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1. Introduction

This paper is concerned with the stabilizability on the retarded functional
differential equation
(]
(1.1) % u(t) = Aou(t)—l—s_h a(s) Ayu(t-+-s) ds+D, f(2) ,

(1.2) u0) =g, u(s) =g's), s€[—h,0)

in a Hilbert space H. Here, 4, is the operator associated with a sesquilinear form
a(u, v) which is defined in V' X V and satisfies Garding’s inequality

Re a(u, u)>co ||ull’—¢, ||, >0, =0

where V is another Hilbert space such that VCH CV*. The notations |- ],
[|+|| denote the norms of H, V respectively as usual. A4, is a bounded linear opera-
tor from ¥V to V* such that it maps D(4,) into H, and «(-) is a real valued
Holder continuous function in [—#4, 0]. &, is a bounded linear operator from
some Banach space U to H.

We will establish a necessary and sufficient condition in order that the ini-
tial value problem (1.1), (1.2) is stabilizable in the sense that for any g&Z=
HXL*—h,0; V) there exists f&L*0, co; U) such that for the solution u of
(1.1), (1.2) we have

oo 0
[T o+ tuetip sy de<oo.

Our result is analogous to a recent result by G. Da Prato and A. Lunardi

[1] for an integrodifferential parabolic equation of Volterra type

(1.3) ‘% u(t) = Au (z)+S; K (t—3) u(s) ds+® £(s), £=0, u(0) = #,

in a Banach space X, where 4 is a not necessarily densely defined closed linear
operator generating an analytic semigroup, K is a measurable function with
vaules in L(D(4), X) and @ is a bounded linear operator from some Banach space
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Y to X. Under the assumption that F(A) which is the analytic continuation of
(A—A—K (7)) where K is the Laplace transform of K has only a finite num-
ber of singularities in the half plane Re A>—w, ©=>0, and all these singulari~
ties are poles of F(\) such that the coefficients of the negative powers in the
Laurent expansions of F(A) around them are all operators of finite rank, they
established a necessary and sufficient condition in order that for every u,& D(4)
there exists f satisfying sup ||e” f(2)||y<<oo such that the solution u of (1.3)
satisfies sup ||e** u(t)||x << oo.

When we investigate the equation (1.1), it is natural and usual to consider
the equivalent enalrged system for the unknown functions u(z) and u,, where
u,(s)=u(t+s) for s€[—h, 0), since it enables us to express the solution with the
aid of the solution semigroup (cf. [2], [3], [7]). Since we necessarily consider
the adjoint equation in the study of a stabilization problem, it is convenient to
consider the original equation in V* as in [11] so that the enalrged system is
an equation in the space Z=H X L*(—h,0; V):

% x(t) = Ax(1)-+Df(2), x0) = g = (& &)

where 4 is the infinitesimal generator of the associated solution semigroup S(#)
and @ is the operator defined by @ f=(®,f,0). Thus, we are led to studying
the stabilizability in the sense stated above.

We assume that

o = o(A)N {\: ReA>0}

consists entirely of a finite number of eigenvalues of 4 with generalized eigen-
spaces of finite dimension and

sup {Re rv: aea0(4)\o,} <0.

Let P be the spectral projection corresponding to o :

=1 jr(x~A)‘1 ar,

2t

where I is a rectifiable Jordan curve surrounding o, inside but no other point of
a(A). In our case the exponential decay of |[S(£)(/—P)|| is not so evident as the
corresponding fact for Volterra equations of [1]. We will show that owing to
the absense of a discrete delay term in (1.1) S(z) is Holder continuous in (34, o)
in the operator norm, and so eventually norm continuous. Hence the aforesaid
exponential decay of ||S(#)(I—P)|| follows from Theorem 1.20 of [6], and we
can proceed as in [1] to establish the desired result.

We note here that it is shown in G. Di Blasio, K. Kunisch and E. Sinestrari
[3] that S(¢) is differentiable in (%, o), hence eventually norm continuous, if
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a(-)sW'*(—h, 0) for a general equation of the form (1.1) in a Hilbert space.
However, if there exists a discrete delay term, this is not the case as the following
counter example shows. For the equation

(1.4) -Z—t w(t) = Ay u(t)+ Ay w(t—1)
we have

S() (¢ 0) = (W) &, W(t+-)g)

where
W =3 l! Af et —j), ten, nt1], n=1,2, -
=0
is the fundamental solution of (1.4) which is not norm continuous at =1, 2, .-,

2. Assumptions and main theorem

Let H and V be complex Hilbert spaces such that 7 is a dense subspace of
H and the imbedding of ¥ into H is continuous. The norms of H and V are
denoted by |+| and ||+|| respectively. Identifying the antidual of H with H we
may consider VCHCV*. Let a(u, v) be a bounded sesquilinear form defined
in VX V satisfying Garding’s inequality

(2.1) Re a(u, u) ¢, |[ull*—c,|u|?

where ¢, and ¢, are constants such that ¢,>0 and ¢,>0. Let 4, be the operator
associated with this sesquilinear form:

(2.2) (Ao, v) = —a(u,v), u,veV.

The operator A, is a bounded linear form V' to V*. The realization of 4, in
H which is the restriction of 4, to

D(4,) = {usV: AyucsH}

is also denoted by 4,. It is known that 4, generates an analytic semigroup in
both of H and V*. Let 4, be a bounded linear operator from V to V* such
that 4, maps D(4,) endowed with the graph norm of A4, to H continuously.
Let a(s) be a real valued Holder continuous function on the interval [—#, 0],
where £ is a fixed positive number. Let U be a complex Banach space and &,
be a bounded linear operator from U to H. We are interested in the stabilization
of the initial value problem of the retarded functional differential equation

2.3) % u(t) = Agu(ey+ | als) Ayu(e-+s) ds+@uf(r)

(2.4) u(0) =g, u(s)=g%s) ae.ss[—h0),
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where g=(g%, gYeZ=HXL*—h,0; V), feLX0,T; U). Applying Theorem
4.1 of [2] to (2.3) considered as an equation in V'* we see that there exists a
solution semigroup S(¢) associated with (2.3), (2.4):

u(t; )
ste= ("
we(+38)
where u(t; g) is the solution of (2.3), (2.4) with f(¢)=0, and u,(s; g)=u(t+s; g),
s€[—h,0). S(#)is a Cp-semigroup in Z whose infinitesimal generator is denoted
by A4.
In view of Theorem 4.2 of [2] 4 is characterized as
D(4) = {(¢" ¢"): p'€W"(—h,0; V), ¢ = $'(0),
Ao+ als) Ag) dseH}
-k
0 .
A, ) = (Aot ale) 4,9'(5) ds, ).
We assume
(2.5) c(A)N{N:ReA=0} =¢.
Set

)’ 120, ¢ = (&, 8)EZ,

(2.6) oy = o(4A)N {r: ReA>0}, o = o(4)N {r: Re <0} .

We assume also that o, is a finite set and sup {Re A: AEo_} <0, that is,

(2'7) oL = {xl’ °tty 7\'I\I} )
(2.8) —awy =sup {Rer: Aeq_} <0,
and for each j=1, -+, N, the spectral projection

1 -
2.9 B, =— A—A)tdr
(29) = 7 by, )

is an operator of finite rank, where T, is a small circle centered at \; such
that it surrounds no point of o(A4) except A;. Asis well known ; is an eigen-
value of A and Z,,=Im P, is the generalized eigenspace for ;. It is also well
known that ; is a pole of (A—A)™" whose order we denote by m;.

We consider also the adjoint problem

(2.10) % o(t) = A% v(t)+S°_h a(s) A¥ v(t+5) ds,
2.11) 2(0) = ¢, o) = #H) sE[—h,0),

where Af, A¥eB(V; V*) are adjoint operators of 4, 4, and ¢°€H, p'c
LX—h,0; V). The solution semigroup associated with this problem is denoted
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by Sy(t)=e*4r. Just as in [7] it can be shown that A, ---, Ay are eigenvalues
of A;. The spectral projection and the generalized eigenspace for A; are denot-
ed by P)% and Z :7 respectively.

The structural operator F is defined by

Fg = ([Fgl', [Fel), g = (&', 8)€Z,
[FeP = &, [Felo) = [ ar) Aigitr—9) dr .

Here and in what follows we denote the first and second components of
the element @ of Z by [@]® and [@]' respectively. F is a bounded linear operator
from Z to its adjoint Z*=H XL —#h,0; V*). Putting x(f) = (u(¢), ;) where
u,(s)=u(t+s), s€[—h, 0), and g=(g°, g') the problem (2.3), (2.4) is transformed
to the problem

(2.12) % x(t) = Ax(H)+ D f(t)
(2.13) x0)=¢

in Z, where @ is the operator defined by @ f=(®,f, 0). The mild solution of
(2.12), (2.13) is defined by

(2.14) x(t) = S(@) g+S: S(t—s) @ f(s) ds .

We call the first component of the right hand side of (2.14) the mild solu-
tion of (2.3), (2.4). Following [3], [7] we set

AQ) = M—Ap— S"h & a(s) A, ds,

Ar(v) = r—4t—{

\ e a(s) A¥ ds,
AP = (dJdn) Agn) = 8.-1—S° S as) At dsi=1,2, -,

where §;; is the Kronecker symbol, i.e., §;,=1, §,;=0if 7==1.
The main theorem of this paper is

Theorem. The following statements are equivalent:
(¢) For any g Z there exists an f € L*(0, oo ; U) such that the mild solution u of
(2.3), (2.4) satisfies

o0 0
[t 1+ 9l dg <o
(%) For each j=1, .-, N
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DFpn=0,n=0,,m—1
implies
pa=0,n=0,:-,m—1
for any elements ¢3, «+, dm,- EV such that
S (1) AEI() @Y = 0,7 = 0, -, my—1.
RemARk 1. If m;=1, the statement (ii) of the theorem reduces to
D¥ ¢S =0, Ap(r;) ¢ =0 implies $5=0.
REMARK 2. Set
p(A) = {x: A(\) is an isomorphism from V to V*} |
a(A) = C\p(8).

0
According to Riemann-Lebesgue’s lemma S " a(s)ds tends to 0 as [Im A | —>o0
-h

uniformly in {\: Re A>¢} for any real number ¢. Hence
0
A =U={" e as)ds A—4)7} (—4))

has a bounded inverse if Re A>c¢ and |Im A | is sufficiently large. Consequent-
ly o(A) N {r: Re A>¢} is bounded.

Suppose that the imbedding of ¥ to H is compact and 4,=4, Then in
view of Theorem 1 of [4]

a(A) = o(4) = {n:m(h) = 0} U {n: m(A) %0, M/m(A)E0(4,)}
where
m(\) = l—l—So_h €™ a(s) ds .

If o(A) N {A: Re A=0} is empty and m(A)=0 for Re A>0, then the assump-
tions of the theorem are satisfied.

3. Stabilizability of functional differential equations

In this section we consider the stabilizability of the equation
3.1) % x(t) = Ax(t)+ @£ (1),

(3.2) %(0) = ¢

in a general Banach space X, where 4 is the infinitesimal generator of a Cy-
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semigroup S(t) and P, is a bounded linear operator from some Banach space U
to X. We assume that 4 satisfies (2.5), (2.7), (2.8) and the spectral projection
P,, defined by (2.9) is of finite rank for each j=1, .-, N. Hence A; is a pole of
(A—A4)7! whose order is denoted by m;. We assume also that S(z) is even-
tually norm continuous, i.e. S(z) is continuous in the operator norm in the inter-
val (¢', co) for some #'>0. The Laurent expansion of (A—A)~! around A; is

(3.3) (v— )" m’(i%)—r, Rf»),

where O, =P, ;, O,,=(4—N2;) P,,, and Ry()) is the holomorphic part of (A—A4)™*
at Av=Xx;. Itis known that Qi =(4—\;)" P,;, and by assumption Q7/=0. Put

(3.4) P= Zﬁ:ﬂ,,j =1, N
(3.5) X, =ImP, X. = Im(I—P),
(3.6) Si(t)=S®)|x,, S-(t) = S(t)| x_

where S(t) | x,, S(£)| x_ are the restrictions of S(¢) to X,, X_, respectively. Since
both Im P and Im (I—P) are closed and invariant under S(¢), we can see that

(3-7) 4, = A|x+ , A_= AlD(A)nx_ s
(3.8) S.(t) = et4+, S_(t) =et4-,
3.9 ody) =0y, aod)=0a_.
S(t)P is extended to the whole real line so that
N my-1
(3.10) SHP =33 2 it Or,, —oo<t<oo .
j=1 a=0 pl

Lemma 3.1. For any 0 <(0, w,) there exists a constant M such that
11(t) I—P)l| < M||T—Plle™, £0.

Proof. For each eventually norm continuous semigroup s(4)=aw(A4) is valid
where s(A4)=sup {Re A: AEd(4)}, o(4)=inf {w: ||S(t)||<Me™ for some M
and any £>0} (see e.g. [6: p. 109]). Therefore for any w>s(A4), there exists M
such that ||S()|| < Me™. By assumption (2.8) —w,=sup {Rer: A€} <0. If
S(t) is eventually norm continuous, then so is S_(¢). Hence for 0<w<w, there
exists a constant M such that ||S_(z)||<Me™™. Thus,

15(2) (I—P)||=|S_(5) I—P)|<M|I—P|| ™™ .

Now we consider the following initial value problem:
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d 5 —

u(0) = 4,
where ¢ =L%0, co; X). Let u(t) be the mild solution of the equation (3.11), i.e.,
(3.12) u(t) = S(t) u,,+$: S(t—s) b(s) ds .

The following Lemma is related to Proposition 1.1 of [1], and we mimic
its proof.

Lemma 3.2. For the equation (3.11), the mild solution u(t) belongs to L?
(0, o0 ; X) if and only if

(3.13) S(t)P uo-l—s: S(t—s) Po(s) = 0, £>0.
Proof. We set u(t)=v(t)-+2(2), with
o(t) = S() U—P) st || St—s) (I—P) ¢(s) ds—{ S(t—5) Po(e) s,
a(t) = S(2) Puo—l—s: S(t—s) P(s) ds, £=0.

With the aid of Lemma 3.1, (3.10) and Hausdorff-Young’s inequality it is easily
seen that v L*(0, co; X). In view of (3.10) and Lemma 3.1 2(¢) is of the form

N mj—1
() =3 DY Y0 ED(A).
Since Re A;>0 for each j=1, -+, N and the function ¢ é*t* (j=1, -+, N, =
0, ---,m;—1) are linearly independent, we see that 2& L*0, oo ; X) iff 2(t)=0.

The following Proposition is concerned with the stabilizability of (3.1),
3.2).

Proposition 3.1. The following statements are equivalent:
(i) For any g X, there exists f € L¥(0, oo ; U) such that the mild solution of (3.1),
(3.2) belongs to L*(0, o ; X).
(it) For each j=1, ---,N

{reZE: @¥(A*—\) #* =0,k =0, -, m;—1} = {0},
where Z :i: is the generalized eigenspace for N, which is an eigenvalue of A*.

Proof. In view of Lemma 3.2 the solution of (3.1), (3.2) belongs to
LY0, oc; X) iff

5@) Pg-I—S: S(t—s) PDf(s) ds=0.
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By virtue of (3.10) and 317771 SA"irI=31"-1 317, this is equivalent to

n=0

Oet| e :'2 (“‘) O, ®f(s) ds =

j=1,++,N,n=0, ---,m;—1. Following the proof of Theorem 2.1 or 2.3 of [1]
we see (i) holds iff
(ili) For 1I<j<N, if xf € X*(n=0, .-, m;—1) satisfies

mj—1—Fk
(3.14) oS QA =0, k=0, m—1,

then

mj—1

E Q)= =0.

Suppose that (iii) is true, and x*EZ:‘—j, <I>*(A*—7Tj)" x*¥=0, k=0, ---,m,—1.
Put

" { x* ifn=0,
x¥ = .
0 - otherwise.

Then

(3.15) oSy (O1")* = DH(QL)* o
— @*(A*_i'j)h(p“)* x*
— @*(A*_)T])lz X%
=0,

k=0, ---,m;—1. By (iii)

w* = (P, )% a* = E(Qx,)* wf =

This shows that (iii) implies (ii).
Conversely, suppose (ii) is true and (3.14) holds. Set

m—l

a¥ = 2 (QR))* =i .
Then x*¥Z ;“—J and

mj—1
DH(A* ) a% = O* 33 (A*— ) (P, )* ik

mj—1—Fk

= P* 2 (Qlt-l-n)* x*
=0
for k=0, --,m;—1. By (ii) ¥¥*=0. Hence (iii) is true.
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4. Some inequalities on the fundamental solution of (2.3), (2.4)

In this section we establish the Holder continuity results concerning the
fundamental solution of the equation (2.3), (2.4) in a Banach space X, where
4, is the infinitesimal generator of an analytic semigroup 7T'(¢) and A4, is a clos-
ed linear operator in X with domain containing that of 4,, We may assume
without loss of generality that 4, has an everywhere defined bounded inverse.

By definition the fundamental solution W(¢) is a bounded linear operator
valued function satisfying

0
% W(t) = A W(t)+ a(s) 4, W(t-+s) ds,
WOo)y=1, W()=0 ss[—h0).
The main object of this section is to prove the following

Proposition 4.1. For h<t<t'<nh, n>1, and 0<x<p, we have

(+.) W)~ WEN<C,log (L),
(+2) A (¢)— W @)| < Co ' — 1) t— )
(43) AL (¢) =W (1)) 4311 < Cy. et "

where C, and C,, are constants dependent on n and n, «, respectively but not on t
and t'.

For the sake of simplicity we assume that 7'(t) is uniformly bounded: Then

(44)  ITOI<K(x0), 4, T(t)HSIT< (>0), |14 T(t)HS% (t>0)

for some constant K(e.g. [9]). Since a(-) is Holder continuous of order p, we
can set

(4.5) |a(s)| <H,, |a(s)—a(r)| <H,(s—)"

for some constants Hy, H,. From (4.4) for 0<s<t

(+6) 140 7)Ao T = 1| | 43 T(r) arll <K 22,
(4.7) ITO—T@ = 1| | 4 T(r)drl|<Klog L.

As is easily seen for any t>0 and O<a<1
(4.8) log (14+8)< % .
a

Combining this with (4.4) we get
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(+9) ITO-TEI<S (=2)
a\ s
for 0<s<tand 0<a<1. Set
B(t) = 4, S’ T(t—s) a(—s)ds, 0<t<h.
0
Lemma 4.1. B(2) is strongly continuous in [0, k], and hence uniformly bound-
ed:
1Bl = sup [IB#)]| <o .
Furthermore, B(t) is Holder continuous in (0, k], and for each x<(0, p) there exists
a constant C, such that
1By~ B@I <t~ £
for 0<t<t’'<h.
Proof. Since
B(t) = 4, S' T(t—s) a(—s) ds
0
= [ 4705 (@(—9)—a(—1) ds—(1-T@) a(-1),
0

it follows without difficulty from (4.4), (4.5) that B(¢) is strongly continuous in
[0, A].
For 0<t<t'<h

B()—B(t) = 4, S: T(t'—s) a(—s) ds— 4, S: T (t—s) a(—s) ds
- s: Ay T(#'—s) (a(—s)—a(—1")) ds

+S: Ay Tt —s)— Ay T(t—9)) (a(—s)—a(—1)) ds
+H(T(E)—~T(t'—1)) (a(—)—a(—1)
HI()~T() a(—t')
HI(O)—I) (a(—t')—a(—1)).
It follows from (4.4), (4.5), (4.6), (4.7), and (4.8) that
1" 4 T —s) (a(—9)—a(—t) asll< |} KEr—sy-tds = ’if— t'—ty,
1, (e T —8) 40 Te—5) (a(—)—al =) A< KL, o £t (6o ds
<KH(t'—1)" S: (t—s)*"1 ds
SKH

1 (t'—t)‘ **
p—K
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for 0<x<p,
IT@)— T 1) (a(—t)—a(—£ DI S2KH(E' 1),
T )T () a(— 0| <KH, log £ <KH,~ (¢'—t*t™,
T O—1) (&) —a(— DI < (K+1) Hi'~1) .

Combining these we obtain the desired inequality.

Set
_ JAW(@)—T(@), t=(0,h]
(*+10) vo=1 W), temh (- )h,n=1,2,
Then, the integral equation to be satisfied by V(?) in [nh, (n+1)A4] is
(4.11) V(t) = Vo(t)+S'hB(t—T) A, A7 V(7) dr
where

Vit) = S: B(t—7) AT(r) dr
in [0, &, and
Vit) = 4, T(t)+S:"' T(t—h—1) B(k) A, W(z) dr
+S:fh B(t—r) A, W(r) dr

in [nh, (n4-1) A], n=1,2, --. As is stated in [10] V'(¢) is bounded in each of
the interval [nh, (n+1) k], n=1,2, .--. Using this and by (4.10) we get

Proposition 4.2. Let W (t) be the fundamental solution of equation (2.3),
(2.4) then for any natural number n there exists a constant C, such that

IW(t)”<Cm ”Ao a I

1| 4w arii<c, | j‘ 4, Wr) drI<C,
Jor 0<s<t<mh.
Proof of Proposition 4.1. For nh<t<t'<(n+1)h
Vo(t")— Vo(t)—(A T(")—4, T(¥))
+S:_ T(t'—h—r) B(h) 4, W(r)dr

+So (T(' —h—7)—T(t—h—7)—T(t'—h)+T(t—h)) B(k) A, W(r) d=
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+(T'(#'—h)—T(t—h)) B(k) S;" A, W(z)dr
+S,",h_, (B(t'—7)—B(t—)) 4,W(r) dr

- S:: B(t—1) A, W(z) dr
= L+ L+ L+ 1+ 1415 .
From (4.6)

nI||<K‘

In view of (4.4) and Proposition 4.2

=<k()

A<, KIBEO Cyrt dr = KC, [1BE) log £ =
<u™ KC, BB —ty(t—h)

In what follows throughout the proof let x be any number such that k<
uw<p. Inview of (4.9)

1T —h—n)—Te—h-nli< ((EL),

I —k)—Ta—h)| <X ( ) <K (A=Y

Hence

(4.12) ”T(t'—h—r)——T(t—h—r)——T(t’_h)_l_T(t_h)“sg_l_{_( t'—t )“.
W

t—h—1
Similarly

”T(t,_h_T)-—T(t’_h)“S%(;—T—T)FSE( . )“’

'—h— uw \t—h—r

K T .
ire—h—n-Te-mi<E (),

—h—~
which imply
(4.13) ||T(t’——h—-r)——T(t—h—~r)—T(t'—h)-{-T(t—h)llgg—K—(—"'—)“.
7 t—h—~
Combining (4.12) and (4.13) we get
4.14) |T('—h—7)—T(t—h—7)— T —h)+T(—s)| < 2K ((tt"—;?—“}?
T
In view of (4.14), Proposition 4.2, and Lemma 4.1
t-h KB
'I”<S 2K (t t)

s S 1B —C;— dr



360 J.M. JeonG

~h
=2 s —oe (" ¢~y rerar
72
= 2K C,||B(h)||B(1— p, p—r) p~(t'— )" (t—H)™,
where B(-, -) is the Beta function.
From (4.6), Proposition 4.2, and Lemma 4.1, we have

iz < i (2=

We estimate I; in case of n=1 and n>>1 separately. First, we consider the
case n=1.
h
I, = S \ (B@#'—7)—B(t—7)—B(h)+B(t—t'-+h)) A, W(r)dr
t-
h
+BW—B—t+h) | AW dr
= I§+41%.
Noting t'—h<r<h<t, 0<t—7<t'—7<h,0<t—t'4+h<h, and using Lemma
4.1 we get analogously to (4.14)
||B(¢'—7)—B(t—7)—B(k)+B(t—t'+h)|| < 2Cu(t'—2t)* t—7) " (r—t'+h)"".
Hence |
h
el gS 20Ut 1) (b= (r— '+ Cy 7 dr
t/ -
<2C, Cy(t'— 1) g' (=) * (R
-
= 2Cu C; B(1—p, p—x) (¢'—2)* t—2t'+h)™"
<2Cu. C, B(1—p, u—«) (t'—28)* (t—h)™".
As is easily seen
B C, Cy(t'—t)< (2—2"+h)™".
Therefore
16|l < {2Cw C, B(1—p, p—1)+C, Ci} (¢'—1)" (t—h)™.

In case n>1 we have

nh AN r__ &t
(AT e (‘t__t) R

T (n—1)A
< Cu Cn(t,_t)‘
= (=) (1—r)k*
C.C, t'—1t\*
== (1=n) <t—-h)
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Therefore
[IIs]|<const. (t'—2)* (t—h)™".

From Lemma 4.1 and Proposition 4.2

i<

£~k C t'—h CHBH.,,,(t’—-t)“
B||.. —=* dr = C, ||B|l.1 <& )
., I8l - dr [|Bl] log - p, -

Therefore for nh§t<t'$(n+1) h, we have
Vo(2")—Vo(t)||<const. (¢'—2) (t—h)™",

from which it follows that

(4.15) |V (") —V(@)l|<const. (t'—2)* (t—h)™™.

It is not difficult to show that for n>>1

Viah-+0) = 4, T(h)+ " T(nh—h—r) B(h) 4, W() dr

(n—=1)
0

+§"" B(nh—r) 4, W(r) dr

(n=-1h

= V(nh—0),

where we used 4, W(r)=V(7) in the second integral. Hence V(¢) is continu-
ous at t=nh, n=1,2, ---. Using this and (4.15) we have for (n—1)h<t<nh<
t'<(n+1)k, n>1,

V@)V )i <const. (£ Y <const. (E=1Y

h—t\* t'—t\"
—V(t)l|<const. (% < const. _>
||V (nh)—V (£)|| < const (t h) < const (t—h

Thus (4.15) holds for k<t<t'<mh, t'—t<h,n>1 with const. independent
on ¢t and #'. From the formular (4.11)

V() =V () = Vot) = V1)
+{ B —r) 4,45 V(e ar—{ Bt—7) 4, 47 V() dr
— V()= Vilt)
+S: B(t'—) A, A" V (v) dr
+{ B —1—BE-—) 4 45" V(r)dr.

Noting V (t)=4, W(t), for t>0 we have established that there exists a constant
C,..>0 such that
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14, W(t')— Ay W< C (' —2)" (t—R)™".
for h<t<t'<mh, t'—t<<h for n<<1. By the same way, we get
1AW (") —W(2) AT || < Co (' —2)" .
It follows from (4.5), Proposition 4.2, and
% W) = 4, W(t)+§°_k (a(s)—a(—h)) 4, W(t-+s) ds+-a(—h) S°h A, W(t+s) ds

that ||[dW(t)/dt||<C,[t, hR<t<nh. Hence the proof of Proposition 4.1 is com-
plete.

5. Holder continuity of the solution semigroup

Since in our case the solution of (2.3), (2.4) is represented by
0
(5.1) u)) = WO £+| Weto) (g1 ds,
the solution semigroup S(¢) can be expressed in terms of W(t).

Applying Proposition 4.1 to the equation (2.3) in the space V* and noting
that 4+, is an isomorphism from V to V* we get

(5:2) W (") —W@)llswn<Cu(t'—1),
(5.3) W () —W@)lswep) < Cot’ —2) (t—h) ",
4) W)= WO)llaw < Cae(t'—2)",

for h<t<t'<mh, n=1, -+, and 0<k<p.
Similarly applying the same Proposition to (2.3) in A

(5.5) W (") —W(@)llpm < Ca(t'—1)

for h<t<t'<nh. Using (V, V¥*),—=H and the well known interpolation
inequality we get from (5.2) and (5.3)

(5.6) W ()= W(@)llpwe,m) < Co o(t’ —t) 21 —B)92
and from (5.3) and (5.4)
(5.7) W (&) — W () s, vy < Co et —2)(t—h)™.

Proposition 5.1. The solution semigroup S(t) for (2.3), (2.4) is Holder con-
tinuous in (3h, o) in the operator norm.

Proof. Let u(t) be the solution of (2.3), (2.4), and 3k<t<t’. Using (5.1),
(5.5), and (5.6)
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) —u(t)| < | (W) - W (D) |
+{° 7 1w —ote-Wi—c+8) a®) 4,80) a8 do
<C(t'—1)| ¢
+Cu| [T =t —otg =Ry HJl Al ol o)l dE do
<Ci(t—9) ¢
+Coe Ho 14 g8 )+ (i—l‘—”-’—;f [, lg@)do
2
<const. {(t'—)] &1+t~ ([ 1lg(=)IF doy .
With the aid of (5.3), (5.7) for s&[—h, 0)
(e +5)—t-+)l| = (W (E'+5)— W (t-+-5)
HI| " e ts—otB)-W+s—o+8) ae) 4,8(0) dt doll
<Ct' 1) (t+s—H) | '
+Cu [ [ @ty oot e R Bl imll )l dE do
< Cplt/ 1) (t+s—H) ] £
+Con Holl Ayt =t LEZIZ g0 d

<Dty (' +s— Ry @+ ([ 18I dey

where D=max {C, ,, #'*(1—«)™" C, . Hy||4ol|sv,v»}, hence

S"_h (e’ +-5)— u(t+-)| [ ds < 2D*(t' — ) {S“_h (t--s—h)™" ds| &°|2
+ sl lge)Ir doy
< const. (¢'— ) [|(g", 2]

Consequently

I1S()2—S®) 8l = 1) —u®) |+ [ hute'+o)—ate-+)1P ds
<const. (¢'—2)* ||g|]?.

Note that t+s—o+&>h since t>3h. Therefore for any 7>>3h there exists a
constant C; such that

IS@)—SElI<Colr'—2y .
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Hence S(t) is Holder continuous on (34, o) in the operator norm.

6. Proof of the main theorem

In view of Proposition 5.1 the assumptions of Proposition 3.1 are satisfied
for the problem (2.12), (2.13). Just as Theorems 4.2 and 8.1 of [7] it can be
shown that F* maps D(4,) to D(A4*) and A* F¥*=F* A, on D(4;), and F* is
an isomorphism from Z )% to ZX. Hence, the second statement of Proposition

3.1 is equivalent to
(i) For each j=1, ---, N

{¢EZ{—]: oF [(AT_.XI_)” ¢$I'=0,n=0, -, m—1} = {0} .

By the same manner as the proof of pjroposition 7.2 of [7] we have

(61)  ZE = ker (vy—Ap) = {(h exp (5;0) 53 (—-) $lf) -
mj-1

> (=1 A‘{""()T,,-) $GE—n)! =0,n=0, -, m—1} .

0 .
Using 4,(¢°, ¢')=(4¥ ¢°+S \ a(s) A¥ ¢'(s) ds, p') we see that for the elements
in the bracket of the right side of (6.1)

mij—1

(62) (= Az (#8 exp (0y°) 3 (=) $11i)
= (#% exp (3;7) 33 (— )" $i—n)))
for n=0, :-+, m;—

;—1 Combining (6.1) and (6.2) we see that (i)’ is equivalent
to the second statement of the theorem.

The author wishes to express his deep gratitude to the referee for his care-
ful reading the manuscript and valuable comments.
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