Appendix B. Dynamical systems in infinite dimensional
spaces

B.1. Banach spaces
An abstract ”linear space” X over IR (or C; unless explicitly stated

we shall always refer to IR) is a collection of elements such that for each
21, 292 € X the sum z1 4+ zo € X is defined such that

(1) Zl+22 :ZQ+Z1
and an element 0 € X exists such that
(i) 0+2z2=24+0=2 forall zeX.

Also, for any number a € IR and any element z € X the scalar multi-
plication is defined az € X such that

(iii) 1z=2, forall zeX
(iv) a(bz) = (ab)z =b(az) , forall a,beIR andall zeX
(v) (a+b)z=az+bz, forall a,belR andall 2€X.

A linear space X 1is a "normed linear space” if to each z € X there
corresponds a nonnegative real number | z|| called the "norm” of z which
satisfies
(a) [|z2] =0 < 2=0
(b) |lz1 + 22| < ||z1]] + ||z2ll forall z, 20 € X

(c) ||lez|]| = |a| ||z|| forall a€IR andall zeX

When confusion may arise, we will write || - ||x for the norm on X .
A norm on a linear space X induces a metric via the following distance

dist(z1,22) = ||z1 — z2|| , forall 2z, 20 € X .
It is such that

(d1) dist(z1,22) =0 <= 21 = 29
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(d2) dist(z1,22) = dist(za, 21)
(d3) dist(z1,23) < dist(z1, z2) + dist(z2, 23)

for all 21, 2o, 23 € X.

X endowed with dist is a "metric space”.

A sequence (zp)new in a normed linear space X converges in X if a
z € X exists such that nler;O |zn — 2| = 0.

A sequence (zp)new is a Cauchy sequence in X if for every € > 0 a
v € IN exists such that for any n, m € IN n,m>v : ||z, — zn| <e.

The space X is ”complete” if every Cauchy sequence in X is convergent
in X.

A 7Banach space” X is a complete normed linear space.

For z € X, a normed linear space, the ”open ball” about zg € X with
radius p > 0 is the set B,(29) :={z € X | ||z — 20|l < p}. If AC X then z
is an "interior point” of A if a p > 0 exists so that B,(z) C A.

The set of all interior points of A is called the ”interior” of A and is

usually denoted by A. Clearly 4 C A. A set AC X is “open” if A= A.
A set A C X is ”bounded” if for any z € A a p > 0 exists such that
A C B,(2).
We say that z € X is a ”limit point” of A if a sequence of elements of
A C X exists such that z = lim z,. The ”closure” A of A is the set of all

n—o0

limit points of A. Clearly A C A. A set A is”closed” if A=A. AC X is
"dense” in X if A=X.

Let X be a complete metric space and let A C X . If A= A then A is
a complete subspace of X .

A is "precompact” in X if every sequence of elements of A contains
a Cauchy subsequence; A is ”compact” if every sequence of elements of A
contains a subsequence convergent to a point in A.

In a metric space X we say that A C X is "relatively compact” if A
is compact. A subset A C X which is relatively compact is also precompact.
In a complete metric space X a precompact subset of X is also relatively
compact, and thus the two concepts coincide.

In a complete metric space A is compact iff A is precompact and closed.

In a metric space X, every subset A C X which is compact is also
closed. Every precompact subset A is bounded.

A normed linear space X is ”locally compact” if every closed and
bounded subset is compact.

Consider R" equipped with the Euclidean norm. Then IR" is complete
and locally compact.

A vector space X is said to be "finite dimensional” if there is a positive
integer n € IN such that X contains a set of n linearly independent vectors
whereas any set of n + 1 or more vectors of X is linearly dependent. This
number n is called ”dimension” of the space X .
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If X is not finite dimensional then it is said to be ”infinite dimensional”.

If dim X =n any set of n linearly independent vectors of X is called a
”basis” for X .

If {e1,--,e,} is a basis for X then any x € X has a unique represen-
tation as a linear combination of the basis vectors.

If X is a finite dimensional normed space

M compact <= M closed and bounded.

Thus every finite dimensional normed space is ”locally compact”.
The converse is also true.

Theorem B.1. (F. Riesz) [140] A locally compact linear normed space has
finite dimension.

Every finite dimensional normed space is complete.

A norm || - || on a vector space X is said to be "equivalent” to another
norm || - |, on X if there are positive real numbers a and b such that for
all x € X we have

alzllo < ||zl < bz,

On a finite dimensional vector space all norms are equivalent.

IR" equipped with the Euclidean norm, is a finite dimensional Banach
space.

C([0,1]), the set of all continuous real-valued functions defined on the
closed interval [0,1] C IR is a real Banach space, when equipped with the
norm

|lul| = max |u(z)] , for uwe C([0,1]) .
z€[0,1]

Ck([0,1]), the set of continuous real-valued functions having k € IN
continuous derivatives on [0,1] C IR, with norm

k
llullx = Z max ‘u(s)(x)‘

— z€[0,1]

is a real Banach space (u(®) denotes the derivative of order s of the function
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B.1.1. Ordered Banach spaces

Let E be a real vector space.
An ordering < on F is called linear if

i)z<y = z+z<y+z foral =z y z€FE
(i) 1<y = ax<ay forall z,yeFE, acR;.

A real vector space together with a linear ordering is called an ”ordered
vector space (OVS)” [0].

Let V be an OVS and let P := {x € V | z > 0}. Clearly P has the
following properties

(PL)P+PCP
(P2)IR,PC P
(P3) PN (~P) = {0}

A nonempty subset P of a real vector space V satisfying (P1-P3) is
called a ”cone”.

A cone P is called ”generating” if £E =P — P.

Every cone P in a real vector space F induces a partial linear ordering
on I by

def
r<py & y-—zx €P .

The elements in P := P — {0} are called ”positive” and P is called the
" positive cone” of the ordering.

Consequently for every linear space E there is a one-to-one correspon-
dence between the family of linear orderings and the family of cones.

A set A is said "order convex” whenever x,y € A implies [z,y] C 4,
where

[z, y:={z€E | 2 <z<y} .

A cone is order convex.
Let E = (E,| -|) be a Banach space ordered by a cone P. Then E is
called an ”ordered Banach space (OBS)” if the positive cone is closed.

Proposition B.2. Let E be an ordered Banach space with respect to a cone
P.If P#0 then P is generating.
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The Euclidean space IR" is an ordered Banach space with respect to the
cone IK:=1R" :={z€R" | 2, >0, i=1,---,n}. This cone has a nonempty

interior If{ =R} :={2€R"| 2 >0, i=1,---,n}, hence it is generating.
Let 2 be a nonempty bounded open subset of R™, m > 1. For any
k € IN, we denote by C*(2) the vector space of all uniformly continuous
functions u : € — IR such that all the partial derivatives of order up to k
exist and are uniformly continuous on .
Due to the uniform continuity, each of the derivatives D%y :=

m
Di’ll.., Doy, a=(ag, -, Q) € N, |a|:zai§k,hasaunique
=1

continuous extension over ().
We define

lull = ) max |Du(x)| .

laj<k "€

Equipped with this norm, each Ck(@ is a Banach space. With the
ordering induced by C1(Q) = {u € C(Q) | u(z) > 0, x € Q}, it is an
ordered Banach space.

B.1.2. Functions

Given two sets X and Y, a function F' from X to Y is a rule which
assigns to any element x of a subset D(F) C X a unique y € Y that we
denote by F'(y). This is denoted by

F:(DF)CX)—Y .

D(F) is called the "domain” of F and R(F) = {y € Y |y =
F(z), for some x € D(F)} is the "range” of F.

If R(F) =Y the function is "onto”. If F(z) = F(z') = z = 2/,
then F is ”one-to-one”; in this case there exists an ”inverse function” F~1 :
(R(F) CY) — X such that F71F(z) = 2 for all x € D(F) = R(F~1)
(and FF~Y(y) =y for all y € D(F~1) = R(F)).

The set Gp = {(z,y) e X XY |z € D(F), y=F(x)} is the "graph”
of F.

The identity on X is the function I : X — X defined for all z € X :
I(z)==.

If X is a linear space on R a function F' : (D(F) C X) — IR is also
called a (real) functional on X .

Let X, Y be linear spaces on IR. A function F' : (D(F)C X) — Y
is a ”linear operator” on X if D(F) is a linear subspace of X and
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F(az + B2') = aF (z) + BF(2')

for any =, 2’ € D(F), «a, € R (for a linear function F we shall usually
write Fa for F(z) ).
The "null space”, or "kernel” of a linear operator F is the set

ker(F) :={x € D(F) | Fx =0} .

Clearly 0 € ker(F).

If F: (D(F)C X) — Y is a linear operator between two real linear
spaces X and Y | then R(F) is a vector space. If dimD(F) =n < 400,
then dimR(F) < n. The null space ker(F') is a vector space.

The inverse of a linear operator F : (D(F) C X) — Y exists iff
ker(F) = {0}. If F~! exists it is itself a linear operator. If dimD(F) =n <
+o00, and F~1 exists, then dimR(F) = dimD(F).

Let F : (D(F) ¢ X) — Y, X,Y metric spaces. F' is ”continu-
ous” at xyg € D(F) if for every € > 0 there exists a d(xg,e) > 0 such
that distx(x,z9) < 6 = disty(F(z),F(x9)) < e. Equivalently, if for
every sequence (z,)new C D(F), converging to xg € D(F), the sequence
(F(zn))new CY converges to F(xg).

A function F is said to be ”continuous” if it is continuous at every
xo € D(F). It is said "uniformly continuous” if, in D(F), d(e,xg) can be
chosen independently of zy € D(F).

If S is a compact subset of D(F) and F is continuous on S then F' is
uniformly continuous on S'.

A function F' : (D(F') C X) — X, on a metric space X is a ”contrac-
tion” if R(F) C D(F) and , for some real 0 < o < 1 : dist(F(z), F(z)) <
adist(x,z’) for all z, 2’ € D(F).

Theorem B.3. (Banach-Caccioppoli)[104] Let F' : X — X be a contrac-
tion, X a complete metric space. Then there exists a unique ”fixed point”
xo € X such that

F(.I‘()) =9 -

A contraction on a metric space X is uniformly continuous on X .

A function F' : (D(F) C X) — Y, X, Y normed linear spaces, is
”Lipschitz continuous” at xg € D(F) if a real a(zg) > 0 exists such that
|F(xz) — F(zo)|ly < afz— x| x forall z € By(zo), for some p > 0.

A function F' is said to be Lipschitz continuous on S C D(F) if it is
Lipschitz continuous at each xg € S.

F' is ?uniformly Lipschitz continuous on S”C D(F) if a(zg) can be
chosen independent of zg € S.
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If S is precompact, Lipschitz continuity on S implies uniform Lipschitz
continuity on S'.

A contraction on a normed linear space X is uniformly Lipschitz contin-
uous on X .

If F: X — Y is one-to-one and continuous together with its inverse
then we say that F' is an “homeomorphism” of X onto Y .

Theorem B.4. (Brower)[104] Any continuous function of the closed unit ball
in IR™ into itself must have a fixed point.

Corollary B.5. [104] If A C IR" is homeomorphic to the closed unit ball in
R"™ and f is continuous from A into A, then f has a fixed point in A.

A subset A of a Banach space is ”convex” if for any x, y € A it follows
that tz 4+ (1 —t)y € A for any ¢ € [0,1].

Theorem B.6. (Schauder) [104] If A is a convex, compact subset of a Ba-
nach space X and f : A — A is continuous, then f has a fixed point in

A.

A function F : (D(F) € X) — Y, X and Y metric spaces, is
"bounded” (resp. "compact”) if F' maps bounded sets in D(F') into bounded
sets (resp. precompact sets) in Y .

If X and Y are Banach spaces F' is compact iff for every bounded set
A C D(F), F(A) is compact in Y. If in addition F is continuous it is
called ”completely continuous”.

Corollary B.7. [104] If A is a closed, convex, bounded subset of a Banach
space X and f : A — A is completely continuous, then F has a fixed
point in A.

If X, Y are metric spaces, F : (D(F)C X) — Y, D(F) is compact
and F is continuous on D(F), then F' is uniformly continuous and R(F') is
compact in Y.

Let F : (D(F) C X) — Y be linear, X, Y normed linear spaces.
Then F' is bounded iff

F
| Fz]ly < '
0#£z€D(F) ]l x

In this case the quantity « will be called the "norm” of F and shall be
denoted by ||F]| .
Clearly, for any = € D(F) :

[Fxlly < [F] ] -
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A real n x n matrix A is a bounded linear operator on IR" .

If a normed linear space X is finite dimensional, then every linear operator
on X is bounded.

Let F': (D(F)C X) — Y be a linear operator, X, Y normed linear
spaces. Then F' is continuous iff F' is bounded. If F is continuous at a
point xg € D(F), then F' is continuous, uniformly continuous and uniformly
Lipschitz continuous on D(F).

If F is a bounded linear operator then ker(F) is closed in X .

Let FF: (D(F)Cc X) — Y , X, Y complete metric spaces. We say
that F' is a ”closed operator” if its graph is a closed set in X x Y equipped
with the product metric

distxxy ((z,y), (2',y)) := distx (z,2') + disty (y,y) .

Equivalently if given a Cauchy sequence (z,)new in D(F) C X such
that (Fxy,)nen is Cauchy in Y, then x, — x9 € D(F) and Fz, — Fx
in Y.

B.1.3. Linear operators on Banach spaces

Let now X be a complex Banach space.
For a linear operator F' : (D(F) C X) — X, the resolvent set p(F)
consists of all those A € C such that

(R1) AT — F is one-to-one
(R2) R(M — F) is dense in X
(R3) (AI — F)~! is bounded.

Because of (R2) and (R3), for A\ € p(F), there exists a unique extension
R(\, F) of (\I—F)~! toall of X ; we shall call this extension the "resolvent”
of F at X € p(F).

We notice that if A\ € p(F') then F' is a closed operator iff R(A\] — F) =
X, since (Al — F)~! is then closed bounded and densely defined. In this case
RO\ F)=(\ - F)~".

The 7spectrum” of F is o(F) :={\ € C |\ ¢ p(F)}.. If is seen that
the spectrum may be partitioned as
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The ”point spectrum” o, (F') consists of those A € o(F') such that (A —
F') is not one-to-one; i.e. (AI—F) g =0 for some nonzero g € D(F); then we
say that A\ is an "eigenvalue” of F' and ¢ is a corresponding ”eigenvector”.

The space ker(A — F) is called the eigenspace of A and its dimension
is known as the ”geometric multiplicity” of A. The ”generalized eigenspace”
of A\, M(AI — F) is the smallest closed linear subspace of X that contains
ker((A\ — F)7) for j € IN*; its dimension is called the ”algebraic multiplic-
ity” of A. Evidently the geometric multiplicity of A is at most equal to its
algebraic multiplicity. F' is called ”semisimple” if these two multiplicities
agree for all A\ € 0,(F). An eigenvalue is "simple” if its algebraic multiplicity
equals 1.

The ” continuous spectrum” o.(F') is the set of those A € o(F') for which
ker(AM —F) = {0} and R(M —F) is dense in X but R(\, F') is unbounded.

Finally the "residual spectrum” o, (F) is the set of those A € o(F) for
which ker(A — F) = {0} but R(AI — F) is not dense in X .

Note that the spectrum of a linear operator on a finite dimensional space
is a pure point spectrum , so that the spectrum is made of only eigenvalues.

If X # {0} is a complex Banach space and F is a linear bounded
operator on X , then o(F) #0.

The spectrum o(F') of a bounded linear operator on a complex Banach
space X is compact and lies in the disk given by

AL<IE] -

The ”spectral radius” r(F') of a bounded linear operator F' on a complex
Banach space is the quantity

r(F):= sup [} .
A€o (F)

For a bounded linear operator F we have
r(F) < |7
It can be shown further that
r(F) = lim |[F7|/"

Let X, Y be normed linear spaces and F' : (D(F) C X) — Y a
linear operator. Then if F' is bounded and dimR(F) < +oo, the operator
F is compact. If dim(X) < 400, the operator F' is compact.
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Theorem B.8. [140] A compact linear operator F' on a normed linear space
X has the following properties.

a) Every spectral value X # 0 is an eigenvalue. If dimX = 4oo then
0 € o(F) (but may belong to either o,(F) or o.(F) or even o.(F)).

b) The set of all eigenvalues of F is countable. A = 0 is the only possible
point of accumulation of that set.

c) For A\ # 0 the dimension of any eigenspace of F' is finite.

Let X, Y be OBS’s with positive cones P and @ respectively.

A linear operator F' : X — Y is called "positive” if F(P) C @, and
"strictly positive” if F(P) C Q.

If Y is an OBS with respect to @), and @ has nonempty interior, then
F is called ”strongly positive” if F(P) C é

The following extends Perron-Frobenius theorem to the infinite dimen-
sional case.

Theorem B.9. (Krein-Rutman) [1] Let E be an OBS whose positive cone P
has nonempty interior. Let I be a strongly positive compact linear operator
on E . Then the following is true :

(i) The spectral radius r(F') is positive.

(ii) r(F) is a simple eigenvalue of F' having a positive eigenvector and there
is no other eigenvalue with a positive eigenvector.

(iii) for every y € P the equation
(M — F)z =y

has exactly one positive solution x if A > r(F'), and no positive solution
for A <r(F).
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B.1.4. Dynamical systems and C,-semigroups

For X a Banach space, a family of continuous operators {S(¢), ¢t € R4}
on X is a strongly continuous semigroup of continuous operators if

(i) S(0)=1
(ii)) S(t+71)=S5()S(r) forall ¢, Te€R,
(iii) S(-)x : Ry — X is continuous for any =z € X .

Such a family is usually called a C,-semigroup ((i) and (ii) define a semi-
group; C, refers to (iii)).

Clearly, every C,-semigroup determines a dynamical system in X , and
conversely, by the definition

u(t;z) =S{t)x , telRy , ze€X .

Hence these two concepts are equivalent [215].

A dynamical system {S(t) , t € R4} islinear if S(¢) is a linear bounded
operator on X for every t € R .

If {S(t), t € R4} is alinear dynamical system on a Banach space X,
there exist numbers M > 1, w € IR such that

SOl <Met,  teRy

With each linear dynamical system {S(¢) , t € IR+} on a Banach space
X there is associated a certain linear operator A : (D(4) C X) — X
called its ”infinitesimal generator” defined as follows

1
D(A) := {a: eX ’ there exists the limit lim - [S(¢)z — 2] }

t—0+ 1
Az = 1i ! S(t
z = lim ;[ (t)xr—x] .
Theorem B.10. [179, 26] Let A : (D(A) C X) — X, X a Banach space,

be the infinitesimal generator of a linear dynamical system {S(t) , t € Ry}.
Then

(i) A is a closed linear operator and D(A) is dense
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(ii) D(A) is positive invariant and for every x € D(A)

d
ES(t)x:AS(t)x:S(t)Am ) te Ry .

Theorem B.11. (Hille-Phillips) [129, 26] A linear operator A : (D(A) C
X) — X on a complex Banach space X , is the infinitesimal generator of a
linear dynamical system {S(t), t € Ry} satisfying ||S(t)|| < M e*" for all
teRy | iff

(i) A is closed and D(A) is dense

(ii) every real p > w is in the resolvent set p(A)

M
iii) ||R(p, A)"|| < ———= forall p>w, n=12---
(iii) [ R(p, A)" | =)
1
Notice that condition (iii) is "easy” only if [|[R(u, A)|| < ( ] for all
H—w

h>w.
Here M > 0, and w € IR.
Let {S(t), t € R4} be a linear dynamical system on a complex Banach
space with infinitesimal generator A : (D(A) C X) — X.
The following necessary conditions can be stated

Theorem B.12. [215] If the equilibrium z* = 0 is stable, then no eigenvalue
of A has positive real part. If x* = 0 is asymptotically stable, then every
eigenvalue has negative real part.

Remark. The above theorem cannot be reversed into sufficient conditions
for stability and asymptotic stability in the infinite dimensional case.

On the other hand for linear systems on a Banach space the following
statements are equivalent [215]:

(i) the equilibrium z* =0 is stable
(ii) every motion is stable

(iii) every positive orbit is bounded.
Further, the following statements are equivalent [215]:

(i) the equilibrium z* = 0 is asymptotically stable
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(ii) every motion is GAS.
For nonlinear dynamical systems such coincidences are not generally true.
The next step is to explore the behavior of a linear C,-semigroup

{S(t), t € Ry} for large ¢t that can be anyway drawn from the knowledge
of the spectrum of its infinitesimal generator A : (D(A) C X) — X.

Theorem B.13. [168] Under the above assumptions, for any t € R4
(i) e C a(S(t)
(ii) etor@ c 7,(S(t)) C (el u{0}).

Theorem B.14. [168] If we define

.1
wo = %gg n In |[S(2)]|

we have

R 1
(i) Jim_ < IS = w

(ii) for any w >wy an M(w) >0 exists such that ||S(¢)| < M(w)e*?,
teRy.

(iii) 7(S(t)) = ¥t |, teR,.

The quantity wg(S) is usually called the ”growth bound” of the C,-
semigroup {S(¢), t € R;}. For compact semigroups we may relate wp to
s(A) :=sup{Re A | A€ 0(A)} as a consequence of Theorem B.8 p.248.

Theorem B.15. [168, 215] Suppose that for some to > 0, S(tg) is compact.
Then

wo = s(A4) .

Theorem B.16. [215] Under the above assumptions if the resolvent R(ju, A)
= (I — pA)~! is compact for some pu € (0,Xg), Ao > 0 then every bounded
orbit is precompact.
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B.2. The initial value problem for systems of semilinear parabolic
equations (reaction-diffusion systems)

We shall consider now dynamical systems in Banach spaces defined by
systems of semilinear parabolic equations of the form

(B.1) %u = DAu+ f(u) , in Qx IRy

subject to boundary conditions

0

(Blb) ﬁz 8—u, + a;u; =0, in 09 x R+ R
v

for i =1,---,n, and initial conditions

(B.1o) u(0) = wuyg in Q .

(here 0/0v denotes the outward normal derivative).
We shall assume that

(H1) f : G Cc R" — IR" is a locally Lipschitz continuous function on an
open subset G of IR".

(H2) ©2 is a bounded open connected subset of R™ , m € IN — {0} with a
sufficiently smooth boundary 0f).

(H3) 8;, a; are sufficiently smooth nonnegative functions on 99 such that
a; + 06; >0 on 9. B; =0 means homogeneous Dirichlet boundary
conditions, while o; = 0 means homogeneous Neumann boundary con-
ditions.

(H4) D = diag(d;), d; > 0.

Denote by X the real Banach space C(Q) of continuous vector valued

functions u : @ — IR"™, endowed with the norm

n

lull = sup fui(@)] -

i=1 TEQ
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The space X is a (partially) ordered Banach space with respect to the
cone

Xy ={veX|0<v(z), z€Q}

Note that the order < induced on X by the cone X, , is compatible
with the order < induced on IR™ by the cone IK; i.e.

u<v in X <= u(r)<v(r) in R", forany z€Q .

In an analogous way we may then define v < v and v < v in X, by
the correspondence in IR™ .

As for the finite dimensional case, in the Banach space X we may define
a 7 (local) semiflow” as a mapping

p: SCRyxX — X

where

S={(t,u) e Ry x X |t € J(u):=[0,7F(u)) }
(0 < 77 (u) < +00), having the following properties
(i) p(O;u) =u , forany ue X

(ii) p(t+s;u) = (t; p(s;u)), for any uw € X and for all s € J(u), and t €
J(p(s;u))

(iii) the mapping ¢ — ¢(t;u) is continuous on J(u), for any u € X
(iv) the mapping v — @(¢;u) is continuous in X , for any ¢t € J(u).

Theorem B.17. [169] Assume conditions (H1)-(H4) hold. Then problem
(B.1), (B.1b), (B.10) defines a (local) semiflow ¢ on the Banach space X . For
any ug € X, {¢(t;up), t € J(u)} provides the unique solution of the problem
(B.1), (B.1b), (B.1o) (for homogeneous Dirichlet boundary conditions X :=
{ueCQ)|u=0 on 0Q}). This semiflow satisfies the following properties.

(a) (Maximality) For any ug € X , such that 7 (ug) < +oo, we have

lim t;up)|| = 400 .
Jim p(tiuo)]
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(b) (Compactness) If ug € X is such that the positive orbit T'y(ug) :=
{¢(t;up) |t € Ry} is bounded in X , then T'y(ug) is relatively compact.

A boundary operator B may be defined as

(Bu); 5:51‘8&%'4—0@%’, i=1,---,n on 00 .
1%

Global boundedness of solutions of (B.1), (B.1b) may follow e.g. from
the existence of a bounded invariant region.

A positively invariant region for the local semiflow defined by (B.1),
(B.1Db) is a closed subset ¥ C IR"™ such that for every initial state ug € X ,
having ug(z) € ¥ for any = € Q, ¢(t;up)(x) remains in ¥ for any = € Q
and t € J(up).

Actually when we deal with general third type boundary conditions we
need to be more precise; an invariant region for the initial-boundary value
problem (B1), (B1lb) is a set ¥ C IR" such that if {u(z;t), 2 €Q,t >0}
is a solution of (Bl) with wug(z) € X, for x € Q, and Bu € a¥X on
00 x Ry then u(z;t) € ¥ for € Q, t € Ry [39, 204]; here aX :=
{(alvl, cosapvn) v e E}.

Typically we consider regions ¥ of the form

E::ﬁ{ze]R”|Gj(z)§O}

J

where G are suitable smooth functions on G'.

Theorem B.18. [204] If, at each point z € 0¥ we have

(a) VG,;(z) is a left eigenvector of D, j=1,---,p;

(b) VGj(z)-w=0 forany weR" = w-H(z)w >0 for any we R",
with H the Hessian matrix of G; , j=1,---,p;

(c) VG;(2)- f(2) <0, j=1,---,p;

then ¥ is positively invariant for (B.1), (B.1b).
Conditions (a)-(c) are also necessary conditions for the invariance of ¥, with
a weak inequality in (c).

Remark. Provided the vector field f points into ¥ on 0X we have : (i) if
D is a scalar matrix (D =dI, d € R} ), and ¥ is convex then it is invari-
ant; (ii) otherwise X is invariant if and only if it is a (possibly unbounded)
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parallelogram. The edges of this parallelogram are parallel to the coordinate
axes if and only if D is a diagonal matrix. In this case then the invariance of
the positive cone X, is allowed provided the vector field f points into IK
on JK.

In the sequel we shall assume conditions on f that allow the global
existence of the semiflow for any wy € X, . Further we shall assume that f
is smooth enough so that the solutions u of system (B.1), (B.1b) are classical
solutions, i.e.

ue C* (Qx(0,400), R") N C"° (2 x (0, +00), R")

and satisfies the system in a classical sense.

If we denote by {U(t)up , t € R4} the unique solution of system (B.1),
(B.1b), (B.10) it can be shown [91] that the evolution operator {U(t), t €
IR} is a (nonlinear) C,-semigroup on X (see Section B.1.4).

Note that whenever we do not have global (in time) solutions, properties
(i)-(iii) of Section B.1.4 apply to the maximal interval of existence.

B.2.1. Semilinear quasimonotone parabolic autonomous systems

Here we extend comparison theorems to the parabolic case.

Theorem B.19. [39, 161, 86| Under the assumptions of Theorem B.17, let
further f in system (B.1) be quasimonotone nondecreasing (cooperative) in
K. Let u(x;t) = (uy(z;t), -, un(z;t)) T and v(x;t) = (vi(2;t), -, vn(z;1))T
be classical solutions of the following two inequalities, respectively,

(B.2) %u <D Au+ f(u)
(B.3) 2fv>DAv+f(1j)
' ot — ’

in Q x (0,400), with boundary conditions

0 0
(B.4) /Bi%ui‘i‘aiui Sﬁi%%""aivi , =1, m,

on 09 x (0,+00), and initial conditions such that
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(B.5) ug < v in Q.
Then
(B.6) u<w in QxIRy .

The above theorem implies in particular the monotonicity of the evolution
operator

(B?) UO,U0€X+, ug <vg — U(t)UOSU(t)Uo, t>0 .

If we further assume for f € CY(IK,IR") the hypotheses (F1)-(F3) of
Section A.4.2, then first of all we may actually claim that for any choice of
up € X4, a unique global solution exists for system (B1), (B.1b) subject to
the initial condition uy at ¢ = 0. Hence the family of evolution operators

{U(t), t € Ry} define a (global) flow in X .
Moreover we may state the following

(B.8) Ut)0=0, t>0

(B.9) U)X, C Xy, t>0

Lemma B.20. [161] Under the assumptions of Lemma A.33 the evolution
operator U(t) of system (B.1), (B.1b) is strongly positive for any t > 0; i.e.

o

(B.10) Ut)(Xy)C Xy, t>0
Lemma B.21. [161] Under the assumptions of Lemma A.33
(B.11)  for any g, vo € X4

ug <vg, Uy FEV) — U(t)U()<<U(t)’U0

Lemma B.22. [161] Under the assumptions of Lemma A.34, the evolution
operator U(t) of system (B.1), (B.1b) is strongly concave, for any t > 0.

(B.12)  for any wuo € Xy , and for any o € (0,1) an a = a(ug,0) >0
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exists such that

U(t) (oup) > 1+ a)ocU(t)ug , t>0.

Thus Theorem A.36 applies also for the PDE case, excluding the existence
of more than one nontrivial equilibrium for system (B.1), (B.1b) under the
assumptions of Lemma B.22.

B.2.1.1. The linear case

Let B be a real n x n quasimonotone (cooperative) matrix, i.e. such
that b;; > 0 for i # j, i, j=1,---,n, and consider the linear quasimonotone
parabolic system

(B.13) %v = DAv+ Bv in Q x (0,+00)

subject to the boundary conditions (B.1b).

The evolution operator associated with system (B.13), (B.1b) will be de-
noted by {T'(t), t € Ry }; it generates a (global) semiflow in X . Moreover,
since equation (B.13) is linear, T'(t) will be, for any ¢ € IR, , a linear operator.

Theorem B.23. [1] Consider the following eigenvalue problem for the Laplace
operator A (actually any strongly uniformly elliptic operator)

Adp+rp=0, in Q
(B.14) 9
B—¢+ap=0, on 99
ov

where o, 3 are sufficiently smooth functions in OS2, itself sufficiently smooth.
The eigenvalue problem (B.14) admits a smallest eigenvalue A, which is real
and nonnegative. A unique (normalized) eigenfunction ¢, is associated with
Ao and it can be chosen strictly positive (¢, >0 in Q). If « > 0 on 09,
is not identically zero, then A, > 0; if « = 0 on 0f), then A\, = 0. If

B#0, ¢o >0 in Q.

Theorem B.24. (Separation of variables) [161] Consider system (B.13) sub-
ject to the same boundary conditions on both components of v :

(B.15) B %v +av=0 on 082 x (0,400)
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where o, 3 > 0 are sufficiently smooth real functions defined in 9€). Suppose
that the (B.13), (B.15) is subject to an initial condition of the form

(B.16) v(x;0) = vo(2) = dalx) €, in Q

where ¢, is the unique eigenfunction associated with the first eigenvalue of
problem (B.14), and £ € IK, then the solution of system (B.13), (B.15), (B.16)
is given by

(B.17) v(w;t) = [Ta(t) vo] (¥) = da(@) we(t)

in Q x [0,+00), where we(t), t > 0 is the unique solution of the following
ODE system

d
(B.18) prich (=AaD + B)w t>0

subject to the initial condition

(B.19) w(0) =¢ .

Note that, in the above theorem, we have denoted by {T,(t), t € Ry}
the evolution semigroup of linear operators associated with system (B.13),
(B.15).

Lemma B.25. Let v(t) = T(t)vg, t € IRy be the solution of the linear
system (B.13), (B.1b) subject to the initial condition vy € X, . If B is
quasimonotone (cooperative) irreducible then

(B.20) vEXy, v#0 = v({t)=T{#)ve >0, t>0

ie.

(B.20") T() Xy C Xy .
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Theorem B.26. Consider system (B.13), (B.15).

(i) If, for any X € o(—A\oD+B), we have Re A < 0, then the trivial solution
is GAS in X for system (B.13), (B.15)

(ii) if p=max{Re A | A€ o(—A\o D+ B)} >0 and B is irreducible, then
the trivial solution is unstable. Moreover

(B.21) for any wo € Xy ltim_&nf |1 Tw () voll e >0 .

B.2.1.2. The nonlinear case

FI'Om now on we Shall denote by
Ay, = min min {o;(x
€N 1<i<n{ z( )}

Bm = max max {0;(x)}

z€d) 1<i<n

and by
o = max max {o;(v)}

By = min min {G;(z)}

z€dN) 1<i<n

and by A, (ém), and Aps (¢ar) the corresponding eigenvalues (eigenvectors)
of problem (B.14).

Theorem B.27. [161] Let B be a quasimonotone (cooperative) matrix such
that

(B.22) forany £€IK : f(§) < B¢ .

If, for any A € o(—A, D + B), we have Re A\ < 0, then the trivial
solution is GAS in X for system (B.1), (B.1b).
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Theorem B.28. [161] Let B be a quasimonotone (cooperative) irreducible
matrix such that a § > 0 exists for which

(B.23) forany €K, [IEl <d : f(§) = BE .

If, p=max{Re A | X € o(=AyD + B)} > 0 then the trivial solution is
unstable for system (B.1), (B.1b).

B.2.1.3. Lower and upper solutions.

Existence of nontrivial equilibria

If we deal with quasimonotone reaction-diffusion systems of the form
(B.1), subject to homogeneous Neumann boundary conditions (a; =0, §; #
0, i=1,---,n,in (B.1b)), space homogeneous equilibria are possible, which
are critical points of the vector function f.

Under this assumption it is not difficult to extend Theorem A.37 (Nested
Invariant Rectangles) and Theorem A.38 (Nested Contracting Rectangles) to
the PDE case [39].

When we have general boundary conditions (B.1b), space homogeneous
equilibria are not any more allowed, and we are obliged to extend the definition
of lower and upper solution to the PDE case, explicitly.

An equilibrium solution of system (B.1), (B.1b) is a classical solution
¢ € C*(Q)NCHQ) of system

(B.24) DA¢+f(¢)=0, inQ

subject to the boundary condition

(B.1b) ﬂiaﬂuﬁ—aiu:o, i=1,---,n, on 90 .
1%

A 7lower solution” of system (B.24), (B.1b) is a classical solution ¢ €
C?(Q) N CHQ) of the following inequalities

(B.25) DA+ f(¢) >0, inQ
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(B.25b) @%@ﬁa@igo, 1=1,---,n, on 0N .

The notion of "upper solution” is obtained by reversing the inequalities
in (B.25) and (B.25b).

Lemma B.29. [161] Let ¢ > 0 be a lower solution of system (B.25), (B.25b).
Then {U(t)¢, t € Ry} is monotone nondecreasing in t. Further, if we set

Ni(9):={v e C*Q)NnC*Q) | ¢ is an equilibrium

(B.26)
for (B.1), (B.1b), and ¢ <}

and Ni(¢) # 0, then a ¢_ = min N, () exists such that

limy— oo dist (U(t) ¢, ¢—) =0

Lemma B.30. [161] Let ¢ < 0 be an upper solution of system (B.25),
(B.25b). Then {U(t)¢, t € Ry} is monotone nonincreasing in t. Moreover,
if we set

N_(¢):={v e C*(D)NC'Q) | ¢ is an equilibrium

(B.27) o
for (B.1), (B.1b), and ¢ < ¢} ,

then a ¢, = maxN_(¢) exists such that

lim dist (U(t)$, ¢4) =0 .

t——+oo

Lemma B.31. [161] Let (xx),cn be a monotone increasing sequence of
equilibria of system (B.1), (B.1b) such that for any k € IN, x; > 0 in Q
(in Q for homogeneous Dirichlet boundary conditions). Then a x > 0 in
Q (in Q for homogeneous Dirichlet boundary conditions) exists such that

klim Xk =X, in X . x is itself an equilibrium of system (B.1), (B.1b).
c—+00

Theorem B.32. [137, 139, 161] Let f in system (B.1) satisfy the following
assumptions

(i) a quasimonotone (cooperative), irreducible matrix B exists for which a
0 > 0 exists such that
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forany €K, [[E]| <0 : f(§) = B¢

and

pw=max{Re A | A€ o(-AyD+B)} >0

(ii) a quasimonotone (cooperative) matrix C' exists for which a § > 0 exists
such that

forany £ IK, ||| =6 : f(§) <CE

and

forany A€ o(C) : ReA<0

(iii) (F4) and (F5) of Section A.4.2 .

Then system (B.1), (B.1b) admits a unique nontrivial equilibrium solution
¢>0 in Q (in Q for homogeneous Dirichlet boundary conditions) which is
GAS in X+ .
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B.2.2. Lyapunov methods for PDE ’s, LaSalle Invariance Principle

in Banach space

Suppose we are given a semidynamical system on a closed subset D of a
Banach space X .

As we have seen in the previous sections it may be defined by a C,-
semigroup of nonlinear operators {U(¢); ¢t € R, } acting on D (see Section
B.1.4).

For any u € D, we may define the positive orbit starting from u at
t =0, as usual

T (u):={Ut)ueD|teRy} .

We say that ¢ € D is an equilibrium point for {U(t), t € Ry} if
I (9) = 0.

Stability concepts can be rephrased in a Banach space, with respect to
its norm.

A 7 Lyapunov functional” for the dynamical system {U(¢); t € R4} on
D C X is a continuous real valued function V : D C X — IR such that

V(u) := lim sup % VU#)u)—=V(u)} <0
t—0+

forall ue D.

Theorem B.33. [108] Let {U(t), t € Ry} be a dynamical system on D,
and let 0 be an equilibrium point in D . Suppose V is a Lyapunov function
on D which satisfies

(i) V(0) =0

(ii) V(u) > ¢(||lul|), w € D where ¢ is a continuous strictly increasing func-
tion such that ¢(0) =0 and c¢(r) >0 for r > 0.

Then 0 is stable. Suppose in addition that

(iii) V(u) < —c1(]full

), w € D where c¢; Is also continuous increasing and
positive with ¢1(0) =

0.
Then 0 is uniformly asymptotically stable.

A set X C D is 7positively invariant” for the dynamical system
{U), te Ry} f U)X CX ,forany t € R, .
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If up € D and T'y(ug) is its positive orbit, then the w-limit set of ug |,
or of T'y(ug) ,is

w(ug) = w4 (ug)) := {u € D | asequence ¢, € Ry exists such that

tn, — oo ,and U(t,)ug — u , for n — oo} .

Theorem B.34. [108, 215] Suppose ug € D is such that its orbit I'y (ug) is
precompact (lies in a compact set of D ); then w(ug) is nonempty, compact,
invariant and connected. Moreover

lim dist(U(t)uo , w(ug)) =0 .

t——4o0

Theorem B.35. (LaSalle Invariance Principle) [108, 215] Let V' be a Lya-
punov functional on D (so that V(u) <0 on D ). Define

E::{ueD ‘V(u)zO}

and let M be the largest (positively) invariant subset of E. If for ug € D
the orbit T'y (ug) is precompact (lies in a compact set of D ), then

lim dist(U(t)ug, M)=0 .

t——+4o00

Remark. For dynamical systems generated by evolution equations

%u = Au+ f(u)

where A is a strongly elliptic operator, bounded orbits are generally precom-
pact [108, 219], and boundedness of orbits frequently follows from the existence
of a Lyapunov functional such that {u € D | V(u) < k} is a bounded set for
a suitable choice of k£ > 0.
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Notation

IN

]N'*

n*
IR+

AT

:=1{0,1,2,---} is the set of all natural numbers

=IN - {0}

is the set of all real numbers

is the set of all complex numbers

:=[0,400) is the set of all nonnegative real numbers

=Ry — {0} = (0,+00) is the set of all positive real
numbers

:=IR x --- x IR (n times) is the n-dimensional Euclidean
space

=R} =R, x--- xRy is the positive cone of the
n-dimensional Euclidean space

o

=R} x--- xR (n times) =K

denotes in general the Euclidean norm in IR", but it can
also denote the norm in an arbitrary normed vector space
(depending upon the context)

:={z€ F|||z— 2] <p} denotes the open ball with
center zp € I/ and radius p > 0 in a normed vector space

E

denotes the transpose of the matrix A
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