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PREFACE

Our initial motivation was to provide an up to date translation of the monograph [45] written in french
by the first author, taking account of more recent developments of infinite dimensional dynamics based on
the Lojasiewicz gradient inequality.

While preparing the project it appeared that it would not be easy to cover the entire scope of the french
version in a reasonable amount of time, due to the fact that the non-autonomous systems require sophisti-
cated tools which underwent major improvement during the last decade.

In order to keep the present work within modest size bounds and to make it available to the readers
without too much delay, we decided to make a first volume entirely dedicated to the so-called convergence
problem for autonomous systems of dissipative type. We hope that this volume will help the interested
reader to make the connection between the rather simple background developed in the french monograph
and the rather technical specialized literature on the convergence problem which grew up rather fast in the
recent years.
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Chapter 1

Introduction and basic tools

1.1 Introduction

The present text is devoted to a rather specific subject: convergence to equilibrium, as ¢ tends to infinity, of
the solutions to differential equations on the positive halfline {¢ > 0} of the general form

U't)+ AU(t) =0

where A is a nonlinear, time independent, possibly unbounded operator on some Banach space X. By
equilibrium we mean a solution of the so-called stationary problem

AU = 0.

By the equation, taken at a formal level for the moment, it is clear that if a solution tends to an equilibrium
and if A is continuous : X — Y for some Banach space Y having X as a topologically imbedded sub-
space, the "velocity” U’ (t) tends to 0 in Y. If the trajectory U is precompact in X, it will follow that this
means some strong asymptotic flatness of U (¢) for ¢ large. Conversely, systems having this property do not
necessarily enjoy the convergence property since trajectories might oscillate (slower and slower at infinity)
between several stationary solutions.

A well known convenient way to study the asymptotic behavior of solutions is to associate to the dif-
ferential equation a semi-group S(¢) of (nonlinear) operators on some closed subset Z of the Banach space
X , defined as follows: for each ¢ > 0 and each z € X for which the initial value problem is well-posed,
S(t)z is the value at ¢ of the solution with initial value z. Since the initial value problem does not need to
be well-posed for every z € X, in general Z will just be some closed set containing the trajectory

r'(z)=J S(t)zX

t>0

For some results the consideration of I'(z) will be enough, for some others (for instance stability proper-
ties) it will be preferable to take Z as large as possible. The standard terminology used in the Literature
for such semi-groups is “Dynamical systems” and we shall adopt it. Since the operator .4 does not depend
on time, both equation and dynamical system are called autonomous. According to the context, the word
trajectory” will mean either a solution of the equation u(t + s) = S(t)u(s) on the halfline, or the closure
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of its range.

The present work concerns dissipative autonomous systems. In the Literature the term “dissipative” has
been used in many different contexts. Here, dissipative refers to the existence of a scalar function @ of the
solution U which is dissipated by the system, in the sense that it is nonincreasing:

Vs >0, Vt>s, DU() < B(U(s)).

If in addition ® is coercive , this implies that U (¢) is bounded in X . The problem of asymptotic behavior
becomes therefore natural. Such non-increasing functions of the solution play an important role in the the-
ory of stability initiated by Liapunov. For this reason, in this text, they will be called Liapunov functions
(resp. Liapunov functionals if X is a function space).

Let us now define more precisely the main theme of the present text. The structure of trajectories to
dynamical systems tends to become more and more complicated as the dimension of the ambient space X
increases. When X = R, A is just a scalar function of the scalar variable U and if A is locally Lipschitz, as
a consequence of local uniqueness, no trajectory other than a stationary solution can cross the set of equi-
libria. As a consequence all bounded solutions are monotonic, hence convergent. In higher dimensions,
what remains true is that convergent trajectory have to converge to a stationary solution. But the equation
u” +u = 0, which can be represented as a first order differential equation in X = R? exhibits oscil-
latory solutions, and even when a strictly decreasing Liapunov functions exists, two-dimensional systems
can have some non-convergent trajectories. Our main purpose is to find sufficient conditions for conver-
gence and exhibit some counterexamples showing the optimality of the convergence theorems. Finding
sufficient conditions for convergence is a program which was initiated by S. Lojasiewicz when X = RY
and A = VF with F areal valued function. By relying on the so-called Lojasiewicz gradient inequality, he
showed that convergence of bounded solutions is insured whenever F' is analytic. From the point of view
of a sufficient condition expressed in terms of regularity, this result is optimal: there are C'*° functions on
X = R? for which the equation U’(t) + VFU(t) = 0 has bounded non-convergent solutions. An explicit
example was given by Palis & De Melo in [73], and in this text we extend their example in such a way that
any Gevrey regularity condition weaker than analytic appears unsufficient for convergence.

This text is divided in 11 chapters: the first 3 chapters contain some basic material useful either to set
properly the convergence question, or as a technical background for the proofs of the main results. In Chap-
ter 4 we fix the main general concepts or notation concerning dynamical systems. In chapter 5 a general
asymptotic stability criterion is given, generalizing the well known Liapunov stability theorem (Liapunov’s
first method) in a framework applicable to infinite dimensional dynamical systems and in the same vein, a
finite-dimensional method used by R. Bellman to derive instability from linearized instability is applied to
some infinite dimensional dynamical systems. Chapter 6 is devoted to the definition and main properties
of a class of “gradient-like systems” in which the question of convergence appears fairly natural. Chap-
ter 7 concerns the general invariance principle and its connection with Liapunov’s second method. After
Chapter 8, in which simple particular cases are treated by specific methods, Chapter 9 and 10 are devoted to
convergence theorems based on the Lojasiewicz gradient inequality, respectively in finite dimensions and
infinite dimensional setting with applications to semilinear parabolic and hyperbolic problems in bounded
domains. Chapter 11 is devoted to a somewhat informal description of more recent or technically more
elaborate results which are too difficult to fall within the scope of a brief monograph.

We hope that this text may help the reader to build a bridge between the now classical L.ojasiewicz con-
vergence theorem and the more recent results on second order equations and infinite dimensional systems.
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1.2 Some important lemmas

The first lemma is classical and is recalled only for easy reference in the main text.

Lemma 1.2.1. (Gronwall Lemma) Let T > 0, A € L*(0,T), A > 0 a.e. on (0,T) and C > 0. Let

p € L*(0,T), ¢ > 0a.e. on (0,T), such that

¢
o(t) <C +/ A(s)p(s)ds, a.e.on (0,T)
0
Then we have .
o(t) < Ce:cp(/ )\(s)ds), a.e.on (0,7)
0
Proof. We set .
W) = C + / As)g(s)ds, Vit € [0,T]
0
Then ) is absolutely continuous, hence differentiable a.e. on (0,T), and we have
(1) = X)) < MEW(E)  ae. on (0,T).

Consequently, a.e. on (0,7") we find :

Hence by integrating
¢
P(t) < Cexp(/ )\(s)ds), vVt € [0,T).
0
The result follows, since ¢ < 1) a.e. on (0,T)

The next lemmas will be useful in the study of convergence and decay rates

Lemma 1.2.2. (cf. e.g. [33]. ) Let X be a Banach space, to € R and z € C((tg, 0); X ). Assume that the

following conditions are satisfied
z € L'((tg,0); X)

2 is uniformly continuous on [to, oo)with values in X.

Then
Jin [[2(t)[x =0

Proof. Let ¢ > 0 be arbirary and let § > 0 be such that

sup  lz(t+h—z()llx <e
t€[to,00),h€[0,8]
Then we find easily
1 t+06
Veeltooo) [a0lx <ty [ las)lxds.
t
implying

limsup ||z(t)||x < e
t—oo

The conclusion follows immediately

(1.1)
(1.2)
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Lemma 1.2.3. Let X be a Banach space, ty € R and u € C1((tg,00); X) . Assume that there exists
H € C'((tg,),R), n € (0,1) and ¢ > 0 such that

H(t) >0 forall t>t. (1.3)
—H'(t) > cHt)" ||/ (t)||x forall t> to. (1.4)
Then there exists ¢ € X such that tlim u(t) =pin X.
— 00
Proof. By using (1.4), we get forall ¢t > ¢y

Laey = gmmmE (1.5)

Y

en [’ (£)]|x-

By integrating this last inequality over (to,T"), we obtain

T
H{(tg)"
| 1@l ar < 208 16)
to en
This implies v’ € L((to, 00); X). By Cauchy’s criterion, lim u(t) exists in X. O
t—o0

Lemma 1.2.4. Let T > 0, let p be a nonnegative square integrable function on [0,T). Assume that there
exists two constants v > 0 and a > 0 such that

T
vt € [0,T7, / p*(s)ds < ae™ ",
t
Then setting b := eV/Q/(e"Y/2 — 1), forall0 <t <7 < T we have:

J(t,T) = /tTp(s)ds < Vabe .

Proof. Assume first that 7 — ¢ < 1. Then we have

J(t,7) <VT—t / 2(sds < \Jae~

If  —t > 1 we reason as follows. Let [V be the integer part of 7 — ¢, we get

N—-1 t4it1 T
LEIEDY / p(s) ds + / p(s) ds
= t+1 t+N
= (t49) (t+N)
N R G
1=0
e
t
< Va— e~
ez —1
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Lemma 1.2.5. Let p be a nonnegative square integrable function on [1,00). Assume that for some oz > 0
and a constant K > 0, we have

2t
vt > 1 / p?(s)ds < Kt—2o7!
t

Then for all T > t > 1 we have:

T VK
/ p(s)ds < — ¢
; 12«

Proof. By Cauchy-Schwarz inequality, for all £ > 1 we may write:

2t
/ p(s)ds < VE(Kt2 )2 = VE 7,
t

hence

2k+1g

[p<s>ds < /tmms)ds - i/ p(s)ds <

S
NE
9
i
|
5
]

1 -—2-«
O

Finally, in the application of the Lojasiewicz gradient inequality to convergence results, the following
topological reduction principle will play an important role.

Lemma 1.2.6. Let W and X be two Banach spaces. Let U C W be open and E : U — R and
G : U — X be two continuous functions. We assume that for all a € U such that G(a) = 0, there exist
o4 >0,0(a) € (0,1) and c(a) >0

IG(lx > c(a)|B(w) = E(a)]'~*, Vu: Ju—allw < oq. (1.7)
Let T be a compact and connected subset of G~1{0}. Then we have
(1) E assumes a constant value on T. We denote by E the common value of E(a), a € T.
(2) There exist o >0, 6 € (0,1) and ¢ > 0 such that

dist(u,T) < 0 = [|G(u)||x > |E(u) — E|'~°

Proof. By continuity of £ we can always assume that o, is replaced by a possibly smaller number so that
|E(u) — E(a)| < 1 for all u such that ||u — a||w < 0,.Leta € T and

K ={beT/E®b) = E(a)}.

It follows from (1.7) that K is an open subset of I' which is obviously closed by continuity and since I' is
connected by hypothesis we have K =1T".

On the other hand, since I' is compact, there exist ay, - - - , a, € I" such that
P a,
a;
F C LJ1 B(G/i, 7)
i=

The result follows with o = 1 inf o,,, ¢ = inf ¢(a;) and = inf 6(a;).
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1.3 Semi-Fredholm operators

Let E, I’ be two Banach spaces and A : E — F' be a linear operator. We denote by N (A) and R(A) the
null space and the range of A, repectively.

Definition 1.3.1. A bounded linear operator A € L(E, F) is said to be semi-Fredholm if
(1) N(A) is finite dimensional,
(2) R(A) is closed.

We denote by SF(E, F) the set of all semi-Fredholm operators from E to F.

Remark 1.3.2. The fact that N (A) is finite dimensional implies that there exists a closed subspace X of
E suchthat E = N(A) @ X (cf [20] p. 38). Moreover R(A) = A(X) is a Banach space when equipped
with the norm || - || 7.

Theorem 1.3.3. Let A € L(E,F) and assume that N(A) is finite dimensional. Then we have A €
SF(E,F) if and only if
Ip>0,VueX |Aulr > plule. (1.8)

Proof. (1.8) implies that R(A) is closed. In fact, let (f,,) = (Au, ) be such that f,, — fin F. Let (x,,)
and () be such that u,, = x,, + y,, with (z,,) C X and (y,,) C N(A). So f, = Ax,. Then the inequality
|2rn —zml|lE < %an — fm||F implies that (z,) is a Cauchy sequence, hence converges. Let x be the limit.
We have Az, —> Axso f = Ax.

Conversely, R(A) is aBanach spaceand C' := A, x : X — R(A) is bijective and continuous, by Banach’s
theorem we get that C~? is continuous and (1.8) follows. O

Remark 1.34. If A : E — F is a topological isomorphism, then A € SF(E, F) with N(A) = {0}.
Conversely, as a consequence of Banach’s theorem, if A € SF(FE, F) with N(A) = {0} ,then A : E —
R(A) is a topological isomorphism.

Theorem 1.3.5. Ler A € SF(E,F) and G € L(E,F). Assume that G is compact, then A + G €
SF(E, F).

Proof. We divide the proof into 3 steps :

Step 1 : If (un) C E with |ju,|| < 1 and (A + G)(u,) — 0, then (u,) has a strongly convergent
subsequence in F. Indeed we can assume Gu,, — g € F. Let u,, = Ty, + Yn, n € X, yn € N(A)
where X is as in the remark 1.3.2. Since Au,, = Az, — —g, (z,,) is convergent in E. Then (y,) is
bounded in N (A), since dim N(A) < oo we can assume that y,, — y in E with y € N(A). In particular
Uy = Ty, + Yy 1S convergentin F.

Step 2 : Let (up) C N(A+ G) with ||u,|| < 1. By step 1, (uy,) is precompact in E, hence the unit ball of
N (A + G) is precompact and consequently dim N (A + G) < oc.

Step 3 : LetY be a Banach space such that £ = N(A + G) @Y. Assuming R(A + G) not closed, then
by Theorem1.3.3 we can find y,, € Y with ||y, || = 1 and (A+ G)y,, — 0. By step 1, up to a subsequence
we can deduce y,, — y in E. We immediately find ||y||z and y € Y. Hence since (A + G)y, — 0 we
havey € N(A+G). Since N(A+G)NY = {0}, we end up with a contradiction sincey € N(A+G)NY
and ||yl g = 1. O

For the next corollary, we consider two real Hilbert spaces V, H where V' C H with continuous and
dense imbedding and H’, the topological dual of H is identified with H, therefore

VcH=H cV
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with continuous and dense imbeddings.

Corollary 1.3.6. Let A € SF(V,V') and assume that A is symmetric. Then A+ P : V — V' isan
isomorphism where P : V. — N (A) is the projection in the sense of H.

Proof. First we have N(A + P) = {0}. Indeed if Au + Pu = 0, we have Au = —Pu € N(A), then
Au € N(A)N R(A) = {0}, s0 Au = 0, hence u = Pu = —Au = 0.

On the other hand, since A € SF(V,V’), dim N(A) < oo and then P is compact. By Theorem 1.3.5
A+ P e SF(V,V’), then R(A + P) is closed. Now since A + P is symmetric and N(A + P) = {0}
then R(A + P) is dense in V', hence R(A + P) = V'. By Banach’s theorem we get that (A + P)~! €
LV, V). O

Example 1.3.7. Let 2 be a bounded and regular domain of RY, V = H}(Q)
A=-A+px)l, pel>(Q)

G :=p(x)I : V — V'iscompact. —A € Isom (V, V') then by Theorem 1.3.5 A € SF(V, V’). Corollary
1.3.6 implies that A + P € Isom (V, V’).

1.4 Analytic maps

In this section, we introduce a general notion of real analyticity valid in the Banach space framework
which will be essential for the proper formulation of many convergence results applicable to PD.E. One
of the difficulties we encounter here is that the good properties of complex analyticity cannot be used and
all the proofs have to be done in the real analytic framework. For example, in this framework the result
on composition of analytic maps is not so trivial as in the complex framework and its proof is generally
skipped even in the best reference books. Here we shall give a complete argument relying on the majorant
series technique of Weirstrass.

1.4.1 Definitions and general properties

Definition 1.4.1. Let X, Y be two real Banach space and a € X. Let U be an open neighborhood of a in
X. Amap f : U — Y is called analytic at a if there exists r > 0 and a sequence of n—linear, continuous,
symmetric maps (M,,)nen fulfilling the following conditions

(D) S NMall, (x.yyr™ < 00 where
neN

M|z, x,v) = sup{[|Mp(z1, 22, -, z0)ly, sup [lzi|x <1}
(2

(2) B(a,r) CU.

(3) Vh € B(0,r), fla+h) = f(a)+ Y  Mu(h{™) where h™) = (h,--- h).
= times

Remark 1.4.2. Under the previous definition, it is not difficult to check that

- Vb € B(a,r), f is analytic at b.
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- feC>®(B(a,r),Y) with D" f(a) = n!M,,.
- A finite linear combination of analytic maps at a is again analytic at a.
Definition 1.4.3. f is analytic on the open set U if f is analytic at every point of U.

Example 1.4.4. It is clear from the definitions that any bounded linear operator, any continuous quadratic
form and more generally any finite linear combination of restrictions to the diagonal of continuous k-
multilinear maps: X* — Y (usually called a polynomial map) is analytic on the whole space X .

Proposition 1.4.5. Let f € CY(U,Y). The following properties are equivalent
(1) f:U — Y is analytic ;
(2) Df : U — L(X,Y) is analytic .

Moreover if

fla+h) = f(a)+ > M,(n™)

n>1
is the expansion of f(a + h) for all h in the closed ball B(0,r) C U — a, then
Df(a+h) =M+ Y nM,(h"V, )
n>2
is the expansion of D f(a + h) for all h in the open ball B(0, ).
Proof. First let us explain the meaning of the formula for the derivative. It involves an infinite sum of

expressions of the form
nM, RV ).

Indeed, since D f(a + h) is for all vectors h an element of £(X,Y"), the formula really means

VEeX, Df(a+h)(&) =M+ nM,(h" V¢

n>2

and for any n > 2 fixed we must identify nMn(h("’l), -) as the trace on the diagonal of X™~! of an
n — 1-linear symmetric continuous map with values in £(X,Y"). The corresponding map is just

Kn,1(1'1, ceey $n,1)(§) = nMn($1, ---7$n717§)-

Assuming 1), Let us consider a and r > 0 with B(0,7) C U — a. The expression of the norms of K,,_1 in
the space of n — 1- linear symmetric continuous map with values in £(X,Y") shows that the formal series
given by

Ve X, Df(a+h)(&)=M(E+Y Kia(h"¢

n>2

satisfies Z | Kl 2, (x,20x,y)r"™ < oo forany ' € (0,r). The summation formula for the derivative is

neN
now obvious when the expansion is finite. The general case is more delicate and is in fact related to the

formula permitting to recover f from the knowledge of D f. This formula:

f(a+h):f(a)+/0 Df(a+ sh)(h)ds

is classical and valid for any C! function f. When we substitute the expansion of D f in this formula, the
summability of its terms transfers easily to yield the desired expansion for f. We skip the details which are
classical for this part of the argument. O
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1.4.2 Composition of analytic maps

Let Z be a Banach space, V' be an open neighborhood of f(a) and g : V' — Z be analytic at f(a). This
means that for some p > 0, we have

g(f(a) + k) = g(f(@) + D Pu(k™)

m>1

whenever ||k|| r < p and Z | Pl 2, (x,2y0™ < 00.
meN
Theorem 1.4.6. The map g o f is analytic at a with values in Z. More precisely, setting

Ra( D)= 3" 3" P (Mo, (), My, ()

m<d Z L ni=d

(the sum is finite for any d) we have

Z | Rall 2 (x,2)0" < o0 (1.9)
d>1

as soon as
D Mol xvyo™ < p

and

gofla+h)=gofla)+y_ Ra(h), Vh, |[h]x < o.
d>1

Proof. We have the obvious estimate :

IRallcox.z) < D I Pmllcnvizy Y, (1Ml | Mol
m<d |ul=d

where = (n1, -, nm), [p| = n1 + -+ np and [ My, || = | My, ||, (x,v)- Indeed

Rd(hlv"' 7h’d) = Z Z Pm(Mnl(hl ;hnl)a"' ;Mnm(hn1+~~~nm,1+17"' ahd))'

m<d |u|=d

Therefore

IN

> Rl yx,z)0° Do D Pl Y Mol -+ 1M, |0

d>1 1<m <d

SN S Pl Moy 0™ - [ M, o™
SUPal S My flo™ - | M, Jlo™

d>m, |p|=d
Sl (1M 0™) "

Then (1.9) follows. Concerning the convergence of the series to g o f, we notice that

(gof)lat+h)—(go f)(a)=">_ Pul(flath)— f(a)™)

m>1

IN
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Hence
I(go f)(a+n) = (go f)la) = > Pul(f(a+h)— f(a))™)|z

< 2 1Pl (o)

m>M+1
< € for M > M(e).

Then for M > 1 fixed

M
S Pull7(a+ )= F)™ = 33 Q)
m=1 d>1m=1

ZP Fa+h) = f@)™ =33 Qui(w)@)]

d=1m=1
Z S 1Qu(W) )] = 0as M — .
m=1|u|=d>M+1
Finally

Igo f)la+h)=(gof)la ZZ 3T Qun) D) < 2¢

d=1m=1 p|=d

for M large. But
M M

>3 3 0,00 = X ma))

d=1m=1 p|=d

M
since » > Q= Ry foralld < M. O
m=1 p,|:d
1.4.3 Nemytskii type operators on a Banach algebra

Let A be a real Banach algebra and f be a real analytic function in a neighborhood of 0, which means that
for some open subset U of R containing 0 we have f € C°° (U, R) and for some positive constants M, K

vneN, |f™(0)] < MK"n!

It is clear that for any n € N the map u — u™ is the restriction to the diagonal of A" of the continuous
n-linear map

U = (uy,..up) — Huj

It follow that the map

> £(n)
oy = 32 L00,

n!
n=0
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is analytic in the open ball By = B(0, %) in the sense of Subsection 1.4.1. This map will be called the
Nemytskii type operator associated to f on the Banach algebra A.

Example 1.4.7. Let us consider the special case A = L°(.S) where S is any positively measured space.
Then for any f as above the operator defined by

> £(n)
Ny )(s) = Flu(s) = 3 D)
n=0 :

for all u € B(0, %) C L®°(S) and almost everywhere in S is usually called the Nemytskii operator on
L°°(S) associated to f and is an analytic map in a ball centered at 0. The same holds true if we replace
L*°(S) by the set of continous bounded functions on a topological space Z or more generally any Banach
sub-algebra of it.

Remark 1.4.8. (i) The Nemytskii operator N¢(u)(s) = f(u(s)) makes sense in other contexts, for instance
from a Lebesgue space into another assuming some growth restrictions of the generating function f.

(ii) We shall use this operator exclusively in the case where f is in fact an entire function, i.e. K can be
taken arbitrarily small.

(iii) Moreover, in the applications we shall usually need some growth restrictions on f or even its first
derivative.

(iv) In our applications to convergence, Ny(u)(s) = f(u(s)) will usually appear as the derivative of a
potential function G(u) = [ F(u(s)ds where F is a primitive of f.

1.4.4 Inverting analytic maps

Let X, Y be two real Banach space and a € X. Let U be an open neighborhood of a in X and
f € CYU,Y). The well known inverse map theorem says that if Df(a) € Isom (X,Y), there exists
a possibly smaller neigborhood W of a in X such that f(W) isopenin Y and f : W — f(W)is a
C'-diffeomorphism. Moreover we have the formula

vy e fW), D(f ) = Df(F )™

We note that in order for f to be a diffeomorphism, we need the existence of a linear topological isomor-
phism between X and Y, namely L = D f(a), so that diffeomorphisms can be reduced to the case X =Y
by replacing the general function f by the “operator g = L~! o f. By combining (1.4.5) with the fact that
the map 7' — T~ ! is analytic on the open set Isom (X, X) C £(X, X), it is easy to prove the following

Theorem 1.4.9. Giving a function f € C1(U,Y) which is analytic at a € U, if D f(a) € Isom (X,Y), the
inverse map f~ is analytic at f(a).

Proof. By construction, g : V' — X is analytic with V' an open ball of X contained in U and centered at
a, so that we may assume V' = U. As a consequence of Proposition 1.4.5, Dg is analytic : V' — L(X)
and we have Dg(a) = Idg(X). Then Dg=—'(z) = (Dg)~! o g=!(z) throughout g(V'), so that Dg~!
appears as a composition of 3 analytic maps by reducing if necessary V' to a small ball around a in which
Dy is sufficiently close to Id(X) in the norm of £(X) to use the formula (I — 7)~! = 37" where
7(y) = Ide(X) — Dg(y) . Finally by using once more Proposition 1.4.5, the gradient Dg~1 is lifted to
g~ ! which is therefore also analytic . The details are essentially classical and left to the reader. o



Chapter 2

Background results on Evolution
Equations

2.1 Elements of functional analysis. Examples of unbounded opera-
tors

Throughout this paragraph, X denotes a real Banach space. The norm of X is denoted by || ||. The results
will generally be stated without proof. For the proofs we refer to the classical literature on functional
analysis, cf. e.g. [20, 82]

2.1.1 Unbounded Operators on X

Definition 2.1.1. A linear operator on X is a pair (D, A), where D is a linear subspace of X, and A : D —
X is a linear mapping. We say that A is bounded if || Au|| remains bounded for v € {x € D, ||z| < 1}.
Otherwise, A is called unbounded.

Remark 2.1.2. If A is bounded, then A is the restriction to D of some operator A € L(Y, X), where Y
is a closed linear subspace of X containing D. On the other hand if A is unbounded, then there exists no
operator A € L(Y, X) with Y a closed linear subspace of X and D C Y such that A|D = A.

Definition 2.1.3. If (D, A) is a linear operator on X, the graph of A and the range of A are the linear
subspaces G(A) and R(A) of X defined by

GA) ={(u, /) e X xX,ueD,f=Au} and R(A)= A(D).

As it is usual, we shall frequently call the pair (D, A) as A with D(A) = D ”. However one must
always keep in mind that when we define a linear operator, it is absolutely crucial to specify the domain.

Definition 2.1.4. A linear operator A on X is called dissipative if we have
Yu € D(A),VA > 0, |lu— Aul| > ||u].
A is called m-dissipative if A is dissipative and for all X > 0, the operator I — \A is onto, i.e

Ve X, 3ue D(A),u — Nu= f.

17
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Proposition 2.1.5. Let A be a linear dissipative operator on X. Then the following properties are equiva-
lent.

(i) A is m-dissipative on X.

(ii) There exists \o > 0 such that for each f € X, there exists u € D(A) with : u — AgAu = f.

2.1.2 Case where X is a Hilbert space

Let us denote by (-, ) the inner product of X. If A is a linear densely defined operator on X, the formula
G(A") ={(v,9) € X x X, V(u, f) € G(A), {g,u) = (v, /)}

defines a linear operator A* (the adjoint of A), with domain
D(A*) ={v e X, 3C < o0, [{Au,v)| < Cul|,Vu € D(A)}

and such that: (A*v,u) = (v, Au),Vu € D(A),Vv € D(A*). Indeed the linear form v — (v, Au) defined
on D(A) for each v € D(A*), has a unique extension ¢ € X’ = X, and we set: ¢ = A*v.

Obviously, G(A*) is always closed. Moreover, it is immediate to check that if B € L(X), then (A +
B)* = A* + B*.
In the Hilbert space setting , m-dissipative operators can be characterised rather easily . First the following
proposition follows from elementary duality properties

Proposition 2.1.6. A linear operator A on X is dissipative in X if and only if
Yu € D(A), (Au,u) <O0.
In addition if A is m-dissipative on X, then D(A) is everywhere dense in X.
The following result is often useful, especially the two corollaries:

Proposition 2.1.7. Let A be a linear dissipative operator on X, with dense domain. Then A is m-dissipative
if, and only if A* is dissipative and G(A) is closed.

Corollary 2.1.8. If A is self-adjoint in X, in the sense that D(A) = D(A*) and A*u = Au, for all
u € D(A), and if A < 0 (which means (Au,u) < 0 for all uw € D(A), Then A is m-dissipative.

Corollary 2.1.9. If A is skew-adjoint in X, in the sense that D(A) = D(A*) and A*u = —Au, for all
u € D(A), then A and — A are both m-dissipative.

2.1.3 Examples in the theory of PDE

In this paragraph, we recall some basic facts from the linear theory of partial differential equations which
shall be used throughout the text. The definitions of Sobolev spaces and the associated norms are the
standard ones as can be found in [3]. In particular, 2 being an open set in R™, we shall use the spaces

H™(Q) = {u € L*(Q), Dju € L*(), Vj : |j| < m},

endowed with the obvious inner product
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H{(€2) = completion of C*° functions with compact support in 2 for the H™ norm.
We recall the Poincaré inequality in H} () when €2 is bounded :

Yw € H&(Q),/ |Vw|?dx > )\1/ |w|*dz,
Q Q

where Ay = A1 (Q) is the first eigenvalue of (—A) in H}(Q) . We are now in a position to describe our
basic examples.

Example 2.1.10. : The Laplacian in an open set of R : L2 theory.
Let 2 be any open set in RY, and H = L?(2). We define the linear operator B on H by
D(B) = {u € Hy(Q), Au € L*(Q)},

Bu = Au, Yu € D(B).

Then B is m-dissipative and densely defined. More precisely B is self-adjoint and B < 0. In addition if the
boundary of 2 is bounded and C?, then

D(B) = H*() N Hy (),
algebraically and topologically.
Example 2.1.11. : The Laplacian in an open set of R : C° theory.
Let now €2 be any open set in R™. We consider the Banach space
X=C%) ={uecC@),u=00n00}
endowed with the supremum norm and we define the linear operator A by
D(A) ={u e X NH}(Q),Au € X}; Au = Au,Yu € D(A).

Then if the boundary of €2 is Lipschitz continuous, A is m-dissipative and densely defined on X.

Example 2.1.12. : The wave operator on H(Q) x L?(1).

Let 2 be any open set in R and X = Hg(Q) x L%(Q). The space X is a real Hilbert space when equipped
with the inner product

((u,v), (w, 2)) = /Q(Vqu +vz)dx,

inducing on X a norm equivalent to the standard product norm on H} () x L2(£2). We define the linear
operator A on X by
D(A) = {(u,v) € X, Au € L*(Q), v € H}(Q)}

A(u,v) = (v, Au),V(u,v) € D(A).

Then A is skew-adjoint in X, and in particular A and — A are both m-dissipative with dense domains.
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2.2 The semi-group generated by m-dissipative operators. The Hille-
Yosida-Phillips theorem

2.2.1 The general case

Let X be a real Banach space and let A be a linear, densely defined, m-dissipative operator on X. The
following fundamental Theorem is proved for instance in [74, 82].

Theorem 2.2.1. There exists a unique one-parameter family T (t) € L(X) defined for t > 0 and such that
(1) T(t) € L(X) and | T(0) ) < 1,V > 0.
(2) T(0) =1,
(3) T(t+s)=T#)T(s),Vs,t > 0.
(4) Foreach x € D(A),u(t) = T(t)x is the unique solution of the problem

u € C([0,4+00); D(A)) N C*([0, +0); X)
u'(t) = Au(t), vt >0

u(0) =z
Finally, for each x € D(A) andt > 0, we have: T (t)Ax = AT (t)x.

2.2.2 Two important special cases

In this paragraph, we assume that X is a (real) Hilbert space. The following two results can be considered
as refinements of Theorem 2.2.1.

Theorem 2.2.2. Let A be self-adjoint and < 0. Let x € X, and u(t) = T (t)x. Then u is the unique solution
of
u € C([0,+00); X) N C((0,+00); D(A)) N C*((0, +00); X)

u'(t) = Au(t), Vi >0

u(0) ==z

Remark 2.2.3. Theorem 2.2.2 means that 7'(t) has a “smoothing effect” on initial data. Indeed, even
if z € D(A), we have T'(t)r € D(A), for all ¢ > 0. As a basic example, let us consider the case
X = L*(Q), A defined by D(A) = {u € H}(Q), Au € L?*(Q)}, Au = Au, Vu € D(A) where
is a bounded open set in RY and the boundary of €2 is smooth. Theorem 2.2.2 here says that for each
up € L*(Q)}, there exists a unique solution

u € C([0, +00), L*(R2)) N C(0, +o0, H*(Q) N H (2)) N C*(0, +-00, L*(Q))

of :
ug = Au;  u(0) = ug.

Actually a much stronger smoothing property holds true since by iterating the procedure we prove easily
that u(t) € D(A™) for all n € N and ¢ > 0. In particular u(¢, .) is smooth up to the boundary.
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A somewhat opposite situation is that of isometry groups generated by skew-adjoint operators.

Theorem 2.2.4. Let A be skew-adjoint. Then T (t) extends to one-parameter group of operators T(t) :
R — L(X) such that

(1) Vz € X, T(t)z € C(R, X).

2) Ve e X,VteR, |T()z| =z

(3) Vs e RVt e R, T(t+s) =T (t)T(s).

(4) Foreachx € D(A), u(t) = T(t)x is a solution of u'(t) = Au(t), Vt € R.

Example 2.2.5. Let X = HJ(Q) x L?(Q2), and let A be as in Example 2.1.12. We obtain that for any
(ug,vo) € X , there is a solution u € C(R, H}(Q)) N CY(R, L*(Q)) N C*(R, H~(Q)) of:

uge = Au;  w(0) = ug, us(0) = vp.

It can be shown that  is unique.

2.3 Semilinear problems

Let X be a real Banach space, let A be a linear, densely defined, m-dissipative operator on X, and let
T'(t) be given by Theorem 2.2.1. The following Theorem is quite similar to the construction of the flow
associated to an ordinary differential system and is the starting point of the theory of semilinear evolution
equations.

Theorem 2.3.1. Let F' : X — X be Lipschitz continuous on each bounded subset of X. Then for each
x € X, There is () € (0, +00] and a unique maximal solution v € C([0,7(x)), X) of the equation

u(t) = T(t)x + /0 T(t —s)F(u(s))ds

The number 7 () is the existence time of the solution , and satisfies the following alternative: either T(x) =
oo and the solution u with initial datum x € X is global (in X); or 7(x) < oo and the solution u with
initial datum x € X blows up in finite time (in X ). In the latter case we have

|u(®)]] — +ooast — ().

In the theory of semilinear evolution equations, a basic tool to establish global existence, uniqueness,
boundedness or stability properties of the solution will be the Gronwall Lemma (cf. Lemma 1.2.1).

2.4 A semilinear heat equation

Let ) be any open set in RY with Lipschitz continuous boundary 952 , and let us consider the equation
uy—Au+ f(u)=0 inRT xQ, u=0o0nR" x9N 2.1

where f is a locally Lipschitz continuous function: R — R with f(0) = 0. It is natural to set

X=C%N) ={uecC@),u=00n00}
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and to introduce the semi-group 7'(¢) on X associated to the homogeneous linear problem

w—Au=0 inRTxQ, u=0onR" x9N

In fact here T'(t) is the semi-group generated by the operator A of Example 2.1.11. Let ¢ € X: by Theorem
2.3.1 we can define 7(p) < oo and a unique maximal solution solution u € C([0,7(p)), X) of the equation

u(t) =T(t)x + /0 T(t— s)F(u(s))ds

with F : X — X givenby (F(u))(z) := — f(u(z)) for all z in the closure of W. Then u can be considered
as the local solution of (2.1) with initial condition u(0) = ¢ in X. The following simple result will be
useful later on.

Proposition 2.4.1. Let f satisfy the condition
Vs € Rwith |s| > C, f(s)s >0 (2.2)
Then we have for any ¢ € X

r(p) =00 and supu(t)|~ < Maz{C,|lpll~} < o0 23)
t>0

where u is the solution of (2.1) with initial condition u(0) = ¢.

Proof. Let M = Maz{C,||¢| L~} and let us show for instance that u(¢,z) < M on (0,7(p)) x Q.
Introducing z = v — M, we have

z— Az = f(M) = f(u) = f(M) < f(M) = f(u)
since f(M) > 0. In addition it can be shown that
u € C(0,7(); H*(Q) N Hy () N CH(0,7(¢); L*(9))

and then

(d/dt)/Q|z+|2dx: 2/Qz+zt dx:2/Qz+(Az+f(M) = flu) — F(M))da

< 72/ V2t Vz dz+2/ 2 f(M) — f(u)|dz
Q Q
Because f is locally Lipschitz and u is bounded on (0, t) x €2 for each t < 7(¢), we have
[f(M) = f(u)|(t, ) < K(#)|z(t,2)] on (0,) x Q

Then by using the identities 2 = 27 — 2z~ and 2 7.2~ = 0, V2T.Vz~ = 0 almost everywhere, we obtain:

(d/dt)/ |+ 2da < —2/ V22 dx—i—QK(t)/ 2 da
Q Q Q

The inequality u(¢,z) < M on (0,7(p)) x 2 now follows easily by an application of Lemma 1.2.1 since
2%(0,z) = 0. Similarly we show u(t,z) > —M on (0, 7(¢)) x Q. O



2.5. A SEMILINEAR WAVE EQUATION WITH LINEAR DISSIPATION 23
2.5 A semilinear wave equation with a linear dissipative term
Let ) be any open set in RY with Lipschitz continuous boundary 952 , and let us consider the equation

g — Au+yup + f(u) =0 inRT xQ, w=0o0nR" x9N (2.4)

where f is a locally Lipschitz continuous function: R — R with f(0) = 0 satisfying the growth condition

If ()] <C(+ |ul"), ae.on R (2.5)

2
with > 0 arbitrary if N = 1lor2and 0 <r < N

5 if N > 3. It is natural to set

X = H}(Q) x L*(Q)
Let us denote by f* the mapping defined by
fr((u,v)) = (0, = f(w)), ¥(u,v) € X.
The growth condition (2.5) together with Sobolev embedding theorems imply that
f(X)C X; f*: X — X is Lipschitz continuous on bounded subsets.
We also define the operator I € L(X) given by
I'((u,v)) = (0,yv), V(u,v) € X.

Finally let 7'(¢) (cf. Theorem 2.2.4 with A as in example 2.1.12 in X = H}(Q) x L?(£)) be the isometry
group on X generated by the linear wave equation

ur —Au=0 inRT xQ, w=0o0nR" x9N

For each (p, 1) € X, by Theorem 2.3.1 we can define a unique maximal solution solution U = (u, us) €
C([0,7(p,1)); X) of the equation

U(t) =T() (e, ¢) + /O T(t = s){f*((U(s) =T(U(s))}ds

The following simple result will be useful later on.

Proposition 2.5.1. Assume v > 0, and let f satisfy the condition
A
Vs € R, F(S)Z(—?l—l—s)sQ—C with e > 0,C >0 (2.6)

where F is the primitive of f such that F(0) = 0 and \1 is the first eigenvalue of —A in H}(Q). Then we
have for any (¢,v) € X : 7(p,) = oo and the solution U = (u,us) of (2.4) such that U(0) = (¢, )
satisfies :

sup || (u(t), we(®)llx < oo
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Proof. The solutions of (2.4) satisfy the energy equality

y / / W3t 2)dedt + E(u(t), us(t)) = E(p. 1)

with

Ble.v) =5 [ IVe@IPdo+ 3 [ w@lde+ [ Pow)is

In particular since v > 0, we find E(u(t), u:(t)) < E(p, ) and the result follows quite easily from (2.6).
Indeed, from Poincaré inequality we deduce

Vw € Hy (), (1 — 7])/ |Vw|?dz > (A — 25)/ w?de,
Q Q

whenever ) < 2e/\;. Then

Ble.v) = (f2) [ [Volde+ 5 [ [0@Pds = Clal, W) € X,

and a bound on E implies a bound in X. O
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Uniformly damped linear semi-groups

3.1 A general property of linear contraction semi-groups

Let X be a real Banach space and L any m-dissipative operator on X with dense domain. We consider the

evolution equation

u = Lu(t), t>0 (3.1)
For any ug € X, the formula u(t) = S(t)up where S(¢) is the contraction semi-group generated by
L defines the unique generalized solution of (3.1) such that u(0) = ug. We recall the following simple
property :

Proposition 3.1.1. Forallt > 0, let us denote by ||S(t)|| the norm of the contractive operator S(t) in L(X).
Then ||S(t)|| satisfies either of the two following properties

(1) Forallt > 0,||S(t)|| = 1.
(2) Je > 0,3IM > 0,forallt > 0,||S(t)]| < Me™=t.

Proof. The function ||.S(¢)|| is nonincreasing. If for some T > 0 we have ||S(¢)|| = 1 for ¢ € [0,T") and
|S(T)|| = 0, then Ve > 0,Vt >0, |S(¢)|| < M(g)e ! with M (g) = e*T. Assuming, on the contrary, that
for some 7 > 0 we have 0 < ||S(7)|| < 1, foreacht > 0 we can writet = n7 + s, withn e N, 0 < s < 7.

Then || S(¢)|| < ||S(7)||™ and we obtain (2) with ¢ = ,M and M = ™ = 1/||S(7)]|- O
T

3.2 The case of the heat equation

The linear heat equation can be studied in many interesting spaces. Its treatment is especially simple in the
Hilbert space setting of example 2.1.10. However, in view of the applications to semilinear perturbations the
Cy- theory is more flexible. Let us start with the Hilbert space setting : following the notation of example
2.1.10, we denote by S(t) the semi-group generated by B in H = L?(2). We have the following simple
result.

Proposition 3.2.1. Let \; = A1 () be the first eigenvalue of (—A) in H}(2). Then

1SNl ecmy < e ™, vt=>o0. 32)

25
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Proof. Let ¢ € D(B), and consider

F&) = (M ISM)¢llm)2, V=0,

We have
e 2Ntfl(t) = 2)\1/ u(t,x)de—l—Q/u(t,x)u'(t,x)dac
Q Q
= 2)\1/ u(t,x)de—l—Q/u(t,x)Au(t,x)dx
Q Q
= Q(Al/u(t,x)de—/ |Vu(t,x)|2dac) <0.
Q Q
Hence
1St ella < e Mollu, Vt=>0,Ype D(B).
The result follows by density. |

We now assume that €2 is bounded with a Lipschitz continous boundary and we use the notation of
Example 2.1.11. Let T'(¢) denote the semi-group generated by A in X. Since X C H with continous
imbedding and G(A) C G(B), it s classical, using the Hille-Yosida theory, to prove

Vo e X, ¥t >0, T()p=S{t)y 3.3)

In particular we have: ||S(t)p||lp < e ||| u, for each t > 0 and ¢ € X. The following property of
uniform damping in X will be more interesting for semilinear perturbations

Theorem 3.2.2. Let \; = \1(Q) be the first eigenvalue of (—A) in H}(Q). Then

1Sl x) < Me™™*, vt >0, (3.4)
with )
)\1|Q|2 N
M = exp(——F—). (3.5)

In the proof of Theorem 3.2.2 we shall use a rather well-known smoothing property of S(t) in L?
spaces. Denoting by || - ||, the norm in L,(€2) , we recall

Proposition 3.2.3. Let 1 < p < g < 00. Then

N

)Z G|l VE > 0,¥p € X.

1
<
I5@els < (=

A possible proof, omitted here, relies on the explicit form of the heat kernel in R"V together with a
comparison principle.

Proof of Theorem 3.2.2. Let o € X and T > 0. First for 0 < ¢t < T, we have trivially

15Ol < llellse < e T |0lloc-
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Then if ¢ > T', we find successively, applying first Proposition 3.2.3 with p = 2 and ¢ = oo
1

[z

IS@¢lloe < (7) "I1SE=T)ell2
1 \x
< (ﬁ)%*htwﬂw”g (by Proposition 3.1.1)
™
1 \x
< 191F (7) T e M gl
. : Q%
Then the estimate follows by letting T' = yp O
7

Remark 3.2.4. Actually (3.4) is not valid with M = 1. More precisely, if [|S(t)|z(x) < M'e™™* with
m > 0, we must have M’ > 1. Indeed, let ¢ € D(2) be such that ¢ = 1 near zy €  and ||¢||x = 1, and
let u(t) = S(t)e. It is then easily verified that u € C°°(]0, 00) x ). Consequently u; (0, z) = 0 near xg.
Hence, for any £ > 0 and any x close enough to z(, we find

u(t,z) > 1 — et,
for all t sufficiently small : in particular
[u®)llx =1 —et

for ¢ small. This estimate with € > 0 arbitrary small is not compatible with
[S(t)||lz(x) < e ", for whatever value z > 0.

3.3 The case of linearly damped wave equations

We have the following result

Proposition 3.3.1. Let Q be a bounded domain in RN . Consider the equation
U — Au—+ Iy =0inRT xQ, u=00onRT x 90 (3.6)

Then, denoting by || - || the norm in H () and by | - | the norm in L?(S2), for any solution u of (3.6) we
have
lu)ll + [ue ()] < C[uO)] + |ue(0)])e™* 3.7)

for some C,5 > 0.

This result is a special case of the following more general statement. Let A be a positive self-adjoint
operator with dense domain on a real Hilbert space H with norm denoted by |.| and inner product denoted
by (.,.). A is assumed coercive on H in the sense that

Ja > 0,Yu € D(A), (Au,u) > alul®.
We introduce V := D(A'/?), the closure in H of D(A) under the norm
1
p(u) := (Au,u)z.
The norm p extends on V' and we equip V' with the extension of p, denoted by |||| so that

VueV, |ull = |AY?u|
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where A'/2 € L(V; H) N L(D(A); V) is the unique nonnegative square root of A. The duality product
between V and its topological dual V"’ extends the inner product on H in the following way:

V(f,v) e HxV, (f,v)vv=(fv).
In particular we have
Y(u,v) € D(A) x V, (Au,v)vrv = (Au,v) = (AY?u, AY?v).
In particular by the definition of the standard norm on V' we have
Yu € D(4), [ Aully: < |AY2u] = ||u].
By selecting v = u we even obtain
Vu e D(A),  [|Aullv: = [ul]

By Lax-Milgram’s theorem the extension A of A by continuity on V is bijective from V to V'’ and in
addition, A satisfies
Y(u,0) € VXV, (Au,v)yry = (AY?u, AY?0)

so that A becomes by definition the duality map from V to V. Finally, denoting by || - || the standard norm
on of V/ we remark that
VEeV, Iflls = IATFIl

Let now B € L(V; V') be such that
Yo eV, (Bv,v)>0.

We consider the second order equation
u” + Au+ Bu' = 0.
and the energy space ' = V' x H is equipped with the Hilbert product space norm.
Proposition 3.3.2. The unbounded operator on E defined by
D(L) ={(u,v) eV xV; Au+BveH} (3.8)
L(u,v) = (v,—Au — Bv) VY(u,v) € D(L) (3.9)
is m - dissipative on E.

Proof. We denote by (, ) the inner product in E. First L is dissipative on E . Indeed for any U = (u,v) €
D(L) we have

(LU, UY = (v,u)y + (—Au— Bu,v)g
= (AY20, AY?u) + (—Au — Bo,v)yr v
<7B’U,’U>V/1V S 0.

In order to prove that L is m-dissipative on E we consider, for any (f, g) € E the equation

(u,v) € D(L); _L(uvv) + (u,v) = (fag)
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which is equivalent to
(u,v) eV XV, —v4+u=f; Au+Bv+v=yg

or in other terms
(u,v) eV XV, u=f+v; Av+Bv+v=g—Af

Assuming we know that the operator C = A + B + T is such that C(V') = V' we conclude immediately
that
(I-L)D(L)=E

and therefore L is m-dissipative as claimed. The property C(V') = V' is an immediate consequence of the
following elementary lemma O

Lemma 3.3.3. Let V be a real Hilbert space and C € L(V,V"). Assume that for some ) > 0 we have
Yo eV, (Cu,v)y v >nlvl*
Then C(V) =V
Proof. First C(V) is a closed linear subspace of V'. Indeed if f,, = Cv, € C(V) and f,, converges to
f € V' we have for each (m, n) the inequality

1 1
||vn *vm”Q S 5<fn - fm;vn *vm>V’,V - H'Un *va S Ean - fm”*

Hence v,, is a Cauchy sequence in V' and its limit v satisfies Cv = f. Now if C(V) # V' there exists a
non-zero vector w € V such that
YoeV, (Cv,w)y. vy =0

By letting v = w we conclude that w = 0, a contradiction. O
Proposition 3.3.4. Let A,V and H be as above. Let B € L(V, V') satisfy the following conditions

Ja >0, YveV, (Buv,v)yyy > alvf
3C >0, YweV, |BW)|3 <C{Bv,v)v v+ |vf).

Let u € C*(0, 400, V) N C?(0, +00, V') be a solution of
u” + Au+ Bu' = 0.
There exists some constants C' > 1 and v > 0 independent of u such that
V>0, JJu(t), o' t)llz < Ce™||u(0),u'(0)] -
Proof. We consider for all ¢ > 0 and € > 0 small enough
Ho(t) = [0/ (D17 + [AZu(®)]* + & (u(t), v/ (t))

and we compute

H(t) = —(B/(1),u/ (1)) +ellu/ @) + e (1), u(t))
= (B (1), (1) +ellu ()] - e A2u(t)||* — (Bu'(1), u(t))
< —(BW'®),' (1) +elld (DI - el Azu®)]* + nellul@)3 + %HBul(t)H%/’

1

(—1+ 7)<B(U’(t))ﬂ/(t)> +e(l+ %)I\U’(t)ll2 —e(l—n)[AZu®)]*.

IN
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Choosing for instance 1 = /¢ and letting ¢ small enough we obtain first
H(t) < —%[Ilu’(t)l\2 + | AZu (D).
On the other hand it is not difficult to check for € small enough the inequality:
(1= Me)|[u/(0)]* + [|AZu(t)]|* < He(t) < (14 Me)|o/ (O)]* + | A2u(®)]*

where M is independent of the solution u as well as ¢ and e. This concludes the proof. O

Remark 3.3.5. If (u(0),4'(0)) € D(L), then clearly u € C(0,+00, V) N C?(0,+oc,V’). By density,
Proposition 3.3.4 means that the semi-group generated by L is exponentially damped in E. In particular
Proposition 3.3.1 follows as a special case.



Chapter 4

Generalities on dynamical systems

4.1 General framework

Throughout this paragraph, (Z, d) denotes a complete metric space.

Definition 4.1.1. A dynamical system on (Z,d) is a one parameter family {S(t) }+>0 of maps Z — Z such
that

(i) V¢ >0,5(t) € C(Z,2);
(i) S(0) = Identity;
(iii) Vs, > 0,8(t+ 5) = S(t) 0 S(s);
(iv) Yz € Z,S(t)z € C(|0,+00), Z).
Remark 4.1.2. In the sequel we shall often denote S(¢).S(s) instead of S(t) o S(s).

Remark 4.1.3. If I is a closed subset of Z such that S(t)F' C F for all t > 0, then {S(t),r}+>0 is a
dynamical system on (F, d).

Definition 4.1.4. For each z € Z, the continuous curve t — S(t)z is called the trajectory of z (under

S(t)).
Definition 4.1.5. Let z € Z. The set

wz)={y e Z, 3, = +00,5(tn)z =y as n — +oo}
is called the w-limit set of z (under S(t)).

Proposition 4.1.6. We also have

w(z) = J{s®)z}.

s>0t>s

Proof. Immediate according to Definition 4.1.5. O

31



32 CHAPTER 4. GENERALITIES ON DYNAMICAL SYSTEMS
Proposition 4.1.7. For each z € Z and any t > 0, we have
w(S(t)z) = w(2); 4.1
S(t)(w(z)) Cw(z). 4.2)

In addition, if U {S(t)z} is relatively compact in Z, then
>0

S(t)(w(2)) = w(z) # 0. (4.3)

Proof. a) (4.1) is an immediate consequence of Proposition 4.1.6.

b) Let y € w(z). There is an infinite sequence ¢,, — +oo such that as n — 400, S(t,)z — y. For each

t > 0, setting 7, = t,, + t, we find S(7,,)z — S(t)y, therefore S(t)y € w(z); hence (4.2).

c) Finally, assume U {S(t)z} to be precompact in Z. There is an infinite sequence ¢,, — +occandy € Z
>0

such that as n — +o00, S(tn)z — y. Thus y € w(z) and w(z) # 0. To establish the inclusion w(z) C

S(t)(w(z)), let us consider y € w(z) and ¢, — 400 such that S(t,)z — y. let 7, = ¢, — t. By possibly

replacing 7,, by a subsequence, we may assume S(7,)z — w € w(z). Hence by continuity of S(t)

Styw=_58(t) lim S(r,)z= lim S(t,)z =y,

n—-+oo n—-+o0o

and (4.3) is completely proved. O

In the sequel, a subset B of Z being given , we shall denote by
d(z,B) := inf d
(z,B) [nf, (2,y)
the usual distance in the sense of (Z, d) from a point z € Z to the set B. Using this notation we can state

Theorem 4.1.8. Assume that U {S(t)z} is relatively compact in Z. Then
>0

(i) S(t)(w(z)) =w(z) #0, foreacht > 0;
(ii) w(z) is a compact connected subset of Z;

(iii) d(S(t)z,w(z)) = 0ast — +oo.

Proof. (i) is just (4.3). Moreover, for all s > 0, U{S (t)z} is a nonempty compact connected subset of
t>s

Z . Proposition 4.1.6 therefore implies that w(z) is a compact connected subset of Z as a nonincreasing

intersection of such sets: this is (ii). To check (iii), let us asssume that there exist ¢,, — +o00 and £ > 0 such

that for all n, d(S(¢,)z,w(z)) > €. By compactness and by the definition of w(z), there is a point y € w(z)

and a subsequence t,,; — +o00 for which S(¢,/)z — y. Hence d(S(t,/)z,w(2)) — 0, a contradiction which

proves the claim. O

We now introduce the basic example of dynamical systems to be studied in this book. Let X be a real
Banach space, let A be a linear, densely defined, m-dissipative operator on X, and let F' : X — X be
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Lipschitz continuous on each bounded subset of X. As recalled in Theorem 2.3.1, for each x € X, there is
7(z) € (0,400] and a unique maximal solution v € C([0, 7(x)), X) of the equation

u(t) = T(t)z + /0 Tt ) F(u(s))ds Vit € [0,7(x)) 44)

where T'(t) is the semigroup generated by A (cf. Theorem 2.2.1) and the number 7(z) is the existence time
of the solution. For z € X and ¢ € [0, 7(x)),we set

S(t)r = u(t)
Let Y C X be such that for some M < +o0o we have
7(y) = +oo,Vy € Y; (4.5)
ISyl < M, ¥y € Y.Vt > 0. 4.6)

We set Z = U U {S5(t)z} and we denote by d the distance induced on Z by the norm of X.
yeY t>s

Lemma 4.1.9. We have the following properties
(i) 7(2) =400, Vz € Z;
(i) ||S(t)z|| < M, Vz € Z, Vt > 0;
(iii) S(t)z € Z,Vz € Z, ¥t > 0.

Proof. Let y € Y. Then if u(t) = S(t)y is the solution of (4.4) with = = y a straightforward calculation
shows that for any s > 0,v(t) = u(t + s) is the solution of (4.4) with z = u(s). Therefore,

S(t)S(s)y = S(t)(u(s)) =u(t +s), Vs, t>0.

Consequently 7(S(s)y) = +oo forall y € Y and each s,t > 0 and ||S(¢)S(s)y|| < M forally € Y and
each s,t > 0. Now let z € Z. There exists a sequence (t,,) in [0, +00) and a sequence (y,,) in Y such that
S(tn)yn — zasn — +o0. Pick T < 7(z). Of course we have by Gronwall’s Lemma (lemma 1.2.1) :

S(t)S(tn)yn — S(t)z as n — +o0,uniformly on [0, T']. 4.7

In particular || S(¢)z|| < M,V¥t € [0,T]. Since T' < 7(z) is arbitrary, we deduce first (i), then (ii).
Finally (iii) follows as a consequence of (4.7). O

Theorem 4.1.10. {S(t)}+>0 is a dynamical system on (Z,d).

Proof. First S(0) = Identity. Moreover for each z € Z, if z,, € Z and z,, — z asn — +00, as a
consequence of the Gronwall Lemma (lemma 1.2.1) we obtain classically :

S(t)zn, — S(t)z as n — 400, uniformly on [0, 7]

for each finite T . In particular S(t) € C(Z, Z) for all ¢ > 0. Moreover for each y € Z, the calculation
performed in the proof of Lemma 4.1.9 shows that

S(t)S(s)y = S(t+ s)y

for all s,¢ > 0. Finally by construction we have S(t)z € C([0,+00), Z) for each z € Z. Hence the
result. =
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As a particular case of Theorem 4.1.10, we can choose X = RN, N > 1. For each vector field F' €

Wllo"joo (RN, RY) we consider the (autonomous) differential system

u'(t) = F(u(t)) (4.8)
and its integral curves u(t) =: S(t)z defined for t € [0,7(x)). Theorem 4.1.10 says that if 7(y) = +oo
and the corresponding local solution (t) remains bounded for ¢ > 0, then 7(z) = 400 foreach z € Z :=
u(RT) and the restriction of S(t) to Z (endowed with the distance associated to the norm) is a dynamical
system. To see this we apply Theorem 4.1.10 with A = 0and Y = {y}.

Other important examples of dynamical systems will be associated to the partial differential equations
studied in Chapter 2. Their properties will be studied precisely in the next chapter.

4.2 Some easy examples

In the first section (Theorem 4.1.8), we showed that the w-limit set of a precompact trajectory u(t) = S(t)z
is a continuum invariant under S(¢) and which (by construction!) attracts the trajectory as ¢ — +oo. In
some cases this gives directly a convergence result. As a first easy case we have

Proposition 4.2.1. Ifw(z) is discrete, there exists a € Z such that d(S(t)z,a) — 0 ast — +00
Proof. This is an immediate consequence of Theorem 4.1.8. Indeed, w(z) , being compact and discrete is
finite. But a connected finite set is reduced to a point. O
As an example let us consider the second order ODE
" +u' +ud —u=0.
All solutions are global and an immediate calculation gives:
(d/dt)[(1/2)u"* + (1/4)u — (1/2)u?] = —u* < 0.

Hence we can define the dynamical system generated on the whole of R? by setting U (t) = (u(t),/(t))
and writing the equation as a first order system. The function ¢ ~ [(1/2)u? + (1/4)u* — (1/2)u?](t) is
nonincreasing along trajectories. Consequently it has a limit as ¢ tends to infinity and, as a consequence,
each trajectory (v, v’) contained in the w-limit set of a given trajectory satisfies automatically

0 = (d/dt)[(1/2)v"* + (1/4)v* — (1/2)v?] = —v".

It follows, since this implies v/ = 0, that the w-limit set of any trajectory consists of stationary points and is
therefore contained in {0, 1, —1} x {0}. By connectedness, the w-limit set reduces to a singleton {(z,0)}
with z = 0, 1 or (-1). Therefore every solution has a limit at +oco.

Actually the argument which we gave above in this special case is general for systems having what will
be called a "strict Liapunov function”. On the other hand already in R? there are many examples of systems
with non-convergent bounded trajectories. For instance the basic second order equation

u +wlu=0

has no convergent trajectory except © = 0. Here instead of a Liapunov function we have an invariant en-
ergy, and the w-limit set of any solution other than the single equilibrium point (0, 0) does not intersect the
set of equilibria.
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4.3 Convergence and equilibrium points

In this section we introduce some general concepts which will be used throughout the text.

Definition 4.3.1. Ler z € Z. The trajectory t — S(t)z is called convergent if there is a € Z such that

lim d(S(t)z,a) =0.

t—+oo

Definition 4.3.2. A point z € Z is called an equilibrium point (or equivalently a stationary point) of the
dynamical system S(t) if {z} is invariant under S(t), i.e.

Vi >0, S(t)z = z.
The following property is now obvious

Proposition 4.3.3. Ifa trajectory of the dynamical system S(t) is convergent, the limit is always a stationary
point.

Proof. This is an immediate consequence of Proposition 4.1.7. Indeed if a trajectory converges, it is pre-
compact and the omega-limit set is an invariant singleton. O

Remark 4.3.4. As a trivial consequence of Proposition 4.3.3, a necessary condition for a precompact
trajectory to be convergent is that its w-limit set be made of equilibria. In chapter 6 we shall study an
important class of systems for which the w-limit set of all precompact trajectories is reduced to equilibria.
Then if the set of equilibria is finite, convergence follows from Proposition 4.2.1. On the other hand an
important part of the book will be devoted to the harder case of a continuously infinite set of equilibria.

4.4 Stability of equilibrium points

Another important concept concerning equilibria (and more generally trajectories) of a dynamical system
is the concept of stability as defined by Liapunov.

Definition 4.4.1. An equilibrium point a of the dynamical system S(t) is called stable (under S(t)) if
Ye>0, 3§>0, VzeZd(z,a)<d=Vt>0, d(S(t)za)<e.
Otherwise we say that a is unstable.

The following result, relted to the concept of Liapunov function, provides a general stability criterion
applicable even to infinite dimensional systems.

Theorem 4.4.2. Let a € Z be an equilibrium point of the dynamical system S(t) and U be an open subset
of Z with a € U such that for some V' € C(Z) we have

Vr e (0,79), d(mi?_ V(u) >V(a) 4.9)

YueU, Vt>0, V(S{t)u<V(u)

Then a is a stable equilibrium point of the dynamical system S(t).
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Proof. Letr > 0 be such that B(a,r) C U and let

c:= min V(u) >V(a
J(in (u) (a)

Let
W = {u € B(a,r),V(u) < c}

It is clear that W is open with a € W. In addition if ug € W, u(t) = S(t)uo satisfies
VE>0, u(t)eW
Indeed if this property fails for some ug € W, we can consider
to =inf{t >0, wu(t)gW}.

We have V' (u(to)) < V(ug) < cand since W is open the only possibility is d(u(to), a) = r, a contradiction
with the definition of c. The result is now immediate since » > 0 can be chosen arbitrarily small. O

Under the hypothesis that balls with finite radius are compact subsets, we obtain the following result
applicable in finite dimensions.

Corollary 4.4.3. Assuming that closed balls with finite radius are compact subsets of Z , let a € Z be an
equilibrium point of the dynamical system S(t)and U be an open subset of Z with a € U such that for some
V € C(Z) we have

Vu e Uyu#a= V(u) >V(a)

YueU, Yt>0, V(S{t)u<V(u)
Then a is a stable equilibrium point of the dynamical system S(t) .

Proof. Letr > 0 be such that B(a,r) C U : as a consequence of the compactness of closed balls we have
(4.9). The result is now an immediate consequence of Theorem 4.4.2. o

Definition 4.4.4. An equilibrium point a of the dynamical system S (t) is called asymptotically stable (under
S(t)) if it is stable and in addition

360 >0, Vze Z,d(z,a) < 69 = \ 1irg1 d(S(t)z,a) =0
—+00
Remark 4.4.5. The first order ODE
W 4w —u=0

generates a dynamical system on Z = R which has a set of 3 equilibria {—1,0, +1}. It is easy to verify that
all trajectories of this system are convergent, positive initial data lead to a trajectory converging exponen-
tially fast to +1, negative initial data to a trajectory converging exponentially fast to -1. Therefore +1 and -1
are asymptotically stable, whereas 0 is unstable. It is not too difficult to check that the equilibria (1, 0) and
(—1,0) are also asymptotically stable for the system generated in Z = R? by the second order ODE

Wtd +ud—u=0

considered in the previous section, whereas in this case the set of initial data leading to a trajectory tending
to (0, 0) is a 1D curve separating the attraction basins of the 2 stable equilibria. Hence (0, 0) is also unstable



4.4. STABILITY OF EQUILIBRIUM POINTS 37

in this case.
In the case of the basic oscillator governed by

u +wlu=0

the only equilibrium is 0 which is stable (with § = ¢ since we have an isometry group on Z = R?) but not
asymptotically stable. This result can also be viewed as a special case of theorem 4.4.2 with V (u,u’) =
%(u’ 2 + wu?). The same argument holds true for the wave equation with V' the usual energy functional. We
remark that except for the initial data (0, 0), the omega-limit set does not cross the set of equilibria. In fact
if the omega-limit set of a trajectory contains a stable equilibrium point, the trajectory must converge to this
point. This makes the study of convergence somewhat easier when the dynamics is unconditionally stable,
a typical case being contraction (or more generally uniformly equicontinous) semi-groups which will be

studied in Chapter 8.



Chapter 5

The linearization method in stability
analysis

When looking for stability of an equilibrium point a for an evolution equation U’ + AU = 0, a natural
idea is to examine the nature (convergent or divergent) of the linear semi-group generated by the linearized
operator D A(a). It is intuitively clear that this will work only when the spectrum of D.4(a) does not
intersction the imaginary axis. In this chapter, we first describe an extension of the Liapunov linearization
method to establish the asymptotic stability of equilibria. The perturbation argument developed here is
applicable, in conjonction with the linear results of Chapter 2, to various semi - linear evolution problems
on infinite dimensional Banach spaces. At the opposite, an argument essentially coming back to R. Bellman
[12] allows to deduce instability from the existence of an eigenvalue with the "wrong” sign. We shall also
provide an infinite dimensional version of the linearized instability principle.

5.1 A simple general result

Let X be a real Banach space, T'(t) a strongly continuous linear semi-group on X, and F : X — X
locally Lipschitz continuous on bounded subsets. For any x € X, we consider the unique maximal solution
u € C([0,7(x)), X) of the equation

u(t) = T(t)x + /0 T(t— s)F(u(s))ds, Vte][0,7(x)) 5.1

By a stationary solution of (5.1) we mean a constant vector a € X such that
t

a=T(t)a —|—/ T(t—s)F(a)ds, Yt>0
0

The following result is an easy consequence of the general theory of strongly continuous linear semi-groups.
Let L denote the generator of T'(¢). Then we have

Lemma 5.1.1. A vector a € X is a stationary solution of (5.1) if and only if we have

a€ D(L) and La+ F(a)=0.

38
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We are now in a position to state the main result of this section
Theorem 5.1.2. Assume that for some constants 6 > 0, M > 1 we have
vt >0, ||T(t)| < Me™®.
Let a € X be a stationary solution of (5.1) such that
3Ry > 0,3n > 0: ||F(u) — F(a)|| < n|lu— al for ||u—al < Ry
with
< )
<
Then for all x € X such that

R
o —all < Ry = 22

the solution u of (5.1) is global and satisfies
YVt >0, |u(t)—al < M|z—ale ™,

with:v=6 —nM > 0.
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(5.2)

(5.3)

(5.4)

Proof. On replacing u by u — a and F by F' — F(a), we may assume ¢ = 0 and F'(a) = 0 with | F(u)|| <

n|ju|| whenever ||u|| < Rg. In particular, setting
T = Sup{t > 0, [u(t)]] < Ro} < +ox,

we find

¢
Vi€ [0,7), Ju(®)] < Mllz|e="* +77M/ e |lu(s)|| ds.
0
Letting () = % ||u(t)]|, we obtain
t
P CrvCa [ plods Ve 0.1)
0

with: C; = M||z||,Ce = nM. By applying Lemma 1.2.1 with A\(t) = Cy we deduce

vt e [0,7), efut)] < M|l

(5.5)

Since 6 > nM , we conclude that if M||z|| < Ry, then T' = +o0 and (5.5) holds true on [0, +00). This

completes the proof of (5.4).

5.2 The classical Liapunov stability theorem

5.2.1 A simple proof of the classical Liapunov stability theorem

The object of this paragraph is to give a simple proof of the following well known result:

O
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Theorem 5.2.1. (Liapunov) Let X be a finite dimensional normed space, and f € C*(X, X) a vector field
onX. Let a € X be such that fla) = 0 and assume

All eigenvalues {s;j, 1 < j < k} of D f(a) have negative real parts.
Then a is an asymptotically Liapunov stable equilibrium solution of the equation
u = f(u(t)), t>0. (5.6)
More precisely : for each§ < n = 11%13i£1k{—Re(sj)}, there exists p = p(d) > 0 and M (0) > 1 such that if
|z — all < p(9)), the solution u of (5.6) such that u(0) = x is global with
Yt >0, |lu(t)—al < M©O)|z— ale .

Proof. We consider first the case where a = 0 and f coincides with a linear operator A. In this case, the
question reduces to the following:

Lemma 5.2.2. Let X be a finite dimensional complex vector space, A € L(X) and u € C'(R,X) a
solution of v’ (t) = Au(t). Then we have

u(t) = ZPj (t)esit (5.7

where {sj}1< <k is the sequence of eigenvalues of A and P; a polynomial with coefficients in X for all j.

Proof. By induction on dim¢(X) = p.
-If dimg(X) = 1, then j = 1 and A = 511, hence u(t) = uge®*.
- If dim¢(X) = p > 1, assuming that the result is true for all complex vector spaces with complex
dimensions < p — 1, we set
v(t) = u(t)e™

therefore v is a solution of
v = (A—s11)v.

Then setting Y = R(A — s11), B = (A — s1I)|y and w = ¢/, it is clear that w is a solution of
we CHR,Y); w'(t) = Bw(t).
Since by construction ker(A — s11I) # {0}, we have R(A — s1I) # X and in particular
dime (V) < dime(X)—-1=p—1.

By the induction hypothesis we have

k
w(t) = 37 Qe
j=1

because the eigenvalues of B are of the form s; — 5. By integrating we obtain
k
w(t) =ay+ Y R;t)els =)

then on multiplying by €1, we obtain (5.7), completing the proof by induction. o



5.2. THE CLASSICAL LIAPUNOV STABILITY THEOREM 41

Completion of the proof of Theorem 5.2.1. Since all eigenvalues of D f(a) =: A have negative real parts,
it follows obviously from (5.7) that [|e!4|| < C(8)e=! for all § < 1 = minj<j<,{—Re(sj)}. Then we
apply Theorem 5.1.2 with T'(t) = e*#, and F' defined by the formula

F(u) = f(u) = Df(a)(u —a).

The result follows at once. O

5.2.2 Implementing Liapunov’s first method

Theorem 5.2.1 gives an apparently simple and almost optimal way of checking the asymptotic stability
of a given equilibrium point of a differential system : check whether all (complex) eigenvalues of the
linearization at this point have negative real parts. However in practice we have to check this property on
the characteristic polynomial, but as soon as /N > 3 in general the roots cannot be computed .

Definition 5.2.3. We say that a polynomial P with real coefficients
N
P(X)=> p;X’
§=0

is a Hurwitz polynomial if all its zeroes have negative real parts.
Proposition 5.2.4. If P is a Hurwitz polynomial, then py # 0 and for each j € {0, ...N'}, we have p;py > 0.

Proof. We have
P(X) = pn [[(X +x) JTX + py + i) (X + g — i)
k J
where all numbers A, 15 are positive . But

(X + pj + i) (X 4y —ivy) = X2+ 20, X + 5 + 07
The result follows immediately by expanding P. O

Remark 5.2.5. The converse of Proposition 5.2.4 is false if N > 2. If all coefficients of P have the same
sign, of course P cannot have a positive real root but on the other hand the polynomial

Pe(X)=(X+1D)(X?—eX+ 1) =X+ (1-)X*+(1-e)X +1

has all its coefficients positive for 0 < € < 1, although the two conjugate imaginary roots have imaginary
parts equal to 5.

It is sometimes useful to remember the following criterion which we give without proof :

Proposition 5.2.6. For N < 4 a polynomial P of degree N with py > 0 is a Hurwith polynomial if and
only if the following inequalities hold true

CIfFN =2:p; > 0,p > 0.
-If N =3:p1 > 0,p3 > 0,pap1 > papo
-IfN =4:p1 > 0,p3 > 0,ps > 0, p3(pap1 — pspo) > pap?

Remark 5.2.7. The general conditions for N > 5 become complicated and are known as the Routh-
Hurwitz criterion. The criterion consists in N inequalities which can be computed either using the diagonal
(N-1) dimensional minors of some N x N matrix (cf. [77] ) or through a step by step inductive procedure
involving only some determinants of order 2.
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5.2.3 Remarks on Liapunov’s original proof of the stability theorem

The original method of Liapunov consisted in introducing the quadratic form

+oo
B(u) = / Ity Pt

where T'(t) = exp(tA). For a solution of the equation

v = Au+ F(u)

we have

+oo

Go00) = 2 [ (Tue). T ) ds
+oo
= 2/ (T(s)u(t), T(s)Au(t) +T(s)F(u(t)))ds
0
But oo oo p .
| @@ 1@ A = [T @euo. LT u0)s = ~5lu)?

and

—+o0
2 / (T(s)u(t), T(s)F(u(®)))ds| < 20 ut) |I|F (u(®))]].
0
The result then follows for || F'|| 1.;, small enough. On this proof we want to make two observations that will
justify our choice of a perturbation argument in integral form :
1) Even when F' = 0, the decay rate obtained by Liapunov’s method is not optimal. For instance if
X = R" and we apply the above estimates to the equation

u +u+2u =0,

we obtain
IT(t)]| < Cem(ImV2/2t

which is not optimal since in fact
IT(@)] < C(1+ 1) exp(—t).

2) When F' = 0, the quadratic form ® does not provide the decay in the correct space if X is an
infinite-dimensional Hilbert space. If, for instance, we consider the heat equation

uw—Au=0 in R"xQ wu=0 on R x9N

in a bounded open domain of RY which generates a contraction semigroup T'(t) on X = L2(Q), the
quadratic form ® does not control the norm in X . Indeed , if ,, is an eigenfunction of the operator —A ,
ie

—App, =M, in Q uwu=0 on 9N

it is immediate that

e 2 2 e 2\ 1 2
Bpa) = [ IT@nld = llpall? [T et =
0 0 n
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3) The introduction of @ is only possible when X is a Hilbert space. If, for instance, we work with the
semilinear equation

ug—Au+ f(u)=0 in Rt xQ, u=0 on R"x9Q

and we try to apply Liapunov’s result with X = L?(2) , we shall be very limited in our range of application.
Indeed in order for the operator F' defined by

(F(u))(z) = f(u(x)), ae.in

to satisfy the condition
[1F(uw)lx <ellullx for lulx small

it is necessary (and sufficient , of course) that f satisfy the global condition
[f(s)| <els], VseR.

As a consequence, F' cannot be tangent to O at the origin, except if ' = 0. The situation is very different if
X = Cy(9): in this case, in order for the operator F to satisfy the condition

[1F(u)lx <ellullx for [lullx small
it is sufficient that f satisfy the local condition
|f(s)| <e|s|, forallssmall enough.

In particular, if f is a function of class C! and f/(0) = 0, F is tangent to 0 at the origin. Considering for
instance the equation

u—Au=|ulP'u in RTxQ, u=0 on RT xN.

The original Liapunov technique does not give the stability of the 0 solution when working in L?(€2). The
method will work if we replace L?(2) by some Sobolev space of type H™(£2), but then we need some
growth conditions on the nonlinearity, imposing extraneous limitations on p. If X = Cy(£2), we obtain
easily the stability of the O solution for any p > 1, cf. Proposition 5.3.1.

5.3 Exponentially damped systems governed by PDE

5.3.1 Simple applications

In this paragraph, we show how the stability theorem 5.1.2 can be applied to partial differential equations.
a) We first consider the semilinear heat equation (2.1) :

u—Au+ f(u)=0 inRT xQ, wu=0o0nR" x9N

where Q be any open set in RV with Lipschitz continuous boundary 92 , and f : R — R is a function of
class C'! with
f(0)=0 and f'(0) > -\ ().

We have the following simple result :
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Proposition 5.3.1. Under the above hypotheses, the stationary solution v = 0 of (2.1) is exponentially
stable in X = C°(2). More precisely : for each~y € (0, A\1(Q) + f/(0)), there exists R = R(v) such that
forall x € X with ||z|| < R, the solution u of (2.1) such that u(0) = x is global and satisfies

vt >0, u(t)]| < Ml|z]e™™,
with M independent of v and x.

Proof. We have shown in Theorem 3.2.2 that the contraction semi-group Ty(t) generated in C°((2) by the
equation
w—Au=0 inRTxQ, u=0onR" x9N

satisfies (5.2) with 6 = A;(Q) and some M > 1. It is therefore sufficient to apply Theorem 5.1.2 with
T(t) = e~ 7O Ty(t), since for f € CY(R), F(u) = f(u) — f'(0)u satisfies (5.3) with @ = 0 and 7
arbitrarily small. O

b) Similarly we can consider the semilinear wave equation (2.4)
g — Au+yug + f(u) =0 inRT xQ, w=0o0nR" x9N
where Q is a bounded open set in R™ with Lipschitz continuous boundary 952, and f is a function of class
C': R — R with
f(0)=0 and f'(0) > -\ ().
satisfying the growth condition (2.5). We obtain the following result :

Proposition 5.3.2. Under the above hypotheses, the stationary solution (u,v) = (0,0) of (2.4) is expo-
nentially stable in X = HZ(2) x L%(Q) in the following sense: for each § > 0 small enough, there exists
R = R(0) such that for all v € X with ||z|| < R, the solution u of (2.4) such that (u(0),u.(0)) = z is
global and satisfies

vt > 0, flu(t)]] < M(O)|lz]e". (5.8)
Proof. It follows from Proposition 3.3.1 that the contraction semi-group 7o (¢) generated in X = H{ () x
L?(Q) by the equation

g — Au+ f'(0Ou+yu; =0 inRT xQ, w=0o0nR" x9N (5.9

satisfies (5.2) with some M > 1 forany § > 0 small enough. In order to apply Theorem 5.1.2 with T'(t)
the semi-group generated by (5.9), all we need to check is that the function F'(u,v)) = —(0, f(u) — f/(0)u)
satisfies (5.3) with a = 0 and 7 arbitrarily small. But this is immediate since the function p(s) = f(s) —
f'(0)s is o(|s]) near the origin and, by (2.5) we have |o(s)| < C(|s|") for s large. Therefore for eachd > 0
arbitrarily small, we have |p(s)| < d|s| + C(d)|s|", globally on R. The result then follows immediately
from Sobolev imbedding theorems. O

5.3.2 Exponentially stable positive solutions of a heat equation
In this paragraph, we consider the semilinear heat equation
up—Au+ f(u)=0 inRT xQ, u=0o0nR" x9N

where  be any open set in R™ with Lipschitz continuous boundary 92 , and f is a function of class C'':
R — R with f convex on RT, f(0) = 0 and

71(0) < =X\ ().

We have the following simple result :
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Proposition 5.3.3. Under the above conditions, assuming that f(s) > 0 for some s > 0, there exists a
unique solution ¢ > 0 of
—Ap+flp)=0 inQ, ¢=0o0ndN. (5.10)

In addition,  is asymptotically (even exponentially) stable in C(2) N H ().

Proof. If a € [°°() we denote by \;(—A + al) the first eigenvalue of —A + al in the sense of H} ().
First of all if (5.10) has a positive solution ¢ and we set

we have obviously
)\1(—A + p[) =0

with eigenfunction equal to . Now if ¢ is another positive solution, we introduce

it p(x) # ()

q(z) = f'(p(z) if @) =1)(z).
By strict convexity we have
q(z) > p(x)

everywhere in €). In particular
A1 (—A + qI) >0

On the other hand if ¢ # 1, then ¢ — ¢ is an eigenfunction of (—A + ¢I) with eigenvalue 0. This
contradiction means that ¢ = 1 and therefore ¢ is unique. In addition since by strict convexity we have

f'(e()) > p(=)
everywhere in {2 we have in particular
M (=A+ f(p(x))I) >0

as soon as a positive solution ¢ exists. Therefore we have uniqueness and exponential stability of ¢ as soon
as it exists.
To prove the existence of ¢, first we deduce from the hypotheses on f that

dso >0, f'(s) > f'(s0) >0, Vs> sp.

In particular

where )
F(s) :/ f(o)do.
0
Therefore

inf F(s) =C > —oc.
s>0
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For the proof of existence, first we modify (if necessary) f on R™ by setting

Vs <0, f(—s)=—f(s)
And then F' is extended as the primitive of f. This means
Vs <0, F(—s)=F(s)
We introduce .
m = 1nf{/g[§|v,z|2 b () de, € HANQ)} > Cl0] > —oo,

Since as s — 0 we have

52

Fis) ~ ~f1(0)5
and f/(0) < —A1(Q), by taking z = ¢, and letting & — 0 we find
m <0

Since any minimizing sequence is bounded in H}(€2) and F is convex up to a quadratic term, there exists,
as a consequence of compactness in L*({2) and Fatou’s Lemma, a function ¢ € HJ () such that

151V + F()do = m
Q

Setting 1) = |¢| we also have, since F' is even:

[ 3196 + F@ldr =m
Q

Because m < 0, of course ¢ # 0. It is then classical to conclude that 1) is a positive solution of (5.10). O

5.4 Linear instability and Bellman’s approach

In any finite dimensional real Hilbert space X , the hypothesis of Theorem 5.2.1 is sharp. Actually if f = L
is linear and has an eigenvalue s := s; + is2 with s, s5 real and s; > 0, let

L(p1 +ip2) = s(p1 +ipa)

with 1, o9 real vectors and (@1, p2) # (0, 0). Then the real vector-valued function
u(t) = e**[cos(sat)p1 — sint(sat)pa]

is a solution of (5.6) because the function
2(t) = ety

is a solution of the extended equation of (5.6) on the complexification of X and L being a real endomor-

phism on X, z(t) = e¥'p and u = % (z(t) — z(t)) are solutions of the same equation. But now we observe

that

km ks,
ul—) =

1)
) = (Drern("

)u(0)
and therefore u cannot converge to anything at all as ¢ goes to infinity.

In the next paragraph we collect some instability results proved in [1] in the Hilbert space framework.
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5.4.1 The finite dimensional case

Let X be a finite dimensional normed space, and f € C'(X, X) a vector field on X. Let a € X be such
that f(a) = 0. By Liapunov’s theorem (Theorem 5.2.1), if all eigenvalues of D f(a) have negative real
parts, a is an asymptotically Liapunov stable equilibrium solution of the equation

u' = f(u(t)), t>0. (5.12)
This result is sharp since in the opposite direction we have

Theorem 5.4.1. (R. Bellman, [12]) Let a € X be such that f(a) = 0 and assume that at least one
eigenvalue of D f (a) has a positive real part. Then a is an unstable equilibrium solution of (5.12).

Proof. Letn > 0 be the minimum of real parts of the eigenvalues of D f(a) having a positive real part and
choose an integer K to be fixed later. The Jordan reduction theorem implies in particular the existence of
an upper triangular matrix 7" with zero diagonal terms and coefficients all equal to 0 or 1 such that

K
—M=D+T
n

where M is the matrix of D f(a) in a certain basis of X and D is a complex diagonal matrix. Then
M=L+R

where L = 45D is a diagonal matrix and R = 7" is a matrix with all coefficients having moduli smaller
than 5. Let us identify X with H = C¥ with the usual Hilbert norm and the associated real inner product.
It is clear that the coefficients of L, in other terms the diagonal coefficients of M, are in fact the eigenvalues

dim X
of in Df(a). In addition under this identification we have || R|| < DEM2 Let P: H —s H denote the

projection operator on
Y = EB Ker(L — ). (5.13)
Re(X\)>0
If w is any bounded solution of (5.12), for ¢ > 0 setting u = a + v we have

L(PoP (1 = PYeP) = 2[(Pv,of) — (T~ P)o,v')]

= 2[(Pv,Lv+ Rv+ g(v)) — (I — P)v, Lv + Rv + g(v))]
where g(v) = f(a+v) — f(a) — D f(a)v satisfies

Since L < 0on [Y]*+ = (I — P)H we have:
—((I = P)v,Lv) = —(L(I — P)v,(I — P)v) > 0.
On the other hand by definition of 7 we have
Yw €Y, (Lw,w) > njw|?

In particular we find
2(Pv, Lv) = 2(LPv, Pv) > 2n|Pv|*.
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And therefore

2[(Pv, Lv) — ((I — P)v, Lv)] > 2n|Pv|>.
On the other hand we have the easy inequality

_477dimX

2((Pv, Rv) — ((I = P)v, Rv)] = —4|[R|[v]* = %

[of?
and since g(v) = o(v), there exists ¢ > 0 such that if |v| < e, we have
2(Pv,g(v) = 2(( = P)o,g(v) = =3 of? = =2(IPv* + (1 = P)oP?)
Choosing K = 8 dim X and combining the above inequalities we find
L (PoP — 10— Pf?) 2 n(Pof? (1~ Pof?)
whenever |v| < e. Now assuming that a is Liapunov-stable in X, let us select v(0) = vy € X such that

|PUO| > |(I— P)’U0| (5.14)

and |vg| small enough so that
Vt>0,v(t)| <e. (5.15)

For instance, vp might be any ”small” vector of Y. As a consequence of the above computation it follows
that

vt >0, (|Pv(®)]* —|(I — P)v|?) > e™(|Pvo|® — |(I — P)vo|?)). (5.16)
This is clearly absurd since (5.14), (5.15) and (5.16) are incompatible. The proof of Theorem 5.4.1 is
complete. o

5.4.2 An abstract instability result

The main result of this Section is a natural infinite-dimensional extension of Theorem 5.4.1 to the special
case of sel-adjoint linearized operator.

Theorem 5.4.2. Let H be a real Hilbert space with inner product and norm respectively denoted by (-, -)
and | - |, L a (possibly unbounded) self-adjoint operator such that

>0, L+ecl>0.
(L+(c+1)I)~" is compact (5.17)

M) = it %Y

< 0.
uw€e H,u#0 |’U,|

Assume that there exists a Banach space X C H with continuous imbedding with norm denoted by ||.|| for
which f : X — H is a locally Lipschitz map with f(0) = 0 and such that

Tl _y, (5.18)
ue X\{0}, [lul—0 |u]

Then if X contains all eigenvectors of L, the stationary solution 0 of
uw + L(u) = f(u) (5.19)

is unstable in X.
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Proof. Let P : H — H denote the projection operator on

H™ =@ Ker(L - \I).
A<0

As a consequence of (5.17) we know that dim(H ~) < co. If u is any bounded solution of (5.19), for t > 0
u is differentiable with values in H and we have

d 2 2
g Pul” = (I = Puf’)

= 2[(Pu,u’) — ((I = P)u,u’)]
= 2[(Pu, f(u) — Lu) + 2((I — P)u, Lu — f(u))]. (5.20)

Since L > 0 on [H~]* = (I — P)H we have:
((I — P)u, Lu) = (L(I — P)u, (I — P)u) > 0. (5.21)
On the other hand by (5.17) we know that
In > 0,Yw € H™, (—Lw,w) > nw|?

In particular we find
2(Pu, —Lu) = 2(—LPu, Pu) > 2n|Pul?. (5.22)

As a consequence of (5.18), there exists € > 0 such that if ||u|| < e, we have
2(Pu, f(u)) +2((I = P)u, f(u)) = —nlul* = —n(|Pul* + |(I = P)ul?). (5.23)
Combining (5.20), (5.21), (5.22) and (5.23) we find
%(lﬂtl2 —|(I = Pyul*) = n(|Puf* = |(I - Pyul®) (5.24)
whenever |lu|| < e. Now assuming that 0 is Liapunov-stable in X, let us select u(0) = uo € X such that
[Puo| > |(I = P)ug

and ||upl|| small enough so that

vt >0, lu(t)] <e. (5.25)
As a consequence of (5.24) we obtain as previously (5.16), clearly incompatible with (5.25). Consequently
if X contains all eigenvectors of L, the choice

ug=n¢; Le=Xp, A<0 [nf]le] =0

shows by contradiction that 0 is not Liapunov-stable in V. The proof of Theorem 5.4.2 is complete. (]

|/ (W)

|ul
instead of H. Let us consider the example H = L?(2) where (2 is a bounded open subset of R" and

Remark 5.4.3. One might wander why the condition

— 0 is required as v — 0 in the sense of X

Jg € C'NWE(R) : Vu € L*(Q), (f(u))(x) = g(u(z)) ae. in Q.
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In this case, the condition

|f (w)]
|ul
implies f = 0. Indeed if f(0) = 0 and f(c) # 0 we can consider u,, = ¢x,, with w an arbitrary open subset
of 2, so that

—0as|ul =0

1 1
|uw| = leflw]?; - [f(uo)] = [f(e)]lw]
If |w| — 0 we have by construction |u,| — 0 and therefore
g L @
lul-0  |u] ||

On the other hand if X C L°° with continuous imbedding, the condition

timint 01 _
lull=0  |u]
is equivalent to the natural assumption lim M =0.
s—0 |S|

Remark 5.4.4. The instability result in X is only of interest when the existence of at least local (and
preferably global) solutions for small initial data in X is fulfilled. Otherwise Theorem 5.4.2 might just
mean failure of existence in X.

Remark 5.4.5. The proof of Theorem 5.4.2 actually implies a stronger instability property, namely
Jp eigenvectorof L, Je,, — 0 :sup ||un(f)|| > a >0
t>0

where u,, is the sequence of solutions of (5.19) such that u,,(0) = €,¢. This appears much stronger since
€nt tends to zero in any reasonable norm while the norm of X just needs to fulfill (5.18).

5.4.3 Application to the one-dimensional heat equation
Consider the one - dimensional semilinear heat equation
Ug — Uy + f(u) =0 in RT x (0, L); u(t,0) =u(t,L) =0on R (5.26)

where f is a C! function: R — R. Any solution u of this problem which is global and uniformly bounded
on R x (0, L) converges as t — 400 to a solution ¢ of the elliptic problem

¢ € H}(0,L), —¢puu+ flp) = 0. (5.27)

Proposition 5.4.6. If o is a solution of (5.27) which is stable as a solution of (5.26), then ¢ has a constant
signon (0, L) =: Q.

Proof. Indeed, if ¢ is not identically 0 and vanishes somewhere in (0, L), the function w := ¢’ has two
zeroes in (0, L) and satisfies

w € C?*NH0,L), —w + f'(@)w=0 in (0,L).
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In particularif 0 < o < 8 < L are such that w(a) = w(f) = 0, w # 0 on (o, §) and if we setw = (a, ),
we clearly have A;(w; —A + f'(¢)I) = 0 where A\ (w; —A + f'(¢)I) denotes the first eigenvalue of
—A + f'()] in the sense of H} (w). We introduce the quadratic form J and the real number 7 defined by

Vs e HY(9), J(2) = /Q{IZJCIQ + f(0)2 ) da

n=Inf{J(2),z¢€ Hol(Q),/Qszx =1}

Let us also denote by ( the extension of w by 0 outside w. Because

IQ) = [A6l + F0)Pn = [UGE + 1006 Hn = [ {1zl + 70022}z =
we clearly have
n=M(Q;—A+ f (o)) <0.

Assuming 1 = 0 means that a multiple A\{ = 1) of ( realizes the minimum of .J and therefore is a solution
of

¢ € C*([0,L]) N HF (0, L), ~pus + f'(0)1 = 0.

This is impossible since ¢ is not identically 0 and however vanishes throughout (0, «) for instance. There-
fore n < 0, and ¢ is unstable. O

5.5 Other infinite-dimensional systems

The following generalization of theorems 5.4.1 and 5.4.2 is not difficult.

Theorem 5.5.1. Let H be a real Hilbert space with inner product and norm respectively denoted by (., .)
and |.|, L a (possibly unbounded)linear operator such that

3¢>0, L+cI>0

R(L+ (c+ 1)) = H.

Assume in addition that we have a decomposition H = X @Y with dim(X) < oo and
XcDIL),LXCcX; Y=X'Y LYnDL)CY,L>00nY.

Let f : H — H be a locally Lipschitz map such that f(0) = 0 and such that there exists a Banach space
V' C H with continuous imbedding with norm denoted by ||.|| for which

|f (W)

ueV\{0}, [[ul—0 |u]

Then if V contains all eigenvectors of L, the stationary solution 0 of
' + Lu = f(u)

is unstable in V as soon as L has at least one eigenvalue with negative real part and eigenvector in X.
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As a typical application of Theorem 5.5.1 we can consider the abstract second order evolution equation
w4+ u 4+ Au= f(u) (5.28)

where A is a self-adjoint operator with compact resolvant on a real Hilbert space H such that A +mlI > 0
for some m > 0 . Introducing V = D((A + (m + 1)I)z) we can set

H=VxH, D(L)=DA)xV
and
VYU = (u,v) € D(L), L(u,v) = (—v,Au+v)

Then (5.28) takes the form
U'+ LU = F(u) = (0, f(u))

By considering {\,, },en the nondecreasing sequence of eigenvalues of A eventually repeated according to
their multiplicity and observing that

H=VxH=(A-X)"H0)?

neN
it is not difficult to check the hypotheses of Theorem 5.5.1 Hence we can state

Corollary 5.5.2. Under the above conditions, if A has a negative eigenvalue, and if f, W are such that

|f ()]

u€W\{0}, lullw—0  |ul

the solution (0, 0) is unstable in the sense of V := W x H as a solution of (5.28).
By the same method as in section 5.4.2, we deduce easily the following consequences of Corollary 5.5.2 :

Corollary 5.5.3. Let ) be as in the introduction, f € C*(R) and ¢ € C(Q) N H}() a solution of the
elliptic problem
—Ap+ flp)=0inQ; =0 on 9N

such that
M(=A+ f(p)]) <0

then (p,0) is unstable in [C(2) N HE(Q)] x L3(Q) as a solution of the hyperbolic problem
Ut +up — Au+ f(u) =0 in RT xQ; u=0 on RT x 9.
Corollary 5.5.4. Consider the one - dimensional semilinear wave equation
Uge + Ut — Ugy + f(u) =0 in RT x (0, L); u(t,0) = u(t,L) =0on R (5.29)
where f is a C' function: R — R. If ¢ is a solution of the elliptic problem
p € Hy(0,L), —¢ua+f(p) =0

such that (¢,0) is stable in H}(0,L) x L?(0, L) as a solution of (5.29), then ¢ has a constant sign on
(0, L).
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Gradient-like systems

6.1 A simple general property
Let S(t) be a dynamical system on (Z, d). We denote by F the set of equilibrium point of S(t) i.e.
F={zeZ Vvt>0, S{t)x=uz}. (6.1)

Theorem 6.1.1. Let ug € Z be such that the trajectory S(t)ug has precompact range in Z. The following
properties are equivalent

w(ug) C F, (6.2)
Vh >0, d(S(t+ h)ug,S(t)ug) — 0 as t — +o0, (6.3)
Ja > 0,Yh € [0,a], d(S(t+ h)ug, S(t)ug) — 0 as t — +oo. (6.4)

Proof. i) (6.4) implies (6.2). Indeed assume (6.4) and let x € w(ugp). There exists ¢,, tending to 400 for
which

nl;rr;o S(tn)ug = .
Therefore by continuity of S(h)
Vh > 0, li_>m S(tn + h)ug = li_>m S(h+ ty)ug = S(h)x.

As a consequence of (6.4) we have on the other hand

Vh € [0,a], lim S(t, + h)ug = x.

n—oo
By comparing the two previous formulas we find
Vh e [0,a], S(h)z=uz.
Then a trivial induction argument gives

Vh € [0,a], VneN, Sna+h)z=uzx.
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This obviously implies (6.2).
ii) (6.2) implies (6.3). Indeed assume that (6.3) is false. Then for some h > 0 there is an € > 0 and a
sequence t,, tending to +oo for which

VneN, d(S(t,+ h)ug, S(t,)ug) > €.

We can replace the sequence t,, by a subsequence, still denoted t,,, for which S (¢, )uo converges to a limit
x € X. As aconsequence of (6.2) we have € F. By letting n tend to infinity in the above inequality,
since S(t, + h) = S(h)S(t,) and S(h) is continuous we obtain

d(S(h)z,x) > e.

This contradicts (6.2). Hence (6.2) implies (6.3) and this concludes the proof. O

6.2 A minimal differential criterion
In this section we assume that Z is a closed subset of some Banach space X.

Corollary 6.2.1. Let ug € Z be such that the trajectory S(t)uy has precompact range in Z. Assume in
addition that

S(tyuo =: u(t) € WL (RT, X).

Then if
t+a
Ja > 0, / [lw/(s)||ds — 0 as t — +o0 (6.5)
t

we have (6.2).

Proof. It is sufficient to observe that
t+h t+a
Vh e [0,a], d(S(t+ h)ug,S(t)uo) = ||/ u'(s)ds|| < / [/ (s)]|ds — 0 as t — 4o0.
t t

Hence (6.4) is fulfilled, and by Theorem 6.1.1 this implies (6.2). o

Corollary 6.2.2. Let ug € X be such that the trajectory S(t)ug has precompact range in Z. Assume in
addition that

S(t)ug =: u(t) € Wo! (R, X).

loc

Then if for some p > 1
u € LP(RY, X) (6.6)

we have (6.2).

Proof. Indeed in this case we have

1

t+1 t+1 »
/ lu'(s)]|ds < (/ ||u’(s)||pds) — 0 as t — +oo.
t ¢
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6.3 The case of gradient systems

Let N > 1 and F € C?(R"). We consider the equation
u'(t) + VF(u(t)) =0 (6.7)
and we define
E={2zeRN VF(2) =0}.
Corollary 6.3.1. Any solution u(t) of (6.7) defined and bounded on R™ satisfies
t_1>i+moo dist{u(t),€} = 0.

In other terms we have w(u(0)) C &. In addition, if for each c, the set E. = {u € £, F(u) = ¢} is discrete,
then there exists u* € £ such that
lim wu(t) = u™.
t—+oo
Proof. We consider the dynamical system generated by (6.7) on the closure of the range of u. It is obvious
here that the set F of fixed points of S(t) is precisely equal to £ defined above. Multiplying by v’ in the

sense of the inner product of R"V and integrating we find

/0 o (0|2t = F(u(0) — Flu(t).

Hence since u is bounded we obtain v/ € L?(R*, X) with X = RY. By Corollary 6.2.2, we have
w(u(0)) C €. Moreover F(u(t)) is non-increasing along the trajectory since

d

—Fu(®) = —[v@O]
Hence F'(u(t)) tends to a limit c as ¢ becomes infinite and therefore w(u(0)) C &.. The rest is a consequence
of Proposition 4.2.1. U

Remark 6.3.2. By using Lemma 1.2.2 applied to the function ||u/(t)||? it is easy to prove that v/ (t) tends
to 0 at infinity. One might wonder whether u(t) is always convergent. In 2 dimensions, it was conjectured
by H.B. Curry [34] and proven by J. Palis and W. De Melo [73] that convergence may fail even for a C'*°
potential F'.

6.4 A class of second order systems

Let F', £ be as in Section 6.3. We consider the equation
u”(t) + ' (t) + VF(u(t)) = 0. (6.8)
Corollary 6.4.1. Any solution u(t) of (6.8) defined and bounded on R™ together with v’ satisfies
. / _ . . _
Jm (@) = lim - dist{u(t), £} =0

In other terms we have w(u(0),u'(0)) C €x{0}. In addition, if for each c, the set E. = {u € &€, F(u) = ¢}
is discrete, then there exists u* € & such that

tilgrnoou(t) =u*.
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Proof. We consider the dynamical system generated by (6.8) on the closure of the range of U = (u, ).
Here the set F of fixed points of S(t) is made of points (y, z) € RY x R¥ for which the solution u of (6.8)
of initial data (y, z) is independent of ¢. Consequently F = £ x {0}. Multiplying by «’ in the sense of the
inner product of RY and integrating we find

d 1 ’ 2 _ ! 2
Gl O + F(u(t) = ~[lu'®)]

hence in particular

T
/0 lu’(6)]dt = F(u(0) — F(u(t) + %(HU’(O)II2 = [l @)1).

Hence since u is bounded we obtain u’ € L?(RT, X) with X = RY. Moreover differentiating the equation
we have
u” 4+ v+ V2F (u(t))u' = 0.

By multiplying by " in the sense of the inner product of RY and integrating we find

/ lu” (2)]|*dt :/ (V2F (u(t))u',u"(¢))dt + %(IIU”(O)H2 = " @)I).
0 0

Since u” is bounded by the equation, it follows immediately that «” € L2?(R*,X), therefore U’ =
(v, u") € L*(RT, X x X). By Corollary 6.2.2, we have w(u(0),4'(0)) C € x {0}. In particular v’ (t)
tends to 0 as ¢ becomes infinite. Moreover 1w/ (¢)||* + F(u(t)) is non-increasing along the trajectory
and therefore tends to a limit ¢ as ¢ becomes infinite. Finally w(u(0),u'(0)) C &. x {0}. The rest is a
consequence of Proposition 4.2.1. O

6.5 Application to the semi-linear heat equation

Let 2 and f be as in Section 2.4 and let X = Cjp(€2). Throughout this section we assume that €2 is bounded
and we define
E={ue XNH;Q),—Au+ f(u) =0},

1
Vo e X NHS, E(p) = 5/ |V<p|2d:r+/ F(p)dz
Q Q
with N
F(u) = / f(s)ds, YueR.
0
Moreover let £, = {u € &€, E(u) = ¢}, for ¢ € R. We shall prove

Theorem 6.5.1. let u be a global solution of (2.1) which is bounded in X fort > 0. Then we have the
following properties

(1) E(u(t)) tends to a limit c as t — +00;
(i) & #0;

(i) dist(u(t),E.) — 0ast — +oo, where dist denotes the distance in X N H} ().
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Proof. The smoothing effect of the heat equation implies (cf. e.g. [60] for a proof based on the theory of
holomorphic semi-groups) that for each ¢ > 0 and « € [0, 1),

U {u(t)} isboundedin C'T*(Q).

t>e

In particular, ( J,~,{u(t)} is precompact in X and (J,~,{u(t)} is precompact in H{(f2). Let us denote by
Z the closure in X N H}(Q) of u(RT). E is continuous on X N H}(Q), hence on (Z, d) where d is the
distance in X N H{}. In addition by precompactness the topologies of X N Hg (Q) and L?(2) coincide on
Z. An easy calculation shows that for ¢ > 1, we have

/1 /Q’U,%(T, x)dxdr + E(u(t)) = E(u(l))

Hence By Corollary 6.2.2, we have w(u(0)) C £. Since E(u(t) is nonincreasing the result follows as in the
previous examples. O

6.6 Application to a semilinear wave equation with a linear damping

Let Q2 and f be as in Section 2.5 and consider the wave equation (2.4). Throughout this section we assume
that {2 is bounded. Keeping the notation and the hypotheses of Section 2.5. Introducing

E={uc H},~Au+ f(u) =0},
and &, = {u € &, E(u,0) = ¢}, for ¢ € R. We can state

Theorem 6.6.1. Assume v > 0 and that the growth condition (2.5) is satisfied with the strict inequality:
r<2/(N—2)if N >3. Let (p,9) € X := Hi x L?, and let u be the corresponding maximal solution
of 2.4) with u(0) = ¢ and us(0) = . Assume that T (p, 1) = +0o0 and

sup{ | (u(t), us(£)) ]| x,t > 0} < +ox.
Then we have the following properties :
(1) E(u(t),us(t)) tends to a limit c as t — +00;
(i) & #0;
(i) [Jue()||L2 = 0, ast = +oo;
(v) dist(u(t),E:) — 0ast — +oo, where dist denotes the distance in H}.
The proof of Theorem 6.6.1 relies on a general compactness lemma due to G.F. Webb [80] :

Lemma 6.6.2. Let X be a real Banach space and T (t) a contraction semi-group on X satisfying
IT(t) || Lx) < Me™", ¥t >0. (6.9)

where M, o are some positive constants. Let H € LT>°(R™, X) and let K be a compact set in X such that
H(t) € K, a.e. on R*. Then the function V : Rt — X defined by

vw=ﬂm%w+AT@mwww

satisfies: V(R™T) is precompact in X.



58 CHAPTER 6. GRADIENT-LIKE SYSTEMS

Proof. We have V (t) = T'(t)(p,v) + W (t), where

W(t) = /0 T(s)H(t — s)ds.

Since T'(t)(yp,¥) — 0in X ast — 400, there is a compact subset /{; of X such that J,~,{T'(¢)(¢, %)} C
K. It is therefore sufficient to prove that there is a compact subset Ko of X for which

UJw®)} ¢ K.

t>0

Let ¢ > 0, and according to (6.9), let 7 be such that

I H =000 / IT()poxds < <.

For t > 7, we have .
W () —/ T($)H(t — 5)ds||x < ¢
0

consequently,

U{W®)} € K5+ B(0,¢) (6.10)

t>T
with .

Ky = U{/ T(s)H(t — s)ds}.
t>T 0
Observe that the map (s,z) — T'(s)z is continuous: [0,+00) x X — X. As a consequence, U =
U T(t)K is compact in X. Hence, F' = 7 - conv(U) is precompact in X. Since K3 C F, K3 is

0<t<r
precompact in X. By (6.10), we can cover U {W(t)} by a finite union of balls of radius 2. On the other

t>T
hand, W € C([0, +00), X), hence U {W(t)} is compact and can also be covered by a finite union of
0<t<r
balls of radius 2¢. Finally we can cover U {W(t)} by a finite union of balls of radius 2¢. Since ¢ > 0 is
>0
arbitrary, U {W(t)} is precompact, and the conclusion follows. O

t>0
Proof of Theorem 6.6.1. We define an unbounded operator A” on X by
D(A") ={(u,v) € X,Au € L? andv € Hj};
AV (u,v) = (v, Au — yv),¥(u,v) € D(AY).

It is easily seen that A" is m-dissipative on X. As a consequence of Proposition 3.3.1, the contraction
semi-group 7'(t) generated by A” on X satisfies (6.9).

Now set U (t) = (u(t),us(t)) and H(t) = (0, — f(u(t)), for ¢ > 0. Clearly w is a solution of (2.4) on [0, 7]
if, and only if U € C([0, 7]; X) and U is a solution of the equation

U(t) =T)(p, ) —l—/o T(t—s)H(s)ds, Vte]|0,T].
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Now we recall the energy identity

y / / W3 (t, 2)dedt + B(u(t), us(t)) = E(p. 1)

with
E(e.0)i= 5 [ IVe@lPde+ 5 [ p@Pde+ [ Fo@)ds
Q Q Q
E is continuous on X, hence on (Z, d) where Z is the closure of w(R™) in X. The energy identity shows that
E(u(t), us(t)) is non-increasing. The set of stationary points of the dynamical system is easily identified as
& x {0}. On the other hand the function H : Rt — X defined by H(t) = (0, —f(u(t)) for t > 0 is such
that H (R™) is precompactin X. (This comes from the strict condition: r < 2/(N —2)if N > 3.) Applying

Lemma 6.6.2, we obtain compactness of bounded trajectories in X . Then the topologies of X = Hg x L?
and Y = L? x H~! coincide on Z and an easy calculation using the equation now shows that

U/ = (Ut,’utt) S LQ(R+,Y).

Indeed the energy identity gives u; € L?(R*, L?). On the other hand the growth assumption on f is easily
seen to imply
V(u,v) € X, f(upve H'

with
I (ol -+ < K@+ ullz)lvlze.

By multiplying the equation by w;; in the sense of H ~! and integrating in ¢ we find

t

t
[ s+ 30l 0) = fols 01+ | [ e

0

+[<f(u),ut>H1]6+/0 (Au,utt>H1ds/O {(ug, [/ (u)ug) g-1ds.

Hence, using the identity

t t
/ (A ure) -1 ds = / 0l s + [( Aty g -1 Jb
0 0

= [ s + )T
we derive easily . .
| alfds < €40 [ fuigas
Then the conclusion follows as in the previous example. O

Remark 6.6.3. Under the conditions of Proposition 2.5.1, the conclusions of Theorem 6.6.1 are valid for
any solution u of (2.4).
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Liapunov’s second method and the
invariance principle

7.1 Liapunov’s second method

As explained in Section 5.2.3, the Liapunov stability theorem for equation (5.6) can be proved by exhibit-
ing a positive definite quadratic form which decreases exponentially along the trajectory if the initial data
are close enough to the equilibrium under consideration: such a function is called a Liapunov function.
Sometimes it is possible to find directly such a function without calculating the fundamental matrix of the
linearized equation, and this is the principle of the so-called ‘direct” or second Liapunov method. This
method can often be reduced to the following simple criterion

Proposition 7.1.1. Let V € C*(RY) be such that V (u) tends to +oc as ||u|| — +oo and let a € RY be
such that
Vufa, (V') f) <0. .

Then we have f(a) = 0 and in addition
-Vu e RN, V(u) > V(a)
- a is an asymptotically stable equilibrium point of the equation v’ = f(u).

Proof. Since V is continuous and V (u) tends to +00 as ||u|| — oo, then there exists b € R” such that
V(u) > V(b) forall u € RY. Clearly we have V’(b) = 0 and now (7.1) imply that b = a.

Once again by (7.1) V is non-increasing along the trajectories, therefore all trajectories are bounded.
Given such a trajectory u , let ¢ € w(«(0)) and let z be the solution of

7 =f(z) 200)=¢
Since V' (u(t)) tends to a limit [ as t — 400, we have by (4.2)
Vi, V(z(t) =1

and then
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In particular V¢, z(t) = a, hence ¢ = a and since z is constant we have f(a) = f(2(0)) = 2/(0) = 0.
The stability of a follows easily from Corollary 4.4.3. Indeed for any trajectory u we have

Zyv
dt

therefore either u(t) = a or £V (u(t) < 0. Whenever u(0) # a we deduce that V(a) = lim V (u(t)) <

V(u(0)) . O

Example 7.1.2. Let us consider the system

W= —ut v I oy du
T Rl T T T

where & > 0, 8 > 0 and sup{|c|, |d|} < 1 which has the form (5.6) with f Lipschitz but not differentiable
at the origin except when @ = 3 = 0. Setting

V(u,v) = u? + v?
we find easily that

c n d
T+ al] 1+ Blul

Y(u,v) #(0,0), (V'(u,)), f(u,v)) = —2(u? + v?) + un( )

< —2(1 —sup{lef, |d|})(u® +v*) <0

Therefore (0, 0) is the unique equilibrium point and is globally asymptotically (here exponentially) stable.
In the special case c =d > 0and o = 8 = 1, assuming ug > 0,v9 > 0 the solutions of the above system
with initial data (ug, vp) remain non-negative for all times and coincide with the solutions of

cv , cu
;v =—v+
1+u

w = —u+

which is known as the Naka-Rushton model for neuron dynamics in the short term memory framework.

7.2 Asymptotic stability obtained by Liapunov functions
Consider the nonlinear wave equation
g — Au+guy)) =0 inRT xQ, w=00onR" x 9Q (7.2)

where € is a bounded domain of RY and g satisfies the conditions

Ja >0, g(v)v > alv]?, Yo € R (7.3)
3C >0, [g(v)] < C(Jv[ + |v["), Vv €R (7.4)

with :
y>1 andif N >3, ~<(N+2)/(N—2). (7.5)

For the sake of simplicity we consider classical solutions of (7.2) for which differentiations are plainly
justified. We obtain the following result of global asymptotic stability :
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Theorem 7.2.1. Let
loc

€ Lis.(RY, H? 0 Hy () N Wy (RT, Hy (Q) N Wi (RT, L3(Q))

be a solution of (7.2). Then we have

/{|Vu|2 +ul}(t, x)dx < M(/ |Vu(0,x)|2dx,/ |ut(0,x)|2dx)ef5t (7.6)
Q Q Q

where 6 > 0 depends only on o, C and v and M is bounded on bounded sets.

Proof. We denote by (-, -) the inner product in L?(2), by | - | the corresponding norm and by || - || the norm
in H3 (). In addition the duality pairing on H~1(2) x Hg () will be denoted by (-, -). Now we define

e (t) = [u() ) + lue ()] + e (u(t), ue(t)

where € > 0 is at our disposal. For € small enough, ®. is comparable to the usual energy and we obtain :

IO + a0} = G+ L) = =2 [ ()

%(U(t),uzs(t)) = [ue () + {ue(t), u(t)) = [ue(t)* = [lu(®)||* - /Qg(U’)u da.

Therefore : .
= 2 / g(u)urdz + eluy(t)* = elu(®)|* — / g(us)uda. (1.7)
Q Q

It follows from (7.3) and (7.4) that

lg(v)] <2Cv| for  [o| <1

lg()"™! < 2C(vg(v))” for  |vf > 1.

==+ and denoting as || - || the norm in L”(Q2)

In particular for each v € LYT1(Q) we have by setting 3

lo(o)ls < 26l + 207 ([ vg(v)dsc)é < Culolla+ Ca( [ vatwlas)”.

Since the condition v < (N + 2)/(N — 2) yields 8 = ’YTH > %5 = (27), (7.7) implies

dd
= = (ot o)u®) — elu®)] + Kielu(®)lluso)
7/ g(u)udz + 025(/ utg(ut)dx)) " lu(@)]l. (7.8)
Q Q
By reordering the terms and using Young’s inequality with exponents v + 1 and 3 we deduce from (7.8) :
d®. o 2 2 2 y+1 y+1
o = (05 el + (Ke™ —e)llu)]” + (Cae) ™ lu@)]™
Since 2E(t) = ||u(t)||* + |u¢(t)|? is a nonincreasing function ot ¢ > 0, we can first choose ¢ > 0 small,

depending on E(0), such that

dd.

vt >0
- 3 dt

< —S{u®]? + [u )} (7.9)
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This shows that F(t) — 0 exponentially, uniformly on bounded subsets of HJ (2) x L?(Q). Then for each
initial condition , we can find 7 > 0, depending on E(0), such that E(t) < 1 whenever ¢t > T. Now for
t > To, we have (7.9) with £ independent of E(0). Hence (7.6) follows with ¢ independent of E(0). O

In section 5.4, we saw that even in the nonlinear case , the existence of an eigenvalue s of D f(a) with
Re(s) > 0 implies the instability of a. On the other hand, in the marginal case Re(s) = 0 (for instance
when s = 0), a can still be asymptotically stable, as shown by the next examples.

1) A typical example of such a situation is the first order ODE

' = —|ufPlu, t>0 (7.10)
with p > 1. The solutions u0 of (7.10) are given by the formula

sgn(ug) '
{(p— )t + uo|t =P} 71

o1~

as t — 4oo for every ug # 0. Analogous, but somewhat artificial parabolic example can be given. Let us
consider now some second order examples.

u(t) = (7.11)

It is clear from (7.11) that

2) First we consider the equation ( with ¢ > 0,p > 1.)
' +u [P =0, t>0. (7.12)
We set p(t) = (u? + u'?)(t): then
@' (t) = =2¢|u/[PTL > —2¢(u? 4+ u?)PTI/2 = _9¢p(t)PHD/2

and as in the previous example we deduce

(P(t) Z{ — 1 }Pl |
[p(0)] =" +c(p— 1)t

Hence the energy tends to 0 at most like ¢~2/(P=1) as t — +o0. In fact we have

Proposition 7.2.2. For each solution u of (7.12) we have
VE>0, {u?(t) +u2(t)}? < C(u(0),u/(0)t 7. (7.13)

Proof. We set:
D (t) = w?(t) +u(t) +elu(t) P~ u(t)u' ()
Then:
L = —2c|u/|PT! + efulPH (pu? + uu") = —2c|u’ [PT 4 epluP T a2 — |ulP T

—clu/ [P JulP T ) < =2l [P+ e{=(1/2)ul"T + Clu/ [P,
where C' depends only on «(0), u’(0). For € > 0 small enough, we therefore obtain
L < —(e/2{ul" " + [ [P} < —5(@e) TV, (7.14)
Clearly, (7.14) implies (7.13) for € small enough. o
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3) Finally , by using the method of proof of Theorem 7.2.1, one can prove

Theorem 7.2.3. Assume that g € C*(R) satisfies the conditions
Ja > 0, g(v)v > alv|PT, Yo € R,
3C 20, lg(v)| < C(Jo] +[v]"), Vv € R,
with : 1 < p < ~,~ satisfying (7.5). Then for each solution
u € Lis (RY, H? N Hy(Q)) N Wy (R, Hg (@) N Wi (R, L3 ()

of (7.2) we have

/ (Va2 + 2} (t, )da < M(/ (0, ) Pdz, / e (0, ) ) 7 (7.15)
Q Q Q
Idea of the proof. Let
O (t) = [[u@®)* + [/ (O + e{llu®))* + [’ ()} = (u(t), /(1))
By adapting the proof of Theorem 7.2.1 and Proposition 7.2.2, we establish
P < _5(¢8)(p+1)/2,
valid for £ > 0 small enough and some § > 0 depending on the initial energy.

Remark 7.2.4. It is not known whether (7.15) is optimal when for instance
g(v) = )P~ v, ¢ >0, p> 1.

A very partial result in this direction (lower estimate comparable to the upper decay estimate raised to the
power %) can be found in [50] in the case /N = 1, relying on an argument specific to dimension 1.

7.3 The Barbashin-Krasovski-LaSalle criterion for asymptotic sta-
bility

After Liapunov, the stability theory has been pursued mainly by the russian school which was also involved
in control theory of ODE under the impulsion of major russian experts such as L. S. Pontryaguin. In this
context, interesting contacts have been established between the russian school and american mathematicians
such as J.K. Hale and J.P. LaSalle. The exchanges between J.P. LaSalle, E.A. Barbashin and N.N. Krasovskii
led to the now well-known invariance principle, and LaSalle in his papers is quite clear about the influence
of the russian school on his own research. To illustrate the progression of ideas, we start with a simple and
convenient result about asymptotic stability.

Theorem 7.3.1. Let f € CY(RY) and consider the differential system (5.6). Let a € RY be such that
f(a) = 0and U be a bounded open set with a € U such that

(i) For any z close enough to a, the solution u of (5.6) with u(0) = x is global and remains in U.
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(ii) 3V € CH(RY) such that
VueU, (V'(u),f(u) <0

(iii) The setu € U, (V'(u), f(u)) = 0 contains the range of no trajectory of (5.6) except the constant
trajectory a.

Then a is a strict local minimum of V., it is the only equilibrium point in U and a is an asymptotically stable
equilibrium point of (5.6).

Proof. Given a trajectory u of (5.6) with «(0) close enough to a so that u remains in U, let ¢ € w(u) and
let z be the solution of

Z=f(z) 20)=¢
Since V' (u(t)) tends to a limit [ as ¢ — 400, we have
Vi>0, V(z(t) =1
Inaddition V¢ > 0, z(t) € Uand (V'(2(t)), f(2(1))) = LV (2(t)) = 0.
In particular as a consequence of (iii) we have V¢ > 0, z(t) = a, hence ¢ = a. So u(t) converges to a
as t — oo. Moreover if u(0) # a, by (iii) there is some T' € R for which (V'(u(T)), f(u(T)) < 0 and

then V(u(0) > V(a). Therefore a is a strict local minimum of V' and the conclusion now follows from
Corollary 4.4.3. O

Example 7.3.2. Let us consider the system

uW=v; vV=-u-g)+c

where ¢ € R and g is increasing with g(0) = 0. Setting
V(u,v) = (u—c)? + 02

we find easily that V(u,v) € R?,  (V'(u,v)), f(u,v)) = —2g(v)v < 0. Taking for U any ball centered at
(¢,0), conditions i) and ii) are obviously fulfilled. Then if a trajectory (u, v) satisfies (V' (u,v)), f(u,v)) =
0, from —2g(v)v = 0 we deduce v = 0, hence v" = 0 and by the second equation u = c. Finally (¢, 0) is
the only equilibrium and is globally asymptotically stable as a consequence of Theorem 7.3.1.

Example 7.3.3. Let us consider the system
u' =v; v =J Y —psinu—kv+c)

where ¢ > 0 and J, p, k are positive with ¢ < p. This represents the motion of a robot arm with one degree
of freedom submitted to a constant torque. Setting

J o

V(u,v) = Pk +p(1 —cosu) — cu
we find easily that
Y(u,v) € R%,  (V'(u,)), f(u,v)) = —kv* <0

We claim that the hypotheses of Theorem 7.3.1 are satisfied when @ = argsin 1—(‘; and a = («,0). Indeed
from the equation above it follows that the function V' (u(t), v(t)) is constant if and only if (u(t),v(t)) =
(8,0) and psin 8 = c. Moreover, setting F'(u) = p(1 — cosu) — cu we see immediately that

F'(a) =psina—c=0, F"(a)=pcosa>0
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Therefore a = (,0) , is a strict minimum of V, and is consequently a stable equilibrium by Corollary
4.4.3. Since a is an isolated solution of this equation, the only possibility is 5 = a. By Theorem 7.3.1 we
conclude that a is asymptotically stable. The same property holds true for the other equilibria of the form
(o + 2km,0).

7.4 The general Lasalle’s invariance principle

Let (Z, d) be a complete metric space and {.S(¢) }+>0 a dynamical system on Z.

Definition 7.4.1. A function ® € C(Z,R) is called a Liapunov function for {S(t) }+>o if we have
D(S(t)2) < (2), Vz e Z, ¥t > 0. (7.16)

Remark 7.4.2. By using the semi-group property of S(t), it is immediate to see that ® is a Liapunov
function for {S(¢) }+>0 if, and only if for each z € Z the function ¢ — ®(S(¢)z) is nonincreasing.

The following result is known as LaSalle’s invariance principle.

Theorem 7.4.3. (c¢f. [67]) Let ® be a Liapunov function for {S(t)}i>0, and let z € Z be such that
U {S(t)z} is precompact in Z. Then
t>0

(i) c= t_lgrnoO O(S(t)z) exists.

(ii) ®(y) = ¢, Vy € w(2).

In particular :

Yy € w(z),Vi >0, @(S(t)y) = P(y).

Proof. (i) ®(S(¢)z) is nonincreasing and bounded since U {S(t)z} is precompact. This implies the exis-
>0
tence of the limit c.
(i) If y € w(z), there exists a sequence t,, — +oo such that S(t,)z — y. Hence ®(S(t,)z) — ®(y) and
this implies ®(y) = c.
The last property is now an immediate consequence of the invariance of w(z) (theorem 4.1.8, 1)). O

Remark 7.4.4. Practically, Theorem 7.4.3 is used to show the convergence of some trajectories of {S(t) }+>0
to an equilibrium. Therefore the following definition and theorem are basic.

Definition 7.4.5. A Liapunov function ® for {S(t)}+>o is called a strict Liapunov function if the following
condition is fulfilled : Any z € Z such that (S(t)z) = ®(z) for all t > 0 is an equilibrium of {S(t) }+>o0.

Theorem 7.4.6. Let © be a strict Liapunov function for {S(t)}+>0, and let z € Z be such that U {S(t)z}
>0
is precompact in Z. Let & be the set of equilibria of {S(t) }+>0. Then
(i) & is a closed, nonempty subset of Z;

(ii) d(S(t)z,E) = 0ast — +oo, i.e. w(z) C €.
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Proof. By continuity of S(t), € is closed. By Theorem 4.1.8 (i), w(z) # (. Now let y € w(z). The last
assertion of Theorem 7.4.3 gives
O(S(t)y) = @(y), Vt=0

and therefore, since ® is a strict Liapunov function, y is an equilibrium : in particular we have (i) and
w(z) C €. Then Theorem 4.1.8 (iii) implies (ii). O

Remark 7.4.7. Theorem 7.4.6 means that the set of equilibria attracts all trajectories of {S(¢)}+>0.

Corollary 7.4.8. Under the hypotheses of Theorem 7.4.6, let

c= lim ®(S(t)z) and E.={xec&, ®(x)=c}.

t— o0

Then &, is a closed, nonempty subset of Z and d(S(t)z,E.) — 0 ast — +oo. Ifin addition &, est discrete,
there exists y € E. such that S(t)z — y as t — +o0.

Proof. Since £ is closed and @ is continuous, &, is closed. The rest of the corollary is a consequence of
Theorems 7.4.3, 7.4.6 and 4.1.8 (ii). O

7.5 Application to some differential systems in R

Theorem 7.4.3, Theorem 7.4.6 and Corollary 7.4.8 allow to recover easily the results of chapter 6 on gradient
systems and second-order gradient-like systems with linear dissipation. But they show their full power in
more complicated situations in which calculations implying convergence to 0 of the time-derivative become
less natural. As a typical example we can consider the equation

u(t) + g(u'(t)) + VF(u(t)) = 0. (7.17)
where F' € C'(RY,R) and g : RY — R¥ is a continuous function such that
Yo e RV\ {0}, (g(v),v) > 0.
Corollary 7.5.1. Any solution u(t) of (7.17) defined and bounded on R together with v’ satisfies

. / _ . . _
Jim @) = lim - dist{u(t),€} =0
with

E={2zeRN VF(2) =0}.

If in addition for each c, the set E. = {u € &, F(u) = c} is discrete, then there exists u* € £ such that

tilgrnoou(t) =u*.
Proof. We consider the dynamical system generated by (3) on the closure of the range of U = (u,v’).
Here the set F of fixed points of S(¢) is made of points (y,z) € RY x R¥ for which the solution u of
(7.17) of initial data (y, z) is independent of ¢. Consequently F = £ x {0}. Multiplying by u’ in the sense
of the inner product of R and integrating we find

S @I + F(u(e) = ~{g(u), ) <0
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hence i
®(u,v) i= 5ol + F(u)

is a Liapunov function. On the other hand if ® is constant on a trajectory (u(t), u’(t)) we have v’ = 0
Hence @ is a strict Liapunov function and the result follows. O

As an example of application of Corollary 7.5.1, the equation
u +u P —u=0

already considered in Section 4.2 provides a good illustration. Here the set of equilibria has only points
solutions : (-1, 0), (0, 0) and (1, 0). Note that here and more generally under the hypotheses of Corollary
7.5.1, the t-derivative of the Liapunov function vanishes at some point ¢y only if u'(¢g) = 0. Then it follows
easily that energy conserving trajectories are made of equilibria. In the next example the condition v’ = 0
does not follow immediately, but as a consequence of the connnectedness of trajectories:

Example 7.5.2. Let us consider the scalar equation
't auwtu Fu—u=0 (7.18)

where a > 0. Let

Since FE is non-increasing, (u, u’) are bounded and we are in a good position to apply the invariance prin-
ciple. Indeed let u be a solution of (7.18) for which E is constant, then uu’ = 0 hence u? is constant and
then, by connectedness, u is constant. So v’ = u” = 0. As in the previous example,the stationary equation
u? — u = 0 has only three solutions : -1, 0, 1. So that we have convergence of all solutions, although the
t-derivative of the Liapunov function vanishes also at points ¢y for which u(t) = 0 and the equation is not

a special case of Corollary 7.5.1

The next example shows that sometimes, the invariance principle provides some information which is
not so easy to recover by more elementary methods.

Example 7.5.3. Let us consider the coupled system of second order scalar ODE:

(7.19)

u’ +u 4+ M+ cv=0,
v+ v+ cu =0,

A > 0and ¢ # 0 with ¢ < 2. Let
1
B(t) = E(u,u’,v,0") = 5 [u? + 0" + A(u® +v?)] + cuv.

d
—EtZ—/2
T Et) = —u

Since FE is non-increasing, (u, v, u’,v") are bounded and we are in a good position to apply the invariance
principle. Indeed let (u, v) be a solution of (7.19) for which E is constant. Then 2u’? = 0 implies u’ = 0,
hence u is constant and u” = 0. Then by the first equation v = —2u is also constant. Finally since by

c
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the hypothesis ¢ < A\? , the stationary system A\u + cv = cu + Av = 0 has no non-trivial solution, we
conclude that w = v = 0 and therefore (0, 0,0, 0) is asymptotically stable. Because the system is linear
and finite-dimensional, by taking a basis in R* it follows immediately that the norm of the fundamental
matrix tends to 0 as ¢ tends to infinity, and using the semi-group property it follows that convergence is
exponential. The general theory designed by Liapunov in his seminal paper (1892) shows the existence of
a quadratic form ® on R* satisfying the identity

d
dt
(with n > 0)for any solution Y = (u,v,u’,v") of (7.19) which means that the older method of quadratic

energies must allow to recover directly that (0, 0,0, 0) is asymptotically stable, with quantitative informa-
4x(441)
2

(Y (1) =Y () < —n2(Y(t))

tion about the decay rate. Since the form can be computed on a basis of = 10 monomials in
(u,v,u’,v"), the challenge is now to find one of the strict quadratic Liapunov functions (they form a non-
empty open set in the space of coefficients) by a direct method. It turns out that for any p > 1 and for all
€ > 0 small enough the quadratic form

(p+1)Ae
2c

is a strict Liapunov function for our system. The calculations are not immediate, especially if we do not
know in advance the formula! Here, LaSalle’s invariance principle was very useful since,without the infor-
mation of asymptotic stability obtained by a very simple sequence of calculations, it would have been very
difficult to imagine that such a function can be devised.

H =& —evv' + peuu + (u'v —uv') (7.20)

7.6 Two infinite dimensional examples

Example 7.6.1. Let us consider the coupled system of second order scalar ODE:

(7.21)

w4+ v+ Au+cv =0,
v+ Av+cu =0,

where A is a possibly unbounded linear operator on a Hilbert space H with norm denoted by |.| such that
for some A\ > 0,
A=A"> I

and ¢ # 0 with ¢ < A\2. In addition we assume that the unit ball of D(A'/2) is compact in H. Let

E(t) = E(u,u/,v,0") = 1

: u? 0?4 | AV |A1/2v|2} + elu, v).

We have the formal energy identity : 4 E(t) = —|u/|?. Since E is non-increasing, the vector (u, v, v, v')
is bounded in D(A'/?)x D(A'Y/?)x H x H. Actually it is not difficult to check that if (u(0), v(0), u’(0),'(0)) €
D(A) x D(A) x D(AY?) x D(AY?) = W, then the vector (u,v,u’,v') remains and is bounded in W
for t > 0 and the energy identity is rigorously satisfied. Then the trajectory is precompact and if (u,v)

be a solution of (7.21) for which E is constant. Then ' = 0, hence u is constant and v = 0. Then

by the first equation v = —% is also constant. Finally since by the hypothesis ¢ < A? , the stationary
system Au 4+ cv = cu + Av = 0 has no non-trivial solution, we conclude that v = v = 0 and there-
fore the solution tends to (0,0,0,0) . In fact, the system generates a uniformly bounded semi-group in
D(AY?) x D(A'Y?) x H x H and it is then easy to conclude that (0,0, 0,0) is asymptotically stable. For
the exact nature of the convergence we refer to [5]
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Example 7.6.2. Consider the nonlinear wave equation
Ut — Upe + g(ug) =0 inRT xQ uw=0o0nR" x 90 (7.22)

where Q@ = (0, L) is an bounded interval of R and ¢ in a non-decreasing locally Lipschitz continous
function on R which satisfies g(0) = 0 and does not vanish identically in any neighborhood of 0. Then
for any solution u of (7.22) such that (u(0),u¢(0)) € H?> N H}(0, L) x H}(0, L) = W, the vector (u, u)
remains and is bounded in W for ¢ > 0 and we have

d

7 Q(uf(t,ae) +ul(t,x))dr = —2/ g(ut)us(t, z)dx

Q

By using the fact that for every regular solution v of the usual string equation, v;(t, ) is 2L-periodic with
mean-value 0, the invariance principle now shows that (u, u:) tends to (0,0) in H}(0,L) x L?(0, L) as t
tends to infinity .

Remark 7.6.3. The analog of the last example is valid in higher dimension in a much more general context,
relying on the theory of monotonicity in Hilbert spaces and the concept of almost periodic functions. Since
these methods fall outside the scope of this text, we refer to [46, 44] for the statements and proofs of the
general results.



Chapter 8

Some basic examples

In this chapter, we consider a few special cases in which asymptotic behavior can be studied completely by
simple direct methods. These examples will serve later as models to undersand more complicated systems.

8.1 Scalar first order autonomous ODE
In this section we consider the simplest possible differential equation

w4+ f(u)=0, t>0 8.1
The asymptotic behavior of bounded trajectories is obvious as shown by the following result

Theorem 8.1.1. Let f € VVllocoo (R,R). Each global and bounded solution u(t) of (8.1) on R* tends to a
limit ¢ with f(c) = 0.

Proof. If for some 7 > 0 we have f(u(7)) = 0, then u(t) = wu(r) for all ¢ and the result is trivial. If
f(u(t)) never vanishes on R, it keeps a constant sign and u(¢) is monotone on R™. Since by hypothesis
u(t) is bounded on R, it follows immediately that (%) tends to a limit ¢ as ¢ — +oco. The equation shows
that v’ (t) tends to — f(c), and we conclude that f(c) = 0. O

8.2 Scalar second order autonomous ODE
We now consider the slightly more complicated case of the equation
u'+ g+ flu)y=0, t>0 (8.2)
where f, g : R — R are locally Lipschitz continuous such that
Yo e R\ {0}, g(v)v>0.

The term —g(u’) can be viewed as a dissipation while — f (u) represents a restoring force. We will show that
convergence or divergence of the general solution of equation (8.2) depends on the strength of the dissipative
term |g(v)| for small values of the velocity v. As a consequence of Corollary 7.5.1, (8.2) generates a
gradient-like system.

71
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8.2.1 A convergence result
Theorem 8.2.1. Assume that f, g are as above and in addition, for some € € (0, 1] and § > 0, we have
Yo €R, g(v)v > dinf{l,|v[>*¢}. (8.3)

Then if u € W12 (RY) is a solution of (8.2), we have

. / _
Jim {Je(8)] + u(t) — ] = 0,

for some c € f~1{0}.

Remark 8.2.2. A typical example of function g that satisfied hypothesis (8.3) is g(s) = |s|*s with « €
[0,1).

Proof. First, since the system is gradient-like, we have
w(uo,u1) € f7H0} x {0}.

By connectedness we have either w(ug, u1) = {a} x {0} for some a € f~1{0} and the result is established,
or
w(ug,u1) = [a,b] x {0}, (a<D).

In this case, we set ¢ := “E2. As a consequence of the definition of w(ug, u; ), there exists a sequence (%)
of positive numbers such that

lim ¢, =400, wu(t,)=c.
n—-+o0o

For any n € N, there exists d,, > 0 such that
u(t) € [a,b], Vt € [tn,tn + 0p)- (8.4)
We claim that for all n € N large enough, we can take §,, = 400 in (8.4). Indeed. let
O, = Inf{t > tn,,u(t) € [a,b]}
and assume 6,, < +o0o. Then we have
Vt € [tn,0n], u'(t) + g(u'(t)) = 0. (8.5)

We may assume that n is large enough to imply |v/(¢)| < 1 on [t,, oo[, so that from (8.5) we deduce as a
consequence of (8.3)

VEE [ty B, /(D] < {(1 = £)5(t — ta) + |u/(8a) 1} T (8.6)

In fact, if there is s € [t,, 0,] such that u/(s) = 0, then w/(¢) = 0 for all ¢ € [t,,0,,] and (8.6) is obviously
satisfied. Otherwise v has a constant sign, then

d

E|u/|a—1 — (E _ 1)u1/|u/|a—2 sign (u/)

AV
—
—_ =
[
(O] (O]
—_ —
ST
—~
:\
—
:\
G
|
o

(8.7)



8.2. SCALAR SECOND ORDER AUTONOMOUS ODE 73

By integrating (8.7) over (t,,t) (t € [tn, 0n]), we get (8.6). Now from (8.6) we deduce by integration

t
1

[u' ()| ds < —|u'(tn)|?, Vt € [tn,0n].

t ed

For n large enough, the right-hand side is less than 252 = |b — c| = |a — |.
Therefore there exists ng € N such that we have

Vn > ng, u(t) € J, Vt € [t,, +oo] and

[ulta) = (O] < ' (0)FF, ¥Vt € [t +oc].
Since u(t,) = ¢ for all n € N, we deduce
Yn > ng, Yt € [tn, +oo[, |u(t) — ¢ < 6—16|u’(tn)|5. (8.8)
Since v/ (t,) — 0 as n — 400, it is clear that (8.8) implies
tli?oo lu(t) — ¢| = 0.

Therefore J = {c} and this contradicts the hypothesis J = [a, b] with a < b. The proof of theorem 8.2.1 is
completed. O

8.2.2 A non convergence result

Theorem 8.2.3. Assume that there exists a,b € R with a < b and a positive constant C such that

f(s) <0, Vs<a

f(s)=0, Vsé€]la,b

f(s)>0, Vs>b

lg(v)| < Cv?, Vo] < 1. (8.9)

Then for every bounded non constant solution of (8.2), there exist a sequence t,, — +00 such that
u(ty) < aforall n and a sequence 0,, — +00 such that u(0,,) > b for all n.

Remark 8.2.4. A typical example of function g that satisfied hypothesis (8.9) is g(s) = |s|s.
In the proof, we have to use the following lemma.
Lemma 8.2.5. Let v € C?(R™, R) satisfying

v'(0) >0, o'(t)>-Cv'(t)? VteRT,

where C' > 0 is a constant. Then v is nondecreasing and , 1irg1 v(t) = +o0.
— 100

Proof. Itis clear that v'(t) > 0 for ¢ small enough. Let

T =sup{r >0, V'(t) >0, Vt € [0,7)}.
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Forallt € [0,7'), we have

d, 1 —v"(t)
- — <
dt(v’(t)) (v'(¢))? =C
By integrating over (0, t), we get
1
vt e [0,7), ' () > ——. 8.10
0.1, 02 G (510

If T < 400, we obtain that v/(¢) > 0 in a right neighborhood of 7" which contradicts the definition of 7T'.
Then T' = 400 and (8.10) becomes

By integrating this inequality, we get the last part of the lemma. O

Proof of theorem 8.2.3. Since the system in (u, v) is gradient-like we have
. Vi . _
tl}+moo |u'| + dist(u(t), [a, b]) = 0.

Assume that u(t) > a for t > to. We must prove that u is constant. We distinguish two cases :
-If w/(t) > 0 on [tg, +0o0), then u is nondecreasing and tend to ¢ € f~1({0}). So f(u(t)) = 0 on
[to, +00) and we have
u” + g(u') =0, on [tg, +00).

If w' = 0 on [to, +00), then u is constant. Otherwise, there exists t; > ¢o such that v/(¢1) > 0. Applying
lemma 8.2.5 to v(t) := u(t + t1), we get a contradiction.
- If there exists t1 > to such that v/(¢1) < 0, therefore (since u(t) > a when ¢t > to)

v’ +g(u') = —f(u) <0onty, +0).
In particular, u” < —g(u’) < Cu? on [tg, +00) and then v(t) := —u(t + t1) verify
v'(0) >0, o'(t)>—-Cv'(t)* VteRT.

Applying lemma 8.2.5 to v, we get a new contradiction. O

8.3 Contractive and unconditionally stable systems

In this section, (Z, d) denotes a complete metric space and we consider a dynamical system {S(t)}+>0 on
(Z,d). The main result is as follows.

Theorem 8.3.1. Assume that the system {S(t)}1>¢ is unconditionally stable in the following sense

Ve >0,36 >0, V(r,y) e X xX, d(z,y) <d = supd(S(t)z, S(t)y) < e. 8.11)
>0

Let F be given by (6.1). Then ifug € X generates a precompact trajectory under S(t) and if w(ug)NF # 0,
the trajectory S(t)ug converges to some limit a € F ast — oo.
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Proof. Let a € w(ug) N F. Given any € > 0 and choosing § > 0 so that (8.11) is fulfilled, by definition
there is 7 > 0 for which

d(S(T)ug,a) < 8

Then we have
YVt > 71, d(S(t)uo,a) = d(S(t —7)S(T)ug, St —7)a) < e.

O

Remark 8.3.2. Actually the above proof shows the following more general result: if vy € X generates
a precompact trajectory under S(¢) and if w(ug) N F contains a stable equilibrium point a, the trajectory
S(t)ug convergesto a € F ast — oc.

A classical class of unconditionally stable systems is the class of contractive systems:

Definition 8.3.3. A dynamical system {S(t)}+>0 on (Z,d) is said to be contractive if
Y(z,y) € X x X,Vt >0,d(S(t)z, S(t)y) < d(z,y) (8.12)
An obvious consequence of Theorem 8.3.1 is the following

Corollary 8.3.4. Assume that the system {S(t)}+>0 is contractive. Then if ug € X generates a precompact
trajectory under S(t) and if w(uo) NF # 0, the trajectory S(t)ug converges to some limit a € F ast — oo.

More generally, we have

Corollary 8.3.5. Assume that the system {S(t) }+>o is such that for some M > 1
V(z,y) € X x X,Vt > 0,d(S(t)z, S(t)y) < Md(z,y) (8.13)

Then if ug € X generates a precompact trajectory under S(t) and if w(ug) N F # 0, the trajectory S(t)uo
converges to some limit a € F ast — oQ.

Theorem 8.3.1 especially applies to gradient-like systems.

Definition 8.3.6. A dynamical system {S(t)}:>0 on (Z,d) is said to be gradient-like if whenever uy € X
generates a precompact trajectory under S(t), we have w(ug) C F.

Corollary 8.3.7. Assume that the system {S(t)}+>o is gradient-like and unconditionally stable. Then if
ug € X generates a precompact trajectory under S(t) , the trajectory S(t)ug converges to some limit
acFast— oo

Remark 8.3.8. If we consider the ODE
written on R? as a system

it is easy to check that any trajectory starting from Uy = (ug, v9) # (0, 0) is non-convergent. Here S(t) is
an isometry group on R? , hence trivially contracting. What happens here is that the system is not gradient-
like. More precisely, whenever Uy = (ug, vo) # (0,0), we have w(Up) N F = @ since F = {0} and the
norm of S(¢)Uj is constant.
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As a basic application of theorem 8.3.4, Let N > 1 and F € C?(R") be convex. We consider the
equation (6.7)
u'(t)+ VF(u(t) =0

‘We obtain

Corollary 8.3.9. Assume that £ = {z € RN VF(z) = 0} # 0. Then any solution u(t) of (6.7) is bounded
on R and converges, as t — oo to some limita € £ = {z € RN VF(z) = 0}.

Proof. We already showed that the dynamical system S(¢) generated by (6.7) on the closure of the range
of u is gradient-like with set of equilibria £. Under the hypothesis that F' is convex, it is easy to check that
the operator VF € C*(RY,RY) is monotone, which means

Y(u,v) € RN xRN (VF(u) — VF(v),u—v) >0
Then if (u, v) are 2 solutions of (6.7), we have

d

vt>0, —
>0, S

(t) —v(®)* = =2(VF(u(t)) = VF(u(t)), u(t) = v(t)) <0

Hence the system S(t) is contractive in the usual norm. In particular, sinceany a € £ = {z € RN, VF(z) =
0} is a solution of (6.7) independent of t, the function

t e u(t) —all
is non-increasing and all trajectories are bounded. Finally Corollary 8.3.7 gives the result. O
Remark 8.3.10. A much more general convergence result holds true for the equation

0€u +0d(u)

where 0P (u) is the (possibly multivalued) subdifferential of any proper convex Isc function with arbitrary
domain on a Hilbert space H, cf. Bruck [21]. In general only weak convergence is obtained, cf [9]. Besides,
the asymptotic behavior of precompact trajectories of nonlinear contraction semi-groups has been the object
of intensive study in the seventies, cf. e.g. [35, 36, 44].

8.4 The finite dimensional case of a result due to Alvarez
In this section, we consider the equation (6.8)
u"(t) +u'(t) + VF(u(t) =0

where N > 1 and F € C?(R") is convex. In contrast with the gradient system (6.7), the system generated
by (6.8) is gradient-like but generally non-contractive. However we have a convergence result similar to
Corollary 8.3.9 which is a special case of a more general weak convergence theorem due to Alvarez, cf. [7].

Corollary 8.4.1. Assume that £ = {z € RN, VF(z) = 0} # (). Then any solution u(t) of (6.8) is global,
bounded on R* and converges, as t — oo to some limita € € = {z € RN VF(z) = 0}.
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Proof. From our Hypothesis it follows that F' is bounded from below. First we consider a local solution u
of (6.8) on some interval [0, L) Given any positive T' < L, the identity

| @l + 51w O] = F) - Fu) + 510 )
0

shows that u/ € L°°(0,T;RY), therefore the solution is global and uniformly Lipschitz. In addition
' € L2(R*, X) with X = RY. We already showed that if all solutions U = (u,u’) are bounded, the
system S(t) generated by (6.8) is gradient-like and the set of fixed points of S(t) is F = € x {0}. We
now show that in fact u is bounded and the numerical function ¢(t) = ||u(t) — a||? has a limit at infinity
whenever a € €. Indeed a straightforward calculation shows that ¢ € C? with

¢+ ¢ = =2VF(u(t),u(t) — a)) + 2llu’'(t)|* < 2||u'|* = h € L' (RY)

Writing this inequality as
(e'¢")" < e'h(t)

provides

<O + [ e hs)ds = B + e 0) = K1)

T T T T
/ H(t)dt:/ / esfth(s)dsdt:/ esh(s)/ e 'dtds
0 o Jo 0 s
T

/0 esh(s)(eseT)dsg/OTh(s)ds

Thus H, K € L'(R™) and since ¢ > 0, the function ¥ (t) := p(t) — fot K (s)ds is bounded with non-
positive derivative. It tends to a limit at infinity and so does ¢. In particular u is bounded, and since S(t) is
gradient-like, the omega-limit set is contained in F. Picking (a,0) € w(Uy) , the limit of ¢ at infinity is 0
and we end up with convergence of u to a and u’ to 0

Now we have

O



Chapter 9

The convergence problem in finite
dimensions

9.1 A first order system

In this section we consider the first order gradient system
u + Ve(u) =0 9.1)
where ¢ : RY — R is assumed to be C, and we set
S={aeRY, Vy(a) =0}

As we saw in Section 6.3, any bounded solution of (9.1) approaches the set S as t goes to infinity. The
question is then to determine whether or not it actually converges to a point in S. The next result shows that
this is not always true.

9.1.1 A non convergence result

Theorem 9.1.1. Let k be a positive integer and let us consider

_ 712 - 4k2 4 . 1 /
T |1 = gt 0 — )| <t

o(x,y) = f(r,0) :{
0 ifr > 1.

where we use the polar coordinates (x,y) = (rcosf,rsinf). Then there exists a bounded solution u of
(9.1) whose w-limit set is homeomorphic to S*.

Proof. For N = 2, by setting u = (z, y) equation (9.1) becomes

¥+ 52 (w,y) =0,
'\ B (9.3)
y' + 5, (2,y) =0,
The system (9.3) becomes
'+ %(r, 0) =0, ©.4)
0 + 556 (r.0) =0,

78
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We define
Let 7o € (0, 1) and let r be the local solution of

o 2kr(177"2)k+1 67(171‘2)16 =0
4k2r44(1—12)2k+2 ’
r(0) =1

Clearly, r is global and satisfies

Vt € (0,400), 0 <r(t) <1, and lim r(t) =1.

t—o00

Now if we impose that

1
T 9.5)

then a straightforward calculation shows that (r, ) is a solution of (9.4). Hence, the solution (r, 6) verifies

tlggo r(t) =1, tlggo 0(t) = co.
Clearly, the w-limit set of the trajectory u = (rcos@,rsinf) of (9.3) with ¢ given by (9.2) and (r,0)
satisfying (9.5) is the entire circle {(r,6)/ r = 1}. O

Remark 9.1.2. We recall that a function f € C°°(R",R) is in the uniform Gevrey class G145(RY, R) if
there exists a constant M = M (f) > 0 for which

Vm e NN, || D™f||pe < M™|m|+0)Im]

where
N
Im|:=> " m;
j=1

is the length of the differentiation index m. It is natural to conjecture that, written in cartesian coordinates,
¢ € G 1 outside any ball centered at 0 and therefore pp € Gy 1 (R? R) for any p € Gy, 1 (R* R)
which vanishes in a small ball around 0 and is equal to 1 ouside the ball of radius € < 1. If the conjecture
is valid, this reinforces to the stronger regularity class G145(R* R) C C*(R? R) with § = 1 the non-
convergence result from J. Palis and W. De Melo [73] which stated the existence of ¢ € C*°(R?,R) for
which there is a bounded solution u of (9.1) whose w-limit set is homeomorphic to S*. As § tends to 0 the
space G145(IR%, R) approaches the space of analytic functions G (R?, R) , showing that the next result is
optimal if we look for a regularity class in which convergence of bounded trajectories is always true.

9.1.2 The analytic case

In [70, 71], S. Lojasiewicz proved the following result which implies that the bad” situation of Theorem
9.1.1 cannot happen for analytic functions.

Theorem 9.1.3. (Lojasiewicz Theorem [70, 71]) Let ¢ : RN — R be an analytic function. Then for all
a € S, there exists cg > 0,0, > 0and0 < 0, < % such that :

Vo)l = calo(u) = @(@)]* % Vu e RY [lu—al| < oq. 9.6)
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Remark 9.1.4. In the sequel, 8, will be called a L.ojasiewicz exponent of ¢ at point a. Each 8’ < 6, is also
a Lojasiewicz exponent of ¢ at point a, associated to a possibly smaller radius ¢ < o,. Moreover when
considering ¢’ and reducing o if needed, the constant ¢, can be replaced by arbitrarily large constants, in
particular by 1. This was the choice made by Lojasiewicz in his pioneering paper. On the other hand, in the
cases where an optimal (= largest) 6 can be reached for instance by a direct calculation, it may happen that
the choice ¢ = 1 is irrelevant. For instance if N = 1 and ¢(u) = eu?, we have | Vp(u)|| = 2¢|u| so that in
particular
IVl = 2¢2p(u)'~2

In this case the optimal value § = % is associated to a maximal constant ¢y which tends to 0 with the

parameter €. Similar examples can be built with any super-quadratic power function.
Remark 9.1.5. If a ¢ S, the inequality becomes trivial since ¢ is of class C.

Theorem 9.1.6. (Lojasiewicz Theorem [70, 71]) Assume that ¢ satisfies (9.6) at any equilibrium point a
and let u € L= (R*,RYN) be a solution of (9.1). Then there exists a € S such that

lim ||u(t) —al = 0.

t—+oo

Moreover, let 0 be any Lojasiewicz exponent of p at point a. Then we have

O(e™%) for some § > 0if 0 = 1,

1) — — 9.7

In particular if p is analytic , all bounded solutions of (9.1) are convergent.

Proof. We define the function z by z(t) = ¢(u(t)). Then
2(t) = =[Ve(u®)]?, vt=0. (9.8)

So z is nonincreasing. Since u is bounded and ¢ is continuous, it follows that K = tlim p(u(t)) exists.
—00

Replacing ¢ by ¢ — K we may assume K = 0. If z(¢p) = 0 for some ¢y > 0, then z(¢) = 0 for every
t > to, and therefore, u is constant for ¢ > ty. In this case, there remains nothing to prove. Then we can
assume that z(¢) > 0 for all ¢ > 0.
Define I' := w(u). Theorem 4.1.8 ii) implies that I" is compact and connected. Let a € T, then there exists
t, — +oo such that u(¢,) — a. Then we get

Jimp(u(t)) = pla) = K =0,

On the other hand, ¢ satisfies the Lojasiewicz inequality (9.6) at every pointa € S. Applying Lemma 1.2.6
with W = X = R¥, E = p and G = V¢ we obtain,

Jo,¢ >0, 30 € (0, %]/ [dist(u,T) < 0 = [|[Ve(uw)|| > clo(u)|*?].

Now since I' = w(u), by Theorem 4.1.8 iii), there exists 7' > 0 such that dist(u, ') < o. Then we get for
allt > T
IV > clp(u)] . (9.9)

By combining (9.8) and (9.9), we get
2 (t) < —c2(2(1)* 70, vt >T. (9.10)
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In the case § € (0, 3), by integrating (9.10) over (T, t) we find

1 1
2(t) < — <Oyt Tm, Yt >T.
(2(T)20-1 + (1 —20)c2(t —T))T=

Now since
lu' (8[| = —2'(t)

we have "
/ [/ (s)||2ds = 2(t) — 2(2t) < Cyt T,
t

Applying Lemma 1.2.5 to p(¢) := ||/ (¢)||, we get

/ [/ (s)||ds < Cot™ T2 ©.11)
t

By Cauchy’s criterion, a := . 1121 u(t) exists and

—+o0
VE>T, |u(t)—al < Cot™ T2,

On the other hand, if # = 1, the application of Lemma 1.2.4 to p(t) := ||u’(t)|| gives the exponential
decay. To conclude the proof, we remark that at the end, the global Lojasiewicz exponent used to prove
convergence can be replaced by any local Lojasiewicz exponent of ¢ at a. o

Remark 9.1.7. Since the Lojasiewicz theorem is actually local, it suffices to assume that ¢ is analytic in a
ball where the solution stays for all £.

9.2 A second order system

We now consider the gradient-like system
u +u +VO(u)=0 9.12)
where ® : RY — R is assumed to be C!, and we set

S={aeRY V®(a)=0}.

9.2.1 A non convergence result

The non-convergence result of Curry - Palis - De Melo (cf. Theorem 9.1.1) has been extended to (9.12) by
Véron [79] (see also [8, 65]). More precisely

Proposition 9.2.1. Given any ¢ € CF(R%,R), 1 < k < oo, there is a ® € C*1(R2 R) such that each
solution of (9.1) is at the same time a solution of (9.12).

Proof. The statement is readily satisfied for & = ¢ — |Vp|?/2. O

Corollary 9.2.2. There exist ® € C°(R?,R) and a bounded solution u of (9.12) whose w-limit set is
homeomorphic to S*.

Proof. Take ¢ as in Theorem 9.1.1. Then (9.1) has a bounded solution v whose w-limit set is homeo-
morphic to S*. By Proposition 9.2.1, u is also a solution of (9.12) for some smooth ®, which proves the
corollary. O
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9.2.2 A convergence result

Theorem 9.2.3. Assume that ® is analytic and let uw € W1>°(R*,RN) be a solution of (9.12). Then there
exists a € S such that

. 12 _
Jim [ (1)) + Ju(t) ~ ol =0.
Moreover, let 0 be any Lojasiewicz exponent of p at a. Then we have for some constant C > 0

—0

1
lu(t) —all < G20, if 0 <6 <5

[lu(t) — a]| < Cexp(—dt), forsomed > 0if = %

Proof. Let E(t) = &||u/(t)[|? + ®(u(t)). We have

d

" (W) + (V) )

= (" +Ve(u),u) = —[u' )]

(E(?))

From Theorem 4.1.8 ii) we know that w(u, v') is a non-empty compact, connected set. We also know that
limy 1o ||t']] = 0 and w(u,u’) C S x {0} (see corollary 6.4.1). LetT' = {a/ (a,0) € w(u,u')} and
K = limy_,o E(t). As in the proof of theorem 9.1.6 we may assume K = 0 and foralla € T', ®(a) = 0.
Then we introduce

1
H(t) = 5 [u' ()] + @(u(t)) + (VO (u(t)), u' ()
where ¢ is to be fixed later. Therefore

H(t) = —|u|>+e(VO(u),u") + (V0 (u)u',u')
= WP +e(Ve(u), —u' — VO(u)) +e(V2(u) - v/ u)
= P =l Ve — e(Ve(u), v/) + (VP (u) - v/, u).

Since u is bounded we have
(V20 (u) - u',u') < Crellu/||?.

Thanks to Cauchy-Schwarz and Young inequalities we have
v(b / < E v(b 2 E 112
e{Ve(u),u') < SlIVe)lI” + S llw'|".
Therefore selecting € < €p we find

H'(t)

IN

9
—(1 = Coe)W'[|* = 5 VO (u)|f?

IN

—S( )2 + VR @)]). 9.13)
2

Then H is nonincreasing with limit 0, we have in particular [ is nonnegative. As in the proof of the
Theorem 9.1.6 we can assume that H(¢) > 0 for all ¢ > 0. On the other hand, since ® is analytic then by
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using Lemma 1.2.6 once again as in the proof of Theorem 9.1.6, there exist 6 € (0, %], T > 0 such that for
allt > T we get

1 2 _
[+ [Ve(u)* > [lu]*+ §|\V<I>(u)||2 + 5|‘1>(u)|2(1 ?

s (|2 + V@) 2 + @ (u)])*
ca (H(t))2<1—9> o1

v

Y

Combining the inequalities (9.13) and (9.14) we find
H'(t) < —es(H(t)* 7.
If 0 € (0, %), intergrating this differential inequality we get
H(t) < Cot T,

When 6 = %, we find that HH decays exponentially.
Now from (9.13), we get

| e+ v et P)as < 2)

The proof concludes exactly as in Theorem 9.1.6. o

9.3 Generalization

The goal of this section is to give a general framework which covers the results of section 9.1.2 and 9.2.2
as well as some new examples. For this end, we consider the differential equation

a(t) + F(u(t)) =0, t=0, (9.15)
where 7 € C(RY;RY) .

Theorem 9.3.1. Let u € C'(R;RY) be a bounded solution of the differential equation (9.15). Assume
that there exists a function £ € C*(RN), 3> 1,0 € (0,1) and ¢, c1, T > 0 such that

B(1—0) < 1, (9.16)
E(u(t)) > 0foreveryt > T, 9.17)
(VEu(t), Fu(t)) = e VE@W)I? | F (u(t)|| foreveryt =T (9.18)
[VEu(t)|| > 1 E(u(t) =0 foreveryt >T 9.19)
foreverya € RN onehas:  VE(a) =0 = F(a) =0, 9.20)
Then there exists a € RY such that tli}m u(t) = a.
If, moreover, £ satisfies for some co > 0
|F ()| = ez E(u(t)'~° for everyt > T, 9.21)
Then, ast — oo,
O(e™%) for some § > 0if B = ﬁ,
[u(t) — all = 1-8(1—9 9.22)

Ot R 1) if > L.
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Proof. We apply Lemma 1.2.3 with X = R" and H(¢) = £(u(t)). Let u be a solution of (9.15) which is

continuously differentiable, then, by the chain rule,

*%S(U(t)) = —(VE(u(t),u'(t)) = (VE(u(t)), F(u(t))).

By using (9.18), (9.19) and equation (9.15) we get forall t > T

d
— )

Y

c[[VEu®)I|” | F (u(®)]

> ccf S(U(t))ﬂ(l_e) ([ (@®)]]-

This is condition (1.4) with  := 1 — 8(1 — ) (thanks to (9.16) n > 0.)

(9.23)

It follows that the function ¢ — £(u(t)) is nonincreasing. Now if £(u(tg)) = 0 for some tg > T, then
E(u(t)) = 0 foreveryt > tg, and therefore, by conditions (9.18), (9.20) and the equation (9.15) the function
u is constant for ¢ > (. In this case, there remains nothing to prove. Hence we can assume &£ (u(t)) > 0
for all ¢ > T'. This is condition (1.3). By applying Lemma 1.2.3 we deduce the convergence result. Now

we will prove the decay estimate (9.22). From (9.23) we deduce forallt > T

d

— G E®)]" 2 neel ||/ (¢)]]-

By integrating this last inequality we get

lu(t) —al < / ()] ds
1
E(u m,
< gf)

By using hypothesis (9.21) and equation (9.15), we get
ny = 1-6 1 1 l
[E®)T = E@®) ™ < ZAF®)l = Zllv @l

Combining (9.24) and (9.26), we obtain

LIE@n)] < —neciesle?]

1—-6
o,

estimate

O(e=Ct if 8= 145,
E(u(t)” = { i '

o@=n/=n=0) if g > ;2.

Combining this estimate with (9.25), the claim follows.

In the next subsections we discuss several applications of our abstract results.

(9.24)

(9.25)

(9.26)

Solving this differential inequality (we have to distinguish two cases 1%0 =1lor 1%0 > 1), we obtain the
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9.3.1 A gradient system in finite dimensions
We start by applying our abstract results to the gradient system
u'(t) + Ve(u(t)) =0,
where ¢ € C?(RY). The system is a special case of (9.15) if we take 7 = V. The function ¢ is nonin-
creasing along u. Now if u is a bounded solution of the above gradient system and since ¢ is continuous, it
follows that 9o, = , ligrn (u(t)) exists. If we define £ by
—+00
5(’(}) = (,0(’1}) — Poo

we see that hypothesis (9.17) is satisfied for all £ > 0. If ¢ is real analytic , then it satisfies Lojasiewicz
inequality (9.6). Therefore by applying lemma 1.2.6 with W = X = RN, E = ¢, G = VpandI' = w(u)
we get

1
I >0, 3> 0,30 € 0,51/ [IVe(u®)ll > clo(u(t) — ol ™", VE>T.

Now it easy to see that all hypotheses of Theorem 9.3.1 are satisfied (here 3 = 1). Then there exists a € RV
such that tlim u(t) = a and the estimate
— 00

O(e™%) if § =
[u(t) —all = Co1ao),
O(t=0/(=20)) ifg < 1.

‘We thus recover the result of Section 9.1.2.

9.3.2 A second order ordinary differential system

Let ® € C%(RY) and consider the second order ordinary differential system
' (t) +u'(t) + VO(u(t)) = 0. 9.27)
This system is equivalent to the first order system (9.15) if we define F : RN — R2N by

—v

— N
F(u,v) := ( v+ Vo(u) >, u, v € R™.
Now let u € W1>°(R*,RY) be a solution of (9.27). We define the energy of this system

1
E(t) = 5l @)1 + 2(u(?).
We know that the function E is nonincreasing and Fo, = lim;_, o, E(¢) exists. It is also well known that
w(u,u') is compact connected subset of ®~1({0}) x {0} (see corollary 6.4.1). Let ¢ > 0, and define
E:R*N 5 Rby
1
E(u,v) = 5 ]| + ®(u) — FEoo +(VO(u),v)gy, u, veRY,

so that

=" oo (B )
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Fix R > 0, and let M := sup|, <g+1 | V®(u)]|. Choose ¢ € (0, 1) small enough so that (M + e<i
Then for every u, v € RY satisfying ||u|| < R we obtain
(VE(u,v), F(u,v))gen
= |vl|? — e (V2@ (u)v,v)pn + € (v, VO(u))pn + £ || VO (u)]?
€ 5
> (1= Me = D)l + 5 V@)
> o ([lol” + Vo). (9.28)
Since 4 i@ [E(u(t), v (t))] = —(VE(u,v), F(u(t),u (t))) < 0, Then the function t — E(U( ), u'(t)) is
nonincreasing. Thanks to the fact that ' — 0 as t — oo, it follows that . hIJP E(u(t),u'(t)) = 0. Then
—+00
€ satisfy hypothesis (9.17). Moreover,
IVE (u, v)[| + | F(w, o) || < C([Jol] + [[VO()]])- (9.29)

By combining (9.28) and (9.29), we obtain that
(VE(u,v), F(u,v))gen > ||VE(u,v) ||| F(u,v)]-

This is condition (9.18) with 8 = 1. On the other hand, if V& (a, b) = 0 then by (9.28) we have b = 0 and
V®(a) = 0, then F(a,b) = 0, hence (9.20).

Now if we assume that ® is analytic , then £ is also analytic and satisfies Lojasiewicz inequality (9.6).
Therefore by applying lemma 1.2.6 with W = X = R?N, F = £, G = V& and I' = w(u,u’) we obtain

1
7 >0, 3¢ > 0,30 € 0,5/ [VE(u(t), u' (1) > e&(u(t) 0. (9.30)
Then hypothesis (9.19) is satisfied. On the other hand, by using (9.29) we get
1 1
1F (u, o) = Mol + [lv + Vel 2 5 (lvll + IVe(u)ll) = FIVE(u, v)ll.

Combining this last inequality with (9.30) we obtain that hypothesis (9.21) is satisfied. Therefore by Theo-
rem 9.3.1, tlim (u(t),u'(t)) = (a,0) exists. We thus recover the result of Section 9.2.2.
—00

In [58], also the case of nonlinear damping was considered. The damping, however, should not degen-
erate in the sense that near 0 the damping is in principle linear. The case of degenerate damping which is
the object of the next section has been considered by L. Chergui in [26].

9.3.3 A second order gradient like system with nonlinear dissipation

Let ® € C%(RY,R) and consider the second order ordinary differential system

u”(t) + g(u'(t)) + Ve(u(t)) = 0, 9.31)

where g € C(RY,RY) satisfying
(g(v),v) = clv]*** (9.32)
lg@) < Cllvf** (9.33)

and o > 0.
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Theorem 9.3.2. We suppose that
1
30 €]0, 5], Yae S, Ja,>0/|VE(w)| > |®(u) — ®(a)|' Y, Yu € B(a,oq). (9.34)

Assume that o € |0, ﬁ) and let u € W2 (R, RY) a solution of (9.31). Then there exists a € S such
that

Jim ([a@)]] + [|u(t) — all) = 0.

We also have L
|lu(t) — al| = Ot~ T20FaT-9)

Proof. First of all, we define the energy of this system
1 ! 2
B(t) = Sl @ + S(u(t)).

We know that the function E is nonincreasing and Fo, = lim; o E(t) exists. It is also well known
(see corollary 7.5.1) that w(u, u’) is compact connected subset of (V®)~1({0}) x {0}. In order to apply
Theorem 9.3.1, we must write equation (9.31) as a first order system (9.15). This is the case if we define
F RN 5 R2N by

Flu,v) = ( o) +_Uv¢(u) ) u, v eRN.

Let e > 0, and define £ : RN — R by
1
E(u,v) = §||UH2 + ®(u) — FEoo +&[|VO(u)|*(V®(u),v)py, u,veERY

so that

(VO + £ V)| V2B(u) - v + ea|Vo(u)|*(Vo(u), v) V2B(u) - Vo(u)
Ve v) = ( 0+ £l V(u) | *VB(u) ) '

Let B C RY x RY be a suffiently large closed ball which is a neighbourhood of the range of (u,u'), then
we have
[F (u, v)[| < Cr(flvll + [[Ve(w)]); (9.35)

IVE(u, v)|| < Co([Jv]| + [[VE(w)]))-

Now choosing € € (0, 1) small enough and by using Young inequality together with hypotheses (9.32) and
(9.33), we get

(VE(u,v), Flu,v)) = cs([ol]** + [VR(u)[[***) = ca(llvll + VR (u)[)**2. (9.36)

Combining these three last inequalities we obtain
(VE(u,v), F(u,v)) > 5 | VE(u, v)|*T | F(u,v)]. 9.37)
This is (9.18) with B = a + 1. Since £[E(u(t),w'(t))] = —(VE(u,v), F(u(t),u/(t))) < 0, then the

function ¢ — E(u(t),w'(t)) is nonincreasing. Thanks to the fact that ' — 0 as ¢ — oo, it follows
that , 1121 E(u(t),u'(t)) = 0. Then & satisfy hypothesis (9.17). Now if V&(a,b) = 0, then by (9.36)
—+o00
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b = V®(a) = 0 which imply by (9.35) that F(a,b) = 0. This is hypothesis (9.20). On the other hand by
using Young inequality we get

E(u,0)' " < Co(lloll + VR (u) + @ (u) — Ecc|'~).

We also have
[ F(u, v)|| = ez([[v]| + [V (w)]]).

Combining this two last inequalities together with the Lojasiewicz inequality (9.34), we get
IF (ult), o/ (£)] = ¢E(ult)' .

This is (9.21). Since o € [0, 725[ then B(1 — 0) = (o + 1)(1 — 0) < 1, then (9.16) is satisfied. Theorem
9.3.2 is proved. o



Chapter 10

The infinite dimensional case

In [78], L. Simon completed the fundamental one dimensional result of Zelenyak [83] and Matano[72] by
showing that the pioneering work of S. Lojasiewicz can be extended to some infinite dimensional context,
among which the semi-linear parabolic equations with analytic generating function in any space dimension.
The objective of this chapter is to clarify to which extent the L.ojasiewicz method can be generalized to
infinite dimensional systems. Throughout this chapter, we consider two real Hilbert spaces V, H where
V C H with continuous and dense imbedding and H’, the topological dual of H is identified with H,
therefore
VCcCH=H cV’

with continuous and dense imbeddings.

Definition 10.0.3. We say that the function E € C'(V,R) satisfies the Lojasiewicz gradient inequality
near some point p € V, if there exist constants 0 € (0, %], ¢ > 0and o > 0 such that for alluw € V with

lu—olly <o
IDE(u)|v: > c|E(u) — E(g)|"~°. (10.1)

Remark 10.0.4. 1) The Lojasiewicz gradient inequality is trivial if ¢ is not a critical point of E.
2) The number 6 will be called a L.ojasiewicz exponent (of E at ).

10.1 Analytic functions and the L.ojasiewicz gradient inequality

One might wonder if Lojasiewicz gradient inequality is valid for any analytic function on an infinite di-
mensional Banach space. However, even if V' = H it is not the case. Actually, if (H, (-,-)) is a Hilbert
space and F' is defined by F(u) = (Ku,u) with K = K* > 0 and compact, then F' does not satisfy the
Lojasiewicz gradient inequality. More precisely

Proposition 10.1.1. Let H = [*(N) and F : H — R be the continous quadratic (hence analytic ) functional
given by

(o]

_7 2

F(ug,u, ..U, ...) := g £5U;
Jj=0

where (e )ren is a real sequence satisfying €, > 0 and lim e, = 0. Then F satisfies no Lojasiewicz
k— o0

gradient inequality.

89
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Proof. Defining (e;); = d;;, an immediate calculation shows that
Vit > 0, F(tek) = tQEk; |VF(t€k)| = 2teg.
In particular for each § > 0 we have
[VF(ter)| _ 252152071
|F(tex)|'—°

For any 6 > 0 small , choosing ¢ small enough and letting k tend to infinity we can see that the Lojasiewicz
gradient inequality fails in the ball of radius . O

More generally, in [54], we considered a real Hilbert space (H, (-, -)), a linear operator A such that
AeL(H);, A =A

and the associated quadratic form ® : H — R defined by
1
Yue H, @(u)= §<Au,u>.

In this context a characterization of continous quadratic forms for which the Lojasiewicz gradient inequality
is valid was obtained and expressed by the following statement

Theorem 10.1.2. The following properties are equivalent
i) 0 is not an accumulation point of sp(A).
ii) For some p > 0 we have
vu € ker(A)Y, | Aulln = pllula-

iii) ® satisfies the Lojasiewicz gradient inequality at the origin for some 6 > Q.
iv) ® satisfies the Lojasiewicz gradient inequality at any point for 0 = %

For a general nonlinear potential F', one might wander if the equivalent properties above for A =
D?F (a) are sufficient to obtain a L.ojasiewicz gradient inequality near a. The proposition below shows that
it is not the case.

Proposition 10.1.3. Let H = [>(N) and F : H — R be the analytic functional given by
0 | uk|2k+2

2k 4+ 2)!

F(Ul,UQ,...’LLn,...) = (
k=2

Then F satisfies no Lojasiewicz gradient inequality.

Proof. First we note that D?F'(0) = 0, hence sp(D?*F(0)) = {0} and in particular 0 is isolated in

sp(D*F(0)). Defining (e;); = d;;, an immediate calculation shows that
2k+2 £2k+1
Vvt >0, Fl(tex) =-———=; |VF(t = —
>0 Fliew) = gy IVEUed)l = Gy,

In particular for each # > 0 we have

F(ﬁek)170

SR,k = (2k+2)0
|V F(tex)] (0, %)

Choosing k large enough gives a contradiction for ¢ small. O
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In this example, the difficulty comes from the fact that dim ker(D?F(0)) = oo. Assuming the equiva-
lent properties of Theorem 10.1.2 and dim ker(D?F(0)) # oc is equivalent to the semi-Fredholm character
of D2F(0) (cf. Theorem 1.3.3) In the next section 10.2 we shall show that this condition is sufficient in
a rather general framework, in particular V' will not be assumed equal to H in view of applications to
semilinear PDE .

10.2 An abstract Lojasiewicz gradient inequality

The purpose of this section is to give sufficient conditions on E for the inequality (10.1) to be satisfied.
Let E € C?(V,R) and ¢ € V such that DE(yp) = 0. Up to the change of variable © = ¢ + v and the
change of function G(v) = E(¢ 4+ v) — E(p), we can assume whithout loss of generality that ¢ = 0,
E(0) = 0and DE(0) = 0. Although the formulation of the f.ojasiewicz gradient inequality requires only
E € C'(V,R), one way of proving it requires £ € C?(V,R). In fact the operator A := D?E(0) plays an
important role.

We start with the following very simple result
Proposition 10.2.1. Assume that

A e L(V, V') is an isomporphism.

Then the Lojasiewicz gradient inequality is satisfied near O with the exponent 0 = % : there exist two

positive constants o > 0 and ¢ > 0 such that
lullv < o = [DE@)|[v: > | E(u)|?.
Proof. It is easy to see, using Taylor’s expansion formula, that for ||u||y small enough we have
|B(w)] < Cllully (10.2)
On the other hand, since DE(u) = Au + o(u), we have
u=A"'DE(u) + o(u),
and therefore for any given ¢ > 0 we can find §(¢) > 0 such that if ||u||y < §(¢) then
IDE) v > AT lully = ellullv.
Choosing ¢ := g¢ := ||A71||71/2, we obtain for ||uv < §(eo)
IDE(u)|lv: = eollullv (10.3)
The result follows by combining (10.2) and (10.3). O
Remark 10.2.2. Since A = D?FE(0) is symmetric, then if A is semi-Fredholm and d = dim ker(A) = 0,

by corollary 1.3.6 A is an isomorphism. Hereinafter we assume thatd > 0. We denoteby IT : V' — ker(A)
the projection in the sense of H.
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Proposition 10.2.3. Assume that A := D?E(0) is a semi-Fredholm operator and let

NV — V
u +— Tu+ DE(u).

Then there exist a neighborhood of 0, W1(0) in V, a neighborhood of 0, W2(0) in V' and a C* map
U : W5(0) — W1(0) which satisfies

N () =f  VfeWw(0),
Y(N(u) =u Yu € W1(0),
() = ¥gllv <Cillf —gllv: Vf g€ W(0), Ci>0. (10.4)

Proof. The function N is C' and DA/(0) = II + D?E(0) which by corollary 1.3.6 is an isomorphism
from V to V’. We have just to apply the local inversion theorem. O

Let (1, 2, ...pq) denote an orthonormal basis of ker(A) relatively to the inner product of H. For
d

¢ € R? small enough to achieve Z &ip; € Wa(0), we define the map I by
j=1

d
T(€) = B(T(Y_&¢05))- (10.5)
j=1
Let Ws (0) be the open neighborhood of 0 in R? such that
- d
¢ e WQ(O) — ijgﬁj € WQ(O)
j=1
The function T is C'* in V[A//Q(O) Let us define also
Wi(0) = {u € Wi(0)/T1(u) € Wa(0)}
. . d
Proposition 10.2.4. Let u € W1(0) and let € € W5(0) such that II(u) = Z &ip; € Wa(0). Then there
j=1
are two constants C, K > 0 such that
IVI(§)llra < CIIDE(u)]lv, (10.6)
|E(u) = T(©)] < K|DE)[l7. (10.7)

Proof. For any k € {1, - - d} we have the formula

or d

d d
% = EE(\I][ZEjSDj + (& + 8)9k])|s=0 = <DE(\II(Z£j@j)),D\I/(Z,Ej(pj)(pk>_ (10.8)
Jj#k j=1 j=1
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Now we claim that for all £ € W, (0)

or d d
1y 6—&(5)% —DEW() _&¢)llve < ColE[IDE@ &ei))llv (10.9)
j=1 =1

d
In fact by using (10.8), remarking that DE(\IJ(Z &@;)) € ker A we obtain
j=1

or
Hza&( )er — DE(¥ Z‘EJ‘PJ )l

d
1y < DE(‘I’(Z@%)%D‘I’(Z §ipi) k) — ok > @illvr
k=1 j=1 j=1

Now by using Cauchy-Schwarz inequality, and the fact that DW(0)(Lu) = u, the claim follows. On the
other hand, since E is C', there exists C; such that

|IDE(u) — DE(v)||lv: < Csllu—v|lv  V(u,v) € W1(0). (10.10)

Then by using (10.4), (10.9) and (10.10) we obtain

[VE(E)lre < Cul| DE(Y Z‘EJ‘PJ v

C4||DE(‘P( ( Il

Ca| DE(W(T(u))) = DE(u) + DE(u)||v/
Ca| DE(u)[lv+ + C3Cal [T (IT(w)) — ullv
(
(

IN

Cal| DE(u)|lv: + C3Ca|[ ¥ (I1(u)) — U (ITu + DE(u))]lv
Cu||DE(u)|lv: + Cs || DE(u)]|v-

IN

hence (10.6). On the other hand
[E(u) =T)| = [E(u) — E(¥(L(u)))]
= 1 g ) — )]

= I/ (DE(u+ t(¥(I(u)) = u)), ¥(I(u)) — u) dt |
0

IN

nwnw»va|DEw+awmw»umwﬁ

IN

[/O (IDE) v+t C3[| U ((w)) = ullv) dt ] |[W(TL(w)) — ullv

Cs|[DE(u)|lv || ¥ (I(u) — ¥(IL(u) + DE(u))|v
C1Cs||DE(u) |13

IA A

hence (10.7). U
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Theorem 10.2.5. Assume that A := D*E(0) is a semi-Fredholm operator and let d = dimker A. Assume
moreover that

(HI) d > 0 and there exists O C R? open, and h € C*(0,V) such that 0 € h(O) C (DE)~'(0) and
h: O — h(0O) is a diffeomorphism.

Then there exist two positive constants o > 0 and ¢ > 0 such that
1
lullv <o = [DE(u)|v: = c|E(u)]>.

Proof. We have by using (10.9) (choosing a smaller Wg (0) if necessary)

d
IDEW (Y &e)llve < CrlIVT(©)])- (10.11)

j=1
If u € W1(0) such that DE(u) = 0, then A'(u) = II(u) which implies that u = ¥(II(u)). Moreover by
d

using (10.6) we have VI'(§) = 0 where £ € WQ(O) with ITu = Z«fjgoj.

j=1
d
On the other hand let £ € W2(0) with VI'(€) = 0. Then ¥(>_ &) € W1(0) and DE(¥ Z 3EN))
j=1
d
by using (10.11). So H(\II(Z &ivi)) Z@% Consequently ¥ Z@% € W1 )and DE(¥ Z@% =
j j=1 j=1
0.
Finally we have:
— d —~
{u e W1(0), DE(u) = 0} = ¥({) &), £ € W5(0) and VI'(€) = 0}). (10.12)
j=1
Now we introduce the d—dimensional manifold
7= h(0)

with O and h as in (H1). Let
O = b= ({u € W1(0), DE(u) = 0}).

Clearly Oisan open subset of R? and 0 € h(é)
We now have

d
5 := h(0) C {u € W(0), DE(u) =0} C @({Zgj%, € € Wa(0)}).

Since the extreme terms are d—dimensional open manifolds, they must coincide locally. Therefore, chang-
ing if necessary W1 (0) and W5(0)) to smaller open sets, we obtain

7= {u € Wi(0), DE(u) =0} = T({D_ &, &£ € Wa(0)}. (10.13)

j=1
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Now by comparing (10.12) and (10.13), we get

L) =0, Ve Wy 0).
The proof of Theorem 10.2.5 follows immediately by using this last equality in (10.7). o

In the next theorem, we will prove inequality like (10.1) under hypotheses of analyticity of £ and DE.
We consider a Banach space Z such that ker A C Z and Z C H with continuous and dense imbedding.

Proposition 10.2.6. Assume that A := D?E(0) is a semi-Fredholm operator. Let L := 11 + A. Then
W = L7Y(Z) is a Banach space with respect to |w||w = ||Lw||z and L € L(W, Z) is an isomporphism.

Proof. Using corollary 1.3.6, we know that £ : V' — V" is one to one and onto. Since W C V and by
the definition of W we also have £ : W — Z is one to one and onto. Obviously we have £ € L(W, Z)
because ||Lullz = |lu|lw for all w € W. Now we prove that W is a Banach space. Let (w,) be a
Cauchy sequence in W, then (L(w,,)) is a Cauchy sequence in the Banach space Z. Denote by z its limit.
(L(wy)) is also a Cauchy sequence in V', so (wy,)) is also a Cauchy sequence in V. Denote by w its
limit, since £ € L(V,V’), then Lw = z. The claim is proved. Banach’s theorem gives the fact that
L' e L(Z,W). O

Theorem 10.2.7. Assume that A := D?E(0) is a semi-Fredholm operator and that N := ker A C Z.
Assume moreover that :

(H2) E : U — R is analytic in the sense of definition 1.4.1 where U C W is an open neighborhood of 0,
that DE(U) C Z and DE : U — Z is analytic.

Then there exists 6 € (0,1/2], ¢ > 0 and ¢ > 0 such that

lullvy < o= [DE(u)llv: > c|E(u)|'~.

Proof. For the proof we need the following result.

Lemma 10.2.8. Then there exist a neighborhood of 0, V1(0) in W, a neighborhood of 0, V5(0) in Z and
an analytic map V1 : V5(0) — V1(0) which satisfies

N (f)=Ff  VfeV(0),
U NW)=u  Yue Vi(0),
Uy =0 in Va(0) N Wa(0)
() = ¥(9)llw < Cillf —gllz Y(f.9) € V2(0) N W2(0), (10.14)
Proof. We first establish that

N:W — Z
u +— Tu+ DE(u).

is a C! diffeomorphism near 0, because DA (0) = I + A = £ € L(W, Z) is an isomorphism (see
proposition 10.2.6) and the classical local inversion theorem applies. Therefore we can find a neighborhood
V1(0) of 0in W and a neighborhood V5(0) of 0 in Z such that A" : V1 (0) — V2(0) isa C* diffeomorphism.
Finally it is clear that U1 = N ~!in V2(0)NW2(0). By Theorem 1.4.9 we have ¥ is analytic in V2(0). O
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End of proof of Theorem By using the chain rule (Theorem 1.4.6),since £ : U— R, DE : U — Z
and ¥ : V2(0) N W5(0) — V1(0) are analytic , the function I' defined in (10.5) is real analytic in some
neighborhood of 0 in R%.

Applying the classical Lojasiewicz inequality (Theorem 9.1.3) to the scalar analytic function I" defined on
some neighborhhod of 0 in R? by the formula (10.5), we now obtain (since (1 — ) € (0,1)):

1
B! < D@ + 1) = B)|'™" < ZIVT©)lze + 1) ~ B@['™. (10.15)
By combining (10.6), (10.7), (10.15) we obtain
|E(u)]'~ < CE”DE(U)HV/ +K1*9HDE(U)H‘2/(/1—9)'
0

Then since 2(1 — @) > 1, there exist o > 0, ¢ > 0 such that
|DE(u)||y: > ¢|E(u)]*=% forallu € V such that ||ully < o.

Theorem 10.2.7 is proved. O

10.3 Two abstract convergence results

This section is exceptionnally devoted to an abstract situation in which a trajectory of some evolution equa-
tion is known independently of any well-posedness result for the corresponding initial value problem. In
particular there is no underlying continuous semi-group to rely on and we cannot apply directly the simple
results of chapters 4 and 6. However, by performing essentially the same kind of calculations as those
needed to apply the invariance principle, we end up with a “gradient-like” property which is the starting
point for the Lojasiewicz method to be applicable. Our results contain as special cases the semi-linear ex-
amples of section 10.4 (for which the semi-group framework could be applied as an alternative method)
but they can also be used for strongly non-linear problems as soon as a solution with the right regularity
properties is known, even if the well-posedness is either false or presently out of reach.

Let V and H be two Hilbert spaces such that V' is a dense subspace of [ and the imbedding of V' in
is compact. We identify H with its topological dual and we denote by V' the dual of V, so that H C V'’
with continuous imbedding.

Let E € C1(V,R). We study the following two abstract evolution equations: the first order equation
u'(t) + VE(u(t)) =0,t >0 (10.16)
and the second order equation
u’(t) +u'(t) + VE(u(t)) =0,t >0 (10.17)

Theorem 10.3.1. Let u € C* (R, V) be a solution of (10.16), and assume that

(i) Up>1{u(t)} is compact in V;

(ii) E satisfies the Lojasiewicz gradient inequality near every point ¢ € § := {p € V, VE(p) = 0}.
Then there exists ¢ € S such that

Jim[lu(t) = pllv = 0.
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Moreover, let 0 be any Lojasiewicz exponent of E at . Then we have

O(e™%) for some § > 0if 0 = 3,

u(t) — ||y = (10.18)
)l ={ O sy s

Proof. We define the function z by z(t) := E(u(t)) for all ¢ > 0. Since u € C'(R,,V) and E €
C1(V,R), then by chain rule, z is differentiable and

Z(t) =~/ @®)||F, Vt>0. (10.19)

Integrating this last equation and by using (i), we get u’ € L?(R,; H). Now, since the range of u is pre-
compact in V, and u is uniformly Holder continuous on the half-line with values in H, it is also uniformly
continuous with values in V and v’ = —VE(u(t)) is uniformly continuous with values in V’. Then by
applying Lemma 1.2.2 to the numerical function ||u’(¢)||%, , we obtain that v’(¢) tends to 0 in V” as ¢ tends
to infinity, hence also in H by compactness. We conclude that w(ug) C S. Moreover, since the function z
is bounded and decreasing, the limit K := tlggo E(u(t)) exists. Replacing F by E — K we may assume

K =0.

If z(t9) = 0 for some ty > 0, then z(t) = 0 for every ¢t > t¢, and therefore, v is constant for t > #.
In this case, there remains nothing to prove. Then we can assume that z(¢) > 0 for all ¢ > 0. Define
I := w(up). It is clear that I' is compact and connected. Let ¢ € T, then there exists ¢,, — 0o such that
[lu(tn) — @|lv — 0. Then we get

i B(u(t)) = B(g) = K =0,
On the other hand, by assumption (i), E satisfies the Lojasiewicz gradient inequality (10.1) at every point
¢ € S. Applying Lemma 1.2.6 with W =V, X = V', and G = VE we obtain,

1
Jo,e >0, 30 € (0, 5]/ [dist(u,T) < o0 = |[VE(u)|lv: > c|E(u)|1*0] .

Now since I' = w(ug), by Theorem 4.1.8 iii), there exists 7' > 0 such that dist(u,I") < o forall ¢ > T.
Then we get
Ve>T |[VE@)|v > c|E(u)*?. (10.20)

By combining (10.19) and (10.20), we get
2(t) < —c2(2(1)*370, vt >T. (10.21)

The end of the proof is identical to that of Theorem 9.1.6, we obtain the convergence of w(¢) in H and the
convergence in V follows by compactness O

Theorem 10.3.2. Letu € C*(Ry,V) N C?(Ry, V') be a solution of (10.17) and assume that

(i) Ups1{u(t), v (t)} is compactin V- x H;

(ii) if K : V! — V denotes the duality map, then the operator K o E" (v) € L(V') extends to a bounded
linear operator on H for everyv € V, and K o E" : V' — L(H) maps bounded sets into bounded sets;

(iii) E satisfies the Lojasiewicz gradient inequality near every point p € S := {p € V, VE(yp) = 0}.
Then there exists ¢ € S such that

. , B
Jm 'l + lu(t) = ¢flv = 0.
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Moreover, let 0 be any Lojasiewicz exponent of E at p. Then we have

O(e™%) for some § > 0if 0 = 3,

() — _ (10.22)
[u(t) — ollu { Ot=0/0-20) jr0 < g < %

Proof. Let
1
Et) = 5l Ol + E(u(t)).
By the assumptions on u and F, £ is differentiable everywhere and for all ¢ > 0
E'(t) =~ )l

Hence £ is decreasing, and by using (7) it is bounded. By integrating the last equality, we deduce that
v € L*>(R*, H). Since H < V' we deduce that h(t) := ||u/(t)||? is integrable. Moreover by assumption
(¢) and the equation (10.17), for almost every ¢t > 0 we find

[P (0)] < 2]l () lvl[u” (B)llv < C

Hence the function h is Lipschitz continuous and integrable which implies tlim h(t) = 0. Since v’ is
— 00

compact with values in H we deduce
lim ||/ (¢)||g = 0.

t—o00

Let (p,v) € w(u,u’), and let (t,)nen C R4 be an unbounded increasing sequence such that lim (u(ty,),u'(t,)) =

n—oo

(i, ). Obviously we get ¢ = 0. On the other hand, since ||’y — 0, it follows that
lim sup ||u(tn+ ) —¢|lg =0. (10.23)

n=90 5¢10,1]
Actually the same is true with values in V. In fact, assuming the contrary, there is § > 0 such that

YneN, sup ||u(t,+s)—¢|v >4
5€[0,1]
Then we can find a sequence (s,,) C [0, 1] such that

0
VneN, |u(ty+sn) —¢llv > 3
By compactness of u in V', we can find ¢ € V and subsequences still denoted (¢,,) and (s,,) such that
[utn + sn) —¢llv — 0
which imply that || — |y > %. Now from (10.23) we deduce that o = 1), a contradiction.
Therefore, lim VE(u(t, + s)) = VE(p) uniformly in s € [0, 1].
n—oo
By equation (10.17),

VE() = [ VE()ds

1
= lim VE(u(ty, + s)) ds

1
= lim [ (—u"(tn+s) —u/'(t, +s)) ds

n—oo 0
= lim —u'(t, + 1)+ (tn) —u(tn + 1) + u(ts)
n—oo

= 0.
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Hence ¢ € S. Now since £ is bounded and decreasing, the limit K := lim £(¢) = lim FE(u(t)) exists.

t—o0 t—o0

Replacing E' by E — K we may assume K = 0.
Now let € be a positive real number, and as in [57] let us define forall ¢ > 0

20) = o/ + Blw) + =(VE(w), u)y (10.24)

where (-, -)y denotes the inner product in V’. We note that Z makes sense as a consequence of hypothesis
(7). We have for almost all ¢ > 0:

Z'(t) = ||/l + e{—(VE@), w')v: = [VE@)[}, + (VE@))', u)v}.
Then, using (i), for almost all ¢ > 0 we obtain for some P > 0
Z'(t) < (-1+ Pe)|[u/|[f; — e(VE(u), v)yr — e VE()][T.

Since we have by Cauchy-Schwarz inequality
/ 1 2 1 12
(VE(u), u)vr < SIVE@)l[y: + Sllully,

we deduce : - -
Z'(t) < (=1 + Pe)|ju'[|3 + §H“IH\2/' - §||VE(u)H2w
By choosing € small enough, we see that there exists ¢; > 0 such that for almost all £ > 0

Z'(t) < —ar (|3 + IVE@)[[3)- (10.25)

Since Z is nonincreasing with limit 0, we have in particular Z is nonnegative. As in the proof of the
Theorem 10.3.1 we can assume that Z(t) > 0 for all ¢ > 0.

LetT' = {¢/ (p,0) € w(u,u’)}. Theorem 4.1.8 ii) implies that I" is compact and connected. Now by
assumption (iii), E satisfies the Lojasiewicz gradient inequality (10.1) at every point ¢ € S. Applying
Lemma1.2.6 withW =V, X =V’ and G = VE we obtain,

1
Jo,c >0, 30 € (0, 5]/ [dist(u,T') < o0 = |[VE(u)|ly: > c|E(u)|170] .

Now by the definition of I' and using Theorem 4.1.8 iii), we obtain that there exists 7" > 0 such that
dist(u,T") < o forall t > T. Then we get

Vi >T |VE@)|v: > c|E(u)"". (10.26)
Using this last inequality together with Cauchy-Schwarz and Young inequalities, we get forallt > T'

Z (> Cof{ [/ + IVE@)[[3 + | B(u)| 2.

<
< Csf{llW'|E + IVE@)[3} (10.27)
Combining the inequalities (10.25) and (10.27) we find for allt > T’
Z'(t) < - 2()*00.

Cs

The conclusion follows easily O
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10.4 Examples

10.4.1 A semilinear heat equation

As a first application we study the asymptotic behaviour of the semilinear heat equation
up — Au+ f(z,u) =0, (t,z) € Ry xQ,
u(t,)|oq =0, te Ry, (10.28)
u(0,x) = uo(x), z €.

In equation (10.28) we assume that Q C RY (V > 1) is a bounded domain. We assume that f : Q@ x R —»
R is continuously differentiable and if N > 2, we assume in addition that

3C > 0, > O such that (N — 2)ar < 2

o (10.29)
and |a—£($,8)| < C(1+|s]*) ae.on QxR

With this condition on f, the energy functionnal £ given by
1
Yu € Hy(Q), E(u) = 3 \Vul*dz + | F(u)da,
Q Q

where F(x,s) := foé f(x,r) dr, is well defined. By using Proposition 1.17.5 page 66 of [66], we know
that F is of class C? on HJ () and

DE(u) = —Au+ f(z,u), Yue H}(Q),

of

D*Eu) = —A+ 52

(z,u)¢, Yu,& € Hy(Q).
It is well known that D?E(¢p) is a semi-Fredholm operator for all ¢ € H}(Q) N L>°(Q) (see example
1.3.7). Let d = dim ker DE().

Proposition 10.4.1. Assume that hypothesis (10.29) is satisfied. Let ¢ € H}(Q2) N L°°(2) be a critical
point of E. Assume also that one of the following hypotheses is satisfied :

d=20 (10.30)
d > 0 and there exists O C R? open, and h € C*(0,V)/ (10.31)
¢ € h(0) C (DE)"0) and h : O — h(O) is a diffeomorphism;

f is analytic in s, uniformly with respect to x € ) (10.32)

Then there exist 6 € (0, %] and o > 0 such that
Vu € Hy(Q), |lu— Pl <o=|—Au+ f(z,u)|g-1q) =[E)— E(p)*=%.  (10.33)

Proof. Let A := D?FE(y) and assume that d = 0. Corollary 1.3.6 gives that A = D?E(¢p) is an iso-
morphism from H{ (Q2) into H (). To conclude we have just to apply proposition 10.2.1. Now assume
(10.31) holds. To apply Theorem 10.2.5, we have just to remark that A is a semi-Fredholm operator. For
the proof of (10.33) under hypothesis (10.32), we distinguish two cases :
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Case1: N < 3. Let Z = L?(Q), by elliptic regularity [4] we get that W := (I1+ A)~1(Z) c H%(Q)
where IT is the orthogonal projection in L?(£2) on N (A) := ker A. The functional E : H*(Q)NH} () —
R is clearly analytic since it is the sum of a continuous quadratic functional and a Nemytskii operator which
is analytic on the Banach algebra H?(Q2) C L* () (see example 1.4.7.) By using Proposition 1.4.5, we
also obtain that DE : W — Z is analytic. We can apply Theorem 10.2.7 to obtain (10.33).

Case2: N > 4. Letp > & and Z = LP(Q). By elliptic regularity [4], we know that W :=

(Il + A)~Y(Z) c W*P(Q) which is a Banach algebra since p > £'. The end is the same as in the first

case. O

Remark 10.4.2. 1) The result of proposition 10.4.1 remains true for the general energy defined by :

ou au
a; F(z,u), wue H}Q), (10.34)
Z /Q J (9% 8% O ( 0 (
where F'(u fo s) ds, f satisfies (10.29) and a; ; satisfies the following conditions :

1. aij € Cl(Q),
2. Qi5 = Qyji, and
2 d
3. Z a;j(2)&:&; > v]|€||” for some v > 0 and every £ € R*, t € Ry, z € Q,
7,7=1

2) A similar result holds true for Neumann boundary conditions

The following result is an immediate application of Theorem 10.3.1 using the Proposition 10.4.1. The
smoothing effect of the heat equation implies (cf.[60] ) that for each ¢ > 0 and « € [0, 1),

J{u(t)} isboundedin C'*(Q))

t>e
as soon as u(t) is bounded in L>*(€2) for t > 0. In particular, | J,~,{u(t)} is precompact in Hg (1) .

Theorem 10.4.3. Letu € C1 (R, H}(Q)) be a bounded solution of equation (10.28). Assume that for all
peS:={peH}Q)/ —Ap+ f(p) = 0} we have p € L>°(Q2) and one of the three conditions (10.30),
(10.31) or (10.32) of Proposition 10.4.1 is satisfied. Then

Jim [u(t) — ol = 0.
Moreover, let 0 be any Lojasiewicz exponent of E at p. Then we have
O(e™%) for some § > 0if 0 = 3,
lu(t) — oll> = /1200, )
Ot=9/1=20)) if0 < g < 4.

Remark 10.4.4. It has been shown in [55] that if d < 1, convergence holds without any need of condition
(10.31) or (10.32) . However, if d = 1 and convergence occurs, in general the convergence can be arbitrarily
slow. The hypothesis d < 1 provides convergence results in a wide framework, cf. e.g. [43], [61].
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10.4.2 A semilinear wave equation

As a next application we study the asymptotic behaviour of the semilinear wave equation
utt+ut_Au+f(x7u):07 (t,x)€R+><Q,
’LL(t, ')|8Q = 07 te R+a (1035)
w(0,2) = uo(x),ut(0,2) = uy (), = €.

We let Q@ C RY, f € CH(Q x R;R), the spaces H := L2(2) and V := HZ(Q) as in Subsection 10.4.1. If
N > 2, then we replace the growth condition (10.29) by the following condition :

3C > 0, > O such that (N — 2)a < 2
o5 (10.36)
and |35 (z,5)] < C(1 +[s|%) ae.on @ xR

Theorem 10.4.5. Let u be a solution of (10.35) such that
Ugsolult, .), ue(t,.)} is bounded in Hi(Q) x L2(Q).

Assume that forall p € S :={p € Hj ()] —Ap+ f(p) =0} we have p € L>(2) and one of the three
conditions (10.30) or (10.31) or (10.32) of Proposition 10.4.1 is satisfied. Then

Jim a2 + lu() — ol = 0.

Moreover, let 0 be any Lojasiewicz exponent of E at p. Then we have

O(e™%) for some § > 0if 0 = 1,

u(t) — 2 =

Ju(e)  ¢lls { 000 g1
Proof. First (10.36) implies that the Nemytskii operator associated to f is compact: Hj (2) — L?(12), then
by the lemma 6.6.2, the orbit U, o {u(t, .), u(t,.)} is precompact in Hg (£2) x L?(£2). This is condition (i)
of theorem 10.3.2. Moreover, the duality mapping K : H~*(Q) — Hg(Q) is given by Kv = (—A) ™o,
so that KE"(v) = I + (—A)~!f’(v). From this, the growth assumption on f (10.36), and the Sobolev
embedding theorem, it is not difficult to deduce that the condition (i) of Theorem 10.3.2 is satisfied. O



Chapter 11

Variants and additional results

In this chapter, we collect, most of the time without proofs a few additional results which complement,
mainly in the infinite dimensional framework and often at the price of additional technicalities, the simple
theory developed in the two previous chapters. For the proofs, the reader is invited to read the corresponding
specialized papers

11.1 Convergence in natural norms

In the last chapter, we obtained convergence to equilibrium for some semi-linear parabolic and hyperbolic
equations in the energy space. However the rate of convergence to equilibrium was specified in L?(2).
In [56], it is shown that the same decay occurs in Hg () for the wave equation and in L°°(2) with an
arbitrarily small loss for the heat equation. This loss is most probably artificial but this becomes only
important when the Lojasiewicz exponent of ¢ is exactly known, which is possible only in exceptional
cases.

11.2 Convergence without growth restriction for the heat equation

In [64], the second author gave a proof of the Simon convergence theorem (cf. [78] in the framework of
Sobolev spaces instead of C'“ spaces which were used by L. Simon. His proof is quite similar to that of
our main parabolic result, but uses more complicated spaces. The advantage is that no growth restriction is
assumed for the nonlinear perturbative term.

11.3 More general applications

11.3.1 Systems

Let V = (H} ()", H = (L*(Q))", V' = (H~1(Q))" and we define the function E : (H}(Q))" — R
by

) " _1 " wi|? dx u) dx
Vu = (u1, -, u,) € (Hy(2))", E(u)_Q;/le i< d —l—/QF( ) dzx.

103
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When N > 2, we assume that
[V2E(z,s)|| < C(1+s]|*) ae.on QxR (11.1)

for some C' > 0 and o > 0 such that (N — 2)« < 2. By using Proposition 1.17.5 page 66 of [66], we know
that F is of class C? on H{ () and

DE(u) = (—Aui+ fi(z,u), -, —Au, + fo(z,u))
DUE@E) = <86+ T, A+ 2w g vE € ()",

It is well known that dim ker D? E(¢) is finite for all o € (H}(Q))"N(L>(Q))"™. Letd = dim ker DE(y).

Proposition 11.3.1. Assume that hypothesis (11.1) is satisfied. Let ¢ € (H}(Q))"N(L>(Q))™ be a critical
point of E. Assume also that one of the following hypotheses is satisfied :

d=20
d > 0 and there exists O C R? open, and h € C*(0,V)/yp € h(0) C (DE)~'(0)
and h : O — h(O) is a diffeomorphism;

f is analytic in s, uniformly with respect to x € )
Then there exist 6 € (0, 3] and o > 0 such that

vue (Hy()", Nu— ¢l <o = IDE@)ll@-1@)n = |EB(u) - E(p)|*~* (11.2)

11.3.2 Fourth order operators
Let V = HZ(Q), H = L?(Q2), V' = H~2(Q) and we define the function E : H3(2) — R by

Yu € H3(Q), E(u):%/Q|Au|2dz+/QF(u)dx

where F(u) = [ f(s)ds. When N > 4, we assume that f(z,0) € L>(2) and
of
|a—(x,s)| <C(1+|s]*) ae.on QxR (11.3)

s

for some C' > 0 and « > 0 such that (N — 4)(« + 1) < N + 4. By using Proposition 1.17.5 page 66 of
[66], we know that E is of class C? on H3({2) and

< DE(u),% >p-2yp2 <A fw,u), P > -2z VY € Hy (),

0
O (w6 > -y Wi € HE(Q).

It is well known that dim ker E’(¢) is finite for all ¢ € HZ(2). Let d = dim ker E ().

< D*E(u)¢, ¢ >H-2xH: = < A%+

Proposition 11.3.2. Assume that hypothesis (11.3) is satisfied. Let ¢ € HZ(2) N L>(Q) be a critical point
of E. Assume also that one of the following hypotheses is satisfied :
d=0 (11.4)
d > 0 and there exists O C R? open, and h € C*(0O,V)/ (11.5)
¢ € h(0) C (DE)™(0) and h : O — h(O) is a diffeomorphism;
f is analytic in s, uniformly with respect to x € ) (11.6)
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Then there exist 6 € (0, %] and o > 0 such that
Vu € HZ(Q), |lu-— Pluzio) <o= 1A%+ f(z,u)|| g2 > |E(u) — E(p)*? (11.7)

Remark 11.3.3. In virtue of remark 10.0.4, if ¢ is not a critical point of F, (10.33) is just the consequence
of the fact that E € C1(V, V). In this case we don’t have to assume any assumption.

Proof. The proof of (11.7) under hypotheses (11.4) and(11.5) is the same as in the proposition 10.4.1. Now
assume that (11.6) holds. As in the proof of the proposition 10.4.1, we distinguish two cases :

Casel: N < 3. Let Z = L?(Q), by elliptic regularity [4], we know that W := (Il + A)~1(Z) Cc H*(Q)
where IT is the orthogonal projection in L2(2) on N := ker A. It is also clear that N C Z = L?()). The
functional £ : H3(Q2) — R is clearly analytic since it is the sum of a continuous quadratic functional and
a Nemytskii operator which is analytic on the Banach algebra H?()) C L°°(2) (see Example 1.4.7 .) By
using Proposition 1.4.5 ), we also obtain that DE : W — Z is analytic. We can apply Theorem 10.2.7 to
obtain (10.33).

Case2: N > 4. Let p > max(2, %) and Z = LP(Q). By elliptic regularity [4], we know that W :=
(I + A)~Y(Z) ¢ W*P(Q) which is a Banach algebra since p > Z'. The end is the same as in the first

1
case. O

11.4 The wave equation with nonlinear damping

In [26], L. Chergui succeeded to generalize Theorem 9.3.2 to the semilinear wave equation with nonlinear
localized damping

Ut + |ut|aut - Au + f(:L',U) = 07 (t,$) € RJr X Qa
u(t,)|oa =0, te Ry, (11.8)
uw(0,2) = ug(z),ut(0,2) = uy(x), = €.

One of the difficulties to do that is the proof of compactness of the trajectories in the energy space. His
result has been extended, under natural hypotheses, to possibly nonlocal damping terms in [6].

11.5 Some explicit decay rates under additional conditions

The Lojasiewicz exponent of an equilibrium point is generally difficult to find, even for 2-dimensional ODE
systems. However in some exceptional case, it turns out, for semilinear problems involving a power non-
linearity, to be computable explicitely. This was done in [59] with application to the exact decay of the
solution when the limit is 0, and in [17] under a positivity condition of the energy. The last result allows for
a continuum of equilibria to exist, but only for Neuman boundary conditions.

11.6 More information about decay rates

All our convergence results contain an estimate of the difference between the limiting equilibrium and
the solution. The question naturally arises of the optimality of this estimate. Actually, even when the
equation has a single equilibrium playing the role of a universal attractor of all solutions, the situation
can be rather complicated. If the decay estimate obtained for instance by Liapunov’s direct method or
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Lojasiewicz method is optimal for all solutions other than the rest point itself, it means that all non-trivial
solutions tend to the quilibrium at the same rate, a circumstance which tends to be the exception rather than
the general rule. As an illustration, let us consider the simple ODE

W Hu +u=0

Apart from the zero solution, it is true (although not completely trivial to prove, cf. e.g.[47] that here
are only two possible rates of decay: as t~2 orase". Actually the first case corresponds to solutions be-
having as those of "’ + 2 = 0 and is shared by most solutions, while the ranges of exponentially decaying
solutions lie on a separatrix made of two curves symmetric with respect to the origin(0, 0) having the rough
shape of spirals.

Analogous properties have been established by the first author for the slightly more complicated equa-
tion u” + c|u’|*u’ + |u|%u = 0 where ¢, a, 3 are positive constants. If a > g := %, all trajectories are
oscillatory up to infinity and tend to 0 at the same rate. If a < «y, all trajectories have a finite number of
zeroes on [0, 00) and there are two different rates of decay at infinity . For the details , cf [51].

In a series of papers, the exact decay rate of solutions have been thoroughly studied for more compli-
cated second order ODE and for infinite-dimensional abstract problems containing semilinear parabolic and
hyperbolic equations. We refer to [13, 14, 37, 38, 39] for the details.

11.7 The asymptotically autonomous case

It is natural to ask whether the convergence results are robust under a perturbative source which dies off
sufficiently fast for ¢ large. Such results were obtained in [62], [31], [30], [15] and [16].

11.8 Non convergence for heat and wave equations

Non convergence results for parabolic and hyperbolic equations with smooth non-analytic nonlinearities
were proved by [75], [76] and [65]. Although such negative results may look natural since 2 dimensional
ODE systems already produce such bad phenomena, the question is whether or not the fact that the gener-
ating function is scalar forces the system to behave like a scalar equation. The answer is negative but the
proof is non-trivial.
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