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Remarks on the Equations of Evolution in a Banach Space

By Hiroki TANABE

§0. Introduction. The contents of this paper consist of a slight
extension of the previous paper [5] and some supplements to it. As in
[5], we consider a certain type of the equations of evolution in a Banach
space ¥ :

(0. 1) dx(t)/dt = (A@t)+ B@)x(t)+ f(t)
and the associated homogeneous equation
(0.1) dx(t)/dt = (A(t)+ B(&))x(2).

Here, A(#) and B(¢) satisfy all the assumptions in [5] only replacing
|| exp(tA(s))|| <1 by [l exp(tA(s))||<<M, where M 1is a positive constant
which is independent of ¢/ or s and generally greater than one. A
necessary and sufficient condition that a closed operator generates a semi-
group of bounded operators satisfying such an inequality was given by
R.S. Phillips [3]. In [5], we assumed M=1 so that we were assured of
the uniqueness of the solution of (0.1) by Theorem 1 of T. Kato [1].
But, we shall show the uniqueness in this paper without making such
an assumption by examining the property of the fundamental solution
Ul(t, s) constructed in [5] a little closely. Note that it was unnecessary
to assume M=1 in constructing U(Z, s) in [5].

In [5], we constructed the fundamental solution U(¢, s) first for the
equation with B(#)=0, and then for the equation with B(#)==0 by a
perturbation method. In this paper, we shall construct U(t, s) directly
even when B(f)==0 without using a perturbation method and show the
further differentiability of the solution of (0.1) under the assumption
that A(#), B(t) and f(¢) are sufficiently smooth, which was done only
when B(f)=0 and f({)=0 in [5]. In §5, we shall give some remarks
on generalized solutions in the sense of Solomiak [47], and finally in §6,
the case will be considered in which D(A(¢#)) changes smoothly with #
in the sense of T. Kato [2].

§1. The uniqueness of the solution and some remarks.

Throughout this paper except in §6, we assume that the operators
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A(t) and B(t) satisfy the hypotheses in [5] with one replacement men-
tioned in §0. To make sure, we write them down here.

Hypotheses 1.1°. A(¢#) is defined for ¢<<¢<_b and is an infinitesimal
generator of a semi-group of bounded operators with the norm not exceed-
ing some positive constant M independent of .

1.2° 1) The domain ® of A(¢) is independent of ¢, 2) the bounded
operator B(t, s)=[I—A@)][I—A(s)]™" is uniformly bounded for a<s,
t<b. 3) B(t,s) satisfies Lipschitz condition in ¢ for every s in the uni-
form operator topology.

1.3°. B(t, s) is strongly continuously differentiable in ¢ for every s.

1.4°. For each s and ¢ with a<<s<b and ¢ >0, (d/dt)exp (tA(s)) is
a bounded operator and there exist positive constants C and £, such that

(1.1) [|(d]dt) exp (tA(s))]] = || A(s) exp (tA(s))|| =< C/¢

for any s and 0<t<t,.
2.1°. B(t) is closed and defined for a<<#<b and has a domain
(which may be dependent on #) containing the domain D of A(#).

2.2°. A bounded operotor B(#)A(s)™* is continuous in a<<{<b for
every s in the uniform operator topology.

2.3°. There exist positive constants C,,C,, p<<1 and M<1 such that
(1.2) [|B(t) exp (TA(s))]| < C,r==»
(1.3) (B(')— B(t)) exp (TA(s))|| < C,|#/ —t|Mr-a-#

for a<t, ¥/, s<b and = >0.
As in [5], we shall write A(f) instead of A(f)—1. Then, there exist
positive constants L and N such that for every ¢, s and 7,

(1. 4) IADA() | =< L, [I(A(#)— Ar)A(s) | =< NIt —7]

Throughout this paper, the constant K will be used to denote positive
constants depending only on the constants appearing in the above
Hypotheses and (1.4), and it is not necessarily equal in every occurrence.
And we use K,, K;, - to denote constants depending also on «, 3, ---
besides the constants mentioned above.

First, we consider the equation with B{)=0:

(1.5) dx(t)/dt = A(t)x(t)+ f(¢).

Let an operator-valued function V(¢, s) be such that
i) it is strongly continuous in ¢ <s<{?¢ =<5,
il) V(s, s)=1I for each s,
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iii) for x €D, V(¢ s)x is strongly continuously differentiable in s
and satisfies

(1. 6) —(@/2s)V(t, s)x = V£, $)A(S)x, a <s<_t <b.

Then for any solution x(f) of the homogeneous equation of (1.5),
we have

0= S ' D (Vit, )a(e)do = x(6)— VE, 9)x(5)

which implies the uniqueness of the solution of (1.5). Hence, in order
to prove the uniqueness for (1.5), we have only to show the existence
of such an operator V(¢ s).

Let us write V(#, s) in the form

(1.7) V(t, s) = exp ((i~S)A(S))+St Q(2, 7) exp ((T—s)A(s))dT .
By formal calculation,

2Vt 9) = 2 exp (= 9)A) - QU )+ S Qit, 7) 2 exp (t—s)A(s))d

Vi(z, s)A(s) = exp ((t—s)A(s))A(s) + S Q(t, ) exp ((T—s)A(s))A(s)dT

= 2 exp ((t—5)Als) + S Q(t, ™) 2 exp (r— ) A(s))dT .

Hence, putting Q,(¢, s)=(0/ot+20/3s)exp ((t—s)A(s)), we obtain
2 Vit, )+ Vit, 9AGs) = Qult, 91— Qt, 9+ @t i@, sy
So, let us determine Q(#, s) as the solution of

(1.8) Q, 9)- [ e, mQr, sar = Qut, 9)

By Lemma 1.4. in [5], we can solve the above integral equation by a
successive approximation method :

(1.9 Qt, s) = 2onQn(2, 9),

where Q,,(¢, S)=StQm_1(t, T)Q\(T, s)dT, m=2, 3, -+ .

It is easy to see that V(¢, s) obtained by inserting the above Q(Z, s)
in (1.7) really satisfies i), ii) and iii). Hence, the uniqueness in question
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is obtained. Incidentally, V(¢, s)=U(¢, s) is also proved. But, we can also
prove this fact directly by showing

[ @utt, m) exp (r—s)Ashdr = {'exp (1~ AR, (r, s)d

for each m by induction. As to the meaning of R,(t, s), see [5].

Next, we consider the equation with B(#)==0. The fundamental
solution of (0.1’) was constructed by perturbation method in [5]: U(¢, s)
=>w U, s), where U(¢, s) is the fundamental solution of (1.5) and

m—1\

(1.10) U, 1, s):Stan, PBlU,, (o, $)do — StUm_l(t, B (o, s)do .

Let x be any element in ®. —(3/2s)U/t, s)x=Uyt, s)A(s)x was
shown above. For general m,

O U (¢t six — ?.S’U (t, VB Uo, s)xdo
as m b as s m—1 ) (A ]

— U, (t $)B(s)x— StUm,l(t, #)B(o)U,(, $)A(s)xdo

= —U,_ [t siBs\x—U,(¢, s)A(s)x,

m-—1\

where we used the easily verified fact that (9/0s)B(a)U, (o, s)x = Bls)(2/05)
Uyo, s)x. Hence,

éas' Ult, s'\x = Basmi:;) Ut s'x
= Uyt $)A(s)x— mgl (U,,_(t, $)B(s)x+ U, (t, s)A(s)x)
= —U(t, sYA(s)x—U(t, s)B(s)x .
Consequently, the uniqueness for (0.1) is also proved.

Theorem 1.1. Under Hypotheses 1.1°-2.3°, the solution of (0.1) is
uniquely determined in s<t<>b by the initial condition at t=s and the
vight member f(t). The fundamental solution U't,s) whose existence was
shown in 5] satisfies

(1. 11) . aas Utt, s)x = UL, s)Als\x+ Ult, s)B(s)x ,.

Sor any x €D in a<s< t=<b.
Next, we also assume that (9/9¢)B(t, s) is Holder continuous in ¢:
(1.12) [[(@/2t)B(t, s)— (2/oT)B(T, s)|| = |[(A/{t)— A" (TWA(s)™|
—.<:.H,t_'rlw7 H\/Or 0<“§1’
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and we will show the boundedness of (9/2s)U(¢, s), s< ¢, for the equation
(1.5) (B(t)=0) under this additional assumption. We denote by K’
constants which depend also on H and « besides the constants appearing
in Hypotheses 1.1°-2.3°.

Lemma 1.1. The following inequalities hold :

(1. 13) “ (at >R(t ) HSK’U 9,
“8 R, (t, S)HSK’K"‘ 2£(tﬁ_§%f for m=2.

Proof. The first one is a direct consequence of

(1. 14) (aa; +2 )Rl(t, 5)

:4Am—mwwm«ummm+mm—AwN§+§ymmnwmm

and the assumption (1.12) and the uniform boundedness of the second
term on the right member which can be easily shown. Further, taking
into consideration that

Ry(¢, E)d&”gKg dE KIOg__S_

Rt )R8, 5 ” _ i

| o

for s< o<t, we may write
(1. 15) a—ast(t, s) = S (Rt o)~ Rt 9) = R(a, s$)do
LR, s)S <éa+ 35>Rl(0, s)do—Ry(t, s)R(L, s).

Noting that log (1+x)<x for x=0, we see that the norm of the first
term is bounded by

t Cersy/2
KS ~~~logt—sdo-=KSt Tl e K S' log! = Sdr < K.
so—S s t—o t— Sdctisd/2 t—o

Clearly, the remaining terms of the right member of (1.15) are uniformly
bounded. Hence, we find that (0/9s)R.(¢, s) is uniformly bounded. For
general m_>2, we have

m\

R ¢, s) — S' L o-)  Rio, s)do

If (1.13) has been proved for m—1, we have
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el | FK™ (b =0)" ™ por s prrpem—2 E—8)"7°
H os R, 5) ’1 = Ss (m—3)! Kds = KK (m—2)! °
Thus, the lemma is proved.

Theorem 1.2. Under the assumption (1.12), (0/9s)U(t, s) is bounded
for t>s and it satisfies

5) K’
(1.16) ” 55 V& 9) ” =i 5

Proof. Let us estimate the derivative of each term of the right
member of

Utt, s) = exp ((t—s)A(s)) + S' exp ((t—m)A()R,(r, s)dr
+{ exp (t-m) ) S R 7, 9)dr

Estimating as in the preceding lemma, we can show that the derivative
of the second term is uniformly bounded. That of the last term is seen
to be bounded by K'(#—s) in norm by Lemma 1.1. (1.16) is a direct
consequence of these facts.

The above theorem implies

Theorem 1.3. U(t, sy* is weakly differentiable in s and satisfies in
a<s<t

—% U, s)* = A(s)*UG, sy*, Ult, ty* = I

< K

U(t, s)* s

E
os

If p+A">1 we can obtain the same results for the equation (0.1') in
which B(t)==0.

8§ 2. The construction of the fundamental solution for (1.1’) by
the second method. In this section, we construct the fundamental
solution U(t, s) for (0.1’) by a more direct method without using a per-
turbation theory as in [5]. Those two fundamental solutions are identical
to each other due to the uniqueness theorem proved in the preceding
section. As before, we determine an operator R(f, s) so that

@1 Ul s) = exp (t—)AW)+ | exp (=) Am)Rer, s)ar

should be the fundamental solution of (0.1’). Let us determine R(Z, s)
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as the solution of

@.2) R, 5)- [ (A@)+ Bt~ Atr)) exp (=) Am)R(r, 9)ar
= (A(?) + B(t)— A(s)) exp ((t—$)A(3)).
We put R,(¢, s)=(A(¢) + B(#)— A(s)) exp (¢ —s)A(s)).

Lemma 2.1. R(t, s) is strongly continuous in s and t in as<_t=<b
and satisfies

(2.3) IR(2, )| = K(E—s)P"".

Proof. By Lemma 1.1 in [5], we have only to show the continuity
of B(t)exp (t—s)A(s)), but it is clear.

The integral equation (2.2) can be solved by a successive approxim-
ation method :

(2.4 R(t, s) = IR, (8, 9),

where R, (¢, s)= St R.(t, o)R,,_.(c, S)do, m=2, 3, ---.

Lemma 2.2. The series (2.4) converges uniformly in a<s<t=0b in
the uniform operator topology in the wider sense, and the sum is strongly
continuous in the same region and satisfies

(2.5) IR(, $)I| = K(£—s)"""

Proof. The lemma follows immediately from

IR, sy < BLEPESITZ oy 55, ..

which is easily seen by induction.

Lemma 2.3. For s<7<t, we have

(2.6) [[R(2, s)— R(7, 3)]]
t s N (e
= Kw{(t—s)(’r—s)rill"_‘_(T*S)l_"_‘— (T—s)° +(;'l?)i—2‘b—| w}

where o >0 is an arbitrary constant less than p.
Proof. We begin with the estimation of

R\(t, s)—R(T, 5) = (A(t)— A(s)) exp ((t — $)A(s)) — (A(T) — A(5)) exp ((T — 5) A(s))
+ B(t) exp ((t — 5)A(s)) — B(T) exp ((T — s)A(s)).
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In [5], the norm of the first difference of the right member was
proved to be bounded by K(¢—7)({—s)"". By hypotheses,

[[(B(t)— B(T)) exp ((t —$)AES))|| < C'(—)Mt—s) .
[|B{T) {exp ((£ — s) A(s)) —exp ((T—5)A(s)} || =
= H B('r)g:s A(s) exp (cA(s))do H

= S::: B(7) exp <% A(S)>A(s) exp (% A(s)>” do =
< K| odr = K{r—9r = =5
- Ker—sr 1= (33 T Ky (1-729)

gt =T e
=K {r=s)",

where we used that (r—s)/(f—s)< 1. Thus, we obtain

2.7 R, s)—Ry(7, s)l| = K{(t—)ME—s)P '+ (E—7)(t—s) (T —s)" '},
Noting that R(t, s)= R,(t, s)+ S: R.(t, o)R(s, s)do, we have only to estimate
[[Rit, )R, s)do— | Ryr, o)R(z, s)dor = ' R(t, o)R(o, $)ds

+[ Rt )~ Rar, )R, 9105,

in order to complete the proof. As for the first term of the right member,

g’ R.t, )R(o, s)do ” = th(t—a)"“(aws)"“do-
= Kir—sp (oo = Kt—mpie s

As for the second term, using (2.7) we have

[[(Rit, o) R, DR5, 5)do h

— T (t'_'r))\ 1 t— o—8)P !
- KSS {(l‘ ) f (t— o) (7 -~o-)1"p}( S)"do

< Kt v--frws (r— o) o — ) o - K ft —-—fr)“g (o — )P g 5) e

= Ko {t—miNr — sy - (=) — e
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Summing up the above results, we obtain (2.6).
We denote by W(¢, s) the second term of the right member of (2.1):

Wi, s) = | exo (¢—m)A)R(r, s)dr .

By Lemma 2.3 and the uniform boundedness of (0/0f+0/2s)exp ((t—s)
A(s)) which was proved in [5], we obtain as in [5]:

2.8) gt Ult, s) = A(s) exp ((t—$)A(s))
+ St A(r) exp ((t—P)A()(R(r, s)— R, 5))dr

-+ St< o + a-) exp ((t—7)A(T)R(¢, s)dr
s\ot oT ’
+exp ((t—s)A(s))R(Z, s).
The following inequalities are easily obtained using Lemmas 2.2 and
2.3:

(2.9) W2, 9l = K(t—s),

fg A7) exp ((t—T)A@)R(, 5)— R(t, s))dr ” = K(t—s)"

V(a% * é%) exp ((t—m)A(m) R(t, s)d H < K(t—s),

[l exp ((t—$)A(S)R(E, s)ll = K(E—s)""".
Hence, we have
(2. 10) lI@/at)W(t, s)ll = K(t—s)"",
(2.11) I(@/an)Ult, )|l = K(t—s)™".

The similar results hold for A(2)U(¢, s) and it is easily verified as in [5]
that U(t, s) constructed above is a fundamental solution of (0.1%).

Theorem 2.1. There exists a unique fundamental solution U(t, s) of
(0.1"), which satisfies

o ~ K —~ K ) = K
Zue o= 5 nanue = K isoue i< K
§3. Holder continuity of the derivative of the solution.

In this section, we consider about the Holder continuity of the
derivative of a solution of (0.1). For the sake of simplicity, we assume
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that B(#)=0 throughout this section. Hence, (2.5) and (2.6) reduce to
3.1) - [|R(, $)|| = K exp (K(f—s)).

3.2) IR, 9)—Rr, 9ll < K (ATt —m) log 1 =2).

We begin with the Holder continuity of (9/9t)U(¢, s). The result
about the first and last terms of the right member of (2.8) are easily
obtained, i.e.

t—T
(3.3)  IIA(s) exp ((£—$)A(s)) — A(s) exp ((T—)A(S)| = K =93’

3.4) llexp ((£—$)A(s)R(Z, 5)— exp ((T—$)A(s))R(7, 5)||
_ t— t—s t—s
=K (z‘————s+ (t—7) log i:+log q;—:;é) .

As for the second term,

S' Alo) exp ((t — D) A@)(R(o, 5)— R(t, 5))do

: A(o) exp ((r— o) A(@))(R(c, 5)— R(7,s))do

S

- S' A) exp ((t— ) A(e))(R(o, $)— R, $))dor
S
|

:{A(o—) exp ((t— ) A()) — A(o) exp (T — ) A(e))}
(R(O-) S)—R('Ty S))dO’ .

It is easy to see that

d t—7 t—s
HSTA(o)exp((t—o)A(a))(R(cr, $)—R({, s))do ” < K{t—_-ng (¢ —fr)<10g ooy 1)} ,
|, At0) exp (¢t~ ) AR, ) Rer, 9o |

t—T t—s t—s
Using log x = x*/px for 0< <1 and x_>1, we get
|
|

S: {A(o) exp (¢ —0)A(0)) — Alo) exp ((T— ) A(0))} (R(o, 5)— R(, s))do ”

s(t—ao)T—0o)\T—
t— t— 1-
r;-;:;log i::+ Kyt —7) (T —s)*,

T 1 — _ —
= KS kl (T Z+(T—O') log :_—(—i)da'
K

=
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with an arbitrary constant x such that 0<Tu<1.
Finally, we estimate the difference of the third term of (2.8):

S(a% a“‘)exp((f o)A(e)R(t, 5)do
S (a—a‘+§>exp<<'r—<r>A(a>>R<fr, s)do

3.5 =[(Z+2)exo(t-0)Ae)RE, s)do

-\ -\

e

-I @

-1
{<§+ )exp((t— o)A(U))—<— 9 >exp((‘7'—0')A<o'))}do-.R(t’ 5)
(ag >eXp (r—0)A(0))do(R(2, 5)— R(T, s)).

Using the easily verified fact that (2/97+9/30)exp((r —a)A(s)) has a
strongly continuous first derivative in » satisfying

H 22+ 2exp (r—mden | = X

we see that the norm of the second term of the right member of (3.5)
is bounded by K{—(—7)log(t—7)+(—7)log(t—s)+(t—7)}. Estimating
remaining terms in (3.5) in a obvious way, we find that the norm of
the left member of (3.5) is bounded by K(f—7){1+ log(t—s)(f—)'}.
Summing up, we obtain

Wi(t, s)— = W(r, s)’
for s<+ <t ,

where p is an arbitrary constant such that 0<“u< 1. Thus, we are led
to

(3.6) = Ku(t—7)"Ht—s)"(r—s)"

5

Theorem 3.1. The first derivative in t of the fundamental solution
Uz, s) of (0.1) with B(t)=0 satisfies in as<t<b

-2 Utr, 5) ”gK-.?JrK (t=m) =9

5.7 F—s)(r—s) s

e
where u is an arbitrary constant such that 0< p<_1.

We proceed to the solution of the inhomogeneous equation (0.1) with
a right member f(¢) satisfying

3.8 Ifltllfly = sup FO+ sup IAD=SON oo,
0y<{1.-
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First, we note that we can estimate the difference of each term of
the right member of

3.9 %S exp ((t— o) A(0)) f(o)dor = S:Am exp ((t— ) A(@)(f (o) — F (1))dor

+S(aat aa>exP (£ — o) A(e)) £ (£)do + exp (¢t — $)A(s)) £ (£)

just in the same way as we did for (a/at)gtexp((t—a)A(a))R(a, s)do, us-
ing (2.8) instead of (3.2), and the result is

| 2{ exp (¢ AN £lo1dr— 2" exp (7= o) Alo)) (o) |

= k{(t—)(1+10g% %) +1og L~ SHifllo+ Kol Fllte )",

where ' is an arbitrary positive number less than . It is easy to see .
that

| 2w, fiorde— 2 Wi, )fio)de | < K(t =l fll+ Kt =7V *I Iy,

with 0< w<1. Hence, we obtain
Theorem 3.2. For f(t) satisfying (3.8), we have

| 200t o) (1o~ 2[ Utr, o) flo)der|

< K(t—)( A +10g =) 1Al + Kot =) 11l

where « is an arbitrary constant such that 0< o < 4.

§4. Higher derivatives of the solution. In this section, we assume
also that

4.1°. A(t)A(s)' is twice and B(#)A(s)™' is once continuously differen-
tiable in ¢ for each s.

4.2°. B'(1)A(s)'=(0/at)(B(t)A(s)™") is Holder-continuous in # in the
uniform operator topology :

(4.1) [| B (£)A(s) ' = B (T)A(s) || = Gyt —|*.
4.3°. B’(t) satisfies the following inequalities :

4.2) [B'(2) exp (TA(s)) || = C,r°™



Equations of Evolution 157

(4.3) [[(B’(t)—B'(r)) exp (TAS) || < Cilt—7r |27, 0<IA<1,

where p is the same constant as in (1.2).

In this section, we denote by K constants which depend on the con-
stants appearing in (4.1)-(4.3) besides the ones in Hypotheses 1.1°-2.3°
and (1.4). The meaning of K, etc. would be clear.

Lemma 4.1. For a<s<t<b and m=1, 2, ---,

(4.4) Rit, s)| < K-, (2 + 2R, 9| = Koplt— sy

“ ot ot 8

Proof. The first inequality follows immediately from

O Rt $) = (A1) + Bt)— A A(S) exp((¢— ) A(s))
+ (A'(¢) + B’(t)) exp((t —s)A(s)) .
The second one for m=1 is a direct consequence of

2 aa)exp (—$)A(s))

+(A(t)+ B’'(t)— A'(s)) exp ((£ — s)A(s)).

(aat a)R(t s) = (Al)+ B(t)— A(s))<

For general m, it can be proved by induction noting

(22) 0t - ({5 2) it i
. + S: (2, 'r)<aa,r a(),>R(fr s)dr .

Lemma 4.2. For a<s<t<b, we have
a t
(4.5) H 87S R, o)do ” < K, (t—s)™".

Proof. For sufficiently small positive %, we have

'fc%gt_h R, (t, o)do = R, (¢, t—h)+ V_h o R, (¢, o)do

- S:"’(aat +2 )R (t, o)do+ R, (¢, 3).

- Letting 2] 0, we get

4. 6) gzg_:zemu, )do — S(;t +2 >R (t, Yo+ R, (1, 5).
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The inequality (4.5) follows immediately from (4.6) and the preceding
lemma.

Lemma 4.3. For a<s<t<b, and m=1, 2, -+, we have

4.7) R s) ]}<K (t— sy ‘

“a . 2 R, s) H<K(t 5.

Proof. The above inequality can be proved by induction using
O Rt s) = 2R, (¢ o)R R.(t, s))d
ot Wty 8) = Ssat m-1(t, o) (Ry(o, s)—R,\(2, s))do
t
+§;S R, _.(t, 6)doR(t,s) for m not very large,
%Rm(t, s) = St% R,_.(t, o)R (o, s)do for m sufficiently large.

Lemma 44. For a<s<_b, we have with any a, 0< a<_1,

4.8) “%Rl(t, -2 R, 5) “gK{(f__s';Bfﬁ T Zs)z_p},

@9 | 5Re, 9-S R )|

(t—T)> t—T (t—m7)*
= K, {(T—S)l_"_'_(t—s)(q'—s)zf‘s_'_ ('r-s)2+‘”‘2p} ’

(4. 10) (2Rt 9~ (5o 2 )Rt 9|

(t—) t—
=K G o)

@1) |( S+ 55 R 9~ (S + SR, 9|

(t—7)* t—7 (t—7) (t—m)*
g Km {(t _s)l—P + (t—S)('T—S)l_p + (T—S)]—P—i_ (,T_S)l-ras—zp} °

Proof. (4.8) and (4.10) are easily obtained. (4.9) follows from
2 t o
aa‘tRm(l‘» S)—'a‘;; R, (7, s) = STé_l‘ R,,_.(t, o) (R (o, s)—R,(t, s))do
(O )
+S <é7¢ Rm—l(t? 0') "a.;- Rm—l('T» U)>(R1(0'y ) _RI(T) S))do‘
+<§fStRmﬂ1(t’ O-)do-_éa;-STRm—l('T, O‘)d0'>R1('T> S)

N (gf.s:R’”“(t’ ")d">(Rl(f» S)—R\(7, s)),
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for not very large m, and

o e ("/ 2 9
at Rm(t’ S)b—é,r Rm<'7', S) = Ss (é-t Rm—l(t) O') _a—,r Rm—l('r’ 0-)> Rl(o—) S)dO'

+Sl§; R, _.(t, o)R (o, s)do, for sufficiently large m.

(4.11) can be shown similary.
Under the assumption 4.1°-4.3°, (0/2t)U(t, s) can be expressed as
follows :

5 U, $) = As) exp (=AW + | A) exp (¢~ AMIR(r, s)dr

@.12) +{' (555 )exp((t—m AR, s)dr+ [ explt—n) AN Z;Rer, S)dr
+exp((t —s,)A(s))R(s,, s), (s <s,<2).

The derivatives in ¢ of the first, second and last terms of the right
member can be obtained easily. As for those of the remaining terms,
we can write them down in a form similar to (2.8) noticing Lemma 4.4.
We can estimate all those derivatives using the above lemmas. Thus,
we obtain

Theorem 4.1. Under the assumptions 4.1°-4.3°; the fundamental solu-
tion U(t, s) has a second derivative in t satisfving

A

4. 13) “ 2 £

Next, we consider the differentiability of the solution of the inhomo-
geneous equation. Let us assume that

4.4°. f(¢) has a Holder continuous first derivative in a <<t <b.

Lemma 4.5. The following inequalities hold -

ottos

(4. 14) \Kat as)W(t S)H<K(z‘ 5’ a<a >W(t s)ﬂ<K(t P,

Proof. The first one is a direct consequence of

<88t 85‘>W(t s) = S<at 87) exp ((¢ —7)A(T))R(r, s)dr

S exp ((£— T)A(T))( §S>R<¢ s)dr .

Using Lemma 4.4, we can express (0/0t)(0/ot+0/as)W(t, s) explicitly
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and obtain the second inequality of (4.14).
Now, we show the existence of the second derivatives of both terms
of the right member of

S' U, o) f(o)do = S’ exp ((t— o) Alo)) f(o)do+ S:W(t, o) (o) do .

As for the first term, we can express the derivative explicitly as we did
t
for S exp ((t—o)A(c))R(c, s)do. But, in the present case we need not

divide the interval [s, ¢] into two parts as we did for the latter, so the
computation is a little simpler this time. As for the second term, we
rewrite its first derivative in the following form:

51 Wit, o) flords = | (S SWt, ) flo)do+ Wik, 917(6)

+ S Wi, O')d—{l—(o_i) do .

Hence, by Lemma 4.6 we get
t9 /0
tzg Wit, o)f(e)do = Ssé t(a -

+ S:gt Wi, o) d‘;;f;i) do .

Theorem 4.2. Under the assumption 4.1°-4.4°, the solution x(t) of the
inhomogeneous equation (0.1) is twice continuously differentiable. Further-
more, for each t, dx(t)/dt €D and A(t)dx(t)/dt is continuous.

3 >W(t o‘\f(o‘)do*+ = W, s)f(s)

Proof. The first half of the theorem has already been proved. The
last half is a direct consequence of

x(t+h)—

x(#) _
AQ) ) h{ xX(t+h)— x(t)}

- LA+ m— A xit +h)~% (FE+R)— Fit)

and the closedness of A(¢).

Theorem 4.3. In addition to the assumption of the preceding theorem,
if we assume that for each t, f(t) €D and for some r, A(r)f(t) is continuous
in t, then the solution x(t) of the inhomogeneous equation (0.1) satisfies
that A()x(t) €D for each t and A(t)’x(t) is continuous in t.

Proof. Under the assumption of the theorem, A(¢)f(¢)= A()A(r)™}
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A(r)f(¢) is also continuous in ¢ and the right member of A(#)x(¢)=dx(¢)/dt
— f(¢) belongs to D by the preceding theorem. By applying the above
theorem to U(¢, s), we obtain

Theorem 4.4. Under the assumption 4.1°-4.3°, the range of (9/0t)
Utt, s)(= AU, s)) is contained in D for each s and t and A(t)(o/2t)
Utt, s)(=A@)YU(t, s)) is strongly continuous in t in s< t<0b. Furthermore,
it satisfies

A@Y U, s)l|=lA@)(/at) UL, s)l| = (T_K.T)

§5. Generalized solution. We denote by B,[a, b] the set of all
strongly measurable X-valued functions whose norms are L?-summable
in [a, b].

After Solomiak [4], we give the following definition.

DErFINITION. x(¢) is said to be a generalized solution of (0.1) of class

5I§,,(1<p<oo) if it satisfies the following conditions :
1. For a< t< b, x(¢) is absolutely continuous and belongs to .
2. x(¢) is strongly differentiable almost everywhere.
3. dx(t)/dt and A(f)x(¢) belongs to B,[a, b].

For a given f(¢) in B, [a, b], we put

olo 1) = ([N o) reear)”

Theorem 5.1. If f(t)e®,[a,b] and if S:“’("(; F) 4o oo for any
finite number ¢ >0, then S U(t, o) f(o)do gives the solution of (0.1) of class
B, in s<t<_b with vanish;ng initial value for any s.

Proof. We have only to estimate each term of the right member
of (3.9) and S:% W(t, o) f(oc)do for a smooth f(#). We begin with the

first term of (3.9). Let ®(f) be any element in B,/ a, b] where 1/p+1/p’
=1 and % is replaced by its conjugate space ¥X'.

X:(S:A((r) exp ((t— o) A(@)( f(o)— f(8)do, (p(t))dt
= SL’SZ“S{A“ —0) exp (cA(t —o))(f (t—a) —f (1)), q»m}dadt
ol bS ;{A(’ — o) exp (GAE— ) (F(t— ) — F(2), ¢(t)}dtd¢r .

Hence, the absolute value of the left member is not larger than
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b—S(rb C B B
So Sm;"’f@‘ o) — 1)l @)l dids

=" re—o—rwnea)”([" npenrar)” as

eftes [ imora)”

Thus, we obtain

(L

= cjbf"(%?ﬂ do .

0

IA

S:A(cr) exp ((t— o) A(e))(f (o) — f(t))do det>w

In a similar way, we get

(5

The estimation of the remaining terms is trivially obtained.

1/p

[ 5 Wit oiftonds | at)” < B (1) pipyear)

§ 6. The equation in which A(Z) has a variable domain.

Let us weaken slightly the assumption of the independence of D(A(f))
of ¢+ and assume that D(A(f)) changes smoothly with £ in the sense of
T. Kato [2]. Namely, we assume that A(#) satisfies Hypotheses 1.1°
and 1.4° in §1 and the following slightly weaker Hypotheses than 1.2°
and 1.3°.

Hypoteses 6.1°. There exists a bounded operator-valued function
R(¢) with a bounded inverse and with a Hdélder continuous first derivative
R(t) in a<t<b such that the operator A(#)=R(#)A()R()™* has a domain
D independent of ¢.

6.2°. The bounded operator B(¢, s)=[I— A(t)][I—A(s)]* is uniformly
bounded and satisfies Lipschitz condition in ¢ for each s in the uniform
operator topology.

6.3°. B(t,s) is strongly continuously differentiable in ¢ for each s.

Next, we assume that B(#) satisfies

6.4°. D(B(t)) contains D(A(t)) for each ¢.

6.5°. B(t)R(t)'R(s)A(s)™' is continuous in a<<t<_b for each s in the
uniform operator topology.

6.6°. There exist positive constants C,,C,, p<1 and A=<1 such
that

(6.1) [|B(t)R(t) *R(s) exp (TA(s))|| < C,r~~" |
(6. 2) I(B)R'(¢')*— B(t)R(t) ") R(s) exp (TAS)|| < C, | ¢/ —¢|w~=P |
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for a<<t¢, ¢/, s<b and T _>0.
Evidently, R(#) maps D(A(#)) onto D in a one-to-one fashion. If we
transform x(¢) into %(¢)=R(¢)x(¢) in (0.1’), we obtain

(6.3) dz(t)/dt = A)x(¢)+ B(t)x(¢),
where
(6. 4) B(t) = R®)B(t)R(t)™ + R()R@®) ™.

B(t) is closed because it is the sum of a closed operator and a bounded
one. By exp(tA(s))=R(s)exp (tA(s))R(s)™* and the uniform boundedness
of R(#), R(t) and R(#)7, it is easily seen that Hypotheses 1.1°~2.3° are
all satisfied by A(¢) and B(t) instead of A(#) and B(¢) respectively replac-
ing the constants M, C etc. by other suitable ones if necessary. Hence,
there is a unique fundamental solution U(Z, s) of (6.3):

2.0, 5) = (A + BunT, s),

(6.5)
Us,s) =1,
satisfying
(6. 6) ll(@/at) U, s)I| < K(t—s)",

”A-(t)lj(t’ S)“ g K(t_s)—l ’
|1B@) U, s)ll < K(E—s)*,
6.7) o(Ut, s)x)|3s = — Ult, s)(A(s)+ B(s))x for any x€D.
U(t, s) has the following form
(6.8) Ul¢, s) = exp ((t—s)A(s))+ W2, s),
where W(t, s) satisfies
W, s)| < Kt —s)°, [(2/oHWE, 9)l| < K(t—s)""",
AW, )| < K(E—s)", [IB@YW(L, s)|| < K(t—s)*".

The fundamental solution U(f, s) of the original solution (0.17) is
easily seen to be given by
(6.9 U(t, s) = R@)*U, s)R(s).
Let x by any element in ©D(A(s)). Then,
r{U(t, s+h)—U(t, s)}x
= R@)*h~*{U(¢t, s+h)R(s+h)— U(t, s)R(s)} x
= R@)'U(¢t, s+h)h {R(s+h)— R(s)} x + R(#) " {U(t, s+ h)— U(¢, s)} R(s)x.
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By R(s)x€ D, (6.7) and (6.4), we get
lim 27 {U(t, s+ h)— U(t, s)} x
h=>0

= Rt Ut, R(s)x— R Tt, $)(A(s)+ Bls)R(s)x
= —U(t, s)(A(s)+B(s))x .

Thus, we obtain

Theorem 6.1. Under Hypotheses 1.1°, 1.4° and 6.1°~6.6°, there exists
a unique fundamental solution U(t, s) of (0.1'), defined in a<s<t<>b with
the following properties -

(6. 10) Ult, s) is strongly continuous in a<<s<<t<b,

(2/at)U(t, s), A(t)U(t, s) and Bt)U(t, s) are bounded for
a<s<_t<b and they satisfy

(6.11)
2 K K K
S U 9| = K amue = K 1sove ol = =5
(if we set U(t, s) = R(t)'R(s) exp (¢ —s)A(s))+ W(¢, s),
then W(t, s) satisfies
(6.12) ¢ [[W(2, o)l < K(t—s)*, |[(0/at)yW(t, s)I| < K(t—s)*,

and
IIBYW(2, s)l| < K(t—s)*".

(if x€ DA(s)), then Ult, r)x is strongly differentiable
(6. 13) inr at r =5 and

éaé U(t, s)x = —U(t, s)(A(s)+ B(s))x .

Theorem 6.2. If f(t) satisfies one of the following conditions :

(6. 14) f(¢) is Holder continuous ,
or

(6.15)  f(t) e D(A()), and A(t)f(t) and f(t) are strongly cotinuous,

then the solution x(t) of the inhomogeneous equation (0.1) corresponding to
the initial data x(s)=x is given by

(6. 16) x(t) = UG, s)x+§: Ult, o) f(o)dor .

Proof. In fact, the replacement x(¢) =R(t)x(¢) and fF(¢) = R(¢)f(¢)
transforms (0.1) into
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(6.17) dx(t)/dt = (A(t)+ B(t)x(t)+ f(2).

As f(t) satisfies one of the following conditions: f(#) is Holder continuous ;
or f(t)eD, and A(t)f(t) and f(¢) are strongly continuous, in accordance
with the assumption about f(¢), x(f) is given by

#(8) = O, s)R(s)x+ j' 0t, o)f(o)do .

If we return to the original notation, we obtain (6.16).

For the solution of the equation considered in this section, we could
easily deduce those results similar to the ones proved in the previous
sections under Hypotheses 1.1°~2.3°. '

(Received March 13, 1960)
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