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§0. Introduction.

In a previous paper with the same title, we studied linear evolution
equations of the form

(E) du/dt+AQu=f1), 0=st=T, u0)=¢,

in a-Banach space X. The main purpose of the present paper is to prove
some approximation theorems related to (E). Before doing so, however, we
find it useful to strengthen some of the fundamental results of by replac-
ing the strong continuity of certain operator-valued functions with strong
measurability.

As regards the approximation theorems, we considered similar problems
in another paper [2] under somewhat different assumptions. However, only
approximation in the X-norm was considered in [2]. In what follows we are
primarily interested in approximation in a sfronger norm.

The results of this paper are useful, among others, in applications to
nonlinear evolution equations. Such applications will be discussed in other
publications.

The paper is self-contained in definitions and statements of theorems,

but their proof heavily leans on [1].

§1. Quasi-stability.

Let X be a Banach space. We denote by G(X) the set of all negative
generators of C,-semigroups on X. A family A= {A()} of elements of G(X),
defined for a.e. teI={0, T], is said to be quasi-stable if

(LD L CAG)+2) 1 = M T (=Bt

for every finite family of real numbers {¢,, 4;} such that 0=, < ... <¢,<T,
A, > p(ty), ==, Ay > B(ty), where M is a constant and § is a real-valued, upper-
integrable function (in the Lebesgue sense) defined a.e. on I. Of course only
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those ¢; where A(¢;) and B(t;) are defined are considered in [L.1)}. The pro-
duct on the left member of is time-ordered (see [1]). We shall call the
pair {M, 8} a stability index for A.

Quasi-stability is a generalization of the notion of stability introduced
in [T], in which 8 was a constant. Some results of for stable families
can be extended immediately to quasi-stable ones. For example, is
equivalent to

(1.2) | TLexp [—s;AG0]I = Mexp [2s;8(1)],  5;=0.

Also, Propositions 3.4 and 3.5 of have obvious generalizations. Thus if
A is quasi-stable as above and if B: {— B(X) a.e. is given with ||B(-)| upper-
integrable, then A+ B is quasi-stable with a stability index {M, g8-+M|B(-)|}.
(Here B(X)=B(X, X), and B(X, Y) is the set of all bounded linear operators
on XtoY. B:I-B(X) a. e meansthat B@¥) e B(X)is defined for a.e. t I.
|B(-)|| denotes a function {— || B({)|| a.e., where || | =| || x denotes the operator

norm.)
Quasi-stability is introduced with the purpose of estimating Riemann
products

(1.3 ITexp [—(a;—a;-)A(t)],

where 0<a,=t,=a, < - =Zq,=<T. implies that the norm of does
not exceed

(1.4) Mexp [XZ(e;—a;-)B(,)].

We want to be uniformly bounded. This is true only when 3 is bounded,
if we admit all possible a¢; and ;. It will be shown, however, that there are
sufficiently many sums appearing in that are uniformly bounded, pro-
vided B is upper-integrable. In this restricted sense, quasi-stability implies
stability.

§2. A new existence theorem for the evolution operator.

We now state our fundamental assumptions for the family A= {A(#)} in
(E). These are generalizations of conditions (i), (ii”), and (iii) of [IJ, which
were not necessarily the most general ones considered in but were the
most satisfactory in the case of a general Banach space.

(i) A: I—-G(X) is quasi-stable, with index {M, 8}.

(ii”") There is a Banach space Y, continuously and densely embedded in
X, and a family S= {S(?)},c; of isomorphisms of ¥ onto X, such that

(B) SHADSH = AW+ B(@), Ble BX), for a.e. te],
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where B: I—- B(X) a.e. is strongly measurable with ||B(-)|| x upper-integrable
on I. Furthermore, there is a strongly measurable function S: I— B(Y, X)
a.e., with HS(-)IIY,X upper-integrable on I, such that S is equal to an inde-
finite strong integral of S.

(iii) YT D(A®), tel, and A: I— B(Y, X) is norm-continuous.

REMARKS. 1. (i’) is a simple generalization of (i) replacing stability by
quasi-stability. (ii””) is a generalization of (ii”), in which B and S were
assumed to be strongly continuous. (B) should hold with the strict domain
relation implied. (iii) is the same as in [1J], but see the remark after Theo-
rem L

2. Strong measurability of operator-valued functions is taken in the
usual sense {(see Hille-Phillips [3, p. 741, Yosida [4, p. 130]). Thus B is
strongly measurable if B(-)x is strongly measurable (as an X-valued function)
for each xe X. This does not necessarily mean that ||B(-)|x is Lebesgue-
measurable ; hence we assume the upper-integrability of |B(-)| x and ||.§(-)||Y,X.
The assumptions on S imply that S is integrable in the strong sense, and it
is assumed that S is one of the strong indefinite integrals. Thus we have
dS(t)y/dt:S(t)y for a.e. t= I for each y= Y, the exceptional set depending
on y. We note that S: J— B(Y, X) is norm-continuous under these assump-
tions.

THEOREM [. Let (i*), Gi”), and (iii) be satisfied. Then there exists a uni-
que evolution operator U= {U(t, s)}, defined on the triangle 4:T=1t=s=0,
with the following properiies.

(a) U is strongly continuous on 4 to B(X), with U(s, s)=1.

(by U, s)U(s, r)=U(t, r).

(¢) Ut,s)YCY, and U is strongly continuous on 4 to B(Y).

(d) dU(t, s)/dt=— AU, s), dU(t, s)/ds = U(t, s)A(s), which exist in the
strong sense in B(Y, X) and are strongly continuous on 4 to B(Y, X).

REMARK. This theorem strengthens Theorem 6.1 of [I]; note that the
properties (a) to (d) are exactly the same as in that theorem, U(f, s) being
strongly continuously differentiable in B(Y, X) everywhere. If we are satisfied
instead with a.e, differentiability, we can weaken condition (ii) to A&
LY, B(Y, X)). A similar generalization was made by Hackman [5] under some-
what different conditions, but he assumes that X is separable and reflexive.

The first half of this paper is devoted to the proof of I (and
the remark above). The proof follows the same line as in [1] but it is
rather long. The reason is that we haveé to approximate certain integrals
involving 8, B, and other functions by Riemann sums, but this is not so easy
when these functions are only measurable in the Lebesgue sense.
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§3. Construction of U.

In what follows we assume (i’), (ii”), and (iii). First we shall show that
Theorem 4.1 of is still true, but we have to modify slightly the construc-
tion of U given in [1].

Condition (B) implies that Y is A({)-admissible for a.e. { (see Proposition
24 of [T]. Let A(®) be the part of A()in Y. On the other hand, A,=A+DB
is quasi-stable with a stability index {M, 8;}, where M,=M and B, =
B+M{B(-) (see §2). Thus we see, by slightly modifying the proof of Pro-
position 4.4 of [I], that Ais guasi-stable with a stability index {A7I, B}, where
M= Mc*et™¥ and f= B, with the notation used there. (V is the total varia-

* . 3
tion of S; it is finite by ng ISy, xdt, wherej denotes upper-integral.
¢=max {sup [|Slr,x, sup [S()lx,v} is also finite.)

Now we define approximate evolution operators U, as in by appro-
ximating A by step functions A, = {I,;, A{,.)}, n=1, 2, --- (for this notation
see Appendix at the end of the paper). But the rather arbitrary partitions
{I,;} of I used in will not work, since the associated Riemann products
(1.3} may not be umiformly bounded. A more careful choice of the partitions
is necessary.

In what follows we assume, without loss of generality, that S and § are
nonnegative and Lebesgue integrable; otherwise we can replace them by
dominating integrable functions. We then choose {/,,} and the numbers
tor € Iy in such a way that sgpllnkl—>0, n—oo, and that the corresponding

Riemann step functions B, = {l., B(t,)} and B, = {4, f(t.s)} converge to f3
and 3, respectively, in L'-norm as well as pointwise a.e. This is possible
by Al and a remark after A2 (see Appendix).

With this choice of {/,,} and t,,< I,,, We construct the step function
A, = {Iy, Alt,)} and the associated evolution operator U, as in [IJ], with
obvious modifications. (For example, U,(t, s)=exp[—({t—s)A{t,)] if I, s,
and {=s) Then we have by

3.1 WU e < Mexpl|Ball, U )iy = Mexp ll Buls,

corresponding to (4.3) of [L], where || ||, denotes the L'-norm. implies
that the U,(# s) are uniformly bounded in B(X) as well as in B(Y), since
Bn— B and B,— B in L'-norm. Thus the construction given in applies
without further modification, yielding U=lim U, satisfying Theorem 4.1.
(We note in passing that Proposition 4.3 of [I] may no longer be true in
general, but we need only a special case of this proposition that is easy to
prove.)
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To prove the remaining part of I, we need some preparations.

§4. Convolution of operator-valued kernels.

In what follows we consider various vector- and operator-valued func-
tions. For f:[/— X a.e., we write

S Moy = €88 sUD U/ Dl s NS M2 = f 1Dl vt
1= I

We use similar notation for functions on 4 to X. For an operator-valued
function F:/—B(X,Y) a.e. or 4—B(X,Y) a.e, we define ||Fll.,x,»y and
Il Fill,,x,r similarly. Here X, Y are arbitrary Banach spaces, and we write
i Flles,x for Il Fllo,x,x. In all these expressions, subscripts X or X, ¥ may be
omitted if there is no ambiguity.

LEMMA 1. Let G': 4—B(X',Y'") and G": 4—B(X”", Y") be strongly con-
tinuous. Let F:I— B(Y', X”) a. e. be strongly measurable with ||F|i, <oc. Then
there is G: 4d— B(X’, Y”"), denoted by G=G"FG’, such that

“.1) G, x= | :G”(t, SF()C'(s, Nxds, tred,
for each x€ X', G is strongly continuous on 4 to B(X’, Y"), and
(4.2) NG xlle = NG il Flilll G xllle

il Gllee = 1 G” il FHMC oo

where Gx denoles the vector-valued function t, s— G, s)xe Y”,

Proor. For fixed ¢,  and x, the integrand in [4.I) is strongly measurable
by A4 of Appendix. Since it is strongly integrable by || F|l; < oo,
the existence of G(¢, ») = B(X’, Y”) and the estimates follow easily.

It remains to show that is continuous in Y”-norm in {,r=d4d for
fixed x. To this end it is convenient to extend G’ and G” to the square
Ix], setting G'=0, G" =0 outside 4. Then the range of integration in (4.1
may be taken to be I, and we have

I1G(ta, 7a)x—G(E, r)x]| éjl 1G"(tn, )F (LG (s, r2)—G'(s, r)]xids

t § 167t 9671, IF(G/(s, 7 ds -

If we let {,—¢ and r,—7r, the right member tends to 0 by the dominated
convergence theorem; note that the extended kernels G”(¢, s) and G’(s, r) are
strongly continuous except possibly at s=7 and s=1.
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§5. Kernels V and W.

From U constructed in § 3 and B given by (B), we construct a new kernel
V by

5.1) V= é(—UB)’“U,

where (—UB)?U are defined successively using Lemma 1. The series con-
verges uniformly on 4 in B(X)-norm, as is seen from the Volterra-type
estimates

(5.2) HKUBYUll. = Ul Blig/pt, p=0,1,2,--.

Thus V: 44— B(X) is well defined and is strongly continuous. Similarly,
we define a strongly continuous kernel W: 4— B(X) by

(5.3) W= (VCyV,
p=0
where
(5.4) CH=S®SWH) e B(X) forae tc].

By (ii”), C: I— B(X) a.e. is strongly measurable with || Cill, < oo.
LEMMA 2. We have
(5.5) S(HU(L, s)S(s)* =W, s), 1, sed.

This is our key lemma, from which the remaining part of the assertions
of 1 follows easily as in [T]. shows directly that U is strongly
continuous on 4 to B(Y). The proof of the lemma will be given in the fol-
lowing sections.

We note in passing that

(5.6) WAUDW=U, W=3(-UD?U, D=B-C.
=0

This follows easily from

.7) VIUBV=U, W-VCW=V,

implied by and Thus W could have been constructed directly
from U, without goint through V. But we need V in the proof of

§ 6. Step function approximation readjusted.

It appears that the only method available for the proof of is
to approximate U and W by sequences U, and W, based on step function
approximations for A and B. In view of the delicacy of such approximations
and the appearance of B in addition to A, we have to readjust the partitions
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{I.;} and the numbers {,, involved. There is another complication due to
the fact that step function approximation for B, which is only strongly mea-
surable, seems to work only on a separable subspace. (The readjustment is
not necessary if X is separable. In this case it suffices to choose the parti-
tions used in §3 adapted to §, 5, and B in the sense of the remark to
A2)

Let x, = X be arbitrary but fixed; we want to show that 18 true
when applied to x,, Let X, be the (closed) subspace of X spanned by the
W(t, s)x, for all ¢, sed; X, is separable since W is strongly continuous. ,

Since C: [— B(X) a.e. is strongly measurable, there is a separable sub-
space X, of X containing x, and the C()X, for a.e. t= 1 (see A3).

Finally, let X, be the subspace of X spanned by the V(¢ s)X, for all
t, se 4. X, is separable since V is strongly continuous.

We now introduce step functions B, that approximate B in a convenient
way. Let B() be the restriction of B() on X, so that B(t)e B(X,, X) for
a.e. &. Then B:I—B(X, X) a.e. is strongly measurable with |B(-)] = | B
integrable. Since X, is separable, A2 shows that B can be approxi-
mated by a sequence of Riemann step functions B, = {I,,, B(#,.,)} in the
following sense: sgp![nkl—»() as n— oo, B,(t)— B() strongly in B(X,, X) for

a.e. t, and B, ()x—B()x in L', X) for every x< X,. Moreover, we can
achieve that 8, = {Lus, B(tn)}, fr= {Ins, Ftan)}, and b, = {Lus, b(t2)} approxi-
mate §, 5, and b, respectively, pointwise a.e. as well as in the L'-norm (see
the remark after A2); here b is an integrable function such that
B =b() a.e. Then we define also B, = {l,, B{t,,)}; B, is a Riemann
step function for B and B,(f) is obviously the restriction of B,(t) on X,
Note that the [,, and f,, are in general different from the ones used in §3;
this is why we talk about readjustment.

With the new I,, and ¢,,, we define a new step function A, = {I,;, A{t,)}
and the associated evolution operator J,. These are different from the ones
used in §3 to construct U as their limit, but we claim that the new U,
converge to the same U; we have namely the following lemma.

LEMMA 3. We have
6.1 MU,— %l —> 0, n— 00, for each x€ X.

PrROOF. As in §3, lim U,(Z, s)= U, s) exists strongly in B(X), uniformly
in f, s, and defines an evolution operator for A satisfying Theorem 4.1 of
[1] But since such an operator is unique, we must have U=1U. This
proves (6.1).

Next we define new Kernels V,: 44— B(X) by
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(6.2) V=S (- U8,
70

corresponding to (5.1)); note that U, and V, : 4— B(X) are strongly continuous.
LEMMA 4. We have

(6.3) IVe=Vixll. —0, n—oco,  for xeX,.

PrROOF. We use the identity

(6.4) Ve V=0+U,B,)  [(Uy—U)—(U,—U)BV—U,(B,~B)V ],

which follows easily from [5.1)] and [6.2) Here the operator (1+U,B,)™" is
best defined by Neumann series expansion, which makes meaningful by
the estimates similar to (5.2); note that [| B!, =<{lb,ll, =<const. Thus it is
uniformly bounded when regarded as an operator on C(4, X) into itself, and

gives
(6.5) (Va—V)xlle < const. (U~ U)xll+il(U—U)B Vx|l

UL By—B)Vxil.] .
The [emma will be proved if we show that each term on the right of (6.5)
tends to O.

For the first term, this is obvious by (6.1). The second term is majoriz-
ed by

(6.6) sup | (U~ U)X, B V(s, Dxlds,

where we suppose that U,, U, V are extended to I X I as in the proof of
Lemma 1. By Lemmal A3, there is a closed subset £ of I, with arbitrarily
small |/—E], such that B is strongly continuous on E to B(X,, X). Then
BVx is piecewise continuous on EX[f to X (note that V(s, r)x= X, because
x< X)). Hence there is a compact set S’C X containing the image of Ex[
under the map BVx. But (6.1) implies that (U,—U)#, s)¢—0 in X uniformly
for ¢, se Ex/ and ¢ ©S’. Hence the integrand of [6.6) tends to 0 uniformly
for {, r= 4 and s« £. By first choosing |/—FE| small and then n large, we

see that tends to 0 as required (note that L EIIB(s)!!a’s is uniformly small
if |I—E| is small).
The third term on the right of (6.5) is majorized by

(6.7) sup | (B, —B)(s)V(s, r)x|ds

because || U, |l =< const. (again extend V to Ix[). Since Vx: 4— X, is con-

tinuous, there is a compact set S” C X, such that V(s, Yx e S§” for s,r € IxX/.
Since B,(s)— B(s) strongly in B(X,, X) for s€[—N, where N is a null set,
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we have (B,—B)(s)¢—0 uniformly for ¢ S” for each fixed se/—N. In
other words, sn(s):——zug/ I(B,—B)s)¢[|—0, seI—N. Then [6.7) is majorized

by Len(s)ds, which tends to 0 by the Vitali convergence theorem. Note that

g.(-) = const. (|| B,()I+B(HE) = const. (b,(-)+5b(-)) satisfies the condition for
Vitali’s theorem because b, — b < L' in L'-norm (the Vitali-Hahn-Saks theorem,
see [4, p. 70]). This completes the proof of

§7. Completion of the proof of Theorem 1.

We proceed to the construction of approximating kernels for W. To this
end, we have to modify the U, and V, slightly.

For each n, let a,(f) denote the upper end of I, if { & ({4 tnpe]. We
set a,()=0if t=[0,¢t,,] and a,()=T if te{,,, T] with m the largest of
the indices k£ Thus a,: /-1 is a monotone nondecreasing step function, and
a,(t)-—-1t as n— oo uniformly in ¢

For t, se 4 let

(7.1) Unt, s)=Unan(t), az(s)),  Vialt, )= Valan(t), au(s)).

[y

These are “step functions” in ¢, s, and are in general discontinuous.
LEMMA 5. We have as n—co
(7.2) WU»—Ulxlle — 0 for xe X, V= V)xll — 0 for xe X,.

PROOF. Obvious from Lemmas 3, 4 and the uniform convergence a,(f)
—t; note that Ux and Vx: 4— X are continuous.
We now define

(7.3) Wit s)=SOURt, $)S(s)7?, t, sed.

Wit, s)e B(X) since U,(t,s) maps Y into Y (see 3.1)). Wi,: 4—B(X) is
piecewise strongly continuous.
LEMMA 6. We have

(7.4) HWo—Wixlle —> 0, n—oo.
PrROOF. We use the identity
(7.5) We=VatV,CW;,

which is an analog of the second identity of (5.7). Here both V) and W/
are piecewise continuous so that there is no difficulty in the meaning of
ViCW!. In fact the integral involved can be evaluated on each subinterval
(f2,6-1 tne), leading to an algebraic identity which is easytto verify. Since
similar identities are deduced in [4] and [6], we shalf omit the rather
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straightforward proof of (7.5).

(7.4) can now be proved using in the same way as (6.3) was proved
using Since V; and W/ are piecewise continuous, there is no difficulty
in applying the argument used in the proof of It suffices to add
the following remarks. We have [[(V;,—V)xll.—0 by (7.2) because x,€ X|,
and C(s)W(s, r)x,& X, for a.e. s and all » by the definition of X,.

PrROOF OF LEMMA 2. Fixt, s 4. We have SE) ' Wi (¢, s)x,= ULt, s)S(s)"1x,
by (7.3} Letting n—co and using Lemmas 5 and 6, we obtain S(8)"'W(t, s)x,
= Ult, s)S(s)"'x, (note that S(#)"! is bounded on X to X). Since x,= X was
arbitrary, we have proved Lemma 2.

As remarked after Lemma 2, this completes the proof of Theorem I.

PROOF OF THE REMARK AFTER THEOREM I. Only a slight change of the
above argument is required to prove the assertion made in the remark. In
the construction of U given in §3, the partitions {/,,} and the numbers f,,
should be chosen in such a way that A, = {[,,, A({,.)} approximates A point-
wise a.e. as well as in L'({, B(Y, X)), in addition to satisfying S5,— 8 and
B.— fF; this is possible by Lemma Al and the remark after Lemma A2

Since it implies jIIIAn(t)—Am(t)lly,th—a() as m, n—oo, the construction of [1]

can be carried out, yielding a unique U satisfying Theorem 4.1 of [1] except
for the obvious modification of the part (d) contained in that theorem.
A similar change is required in the readjustment of the I,, and f,, given
in §6. In the final result, dU(t, s)/dt will not exist everywhere but it exists
2
at each point { where (d/dt)f A(s)ds = A(t) holds, and similarly for dU{¢, s)/ds.

Since A< L', B(Y, X)), the exceptional set has measure 0.

88. The inhomogeneous equation. Mild solutions.

Suppose that the assumptions of Theorem I are satisfied. The mild sofn-
tion of the inhomogeneous equation (E) is given by

t
8.1) u(t) = Utt, O+ | U, 9)(s)ds.
For simplicity we abbreviate (8.1) to

(8.2) u=U0®e)DUf=U0QsDS).

In general # need not be a solution of (E) in the strict sense, but we have
the following results regarding the map U. Here we use the simplified
notation s ’

o

(8.3) LX) =LK, X)) =CU, X), etc.
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THEOREM II. U maps (@) 0QXG LX) into C(X), (b) 6QYDLY) into
C(Y), and (¢) dQYDL(YINCX) inte C(YINCHX). The map is continuous
in each case, and we have for (8.2)

(8.4a) leelleo, & = NU Mo, x Bl 7, ) in case (a),
(8.4b) o,y Z WU lleo,y @iy 1 flly)  in cases (b) and (c),
(84¢) dufdtlleo, x = M S oo,z Aoy, 2N U oo, v (A LMl

in case (c),

(for notation see §4), In case (c), u is a solution of (E) in the strict sence.

PROOF. If ¢ € X and fe C(X), then it is obvious that u = C(X) and
holds. Since C(X) is dense in L(X), (a) follows with [8.4a). Similarly one
proves (b) and [8.4b). To prove (c) we use the result of [IJ, Theorem 7.1,
_which shows that if ¢ €Y and feC(Y), then ue C(Y)NnC'(X) and solves
(E). In this case follows from (E) and [8.4b). Then the desired results
follow since C(Y) is dense in L(Y)\C(X).

§9. Preliminary estimates.

To develop quantitative approximation theory, it is convenient to intro-
duce some primitive constants that describe the behavior of the family {A(?)}.
In particular, we want to estimate [[U|l.,y and [|U]le,y in terms of such con-
stants.

The following system of numbers (or any system majorizing these) will
be called the primitive constants for {A()}:

(9.1) M, B, WSHeye,xs WS Hloyx,r, 1B—Clly,x,

where {M, B} is a stability index for A. We do not count |[Ajl.r,» among
them, although it was used in [8.4c).

U ke, and |[U]l.,y can be easily estimated in terms of ‘the primitive
constants. The construction of U given in §3 gives immediately

(9.2) UM, x = Mexplll Bl .

To estimate || Ull.,y, we note that

(9.3) W Ullleo,r < WSy, 1S ~H ooy 2,7l W ileo, 2
by But we have from
9.9 I W e, x S Ml Ulllo, x €xp (I B=Cl1, 2]l U oo, )

by using Volterra-type estimates similar to (5.2).
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§10. Perturbation theory.

Suppose we have another equation of the same type
(E) du'/di+ A =), O0=tsT, vw(0)=¢’,

in the same Banach space X. TFor {A'({)} we make the same basic assump-
tions (i"), (ii”), (iii), and use the obvious notation such as S'(¥), B'(t), etc.
The space YT X is assumed to be common to the two systems.

Then there exists the evolution operator U’ for the new system, and we
construct the associated kernel W’ as above. The mild solution of (E’) is

given by ' =U'@0R¢' PBf).

The purpose of this section is to estimate u’—u uniformly in X- and Y-
norms, where u=U(Q®R¢@Df) is the solution of (E). The following are our
main results. For notation see §§4 and 8.

THEOREM Ill. Let gV, fe L(Y), ¢’ € X, and f € L(X). Then
(10.1) N =l x < KTl @' =l xS —f My, xHII(A — Aully, £,

where K’ is a constant depending only on the primitive constants for A’, and
A'—A is regarded as a wmultiplication operator on C(Y) to L(X); note that
we C(Y) by Theorem 11, (b).

THEOREM IV. Let ¢, ¢’ Y and f, f'€ L(Y). Then
(10.2) lhae” = lllonyy = K0l @'~ @l + 1S —Fll,y)
\ +H (LS 0)—=SO) 1@l x + (S —S) fllly, )+ KNS — S )tlle, x

+ KB —C)—(B—C)ISull,x + K| (U'— U0 Q¢ D g1, x »

where K' is a constant depending only on the primitive constants for A’, and
(10.3) p=SMpe X, g=SfH(C-B)Sue L(X).

PrROOF OF THEOREM Ill. We start from the well-known identity
(10.4) Ut, y— UG, ry =— [ " U'(t, LAY~ AU, Dy ds,

where y= Y. As usual may be deduced by differentiating and inte-
grating U'(¢, s)U(s, )y in s (see [I]). Setting r=0 and y=¢ gives
U—-U)oR¢)=—U(A—A)UGR ¢). Setting y=f(r) and integrating in r
gives (U'—U)f=—-U'(A’—A)Uf. Hence

(10.5) (U—=UYoQe¢Df)=—U(A—Au.

On the other hand we have

(10.6) wW—u=UTiQ(¢'-)D (S =N+ -U)eQ9DS).
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(10.1) follows from [10.5) and [10.6]; we can take A’ = U’ {l. x-.

PROOF OF THEOREM IV. Since

(10.7) 2" =t oo, = 1S Ml e, S — 1) llen, x

it suffices to estimate the right member of (10.7). We compute S/(u’'—u) as
follows. Using in the form SU= WS, we obtain

(10.8) S'(uw'—uw)=(S—SYu+Su'—Su
=(S-SHut-WSTOR ¢ ®/)— 3R eDS)]
+WH(S —SHeQ DA (W --W)SEGRDS).

Taking the || |lo,y-norm of the first three terms in the last member leads to
the first three terms of [10.2); note, for example, that

WW/SEee e, x S N W e, e S'Cee- 3l 2 S W W Moo, e S ooy, 2l <o Ml
To estimate the last term of (10.8), we use the identity
(10.9) W—-W=Q+U'DHY'[(U'—U)—~(U'—-UYDW-U(D'—DYW ],

which is an immediate analog of due to [5.6) The contribution of the
last term in [ ] of [10.9) to (W' —W)S(0®¢Df) is equal to —(1+U'D")*U'(D’
—D)Su, since WS(ORoPf)=SUGRdDf)=Su. Since (14+U'D')'U’ can be
estimated in terms of the primitive constants for A’, it leads to the fourth
term on the right of [10.2). Similarly, the remaining terms contribute
KU =UY1—DW)S(0 R DS lw,x, which is easily seen to equal the last
term of (again use WS=SU).

REMARK. We do not deduce explicit estimates for (d/dt)(u’—u) here, but
it can be done easily by using (E), (E’), (10.1), and some additional assump-
tions on A’.

§11. Convergence theorems.

In this section we prove some convergence theorems for the solutions
of evolution equations.
Suppose we have a sequence of equations in X:

(E™) du™/dt+ A™(Hu" = f(¢), 0=st<T, u™0)=¢",

n=1, 2, ---. Suppose the A" satisfy conditions (i), (ii"’), (iii) uniformly in n,
by which we mean that the primitive constants for them can be chosen
independent of n. We use the obvious notation like S*, B* C*, M", 8" etc.
Again the space Y is assumed to be common to all A™

The associated evolution operators UU” then exist, and we can compute
the mild solutions «*=U™JQ@¢"DS™) of (E*). We ask when u" converges
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to the solution u=U(0X®¢@ f) of (E).
THEOREM V. In addilion lo Lhe above assumptions, suppose that

(11.1) AN — AW strongly in B(Y, X) for a.e. t< 1.

(11.2) j,‘[IA"(t)Iiy,th 0 as |E|—0, uniformly in n.
Then we have
(11.3) U™t, sy — U, sy strongly in B(X), uniformly in t, s 4.

THEOREM Va. [f in addition ¢"--¢in X and f*—f in L(X), then u"—u
n C(X).
THEOREM VI [n addition to the assumptions of Theorem V, suppose that

(11.4) B*(6H)—C™(t) - B(t)—-C(t) strongly in B(X) for a.e. t=1.
(11.5) jjllB”(t)—C”(t)Hth — 0 as |E|—0, uniformly in n.

(11.6) S*() — S strongly in B(Y, X), uniformly in te 1.

Then we have
(11.7) U™l sy — U(t, s) strongly in B(Y), uniformly in t, s 4.

THEOREM Vla. If in addition ¢"— ¢ in Y and f*—f in L(Y), then u"—u
in C(Y).

REMARK. If we assume and for B* and C" separately, (11.6)
is automatically satisfied if S*(0)—S(0) strongly in B(Y, X). This is due to
the fact that S§" satisfies the differential equation dS"*/df =C"({)S" and simi-
larly for S.

PROOF. For ye Y we see from that

(1L8) U= 0)(t, D31z < K7 (A= AXSUGs, ylxds,

where we again suppose that U has been trivially extended to /X[, Since
K*=)U" o, is uniformly bounded, the right member of tends to 0
uniformly in ¢, #; the proof is similar to the one for and depends on
the Vitali convergence theorem based on (11.2). Since Y is dense in X,

V follows.

Then Va follows from [10.6).

To prove VI, it suffices to show that W"(t, s)— W(¢, s) strongly
in B(X), uniformly in ¢, s. This can be done using [10.9) and again imitating
the proof of

Then VIa follows from and (10.7).
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§12. Yosida approximation.

As a simple application of the convergence theorems, we shall prove the
convergence of the Yosida approximation.

Suppose A = {A()} satisfies the assumptions of [Theorem I For simplicity
we assume in addition that §(f)=p is constant (so that A is stable) and that
(B) holds for every t=l with ||B(#)|y=b=const. We may further assume
B=0 without loss of generality.

Under these conditions we can define the Yosida approximation (E®) to
(E), n=1, 2, -+, with

(12.1) A = AN[1+n AW ] e B(X), tel.

Then it is not difficult to prove the following results.
1° A" is stable with stahility constants {M, 0}.
2° SHAMNOS(H) = A*)+B™?), with

1BY®)| ¢ < M2b(1—n*Mb)yt, n> Mb.

3° A*: I-B(Y, X) is norm-continuous.
4° For each te I, we have A™t)— A(l), n— oo, strongly in B(Y, X), with

1A Olly,x < | AD)]p,x(1—n"*Mb)",  n>Mb.

5° For each te 1, we have B™{f)— B(f), n— oo, strongly in B(X).

It follows from 1° to 3° that A" satisfies the assumptions of I
uniformly in n, with S independent of n, so that the associated evolution
operator U™ exists. Then 2°, 4°, and 5° show that Theorems V and VI are
applicable. Thus we conclude that U"(t, s)— U(t, s) holds strongly in B(X)
as well as B(Y), uniformly in ¢, s 4.

REMARK. The proof given above depends on the existence of U, which
has been proved by other means. It is an open question whether or not U
can be constructed directly as the limit of the U™ Since A™!)e B(X) is
strongly continuous in { (as is easily proved), U™ can be constructed by an
elementary method. Thus a direct construction of U via U™ is highly desir-
able. It seems that this is possible if X and Y are reflexive (cf. Yosida
and Hackman [5]); we plan to study this problem in another publication.

§13. Concluding remark.

It seems that the estimate is the most useful one in this paper; it
contains more information than the convergence theorem VIa, for example.
10.2) is useful even for some nonlinear evolution equation (E) in which A(#)
and f(¢) depend on the unknown u({) itself. Suppose we have another such
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equation (E’) and want to estimate u'—u by using [10.2} Here ||/"—/|},,» on
the right-hand side may bhe estimated in terms of the unknown quantity
M’ —ulle,». 1f the latter appears with a sufficiently small coefficient (which
may occur if 7T is sufficiently small), it can be absorbed into the left-hand
side. The same remark applies to other terms on the right that involve the
unknowns u and u’. Applications of to nonlinear evolution equations
will be discussed elsewhere.

Appendix.

Here we prove some lemmas regarding stongly measurable vector- and
operator-valued functions that are used in the text. In particular, we con-
sider approximation of such functions by Riemann step functions. In what
follows all functions are defined on a finite closed interval I of real numbers.

Let S be any set. A function g: I—S is a step function if there is a
finite partition {/,}:-,,.» of I into subintervals such that g takes a constant
value ¢, on I, for each 2. We shall express this by

(A1) g={lyce; k=1, m} or simply g={I c;}.

Given a function f: I—S, the step function (Al) will be called a Riemann
step function assoctated with f (or simply for f) if ¢, =f({,) for some t, <[,
k=1, -, m.

LEMMA Al. Lei X be a Banach space, and let f: I— X a.e. be strongly
measurable. Then there exists a sequence of Riemann step functions f,—
e, Sy, n==1,2, -, for [ such that s%pllnklﬂo and f,—f pointwise a. e.

If f is strongly integrable, then we can achieve that f,—f also in LI, X).
PROOF. By definition f can be approximated pointwise a.e. by a sequence
of simple functions. Hence it is easy to see that there is a sequence of step
functions g,= {[,,, x,;} satisfying the requirements of the lemma except
that g, may not be Riemann for /. We shall modify g, to obtain Riemann
step functions f,.
Fix n for the moment. For each &, choose f,, < I,, such that

“ xnk_f(tnk) “ és}}}fk” xnk_f(s) ]]+n_l .

Then f,= {I,4 f(t.s)} is a Riemann step function for f.
We shall show that {f,} satisfies the requirements. For any {1 where
f(#) is defined and any n, there is I,, such that {={,,. Then

OB EOTE N ORE B PRI
< 1A= %o+ inf | 2us—(5) |47

—tnk

=20/ = xap 07 =2] [ =D | +77 >0 a.e.
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If f is integrable, we have also g,—f in L*norm. Hence f,—f in L*-norm
too.

LEMMA A2. Let X, Y be Banach spaces, with X separable, and let B: I—
B(X,Y) a.e. be strongly measurable. Then there exists a sequence of Riemann
step functions B, = {I,,, Blt,,)}, n=1, 2, ---, such that sgpl[nkl—»O, B.(ty— B(t)

strongly and B, ()| —|B@®)| for a.e. . If ||B@)| s integrable in t, we can
also achieve that ||B,()||—||B()} in L'I) and B,(-)x—B()x in L*(1,Y) for
each x e X.

PrROOF. The assumption means that B(f)x is strongly measurable in
for each x= X. Since X is separable, it follows that »(¢)= ||B(#)]| is measur-
able in #. Let {x;} be a fundamental subset of X,; we may assume that
2lx i <1. Let Y'=UY) be the l-space of Y-valued sequences regarded as
a real Banach space, and set

(A2) =)D {BNx) eRDY’.

Since b is measurable and each B(-)x; is strongly measurable, it is easy to
see that f: I—-R@PY’ is strongly measurable.

According to Al, f can be approximated pointwise a.e. by a
sequence of Riemann step functions f, = {I.;, /{{,)}. If we define the cor-
responding step functions b, = {I,,, b(t,.)}, B, = {{., B({,)} for b, B respec-
tively, we have

LHO=0, 0D {B.()x;},  bal) =Bl .

Since f,—f a.e., we have b,()—b(t) and B,(f)x;,— B(f)x; for all j for a.e. L
Since [|B,(H)ll = b,(?) is bounded in n for such ¢ and since {x;} is fundamental
in X, it follows that B,(f)— B(t) strongly for such £

If b(H)=|B(@)| is integrable in {, the same is true of f because

1FDN = b@)-+ 2 1B(t)x;ll = b+ BO)) = 2b(1) -

By Al, we may thus assume that f, —/ in L*-norm too. Then b, —b
and B,(-)x;—B(-)x; also in L'-norm. Since ||B,(-)| =5, is bounded in 7 in
L*-norm, it follows that B,(-)x— B(:)x in L'-norm for each x.

REMARK. Lemmas Al and A2 can be extended to simultaneous approxi-
mation by Riemann step functions of several vector- and operator-valued
functions. By “simultaneous” we mean that the [, and {,, are common to
all approximating step functions. The proof is immediate by applying
A2 to appropriate direct sums.

LEMMA A3, Let X, Y be Banach spaces, with X separable, and let B:I—
B(X, Y) be strongly measurable. Then

(1) There is a separable subspace Y, of Y such that BQ)XCY, jor a.e. i,
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(2) For each ¢>0, there is a closed subset E of I such that |I—FE|<e¢
and B 1is strongly continuous on E, ‘ ‘

ProOF. We use the notation of the proof of Lemma A2. Since each B,
is finitely-valued, the union of the B,(H)X for all { and all n spans a separa-
ble subspace Y, of Y. Since B,(t)x— B({)x for a.e. t for all x= X, we have
B)XC Y, for a.e. t. This proves (1).

For each j, B,(-)x; is piecewise continuous and converges as n—o a.e.
to B(-)x;, Hence it is easy to see, using Egoroff’s theorem, that there is a
closed set F,C I with [/—E,;]<e/2 such that for each fixed j, the B,(-)x; are
continuous and uniformly convergent on E,. Their limit B(-)x; is continuous
on I,, On the other hand, there is a closed set E,C [ with |[—E,|<e¢/2
such that b is bounded on E,. Since the B(:)x; are continuous and ||B(-)|=#&¢
is bounded on E=E,~E,, it follows that B(-)x is continuous on E for each
xe X. Since |[—E|<e¢, we have proved (2).

LEMMA A4, Let A: I-B(X,Y) and B: I—-B(Y, Z) be strongly measur-
able, where X, Y, and Z ave arbitrary Banach spaces. Then BA: [—B(X, Z)
is strongly measurable,

PrOOF, Let x= X. We have to show that B(-)A(:)x: [—Z is strongly
measurable. Since /= A(-)x: I — Y is strongly measurable, there is by
Al a sequence {/,} of Riemann step functions for f such that f,()—f(¢) for
te I--N,, where N, is a null set. Let Y, be the subspace of Y spanned by
all the values of the f,:; Y, is separable since each f, is finitely-valued.
Then f(He Y, for (=]—N,.

According to A2, there is a sequence of Riemann step functions
B, I—-B(Y, Z) for B|Y, such that B,(t)— B{) strongly in B(Y, Z) for t<
I—N,, where N, is a null set, Since f ()Y, B.()f.():1—7Z is a well-
defined step function and B,(0)f,(t)— B@)f(t) for I--N,—N,. Hence B(-)f(-) is
strongly measurable, as required.
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