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It is the purpose of this paper to study the existence and behavior of
“mild” solutions to abstract differential equations in Banach spaces. Roughly
speaking, the “right hand side” of these equations are assumed to be the sum
of two operators, one being the generator of a linear (or affine) evolution
system and the other being continuous and nonlinear. The results and techni-
ques established here are improvements of those given by the author in [2].

In §1 we indicate the basic notations, and the fundamental results on the
existence of approximate solutions are developed in §2. Criteria for local
existence of solutions is given in §3, and §4 is devoted to establishing a rela-
tionship of these ideas to inequalities. An example illustrating the abstract
results is studied in §5.

§1. Preliminaries.

Let X be a Banach space over the real or complex field and let |- | denote
the norm on X. Also, let —co<a<b<+oco and let 4={(¢, s): a<s<t<b}.
Throughout this paper T={T(t, s): (t,s)e4} is a family of bounded linear
operators on X which satisfy

(T1) T(t, h)=1I and T, s)T(s, )=T(t, r) for a<r=s=it<b;
and
(T2) the map (¢, s)—T(¢, s)x is continuous from 4 into X for each x=X.
From (T2) and the principle of uniform boundedness we also have that
(T3) for each c=[a, b) there is a number M.=1 such that

1T, )l =sup {IT, s)x|: [x|=1} =M, for all ass=t=c.

Now suppose that a:[q, b))—X is continuously differentiable, S:[q, b)—X
is continuous, and define the family S={S(t, s): (¢, s)e4} of (afﬁne).mappings
on X by ‘
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S(t, 9x="T(t, )(x—a(©)+| T(t, ) p0)dr+a()

(1.1)
for a<s=<t<b and x&X.

One may easily check that S(¢, ©)=1, S(t, s)S(s, ¥)=S(t, r) for a=r<s=t<b, and
for each x< X, (¢, s)—S(¢, s)x is continuous from 4 into X. From (T3) it also
follows that

|S(¢, s)x—S{, )y| =M, |x—y| for x,yeX, a=<s=t=c.
In particular, it is easy to see that
(1.2) (t, s, x)—S(¢, s)x is continuous from 4 X X into X.

Let D be a subset of [a, b)) X X with the following two properties: D is
locally closed (i.e., for each (¢, z2)&D there is an R>0 such that {(s, x)eD:
|t—s|, |z—x| =R} is closed in RxX) and for each f<[q, b) the set D)=
{xeX:(t, x)=D} is nonempty. Finally, suppose that

(1.3) D(B)c[a,b)x X, DC D(B) and B: D(B)— X is continuous.

The purpose of this paper is to study the existence of solutions to the
integral equation

1.4) u(t) = S, a)z+‘ft T(t, r)B(@r, u(r))dr,

where z€D(a) and u is a continuous function from some subinterval J of
Ca, b) (with a<]J) into X such that u(t)eD(¢) for all t=/. The linear family
T is said to be generated if for each t<[aq, b) there is a densely defined linear
operator L(f) on X such that

LHhx= lim [T(t+h, Hx—x]/h for all xeD(L(1)),
h—0+
where D(L(t)) is the set of all x&X such that this limit exists. The family

of operators L={L(f): t€[a, b)} is called the generator of 7. If T is generated
with generator L and t<[a, b), define

(1.5) A x= L) (x—a(®)+ ) +a’(?) for all xe D(A(Y))

where D(A())={x=X: x—a()eD(L())}. It is routine to check that

(1.6) A(t)x:’}irg[S(z‘—{-h, Hx—x]/h for all t=[q, b) and x=D(A(Y)).

In particular, if a solution u to is differentiable on J, then u(f)eD(A(t)
for all t=J and

an W)= A(u(t)+ B, u(®))  for t=] and ula)=z.

Therefore, differentiable solutions to are solutions to [1.7). However, in
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this paper we consider only the existence of solutions to [(1.4).

§ 2. Approximate solutions.

In this section we retain the notations of §1. If ¢>0 and p<(q, b), a func-
tion ¢ :[a, p]—X is an s-approximate solution to on [a, p] if the following
conditions hold: there is a partition {#;}{ of [a, p] with t,—¢;_,<e for i=1, -, N
such that

(el) ¢(a)=z and ¢(t;)D(t;) for 1=1, -+, N;

(2)  PW=St t)g(t)+] ‘Hm, P B(t, (t)dr

for t=[t;, t;+1) and 1=0, -, N—l‘;
and
(3)  19(tis1—)—P(tinr) | Se(tys,— 1) for i=0, -+, N—1.
We associate with ¢ a function y(=ys) from [a, p] into [aq, p] defined by
(2.1) r(p)=p and y(#)=t; whenever t<[1;, t;41) .

Moreover, for each i€{0, ---, N—1} define the function ¢(:, t;)(=¢4(-, t;)) from
[4, p] into X by
(2.2) 9t, 1)=S(t, t)(t)+] Tt NBG), $lr(r)dr .
One should note that ¢(-, t;) is continuous on [#;, pJ.
LEMMA 2.1. Suppose that ¢ and ¢ are as above. Then
(2.3) o) —P(t, 1) < M,(t;_,—t)e
for each 0=i<j=n and t<[t;_,, t;).
ProoF. The proof is by induction on j—i. It is immediate from (¢2) and

(2.2) that [2.3) holds for j—i=1, so suppose that holds for j—i=Fk where
1=k<n—1, and let j—i=k+1. Noting that

S(t, Nx+T(, s)y=S(¢, $)LS(s, n)x+y]
for x, y€ X and a<r=<s=t<b, it follows that
190t 10—t 1)
= IS0, G TC, 1), Tltien VBt SENr—SCE D900

- [S(ty ti+1)¢(ti+1_)_s(t; fi+1)¢(ti+1>|
= Mp [ ¢(ti+1_)_¢<ti+1) = Mp(ti+l_ti)s
for all t;,,=t=p. Therefore, if j=i+k+1 and t<[t;y, t;), then j—(+1)=k
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and by the induction hypothesis it follows that

[p(O)—(t, t) I S 1P —P(E, L) |+ 19, L) — P, 1)
éMp(tj—l_ti+1>6+Mp(ti+1_ti>€
- Mp(tj—l_ti)e .
This completes the proof.
Our aim now is to obtain criteria which assures the existence of ap-
proximate solutions to [1.4). Let z=D(a) and using the continuity of 7, S and

B as well as the fact that D is locally closed, choose positive numbers R, g,
o and P so that the following conditions are fulfilled :

(C1) F={(t,xeD: |t—al, |[x—2z|=R} is closed in RxX X and
|B(t, x)| <P for all (, x)F ;
(C2) a<o<b, 6-+e,<b and o+¢,—a<R;
(C3) if M=M,,., then |S(, a)z+y—2z|=R/2 whenever t€[qa, o+¢]

and ye X with |[y|=(c+e—a)M-P;
and

(C4) (6+e,—a)Me,<R/2.

LEMMA 2.2. Suppose that (C1)-(C4) hold, ps(a, o+¢,], eZ¢e, and ¢ is an
g-approximate solution to (1.4) on [a, p]. Then (t, ¢(t,))EF for each i=0, ---, N.

PrROOF. Let ¢ be defined by [(2.2). The proof is by induction on 7. Since
¢(t,)=z, assume that (t;, ¢(t;,))=F for i1=0, ---, & where 0=k <n. Since

f 70, 9B, $ar|= [ M- Pars i—a)M-P

for all t<[t,, tyy), it follows from (C3) that |¢(¢, a)—z|=<R/2 for t<[ty, trsy).
Hence, from Lemma 2.1, (C4) and (&3),

|6(the)—2| =[G ) —B(tre—) [+ lim [G()—2]

Lty 25

= (fea—t)et lim |@(O)—¢(t, )| +R/2

t=lpy—
S M@, —t)et+Mit,—a)e+R/2=R
which establishes the assertion by induction.

For each x€ X and EC X define d(x; E)=inf {|x—y| :y€E}. Our crucial
assumption for the existence of approximate solutions is

(C5)  liminf d(S(t+h, )x+hB(t, x); D(t+h))/h=0 for all (t, xX)EF.

h—0+

Noting that
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t+h
j T(t+h, )B(t, x)dr—hB(t, x)=o(h)

t

where h™'|o(h)]|—0 as h—0-, one sees that (C5) is equivalent to the condition
t+h
(C5)’ lim inf d(S(t-+h, B)x+ {7 T(t+n, r)B(t, x)dr ;D(t+h))/h=0
h—0 t

for all (¢, x)eF.

Under conditions (C1)-(C5) we have the following basic result on the existence
of approximate solutions to [(1.4):

PROPOSITION 2.1. Suppose that (C1)-(C5) are fulfilled and 0<e=eg, Then
there is a pe[o, o+¢,) such that (1.4) has an e-approximate solution ¢ on [0, pJ.
Moreover, in addition to (e1)-(€3), ¢ also satisfies

(d) IS, t)G(t)—(t) | Se for €ty trrr), i=0, -, N—1;
and
(5)  if (t, y)=D(B) with te[ty, tiy,] and
|y—¢(t)| = (tiss—t) P+max {|[[S(+h, t)—11¢() | :0=h =t —1}

then

PrOOF. The proof techniques follow Webb and Martin [2], and both
¢ and the partition {#;} are constructed by induction. So set f,=a, ¢({,)=z,
and assume that i is a nonnegative integer and ¢ is constructed on [a, ;]
where a<t;<o-+t¢, If t;=0 set p=¢; and if #;<o choose a number J; as
follows :

@ 0;€[0, ¢] and t;+0;<0+¢,;
(2) if (t, y)=D(B) with t=[t;, t;-+0;] and
|ly—é(t) | =0;P+max {|[S(t;+h, t;)—11¢(t)| :0=h=0;} then
| B(t, »)—B(t;, ¢(t:) 1, |[[S(E, t)—T]p(t) | Ze.
3) d(S(t;+9;, ti)¢(ti)+jvil:+5i T(t;+0;, r)B(t;, ¢(t))dr; D(t;+0,))<0:¢/2;

4) if (1)-(3) hold with d, replaced by 7, then 0,=%/2.

From the continuity of B and S and from (C5)’ it follows that d,>0. Define
ti+1:ti+5i and

$)=S(t, 193t +[ T, VB, t)dr  for 1Tty ti).

From (3) select a ¢(t;+,) =D(4;4,) such that
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|¢(ti+1_)_’¢(ti+1)l§(ti+1_ti)5-
Clearly ¢ is an e-approximate solution on [a, f;,;] and (e4) and (e5) hold on
[a, tixi] by (2). To complete the proof we show that ¢;=¢ for some i=1.
Suppose, for contradiction, that #;<<¢ for all :=0 and let c=lim#;. Let ¢ be

P

defined by and note that (;4(t,))€F for all i=0 by From
it follows that if %2 is a positive integer,

ligljggp l¢(l‘z)—¢(t,-)|§2M(c—tk)s+lirpj§gp | p(ts, t)— Pty te)| -

Since |B(y(r), ¢(y(")) | =P for r<laq, ¢) it follows that

| (s, 80— (85, 1) | = 1S, t)P(1)—S(t, 1) (1) ]

+(t;—ty) M- P+(t;—t)M- P,
and hence
lim sup |@(t;)—o(t;) | = 2M(c—t,)e+2(c—t,)M- P
1, j—oo

for each £=1. Letting k—oc shows that w=lim ¢(f;) exists and (¢, w)EF

since F is closed. From the relative compactness of {(t;, ¢(%;)) :1=0} it is easy
to see that there is a >0 and a k=1 such that (1) and (2) above hold with
d; replaced by (c+v—t;) for each v=(0, 6] and 1=%k. Thus, using (4) and (3),
we have that if v=(0, 0] and i=Fk is sufficiently large so that 20;<v,

d(S(c+v, t,)d(t;) ‘5‘[:?” T(c+v, n)B(t;, ¢(t))dr; D(c+v)>(c+v—1i)e/2.
Letting i—oco we obtain that
d(S{c-+v, c)w—[—jcw T(c+v, r)B(c, w)dr; D(c+v)) =ve/2.

Since this is true for all v=(0, 0] we have a contradiction to (C5)’. Thus
t;=o for some i=1 and the proof of [Proposition 2.1] is complete.

Under the conditions (C1)-(C5) we may construct e-approximate solutions
to for each 0<e=¢, For convenience of future reference we list the
following suppositions and notations:

(D1) Conditions (C1)-(C5) are fulfilled;

(D2) {e,}7 is a sequence in (0, ¢] such that lime,=0;

(D3) for each n=1, p,elo, 0+¢,) and ¢, is an ¢,-approximate solution to
on [0, p,] which satisfies (¢1)-(e5) with ¢ replaced by &,; and
(D4) for each n=1, {7/} is the partition of [0, p,] corresponding to ¢,,

and the functions 7, and ¢, correspond to ¢, as indicated by 7y in



Nonlinear perturbations of linear evolution systems 239

and by ¢ in [2.2), respectively.

PrROPOSITION 2.2. Suppose that (D1)-(D4) hold and that u(f)=lim ¢,(t) exists
uniformly for t[0, 6]. Then u is a solution to (1.4) on [0, o]. T

PROOF. Since |¢,(t, a)—¢, ()| < M(c—a)e, for n=1 by Lemma 2.1, ¢.(t, a)
—u(f) uniformly on [0, ¢]. Thus u is continuous (since each ¢,(-, a) is con-
tinuous). Moreover, if t<[0, 0] we have from (e4) that

U= By a(t) | = 1D —aD)]
1S, PaOWaGa)+] T NBGA), $ulrar)dr— ()|

= |u(t)— @) | +en+U—72(E)M- P

and hence u(f)=Ilim ¢,(r,(#)) uniformly for ¢<[0, o). Since (7,(?), @.(y())EF
and F is closed 71? mfollows that (¢, u(¢))F, and hence u(t) = D(t) for all t<[0, o7].
Since {(t, u(?)):t[0, o]} is compact and B is continuous on D, one also has
that B(ya(7), @a(ya(r))—B(r, u(r)) uniformly on [0, 6]. Therefore,

u(t)—S(t, a)z—jt T(t, n)B(r, u())dr

=tlim {¢u(t, 0)=S(t, Dz—{ T(t, NBGa(r), $ulyatr))dr)

=0,

and the proof is complete.
Condition (C5) is intimately related to the existence of approximate solu-
tions to [(1.4). For each c=[a, b) consider the integral equation

2.3) u(t)=5, 9+ ‘T4, PBr, w))dr  for telc, 0]C[c, b)

where z=D(c). The definitions of solution and e-approximate to (2.3) are
completely analogous to those for [(1.4) with [a, b) replaced by [c, ). There
is the following connection between the existence of approximate solutions to

and the condition (C5).
PROPOSITION 2.3. Let D, S, T and B be as in §1. Then these are equiva-
lent:

i) 1i1’}1 gf d(S(c+h, 0)z+hB(c, z); D(c+h))/h=0 for all (¢, 2)=D.
(ii) For each (¢, z2)€D and >0 there is a o=o(c, z, €)= (c, b) such that

has an e-approximate solution ¢=¢.,. on [c, o].

Moreover, if (i) holds the number a=o(c, z, €) in (ii) may be chosen independent
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of ¢>0.

Proor. The fact that (i) implies (ii) and o(c, 2, €) is independent of &>0
follows from [Proposition 2.1 Now suppose that (ii) holds, (¢, z2)€D and &>0.
Let {#;}{ be the partition of [¢, o] corresponding to ¢=¢.,.. Then 0<#—c
<e and ¢(t,)eD(t,), so from (e1)-(e3),

d(S(t, Oz T(t, VBle, 2)dr; D(t)=d(g(t,—) ; D(®)

=gt —)—dt) | =(ti—c)e.

Since

(t—0Be, D= T(t,, Be, 2dr-+ot,—0)

where ~A™'|o(h)|—0 as h—0+, it follows easily that (i) holds and the proof is
complete.

REMARK 2.1. One can actually show that if (i) in [Proposition 2.3 holds
then it necessarily follows that

hlin}F d(S(c+h, 0)z+hB(c, z); D(c+h))/h=0,
-0

and this limit is uniform for (¢, 2) in each compact subset of D. However,

the proof of this fact uses a more complicated definition of e-approximate
solution (see [IJ).

A convenient criteria that one may use to insure that (i) in
2.3 holds is provided by the following result.

PRrROPOSITION 2.4. Suppose that E is a closed subset of X, D=[a, b)XE,
and that

(a) S, s): E—E for all a<s<t<b, and
(b) 1i§n iff d(x+hB(t, x); E)/h=0 for all (¢ x)D.
—0

Then (1) in Proposition 2.3 holds.
PrOOF. By [1, Theorem 27 it follows that

lim d(x+hB(t, x);E)/h=0

h—0+
uniformly for (¢, x) in each compact subset of [a, b)) X E (see also [2, Lemma
1]. Let (¢, 2)=[0, b)X E and choose >0 such that ¢+d<b. Then

K={S(c+h, 0)z:0=h<d}

is a compact subset of E by (a). Since

S(c+h, c)z+hB(c, 2)=S(c+h, ¢)z+hB(c, S(c+h, ¢)z)+o(h)
where h™'1o(h)|—0 as h—0-, it follows that
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d(S(c+h, ¢)z+-hB(c, z) ;E)/h
= d(S(c+h, c)z+hB(c, S(c+h, ¢)z); E)/h+h""[o(h)]
< sup {d(y+hBI(c, 3); EY/h-+h o)1)

—0 as h—0+.

Thus (i) in Proposition 2.3 is valid.
REMARK 2.2. The conditions (a) and (b) in [Proposition 2.4 are analogous
to those used in [2]

§ 3. Existence of solutions.

The notations of the previous two sections are continued in this section.
First we consider two conditions which guarantee the local existence of solu-
tions to [(1.4).

THEOREM 3.1. In addition to conditions (C1)-(C5) suppose that T(t,s) is a
compact linear operator for each a=<s<t<b. Then (1.4) has a solution u on
La, 6] with u(t)eD@) for each t<[a, o].

Proor. Let (D1)-(D4) of the previous section be valid. From
and Proposition 2.2 it suffices to show that the sequence {¢,(-, @)} has a
uniformly convergent subsequence on [a, 0]. Using Ascoli’s theorem we show
that {¢.(¢, @) :n=1} has compact closure for each t€[a, ] and that {¢,(-, @)}
is equicontinuous on [a, 0]. For notational convenience set

Va(r) = B(ya(r), $uly(r)))

for r€[a, p,] and n=1. Clearly {¢.(q, a)}{ is compact, so let a<{=¢ and let
0<e<t—a. Noting that

t-¢
Gult, )= S(t, 2+ T, 1—8)|  T(t—e, NVur)dr+| T(t, NValr)dr

a t-¢

and
| [ Vn(r)dr'gsM-P
t-¢

for all n=1, it follows easily that {¢,(f, @):n=1} has compact closure since
T(t, t—e) is a compact operator. It is easy to check that {¢,(¢, @)}{ is equicon-

tinuousg for {=a, so suppose a<f{=¢ and ¢>0. Let »>0 be such that a+439p=t
and let s€la, o] with [t—s|=%. Then a+2%=s and

[$alt, D= ¢nls, D150, 2=, )zl +|[ Tt AVt

[ T v+ Ire n-16 nIvioe]
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for each n=1. Since the first (resp., second) integral on the right is bounded
by 2pM-P (resp., 3pyM-P) we may assume that 7 is sufficiently small so that

(94, =5, @)1 =3¢/4+[ T TTG N—T(s, NIVA)ar

for all n=1 and s<[a, 0] with |[t—s|=%. The set
K= {T(t—n, t=20)T({t—29, NV, (r):n=1 and a=r=t—279}

has compact closure, so the map (§ x)—T(§ t—»)x is uniformly continuous
from [t—7, 01X K into X. Noting that

[T =T, NIV =LT(, t—9)—=T(s, t—=7)]- T(t—2, N)Va(r)

where T(t—7, )V,(r)eK for all r&laq, t—27], one sees that there is a 0=
0(e)>0 such that =7 and

7T n=TGs, nIVarar| < e/t

whenever [{—s|=0 and n=1. This establishes the equicontinuity of {¢,(¢, a)}7
and completes the proof of [Theorem 3.1l

One may also place a Lipschitz condition on B to obtain local existence
criteria.

THEOREM 3.2. In addition to conditions (C1)-(C5) suppose that there is a
number L>0 such that at least one of the following two conditions are satisfied.
(a) D({)=D(a) for all t€[a, b) and |B(, x)—B(t, ¥)|Z<L|x—y| for all (1, x),

(t, y)EF.

(b) There is a continuous function v:[0, b—a)—[0, o) such that v(0)=0 and

| B(t, x)—B(s, )| <L |x—y|+v(|t—s]) for all (t, x), (s, »)EF.
Then has a unique solution u on [a, ¢] with u()eD(¢) for all t€[a, o].
Proor. Let (D1)-(D4) of the previous section be valid. To establish ex-

istence we show that {¢,(-, @)} converges uniformly on [aq, 0] (see
2.1 and [Proposition 2.2). Using (e4) it follows that

1T DB, alrar) dr

é sn(1+M' P) s
and from there is an N,>0 such that
@.1) [Da(t, Q)= Gu(ya(t)) | = Nig, for all n21 and t€lq, o].

Now let n and m be positive integers and let r<(aq, 6]. Set #7=y,(r) and 7=
rn(r) and assume for definiteness that ##=tF. Then y,() €[, 1) so if as-
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sumption (a) holds we have from (¢5) that
| B(ra(1), 2(ra()))—B(rn(r), ¢alyz(M) = ey .
Therefore,
| B(ya(r), @a(yn(M))—B(ru(r), ulyn(®))]

S |B(rn(r), @a(ra())—B(rm(r), ¢ulym()) | +en

SL (1) —Pulym()) | +n,
and it follows from that if (a) holds there is a continuous function d:
[0, o0)—[0, o) such that d(0)=0 and
(3.2) | BGra?), $ulnr)) =BG, $nlyn)]

<L+ 1§a(r, = Gnlr, )] +d(enten)

for all n, m=1 and r<[q, 0]. Since |7,(N—ya()|=e,+e, for all n, =1 and
rela, 0] one may easily check that there is also a function d such that
is valid when (b) holds as well. If n and m are positive integers and p(f)=
| pu(t, ) —n(t, @)| for all t€[a, 0], then p is continuous and from it
follows that

$O=| [ Tt ALBGA), $na®)—B(rn(o), Sl Idr
<[ M-CLDO)+ (e + o) 1dr

= (5= OMd(ente)+ | M- Lp(r)dr
for all t€[q, 0]. From Gronwall’s inequality,

| Dat, @) —Pn(t, Q)| < (6—a) Mb(ey+e,) MLt

for all n, m=1 and t€[q, 0], and hence {¢,(¢, @)}t is uniformly Cauchy on
[a, 6]. This establishes the existence of a solution # and the uniqueness as-
sertion follows routinely from Gronwall’s inequality.

Theorems B.1 and B.2 provide criteria for the local existence of solutions
to [1.4). Given the local existence of solutions one may also obtain somewhat
usual criteria for the global existence of solutions. For each (¢, 2) €D consider
the initial value problem

(3.3) u(t)=S(t, )zt :T(t, AB(r, u(M)dr,  telc,b).

The following result may be obtained using the usual techniques and we omit
its proof.
PROPOSITION 3.1. Suppose that D,={(t, x)eD:a<t<s} is closed for each
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sela, b), B maps bounded subsets of D, into bounded subsets of X for each
s€[a, b), and (3.3) has a local solution for each (c, z)€D. If (c,2)€D and u,,
is a noncontinuable solution to (3.3) then u., is defined on a subinterval of [c, b)
having the form [c, o) for some o=a.,E(c, b]. Moreover, if o<b then

lim [u,.(f)]=00.
t—o—

REMARK 3.1. If one has a precise exponential growth bound on the
linear system T (i.e., [|[T(t s)[|<Se”*® for all a<s=<t<b, and some number
w<R), then the Lipschitz condition on the nonlinear term B in
may be relaxed. In this case one may assume a dissipative or one-side estimate
on B (i.e., |x—y—h[B(t, x)—B(t, y)]|=(1—hL)|x—y| for all A>0 and (¢, x),
(t, »)€D(B)). However, the arguments become quite long and tedious and we
will not consider this situation.

REMARK 3.2. Each of the results in this and the preceding section is
valid if one only assumes that « is continuous from [a, b) into X as opposed
to continuously differentiable from [a, b) into X. There are no changes in

the proofs. However, the differentiability of a was used to connect S with
the generator of T in section 1 (see (1.5)).

§ 4. Inequalities.

In this -section we indicate how these techniques may be employed to
obtain relationships involving inequalities for solutions to abstract differential
equations. Throughout this section it is supposed that C is a closed cone in
X (i.e.,, Cis a closed subset of X and x+vy, axeC whenever x, yC and a=0)
and write x=y (or y=x) whenever x, ye X with x—y=C. Also, it is supposed
that for i=1, 2, the families T;={T:(t, s): (¢, s)€4d} and S;={S;(t, s):(t, s)4d}
possess each of the properties of T and S in §1. Moreover, for i=1, 2, it is
supposed that D; is a locally closed subset of [a, b))X X having each of the
properties of D in §1 and that B; is a continuous function from D(B,)CRXx X
into X such that D(B;)DD;. Here we consider the pair of initial value prob-
lems

()= S,(t, Oz, [ Tult, NBu(r, w()dr
4D tele, b)
t
us(t)=Sy(t, )2+ [ Tolt, Byr, ui(r)dr
where z,€D,(c) and z,=D,(c). Instead of assuming that 7T, is compact or that

B; is locally Lipschitz, we make the following basic assumption on the ex-
istence of solutions to (4.1):
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If i{1,2}, (¢, z;)eD; and ¢, is an e,-approximate
solution to the 7** equation in (4.1) on [¢, p,] for each
4.2) n=1, where ¢,—0 as n—oo and inf {p,—c:n=1}>0,

then {47} has a uniformly convergent subsequence

on [¢, o] for some oc=(c, b).

Under these suppositions and notations we consider the following problem: If
(¢, z,)E€D, and (c, z,)€D, with z,=2z,, is there a o=(c, b) and a solution (u,, u,)
to (4.1) on [¢, o] such that u,(f)=u,(t) for all t[c, ]?

One may obtain criteria insuring an affirmative answer to this question
directly from the results of §2. Let X be the Banach space XXX with
[(x), %) |=|x:]+ |x.| for all (x;, x,)=2, and define the families I and S of
mappings from X into X by

I(t, 5)(xy, %)= (T'(t, $)x;, T(Z, 5)x,)
and
'S(ty S)(xly x2): (Sl(t, s)xly Sz(t; 3)-"2)
for all (¢, s)ed and (x, x,)X. Also, define
D(B)={(t, x1, x,) : (¢, ) €D(By), (, x,) €D(B,)}
and
B(t, x1, %,)=(B,(t, x1), By(t, x5)) for all (¢, x;, x,)€D(B).

Note that (4.1) is equivalent to the initial value problem
t
43) O(t)=S(t, Oz, 2)+] Tt 1) B(r, O)dr,  telc, b)

in %, where @(t)=(u,(?), u,(t)). Defining
Q: {(t, xl; xZ) . (tv xl)EDI’ (ty xZ)EDZ and xl §x2}

one sees that Q is a locally closed subset of 2, and our question has an
affirmative answer only in case there is a solution @ to on [¢, o] such
that @()=Q(t) for all t<[c, o], where O()={(x,, x,) X : (¢, x,, x,) €Q}. Letting
d(¢; &)=inf {|¢—=x| : xE&} for each ¢=X and £EC ¥, we obtain the following
result directly from [Proposition 2.1 and 2.2 and assumption (4.2):

PROPOSITION 4.1. Let each of the above suppositions and notations hold and
suppose that

(4.4) ligoiff d(S(c+h, ©)p+hB(c, ¢); Q(c+h))/h=0

for all (c, ¢)=Q. Then for each (¢, z,)€D, and (c, z,)€D, with z,=z, there is
a a=o0(c, zy, z,)=(c, b) and a solution (u,, u,) to (4.1) on [c, o] such that (u,(t),
u, (1)) €Q(t), and hence u,(t)=u,(t) for all tlc, o].
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Now suppose that D, and D, have the property that for each (¢, x,) =D,
there is a (¢, x,)€D, such that x,=x, and for each (¢, x,)€D, there is a

(t, x)D, such that x,=x,. One may easily check that implies the
following :

For each (¢, x,)eD, and (¢, x,) €D, with x,=x, there
is a sequence {4,}7 with h,—0 as n—oco such that

(4.5) lim d(S;(¢+h,, ¢)x;+h,Bi(c, x;); Di(c+h,))/h,=0 for

i:172’ and lim d(Sl(c“{—hny c>x1—SZ<C+ hn, c)x2+hn|:Bl(C’

x1)—By(¢, x,)1; C)/hy=0.

It does not seem to be known if [4.5) and are equivalent. Under certain
additional assumptions the equivalence of and may be established.
One such assumption involving D,, D, and C is the following:

(Q) There is a number N>0 such that if K; is a compact subset of D; for
i=1,2 there is a number 7=7n5(K,, K,) with the following property: if
(t, x) €K, with d(x,—x,;C)<w, there is a (¢, ¥,)€D, such that x;=%, and
| x,— %, | ENd(x,—x,; C).

When this condition is satisfied we say that (D), D,, C) satisfy (Q). It is easy

to check that if D, and D, are open then (D), D,, C) satisfy (Q).

PROPOSITION 4.2. Suppose that (D,, D,, C) satisfy (Q) and that (4.5) is valid.
Then (4.4) holds.

PROOF. Let (c, %, x,)€Q and set xi(h)=Si(c+h, Oxi+hBic, x;) for h>0
and i=1,2. From we have that d(x,(h;)—x,(h,); C)=0(h,) and that there
is a y,eD,(c+h,) such that

|xi(hy)—yi|=0(h,) for n=1 and i=1,2.

Since y,—x; as n—oo, there is a compact subset K; of D; such that (c+#h,, y2)
eK,; for n=1 and i=1,2. By (Q) there is a 2 D,(c+h,) such that y.=32
and |yi—7¥i|=o0(h,). Hence (3, 32)€Q(c+h,) and

d(S(cthay (e, %)+ haBlc, Xy 1) 3 Qlcthr))
< | (x,(ha), %)) — (31, 52 |
< |2y =98 |+ | o) =33 [+ 132 — 73|
= o(h) ,
and it follows that holds.



Nonlinear perturbations of linear evolution systems 247

Our next result contains a convenient criteria insuring that the final con-
dition in is fulfilled.

LEMMA 4.1. Suppose that for each (¢, x,)=D(B, and (c, x,)€D(B,) with
X=X, it follows that

(4.6) ,1liqrgl+d(x1—xz+h[31(c, x1)—Ba(c, x,)1; C)/h=0
and that S,(¢, ¢)x,=S,(t, 0)x, for all t<[c, b). Suppose also that for i€{l, 2}

and (c, x;)€D; there is a 0>0 such that S;(t, ¢)x;,€ D(B;) for each t<[c, c+0].
Then

Jim d(Si(e+h, )x1=Sy(c+h, )xp+hIBie, 2,)~Byle, x)1; C1/h=0

for all (¢, x))€ D, and (c, x,) €D, with x,=x,.

INDICATION OF PROOF. Since the cone C is convex, d(x+hy;C)/h is non-
increasing as h—0+ for each xC and y=X. From this observation it follows
that if K;CD;(B;) is compact for i=1, 2, the limit in [(4.6) is uniform for
(¢, x )€K, and (c, x,)€K, with x,=x, Setting K;={(c, Si(c+h, ¢)x;) :0=h=7}
for i=1, 2, and noting that

Sie+h, )x;—Sy(c+h, ¢)x,+h[B,(c, x,)—B;(c, x,)]
=Si(¢+h, O)x,—Sy(c+h, )x,+hLB\(c, Si(c+h, c)x;)—Bylc, Sy(c+h, )x.]
+o(h) '

where A7'o(h)|—0 as h—0+, establishes the lemma.

The techniques in this section may also be applied to obtain results on
differential inequalities.

PROPOSITION 4.3. Suppose_that p:[a, b)—X is continuous with (¢, p(t)) = D(B,)
for all tela, b) and that each of the following are satisfied:

(@) lim d(pe+h)—Si(eth, p()—hBi(c, p(¢)); C)/h=0 for each c<[a, b);
(b) 1igoipf d(Sy(c+h, ¢)z+hB,(c, z) ; Dy{c+h))/h=0 for each (¢, 2)ED, with z<

p(0);
(c) 1,3113+d(51(c+h’ O)p(c)—S,(c+h, ¢)x,+h[ B,(c, p(c))—B,(c, x,)1; C)/h=0 for each

(¢, x,) €D, with x,=p(c); and
(d) If Dy=A{(t, p(D):tela, b)} then (D, D,, C) satisfy (Q).

Then for each z,€D,(c) with z,=p(c) there is a o=(c, b) and a solution u, to
the second equation in (4.1) such that u,(t)eD,(t) and u,() =p(t) for all t<[c, o).

PROOF. Let (—oo, p(t)]={x= X : x=p(t)} for each t[aq, b). From (4.2) and
Propositions 2.1 and 2.2 it suffices to show that
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4.7) lihrgoiff d(S,(c+h, c)z4hBy(c, 2) ; (—co, plc+h)IND,(c+h))/h=0
for each (¢, 2)€D, with z=<p(c). So let (¢, 2)€D, with z=<p(c) and by (b) let
h,—0+ and let {w,}7 be a sequence in D,(c+#4,) such that
| Sy(c+hy, ©)z+h,B,y(c, 2)—w,|=o0(h,).
From (a) it follows that
plethn)—wn = Si(cthy, )p(c)—Sylc+ha, €)2
+ha[ Bi(c, p(c))—Ba(c, 2)1+€x
where |&,|=o0(h,) as n—co, Using (c¢) it now follows that
d(plethn)—wn; C)=o0(ha);

so by (d) there is a W, D,(c+h,) such that p(c+h,) =W, and |iV,—w,|=0(h,).
Consequently, @W,e(—o, p(c+h,)IND,(c+h,) and it follows that

d(Sy(cthn, O)z+hyBy(c, 2) 5 (—oo, pletha)INDy(c+hy))
= |Si(ctha, )z+hBy(c, 2)—Wa| = 0(hy) .

Thus (4.7) holds and the proof is complete.

Since p(c)=D,(c) for all c[aq, b), provides criteria which assures
that (¢) in [Proposition 4.3 is valid, and condition (d) is certainly fulfilled if

(D,, D,, C) satisfy (Q). In the case that T, is generated by the family L,=
{L,(¥):tela, b)} then we may obtain a criteria involving a differential ine-
quality which assures that (a) in [Proposition 4.3 is valid. Let a; and 3, cor-
respond to S; as a and 3 correspond to S in (1.1) and define A,={A,(?):te
La, b)} by
4.8) A (Ox=L,(t)(x—a,(®))+ B,()+ai(t) for all i€[a, b) and x= D(A,(1)),
where D(A,())={xeX:x—a,()eD(L,(1)} (see [15)).

LEMMA 4.2. With the notations enumerated in the above paragraph, suppose

that p:[a, b)—X is continuous and that p(t)eD,(HND(AD) for all t<[a, b).
Suppose further that for each c<[a, b) the right derivative p.(c) exists and that

pi(0) 2 Ai(a)p(e)+Bile, p(e)) .

Then (a) in Proposition 4.3 is valid.
Proor. From (1.6) we have that

Co(c+h)—Si(c+h, O)p(c)—hBy(c, p(c))]/h
=[plc+n)—p(c)]/h— A (c)p(c)—Bi(c, p(c))+h " o(h)
=h™'&,

where h7'|&,]—0 as h—0+. The lemma now follows easily noting that
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dlx;C)/h=d(h'x;C)
for all A>0 and x=X.

§5. An example.

In this section an example is given to illustrate our results. The techniques
here are improvements of those given in [3]. Let N and M be positive in-
tegers and let £ be a bounded region in R¥ with 02 smooth. Also let |-|
be a norm on RY, let 1<p<oo, and let X be the space LP(2;RY). Let
H*?(2) be the space of all members of L?(2, R) having two derivatives in
L?(2; R) and define the Laplacian operator 4 on X by

D(d)={p=(g)eX:d,cH>*(Q) for 1=1, .-+, M}
and
d¢p=(dg) for all ¢=(g.)I'eD(4),
where 4 also denotes the Laplacian on -L£7(£2; R). Further, let H}?(2) be the

space of all members of £7(£2;R) vanishing on 02 and having one derivative
in .L?(Q2;R), and define the linear operator L on X by

D(L)={¢=D(4):¢,cH}?(£2) for 1=1, ---, M}
and

Lo=4¢  for all g=D(L).

It is well-known that L is the generator of a compact, analytic semigroup
T'={T"(t):t=0} on X. Setting T(¢, s)=T'(t—s) for 0=s=t we have that T=
{T(t, 5) : 0=s=t} satisfies (T1) and (T2) in §1 with ¢=0 and b=co.

Let a: [0, o) x 2—R™ be continuously differentiable with a(t, -)=D(4) and
t—da(t, -) continuous from [0, ) to X. Also suppose ¢=X and that f=

(f)¥ [0, 0)x 2X R*—R™ is continuous. Consider the nonlinear parabolic
system

(5.1)

u,(t, ©)=du(t, ©)+ 1, 7, ult, 7))
{ L for t>0, 7€, c=0R

u(t, o)=alt, o), u(0, 7)=¢(z)

where u:[0, ) x 2—R" and 4.u(t, )=[4u(t, -)](zr). We will consider the ex-
istence of mild solutions to [5.1).

Define the mapping B from [0, o) into X by A()=da(t, -)—a,(t, ) and
define the family S,={S.(t,s):0=s=t} by

(5.2) Sdt, 9=Tt, g—als, I+ Tt NpIdr+att, -)

for all 0=s=t and ¢=X. Also, define the operator B, on [0, )X X by
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(5.3) {D<Bf<f’ N=1{geX:t—f(t 7, $(z)) is in X} and

[Bs(t, )1(x)=f(t, 7, ¢(7)) for all 72 and ¢ =D(B(t, +)).

A function u:[0, o)X 2—R¥ is said to be a mild solution to [5.1) if u(t, )<
D(B(t, -)) for all t=0, t—u(t, -) is continuous from [0, o) into X, and

(5.4) u(t, )=Sut, o>¢+j::r(t, NB(r, u(r, Ndr  for all =0

(see [(1.7). We have the following basic result:
PROPOSITION 5.1. In addition to the suppositions and notations indicated
above, suppose that A is a closed convex subset of R™ such that

(a) }ir&d(&—i—hf(t, z, &) A)/h=0 for all (¢, 7, £)[0, o)X Ix A:

(b) a, b:[0, ©)—[0, ) are continuous and |f(¢, z, &)|=Za(t)|&|+b(t) for all
(t’ T, E)EEO, OO)XQ-XA, and
(¢) a(t, o)ed for t=0,0€0R, and ¢(z)e A for teQ.

If K(A)={¢eX:¢(x)eA for almost all z€2} then has a mild solution u
on [0, )X 2 such that u(t, -)K(A) for all ¢=0.

REMARK 5.1. Supposition (a) is equivalent to the following condition: for
(t, 7, £)€[0, c0) X 2% A the initial value problem w’(s)=f£(t, z, w(s)), w(0)=¢& has
some solution w on an interval [0, p) such that w(s)e4 for all s€[0, p). Note
also that (b) is automatically fulfilled if 4 is bounded.

PrROOF OF PRrROPOSITION 5.1. From (b) one sees that By is continuous from
[0, o)X K(A) into X, and from (a) and [2, Proposition 5] it follows that

lim d(@+hBy(t, $); KA)/h=0  for all (t, $)<[0, o) x K(4).

Since T(t, s) is compact for 0=s<t, the assertions will follow from
2.4 and (see also Proposition 3.1) once it is shown that S,(¢, s):
K(A)—K(A). This fact follows from the maximum principle. Let {&f:7e
I'}c(R")* (where (R™)* is the dual space of RY) and {dr:yl'}CR be
such that

A=N{ESRY X&) <0} .
rel’

Let ¢ be a continuous member of K(A), let s=0, and define v(t, 7)=[S,(t, s)¢](7)
for all (¢, 7)=ls, 00)><§. From the diffierentiability of T and the smoothness
assumptions on « it follows that v,(¢, ) and 4.v(t, r) exist in the classical
sense for all (f, 7)e(s, 0)x L. Thus if yel' and w(t, 7)=&F(v(t, 7)) then
w,(r, )=4.w(t, ), and since w(t, 0)=E&F(a(t, 6))<0, for all (t, 0)E(s, o)X 02
and w(0, t)=£X¢(7))=<0; for all r=, it follows from the maximum principle
that
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Ft, )=w(, t))<d; for all (¢, z)=(s, o)X 2.

Since this holds for each y=I' we have that v(t, r)4, and hence S,(t, s)p<
K(A). Since S,(¢, s) is continuous and the class of continuous members ¢ of
K(A) is dense in K(A), it follows that S,(t, s): K(A)—K(A) and the proof is
complete.

The techniques of §4 may also be applied to this example. Let R¥={&éec
R*:£,=0 for i=1, ---M} and write £=% only in case {—p&RY. Then

KRN)={¢cX:¢(r)=80 for almost all r€}

is a closed cone in X, so write ¢, =¢, only in case ¢,—¢,=K(R¥). Now let

g=(g)¥ :[0, )X 2 R¥—RY be continuous and suppose that
55) if £=9=60 and &=, for some i€{1, ---, M}, then
' gt 7, )= fdt, 7, 1) for all (t, D)0, c0)x 2.

One may easily check that (5.5) is equivalent to

lim d(§—n+hLg(t 7, §)—/ 7, n)]; RY)/h=0 for all

(5.5) ~
(t, 7, ), (t, 7, n)€[0, o) X 2X RY with §=7.

The following result on inequalities for mild solutions to is valid.

PROPOSITION 5.2. Suppose that g and f satisfy (5.5), that p:[0, o)X @—RY
is continuously differentiable with p(t, -)eD(4) and t—dp(t, -) continuous from
[0, c0) to X, and that

Dt ©) 2 A, )+g(t, 7, pt, ©) for all (1, 2)<[0, 0)x 2
9= o(r) <0, 7), 6= alt, 0) < p(t, o) for all 120,72, 00R.
Suppose also that

(5.6)

if £=20 and £,=0 for some i {1, ---, M}, then
filt, T, &) =0 for all (t, 7)e[0, 0)x 2.

Then equation has a mild solution u on [0, c0)x Q2 such that O=u(t, )=
p(t, ) for all (t, T)€[0, co) X 2.

INDICATION OF PROOF. We show that this proposition is a consequence
of [Proposition 4.3 Let S,=S,, B,=B, and let S, be defined by with «
replaced by p and let B, be defined by with f replaced by g. Since
a(t, )Sp(t, o) for t=0 and o<0df, it follows that S,(t, s)¢,=S,(¢, s)¢, for all
0=<s=<t and ¢,, ¢, X with ¢,=¢,. Using (5.5) one may show that

JNim d(¢,—¢,+hALBi(t, ¢2)=Bi(t, $) 1;K(RE)/h=0

(6.7

for all ¢,€D(B(t, ), ¢,=D(B,(t, -)) with ¢;=¢,. Using the technique in



252 R.H. MARTIN, Jr.

one sees that (c¢) in[Proposition 4.3 holds. Letting ¢,(z)=(1, -+, 1)
R for each £ and defining D,()={¢p=X:0=¢=p(t, -)+¢,} for all t=0,
one may check that (b) in [Proposition 4.3 holds by using (5.7). The fact that
(a) holds follows from (5.6) and To see that (d) holds, let 0<¢<
p(t, )+¢, and set ¢=min {¢, p(t, -)}. Then ¢=D,({) and ¢=<¢. Noting that

lg—@|=d(p(t, -)—¢ ;K(RY))
shows that (d) holds (take N=1 and #(K,, K,) any positive number in the

definition of condition (Q)). Thus [Proposition 5.2 is a consequence of Proposi-
tion 4.3.

REMARK 5.2. Instead of using the Laplacian operator in this example, one
may assume that the operator L has the form L¢=(A;4,)¥, where each A,
is a second order uniformly elliptic operator in divergence form.
5.2 remains valid in this circumstance. [Proposition 5.1 is also valid if one

n
assumes that either 4=]I J; where each J; is a closed interval in R or that
i=1

A=A, for 1=2, -+, M.
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