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A Class of the Equations of Evolution in a Banach Space

By Hiroki TANABE

§0. Introduction
We consider in this note a special class of the equations of evolution
0.1) duldt = Atyu+f(1)

in a Banach space under the Hypotheses 1°~4° described in §1. The
most restrictive one of these hypotheses is 4°, and so this type of
equations is modelled on parabolic differential equations. The existence
of the fundamental solution U(Z, s) of (0.1) is known under Hypotheses
1°~3° only (T. Kato [2]). However, when Hypothesis 4° is also satis-
fied, we can construct the fundamental solution U(#, s) by another method
which makes it easy to deduce various properties of U(# s). In con-
structing U(Z, s), we use E. E. Levy’s approximation method with respect
to the time variable.

In §1, we consider the general theory of the present class of
equations and it is shown that 29U, s)/9f (=AU, s)) is a bounded
operator and its norm is bounded by C(f—s)~' with some constant C. In
§ 2, perturbation theory is considered. The perturbing operator corre-
sponds to a lower order term in case of differential equations and satisfies
less restrictive condition about smoothness in time variable than A(%).
In §3, we give an example and in §4 we consider higher derivatives of
U(t, s) under a more restrictive assumption about the differentiability of
A(#) in t. Finally, in §5 we consider a special case which includes the
case of a parabolic differential equation in the whole Euclidean space.

The author wishes to express his deepest thanks to Professors M.
Nagumo, K. Yosida and T. Kato for their kind advices and constant
encouragements during the preparation of this paper.

§1. The fundamental solution
We consider the equation of evolution
(1.1) dx(t)/dt = A@) x(B) +f(D), a<t<b

and the associated homogeneous equation
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(1.1) dx(@t)/dt = A() x(?) .

Here the unknown x(#) is an element of a complex Banach space %
depending on a real variable ¢, while f(#) is a given element of ¥ and
A(t) is a given, in general unbounded, additive operator in %, both
depending on ¢

We denote by exp (f4) the semi-group of bounded operators which
has A as the infinitesimal generator, and by I the identical mapping.

Hypotheses 1°. A(#) is defined for a<<#=<b and is an infinitesimal
generator of some semi-group of bounded operators for each £

2°. 1) The domain ® of A(#) is independent of #, 2) the bounded
operator B(t, s)=[I—A(®].[[—A(s)]" is uniformly bounded for a<s,
t<<b, 3) B(t s) satisfies Lipschitz condition in ? for every s in the
uniform operator topology.

3°. B(t, s) is strongly continuously differentiable in ¢ for every s.

4° for each s and ¢ with a<{s<{d and ¢ >0, (d/dt) exp (tA(s)) is a
bounded operator and there are positive constants C and £, such that

1(d/dt) exp (tA(s))I| = ||A(s) exp (tA(s))|| = C/t,

for any s and #<¢,.
Regarding Hypothesis 4°,

Theorem. Under the Hypotheses 1°, 2° and 3°, Hypothesis 4° is
satisfied if and only if there exist positive constants C, and T, such that
Sfor every T with |v|=7, and every s with a<s=<0b, we have

1.2) A+ - AN = C/ .

The proof is quite the same as that of Theorem 1 in K. Yosida [5].

In order to simplify the notation, we shall write A(f) instead of
A(t)—1. Then there are positive constants M and K such that for every
t, s and 7,

(1.3) ABDAE) =M and [[(A@®)—A@)AG) < K|t—7]
We determine an operator R(Z, s) so that
(L. 4) Ult, s) = exp ((F—S)A()) + S'eXp (t—m)A@)R(r, s)dr

should be the fundamental solution of (1.1’). As preparation, we shall
prove some lemmas.

Lemma 1.1. exp ((£—5)A(S)) and (A(f)— A(s)) exp ((t—S)A(S)) are uni-
Formly bounded and strogly continuous in s and | simultaneously in
a<s<<t<b. As t—s| 0, the latter tends to O strongly.
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Proof. exp ((t—s)A(s)) has a norm not exceeding one, so it is
uniformly bounded. By (1.2) and (1.3) we have

[[(A(f) — A(S)) exp (£— ) A < |I[(A() — A() A(s) || [|A(s) exp ((£— 5)A(S))]]
< KC.

Hence, this is also uniformly bounded. Next, we must prove that for
every x€%
exp ((t'—s")A(s")x—exp (t—s)A(s))x — 0 and
(A@)— A(s) exp (' —s")A(s)x— (A(t) — A(s)) exp ((t—5)A(s))x — O

strongly as #—t and s’—s. But, by the uniform boundedness of those

operators, we have only to prove the above convergence for every x €.
For x€%, we have

|lexp ((¢/—s")A(s"))x—exp ((—3s)A(s))x||
S’ " (d]dr) exp (rA(s) xdr ” _ S

t-s

=[t'—s'—t+s|M||A)x]l

t/-s

exp (tA(s")A(s ) xdr |

|
t-s |

for any » with a<r<b, And, we have
llexp ((t—s)A(s"))x—exp ((£—)A(s)x |
_ H S:—s(d/dzr) {exp (cA(s")) exp (({— s— o) A(s)) %} do ’
_ H g' exp (cA(S))(A(s") — A(s)) exp (— s— o) A(s)) vdor ”

= S:_SH (A(s)— AN AE) | [|A®)x|lde -0 as s —s.

Thus, the strong continuity of exp ((—s)A(s)) is proved. Next,
(A(t)— A(s) exp ((¢' —s)A(s"))x— (A(t) — A(s)) exp ((t— ) A(s))x
=(A(t')—A(s") — A@t) + A(s)) exp ((¢'—s)A(s)x
+ (A(t) — A(s)) {exp ((#'—5")A(s")x—exp ((t—5)A(s))x} .

The norm of the first term does not exceed K(|#'—¢|+|s'—s]|)||A(s)x]].
The second term is equal to

(A(t)— A(){A(s") T exp ((¢'—s)A(s) A(s") x— A(s) " exp ((£— 5) A(s)) A(s) x}
=(A(t)— A(s)A(s") ' {exp ((¢' — s")A(s")) A(s") x— exp ((2— ) A(s)) A(s) x}
+ {(A@) — A()A(s) ' — (A(t) — A(5)) A(s) '} exp ((—$)A(s)A(s)x .

According to the continuity of exp ((f—s)A(s)) proved above the first
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term of the right member tends to 0 as #'—¢ and s’—s. The conver-
gence to 0 of the second term follows from
(A@) —AG)A) = (A@) — A(s)) A(s) ™!
= (A@)— A A(s) (A(s)— A(s") T Alr) T AN A(s)) !

for any fixed » with a<<r<{b. The convergence of exp ((f—s)A(s)) to I
as t—s| 0 is easily seen. The last part of the lemma follows from

(A(2) — A(s)) exp (F—s)A(s)x = (A@)— A(s)A(s) ' exp ((t— ) A(s)A(s)x

for any x€® and the uniform boundedness of the operator. (q.e.d.)
For the time being, we assume that R(Z, s) is strongly continuous
in a<<s<¢<b. Put

t—h
(1.5) Uyt s) = exp ((t—s)A(s))+S exp ((t— T A@@)R(r, s)dr,
for sufficiently small positive number 4. The integral exists as Riemann
integral in the strong operator topology due to the strong continuity of

the integrand. Then, for any x €%, we have
@/t U,(t, s)x—A@)U,(t, s)x = exp (hA(t—h))R(t—h, s)x
~ ("0 - A exp (- AR, xdr— (Al)— A) exp (- HAW)x.

If we know that (9/20)U,(t, s)x — (2/28)U(t, s)x and A@U,L, s)x —
A@U(L, s)x, we obtain by letting % tend to 0

(@/at)U(t, s)x— AU, s)x
—R{, s)x— S’ (A — A(7) exp ((t— ) A()R(r, s)xdr
— (A(t)— A(s)) exp ((£—95)A(s))x

using Lemma 1.1. So, in order that U(Z, s) should be the fundamental
solution of (1.1’), R(#, s) must satisfy the following integral equation :

w6 Rit, ) | (AW~ A) exp (=D ARG, 9d-
= (A(®)— A©) exp (t—HA®) .

The above integral equation can be solved by the method of successive
approximation. We define R, (¢, s)=(A(f)— A(s)) exp ((¢—s)A(s)) and

Ro(t, s) = | (A6)— Ar)) exp (=D AWR, . (r, s)dw

_ S’R,(t, AR, (¢ dr, for m=2,3, .
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In order to show that R(Z, s)= i]Rm(t, s) is really the desired solution

of (1.6), we prove the following lemma.
Lemma 1. 2. ng(t, s) is strongly continuous in s and t simultaneously
n a<s<t<bh. Th—e Series converges in the uniform operator topology.
Proof. By Lemma 1.1, we have ||R,(¢, s)||<<KC. If we have proved
that ||R,,_.(Z, s)|| < (KC)” (¢t —s)"?/(m—2)! for some m=1, we have
1Rtt, 1= [ IR D)1 1 Rystr, 911 dr

= | & -9 m—2)t dr
= (KCO)™(t— )"/ (m—1)!
Thus, we obtain
IR, 911 < 3 IR, (¢, 8) || = KC 33 (KC(t— )"~/ m—1)!
= I;C exp (KC(t—s))
R,(¢, s) is strongly continuous in s and ¢ by Lemma 1.1. We assume
that R,,_,(¢, s) is also continuous in the same sense. Let s, £, s’ and ¢

be any positive numbers in the closed interval [a, &] satisfying s< ¢

and |s'—s|< 7, |¥—t|<n for sufficiently small positive 5. Then we
have, for any x €%,

R, (t/, s"x—R,(&, s)x
= ( Sjﬂ—l— S:,_)Rl(t’, 7)R,,_ (T, &) xdT— ( S

+ S (R(t', T)R,,_,(r, ') — R\(t, T)R,,_.(r, 5))xdr .

+

S+n

+ S’ >Rl(t, PR, (v, s)xdr
t-m

s

The norm of the first and second term of the right member can be made
arbitrarily small by making # sufficiently small. The integrand of the
last term tends to O as #—¢ and s'—s. With the help of the uniform
boundedness of the integrand, this implies the convergence to 0 of the
last term for any fixed 5. Hence, R,(f, s) is also continuous in the same

sense mentioned above. The series i‘Rm(t, s) converges uniformly with
m=]1

respect to s and # even in the uniform operator topology, so the sum
is also strongly continuous in s and ¢ simultaneously. Consequently, it

follows that R(Z, s)=§]Rm(t, s) is really the solution of (1. 6).
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Lemma 1.3. For any a<s<7<t=b, we have
.7 IR(Z, $)—R(r, 8)|| = K,(t—7)(t— )"+ K,((— )" (t—7)""",

where K, and K, are positive constants independent of s, v and t, and p
is any positive number less than one and K, depends on p.

Proof. R,(t, s) — R,(r, s) = (A(¢) — A(7)) exp ((£—5) A(5)) + (A(T)— A(9))
{exp ((t—s) A(s)— exp ((r—$)A(s))}. The norm of the first term is
bounded by KC({—7)({—s)™". As for the second term, it is equal to

A -AW) [ @/de) exp (cA(s)do
— (A(t)— A(s))A(s) ™ S::A(s)z exp (¢A(s))do .

And we have

[ Ay exp (A | < [ 114 exp 2704 IIdo

T—S

< A4C(t—7)(t—5) " T—9)".
Hence, we obtain
[|R\(2, 8)—R(, ) || =< (KC+4C°K)(t —7)(t—5) ' = K,(t—7)(t—9)",
defining K, by the above equation. For general m, we have
R.(t, $)—R.(r, s) = StRl(t, AR, (o, s)do— StRl(t, AR, (o, $)do

= [R(t, IR,,(o, 9o+ | (R, @)= R, o) Ryl o

The norm of the first term is bounded by (CK)™(¢—s)” *(t—7)/(m—2)!,
and hence by (CK)"(t—s)**"*(t—7)'"?/(m—2)! for any p with 0< p<1.
The norm of the second term is bounded by

((m—2))~" S:Kl(t—T)(t—O')'l(CK)'"‘l(a—S)”"Zda
< (CKY" K (m—2) | (=)t —0)) (e~ 5" ds,

where we used the inequality (f—7)(t—o)'<1, so by
K (KC)"'B(p, m—1)(t —s)**" 3t —7)' P/ (m—2)! .

Hence, we obtain
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1R, )—Rr, 91| = K(t—m)(t—5)"+ 33 {(CK)"(t— 5"/ tm—2)!
+ K, (KC)"'B(p, m—1)(—98)""*/(m—2)'} (¢ —s)*(t—7)'""°
= K,(t—m)(t—9) "+ K (t—5)° (¢ — )"~

for a suitable K,.

Lemma 1.4. ext (t—S)A(S)) is strongly differentiable is s and t and
(0/ot+2/0s) exp ((t—s)A(S)) is uniformly bounded in a<s<t<b.

Proof. For any x, we have

h~'{exp ((t—s—h)A(s+h))x—exp ((t—s)A(s))x}
=h"'{exp (t—s—h)A(s+h))x—exp ((t— s)A(s+ h))x}
+h 7 {exp ((t—s)A(s+h))x—exp ((t—s)A(s))x} .

The first term is equal to
—h~(exp (RA(s+h))—1I) exp (E—s—h)A(s+h)x
— Shexp (GA(s+ 1) A(s+ ) exp ((t—s—h)A(s+h)) xdo .

However,

exp (cA(s+h)A(s+h) exp (¢ —s—h)A(s+ k) x— A(s) exp ((t —5)A(s))x
=exp(cA(s+h){A(s+h)exp ((t—s—h)A(s+ h))x — A(s) exp (t — s) A(s)) x}
+(exp (cA(s+h)) —1)A(s) exp ((£—3s)A(s))x,

and A(s+h)exp (t—s—h)A(s+h))—A(s) exp ((t—s)A(s)) is uniformly
bounded as #—0. So, from its convergence to O on a dense subspace D,
we can conclude its convergence on the whole of X. exp (cA(s+h)—1
converges strongly to 0 as %2} 0. Hence, as % | 0, we have

exp (cA(s+h)A(s+h) exp (E+s+h)A(s+h))x— A(s) exp (E—9)A(s))x .
Next, we consider the second term. First, we assume x€®. Then,

h='{exp ((t—s)A(s+h))x—exp ((£—s)A(s))x}

e S:_s(d/do) {exp (cA(s+ 1)) exp ({—s—)A(s))x} do

= (" exp (A + )R AL+ 1)~ A©) exp (- s—a) A(s) 2

t-s

(t-sH/2
[ =,

0
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I= St_s exp (O'A(S+h))h_l(A(S+h)A(S)_l—[)(—a/ao-) exp ((t—s—a)A(s))xdo

(t—5)/2
= —exp ((t—)A(s+m)h (A(s+hAS) "' —Dx
texp ((F—$)A(S+h) [ 2h(A(s+ A " —I) exp ((F— ) A(s)/2)x

+ S:__s y A(s+h) exp(cA(s+h)h T (A(s+h)A(S) ' —I)exp (t—s—a)A(S))xdo .

The norm of the integrand of the last integral is bounded by
2CK||x||(¢—s)"', so it is uniformly bounded with respect to A It is
easily seen that as 2—0

A(s+h) exp (AGS+R))E T AS+RAG) =Dy —
A(s) exp (cA(s) A'(s)A(s) "y

for any fixed y and o. Hence, we have

I — —exp (t—95)A(s)A'(s)A(s) 'x

+exp ((£—s8)A(s)/2)A’(s)A(s) ' exp ((t—$)A(S)/2)x

7 A9 exp GAGDADAD)  exp (t—s—o)A(s)xdo
as n)| 0.

Similarly, we get

—-8)/2
17— S(t exp (cA(s)A’(s)A(s) *A(s) exp ((t —s— o) A(s)) xdo
as h)O0.
From the above proof, it is clear that

[[A7*{exp (1 —s—h)A(s+h)x—exp ((t—5)A(s)x} || < (2K+2CK) || x|

for any x €D, This enables us to remove the restriction x €®. Summing
up, we obtain

(0/0s) exp ((£—9s)A(s))x
= —A(s) exp ((t—9)A(s))x —exp ((t—5)A(s) A () A(s)'x

L8 +exp (27 (t—s)A(s) A’ (s)A(s) "t exp (27 (t—5)A(s))x
(1.8) t-s
—1—5 y A(S) exp (cA(s))A'(s)A(s) ' exp ((t —s—o)A(S))xdo

(t-sd/2

N SU-s)/zeXp (O-A(s))A(S)A/(S)_IA(S) exp ((t-s—o-)A(S))xdcr

for any x€X. It is easily seen that the right member is strongly
continuous in s and ¢ simultaneously in @¢<s<f=<b. The uniform
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boundedness of (3/2t+3/3s) exp ((t—s)A(s)) follows immediately, In fact,
we have

(1.9) || (©/to+2/3s) exp ((t—S)A(>s)) || = 2K(1+C)

By Lemma 1 and 2, it follows that U(¢, s) defined by (1. 4) is strongly

continuous in s and ¢ simultaneously in a<s<<¢{=<h. For any x€Z%,
we have

AU, s)x = A(t) exp (t—S5)A(s))x
" SH'A(t) exp ((—m)A() (R, )x—R(t, s)x)dr

-+ gt_hA(t)A('r)‘1(8/8t+8/afr) exp ((t—7)A(T)R(¢, s)xdr

+{"" @remA®AW ) exp (t—n) ARG, )xdr

+ At A(t—h) " exp (RA(t—R)R(¢, $)x
+A()A) ™ exp (1—9AW)R(E, 3),

where we used the strong continous differentiability of A(HA(r)™* in =
which follows from the that of A(r)A(f)”. By Lemmas 3 and 4, the

convergence of the third and fourth terms as # | O follows. Thus, letting
h tend to 0, we obtain

AU, s)x = A() exp (t—35)A(s)x

n StA(t) exp ((t—m)A() (R(r, $)x—R(, s)x)dr

(1.10) S’A(t)A(T)~1(a/at+8/aT) exp ((¢—7)A(T))R(t, s)xdT

+A@)A(s) ™" exp ((E—9)A())R(E, s)x
+ S:(@/’a'r)(A(t)A('T)“) exp ((f—m)A()-R(t, s)xdr—R({, ) .
Similarly, we obtain
@/aHUE, $)x = A(s) ext (£ —5)A(s))
L1y ) A exp (t=A)RE, R, 9)xdr
+ S:(a/ama/aﬂ exp (t—m) AR, 8)xd7 + exp (— ) A(S) R, 5)%.
In deducing this relation, we use that U,(t s)x and (9/9HU,(¢ s)x

converge uniformly in the wider sense in s<7#=<b, which can be verified
easily. Using (1.10), (1.11) and (1.6), we can verify directly the equality
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(@/28U(t, s)x = A@t)U(t, s)x for any x€X. This relation is also easily
varified by noticing that (2/28)U,(¢, s)x— A(t)U,(¢, s)x converges to O as
2] 0. From (1.10) and (1.11), it follows that (2/2t)U(¢, s) or A(H)U(E, s)
is a bounded operator for s<'t whose norm does not exceed H(f—s)™
with some positive constant H. Summing up, we obtain

Theorem 1.1. The operator U(t, s) given by (1.4) is strongly conti-
nuous in s and t simultancously in a <s<t<>b and strongly differentiable
in t for any fixed s in s<t<b. (2/a3t)U(t, s) and A@)U(¢, s) are bounded
operators for s<_t and there hold the following equality and the initial
condition :

(1.12) @/at)U(t, s) = AU, s), Uls, s) =1,

t.e., U(t, s) is a fundamental solution of (1.1). The operator U(¢, s) satis-
fying the above conditions is determined umiquely, and for s<r<t the
Sollowing relation holds :

(1.13) Uit, s) = U, n\U(r, s) .
There exists a positive constant H such that
[[@/ot)U(t, s)|| = [A@UE, )| < H(E—9)""

Jor a<s<t<b.

The uniqueness and the relation (1.13) follows from Theorem 1 of
T. Kato [2]. Thus, U(Z, s) constructed above is identical to the one
constructed by Kato. Hence, it follows that A(f)U(Z, s)A(s)™* is uniformly
bounded and strongly continuous in e <s<¢{<b. This also can be veri-
fied directly using (1. 10).

Next, we consider the inhomogeneous equation (1.1). If, for every
t, f(t) belongs to ® and A(»)f(f) is continuous in ¢ for some 7, the
solution x(¢#) of (1.1) in s<¢<b which satisfies the initial condition
x(s)=x is given by

(1. 14) ©(t) = Ult, )5+ S'U(t, 7) f(r)dr,

(see Kato [2]). However, for Holder continuous f(#), we may drop the
assumption f(¢) € ® under our Hypotheses 1°~4°.

Theorem 1.2. If x is any element of X and f(¢) is Holder continous
na<t<b:

(1.15) & —fn | =Flt—r|*, F>0, 0<v=1,
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then (1.14) gives the solution of the inhomogeneous equation satisfying
the initial condition :

1.16) x(s) = x.

Proof. Here and hereafter, we denote the second term of the right
member of (1.3) by W(t, s):

(1.17) Wit, s) = S'exp (t—T)A(@)R(r, s)dr ,

It is clear that (a/at)st Wi, =) f('r)dfr—S B/at)W(t, 7) f(r)dr and
A S:W(t, T) f(7)dT ~S AWt ) f(r)dr, because both of the right mem-

bers exist due to the uniform boundedness of the integrands. Next, as
in deducing (1.10) and (1.11), we obtain

/21 | exp ((t—m)Am) ftmdr = [ Awr) exp (t = A)(fir) —F@)dr

+ St(a/at+a/a«r) exp ((t—7)A)) f(t)dT +exp ((t — ) A(s)) f(?)

and

A ( exp (@—mAm) fmar = | AW exp (t—1 A7) —F@dr
+{ awame/at+a/om exp (t—m) Al fDdr

[ eran®am exo (t—nAm) ft1ar
—F() + AW Als) " exp (— HAS) F(E) .

Hence, both of the left members of the above equalities exist. By the
relation

/ot | v, nrmar—ro-an| " ve, o fmae
— U, t— R M),

the left member tends to O as #| 0. Summing up the above results, we
obtain the proof of the Theorem.

Theorem 1.3. If, for some s, lim,,(t—s)||(3/2) UL, s)||<e™, then
the domain D of A(t), a<t<b, is the whole of X and A(t) is bounded
for every t with a<t<b.

Proof. This follows immediately from

lim,, (¢ —9) || (/20 U(t, s)|| = lim,, (£ —$) || (3/21) (£ —35)A(s)) ||
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and Theorem 10.3.6 of Hill and Philips [3] (in p. 311).

Next, we assume that similar hypotheses are satisfied by the adjoint
system {A*(#)} : Hypotheses 1*. The domain of A*(#) is dense in the
adjoint space X* of X (consequently, A*(#) is the infinitesinal generator
of a semi-group whose norm does not exceed one for each #). 2% The
domain ©* of A*(#) is independent of # and the bounded operator B’(Z, s)
=[I-A*{#)][I—A*(s)]™* is uniformly bounded with respect to s and ¢.
B’(¢, s) satisfies Lipschitz condition in ¢ for every s in the uniform operator
topology. 3*. B'(f, s) is strongly differentiable in ¢ for each s and (2/9f)
B'(t, s) is strongly continuous in £.

Combining 1* and Hypotheses 1°~4° about A(f), we can conclude
that for each s and ¢ (0/2f)exp (tA*(s)) is bounded and satisfies the
inequality

(1.18) |I(2/01) exp (2A*(s)) || = || A*(s) exp (tA*(s)) || = Ct™*.

By our convention of notations about {A(#)}, A*(#) is replaced by
A*()—1. Hence, with some positive constants M* and K*, we have

|| A*(#)A*(s)'|| =< M* and

@19 [[(A*(2) — A*()A*(s) || = K*|t—7]

for each s, ¢ and 7.

We can construct the fundamental solution U’(4, s) of the adjoint
equation :
(1. 20) —(d/ds)v(s) = A*(s)v(s) +g(s) ,
as we did for the quation (1.1). Namely, first we define R'(¢, s) as the
solution of integral equation

t

R, 9)+ || (A%(r) — A¥(5)) exp (1~ AKNR, 7
= —(AX(t)—A*(s)) ext (£ —5)A*(?)) .

(1.21)

R’(t, s) is represented as R'(¢, s) = 2 R)(t, s), where R s)=
—exp ((¢—s)A*(#)) and

R’Ir,l(t, S) = (—1)mgt(A*(T)—A*(S)) exXp ((‘T_S)A*('T))'R‘n,n—l(t) ’T')d'?’ ’
for m=2,3, ---. With the help of R'(Z, s), we may define U'(¢, s) by

(1.22) U s) = exp (F—s)AX(t)) + Stexp (r— ) A*(T)R'(£, 7)dr
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It is easily seen that U'(Z, s) defined above is the fundamental solution
of (1.20):

(1. 23) —(@/os)U’'(t, s) = AX(s)U'(t, s) and U'(t, 1) = 1.

As in the case of U({ s), we can show the following two relations :
AX(s)U'(L, s) = A*(s) exp ((t—s)A*(2))
+ S' A%(s) exp ((r— $)A*@) (R (¢, 7)— R'(t, 5))dr

1.24) —St(a/ o) (A*(s)A*(7)™") exp ((T—S)A*(T)R'(2, s)dT

+ S:A*(S)A*('r)‘l( —3/3s—0/a7) exp (T —$)A*())R'(t, s)dt—R'(t, s)
+ A*(s)A*(2) 7 exp ((£—S)A*()R'(¢, 3),
—(3/2s)U(t, s) = A*(t) exp ((t—s)A*X(t))
+{ 4% exp (9 AKNRE, )~ R 9)dn
(1.2 —e;p ((2—$)AX()R'(L, s)

¥ S’( _/as—3]a) exp ((r—S)AX(T)R(L, s)dr |

With the help of the above relations, we may prove the inequality :
(1. 26) 1(@/2s)U'(t, s)|| = [|A*(s)U'(¢, ) || = H*(¢—s)™"

with some positive constant H*.
For any x €% and x* € ¥* we have

0= St((a/a‘r)U('r, Sx— A U(r, s)x, U(t, 7)x¥)dr

~| (W, 95, —(a/en)U(t, T)x*—AXUt, ) w¥)dr
= (sx, U*(¢, s)x*)—(x, U'(¢, s)x*) .

Hence, we obtain

(1.28) U't, s) = U*(, s)

i.e., the fundamental solution constructed above is normal in the sense
of S. D. Eidelman [1], and

(1. 29) —(2/2s)Ult, s)x = U(t, s)A(s)x for x€D
(1. 30) (0/2t)YU*(t, s)x = U*(t, s)A*(¢)x* for x*eD*,
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Hypothesis 4° is not necessary for deducing (1.28)~(1.30). By differen-
tiating both sides of U({, s)=U(t, )U(r, s) with respect to s and ¢, we
obtain 2°U(t, s)/atos=(o/at)U(t, r)(2/3s)U(r, s). Setting r=(t+5)/2, we
get

(1.31) [o°ULt, s)/otos|| < 4HH*(t—s)™".

Similar inequalities holds for A(¢)/(2/3s)U(t, s), A(t)U(t, s)A(s) and
(a/at)U(t, s)A(s), the last two of which have the unique bounded exten-
sions.

Lemma 1.5. Under Hypotheses 1°~4° and 1¥~3*, the unique bounded

extension of St exp (¢t —7)A(7)) R(r, s)dr A(s) is wuniformly bounded in
a<s<t<b.

Proof. First, we notice that
1(I—A@)AS)x|| = [|(I—A*S)AX() ¥ x || < K*|t—s|||x]] for xe®D.

We have with s,=(f+s)/2

S:lexp (2 —7)A(7))(A(T) — A(5)) exp ((t — $)A(s))dT A(s)x ”

S:‘A(rr) exp (£ —m)A(r))(I— A(T)*A(s))A(s) exp ((r—s))xdr “

= SS1C(t—rr)-1K*(¢—s)C(¢—s)*l||x||d¢ = CK*||x]l.

and

!S exp (£ —TA(T))(A(T)— A(s)) exp (7 — ) A(s))dr A(s)x H

[ exo (t—mAmNAM - A(s)) exp (27— DA ALS)
‘ exp (27(r —s)A(s))xd7 || < 4C°K | x| .
Hence, we get

S exp (E—m)A()R\(r, s)dr A(s)x “ < CUK+K*)| x| .

Let us assume that for some m=1 we have

S' exp ((t—m)A(T)R, (, s)drA(s)x ”
< K*m =10 (4K 4 K¥)(E — )" || 2 ||/ (m—1)! .

Then, we have
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exp (¢ —7)A(T))R,,..(T, s))dr A(s)x

I

Stexp ((t—7)A(T)) STRm(‘T, a)R\(o, s)dodT A(s)x
= St S:exp ((t —T)A(T)R, (T, o)dr(A(c)— A(S)) exp ((o— ) A(s))daA(s)x
= [ exp(t=mAENRtr, )ir AN~ Al) AN A(s) exp (o) Al

Using the assumption of the induction we get

S:exp (t—7)A(T)R,,..(T, s)dT A(s)x “

= S’K*m—lcm“(‘iKJr K*)(t—o)" ' K*C||x||/(m—1)! do
= K*"C™ (4K + K*)(t—s)" || x||/m! .

Thus, we obtain

H S:exp (¢t —T1)A(T))R(T, s)dr A(s)x “
< C4K+ K*) exp (CK*(t—9)) || x| . (g.ed.)
By (1.11) and (1.29), we have

(3/ot+2/2s)U(t, ) = (3/3t) Wit s)—S’eXp (=) A()R(r, s)dT A(s) .
With the help of Lemma 1.5, we obtain

Theorem 1.4. Under the Hypotheses 1°~4° and 1*~3*, (2/2t)U(¢, s)
+(3/2s)Ult, s) is uniformly bounded in a<<s<t<b.

§2. Perturbation theory. In this article, we consider perturbation
theory under rather restrictive assumptions :

Assumption 1) A closed operator B(t) is defined in a<<¢{<b, whose
domain contains the domain D of A(?).
2) A bounded operator B(f)A(s)™! is continuous in a<t<b for every s
in the uniform operator topology.
3) There exist positive constants C,, C,, p<1 and A<1 such that

|| B(t) exp (TA(s)) || < Cyr=a-»,
|| (B(#')— B(#)) exp (TA(S)) || < C, |t/ —¢|7~»

for a<t, ¥/, s<b and T >0.

(2.1)
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Under the above assumptions, we consider a perturbed equation
(2.2) (d/dt)x(t) = (A(t)+ B(#))x(t) +f(2) .

The fundamental solution V(#, s) of the above equation is formally
given by the series:

(2.3) Vi, $) = 3 Unlt, 9),

where U,(t, s)=U(t, s) and U, (¢, s):S‘U(t, &) B)U,, (o, S)do, m=1,2, -+ .

U,(t, s) is also written in the following form :

2. 4) Untt, $) = | Unslt, )B&)Ulo, 9)do,

s

and we use this form mainly in the sequel.
Lemma 2.1. For any &, V' and s in the closed interval [ a, b, we have

| B(r)U(t, 5)|| < Cy(t—s) %"

2.5
@5 [[(B(#)—=B(#)U(o, s)|| < C,|t' —t|Mo—s5)""P
with constants C, and C, independent of t, t' =, o and s.

Proof. By (2, 1),
1BEOWE, 91 = | [ Ber) exp (¢t —mA)Rer, sy |
<{'ci—n-amsup IR, 9)lldr = p='C, sup || R(r, 5)]I(¢~s)"

Similarly, we get ||(B(t')—B(#)W(Z, o)| < C,|#' —t|*p (¢ —0o)’ sup || R(7, $)]|.

Lemma 2.2. B(a)U(t, s) is strongly continuous in o, t and s simul-
taneously and stromngly differentiable in t and the derivative satisfies :

(2. 6) (3/2t)B(a)U(t, s) = B(a)(d/2t)U(t, s) and
(2.7) [1(3/28)B(a) U2, s)|| < Cy(t—5)""2,
with some constant C, independent of t, s and o.

Proof. We first consider the derivative of B(c)U,(¢, s)x. For k>0,
we have

(A){B(a)U,(t+At, s)x—B(o)U\(t, s)x}

@8 (A1) {B(c) exp ((t -+ At —5)A(s))x — B(o) exp ((£ — ) A(s))x}
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1 (Af) g”‘”_h () exp (£ + A —m)A(r)R(r, s)xdr

t—h

+(Af) St—h(B(o) exp (£ + At —1)A(r)) — B(o) exp ((£—7)A(r)))R(r, s)xd .

S

The first term is easily seen to converge to B(c)A(s)exp ((£—s)A(S))x
as At—0. It is also easy to show that the second term converges to
B(c) exp (hA(t —h))R(t —h, s)x, if we remark that 2°>0. Finally, we con-
sider the last term. For s< < t—h, we have

B(c){exp ((t+ At —7)A(T)) —exp ((t —T)A(T))}
= B(c) exp (27'hA(T)) {exp ((t+ At —T—h)A(T))
—exp ((t—T1—h)A(T)) exp (27'hA(T))}

= B(o) exp (27'hA(T)) S:Ht-’—hexp (rA(r))dr A(7) exp (2R A(T)) .

-T—h

Therefore

(2.9) (At)*{B(c) exp ((t+At—7)A(T)) — B(c) exp ((t—'r)A('r)}R('r, S)x

=Blo)exp 2 hAmAH [ exp (rA(rdr A(r)exp @ HAMR(T, 5)x

T—h

tends to

B(o) exp (27'hA(T)) exp ((t — T —h)A(7))A(T) exp (2R A(T))R(7, $)x
= B(o)A(7) exp ((t —T)A(T))R(T, s)x
for any fixed 7 in [s, £—%] as Af—0. Thus, we can conclude the con-
t—h
vergence of the last term to S B(a)A(T) exp ((t —7)A(T))R(, s)xdr, if
we notice the uniform boundedness of the integrand which is implied
by the relation (2.9). So, we have proved that
(0/2t)(B(a)U (¢, s)x) = B(o)A(s) exp ((£—)A(s))x

+ B(o) exp (RA(E — 1)) — R(t —h, $)x-+ gt—hB(zr)A(fr) exp ((f — 1) A(T)R(r, s)xd
— B(o)(3/21)U(t, 9)x.

The middle memter of the above equality is written as

B(o)A(s) exp ((t — s)A(s))x + B(c) exp(hA(t —h))R(t —h, s)x
t—h

+ B(o) S " A(7) exp (¢ — ) A(P)(R(T, s)—R(¢, s))xdr
— B(o) exp (HA(t—h))R(t, s)x
+ B(o) exp ((t—)A()R(E, 5)x .

+ B(o) S —h(a/at+a/aT) exp ((¢—7)A(T))R(L, s)xdT
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Noting that by Lemma 1. 3.

|| B(o) exp (BA(t —h))R(, s)x — B(c) exp (RA(t—h))R(t —h, s)x||
< ChP K It —s) " + KR (t—s)}
=C,Kh*(t—s)"+C,Kh " (t—s)*

for sufficiently small p’, we obtain the relation
(2/3t)B(a)U(t, s)x = B(a)A(s) exp ((£—s)A(s))x
+B(o) S’A(T) exp ((t—)A(P)(R(r, 5)— R(, s))xdr

+B(o) S’(a/at+a/aT) exp ((t —m)A(m)R(E, s)xdr
+ B(o) exp ((t —s)A(s))R(L, s)x
=B(a)(0/2t)U(t, s)x
We estimate each term of the right member of the above equality :

[| B(a) A(s) exp ((£ —$)A(s))x]|
< || B(c) exp (27t — $)A(s)) || [| A(s) exp (27t —S)A(S) ] [ % ]|
=22"PCC,(t—5)"?||x]| .

1Bo) " Atr) exp (¢t~ ) AT)(R(r, )~ Rit, )|
= ["11B(e) exp (27t —m) A(r)) () exp (27t =) A()(R(T, )

—R(2, s))x|ldr < StCI(Z“(l‘—'T))"“C(Z“(l‘—’r))‘l{Kl(l‘—'r)(lf—S)”1
+E(t—s)(t—7)""} || x||dr
S27PCCAKp =8+ K(p—p) 't —5)} | x]] .
As for the third term, the uniform boundedness of (¢—7)'~*||B(c)(3/0¢
+9/o7) exp ((t—7)A(7))|| which is easily verified proves that the term in
question is bounded by const.(f{—s)?||x||. It is immediately seen that

the last term is bounded by const.(f—s)**||x]||. Thus, we have proved
the lemma.

Lemma 2.3. For any m=1, we have
(2.10) U, $) || < {CI(p)(t— )P}/ T"(1 +mp),
(2.11) [|B(a)Un(t, $)I| < {C,I(p)E—s)°}" [ T'((m+1)p)(t—5) .

The above inequalities are easily obtained by induction.
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Lemma 2.4. We have with s,=27(t+5s)

(0/at)U(t, s) = St A(o) exp ((£ ~0)A())(B(o) — B(2))Ulo, s)do

+ St (o/ot+2/o0) exp ((t —a)A(a))B(t) Uls, s)do
+exp (27 (t— ) A(S)BB Uls,, 9)

2.12 t
@12 S exp ((t—a) A(e)B()(3/20) Uls, 5)do

+ S A(o) exp ((— o) A(e))B(o) Ulo, 5)do

+ St(a/at) W(t, o)B(o)Ulo, s)do,

AW, 5) = | Alt) exp (=) ANB() ~ BO)Uie, S)d

+ S; A(t)A(o) " (0/0t+2/30) exp ((t — o) A(0))B(t) U(o, s)do

—B@U(t, s)+ A(t)A(s) " exp (27t —S)A(s))B(H UL, s)
@213 -+, (B/RANAMAG) ™) exp (t-)ALNBO UG, $do

+\ A()A(o) ' exp ((t—a)A(e))B(t)(2/20) U(o, s)de

1

s
t

+{. At exp (- AENBULo, 5)do
[ a6ywit, 2B U, s)do.

+

Il(@/a0) U\, )|l < Ci(t—s)*,

(2.14)
IA@)ULE, ) || =< C(t -9,

where C, and C, are constants independent of t and s.

The deduction of the above relations is tedious and troublesome, but
no special technique is needed. So we omit the proof.

The following two lemmas are easily proved by induction.

Lemma 2.5. For m_>1, we have
(2.15) /3., 5) = S'(a/at) U,,_.(t, #)B(@U(s, s)do,

(2.16) ARU(E, s) = S'A(t)Um_l(t, #)B(c) Ulc, s)do .

There hold the following inequalities :
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(2.17) 1(@/3) U2, 8) 1| = CLC,L(p)(E—$)*)"[C, I (mp)(E—)

(2.18) LA U, s) || = CLCL'(p)(E—$)°)" [ Cl (mp)(E—) .
Lemma 2.6. For m=1, we have the following relations :

(2.19) (2/at)U,(t, s) = A@)U,(t, s)+B(t)U,,_.(t, s).

Using the lemmas proved above we can conclude that the series (2. 3)
converges in the uniform operator topology and that V(¢, s) is strongly
continuous in ¢ and s simultaneously in ¢a<s<¢t<b. Furthermore, we
can operate 2/9f, A(f) and B(f) term by term, and V(¢ s) is shown to
be the fundamental solution of the equation (2.2). Thus, we have

Theorem 2.1. Under the assumptions 1), 2), 3) on B(t), the operator
V(t, s) defined by the formula (2.3) gives the unique fundamental solution
of the equation (2.2) with the following properties :

(2.20) V(¢ s) is strongly continuous in t and s simultaneously in

a<s<t<b,
(2.21) V(t, r) = V¢, s)V(s, 7) for r<s<t,
(2.22) I[(2/at)V(E, $)|| = Hi(t—s)7", |[A@B)V(E, s)|| =< H(t—9)""

IBAV(E, )| < Hy(t—s)"~"

with certain positive constants H,, H, and H, independent of t and s.

§ 3. Example. As an example, we consider a parabolic differential
equation with real coefficients :
u(t, x)/ot = _i}laij(t, x)0'u(t, x)/ox;0x;
3.1 n y
G0 + 23 b.(t, x)oult, x)/0x;+c(t, x)ult, x)+f(t, x)
in a bounded domain ¥ €G and ¢ <¢{<b. We assume that
1) 9a;(t, x)/ot (i, j=1, ---, n) are continuous in G x[a, ],
II) 2%a;;(t, x)/0x,0%,, Oa,;,t, x)/9x,, Obi(t, x)/0x,, b,(t, x) and c(¢, x)
are continuous in G x[a, b] and Holder continuous in # continuous
in Gx[a, &].
We put D;=9/0x;, i=1, - ,n, A(t) =23 a;lt, x)D;D;
and B(t) = X b,(¢, x)D; +c(t, x).
We consider the following functional spaces in G:

C(G): the set of all complex-valued infinitely differentiable functions
with compact support in G.
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L*(G): the set of all complex-valued squarely integrable functions in G.

H,: {u|lueL’g); the distribution derivative D*u € L*(G) for every «
with |a|<m}.

Iofl: the closure of C3(G) in H,.

According to Nirenberg [4], A(f)—AI maps Fjl,r\H2 onto L¥G) in
one-to-one way for sufficiently large real number A for every f€[aq, b].
By considering e *u instead of #, we may assume that A(f) itself has
this property.

As preparation we consider an equation with sufficiently smooth
coefficients independent of ¢.

A= Z a;(x)D;D;+ 2 b(x)D;+c(x).

Lemma 3.1. For some real number o, we have
(3.2) hm Vil Di(@+~/—17)—A) | < oo
Proof. We use notations in K. Yosida [6], pp. 111 and 112. For a
pair (r, w), |7|>2m’B, satisfying
[Iml((@ 4~/ =17 A)w, w)| < /|| —m?B [lw]| [w]],,

we have

(Il =m'B) Nlw~mB |lwl} =< /Tr| —m’B llw] llw]l],,

which implies /v —=m'Bllwll = v2mB+1|lwll,. Thus, for such a pair
(r, w) we have

| Re(((@+ /=1 M- A)w, w)| = (§—mBv)||w]|}
= (8—mBv)(| 7| —m*B)/*(2mB+ 1)/ ||wl| [lwll, .
Thus (3.2) is proved.

Lemma 3.2. Let T, be the semigroup with A as its infinitesimal
genevator. Then D,T, is bounded and

1?01 Vit 1D T, || < oo
Proof. The representation of T,:
Tau = (27i) SeM(M—A)-ludx, u eD(A), >0,
where the integration is performed along the path A(s)=2"'a(s)+i7(s)

(see K. Yosida [5], p. 339), together with the above lemma gives the
proof of the present lemma.
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SD(A(zf))zﬁ’Tlr\H2 is independent of ¢ and it is clear from the above
assumptions and lemma and the results given in K. Yosida’s papers
that the Hypotheses given in §1 are all satisfied. If we consider B(¢)
as a perturbing operator, then B({) also satisfies the assumptions given
in §2. Thus we can construct the fundamental solution U(¢, s) for the
equation (3.1) and that of its adjoint equation and they satisfy the
estinates given in the corresponding theorems. We do not discuss here
whether the solution U(?, s)qf>+gtU(t, o) f(o)do corresponding to the initial

data ¢ and the right member f is a classical one of the mixed problem.

§4. Successive derivatives of U(t, s). We consider here successive
derivatives of the fundamental solution U(#, s) under the more restrictive
assumptions about the smoothness of A(#)A(s)™*.

Lemma 4.1. (0/0t+0/3s) exp ((¢—s)A(s)) converges strongly to 0 as
t—s} 0.

Proof. Because of the uniform boundedness of the operators we
have only to show its convergence to 0 on ®. This convergence follows
from

()2t +2/2s) exp ((t — $)A(s))x
= S:sexp (cA(S)A'(S)A(s) " exp ((t —s— ) A(s)A(s)xdo .

We assume that A(#)A(s)™* is twice continuously differentiable in ¢
in the uniform operator topology for every s.

Lemma 4.2. (9/0t+9/0s)R,(t, s) and (2]3t+2/3s) exp ((t—s)A(S))
are uniformly bounded and the former tends strongly to 0 as t—s | 0.

Proof. From the relation
(9]t +2/28)R,(t, s) = (A'(t)—A'(s)A(s)™* exp ((£ —s)A(s))
+(A(t)— A(s))(o/at +2/s) exp ((t—$)A(s)),

We can prove the uniform boundedness of the former. Its convergence
to 0 as t—s | 0 can be proved as in Lemma 4.1. The uniformbounded-
ness of the latter is also proved similarly.

Lemma 4.3. R(¢, s) is twice continuously differentiable strongly in ¢t
for every s and the derivatives satisfy the estimates :

1(@/o0)R(E, s) |l = L./t —s, |l(2/0t)R(t, s)|| = L./(¢—s)*.
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We omit the tedious proof of the above statement.
Under the assumptions made in this article, we can write the
derivatives of U(t, s) as follows (s,=(f+5)/2):

(3/at)U(t, s) = A(s) exp (£ —s)A(s)) + g A(7) exp ((t—m)A(T)R(, s)dr
n S’ 3/t +9/37) exp ((t —7)A()R(r, s)d

+exp ((£—s)A(s)R(s,, s)+ SI exp ((¢—7)A(m))(2/o7)R(, s)dT .

S1

(2/2t)2Ut, s) = A(s) exp ((t—s)A(s))
+ SSI A(rY ext ((t—7)A(T))R(T, s)dT

+ S (3]t +3/37) exp ((t — ) A()R(r, s)dr

+ (81/8t+ 9/0s,) exp ((t —s,)A(s,))R(s,, s)

+zs: (3/0t+3/37) exp ((t—T)A(r))(3/om)R(r, s)dr

+A(sll) exp ((¢—s,)R(s,, s)+exp ((¢—s,)A(5,))(3/2s,)R(s;, 5)
+ S' exp ((t—m)A())(B/ar)R(, s)dr .

Similar formulas are obtained for A(#)*U(¢, s), (9/2)(A(#)U(t, s)) and
A(t)(3/at)U(t, s). Thus we obtain

Theorem 4.1. Under the assumptions made above (3/2t):U(t, s),
A@)z?U(L, s), (0/at)A)U(L, s)) and A(t)(2/at)U(t, s) exist and their norms
are bounded above by H,[(t —s)* for some positive constant H,. If Hypothesis
1¥~3* for {A*({)} are satisfied, then

(2] at)(2/as)Ult, s), (2/at)(a]as)Ult, s), (2/at)2Ul(t, s)A(s),
(2/at)Ut, $)A(s);, (2/at)2U((t, s)A(s)? etc.
all exist and satisfy the similar estimates as above.

When A(#)A(s)™* is differentiable more times, we can obtain similar

results for the higher derivatives of U(Z, s) than two.

8§ 5. We consider a special case where each commutator A(#)A(s)
— A(s)A(¢) satisfies the following conditions :
1) (A@)A(s)—A(s)A(2)A(s)*A™ is bounded where A may be taken
as one of A(t), a<t<b,
II) for some positive constants N and M<{1.

[ (A(DA(s) — AS)AENA(S) AT | =< Nt —9)*.
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In this case we may replace the differentiability of A(f)A(s)™* in
Hypotheses 2° and 3° by its Holder continuity in # with exponent A:
[[(A()—A@ENAG) | =< K(F' — ) for a<<s, t, '<b.

Under these assumptions, we can construct the Green operator U(¢ s)
and the auxiliary operator R(Z, s) just in the same way as in §1.

Lemma 5.1. For a<s<t<b, we have
[|R(, $)|| =< C,(t—s)*"*

with some constant C,. Moreover, ||A(t)R(Z, s)|| is bounded and with some

constant C,
HA@R(L, s) || < Cy(t—s)2.

Proof. ||Ry(, s)|| = [(A(¢)— A(s)) A(s) *A(s) exp ((£— ) A(s))|| < KC(¢ —s)* .
By induction, we can prove || R, (¢, s)||=(CKI'(\))"(t—s)"*~*/I"(m\). And

[|A(R\(E, s)[| = [| A()A(s) *A(s)(A(f) — A(s)) exp ((£—$)A(s)) ||
= || A(£)A(s) || {]| (A(#) — A(s)) A(s) exp ((t —s)A(s)) |

+ [[(A(H)A(s) — A(s) A(?)) exp ((t—$)A(S) (I}

< MMAC*K(t —s)* *+4C*MN(t —s)* %) = K, (t —s)* 2.

Similarly, ||[A@R;(¢, s)||<K;(t—s)** for 2=<i<m, where m, is the least
natural number satisfying maA—2">—1. By induction, it follows that
for m=1,2, ---

HA@)R,ym(t, $) | = KoL (mh — 1) (KCI'(N))™ (£ —5) ™0t ™22 [ T'((my+m)A — 1) .
q.e.d.
Using the above lemma, we obtain

(2/28)U(t, s) = A(s) exp ((t—s)A(s)) + R(Z, s)

+{ exp (=AM AR, 9dr+ [ Am) exp (1— AR, s)dr,
AU, s) = A() exp ((£—3)A(s))

n StA(t)A('r)'l exp (£— ) A()A(T)R(r, s)dr

n S A(2) exp (¢ — ) A(m)R(r, s)dr .

We have |[(9/2t)U(t, s)|| = ||[AE)U(L, s)|| < H/t—s with some positive
constant H as in the previous case.

(Received September 15, 1959)
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