locally convex spaces in a simple:
way which is different from that of T. Komura [2].

The theory of semi-groups has made progress after the fundamental
works of E. Hille and K. Yosida. H. Komatsu [1], L. Schwartz [3], K.
Yosida [5] and others extended the theory of semi-groups of operators in
Banach spaces to locally convex spaces. They discussed it under the con-
dition that semi-groups are equicontinuous. Their arguments are based on
the following fact which plays an essential role in their theory.

For an equicontinuous semi-group {T,: t=0} in a locally convex space E,
the Laplace transform of T, exists, and it is connected with its infinitesimal
generator A in the following way:

0.1) { Oooe"“Ttx dt =(1— A)'x,
for any x< E and Re 1> 0.

Without assumption of equicontinuity of a semi-group 7T, neither the
Laplace transform of T, nor the resolvents of its infinitesimal generator A
ever exist.

In T. Komura [2], she dealt with semi-groups which are not necessarily
equicontinuous but locally equicontinuous. To avoid the difficulty that the
relation does not necessarily hold, she introduced the notion of gener-
alized resolvents. Generalized resolvents play an important role in her
theory. To define generalized resolvents and to get their properties she
used the theories of vector valued distributions and linear topological spaces
attached to them and their related properties. Hence it seems for the author
that the notion of generalized resolvents is not simple.

In the following of this paper we discuss the generation of semi-groups
without the notion of generalized resolvents. Instead of it, we introduce
the notion of asymptotic resolvents to complete our theory. Roughly speak-
ing, asymptotic resolvents are almost resolvents, or they are parametrix of
(A—A), where A is the infinitesimal generator of a semi-group T, modulo
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linear operators decaying with the exponential order of A. Our notion of
asymptotic resolvents is different from that in L. Waelbroeck [4].

The notion of asymptotic resolvents in this paper is simpler than that
of generalized resolvents in T. Komura [2]. Our arguments are easy, and
in construction of semi-groups we do not make use of the Laplace inversion
transform.

In §1 we state several properties of semi-groups in locally convex spaces.

In § 2 we are concerned with the generation of semi-groups. The defini-
tion of asymptotic resolvents is given and we give elementary properties of
them. A complete characterization of locally equicontinuous semi-groups is
stated in our way. It is easy to see that our characterization is a generali-
zation of well-known Hille-Yosida’s theorem in the theory of semi-groups.

In §3 we give the exponential formula of semi-groups making use of
asymptotic resolvents.

§1. Semi-groups of operators.

Let E be a locally convex sequentially complete linear topological space.
We denote by L(E) all of continuous linear operators in E. A family I in
L(FE) is said to be equicontinuous, if for any continuous semi-norm p there
is a continuous semi-norm ¢ such that p(Tx) < q(x) for any T €M and any
xe E. A family ®={U,e L(E); 2>} is denoted by U,x=0(p(2)x, where
¢(2) is a positive continuous function defined for 2> w, if for any continuous
semi-norm p there is a continuous semi-norm ¢ such that p(Ux) = o(4)gq(x)
for A>w and any x€ E.

DEFINITION 1.1. A system {T,; t=0} in L(F) is called a semi-group, if
it satisfies the conditions:

(1.1) T.T,=T,.s for any ¢, s=0,
(1.2) T,=1 (the identity operator),
(1.3) lim Tyx=T,x for any s=0 and any x< E.

1—$

In particular, a semi-group is said to be locally equicontinuous, if for
any fixed s> 0 the subsystem {T,; 0<t=s} is equicontinuous, and it is said
to be equicontinuous, if the system {T,; 0=¢< oo} is equicontinuous.

The infinitesimal generator A of a semi-group {T,; t=0} is defined by
(1.4) Ar=lim -(Ty—D)x,

nlo
when the limit exists. The domain of A is denoted by D(A).
Now we put for a>0
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(L5) R(Dx= " NT x dt
0

PROPOSITION 1.1. Let E be a locally convex sequentially complete space and
let {T,; t=0} be a locally equicontinuous semi-group in E. Then its infinitesimal
generator A is a closed linear operator and the domain D(A) is dense. R(R)
defined by (1.5) maps E to D(A) and we have

(1.6) (A—AR)x=x—e T x,
(1.7) RR(w)x=R(WRAx  for any x E,
{1.8) RN Ax=ARQ)x for any x< D(A).

The proof of [Proposition 1.1l is omitted. We refer the reader to H.
Komatsu [I], T. Komura [2], L. Schwartz and K. Yosida for the
proof.

REMARK 1.1. Several properties of semi-groups can be shown without
the condition that the space E is sequentially complete, or without the con-
dition that semi-groups are locally equicontinuous.

PROPOSITION 1.2. Let {T,; t=0} be a locally equicontinuous semi-group in
a locally convex sequentially complete space E. Then R()x defined by (1.5) is
an E-valued holomorphic function of A for any x< E. R(R) belongs to L(E)
for any A, and the family of operators

;{n+1 dn

(1.9) Taldre

-RQ); 2>0 and n=0, 1, 2, }

1S equicontinuous.
Proor. From (1.5) we have

2n+1 dn

(1.10) TRl dan

R@)x= (=11 an-ﬂ ;i, T.xdt .

For any continuous semi-norm p there exists a continuous semi-norm ¢ such
that p(T,x) < q(x) for 0=¢=a and x= E. Hence, for real positive 2

. e ) tn zn-i-l a ~ n
p(l +1508 at i T.x dt) = Q(x) 'nrlirj.oe “t dr= q<x>,

which shows by (1.10) that the family of operators (1.9) is equicontinuous.
Other statements of the proposition are obvious.

REMARK 1.2. Results similar to the statements of Propositions .1 and
hold, if we define R(A) suitably in the way different from (1.5). For
example, set

(1.11) R)x=| :oe‘“go(t)T,x dt,

where ¢(f) is smooth, ¢(f)=1 (¢! =<a), ¢()=0 (t=2a). Then except in



268 S. OucH1i

Proposition 1.]] same results hold, and instead of the relation
(1.12) (A— ARD)x = x+S()x

holds, where S()x= [ e-¢/()T,x dt.
' 0

§2. Generation of semi-groups.

The purpose of this section is to construct a locally equicontinuous semi-
group 7, with a given generator A in a sequentially complete space E.

DEFINITION 2.1. A family {RA); A>w} (w>0) in L(E) is called an
asymptotic resolvent of a closed linear operator A with the domain D(A), if
it satisfies conditions:

(2.1) R(2)x is an infinitely differentiable function of 2 in 2 = {1; 1>w}
for any x= E and R(A) maps E to D(A).

(2.2) AR(2)=R(2)A on D(A) and R()R(yx)=R(wR() for 2, pc 2.

(2.3). (@A—ARQ) =I+S(2), where S(A) € L(E) and it satisfies the following
‘ ~condition: For any x€ E S(A)x is infinitely differentiable in 4,
and for any continuous semi-norm p there is a continuous semi-

norm ¢ such that for a constant a

p((d¥/dAF)S(N)x) < aFe **q(x) , for any x€E, i>w,
and £=0,1,2, ---.

We now attain to the following main theorem which is a generalization
of the Hille-Yosida’s theorem that gives a criterion for generation of semi-
groups. In it the notion of asymptotic resolvents in Definition 2.1 is useful.

THEOREM 2.1. Let E be a sequentially complete locally convex space. Then
a linear operator A is the infinitesimal generator of a locally equicontinuous
semi-group, if and only if it satisfies the following conditions:

(2.4) A 1s a closed linear operator with a dense domain D(A).

(2.5) There is an asymptotic resolvent R(A) of A such that the family of
- operators
{ /zn+1 dn

L g RO 2> 0 and n=0,1, 2, }

1S equicontinuous.

The necessity part follows from Propositions [.I and In the remainder
of this section we shall prove the sufficient condition of [Theorem 2.1 In
the following we shall make use of the notations R“(2) and S™(1) which
denote (d"/dA™)R(A) and (d"/da™)S(2) respectively.
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Let A satisfy the conditions (2.4) and (2.5). Then we have

LEMMA 2.1. (i) For any x< E, we have ;52 AR(D)x = x.

(ii) For any x € D(A), set A;x = {—2+AR(Q)}x. Then we have lzim A;x=Ax.
(iii) The family of operators

A2 exp (ald) k+1 B0 2 - _
@6) { T RO B DROR@); 2> 0, k=0,1,2 }

iS equicontinuous.

PROOF. (i) For x& D(A), from (2.2) and (2.3) we have AR(2)x = x-+R(1) Ax
+0O(exp (—al))x. Hence we have zlim AR(A)x=x for x € D(A). Since the family
-of operators {AR(2); 2>} is equicontinuous and D(A) is dense, we get
/lzim AR(A)x =x for any x< E with the aid of the Banach-Steinhaus theorem.

(i) From (2.2) and (2.3) we have for x& D(A) Ayxx=(—2A+2RA))x=
AR Ax+0(2 exp (—ad)x. Thus we have }im A,x=Ax by (i) of this lemma.

(iii) Differentiate (2.3) £+1 times in 4. We have

2.7) (A— A)RFD() x4 (k+1)R® (D) x = SE+D(Q)x

(2.8) R()(A— AR x+(k-+1DRAR®()x = RS (A)x .
From (2.3) we obtain

(2.9) RED(D) x-+(k+1)R()R®(2)x = R(A)SH*P(2) x— SR +>(A)x .

‘Therefore, after simple calculations we can show the equicontinuity of the
family of operators (2.6) from (2.5) and the condition on S(2) in (2.3). q.e.d.
Now set for x=E, A>w and 0=t a/4
— _ S (=D (@0 L,
(2.10) T(dx=exp (—20{I+ 2 51 gy RO}
Under the condition (2.5) the power series of (2.10) converges and the family
«©of operators

(211) {T(2); 1> o and 0=t = a/4)

is equicontinuous.
LEMMA 2.2. T,A)x defined by (2.10) converges uniformly on [0, a/4] when
A tends to infinity.
PrOOF. T,A)x is differentiable in ?:
d 00 _1\kr 224\E
@12 e TWr=—TWxt 2 exp (—a) X VAT paygy

k=0

= — AT (D)x+ 22 exp (—21‘){1?(2)

(__lzt)k-i»l

+ 2 G EEnT RO
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On writing Sy(A)x = {R** YD)+ (k+1)R(AR™®()} x, we have

g T =—ATDx-+2* exp (—20{R(

oo (__1)k(12t)k+1
T2 TR D)

(2.13)

R(Z)R"‘)(,Z)}x
( 2 t)k+1
+DT (;+D)!

We shall estimate the last term of (2.13). Let p be an arbitrary continuous
semi-norm. Then there is a continuous semi-norm ¢ such that

(—2zt)k+
+D1 (E+ D1 SM")

+A%exp (— Zt)Z C S (ADx.

(2.14) p(P exp (—1t) z 0

(A%at)k+1 ) 2[)"“
+1D! (R+1)! 1 ZJ e+D1 }‘1(-75)

(by Lemma 2.1 (iii))
< A{exp (—A(Vt —Va))+ exp (—2a)} q(x)
< 22exp (—A(Vt —+a)Hq(x).

Thus we conclude that the last term of (2.13) decays rapidly.
Set A;x={—A+2*R(A)}x. We have, from (2.13) and (2.14),

(2.15) (d/d)T (D)x = AT (D) x+0( exp (—A(a/9)x

for 0=t=<a/4
Now let us note Ty(A)x=x. For 0={=<a/4 and x= D(A) we have

<lexp(— z(t+a)){z: @

@16 TDa—Twr={ @dITAT,- () ds

= [ T AT, () ds

+0(2 exp (—2(a/4)))x+0(p exp (— pula/4)))x .

Since A;T(¢) =T()A, obviously in view of the construction of 7,(x) and
(2.2), we obtain

217 TRx=Tip)x = [, TAT o) Aim A ds+S@, .,

where S(4, p)x—0 when 4 and g—oo. Hence for an arbitrary continuous
semi-norm p we have a continuous semi-norm ¢ such that

(2.18) PTDx—T()x) = 9(Ax— Ax)+9(S4, 1)7) .
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The above inequality follows from the equicontinuity of the family of opera-
tors (2.11). For x& D(A) Ax— Ax because of [Lemma 21 (ii). Therefore
T.(A)x converges when A—oco. Convergence of T,(A)x for an arbitrary x< E
is shown easily by the Banach-Steinhaus theorem, for the family of operators

(2.11) is equicontinuous. g.e.d.
Define
(2.19) Ta=limT(x, for xcE and 0<t<a/4.

It follows easily from the proof of that 7,x is continuous and
T,x=x. We shall show in the following that T, defined by (2.19) can be
extended to the interval [0, o), and it is the desired locally equicontinuous
semi-group with the infinitesimal generator A.

LEMMA 2.3. Let T, be the operator defined by (2.19).

(i) For xe D(A), T,x is continuously differentiable in t and

(2.20) d/at)yTyx=ATx=T,Ax
holds in t< [0, a/4].

(ii) For t=0, s=0 and t+s=a/4, we have the semi-group property of T,:
(2.21) T.T,=T,s.

PRrROOF. In order to prove (i) we note the relation
(2.22) AT, ADx=T,(AHAx  for x= D(4).
This relation is easily proved with the aid of the commutative relation (2.2)
and closedness of A. Letting A— oo in (2.22), since A is closed, we obtain
(2.23) AT x=T,Ax.

On the other hand T,(A)A;x = A;T,(A)x converges to T,Ax for x= D(A) when
A tends to infinity. Therefore, from (2.15) (d/df)T,(2)x converges to (d/di)T,x
and is true.

Next we show that {T,;0=<t=<a/4} has the semi-group property. Under
the condition (ii) for ¢t and s, for any x& D(A) T,_,Ts+yx is continuously
differentiable in u, for {T,; 0=t=<a/4} is equicontinuous and T,x is con-
tinuously differentiable for x = D(A). So we have

t t
(2.24) Toa—TTx=| {Zfﬁ‘ (T uToat)d = T Ty A= Ayrdu=0.

As D(A) is dense, we have T,,,x=T,T,x for all x E. g.e.d.
Making use of the semi-group property shown above, we can extend T,

for t=a/4. This extension is again denoted by 7,. Thus we get a locally
equicontinuous semi-group {7;; t=0}.
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Next we show that the infinitesimal generator of {T,; t=0} constructed
:above is precisely A. Let A, be the infinitesimal generator of 7,. Then, by

we have AC A,, that is, if x € D(A), then we have x< D(A4,) and
Ax=A,x. We shall show 4D A,. Since R(A) maps E to D(A), we see

{2.25) A;R(ADx=AR(A)x for any x€ E.

Since
(Tr—D)/MR(Dx=RA(Tr—1)/h)x,

letting h— +0, we have for x e D(A,)

{2.26) A R(D)x=RA)A;x.

‘Therefore, for x D(A,) we obtain

(2.27) AR(AD)A;x = A AR()x = AAR(A)x .

Letting A—co in (2.27), the left side of (2.27) converges to A,x and the right

converges to Ax because of closedness of A and the convergence of AR(A)x

to x. Thus we get A=A4,.

Finally we shall show that the locally equicontinuous semi-group 7T, is
uniquely determined by A. Let {S;; {=0} be alocally equicontinuous semi-
group and A be its generator. Then for x & D(A)

t
Tyx— S, = —ff S Trds={ S, T(A—Axds=0.
o aS$S 0

Hence S,=T..

Thus the proof of is complete.

REMARK 2.1. For an equicontinuous semi-group 7; with the infinitesimal
generator A, the resolvent of A R(4) exists and it is represented by the

formula
(2.28) R(2)x= | Oooe‘“Tlx dt  for Re1>0.

Obviously the resolvent R(1) is an asymptotic resolvent of A and S(4) in
is identically zero.
REMARK 2.2. In we can relax the condition on the estimate

of derivatives of S(4) in the following way:
For any continuous semi-norm p there is a continuous semi-norm ¢ such

that for any x€ E, A>w and £=0,1, 2, ---

(2.29) p((d*/da)S(D)x) = bre*q(x)

where b=a>0.
For example, S(4) which corresponds to R(4) defined by in Remark
1.2 satisfies this condition. It is easy to check that semi-groups can be con-
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structed under this condition analogously.

REMARK 2.3. From the proof of we find that a semi-group
can be constructed, if an asymptotic resolvent exists on a positive unbounded
set.

DEFINITION 2.2. A family {R(1); A€ 2} in L(E) is called a sequentially
asymptotic resolvent of a closed linear operator A with the domain D(A), if
it satisfies conditions:

(2.30) For any x€ E R(A)x is an infinitely differentiable function of
A in an open set 2 in RY, and R(A) maps E to D(A).

(2.31) AR(Q)=R(2)A on D(A) and R(AHR(y)=R(x)R(Z)
for 2, p= 3.

(2.32) (A—A)RQA) =I1+S(1) for 1€ 2,
where S(Q) € L(E) and is infinitely differentiable in A.

(2.33) There is a sequence 4= {4;}32;C 2 such that lim 4; =00, and

§—00

for any continuous semi-norm p there exists a semi-norm ¢
such that for ;= 4, any x€ E and £=0,1, 2, ---

P(d*/dA¥)S(A)x)| 1=z; < bFe *%ig(x), where b=a>0.

Making use of Definition 2.2 we have

THEOREM 2.2. Let E be a sequentially complete locally convex space. Then
a linear operator A 1is the infinitesimal generator of a locally equicontinuous
semi-group, if and only if it satisfies the conditions:

(2.34) A is a closed linear operator with a dense domain D(A).

(2.35) There is a sequentially asymptotic resolvent {R(A); 2€ X} of A
such that the family of operators

{L@ Y /n1)(d"/dA)R(D)Jz=2;; A4 € A and n=0, 1,2, -}

s equicontinuous, where A is that in Definition 2.2.

§3. Exponential formula of semi-groups.

In this section we shall show the exponential formula of semi-groups.
‘This formula is represented by means of asymptotic resolvents. Before we
state the exponential formula, we give a lemma.

LEMMA 3.1. Suppose that a linear operator A satisfies the conditions (2.4)
and (25). Then for n=0,1, 2, --- we have
3.1) lim (D

A—c0

R™NDx=x  for any x€ E.
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PrROOF. We prove (3.1) by induction of n. In the case of n =0, by Lemmal
2.1 (i), we have (3.1). Assume that (3.1) is true for n < k. (iii)

implies that
(3 2) ( 1)k+lxk

A R = (-1 A ROARM)x
+O0(2*** exp (—ad))x.

Noting the condition (2.5) of the equicontinuity, we can conclude that (3.1)
is true from the assumption. q.e.d.
Let A satisfy the conditions (2.4) and (2.5). Now we set for x€ E

33) Sa(t)x= -E;_Df)'; (n/D"ROP(n/Bx  for 0<i<a,

S,(0)x=x.

S.(H)x is a continuous function of ¢ in 0 <t < a, because of Lemma 3.1. Since
the linear operator A satisfies the conditions (2.4) and (2.5), the family of
operators {S,(f); 0<t<a, n>aw} is equicontinuous.

THEOREM 3.1. Suppose that a linear operator A in a locally convex sequen-
tially complete space E satisfies the conditions (2.4) and (2.5). Then we have
the following formula, so called the exponential formula, of the semi-group
{T,; t=0} which is uniquely determined by A,

3.4) T.,x=1lim S,(H)x for any x€ E and 0<t<a.

This convergence is uniform with respect to t on any compact interval in [0, a).
To prove this theorem, we show a lemma which gives the estimate of
the derivative of S,(f)x.
LEMMA 3.2. For xe E, we have

(3.5) (d/dt)S,t)x = {—(n/H)+n/H)*R(n/D} Sy(t)x+ V,()x,
where V , (t)x converges to zero uniformly in t on any compact interval in [0, a)
when n— oo,

PrROOF. The derivative of S,({)x is given by

(3.6) - Su0x=— 18,05+ () RO ( )=
Now we apply (iii) to [3.6), then we obtain

d __1 n-1 n+2 n-1
a1 s s S R R )

Y e+ RED 0t () o,

where G,(f) has the property:
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For any continuous semi-norm » there is a continuous semi-norm ¢ such
that

n t oa P\
(3.8) P(Gr(D)x) = exp (-—aT)(—h-a +<'7T> n !>q<X)-
Set
. 1 n n+2
(3.9) Vahx= n—!(T) G.(x.
We shall prove that V,(¢) defined by has the desired property stated in

the lemma. Let p be any continuous semi-norm. Then there is a continuous
semi-norm ¢ such that the following estimate holds:

(3.10) pVan = () () C  exp (—a )

<+t (28) Ferp (a2 )uch.

Noting the Stirling’s formula n!~n"e""+2rxn, we have

n+l1

(311) P(Vat)x) = K’(—?~ +e*vn (—?—) ) exp (—a%)q(@

=R e (0 )+ vVa (8 ) e (11 £)))to.

Let us note that the function f(x) =x"*'e™"* decreases on [1+1/n, o).
If 0=¢t<1t,<a, here t, is a fixed positive number, then we have

a »+1 a a n+1 a
(3.12) (T) exp (—n—t—~> = <t—o~ exp (-—n~to—>
for n satisfying a/t,=1+1/n, because a/t=a/t,=14+1/n. Set a=a/t,>1,
from (3.11) we have for large n
(3.13) P(V,(0)x) < K"(Vna™ e =" fnae*)q(x) .

Since ae'~* <1, (3.13) implies that V,()x converges to zero uniformly in ¢ on
any compact interval in [0, @), when n— oo, q.e.d.
PrOOF OoF THEOREM 3.1. For xe D(A), we have

(3.14) Su(tyx—Tox= o‘f—s S.()T,.x ds

ST () + (1Y R(E) - Afras 0,00,

where U,({)x tends to zero when n—oo, by Lemma 3.2 If 0<s<t<a, then
n/s=n/t>n/a. Hence lim (—(n/s)+(n/s)?R(n/s))x = Ax uniformly in 0=s=t

by (ii). Letting n— oo in (3.14), S,(t)x converges to T.x. For any
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x € E convergence of S,()x to T,x is proved by means of equicontinuity of
the family of operators {S,(t); 0=t<aq, n> aw}.

£1]
[2]
£3]
£4]
(5]

Department of Mathematics
Tokyo Metropolitan University
Setagaya-ku, Tokyo, 158, Japan

References

H. Komatsu, Semi-groups of operators in locally convex spaces, J. Math. Soc.
Japan, 16 (1964), 230-262.

T. Komura, Semigroups of operators in locally convex spaces, J. Functional
Analysis, 2 (1968), 258-296.

L. Schwartz, Lectures on mixed problems in partial differential equations and
the representation of semi-groups, Tata Institute of Fundamental Research, 1958.
L. Waelbroeck, Les semigroupes differentiables, Deuxieme Collog. I’Anal. Fonct.
Centre Belge Recherches Math., (1964), 97-103.

K. Yosida, Functional analysis, Springer, Berlin, 1965.




	\S 1. Semi-groups of operators.
	\S 2. Generation of semi-groups.
	THEOREM 2.1. ...
	THEOREM 2.2. ...

	\S 3. Exponential formula ...
	THEOREM 3.1. ...

	References

