Chapter 4
The Cauchy Problem in Banach Spaces

Abstract This chapter is devoted to the Cauchy problem associated with nonlinear
quasi-accretive operators in Banach spaces. The main result is concerned with the
convergence of the finite difference scheme associated with the Cauchy problem in
general Banach spaces and in particular to the celebrated Crandall-Liggett exponen-
tial formula for autonomous equations, from which practically all existence results
for the nonlinear accretive Cauchy problem follow in a more or less straightforward
way.

4.1 The Basic Existence Results

Mild Solutions

Let X be a real Banach space with the norm | - || and dual X* and let A C X x X
be a quasi-accretive set of X x X, or in other terminology, A : D(A) C X — X is
an operator (eventually multivalued) such that A + @/ is accretive for some @ € R.
We refer to Section 3.1 for definitions and basic properties of quasi-accretive (or
w-accretive) operators.

Consider the Cauchy problem

dy
Yy ai s @), reoT) .
¥(0) = o,
where yp € X and f € L'(0,T; X).

Definition 4.1. A strong solution to (4.1) is a function y e W1((0,7]:X)NC([0,T]:X)

such that p
y
t —_
-5

Here, W'1((0,7];X) = {y € L'(0,T;X); y € L'(8,T;X), V8 € (0,T)}.

(1) € Ay(r), ae.t€(0,T), y(0)=yp.
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It is readily seen that any strong solution to (4.1) is unique and is a continuous
function of f and yy. More precisely, we have:

Proposition 4.1. Let A be w-accretive, f; € L'(0,T;X), yi € D(A), i = 1,2, and let
y; € WHL((0,T);X), i = 1,2, be corresponding strong solutions to problem (4.1).
Then,

1)=32(0)] < e Iob=31+ | € b (5)—32(6). S (5)— (5L
4.2)

!
< e“”llyé—y%IH/o I fi(s)=fa(s)lds, Vi€ [0,T].
Here (see Proposition 3.7)

e, y)s = Air;{)l*l(llxﬂtyll = [lxll) = max{(y,x"); x" € P(x)} 4.3)

and ||x||®(x) = J(x) is the duality mapping of X; that is, @ (x) = d|x||.
The main ingredient of the proof is the following chain differentiation rule
lemma.

Lemma 4.1. Let y = y(t) be an X-valued function on [0,T). Assume that y(t) and
lly(®)|| are differentiable at t = s. Then,

O b= (F6w). eI, (@)

Here, J : X — X" is the duality mapping of X.

Proof. Let € > 0. We have

(5(5+£) =306 < (Io(s+ )l — I DIwll. ¥ € J())
and this yields
(L6 < £ 1o

Similarly, from the inequality

(v(s —&) =y(s),w) < (Iy(s = &) | = [y () DIIwll,
we get

(jsy@,w) > < @y,

as claimed.
In particular, it follows by (4.4) that

Sho1=po 2| . o @s)
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Proof of Proposition 4.1. We have

d

75 01068) = 22(5)) +Ay1(s) = Ay2(5) 3 fi(s) = fols),  ae.s€(0.T).  (4.6)

On the other hand, because A is w-accretive, we have (see (3.16))

1(s) = y2(s),Ay1(s) = Ay2(s)]s = —ol|y1(s) —y2(s)|l

and so, by (4.5) and (4.6), we see that

% [y1(5) =y2(s)| < y1(s) =y2(s), fi(s) = fa(s)]s + @l[y1(s) = y2(s),
ae.se (0,7).

Then, integrating on [0,7], we get (4.2), as claimed.

Proposition 4.1 shows that, as far as the uniqueness and continuous dependence
of solution of data are concerned, the class of quasi-accretive operators A offers
a suitable framework for the Cauchy problem. For this reason, such a nonlinear
system is also called quasi-accretive. However, for the existence we must extend
the notion of the solution for the Cauchy problem (4.1) from differentiable to conti-
nuous functions.

Definition 4.2. Let f € L'(0,T;X) and € > 0 be given. An &-discretization on [0, T]
of the equation y' +Ay > f consists of a partition 0 =ty <1} <1, < --- <ty of the
interval [0,7y] and a finite sequence {f;} ; C X such that

ti—tiog<e fori=1,.. N, T—e<ty<T, “4.7)

N t
Y [ )~ fillds <e. @“8)
i=1"1i-1

We denote by D% (0 =to,11,....tn5 fi, ..., fw) this e-discretization.

A D3 (0=10,t1,....tN5 f1,..., fw) solution to (4.1) is a piecewise constant function
z:]0,ty] — X whose values z; on (t;,_1,#] satisfy the finite difference equation

%‘FA@ > fi, i=1,..,N. “+9)
i—tiz1

Such a function z = {z;} , is called an €-approximate solution to the Cauchy pro-
blem (4.1) if it further satisfies

12(0) = yoll < €. (4.10)

Definition 4.3. A mild solution of the Cauchy problem (4.1) is a function
y € C([0,T];X) with the property that for each € > 0 there is an €-approximate
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solution z of y) + Ay > f on [0,T] such that ||y(z) —z(r)|| < € for all t € [0,T] and
¥(0) = x.
Let us note that every strong solution y € C([0,7];X) NW!1((0,T];X) to (4.1)
is a mild solution. Indeed, let 0 =17y <1; < --- <1y be an e-discretization of [0, 7]
such that
‘ <e

— i

d y(ti) = y(ti-1)
dty(t)f ti—ti

ti—ti1 < 8, i=1,2,...,N

and .
|10 = @ldr < et—ti-1).

i1
Then, the step function z : [0,7] — X defined by z = y(;) on (f;_1,t] is a solu-
tion to the e-discretization D§ (0 =19,11,....%: f1,..., f»), and, if we choose the dis-
cretization {z;} so that ||y(r) —y(s)|| < & for t,5 € (f;_1,t;), we have by (4.2) that
ly(£) —z(r)|| < e forall ¢ € [0,T], as claimed.

Theorem 4.1 below is the main result of this section.

Theorem 4.1. Let A be w-accretive, yo € D(A), and f € L'(0,T;X). For each & >0,
let problem (4.1) have an €-approximate solution. Then, the Cauchy problem (4.1)
has a unique mild solution y. Moreover, there is a continuous function § = 5(€)
such that 6(0) = 0 and if z is an €-approximate solution of (4.1), then

Ilyv(t) —z(2)|| < 6(e) for t €[0,T —¢g]. 4.11)

Let f,g € L'(0,T;X) and y,5 be mild solutions to (4.1) corresponding to f and
g, respectively. Then,

(@) =5()]| < e®C|ly(s) = 3(s)|
+/ (1) = 3(1), f (1) = g(0))sd (4.12)
for 0<s<t<T.

This important result, which represents the core of the existence theory of evo-
lution processes governed by accretive operators is proved below in several steps.
It is interesting that, as Theorem 4.1 amounts to saying, the existence of a unique
mild solution for (4.1) is the consequence of two assumptions on A: @-accretivity
and existence of an €-approximate solution. The latter is implied by the quasi-m-
accretivity or a weaker condition of this type. Indeed, we have

Theorem 4.2. Let C be a closed convex cone of X and let A be ®-accretive in X x X
such that
DA)cCcC () RU+AA) forsome A > 0. (4.13)
0<A<Ag

Let yo € D(A) and f € L'(0,T;X) be such that f(t) € C, a.e. t € (0,T). Then,
problem (4.1) has a unique mild solution y. If y and y are two mild solutions to (4.1)
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corresponding to f and g, respectively, then
y(e) =5()|| < e®ly(s) = 5(s)]|

t 4.14
+ [ e I(®) =50, £(7) - (DT for 0<s<1<T. o

Proof. Let f € L'(0,T;X) and let f; be the nodal approximation of f; that is,

1 i
fi= / f(s)ds, i=1.2,...,N,
i1

i —ti—1

where {ti}ﬁ\; 1» To =0, is a partition of the interval [0,7y] such that ; —7,_; < €,
t —& <ty < T. By assumption (4.13), it follows that, for € small enough, the func-
tion z = z; on (t;—1,4], zo = Yo, is well defined by (4.9) and it is an €-approximate
solution to (4.1). (It is readily seen by assumption (4.2) and the w-accretivity of A
that equation (4.9) has a unique solution {z,-}fy: o-) Thus, Theorem 4.1 is applicable
and so problem (4.1) has a unique solution satisfying (4.14). O

In particular, by Theorem 4.2 we obtain the following.

Corollary 4.1. Let A be quasi-m-accretive. Then, for each yo € D(A) and f €
LY(0,T;X) there is a unique mild solution y to (4.1).

In the sequel, we frequently refer to the map (yo, f) — y from D(A) x L' (0,T;X)
to C([0,T]; X) as the nonlinear evolution associated with A. It should be noted that,
in particular, the range condition (4.13) holds if C = X and A is w-m-accretive in
X xX.

In the particular case when f = 0, if A is w-accretive and

R(I+AA) D D(A) forall small A >0, (4.15)

then we have, by Theorem 4.1:

Theorem 4.3 (Crandall and Liggett [24]). Let A be w-accretive, satisfying the
range condition (4.15) and yo € D(A). Then, the Cauchy problem

dy
—+Ay>0 t>0
a T (4.16)
y(O) =)o,
has a unique mild solution'y. Moreover,
t —n
y(t) = lim (1+7A) Yo 4.17)
n—oo n

uniformly in t on compact intervals.

Indeed, in this case, if 7o =0, t; = i€, i = 1,...,N, then the solution z¢ to the
e-discretization D (0 = 19,11, ...,tx) is given by the iterative scheme
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ze(t) = (I+€A)"'yg for t € ((i—1)¢,ig].
Hence, by (4.11), we have
ly(r) — (I+€A) 'yl < 8(g) for (i—1)e <t <ie,

which implies the exponential formula (4.17) with uniform convergence on compact
intervals. We note that, in particular, the range conditions (4.13) and (4.15) are auto-
matically satisfied if A is quasi-m-accretive; that is, if @/ + A is m-accretive for some
real ®. The solution y to (4.16) given by exponential formula (4.17) is also denoted
by e Ayy.

Corollary 4.2. Let A be quasi-m-accretive and yo € D(A). Then the Cauchy problem
(4.16) has a unique mild solution y given by the exponential formula (4.17).

We now apply Theorem 4.2 to the mild solutions y = y(¢) and y = x to the equa-
tions
Y +Ay> f in (0,T),

and
Y +Ay>v in (0,T), v € Ax,

respectively. We have, by (4.14),

I30) =1 < Ily(o) —xl+ [ (E) —x, £(5) sl D

VO<s<t<T, [x,v] €A.

(4.18)

Such a function y € C([0,T]; X) is called an integral solution to equation (4.1).

We may conclude, therefore, that under the assumptions of Theorem 4.2 the
Cauchy problem (4.1) has an integral solution, which coincides with the mild so-
lution of this problem. On the other hand, it turns out that the integral solution is
unique (see Bénilan and Brezis [11]) and under the assumptions of Theorem 4.2 (in
particular, if A is @w-m-accretive) these two notions coincide.

It should be mentioned that in finite-dimensional spaces, Theorem 4.1 reduces to
the classical Peano convergence scheme for solutions to the Cauchy problem which
is valid for any continuous operator A. However, in infinite dimensions there are
classical counterexamples which show that continuity alone is not enough for the
existence of solutions. On the other hand, in most of significant infinite-dimensional
examples the operator A is not continuous. This is the case with nonlinear boundary
value problems of parabolic or hyperbolic type where the domain D(A) of operator
A is a proper subset of X and so A is unbounded. More is said about this in Chapter 5.

If X is the Euclidean space RY and A = y : RY — R" is a measurable and mono-
tone function; that is,

(y(x)—y(»),x—y)y >0,  Vx,yeRY,

where (-,-)y is the scalar product of RY, then the Cauchy problem
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— (O +y(@)=0, >0, (4.19)

is not, generally, well posed.
This can be seen from the following elementary example

dy
% (1) +sgngy(r) =0, >0, y(0) = yo,

where sgnyy = y/|y|. However, if we replace y by the Filipov mapping

v(x)=(] [\ convy(Bs(x)\E), Vx € RV,
6>0 m(E)=0

which, as seen in Proposition 2.5, is m-accretive in RY x RY, then the corresponding
Cauchy problem; that is,

20 +50) 30, 120,
¥(0) = yo,

has by Theorem 4.1 a unique solution y. This is the so-called Filipov solution to
(4.19) which exists locally even for nonmonotone functions y.

Let us now come back to the proof of Theorem 4.1.

Let z be a solution to an e-discretization D% (0 = 11,11,...,ty5 f1, ..., fv) and let
w be a solution to D5 (0 = so,51,...,8m:81,-.-,gm) With the nodal values z; and w;,
respectively. We set a;; = [|zi —wjl|, & = (ti —ti—1), ¥j = (sj —8j-1)-

We begin with the following estimate for the solutions to finite difference scheme
(4.7-(4.9).

Lemmad4.2. Forall 1 <i< N, 1 < j<M, we have

5y \ (v &
ij<|\1- i-1,j ij—
ajj ( a)SH_Y]_) 5,-+Yja 17,+5i+yja7, 1

6,"}/j
+ &T}’j [Zz—Wpﬁ_gj]s) .

(4.20)

Moreover, for all [x,v] € A we have

i
aio < @iillzo — x| + lwo —x[| + Y xSl fill +IIvl),  0<i<N, (4.21)
k=1
and
J

ao; < Biillwo— x| +llzo—x|+ ¥ Bianllgc +VI)),  0<ji<M, (4.22)
k=1
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where '
i J
op=[]1-w8)",  Bi=]]00-om " (4.23)
m=k m=k
Proof. We have
fi+ 8 zii—z) €Az, gi+7 (wjii1—w;) € Awj, (4.24)

and, because A is w-accretive, this yields (see (3.16))
i —wy it 8 (2t —2) = 8 = ¥ (wim1 —wy)ls = —ollzi —wll.
Hence,
—ollzi—wjll < i—wj, fi—gjls+ 8 [z —wj,zim1 —zils
+ 0 = wjowi—wjisils
< [ei—wj fi—gils = & (llzi = wjll = llzimt —wyll)
—1

= (lzi =wjll = llzi = wj-1l),

and rearrranging we obtain (4.20).
To get estimates (4.21), (4.22), we note that, inasmuch as A is w-accretive, we
have (see (3.3))

lzi =l < (1= &)z —x+&(fi+ & (21 —2z) =),
respectively,
Iwj =l < (1 =y50) " wj —x+ (g5 + 7 (wjm1 —w;) =),
for all [x,v] € A. Hence,
lzi = x| < (1= &@) "zt —x|| + (1 = &) ' (I A +[v])
lwj =l < (1=y0) w1 =l + (1 = y0) "yl + IV]])
and (4.21), (4.22) follow by a simple calculation. O

In order to get, by (4.20), explicit estimates for a;;, we invoke a technique fre-
quently used in stability analysis of finite difference numerical schemes.
Namely, consider the functions y and ¢ on [0, T] that satisfy the linear first order
hyperbolic equation
dy

— (t,5)+

A
ot ds

I,S) _wW(t7S) = (P(l‘,S)
for 0<r<T,0<s<T,

(4.25)

and the boundary conditions
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y(t,s)=b(t—s) fort=0 or s=0, (4.26)

where b € C([-T,T]) and ¢ is defined later on.
There is a close relationship between equation (4.25) and inequality (4.20). In-
deed, let us define the grid

D={(ti,s;); 0=t0<t1 <-- <ty <T,0=50<s51<---<sy<T}

and approximate (4.25) by the difference equations

Vij—Vi-1,j | Vij —Vij-1
+ —OVYij =0
5 7 Vij = @ij 427

for i=1,..,N, j=1,..M,

where 6; =1; —t;_1, ¥j = sj —sj—1, and @; ; is a piecewise constant approximation
of ¢ defined below. After some rearrangement we obtain

0iYj ! Y 5 5
Vij = (1 05y (Wy,- Vie1j 5y Vi1 5y P ) T (4.28)

i=1,..,N, j=1,...M.

In the following we take

go(t7s)=||f(t)—g(s)||7 (Pi,j:Hfi_nga i=1,..,N, j=1,..M,

where f; and g; are the nodal approximations of f,g € L'(0,T;X), respectively.
Integrating equations (4.25) and (4.26), via the characteristics method, we get

W(t’s) = G(b’(p)(t’s)

"
e”b(t—s) +./0 Vot —s+1,7)dt if 0<s<t<T, 4.29)

1
ewtb(t—s)Jr/ et s—t+1)dr if 0<r<s<T.
0

We set Q = (0,T) x (0,T), and for every measurable function ¢ : [0,7] x
[0,T] — R we set

lolle = inf{[|fll107) +8llr07)s [@(E5)] < [F(0)]+ g (s)];

4.30
a.e. (1,5) € Q}. (430

Let 2(A) = [0,tx] % [0,5m] and B : [—su,tn] — R, ¢ : 2(A) — R be piecewise
constant functions; that is, here are b; j, ¢; ; € R such that 5(0) = B(0) and

B(r—|—s) = bij for t; 1 <r<r, —S; <s< —Sj—1,
(])(I,S) Z(b,"’j for (I,S)E(Iifl,t,']x(sj;],sj'].
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Observe, by (4.29), via the Banach fixed point theorem, that if the mesh m(A) =
max{(&;,7;); i,j} of A is sufficiently small, then the system (4.28) with the boun-
dary value conditions

Yy j=b;; for i=0 or j=0, (4.31)

has a unique solution {y;;}, i=1,..,N, j=1,...,.M.
Denote by ¥ = Hx (B, ¢) the piecewise constant function on 2 defined by

¥ = yij on (l‘,;hl‘i} X (sj,hsj}; (4.32)

that is, the solution to (4.28), (4.31).
Lemma 4.3 below provides the convergence of the finite difference scheme
(4.27), (4.31) as m(A) — 0.

Lemma 4.3. Let b € C([~T,T]) and ¢ € L' (Q) be given. Then,
|G(b,9) — Ha(B, )|l 1=(a(a)) — O (4.33)

as
m(A) + 16 = Bl|r=(—py0) T 1@ = 0l 2(a) = O-

Proof. In order to avoid a tedious calculus, we prove (4.33) in the accretive case
only (i.e., @ =0).
Let us prove first the estimate

[Ha (B, 9)|z=(2(a)) < IBll=(—span) + 91l 2(a)- (4.34)

Indeed, we have Hx (B,¢) = Hx(B,0) + Hx(0,¢), and by (4.30), (4.32) we see that
the values of Hx (B,0) are convex combinations of the values of B.
Hence,

1HA(B,0)||=(@(a)) < IBll=(—sprn)-

It remains to show that

1HA(0,0) [l 1=(a(a)) < 19]la(a)-

By the definition (4.30) of the || - | o(4)-norm, we have

i=1

N M
191l = inf{z&ai—i— Y viBj: i+ Bj > 19ijl, o, B > 0}.
; “

Now, let g; j = 0;+ B; > | j| and set

i J
dij=Y o+ Y, B
k=1 k=1
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It is readily seen that y; ; = d; L satisfy the system (4.28) where ¢; ; = g;. i Hence,

d = H(B,g) provided d; ; = b,j fori=0or j =0, where d = {d; j}, B {b,J}
and g = {g; ;}. Inasmuch as g; j > |¢; j|, we have

d = Hy(B,g) > Ha(0,9) > |HA(0,9)
if b; j > 0. Hence,

|1Ha(0,0)|2=(2(a)) < ldllz=(a(a) < 19llaa)

as claimed. _
Now, let ¥ = G(b, @) and assume first that W, Wy, € L7 (). Then, by (4.25) we
see that y; ; = y(t;,s;) satisfy the system

= _5%1’1' + _y%j_l =Gijte,  Wo=Dbt),  Yoj=b(-s)),
i J
i=0,1,.,N, j=0,1,...M

where e = {¢;;} satisfies the estimate

leij] < Vil Wssll= (@) + Sill Wit =), Vi, J.
Then, by (4.34), this yields

|G(b, @) — Ha (B, =)
<IB =Bl 1= (—spy i) + 18— Dl + llellaa)
<IB =Bl (—spy i) + 10— 9l 2(a)

+Cm(Q) (Wl (@) + | Wssll=(2))-

(4.35)

Now, let ¢ € L'(Q), b € C([-T,T]), and b € C*(|-T,T)), ¢ € C2(R). Then,
v = G(b, ) is smooth, and by (4.35) we have
IG(b, @) — Ha(B,9)|1=(2(a))
< ||G(b, ) — G(b,9)| =) + G, ®) — Ha(B,9)|| 1~ (a))
< 2/[b—bll=(—spyy) + €Il @ = Dll2a) + 1B =Bllz=( sy,
119 = dllaca) +Cm(A) (Wil =(2) + [[Wsll =)

(4.36)

Given 1 > 0, we may choose b and @ such that ||b—fl;||Lm(,sM_’lN), [o—0llan) <n
Then (4.36) implies (4.33), as desired. [

Proof of Theorem 4.1 (Continued). We apply Lemma 4.3, where @(t,s) =

1£(1) —g(s)ll, & ={9i;}, dij=Ifi—gil, 1<j<M, 1 <i<N, fiand g; are
the nodal values of f and g, respectively, and
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B(t) = b,"() for ti_1 <t<t,i=1,...,N,
B(S):b07j for —s;<s<—s; 1, j=1,...M

Here, b; is the right-hand side of (4.21) and by ; is the right-hand side of (4.22).
It is easily seen that, for € — 0,

t
B(1) = b(0) = e =+ wo—x+ [ e (1£(3)]|+[vl)de
Vi €[0,T],

and

B(s) = b(—s) = ®’|lwo —x[| + [|z0 — x| +/0 O (Jlg (o)l +IIv])de.

Vs € [-T,0].
By (4.8), we have
[ —0llan) <26
and, by Lemma 4.2,
ai,j:”Zi_WjH SHA(Ba(p)i,jv Vla]
Then, by Lemma 4.3, we see that, for every 11 > 0, we have
z(t) =w(s)| <G, @)(t,s)+n,  Vs,t€[0,T], (4.37)

assoonas 0 < € < v(n).
If f =g and z9 = wo, then G(b,Q)(t,t) = ¢ b(0) = 2¢”||z0 — x|| and so,
by (4.37),

lz(t) =w()| <n+2e[z—x]l,  Vx€D(A), 1€[0,T],

for all 0 < € < v(7). Because ||zo — so|| < &, yo € D(A), and x is arbitrary in D(A),
it follows that the sequence z¢ of €-approximate solutions satisfies the Cauchy cri-
terion and so y(¢) = limg_,0 z¢ (¢) exists uniformly on [0, 7]. Now, we take the limit
as € — 01in (4.36) with s =t +h, g = f, and zo0 = wo = yo. We get

(e +h) ()II < G(b,@)(t+h,1) = e (e +1)|lyo —x]|
4 [[ @ v [ D em - sollar, ikl €4,
and therefore y is continuous on [0,7T]. [J

Now, by (4.37) we have, for f =g, t =5,

l2() =y(D)[l < b(e), Ve e[0,T],
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where z is any €-approximate solution and &(€) — 0 as € — 0. Finally, we take t = s
in (4.37) and let € tend to zero. Then, by (4.29), we get the inequality

ly(5) =3(0)] < e®[ly(0) ||+/ 09| () - g(7)|ldr.

To obtain (4.12), we apply inequality (4.37), where

o(t,s) = [y(t) =3(), f(t) —g(s)]s and t=s.
Then, by (4.29), we see that

Gl 9)(1.0) = € (0) = 50) ]+ [ e~ 13(5) ~5(6). () — gls)

and so (4.12) follows for s = 0 and, consequently, for all s € (0,7).
Thus, the proof of Theorem 4.1 is complete.

The convergence theorem can be made more precise for the autonomous equation
(4.16); that is, for f =0.

Corollary 4.3. Let A be w-accretive and satisfy condition (4.15), and let yo € D(A).
Let y be the mild solution to problem (4.16) and let y¢ be an €-approximate solution
to (4.16) with y¢(0) = yo. Then,

lye(t) =) < Cr(llyo == +|Ax| (e +1'2"/2)),  vie[0,T],  438)

forall x € D(A). In particular, we have

for all t € [0,T] and x € D(A). Here, Cr is a positive constant independent of x
and yo and |Ax| = inf{]|z||; z € Ax}.

< Cr(|lyo — x| +n'/?|Ax]) (4.38)

y(t)— (1+ %A> Ty

Proof. The mappings ygp — y and yg — ye are Lipschitz continuous with Lipschitz
constant e®”, thus it suffices to prove estimate (4.38) for yo € D(A).
By estimate (4.36), we have, for all T > 0,

1G(b,0) — Ha(B,0) [l 1=(a(a))
<o =Bli-7:0) + 1B~ Blim -1 + Cel ¥l + | Bl )

where ¥ = G(b,0), b is a sufficiently smooth function on [~T,T], = (0,T) x
(0,T), and C is independent of &, b, and B. We apply this inequality for B and b as
in the proof of Theorem 4.1; that is,

b(t) =0 '(e® —1)|Ax|,  Vie[-T,T].
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Then, we have
b (r) = ®Il|Ax]| signr,

and we approximate the signum function signt by

for |t| <A,
0(t)=

‘N}')‘N

for || > A,
]

and so, we construct a smooth approximation b of b such that

b(0) =0, b'(t) = ®llAx0 (1),

and _
b (1) = 00(1)|Ax|e®" + 0/ (1)|Ax|e®V.

Hence, _
sup{[B"(s)]: 0 < s <1} < e®¥[Ax|(@+A")

and, therefore,

”b _Fl;HLw(ft,t) +C8(” il}lt”L”((O,t)X(O,t)) + ||ll~/SS||L°°((O,t)><(O,t)))
< Cte|Ax|(1+ AN +CA|Ax|,  Vre][0,T],

where C depends on T only.
Similarly, we have

1B~ B0y < Cle+ 2)|Ax].

Finally,
G(b,0) — Hx(B,0) | 1=(q,(a)) < Ce+ A +1eA")|Ax],

where €; = (0,¢) x (0,¢). This implies that (see the proof of Theorem 4.1)
lye(r) = y())| < G(b,0)(r,1) + ClAx|(e + A +1eA™")
forall 7 € [0,7] and all A > 0. For A = (t&)'/?, this yields
lye(r) = y(0)l| < ClAx|(e+1'2!/2), Vi€ [0,T],

which completes the proof. [

Regularity of Mild Solutions

A question of great interest is that of circumstances under which the mild solutions
are strong solutions. One may construct simple examples which show that in a ge-
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neral Banach space this might be false. However, if the space is reflexive, then under
natural assumptions on A, f, and y, the answer is positive.

Theorem 4.4. Let X be reflexive and let A be closed and w-accretive, and let

A satisfy assumption (4.13). Let yo € D(A) and f € W([0,T];X) be such that

f(t) €C,Vt €[0,T). Then, problem (4.1) has a unique mild strong solution y which
is strong solution and y € W'=([0,T]; X). Moreover, y satisfies the estimate

dy df

- t —_

H dt ®) ds

t
< e |f(O)~Awl+ [ e
0

(5)

ds, ae.te(0,T), (4.39)

where | f(0) — Ayo| = inf{||w

» we f(0)—Ayo}.
In particular, we have the following theorem.

Theorem 4.5. Let X be a reflexive Banach space and let A be an ®-m-accretive
operator. Then, for each yy € D(A) and f € WH1([0,T];X), problem (4.1) has a
unique strong solution’y € W= ([0,T);X) that satisfies estimate (4.39).

Proof of Theorem 4.4. Let y be the mild solution to problem (4.1) provided by Theo-
rem 4.2. We apply estimate (4.14), where y(r) := y(r + h) and g(¢) := f(r + h).
We get

y(t+h) —y()| < IIy(h)fy(O)He“’“r/Ot £ (s +R) — f(s)]|e® ) ds
< Ch+||y(h) —y(0)]le™,

because f € W1 (]0,T]; X) (see Theorem 1.18 and Remark 1.2). Now, applying the
same estimate (4.14) to y and yo, we get

h h

Iy =yoll < [ 1) = Elle® s < [ layo— £l
0 0

VE € Ayg, h €10,T].

We may conclude, therefore, that the mild solution y is Lipschitz on [0,T]. Then,
by Theorem 1.17, it is, a.e., differentiable and belongs to WL""([O7 T];X). Moreover,
we have

= lim Iy

(t+h) =) 0l g5
h—0 h

df
ds (s)

ae.r€(0,7).

%0

< ¥ |Ayo — £(0)] + /0

Now, let t € [0,T] be such that

D (1) = lim L (5(t4+) (1)

exists. By inequality (4.18), we have
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I3+ 8) ] < e lyte) e+ [ ey, (5) -
Vix,w] € A.
Noting that
v—x,u—v]s <|lu—x||—|lv—x|, Yu,v,x € X,
we get
(1) = x,3(2 4 h) = (1))

< (e 1))l + [ Iy (0) x4 () - war

Because the bracket [u,v]; is upper semicontinuous in (u,v), and positively homo-
geneous and continuous in v (see Proposition 3.7), this yields

-5 2 0] ~oly) -4l < b0 10 -wl  Viwlea

Taking into account part (v) of Proposition 3.7, this implies that there is & €J (y(r) —x)
such that (/J is the duality mapping)

d
(%0~ 000 -2 -0 -w) <o (440)
Inasmuch as the function y is differentiable in ¢, we have
d
y(t—h) =Y(t)—h$Y(t)+hg(h)7 (4.41)

where g(h) — 0 for & — 0. On the other hand, by condition (4.13), for every h
sufficiently small and positive, there are [x;, wy,] € A such that

y(t —h) +hf(t) = x,+ hwy,.
Substituting successively in (4.30) and in (4.41) we get

(1= oh)|y(t) — x|l <hllg(R)ll,  Vhe(0,20).

Hence, x;, — y(¢) and wy, — f(¢r) — dy(t)/dt as h — 0. Because A is closed, we

conclude that
dy

2 (0)+Av(1) > £10),

as claimed.

Remark 4.1. In particular, Theorems 4.1-4.5 remain true for equations of the form
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% (1) +Ay(r) +Fy() 3 f(r),  1€[0,T), (4.42)
(

0) = yo,
where A is m-accretive in X X X and F : X — X is Lipschitzian. Indeed, in this

case, as easily seen, the operator A + F is quasi-m-accretive; that is, A + F + @l is
m-accretive for @ = ||F||rip.

More can be said about the regularity of a strong solution to problem (4.1) if the
space X is uniformly convex.

Theorem 4.6. Let A be ®-m-accretive, f € W1 ([0,T];X), yo € D(A) and let X be
uniformly convex along with the dual X*. Then, the strong solution to problem (4.1)
is everywhere differentiable from the right, (d* /dt)y is right continuous, and

+

CVO+ A0~ F0)P =0, wie0.T) (4.43)
dr 1 d
%00 <l rorns [ | Liglas e, aan

Here, (Ay — f)? is the element of minimum norm in the set Ay — f.

Proof. Because X and X* are uniformly convex, Ay is a closed convex subset of X
for every x € D(A) (see Section 3.1) and so, (Ay(t) — f(¢))° is well defined.
Let y € W'=(]0,T]; X) be the strong solution to (4.1). We have

c;lh( (t+h)—y@)+Ay(t+h)> f(t+h), ae h>0,te(0,T),

and because A is w-accretive, this yields

(55 00+)-50).& ) Olylr+n 5O P+re+n-n(0.8)
() € A(e),

where & = J(y(t +h) —y(t)).
Then, by Lemma 4.1, we get

MR OIS [t - slas, @)
which yields
20| <o-n0l e, sereon.

In other words,
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and because dy(t)/dt +Ay(t) > f(t), a.e.t € (0,T), we conclude that

)| <Ay = f0))°ll, ae.re(0,T),

d
d% () + (A1) — £(1)° =0, ae.r€(0,T). (4.46)
Observe also that, for all 4, y satisfies the equation

d

o ((t+h)—y(t))+Ay(t +h)—Ay(t) > f(t+h)— f(t), ae.in(0,T).

Multiplying this equation by J(y(¢ + h) — y(¢)) and using the w-accretivity of A, we
see by Lemma 4.1 that

%Hy(“rh) =yl < @yt +h) =y + £ (2 +h) = F@)]l;
ae. t,t+he(0,T),

and therefore

[y(+h) =y

o (4.47)
< eI y(s+h) - ||+/ N f(e+h) = f(2)]dz.
Finally,
d d ! d
@ )] < e®=s) @ (s) +/ 21 af (7)||dr,
dt ds s drt (448)
ae. 0<s<t<T.
Similarly, multiplying the equation
d
00 =30) +Av(e) 3 £0), a1 € (0.T),
by J(y(t) — yo) and, integrating on (0,7), we get the estimate
)=yl < [0 —s)Pllds,  welT), @49
and, substituting in (4.47) with s = 0, we get
d ! _alld
P20 U ] s
1 0 s (4.50)

ae.t€(0,7).
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Because A is demiclosed (see Proposition 3.4) and X is reflexive, it follows by (4.46)
and (4.50) that y(r) € D(A), Vt € [0,T], and

I(Ay(e) — F(1))°] < C, v € [0,T). 4.51)

Let us show now that (4.46) extends to all 7 € [0,T]. For 7 arbitrary but fixed in
[0,T], consider h,, — 0 such that A, > 0 for all n and

y(t+hy) —y(t)

—¢ inX asn—0.
hy,

By (4.46) and the previous estimates, we see that
1€ < itay(e) = £@)°l, vrefo,T], (4.52)

and & € f(r) — Ay(r) because A is demiclosed. Indeed, we have

F)~g=w—lim o / " s)as,

where 1 € L=(0,7;X) and n(r) € Ay(¢t), Vr €]0,T).

We set N,(s) = n(t + sh,) and y,(s) = y(¢t + shy,). If we denote again by A
the realization of A in L2(0,T;X) x L?(0,T;X), we have y, — y(¢) in L*(0,T;X),
N — f(t) — & weakly in L2(0,T; X).

Because A is demiclosed in L?(0,7;X) x L*(0,T;X) we have that f(t) — & €
Ay(t), as claimed. Then, by (4.52) we conclude that & = (Ay(t) — f(¢))? and, there-
fore,

o0 =tim I g0, e o),

Next, we see by (4.47) that

Let t, — t be such that #, > ¢ for all n. Then, on a subsequence, again denoted by z,,

d*ty(ty)
dt

a s
dt

Ly (s)||+ Ji et

(t)H <e0t)

d
4L (z)] =,

(4.53)
0<s<r<T.

= —(Ay(ta) = f(1a))° = &,

where —& € Ay(t) — f(¢) (because A is demiclosed). On the other hand, it follows
by (4.53) that

151 < Yimsup [ (Ay(zn) = F(6))°I < (A (= £ ()]
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Hence, & = —(Ay(t) — f(¢))° and (d7 /dt)y(t,) — & strongly in X (because X is
uniformly convex). We have, therefore, proved that (d* /dt)y(t) is right continuous
on [0,T), thereby completing the proof. [J

In particular, it follows by Theorem 4.6 that, if A is quasi-m-accretive, yo € D(A),
and X,X™ are uniformly convex, then the solution y to the autonomous problem
(4.16) is everywhere differentiable from the right and
Ey(t) +A%(1) =0, vt >0, (4.54)
where A? is the minimal section of A. Moreover, the function  — A%y(t) is conti-
nuous from the right on R

It turns out that this result remains true under weaker conditions on A. Namely,
one has the following.

Theorem 4.7. Let A be w-accretive, closed, and satisfy the condition

convD(A) C ﬂ R(I+AA)  for some Ay > 0. (4.55)
0<A<Ag

Let X and X* be uniformly convex. Then, for every x € D(A) the set Ax has a unique
element of minimum norm Ax, and for every yo € D(A) the Cauchy problem (4.16)
has a unique strong solution’y € W1=([0,00); X), which is everywhere differentiable
from the right and

+
%y(t) +A%@)=0, Vi>o. (4.56)

Moreover, the function t — A%y(t) is continuous from the right and

d+
Hdty(ﬂ <e”||A%oll,  Vr20. (4.57)

The result extends to nonhomogeneous equation (4.1) with f € W*([0, T]; X).

Proof. We assume first that A is demiclosed in X x X.
Define the set B C X XY by

Bx = convAx, x€D(B)=D(A).
It is readily seen that B is w-accretive. Moreover, by (4.55) it follows that

D@A)C (] RU+AB).
0<A<Ag

Letx € D(A). Then, x; = (I+AA) 'xand y;, = A, x are well defined for 0 < A < Ay.
Moreover, ||A; x|| < |Ax| =inf{||w]||; w € Ax} and x), — x for A — O (see Proposition
3.2). Let A, — 0 be such that A} x — y. Because A, x € Ax;, and A is demiclosed,
it follows that y € Ax. On the other hand, we have
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[Azx]| = [|Bax] < [Bx| = ||B%]|.

(Box exists and is unique because the set Bx is convex, closed, and X is uniformly
convex.) This implies that y = B%x € Ax. Hence, Ax has a unique element of mini-
mum norm Ax. Then we may apply Theorem 4.6 to deduce that the strong solution
y to problem (4.16) (which exists and is unique by Theorem 4.5) satisfies (4.56) and
(4.57). (In the proof of Theorem 4.6, the quasi-m-accretivity has been used only to
assure the existence of a strong solution, the demiclosedness of A, and the existence
of A%) B

To complete the proof, we turn now to the case where A is only closed. Let A be
the closure gf Ain X x X, 5 that is, the smallest demiclosed extension of A. Clearly,
D(A) C D(A) C D(A) and A satisfies condition (4.55). Moreover, because the duality
mapping J is continuous, it is easily seen that A is w-accretive. Then, applying the
first part of the proof, we conclude that problem

du
CR L% =0 in [0,),

dt
u(0) = yo,
has a unique solution u satisfying all the conditions of the theorem. To conclude the

proof, it suffices to show that D(A) = D(A) and A® =
Let x € D(A). Then, for each A, there is [x;,y;] € A C A such that

x=x)—Ay, forO<A <.

We have x; = (I+24A) 'xandy, =A;x= A, x. Because x € D(Z) we have that

X3 220 x and [y ]| < JAx| = ||A%]|. As A is demiclosed and X is uniformly convex,

this implies, by a standard device, that y; — A% as A — 0. Finally, because A is
closed, this yields A% € Ax and x € D(A). Hence, D(A) = D(A) and A% = A%,
Vx € D(A). The proof of Theorem 4.7 is complete. [J

Remark 4.2. If the space X* is uniformly convex, A is quasi-m-accretive,
fewh(]0,T];X), and yy € D(A), then the strong solution y € W!([0,T];X) to
problem (4.1) (see Theorem 4.4) can be obtained as

y(t) = /{1m ya(t) in X, uniformly on [0, T], (4.58)

where y; € C'(]0,T];X) are the solutions to the Yosida approximating equation

DL+ A =), 1e0.7]

¥2.(0) = yo,

(4.59)

where A, = A~1(1— (I+21A)~") for 0 < A < Ag. Here is the argument that also
provides a simple proof of Theorem 4.4 in this special case. By Lemma 4.2, we
have
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1 d

5 77 a0 =3uO1P + (Arya (1) = Awyu(6), T 02 (1) = yu (1)) =0,

ae.r€(0,7), forallA,u e (0,4).
Inasmuch as A is @-accretive and A3y € A(I4+AA) ™y, we get that

L) YaOI? + (A (1) = Apyu (), J 02 (1) = yu (1))

2 dr
—I((I+AA) (1) = (14 pA) "y (1)) (460
< ol (1+24) "y (1) = (1+pA) yu()]?, ae.r€(0,T).
On the other hand, multiplying the equation
d’y,  d df
—A — e.te(0,T
dt2 +df lyl() dt’ a.c 6(7 )7
by J(dy, /dt), it yields
1 d dm dy/l dy/l
€. T
i [l <[ o] 5 - sercon
because A is w-accretive. This implies that
dyy dy; T o) ||df
2t < ot || 24 0 / o(r—s) || %/ d
|92 0| < e | B2 0+ [ |5 ) as
4.61)
t
< e“”\Ayo—f(O)\-l-/ @) (s)||ds.
0

Hence, 42y, (1) < C. VA € (0.2). and ||y, (1) — (1 +2A4) 'y, ()] < CA.
Because J is uniformly continuous on bounded sets, it follows by (4.60) that

1d

2 dt
(A2 O+ O DI Y2 () =y () =T (THAA) 35 ()= T+pA)  yu ()]

<oy () =yu®? +C(A+p)

HIT O () = yu () =I((T+AA) "y, () = (1+pA) " yu )],

ly2 (1) = yu @I < @ (1+24) " ya () = (I +pA) "y ()]

because ||(I+AA)"'yy —ya|l = A||A2ya || < CA. Then, taking into account that J
is uniformly continuous and that, by (4.59) and (4.61), {||A2y4||} is bounded, the
latter implies, via Gronwall’s lemma, that {y, } is a Cauchy sequence in the space
C([0,T];X) and y(r) = limy .y, (¢) exists in X uniformly on [0,7]. Let [x,w] be
arbitrary in A and let x; = x+ Aw. Multiplying equation (4.59) by J(y, (#) —x; ) and
integrating on [s,7], we get
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1
S Iva ()=
1 ot
< 5 llyals) —xp |20 +/ eI (f() —w, I (32.(7) —x2))d,
N

and, letting A — 0,

Db -2

1

< 3 5(6) =2+ [ (1) — w31 (1)~ ),

because J is continuous. This yields

<y(t) —y(s)

t—s

J(y(S)—x)) < 5 Iv(s) =x P = 1) —5)7!

because, as seen earlier,

2 I5(0) =P = 5 1v(5) P = (5(0) —x, T (5(5) ).

By (4.61), we see that y is absolutely continuous on [0,7] and dy/dr € L=(0,T;X).
Hence, y is, a.e., differentiable on (0, 7). If s =1y is a point where y is differentiable,
by (4.62) we see that

(70~ 5 () =+ @0(0) - )56 ) 20, Vil €A

Because A + I is m-accretive, this implies that

(1)~ 52 (1) € Ay().

Hence, y is the strong solution to problem (4.1).

Local Lipschitzian Perturbations

Consider the Cauchy problem

% () +Ay()+Fy(1) 3 f(t),  1€[0,T], (4.63)

¥(0) = yo,

where A is quasi-m-accretive in X x X and F : X — X is locally Lipschitz; that is,
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|Fu—Fv| < Lgl|ju—v], Yu,v € Bg, YR > 0, (4.64)

where Bg = {u € X; |lu]| <R}.
We have the following.

Theorem 4.8. Let X be a reflexive Banach space and let A be a quasi-m-accretive
operator in X. Let f € WH1(]0,T];X) and let F : X — X be locally Lipschitz. Then,
for each yy € D(A) there is T(yo) € (0,T) and a function y € W'=([0,T (yo)];X)
such that

2 () +Ay() +Fy(1) 3 £(1),  ae.t € (0,7 (),

dr (4.65)
¥(0) = yo.
Assume further that
(Fyw) = =nlylP+%,  Vbwl el (4.66)
Then, the solution y to (4.65) is global; that is, it exists on all of [0, T).
Proof. We truncate F on X as follows
F(y) if [yl <R
F = R (4.67)
() b
[yl
and notice that Fy is Lipschitz on X:
1Fr(x) = FrO)Il < Lellx=yll, — Vxy€eX, (4.68)

for some L} > 0. The latter is obvious if ||x||,|[y|| < R or if [|x||,|[y|| > R. If ||x|]| <R
and ||y|| > R, we have

o)~ = o= (5 )| < e e 5 (4.69)

< LrR™||x[lyl| = Ryl| < LrR™|R(x —y) +x([ly[| = R)| < 2L|lx—y].

Then, (4.69) implies that Fg is Lipschitz continuous and so A + Fg is quasi-m-
accretive. Hence for each R > 0 there is a unique strong solution yg to equation

TR+ Arlt) + Febr(0) 2 £0), mere @),
yr(0) = yo.

Multiplying (4.70) by w € J(yg) and using the quasi-accretivity of A, we get
(without any loss of generality we assume that 0 € AQ)

d
7 RO < Lelyr@)II+ £ @)ll, ae.r€(0,T)
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and therefore

! M
Iye(t) < e ol + [ O f(s) s < e ol + 71 (W= 1), Ve (0.7).
0 R
This yields
lye()] <R

for 0 <t < Tr and R > O sufficiently large if T > 0 is suitably chosen.

Hence on [0, 7], ||yr(?)]] < R and so equation (4.70) reduces on this interval to
(4.63). This means that (4.63) has a unique solution y on [0, Tx].

If we assume (4.66), then by (4.70) we see that

2
= — |lyr(t
> 2 le(0) [

<nlyr@OI~+71, aere(0,7T).
Hence

lyr()* < & lyo]* + % (T —1) <R for 1€[0,T]

if R is sufficiently large. Hence, for such R, yg is the solution to (4.65) on all of
[0,7].O

The Cauchy Problem Associated with Demicontinuous Monotone Operators

We are given a Hilbert space H and a reflexive Banach space V such that V C H
continuously and densely. Denote by V' the dual space. Then, identifying H with its
own dual, we may write

VCHCV

algebraically and topologically.

The norms of V and H are denoted || - || and | - |, respectively. We denote by
(vi,v2) the pairing between v; € V/ and v, € V; if vi,v, € H, this is the ordinary
inner product in H. Finally, we denote by | - ||« the norm of V' (which is the dual
norm). In addition to these spaces, we are given a single-valued, monotone operator
A:V — V', We assume that A is demicontinuous and coercive from V to V.

We begin with the following simple application of Theorem 4.6.

Theorem 4.9. Let f € WH1([0,T];H) and yo € V be such that Ay € H. Then, there
exists one and only one functiony : [0,T] — V that satisfies

yeW'([0,T]:H),  AyeL”(0,T:H), @71
Dy L ay(e) = £(1), aete€(0.T)
0 y(t) = flt), ae. ot (4.72)
¥(0) = yo.

Moreover, y is everywhere differentiable from the right (in H) and
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dt
YO+ =1),  vee[o,T).

Proof. Define the operator Ay : H — H,
Agu = Au, Yue DAy)={ueV;Auc H}. (4.73)

By hypothesis, the operator u — u + Au is monotone, demicontinuous, and coer-
cive from V to V’. Hence, it is surjective (see, e.g., Corollary 2.1) and so, Ay is
m-accretive (maximal monotone) in H x H. Then, we may apply Theorem 4.6 to
conclude the proof. [

Now, we use Theorem 4.9 to derive a classical existence result due to Lions [40].

Theorem 4.10. Let A : V — V' be a demicontinuous monotone operator that satis-
fies the conditions

(Au,u) > o||lu||” +C, Yuev, (4.74)
[Aulls < Co(1+ulP"), VueV, (4.75)

where ® > 0 and p > 1. Given yo € H and f € L1(0,T;V'), 1/p+1/q = 1, there
exists a unique absolutely continuous function y : [0,T] — V' that satisfies

y e C([0,T);H)NLP(0,T;V)NW4([0,T];V"), (4.76)

V) =10), aerc©1), 0=y, @17

where d /dt is considered in the strong topology of V'.

Proof. Assume that yo € D(Ay) and f € WH1([0,T]; H). By Theorem 4.9, there is
y € Wh=([0,T];H) with Ay € L=(0,T;H) satisfying (4.77). Then, by assumption
(4.74), multiplying equation by y(¢) (scalarly in H), we have

5 OP +oly@)” < @)yl ae.re(0,T)
(see Theorem 1.18) and, therefore,
t t
pOF+ [ belras<c(nf+ [ i), el @
Then, by (4.75), we get
T
)

(We denote by C several positive constants independent of yg and f.) Let us show
now that D(Ag) is a dense subset of H. Indeed, if x is any element of H, we set x =

dy
u (t)

q T
dr <C<|yo|2+/0 f(t)|‘,{dt). (4.79)
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(I+€eAy)~'x (Iis the unity operator in H). Multiplying the equation x, + £Axe = x
by xg, it follows by (4.74) and (4.75) that

|)cg|2 + o¢||xe||P < |xe| |x| + Ce, Ve >0,

and
e — x|l < ellAx]. < Ce(llee|P" +1), Ve >0.

Hence, {x¢} is bounded in H and x; — x in V' as € — 0. Therefore, x, — x in H as
€ — 0, which implies that D(Ag) is dense in H.

Now, letyo € H and f € L7(0,T;V"). Then, there are the sequences {y(} C D(Ag),
{f,} € WH([0,T]; H) such that

Yo —yo in H, fo— f in LY(0,T;V"),

as n — oo, Lety, € W'([0,T]; H) be the solution to problem (4.77), where yo = y&
and f = f,,. Because A is monotone, we have

1d

2 dr [y (2) _ym(t)|2 < (fa(t) = fn(t),yn(t —ym(t)), ae.t€(0,T).

Integrating from O to ¢, we get
‘yn(t) _ym(t)|2

. 1/q9 s n I/p (4.80)
<042 ([ 150 -uolas) ([ Ton)-ats)l?as)

On the other hand, it follows by estimates (4.78) and (4.79) that {y,} is bounded
in LP(0,T;V) and {dy,/dt} is bounded in L7(0,7;V’). Then, it follows by (4.80)
that y(z) = lim, . y,(¢) exists in H uniformly in 7 on [0, T]. Moreover, extracting a
further subsequence if necessary, we have

Yo — Y weakly in LP(0,T;V),

Yn

d
i di)t) weakly in L4(0,T;V’),

where dy/dt is considered in the sense of V’-valued distributions on(0,T). In parti-
cular, we have proved thaty € C([0,T];H)NLP(0,T;V)NW4([0,T];V'). It remains
to prove that y satisfies, a.e., on (0,7) equation (4.77).

Let x € V be arbitrary but fixed. Multiplying the equation

I +Ayn = fn, ae.t € (O7T)

by y, — x and integrating on (s,7), we get

S 0n(0) =P = n(5) ) < [ ()~ Axyn(®) ).
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Letting n — oo, it yields

S0 = = y(6) =5 < [ (F() = Ax () ).

N

Hence,
(U2 50)-0) <. [ @ axs@-ar s
t—s t—sJs
We know that y is, a.e., differentiable from (0,7 into V’ and
1 qtoth
flw) = llggz A f(s)ds, ae.1p€(0,T).

Let #p be such a point where y is differentiable. By (4.81), it follows that

(iz (to) — f(t0) +Ax,y(to) _x) <0,

and because x is arbitrary in V and A is maximal monotone in V x V', this implies
that

2 10) +Ay(10) = £ 1),

as claimed. (J

It should be noted that compared with Theorem 4.6 and the previous results on
the Cauchy problem (4.1), Theorem 4.10 provides a strong solution (in the V'-sense)
under quite weak conditions on initial data and the nonhomogeneous term f. How-
ever, this class of problems is confined to those that have a variational formulation
in a dual pairing (V, V).

As we show later on in Section 4.3, Theorem 4.10 remains true for time-
dependent operators A(r) : V — V' satisfying assumptions (4.74) and (4.75).

Continuous Semigroups of Contractions

Definition 4.4. Let C be a closed subset of a Banach space X. A continuous semi-
group of contractions on C is a family of mappings {S(¢); r > 0} that maps C into
itself with the properties:

i St+s)x=S@)S(s)x, Vxe C, t,s > 0.

() SO)x=x, VxeC.

(iii)  For every x € C, the function t — S(¢)x is continuous on [0, o).

() [IS()x— ()] < v -], Ve = 0, v,y €C.

More generally, if instead of (iv) we have

V) IS@)x=S@)y|| < e™[lx—yl, V1 =0, x,y €C,
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we say that S(¢) is a continuous @-quasi-contractive semigroup on C.
The operator Ag : D(Ag) C C — X, defined by

S(t)x

Apx=1lim 221y e D(Ay), (4.82)
110 t

where D(Ap) is the set of all x € C for which the limit (4.82) exists, is called the
infinitesimal generator of the semigroup S(z).

As in the case of strongly continuous semigroups of linear continuous operators,
there is a close relationship between the continuous semigroups of contractions and
accretive operators. Indeed, it is easily seen that —A( is accretive in X x X. More
generally, if S(¢) is quasi-contractive, then —A is w-accretive. Keeping in mind the
theory of Cp-semigroups of contractions, one might suspect that there is a one-to-
one correspondence between the class of continuous semigroups of contractions and
that of m-accretive operators.

As seen in Theorem 4.3, if X is a Banach space and A is an w-accretive map-
ping satisfying the range condition (4.15) (in particular, if A is @-m-accretive),
then, for every yo € D(A), the Cauchy problem (4.16) has a unique mild solution
y(t) = Sa(t)yo = e Ay, given by the exponential formula (4.17); that is,

. t —n
Salt)yo = lim (1+ ;A) Yo. (4.83)

(For this reason, S4(¢) is, sometimes, denoted by e~4’.) We have the following.

Proposition 4.2. Sy (t) is a continuous ®-quasi-contractive semigroup on C = D(A).

Proof. Tt is obvious that conditions (ii)—(iv) are satisfied as a consequence of Theo-
rem 4.3. To prove (i), we note that, for a fixed s > 0, y; () = Sa(¢ + s)x and y,(7) =
S4(t)S4(s)x are both mild solutions to the problem

dy
dt
¥(0) = Sa(s)x,

+Ay=0, t>0,

and so, by uniqueness of the solution we have y; = y».
Let us assume now that X, X* are uniformly convex Banach spaces and that A is
an w-accretive set that is closed and satisfies condition (4.55):

convD(A) C ﬂ R(I+AA) for some A > 0. (4.834)
0<A<y

Then, by Theorem 4.7, for every x € D(A), S (t)x is differentiable from the right on
[0, +c0) and
Sa(t)x—
A% —1im SAOYE G b,
t]0 t

Hence, —A” C Ay, where A is the infinitesimal generator of S4(¢). [
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As a matter of fact, we may prove in this case the following partial extension of
Hille—Philips theorem in continuous semigroups of contractions. (See A. Pazy [45].)

Proposition 4.3. Let X and X* be uniformly convex and let A be an w-accretive and
closed set of X x X satisfying condition (4.84). Then, there is a continuous ®-quasi-
contractive semigroup S(t) on D(A), whose generator A coincides with —A°.

Proof. For simplicity, we assume that @ = 0. We have already seen that A® (the mi-
nimal section of A) is single-valued, everywhere defined on D(A), and —Aox = A%,
Vx € D(A). Here, Ay is the infinitesimal generator of the semigroup S4(¢) defined

on D(A) by the exponential formula (4.17). We prove that D(Ag) = D(A). Let
x € D(Ag). Then

h)x —
limsup 1A= Saxll

, vVt >0,
110 h

and, by the semigroup property (i), it follows that t — S (¢)x is Lipschitz continuous
on every compact interval [0,T]. Hence, t — S4(¢)x is a.e. differentiable on (0,e0)
and

d
SA(t)x ZA()SA(I‘))C7 ae.t>0.

dt
Now, because y(¢) = Sa(#)x is a mild solution to (4.16), that is, a.e. differentiable
and (d/dt)y(0) = Apx, it follows by Theorem 4.5 that S (¢)x is a strong solution to
(4.16):

d
£ (Ox+A%4(1)x=0, ae.t>0.

Now,

1 h
—Aox=1im — | A"Sx(r)xdt
ox =lim /0 A (t)xdt,
and this implies as in the proof of Theorem 4.6 that x € D(A) and —Aox € Ax (as seen
in the proof of Theorem 4.7, we may assume that A is demiclosed). This completes
the proof. [

If X is a Hilbert space, it has been proven by Y. Komura [38] that every conti-
nuous semigroup of contractions S(¢) on a closed convex set C C X is generated by
an m-accretive set A; that is, there is an m-accretive set A C X x X such that —A° is
an infinitesimal generator of S(¢). Moreover, the domain of the infinitesimal gene-
rator of a semigroup of contractions on a closed convex subset C C X is dense in C.
These remarkable results resemble the classical properties of semigroups of linear
contractions in Banach spaces.

Remark 4.3. There is a simple way due to Dafermos and Slemrod [27] to transform
the nonhomogeneous Cauchy problem (4.1) into a homogeneous problem. Let us
assume that f € L'(0,0;X) and denote by Y the product space ¥ = X x L'(0,0; X)
endowed with the norm

s Hy = i+ [ Ir@lar, (e €.
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Let o7 : Y — Y be the (multivalued) operator

%(xaf):{Ax_f(O)a_f/}v ()C,f)GD(Q{),
D(o/) = D(A) x Wh1([0,%0):X),
where [ =df/ds.

It is readily seen that if y is a solution to problem (4.1), then Y (¢) = {y(¢), fi(s) },
where f;(s) = f(¢ +s) is the solution to the homogeneous Cauchy problem

%Y(t)+;sz(t)90, t>0,
Y(0) = {»o,/}-

On the other hand, if A is @-m-accretivein X x X,sois &/ inY x Y.

This result is, in particular, useful because it can lead (see Theorem 4.3) to an
exponential representation formula for solutions to the nonautonomous equation
(4.1) but we omit the details.

Remark 4.4. If A is m-accretive, f =0, and y, is a stationary (equilibrium) solution

to (4.1) (i.e., 0 € Ay,), then we see by estimate (4.14) that the solution y = y(¢) to
(4.1) is bounded on [0, o). More precisely, we have

9(#) = Yell < ly(0) =vell,  Vt>0.

Moreover, if A is strongly accretive (i.e., A — ¥/ is accretive for some y > 0), then

[y(2) = yell < e "[ly(0) =yol,  Vt>0,

which amounts to saying that the trajectory {y(¢), t > 0} approaches as t — oo the
equilibrium solution y, of the system. This means that the dynamic system associa-
ted with (4.1) is dissipative and, in this sense, sometimes we refer to equations of
the form (4.1) as dissipative systems.

Nonlinear Evolution Associated with Subgradient Operators

Here, we study problem (4.1) in the case where A is the subdifferential d¢ of a
lower semicontinuous convex function ¢ from a Hilbert space H to R = (—oo, +o0].
In other words, consider the problem

Y1) +a00() 2 @), in (0.7)
dt T (4.85)
¥(0) =0,

in a real Hilbert space H with the scalar product (+,-) and norm | - |. It turns out that
the nonlinear evolution generated by A = d¢@ on D(A) has regularity properties that
in the linear case are characteristic of analytic semigroups.
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Ifo:H— R is a lower semicontinuous, convex function, then its subdifferential
A = d¢ is maximal monotone (equivalently, m-accretive) in H x H and D(A) =

D(¢) (see Theorem 2.8 and Proposition 2.3). Then, by Theorem 4.2, for every yo €
D(A) and f € L'(0,T;H) the Cauchy problem (4.85) has a unique mild solution
y € C([0,T];H), which is a strong solution if yo € D(A) and f € WH1([0,T]; H)
(Theorem 4.4).

Theorem 4.11 below amounts to saying that y remains a strong solution to (4.85)
on every interval [8,7] even if yo ¢ D(A) and f is not absolutely continuous. In
other words, the evolution generated by d¢ has a smoothing effect on initial data
and on the right-hand side f of (4.85). (Everywhere in the following, H is identified

with its own dual.)

Theorem 4.11. Let f € L*(0,T;H) and yo € D(A). Then the mild solution y to pro-
blem (4.1) belongs to W'2([8,T];H) for every 0 < § < T, and

y(t) € D(A), aete(0,T), (4.86)
:1/2% €L*(0,T;H)  ¢@(u) e L'(0,T), (4.87)
% B)+3do((t) > f(t), aere(0,7T). (4.88)
Moreover, if yo € D(), then
% cL*(0,T;H),  ¢(y)ew"([0,T]). (4.89)

The main ingredient of the proof is the following chain rule differentiation
lemma.

Lemma 4.4. Let u ¢ W'2([0,T];H) and g € L*(0,T;H) be such that g(t) € 2@ (u(t)),
a.e., t € (0,T). Then, the functiont — @(u(t)) is absolutely continuous on [0,T| and

%W(z)) _ <g(t),il:(t)>, ae.1€(0,T). 4.90)

Proof. Let @, be the regularization of ¢; that is,

ju—vp?

(px(u):inf{ 52 +(p(v);v€H}, ueH, A>0.

We recall (see Theorem 2.9) that ¢, is Fréchet differentiable on H and
Vo, =(09)y=A""'I—-(I+21d0)™), A >0.

Obviously, the function # — @, (u(t)) is absolutely continuous (in fact, it belongs to
W12([0,T];H)) and
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G0 = (@), ). aere 1),

Hence,

du

or(u() - 0, u09) = [ (@ontu(e, G @)} ar. o<,

and, letting A tend to zero, we obtain that

o)~ plu(s)) = [ (<a<p>°<u<r>>,j‘; (r)) g, 0<s<t

By the Lebesgue dominated convergence theorem, the function r — (9¢)°(u(t)) is
in L2(0,T;H) and so t — ¢@(u(t)) is absolutely continuous on [0,T]. ((d¢)° = A°
is the minimal section of A.) Let 7y be such that @(u(r)) is differentiable at ¢ = #.
We have

@ (u(t0)) < @(v) +(g(to),uto) —v),  VeH.
This yields, for v = u(ty — €),

00 = (56005 )

Now, by taking v = u(#p + €) we get the opposite inequality, and so (4.90) follows. [J

Proof of Theorem 4.11. Let xo be an element of D(d¢) and yo € d@(xg). If we
replace the function @ by @(y) = @(y) — @(x0) — (yo,u — xo), equation (4.85) reads

dy

o D +990(1)) 3 (1) = o

Hence, without any loss of generality, we may assume that
min{@(u); u € H} = @(xp) =0.

Let us assume first that yo € D(d¢@) and f € W12([0,T];H); that is, df/dt €
L*(0,T;H). Then, by Theorem 4.2, the Cauchy problem in (4.85) has a unique
strong solution y € W= ([0,T]; H). The idea of the proof is to obtain a priori es-
timates in W'2([§,T]; H) for y, and after this to pass to the limit together with the
initial values and forcing term f.

To this end, we multiply equation (4.85) by #(dy/dt). By Lemma 4.4, we have

dy

— (1)

t
dt

2
—H%(p(y(t)) =t (f(t)fg (t)) , aer€(0,T).

Hence,
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2
ar+ 7o) = [+ (0.5 ) ar+ [ o00ar

> (1)

T \d
=
|

and, therefore,

dy

2 T 5 T
Y ) dtSI/O {F ()] dt—|—2/0 o(y(1))dt 491)

T
[
JO

because ¢ > 0in H.
Next, we use the obvious inequality

P((1)) < (w(t),y(t) —x0),  Yw(t) € IQ(y(1))

to get
o0(1) < (f(t) ~ D) —xo) . acre(0.7),
which yields

[ 00wy < 3 150) ol + [ 170)10) ~olar

Now, multiplying equation (4.85) by y(¢) — x¢ and integrating on [0,¢], yields

y(t) —xo0| < [y(0) xo|+/|f )lds,  Vre[o,T].

Hence, 5
2[" o0 dt<(|}’()X0+/ 70) dr). (492)

Now, combining estimates (4.91) and (4.92), we get

T |4 )
/Otd);() dl‘</0 f|f( )|2dl+2(|y0_XQ|+/ |dl‘> . (4.93)

Multiplying equation (4.85) by dy/dt, we get

dy

u (t)

—&-%(p( (1)) = (f(t),ii(t)), ae.t€(0.7).

Hence,

)| ds+ o) < 1 s [U6Pds o). @9

Now, let us assume that yo € D(d¢) and f € L>(0,T;H). Then, there exist sub-
sequences {yi} C D(d¢) and {f,} C W'2([0,T];H) such that y} — yo in H and
fu— fin L2(0,T;H) as n — oo. Denote by y, € W=([0,T]; H) the corresponding
solutions to (4.86). Because d @ is monotone, we have (see Proposition 4.1)
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30(6) =m0 < 5§ =381+ [ 1) = Fu(5)lds.

Hence, y, — y in C([0,T]; H). On the other hand, this clearly implies that

dyn dy . /
—_— — = Z T:H
7 ” in 2'(0,T;H),

(i.e., in the sense of vectorial H-valued distributions on (0,7)), and, by estimate
(4.93), it follows that t'/2(dy/dt) € L*(0,T;H). Hence, y is absolutely continuous
on every interval [§,T] and y € W'2([8,T];H) forall 0 < § < T.

Moreover, by estimate (4.92), written for y = y,, we deduce by virtue of Fatou’s
lemma that ¢(y) € L'(0,T) and

[ etnar <timint [ o0 < (o -+ | T|f<z>|dr)2.

We may infer, therefore, that y satisfies estimates (4.92) and (4.93). Moreover, y sa-
tisfies equation (4.85). Indeed, we have

30 = < 3 ) =P+ [ (5) = wiya(0) — e

forall 0 <x <t <T and all [x,w] € d¢. This yields for all 0 < s < ¢ < T and all
[X,W] E a(p7

N =

S B =52yl ) < [ (7(0) — () —yae

and, therefore,

(M2 09 -4) < 5 [ 06 - wrte)-jas.

t—s t—sJ;

Letting s — ¢, we get, a.e. 7 € (0,T),

(2 050)-x) <70 -wy0 -

for all [x,w] € A, and because A = d @ is maximal monotone, this implies that y(7) €
D(A) and (d/dt)y(r) € f(t) —Ay(z), a.e. t € (0,T), as desired.

Assume now that yg € D(@). We choose in this case y§ = (I+n~'d¢) 1y €
D(d ) and note that y§ — yo as n — o, and

() < 0(30) + (@Pu(y0), [+ 190) 'yo—y0) < @(30),  VneN™.

Then, by estimate (4.94), we have
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dyn dfn

ds+ o (ya(t) ds+ ?(y0)

and, letting n — oo, we find the estimate

ds+(p

[astoto).  reo.T). @95

because {dy,/dt} is weakly convergent to dy/dt in L>(0,T;H) and ¢ is lower
semicontinuous in H. This completes the proof of Theorem 4.11.

In the sequel, we denote by Wl’p((O,T];H), 1 < p < oo, the space of all y €
LP(0,T;H) such that dy/dr € LP(5,T;H) for every § € (0,T).

Theorem 4.12. Assume that yo € D(A) and f € W1([0,T|;H). Then, the solution
y to problem (4.85) satisfies

t? € L*(0,00;H), y(t) € D(A), vt € (0,T], (4.96)
d+t 0
0+ (A1)~ £()° =0, Wt € (0,7). (4.97)

Proof. By equation (4.85), we have

%|y(r+h)—y(t)|§|f(t—|—h)—f(t)\, ae.ti+he(0,T).

Hence,
dy
I (1) T, ae.0<s<t<T. (4.98)
This yields
1 |dy, J? dy |
Ss|—=(1)| <s|= —= e. T.
55 dt(t) <s ds(s) s d ()d’c , ae0<s<r<

Then, integrating from O to ¢ and using estimate (4.93), we get

dy
t|—(t
dt()

s(/otslf()zdsﬂ(y ol [[Vroas) 5 ([

In particular, it follows by (4.99) that

y(t+h) —y(t)
h

1/2
df 2 (4.99)
2 o) r)) ,

ae.r€(0,7).

limsup < oo, vt €10,T].
=0
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Hence, the weak closure E of

{(y(t+h})l—y(t))} for b — 0

is nonempty for every ¢ € [0,T). Let 1 be an element of E. We have proved earlier
the inequality

t+h)—y(t 1 frh
(D=0 ) < 4 [ - wato—ar
for all [x,w] € dp and t,t 4+ h € (0,T). This yields

(My(0) —x) < () —wy(t) —x), V1 €(0,T),

and, because [x,w] is arbitrary in d¢, we conclude, by maximal monotonicity of
A, that y(r) € D(A) and f(t) —n € Ay(t). Hence, y(t) € D(A) for every r € (0,T).
Then, by Theorem 4.6, it follows that

—y(t)+ (Ay(t) = f(1))* =0, Ve (0,T), (4.100)

because, for every € > 0 sufficiently small, y(&) € D(A) and so (4.100) holds for all
t>e.

In particular, it follows by Theorem 4.12 that the semigroup S(z) = e =" genera-
ted by A = d¢ on D(A) maps D(A) into D(A) for all 7 > 0 and

+

— S(t <C vt > 0.
57 S| =C, >

More precisely, we have the following.

Corollary 4.4. Let S(t) = e~ be the continuous semigroup of contractions gene-
rated by A = 0@ on D(A). Then, S(t) D(A) C D(A) forall t > 0, and

dr

7 S(0)yo M%Um<M%H x—yol|, V>0, (4.101)

for all yo € D(A) and x € D(A).

Proof. Multiplying equation (4.85) (where f = 0) by #(dy/dt) and integrating on

(0,1), we get
t dy
|53

ds+t(p / o(y(s))ds, vt > 0.

Next, we multiply the same equation by y(7) — x and integrate on (0,7). We get
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S0 =5+ [ @0(s))ds < 3 150) P+ 19(x),

Combining these two inequalities, we obtain

2

[s| 26| =300 = =10~ + (o)~ 900)
< 3 (50) = 3P = y(r) x4 1(A%%,x (1)
<Ly -a s A v

Because, by formula (4.98) the function ¢t — |(d/dt)y(¢)| (and consequently r —
|(d*/dt)y(t)|) is monotonically decreasing, this implies (4.101). OJ

Remark 4.5. Theorems 4.11 and 4.12 clearly remain true for equations of the form

Y1)+ a901) ~ 03(1) 3 1), ae.in(0.T),

¥(0) = Yo,

where ® € R and also for Lipschitzian perturbations of d¢. The proof is exactly the
same and so it is omitted.

A nice feature of nonlinear semigroups generated by subdifferential operators in
Hilbert space is their longtime behavior. Namely, one has the following result due
to Bruck [18].

Theorem 4.13. Let A = d@, where ¢ : H — (—oo, 49| is a convex L.s.c. function
such that (d@)~'(0) # 0. Then, for each yy € D(A) there is & € (d¢)~1(0) such
that

E= w-lim e yp. (4.102)

Proof. If we multiply the equation

d
= y(#)+Ay(t) >0, ae.t>0,

by y(¢) — yo, where x € (d¢)~'(0), we obtain that
1 d
a4 () —x> <0, ae.r>0,

because A = d¢ and, therefore, (Ay(¢),y(¢) —x) > 0, V¢ > 0. This implies that
{y(#) }+>0 is bounded and we denote by K the so-called weak w-limit set associated
with the trajectory {y(¢)};>0; that is,

tp—oo

K= {w-limy(tn)}.
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Let us notice that K C (d¢)~'(0). Indeed, if y(z,) — &, for some {t,} — oo, then we
see by (4.101) that

and because A is demiclosed, this implies that 0 € A& (i.e., £ €A~1(0) = (d)~1(0)).
On the other hand, t — [y(¢) — x|? is decreasing for each x € (d¢)~!(0) and, in par-
ticular, for each x € K.

Let &;,&; be two arbitrary elements of K given by

&1 =w-lim y(t), &2 = w-lim y(t),
n'—oo n''—oo
where t,; — oo and f,;» — o0 as n’ — o and n” — oo, respectively.
Because lim, ... [y(t) — x|? exists for each x € K C (d¢)~'(0), we have

lim |y(ty) =& = lim [y(te) — &%,
n'—oo n''—oo

lim |y (t,7) — &2 = lim [y(t,) — &%
n'’—oo n'—oo

The latter implies by an elementary calculation that |&; — & |> = 0. Hence, K consists
of a single point and this completes the proof of (4.102). O

Remark 4.6. In particular, it follows by Theorem 4.13 that, for each yy € D(A),
the solution y(r) = e 4"y, A = d¢ is weakly convergent to an equilibrium point
& € arg mingey @(u) of system (4.14). There is a discrete version which asserts
that the sequence {y, } defined by

Y1 =Yn —hoQ(Ynt1), n=0,1,.., h>0,

is weakly convergent in H to an element & € (d¢)~!(0); that is, to a minimum point
for @ on H. The proof is completely similar. This discrete version of Theorem 4.13,
known in convex optimization as the steepest descent algorithm is at the origin of a
large category of gradient type algorithms.

Remark 4.7. If, under assumptions of Theorem 4.13, the trajectory {y(z)};>q is re-
latively compact in H (this happens for instance if each level set {x; @(x) < A} is
compact), then (4.102) is strengthening to

y(t) = efA’yo — & strongly in H as t — oo.

The longtime behavior of trajectories {y(¢); ¢ > 0} to nonlinear equation (4.1) and
their convergence for ¢ — oo to an equilibrium solution & € A~!(0) is an important
problem largely studied in the literature by different methods including dynamic
topology (the Lasalle principle) or by accretivity arguments of the type presented
above. Without entering into details we refer to the works of Dafermos and Slemrod
[27], Haraux [31] and also to the book of Moroganu [42].
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The Reflection Problem on Closed Convex Sets

Let A be a self-adjoint positive operator in Hilbert space H and let K be a closed
convex subset of H. Then, the function ¢ : H — R defined by

1

5 (Auu) + I (), Vue KND(A'?),

P(u) =

oo, otherwise
(Ix indicator function of K) is convex and 1.s.c. Moreover, if there is 4 € H such that
(I+AA)"'Y(x+Ah) €K, VYA>0,x€K,
then A + dI is maximal monotone (see Theorem 2.11) and so d¢ = A + dIx with

D(dp) =D(A)NK.
For this special form of ¢, equation (4.85) reduces to the variational inequality

(Z0+m0-r050)-2) <0, Wk i)

¥(0) = yo, y(t) €K, Vi €[0,T],

(4.103)

which is similar to that considered in Section 2.3.

A more general situation is discussed in Section 5.2 below. Here, we confine
ourselves to noting that the solution y € W!([0,T]; H) to (4.103), which exists and
is unique for yo € K and f € L?(0,T;H), satisfies the system

Y0y +a0) = 10) if y(1) €K,
dy

D0+ Ay(0) = ~m(e) + £6)if ¥(1) € K,

where Nk (¢) € Nk (y(¢)), the normal cone to K on the boundary dK. (Here, K is the
interior of K if nonempty.) For instance, if K = {u € H; |u| < p}, then we have

D) 140 = 1) on {1: ()] < p},

%(r)+Ay(t) =—Ay(t)+ f() on {;

y(t)=p},

for some A > 0. The parameter A must be viewed as a Lagrange multiplier that
arises from constraint y(¢) € K, V¢ > 0.

For this reason, problem (4.103) is also called the reflection problem on K asso-
ciated with linear equation dy/dt + Ay = 0 and under this interpretation it is relevant
not only in the dynamic theory of free boundary problems, but also in the theory
of stochastic processes with optimal stopping time arising in the theory of financial
markets (see, e.g., Barbu and Marinelli [8]).
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The Brezis—Ekeland Variational Principle

It turns out that the Cauchy problem (4.85) can be equivalently represented as a
minimization problem in the space L?(0,T;H) or W!2([0,T];H) which is quite
surprising because, in general, the Cauchy problem is not of variational type.

In fact, if ¢ : H — R is convex, l.s.c., and ¢@* is its conjugate function we have
by Proposition 1.5 that

o) +¢"(p) = (.p),  VypEH,
with equality if and only if p € d@(y). Then, we may equivalently write (4.85) as

dy

5 O+ =10, e0@)+ " (2(0) = ((1),2(r)),  ae.r€(0,T),

Hence, if y € W'2([0,T]; H) is the solution to (4.85), where yo € D(¢) (see Theorem
4.11), then we have

dy

Cdt

o00)+ 9" (100~ 5 0) = (360050

(t)) , ae.te(0,T),

and the latter is equivalent to (4.85). This yields

[ (o007 (50- 2 0) = 60,500 )+ b~ S buf =0

and we have also that

s—smin [ [ot00) o (1022 0) - @010 o

F31O(TIE= S boPs 0 €W'(0.71iH), 6(0) =30}

This means that the Cauchy problem (4.85) is equivalent to the minimization pro-
blem (4.104). This is the Brezis—Ekeland principle and it reveals an interesting con-
nection between the subpotential Cauchy problem and convex optimization, which
found many interesting applications in the theory of variational inequalities (see,
e.g., Stefanelli [51], and Visintin [53]).

However, the function @ : W!2([0,T]; H) — R, defined by the right-hand side
of (4.104), is convex and lower semicontinuous but, in general, not coercive (this
happens if D(¢) = H only) and so, one cannot derive Theorem 4.11 directly from
the existence of a minimizer y in problem (4.104).
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4.2 Approximation and Structural Stability of Nonlinear
Evolutions

The Trotter—Kato Theorem for Nonlinear Evolutions

One might expect the solution to Cauchy problem (4.1) to be continuous with re-
spect to the operator A, that is, with respect to small structural variations of the
problem. We show below that this indeed happens in a certain precise sense and for
a certain notion of convergence defined in the space of quasi-m-accretive operators.

Consider in a general Banach space X a sequence A,, of subsets of X x X. The
subset of X x X, liminfA,, is defined as the set of all [x,y] € X x X such that there are
sequences Xy, Yn, Yn € ApXy, X, — x and y, — y as n — oo. If A, are quasi-m-accretive,
there is a simple resolvent characterization of liminfA,. (See Attouch [1, 2].)

Proposition 4.4. Let A, + @I be m-accretive for n = 1,2.... Then A C liminfA,, if
and only if
lim (I+AA,) 'x=(I+AA) 'x, VxeX, (4.105)
n—oo
for0< A <ol
Proof. Assume that (4.105) holds and let [x,y] € A be arbitrary but fixed. Then, we

have
(I+AA) ' x+Ay)=x, Vie(0,0 )

and, by (4.105),
(I +AA) " (x4 Ay) — (T +2AA) " (x+ Ay) = x.

In other words, x, = (I +AA,) "' (x + Ay) — x as n — oo and x,, + Ay, = x + Ay,
yn € Ax,. Hence, y, — y as n — oo, and so [x,y] € liminfA,.

Conversely, let us assume now that A C liminfA,. Let x be arbitrary in X and let
xo = (I+AA)"1x; that is,

xo+Ayo=x, where yy € Axg.
Then, there are [x,,y,] € A, such that x,, — x¢ and y, — yo as n — co. We have
Xn+Ayn =2, = xo+Ayg=x asn— oo.

Hence,
(I+AA) 'x —xo=([+24)"yy for0<A<aw !,

as claimed. [J
In the literature, such a convergence is called convergence in the sense of graphs.

Theorem 4.14 below is the nonlinear version of the Trotter—Kato theorem from
the theory of Cy-semigroups and, roughly speaking, it amounts to saying that if A,
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is convergent to A in the sense of graphs, then the dynamic (evolution) generated by
A, is uniformly convergent to that generated by A (see Pazy [45]).

Theorem 4.14. Let A, be w-m-accretive in X x X, f" € L'(0,T:X) forn=1,2,...

and let y, be mild solution to

dyn
dt

() + A1) 3 £1(0) i [0,T], 9a(0) = 5. (4.106)

Let A C liminfA,, and assume that

T
im ([ 1776~ 70)ar-+ 1530l ) =0, @107)

n—oo

Then, y,(t) — y(t) uniformly on [0,T], where y is the mild solution to problem
(4.106).

Proof. Let D5, (0=19,11,...,tn; f], ..., f{v) be an e-discretization of problem (4.106)
and let D5 (0 =19,11,....tx: f1,..., fv) be the corresponding e-discretization for (4.1).
We take t; = i€ for all i. Let y, , and ye be the corresponding €-approximate solu-
tions; that is, _ '

Yen(t) =Yen Ye(t) =ye for 1 € (tiy,1],

where y2 , = y§, ¥2 = yo, and
Yent+ €AY, D Ve, HEf,  i=1,..,N, (4.108)
yi+eAyl 5y v ef;, i=1,..,N. (4.109)
By the definition of liminfA,, for every n > 0 there is [y ,, Wt ,] € A, such that
1560 = el + W —wel < for n>8(n.e). (4.110)

Here, wi. = (1/€)(yi"! + &f; —y.) € AyL. Then, using the w-accretivity of A,, by
(4.108)—(4.110) it follows that

1T —Yenll < (1—€0) e, —yeu [ +e(l—eo) HIff — fill +Cen, Vi,

forn > 6(n,€). This yields

i
[Fen—venll SCn+CeY (1—eo)  |ff = fil,  i=1,...,N.
k=1
Hence,
Ven—vell SCn+CeY (1—e@) ™ ff = fil,  i=1,..,N,
k=1

forn > 8(g,m).
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We have shown, therefore, that, for n > §(g,1),

T

beat =@l < (n+ [ 1@ -0lar). e, @i

where C is independent of n and &.
Now, we have

[ (0) =3O < llyn(t) = yen Ol + [lyen () = ye @)l + [[ve () = y(D)1],

4.112
vVt €[0,T). ( )

Let 1 be arbitrary but fixed. Then, by Theorem 4.1, we have
ye(t)=y@)l[ <n,  Viel0,T], if 0<e<e(n).
Also, by estimate (4.37) in the proof of Theorem 4.1, we have

[yen(®) =ya@)l <m, Vi €[0,7],

for all 0 < € < €(n), where £ (1) does not depend on n. Thus, by (4.111) and
(4.112), we have

o) @l <€ (n+ [ 170 -s@lar). e

for n sufficiently large and any n > 0.

Corollary 4.5. Let A be ®-m-accretive, f € L'(0,T;X), and yo € D(A). Let
y; € C'([0,T);X) be the solution to the approximating Cauchy problem

)t ann) =0) in 0T, 0=y, 0<A< 2 @113

where Ay = A=Y (I—(I+2AA)~"). Then, limy_yy; (t) = y(t) uniformly int on [0, T),
where y is the mild solution to problem (4.1).

Proof. Ttis easily seen that A C liminf, A, . Indeed, for o € (0,1/®) we set
x,=(+aAy)'x, u=(T+aA)'x,  VA>O.

After some calculation, we see that

xx—i-(xA((l—i—A)xx—lx) >x.
(04 [0

Subtracting this equation from u + 0tAu > x and using the w-accretivity of A, we get

2o

A +—(xy —u,x—xp)
o A ) Al

[z —u|* < Oca)H <1+l>x,1 ——x—u
04 04
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Hence, limy_,ox; =u= (I+aA) 'x for 0 < a < 1/A, and so we may apply Theo-
rem 4.14. (1

Remark 4.8. If X is a Hilbert space and S,(¢) is the semigroup generated by A,
on X, then, according to a result due to H. Brezis, condition (4.105) is equivalent
to the following one. For every x € D(A), 3{x,} C D(A,) such that x,, — x and
Su(t)xn — S(t)x, Vt > 0, where S(t) is the semigroup generated by A on D(A).

Theorem 4.14 is useful in proving the stability and convergence of a large class
of approximation schemes for problem (4.1). For instance, if A is a nonlinear partial
differential operator on a certain space of functions defined on a domain 2 C R",
then very often the A, arise as finite element approximations of A on a subspace X,
of X. Another important class of convergence results covered by this theorem is the
homogenization problem (see, e.g., Attouch [2] and references given there).

Nonlinear Chernoff Theorem and Lie-Trotter Products

We prove here the nonlinear version of the famous Chernoff theorem (see Chernoff
[21]), along with some implications for the convergence of the Lie—Trotter product
formula for nonlinear semigroups of contractions.

Theorem 4.15. Let X be a real Banach space, A be an accretive operator satis-
fying the range condition (4.15), and let C = D(A) be convex. For each t > 0, let
F(t) : C — C satisfy:

i) |F@®)x—F@)ul| <|lx—ul, Vx,yeC and t€][0,T].

I—F(1)

(ii) lif61<l+l > x=(I+AA)"x,  VxeC, A>0.
t

Then, for each x € C and t > 0,

lim (F (5))"x:SA(t)x, (4.114)

n—0 n

uniformly in t on compact intervals.

Here, S4(2) is the semigroup generated by A on C = D(A). (See (4.82).) It should be
said that in the special case where F(t) = (I4tA)~!, Theorem 4.15 reduces to the
exponential formula (4.17) in Theorem 4.3.

The main ingredient of the proof is the following convergence result.

Proposition 4.5. Let C C X be nonempty, closed, and convex, let F : C — C be a
nonexpansive operator, and let h > 0. Then, the Cauchy problem
du

dt—i—h’l(I—F)u:O, u(0) =x€C, (4.115)

has a unique solution u € C'(]0,);X), such that u(t) € C, for all t > 0.
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Moreover, the following estimate holds

t 2 1/2
||F”x—u(t)||<(<n—h> +n> x—Fxl|, V>0, 4.116)

for all n € N. In particular, for t = nh we have
|F'x—u(nh)|| <n'?|x—Fx||, n=1,2,..,1>0. (4.117)

Proof. The initial value problem (4.115) can be written equivalently as
ult)=e" t/hx—|—/ =)/ Fy(s)ds, vt >0,

and it has a unique solution u(z) € C, V¢t > 0, by the Banach fixed point theorem.
Making the substitution ¢ — ¢ /h, we can reduce the problem to the case h = 1.

Multiplying equation (4.115) by J(u(z) — x), where J : X — X* is the duality
mapping, we get

d
= |u(z) —x|| < ||Fx—x]||, ae.t>0,
because [ — F is accretive. Hence,
l|lu(t) —x|| <t||Fx—x|], vt > 0. (4.118)

On the other hand, we have
t
u(t)—F'x=e"'(x—F"x)+ / e (Fu(s) — F"x)ds
0

and

n
lx— F"x|| < Z ||Fk71x—Fkx|| <nl|x—Fx|, Vn.
k=1

Hence,
!
lu(t) — F"x|| < ne™"|jx— Fx]|| —|—/ e |u(s) — F" x| ds.
0

We set @,(¢) = ||u(t) — F"x|| |x — Fx||~'e’. Then, we have
1
1) < n+/ 0,1 (x)ds, vi>0,n=1,2,.., (4.119)
0
and, by (4.118), we see that

oo(t) <te, vt > 0. (4.120)

Solving iteratively (4.119) and (4.120), we get
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Lo kenk 1 ! !

< —s)"

o) < X it Gy 9 s

n ktnfk 1 t b SJJFI

= + / t n-l —d
k;(n—kv (n—1)! L =) J; e
/! ktn_k nd l /t 1

= - t—s)" it g
kg’l(n—k)' ;)(n—l)!]! 0( )

Because )
G4+ (n—1)!

(n+j+1)!

)

1 .
/ (t—s)" 1s/tlas =
0

we obtain that

n _ k 0 : n+j+1 oo _ k
iy < F A5 U5 o
= k! = (n+j+1)! = K
1/2
= - = (k2
k=0 k=0

Hence,

as claimed. (J

Proof of Theorem 4.15. We set A, = h~'(I — F(h)) and denote by Sj(¢) the semi-
group generated by A, on C = D(A) (Theorem 4.3). We also use the standard nota-
tion

ho=I+24)7" Ty =(I+24,) 7"

Because J’;fx — Jyx, Vx € C, as h — 0, it follows by Theorem 4.14 that, for every
xeC,

Sp(t)x — Sa(¢)x uniformly in ¢ on compact intervals. (4.121)
Next, by Proposition 4.5, we have that

ISy (nh)x — F™" (h)x|| < ||Sh(nh)J§x—F"(h)Jﬁx|| +2Hx—Jﬁx||
< e (2 +2" al 2)

Now, we fix x € D(A) and h = n~'t. Then, the previous inequality yields

< Q42" i VYA JAx| + ) "k = Daxl]),  VE>0, 2 >0.

t n
Syt =F7 () 4| < @+ 271em 2 (lx = x|+ 13" )
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Finally,

Sin(t)x— F" (i)xH <22 |Ax| 4-tn~(1/2)|Ax|

n

244 o UD) - g (4.122)

vt >0, A>0.

Now, fix A > 0 such that 24 |Ax| < €/3. Then, by (ii), we have
Q@4+ A e V) 1 — x| < g for n> N(e),
and so, by (4.121) and (4.122), we conclude that, for n — oo,
F" (%) x — Sa(¢)x uniformly in ¢ on every [0,7T]. (4.123)

Now, because
[Sa()x —=Sa()y| < |x—yl, Vt>0,xy€eC,

and

1 t
Az e

(4.123) extends to all x € D(A) = C. The proof of Theorem 4.15 is complete.

Remark 4.9. The conclusion of Theorem 4.15 remains unchanged if A is @-accretive,
satisfies the range condition (4.15), and F'(¢) : C — C are Lipschitzian with Lipschitz
constant L(¢) = 1 + @t +o(t) as t — 0. The proof is essentially the same and relies
on an appropriate estimate of the form (4.117) for Lipschitz mappings on C.

Given two m-accretive operators A, B C X x X such that A + B is m-accretive, one
might expect that

t t n
Sarp(t)x = lim (SA (7) S (7)) X, V>0, (4.124)

n—oo n n
for allx € D(A) N D(B). This is the Lie—Trotter product formula and one knows that
it is true for Cy-semigroups of contractions and in other situations (see Pazy [45],
p. 92). Itis readily seen that (4.124) is equivalent to the convergence of the fractional
step method scheme for the Cauchy problem

dy .

— +Ay+By>0 0,T],

ar TR in [0, 7] (4.125)
¥(0) = yo;

that is,
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d

d%juAy 50 in [ie, (i+1)€], i=0,1,...,N—1, T = Ne,

yt(ie) = z(e), i=0,1,..,N—1, (4.126)
y*H(0) = yo,

d
% Bz50 in [0,

dt
z(0) = y~ (i€).

In a general Banach space, the Lie—Trotter formula (4.124) is not convergent even
for regular operators B unless S4(¢) admits a graph infinitesimal generator A: for
all [x,y] € A there is x; — x as & — 0 such that A~ ! (x;, — Sa(h)x) — y (Bénilan and
Ismail [12]). However, there are known several situations in which formula (4.124)
is true and one is described in Theorem 4.16 below.

(4.127)

Theorem 4.16. Let X and X* be uniformly convex and let A,B be m-accretive
single-valued operators on X such that A+ B is m-accretive and Sx(t),Sp(t) map
D(A) N D(B) into itself. Then,

t t n —_—
Sasp(t)x = lim (SA (;) Sp (;)) x, VxeD(A)ND(B), (4.128)
and the limit is uniform in t on compact intervals.

Proof. We verify the hypotheses of Theorem 4.15, where F(t) = S4(¢)Sp(t) and
C = D(A)ND(B). To prove (ii), it suffices to show that

x—F(1)

lim Y —Ax+Bx,  VxeD(A)ND(B). (4.129)

t|0 X

Indeed, if
—1
I1—F(t
X = (I—i—l [()> X

and
xo=(I+A(A+B)) lx,

then we have Iy

X+ T (xy —F(t)x) =x (4.130)
and, respectively,

X0 +AAxg + ABxy = x. (4.131)
Subtracting (4.130) from (4.131), we may write

X; —xo+ % (1= F(0)x — (I +F(t)x0)) + A <Axg +Bxg— W) ~0.
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Multiplying this by J(x; —xo), where J is the duality mapping of X, and using
(4.129) and the accretiveness of I — F(z), it follows that

X0 — F(I)XQ

Axg+ Bxy — =0.

lim ||x; — < Alim
t10 th xOH_ t10

Hence, lim; o x; = xo, which implies (ii).
To prove (4.129), we write ¢! (x — F(¢)x) as

T x—F(t)x) =t (x = Sa(t)x) + 171 (Sa(£)x — Sa(r)Sp(r)x).
Because 7~ (x — S4 (t)x) — Ax as t — 0 (Theorem 4.7), it remains to prove that
2 =1 1(Sx(t)x — Sa(t)Sp(t)x) — Bx ast— 0. (4.132)
Because S4(¢) is nonexpansive, we have
lz|| < ¢~ HSp(t)x— x| < |[Bx|,  Vi>0. (4.133)
On the other hand, inasmuch as I — S (¢) is accretive, we have

(u —Sa(t)u N Sa(t)x—Sp(t)x
t t

—z,J(u—Sa (t)x)) >0,

YueC,t>0.

(4.134)

Lett, — 0 be such that z;, — z. Then, by (4.134), we have that
(Au+Bx—Ax—z,J(u—x)) >0,  VueD(A),
because J : X — X* is continuous and
1~ (x—Sg(r)x) — Bx, 17 (x—S,(1)x) — Ax.

Inasmuch as A is m-accretive, this implies that Ax+z — Bx = Ax (i.e., z = Bx). On the
other hand, by (4.133), recalling that X is uniformly convex, it follows that z;, — Bx
(strongly). Then, (4.132) follows, and the proof of Theorem 4.16 is complete. []

Remark 4.10. Theorem 4.16, which is essentially due to Brezis and Pazy [16] was
extended by Kobayashi [35] to multivalued operators A and B in a Hilbert space H.
More precisely, if A, B and A + B are maximal monotone and if there is a nonempty
closed convex set C C D(A) ND(B) such that (I4+AA)~'C c Cand (I+AB)"!CCC,
YA > 0, then

Saz(f)x = lim (SA (%) Sp (%))x Vxed,

n—oo

uniformly in # on compact intervals. For some extensions to Banach spaces we refer
to Reich [49].
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4.3 Time-Dependent Cauchy Problems

This section is concerned with the evolution problem

dy
dt()+A() y(1) 3 fr),  1€[0,T], (4.135)

¥(0) = yo,

where {A(t) },¢0,r] is a family of quasi-m-accretive operators in X x X.

The existence problem for (4.135) is a difficult one and not completely solved
even for linear operators A(z). In general, one cannot expect a positive and con-
venient answer to the existence problem for (4.135) if one takes into account that
in most applications to partial differential equations the domain D(A(r)) might not
be independent of time. However, we can identify a few classes of time-dependent
problems for which the Cauchy problem (4.135) is well posed.

Nonlinear Demicontinuous Evolutions in Duality Pair of Spaces

Let V be a reflexive Banach space and H be a real Hilbert space identified with its
own dual such that V C H C V' algebraically and topologically. The existence result
given below is the time-dependent analogue of Theorem 4.10.

Theorem 4.17. Let {A(t); t € [0,T]|} be a family of nonlinear, monotone, and
demicontinuous operators from 'V to V' satisfying the assumptions:

(i)  The function t — A(t)u(t) is measurable from [0,T] to V' for every measu-
rable functionu : [0,T] — V.

i)  (A@®)u,u) > ollul|P +Ci, VueV, r€[0,T].

(i) || A@)ully <Cr(1+ ||ul|P~Y), Yu eV, t € [0,T], where @ >0, p > 1.

Then, for every yo € H and f € L1(0,T;V'), 1/p+1/q =1, there is a unique abso-
lutely continuous function'y € W4([0,T]; V') that satisfies

yeC(0,T;H) N LP(0,T;V),
%() A(t)y(t) = f(t), aete(0,T), (4.136)
¥(0) = 30

Proof. For the sake of simplicity, we assume first that p > 2. Consider the spaces
¥ =LF(0,T;V), #=L*0,T;H), V' =L40,T;V').

Clearly, we have
vV

algebraically and topologically.
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Let yp € H be arbitrary and fixed and let B : ¥ — ¥ be the operator

du du /
Bu="", ueD(B)_{ue"//, 7 <7 u(O)—YO},

where d/dt is considered in the sense of vectorial distributions on (0,7"). We note
that D(B) € W4(0,T;V')NL(0,T;V) C C([0,T];H), so that y(0) = yo makes
sense.

Let us check that B is maximal monotone in ¥ x ¥, Because B is clearly mono-
tone, by virtue of Theorem 2.3, it suffices to show that R(B+ ®,) = ¥, where

Py (u(t)) = Fu@)u@)|?2,  ue?,
and F : V — V' is the duality mapping of V. Indeed, for every f € ¥’ the equation
Bu+ @p,(u) = f,

or, equivalently,

du _ .
Ol P=f in [0,T], u(0) = yo,

has, by virtue of Theorem 4.10, a unique solution

d
we C([0,T);H) NLP(0,T;V), dl; € L9(0,T; V).

(Renorming the spaces V and V', we may assume that V and V' are strictly convex
and F is demicontinuous and that so is the operator u — F(u)||u||”~2.) Hence, B is
maximal monotone in ¥ x ¥,

Define the operator Ay : ¥ — ¥ (the realization of A in pair ¥, %") by

(Aou)(t) =A(t)u(t), ae.te(0,T).

Clearly, Ag is monotone, demicontinuous, and coercive from ¥ to ¥’ because so is
Alt): V=V

Then, by Corollaries 2.2 and 2.6, Ayp + B is maximal monotone and surjective.
Hence, R(Ag + B) = ¥, which completes the proof.

The proof in the case 1 < p < 2 is completely similar if we take ¥ = LP(0,T;V)N
L*(0,T;H) and replace A(t) by A(t) + Al for some A > 0. The details are left to the
reader. []

Remark 4.11. Tt should be said that Theorem 4.17 applies neatly to the parabolic
boundary value problem
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V- ¥ 0Ualxn D) = fwr), (1) €@ x(07)
|a|<m

y(x,0) = yo(x), xeQ
DBy =0 on dQ for |B| <m,

where Ag : [0,7] x 2 x R™ — R™V are measurable in (¢,x), continuous in other
variables and satisfy for each ¢ € [0, T] assumptions (i)—(iii) in Remark 2.6.

Then we apply Theorem 4.17 for V = Wy""(Q),V = W ™4(Q2) and
A(t) : V — V' defined by

(At)y,2) =Y, /QAa(t,xyy(X),Dﬁy(X))‘D"‘y(X)dm Vy,z€ Wy ().

lot|<m
Hence, for f € L9(0,T;W~"™9(Q)), yo € L*(Q), there is a unique solution

y € LP(0,T; Wy " (2))NC([0,T]; L*(2))

d
d—f € LI(0,T;W—"4(Q)).

Subpotential Time-Dependent Evolutions

Let X = H be a real Hilbert space and A(t) = d¢(t,y), t € [0,T], where ¢(t) : H —
R = (—o0,c] is a family of convex and lower semicontinuous functions satisfying
the following conditions.

(k)  For each measurable function y : [0,7] — H, the function t — @(z,y(t)) is
measurable on (0,7).
(Kk)  @(1,y) < @(s,y) +alt—s|(@(s,y) +[y[*+1) forallyc Hand 0 <5 <1 <T.

Here « is a nonnegative constant.
We note that, in particular, assumption (kk) implies that D¢(s,-) C De(t,-) for
all 0 <s <t <T. A standard example of such a family {¢(¢,-)}, is

(p(ta'):[K(t)v IE[O7T]7

where {K(¢)}, is an increasing family of closed convex subsets such that the func-
tion t — Py(,)y(¢) is measurable for each measurable function y : [0,7] — H. Here,
Py = (I + lalK(,))_l is the projection operator on K(¢) and the last assumption
implies of course (k) for @(t) = Ix()-

Theorem 4.18. Assume that ¢ : [0,T] x H — R = (—oo, 0| satisfies hypotheses (K),
(KK). Then, for each yo € D(¢(0,-)) and f € L*(0,T;H), there is a unique pair of
functionsy € W12([0,T];H) and n € L*(0,T;H) such that
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n@) €do(t,y)), aere(0,T),
% &) +n()=f@t), aere(0,T), (4.137)
¥(0) = yo.
This means that y is solution to (4.135), where A(t) = d (¢, ).

Proof. It suffices to prove the existence in the sense of (4.137) for the equation
dy
— (1) +99(t,y(t)) +Ay(1) 3 f(1), ae.r€(0,7),
dt (4.138)
¥(0) = o,

where A > 0 is arbitrary but fixed. Indeed, by the substitution et y — y, equation
(4.138) reduces to

% (1) + M 9@(r,e M y(1)) 3 ' f(1), 1€0,T);

that is,

D Lagy) s, e (O),

where ¢(t,y) = e @(r,e%'y) and %' 9 (1,e1'y) = 9P (1, ).
Clearly, @ satisfies assumptions (k), (kk).
Now, we may rewrite equation (4.138) in the space .2 = L?(0,T;H) as

By+ay+ Ay 3 f, (4.139)

where

_Y

By =
Y dr’

D(B) = {y e W'*([0,T]:H) y(0) = yo},

oy ={n € L*(0,T:H); n(t) € Ip(1,y(t)), ae.r€(0,T)},
D(o/) = {y € L*(0,T;H), 3n € L*(0,T:H), n(r) € d9(1,y(1)),
ae.r€(0,7)}.

Because, as easily seen, 7 is maximal monotone in 57 x 7 and &/ C d @, we infer
that o7 = d¢, where ¢ : S — (—oo, 4o is the convex function

T
00)= [ oy, (4.140)

By assumption (k), it follows via Fatou’s lemma that ¢ is also lower semiconti-
nuous and nonidentically +oo on 7. (The latter follows by (kk).)



4.3 Time-Dependent Cauchy Problems 181

To prove the existence for equation (4.138) (equivalently (4.139)), we apply Pro-
position 3.9. To this end it suffices to check the inequality

O((I+AB)~'y) <o) +CA(PO) + 5 +1),  Vye . (4.141)
‘We notice that

!
(1+)LB)*‘y=e*(’/“y0+%/ e =)y (s)ds, YA >0,1€(0,T),
0

and this yields (by convexity of y — @(#,y) and by (kk))

T t
O((I+AB)"'y) :/ q><t,e<’/’”yo+i/ e<”)/’1y(s)ds> dt
0 0
T 1/t :
< [ (g 5 [ I gt ) ar
< CA(1—e" /%)) p(0,y0) + oT (9(0,0) + [yo [ + 1))

1 T t
+I/0 dt/o e~ (s, y(s))ds
o T t (s
5 [t [ eI 95,509 + 1+ (o) P = slds
T T
< 5 [ oGy)ds [
0 K

r T
+%/0 (‘P(S7)’(S))+|y(s)|2)ds1 e ILAT
+ CA(9(0,y0) + [yol* +1
< 0(y) +CA(@(0,50) + 0 () + |y +1). -

Time-Dependent m-Accretive Evolution

We consider here equation (4.135) under the following assumptions.

() {A(t) }iejo,r) is a family of m-accretive operators in X such that, for all 1 > 0,

A5 1)y —Ax ()yll < Clt —s[([[Ax @)yl + Iyl + 1),

(4.142)
Vy e X, Vs,r €[0,T].

Here, A, (¢) is the Yosida approximation of y — A(z,y). (See (3.1).)

Unlike the previous situations considered here, condition (4.142) has the
unpleasant consequence that the domain of A(f) is independent of ¢; that is,
D(A(t)) = D(A(0)), Vr € [0,T]. This assumption is, in particular, too restrictive if
we want to treat partial differential equations with time-dependent boundary value
conditions, but it is, however, satisfied in a few significant cases involving partial
differential equations with smooth time-dependent nonlinearities.
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Theorem 4.19. Assume that X is a reflexive Banach space with uniformly convex

dual X*. If {A(t)} satisfies assumption (j), then, for each f € WH([0,T];X) and
yo € D = D(A(t)), there is a unique functiony € WH([0,T);X) such that

%(r)JrA(t)y(t) > f@), aete(0,T),

(4.143)
¥(0) = yo.
Proof. We start, as usual, with the approximating equation
Da L ial) = 10), 1€(0.T),
dt (4.144)

¥2.(0) = yo,

which has a unique solution y; € C'([0,T];X). By (4.142) and (4.144) and the ac-
cretivity of A (), we see that

T @

< (Ap(t+h)ya(t) = Ax()ya(t),J(va(t+ 1) =y (1))
< Clhya(t+h) =y (O (ALOya O+ ya @I +1),  Ve,e+he[0,T].

This yields
2 (2 +h) =y (@)l
1 (4.145)
< [ (A2 )1+ 52l + s+ 2 () = o
On the other hand, we have
1 d 2
5 77 a(h) =32 (0)[7 = — (A2 ()2 (£), /(3 (1) = y0))
+(f(t)7‘](yl(t)_y0))7 a.e.tG(O,T),
and therefore
h
[y (R) —yoll < /0 A2 (s)yollds + || fll=(0.:e0)h
< h([|A2 (O)yoll + £l z=(0,7:8))-
Then, substituting into (4.144) and letting 7 — 0, we obtain that
dyz
192 0] < ([ 661+ a1+ Das
(4.146)

+14°©)soll + | lli=0.rm) . VA >0.
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On the other hand, by (4.144) we also have that
llva @)l <C, vVt €[0,T], A > 0.
By (4.144) and (4.146), we get via Gronwall’s lemma that

|92 0]+ 1om@n e, wasorep +.147)

dt

Then, by (4.147) we find as in the proof of Theorem 4.6 that the sequence {y; }, is
Cauchy in C([0,T];X) and y = limy _y; is the solution to (4.143). The details are
left to the reader. [

4.4 Time-Dependent Cauchy Problem Versus Stochastic
Equations

The above methods apply as well to stochastic differential equations in Hilbert
spaces with additive Gaussian noise because, as we show below, these equations
can be reduced to time-dependent deterministic equations depending on a random
parameter. Below we treat only two problems of this type and refer to standard
monographs for complete treatment.

Consider the stochastic differential equation in a separable Hilbert space H,

{ dX(t) +AX (t)dt = BdW(r),  t>0, 4.148)

X(0) =nx.

Here A : D(A) C H — H is a quasi-m-accretive operator in H, B € L(U,H), where
U is another Hilbert space and W (t) is a cylindrical Wiener process in U defined on
a probability space {Q,.%#,P}. This means that

W)=Y Blt)er,
k=1

where {e }« is an orthonormal basis in U and {S } is a sequence of mutually in-
dependent Brownian motions on {Q,.% ,P}. Denote by .%, the c-algebra generated
by Bi(s) for s <t, k € N (also called filtration).

By solution to (4.148) we mean a stochastic process X = X(¢) on {Q,.#,P}
adapted to .%;; that is, X (¢) is measurable with respect to the o-algebra .%;, and
satisfies equation

t t
X(1) = x— / AX (s)ds+ / BdW(s)ds, Vi >0, P-as., (4.149)
0 0
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where the integral [ BdW (s) is considered in the sense of Ito (see Da Prato [28],
Da Prato and Zabczyk [29], and Prévot and Roeckner [48]) for the definition and
basic existence results for equation (4.149).
A standard way to study the existence for equation (4.148) is to reduce it via
substitution
¥(t) = X ()~ BW (1)

to the random differential equation
d
—y(t,0)+A((t,0)+BW(t,w)) =0, t >0, P-as., ® € Q,
dt (4.150)
y(0,0) = x.

For almost all w € Q2 (i.e., P-a.s.), (4.150) is a deterministic time-dependent equa-
tion in H of the form (4.135); that is,

DA =0, 120,

¥(0) =x,

where A(t)y = A(y+BW (¢)). This fact explains why one cannot expect a complete
theory of existence similar to that from the deterministic case. In fact, because the
Wiener process r — W (t) does not have bounded variation, Theorems 4.18 and 4.19
are inapplicable in the present situation. More appropriate for this scope is, however,
Theorem 4.17 which requires no regularity in ¢ for A(z).

Then, we assume that V is a reflexive Banach space continuously embedded in
H and so we have

VcHcCV

algebraically and topologically, where V' is the dual space of V.
Let A : V — V' satisfy the conditions of Theorem 4.10:

(¢) Ais ademicontinuous monotone operator and
(Au,u) > yllully +Cr, Vuev,
lAully < GO+ ulp™),  Vuev,
where y>0and p > 1.
Then, we have the following theorem.
Theorem 4.20. Assume that A satisfies hypothesis () and that
BW € LP(0,T;V), P-as. (4.151)

Then, for each x € H, equation (4.150) has a unique adapted solution X =X (t,®) €
LP(0,T;V)NC([0,T);H), a.e. ® € Q.
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Proof. One simply applies Theorem 4.17 to the operator A(r)y = A(y+BW (t)) and
check that conditions (i)—(iii) are satisfied under hypotheses (¢) and (4.151).

Thus, one finds a solution X = X (¢, ®) to (4.150) that satisfies (4.76) for P-almost
all @ € Q. Taking into account that, as seen earlier, such a solution can be obtained
as the limit of solutions y, to the approximating equations

d
L) +A;(ya +BW) =0, t€(0,7T),

¥2.(0) =x,

where A is the Yosida approximation of A ‘ y (the restriction of the operator A to H),
we may conclude that X is adapted with respect to the filtration {.%;}. One might
also prove H-continuity of t — X (¢, ®) by the methods of Krylov and Rozovski [39]
(see also Prévot and Roeckner [48]), which completes the proof. In particular, Theo-
rem 4.20 applies to parabolic stochastic differential equations of the type mentioned
in Remark 4.11. J

It should be said, however, that this variational framework covers only a small
part of stochastic partial differential equations because most of them cannot be writ-
ten in this variational setting and so, in general, other arguments should be involved.
This is the case, for instance, with the reflection problem for stochastic differential
equations in a Hilbert space H. Namely, for the equation

dX(t)+(AX )+ F(X(@))+Ix(X(¢)))dt > /QdW (¢),

(4.152)
X(0) =x€Kk,

where K is a closed convex subset of H such that 0 €K and

(G) A:D(A) C H— H is a linear self-adjoint operator on H such that A~! is
compact and (Ax,x) > §|x|?, Vx € D(A), for some § > 0.

(jj)  Q:H — H is alinear, bounded, positive, and self-adjoint operator on H such
that Qe ™ = ¢7"AQ for all t > 0, Q(H) C D(A) and Tr[AQ] < oo.

(i) F : H — H is a Lipschitzian mapping such that, for some y > 0, we have

(F(x),x) > —7y)x|?, Vx € H.

(Gv) W is a cylindrical Wiener process on H of the form
W)=Y wp(t)ex, 1>0,
k=1

where {B;} is a sequence of mutually independent real Brownian motions
on filtered probability spaces (Q,.%,{.% };>0,P) (see [28]) and {e;} is an
orthonormal basis in H taken as a system of eigenfunctions for A.

We denote, as usual, by C([0,T]; H) the space of all continuous functions from
[0,T] to H and by BV ([0,T];H) the space of all functions with bounded va-
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riation from [0,7] to H. We set V = D(A'/?) with the norm | -|| and denote
by V’ the dual of V in the pairing induced by the scalar product (-,-) of H.
By Cw([0,T];H), L3,([0,T);V), L% ([0,T];V’) we denote the standard spaces of
adapted processes on [0, T (see [28, 29]).

Denote by Wy the stochastic convolution,

Wae) = [ A /Gaw (s

and note that (4.152) can be rewritten as

diY(t)+AY(;)+F(Y(¢)+WA(z))+a1K(Y(r)+WA(z)) 50,
t !
Vi€ (0,T), P-as. 0 € Q (4.152)
Y (0) =x,
where Y (1) = X () — Wa(r).

Definition 4.5. The adapted process X € Cy (0,T];H) N L% (0,T;V) is said to be a
solution to (4.152) if there are functions Y € Cy ([0,T];H) N L3 (0,T;V) and 1 €
BV ([0,T];H) such that X(t) =Y () + Wa(t) € K, a.e. in 2 x (0,T) and

Y(t)Jr/ot(AY(s)+F(X(s)))ds+n(t):x, Vi € [0,T], P-as. (4.153)
/0 (dn(s),X(s) = Z(s))ds >0,  ¥Z e C((0,T]:K), P-as. (4.154)

Here [;(dn(s),X(s) — Z(s))ds is the Stieltjes integral with respect to 7.

Theorem 4.21 below is an existence result for equation (4.152) (equivalently,
(4.152)") and is given only to illustrate how the previous methods work in the case
of stochastic infinite-dimensional equations.

Theorem 4.21. Under the above hypotheses there is a unique strong solution to
equation (4.152).

Proof. Existence. We start with the approximating equation

dXe + (AXe + F(Xe) + Be(Xe ))dt = /OdW,
{ + (AXe + F (Xe) + Pe(Xe))dt = /O 155

Xe (0) - .x,
where ¢ is the Yosida approximation of dlx,

ﬁg(x):%(foK(X)% VxeH, € >0,

and Ik is the projection on K.
Equation (4.155) has a unique strong solution X € Cy([0,T];H) such that
Ye := X — W4 belongs to L‘Z,V (0,T;H). As seen above, we can rewrite (4.155) as
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dY,
78 +AYe + F(Xe) + Be(Xe) =0,

Y:(0) = x,

(4.156)

which is considered here for a fixed @ € Q. Because 0 € K, there is p > 0 such that
(Be(x),x—p0) >0,V0 € H, |8 = 1. This yields p|Be(x)| < (Be(x),x), Vx € H.

Step 1. There exists C = C(®) > 0 such that

|Y£(t)|2+/ot HYs(s)H2ds+/Ol |Be(Xe(s))|ds < C. (4.157)

Indeed, multiplying (4.156) scalarly in H by Y (s) and integrating over (0,¢) yields

S0P+ [ I¥els) s +p [ 1Be(Xe(s))lds

X , . (4.158)
< 5Py [ (o) Ps+ [ (F(Xe(9)) +Be (X 5)). Was))ds.

In order to estimate the last term in formula (4.158), we choose a decomposition
0<t <--- <ty =tof[0,] such that, for ¢,s € [t;_1,#], we have

Wal) = Wa(s)] < 2.

This is possible because Wy is P-a.s. continuous in H, and so we may assume that

sup [Wa(t+h)—Wu(2)| < 8(h) -0 ash—0,
t€[0.T]

because by (jj) it follows that Wy is P-a.s. continuous in H (see Da Prato [28]).
Then, we write

[ Betxeton. 2 " (Be(Xe(s)). Wa(s) — Wa(s))ds

i=171i-1

+i (o) / Bexe(9)as).

i=1 li-1

Consequently,

[ Betxe(s Wats)as < & [ Xe(s)) s

+

N 4
y (WA(ti)7 / (AYs(s)+F(Xg(s)))ds+Y£(t,»)—Yg(t,-_l)>‘.

i=1 ti—1

Now, using the estimate
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t

(WA(t,-), i AYg(s)ds> <c /, t"l Y (s) || 2ds,

ti1

we get (4.157).

We now prove that the sequence {Y; } is equicontinuous in C([0,T]; H). Let h > 0,
then we have

(et +) — Yele)) + Yol +h) ~ ()

+F(Xe(t +h)) —F(Xe(t)) + Be (Xe(t +h)) — Be(Xe(t)) = 0.
By the monotonicity of B¢ and because F is Lipschitz continuous, we have
[Ye(t+h) —Ye(t)| < CS(h), vVt €[0,T], h >0, € >0.

So, {Y¢} is equi-continuous. To apply the Ascoli-Arzela theorem, we have to prove
that, for each ¢z € [0, T, the set {¥¢(7) }¢~0 is pre-compact in H. To prove this, choose
for any € > 0 a sequence {f£} C L?(0,T;V) such that

1
fr = Be(Ye +Wa)|p10.7m) < -~ neN

On the other hand, for each n € N, the set
t
M, = {/ e A fEdg L ey g > 0}
0

is compact in H because { £} is bounded in L*(0, T; H) for each n € N. This implies
that, for any & > 0, there are N(n) € N and {u}'},—; _n(n C H such that

N(n)
U B(u}',8) > M,.
i=1

Therefore,

" N(n)
{Yg(t) ::/0 e A fE s e e > 0} c |J B, 8+nM).

i=1

Hence, the set {Y¢(¢)}e>0 is precompact in H, as claimed. Then, by the Ascoli—
Arzela theorem we infer that on a subsequence, Yz — Y strongly in C([0,T]; H) and
weakly in LZ(O, T;V). Moreover, thanks to Helly’s theorem (see [9]), we have that
there is n € BV([0,T]; H) such that, for € — 0,

/Ot Be(Xe(s))ds — n(t) weakly in H, vt €[0,T],

which implies that
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ot
0

| / (Be (Xe(s)), 2(5))ds — /0 dn(s).2(s)ds, ¥z e C([0,T]:K).

Letting € — 0 into the identity

Ye(t) + /OT(AYS(S"’_F(YQ(S)))dS"" /Ot Be(Ye(s) +Wal(s)))ds = x,

we see that (Y, 1) satisfy (4.153).
Finally, by the monotonicity of B¢ we have (recall that B¢(Z(s)) = 0),

(Be(Ye(s) +Wa(s)),Ye(s) + Wa(s) —Z(s)) > 0, vZ e C([0,T];K),
and so (4.154) holds.

Uniqueness. Assume that (Y1,1;), (Y2,12) are two solutions. Then, we have

[ @ms) - me)ne -ne)ds =0, i),

This yields
/Ot (d(Y] (s) —Ya(s)) + /OS (A(Y1 (1) —Ya(1))
P (2) - FOR (7)) (5) - 1) ) <0
and, by integration, we obtain that
% ‘Y] (l‘) —Yz([)‘z + /OZ(A(Y] — Yz) —|—F(X1) —F(Xz),Y] — Yz)ds <0,

Vr € [0, T], which implies via Gronwall’s lemma that ¥; = Y.

In particular, the latter implies that the sequence {€} founded before is indepen-
dent of @ and so, there is indeed a unique pair satisfying Definition 4.5. (For proof
details, we refer to Barbu and Da Prato [6].) [J

Remark 4.12. The above argument can be formalized to treat more general equations
of the form (4.152) and, in particular, the so-called variational inequalities with
singular inputs (see Barbu and Rédscanu [7]). In the literature, such a problem is also
called the Skorohod problem (see, e.g., Cépa [20]).
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operators in Banach spaces begins with the influential pioneering papers of Komura
[37, 38] and Kato [32] in Hilbert spaces. The theory was subsequently extended in
a more general setting by several authors mentioned below.
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The main result of Section 4.1 is due to Crandall and Evans [23] (see also Cran-
dall [22]), and Theorem 4.3 has been previously proved by Crandall and Liggett
[24]. The existence and uniqueness of integral solutions for problem (4.1) (see Theo-
rem 4.18) is due to Bénilan [10]. Theorems 4.5 and 4.6 were established in a partic-
ular case in Banach space by Komura [37] (see also Kato [32]) and later extended
in Banach spaces with uniformly convex duals by Crandall and Pazy [25, 26]. Note
that the generation theorem, 4.3 remains true for m-accretive operators satisfying
the extended range condition (Kobayashi [35])

1 -
liminf ; d(R(I+24) =0, vxeD(A),

d(x,K) is the distance from x to K.

The basic properties of continuous semigroups of contractions have been esta-
blished by Komura [38], Kato [33], and Crandall and Pazy [25, 26]. For other sig-
nificant results of this theory, we refer the reader to the author’s book [5]. (See also
Showalter [50].) The results of Section 4.4 are due to Brezis [13, 14]. Other results
related to the smoothing effect of nonlinear semigroups are given in the book by
Barbu [5].

Convergence results of the type presented in Section 4.2 were obtained by Brezis
and Pazy [16], Kobayashi and Myadera [36], and Goldstein [30].

Time-dependent differential equations of subdifferential type under conditions
given here (Section 4.3) were studied by Moreau [41], Peralba [47], Kenmochi [34],
and Attouch and Damlamian [3].

Other special problems related to evolutions generated by nonlinear accretive
operators are treated in Vrabie’s book [54]. We mention in this context a characte-
rization of compact semigroups of nonlinear contractions and evolutions generated
by operators of the form A + F, where A is m-accretive and F is upper semiconti-
nuous and compact. For other results such as asymptotic behavior and existence of
periodic and almost periodic solutions to problem (4.1), we refer the reader to the
monographs of Haraux [31] and Moroganu [42].

We have omitted from our presentation the invariance and viability results related
to nonlinear contraction semigroups on closed subsets. We mention in this context
the books of Aubin and Cellina [4], Pavel [43, 44] and the recent monograph of
Carja, Necula, and Vrabie [19], which contains detailed results and complete refe-
rences on this subject.
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