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On the Equations of Evolution in a Banach Space

By Hiroki TANABE

§0. Introduction. In this paper, we again consider the equations
of evolution

0.1) dx(t)/dt = A(t)x(t)+ £ (£)
and its associated homogeneous equation
0.1) dx(t)/dt = A(t) x(¥)

such as was treated in the previous papers [3] and [4]. However, we
shall show that we can replace the strong continuous differentiability of
A(t)A(s)™* by its Holder continuity by means of a slight change of the
proof. It is quite clear that the differentiability of A(Z)A(s)™ is not
necessary for the construction of the formal fundamental solution U(Z, s)
of (0.1). In the previous papers, however, we used the differentiability
essentially in appearance when we proved that the formal fundamental
solution was really the desired one. So it is in this part that the
modification of the proof is required. The inhomogeneous equation (0. 1)
can be treated similarly. Next, we shall give a generalization of a
theorem of Solomijak concerning a perturbed equation

0.2) dx(t)/dt = A(t)x()+B(#) x(¢)+ f(2) .

Evidently, it is absurd now to consider (0. 2) under the same assumptions
about B(#) as in [3] and [4].

For the existence of the second derivative of U(%, s), it is sufficient
to assume that A(#) A(s)™* has a Holder continuous derivative in #.

§1. The fundamental solution of (0.1). We denote by > a fixed
closed sector which consists of those complex numbers A satisfying

—f0<argAr<90, 0>% plus the origin. Throughout this paper, we

assume

Assumptions 1°. For each ¢ with —oco<a<t<b< oo, A(t) is a
closed operator with its domain dense in a Banach space ¥ and its range
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in X. The resolvent set p(A(¢)) of A(¢), a<t<b contains > and the
resolvent (M — A(Z))™* satisfies

-1 M
1) = AB) = 5 g

for each A€ >, where M is a positive constant independent of A and ¢#.

2°. The domain D of A(¢) is independent of # and the bounded
operator A(#)A(s)' is Holder continuous in # in the uniform operator
topology for each fixed s:

(1.2) [JA@®) A(s)' = AN A(s) Y| = K|t—7|°, K>0, 0<p=<1.
By assumption 1°, A(s) generates a semi-group exp(¢A(s)) of bounded
operators by the formula

(1. 3) exp (tA(s)) = 2%. SF MOT— A(s))'dN

where I' is any contour running from ooe #% to <oe?® in the sector 3.
exp (tA(s)) and tA(s) exp (¢A(s)) is uniformly bounded in 0< #< o and
a<s<b:
1.4) |lexp (2A(s))l| = C(M, 0)
(1.5) || A(s) exp (A(s))I| = C(M, 0)/¢t,
where the constant on the right depends only on the arguments in the
bracket.

We shall use C to denote constants which depend only on M, 6, K, p

and b—a at the most.
The fundamental solution U(Z, s) of (0.1") is formally given by

U(t7 S) = €Xp ((t-—*S)A(S))—F W(tr S) ’

(1.6) W, s) = S’ exp ((t—7) A(™) R(r, s)dr

where R(Z, s) is the solution of the integral equation

wn [ R s) —StRl(t, P R(r, s)dr — R(Z, s)
| Rt, 5) = (A(H)— AGs)) exp (t—9) A(s))

The integral equation (1.7) can be solved by a successive approxi-
mation method :

(1.8) R@, s) = g R, s)
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where R, (¢, s)= S'Rl(t, DR, (7, s)dr, m=2,3, --.
By Lemma 5.1 of [3], we have

Lemma 1.1. The series (1.8) converges uniformly in the wider sense
in a<s<t<b in the unmiform operator topology. The sum is strongly
continuous in a=s<_t<b and satisfies (1.7) and

(1.9) 1R, 9Il=C(E—s)".
Lemma 1.2, For s<v<¢,

- (t— 'r) t—
(1.10) IRE, - R, = C {5 o T
(t—-q‘)" s
T—s o8 ).
Proof. As in Lemma 1.3 of [3], we get
- (t—7)y t—T
1) R 9-Re Il =C =TS0 )

On the other hand,
S R(t, o)R(c, s)do— g R(r, o)R(c, 5)do
= ('R, RG, 9)do+ | (Rt o)~ R, ) R(o, $)do
The norm of the first term on the right hand side is dominated by

(112) HS R(t o)R(s, s)d«r” <cC Y (t— o) (o — s)~do

(0—7)"

=C S’ (t=of o=y T =D ds
= CB(p, p) ({—7)P(t—5)"".

By (1.11), the second term is bounded in norm by

e VRS

We first estimate the integral

S (t—0)E— o) (r— oY (o —5) ' do .



366 H. TANABE
If r=(t+5)/2,

ct+8)/2 B _ 2 T _ _
(1.13) S (t—o) (r—o) " (o—s) ‘do-gi_—sg (r—o) (o —sY'do

= 2B(p, p) (t—s)"'(r—5)""",
and
(1. 14) Su oy o (=) ‘do-£< 2) lgf(t—a)ﬂ(T—o)P-lda

21_ p-2 3 p—1 p-1
S (=) (=) + (T_)(t sP (=)

If v<(t+5)/2,
(1. 15) S (t—o) (r—o)  (c—s) 'do < 2B(p, p) (t—s) " (r—s)*".

Hence, noting (¢(—7)(¢—s)" *<(t—7)°(¢—s)™', we obtain

T t—T t—T
€19 [ ey = C e
L= (m=s)f (=)
t—s +(t—s)""}.

By a similar method, we get

© -y (t—ry
(1.17) Ssmdqgap) S ,,<log = +1>

Combining (1.7), (1.11), (1.12), (1.16) and (1.17), we obtain (1.10).

Lemma 1.3. For a<s<t<b,
(1.18) [|A(#) {exp ((£—s) A(£)) —exp (E—s) A =C|t—s["".
Proof. By (1.3) and a simple computation

(L.19)  A(#) {exp (¢ —s) A®#))—exp ((t—s) A(s))}

= 2171 SF O A(L) (W— A(2)) 7 (A(E) — A(s)) W — A(s)) tdN.

By (1.1) and A(F)A[—AQR) '=AA—A@)—1, A@)(M—A@R)™* is uni-
formly bounded in a<<#< b and A€ >]:

(1. 20) [|A®) M—A®) ' I=M+1.

Thus, we have
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(1.21) lI(A@) — A(s)) I — A(s) 7l
= [I(A®)— A(s) A(s)7'[] lA(s) A — A(s) "]
< KM+1)|t—s|".

The assertion of the lemma follows immediately from (1.19), (1.20),
(1.21) and some elementary calculus. :
We can operate A(f) to each term of the right hand side of

W@, s) = g' exp ((t—m) A(®))drR(t, 5)
+ [ {exp (=) A) —exp (t—) AN R(r, s)dir+
+ S' exp (t—7) A®) (R(r, s)—R(, s))dr

by the previous lemmas. Thus, we get
(1.21) A@) U, s) = A(2) exp ((t—5) A(s))+ {exp (¢—9s) A(t))— I} R(¢, s)
+ | AW {exp ((t— ) Am) —exp (t—r) AD)}R(r, 5)dr

+ S’ A(f) exp (t—7) A(®) (R(r, s)—R(t, s))dr .

It is easily seen that A(¢) W(¢, s) satisfies

(1.22) IA@) W2, s)ll=C(Et—s)".
Consequently, A(#) U(t, s) satisfies

(1.23) IA@) U, sl C(t—s)".

A similar formula and estimate can be proved for (0/9¢) U(¢, s).
However, by the fact that for any x €%, {(9/2t) U,(¢, s)—A@{) U, s)} x
tends to 0 as % | O and the strong continuity of A(¢) U(¢, s), we can ob-
tain the estimate of (0/0f) U(¢, s) as well as the relation (9/2H)U(¢, s)=
A@) U(t, s). Hence, we have

Theorem 1.1. Under Assumptions 1° and 2°, the fundamental solu-
tion UL, s) of (0,1") exists. U(¢, s) is strongly continuous in a <s<t=»b
and satisfies

(1. 24) 12 v, 9)| =114y v, sy = ;C.

with some constant C depending only on M, 6, K, p and b—a.
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Next, we shall prove the uniqueness of the solution. For this pur-
pose, it is sufficient to show that for each x€®, U(¢, s)x is strongly
continuously differentiable in s and it satisfies — (9/2s)U(t, s)x =
Ut, s)A(s)x (8§81 of [4]). We showed in [4] that this is the case if
A(t) A(s)™* is strongly continuously difierentiable in ¢.

Let j(¢) be an infinitely differentiable non-negative function defined

in —oo<t< e such that Sm j@)dt=1 and j(¢)=0 for |£|>1. For any

natural number #, we put j,(f)=nj(nt). Thus j,(¢) determines a mollifier.
We may and will assume that A(f) is defined on the whole real line
—oco<t< oo and satisfies Assumptions 1° and 2° there with the same
constants.

For any x¢, we define

(1. 25) A = Sw j (f—) A(r)xder .
By an elementary calculus we have
(1. 26) x— (M= A(8) M— A@D)'x
= | dt=m) (Am)— At) M- Ay xdr

for any x € X. However, for the value of ¢ such that j,(f—)==0 in the
above integral

ICA(T)— A@#)) M — A@®) "]

= KM+1)n".
This implies
L2 = (M= A0) M- A®) | < KM+ D)
for any x, or
(1.28) (1—HLEDY - Ayl < - A0

= (1+HOLE) o — Al

for any y€®. This shows that A,(¢) is closed on D if K(M+1)n*<1.
In fact, let {y;} be a sequence from D such that y;—y and A\ — A,(¢))y;,—=
as j—co. Replacing y by y;,—y, in (1.28), we see that (A\[— A(#))y; also
converges to some element, which together with the closedness of A(%)
implies y€® and (M—A(#)y;—(M[—A(¢))y. Finally, putting y—y; in
place of y in (1.28) shows that (M —A,(¢)y;—M—A,?)y. Thus, the
closedness of A,(f) has been proved.
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By (1.27), for any % so large that K(M-+1n <1, A —A,®%))
X (AM[— A(t))™* has a bounded inverse. Hence, the range of AM—A,(¢) is
the whole of X. More precisely, AM— A,(¢) maps ® onto ¥ in a one-to-
one manner. As M\ is any number of >, this implies p(A,(2)) >O>.

By (1.27), we immediately obtain for any A€

. M,

(1.29) M —A,(B) 7= ™1

where M,=M{1-K(M+1)n="}"* tends to M as n—oo, and
- 1

(1. 30) IO —AB) M = A0) | = {—pnr 3

By a simple computation and (1. 30) for A=0, we also obtain
AL As) ' = A () A(8) 7| = K, [t—7]°

where K,=K{1—-K(M+1)n*}"' tends to K as n—>o. Thus, for the
equation

(1. 31) dx(t)/dt = A,(#)x(t)

all the hypotheses in [4] are satisfied, therefore the fundamental solu-
tion U,(¢, s) of (1.31) exists. ||U,(¢, s)|| is bounded by a constant which
depends continuously on M,, 0, K,, p and ¢{—s. Hence U,(¢, s) is uni-
formly bounded with respect to ¢, s and » if » is sufficiently large. We
have also

(1. 32) U, U@, s)=U,\, s) for s<r<+¢, and
(1. 33) - éa_s Uft, s)x = Uy, )A(s)x for xeD.

Let x be any element in ®. Then,
U, syx— Ut s)x — g' a% (U(t, o) Ulo, $)x)do
= (106, ) (A0)- 40) Uto, 5)xdo
= (1 0., 2) (40)— 4,09 A0) " A(o) Ulo, 5) ALY Als) 3o

By (1.27) and the uniform boundedness of A(s) U, s)A(s)™!, we get

U, $)— U, )l
= sup [|U,(t, o)l K(M+1)n"" sup||A(o) Ule, 5)A(s)™Il | A(s)%[[(t ) -
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Thus, UL, s) tends to U(t, s) on D, consequently on the whole of X.
Letting n—oo in (1.32), we get

(1. 34) Ui, YUlr, s) = U, s) for s<r=<t, and
(1. 35) —a% U, s)x = U, s)A(s)x for xe®.
However, to show (1.35), we must verify that the convergence of

U,k s)A (s)x to U(t, s)A(s)x is uniform with respect to s. If we want
to avoid this nuisance we can do as follows. Using

(1. 36) IIR(Z, s)A(s)"Il= C(¢—s)
which can be easily proved, we can show
(](L};l’sﬂx — A(s)x as k|0
(1. 37) U I
ﬁ—s;‘h)——x ——A(s)x as h10

for x €. Combining this with (1.34), we readily obtain (1. 35).

Theorem 1.2. Under Assumptions 1° and 2°, the solution x(t) of
(0.1) is uniquely determined by the inhomogeneous term and the initial
data. Moreover, the fundamental solution of (0.1') satisfies (1.34) and
(1. 35).

ReMmARK. If there exists an operator valued function U(Z, s) with
the property that U(Z, s)x gives the solution of (0.1’) having the initial
value x at £=s for each x €® and that (1.37) holds, then, the following
three assertions are equivalent:

i) the uniqueness holds for (0. 1),
ii) (1.34) holds,
iii) (1. 35) holds.

Next, we consider the inhomogeneous equation (0. 1).

Theorem 1.3. [f f(t) is Holder continuous in a<<t=<>b:

(1.38) . Nf@O—fIZFlt—r|", F>0, 0<y=1,
then
(1. 39) x(t) = Ut, s)x+ S' Ut, o) f(o)do

is the solution of (1.1) in s< t<b corresponding to the initial condition
x(s)=x.
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Proof. By (1.22), we have
a®) | W, ) f@)de = §\ AQWE, o) f(0)do .
As in the proof of Theorem 1.1, we can show

A®) | exp (= 0) Al0) f(0)do = {exp (t—5) AW)~T} (B

s

+ [l awexp (=) Aw)—exp (t— ) ADN} f(o)do+

+ [ 4w exp (-0 A®) (7o)~ Ft)do
As 1|0,
5 Ut f@de—An | U, o) fo)de - 1)
= U, t=Wf(t—h)—ft) 0,
which implies the differentiability in # of St U4, o) f(o)do and

5t St Utt, o) flo)de = A) St Ut, o) f(o)do+f(#).  (aed)

Next, we consider a perturbed equation
(1. 40) dx(t)/dt = A()x(t)+ B(t)x(t)+ £(8).

We denote by (1.40) the associated homogeneous equation of (1. 40).
B(t) is assumed to satisfy

4°. The bounded operator B(#)A(s)™* is strongly continuous in
a<<t<b for every fixed s.

5°. There exist positive constants C, and ¢« <1 such that
(1.41) 1B(2) exp (rA(s)I| =< Cpr™*

for a<t, s<b and + >0.
Then the formal fundamental solution U(Z, s) of (1.40") is given by

(1. 42) U, s) = 2n-0 U2, 5),

where Uy(#, s) is the fundamental solution of (0.1") and U,(¢, s) =

g’ U(t, o) B@U, (o, s)do = gt U. (¢ 0)B(e) Ufo, s)do, m=1, 2,3, .
From (1.41), it follows that there is a constant C, such that
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IB@) UL, s)|<C,(t—s) ™ If [|U(, $)||=C, in a<s<t<»5, then for any
m,
CORrA—a)™ ., mow

In general, we do not know whether U(¢, s) defined by (1.42) is really
the fundamental solution of (1.40’). However, the assumptions above
are sufficient for the validity of

—(@/2s)U(t, s)x = U(t, s)(A(s)+ B(s))x
for x€D (see [4]). Hence, we have

Theorem 1.4. The solution x(t) of (1.40) which is continuous in
S<t<b and satisfies (1.40) in s<t<0b is uniquely determined by the
initial data at t=s and the inhomogeneous part f(t), s<t=<b.

The following theorem is a generalization of Theorem 6 of Solomi-

jak [1].

Theorem 1.5. If there exist positive constants & and 6, a+38<_1,
such that B(t)A(t)™® and A()*B(t)A(t)"*"% are bounded operators and
strongly continuous in a<t<>b, then U(t, s) defined by (1.42) is the funda-
mental solution of (1.40") and there is a constant C’ such that
C/

° ue, 9| =5, lawue, =S, and

(1. 44) 12

c’
(E—s)*"

If f(t) is Holder continuous, then the solution x(t) of (1.40) corresponding
to the initial condition x(s)=x is given by

IBOUE, sl = 7—a

x(t) = UG, s)x+ g’ Ut, o) f(o)do .

Proof. We have only to prove the first half of the theorem. Let
N be a positive constant with which we have |[[B(#)A(#) *|<N and
|A@)? B(t) A(t)"* 3| < N. Assumptions 3°-5° are all implied by the
assumptions of the theorem. First we prove the following lemma.

Lemma 1.4. There is a constant C, such that

(1. 45) Uyt s)”v(t o

|5

Proof. It is easy to see
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(1. 46) %S: exp (¢ —o) A(0)) B(o) Ua, s)do = B(t)U(t, s)

+ gt A(o)~? exp ((t— o) A(0)) A()* B(c) A(e)"*2 A(e)*" U(o, s)do .

Using
(1.47) [[A(e)* 2 Uy(o, )< Cyloe—s)"""2,
(1. 48) lA(e)~? exp ((t—0) A(e)| =< C(t—a)*?,

we see that the norm of the second term on the right of (1.46) is
bounded by

[ Ct =) NC (—s) **do = NCCBG, 1—a—3) (t—s)°.
Combining this with ||B(#)U(%, s)||<C.,(¢—s)"® we obtain
|2 [ exp (t—0) A0 B Uto, s)do|| < Citt—s)2.
The above inequality, together with the easily verifiable inequality

H% St Wi, o) B(e) Uyo, S)doH < C(t—s)**,

implies (1.45).
As 210
2 S”’ Ult, o) B(o) Ufo, s)do—A(t) S”’ U(t, o)B(o) Uo, s)do

= Uyt, t—h)B{t—h)Ut—h, s)
tends to B(#) Uy¢, s). As A(t) is closed, this implies that A(¢) S: U, o)
X B{c) U|(o, s)do is a bounded operator and that
(1. 49) @/20)Ut, s) = AQ@)U(t, s)+BE)U(t, s).
By induction, for any m =1, we obtain
(1. 50) (@/at) U, (2, s) = A@®) U, (¢, s)+Bt) U, _,(t, s).

Again, by induction, we get

o C"Z'b—lcaf'(]__a)’” m(1—a)—1
(L.51) |2 vt || < EREHAS @ gmao,
(1.52) IBE) U, s)lj= G5 T (g gyoima-o,

'(m+1)(1—a))
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Combining (1.50), (1.51) and (1.52), we obtain the theorem.

§2. Successive derivative of the solution. We shall show that
if A(#)A(s)™* has a Holder continuous derivative A'(#)A(s)™", U(Z, s) is
twice continuously differentiable. The computation is tedious and trou-
blesome, so we will only sketch the proof. We assume that

2.1) A@ A =AM AG) < Klt—7|".

(0/ot) W(t, s) can be written follows :

@2 Zwe9-| (aat ) exp ((t—m) A@)-Rir, s)dr

_'R(t> S)_'_eXp ((t Sl) A(Sl))R(SU S)
+ (" exp(t—m)Aw) 2 Rer, sy + | A exp (t— D) AC)R(r, $)dr

where s,=(t+s)/2. If we put
(2.3) Ei, «, r) = E}t—z SF Mt — A(r)) " A/(r) W[ — A(r))'dN

then (0/0t+9/07)exp (¢—7)A(r))=F(t, v, v) and, as is easily proved,
(2.4) A@)(F(t, =, t)—F{, =, T)|< C@t—7)°1.

Consequently, the norm of each term of the right member of
@5) A® [ (55 ) exp(t =) Awr)-Rer, s)dr = || AWF(t, 7, Ddr-R(, 9
+ S At (F(t, v, 7)—F(t, 7, )) R(r, s)dr+
+ S AQ®)F(t, 7, t) (R(r, 5)— R(t, 5))dr

is uniformly bounded. Next, for s<_7v<#, as is easily proved,

(2.6) H R(t, )— 2 R, s)H£C{(t TP+ S}(,{—Sﬂogﬁ%f),

Using (2.6), we can easily prove

C

@ “A(t) , exp (- T)A(T))*R(T S>d¢> i—

Combining (2.2), (2.5) and (2.7), we obtain
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2.8) HA(t) 2w s)l‘ = C and
ot ’ —t=s

e) l C
|02 v 9| =55
As U(t, s) satisfies (0.1’), we see that A(#)*U(¢, s) and (o/ot)*U(t, s)
both exist and are bounded by C(¢—s)? in norm. Hence, we have

Theorem 2.1. If A(t)A(s)™' has a Holder continuous derivative in
t, (0/at)U(t, s), A(t)(o/at)U(t, s) and A(t)U(t, s) are all bounded opera-
tors whose norms arve dominated by C(t—s)™>

We could also treat the inhomogeneous equation, but we omit it
because it is tedious and of little interest.

§3. Example. As an example, we consider a partial differential
equation

(3.1) 2outt, = 5 at, »(2) ut, m+ 7t )

in a bounded cylindrical domain [a, 6] xG. We assume that the boun-
dary oG of G is sufficiently smooth. We will consider (3.1) in L,(G),
1< p<eo.

We denote by WL(G) the set of all the complex-valued functions
defined in G whose distribution derivatives D®x belong to L,(G) for any
a with 0<<|a|</, and by W,’,(G) the set of all the complex-valued func-
tions in W}(G) whose distribution derivatives of order at most /—1 all
vanish on 9G in the usual generalized sense.

We assume that for each ¢, A(f)= > a,(¢, x)(9/9x)® is uniformly

lov] < 2
strongly elliptic and the coefficients «,(f, x) are so smooth that the
assumptions of Theorem 4 of Solomijak [2] hold good if we add a
sufficiently large positive number to A(#) if necessary. Hence we may
assume that those assumptions hold for A(#) itself uniformly in a<<?=<_b.
Therefore, there exist a positive number M and a sector > of the type
mentioned in §1 such that for any A €3>} we have

M

=A@, = IAESE

Next, we also assume that each a,(f, x) is Holder continuous in # uni-
formly in [a, b]xG:

la,(t, x)—au(r, x)| < K,|t—7|?, K,”>0, 0<p=<1.
Then, Assumptions 1° and 2° are satisfied by A(#). Hence the funda-
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mental solution U(Z, s) of (3.1) exists. It is also easily seen that for
any integer / with 0</<2m, we have

|G e 9] = =Gy

with some positive constant C.

If each a,(¢, x) has a bounded derivative in ¢ which is uniformly
Holder continuous in ¢ or if the coefficients of the formal adjoint of
A(t) are all uniformly Hoélder continuous in #, then the adjoint operator
U(t, s)* of U(t,s) is the fundamental solution of the adjoint equation

(81 of [3] and [4]):
‘21% o(s) = A(sy*o(s).

(Received September 14, 1960)
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