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Preface

The initial motivation for the present text was the desire to provide an up-to-date
translation of a monograph written in French by the first author, taking account
of the more recent developments in 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 within a reasonable amount of time owing to the
fact that the non-autonomous systems require sophisticated tools which have
undergone major improvements during the past decade.

In order to limit the present work to a modest size and to make it available to
readers without unnecessary delay, we decided to produce a first volume 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 connection
between the relatively simple background developed in the French monograph and
the technical specialized literature on the convergence problem, which has
expanded rather rapidly in recent years.

Paris, France Alain Haraux
La Marsa, Tunisia Mohamed Ali Jendoubi
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Chapter 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
{t > 0} of the general form

U+ A4U@) =0

where &7 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 <7 is continuous: X — Y for some Banach space Y
having X as a topologically imbedded subspace, the “velocity” U’(¢) 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 differential 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(¢)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

— X
I'z) = U St)z .

t>0

For some results the consideration of I'(z) will be enough, for some others (for
instance stability properties) it will be preferable to take Z as large as possible. The
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2 1 Introduction

standard terminology used in the Literature for such semi-groups is “Dynamical
systems” and we shall adopt it. Since the operator .7 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(f +s) = S(t)u(s) on
the halfline, or the closure 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, Ve >5, ®U®1) <PWU(®)).

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 theory 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, &7 is just a scalar
function of the scalar variable U and if <7 is locally Lipschitz, as a consequence of
local uniqueness, no trajectory other than a stationary solution can cross the set of
equilibria. As a consequence all bounded solutions are monotonic, hence convergent.
In higher dimensions, what remains true is that convergent trajectories have to con-
verge to a stationary solution. But the equation u” +u = 0, which can be represented
as a first order differential equation in X = R? exhibits oscillatory solutions, and
even when a strictly decreasing Liapunov function exists, two-dimensional systems
can have some non-convergent trajectories. Our main purpose is to find sufficient
conditions for convergence and exhibit some counterexamples showing the optimal-
ity of the convergence theorems. Finding sufficient conditions for convergence is a
program which was initiated by S. Eojasiewicz when X = RY and &7 = VF with F
a real 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 and De Melo [1], 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 12 chapters: the first 4 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.5 we fix the main general concepts
and notation concerning dynamical systems. In Chap.6 a general asymptotic sta-
bility criterion is given, generalizing the well known Liapunov stability theorem


http://dx.doi.org/10.1007/978-3-319-23407-6_5
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(Liapunov’s first method) in a framework applicable to infinite dimensional dynami-
cal 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 7 is devoted to the definition and main properties of a
class of “gradient-like systems” in which the question of convergence appears fairly
natural. Chapter 8 concerns the general invariance principle and its connection with
Liapunov’s second method. After Chap. 9, in which simple particular cases are treated
by specific methods, Chaps. 10 and 11 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 prob-
lems in bounded domains. Chapter 12 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 Lojasiewicz convergence theorem and the more recent results on second
order equations and infinite dimensional systems.

Reference

1. J. Palis, W. de Melo, Geometric theory of dynamical systems. An introduction. Translated from
the Portuguese by A.K. Manning (Springer, New York, 1982)
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Chapter 2
Some Basic Tools

2.1 Some Important Lemmas

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

Lemma 2.1.1 (Gronwall Lemma) Let T > 0, A € L1(0,T), » > O a.e. on (0, T)
and C > 0. Let 9 € L*°(0,T), ¢ > 0a.e. on (0, T), such that

'
o) <C +/ A($)p(s)ds, a.e on(0,T).
0

Then we have .
@) < Cexp(/ A(s)ds), a.e.on(0,T).
0

Proof We set
t
v()=C +/ A(S)p(s)ds, Vtel0,T].
0
Then 1 is absolutely continuous, hence differentiable a.e. on (0,T), and we have

Y () = A0)e(t) < A Y () ae.on (0, T).

Consequently, a.e. on (0, T') we find:

t
%[W) exp(— /O A(5)ds)] < 0.
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6 2 Some Basic Tools

Hence by integrating

t
Iﬂ(t)§CeXp(/0 A(s)ds), Vi € [0, T].

The result follows, since ¢ < ¥ a.e. on (0, T). O

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

Lemma 2.1.2 (cf.e.g.[1]) Let X be a Banach space, tg € Rand z € C((ty, 00); X).
Assume that the following conditions are satisfied

z € L' (19, 00); X), 2.1)
z is uniformly continuous on [ty, 00) with values in X. 2.2)

Then
lim [|z(6)|lx = 0.
=00

Proof Let ¢ > 0 be arbitrary and let § > 0 be such that

sup lz@t +h —z@®)|lx < e.
telty,00),hel0,8]

Then we find easily

1 t+6
WEU&M%IMMM§8+5/ 12(5) 1 xds,
t

implying
limsup ||z()||x < e.
—0o0
The conclusion follows immediately. O

Lemma 2.1.3 Let X be a Banach space, tg € R and u € Cl((t9, 00); X). Assume
that there exists H € C1((1p, 00), R), n € (0, 1) and ¢ > 0 such that

H(t) >0 forall t > 1y, (2.3)
—H' @)= cH®O" "W/ (0)|lx forall t > . (2.4)

Then there exists ¢ € X such that [lim u(t) =g¢in X.
—00
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Proof By using (2.4), we get for all t > 19

d H(t)"
dt

—nH'(t)H ()"

v

enllu’ () x.
By integrating this last inequality over (fy, T'), we obtain

H (to)"

T
/ 1 Olx di <
0]

This implies u’ € L! ((t0, 00); X). By Cauchy’s criterion, tlim u(t) existsin X. [
—00

Lemma 2.1.4 (cf.[2]) Let T > 0, let p be a nonnegative square integrable function
on [0, T). Assume that there exist two constants y > 0 and a > 0 such that

T
vt € [0, T], / p2(s)ds < ae” V.
t

Then setting b := e”/z/(e”/2 — 1), forall0 <t <t <T we have:
T "
J(, 1) :=/ p(s)ds < Jabe T,
'

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

t

If t —t > 1 we reason as follows. Let N be the integer part of T — ¢, we get

N-T ptigl T
=y [ pwdst [ peds
= Jisi +N

t+i
Nl (t+i)
4G
< Z ﬁe 2 +\/Ee
s

1

_ y(+N)
2

v
e2 vt

5\/5 - e 2

ez —1

O

Lemma 2.1.5 Let p be a nonnegative square integrable function on [1, 00). Assume
that for some o > 0 and a constant K > 0, we have

2t
Vi > 1 / p2(s)ds < Kt~ 1,
t
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Then forall t >t > 1 we have:

T v K
ds < .
/t ps)ds = T——

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

2t
/ p(s)ds < V1 (Ki= 2 H12 = K17,
t

hence
T 00 o0 2k+lt o0
/ p(s)ds s/ p(s)ds = Z/ p(s)ds <VK Y 207
t t =0 2" =0
_ VK .
-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 2.1.6 Let W and X be two Banach spaces. Let U C W be open and
E:U— Rand¥ : U — X be two continuous functions. We assume that for
all a € U such that 9 (a) = 0, there exist o, > 0, 6(a) € (0, 1) and c(a) > 0

19w)lx > c(@I|E@) — E@|"™“, Vu: |lu—alw < o,. (2.5)

Let I be a compact and connected subset of 4 ~'{0}. Then we have

(1) E assumes a constant value on I'. We denote by E the common value of E (a),
acl.
(2) There existo > 0, 0 € (0, 1) and ¢ > 0 such that

distwu, ") <o = |9 w)|lx > c|E@w) — E|'7?.

Proof By continuity of E 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|lw < o,. Let
a € I' and

K ={bel'/E(D)=E(a)}.

It follows from (2.5) that K is an open subset of I" which is obviously closed by
continuity and since I" is connected by hypothesis we have K = I".
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On the other hand, since I" is compact, there exist ay, ..., a, € I" such that

P
Og:
rclsa .

i=1

The result follows with o = % inf oy;, ¢ = inf ¢(a;) and 6 = inf O(a;). O

2.2 Semi-Fredholm Operators

Let E, F 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, respectively.

Definition 2.2.1 A bounded linear operator A € L(E, F) is said to be semi-
Fredholm if

(I) 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 2.2.2 The fact that N(A) is finite dimensional implies that there exists a
closed subspace X of E such that E = N(A) @ X (cf [3] p. 38). Moreover R(A) =
A(X) is a Banach space when equipped with the norm | - || r.

Theorem 2.2.3 Let A € L(E, F) and assume that N (A) is finite dimensional. Then
we have A € SF(E, F) if and only if

p >0, VueX |Aullr = pllule. (2.6)

Proof (2.6) implies that R(A) is closed. In fact, let (f;,) = (Au,) be such that
fan —> fin F. Let (x,) and (y,) be such that u, = x,, + y, with (x,) C X and
(ya) C N(A). So f, = Ax,. Then the inequality [lx, — xulle < £11fu — fullF
implies that (x,) is a Cauchy sequence, hence converges. Let x be the limit. We have
Ax, — Axso f = Ax.

Conversely, R(A) is a Banach space and C := A;x : X —> R(A) is bijec-
tive and continuous, by Banach’s theorem we get that C~! is continuous and (2.6)
follows. (I

Remark 2.2.4 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(E, F) with N(A) = {0}, then A : E — R(A) is a topological isomorphism.

Theorem 2.2.5 LetA € SF(E, F)andG € L(E, F).IfG iscompact, then A+G €
SF(E, F).
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Proof We divide the proof into 3 steps:

Step 1: If (u,) C E with |lu,]| < 1 and (A + G)(u,) —> 0, then (u,) has a
strongly convergent subsequence in E. Indeed we can assume Gu, — g € F.
Let u, = x, + yn, xn € X, yo € N(A) where X is as in Remark 2.2.2. Since
Au, = Ax, — —g, (x,) 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
U, = Xp + y, is convergent in E.

Step 2: Let (u,) C N(A + G) with |ju,|| < 1. By step 1, (u,) is precompact in E,
hence the unit ball of N (A+G) is precompact and consequently dim N (A4+G) < oo.
Step 3: Let Y be a Banach space such that E = N(A + G) Y. Assuming
R(A 4 G) not closed, then by Theorem 2.2.3 we can find y, € Y with ||y, =1
and (A 4+ G)y, —> 0. By step 1, up to a subsequence we can deduce y, —> y in
E. We immediately find ||y||g = 1 and y € Y. From (A + G)y, —> 0 we deduce
y € N(A+ G). Since N(A + G) NY = {0}, we end up with a contradiction with
lylle =1sinceye N(A+ G)NY = {0} ([l

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

with continuous and dense imbeddings.

Corollary 2.2.6 Let A € SF(V, V') and assume that A is symmetric. Then A+ P :
V — V' is an isomorphism where P : V. —> N(A) is the projection in the sense
of H.

Proof Firstwehave N(A+ P) = {0}.Indeedif Au+ Pu = 0, wehave 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 Theorem2.2.5 A+ P € SF(V, V'), then R(A+ P) is closed. Now since A+ P is
symmetric and N(A+ P) = {0} then R(A+ P)isdensein V', hence R(A+P) = V'.
By Banach’s theorem we get that (A + Py le LV, V). ([l

Example 2.1 Let £2 be a bounded and regular domain of RN, V = H(} (£2)
A=—-A+px), peL®R)

G := p(x)I : V — V' is compact. —A € Isom (V, V') then by Theorem 2.2.5
A € SF(V,V’). Corollary 2.2.6 implies that A + P € Isom (V, V).
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2.3 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 conver-
gence results applicable to P.D.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. The main
issue is combinatorial and topological rather than algebraic.

2.3.1 Definitions and General Properties

Definition 2.3.1 Let X, Y be two real Banach space and a € X. Let U be an open
neighborhood of @ 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,),cn fulfilling
the following conditions

(D Z Ml .z, x.v)r" < oo where
neN

IMnll.2,x,y) = supill M (x1, x2, ..., xp) Iy, sup [lxillx < 1}

L

(2) B(a,r)CU.
(3) VYh € B(0,r), fla+h)= f(a)+ ZMn(h(")) where h™ = (h, ..., h).
N————’

n>1 .
n times

Remark 2.3.2 Under the previous definition, it is not difficult to check that

e Vb € B(a,r), f is analytic at b.
e f€C®(B(a,r),Y)with D" f(a) = n'M,.
e A finite linear combination of analytic maps at a is again analytic at a.

Definition 2.3.3 f is analytic on the open set U if f is analytic at every point of U.

Example 2.2 1t 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.
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Proposition 2.3.4 Let f € C' (U, Y). The following properties are equivalent

(1) f:U — Y is analytic.
(2) Df :U — Z(X,Y) is analytic.

Moreover if

fla+h)y=f@+> My(h™)

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+ nMy(h" . )

n>2
is the expansion of Df (a + h) for all h in the open ball B(0, r).

Proof First let us explain the meaning of the formula for the derivative. It involves
an infinite sum of expressions of the form

nM,(h"~D ).

Indeed, since Df (a + h) is for all vectors i an element of Z (X, Y), the formula
really means

VE € X, Df(a+h)E) =M+ D nM,(h", &)

n>2

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

Kp1(x1, .o, xp—1) (&) =nMy(x1, ..., xp0-1, 8).

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

Ve e X, Dfa+mE) =ME) + > Kioi(h" .6

n>2

satisfies Z 1Kl 2, x.2x.vyr™ < ooforany r’ € (0, r). The summation formula

neN
for the derivative is 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 Df. This formula:
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1
fla+h)= f(a) +/ Df(a+ sh)(h)ds
0

is classical and valid for any C! function f. When we substitute the expansion
of Df in this formula, the summability of its terms transfers easily to yield the
desired expansion for f, and then the summation formula for the derivative can
be recovered rigorously. We skip the details which are classical for this part of
the argument. The same integral formula also allows the proof of the converse
implication (2) = (1). O

2.3.2 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(@) +k) =g(f(@)+ D Puk™)

m>1

whenever [[k]|z < pand D [|Pnll,(x.2)p" < oo.
meN

Theorem 2.3.5 The map g o f is analytic at a with values in Z. More precisely,

setting
Rah ) =" 3" P (M (00, My, (h))

m=d 3 nj=d

(the sum is finite for any d) we have

> IRallzyx. 20" < o0 2.7)
d>1

as soon as
Z Ml z,x.vyo" < p

and

gofla+hy=gof@+ Y Rah), Vh, |hlx <o.
d>1

Proof We have the obvious estimate:

IRl zyx.2) < D W Pullucvizy D, 1Myl -+ | M, |
m=d lul=d
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where u = (n1, ..., n,), |l =n1+---+ny and | M, || = (| M, ||$1i(xﬁy).lndeed

Ra(hi.....h) =D > Pu(My (hy -+ ). oo My, (R om0 -2 ha).

m=d|p|=d
Therefore
D UIRallzyx. 0" < DD NPl D 1My |1+ [ M, |0
d=1 l<m <d

=D > Pl My, 0™ - | My, llo™

=D UPal D IMyyllo™ - | My, 0"
m

d>m, |pu|=d

SSNIATON ALY

Then (2.7) follows. Concerning the convergence of the series to g o f, we notice that

(go fla+h) —(gofHla)= D Pu((fla+h)— f@)™).

m>1
Hence

M
Igo flla+h)—(go )@ — D Pul(fla+h) — f@)™)lz

m=1

SN IATONIACOR

m>M+1
< ¢ forM > M(e).
Then for M > 1 fixed
M M
D Pul(fla+h)y— f@)™ =>">" ()
m=1 d>1m=1
with Q, (1)) = P (M, ()W), ..., My, ((h)#m).

M M M
1D Pul(fla+h) = f@)™ =33 0]

m=1 d=1m=1

M
<> S QWD) - 0as M — co.

m=1|u|=d>M+1
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Finally

M M
Igo flat+h) —(go @ =D > D Qulh) )] <2¢

d=1m=1 |pu|=d

for M large. But

M M M
2.2 D Qul )y =" Ra((m)?)
d=1

d=1m=1|u|=d

M
since > > Q, = Rqforalld < M. O
m=1 |u|=d

2.3.3 Nemytskii Type Operators on a Banach Algebra

Let <7 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 .&7"
of the continuous n-linear map

n
U:(ul,...,un)—>Huj.
i

It follow that the map
o
B f(n) (0) n
n=0
is analytic in the open ball By = B(0, %) in the sense of Sect.2.3.1. This map will
be called the Nemytskii type operator associated to f on the Banach algebra o7

Example 2.3 Let us consider the special case o7 = L°°(S) where S is any positively
measured space. Then for any f as above the operator defined by

(OrG
f '( )u(s)”

n:

Np@)(s) = fus) = Y

n=0
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for all u € B(0, %) C L°°(S) and almost everywhere in § 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 continuous
bounded functions on a topological space Z or more generally any Banach sub-
algebra of it.

Remark 2.3.6 (i) The Nemytskii operator N ¢ (1) (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, N ¢ (u)(s) = f(u(s)) will usually appear as
the derivative of a potential function G (u) = f g F(u(s))ds with F a primitive of f.

2.3.4 Inverting Analytic Maps

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

Vy e f(W), D(f O =IDfonr

We note that in order for f to be a diffeomorphism, we need the existence of a
linear topological isomorphism between X and Y, namely L = Df(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 Proposition 2.3.4 with the fact that
the map T — T ~! is analytic on the open set Isom (X, X) C .Z (X, X), itis easy to
prove the following

Theorem 2.3.7 Giving a function f € C'(U,Y) which is analytic at a € U, if
Df (a) € Isom (X, Y), the inverse map f_1 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 2.3.4, Dg is analytic: V — £ (X) and we have Dg(a) = Ido(X).
Then Dg_l(x) = (Dg)_l o g_l(x) throughout g(V), so that Dg_1 appears as a
composition of 3 analytic maps by reducing if necessary V to a small ball around a
in which Dg is sufficiently close to /d ¢ (X) in the norm of .Z(X) to use the formula
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(I-0"1= > " where t(y) = Ido(X) — Dg(y). Finally by using once more
Proposition 2.3.4, the gradient Dg~! is lifted to g~ which is therefore also analytic.
The details are essentially classical and left to the reader. g

References

1. E.A. Coddington, N. Levinson, Theory of Ordinary Differential Equations (McGraw-Hill Book
Company Inc., New York, 1955)

2. T.I.Zelenyak, Stabilization of solutions of boundary value problems for a second-order parabolic
equation with one space variable. (Russian) Differencialnye Uravnenija 4, 34-45 (1968)

3. H.Brézis, Functional Analysis, Sobolev Spaces and Partial Differential Equations. Universitext
(Springer, New York, 2011)



Chapter 3
Background Results on Evolution
Equations

3.1 Elements of Functional Analysis. Examples
of Unbounded Operators

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. [1, 2].

3.1.1 Unbounded Operators on X

Definition 3.1.1 A linear operator on X isapair (D, A), where D is alinear subspace
of X,and A : D — X is alinear mapping. We say that A is bounded if || Au|| remains
bounded for u € {x € D, ||x|| < 1}. Otherwise, A is called unbounded.

Remark 3.1.2 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 Ac L(Y, X) with Y a closed
linear subspace of X and D C Y such that A,p = A.

Definition 3.1.3 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

G(A) ={(u, f)e XxX, 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.
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20 3 Background Results on Evolution Equations
Definition 3.1.4 A linear operator A on X is called dissipative if we have
Yu € D(A), YA >0, |lu — AAu]| > ||u].

A is called m-dissipative if A is dissipative and for all A > 0, the operator / — LA is
onto, i.e.
VfeX, JueD(A), u—rAu=f.

Proposition 3.1.5 Let A be a linear dissipative operator on X. Then the following
properties are equivalent.

(i) A is m-dissipative on X.
(ii) There exists Ao > 0 such that for each f € X, there exists u € D(A) with :
u— rAu = f.

3.1.2 The 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,g) € X x X, Y(u, ) € G(A), (g, u) = (v, f)}
defines a linear operator A* (the adjoint of A), with domain
D(A*) ={v e X, 3C e R", [(Au,v)| < Cllull, Yu € D(A)}

and such that: (A*v,u) = (v, Au),VYu € D(A),Vv € D(A*). Indeed the linear
form u — (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* 4+ B*.

In the Hilbert space setting, m-dissipative operators can be characterised rather
easily. First, the following proposition follows from elementary duality properties.

Proposition 3.1.6 A linear operator A on X is dissipative in X if and only if
Yu € D(A), (Au,u) <0.

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 3.1.7 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.
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Corollary 3.1.8 If A is self-adjoint in X, in the sense that D(A) = D(A*) and
A*u = Au, for allu € D(A), and if A < 0 (which means (Au,u) < 0 for all
u € D(A)). Then A is m-dissipative.

Corollary 3.1.9 If A is skew-adjoint in X, in the sense that D(A) = D(A*) and
A*u = —Au, forallu € D(A), then A and — A are both m-dissipative.

3.1.3 Examples in the Theory of PDE

In this paragraph, we recall some basic facts from the linear theory of partial differ-
ential 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 RY, we shall use the spaces

H™(2) = {u € L*(2), Dju e L*(2), Vj: |jl <m},
endowed with the obvious inner product.
H{" (§2) = completion of C* functions with compact support in £2 for the H™

norm.
We recall the Poincaré inequality in HO1 (£2) when §2 is bounded:

Vw € H(}(.Q),/ |Vw|?dx > Al/ lw|?dx,
2 2

where A1 = A1(£2) is the first eigenvalue of (—A) in HO1 (£2). We are now in a
position to describe our basic examples.

Example 3.1 The Laplacian in an open set of RY : L? theory.

Let £2 be any open set in RV, and H = L?(£2). We define the linear operator B on
H by
D(B) = {u € H}(R2), Au € L*(2)},
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 2. then

D(B) = H*(2) N H (),

algebraically and topologically.
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Example 3.2 The Laplacian in an open set of RY : CY theory.
Let now £2 be any open set in RV . We consider the Banach space
X=C'2)={ueC@®), u=00ndR)}
endowed with the supremum norm and we define the linear operator A by
D(A) = {u € XNHN(R), Aue X}; Au= Au, Yu € D(A).
Then if the boundary of £2 is Lipschitz continuous, A is m-dissipative and densely

defined on X. Actually much weaker conditions are sufficient for m-dissipativity to
hold true, cf. [4] for a characterization.

Example 3.3 The wave operator on HO1 (£2) x L2(£2).

Let £2 be any bounded open set in RY and X = H(} (2) x L%(£2). The space X is a
real Hilbert space when equipped with the inner product

(o v), (0, 2)) = / (VuVw + v2) dx.
2

inducing on X a norm equivalent to the standard product norm on HO1 (£2) x L2(2).
We define the linear operator A on X by

D(A) ={(u,v) € X, Au € L2(S2), v E HOI(.Q)},
A(u,v) = (v, Au), Y(u,v) € D(A).

Then A is skew-adjoint in X, and in particular A and —A are both m-dissipative with
dense domains.

3.2 The Semi-group Generated by m-Dissipative
Operators. The Hille-Yosida-Phillips Theorem

3.2.1 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 [2, 5].

Theorem 3.2.1 There exists a unique one-parameter family T (t) € L(X) defined
fort > 0 and such that
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(1) T(t) e LX) and |[T()|lLx) <1,V > 0.

(2) TO)=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, +00); D(A)) N CL([0, +00); X)
u'(t) = Au(t), Yt > 0
u(0) = x.

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

3.2.2 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 3.2.1.

Theorem 3.2.2 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 CL((0, +00); X).
u'(t) = Au(t), Vvt > 0,
u(0) = x.

Remark 3.2.3 Theorem 3.2.2 means that 7'(¢) has a “smoothing effect” on initial
data. Indeed, even if x ¢ D(A), we have T (t)x € D(A), for all t > 0. As a basic
example, let us consider the case X = L?(£2) with A defined by D(A) = {u €
HJ(2), Au € L*(R2)}, Au = Au, Vu € D(A) where £2 is a bounded open set
in RV with smooth boundary. Theorem 3.2.2 here says that for each ug € LQ(Q)},
there exists a unique solution

u € C([0, +00), L?(£2)) N C((0, +00), H*(2) N HY (£2)) N C1((0, +00), L*(2))

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

Actually a much stronger smoothing property holds true since by iterating the pro-
cedure we prove easily that u(r) € D(A") for alln € N and r > 0. In particular
u(t,-) is C* in £2 and as smooth up to the boundary as allowed by the smoothness
of the boundary itself.
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A somewhat opposite situation is that of isometry groups generated by skew-
adjoint operators.

Theorem 3.2.4 Let A be skew-adjoint. Then T (t) extends to one-parameter group
of operators T (t) : R — L(X) such that

(1) Vx e X, T(t)x € C(R, X).

(2) Vx e X,Vt e R, | T(®)x| = |x].

(3) Vs e R,Vt e R, T(t +5) =TT (s).

(4) Foreach x € D(A), u(t) = T (t)x is a solution of u’(t) = Au(t), YVt € R.

Example 3.4 Let X = HJ (£2) x L?(2), and let A be as in Example 3.3. We obtain
that for any (o, vo) € X, there is a solution u € C(R, Hj (2)) N CY(R, L?(2)) N
CX(R, H 1(£2)) of:

up = Au; u(0) = ug, u; (0) = vp.

It can be shown that u is unique.

3.3 Semilinear Problems

Let X be areal Banach space, let A be alinear, densely defined, m-dissipative operator
on X, and let 7'(¢) be given by Theorem 3.2.1. 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 3.3.1 Let F : X — X be Lipschitz continuous on each bounded subset
of X. Then for each x € X, there is 1(x) € (0, +00] and a unique maximal solution
u € C([0, T(x)), X) of the equation

t
u(t) =T()x ~|—/ T —s)F(u(s))ds.
0

The number T(x) is the existence time of the solution and satisfies the following
alternative: either T(x) = 00 and the solution u with initial datum x € X is global
(in X); or T(x) < oo and the solution u with initial datum x € X blows up in finite
time in the sense that

lu@®)|| — +o0ast — t(x).

In the theory of semilinear evolution equations, a basic tool to establish global exis-
tence, uniqueness, boundedness or stability properties of the solution will be the
Gronwall Lemma (cf. Lemma 2.1.1).
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3.4 A Semilinear Heat Equation

Let £2 be any open set in RY with Lipschitz continuous boundary 9£2, and let us
consider the equation

U, —Au+ fu)=0 inRT x 2, u=0o0onR" xR (3.1)

where f : R — R is a locally Lipschitz continuous function with f(0) = 0. It is
natural to set .
X=C'Q2)={ueC®),u=00nd8)

and to introduce the semi-group 7'(#) on X associated to the homogeneous linear
problem
u,—Au=0 inRTx£2, u=0o0nR" x 3.

In fact here T (¢) is the semi-group generated by the operator A of Example 3.2. Let
¢ € X: by Theorem 3.3.1 we can define 7(¢) < oo and a unique maximal solution
u € C([0, (¢p)), X) of the equation

1
u(t)=T()x +/ Tt —s)F(u(s))ds
0

with F : X — X given by (F (u))(x) := — f(u(x)) for all x in £2. Then u can be
considered as the local solution of (3.1) with initial condition #(0) = ¢ in X. The
following simple result will be useful later on.

Proposition 3.4.1 Let f satisfy the condition
Vs € R with |s| > C, f(s)s > 0. (3.2)
Then we have for any ¢ € X

T(p) =00 and sup lu(@®) L < Max{C, |l¢llL>} < 00 (3.3)
=

where u is the solution of (3.1) with initial condition u(0) = ¢.

Proof Let M = Max{C, ||¢||L>~} and let us show for instance that u(z, x) < M on
(0, 7(¢)) x £2. Introducing z = u — M, we have

2 —Az=f(M) = f(w) — f(M) < f(M) — fw)
since f(M) > 0. In addition it can be shown that

u € C(0, T(p); H*(£2) N H} (£2)) N C 0, t(p); L*(£2))
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and then
@/do) / P =2 / crodx =2 / THAZ+ F(M) = f@) — F(M))dx
2 2 2
< _z/ Vit Vz dx +2/ FHFM) = f)ldx.
2 2

Because f is locally Lipschitz and u is bounded on (0, ) x §2 for each t < t(p),
we have
lf(M) — f)l@, x) < K@)|z(t,x)| on (0,1) x £2.

Then by using the identities z = z+ —z7,z" -z~ =0, and (VzT, Vz~) = 0 almost
everywhere, we obtain:

(d/dt)/ 1zt 2dx < —2/ |VzT)? dx—i—ZK(t)/ 1zH? dx.
2 2 22

The inequality u(z,x) < M on (0, 7(¢)) x £2 now follows easily by an applica-
tion of Lemma 2.1.1 since z+(0, x) = 0. Similarly we show u(t,x) > —M on
O, t(p)) x £2. O

3.5 A Semilinear Wave Equation with a Linear
Dissipative Term

Let £2 be any bounded open set in R with Lipschitz continuous boundary 32, and
let us consider the equation

Uy —Au+yu+ fw)=0 inR"x 2, u=00onR" x9N (3.4)

where f : R — Risalocally Lipschitz continuous function with f(0) = O satisfying
the growth condition

[ f'(w)] < CA+|ul"), ae.on R (3.5)

2
with r > O arbitrary if N =1or2and 0 <r < N

5 if N > 3. It is natural to set

X = H}(2) x L*(2).
Let us denote by f™* the mapping defined by

(@, v) =0, —f W), Y(u,v) € X.
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The growth condition (3.5) 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)eX.

Finally let 7' () (cf. Theorem 3.2.4 with A asin Example 3.3in X = H_ (£2) xL*(£2))
be the isometry group on X generated by the linear wave equation

uy—Au=0 inRT"x 2, u=0o0onR" x3f2.

For each (¢, ¥) € X, by Theorem 3.3.1 we can define a unique maximal solution
U = (u,u;) € C([0, (¢, ¥)); X) of the equation

13
U) =T (. ¥) +/0 T(t —){f*(Us) — I'(U(s))}ds.

The following simple result will be useful later on.

Proposition 3.5.1 Assume y > 0, and let f satisfy the condition
A
VseR, F(s) > (—71 +e)s2—C withe >0, C >0 (3.6)

where F is the primitive of f such that F(0) = 0 and X\ is the first eigenvalue of
—Ain HOl (82). Then we have for any (¢, V) € X : 1(p, ¥) = 00 and the solution
U = (u, u;y) of (3.4) such that U(0) = (¢, V) satisfies:

sug [(u(t), us () |lx < oo.
>

Proof The solutions of (3.4) satisfy the energy equality
t
y / / u (¢, x)dxdt + E(u(®), ur (1) = E(g. ¥)
0 J
with

1 1
E ) = 5 /Q V(o Pdx + 5 /Q () Pdx + /Q Flo(x))dx.
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In particular since y > 0, we find E(u(¢), u;(t)) < E(¢, ¥) and the result follows
quite easily from (3.6). Indeed, from Poincaré inequality we deduce

Vw e H} (), (1 — n)/ [Vw[?dx > (o] — 28)/ w?dx,
2 2

whenever n < 2¢/A;. Then

1
E(p,¥) = <n/2>/g|V<p|2dx+z/gh/f(x)ﬁdx—am, Y(p, V) € X,

showing that a bound on E implies a bound in X. (]
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Chapter 4
Uniformly Damped Linear Semi-groups

4.1 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. 4.1)

For any ug € X, the formula u(¢) = S(¢)uo where S(¢) is the contraction semi-group
generated by L defines the unique generalized solution of (4.1) such that #(0) = uy.
We recall the following simple property:

Proposition 4.1.1 Forallt > 0, let us denote by ||S(¢)|| 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®)| = 1.
(2) 3¢ >0,3M > 0, forallt > 0, ||S®)|| < Me™*".

Proof The function ||S(¢)|| is nonincreasing. If (1) is false, then there exists 7 > 0
for which either |S(T)|| = 0, or 0 < ||S(T)|| < 1. In the first case then for any
e > 0wehave Vi > 0, |S@)|| < M(e)e™®" with M(e) = €T, so that (2) is satisfied
for any ¢ > 0. In the second case, for each t > 0 we can write t = nT + s, withn €

L S(T
N, 0 <s < 7. Then [[S()| < [S(T)|" and we obtain (2) with & = ‘M

and M = T = 1/||S(T)]. O

4.2 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 3.1. However, in view of
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the applications to semilinear perturbations the Co-theory is more flexible. Let us
start with the Hilbert space setting: following the notation of Example 3.1, we denote
by S(¢) the semi-group generated by B in H = L*(§2) where §2 is a bounded open
set of RY. We have the following simple result.

Proposition 4.2.1 Let A = L1 (82) be the first eigenvalue of (—A) in H(} (82). Then
ISz < e, Ve =0. 42)
Proof Let ¢ € D(B), and consider
f@) =" IS0elm?, Vi =0.

We have
e p 0 =20 [ uxPdy+2 [ uoucnds
Q 2

=2k1/ u(t,x)zdx—i—Z/ u(t, x)Au(t, x)dx
2 2

= 2(,\1/ u(t, x)2dx —/ |Vu(t,x)|2dx) <0.
2 2

Hence

ISO@ln < e ™ llglu, Vt=>0,Yp e D(B).

The result follows by density. (]

We now assume that £2 has a Lipschitz continuous boundary and we use the
notation of Example 3.2. Let 7'(¢) denote the semi-group generated by A in X. Since
X C H with continuous imbedding and G(A) C G(B), it is classical, using the
Hille-Yosida theory, to prove

Vo e X, ¥t>0, T{t)g=-S{t)e. 4.3)

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

Theorem 4.2.2 Let L1 = A1 (82) be the first eigenvalue of (—A) in Hd (£2). Then
SOy < Me™, Vi >0, “4)
with

mmw)

M = exp( i

(4.5)
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In the proof of Theorem 4.2.2 we shall use a rather well-known smoothing property
of S(#) in L? spaces. Denoting by || - ||, the norm in L?(§2), we recall

Proposition 4.2.3 Let 1 < p < g < 00. Then
I N_1y
I1S@elly < (R)2 r 4 lellp, ¥t >0, Yo € X.

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

Proof (Proof of Theorem 4.2.2) Letp € X and T > 0. Firstfor0 <t < T, we
have trivially

7}\|tele

IS@¢lloe < ll@lloc < e e lloo-

Thenift > T, we find successively, applying first Proposition 4.2.3 with p = 2 and
q =00

N
S(t < NSe-T
IS¢l _(471T) [IS( )ell2
1\~
< (47'[T) T MM 0|, (by Proposition 4.2.1)
1 N _
<1217 (=) * " e lglloo.
2
: : |$2|~
Then the estimate follows by letting 7 = 1 O
o4
Remark 4.2.4 Actually (4.4) is not valid with M = 1. More precisely, if

ISl 2x) < M'e™™" withm > 0, we must have M’ > 1. Indeed, let ¢ € Z(£2)
be suchthatp = I nearxg € §2 and ||¢||x = 1,andletu(t) = S(¢)p. Itis then easily
verified that u € C°°([0, co) x §2). Consequently u,(0, x) = 0 near xo. Hence, for
any ¢ > 0 and any x close enough to xo, we find

u(t,x) >1—et,
for all ¢ sufficiently small: in particular

lu@®llx =1 —et

for ¢ small. This estimate with ¢ > 0 arbitrary small is not compatible with
1S |l.zx) < e ™, for whatever value p > 0.
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4.3 The Case of Linearly Damped Wave Equations

We have the following result

Proposition 4.3.1 Let 2 be a bounded domain in RN . Consider the equation
Uy —Au+ru, =0inRT x 2, u=00nRT x 312. (4.6)

Then, denoting by || - || the norm in HO1 (£2) and by | - | the norm in L2(.Q), for any
solution u of (4.6) we have

@)+ lus (D] < CUlu(O) || + | (0)ye ™" 4.7)

for some C, § > 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,Vu € D(A), (Au,u) > alul’.
We introduce V := D(A'/2), the closure in H of D(A) under the norm
p) = (Au, u)%.

The norm p extends on V and we equip V with the extension of p, denoted by || - ||
so that

VueV, full=|A"2ul
where A2 € 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:
Y(f,bvye HxV, (fiviviv=(f,v).
In particular we have
Y(u,v) € D(A) x V, (Au,v)y.y = (Au,v) = (A2u, AV%y).

In particular by the definition of the standard norm on V'’ we have

Vu € D(A), |lAully: < |AY?ul = |ul|.
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By selecting v = u we even obtain
Yu € D(A), |Aully: = [lull.

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, v) eV xV, (Au,v)yry = (AY2u, AY?y)

so that A becomes by definition the duality map from V to V’. Finally, denoting by
|l - |Is the standard norm on of V' we remark that

VEeVL Iflk=1AT"FI.
Letnow B € L(V; V') be such that
YveV, (Bv,v)yry <0.
We consider the second order equation
u" + Au+ Bu' =0

and the energy space E = V x H is equipped with the Hilbert product space norm.
Proposition 4.3.2 The unbounded operator on E defined by

D(L)={(u,v) e VxV;, Au+ Bv e H} (4.8)

L(u,v) = @,—Au — Bv) Y(u,v) € D(L) 4.9)
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, U) = v,u)y + (—Au — Bv,v)
= (A"?v, A"2u) + (= Au — Bv, vy y
= (—BV, V)V’,V < 0.

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

(u,v) e D(L); —Lu,v)+ u,v)=(f, g
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which is equivalent to
(u,vyeVxVvV, —v+u=f;, Au+Bv+v=g
or in other terms
u,v)eVxV, u=f+v; Av+Bv+v=g— Af.

Assuming we know that the operator C = A + B + [ 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 animmediate
consequence of the following elementary lemma. (]

Lemma 4.3.3 Let V be a real Hilbert space and C € L(V,V'). Assume that for
some n > 0 we have

YweV, (Cv,vyyy = nlvl*

Then C(V) = V.

Proof First C(V) is a closed linear subspace of V'. Indeed if f,, = Cv, € C(V) and
fn converges to f € V' we have for each (m, n) the inequality

1 1
I = vmll® < 2 = S v = V) vy == v = vinll < 2o = Sl
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
YweV, (Cv,wyy .y =0.

By letting v = w we conclude that w = 0, a contradiction. (]

Proposition 4.3.4 Let A,V, H and E =V x H be as above. Let B € £ (V,V’)
satisfy the following conditions

Ja >0, YWweV, (By,vyy = av?,
3C >0, YWeV, [BWI2<CUBv, vy y+ ).

Letu € C'(0, +00, V) N C%(0, +00, V') be a solution of

u’" 4+ Au+ Bu' = 0.
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There exists some constants C > 1 and y > 0 independent of u such that
V>0, [@),uO)e < Ce " [@(0), u'(0)|£.
Proof We consider for all # > 0 and ¢ > 0 small enough
He ) = ' OF + lu@®)]* + & (@), u' (1))

and we compute

H/(1) = =2(B@' (1)), u' (1)) + elu' (1)]* + e (1), u(t))
= —2(BW (1), u' (1)) +elu' (1> — elu@®)|* — e(Bu'(t), u(t))
< —2(BW' @), u' (1)) +elu' ) — ellu@®)* + nellu@)|y + %nBu’(t)ni
Ce / / C / 2 2
< (24 OB O). W' ) + el + D OF =l =) u®)I.

Choosing for instance n = +/¢ and letting & small enough we obtain first
H(1) = =3[ OF + Ju@)P).
On the other hand it is not difficult to check for ¢ small enough the inequalities:
(1 =Ml OF + [u®)|® < He(1) < (1 + Me)lu' OF + Ju@®]?

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

Remark 4.3.5 If (u(0),u’(0)) € D(L), then clearly u € C'(0, 400, V) N C?
(0, 400, V'). By density, Proposition 4.3.4 means that the semi-group generated
by L is exponentially damped in E. In particular Proposition 4.3.1 follows as a
special case.
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Generalities on Dynamical Systems

5.1 General Framework

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

Definition 5.1.1 A dynamical system on (Z, d) is a one parameter family {S(¢)};>0
of maps Z — Z such that

() vt >0,5(t) € C(Z, 2).

(ii) S(0) = Identity.
(i) Vs, >0, S(t +s) = S(t) o S(s).
(iv) Vz € Z, S(t)z € C([0, +0), Z).

Remark 5.1.2 1In the sequel we shall often denote S(7)S(s) instead of S(¢) o S(s).

Remark 5.1.3 If F is a closed subset of Z such that S(¢#)F C F forall + > 0, then
{S(t)/r}i=0 is a dynamical system on (F, d).

Definition 5.1.4 For each z € Z, the continuous curve t — S(t)z is called the
trajectory of z (under S(¢)).

Definition 5.1.5 Let z € Z. The set

w(z) ={y € Z, M, - 400, S(t,)z — y as n — +oo}

is called the w-limit set of z (under S(¢)).

Proposition 5.1.6 We also have

0@ =) Jsm0z).

s>01=s8

Proof Immediate according to Definition 5.1.5. O
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Proposition 5.1.7 For each z € Z and any t > 0, we have
o (S(N)z7) = w(2); .1
St)(w(z)) C w(z). (5.2)

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

St)(w(z)) = w(z) # 0. (5.3)

Proof (a) (5.1) is an immediate consequence of Proposition 5.1.6.

(b) Let y € w(z). There is an infinite sequence #, — +oo such that asn — +o0,
S(t,)z — y.Foreacht > 0, setting 7, = t,, + ¢, we find S(t,)z — S(¢)y, therefore
S(t)y € w(z); hence (5.2).

(c) Finally, assume U {S(#)z} to be precompactin Z. There is an infinite sequence

t>0
t, > +ooand y € Z such that as n — 400, S(t,)z — y. Thus y € w(z) and
w(z) #0. To establish the inclusion w(z) C S(#)(w(z)), let us consider y € w(z)
and t, — 400 such that S(¢,)z — y. Let 7, = t, — . By possibly replacing t,, by
a subsequence, we may assume S(t,)z — w € w(z). Hence by continuity of S(¢)

SWw=S58(@) lim S(ry)z= lm S(tn)z=y,

and (5.3) is completely proved. (I

In the sequel, a subset B of Z being given, we shall denote by

d(z, B) .= inf d(z,y)
yeB

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

(i) SO () =w(z) #Y, foreacht > 0.
(ii) w(z) is a compact connected subset of Z.
(iii) d(S(t)z,w(z)) = Oast — +oo.

Proof (i) is just (5.3). Moreover, for all s > 0, U{S(t)z} is a nonempty compact
t=s

connected subset of Z. Proposition 5.1.6 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 assume that there exist f, — 400 and & > 0 such that for all

n, d(S(t;)z, w(z)) > ¢. By compactness and by the definition of w(z), there is a
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point y € w(z) and a subsequence t,; — oo for which S(#,,))z — y. Hence
d(S(ty)z, w(z)) — 0, a contradiction which proves the claim. [l

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 ' : X —> X be Lipschitz continuous on each bounded subset
of X. As recalled in Theorem 3.3.1, for each x € X, there is 7(x) € (0, +oc] and a
unique maximal solution u € C([0, t(x)), X) of the equation

t
u(t) =T()x +/ T —s)Fu(s)ds Vtel0,t(x)) 5.4)
0

where 7'(¢) is the semigroup generated by A (cf. Theorem 3.2.1) and the number
T(x) is the existence time of the solution. For x € X and ¢ € [0, t(x)), we set

S(t)x = u(t).
Let Y C X be such that for some M < 400 we have
T(y) = +oo,Vy € 7; (5.5)
SOyl <M,Vy €Y, Vi >0. (5.6)
We set Z = U U{S (t)y} and we denote by d the distance induced on Z by the
yeY t>0
norm of X.

Lemma 5.1.9 We have the following properties

(i) t(z) =400, Vz € Z.
(ii) 1Szl <M, Nze Z, ¥Vt >0.
(iii) S(t)z € Z, Yz € Z, Vt > 0.

Proof Let y € Y. Then if u(t) = S(¢)y is the solution of (5.4) with x = y a
straightforward calculation shows that for any s > 0, v(t) = u(¢ 4 s) is the solution
of (5.4) with x = u(s). Therefore,

SE)S(s)y = S(t)(u(s)) =u(t +s), Vs, t>0.
Consequently 7(S(s)y) = +ooforall y € Y andeach s > O and ||S(#)S(s)y| < M
for all y € Y and each 5,7 > 0. Now let z € Z. There exists a sequence (f,)
in [0, +00) and a sequence (y,) in Y such that S(#,)y, — z asn — +o0. Pick

T < 1(z). Of course we have by Gronwall’s Lemma (Lemma 2.1.1):

S)S(ty)yn — S(t)z as n — 400, uniformly on [0, T']. 5.7)


http://dx.doi.org/10.1007/978-3-319-23407-6_3
http://dx.doi.org/10.1007/978-3-319-23407-6_3
http://dx.doi.org/10.1007/978-3-319-23407-6_2

40 5 Generalities on Dynamical Systems

In particular ||S(¢)z|| < M,Vt € [0, T]. Since T < t(z) is arbitrary, we deduce
first (i), then (ii). Finally (iii) follows as a consequence of (5.7). (Il

Theorem 5.1.10 {S(¢)};>0 is a dynamical system on (Z, d).

Proof First S(0) = Identity. Moreover for each z € Z, if z, € Z and z,, — 7 as
n — 400, as a consequence of the Gronwall Lemma (Lemma 2.1.1) we obtain
classically:

S(t)zy — S(t)z as n — +00, uniformly on [0, T']

for each finite 7. In particular S(¢) € C(Z, Z) for all + > 0. Moreover for each
y € Z, the calculation performed in the proof of Lemma 5.1.9 shows that

S)S(s)y =St +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. (Il

As a particular case of Theorem 5.1.10, we can choose X = RNY, N > 1. For
each vector field F € WZIO’C‘LOO(RN ,R") we consider the (autonomous) differential
system

u'(1) = F(u(t)) (5.8)

and its integral curves u(t) =: S(¢)x defined for ¢ € [0, t(x)). Theorem 5.1.10 says
that if t(y) = +o00 and the corresponding local solution u(#) remains bounded for
t > 0, then 7(z) = +oo for each z € Z := u(R*) and the restriction of S(¢) to Z
(endowed with the distance associated to the norm) is a dynamical system. To see
this we apply Theorem 5.1.10 with A = O and Y = {y}.

Other important examples of dynamical systems will be associated to the partial
differential equations studied in Chap. 3. Their properties will be studied precisely
in the next chapters.

5.2 Some Easy Examples

In the first section (Theorem 5.1.8), we showed that the w-limit set of a precompact
trajectory u(¢) = S(¢)z is a continuum invariant under S(¢) and which (by con-
struction!) attracts the trajectory as t — +o0. In some cases this gives directly a
convergence result. As a first easy case we have

Proposition 5.2.1 If w(z) is discrete, there exists a € Z such that d(S(t)z,a) — 0
ast — +o0.

Proof This is an immediate consequence of Theorem 5.1.8. Indeed, w(z), being
compact and discrete is finite. But a connected finite set is reduced to a point. [


http://dx.doi.org/10.1007/978-3-319-23407-6_2
http://dx.doi.org/10.1007/978-3-319-23407-6_3

5.2 Some Easy Examples 41
As an example let us consider the second order ODE
W+ +ud—u=0.
All solutions are global and an immediate calculation gives:
(d/dDl(1/2u? + (1/4u* — (1/2)u*) = —u” < 0.

Hence we can define the dynamical system generated on the whole of R? by setting
U(t) = (u(t), u'(¢)) and writing the equation as a first order system. The function
t = [(1/2u”? + (1/4)u* — (1/2)u?](¢) is nonincreasing along trajectories. Con-
sequently 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/dD[(1/2V? + (1/40* — (1722 ] = =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 4-oc0.

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” 4+ w*u =0

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

5.3 Convergence and Equilibrium Points

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

Definition 5.3.1 Let z € Z. The trajectory t — S(¢)z is called convergent if there
is a € Z such that
lim d(S(t)z,a) =0.
t——+00

Definition 5.3.2 A point z € Z is called an equilibrium point (or equivalently a
stationary point) of the dynamical system S(¢) if {z} is invariant under S(¢), i.e.
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vVt >0, S(t)z = z.

The following property is now obvious.

Proposition 5.3.3 If a trajectory of the dynamical system S(t) is convergent, the
limit is always a stationary point.

Proof This is an immediate consequence of Proposition 5.1.7. Indeed if a trajectory
converges, it is precompact and the omega-limit set is an invariant singleton. (]

Remark 5.3.4 As a trivial consequence of Proposition 5.3.3, a necessary condition
for a precompact trajectory to be convergent is that its w-limit set be made of equilib-
ria. In Chap. 7 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 5.2.1. On the other hand an important
part of the book will be devoted to the harder case of a continuously infinite set of
equilibria.

5.4 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 5.4.1 An equilibrium point a of the dynamical system S(¢) is called
stable (under S(7)) if

Ve>0,36§ >0, VzeZ, d(z,a) < =Vt >0, d(S{t)z,a) <e.

Otherwise we say that a is unstable.

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

Theorem 5.4.2 Leta € 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 € (0,rg), min V(u) > V(a), (5.9)
d(u,a)=r

YueU, V>0, V(SOu) < V().

Then a is a stable equilibrium point of the dynamical system S(t).

Proof Let & > 0 be such that B(a, ¢) C U and let

c:= min V(u) > V(a).
d(u,a)=¢
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Since V(a) < ¢ and V is continuous, there is § € (0, &) such that V(u) < ¢
throughout B(a, §). Now for any u € B(a,$) C B(a,¢), we have u € U and
V(1) < c, so that by the second hypothesis we have

Vi >0, V(S{tu) <c.

It follows that
Vit >0, S(t)u € B(a,ze¢).

Indeed if this property fails, let
to = inf{t > 0, u(t) ¢ B(a, ¢)}.

We have V (u(ty)) < c¢ and d(u(ty),a) = &, a contradiction which concludes the
proof. (]

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

Corollary 5.4.3 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

YueU,u#a= Vu)> V),
YueU, YVt=>0, V(S@®u) <V(u).

Then a is a stable equilibrium point of the dynamical system S(t).

Proof Letrg > 0be such that B(a,rg) C U:asa consequence of the compactness of
closed balls we have (5.9). The result is now an immediate consequence of Theorem
54.2. O

Definition 5.4.4 An equilibrium point a of the dynamical system S(¢) is called
asymptotically stable (under S(z)) if it is stable and in addition

380 > 0, Vz € Z, d(z,a) < §) = t_l)i:_nood(S(t)z,a) =0.
Remark 5.4.5 The first order ODE
W —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 exponentially fast to 41, negative initial datato a
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trajectory converging exponentially fast to —1. Therefore 41 and —1 are asymptot-
ically 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

W 4u +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 in this case.

In the case of the basic oscillator governed by

u 4+ 0’u =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 5.4.2 with V (u, u’) = %(1/2 + 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 Chap.9.
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Chapter 6
The Linearization Method in Stability
Analysis

When looking for stability of an equilibrium point a for an evolution equation U’ +
/U = 0, anatural ideais to examine the nature (convergent or divergent) of the linear
semi-group generated by the linearized operator D7 (a). It is intuitively clear that
this will work only when the spectrum of D.o7 (a) does not intersect 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 conjunction with the linear results of Chap.3, to
various semi-linear evolution problems on infinite dimensional Banach spaces. At
the opposite, an argument essentially coming back to Bellman [1] 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.

6.1 A Simple General Result

Let X be a real Banach space, 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

t
u) =T()x —|—/ T(t—s)F(u(s))ds, Vtel0,t(x)). (6.1)
0
By a stationary solution of (6.1) we mean a constant vector a € X such that
t
a=T({)a +/ T(t—s)F(a)ds, Vt>0
0

The following result is an easy consequence of the general theory of strongly con-
tinuous linear semi-groups. Let L denote the generator of 7' (). Then we have
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Lemma 6.1.1 A vectora € X is a stationary solution of (6.1) if and only if we have

a€e D(L) and La+ F(a) =0.

We are now in a position to state the main result of this section

Theorem 6.1.2 Assume that for some constants 5 > 0, M > 1 we have
Vi =0, ITOI < Me™.
Let a € X be a stationary solution of (6.1) such that
dRo >0, In>0: [|[F(u) — F(@)l = nllu —all for |u—al < Ro
with
8
< —.
T u
Then for all x € X such that

Ro
lx —all <R = —
M

the solution u of (6.1) is global and satisfies
Vi >0, |u(®)—al <Mlx—ale™,

with: y =8 —nM > 0.

(6.2)

(6.3)

(6.4)

Proof On replacing u by u — a and F by F — F(a), we may assume a = 0 and

F(a) = 0 with || F ()| < n|lu| whenever |lu|| < Ro. In particular, setting
T =Sup{t = 0, [u()|| = Ro} < 400,

we find
t
Vi €[0,T), lu@)| < Mlxlle™® +nM / e u(s) | ds.
0
Letting ¢ (1) = €% |Ju(r)]|, we obtain

t
o(t) < C1 +Cs / o(s)ds Vi e[0,T)
0

with C; = M| x|, C; = nM. By applying Lemma 2.2.1 with A(¢) = C; we deduce

Vi e[0,T), & fu@)| < M|x|le™".

(6.5)
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Since § > nM, we conclude that if M ||x|| < Rg, then T = +o00 and (6.5) holds true
n [0, +00). This completes the proof of (6.4). [l

6.2 The Classical Liapunov Stability Theorem

6.2.1 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:

Theorem 6.2.1 (Liapunov) Let X be a finite dimensional normed space, and f €
CY(X,X)a vector field on X. Let a € X be such that f(a) = 0 and assume

All eigenvalues {sj, 1 < j < k}of Df (a) have negative real parts.
Then a is an asymptotically Liapunov stable equilibrium solution of the equation

u' = f(u@), t=>0. (6.6)

More precisely: for each § < n = mln { Re(sj)}, there exists p = p(8) > 0 and

M) > 1 such that if ||x — a|| < ,0(8) the solution u of (6.6) such that u(0) = x is
global with
Vi =0, Ju@) —al < M@)|x —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 6.2.2 Let X be a finite dimensional complex vector space, A € L(X) and
u € CY(R, X) a solution of u'(t) = Au(t). Then we have

k
u(t) =Y Pj(t)e'' (6.7)

j=1

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

Proof By induction on dimc (X) = p.

o Ifdimc(X) =1, then j = 1 and A = 511, hence u(t) = uge®'’.
e Ifdimc(X) = p > 1, assuming that the result is true for all complex vector spaces
with complex dimensions < p — 1, we set
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v(t) = u(t)e 51,

therefore v is a solution of
VvV = (A =siv.

Then setting Y = R(A —s11), B = (A —s1I)|y and w = V/, it is clear that w is a
solution of
we CYR,Y); W)= Bw@).
Since by construction ker(A—s11) # {0}, we have R(A—s11) # X and in particular
dimc(Y) < dimg(X) —1=p—1.
By the induction hypothesis we have
k
win) =D ;e
j=1

because the eigenvalues of B are of the form s; — 5. By integrating we obtain

k
v(t) =aj+ D Rj(t)e "
j=1

then on multiplying by e*!’, we obtain (6.7), completing the proof by induction. [

Proof (Completion of the proof of Theorem 6.2.1) Since all eigenvalues of D f (a) =:
A have negative real parts, it follows obviously from (6.7) that ||e’4|| < C(8)e™% for
all § < n = minj<;<x{—Re(sj)}. Then we apply Theorem 6.1.2 with T'() = e,
and F defined by the formula

F(u) = f) — Df(a)(u — a).

The result follows at once. ([

6.2.2 Implementing Liapunov’s First Method

Theorem 6.2.1 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.
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Definition 6.2.3 We say that a polynomial P with real coefficients
N
P(X) = Z piX/
j=0

is a Hurwitz polynomial if all its zeroes have negative real parts.

Proposition 6.2.4 If P is a Hurwitz polynomial, then po # 0 and for each j €
{0, ..., N}, we have p;po > 0.

Proof We have

PX) = pn [ [(X + 20 [JX 4y +iv) (X 4y — ivj)
k j

where all numbers A, u; are positive. But
(X + ) +iv) (X +pj—ivj) = X2+ 20X + pd +v7.
The result follows immediately by expanding P. (]

Remark 6.2.5 The converse of Proposition 6.2.4 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

PeX)=(X+DX?—eX+D=X4+1-X*+(1—-)X+1

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

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

Proposition 6.2.6 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

e I[fN =2:p; >0,pr>0.
o [fN=3:p1>0,p3>0,p2p1 > p3po.
o IfN=4:p; >0,p3>0,ps >0, ps(pap1 — p3po) > papr.

Remark 6.2.7 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. [2]) or through a step by step inductive procedure involving only some
determinants of order 2.
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6.2.3 Remarks on Liapunov’s Original Proof of the Stability
Theorem

The original method of Liapunov consisted in introducing the quadratic form

+00
O (u) = / \T (ul2dr
0

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

u' = Au+ F(u)
we have
d +00
—@(u(t)) = 2/ (T ()u(r), T(s)u' (1)) ds
dt 0
+00
= 2/ (T(s)ut), T(s)Au(t) + T (s)F(u(t)))ds.
0
But

+00

+00 d 1
/ (T($)u(@), T(s)Au(r))ds =/ (T (s)u(t), d—T(S)M(t))dS = —Jlu@®]?
0 0 N 2

and

+00
|2 /O (T, T F@@)ds| < 20 [l Fu@)]l.

The result then follows for || F||.;, 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 @) < Cem 1Y/

which is not optimal since in fact
1T < C(1 +1)exp(—1).

(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
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heat equation

u;—Au=0 in R"x2, u=0 on RV x93
in a bounded open domain of R" which generates a contraction semigroup 7 (¢) on
X = L?*(£2), the quadratic form @ does not control the norm in X. Indeed, if ¢, is
an eigenfunction of the operator — A, i.e.

—Apy = A, in 2, u=0 on 952

it is immediate that

“+00 5 5 +00 » 1
@(gon):/ \T(0)gnldt = [lgnl] / e Pndy =
0 0

2
7y llonl

(3) The introduction of @ is only possible when X is a Hilbert space. If, for
instance, we work with the semilinear equation

ur—Au+ fu)=0 in R x2, u=0 on R" x93

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

(Fu)(x) = f(u(x)), ae.in £
to satisfy the condition

[F)lx < éellullx for [lulx small
it is necessary (and sufficient, of course) that f satisfy the global condition

|f()] < els|. Vs eR.
As a consequence, F' cannot be tangent to O at the origin, except if F = 0. The
situation is very different if X = Co(£2): in this case, in order for the operator F to
satisfy the condition
[F)lx < ellullx for |ullx small

it is sufficient that f satisfy the local condition

|f(s)] <els|, foralls small enough.
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In particular, if f is a function of class C! and f/(0) = 0, F is tangent to O at the
origin. Considering for instance the equation

u,—Au=|u|p71u in R*¥ x2, u=0 on R" x 9£2.

The original Liapunov technique does not give the stability of the O solution when
working in L?(£2). The method will work if we replace L2(£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 = C(£2), we obtain easily the stability
of the 0 solution for any p > 1, cf. Proposition 6.3.1.

6.3 Exponentially Damped Systems Governed by PDE

6.3.1 Simple Applications

In this paragraph, we show how the stability Theorem 6.1.2 can be applied to partial
differential equations.
(a) We first consider the semilinear heat equation (3.1):

ur — Au+ f(u) =0 inR"x 2, u=0o0nR" x 3

where £2 is any bounded open set in RY with Lipschitz continuous boundary 952,
and f : R — R is a function of class C! with

f(0)=0 and f'(0) > —11(£2).

We have the following simple result:

Proposition 6.3.1 Under the above hypotheses, the stationary solution u =
of (3.1) is exponentially stable in X = C°(§2). More precisely: for each y
(0, 11(£2) + f7(0)), there exists R = R(y) such that for all x € X with ||x|| < R,
the solution u of (3.1) such that u(0) = x is global and satisfies

0
€

Ve >0, Ju(®) < Mllx|le”",

with M independent of y and x.

Proof We have shown in Theorem 4.2.2 that the contraction semi-group Tp(f) gen-
erated in C°(£2) by the equation

u—Au=0 inRY"x 2, u=00nRT xR
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satisfies (6.2) with § = A1 (£2) a_nd some M > 1. It is therefore sufficient to apply
Theorem 6.1.2 with T(t) = e~/ O Ty(1), since for f € C'(R), F(u) = f(u) —
f/(O)u satisfies (6.3) with a = 0 and n arbitrarily small. O

(b) Similarly we can consider the semilinear wave equation (3.4)
Uy —Au+yu,+ f@w)=0 inR"x 2, u=00onR" x9N

where £2 is a bounded open set in RY with Lipschitz continuous boundary 82, and
f is a function of class C': R — R with

F(0)=0 and £ (0) > —r1(£2).

satisfying the growth condition (3.5). We obtain the following result:

Proposition 6.3.2 Under the above hypotheses, the stationary solution (u,v) =
(0,0) of (3.4) is exponentially stable in X = H](£2) x L*(82) in the following
sense: for each § > 0 small enough, there exists R = R(8) such that for all x € X
with ||x|| < R, the solution u of (3.4) such that (u(0), u;(0)) = x is global and
satisfies

Vi 20, u@®] < M@)xlle. 6.8)

Proof 1t follows from Proposition 4.3.4 that the contraction semi-group To(¢) gen-
erated in X = HO1 (£2) x L2(2) by the equation

Uy —Au+ f'Ou+yu; =0 inRYx 2, u=0o0onR" x 3 (6.9)

satisfies (6.2) with some M > 1 for any 6 > O small enough. In order to apply
Theorem 6.1.2 with T'(¢) the semi-group generated by (6.9), all we need to check is
that the function F(u,v) = —(0, f(u) — f'(0)u) satisfies (6.3) with a = 0 and n
arbitrarily small. But this is immediate since the function ¢(s) = f(s) — f/(0)s is
o(|s|) near the origin and, by (3.5) we have |¢(s)| < C(|s|"*!) for s large. Therefore
for each d > 0 arbitrarily small, we have |¢(s)| < d|s| + C(d)|s|"*', globally on
R. The result then follows immediately from Sobolev imbedding theorems. ]

6.3.2 Exponentially Stable Positive Solutions of a Heat
Equation

In this paragraph, we consider the semilinear heat equation

Uy —Au+ fu)=0 inRT xR, u=0o0onR" xR
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where £2 is any bounded open subset of RY with Lipschitz continuous boundary
952, and f is a function of class C': R — R with f convex on R*, £(0) = 0 and

f10) < =21 (£2).

We have the following simple result:

Proposition 6.3.3 Under the above conditions, assuming that f(s) > 0 for some
s > 0, there exists a unique solution ¢ > 0 of

—Ap+ f(p) =0 in2, ¢=0o0n0ds2. (6.10)

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

Proof If a € L*°(£2) we denote by A1 (—A + al) the first eigenvalue of —A + al
in the sense of H(} (£2). First of all if (6.10) has a positive solution ¢ and we set

_ flo)

p(x) o)

We have obviously
rM(=A+pl)=0

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

_ o) = fW ()
o) — ¥ (x)

q(x) = flpx) if p(x) = Y (x).

q(x)

if o(x) # ¥ (x)

By strict convexity we have
q(x) > p(x)

everywhere in §2. In particular
M(=A+ql) > 0.
On the other hand if ¢ # 1, then ¢ — ¥ is an eigenfunction of (—A + gI) with

eigenvalue 0. This contradiction means that ¢ = ¥ and therefore ¢ is unique. In
addition since by strict convexity we have

fl@() > px)
everywhere in §2 we have in particular

M(=A+ NI >0
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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

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

In particular

lim f(s)= lim F(s) =+o0 (6.11)
s——+00 s——+00
where s
F(s) = / f(o)do.
0
Therefore

inf F(s) =C > —o0.
5s>0

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().
We introduce

m = inf{/ﬂ[%Wdz + F(2)ldx, z€ H}(2)}>C|R2|> —oc0.
Since as s — 0 we have 5
FO) ~ fOF
and f/(0) < —A(£2), by taking z = g¢; 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 ¢ € HOl (£2) such that

1
/ [§|Vgo|2 + F(p)ldx = m.
2
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Setting 1 = |¢| we also have, since F is even:
1
[ 151902+ Fapidx = m.
o 2

Because m < 0, of course ¥ # 0. It is then classical to conclude that ¥ is a positive
solution of (6.10). U

6.4 Linear Instability and Bellman’s Approach

In any finite dimensional real Hilbert space X, the hypothesis of Theorem 6.2.1 is
sharp. Actually if f = L is linear and has an eigenvalue s := s1 + isp with 51, 52
real and 51 > 0, let

L1 + i) = s(p1 +i¢2)
with @1, ¢ real vectors and (¢1, ¢2) 7# (0, 0). Then the real vector-valued function
u(r) = e"""[cos(s2t)p1 — sin(sa1)g2]
is a solution of (6.6) because the function
2(t) =€’y
is a solution of the extended equation of (6.6) on the complexification of X and L

being a real endomorphism on X, z(¢) = '@ and u = %(z(t) — z(t)) are solutions
of the same equation. But now we observe that

) = (= D* exp(2 100
52 [s2]

km
u(—

and therefore u cannot converge to anything at all as # goes to infinity.
In the next paragraph we collect some instability results proved in [3] in the Hilbert
space framework.

6.4.1 The Finite Dimensional Case

Let X be a finite dimensional normed space and f € C 1 (X, X) a vector field on
X.Leta € X be such that f(a) = 0. By Liapunov’s theorem (Theorem 6.2.1), if
all eigenvalues of Df (a) have negative real parts, a is an asymptotically Liapunov
stable equilibrium solution of the equation
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u' = f(u@), t>0. (6.12)

This result is sharp since in the opposite direction we have

Theorem 6.4.1 (Bellman [1]) Let a € X be such that f(a) = 0 and assume that
at least one eigenvalue of Df (a) has a positive real part. Then a is an unstable
equilibrium solution of (6.12).

Proof Let n > 0 be the minimum of real parts of the eigenvalues of Df (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 O or 1 such that

K
—M=D+T
n

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

where L = 4 D is a diagonal matrix and R = £ T is a matrix with all coefficients
having moduli smaller than % Let us identify X with H = CV with the usual Hilbert
norm and the associated real inner product. It is clear, since R is upper triangular
with zero diagonal, that the coefficients of L, in other terms the diagonal coefficients
of M, are in fac§ the eigenvalues of Df (a). In addition under this identification we

dim X
have |[R|| < -

.Let P : H —> H denote the projection operator on

Y= P Ker(L—x). (6.13)
Re(A)>0

If u is any bounded solution of (6.12), for ¢t > 0 setting u = a + v we have
%quz =1 = PyP) = 2(Pv.v) = (L = Pv.v)]
=2[(Pv,Lv+ Rv+g(®») — (I — P)v,Lv+ Rv+ g(v))]
where g(v) = f(a +v) — f(a) — Df (a)v satisfies
gw) = o(v).
Since L < 0on [Y]*+ = (I — P)H we have:

—({ = P)v,Lv)=—(L(I —P)v,(I —P)yv) > 0.
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On the other hand by definition of n we have
Yw € Y, (Lw, w) > nlw|>.
In particular we find
2(Pv, Lv) = 2(LPv, Pv) > 25| Pv|>.

And therefore
2[(Pv, Lv) — ((I — P)v, Lv)] > 2n|Pv|2.

On the other hand we have the easy inequality

5 ndimX
2[(Pv, Rv) = (I — P)v, Rv)] = —4|IR]l|v|" = —4TIV|

and since g(v) = o(v), there exists ¢ > 0 such that if |v| < ¢, we have
n n
2Py, g() = 2(U = Pyv, () = = o> = = (IPV + (1 = PvP?).
Choosing K = 8 dim X and combining the above inequalities we find
d 2 2 2 2
E(IPVI — (I = Py[7) = n(IPv]” = [(I — P)v[)

whenever |v| < ¢. Now assuming that a is Liapunov-stable in X, let us select v(0) =
vo € X such that

|Pvg| > |(I — P)vo| (6.14)
and |vg| small enough so that

Ve >0, v(t)] <e. (6.15)

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

Vi >0, (IPv(t)]> — | — P|?) = e"(|Pvol* — (I — P)vol?).  (6.16)

This is clearly absurd since (6.14), (6.15) and (6.16) are incompatible. The proof of
Theorem 6.4.1 is complete. ]
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6.4.2 An Abstract Instability Result

The main result of this section is a natural infinite-dimensional extension of Theorem
6.4.1 to the special case of self-adjoint linearized operator.

Theorem 6.4.2 Let H be a real Hilbert space with inner product and norm respec-
tively denoted by (-,-) and | - |, and let L be a (possibly unbounded) self-adjoint
operator such that

d¢ >0, L+cl >0,

(L+(c+ 1)1)_1 is compact, (6.17)

L
L) = inf LW
ueH.u#0  |u|

< 0.

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

im L@ (6.18)
ueX\{0}, lul—0 |ul
Then if X contains all eigenvectors of L, the stationary solution 0 of
u' 4+ L(u) = f(u) (6.19)

is unstable in X.

Proof Let P : H —> H denote the projection operator on

H™ =P Ker(L — 1)

A<0

As a consequence of (6.17) we know that dim(H™) < oo. If u is any bounded
solution of (6.19), for r > 0 u is differentiable with values in H and we have

d 2 2 / /
E(|Pu| — | = Pul|”) = 2[(Pu,u’) — (I — P)u,u")]
= 2[(Pu, f(u) — Lu) +2((I — P)u, Lu — f(u))]. (6.20)

Since L > Oon [H™ ]+ = (I — P)H we have:
(I —Pu, Lu) = (LU — P)u,(I — P)u) > 0. (6.21)
On the other hand by (6.17) we know that

In > 0,¥Yw e H™, (~Lw,w) > nlw|.
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In particular we find
2(Pu, —Lu) = 2(—LPu, Pu) > 2n|Pu|2. (6.22)
As a consequence of (6.18), there exists € > 0 such that if ||u| < ¢, we have
2(Pu, fw) +2(U = Pyu, f@)) = —nlul> = —n(|Pul® +|(I — Pyul?). (6.23)

Combining (6.20), (6.21), (6.22) and (6.23) we find
d
E(uom2 — (I = P)ul®) = n(|Pul* — |(I — P)ul?) (6.24)

whenever ||u|| < ¢. Now assuming that O is Liapunov-stable in X, let us select
u(0) = ug € X such that
[Puol > [(I — P)uo

and |jug|| small enough so that
Vi =0, [lu(@)] < e (6.25)

As aconsequence of (6.24) we obtain as previously (6.16), clearly incompatible with
(6.25). Consequently if X contains all eigenvectors of L, the choice

uo=ng; Lo=»%ip, A<0 |nllel—0

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

|f ()]
|u
u — 0 in the sense of X instead of H. Let us consider the example H = L3(2)
where £2 is a bounded open subset of R" and

Remark 6.4.3 One might wonder why the condition — 0 is required as

g e C'NWHRR) : Vu € L2(82), (f(u))(x) = g(u(x)) a.e. in £2.

In this case, the condition
|f ()]

|ue]

— 0asul -0

implies f = 0. Indeed if f(0) = 0 and f(c) # 0 we can consider u,, = cy, with
w an arbitrary open subset of £2, so that

ol = lellol?: | f @)l = 1£©)|lo]?.
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If |w| — 0 we have by construction |u,| — 0 and therefore

timinf L1 o 1@

lul=0 ful T c]

> 0.

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

iming L _
[lu]|—0 |u|

0

. . . . s
is equivalent to the natural assumption 1111(1) |g|( |)| =0
§— S

Remark 6.4.4 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 6.4.2 might just mean failure of existence in X.

Remark 6.4.5 The proof of Theorem 6.4.2 actually implies a stronger instability
property, namely

dg eigenvector of L, 3¢, — 0 : sup|ju, ()| > o >0
t>0

where u,, is the sequence of solutions of (6.19) such that u, (0) = &,¢. This appears
much stronger since &, ¢ tends to zero in any reasonable norm while the norm of X
just needs to fulfill (6.18).

6.4.3 Application to the One-Dimensional Heat Equation

Consider the one-dimensional semilinear heat equation
Uy —tyy + f(u) =0 in RT x (0, L); u(t,0) =u(t,L) =0onR"  (6.26)

where f : R — Risa C! function. It is now well known (cf. [4, 5]) that any solution
u of this problem which is global and uniformly bounded on Rt x (0, L) converges
as t — +oo to a solution ¢ of the elliptic problem

@ € HJ(0,L), —¢xx + f(g) =0. (6.27)

The question naturally arises of the dynamical stability of these stationary solutions
under the semi-group generated by (6.26).

Proposition 6.4.6 If ¢ is a solution of (6.27) which is stable as a solution of (6.26),
then ¢ has a constant sign on (0, L) =: £2.
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Proof Indeed, if ¢ is not identically 0 and vanishes somewhere in (0, L), the function
w := ¢ has two zeroes in (0, L) and satisfies

weCPNHIO,L), —wi+ f(@)w=0 in (0, L).
In particular if 0 < o < B < L are such that w(e) = w(B) = 0, w # 0 on
(e, B) and if we set w = («, B), since w has a constant sign on w we clearly have
A(w; —A + f'(p)I) = 0 where A1 (w; —A + f'(@)I) denotes the first eigenvalue

of —A + f/(p)I in the sense of HO1 (w). We introduce the quadratic form J and the
real number 7 defined by

Vze HY(2), J() = /Q {lzx? + f/(@)2*)dx

n=inf {J(z), z € H} (), / 2dx = 1}.
2

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

J(@) = /Q{Ié“xl2 + f(9)¢PYdx = /{chl2 + f(p)¢*)dx
= /{|le2 + f(@)z*)dx = 0,
we clearly have
n=xr(2; A+ fl(p)l) <0.

Assuming n = 0 means that a multiple A{ = ¥ of ¢ realizes the minimum of J and
therefore is a solution of

¥ € CX([0, L) N Hy (0, L), —rex + £ (@) = 0.

This is impossible since i is not identically 0 and however vanishes throughout
(0, @) for instance. Therefore n < 0, and ¢ is unstable. O

6.5 Other Infinite-Dimensional Systems

The following generalization of Theorems 6.4.1 and 6.4.2 is not difficult.

Theorem 6.5.1 Let H be a real Hilbert space with inner product and norm respec-
tively denoted by (-, -) and | - |, L a (possibly unbounded)linear operator such that
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dc>0, L+4+cl>0
R(L+(c+1DI)=H.
Assume in addition that we have a decomposition H = X @ Y with dim(X) < oo
and

XCcDWL),LXCX; Y=X-, L(YNDL)CY,L>0o0nY.

Let f : H —> H be alocally 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
@l _,

1
ueV\{0}, lul—0 |u|

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

is unstable in V as soon as L has at least one eigenvalue with negative real part and
eigenvector in X.

As a typical application of Theorem 6.5.1 we can consider the abstract second order
evolution equation
W +u' + Au= f(u) (6.28)

where A is a self-adjoint operator with compact resolvant on a real Hilbert space H

such that A + mI > 0 for some m > 0. Introducing V = D((A 4+ (m + 1)1)%) we
can set
H =V xH, D(L)=DA)xV

and
YU = (u,v) € D(L), L(u,v)=(—v, Au—+v).

Then (6.28) takes the form
U+ LU = F@) = (0, f()).

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

A =V x H=EDIA 1)1 (O)P
neN

it is not difficult to check the hypotheses of Theorem 6.5.1. Hence we can state
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Corollary 6.5.2 Under the above conditions, if A has a negative eigenvalue, and if
f, W are such that
Fwl _,

im
ueW\(0}, [lullw—0 |u]
the solution (0, 0) is unstable in the sense of V' := W x H as a solution of (6.28).

By the same method as in Sect. 6.4.2, we deduce easily the following consequences
of Corollary 6.5.2:

Corollary 6.5.3 Let 2 be as in the introduction, f € C'(R) and ¢ € C(2) N
HO1 (82) a solution of the elliptic problem

—Ap+ f(p)=0in2; ¢ =0 on 952

such that
M(=A+ fl(p)I) <0

then (@, 0) is unstable in [C(£2)N HO1 ()] x L*(£2) as a solution of the hyperbolic
problem

Uy +ur — Au+ f(w) =0 in RYx2; u=0 on R x 3.
Corollary 6.5.4 Consider the one-dimensional semilinear wave equation
U iy —uee + fu) =0 in RT x (0, L); u(r,0) =u(t, L) =00onRT (6.29)
where f : R — Risa C! function. If ¢ is a solution of the elliptic problem

@€ HJ(0,L), —pxx+ flp) =0

such that (¢, 0) is stable in H(} (0, L) x L%(0, L) as a solution of (6.29), then ¢ has
a constant sign on (0, L).
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Chapter 7
Gradient-Like Systems

7.1 A Simple General Property

Let S(¢) be a dynamical system on (Z, d). We denote by .7 the set of equilibrium
points of S(7) i.e.
F={xeZ, V>0, St)x=x} (7.1)

Theorem 7.1.1 Letug € Z be such that the trajectory S(t)ug has precompact range
in Z. The following properties are equivalent

w(ug) C F, (7.2)
Vh >0, d(S(+ h)ug, S(t)ug) — 0 as t — +o0, (7.3)
do > 0,Vh € [0,a], d(S(+ h)ug, S(H)ug) — 0 as t — 4+o00. (7.4)

Proof (1) (7.4) implies (7.2). Indeed assume (7.4) and let x € w(ug). There exists #,

tending to 400 for which
lim S(t,)ug = x.
n—o0

Therefore by continuity of S(h)
Vh >0, lim S(t, +h)ug = lim S(h + t,)ug = Sh)x.
n—o0 n—o00
As a consequence of (7.4) we have on the other hand
Vh € [0,«], lim S(t + h)up = x.
n—oo
By comparing the two previous formulas we find

Vh € [0,a], S(h)x = x.
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Then a trivial induction argument gives
Vh € [0,a], VneN, Sknha+h)x =x.

This obviously implies (7.2).
(1) (7.2) implies (7.3). Indeed assume that (7.3) is false. Then for some 4 > O there
is an ¢ > 0 and a sequence t, tending to +o0o for which

vneN, d(S, + h)ug, S(ty)ug) > «.

We can replace the sequence ¢, by a subsequence, still denoted t,,, for which S(#,)ug
converges to a limit x € X. As a consequence of (7.2) we have x € .#. By letting
n tend to infinity in the above inequality, since S(t, + h) = S(h)S(#,) and S(h) is
continuous we obtain

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

This contradicts (7.2). Hence (7.2) implies (7.3) and this concludes the proof since
(7.3) obviously implies (7.4). O

Definition 7.1.2 A dynamical system {S(t)};>0 on (Z,d) is said to be gradient-
like if whenever ug € X generates a precompact trajectory under S(t), we have

w(ug) C 7.

7.2 A Minimal Differential Criterion

In this section we assume that Z is a closed subset of some Banach space X.

Corollary 7.2.1 Let ug € Z be such that the trajectory S(t)uo has precompact
range in Z. Assume in addition that

SWug =: u(r) € Wh!(R*, X).

Then if
t+a
do > 0, / |l (s)|lds — 0 as t — +o0 (7.5)
t

we have (7.2).
Proof 1t is sufficient to observe that
1+h
Vi e 0.al, d(S(+huo. SOw) =1 [ 1 G)ds]
t

t+a
< / llu'(s)]|ds — O as t — +o0.
t

Hence (7.4) is fulfilled, and by Theorem 7.1.1 this implies (7.2). ([l
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Corollary 7.2.2 Let ug € X be such that the trajectory S(t)ug has precompact
range in Z. Assume in addition that

S(tuo =: u(t) € WhI(R*Y, X).

Then if for some p > 1
u' € LP(RY, X) (7.6)

we have (7.2).

Proof Indeed in this case we have

r+1 r+1 3
/ lu'(s)||ds < (/ ||u/(s)||Pds) — 0 as t - +oo.
1 t

O
7.3 The Case of Gradient Systems
Let N > 1 and F € C2(RY). We consider the equation
W (@) +VFEu@) =0 (7.7)

and we define
& ={zeR",VF(z) =0}.

Corollary 7.3.1 Any solution u(t) of (7.7) defined and bounded on R™ satisfies

lim dist{u(t), &} = 0.
t——+00

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

lim u(t) = u™.
t—+00
Proof We consider the dynamical system generated by (7.7) on the closure of the
range of u. It is obvious here that the set .# of fixed points of S(#) is precisely equal
to & defined above. Multiplying by u’ in the sense of the inner product of RY and
integrating we find

T
A|mem=me»—nmm.
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Hence since u is bounded we obtain u’ € L*(R*,X) with X = RV. By
Corollary 7.2.2, we have w(u(0)) C &. Moreover F(u(t)) is non-increasing along
the trajectory since

d F _ / 2
o (u(®) = —lu .

Hence F'(u(t)) tends to a limit ¢ as ¢ becomes infinite and therefore w (1(0)) C &;.
The rest is a consequence of Proposition 5.2.1 since a subset of a discrete set is
discrete. (]

Remark 7.3.2 By using Lemma 2.2.2 applied to the function ! ()| it is easy to
prove that u’(r) tends to O at infinity. One might wonder whether u(r) is always
convergent. In 2 dimensions, it was conjectured by Curry [1] and proven by Palis
and de Melo [2] that convergence may fail even for a C*° potential F'.

7.4 A Class of Second Order Systems

Let F, & be as in Sect.7.3. We consider the equation

W (t) +u' (1) + VF(u(t)) = 0. (7.8)

Corollary 7.4.1 Any solution u(t) of (7.8) defined and bounded on R together
with u’ satisfies
lim |u' ()| = lim dist{u(t), &} =0.
t—+00 t—+00

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

: *
t—I}Toou(t) =
Proof We consider the dynamical system generated by (7.8) on the closure of the
range of U = (u, u’). Here the set .% of fixed points of S(¢) is made of points
(v,2) € RN xRN for which the solution u of (7.8) of initial data (v, z) isindependent
of z. Consequently % = & x {0}. Multiplying by u’ in the sense of the inner product
of RY and integrating we find

d 1
— (5l

- ' (O + F () = —lu’ (0>
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hence in particular

r 1
/O ' (O12dt = Fu(0)) — F(u(t)) + 5(||u/(0>||2 — [lu’ O1I%).

Hence since u is bounded we obtain u’ € L*(R™, X) with X = RY. Moreover
differentiating the equation we have

W +u” + VEFu@)u' = 0.

By multiplying by u” in the sense of the inner product of R and integrating we find

T T 1
/0 lu” (0)|1*dt = /0 (v2F<u(t))uCu”(t))dt+§<||u”<0)||2—||u”(t)||2>.

Since u” is bounded by the equation, it follows immediately that u” € L>(RT, X),
therefore U’ = (u’, u”) € L>(R*, X x X). By Corollary 7.2.2, we have (u(0),
1’ (0)) € & x {0}. In particular u’(¢) tends to O as ¢ becomes infinite. Moreover
%||u’(t)||2 + F(u(t)) is non-increasing along the trajectory and therefore tends to
a limit ¢ as 7 becomes infinite. Finally @ (u(0), u’(0)) C &, x {0}. The rest is a
consequence of Proposition 5.2.1 since a subset of a discrete set is discrete. O

7.5 Application to the Semi-linear Heat Equation

Let £2 and f be as in Sect.3.4 and let X = Cy(§2). Throughout this section we
assume that £2 is bounded and we define

& ={ueXNHN(R), —Au+ fu) =0},

1
Voe XNH, E(p) = E/Q|V<p|2dx+/QF(¢)a'x

with "
F(u):/ f(s)ds, VueR.
0

Moreover let & = {u € &, E(u) = c}, for c € R. We shall prove

Theorem 7.5.1 let u be a global solution of (3.1) which is bounded in X fort > 0.
Then we have the following properties

(i) E(u(t)) tends to a limit c as t — +o0.
(it) ¢ # 0.
(iii) dist(u(t), &;) — 0ast — +0o0o, where dist denotes the distance in X N H& (£2).
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Proof The smoothing effect of the heat equation implies (cf. e.g. [3] for a proof
based on the theory of holomorphic semi-groups) that foreach e > 0 and o € [0, 1),

Jtu®)} isboundedin C'*(2).

t>e

In particular, J,-q{u(r)} is precompact in X and |J,-{u(t)} is precompact in
H(} (£2). Let us denote by Z the closure in X N HO1 (£2) of u(R1). E is continuous
on X N H(} (£2), hence on (Z, d) where d is the distance in X N Hol. In addition by
precompactness the topologies of X N HO1 (£2) and L?(£2) coincide on Z. An easy
calculation shows that for r > 1, we have

t
/ / u?(t, x)dxdt + Eu(t)) = Eu(1)).
1 2

Hence by Corollary 7.2.2, we have w(u(0)) C &. Since E(u(t)) is nonincreasing
the result follows as in the previous examples. O

7.6 Application to a Semilinear Wave Equation
with a Linear Damping

Let §£2 and f be as in Sect. 3.5 and consider the wave equation (3.4). Throughout this
section we assume that §2 is bounded. Keeping the notation and the hypotheses of
Sect. 3.5, let us introduce

& ={ueH),—Au+ f(u) =0},

and &, = {u € &, E(u, 0) = ¢}, for ¢ € R. We can state

Theorem 7.6.1 Assume y > 0 and that the growth condition (3.5) is satisfied with
the strict inequality: r < 2/(N —2) if N > 3. Let (p, V) € X = HO1 x L%, and
let u be the corresponding maximal solution of (3.4) with u(0) = ¢ and u;(0) = .
Assume that T (¢, ) = 400 and

sup{[| (u(2), u: (t))|1x, t = 0} < +o0.
Then we have the following properties:
(i) E(u(t), u;(t)) tends to a limit ¢ as t — —+0o0.
(it) & #£ 0.

(iii) llu;(@)||;2 = 0, ast — +o0.
(iv) dist(u(t), &) — 0ast — 400, where dist denotes the distance in H(}.
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The proof of Theorem 7.6.1 relies on a general compactness lemma due to
Webb [4]:

Lemma 7.6.2 Let X be a real Banach space and T (t) a contraction semi-group on
X satisfying
Ty <Me™®, Vt>0 (7.9)

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 for any xo € X, the function
V : Rt — X defined by

t
V() =T(@)xo +/ T(s)H(t —s)ds
0

satisfies: V (RT) is precompact in X.

Proof We have V(1) = T (t)(xg) + W(t), where

t
Wi(t) =/ T(s)H(t — s)ds.
0

Since T'(¢)(xg) —> 0in X ast — 400, there is a compact subset K| of X such that
U =olT (@) (¢, ¥)} C K. Itis therefore sufficient to prove that there is a compact
subset K, of X for which

Uw®) c K.

>0

Let ¢ > 0, and according to (7.9), let T be such that

o0
||H||L+OO(o,oo,X)/ 1T Lxyds < e.
T

For t > t, we have

W) — / T()H(t — $)ds||x < ¢
0

consequently,
UJw®) c k3 + B, #) (7.10)
t>7
with .
K3 = U{/ T(s)H(t — s)ds).
0

t>1



74 7 Gradient-Like Systems

Observe that the map (s, x) +— T (s)x is continuous: [0, +00) X X — X. As a

consequence, U = U T (¢t)K is compactin X. Hence, F' = t-conv(U) is precom-
0<t<t
pactin X. Since K3 C F, K3 is precompact in X. By (7.10), we can cover U{W(t)}
>t

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

Proof (Proof of Theorem 7.6.1) We define an unbounded operator AY on X by
D(A”) = {(u,v) € X, Au € L*> andv € HJ};
AV (u,v) = (v, Au — yv),¥Y(u,v) € D(A?).

Itis easily seen that A is m-dissipative on X. As a consequence of Proposition 4.3.1,
the contraction semi-group 7'(¢) generated by A” on X satisfies (7.9).

Now set U(t) = (u(t), us(t)) and H(t) = (0, — f (u(t)), fort > 0. Clearly u is a
solution of (3.4) on [0, t] if, and only if U € C([0, t]; X) and U is a solution of the
equation

t
U(t):T(t)(go,W)—i—/ T(t —s)H(s)ds, Vtel0,1].
0

Now we recall the energy identity

t
y / / W2 (1, x)dxdt + Eu(t), u (1)) = E(p, ¥)
0 J
with
1 1
E(p,¥) = —/ ||V(p(x)||2dx+—/ |w<x>|2dx+/ F(px))dx.
2 Q 2 2 2

E is continuous on X, hence on (Z, d) where Z is the closure of #(R™) in X. The
energy identity shows that E(u(t), u;(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(¢)) for t > 0 is such that
H(R™) is precompact in X. (This comes from the strict condition: r < 2/(N — 2)
if N > 3.) Applying Lemma 7.6.2, we obtain compactness of bounded trajectories
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in X. Then the topologies of X = HOl x L?> and Y = L?> x H™! coincide on Z and
an easy calculation using the equation now shows that

U' = (uy, uy) € L>RT, Y).

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

Yu,v) e X, fluyeH !

with
ILf @vllg-1 < K(1+ ”u”’}_lol)”‘}”Lz'

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

t
/0 e l13,-1ds + g[nuzu%,_. (0) = N5, (O + [f ) ) 115

t t
+/ (—Au, uy) g-rds :/ (u, f'(u)us) y—rds.
0 0

Hence, using the identity

t t
/0 (Au, Mtt)H—ldS =/0 ||V'4t||?171ds + [(Au, Mt)[—[—l]6
t
:/ lusl3ds + [(Au, ur) 115
0

we derive easily

t t
/ lurll5,-1ds < Cy + Ca / s 13ds.
0 0

Then the conclusion follows as in the previous example. (]

Remark 7.6.3 Under the conditions of Proposition 3.5.1, the conclusions of Theorem
7.6.1 are valid for any solution u of (3.4).
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Chapter 8
Liapunov’s Second Method
and the Invariance Principle

8.1 Liapunov’s Second Method

As explained in Sect. 6.2.3, the Liapunov stability theorem for Eq. (6.6) can be proved
by exhibiting a positive definite quadratic form which decreases exponentially along
the trajectory if the initial data are close enough to the equilibrium under consid-
eration: 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 8.1.1 Ler V e C'(RN) be such that V (u) tends to +00 as ||u| — +0o
and let a € RN be such that

Yu #a, (V'(u), f(u) <0. 8.1)

Then we have f(a) = 0 and in addition

e Vu e RN, V(u) > V(a).
e a is an asymptotically stable equilibrium point of the equation u’ = f (u).

Proof Since V is continuous and V () tends to +o00 as ||u|| — oo, then there
exists b € RY such that V (u) > V(b) for all u € RY. Clearly we have V'(b) = 0
and now (8.1) imply that b = a.

Once again, by (8.1), V is non-increasing along the trajectories, therefore all tra-
jectories are bounded. Given such a trajectory u, let ¢ € w(u(0)) and let z be the
solution of

7= f@, 200 =¢.
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Since V (u(t)) tends to a limit [ as t — +o00, we have by (5.2)
v, V(z(t) =1

and then 4
Vi, (V'(z(0), fz(1)) = EV(Z(Z)) =0.

In particular V¢, z(#) = a, hence ¢ = a and since z is constant we have f(a) =
f(z(0)) = z/(0) = 0. The stability of a follows easily from Corollary 5.4.3. Indeed
for any trajectory u we have

d
SV = (V' (u(@®), fu@)

therefore either u(t) = a or %V(u(t) < 0. Whenever u(0) # a we deduce that
V(a) =1im V(u(t)) < V(u0)). U

Example 8.1 Let us consider the system

cv , du

u = — M = —

; V4 —
1+ aly| 1+ Blul

where o« > 0, 8 > 0and sup{|c|, |d|} < 1 which has the form (6.6) with f Lipschitz
but not differentiable at the origin except when o = 8 = 0. Setting

V(u,v) = u> +1°
we find easily that for all (u, v) # (0, 0)

C
+ a|v| + 1 +/3|u|)
—2(1 — sup{lc|, |d|}) * +v*) < 0.

(V'(u,v), fu,v))

—2(u® +v?) + 2uv( 1

IA

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

, cv , cu

uw=-u+ ; V=—v+
14+v 14+u

which is known as the Naka-Rushton model for neuron dynamics in the short term
memory framework.
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8.2 Asymptotic Stability Obtained by Liapunov Functions
Consider the nonlinear wave equation

Uy —Au+gu;)=0 inRT" x 2, u=00nR" x93 (8.2)

where £2 is a bounded domain of RV and g satisfies the conditions

do >0, g(v)v > a|v|2, VveR (8.3)
AC >0, [gM] = C(vI+ V"), YveR (8.4)

with:
y>1 andif N>3, y<(N+2)/(N-2). (8.5)

For the sake of simplicity we consider classical solutions of (8.2) for which differ-
entiations are plainly justified. We obtain the following result of global asymptotic
stability:

Theorem 8.2.1 Let

ue LS.(RY, H N HY(2)) N WESRT, HL(2)) N WEX (R, L2(2))

loc

be a solution of (8.2). Then we have

/{|W|2+uf}(t,x)dx5M(/ |Vu (0, x)|2dx,/ |u,(0,x)|2dx)e—5f (8.6)
2 2 2

where § > 0 depends only on a, C and y and M is bounded on bounded sets.

Proof We denote by (-, -) the inner product in L2(£2), by | - | the corresponding norm
and by | - || the norm in H{} (£2). In addition the duality pairing on H~'(£2) x H} (£2)
will be denoted by (-, -). Now we define

B (1) = u))? + lur (O + @), u, (1))

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

d
d—{nu(r)n2 + lu () *Y = 2 — Au,up) = —2/ g(uy)updx
t 2

d
—- W@, (1) = lur (1)|% + (e (1), (1)) = e () — lu()]|* — /Q guyudx.
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Therefore:

Ao,
dr

- /Q g urdx + sluy (1) — elu(@|? — ¢ /Q quoudx.  8.7)

It follows from (8.3) and (8.4) that
g <2Cv| for |v] <1,

lgM" T <2C(vg(m)? for |v| > 1.

In particular for each v € LY*1(£2) we have by setting 8 = VT'H and denoting as

| - Il the norm in LA(2)

1
1

L B B
lgllg = 2CIvlg + C)7 ( /Q vg(v)dx) = Cilvlp + Co /Q vg(dx)”.

Since the condition y < (N + 2)/(N — 2) yields 8 = VT'H > A%—Jrz = (2%, (8.7)
implies

do,

= (at ) (1> — ellu(@®) > + Kiellu()|l|u (0)]

1
- / glus)urdx + Cae( / ugd0) u@l.  (838)
2 2

By reordering the terms and using Young’s inequality with exponents y + 1 and 8
we deduce from (8.8):

do o
= = (05 F O + (Ke? = ) lu@? + (G2 u@ .
Since 2E(t) = |lu())||* + |u; (1)]? is a nonincreasing function ot r > 0, we can first

choose ¢ > 0 small, depending on E(0), such that

Vi >0, djg < —Z{luI? + lu ). (8.9)
t 2

This shows that £ () — 0 exponentially, uniformly on bounded subsets of H(} (£2) x

L2($2). Then for each initial condition, we can find Ty > 0, depending on E (0), such

that E(r) < 1 whenever ¢t > Ty. Now for ¢ > Ty, we have (8.9) with ¢ independent

of E(0). Hence (8.6) follows with § independent of E(0). U

In Sect. 6.4, we saw that even in the nonlinear case, the existence of an eigenvalue
s of Df(a) with Re(s) > 0 implies the instability of a. On the other hand, in the
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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

W =—uPu, +>0 (8.10)
with p > 1. The solutions u of (8.10) are given by the formula

sgn(uo)

u(t) = -
{(p = Dt + ug|' =P} 7

8.11)

It is clear from (8.11) that

lu ()] ”{ﬁ}(pll)

ast — +ooforevery ug # 0. Analogous, but somewhat artificial parabolic examples
can be given. Let us consider now some second order examples.
(2) First we consider the equation (withc¢ > 0, p > 1.)

W' +u+cld P =0, t>0. (8.12)

We set (1) = (u? + u'?)(r): then
@' (t) = =2c|u'|PT! > —2c(® + uH)PTVZ = _2cq(r)PTD/2
and as in the previous example we deduce
1 poT

[0(0)] 2" +c(p— )t

() >

Hence the energy tends to 0 at most like =2/ (=1 as t — +o0. In fact we have
Proposition 8.2.2 For each solution u of (8.12) we have

1

Vi =0, (u2(0)+u@)? < Cw©), u'(0) 7. (8.13)

Proof We set:
D (1) = u?(t) + u'> (@) + elu@®)|” " u@)u' ().
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Then:
@ = =2c|u' 1PV + elu)” N (pu? + uu"y = =2¢|u’|PH + e[ plulP T u? — |uPT!
—cu|P7 P e < =2¢lu 1P 4 e{—(1/2)|ulPT 4 Clu'|PHY,
where C depends only on u(0), u’(0). For ¢ > 0 small enough, we therefore obtain
@, < —(e/D{ulPT + [P} < —8(Pe) PV, (8.14)

Clearly, (8.14) implies (8.13) for ¢ small enough. U

3) Finally, by using the method of proof of Theorem 8.2.1, one can prove

Theorem 8.2.3 Assume that g € C'(R) satisfies the conditions
o >0, gv)v = a|PT!, WweR,
AC > 0,1gM] = C(vl+ "), Vv e R,
with: 1 < p <y, y satisfying (8.5). Then for each solution
ue LE.(RY, H? N HE(£2)) N WL RT, HL(2)) N WES (R, L2(£2))

of (8.2) we have forallt > 1

/{|W|2+u,2}(t,x)dx < M(/ |Vu(0,x)|2dx,/ |u,(0,x)|2dx)t1’*ll. (8.15)
2 2 2

Idea of the proof. Let
—1 ’
@ (1) = u@* + ' O + eflu @ + ' OP) 7 (@), ' @).
By adapting the proof of Theorem 8.2.1 and Proposition 8.2.2, we establish
Dp < —8(@e) T2,

valid for ¢ > 0 small enough and some § > 0 depending on the initial energy.

Remark 8.2.4 1t is not known whether (8.15) is optimal when for instance
gy =cP 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 [1] in the case N = 1, relying on an
argument specific to dimension 1.
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8.3 The Barbashin-Krasovski-LaSalle Criterion
for Asymptotic Stability

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 8.3.1 Let f € C'(RYN) and consider the differential system (6.6). Let
a € RY be such that f(a) = 0 and U be a bounded open set with a € U such that

(i) Forany x close enough to a, the solution u of (6.6) with u(0) = x is global and
remains in U.

(ii) 3V € CY(RN) such that
YueU, (Vw), fw) <0.

(iii) The setu € U, (V'(u), fu)) = 0 contains the range of no trajectory of (6.6)
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 (6.6).

Proof Given a trajectory u of (6.6) with u(0) close enough to a so that # remains in
U, let ¢ € w(u) and let z be the solution of

7= f@ z20) =9
Since V (u()) tends to a limit / as t — 00, we have
V>0, V(@) =1
In addition V¢ > 0, z(t) € U and (V'(z(1)), f(z(1))) = LV (z(t)) = 0.

In particular as a consequence of (iii) we have V¢ > 0, z(¢) = 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)) < 0andthen V(u«(0)) > V(a). Therefore a is a strict
local minimum of V' and the conclusion now follows from Corollary 5.4.3. ]

Example 8.2 Let us consider the system

W=v; V=—u—gWv+c


http://dx.doi.org/10.1007/978-3-319-23407-6_6
http://dx.doi.org/10.1007/978-3-319-23407-6_6
http://dx.doi.org/10.1007/978-3-319-23407-6_6
http://dx.doi.org/10.1007/978-3-319-23407-6_6
http://dx.doi.org/10.1007/978-3-319-23407-6_6
http://dx.doi.org/10.1007/978-3-319-23407-6_5
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where ¢ € R and g is increasing with g(0) = 0. Setting
V(u,v) = u— C)2 +1?

we find easily that V(u,v) € RZ, (V' (u,v), f(u,v)) = —2g(v)v < 0. Taking for
U any ball centered at (c, 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 (c, 0) is the only
equilibrium and is globally asymptotically stable as a consequence of Theorem 8.3.1.

Example 8.3 Let us consider the system

W =v; vV =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
V(u,v) = Evz + p(1 —cosu) — cu

we find easily that

V(l/l, V) € Rz» (V/(M, V))’ f(l/i, V)) = _kvz S O
We claim that the hypotheses of Theorem 8.3.1 are satisfied when « = arg sin < and
a = («, 0). Indeed from the equation above it follows that the function V (u(t), v(¢))
is constant if and only if (u#(¢), v(r)) = (B,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.
Therefore a = («, 0), is a strict minimum of V, and is consequently a stable equi-
librium by Corollary 5.4.3. Since a is an isolated solution of this equation, the only

possibility is 8 = «. By Theorem 8.3.1 we conclude that a is asymptotically stable.
The same property holds true for the other equilibria of the form (« + 2k, 0).

8.4 The General Lasalle’s Invariance Principle

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

Definition 8.4.1 A function @ € C(Z,R) is called a Liapunov function for
{S(t)};>0 if we have

D(S(t)z) < D(z), Vze Z, Vi = 0. (8.16)


http://dx.doi.org/10.1007/978-3-319-23407-6_5
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Remark 8.4.2 By using the semi-group property of S(¢), it is immediate to see that
@ is a Liapunov function for {S(¢)};>¢ if, and only if for each z € Z the function
t — @ (S(t)z) is nonincreasing.

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

Theorem 8.4.3 (cf. [2]) Let @ be a Liapunov function for {S(t)};>0, and let z € Z
be such that U{S(t)z} is precompact in Z. Then
t>0
(i) ¢ = lim @(S(t)z) exists.
t—+00
(ii) @(y) =c, Vy € w(2).

In particular:
Vyew(z), Vi =0, @(SO)y) =2).

Proof (1) @(S(¢)z) is nonincreasing and bounded since U{S (t)z} is precompact.
>0
This implies the existence of the limit c. -
(i) If y € w(z), there exists a sequence t, — +oo such that S(#,)z — y. Hence
D(S(ty)z) — D(y) and this implies @ (y) = c.
The last property is now an immediate consequence of the invariance of w(z)
(Theorem 5.1.8 (i)). O

Remark 8.4.4 Practically, Theorem 8.4.3 is used to show the convergence of some
trajectories of {S(#)};>0 to an equilibrium. Therefore the following definition and
theorem are basic.

Definition 8.4.5 A Liapunov function @ for {S(¢)},>0 is called a strict Liapunov
function if the following condition is fulfilled: Any z € Z suchthat @ (S(¢)z) = @ (z)
for all # > 0 is an equilibrium of {S(#)};>0.

Theorem 8.4.6 Let @ be a strict Liapunov function for {S(t)}:>0, and let 7 € Z be
such that U{S(t)z} is precompact in Z. Let & be the set of equilibria of {S(t)}i>o0.

t>0
Then

(i) & is a closed, nonempty subset of Z.
(ii) d(S(t)z,&) — 0ast — +oo, i.e. w(z) C &.

Proof By continuity of S(7), & is closed. By Theorem 5.1.8 (i), w(z) # @. Now let
y € w(z). The last assertion of Theorem 8.4.3 gives

2(S(t)y) =2(y), V=0

and therefore, since @ is a strict Liapunov function, y is an equilibrium: in particular
we have (i) and w(z) C &. Then Theorem 5.1.8 (iii) implies (ii). O


http://dx.doi.org/10.1007/978-3-319-23407-6_5
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Remark 8.4.7 Theorem 8.4.6 means that the set of equilibria attracts all trajectories
of {S()}i>o0.

Corollary 8.4.8 Under the hypotheses of Theorem 8.4.6, let

c= lim ®&S®)z) and 6. ={xe &, D(x)=c}.
t——+o0

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

Proof Since & is closed and @ is continuous, &; is closed. The rest of the corollary
is a consequence of Theorems 8.4.3, 8.4.6 and 5.1.8 (ii). O

8.5 Application to Some Differential Systems in RY

Theorems 8.4.3, 8.4.6 and Corollary 8.4.8 allow to recover easily the results of Chap. 7
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” (1) + g(u/(t)) + VFu()) =0 (8.17)
where F € C'(RY,R) and g : RY — R" is a continuous function such that
vw e RV \ {0}, (g(v),v)>0

Corollary 8.5.1 Any solution u(t) of (8.17) defined and bounded on R™ together
with u' satisfies
lim |u'@®)|| = lim dist{u(t), &} =0
t—400 t—+00
with
& ={zeRN,VF(z) =0}.

Ifin addition for each c, the set &, = {u € &, F(u) = c} is discrete, then there exists
u* € & such that
lim u(t) =u*.
t—+00

Proof We consider the dynamical system generated by (8.17) on the closure of the
range of U = (u, u’). Here the set % of fixed points of S(r) is made of points (y, z) €
RY x R¥ for which the solution u of (8.17) of initial data (y, z) is independent of
t. Consequently .% = & x {0}. Multiplying by u’ in the sense of the inner product
of RY and integrating we find


http://dx.doi.org/10.1007/978-3-319-23407-6_5
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i(1||1/(t)||2+F(M(t))) =—(g"),u') <0
dr 2 = T =

hence {
D (u,v) = Euvn2 + F(u)

is a Liapunov function. On the other hand if @ is constant on a trajectory (u (), u'(¢))
we have u’ = 0. Hence @ is a strict Liapunov function and the result follows. [

As an example of application of Corollary 8.5.1, the equation
W+ +ud—u=0

already considered in Sect. 5.2 provides a good illustration. Here the set of equilibria
has only three points: (-1, 0), (0, 0) and (1, 0). Note that here and more generally
under the hypotheses of Corollary 8.5.1, the t—derivative of the Liapunov function
vanishes at some point 7y only if u'(f9) = 0. Then it follows easily that energy
conserving trajectories are made of equilibria. In the next example the condition
1’ = 0 does not follow immediately, but as a consequence of the connectedness of
trajectories:

Example 8.4 Let us consider the scalar equation

u +awu +ud—u=0 (8.18)
where a > 0. Let | | |
E(t) = 51/2 + ZL{4 — Euz.

We have d

—E(1) = —au’u’.

PP )
Since E is non-increasing, (u, u’) are bounded and we are in a good position to apply
the invariance principle. Indeed let u be a solution of (8.18) for which E is constant,
then uu’ = 0 hence u? is constant and then, by connectedness, u is constant. So
u' = 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 ¢ —derivative of the Liapunov function vanishes also at points 7y for
which u(#p) = 0 and the equation is not a special case of Corollary 8.5.1.

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

Example 8.5 Let us consider the coupled system of second order scalar ODE:

u' +u +ru+cv=0,
VI+ A +cu =0, (3.19)


http://dx.doi.org/10.1007/978-3-319-23407-6_5
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A > 0and ¢ # 0 with ¢> < A%, Let

Et)=Ew,u',v,V) = [u’z +V2 4+ A + vz)] + cuv.

N =

Wa have d
—E(t) = —u'
dt @ "

Since E is non-increasing, (u, v, u’, V') are bounded and we are in a good position to
apply the invariance principle. Indeed let (i, v) be a solution of (8.19) for which E is
constant. Then 2u’> = 0 implies u’ = 0, hence u is constant and #” = 0. Then by the
first equation v = — %u is also constant. Finally since by the hypothesis ¢> < A2, the
stationary system Au 4 c¢v = cu + Av = 0 has no non-trivial solution, we conclude
that u = 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 O 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 [3] (1892) shows the existence of a
quadratic form @ on R* satisfying the identity

d
o) = —Y()]* < —n® (Y (1))

(with n > 0) for any solution ¥ = (u, v, u’,v') of (8.19) which means that the
older method of quadratic energies must allow to recover directly that (0, 0, 0, 0) is
asymptotically stable, with quantitative information about the decay rate. Since the
form can be computed on a basis of w = 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+ Dare

> W'v —u) (8.20)

H=&—¢ew + peuu’ +
is a strict Liapunov function for our system. The calculations are not immediate, espe-
cially if we do not know in advance the formula! Here, LaSalle’s invariance principle
was very useful since, without the information 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.
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8.6 Two Infinite Dimensional Examples

Example 8.6 Let us consider the coupled system of second order scalar ODE:

u' +u +Au+cv=0,
VvVi+ Av+cu =0, (8.21)

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"> Al

and ¢ # 0 with ¢2 < A2. In addition we assume that the unit ball of D(A'/?) is
compact in H. Let

1
E(0) = E@u v =3 [u’2 V2 A2 4 |A1/2v|2] + e, ).

We have the formal energy identity: %E (1) = —|u’|?. Since E is non-increasing,
the vector (i, v, u’,v') is bounded in D(A'/?) x D(A'/?) x H x H. Actually it is
not difficult to check that if (1£(0), v(0), u’(0), v'(0)) € D(A) x D(A) x D(A'/?) x
D(A'2) = 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) is a solution of (8.21) for which E is constant, then v’ = 0, hence u is
constant and u” = 0. Then by the first equation v = —% is also constant. Finally
since by the hypothesis ¢> < A2, the stationary system Au + cv = cu + Av = 0
has no non-trivial solution, we conclude that # = v = 0 and therefore 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 [4].

Example 8.7 Consider the nonlinear wave equation
Up — Uy +8w;) =0 inRTx 2, u=00onR" x 3 (8.22)

where £2 = (0, L) is a bounded interval of R and g in a non-decreasing locally
Lipschitz continuous function on R which satisfies g(0) = 0 and does not vanish
identically in any neighborhood of 0. Then for any solution u of (8.22) such that
w(0), u;(0)) € H>N HOl 0, L) x HO1 (0, L) = W, the vector (u, u;) remains and is
bounded in W for ¢+ > 0 and we have

i/ (u,z(t,x) +u)2€(t,x))dx = —2/ gup)us(t, x)dx.
dt Jo 2
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By using the fact that for every regular solution v of the usual string equation, v; (¢, x)
is 2L-periodic with mean-value 0, the invariance principle now shows that (u, u,)
tends to (0, 0) in HO1 (0, L) x L%(0, L) as ¢ tends to infinity.

Remark 8.6.1 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 [5, 6] for the statements and proofs of the general results.
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Chapter 9
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 understand more complicated systems.

9.1 Scalar First Order Autonomous ODE

In this section we consider the simplest possible differential equation
u'+ fu)=0, t>0. 9.1)

The asymptotic behavior of bounded trajectories is obvious as shown by the following
result.

Theorem 9.1.1 Let [ € Wllo’fo(]R, R). Each global and bounded solution u(t) of
(9.1) on R tends to a limit ¢ with f(c) = 0.

Proof 1f for some t > 0 we have f(u(t)) = 0, then by local unique of solutions,
u(t) = u(z) forall t and the resultis trivial. If f(u(¢)) never vanishes on R, it keeps
a constant sign and u(¢) is monotone on RT. Since by hypothesis u(¢) is bounded
on R, it follows immediately that u(¢) tends to a limit ¢ as t — +oo. The equation
shows that u’(z) tends to — f (c), and we conclude that f(c) = 0. ([l

9.2 Scalar Second Order Autonomous ODE

We now consider the slightly more complicated case of the equation

u' +gW)+ fu)=0, t=0 9.2)
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where f, g : R — R are locally Lipschitz continuous such that
Yv e R\ {0}, g()v>0.

The term —g(u’) can be viewed as a dissipation while — f (1) represents a restoring
force. We will show that convergence or divergence of the general solution of equa-
tion (9.2) depends on the strength of the dissipative term |g(v)| for small values of
the velocity v. As a consequence of Corollary 8.5.1, (9.2) generates a gradient-like
system.

9.2.1 A Convergence Result

Theorem 9.2.1 Assume that f, g are as above and in addition, for some ¢ € (0, 1]
and § > 0, we have
Vv eR, gy > §inf{l, |v|3_s}. (9.3)

Then ifu € WL (RT) is a solution of (9.2), we have

lim {|u'(0)] + |u(r) —c|} =0,
t—+00

for some ¢ € f~1{0}.

Remark 9.2.2 A typical example of function g that satisfies hypothesis (9.3) is
g(s) = |s|*s with @ € [0, 1).

Proof First, since the system is gradient-like, we have
(o, u1) C f7{0} x {0}.

By connectedness we have either w (ug, u1) = {a} x {0} for some a € £~10} and
the result is established, or

w(ug, uy) = la, b] x {0}, (a < b).

In this case, we set J = [a, b] and ¢ := “'ZH’ . As a consequence of the definition of

w(uo, uy), there exists a sequence (f,) of positive numbers such that

lim t, = +oo, u(t,) =c.
n——+00

For any n € N, there exists §,, > 0 such that

u(t) € [a, bl, Vt € [tn, tn + Snl. (9.4)


http://dx.doi.org/10.1007/978-3-319-23407-6_8
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We claim that for all n € N large enough, we can take §,, = +00 in (9.4). Indeed, let
0, = inf{t > t,,, u(t) ¢ [a, b]}

and assume 6, < +o00. Then we have
Vit € [ty, On), u” (1) + g(u' (1)) = 0. 9.5)

We may assume that 7 is large enough to imply |u’(z)| < 1 on [z, oo, so that from
(9.5) we deduce as a consequence of (9.3)

-1
Vieln, 6] WOl {0 -asc—m+aI T 06

In fact, if there is s € [t,,, 0] such that u’(s) = 0, then u/(¢) = 0 for all ¢ € [t,, 6,]
and (9.6) is obviously satisfied. Otherwise u” has a constant sign, then

d
El”/|€_l — (8 _ l)u//lu/|a—2 sign (u/)

= (1 —&)g)|u'|*"* sign ()
> (1 — ¢)8. 9.7)

By integrating (9.7) over (t,,t) (t € [t,,6,]), we get (9.6). Now from (9.6) we
deduce by integration

t
1
/ lu'(s)|ds < —|u'(t)|*, V1t € [t, On].
L &8

For n large enough, the right-hand side is less than 1% =|b—c|=la—c|.
Therefore there exists ng € N such that we have

Vn > ng, u(t) € J, Vt € [t,, +o0[ and
1 / &
lu(ty) —u()| < s_8|u @)I°, Vit € [ty, +ool.
Since u(t,) = c for all n € N, we deduce
1 / I3
Vn > no, Vi € [t,, +ool, |u(t) —c| < —5|u (tn)]" 9.8)
e

Since u'(t,) —> 0 as n — +o0, it is clear that (9.8) implies

ziHJPoo lu(t) —c| =0.
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Therefore J = {c} and this contradicts the hypothesis J = [a, b] with a < b. The
proof of theorem 9.2.1 is completed. ]

9.2.2 A Non Convergence Result

Theorem 9.2.3 Assume that there existsa, b € Rwitha < b and a positive constant
C such that

f(s) <0, Vs <a,

f(s)=0, Vs é€la,b],

f(s) >0, Vs>b,

lgW)| < Cv?, Vy| < 1. (9.9)

Then for every bounded non constant solution of (9.2), there exist a sequence t, —>
400 such that u(t,) < a for all n and a sequence 6,, —> +00 such that u(6,) > b
for all n.

Remark 9.2.4 A typical example of function g that satisfied hypothesis (9.9) is
g(s) = |sls.

In the proof, we have to use the following lemma.

Lemma 9.2.5 Letv € C*>(R*, R) satisfying
V(0) >0, V(1) > —CV(1)?* VteRT,
where C > 0 is a constant. Then v is nondecreasing and ziiinoo v(t) = +o0.
Proof Tt is clear that v/(r) > 0 for 7 small enough. Let
T =sup{t >0, V() >0, Vt € [0, 7)}.
Forall ¢ € [0, T), we have

d 1 - (1)
— () = <
dr V(1) (V'(1))?

By integrating over (0, 1), we get

vi € [0,T), V(1) > 1 (9.10)

t+m
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If T < +00, we obtain that v/(¢) > 0 in a right neighborhood of 7" which contradicts
the definition of 7. Then T = 400 and (9.10) becomes

vt € [0, +00), V(1) > —
Ct+ O]
By integrating this inequality, we get the last part of the lemma. (]
Proof (Proof of Theorem 9.2.3) Since the system in (u, v) is gradient-like we have

lim |u'| + dist(u(¢), [a, b]) = 0.

t—400
Assume that u(t) > a for t > t9. We must prove that u is constant. We distinguish
two cases:
o If u/(t) > 0 on [19, +00), then u is nondecreasing and tends to ¢ € f‘l {0}). So
f(u(t)) =0on [ty, +00) and we have
u” +g(') =0, on [, +00).

If ' = 0 on [ty, +00), then u is constant. Otherwise, there exists #; > fo such that
u'(t) > 0. Applying Lemma 9.2.5 to v(¢) := u(t + t1), we get a contradiction.
o If there exists 7; > fy such that u’(#;) < 0, therefore (since u(f) > a when r > 1))

u” + gy = —f () < 0on[ty, +00).

In particular, u” < —g(u') < Cu'? on [ty, +00) and then v(t) := —u(t + )
verify
V() >0, V'(t)>—-CV(@)? ViteRT.

Applying Lemma 9.2.5 to v, we get a new contradiction. This settles the con-
struction of the sequence (#,), and the existence of (s,) follows by reversing all
signs.

O

9.3 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 9.3.1 Assume that the system {S(t)};>0 is unconditionally stable in the
following sense

Ve > 0,356 >0, V(x,y)e X x X, d(x,y) <é=supd(St)x, S(t)y) < e.
>0
9.11)
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Let % be given by (7.1). Then if uy € X generates a precompact trajectory under
S(t) and if w (ug) N F # O, the trajectory S(t)ug converges to some limit a € F as
t — o0.

Proof Leta € w(ug) N 7. Given any ¢ > 0 and choosing § > 0 so that (9.11) is
fulfilled, by definition there is t > 0 for which

d(S(t)ug,a) <.
Then we have
Vi >1t, d(S{t)ug,a) =d(S(t —1)S(t)ug, St — 1)a) < &.

]

Remark 9.3.2 Actually the above proof shows the following more general result: if
ug € X generates a precompact trajectory under S(¢) and if w (ug) N % contains a
stable equilibrium point a, the trajectory S(¢)uq convergestoa € % ast — o0.

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

Definition 9.3.3 A dynamical system {S(t)};>0 on (Z, d) is said to be contractive if
Vix,y) e X x X, Vt >0, d(S{t)x, St)y) <d(x,y). (9.12)

An obvious consequence of Theorem 9.3.1 is the following

Corollary 9.3.4 Assume that the system {S(t)};>0 is contractive. Then if up € X
generates a precompact trajectory under S(t) and if w(ug) N .F # (0, the trajectory
S(t)ug converges to some limita € F ast — oQ.

More generally, we have
Corollary 9.3.5 Assume that the system {S(t)};>0 is such that for some M > 1
V(x,y) e X x X,Vt > 0,d(S)x, St)y) < Md(x,y). (9.13)
Then ifug € X generates a precompact trajectory under S(t) and if w (ug) N.F # ¢,
the trajectory S(t)ug converges to some limita € ¥ ast — 0.
Theorem 9.3.1 especially applies to gradient-like systems.

Corollary 9.3.6 Assume that the system {S(t)};>0 is gradient-like and uncondi-
tionally stable. Then if ug € X generates a precompact trajectory under S(t), the
trajectory S(t)ug converges to some limita € % ast — oQ.
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Remark 9.3.7 If we consider the ODE

"

written on R? as a system

it is easy to check that any trajectory starting from Uy = (ug,vo) # (0,0) is
non-convergent. Here S(z) 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(Uy) N .F = ¥ since .# = {0} and the norm of
S(t)Uy is constant.

As a basic application of Theorem 9.3.4,let N > 1l and F € CZ(RN ) be convex.
We consider the Eq. (7.7)

W' (1) + VFu()) = 0.

We obtain

Corollary 9.3.8 Assume that & = {z € RN, VF(z) = 0} # @. Then any solution
u(t) of (1.7) is bounded on R* and converges, ast — oo to some limita € &.

Proof We already showed that the dynamical system S(¢) generated by (7.7) 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, RV)
is monotone, which means

Vu,v) e RV xRN, (VF@u)— VFW),u—v) > 0.

Then if (u, v) are 2 solutions of (7.7), we have
Vi > 0, j—tllu(t) —v(O|* = =2(VFu(t)) = VF (), u(t) —v(t)) < 0.

Hence the system S(¢) is contractive in the usual norm. In particular, since any
ae& ={zeRN VF(z) =0} is a solution of (7.7) independent of #, the function

1= lu(r) —all

is non-increasing and all trajectories are bounded. Finally Corollary 9.3.6 gives the
result. ]

Remark 9.3.9 A much more general convergence result holds true for the equation

Ocu' +0®(u)
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where 0@ (1) is the (possibly multivalued) subdifferential of any proper convex
Isc function with arbitrary domain on a Hilbert space H, cf. Bruck [1]. In general
only weak convergence is obtained, cf. [2]. 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. [3-5].

9.4 The Finite Dimensional Case of a Result Due to Alvarez

In this section, we consider the Eq. (7.8)
(1) +u'(t) + VFu() =0

where N > 1 and F € C*(R") is convex. In contrast with the gradient system
(7.7), the system generated by (7.8) is gradient-like but generally non-contractive.
However we have a convergence result similar to Corollary 9.3.8 which is a special
case of a more general weak convergence theorem due to Alvarez, cf. [6].

Corollary 9.4.1 Assume that & = {z € RN, VF(z) = 0} # @. Then any solution
u(t) of (1.8) is global, bounded on R and converges, as t — oo to some limit
aec& ={zeRN,VF(z) =0}.

Proof From our Hypothesis it follows that F is bounded from below. First we con-
sider a local solution u of (7.8) on some interval [0, L). Given any positive 7 < L,
the identity

g / 2 1 l 2 1 / 2
/O lu (D)I“dr + Ellu N7 = Fu(0)) — F(u@)) + Ellu Ol

shows that u’ € L>°(0, T; RN ), therefore the solution is global and uniformly Lip-
schitz. In addition u’ € L?>(RT, X) with X = RM. We already showed that if all
solutions U = (u, u’) are bounded, the system S(r) generated by (7.8) is gradient-
like and the set of fixed points of S(¢) is # = & x {0}. We now show that in fact
u is bounded and the numerical function ¢(f) = ||lu(t) — al||> has a limit at infinity
whenever a € &. Indeed a straightforward calculation shows that ¢ € C* with

¢+ ¢ = —2VFu(@)), u(t) —a)) +2|u’ 0> < 2|u’|> = h € L'(RT).

Writing this inequality as
(e'¢') < e'h(1)

provides

t
¢'(1) < e "¢'(0) +/ e “'h(s)ds == H(1) + e '¢'(0) = K(1).
0
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Now we have

T T gt T T
/ H(t)dt :/ / e“th(s)dsdtz/ esh(s)/ e 'dtds
0 o Jo 0 s
T

T
=/ Eh(s)(e™ —e Tds 5/ h(s)ds.
0 0

Thus H, K € L'(R") and since ¢ > 0, the function ¥ (¢) := ¢(r) — fot K (s)ds is
bounded with non-positive derivative. It tends to a limit at infinity and so does ¢. In
particular « is bounded, and since S(#) is gradient-like, the w—limit set is contained
in % . Picking (a,0) € w(Up), the limit of ¢ at infinity is O and we end up with
convergence of u to a and u’ to 0. (]
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Chapter 10
The Convergence Problem in Finite
Dimensions

10.1 A First Order System

In this section we consider the first order gradient system
u' + Vo) =0 (10.1)
where ¢ : RN — R is assumed to be C!, and we set
< ={a e RN, Vo(a) = 0).
As we saw in Sect.7.3, any bounded solution of (10.1) approaches the set . as ¢

goes to infinity. The question is then to determine whether or not it actually converges
to a point in .. The next result shows that this is not always true.

10.1.1 A Non Convergence Result

Theorem 10.1.1 Let k be a positive integer and let us consider

1
_(17r2)k[ ! o S _ 1 ] ;
o) = ) =1 " b= s SN0 = g | e < 1.
ifr <1.
(10.2)

where we use the polar coordinates (x,y) = (rcos@,rsin0). Then there exists a
bounded solution u of (10.1) whose w-limit set is homeomorphic to S'.
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Proof For N = 2, by setting u = (x, y) equation (10.1) becomes

% —
x'+ 22(x,y) =0,
o (10.3)
The system (10.3) is equivalent to
af
r'+ 2 (r,0) =0,
o gf ) (10.4)
0"+ 5356 (r.6) =0.
Let r¢g € (0, 1) and let r be the local solution of
P 2= i
(=5 e =0,
r(0) = rg.
Clearly, r is global and satisfies
vVt € (0,4+00), 0 <r(t) <1, and tlim r(t) =1.
—00
Now if we impose that
1
0= ——5— 10.5
(1 — r2k (10.5)

then a routine calculation shows that (r, 0) is a solution of (10.4). Now, the solution
(r, 0) verifies

lim r(t) =1, lim 6(t) = cc.

t—00 t—00

Clearly, the w-limit set of the trajectory u = (r cos 9, r sin 6) of (10.3) with ¢ given
by (10.2) and (r, 6) satisfying (10.5) is the entire circle {(r,0)/ r = 1}. (Il

Remark 10.1.2 We recall that a function f € C*°(R" R) is in the uniform Gevrey
class G14s(RYN R) if there exists a constant M = M (f) > 0 for which

Vim e NV, ID™ fllpe < M™|m| O]

where

N
|m| := ij
Jj=1

is the length of the differentiation index m. It is natural to conjecture that, written
in cartesian coordinates, ¢ € G, 41 outside any ball centered at O and therefore
k
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pp € Gy (R, R) forany p € G, 1 (R2, R) which vanishes in a small ball around
0 and is equal to 1 outside the ball of radius ¢ < 1. If the conjecture is valid, this
reinforces to the stronger regularity class Gi4s (R2,R) C C*®(R2, R) with § = %
the non-convergence result from Palis and de Melo [1] which stated the existence of
¢ € C®(R?%, R) for which there is a bounded solution u of (10.1) whose w-limit set
is homeomorphic to S'. As § tends to 0 the space Gs(R?, R) approaches the space
of analytic functions G (R2, R), showing that the next result is optimal if we look
for a regularity class in which convergence of bounded trajectories is always true.

10.1.2 The Analytic Case

In [2, 3], S. Lojasiewicz proved the following result which implies that the ‘bad’
situation of Theorem 10.1.1 cannot happen for analytic functions.

Theorem 10.1.3 (Lojasiewicz Theorem [2, 3]) Let ¢ : RY — R be an analytic
Sfunction. Then forall a € ., there exists c; > 0,0, > 0and0 < 6, < % such that:

IVe@)ll = calp@) — p@]'™% Yu € R u —a|l < oa. (10.6)
Remark 10.1.4 1In the sequel, 6, will be called a L.ojasiewicz exponent of ¢ at point
a. Each 0" < 0, is also a Lojasiewicz exponent of ¢ at point a, associated to a
possibly smaller radius o < o,. Moreover when considering 6’ 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) & can be reached for instance by a
direct calculation, it may happen that the choice ¢ = 1 is irrelevant. For instance if
N =1and ¢p(u) = cu’, we have IVo(u)|| = 2¢|u| so that in particular

1 1
Vo)l = 2e2¢(u)' 2.

In this case the optimal value 8 = % is associated to a maximal constant cp which tends
to O with the parameter ¢. Similar examples can be built with any super-quadratic
power function.

Remark 10.1.5 If a ¢ ., the inequality becomes trivial since ¢ is of class C!.

Theorem 10.1.6 (Lojasiewicz Theorem [2, 3]) Assume that ¢ satisfies (10.6) at any
equilibrium point a and let u € L®(RT, RN) be a solution of (10.1). Then there
exists a € . such that
lim |lu(t) —all =0.
t——+00
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Moreover, let 0 be any Lojasiewicz exponent of ¢ at point a. Then we have

O(e™%) fors0m68>0if6?=%, 107
1) —al = —0/(1-20)y - 1 .
lu(®) = all = { o-0/0-29) ir0 < g < L. (10.7)
In particular if ¢ is analytic, all bounded solutions of (10.1) are convergent.

Proof We define the function z by z(¢) = ¢(u(¢)). Then
Z(t) = —Ve@)|*. vt =0. (10.8)

So z is nonincreasing. Since u is bounded and ¢ is continuous, it follows that
K = tlim o(u(t)) exists. Replacing ¢ by ¢ — K we may assume K = 0.1f z(#p) = 0
—00

for some 7y > 0, then z(¢#) = Oforevery ¢ > f¢, and therefore, u is constant for t > t.
In this case, there remains nothing to prove. Then we can assume that z(#) > 0 for
allr > 0.

Define I' := w(u). Theorem 5.1.8 (ii) implies that I" is compact and connected.
Leta € I', then there exists t, — +00 such that u(#,) —> a. Then we get

lim @(u(ty)) = ¢(a) = K =0.

n—-+00

On the other hand, ¢ satisfies the Lojasiewicz inequality (10.6) at every pointa € ..
Applying Lemma 2.2.6 with W = X = RV, E = ¢ and & = V¢ we obtain,

1
3o,¢ > 0,30 € 0, 51/ [distw, 1) < 0 = [V = clp)]'™].

Now since I' = w(u), by Theorem 5.1.8 (iii), there exists 7 > 0 such that
dist(u, I') < 0. Then we get forallt > T

Vo) = clo@)]' . (109)
By combining (10.8) and (10.9), we get
7)< =), vi>T. (10.10)
In the case 0 € (0, %), by integrating (10.10) over (T, ¢) we find

1

—— <CuTTE, Vi=T.
(2(TY20-1 + (1 — 20)c2(t — T)) T

z(t) <

Now since
' (O = —7' (1)
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we have 5
/ lu'(s)|1%ds = z(1) — z(21) < leﬁ.
t

Applying Lemma 2.2.5 to p(t) := ||u/(¢)]|, we get

e 2]
/ llu'(s)|lds < Cat ™ T2 10.11)

t

By Cauchy’s criterion, a := lim u(¢) exists and
t—+00

Vi=T, Ju)—al < Cor T,

On the other hand, if 6 = %, the application of Lemma 2.2.4 to p(¢) := |lu’(2)]|
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. ]

Remark 10.1.7 Since the Lojasiewicz theorem is actually local, it suffices to assume
that ¢ is analytic in a ball where the solution stays for all 7.

10.2 A Second Order System

We now consider the gradient-like system
W' +u' + Vo) =0 (10.12)
where @ : RY —5 R is assumed to be C!, and we set

S ={a RN, Vo(a) =0).

10.2.1 A Non Convergence Result

The non-convergence result of Curry—Palis—De Melo (cf. Theorem 10.1.1) has
been extended to some second order equations by Véron [4] and to (10.12) in [5, 6].
More precisely

Proposition 10.2.1 Given any ¢ € Ck(]Rz,R), 1 <k < oo, there is a @ €
C*"1(R2, R) such that each solution of (10.1) is at the same time a solution of
(10.12).

Proof The statement is readily satisfied for ® = ¢ — |Vg|?/2. ([
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Corollary 10.2.2 There exist @ € C*®(R?, R) and a bounded solution u of (10.12)
whose w-limit set is homeomorphic to S'.

Proof Take ¢ as in Theorem 10.1.1. Then (10.1) has a bounded solution # whose
w-limit set is homeomorphic to S'. By Proposition 10.2.1, u is also a solution of
(10.12) for some smooth @, which proves the corollary. (]

10.2.2 A Convergence Result

Theorem 10.2.3 Assume that ® is analytic and let u € WH*(RY, RN) be a solu-
tion of (10.12). Then there exists a € . such that

lim u' ()] + |u() —all = 0.
t——+00

Moreover, let 0 be any Lojasiewicz exponent of ¢ at a. Then we have for some
constant C > 0

— 1
lu(t) —al < Ct79, if 0 <8 < .

1
lu(t) —a|l < Cexp(—dt), forsomeds > 0iff = R
Proof Let E(t) = 1|lu’(t)|1> + @ (u(t)). We have

d
7 (E@) = W’ u')y + (Vo W), u')

= W'+ Vo), u')y = —lu' @)

From Theorem 5.1.8 (ii) we know that w(u, u’) is a non-empty compact, connected
set. We also know that lim,—, ¢ [lu'(£)|| = 0 and w (u, u") C . x {0} (see Corollary
74.1). Let I' = {a/ (a,0) € w(u,u’)} and K = lim;_, o E(t). As in the proof of
Theorem 10.1.6 we may assume K = 0 and for alla € I', @(a) = 0. Then we
introduce

1
H(@) = Ellu/(t)ll2 + @ () + (VP (u(1)), u' (1))
where ¢ is to be fixed later. Therefore

H' (1) = —|lu||> + e(VO ), u”) + (VP (u)u', u')
—l 1> + (VP ), —u' — VO W)) + (V2D w) - u',u)
= —[lu'I? —eIVOW)I* — (VO W), u') +e(V?®u) -u',u').
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Since u is bounded we have
(V2O @) -u',u') < Crellu|*.
Thanks to Cauchy-Schwarz and Young inequalities we have
e(VO).u) < SIVOWIP + S|

Therefore selecting ¢ < g9 we find

H'(1)

IA

£
—(1 = Cae) || ||* - Enwb(u)uz

A

=5 (W12 + Ve wl?). (10.13)

Then H is nonincreasing with limit 0, in particular H is nonnegative. As in the proof
of the Theorem 10.1.6 we can assume that H(t) > O for all + > 0. On the other
hand, since @ is analytic then by using Lemma 2.2.6 once again as in the proof of
Theorem 10.1.6, there exist 6 € (0, %], T > 0 such that for all # > T we get

1 c?
/11> + IV@ )1 > ||u||* + 5||vq><u>||2 + ?@(u”zu—e)

> el I2 + V@ )1 + 1@ ())) >
> ca(Hn) 7. (10.14)
Combining the inequalities (10.13) and (10.14) we find

H'(1) < —es(H ().
Ifo € (0, %), intergrating this differential inequality we get

H(t) < Cot T,

When 6 = %, we find that H decays exponentially.
Now from (10.13), we get

2t 2
/ (1 + IV @ @)IP)ds < - H).
t

The proof concludes exactly as in Theorem 10.1.6. ]
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10.3 Generalization

The goal of this section is to give a general framework which covers the results of
Sects. 10.1.2 and 10.2.2 as well as some new examples. For this end, we consider the
differential equation

u(t) + @) =0, t=>0, (10.15)
where .Z € C(RV; RM).

Theorem 10.3.1 Let u € C'(Ry;RN) be a bounded solution of the differential

equation (10.15). Assume that there exists a function & € CLRM), B>10€e(0,1)
and c,c1, T > 0 such that

B —0) <1, (10.16)

Eu(t)) > 0foreveryt > T, (10.17)

(VEW®), Fu®) = cIVEu)P |.F @)l foreveryt > T, (10.18)

IVEW@)| = 1 Eu@)' ™ foreveryt > T, (10.19)

for everya € RY one has : V&@) =0= Z(a) =0. (10.20)

Then there exists a € RN such that lim u(t) = a.
11— 00

If, moreover, & satisfies for some ¢, > 0

LZ ()| > 2 Ew() =0 for everyt > T. (10.21)
Then, ast — 00,
0(e™%) forsome<3>0ifﬁ=%,
—all = _1-p(1-6)
U@ =all = § o~y i > 0 (10.22)

Proof We apply Lemma?2.2.3 with X = RY and H(r) = &(u(r)). Let u be a solution
of (10.15) which is continuously differentiable, then, by the chain rule,

d
—ch(u(t)) = —(VEW(), u' (1)) = (VEW®)), F (u(1))).
By using (10.18), (10.19) and (10.15) we get forall > T

d
- E®) = ¢ IVE NP |F @)

> cc} E@®)P = ' (1)) (10.23)
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This is condition (2.4) with n := 1 — (1 — 0) (thanks to (10.16), n > 0.)

It follows that the function ¢t —— & (u(¢)) is nonincreasing. Now if & (u(f)) = 0
for some ty > T, then &(u(t)) = O for every t > fg, and therefore, by conditions
(10.18), (10.20) and the Eq. (10.15) the function u is constant for ¢ > (. In this case,
there remains nothing to prove. Hence we can assume & (u(t)) > O forallt > T.
This is condition (2.3). By applying Lemma 2.2.3 we deduce the convergence result.
Now we will prove the decay estimate (10.22). From (10.23) we deduce forallt > T

d
- E[éa(u(t))]” > nec} [l (). (10.24)
By integrating this last inequality we get

() — all < / ' ()] ds (10.25)
t

_ 1
B cnc’l3

Ew )",

By using hypothesis (10.21) and Eq.(10.15), we get
n = 1-60 1 1 1
[E@@)"]T =&Ew@) 7 < allf(u(t))ll = allu @Ol (10.26)
Combining (10.24) and (10.26), we obtain

%[é@(u(r))"] < —necberlem’ T |

Solving this differential inequality (we have to distinguish two cases % =1lor
1=0 1), we obtain the estimate
) 0(e~ ") if p = 125,
Ew()" = —n/(1=n—6)y 0
(u(1)) OOy if g > Lo
Combining this estimate with (10.25), the claim follows. ([l

In the next subsections we discuss several applications of our abstract results.

10.3.1 A Gradient System in Finite Dimensions

We start by applying our abstract results to the gradient system

u'(t) + Vou(t)) =0,
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where ¢ € C2(RNM). The system is a special case of (10.15) if we take .7 = V.

The function ¢ is nonincreasing along u. Now if « is a bounded solution of the above

gradient system and since ¢ is continuous, it follows that ¢, = . liT @(u(t)) exists.
— 400

If we define & by
EW) =) — ¢

we see that hypothesis (10.17) is satisfied for all # > 0. If ¢ is real analytic, then
it satisfies Lojasiewicz inequality (10.6). Therefore by applying Lemma 2.2.6 with
W=X=RVE=¢,9=Vepand I' = w(u) we get

1
A >0, 3¢>0,30 €0, 51/ IVe@®)l = clo@®) - Pool 70, VI > T.

Now it easy to see that all hypotheses of Theorem 10.3.1 are satisfied (here g = 1).
Then there exists a € R such that tlim u(t) = a and the estimate
— 00

O(e™%) ifo =

lu(t) —all =
[ O~1=20)if g <

1
27
1
3

‘We thus recover the result of Sect. 10.1.2.

10.3.2 A Second Order Ordinary Differential System

Let @ € C?(RY) and consider the second order ordinary differential system

u”(t) +u'(t) + VO (u(t)) = 0. (10.27)
This system is equivalent to the first order system (10.15) if we define .% : RV —
RZN by

f(u,v)::( v ), u, veRN,

V4 VO (i)

Now let u € WL (R*, RY) be a solution of (10.27). We define the energy E of
this system as

1
E(t)= Enu’(r)n2 + @ (u()).

We know that the function E is nonincreasing and Es, = lim;—, o E(?) exists. It is
also well known that w (u, u’) is a compact connected subset of V&~ ({0}) x {0}
(see Corollary 7.4.1). Let & > 0, and define & : R* — R by

1
E,v) = Euvn2 + @) — Eoo + (VO ), vign, u, veRN,
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2
V&, v) = (ti(u)) +¢ (VVgEZ;V) .

Fix R > 0, and let M := sup,<g+1 |V2® (u)||. Choose & € (0, 1) small enough
so that (M + %)e < % Then for every u, v € RY satisfying ||u| < R we obtain

so that

(VE W, v), F (u, v))pen
= |IvlI? — & (V2D (u)v, v)gy + & (v, VO (u)) gy + £ |V ()]
> (1 —-Me— %) v + % IV (u)||*

> (IVI* + IV @)%). (10.28)

Since
d
E[éa(u(t), u' ()] = —(VEW(r), u' (1)), Fu),u' (1)) <0,

the function r —> & (u(t), u’(r)) is nonincreasing. Thanks to the fact that u” —> 0
as t — oo, it follows that liT Eu(t), u'(t)) = 0. Then & satisfies hypothesis
—>—+00

(10.17). Moreover,
IVE @, I+ I1F @, vl < CAVI+ IV @)). (10.29)
By combining (10.28) and (10.29), we obtain that
(VE,v), Fu,v))gew = ' |VE @, IIIZ u, )|l
This is condition (10.18) with 8 = 1. On the other hand, if V& (a, b) = 0 then by
(10.28) we have b = 0 and V& (a) = 0, then .% (a, b) = 0, hence (10.20).

Now if we assume that @ is analytic, then & is also analytic and satisfies the
Lojasiewicz inequality (10.6). Therefore by applying Lemma2.2.6 with W = X =
RN E=¢&,9=VEand I' = w(u, u’) we obtain the existence of T > 0, ¢ >
0,0 € (0, %] such that

Vi>T, |VEu@),u' )| = &) . (10.30)

Then hypothesis (10.19) is satisfied. On the other hand, by using (10.29) we get

17l 2 W+ v+ V9@ 2 2+ 192w = %u%@(u, Wl
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Combining this last inequality with (10.30) we obtain that hypothesis (10.21) is
satisfied. Therefore by Theorem 10.3.1, tlim (u(t), u'(t)) = (a, 0) exists. We thus
—00

recover the result of Sect. 10.2.2.

In [7], also the case of nonlinear damping was considered. The damping, however,
should not degenerate in the sense that near O the damping is in principle linear. The
case of degenerate damping which is the object of the next section has been considered
by Chergui [8].

10.3.3 A Second Order Gradient Like System with Nonlinear
Dissipation

Let ® € C>(RY, R) and consider the second order ordinary differential system
u"(1) + g/ (1)) + VP (u(t)) = 0, (10.31)
where g € C(RY, RV) satisfying

(g(v),v) = c|lv]|“™2 (10.32)
gl < Cllv)et! (10.33)

and o > 0.

Theorem 10.3.2 We suppose that for some 6 €]0, %] we have
Vae.”, o, >0/|VOW)| > |®w)—@@)|' %, Yu e Bla,0,) (10.34)

with ¥ = {a € RN, V®(a) = 0}. Assume that a € [0, 1%) and let u €
W2 (R, RN) a solution of (10.31). Then there exists a € .% such that

lim ([la@)] + [lu(@) —al) = 0.
t——+00

We also have
_ 6—a(l=0)
lu(r) — all = O~ ),

Proof First of all, we define the energy of this system
_ 1 ’ 2
E@) = Sllw @I + @ u@)).

We know that the function E is nonincreasing and E, = lim;_, o, E () exists. It is
also well known (see Corollary 8.5.1) that w(u, u’) is compact connected subset of
(V@)= 1({0}) x {0}. In order to apply Theorem 10.3.1, we must write Eq. (10.31) as
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a first order system (10.15). This is the case if we define .Z : R?V — RN by

e -V N
F(u,v) = (g(v)+Vq§(u))’ u,veRY.

Let & > 0, and define & : R?Y — R by
1
Eu,v) = EIIVII2 + @) — Exo +£|VO W) (VO W), Vg, u, veRY

so that

V&, v)

_ (W(u) + el VO VI ) - v + eal Ve ) [|* (Ve u), v) VP (u) - V¢(u>)
v+ el Vo)1V () '

Let B ¢ RY x R¥ be a sufficiently large closed ball which is a neighbourhood of
the range of (u, u’), then we have for all (u, v) € B

17w, »l = Civll + Ve @) D; (10.35)
IVE @, vl < C2(Ivll + IV@ @) ).

Now choosing ¢ € (0, 1) small enough and by using Young inequality together with
hypotheses (10.32) and (10.33), we get after some algebraic manipulations

(VEW,v), F(u,v)) = e3(IWI*F? + V@@ ") = callvl] + VR @) )**2.
(10.36)
Combining these three last inequalities we obtain

(VEW,v), Fw,v)) = ¢s [VEw, *TILF w, ). (10.37)

This is (10.18) with 8 = « + 1. Since C;l—t[é"(u(t), u' ()] = —(VEW,v), Fu(),
u'(1))) < 0, then the function t —— & (u(¢), u’(r)) is nonincreasing. Thanks to the
fact that u’ — 0 as t — oo, it follows that z—ljinoo Ew@),u'(t)) = 0. Then &
satisfy hypothesis (10.17). Now if V& (a, b) = 0, then by (10.36) b = V& (a) =0
which imply by (10.35) that .% (a, b) = 0. This is hypothesis (10.20). On the other
hand by using Young inequality we get

Eu, '™ < Co(IvIl + VO )| + 1P () — Eol'™).

We also have
1.7 (u, v)|| = c7(Ivll + IV@ @) l]).
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Combining this two last inequalities together with the L.ojasiewicz inequality (10.34),
we get
17 (o), u' @) = ¢'E @)~

This is (10.21). Since a € [0, %[ then (1—6) = (@ +1)(1—0) < 1, then (10.16)
is satisfied. Theorem 10.3.2 is proved. (I
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Chapter 11
The Infinite Dimensional Case

In [1], L. Simon completed the fundamental one dimensional result of Zelenyak
[2] and Matano [3] 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 Lojasiewicz 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

VCH=H cV
with continuous and dense imbeddings.

Definition 11.0.3 We say that the function E € C'(V, R) satisfies the Lojasiewicz
gradient inequality near some point ¢ € V/, if there exist constants 6 € (0, %), c>0
and o > O such that forall u € V with |lu — ¢|ly <o

IVE@)|ly: > c|Eu) — E(p)|'". (11.1)

Remark 11.0.4 (1) The Lojasiewicz gradient inequality is trivial if ¢ is not a critical
point of E.
(2) The number 0 will be called a Lojasiewicz exponent (of E at ¢).
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11.1 Analytic Functions and the Y.ojasiewicz Gradient
Inequality

One might wonder if Lojasiewicz gradient inequality is valid for any analytic function
on an infinite dimensional 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(«) = (Ku, u) with
K = K* > 0 and compact, then as soon as dim(R(A)) = oo, F does not satisfy the
Lojasiewicz gradient inequality for any 6 > 0. More precisely

Proposition 11.1.1 Let H = I>(N) and F : H — R be the continous quadratic
(hence analytic) functional given by

F(ug,uy,...uy,...) = zgju§

where (er)reN is a real sequence satisfying e, > 0 and klim ex = 0. Then F satisfies
— 00

no Lojasiewicz gradient inequality.

Proof Defining (e;); = §;;, an immediate calculation shows that
Vi >0, F(tex) =t2er; |VF(tex)| = 2tex.
In particular for each 6 > 0 we have

|VF(ter)| 0.20—1
Fleol= — 2

For any 6 > 0 small, choosing any ¢+ > 0 and letting k tend to infinity we can see
that the Lojasiewicz gradient inequality fails in the ball of radius ¢. ]

More generally, in [4], we considered a real Hilbert space (H, (-, -)), a linear
operator A such that
Ae€eL(H); A*=A

and the associated quadratic form @ : H —> R defined by
1
Yue H @®@u)= E(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 11.1.2 The following properties are equivalent

(i) 0 is not an accumulation point of sp(A).
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(ii) For some p > O we have
€1
Yu € ker(A)~, |Aullp = pllullg.

(iii) @ satisfies the Lojasiewicz gradient inequality at the origin for some 6 > 0.
(iv) @ satisfies the Lojasiewicz gradient inequality at any point for 0 = 5

For a general nonlinear potential F, one might wonder if the equivalent properties
above for A = D? F (a) are sufficient to obtain a Lojasiewicz gradient inequality near
a. The proposition below shows that it is not the case.

Proposition 11.1.3 Let H = I*>(N) and F : H — R be the analytic functional
given by
|2k+2

o0
F(uy,up, ...uy Z T
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;) j = 8ij, an immediate calculation shows

that
2k+2 (2k+1

vz 0. Fen =Gy WEteol= G

In particular for each 6 > 0 we have

1-6
F(tex) (0, k)1~ @k+D0.
IVF(ten)]
Choosing k large enough gives a contradiction for # small. O

In this example, the difficulty comes from the fact that dim ker(D2F(0)) = 0o
Assuming the equivalent properties of Theorem 11.1.2 and dim ker(D? F (0)) # oo
is equivalent to the semi-Fredholm character of D?F (0) (cf. Theorem 2.3.3). In the
Sect. 11.2 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.

11.2 An Abstract Lojasiewicz Gradient Inequality

The purpose of this section is to give sufficient conditions on E for the inequality
(11.1) to be satisfied. Let E € C2(V, R) and ¢ € V such that VE(¢) = 0. Up to the
change of variable u = ¢ + v and the change of function G(v) = E(¢ +v) — E(p),
we can assume whithout loss of generality that ¢ = 0, E(0) = 0 and VE(0) = 0.
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Although the formulation of the Lojasiewicz gradient inequality requires only E €
C!(V, R), one way of proving it requires E € C?>(V, R). In fact the operator A :=
D?E(0) plays an important role.

We start with the following very simple result

Proposition 11.2.1 Assume that
A e L(V, V') is an isomorphism.

Then the Lojasiewicz gradient inequality is satisfied near 0 with the exponent 0 = %
there exist two positive constants o > 0 and ¢ > 0 such that

1
lully <o = IVEW)ly' = c|Eu)|>.

Proof ltis easy to see, using Taylor’s expansion formula, that for ||« ||y small enough
we have
|E@)] < Clluly- (112)

On the other hand, since VE (1) = Au + o(u) in the sense that the difference in V'
is infinitely small compared with | ||y near 0, we have

u=A""VE®u) + o)

in the sense of V, in particular for ||« ||y small enough we can write

_ 1
lully < IA7'VE@)Ilv + 5 lullv

which means
lully < 2IVE@) |y

By combining with (11.2) we find
|E(u)| < 4CIVEW)I|I3,

equivalent to our claim. ([

Remark 11.2.2 Since A = D*E (0) is symmetric, then if A is semi-Fredholm and
d = dimker(A) = 0,by Corollary 2.3.6 A is an isomorphism. Hereinafter we assume
that d > 0. We denote by IT : V — ker(A) the projection in the sense of H.

Proposition 11.2.3 Assume that A = DZ2E(0) is a semi-Fredholm operator and
let

NV —V
u+—— IMu + VE(u).
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Then there exist a neighborhood of 0, W1(0) in V, a neighborhood of 0, W»(0) in
V' and a C' map ¥ : W»(0) —> W;(0) which satisfies

NW())=f VfeW0),
(AN (w)=u Yuec Wi(0),
() —¥@lv <Cillf —gllv Vf,g € Wa(0), Ci>0. (11.3)

Proof The function .4 is C' and D.#(0) = IT + D?E(0) which by
Corollary 2.3.6 is an isomorphism from V to V’. We have just to apply the local
inversion theorem. ]

Let (¢1, ¢2, . .. ¢q4) denote an orthonormal basis of ker(A) relatively to the inner

d
product of H. For & € R? small enough to achieve Z &jpj € W2(0), we define the
j=1
map I" by J
rE =EWwCQ 9. (11.4)

j=I
Let W>(0) be the open neighborhood of 0 in R? such that

d
£ € W1(0) & D &jp; € Wa(0).
j=1
The function I" is C! in W}(O). Let us define also
Wi(0) = {u € Wi(0)/TT() € W2(0)).
_ d
Proposition 11.2.4 Let u € W1(0) be such that IT(u) = »_&;p; € Wo(0). Then
j=1
for some constants C, K > 0 independent of u we have
IVI(E)lige < CIVE )y, (11.5)
|[Ew) — I'¢)| < KIVEWI7. (11.6)

Proof For any k € {1, ...d} we have the formula

oI d
o = xE(‘I’[j%Sj(Pj + Gk + )i ls=0
d d
= (VEW (O _&9)), DY Ej0,)¢x). (11.7)

j=1 j=1
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As a consequence of the C! character of ¥ and finite dimensionality of ker(A), it

d
is clear that under our hypothesis on u, for each k € {1, ...d}, DIII(Z Eioj)ex is
j=1
bounded in V independently of u. Now we have

d
IVI'(§)llge < C2||VE(‘1’(Z$J'<P/))|IV/
j=1
= CIVEWUTw))llv
= GVEWUIw))) = VEu) +VE@w)|y
= QIVEWly + C2C3|¥ (T (w)) —ully
= GIVEWIv + CC3 ¥ UT () — ¥ (ITu + VEu))lly
< GAIVEW)lly: + C4llVE )|l

hence (11.5). On the other hand
|Eu) — I'(§)| = |[E(u) — E(YIT()))]

ld
= I/ d—[E(u+t(‘P(17(u))—u)]dtI
0 t

1
= I/0 (VE@ + 1T () —u), YU (u)) —u)dr|
1
< |¥{UITw) — ullv/o IVE@u +t (&I () —u)lly dt
1
< [/0 (IVE@) v+t Cs|[¥TTw)) —ully)dt 1Y TTw)) —ully
< IVE@) v/ 1% T W) — ully + Cell¥ (IT(w)) — ull}.
Finally we remark that as a consequence of (11.3),
1@ (T (w) —ully = WU W) —¥UIT W)+ VEwW)|v < CiIIVE@w)]y.

And now (11.6) follows easily. (]

Theorem 11.2.5 Assume that A := D*E(0) is a semi-Fredholm operator and let
d = dimker A. Assume moreover that

(H1)d > 0and there exists O C R4 open, and h € CY(0, V) suchthat0 € h(0) C
(VE)"Y0)andh : O — h(O) isa diffeomorphism.

Then there exist two positive constants o > 0 and ¢ > 0 such that

1
lully <o = IVEW)ly' = c|Eu)|?.
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Proof Ifu € VT/1 (0) is such that VE (1) = 0, then .4 (u) = IT(u) which inlplies
that u = ¥ (I1(u)). Then by using (11.5) we obtain VI'(§) = 0 where & € W,(0)
d

with [Tu = Z%‘j(ﬂj.
j=1
Consequently we have:

d
{ue Wi(0), VE@) =0} C¥({D_&pj. & € Wa(0) and VI'(§) = 0}). (11.8)
j=1

Now we introduce the d-dimensional manifold
y =h(0)
with O and & as in (H1). Let
O =h~"(u € Wi(0), VE(u) = 0}).

Clearly O is an open subset of R? and 0 € h(0).
We now have

d
V :=h(0) C {u e Wi(0), VEw) =0} C¥({D_£jg;, & € Wa(0))).
j=1

Since the extreme terms are d-dimensional open manifolds, they must coincide lo-
cally. Therefore, changing if necessary W1(0) and W>(0)) to smaller open sets, we
obtain

d
7 =1{ueWi0), VE@ =0} =D &p;, & Wa0))). (11.9)
Jj=1
Now by comparing (11.8) and (11.9), we get
rE) =0, Vée W0).

The proof of Theorem 11.2.5 follows immediately by using this last equality in
(11.6). O

In the next theorem, we will prove inequality like (11.1) under hypotheses of analyt-
icity of E and V E. We consider a Banach space Z such thatker A C Zand Z C H
with continuous and dense imbedding.
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Proposition 11.2.6 Assume that A = D?E(0) is a semi-Fredholm operator. Let
L =1+ A Then W := £~ Y(Z) is a Banach space with respect to |w|w =
IZLwllz and £ € L(W, Z) is an isomporphism.

Proof Using Corollary 2.3.6, 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 || -Zu|z = ||ullw for all
u € W. Now we prove that W is a Banach space. Let (w,) be a Cauchy sequence
in W, then (Z(wy,)) is a Cauchy sequence in the Banach space Z. Denote by z its
limit. (£ (wy,) is also a Cauchy sequence in V', so (w;,) is also a Cauchy sequence in
V. Denote by w its limit, since .Z € L(V, V'), then £w = z. The claim is proved.
Banach’s theorem gives the fact that L Ve Lz, w). O

Theorem 11.2.7 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 2.4.1 where U C W is an
open neighborhood of 0, in addition VE(U) C Z and VE : U — Z is analytic.
Then there exists 0 € (0, 1/2], o > 0 and ¢ > 0 such that

lullv <o = [VE@)|y: = c|Ew)]|"™".

Proof For the proof we need the following result. [

Lemma 11.2.8 Then there exist a neighborhood of 0, V1(0) in W, a neighborhood
of 0,V2(0) in Z and an analytic map ¥, : V2(0) —> V1(0) which satisfies

AW =f Ve,
V(AN (W) =u Vue Vi(0),
=¥ in V2(0) N W(0)
() =¥ @lw = Cillf —gliz Y(f.8) € V2(0) N W2(0). (11.10)
Proof We first establish that

N W — Z
u+—— IMTu + VE(u)

is a C! diffeomorphism near 0, because DA (0) = [T+ A = ¥ € L(W, Z) is
an isomorphism (see Proposition 11.2.6) and the classical local inversion theorem
applies. Therefore we can find a neighborhood V;(0) of 0 in W and a neighborhood
V2(0) of 0 in Z such that 4" : V1(0) — V»(0) is a c! diffeomorphism. Finally it
is clear that ¥, = 4 ~!in V5(0) N W»(0). By applying Theorem 2.4.7, we conclude
that ¥ is analytic in V»(0).
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End of proof of Theorem 11.2.7. By using the chain rule (Theorem 2.4.5), since
E:U— R, VE:U — Zand ¥ : V,(0) N W(0) —> V1(0) are analytic, the
function I" defined in (11.4) is real analytic in some neighborhood of 0 in R¥.
Applying the classical Lojasiewicz gradient inequality (Theorem 10.1.3) to the scalar
analytic function I" defined on some neighborhhod of 0 in R? by the formula (11.4),
we now obtain (since (1 — 0) € (0, 1)):

1
IE@)|'"™? <|r@ " +Ir@E—-Ew|' " < C—O||vr<s)||Rd+|F(§)—E(u>|1—0.

By combining (11.5), (11.6), (11.11) we obtain L
[E@)'™ < C%HVE(u)nw +K'"VE@I .
Then since 2(1 — 0) > 1, there exist o > 0, ¢ > 0 such that
IVE@)|y > c|E(u)|170 for all u € V such that |u|y < o.
Theorem 11.2.7 is proved. (|

11.3 Two Abstract Convergence Results

This section is exceptionnally devoted to an abstract situation in which a trajectory of
some evolution equation 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 Chaps.5
and 7. 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 examples of Sect. 11.4 (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 H and the
imbedding of V in H 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 € C!(V, R). We study the following two abstract evolution equations: the
first order equation

W @)+ VEu@) =0,t>0 (11.12)

and the second order equation

u"(t)+u'(t) + VEu(t)) =0,t >0 (11.13)
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Theorem 11.3.1 Letu € C! (R4, V) be a solution of (11.12), and assume that

(i) Ui=1{u(t)} is compactin'V.
(ii) E satisfies the Lojasiewicz gradient inequality near every point ¢ € . = {p €
V, VE(¢) = 0}.

Then there exists ¢ € . such that
li ) — =0.
Jim lu(®) —ollv
Moreover, let 6 be any Lojasiewicz exponent of E at ¢. Then we have

O(e %) for some § > 0if0 = 1,

O(I—Q/(I—ZG)) if0 <6 < % (11.14)

lu(®) —ollm =

Proof We define the function z by z(¢) := E(u(t)) for all t+ > 0. Since u €
C!(R,, V)and E € C'(V,R), then by the chain rule, z is differentiable and

() = —llu' O3, Yt =0. (11.15)

Integrating this last equation and using (i), we get u’ € L?>(R.; H). Now, since
the range of u is precompact 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
' = —VE(u()) is uniformly continuous with values in V’. Then by applying
Lemma 2.2.2 to the numerical function ||u/(t) ||%,,, we obtain that #’(¢) tends to 0 in
V' as t tends to infinity, then by using criterion (7.3) and relying on compactness of
the trajectory in H, we conclude that w(ug) C .. Moreover, since the function z is

bounded and decreasing, the limit K := [lim E(u(1)) exists. Replacing E by E — K
—00

we may assume K = 0.

If z(tp) = O for some 7y > 0, then z(t) = O for every t > 1, and therefore, u is
constant for # > #y. In this case, there remains nothing to prove. Then we can assume
that z(z) > O for all # > 0. Define I" := w(ugp). It is clear that I" is compact and
connected. Let ¢ € I', then there exists #, — 400 such that [|u(t,) — ¢|ly —> O.
Then we get

lim E(u(t;,)) = E(p) =K =0.
n—+00

On the other hand, by assumption (ii), E satisfies the Lojasiewicz gradient inequality
(11.1) at every point ¢ € .. Applying Lemma 2.2.6 with W = V, X = V’, and
¢ = VE we obtain,

1
30> 0, 39 € (0, 3)/ [distw. 1) = 0 = [VE@)ly: = elE@)]'™].

Now since I' = w(ug), by Theorem 5.1.8 (iii), there exists 7 > 0 such that
dist(u, I') < o forallt > T. Then we get
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Vi=T |VEWly = clEw)]|'™. (11.16)
By combining (11.15) and (11.16), we get
(1) < =), Vi >T. (11.17)

The end of the proofis identical to that of Theorem 10.1.6, we obtain the convergence
of u(t) in H and the convergence in V follows by compactness ]

Theorem 11.3.2 Let u € C'(Ry, V) N C*>(Ry, V') be a solution of (11.13) and
assume that

(i) Uss1{u(t), uw' ()} is compactin V- x H.
(ii) ifK : V' — V denotes the duality map, then the operator K o D*’E (v) € £ (V)
extends to a bounded linear operator on H for every v € V, and K o DE :
V — Z(H) maps bounded sets into bounded sets.
(iii) E satisfies the Lojasiewicz gradient inequality near every point ¢ € . .= {¢ €
V, VE(p) = 0}.

Then there exists ¢ € . such that

lim |l + lu(t) — ¢llv = 0.
t——+00

Moreover, let 0 be any Lojasiewicz exponent of E at ¢. Then we have

O(e™%) forsome8>0if9=%,

O(t—e/(l—za)) if0 <6 < % (11.18)

lu(®) —¢llm = [

Proof Let
1
&) = EIIM’(I)II% + E(u(1)).
By the assumptions on u and E, & is differentiable everywhere and for all r > 0
2
E'(1) = —llu' (-
Hence & is decreasing, and by using (i) it is bounded. By integrating the last equality,
we deduce that u’ € L2(R*t, H). Since H < V' we deduce that h(¢) := ||u’ ()3,
is integrable. Moreover by assumption (i) and the Eq. (11.13), for almost every r > 0
we find

IO < 2’ Olly " Olly < C.

Hence the function £ is Lipschitz continuous and integrable which implies lim
1—>0o0

h(t) = 0. Since u’ is compact with values in H we deduce

lim [lu'()||g = 0.
1—00
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Let(p, ¥) € w(u,u’), and let (;),eny C Ry be an unbounded increasing sequence
such that lim (u(t,), u'(t,)) = (@, ¥). Obviously we get ¥ = 0. On the other hand,
n— o0

since ||lu'||p —> 0, it follows that

lim sup [lu(t, +5) —¢llg =0. (11.19)

=00 sel0,1]

Actually the same is true with values in V. In fact, assuming the contrary, there is
8 > 0 such that

VneN, sup [u(t, +5)—¢lv =4.
s€[0,1]

Then we can find a sequence (s,) C [0, 1] such that

VneN, |lut,+s,)—ollyv >

(SR ISC]

By compactness of u in V, we can find ¥ € V and subsequences still denoted (#,)
and (s;) such that
lu(ty +s0) — ¥llv — 0

which implies || — ¢|ly > % Now from (11.19) we deduce that ¢ = 1, a contra-
diction.
Therefore, lim VE(u(t, + s)) = VE(¢) uniformly in s € [0, 1].
n— oo

By equation (11.13),

VE(p)

1
/ VE(p) ds
0

1
= lim VE@u(t, +s)) ds

n— o0 0
1

= lim (—u"(ty +5) —u'(t, +5)) ds
0

n—oo

= lim —u/(ty + 1)+t (t) — uty + 1) + ulty)
n—oo

=0.

Hence ¢ € .. Now since & is bounded and decreasing, the limit K := tlim &) =
— 00

tlim E(u(t)) exists. Replacing E by E — K we may assume K = 0.

— 00

Now let € be a positive real number, and as in [5] let us define for all ¥ > 0

1
Z(t) = §||u’||%, + E(u) + e(VE@), u')y (11.20)
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where (-, -)y+ denotes the inner product in V’. We have for almost all ¢ > 0:
Z'(t) = Il + el—(VE@), u')y: = [VE@II5 + (VE@), u)yr}.
Then, using (ii), for almost all # > 0 we obtain for some P > 0
Z'(0) < (=14 Pe)|u'lly — e(VE@), ')y — e[ VE@)|3-
Since we have by Cauchy-Schwarz inequality
/ 1 2 1 2

(VE(u), u')yr < EIIVE(M)IIV/ + EIIM v

we deduce:
/ 2 €2 € 2
Zi(1) = (=14 Po)llu'lly + Ellu Iy — EIIVE(M)IIW-

By choosing ¢ small enough, we see that there exists ¢; > 0 such that for almost all
t>0
Z'0) < —a1 (15 + IVE@|3). (11.21)

Since Z is nonincreasing with limit 0, we have in particular Z is nonnegative. As in
the proof of the Theorem 11.3.1 we can assume that Z(¢) > O for all > 0.

Let I' = {¢/ (¢, 0) € w(u, u’)}. Theorem 5.1.8 (ii) implies that I" is compact and
connected. Now by assumption (iii), E satisfies the Lojasiewicz gradient inequality
(11.1) at every point ¢ € .. Applying Lemma 2.2.6 with W = V, X = V’, and
¢ = VE we obtain

|
30,¢> 0, 3 € 0,31/ [dist(u, N <o=— |[VEW]|y > clE(u)I‘*Q] .

Now by the definition of I" and using Theorem 5.1.8 (iii), we obtain that there exists
T > 0 such that dist(u, I') < o forall t > T. Then we get

Vi>T [[VEW|y > c|Ew)| 0. (11.22)

Using this last inequality together with Cauchy-Schwarz and Young inequalities, we
getforallt > T

Z(0*10 < Gl |13 + IVE@) 13, + |E ) [}*179.

< C{llu' Il + IVE@)I3,0) (11.23)
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Combining the inequalities (11.21) and (11.23) we find forallt > T
70 < =2,
C3

The conclusion follows easily. (]

11.4 Examples

11.4.1 A Semilinear Heat Equation

As a first application we study the asymptotic behaviour of the semilinear heat
equation
Uy — Au+ f(x,u)=0, (t,x) e Ry x £,
u(t, s =0, teRy, (11.24)
u(0, x) = uo(x), x € £2.

In Eq. (11.24) we assume that £2 C RN (N > 1) is a bounded domain. We assume
that f : £ x R — R is continuously differentiable and if N > 2, we assume in

addition that
3C > 0, @ > O such that (N —2)a <2

11.25
and|%(x,s)| < C(l1+|s]% ae.on 2 xR. ( )

With this condition on f, the energy functional E given by
1
Yu e HOI(.Q), E(w) = 5/ |Vu|*dx +/ Fu(x,u(x))dx,
Q Q

where F'(x,s) 1= fos f(x,r) dr, is well defined. By using Proposition 2.17.5 page
66 of [6], we know that E is of class CZ on HOl (£2) and

VE@u) = —Au+ f(x,u), Yue Hi(£2),

D’E(u)é = —A& + %(x, w)E, Vu, & € Hy(2).

It is well known that D?E (¢) is a semi-Fredholm operator for all ¢ € H(} )N
L*>(82) (see Example 2.1). Let d = dimker VE ().

Proposition 11.4.1 Assume that hypothesis (11.25) is satisfied. Let ¢ € HO1 )N
L®°(82) be a critical point of E. Assume also that one of the following hypotheses is
satisfied:
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d=0 (11.26)
d > 0 and there exists O C R? open, and h € cl(o, V)/

¢ € h(0) C (VE)_I(O) and h : O — h(0) is a diffeomorphism; (11.27)
[ is analytic in s, uniformly with respect to x € 2. (11.28)

Then there exist 6 € (0, %] and o > 0 such that

Vu € Hy(2), |u~— Ollpiy <o =1—Aut fx,W)ly-1q)
> |E(u) — E(p)'™. (11.29)

Proof Let A := D?E(yp) and assume that d = 0. Corollary 1.3.6 gives that A =
D?E(y) is an isomorphism from H_ (£2) into H~!(£2). To conclude we have just
to apply Proposition 11.2.1. Now assume (11.27) holds. To apply Theorem 11.2.5,
we have just to remark that A is a semi-Fredholm operator. For the proof of (11.29)
under hypothesis (11.28), we distinguish two cases:

Case 1: N < 3. Let Z = L?(£2), by elliptic regularity [7] we get that W :=
(IT+A)~1(Z) ¢ H*(£2) where IT is the orthogonal projectionin L2(£2) on N (A) :=
ker A. The functional E : H%(£2) N Hé (£2) —> Ris clearly analytic since it is the
sum of a continuous quadratic functional and a Nemytskii operator which is analytic
on the Banach algebra H2(22) C L®(£2) (see Example 2.3). By using Proposition
2.4.4, we also obtain that VE : W — Z is analytic. We can apply Theorem 11.2.7
to obtain (11.29).

Case2: N > 4. Let p > % and Z = LP(£2). By elliptic regularity [7], we know
that W := (IT + A)~1(Z) ¢ W%P(£2) which is a Banach algebra since p > %
The end is the same as in the first case. (Il

Remark 11.4.2 (1) The result of Proposition 11.4.1 remains true for the general
energy defined by:

E() = Z/ ou 9u /QF(x,u), ue H (), (11.30)

“ihx; ax;

where F(u) = fé‘ f(s)ds, f satisfies (11.25) and a;_ ; satisfies the following condi-
tions:
1. a;; € CH(R).
2. ajj = dji, and
d
3. Z ajj(x)§&; > )/||f;‘||2 forsome y > Oandevery § e R, r e Ry, x € 2.
i,j=1

(2) A similar result holds true for Neumann boundary conditions.
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The following result is an immediate application of Theorem 11.3.1 using the
Proposition 11.4.1. The smoothing effect of the heat equation implies (cf. [8]) that
foreache > Oand o € [0, 1),

Jtu@)} isboundedin C'**(2)

t>¢

as soon as u(t) is bounded in L*°(£2) for ¢z > 0. In particular, U,ZO{u(t)} is precom-
pact in Hé (£2).

Theorem 11.4.3 Let u € C'(R, HO1 (82)) be a bounded solution of Eq.(11.24).
Assume thatforallp € S :={p € Hé (22)) —Ap+ f(p) = 0} we have ¢ € L*°(£2)
and one of the three conditions (11.26), (11.27) or (11.28) of Proposition 11.4.1 is
satisfied. Then there exists ¢ € S such that

Jm {lu(®) = gl = 0.
Moreover, let 0 be any Lojasiewicz exponent of E at ¢. Then we have

0(e™%) for some § > 0if = 1,
lu(®) =@l 2 = 0t=0/0-20) 0 < g < L.
Remark 11.4.4 Tt has been shown in [9] that if d < 1, convergence holds without
any need of condition (11.27) or (11.28). 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. [10—12].

11.4.2 A Semilinear Wave Equation

As a next application we study the asymptotic behaviour of the semilinear wave
equation

Uy +ur — Au+ f(x,u) =0, (t,x) e Ry x £2,
u(t, ))se =0, reRy, (11.31)
u(0, x) = up(x), us (0, x) = uy(x), x € £2.

Welet 2 C RY, f € C1(2 x R; R), the spaces H := L?(2) and V := H} ()
as in Sect. 11.4.1. If N > 2, then we replace the growth condition (11.25) by the
following condition:

3C > 0, @ > 0 such that (N — 2)a < 2,

11.32
and|%(x,s)| < C(l+|s]% ae.on 2 xR. (11.32)
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Theorem 11.4.5 Let u be a solution of (11.31) such that
U, solu(t, ), us(t, )} is bounded in Hé (£2) x Lz(.Q).

Assume thatforallgp € S := {p € H(} (2)) —Ap+ f(p) = 0} we have ¢ € L*°(£2)
and one of the three conditions (11.26) or (11.27) or (11.28) of Proposition 11.4.1
is satisfied. Then there exists ¢ € S such that

i gl 2 + lu () = @l 1 =0.
Moreover, let 6 be any Lojasiewicz exponent of E at ¢. Then we have

o™ forsome5>0if6’=%,
lu() = ¢ll,2 = [0(:-9/0—29)) if0 <6 < 1.

Proof First (11.32) implies that the Nemytskii operator associated to f is compact:
Hy(2) — L*(£2), then by the Lemma 7.6.2, the orbit U,_fu(t, .), u,(t, )} is
precompact in H(} (§2) x L%(£2). This is condition (i) of Theorem 11.3.2. Moreover,
the duality mapping K : H~'(2) — HO1 (£2) is given by Kv = (—A)~ v, so that
KD?E(v) = I + (—A)~! f/(v). From this, the growth assumption on f (11.32),
and the Sobolev embedding theorem, it is not difficult to deduce that the condition
(ii) of Theorem 11.3.2 is satisfied. O
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Chapter 12
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. Before entering more specialized topics, let us mention the book of Huang [1]
and the paper of Chill [2] in which the Lojasiewicz inequality has been treated under
a somewhat different view point. The book [1] makes the connection between the
Lojasiewicz-Simon approach and some extensions of the gradient inequality, it gives
a nice coherent overall approach but the extensions do not provide new results on
PDE, the main difficulty being the transfer of refined properties of potentials to similar
properties of the corresponding energy functionals. The paper of R. Chill provides
an alternative view on the Lojasiewicz-Simon inequality relying on implicit function
theory instead of local inversion theorems. In some cases this approach appears quite
convenient.

12.1 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 conver-
gence to equilibrium was specified in L2(£2). In [3], it is shown that the same decay
occurs in HOl (£2) 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 f.ojasiewicz exponent of ¢ is exactly known, which is possible
only in exceptional cases.
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12.2 Convergence Without Growth Restriction
for the Heat Equation

In [4], the second author gave a proof of the Simon convergence theorem (cf. [5])
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.

12.3 More General Applications

12.3.1 Systems

Let V = (Hj(2))", H = (L*(2))", V' = (H~'(£2))" and we define the function
E: (Hj(22))" — Rby

1 n
Vu = (ur,...oun) € (Ho(R))", E@) = 52/|Vu,-|2dx+/F(u)dx.
i=lg 2
When N > 2, we assume that
IVZF(x, )| < C(1 + [Is[|%) ae.on 2 xR (12.1)

for some C > 0 and @ > 0 such that (N — 2)a < 2. By using Proposition 2.17.5
page 66 of [6], we know that E is of class C? on HO1 (£2) and

VEW) = (—Aui + fi(x,u), ..., —Auy + fu(x,u))
o) d
D*E(u)(§) = (—A& + a—fi(x, WEL, ..., —A&, + a—fl(x, u)Ey) YE € (Hy (2))".

It is well known that dim ker D2 E (p) is finite for all ¢ € (Hj (£2))" N (L>®(£2))".
Letd = dimker VE (¢).

Proposition 12.3.1 Assume that hypothesis (12.1) is satisfied. Let ¢ € (H(} 22)n
(L®°(£2))" be a critical point of E. Assume also that one of the following hypotheses
is satisfied:

d=0
d > 0 and there exists O C R? open, and h € C](O, V)/e € h(0O) C (VE)fl(O)
and h : O — h(0O) is a diffeomorphism;

f is analytic in s, uniformly with respect to x € §2
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Then there exist 6 € (0, %] and o > O such that

Ve (Hy ()", u=9llyi o) <o = IVEWx-1@)y = E@—E@)]'™
(12.2)

12.3.2 Fourth Order Operators

Let V = H(2), H = L*(22), V' = H ?(£2) and we define the function E :
H3(2) — Rby

1
Yu € HJ(2), E(u)= z/|Au|2dx+/F(u)dx
2 2

where F(u) = fou f(s)ds. When N > 4, we assume that f(x,0) € L*°(£2) and

a
|a—f(x,s)| <C(+]s]* ae.on 2 xR (12.3)
s

for some C > 0 and o > O such that (N —4)(«¢ + 1) < N + 4. By using Proposition
1.17.5 page 66 of [6], we know that E is of class CZon Hoz(.Q) and

VY € HY(Q), (VE@. V) pyaup = (A% + F 0, 9) s

0
Y € Hy(2), (D’EW3§. V) g2z = (A% + a—f(x, WE V) 2y 2

It is well known that dimker E'(¢) is finite for all ¢ € HOZ(.Q). Let d =
dim ker E’(¢).

Proposition 12.3.2 Assume that hypothesis (12.3) is satisfied. Let ¢ € Hg(.Q) N
L®°(82) be a critical point of E. Assume also that one of the following hypotheses is
satisfied:

d=0 (12.4)
d > 0 and there exists O C RY open, and h € CI(O, V)/ (12.5)
¢ € h(0) C (VE)fl(O) and h : O — h(O0) is a diffeomorphism;

f is analytic in s, uniformly with respect to x € 2. (12.6)

Then there exist 6 € (0, %] and o > O such that

Vu € Hy(R), llu—¢llp2o) <o = 1A%+, w)lg2g) = [E@—E@]' ™.
(12.7)



136 12 Variants and Additional Results

Remark 12.3.3 1In virtue of Remark 11.0.4, if ¢ is not a critical point of E, (11.29)
is just the consequence of the fact that E € C'(V, V’). In this case we do not need
any specific assumption.

Proof The proof of (12.7) under hypotheses (12.4) and (12.5) is the same as in the
Proposition 11.4.1. Now assume that (12.6) holds. As in the proof of the Proposition
11.4.1, we distinguish two cases:

Case 1: N < 3. Let Z = L?(£2), by elliptic regularity [7], we know that W :=
(IT + A)~'(Z) ¢ H*(£2) where IT is the orthogonal projection in L>(£2) on ker A.
It is also clear that ker A € Z = L?(£2). The functional E : Hoz(.Q) — 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 2(2) C L>®(£2) (see
Example 2.3). By using Proposition 2.4.4, we also obtain that VE : W — Z is
analytic. We can apply Theorem 11.2.7 to obtain (12.7).

Case 2: N > 4. Let p > max(2, %) and Z = LP(£2). By elliptic regularity [7],
we know that W := (IT + A)~!(Z) ¢ W*P(£2) which is a Banach algebra since
p > %. The end is the same as in the first case. ]

12.4 The Wave Equation with Nonlinear Damping

In [8], L. Chergui succeeded to generalize Theorem 10.3.2 to the semilinear wave
equation with nonlinear localized damping

Ui + |us|%u; — Au+ f(x,u) =0, (t,x) e Ry x £2,
M(O,X) - uo(x)a ut(07-x) - ul(-x)v X € '{2

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 [9].

12.5 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 [10] with application to the exact decay of the solution when the
limitis 0, and in [11] under a positivity condition of the energy. The last result allows
for a continuum of equilibria to exist, but only for Neuman boundary conditions.
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12.6 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 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
u +u +ud=0.

Apart from the zero solution, it is true (although not completely trivial to prove, cf.
e.g. [12] that here are only two possible rates of decay: as t~2 or as e~’. Actually
the first case corresponds to solutions behaving as those of u” + u? = 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 equation u” + c|u’|%u’ + |u|Pu = 0 where ¢, o, B are positive
constants. If « > «g = %, all trajectories are oscillatory up to infinity and tend
to 0 at the same rate. If o < «, all trajectories have a finite number of zeroes on
[0, 0o) and there are two different rates of decay at infinity. For the details, cf. [13].

In a series of papers, the exact decay rate of solutions have been thoroughly
studied for more complicated second order ODE and for infinite-dimensional abstract
problems containing semilinear parabolic and hyperbolic equations. We refer to
[14—18] for the details.

12.7 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
[19-23].

12.8 Non Convergence for Heat and Wave Equations

Non convergence results for parabolic and hyperbolic equations with smooth non-
analytic nonlinearities were proved by [24-26]. Although such negative results may
look natural since 2 dimensional ODE systems already produce such bad phenomena,
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the question is whether or not the fact that the generating 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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