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Preface

The book collects some of the main mathematical concepts, results and
applications in the particularly flourishing field of differential equations
whose solutions are constrained to live in a given set. In other words, the
problem is to find the proper theoretical conditions in order that certain
phenomena evolve within some bounds imposed by the objective we intend
to reach. The cases of an aircraft which has to stay in a pre-assigned air-
tunnel, or of the concentration of a substance which, on the long term of its
evolution, must obey some requirements, are specific examples of this sort
of problems. We may also think at two competing species living within the
same region and whose densities have to be kept within some given limits.

The monograph is intended as an almost self-contained presentation of
the most important concepts and results in viability and invariance. The
viability of a set K with respect to a given function or multi-function, F,
defined on it, describes the property of the differential equation driven by
that function or multi-function, i.e., u/(t) € F(u(t)), that for each initial
data in K there exists at least one solution. The invariance of a set K
with respect to a function or multi-function, F', defined on a set D strictly
larger that K, is the property which asserts that each solution (if there is
any), of the differential equation or inclusion driven by F', which starts in
K remains in K, at least for a short time.

The book includes the most important necessary and sufficient condi-
tions for viability starting with Nagumo’s Viability Theorem for ordinary
differential equations with continuous right-hand sides and continuing with
the corresponding extensions either to differential inclusions or to semilin-
ear or even fully nonlinear evolution equations, systems and inclusions. In
the latter cases (i.e., multi-valued), the results, due to the authors, are very
recent, completely new and extend significantly, in several directions, their
well-known classical counterparts.

We present here a thorough study of viability problems involving multi-
functions by means of some new tangency concepts, such that as the one of
tangent set, or of A-quasi-tangent set to a set K at a point £ € K, with A

ix
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a given, possible nonlinear, operator. Recently introduced by the authors,
these concepts are multi-valued extensions of the Bouligand—Severi tangent
vectors. More than this, they prove to be more natural and appropriate,
when handling with evolution problems with multi-valued right-hand sides,
than the just mentioned Bouligand—Severi tangent vectors. We notice that
the tangency conditions based on tangent, or A-quasi tangent sets are nec-
essary and sufficient for viability in more general settings than the usual
tangency conditions expressed in terms of vectors. Furthermore, the use of
A-quasi-tangent sets, in the study of a general controllability problem for
semilinear evolutions, is almost imposed by the problem, and proves very
elegant and efficient. See Section 13.7.

Apart from the general abstract viability and invariance results, we
include various applications showing the power of the abstract developed
theory. For instance, we prove several comparison results referring to linear,
or even nonlinear partial differential equations and systems of parabolic
type. See Sections 13.3~13.6. We also prove an existence result of positive
solutions for a pseudo-parabolic problem by reducing it to an ordinary
differential equation which is under the incidence of a simple extension to
infinite dimensions of the Nagumo Viability Theorem. See Section 7.5.

The book is divided into two parts. In Part 1 we confined ourselves
merely to the study of viability and invariance problems for ordinary dif-
ferential equations and inclusions, while in Part 2 we focused our attention
on the more general situation of differential evolution equations and inclu-
sions. We include below a short presentation of both parts.

Chapter 1 has an introductory character and it may be skipped by any-
one with a reasonable training in Linear Functional Analysis and Evolution
Equations. Chapter 2, also introductory, differs from the preceding one in
that it contains several general results very precisely circumvented to the
topic of the book. Therefore, its careful reading would be of great help for
anyone wishing to make the reading of the whole book run smoothly. We
insist on the importance of Sections 2.1, 2.3 (containing completely new
concepts and results on tangent sets) and 2.7 in the construction and, of
course, in the easy understanding of the whole book. Chapter 3 contains
the main viability results referring to both autonomous and nonautonomous
ordinary differential equations, driven by continuous functions defined on
locally closed subsets, in general Banach spaces. Chapter 4 is mainly de-
voted to general sufficient conditions of invariance, also in the specific case
of ordinary differential equations in general Banach spaces. Chapter 5 recon-
siders the viability problems studied in Chapter 3 in the more general frame
of nonautonomous ordinary differential equations driven by Carathéodory
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functions defined on cylindrical domains. We notice that the constraint
on the domain is somehow dictated by the simple observation that in the
general, i.e., noncylindrical case, the a.e. tangency condition is not enough
for viability no matter how smooth the right-hand side of the equation is.
Chapter 6 contains an extension of the viability theory developed for or-
dinary differential equations to ordinary differential inclusions driven by
upper semicontinuous multi-functions with nonempty convex and weakly
compact values. Here, taking advantage of the notion of tangent set, we
were able to rebuild the whole existing viability theory in the single-valued
case to work similarly in the multi-valued u.s.c., nonempty, convex and
weakly compact valued case as well. We did not touch upon the lower semi-
continuous case simply because, thanks to the Michael Selection Theorem,
this reduces to the single-valued continuous one. Also, in order to keep the
book under reasonable lenght limits, we decided not to consider the general
Carathéodory multi-valued case. We notice that the latter requires a sharp
mathematical apparatus involving rather difficult and laborious technical-
ities. Chapter 7 (the last in the first part) collects several applications of
the viability and invariance results referring to: viability of an epigraph, the
existence of monotone solutions, the existence of positive solutions for some
pseudo-parabolic partial differential equations, the Hukuhara Theorem, the
Kneser Theorem, the existence of Lyapunov functions, the characteristics
method for a class of first order partial differential equations.

Part 2 starts with Chapter 8 which is devoted to the study of the via-
bility of a given set with respect to a single-valued continuous perturbation
of an infinitesimal generator of a Cy-semigroup. We added here significant
extensions of the viability theory built in Chapter 3 to this more general
setting, as well as several viability results referring to semilinear reaction-
diffusion systems. In Chapter 9, taking advantage of the concept of A-quasi
tangent vector to a set K at a point £ € K, we extended the previous theory
to the case of nonempty, convex and weakly compact-valued u.s.c. pertur-
bations of infinitesimal generators of Cy-semigroups. Chapter 10 is mainly
concerned with the viability of a given set K with respect to a vector field
of the form A + f, with A an m-dissipative (possibly) nonlinear and (pos-
sibly) multi-valued operator and f a given continuous function. Here we
also discuss several situations concerning reaction-diffusion nonlinear sys-
tems. Again, using the concept of A-quasi tangent vector (this time with
A nonlinear), in Chapter 11, we develop a viability theory handling the
general case of nonempty, convex and weakly compact-valued u.s.c. per-
turbations of m-dissipative operators. In order to give the reader an idea
of what happens in the fully nonlinear Carathéodory case, in Chapter 12
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we proved several viability results concerning nonlinear evolution equations
driven by Carathéodory perturbations of m-dissipative operators. Like in
Chapter 5, we confined ourselves merely to the particular case of a cylin-
drical domain. Chapter 13 includes more applications to concrete partial
differential equations and systems. Here we included several new results:
the existence of orthogonal solutions for a class of first-order hyperbolic
systems, the existence of Lyapunov pairs ensuring the asymptotic stabil-
ity of certain semilinear evolution systems, several comparison results for
solutions of linear (and even nonlinear) partial differential equations and
systems of parabolic (and even degenerate) type, sufficient conditions for
null controllability of abstract semilinear parabolic equations and sufficient
conditions for the existence of periodic solutions for fully nonlinear evolu-
tion equations.

Each chapter also contains a set of problems, with detailed solutions
at the end of the book in the section entitled “Solutions to the proposed
problems”. The book ends with a Bibliographical Notes and Comments
section, a Bibliography, a Name Index, a Subject Index and a Notation
Index.
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CHAPTER 1

Generalities

The aim of this chapter is to put together most of the frequently used auxiliary
notions and results which are needed for a good understanding of the whole book.
Therefore, we included here basic facts about Banach spaces, the Bochner integral
and usual function spaces, compactness theorems including the infinite dimensional
version of Arzela—Ascoli Theorem, Cy-semigroups, m-dissipative operators and the
nonlinear evolutions governed by them, m-dissipative possibly nonlinear partial
differential operators, differential and integral inequalities.

1.1. Basic facts on Banach spaces

Throughout this book, X is a real Banach space! with norm || - || and X* is
its topological dual, i.e., the vector space of all linear continuous functionals
from X to R, which, endowed with the dual norm ||z*|| = supj,<1 [(z,27)],
for z* € X* is, in its turn, a real Banach space too. Here and thereafter,
if € X and z* € X*, (z,2*) denotes x*(x). We denote by Fin (X*) the
class of all finite subsets in X*. Let F' € Fin(X™*). Then, the function
||l : X — R, defined by

|z]|F = max{|(z,2")[; =" € F}

for each x € X, is a seminorm on X.

The family of seminorms {|| - ||r; F € Fin (X*)} defines the so-called
weak topology and X, endowed with this topology, is a locally convex topo-
logical vector space.

Whenever we refer to weak topology concepts, we shall use the name of
the concept in question preceded, or followed, by the word weak (weakly).
For instance, a subset B in X is called weakly closed if it is closed in the
weak topology. If B is norm or strongly closed, we simply say that B is
closed.

1Sometimes7 we will merely assume that X is a real vector space, but in all those
cases we will clearly specify that.
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Theorem 1.1.1. The weak closure of a convex subset in a Banach
space coincides with its strong closure.

See Hille-Phillips [107], Theorem 2.9.3, p. 36.

Corollary 1.1.1. If lim, x,, = x weakly in X, then there exists (yn)n,
with y, € conv{xg; k > n}, such that lim,y, = .

See Hille—Phillips [107], Corollary to Theorem 2.9.3, p. 36.

Definition 1.1.1. A Banach space X is uniformly convez if for each
e € (0,2] there exists d(¢) > 0 such that, for each z,y € X with |lz| < 1,
[yl <1 and [l —y[| = &, we have |z +y| < 2(1 —d(e)).

Definition 1.1.2. A Banach space X is reflexive if the natural mapping
x — x** defined by (z*,2**) = (x,2*) for each z* € X* is an isomorphism
between X and X** — the topological dual of X*.

Theorem 1.1.2. A Banach space is reflexive if and only if its topolog-
ical dual is reflexive.

See Hille—Phillips [107], Corollary 2, p. 38.
Theorem 1.1.3. Fvery uniformly convex space is reflexive.

See Yosida [185], Theorem 2, p. 127. An immediate consequence of
Theorems 1.1.2 and 1.1.3 is

Corollary 1.1.2. A Banach space whose topological dual is uniformly
convezx is reflexive.

We recall that the duality mapping® J : X ~ X* is defined by
J(x) = {z* € X*; (z,2%) = |l«|* = [l=*]?}

for each z € X. In view of the Hahn—Banach Theorem, it follows that, for
each z € X, J(x) is nonempty.

Theorem 1.1.4. If the dual of X is uniformly convex, then the duality
mapping J : X ~ X* is single-valued and uniformly continuous on bounded
subsets in X.

See Barbu [10], Proposition 1.5, p. 14.

2Whenever F is a multi-valued mapping from a set D to a set E, i.e., F: D — 2F,
we denote this by F': D~ FE.
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1.2. The Bochner integral and L? spaces

A measure space (2, %, u) is called o-finite if there exists {Q,; n € N} C %
such that p(£2,) < +oo for each n € N and Q = U,,enQ,,. It is called finite
if () < oo. The measure space (2, X, 1) is called complete if the measure
w is complete, i.e., if each subset of a null u-measure set is measurable, i.e.,
belongs to the o-field X.

Let X be a Banach space with norm || - || and (2, 3, 1) a measure space
with a o-finite and complete measure.

Definition 1.2.1. A function z : Q — X is called:

(i) countably-valued if there exist two families: {Q,; n € N} C ¥ and
{zn; n € N} C X, with Q; N Q, = 0 for each k # p, Q = Up>0n,
and such that z(0) = x,, for all € Q,,;

(ii) measurable if there exists a sequence of countably-valued functions
convergent to x p-a.e. on €.

Theorem 1.2.1. A function x : @ — X is measurable if and only if
there exists a sequence of countably-valued functions from Q to X which is
uniformly p-a.e. convergent on §2 to x.

See Vrabie [175], Theorem 1.1.3, p. 3 and Remark 1.1.2, p. 4.
Since the two families {Q,; n € N} and {x,; n € N} in the definition
of a countably-valued function are not unique, in the sequel, a pair of sets,

({Q; n € N} {z,; n € N}),

with the above properties, is called a representation of the countably-valued
function x. Since 2 has o-finite measure, for each countably-valued function
x : 2 — X there exists at least one representation such that, for eachn € N,
1(€2,) < +oo. A representation of this sort is called o-finite representation.

Definition 1.2.2. Let z : 2 — X be a countably-valued function and
let R = ({Qy; n € N}, {x,; n € N}) be one of its o-finite representations.
We say that R is Bochner integrable ( B-integrable) on 2 with respect to p,
if

D S| < +oo.
n=0

Remark 1.2.1. If R and R’ are two o-finite representations of the
very same countably-valued function z : @ — X, the series > 7 o () 2y,
and > o u(€,)x], are either both convergent, or both divergent, and, in
the former case, they have the same sum. So, R is B-integrable on ) with
respect to p if and only if R" does.
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This remark enables us to introduce:

Definition 1.2.3. The countably-valued function x : ) — X is called
Bochner integrable on €} with respect to p if it has a o-finite representation

R = ({Qn; n € N}, {z,; n € N})

which is B-integrable on ) with respect to u. In this case, the vector

;N(Qn)l‘n:/ﬂx(ﬂ)du(e) :/Qxd“’

which does not depend on the choice of R (see Remark 1.2.1), is called the
Bochner integral on 2 of the function x with respect to p.

Definition 1.2.4. A function z : Q — X is Bochner integrable on €}
with respect to p if it is measurable and there exists a sequence of countably-
valued functions (xy ), Bochner integrable on €2 with respect to p, such that

lim /Q 2(8) — 24(6)]| du(6) = 0.

Proposition 1.2.1. If x : Q — X is Bochner integrable on Q with
respect to p and (zk)k is a sequence with the properties in Definition 1.2.4,

then there exists
lim/ xp du
k Ja

in the norm topology of X. In addition, if (yx)r is another sequence of
countably-valued functions with the property that

i [ 12(6) )] du9) 0.
then

- /Q £4(0) diu(6) = lim /Q i (8) dpu(6).

See Vrabie [175], Proposition 1.2.1, p. 5.

Definition 1.2.5. Let x : 2 — X be a Bochner integrable function on

Q. The vector
lim/xkd,u:/x(H) du(@):/zd,u
k- Ja Q Q

which, according to Proposition 1.2.1, exists and does not depend on the
choice of the sequence (z) in Definition 1.2.4, is called the Bochner integral
of the function x on ) with respect to pu.
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Theorem 1.2.2. A function x : Q@ — X is Bochner integrable on €
with respect to w if and only if x is measurable and the real function ||x|| is
integrable on ) with respect to .

See Vrabie [175], Theorem 1.2.1, p. 6.

We denote by LP(€, pu; X) the set of all functions f : Q@ — X which
are measurable on 2 and || f||? is integrable on Q with respect to p. Let us
define H ’ HLP(Q,M;X) : LP(Q,M;X) — Ry by

1/p
’f\LMQW;X)_'</2HprdM)

for each f € LP(Q, 3 X). This is a seminorm on LP(§2, 115 X). The relation
“~" defined by f ~ g if f(0) = g(f) p-a.e. for 6 € Q is an equivalence
on LP(Q, u; X). Let LP(2, u; X) be the quotient space LP(Q, pu; X)/ ~. If
[~ g, then | fllerpu:x) = lgller@u:x)- As a consequence, the mapping
I~ lru:x) + LP(2, 15 X) — Ry, given by [|fllzru:x) = [Ifller@u:x)
for each f € LP(Q, ;5 X), is well-defined (i.e. it does not depend on the
choice of f € f) and is a norm on LP(Q, u; X). Endowed with this norm,
LP(Q, u; X) is a Banach space.

Next, let £L°(, v; X) be the space of all functions f : Q@ — X satisfying

1o @uix) = inf{a € B [f(0)] < a, ae. 00} < +oo.
The mapping || - [[goo(0,u;x) + £7°(2, 15 X) — R4, defined as above, is
a seminorm. Let L®(Q, pu; X) = L°(Q, u; X)/ ~, where “~” is the p-a.e.
equality on  and let || - [|poo(q,u;x) @ L%(2, 15 X) — Ry, given by
£l oo (@ sx) = I F 1l eoo (e

for each f € L®(Q, u; X). Obviously || - || o (q.x) is well-defined and, in
addition, is a norm on L (2, v ; X'), with respect to which this is a Banach
space. For simplicity, we denote by f either a fixed element in LP(£2, pu; X)
or its corresponding equivalence class in LP(€Q, u; X).

Theorem 1.2.3. Let (f,), be a sequence in L' (2, pu; X) with
lim £,,(6) = £(6)
p-a.e. for 0 € Q. If there exists £ € L' (2, u;R) such that

1fn(O)]] < €(6)

forn =1,2,... and p-a.e. for 0 € Q, then f € L'(Q, u; X) andlim, f, = f
in the norm of LY (2, u; X).
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For the proof of Theorem 1.2.3, known as the Lebesgue Dominated
Convergence Theorem, see Dinculeanu [85].
We also need the following specific form of the Fatou Lemma.

Lemma 1.2.1. Let (2,3, u) be a o-finite and complete measure space
and let (fn)n be a sequence of measurable functions from Q to Ry, but not
necessarily p-integrable. Then

tim sup / £1(0) du(6) < /Q fim sup f(6) dj(6).

See Dunford-Schwartz [90], Theorem 19, p. 52.
The next result gives a simple but precise description of the topological
dual of LP(Q, u; X) for certain classes of Banach spaces.

Theorem 1.2.4. If ecither X is reflexive, or X* is separable, then, for
eachp € [1,400), (LP(, p; X))* can be identified with LI(2, pv; X*), where
1%4—%:1 ifp>1andg=o00ifp=1.

See Dinculeanu [85], Corollary 1, p.252. Some extensions and variants
of Theorem 1.2.4 can be found in Edwards [91], Theorem 8.18.2, p. 588,
Remarks, p. 589 and Theorem 8.20.5, p. 607.

A remarkable consequence of Theorem 1.2.4 is stated below.

Corollary 1.2.1. If X is reflexive and p € (1,+00), then LP(Q, u; X)
is reflexive. If X is separable, then, for each p € [1,+00), LP(Q, pu; X) is
separable.

Now, let (€2, %, i), i = 1,2, be two measure spaces and let us define the
product measure space (€2, 3, 1) as the measure space for which = Q1 xQg,
> is the smallest o-field containing all the sets E; X Ey with E; € 3¥;,1 =1, 2,
and such that pu(Fy x E2) = 1 (Eh)pe(Es) for each E; € 3;, 1 =1,2.

Theorem 1.2.5. Let (Q;, %, 1), i = 1,2, be finite measure spaces and
let (2, %, 1) be their product space. Let X be a Banach space and let f €
LY, p; X). Then, for ,ul—a.e. 5 €, t— f(s,t) belongs to L'(Qa, p2; X),
the function s — fQ (s,t) dua(t) belongs to L'(Qq, u1; X) and

/Ql [ 1ot ot s /f ) du(9

For the proof of this result, known as the Fubini Theorem, see Dunford—
Schwartz [90], Theorem 9, p. 190.

In the theorem below, p is the Lebesgue measure on R™. In order to
simplify the notation, whenever {2 is a Lebesgue measurable subset in R"™
and p is the Lebesgue measure on €2, we denote by LP(2; X) = LP(Q, u; X).
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If, in addition, X = R, a further simplification is made, i.e., we denote by
LP(Q) = LP(,R). Finally, if Q@ = [7,T], we simply write LP(7,T;X)
instead of LP([7,T']; X).

Theorem 1.2.6. If 2 C R"™ is nonempty, bounded and Lebesque mea-
surable, n > 1, and p € (1,400), then the space LP(S2), endowed with its
usual norm, is uniformly conver.

See Cioranescu [64], Teorema 4.1, p. 113.
We conclude this section with a differentiability result.

Theorem 1.2.7. Let X be a Banach space and let f € L'(7,T; X).
Then, for a.a. t € (1,T), we have

t+h
lim — / I1£(8) — £(2)]|d6 = 0.

RO h
See Bochner [20] or Diestel-Uhl [83], Theorem 9, p. 49.

1.3. Compactness theorems
Here we gather several compactness results which will be used later.

Definition 1.3.1. A subset C of a topological space (X, T) is called:
(i) relatively compact, if each generalized sequence in C' has at least
one generalized convergent subsequence;
(ii) compact, if it is relatively compact and closed;
(iii) sequentially relatively compact, if each sequence in C has at least
one convergent subsequence;

(iv) sequentially compact, if it is sequentially relatively compact and
closed.

If (X,d) is a metric space, C C X is called precompact, or totally

bounded, if for each € > 0 there exists a finite family of closed balls of
radius € whose union includes C.

Remark 1.3.1. As each metric space satisfies the First Axiom of
Countability, i.e., each point has an at most countable fundamental sys-
tem of neighborhoods, in a metric space, a subset is (relatively) compact if
and only if it is sequentially (relatively) compact.

Remark 1.3.2. Clearly, a subset C C X is precompact if and only if,
for each € > 0 there exists a finite family of closed balls centered in points
of C' and having radii €, whose union includes C.

Theorem 1.3.1. If (X,d) is a complete metric space, then a subset of
it is sequentially relatively compact if and only if it is precompact.
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Problem 1.3.1. Let X be a Banach space. If C C X is compact
and {S(t) : C — X; t > 0} is a family of possibly nonlinear operators
satisfying:

1) there exists a continuous function ¢ : Ry — R such that
+ +

1S(#)€ = SE)nll < LE)IE —nll
for eacht € Ry and &,m € C and
(ii) 1}5]8 S(h)¢ =& for each € € C,

then

1}%15(@6 =¢

uniformly for & € C.

Theorem 1.3.2. The closed convex hull of a (weakly) compact subset
in a Banach space is (weakly) compact.

See Dunford—Schwartz [90], Theorem 6, p. 416 and Theorem 4, p. 434.
Let us also recall the Schauder Fixed Point Theorem, i.e.,

Theorem 1.3.3. Let X be a Banach space. If K C X 1is nonempty,
closed and convex, the mapping P : K — K is continuous and P(K) is

relatively compact, then P has at least one fixed point & € K, i.e. there
exists £ € K such that P(§) = €.

See Dunford-Schwartz [90], Theorem 5, p. 456.

Theorem 1.3.4. A subset in a Banach space is weakly compact if and
only if it is weakly sequentially compact.

See Edwards [91],Theorem 8.12.1, p. 549 and Theorem 8.12.7, p. 551.

Theorem 1.3.5. Let X be reflexive. A subset in X is weakly relatively
sequentially compact if and only if it is norm-bounded.

See Hille-Phillips [107], Theorem 2.10.3, p. 38.

Problem 1.3.2. If X is reflexive and B, C' are two nonempty, closed,
bounded and convex subsets in X, then B+ C' is nonempty, closed, bounded
and conve.

Lemma 1.3.1. Let X be a Banach space, K a compact subset in X
and let F be a family of Bochner integrable functions from [1,T] to K.

Then -
{/ J(tydt; fe ff}

is relatively compact in X.
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The compactness Lemma 1.3.1 is an extension, from continuous to
Lebesgue integrable functions, of Vrabie [176], Lemma A.1.3, p. 295. For a
further extension and proof, see also Lemma 1.5.1 in Section 1.5.

The next result is an infinite dimensional version of the well-known
Arzeta—Ascoli Theorem.

Theorem 1.3.6. Let X be a Banach space. A subset F in C([7,T]; X)
is relatively compact if and only if:
(i) F is equicontinuous on [1,T |;
(ii) there exists a dense subset D in [1,T'] such that, for each t € D,
F(t) ={f(t); feTF} is relatively compact in X.

See Vrabie [175], Theorem A.2.1, p. 296.

Problem 1.3.3. Let X be a Banach space and let (uy,), be a sequence
of continuous functions from [1,T] to X such that there exist a sequence
en | 0 and a function m : [0,T — 7] — Ry, with limpjom(h) = m(0) =0
such that B B

[un(t) = un (@)l < m(|t —t]) + en
for each n € N and each t,t € [7,T]. Then {un; n € N} is equi-uniformly
continuous on [7,T].

Definition 1.3.2. A subset F C LY(Q, u; X) is called uniformly inte-
grable? if for each € > 0 there exists §(g) > 0 such that

LIl dnte) < ¢
for each f € F and each E € ¥ satisfying pu(FE) < d(e).

Remark 1.3.3. It is easy to see that, whenever £ € L'(, ), the
set [y = {f € LY, u;X); |If(®)] < £(t), ae. for t € Q} is uniformly
integrable.

Problem 1.3.4. Prove that if § C L'(7,T; X) is uniformly integrable,
then it is bounded.

Theorem 1.3.7. Let (2,3, 1) a finite measure space and let X be a
reflevive Banach space. Then F C LY(Q, u; X) is weakly compact if and
only if it is bounded and uniformly integrable.

See Diestel-Uhl [83], Theorem 1, p. 101.

3Some authors, as for instance Roubi¢ek [150], use for this notion the name of equi-
absolutely-continuous which, in fact, is more adequate. However, for tradition reasons, we
prefer the most widely circulated term of uniformly integrable. See, for instance Diestel-
Uhl [83], Definition 10, p. 74.
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Theorem 1.3.8. Let (2, %, p) be a finite measure space and let X be a
Banach space. Let F C LY(Q, p; X) be bounded and uniformly integrable. If
for each e > 0 there exist a weakly compact subset C. C X and a measurable
subset E. € ¥ with p(Q\ E:) < e and f(E:) C Ce for all f € F, then F is
weakly relatively compact in L'(Q, p; X).

See Diestel [82], or Diestel-Uhl [83], p. 117.
Corollary 1.3.1. If C C X s weakly compact, then
{f e LY(7,T;X); f(t) € C ae. fort € [71,T]}
is weakly relatively compact in L' (1,T; X).

1.4. Cp-semigroups

Let X be a Banach space and let £(X) be the Banach space of all linear
bounded operators from X to X endowed with the operator norm || - || (x5
defined by ||Ul|¢(x) = supjg<1 |[Uz]| for each U € L(X).

Definition 1.4.1. A family of operators, {S(¢) : X — X; t > 0}, in
L(X) is a Cy-semigroup on X, if:
(i) 5(0) = I;
(ii) S(t+s)=S(t)S(s) for each t,s > 0;
(iii) 1tilr61 S(t)x =z, for each z € X.
A family {S(t) : X — X; t € R} in L(X), satisfying (i), (ii) for each
t,s € R and (iii) with ¢ — 0 instead of ¢ | 0, is called a Cy-group.
Definition 1.4.2. By definition, the infinitesimal generator, or simply

generator, of the semigroup of linear operators {S(t) : X — X; ¢t > 0} is
the operator A : D(A) C X — X, defined by

.1 .1
D(A) = {xEX, 3 ltll%lt(S(t)x—a:)} and Axfltllr(r)lg(S(t)w—x).

Equivalently, we say that A generates {S(t) : X — X; t > 0}.

Theorem 1.4.1. If {S(t) : X — X; t > 0} is a Cy-semigroup, then

there exist M > 1, and a € R such that
1S(t))lox) < Me® (1.4.1)

for each t > 0.

See Vrabie [175], Theorem 2.3.1, p. 41.

A Cp-semigroup satisfying (1.4.1) is called of type (M,a). If M =1
and a = 0 the Cy-semigroup is called of contractions or of nonexpansive
mappings.
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Theorem 1.4.2. Let {S(t) : X — X; t > 0} be a Cy-semigroup of
type (M, a). Then there exists a norm on X, equivalent to the initial one,
such that, with respect to this new norm, the Cy-semigroup is of type (1,a).

See Vrabie [175], Lemma 3.3.1, p. 57.
Theorem 1.4.3. Let A: D(A) C X — X be the infinitesimal generator
of a Cy-semigroup {S(t) : X — X; t > 0}. Then:
(i) for each x € X and each t > 0, we have

t+h
1 =
fi?olh/ Txedr = S(t)x;

(ii) for each x € X and each t > 0, we have
t t
/ S(t)xdr € D(A) and A </ S(r)z d7'> =S(t)x — x;
0 0

(iii) for each x € D(A) and each t > 0, we have S(t)x € D(A). In
addition, the mapping t — S(t)z is of class C* on [0,+0c0) and

satisfies

d
= (S(t)x) = AS(t)x = S(t)Ax;

(iv) for each x € D(A) and each 0 < s <t < +o00, we have
/AS xdT—/S YAz dr = S(t)x — S(s)x.

Theorem 1.4.4. Let A: D(A) C X — X be the infinitesimal generator
of a Cy-semigroup {S(t) : X — X t > 0}. Then D(A) is dense in X, and
A is a closed operator.

If A: D(A) C X — X is a linear operator, the resolvent set p(A) is the
set of all numbers A, called regular values, for which the range of Al — A,
i.e., ROAI — A) = (A — A)(D(A)) is dense in X and R(\; A) = (A — A)~1
is continuous from R(A — A) to X.

Theorem 1.4.5. A linear operator A : D(A) C X — X is the infini-
tesimal generator of a Cy-semigroup of contractions if and only if:

(i) A is densely defined and closed and
(ii) (0,4+00) C p(A) and, for each A > 0, we have

1
1RO A)lecx) < 5

See Vrabie [175], Theorem 3.1.1, p. 51.
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Theorem 1.4.6. The linear operator A : D(A) C X — X is the
infinitesimal generator of a Cy-semigroup of type (M, a) if and only if:
(i) A is densely defined and closed, and
(ii) (a,4o00) C p(A) and, for each X > a and each n € N, we have
M
(A—a)
See Vrabie [175], Theorem 3.3.1, p. 56.
Let J : X ~ X* be the duality mapping on X.

RN A) lox) <

Definition 1.4.3. A linear operator A : D(A) C X — X is dissipative
if for each « € X there exists 2* € J(z) such that (Az,z*) <0.

Theorem 1.4.7. A linear operator A : D(A) C X — X is dissipative
if and only if, for each x € D(A) and A > 0, we have

Allzll < [[(AT = A)z|. (1.4.2)
See Vrabie [175], Theorem 3.4.1, p. 59.

Theorem 1.4.8. Let A: D(A) C X — X be a densely defined linear
operator. Then A generates a Cy-semigroup of contractions on X if and
only if

(i) A is dissipative, and

(ii) there exists A > 0 such that \I — A is surjective.
Moreover, if A generates a Co-semigroup of contractions, then NI — A is
surjective for any A > 0, and we have (Axz,x*) < 0 for each x € D(A) and
each =* € J(x).

See Vrabie [175], Theorem 3.4.2, p. 60.

1.5. Mild solutions

In this section we include some facts referring to the relationship between
Cy-semigroups and ordinary differential equations in Banach spaces.
First, let us observe that, from (iii) in Theorem 1.4.3, it follows that,
if A: D(A) € X — X is the infinitesimal generator of a Cy-semigroup
{S(t) : X — X; t > 0}, then, for each 7 > 0 and £ € D(A), the function
u:[7,4+00) — X, defined by u(t) = S(t — 7)¢ for each t > 7, is the unique
C'-solution of the homogeneous abstract Cauchy problem
u'(t) = Au(t)
{ u(r) = £ (1.5.1)
For this reason, it is quite natural to consider that, for each & € X, the
function u, defined as above, is a solution for (1.5.1) in a generalized sense.
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The aim of this section is to extend this concept of generalized solution to
the nonhomogeneous problem

{ 0= w10 o

where A is as before, ¢ € X and f € LY(7,T; X).

Definition 1.5.1. The function u : [7,T] — X is called classical or
C*-solution of the problem (1.5.2), if u is continuous on [ 7, T'], continuously
differentiable on (7,7'], u(t) € D(A) for each t € (7,7] and it satisfies
u'(t) = Au(t) + f(t) for each t € (7,T] and u(r) = &.

Definition 1.5.2. The function u : [7,T] — X is called absolutely
continuous, or strong solution, of the problem (1.5.2), if u is absolutely
continuous on [7,T], v’ € LY(7,T; X), u(t) € D(A) a.e. for t € (1,T), and
it satisfies u/(t) = Au(t) + f(¢) a.e. for t € (1,T) and u(r) = £.

Remark 1.5.1. Each classical solution of (1.5.2) is a strong solution
of the same problem, but not conversely.

The next result, known as the Duhamel Principle, is fundamental in
understanding how to extend the concept of generalized solution to nonho-
mogeneous problems of the form (1.5.2).

Theorem 1.5.1. FEach strong solution of (1.5.2) is given by so-called
variation of constants formula

u(t) =St —71)&+ / S(t—s)f(s)ds, (1.5.3)

for each t € [1,T]. In particular, each classical solution of the problem
(1.5.2) is given by (1.5.3).

See Vrabie [175], Theorem 8.1.1, p. 184.

Simple examples show that, when X is infinite-dimensional and A is
unbounded, the problem (1.5.2) may fail to have any strong solution, no
matter how regular the datum f is. See Vrabie [175], Example 8.1.1, p. 185.
This observation justifies why, in the case of infinite-dimensional spaces X,
the variation of constants formula can be promoted to the rank of definition.
Namely, we introduce

Definition 1.5.3. The function u : [7,T] — X, defined by (1.5.3), is
called mild solution of the problem (1.5.2) on [7,T'].

We will next recall a necessary and sufficient condition in order that a
given set of mild solutions be relatively compact in C'([7,T']; X).
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Definition 1.5.4. The operator Q : X x LY(r,T; X) — C([7,T]; X),
defined by Q(&, f) = u, where u is the unique mild solution of the problem
(1.5.2), corresponding to ¢ € X and f € L(7,T;X), is called the mild
solution operator attached to the problem (1.5.2).

Remark 1.5.2. The operator Q is Lipschitz with constant Mel®(T=7)
where M > 1 and a € R are given by Theorem 1.4.1, and therefore it maps
bounded subsets in X x L'(7,T; X) into bounded subsets in C([7,T]; X).

Theorem 1.5.2. Let A: D(A) C X — X be the generator of a Cp-
semigroup {S(t) : X — X; t > 0}, let D be a bounded subset in X, and
F a uniformly integrable subset in L'(7,T; X). Then Q(D,F) is relatively
compact in C([0,T]; X) for each 6 € (1,T), if and only if there exists a
dense subset D in [7,T] such that, for eacht € D, the t-section of Q(D, ),
e, Q(D,F)t) ={Q(& f)(t); (& f) € DxTF}, is relatively compact in X .
Moreover, if the latter condition is satisfied and T € D, then Q(D,F) is
relatively compact even in C([7,T]; X).

See Vrabie [175], Theorem 8.4.1, p. 194.

Definition 1.5.5. The Cy-semigroup {S(¢) : X — X ; t > 0} is called
compact if for each t > 0, S(¢) is a compact operator.

A very useful consequence of Theorem 1.5.2 is the following sufficient
condition of relative compactness of the set Q(D,F) in C([7,T]; X).

Theorem 1.5.3. Let A: D(A) C X — X be the generator of a compact
Co-semigroup, let § € X, D = {&} and let F be a uniformly integrable subset
in LY(7,T; X). Then Q(D,F) is relatively compact in C([7,T]; X).

See Vrabie [175], Theorem 8.4.2, p. 196.

We conclude with a useful extension of Lemma 1.3.1.

Lemma 1.5.1. Let K C X be compact, let F be a family of Lebesgue
integrable functions from [7,T] to K and let {S(t) : X — X; t > 0} be a
Co-semigroup on X . Then, for every t € [1,T], the set

{/:S(t—s)f(s)ds;feir’}

is relatively compact in X.

Proof. Since (s,z) +— S(s)z is continuous from Ry x X to X and
[0,t — 7] x K is compact, it follows that {S(s)z; (s,z) € [0,t — 7] x K}
is compact. The conclusion follows from the simple observation that

{/:S(t—b’)f(s)ds;feg} -

TW{S(S)LE; (s,z) € [0, T — 7] x K}
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while, by Theorem 1.3.2, the latter set is compact. O

1.6. Evolutions governed by m-dissipative operators

Let X be a Banach space and let || - || be the norm on X. If z,y € X, we
denote by [z,y ]+ the right directional derivative of the norm calculated at
x in the direction y, i.e.

i 12+ Pl — |
11m
h]0 h

[l‘ay]Jr:

and by (x,y)4+ the right directional derivative of %H - ||? calculated at  in

the direction y, i.e.

Nl 4 hyl]? — [|]?
=1 .
(z,y)+ im o

Analogously, we denote by [z, y]_ the left directional derivative of the norm
calculated at z in the direction y, i.e.

o e+ Ryl = |
_=1
[#,y]- = lim .

and by (z,y)_ the left directional derivative of &||-||* calculated at z in the
direction y, i.e.
= + Ayl — [l

Exercise 1.6.1. Show that:
1) (@,9)x = lzll[=,y]x;

(i) |[=,y]<] < llyll;

(i) [[2,y]e = [z, 2]+| < lly — 2| ;

(IV) [a:,y]+:—[—x,y]_:—[:E,—y]_;

v) [az,by ]y =b[x,y]|s+ for a,b>0;

Vi) [, y+2]y < [zylp +[2, 2]y and [z, y+2z]- > [2,y]-+[z, 2]
(Vii) [$,y+2]+ 2 [x,y}Jr—i—[x,z]_ and [x,y+z]_ < [%,y]_+[$,2]+,
(vill) [z, y + ax]s = [z,y]|+ + al|z| for a € R;

(ix) if uw : [1,T] — X is differentiable from the right at t € [1,T)

(differentiable from the left at t € (1,T]), then both s — |[u(s)]|
and s +— ||u(s)||* are differentiable from the right (left) at t and

C(luC)1)(8) = [ule), ule(t)]+

4 (e 12)() = 2(u(t), we (1)),
where W (t) = % (u()(1);
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(x) |||l s Gateaux differentiable at each x € X, x # 0, if and only if,
for each x € X \ {0} and each y € X, we have

[z,y]+ = —[-=z,y]+.
We recall that J : X ~» X* denotes the duality mapping on X.

Proposition 1.6.1. For each x,y € X, we have:
(i) there ewists x% € J(x) such that

[zll[z, y ]+ = sup{(y,2"); " € J(x)} = (y,2%);
(ii) there exists x* € J(x) such that

|zll[z,y]- = inf{(y,2"); 2" € J(x)} = (y,27).

See Miyadera [129], Theorem 2.5, p. 16.

If A: X ~ X, we say that A is an operator or multi-function and we
write A : D(A) C X ~ X, to signify that A(z) # 0 if and only if z € D(A).
For simplicity, for each x € D(A), we denote Ax = A(x). Whenever A is
single-valued on D(A), we shall identify A with a function defined on D(A),
i.e., with its unique selection and we shall write A : D(A) C X — X and
Az = y instead of A : D(A) € X ~ X and of Az = {y}. Obviously,
each function f : D(f) € X — X can be identified with a single-valued
operator whose domain is D(f). If A: D(A) C X ~ X is an operator, then
R(A) = Uyep(a)Az. If A and B are operators and X € R, then R(A), A,
A+ B, AB and AA are defined in the usual sense of relations in X x X.

We say that the operator A : D(A) C X ~ X is dissipative if

(1 — 22,91 —Y2)- <0

for each z; € D(A) and y; € Ax;, © = 1,2, and m-dissipative if it is dissipa-
tive and, for each A > 0, or equivalently for some A > 0, R(I — \A) = X.

Let A: D(A) C X ~ X be an m-dissipative operator, let £ € D(A),
f € LY(7,T; X) and let us consider the differential equation

u'(t) € Au(t) + f(t). (1.6.1)
Definition 1.6.1. A function u : [7,T'] — X is called a strong solution
of (1.6.1) on [7,T] if:
(S1) u(t) € D(A) ae. for t € (1,T);
(S2) u(t) € Wli’cl((T,T];X) and there exists g € Ll ((7,T]; X), such
that
g(t) € Au(t) a.e. for t € (1,7
u'(t) =g(t)+ f(t) ae. for te (r,T).
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A strong solution of (1.6.1) on [7,T') is a function, u : [7,T) — X, whose
restriction to each interval of the form [7, Ty |, with 7 < Ty < T, is a strong
solution of (1.6.1) on [T, T} |.

Since whenever X is infinite dimensional, the problem (1.6.1) may have
no strong solution, another general concept was introduced. Namely:

Definition 1.6.2. A C°-solution of the problem (1.6.1) is a function u
in C([7,T]; X) satisfying: for each 7 < ¢ < T and ¢ > 0 there exist

(i)T=t0<t1<--~<C§tn<T, tp —tp_1 <efork=1,2,...,n;
n th
(i) froosfn€ X with - [T 50~ flldr < e
k=1"th-1
(iii) vg,...,v, € X satisfying:
Vi — Vk—1
————— € Avp + f, for k=1,2,...,n and such that

le — tk—1
llu(t) — vkl <e fort e [tg_1,tx), k=1,2,... n.

A function v : [7,t, ] — D(A), defined by v.(t) = v, for ¢ € [tx_1,tx),
k= 1,2,...,n, where t, vp and f, for kK = 1,2,...,n, are as above, is
called an e-difference scheme-solution, or briefly, e-DS-solution.

Theorem 1.6.1. Let X be a Banach space and let A: D(A) C X ~ X
be m-dissipative. Then, for each ¢ € D(A) and f € L'(7,T;X), there
exists a unique C°-solution u : [7,T] — D(A), of (1.6.1), which satisfies
u(r) =¢.

See Lakshmikantham-Leela [119], Theorem 3.6.1, p. 116.

Definition 1.6.3. Let C be a nonempty and closed subset in X. A
family {S(t) : C — C; t > 0} is a semigroup of nonexpansive mappings or
semigroup of contractions on C, if:

(i) S(0) = I;

(ii) S(t+s)=S(t)S(s) for all t,s € [0,00);
(iii) for each £ € C the function s — S(s)¢ is continuous at s = 0;
(iv) [[S(®)€ = SE)nll < [I€ —nl| for all £ > 0 and §,n € C.

Exercise 1.6.2. Prove that if {S(t) : C — C; t > 0} is a semigroup
of nonexpansive mappings, then the mapping (t,§) — S(t)€ is continuous
from Ry x C to C.

Remark 1.6.1. In the case in which A is single-valued, linear and, of
course, m-dissipative, u is a C?-solution of (1.6.1) on [7,7] in the sense
of Definition 1.6.2 if and only if u is a mild solution on [7,7'] in the sense
of Definition 1.5.3. This is an easy consequence of the fact that in the
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linear case, each mild solution can be approximated uniformly with strong
solutions of some suitably chosen approximate problems.

See Vrabie [173], Theorem 1.8.2, p. 29.

We denote by u(-,7,&, f) : [7,T] — D(A) the unique C%solution of
(1.6.1) satisfying u(7, 7,€, f) = &.

Theorem 1.6.2. Let X be a Banach space, let A : D(A) C X ~ X

be m-dissipative, let &, € D(A), f,g € LY(7,T; X) and let © = u(-,7,&, f)
and v = u(-,7,1m,9). We have

[a(t) —o@)[ < [ — 7l +/ [u(s) —v(s), f(s) —g(s)]+ds  (1.6.2)
and
[a(t) = a1 < ll€ =l + 2/ (u(s) —v(s), f(s) —g(s))+ds, (1.6.3)
for each t € [1,T]. Moreover, for each T <v <t <T, we have

u(t, 7, f) = ult,v,u(v, 1,&, f), f h,,’T}). (1.6.4)

See Vrabie [173], Section 1.7.
The relation (1.6.4) is known under the name of evolution property.

Exercise 1.6.3. Prove that {S(t) : D(A) — D(A), t > 0}, where, for
eacht >0 and £ € D(A), S(t)§ = u(t,0,£,0), is a semigroup of nonexpan-
sive mappings (called the semigroup of nonerpansive mappings generated
by A on D(A)).

Exercise 1.6.4. If A: D(A) C X ~ X is m-dissipative, £, € D(A)
and f,g € LN7,T; X), then u = u(-,7,&, f) and v = u(-,7,7m,9) satisfy
t
[a(t) — o) < [I§ —nll +/ 1 (s) = g(s)]l ds, (1.6.5)
for each t € [1,T].
Theorem 1.6.3. Let X be a Banach space, let A : D(A) C X ~ X

be m-dissipative, £ € D(A) and f € L'(1,T;X). Then u : [7,T] — D(A)
coincides with u(-,7,&, f) if and only if it is continuous and
t
Jt) - ol < [a(s) ~alP +2 [ (@) ~ 2, 6) + ). d0
for each x € D(A), each y € Ax and each 7 < s <t <T.

See, for instance, Lakshmikantham-Leela [119], Theorem 3.5.1, p. 104
and Miyadera [128], Theorem 5.18, p. 157.
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Definition 1.6.4. The semigroup {S(t) : D(A) — D(A), t > 0} is
compact if, for each t > 0, S(t) is a compact operator.

Problem 1.6.1. If X is a Banach space and C is a nonempty subset
of X for which there exists a family {S(t) : C — X ; t > 0} of compact
operators such that

lim S(t)¢ =
i S()€ = ¢
for each £ € C, then C is separable. As a consequence, if the semigroup

{S(t) : D(A) — D(A), t >0} is compact then D(A) is separable.

We have the following two compactness results.

Theorem 1.6.4. Let X be a Banach space, let A: D(A) C X ~ X be
an m-dissipative operator, ¢ € D(A) and G a uniformly integrable subset
in LY (7, T; X). Then the following conditions are equivalent:

(i) the set {u(-,7,§,9); g € G} is relatively compact in C([7,T]; X);
(ii) there ezists a dense subset E in [1,T| such that, for each t € E,
{u(t,7,£,9); g € G} is relatively compact in X.

See Vrabie [172] or Vrabie [173], Theorem 2.3.1, p. 45.
A very useful consequence of Theorem 1.6.4 is:

Theorem 1.6.5. Let X be a Banach space, let A : D(A) C X ~ X
be an m-dissipative operator and let us assume that A generates a compact
semigroup. Let &€ € D(A) and let G be uniformly integrable in L' (1,T; X).
Then the set {u(-,7,£,9); g € G} is relatively compact in C([1,T]; X).

See Baras [8] or Vrabie [173], Theorem 2.3.3, p. 47.
An extension of Theorem 1.6.5 is stated below.

Theorem 1.6.6. Let X be a Banach space, let A : D(A) C X ~ X
be an m-dissipative operator and let us assume that A generates a compact
semigroup. Let B C D(A) be bounded and let G be uniformly integrable
in LY(7,T; X). Then, for each § € (7,T), the set {u(-,7,&,9); (£,9) €
B x G} is relatively compact in C([9,T ]; X). If, in addition, B is relatively
compact, then {u(-,7,&,9); (&, g9) € B x G} is relatively compact even in
C([7.T]; X).

See Vrabie [173], Theorems 2.3.2 and 2.3.3, pp. 46-47.

1.7. Examples of m-dissipative operators

To fix the idea, let us first recall some notations. If {2 is a nonempty and
open subset in R™ with boundary I', we denote by C§°(£2) the space of
C°- real functions with compact support in 2. Further, if 1 < p < oo
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and m € N, W™P(Q) denotes the space of all functions u : Q& — R which,
together with their partial derivatives up to the order m, in the sense of
distributions over §2, belong to LP(2). Endowed with the norm

1/p

lullwmo@y = | 3 10"l |

0<|k|<m

W™P()) is a separable real Banach space, densely and continuously imbed-
ded in LP(Q2). Here, as usual, if kK = (k1,k2,...,kK,) 1S a multi-index, we
denote by

Oritr2t - thn,,
© 0zyloxy? .. Oz
where the partial derivatives are in sense of distributions over €2. We denote
by Wy"P(Q) the closure of C§°(R2) in W™P(Q), by H'(Q) = WH2(Q),
HE () = Wy *(9), H1(©) = [H(Q)]" and H*(Q) = W3(Q).

Finally, we make the conventional notation WO (Q) = LP(9).

D

Theorem 1.7.1. Let Q) be a nonempty, open and bounded subset in R™
whose boundary T is of class C*. Let m € N and p,q € [1,00).

(i) If mp <n and g < L, then W"™P(Q) is compactly imbedded in

n—mp’
L9().
(ii) If mp = n and q € [1,00), then W™P(Q) is compactly imbedded
in L1(Q).

(iii) If mp > n, then W™P(Q) is compactly imbedded in C(£2).

Example 1.7.1. The Laplace operator in L*(2). Let  be a nonempty
and open subset in R™, let X = L?(2), and let us consider the operator A
on X, defined by:

{ D(A) = {u € H}(Q); Au e L*(Q)}
Au = Au, for each u € D(A).

Theorem 1.7.2. The Laplace operator A with homogeneous Dirichlet
boundary conditions on L*(Q), i.e., the linear operator A, defined above,
is the infinitesimal gemerator of a Cy-semigroup of contractions. If Q is
bounded with C' boundary, then the Co-semigroup generated by A on L?(£2)
18 compact.

See Vrabie [175], Theorem 4.1.2, p. 79.

Example 1.7.2. The Laplace operator in L'(Q). Let Q be a nonempty,
bounded and open subset in R” with C? boundary T, let X = L!(2), and
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let us consider the operator A on X, defined by:

D(A) = {u € Wy"' (Q); Au e LY(Q)}
Au = Au, for each u € D(A).

Theorem 1.7.3. The Laplace operator A with homogeneous Dirichlet

boundary conditions on L'(Q), i.e., the linear operator A, defined above, is

the infinitesimal generator of a compact Cy-semigroup of contractions on
LY().

See Vrabie [175], Theorem 7.2.7, p. 160 and Remark 4.1.3, p. 82.
We also mention the following consequence of the maximum principle
for elliptic equations.

Theorem 1.7.4. Let Q) be a nonempty, bounded and open subset in R™
with C? boundary T, let f € L'(Q), A > 0 and let u be the unique solution
of the elliptic problem

{ A—Au=f in

u=0 on I
If f(x) >0 a.e. for x € Q, then u(x) >0 a.e. for x € Q.

See Protter—Weinberger [148], Theorem 6, p. 64.
We also need the following corollary of the maximum principle for par-
abolic equations.

Theorem 1.7.5. Let Q) be a nonempty, bounded and open subset in R™
with C? boundary T and let {S(t) : LY(Q) — LY(Q), t > 0} be the Cp-
semigroup generated by the Laplace operator with homogeneous Dirichlet
boundary conditions on L'(Q). If m,m2 € LY(Q) satisfy m(x) < ma(x) a.e.
for x € Q, then, for each t > 0, we have [ S(t)n1 |(x) < [S(t)n2](x) a.e. for
x € €.

This is a consequence of Protter—Weinberger [148], Theorem 5, p. 173.
Example 1.7.3. Let X = LP(R"), with 1 < p < oo, and let a € R™.
Let us define the operator A: D(A) C X — X by
D(A)={ue X; aVue X}

Au=aVu = Zaigu, for u € D(A),
T
i=1

where the partial derivatives are in the sense of distributions over R".

Theorem 1.7.6. The operator A defined as above is the infinitesimal
generator of the Cy-group of isometries {G(t) : X — X; t € R}, given by

[G@O)f)(x) = f(z +ta)
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foreach f € X, t€R and x € R™.
See Vrabie [175], Theorem 4.4.1, p. 88.

Example 1.7.4. As before, the operator A is, in this example, the
Laplace operator in the sense of distributions over Q. If ¢ : D(p) C R~ R,
and u : Q — D(y), we denote by

8,(u) = {v € LY(Q); v(zx) € p(u(x)), ae. for z € Q}.

We say that ¢ : D(¢) € R ~» R is mazimal monotone* if —¢p is m-
dissipative.

Theorem 1.7.7. Let Q) be a nonempty, bounded and open subset in R™
with C1 boundary T and let ¢ : D(p) C R ~» R be maximal monotone with
0 € p(0). Then the operator Ap : D(Ap) C LY(Q) ~ LY(Q), defined by

D(Ap) = {u e LY(Q); Jv € 8,(u) NWy'(Q), Ave LY(Q)}
Ap(u) = {Av; v € 8,(u) N Wy ()} N LY(Q) for u € D(Agp),
is m-dissipative on L'(Q). If, in addition, ¢ : R — R is continuous on R

and C* on R\ {0} and there exist two constants C > 0 and a > 0 if n < 2
and a > (n —2)/n if n > 3 such that

¢'(r) > Clr*!
for each r € R\ {0}, then Ay generates a compact semigroup.
See Vrabie [173], Theorem 2.7.1, p. 70 and Lemma 2.7.2, p. 71.

Theorem 1.7.8. In the hypotheses of Theorem 1.7.7, if ¢ > 1 is such
that L9(Q)) € H-Y(Q), then, for each arbitrary but fized & € LI(QY), the
mapping [ — u(-,7,&, f) is weakly-strongly sequentially continuous from
LY (7, T; L)) to C([7,T]; L' (£2)).

See Diaz—Vrabie [80].
From Theorem 1.7.8, we deduce

Theorem 1.7.9. In the hypotheses of Theorem 1.7.7, for each arbi-
trary but fized & € L' (), the mapping f — u(-,7,&, ) is weakly-strongly
sequentially continuous from L*(t,T; LY () to C([7,T]; L*(2)).

4The name comes from the property that, in the case of a Hilbert space H, an
operator A : D(A) C H ~ H, with —A dissipative, is called monotone and an operator
B is m-dissipative if and only if it is maximal dissipative, i.e., if its graph is not strictly
contained in the graph of another dissipative operator.
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Proof. Let ¢ € LY(Q), let f € L'(7,T; L' () and let (f,)n be a se-
quence in L'(7,T; LY(Q)) such that lim,, f, = f weakly in L!(7,T; L*(Q)).
As, by Fubini Theorem 1.2.5, LY([7,T] x Q) = LY(7,T; L*(9)), we have
that lim,, f,, = f weakly in L'([7,T] x Q). Let k € N be arbitrary but fixed
and let us define Py : L*([7,T] x Q) — LY([7,T] x ) by

g(t,z) if |g(t, )| <k
Pr(g)(t,z) = { 0 if [g(t,z)| >k

for each g € LY([7,T] x Q). Clearly, (f,)n is bounded in L'([7,T] x Q),
say by M > 0. Throughout this proof, we denote by || - ||;1 the norm of
LY ([7,T] x Q) and by || - ||p= the norm of L>®([7,T'] x ). Since

m&@wanmxwmwwwwbs/ Fuls,y)|ds dy < M.
[ fn(t,x)|>k
we get
M
B({(5,9) € 1T % [fuls,)] > ) <
for n,k =1,2,.... Further, since
H&ﬁ—mmz/ s, 9)lds dy (1.7.1)
| fr(t,x)|>k

for each k,n € N and, by Theorem 1.3.7, {f,; n € N} is uniformly inte-
grable, from (1.7.1) we deduce

lim Py fy = f (1.7.2)

strongly in L!([7,T] x Q), uniformly for n = 1,2,.... Since lim,, f, = f,
weakly in LY([7,T] x Q), from (1.7.2), it follows that, for each arbitrary
but fixed element g in the dual of L'([7,T] x Q), i.e., g € L=([7,T] x Q),
we have

Jim |(Pef — Pif,9)] = 0. (17:3)

k—oo
Indeed, let us observe that

|(Prfn — Puf,9)l < |(Pefoa — )|+ (fn = f, 9| +(f = Pef,9)l

< [IPefn = fullor +11f = Pefll gl +1(fn = £, 9)],
and thus (1.7.2) and lim,, f, = f, weakly in L'([7,T] x Q), imply (1.7.3).
Next, take (£,), in L4(Q) with lim, &, = ¢ strongly in L(Q2). We have
Hu(thvf) fn) - u(t,T,f, f)” < ||u(tv7—’§vfn) - u(taTv gpvfn)H
+HU(t,T, fpv fn) - 'I,L(t,T, 5}17 Pkfn)” + ||U(t, T, £p7 Pk’fn) - U(t,T, gpa Pkf)”
+”u(t77—7 gpvpkf) - U(t,T, gp’ f)“ + ||’LL(1J,T, gpa f) - u(thvg’ f)H
< 208 = &pll + Nult, 7, &, fr) = ult, 7, &p, Prfn)l
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+Hu(t7 7—7 §P7 Pkfn) - ’U,(t, T7 6]37 Pkf)” + Hu(t, T? fp: Pkf) - ’U,(t, 7_7 5}77 f) H7
where || - || stands for the norm in L*(Q). Let € > 0. Fix p = p(¢) such that

Hf - fp” <e.

In view of (1.7.3) and Theorem 1.7.8, for this fixed p, we can find n;(e) € N
such that

Hu(t7 T, €p7 Pkfn) - ’LL(t, T, €p7 Pkf)” S €
for each n,k € N, n > ny(e) and k > nq(e). Furthermore, in view of (1.7.2),

for the very same € > 0 and p = p(e), there exists na(e) € N, such that we
have both

Hu(t’T? §p>fn) - u(t>7_> §p»Pkfn)|| < an - Pkfn”Ll <eg,

HU’(t?Tv fpvpkf) - ’U,(t, T, fpmf)” S ”f - PkaLl S €
for each k € N, k > ng(e) and each n € N. Set n(e) = max{n;(g),n2(e)}.
We have

lu(t, 7,&, fn) — u(t, 7, & f)Il < 5e
for each n € N, n > n(e), and this completes the proof. O

A nonlinear variant of Theorem 1.7.4 is stated below.

Theorem 1.7.10. Let 2 be a nonempty, bounded and open subset in
R™ with C! boundary T' and let ¢ : D(¢) € R ~» R be mazimal monotone
with 0 € p(0). Let

ui—Avi:fi in
v; € @(uz) in Q
u; =0 on I,

fori =1,2. If f1, fo € LY Q) satisfy fi(z) < fa(x) a.e. for x € Q, then
ui(x) < wug(x) a.e. forz €.

See Benilan [17].

1.8. Differential and integral inequalities
Let us first introduce

Definition 1.8.1. A function w : Ry — Ry which is continuous, non-
decreasing and the only C'-solution of the Cauchy problem

{ (1) = w(x(t))
z(0)=0

is ¢ = 0 is called a uniqueness function.
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Remark 1.8.1. If w : Ry — R, is a uniqueness function, then, for
each m > 0, mw is a uniqueness function too. Clearly, mw is continuous
and nondecreasing. To conclude, we have merely to observe that = x(t)
is a solution of 2'(t) = w(x(t)) on [0,T) if and only if y = y(s) = x(ms) is
a solution of the equation y'(s) = mw(y(s)) on [0, 1).

Similarly, if m > 0,  — w(mx) is a uniqueness function too.

Lemma 1.8.1. Letw : Ry — Ry be a uniqueness function and let (by)g
be strictly decreasing to 0 and (ay)y decreasing to 0. Then there exists T > 0
such that, for k =1,2,..., each noncontinuable solution zy : [0,T) — R4,
of the Cauchy problem

{ Z(t) = w(z(t) + ak
2(0) = by,

is defined at least on [0,T'], i.e., T < Ty, and, for any such sequence (z)y,
we have

Zk—}—l(t) < Zk(t)
fork=1,2,..., and each t € [0,T].

Proof. We observe that, for k =1,2,... and ¢t € [0, min{T, Tx+1}),

Zi11(t) < zx(t). (1.8.1)

Indeed, if this is not the case, there would exist ¢y € (0, min{T,Tx+1})
such that
2k(t) > zi41(t) for each t € [0, 1)
{ 2(to) = zr41(to).
Hence
0 = 2x(to) — 2r41(to) = br — byt

+ / w(2k(5)) — w(z41(5)] ds + tolak — axs)
0

> by — b1 +to(ar, — ag41) >0,

i.e., 0 > 0. This contradiction can be eliminated only if z;11(t) < 2x(t) for
each t € [0, min{T}, Tx+1}). In order to complete the proof, it suffices to

show that, for k = 1,2,..., we have T}, < Ty,1 and so, we can take T any
number in (0,77). To this aim, let us assume by contradiction that there
exists k = 1,2,..., such that Ty > Tyy1. Since Tjyq is finite and 241 is

nondecreasing on [0, Ty 1), it follows that limsr, | 2x11(t) = +00. See for
instance Vrabie [176], Theorem 2.4.3, p. 69. From (1.8.1), we deduce

+oo = lim 2p11(t) < 2x(Tre1) < +00
tTk41
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which is absurd. Hence the supposition that there exists k = 1,2,... satis-
fying Ty, > Tj41 is false and the proof is complete. O

Lemma 1.8.2. Letw : Ry — Ry be a uniqueness function and let (Vg )k
be strictly decreasing to 0. Let (k)i be a bounded sequence of measurable
functions, from [0,T] to Ry, such that

Tr(t) < Yk +/O w(zk(s))ds

fork=1,2,... and for each t € [O,TV]. Then there exists T € (O,T] such
that limy, zx(t) = 0 uniformly for t € [0,T].

Proof. Let .
yr(t) = Yk +/ w(zk(s))ds
0

for k =1,2,... and t € [O,T]. Clearly y;. is absolutely continuous and,
since zx(t) < yx(t) and w is nondecreasing, we have

{ Y, (t) < w(yk(?))
yk(0) = Y-

By Lemma 1.8.1, there exists 7 € (0,7] such that each noncontinuable
solution zy : [0,T%) — Ry of the Cauchy problem
{ () = w(z(t))
Z(O) = bk,

where by = 2, is defined at least on [0,7'] and, for any such sequence
(21)k, we have zpy1(t) < zx(t) for each £ € N and each t € [0,T]. In
addition, we have

0 < a:k(t) < yk(t) < Zk(t) (1.8.2)
fork=1,2,... and t € [0,T]. The first inequality is ensured by hypothesis,
the second one by the definition of y;, while the third one follows by con-
tradiction. Indeed, if we assume that for some t; € (0,7T'], yr(t1) > zx(t1)
(we notice that ¢; cannot be 0 because yi(0) = v, < 27, = br = 24(0)),
then there would exist tp € (0,¢1) such that y(t) < zx(t) for t € [0,tp) and
yx(to) = zk(to). But, in this case, since w is nondecreasing, we deduce

yr(to) < + /0 ' w(yr(s)) ds

to

<2+ /0 " o(an(s)) ds = b +/0 w(z(5)) ds = 2k (to) = yi(to),

i.e., yr(to) < yx(to), which is impossible.
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Since (zx)r is nonincreasing, it is uniformly bounded on [0,7']. So,
(w(2k))k, ie., (2;)k, is uniformly bounded on [0,7'] and thus (zj) is
equicontinuous on [0,7']. As it is nonincreasing, it is uniformly conver-
gent to a solution z of the Cauchy problem 2'(t) = w(z(t)), 2(0) = 0. But
w is a uniqueness function, and therefore we get z = 0. Passing to the limit
in (1.8.2) for k& — oo, we get limy zx(t) = limg yx(t) = 0 uniformly for
t € [0, 7] and this completes the proof. O

Problem 1.8.1. Let w : Ry — R4 be a uniqueness function. Prove
that if x : [0,T] — Ry is absolutely continuous and

{ a'(t) < w(z(t))
z(0) =0

a.e. fort € [0,T], then x =0 on [0,T].

Definition 1.8.2. By a Carathéodory uniqueness function we mean a
function w : I x Ry — Ry satisfying:
(i) for each x € Ry, t — w(t, x) is measurable;
(ii) a.e. for t € I, z — w(t, x) is continuous and nondecreasing ;
(iii) there exist £ € L'(I) and ¢ € C(Ry) such that w(t,z) < £(t)p(x)
a.e. for t € I and for each x € R, ;
(iv) for each 7 € I, the only absolutely continuous solution of the
Cauchy problem,

isz=0.
Using similar arguments as those in the proof of Lemma 1.8.2, we deduce

Lemma 1.8.3. Letw : [7,T] xRy — Ry be a Carathéodory uniqueness
function and let (yi)r be strictly decreasing to 0. Let (zx)i be a bounded
sequence of measurable functions from [7,T] to Ry such that

t

ou(t) S+ [ wlsu(s))ds

T

for k=1,2,... and for each t € [7,T]. Then there exists T € (7,T] such
that limy, xx(t) = 0 uniformly fort € [7,T].

Problem 1.8.2. Letw : [7,T] x Ry — Ry be a Carathéodory unique-
ness function. Prove that if x : [7,T] — Ry is absolutely continuous and

[
{ 2 () < w(t, z(t))
z(1) =0
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a.e. fort € [1,T], thenx =0 on [1,T].

Ifx:[7,T] — R, we denote by [ Dy |(t) the right lower Dini derivative
of the function x at ¢, i.e.

[Diz](t) = hrf?lionf W

(1.8.3)
Proposition 1.8.1. Ifz : [7,T] — R is continuous and [Dyx](t) <0
for each t € [1,T), then x is nonincreasing on [7,T].

See Hobson [109], p. 365.
We conclude this section with a slight extension of the Gronwall Lemma
to measurable functions.

Lemma 1.8.4. Let m € R and let z,k : [7,T) — R be measurable
with k € LY(7,T) and k(s) > 0 ae for s € [1,T). Let us assume that
s +— k(s)x(s) is locally integrable on [1,T) and

<m+/k‘

.%‘(t) < mej': k(s)ds

for every t € [1,T). Then

for every t € [1,T).
Problem 1.8.3. Prove Lemma 1.8.4.



CHAPTER 2

Specific preliminary results

Unlike Chapter 1, which was mainly concerned with a general background, our aim
here is to gather some concepts and results which, although general, are essentially
focused on the specific topic of the book. After proving the Brezis-Browder Order-
ing Principle, we discuss a basic lemma ensuring the existence of projections. Then,
we introduce and study the concept of tangent set at a point to a given set and
continue with an excursion to various types of tangent cones: Bouligand, Federer,
Clarke and Bony. Further on, we state and prove some fundamental results on l.s.c.
and u.s.c. multi-functions and add several technical results referring to measures
of noncompactness. Finally, we prove some infinite variants and consequences of
Scorza Dragoni type theorems.

2.1. Brezis-Browder Ordering Principle

The goal of this section is to prove a general and very simple principle con-
cerning preorder relations. This principle, similar to Zorn’s Lemma, unifies
a number of various results in nonlinear functional analysis, and is based
on

The Axiom of Dependent Choice. Let § be a nonempty set and let
R C 8 x 8 be a binary relation with the property that, for each € € 8, the set
{n € 8; &Rn} is nonempty. Then, for each & € 8, there exists a sequence
(&k)k in 8 such that & = & and §REg+1 for each k € N.

To begin with, let us recall some definitions and notations. Let 8§ be a
nonempty set. A binary relation <C 8§ x 8 is a preorder on 8 if it is reflexive,
ie., & X € for each € € §, and transitive, i.e., £ < nand n = ( imply £ < (.

Definition 2.1.1. Let 8§ be a nonempty set, <C 8 X 8§ a preorder on
S, and let N : § — R U {+oo} be an increasing function. An N-mazimal
element is an element ¢ € § satisfying N(&) = N(€), for every & € § with
£=¢

We may now proceed to the statement of the main result in this section,
i.e., Brezis-Browder Ordering Principle.

29
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Theorem 2.1.1. Let 8 be a nonempty set, <C 8 X 8§ a preorder on §
and let N : 8§ — RU {400} be a function. Suppose that:
(i) each increasing sequence in 8 is bounded from above;
(i) the function N is increasing.
Then, for each & € 3, there exists an N-mazimal element € € 8 satisfying

§o 2 &

Proof. Suppose first that the function N is bounded from above. For
each £ € 8, let us denote

8(§) ={nes; {£=n}
and

B(€) = sup{N(n); n € 8(£)}-
Let us consider a fixed element § € 8. On §(&y), we introduce the binary
relation, R, as follows: Ry if n € §(§) and

Nn) > 5 (N(©) + B)).

Suppose by contradiction that the conclusion of the theorem would be
false for &p, i.e., no point of 8(&p) is N-maximal. It follows that, for each
€ € 8(&), we have 3(§) > N(&); therefore, there exists n € 8(&) satisfying

—-N
NG > pte) - LG
that is, £Rn. We can apply the Axiom of Dependent Choice to deduce the
existence of a sequence (&x)x in 8(&p) such that & < &1 and

N(rs1) > 5 (N(&) + B(&) (21.1)

(and therefore N(§g41) > N(&g)), for k=1,2,....

We have thus constructed an increasing sequence (), with the prop-
erty that the sequence (N(&x))x is strictly increasing. By the assumption
(i), (&)r is bounded from above in 8, i.e., there exists £ € 8§ such that
& = & for every k € N. We show that £ is N-maximal. Indeed, let n € (&)
be arbitrary fixed, hence n € §(&) for each k£ € N. Since N is bounded from
above, the sequence (N(&x))x is bounded from above, and thus convergent.
Moreover, by the assumption (ii),

lim N(&) < NE) <N (2.1.2)

On the other hand, from (2.1.1) we have
2N(&kt1) — N(&k) = Be = N(n),
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for k=1,2,.... Passing to the limit as kK — 0o, we obtain

N(E) = mN(&,) = N(n),

which combined with (2.1.2) shows that £ is N-maximal. This contradicts
our initial hypothesis about the elements of the subset 8(&y), and completes
the proof of theorem under the extra-condition that N is bounded from
above.

Consider now the general case, and let us define the auxiliary function
Nl 18— (_%7%] by

arctan(N(§)) if N(&) < +o0
Ni(§) = { : it N(€) = +oo.

The function Nj is increasing and bounded from above. Therefore there
exists an element & € § which verifies the conclusion with N7 instead of N.

But N1(&) = N1(¢) if and only if N(§) = N(&), which completes the proof
in the general case. O

Here and thereafter, dist (x; D) is the distance from the point € X to
the set D C X, i.e., dist (z; D) = infyep ||z — y||.
Problem 2.1.1. Let X be a Banach space and M a closed subset in
X. Let {S(t) : M — M; t > 0} be a semigroup of nonexpansive mappings
on M. Let K be a nonempty and closed subset in M. Suppose that
1
liminf — dist (S(¢)z; K) =0, (2.1.3)
t10 t
forallx € K. Then, S(t)x € K for allz € K and t > 0.

2.2. Projections

Let X be a real Banach space with norm | - ||. We say that £ € X has
projection on K if there exists n € K such that || — n|| = dist (§; K). Any
n € K enjoying the above property is called a projection of & on K, and
the set of all projections of £ on K is denoted by Ik (&).

Definition 2.2.1. A subset K C X is locally closed if for every & € K
there exists p > 0 such that K N D(§, p) is closed.

Definition 2.2.2. A subset K C X is locally compact if for every £ € K
there exists p > 0 such that K N D(§, p) is compact.

Remark 2.2.1. Obviously every closed set is locally closed. Further-
more, every open set D is locally closed. There exist however locally closed
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sets which are neither open, nor closed, as for example an open half plane
in R3.
Problem 2.2.1. Show that if K is closed relative to an open set D, it

1s locally closed. Conversely, if K is locally closed, there exists an open set
D such that K C D and K is closed relative to D.

The next lemma will prove useful in the sequel.

Lemma 2.2.1. Let X be a Banach space and let K C X be locally
compact. Then the set of all & € X for which Il (§) is nonempty is a
neighborhood of K.

Proof. Let £ € K. Since K is locally compact, there exists p > 0 such
that K N D(&, p) is compact. To complete the proof, it suffices to show
that, for each n € X satisfying ||n —&|| < p/2, Ik (n) is nonempty. Let 7 as
above. There exists a sequence ((x) in K such that (||¢x — n||)r converges
to dist (n; K). Since dist (n; K) < ||[n—&|| < p/2, we have ||z —nl|| < p/2 for
all k € N sufficiently large. Therefore, ||(;, — £|| < p for k sufficiently large.
Since K N D(&, p) is compact, we can suppose, by taking a subsequence if
necessary, that ((x)x converges to a point ¢ € KND(E, p). Thus ¢ € Tk (n),
and this completes the proof. O

If X is finite dimensional, each locally closed set is locally compact and
so we have

Corollary 2.2.1. Let X be a finite dimensional Banach space and let
K C X be locally closed. Then the set of all & € X for which k() is
nonempty is a neighborhood of K.

Definition 2.2.3. A set K C X is called prorimal if there exists a
neighborhood V' (called prozimal neighborhood) of K such that IIx (&) # ()
for each € € V. If V is a proximal neighborhood of K, any single-valued
selection g of Ik is called a projection subordinated to V.

In this terminology, Lemma 2.2.1 is actually saying that every locally
compact set in a Banach space is proximal. Other examples of proximal
sets are weakly closed sets in Hilbert spaces. In this case, V' is the whole
space. In particular, each nonempty, strongly closed and convex set K, in a
Hilbert space, is proximal. In addition, in this case, i.e., when K is convex,
then & — Il () is single-valued from V to K and thus it can be identified
with a function.

2.3. Tangent sets

We begin by introducing a tangency concept which will prove useful in the
study of existence properties for differential inclusions. Here and thereafter,
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if C and D are subsets in X, dist (C; D) denotes the usual distance between
C and D, i.e.

dist (C; D) = ot |2 — yl|.

Also, if x € X and C C X, we denote by
x+ C = {y € X; there exists z € C such that y = x + z}.

Definition 2.3.1. Let K C X and £ € K. The set £ C X is tangent
to the set K at the point £ if, for each p > 0, we have

1
hI}IllliODf 7 dist (€ + hE; KN D(,p)) =0. (2.3.1)

We denote by TSk (&) the class of all sets which are tangent to K at the
point &.

The next problem will prove very useful later.

Problem 2.3.1. Let K C X, £ € K and E C X. Prove that the
following conditions are equivalent:

() B e T8x(6)

(ii) there exist two sequences, (hy)n in Ry with hy | 0 and (nn)n in E
such that lim,, hy,n, = 0, and liminf, ﬁdist (&4 hpnn; K) =05

(iii) for each e >0, p >0 and 6 > 0 there exist h € (0,0), p € D(0,¢)
and n € E such that £ +hn+hp € KN D(E, p);

(iv) there exist three sequences, (hy)n in Ry with hy, | 0, (ny)n in E
with imy, hyn, = 0 and (pp)n in X with limy, p, = 0, such that
E4+hpn + hppn € K form=1,2,....

Let us denote by B(X) the class of all bounded subsets in X.

Problem 2.3.2. Let K C X, £ € K and E € B(X). Prove that the
following conditions are equivalent:

() E € T8k(0);

(i) liminfyo + dist (€ + hE; K) = 0;

(iii) there exist two sequences, (hy)n in Ry with hy, | 0 and (ny)n in
E, such that liminf, idist (&4 hpnn; K) =0;

(iv) for each € > 0 there exist n € E, § € (0,e) and p € X with
Ipll < e, such that &+ dn+ op € K ;

(v) there exist three sequences, (hy)n in Ry with hy | 0, (nn)n in E
and (pn)n in X with lim, p, = 0, such that & + hynyp + hppn € K
form=1,2....
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Remark 2.3.1. One may ask why we are not simply defining the tan-
gent set E by merely imposing (ii) in Problem 2.3.2 instead of (2.3.1). See
Definition 2.3.1. To answer this question we have to observe that, whenever
E is unbounded, (ii) in Problem 2.3.2 is not enough to keep the local char-
acter of the tangency concept, i.e. T8k (§) = TS gnp(¢,p)(§) for each p > 0.
To justify this observation, let us analyze the example below.

Example 2.3.1. Let X = R? E = {(z,)\) € R xR; f(z) < A} and
K ={(z,n) € RxR; g(z) > p}, where

0, |z =2 0, [|z[>1

flz) = , g(x) =
2—|z|, |z[<2 —lzf, |z| <1,

and £ = (0,0) € K. See Figure 2.3.1. Then, although (ii) in Problem 2.3.2
is satisfied, (2.3.1) is not, unless p > 1.

Figure 2.3.1

Definition 2.3.2. The Hausdorff-Pompeiu distance between the sets
B,C € B(X) is defined by distgp(B;C) = max{e(B;C),e(C; B)}, where,
for each B,C € B(X), e(B;C) is the excess of B over C, defined by
e(B;C) = sup,epdist (z; C).

Problem 2.3.3. Prove that, for each B,C € B(X), we have

distrp(B;C) = inf {¢ > 0; B C C + D(0,¢), C C B+ D(0,¢)}.

Problem 2.3.4. Prove that, for each B,C € B(X), we have

distgp (B; C) = sup |dist (z; B) — dist (z; C)|.
zeX
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See Beer [13], Section 3.2.

Problem 2.3.5. Let K C X, { € K and E € B(X). Prove that:
(i) if 0 € E, then E € T8k (£);

(i) {0} € TSk(E)

(iii) if E € T8k (&) and E C D then D € T8k (§);

(iv) E € T8k (&) if and only if E € T8 (€&);

(v) if E € T8k (&), then for each A > 0, we have \E € TSk (§);

(vi) foreach € K, the set T8 () is closed from the left with respect to
the excess e, i.e., if E € B(X) and (Ey), is a sequence in TSk (&)
such that lim, e(E,; E) = 0, then E € T8k (). In particular, for
each § € K, the set T8k (§) is closed with respect to the Hausdorff-
Pompeiu distance.

Remark 2.3.2. One may ask whether or not, there are tangent sets
E which do not contain “tangent vectors”, i.e. E € T8k (&) but, for each
n € E, {n} ¢ T8k(£). The answer to this question is in the affirmative,
even though FE is bounded and closed. See Examples 2.4.1 and 2.4.2 and
Problem 2.4.3 in the next section.

2.4. Bouligand—Severi tangent vectors

In this section we introduce several concepts of tangent vectors to a set K
at a point £ € K. We begin with the most natural one.

Definition 2.4.1. Let K C X and ¢ € K. The vector n € X is tangent
in the sense of Bouligand—Severi to the set K at the point £ if

1
liminf — di ; K)=0. 2.4.1
iminf - dist (6 + hn; K) =0 ( )

We denote by T (€) the set of all vectors which are tangent in the sense of
Bouligand—Severi to the set K at the point £. See Figure 2.4.1.

Remark 2.4.1. By the natural injection n — {n}, Tk (&) is identified
with a subclass of T8k (). Therefore, in the sequel, by Tx(§) C TSk (§) we
mean the natural inclusion induced by the injection above.

Problem 2.4.1. Prove that whenever K is a closed cone, Tk (0) = K.

Problem 2.4.2. Prove that whenever E is compact, E € T8k (§) if and
only if ENTk (&) # 0.

We may ask whether the result above remains true if E is merely weakly
compact. The answer to this question is in the negative, even though K is
compact. More precisely, we give below an example of a compact set K,
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Tk (§)

Figure 2.4.1

a point £ € K and a weakly compact set E, in a reflexive Banach space
(in fact even a Hilbert space), such that E' € T8k (0) but, nevertheless,
EN ‘TK(O) = 0.

Example 2.4.1. Let X = /3 be the space of all real sequences (zy)k,
with Y22, 27 < oo, endowed with its usual norm || - ||, defined by

0 1/2
(i)l = (Zd)
k=1

for each (xp)r € lo. Let {e1,ea,...} be the standard orthonormal basis in
Uy, & € la with [[£]| = 2, let (hg)x be asequence in (0,1], hy | 0, fr, = E+en,
form=1,2,...,1let E =&+ D(0,1) and K = {hpfn;n=1,2,...} U{0}.
Clearly K is compact, f, € E, forn=1,2,..., and

dist (hn B3 K) = 0,

for n = 1,2,.... Thus E € T8k (0). However, Tx(0) = {0}. Indeed, the
inclusion {0} C Tk (0) is obvious. Now, if we assume by contradiction that
there exists n € f2, n # 0, with n € Tx(0), then there would exist (), in
(0,1) with t,, | 0 and a sequence of natural numbers (ky,),, such that

.1

Wm —|[tnn = hi, fi, |l = 0,

n i,
or equivalently

= 0. (2.4.2)

h
lim ‘77 — Zkn T,
n tn
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Let us observe that (k) cannot have constant subsequences. Indeed, if we
assume that (k). has a constant subsequence, denoted for simplicity again

by (k) = (K)n, then, since || fyl| = [1€ + el > €]l - llegll > 1, we deduce

h~
>t (5 5]~ Dol ) =,

which contradicts (2.4.2). Therefore we have k,, — oo as n — oo.
A similar argument shows that (%)n is necessarily bounded. Hence,

we may assume, without loss of generality, that it is convergent. In addition,

. h;
lim ||n — = f

lim % =m >0,

n n
because otherwise, in view of (2.4.2), we would get a contradiction, i.e.,
IIn|]| = 0. Therefore, again by (2.4.2), we get lim, ||n — mfy, | = 0, which
shows that f, — %77. But this is impossible because (f,), cannot have
strongly convergent subsequences. To justify the last assertion, it suffices
to observe that || f; — f;|| = V/2, for 4,5 = 1,2,..., i # j. The contradiction
fi, — n can be eliminated only if ¢ Tx(0). Thus Tx(0) = {0} and
since each f € F satisfies ||f|| > 1, EN Tk (0) = 0, as claimed.

In the example below, we allow K to be a noncompact, closed cone.
More precisely, we have

Example 2.4.2. Let X = {3 and {ej,e2,...} be as in Example 2.4.1,
let
H:{(J}k)k €ly; 0<x <1, k:1,2,...}
and
G =conv{e,; n=1,2,...}.
Obviously, G C H. Let (yx)x € ¢2 be such that y;, > 0 for £k =1,2,... and
let

E:y—f—Ggy—i—H:{(xk)kEEg; yr < rp <y + 1, k’=1,2,...}.
Let f, =y+en+ 2e,, n=1,2,..., and let us define
K={\fn; A>0, n=1,2,...}.

Clearly K is a cone. In addition, if Ay f,, — pu, then, either A\, — 0, or
Ak — A # 0, case in which (f,, ) must be almost constant, i.e., there exists
ko = 1,2,... such that, for each p,m > ko, we have f, = fp,, . In both
cases, we have 1 € K which shows that K is a closed cone. Accordingly,
Tk (0) = K. See Problem 2.4.1.

We next prove that £ € T8k (0). To this aim, let h, | 0 and let us
choose 1, =y + e, and p, = %en. We have hp,n, + hppn = hnfn € K. In
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view of the equlvalence between (i) and (v) in Problem 2.3.2, it follows that
EeTs K( ) .

Finally, we will show that E N Tg(0) = (. To this aim, we will prove
that T (0) C X \ E. So, let A\f,, € Tk (0) = K. We have

Afn=Ay+ A1+ )

1
—)\y161+)\y262+---+/\<yn+1+n>en+....

We distinguish between two cases: A € [0,1) and X\ € [1,00). If A € [0, 1),
then \y; < y; and therefore Af, ¢ y + H. Since E C y + H, this shows
that A\f, ¢ E. If A\ € [1,00), then A (yn +1+ %) > yn + 1. Accordingly,
M & y+ H, which implies that \f,, ¢ E. Hence E N Tk (0) = () and this
completes the proof.

Problem 2.4.3. Let X = C([0,1]) which, endowed with the usual sup-
norm, defined by || f|| = supyc[o.1)|f ()| for f € C([0,1]), is a nonreflexive
Banach space. Let

K ={f e C([0,1]);there exists t € [0,1] with f(¢) < 0},
E={feC(0,1]); t< f(t)<1forallte[0,1] and f(0) = f(1) =1}.
Let £ =0 € K. Show that E € T8k (§) but, nevertheless, EN Tk (§) = 0.

Proposition 2.4.1. For each £ € K, the set T () is a closed cone.

Proof. Let £ € K. According to Definition 2.4.1, n € Tx(§) if (2.4.1)
holds true. So, let s > 0 and let us observe that

1 1
lintal(i)nf i dist (§ +tsn; K) = s lintal(i]nf e dist (§ + tsn; K)

1
= sliminf — dist ({ + 7n; K) = 0.

Tl0 T
Hence sn € Tk (). In order to complete the proof, it remains to be shown
that Tx(§) is a closed set. To this aim let (1) be a sequence of elements
in Tk (&), convergent to 7. We have

1 . 1 1
7 dist (E+tn K) < ;Ht(n — )|l + 7 dist (& + tng; K)

n fact, we have proved a stronger result, i.e., that

N _
%%Edlst(é-l-hE,K)—O.
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1 .
= |ln —mell + ;dlst (& + tn; K)

for k =1,2,.... So liminf, o 1 dist (£ + tn; K) < ||n — || for k= 1,2,....
Since limy, ||n—nk|| = 0, it follows that (2.4.1) holds true, and this completes
the proof. O

Problem 2.4.4. Give another proof to Proposition 2.4.1 by using (vi)
in Problem 2.3.5.

The cone T () is called the contingent cone to K at &.

Proposition 2.4.2. A vector n € X belongs to the cone Tk (&) if and
only if for every € > 0 there exist h € (0,e) and p € D(0,e) with the
property

E+hin+p) e K.

Proof. Obviously n € Tx(§) if and only if, for every € > 0, there exist
h € (0,e) and z € K such that £[|¢ + hn — z|| < e. Now, let us define
p = +(z — £ — hn), and let us observe that we have both [p|| < e, and
€+ h(n+p) = z € K, thereby completing the proof. O

A simple but useful consequence is

Corollary 2.4.1. A vectorn € X belongs to the cone Tk (§) if and only
if there exist two sequences (hy)m in Ry and (pm)m in X with hy, | 0,
limy, pp, = 0 and such that & + hy(n + pm) € K for each m € N.

Remark 2.4.2. We notice that, if £ is an interior point of the set K,
then Tx(£) = X. Indeed, in this case there exists p > 0 with D(&,p) C K
and, therefore, for ¢ > 0 sufficiently small, £+tn € D(&, p) C K. Obviously,
for such numbers ¢ > 0, we have dist (£ + tn; K) = 0, from where it follows
the condition in Definition 2.4.1.

Problem 2.4.5. Letr >0, ¥ = {zx € X; ||z|]| =r} and £ € ¥. Prove
that n € Tx(§) if and only if (§,n)+ = 0. Further, prove that n € Tp(o ()

if and only if (§,m)+ < 0.

Proposition 2.4.3. Ifn € Tk (§) then, for every function h — ny, from
(0,1) to X satisfying 1}1?3 nn =1, we have

1
liminf —di ; K) =0. 2.4.
irn in hdlst (E+hnp; K) =0 (2.4.3)

If there exists a function h — ny, from (0,1) to X satisfying both lﬁrol ="
and (2.4.3), then n € Tk (§).
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Proof. Let n € Tx(&) and let h +— n, be any function satisfying

li =7. Si
ﬁlgnh 7. Since

dist (& + hnp; K) < hlny, — n|| + dist (§ + hn; K)

for each h € (0,1), (2.4.1) implies (2.4.3) and this completes the first asser-
tion.

Next, let us assume that there exists h — ny, from (0, 1) to X such that
1}1?8 nr = n and satisfying (2.4.3). Since

dist (€ + hn; K) < hlln — npl| + dist (§ + hap; K)

for each h € (0, 1), it follows that (2.4.1) holds also true and this complete
the proof. O

An immediate consequence of Proposition 2.4.3 is

Proposition 2.4.4. A necessary and sufficient condition in order that
a vector n € X to belong to the cone T (&) is to exist a function h +— np,
from (0,1) to X satisfying both 1}1?(} np =1 and (2.4.3).

Theorem 2.4.1. Let K1, Ko C X be locally closed. If £ € K1 N Ko is
an interior point of K1 U Ky, then we have

eRre (5) =Tk, (f) N TKz(é)'

Proof. Obviously, for each £ € K1 N Ka, T, nr,(§) € Tk, (§) N Tk, (£).
To prove that, whenever, in addition, £ is in the interior of K7 U Ko, the
converse inclusion holds true, let £ € K1 N K5 and let n € Tk, (&) N Tk, ().
By Corollary 2.4.1, there exist four sequences (R, )m, (Em)m in Ry, (pm)m
and (B )m in X with hum | 0, hun | 0, limy, prm = 0, limy, P, = 0 and such
that & + hp(n + pm) € Ky and € + hp(n 4+ pm) € Ko for each m € N.
Now, since £ is in the interior of K; U K>, there exists p > 0 such that
D(&,p) € Ky U Ks. Since K; and K, are locally closed, diminishing p >
0 if necessary, we may assume that both K; N D(&, p) and Ko N D(E, p)
are closed. Let mo € N be such that, for each m > mg, we have both
Em = &+ hin(+ pm) € D& p) and & = €+ hin(n + D) € D(E; p). As a
consequence, if m > myg, the line segment [&,,&m ] € D(&,p) C K U Ko.
Since D(&, p) is connected, while D(&, p) N K7 and D(&, p) N Ko are closed,
there exists Jm € [&Em,&m] N K1 N Ks. Since 1y, € [{m,gm], there exists
O € [0,1] such that 7, = (1 — 0)Em + Omém. So, denoting
tm = (1 - Hm)hm + Omhm, and g, = (1 em)hmpm + Hmhmﬁma

tm tm




Other types of tangent vectors 41

we have

N = &+ tm(n + qm) € K1 N K.
Finally, observing that ¢,, | 0 and lim,, ¢, = 0, and using Corollary 2.4.1,
we get the conclusion. O

Definition 2.4.2. Let K C X and £ € K. The vector n € X is tangent
in the sense of Federer to the set K at the point & if

o1
l}grolﬁdlst(£+hn,K) =0.

We denote by Fx(£) the set of all points n € X which are tangent in
the sense of Federer to K at &.

Remark 2.4.3. One may easily see that Fx (&) is a cone which is
included in Tk ().

As we will next show, if K is proximal, f : K — X is continuous
and the norm of X is Gateaux differentiable at each £ € X, £ # 0, the
following surprising equivalence holds true: f(£) € Tx (&) for each & € K if
and only if f(§) € Fx (&) for each £ € K, and this in spite of the fact that

Tk (§) # Tk (§).

2.5. Other types of tangent vectors

The proximal normal cone. The next concept depends on the norm
considered, in the sense that it is not preserved by equivalent norms.

Definition 2.5.1. Let £ € K. We say that v € X is metric normal to
K at £ if there exist n € X and p > 0 such that D(n, p) contains £ on its
boundary, its interior has empty intersection with K, and v =n — &.

Remark 2.5.1. In the case in which V is a proximal neighborhood of
K, v € X is metric normal to K at £ if and only if there exist n € V and
A > 0 such that £ € TIx(n) and v = A(n — &).

We emphasize that this concept is essentially dependent of the norm
considered. More precisely, it may happen that a set K has a normal vector
with respect to a given norm, but doesn’t have normal vectors with respect
to another norm, even though the two norms are equivalent. Figure 2.5.1
illustrates a point ¢ at which there is one metric normal vector with respect
to the £ norm on R? i.e. ||(2,)|lco = max{|z|, |y|}, but there is no metric
normal vector with respect to the usual Euclidian norm.

Definition 2.5.2. The proximal normal cone to K at £ € K is the set
of all ( € X of the form ¢ = Av, where v is metric normal to K at £ and
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Figure 2.5.1

A > 0, whenever such a metric normal v exists, and {0} if there is no metric
normal to K at £&. We denote this cone by Ng(&).

Remark 2.5.2. We have
Ng(€) ={v; IN>0, dist (§+  \v; K) = A||v||}-

The use of the term “cone” in Definition 2.5.2 is justified by the simple
observation that, for each £ € K, Nk () is a cone in the usual sense, i.e.,
for each ¢ € Ng (&) and A > 0, we have \{ € Nk ().

Let now Sg () be the set of all n € X such that n—¢ is metric normal to
K at & whenever such a metric normal exists, and S (§) = {£} otherwise.
Let n € Sk(¢), and let E(§,n) = {¢ € X; [n — ([ = |ln — &[[}. Since
K C E(&,n), for each n € Sk (), we have

T () € Bi(©), (2.5.1)
where

Br()= [\ Teen):
n€SK (§)
One may easily see that Bx (&) is a cone in X.

Definition 2.5.3. The set B (), defined as above, is called the Bony
tangent cone to K at £ € K, and its elements are tangents in the sense of
Bony to K at &.

Remark 2.5.3. Taking into account the definitions of both F({,n) and
[+, ]+, we easily deduce that ¢ € Tg,(§) if and only if [§ —n,(]+ > 0.
Therefore, ¢ € Bg () if and only if [ —v, ]+ > 0 for each v which is metric
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normal to K at £. In particular, when X is a Hilbert space with inner
product (-, -), taking into account that

(z,y) .
ifx#0
@yl =4 o 7
Iyl ife=o,

we easily deduce that, for each § € K and each n € Sk (§), Tgep(§) is a
closed half-space having the exterior normal 1 — £. Therefore, in this case,
we have

B () = Nk(8),
where (Ng (€))" is the so-called conjugate cone of Nk (§) i.e.,

Ng() " ={ne X; (v,n) <0, for each v € Ng(&)}.

Remark 2.5.4. If there is no metric normal vector to K at £, we may
easily see that By (§) = X. See Figure 2.5.2.

Figure 2.5.2

The Clarke’s tangent cone. We are now ready to study another useful
tangency concept.

Definition 2.5.4. Let K C X and £ € K. The vector n € X is tangent
in the sense of Clarke to the set K at the point £ if
1
lim — dist hn; K) = 0.
lim - dis (1 + hn; K)

H—E
pneK
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We denote by Cx (&) the set of all vectors n € X which are tangent to
¢ € K in the sense of Clarke. We can easily verify that Cx () is a closed
convex cone.

Remark 2.5.5. One may easily see that, for each K and each £ € K,
we have

Cr(§) CTk(§) CTk(§) C Bk(&).

The inclusions above may be strict as the following example shows.
Example 2.5.1. Let K C R? be defined as K = K; U Ky, where

Ki={(z,y); (x,y) €R? y < |z[}
and
Ky =1{(0,1/2™); m € N}
and let £ = (0,0) € K. Then, one may easily verify that

Cr (&) = {0}
Tk () = K1
Tk(§) = K1 U{(0,y); y >0}
Br () = R?,

For a multi-function F' : K ~ X, we define

liminf F(¢) = {n € X; lim dist (n; F(£)) =0
§—%o £~
ek §eK

Lemma 2.5.1. If the norm ||-|| is Gateaux differentiable at each x € X,
x#0, and K C X is prozimal?, then, for each & € K, we have

liminf By (€) C Cre(&o). (2.5.2)
5

Proof. Let n # 0, n € liminfe_.¢, Br(€). It follows that, for each e > 0,
(eK
there exists 6 > 0 such that, for each ¢ € K N D(&p, ), we have

D(n,e) N B (¢) # 0. (2.5.3)

Take a sufficiently small 6 so that, for all £ € KN D(&, g) and t € [0, ﬁn\\ I,

we have I (£ +tn) # 0. Since K is proximal, this is always possible. With
¢ and t as above, let us define ¢(t) = dist ({ +¢n; K). In order to prove that
n € Cx (&), it suffices to show that g(t) < et for each t € [0, ﬁ |. Further,

2See Definition 2.2.3.
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since ¢g(0) = 0, it suffices to show that ¢'(t) < e, whenever ¢'(t) exists and
g(t) # 0. Indeed, since g is Lipschitz and ¢g(0) = 0, we have

olt) = / §(s) ds,
[0\E

where E = {s € [0,t]; g(s) = 0}, because [ ¢/(s)ds = 0.
So, let ¢t € [0, ﬁﬂ\\] with g(t) # 0. Then there exists ¢ € g (£ + tn),
with ¢ # £ + tn. Let us observe that we have ¢ € K N D(&,0). Indeed,

¢ — ol < lI§ +tn — ol + (1€ +tn — &oll < 2([§ +tn — Sl <6,
as claimed. Now, for a sufficiently small A > 0, we obtain
gt +h) —g(t) <€+ tn+hn—o| —I€+tn— ¢l
Dividing by h and letting A | 0, we get
g(t) <[E+1tn— ). (2.5.4)
Taking into account that ¢ € IIx (€ + ¢n), from Definition 2.5.1, we deduce

that £ + tn — ¢ is metric normal to K at ¢. In view of (2.5.3), there exists
w € Bg(¢) with ||n —wl|| <e.

Since || - || is Gateaux differentiable at each x € X, x # 0, by (x) in
Exercise 1.6.1, we know that, for each z € X \ {0} and each y € X, we have
[z,y]+ = —[—x,y]+. Since { +tn — ¢ # 0, from the observation above and

Remark 2.5.3, we conclude that
Using (ii) in Exercise 1.6.1 and the fact that ||n — w| < e, we deduce
[€+tn—¢mls <[E+tn—dn—wly +[{+1n—¢w]; <e.

From this inequality and (2.5.4), we get ¢/(t) < e, as claimed. Thus (2.5.2)
holds and this completes the proof. O

Problem 2.5.1. Show that if X is finite dimensional then
Cx (&) € lin inf Tk (§).
—S0

(EK
If, in addition, K is locally closed and || - || is Gateaux differentiable, we
have also
liﬂiiflolf Bk (£) = Ck(&o)-
tek
Proposition 2.5.1. Let K C X be proximal and let f : K — X be
continuous. Let us assume that the norm || - || is Gateauz differentiable at

each x € X, x # 0. Then, the following conditions are equivalent:
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(i) for each & € K, f(§) € Ck(£);
(i) for each & € K, f(§) € Tk(&);
(iii for each & € K, f(&) € Bk (§).
In general, if G : K ~ X is such that Cx(§) C G(&§) C Bg(§) for each

¢ € K, then each one of the conditions above is equivalent to
(iv) for each & € K, f(§) € G(§).

Proof. In view of Remark 2.5.5, it suffices to show that (iii) implies (i).
But this easily follows from Lemma 2.5.1 and this completes the proof. [

2.6. Multi-functions

In this section we include several basic notions and results referring to
multi-functions, i.e., to functions whose values are sets. Let K and X be
topological spaces and let F' : K ~ X be a given multi-function, i.e., a
function F : K — 2%,

Definition 2.6.1. The multi-function F' : K ~ X is lower semicon-
tinuous (l.s.c.) at & € K if for every open set V in X with F(§)NV # 0
there exists an open neighborhood U of & such that F(n) NV # () for each
n € UNK. We say that F is lower semicontinuous (l.s.c.) on K if it is Ls.c.
at each £ € K.

By a selection of the multi-function F' : K ~» X we mean a function
f: K — X satisfying f(z) € F(z) for each z € K.

Theorem 2.6.1. Let K be a metric space, X a Banach space and let
F : K~ X be a l.s.c. multi-function with nonempty, closed and convex
values. Then, for each & € K and each n € F(§), there exists a continuous
selection f: K — X of F' such that f(§) = .

For the proof of this result, known as Michael Continuous Selection
Theorem, see Deimling [77], Theorem 24.1, p. 303.

Definition 2.6.2. The multi-function F' : K ~ X is upper semicon-
tinuous (u.s.c.) at & € K if for every open neighborhood V' of F (&) there
exists an open neighborhood U of £ such that F(n) C V for eachn € UNK.
We say that F' is upper semicontinuous (u.s.c.) on K if it is u.s.c. at each
e K.

Problem 2.6.1. Let f; : R — R, ¢ = 1,2, be two bounded functions
with fi1 l.s.c. and fo w.s.c. in the usual sense, i.e., for each y € R we
have liminf, ., fi(x) = fi(y) and limsup,_,, fa(z) = fo(y). Let Q be a
nonempty, open and bounded subset in R™. Prove that the multi-function
F : LY(Q) ~ LY(Q), defined by taking F(u) as the set of all functions
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f € LYQ) satisfying fi(u(z)) < f(z) < folu(z)) a.e. for x € Q, has
nonempty, convexr and weakly compact values and is strongly-weakly u.s.c.
on LY(), in the sense of Definition 2.6.2.

The next two lemmas will prove useful later.

Lemma 2.6.1. If F' : K ~ X is a nonempty and (weakly) compact
valued, (strongly-weakly) u.s.c. multi-function, then, for each compact sub-
set C' of K, Ugec F(§) is (weakly) compact. In particular, in both cases, for
each compact subset C' of K, there exists M > 0 such that ||| < M for
each £ € C and each n € F(§).

Proof. Let C be a (weakly) compact subset in K and let {D,; o € I'}
be an arbitrary (weakly) open covering of UgccF'(€). Since F' is (weakly)
compact valued, for each £ € C' there exists n(§) € N such that

FE& S |J Do

1<k<n(€)

But F'is (strongly-weakly) u.s.c. and therefore there exists a (weakly) open
neighborhood U () of £ such that

FU@GNK)C |J Do
1<k<n(§)
The family {U(§); £ € C} is an (weakly) open covering of C. As C' is
compact, there exists a finite family {&1,&2,...,&,} in C such that

Foc U rognic J U Do

1<j<p 1<5<p 1<k<n(&;)
and this completes the proof. O

Lemma 2.6.2. Let X be a Banach space and K a nonempty sub-
set in X. Let F : K ~ X be a nonempty, closed and convex valued,
strongly-weakly u.s.c. multi-function®, and let w,, : [0,T] — K and f, €
LY(0,T; X) be such that fm(t) € F(um(t)) for each m € N and a.e. for

€[0,T].

If limyy, up, (t) = u(t) a.e. for t € [0,T] and limy, f, = f weakly in
LY(0,T; X), then f(t) € F(u(t)) a.e. fort € [0,T].

Proof. By Corollary 1.1.1, there exists a sequence (gp,)m of convex

combinations of {fx; k > m}, ie., gm € conv{fm, fm+1,...} for each
m € N, which converges strongly in L'(0,7; X) to f. By a classical result

30f course if F is strongly-strongly u.s.c. it is strongly-weakly u.s.c. too and thus
the conclusion of Lemma 2.6.2 holds true also in this case.
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due to Lebesgue, we know that there exists a subsequence (gi,,) of (gm)
which converges almost everywhere on [0,7"] to f. Denote by T the set of
all s € [0,T] such that both (g, (s))p and (um(s)),, are convergent to
f(s) and to u(s) respectively and, in addition, fp,(s) € F(un(s)) for each
m € N. Clearly [0, 7]\ T has null measure. Let s € T and let E be an open
half-space in X including F'(u(s)). Since F' is strongly-weakly u.s.c. at u(s),
(U, (8))m converges to u(s) and E is a weak neighborhood of F(u(s)), there
exists m(F) belonging to N, such that F(u,,(s)) C E for each m > m(E).
From the relation above, taking into account that f,(s) € F(up(s)) for
each m € N and a.e. for s € [0,T'], we easily conclude that

gmp(s) €conv [ | Flum(s))

for each p € N with m;, > m(FE). Passing to the limit for p — +o0 in
the relation above we deduce that f(s) € E. Since F(u(s)) is closed and
convex, it is the intersection of all closed half-spaces which include it. So,
inasmuch as E was arbitrary, we finally get f(s) € F(u(s)) for each s € T
and this completes the proof. O

2.7. Measures of noncompactness

Let X be a Banach space and let B(X) the family of all bounded subsets
of X. Let € > 0 and let us denote by

B.(X) ={B € B(X); diam(B) <¢e},
where, as expected, diam (B) is the diameter of the set B, i.e.

diam (B) = sup{|[z —y|}; =,y € B}.

Definition 2.7.1. The function « : B(X) — R, defined by

n(e)
a(B) =inf{ £ > 0;3B1, By, ..., By € B(X), BC | B
=1

is called the Kuratowski measure of noncompactness on X.

Definition 2.7.2. The function §: B(X) — Ry, defined by

n(e)
B(B) =inf{ e > 0;3wy,29,...,20) € X, BC | D(wi,e)
i=1
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is called the Hausdorff measure of noncompactness on X.

Remark 2.7.1. One may easily see that, for each B € B(X) andr > 0

with B C D(0,r), we have
B(B) <r.

Remark 2.7.2. Clearly a(B) = 0 (8(B) = 0) if and only if B is
relatively compact. Therefore, since whenever X is finite dimensional, B(X)
coincides with the class of relatively compact subsets of X, by the definition
of both a and g, it follows that, in this case, @« = g = 0. Therefore, in
that follows we will assume that X is infinite dimensional, case in which
either of the two functions a and [ estimates the “magnitude of the lack
of compactness”.

Problem 2.7.1. Let vy : B(X) — Ry be either a or 3. Prove that:
(i) v(B) < diam (B) and v(B) =~(B);

)
iii) *y(AB ) < |A|Y(B) for each A € R and B € B(X);
iv) v(B + C) <~v(B) +~(C) for each B,C € B(X);

v) if B C C then v(B) < ~v(C);

i) 7(BUC) =max{y(B),(C)};

vii) y(conv (B)) = v(B);

iii) 7 4s Lipschitz continuous with respect to the Hausdorff-Pompeiu
distance. More precisely, |y(B) —~(C)| < Ldistgp(B;C) for each
B,C e B(X), where L=2ify=a and L=1 if vy = (.

See Deimling [77], Proposition 7.2, p. 41.

Problem 2.7.2. Let Y be a subspace in X. If B € B(X), we define

n(e)
By(B) =inf e > 0;321,29,..., 2y €Y, BC | D(ws,e)
i=1
Show that for each B € B(Y') we have

B(B) < By(B) < a(B) <24(B).
For details see Akhmerov-Kamenskii-Potapov-Rodkina-Sadovskii [3],
Theorem 1.1.7, p. 4 and Mdnch [130].

Lemma 2.7.1. Let X be a separable Banach space. Then for each
sequence of finite dimensional subspaces (Xp,)n, with X, C X, 11 for all
n € N and X = U, X, and for every bounded and countable set {x,,; m €
N}, we have

B({xm; m € N}) = lim limsup dist (zx; X5).
n k
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Proof. We begin by proving the inequality
B({xm; m € N}) < limlimsup dist (zx; X5,).
n k

To this aim, let n € N and € > 0 be arbitrary, and let
rn = limsup dist (xg; X,,).
k

Let us choose k(e,n) € N such that
dist (zg; Xp) < rp +€
for each k € N, k > k(e,n). Let us define
P= | f{ue Xu dist (ax; Xn) = [l — ul]}
k>k(g,n)
Then, the set Q = {xp; 1 < k < k(e,n)} U P is relatively compact. So,
there exists a finite set {u;; i = 1,2,...,n(e)} such that
n(e)
Q g U D(U’Lv 8)'
i=1
Then
n(e)
{zm; me N} C QU U D(u,rp+e) C U D(u,rp+e) C U D(u;, rp+2e)
ueP ueQ =1
and consequently
B({zm; m e N}) <rp, + 2¢.

Since € > 0 is arbitrary and X,, C X,,+1 for each n € N, we deduce
B({xm; m € N}) <inflimsupdist (zx; X;,) = lim lim sup dist (zy; X,).
n k n k

Next, we will prove the converse inequality, i.e.,

B{zm; m € N}) > limlim sup dist (zx; Xp,).
nog

To this end, let € > 0 be arbitrary and let r = 3({x;,; m € N}). Then
there exists a finite set {u;; i = 1,2,...,m(e)} such that
m(e)
{zm; me N} C U D(u;,r+¢€).
i=1
Since U, X, is dense in X, and X,, C X, ;1 for each n € N, there exists
n(e) € N such that

sup{dist (u;; Xp,); i =1,2,...,m(e)} <e
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for each n € N, n > n(e). Accordingly,
dist (xg; Xpn) < inf{||zx —will; i =1,2,...,m(e)}
+sup{dist (u;; Xy); i =1,2,...,m(e)} <r+ec+e¢
for each n € N, n > n(e). Hence
2e + B({xm; m e N}) > limksup dist (zg; Xy).
Since the right hand side is decreasing as a function of n, we can pass to
the limit for n — oo and, since € > 0 is arbitrary, we get

B({xp; m € N}) > lim lim sup dist (x5; X,,),
n k

as claimed. O

Lemma 2.7.2. Let X be a separable Banach space and {F,,; m € N}
a subset in LY (7,T; X) for which there exists £ € L*(r,T;R,) such that
[ Fm ()|l < £(s)
for each m € N and a.e. for s € [7,T']. Then the mapping
s+ B({Fm(s); m € N})

is integrable on [T,T] and, for each t € [1,T], we have

B ({/rtFm(S) ds; meN}> / BU{Fu(s); meN})ds.  (2.7.1)

Proof. Let {z,; n € N} C X be a countable and dense set in X. For
n € N, let us define X,, as the space spanned by {z1,z9,...,x,}. Clearly
X, is finite dimensional, and U, X,, = X. So, we are in the hypotheses of
Lemma 2.7.1, and therefore, for a.a. s € [0,T], we have

B{Fin(s); meN}) = liqunlimksup dist (F(s); Xn).

Since for each n, m € N, the distance function z +— dist (x; X,,) is Lipschitz
and F, is measurable, this shows that s — B({F,,(s); m € N}) is measur-
able. Moreover, we have S({F,(s); m € N}) < /{(s) a.e. for s € [0,T] and
thus, s — B({F.(s); m € N}) is integrable.
For each n € N and x € X let us fix z,, € X,, such that
dist (z; X)) = ||z — xp|.
Since X, is a subspace in X, for each x,y € X and a € R, we have
Tn + yn € X, and ax, € X,,. Hence
dist (z + y; Xn) < [[(z +y) — (20 + ya) |l
<z = zall + [ly — ynll = dist (z; Xp) 4 dist (y; Xn)
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and

dist (az; X)) < ||ax — az,|| = |a|dist (z; Xy,).
A simple argument, involving Riemann sums and the two inequalities above,
shows that, for each n,m € N, we have

dist ( / CE(s) ds;Xn) < / " dist (Fyy(s): X,) ds.

From Lemma 2.7.1 and this inequality, we deduce

I6; ({/t Fo(s)ds; m € N}) = liTanlimksup dist (/t Fy(s) ds;Xn>

t
< limlimsup/ dist (Fi(s); Xp) ds.
n k T

By the Fatou Lemma 1.2.1 and the Lebesgue Dominated Convergence The-
orem 1.2.3, we get

t t
lim lim sup/ dist (Fy(s); Xp) ds < lim/ lim sup dist (Fx(s); X,,) ds
n k T "oJr k

t
:/ lim lim sup dist (F(s); X,,) ds.
T " k

Using once again Lemma 2.7.1, we obtain

/ i i sup dist (Fy(s): X,) ds = / B({(F(s): m € N)) ds,
r k T

from where the conclusion. O

Remark 2.7.3. If X is not separable, there is a simple trick which may
very often be useful. Namely, let {F,,; m € N} be a subset in L(7,T; X)
for which there exists ¢ € L'(7,T;R,) such that

[Em(s)] < €(s)

for each m € N and a.e. for s € [7,T]. In view of Theorem 1.2.1, there
exists a separable and closed subspace Y of X such that F,, € L(7,T;Y)
for m = 1,2,.... Let us observe that the restriction of the mapping Gy
— see Problem 2.7.2 — to B(Y") coincides with the Hausdorff measure of
noncompactness on Y. Then, from Lemma 2.7.2, it follows that the function
s +— By ({Fmn(s); m € N}) is integrable on [7,7T'] and, for each ¢t € [7,T],
we have

By ({/t Fo(s)ds; m € N}) < /Tt By ({Fon(s): m € N})ds.
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Lemma 2.7.3. Let (uy), be a bounded sequence in X such that
liinﬁ({un; n>k})=0.

Then {u,; n € N} is relatively compact.

Proof. In view of (vi) in Problem 2.7.1, we have
B{un; n > k}) = B({un; n €N}) =0
for k=0,1,..., and this completes the proof. O

Although extremely simple, the result above is a very useful compact-
ness argument and therefore we decided to display it as a lemma.

2.8. Scorza Dragoni type theorems

We denote by A the Lebesgue measure on R, and by £ the class of all
Lebesgue measurable subsets in R. Furthermore, if X is a topological space,
we denote by B(X), or simply B, the class of all Borel measurable subsets
in X.

Definition 2.8.1. Let X and Y be Banach spaces, K a nonempty
subset in X and I an open interval. A function f : I x K — Y is a
Carathéodory function if :

(C1) for each £ € K, t — f(t,£) is measurable on [;
(Cy) for a.a. t € I, u— f(t,u) is continuous on K;
(C3) for each p > 0, there exists £, € Li (I) such that

loc
1 (8wl < £o(t)
for a.a. t € I and for all u € D(0,p) N K.
A function f: I x K — Y satisfying (C}), (C3) and
(Cy) for each € € K there exist p > 0 and ¢ € L. (I) such that
1f(tw)ll < €(t)
for a.a. t € I and for all u € D(&,p) N K
is called a locally Carathéodory function.

First we recall the following result of Scorza Dragoni [152] type.

Theorem 2.8.1. Let X and Y be two separable metric spaces and let
f:IxX =Y bea function such that f(-,u) is measurable for every u € X
and f(t,-) is continuous for almost every t € 1. Then, for each € > 0, there
exists a closed set A C I such that \(I \ A) < e and the restriction of f to
A x X is continuous.

See Kucia [117].
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Remark 2.8.1. The conclusion of Theorem 2.8.1 remains true in the
case Y = R, the function f(¢,-) is lower semicontinuous (or upper semicon-
tinuous) for almost every ¢ € I and f(-,-) is £L® B measurable. It also holds
if I is replaced by any Lebesgue measurable subset in R.

Theorem 2.8.2. Let X be a real Banach space, K a nonempty and
separable subset in X and f: I x K — X a Carathéodory function. Then
there exists a negligible subset Z of I such that, for eacht € I\ Z and each
function u : Ry x I — K which is continuous with respect to the second
variable and such that there exists u(t) = limy, 4| 04) u(h, s), we have

t+h
l}gr(} h/ | f(s,u(h,s)) — f(t,u(t))] ds =0. (2.8.1)

Proof. Since I can be represented as an at most countable union of
finite length intervals, it suffices to consider the case when [ is of finite
length. For each v > 0, we shall obtain a set L, C I, with A\(1 \ L) < 7,
and such that (2.8.1) holds for all t € L,. Finally, since A(1 \ L) < 7, it
will suffice to consider Z = Ny (I'\ Ly /)

Let v > 0 and let us observe that, by virtue of Theorem 2.8.1, it follows
that there exists a compact set Ay, C I such that A(/ \ A,) < v, and the
restriction of f to A, x K is continuous.

We define L, C A, as the set of density points of A, which are
also Lebesgue points of the functions ¢, : I — R, given by Zm(t) =
Cm(t)X1\ 4, (t), where £, is given by (C3), m = 1,2,.... It is known that
A(Ly) = A(A,) and so, by the definition of a density point, for t € L., we
have

_ AA,NT)

A(I}?LO AJ) b A(J aoA /| " m(D)lds =0, (28.2)
where J denotes arbitrary intervals of positive length containing t.

Let t € L, and let us consider a function u : Ry x I — K which
is continuous in the second variable and such that there exists the limit
u(t) = lim, 4, (0,1) u(h, 8). Let € > 0 be arbitrary. Then there exists § > 0
such that, for all 0 € A, N[t,t+ 6] and h € (0,0),

(6, u(h,0) = F(tu(®))]| < <. (2.83)

Moreover, there exists m > 1 such that ||u(h,0)|| < m for all § € [t,t + J]
and h € (0,0). By taking a smaller § if necessary, in view of (2.8.2), we can
also assume that both inequalities

1

1 / (n(0)d0 < (2.8.4)
b Jiteenna,

C»D\(‘f)
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and
A[t,t+h]\ A €
(XU (285)
hold true for every h € (0,9). Then, by (2.8.3), for h € (0,4), we have
1 eX[t,t+h]NA €
! 110, 6(h,0)) — f(t, uyllo < S2LLLERIOA) £
h Jitisnna, 3 h 3
while by (2.8.4) and (2.8.5) we have
1
[ .n0) - ft ) as
[tt+h]\ Ay
1
S N ORI RO
[t,t+h]\ Ay
1 At t+h]\ A P
<t [ tn@an A ) < 2
h Jieenna, h 3
Finally, we have
1 t+h
i [ It 0) — s u)) a6 < e
t
for all h € (0,0) and this completes the proof. O

The case of a locally Carathéodory function is analyzed below. First we
need the following Carathéodory variant of a Dugundji [89] type extension
result.

Theorem 2.8.3. Let X, Y be Banach spaces, let C C X be a closed
set and I a monempty and open interval and let f : I x C — Y be a
locally Carathéodory function. Then f has a locally Carathéodory extension,
F:IxX —Y such that F(t,u) € conv (f(t,C)) a.e. fort € I and for each
u € X. In particular, F satisfies the inequality (C3) with the very same
function € as f does.

To prove Theorem 2.8.3 consider the first variable, ¢, as a parame-
ter and just repeat the arguments in the proof of Theorem 7.2, p. 44 in
Deimling [77], by observing that the resulting extension is a Carathéodory
function.

Theorem 2.8.4. Let X, Y be Banach spaces, K a nonempty, locally
closed and separable subset in X and f : I x K — Y a locally Carathéodory
function. Then, for each & € K there exist p > 0 and a negligible subset Z
of I such that, for eacht € I\ Z and each u: R4 x I — D(§, p) N K which



56 Specific preliminary results

s continuous with respect to the second variable and for which there exists
u(t) = limy, ¢y (0,0) u(h, ), we have

t+h
lim h/ £ (s, u(h, 8)) — f(t,u(t))| ds = 0. (2.8.6)

Proof. Since K is locally closed and f is locally Carathéodory it follows
that for each £ € K there exist p > 0 and ¢ € L] (I) such that D(&, p) N K
is closed and

1/ (&, w)l] < £(2)
a.e. for t € I and for all u € D(&,p) N K. Now, let f: I x X — Y be an
extension of f7xp(¢ p)nk] t0 I X X which is measurable with respect to the
first variable and continuous with respect to the second one. The existence

of such an extension is ensured by Theorem 2.8.3. Let 7 : X — D(§, p) be
defined by

u if ue D(&, p)

r(u) =

£+ (u—¢) ifueX\D(p)

_r
[lu— &
and let f: I x X — Y be given by f(t,u) = f(t,r(u)) for t € I and for
all u € X. Clearly f is Carathéodory and thus Theorem 2.8.2 applies. But
fux D(&,p)nK] = firx[D(e,p)nk] and this completes the proof. O

In order to extend Theorem 2.8.4, the following topological result is
needed.

Proposition 2.8.1. Fach open covering of a separable metric space
has at least one finite or countable subcovering.*

See for instance Engelking [92], Corollary, p. 177.

Theorem 2.8.5. Let X and Y be real Banach spaces, K a nonempty,
locally closed and separable subset in X and f : I x K — Y a locally
Carathéodory function. Then, there exists a negligible subset Z of I such
that, for each t € I\ Z and each u : Ry x I — K which is continu-
ous with respect to the second variable and for which there exists u(t) =
lim )| (0,¢) w(h, 8), we have

t+h
i h/ 1F (s u(h, ) — F(t ()] ds = 0. (2.8.7)

4n fact Proposition 2.8.1 says that each separable metric space is a Lindelof space.
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Proof. Since K is locally closed, for each & € K, there exists p > 0
such that D(&, p) N K is closed. Next, we apply Theorem 2.8.4, and get
a negligible subset Z, in I such that, for each v : Ry x I — D(&,p) N K
which is continuous in the second variable and for which there exists u(t) =
limy, )| (0,¢) w(h, 8), We have

1 t+h
fm [ 1G9 = ft o) ds o
Since K is a metric and separable space, thanks to Proposition 2.8.1, the
covering Uge g D(&, p) of K has a countable subcovering U,enD (§n, pn)- SO,
the negligible set Z = U,enZ,, satisfies the conclusion of Theorem 2.8.5.
0

Corollary 2.8.1. Let K be a nonempty separable subset of a Banach
space X, {S(t) : X — X; t > 0} a Cy-semigroup on X and f: I x K — X
a Carathéodory function. Then there exists a negligible subset Z of I such
that, for each t € I\ Z and each function v : Ry x I — K which is
continuous with respect to the second wvariable and such that there exists
u(t) = limy, oy (0,0) w(h, 8), we have

t+h

lgllrrol n S(t+h—s)f(s,u(h,s))ds = f(t, u(t)). (2.8.8)

Proof. We take the same Z as in Theorem 2.8.2. Fix t € I \ Z and
observe that, since s — S(s)f(¢,u(t)) is continuous, we have
1 t+h
Next, for h small, with M > 1 and a € R given by Theorem 1.4.1, we have
1 [t+h 1 [t+h
Hh/ S(t+h— ) f(s,ulh, s))ds — h/ S(t+h— ) f(t u(t))ds
t t

1 t+h
< eVl [ s uth,s) = Fitu(e)]ds:
t
The conclusion follows from Theorem 2.8.2. O

Corollary 2.8.2. Let K be a nonempty locally closed and separable
subset of a Banach space X, {S(t) : X — X; t > 0} a Cy-semigroup on X
and f : I x K — X a locally Carathéodory function. Then, for each & € K,
there exist p > 0 and a negligible subset Z of I such that, for eacht € I\ Z
and each function u : Ry xI — D(&, p)NK which is continuous with respect
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to the second variable and for which there exists u(t) = lim, g 04) u(h, s),
we have
t+h
lim — S(t+h—s)f(s,u(h,s))ds = f(t,u(t)). (2.8.9)
hl0 h J;
Proof. Just repeat the proof of Corollary 2.8.1 by using Theorem 2.8.4
instead of Theorem 2.8.2. O
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Ordinary differential equations
and inclusions






CHAPTER 3

Nagumo type viability theorems

The aim of this chapter is to introduce the reader to the fundamentals of the
viability theory for ordinary differential equations in general Banach spaces. We
notice that here we confine ourselves to consider only ordinary differential equa-
tions driven by continuous right-hand sides. After explaining what viability exactly
means, we prove a necessary condition for viability expressed in the terms of the
Nagumo Tangency Condition. We then pass to the statement of the main sufficient
(in fact necessary and sufficient) conditions for viability. Next, we prove a technical
lemma ensuring the existence of a sequence of approximate solutions and continue
with the complete proofs of the sufficient conditions for viability. We show how to
get viability in the nonautonomous case, by using the already established theory in
the autonomous one. We conclude with several results concerning noncontinuable
and global solutions.

3.1. Necessary conditions for viability

Let X be a real Banach space, K a nonempty subset in X, f: K — X a
given function and let us consider the Cauchy problem

{ 0=t 1)

Definition 3.1.1. A solution of (3.1.1) on [0,T"] is an everywhere
differentiable function w : [0,T] — K satisfying u/(t) = f(u(t)) for each
t € [0,7] and u(0) = £. A solution of (3.1.1) on the semi-open interval
[0,7) is defined by analogy.

Definition 3.1.2. The set K is viable with respect to f if for each
¢ € K there exist T > 0 and a solution u : [0,7'] — K of (3.1.1).

Remark 3.1.1. In the case in which f is continuous on K, the function
w in Definition 3.1.2 is a fortiori of class C'. So, whenever f is continuous,
K is viable with respect to f if and only if for each & € K there exists

61
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T > 0 such that the Cauchy problem (3.1.1) has at least one C'! solution
u:[0,T] — K.

We can now proceed to the main result in this section, i.e., a necessary
condition for viability.

Theorem 3.1.1. If K is viable with respect to f : K — X, then, for
each £ € K, we have f(§) € Fx(§).

Proof. Let £ € K. We have to prove that
L
l}ﬁl& EdlSt (E+nf(&);K)=0.

See Definition 2.4.2. Since K is viable with respect to f, there exists a
differentiable function u : [0,7] — X with u(s) € K for all s € [0,T]
and satisfying both u/(s) = f(u(s)) for every s € [0,7] and u(0) = &.
Consequently, we have

dist (§ + hf(£); K) < €+ hf(E) —u(h)| =h Hf(u(o)) - “(h);”(o)H .
Therefore
1 h) —u(0
0 <ty it (6 + 15 ) < i | a0 - PO
ie. f(&) € Fx(&) and this achieves the proof. O

Corollary 3.1.1. If K is viable with respect to f : K — X then we
have

f(&) € Tk(§), (3.1.2)
for each € € K.

Proof. The conclusion follows from Remark 2.4.3. ]
From Corollary 3.1.1 and Proposition 2.4.3, we deduce

Theorem 3.1.2. If K is viable with respect to f : K — X then, for
each family of functions {fr; h € (0,1)}, fr: K — X, satisfying

li =
im fu(z) = f(2),
pointwise on K, we have
1
lim inf —di s K) =
i in hdlst (E+hfn(&);K)=0

for each € € K.
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We notice that, in Theorem 3.1.1, we don’t need to assume that K
has some special topological properties, or that f is continuous. However,
as we can see from the example below, if X is infinite dimensional and f
is merely continuous, the tangency condition f(§) € Tx(£) (and even the
stronger one f(§) € Fx(§)), for all £ € K, is far from being sufficient for
the viability of K with respect to f.

Example 3.1.1. Let X = ¢y be the space of all real sequences (z,)n
with lim, x, = 0. This space, endowed with the sup-norm defined by
(@n)nlloo = sup{|zn|; n = 1,2,...} for each (x,), in X, is a real Ba-
nach space. Let f: X — X be defined by f = (fx)x, where

fe((xn)n) =2/ |zk] k=1,2,...
for each (x,), € X. Take K = X and let us observe that, inasmuch as K is
open, for each £ € K we have T (§) = X. Therefore f satisfies the tangency
condition (3.1.2) for each £ € K. On the other hand, f is continuous on
X = ¢y and consequently, thanks to Remark 3.1.1, X is viable with respect
to f if and only if, for each & € X, there exists § > 0 such that the
autonomous Cauchy problem

{ u' = f(u)

have at least one C! solution u : [0,6] — X. But u : [0,6] — X is a
solution of the problem above if and only if (ug)r : [0,0] — X is a solution
of the system of infinitely many differential equations

{ u’k = 2\/ |uk|

uk(O)sz k:1,2,....

Let us assume that the above Cauchy problem or, equivalently, the above
system, corresponding to the specific choice & = (1/k?)}, has at least one so-
lution (ug)x : [0,0] — X, with 6 > 0. This system contains infinitely many
uncoupled differential equations with separate variables whose solutions, if
there exist, are necessarily of the form

ur(t) = (¢ + 1/k)?

for each k = 1,2,... and each ¢t € [0,¢]. Hence (ug)y is defined by these
equalities. But, for all ¢t > 0, we have limy u(t) = ¢, in contradiction with
the fact that (ug(t))x belongs to cg, i.e., limy ug(t) = 0. This contradiction
can be eliminated only if the Cauchy problem in question has no solution.

So, in spite of the fact that f is continuous and satisfies the tangency
condition (3.1.2) in Corollary 3.1.1 with K = X, the latter is not viable
with respect to f.
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3.2. Sufficient conditions for viability

The nonexistence phenomenon in Example 3.1.1 is due to the lack of some
extra conditions on f as “compactness” or “locally Lipschitz properties”.
The aim of the next three sections is to show that, whenever we add one, or
a combination, of the two mentioned properties, the continuity of f along
with the tangency condition in Corollary 3.1.1 is sufficient for the viability
of a locally closed set K with respect to f.

The goal of this section is to state several sufficient conditions of via-
bility of a set K with respect to a function f. It should be noticed that,
as these conditions are also necessary, we will formulate all of them as nec-
essary and sufficient conditions, the necessity part of each one following
from Theorem 3.1.1. Let X and Y be Banach spaces, let K be a nonempty
subset in Y and let f: K — X be a given function'.

Definition 3.2.1. A function f : K — X is called locally compact if it is
continuous and for each n € K there exists p > 0 such that f(Dy (9, p)NK)
is relatively compact in X. The function f is called compact if it is contin-

uous and carries bounded subsets in K into relatively compact subsets in
X.

Remark 3.2.1. Clearly, each compact function is locally compact. If
K = X =Y and, in addition, X is finite dimensional, each locally compact
function is compact. In the latter case each continuous function is locally
compact. However, we notice that, when K C X and K does not coincide
with X, even if the latter is finite dimensional, there exist locally compact
functions which are not compact. Furthermore, if K is locally compact
and f is continuous, then f is locally compact even though X is infinite
dimensional.

Definition 3.2.2. If K C Y, we say that f : K — X is locally Lipschitz
if for each & € K there exist p > 0 and L > 0 such that

1f(uw) = f()Il < Lflu -] (3.2.1)

for each u,v € D(&, p)NK. It is globally Lipschitz if there exists L > 0 such
that (3.2.1) holds for each u,v € K.

Definition 3.2.3. Let Y and X be two Banach spaces and let D C Y.
A function f : D — X is called locally 3-compact if it is continuous and, for
each y € D, there exist r > 0 and a uniqueness function w : Ry — R, such

Hn fact only two specific situations will be considered: the first one when ¥ = X,
which corresponds to the autonomous case, and the second one when Y = R x X, which
corresponds to the nonautonomous one.
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that f(Dy(y,r) N D) is bounded and, for each subset C' in Dy (y,r) N D,
we have

Bx(f(C)) <w(By(C)), (3.2.2)

where Gy is the Hausdorff measure of noncompactness on X and By is the
Hausdorff measure of noncompactness on Y.

A function f : D — X is called B-compact if it is continuous and, for
each bounded subset C' in D, (3.2.2) is satisfied.

In order to simplify the notation, in all that follows, whenever any
possibility of confusion will be ruled out by the context, we will denote
both functions Bx and @By with the very same symbol, 3.

Remark 3.2.2. If Y is finite dimensional and D C Y is locally closed,
each continuous function f : D — X islocally g-compact. Also, if Y is finite
dimensional and D C Y is closed, each continuous function f : D — X is
[-compact.

Remark 3.2.3. Each locally compact function is locally (-compact.
Moreover, each locally Lipschitz function is locally S-compact. Since the
sum of each two locally -compact functions is locally B-compact, it follows
that each function f of the form f = fi+ fo, with f; locally compact and f2
locally Lipschitz, is locally B-compact. Also each compact function, as well
as each globally Lipschitz function is G-compact. Finally, each (-compact
function is locally B-compact.

Theorem 3.2.1. Let X be a Banach space, let K C X be a nonempty
and locally closed set and let f : K — X be a locally B-compact function. A
necessary and sufficient condition in order that K be viable with respect to
f is to exist the family of functions {fr; h € (0,1)}, frn: K — X, satisfying
limp, o f1(§) = f(&) for each § € K, and such that

N
hr}lllllonf EdISt (E+hfn(&);K)=0

for each € € K.
Proposition 2.4.4 implies that Theorem 3.2.1 is equivalent to

Theorem 3.2.2. Let X be a Banach space, let K C X be a nonempty
and locally closed set and let f : K — X be a locally B-compact function.
A necessary and sufficient condition in order that K be viable with respect
to f is the tangency condition

f(&) € Tk (§) (3.2.3)
for each € € K.
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The next two results are immediate corollaries of Theorem 3.2.2.

Theorem 3.2.3. Let X be a Banach space, let K C X be a nonempty
and locally closed set and let f : K — X be a locally Lipschitz function.
Then, a necessary and sufficient condition in order that K be viable with
respect to f is the tangency condition (3.2.3).

Theorem 3.2.4. Let X be a Banach space, let K C X be a nonempty
and locally closed set and let f : K — X be a locally compact function.
Then, a necessary and sufficient condition in order that K be viable with
respect to [ is the tangency condition (3.2.3).

Theorem 3.2.5. Let X be a Banach space, let K C X be nonempty
and locally closed and let f : K — X be continuous. Let us assume that
K is prozimal and the norm || - || is Gateauz differentiable at each x € X,
x # 0. Then the following conditions are equivalent:

(i) for every £ € K, f(§) € Cx(&);
(ii) for every £ € K, f(§) € Tk (§);
(iii) for every £ € K, f(§) € Bg(€);
(iv) the set K is viable with respect to f.
In general, if G : K ~ X is such that Cx(§) C G(&) C Bg(§) for each
& € K, then each one of the conditions above is equivalent to

(v) for every & € K, f(§) € §(¢).

Finally, from Theorem 3.2.4, we easily deduce the autonomous version
of the celebrated Nagumo Viability Theorem, i.e.,

Theorem 3.2.6. Let X be finite dimensional, let K C X be nonempty
and locally closed and let f : K — X be continuous. Then, a necessary
and sufficient condition in order that K be viable with respect to f is the
tangency condition (3.2.3).

3.3. Existence of c-approximate solutions

In this section and the next one, we will prove Theorem 3.2.2 which, as we
already have mentioned, is equivalent to Theorem 3.2.1. As the necessity
part follows from Theorem 3.1.1, here we will focus our attention only on
the sufficiency.

The first step is concerned with the existence of “approximate solutions”
to the autonomous Cauchy problem below

u'(t) = f(u(t))
3.3.1

i R
where K C X and f: K — X are as in Theorem 3.2.2 and £ € K.
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Thus, let £ € K. Since K is locally closed, there exists p > 0 such that
the set D(§, p) N K be closed. Next, diminishing p > 0 if necessary, we can
choose M > 0 and T > 0 such that

1f ()] < M (3.3.2)
for every x € D(&, p) N K, and
T(M +1) < p. (3.3.3)

The possibility of diminishing p in order to find M > 0 satisfying (3.3.2)
is a consequence of the fact that f is continuous and thus locally bounded,
i.e., f is bounded on D(&, p) N K provided p > 0 is small enough. Finally,
taking a sufficiently small 7' > 0, we obtain (3.3.3).

Lemma 3.3.1. Let X be a Banach space, let K C X be nonempty and
locally closed and let f: K — X be continuous and satisfying f(§) € Tk (€)
foreach &€ K. Let £ € K, p>0, M >0 and T > 0 be fized as above.

Then, for each e € (0,1), there exist o : [0,T] — [0,T] nondecreasing,
g :10,T] — X Riemann integrable and u : [0,T] — X continuous, such
that:

i)t—e<o(t) <t for eacht € [0,T];

(i) ||lg(®)|| < e for each t € [0,T];
(iii) u(o(t)) EDfp ﬂKforallte [O T] and u(T) € D(&, p) N K;
(iv) u(t) = f—l—/ flu ds—l—/ g(s)ds for each t € [0,T].

Before proceeding to the proof of Lemma 3.3.1 we introduce

Definition 3.3.1. A triple (o, g, u), satisfying (i), (ii), (iii) and (iv) in
Lemma 3.3.1, is called an e-approzimate solution to the Cauchy problem
(3.3.1) on the interval [0,T"].

We may now pass to the proof of Lemma 3.3.1.

Proof. We begin by showing the existence of an e-approximate solution
on an interval [0,0] with 6 € (0,7]. As, for every { € K, f satisfies the
tangency condition f(§) € Tx(§), from Proposition 2.4.2, it follows that
there exist 0 € (0,T'], § < e and p € X with ||p|| < ¢, such that

E+6f(E)+ope K.

Now let us define o : [0,0] — [0,6],¢:[0,0] - X and w:[0,0] — X by

0 for t € [0,0]
gt)y=p for t € [0,0]
u(t) =€+tf(€) +tp forte0,0].
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One can readily see that the triple (o, g, u) is an e-approximate solution to
the Cauchy problem (3.3.1) on the interval [0, |. Indeed the conditions (i),
(ii) and (iv) are obviously fulfilled, while (iii) follows from (3.3.2), (3.3.3)
and (i). To show the latter assertion, we observe that, for every ¢ € [0, ],
u(o(t)) = £ and therefore u(o(t)) € D(&, p) N K. Clearly u(d) € K. On the
other hand, by (3.3.2) and (3.3.3), we deduce

[u(d) =&l < OIIF(EI +dllpll < T(M +1) < p.

Thus (iii) is satisfied. Next, we will prove the existence of an e-approximate
solution defined on the whole interval [0,7"]. To this aim we shall make
use of Brezis—Browder Theorem 2.1.1, as follows. Let 8 be the set of all
g-approximate solutions to the problem (3.3.1) having the domains of def-
inition of the form [0,c] with ¢ € (0,7']. On § we define the relation <
by

(O-l; g1, ul) j (0-27925 U2)

if the domain of definition [0, ¢;] of the first triple is included in the do-
main of definition [0, co] of the second triple and the two e-approximate
solutions coincide on the common part of the domains. Obviously =< is
a preorder relation on 8. Let us first show that each increasing sequence
((0my Gm, Um,))m is bounded from above. Indeed, let ((04,, gm, Um))m be an
increasing sequence, and let ¢* = lim,, ¢,,, where [0, ¢, ] denotes the do-
main of definition of (¢4, gm, um). Clearly, ¢* € (0,7']. We will show that
there exists at least one element, (o, ¢*,u*) € §, defined on [0, c*] and
satisfying (o, gm, um) = (0%, g*,u*) for each m € N. In order to do this,
let us prove first that there exists lim,, u, (¢, ). For each m,k € N, m < k,
we have u,(s) = ug(s) for all s € [0, ¢, |. Taking into account of (iii), (iv)
and (3.3.2), we deduce

[um(em) = up(ex)| < /Ck[llf(Uk(UkW)))ll + g (@)[1d6 < (M + €)|cx — cml

for every m, k € N, which proves that there exists lim,, uy,(¢py,). Since for
every m € N, up(cn) € D(E p) N K, and the latter is closed, it readily
follows that limy, um,(cyn) € D(E, p) N K. Furthermore, because all the func-
tions in the set {o,,; m € N} are nondecreasing, with values in [0,c*],
and satisfy oy, (cm) < op(cp) for every m,p € N with m < p, there exists
lim,, 04, (¢, ) and this limit belongs to [0, ¢* ]. This shows that we can define
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the triple of functions (o, ¢*,u*) : [0,¢*] — [0, ¢*] x X x X by

v | om(t) for t € [0, ¢y, |
o (t) = lim,, o (¢p) for t = c*

sy ) gm(t) for t € [0, cp |
g(t) = 0 for t = c*
W) = U (1) for t € [e,cm]

lim,, wp, (¢p,)  for t = c*.

One can easily see that (o*, g*, u*) is an e-approximate solution which is an
upper bound for ((o7,, gm, Um))m- Now, let us define the function N : § — R
by N((c,g,u)) = ¢, where [0,c] is the domain of definition of (o, g,u).
Clearly N satisfies the hypotheses of Brezis-Browder Theorem 2.1.1. Then,
8 contains at least one N-maximal element (7,7,%), defined on [0,¢]. In
other words, if (7,9, u) € 8, defined on [0, ¢], satisfies (7,9,u) = (7,9, u),
then we necessarily have ¢ = ¢. We will next show that ¢ = T. Indeed, let
us assume by contradiction that ¢ < T'. Since

@) s|</ i@ |ds+/ g(s)]| ds < e(M + <)

<e(M+1)<T(M+1),
we deduce that
Ja(e) — €l < . (3.3.4)
Then, as u(¢) € K and f(u(c)) € Tk (u(c)), there exist § € (0,7 —¢), § <e¢
and p € X, ||p|| < ¢, such that w(c) 4+ 0 f(u(c)) + op € K. From (3.3.4), it
follows that we can diminish § if necessary, in order to have
[u(c) +0f (u(@)) + op — £l < p- (3.3.5)
Let us define the functions o : [0,¢+ 6] — [0,¢+ ¢] and ¢ : [0,¢+ ] — X
by
o(t) = o(t) forte0,c] (1) = g(t) forte[0,¢]
R G forte (c,e+0] "’ 1 p fort € (¢,e+9].
Clearly, ¢ is Riemann integrable on [0,¢ + ¢] and ||g(t)|| < e for every
€[0,¢+9]. We define u: [0,¢+ ] — X by

[ a() for t € [0,c
u(t) = { @) + (t—2o)f(u@) + (t—c)p forte (e

y /0 f(a(o(6))) do + /0 9(0) do

]
+4].
Obviously



70 Nagumo type viability theorems

for every t € [0,€+ §] and thus o, g and u satisfy the conditions (i), (ii)
and (iv). Let us observe that

u(o(t for t€[0,¢

ule(t)) = { ugc)( ) for te L,c]

and so u(o(t)) € D(&, p) N K which proves (iii). Furthermore, from the

choice of § and p, we have u(¢ + ¢) = u(c) + 0 f(u(c)) + op € K. Moreover,

from (3.3.5), we conclude ||u(¢+ 6) — &|| = ||u(c) + o f(u(e)) +dp—&|| < p
and consequently u satisfies (iii). Thus (o, g,u) € 8.

Finally, inasmuch as (7,g,u) < (0,g,u) and ¢ < ¢ + 4, it follows that
(7,9, ) is not an N-maximal element. But this is absurd. This contradiction
can be eliminated only if each N-maximal element in the set § is defined
on [0,T]. O

3.4. Convergence of c-approximate solutions

The goal of this section is to prove the convergence of a suitably chosen
sequence of e-approximate solutions. We may now proceed to the proof of
Theorem 3.2.2.

Proof. Let us consider a sequence (&,,), in (0, 1), decreasing to 0, and
let ((on, gn,un))n be a sequence of e,-approximate solutions of (3.3.1) on
[0,7]. Diminishing p > 0 and 7" > 0 if necessary, we may assume that the
conclusion of Lemma 3.3.1 holds true and, in addition, f is S-compact on
D(& p) N K.

We will show first that (uy), has at least one convergent subsequence
in the sup-norm. Let M > 0 as in (3.3.2) and let us observe that, by (i),
(ii) and (iv)?, we have

[un(t) — un(on(®)]| < (M + ey, (3.4.1)
for each t € [0,T'].
We consider first the case when X is separable. From (3.4.1), (iv), the

fact that f is S-compact on D(&, p) N K, Lemma 2.7.2 and Remark 2.7.1,
it follows

B{un(t); n = k})

oo ([ sz ({21

S/O B{f(un(on(s))); n = k}) ds+/0 B{gn(s); n > k}) ds

2Within this proof, all the quotations to items like (i)~(iv) refer to the corresponding
items in Lemma 3.3.1.
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< [ wlB({unon(s))i n = kD) ds + Ty
0
< /0 w(BHun(s); n >k} + {un(on(s)) —un(s); n>k}))ds+ Tey

< [ wBunlo n 2 ¥} + (O + e + Tep
0

For k =1,2,..., let us denote by xr(t) = B({un(t); n > k}) + (M + 1)eg,
and by vy = (M + T + 1)eg. The inequality above rewrites as

mwg%+fmm@mS

for each t € [0,T]. By Lemma 1.8.2, diminishing 7" > 0 if necessary, we
may assume that limy x;(t) = 0 uniformly for ¢t € [0,7']. But this shows
that limy B({un(t); » > k}) = 0 and thus we are in the hypotheses of
Lemma 2.7.3. So, for each t € [0,T], {un(t); n = 1,2,...} is relatively
compact. From (ii), (iv) and (3.3.2), we conclude that {u,; n = 1,2,...}
is equicontinuous. By Arzela—Ascoli Theorem 1.3.6, we deduce that there
exists u € C([0,T']; X) such that, on a subsequence at least,

lim u, (t) = u(t)
uniformly for ¢ € [0,T]. In view of (3.4.1), we have also
lim w, (0, () = u(t)

uniformly for ¢ € [0,7]. From (iii) and the fact that D(&, p) N K is closed,
we conclude that u(t) € D(§, p)NK for each ¢t € [0,T']. Passing to the limit
for n — oo in (iv) with u, o and g substituted by w,,, 0, and g, respectively,
we deduce that

mw:§+Afm@»w

for each t € [0,T']. Thus w is a solution of (3.3.1). This completes the proof
of Theorem 3.2.2 in the case when X is separable.

If X is not separable, there exists a separable and closed subspace, Y, of
X such that un(t), f(un(on(t))),gn(t) € Y for n =1,2,... and t € [0,T].
From Problem 2.7.2 and from the monotonicity of w, we have

By (f(C)) <2B(f(C)) < 2w(B(C)) < 2w(By(C)),

for each set C C D(&, p)NKNY. In view of Remark 1.8.1, 2w is a uniqueness
function too. Repeating the routine above, with g replaced by By and w
replaced by 2w, using Remark 2.7.3 instead of Lemma 2.7.2 and the fact
that the restriction of By — as defined in Problem 2.7.2 — to B(Y) is
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the Hausdorff measure of noncompactness on Y, we conclude that, for each
t € [0,T], {un(t); n = 1,2,...} is relatively compact in Y. But Y is a
subspace of X and, from now on, we have to repeat the same arguments as
in the case when X is separable. This completes the proof. O

Problem 3.4.1. Give a direct proof of Nagumo’s Theorem 3.2.6 avoid-
ing the use of the measure of noncompactness.

Problem 3.4.2. Glive a direct proof of Theorem 3.2.3 avoiding the use
of the measure of noncompactness.

Problem 3.4.3. Give a direct proof of Theorem 3.2.4 avoiding the use
of the measure of noncompactness.

3.5. Extension to the nonautonomous case

In this section we will show how the results established before for the
autonomous equation u'(t) = f(u(t)) extend to the nonautonomous one
u'(t) = f(t,u(t)). So, let X be a real Banach space, € a nonempty subset in
Rx X, f: € — X agiven function and let us consider the Cauchy problem
for the nonautonomous differential equation

{ 0= 60 @51

Definition 3.5.1. A solution of (3.5.1) on [7,T'] is an everywhere
differentiable function w : [7,T] — X satisfying:

(i) (t,u(t)) € € for each t € [7,T] and
(i) u'(t) = f(t,u(t)) for each t € [7,T] and u(7) = ¢&.

Definition 3.5.2. The set C is wviable with respect to f if for each
(1,€) € C there exist T € R, T > 7, and a solution u : [7,T] — X of
(3.5.1).

Remark 3.5.1. If f is continuous, € is viable with respect to f if and
only if for each (7,&) € € there exists T € R, T' > 7 such that the Cauchy
problem (3.5.1) have at least one C! solution u : [7,T] — X.

We will rewrite the nonautonomous problem above as an autonomous
one in the space X = R x X, endowed with the norm

1 @)l = VI A+ full?,
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for each (t,u) € X.*> Namely, set z(s) = (t(s),u(s)) and F(z) = (1, f(2)),
for s € [0,T — 7]. Then, the Cauchy problem above is equivalent to

' (s) = F(z(s))
3.5.2
Ve (352)
So, all the viability results proved before extend in an obvious way to the
nonautonomous case via the transformations above. For instance, we have

Theorem 3.5.1. If C is viable with respect to f : € — X then, for each
(Tag) € e} we have (17 f(T’ 5)) € ffe(T,é).

Corollary 3.5.1. If C is viable with respect to f : € — X then, for
each (1,€) € C, we have (1, f(7,€)) € Te(T,§).

Remark 3.5.2. If C is a cylindrical domain, i.e. € = I x K with [
an interval open to the right and K a subset in X, then the tangency
conditions:

(1) (1, f(7,€)) € Te(r,€) and
(i) f(7,€) € Tk (¢)

are equivalent.

Problem 3.5.1. Let f : [ x K — X. Assume that, for some £ € K,
t — f(t,€) is continuous from the right at T € I. Then f(1,€) € Tk (&) if
and only if

T+h
liI}lll%nfllzdist (§+ / £(6,6) d9;K> = 0. (3.5.3)

Theorem 3.5.2. Let X be a Banach space, C C R x X a nonempty
and locally closed set and let f: C — X be a locally B-compact function. A

necessary and sufficient condition in order that C be viable with respect to
f is that

(L, f(7,€)) € Te(r,§) (3.5.4)
for each (1,€) € C.

Proof. Let us observe that u : [7,7] — X is a solution of (3.5.1) if
and only if z : [0,T — 7] — C, z(s) = (s + 7,u(s + 7)) is a solution of the
autonomous Cauchy problem (3.5.2). Since F' is continuous and satisfies
both F(z) € Te(z) for each z € € and

Bx(F(B)) = Bx({1} x f(B)) = Bx (f(B)) < w(fx(B))
for each bounded subset B in C, the conclusion follows from Theorem 3.2.2.

0

3In fact, all the results which will follow, except for Theorem 3.5.6, remain unchanged
if, on X, we consider any other equivalent norm.
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The next two results are immediate corollaries of Theorem 3.5.2.

Theorem 3.5.3. Let X be a Banach space, C C Rx X a nonempty and
locally closed set and let f: C — X be a locally compact function. Then, a
necessary and sufficient condition in order that C be viable with respect to
f is the tangency condition (3.5.4).

Theorem 3.5.4. Let X be a Banach space, C C Rx X a nonempty and
locally closed set and let f : € — X be a locally Lipschitz function. Then, a
necessary and sufficient condition in order that C be viable with respect to
f is the tangency condition (3.5.4).

From Theorem 3.5.3, we deduce the Nagumo Viability Theorem, i.e.,

Theorem 3.5.5. Let X be finite dimensional, let € C R x X be a
nonempty and locally closed set and let f : € — X be a continuous function.
Then, a necessary and sufficient condition in order that C be viable with
respect to f is the tangency condition (3.5.4).

We notice that, since the results above concern the forward existence
property, all extend to the slightly more general case of forward locally
closed sets defined below.

Definition 3.5.3. A set € C R x X is called forward locally closed if for
each (7,&) € € there exist ' > 7 and p > 0 such that ([7,T] x D(&,p))NC
is closed.

Using Proposition 2.5.1 and Remark 3.5.2, we deduce

Theorem 3.5.6. Let X be a Banach space, X = Rx X, X C X
a nonempty and locally closed set and let f : KX — X be continuous.
Let us assume that K is prozimal and the norm, || - ||, on X is Gateaux
differentiable at each x € X, x # 0, and X is endowed with the norm
|t w)l|e = VIE]? + Jul|?, for each (t,u) € X. Then the following condi-
tions are equivalent:
(1) fO’f’ every (T7 g) € j<:7 (Lf(T? f)) € @K(va);
(ii) for every (1,§) € K, (1, f(7,€)) € Tx(T,&);
(111) fOT‘ every (T7 f) € jc? (17 f(T7 f)) € B?C(Tvé) ;
(iv) the set K is viable with respect to f.
In general, if G : K~ R x X is such that Coc(1,§) C G(7,&) C Bac(T,§) for

each (1,€) € K, then each one of the conditions above is equivalent to
(v) for every (7,€) € X, (1, f(7,€)) € §(7,€).

Proof. Let us observe that the norm

I @)l = VI + ]2
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is Gateaux differentiable at each (¢,z) € X, (¢,x) # (0,0). O

Remark 3.5.3. Since in the construction of the e-approximate solu-
tions only a countable set of values of both ¢ and £ is needed, one may ask
whether or not we can relax the tangency condition (3.5.4) to hold merely
for (1,€) in a certain dense, possibly countable, subset in €. The next ex-
ample shows that the answer to this natural question is in the negative.

Example 3.5.1. Let g : [0,1) — R be a function which is contin-
uous, strictly increasing and ¢'(t) = 0 a.e. for ¢ € [0,1). An example of
such a function was given by Zaanen-Luxemburg [186]. See also Gelbaum-
Olmsted [100], Example 30, p. 105. Let € C R xR the graph of g. Then the
function f = 0 satisfies the tangency condition (1,0) € Te((7, g(7))) for a.a.

€ [0,1), but the Cauchy problem «'(¢) = 0 and u(0) = 0 has no solution
in the sense of Definition 3.1.1. So, we cannot replace the “everywhere”
tangency condition (3.5.4) with an “almost everywhere” one.

The following “cylindrical” nonautonomous variant of Lemma 3.3.1 will
prove useful in the sequel.

Lemma 3.5.1. Let X be a real Banach space, K a nonempty, locally
closed subset in X, I a nonempty and open interval and f: I x K — X a
continuous function satisfying the tangency condition f(7,£) € Tx (&) for
each (1,§) € I x K. Then, for each (1,§) € I x K and each continuous
extension F : I x X — X of f, there exist p >0, T €I, T >71 and M >0
and such that D(§, p) N K is closed and, for each € € (0,1), there exist one
family of nonempty and pairwise disjoint intervals: Pp = {[tm, sm); m €
'}, with T finite or countable, and two functions, r : [1,T] — X Riemann
integrable, and u : [17,T] — X continuous, satisfying:

(i) Umerltm:sm) = [7,T) and sy, — ty < € for each m € T';
u(tm) € D&, p) N K for each m € T and w(T) € D(§,p) N K ;
F(t,v)|| < M for each (t,v) € [1,T] x D(&,p);
r(t)|| <e for eacht € [1,T];
or each m € I' and each t € [ty, Sm), u satisfies

u( / F(0, ultm, d0+/ttr(9)d0;

(vi) for each m € T', we have

sup || f (s, u(tm)) — F(s,u(s))]| <e.

Se[tm,Sm)

=

Problem 3.5.2. Use Problem 3.5.1 to prove Lemma 3.5.1.
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Another class of functions which play a crucial role in ordinary differ-
ential equations is defined below.

Definition 3.5.4. A function f: 1 x K — X is called locally almost-
dissipative if for each (7,€) € I x K there exist T > 7 and p > 0 such that
[7,T] C I, D p) N K is closed, and there exist a continuous extension
F : [r,supl) x X — X of f and a Carathéodory uniqueness function
w: I xRy — Ry such that

[u—v, F(t,u) = F(t,0) ]+ <w(t, [lu—vl)
for each (t,u), (t,v) € [7,T] x D(&, p).

The next result refers to the viability of a cylindrical set with respect
to an almost dissipative function.

Theorem 3.5.7. Let I be a nonempty and open interval, K C X a
nonempty and locally closed set and let f : I x K — X be continuous
and locally almost dissipative. Then, a necessary and sufficient condition
in order that I x K be viable with respect to f is that, for each (1,£) € IXK,
the tangency condition f(71,€) € T (&) be satisfied.

Problem 3.5.3. Use Lemma 3.5.1 to prove Theorem 3.5.7.

We conclude this section with another “cylindrical” nonautonomous
variant of Lemma 3.3.1 whose proof, based on Problem 3.5.1, being very
similar with that one of Lemma 3.3.1 is left to the reader. We notice that
this variant will prove useful in Chapter 4 when dealing with sufficient
conditions for invariance. See for instance the proof of Theorem 4.1.3.

Lemma 3.5.2. Let X be a real Banach space, K a nonempty, locally
closed subset in X, I a nonempty and open interval and f: I X K — X a
continuous function satisfying the tangency condition f(7,§) € Tx(§) for
each (1,€) € I x K. Then, for each (1,§) € I x K, there exist p > 0,
Tel, T>t1and M >0 and such that D(§, p) N K is closed and, for each

€ (0,1), there exist o : [7,T| — [7,T] nondecreasing, g : [7,T] — X
Riemann integrable and w : [7,T] — X continuous, such that:
(i) t—e<o(t) <t forechte|r,T];
(i) lg(tll < = for cach t € [, T}
(iii) || f(t,w)|| < M for each t € [7,T] and u € D(§,p) N K ;
(iv) u(o(t )) € D(f p) VK forallt € [7,T] and u(T) € D(f7 p)NK

t
)
)

(v) u(t) = / f(s,u(o(s )))ds+/ g(s)ds for each t € [1,T];

(vi) |lu(o(t)) —u(t)|| < (M + 1)e for each t € [1,T].
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Problem 3.5.4. Give a direct proof of Theorem 3.5.5 avoiding the use
of the measure of noncompactness.

Problem 3.5.5. Give a direct proof of Theorem 3.5.4 avoiding the use
of the measure of noncompactness.

3.6. Global solutions

Let € € R x X be nonempty and let f : € — X. In this section we
will prove some results concerning the existence of noncontinuable, or even
global solutions to the Cauchy problem

{ 0= gt o)

We recall that a solution w : [7,T) — X to (3.6.1) is called noncontinuable,
if there is no other solution v : [7,7) — X of the same equation, with
T < T and satisfying u(t) = v(t) for all t € [7,T"). The solution u is called

global if T' = Te, where
Te = sup{t € R; there exists n € X, with (¢,n) € C}. (3.6.2)
The next theorem follows from Brezis—Browder Theorem 2.1.1.

Theorem 3.6.1. Let X be a Banach space, let € C R x X be nonempty
and let f: C — X. The following conditions are equivalent:

(i) € is viable with respect to f;
(ii) for each (1,&) € C there exists at least one noncontinuable solution

u:[r,T) — X of (3.6.1).

Proof. Clearly (ii) implies (i). To prove that (i) implies (ii) it suffices to
show that every solution u can be continued up to a noncontinuable one. To
this aim, we will make use of Brezis—Browder Theorem 2.1.1. Let 8 be the
set of all solutions to (3.6.1), defined at least on [ 7,7T"), and coinciding with u
on that interval. On the set 8§ which, by virtue of (i), is nonempty, we define
the binary relation < by u < v if the domain [7,T}) of v is larger that the
domain [7,T,) of u, i.e., T, < Ty, and u(t) = v(t) for all ¢t € [7,Ty,). Clearly
=< is a preorder on 8. Next, let (u;,), be an increasing sequence in 8, and
let us denote by [7,T),) the domain of definition of w,,. Let T = lim,, T,,,
which is finite, or not, and let us define v* : [7,7%*) — X by u*(t) = un,(t)
for each t € [7,T},). Since (T1,)m is increasing and u,(t) = wug(t) for
each m < k and each ¢t € [7,T},), u* is well-defined and belongs to 8.
Moreover, u* is an upper bound of (u,)n,. Thus each increasing sequence
in 8 is bounded from above. Moreover, the function N : § — R, defined
by N(v) = T,, for each v € 8, is increasing, and therefore we are in the
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hypotheses of Theorem 2.1.1. Accordingly, for u € S, there exists at least
one element u € § with « < @ and, in addition, @ < u implies T = T. But
this means that @ is noncontinuable, and, of course, that it extends u. The
proof is complete. O

Remark 3.6.1. Notice that in Theorem 3.6.1 we don’t need to assume
C to be locally closed or f to be continuous.

Theorem 3.6.2. Let X be a Banach space, let KX be a nonempty and
locally closed subset in R x X and let f : KX — X be a continuous function.
Let us assume that X is proximal and the norm ||-|| is Gdteaux differentiable
at each x € X, x # 0. Then, a necessary and sufficient condition in order
that for each (7,€) € X there exists at least one noncontinuable solution to
(3.6.1) is anyone of the five equivalent conditions in Theorem 3.5.6.

Proof. In view of Theorem 3.5.6, each one of the conditions (i)~ (v)
is equivalent to the viability of X with respect to f. The conclusion follows
from Theorem 3.6.1, and the proof is complete. O

We conclude this section with a result concerning the existence of global
solutions.

Definition 3.6.1. A function f : € — X is called positively sublinear
if there exist three continuous functions ¢ : R — R4, b : R — R, and
c¢: R — Ry such that

£ DN < a@®)Ell + b(t)
for each (t,&) € K$(f), where

KL(F) ={(t,€) € € [lg] > e(t) and [&, f(¢,€) ]+ > 0.

We recall that here [£, 7] is the right directional derivative of the norm
|| - || calculated at £ in the direction 7.

Remark 3.6.2. There are three important specific cases in which f is
positively sublinear:

(i) when f is bounded on C;
(ii) when f is globally Lipschitz;
(iii) when f satisfies the “sign condition” [&, f(¢,€)]+ < 0 for each
(t,&) e C.
Definition 3.6.2. The set C is X-closed if for each sequence ((tn,&n))n
in € with lim,(¢,,&,) = (t,£), with ¢ < Te, where Te is given by (3.6.2), it
follows that (¢,£) € C.

A typical example of X-closed set is € = I x K with I a nonempty and
open to the right interval and K C X nonempty and closed.
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Theorem 3.6.3. Let X be a Banach space, let € C R x X be nonempty
and let f: C — X be a given function. If C is X-closed, f maps bounded
subsets in C into bounded subsets in X, is positively sublinear, and C is
viable with respect to f, then each solution of (3.6.1) can be continued up
to a global one, i.e. defined on [1,Te), where Te is given by (3.6.2).

Proof. Since C is viable with respect to f, by Theorem 3.6.1, for each
(1,€) € C, there exists at least one noncontinuable solution w : [7,7T) — X
to (3.6.1). We will show that T' = Te. To this aim, let us assume the con-
trary, i.e., that T' < Te. In particular this means that T' < +oo. Integrating

. +
from 7 to ¢ the equality [u(s),u'(s)]+ = G ([u(-)])(s) for s € [7,T), we
get

¢
Ju®)ll = €]+ [ [uls). £(s,u(s)) - s
for each t € [7,T). Let us denote by

Ep={se[rt]; [u(s), f(s,u(s)) ]y > 0 and [Ju(s)]| > ¢(s)},
Gy ={se[7t]; [u(s), f(s,u(s)) ]+ <0},
Hy ={s € [7,t]; [lu(s)]| < c(s)}-

Using (ii) in Exercise 1.6.1, we get
[w, 0]+ <|lv]]

for each uw,v € X. From this inequality, taking into account that, for each
te|r,T], H C Hp, we get

lu()l < JlE] + / (a(s)[[u(s)]| + b(s)] ds + / [u(s), £(s,u(s)) |4 ds

Ey H\Gy¢

< el + /E (a(s) [u(s) | + b(s)] ds + /H 1 (5. u(s))]| ds.

But f maps bounded subsets in € into bounded subsets in X and therefore
there exists m > 0 such that

sup{[| f (s, u(s))[l; s € Hr} < m.

Hence,
T

T
lu@) < €]l + (T = 7ym + / b(s) ds + / a(s)|[u(s)]| ds.

By the Gronwall Lemma 1.8.4, it follows that w is bounded on [7,T). Ac-
cordingly, f(-,u(-)) is bounded on [7,T") and so there exists limy7 u(t) = u*.
Since C is X-closed and T' < Tg, it follows that (7, u*) € €. Using this ob-
servation and recalling that € is viable with respect to f, we conclude that
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u can be continued to the right of 7. But this is absurd, because u is non-
continuable. This contradiction can be eliminated only if T" = T, and this
achieves the proof. O

As, in view of Lemma 2.2.1, each compact set K is proximal and, by
(i) in Remark 3.6.2, each continuous function f : I x K — X (with K
compact) is positively sublinear, from Theorem 3.5.6, we get:

Corollary 3.6.1. Let X be a Banach space, K C X a nonempty and
compact subset of X, I an open interval and let f : I x K — X be a contin-
uous function. Let us assume that the norm || - || is Gateauz differentiable
at each x € X, x # 0. A necessary and sufficient condition in order that
for each (1,§) € I x K to exist at least one solution, u : [T,supl) — K, of
(3.6.1) is any one of the five equivalent conditions in Theorem 3.5.6.



CHAPTER 4

Problems of invariance

Here we introduce the reader to the basic problems on (local) invariance referring
mainly to ordinary differential equations governed by continuous functions. After
some simple preliminary results, we focus our attention on two sufficient condi-
tions for local invariance expressed in terms of certain comparison inequalities
coupled either with the viability of the set in question or with the Nagumo Tan-
gency Condition. We continue with the main general sufficient condition for local
invariance based on the so-called Exterior Tangency Condition. In the specific case
of proximal sets, we show that viability combined with a very general comparison
condition implies invariance. Next, we answer the question: “when does tangency
imply exterior tangency?” and we conclude with some results on the relationship
between local invariance and monotonicity.

4.1. Preliminary facts

Let X be a real Banach space, D an open subset in X, K a nonempty
and locally closed subset of D, f: 1 x D — X a given function and let us
consider the Cauchy problem for the nonautonomous differential equation

u'(t) = f(t,u(t))
’ 4.1.1
{ u(r) = &. 11

Definition 4.1.1. The subset K is locally invariant with respect to f
if for each (7,&) € I x K and each solution w : [7,¢] = D, c€ I, ¢ > 1, of

(4.1.1), there exists T' € (7,¢]| such that u(t) € K for each ¢t € [7,T]. It is
inwvariant if it satisfies the above condition of local invariance with T' = c.

Problem 4.1.1. Prove that if K is closed and locally invariant with
respect to f, then it is invariant with respect to f.

The relationship between viability and local invariance is clarified in

Proposition 4.1.1. Let X be a Banach space, let D C X be open,
K C D nonempty and locally closed and f: D — X locally B-compact. If
K is locally invariant with respect to f, then K is viable with respect to f.
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Proof. By Theorem 3.5.2 combined with Remarks 2.4.2 and 3.5.2, for
each (7,§) € I x K there exists u : [1,¢] — D, solution of (4.1.1). Since K is
locally invariant, there exists T' < ¢ such that u(t) € K for each t € [0,T'].
The proof is complete. 0

The converse of this assertion is no longer true, as we can see from the
following example.

Example 4.1.1. Let D = R, K = {0} and let f : R — R be defined
by f(u) = 3v/u2 for every u € R. Then K is viable with respect to f but K
is not locally invariant with respect to f, because the differential equation
u'(t) = f(u(t)) has at least two solutions which satisfy u(0) =0, i.e., u =0
and v(t) = t3.

A simple necessary and sufficient condition of invariance is stated below.

Theorem 4.1.1. Let X be a Banach space, let D C X be open, K C D
nonempty and locally closed and f : D — X locally B-compact. Assume fur-
ther that the associated Cauchy problem has the uniqueness property. Then,
a necessary and sufficient condition in order that K be locally invariant with
respect to f is that, for every (t,§) € I x K,

f(t,€) € Tr(8). (4.1.2)

Proof. The necessity part follows from Proposition 4.1.1, Corollary
3.5.1 and Remark 3.5.2 while the sufficiency follows from Theorem 3.5.2
combined with the uniqueness property. O

Whenever K C D and f : I x D — X, we agree to say that I x K
is viable with respect to f, if I x K is viable with respect to f, .. So,
Theorem 4.1.1 says that, in general, if I x K is viable with respect to f and
(4.1.1) has the uniqueness property, then I x K is locally invariant with
respect to f. The preceding example shows that this is no longer true if we
assume that K is viable with respect to f and merely u'(t) = f|, . (¢, u(t))
has the uniqueness property. The next example reveals another interest-
ing fact about local invariance. It shows that the local invariance of K
with respect to f can take place even if u/(t) = fi, . (t,u(t)) has not the
uniqueness property.

Example 4.1.2. Let K = {(z,y) € R?; y < 0} and let f : R? — R?
be defined by
_ (1,0) if (z,y) € R2\ K
H(z,y)) = { (1,-3/y?) if (z,y) € K.
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Obviously K is locally invariant with respect to fj, but u'(t) = f|, (u(t))
doesn’t not have the uniqueness property. The latter assertion follows from
the remark that, from each point, (x,0) (on the boundary of K), we have at
least two solutions to u'(t) = f(u(t)), u(t) = (t+x,0) and v(t) = (t+z, —t°)
satisfying u(0) = v(0) = (z,0). See Figure 4.1.1.

N N N D N NN
N N Y NN N NN Y Y NN NN
NN N N N AN N NN YN NN

oo oas
Yoo oas
Yoo vas
Yoo vas
oo as
oo as
Yoo as
Yoo as
Yoo as
Yoo oes
Yoo oes
Yoo oes
oo vas
Yoo as
Yoo as
oo as
oo as
Yoooead

Figure 4.1.1

The result below shows that from the viability of I x K with respect
to f and an appropriate comparison property of f we get local invariance
of K with respect to f. First we introduce

Definition 4.1.2. A function w : I xR, — Ry is a comparison function
if w(t,0) = 0 for each ¢t € I, and for each [7,7) C I, the only continuous
function x : [7,T) — Ry, satisfying

[Dyz|(t) <w(t,z(t)) forallte[r,T)
z(7) =0,

is the null function. We recall that [Dz](t) is given by (1.8.3).

(4.1.3)

Theorem 4.1.2. Let X be a Banach space, let I be an open interval,
D C X an open set and let K C D be closed. Let us assume that I x K 1is
viable with respect to f : I x D — X and there exists an open neighborhood
V C D of K and one comparison function w: I x Ry — Ry such that

[€1 = &2, f(t,61) = F(t, &)+ Sw(t, [|&1 — &) (4.1.4)
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foreacht € I, & € V\ K and & € K. Then K is locally invariant with
respect to f.

Proof. Let V C D be the open neighborhood of K such that f satisfies
(4.1.4), and let w : I xRy — Ry be the corresponding comparison function.
Let (1,€) € Ix K, let u: [7,c] — D be any solution to (4.1.1). Diminishing
¢ if necessary, we may assume that u(t) € V for each ¢t € [7,¢]. We prove
that u(t) € K for each t € [7,c]. To this end, let us assume by contradiction
that there exists t; € [7,c] such that u(t;) € V\ K. Let 7 < tg < t; be
such that u(t) € V \ K for every t € (to,t1] and u(tp) € K. This is
possible because K is closed and w is continuous. Let v : [tg,d] — K
be any solution of v/(t) = f(t,v(t)) which satisfies v(tg) = u(tp). Such a
solution exists because K is viable with respect to f. Let to = min{d, ¢;}.
Let g : [to,t2] — Ry be defined by g(t) = ||u(t) — v(t)|| for each t € [tg,t2].
Let t € [to,t2) and h > 0 with t + h € [to,t2]. We have

g(t+ hf)L —9t) _ a(h) + [u(t) — v(t) + h(u'(1) —hv’(t))l — llu®) = vl

where

t+h v(t+h)—v(t)

u(t +h) —u(t) H .

o(h) = | "N
Since u'(t) = f(t,u(t)), v'(t) = f(t,v(t)) and hmhlo a(h) = 0, passing to

the inf-limit in the inequality above for h | 0 and taking into account that
V, K, and f satisfy (4.1.4), we get

[D1g](t) < w(t, g(t))
for each t € [to,t2). So, g(t) = 0 which implies that u(t) = v(t) for all
t € [to,t2]. Since v(t) € K, we arrived at a contradiction. This contradiction

can be eliminated only if u(t) € K for each t € [7, ¢]. The proof is complete.
]

Exercise 4.1.1. Show that if (4.1.4) is satisfied for each t € I and
&1,& € D, then the Cauchy problem (4.1.1) has the uniqueness property.

If f is continuous, instead of the viability assumption, we may suppose
that the tangency condition (4.1.2) holds true. The price one has to pay
is that, in (4.1.4), w must be not only a comparison function but also a
uniqueness function.

Theorem 4.1.3. Let X be a Banach space, let I be an open interval,
D C X an open set and let K C D be closed. Let f : I x D — X be
a continuous function such that the tangency condition (4.1.2) holds for
every (t,€) € I x K. Assume further that there exists an open neighborhood
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V C D of K and one Carathéodory uniqueness function' w: I xR, — R,
such that (4.1.4) is satisfied for eacht € I, & € V\ K and {& € K. Then
K is locally invariant with respect to f.

Proof. Let V C D be the open neighborhood of K such that f satisfies
(4.1.4), let (1,€) € I x K and let u: [T,c] — D be any solution to (4.1.1).
Diminishing ¢ if necessary, we may assume that u(t) € V for each t € [7,¢].
We prove that u(t) € K for each t € [7,c]. To this end, let us assume by
contradiction that there exists ¢; € [7,c] such that u(t;) € V \ K. Let
T <ty < t1 be such that u(t) € V' \ K for every t € (to,t1] and u(tp) € K.
This is possible because K is closed and u is continuous. Let ((0y, gn, tn))n
a sequence of e,-approximate solutions of the problem

{ v'(t) = f(t,u(t))

v(to) = u(to)

on [tg,T], with T' < t;, whose existence is ensured by Lemma 3.5.2. Since
s +— f(s,un(on(s))) is integrable (being measurable and bounded by (iii)
in Lemma 3.5.2), by (v) in the same lemma, we have

U (t) = S (t, un(om(t))) + gn(t)

a.e. for ¢t € [tg,T']. Thus we have

lun (00 (1)) = u(t)]| < Me,

T / [tn(0n(5)) — u(5), £(5, wn(on(s))) — F(s5,u(s)) ] ds,

to
and thus

ln (00 (1)) = u(t)]| < Me, +/ w(s, lun(on(s)) — u(s)l]) ds

to

forn =1,2,... and t € [tg,T]. Here M > 0 does not depend on n and
t. See (ii) and (vi) in Lemma 3.5.2. Applying Lemma 1.8.3, we conclude
that there exists Typ € (to,7'] such that lim, u,(on(t)) = w(t) uniformly
on [tg,Tp]. From (iv) in Lemma 3.5.2, recalling that D(, p) N K is closed,
we deduce that u(t) € K for each t € [tg, Tp] thereby contradicting the
definition of ¢y. The contradiction can be eliminated only of u(t) € K for
each t € [7,c] and this completes the proof. O

1See Definition 1.8.2.
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4.2. Sufficient conditions for local invariance

Our first sufficient condition for local invariance says that, whenever there
exists an open neighborhood V' C D of K such that f satisfies the “exterior
tangency” condition

lir}rbllionfi [dist (£ + hf(t,&); K) —dist (§; K)] < w(t,dist (§K))  (4.2.1)

for each (t,£) € I x V, where w is a comparison function in the sense
of Definition 4.1.2, then K is locally invariant with respect to f. More
precisely, we have

Theorem 4.2.1. Let X be a Banach space, K C D C X, with K
locally closed and D open, and let f : I x D — X. If there exist an open
neighborhood V. C D of K and a comparison function w : I x Ry — Ry
such that f satisfies (4.2.1), then K is locally invariant with respect to f.

Proof. Let V C D be the open neighborhood of K such that f satisfies
(4.2.1), and let w : I xRy — Ry be the corresponding comparison function.
Let £ € K and let uw: [7,¢] — V be any solution to (4.1.1). Diminishing ¢
if necessary, we may assume that there exists p > 0 such that D(§, p) N K
is closed and u(t) € D(&, p/2) for each t € [7,c]. Let g : [1,¢] — R4 be
defined by g(t) = dist (u(t); K) for each ¢t € [7,c]. Let t € [7,¢) and h > 0
with ¢t + h € [T, ¢]. We have

g(t+ h) = dist (u(t + h); K)

<h W - u’(t)H + dist (u(t) + ha'(t); K).
Therefore
W <alh)+ dist (u(t) + hu’(t);};’f) — dist (u(t); K>’
where
o) = [ |

Since /(t) = f(t,u(t)) and limpjo a(h) = 0, passing to the inf-limit in the
inequality above for A | 0, and taking into account that V', K, and f satisfy
(4.2.1), we get

[D1g](t) < w(t, g(t))

for each t € [7,¢). So, g(t) = 0 which means that u(t) € KND(, p/2). But
KnD(,p/2) C KND(E, p), and this achieves the proof. O
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4.3. Viability and comparison imply invariance

Definition 4.3.1. Let K C D C X be proximal. See Definition 2.2.3.
We say that a function f : I x D — X has the comparison property with
respect to (D, K) if there exist a proximal neighborhood V' C D of K, one
projection g : V — K subordinated to V, and one comparison function
w:I xRy — Ry, such that

[€ = 7w (€), F(£,6) = F(t, mre(E))]4 < w(t, [I€ — 7 (E)]]) (4.3.1)
for each (¢,£) € I x V.

Since (4.3.1) is always satisfied for (¢,£) € I x K, in Definition 4.3.1,
we have merely to assume that (4.3.1) holds for each (t,£) € I x (V' \ K).

Definition 4.3.2. Let K C D C X be proximal. We say that the
function f: I x D — X is:
(i) (D, K)-Lipschitz if there exist a proximal neighborhood V' C D of
K, a projection g : V — K subordinated to V', and L > 0, such
that
1F () = Ftmre @) < LIIE = mx (£
for each (¢,&) e I x (V\ K);
(ii) (D, K)-dissipative if there exist a proximal neighborhood V' C D
of K and a projection mx : V — K subordinated to V', such that

[§ =7k (&), f(£,6) = f(t, mx(§))]4 <0
for each (t,&) € I x (V' \ K).

Remark 4.3.1. We notice that, if we assume that (4.3.1), or either
of the conditions (i), or (ii) in Definition 4.3.2 is satisfied for £ replaced
by & and wg (§) replaced by & with &;,&s € V then, for each [7,T] C I
and ¢ € K, there exists at most one solution u : [7,7] — K to (4.1.1)
satisfying u(7) = &£. See Exercise 4.1.1. Of contrary, in this frame, it may
happen that, for certain (or for all) [7,7] C I and { € K, (4.1.1) has at
least two solutions w,v : [7,T] — K satisfying u(r) = v(7) = &.

Let V' be a proximal neighborhood of K, and let ng : V — K be a
projection subordinated to V. If f : I x V — K is a function with the
property that, for each t € I and n € K, the restriction of f(t,-) to the
“segment”

V)= {€ e V\K; mx(€) = n}
is dissipative, then f is (D, K)-dissipative.

Clearly, if f is either (D, K)-Lipschitz, or (D, K)-dissipative, then it
has the comparison property with respect to (D, K). We notice that there
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are examples showing that there exist functions f which, although neither
(D, K)-Lipschitz, nor (D, K)-dissipative, do have the comparison property.
Moreover, there exist functions which, although (D, K)-Lipschitz, are not
Lipschitz on D, as well as, functions which although (D, K)-dissipative,
are not dissipative on D. In fact, these two properties describe merely the
local behavior of f at the interface between K and D \ K. We include
below two examples: the first one of a (D, K)-Lipschitz function which is
not locally Lipschitz, and the second one of a function which, although
non-dissipative, is (D, K)-dissipative. We notice that both examples refer
to the autonomous case.

Example 4.3.1. The graph of a (D, K)-Lipschitz function f : R — R
which is not Lipschitz is illustrated in Figure 4.3.1. Here f(z) =« sin% for

an

M\/ :

Figure 4.3.1

x # 0 and f(0) =0, K = (—00,0] and D is an arbitrary open subset in R
including K.

Example 4.3.2. The graph of a function f : R — R which is (D, K)-
dissipative but not dissipative is illustrated in Figure 4.3.2. This time,
f(x) = z(a? — 2?), K is [~a,a] and D is an arbitrary open subset in
R including K.

Theorem 4.3.1. Let X be a Banach space, K C D C X, with K
proximal and locally closed and D open, and let f: I xD — X. If f has the
comparison property with respect to (D, K), and for every (t,§) € I x K,
f(t,8) € Tk(€), then f satisfies the exterior tangency condition (4.2.1).
Therefore, K is locally invariant with respect to f.
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—Q (67 T

Figure 4.3.2

Proof. Let V C D be a proximal neighborhood of K and 7mx one
projection subordinated to V' as in Definition 4.3.1. Let £ € V and h > 0.
Taking into account that || — mx (§)|| = dist (§; K'), we have

dist (§ + hf(t, €); K) — dist (& K) < [|§ = 7x (§) + h[f(£,€) = f (&, 7 (E))]]

—[1§ = mre ()| + dist (7 (§) + hf(t, mr (§)); K).
Dividing by h, passing to the inf-limit for A | 0, and using (2.4.1), we get

li %[dist (€ + hf(t, &) K) — dist (& K)]

< [€ =7k (§), f(t,8) = [t mx(§)]+ < w(t, I§ = 7x(E)])-

But this inequality shows that (4.2.1) holds. To complete the proof we apply
Theorem 4.2.1. ]

In the specific case in which f is continuous, we have

Theorem 4.3.2. Let X be a Banach space, K C D C X, with K
locally compact and D open and let f : I x D — X be continuous. Let us
assume that the norm || - || is Gateauz differentiable at each v € X, x # 0
and f has the comparison property with respect to (D, K). If one of the
four conditions below is satisfied:

(i) for every (t,€) € I x K, f(t,£) € Cx(§);
(ii) for every (t,§) € I x K, f(t,§) € Tk(£);
(ili) for every (¢,§) € I x K, f(t,§) € Bk(£);
(iv) the set K is viable with respect to f,
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then f satisfies the exterior tangency condition (4.2.1). Therefore, K is
invariant with respect to f.
In general, if G : K ~ X satisfies Cx(§) C G(§) C Bx(§) for each
¢e K and
(v) for every (¢,§) € I x K, f(t,£) € §(§),
then (4.2.1) is satisfied too.

Proof. The conclusion follows from Theorems 3.2.5 and 4.3.1. |

4.4. When tangency does imply exterior tangency?

Next, we will prove that, in special circumstances, the tangency condition
(4.1.2) for a function f : I x K — X comes from the exterior tangency

condition (4.2.1) for a suitably defined extension f: IxD — X of f. More
precisely, we have

Theorem 4.4.1. Let X be a Banach space, let K C X be proximal and
let f:1IxK — X be a given function satisfying (4.1.2). If V. C X is a
prozimal neighborhood of K and r:V — K is a projection subordinated to
V, then f: I xV — X, defined by f( ) = f(t,r(+)), satisfies (4.2.1).

Proof. Let £ € V and h > 0. We have
dist (€ + hf(t,€); K) — dist (£; K)
< 1€ =7 +dist (r(&) + hf(t,r(§)); K) = [I€ = r(&)]]
= dist (r(§) + hf(t, r(8)): K).
Dividing by h > 0 and passing to liminf for h | 0, we get
hr}rLlllnf h[dlst (€ + hf(t,€):; K) —dist (& K)] <0

So, (4.2.1) holds true with w = 0, and the proof is complete. O

It should be noticed that, the conclusion of Theorem 4.4.1 is no longer
true if we are looking for a continuous extension f of a continuous function
f satisfying (3.2.3), as the next example shows.

Example 4.4.1. Let K = K1 UK>, where K1 = {(x,?n%?) ; ¢ € Ry},
Ky = {(2,3V22); x e R_}. If € € K3, we define f(€) as the unit clockwise
oriented tangent vector to Kp at &, and if £ € Ko, we define f(§) as the
unit counterclockwise oriented tangent vector to Kp at £. Let us observe
that £((0,0)) = (0,1). Thus f : K — R? is continuous and f(¢) € Tk ()
for each ¢ € K. By virtue of Theorem 3.2.6, K is viable with respect to f.
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Let fbe any continuous extension of f to an open neighborhood V' of the
origin. We may assume that, for each v € V| fo(v) > %

In fact, the equation u/(t) = f(u(t)) subjected to u(0) = (0,0) has two
local solutions w,v : [0,0] — K, with «([0,d]) C K; and v([0,0]) C K>.
Diminishing § > 0, we may assume that no solution to u/(t) = f(u(t)),
u(0) = (0,0), can escape from V. Now, if we assume that K is invariant

with respect to f, we have
Fy 0,0)(0) = {u(d); '(t) = f(u(t)), for all t € [0,4], u(0) = (0,0)} C K,

and by virtue of a classical result due to Kneser (see Theorem 7.7.1), we
know that F{ 00y(d) is connected, and therefore, we conclude that there
exists at least one solution w : [0,d] — K of u/(t) = Flu(t)), u(0) = (0,0)
with w(8) = (0,0). But this is impossible, because ws(8) > 34.

However, if f is continuous and K is smooth enough, by the very same
proof we deduce

Theorem 4.4.2. Let X be a Banach space, K C X, let f: Ix K — X
be a continuous function satisfying (4.1.2). If there exist a proximal neigh-
borhood V. C X of K and a continuous projection r: V — K subordinated
to V., then f can be extended to a continuous function f : I xV — X
satisfying (4.2.1).

4.5. Local invariance and monotonicity

Let X be a Banach space, let K be a nonempty subset in X and < a
preorder on X. The preorder < is locally invariant with respect to f if for
each (7,£) € I x K and each solution u : [7,¢] — D, c € I, 7 < ¢, of
(4.1.1), there exists T' € (7, ¢] such that u(t) € K for each t € [7,T'] and u
is <-monotone on [7,T], i.e., for each 7 < s <t < T, we have u(s) =< u(t).
Here and thereafter, if £ € K, we denote by P(§) = {n € K; £ <n}.

Remark 4.5.1. The preorder < is locally invariant with respect to f
if and only if for each (7,£) € I x K and each solution v : [7,¢] — D, c€ I,
T < ¢, of (4.1.1), there exists T € (7, c] such that, for each s € [7,7'] and
t € [s,T], we have u(t) € P(u(s)).

Proposition 4.5.1. The preorder < is locally invariant with respect to
f if and only if for each & € K, the set P(§) is locally invariant with respect
to f.
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Corollary 4.5.1. If for each £ € K there exists an open neighborhood
V C D of P(€) and a comparison function, w: I x Ry — Ry, such that

i inf (st (1 + R (1) P(€) = dist (159(€))) < it dist (1:9(6)

for each (t,n) € I x V, then =< is locally invariant with respect to f.

Corollary 4.5.2. If, for each £ € K, f has the comparison property
with respect to (D, P(§)) and, for each (t,n) € I x P(§), we have

N
hIiILlLI()nf EdlSt (77 + hf(ta 77)7 ?(6)) - 0’

then =< is locally invariant with respect to f.



CHAPTER 5

Viability under Carathéodory conditions

In this chapter we extend to the case of Carathéodory solutions the viability re-
sults in Chapter 3, referring to classical solutions. We notice that in this, a fortiori
nonautonomous, case, due to some reasons explained below, we will confine our-
selves to consider only cylindrical sets. After showing that an a.e. Nagumo-type
tangency condition is necessary for Carathéodory viability, we state and prove
that the very same a.e. Nagumo-type tangency condition is also sufficient under
some natural Carathéodory-type extra-conditions combined with appropriate ei-
ther compactness or Lipschitz conditions on the right hand-side. Finally, we focus
our attention on the existence of noncontinuable or even global Carathéodory so-
lutions.

5.1. Necessary conditions for Carathéodory viability

Let X be a real Banach space, K a nonempty subset in X, f: I x K — X
a given function and let us consider the Cauchy problem

{ Z;(Tt)) - g(t’“(t)) (5.1.1)

Definition 5.1.1. By a Carathéodory solution of (5.1.1) on [7,T ] we
mean an absolutely continuous function u : [7,7T'] — K which is a.e. dif-
ferentiable on [7,T], with v/ € L!(7,T; X) and satisfying the differential
equation in (5.1.1) for a.a. t € [7,T'] and u(r) = &. A Carathéodory solu-
tion of (5.1.1) on the semi-open interval [7,T") is defined similarly, with the
mention that here, we have to impose that u’ € LL ([7,7T); X).

loc

Remark 5.1.1. Since the function v in Definition 5.1.1 is a fortiori in
WhHi(r,T; X) for each [7,T] C I, if u is a Carathéodory solution of (5.1.1)
on [7,T], then

foreach Tt <s<t<T.
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Definition 5.1.2. The set I x K is Carathéodory viable with respect
to f if for each (7,€) € I x K there exist T € I, T > 7, and a Carathéodory
solution w : [7,T] — K of (5.1.1)

We can now proceed to the main result in this section, i.e., a necessary
condition for viability.

Theorem 5.1.1. Let X be a Banach space. If K C X is separable
and the set I x K is Carathéodory viable with respect to the Carathéodory
function f : I x K — X, then there exists a negligible subset Z of I such
that, for each (1,€) in (I\ 2Z) x K, we have f(1,£) € Fx(&).

Proof. Since K is separable and f is a Carathéodory function, we are
in the hypotheses of Theorem 2.8.2. Therefore, there exists a negligible
subset Z of I such that for each 7 € I'\ Z and each continuous function
uw:[71,T) — K, we have

lim — / | f(s,u(s)) — f(r,u(r))||ds = 0. (5.1.2)

hlo h
Let (7,€) € (I \ Z) x K. In view of Definition 2.4.2, we have to prove

1

that I}g{)l Edlst &+ hf(1,6); K) = 0. Since I x K is Carathéodory viable

with respect to f, there exist T € I, T > 7, and an almost everywhere

differentiable function u : [7,7'] — K satisfying u/(s) = f(s,u(s)) for a.a.
€ [7,T] and u(7) = & In view of Remark 5.1.1, we have

u(t+h)—u(r) 1 T+h
. = h/T f(s,u(s))ds.

Thus
1 1
lim odist (6 + hf(r,€): K) < lim & [u(r) + A (r.) = u(r + )|

u(T + h) —u(r)
h

< lim
h10

f(Tvg) -

R10

T+h
-5 [ fsats)s

‘:lim

T+h

<time [ 1 u(n) — Fs,u(s))] ds.

h|0
Thanks to (5.1.2), f(7,§) € Fx (), which completes the proof. O

Corollary 5.1.1. Let X be a Banach space. If K C X is separable
and I x K is Carathéodory viable with respect to the Carathéodory function
f:Ix K — X, then there exists a negligible subset Z of I such that, for
each (1,&) in (I'\ 2) x K, we have f(1,£) € T (£).



Sufficient conditions for Carathéodory viability 95

Proof. The conclusion is a simple consequence of Theorem 5.1.1 and
Remark 2.4.3. O

Theorem 5.1.2. Let X be a Banach space. If K C X is separable and
locally closed and I x K is Carathéodory viable with respect to the locally
Carathéodory function f : I x K — X, then there exists a negligible subset
Z of I such that, for each (1,&) in (I \ Z) x K, we have f(1,§) € Fi ().

Proof. The proof is similar with the one of Theorem 5.1.1, with the
mention that here, instead of Theorem 2.8.2, we have to use Theorem 2.8.5.
O

The next example shows why, in this context, we cannot consider the
fully general case of a noncylindrical domain € as in the case when we
were looking for classical, i.e., C! solutions. At a first glace, it seems that
we cannot do this because the usual reduction of the nonautonomous case
u'(t) = f(t,u(t)) to the autonomous one 2/'(t) = F(z(t)), with z = (¢, u)
and F(z) = (1, f(z)), cannot work, and this, due to the fact that whenever
f is a Carathéodory function, F' may fail to be continuous. Surprisingly,
this is not the only reason why we cannot extend the classical viability
theory to noncylindrical domains in the Carathéodory case, as we can see
from the next “autonomous” example below.

Example 5.1.1. Let € C R x R be the graph of the Cantor function
g :[0,1) — R which is continuous, strictly increasing and ¢'(t) = 0 a.e. for
€ [0,1). See Gelbaum-Olmsted [100], 30, p. 105. Then the “autonomous”
function f = 0 satisfies the tangency condition (1,0) € Te(T,g(7)) for
a.a. 7 € [0,1), but the Cauchy problem «/(¢) = 0 and u(0) = 0 has no
Carathéodory solution. So, the situation is even worse than the one ob-
served in Example 3.5.1, i.e., when under similar circumstances, we have
concluded that the same Cauchy problem has no solution in the sense of
Definition 3.1.1. This shows that, in the case of a noncylindrical set €, no
matter how regular is the right hand side f : € — X, we cannot replace
the “everywhere” tangency condition with an “almost everywhere” one in
order to get Carathéodory viability.

5.2. Sufficient conditions for Carathéodory viability
The next class of functions will play a crucial role in the sequel.
Definition 5.2.1. A compact-Carathéodory function f : I x K — X is

a locally Carathéodory function satisfying

(Cs) for each fixed £ € K and each 7 € I there exist T > 7 and p > 0
such that [7,7'] C I and, for each € > 0, there exists a subset H,
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in [7,T] with A(H.) < € and such that the set
{f(tu); (tu) € ([7, T\ He) x (D(&,p) N K)}

is relatively compact in X.

A Lipschitz-Carathéodory function is a function satisfying (C7), (Cy) in
Definition 2.8.1 and

(Cg) for each £ € K, there exist p > 0 and L € Llloc(l), such that

[t u) = [t o) < L(#)][u— vl
for a.a. t € I and for all u,v € D(§,p) N K.

A locally 3-compact-Carathéodory function is a function satisfying (C1),
(C3), (C4) in Definition 2.8.1 and

(C7) for each £ € K, there exist p > 0 and a uniqueness Carathéodory
function w : I x Ry — Ry in the sense of Definition 1.8.2 such
that

Bf(EC)) < w(t, B(C))
a.e. for t € I and for each C C D(&,p) N K.

An B-compact-Carathéodory function is a function satisfying (C7), (Cs),
(C3) in Definition 2.8.1 and

(Cg) there exists a uniqueness Carathéodory function w : I x Ry — Ry
in the sense of Definition 1.8.2 such that

B(f(t,C)) <w(t,B(C))
a.e. for t € I and for each bounded subset C in K.

Remark 5.2.1. If X is finite dimensional, each locally Carathéodory
function is a (-compact-Carathéodory function. Furthermore, compact-
Carathéodory functions as well as Lipschitz-Carathéodory functions are
(B-compact-Carathéodory functions.

Theorem 5.2.1. Let X be a separable Banach space, K a locally closed
subset in X and f : I x K — X a locally 5-compact-Carathéodory function.
Then I x K is Carathéodory viable with respect to f if and only if there
exists a negligible subset Z in I such that, for each (t,€) € (I\ 2) x K, we
have

f(t,€) € Tk (§). (5.2.1)

Theorem 5.2.2. Let X be a separable Banach space, K a locally closed
subset in X and f: I x K — X a Lipschitz-Carathéodory function. Then,
a necessary and sufficient condition in order that I x K be Carathéodory
viable with respect to f is the tangency condition (5.2.1).
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Theorem 5.2.3. Let X be a separable Banach space, K a locally closed
subset in X and f: I x K — X a compact-Carathéodory function. Then,
a necessary and sufficient condition in order that I x K be Carathéodory
viable with respect to f is the tangency condition (5.2.1).

From Theorem 5.2.3, we easily deduce

Theorem 5.2.4. Let X be finite dimensional, let K be a locally closed
subset in X and let f : IXK — X be a locally Carathéodory function. Then,
a necessary and sufficient condition in order that I x K be Carathéodory
viable with respect to f is the tangency condition (5.2.1).

Finally, we have

Theorem 5.2.5. Let X be a separable Banach space, K a nonempty
and locally closed subset in X and let f : IXK — X be locally Carathéodory.
Let us assume that K is proximal and the norm ||-|| is Gateaux differentiable
at each x € X, x # 0. Then the following conditions are equivalent:

(i) there exists a negligible subset Z of I such that for every (t,§) €

(ii) there exists a negligible subset Z of I such that for every (t,§) €

(I\Z) x K, f(t,€§) € Tk(£);
(iii) there ezists a negligible subset Z of I such that for every (t,§) €

(I\ 2) x K, f(t,§) € B(§);
(iv) the set I x K is Carathéodory viable with respect to f.

In general, if G : K ~ X is such that Cx(§) C (&) C Bg(§) for each
¢ € K, then each one of the conditions above is equivalent to
(v) there exists a negligible subset Z of I such that for every (t,§) €

I\ Z) x K, f(t,¢) € §().

5.3. Existence of (¢, L)-approximate Carathéodory solutions
We begin with the following simple but useful result.

Proposition 5.3.1. Let X be a real Banach space, K a nonempty and
separable subset in X and f : I x K — X a Carathéodory function. Then,
the tangency condition (5.2.1) is equivalent to the condition (5.3.1) below:
there exists a negligible subset Z of I such that, for every (t,&) € (I\Z)x K,

we have
1 t+h
lim inf —dist (f + £(6,¢)db, K> =0. (5.3.1)
RlO h ‘

Problem 5.3.1. Prove Proposition 5.3.1.
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The main ingredient in the proof of the sufficiency of Theorem 5.2.1
is the next lemma which offers an existence result for “c-approximate
Carathéodory solutions” of the Cauchy problem

{ Z/((:; - g(t’“(t)) (5.3.2)

Lemma 5.3.1. Let X be a separable Banach space, K a nonempty,
locally closed subset in X and f : IXK — X alocally Carathéodory function
satisfying the tangency condition (5.2.1). Let (1,&) be arbitrarily fixed in
I x K, let r > 0 be such that D(§,r) N K is closed. Let Z = 2, U 25U Z3,
where Z1 is the negligible set in (5.2.1), 25 is the negligible set in (5.3.1),
while Z3 is the negligible set in I such that for each t € I\ Zs3, f(t,-) is
continuous on K.

Then, there exist p € (0,r], T € (r,supl], 6y € I\ Z and M in
LY(7,T;R,), such that for each e € (0,1) and each open set L of R, with
Z C L and ML) < g, there exist one family of nonempty and pairwise
disjoint intervals: Ppr = {[tm,sm); m € T'}, with T finite or countable,
and three functions, g € L' (1,T;X), r : [1,T] — X Borel measurable and
w: [T, T] — X continuous, satisfying:

(i) Umerltm,sm) = [7,T) and sy, — ty, < € for each m € T';
(11) if tm, € L then [tm, sm) C L;
i) u(ty,) € D& p) N K for each m € T, u(T) € D(&, p) N K
f(s,u(ty, a.e. on [ty Sm) if t,, & L
(iv) g(s) = { fg&o,zi(tﬂ)l))) a.e. on %tm,sm; if tmi L;
(v) llg@)|l < M(t) a.e. fort e [7,T];
(vi) [l ()HS a.ce. fort €[, T];
(vii) u(t) =& and, for each m € T and each t € [t,,, T'], u satisfies
t t
u(t) = u(ty) +/ 9(0) d9+/ r(6)de.
tm tm

Before proceeding to the proof of Lemma 5.3.1, we introduce:

Definition 5.3.1. Let ¢ > 0 and L an open set including the negligi-
ble set Z in Lemma 5.3.1. A quadruple (P, g, 7, u), satisfying (i)~ (vii) in
Lemma 5.3.1, is called an (e, L)-approzimate Carathéodory solution to the
Cauchy problem (5.3.2) on the interval [7,T'].

We may now pass to the proof of Lemma 5.3.1.

Proof. Let (7,£) € I x K be arbitrary and choose r > 0 such that
D(&,7) N K is closed and for which there exists ¢(-) € LL (I) such that

1t )|l < £(t) (5.3.3)
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for a.a. t € I and every u € D(§,r) N K. This is always possible because K
is locally closed and f satisfies (C4) in Definition 2.8.1.

Fix a 0y € I\ Z. Then v — f(6p,v) is continuous on K. Taking a
sufficiently small p € (0,7 ], we can find M > 0 satisfying

1/ (o, 0)|| < M (5.3.4)

for each v € D(§, p) N K. Next, take T' > 7 such that [7,7] C I and let us
define

M(t) = max{M, ((t)}
a.e. for t € [1,T]. Clearly M € L'(,T;R,), and therefore, diminishing
T > 7, if necessary, we may assume that

T
-7+ / M(0)do < p. (5.3.5)

We first prove that the conclusion of Lemma 5.3.1 remains true if we
replace T' as above with a possibly smaller number p € (7,7] which, at
this stage, is allowed to depend on ¢ € (0, 1). This being done, by using the
Brezis-Browder Ordering Principle, we will prove that we can take y =T,
independent of € € (0,1).

For € € (0,1) take an open set £ of R with Z C £ and whose Lebesgue
measure A\(L) < e.

Case 1. If 7 € L, since f satisfies the tangency condition (5.2.1) at
(60, &), it follows that there exist 0 € (0,¢) with [7,7+0) C L, and p € X
with ||p|| < e, and such that £ + 0 f(00,&) + dp € K.

Let usdefineg: [7,7+0] — X, r: [1,7+0] - X andu: [1,74+5] = X
by g(t) = f(00,€), r(t) = p, and respectively by

u(t) =&+ /tg(H) do + /t r(6) dé (5.3.6)

for each t € [7,7 + J]. By (5.3.4) and the definition of M, we deduce that
the family P.y5 = {[7,7 + §)} and the functions M, g, r and u satisfy
(i)-(vii) with T" substituted by 7 + 0.

Case 2. If 7 ¢ L, we have 7 ¢ Z and, in view of Proposition 5.3.1, there
exist 0 € (0,¢) and p € X, with [|p|| < e and £ + f:+6 f(0,£)do+dp € K.
Setting ¢g(0) = f(0,¢) and r(0) = p, for 6 € [1,7 + §], and defining u by
(5.3.6), we can easily see that, again, the family P,,s = {[7,7 + §)} and
the functions M, g, r and wu satisfy (i)-(vii) with 7" substituted by 7 + 4.

Next, we will show that there exists at least one quadruple (Pr, g, 7, u)
satisfying (i)~(vii) on [7,T']. To this aim we shall use the Brezis-Browder
Ordering Principle, as follows. Let U be the set of all quadruples (P, g,r, u)
with £ fixed as above and p < T and satisfying (i)~(vii) with u instead of
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T. As we have already proved, this set is nonempty. On U we introduce a
partial order as follows. We say that

(:Pupglurhul) j ({.P/Q,QQ,TQ,UQ),
where P, = {[tk,, sk );m € Ty}, k= 1,2, if

m? m)
(O1) p1 < pg and, if pg < p2, there exists i € I'y such that py = t2;
(O3z) for each my € T'y there exists mg € I'y such that:

1 _ 42 1 _ 2 .
by =ty and s, =5,

(03) g1(0) = g2(0), r1(0) = r2(0) and u1(0) = uz(0) for 6 € [T, 1 ].
Let us define the function N : U — R by

N((:Plﬂgv T, 'LL)) = u.

It is clear that N is increasing on U. Let us take now an increasing sequence

((r‘P,LLj y 955755 u]))JEN
in U and let us show that it is bounded from above in U. We define an
upper bound as follows. First, set
p* = sup{u;; j € N}
If p* = pj for some j € N, (Py;,g;,75,u;) is clearly an upper bound. If
pj < p* for each j € N, we define Py» = {[th, s1); j € N, m € [';}. In the
latter case, P+ can be written in the form P« = {[tm,sm);m € N}. We
define
g9(t) = g;(t), r(t) =r;(t), u(t)=wu;(t)

for j € N and every t € [7,u;]. Let us observe that (P, g,7,u), where
Pu+, g, r and u are defined as above, satisfies (i), (ii), the first condition
in (iii), (iv), (v) and (vi) with T replaced with p*. Notice that (vii) is also
satisfied but only on [ 7, ©*). Obviously we have u(t,,) € D(&, p)NK for each
m € N. Since g and r are a.e. defined on [7, x*], it remains to prove that
u can be extended to [T, u* | and satisfies the second condition in (iii), i.e.,
u(p*) € D(&, p)NK and (vii) for t = p*. To this aim, let us observe that, in
view of (vii) on [7, ux), and of the fact that, by (v), we have ||g(t)| < M(t),
for a.a. t € [7,T], with M integrable on [7,T'], it follows that u satisfies the
Cauchy condition for the existence of the limit for ¢ T p*. Consequently,
there exists limyy, u(t). Accordingly, v can be continuously extended at
p* by u(p*) = limgp,- u(t). Since u(ty,) € D(& p) N K for m € N, and
D(&,p) N K is closed, we easily see that u(p*) € D(&,p) N K and thus the
last condition in (iii) is also satisfied. So, with w : [T, u* ] — X, defined as
above, we obviously have that (P, g, 7, u) satisfies (i)~(vi). It is also easy
to see that (vii) holds for each m € N and each ¢ € [t,,, u*). To check (vii)
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for t = p*, we have to fix any m € N, to take t = p; with p; > t,, in (vii)
and to pass to the limit for j tending to oo both sides in (vii).

Thus (P, g,7,u) is an upper bound for ((P,;,g;,75,u;))jen. So, the
set U, endowed with the partial order <, and the function N satisfy the
hypotheses of Brezis-Browder Ordering Principle. Accordingly, there exists
at least one N-maximal element (P,, g,,7r,,u,) in U, which means that if
(Pu, gvs v uw) X (Py, 9oy 7o, up) then v =o.

Next, we show that v = T', where T satisfies (5.3.5). To this aim let us
assume by contradiction that v < T and let £, = u, () which belongs to
D(&, p) N K. Throughout the function M is defined as in the beginning of
the proof. In view of (i)~ (vii), we have

6, — el < / l90(6)]] d6 + / Iro ()1 d6 < (v — ) + / M(6) dé.
Recalling that v < T and ¢ < 1, from (5.3.5) we get

16, =&l < p. (5.3.7)

There are two possibilities: either v € L or v ¢ L.

If v € L, we act as in Case 1 above with v instead of 7 and with &,
instead of £. So, from the tangency condition (5.2.1) combined with (5.3.7),
we infer that there exist § € (0,¢], withv+0 < T, [v,v+d) C Landp € X,
satisfying ||p|| < e, such that &, + df(6o,&,) + dp € D(&,p) N K.

If v ¢ L, we act as in Case 2 above with v instead of 7 and with &,
instead of £. From Proposition 5.3.1 combined with (5.3.7), we infer that
there exist § € (0,¢], with v+ < T, and ¢ € X, satisfying ||¢|| < ¢ and

v+6
fu-i-/ f(0,&,)d0+ g e D&, p)NK.

We define P15 = P, U{[v,v + d)} and both g 45 : [7,v + ] — X and
Tyys [T, v+06] — X by

B W(t)  ifte[nv]
gu+5(t)—{ f(ggO’g,,) if t € (v,v+4]

@) iftelnv]
ru+5(t)—{ p ifte(v,v+4]
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if v € L, and

W(t) ifte[rv]
gy+a(t)—{ f‘?t,gy) if t € (v,v+6]

r,(t) ifte|r,v]
T”Jré(t):{ q ifte(v,v+4]

if v ¢ L. Finally, we define u,4s: [T,v+d] — X by
uy(t) ifte[r,v]

uy,45(t) = ‘ ! .
51/-1-/ gy+§(9)d0+/ ryas(0)do ifte (v,v+0].

Since u,15(v+9) € KND(E, p), it follows that (P15, Guts, rvts, Uvts)
satisfies (i)~(vii) with v + ¢ instead of T. So, (Py1s, 9v+s, Tvts, Upts) € U
and

(‘:PI/?gl/aTl/a U’l/) = (Tu+539u+6,7“u+6, uu+5) with v <v+4.
This contradiction can be avoided only if v = T'. The proof is therefore
complete. O

5.4. Convergence of (¢,L)-approximate Carathéodory solutions

The proof of the sufficiency of Theorem 5.2.1 consists in showing the con-
vergence of a suitably chosen sequence of (¢, L)-approximate Carathéodory
solutions.

Proof. Let (7,€) € I x K and let » > 0 be such that D(&,r) N K is
closed. Let p € (0,7], T € (1,supI], 0y € I\ Z and M € L*(7, T;Ry) given
by Lemma 5.3.1, let (&5,)n, be a sequence in (0, 1) strictly decreasing to 0, let
(L) be a decreasing sequence of open subsets in R such that the negligible
set Z, defined in Lemma 5.3.1, satisfy Z C L,, and A\(L,,) < &, for every n €
N. Take L = Nyp>1L,, and a sequence of (g, L, )-approximate Carathéodory
solutions ((P4, gn,Tn,un))n of (5.3.2) whose existence is ensured also by
Lemma 5.3.1.

Let us define oy, : [7,T] — [7,T] by on(t) = t, for t € [t],s}),
on(T) =T, and

Ho= |J [th:sm)-

tn €Ly,
In view of (ii)! we have H,, C L,, and therefore
AHn) < en. (5.4.1)

1Except otherwise specified, all references to (i), (ii),. .., (vii) are to the correspond-
ing items in Lemma 5.3.1.
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Set &, = [7,T]\ Hn, let t € [7,T], and let us define H!, = [7,¢t] N'H,, and
& =[7,t]N&E,. Since by (vii) we have

¢ t
Up(t) = §+/ gn(s) ds+/ rn(s) ds, (5.4.2)
from Lemma 2.7.2, Remark 2.7.1 and (vi), we deduce

B ({un(t); n = k})

< <{/:gn<s>ds; nzk}) s ({/:rn@)ds; wzt})

< / B{gn(s); n>k})ds+ (T —7)ex
= / B({f(s,unlon(s))); n = k}) ds+/ B ({gn(s); n > k})ds+(T—T)eg
&t H}i

k

< / w(s, B {un(on(s)); n>k}))ds + M(s)ds + (T — 7)eg
&t Hi

< / w(s, B{un(s); n =k} + {un(on(s)) — un(s); n > k}))ds
gt

k

+ M(s)ds + (T — 7)eg.
Hi
Let k=1,2,... and n > k. From (5.4.2), we have

t

t
(0 (£)) — i (8)| < sp { / RO /

Let us denote by

lrn(0)]1d65 ¢ € [T,T]}-
n(t)

t t
5k—sup{ M(@)d9+/ lrn(0)||d6; t € [7,T], nzk}.
on(t)

on(t)
By (vii), (v), (vi) and (i), we have
lim ||up, (t) — un(on(t))|| < limd, = 0. (5.4.3)

Thus,

B {un(t); n = k})
< /gt w(s, B{un(s); n = k}) + B({un(on(s)) —un(s); n = k}))ds

k

+ M(s)ds + (T — 7)ex,
He
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< /tw(s,ﬁ({un(s); n> k)4 0n)ds+ | M(s)ds + (T — r)er.
T H

Denoting by zx(t) = B({un(t); n > k}) + 0 and

Yk = M(S) dS—i—(T—T)Ek—i-(Sk,
Hg

we get
t
xi(t) < v +/ w(s, zr(s)) ds

for k =1,2,... and ¢t € [7,T]. As 7, | 0, we are in the hypotheses of
Lemma 1.8.3, wherefrom we conclude that, diminishing 7" > 7 if neces-
sary, on a subsequence at least, we have limy x(t) = 0, which means that
limy B({un(t); n > k}) = 0, uniformly for ¢ € [7,T']. Now, Lemma 2.7.3
comes into play and shows that, for each t € [7,T'], {u,(t); n=1,2,...}
is relatively compact. Since by (v), (vi) and (vii) in Lemma 5.3.1, it follows
that {un; n = 1,2,...} is equicontinuous on [7,7], from Theorem 1.3.6,
we conclude that there exists u € C([7,T]; X) such that, on a subse-
quence at least, we have lim,, u,(t) = w(t) uniformly for ¢ € [7,T'], where
ue C([r,T]; X).

To complete the proof, it remains to show that u is a solution of the
Cauchy problem (5.3.2). To this aim, let us remark that by (iii), we have
un(on(t)) € D(&,p) N K and since D(, p) N K is closed, from (5.4.3), we
deduce that u(t) € D(§,p) N K for every t € [7,T']. Again (5.4.3) yields

117?19”(3) = ligln f(S,Un(Un(s))) = f(S, U(S)),

for each s € [7,7'] \ L. Using Lebesgue Dominated Convergence Theo-
rem 1.2.3 in order to pass to the limit for n — oo both sides in (5.4.2), we
conclude that

t
ut) =€+ [ flsus)ds
for each t € [7,T']. This completes the proof. O

Problem 5.4.1. Give a direct proof to Theorem 5.2.2, avoiding the
measure of noncompactness.

Problem 5.4.2. Give a direct proof to Theorem 5.2.4, avoiding the
measure of noncompactness.

Problem 5.4.3. Give a direct proof to Theorem 5.2.3, avoiding the
measure of noncompactness.
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5.5. Noncontinuable Carathéodory solutions

We next present some results concerning the existence of noncontinuable,
or even global Carathéodory solutions to

u'(t) = f(t,u(t)). (5.5.1)
A Carathéodory solution u : [7,T) — K to (5.5.1) is called noncontinuable,
if there is no other Carathéodory solution v : [7,7) — K of the same
equation, with 7 < T and satisfying u(t) = v(t) for all ¢t € [7,T). The
Carathéodory solution v is called global if T" = sup I. The next theorem
follows from Brezis—Browder Theorem 2.1.1.

Theorem 5.5.1. Let X be a Banach space, K C X a nonempty set
and let f: I x K — X. Then, the following conditions are equivalent:
(i) I x K is Carathéodory viable with respect to f;
(ii) for each (1,§) € I x K there exists at least one noncontinuable
Carathéodory solution u : [1,T) — K of (5.5.1), satisfying the
initial condition u(t) = &.

Remark 5.5.1. Notice that in Theorem 5.5.1 we do not assume K to
be locally closed or f to be locally Carathéodory.

Definition 5.5.1. A function f : [ x K — X is called Carathéodory
positively sublinear, if there exist a,b € Llloc(l ), ¢ € LS (1) and a negligible
subset Z of I such that

17N < a@®)Ell + b(t)
for each (t,&) € K$(f), where

KS(f) ={(t,€) € I\ Z2) x K; [|§]| > ¢(t) and [, f(2,€) ]+ > 0}

Theorem 5.5.2. Let X be a Banach space, K C X a nonempty and
closed set and let f : I x K — X be a locally Carathéodory function. If f
is Carathéodory positively sublinear and I x K is Carathéodory viable with
respect to f, then each Carathéodory solution of (5.5.1) can be continued
up to a global one, i.e., defined on [1,sup ).

Proof. Since I x K is Carathéodory viable with respect to f, by The-
orem 5.5.1, it follows that for each (7,&) € I x K there exists at least one
noncontinuable Carathéodory solution, u : [7,T) — K, of (5.5.1), satisfy-
ing u(r) = £ We will show that 7" = sup I. To this aim, let us assume the
contrary, i.e., that T" < sup I. In particular this means that T' < +o0o. As
u'(s) = f(s,u(s)) for a.a. s € [7,T), we deduce

d+
S (uO)D(s) = [uls), £ (s u(s)) )+



106 Viability under Carathéodory conditions

for a.a. s € [1,T). Let t € [7,T). Integrating over [7,t] C [7,T) this
equality, we get

Ju®)ll = €]+ [ [us). £(s,u(s)) - s
< H£H+/E[u(s),f(s,u(s))]+ds+/H\G [u(s), f(s,u(s))]+ ds,

where
Ey={se[rt]; [u(s), f(s,u(s))]+ >0 and [Ju(s)[| > c(s)},
Gy ={se[rt]; [u(s), f(s,u(s))]+ < 0},
Hy = {s € [r,t]; [lu(s)]| <c(s)}.

Taking into account that H; C Hrp and that, by (ii) in Exercise 1.6.1,
[u,v]4 < |v| for each u,v € X, we get

lu(®)] < el + /E a(s)[[u(s) | + b(s)] ds + /H 1 (s, u(s)l| ds

for each t € [7,T). But f is a Carathéodory function and therefore there
exists ¢ € L{..(I) such that

1f (s, u(s))]l < £(s)
for a.a. s € Hy. See (C3) in Definition 2.8.1. Hence

T T T
lu@)l < €l + / ((s) ds + / b(s) ds + / o(s)[u(s)]) ds

for each t € [7,T'). By Gronwall Lemma 1.8.4, it follows that u is bounded
on [1,T).

Using once again the fact that f is Carathéodory, we deduce that
f(-,u(+)) is bounded on [7,T) by a function in L!(,T) and so, there exists
limyr u(t) = u*. As K is closed and T" < sup I, we get (T,u*) € I x K.
Using this observation and recalling that I x K is Carathéodory viable
with respect to f, we conclude that u can be continued to the right of T.
But this is absurd, because v is noncontinuable. This contradiction can be
eliminated only if 7' = sup I, and this completes the proof. O



CHAPTER 6

Viability for differential inclusions

The aim of this chapter is to present the main results on viability and invariance in
the case of differential inclusions. We first introduce the notions of exact solution
and almost exact solution and we study their relationship. We next consider the
autonomous case and we prove some necessary and necessary and sufficient con-
ditions for almost exact viability expressed in terms of the set-tangency concept
introduced in Chapter 2. The nonautonomous case is reduced to the autonomous
one by using the usual trick of introducing a new unknown function. Some prob-
lems concerning the continuation of (almost) exact solutions and the existence of
global (almost) exact solutions are also considered. Finally, we establish a suffi-
cient condition of invariance and a necessary condition in the specific case of a
finite-dimensional problem.

6.1. Necessary conditions for exact viability

Let X be a real Banach space, K a nonempty subset in X, F' : K ~ X
a given multi-function and let us consider the Cauchy problem for the

differential inclusion )

u'(t) € F(u(t))

{ w(0) — & (6.1.1)
Definition 6.1.1. An ezact solution of (6.1.1) on [0, 7] is an absolutely

continuous function u : [0,7'] — K which is a.e. differentiable on [0,7]

with «/ € L'(0,T; X) and satisfies

{ u'(t) € F(u(t)) at each point ¢ € [0,T'] at which u is differentiable

u(0) = &.

An exact solution of (6.1.1) on the semi-open interval [0,T) is defined sim-

ilarly, noticing that, in this case, we have to impose the weaker constraint
u' € Li ([0,T); X).

loc

Definition 6.1.2. An almost exact solution of (6.1.1) on [0,7] is an
absolutely continuous function u : [0,7'] — K which is a.e. differentiable

107
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on [0,T] with v’ € L1(0,T; X) and satisfies

{ u'(t) € F(u(t)) a.e. for t€[0,T]
u(0) =¢&.

An almost exact solution of (6.1.1) on the semi-open interval [0,T) is de-
fined similarly, noticing that, in this case, we have merely to impose that
u' € Li ([0,T); X).

loc

Remark 6.1.1. Clearly each exact solution is almost exact. It should
be emphasized that, although not obvious, under some very natural con-
tinuity assumptions on F', the converse statement is also true as we shall
later prove. See Corollary 6.1.1 below.

Remark 6.1.2. If u is an almost exact solution of (6.1.1) on [0,T'], we
have

u(t) = u(s) +/ u'(0) do

for each 0 < s <t <T. In view of Remark 6.1.1, the equality above holds
also true if u is an exact solution.

Definition 6.1.3. The set K is exact viable (almost exact viable) with
respect to F' if for each £ € K there exists 7' > 0 such that (6.1.1) has at
least one exact solution (almost exact solution) u : [0,7'] — K.

Let w:[0,7] — X and let ¢t € [0,T"). We denote by Dyu(t) the set of
all limit points of the mapping h + A~ (u(t + h) — u(t)) for h | 0. Clearly,
if u is right differentiable at ¢ and u/, (t) is the right derivative of u at t,
we have Dyu(t) = {u/ (¢)}. In particular, if u is differentiable at ¢, then

D.yu(t) = {u/(2)}.

Theorem 6.1.1. Let X be a Banach space, let F : K ~ X be a
strongly-weakly w.s.c. multi-function with nonempty, closed and convex val-
ues and let u: [0,T] — K be an almost exact solution of (6.1.1). Then

Diu(t) C F(u(t)) NTx(u(t))
for each t € [0,T).

Proof. If t € [0,T) is such that the mapping h +— b~ (u(t + h) — u(t))
has no limit point for h | 0 then D u(t) = @, and therefore we have
nothing to prove. So, let ¢t € [0,T) be such that D u(t) is nonempty and
let 7 € Dyu(t) be arbitrary. Then, there exists hy | 0 such that

liin(hk)_l(u(t + h) —u(t)) =n.
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Since F' is strongly-weakly u.s.c. at u(t) and s +— wu(s) is continuous, it
follows that for each open half space V' with F(u(t)) C V, there exists a
positive integer k(V') such that, for k = k(V),k(V) +1,..., we have

1 1 t+hp o
—(u(t + hg) —u(t)) = / u'(s)ds € V.
hi, hi Ji
Thus € V. Since F(u(t)) is closed and convex, it is the intersection of
all closed half spaces which contain it. Hence n € F'(u(t)). To complete the
proof, we have merely to observe that
1 1
lim —dist (u(t) + hgn; K) < lim —||u(t) + hgn — u(t + hg)|| = 0,
k hy ko hy

which shows that n € Tx(u(t)). Since n € D u(t) was arbitrary, we get
Diu(t) C F(u(t)) N Tr(u(t)), and this completes the proof. O

Corollary 6.1.1. Let X be a Banach space, F': K ~» X be a strongly-
weakly u.s.c. multi-function with nonempty, closed and convex values. Then
each almost exact solution of (6.1.1) is an exact solution too.

In view of Corollary 6.1.1, from now on, whenever F' is strongly-weakly
u.s.c. with nonempty, closed and convex values, we shall speak only about
exact solution and exact viability. However, if F' is not as mentioned before,
we still shall make a distinction between exact and almost exact concepts.

Corollary 6.1.2. Let X be a Banach space, F': K ~» X be a strongly-
weakly w.s.c. multi-function with nonempty, closed and convexr values and
let w:[0,T] — K be an exact solution of (6.1.1). If t € [0,T") is such that

F(u(t)) N Tk (u(t) =0,
then h — h™Y(u(t + h) — u(t)) has no limit point for h | 0.
Problem 6.1.1. Let X be a Banach space, F : K ~ X be a strongly-
weakly u.s.c. multi-function with nonempty, closed and convex values. Prove

that, whenever K is exact viable with respect to F' : K ~» X, then the set
C={¢eK; F§)NTk(&) #0} is dense in K.

Before proceeding to the main result in this section, a measurability
lemma is needed. We first introduce

Definition 6.1.4. A set C' C X is quasi-weakly (relatively) compact if,
for each r > 0, C' N D(0, ) is weakly (relatively) compact.

Problem 6.1.2. Prove that each quasi-weakly compact set is closed.

Remark 6.1.3. If X is reflexive, from Theorems 1.3.4 and 1.3.5, we
conclude that each closed and convex set C' C X is quasi-weakly compact.
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Lemma 6.1.1. Let X be a Banach space, let C' be a convexr and quasi-
weakly compact subset in X, let p > 0 and let v € LY(0,T; X), with v(t) €
C + D(0,p) a.e. fort € [0,T]. Then there exist two measurable functions
f:[0,T] — C and g : [0,T] — D(0,p) such that f € L'(0,T;X) and
v(s) = f(s) +g(s) a.e. for s €[0,T].

Proof. In view of Theorem 1.2.1, there exist p, | p and a sequence
of countably-valued functions (vy)n, vn, : [0,7'] — C + D(0, p,) such that
lim,, v, = v a.e. uniformly on [0,7]. See Definition 1.2.1. Since v lies in
LY(0,T; X), we may assume with no loss of generality that, in addition,
(vn)n converges to v in LY(0,T; X), too. On the other hand, there exist
two sequences of countably-valued functions (fy,)n and (gn)n, fn : [0, 7] —
C, gn : [0, T] — D(0,py,) such that v, = fn + gn, for n = 1,2,.... As
limy, v, = v a.e. uniformly on [0,T'], we conclude that

[ < llon@I + [lgn O < [l0@)] + [[on(t) = v@)[] + pn
< lo(@®)|| + M, (6.1.2)
a.e. for t € [0,T], where M > 0 is independent of n = 1,2,.... From
(6.1.2), recalling that C' is quasi-weakly compact and v € L*(0,T; X), we
deduce that, for each € > 0, there exist a weakly compact subset C. of
C and a set E. C [0,T] such that, for n = 1,2,..., f,(E.) € C.! and
pu([0,T]\ Ee) < e. Indeed, let € > 0 be arbitrary, let - > 0 be such that

v ) +TM
vl 21 o) <e (6.1.3)

Te
and let C. = C' N D(0, 7). Further, let
E.={t€[0,T]; [[v(@®)[ +M < rc}.

Clearly C; is weakly compact and, in view of (6.1.2), f,(E.) C C. for
n =1,2,.... It remains to prove that u([0,T]\ E:) < e. To this aim, let
us observe that

mmuﬂumsAmeww+Mws

T
§A<mwm+Mww=memm+TM.

From this inequality and (6.1.3) we get u([0,7'] \ E:) < &, as claimed.
So, {fn; m =1,2,...} satisfies the hypotheses of Theorem 1.3.8 and thus,
it is weakly relatively compact in L'(0,T; X). In view of Theorem 1.3.4,

n fact we have fn(t) € Cc ae. for t € E., but redefining the functions f, on a set
of null measure we arrive at f,(E.) C C. without affecting the rest of the properties of
fn needed in that follows.
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it is weakly sequentially compact. Hence, we may assume, with no loss
of generality, that lim,, f, = f weakly in L'(0,7;X). Then, in view of
Corollary 1.1.1, there exists (f,), with f, € conv{fz; k > n}, such that
lim, f, = f in L'(0,T; X). So, on a subsequence at least, lim,, f,(s) = f(s)
a.e. for s € [0,T']. But C is convex and, in view of Problem 6.1.2, is closed
too. Thus f(s) € C a.e. for s € [0,T]. Since v, = fn + gn and (fn)n
converges weakly in L'(0,T; X), while (v,), converges in L'(0,T;X) to
v, we conclude that (g,), converges weakly in L'(0,7;X) to g = v — f.
Redefining, if necessary, both f and g on a set of null Lebesgue measure,
we may assume that f(s) € C, g(s) € D(0,p) for each s € [0,T] and
v(s) = f(s)+g(s) a.e. for s € [0,T]. As f and g are measurable, the proof
is complete. O

Theorem 6.1.2. Let X be a Banach space. If K C X is almost exact
viable with respect to the multi-function F' : K ~ X, then at each point
¢ € K at which F is u.s.c. and F(§) is convex and quasi-weakly compact,
we have

F(€) € T8k ()2

Proof. Let £ € K be a point at which F(€) is convex and quasi-weakly
compact and F' is u.s.c. Since K is almost exact viable with respect to F',
there exists at least one almost exact solution w : [0,7'] — K of (6.1.1). As
u is continuous at ¢ = 0, F is u.s.c. at u(0) = £ and u/(s) € F(u(s)), a.e.
for s € [0,T'], it follows that for each p > 0 there exists d(p) > 0 such that

u'(s) € F(§) + D(0, p)
a.e. for s € [0,6(p)]. So, if (pn)n is a sequence in (0,1), p,, | 0, there exists
hy | 0 such that

() € F(§) + D(0, pn)
forn=1,2,... and a.e. for s € [0, h,, ]. Hence, for each n = 1,2,..., there

exist f, and g, with f,,(s) € F(£), gn(s) € D(0, p,) and
u/(s) - fn(s) + gn(s)

a.e. for s € [0, hy, |. Since F'(£) is convex and quasi-weakly compact, in view
of Lemma 6.1.1, we may assume without loss of generality that both f,, and
gn are integrable. Let n = 1,2,..., and let us define

I

Tin = h7n 0 fn(s) ds.

2See Definition 2.3.1.
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As F(§) is convex and closed (see Problem 6.1.2), we have

n € F(ﬁ)

Let us observe that

n

h
W@m—@mmw=%+ﬁ () ds — € — B
=‘AMW®%JM$M8 AM%@Ms

for n =1,2,.... Hence we have
o1
lim — [[u(hn) = € — hunall = 0.
n h

n

< hppn,

Set

1
Pn = h7n (u(hn) —&§— hnnn) )

and let us observe that h,n, = u(hy) — & — hypp. Clearly this shows that
lim,, hy,n, = 0. Since u(hy,) € K, forn =1,2,..., we get

E+ hynn + hppn € K

for n = 1,2,.... These considerations, along with lim, p, = 0, n, € F(§),
for n = 1,2,..., and with the equivalence between (i) and (iv) in Prob-
lem 2.3.1, show that F'(§) € T8k (), and this completes the proof. O

Problem 6.1.3. Prove that in Theorem 6.1.2 we can relax the assump-
tion “quasi-weakly compact” to “quasi-weakly relatively compact” without
affecting the conclusion.

In the case in which, in addition, F' is compact valued, we get a necessary
condition stronger than the one in Theorem 6.1.2. See Remark 2.4.1.

Theorem 6.1.3. Let X be a Banach space. If the set K is almost exact
viable with respect to the multi-function F : K ~ X then, at each point
¢ € K at which F is u.s.c. and F(§) is nonempty, convex and compact, we

have F(§) N Tk (§) # 0.
Proof. See Theorem 6.1.2 and Problem 2.4.2. O

A consequence of Theorem 6.1.2 and Remark 6.1.3 is stated below.

Theorem 6.1.4. If X is reflexive and K C X is almost exact viable
with respect to the multi-function F : K ~ X then, at each point & € K
at which F is u.s.c. and F(§) is nonempty, convex and closed, we have

F(&) € T8k (§).



Sufficient conditions for exact viability 113

6.2. Sufficient conditions for exact viability

The goal of this section is to state several sufficient conditions of viability
of a set K with respect to a multi-function F. It should be noticed that
some of these conditions are also necessary and therefore we will formulate
them as necessary and sufficient conditions, the necessity part of each one
following from Theorem 6.1.2. Let X and Y be Banach spaces, D is a
nonempty subset in Y and F : D ~» X is a given multi-function®.

Definition 6.2.1. A multi-function F': D ~ X is locally compact if it
is u.s.c. and for each n € D there exists p > 0 such that F(Dy(n,p) N D)
is relatively compact in X. Further, F' is called compact if it is u.s.c. and
carries bounded subsets in D into relatively compact subsets in X.

Remark 6.2.1. Clearly, each compact multi-function is locally com-
pact. If D = X =Y and, in addition, X is finite dimensional, each locally
compact multi-function with bounded values is compact. Also when X is
finite dimensional, each multi-function with nonempty and compact values
is locally compact. However, we notice that, when D C X and D does
not coincide with X, even if the latter is finite dimensional, there exist
locally compact multi-functions which are not compact. Furthermore, if D
is locally compact and F' is u.s.c. with nonempty and compact values, F' is
locally compact even though X is infinite dimensional. See Lemma 2.6.1.

Definition 6.2.2. Let Y and X be two Banach spaces and let D C Y.
A multi-function F' : D ~ X is called locally 5-compact if it is u.s.c. and,
for each y € D, there exist » > 0 and a uniqueness function w : Ry — Ry
such that F'(Dy (y,r) N D) is bounded and, for each set C' C Dy (y,r) N D,
we have

Bx (F(C)) < w(By(C)), (6.2.1)

where Gx is the Hausdorff measure of noncompactness on X and By is the
Hausdorff measure of noncompactness on Y.

A multi-function F' : D ~ X is called G-compact if it is u.s.c. and, for
each bounded subset C' in D, (6.2.1) is satisfied.

In order to simplify the notation, in all that follows, whenever any
possibility of confusion will be ruled out by the context, we will denote
both functions Bx and By with the very same symbol, 5.

Remark 6.2.2. One may easily verify that each locally compact multi-
function is locally 8-compact. Also, each S-compact multi-function is locally

3As in the single-valued case, in fact only two specific situations will be considered,
the first one when Y = X which corresponds to the autonomous case and the second one
when Y = R x X which corresponds to the nonautonomous one.
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(B-compact. Furthermore, if D is locally compact and F' : D ~ X is u.s.c.
with nonempty and compact values, then F' is locally compact and thus
locally (-compact. See Lemma 2.6.1. Therefore, if Y is finite dimensional
and D C Y is locally closed, each u.s.c. multi-function F' : D ~» X with
compact values is locally B-compact. Moreover, if Y is finite dimensional
and D CY is closed, each u.s.c. multi-function F' : D ~» X with compact
values is J-compact.

Remark 6.2.3. Each locally f-compact multi-function has relatively
compact values, because S(F(§)) < w(B({£})) = w(0) =0 for each £ € D.

Theorem 6.2.1. Let X be a Banach space, let K C X be nonempty and
locally closed and let F' : K ~ X be a locally B-compact multi-function with
nonempty, closed and convex values. A mecessary and sufficient condition
in order that K be exact viable with respect to F is that

F(§) € T8k (£) (6.2.2)
for each € € K.

From Theorem 6.2.1, Remark 6.2.3 and Problem 2.4.2 we get

Theorem 6.2.2. Let X be a Banach space, let K C X be nonempty and
locally closed and let F' : K ~ X be a locally B-compact multi-function with
nonempty, closed and convex values. A mecessary and sufficient condition
in order that K be exact viable with respect to F is that

FENTk(8) #0 (6.2.3)
for each € € K.

From Theorem 6.2.2 and Remark 6.2.2, we deduce

Theorem 6.2.3. Let X be finite dimensional, let K C X be nonempty
and locally closed and let F' : K ~ X be an w.s.c. multi-function with
nonempty, compact and convex values. A necessary and sufficient condition
in order that K be exact viable with respect to F is the tangency condition

(6.2.3).
A result of a different topological nature is

Theorem 6.2.4. Let X be a Banach space, let K C X be nonempty
and locally compact and let F : K ~ X be a strongly-weakly u.s.c. multi-
function with nonempty, weakly compact and convexr values. Then, a suf-
ficient condition in order that K be exact viable with respect to F is the
tangency condition (6.2.2).
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Since in reflexive Banach spaces the class of weakly relatively compact
subsets coincides with the class of bounded subsets, from Theorem 6.2.4,
we deduce

Corollary 6.2.1. Let X be a reflexive Banach space, let K C X be a
nonempty and locally compact set and let F' : K ~» X be a strongly-weakly
u.s.c. multi-function with nonempty, bounded, closed and convexr values.
Then, a sufficient condition in order that K be exact viable with respect to
F' is the tangency condition (6.2.2).

Remark 6.2.4. In the hypotheses of Theorem 6.2.4, if the function
u : [0,T] — K is an exact solution of (6.1.1), by Corollary 6.1.2, we
conclude that whenever F(u(t)) € T8k (u(t)) but F(u(t)) N Tk (u(t)) = 0,
then h +— h=!(u(t + h) — u(t)) has no limit points as h | 0. So, if an exact
solution reaches a point z € K with F(z) € T8k (z) and F(z)NTx(z) =0,
it crosses x along a completely nonsmooth (at that point) trajectory.

We conclude this section with an example showing that the convexity
condition on the values of F' is essential in obtaining the viability of a locally
closed set K with respect to an u.s.c. multi-function F': K ~» X by means
of the tangency condition F'(§) N Tk (§) # 0 for all £ € K.

Example 6.2.1. Let X = R?, K = D(0,1) and F : K — R2, defined
by F(&) = {(—1,0),(1,0)} for each { € K. Then, one may easily see that
K is locally closed (in fact closed and convex), F' is u.s.c., satisfies the
tangency condition, but, nevertheless, K is not viable with respect to F'.

6.3. Existence of c-approximate exact solutions

The main goal of the next two sections is to prove Theorems 6.2.1 and
6.2.4. As the necessity part follows from Theorem 6.1.2 combined with
Remark 6.2.3, here we will focus our attention only to the sufficiency part.

The first step is concerned with the existence of “approximate solutions”
to the autonomous Cauchy problem for the differential inclusion below

u'(t) € F(u(t))
{ uw(0) = €, (6.3.1)
where K C X is locally closed, £ € K and F : K ~ X is locally bounded.
This happens, for instance, under the hypotheses of both Theorems 6.2.1
and 6.2.4, in the latter case, thanks to Lemma 2.6.1. Since K is locally

closed, there exists p > 0 such that the set D(&, p) N K be closed. Next,
diminishing p > 0 if necessary, we can choose M > 0 and T' > 0 such that

lyll < M (6.3.2)
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for every x € D(§,p) N K and y € F(x), and
T(M +1) < p. (6.3.3)

The possibility of diminishing p in order to find M > 0 satisfying (6.3.2) is
a consequence of the fact that I is locally bounded, i.e., F' is bounded on
D(&,p) N K provided p > 0 is small enough. Finally, taking a sufficiently
small 7' > 0, we obtain (6.3.3).

Lemma 6.3.1. Let X be a Banach space, let K C X be nonempty
and locally closed and let F' : K ~» X be locally bounded and satisfying
F(&) € T8k (&) for each §é € K. Let £ € K, p >0, M >0 and T > 0 be
fixed as above. Then, for each € € (0,1), there exist o : [0,T] — [0,T]
nondecreasing, f :[0,T] — X and g : [0,T] — X Riemann integrable and
u:[0,T] — X continuous, such that:

(i) t—e<o(t) <t for each t € [0,T];

(i) llgt)]| < ace for t € [0,T];

(iii) u(o(t)) € D&, p) N K for allt € [0,T] and w(T) € D(&,p) N K

(iv) f(s) € F(u(a(s))) a.e for s € [0, T];
)

(v) u(t) = §+/ f(s ds—l—/ g(s)ds for each t € [0,T].
Before proceeding to the proof of Lemma 6.3.1 we introduce:

Definition 6.3.1. A quadruple (o, f,g,u), satisfying the conditions
(i)~(v) in Lemma 6.3.1, is called an e-approzimate exact solution to the
Cauchy problem (6.3.1) on the interval [0,7].

We may now pass to the proof of Lemma 6.3.1.

Proof. Let ¢ > 0 be arbitrary. We begin by showing the existence of
an e-approximate exact solution on an interval [0,0] with § € (0,7]. By
hypothesis, F(£) € TSk (€). From the equivalence between (i) and (iv) in
Problem 2.3.2, it follows that there exist n € F(£), 6 € (0,T], 6 < ¢ and
p € X with ||p|| < ¢, such that

E+on+ipe K.

Now let us define o : [0,6] — [0,6], f:[0,0] = X, ¢g:[0,0] — X and
u:[0,0] = X by

o(t)=0 for t € [0,0]
fit)y=n for t € [0,0]
g(t)=p for t € [0,0]
u(t)=€6+tn+tp forte[0,d]
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One can readily see that the quadruple (o, f, g, u) is an e-approximate exact
solution to the Cauchy problem (6.3.1) on the interval [0, ]. Indeed, the
conditions (i), (ii), (iv) and (v) are obviously fulfilled. To show (iii), let
us observe that u(o(t)) = £ and therefore u(o(t)) € D(§,p) N K for every
t € [0,0]. Clearly u(d) € K. On the other hand, by (6.3.2) and (6.3.3), we
deduce

[u(8) =&l < 8llnll + dllpll < T(M +1) <p.

Thus (iii) is satisfied.

Next, we will prove the existence of an e-approximate exact solution
defined on the whole interval [0, T"]. To this aim we shall make use of Brezis—
Browder Theorem 2.1.1, as follows. Let S be the set of all e-approximate
exact solutions to the problem (6.3.1) having the domains of definition of
the form [0, c¢| with ¢ € (0,7']. On 8 we define the relation < by

(o1, f1,91,u1) =2 (02, f2, g2, u2)

if the domain of definition [0, ¢1] of the first quadruple is included in the do-
main of definition [0, ¢2] of the second quadruple and the two e-approximate
exact solutions coincide on the common part of the domains. Obviously =<
is a preorder relation on 8. Let us show first that each increasing sequence
((omy fm 9m» Um))m is bounded from above. Indeed, let ((o, fin, Gm» Um))m
be an increasing sequence, and let ¢* = lim,, ¢,,,, where [0, ¢, | denotes the
domain of definition of (6., fin, gm, um). Clearly, ¢* € (0,7 ]. We will show
that there exists at least one element, (o, f*, g*,u*) € 8, defined on [0, c* |
and satisfying (o, fim, 9m, um) = (0¥, f*, g%, u*) for each m € N. In order
to do this, we have to prove first that there exists lim,, u, (¢, ). For each
m,k € N, m < k, we have u,,(s) = ug(s) for all s € [0,¢p,]|. Taking into
account (iii), (iv), (v) and (6.3.2), we deduce

[ (em) = ur(cr)l| < /Ck[ka(H)H + llgx(0)[[]d0 < (M + ¢)[cy, — cml

m

for every m, k € N, which proves that there exists lim,, ty,(¢y,). Since for
every m € N, up(cn) € D(&,p) N K, and the latter is closed, it readily
follows that limy, um,(cm) € D(€, p) N K. Furthermore, because all the func-
tions in the set {o,,; m € N} are nondecreasing, with values in [0,c*],
and satisfy o,,(cm) < op(cp) for every m,p € N with m < p, there exists
lim;,, 0, (¢, ) and this limit belongs to [0, ¢* ]. This shows that we can define
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the quadruple (o*, f*,g*,u*) : [0,¢*] — [0,¢*] x X x X x X as follows. Let

7O =] Tmom(en) Tt
W= T (o) for e
=30 el
ro={ 0 s

where n* is an arbitrary but fixed element in F'(u*(c*(c*))). One can easily
see that (o™, f*, g*, u*) is an e-approximate exact solution which is an upper
bound for ((om, fim, gm, Um))m- Let us define the function N : § — R by
N((o, f,g,u)) = ¢, where [0,c] is the domain of definition of (o, f, g,u).
Clearly N satisfies the hypotheses of Brezis-Browder Theorem 2.1.1. Then,
§ contains at least one N-maximal element (7, f, g, %), defined on [0,¢].

In other words, if (E,f,ﬁ, 1) € 8, defined on [0,¢], satisfies (7, f,g,u) =

(o, 1.3, u), then we necessarily have ¢ = ¢. We will next show that ¢ = T.
Indeed, let us assume by contradiction that ¢ < T'. Since

fae) ¢l < | T ) ds + /0 a(s)llds < o(M + )

<e(M+1)<T(M+1),

we deduce that

() — €] < p. (6.3.4)
Then, as u(¢) € K, we have F(u(c¢)) € T8k (u(¢)) and thus, again by the
equivalence between (i) and (iv) in Problem 2.3.2, there exist 77 € F(u(¢)),
0€(0,7—¢),d <ecandpe X, |p| <e¢, such that u(c) + 67+ dp € K.
From (6.3.4), it follows that we can diminish 0, if necessary®, in order to
have

[(2) + 0m + op — ]| < p- (6.3.5)
Let us define the functions o : [0,¢+¢] — [0,¢4 4], f:[0,¢4 ] — X and
g:[0,c4 0] — X by

o) { o(t) forte [(E),EE

f() forte0,e g(t) forte[0,¢
f(t):{n() fortEEc,c]—Hﬂ ’ g(t):{i ¢

4of course, both 77 and p may change with 4.
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Clearly, f and g are Riemann integrable on [0,¢ + d] and ||g(t)|| < & for
every t € [0,¢4 0]. We define u: [0,64+ 6] — X by

| a(®) for t € [0,C
u(t) = { (@) + (t—en+ (t—c)p forte (¢

Let us notice that

]
+6].

u(t):f—l—/o f(&)dé—i—/o g(0)dé

for every t € [0,¢4 d]. Thus o, f, g and u satisfy the conditions (i), (ii),
(iv) and (v). Since

u(o(t) = { u(@(t))  for te| g’,

u(c) for ¢ e (

c]
c+4],
it follows that u(o(t)) € D(&, p) N K and thus (iii) is also satisfied. Further-
more, from the choice of § and p, we have u(c+0) = u(¢)+07+dp € K. More-
over, from (6.3.5), we conclude |u(¢+ 9) — &|| = |[u(c) +dn+dp —&|| < p
and consequently u satisfies (iii). Thus (o, f,g,u) € 8.

Finally, inasmuch as (7, f,g,u) =< (o, f,g,u) and € < ¢+ 4, it follows
that (7, f,g,u) is not an N-maximal element. But this is absurd. This

contradiction can be eliminated only if each maximal element in the set §
is defined on [0,T]. O

6.4. Convergence of c-approximate exact solutions

The goal of this section is to prove both Theorems 6.2.1 and 6.2.4. We
will do that by showing the convergence of a suitably chosen sequence of
g-approximate exact solutions. Let us consider a sequence (g,), in (0, 1),
decreasing to 0, and let ((oy, fn, gn, un))n be a sequence of e,-approximate
solutions of (6.3.1) on [0,7T']. Let us observe that, by (i), (i), (iv) and (v)?,
we have

[[un(t) — un(on(t))]| < (M +1)en (6.4.1)

for each t € [0,T'].
We begin with the proof of Theorem 6.2.1.

Proof. Let M > 0 as in (6.3.2). Diminishing p > 0, if necessary, we
may assume that F' is f-compact on D(&, p) N K.

SWithin this section, all the quotations to items like (i)~(v) refer to the correspond-
ing items in Lemma 6.3.1.
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We analyze first the case when X is separable. From (6.4.1), (v), the
fact that F' is B-compact on D(&, p) N K, Lemma 2.7.2, Problem 2.7.1 and
Remark 2.7.1, it follows that

B{un(t); n = k})

gﬁ({/otfn(s)ds; nzk}) +ﬁ<{/0tgn(s)ds; n2k}>

ééﬁ@h@m&%D®+AﬁG%@ﬂQ%D%
< [ wlBlunlon(s))s n = b)) ds -+ Tey
0
< /0 w(B{un(s); n >k} 4+ {un(on(s)) — un(s); n > k}))ds +Tey,
sﬁwwq%@xnzkn+mma%@»—%@xnzm»@+T%

< /Otw(ﬁ({un(s); n>k})+ (M + 1)ex)ds + Tey.

Set xx(t) = B({un(t); n > k}) + (M + 1) and v = (M + T + 1)eg. The
inequality above rewrites as

m@s%+4wm@mS

for each t € [0,T]. By Lemma 1.8.2, diminishing 7" > 0, if necessary, we
may assume that limy x(t) = 0 uniformly for ¢t € [0,7']. But this shows
that limg B({un(s); n > k}) = 0, and thus we are in the hypotheses of
Lemma 2.7.3. It follows that, for each ¢ € [0,T], {un(t); n = 1,2,...}
is relatively compact. By (v) and (6.3.2) we get that {un; n = 1,2,...}
is equicontinuous, and therefore, thanks to Arzela—Ascoli Theorem 1.3.6,
there exists u € C([0,T']; X) such that, on a subsequence at least,

lim wuy, (t) = u(t)
n
uniformly for ¢ € [0,T]. In view of (6.4.1), we also have
lim wy, (o, () = u(t)
n

From (iii) and the fact that D(&, p) N K is closed,

uniformly for ¢ € [0,T'].
) € D(& p)N K for each t € [0,T].

we conclude that wu(t
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In view of Remark 6.2.3, F' has compact and thus weakly compact
values. We shall apply Theorem 1.3.8 to show that w is both absolutely
continuous and a.e. differentiable on [0,T'], and

u(t) = §+/0 u'(s) ds

for each t € [0,T"]. Indeed, since f,(s) € F(up(on(s))) for n = 1,2,...
and s € [0,T'], and, by (6.3.2), F(D(&, p) N K) is bounded, it follows that
{fn; n=1,2,...} is uniformly integrable. Moreover, as F' is u.s.c. and has
weakly compact values, in view of Lemma 2.6.1,

{F(un(on(t)); n=1,2,...,t €[0,T]}

is weakly compact. So, by Theorem 1.3.2, its closed convex hull is weakly
compact too and thus we are in the hypotheses of Theorem 1.3.8 which,
along with Theorem 1.3.4, shows that (f,), has at least one weakly conver-
gent subsequence in L'(0,T; X) to some function f. Summarizing, we have
lim,, u, = w uniformly on [0,T'] and lim, u), = f weakly in L'(0,T; X).
Thus u is absolutely continuous and a.e. differentiable on [0, T' ], v'(t) = f(¢)
a.e. for t € [0,T'] and u is a primitive of its derivative u'.

It remains to be shown that, at each differentiability point, t € [0,T],
of u, we have u/(t) € F(u(t)). Let t € [0,T) be a differentiability point of
uw and let h > 0 be such that ¢t + h € [0,T]. Let n = 1,2,... be arbitrary
but fixed. We have

t+h t+h
(unt 4 B) — un®)) = 3 t Fals)ds + / gn(s) ds

where fp(s) € F(up(on(s))) for each s € [t,t + h]. Let € > 0. Since F' is
u.s.c. at u(t), u is continuous, lim,, 0,,(s) = s and lim, uy, (o, (s)) = u(s),
uniformly for s € [0,T'], there exists h(¢) > 0 and n(e) € N such that, for
each h € (0,h(e)] and each n > n(e), we have

F(un(on(s))) € F(u(t)) + D(0,¢)

for each s € [t,t + h] and
1 t+h
Hh/ gn(s)ds
t
1

t+h -
h/t fn(s)ds € conv U F(up(on(s)))

SE[t,t+h]

<e.

Since
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and F'(u(t))+D(0,¢) is convex because both F'(u(t)) and D(0, ) are convex,
it follows that

%(un(t +h) — un (1)) € F(u(t)) + D(0,2¢)

for each h € (0,h(e)] and each n > n(e). Keeping h fixed in (0, h(e)],
passing to the limit for n — oo in this relation and taking into account
that F'(u(t)) + D(0,2¢) is closed (because F'(u(t)) is compact), we get

%(u(t +h) = u(t)) € Fu(t)) + D(0, 2),

Finally, passing to the limit for A | 0 in this relation we get u/(¢) € F(u(t)).
Since the case t = T can be treated similarly by computing the left deriva-
tive of u at T, the proof of Theorem 6.2.1 is complete in the case when X
is separable.

If X is not separable, there exists a separable and closed subspace,
Y, of X such that un(t), fn(t),gn(t) € Y for n = 1,2,... and a.e. for
t € [0, T]. On the other hand, from Problem 2.7.2, Definition 6.2.2 and the
monotonicity of w, we deduce

By (F(C)) < 2B(F(C)) < 2w(B(C)) < 2w(By (C)),

for each set C' C D(§,p) N K NY. From now on we have to argue as in the
last part of the proof of Theorem 3.2.2. The proof is complete. O

We can now proceed to the proof of Theorem 6.2.4.

Proof. Since K is locally compact and F' is strongly-weakly u.s.c. and
has nonempty and weakly compact values, by Lemma 2.6.1, it follows that F’
is locally bounded. Then, we can find M > 0 satisfying (6.3.2). Diminishing
p > 0 and T > 0 if necessary, we may assume that the conclusion of
Lemma 6.3.1 holds true and, in addition, D(&, p) N K is compact. Taking
into account that, by (iii), u,(o,(t)) € D(&,p) N K for n = 1,2,... and
t € [0,T], it follows that, for each ¢t € [0,T], {un(on(t)); n = 1,2,...}
is relatively compact in X. In view of (6.4.1), we conclude that, for each
t€[0,T], {un(t); n=1,2,...} is relatively compact in X, too.

From (6.3.2) and (ii) and (v), we deduce that {u,; n = 1,2,...} is
equicontinuous on [0,7']. By Arzela—Ascoli Theorem 1.3.6, we conclude
that there exists u € C([0,T']; X') such that, on a subsequence at least, we
have limy, u,(t) = w(t) uniformly for ¢t € [0,T"]. In view of this relation, of
(i) and (iii), we deduce that lim,, u, (0, (t)) = u(t) uniformly for ¢ € [0, 7]
and u(t) € D(§,p) N K.

As D(§,p) N K is compact and F' is strongly-weakly u.s.c. and has
convex and weakly compact values, by Lemma 2.6.1, it follows that the
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set F(D(&,p) N K) is bounded being weakly relatively compact. Then,
as fn(s) € F(up(on(s))) for n = 1,2,... and s € [0,7T], it follows that
{fn; m = 1,2,...} is uniformly integrable. By Theorem 1.3.8 combined
with Theorem 1.3.4, we deduce that (f,), has at least one weakly conver-
gent subsequence in L!(0, T; X) to some function f. Summarizing, we have
lim,, u, = w uniformly on [0,T'] and lim, u), = f weakly in L'(0,T; X).
Thus u is absolutely continuous, a.e. differentiable on [0,T'], u/(t) = f(t)
a.e. for t € [0,7] and w is a primitive of its derivative «'. From (iv) and
Lemma 2.6.2, we conclude that f(t) € F(u(t)) a.e. for t € [0,7]. Thus
u is an almost exact solution of (6.1.1) on [0,T']. As £ € K is arbitrary,
this shows that K is almost exact viable with respect to F'. To complete
the proof, it remains to show that u is even an exact solution of (6.1.1)
on [0,7T]. To this aim, let ¢t € [0,T") be a differentiability point of u and
let E' be an arbitrary open half-space with F'(u(t)) C E. Since E is weakly
open t00, u is continuous and F is strongly-weakly u.s.c at u(t), there exists
d(E) > 0 such that, for each h € (0,0(F)], with t + h < T, we have

F(u(s)) CE

for each s € [t,t + h]. Consequently, for h as above, we have

) Flus) CE.

s€[t,t+h]
On the other hand, forn=1,2,...,

1 1 t+h 1 t+h
—(up(t+h) —uy(t)) = - fu(s)ds+ — / gn(s)ds.
h h ), h ),

Since limy, u, (0, (s)) = u(s) uniformly on [0,7"] and f,,(s) € F(un(on(s)))
for each s € [0,T'], there exists n(E) = 1,2, ... such that, for all n > n(E),

1 t+h o
- fa(s)dsewony | ) F(un(on(s)) CE.
¢ s€[t,t+h]

Therefore

h

Recalling that lim,, ||g,(s)|| = 0 uniformly for s € [0,7] and passing to
the limit successively for n — oo and h | 0 in the last relation, we get
u/(t) € E. Since E is an arbitrary open half-space including F(u(t)) and
the latter, being convex and closed, is the intersection of all closed half-
spaces including it, we conclude that u/(t) € F(u(t)). Since the case t =T
can be handled similarly, this achieves the conclusion. O

t+h
l(un(t+ h) — up(t)) — i/t gn(s)ds € E.
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6.5. The nonautonomous u.s.c. case

In this section we will show how all the results established before for the
autonomous differential inclusion u/(t) € F(u(t)) extend to the nonau-
tonomous one u'(t) € F(t,u(t)). So, let X be a real Banach space, C a
nonempty subset in R x X, F': € ~ X a given multi-function, (7,&) € €
and let us consider the Cauchy problem for the nonautonomous differential

inclusion
{ £ e Fuw) 651

Definition 6.5.1. By an ezact solution of (6.5.1) on [7,T'] we mean an
absolutely continuous function w : [7,7'] — X, a.e. differentiable on [7,T'],
with v/ € L'(7,T; X), and satisfying:

(i) (t,u(t)) € Cforeacht € [7,T] and
(i) u/(t) € F(t,u(t)) at every point ¢t € [7,T'] at which u is differen-
tiable, and u(7) = &.
An exact solution of (6.5.1) on the semi-open interval [7,7) is defined
similarly.

Definition 6.5.2. By an almost exact solution of (6.5.1) on [7,T] we
mean an absolutely continuous function w : [7,7T] — X, a.e. differentiable
on [1,T], with o/ € L'(7,T; X), and satisfying:

(i) (t,u(t)) € Cfor each t € [7,T] and

(i) u'(t) € F(t,u(t)) a.e. for t € [7,T], and u(r) = &.
An almost exact solution of (6.5.1) on the semi-open interval [7,T') is de-
fined similarly, noticing that, in this case, we have to impose the weaker
constraint v’ € LL ([7,T); X).

loc

Definition 6.5.3. The set C is ezact viable (almost exact viable) with
respect to F' if for each (7,£) € C there exist T € R, T" > 7, and an exact
solution (almost exact solution) w: [7,T] — X of (6.5.1).

We will rewrite the nonautonomous problem above as an autonomous
one in the space X = R x X, endowed with the norm ||(¢,w)|| = [t| + ||ul],
for each (t,u) € X. Namely, set z(s) = (t(s),u(s)) and F(z) = (1, F(z)),
for s € [0,T — 7], where (1, F(2)) = {(1,y); y € F(z)}. Then, the Cauchy
problem above is equivalent to

Z'(s) € F(z(s))
6.5.2
Voo (6:52)
So, all the viability results proved before extend in an obvious way to the
nonautonomous case via the transformations above. Namely, we have
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Theorem 6.5.1. Let X be a Banach space. If € C R x X is almost
exact viable with respect to F' : € ~» X then, at each point (1,§) € C at
which F is u.s.c. and F(7,§) is conver and quasi-weakly compact, we have

(13F(Tv€)) € TS(‘?(Ta 5)

Theorem 6.5.2. If X is reflexive and € C R x X is almost exact viable
with respect to F' : C ~ X, then, at each point (1,§) € C at which F is
u.s.c. and F(1,£) is conver and closed, we have (1, F(7,£)) € TSe(T,§).

Remark 6.5.1. If € is a cylindrical domain, i.e. € = I x K with I an
open to the right interval and K a subset in X then, for each (7,§) € C,
the two tangency conditions below are equivalent.

(i) (L, F(7,8)) € T8e(7,£);
(if) F(7,€) € T8k (8)-

Theorem 6.5.3. Let X be a Banach space, C C Rx X a nonempty and
locally closed set and let F': C ~ X be a locally B-compact multi-function
with nonempty, closed and convex values. A necessary and sufficient con-
dition in order that C be exact viable with respect to F' 1is the tangency
condition

(1,F(7,8)) € T8e(T,€) (6.5.3)
for each (1,€) € C.

Proof. Let us observe that u : [7,7] — X is an exact solution of
(6.5.1) if and only if z: [0, — 7] — €, 2(s) = (s + 7,u(s + 7)) is an exact
solution of the autonomous Cauchy problem (6.5.2). Since F' is u.s.c. and
satisfies both F'(z) € T8¢(z) for each z € € and

Bx(F(B)) = Px({1} x F(B)) = Bx(F(B)) < w(fx(B))

for each bounded subset B in C, the conclusion follows from Theorem 6.2.2.
O

A corollary of Theorem 6.5.3, Remark 6.2.2 and Problem 2.4.2 is

Theorem 6.5.4. Let X be a Banach space, C C Rx X a nonempty and
locally closed set and let F : C ~» X be a locally B-compact multi-function
with nonempty, closed and convex values. Then, a necessary and sufficient
condition in order that C be exact viable with respect to F' is the tangency
condition

(1’ F(Ta 5)) N “TG(Tv 5) 7& @ (654)
for each (1,€) € C.

Problem 6.5.1. Prove that (1,y) € Te(7,£) if and only if there exists

a sequence ((Tn,&n))n € C such that 7, | 7, lim, &, = £ and lim,, f::f =y.
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From Theorem 6.5.4, we easily deduce

Theorem 6.5.5. Let X be finite dimensional, let € C R x X be a
nonempty and locally closed set and let F' : C ~ X be an u.s.c. multi-
function with nonempty, conver and compact values. Then, a necessary
and sufficient condition in order that C be exact viable with respect to F' is
the tangency condition (6.5.4).

A nonautonomous version of Theorem 6.2.4 is

Theorem 6.5.6. Let X be a Banach space, € C R x X a nonempty
and locally compact set and let F' : € ~ X be a strongly-weakly u.s.c.
multi-function with nonempty, weakly compact and convex values. Then, a
sufficient condition in order that C be exact viable with respect to F is the
tangency condition (6.5.3).

6.6. Global (almost) exact solutions

Let € € R x X be nonempty and let F' : € ~ X. In this section we
will prove some results concerning the existence of noncontinuable, or even
global solutions to the Cauchy problem

u'(t) € F(t,u(t))
{ () = ¢. (6.6.1)
An (almost) exact solution u : [7,7T) — X of (6.6.1) is called noncontinu-
able, if there is no other (almost) exact solution v : [7,T) — X of (6.6.1),
with 7' < T and satisfying u(t) = v(¢) for all ¢ € [7,T)). The (almost) exact
solution u is called global if T = Te, with Te given by (3.6.2). The next
theorem follows from Brezis-Browder Theorem 2.1.1.

Theorem 6.6.1. Let X be a Banach space, € C R x X be nonempty
and let F : C~» X. The following conditions are equivalent:
(i) € is (almost) exact viable with respect to F';

(ii) for each (7,§) € C there exists at least one noncontinuable (almost)
exact solution u : [1,T) — X of (6.6.1).

Since the proof of Theorem 6.6.1 is completely similar with that one of
Theorem 3.6.1, we do not enter into details.

Remark 6.6.1. Notice that in Theorem 6.6.1 we do not assume C to
be locally closed or F' to be u.s.c.

We conclude this section with a result concerning the existence of global
solutions.
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Definition 6.6.1. A multi-function F : € ~» X is called positively
sublinear if there exist three continuous functionsa : R — Ry, b: R — Ry,
and c: R — R, such that

£ < a@)l€]l + b(#)
for each (t,&, f) € K$¢(F'), where

KS(F) ={(t,¢, ) € € x X5 [[€]l > (), f e F(t,€), [§ [+ >0}

Remark 6.6.2. There are three notable specific cases in which F is
positively sublinear:

(i) when F' is bounded on C;
(ii) when F has sublinear growth with respect to its last argument5;
(iii) when f satisfies the “sign condition” [&, f ]+ < 0 for each (,§) € C
and f € F(t,£).

Theorem 6.6.2. Let X be a Banach space, let € C R x X be nonempty
and let F : C ~ X be a given multi-function. If € is X -closed’, F maps
bounded subsets in C into bounded subsets in X, is positively sublinear,
and C is (almost) exact viable with respect to F, then each (almost) exact
solution of (6.6.1) can be continued up to a global one, i.e., defined on
[T,Te), where Te is given by (3.6.2).

The proof of Theorem 6.6.2 repeats the same routine as that of the proof
of Theorem 3.6.3, with the special mention that f(s,u(s)) in that proof
should be replaced here by f(s), where f(s) € F(s,u(s)) for s € [7,T).

6.7. Sufficient conditions for invariance

Let X be a real Banach space, D an open subset in X, K a nonempty
subset of D, and let us consider the Cauchy problem for the differential

inclusion
{ Zg))ig(“(t)) (6.7.1)

where F': D ~» X is a given multi-function.

Definition 6.7.1. The subset K is locally invariant with respect to F
if for each £ € K and each almost exact solution u : [0,¢] — D, ¢ > 0,
of (6.7.1), there exists T' € (0,c] such that we have u(t) € K for each
t € [0,T]. Tt is invariant if it satisfies the local invariance condition above
with T = c.

6This means that there exist two continuous functions a : R — Ry and b: R — R4
such that || f] < a(t)||€]] + b(¢) for each (¢,€) € € and each f € F(t,&).
See Definition 3.6.2.
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Problem 6.7.1. Show that whenever K is closed and locally invariant
with respect to F', then it is invariant with respect to F.

Our first sufficient condition for local invariance is expressed in terms
of the exterior tangency condition: there exists an open neighborhood V' of
K, with V' C D, such that

l it % [dist (¢ + hn; K) — dist (6 K)] < w(dist (6 K))  (6.7.2)

for each £ € V and each n € F (&), where w is a uniqueness function. See
Definition 1.8.1. This tangency condition can be viewed as a multi-valued
counterpart of (4.2.1). The main result in this section is

Theorem 6.7.1. Let X be a Banach space, let K C D C X, with K
locally closed and D open, and let F : D ~ X. If (6.7.2) is satisfied, then
K is locally invariant with respect to F'.

Proof. Let V C D be the open neighborhood of K whose existence is
ensured by (6.7.2) and let w : Ry — R4 be the corresponding uniqueness
function. Let £ € K and let u: [0,c] — V be any almost exact solution to
(6.7.1). Diminishing ¢ if necessary, we may assume that there exists p > 0
such that D(&,p) N K is closed and u(t) € D(§,p/2) for each t € [0,c].
Let g : [0,c¢] — R4 be defined by ¢(t) = dist (u(t); K) for each ¢t € [0,c].
Let us observe that ¢ is absolutely continuous on [0,c]. Let t € [0,¢) be
such that both «/(¢) and ¢'(t) exist and v/(t) € F(u(t)), and let h > 0 with
t+he€[0,c]. We have

g(t + h) = dist (u(t + h); K)

<h u(t + h) —u(t)

- u'(t)H + dist (u(t) + h'(t); K).

h
Therefore
where
1(h) = D= u’(t)H -

Since limyp,|oy(h) = 0, passing to the inf-limit for A | 0 and taking into
account that V, K and F satisfy (6.7.2), we get

g'(t) <w(g(t)
a.e. for t € [0,¢). So, in view of Problem 1.8.1, ¢g(¢) = 0 which means that

u(t) € KND(& p/2) for all t € [0,¢). But KN D(&,p/2) € KN D(E, p) for
each t € [0, c), and this completes the proof. n
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Next, we rephrase some comparison properties we introduced in the
single-valued case.

Definition 6.7.2. Let K € D C X be proximal. A multi-function
F : D ~ X has the comparison property with respect to (D, K) if there
exist a proximal neighborhood V' C D of K, one projection 7 : V — K
subordinated to V', and one uniqueness function w : R4 — R, such that

. nﬂ@ing(g))[ﬁ =7k (&), n = nels Sw(lI§ —mr(E)]) (6.7.3)

for each £ € V'\ K.

Some notable specific cases of multi-functions obeying comparison prop-
erties with respect to (D, K) are mentioned below.

Definition 6.7.3. Let K C D C X be proximal. The multi-function
F : D~ X is called:

(i) (D, K)-Lipschitz if there exist a proximal neighborhood V' C D of
K, a projection mg : V — K subordinated to V', and L > 0, such
that

su inf — el < L||E —7
neFE})nﬂeF(wK(g))”" | 1€ — 7 (&)

for each £ € V' \ K;

(ii) (D, K)-dissipative if there exist a proximal neighborhood V' C D
of K, and a projection, g : V — K, subordinated to V, such
that

su inf -7 N =N+ <0
neFI(){)nﬂeF(ﬂK(g))[f K (8),1m — nal+

for each { € V' \ K.

Theorem 6.7.2. Let X be a Banach space, let K C D C X, with K
proximal and D open, and let F : D ~» X. If F' has the comparison property
with respect to (D, K), and

F(§) CTk(8) (6.7.4)
for each £ € K, then (6.7.2) holds true.

Proof. Let V C D be the open neighborhood of K given by Defini-
tion 6.7.2, let £ € V and n € F(§). Let mx : V. — K be the projection

subordinated to V' given also by Definition 6.7.2. Let h € (0,7T']. Since
€ — T (€)]) = dist (& K), we have

dist (§ + hn; K) — dist (& K) < || — 7 (§) + h(n = )|l
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=€ = mr (§) I + dist (wx (§) + h¢; K),
for each ¢ € F(mg(&)).
Dividing by h, passing to the liminf for A | 0, and using (6.7.4), we get

i i 7 dist (€ + B ) — dist (€ K) < [€ — (€)1~ O
Since ¢ € F(mg(§)) is arbitrary, we have

1
lim inf — [di CK) —dist (&: K)] < inf - e
i in h[dlst(§+hn, ) — dist (; )}_CeFl(gK(g))[f i (§),n—(lt

Therefore
i Ldist (€ + s K) — dist (6 K)] < w(€ ~ x(©)]).

But this inequality shows that (6.7.2) holds, and this completes the proof.
O

By Theorems 6.7.1 and 6.7.2 we get

Corollary 6.7.1. Let X be a Banach space, let K C D C X, with
K proxzimal and locally closed and D open, and let F' : D ~ X. If F
has the comparison property with respect to (D, K) and, for each £ € K,
F(&) CTk(E), then K is local invariant with respect to F.

We conclude this section by showing that, in some circumstances, (6.7.4)
is also necessary for the local invariance of K with respect to F'. Although
the result presented below can be extended to infinite dimensional Banach
spaces X as well, we state and prove it only for X = R" simply because
this is the only case we need in the sequel.

Theorem 6.7.3. Let K C D C R", with K nonempty and D open,
and let I : D ~» R™ be l.s.c. with nonempty, closed and convex values. If K
is locally invariant with respect to F', then, for each £ € K, F(§) C Tx(§).

Proof. Let £ € K and n € F (). Since F is Ls.c. with nonempty, closed
and convex values, by the Michael Continuous Selection Theorem 2.6.1,
there exists a continuous function f : D — R"™ such that f({) = n and
f(x) € F(x) for each x € D. As D is open, by Peano’s Local Existence
Theorem, there exists at least one C'-solution u : [0,T'] — D of the equa-
tion /' (t) = f(u(t)) satisfying u(0) = £. Clearly «/(0) = f(u(0)) = n and, in
addition, u is an almost exact solution of the differential inclusion (6.7.1).
Since £ € K and the latter is locally invariant with respect to F', there
exists 0 < a < T such that u(t) € K for all t € [0,a]. Now, repeating
the same arguments as in the proof of Theorem 3.1.1, we conclude that
n=1u'(0) € Fx(§) C Tk(&). The proof is complete. O



CHAPTER 7

Applications

In order to illustrate the effectiveness of the abstract developed theory, here we
gather several applications. We first show that the viability of a set with respect
to a function, defined on a larger open set, implies the viability of the relative
closure of that set with respect to that function. We next deal with the viability
of an epigraph and we prove a necessary condition in order that a given function
be a comparison function. We study the existence problem of monotone solutions
for both ordinary differential equations and inclusions. Next, by using viability
and invariance arguments, we prove a variant of the well-known Banach Fixed
Point Theorem. Further, taking advantage of the infinite-dimensional version of
the Nagumo Viability Theorem, we deduce the existence of positive solutions for
a pseudo-parabolic semilinear partial differential equation. We continue with the
proofs of two well-known results in the classical theory of ordinary differential
equations, i.e., Hukuhara and Kneser Theorems. We conclude with an application
to the characteristics method for a class of first-order partial differential equations.

7.1. Viability of the relative closure

Let X be a Banach space, I a nonempty and open interval, K a
nonempty subset in X, f: I x K — X and let us consider the differential
equation

u'(t) = f(t,ul(t)). (7.1.1)
Since each solution u : [7,7) — K of (7.1.1) is in fact a solution of a
Cauchy problem with the initial data u(7), whenever we speak about non-
continuable or global solutions of (7.1.1) we mean noncontinuable or global
solutions of the corresponding Cauchy problem in which the initial datum
¢ is determined by value of the solution at 7. We begin with a simple but
useful lemma.

Lemma 7.1.1. Let X be a Banach space, let K C X be nonempty and
locally closed and let f: I x K — X be continuous. If I x K 1is viable with
respect to f, then for each (1,€) € I x K there exist p > 0 and T > T such
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that [7,T] C I and for each n € D(, p) N K each noncontinuable solution
u of (7.1.1), satisfying u(t) = n, is defined at least on [7,T].

Proof. Let (1,&) € I x K, let p > 0 be such that D(&,3p) N K is closed
and let n € D(&, p) N K. Diminishing p > 0 if necessary, we can find M > 0
and T > 7 such that [7,7'] C I and both inequalities

If(t,2)l| < M (7.1.2)
for each (t,x) € [7,T] x (D(&,3p) N K) and
(T—7)M <p (7.1.3)

are satisfied. Let O be the interior of D(,3p). Obviously £ € O N K and
therefore the latter is nonempty. Since I x K is viable with respect to f
and O is open, the set I x (O N K) enjoys the same property. So, by virtue
of Theorem 3.6.1, we conclude that, for each n € O N K, there exists a
noncontinuable solution u : [7,7;) — O N K of (7.1.1), with u(7) = n. We
will show that, whenever n € D(,p), we have T;, > T. To this aim, let
us observe that, in view of (7.1.2), there exists limyr, u(t) = u*. Clearly
we have u* € K N D(&,3p) and, in addition, ||u* — || = 3p. Indeed, if we
assume by contradiction that ||u* — || < 3p, then u* € O N K and, since
I x (ON K) is viable with respect to f, u can be continued to the right of
T, which is absurd as long as u is noncontinuable.

At this point, let us assume by contradiction that T, < T'. Then, in
view of (7.1.2) and (7.1.3), we have

Ju(t) = &Il < [lu(t) =l +n =&l < (T —7)M +p < 2p
for each t € [7,T},) and therefore
[ =&l < 2p <3p
which contradicts ||§ —u*|| = 3p. This contradiction can be eliminated only

if T;, > T and this completes the proof. [l

The “multi-valued” variant of Lemma 7.1.1 below can be proved using
similar arguments.

Lemma 7.1.2. Let X be a Banach space, let K C X be nonempty
and locally closed and let F' : K ~ X be locally bounded. If K is almost
exact viable with respect to F, then for each & € K there exist p > 0 and
T > 0 such that, for eachn € D(&, p)NK, each noncontinuable almost exact
solution u of the differential inclusion u'(t) € F(u(t)), satisfying u(0) = n,
is defined at least on [0,T].
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Proposition 7.1.1. Let X be a Banach space, D C X be open, let
K C D be locally compact and let f : I x D — X be continuous. If I x K

is viable with respect to f, and KD is the closure of K relative to D, then
I x K" is also viable with respect to f.

Proof. Let 7 € I and let ({)x be an arbitrary sequence in K which is

convergent to some & € K" Since I x K is viable with respect to f, there
exists a sequence (uy)r of K-valued noncontinuable solutions to (7.1.1)
satisfying ug(7) = &, for £k = 1,2,.... In view of Lemma 7.1.1, we know
that the intersection of the domains of this sequence contains a nontrivial
interval [ 7, T']. Diminishing 7" if necessary, we may assume that there exists
p > 0 such that ug(t) € D(&,p) € D, for all k € Nand t € [7,T]. By a
compactness argument involving Arzela—Ascoli Theorem 1.3.6, we conclude
that, on a subsequence at least, we have limy ug(t) = w(t) uniformly on
[7,T'], where u is a solution of (7.1.1) satisfying u(7) = £. But u(t) € K
for all t € [7,7T'], and this completes the proof. O

7.2. Viability of the epigraph

We will next prove a characterization of the viability of the epigraph
of a certain function in terms of a differential inequality. We recall that
[Dyz|(t) denotes the right lower Dini derivative of the function z at ¢, i.e.

[Dix](t) = lil}lll%nf W

Theorem 7.2.1. Letw: I xRy - R andv: [7,T) — Ry be continu-
ous, with [7,T) C I. Then
epi(v) = {(t,n); v(t) <n, t € [7,T)}
is viable with respect to (t,y) — (1,w(t,y)) if and only if v satisfies
[Div](t) < w(t,v(t)) (7.2.1)
for each t € [1,T).

Proof. Sufficiency. We show that, for each t € [7,T), the point (¢, v(t)),
which lies on the boundary 0 epi(v) of epi(v)!, satisfies the Nagumo’s tan-
gency condition (3.2.3). From (7.2.1) it follows that

0. (00) = [ wlstsas)] @ <0

We notice that, in general, {(t,v(t)); t € [7,T)} does not coincide with depi(v),
because whenever there exists limgr v(t) = vr, then (T, vr) € depi(v).
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for each ¢t € [7,T). Thus, in view of Proposition 1.8.1, we necessarily have
that t — ov(t) — f:w(s,v(s)) ds is nonincreasing on [7,7T]. So, for each
t € [7,T) and h > 0 such that t + h < T, we have

<t + h,v(t) + /:Jrhw(s,v(s)) ds> € epi(v),

and therefore
dist ((¢,v(t)) + h(1,w(t,v(t))); epi(v))

< |\t v(t)) + h(L w(t, v(®))) — (t + h,o(t) + t+hw(s,v(s))ds
| (c+ma+ |

= ’hw(t,v(t)) — /tth(s,v(s)) ds| .

Dividing by h > 0 and passing to liminf for A | 0 we get (3.2.3) and this
completes the proof of the sufficiency.

Necessity. Let us assume that epi(v) is viable with respect to the func-
tion (t,y) — (L,w(t,y)), let t € [7,T), and let (s,x) be a solution to s’ =1,
' = w(s,x), satisfying the initial conditions s(0) = ¢t and z(0) = v(t), and
which remains in epi(v). We have

v(t+ h) —v(t) < x(h) — z(0)
h - h ’
Accordingly
[Dyv](t) < w(s(0),2(0)) = w(t,v(t)),
and this completes the proof of the necessity. O

Remark 7.2.1. If w is increasing with respect to the second variable,
then the function v in Theorem 7.2.1 could be assumed to be merely lower
semicontinuous. Indeed, it is sufficient to verify the tangency condition for
points of the form (¢,v(t)). In fact, if the tangency condition is satisfied
for such points, then it is satisfied for points of the form (¢, v(t) + \), with
A > 0. See Problem 7.2.1.

Corollary 7.2.1. Let w: I x Ry — Ry be continuous with w(t,0) = 0
for each t € I, and such that, for each T € I, the Cauchy problem

y'(t) = w(t, y(t)),
{ o) = 0 (7.2.2)

has only the null solution. Then w is a comparison function.
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Proof. Let x : [7,T) — Ry be any continuous solution of the problem
(7.2.1). By Theorem 7.2.1, epi(z) is viable with respect to the function
(t,y) — (1,w(t,y)). So, the unique solution y : [7,supl) — R4 of the
Cauchy problem (7.2.2) satisfies 0 < z(t) < y(t) =0 foreacht € [7,T). O

Problem 7.2.1. Let the function w : I x Ry — R, be increasing in the
second variable. Let v : [1,T) — R, with [1,T) C I and let A > 0. Let us
assume that for some t € [1,T) we have

(Lw(t,v(t))) € Tepi(w) (¢, v(t)).
Show that
(Lw(t,v(t) + X)) € Tepi(w) [t v(t) + A).

Problem 7.2.2. Let f:[0,T] — R be lower semicontinuous and such
that the function t — t + f(t) is increasing. Suppose further that there

exists M € Ry such that for each t € [0,T), [D4f](t) < M. Show that f
s Lipschitz.

7.3. Monotone solutions

Let X be a Banach space, K C X nonempty, and let <C K x K be a
preorder on K, i.e., a reflexive and transitive binary relation. For our later

purposes, it is convenient to identify such a relation with the multi-function
P: K~ K, defined by

PE)={nekK; {=2n}

for each ¢ € K, and called also a preorder. The preorder <C K x K, or P is
closed if <C K x K is a closed subset in X x X. Let f : I x K — X. We say
that <C K x K, or I x P, is viable with respect to f if, for each (1,£) € IXK,
there exist [7,7'] C I and a solution u : [7,T] — X of (7.1.1) satisfying
u(r) =&, u(t) € K for each t € [7,7] and u is <-monotone on [7,7T], i.e.,
for each 7 < s <t < T, we have u(s) < u(t). The next lemma is the main
tool in our forthcoming analysis.

Lemma 7.3.1. Let X be a Banach space, K be locally compact in X,
let f:1Ix K — X be continuous and let P be a preorder on K. If I x P is
viable with respect to f then, for each & € K, I x P(£) is viable with respect
to f. If P is closed in X x X and, for each & € K, I x P(&) is viable with
respect to f, then I x P is viable with respect to f.

Proof. Clearly, if I x P is viable with respect to f, then, for all £ € K,
I x P(§) is viable with respect to f.

Now, if P is closed, then, for each £ € K, P(&) is a fortiori closed.
Let us assume that, for each & € K, I x P(§) is viable with respect to
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f. Let (1,€) € I x K. We shall show that there exist [7,7'] C I and at
least one solution u : [7,T'] — K of (7.1.1), with u(7) = £ and such that
u([s,T']) € P(u(s)) for each s € [7,T']. To this aim, we proceed in several
steps.

In the first step, we note that, by Lemma 7.1.1, there exists " > 7,
T € I, such that for every noncontinuable solution uw : [7,7) — K to
(7.1.1) with u(r) = & we have T < T. Since P(€£) is viable with respect
to f, there exists a solution w : [7,T7'] — K of (7.1.1) with u(r) = ¢ and
u([7.T]) C P(e).

In the second step, we remark that, for every solution v : [7,T] — K
to (7.1.1), with v(7) = & and v([7,T]) C P(§), and for every v € [7,T),
there exists a solution w : [7,7] — K to (7.1.1) such that w equals v on
[T,v] and w([v,T]) C P(w(v)).

In the third step, we observe that, thanks to the first two steps, for every
nonempty and finite subset S of [7,T), with 7 € S, there exists a solution
w:[7,T] — K of (7.1.1) satisfying both u(7) = & and u([s,T']) C P(u(s))
for all s € S.

In the fourth step, we consider a sequence (Sg)ren of nonempty finite
subsets of [7,T) such that 7 € S, Sk C Sk41 for each k € N, and the set
S = UgenSk is dense in [7,T']. For example, we can take

Sp={r4 (/2T -7); i=0,1,..,28 —1}.

Further, we shall make use of the third step to get a sequence of solu-
tions (ug : [7,T] — K)i to (7.1.1), satisfying ui(7) = £ and such that
up([s,T']) € P(ux(s)) for each k € N and each s € Si. Now, by virtue of
the Arzela—Ascoli Theorem 1.3.6, we can assume, extracting a subsequence
if necessary, that the sequence (uy)x converges uniformly on [7,7'] to a
solution w : [7,T'] — K of (7.1.1). Clearly u(71) = £.

In the fifth step, we show that u([s,T']) C P(u(s)) for all s € S. Indeed,
given s as above, there exists £ € N such that s € S;. Then s € S, and
um([5,T]) € P(um(s)) for all m € N with & < m. At this point, the
closedness of the graph of P shows that u([s,T']) C P(u(s)).

In the sixth and final step, taking into account that S is dense in [7,T'],
u is continuous on [7,7'] and the graph of P is closed, we conclude that
the preceding relation holds for every s € [7,7'] and this completes the
proof. ([l

Theorem 7.3.1. Let X be a Banach space, K be locally compact and
let P be a closed preorder on K. Let f : I x K — X be continuous. Then, a
necessary and sufficient condition in order that I x P be viable with respect

to f is that f(t,€) € Tpg)(§) for each (t,§) € I x K.



A Banach-type fixed point theorem 137

Proof. Just apply Lemma 7.3.1, Theorem 3.2.4 and Remark 3.2.1. [

Problem 7.3.1. Let w: K — R be continuous. Suppose that for every
(1,€) € I x K there ezists a solution u : [1,T] — K of (7.1.1) satisfying
u(7) = & such that w(u(t)) < w(&) for every t € [1,T]. Show that, for every
(1,€) € I x K there ezists a solution u : [1,T] — K of (7.1.1) satisfying
u(7) = & and such that the function t — w(u(t)) is nondecreasing.

We conclude this section with some remarks referring to the multi-
valued case. Let I’ : K ~ X, and let us consider the differential inclusion
(6.1.1). The preorder <C K x K, or P, is almost exact viable with respect
to F if for each £ € K, there exist T' > 0 and a solution w : [0,7'] — K of
(6.1.1) such that w is <-monotone on [0,7'], i.e., for each 0 < s <t < T,
we have u(s) < u(t).

Using Lemma 7.1.2 and similar arguments as those in the proof of
Lemma 7.3.1, we get the following variant of the latter.

Lemma 7.3.2. Let K be locally compact in X, let F : K ~ X be u.s.c.
with convex closed and bounded values. Let P be a preorder on K. If P is
almost exact viable with respect to F then, for each £ € K, P(&) is almost
exact viable with respect to F. If P is closed in X x X and, for each £ € K,
P(&) is almost exact viable with respect to F, then P is almost exact viable
with respect to F'.

7.4. A Banach-type fixed point theorem

We present here a simple extension of Banach fixed point theorem in the
frame of closed subsets of a Banach space.

Theorem 7.4.1. Let X be a Banach space, K a nonempty and closed
subset in X and g : K — X a Lipschitz function with Lipschitz constant
L<1. 1If

P S
III}zllbnf EdlSt (E+h(g(§) —&;K)=0
for each € € K, then g has a unique fixed point.

Proof. Let f: K — X be defined by f(x) = g(z) — z for each x € K.
In view of Theorem 3.2.3, K is viable with respect to f. Therefore, by (ii)
in Remark 3.6.2 and Theorem 3.6.3, for each £ € K, there exists a unique
global solution u(+, ) : Ry — K of the Cauchy problem

{ w'(t) = f(u(t))
u(0) = &.
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Fix T'> 0 and let us define @ : K — K, by Q¢ = u(T,&). Multiplying both
sides the equality

u'(t,6) = u'(t,m) = g(u(t,€)) — g(u(t,n)) — u(t,§) + u(t, n)

by e!, we get successively

% {e [u(t,&) —u(t,m)]} = e'lg(u(t,€)) — g(u(t,n))]

t
et €) = utn)]| < 6 =l + | Llu(s,) —u(s.m)] s
for each t € R;. From Gronwall Lemma 1.8.4 we deduce

1Q¢ — Qn|| < eE=VT e —q|

and thus @ is contraction. By Banach Fixed Point Theorem, it follows that
there exists £ € K such that Q¢ = £. This means that u(7T,&) = u(0,§).
Since the equation is autonomous, it follows that wu(-,§) is a T-periodic
solution of w'(t) = g(u(t)) — u(t). So, u(t,&) = u(T +t,&) for each t € Ry,
or equivalently, u(t,&) is a fixed point of . As @ has exactly one fixed
point, we conclude that u(t,§) = £ each t € R,;.. Consequently 0 = g(§) — &
and this completes the proof. O

7.5. Positive solutions to pseudoparabolic PDEs

Let © be a nonempty, bounded and open subset in R3, with smooth bound-
ary ' and let us consider the following semilinear pseudoparabolic initial-
boundary-value problem

u = Aug + Au+g(u) (t,z) € Qr
w=0 (t,z) € O (7.5.1)
u(0,x) = n(z) x €.

Here and thereafter Qr = (0,7) x Q and X7 = (0,7 x I.
Theorem 7.5.1. Let g : R — R be continuous and let us assume that
u+g(u) >0 (7.5.2)

for each u € Ry. Then, for each n € H*(Q) N H(Q) with n — Anp > 0
a.e. on §), there exists T > 0 such that the problem (7.5.1) has at least one
solution u € C1([0,T]; H*(Q)NHL () satisfying both u(t)—Au(t) > 0 and
u(t) > 0 for each t € [0,T] and a.e. on Q. If, in addition, g is positively
sublinear, then each solution of (7.5.1) can be continued up to a global one.
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Proof. Clearly (7.5.1) is equivalent to

(u—Au)y = Au+g(u) (t,z) € Qr
u=0 (t,x) € ¥p (7.5.3)
u(0,z) = n(zx) x €€

Let A: D(A) C L*(Q) — L?(Q) be defined by

{ D(A) = H}(Q) N H%(Q)
Au = Au for each u € D(A),

let J = (I — A)~! and let us denote by u = Jv. Since AJ = J — I, (7.5.3)
can be rewritten as an abstract differential equation in the space L?(Q),

ie.
v = f1(v) + fa(v)
{1olt (75.4)
where f1 : L?(2) — L?(Q) is defined by

fi(w)(@) = g((Jv)(z))
for each v € L?(Q2) and a.e. for x € Q, fo=J — I and £ = (I — A)n.

Since the operator J is continuous from L?(Q2) to H%(Q2) N H(2), and,
in our specific case, i.e. n = 3, thanks to (iii) in Theorem 1.7.1, H?(Q) is
compactly imbedded in C(Q), it follows that f; is well-defined and locally
compact (in fact compact). Moreover, f, is obviously Lipschitz, being linear
continuous.

At this point, let us recall that { = (I — A)p > 0 a.e. on Q. Let
K={veL*Q); v>0ae. onQ}.

In view of (7.5.2), we deduce that f = f; + fo and K satisfy the tangency
condition (3.2.3). Indeed, to prove that for each £ € K

im %dist €+ 5F1(E) + sFa(€): K) = 0,

it suffices to show that, for each s € (0, 1), we have
£+ s(JE= &) +s9(JE) =0 (7.5.5)

a.e. on ). But this is certainly the case, because £ > 0 a.e. on (1, along
with Theorem 1.7.4, implies both (1 — )¢ > 0 and J¢ > 0 a.e. on Q. By
virtue of (7.5.2), it follows that J¢ + g(J&) > 0 and thus (7.5.5) holds. In
addition, thanks to Remark 3.2.3, f is locally S-compact. So, we are in the
hypotheses of Theorem 3.2.2. Therefore K is viable with respect to fi + fa.
Hence there exists at least one solution, v : [0,T] — L?(Q), of (7.5.4),
with v(t) € K for each t € [0,T]. But u(t) = Jv(t), and consequently
u(t) — Au(t) > 0 for each ¢ € [0,7'] and a.e. on . Using once again
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Theorem 1.7.4, we conclude that u(¢) > 0 for each ¢t € [0,7'] and a.e. on
Q. Since v € C1([0,T]; L*()), and u = Jv, with J linear continuous from
L%(Q) to H*(Q)N HE(Q), we conclude that u € C1([0,T]; H2(Q)N H (),
and the proof is complete. O

7.6. Hukuhara Theorem

In this section, by using viability and invariance techniques, we will prove a
famous theorem, in ordinary differential equations, due to Hukuhara. To fix
the ideas, we first notice that, until now, we focused our attention merely on
concepts of viability and invariance which refer to solutions starting from
a point 7 and defined only on right intervals of the form [7,T']. Therefore,
within this section, we refer to these concepts as to right viability and right
invariance. Similarly, if we are interested in working with solutions starting
from a point 7 and defined only on left intervals of the form [T, 7], we will
speak about left viability and left invariance.

Throughout this section X = R", D C R" is a nonempty and open
subset and [ is a nonempty and open interval. Let f : I x D — R™ be
a continuous function, and let us consider the nonautonomous differential
equation

u'(t) = f(t,u(t)). (7.6.1)
We begin with some simple but useful propositions. In order to do this, we
need to consider the autonomous differential equation, i.e.

W (t) = glu(t)). (7.6.2)

Proposition 7.6.1. Let D C R"™ be a nonempty and open set and let
g: D — R™ Then K C D is right (left) viable with respect to g if and only
if it is the union of a certain family of right (left) trajectories of (7.6.2).

Proposition 7.6.2. Let D C R™ be a nonempty and open set and let
g: D — R™ If K is the union of all right (left) trajectories of (7.6.2) in D,
issuing from a given subset C C D, then K 1is locally right (left) invariant
with respect to g. In particular, the subset K C D s locally right (left)
invariant with respect to the continuous function g if and only if it is the
union of all right (left) trajectories of (7.6.2) issuing from K.

Proposition 7.6.3. Let I be a nonempty and open interval, D C R"
a nonempty and open set and let f : I x D — R™. The subset K C D is
locally right invariant with respect to f if and only if D\ K is locally left
invariant with respect to f.

Let (1,€) € I x D, and let us denote by 8(7,&) the set of all noncon-
tinuable solutions u of (7.6.1) satisfying u(7) = &.
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Definition 7.6.1. The right solution funnel through (7,&) € I x D,
F, ¢, is defined by

Fre=A{(s,u(s)); s=7, ues(r,§)}
If ¢ > 7, we define the t-cross section of F. ¢ by
Fre(t) ={u(t); uesd(r,§}
The next compactness result will prove useful in all that follows.

Proposition 7.6.4. Let I be a nonempty and open interval, D C R"
a nonempty and open set and let f: I x D — R™ be a continuous function.
Let (1,€) € I x D and let t > 7 be such that, for each u € 8(7,&), u(t) is
defined. Then

Fre([mt]) ={(s,uls)); s €[7,t], ued(r,)}

s compact.

Proof. By Arzela—Ascoli Theorem 1.3.6, it follows that the restriction
of 8(7,&) to [7,t] is relatively compact in C([7,t]; R™). Let ((tm, tm(tm)))m
be an arbitrary sequence in F¢([7,t]), with wy, : (am,bn) — D for each
m € N. We may assume with no loss of generality that lim,, ¢, = s.
Obviously, s € [1,t] C (am,bn) for every m € N, and therefore, by the
remark above, there exists at least one subsequence of (), denoted for
simplicity again by (um)m, and u € 8(7,§), with lim,, u,, = v uniformly on
[T,t]. But this shows that lim,, (tm,, um (tm)) = (s,u(s)). To complete the
proof we have merely to observe that (s,u(s)) € Fr¢([7,t]). O

From Proposition 7.6.4 we deduce

Corollary 7.6.1. Let I be a nonempty and open interval, D C R"™ a
nonempty and open set and let f : I x D — R™ be a continuous function.
Then, for each (1,&) € I x K, the set Fy¢ is locally closed.

Throughout OF; ¢(t) denotes the boundary of F ¢(t). We are now ready
to state Hukuhara Theorem, i.e.,

Theorem 7.6.1. Let I be a nonempty and open interval, D a nonempty
and open subset in R", (1,£) € IxD, f: IxD — R"™ a continuous function
and let t > T be such that, for each u € 8(7,&), u(t) is defined. Then, for
each n € OF; ¢(t) there exists a solution v of (7.6.1) with v(T) =7 and such
that v(s) € OF;¢(s) for all s € [7,t].

In order to prove Theorem 7.6.1 we need
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Theorem 7.6.2. If I is a nonempty and open interval, D a nonempty
and open subset in R™, f : I x D — R™ a continuous function, K1, Ky C D
are locally closed and viable with respect to f, and if K1 U Ko = D, then
K1 N Ky is viable with respect tof .

Proof. The conclusion is a consequence of Theorem 2.4.1 combined
with Theorem 3.5.5. O

Remark 7.6.1. A result similar to Theorem 7.6.2 holds true trivially in
the case of local invariance. More precisely, if D C R" is open, K1, Ko C D
are locally closed and locally invariant with respect to f, then K N Ks is
locally invariant with respect to f.

Let 7 € I be fixed, let us denote by D = {s € I; s > 7} x D, and
let us define F : D — R x R", by F(¢,€) = (1, f(¢,€)) for each (¢,&) € D.
Throughout, we denote by dpF’ ¢ the boundary of F; ¢ relative to D, i.e.,

D
OpFre = (D\ Fre) NDN FT,€®. We will deduce Theorem 7.6.1 from a
slightly more general result, i.e., Theorem 7.6.3 below.

Theorem 7.6.3. Let I be a nonempty and open interval, D a nonempty
and open subset in R™ and let f : I x D — R™ be a continuous function.
Then, for each (1,€) € I x D, the set OpF ¢ is left viable with respect to .

Proof. Let us observe that (7.6.1) can be equivalently written as
w'(t) = F(w(t),

where J is defined as above, and w = (s,u). By the definition of Fj¢,
we easily deduce that D N F; ¢ is right viable and right locally invariant
with respect to F, and hence, by Propositions 7.6.1, 7.6.2, 7.6.3, it follows
that D\ Fr¢ is both left viable and left locally invariant with respect to

F. So, thanks to Proposition 7.1.1, we conclude that X; = D\FT’gD is
left viable with respect to J. Further, also by definition, D N F¢ is left
viable with respect to F, and again by Proposition 7.1.1, it follows that
KXo =DnN FT’gD is left viable with respect to &F. Since X1 U Xy = D, by
Problem 2.2.1 and Theorem 7.6.2, we conclude that X; N Ky = dpF, ¢ is
left viable with respect to F, and this completes the proof. O

We may now proceed to the proof of Theorem 7.6.1.

Proof. First, let us observe that thanks to Proposition 7.6.4, it follows
that OpFr¢ C Fr¢. Hence, in view of Theorem 7.6.3, we know that, for
each (t,u(t)) € OpFr¢, there exists at least one solution v : [0,t] — D,
with 7 < 6 < t, v(t) = u(t) and such that (s,v(s)) € OpFr¢(s) for each
s € [0,t]. But, by virtue of Proposition 7.6.4, Fr¢([7,t]) is compact, and
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therefore a simple maximality argument shows that we can always extend
such a solution to [7,t], and this completes the proof. O

Remark 7.6.2. Theorem 7.6.3 implies that, for each (£,7) € OpF¢,
there exists at least one noncontinuable solution, v(-) : (0,t] — R™, of
(7.6.1), such that (s,v(s)) € dpFy¢ forall s € (o, ¢]N[7,¢]. If ¢ > 7 is chosen
as in Theorem 7.6.1 and t € [7,t], then by virtue of both Theorem 7.6.3

and Proposition 7.6.4, it follows that [7,t] C (o,t].
Remark 7.6.3. We notice that
OF ¢(t) C (Oplre)(t) = {v € X; (t,v) € Oplre}

and the inclusion can be strict. So, Theorem 7.6.3 is more general than
Theorem 7.6.1 because it considers all of OpF ¢.

7.7. Kneser Theorem

The goal of this section is to give a proof, based on viability techniques,
to the celebrated Theorem of Kneser. Namely, with the notations in the
preceding section, we have

Theorem 7.7.1. Let I be a nonempty and open interval, D a nonempty
and open subset in R™, f : IxD — R™ a continuous function, (1,&) € IxD,
and let t > 7 be such that, for each u € 8(7,§), u(t) is defined. Then F;¢(t)
s connected.

Proof. Let us assume by contradiction that F.¢(t) is not connected.
Then there exist two nonempty subsets Ci, Ca with Fr¢(t) = C1 U Cy but
CiNCy = CyNCy = 0. Let K; be the union of the graphs of all right
noncontinuable solutions v which, either are not defined at ¢ or, if defined,
satisfy

dist (v(t); C1) < dist (v(t); Ca). (7.7.1)
Similarly, we define K5 by reversing the inequality (7.7.1). By virtue of
Proposition 7.6.1, both K; and Ky are right viable with respect to F. In
addition, K7 and Ky are locally closed in I x D and Ky U Ko =1 x D.
So, by Proposition 7.1.1, it follows that both Ff) and F;D are right viable
with respect to F and, of course, locally closed. In view of Theorem 7.6.2,
we conclude that K = F? N XQD is right viable with respect to JF. As
(1,€) € K, there exists a noncontinuable solution v such that (s,v(s)) € K
for each s in the domain of v. By the choice of ¢, v(t) is defined and belongs
to C1 U Cy. Since (t,v(t)) € K, dist (v(t); C1) = dist (v(t); C2) which must
be 0. But this is absurd because v(t) would be either in C; N Cy, or in
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C1 N Cy. This contradiction can be eliminated only if Fy¢(¢) is connected
as claimed. O

7.8. Lyapunov functions

In this section we will show how viability can be used in order to obtain
sufficient conditions for asymptotic stability via Lyapunov functions. Let
us consider the autonomous differential equation

u'(t) = g(u(t)), (7.8.1)
where g : R®™ — R" is continuous. Let V : R™ — R, and let us define
V() = lmsup 1 [V(€ + ha(€)) — V(©)]
no h
and )
Vi(§) = limint 5 V(€ + hg(©) — V(O

If V*(£) = Vi(€), we denote this common value by V(€) and we note that,
if V' is differentiable, we have V' (§) = (grad V' (£), g(§)). The next result will
prove useful in the sequel.

Theorem 7.8.1. If V : R" — R is locally Lipschitz, u: [0,T) — R" is
any solution to (7.8.1) and t € [0,T), then

V*(u(t)) = Timsup [V (u(t + 1) ~ V (u(t))].
hl0

Proof. We have
V*(u(t)) = limsup %[V(U(t) + hg(u(t))) — V(u(t))]
R0

<timaup 1 [V (a0 [ gtats)) ds) - Viato)]

hl0

+1im Sup% [v (u(t) + /t " ) ds) FV(u(t) + hg(u(t)))] .

hl0
Since

lim sup% {—v (u(t) + /t o g(u(s)) ds> + V(u(t) + hg(u(t)))] '

R10

< Llimsup —
10

/ 7 gtuts s - hg(u@))H o,
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where L > 0 is the Lipschitz constant of V' on a suitably chosen neighbor-
hood of u(t), we deduce

Y (u(t)) < Timsup 3 [V u(t + b)) — V(u(t)].
h|0

Similarly, we get
1
V*(u(t)) > limsup E[V(u(t + h)) — V(u(t))]
hl0
and this completes the proof. O

Definition 7.8.1. We say that 0 is stable for (7.8.1) if for each ¢ > 0
there exists d(¢) € (0,e) such that for each ¢ € R" with €| < d(e),
each solution u of (7.8.1), satisfying w(0) = &, is defined on [0, +00), and
llu(t)|| < e for all t > 0.

Clearly if 0 is stable for (7.8.1), {0} is both viable and locally invariant
with respect to g, and thus g(0) = 0. In other words, if 0 is stable for
(7.8.1), then u = 0 is necessarily a solution to (7.8.1), and this is the only
one issuing from 0.

Definition 7.8.2. We say that V has positive gradient at v € R if

. V() —wv

1 f ———>0

distr(%;llI(l)lo dist (&; K)
EEK

where K = V~1((—o00,v]).

If V is of class C! and ||grad V|| is bounded from below on V~!({v})
by a constant ¢ > 0, then V has positive gradient at v.

Proposition 7.8.1. Let g : R® — R”, let V : R® — R be continuous,
v € R and let K = V71((—o0,v]). If V has positive gradient at v and
V*(&) < 0 whenever V(§) = v, then K is viable with respect to g.

Proof. Let us assume by contradiction that K is not viable with re-
spect to g. In view of Theorem 3.2.5, this means that there exists £ € 0K
such that g(§) is not tangent in the sense of Federer to K at . So, there
exist v > 0 and a sequence h,, | 0 such that

v < hidist (4 hmg(€); K)

for all m € N. As £ € 0K, it follows that V(§) = v. Furthermore, since V'
has positive gradient at v, there exists v > 0 such that

VE S hnol©) —v _ 1 .
Bt (€ + g €5 K) Ty ? (& PmE) =)
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for each m € N. Hence

O<rv< l lim sup VIE+ng(8)) = V(E) = lv*(f),
Y hlo h v

thereby contradicting the hypothesis that V*(£) < 0. This contradiction
can be eliminated only if K is viable with respect to g, and this completes
the proof. O

Theorem 7.8.2. Let us assume that (7.8.1) has the uniqueness prop-
erty. Then 0 is stable for (7.8.1) if and only if there exist a continuous
function V : R"™ — [0,4+00) and a sequence vy, | 0 such that V(x) = 0 if
and only if t =0 and V*(x) <0 for those x € R™ for which V(x) = vy, for
some m € N, and V' has positive gradient at each vyy,.

Proof. We denote by u(-,€) : [0,400) — R™ the unique solution of
(7.8.1) satisfying u(0,§) = €.

Sufficiency. Let us assume that such a sequence (vy,)n, and function V/
exist. Let K, = V71([0,v,,,]). Since (7.8.1) has the uniqueness property,
by Proposition 7.8.1, it follows that K, is both viable and locally invariant
with respect to g. Let € > 0 and let us define both pi.(e) = infj¢—. V(§) and
1 (e) = supj¢|=. V(§). Then, p.(g) > 0. For any € > 0, choose m = m(e)
such that v, < p«(¢), and choose d(¢) € (0,e) such that p*(6) < v,
for each 0 € (0,0(¢)). Let £ € R™ with ||£|| < d(¢). Clearly, £ € K. If
there exists ¢ > 0 such that ||u(t,§)|| > ¢, then there exists ¢y € (0,¢)
such that [|u(to,€)|| = €. On the other hand, by the choice of m, we have
u(to, &) ¢ Ky, thereby contradicting the local invariance of K, with respect
to g. This contradiction can be eliminated only if ||u(t, §)|| < e for all t > 0,
and this completes the proof of the sufficiency.

Necessity. Suppose that 0 is stable for (7.8.1). Let §(-) the function
in Definition 7.8.1, choose €1 > 0, and let us define inductively e,,+1 =
0(em)/2. Clearly, &, | 0. Let us denote by

Ky, = {ult,€); [|€]l < 6(em) and ¢ > 0}

Since K9, contains only points reached at positive time by solutions starting
in D(0,6(em)), it follows that KO, is viable with respect to g. By Propo-
sition 7.1.1, we deduce that K,, = K9, is viable with respect to g. Since
v/ (t) = g(u(t)) has the uniqueness property, it follows that K, is in fact
invariant with respect to g. For each m =1,2,..., let

o)
Um — E Ej.

i=m-+1
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Clearly, v,, = %Z;’imﬂ d(gi—1) < e form =1,2,.... Let Kyg = R"™ and
vg = +00. We have ... C Ky C K; C K and therefore, we may define
N (&) = max{m; & € K,,}. Notice that we want to have V(§) = vy, for all
¢ € 0Ky, Define V(0) = 0 and

V(&) = min{vy ey, vn(e)41 + dist (§; Kne)41)}

for £ # 0. We begin by proving that V is continuous. First, let us observe
that, for each m € N, the function N is constant on K,;,\ K, +1. Accordingly,
the restriction of V' to K, \ K41 is continuous, and so the function V itself
is continuous at each interior point of K, \ Ky4+1. Next, we show that for
each m € N, V is continuous on the boundary, 0K,,, of K,,. Let £ be
arbitrary in OK,. We have both [|{|| € [d(em),em) and sup, ek, ., ]l <
Em+1. Therefore, N(§) = m and dist (§; Kpm+1) > 0(6m) — €ma1 = 0(em) /2.
Hence, we have vy (e)41 +dist (& Kne)+1) > vn(e) and V(§) = vp,. Choose
& ¢ Ky fori=1,2,..., with & — £ Then, lim; . dist (§;; K;,) = 0, and

lim V(&) = vm = V(§),

11— 00
which shows that V is continuous at £. It remains to prove that V' is contin-
uous at 0. Take & — 0. Then N(&;) — oo and V(&) < vn(e,). But v — 0
as m — 0o, so that

%ii% V(&) =0=V(0).
Thus V is continuous on R".
Finally, we show that V(&) = v,, implies V*(§) < 0. Indeed, if for some

m € N we have V(§) = vy, then £ € K, £+ hg(§) € Kpp—1 for h > 0
sufficiently small, and

VI(§+ hg(§)) < vm + dist (§ + hg(§); Km).
Since K,, is viable with respect to g, by virtue of Theorem 3.1.1, we have

9(&) € Tk, (£), and therefore

V*(€) < limsup 1dist (&4 hg(&); Kpn) = 0.
no R

If 0 < dist (& Kp) < Uy — Um—1 = €m, then V(§) = vy, + dist (&; Ky ), so
that V has positive gradient at each v,,, thereby completing the proof. [J

7.9. The characteristics method for a first order PDE

Let 2 be a nonempty open subset of R”. A function w :  — R is Severi
differentiable at a point x €  if, for every u € R", there exists the finite
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limit
Duw(z)(u) = lim(1/s)(w(z + s(u + p)) — w(@)),
e
called the Severi differential of w at x in the direction u. If w is Severi
differentiable at z, the function u +— Dw(x)(u) from R™ to R is the Severi
differential of w at x.

Let H : Q x R~ R" x R be a multi-function with nonempty values,

and consider the first order partial differential equation

(n’e)egl(f&w(g))(Dw(g)(n) 0) =0. (7.9.1)
By a solution to the equation (7.9.1) we mean a Severi differentiable func-
tion w : © — R which satisfies the equality (7.9.1) for all £ € Q.

In order to construct an existence theory for (7.9.1), we take as a model
the classical characteristics method and characterize the solutions w of
(7.9.1) by means of the behavior of the functions w along the almost exact
solutions (u,v) of the differential inclusion

(u'(t),0'(t)) € H(u(t),v(t)), (7.9.2)

called characteristics system. Since the differential inclusion (7.9.2) is au-
tonomous, we consider only almost exact solutions (u,v) : [0,7) — R" xR
where 0 < T < co. The characterization consists of the conditions:

(C1) for every & € Q, there exists an almost exact solution (u,v) :
[0,7) = R" xR of (7.9.2), with (u(0),v(0)) = (§,w(§)), and such
that, for every s € (0,T), we have w(u(s)) < v(s);
(Cq) for every & € Q, for every almost exact solution (u,v) : [0,T) —
R™ x R of (7.9.2), with (u(0),v(0)) = (&, w(&)), and for every
s € (0,T), we have v(s) < w(u(s)).
Now we are ready to state a first result concerning (7.9.1).

Theorem 7.9.1. Let H : QO X R ~ R" x R be both u.s.c. and l.s.c.
with nonempty, compact and convex values, and let w : & — R be Severi
differentiable and such that H has the comparison property with respect to
(2 x R, hyp(w)). Then w is a solution to the equation (7.9.1) if and only if
it satisfies conditions (C1) and (C2).

In fact, in the absence of the differentiability conditions, the function
w satisfying (C}) and (C2) are just the solutions w of the two differential
inequations

inf D —9) <0, 7.9.3
o (Du(E)n) ~0) < (793

0< inf Dw —0), 7.94
< (n,e)eH(Eyw@))( (&)(n) —0) (7.9.4)
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respectively. Here
Duw(&)(n) =liminf(1/5)(w(§ + s(n + p)) — w(€)),

p—0

Dw(&)(n) = lirill%up(l/S)(w(f +5(n+p)) —w(€)).
p—0

If g : D — R, we recall that epi(g) = {(&,t); g(&) < t, & € D} is the
epigraph of the function g and hyp (g) = { ; >t, £ € D} denotes
the hypograph of the function g.

Exercise 7.9.1. Prove that:
epi (Q’w(é—)) = ‘J‘epi(w) (f? w(é))
hyp (Ew(é)) = ‘Thyp(w) (€7 w(g))

It is clear that w is differentiable at ¢ if and only if Dw(§)(n) and
Dw(€)(n) are finite and equal to each other for all € R™.

The epigraph and hypograph equalities above show that 1 — Dw(&)(n)
and 1 — Dw(&)(n) are Ls.c. and u.s.c. respectively.

By a solution of the differential inequation (7.9.3) (or (7.9.4)) we mean
a function w : @ — R which satisfies the inequality (7.9.3) (or (7.9.4)) for
all £ € Q. Clearly a function w is a solution to (7.9.1) if and only if it is a dif-
ferentiable solution to the couple (7.9.3) and (7.9.4). Since differentiability
at a point implies continuity at that point, we conclude that Theorem 7.9.1
above is a natural corollary of Theorem 7.9.2 below.

Theorem 7.9.2. Let H : Q@ xR~ R" xR be both u.s.c. and l.s.c. with
nonempty, compact and convex values, and let w : Q — R be continuous
such that H has the comparison property with respect to (2 x R, hyp(w)).
Then w is a solution of (7.9.3) and (7.9.4) if and only if it satisfies condi-
tions (C1) and (Ca).

We mention that all solutions to every variational problem satisfy both
(C1) and (C2) (the Bellman optimality principle) with a suitable chosen
H. Hence, under rather common hypotheses upon the components of a
variational problem, its continuous solution satisfies the inequations (7.9.3)
and (7.9.4) (the generalized Bellman ”equation”). A typical example is
included below.

Example 7.9.1. We consider the time optimal control problem asso-
ciated to a control system and a target. More precisely, let F' : R™ ~» R"
be a multi-function and let us consider the differential inclusion

W (t) € Flu(t)), (7.9.5)
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and fix a target set T (nonempty and closed). Let R be the reachable set,
that is, the set of all initial points which can be transferred to 7 by almost
exact solutions of (7.9.5). For € € R define T'(§) as the minimum (assuming
that it exists) of the transition times. An almost exact solution of (7.9.5)
that transfers & to T in T'(§) is called optimal. The Bellman optimality
principle for the time optimal control problem states that

(Cs3) for every & € R, there exists at least one almost exact solution (an
optimal one) uw : [0,T) — R™ of (7.9.5), with u(0) = &, and such
that, for every s € (0,T), w(u(s)) +s < w(§);

(Cy) for every & € R, for every almost exact solution u : [0,T) — R"
of (7.9.5), with u(0) =&, and for every s € (0,T"), we have w(§) <
w(u(s)) + s.

It is easy to see that conditions (C3) and (Cy) are particular cases of
(C1) and (Cy), respectively, for the choice H(z,y) = F(x) x {—1}. There-
fore, the corresponding partial differential equation (called the Bellman
equation) is

1+ inf DT(€)(n) =0, £€R\T.
ner ()
Returning to the general equation (7.9.1), we point out that, in its turn,
Theorem 7.9.2 follows from the following anatomized variant of itself.

Theorem 7.9.3. (i) Let H : Q@ x R~ R™ x R be u.s.c. with nonempty,
compact and conver values. A continuous function w : 0 — R is a solution
of (7.9.3) if and only if it satisfies (C1).

(ii) Let H : @ x R~ R™ x R be l.s.c. with closed and convezr values.
Let w : Q — R be a continuous function such that H has the comparison
property with respect to (€ x R, hyp(w)). Then w is a solution of (7.9.4) if
and only if it satisfies (Ca).

Proof. (i) Since H(&,w(&)) is compact and since Dw(&) is ls.c. on
R™, it follows that ”inf” can be replaced by "min” in (7.9.3). By the first
equality in Exercise 7.9.1, (7.9.3) states that

¢ 7é H(f,?ﬂ(f)) mg’epi(w)(ﬁvw(gn' (796)
Since w is continuous, (7.9.6) is equivalent to (7.9.7) below
¢ 7é H(éa t) N ‘Tepi(w) (§7 t) (797)

for ¢ > w(§), and this simply because Tepi)(§,) = R™ x R whenever
w(§) < t. On the other hand, since w is continuous, condition (Ci) is
equivalent to the almost exact viability of epi (w) with respect to H. But the
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set epi (w) is closed in © x R, and therefore the conclusion is an immediate
consequence of Theorem 6.2.3.

(ii) Taking into account the second equality in Exercise 7.9.1, (7.9.4)
states that H (&, w(§)) € Thyp(w)(§;w(§)). Since w is continuous, we have
H(&,t) € Thyp(w) (&, 1) in case w(§) > t. On the other hand, condition (C2)
states that the set hyp (w) is invariant with respect to H. Since the set
hyp (w) is closed in Q x R, by Corollary 2.2.1 we deduce that hyp (w) is
proximal. Therefore, the ”if” part follows from Corollary 6.7.1 and Prob-
lem 6.7.1. Finally, the "only if” part follows from Theorem 6.7.3. g

Problem 7.9.1. Suppose that w : Q — R is continuous. Prove that the
condition (C1) is equivalent to the following one below

for every £ € §Q, there exists an almost exact solution (u,v) : [0,T) —
R™ xR of the inclusion (7.9.2), with (u(0),v(0)) = (§,w(§)), such that, the

function s — w(u(s)) —v(s) is decreasing.

A natural question is whether we can weaken the continuity property
of the function w in Theorem 7.9.3. This question arises from the fact that
epi (w) is closed even in the case when w is l.s.c. and hyp (w) is closed in
the case when w is u.s.c. The answer is in the negative as the following
examples show. Consider first the differential inequation

Duw(g)(w(§)) —1<0. (7.9.8)
Here H(z,y) = {(y, 1)}, for all (z,y) e R xR

Exercise 7.9.2. Prove that the l.s.c. function w : R — R given by
w(&) =0 for £ =0 and by w(§) =1 for & # 0 is a solution to (7.9.8) but
does not satisfy the corresponding condition (C1).

A second example is given by the differential inequation

0 < Dw(&)(w(€)) + 1. (7.9.9)
Here H(x,y) = {(y,—1)} for all (z,y) € R x R.
Exercise 7.9.3. Prove that the u.s.c. function w : R — R given by

w(§) =0 for § =0 and by w(§) = —1 for £ # 0 is a solution to (7.9.9) but

does not satisfy the corresponding condition (Ca).

A condition which assures that (C1) in part (i) of Theorem 7.9.3 holds
for a l.s.c. function w, while (C3) in part (ii) holds for an u.s.c. function w
is given below.

Theorem 7.9.4. Let H : Q) x R~ R"™ x R be a nonempty and convez
valued multi-function satisfying

H(z,y1) C H(z,y2) (7.9.10)
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for each x € Q and y1,y2 € R, with y1 < yo.

(i) Assume that H is u.s.c. with compact values. Then, a l.s.c. function
w: Q — R is a solution to the differential inequation (7.9.3) if and only if
it satisfies (Ch)

(ii) Assume that H is l.s.c. with closed values. Let w : 2 — R be w.s.c.
such that H has the comparison property with respect to (2 x R hyp (w)).
Then, w :  — R is a solution to the differential inequality (7.9.4) if and
only if it satisfies (C3)

Proof. The proof follows the same steps as the one of Theorem 7.9.3.
Indeed, in order to prove (i), as Tepi(w) (%, w(x)) C Tepiqw) (2, 1) if w(z) <t,
(7.9.10) implies that (7.9.6) is equivalent to (7.9.7). In its turn, (7.9.6) is
equivalent to (7.9.3). On the other hand, since (7.9.10) is satisfied, condition
(C1) is equivalent to the almost exact viability of epi(w) with respect to
H. Indeed, if w(z) < t, and (u,v) : [0,T) — R™ x R is a solution to (7.9.2)
with (u(0),v(0)) = (&, w(§)), and w(u(s)) < v(s) for all s € [0,T), then the
function s — (u(s),v(s) +t — w(x)) = (u(s),v(s)) is a solution to (7.9.2)
with (@(0),9(0)) = (&,t) and satisfies w(u(s)) < v(s) for all s € [0,7T"). This
completes the proof of (i). The proof of (ii) goes in the very same spirit,
and therefore we do not give further details. O
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Evolution equations and inclusions






CHAPTER 8

Viability for single-valued semilinear evolutions

In this chapter we reconsider some problems already studied in the case of ordi-
nary differential equations, within the more general frame of semilinear evolution
equations governed by single-valued continuous perturbations of infinitesimal gen-
erators of Cp-semigroups. As in the previous case we just mentioned, we start with
the autonomous case. So, after introducing the concept of mild viability and that
one of A-tangent vector to a set at a given point, we prove a necessary condition for
mild viability expressed in terms of a tangency condition which, whenever A = 0,
reduces to the Nagumo Tangency Condition. We next state and subsequently prove
several necessary and sufficient conditions for mild viability. Further, we show how
the quasi-autonomous case reduces to the autonomous one and we rephrase all the
results already obtained in the autonomous case within this more general frame.
We prove some necessary and sufficient conditions for mild viability in the specific
case of a class of semilinear reaction-diffusion systems. We conclude the chapter
with some results concerning the existence of noncontinuable, as well as of global
mild solutions.

8.1. Necessary conditions for mild viability

We begin with the autonomous case. So, let X be a real Banach space,
let A: D(A) C X — X be the infinitesimal generator of a Cp-semigroup,
{S(t) : X — X; t > 0}, K anonempty subset in X and f: K — X a given
function.

Definition 8.1.1. By a mild solution of the autonomous semilinear
Cauchy problem

{ (0 = () + (00 6.11)
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on [0,7'], we mean a continuous function w : [0,7'] — K such that the
mapping s — f(u(s)) is Bochner integrable on [0,T"] and

u(t) = S + /0 S(t— ) f(u(s)) ds, (8.1.2)
for each t € [0,T].

Remark 8.1.1. If u is a mild solution of the Cauchy problem (8.1.1),
then u is a mild solution, in the sense of Definition 1.5.3, of the linear
nonhomogeneous Cauchy problem

{ W =Au+g
u(0) =¢,
where g(s) = f(u(s)) for each s € [0,T'].

Definition 8.1.2. The set K C X is mild viable with respect to A+ f
if for each £ € K, there exists T' > 0 such that the Cauchy problem (8.1.1)
has at least one mild solution w : [0,T] — K.

Definition 8.1.3. We say that n € X is A-tangent to K at £ € K if
1
lim inf —di ; K)=0.
i in hdlst (S(h)¢+hn; K) =0
In other words, n € X is A-tangent to K at £ € K if for each § > 0 and
each neighborhood V' of 0 there exist h € (0,d) and p € V such that
S(h)¢ + h(n+p) € K. (8.1.3)

The set of all A-tangent elements to K at ¢ € K is denoted by T#(€).
We notice that if A = 0, then T4 (€) is the contingent cone at & € K, i.e.
T9.(€) = Tk (€). See Definition 2.4.1.

Remark 8.1.2. Except for some particular cases, as for instance when
A =0, or £ is an interior point of K, or £ = 0, etc., ’.Tf}(f) is not a cone.

Proposition 8.1.1. Ifn € T4 (&) then, for every function h v ny, from
(0,1) to X satisfying 1}551 nn =1, we have

1
lirﬁ'bnf Edist (S(h)E + hnp; K) = 0. (8.1.4)
If there exists a function h — ny from (0,1) to X satisfying both 1}318 Ny =1

and (8.1.4), then n € T4 (&).

Since the proof is completely similar with that one of Proposition 2.4.3,
we do not enter into details.
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Proposition 8.1.2. A necessary and sufficient condition in order that
n € T(§) is

NS Y "
lu}bllbnf EdlSt <S(h)§ —i—/o S(h—s)n ds,K> = 0.

Proof. Since, by (i) in Theorem 1.4.3, we have

1 h
lim — S(h — ds =
A (h—s)nds =,
the conclusion follows from Proposition 8.1.1. U

Theorem 8.1.1. Let X be a Banach space, A : D(A) C X — X the
infinitesimal generator of a Co-semigroup, {S(t) : X — X; t > 0}, K a
nonempty subset in X and f: K — X a continuous function. If K is mild
viable with respect to A+ f then, for each & € K, we have

i %dist (S(h)E + hf(&);: K) = 0. (8.1.5)

Remark 8.1.3. Under the general hypotheses of Theorem 8.1.1, if K
is mild viable with respect to A + f then, for each £ € K, we have

£(&) € TR(9).

Theorem 8.1.1 is an immediate consequence of the slightly more general
Theorem 8.1.2 below.

Theorem 8.1.2. Let X be a Banach space, A : D(A) C X — X the
infinitesimal generator of a Cy-semigroup, {S(t) : X — X; t > 0}, K a
nonempty subset in X and f : K — X a given function. If K is mild viable
with respect to A+ f, then the tangency condition (8.1.5) is satisfied at each
continuity point, £ € K, of f.

Proof. Let ¢ € K be a continuity point of f. Since K is mild viable with
respect to A + f, there exist 7' > 0 and one mild solution u : [0,T] — K
of (8.1.1). By virtue of (8.1.2), we have

Fdist (S(R)E + hf(€):K) < 1 S +hf(E) — u(h)|

h
= | [0 = st - s rtutsnas] < / 1£(6) — (b — ) F(u(s)) ] ds
< sup I£(6) - ()
s€[0,h]

Since w is continuous, u(0) = &, (¢t,z) — S(t)z is continuous from Ry x X
to X, and £ is a continuity point of f, we conclude that (8.1.5) holds true,
as claimed. g
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8.2. Sufficient conditions for mild viability

In order to handle several apparently different cases into a unitary frame,
we introduce:

Definition 8.2.1. Let X be a Banach space, A: D(A) C X — X the
infinitesimal generator of a Cp-semigroup, {S(¢) : X — X; ¢t > 0}, and
f: K — X a function. We say that A + f is locally of compact type if f
is continuous and, for each £ € K, there exist p > 0, a continuous function

¢ : Ry — Ry and a uniqueness function w : Ry — R4, such that f is
bounded on D(&, p) N K, and

BS)f(C)) < L(t)w(B(C))
for each t > 0 and C C D(&,p) N K.

Several important instances when A + f is locally of compact type are
indicated in the remark below.

Remark 8.2.1. One may easily verify that A+ f is locally of compact
type whenever:

(i) f is locally B-compact (see Definition 3.2.3);
(ii) f is continuous and the semigroup, {S(t) : X — X; t > 0}, is
compact (see Definition 1.5.5).
Indeed, if (i) holds, then we can take ¢(t) = Me®, for t € Ry, where M > 1
and a > 0 are given by Theorem 1.4.1%, while w is given by Definition 3.2.3.
As for the case (ii), we may take £ =0 and w = 0.
From this observation, and Remark 3.2.3, it readily follows that in each
one of the next three situations below:
(iii) f is locally compact (see Definition 3.2.1);
(iv) f is continuous and K is locally compact ;
(v) f is locally Lipschitz (see Definition 3.2.2),

A+ f is locally of compact type too.

Now we are ready to state the main sufficient conditions concerning the
viability of a set K with respect to A + f.

Theorem 8.2.1. Let X be a Banach space, A : D(A) C X — X the
infinitesimal generator of a Cy-semigroup, {S(t) : X — X; t > 0}, K a
nonempty and locally closed subset in X and f : K — X a function such

n fact, by Theorem 1.4.1, we get a € R but, here and thereafter, we may assume
that @ > 0. If not, then replace it by |a| which satisfies also || S(t)]|c(x) < Mel®!* for each
teR,.
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that A+ f is locally of compact type. Then K is mild viable with respect to
A+ fif and only if, for each £ € K, we have

F(€) € T (), (8:2.1)
From Theorem 8.2.1 and (i) in Remark 8.2.1, we deduce

Theorem 8.2.2. Let X be a Banach space, A : D(A) C X — X the
infinitesimal generator of a Cy-semigroup, {S(t) : X — X; t > 0}, K
a nonempty and locally closed subset in X and f : K — X a locally G-
compact function. Then K is mild viable with respect to A+ f if and only
if, for each & € K, the tangency condition (8.2.1) is satisfied.

From Theorem 8.2.1 and (ii) in Remark 8.2.1, we get

Theorem 8.2.3. Let X be a Banach space, A : D(A) C X — X the
infinitesimal generator of a compact Cy-semigroup, {S(t) : X — X; t > 0},
K a nonempty and locally closed subset in X and f : K — X a continuous
function. Then K is mild viable with respect to A + f if and only if, for
each £ € K, the tangency condition (8.2.1) is satisfied.

From Theorem 8.2.2 and (iii)~(v) in Remark 8.2.1, we obtain

Theorem 8.2.4. Let X be a Banach space, A : D(A) C X — X the
infinitesimal generator of a Cy-semigroup, {S(t) : X — X; t > 0}, K a
nonempty and locally closed subset in X and f : K — X a locally compact
function®. Then K is mild viable with respect to A + f if and only if, for
each § € K, the tangency condition (8.2.1) is satisfied.

Theorem 8.2.5. Let X be a Banach space, A : D(A) C X — X the
infinitesimal generator of a Co-semigroup, {S(t) : X — X; t > 0}, K a
nonempty and locally compact subset in X and f : K — X a continuous
function. Then K is mild viable with respect to A + f if and only if, for
each &£ € K, the tangency condition (8.2.1) is satisfied.

Theorem 8.2.6. Let X be a Banach space, A : D(A) C X — X the
infinitesimal generator of a Cy-semigroup, {S(t) : X — X; t > 0}, K a
nonempty and locally closed subset in X and f : K — X a locally Lipschitz
function. Then K is mild viable with respect to A + f if and only if, for
each & € K, the tangency condition (8.2.1) is satisfied.

Since the necessity of Theorems 8.2.1~8.2.6 is a simple consequence of
Theorem 8.1.1, in what follows, we focus our attention only on the proof of
the sufficiency. Finally, as Theorems 8.2.2~8.2.6 follow from Theorem 8.2.1
and Remark 8.2.1, we will prove only the sufficiency of Theorem 8.2.1.

2See Definition 3.2.1.
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8.3. Existence of c-approximate mild solutions

The proof of the sufficiency of Theorem 8.2.1 is divided into two steps.
First, we will prove the existence of a family of approximate solutions for
the Cauchy problem (8.1.1), all defined on one and the same interval [0,7T"].

Lemma 8.3.1. Let X be a Banach space, A : D(A) C X — X the
infinitesimal generator of a Cy-semigroup, {S(t) : X — X; t > 0}, K a
nonempty and locally closed subset in X and f : K — X a continuous
function satisfying the tangency condition (8.2.1). Let £ € K be arbitrary
and let r > 0 be such that D(§,r)NK is closed. Then, there exist p € (0,7],
and T > 0 such that, for each € € (0,1), there exist o : [0,T] — [0,T]
nondecreasing, 0 : {(t,s); 0 < s < t < T} — [0,T] measurable, g :
[0,T] — X Riemann integrable and w : [0,T] — X continuous such that:
(i) s—e<o(s) <s foreach s €[0,T];

(i) u(o(s)) € D(&, p)NK for each s € [0,T] and u(T) € D(§, p) N K ;
(iii) ||lg(s)|| < e for each s € [0,T];
(iv) O(t,s) <t for each0 < s <t <T andt+ 6(t,s) is nonexpansive

on (s,T]; t .
() ult) = S()E + /0 S(t — ) f(u(o(s))) ds + /0 S(0(t, 5))g(s) ds for
eacht € [0,T];

(vi) [Ju(t) —u(o(t))|| < e for each t € [0,T].

Definition 8.3.1. A 4-uple (0,0,9,u) as in Lemma 8.3.1 is called an
e-approzimate mild solution of the Cauchy problem (8.1.1) on [0,T"].

Proof. Let £ € K be arbitrary and let » > 0 be such that D(§,r) N K
be closed. Let us choose p € (0,7], N >0, M >1 and a > 0 such that

If (@) < N (8.3.1)
for every x € D(&,p) N K, and
1S ]le(x) < Me® (8.3.2)

for every t > 0.

The existence of p > 0 and N > 0 satisfying (8.3.1) is ensured by the
fact that f is continuous and therefore locally bounded. Furthermore, the
existence of M > 1 and a > 0 satisfying (8.3.2) follows from Theorem 1.4.1.
Since ¢t — S(t)¢ is continuous at ¢ = 0 and S(0)¢ = &, we may find a
sufficiently small T" > 0 such that

sup |[|S()€ — €|+ TMe T (N +1) < p. (8.3.3)
te[0,T]
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Let £ € (0,1) be arbitrary but fixed. We begin by showing the exis-
tence of an e-approximate solution on an interval [0,d ] with § € (0,T']. As,
for every ¢ € K, f satisfies the tangency condition (8.2.1), from Proposi-
tion 8.1.2, it follows that there exist 6 € (0,7'] and p € X with |p| < e,
such that

9
S(8)¢ + /0 S(6— ) f(€)ds + 6p € K. (8.3.4)

We continue by showing how to define the functions o, 8, g, u. Namely, let
0:[0,6] = [0,6],9:[0,0] = X and 0: {(¢,8); 0<s<t<d}—[0,0]
be given by

o(s) =0,
9(s) = p,
0(t,s) =0

and let w: [0,0] — X be defined by
¢
u(t) = 506+ | Slt=s)5(€) ds+ o

for each t € [0,4].

We will show that (0,0, g,u) is an e-approximate mild solution to the
Cauchy problem (8.1.1) on the interval [0, 0 ]. Clearly o is nondecreasing, g
is Riemann integrable, 6 is measurable and ¢ — 6(t, s) is nonexpansive on
[0, ] and u is continuous. The conditions (i), (iii), (iv) and (v) are obviously
fulfilled. To prove (ii), let us first observe that, as u(o(s)) = u(0) = & for
each s € [0,0], we have u(o(s)) € D(§, p) N K. Moreover, since 6 < T, from
(v), (8.3.1) and (8.3.2), we get

[ut) = €]l < 1S(#)€ = £l +/O 1S =)l ll flulals)))lds

t
+/ 1S(0(t, ) lex)lg(s)llds < sup [[S(£)E—¢||+6 Me* (N+1) (8.3.5)
0 te[0,d]

for each t € [0,0]. Thus, by (8.3.3), we have

lu(8) =&l < sup [[S()€ =&l + 6 Me® (N +1) < p.
te[0,60]

Combining (8.3.4) with the last inequality, we get u(d) € D(&,p) N K and
thus (ii) is satisfied. Diminishing § > 0, if necessary, by (8.3.5), we may
assume that

[u(t) —u(o(t))] < e
for each t € [0,d] and thus (vi) is also satisfied. We emphasize that we can
do this because (8.3.5) is independent of p which, of course, may change
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with §. Therefore (0,0, g,u) is an e-approximate mild solution of (8.1.1) on
[0,0].

In the second step we will prove the existence of an e-approximate
solution for (8.1.1) defined on the whole interval [0,7"]. To this aim we
shall make use of Brezis—Browder Theorem 2.1.1. We denote by D(c) the
set

D(c) =10,c] x {(t,s); 0<s<t<e}x[0,¢c]x][0,c],
with ¢ > 0 and by § the set of all e-approximate mild solutions to the
problem (8.1.1), defined on D(c), with ¢ < T.

On § we introduce a preorder =<as follows: we say that (01,01, g1, u1 ),

defined on D(cy), and (o9, 02, g2, u2 ), defined on D(cg), satisfy

(01)917915 U1 ) j (0'2,92792,?,@ )

if 1 < ¢, 01(t) = 02(t), g1(t) = g2(t), for t € [0,c1] and 01(¢,5) = Oa(t, 5)
for each 0 < s <t <¢.

Let £ be an increasing sequence in 8,

L= ((04,0i,9i,u;) - D(c;) — [0,¢;] x [0,¢;] x X x X);.
We define an upper bound of L as follows. First, set
¢ =sup{c;i=1,2,...}.

If ¢* = ¢ for some i = 1,2,... then (0y,0;,¢9,u;) is an upper bound for
L.If¢; < ¢* for i = 1,2,..., we show that there exists (o*, 0%, ¢*,u*) in
8, defined on [0, c* |, and satisfying (o, Om, gm, um) =< (0*,0%, g*,u*), for
m=1,2,....

First, we know that all the functions in the set {op;m = 1,2,...}
are nondecreasing, with values in [0, ¢*], and satisty o,,(cmn) < op(cp) for
m,p=1,2,... with m < p. So, there exists

lim oy, (¢,) € [0, " ].
m

Now, let m,k € {1,2,...} be arbitrary with m > k. For each s € [0, ¢x),
we have

|0m (cim;s s) — Ok (cr, 8)|
S lem(cma S) - em(cku S)’ + |0m(ck‘78) - 9k(Ck,8)| S ‘Cm - Ck‘7
because t — 0,,(t, s) is nonexpansive on (s, c*). Accordingly, there exists

lim 0,, (¢, ).

We are now ready to define the functions: o* : [0,c¢*] — [0, c¢*] by

. Om(t) if, for some m=1,2,..., t € [0,¢p]
o"(t) =1 lim om(em) ift=c",
m
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0 : {(t,s);0<s<t<c}—[0,c"] by

. Om(t, s) if, forsome m=1,2,..., 0<s<t<cp
0r(t,s) = im0, (cm,s) f0<s<t=c"
m

and g* : [0,c¢*] — X by
s ) gm(t) if, for some m=1,2,...,t €[0,¢n]
g(t)_{ 0 ift=ch

Obviously ¢* is nondecreasing, g* is Riemann integrable, 8* is measurable

and t — 6*(t, s) is nonexpansive on [0, ]. In order to define u*, let us first

prove that there exists lim w,(c;,). To this aim, let us denote by X[o.,,] :
m

[0,7'] — R4 the indicator function of [0, ¢y, |, i.e.

()_ 1 1f8€[07cm]
X(0en ]V =90 if s € (e, T).

By (v), we have

*

tm(em) = S(em)é + /0 X0 ()5 (em — ) (tm(n(s)) ds

*

+/OC X[0,0m1(8)S (O (Cm, 5)) g (s) ds.

Recalling (i), (ii), (iv) and (vi) and the fact that, by (iii), each g,, is Rie-

mann integrable and bounded by e, thanks to the Lebesgue Dominated

Convergence Theorem 1.2.3, we deduce that there exists lim,, u,(¢;,).
Let us define u* : [0,¢*] — X by

(1) = ' U (1) %f, for some m =1,2,..., t € [0,cp |
Hm wp, (c)  if t = c*.
m

Clearly u* is continuous on [0, c*]. Moreover, (o*,0*, g*, u*) satisfies (i),
(iii), (iv) and (v). Since uy, is an e-approximate mild solution on [0, ¢, |,
by (ii) applied to uy,, we have up(cy) € D(&, p) N K and since the latter is
closed, we have u*(¢*) € D(&, p) N K. Similarly, by (vi) applied to u,,, we
have

[um(t) — um(om(t))]| < e

for each m € N and t € [0, ¢, | and since u* is continuous, we deduce

[u(t) —u (o (1) < €
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for each t € [0,c¢*]. Hence u* and o* satisfy (vi) and thus (o*, 6%, g*, u*) is
an e-approximate mild solution of (8.1.1) on [0,c*] and

(@ms Om, gms um) 2 (07,07, g7, u"),

form =1,2,.... Let us define the function N : 8§ — R by N((0,6,g9,u)) = ¢,
where D(c) is the domain of definition of (o, 8, g, u). Clearly N satisfies the
hypotheses of Brezis-Browder Theorem 2.1.1. Then, § contains at least one
N-maximal element (@, 6,7, u) whose domain is D(¢). We will next show
that ¢ = T. To this aim, let us assume by contradiction that ¢ < T'. We
know that w(¢) € D(E, )ﬂ K. Moreover, by using (8.3.1), (8.3.2), (8.3.3),
we get

la@ — €|
H f—i—/ S(c—s)f ds+/ S0 s)ds—ﬁH
< sup [|S()E - §H+/ 1S((z, 5))a(s)]| ds
te[0,¢]

+/0 1S(c — s)f(u(a(s)))| ds

< sup ||S(t)€ —¢|| +eMe (N +1) <
te[0,c]
Then, as u(¢) € K and f(u(c)) € T4 (u(c)), there exist § € (0,T —¢),
0 <eandp € X, ||p| < e such that

0
S(0)u(c) + /0 S(6 — s)f(u(e))ds +dp € D(&,p) N K. (8.3.6)

Let us define the functions: o:[0,e+6] —
and 0 : {(t,s); 0<s<t<c+6} — [0, c—i—é}

D“—'

- g(t) forte[0,¢]
9(t) :{ ;g for t € (c,e+94],
and B
N 0(t,s) for0<s<t<e
0(t,s) = —¢+0(¢s) for0<s<ec<t<c+6
0 fore<s<t<e+o6.

Clearly, o is nondecreasing, g is Riemann integrable on [0,¢ + ], 0 is
measurable and they satisfy (i), (iii), and (iv).
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Accordingly, we can define u : [0,¢+ ] — X by
a(t) if t € [0,¢]
u(t) = S(t—¢)u /St—s (€))ds+ (t—¢)p ifte|ec+6].

A standard calculation, involving the form of 8, shows that ¥ satisfies (v).
From (8.3.6), we get u(c+ 0) € D(&, p) N K and thus (ii) is satisfied.

Following the same arguments as in the first part of the proof, we con-
clude that, diminishing d > 0 if necessary, we also get (vi). Thus (7,0, g, u)
is an element of 8 which satisfies

N((7,6,9,m) < N((5,6,, 7))
although
(7,0,9,7) < (5,0,7, 0).
This contradiction can be eliminated only if ¢ = T' and this completes the
proof. O

Remark 8.3.1. Under the general hypotheses of Lemma 8.3.1, for each
v > 0, we can diminish both p > 0 and 7" > 0, such that T' < v, p < v and
all the conditions (i) ~ (vi) in Lemma 8.3.1 be satisfied.

8.4. Proof of the sufficiency of Theorem 8.2.1

In this section we will prove that, in the hypotheses of Theorem 8.2.1, there
exists at least one sequence &, | 0 such that the corresponding sequence of
en-approximate mild solutions, ((oy,, 0y, gn, Un) )n, enjoys the property that
(un)r is uniformly convergent on [0,7"] to some function w : [0,T'] — K
which is a mild solution of (8.1.1).

Proof. So, let r > 0, p € (0,r] and T > 0 as in Lemma 8.3.1. Since,
by hypotheses, A+ f is locally of compact type, diminishing p € (0,r] and
T > 0 if necessary, we can find a continuous function ¢ : Ry — Ry and a
uniqueness function w : Ry — Ry such that f(D(&, p) N K) is bounded and

BS)F(C)) < L(t)w(B(C)), (8.4.1)

foreacht € [0,T] and C C D(&, p)N K and, in addition, all the conclusions
of Lemma 8.3.1 be satisfied. See Remark 8.3.1 to conclude that we can do
that.

Let €, | 0 be a sequence in (0,1) and let ((on,8n, gn,un) )n be a se-
quence of e,-approximate mild solutions defined on [0,7 ] whose existence
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is ensured by Lemma 8.3.1. From (v)3, we have

un(t) = S(t)f—i—/() S(t—s)f(un(on(s))) ds—l—/o S(On(t,s))gn(s)ds (8.4.2)

for each n € Nand ¢t € [0,T].

We consider first the case when X is separable. Let M > 1 and a > 0
be the constants in (8.3.2). Let ¢ € [0,7'] be fixed. From Lemma 2.7.2,
Problem 2.7.1, (iii), (vi), (8.4.2), (8.3.2), (8.4.1) and Remark 2.7.1, we get

B{un(t); n = k})

<5 ({ [ stt- i ds: n=1})
+ﬂ<{/ S(On(t, 5))gn(s) ds n>k}>

/Mawt—s<wwamxn2knw
+/ﬁ&&%@®Mﬁ%nzkb%

/ 0t — 5)w(B ({un(on(s)); n > k}))ds + TMeTe,

sA sup £(0)w(B ({un(s); 1 > kY + {wn(0n(s)) — un(s); n > k}))ds

0e[0,T]
+TMe e,
t
< / sup £(0)w(B ({un(s); n>k}) +ep) ds + TMe ey,
0 0€[0,T]
Set 2(t) = B({un (1)

wo(z) = supgejo,r) {(0)w(z),
conclude

n > k})+eg for k=1,2,... and t € [0,T],
for x € Ry, and v = (TMeT 4 1)g;,. We

m@s%+éwwumw,

for k=1,2,... and ¢t € [0,T].

By Remark 1.8.1, wg is a uniqueness function. So, Lemma 1.8.2 shows
that, diminishing T > 0 if necessary, we may assume that limy x(t) = 0,
which means that limg, 5({u,(t); n > k}) = 0 uniformly for ¢t € [0,T']. From
Lemma 2.7.3, it follows that, for each ¢t € [0,T], {un(t); n =1,2,...} is
relatively compact in X. At this point Theorem 1.5.2 comes into play and

3Throughout this proof, the references to (i)~(vi) are to the corresponding items in
Lemma 8.3.1.
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[0,7]; X) such that, on a subsequence at
) uniformly for ¢ € [O,T]. In view of (ii)
= u(t) uniformly for ¢t € [0,7T], and, since
(&,p) N K for each t € [0,T].

.2), for n — oo, and taking into account of

shows that there exists u € C(
least, we have lim, u,(t) = u(t
and (vi), we get lim,, u,(on(t))
D(&, p) N K is closed, u(t) € D

Passing to the limit in (8.4
(iii), we obtain

(e + / S(t — 5)f(u(s)) ds,

for each ¢ € [0,T'], and this completes the proof in the case when X is
separable.

If X is nonseparable, from Remark 2.7.3, it follows that there exists a
separable and closed subspace, Y, of X such that

un(t), S(r) f(un(on(s))), S(On(r, s))gn(s) € Y

for n = 1,2,... and a.e. for t,r,s € [0,T]. From Problem 2.7.2 and the
monotonicity of w, we deduce that

By (S() fF(C)) <2B(S(t)f(C)) < 20(t)w(B(C)) < 2L(t)w(By (C)),

for each ¢ > 0 and each set C' C D(§, p) N K NY. From now on, we have to
repeat the same routine as above by using the fact that the restriction of
By — as defined in Problem 2.7.2 — to B(Y') is the Hausdorff measure of
noncompactness on Y. This completes the proof. O

8.5. The quasi-autonomous case

Let X be a real Banach space, A : D(A) C X — X the infinitesimal
generator of a Cp-semigroup, € a nonempty subset in R x X, f: € — X
a given function. The goal of this section is to extend the necessary and
sufficient conditions for viability already proved in the autonomous case to
the general frame of quasi-autonomous semilinear Cauchy problems of the
form

u'(t) = Au(t) + f(t, u(t))
{ u(r) = €. (8.5.1)
Throughout, we denote by X = R x X, which endowed with the usual
norm ||(¢,u)|| = || + |||, is a Banach space.

Definition 8.5.1. Let A: D(A) C X — X be the infinitesimal gener-
ator of a Cy-semigroup, {S(¢t) : X — X ; t > 0}, and f: € — X a function.
We say that A 4+ f is locally of compact type with respect to the second
argument if f is continuous and, for each (7,&) € @, there exist p > 0, a
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continuous function ¢ : Ry — Ry and a uniqueness function w : Ry — Ry,
such that f(Dx((,£),p) N C) is bounded and

B F(C)) < Ut)w(B(ILxC))
for each ¢t > 0 and each C' C Dx((7,&),p) NC.

Definition 8.5.2. By a mild solution of the problem (8.5.1) on [7,T],
we mean a continuous function w : [7,7'] — X which satisfies:
(i) (t,u(t)) € C for each t € [1,T];
(ii) the function s — f(s,u(s)) lies in LY(r,T; X);
(iii) w is a mild solution, in the sense of Definition 1.5.3, of the Cauchy
problem

u(r) = ¢,
where g(s) = f(s,u(s)) for a.a. s € [1,T], i.e.

u(t) =S{t—-7)&+ / S(t—s)f(s,u(s))ds,

for each t € [7,T].

{u’—Au—i—g

Definition 8.5.3. The set € C R x X is mild viable with respect to
A+ fif for each (7,&) € C, there exists T' € R, T' > 7 such that the Cauchy
problem (8.5.1) has at least one mild solution w: [7,7'] — X.

Remark 8.5.1. In order to introduce the tangency concept we are
going to use in the sequel, let us first observe that the quasi-autonomous
Cauchy problem (8.5.1) can be equivalently rewritten as an autonomous
one in the space X, by setting A = (0, A4), z(s) = (t(s + 7),u(s + 7)),
F(z) = (1, f(2)) and ¢ = (7,&). Indeed, with the notations above, we have

{ 2'(s) = Az(s) + F(2(s))
z(0) = ¢.
It readily follows that A generates a Cy-semigroup, {S(t) : X — X; t > 0},
on X, where 8(t) = (1,5(t)) for each t > 0, {S(¢) : X — X; t > 0} being
the Cp-semigroup generated by A on X. So, the mild solution z of the
problem above is given by the variation of constants formula

z(t) = 8(¢)¢ +/0 8(t — s)F(2(s)) ds

whose form, on components, is

2(t) = (T +t,S(t)E + /OtS(t — $)f(2(s)) ds) .
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Remark 8.5.2. One may easily see that € is mild viable with respect
to A+ f in the sense of Definition 8.5.3 if and only if € is mild viable with
respect to A + F in the sense of Definition 8.1.2.

Theorem 8.5.1. Let X be a Banach space, A : D(A) C X — X the
infinitesimal generator of a Cy-semigroup, {S(t) : X — X; t > 0}, C a
nonempty subset in R x X and f : C — X a continuous function. If C is
mild viable with respect to A+ f then, for each (7,€) € C, we have

1
i 7 dist ((r, S(R)€) + (1, f(1,€)); €) = 0. (8.5.2)

Proof. From Remark 8.5.2 we know that C is mild viable with respect

to A + F in the sense of Definition 8.1.2 and thus, by Theorem 8.1.1, we

conclude that, under the hypotheses of Theorem 8.5.1, for each (7,&) € C,
we have

1
}1{8 hdlst (8(h)(7,&) + hF(7,€);€) =0,
relation which is equivalent to (8.5.2). O

Remark 8.5.3. Under the general hypotheses of Theorem 8.5.1, if C
is mild viable with respect to A + f then, for each (7,§) € €, we have

(1, f(1,8)) € TE(7,€).

As in the autonomous case, Theorem 8.5.1 is a direct consequence of a
slightly more general necessary condition, i.e., Theorem 8.5.2 below.

Theorem 8.5.2. Let X be a Banach space, A : D(A) C X — X the
infinitesimal generator of a Cp-semigroup, {S(t) : X — X; t > 0}, C a
nonempty subset in R x X and f : € — X a given function. If C is mild
viable with respect to A+ f then the tangency condition (8.5.2) is satisfied
at each continuity point, (1,€) € C, of f.

Proof. Recall Remark 8.5.2 and use Theorem &8.1.2. O

We will next prove the main sufficient conditions concerning the viabil-
ity of a set € with respect to A + f.

Theorem 8.5.3. Let X be a Banach space, A : D(A) C X — X
the infinitesimal generator of a Cy-semigroup, {S(t) : X — X; t >0}, C a
nonempty and locally closed subset in Rx X and f : € — X a function such
that A+ f is locally of compact type with respect to the second argument.
Then C is mild viable with respect to A+ f if and only if for each (7,&) € C,
we have

i %dist (7, S(W)E) + h(1, f(7,€)): €) = 0. (8.5.3)
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Proof. We have 5(C) > max{f(IIgC), 5(I1xC)} = f(I1xC) for each
bounded set C' in X. Therefore, if A + f is locally of compact type with
respect to the second argument then A + F is locally of compact type (in
the space X) in the sense of Definition 8.2.1. Thus the conclusion follows
from Remark 8.5.2 and Theorem 8.2.1. 0

Problem 8.5.1. Prove that, in the specific case when C = I x K, where
I is an open (to the right) interval and K is a nonempty subset of X, the
tangency condition (8.5.3) is equivalent to

F(1,8) € TR(E).

Theorem 8.5.4. Let X be a Banach space, A : D(A) C X — X the
infinitesimal generator of a compact Cy-semigroup, {S(t) : X — X; t > 0},
C a nonempty and locally closed subset in Rx X and f : € — X a continuous
function. Then C is mild viable with respect to A+ f if and only if, for each
(1,€) € C, the tangency condition (8.5.3) is satisfied.

Proof. Use Remark 8.5.2 and Theorem 8.2.3. O

The next results are simple corollaries of Theorem 8.5.3.

Theorem 8.5.5. Let X be a Banach space A : D(A) C X — X the
infinitesimal generator of a Cy-semigroup, {S(t) : X — X; t > 0}, C a
nonempty and locally closed subset in R x X and f : C — X a locally (-
compact function. Then C is mild viable with respect to A + f if and only
if, for each (1,€) € C, the tangency condition (8.5.3) is satisfied.

Theorem 8.5.6. Let X be a Banach space A : D(A) C X — X the
infinitesimal generator of a Cy-semigroup, {S(t) : X — X; t > 0}, C a
nonempty and locally closed subset in R x X and f : € — X a locally
Lipschitz function. Then C is mild viable with respect to A+ f if and only
if, for each (1,€) € C, the tangency condition (8.5.3) is satisfied.

8.6. A class of reaction-diffusion systems

As direct applications of the results in Section 8.2, we will prove here two
viability theorems referring to a class of semilinear reaction-diffusion sys-
tems. Let X and Y be two real Banach spaces®.

For simplicity, in what follows, we denote by G(X) the class of all linear
operators A : D(A) C X — X which generate Cyp-semigroups on X. More-

over, if A € G(X), then {S4(t) : X — X; t > 0} denotes the Cp-semigroup

4Since there is no danger of confusion, we denote the norms on both spaces by the
same symbol, || - ||.
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generated by A. The class §(Y') and {Sg(t) : Y — Y; ¢ > 0} are similarly
defined.

Let X C X x Y be nonempty, let A € §(X), Be §(Y), F: K — X,
G : X — Y and let us consider the Cauchy problem for the abstract
semilinear reaction-diffusion system:

u'(t) = Au(t) + F(u(t),v(t))
v'(t) = Bo(t) + G(u(t),v(t)) (8.6.1)
u(0) = ¢, v(0) =

Definition 8.6.1. We say that the set K is mild viable with respect to
(A+ F,B+ G) if for each (¢,n) € K there exists T" > 0 such that (8.6.1)
has at least one mild solution (u,v) : [0,T] — X i.e.

u(t) = Sat §+/s,4t—s F(u(s), v(s)) ds
o(t) = Sp(t §+/th—sG< (5), v(s)) ds

for each t € [0,T].

Remark 8.6.1. The system (8.6.1) can be rewritten as a semilinear
autonomous equation in a product space. Namely, let X = X x Y which,
endowed with the norm || - ||, defined by ||(x,y)| = ||z|| + |ly|| for each
(x,y) € X, is a real Banach space. Let A = (A,B) : D(A) C X — X
be defined by: D(A) = D(A) x D(B) and A(x,y) = (Az, By) for each
(x,y) € D(A). Let F : X — X be defined by F(z) = (F(z),G(2)) for all
z = (u,v) € K and let ¢ = (£,7n). So, (8.6.1) can be equivalently written as

{ z’(((;ﬁ)):glz(t) + F(2(t)) (8.6.2)

We notice that, whenever both A and B generate Cy-semigroups, in its turn
A is the infinitesimal generator of a Cp-semigroup {8(¢) : X — X; t > 0},
given by

8(t)(&m) = (Sa(t)§, Sp(t)n)

for each t > 0 and (§,n) € X.

However, from technical reasons, when necessary, we will use either the
initial specific form of the system, i.e., (8.6.1), or the semilinear equation
(8.6.2), as required by the necessities of the presentation. We notice that
in either of the two forms, all metric concepts involved such as distance,
measure of noncompactness, etc., are expressed in the terms of the norm
on X introduced above.
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Remark 8.6.2. Clearly X is mild viable with respect to (A+ F, B4+ G)
in the sense of Definition 8.6.1 if and only if X is mild viable with respect
to A + F in the sense of Definition 8.1.2.

As usual, we denote by

[IxC={ueX; ey, (uv)eC},
IIyC={veY; Jue X, (uv) eC}

Definition 8.6.2. Let X C X and let A and F' as above, where X is as
in Remark 8.6.1. We say that A+ F is Y -uniformly locally of compact type
if F' is continuous and, for each (£,7n) € X, there exist p > 0, a continuous
function £ : R; — R, and a uniqueness function w : Ry — Ry such that
F(Dx((&,1n),p) NXK) is bounded and, for each set C' C D« ((§,n),p) N K,
with IIy C relatively compact, we have

B(SA)F(C)) < L(t)w(B(0O))
for each t > 0.

Remark 8.6.3. If A+ F' is Y-uniformly locally of compact type and p,
¢ and w are as in Definition 8.6.2, then, for each set C' C D ((&, 1), p) N K,
with IIy C relatively compact, we have

B(SAt)F(C)) < L(t)w(B(ILx C))

for each t > 0. This follows from the simple observation that, due to the
definition of the norm on X, for each bounded subset C' of X, we have

p(C) < B(IIxC) + B(Ily C).

Remark 8.6.4. Let A € §(X). A simple example of a function F' for
which A 4+ F' is Y-uniformly locally of compact type is that one in which
X =Kx x Ky, where Kx C X, Ky CY and F : X — X is of the special
form F(u,v) = f(u) + g(v), with f : Kx — X and A + f is locally of
compact type. In particular, if F' is of the form specified above, where f is
locally B-compact and g : Ky — X is continuous, then A+ F is Y -uniformly
locally of compact type.

The hypotheses which will be in effect throughout are:

(H1) A€ §(X) and Be §(Y);

(Hy) X C X xY is nonempty and locally closed;

(H3) (A+F,B+G):X — X xY is locally of compact type®;
(Hy) A+ F is Y -uniformly locally of compact type;

(Hs) {Sp(t): Y —=Y; t >0} is compact;

5This means that A + F is locally of compact type in the sense of Definition 8.2.1.
For the definition of both A and F see Remark 8.6.1.
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(H¢) G:XK —Y is continuous.
The main viability results referring to (8.6.1), are Theorems 8.6.1, which

is an immediate consequence of Theorem 8.2.1, and Theorem 8.6.2, whose
proof will be delivered in Section 8.7.

Theorem 8.6.1. Assume that (Hy) ~ (H3) are satisfied. The necessary
and sufficient condition in order that X be mild viable with respect to (A +
F, B + G) is that, for every ({,n) € X,

lp it %dist (u(h, &), v0(h, £,1)): %) = 0, (8.6.3)
where

Theorem 8.6.2. Assume that (Hy), (Hs), (Hs) ~ (Hg) are satisfied.
The necessary and sufficient condition in order that X be mild viable with
respect to (A+ F, B+ G), is that, for all (§,m) € K, the tangency condition
(8.6.3) is satisfied.

The necessity part of both Theorems 8.6.1 and 8.6.2 follows from the
simple result below.

Theorem 8.6.3. Assume that (Hy) is satisfied, the set K C X x Y is
nonempty and F': K — X, G: K — Y are continuous. If K is mild viable
with respect to (A+ F, B+ G) then, for each (§,n) € X, we have

1
by 7 dist ((u(h, &), v(h, &,)); X) = 0.

Proof. From Remark 8.6.1 it follows that we are in the hypotheses of
Theorem 8.1.2, wherefrom the conclusion. O

We conclude with a nonautonomous version of Theorem 8.6.1 which
results from it by using similar arguments as those in Section 8.5. We
leave to the reader to formulate and to prove similar extensions to the
nonautonomous case for Theorems 8.6.2 and 8.6.3.

Theorem 8.6.4. Assume that (Hi) is satisfied, let € C R x X be a
locally closed set and let (F,G) : € — X be continuous. Let us assume that
(A+ F, B+ Q) is locally of compact type with respect the second argument,
i.e., with respect to (u,v) € X. Then a necessary and sufficient condition
in order that C be mild viable with respect to (A+ F, B + G) is that

1
lir}rlllionf Edist ((t+ hyu(t + h,7,&,m),v(t+ h,7,§,1);€) =0  (8.6.5)
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for each (1,&,7m) € C, where

{ u(t + h,7,&,m) = Sa(h)é + hF(1,&,n)
v(T + h,7,&,m) = Sp(h)n + hG(T,&,n).

8.7. Convergence in the case of Theorem 8.6.2

First, let us observe that, in view of Remark 8.6.1, Theorem 8.6.2 can be
reformulated in the terms of the semilinear equation (8.6.2) as follows :

Theorem 8.7.1. Assume that (Hy), (Hs), (Hy) ~ (Hg) are satisfied.
The necessary and sufficient condition in order that X be mild viable with
respect to A + F is that, for every ¢ € K,

1
lim inf 5 dist (3(h)¢ + hF(¢); %) = 0. (8.7.1)

To prove Theorem 8.7.1, we will use Lemma 8.3.1 to produce a sequence
of e,-approximate solutions to the Cauchy problem

{ j((ot)):ng(t) + F(2(t)) (8.7.2)

Proof. Let ( = (&,n) € K, let p > 0, T >0, M >1and N > 0
as in Lemma 8.3.1. Since A 4+ F' is Y-uniformly locally of compact type,
diminishing both p > 0 and T" > 0 if necessary, we conclude that there exist
a continuous function ¢ : Ry — R, and a uniqueness function w : Ry — Ry
such that F'(Dx(¢, p) NXK) is bounded and, for each C' C Dx(¢, p) N K and
each t > 0, we have

B(Sa()F(C)) < £(t)w(B(C)). (8.7.3)

Let €, | 0 be a sequence in (0,1) and let ((oy,6n, Gn,2n) )n be a se-

quence of e,-approximate mild solutions defined on [0, 7] whose existence
is ensured by Lemma 8.3.1.

We consider first the case when X is separable.
From (v)%, we have

an(t) = S(H)C+ /0 S(t— 5)F (2n(on(s))) ds+ /0 S(0n(t, $))9n () ds, (8.7.4)

for each n € N and t € [0,T']. Since ||F(zn(on(s)))|| < N and ||, (t)|| < en
for each n € N and ¢ € [0,7'], thanks to the fact that F' is Y-uniformly
locally of compact type and to Theorem 1.5.3, we conclude that {z,; n € N}
is relatively compact in C([0,T']; X).

6Throughout this proof, the references to (i)~(vi) are to the corresponding items in
Lemma 8.3.1.
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Indeed, z, = (un, vy) satisfies z, (o (t)) € Dx(¢, p)NK, forn =1,2, ...
and each t € [0,T'], where (uy,v,) satisfies the system

un(t) = SA(t)f—i-/O Sa(t— S)F(zn(an(s)))ds—i-/o S4(0,(t, )G (s)ds

on(t) = Sp(t)n+ /0 St — $)G(zn(on(s)))ds+ /O S(n(t, )G ()ds.

We notice that here G, (s) = (GX (s), G (s)) forn =1,2,... and s € [0,T].
Since {G(zn(on(-))); n € N} is uniformly bounded on [0, 7], ||SY (5)| < en,
forn =1,2,..., and the Cy-semigroup {Sgp(t) : Y — Y; ¢ > 0} is compact,
from Theorem 1.5.3, it follows that {v,; n = 1,2,...} is relatively compact
in C([0,T];Y). In particular, for each t € [0,T'], {v,(on(t)); n=1,2,...}
is relatively compact in Y. Since

I { (un(on (), vnlon(t))); n >k} = {un(on(t)); n >k},
Iy {(un(on(t)), va(on(t))); n >k} = {vn(on(t)); n >k},

for k =1,2,..., and A 4+ F is Y-uniformly locally of compact type, from
(8.7.3) and Remark 8.6.3, we get

BSa(t = s)F(un(on(s)), vn(on(s))); n > k})

<Lt = s)w(B{un(on(s)); n = k})) (8.7.5)
for k=1,2,...,eacht € [0,T] and s € [0,t]. We have

B{un(t); n > k})
<s({ Sa(t — )P (un(on(5)), va(on(s))) ds; 1 > t})

w0 ({ [ suutteonglo)ds n= 1}

fork=1,2,... and t € [0,T]. From Theorem 1.4.1, there exist M > 1 and
a > 0 such that

1Sa(t)lcx) < Me™,
for each ¢t > 0. By Lemma 2.7.2 and (8.7.5), we get

B({un(t); n > k)
< [ BUSa(t = ) Fnlon(s)s 0= k})ds
0

b [ ({50,008 ) = k) s
0

< [ = (0 (unon(s))i n = b))ds + TMTey
0
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< /0 Ut = s)w(B ({un(s); n =k} + {un(on(s)) — un(s); n > k}))ds
+TMe ey,

= /0 mw (B ({un(s); n = k}) + 6 ({un(on(s)) = un(s); n = k}))ds

+TMe ey,
where m = supy¢[o 1 £(t). Thus

t
Bl{un(t): 12 D) < [ malB (Luno) n 2 k) + ) ds + TMeTey

for k=1,2,... and t € [0,T].
Set x(t) = B{un(t); n > k}) + e and y = (TMe™T + 1)ey, for
k=1,2,..., and wg = mw. Hence

zp(t) < v —i—/o wo(zk(s))ds

for k=1,2,... and t € [0,T].

From Remark 1.8.1, Lemma 1.8.2 and Lemma 2.7.3, we may assume
without loss of generality that, for each t € [0,T], {u,(t); n =1,2,...}
is relatively compact in X. As, for each t € [0,T], {vn(t); n = 1,2,...}
is relatively compact in Y, it follows that, for each ¢ € [0,7'], the family
{zn(t); n = 1,2,...} is relatively compact in X. Inasmuch as (F(z,)), is
bounded, it is also uniformly integrable and so, by Theorem 1.5.2, there
exists z € C([0,T]; X) such that, on a subsequence at least,

lim (zn(t) _ /0 S0t 5))9m(5) ds> )

uniformly for ¢ € [0,T']. But, by (iii),

11111n/0 S(Hn(tv 8))971(5) ds =0,

uniformly for ¢ € [0,7'], and therefore limy, z,(t) = z(t) uniformly for
t € [0,T]. Using (ii) and (vi), we deduce that z(t) € K for each t € [0,T]
and thus, passing to the limit for n — oo in (8.7.4), we deduce that

z(t) = 8(t)¢ —l—/o S(t—5)F(2(s))ds

for each ¢t € [0,7']. This means that z = (u,v) is a mild solution of (8.7.2)
or, equivalently, of (8.6.1). The proof of Theorem 8.7.1, and thus that one
of Theorem 8.6.2, is therefore complete if X is separable.
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If X is not separable, in view of Remark 2.7.3, there exists a separable
and closed subspace Z of X such that

Sa(t)€, Sa(r)F (un(on(s)), vn(on(s))), Sa(On(r, 3))97)1((3) €Z

forn=1,2,... and a.e. for t,s,7 € [0,T']. In view of Problem 2.7.2 and of
the monotonicity of w, we have

Bz(Sa)F(C)) <26(Sa(t)F(C)) < 26(t)w(B(C)) < 2L(t)w(B2(C)),

for each t > 0 and each set C' C Dx(¢, p) NKN(Z xY) for which Iy (C) is
relatively compact. From now on, just repeat the arguments in the separable
case with 3 replaced by (87 and w replaced by 2w, by using Remark 2.7.3
instead of Lemma 2.7.2, and the fact that the restriction of 37 — as defined
in Problem 2.7.2 — to B(Z) is the Hausdorff measure of noncompactness
on Z. This completes the proof. (|

8.8. Global mild solutions

Let A: D(A) C X — X be the infinitesimal generator of a Cy-semigroup,
let € € R x X be nonempty and let f : € — X. In this section we will state
some results concerning the existence of noncontinuable, or even global mild
solutions to the Cauchy problem

{ ) = () S160) 88.1)

We recall that a mild solution u : [7,T) — X to (8.8.1) is called non-
continuable, if there is no other mild solution v : [7,7T) — X of the same
equation, with 7' < T' and satisfying u(t) = v(t) for all t € [7,T"). The mild

solution w is called global if T = Te, where Te is defined by (3.6.2).

Theorem 8.8.1. Let X be a Banach space, A : D(A) C X — X the
infinitesimal generator of a Co-semigroup, {S(t) : X — X; t > 0}, C a
nonempty subset in R x X and f: C — X a given function. The following
conditions are equivalent:

(i) € is mild viable with respect to A+ f;

(ii) for each (7,€) € C there exists at least one noncontinuable mild
solution w : [1,T) — X of (8.8.1).

The proof, based on Brezis—Browder Theorem 2.1.1, is very similar with
the one of Theorem 3.6.1 and therefore we omit it.
The next two results concern the existence of global solutions.
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Theorem 8.8.2. Let X be a Banach space, A : D(A) C X — X the
infinitesimal generator of a Cy-semigroup and let € C R x X be an X-
closed subset in R x X”. Let f : € — X be a continuous function such that
C is mild viable with respect to A+ f. Let us assume that there exist two
continuous functions a: R — Ry and b: R — R such that

£ O < a@®)E]l + b(t) (8.8.2)

for each (t,£) € C. Then each mild solution of (8.8.1) can be continued up
to a global one, i.e., defined on [T,T¢).

Proof. Just apply the Gronwall Lemma 1.8.4 to show that whenever a
noncontinuable mild solution u is defined on an interval [ 7,T), with T < Te,
it is bounded on its domain, and therefore it satisfies the Cauchy condition
for the existence of u* = limy7 u(t). But in this case, since € is X-closed,
we have (T,u*) € C, and thus u can be continued to the right of 7" which
is absurd. Hence T' < T is impossible and this completes the proof. O

In the specific case in which A generates a Cy-semigroup of contractions,
i.e., when A is linear and dissipative, as stated in Theorem 1.4.8, the con-
clusion of Theorem 8.8.2 holds true under more general growth conditions
on f. Namely, we have

Theorem 8.8.3. Let X be a Banach space, A : D(A) C X — X a
linear m-dissipative operator, C a nonempty subset in Rx X and f : € — X
a continuous function which is positively sublinear®. If f maps bounded
subsets in C into bounded subsets in X and C is X -closed and mild viable
with respect to A+ f, then each mild solution of (8.8.1) can be continued
up to a global one, i.e., defined on [1,T¢).

Since we will later prove a more general result, i.e. Theorem 10.6.2,
allowing A to be nonlinear, we do not give further details.

7See Definition 3.6.2.
8See Definition 3.6.1.



CHAPTER 9

Viability for multi-valued semilinear evolutions

In this chapter we focus our attention on the case of semilinear evolution equa-
tions governed by multi-valued perturbations of infinitesimal generators of Cj-
semigroups. We first consider the autonomous case and start with the definition
of the A-quasi-tangent set at a point to a given set. Using this new concept, we
next prove the main necessary condition for mild viability. Then, we state and
prove several necessary and sufficient conditions for mild viability. We extend the
previous results to the quasi autonomous case and we conclude with some facts
concerning the existence of noncontinuable or even global mild solutions.

9.1. Necessary conditions for mild viability

Let X be a real Banach space, let A: D(A) C X — X be the infinitesimal
generator of a Cy-semigroup, {S(t) : X — X; t > 0}, K a nonempty subset
in X and F': K ~ X a given multi-function.

Definition 9.1.1. By a mild solution of the autonomous multi-valued
semilinear Cauchy problem

u'(t) € Au(t) + F(u(t))
{ w(0) = & (9.1.1)
on [0,7T], we mean a continuous function u : [0,7] — K for which there

exists f € LY(0,7T; X) such that f(s) € F(u(s)) a.e. for s € [0,7] and

u(t) = S(t)€ +/0 S(t—s)f(s)ds, (9.1.2)
for each t € [0,T'].

Definition 9.1.2. The set K C X is mild viable with respect to A+ F
if for each & € K, there exists T' > 0 such that the Cauchy problem (9.1.1)
has at least one mild solution w: [0,T'] — K.

179
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Let £ C X be nonempty. We denote by
E={fe LY (Ry;X); f(s) € E ae. for s c Ry}

Definition 9.1.3. Let A : D(A) € X — X be the infinitesimal gen-
erator of a Cyp-semigroup, {S(t) : X — X; ¢t > 0}, K a subset in X and
£ € K. The set E C X is A-quasi-tangent to the set K at the point £ € K
if for each p > 0, we have

1
hrl?iionf 7 dist (Se(h)§; KN D(& p)) =0, (9.1.3)

Se(h)¢ = { §+/S—s dsfee}

We denote by Q‘J’Sf{(f ) the class of all A-quasi-tangent sets to K at £ € K.

where

Another A-tangency concept is introduced below.

Definition 9.1.4. We say that a set E is A-tangent to K at ¢ if, for
each p > 0, we have

iy it % dist (Sp(h)&: K N D(E, p)) = 0, (9.1.4)

where Sg(h)§ = {S(h)§ + fo — s)nds; n € E}. We denote the class of
all A-tangent sets to K at £ € K by TS %(8).

Since E can be identified with the subset of a.e. constant elements in
&€, it readily follows that

TSA(E) C QTSE(8). (9.1.5)

Remark 9.1.1. Let K C X, £ € K and E C X. Then E € QTS (¢) if
and only if for each e >0, p >0 and d > 0 there exist h € (0,9), p € D(0,¢)
and f € € such that

§+/S —3s)f(s)ds+hpe KND(,p).

Equivalently, E € QT84 (¢) if and only if there exist three sequences, (hn)n
in Ry with h, | 0, (pn)n in X with lim, p, = 0, and (f,), € & with
lim,, [ S(hyn — ) fu(s) ds = 0, and such that

hn

S(hn)€ + S(hy — $)fn(s)ds + hppy € K.
0
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Remark 9.1.2. Let K C X, ¢ € K and E € B(X). Then E € QT84 (¢€)
if and only if for each € > 0 there exist 6 € (0,¢], p € X with ||p|| < e and
f € & such that

0
S(5)€+/0 S(6—s)f(s)ds+ op € K.

Equivalently, E € QT84 (¢) if and only if there exist three sequences, (A, )n
in Ry with h, | 0, (fn)n in € and (pp), in X with lim,, p, = 0, and such

that
hn

S(hn)€ + S(hyp — 8)fn(s)ds + hppp, € K
0

forn=1,2,....

Proposition 9.1.1. Let K C X, { € K and E € B(X). We have:

(i) if SA)K C K for each t > 0, then {0} € QTSE(€);

(i) if E C D and E € QTS4(£), then D € QTSA(£);

(iii) if S(t)K C K for eacht >0 and 0 € E, then E € QTS%(£);

(iv) E € QTS84 (E) if and only if E € QTS (€);

(v) Letn € X. Then n € T4:(€) if and only if {n} € QTS (€);

(vi) if E is compact and convex then E € Q‘J’Sf((f) if and only if there
exists n € E such that n € ‘J’f}(ﬁ).

Proof. Except for (iv) and (vi) which will be proved below, the remain-
ing properties are direct consequences of Remark 9.1.2. Let us observe that
(iv) follows from the remark that each measurable function f : Ry — E can
be approximated uniformly with countably-valued functions taking values
in E. See Theorem 1.2.1.

To prove (vi), let E be compact and convex and let (fy,), in &, h, | 0
and (pp)n, with lim, p, = 0 as in Remark 9.1.2, i.e., with

hn
S(hp)€ + S(hyp — 8)fn(s)ds + hppp, € K
0
forn=1,2,.... Forn=1,2,..., let us define

1 [l
T = 3= fn(s)ds.
n Jo
Since F is convex and closed, we have that 0, € F forn=1,2,.... But £
is compact and thus, we may assume with no loss of generality that there
exists n € E such that

limn, =n.
n
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In view of Problem 1.3.1, we have
hn hn,

lim L S(hp — s)fn(s)ds — x S(hyn — s)nds
n hn 0 hn 0
L [
gnmu/ [S(hn — 5)fa(s) — fuls)]ds|| + lim |l — 5]l = 0.
n n O n

The conclusion follows from Remark 9.1.1 and (v). This completes the
proof. O

Remark 9.1.3. From (vi) in Proposition 9.1.1 it follows that if E is
convex and compact, then E € QT8 (€) if and only if E N TR (€) # 0.

Problem 9.1.1. Prove the result obtained by replacing QTS%(€) in
Proposition 9.1.1 by ‘J’S’;}({) with the special mention that in this case, in
(vi) there is no need to assume that E is conver.

Theorem 9.1.1. Let X be a Banach space, A : D(A) C X — X the
infinitesimal generator of a Cy-semigroup, {S(t) : X — X; t > 0}, K a
nonempty subset in X and ' : K ~ X a nonempty valued multi-function.
If K is mild viable with respect to A+ F then, for each £ € K at which F
is u.s.c. and F(§) is conver and quasi-weakly compact, we have

F(€) € QT84(¢). (9.1.6)

Proof. Let £ € K. Since K is mild viable with respect to A+ F there ex-
ists at least one mild solution u : [0,T] — K of (9.1.1). Let f € L'(0,T; X)
be the function given by Definition 9.1.1. As u is continuous at ¢t = 0 and
F is u.s.c. at u(0) = &, it follows that for each p > 0 there exists d(p) > 0
such that

f(s) € F(£) + D(0, p)
a.e. for s € [0,0(p)]. Then, if (p,)n is a sequence in (0,1), p, | 0, there
exists h, | 0 such that

f(s) € F(§) + D(0, pn)
forn=1,2,... and a.e. for s € [0, hy, ]. So, for n =1,2,..., there exist f,
and g, with f,(s) € F(§), gn(s) € D(0, p,,) and

f(s) = fn(s) + gn(s)
a.e. for s € [0, hy, |. Since F'(€) is convex and quasi-weakly compact, thanks
to Lemma 6.1.1, we may assume without loss of generality that both f,
and g, are integrable. Let us observe that

hn
1@@—&%%—A S (i — ) fuls) ds
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hn hn
:HS(hn)§+ ; S(hp — 8)f(s)ds — S(hyp)§ — ; S(hp — 8)fn(s)ds

< Mh,e*n Pns

forn=1,2,..., where M > 1 and a > 0 are given by Theorem 1.4.1%.
Now, let us denote by

Pn = - <U(hn) — S(hn)§ — /Ohn S(hn = 5) fu(s) d8> :

Since lim,, p,, = 0 and

lim " S — $) fu(s) ds = lim(u(hn) — S(hn)€ ~ hupn) = 0
and i .
S(hn)€ + S(hp — 8) fu(s)ds + hypn = u(hy) € K
forn =1,2,..., frorr? Remark 9.1.1, it follows that F(¢) € QT8%(¢) and
this achieves the proof. O

Problem 9.1.2. Prove that in Theorem 9.1.1, we can replace the as-
sumption “quasi-weakly compact” by “quasi-weakly relatively compact” to
obtain the very same conclusion.

If X is reflexive, then each weakly closed and bounded set is quasi-
weakly compact, and hence we have

Theorem 9.1.2. Let X be reflexive, let A : D(A) C X — X be the
infinitesimal generator of a Cy-semigroup, {S(t) : X — X; t > 0}, K a
nonempty subset in X and F : K ~ X a nonempty valued multi-function.
If K is mild viable with respect to A+ F' then, for each £ € K at which F
is u.s.c. and F(§) is conver and closed, we have (9.1.6).

Coming back to general Banach spaces, if F' is compact valued, then,
instead of tangent sets, we can use tangent vectors to get a necessary con-
dition in order for K to being mild viable with respect to A + F. Namely,
we have

Theorem 9.1.3. Let X be a Banach space, A : D(A) C X — X the
infinitesimal generator of a Cy-semigroup, {S(t) : X — X; t > 0}, K a
nonempty subset in X and F : K ~ X a nonempty valued multi-function.

If K is mild viable with respect to A + F, then at each point £ € K, at
which F is u.s.c. and F(§) is conver and compact, we have

F(§) NTR(€) #0. (9.1.7)

Hp fact a € R, but, for our purposes, we may always assume that a > 0.
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Proof. The conclusion follows from Theorem 9.1.1 and Remark 9.1.3.
O

9.2. Sufficient conditions for mild viability

In order to handle several apparently different cases in a unitary frame, we
introduce:

Definition 9.2.1. Let A: D(A) C X — X the infinitesimal generator
of a Cp-semigroup {S(t) : X — X; ¢t > 0} and F : K ~ X a multi-
function. We say that A + F' is locally of compact type if F is u.s.c. and,
for each £ € K, there exist p > 0, a continuous function ¢ : Ry — R, and
a uniqueness function w : Ry — R4, such that F(D(§, p) N K) is bounded
and, for each C' C D(&, p) N K and each t > 0, we have

B(S(H)F(C)) < L(t)w(B(C)).

Remark 9.2.1. As in the single-valued case, one may easily verify that
A+ F is locally of compact type whenever:

(i) F is locally B-compact (see Definition 6.2.2);

(ii) F is w.s.c., has nonempty and closed values, is locally bounded?,
and the Cpy-semigroup generated by A is compact (see Defini-
tion 1.5.5).

The main sufficient conditions for mild viability are:

Theorem 9.2.1. Let X be a Banach space, A : D(A) C X — X the
infinitesimal generator of a Cy-semigroup, {S(t) : X — X; t > 0}, K a
nonempty and locally closed subset in X and F : K ~ X a nonempty,
bounded, closed and conver valued multi-function such that A+ F is locally
of compact type. If, for each & € K, we have

F(&) € QT8 (8), (9.2.1)
then K is mild viable with respect to A + F'.

Theorem 9.2.2. Let X be a Banach space, A : D(A) C X — X the
infinitesimal generator of a Cy-semigroup, {S(t) : X — X; t > 0}, K
a nonempty and locally closed subset in X and F : K ~ X a nonempty,
closed and convex valued, locally B-compact multi-function. Then K is mild
viable with respect to A + F if and only if, for each £ € K, the tangency
condition F(£) N Tx(€) # 0 is satisfied.

2This happens for instance whenever X is reflexive, F' is u.s.c. and has nonempty,
closed, convex and bounded values. Indeed, F' is strongly-weakly u.s.c. being strongly-
strongly u.s.c. Furthermore, since X is reflexive, each bounded, closed convex set is weakly
compact, and thus, by Lemma 2.6.1, F' is locally bounded.
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Theorem 9.2.3. Let X be a Banach space, A : D(A) C X — X the
infinitesimal generator of a compact Cy-semigroup, {S(t) : X — X; t > 0},
K a nonempty and locally closed subset in X and F : K ~ X a strongly-
weakly wu.s.c. multi-function with nonempty, weakly compact and convex
values. If, for each £ € K, the tangency condition (9.2.1) is satisfied, then
K is mild viable with respect to A+ F.

Theorem 9.2.4. Let X be a Banach space, A : D(A) C X — X the
infinitesimal generator of a Cy-semigroup, {S(t) : X — X; t > 0}, K a
nonempty and locally compact subset in X and F : K ~ X a strongly-
weakly w.s.c. multi-function with nonempty, weakly compact and convex
values. If, for each £ € K, the tangency condition (9.2.1) is satisfied, then
K is mild viable with respect to A+ F'.

9.3. Existence of c-approximate mild solutions

The proof of the sufficiency of Theorems 9.2.1 and 9.2.4 is based on the fol-
lowing existence result concerning e-approximate solutions for the Cauchy
problem (9.1.1).

Lemma 9.3.1. Let X be a Banach space, A : D(A) C X — X the
infinitesimal generator of a Cy-semigroup, {S(t) : X — X; t > 0}, K a
nonempty and locally closed subset in X and F' : K ~ X a nonempty-valued
and locally bounded multi-function satisfying the tangency condition (9.2.1).
Let £ € K be arbitrary and let r > 0 be such that D(&,r)NK is closed. Then,
there exist p € (0,r] and T > 0 such that, for each € € (0,1), there exist
o:[0,T] — [0,T] nondecreasing, 6 : {(t,s); 0 < s <t <T} — [0,T]
measurable, g : [0,T] — X and f : [0,T] — X Bochner integrable and
u:[0,T] — X continuous such that:

(i) s—e <o(s) <s foreach s €[0,T];
(i) u(o(s)) € D(&, p)NK for each s € [0,T] and u(T) € D(&, p) N K ;

(iii) |lg(s)|| < e for each s € [0,T] and f(s) € F(u(o(s))) a.e. for

€[0,T];
(iv) 6(t,s) <t for each 0 < s <t <T andt— 6(t,s) is nonexpansive
n(s,T];
(v) u(t) = S(t)£+/ S(t—s)f ds—I—/ S(0(t,s))g(s)ds for each
0
€[0,T];

(vi) [Ju(t) —u(o(t))]] < e for each t € [0,T].

Definition 9.3.1. An e-approzimate mild solution of (9.1.1) on [0,T]
is a 5-uple (0,6, g, f,u) satisfying (i)~(vi) in Lemma 9.3.1.
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Proof. Let £ € K be arbitrary and let > 0 be such that D(§,r) N K
be closed. Let us choose p € (0,r], N >0, M > 1 and a > 0 such that

lyll < N (9.3.1)
for every x € D(§,p) N K and y € F(x), and
1S(t))l ox) < Me® (9.3.2)

for every t > 0.

The existence of p > 0 and N > 0 satisfying (9.3.1) is ensured by the
fact that F' is locally bounded. Furthermore, the existence of M > 1 and
a > 0 satisfying (9.3.2) follows from Theorem 1.4.1. Since ¢t — S(t)¢§ is
continuous at ¢t = 0 and S(0)¢ = &, we may find a sufficiently small T > 0
such that

sup |[S(t)€ — €| + TMe T (N +1) < p. (9.3.3)
te[0,T]

Let € € (0,1) be arbitrary but fixed. We begin by showing the existence
of an e-approximate mild solution on an interval [0,d] with § € (0,7']. As,
for every £ € K, F satisfies the tangency condition (9.2.1), it follows that
there exist 6 € (0,T], f € F(€)? and p € X with ||p|| < e, such that

S(5)€ + /0 ’ S(5 — 8)f(s)ds + dp € K. (9.3.4)

We continue by showing how to define the functions o, 0, g, f and u. First,
f is defined as above. Next, let o : [0,0] — [0,], ¢ : [0,6] — X and
0:{(t,s); 0<s<t<d§}—[0,d] be given by

o(s) =0,

9(s) =p,

0(t,s) =0
and let u: [0,0] — X be defined by

u(t):S(t)§+/O S(t—s)f(s)ds+tp,

for each t € [0,4].

We will show that (0,0, g, f,u) is an e-approximate mild solution to
the Cauchy problem (9.1.1) on the interval [0,¢]. Clearly o is nondecreas-
ing, g and f are Bochner integrable, 6 is measurable and t — 0(t,s) is
nonexpansive on [0,] and wu is continuous. The conditions (i), (iii), (iv)
and (v) are obviously fulfilled. To prove (ii), let us first observe that, as

3We recall that F(¢) = {f € L'(Ry; X); f(s) € F(€) a.e. for s € Ry }.
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u(o(s)) = u(0) = £ for each s € [0,d], we have u(o(s)) € D(§,p) N K.
Moreover, since £ < 1, from (9.3.1) and (9.3.2), we get

Ju(t) = &Il < [|S()E — €|l +/0 15(t = s)llecxll f(s)llds

t
4 /0 I(0 Dllecxlpllds < sup 1S()E €l + M +1) (935)
te| 0,

for each t € [0,d]. Next, since 6 < T, by (9.3.3), we have
[u(6) — &Il < up IS(t)€ = €]l + 6 Me® (N +1) < p.
telo,

Combining (9.3.4) with the last inequality, we get u(d) € D(&,p) N K and
thus (ii) is satisfied. Diminishing 6 > 0, if necessary, by (9.3.5), we may
assume that
[u(t) —u(o(®)]| <e

for each ¢t € [0,d] and thus (vi) is also satisfied. We emphasize that the
reason we can do this is because (9.3.5) is “independent” of p which, of
course, may change with 6. Therefore (0,0, g, f,u) is an e-approximate mild
solution of (9.1.1) on [0,4].

In the second step we will prove the existence of an e-approximate mild
solution for (9.1.1) defined on the whole interval [0,7"]. To this aim we
shall make use of Brezis—Browder Theorem 2.1.1. We denote by D(c) the
set

D(c) =10,c] x{(t,s); 0<s<t<c}x][0,c]x[0,¢]x][0,c],

with ¢ > 0, and by 8 the set of all e-approximate mild solutions to the
problem (9.1.1), defined on D(c), with ¢ < T.

On the set 8§ we introduce a preorder relation <as follows: we say
that (01,601,941, f1,u1 ), defined on D(cy), and (o9, 02, g2, f2, u2 ), defined on
D(c2), satisfy

(01,01, 91, f1,u1) = (02,09, 92, f2,u2)
if 1 < g, 01(t) = 02(t), g1(t) = g2(t) and fi(t) = fa(t) for t € [0,c1] and
01(t,s) = 0a(t,s) for each 0 < s <t < ¢.
Let £ be an increasing sequence in 8,
L= ((Ji,Hi,gi,fi,ui) : D(CZ) — {O,Ci] X [O,CZ'] X X x X x X)z
We define an upper bound of L as follows. First, set

¢ =sup{c;i=1,2,...}.
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If ¢* = ¢; for some ¢ = 1,2, ..., then (0y,0;, 9;, fi,u;) is an upper bound for
L.Ife; < c*fori=1,2,..., we show that there exists (¢*, 6%, g*, f*,u*) in
8, defined on [0, c*], and satisfying
(Um’ Oms 9m fms Um) = (O'*, 9*, 9*7 f*v ’LL*),

form=1,2,....

First, we know that all the functions in the set {oy,;m = 1,2,...}
are nondecreasing, with values in [0, ¢* |, and satisfy oy,(cp,) < op(cp) for
m,p=1,2,... with m < p. So, there exists

lim oy, (¢) € [0, " ].

Let now m,k € {1,2,...} be arbitrary with m > k. For each s € [0, ¢),
we have

|0m(cm, ) — Ok(cr, )|
< |Om(cms 8) — Om(cks 8)| + |Om(ck, s) — Ok(ck, s)| < [em — cxl,
because t — 0,,(t, s) is nonexpansive on (s, c*). Accordingly, there exists

lim 0., (¢, S).
m
We are now ready to define the functions: o* : [0,¢*] — [0, c¢*] by
. om(t) if, for some m=1,2,..., t € [0,¢p, ]
o (t) =Y lim om(em) ift=c",
m
0 :{(t,s);0<s<t<c"}—[0,c"] by

Om(t,s) if, for some m=1,2,..., 0<s<t<cn

0°(t,5) =\ lim b (cm,s) f0<s<t=c
m

and ¢* : [0,¢"] — X by
“(t) = gm(t) if, for some m = 1,2,...,t € [0, ¢y, ]
W=V 0 ift=c.
Obviously ¢* is nondecreasing, g* is Bochner integrable, 6* is measur-

able and t — 0*(t, s) is nonexpansive on [ s, |. In order to define v* and f*,
we will prove first that there exists lim (¢, ). To this aim, let us denote
m

by X[0,e] : [0,T'] — Ry the indicator function of [0, ¢y, |, i.e.

()_ ]_ lfSG[O;Cm]
X[0en W =10 if s € (e, T).
By (v), we have

*

i (em) = S(em)€ + /0 X001 (8)S(Em — $) fmls) ds
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+/0° X[0,0m1(8)S (O (Cm, 8)) g () dis.

Recalling (i), (ii), (iv) and (vi) and the fact that both g, and f,, are
Bochner integrable and, by (9.3.1) and (iii), both are bounded (the former
by N and the latter by ¢), thanks to the Lebesgue Dominated Convergence
Theorem 1.2.3, we deduce that there exists limy, tm,(cn,) = £*.

Let us define u* : [0,¢*] — X by

v um(t) if, for some m=1,2,..., t € [0,cp]
u (t>{ & ift=c"
Furthermore, let us define f*: [0,¢*| — X by

£ = { fm(t) if, for some m =1,2,...,t € [0, ¢y, ]
n ift=rc",

where n € X is arbitrary but fixed.

Clearly u* is continuous on [0, ¢* ]. Moreover, (o*, 0%, g*, f*, u*) satisfies
(1), (iii), (iv) and (v). Since uy, is an e-approximate mild solution on [0, ¢, ],
by (ii) applied to um,, we have un,(cm) € D(E, p) N K and since the latter is
closed, we have u*(c*) € D(&, p) N K. Similarly, by (vi) applied to ,,, we
have

[tm () = um(om ()| < €

for each m € N and t € [0, ¢, | and since w* is continuous, we deduce

[u™(t) —u* (o™ (t)] < e
for each t € [0, ¢*]. Hence u* and o* satisfy (ii) and (vi). Thus the quintuple
(o*,0%, g, f*,u*) is an e-approximate mild solution of (9.1.1) on [0, ¢* ] and
(Um7 9m7 9m;, fmv um) = (0*7 0*7 g*v f*7 U*)y

for m = 1,2,.... Let us define N : § — R by N((0,0,9, f,u)) = ¢, where
D(c) is the domain of definition of (o,0,g, f,u). Clearly N satisfies the
hypotheses of Brezis-Browder Theorem 2.1.1. Then, 8 contains at least one
N-maximal element (7,0, g, f,%) whose domain is D(¢). We will next show

that ¢ = T. To this aim, let us assume by contradiction that ¢ < 7. We
know that u(¢) € D(E, p) N K. Moreover, by using (9.3.1), (9.3.2), (9.3.3),

we get
[u(e) — £l

H 5—1—/50—5 ds+/5’ s)ds—(SH

< sup [|S()E £||+/ |5(@( |ds+/ 15(e — 5)F(s)]| ds

te[0,c]
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< sup ||S()E — €| +EMe T (N +1) < p.

_ Then, as u( ) € K and F(u(c)) € QT84 (u(€)), there exist 6 € (0,T—7),
§<e, fo € LY(R,; F(u(e))) and p € X, ||p|| < € such that

/5 — )F(s)ds +3p € D(&, p) N K. (9.3.6)
_ Let us define the functions: 7 : [0,e646] — [0,e46],9:[0,6+5] — X,
f:[0,e+0] — X and 0:{(t,s); 0<s<t<e+d} —[0,c+6] by

N o(t) for te€0,¢]
G(t):{ c for t € (¢,¢+ 6],

- g(t) forte[0,¢]
g(t):{ p forte(ee+d],
f(t):{ 77(t) fort € [0,c]
fo(t) forte (c,e+0],
and B
N 0(t,s) for0<s<t<e
c+0(s) for0<s<ce<t<e+d

fore<s<t<e+o6.

Clearly, ¢ is nondecreasing, g and ]?are Bochner integrable on [0,¢+4],
¢ is measurable and they satisfy (i), (iii) and (iv).
Accordingly, we can define w: [0,¢+d] — X by
u(t) if t € [0,¢]

ut) = S(t—7¢)u /St—s)f0d5+(t—c)p if t € [¢,c+6].

A standard calculation, involving the form of , shows that u satisfies (V).

From (9.3.6), we get u(¢+0) € D(€,p) N K and thus (ii) is satisfied.
Following the same arguments as in the first part of the proof, we

conclude that, diminishing 6 > 0 if necessary, we get also (vi). Thus

(o, 5, g, f, w) is an element of 8§ which satisfies

N((3,6,9, f,w) < N((5,6,9, [, w))
although
@,0,9, f,q) < (5,0,3, f, ).
This contradiction can be eliminated only if ¢ = T and this completes the
proof of Lemma 9.3.1. U
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Remark 9.3.1. Under the general hypotheses of Lemma 9.3.1, for each
~v > 0, we can diminish both p > 0 and 7" > 0, such that T' < v, p < v and
all the conditions (i) ~ (vi) in Lemma 9.3.1 be satisfied.

9.4. Proof of Theorem 9.2.1

In this section we will prove that, in the hypotheses of Theorem 9.2.1, there
exists at least one sequence ¢, | 0 such that the corresponding sequence of
en-approximate mild solutions, ((oy, 0n, gn, fn, Un) )n, enjoys the property
that (uy,)y, is uniformly convergent on [0,7"] to some w : [0,7'] — K which
is a mild solution of (9.1.1).

Proof. Let r > 0, p € (0,7] and T > 0 as in Lemma 9.3.1. Since, by
hypotheses, A + F' is locally of compact type, diminishing p € (0,r] and
T > 0 if necessary, we can find a continuous function ¢ : Ry — R, and
a uniqueness function w : Ry — R4 such that F(D(&, p) N K) is bounded
and, for each t € [0,7'] and C C D(&, p) N K, we have

B(S(H)F(C)) < Lt)w(B(C)), (9.4.1)
and all the conclusions of Lemma 9.3.1 be satisfied. See Remark 9.3.1.
Let €, | 0 be a sequence in (0,1) and let ((on,0n, Gn, frn,un) )n be a
sequence of e,-approximate mild solutions defined on [0, T | whose existence
is ensured by Lemma 9.3.1. From (v)*, we have

un(t) = S(HE + /0 S(t— 8) fuls) ds + /0 S(On(t,$))gn(s)ds  (9.4.2)

for each n € Nand t € [0,7T].
Throughout, M > 1 and a > 0 denote the constants satisfying (9.3.2).
We consider first the case when X is separable. Let ¢ € [0,7'] be fixed.
From Problem 2.7.1, Lemma 2.7.2, (iii), (vi), (9.4.2), (9.3.2), (9.4.1) and
Remark 2.7.1, we deduce

B{un(t); n = k})

({ [ st-9ncras n=1})

<
+5 <{/Ot5(9n(t,s))gn(s) ds; n > k})
< | Bt — 5)fa(s): n > k) ds

4Throughout this proof, the references to (i)~(vi) are to the corresponding items in
Lemma 9.3.1.
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T / B({S(On(t, $))gn(s); n > k})ds

0 0€[0,T]

+TMe ey,

t
< [ sup 6005 ({uals): = k) +20) ds+ TMTey
0 6€[0,T]
Set z1(t) = B({un(t); n > k})+eg, for k=1,2,... and t € [0,T]. Set
also wo(z) = supgeo,r) {(0)w(x), for z € Ry and vy = (TMeT + 1)ep. We
conclude

24(t) < 7+ /0 wolzk(s)) ds,

for k=1,2,... and t € [0,T].

By Remark 1.8.1, wg is a uniqueness function. So, Lemma 1.8.2 shows
that, diminishing 7" > 0 if necessary, we may assume that limy z(t) = 0,
which means that limy, ({un(t); n > k}) = 0 uniformly for ¢ € [0,T"]. From
Lemma 2.7.3, it follows that, for each t € [0,T'], {un(t); n =1,2,...} is
relatively compact in X. At this point Theorem 1.5.2 comes into play and
shows that there exists u € C([0,7]; X) such that, on a subsequence at
least, we have lim, u,(t) = w(t) uniformly for ¢t € [0,T]. In view of (ii)
and (vi), we get lim,, up (05, (t)) = u(t) uniformly for ¢ € [0,7'], and, since
D(&,p) N K is closed, u(t) € D(&,p) N K for each t € [0,T].

Next, since f,(s) € F(un(on(s))) forn =1,2,... and s € [0,T'], and,
by (9.3.1), F(D(&, p) N K) is bounded, it follows that {fn; n=1,2,...} is
uniformly integrable. Further, since F' is u.s.c. it is strongly-weakly u.s.c.
too, and since {un(on(s)); n=1,2,..., s € [0,T]} is relatively compact,
from Lemma 2.6.1 and Theorem 1.3.2, it follows that the set

—conVU U Flun(on(s)))

n=1s€[0,T]

is weakly compact. As f,(s) € C forn =1,2,... and a.e. for s € [0,T'], we
are in the hypotheses of Corollary 1.3.1 which, along with Theorem 1.3.4,
shows that we may assume without loss of generality that (f,), is weakly
convergent in L'(0,7;X) to some function f. Now Lemma 2.6.2 comes
into play and shows that f(s) € F(u(s)) a.e. for s € [0,T]. As the
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graph of the mild solution operator @ : L'(0,T;X) — C([0,T]; X), de-
fined by (Qg)(t) = S(t)¢ + fg S(t — s)g(s)ds, for each g € L'(0,T;X),
is weakly xstrongly closed being strongly xstrongly closed and convex, we
may pass to the limit in (9.4.2), for n — oo. Taking into account of (iii),
we obtain

u(t) = S(t)€ —i—/o S(t—s)f(s)ds,

for each t € [0,T'], and this concludes the proof in the case when X is
separable.

If X is not separable, in view of Remark 2.7.3, it follows that there
exists a separable and closed subspace, Y, of X such that

un(t), S(r) fu(s), S(On(r, 5))gn(s) € Y

forn = 1,2,... and a.e. for t,r,s € [0,T]. From Problem 2.7.2 and the
monotonicity of w, we deduce that

By (S(H)F(C)) < 2B(S(t)F(C)) < 26(t)w(B(C)) < 2L(t)w(By (C)),

for each t > 0 and each set C C D(& p) N K NY. From now on, we
have to repeat the routine in the separable case, by using the fact that the
restriction of By — as defined in Problem 2.7.2 — to B(Y) is the Hausdorff
measure of noncompactness on Y. This completes the proof. (|

9.5. Proof of Theorem 9.2.3

We indicate briefly how to show that, in the hypotheses of Theorem 9.2.3,
there exists at least one sequence €, | 0 such that the corresponding se-
quence of e,-approximate mild solutions, ((oy,n, gn, fn, Un) )n, enjoys the
property that (uy), is uniformly convergent on [0,7'] to some function
w:[0,7] — K which is a mild solution of (9.1.1).

Proof. As F is strongly-weakly u.s.c. and has weakly compact values,
a simple argument by contradiction involving Lemma 2.6.1 shows that F’
is locally bounded and thus Lemma 9.3.1 applies. Let r > 0, p € (0,r] and
T > 0 as in Lemma 9.3.1. Diminishing p € (0,7] and 7" > 0 if necessary,
we may assume that F(K N D(&,p)) is bounded and, in addition, all the
conclusions of Lemma 9.3.1 are satisfied. See Remark 9.3.1. The conclusion
follows from (9.4.2) with the help of Theorem 1.5.3. O

9.6. Proof of Theorem 9.2.4

We prove that there exists at least one sequence (g,),, with &, | 0, and such
that the corresponding sequence ((oy, 0, gn, fn, Un) )n, of en-approximate
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mild solutions, enjoys the property that (uy,)y is uniformly convergent on
[0,T] to some function u : [0,7] — K which is a mild solution of (9.1.1).

Proof. Let r > 0, p € (0,r] and T > 0 as in Lemma 9.3.1. Since, by
hypotheses, K is locally compact and F' is strongly-weakly u.s.c. and has
weakly compact values, diminishing p € (0,7] and T > 0 if necessary, we
may assume with no loss of generality that both K N D(E, p) is compact
and F(K N D(&, p)) is weakly relatively compact and, in addition, all the
conclusions of Lemma 9.3.1 are satisfied. See Remark 9.3.1. Let ¢, | 0
be a sequence in (0,1) and let ((oy, 0n, gn, fn, un) )n be a sequence of &,-
approximate mild solutions defined on [0, 7] whose existence is ensured by
Lemma 9.3.1. From (v) in Lemma 9.3.1, we have

un(t) = S(t)€ —i—/o S(t—s)fn(s)ds+ /0 S(0n(t,s))gn(s)ds  (9.6.1)

for each n € N and ¢ € [0,T']. From Lemma 1.3.1 it follows that, for
each t € [0,T], the set {un(t) - fot S(On(t,8))gn(s)ds; n=1,2... } is rel-
atively compact. Since lim,, g,(t) = 0, uniformly for ¢ € [0,T'], an appeal
to Theorem 1.5.2 shows that {u,; n = 1,2,...} is relatively compact in

C([0,T]; X). From now on the proof follows, except minor modifications,
the very same lines as those of the proof of Theorem 9.2.1. (|

9.7. The quasi-autonomous case

Let X be a Banach space, A: D(A) C X — X the infinitesimal generator
of a Cy-semigroup, € a nonempty subset in R x X, F' : € ~ X a multi-
function and let us consider the Cauchy problem for the quasi-autonomous
semilinear evolution inclusion
{ W' (t) € Au(t) + F(t,u(t))
u(r) = &.

Let X =R x X endowed with the norm ||(¢,u)|x = || + [Ju]l.

(9.7.1)

Definition 9.7.1. Let A : D(A) € X — X be the infinitesimal gen-
erator of a Cp-semigroup, {S(¢) : X — X; ¢t > 0}, and F : C ~ X a
multi-function. We say that A + F is locally of compact type with respect
to the second argument if F is u.s.c. and, for each (7,§) € C, there exist
p > 0, a continuous function ¢ : Ry — R4 and a uniqueness function
w: Ry — Ry, such that

BSHF(C)) < L(t)w(B(C))
for each ¢t > 0 and each C' C Dx((7,&),p) N C.
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Definition 9.7.2. By a mild solution of the quasi-autonomous multi-
valued semilinear Cauchy problem (9.7.1), we mean a continuous function
u:[7,T] — X, with (t,u(t)) € C for each t € [7,T], and for which there
exists f € L!(7,T; X) such that f(s) € F(s,u(s)) a.e. for s € [7,T] and

u(t) = S(t — 1) + / S(t— 8)f(s) ds, (9.7.2)
for each t € [7,T].

Definition 9.7.3. The set € C R x X is mild viable with respect to
A+ F if for each (1,€) € C, there exists T' € R, T' > 7 such that the Cauchy
problem (9.7.1) has at least one mild solution w : [7,T] — X.

Remark 9.7.1. The quasi-autonomous Cauchy problem (9.7.1) can be
equivalently rewritten as an autonomous one in the space X, by setting
A = (0,4), 2(s) = (t(s +7),u(s + 7)), F(2) = (1L, F(2))° and ¢ = (7,€).
Indeed, with the notations above, we have

{ Z'(s) € Az(s) + F(z(s))
z(0) = ¢.

It readily follows that A generates a Cy-semigroup {8(¢) : X — X; t > 0}
on X, where 8(¢t) = (1, 5(t)) for each t > 0, {S(t) : X — X; t > 0} being
the Cy-semigroup generated by A on X.

Remark 9.7.2. One may easily see that € is mild viable with respect
to A+ F in the sense of Definition 9.7.3 if and only if € is mild viable with
respect to A + F in the sense of Definition 9.1.2.

Theorem 9.7.1. Let X be a Banach space and A : D(A) C X — X
the infinitesimal generator of a Co-semigroup, {S(t) : X — X; t > 0}. Let
C be a nonempty subset in Rx X and F' : €~ X a nonempty, quasi-weakly
compact and convexr valued, u.s.c. multi-function. If C is mild viable with
respect to A+ F' then, for each (1,§) € C, we have

(1, F(,£)) € QTSE(r,€). (9.7.3)

Proof. From Remark 9.7.2 we know that € is mild viable with respect
to A + F in the sense of Definition 9.1.2 and thus, by Theorem 9.1.1, we
conclude that, under the hypotheses of Theorem 9.7.1, for each 2z € C,
z = (1,§), we have

F(2) € QTSE(2)
relation which is equivalent to (9.7.3). O

PHere (1, F(2)) = {(1,1); n € F(2)}.
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Likewise, in the autonomous case, we have

Theorem 9.7.2. Let X be a Banach space and A : D(A) C X — X
the infinitesimal generator of a Cy-semigroup, {S(t) : X — X; t > 0}. Let
C be a nonempty subset in R x X and F : C~ X a given multi-function.
If © is viable with respect to A+ F then the tangency condition

(1, F(7,€) NTe(r,€) # 0 (9.7.4)
is satisfied at each upper semicontinuity point, (1,€) € C, of F', at which F
is convex and compact.

Proof. Use Remark 9.7.2 and Theorem 9.1.3. O
From Theorem 9.7.1 and Remark 6.1.3, we deduce

Theorem 9.7.3. Let X be reflexive and let A : D(A) C X — X be
the infinitesimal generator of a Co-semigroup, {S(t) : X — X; t > 0}.
Let € be a nonempty subset in R x X and F : € ~ X a nonempty, closed
and convex valued, wu.s.c. multi-function. If C is mild viable with respect to
A+ F then, for each (1,&) € C, the tangency condition (9.7.3) is satisfied.

We can now pass to the main sufficient conditions concerning the via-
bility of a set € with respect to A+ F'.

Theorem 9.7.4. Let X be a Banach space, A : D(A) C X — X the
infinitesimal generator of a Cy-semigroup, {S(t) : X — X; t > 0}, C a
nonempty and locally closed subset in R x X and F : C~ X a nonempty,
bounded, closed and conver valued multi-function such that A+ F is locally
of compact type with respect to the second argument. If, for each (7,€) € C,
the tangency condition (9.7.3) is satisfied, then C is mild viable with respect
to A+ F.

Proof. We have
B(8(1)F(C)) < B(S(H)F(C)) < £(t)B(C),
for each bounded set C' in X and each ¢ > 0. Thus, if A + F is locally of
compact type with respect to the second argument then A + F is locally

of compact type (in the space X) in the sense of Definition 9.2.1. So the
conclusion follows from Remark 9.7.2 and Theorem 9.2.1. O

Theorem 9.7.5. Let X be a Banach space, A : D(A) C X — X the
infinitesimal generator of a compact Cy-semigroup, {S(t) : X — X; t > 0},
C a nonempty and locally closed subset inRxX and F' : € ~ X a nonempty,
weakly compact and conver valued multi-function which is strongly-weakly
u.s.c. If, for each (1,€) € C, the tangency condition (9.7.3) is satisfied, then
C is mild viable with respect to A+ F.
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Proof. Just use Remark 9.7.2 and Theorem 9.2.3. O

The next result is a simple corollary of Theorem 9.7.2, Remark 6.2.3
and Theorem 9.7.4.

Theorem 9.7.6. Let X be a Banach space, A : D(A) C X — X the
infinitesimal generator of a Cy-semigroup, {S(t) : X — X; t > 0}, C a
nonempty and locally closed subset in R x X and F : €~ X a nonempty,
closed and convex valued, locally B-compact multi-function. Then C is mild
viable with respect to A+ F' if and only if, for each (1,&) € C, the tangency
condition (9.7.4) is satisfied.

9.8. Global mild solutions

Let A: D(A) C X — X be the infinitesimal generator of a Cy-semigroup,
let € C R x X be nonempty and let F': € ~ X be a given multi-function.
In this section we will state some results concerning the existence of non-
continuable, or even global mild solutions to the Cauchy problem

{ u/'(t) € Au(t) + F(t,u(t))
u(t) =¢&.
A mild solution w : [7,T) — X of (9.8.1) is called noncontinuable, if there
is no other mild solution v : [, f) — X of the same equation, with T < T
and satisfying u(t) = v(t) for all ¢t € [7,T"). The mild solution u is called
global if T' = Te, where T¢ is given by (3.6.2).

The next theorem follows from the Brezis—Browder Theorem 2.1.1.

Theorem 9.8.1. Let X be a Banach space, let A : D(A) C X — X
be the infinitesimal generator of a Co-semigroup, C a nonempty subset in
Rx X and F : C~ X a given multi-function. The following conditions are
equivalent :

(i) C is mild viable with respect to A+ F';

(ii) for each (71,€) € C there exists at least one noncontinuable mild
solution u : [1,T) — X of (9.8.1).

(9.8.1)

The proof, based on Brezis—Browder Theorem 2.1.1, is very similar with
the one of Theorem 3.6.1 and therefore we will omit it.

We conclude with two results concerning the existence of global solu-
tions.

Theorem 9.8.2. Let X be a Banach space, let A : D(A) C X — X
be the infinitesimal generator of a Cy-semigroup and let C be an X -closed
subset in R x X% Let F : C ~» X be a multi-function such that € is

63ee Definition 3.6.2.
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mild viable with respect to A + F. If there exist two continuous functions
a:R—=Ry and b: R — Ry such that

Il < a(®)[I€]l +b(#) (9-8.2)

for each (t,€) € C and n € F(t,£), then each mild solution of (9.8.1) can be
continued up to a global one, i.e., defined on [1,T¢).

Since the proof is similar with the one of Theorem 8.8.2, we do not
enter into details.

Whenever A generates a Cy-semigroup of contractions, the conclusion
of Theorems 9.8.2 holds true under more general growth conditions on F'.
Namely, we have

Theorem 9.8.3. Let X be a Banach space, let A: D(A) C X — X be
the infinitesimal generator of a Cy-semigroup of contractions and let C be
an X-closed subset in R x X. Let F : C~» X be a multi-function such that
C is mild viable with respect to A+ F. If F is positively sublinear’ and maps
bounded subsets in C into bounded subsets in X, then each mild solution of
(9.8.1) can be continued up to a global one, i.e., defined on [T1,T¢).

The proof of Theorem 9.8.3 is similar with that one of a more general
result, i.e., Theorem 11.7.2, allowing A to be nonlinear and multi-valued.
Therefore we do not enter into details.

"See Definition 6.6.1.



CHAPTER 10

Viability for single-valued fully nonlinear
evolutions

In this chapter we reconsider some problems, already touched upon in Chapter 8
in the semilinear case, within the (partly) more general frame of fully nonlinear
evolution equations governed by continuous perturbations of infinitesimal genera-
tors of nonlinear semigroups of contractions. We begin with the definition of the
(CO-viability and with the one of A-tangent vector at a point to a given set, in
the case of an m-dissipative, possibly nonlinear operator A. We prove a necessary
condition for C%-viability expressed in terms of this tangency concept and we con-
tinue with the statements and proofs of several necessary and sufficient conditions
for CO-viability. We extend the results to the quasi-autonomous case and next,
we focus our attention on the problem of the existence of C°-noncontinuable or
even global solutions. We then consider a class of fully nonlinear reaction-diffusion
systems and we prove several necessary and sufficient conditions for C°-viability.
We conclude with some sufficient conditions for C°-local invariance.

10.1. Continuous perturbations of m-dissipative operators

Let X be a Banach space, let A : D(A) C X ~ X be an m-dissipative
operator generating a nonlinear semigroup of nonexpansive mappings, de-
noted by {S(t) : D(A) — D(A); t > 0}, let K be a nonempty subset in
D(A), and f : K — X a function. The goal in this chapter is to prove some
necessary and sufficient conditions in order that a given subset K in X be
C-viable with respect to A+ f. We notice that the results in this chapter
extend those in Chapter 8 to the fully nonlinear operators, but only in the
m-dissipative case.
To begin with, let us consider the Cauchy problem

{ 0 < Au)+ 7(u() (10.1.1)

First, we introduce
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Definition 10.1.1. By a C°-solution of (10.1.1) on [0,7'] we mean
a function u : [0,7] — K which renders ¢t — ¢(t) = f(u(t)) integrable,
satisfies u(0) = ¢ and it is a C-solution on [0, T'] of the equation

u'(t) € Au(t) + g(t)

in the sense of Definition 1.6.2. By a C%-solution of (10.1.1) on [0,T) we
mean a function u : [0,T) — K which is a C%-solution of (10.1.1) on [0, T]

foreach 0 < T < T.

Definition 10.1.2. We say that K is C°-viable with respect to A+ f
if for each ¢ € K there exist 7 > 0 and a C%-solution v : [0,7] — K of
(10.1.1).

Let n € X and let us denote by {S,(t) : D(A) — D(A); t > 0} the
semigroup of nonlinear contractions generated by A, = A+n on D(A). So,

for each £ € D(A) and t > 0, S, (t)¢ is the value at t € Ry of the unique
CP-solution u of the Cauchy problem

{ u'(t) € Au(t) +n
u(0) =¢,

ie., Sp(t)€ = u(t,0,&,n). Inspired by the semilinear case, we introduce the
tangency concept we are going to use in the sequel.

Definition 10.1.3. Let A : D(A) € X ~ X be an m-dissipative

operator and K a nonempty subset in D(A). We say that the vector n € X
is A-tangent to K at € € K if

i it %dist (S, ()€ ) = 0. (10.1.2)
Clearly n € X is A-tangent to K at £ € K if and only if for each 6 > 0
and each p > 0 there exist h € (0,0) and p € D(0, p) such that
Sy(h)§ +hp € K.
The set of all A-tangent elements to K at £ € K is denoted by T4 (€).

Problem 10.1.1. Show that whenever A : D(A) C X ~ X is single-
valued and § € K N D(A), the “nonlinear tangency condition” n € ‘J'[A}(ﬁ)
1s equivalent to the “Nagumo tangency condition”

A
1111}(L1l10nf EdlSt (&+h(AE+1n); K) =0.
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Problem 10.1.2. Prove that, if A: D(A) C X — X is a linear m-
dissipative operator, thenn € X is A-tangent to K at £ € K in the sense of
Definition 10.1.3 if and only if it is A-tangent to K at £ € K in the sense
of Definition 8.1.3.

We are now ready to state the main results of this chapter.

Theorem 10.1.1. Let X be a Banach space, A : D(A) C X ~ X
an m-dissipative operator which generates a compact semigroup, let K be
a nonempty and locally closed subset in D(A) and let f : K — X be a
continuous function. Then a necessary and sufficient condition in order
that K be C°-viable with respect to A+ f is that

F&) € TR(S), (10.1.3)

for each € € K.

Theorem 10.1.2. Let X be a Banach space, A: D(A) C X ~ X an
m-dissipative operator, K a nonempty and locally closed subset in D(A)
and let f : K — X be a locally Lipschitz function'. Then a necessary and
sufficient condition in order that K be C°-viable with respect to A + f is
(10.1.3).

Theorem 10.1.3. Let X be a Banach space, A : D(A) C X ~ X
an m-dissipative operator, K a monempty and locally compact subset in
D(A) and let f : K — X be a continuous function. Then a necessary and
sufficient condition in order that K be C'-viable with respect to A + f is
(10.1.3).

The necessity of Theorems 10.1.1~10.1.3 is an immediate consequence
of the next result which is interesting in itself.

Theorem 10.1.4. Let X be a Banach space, A: D(A) C X ~ X an
m-dissipative operator, K a locally closed subset in X and f : K — X a
given function. Then, a necessary condition in order that K be C°-viable
with respect to A+ f is

N
1;{101 EdlSt (Srey(h)& K) =0, (10.1.4)

at each point £ € K of continuity for f.

Proof. Let ¢ € K be a continuity point of f, and let z be a C?-solution
of (10.1.1) on [0,T"]. We have

u(h,0,&, f(2(+)) € K

1See Definition 3.2.2.
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for each h € [0,T']. On the other hand, by (1.6.2), we get

h
[uh, 0, &, f(2())) = Sgey (D)€l S/O 1 (2(s)) = f(&)l ds

for each h € [0,T']. Since f is continuous at £ and limy | 2(t) = &, it follows
that

1 [P
lim — — =0.
im 7 [ 15:(6)) = £(@) 1 ds =0
Therefore
1 1
b 5 dist (Sp(e)(R)&; K) < lim 5 [Sp() ()§ — u(h, 0,€, f(z())I =0,
and this completes the proof. O

Remark 10.1.1. Let us define
1
Fit(©) = {n € X lim pdist (S,(h); K) = 0).

Clearly F2(¢) C T4(€) and, in general, the inclusion is strict. In fact,
Theorem 10.1.4 shows that, whenever f is continuous, a necessary condition
for the viability of K with respect to A+ f is a tangency condition which is
stronger than f(¢) € ‘J'f}(f’) for each £ € K. More precisely, such a necessary
condition is that, for each £ € K, we have

£&) € Fr(&).

We notice that, if A =0, F9%(£) coincides with the Federer tangent cone to
K at € € K, ie. F0(€) = T ().

10.2. Existence of s-approximate C’-solutions

The proof of the sufficiency consists in showing that the tangency condi-
tion f(£) € T4 (&) for each ¢ € K along with Brezis-Browder Theorem 2.1.1
imply that, for each £ in K, there exists at least one sequence of “approxi-
mate solutions” of (10.1.1), defined on the same interval, @, : [0,7] — X,
such that (i), converges, in some sense, to a C’-solution of (10.1.1).

The next lemma is an existence result concerning e-approximate C°-
solutions of (10.1.1) and it is an “m-dissipative plus continuous” version of
Lemma 3.3.1. We notice that, bearing in mind our later purposes, although
the problem is autonomous, we formulate our result on an arbitrary interval
[7,T] instead of [0,T].

Lemma 10.2.1. Let X be a real Banach space, A: D(A) C X ~ X

an m-dissipative operator, K a nonempty, locally closed subset in D(A)
and f : K — X a continuous function satisfying the tangency condition
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f¢) € ‘Tf}(ﬁ) for each £ € K. Then, for each £ € K there exist p > 0,
T > 7 and M > 0 such that D(&, p) N K is closed and, for each e > 0, there
exist three functions o : [1,T| — [7,T] nondecreasing, g : [7,T] — X
measurable, and u : [7,T] — X continuous, satisfying:

(i) t—e<o(t) <t foreachte|r,T], o(T)="T;

(i) u(o(t)) € D&, p)NK foreacht € [1,T], u([7,T]) is precompact;
(i.iig g(t) = f(u(o(t))) for each t € [T,T] ;
(v)

0e[r,T)and s e [o(0),T];
(vi) |la(t) —u(o(t)|| <e forte[r,T].

Proof. We consider 7 = 0, the general case following by a standard
translation argument, i.e., by the change of variable t = 7+ 5. Let £ € K
be arbitrary and choose p > 0 and M > 0 such that D(&, p) N K is closed
(compact in the hypotheses of Theorem 10.1.3) and || f(u)|| < M for every
u € D(§,p) N K. This is always possible because K is locally closed and f
continuous and thus locally bounded. Next, take T' > 0 such that

sup |[[S(£)€ =&l +T(M +1) < p. (10.2.1)
0<t<T

We first prove that the conclusion of Lemma 10.2.1 remains true if we
replace T" as above with a possible smaller number p € (0,7"] which, at this
stage, is allowed to depend on € € (0, 1). Then, by using the Brezis-Browder
Theorem 2.1.1, we will prove that we can take y =T independent of €.

Let ¢ € (0,1) be arbitrary. In view of (10.1.3), there exist § € (0,¢) and
p € X with ||p|| < e such that

Let us define the functions o(s) = 0 for s € [0,9), 0(§) = 0, g(s) = f(§) and
u(s) =u(s,0,&, f(§)) + sp for s € [0,0]. We can easily see that, o, g and u
satisfy (i)~(v) with T substituted by . Diminishing § > 0 if necessary, we
obtain also (vi).

In the next step, we will show that there exists at least one triplet
(0, g,u) satisfying (i)~(vi). To this aim we shall make use of Brezis-Browder
Theorem 2.1.1 as follows. Let 8 be the set of all quadruples (o, g, u, ) with
i < T and satisfying (i)~(vi) with p instead of T. This set is clearly
nonempty, as we have already proved. On 8§ we introduce a partial order <
as follows. We say that

(01,91,u1, 1) = (02, g2, U2, H2)
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if p1 < po and
(01(5),91(8),u1(s)) = (02(8), g2(5), ua(s))

for each s € [0, p1 ]. Let us define the function N : § — R by
N((o, 9.1, 1)) = p-

It is clear that N is increasing on 8. Let us now take an increasing sequence
(0, 95> s, 1)) jen
in 8§ and let us show that it is bounded from above in 8. To define an upper
bound, set
p* =sup{u;; j € N}.
If u* = p; for some j € N, (0,9;,u;,1t;) is clearly an upper bound. If
p; < p* for each j € N, we define

o(t) =o;(t), g(t) =g;(t), ul(t) =u;(t)

for j € N and every t € [0, ;). This way, we define (o,g,u) on [0, u*).
In order to extend the triplet to p*, we begin by checking that u([0, ©*))
is precompact in X. By (iv), we know that g € L'(0,u*;X) and so, for
each j € N, the function u(-, s, (), 9) : [ 15, n*] — D(A) is continuous.
As a consequence, the set C; = u([ p5, p* |, s, u(pj), g) is precompact. On
the other hand, by (ii), we know that, for each j € N, K; = u([0, p1;]) is
precompact too. By (v) we deduce that, for each j € N,

([0, 1)) € Cy U K; + (u* — ) D(0, ).
Let n > 0 be arbitrary and fix j € N such that

n
(W = pj)e < 9

Since Cj U Kj is precompact, there exists a finite family {&1,&2,..., &)}
such that, for each £ € C; U K, there exists k € {1,2,...,n(n)} such that

¢ =&l < 3

The last two inequalities and the inclusion above yield

([0, 1%)) € U D&, m)
and accordingly u([0, *)) is precompact. Now, take any limit point
of u(uj) as j tends to co and set u(u*) = u,+. We define o(u*) = p* and
so, g(u*) = f(u(o(p*))) = wy=. Clearly u( *) € D(,p) N K. So, with
w : [0,p*] — X, defined as above we obviously have that (o,g,u, u*)
sat1sﬁe () (iv) on [0,u*]. It is also easy to see that (v) holds for each
€ [0,u*) and each s € [o(0),u"). To check (v) for s = p*, we have to
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fix any 6 € [0,u*), to take s = p; with p; > o() in (v) and to pass
to the limit for j tending to oo both sides in (v) on that subsequence
on which (u;(p;))jen tends to u,~ = u(p*). So, (o,g,u, ™) is an upper
bound for ((o;, gj, 4, f15))jen and consequently the set 8§ endowed with the
partial order < and the function N satisfy the hypotheses of Theorem 2.1.1.
Accordingly there exists at least one element (0, gy, Uy, v) in 8 such that,
if (ov, gv, Uy, v) = (04, Gy, Uy, i) then v = p.

We next show that v = T', where T satisfies (10.2.1). To this aim, let us
assume by contradiction that v < T and let &, = w, (v) = u, (0, (v)) which
belongs to D(&, p) N K. In view of (1.6.5), (v) and (iv), we have

16y — €Il < [[S()€ = &l + [Ju(v,0,€, 9,) — SW)E]
+H17V(V) - U(V707§79V)H

< IS — €] + /0 g (s)]] ds + ve
< sup [|S(H)E — &l +v(M +e).
0<t<v

Recalling that ¥ < T" and ¢ < 1, from (10.2.1), we get
16, — &Il < p. (10.2.2)

Next, we proceed as in the first part of the proof, with v instead of 0
and with &, instead of €. So, from (10.1.3), combined with (10.2.2), we infer
that there exist 0 € (0,¢] with v +0 < T and p € X satisfying ||p|| < e,
such that

u(v+96,v,&, f(&))+dpe D p) NK.

We define 0,45 : [0,v+0] — [0,v+ 0], guys : [0,v+ 0] — X and

Uyts 2 [0, 4+ 0] — X by

o,(t) ifte[0,v]
ou1s(t) = v ifte(v,v+9)
v+9 ift=v+46,

_J 9@ ifte(0,v]
Gu+s(t) = { f&) ifte(v,v+4],
and respectively by
N B Ty (t) ift €[0,v]
ueré(t) B { u(t7 v, guagu-l-(S) + (t - V)p ift (V’ v+ 6]’

Since Uy 5(v 4+ 0) € K N D(,p), (0u15,Guis, Uprs) satisfies (1)~ (iv)
with T" replaced by v + 0. Obviously (v) holds for each ¢ and s satisfying
oui5(t) < s <wv,orv < o,.5(t) < s. The only case we have to check is that
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one in which 0,445(t) < v < s < v+ 4. To this aim, let us observe that, by
virtue of the evolution property (1.6.4), i.e.

u(ta €, f) = ult,v,u(v, 0,6, £, f |vars): (10.2.3)
we have
Uy y5(8) — u(s,0045(t), Uy r5(0045(t)), Guts)
= u(s, 1V, Uy45(V), guts) + (s —v)p
—u(s, Vv, u(V, 0y45(t), Ut 5(00+5(t)), Guts)s Guto)-

Hence, in view of (v), we get
[t45(s) = u(s, 0045(t), Uuts(0v45(t)), Guss)l
< Jty4s(v) = w(v, 0045(t), Un45(0045(1)), gurs) | + (s — )|
< (v —ougs(t))e + (s —v)e = (s — ougs(t))e.
So (v) holds for each ¢t € [0,v+9) and each s € [0,15(t), v+0 |. Diminishing

J is necessary, we get (vi).
We conclude that (0,46, gyis, Uprs, v +9) €8,

(O-llaglj7zzllay) = (O'V+6,gy+5,ﬂy+6,7/ +5)

and v < v+ 9J. This contradiction can be eliminated only if ¥ = T" and this
completes the proof of Lemma 10.2.1. [l

Remark 10.2.1. Under the general hypotheses of Lemma 10.2.1, for
each v > 0, we can diminish both p > 0 and 7" > 7, such that T'— 7 < v,
p < and all the conditions (i)~(vi) in Lemma 10.2.1 be satisfied.

Definition 10.2.1. Let £ € K and € > 0. Let T' > 7 be (independent
of ¢ > 0) as in Lemma 10.2.1. A triple (o, g, u) satisfying (i)~(vi) is called
an e-approzimate C°-solution of (10.1.1) on [7,T].

10.3. Convergence in the case of Theorems 10.1.1 and 10.1.3

In order to complete the proof of the sufficiency of Theorems 10.1.1 and
10.1.3, we will show that there exists a subsequence of e,-approximate C°-
solutions which is uniformly convergent on [0,7'] to a function w which is
a C%-solution of (10.1.1).

Proof. Let (¢,), be a sequence in (0, 1), strictly decreasing to 0, and
let ((0p, gn, Un))n be a sequence of e,-approximate C?-solutions of (10.1.1).
From (iii), we know that {g,; n =1,2,...} is uniformly bounded on [0, 7]
and thus uniformly integrable in L'(0,7"; X). See Remark 1.3.3.
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Under the hypotheses of Theorem 10.1.1, since the semigroup of non-
linear contractions {S(t) : D(A) — D(A); t > 0} is compact, by The-
orem 1.6.5, it follows that there exists u € C([0,T']; X) such that, on a
subsequence at least, we have

liglu(t,o,f,gn) = u(t) (10.3.1)

uniformly for ¢t € [0,7]. By (v) and (10.3.1), we also have
lim @, (t) = u(t)
uniformly for ¢ € [0,7]. From (vi), we conclude that

lim i, (0 (1)) = (1) (10.3.2)

uniformly for ¢t € [0,T]. By (ii), we know that u,(0,(t)) € D(&,p) N K
forn=1,2,... and t € [0,T']. As D(&, p) N K is closed, we conclude that
u(t) € D(&, p) N K for all t € [0,T']. Further, since f is continuous and by
(iii), we have g,(s) = f(un(on(s))) for n =1,2,... and a.e. for s € [0,T],
it follows that

lim g,,(t) = f(u(t))

uniformly for ¢ € [0,T]. Thus @ = u(-,0,&, f(u(+))) and therefore it is a C-
solution of (10.1.1) on [0,7"]. This completes the proof of Theorem 10.1.1.
O

We can now pass to the proof of Theorem 10.1.3.

Proof. We begin by showing that, in the hypotheses of Theorem 10.1.3,
(10.3.1) still holds true. First, let us remark that, in view of Remark 10.2.1,
we can diminish 7' > 0 and p > 0, if necessary, such that D(&, p) N K is
compact and (i) ~ (vi) in Lemma 10.2.1 be satisfied. So, by (v) and (vi)
we have

[u(t,0,&; gn) = tn(on(O)|| < [lut, 0,8, gn) — un(®)]] + [[tn(t) — Un(on(t))]l

<ten+en < (T+1)ey
form=1,2,.... Let k=1,2,..., and let us denote by

u([0,7],0,&, gn)

un(on([0,T7))
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and let us observe that, in view of the inequality above, we have

[e.e]

J u([0,77,0,¢,9,) € C UC + (T +1)D(0, &) (10.3.3)

n=1

foreach k=1,2,....But, for k=1,2,..., Cy and C are precompact, C}, as
a finite union of compact sets, i.e. u([0,7'],0,&,g,) forn =1,2,..., kand C
as a subset of D(&, p) N K, which in its turn is compact. This remark along
with (10.3.3) shows that, for each ¢t € [0,T'], {u(¢,0,&,9,); n=1,2,...}1is
precompact too.

Thus Theorem 1.6.4 applies and so there exists u € C([0,7']; X) such
that, on a subsequence at least, we have (10.3.1).

From now on, the proof follows the very same arguments as those in
the last part of the proof of Theorem 10.1.1 and therefore we do not enter
into details. g

10.4. Convergence in the case of Theorem 10.1.2

Under the hypotheses of Theorem 10.1.2, we will show that there exists a
sequence of ¢,-approximate C%-solutions which is uniformly convergent on
[0,T] to a CYsolution of (10.1.1).

Proof. Let £ € K and let p > 0 and T > 0 be given by Lemma 10.2.1.
As f is locally Lipschitz, by Remark 10.2.1, we can diminish T > 0 and
p > 0 if necessary, in order to assume that there exists L > 0 such that all
the conditions in Lemma 10.2.1 be satisfied and, in addition,

1f(w) = f(0)|| < Lllu — o

for all u,v € D(&,p) N K.

Let (e,)n be a sequence strictly decreasing to 0 and let ((op, gn, Un))n
be a sequence of &,-approximate C°-solutions of (10.1.1).

In view of (iii) in Lemma 10.2.1, we have

t
Ju(t, 0,€, gn) — u(t,0,€, gi)|| < /0 l9n(s) — gu(s)]] ds

< /Ot 1f (n(on(s))) — f(ur(on(s)))l ds < L/Ot [un(an(s)) = ur(ok(s))| ds

and consequently

t
”u(t70>£agn) - u(t707£>gk)” S L/O ||’IAJ:n(O'n(S>) - U(é”o’f»gn)u dS



The quasi-autonomous noncylindrical case 209

t t
L / (5,0, €. gu) — (s, 0,€, g ds + L / (5,0, €, g1) — T(on(s))]| ds.
0 0

(10.4.1)
Using (v) and (vi) in Lemma 10.2.1 to estimate the first and the third
integral on the right hand side in (10.4.1), we get

||u(t7 07 57 gn) - U(t, 07 gv gk)”

t
< LT+ 1)(en )+ L[ ul.0.6,,) = u(s,0.6.90) | ds.
0
From this inequality and Gronwall Lemma 1.8.4, we deduce
||U(t, 05 57 gn) - U(t7 07 fa gk)” < L(T + 1)(571 + 6k)eTL7

forn,k=1,2,... and t € [0,T]. Since &, | 0, it follows that (u(-,0,&, gn))n
is a Cauchy sequence in the sup-norm. Let u be the uniform limit of
(u(+,0,€,9n))n on [0,T]. From now on, the proof follows the exactly the
same steps as those in the last part of the proof of Theorem 10.1.1 and
therefore we omit it. O

10.5. The quasi-autonomous noncylindrical case

Let € be a nonempty subset in R x D(A) and let f : € — X be a continuous
function. Let us consider the nonautonomous Cauchy problem

{ Zl((:)) i ?u(t) + f(t u(t)) (10.5.1)

Definition 10.5.1. By a C%-solution of the problem (10.5.1) on [7,T'],

we mean a continuous function w : [7,7] — D(A) which satisfies:

(i) (t,u(t)) € € foreach t € [1,T];
(i) w is a C%solution, in the sense of Definition 1.6.2, of the Cauchy
problem

u(r) = ¢,
where g(s) = f(s,u(s)) for s € [7,T].
A C°-solution of (10.5.1) on [7,T) is a function u : [7,T) — D(A) which,
for each T € (7,T), is a C%solution of (10.5.1) on [7,T] in the sense
mentioned above.

{ u/'(t) € Au(t) + g(t)

Definition 10.5.2. The set € C R x D(A) is C°-viable with respect to
A+ fif for each (7,€) € C, there exists T € R, T' > 7 such that the Cauchy

problem (10.5.1) has at least one C%-solution u : [7,T] — D(A).
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Remark 10.5.1. Let X = R x X with the norm ||(¢t, )|y = [t| + ||u]]
and let us observe that the quasi-autonomous Cauchy problem (10.5.1) can
be equivalently rewritten as an autonomous one in the space X, by setting

Az ={(0,v); v € Au} for z = (t,u) € D(A), where
D(A) ={(t,u); te R, ue D(A)},
z(s) = (t(t+s),u(t+59)), F(z) = (1, f(2)) and ¢ = (7,&). Indeed, with the

notations above, we have

{ Z'(s) € Az(s) + F(z(s))
2(0) = (.

It readily follows that A is m-dissipative and, in addition, that z = (¢, u) is
a C%-solution of the problem above if and only if

t(s)=7+s
u(s) =u(r +s,7,& f(T+ - u()))
Remark 10.5.2. One may easily see that € is CY-viable with respect
to A+ f in the sense of Definition 10.5.2 if and only if € is C%-viable with
respect to A + F in the sense of Definition 10.1.2.

The next viability results are consequences of Theorems 10.1.1~10.1.4.

Theorem 10.5.1. Let X be a Banach space, A: D(A) C X ~ X an
m-dissipative operator which generates a compact semigroup, € a nonempty,
locally closed subset in R x D(A) and f : € — X a continuous function.
Then a necessary and sufficient condition in order that C be C°-viable with
respect to A+ f is that

(1, £(,€)) € Te (7€), (10.5.2)
for each (1,€) € C.

Theorem 10.5.2. Let X be a Banach space, A: D(A) C X ~ X an
m-dissipative operator, C a nonempty, locally closed subset in R x D(A)

and f: C — X a locally Lipschitz function. Then a necessary and sufficient
condition in order that C be C°-viable with respect to A+ f is (10.5.2).

Theorem 10.5.3. Let X be a Banach space, A: D(A) C X ~ X an
m-dissipative operator, C a nonempty, locally compact subset in R x D(A)

and f : C — X a continuous function. Then a necessary and sufficient
condition in order that C be C°-viable with respect to A+ f is (10.5.2).

Problem 10.5.1. Prove that, for each (7, ) € C, the condition (10.5.2)
is equivalent to

i %dist (7 + hou(r + by 7, €, £(7,€))); €) = 0.
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10.6. Noncontinuable C°-solutions

In this section, we present some results concerning the existence of noncon-
tinuable, or even global C%-solutions to

{ Z’((Tt)) < ?’U(t) + £ (t,u(t)) (10.6.1)

where A : D(A) C X ~ X is an m-dissipative operator, € C R x D(A) is
nonempty and f : € — X is a given function. A C%-solution u : [7,T) — X
to (10.6.1) is called noncontinuable, if there is no other C%solution v :
[7,T) — X of the same equation, with T' < T and satisfying u(t) = v(t)
for all t € [7,T). A C%solution u : [7,T) — X to (10.6.1) is called global
if T = Te, where Te is defined by (3.6.2). The next theorem follows from
Brezis—Browder Theorem 2.1.1. Since its proof is almost identical with that

of Theorem 3.6.1, we do not enter into details.

Theorem 10.6.1. Let X be a Banach space, A : D(A) C X ~ X an
m-dissipative operator, let € C R x D(A) be nonempty, and let f : C — X.
Then, the following conditions are equivalent:

(i) € is C-viable with respect to A + f;
(ii) for each (7,€) € C there exists at least one noncontinuable C°-
solution w: [7,T) — X of (10.6.1).

The next result concerns the existence of global solutions.
Theorem 10.6.2. Let X be a Banach space, A : D(A) C X ~ X an

m-dissipative operator, C a nonempty and X -closed subset® in R x (A)
and f : © — X a continuous function which is positively sublinear®. If f
maps bounded subsets in C into bounded subsets in X and € is C°-viable
with respect to A + f, then each C°-solution of (10.6.1) can be continued

up to a global one.

Proof. Since € is C%-viable with respect to A + f, for each (7,¢) € C,
there exists at least one noncontinuable C%-solution u : [7,7) — X to
(10.6.1). We will show that T' = Te. To this aim, let us assume the contrary,
i.e., that T' < Te. In particular this means that T < +oo. By using a
translation argument if necessary, we may assume with no loss of generality
that 0 € D(A) and 0 € A0. From (1.6.2) with n =0, ¢ =0 and v = 0, we
get,

lu@)l < el + / [u(s), £(s,u(s)) ] ds + / (u(s), £(s,u(s)) ] ds

Ey H\G¢

2See Definition 3.6.2.
3See Definition 3.6.1.
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for each t € [7,T), where
Ep={s €[0,t]; [u(s), f(s,u(s)) ]+ > 0 and [lu(s)[| > ¢(s)},

Gt = {S € [Out]; [u(s)af(87u(s))]+ < 0}7
Hy={s €[0,t]; [lu(s)]| < c(s)}-

As Hy C Hy and [u,v]4+ < ||v| for each u,v € X, we get

[u(®)]| < ||€H+/ [a(s)[lu(s)]] + b(s)] d8+/ 1/ (s, u(s))ll ds

By Hr
for each ¢t € [7,T). But f maps bounded subsets in € into bounded subsets
in X and therefore there exists M > 0 such that ||f(s,u(s))|| < M for all
s € Hr. Hence
t

T
lu®)ll < ¢+ TM + /0 b(s) ds + /0 a(s)|[u(s) | ds,

for each t € [7,T'). By Gronwall Lemma 1.8.4, u is bounded on [7,T).
Using once again the fact that f maps bounded subsets in C into
bounded subsets in X, we deduce that f(-,u(-)) is bounded on [7,T). So,
there exists limyru(t) = w*. Since € is X-closed and T' < Tg, it follows
that (T,u*) € €. As € is CY-viable with respect to f, we conclude that u
can be continued to the right of 7. But this is absurd, because u is non-
continuable. This contradiction can be eliminated only if T' = Te, and this
achieves the proof. O

A useful consequence of Theorem 10.6.1 is

Theorem 10.6.3. Let X be a Banach space, let A: D(A) C X ~ X

be an m-dissipative operator and let C be an X -closed subset in R x D(A).
Let f : € — X be a given function for which there exist two continuous
functions a : R — R4 and b : R — Ry such that

L& N < a®)]E]l + b(t)

for each (t,&) € C. If C is C°-viable with respect to A+ f, then each C°-
solution of (10.6.1) can be continued up to a global one, i.e., defined on
[7,T¢).

10.7. A class of fully nonlinear reaction-diffusion systems

Let X and Y be two real Banach spaces® and let A : D(A) C X ~» X
and B : D(B) CY ~ Y be the infinitesimal generators of two nonlinear

semigroups of contractions denoted by {Sa(t) : D(A) — D(A); t > 0} and

4Since there is no danger of confusion, we denote the norms on both spaces by the
same symbol, || - ||.
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by {Sg(t) : D(B) — D(B); t > 0} respectively. Let € C R x D(A) x D(B)
be nonempty and let F : € — X and G : € — Y. Let us consider the
Cauchy problem for the abstract nonlinear reaction-diffusion system
a'(t) € Ax(t) + F(t,2(t), y(t))
y'(t) € By(t) + G(t,2(t), y(t)) (10.7.1)
z(t) = ¢ and y(r) =1
Definition 10.7.1. We say that the set C is C°-viable with respect
to (A+ F,B + G) if for each (7,(,n) € C there exists T > 7 such that

(10.7.1) has at least one C%solution (z,y) : [7,T] — D(A) x D(B) with
(t,x(t),y(t)) € € for each t € [1,T].

Throughout, we denote by X the Banach space X x Y, endowed with
the norm |[(z,y)|| = [[z[| + [ly[, for (z,y) € X.

Definition 10.7.2. A C%-solution of (10.7.1) on [7,T'] is a continuous
function (z,y) : [7,T] — X such that:

(i) (t,z(t),y(t)) € Cforeacht € [7,T];
(ii) z is a C%-solution on [7,T] of the Cauchy problem
{ 2'(t) € Ax(t) + f(t)
x(r) = ¢
and y is a C%solution on [7,7T] of the Cauchy problem
{ y'(t) € By(t) +g(t)
y(r) =,
in the sense of Definition 1.6.2, where f(t) = F(t,z(t),y(t)) and
g(t) = G(t, (1), y(t))-
A CY-solution of (10.7.1) on [7,T) is a function (z,y) : [7,T) — X such
that, for each T' € (r, Tv), (x,7) is a C%-solution of (10.7.1) on [7,7] in the

sense mentioned above.

Definition 10.7.3. Let D C R x X. The function F' : D — X is locally
Lipschitz with respect to x € X if it is continuous and, in addition, for each
(1,¢,m) € D, there exist p > 0 and L > 0, such that

|F(t,2,y) — F(t,2,y)|| < Lllz — 2|,
for all (¢,z,y), (t,%,y) € D((7,¢,n),p) N D.
We notice that here and thereafter, D((7,(,n),p) denotes the closed

ball with center (7,(,n) € R x X and radius p > 0.
The hypotheses which will be in effect throughout are:

(H1) A:D(A) C X~ X and B: D(B) CY ~ Y are m-dissipative;
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C R x D(A) x D(B) is nonempty and locally closed ;

Cis locally compact ;
G) : € — X is continuous;;
,G) : C — X is locally Llpschltz

:Rx X xY — X is locally Lipschitz with respect to z € X°;
{Sa(t) : D(A) — D(A); t >0} is compact;
{Sp(t) : D(B) — D(B); t> 0} is compact.
Let (1,(,n) € € and let us denote by (x(-, 7,(,n),y(-,7,(,n)) the unique

CY-solution on [T, 00) of the system

'(t) € Ax(t) + F(7,¢,m)
y'(t) € By(t) + G(7,¢,n
x(r): y(r) =

The main viability results, referring to (10.7.1), are:

Theorem 10.7.1. Assume that (Hy), (H2), (Hy), (H7) and (Hg) are
satisfied. The necessary and sufficient condition in order that C be C°-viable
with respect to (A+ F,B + G) is

1

for each (7,¢,n) € C.

Theorem 10.7.2. Assume that (Hy), (H2), (Hs), (Hy) and (Hg) are
satisfied. The necessary and sufficient condition in order that € be C°-viable
with respect to (A+ F, B + G) is (10.7.2).

Theorem 10.7.3. Assume that (Hy), (H2) and (Hs) are satisfied. The
necessary and sufficient condition in order that C be C°-viable with respect
to (A+ F,B+ Q) is (10.7.2).

Theorem 10.7.4. Assume that (Hy), (H2), (Hy), (Hg) and (Hg) are
satisfied. The necessary and sufficient condition in order that C be C°-viable
with respect to (A+ F, B + Q) is (10.7.2).

The necessity of either Theorems 10.7.1~10.7.4 follows from the simple
result below.

Theorem 10.7.5. Assume that (Hy) and (Hy) are satisfied and let
C C R x X be nonempty. If C is C°-viable with respect to (A + F, B + Q)
then, for every (1,(,n) € €, we have

1
lim 2 dist (7 + by 2(7 + by 7, ¢ ), y(7 + By 7,,m)); €) = 0. (10.7.3)

5See Definition 10.7.3.
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In order to simplify as much as possible the proofs, the following simple
observation is needed.

Remark 10.7.1. Under the general hypotheses (Hy), (Hz) and (Hy),
the problem (10.7.1) can be rewritten as an autonomous nonlinear evolution
equation in the space Z = R x X as follows. Let us define A : D(A) C Z~ Z
by Au = (0, Az, By) for each u = (v,x,y) € D(A), where,

D(A) =R x D(A) x D(B),
let us define f: € — Z by
fu) =1, F(u),G(u) = (1, F(v,2,y), G(v,2,y))

for each u = (v,z,y) € €. Then (10.7.1), which is equivalent to the au-
tonomous Cauchy problem

2/ (t) € Ax(t) + F(v(t), z(t),y(t))
y'(t) € By(t) + G(u(t), z(t), y(t)) (10.7.4)
o(r) =7, z(t)=¢ and y(1)=mn,
rewrites as
u'(t) € Au(t) + f(u(t))
{ u(r) = ¢, (10.7.5)

where A and f are as above, u(t) = (v(t),z(t),y(t)) and £ = (1,(,n).

Obviously, under the hypotheses (H;) and (Hy), the operator A is m-
dissipative on X and f is continuous. Moreover, € is C%-viable with respect
to (A+ F, B+ @), in the sense of Definition 10.7.1, if it is C°-viable with
respect to A + f, in the sense of Definition 10.1.2.

In view of Remark 10.7.1, Theorem 10.7.1 is a consequence of Theo-
rem 10.1.1, Theorem 10.7.3 follows from Theorem 10.5.2. The remaining
results have no correspondence with the viability results in Section 10.1.
So, it remains to prove Theorems 10.7.2 and 10.7.4.

Remark 10.7.2. The tangency condition (10.7.2) is equivalent to

f(€) € TE(©)

for each & € @, with £ = (7,(,n). Therefore, under the hypotheses (H1),
(H2) and (Hy), if the tangency condition (10.7.2) holds true, then A, € and
f in (10.7.5) satisfy the hypotheses of Lemma 10.2.1. Since (Hs) implies
(Hy), it follows that the remark above applies in all Theorems 10.7.2~10.7.4.
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10.8. Convergence in the case of Theorem 10.7.2

In view of Remarks 10.7.1 and 10.7.2, it suffices to show that, for each
¢ € €, (10.7.5) has at least one C%-solution u : [7,T] — Z.

Proof. Let £ = (1,(,n) € € and let £, | 0 be a sequence in (0,1). In
view of Remark 10.7.2, we are in the hypotheses of Lemma 10.2.1 and there-
fore there exist p > 0, T > 7, M > 0 and a sequence of e,-approximate C°-
solutions ((cp, gn, Un))n of (10.7.5). On components, g, = (1,9, ,9}) and
Up = (Un, Tn, Yn). By Remark 10.2.1, diminishing p > 0 and 7" > 7 if neces-
sary, we may assume that, in addition to the conditions in Lemma 10.2.1,
IIx(D((7,¢,m),p) NC) is compact.

Next, from (iv), we know that {g,; n =1,2,...} is uniformly bounded
on [7,T], and thus uniformly integrable in L*(7,T;2). See Remark 1.3.3.
This means that the families {gX; n = 1,2,...} and {gY; n = 1,2,...}
are uniformly integrable in L!(7,7; X) and in L'(7,T;Y) respectively.

We next show that {u(-,7,&,9,); n=1,2,...} is relatively compact in
C([7,T];Z). We do this with the help of Theorem 1.6.5.

So, by (v) and (vi) in Lemma 10.2.1, we have

[u(t, 7,8, gn) — Un(on (@) < lu(t, 7.€, gn) — Un()|| + [[tn(on(t)) — un(t)||
<(t—T)en+ten <(T—7+4 1),

for each t € [7,T].
For £k =1,2,..., let us denote both

k
Ky = U{u(tﬂ—?fvgn); te [T)T]}’

n=1

X = U{an(o-n(t»; te [TaT]}'

n=1

Let us observe that, in view of the inequality above, we have

o

U {U(t, T, g,gn)» te [7-7 T]} C KUK+ (T - T+ 1)DZ(O7 Ek) (1081)

n=1
for k=1,2,.... Clearly X} is relatively compact because it is the union of
a finite number of compact sets, i.e., the ranges of the continuous functions
u(+, 7,8 gn), n = 1,2,...k, and K because KX C IIrK x [IxXK x IIy K and
all factors IIgrXK, IIxX and IIy X are relatively compact. Indeed, IIxK =
[T, T] is obviously compact. Further, ITxX is relatively compact as a subset
of a set enjoying the same property, i.e., of IIx(D(&, p) N C). See (H3).
Concerning the relative compactness of Iy X, this follows from the fact

that {Sg(t) : D(B) — D(B), t > 0}, is compact. Indeed, let (y,), be an
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arbitrary sequence in ITy-X. This means that there exists (tp(op(tn)))n, in
C, Up(on(tn)) = (Un(on(tn)), Tn(on(tn)), Un(on(ts))) and such that

Yn = Yn(on(tn))

forn=1,2,.... So, to conclude that ITy X is relatively compact, it suffices
to show that (yy), has at least one uniformly convergent subsequence in
C([7,T];Y). Recalling that {g}; n =1,2,...} is uniformly integrable, by
Theorem 1.6.5, it follows that there exists y € C([7,T'];Y) such that, on a
subsequence at least, we have

limy(t, 7,1, 9, ) = y(t)
uniformly for ¢ € [7,T']. By (v) in Lemma 10.2.1, we have

15 (8) = y(&, 7,0, 9 )| < Ten
which shows that
lim (1) = 50

uniformly for ¢ € [7,T]. As (t,), is bounded, we may assume without
loss of generality that there exists ¢ € [7,7] such that lim, ¢, = t. As
lim,, 0, (t,) = t, we conclude that lim,, y, = lim,, y,, (0, (t,)) = y(t). Hence
[Ty X is relatively compact in Y. In view of (10.8.1), it follows that, for each

€ [7,T], the set (U, u(t,7,&, gn) is relatively compact in Z. An appeal
to Theorem 1.6.4 shows that there exists u € C([7,T];2) such that, at
least on a subsequence, we have

li}Lnu(t, 7,&, gn) = u(t) (10.8.2)

uniformly for ¢ € [7,T].
Recalling that u(-, 7, €, g,) is the C%-solution of the Cauchy problem

u'(t) € Au(t) + gn(t)
10.8.3

e 1083
where

gn(t) = f(tn(on(t))),
that lim,, 0, (t) = ¢ uniformly on [7,T'], lim, &, = 0 and, by (v) and (vi),
[t (on(t)) — u(t, 7,8 gn)ll < (T + 1)en

forn=1,2,..., using (10.8.2), we get lim,, uy(on(t)) = w(t) uniformly for
t € [7,T]. But, by (ii), un(on(t)) € D(&,p) N C for each t € [7,T]. As
D(&,p) N € is closed, it follows that u(t) € D(&,p) N C for each t € [7,T].

Since f is continuous, we deduce lim,, g,(t) = f(u(t)) uniformly for each
t € [r,T]. So, u = u(-,7,&, f(u(-))), which means that v = (v,z,y) is a
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CP-solution of the problem (10.7.5), i.e., that (z,y) is a C%-solution of the
Cauchy problem (10.7.1) and the proof is complete. O

10.9. Convergence in the case of Theorem 10.7.4

Up to a certain point the proof of Theorem 10.7.4 is identical with the one
of Theorem 10.7.2.

Proof. Let £ = (7,({,n) € € and let ¢, | 0 be a sequence in (0,1).
In view of Remark 10.7.2 we are in the hypotheses of Lemma 10.2.1 and
therefore there exist p > 0,7 > 7, M > 0 and a sequence of €,-approximate
CY-solutions ((op, g, Un))n of (10.7.5).

Since F': R x X — X is locally Lipschitz with respect to € X, dimin-
ishing p > 0 and T' > 7 if necessary, we may assume that the conclusion of
Lemma 10.2.1 holds and, in addition, there exists L > 0 such that

|F(t,a.y) - F(t,3,y)] < Lz - 3] (109.1)

for all (t,z,v),(t,2,y) € D((7,¢,n), p). See (Hg) and Definition 10.7.3.

We shall now prove that, under the hypotheses of Theorem 10.7.4, the
sequence (u(+,7,&, gn))n has at least one uniformly convergent subsequence
whose limit is a C%-solution of (10.7.5).

Since by (Hg) the semigroup generated by B is compact, while by (iv)°®,
the set {gY; n = 1,2,...} is uniformly integrable, by Theorem 1.6.5, we
may assume that there exists y € C([7,T];Y) such that, on a subsequence
at least, lim, y(¢,7,7n,9. ) = y(t) uniformly for ¢t € [7,T]. In view of (v)
and (vi), this shows that

lim 7 (0 (1)) = lim () = y(t) (10.9.2)

uniformly for ¢t € [7,T].
Next, let us observe that (10.7.4) consists of two Cauchy problems, the

first one,
V() =1
u(r) =T,

being decoupled from the second one whose unknown functions are x and
y. Thus v(t) =t for each t € [7,T']. By Lemma 10.2.1, we conclude that

lim 0y, (0, (t)) = lim vy, (t) =t (10.9.3)
uniformly for t € [7,T'].

6Here and thereafter within this section, (i)~(vi) denotes the corresponding items
in Lemma 10.2.1.
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Since A is m-dissipative and the function f: [7,T] x X — X, defined
by f(t,x) = F(t,z,y(t)) for (t,z) € [7,T] x X, is locally Lipschitz with
respect to x € X, there exists Ty € (7,7'] such that

/
{ €T (t) S Ax(t) + F(ta x(t)a y(t)) (1094)
z(1) = ¢,
has a unique C%-solution x : [7,Ty] — X. Taking into account of (10.2.1)
and (10.9.1), we deduce that Ty = T.

To conclude, it suffices to show that ¢ — wu(t) = (v(t),z(t),y(t)) is a

solution of (10.7.5). To this aim, we shall prove that, on a subsequence at

least, (z(-,7,C, g:X))n is uniformly convergent on [7,7'] to .
Inasmuch as g:X (t) = F(0n(01(t)), Zn(0n(t)), Un(on(t))), we have

l(t,7,¢, 90) — z(@)]

S/ [1E (Un(0n(0)), Tn(on(0)), Yn(om(0))) — F(v(0), 2(0), y(0)) 4O

(10.9.5)
forn=1,2,... and each t € [7,T].
Since, by (Hg), F' is defined on R x X x Y, we deduce

1E(0n(00(0)), Tn(0n(0)), Yn(0n(0))) — F(v(6), 2(6), y(0))]]
< [1F(@n(0n(0)), Zn(9n(0)), yn(9n(0))) = F(0n(0n(0)), 2(0), yn (o (6)))]l
FIE (0n(0n(0)), 2(0), yn(0n(0))) = F(v(8), 2(0), y(0))]]
< Lf[#n(on(0)) =2 (0) [ F (0n(0n(0)), 2(0), yn(0n(0))) = F (v(6), 2(0), y(0))]
v (

foreachn =1,2,... and t € [7,T']. By (10.9.2), (10.9.3) and the continuity
of F', we deduce that there exists v, l 0 such that

1E(0n(0n(0)), 2(0), yn(9n(0))) — F(v(8), 2(0), y(0)I] < n,

uniformly for n = 1,2,... and 6 € [7,T]. On the other hand, by (vi), we
have

1Zn (0 (6)) — 2(0)]| < en
forn=1,2,.... From (10.9.5), we deduce that

l(t, 7, ¢ 92) = (D) < (Len + 1) (T — 7)
forn=1,2,... and t € [7,T].

Consequently lim, z(¢, 7, ¢, g, ) = x(t) uniformly for ¢ € [, T']. Clearly
(v(t),z(t),y(t)) € € for each t € [7,T]. Passing to the limit in (v) for § = 7
and using (iv), we deduce that (t,x,y) is a C%-solution of the problem
(10.7.4) and this completes the proof. O
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10.10. Sufficient conditions for C%-local invariance

Let X be a real Banach space, A : D(A) C X ~ X an m-dissipative
operator, D an open subset in X, K a nonempty and locally closed subset
of DND(A), f : IxD — X a given function and let us consider the Cauchy
problem for the nonautonomous evolution equation

{ z,((:)) < ?“(t) +F(tu(t)) (10.10.1)

Definition 10.10.1. The subset K is locally C°-invariant with respect
to A+ f if for each (7,&) € I x K and each C%-solution u : [7,¢] — DND(A)
of (10.10.1), there exists T € (7,c]| such that u(t) € K for each t € [7,T'].
It is C°-invariant if it satisfies the above condition of local C°-invariance
with T = c.

Problem 10.10.1. Prove that if K is closed and locally C°-invariant
with respect to A+ f, then it is CO-invariant with respect to A + f.

Theorem 10.10.1. Let X be a Banach space, A : D(A) C X ~ X
an m-dissipative operator, D an open subset in X, K a nonempty and
closed subset of DN D(A), I an open interval and f : I x D — X. Let us
assume that I x K is C°-viable with respect to A + f and there exist an
open neighborhood V. C D of K and one Carathéodory uniqueness function”
w: I xRy — Ry, such that

(61— &, f(t,61) — f(t,62) ]+ S w(t, [[61 — &) (10.10.2)

foreacht € I,& € V\K and & € K. Then K is locally CP-invariant with
respect to A+ f.

Proof. Let V C D be given by hypotheses and let (7,&) € I x K. If
(10.10.1) has no C%-solution leaving K, we have nothing to prove. Other-
wise, let u : [7,¢] — D be any C%solution to (10.10.1) which leaves K.
Diminishing c if necessary, we may assume that u(t) € V for each t € [, c].
We prove that u(t) € K for each t € [7,c]. To this end, let us assume by
contradiction that there exists t; € [7,c¢] such that u(t;) € V'\ K. Since K
is closed and wu is continuous, we can fix 7 < tg < t; such that u(t) € V\ K
for every t € (to,t1] and u(tg) € K. Let v : [tg,d] — K be any C%-solution
of v'(t) € Av(t) + f(t,v(t)) which satisfies v(tg) = u(to). Such C%-solution
exists because I x K is CY-viable with respect to A+ f. Let to = min{d, ¢, }.
Let g : [to,t2] — R4 be defined by g(t) = ||u(t) —v(t)|| for each t € [to,t2].

"See Definition 1.8.2.
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From (1.6.2) in Theorem 1.6.2, we deduce

9(t) S/ [u(s) = v(s), (s, u(s)) = f(s,0(s)) ]+ ds.

to

Since V, K, and f satisfy (10.10.2), we get

t
ot) < [ wlsuas))ds
0
forn=1,2,... and t € [tg,t2]. Applying Lemma 1.8.3 with an arbitrary
sequence v, | 0, we deduce that there exists t € (to,t2] such that g(t) =0,
i.e., u(t) = v(t) for all t € [to,t2]. Since u(t) € V \ K and v(t) € K for
each t € (tg,t2], we arrived at a contradiction. This contradiction can be
eliminated only if u(t) € K for all ¢t € [, c¢]. The proof is complete. O

The viability assumption in Theorem 10.10.1 can be replaced by an
appropriate tangency condition.

Theorem 10.10.2. Let X be a Banach space, A: D(A) C X ~ X an
m-dissipative operator, D an open subset in X, K a nonempty and closed
subset of D N D(A), I an open interval and f : I x D — X a continuous
function. Assume that, for each (1,€) € I x K, we have f(1,€) € Tr(§),
and there exist an open neighborhood V.C D of K and one Carathéodory
uniqueness function w: I x Ry — Ry, such that

[§1— &, f(t,61) — f(,&2) ]+ S w(t, 61— &) (10.10.3)

for eacht € I, & € V\K and & € K. Then K is locally C°-invariant with
respect to A+ f.

Proof. Let V C D be the open neighborhood of K such that f satisfies
(10.10.3), let (1,€) € I x K and let u : [7,¢] — D be any solution to
(10.10.1). Diminishing ¢ if necessary, we may assume that u(t) € V for each
t € [7,c]. We prove that u(t) € K for each ¢t € [7,c]. To this end, let us
assume by contradiction that there exists 1 € [, c¢] such that u(t1) € V\ K.
Let 7 < to < t1 be such that u(t) € V \ K for every t € (to,t1] and
u(tp) € K. This is possible because K is closed and u is continuous. Let us
consider the autonomous Cauchy problem

V(t) =1
Z(t) € Az(t) + f(u(t), 2(t)) (10.10.4)
’U(t()) = to, Z(t()) = ’U,(t[)).
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Take ¢, | 0. By Lemma 10.2.1 we know that there exists at least
one sequence (o, (1,9X), (Un, Zn)))n of e,-approximate C-solutions of the
Cauchy problem (10.10.4)%, on [to, T'], with T € (to,t1].

After some calculations involving (iv) and (v) in Lemma 10.2.1, we get

1Zn(on(t)) = u(®)|] < vn + / w(8, 120 (o (0)) — u(©)]) d9,

to
where v, | 0. From Lemma 1.8.3, we deduce that there exists T € (¢, T ]
such that lim, ||Z,(on(t)) — u(t)|| = 0 uniformly for ¢ € [t9,Tp]. Since
D(&,p) N K is closed and, by (ii) in Lemma 10.2.1, z,,(o,,(t)) € D(§,p) N K
for each t € [to, Ty ], we deduce that u(t) € K for each t € [tg, Tp|, thereby
contradicting the definition of tg. The contradiction can be eliminated only
if u(t) € K for each t € [, c] and this completes the proof. O

8We notice that, in the general hypotheses of Theorem 10.10.2, (10.10.4) may have
no C°-solution.



CHAPTER 11

Viability for multi-valued fully nonlinear
evolutions

Here we extend our study in Chapter 10 to the more general case of nonlinear
evolutions equations governed by multi-valued perturbations of m-dissipative op-
erators. More precisely, we start with the autonomous case by defining the concept
of A-quasi-tangent set at a point to a given set, in the case in which A is m-
dissipative and possible nonlinear. Then, we prove the main necessary condition
for C%-viability expressed in terms of this new tangency concept. We next show
that, under various natural extra-assumptions, the already established necessary
condition is also sufficient. We extend the results to the quasi-autonomous case
and we conclude with some results on the existence of noncontinuable or even
global C%solutions.

11.1. Necessary conditions for C’-viability

Let X be a Banach space, A : D(A) C X ~ X the generator of a nonlinear
semigroup of nonexpansive operators, {S(t) : D(A) — D(A), t > 0}, K a
nonempty subset in D(A) and F' : K ~ X a nonempty, closed and convex
valued multi-function. We consider the Cauchy problem for the nonlinear
perturbed differential inclusion

{ Z/(g))f?_“(t) + F(u(t)) (11.1.1)

Definition 11.1.1. The function u : [0,7] — K is a C%-solution of
(11.1.1) if u(0) = & and there exists f € L'(0,T; X), with f(t) € F(u(t))
a.e. for t € [0, T], and such that u is a C°-solution on [0, T ] of the equation

u'(t) € Au(t) + f(t)

in the sense of Definition 1.6.2.

223
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Definition 11.1.2. We say that K is C°-viable with respect to A+ F
if for each ¢ € K there exist T > 0 and a C%-solution u : [0,T] — K of
(11.1.1).

The main goal of this section is to find necessary conditions in order
that K be C°-viable with respect to A+ F. Let E C X be a nonempty set.
We recall that

E={fec LY (Ry;X); f(s) € E ae. for s c Ry}
Definition 11.1.3. Let K be a subset in X and £ € K. We say that
the set F is A-quasi-tangent to K at the point £ if, for each p > 0, we have

lirzllionfidist (Se(h)&: K N D(E, p)) = 0, (11.1.2)

where Se(h)¢ = {u(h,0,&, f); f € E}. We denote by Q‘J’Sﬁ(f) the class of
all A-quasi-tangent sets to K at &.

Another A-tangency concept is introduced below.

Definition 11.1.4. We say that a set E is A-tangent to K at & if, for
each p > 0, we have

sy int %dist (Sp(h)E K N D(E p)) = 0, (11.1.3)

where Sg(h)¢ = {S,(h)¢; n € E} = {u(h,0,£,1); n € E}. We denote by
T84(€) the class of all A-tangent sets to K at £ € K.

As F can be identified with the subset of a.e. constant elements in &,
it readily follows that

TSH(E) C QTSL(€). (11.1.4)
Remark 11.1.1. Let K C X and £ € K. The following properties are
simple consequences of Definition 11.1.3:

(i) if E € QT8%4(¢) and E C D then D € QT8%(€);
(ii) if E € QT84 (£) and D C E is dense in E, then D € QTS (¢€).

In addition, by means of the correspondence n +— {1}, T4(£) can be iden-
tified with a subset in T84 (€) and thus in QT84 (£). See Definition 10.1.3.

Problem 11.1.1. Prove that whenever E is compact, E € TS&(€) if
and only if there exists n € E such that n € T (€).

Theorem 11.1.1. Let X be a Banach space, A: D(A) C X ~ X an
m-dissipative operator, K a nonempty subset in D(A) and F : K ~ X a
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nonempty, quasi-weakly compact' and convex valued, u.s.c. multi-function.
Then a necessary condition in order that K be C°-viable with respect to
A+ F is that, for each £ € K, we have F(€) € QTS%(€).

Proof. Let £ € K and p > 0. Since K is C’-viable with respect to
A+ F, there exists at least one C%solution u : [0,7] — K of (11.1.1).
Let f € L'(0,7;X) be the function given by Definition 11.1.1. As u is
continuous at ¢ = 0 and F is u.s.c. at u(0) = &, it follows that for each
g > 0 there exists 6(¢) > 0 such that

f(s) € F(§) + D(0,¢)
a.e. for s € [0,0(¢g)]. So, if &, | 0, there exists h,, | 0 such that
f(s) € F(§) + D(0,en) and u(hy,0,§, f) € D(&,p)

forn =1,2,... and a.e. for s € [0, hy, |. Then, for each n = 1,2,..., there
exist f, and g, with f,(s) € F(£), gn(s) € D(0,e,) and

f(s) = fn(8) + gn(s)

a.e. for s € [0, h,, |. By Lemma 6.1.1, we may assume without loss of gen-
erality that both f,, and g, are integrable. Let us observe that

hn
Hu(h'mOag? f) - u(hﬂ%O?g? fn)” < /0 ”f(s) - fn(s)H ds < h'ﬂgn

forn=1,2,....
Since u(hn,0,&, f) € KN D(E p) and e, | 0, we get F(&) € QTSL(¢€)
and this completes the proof. O

Problem 11.1.2. Prove that the conclusion of Theorem 11.1.1 remains
unchanged if instead of quasi-weakly compact, we assume merely that, for
each &€ € K, F(§) is quasi-weakly relatively compact.

Arguing as in the proof of Theorem 11.1.1, we deduce

Theorem 11.1.2. Let X be a Banach space, A: D(A) C X ~ X an
m-dissipative operator, K a nonempty subset in D(A) and F : K ~ X a
given multi-function. If K is CO-viable with respect to A+ F, then at each
point & € K at which F is u.s.c. and F(§) is quasi-weakly compact and

convez, we have F(£) € QT8%(€).

1See Definition 6.1.4.
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11.2. Necessary and/or sufficient conditions for C-viability

The goal of this section is to find necessary and sufficient, or only sufficient
conditions in order that K be C’-viable with respect to A 4 F.

Definition 11.2.1. An m-dissipative operator A : D(A) C X ~ X
is called of complete continuous type if for each fixed (7,€) € R x D(A),
the graph of the C?-solution operator, f +— u(-,7,&, f), is weakly xstrongly

sequentially closed in LY(7,T; X) x C([7,T]; X).

Problem 11.2.1. Prove that if A is linear and m-dissipative, then it
is of complete continuous type. Show that if, in addition, A generates a
compact Cy-semigroup, then f i u(-,7,&, f) is weakly-strongly sequentially
continuous from L*(1,T; X) to C([7,T]; X).

Problem 11.2.2. Prove that if X has uniformly convex dual and A
(possibly nonlinear) generates a compact semigroup, then A is of complete
continuous type. Prove that, in this case, the operator f — u(-,7,&, f) is
weakly-strongly sequentially continuous from LY(7,T; X) to C([7,T]; X).

Remark 11.2.1. An example of an m-dissipative operator of complete
continuous type, which is neither linear nor defined on a Banach space with
uniformly convex dual, is offered by Theorem 1.7.9.

Theorem 11.2.1. Let X be a Banach space, A : D(A) C X ~ X
an m-dissipative operator of complete continuous type which generates a
compact semigroup of contractions, let K be a nonempty, locally closed
subset in D(A) and F : K ~ X a nonempty, weakly compact and convex
valued strongly-weakly w.s.c. multi-function. Then a sufficient condition in
order that K be C°-viable with respect to A + F is that, for each & € K,
F(€) € QTSR (€).

A consequence of Theorem 11.2.1 and of Problem 11.2.2 is

Theorem 11.2.2. Let X be a Banach space with uniformly convex
dual, A : D(A) C X ~ X an m-dissipative operator which is the infin-
itesimal generator of a compact semigroup, K a nonempty, locally closed
subset in D(A) and F : K ~ X a nonempty, bounded, closed and convex
valued strongly-weakly u.s.c. multi-function. Then a sufficient condition in
order that K be CY-viable with respect to A + F is that, for each & € K,
F(&) € QTSR (8).

From Theorems 11.1.1 and 11.2.1 we deduce

Theorem 11.2.3. Let X be a Banach space, A : D(A) C X ~ X
an m-dissipative operator of complete continuous type which generates a
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compact semigroup of contractions, K a nonempty, locally closed subset in
D(A) and F : K ~ X a nonempty, weakly compact and convez valued u.s.c.
multi-function. Then a necessary and sufficient condition in order that K

be C-viable with respect to A+ F is that, for each & € K, F(€) € QT87(¢).

If A is only m-dissipative and of complete continuous type but the
semigroup generated by A is not compact, we can prove

Theorem 11.2.4. Let X be a Banach space, A: D(A) C X ~ X an
m-dissipative operator of complete continuous type, K a nonempty, locally
compact subset in D(A) and F : K ~ X a nonempty, weakly compact
and convexr valued strongly-weakly u.s.c. multi-function. Then a sufficient
condition in order that K be CY-viable with respect to A+ F is that, for
each £ € K, F(€) € QTS#(£).

From Theorems 11.1.1 and 11.2.4, we get

Theorem 11.2.5. Let X be a Banach space, A: D(A) C X ~ X an
m-dissipative operator of complete continuous type, K a nonempty, locally
compact subset in D(A) and F : K ~ X a nonempty, weakly compact
and convex valued w.s.c. multi-function. Then a necessary and sufficient
condition in order that K be CY-viable with respect to A + F is that, for
each & € K, F(€) € QTS4(£).

11.3. Existence of c-approximate C’-solutions

The proof of both Theorems 11.2.1 and 11.2.4 relies on showing that
the tangency condition F(£) € QTS5 (€) for each ¢ € K along with Brezis-
Browder Theorem 2.1.1 imply that, for each £ in K, there exists at least
one sequence of “approximate solutions” of (11.1.1), defined on the same
interval, v, : [0,7] — X, and such that (v,), converges uniformly to a
C%solution of (11.1.1).

The next lemma is an existence result concerning e-approximate C°-
solutions of (11.1.1).

Lemma 11.3.1. Let X be a real Banach space, A: D(A) C X ~ X an
m-dissipative operator, K a nonempty and locally closed subset in D(A) and
F . K ~ X a nonempty-valued, locally bounded multi-function satisfying
F(€) € QTS%(€) for each € € K. Then, for each & € K, there exist p > 0,
T >0 and M > 0 such that D(&, p) N K is closed and, for each € > 0, there
exist three functions: o : [0,T] — [0,T] nondecreasing, f : [0,T] — X
measurable and v : [0,T] — X continuous satisfying:

(i) t—e<a(t) <t foralte[0,T] and ao(T)=T;
(ii) v(a(t)) € D(&, p)NK forallt € [0,T] and v([0,T']) is precompact;
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Definition 11.3.1. Let £ € K and € > 0. A triplet (a, f,v) satisfying
(i)~(vi) is called an e-approzimate C°-solution of (11.1.1).

We can now proceed to the proof of Lemma 11.3.1.

Proof. Let £ € K be arbitrary and choose p > 0 and M > 0 such that
D(&,p) N K is closed (compact in the hypotheses of Theorem 11.2.4) and
IInll < M for every uw € D(&,p) N K and n € F(u). This is always possible
because K is locally closed and F' is locally bounded.

Next, take T" > 0 such that

sup [|S()E—&|l+T (M +1) <p. (11.3.1)
0<t<T

We first prove that the conclusion of Lemma 11.3.1 remains true if we
replace T as above with a possible smaller number 6 € (0,7 ] which, at this
stage, is allowed to depend on ¢ € (0,1). Then, by using the Brezis-Browder
Theorem 2.1.1, we will prove that we can take § = T independent of ¢.

Let € € (0,1) be arbitrary. Since F(£) € QT84(€), it is easy to see that
there exist f € F(€)% § € (0,¢) and p € X with |[p|| < € such that

u(9,0,&, f)+dp € K.
With f as above, let us define o : [0,0] — [0,6] and v : [0,0] — X by
a(t) =0 for t € 0,9), a(d) = ¢, and respectively by

o) = u(t, 0., 1) + tp (11.3.2)

for each ¢t € [0,6].
Let us observe that the functions «, f and v satisfy (i)~(iv) with 7" = 4.
Clearly, v(0) = £. Moreover, since ||p|| < e, we deduce

[v(t) —u(t, a(s), v(a(s)), Ol = llv(t) —u(t, 0,0(0), Il = tlpll < (t—als))e
for all 0 < s <t < 4. Thus (v) is also satisfied. Next, diminishing 6 > 0
and redefining « if necessary, we get

[o(t) = v(a@®)]] = v(t) = v(0)[ < [lu(t,0,&, f) = €l + tp]

t
< |S(e— €] + /0 IF6)lds 12 5 sup S €]l +5(0 +2) <=

2We recall that F(&) = {f € L'(Ry; X); f(s) € F(¢) ae. for s € Ry }.
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for each t € [0,0), and thus (vi) is also satisfied.

Next, we will show that there exists at least one triplet («, f,v) satis-
fying (i)~(vi). To this aim we shall use Brezis-Browder Theorem 2.1.1 as
follows. Let 8 be the set of all triplets («, f, v), defined on [0, u], with u < T
and satisfying (i)~(vi) with p instead of T'. This set is clearly nonempty,
as we have already proved. On § we introduce a partial order < as follows.
We say that

(a1, f1,v1) = (a2, fa,v2)
if u < po and ai(s) = aa(s), fi(s) = fa(s) and vi(s) = wva(s) for each
s €[0,pm].
Let us define the function N : § — R by
N(a, f,v) = p.

It is clear that N is increasing on §. Let us now take an increasing sequence

((s f5:v5));
in § and let us show that it is bounded from above in 8. We define an upper
bound as follows. First, set

p* = sup{u;; j € N}.
If * = p; for some j € N, (o, fj,v;) is clearly an upper bound. If p; < p*
for each j € N, let us define
a(t) = a;(t), [f(t) = f;(t), v(t) =uv;(t)
for j € N and every t € [0, uj]. To extend «, f and v to t = p*, we proceed
as follows.

First, we extend f at pu* by setting f(u*) = n, where n € X is arbitrary
but fixed. Second, by (iii) and (iv) we know that f € L*°(0, x*;X) and so,
for each j € N, the function (-, 5, v(pe5), f) : [ 5, 0" ] — D(A) is continu-
ous. As a consequence, the set Cj = u([ pj, u* ], s, v(14), f) is precompact.
On the other hand, by (ii), for each j € N, we know that K; = v([0, ;])
is precompact too. By (v) we deduce that, for each j € N,

0([0,5%)) € C5 UK + (1" — 1) D(0,).
Let v > 0 be arbitrary and fix j € N such that
v
(1" = pj)e < 5
Since C; U K is precompact, there exists a finite family {&1,&2,...,&n0)}
such that, for each £ € C; U K, there exists k € {1,2,...,n(v)} such that

¢ — &l < 5.
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The last two inequalities and the inclusion above yield

([0, 1)) € U\ D(&;,v)

and accordingly v([0, ©*)) is precompact. Now, take any limit point v« of
v(pj) as j tends to oo and set v(u*) = vy+. Finally, we define a(p*) = p*.
Since v(um) € D(§,p) N K, for each m € N, and the latter is closed, we
have v(u*) € D(§, p) N K. Now let us observe that (a, f,v), where «, f and
v are defined as above, satisfies (i)~(iv) with 7" replaced with p*. It is also
easy to see that (v) holds for 0 < s <t < p*. To check (v) for t = p*, we
have to fix any s € [0, u*), to take t = p; with p; > s in (v), and to pass
to the limit for j tending to oo both sides in (v) on that subsequence on
which (vj(45))jen tends to vy« = v(p*). To check (vi) we have to proceed
similarly.

So, (o, f,v) is an upper bound for ((a;, fj,v;)); and consequently the
set & endowed with the partial order =< and the function N satisfy the
hypotheses of Theorem 2.1.1. Accordingly, there exists at least one element
(ay, fu,vy) in 8 such that, if (ay, fu,v,) = (@, fs, V) then v = 0.

We next show that v = T', where T satisfies (11.3.1). To this aim, let us
assume by contradiction that v < T" and let &, = v, (v) = v, (a,(v)) which
belongs to D(&, p) N K. In view of inequality (1.6.5), (iv) and (v), we have

160 = &l < ISW)E =&l + llu@,0,&, fu) = SWIEN +llvw(v) — u(v, 0, f)|l

<ISW)E =€+ [ IR ds+ve < sup [SWE = €]+ +2)
Recalling that v < T and ¢ < 1, from (11.3. 1) we get

160 = &l < p- (11.3.3)

At this point we act as at the beginning of the proof with v instead
of 0 and with &, instead of . So, from (11.3.3), we infer that there exist
feF&),de (0,e] withv+6<T andp e X satisfying ||p|| < e, such
that

u(lv+6,v,&,f)+dpe D(E p)NK.

We define o465 @ [0, +6] — [0,v+ 6], fuss : [0,v+ 6] — X and
Uyts t [0, v+ 0] — X by
a,(t) ifte[0,v]
ay,45(t) = v ifte(v,v+9)
v+46 ift=v+9,

fo(t) ifte0,v]
fos(t) = {f(t) ifte(v,v+4d],
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and

B v, (t) ift € [0,v]
UV'HS(t) B { u(t,l/,fuafu-i-(S) + (t_ Z/)p ift € (]/7V—{—5].

Since v, 15(v+0) € KND(E, p), (aurs, fors, vuis) satisfies (i)~ (iv) with
T replaced by v + 4.

To check (v) we consider the following complementary cases: s <t < v,
v<s<tands<v<t

Clearly (v) holds for each t, s satisfying s < ¢ < v.If v < s < t, we have

||Ul/+5(t) - u(tv au+5(5)7 Uu+6(au+5(3))v fu+5) H

= Hu(t’ v, gw fl/+5) + (t - V)p* u(ta v, 61/7 fu+5)” < (t - V)S = (t - au+(5(8))5'

Let now s < v < t and let us observe that, by virtue of the evolution
property (1.6.4), i.e.

u(t7a>£7 f) = u(t> y,u(u,a,ﬁ, f): f ‘[uy—i—(ﬂ)a (1134)

for 0 <a<v<t<wv+9d,and of (v) (which is valid on both [0,r] and
[v,v+0]), we have

Uy+5(t) = u(t, avi5(5), vurs(Qwts(s)), futo)
= u(t, v, vp46(V), furs) + (¢ —V)p
—u(t, v, u(V; ay15(8), vuts(Qw16(5)), futs)s fors)
and therefore
[vv4+5(t) = u(t, sy 5(5), vots(Qvrs(5))s furs)ll
< [vvs(v) — u(v, ans5(s), vss(awrs(5)), fors) || + (8 = v)|lpll <
<

(v — ayss($))e + (= )e = (= ayra(s))e
which proves (v).
Similarly we deduce that (vi) is satisfied. So (a4, furs, Vuis) € S,
(aw T, Uu) = (au+67 fV+(5a UV—{—(S)
and v < v+ J. This contradiction can be eliminated only if v = T and this

completes the proof of Lemma 11.3.1. O

Remark 11.3.1. Under the general hypotheses of Lemma 11.3.1, for
each v > 0, we can diminish both p > 0 and 7" > 0, such that T' < v, p < «v
and all the conditions (i)~(vi) in Lemma 11.3.1 be satisfied.
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11.4. Convergence in the case of Theorem 11.2.1

In order to complete the proof of Theorem 11.2.1, we will show that a
suitably chosen subsequence of e,-approximate C?-solutions is uniformly
convergent on [0,T] to a function u which is a C?-solution of (11.1.1).

Proof. A simple argument by contradiction involving Lemma 2.6.1
shows that F is locally bounded and thus Lemma 11.3.1 applies. Let (g,,)s,
be a sequence in (0,1) strictly decreasing to 0. Let ((am, fn,vn))n be a
sequence of e,-approximate C-solutions of (11.1.1). By (iv)3, the family
{fn; n=1,2,...} is uniformly bounded, and hence uniformly integrable.
As the semigroup generated by A is compact, by Theorem 1.6.5, we deduce
that there exists u € C([0,T']; X) such that, on a subsequence at least, we
have

lim u(t, 0,€, f) = (t) (11.4.1)

uniformly for ¢t € [0,7"]. By (v) and (11.4.1), we also have lim,, v, (t) = u(t)
uniformly for ¢t € [0,7"]. From (vi), we conclude that

ligwn(an(t)) = u(t) (11.4.2)

uniformly for ¢ € [0,7]. By (ii), we know that v,(a,(t)) € D(&,p) N K
forn=1,2,... and t € [0,T']. As D(&, p) N K is closed, we conclude that
()eD(g p)ﬂKforaHtE[ T].

Next, by (iii), we have f,(s ) € F(vp(an(s))) for n = 1,2,... and a.e.
for s € [O,T]. Since {vp(an(s)); n = 1,2,..., s € [0,T]} is relatively
compact and F' is strongly-weakly u.s.c. with weakly compact values, from
Lemma 2.6.1 combined with Theorem 1.3.2, we conclude that the set

conv U (vn(an([0,T])))

is weakly compact. Accordlngly, from Corollary 1.3.1, we may assume with
no loss of generality that there exists f € L'(0,T; X) such that

limfn =f,

(
weakly in L'(0,7; X). Since A is of complete continuous type, from (11.4.3)
and (11.4.1), we conclude that u(t) = u(¢,0,&, f). From (11.4.3), (11.4.2)
and Lemma 2.6.2, we obtain f(s) € F(u(s,0,&, f)) a.e. for s € [0,7]. From
(11.4.1), it follows that @ is a C%-solution of the problem (11.1.1) and this
completes the proof. O

11.4.3)

3Within this proof, references to (i)~(vi) are to the corresponding items in
Lemma 11.3.1.
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11.5. Convergence in the case of Theorem 11.2.4

We will show that a suitably chosen subsequence of e,-approximate C°-
solutions is uniformly convergent on [0,7'] to a function u which is a C°-
solution of (11.1.1).

Proof. Let (¢,,), be a sequence in (0, 1) strictly decreasing to 0. Take
a sequence of e,-approximate C°-solutions ((v,, fn, vn))n of (11.1.1). First,
let us observe that, in view of Remark 11.3.1, we can diminish 7" > 0 and
p > 0, if necessary, such that D(&, p) N K be compact and (i) ~ (vi)? be
satisfied. So, by (v) and (vi), we have

[u(t, 0, fn) = vn(an(®)Il < lu(t,0,&, fn) = vn (Bl + [lon(t) — vn(an(D))]

<tep+en <(T+1)e,
forn=1,2,.... Let k=1,2,..., let us denote by

k
Cr = |J ul(0,T7,0,¢, f2)

¢ = | valan([0,T]))

and let us observe that, in view of the inequality above, we have
o0
J u([0,77,0,¢, ) € CL UC + (T + 1)D(0, &) (11.5.1)
n=1
foreach k =1,2,.... But, for k=1,2,..., Cy and C are precompact, C}, as
a finite union of compact sets, i.e. u([0,7°],0,&, fn) forn =1,2,... k, and
C as a subset of D(&, p)NK, which in its turn is compact. This remark along
with (11.5.1) shows that, for each t € [0,T'], {u(t,0,&, fn); n=1,2,...}is
precompact too.
Thus we can apply Theorem 1.6.4 and so there exists u € C([0,T ]; X)
such that, on a subsequence at least, we have

lignu(t,O,ﬁ, fn) = u(t) (11.5.2)

uniformly for ¢ € [0,7"]. By (v) and (11.5.2), on the same subsequence, we
also have

li7rln vn(t) = u(t)

4Throughout this section, all the references to (i) ~ (vi) are to the corresponding
items in Lemma 11.3.1.
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uniformly for ¢ € [0,7']. By (vi), we conclude that
lim vy, (au, (t)) = u(t) (11.5.3)

uniformly for ¢ € [0,T']. Since, by (ii), vp(an(s)) € D(§, p) N K for each
s €[0,7] and D(&, p) N K is closed, it follows that u(s) € D(&, p) N K for
each s € [0,T].

From now on, the proof follows the very same arguments as those in
the last part of the proof of Theorem 11.2.1 and therefore we do not enter
into details. ([l

11.6. The fully nonlinear multi-valued quasi-autonomous case

Let X be a real Banach space, A : D(A) C X ~ X an m-dissipative
operator, C a nonempty subset in R x D(A), F' : € ~ X a given multi-
function. The goal of this section is to extend the necessary and sufficient
conditions for C°-viability already proved in the autonomous case to the
general frame of quasi-autonomous nonlinear evolution inclusions of the
form

{ u/'(t) € Au(t) + F(t,u(t))

u(r) = &.

We denote by X = R x X. Endowed with the norm

18 )l = VI =+ [lul?,

for each (t,u) € X, the former is a Banach space. In addition, if X has uni-
formly convex dual, then X, endowed with the norm above, has uniformly
convex dual too.

(11.6.1)

Definition 11.6.1. By a C%-solution of the quasi-autonomous multi-
valued nonlinear Cauchy problem (11.6.1), we mean a continuous function
w:[7,T] — X, with (t,u(t)) € C for each t € [7,T'], and for which there
exists f € L'(7,T; X) such that f(s) € F(s,u(s)) a.e. for s € [7,T] and u
is a C-solution of the evolution inclusion below

{ Z’((Tt)) < éu(t) + (1) (11.6.2)

in the sense of Definition 1.6.2.

Definition 11.6.2. The set € C R x D(A) is C°-viable with respect
to A+ F if for each (7,§) € C, there exists T' € R, T' > 7 such that the
Cauchy problem (11.6.1) has at least one C°-solution u : [7,T] — X.
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Remark 11.6.1. In order to introduce the tangency concept we are
going to use in the sequel, let us first observe that the quasi-autonomous
Cauchy problem (11.6.1) can be equivalently rewritten as an autonomous
one in the space X, by setting A = (0,4), z(s) = (t(s + 7),u(s + 7)),
F(2) = (1, F(2))° and ¢ = (7,&). Indeed, with the notations above, we have

{ Z'(s) € Az(s) + F(2(s))
2(0) = (.

It readily follows that A is m-dissipative. So, z is a C?-solution for the
problem above if it is given by

Z(S) = (T + s, U(T + 877—767 f(T + )))a
where f is a function as in Definition 11.6.1.

Remark 11.6.2. One may easily see that € is C%-viable with respect
to A+ F in the sense of Definition 11.6.1 if and only if € is C%-viable with
respect to A + F in the sense of Definition 11.1.2.

Theorem 11.6.1. Let X be a Banach space, A: D(A) C X ~ X an
m-dissipative operator, C a nonempty subset in Rx D(A) and let F : C~ X
a quasi-weakly compact and convex valued, u.s.c. multi-function. If @ is C°-

viable with respect to A+ F then, for each (1,§) € €, we have
(1,F(r,£)) € QTSE(7, ). (11.6.3)

Proof. By Remark 11.6.2 and Theorem 11.1.1, we conclude that, under
the hypotheses of Theorem 11.6.1, since € is C°-viable with respect to A+
then, for each z € €, z = (7,&), we have

F(z) € QTSE(2),
relation which is equivalent to (11.6.3). O

As in the autonomous case, Theorem 11.6.1 is a direct consequence of
Theorem 11.6.2 below, which gives a necessary condition for CY-viability
taking place in a strictly more general frame than the one in Theorem 11.6.1.

Theorem 11.6.2. Let X be a Banach space, A: D(A) C X ~ X an
m-dissipative operator, C a nonempty subset in Rx D(A) and let F : C~ X
be a given multi-function. If C is viable with respect to A + F, then the
tangency condition (11.6.3) is satisfied at each point (1,€) € C at which F
is u.s.c. and F(7,€) is quasi-weakly compact and convez. If, in addition,

F(7,€) is compact, then (1, F(1,£)) N TE(r,€) # 0.

SHere (1, F(2)) = {(L,n); n € F(2)}.
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Proof. Use Theorem 11.1.2 and Problem 11.1.1. O

Now we can pass to the main sufficient conditions concerning the C°-
viability of a set € with respect to A+ F'. We have the following counterparts
of Theorems 11.2.1, 11.2.3, 11.2.4 and 11.2.5.

Theorem 11.6.3. Let X be a Banach space, A: D(A) C X ~ X be
an m-dissipative operator of complete continuous type which generates a
compact semigroup of contractions, € a nonempty and locally closed subset
inRx D(A) and let F : C~ X be a nonempty, weakly compact and convex
valued strongly-weakly u.s.c. multi-function. Then a sufficient condition in
order that C be CY-viable with respect to A+ F is that, for each (7,¢&) € C,
we have (1, F(1,€)) € QTSE(, £).

Theorem 11.6.4. Let X be a Banach space, A : D(A) C X ~ X
an m-dissipative operator of complete continuous type which generates a
compact semigroup of contractions, C a nonempty and locally closed subset
inRx D(A) and let F : C~ X be a nonempty, weakly compact and convex
valued w.s.c. multi-function. Then a necessary and sufficient condition in
order that C be CY-viable with respect to A+ F is that, for each (7,&) € C,
we have (1, F(1,€)) € QTSE(, £).

Theorem 11.6.5. Let X be a Banach space, A : D(A) C X ~ X
an m-dissipative operator of complete continuous type, C a nonempty and
locally compact subset in Rx D(A) and let F : € ~ X be a nonempty, weakly
compact and conver valued strongly-weakly u.s.c. multi-function. Then a
sufficient condition in order that € be CO-viable with respect to A + F is
that, for each (1,€) € C, we have (1, F(1,§)) € Q‘J’Sé(T, €).

Theorem 11.6.6. Let X be a Banach space, A : D(A) C X ~ X
an m-dissipative operator of complete continuous type, C a nonempty and
locally compact subset in R x D(A) and let F : C ~ X be a nonempty,
weakly compact and convexr valued u.s.c. multi-function. Then a necessary
and sufficient condition in order that C be C'-viable with respect to A + F
is that, for each (1,€) € €, we have (1, F(7,€)) € QTSH(T,€).

11.7. Noncontinuable C’-solutions

Let A: D(A) C X ~ X be an m-dissipative operator, let € C R x D(A) be
nonempty and let F': €~ X. Here, we present some results concerning the
existence of noncontinuable, or even global C%-solutions for the nonlinear
evolution inclusion

{ 0 € Au() + Flt () 117.1)
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A C%solution u : [7,T) — X to (11.7.1) is called noncontinuable, if there
is no other C°-solution v : |7, f) — X of the same equation, with T < T
and satisfying u(t) = v(t) for all t € [7,T). The C°-solution u is called
global if T = Te, which is given by (3.6.2). The next theorem follows from
the Brezis—Browder Theorem 2.1.1.

Theorem 11.7.1. Let X be a Banach space, A : D(A) C X ~ X an
m-dissipative operator, let C C R x W be nonempty and let F': C~ X.
Then the following conditions are equivalent:

(i) € is CO-viable with respect to A+ F;
(ii) for each (7,€) € C, (11.7.1) has at least one noncontinuable C°-

solution w : [1,T) — X.
The next result concerns the existence of global solutions.
Theorem 11.7.2. Let X be a Banach space, A : D(A) C X ~ X

an m-dissipative operator, let € C R x D(A) be a nonempty subset and let
F : €~ X be a given multi-function. If € is X-closed®, F is positively
sublinear’ and maps bounded subsets in C into bounded subsets in X and C
is C0-viable with respect to A+ F, then each C°-solution of (11.7.1) can be
continued up to a global one, i.e., defined on [T,T¢), where Te is given by

(3.6.2).

Proof. Since € is C%-viable with respect to A 4+ F, for each (7,£) € C,
there exists at least one noncontinuable C%-solution u : [7,7) — X to
(11.7.1). We will show that T" = Te. To this aim, let us assume the contrary,
i.e., that T < Te. By using a translation argument if necessary, we may
assume with no loss of generality that 0 € D(A) and 0 € A0. From (1.6.2)
with n =0, g =0 and v = 0, we deduce

u®ll <11+ [ Tuls) 5 ds+ [ [u(s), 1)) ds
E; H\G¢

for each t € [7,T), where f is the function given by Definition 11.1.1, and

Ey={se[rt]; [uls), f(s)]+ > 0 and [lu(s)[| > c(s)},

Gy =A{se[7t]; [u(s), f(s)]+ <O},

Hy ={s € [7,t]; [lu(s)|| < c(s)}-
Here a,b,c : R — R, are the continuous functions in Definition 6.6.1. As
H; C Hy and [u,v]4+ < ||v]] for each u,v € X, we get

HWWQM+/M®M@MMM®+/\NM@

Et HT

65ee Definition 3.6.2.
"See Definition 6.6.1.
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for each t € [7,T). But F' maps bounded subsets in € into bounded subsets
in X and therefore there exists m > 0 such that || f(s)|| < m a.e. for s € Hrp.
Hence

T t
lu(®)]| < ¢l + Tm + / b(s) ds + / a(s)|[u(s)]] ds,

for each t € [7,T'). By Gronwall Lemma 1.8.4, u is bounded on [7,T).
Using once again the fact that F' maps bounded subsets in € into
bounded subsets in X, we deduce that f is bounded on [7,T") and therefore,
there exists limy7 u(t) = u*. Since € is X-closed, it follows that (T',u*) € C.
From this observation, recalling that € is C%-viable with respect to A + F
and T < 400, we conclude that u can be continued to the right of T.
But this is absurd, because u is noncontinuable. This contradiction can be
eliminated only if T' = Te, as claimed. ]



CHAPTER 12

Carathéodory perturbations of m-dissipative
operators

In this chapter we reconsider some problems, already touched upon in Chapter 5
and Chapter 10. More precisely, here, we deal with the (partly) more general frame
of fully nonlinear evolutions equations governed by single-valued Carathéodory
perturbations of m-dissipative operators in separable Banach spaces. We begin by
proving a necessary condition for C°-viability and continue with the statements
and proofs of several necessary and sufficient conditions for C°-viability. Finally,
we focus our attention on the problem of the existence of C°-noncontinuable or
even global solutions.

12.1. Necessary and sufficient conditions for C’-viability

The goal of this chapter is to prove a necessary and sufficient condition for a
given subset in R x X, with X a Banach space, to be C?-viable with respect
to A + f, where A is an m-dissipative operator and f is a Carathéodory
function. More precisely, let X be a Banach space, A: D(A) C X ~ X an
m-dissipative operator generating a nonlinear semigroup of nonexpansive
mappings, {S(t) : D(A) — D(A); t > 0}, K a nonempty subset in D(A),
I a nonempty and open interval and f : I x K — X a given function. We
consider the Cauchy problem

Definition 12.1.1. By a C?-solution of (12.1.1), on [7,T], we mean a
continuous function u : [7,T] — K such that t — g(t) = f(t,u(t)) for a.e.
t € [7,T] belongs to L'(7,T; X) and u is a C-solution on [7,T'] of the
problem

u(r) =¢,
239

{ u'(t) € Au(t) + g(t)
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in the sense of Definition 1.6.2. A C°-solution of (12.1.1), on [, T), is a

continuous function u : [7,T) — K such that, for each 7 < T < T, u is a
C-solution of (12.1.1), on [7,7T'], in the sense just mentioned.

As we have already noticed, we are interested here in finding necessary
and sufficient conditions in order that I x K be C°-viable with respect to
A + f in the sense of the definition below.

Definition 12.1.2. We say that I x K is C°-viable with respect to
A+ f if for each (7,&) € I x K there exist T € I, T > 7 and a C%-solution
w:[r,T] — K of (12.1.1).

We emphasize that we confined ourselves here only to the cylindrical
case because, as we have already seen in Example 5.1.1, even for A = 0,
there is no hope to obtain viability of general noncylindrical domains, with
respect to Carathéodory perturbations of m-dissipative operators, without
any extra-assumptions.

We are now ready to state the main results of this chapter.

Theorem 12.1.1. Let X be a Banach space, A : D(A) C X ~ X
an m-dissipative operator which is the infinitesimal generator of a compact
semigroup, K a nonempty, locally closed subset in D(A), I a nonempty and
open interval and f : I x K — X a locally Carathéodory function'. Then
a necessary and sufficient condition in order that I x K be C°-viable with
respect to A + f is to exist a negligible subset Z in I such that, for each

(1,8) € I\ Z) x K, f(1,£) € TR(€).

Theorem 12.1.2. Let X be a Banach space, A : D(A) C X ~ X an
m-dissipative operator, K a nonempty, locally closed and separable subset
in D(A), I a nonempty and open interval and f : I x K — X a Lipschitz-
Carathéodory function®. Then a necessary and sufficient condition in order
that I x K be CY-viable with respect to A+ f is to exist a negligible subset
Z in I such that, for each (1,€) € (I\ 2) x K, f(1,€) € Ta(€).

Theorem 12.1.3. Let X be a Banach space, A: D(A) C X ~ X an
m-dissipative operator, K a nonempty, locally compact and separable subset
in D(A), I a nonempty and open interval and f : I x K — X a locally
Carathéodory function. Then a necessary and sufficient condition in order
that I x K be C°-viable with respect to A+ f is to exist a negligible subset
Z in I such that, for each (1,€) € (I\ 2) x K, f(1,£) € Ta(&).

1See Definition 2.8.1.
2See Definition 5.2.1.
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Remark 12.1.1. From Problem 1.6.1, it follows that, under the hy-
potheses of Theorem 12.1.1, D(A) is separable and hence K enjoys the
same property.

One of the main tools in the proof of Theorems 12.1.1~12.1.3 is the
following characterization of the tangency condition f(7,&) € T4 (&) for
each (1,&) € (I \ 2) x K. First, we recall that, for each 7 € R, ¢t > 7,
¢e€ D(A)and g € Li (1,00; X), u(t,7,&,g(-)) denotes the value at ¢ of the
unique C%-solution u of the Cauchy problem

{ u'(t) € Au(t) + g(t)
u(r) =¢&.

Of course, whenever g is constant, say g =7, u(t,7,&,n) = S, (t — 7)§.

Proposition 12.1.1. Let X be a Banach space, A: D(A) C X ~ X

an m-dissipative operator, K a nonempty and separable subset in D(A),
and let f : I x K — X be a locally Carathéodory function. Then there
exists a negligible subset Z in I such that, for each (1,€) € (I\ 2) x K, we
have f(1,€) € T#(€) if and only if there exists a negligible subset Z1 in I
such that, for each (1,€) € (I\ Z1) X K, we have

1
liraionf Edist (u(t+ h,7,& f(-,€)); K) = 0. (12.1.2)

Problem 12.1.1. Prove Proposition 12.1.1.

The necessity of Theorems 12.1.1~12.1.3 is an immediate consequence
of the next result which is interesting by itself.

Theorem 12.1.4. Let X be a Banach space, A: D(A) C X ~ X an
m-dissipative operator, K a locally closed and separable subset in X and
let f:1IxK — X be a locally Carathéodory function. Then, a necessary
condition in order that I x K be C°-viable with respect to A + f is to
exist a negligible subset Z in I such that, for each (1,§) € (I \ 2) x K,
F(r,€) € TA).

Proof. Let Z be given by Theorem 2.8.5,let 7 € I\ Z, let £ € K,
choose a solution u of (12.1.1) which is defined on a subinterval [7,T'] of I
and take a continuous function z : I — K which coincides with w on [7,T'].
We have

U(T + h, 7§, f(? Z())) e K
for each h € [0, — 7]. On the other hand, by (1.6.5), we get

T+h
[T +h, 7, & £ 2() = Spirg) (WEI] < / 1£(s,2(s)) = f(7,€)l ds
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for each h € [0,T — 7]. By Theorem 2.8.5 we know that

ml/ 1£ (s 2()) — (7. €)]| ds = 0

hl0 h
and therefore

i st (Syre (W6 ) <

<l ”Sf(rg (h)€ —u(r + h, 7,8, f(-,2())] = 0.

Hence f(7,§) € ‘J'fé(ﬁ) for each (7,€) € (I \ Z2) x K and this completes the
proof. O

Let us pass now to the proof of the necessity of Theorems 12.1.1~12.1.3.
To complete this, we have merely to observe that, in either cases, K is sepa-
rable and therefore the hypotheses of Theorem 12.1.4 are satisfied. This sep-
arability condition, required by Theorem 12.1.4, follows from Problem 1.6.1
— in the case of Theorem 12.1.1 — and by hypothesis — in the case of Theo-
rems 12.1.2 and 12.1.3.

Remark 12.1.2. The proof of Theorem 12.1.4 shows that, even in a
more general frame than that assumed in either Theorems 12.1.1~12.1.3, a
necessary condition for the CO-viability of I x K with respect to A+ f is a
tangency condition which is stronger than f(7,&) € ‘J}é (&) for each (1,¢) €
(I'\ 2) x K. More precisely, we have proved that such a necessary condition
is to exist a negligible subset Z in I such that, for each (7,¢) € (I\ 2) x K,
we have f(7,€) € F(€), where Fp(€) is defined as in Remark 10.1.1.

12.2. Existence of c-approximate C%-solutions

The proof of the sufficiency consists in showing that the tangency condi-
tion f(7,&) € Ti(€) for each (1,€) € (I\ Z) x K along with Brezis-Browder
Theorem 2.1.1 imply that, for each (7,€) in I x K, there exists at least one
sequence of “CY-approximate solutions”, (vy)n, of (12.1.1), defined on the
same interval, [, T'], such that (v,), converges uniformly to a CY-solution
of (12.1.1).

The next lemma is an existence result referring to e-approximate C°-
solutions of (12.1.1) and it is an “m-dissipative plus locally Carathéodory”
version of Lemma 5.3.1.

Lemma 12.2.1. Let X be a real Banach space, A: D(A) C X ~ X an
m-dissipative operator, K a nonempty, locally closed and separable subset
in D(A) and f : I x K — X a locally Carathéodory function satisfying
the tangency condition in Theorem 12.1.1 with the negligible set Z1 and
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thus the equivalent one in Proposition 12.1.1 with the negligible set Z5. Let
Z = Z1 U 29U Z3, where Z3 is the negligible set in I such that for each
tel\ Zs, f(t,-) is continuous on K. Then, for each (1,§) € I X K, there
exist p >0, T €I, T>71,00€I\Z andM € L'(7,T;R) such that
D(&, p) N K is closed and, for each € € (0,1) and each open set L of R
with Z2 C L and AN(L) < e, there exist a family of nonempty and pairwise
disjoint intervals, Pp = {[tm, sm); m € T'}, with T’ finite or countable, and
two functions, g : [17,T] — X measurable and v : [7,T] — X continuous,
satisfying:

(i) U [tm,sm) = [7,T) and Sy — ty, < € for each m € T';
mel’
(ii) if ty, € L then [tm, sm) C L;
(iii) v( m) € D(&,p)NK for each m € T, v(T) € D&, p) N K and
T)) is precompact
f(s,v(tm) a.e. on [tm,Sm) if t,m ¢ L
{ f@o, a.e. on [ty,Sm) if t, € L;
Hg | < M(t aeforte[ T
( ) u(T ) § an dH () = u(t, tm, v(tm), 9)|| < (t—tm)e for eachm € T
and t € [tm,T];
(vil) ||v(t) —v(tm)]| < e for each m €T and t € [ty Sm).

Proof. Let (1,£) € I x K be arbitrary and choose p > 0 and a locally
integrable function ¢(-) such that D(&,p) N K is closed (compact in the
hypotheses of Theorem 12.1.3) and || f(¢,u)|| < £(t) for almost every ¢t € T
and for every u € D(&, p) N K. This is always possible because K is locally
closed and f satisfies (C4) in Definition 2.8.1.

Fix 6y ¢ Z. Since v — f(0p,v) is continuous, diminishing p > 0 if
necessary, we can find M > 0 such that

1/ (6o, v)Il < M
for each v € D(§, p) N K. Next, take T' € I, T' > 7 and let us define
M(t) = max{ M, £(t)}

a.e. for t € [7,T]. Obviously M € L'(7,T;R,) and consequently, taking a
smaller T' > 7 if necessary, we may assume that

T
sup ||S(t— ) — €| +/ M(s)ds+T — 7 < p. (12.2.1)
r<t<T T

We first prove that the conclusion of Lemma 12.2.1 remains true if we
replace T as above with a possible smaller number p € (7,7"] which, at this
stage, is allowed to depend on ¢ € (0, 1). Then, by using the Brezis-Browder
Theorem 2.1.1, we will prove that we can take u = T', independent of €.
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Let € € (0,1) be arbitrary but fixed and take an open set L of R with
Z C L and whose Lebesgue measure A(L) < e.

Case 1. If T € L, since f(6p,&) is A-tangent to K at &, it is easy to see
that there exist 6 € (0,¢) and p € X with ||p|| < e such that [7,7+J) C L
and such that

u(t+96,7,&, f(00,8)) +p € K.

Now, let usdefine g : [7,7+d] — X and v : [7,7+5] — X by g(t) = f(6o,&)
and respectively by

for each t € [7,7 4+ ¢].

Let us observe that the family P,,5 = {[7,7 4+ ¢)} and the functions g
and v satisfy (i)~(v) with T substituted by 7+ and tg = 7, so = 7 + 0.
Clearly, v(7) = &£. Moreover, since ||p|| < e, we deduce

[o(t) = u(t, 7, 0(7), 9)|| = (t = T)llpll < (¢ —7)e.

Thus (vi) is also satisfied. Next, diminishing § > 0 if necessary, we get

lot) — o()]| < utt, 7, 6.9) — €] + (¢t — )
<5t —r)E— €] + / lg(s) | ds + (¢ — 7)e

t
< sup ||S(t)§ - +/ M(s)ds+ (t—T1)e <e
te[0,6] T
for each t € [7,7 +0), and thus (vii) is also satisfied.
Case2.If T ¢ L, we have 7 ¢ Z and in view of Proposition 12.1.1 there
exist § € (0,¢) and p € X with ||p|| < e such that

u(t +0,7,& f(,§)) +dp € K.

Setting g(s) = f(s,€) and defining v by (12.2.2), we can easily see that,
again, the family P15 = {[7,7 + )} and the functions g and v satisfy
(i)~(v) with T substituted by 7+4. Moreover, by the very same arguments,
diminishing § > 0 if necessary, we obtain (vi) and (vii).

Next, we will show that there exists at least one triplet (Pr, g, v) satis-
fying (i)~(vii). To this aim we shall use Brezis-Browder Theorem 2.1.1 as
follows. Let 8 be the set of all triplets (P, g,v) with ¢ < T and satisfy-
ing (i)~(vii) with p instead of T'. This set is clearly nonempty, as we have
already proved. On 8§ we introduce a partial order < as follows. We say that

({‘P,Ltlvglavl) j ((-Puzag2av2)7
where P, = {[tF,, sk);m € Ty}, k= 1,2, if
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01) 1 < po and if gy < o there exists ¢ € I'y such that p; = t2;
1 < p 1 < p =t
(O9) for each m; € T'; there exists mg € I'y such that t}m = t%m and
Sy = Sy ;

2
(03) g1(s) = g2(s) and vi(s) = va(s) for each s € [, py .
Let us define the function N : § — R by

N((Pp> g,0)) = p-

It is clear that N is increasing on 8. Let us take now an increasing sequence

(Puy» 955 v5));

in 8 and let us show that it is bounded from above in 8. We define an upper
bound as follows. First, set

p* =sup{u;; j € N}.
If p* = p; for some j € N, (P, gj,v5) is clearly an upper bound. If p; < pu*
for each j € N, let us observe that the family P« = UjenP,,; is countable.
Hence, relabelling if necessary, we may assume that

Pur =A{[tm, sm);m € N}.
We define

g9(t) = g;(t), wv(t) = v;(t)
for j € N and every ¢t € [7,pj]. Now let us observe that (P,«,g,v), where
Pu+, g and v are defined as above, satisfies (i), (ii), (iv) and (v) with T
replaced with p*. Obviously we have v(t,,) € D(£, p) N K for each m € N.
To see that (P,+, g,v) also satisfies (iii) we first have to check that v([ 7, u*))
is precompact in X and next to show how to define v(p*). By (iv) and
(v) we know that g € L'(7,p*;X) and so, for each j € N, the function
uw(e, pj,v(p5),9) : [pg, u* ] — D(A) is continuous. As a consequence, the set
Cj = w([pj, n* ], i, v(pj), g) is precompact. On the other hand, by (iii), for
each j € N, we know that K; = v([7, i;]) is precompact too. By (vi) and
(O1) we deduce that, for each j € N,

o([7, 1)) € CjU K + (1" — p15) D(0, €).
Let n > 0 be arbitrary and fix j € N such that

* n
(1" = py)e < 5

Since C; U K is precompact, there exists a finite family {&1,&2,..., &}
such that, for each £ € C; U K, there exists k € {1,2,...,n(n)}, with

¢ — &l < 7.
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The last two inequalities and the inclusion above yield

([, 1) S U D (&, ),

and accordingly v([ 7, u*)) is precompact. Now, take any limit point v,« of
v(pj) as j tends to oo and set v(u*) = vy+. Clearly v(p*) € D(§, p)N K. So,
with v : [7, "] — X, defined as above, we obviously have that (P,=, g,v)
satisfies (i)~(v). It is also easy to see that (vi) and (vii) hold for each m € N
and each t € [t,,, u*). To check (vi) for t = p*, we have to fix any m € N,
to take t = p; with p; > t,, in (vi), and to pass to the limit for j tending
to oo both sides in (vi) on that subsequence on which (v;(u;)); tends to
v+ = v(p*). To check (vii), we have to proceed similarly. So (P,+, g,v) is an
upper bound for ((Py;, gj,v;));j, and consequently the set §, endowed with
the partial order <, and the function N satisfy the hypotheses of Theorem
2.1.1. Accordingly, there exists at least one element (P,,g,,v,) in 8 such
that, if (Py,9,,v,) = (Ps, gy, vs) then v = 0.

We next show that v = T', where T satisfies (12.2.1). To this aim let us
assume by contradiction that v < T, and let &, = v,(v) which belongs to
D(&,p) N K. In view of (1.6.5), (v) and (vi), we have

16y =&l < IS(v = 7)€ = &l + [Ju(v, 7, €, 90) = S(v = T)¢]|
+HUV(V) - u(l/v T?&QV)H

<llsw-ng-el+ [ “lgu() ] ds + (v — )e

< sup [|S(t—T1)¢— fH—i—/VM(s)ds—i-(V—T)s.

T<t<v
Recalling that v < T and € < 1, from (12.2.1), we get

1€ = &l < p- (12.2.3)

There are two possibilities: either v € L, or v ¢ L.

If v € L, we proceed as in Case 1 above, with v instead of 7, and with
¢, instead of &. So, since f(0o,&,) € T#(&,), from (12.2.3), we infer that
there exist 0 € (0,¢], with v+ < T, [v,v+ ) C L, and p € X satisfying
|lp|| < e and such that

u(y+ 57 Vagl/vf(eﬂvéu)) +5p S D(i,p) NK

If v ¢ L we proceed as in Case 2 above, with v instead of 7, and with &,
instead of £. So, from Proposition 12.1.1 combined with (12.2.3), we infer
that there exist § € (0,¢], with v+ 6 < T, and p € X, satisfying [|p|| < ¢
and such that

U(V+5,V,§V,f(-7gy)) +5p S D(f,p) NK
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We define successively P15 =P, U{[v,v +0)}, gois: [T, v +0] = X
and vy45: [T, v+ ] — X by

B g (t) iftelrv]
gu+alt) = { F(00,6) ifte (vv+ ]
if v € L, and
B g (t) iftelrv]
g”+5“)—{ f(t.6) ifte (vv+dl,
if v ¢ L, and respectively by

B v, (1) ifte|r,v]
UV+6(t) - { ’Ll,(t, v, gz/ngJr(S) + (t - l/)p 1ft € (l/,l/—|— 5]

Since v,4s(v +8) € KN D&, p), (Puis, Gurs, vuis) satisfies (i)~(v)
with T replaced by v + ¢. Clearly (vi) holds for each t,, and ¢ satisfying
either t,, <t < v, or v < t,, < t. It remains to verify the case in which
tm < v <t <wv+4. To this aim, let us observe that, by virtue of the
evolution property (1.6.4) and (vi), we have

H'Uqué(t) - u<t7tma UZ/+5<tm)7gl/+5)H
= Hu(tv v, UV+5(V)7 gl/+5) + (t - V)p - u(tv v, U(Vv tms 1)1,+5(tm), gl/—i-ﬁ)’gu-‘ré)H
< ||Uu+5(V) - U(Va tmv”u+5(tm)vgu+5)|| + (t - V)HPH

<(W—tme+({t—v)e=(t—tn)e.

So (vi) holds for each m € N and each ¢ € [¢,,, v+ ]. Similarly, we conclude
that (vii) is satisfied. We conclude that (P15, gvrs, Vp1s) € S,

(:Pva 9, Uu) = ({‘PV-F(;? Gu+6; UV+6)

and v < v + §. This contradiction can be eliminated only if v = T. This
completes the proof of Lemma 12.2.1. [l

Remark 12.2.1. Under the general hypotheses of Lemma 12.2.1, for
each 7 > 0, we can diminish both p > 0 and 7" > 0, such that T' — 7 < 7,
p < and all the conditions (i)~(vii) in Lemma 12.2.1 be satisfied.

Definition 12.2.1. Let (7,§) € I x K, € € (0,1) and let £ be the
set as in Lemma 12.2.1. A triplet (Pr, g,v) satisfying (i)~(vii) is called an
e-approzimate CO-solution of (12.1.1).
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12.3. Convergence in the case of Theorems 12.1.1 and 12.1.3

In order to complete the proof of the sufficiency of Theorems 12.1.1 and
12.1.3, we will show that a suitably chosen subsequence of €,-approximate
CY-solutions is uniformly convergent on [7,7'] to a function u which is a
C%solution of (12.1.1).

Proof. Let (,,), be a sequence strictly decreasing to 0 and let (£,,) be a
decreasing sequence of open subsets in R such that Z C L, and A\(L,,) < &,
forn=1,2,.... Take L = N,>1L,, and a sequence of ¢,-approximate CO-
solutions ((P%, gn,vn))n of (12.1.1). From (v), we know that {g,; n =
1,2,...} is uniformly integrable in L'(7,T; X). See Remark 1.3.3.

Under the hypotheses of Theorem 12.1.1, since the semigroup of non-
linear contractions {S(t) : D(A) — D(A); t > 0}, is compact, by The-
orem 1.6.5, it follows that there exists u € C([7,T]; X) such that, on a
subsequence at least, we have

lirlgnu(t, 7,&, gn) = u(t) (12.3.1)

uniformly for t € [7,T'].

We shall now prove that, under the hypotheses of Theorem 12.1.3,
(12.3.1) still holds true. First, let us remark that, in view of Remark 12.2.1,
we can diminish 7' > 7 and p > 0, if necessary, such that D(&, p) N K is
compact and (i) ~ (vii) in Lemma 12.2.1 be satisfied. So, by (vi) and (vii)
we have

lu(t, 7,€ gn) = va(ti)Il < lJult, 7,€, gn) = va ()| + l[oa(t) = valty,)|
<(t—Tenten <(T—7+1)ey

forn=1,2,...,each m € T',, and t € [t],s]"). For each k = 1,2,..., let
us denote by

k
Cr = |J{ult,7,6,90); t € [7,T]}

n=1
o)

C=|J{vnlty); meTy}
n=1

and let us observe that, in view of the inequality above, we have

[o.¢]
Ut 7, 6,90) s € [ T]) CCLUC+ (T — 7+ 1)D(0, ) (12.3.2)
n=1
for each k =1,2,.... But, for k=1,2,..., C; and C are precompact, Cj,
because for n = 1,2,..., u(-,7,&, gn) is continuous on [7,7T'], and C as a
subset of D(,p) N K which, in its turn, is compact. This remark, along
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with (12.3.2), shows that, for each ¢t € [7,T], {u(t,7,&, gn); n=1,2,...}
is precompact too.

Thus Theorem 1.6.4 applies, and hence there exists u € C([7,T]; X)
such that, on a subsequence at least, we have (12.3.1). So, under the hy-
potheses of either Theorems 12.1.1 or 12.1.3, (12.3.1) holds. By (vi) and
(12.3.1), on the same subsequence, we also have

liénvn(t) = u(t) (12.3.3)

uniformly for ¢ € [7,T].

Now, let us observe that, by (i), foreach ¢t € [7,T) andeachn =1,2,...,
there exists m € T, such that t € [t},s") and s, — 17 < &,. As a
consequence {t';n = 1,2,..., m € I',} is dense in [7,7T]. In addition,
v, (1) belongs to D(&,p) N K for n = 1,2... and m € T',. Therefore,
from (12.3.1) and (12.3.3), we conclude that, for each ¢ € [7,T], we have
u(t) € D({, p)NK . Indeed, this is clearly the case if t = 7. So, take t € (1,T],
n=12,...,meT, and let us denote (for the sake of simplicity) s = ¢,

ift € [ n m) Let us observe that, by virtue of (vi) and (1.6.5), we have
[on () =vn ()| < llvn(t)—ult, s, vn(s), gn)l[|+lu(t, s, vn(5), gn) =S (E=s)vn(s)|

IS = s)on(s) —val(s)| < (t =5 6n+/ lgn (6 ||d9+sup 1S(t = s)n =

< (t—s)en + /M d9+supHSt—s)n nll,
where
C = U{vn [7,T]}.
Since, due to (12.3.3), C'is precompact in X, by Problem 1.3.1, we have

lim sup ||S(d)n — n|| = 0.
MnegH (&) —nll

Recalling that M € L!(7,T;R,), that s denotes a generic element t7,
satisfying 0 < ¢ — ¢! < &, and using the relation above, we easily deduce
that

t) e [ J{on(ty,); m ey},
=1

where the latter is included in D(&, p)N K. As a consequence, we necessarily
have u(t) € D(&,p) N K for each t € [7,T].

Next, let us observe that, if s ¢ L, there exists n(s) € N* such that, for
each n > n(s), s ¢ L,,. Hence, by (i) and (iv), we have g, (s) = f(s,v,(t]))
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for each n > n(s) and for some m € I, with |s — ]| < &,,. Therefore, we
get

lim ga(s) = (s, u(s)
a.e. for s € [7,T]. From (v) and the Lebesgue Dominated Convergence
Theorem 1.2.3, we deduce that

lim g = (-, u()) (12.3.4)
in LY(7,T; X).
Let @ : [7,7] — D(A) be the unique solution of the Cauchy problem
{ ) € Au )+ f(t, u(t))
In view of (12.3.1) and (1.6 ) we have

() - ult, €. gn)l| < / 1£(5,14()) — gnls)]| ds

forn =1,2,... and each t € [7,T']. Passing to the limit in the preceding
inequality and using (12.3.4), we get u(t) = u(t) = u(t, 7, &, f(-,u(-))) for
each t € [7,T]. But this means that u is a C%-solution of (12.1.1), and this
completes the proof. O

12.4. Convergence in the case of Theorem 12.1.2

Under the hypotheses of Theorem 12.1.2, we will show that there exists
a sequence of e,-approximate solutions which is uniformly convergent on
[7,T] to a CYsolution of (12.1.1).

Proof. Let (1,§) € I x K and let p > 0 and T' € I, T > 7 be
given by Lemma 12.2.1. As f is a Lipschitz-Carathéodory function, by
Remark 12.2.1, we can diminish T" > 7 and p > 0 if necessary, in order
to assume that there exists L € L{ (I) such that all the conditions in
Lemma 12.2.1 be satisfied and, in addition,

1 (&, u) = f(E,0)]| < L(t)|lu — v

for a.a. t € I and for all u,v € D(&, p) N K. See (Cg) in Definition 5.2.1.

Let (g,)n be a sequence strictly decreasing to 0 and let (£,,) be a de-
creasing sequence of open subsets in R such that Z C £,, and A\(L),) < &,
for n = 1,2,.... Take L = N,>1L, and a sequence of e,-approximate
solutions ((P/, gn,vn))n of (12.1.1).

For n =1,2,..., let us denote by oy, : [7,T] — [7,T] the a.e. defined
function
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a.e. for s € [t7, sn), where P = {[t], s1); m € I'y,} is as in Lemma 12.2.1.

Let ¥, = {i € I'y; tI € L} and let us denote by

En = U [t?,s?),

i€

by &, =&, N[7,1t), by

He=[1,T]\En
and by H! =[7,t)\ EL.

Since, by (ii) in Lemma 12.2.1, we have [t} s}') C L,, whenever t" € L,

we deduce that &, C L,, and, since A\(L,,) < &,, we conclude that

MEL) < ep

for each t € [7,T']. In view of (iv) in Lemma 12.2.1, we have

t
lult, €, gn) — ult, 7, € gi)| < / lgn(s) — gu(s)] ds

< /WW I, tnon(s)) = Tl ds+2 [ MGs)ds

eLuer

< /ﬂ{;ui}qi L(s)||vn(on(s)) — vi(ok(s))| ds + 2/ M(s) ds.

eLuet
Consequently

[u(t, 7,€5 gn) — ult, 7, g1 S/w L(s)|[vn(on(s)) — uls, 7,€, gn)l ds

nUk

4 / L(s) (s, 7, €, gu) — u(s, € gu)l| ds
HEUHE

! /ch,g L(s)luts, 7€ gx) = vn(on(s))l ds + 2/5 M(s)ds. (12.4.1)

LUEL
Using (vi) and (vii) in Lemma 12.2.1 to estimate the first and the third
integral on the right hand side in (12.4.1), we get

HU(t, T, ga gn) - U(t, T, 57 gk)H

g/ L(s) [(T = 7+ e + (T — 7 + Dey] ds
HELUHE

+2/ M(s) ds +/ L(s)llu(s, 7, €, gn) — uls, 7€, gi) | ds.
eLuet HEUFHE
Since L,M € L{ (I), from this inequality we deduce

Hu(t7 T, 57 gn) - u(tv T, 57 gk) H
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t

< aln k) + / L(s) (s, 7, €, gn) — u(s, 7, €, gi)l| ds,

.
where o : N x N — R, satisfies

lima(n, k) = 0.

n,k

From the Gronwall Lemma 1.8.4, we get

T
ut, 7, €, gn) — ult, 7, &, gi)l| < a(n, k)ek Le)ds,

for each n,k € N* and ¢t € [7,T']. Thus (u(-, 7,&, gn))n is a Cauchy sequence
in the sup-norm. Let u be the uniform limit of (u(-,7,§, gn))n on [7,T]. By
(vi) in Lemma 12.2.1, we have

li}lnvn(t) = u(t) (12.4.2)

uniformly for t € [7,T]. If s ¢ L, there exists n(s) € N such that, for each
n > n(s), we necessarily have s ¢ L,. By (i) and (iv) in Lemma 12.2.1,
we have g,(s) = f(s,vn(t],)) for each n > n(s) and for some m € I',
satisfying |s — t'| < &,. Clearly, by (iii), (vi) and (vii), we deduce that
u(t) € D(& p) N K for each t € [7,T]. Hence, lim, g,(s) = f(s,u(s)) for
almost every s € [7,7T']. From (v) and the Lebesgue Dominated Conver-
gence Theorem 1.2.3, we conclude that lim, g, = f(-,u(-)) in L'(7,T; X).
Now, repeating the same arguments as those following (12.3.4), we deduce
that u(t) = u(t,7,&, g) for each t € [7,T'], where the function g is given
by g(s) = f(s,u(s)) a.e. for s € [7,T]. Consequently, u is a C°-solution of
(12.1.1) and this completes the proof. O

12.5. Noncontinuable C%-solutions

In this section, we present some results concerning the existence of noncon-
tinuable, or even global C%-solutions to

u'(t) € Au(t) + f(t, u(t))
{ u(r) — €. (12.5.1)
A C%solution u : [7,T) — K to (12.5.1) is called noncontinuable, if there is
no other C%-solution v : [7,7) — K of the same equation, with T < T and
satisfying u(t) = v(t) for all t € [7,T). The C-solution u is called global
if T = sup . The next theorem follows from the Brezis—Browder Theo-
rem 2.1.1. Since its proof is almost identical with that of Theorem 3.6.1,
we do not enter into details.

Theorem 12.5.1. Let X be a Banach space, A : D(A) C X ~ X

an m-dissipative operator, I a nonempty and open interval, let K C D(A)
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be nonempty and let f : I x K — X. Then, the following conditions are
equivalent :
(i) I x K is C°-viable with respect to A+ f;
(ii) for each (1,€) € I x K there exists at least one noncontinuable
CO-solution u : [1,T) — K of (12.5.1).

The next result concerns the existence of global solutions.

Theorem 12.5.2. Let X be a Banach space, A : D(A) C X ~ X
an m-dissipative operator, I a nonempty and open interval, let K C D(A)
be nonempty and let f : I x K — X be a Carathéodory function which is
Carathéodory positively sublinear®. If K is closed and I x K is C°-viable
with respect to A + f, then each C°-solution of (12.5.1) can be continued
up to a global one, i.e., defined on [T,sup ).

Proof. Since I x K is C-viable with respect to A+ f, it follows that,
for each (7,¢) € I x K, there exists at least one noncontinuable C%-solution
w:[7,T) — K to (12.5.1). We will show that 7" = sup I. To this aim, let
us assume the contrary, i.e., that T' < sup I. In particular this means that
T < 4o00. By using a translation argument if necessary, we may assume
with no loss of generality that 0 € D(A) and 0 € A0. From (1.6.2) with
n=20,g=0and v=0, we get

u®l <11l + [ Tuts), fscuts) Leds+ [ [uls). fls,ul)] ds
E; H\G¢

for each t € [7,T), where
Ey=A{se[rt]; [u(s),f(s,u(s))]+ >0 and |lu(s)[| > c(s)},
Gr={se[7t]; [u(s), f(s,u(s)) ]y <0},
Hy ={se[rt]; [[u(s)]| < c(s)}.

As Hy C Hp and [u,v]4+ < ||v| for each u,v € X, we get
lu(®)[l < €] +/ [a(s)llu(s)] + b(s)] d8+/ 1f (s, u(s))ll ds

Et HT
for each t € [7,T'). But f is a Carathéodory function and therefore there

exists ¢ € L (I) such that || f(s,u(s))| < ¢(s) for a.a. s € Hy. See (C3) in
Definition 2.8.1. Hence

()] < i€l + /

T

T T t
0(s)ds + / b(s)ds + / a(s)||u(s)|| ds,
for each t € [7,T). By the Gronwall Lemma 1.8.4, u is bounded on [7,T).

3See Definition 5.5.1.
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Using once again the fact that f is Carathéodory, we deduce that
f(,u(+)) is bounded on [7,T) by a function in L'(7,T) and so, there ex-
ists limyu(t) = w*. Since K is closed and T < sup/, it follows that
(T,u*) € I x K. From this observation, recalling that I x K is C°-viable
with respect to A + f, we conclude that v can be continued to the right of
T. But this is absurd, because u is noncontinuable. This contradiction can
be eliminated only if T' = sup I, and this completes the proof. ]



CHAPTER 13

Applications

Here we collect several applications illustrating the effectiveness of the abstract
developed theory. We begin with a sufficient condition for a set K, which is in-
variant with respect to the infinitesimal generator, A, of a Cy-semigroup, to be
viable with respect to A 4+ f with f: K — X continuous. From this, we deduce
the existence of orthogonal solutions of a first-order system of partial differential
cquations of hyperbolic type. Further, we deduce a necessary and sufficient con-
dition in order that a first-order partial differential equation of hyperbolic type
have a unique solution taking values in a certain closed subset in R. Next, using
viability techniques, we show how to get necessary and sufficient conditions for a
pair of functions to be a Lyapunov pair for a semilinear evolution equation. We
notice that the existence of such a pair implies the asymptotic stability of the
null solution of the semilinear evolution equation in question. We continue with
several comparison results: for a semilinear diffusion equation, for a semilinear
pray-predator system, [or a nonlinear dillusion inclusion and for a [ully nonlinear
reaction-diffusion system. We next prove a null controllability result for a class
of semilinear evolution equations, and we conclude with an existence result for
periodic solutions to a fully nonlincar evolution equation.

13.1. Viability in the first approximation

Let X be a Banach space and let A: D(A) C X — X be the infinitesimal
generator of a Cy-semigroup, {S(t) : X — X; t > 0}. Let K be a nonempty
subset in X, invariant with respect to A, in the sense that S(¢t)K C K for
each f € Ry, and let f: K — X be a continuous function. Here, we intend
to find appropriate sufficient conditions on f in order that K be mild viable
with respect to A + f.

Lemma 13.1.1. Let X be a Banach space, A : D(A) C X — X the
infinitesimal generator of a Cy-semigroup, {S(t) : X — X; t >0} and K a

nonempty subset in X. Assume that K is invariant with respect to A, i.e.,
S(H)K C K for cach t € Ry. Then T (€) C T(€) for cach € € K.

255
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Proof. Let 7 € Tx(€). By Proposition 8.1.1, it suffices to check that

N .
hlﬁbnf EdlSt (S(h)¢ + hS(h)n; K) = 0.

Let M > 1 and a € R be given by Theorem 1.4.1, i.c., |S(2)]| < Me® for
cach ¢ > 0. Since S(¢)K C K for cach ¢t > 0, we have

dist (S(h)§ + hS(h)n: K)
< dist (S(h)¢ + hS(h)n; S(h)K) < Me“dist (¢ + hay; K).
Thus

1 1
hI}ILlﬁ)Hf ﬁdist (S(h)é +hS(h)ny K) < hI}ILll%)nf EJW edist (€ + b K) =0

and this completes the proof. O

Problem 13.1.1. Show that, if in Lemma 13.1.1, instead of a Cy-
semigroup, we consider a Co-group of isometries, {G(t) : X — X; t € R},
satisfying G(t)K = K for each t € R, then

Tr(€) = T (&)

Theorem 13.1.1. Let X be a Banach space, A: D(A) C X — X the
infinitesimal generator of a Cy-semigroup, {S(t) : X — X; t > 0}, K a
nonempty and locally closed subset in X, and f: K — X a continuous
function such that A+ [ is locally of compact type. If S(t)K C K for cach
t >0 and

f(&) € Tk () (13.1.1)
for each € € K, then K is mild viable with respect to A+ f.

Proof. The conclusion follows from Lemma 13.1.1 and Theorem 8.2.1.
The proof is complete. ]

Theorem 13.1.2. Let X be a Banach space, A: D(A) C X — X the
infinitesimal generator of a Cy-group of isometries {G(t) : X — X; t € R},
K a nonempty and locally closed subset in X, and f: K — X a continuous
function such that A+ f is locally of compact type'. If G#)K = K for each
t € R, then a necessary and sufficient condition in order that K be mild
viable with respect to A+ f is (13.1.1).

Proof. The conclusion follows from Problem 13.1.1 and Theorem 8.2.1.
O

1Sce Definition 8.2.1.
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Problem 13.1.2. Prove that a locally closed set K is invariant with
respect to the Co-semigroup {S(t) : X — X ; ¢ > 0} if and only if 0 € ‘J’ﬁ(f)
for each £ € K.

Example 13.1.1. As a first application of Theorem 13.1.2, we prove
a sufficient condition for a first-order nonlincar hyperbolic system to have
solutions with orthogonal components.

Let f1 : RxR =R, fo: RxR — R and let £ 7€ L2(R"?). Let a € R?
and let us consider the hyperbolic system?

up = aVo + fi(u,v)
vy = aVu + fa(u,v)
w(0,7) = &(x)
v(0,2) = n(x).
We arc looking for mild solutions, (u,v) : [0,7] — L*(R") x L?(R"), of
(13.1.2), satisfying

(13.1.2)

(u(t,),v(t,")) =0 (13.1.3)
for each ¢ € [0,T'], whenever the initial datum, (£,7) € X, satisfies
(& mn) =0. (13.1.4)

Here and thereafter, (-,-) denotes the inner product on L?(R"), i.e.,
(u,v) = / u(z)o(x) da

for each u,v € L%(R™). Roughly speaking, by a mild solution of (13.1.2)
we mean a mild solution of the Cauchy problem for the abstract semilinear
evolution cquation

{ (0= s00) 515
where X = L2(R") x L?2(R"), A: D(A) € X — X is defined by
{ D(A) = {(u,v) € X; (aVv,aVu) € X}
A(u,v) = (aVv,aVu) for all (u,v) e D(A)
f:X — X is given by
P o)) = (filu(e), v@), folule) v@)),  (3.17)

for cach (u,v) € X and a.c. for x € R™.

(13.1.6)

3

n
- . . ow
2Thr0ughout, if w : R" — R is continuous, we denote by, aVw = E md— in the
"
i=1 ’
sense ol distributions over R".
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On X we consider the usual Hilbert space norm
I, )| = /o) + o, 0),
for each (u,v) € X.

Theorem 13.1.3. Let f; : R xR — R, i = 1,2, be globally Lipschitz.
Then, a necessary and sufficient condition in order that for each initial
datum (&,m) € L2(R") x L2(R"), satisfying (13.1.4), to exist a unique mild
solution (u,v) : Ry — L2(R"?) x L%(R") of (13.1.2), satisfying (13.1.3) for
eacht € Ry, is

(& f2(&,m) + (0, f1(&:m)) = 0, (13.1.8)
for each (&,n) € L>(R"™) x L?(R") satisfying (13.1.4).

Proof. We will apply Theorem 13.1.3 as follows. First, let us observe
that the linear operator A, defined by (13.1.6), generates a Cy-group of
isometries, {G(t) : X — X; t € R}, given by

oty L u(@ +ta) +u(r — ta) + v(z + ta) —v(z — ta) 7
G, v)] () = 2 < w(x +ta) —u(x —ta) + v(z + ta) +v(zx — ta) > '

where BY denotes the transpose of the matrix B. Second, since f;, i = 1,2,
are globally Lipschitz, the function f: X — X, given by (13.1.7), is well-
defined and globally Lipschitz on X.

Next, let us define

K = {(&,n) € X; € and 7 satisty (13.1.4)}

and let us remark that K is nonempty and closed in X. Morcover, a simple
computational argument based on the fact that the Lebesgue measure on
R™ is translation invariant, shows that G(¢)K = K for each ¢ € R. Thanks
to Theorem 13.1.2, K is mild viable with respect to A + f if and only if
f(&.n) € Tr(&,n) for each (&,n) € K. By virtue of Corollary 2.4.1, the last
condition is equivalent to the existence of two sequences, (hy,), in Ry and
((Pny @n))n in X, with h,, | 0, lim,(p,,q,) = (0,0) and such that

(57 T]) + h/'n,(fl(E: 7])7 f?(g* 7])) + h’”(pna qn) € K
forn=1,2,.... Equivalently,

<€ + h'n,fl (§~ 7]) + h'n,p’n,a N + han(f: ’f]) + h’n,q”,> =0
forn=1,2,.... A simple calculation using the fact that (£,n7) =0, h, | 0

and lim, p, = lim, ¢, = 0, shows that the last rclation is cquivalent to
(13.1.8), and this completes the proof. ]
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Example 13.1.2. Let > C R be nonempty and closed, a € R", n > 1,
g : > — R a continuous function and 7 : R™ — ¥ a bounded and uniformly
continuous function. We consider the initial-value problem for the transport
equation mn R,

{ u =aVu+g(u) (t,z)€[0,T] xR"

u(0.x) = n(z) =z c R, (13.1.9)

and we arc interested in finding sufficient conditions for (13.1.9) to have
at least one mild solution u : [0,T] — Cu(R™) satisfying u(t,z) € X for
all (t,2) € [0,7] x R". Here C,;,(R™) denotes the space of all uniformly
continuous and bounded functions from R” to R, endowed with the sup-
norm. Finally, by a mild solution of (13.1.9), we understand a mild solution
of (13.1.5), with X = C,,(R™), A: D(A) € X — X given by

D(A)={ue X; aVu e X}
Au = aVu for cach u € D(A),
K={¢eX; ta)e forall zeR"}

and f: K — X defined by f(u)(x) = g(u(z)) for cach v € K and cach
r € R
The main result concerning (13.1.9) is

Theorem 13.1.4. Let g : 2 — R be a continuous function which is
globally Lipschitz on 3. Assume that, for each £ € 32, we have

1
lim inf —dist (£ + hyg(€); ) = 0. (13.1.10)
nl0 h
Then, for each n € K and each T > 0, the problem (13.1.9) has a unique

mild solution v : [0, T]| — K.

Proof. We will show that we are in the hypotheses of Theorem 13.1.2.
First, let us observe that A is the infinitesimal generator of a Cy-group of
isometries {G(t) : X — X; ¢t € R} defined by

[GOEC] () = &z + ta)

for each &€ € X. Since > is nonempty and closed, it follows that K is
nonempty and closed too. It is a simple exercise to verify that f is globally
Lipschitz on K and that G(t)K = K for each ¢ € R. In order to be able to
usc Theorem 13.1.2, we only have to verify the tangency condition (13.1.1).
We will proceed indirectly. Namely, we will prove that K is viable with
respect to f and then we will apply Theorem 3.2.3. To prove that K is
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viable with respect to f, let n € K and let & € R™. Since g satisfies the
tangency condition (13.1.10), for cach & € R™, the problem

{ V' (tx) = glu(t, z))
2(0)(x) — (a)

has a unique noncontinuable solution v(-,z) : [0,T(z)) — . Since g is
globally Lipschitz on 3, it maps bounded subsets in 3 into bounded subsets
in R and is positively sublinear. See Definition 3.6.1 and Remark 3.6.2. By
Theorem 3.6.3 it follows that T'(x) = oo for cach x € R™.

Now, using once again the fact that ¢ is globally Lipschitz on 3, wc
deduce that

ot
ot ) — ot )| < ln) — )| + /0 L

for cach ¢t € [0,T] and z,y € R". Let T > 0 be arbitrary but fixed. By
virtue of the Gronwall Lemma 1.8.4, we have

lu(t,z) — v(t, y)| < e Fln(z) — ny)|

for each z,y € R™. Therefore v(t,-) is uniformly continuous and bounded,
ic, v(t,) € X. But v(t,z) € ¥ for cach (t,z) € [0,T] x R™ and consc-
quently v(t,+) € K for cach t € [7,T]. Hence, the function v : [0, T] — K,
u(t)(z) = v(t,x), is a Cl-solution of the Cauchy problem

{ W' (t) = f(u(t))
u(0) =n.

v(s,x) —v(s.y)|ds

Therefore, K is viable with respect to f and, in view of Theorem 3.2.3, it
satisfics the tangency condition (13.1.1). Consequently, all the hypotheses
of Theorem 13.1.2 arc satisfied, and this achicves the conclusion. ]

13.2. Lyapunov pairs

Let X be a Banach space, let A be the infinitesimal generator of a Cy-
semigroup, {S(t) : X — X;t > 0}, and let f : X — X be a globally
Lipschitz function. Given £ € X, the Cauchy problem

I

has a unique mild solution u : [0, o0¢) — X.

Definition 13.2.1. Let V : X — (—oc, +oc] be a proper function, i.e.,
a function V' whosc effective domain, D(V) = {£ € X; V(£) < +oc}, is
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nonempty. The A-contingent derivative DV (€)(u) of V', at € € D(V) in the
direction u € X, is defined by

DV (&) (u) = hI}ILIﬁ)Hf % [V(S(h)f + h(u+w)) —V(&)].

w—0

Definition 13.2.2. Let V,g: X — (—oc,+00] be two lower semicon-
tinuous functions. We say that (V,g) is a Lyapunov pair for the problem
(13.2.1) if

V(u(t)) + /0 glu(s))ds < V(¢§), (13.2.2)

for each £ € X and each t > 0, where, as already mentioned, u : [0,00) — X
denotes the unique mild solution of (13.2.1).

Let us define A : D(A) € X xR — X x R by D(A) = D(A) x R and
A€, 1) = (A4€,0) for each (€.t) € D(A). Recalling that
epi(V) = {(z,t) € X x R; V(x) < t,x € D(V)},
it is easy to see that Té)i(v)(f . i) coincides with the set of all (u, A) € X xR

with the property that there exist three sequences (hy), and (6,), in R,
(wp)n in X with by, | 0, lim, w, = 0, lim,, 6,, = 0 such that
(S(hn)€ + hp(u+ wy), 1+ hn(A+0,)) € epi(V),
form=1,2,.... Notice that ‘J’op1 )(g , 1t) is the set of A-tangent vectors to
epi(V), as introduced in Definition 8.1.3.
The following result describes the set of all A-tangent vectors to the
epigraph at one of its points.

Lemma 13.2.1. Let V : X — (—oc, +0c] be a function and & € D(V').
Then,
Tepicv) (& ﬂ Tepicn (& 10):
<p
Problem 13.2.1. Prove Lemma 13.2.1.
Furthermore, we have the following gecometric property.
Lemma 13.2.2. For all £ € D(V ), we have
epi(DV (€)) = T (& V().
Proof. Let (u,A) € cpi(DV(€)). In view of Definition 13.2.1, this is

cquivalent to

1
lillnﬁ)nf 7 V(S(h), +h(u+w)) = V()| <A
] 13

w—0
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The above inequality ensures that there exist (hy), in R and (wy), in X
such that A, | 0, lim, w, = 0 and

V(S(hn)é + hp(u+wy,)) < V(E) + hy ()\ + 1) ’

n
for n =1,2,.... This means that (u, \) € ‘Tﬁ)i(\/) (£, V().
Conversely, let (u, \) € Tﬁ)i(V) (&, V(£)). Then there exist (hy,), and

(0n)n in R, (wy)y in X with Ay, | 0, lim, 8, = 0, and lim,, w,, = 0 satisfying

1
. (V(S(hn)€é 4+ hp(u4wy)) — V() < A+,
form=1,2,....

Passing to the limit, we obtain

lim sup }i (V(S(hn)é + hp(u4+wy)) = V(E)) < A,

n In

which shows that (u, \) € epi(DV(€)). See Definition 13.2.1. O

Before stating the main result of this section, let us present an auxiliary
result providing suitable approximations of a lower semicontinuous function
by locally Lipschitz functions.

Lemma 13.2.3. Let X be a Banach space and let g : X — (—oc, +ox]
be a proper, lower semicontinuous function which satisfies the unilateral
growth condition

gla) = —C(1+ 2]?), (13.2.3)
for some constants C > 0 and p > 1, and for every x € X. Then there
exists a sequence (gn)n of functions, g, : X — R, such that every g, is

Lipschitz continuous on bounded subsets of X and g, T g pointwise on X
as n — oo.

Problem 13.2.2. Give a proof of Lemma 13.2.3 by using the approxi-
mation

gn(z) = inf {g(y) + nllz — y[/},
yeX
form=1,2.... and each x € X.

Let us now formulate a characterization of a Lyapunov pair for (13.2.1)
by using the A-contingent derivative introduced in Definition 13.2.1.

Theorem 13.2.1. Let X be a Banach space, let V : X — (—oc, +o¢]
be a proper, lower semicontinuous function and let g : X — (—oc, +o<] be a
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proper, lower semicontinuous function which satisfies (13.2.3). Then (V,g)
is a Lyapunov pair for problem (13.2.1) if and only if

DV(&)(f(€)) +9(§) <0, (13.2.4)
for all £ € D(V).

Proof. Let us first notice that K = epi(V) is closed in X x R simply
because V : X — (—oc, +o0] is lower semicontinuous. Corresponding to the
lower semicontinuous function g : X — (—oc, +oc], Lemma 13.2.3 provides
a sequence of functions ¢, : X — R with the properties given therein. In
particular, due to the pointwise convergence g,, T g, one may easily see that
(13.2.4) is equivalent to

DV ()(f(€)) +9n(§) <0,

forallé € D(V)andn =1,2,.... By Lemmas 13.2.1 and 13.2.2, we deduce
that the given inequality is satisfied if and only if
(f(g)/ *g’n(f)) epl(V (6 /1) (1325)

for all (£, ) € epi(V) and n = 1,2,.... We now apply Theorem 8.2.6 on
the space X x R, with the subset K = epi(V) and the evolution equation

(W (8),2/(8)) = Afu(t), () + (F(u(t)), ~gu(u() (13.2.6)
on X x R. We conclude that (13.2.5) holds if and only if for every £ € D(V)
there exists T¢ > 0 such that

it
V®) <V - | galul)ds (13.2.7)

J0
for all n = 1,2,... and each ¢ € [0,T¢], where u(-) is the solution of
(13.2.1). Duc to the special form of the differential equation in (13.2.6), we
can choose Tz = T, independent of n = 1,2,.... Passing to the limit as

n — oo in (13.2.7) and taking into account the propertics of the sequence
(gn)n given by Lemma 13.2.3, we conclude that

V() + [ glui)ds < V),

0

for all ¢ € [0,T]. Then, a standard continuation argument shows that
(13.2.2) holds truc for all ¢ > 0. This completes the proof. O

Problem 13.2.3. Let {S(t) : X — X;t > 0} be a semigroup of con-
tractions. Let v > 0 and consider the Lipschitz function f: X — X given
by £(c) = —c/r if |zl <7 and f(z) = ~z/|lz| if ||| > r. Show that, for
every é < X um‘h H§|| > 7, thP solution of (13.2.1) rﬁa(’hes the closed ball
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13.3. A comparison result for a semilinear diffusion equation

Throughout, by a domain we mean a nonempty, open and connected subset
in R”. So, let @ C R*, n=1,2,... be a bounded domain with C? boundary
I', and let us consider the Cauchy problem for the semilincar diffusion
cquation

w =Au+ f(t,z,u) nQryp

u=70 on X (13.3.1)
u(r,z) = &(x) in Q,
where, if 0 < 7 < T < o0, Qrp = (7,7) x Q, Erp = (1,T) xI', Ais
n
O*u —
the usual Laplace operator, ie., Au = O—Z, J RixOxR — Ris
i=1 i

continuous and bounded?, and & € L?(9), £(z) > 0 a.e. for 2 € .

Definition 13.3.1. A mild solution of the problem (13.3.1), on [7,T'],
is a function u : [7,7] — L2(Q) with t v f(t,-,u(t,-)) € L} (7, T; L*(Q))
and such that « is a mild solution in the sense of Definition 1.5.3 of the
problem

{ u'(t) = Ault) + folt)
u(r) = &,

where A is the Laplace operator A with homogencous Dirichlet boundary
conditions on L2(€) as in Theorem 1.7.2 and fo(t)(z) = f(t,z, u(t,z)) a.e.
for t € [7,T] and x € Q. By a mild solution of the problem (13.3.1), on
[7.T), 7 < T < 0o, we mean a function u € C([7,T):; L2(2)) such that for
cach 7 < T < T, u is a mild solution of (13.3.1), on [7,T] in the sense
stated above.

Let g : Ry x © x R — R be continuous, bounded and satisfying
f(t €z, u) S (J(t/ €, U)

for each (t,z,u) € R, x Q x R. In this section we will prove that, under
some appropriate conditions on g, for each uy € LQ(Q)7 with ug(z) > 0

a.c. for x € €, and for every global mild solution 7 : Ry x Q@ — R of the
semilincar diffusion cquation

w=Au+g(t,z,u) in Qpeo
u=20 on Yy (13.3.2)
w(0,2) = up(x) in Q.

3In fact, we may mercly assume that f is only continuous, and has sublincar growth
with respect to the last argument.
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the semilinear diffusion cquation (13.3.1) has at least one global mild so-
lution which, for cach t € |7, 00), lics almost everywhere “between” 0 and
u(t, ), provided 0 < ¢(z) < u(r,z) a.e. for z € Q.

More precisely, since g is continuous and, in view of Theorem 1.7.2, the
Laplace operator with homogencous boundary conditions in L2(9), i.c., A,
generates a compact Cy-semigroup, the problem (13.3.2) has at least one
noncontinuable mild solution % : [0,7},) — L*(©2). Since g is bounded, it
rcadily follows that T, = oc. Let € € R x L2(Q) be the infinite tube defined
by

C={(t,u) e Ry x L*(Q); 0 <wu(z) <u(t,z) ae. forz € Q}. (13.3.3)

So, our goal is to show that, for each (7,£) € C, the Cauchy problem
(13.3.1) has at least one mild solution u : [7,0c) — L2(£2) with (t,u(t)) € C
for each ¢t € [7,o¢). Namely, we will prove

Theorem 13.3.1. Let Q CR™, n=1,2,..., be a bounded domain with
C? boundary I, let f,g: Ry x QxR — Ry be continuous, with g bounded,
nondecreasing with respect to its last argument, and f(t,z,u) < g(t,z,u)
for each (t,x,u) € RxQxR. Let ug € L*(Q), ug(x) > 0 a.e. forx € Q and
let C be defined by (13.3.3), where uw: Ry x Q — Ry is a global solution of
(13.3.2). Then, for each (7,&) € C there exists at least one global solution
w:[T,00) X Q- Ry of (13.3.1) satisfying for each 7 < § < T':

(1) we C([r,T]; L2(Q) N L2(6, T; H2(Q)) N WS, T; H(Q)) ;
(ii) for each t € [1,00), we have (t,u(t)) € C.

Proof. Since (i) follows from a classical regularity result in the theory
of parabolic cquations  scc Vrabic [175], Theorem 11.6.1, p. 265 | it
remains to prove (ii). In other words, we have to show first that € is mild
viable, in X = L2?(Q), with respect to A + f and second that every mild
solution w : [7,T) — L*(Q), with (t,u(t)) € € for cach t € [7,T), can
be extended to a global one satisfying the very same constraint. We will
first make use of Theorem 8.5.4 and second of Theorem 8.8.2. To this aim,
we denote by X = L?(Q), and we rewrite both (13.3.1) and (13.3.2) as
evolution equations in X.

First, let us define A: D(4) C X — X by

D(A) = H () N H?()
Au = Au for u € D(A)

and F,G:Rx X — X by
Ft,u)(x) = ft,z.ulz)) G, u)(z)=g(t,x,u(x))

for each t € R, each v € X and a.e. for & € . Since both f and ¢ are
continuous and bounded, both F and G arc well-defined, continuous and

3
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bounded. With the notations above, the problem (13.3.1) can be rewritten
as the abstract Cauchy problem for an evolution equation, i.c.,

u'(t) = Au(t) + F(t, u(t)) Y
{ () = ¢. (13.3.4)
Similarly, (13.3.2) can be rewritten as
' (t) = Au(t) + G(t, u(t)) .
{ w0 — o (13.3.5)

At this point, let us recall that A generates a compact Cy-scmigroup.
Sce Theorem 1.7.2. Furthermore, € is nonempty and locally closed, and F'is
continuous. Since both € and f are nonnegative, in view of Theorem 1.7.5,
all solutions of (13.3.1) arc a fortiori nonncgative. Thercfore, in order to
check the viability of € with respect to A + F' it suffices to show that the
set _

€ = {(t.u) € Ry x L*(Q); u(z) < u(t,z) ae. for x € Q},
which obviously is closed, is mild viable with respect to A+ F'. So, in order
to apply Theorem 8.5.4 it suffices to verify the tangency condition

lip inf %dist (1, S(h)€) + h(1. F(7.€));€) = 0, (13.3.6)

for each (7,¢) € €, where {S(¢) : X — X, t > 0} is the Cy-semigroup
of contractions generated by A. So, let (7,¢&) € € be arbitrary and let us
observe that, in order to prove (13.3.6), it suffices to show that, for each
h > 0, there exists uy, € L2(Q) with (7 + h,u) € € and

hIIIzll%)nf EHS(h)ﬁ +hF(1,&) —uy| = 0. (13.3.7)
Let us define
T+h,
up = S(h)¢ + / S(r+h—s)F(s,&)ds

T+h.
+/ S(t+ h—s)[G(s,u(s)) — G(s,u(r)) ] ds.

-
Since & < u(7), F(s,€) < G(s,€) for cach s € Ry, and v — G(s,u) is
nondccreasing, in view of Theorem 1.7.5, we get

“T+h
up, < S(hyu(r) + / S(t+h—s)G(s,u(r))ds

ST

T+h
—5—‘/ S(t+h—9)[G(s,u(s)) — G(s,u(r))|ds = u(T + h).
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Therefore, (7 + h,up) € €. To complete the proof, it remains to check
(13.3.7). Since G and u are continuous, we first observe that

1 T+h
fin - / S(r +h— $)[Gls,i(s)) — G(s, (7)) ] ds = 0.

Similarly, we have

T+h
S(h)E+ h(r,&) = S(h)§ - / S(r+h—s)F(s,&)ds|| =0,

1i L
11 —
hl0 h

which proves (13.3.7). Thus € is mild viable with respect to A+F. Since F'is
bounded, we arc in the hypotheses of Theorem 8.8.2. So cach mild solution
w: [7,T) — L?(Q) of (13.3.1) whosc graph lics in € can be continued to
a mild solution defined on [7,0¢) and whose graph is in € too, and this
completes the proof. L

13.4. A comparison result for a predator—pray system

Let QCR", n=1.2,..., be a bounded domain with C? boundary I, let

0; > 0,i=1,2, a>(),lfr'>/(],letf:R+><RHR+ and g : Ry xR — R_ be

two continuous functions and let us consider the following general predator-

pray system?

up =61 Au—au+ f(u,0) 0 Qo
vp = S Av + 1v + g(u,v) N Q.00 (13.4.1)
u=—1v=>0 on Y 0 B

u(r,x) = &(x) v(r,z) =n(x) in .
Here, for 0 <7 < T < oo, wedenote by Q- p = (7, T)xQ, X, = (7,T)xT.
Moreover, £,1 € L%(9), ¢(z) > 0 and n(x) > 0 a.e. for x € Q.
Let f: R. xR — Ry and g: Ry xR — R_ be two continuous functions

such that N
{ Fluv) < fu,0) (13.4.2)
glu,v) > gu,v)
for cach (u,v) € R x R. Let us counsider also the comparison predator-pray
system

w = 01Au — au+ f(u,v) in Qu.eo
vy = 02 Av 4+ 1v + g(u,v) in Q.00 (13.4.3)
v=v=20 on g so; o

w(0,2) = up(z), v(0,2) =wvo(x) in

‘I order to simplify the notation, throughout this scction, whenever no confu-
sion may occur, we will write u, u, v, ¥, instead of u(t,x), u(f, z), v(t, ) and ¥(f, x)
respectively.
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and let (w,7) : Ry x © — Ry x Ry be a mild solution of (13.4.3).

In this scction, by using the viability results presented in Section 8.6, we
will prove a sufficient condition such that, for each (&,1) € L%(Q) x L%(Q)
with

0<&(x) <ulr ) :
{ 3 2) < n(x) (13.4.4)
a.e. for x € Q, the predator-pray system (13.4.1) has at least one solution
(u,v) : Ry x Q@ — Ry x Ry, such that, for each t € [1,00), we have

{ 0 <ult,z) <u(t,z)

o(t,x) <ot x) (13.45)

a.c. for xz € €.
Let € C R x L2(2) x L*(Q) be defined by

C={(t,u,v) € Ry x L*(Q) x L*(Q); (u,v) satisfy (13.4.7) below}
(13.4.6)
0 < ufx) <ult,x) .
{ o(t,z) < v(x) (13.4.7)
a.e. for x € Q. We intend to show that, for each (7,£,7n) € €, the problem
(13.4.1) has at least one mild solution (u,v) : [7,00) — L2(Q) x L2(9) with
(t,u(t),v(t)) € € for each t € [1,00). To this aim, let us assume that there

exist the constants ¢; > 0,7 =1,...,5, such that
flu )] < erful + ey (13.4.8)
g(u. v)| < eslul + calv] +c5

for each (u,v) € Ry x Ry. Now we are ready to prove

Theorem 13.4.1. Let Q CR™, n=1,2,..., be a bounded domain with
C? boundary T, let f :RxR — R, and g: R xR — R_ be continuous and
let f:RxR >Ry andg: R xR — R_ be continuous and such that, for

each (ug,vo) € Ry x Ry, u— f(u,v9) and v — g(ug,v) are nondecreasing,
w v Glu,vo) and v f(ug,v) are nonincreasing and satisfy (13.4.2) and
(13.4.8). Let (ug,vo) € L2()) x L2(Q) with ug(z) > 0 and vo(x) > 0 a.e.
for x € Q and let (W, 7) : R, — L*(Q) x L*(Q) be a global mild solution®
of (13.4.3) with u > 0 for each t > 0 and a.c. for x € Q. Let € be defined
by (13.4.6). Then, for cach (1,€,n) € C, the problem (13.4.1) has at least
one global mild solution (u,v) : [T,00) — L*(Q) x L?(Q) satisfying for cach
T<o<T:

5 . g a e . . . . . .

°In view of Definition 13.3.1 it is clear to see what a mild solution in this context
ought to be. In our specific case, such a solution exists since both 1A —al and 2 A+ 71/
generate compact Cy-semigroups and f, g arc continuous and have sublinear growth.
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(1) w0 € C(l7. T): L(Q)) 1 L2(5. T HA(Q)) N WA (5,T: H} (©):
(ii) for each t € [T,00), we have (t,u(t),v(t)) € C.

Proof. We observe that (i) is a classical regularity result in the theory
of parabolic equations in a L?(Q)-sctting. Sce Vrabic [175], Theorem 11.6.1,
p. 265. It remains to prove (ii). So, we have to show first that € is mild
viable with respect to (61A — al + f,02A + rl + ¢) and second that every
mild solution (u,v) : [7,T) — L2(Q) x L?(82), satisfying (¢, u(t),v(t)) € C
for each t € [7,7"), can be extended to a global one obeying the very same
constraints. To this aim, we will first make use of Theorem 8.6.4 and second
of Theorem 8.8.2.

Let CC R, x L%(Q) x L?(Q) be defined by

€= {(t,u,v) € Ry x LA(Q) x L3(); (u,v) satisty (13.4.10) below}
(13.4.9)
u(x) < ult,x) .

{ Bt 0 < vl (13.4.10)

a.e. for « € €. Since f and € are nonnegative, by Theorem 1.7.5, u is

nonnegative and therefore, to prove that € is mild viable with respect to

(61A —al + f,80A +rI 4 g), it suffices to show that € is mild viable with
respect to (1A —al + f, 00N +rI + g).

Let us denote by X = L2(£2), and X = X x X which, endowed with the
usual norm ||(u,v)|| = ||ul/x + ||v| x, is a Banach space. We rewrite (13.4.1)
as an evolution system in X or, equivalently, as an evolution equation in
X. To this aim, let us define A: D(A) C X - X and B: D(B)C X — X
by

D(A) = H}(Q) N H%(Q)
Au = 61Au— au for u € D(A)

and respectively by

D(B) = Hj(Q) N H*(Q)

Bv = §Av+rv for v e D(B).
Further, let us define F/: X — X and G : X — X by

Flu.v)(@) = f(u(e), v(a))
and respectively by

G(u,v)(x) = glu(x),v(x))
for each (u,v) € X x X and a.e. for € Q. With the notations above, the
problem (13.4.1) can be rewritten as the abstract evolution system

u/'(t) = Au(t) + F(u(t). v(t)) )
{ v (t) = Bo(t) + G(u(t). v(t)), (13.4.11)
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while (13.4.2) takes the abstract form

W/ (t) = Au(t) + F(u(t),v(t)) {
{ V'(t) = Bu(t) + G(u(,), o(t)), (13.4.12)

where F and G are defined likewise F and G but with fN instead of f and
g instead of g. Since f and g arc continuous and have sublincar growth

see (13.4.8) F and G are well-defined, continuous and have sublinear
growth. From the very same reason F' and G are well-defined, continuous
and have sublinear growth too. Since both A and I generate compact
semigroups, in view of Theorem 8.6.4, to show that € is mild viable with
respect to (A + F, B+ G), we have merely to check the tangency condition

1 ~
hl}nlmf }—dmt ((1.54(h)E, Sp(h)n)+h(1, F(&,n),G(En);C) =0, (13.4.13)
2

for cach (7,£,m) € C, where {S4(f) : X — X, t > 0} is the Cy-semigroup
generated by A and {Sp(f) : X — X, ¢t > 0} is the Cy-semigroup generated
by B. To do this, it suffices to prove that for cach (1,€,n) € € and cach
h > 0 there exists (uy,vy) € X with (7 + h, up,vp) € € and

1
lim inf }—||SA(h)£ + hF(En) —up|| =0
POl (13.4.14)

1
lir}rlllionf EHSB(h)'r] + hG(&,n) — ol = 0.

So, let (7,&,m) € €, and let us define uy, and vy, by

T+h
up = Sa(h)§ + / Sa(t+h—s)F(&n)ds

T+h - i
T / Sa(r + h— ) F(i(s).5(s)) — F(a(r),5(r))] ds
and respectively by

“T+h
vp = Sp(h)n + / Sp(r+h—s)G(&.n)ds

JT

“T+h . N
+ / Sp(r +h — $)[Ga(s), #(s)) — GGi(r), o(r))] ds.

Now let us observe that, inasmuch as £ < u(r) and n > 0(7) a.e. on Q, in
view of Theorem 1.7.5, we have both

Sa(h)€ < Sa(h)a(r) and Sp(h)n > Sp(h)o(r).
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Since f < f, taking into account of the monotonicity properties of f,
we get

F(en) < F(&m) < Pi(r),o(r).

Similarly, using the fact that ¢ > g and the monotonicity properties of g,
we deduce

G(&.n) > G(&,n) > G(a(r). T(r)).
These inequalitics and Theorem 1.7.5, show that both uy, < u(r + h)
and vy, > U(1 + h), and thus (7 + h,up,vy) € €. On the other hand

T+h
[Sa(h)E+ hE(E. 1) — uall S/ [Sa(r +h—$)F(&n) — F(&n) ds

T

T+h N
sate [ Gs), 7(s) ~ Fr), 7)) s,

where M > 1 and a € R arc the growth constants of the Cy-semigroup
{S4(t) : X — X, t > 0} given by Theorem 1.4.1. Conscquently, the first
cquality in (13.4.14) holds. Similarly, we get the sccond equality, and this
completes the proof of the viability part. As }7 and g have sublincar growth,
0<f<fandg<g <0, it follows that f and g have sublincar growth
too. Further, since € is X-closed®, by Theorem 8.8.2 it follows that each
mild solution (u,v) : [7,T"] — X of (13.4.1) satisfying (¢,u(t),v(t)) € € for
cach t € [7,1"] can be continued up to a global one (u*,v*) : [7,Te) — X
satisfying the very same condition on [7,7¢). Finally, as (u,v) is defined
on Ry, it readily follows that Te = oo’ and this completes the proof. [

13.5. A comparison result for a nonlinear diffusion inclusion

Let Q C R", n = 1,2,..., be a bounded domain with C? boundary I, let

@ : R — R be a continuous and strictly increasing function with ¢(0) = 0
and let us consider the Cauchy problem for the nonlinear diffusion equation

ur € A/\P(U) + [ fl (tv xZ, U’): f2 (f* x, u) } in QT,T
u=20 on Xy (13.5.1)
u(r,x) = &(x) in €,
where Qr7 = (7,7) x Q, .7 = (1.T) x I, Ay is the nonlinear diffusion
operator, f; : R x @ xR — R, for i = 1,2. We assume that f; is an Ls.c.

6See Definition 3.6.2.
"For the definition of Te sce (3.6.2).
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function® and f» is an w.s.c. function on R x Q x R. Further we assume that
0< fl (t €z, ?1;) < f? (t~ €z, ’U’)

for each (t,2,u) € R x  x R. We notice that here, unlike in Section 3, we
have to use an L (£2)-setting simply because only in this space the equation
above can be rewritten as an u.s.c. perturbed m-dissipative-type evolution
inclusion.

Definition 13.5.1. By a C°-solution of the problem (13.5.1), on [, T'],
we mean a continuous function u : [7,7) — L'(€2), for which there exists
f e LYo, T; LX) with f(t, ) € [ fi(t,z,ult,x)), fL(t,z,u(t,x))] a.c. for
t € [7,T] and z € Q, such that u is a CYsolution in the sense of Defini-
tion 1.6.2 of the problem

{ u'(t) = Aul(t) + f(t)
u(r) = ¢,

where A = Ay is the m-dissipative operator in Theorem 1.7.7. By a C°-
solution of the problem (13.5.1), on [T, f) T<T< oc, we mean a function
u e C([r,T); L'()) such that for cach 7 < T < T, u is a C'-solution of
(13.5.1) on [7,T'] in the sense stated before.

Next let us consider another function g : R x € x R — R, which is
continuous, bounded, nondccrecasing with respect to its last argument and
such that fi(t,z,u) < g(t,x,u) for cach (t,7,u) € R x Q x R, and we
intend to show that, for cach ug € LY(Q), with ug(z) > 0 a.c. for x € Q,
and for cvery global Cyp-solution @ : Ry x Q — R of the nonlincar diffusion
equation

Uy — Alp(u) + g(tv €, u) n Q0,00
u=">0 on Xp (13.5.2)
u(0, z) = up(x) in Q,

the nonlinear diffusion equation (13.5.1) has at least one global Cg-solution
which, for each t € [7,00), lies almost everywhere “between” 0 and u(t, ),
provided 0 < &(z) < a(r, z) a.e. for x € Q.

Namely, as g is continuous and, in view of Theorem 1.7.7, the operator
A¢ with homogencous boundary conditions in L'(£2) gencrates a compact
semigroup of contractions, the problem (13.5.2) has at least one noncontinu-
able Cy-solution i : [0,Ty,) — L*(2). Recalling that g is bounded, thanks

8Here the concept of l.s.c. function, (u.s.c. function) has a different meaning from
the one introduced for multi-valued functions. Namely, a rcal function f defined on a
topological space YV is called Ls.c. (w.s.c.) at a point y € Y if liminf,_,, f(z) = f(y)
(limsup,, ., f(z) = f{y))-
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to Theorem 11.7.2, we readily conclude that T, = oc. Let € € R x L1(9)
be the infinite tube defined by

C={(t.u) c Ry x LYQ); 0 <wu(z) <u(t,z) ac. for x € Q}. (13.5.3)

The main result in this section is the following nonlinear L' (Q)-version
of Theorem 13.3.1.

Theorem 13.5.1. Let ) CR", n=1,2,..., be a bounded domain with
C? boundary T and let ¢ : R — R be continuous on R and C* on R\ {0},
with ©(0) = 0, and for which there exist C > 0 and a > 0 if n < 2 and
a>(n—2)/nifn>3 such that

&) > Olrl*
for each r € R\ {0}. Let f;,g : Rx QxR —R,,i=1,2, with f1 Ls.c., fo
w.s.c. and g continuous, bounded and nondecreasing with respect of its last
argument. Let us assume also that
0< filt,x,u) < min{ fo(t,z,u),g(t, z,u)}.
for each (t,x,u) € RxQxR. Let ug € LY(Q), uo(z) > 0 a.e. forx € Q, and
let C be defined by (13.5.3), where @i : R — LY(Q) is a global Cy-solution of
(13.5.2). Then, for each (1,€) € € there exists at least one global C°-solution
w:[7,00) — LY(Q) of (13.5.1) satisfying
0 <wult,r) <ult,r),

for each t > 7 and a.e. for x € Q).

The proof of Theorem 13.5.1 rests heavily upon a nonlinear version of

Theorem 1.7.5, which is mainly based on Theorem 1.7.4 and is interesting
in itself. So, we postpone for a moment the proof of Theorem 13.5.1 in favor

of

Lemma 13.5.1. Let Q be o bounded domain in R™, n=1,2, ..., with
C? boundary T, let ¢ : R — R be strictly increasing’ with ©(0) = 0, let
ug,vo € LX), fo,90 € L7, T; LHQ)) and let u = [17,T] — LY (S) be the
unique CV-solution of the Cauchy problem
ur = Ap(u) + folt,x) in Q-7
% =0 on X,
u(r, x) = up(x) in

and v : [7,T] — LY(Q) the unique CV-solution of the very same Cauchy
problem but with fo replaced by go and ugy replaced by vy. If up(x) < vo(x)

9IH fact, the conclusion of Lemma 13.5.1 remains unchanged if we assume mercely
’ =
that 2 is Il()Ild(XII‘()ELSiIlg.
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a.c. forxz € Q and fo(s,x) < go(s.x) for each s € [7,T| and a.e. forz € Q,
then

u(s.z) < o(s.2)
for each s € [0,T] and a.e. for x € Q.

Proof. Firstly, from Theorem 1.7.10, it follows that, for each A > 0
and cach &, & € LY(Q) with & (x) < &(z) a.c. for 2 € Q, we have

(1= AAg) "6 (@) < [( - \Ap) & () (13.5.4)
a.e. for z € Q. Secondly, let € > 0 and let u,v. : [7,t,] — L'(Q) be two
e-DS-solutions corresponding to u and v satisfying

{ u(t) — uc())] < &

[o(t) — v ()] < e

for each t € [7,¢,, ] with T —¢,, < . See Definition 1.6.2. Let us recall that
ue(t) = uy and v (t) = vy for ¢ € [tg_1.tp). k= 1,2,...,n, where

Up — U Uk — Ug—
Zk T Pkl Ap(u) + fr and L Ap(vg) + gk
te —tr 1 e —tk—1

for k=1,2,...,n, with

n tr () th
Z/ 1fo() = fill dt < e and Z/ lgo(t) — gell dt < e.
i=1 Y tk—1 i—1 Y k-1

Notice that, since both fy and gg are continuous, we may assume with no
loss of generality that both fi = fo(tx) and g, = go(ty) for k=1,2....,n.

We use an inductive argument to evaluate v; by means on w;, taking
into account of g; < f; and (13.5.4). So, if we assume that vp_; < k1, we
get

v = (I — (ty — te—1)A@) " (g1 + (b — th—1)9k)
< (I — (b — ts-1) D) g1 + (b — th1) fr) = up.

Passing to the limit for £ — 0, we get the conclusion for ¢ € [7,7). The
case t =T follows by simply passing to the limit. [

We are now prepared to continue with the proof of Theorem 13.5.1.

Proof. To get the conclusion, we will first make use of Theorem 11.6.3,
to show that € is CY-viable with respect to A + F, and sccond of Theo-
rem 11.7.2 to prove that each C’-solution w : [7,7T) — L'(Q) of (13.5.1)
whose graph lies in € can be continued to a CV-solution defined on R, and
whose graph is in € too. To this aim, we denote by X = L'(Q2) and we
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rewrite (13.5.1) as an cvolution equation in X. First, since in our casc ¢ is
single-valued, let us define A : D(A) € X — X by

D(A) — {u€ LNQ); plu) € WH(Q), Ap(u) € LH(Q)
Au = Ap(u) for u € D(A),
F:RxX ~» X by defining F'(£, «) as the sct of all functions f(¢,-) : Q2 - R

such that f(¢,-) is mcasurable and f(t,2) € [ f1(t,z,u(z)), fo(t, x, u(x))]
ac. forzeQ and G:Rx X — X by

G(t,u)(x) = g(t, z,u(z))
for each t € R, each u € X and a.e. for x € €. Since f1 is l.s.c. and
fa is w.s.c. and both are bounded, from Problem 2.6.1, we conclude that
F is strongly-weakly u.s.c. with nonempty, convex and weakly compact
values. Moreover, since ¢ is continuous and bounded, G is well-defined,
continuous and bounded. With the notations above, the problem (13.5.1)
can be rewritten as a Cauchy problem for an evolution inclusion, i.e.

u(t) € Au(t) + F(t,u(t)) (13.5.5)
’II,(T) — é.a 0.0
while (13.5.2) takes the abstract form
u'(t) = Ault) + G(t,u(t)) R
{ w(0) = up. (13.5.6)

At this point, let us recall that, in view of Theorem 1.7.7, A generates
a compact semigroup of nonexpansive mappings. Since & and all elements
in F(7,€) are nonnegative, by Lemma 13.5.1 it follows that each solution
of (13.5.2) is necessarily nonnegative. Therefore, to prove that € is viable
with respect to A + F' it suffices to show that the larger set

C= {(t.u) € Ry x LY(Q); u(z) < u(t,z) ac. for z € Q}

is CV-viable with respect to A+ F. Clearly, € is nonempty and closed, and
F is strongly-weakly u.s.c. with nonempty, convex and weakly compact
values. Moreover, let us observe that, by Theorem 1.7.9, A is of complete
continuous type. So, in order to apply Theorem 11.6.3, it remains to check
the tangency condition (1, F(7,§)) € QTS?(T,S) for each (7,¢) € C. Since
‘J'Sié(T, ¢) C QTS»’S,(T,{), it suffices to show that

1 ~
lilfnlionf —dist ((1 + h,u(r + h,7,€, F(71,£))); C) = 0, (13.5.7)
(] [

for cach (7,¢) € €. We recall that
U(T + '777£7F(Ta€)) - {’IL(T + '57_757 f) f S F(T~£)}
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where s+ u(s, 7, €, f) is the unique C%-solution of the Cauchy problem

{ g/((:)) - ?“(t) +f (13.5.8)

So, let (1,¢) € € be arbitrary and let us observe that, to prove (13.5.7),
it suffices to show that, for each h > 0, there exist both u;, € L*(2) and

fn € F(7,€) such that (7 + h,up) € C and

1
liminf —||w(r + h,7,&, fr) —upl = 0. (13.5.9)
hlo  h

Let us define fi,(z) = fi(7r, 2, &(x)) a.c. for z € Q and

Up = U(T + h7 7, 57 .fh)

+u(t + h,7,04(r), G(-,u(-))) — w(t + h,7,0(r), G(1,u(r))).

Since & < u(7), frn < G(7,¢) and u — G(7,u) is nondecreasing, in view of
Lemma 13.5.1, we deduce

wn(®) < e + by il(7), G, (7))

+u(T + h, 7, 0(7), G(-,u(-))) —u(rt + h,7,u(r), G(r,u(1))) = (T + h).

Thus (7 + h,up) € €. On the other hand, from (1.6.5) and the continuity
of both G and u, we get

1 - —_
lim & [u( + h, 7. 5(7). G T0) = u(r + o7, T(7). Gl 7(7))|

1 T+ h
< lim / |G(s.ii(s)) — G(rii(m)]| ds = 0
rlo b J;

and so (13.5.9) is satisfied. Consequently, we have

1 ~
I’iﬁ} }—dist ((t+ hyu(t + h,7,&, fr)); ) = 0.
() [4

In view of Theorem 11.6.3, é, and hence €, is CY-viable with respect to
A+ F. As F is bounded, an appcal to Theorem 11.7.2, shows that cach
CY%solution u : [7,T) — L'(Q), whosc graph lics in €, can be continued to
a CY-solution defined on [, oc), and whose graph is in € too. The proof is
complete. O
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13.6. Comparison for a fully nonlinear reaction-diffusion system

Let QCR", n=1,2,..., be a bounded domain with C? boundary I, let
¢:R—>R and (i R R be two continuous and nondecreasing fun(,‘rlons
with ¢(0) = ¥(0) = 0 and let us consider the nonlinear reaction diffusion
system

Ap(u) + f(u,v) in Qrr
7)f = Aw(z/) + g(u,v) in Q-7 o
u=—v=20 in X, p (136.1)

u(r,z) = &), v(r.z) = n(x) on Q,
where, for 0 <7 < T <oc, Qrr = (1.7) x Q, ¥, 7 = (,T) x I'. Further,
Ayp and Ay are nonlinear diffusion operators, both f: R x R — R and
g:RxR — R_ are continuous and &, 7 € L'(Q) are nonnegative. We notice
that, if either ¢ or ¢ is not strictly increasing, (13.6.1) is degenerate.
Let f:RxR—Ry and g: Rx R — R_ be two continuous functions
such that B
,v) < ., .
flu,v) < flu,0) (13.6.2)
g(u,v) > g(u,v)
for cach (u,v) € R x R. Further, let us consider the comparison reaction-
diffusion system

up = Ap(u) + flu.v) in Qo.co
vy = AY(v) + glu,v) in Qo0 13.6.3
u=v=20 on g (13.6.3)

w(0,2) = ug(z), v(0,x)=wvo(x) in€Q,

and let (4,7) : Ry x Q — Ry x Ry be a C%solution of (13.6.3).
Here, by using the viability results in Section 10.7, we will prove a
sufficient condition in order that, for each (&,n) € L*(Q) x L1(£2), with

0 < ¢() < alr,z) »
{ Fr.2) < () (13.6.4)
a.e. for - € €, the reaction-diffusion system (13.6.1) has at least one solution
(u,v) : Ry x © — Ry x Ry, such that, for each t € [7,0¢), we have

{ 0 <u(t,r) <ult,z)

o(t,x) <v(t,x) (13.6.5)

a.e. for x € Q.
Let € C R, x LY(Q) x LY(Q) be defined by

€= {(t.u,v) € Ry x L}(Q) x L (Q); (u,v) satisfy (13.6.7) below}
(13.6.6)
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{ 0 <u(z) <ult,z)

a.e. for z € (.
We want to prove that, for each (7,&,17) € €, the Cauchy problem
(13.6.1) has at least onc mild solution (u,v) : [7,00) — L'(Q) x L'(Q) with
(t,u(t),v(t)) € € for cach ¢t € [7,0oc). To this end, let us assume that there

exist ¢; > 0,1 =1,..., 5, such that

Flu,v) < erlul + e (13.6.8)
g(u,v)| < eslul + eqlv] + 5 e

for each (u,v) € Ry x Ry. Namely, we will prove

Theorem 13.6.1. Let ) CR”, n=1,2,..., be a bounded domain with
C? boundary I' and let ¢ : R - R and ¢ : R — R be two continuous and
nondecreasing functions with ©(0) = ¥(0) = 0 and such that ¢ is C* on
R\ {0} and there exist C > 0 and a > 0 if n < 2 and a > (n —2)/n if
n > 3 such that

W' (r) = Clr|*™

for eachr € R\{0}. Let f : RxR — Ry and g: RxR — R_ be continuous
and let ]?: RxR — Ry andg: RxR — R_ be continuous and such that, for
each (up,vo) € Rpy xRy, u — fN(u vo) and v — g{ug,v) are nondecreasing,
u — G(u,vo) and v — f(ug,v) are nonincreasing and satisfy (13.6.2) and
(13.6.8). Let us assume that there exist L > 0 and L >0 such that

{ |f(ur,v) = f(uz,v)| < Ljuy — us|
|f(ur,v) — flug,v)] < Llug — us|

for each ui,uz,v € R. Let (up,v0) € LY Q) x LY Q) with ug(z) > 0 and
vo(x) > 0 a.e. forz € Q, let (,7) : Ry xQ — R, xRy be a global solution'
of (13.6.3) and lel € be defined by (13.6.6). Then, for cach (1,&,7) € C,
(13.6.1) has at least one global C°-solution (u,v) : [1,00) — L} () x L}(Q)
satisfying (t.u(t).v(t)) € C for cach t € [1,00).

Proof. We begin by showing that €, given by (13.6.6), is CY-viable
with respect (Ap + f, Ay + g). Secondly, we will show that every CV-
solution (u,v) : [7.T) — L'(Q) x L'(€2), satisfying (¢,u(t),v(t)) € € for
cach ¢t € [7,T), can be extended to a global one obeying the very same

101y view of Definition 13.5.1, it is clear what a C%solution ought to be in this
context. Such a solution oxists since Ay generates a compact semigroup of contractions,
f, ¢ arc continuous and have sublincar growth and fis globally Lipschitz with respect
to u, uniformly with respect to v € R. For the existence sce Theorems 10.7.4, and for the
global continuation sce Theorem 10.6.2.
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constraints. To this aim, we will first make use of Theorem 10.7.4 and then
of Theorem 10.6.3.
Now, for t € R, let us consider the constraints

(s <32 e

a.e. for x € Q, which are less restrictive than (13.6.7), and let us define
CCRx LYQ) x LY () by
€= {(t,u,v) € R x LHQ) x LH(Q); (u,v) satisty (13.6.9)}. (13.6.10)
Since f and ¢ are nonncgative, by Lemma 13.5.1, it follows that
is nonnegative too, and so, to prove that € is CY-viable with respect to
(Ap + f, Ay + g), it suffices to show that € is CY-viable with respect to
(Ap + [, A¢p + g).
Let us denote by X = L'(9), and by X = X x X. We endow X with the
usual norm ||(u, v)|| = ||u| + ||v]], and we rewrite (13.6.1) as an evolution
system in X or, equivalently, as an evolution equation in X. To this aim,
let us define the operators A : D(A) C X — X and B: D(B) C X — X
by
D(A) = {u € LQ); p(u) € Wy (), Ap(u) € L (Q)}
Au = Ap(u) for u e D(A)

and by
D(B) = {u € L}(); ¥(u) € Wy (), Ad(u) € LHQ)}
Bv = Ay(v) for v e D(B),

respectively. Further, let us define I/ : X — X and G : X — X by

Flu,v)(x) = f(ulz), v(x))
and respectively by

Glu. 0)(x) — glu(z), ()
for cach (u,v) € X x X and a.c. for x € Q. With the notations above, the
problem (13.6.1) can be rewritten as the abstract evolution system

u'(t) = Au(t) + F(u(t), v(t)) o
{ V() = Bo(t) + Glult), v(t)), (13.6.11)

while (13.6.2) takes the abstract form
/() = Au(t) + Flu(t), v(t)) (13.6.12)
V'(t) = Bu(t) + G(u(t), v(t)),

where I and G are defined just like F' and G but with ]?instead of f and
g instead of g. Since f and g are continuous and have sublinear growth —
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see (13.6.8) —, F and G are well-defined, continuous and have sublinear
growth. From the very same reason F and G are well-defined, continuous
and have sublincar growth too.
Throughout, if (7,£,n) € €, we denote by
u(r 4+ h,7,&,n) = ult + h, 7. F(&n))
(U(T + h’: T, 57 7]) — 7)(7— + h: T, 1, G(f 77))
Since B generates a compact semigroup and £ is locally Lipschitz with
respect to uw € X — see Definition 10.7.3 —, in view of Theorem 10.7.4, to

show that € is CO-viable with respect to (A 4+ F, B + G), we have merely
to prove that the tangency condition

1
lirfnlionf—dist (T + h,u(t +h,7,.&n),v(t+ h,7,6n)); ) 0 (13.6.13)
7 1

holds for each (7,€&,n) € €. To this aim, it suffices to show that, for each

(r.&,n) € € and cach h > 0, there exists (up,vp) € X with (t+h, up,vp,) € e
and

lim inf —Hu(T +h,m.&n) —up| =0
hl0 (13.6.14)

1
hrnllnf b |v(r +h,7,6,m) — wa] = 0.

So, let (1,&,m) € G, and let us define uy, and v, by
up =u(r + h,7,6,1)
+u(r 4 b, 7 A(T), F (), 5(-))) = u(r + h, 7, 8(r), F(i(r), 5(7)))

and respectively by
vp = v(T+ h, 7€, 1)

+u(r + b 7. 0(7), G@(), 5()) = v(r + b, 0(7), G(a(), (1)),

From f < fand from the monotonicity properties of the latter, we get

F(&n) < F(&m) < F(u(r), 5(r).

Similarly, we deduce

G(&n) > G(&m) > Ga(r), 5(7)).
Now let us observe that, inasmuch as € < @(r) and n > ¥(7) a.c. on Q,
in view of Lemma 13.5.1, we have both

w(r + hy7m,&,m) < ulr + h, 7, 0(r), F(r),5(r)))

o(r + h,7,§,m) > o(r + h,7,0(7), G(u(r),0(1))).
From these inequalities we get both wj, < u(r + h) and v, > (7 + h) and
thus (7 + h, up, vp) € €. On the other hand
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Julr + . n) — wi]| < / o | Fla(s). 5(5)) = F(a(r).5(m) | ds.

Consequently the first equality in (13.6.14) holds. Similarly, we get the sec-
ond equality, and this completes the proof of the viability part. Since f
and ¢ have sublinear growth and € is X-closed!! being closed, by Theo-
rem 10.6.3 it follows that each C%solution (u,v) : [7,T] — X of (13.6.1)
satisfying (¢, u(t),v(t)) € € for cach ¢ € [7,T] can be continucd up to a
global one (u*,v*) : [, Tg) — X satisfying the same condition on [7, Tg)!2
Finally, as (u,v) is defined on R, it readily follows that Te = oc and this
completes the proof. [

13.7. A controllability problem

Let X be a Banach space, A : D(A) C X — X the infinitesimal generator
of a Cy-semigroup, {S(t) : X — X; t > 0}, g : X — X a given function,
¢ € X, and ¢(-) a measurable control taking values in D(0, 1). Here, the
problem we consider is how to find a control ¢(+) in order to reach the origin
starting from the initial point £ in some time T, by mild solutions of the
state cquation
(1) = A ; !
{ u'(t) = Au(t) + g(u(t)) + c(t) (13.7.1)
u(0) = €.
Let us consider G : X ~ X, defined by G(z) = g(z) + D(0,1). We can
rewrite the above problem as follows. For a given £ € X, find T > 0 and a
mild solution of multi-valued semilinear Cauchy problem

{ Z’(E;‘))i é“(t) + G(u(t)) (13.7.2)

that satisfics u(77) = 0.
The main result of this section is given by the following thecorem.

Theorem 13.7.1. Let g: X — X be a continuous function such that
for some L > 0 we have

lg(e)ll < Lijll, (13.7.3)
for every x € X. Assume that the semigroup {S(t) : X — X:;t > 0} is
compact and satisfies the condition

1Stz < ez, (13.7.4)

Hgee Definition 3.6.2.
12For the definition of Te sce (3.6.2).
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for every x € X. Then, for every & € X with & # 0 there exists a mild
solution u : [0,00) — X of (13.7.2) which satisfies the inequation

i
o < el -+ (L) [ s s (13.7.5)
for every t > 0 for which u(t) # 0.
Corollary 13.7.1. Under the hypotheses of Theorem 13.7.1, the fol-

lowing properties hold.

(i) In case L +a < 0, for any £ € X, £ # 0, there exist a control
¢(+) and a mild solution of (13.7.1) that reaches the origin of X in
some time T < ||¢]| and satisfies

[l < [l —¢ (13.7.6)
forany 0 <t <T.

(i) In case L+a > 0, for every & € X satisfying 0 < ||£]] < 1/(L+a),
there exist a control ¢(+) and a mild solution of (13.7.1) that reaches
the origin of X in some time

< 1 !

0g ;
“L+va "1-(Lta)le

T

and satisfies

1 1
W] < (Lralt _ 13.7.
ol < < (el - 05 ) + s (13.7.7)

forany 0 <t <T.

We notice that, in view of Theorem 1.4.2, the condition (13.7.4) can
always be satisfied if we replace the initial norm with an cquivalent onec.
We begin with the proof of Corollary 13.7.1.

Proof. In the case (i), since L + a < 0, by (13.7.5) we deduce that
there exists a mild solution u : [0,00) — X of (13.7.2) which satisfies
the inequality ||u(t)|| < [[€]] — t for every t > 0 for which u(t) # 0. This
implies that there exists 7' > 0 with T" < ||€|| such that «(T) = 0. By
Definition 9.1.1, there exists ¢ € L*(0,7; X) such that ¢(s) € D(0,1) a.e.
for s € [0,T] and w is a mild solution of (13.7.1). This completes the proof
of (i). To prove (ii) we proceed similarly, by observing that (13.7.7) comes

from (13.7.5), via the Gronwall Lemma 1.8.4, with z(-) = ||u(-)|| — LJlra. O

We now proceed with the proof of Theorem 13.7.1
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Proof. We consider the space R x X, the operator A = (0, A) which
gencrates the Cy-semigroup (1, .5(¢)) on R x X, the locally closed sct

K={(\2) C Ry x X\ {0} ]| < A},
and the multi-function /' : R x X ~ R x X defined by
Flt.a) = (L+a)]a]l - 1, g(z) + DO, 1),
for every (t,2) € R x X. We show that
(L +a)|lé]l — 1, g(¢) + D(0,1)) € QTSH (A, €), (13.7.8)

for every (A, €) € K. In view of Remark 9.1.1, to prove this it suffices to
check that, for cach € € X, £ # 0, there exist (hy)n. (0n), both in R, and
(9n)n € S(6), with h,, | 0 and lim,, 6,, = 0 and such that

oy

S(hn)€ + / S(hy — 8)gn(&)ds
0

<[]l + P (L + @) [[E]] = 1) + hy.

We will consider a # 0, the case a = 0 following by simpler arguments.
Narnely, let us first observe that

h h
‘ ( )E+ S(h ) (E)d?fo S(hS)S(S)c—asg”d9
s 1 fahi
E+/ Stk &d +0H5||( 1)5(h)£H
1 h
< IS 1+ ol = 1)+ | [ St s)ge)ds
all]| Jo

-h

<) - Lot 1) 4 \ S(h — s)g(€)ds

J0

for h sufficiently small. Further,

Lah (Lh
—1 —1
1i
lﬁlol ( i€l = ah +

h
7 | st ss©a)) < @ an -1

From these inequalities, it is easy to see that for any arbitrary sequence
(hp)n, with hy, | 0, there exist (6,,),, in R, 8,, | 0, and (g, ), defined by

9u(s) = 9(&) — S(s)e ™ ||§||

for n = 1,2,... and a.e. for s > 0, and such that (hy,),, (0,)n and (gn)n
satisfy the conditions in Remark 9.1.1. Thus, we get (13.7.8). Moreover,

g(&) + D(0, 1),

13We recall that G(€) = {g € L'(Ry: X); g(s) € G(E) ae. for s € R_}. See also
Definition 9.1.3.
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from Theorems 9.2.1 and 9.8.2, we deduce that for cach £ € X, £ # 0, there
exist 7' > 0 and a noncontinuable mild solution (z,u) : [0,7) — R x X of
the Cauchy problem

t) = (L +a)||u(d)]| — 1
t) € Ault) + G(u(t)) (13.7.9)
(0) = [[¢]] and  u(0) =&,

which satisfies (z(¢),u(t)) € K for cvery ¢ € [0, 7). This means that (13.7.5)
is satisfied for every ¢t € [0, 7).

Now, let us observe that u, as a solution of (13.7.2), can be continued
to Ry simply because G has sublincar growth. So, u(T") exists, even though
the solution (z,u) of (13.7.9) is defined merely on [0, T'). Clearly u(7') must
be 0 since otherwise, (z,u) can be continued to the right of T, thereby
contradicting the fact that (z,u) is noncontinuable. This completes the
proof. [

’(
i

Z
u
Z

13.8. Periodic solutions

Let X be a Banach space, A : D(A) C X ~ X an m-~dissipative operator,
f:Rx D(A) - X a given continuous function which is T-periodic with
respect to its first argument and let us consider the periodic problem
W(t) € Aut) + F(t,u(t))
{ w(0) = u(T), (13.8.1)

Theorem 13.8.1. Let X be a Banach space, A: D(A) C X ~ X an
m-dissipative operator and let f : R x D(A) — X be continuous. If the
semigroup of contractions generated by A is compact, D(A) is convex'?,
0e D(A), 0 € A0, f(-,x) is T-periodic for each x € D(A), i.e.,

F+T,2)= f(t,2),
for each (t,2) € R x D(A), and there exists r > 0 such that
['(L.7 f(fl) h* <0

for each (t,x) € R x D(A) with ||x|| = r, and [ is bounded on R x (D(A)N
D(0,7)), then (13.8.1) has at least one T-periodic solution.

Proof. Let us denote by K = D(A) N D(0,r) which is nonempty,
bounded, closed and convex. We first suppose that, in addition to the hy-
potheses assumed, f is locally Lipschitz on R x D(A) and there exists § > 0

Mhis happens, for instance, whenever X~ is uniformly convex. Sce Barbu [10], (¢)
in Proposition 3.6, p. 77.
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such that
['7;7 j(t' :I:) ]+ <0

for each (t,z) € R x K, with ||z|| = r. Then, for each £ € D(A) N D(&,r),
the Cauchy problem

{ Z/((J))E ?U(f) + f(t,u(t)) (13.8.2)

has a unique noncontinuable solution u : [0,7,,) — D(A). We will next
show that T}, = oc. To this aim, we begin by observing that K is invariant
with respect to A + f. Indeed, since 0 € D(A) and 0 € A0, we have that
u(7 + h,0,0,0) = 0. Therefore, an appeal to (1.6.2) with n =0, g = 0 and
v =0, yields

T+h
Ju(T +h.7. & F(T. I < €+ / [uls, 7, & f(7.£). f(T.8) ]+ ds,

for each h > 0. Inasmuch as Hm supy ) (4[4 0]+ = [2, ¥ ]+, we conclude
that, there exists hg > 0 such that for cach h € (0, hy)

3

. )
Ju(r + 7.5 €D < el = 13 <
But this shows that, for each (7,¢) € R x K, we have

lim inf ldist (u(t + h,7.&, f(7,€)); K) = 0.
nlo h

In view of Theorem 10.1.2, it follows that K is CY-viable with respect to
A+ f. Since f is locally Lipschitz, the Cauchy problem (13.8.2) has the
uniquencss property and accordingly K is invariant with respect to A + f.
Since f is bounded on R x K, in view of Theorem 10.6.2 combined with (i)
in Remark 3.6.2, it follows that T,, = oc. So, we can define the Poincaré
map I°: K — K by

P(&) = u(T),

where w : [0, 7] — K is the unique solution of (13.8.2). The idea is to show
that P has at least onc fixed point € € K which, by mecans of (13.8.2) will
produce a T-periodic solution for (13.8.1). We prove this with the help of
Schauder Fixed Point Theorem 1.3.3. So, as K is invariant with respect to
A+ 1, it follows that P maps K into itsclf. To prove that P is continuous,
let & € K and let (&), in K with limy, &, = £ From Theorem 1.6.6, we
deduce that {P(&,); n=1,2,...}is relatively compact. On the other hand,
cach convergent subscquence of (P(&,)), converges to P(€). Indeed, let us
assume for simplicity that (P’(&,))y is itsclf convergent, and let us denote
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by u, the unique CP-solution of (13.8.2) corresponding to the initial datum
&n. By (1.6.5), we have

mawww<<@la-+4'ﬂaw@»ﬂaﬂ@m@ (13.8.3)

forn=1,2,... and t € [0,T].
At this point let us recall that f is locally Lipschitz. Then, for each
7 € [0,T], there exist p; > 0 and L; > 0 such that

Hf(tv‘L) - f(t7 y)H < LTHI - UH

for each (¢t,2),(t,y) € [T — pr, 7+ pr ] x D(&, pr). Since [0, T'] is compact,
there exists a finite family, {7;; ¢ =1,2,...,n} in [0,7T], such that

[OWT} g U;L:I[T’i - pTi:Ti +pTL}

Let p = min{p,; ¢ = 1,2,...,n} and L = max{L,; i = 1,2,...,n}. We
then have

Hf(t,fli) - f(t: y)H < LHT - 7/”

for cach (¢,z),(t,y) € [0,T] x D(&,p). As lim, &, = &, we may assume
without loss of generality that ||&, — €| < pe= I for n = 1,2,.... Fix
n = 1,2,... and let us remark that, on a right neighborhood [0,a] of 0
we have ||u,(s) — u(s)]| < p. Let a be the greatest number in (0,7"] with
the property above. We will show that a = T. Indeed, if we assume by
contradiction that a < T, from (13.8.3) and the Lipschitz condition, we get

unlt) ~ w(®)] < o €] + [
0
forn =1,2,... and t € [0,a]. By Gronwall Lemma 1.8.4, we have

() = u()]] < ([0 = €[l e™" < pe T

for n = 1,2,... and ¢ € [0,a]. Since both w,, and u are continuous, this
inequality contradicts the maximality of a. This contradiction can be elim-
inated only if ¢« = 7. Thus we have

lun(t) —u(®)]| < [1&n — Elle™™

for n = 1,2,... and ¢t € [0,7]. Hence cach convergent subsequence of
(P(&,))n converges to P(&). As {P(&,); n=1,2,...} is relatively compact,
this shows that cven lim, P(&,) = P(£), and thus P is continuous. Finally,
again by Theorem 1.6.6, we conclude that P(K) is relatively compact. From
the Schauder Fixed Point Theorem 1.3.3 it follows that P has at least one
fixed point £ € K. Clearly the solution u of (13.8.2), with initial datum
&= P(&), is T-periodic.

t

Llun(s) — u(s)]| ds
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We may now pass to the general case, ie., f merely continuous. Let
g > 0 be arbitrary. By a well-known approximation result, there exists a
locally Lipschitz function f. : R x K — X such that

1) = sz — folt.2)]| < 5

for each (t,2) € R x K. By the inequality above and (viii) in Exercise 1.6.1,
we get,

, 3
[, b)) <~
for each (t,z) € R x K, with ||z|| = r. In view of the first part of the proof,
we know that the periodic problem

{ ul(t) € Au(t) + fe(t, u(t))
u(0) = u (1)

has at last onc T-periodic solution ue : R — K. Let (gy,)p be a sequence in
(0,1) with &, | 0 and let us denote by u, = u.,. Again by Theorem 1.6.6,
we deduce that {u,; n = 1,2,...} is relatively compact in C([a,T]; X)
for cach a € (0,7). Then, {u,(T); n = 1,2,...} is relatively compact in
X. Taking into account that u,(0) = u, (1), again by Theorem 1.6.6, we
conclude that {u,; n=1,2,...} is relatively compact even in C([0,71]; X).
So, we may assume with no loss of generality that there exists a contin-
uous function u : [0,7'] — K such that lim, u,(¢) = u(t) uniformly for
t € [0.7]. Let us denote by f, = f.,. Since lim,, f,(t,u,(t)) = f(t, u(t))
uniformly for ¢ € [0,7'], we deduce that u is a T-periodic solution of
(13.8.1). The proof is complete. O

Problem 13.8.1. Let X =4y, r > 0 and let f: X — X be defined by
Ful(zr)r) = anan + bu (|| (2r)rl| — 7')2
forn =1,2,..., where a, <0, lim, a, = 0, (bg)x € £2 and (bkazl)k ¢ Lo,

Prove that f is compact, (f((xx)r), (xx)k) < O for each (xp)r € Lo with
(i)l = 7, but, for each T > 0, v/ (t) = f(u(t)) has no T-periodic solution.
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Solutions to Chapter 1

Problem 1.3.1. The conclusion is straightforward if C' is finite. The general
case follows from the preceding one by taking e-nets and using (i).

Problem 1.3.2. Let (z,), be a sequence in B+ C with lim,, z,, = x. We have
Ty = Yn + 2p With y,, € B and z, € C, forn =1,2,.... In view of Theorem 1.3.5
both B and C are weakly relatively sequentially compact. So, we may assume with
no loss of generality that lim, vy, = y and lim, z,, = z weakly in X. Thanks to
Theorem 1.1.1, we get y € B and z € C. Thus « € B 4+ C and this completes the
proof.

Problem 1.3.3. Since ¢, | 0, for each € > 0 there exists n(e) € N such that
en < § for each n € N, n > n(e). Since limy|om(h) = m(0) = 0, for the same
€ > 0, there exists d1(¢) > 0 such that m(h) < § for each h € [0,61(¢)]. Finally,
since {u1,uz, ..., Un(s)} is a finite set of continuous functions, it is equi-uniformly
continuous on [7,T]. Therefore, for the very same € > 0, there exists da(¢) > 0
such that |lug(t) — up(t)|| < €, for k = 1,2,...,n(¢) and each t,t € [7,T], with
[t —t| < da(e). Set d() = min{d(e),da(¢)}. Then, for each n € N and each
t,t € [7,T], with |t — ] < §(¢), we have

[[un(t) —u ()H< +*

which shows that {u,; n € N} is equi—uniformly continuous on [7,T'], as claimed.
Problem 1.3.4. Take ¢ = 1. Then, there exists 6 > 0 such that, for each
interval E in [7,T] whose length, A\(E), is less than §, we have

mewg

for each f € F. Since [7,T] is compact, it has a finite covering of nonoverlaping
intervals Ey, B, ..., E, with \(E;) < § for i =1,2,...,k. Then

T k
[ 1las =3 [ seas <

for each f € F. Thus F is norm bounded by k.

Exercise 1.6.1. To check (i)~(viii) just recall the definition of both direc-
tional derivatives [z,y]+ and (z,y)+ and apply the triangle inequality. Finally,
(ix) is obtained in the very same manner as the classical chain rule, while the first
implication in (x) follows from (iv) recalling that, whenever | - || is Gateaux dif-
ferentiable on X \ {0}, we have [z,y]+ = [x,y]- for each z € X \ {0} and y € X.
Conversely, if [z,y]+ = =[x,y ]+ for each x € X \ {0} and y € X, by (iv), (v)
and (vi), we deduce that [z, -] is linear and thus || - || is Gateaux differentiable on

X\ {0}.
288
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Exercise 1.6.2. Let ((t,,,7,)), and (¢,z) in Ry x C be such that
Um(ty,, x,) = (¢, ).

Using the semigroup properties, we get

< lzn — || + |S(tn — )z — x| ift, >t

= lzn —z| +|SE—th)z —z| ift, <t.
The conclusion follows from the continuity of 7 +— S(7)z at 7 = 0.

Exercise 1.6.3. We will check (i)~(iv) in Definition 1.6.3. First, let us observe
that S(0)¢ = u(0,0,£,0) = £ for each £ € D(A) which proves (i). From the
evolution property (1.6.4), we get

S(t+ s)¢ =u(t+s,0,£,0) =u(t,0,u(s,0,&0),0) = S(t)S(s)&
for each t,s > 0, wherefrom (ii). Moreover, as u(-,0,&,0) is continuous at 7 = 0
and 4(0,0,£,0) = &, we deduce limy o S(¢)§ = limy)ou(t, 0,£,0) = £ Thus, we get
(iil). Finally, from (1.6.2), we have
[S(#)E = Sl = [lu(t,0,£,0) —u(t,0,n,0)]| < [ —nl|

for each ¢t > 0 and each &, € D(A), wherefrom (iv).

Exercise 1.6.4. Apply (1.6.2) and then use (ii) in Exercise 1.6.1 to evaluate
[u(s) —0(s), f(s) — g(s) ]+ under the integral sign.

Problem 1.6.1. Let (t,), in Ry with ¢, | 0, and let ng € N be such that,
for each n > ng, D(0,n) N C # . Since, for each n > ng, S(¢,)(D(0,n) N C) is
precompact there exists a finite family of points C,, in D(0,n) N C such that for
every £ € D(0,n) N C there exists &, € C,, satisfying

15(En)E = Stn)énll < tn.
Let £ € C and € > 0 and choose n € N such that ¢, < ¢, || — S(t,)¢|| < € and
[l€]] < n. Taking &, € C,, as above, we have
€~ Stn)6all < llE — S(tn)ell + 1S (En)e — S(tn)enll < 2=

S0 D = Up>n,S(ty)Cy (which obviously is countable) is dense in C' and this
completes the proof.
Problem 1.8.1. Since

t

() < 1 +/ w(z(s)) ds

n 0

forn =1,2,... and each t € [0,T], an appeal to Lemma 1.8.2 shows that there

exists Tp € (0,7'] such that # = 0 on [0,Tp]. Let T3, be the greatest number

Ty in (0,T] with the property above. If we assume that T,, < T, by applying

Lemma 1.8.2 on [T;,,, T] we get a contradiction, i.e., that Ty, is not maximal. This

contradiction can be eliminated only if 7, = T and this completes the proof.
Problem 1.8.2. Just repeat the proof of Problem 1.8.1 by using Lemma 1.8.3

instead of Lemma 1.8.2.
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Problem 1.8.3. Let y : [7,T) — R be defined by

t
y(t) =m+ / k(s)x(s)ds
for every t € [1,T). Clearly y is absolutely continuous on [7,T") and
y'(t) = k(t)z(t) < k(t)y(t)
a.e. for t € [7,T). Multiplying both sides by e~ I+ ¥(®) @ after some simple calcu-
lations, we get
y(t) < me[: k(0) do

for every t € [7,T). But x(t) < y(t) for each t € [7,T) and this completes the
proof.

Solutions to Chapter 2

Problem 2.1.1. Let x € K and ¢ > 0. Let us fix e > 0. On 8§ = K x [0, ]
we introduce the binary relation < defined by (v1,s1) =< (ve, $2) if $1 < $3 and
[IS(s2 — s1)vy — va|| < e(s2 — s1). It is easy to see that < is a preorder on 8. The
reflexivity is obvious. To prove the transitivity, let (vq,t1) < (ve,t2) and (ve, t2) <
(Ug,tg). We have ||S(t2*t1)U1*UQH S 6(1&27151) and ||S(t3*t2)'027"03” S E(tgftg).
But

[S(ts —t1)vr — sl < [|S(ts —t2)S(t2 —t1)vr — S(ts — t2)va|| + [|S(ts — t2)v2 — vs]|

< IS(t2 = tr)or — vaf| + [|S(ts — t2)v2 — vs|| < e(ts — t1),
as claimed. Let us define the function N : § — R by N((v,s)) = s. Clearly, N is
increasing. Let us now prove that it satisfies condition (i) in Theorem 2.1.1. To this
end, let ((vn,t,))n any increasing sequence in 8. It is obvious that the sequence
(tn)n is convergent, say, to to, and ¢, < ty for every n € N. We prove that the
sequence (v,,), is Cauchy and hence convergent. First, let us observe that, for each
n € N and each k£ € N, we have

||S(tn+k; - tn)’l}n — ’Un_;,_kH < €(tn+k — tn) (1421)
Since (t,)n is convergent too, for every n > 0 there exists n, € N such that for
n > n, we have (t,4r —t,) <. For n > n, and k,l € N we get
lvnk — vngtll < |1S(nsr = tn)vn — S(tngr — to)vn| + 2.

Fix n > n,. Letting k — oo, | — oo, we deduce that the right hand side of the
above inequality tends to 27n. Therefore, there exists n% such that for k,1 > n% we
have

||vn+k - Un—HH < 3n,
which shows that (v,), is a Cauchy sequence. Let vy = lim,, v,. Letting k — oo
in (14.2.1), we conclude

”S(tO - tn)vn - UO” < E(tO - tn)a
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which shows that (v, t,) =< (vo,to) for every n € N. We apply Theorem 2.1.1 and
deduce the existence of an N-maximal element (v,t) € § such that (x,0) < (v,1).
We show that ¢ = t. Indeed, let us assume by contradiction that ¢ < ¢. By (2.1.3),

there exists 0 < ¢/ < t — ¢ such that
dist (S(t')0; K) < et’.

Therefore, there exists v € K such that ||S(¢)v — v|| < et/, which implies that
(v,t) < (v,t+1"). But this contradicts the fact that (v,¢) is N-maximal. Hence we
have proved that there exists v € K such that (z,0) < (v,t), which means that

[S()x =2l < et.

Since v € K, we deduce that dist (S(t)z; K) < et. As ¢ is arbitrary and K is
closed, we get the conclusion.

The hypothesis that S(¢) is nonexpansive is not essential. More precisely, if
there exists a € Ry such that ||S(t)vy — S(t)ve| < e™|lvy — va for each ¢ > 0
and v1,vy € M, then we can get the same conclusion repeating the proof above
by considering the preorder (v1,t1) = (va,t2) if t1 < to and ||S(t2 — t1)v1 — v2|| <
(e/a)(er(t2=1) — 1),

Problem 2.2.1. Let us first assume that K is closed relative to D. Then there
exists a closed set Ky such that K = D N Kj. Since D is open, for each x € D
there exists r, > 0 such that D(z,r;) € D. As D(z,r,) N Ky = D(z,r,) N K
and D(x,r,) N Ky is closed, it follows that D(x,r,) N K is closed, as claimed.
Conversely, if K is locally closed, it follows that for each x € K there exists r,, > 0
such that K N D(z,r;) is closed. Let us denote by B(z,r;) the open ball with
center x and radius r, and let us observe that D = U,cx B(z,7;) is open and
K C D. We will show that K is closed relative to D. To this aim, we will prove
that K = DNK. Since the inclusion X C DNK is obvious, it remains to show that
DNK CK. Let £ € DN K be arbitrary. As & € D, there exists z € K such that
¢ € B(w,r;). On the other hand, since ¢ € K, there exists (£,), with &, € K for
n=1,2,... and lim, &, = . Since B(z,r,) is open, we may assume without loss
of generality that &, € B(z,r;) for n = 1,2,.... Accordingly, &, € K N D(z,ry)
forn =1,2,.... Taking into account that K N D(x,r,) is closed, we conclude that
£ e KND(x,r,) and hence € € K, as claimed.

Problem 2.3.1. Let us observe that, by Definition 2.3.1, E € T8k (&) if and
only if, for each p > 0, we have

m

1
lim inf — di E:KnD =
i in hdlst(f—i—h s KND(Ep) =0,
relation equivalent to

1
sup inf —dist(§+hE;KND(E,p)) =0.
5>0 he(0,8) b

In its turn, this relation is equivalent to: for each § > 0 and each € > 0, there
exists h € (0, ) such that

dist (§ + hE; KN D(E, p)) < €h.
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Since dist (C; D) < « if and only if there exist x € C' and y € D(0, ) such that
x4y € D, we finally deduce that E € T8k (§) if and only if for each p > 0, each
0 > 0 and each € > 0, there exist h € (0,0), n € E and p € D(0,¢) such that

§+hn+hpe KND(,p),

and so (i) is equivalent to (iii).

Now, to prove that (iii) implies (iv), let us take in (iii) p = = e = 1, for
n=1,2,.... It follows that there exist (h, ), in Ry, with h,, | 0, (
(Pn)n, in X, with lim,, p,, = 0, and such that

1
E+ hptn + hppn € KN D (§,n>

for n =1,2,.... From ||hpnn + hppnl| < % and h,p, — 0 we get h,n, — 0, and
thus (iv) is fulfilled.

Conversely, let us assume that (iv) holds. Let p > 0, § > 0, and € > 0. Then,
there exists ng € N such that hy, € (0,9), pn, € D(0,€), &+ hngMng + PngPny € K
and

1o ng + hingPro || < p-

Therefore & + hpfing + AngPn, € K N D(&, p), hence (iii) is satisfied. Since the
equivalence between (i) and (ii) is straightforward, the proof is complete.

Problem 2.3.2. Arguing as in the proof of Problem 2.3.1, we deduce that
conditions (ii), (iii) and (iv) are equivalent. On the other hand, since A C B
implies dist (z; A) > dist (x; B), it follows that whenever E € T8k (£) we have (ii).
Next we show that, for each bounded set E, the converse implication is true. Let
E € B(X) satisfying (ii). But (ii) and (v) are equivalent and thus there exist three
sequences, (hy), in Ry, with by, | 0, (,)n in E and (pp,), in X, with lim,, p, =0,
such that

E+ hynn + hypp, € K.

Since F is bounded, it follows that lim,, h,n, = 0 and, in view of the equivalence
between (i) and (iv) in Problem 2.3.1, we get E € T8k (). Since the equivalence
between (iv) and (v) is obvious, the proof is complete.

Problem 2.3.3. Let ¢ > distyp(B;C). Then, ¢ > e¢(B;C) and € > ¢(C; B).
Therefore, B C C' + D(0,¢) and C C B + D(0,¢). Consequently

inf{e >0;BC C+ D(0,e), CC B+ D(0,¢e)} <distyp(B;C).
To prove the converse inequality, we first show that
e(B;C) =inf{e > 0; BC C+ D(0,¢)}. (14.2.2)

Indeed, ¢ > e(B;C) if and only if € > sup,¢p dist (; C) which is equivalent to
B C C + D(0,¢). So, inf{e > 0; B C C+ D(0,e)} < e(B;C). Next, if e > 0 is
such that B C C' + D(0,¢), then e(B;C) < e. Thus

e(B;C) <inf{e >0; BC C+ D(0,¢)}
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and this completes the proof of (14.2.2). Let
d=1inf{e > 0; BC C+ D(0,e), C C B+ D(0,¢)}.

By (14.2.2), we have both e(C; B) < d and e(B;C) < d and so distgp(B;C) < d,
and this completes the proof.

Problem 2.3.4. Let us denote by d = sup,cx (dist (z;C) — dist (z; B)) and
by dist (z;y) = || — y||. We begin by checking that e(B;C) < d. Let x € B and
€ > 0. We have

dist (x; C') = dist (z;C) — dist (z; B) <d < d+¢
which shows that z € C'+ D(0,d+¢). Hence B C C'+ D(0,d+¢) and, since € > 0
is arbitrary, in view of (14.2.2), we get e(B;C) < d.

To prove the converse inequality, i.e., e(B;C) > d, let € > 0, let 2 € X and
choose b € B such that dist (z;b) < dist (x; B) +¢/2. Next, choose ¢ € C such that
dist (b; ¢) < dist (b; C) + /2 < e(B; C) + /2. We have

dist (z; C) < dist (z;¢) < dist (z;b) + dist (b; ¢) < dist (z; B) + e(B;C) + <.
Therefore

dist (x; C') — dist (z; B) < e(B;C) +¢.
But both € > 0 and = € X were arbitrary, and thus d < e(B; (). But
max { sup {dist (z; C') — dist (x; B)}, sup{dist (z; B) — dist (x; C’)}}
zeX zeX

= sup |dist (z; C) — dist (x; B)| .
zeX
The proof is complete.
Problem 2.3.5. Since (i)~(v) are simple consequences of Definition 2.3.1, we
confine ourselves only to the proof of (vi). To check (vi), let E € B(X) and let
(Epn)n be such that E,, € T8k (€) forn =1,2,... and

ligne(En; E)=0.
Let e > 0 and fix n =1,2,... such that
e(En; E) <e.
Since E,, € T8k (§), in view of the equivalence between (i) and (ii) in Problem 2.3.2,
there exist 7, € E,, and h,, € (0,¢) such that
dist (§ + hpin; K) < hpe.
Since e(E,; F) < e, there exists 1, € E such that ||n, — 7,|| < 2e. We then have
dist (£ + hpnn; K) < dist (€ 4+ hntn; K) + || — mn]| < 3hpe.

But this inequality combined with (iii) in Problem 2.3.2 shows that E € T8k (&)
and this completes the proof.

Problem 2.4.1. If n € K and K is a cone, we have hnp € K for each h > 0.
Therefore liminfy o #dist (0 + hn; K) = 0, which proves that n € Tx(0). Hence
K C Tk(0). To prove the converse inclusion, we have merely to observe that,



294 Solutions to the proposed problems

whenever n ¢ K we have also n ¢ Tx(0). So let n ¢ K. Since K is closed,
dist (n; K) > 0. On the other hand

1 1
Edist (0 + hn; K) = dist (n; EK) = dist (n; K),

which shows that n ¢ T (0). The proof is complete.

Problem 2.4.2. Let E € T8k (§) be compact. Then, we may assume with no
loss of generality that (7,), in (v), Problem 2.3.2, is convergent to some n € E.
We then have & + h,n, + hyop, € K if and only if € + h,n + h,q, € K, where
Gn = Pn + Mn — 1 — 0. In view of Problem 2.3.2, {n} € T8k (&), i.e. n € T (&).

Problem 2.4.3. Clearly K is a closed cone and therefore Tk (0) = K. See
Problem 2.4.1. Let Q = X \ K. Clearly

Q={feC(0,1]);for each t € [0,1], f(¢) > 0}.
For f € Q, we define
f(t) = f(t) = min f(t) = f(t) = f(tmin)-

[0.1]
We have f(tmin) = 0 and therefore f € K and ||f — f|| = mingg 1) f(t). So,
dist (hE; K) < ||hf — hf] = min hf(t) = hmin ()

for each f € F and h > 0. Hence

dist (hE; K) < h;gg fﬁlﬁ f&)=0

and consequently F € T8k (0). Nevertheless ENT g (0) = () simply because E C Q.

Problem 2.4.4. Let (n,), in Tx(§) with lim, 7, = 7. Then ({n,}), is in
T8k (&) and lim, e({n,}; {n}) = 0. In view of (vi) in Problem 2.3.5, {n} € T8k (&)
which means that n € Tk (£), as claimed.

Problem 2.4.5. Let ) € Tx(&). If n = 0 we have nothing to prove. So let  # 0.
In view of Corollary 2.4.1, there exist (hy)n, hn | 0 and (pn)n, with lim, p, = 0,
such that & + hp,n + hnpn € 3, e, ||€ 4+ hnn + hppn|| =7 for n =1,2,.... Hence

_ ”f +han + hnan2 - ”fHQ

0 2,

and consequently,

h h 2 _ 2 hn 2 _ 2
o = i L6t R+ ol ZNEI _ IE-+harl® U _ )

Thus, if n € Tx(§), we have (&,1)4 = 0. Conversely, if (£,n)4 = 0, we have either
17 = 0 which shows that n € Tx(£), or n # 0. In the latter case, in view of (i) in
Exercise 1.6.1, we have [£,7]4 = 0 which means

Lo e+l = ligl _
h10 h

0.
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Since ||£|| = 7, for each h > 0, we have

§+hn
1€ + hn|

which proves that limy, o $dist (¢ 4+ hn; X) = 0. Thus ) € Fx(£) € Tx(€) and this
completes the proof of (i).

To prove the second assertion just repeat, with minor modifications, the ar-
guments above.

Problem 2.5.1. Let n € Cx (&) and let (&) in K with lim,, &, = &.
The idea is to find (9 )m in Tk (&) with lim,, 7, = 1. This would imply that
n € liminfe ¢, T (€). To this end, let us observe that, since n € Cx (&), for every

tek

1 1
Edist(i—i—hn;i]) < % Hﬁ—i—hn—r

_ | 1€+ Al = [I€]]
- h

e > 0, there exist m. € N and h. > 0 such that, for all 0 < h < h, and m > m,,
we have
dist (&, + hn; K) < he.

Fix m as above and take p, € K with ||u?, — ¢&,, — hn|| < he. Let us consider

— —(,h _

Since ||nf, —nll <&, {n?; 0 < h < h.} is bounded and therefore it has a limit
point 7, as h | 0. In its turn, 7, satisfies |7, —n|| < e. A simple computational
argument shows that 7, € Tk (). Since Tk () C Bx (§) for each £ € K, we have
liminf Tk (§) = liminf B g (£)

£—&o £—&o

EEK ¢eK
for each &y € K. If, in addition, K is locally closed, by Lemma 2.2.1, it is proximal.
Then, by Lemma 2.5.1, we have

lim inf BK(S) = GK(&)),

§—&o
tek
and this completes the proof.

Problem 2.6.1. Clearly F' is nonempty, closed and convex values. In addition,
since f;, i = 1,2, are bounded it follows that, for each & € L1(2), F(£) lies and is
bounded in L°°(Q) and thus in L?(2). As a consequence, F'(£) is weakly compact
in L2(Q2). But L2(Q) C L'(Q2), and therefore F(£) is weakly compact in L'(().
To prove that F is strongly-weakly u.s.c. on L'(2), we proceed by contradiction.
So, let us assume that there exists ¢ € L'(€) such that F' is not strongly-weakly
w.s.c. at &. Then, there would exist an open halfspace E in L'(Q) containing F(&)
and a sequence (&), in L*(Q) with lim, &, = £ and F(&,) ¢ E. This means that
there exists a sequence (1,,),, with 1, € F(&,) and n, € L}(Q) \ E. Clearly (7,)n
is uniformly bounded and thus, we may assume with no loss of generality that it
is weakly convergent in L(£2) to some function 1. By Corollary 1.1.1, there exists
a sequence (gn)n, with g, € conv{ng; k > n}, for n = 1,2,... and such that
lim,, g, = n strongly in L'(2). We may assume further that lim, g, = 7 a.e. on
Q. Since fi is Ls.c. and f3 is u.s.c., we conclude that n € F(§) C E. On the other
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hand, we have n € L'(Q)\ E simply because the latter is closed. This contradiction
can be eliminated only if F' is strongly-weakly u.s.c. on L(£), as claimed.

Problem 2.7.1. Except for (ii), which is nothing but an equivalent formula-
tion of Theorem 1.3.1, (i)~(vii) are simple consequences of Definitions 2.7.1 and
2.7.2. It remains to check (viii), i.e., that  is Lipschitz continuous with respect to
the Hausdorff-Pompeiu distance with Lipschitz constant 1 in the case of 8 and 2
in the case of a. We will confine ourselves only to the proof of

1B(B) — B(C)| < distrp (B; C). (14.2.3)
In view of Problem 2.3.3, we have
distgp (B;C) =inf{e > 0; BC C + D(0,e), C C B+ D(0,¢)}

and therefore

B(B) < distyp (B;C) + B(C)

B(C) < distyp (B;C) + B(B),
which completes the proof of (14.2.3).

Problem 2.7.2. If {z1,x2,...,2,} C X is such that B C U, D(x;,¢), then

B =U!" (BN D(z;¢e)) and BN D(x;,¢) € Ba(X), for i =1,2,...,n. Therefore
a(B) < 26(B). Clearly 8(B) < fBy(B). Finally let B € B(Y), B C U, B,
with B; € B.(X) and B;,NB # (0 for i = 1,2,...,n. Let z; € B; N B, for
i=12,...,n.Asz; € Y fori=1,2,...,nand B C U, D(x;,¢€), we conclude
that By (B) < a(B).

Solutions to Chapter 3

Problem 3.4.1. Let us consider a sequence (&, ), in (0, 1), decreasing to 0, and
let ((on,gn,un))n be a sequence of ,-approximate solutions of (3.3.1) on [0, 7]
as given by Lemma 3.3.1. We will show that (u,), has at least one convergent
subsequence in the sup-norm.

First, let us observe that, in view of (iv) (i), (ii) in Lemma 3.3.1 and of (3.3.2),
we have

Jun (1) w</HhM%)M%+AMMM%§ﬂM+D

for each n € N and ¢t € [0,7']. Thus {u,; n € N} is uniformly bounded on [0,T].

Similarly, we get
/n% )l ds

for every n € N and every t,t € [0,T]. Consequently {u,; n € N} is equicon-
tinuous on [0,T]. By virtue of Arzeld-Ascoli Theorem 1.3.6 — we recall that X is
finite dimensional and therefore the uniform boundedness of {u,; n € N} implies
the condition (ii) in Theorem 1.3.6 —, we conclude that there exists a continuous

[l () = un ()] < < (M + 1)t 1]

/Hf%an Dllds| +
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function u : [0,7'] — X such that, on a subsequence, denoted for simplicity also
by (un)n, we have
limw, () = u(t)

uniformly for ¢ € [0,7']. From this point the proof runs exactly as that one of
Theorem 3.2.2.

Problem 3.4.2. Let us consider a sequence (e, ), in (0,1), decreasing to 0,
and let ((on,gn,un))n be a sequence of e,-approximate solutions of (3.3.1) on
[0,T] as given by Lemma 3.3.1. We will show that (u,), is a Cauchy sequence in
the sup-norm.

We have

[un(on () = tum(om(®))]|

< Nn(@n(8)) = wn (8)]| + 1t () — (Ol + [t (8) — (). (14.3.1)
At this point let us observe that, for each n € N and each ¢t € [0,T], we have

[un (8) = un (o (D)) S/ t ||f(un(0n(8)))||ds+/ o lgn ()| ds-

n

In view of (i) and (ii), we deduce that
[un () = un(on ()] < (M +en)(t = on(t)) < (M + 1)ey, (14.3.2)
for each n € N and each ¢ € [7,T']. From the Lipschitz condition (3.2.1)

[[un () = um (B)]] < L/O [[un(om(s)) —um(om(S))HdSJr/o llgn(s) — gm(s)ll ds

for every n,m € N and every ¢ € [0,T]. From (ii) in Lemma 3.3.1, (14.3.1) and
(14.3.2), we get

[t (8) = um (B < TIL(M +1) +1](en +m) + L/O [un(s) —um(s)| ds (14.3.3)

for every n,m € N and every t € [0,T]. By Gronwall’s Lemma 1.8.4, we deduce
[ () = w (1) < TIL(M + 1) + 1)(en + em)e™"

for all n,m € Nand ¢t € [0,T].
But this inequality shows that (u,), is a Cauchy sequence in the sup-norm.
So, there exists a function w : [0,T] — X such that

lirrln Un(s) = u(s)

uniformly for s € [0, T ]. Taking into account of (iii) and of the fact that D(&, p)NK
is closed, we deduce that u(t) € D(§, p) N K for every ¢ € [0,T]. Finally, passing
to the limit for n — oo both sides in the approximate equations

un(t)=£+/0 f(un(an(s)))ds+/o gn(s) ds,
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and observing that lim,, o, (t) = ¢ uniformly for ¢ € [0,T'], we conclude that

:g+AfW@»w

for every t € [0,T'], which completes the proof of Theorem 3.2.3.

Problem 3.4.3. We proceed as in the case of Problem 3.4.1 with the men-
tion that p > 0 should be chosen small enough in order that f(D(&,p) N K) be
relatively compact. Then use Lemma 1.3.1 and the approximate equations (iv) in
Lemma 3.3.1, to deduce the compactness of the cross-sections {u,(t); n € N} for

€ [0,T]. From now on, the proof continues as in the case of Problem 3.4.1.

Problem 3.5.1. We have

—dlst(§+hf( L), K) < dlSt <§+/

T+h

f(0,€) dG;K>

T+h
AfWhO—/ 1(60,€)do

T+h T+h
2@t@+[ jw@m&K>+;[ 1£(0,€) = £(r. )| do.

Since t — f(t, ) is continuous from the right at 7 € I, it follows that the last term
in the inequality above tends to 0 when A | 0. So, if f satisfies (3.5.3) at (7, &) then
f(7,€) € Tr(€). Conversely, if f(7,£) € Tk (£), a similar argument shows that

1 T+h 1
Edist <§+/ £(6,¢) db; K> —dist (€ + hf(7,€); K)

>

T+h
i [ IR0, - Fr ol ds

and thus f satisfies (3.5.3). The proof is complete.

Problem 3.5.2. Let (7,€) € I x K be arbitrary and choose p > 0 and T € I,
T > 7, such that D(§,p) N K is closed and there exists M > 0 such that the
continuous extension F : I x X — X of f satisfies

[F(t u)] < M (14.3.4)

for each t € [7,T] and every u € D(&, p). This is always possible because K is
locally closed and F' continuous.
Next, diminishing 7' > 7, if necessary, we may assume that

(T—7)(M+1)<p. (14.3.5)

We first prove that the conclusion of Lemma 3.5.1 remains true if we replace
T as above with a possible smaller number p € (7,7] which, at this stage, is
allowed to depend on € € (0,1). Then, this being done, by using the Brezis-
Browder Ordering Principle, we will prove that we can take u = T, independent
of e € (0,1).
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In view of Problem 3.5.1, there exist 6 € (0,¢) and p € X, with ||p|| < e, such
that

T+0
E—i-/ £(6,6)do +dp € K.
Set g(0) = £(0,&) and r(0) = p, for § € 7,7+ 4], and let us define u by

¢

ut) =€+ [ £0.9d0+ (-,
for each t € [7,7 + J]. Diminishing ¢ > 0 if necessary, we may assume that

swp (s, u(s) = £, €)] < e

s€[T,7+48]
Thus, the family P45 = {[7,7+ )} (in this case I' = {1}, ¢t; = 7 and s1 = 7+ 9)
and the functions r and w satisfy (i)-(vi) with T substituted by 7 + §. From now
on the proof is similar with that one of Lemma 3.3.1.

Problem 3.5.3. To simplify presentation, we say that a triple (Pr,r,u) as in
Lemma 3.5.1 is called an e-approximate solution defined on [7,T'] for the Cauchy

problem
u'(t) = f(t,u(?))
{ u(r) = &, (14.3.6)
Let (e,,), be a sequence in (0,1), decreasing to 0, and let ((Ph, 7y, up))n be a
sequence of e,-approximate solutions of (14.3.6) defined on [7,T].
We will first show that (uy,), is a Cauchy sequence in the sup-norm. Let n € N
and let us define o, (t) = ¢, for each t € [t7,sI) and 0,(T) = T. We have

m) e m

@) =€+ [ foumlon))ds + [ rats)ds

and therefore, by (v) in Lemma 3.5.1, we conclude

un(t):g+/:

Gn(s) = f(s,un(on(s))) — F(s,un(s)) + rn(s).
)

In view of (iv) and (vi) in Lemma 3.5.1, we have

F(s,un(s))ds + /t Gn(s)ds, (14.3.7)

where

T
/ 1f (s, un(an(s))) = F(s,un(s)) + rn(s)ll ds < 2(T = 7)en.

For a.a. t € [7,T] and all n,k € N, we have
u, (t) — up,(t) = F(t, un(t)) — F(t,up(t)) + Gn(t) — Gi(t).
From (ix), (ii) and (vi) in Exercise 1.6.1, we deduce
+
Cth (lJun () = un (D)) = [n(t) = un(t), uy (8) — up, () ]+
< [un(t) — un(t), F(t un(t)) — F(t,ur(t) ]+
Flun(t) — uk (), Ga(t) - Gi()]4
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< w(ts [Jun(t) = uk () + [Gn(t) = Gr(D)]-

Thus
t

[un () — ur (B)]] < / w(s, [|un(s) — ur(s)l) ds +2(T = 7)(en + ex)-

Recalling that w is a Carathéodory uniqueness function, we conclude that (u,)y
is a Cauchy sequence. Indeed, let us denote by x, x(t) = |Jun(t) — uk(t)|| and by
Yoo = 2(T — 7)(ey, + €k). The last inequality rewrites

t
xn,k(t) S Tn,k + / W(Saxn,k(s)) ds

for each n,k = 1,2,... and ¢t € [7,T]. From Lemma 1.8.3, diminishing 7" > 7 if
necessary, we deduce that lim,, x z,, x(¢) = 0. Equivalently, we have

lim ||up, (t) — ug(¢)|| = 0,
n,k

uniformly for ¢ € [7,T']. So, there exists u € C([7,T']; X) such that
lim w, (t) = u(t)

uniformly for ¢t € [7,T']. Since u, (0, (t)) € D(&, p)NK for eachn € N, D(§, p)NK
is closed, lim,, o, (t) = t uniformly for ¢ € [7,T], it follows that u(t) € D(&,p) N K
and so F(t,u(t)) = f(t,u(t)) for each t € [7,T]. Passing to the limit for n — oo
in the approximate equations (14.3.7), we get

u(t) =€ + / f(s,u(s)) ds,

and this completes the proof.

Problem 3.5.4. The problem reduces to the nonautonomous case considered
in Problem 3.4.1 by introducing the new unknown function z = (¢, u) and the new
right hand side F(z) = (1, f(2)).

Problem 3.5.5. We introduce the new unknown function z = (¢,u) and the
new right hand side F(z) = (1, f(z)). From now on we are in the autonomous case
and we can use Problem 3.4.2.

Solutions to Chapter 4

Problem 4.1.1. Let u : [7,¢] — D be a solution of (4.1.1). Let
Ty, = sup{T € (1,c]; u(t) € K, for each t € [1,T]}.

Since K is closed and u is continuous, it follows that w(7T},) € K. Now, if T,,, < ¢,
using once again the local invariance of K with respect to f, we conclude that there
exists d € (Ty,, ¢] such that u(t) € K for each t € [Ty,,d], thereby contradicting
the maximality of T),. This contradiction can be eliminated only if T}, = ¢, as
claimed.
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Exercise 4.1.1. Let u,v : [7,T] — D be two solutions of (4.1.1). Arguing
as in the proof of Theorem 4.1.2, we deduce that [D,g](t) < w(t, g(t)) for each
t € [7,T) , where g(t) = ||u(t) — v(t)| for t € [7,T]. Thus g = 0, which means
that © = v, as claimed.

Solutions to Chapter 5

Problem 5.3.1. Let Z be the negligible set given by Theorem 2.8.2. Then,
for each (t,§) € (I \ Z) x K and h > 0 with t + h € I, we have

1 1 t+h
st (€ 4 RF(1,€); ) < dist <g+/t £(0,€) d9;K>

1 t+h
i s — [ rw.gas

t+h t+h
< s (5+ | ree d9;K> w5 [ 6.0 - o).

From Theorem 2.8.2, it follows that the last term in the inequality above tends to
0 when h | 0. So, if f satisfies (5.3.1) at (¢, &) then it satisfies (5.2.1). Conversely,
if f satisfies (5.2.1), a similar argument shows that

1 t+h 1
Edist <5+/t 1(6,€) d9;K> < Edist (E+nhf(t,&);K)

t+h
[ 1009 - o) ap

and thus f satisfies (5.3.1). The proof is complete.
Problem 5.4.1. With the notations in Section 5.4, we will show that the
sequence (U, ), given by (5.4.2) is fundamental. We have

Jin6) = (@ < [ 9005 = g (N ds+ [ rals) = 1)

for n,m =1,2,.... A standard calculation involving Lemma 5.3.1 shows that there
exists a double-indexed sequence (Vp,m)n,m, with lim~, , = 0, and such that
n,m

1 (8) = (O < v+ [ L5 (5) (5},

for n,m = 1,2,..., where L is given by Definition 5.2.1. The conclusion follows
from Gronwall Lemma 1.8.4.

Problem 5.4.2. With the notations in Section 5.4, show that the family
{un; n=1,2,...}, where u, is given by (5.4.2), satisfies the hypotheses of Theo-
rem 1.3.6.
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Problem 5.4.3. Just proceed as in the case of Problem 5.4.2, taking advantage
of Lemma 1.3.1

Solutions to Chapter 6

Problem 6.1.1. Let £ € K. Let w: [0,T] — K be an exact solution of (6.1.1).
Then, in view of Theorem 6.1.1, we have v/(t) € F(u(t)) N Tk (u(t)) at each point
of differentiability of w. Thus, there exists at least one sequence (ty); of differen-
tiability points of u such that limy t; = 0. Consequently, we have limy u(tx) = ¢
and this completes the proof.

Problem 6.1.2. Clearly each quasi-weakly compact set is weakly sequentially
closed, wherefrom the conclusion.

Problem 6.1.3. Just repeat the proof of Theorem 6.1.2 by recalling that, in
view of (iv) in Problem 2.3.5, we have F'(§) € T8k () if and only if F(§) € TSk ().

Problem 6.5.1. Suppose that (1,y) € Te(7, ). It follows that there exist two
sequences (hy), and (0,), in R, with h,, | 0, lim,, 6,, = 0, and (¢, ), in X, with
lim,, ¢, = 0, and such that

(7,€) + hn(L,y) + hn(bn, ¢n) € €.

Clearly7 Tn =T + hn + h/nen and gn - §+ hny + hn‘]n SatiSfy the desired condition.
The proof of the other implication is similar.
Problem 6.7.1. The proof is identical with that one of Problem 4.1.1.

Solutions to Chapter 7

Problem 7.2.1. It is convenient to use the characterization of tangency by
sequences, given by Corollary 2.4.1. So, assuming that

(17 w(t> U(t))) € Tepi(v) (tv ’U(t)),

there exist (Apm)m in Ry, and (pm)m, (¢m)m in R, with A, | 0 and lim,, p,, = 0,
lim,,, ¢, = 0, and such that

(t,v(t)) + hm(L,w(t,v(t))) + hn(Pms Gm) € epi(v).
This means that
V(t 4+ A + Apm) < () + hpw(t,v(t)) + AmGm.
Clearly this implies
V(t + hy + ADm) S 0(E) + A+ hpw(t,0(t) + X) + R,

wherefrom the conclusion.

Problem 7.2.2. Let K = {(¢,2);0 <t < T, f(t) < z}. By Theorem 7.2.1 and
Remark 7.2.1, K is viable with respect to the function (¢,y) — (1, M). Therefore,
for 0 < s <t < T we have f(s)+M(t—s) > f(t). Since f is lower semicontinuous,
the inequality above is verified by ¢t = T', too. Therefore, f(t) — f(s) < M(t — s)
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for 0 < s <t < T. On the other hand, since ¢t — t + f(¢) is increasing, it follows
that f(t) — f(s) > —(t — s). So, f is Lipschitz with constant M + 1.

Problem 7.3.1. The condition in hypothesis implies that the set I x epi(w)
is viable with respect to (f,0). Let us define the preorder P : epi(w) ~ epi(w) by

P(x,y) = {(w,v);w(u) —v < w(r) -y}

Since w is continuous, P is closed. The conclusion follows by Lemma 7.3.1.

Exercise 7.9.1. Let (n,t) € epi (Dw(&)) and € > 0. We have Dw(£)(n) < t,
so there exist s € (0,¢) and p € D(0,¢) such that w(E+s(n+p)) —w(§) < s(t+e).
It follows that (€ + s(n + p), w(&) + s(t + €)) € epi(w). Proposition 2.4.2 implies
that (77’ t) € Tepi(w) (65 ’U)(f))

Conversely, let (1,t) € Tepi(w)(§, w(§)). This means that for every e > 0, there
exist s € (0,¢),p € D(0,¢) and h € (—¢,¢) such that ({+t(n+p), w(&)+s(t+h)) €
epi(w), Le., w(E+s(n+p)) —w(€) < s(t-+h). We get (1/s)(w(E+s(1+p))—w(&)) <
t + . This clearly implies that

li inf < [w(€ -+ s(n+1)) — w(€)] <1,
p—0

Le., (n,t) € epi (Dw(§)).
The proof of the second equality is similar and is left to the reader.
Problem 7.9.1. The proof is similar to that one of Problem 7.3.1. Namely,
let us consider the preorder P : epi(w) ~» epi(w) defined by

P, y) = {(w,v);wlu) —v <w(z) -y},

and apply Lemma 7.3.2.

Exercise 7.9.2. The characteristics system is v'(s) = 1, u/(s) = v(s) and has
the solutions v(s) = v(0) + s, u(s) = u(0) + sv(0) + s2/2. The function w does
not satisfy the condition: for every & € R and for every s € (0,+00), w(§) + s <
w(€ + sw(€) + s2/2) because if we take £ = 0 and s € (0,1), we have w(0) + s =
s < 1=w(0)+ sw(0) + s?/2.

Exercise 7.9.3. The characteristics system is v'(s) = —1 v/(s) = v(s) and
has the solutions v(s) = v(0) — s, u(s) = u(0) + sv(0) — s2/2. The function w does
not satisfy the condition: for every & € R and for every s € (0,+00), w(§) — s <
w(& + sw(€) — s2/2) because, if we take £ = 0 and s € (0,1), we have w(0) — s =
—5> —1=w(0) + sw(0) — s%/2.

Solutions to Chapter 8
Problem 8.5.1. In this specific case, the tangency condition (8.5.3), i.e.,

R
linnf dist (. S(0)g) + (L. F(7,€))5 T x K) =0,
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holds if and only if
A Lo
hIIIllllOnf Edlbt (S(h)¢+hf(r,&);K) =0,

since in our case, i.e., I open (to the right), we have liminfy, o +dist (7 +h; ) = 0.
Solutions to Chapter 9

Problem 9.1.1. As in the case of Proposition 9.1.1, except for (vi), the re-
maining properties are direct consequences of the simple remark that E € ‘3’8}4((5 )
if and only if there exist three sequences, (hy,), in Ry, with h, | 0, (9,), in F
and (pp), in X with lim, p,, = 0 and such that

hn
S(hn)€ + / S(hy — $)nn ds + hyp, € K
0

for n =1,2,.... To prove (vi), let (n,)n in E, h,, | 0 and (p,), with lim, p, =0
as above. Since F is compact, we may assume with no loss of generality that there
exists n € F such that lim, n, = 1. Since

hn,
S(hn)é +/ S(hy, — s)nds + hpqn € K,

where ¢, = h% foh" S(hp —8)[Mn —n]ds+p, forn=1,2,..., and

hm—/ [ —m]ds =0,

we get the conclusion.

Problem 9.1.2. In view of (iv) in Proposition 9.1.1, we have E € QT8%(¢)
if and only if E € Q‘J'S}‘}(ﬁ). So, to get the conclusion of Theorem 9.1.1, it suffices
to show that F(€) € QT84 (¢). From now on the proof is similar to the one of
Theorem 9.1.1.

Solutions to Chapter 10

Problem 10.1.1. Let £ € D(A), let n € T4 (£) and let us define the operator
A, :D(A,) C X — X by D(A,;) = D(A) and A,z = Az + n for each € D(A).
Then u(h,0,&,n) = S, (h)¢ for each h > 0, where S, (t) : D(A,) — D(A,) is the
semigroup of nonlinear contractions generated by A,. Since £ € D(A,;), we have

tn 3 (u(0,0,€,1) = €) = A€+

But this shows that
RN N
hr;blilonf EdlSt (u(h,0,&,n); K) = 111}111l10nf EdlSt (€4 h(AE+1); K)

and this completes the proof.
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Problem 10.1.2. If A is linear, the C%-solution u(-,0,&,7) is in fact a mild
solution, i.e., it is given by

h
a(h,0,€,m) = S(h)E + / S(h— sy ds

for each h > 0, wherefrom the conclusion.
Problem 10.5.1. This follows from the simple observation that, for { = (7, &),
the solution z of the Cauchy problem

{ Z'(s) € Az(s) + F(C)
A0) =,
is given by z(s) = (7 +s,u(s,0,&, f(7.€))) = (T +s,u(T +5,7.&, f(7,€))), for each
s € R+.

Problem 10.10.1. Just follow the very same lines as those in the proof of
Problem 4.1.1.

Solutions to Chapter 11

Problem 11.1.1. Clearly, if there exists € E with n € T4 (€), we have E €
‘J'S‘;}(f). To prove the converse statement, let us first observe that E € ‘J’S‘;}(f) N
B(X) if and only if there exist three sequences (hy,)y, in Ry, (n)n in E and (pn)n
in X with h,, | 0, lim,, p,, = 0 and such that

U(hmovf,ﬂn) + hnpn eK

forn=1,2,.... Since F is compact, we may assume that there exists n € E such
that lim,, , = n. Inasmuch as, by (1.6.5), we have

[P, 0,8, mn) = w(ha, 0,& 0| < hn [l =l
it follows that
u(hn,0,€,m) + hngn € K

forn=1,2,..., where ¢, = %(u(hn,o,ﬁ,nn) —u(hn,0,€,1)) + pp. Finally, since
lim,, g, = 0, it follows that n EV’J'I‘%({), as claimed.

Problem 11.1.2. From (ii) in Remark 11.1.1, we deduce that E € T84 (€) if
and only if E € T84(€). So, to get the conclusion of Theorem 11.1.1, it suffices to
show that F(€) € T84 (¢). From now on just repeat the proof of Theorem 11.1.1.

Problem 11.2.1. First let us observe that whenever A is linear, a function
u(-,7,&, f) is a C%-solution of

{ u'(t) = Au(t) + f(t)
u(r) =¢,

on [7,T], if and only if it is a mild solution of the same problem, on [7,T], i.e.,

u(t, 7, &, f) = S(t—T)f—i-/ S(t—s)f(s)ds
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for each t € [0,T]. See Remark 1.6.1. Thus, in this case, the mild solution oper-
ator, f — u(-,7,€, f), is linear continuous from L(7,T;X) — C([7,T]; X) and
therefore its graph is closed. But the graph is convex and hence it follows that it
is weakly-strongly sequentially closed, as claimed.

Problem 11.2.2. In view of (i) in Exercise 1.6.1 and (i) in Proposition 1.6.1,
we have (z,y)+ = (y, J(z)) for each z € X. Let (f,)n be a sequence in L' (7, T; X)
with lim,, f, = f weakly in L*(7,T;X) and lim, u(t,7,&, f,) = u(t) uniformly
for t € [7,T]. We denote by u,(t) = u(t,7,&, fn), for n = 1,2,.... Then, by
Theorem 1.6.3, we have

lun () = @[|* < flun(s) = @I|* + 2/ (fn(0) +y, J(un(0) — x)) dO

for each z € D(A), each y € Az and each 7 < s < ¢ < T'. Passing to the limit for
n — oo and taking into account that, by Theorem 1.1.4, J is uniformly continuous
on bounded subsets in X, we conclude that

[0 - ol < [a(s) ~ 2l +2 [ (7(6) + 1, (@(6) ~ ) 0

for each x € D(A), each y € Az and each 7 < s < t < T. Using once again
Theorem 1.6.3, we deduce that @ = u(-,7,¢&, f), as claimed.

Solutions to Chapter 12

Problem 12.1.1. From 1.6.5, we have
T+h

1S5y (W)€ — ulr + o€, F(,E))]| < / 1£(5.€) — F(r.&)]|ds

T

for each (7,€) € I x K and h > 0 with 7 4+ h € I. The conclusion follows directly
from Theorem 2.8.5.

Solutions to Chapter 13

Problem 13.1.1. In view of Lemma 13.1.1, we have T (¢) C T4 (€), and
therefore it suffices to show that T4 (¢£) C Tk (€). Since, for each t € R, G(t) is an
isometry, we have

dist (€ + hp; K) = dist (G(R)€ + hG(h)n; G(R)K) = dist (G(h)E + hG(h)n; K).

The conclusion follows from Proposition 8.1.1.
Problem 13.1.2. If S(¢t)K C K for each ¢ > 0, we have

R
lll}glllonf EdlSt (S(h)¢; K)=0

and thus 0 € T2 () for each ¢ € K. Conversely, if 0 € T7 (&) for each & € K then,
in view of Theorems 8.2.6 and 8.8.2, for each £ € K, there exists at least one global
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mild solution w : [0,00) — K of the problem u/(t) = Au(t), u(0) = £. Since the
unique mild solution of this problem is u(t) = S(¢)&, this completes the proof.

Problem 13.2.1. Let (u,\) € ‘Ief;i(v) (&,V(£)). Then, there exist three se-
quences, (hy), and (0,), in R and (w,), in X, with h, | 0, lim, 6, = 0,
lim,, w, = 0, and such that

V(S(hp)€+ hn(u+wy)) S V(E) +hn(A+60,) < pp+ hn(A+6,)

for n = 1,2,.... But this yields (u,\) € ‘J'g)i
claimed.

Problem 13.2.2. Corresponding to the function g : X — (—o0,+00] we
introduce the sequence of functions (g )y, for n > 2°P~1C, given by

(& p) whenever V(§) < p, as

= inf — P
gn(z) = inf {g(y) + nflz —y["},

for all z € X.

First, we remark that g,(z) € R for all x € X. This follows easily from the
property of g to be proper. We also notice that, for every x € X, the sequence
(gn(x))r is nondecreasing in R and g,(x) < g(x). Moreover, lim, g,(x) = g(x).
Indeed, using the lower semicontinuity of g, we find for each x € X and € > 0
some ¢ > 0 such that g(y) > g(z) — ¢ whenever ||y — z|| < §. At this point, let us
observe that (13.2.3) implies that, if ||y — z|| > J, we have

9() +nllz —yl” = =CA+ [[y[?) +nlz —yl”
> —C(1+ 2" z|?) + (n — 2071 C)07,
since n > 2P~1C. Tt follows that there exists n(e,x) € N such that
9(y) + nflz —y[|” = g(z) — ¢,

for all y € X and for all n € N, n > n(e, z). Thus g,(z) T g(z) as n — .

To complete the proof it suffices to justify that each function g, : X — R is
Lipschitz continuous on the bounded subsets of X . To this end, fix both n € N and
a bounded subset B of X. As a first step in showing that g,, is Lipschitz continuous
on B, we prove that the set

B={z€ X; Jwe Bsuchthat g(z) +n/z — v||? < gn(v) + 1} (14.13.1)
is bounded in X. By (13.2.3), we derive

~C = nlloll” + (5

5o — C) 217 < g(2) + nllz = o]

< gn(v) + 1 < g(xo0) + nllv — zo|[” + 1,
for all z € B, where the element v € B is related to z € B in the sense of
(14.13.1), and choosing some fixed zg € D(g). Since the set B is bounded and
n > 2P71C, we deduce the boundedness of B. The boundedness of the set B

permits to consider the Lipschitz constant Lp of the function |- || on the bounded
subset B— B ={¢(—mn; £ € B, n € B} of X. Let ,y € B and € € (0,1]. The
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definition of g, (x) yields some z = z(z) € X such that g(z)+n|z—z|? < gn(z)+e,
which means that z € B. Then, by the definition of g,(y), we get
gn(y) < 9(2) +nlly = 2" < gn(2) + e +n(lly — 2" = |z = 2[]")
< gn(x) +e+nLplz—yl.

Letting € — 0, we deduce that g, is Lipschitz on B. The proof is complete.

Problem 13.2.3. We take V : X — R by V(z) = ||z| for every z € X,
g: X — Rbyg(x) =1if |z|| > r and g(z) = ||z||/r if ||z|| < r. We show that
(13.2.4) is satisfied. To prove this fact, let us first take ||| > r. For sufficiently

small h, we have
iV (s (—ggp)) -vee

< [1swen (1- ||£||)+hH IE_H€HH &l

—1
+strgeg -l
This shows that
DV(E)(f(§)+1<0
for every £ € X with ||¢]| > r. By a similar reasoning, we get
pve) e+l <o

for every £ € X with ||£]| <.
Applying Theorem 13.2.1, we conclude that the (V) g) is a Lyapunov pair for
(13.2.1). While ||u(t)|| > r, we have

[u(®)[ < lIg] — 2.
Clearly, ||u(T)|| = r at least for T = ||£]| —r.

Problem 13.8.1. First, let us observe that f is continuous and f(D(0,r))
is relatively compact being bounded and uniformly 2-sumable. Let us assume by
contradiction that there exists T' > 0 such that u'(¢t) = f(u(t)) has a T-periodic
solution u : R — D(0,r). Then

T

T
0= / Ul () ds = ancn +bn | (| (ur(s))il| — )2 ds
0 0

where
oo oo T 2
Z = Z(/ uk(s)ds> < 00.
k=1 k=1 \’0

Hence ||(ux(t))x|| = r, for each t € [0,T'], which is impossible.
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Pettis [144] and Theorem 1.1.4 was proved by Kato [113].

Section 1.2. The Lebesgue-type integral for vector-valued functions was in-
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Arzela—Ascoli Theorem. Theorem 1.3.7 is a simple consequence of the Dunford
Theorem. See Diestel-Uhl [83], Theorem 15, p. 76 and Theorem 1, p. 101. Theo-
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rem 1.4.8 was proved by Lumer-Phillips [122]. For detailed proofs see Vrabie [175].

Section 1.5. The notion of mild solution was introduced by Segal [153] and
imposed under this name by Browder [38]. Theorem 1.5.2 was proved by Vra-
bie [172] in the general case of nonlinear m-dissipative operators. A linear variant
of the latter can be found in Vrabie [175]. Theorem 1.5.3 is due to Baras-Hassan-
Veron [9].

Section 1.6. Except for (x), Exercise 1.6.1 includes Lemma 1.2.2, p. 8 and
Corollary 1.2.1, p. 12 in Lakshmikantham-Leela [119]. We also refer to Pavel [138].
Suggested by the linear case, the notion of C%-solution was introduced by Cran-
dall [75] under the name of mild solution. This was called a DS-limit solution
by Kobayashi [116]. In order to make a net distinction between the linear and
nonlinear case, in this book, we preferred the name of C°-solution used by Showal-
ter [158]. In the case of evolutions driven by m-dissipative operators this turned
out to coincide with the one of integral solution as defined successively by Benilan-
Brezis [18] in the Hilbert space frame, and by Benilan [17] in the general Banach
space frame. Theorems 1.6.2 and 1.6.3 are from Benilan loc. cit., Theorem 1.6.4 is
from Vrabie [172] and Theorem 1.6.5 from Baras [8].

309



310 Bibliographical notes and comments

Section 1.7. The extremely short presentation of the spaces WP () follows
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Rellich-Kodrachov Imbedding Theorem. See Adams [1], Theorem 5.4, p. 97 and
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Chapter 2.

Section 2.1. Theorem 2.1.1 is due to Brezis—Browder [36]. As we have already
seen, this is an ordering principle similar to Zorn’s Lemma, but based on the Axiom
of Dependent Choice which, as shown by Feferman [94], turns out to be strictly
weaker than the Axiom of Choice.

We notice that, in its turn, the Axiom of Dependent Choice implies the Axiom
of Countable Choice stated below, which is sufficient to prove that a lot of re-
markable properties in Real Analysis can be described by means of sequences. We
emphasize that the Axiom of Dependent Choice is “far enough” from the Axiom
of Countable Choice stated below, as shown by Howard—Rubin [110].

The Axiom of Countable Choice. Let § be a nonempty set and let F =
{Fyn; m € N} be a countable family of nonempty subsets in 8. Then, there exists
a sequence (&m)m with the property that &, € Fyy for each m € N.

We notice that, whenever possible, this framework, based on the Axiom of
Dependent Choice, ought to be preferred simply because the results based on this
axiom remain true no matter which initial assumption we make, i.e., no matter if
we assume that either the Axiom of Choice, or its negation, holds true.

In the original formulation of Brezis—Browder Ordering Principle, it is assumed
that N is bounded from above. In order to handle a larger class of applications
this condition has been dropped in Céarji—Ursescu [54], by obtaining the very
slight extension here presented. A simple inspection of the proof shows that the
conclusion of Theorem 2.1.1 remains true if (i) is replaced by the weaker condition:

(j) For any increasing sequence (& )k in 8 with the property that the sequence
(N(&k)) is strictly increasing, there exists some n € 8 such that & =<1
for all k € N.
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For other extensions allowing N to take values in an ordered structure (P, <) whose
chains enjoy countable regularity properties, see Turinici [162] and the references
therein. The proof of Theorem 2.1.1, here included, revealing the deep implica-
tion of the Axiom of Countable Choice, is due to Turinici [163]. The solution of
Problem 2.1.1 is from Brezis—Browder [36].

Section 2.2. The result in Problem 2.2.1 stating that a set K is locally
closed if and only if it is closed relative to some open set D is from Yorke [182].
Lemma 2.2.1 is a slight extension to infinite dimensional spaces of a result due
to Carja—Ursescu [54]. A broader class of proximal sets than that one offered by
Lemma 2.2.1 are the so-called ¢-conver sets studied in finite dimensions by Fed-
erer [93] under the name of “sets with positive rich” in connection with the local
uniqueness of projection and the smoothness of the distance function. This class in-
cludes both weakly closed and convex sets. As proved in Colombo—Goncharov [70],
in Hilbert spaces, the sets with positive rich are nothing but the proximal sets for
which the projection Il is single-valued and continuous on V.

Section 2.3. In order to handle in the most appropriate way viability problems
concerning differential inclusions, Carja—Necula—Vrabie [52] have introduced the
notion of tangent set. We notice that Section 3 is inspired from Carja—Necula—
Vrabie [52].

Section 2.4. The general concept of a tangent vector, as given by Defini-
tion 2.4.1, was introduced independently by Bouligand [32] and Severi [155] in
the very same volume of the very same journal. Problem 2.4.1 is a classical one,
Problem 2.4.2, Examples 2.4.1 and 2.4.2 and Problem 2.4.3 are from Carja—Necula—
Vrabie [52]. The cone Tk (§) was introduced by Bouligand [32], the proof proposed
in Problem 2.4.4 is new, Propositions 2.4.2, 2.4.3 and 2.4.4 are classical and The-
orem 2.4.1 is a variant of a similar result obtained by Quincampoix [149], Corol-
lary 2.3, in the case when K7, K5 are closed subsets in a normed vector space. The
tangency concept in Definition 2.4.2 was defined by Federer [93]. See also Gir-
sanov [101]. A similar tangency concept defined only with topological notions was
introduced by Ursescu [165] in general topological vector spaces. This concept, in
a Banach space X, reduces to the one of Federer [93]. For other kind of tangent
or normal cones, see Mordukhovich [131].

Section 2.5. The notion of metric normal vector to K at £ € K was defined by
Bony [24], the Bony tangent cone to K at £ € K was introduced by Ursescu [169]
and the tangent vector in the sense of Definition 2.5.4 by Clarke [65]. Example 2.5.1
is from Carja—Vrabie [58]. In this general form, Lemma 2.5.1 is new. As far as
we know, (2.5.2) it is also new and extends some previous similar results proved
independently by Ursescu [166] and by Cornet [71] in X = R™. We notice that,
in all the above mentioned results, a weaker inclusion, i.e.,

lim inf T (€) C Cx (&),
=

is obtained. See also Treiman [160] for the proof of the inclusion above in general
Banach spaces. For a similar result see Mordukhovich [131], Theorem 1.9, p. 14.
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We emphasize that there are examples showing that the converse inclusion does not
hold in infinite dimensional Banach spaces. See for instance Treiman [160]. We
notice that Ursescu [166] proves a characterization of Cx(§) in general Banach
spaces, pertaining also an immediate proof of Treiman’s main result in [160].
Problem 2.5.1 is inspired from Cornet [71] and Proposition 2.5.1 is essentially due
to Ursescu [169].

Section 2.6. Theorem 2.6.1 is due to Michael [125], [126]. Lemma 2.6.1 is
classic. Lemma 2.6.2 is a particular case of a general closed graph result due to
Castaing—Valadier [59].

Section 2.7. The presentation of the measures of noncompactness «, of Ku-
ratowski, and (3, of Hausdorff, is inspired from Akhmerov—Kamenskii—Potapov—
Rodkina—Sadovskii [3] and Deimling [77]. Lemmas 2.7.1 and 2.7.2 are due to
Ménch [130].

Section 2.8. Theorem 2.8.1 is a specific form of a Lusin-type continuity result
due to Scorza Dragoni [152]. For more general results see Berliocchi-Lasry [19]
and Kucia [117]. Theorem 2.8.2 is from Cérja-Monteiro Marques [47] and Theo-
rems 2.8.4 and 2.8.5 are new.

Chapter 3.

What we are referring to now as wiability is in fact the actual name of an old
concept introduced for the first time by Nagumo [132] and baptized by him “rechits
zuldsig” in German, whose English translation is “right admissibility”. Although
Nagumo loc. cit proved the complete characterization of the viability of a locally
closed set with respect to a continuous function in a finite dimensional space, one
should not forget the earlier notable contribution of Perron [142] on the subject.
More precisely, as far as we know, the first result in the spirit of what we mean
nowadays by viability is due to Perron loc. cit.. He considered the case

C={(t,u); w1(t) <u<ws(t), t €a,bl},

where wy,ws : [a,b] — R and f : € — R are continuous, and wi(t) < ws(t)
for each t € [a,b]. In fact Perron loc. cit. proved nothing but Nagumo Viability
Theorem 3.5.5 in this specific case, i.e., X = R and C as above. As far as we know,
Nagumo’s result (or variants of it) has been independently rediscovered several
times in the seventies by Bony [24], Brezis [35], Crandall [74], Hartman [106],
Martin [124] and Yorke [182], [183].

Section 3.1. Example 3.1.1 is from Dieudonné [84], Theorem 3.1.1 is a simple
extension to general Banach spaces of the necessity part of the main result in
Nagumo [132], while Theorem 3.1.2 is a slight extension of the former.

Section 3.2. Theorem 3.2.1, which is an easy extension of Theorem 3.2.2,
is new. Theorem 3.2.2 is essentially due to Volkmann [170], who considered the
specific case w(r) = kr, for each r € Ry, where k > 0 is fixed. Theorem 3.2.3 was
proved by Brezis [35], Theorem 3.2.4 by Crandall [74] and Theorem 3.2.6 is due
to Nagumo [132]. Finally, Theorem 3.2.5 is due to Ursescu [169].
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Section 3.3. The idea of using a Zorn’s Lemma-type argument to get approx-
imate solutions in viability appeared first in Gautier [99] who also was the first to
approach an infinite dimensional viability problem. The fact that Brezis—Browder
Theorem 2.1.1 can produce the same effect as Zorn’s Lemma was observed by
Carja—Ursescu [54]. Lemma 3.3.1 is inspired from Deimling [76] and Bothe [26].

Section 3.4. The compactness argument used to prove the convergence of
g-approximate solutions is essentially inspired from Deimling [76] and Bothe [29].

Section 3.5. Theorem 3.5.3 is the infinite dimensional variant of the cele-
brated Nagumo [132] Viability Theorem 3.5.5, Theorem 3.5.4 is a consequence of
Theorem 3.2.3 and Theorem 3.5.7 is a variant of a viability result of Martin [124].
A very general result of this type is due to Turinici [161], where the “dissipativity”
condition in Definition 3.5.4 is satisfied only on I x K and w is merely continuous
and w(t,0) =0 for each ¢t € I.

Section 3.6. Theorem 3.6.1 is a non-open variant of a well known result in
Ordinary Differential Equations. See for instance Vrabie [176]. Theorem 3.6.2 is
new but not surprising. Definition 3.6.1 is adapted from Definition 3.2.5, p. 95 in
Vrabie [173]. Theorem 3.6.3 and Corollary 3.6.1 are new.

Chapter 4.

The results in this chapter are mainly from Cérji-Necula-Vrabie [51].

Section 4.1. The presentation follows both Carja—Necula—Vrabie loc. cit. and
Carja—Vrabie [58]. Theorems 4.1.2 and 4.1.3 are new.

Section 4.2. The exterior tangency condition (4.2.1) was introduced in Carja—
Necula—Vrabie [51], although some particular choices for the comparison func-
tion w were considered earlier in Aubin [5]. Theorem 4.2.1 is from Carjai—Necula—
Vrabie loc. cit..

Section 4.3. The two concepts of (D, K)-Lipschitz and of (D, K)-dissipative
functions were introduced by Cérja—Necula—Vrabie [51]. Theorems 4.3.1 and 4.3.2
are also from Carja—Necula—Vrabie loc. cit. We notice that a condition similar to
(4.3.1), with £ replaced by &, mx(§) replaced by & and &1,& € V, was used
previously by Kenmochi-Takahashi [114].

Section 4.4. Theorems 4.4.1 and 4.4.2 are from Cérjd—Necula—Vrabie [51].
Example 4.4.1 is adapted from Aubin-Cellina [6], p. 203.

Section 4.5. Proposition 4.5.1 and Corollaries 4.5.1, 4.5.2 are new.

Chapter 5.

The first viability result in the case of a single-valued Carathéodory right-hand
side is due to Ursescu [167].

Section 5.1. Theorem 5.1.1 is an infinite dimensional version of the necessity
part of the main result in Ursescu [167] and Theorem 5.1.2 is new. Example 5.1.1
is from Bothe [25].

Section 5.2. Theorems 5.2.1, 5.2.2 and 5.2.3 extend the results in Section 3.5
to Carathéodory functions defined on cylindrical domains. Theorem 5.2.4 is due
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to Ursescu [167]. Theorem 5.2.5 is an extension of Ursescu loc. cit. which contains
only the equivalence between (ii) and (iv) in the above mentioned theorem. We
notice that, as we can see from Carja—Monteiro Marques [48], in the case of a
Carathéodory function, the fact that the tangency condition (5.2.1) holds for each
(t,€) € I\ 2) x K, with Z independent of £ € K, is equivalent to the fact that
(5.2.1) holds for each { € K and each ¢t € I\ Z¢, where Z; is a negligible set
depending on ¢ € K.

Section 5.3. Proposition 5.3.1 is from Carja—Vrabie [58], Lemma 5.3.1 is new
and inspired from Carja—Vrabie loc. cit.

Section 5.4. The proof of Theorem 5.2.1 is a refinement of the proof of
Theorem 3.2.2.

Section 5.5. Theorems 5.5.1 and 5.5.2 are new and extend their counterparts
in Cérja—Vrabie [58] referring to the continuous case.

Chapter 6.

The first viability result for the multi-valued case is due to Bebernes—Schuur [12].
We mention that, in 1936, Zaremba [187] proved that if F' : D ~ R™ is u.s.c.
with nonempty compact and convex values and D is open then, for each £ € D,
the differential inclusion (6.1.1) has at least one solution w : [0,7'] — D satisfying
u(0) = €. Tt should be noticed that the concept of solution used by Zaremba loc.
cit. is in the sense of the contingent derivative. More precisely, if v : [0,7] — R"™
is continuous and ¢ € [0,T), the set
Du(t) = {li;nn w St | 0}

is called the contingent derivative of u at t. We say that u : [0,T] — D is a
contingent solution of (6.1.1) if

0 Du(t) C F(u(t)) (15.6.2)

for each ¢t € [0,7). In 1961, Wazewski [181] proved that, if F' is u.s.c. with
nonempty, compact and convex values, u is a contingent solution to (6.1.1) if
and only if w is an exact solution to (6.1.1). So, Zaremba’s existence result is noth-
ing more than the multi-valued counterpart of the Peano [141] Local Existence
Theorem. In the same spirit, the viability result of Bebernes—Schuur loc. cit. is the
multi-valued version of the Nagumo’s Viability Theorem 3.5.5. The tangency con-
dition used by Bebernes—Schuur loc. cit. is equivalent to (6.5.4). See Problem 6.5.1.
Proposition 15.6.1 below, due to Wazewski loc. cit., is in fact a finite dimensional
variant of Theorem 6.1.2.

Proposition 15.6.1. Let K C R"™ be nonempty and locally closed and let
F : K ~ R™ be u.s.c. with nonempty, convex, compact values. Then, for every
¢ € K, and every solution u : [0,T] — K to (6.1.1), with u(0) = &, there exist
n € F(&) and a sequence (tm)m in (0,T) convergent to O such that the sequence

(i(u(tm) - f))m converges to 1.



Bibliographical notes and comments 315

It is interesting to notice that, by using the viability theory developed in
Section 6.5 for the locally closed set K = {(t,u(t)); t € [0,7)} and the multi-
function {1} x F, Carj&Monteiro Marques [48] proved that the condition (15.6.2)
is also equivalent to each one of the following:

(i) Du(t) N F(u(t)) # 0 for each t € [0,T"), or
(ii) convDu(t) N F(u(t)) # 0 for each t € [0,T).

In 1981, Haddad [104] obtained the first result on viability of preorders. In fact,
Haddad adapted the proof of viability of sets in order to obtain viability of pre-
orders. Carja—Ursescu [54] showed that the viability, as well as the invariance of
preorders can be completely described in terms of viability, or invariance of sets.
The structure of the set of all solutions of a differential inclusion on a subset K,
for which IIx has continuous selections, was studied by Plaskacz [146].

As far as the infinite dimensional case is concerned, i.e., the case in which
instead of R™ we are considering an infinite dimensional Banach space X, we
mention the pioneering contribution of Gautier [99]. Firstly, he used Zorn’s Lemma
in order to get approximate solutions defined on an a priori given interval. Secondly,
he used a sufficient weak tangency condition of the form: for each £ € K, there
exist n € F(£), a sequence (hy,)m decreasing to 0 and a sequence (Gum)m weakly
convergent to 0 satisfying |lgm + 1l < 2|0l and & + hm(n + gm) € K for each
m € N. This tangency is far from being necessary for the viability of K. A necessary
and sufficient condition for the viability of K in a more general setting has been
obtained by Cérja—Vrabie [55] by means of the so-called “bounded weak tangency
condition”.

Although not presented here, the Carathéodory case for differential inclu-
sions is well developed and there exists a rather large literature on the subject.
Among the first notable results in this direction we mention those of Tallos [159],
Ledyaev [121], Frankowska—Plaskacz—Rzezuchowski [97]. In all these papers, the-
orems of Scorza Dragoni type are the main tools. Results of the same kind, can
be found in Céarja-Monteiro Marques [48] in the finite dimensional case, and in
Carja—Monteiro Marques [49] in the infinite dimensional setting. There, a tech-
nique of approximation of the multi-function through the Aumann integral mean
is used. The case in which F' is measurable with respect to ¢ and (strongly-weakly)
u.s.c. with respect to u can be carried out with the help of a Measurable Selec-
tion Theorem, as for instance Kuratowski-Ryll-Nardzewski Theorem 3.1.1, p. 86
in Vrabie [173] combined with the special techniques used in Chapter 5.

Section 6.1. Theorem 6.1.1, Corollary 6.1.1 and Lemma 6.1.1 are from Carja—
Necula—Vrabie [52].

Section 6.2. Theorem 6.2.1 is from Cérji—Necula—Vrabie [52], Theorem 6.2.2
is a local, more precise (in the sense that here we deal with exact solutions instead
of a.e. solutions) and more general form (we do not impose any growth condition)
of a result due to Deimling [78], Theorem 6.2.3 is an autonomous version of a
viability result in Bebernes—Schuur [12]. Example 6.2.1 is from Aubin—Cellina [6],
p- 202. The lack of convexity of the values of F' can be, however, compensated
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by an l.s.c. extra-assumption combined with a stronger tangency condition. More
precisely, we have

Theorem 15.6.1. Let K be locally closed and let F' : K ~ R™ be both u.s.c.
and l.s.c. with nonempty and closed values. If F(§) C Tk (&) for each £ € K then
K is viable with respect to F. Moreover, if u is a solution of (6.1.1) then v’ is a

requlated function'®.

See Aubin—Cellina [6], p. 198.

Section 6.3. In this form, Lemma 6.3.1 is from Carja-Necula—Vrabie [52]. Its
proof, using both the set tangency condition: F(§) € T8k (&) for each £ € K, and
Brezis—Browder Theorem 2.1.1, is completely new.

Section 6.4. The proof of the convergence of a sequence of s-approximate
exact solutions is new but standard.

Section 6.5. The extension to the nonautonomous case is also from Céarja—
Necula—Vrabie [52]. We notice that we confined ourselves here merely to the case
of multi-functions which are jointly (strongly-weakly) u.s.c. with respect to all
variables, i.e., with respect to both ¢ and u. For other viability results under some
mixed hypotheses allowing the “nonautonomous” F' to be l.s.c. on some set and
w.s.c. on the complementary set, see Donchev [87].

Section 6.6. The results in this section are from Carja—Necula—Vrabie [52]
too. Theorem 6.6.1 is standard and Theorem 6.6.2 has its roots in Theorem 3.2.3,
p. 96 in Vrabie [173].

Section 6.7. A condition similar to that one in Definition 6.7.2, with £ re-
placed by & and 7g(§) replaced by & with &,& € V, has been used previ-
ously by Carja—Ursescu [54]. A condition, related to the latter, was introduced
by Donchev [86]. This condition is known under the name of one-sided Lipschitz
condition. As in the single-valued case, here (6.7.3) is also automatically satisfied
for each £ € K, and therefore, in Definition 6.7.2, we have only to assume that
(6.7.3) holds for each £ € V' \ K.

A strictly more restrictive Lipschitz condition than the one in Definition 6.7.3,
with £ replaced by & and mx (£) by &2, with &1, & belonging to D, has been first
considered by Filippov [96]. In the same spirit as Filippov loc. cit., Kobayashi [116]
has used a dissipative type condition even more restrictive. It is easy to see that
if F is either (D, K)-Lipschitz, or (D, K)-dissipative, then it has the compari-
son property with respect to (D, K). We notice that there are examples showing
that there exist multi-functions F' which, although neither (D, K)-Lipschitz, nor
(D, K)-dissipative, have the comparison property. See for instance the “single-
valued” Examples 4.3.1 and 4.3.2. For other invariance results in the case X = R"

I5A function is regulated if it is uniform limit of step functions.
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and F' : I x X ~ X satisfying an one-sided Lipschitz condition, see Donchev—
Rios—Wolenski [88].

Chapter 7.

Section 7.1. Proposition 7.1.1 is due to Roxin [151].

Section 7.2. Theorem 7.2.1 was called to our attention by Ursescu [169]
and provides a characterization of the viability of an epigraph of a certain func-
tion in the terms of a differential inequality. Similar results can be found in
Clarke-Ledyaev-Stern [66], p. 266. Problem 7.2.2 is from Cannarsa—Frankowska—
Sinestrari [43].

Section 7.3. Lemma 7.3.1 and Theorem 7.3.1 are slight extension of some
results in Carja—Ursescu [54], while Lemma 7.3.2, which is a simple generalization
of Lemma 7.3.1, is new.

Section 7.4. Theorem 7.4.1 is inspired from Browder [39] and Crandall [73].

Section 7.5. Theorem 7.5.1 is from Vrabie [178]. For some extensions see
Vrabie [177], [179] and [180].

Section 7.6. The presentation follows Yorke [182]. Propositions 7.6.1~7.6.4,
are from Yorke [182], Theorem 7.6.1 is from Fukuhara [98]'6 but the proof here
presented is due to Yorke [182]. Theorems 7.6.2 and 7.6.3 are from Yorke [182].

Section 7.7. Theorem 7.7.1 was established by Kneser [115] but the proof
herein is from Yorke [182].

Section 7.8. Theorem 7.8.1 is due to Yoshizawa [184], Theorem 7.8.2 is due
to Yorke [182].

Section 7.9. The differentiability concept D was introduced by Severi [156].
See also Ursescu [164].

For specific cases of (7.9.1) as quasilinear, first order partial differential equa-
tions see Goursat [103], Perron [143], Kamke [112], Carathéodory [44], Courant—
Hilbert [72]. For Bellman equations which are also particular cases of (7.9.1) see
Bellman [14], [15], [16], Pontryagin-Boltyanskii- Gamkrelidze— Mishchenko [147],
Boltyanskii [22], [23], Gonzalez [102], H4jek [105], Cesari [60], Clarke—Vinter [68].
Among other particular but important instances of (7.9.1) we also mention the
eikonal equation. See Ishii [111].

As far as we know, the differentiability concept of Severi is the least restrictive
for which the characterization in Theorem 7.9.1 holds true. Every other differ-
entiability concepts used in the literature devoted to particular cases of equation
(7.9.1) implies the classical Fréchet, better referred to as the Stolz—Young—Fréchet—
Hadamard, differentiability. We emphasize that w is Fréchet differentiable at x if
and only if both w is Severi differentiable at x, and the Severi differential Dw(x)
is linear on R™.

The property (C7) is related to the so-called weakly decreasing systems dis-
cussed in Clarke-Ledyaev—Stern—Wolenski [67], p. 211, which in turn are related to
the Lyapunov theory of stabilization. See also Clarke—Ledyaev—Stern—Wolenski loc.

16T he old English transliteration of the Japanese name Hukuhara.
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cit., p. 208. The examples in Exercises 7.9.2 and 7.9.3 are from Cérja—Ursescu [54].
For an extension of the characteristics method to mild solutions generated by Cy-
semigroups see Ursescu [168].

Chapter 8.

If A # 0, in order to handle also points £ € K which do not belong to D(A),
Pavel [137] introduced the following tangency concept : by definition € F¢(¢) if

1
1}3101 EdlSt (S(h)¢+ hn; K) = 0. (15.8.3)

One may easily see that F2(€) is in fact an “A-variant” of the tangent cone of
Federer [93] and F4 (£) C T#(€). More precisely, Pavel [137] shows that, whenever
K is locally closed, A generates a compact Cy-semigroup and f is continuous on
I x K, a necessary and sufficient condition for viability is

linn %dist (S(h)E + hf(r )i K) = 0 (15.8.4)

for each (1,¢) € I x K. We notice that, whenever £ € K N D(A), the tangency
condition above is equivalent to

lim st (€ + A(A€ + (1, €)); K) = 0

which is nothing else than a stronger form of the Nagumo’s tangency condition,
Le, AE+ f(1,€) € F () for each £ € KND(A). However, there are cases in which
K is not included in D(A), or even K N D(A) is empty and in these cases we can
use only (15.8.4). This happens for instance if K is the trajectory of a nowhere
differentiable C-solution of (8.1.1).

Concerning T4 (£) (see Definition 8.1.3), as we have already noticed, if A =0,
it is nothing but the contingent cone at £ € K in the sense of Bouligand [32].

A necessary and sufficient condition for the existence of monotone solutions
of semilinear differential inclusions has been obtained by Chig-Ster [61].

Section 8.1. Proposition 8.1.2 and Theorem 8.1.1 are due to Pavel [137],
[138], while Theorem 8.1.2 is nothing but a more precise reformulation of Theo-
rem 8.1.1.

Section 8.2. Theorem 8.2.1 is from Burlicai-Rosu [41] and handles into a uni-
tary frame several previous viability results of different topological nature. Namely,
it includes results referring to both g-compact or Lipschitz perturbations of in-
finitesimal generators of arbitrary Cp-semigroups, as Theorem 8.2.2, and to con-
tinuous perturbations of infinitesimal generators of compact Cy-semigroups, as
Theorem 8.2.3, which is essentially due to Pavel [137]. See also Burlici—Rosu [42].
Theorems 8.2.4, 8.2.5 and 8.2.6 are immediate consequences of Theorem 8.2.2 but
we were not able to establish their origins.

Section 8.3. Lemma 8.3.1 is from Carja—Vrabie [55].

Section 8.4. The proof of the convergence of a suitably chosen sequence of &-
approximate mild solutions in the case of Theorem 8.2.1 follows Burlicd-Rosu [42].
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Section 8.5. The results in this section, based on the classical trick of reducing
the nonautonomous case to the autonomous one by introducing t as an extra
unknown, are simple consequences of the main theorems in Sections 8.1 and 8.2.

Section 8.6. Theorems 8.6.1 and 8.6.2 are due to Burlicd-Rosu [42] and
extend some earlier existence results in Burlica-Rosu [40] referring to the simpler
case in which the domain of definition of the perturbation is open.

Section 8.7. The proof of Theorem 8.6.2 follows Burlici-Rosu [42].

Section 8.8. Theorems 8.8.1 and 8.8.2 are simple rephrases of some classic
results, while Theorem 8.8.3 is from Burlicd-Rosu [42], but essentially inspired by
Theorem 3.2.3, p. 96 in Vrabie [173].

Chapter 9.

For the semilinear multi-valued case we mention the pioneering works of Pavel-
Vrabie [139] and [140]. Further developments are due to Shi [157], Lupulescu—
Necula [123] and Céarja-Vrabie [55]. See also the references therein.

Section 9.1. The notions of both A-quasi tangent and A-tangent set to a given
set at a given point in Definitions 9.1.3 and 9.1.4 were introduced by Carja—Necula—
Vrabie [52]. Proposition 9.1.1, Theorems 9.1.1 and 9.1.2 are also from Céarja—
Necula—Vrabie loc. cit.. It should be noted that Theorems 9.1.1 and 9.1.2 are the
first general necessary conditions for mild viability avoiding both the compactness
of the values of F' and the use of a weak tangency condition as in Céarja—Vrabie [55].

Section 9.2. Theorems 9.2.1, 9.2.2, 9.2.3 and 9.2.4 are also from Carja—
Necula—Vrabie [52] and can be compared with previous results in Shi [157], where
the viability problem deals with strong instead of mild solutions. A first result in
Shi loc. cit. states that if X is reflexive, K is compact, A generates a compact
differentiable semigroup and F' is u.s.c. with nonempty, compact, convex values,
then the tangency condition F'(€) N T4 (&) # 0 for each £ € K is necessary and
sufficient for the viability of K with respect to A+ F. If X, K and A are as above
but F' is strongly-weakly u.s.c. with bounded closed and convex values, then the
viability of K with respect to A+ F' is equivalent to the tangency condition

SF(E) N TGk (SB)E) # 0

for each t > 0 and ¢ € K, condition which clearly is implied by (9.2.1) but it is
strictly stronger than the latter. Coming back to Theorems 9.2.1~9.2.4, it should
be noticed firstly that we do not assume that X is reflexive. Secondly, we do not
assume that A generates a differentiable semigroup and thirdly, we do not ask F
to have compact values. In addition, in Theorems 9.2.1, 9.2.2 and 9.2.3 we do not
ask K to be compact. Of course, the price (not at all high) to be payed is that the
solutions are merely mild and not strong.

Section 9.3. Lemma 9.3.1 is from Cérjd-Necula—Vrabie [52] and is an “A-
variant” of Lemma 6.3.1.

Sections 9.4~9.6. The proof of the convergence of a suitably chosen sequence
of e-approximate mild solutions, in the case of Theorems 9.2.1, 9.2.3 and 9.2.4, is
also from Carjd—Necula—Vrabie [52].
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Section 9.7. By using the well-known trick of introducing ¢ as a new un-
known, we reduce the quasi-autonomous case to the autonomous one and we take
advantage of the results in Sections 9.1 and 9.2 in order to get necessary and
sufficient conditions for mild viability applicable to quasi-autonomous semilinear
evolution inclusions.

Section 9.8. The results concerning the existence of noncontinuable and
global solutions are also from Céarja—Necula—Vrabie [52] and are simple extensions
to the semilinear evolution inclusions of the corresponding results in Section 6.6.

Chapter 10.

The viability problem for fully nonlinear evolution equations, i.e. the case in which
both A and f are nonlinear, with A unbounded but f still continuous, has been
considered for the first time by Vrabie [171]. We notice that Vrabie loc. cit. intro-
duced the suitable tangency condition to apply also for points of K which do not
belong to D(A). Namely, the tangency condition introduced in Vrabie loc. cit. is

tim st (u(r -+ A7, €, £(7,€)): K) =0, (15.10.5)

where u(-,7,£,y) = v(-) is the unique C-solution of the Cauchy problem

{ v'(s) € Av(s) +y
o(T) =¢&.

More precisely, Vrabie loc. cit. proved that if A is the generator of a compact
semigroup of nonexpansive operators and (15.10.5) holds uniformly with respect
to (1,€) € I x K, then I x K is C’-viable with respect to A + f. We emphasize
that, whenever A is linear, (15.10.5) is equivalent to

10

1 T+h
lﬁmﬁdmt (S(h)er/T S(T+h5)f(7,§)d5;K> =0

which, in view of Proposition 8.1.2, reduces to the tangency condition (15.8.3)
introduced by Pavel. Subsequent contributions in this context are due to Bothe [27]
who allowed K to depend on t as well. In particular, in the case when K is
independent of ¢, Bothe [27] showed that (15.10.5) with “lim inf” instead of “lim”
is necessary and sufficient for viability.

The case of an evolution equation driven by a single-valued perturbation of am
m-~dissipative operator has also been analyzed by Chis-Ster [63], [62], who proved
sufficient conditions in order for the corresponding evolution equation to have at
least one monotone solution.

Section 10.1. Theorems 10.1.1, 10.1.3 and 10.1.4 are from Carja-Vrabie [57].
Theorem 10.1.2 is from Bothe [27], where it is mentioned without proof.

Section 10.2. Lemma 10.2.1 is a variant of a result in Carja-Vrabie [57].

Sections 10.3~10.4. The proof of the convergence of a suitably chosen se-
quence of e-approximate C-solutions in the case of Theorems 10.1.1 and 10.1.3 is
from Carja-Vrabie [57], while that one in the case of Theorem 10.1.2 is new.
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Section 10.5. Theorems 10.5.1 and 10.5.2 are from Bothe [27] although the
first one has its roots in Vrabie [171]. Theorem 10.5.3 is a simple extension to the
quasi-autonomous case of Theorem 10.1.3.

Section 10.6. Theorem 10.6.1 is from Carja—Vrabie [57], while Theorem 10.6.2
is new and uses some ideas from Vrabie [173].

Section 10.7~10.9. Theorems 10.7.1~10.7.5 as well as their proofs are from
Necula—Vrabie [135].

Section 10.10. Theorems 10.10.1 and 10.10.2 are new and extend some pre-
vious results in Carja—Vrabie [57].

Other viability results referring to continuous perturbations of dissipative (but
not necessarily m-dissipative) operators may be found in Bothe [31]. There, the
author assumes that K C D(A) is closed, f : I x K — X is continuous from the
left with respect to t € I and continuous with respect to x € K, the semigroup
generated by A is compact and both the range condition

A
1}5101 EdlSt (& R(I —hA)) =0, (15.10.6)

for each £ € K and the tangency condition

1
lim inf - dist (€ + R (1,€); RU ~ hA|rp(a))) = 0 (15.10.7)

for each (t,£) € I x K hold, and concludes that I x K is viable with respect to
A+ f.

Chapter 11.

Concerning the nonlinear multi-valued perturbed case, we mention the works of
Bothe [27], Bressan—Staicu [34], Carja—Vrabie [56] and the references therein.
Bothe [27] considers the case of a time-dependent set K and a tangency condi-
tion inspired from Vrabie [171] and which reduces to F(£) € T4 (¢) whenever K
is constant and F is single valued. Bressan—Staicu [34] consider a tangency con-
dition also inspired from Vrabie [171] and which reduces to the latter in many
important specific cases as for instance when F' is single valued and continuous.
Carja—Vrabie [56] allow F' to be strongly-weakly upper semicontinuous but use a
tangency condition expressed in the terms of the weak topology on X.

In the case of a nonlinear m-dissipative operator A, the notions of both A-
quasi tangent and A-tangent set to K at £ € K were introduced by Carja—Necula—
Vrabie [53].

Section 11.1. Theorems 11.1.1 and 11.1.2 are from Cérji—Necula—Vrabie [53].
We note that, as far as we know, Theorems 11.1.1 and 11.1.2 are the first general
necessary condition for C%-viability avoiding the compactness of the values of F.

Section 11.2. Theorem 11.2.1~11.2.4 are also from Carja—Necula—Vrabie [53].

Section 11.3~11.5. Lemma 11.3.1 and the proofs of both Theorems 11.2.1
and 11.2.4 are also inspired from Cérjd—Necula—Vrabie [53].
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Section 11.6. The extension to the quasi autonomous case is standard. The-
orems 11.6.1 and 11.6.2 are immediate corollaries of Theorem 11.1.2, while Theo-
rems 11.6.3~11.6.5 are direct consequences of Theorems 11.2.2~11.2.5.

Section 11.7. Theorems 11.7.1 and 11.7.2 are simple extensions to the fully
nonlinear multi-valued case of Theorems 6.6.1 and 6.6.2.

Chapter 12.

Section 12.1. Theorems 12.1.1~12.1.4 are from Carjd—Vrabie [57]. The suf-
ficiency parts in both Theorems 12.1.1 and 12.1.2 have been later proved by
Bothe [30].

Section 12.2. Lemma 12.2.1 and its proof are from Carja—Vrabie [57].

Sections 12.3~12.4. The proof of the convergence in the case of Theo-
rems 12.1.1~12.1.3 follows also Carja—Vrabie [57].

Section 12.5. Theorems 12.5.1 and 12.5.2 are simple extensions to the fully
nonlinear case of Theorems 5.5.1 and 5.5.2.

Other viability results referring to Carathéodory perturbations of dissipative
operators may be found in Bothe [31]. There, the author uses a stronger tangency
condition which is only sufficient but he considers only dissipative operators which
may lack m-dissipativity. Namely, Bothe loc. cit. assumes that K C D(A) is closed,
f:Ix K — X is almost continuous'”, the semigroup generated by A is compact
and both (15.10.6) and (15.10.7) are satisfied for each (¢,£) € I x K. Then, he
concludes that I x K is viable with respect to A + f.

As we have already pointed out, in the Carathéodory case, it is not possible
to get viability for general locally closed noncylindrical sets €. Therefore, in this
case, we have to impose some extra-conditions on the set €. One way to handle
this problem, observed by Yorke [182] in the continuous case, is to identify € with
the graph of a multi-function K : D(K) C R ~ X, defined by

D(K) = {t € R; there exists z € X with (¢,z) € C}
Kit)={ze X, (t,x) € €} for te€ D(K).

Under these circumstances, the tangency condition
F(r,€) € TE(,6),
with F = (1, f), A = (0, A) and € = graph (K), takes the equivalent form
lir}xlliionf %dist (u(t + h,7,& f(1,€)); K(t+ h)) = 0.
Necessary and sufficient conditions for the viability of such kind of sets, under

additional assumptions on the multi-function K, have been obtained by Bothe [27]
and Necula [133], for the semilinear Carathéodory case, and by Necula [134], for

ITWe recall that f is almost continuous if for each ¢ > 0 there exists a closed set
I. C I with p(I\ I.) < € and such that fj;_xx is continuous.
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the fully nonlinear Carathéodory case. For the case when f is multi-valued, see
Bothe [26].

Chapter 13.

Section 13.1. Lemma 13.1.1 and Theorems 13.1.1 and 13.1.2 are well-known
but we do not know their origins. Theorems 13.1.3 and 13.1.4 are new and appear
for the first time here.

Section 13.2. Lemma 13.2.3 is from Carjai—Motreanu [50]. For a proof in the
specific case p = 2, see Attouch-Azé [4]. Lemma 13.2.2 and Theorem 13.2.1 are
also from Carja—Motreanu loc. cit.

Section 13.3. Theorem 13.3.1, although new, is a simple consequence of the
main result in Burlicdi-Rosu [42].

Section 13.4. Theorem 13.4.1 is from Burlicd-Rosu [42]. We notice that a
similar result holds true if the homogeneous Dirichlet boundary conditions are
replaced with homogeneous Neumann boundary conditions. Also, the comparison
result can be reformulated and proved in the space Cy(€2) x Co(£2), where C(€) is
the space of all continuous functions from € to R, vanishing on the boundary. For
related results we refer to Ladde-Lakshmikantham—Vatsala [118]. For more details
on predator-pray systems see Ainseba—Anita [2] and the references therein. Similar
viability arguments for cooperative semilinear quadratic perturbed systems were
used previously by Bohl-Marek [21].

Section 13.5. As far as we know, Lemma 13.5.1 is due to Benilan [17]. The-
orem 13.5.1 is from Cérjd—Necula—Vrabie [53].

Section 13.6. Theorem 13.6.1 is from Necula—Vrabie [135] and extends Theo-
rem 13.4.1 in two directions. First, it allows the diffusion operators to be nonlinear
and second it allows one of them to be degenerate. For related comparison results
see Ladde-Lakshmikantham—Vatsala [118].

Section 13.7. Theorem 13.7.1 and Corollary 13.7.1, as well as their proofs,
based on viability techniques, are from Carjd-Necula—Vrabie [52]. Similar results,
in the case in which f is Lipschitz but A generates an arbitrary Cy-semigroup,
were obtained recently by Carja [46], by using completely different arguments.

Section 13.8. Theorem 13.8.1 is due to Paicu [136] and is an abstract Banach
space setting variant of an existence result proved in Cagcaval-Vrabie [45]. See
also Vrabie [174] and Hirano-Shioji [108]. Problem 13.8.1 is from Deimling [77],
Exercise 6, p. 85.

Applications of viability and invariance techniques to reaction diffusion sys-
tems and core-shell reaction diffusion systems can be found in Bothe [28] and
[31]. For another concrete application, i.e., the take-of problem of an aircraft in
the presence of windshear see Seube-Moitie-Leitmann [154]. There, the authors
formulate the problem as a differential game and, using viability theory, they show
how, in the given circumstances, to determine safe flight domains for the aircraft.
The flow-invariance of controlled flux sets, as the Enstrophy and Helicity sets,
for the Navier-Stokes equations, has been deducted by Barbu—Pavel [11], working
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with strong solutions and by using viability and invariance methods. For a very
elegant and effective way of obtaining existence and uniqueness, via similar meth-
ods, for the Euler equation for a homogeneous, inviscid, incompressible fluid, see
Bourguignon—Brezis [33].
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a(B) =inf {s > 0;3B1, B, By € B(X), BC UL B,

3 <
ow . L .
aVw = E a;—— in the sense of distributions over R™
i=1

— B(X) the class of all bounded subsets in X
— B_(X) the class of all subsets in X whose diameters do not exceed &
— B(B) = inf {5 >0;dz1,20,. ., 20 € X, BC UL(? D(xi.,s)}
C([r,T; X)={u:[7,T] — X w continuous}
conv C'  the closed convex hull of C'
— conv C — the convex hull of C
— Cue(R") = {u: R" — R; v uniformly continuous and bounded}
diam (B) = sup{||lz —y||; 2,y € B}
— dist (C; D) = infyec,yen |z — v
— dist (z; D) = infyep ||z — yl|
— disty p(B,C) = max {e(B;C),e(C; B)}
dist (z;y) = [l —y||
[D+x](t) = liminfy, o w the Dini right lower derivative of @ at ¢
— Dru= e e
— D u(t) the set of all limit points of b — h™ (u(t + h) — u(t)) for | 0
— D(&, p) — the closed ball with center ¢ and radius p
E={fcL"(R;X); f(s) € FEac.forscR,}
—epi(g) = {(&:1); 9(§) <L, €€ D}, forg: D >R
e(B;C) = sup, ¢z dist (z; C)
— F: K ~ X - the multi-function F : K — 2%
— Fin (X™) — the class of all finite subsets in X~
OF; ¢(t) the boundary of the sct Fy ¢(t)
— Fx(€) — set of all tangent vectors to K at € in the sense of Federer
— H'(Q) =W"(Q)
— H*(Q) = W22()
hyp (g) = {(&,1); 9(&§) >t, €€ D}, forg: D — R
— HL(Q) = W ()
J(x) = {z" € X*; (x,2%) = ||z[|® = ||2*]|*} the duality on X
K the closure of the set K
— |kl =K1+ K2+ -+ B, for k€ = (K1, k2, ..., kn) € N7
— 0K — the boundary of the set K
— L ([0, T); X) = {u:[0,T) = X: ue L'(0,T; X) for cach 0 < T < T}
— LY, T) = L*(r,T;R)
— L. (D ={u: I >R, V[, T]CI, ue L™(r,T)}
LI(n, T3 X) = LY([7, T s X)
— LP(Q)) = LP(C; R)
— LP(; X)) = LP(Q, pn; X) if p is the Lebesgue measure
LP(2, ;X))  the set of all measurable f: Q — X with ||f||” y-integrable
L(X) the space of all lincar bounded opcrators from X to X
— N the set of positive integers
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—Ullex) = sup g <1 U]
N* the sct of positive integers without 0
(£,%, 1)  a measurc space
— QT8 (&) = {E C X; (Vp>0) liminlpno + dist (Se (h)&; K N D(E, p)) = 0}
— QTS% (&) = {E C X; (Vp > 0) liminfy o +dist (Se(h)€; K N D(E, p)) = 0}
R the set of real numbers
— R4 the set of positive real numbers
{8,(t) D(A) — D(A); t > 0} the semigroup generated by A, = A+

— Sp(h)¢ = {S(h)¢+ fh S(h —s)nds; n € E}Y**
— SsE— (0067 0 £
— Se(h)E = {S(h)E+ [ S(h —s)f(s)ds; fe &}
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— Tr(€) = {n € X; liminfy o 3 dist (€ + hn; K) = 0}
— T#(&) = {n € X; liminly 0 +dist (S,(h)& K) = 0}
— T8k (&) ={E C X; (Vp>0) liminfy o 4 dist (€ + RE; K N D(E, p)) }
— T8E(E) ={E C X; (Vp>0) liminfs o +dist (Sp(h)&; K ND(E, p)) =
— (-, 7, &, g(+)) the unique CPsolution of (£} € Au(t) + g(t), u(r) = f
W™P(Q) ={u:Q—>R; D% € LP(Q), for |o| < m}
— VVS" p(Q) — the closure of C§°(2) in W™P(Q))
wol((r, T ] X)={uec LN[§T;X); uec WH([6,T]; X) for § € (v,T)}

— (0.2") = " (x)

z+ C = {y € X; there exists z € C such that y =z + z}
— X" — the topological dual of X

[2,y]- = limaro Hm+hyH*HrH

2 2
— (e y)- = limaro oty 2= o]

— [z, y]+ = limpo

(z.y)+ = limao

2h
HLHLyH*HL\

HJHrhuH2 (e
28

YFor A linecar.
20For A nonlincar.
21For A linear.
22For A nonlincar.
23For A linear.

#For A nonlinear.





