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Part I

Dynamical Systems in Population
Dynamics






Chapter 1
Semiflows, w-limit Sets, a-limit Sets, Attraction,
and Dissipation

1.1 Introduction

Let (M, d) be a complete metric space. Typical examples in population dynamics
will be
M =R} = [0, 00)".

A more general class of subset M are the intervals in R”. That is a subset of the
following form
M=[c,0)={xeR":¢; <x;},

M=c,d]={xeR":¢; <x; <d;},

or
M = (—co,d] ={x e R" : x; < d;},

where ¢,d € R" and ¢ < d.

These subsets will be endowed with usual distance (induced by the norm ||.|| of
R™)
d(x,y) =[x = yll.Vx,y € M.
Then (M, d) be a complete metric space (since the subsets M are closed subsets of
R™).

In order to consider both discrete and continuous time dynamical systems, the
time will vary either in

I, = [0,+00) and I = R (continuous time)

or in
I, =N and I = Z (discrete time).

Definition 1.1 Let {U(f)},.o be a family of continuous maps from M into itself
parameterized by ¢ € I,. We will say that U is a continuous semiflow on M if the
following properties are satisfied

) U0)x =x,Vx € M,
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@) U@U(s)x =U(t+s)x,Vt,s = 0,Vx € M;
(iii) The map (¢, x) — U(¢)x is continuous from I, X M into M.

Moreover we will say that U is a continuous time semiflow if /, = [0, +oc0) and a
discrete time semiflow if /, = N.

Remark 1.2 Since we assumed that the map x — U(#)x continuous (for each 7 > 0),
it follows that a discrete time semiflow is always continuous. That is to say that the
property (iii) of Definition 1.1 is always satisfied for discrete time semiflow.

1.1.1 Discrete time semiflow and difference equation

Assume that a discrete semiflow {U(#)}, ¢y is given. Define the map T : M — M
T(x) =U(1)(x)
and the sequence {up }, ey
u, :=U(n)(x),¥n > 0.
Then by using the property (ii), we obtain
u, =Um)(x) =U(1)(U(n-1)(x)) =T(up-1),Yn € N, and ug = x.
So we obtain a difference equation
Un1 =T (u,),Vn €N, withug=x € M.
We also observe that

uy =Xx
up =T (x)
uy = T(T(x)) = T*(x)

and we obtain
u, =T"(x),Vn € N,

where T" is defined by
T =ToT",VneNandT° = I.

Conversely, assume that amap 7 : M — M is given. Then the semiflow {U(?)}, iy
is defined by
Un)(x) =T"(x),Yn e N,Vx e M,

where T : M — M is a continuous map.
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1.1.2 Semiflow generated by the 1-dimensional logistic equation

Let us consider the family of maps {U(¢)},. defined on M =R, as follows

el'x
Ulx=——2"  Vi>0,vx20, (1.1
1+K/0 el xdo

where A € R and « > 0.
Lemma 1.3 The family {U(t)}, < is a semiflow on M = [0, o0).

Remark 1.4 The semiflow U(#) can not be extended (backward in time) to a flow

because the solution of the logistic equation + — U(t)x is blowing up for negative
A A

time (whenever x > —). But U(¢) restricted to [0, —] defines a flow (whenever
K K

A >0).

Proof Let us verify that U(¢) is a continuous semiflow on R,. Indeed, it is clear that

U0)x = x,Vx € R,.

Lett,s > 0, we have

A eMx
S o
l+l(/0 el xdr

t As
l+k [, el —&2% —do
fO 1+k fo‘s e xdr

e
UU(s)x =

e/l(t+s)x

1+ Kfos eV xdr + K/Ot e (o+5) xdo

and by using a change of variable, we obtain that
t t+s
/ M) ydo = / eV xdr,
0 s

e/l(t+s)x

t+s
1+ Kfo eV xdr

and it follows that

UU(s)x = =U(t+s5)x.

Therefore U is a semiflow on R,. O
Remark 1.5 The map r — N(¢) := U(¢)x satisfies the logistic equation
N'(t) = AN(t) — kN?(1). (1.2)

We refer to Chapter 5 in Volume I for more results.
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1.1.3 Semiflow generated by a 2-dimensional Bernoulli-Verhulst
equation

Let @ > 0. Consider the family of maps V(7) on R? defined by
1
0\ \ o

(U(l);”)gz)) eA[X, if X = + 0’

0, if X =

(1.3)

S O =

where U(¢) is the semiflow defined by (1.1), and

(-

is the Euclidean norm, and (see Section 3.9.3 in Volume I) we have

X1l =

_ [ cos(wt)x —sin(wt)y

At [ X
¢ y |~ \sin(wt)x + cos(wt)y |’
0 —w
(1)

Lemma 1.6 The family {V(t)}, g is a semiflow on R2.

with

Proof We first observe that

[l X|[; = (cos(wr)x)? = 2 cos(wr)x sin(wi)y + (sin(wr)y)?
+ (sin(wr)x)? + 2 sin(wt)x cos(wt)y + (cos(wt)y)?
= x2 452
= 1X13.

and we deduce that e/’ preserves the Euclidean norm of X
lle? X]|, = 1X1l,, Ve € R.

It follows that
V(1) (Rz\ {0}) c R2\ {0},Vr > 0.

Let X # 0. By applying the Euclidean norm on both sides of (1.2), we deduce that

v (1X19)

IvV(nx|ly =
I1x11¢

e ]Iy = v (1x18) ve = o,

and
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VOV(S)X = (%) V()X

1

= v (ves (||x||2))] ’ A’%

= |va+s (1x1g)]" et
=V(t+s)X,

q:\~

whenever ¢ > 0 and s > 0. It follows that V() is a continuous semiflow. O

Remark 1.7 The map r — X(¢) = V(¢)X satisfies the 2-dimensional Bernoulli-
Verhulst equation
X'(t) =

A+%IX@—§”HOMXOLWZQ (1.4)

We refer to chapter 5 in volume I for more results.

1.1.4 Explicit formula for the semiflow of the Poincaré normal form

In the special case 6 = 2, we obtain

VX = U@Qwﬁ)wﬂﬁﬁ)ﬁX¢a .
0 if X =0,

x(t
y(t

and from the above computation we deduce that r — V()X = ( ; ) satisfies the

following system of ordinary differential equations

{x/(t) = 9x(1) —wy(1) = § (x(1)> + y(1?) x(1), (1.6)
(1) = wx(t) + 3y(1) = § (x(1)* +y(1)*) y(0). '

The system (1.6) is nothing but the Poincaré normal form for Hopf bifurcation.
We can say that the Poincaré normal form is a special case of the 2-dimensional
Bernoulli-Verhulst equation.

1.2 Stability of an Equilibrium

Definition 1.8 We will say that X € M is an equilibrium for U if
U(t)x =x,Vt > 0.

Set
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By (x,e) ={yeM:d(x,y) <&}.

Definition 1.9 We will say that an equilibrium X € M is stable for U if for each
& > 0, there exists 7 € (0, £] such that

U(t)By (%,17) C By (X, )Vt > 0.

We will say that x € M is unstable otherwise. That is to say that, there exist £ > 0,
and a sequence x,, — X and #,, — +co such that

“U(tn)xn _)_C” > E.

We will say that x € M is asymptotically stable, if x is stable for U and if there
exists 7 > 0 such that for each x € By; (X, 1)

lim U(t)x =X.

t—+00

We will say that x € M is exponentially asymptotically stable, if x is stable for U
and if in addition we can find three constants n > 0, @ > 0, M > 1 such that

d(U(1)x,X) < Me™ ™ d(x,X),Vt > 0,¥x € By (,77) .

Another equivalent definition of stability is the following. We will say that an
equilibrium X € M is stable if for each neighborhood V of X in M (that is to say that
V contains a ball By (X, €)), we can find a neighborhood W c V of X in M such that

U)W c V,vr > 0.

In this case, by considering

W= U Unw,

t>0

we have U(0)W = W (since U(0) = I), so we deduce that
WcwcV.

So Wis a neighborhood of X in M, (since W is a neighborhood of X in M), and we
have

UOW =U(®r) U U(s)W = U U)U(s)W

5>0 s>0

= Jus+ow={ Juoyw.

5>0 1>t

Thus L
U)W c W,Vr > 0.

Therefore we obtain the following lemma.

Lemma 1.10 The following properties are equivalent
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(i) x € M is stable equilibrium for U;
(ii) For each neighborhood V of X in M, we can find neighborhood W C V of X in
M, such that
U)W cV,Vt > 0.

(iii) For each neighborhood V of X in M, we can find a neighborhood W C V of X in
M, such that
U)W c W, vVt > 0.

We can observe that an equilibrium X is unstable for U if there exists & > 0 such
that for each 1 > 0 there exists t = ¢ () > 0 such that

Therefore by considering a sequence 17, = 1/(n + 1) — 0, we obtain the following
lemma. For each integer n > 0 we can find #, > 0 such that

U(ty)By (x,1/(n+1)) & By (X, €) .
Therefore we can finds x;,, € By (X, 1/(n + 1)) with
d(U(ty)xp, %) = €.

Moreover, we must have #,, — +oo because U is a continuous semiflow. Otherwise,
we can find a sub-sequence 7,,, — £, and by continuity of U, we deduce that

lim d(U(t,)x,,x) =0,

which is impossible since € > 0.

Lemma 1.11 An equilibrium X € M is unstable for U if and only if there exists € > 0
and two sequences x,, — X and t,, — +oo such that

d(U(ty)xn,x) > &,Yn > 0.

Definition 1.12 Let A be a subset of M. We will say that A is positively invariant
by U if
U(t)A c AVt > 0.

The subset A is positively invariant if and only if for each x € A
U(t)x € A, ¥Vt > 0.

We will say that A is negatively invariant by U if
U(t)A D A, V¥t > 0.

The subset A is negatively invariant if and only if for each y € A and each ¢ > 0,
there exists x € A such that
U(t)x =y.
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We will say that A is invariant by U if A is both positively and negatively invariant.
That is
U()A =AVt=0.

Example 1.13 Consider the map 7 : [0, 1] — [0, 1] defined by
T(x) =4x(1 -x),¥x € [0,1].
Then T reaches its maximum on [0, 1] at x = 1/2 and
T(1/2) =1.

Therefore
T([0,1]) =10,1].

Clearly the map 7 is not one to one. We deduce that [0, 1] is invariant by the discrete
time semiflow
Un)=T",Yn > 0.

But the map x — U(n)x is not invertible.
Definition 1.14 We will say that O, = {u(t)},5o C M is a positive orbit of U if
u(t) =U()u(0),Vt 2 0 o u(t+s) = U(s)u(t),vt,s > 0.
We will say that {u(f)},.o C M is a negative orbit of U if
u(—t) =U(s)u(—t —s),Vt,s > 0.
Finally we will say that O = {u(?)},c; € M is a complete orbit of U if
u(t) =U(s)u(t —s),Ys = 0,Vr € I.

We will say that an orbit (positive, negative or complete) passes through x € M at
time ¢ = 0 if u(0) = x.

Remark 1.15 Let x € M be given. Then there exists at most one positive orbit
passing through x at time t = 0, which is

u(t) :=U(t)x,Vt > 0.

But in general there is no negative orbit passing through x at time 0. Since the
map U(?) is not always onto for r > 0. Moreover when there exists a negative orbit
passing through x, the negative orbit is not necessarily unique since the map U(¢) is
not always one to one for t > 0. As an example of non-unique negative orbit consider
Example 1.13.

Remark 1.16 If {u(t)},.; € M is a complete orbit passing through x then the set

0 := U{u(t)}

tel
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satisfies
U(t)O =0,Vt > 0.

This is an example of invariant set.

1.3 w-Limit and o-Limit Sets

Definition 1.17 Let x € M. Let {u(t)},59 C M be a positive orbit of U passing
through x at time 0. The w-limit set of x is defined as

w(x) = ﬂU{u(s)}.

t>0s>t

Let {u(?)}; <o be a negative orbit of U passing through x at time 0. Then the a-limit
set of x (with respect to this negative orbit) is

a(x) = ﬂU{u(s)}.

t<0s<t

The omega limit set satisfies

w(x) = {y €M :3{ty},,eny C I+ — +ocosuch that lim u(z,) = y}
n—+oo
={y €M :Vt>0,Ye > 0,ds > t such that d(u(s),y) < &}.

Similarly the alpha limit set satisfies

a(x) = {y €M :3{t,}, ey C I+ — +oosuch that lim u(-t,) = y}
n—+oo
={y€e M :Vt £0,Ve > 0,3s <t such that d(u(s),y) < &}.

Example 1.18 We have for example

u(r) =cos(r) = (N U {u(s)} =1[0,1],

t>0s2>t
u(t) =tcos(t) = (N U {u(s)} =R,
t>0s2>t
u(t) =t = tOO L>Jt {u(s)} = o.

So the omega limit sets can be compact, non compact or empty.

Definition 1.19 Let (M, d) be a metric space.

(i) A subset C C M is compact if and only if any sequence in C has a sub-sequence
which converges in C.

(ii) A subset C C M is relatively compact if and only if C (the closure of C in
(M, d)) is compact.

In the general case w-limit set is non empty only whenever the positive orbit
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O+ ={u(n)}; 50
is relatively compact (i.e. its closure is compact).

Theorem 1.20 Let {u(t)},o C M be a positive orbit passing through x € M at time
t = 0. Assume that the closure of this positive orbit

| u(en
20
is compact.
Then the w-limit set satisfies the following properties:

(i) w(x) is a non empty compact subset of M;
(ii) w(x) is invariant by U,
(iii) lim d (u(t), w(x)) =0, where
t—+00

d (x,B) := inf d(x,y).
yeEB
Remark 1.21 If M is a closed subset of R”, and the metric d is induced by a norm

on R" (i.e. d(x,y) = ||lx = y||), then |J {u(¢)} is compact if and only if the positive
120
orbit |J {u(z)} is a bounded set.

t>0

Before proving Theorem 1.20 we need the following lemma.

Lemma 1.22 Let B ¢ M. Then the map x — d(x, B) is Lipschitz continuous. More
precisely
|d(x,B) —d(y,B)| <d(x,y),Yx,y € M.

Proof Letx,y € M and z € B. We have
d(x,B) <d(x,z) <d(x,y)+d(y,2).

Thus
d(x,B) < d(x,y)+d(y,B)

and the result follows. O
Proof (of Theorem 1.20) Define
A=)y vezo.
s>t

By assumption for each ¢ > 0, the subset A, is compact. Moreover the family t — A,
is decreasing, that is to say that

r>s5s= A, CA;.
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Proof of (i). Let {t,} — +co be an increasing sequence and x,, € A;,,Vn > 0. Then
since Ay is compact, and the family t — A, is decreasing, we have

Xn € Ag,Vn > 0.

So, we can find a converging sub-sequence {x, },,>o — z € Ao (denoted for notational
simplicity by the same index).

Moreover for each ¢ > 0, we can find an integer ny > 0 such that ¢, > ¢, Vn > ny,
and since the family r — A, is decreasing

X € A, Vn > ny.
But the subset A; is closed by construction, therefore
7€ A,V >0.

hence w(x) is non-empty (since z € w(x)).
Next, consider a sequence in the w-limit set

X, € w(x),Vn > 0.

Then
X, € A;,Vn > 0,Vt > 0.

Since Ag is compact, we can find a converging sub-sequence, and since this sub-
sequence belongs to each subset A; (which is closed), we deduce that the limit of
this converging sub-sequence belongs to w(x). Therefore w(x) is compact.

Proof of (ii). Observe that for each 7, s > 0

U{u(z)}) = |J oy (1.7)

1>t [>t+s

U(s)

This equality implies that

Ul(s)

U {u(l)}) C Ass

1>t

and since the map x — U(s)x is continuous we obtain
U(s) (Ar) C Apss. (1.8)

From (1.7), we also have

Us) (A) > | ()}

[>t+s

and since by assumption A, is compact and x — U (s)x is continuous, it follows that
U(s) (A;) is compact and we obtain
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U(s) (Ar) D Apss- (1.9)
By combining the inclusions (1.8) and (1.9) we obtain

U(s) (A1) = Apss, V1,5 2 0.

The invariance of the w-limit set follows from the following observation

(A = USA =) Aws = 0.

U(s) (w(x)) = U(s) )
t>0 t>0 t>0

Proof of (iii). Assume by contradiction that there exist € > 0 and a sequence
t, — +oo such that
du(ty),wx)) =2&,Vn > 0.

By compactness of Ap, we can find a converging sub-sequence (denoted with the
same index) such that
lim u(t,) =z € w(x).

n—+o0o

By Lemma 1.22, we deduce that

£/2< Tim d (u(ty), 0(x) = d (z,0(x)) =0,

which is a contradiction. O

The proof for alpha limit sets is similar to the proof of Theorem 1.20.

Theorem 1.23 Let {u(t)},.g C M be a negative orbit passing through x € M at

time t = 0. Assume that |J {u(t)} is compact. Then the a-limit set satisfies the
1<0
following properties

(i) a(x) is a non empty compact subset of M;
(ii) a(x) is invariant by U.
(iii) tlir_n d (u(t),a(x)) = 0.

1.4 Heteroclinic and Homoclinic Orbits

Proposition 1.24 Let {u(t)},>9 € M be a positive orbit passing through x € M at
timet = 0. Then
wkx)={x:} e tlim u(t) = x4.
—+00
Moreover in that case, X must be an equilibrium of U.

Let {u(t)};<o C M be a negative orbit passing through x € M at time t = 0. Then
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alx)={x_-} & tl_i)r_noou(t) =X_.
Moreover in that case, X_ must be an equilibrium of U.
Proof By using the definition of w(x), we deduce that w(x) = {x,} is equivalent to
zEHloo u(t) =xy4.
Let s > 0. Since t — u(t) is a positive orbit, we have
u(t+s) =U(s)u(t),Vt =0,
and by taking the limit when # — +co on both side, we obtain
X = U(s)x,.
By using the definition of a(x), we deduce thata(x) = {x_} is equivalent to
tl_i)I}loo u(t) =x-_.
Let s > 0. Since t — u(t) is a negative orbit, we have
u(t+s)=U(s)u(t),Vt < —s,
and by taking the limit when r — —co on both side, we obtain
x_=U(s)x_.
Definition 1.25 A complete orbit {u(7)},c; is called a heteroclinic orbit if there
exist X_o € M and X, € M such that

lim u(f) =X_o and lim u(?) = X;co.
t——00 t—+00

That is equivalent to say that both the omega limit set and alpha limit set are reduced
to a single point. That is

a(x) ={X-o} and w(x) = {X4c0} -

A complete orbit {u(f)},.; is called a homoclinic orbit if this orbit is not constant
and there exists x € M such that

lim u(t) =X and tlim u(t) =Xx.
—+400

t—+00

That is equivalent to say that this orbit is not constant the omega limit set and alpha
limit set are reduced to the same single point. That is

a(x) =w(x) = {x}.



22 1 Semiflows, w-limit Sets, a-limit Sets, Attraction, and Dissipation

1.5 Attraction of Sets and Hausdorff Distance and Semi-Distance

Let (M, d) be a complete metric space. For any subsets A, B C M, we define
Hausdorft’s semi-distance of B to A as

6(B,A) :=supd(x,A),

xX€eB

where
d(x,A) := inf d(x, 7).
ZE€EA

For each € > 0, we define an open e-neighborhood of A (see also Section 2.4 in
Chapter 2 for more results) as

N(A,e) ={xeM:d(x,A) <e&},
and a closed e-neighborhood of A as
N(A,e):={xeM:d(x,A) <&}.

Now by using the fact that x — d(x, A) is a continuous map, we deduce that N(A, €)
is an open neighborhood of A and N(A, €) is a closed neighborhood of A. From
these observations, it becomes clear that § (B, A) is measuring the distance of B to A
(and not the converse). Therefore §(B, A) is only a semi-distance (since 6(B, A) =0
does not imply A = B).

Remark 1.26 The open ball By, (x, €) (respectively the closed ball By (x, €)) cen-
tered at x with radius £ > 0 satisfies

By (x,8) ={y € M : d(y,x) < e} = N({x},9),

and _ .
By(x,e)={yeM:d(y,x) <e}=N({x},e).

Definition 1.27 The distance between two subsets A, B ¢ M is measured by using
the so called Hausdorfl’s distance which is defined by

dp (A, B) = max(5(B, A), 6(A, B)).
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N(Ae)

[

Fig. 1.1: The figure illustrates the notion of Hausdor{f’s semi-distance of B to A. In
the figure € = 5(B, A). The black curve corresponds to the boundary of N(A, €) a
e-neighborhood of A.

N(B,¢)

‘n
N

Fig. 1.2: The figure illustrates the notion of Hausdor{f’s semi-distance of A to B. In
the figure € = §(A, B). The black curve corresponds to the boundary of N(B, ) a
e-neighborhood of B.

Definition 1.28 We say that a subset A ¢ M attracts a subset B ¢ M for a semiflow
U on M if

llim o(U(1)B,A) =0.

—+00

Remark 1.29 This means that for each £ > 0, we can find #y = 79(&) > 0 (large
enough) such that for each ¢ > t¢, the subset U(¢)B = {U(t)x : x € B} is included
inN(A,e).

To illustrate the notion of attraction, we first prove that the positive orbit is attracted
by the omega limit sets (whenever it is exists).

Lemma 1.30 Let {u(t)};59 € M be a positive orbit passing through x € M at time

t = 0. Assume that
0+(x) = |_J ()

>0
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is relatively compact. Then w(x) attracts O (x) for U.

Proof We first observe that

U@OA@zLMM@LWZQ

s>t

Assume by contradiction that w(x) does not attract O, (x) for U. Then we can find
€ > 0 and a sequence #,, — +oo such that

O(u(ty), w(x)) = &,

and we obtain a contradiction with Theorem 1.20-(iii). ]
Remark 1.31 If we consider the family of subsets A; := |J {u(s)}, then w(x)
st

attracts O, (x) for U is equivalent to say that

lim 6 (A;, w(x)) =0.
1—+00

Let {u(t)}, <o C M be a negative orbit passing through x € M at time ¢ = 0. We can
adapt this last notion of attractivity for the alpha limit sets, by saying that if

0-() = J ()

<0

is relatively compact, then
tlim 6 (Bs,a(x)) =0.

where

B =| J{u()}.

S<t

The Hausdorff semi-distance measure the distance of B to A. Therefore if B C A
then §(B, A) = 0. Moreover, if £ > 0 then

6(B,A) == B C N(A,e).
This means that we can find a sequence x € B such that
d(x,A) <&,
and there exists a sequence x, € B such that
nlglgo d(x,,A) =¢.
The Hausdorff distance can also be defined as follows
dy (A,B)=inf{e >0: AcC N(B,e) and BC N(A,¢)}.

Actually the Hausdorff distance is not a real distance, because we only have
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dy (A,B) =0 A =B.

But the Hausdorf is a real distance if we restrict to the closed subsets.

Proposition 1.32 Let (M, d) be a metric space. Then the set of closed subsets of M
is a metric space endowed with the Hausdorff distance.

Proof 1t remains to prove the triangle inequality for the Hausdorff distance. Assume
that
dy (A,B) <ganddy (B,C) < .

From the proof of Lemma 1.22, we know that for eachx € C, z € B,
d(x,A) <d(x,z) +d(z,A).
Let x € C be fixed. Since
dy (B,C) <&’ = Cc N(B, &),
we can choose z € B such that d(z,x) < &’, and
dy (A,B) <e = BCN(A,¢).

We deduce that
d(x,A) <& +¢&,VxeC.

By taking the supremum in x, we obtain

6(C,A) <dy (A,B)+dy (B,C),
and by symmetry of the problem, we obtain

6(A,C) <du (A,B)+du (B,C).

We conclude that
dy(C,A) <dy (A,B)+dy (B,C).

The proof is completed. O

1.6 Connectivity of w-Limit Sets and «-Limit Sets
Internally chain transitive w-limit sets and @-limit sets

The fundamental property of omega limit sets is the fact that each couple of points in
aomega limit set can be almost connected by an orbit staying in a small neighborhood
of the omega limit set. The following result is making this statement more precise.

Lemma 1.33 Assume that the positive orbit O, (x) (respectively the negative orbit
0_(x)) is relatively compact. For each a,b € w(x) (respectively a,b € a(x) ) and
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eache >0wecanfindag,bg € M and tz > 0 such that
d(a7 aé‘) S ‘9’ d(b7 bé‘) S ‘9’

U(ts)as = by,

and
U(t)a, € N(w(x),¢e),Vt € [0,1.],

which is equivalent to
d(U(t)as,w (x)) <&Vt e[0,1:].
Proof We have lim;_, - 6(U(#)x, w(x)) = 0. So we can find ¢y > 0 such that
(U (H)x,w(x)) < &, Vt > 1.

Since a belongs to w(x) we can find t; > to such that d(U(t)x,a) < e. Set
ag = U(t1)x. Then since b belongs to w(x) we can find #, > t; > ty such that
d(U(ty)x,b) < &.Set b, = U(t)x and the result follows. O

Definition 1.34 Let A be a subset of M. We say that a € A is chained to b € A in
A, if for each r* > 0, for each € > 0, and each np > 0, there exist T € [r*,t* +n] N1,
and x1,x2, ...,X;, € A (with m > 2) such that

x1=a, xy, = b, andd (U(7)x;,xi41) < &,Vi=1,...m—1.

We will say that A is internally chain transitive, if for each a, b € A, a is chained
tobin A.

Theorem 1.35 Let {U(¢)},<; be a continuous semiflow on (M, d). Then the omega
limit set (respectively alpha limit set) of a relatively compact positive orbit (respec-
tively negative orbit) is internally chain transitive.

Lemma 1.36 Let {U(¢t)},; be a continuous semiflow on (M, d). Let C be a compact
subset of M. Then for each € > 0, and each t* € I (with t* > 0), there exists § > 0,
such that s € [t*,1* + 6], u,v € M,

d(u,C) <6,d(v,C) <6, andd (u,v) <6 = d(U(s)u,U(s)v) < &.

Proof Assume by contradiction that there exists £ > 0 and two sequences u, € M,
and v, € M, and s, € [t*,t* + 1/n], such that for each integer n > 0,

d(u,,C) <1/n,d(vy,C) < 1/n, and d (uy,v,) < 1/n,
implies
d(U(sp)un, U(sy)vy) > &. (1.10)

By definition of distance d (x, C), we can find two sequences u,f € C and v,f eC
such that
d (unuf) <2/nandd (vn,vf) <2/n.
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By using the triangle inequality we obtain

d (uc vc) <d (ugun) +d(up,vy) +d (v,,,v,?) < 5/n.

n>"n

Now, by using the fact that C is compact, we can find some converging sub-sequences
(denoted with the same index), such that

C

,ow, andvf—>w, as n — +oo,

u

By using the continuity of (¢,x) — U(z)x, we deduce from (1.10) that
0=d(U([*)w,U(")w) > & > 0.

A contradiction. The proof is completed. O

Proof (of Theorem 1.35) Let us prove the result for omega limit set (the proof for
alpha limit set is similar). Let x € M, and assume that y*(x) is compact. Then w(x)
is nonempty, compact, invariant and

tl_i)rzlw d(U(t)x,w(x)) =0.

Let t* € I (with t* > 0), € > 0, and > 0 be fixed. By continuity of U, and
compactness of w(x), we can find § € (0, &/3) N (0, n), with the following property:
Ifse[t*,t*+6],u,veM,

d(u,wx)) <6,d(v,w(x)) <6, andd (u,v) <6 = d(U(s)u,U(s)v) < g/3.

Since
,hT d(U(t)x,w(x)) =0,

we can find #; € I, such that
d(U(t)x,w(x)) < 6,Vt > 11.
Let a, b € w(x). Then we can find #, > t;, such that
d(U(tg)x,a) < 6.
Let k € N, k > 2, such that t*/k < §. Then we can find ¢, > t, + kt*, such that
d(U(tp)x,b) < 6.

However there exists m > k + 1, such that (m — 1) t* < 1, — t, < mt*. We set

tp — 1t .
T= b 1“ . Then by construction of r*, we have T € I, and

1 1
el |1+ t* ™ [1+ =]
relm (o) e (1)

C

c [t +4].
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We set

yr=a,y2= U(T) U(ta)x""vym—l = U((m _Z)T) U(ta)xvym =b.

Then
d(U (1) y1,y2) =d (U (1) a,U (1) U(ta)x)

and since
a € wx),dU(ty)x,w(x)) <6, andd (U(ty)x,a) <6,
and 7 € [t,t + 6], we deduce that
d(U (1) y1,y2) =d (U (1) a,U (1) Ulta)x) < &/3,

UMyj=yj,¥j=2,..,m=2,

and

d (U () Ym-1,ym) = d (U(tp)x,b) < 6 < g/3.
Now for each j = 2,...,m — 1, there exists x; € w(x), such that d (xj,yj) <6.By
setting x; = a and x,,, = b, we obtain for j = 1,...,m — 1,

d(U (1) xj,xj0) <d (U () x;,U (1) yj) +d (U (1) yj, yje1) +d (yjs1,Xj41)
<eg/3+¢e/3+6<e.

The proof is completed. O

Invariantly connected w-limit and a-limit Sets

Definition 1.37 A compact invariant set A is said to be invariantly connected if it
is not the union of two nonempty disjoint compact invariant subsets. That is to say
thatif A} # 0, and A, # 0 are non empty and compact subsets satisfying

A=A UA,, withA1 NA, =0.
Then either A; or A, are not invariant by U. That is,
either U (t*) Ay # Ay, or U(*) Az # As.

for some * > 0.

Theorem 1.38 Let {U(1)},¢; be a continuous semiflow on (M, d). Then the omega
limit set (respectively alpha limit set) of a relatively compact positive orbit (respec-
tively negative orbit) is invariantly connected.

Theorem 1.38 follows from Theorem 1.35 and the following lemma.

Lemma 1.39 Let A be a compact subset of M which is invariant by U. If A is
internally chain transitive then A is also invariantly connected.
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Proof We can prove the result by contradiction. Assume that A is the union of
two disjoint closed invariant sets A = A} U A,. We get a contradiction because the
subsets A; and A; are invariant. So if we fix 7 > 0 then when d(x, A;) < &, then
d(U(7)x,A;) > 2& whenever € > 0 is small enough. So a point of A; can not be
chained to a point of A,. O

Connected w-limit and a-limit sets

Definition 1.40 Let (M, d) be a metric space. Let C C M be a subset of M. We will
say that a pair of of non empty subsets A ¢ C and B C C is a partition of C if

AUB=Cand ANB=0.

Definition 1.41 Let (M, d) be a complete metric space. A subset C of M is said
to be connected if there exists no partition of C in two subsets A and B which are
both open subsets for the topology of (C, d). We will say that C is disconnected
whenever C is not connected.

Remark 1.42 Recall that a subset is closed in (C, d) if its complementary set in C
is open in (C, d). Therefore, in the above definition, it is equivalent to say that both
subsets A and B are also closed in (C, d).

Assume that C is not connected. Then we can there exists a partition of C in two
subsets A and B which are both open subsets for the topology of (C, d). Recall that
a subset A is open in (C, d), if and only if for each x € A, there exists £, > 0 such
that

Be(x,ex) ={y € C:d(x,y) < &x)} CA,

where B¢ (x, €) is the ball of center x and radius &, (in C).
Remark that
BC(X’ 8X) = BM (x’ 8X) m C»

where
By(x,ex)={yeM:d(x,y) <e&e}.

So we must have
By (x,ex) N B =0.

Now we can define

U = U BM ('x7 Sx)7
X€EA
and
V= U By (x,ey).
xeB

where for each x € B, &, is chosen small enough to guaranty

By (x,ex) NA=0.
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We observe that U and V satisfies
UnC=AandVNC=B

and
unv=>0.

Therefore we obtain the following lemma.

Proposition 1.43 Let (M, d) be a complete metric space. A subset C is disconnected
if there exist two open subsets U ¢ M andV C M, such that

(CNU)#0and (CNV)+0

and
Uunv=20.

Definition 1.44 An interval in R is a subset / such that
a<c<banda,bel =cel.

Remark 1.45 This is definition can be extended to R" endowed with some partial
order <.

Theorem 1.46 A connected set of real numbers is an interval.

Remark 1.47 The converse is also true. An interval of real numbers is a connected
set.

Proof Let C be a connected set in R. Assume by contradiction that C is not an
interval. Then we can find a,b € C and ¢ ¢ C with a < ¢ < b. The subsets
U = (—o0,c) and V = (¢, o) are both open in R, and

aeCNU#0,andbeCNV £0.

Therefore A = CNU and B = C NV are both open in C. We deduce that C is
disconnected. O

Theorem 1.48 Let T : M — M be a continuous map from a metric space (M, d) to
a metric space (M, d). Then M is connected implies that T(M) is connected.

Proof Assume by contradiction that 7(M) is not connected. Then there exists A and
B two open subset of (T'(M), d)

ZUE:T(M)andZOE:(Z).
By continuity of 7, we deduce that A = T~ (Z) and B=T""! (E) are open in (M, d)

and
AUB=Mand AN B=0.

This contradicts the fact that M is connected. The proof is completed. O
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As a consequence of the Proposition 1.43, Theorem 1.46, and Theorem 1.48, we
obtain the following results that will be useful in the applications.

Theorem 1.49 Let M C X be a subset of Banach space (X, ||.||). Then we have the
following properties:

(1) M is convex = M is connected.
(i) If M is connected and x* : X — R is a bounded linear map then

I={x"(x):xeM}CR

is an interval in R.

As a consequence of the above theorem we have for example, a connected set in R”
becomes an interval when it is projected onto the axes.

Example of not connected w-limit and «-limit sets: The w-limit set (respectively
the a-limit set) of a relatively compact positive orbit (respectively negative orbit)
generated by a discrete time semiflow is not connected in general. Indeed, assume
that 7 : M — M has a 2-periodic orbit

T(a)=band T(b) = a,
with
a#+b.

If we define the complete orbit

a, if n = 2k, for some integer k € Z,
b, if n =2k + 1, for some integer k € Z,

u(n) ={

Then the w-limit set of the solution starting from a or b is
w(a) = w(b) = {a, b},

and
a(a) = a(b) ={a,b}.

This provides an example of disconnected w-limit and @-limit sets.
The case of continuous time semiflow is different.

Theorem 1.50 Let (M, d) be a complete metric space. The w-limit set of a relatively
compact orbit generated by a continuous time semiflow {U(t)},cg, is connected.

Proof (of Theorem 1.50) Assume that w(x) is disconnected. Then there would be
disjoint open subsets U and V of M such that U N w(x) and V N w(x) are nonempty
and w(x) c UUV.Leta € UNw(x) and b € U N w(x) . Then we can have
a sequence f1,1,...t;y — oo and a sequence si,S2,...S5r — oo (with #; < s1)
such that U(tx)x € U — a, and U(sg)x € U — b. But {U(t)x : t € [tx,sk]} is
a connected curve going from a point in U to a point in V. Therefore, there must
be able to find 7, € (#x, sx) such that U(tg)x € M \ (U U V). But the sequence
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k — U(7y)x is relatively compact, so up to a sub-sequence (denoted with the same
index) we can assume that
U(tg)x — c.

But by construction M \ (U U V) is a closed subset, and it follows that

ceM\(UUYV) and ¢ € w(x).

We obtain a contradiction since w(x) c (U U V). O

1.7 Dissipation and Absorbing Sets

Definition 1.51 A continuous semiflow {U()},; on a metric space (M, d) is said
to be point dissipative (respectively compact dissipative, bounded dissipative) if
there exists a bounded set By € M attracting the point (respectively the compact
subsets, the bounded subsets).

The notion of dissipative semiflow can be expressed by using one of the two
following equivalent properties:

(i) There exists By C M a bounded subset such that
tlim 5(U([)B, B()) =0,
—+00

whenever B is a point (respectively a compact subset, a bounded subset).

(ii) For each & > 0, and each subset B C M that is a point (respectively a compact
subset, a bounded subset), there exists ¢y = ty(e, B) > 0 such that

U(t)B c N(By, €), ¥t > 1o,
where N (By, €) is a closed e-neighborhood of By defined by
N(Boy,e) :={x e M :d(x,By) < &}.

Definition 1.52 A subset By € M is called point absorbing, compact absorbing,
bounded absorbing if for each subset B ¢ M which is respectively a single point,
a compact subset, a bounded subset, there exists 7y = 7o(B) > 0 such that

U(t)B C By, Vt > ty.

A bounded absorbing subset is called absorbing subset.
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1.8 Examples
1.8.1 Logistic equations: heteroclinic orbit
Consider the scalar logistic equation
N’(t) = N(t) - N(1)>,Vt > 0 and N(0) = x.
The solution is explicitly given by
e'x

N =—22 s
l+f0 elxdl

Define the maximal backward time of existence

0
77(x) =inf{t <0: 1—/ elxdl > 0, Vs € [r,O]}.
N

0
/ eldl =1,

T7(x) = —00,Vx € [0, 1]

Then

therefore

and the solution
e'x
N(t)= ———,VteR.
1+ fo e%xdo

33

(1.11)

(1.12)

It is clear that 0 and 1 are equilibrium solutions. Moreover for each x € (0, 1), the

solution (1.12) is a heteroclinic orbit and
tlim N(t) =0and tlim N(t) =1.
——00 —+00

That is equivalent to say that

a(x) = {0} and w(x) = {1}.
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1.5

X(t)
=)
o -

-0.5

Fig. 1.3: In this figure the blue curve represents the heteroclinic orbit (1.6) whenever
x=0.5.

Dissipation: Consider the map
V(N)=(N-1)%
We have

V/(N)=2(N-1)N"=2(N - 1)N(1 = N) = =2N(1 - N)> < 0.

Theorem 1.53 The semiflow

elx

. ,Vt e R
1+f0 e xdo

U(t)x =

of scalar logistic equation (1.11) is bounded dissipative on R. More precisely, each
such that By = [0, N] (with Ny > 2) is bounded absorbing set. That is to say that
for each bounded set B C [0, +0), there exists ty = ty(B), such that

U(t)B C By, Vt > 1.
Proof We first observe that

sup V(x) = (N; - 1)2,¥N; > 2,
XG[O,NI]

therefore
{x20:V(x) < (N1 - 1)*} = [0, N1],VN; > 2.

We choose By = {x >0:V(x) < (N - 1)2} for some N; > 2. Next, we observe
that By is positively invariant by U. Indeed, we have for each x € By

V(U(1)x) < V(x) < sup V(x) = (N — )%

x€By
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Therefore

sup V(U(1)x) < (N; - 1)?> = U(t)By < By, ¥t > 0.

x€By

Assume by contradiction, that there exists a bounded B C [0, o), such that

sup V(U(1)x) = (Ny — 1)%,Vr > 0.

xX€B

Then we can construct a sequence x;, € B such that for each integer n > 0,
V(U(n)x,) = (N; —1)%,¥n € N.

Since the sequence x, is bounded, we can find a sub-sequence (denoted with the
same index) since x,, — X and by continuity of U we deduce that

V(U(t)xeo) > (N1 = 1), Ve 2 0. (1.13)
But since N1 > 2, we must have
U(t)xew > N1, Vt 2 0. (1.14)
Finally observe that
V' (U(1)Xeo) = =U(1)xeo X (1 = U(t)Xe0)? = =U(t)Xeo X V (U(1)%e0) ,
so by integrating this formula and by using (1.14), we obtain
V(U(t)x) = e~ h VO%dTy ((1)x.) < ™™V (x) — 0, as t — +oo.

We obtain a contradiction with (1.13). O

Theorem 1.54 Consider the semiflow U(t) of scalar logistic equation (1.11) re-
stricted to (0, 0). Then the subset By = [Ny, N1] (with 0 < Ny < 1 < Ny)isa
compact absorbing set, but B is not a bounded absorbing set. Moreover precisely

(i) The subset (0, 1] attracts all the bounded subsets in (0, +c0);
(ii) The subset (0, 1] is invariant by U. That is

U(1)(0,1] = (0,1],Vr = 0;

(iii) The subset (0, 1] is not compact in (0, +co);
(iv) The subset (0, N1] is a bounded absorbing set in (0, +c0).

1.8.2 Poincaré normal form: periodic orbit

Consider the Poincaré normal form

(02 40 a0 -5 0n 20800 s
¥ (1) = wx(1) + 4y(1) - & (x(1)? + y(1)?) y(1) '
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From Section 1.1, we know that the semiflow generated by (1.15) is defined by
v<t>(x) ZJ sy B
y L+« [} eV (x2+y?) ds Va2 +y? (1.16)

cos(wt)x — sin(wt)y
sin(wt)x + cos(wt)y |’

whenever (x, y) # (0,0) and
voo)-(o)

Exercise 1.55 Derive the above formula by using the following changes of variables.
Consider
r(1)? =22 (1) + y(1)?

and prove that
(r(0)®) = Ar(1)® = kr(1)*.

Consider
X() = —>0
Vx2(1) +y2(1)
and
Y1) = (1)

VX2 (1) + y*(1)

whenever (x, y) # (0, 0). Prove that
X' =-wY, andY’ = wX.

Figures 1.4, 1.5 and 1.6 illustrate the behavior of the solutions of the Poincaré normal
form.
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Fig. 1.4: We plot some solutions of (1.15) in the phase plane (x(t),y(t)) when-
ever 1 = 0.02, w = 0.1 and « = 1. We choose several initial values where
x =0.2,03,...,0.8 and y = 0. One may observe that the omega limit set of
these solutions is the central circle, while the alpha limit set is empty since the norm
of the solutions eventually blowup when the time goes to —co.
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Fig. 1.5: We plot some solutions of (1.15) in the phase plane (x(t), y(t)) whenever
1=0.02, w = 0.1 and « = 1. We choose several initial values, where x = 0.01, 0.08
and y = 0. The solutions are part of a complete orbits jointing the trivial equilibrium
0 to the circular periodic orbit.
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Fig. 1.6: We plot (t,x(t)) (top) and (t,y(t)) (bottom) for two solutions of (1.15)
whenever A = 0.02, w = 0.1 and k = 1. We choose several initial values where
x = 0.01,0.4 and y = 0. Both solutions coincide whenever they converge to the
periodic orbit. That is because both solutions turn around 0 with the same rotation
speed. This appears explicitly in the semiflow formula (1.16) (i.e. the rotation is
guided by the linear term e X).

1.8.3 Homoclinic orbit for a second order logistic equation

Consider the equation
x"(t) = =x(¢)(1 —x(r)),Vt > 0, with x(0) = x¢ and x"(0) = x). (1.17)
This equation can be regarded as the following system

x'(1) = =y()
{y’(t) =x(1)(1 = x(1)) (1.18)

and the equilibria of (1.18) are
(x,y) =(0,0) and (x, y) = (1,0).

The system (1.18) is an Hamiltonian which corresponds to a special case of the
Bogdanov-Takens normal form (see [32] and [129]). The terminology Hamiltonian



1.8 Examples 39

means that we have
x(1 —x)x" =-yy’.
Therefore we obtain the following conservation property along the trajectories

x(0)? x(1)  y()?
2 3 2 °

h3

where the constant of integration & € R.
In order to study the trajectories passing through the points yo = 0 and x( between
0 and 1, we obtain the following condition for &

1 x

2 0
2=
XO(Z 3)

X

The function x — 72 - x; is increasing between 0 and 1. Therefore & varies between
0 (for x = 0) and % (forx =1).
We deduce that the orbit passing through the point (x, 0) (with x € [0, 1]) satisfies

where x takes some appropriate values in order for the quantity below the square
root to be positive.

y(t)
o

&

06 04 02 0 02 04 06 08 1
x(®)

-0.5-

Fig. 1.7: We plot the complete orbits (x(t),y(t)) passing respectively through
x =0.05,0.2,0.4,0.6,0.8 and y = 0. The last orbit is a homoclinic orbit passing
through (x,y) = (=0.5,0) and the alpha limit set as well as the omega limit is the
equilibrium (x,y) = (1,0).
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_0'5 L Il Il Il Il Il Il Il Il _Y(t) I}
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Fig. 1.8: We plot the homoclinic orbits t — (x(t), y(t)) which is the solution passing
through (x,y) = (=0.5,0). We observe numerically the convergence to (1,0) when
the time t goes to +oo.

1.8.4 Beverton and Holt discrete time model

The model of Beverton and Holt [18] was introduced in the context of fisheries in
1957. This model is the following

BN(1)

NE+D =T oNG

Vt = 0, with N(0) = Np = 0, (1.19)
where N(t) is the number of individuals, 8 > 0 is the growth rate of the population
and the term 1/(1 + aN(¢)) (with @ > 0) describes the competition for food,
cannibalism effect (indeed the adult fish eat the larvea when they reproduce) etc...
The competition occurs between individuals of the same species. Therefore this
effect is usually called intra-specific competition.

Semiflow: Recall that the semiflow {U(¢)}, <y is defined by

U(t) (Ng) = T' (No) ,Vt > 0,VNy > 0,

where T (Ny) = 1f 51\(,t()t) and 7" is defined by induction as following

T (No) =T (T" (No)) = T" (T (No)) , V¥t = 0,

and
T (Ng) = No.

Equilibria: It is readily checked that O is always an equilibrium of (1.19). The
non-zero equilibrum satisfies

B I@N:,B_—l.

l+aﬁ_ @
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Dissipation property: We follow the construction of the Liapunov of function by
Fisher and Goh [76]. Define

V(N(1)) = IN(1) = NI.

Then BN (1) 51
V(N(t+1)) =|N(t+1) N|_|1+aN(t) >
zlaﬁN(t)—(ﬁ—1)(1+0N(t)))|
a(l+aN(1))
_|aN(t)—(ﬁ—l)|
" a(l+aN())

and we obtain

We deduce that if we define {U () }, ¢y the discrete time semiflow generated by (1.19)
foreachtr € N,

i (1.21)

V(U(t)Ny) < V(Ny), if No > 0, and Ny # N,
V(U(t)Ng) = V(Ny), if Ng =0, or Nyp = N.

Theorem 1.56 The discrete time semiflow generated by (1.19) is bounded dissipative
on [0, ). More precisely, for each yy > N the subset

By, = {x20:V(x) <y}

is a bounded absorbing subset.

Proof We have for each Ny > 0, with V(Ng) > N,
V(U(t)Ny) < V(Ny),Vt > 0,
the result follows. O

Remark 1.57 One may observe that this model can be derived from the logistic
equation (1.11) by using the following semi-implicit scheme

N(t+At) — N(t)

Ar =N()(A - xyN(t+Ar))

which is equivalent to
(1 +AtA)N (1)

1+AtyN(t) ~
The behavior of the system (1.19) is analogous to the behavior of the solution of the
logistic equation (1.11) (see Figure 1.9).

N(t+Ar) =
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Fig. 1.9: In this figure we plot three solutions of equation (1.19) with = 0.05
small and A = 1 + « (similarly to the above approximation of the logistic equation).
Then we choose three initial value Ny = 0.2 (blue curve), Ny = 1 (green curve)
and Ny = 3 (red curve). The green curve corresponds to the equilbrium N = 1. The
second member of (1.19) being (concave) monotone increasing no other behavior
can be observed whenever 1 > 1.

1.8.5 Ricker model: chaotic behavior

The first population dynamics model introduced in the context of fisheries to describe
the reproduce of salmons in Canada was introduced by Ricker [179, ] in 1954.
The model is the following

N(t+1) =BN(t)exp(=N(t)), Yt = 0, with N(0) = Ny > 0, (1.22)

where B > 0 is the growth rate of the population and the term exp(—N(¢)) (with
a > 0) describes the intra-specific competition.

Semiflow: Recall that the semiflow {U()}, oy is defined by
U(t) (No) = T" (No), V¥t > 0,¥YNy > 0,
where T (No) = BNoexp (—Np) and T" is defined by induction as following
T (No) =T (T* (No)) = T* (T (No)) , V1 = 0,

and
T (Ng) = No.

Equilibria: It is readily checked that O is always an equilibrium of (1.22). The
non-zero equilibrum satisfies

Bexp(-N) =1 & N =In(B).
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Dissipation property: We follow the construction of the Liapunov of function by
Fisher and Goh [76]. Define

_\2
V(N(@)) = (N(t) —N) .
Then

V(N(t +1)) = VIN(1)) = (N(t +1) - ﬁ)z - (N(z) - N)2
- (,BN(t) exp(=N(1)) — N)2 - (N(t) - ﬁ)2

= (BN (1) exp(=N(1))* = N(1)*
—2BN(t) exp(=N(1))N + 2N ()N

= [Bexp(=N (1)) = 1] [Bexp(=N (1)) + 1] N(1)?
—2N(1)N [Bexp(=N(1) 1]

and we obtain
V(N(t+1)) —=V(N(2)) = h(N(1)) [Bexp(=N (1)) — 1], (1.23)

where .
BN(1) = {[Bexp(=N (D) + 1IN (1) = 2N} N (1)
= IN()Bexp(=N (1)) - N + N(1) —N} N@) (1.24)
= NGt exp(N = N(1)) + [N(t) - 2N] } N(@)

Proposition 1.58 Assume that € (1, e*]. We deduce that if we define {U(t)},cn
the discrete time semiflow generated by (1.22) for each t € N,

V(U(t)No) < V(Nop),Vt €N, YNy > 0. (1.25)

Proof Let us prove that .
h(N(1)) <0,VN <N

and .
h(N(t)) > 0,YN > N.

Indeed, we have
h(0) =0, and h(N) =0, and h(N) > 0,¥N > 2N.

Consider N € (0,2N) and N # N. Then h(N) = 0 if
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N(1)exp(N = N(1)) + [N(t) - 2N] —0

& exp(N - N(1)) =2% -1
— N
@N—N(I)ZIH(ZW—I

which is equivalent to

(1.26)

First case: N € (0,N): Sety =1/(1-N(r)/N) > 1. Then (1.26) gives

y—n
)

N =y {In(1+1/y) ~In(1 = 1/y)} =y { S
-2n -

- Y
=2
n§02n+1

ANgE:

> 2.

Second case: N € (N,2N): Sety = 1/(N(t)/N — 1) > 1. Then (1.26) gives
N=y{In(1+1/y)—In(1-1/y)} > 2.
Finally 8 € (1, ¢?] implies N € (0, 2] we conclude that
h(N) #0and N € (0,2N) = N =N,
and the proof is completed. O

Theorem 1.59 Assume that 8 € (1, e?). The discrete time semiflow generated by
(1.22) is bounded dissipative on [0, ). More precisely, for each yo > N the subset

By, ={x>0:V(x) <y}
is bounded absorbing subset.
Proof Let U(¢) be the discrete time semiflow generated by (1.22). We have
V(U(1)0) = V(0) = N,

and
V(U(1)N) =V(N) =0,

and for each Ny € (0, +o0) \ {N}

V(U(t)Ng) < V(Ny), Vt € N,

the result follows. O
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Remark 1.60 An Hopf bifurcation for maps occurs at 8 = e (i.e. the derivative of
the map x — Bxe ) crosses —1 when 8 crosses e~2). It means that periodic orbit
with period 2 with appear. Then see Figure 1.10 and Figure 1.11 periodic orbits of
period 4, 8, etc... appear and chaos appear when periodic orbit of period 3 appears.

Assume that 8 > 2. we can use the fact that x — Bx exp(—x) is bounded to derive
the dissipation property. Indeed,

(Bxexp(—x))" = B [1 - x] exp(—x).

Therefore the map x — Bx exp(—x) reaches a maximum at x = 1, and this maximum
is Be~!. Define
W(N) = max(N, Be™").

Let U(¢) be the discrete time semiflow generated by (1.22). Then we have
W(U(t)Ng) < W(Ny),Vt > 0,VNy > 0.

Theorem 1.61 Assume that B > 0. The discrete time semiflow generated by (1.22)
is bounded dissipative on [0, ).

Remark 1.62 Then by using a simple first order approximation exp(N(¢)) =
1+ N(t) + h.o.t, we can regard the model of Beverton and Holt as a first order
approximation of the Ricker model. Nevertheless the behavior of this two systems is
very different.
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Fig. 1.10: In Figures (a) (b) and (c) we plot three solutions of equation (1.22). In
Figure (a), we fix B = e, we observe behavior that is similar to the behavior for
the Beverton and Holt model (but oscillations around the positive equilibrium). In
Figure (b) we fix B = €22, the solutions converge to some periodic solutions. In
Figure (c) we fix B = e*, the behavior becomes chaotic (unpredictable).

An Hopf bifurcation for maps occurs at 8 = 2. That is to say that derivative of
the map x — Bxe ™ crosses —1 when S crosses ¢~2, and a branch of (non-trivial)
periodic orbits of period 2 appear at 8 = ¢ (see Figures 1.10 and 1.11 ). Then
periodic orbits of period 4, 8, etc... appear. That is often called a period-doubling
bifurcation.

When the parameter g is large enough a periodic orbit of period 3 appears, and
the system becomes chaotic (see Figures 1.10 and 1.11 ). In other words, period three
implies chaos Li and Yorke [139].
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This is the so called chaos of Sharkovskii [190, ]. The result of Sharkovskii
was rediscovered by Li and Yorke [139]. Both results of Sharkovskii [190, ] and
Li and Yorke chaos show that when the system has a periodic solution of period 3
then periodic orbit of all periods exists. Therefore the system has infinitely many
periodic orbit. This could serve as first step to characterize the chaos. But Li and
Yorke explored the dependency with respect to the initial condition in the following
sense.

Theorem 1.63 (Li and Yorke) Let T : I — I be a continuous map on some interval
I C R. Assume that there exists Ny > 0 such that

T3 (Ng) < Nog < T (Np) < T?* (Ny)
or

T3 (Ng) = No > T (Np) > T* (Ny) .
Then

(i) For each integer k = 1,2, ... there exists a periodic point in I having the period
k.

(ii) There exists an uncountable set S C I (containing no periodic points), which
satisfies the following conditions:

(a) For every p,q € S with p # q,

limsup [T"(p) = T"(¢)| > 0,
t—00

and
litrninf IT"(p) = T"(gq)| = 0.
(b) For every p € S and every periodic point q € I,

limsup |T7 (p) — T (g)| > 0.

t—o00

Fig. 1.11: In this figure we plot for each 3 varying from 0 to 18 the omega limit set
w(1) of the solution of (1.22) starting from the initial value Ny = 1.
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In Figure 1.11, we observe a cascade of bifurcations. The branch of single point
corresponds to a positive equilibrium, which first bifurcate to a 2 periodic orbit. One
may notice that the positive equilibrium exists for each 8 but becomes unstable after
the bifurcation. Then we observe a period doubling bifurcation, we period orbits of
period 2, 4, 8, etc. Periodic orbit of period 3 appears only when the parameter
becomes large enough, the chaos in the sense of Li and Yorke [139] appear.

1.8.6 Lorentz system: chaos and dissipation properties

The system of Lorenz [148] was introduced in his paper in 1963 as taken from
Saltzman [186] 1962 as a minimalist model of thermal convection in a box. This
system is the following

x'=o(y-x)

Y =x(p-2)-y (1.27)

7 =xy-pz

where o > 0, p > 0, and B > 0, and with initial value
x(0) = x0,y(0) = yo, and z(0) = zo.

In Figures 1.12-1.13, we plot two solutions of system (1.27) with the parameters

values
o =10,p =28, and 8 =8/3.

In Figures 1.12-1.13, we observe that starting from two very close initial values gives
some very different trajectories. In Figure 1.13, the solution starting from the green
dot (respectively from the black dot) end up at the yellow dot (respectively at the red
dots) at time ¢ = 19. So we can visualize the fact that changing a little bit the initial
value may have a large impact on the trajectory.

\Wwﬂ\ﬂ W

20

20

104

x(t)
- o
=

20 . . .
0 2 4 6
t

Fig. 1.12: In this figure, we plot the first component t — x(t) of two solutions
starting from the initial value from [xo, yo, z0] = [10, 10, 10] (light blue curve) and
from [x0, yo, z0] = [10, 10, 10.7] (purple curve).
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Fig. 1.13: In this figure, the light blue curve (respectively the purple curve)
corresponds to the solution t — (x(t),y(t),z(t)) starting from the initial
value [xo,y0,20] = [10,10,10] (green dot) (respectively from the initial value
[x0, 0, z0] = [10, 10, 10.7] (black dot)). The two solutions are plotted on the time
interval [0, 19].

Lorenz looks at his system as a simplified model for weather prediction. He
is assuming that one loop corresponds to the calm weather and the other loop to
tornados. The orbit generated by a slight disturbance of the initial distribution of the
system looks very different. The shape of the omega limit set is very similar for each
solution. The chaotic nature of this system is due to the "fractal" structure of the
attractor in between the loops.

The frequency at which a solution passes from one loop to the next turns to be
similar for each solution. Lorentz already mentioned this phenomenon during his
presentation at the American Association for the Advancement of Science in 1972.
During his presentation is says that:

Over the years minuscule disturbances neither increase nor decrease the frequency
of occurrences of various weather events such as tornados, the most they may do is
to modify the sequences in which they occur.



50 1 Semiflows, w-limit Sets, a-limit Sets, Attraction, and Dissipation

60
40
N
20
20
| 0
0 -20
-20 -15 -10 -5 0 5 10 15 20 25 y

Fig. 1.14: In this figure, we use 20 randomly chosen initial distributions.

It turns out that the Lorenz attractor is an attractor in the sense developed in the
Chapter 2. That is to say that, it is a compact invariant subset which attracts one
of its neighborhood at each point of R3. The existence such a global attractor is a
consequence of the dissipation of the system. So we now investigate the dissipation
of the Lorentz system.

For the Lorenz system, the dissipativity can be study by using the results of
Leonov [135]. Let us consider

1
V(x,y,2) = ;xz +y2+ 72 (1.28)
Then

av(x(1),y(1),z(t))
dt

=2x(y — x) + 2yx(p — 2) — 2y% + 2xyz — 2B82°

and after simplification we obtain

dv(x(1), y(1), z(1)) _

7 -2 [xz +y° +,BZZ] +2(p + )xy

but 2xy = x2 + y2 — (x — y)? therefore

dv(x(t),y(t),z(1))
dr B

—(1=p)x* = (1= p)y* =282 = (p+ 1)(x — y)*.

Lemma 1.64 Assume that p € (0, 1). Then each solution of system (1.27) converges
to Ogs. More precisely, we have the following estimation of the

V(x(1), y(1), 2(1)) < ™'V (x0, yo, 20), V1 2 0, (1.29)

where
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6 :=min {(1 - p)o, (1 - p),28} .
Proof By choosing the above constant § > 0, we have

dv(x(1), y(1), 2(1))

- < =6V (x(1), y(1),z(1))

and the result follows from the differential form of Gronwall’s lemma (see Chapter
8 in Volume I). O

Theorem 1.65 Assume that p € (0, 1). Then the semiflow U(t) generated by the
system (1.27) is bounded dissipative.

Proof Let yy > 0 be fixed. Let us define
By, = {(x,y, 7) eR3: V(x,y,2) < yo} .
Then for each bounded subset B ¢ R3 we have

vyi= sup V(x,y,27) < oo.
(x,y,z)€eB

Let ty = t9(B) > 0 such that

— o1
e "y < yo,

then by using the definition of B,,, we deduce that
U(t)B - B’yoth Z [()a
and the proof is completed. O

Next we consider the functional

W(x,y,z) =y>+(z—p)>. (1.30)
Then
WEDIDLO) _ 1(p 2~ 232 426~ p) (a7~ B2)
=2yx(p — z) = 2y> + 2xy(z — p) — 2Bz(z — p)
hence

AW (x(1), y(1), 2(0)) _

232 -2 - D).
7 y- —2Bz(z - p)

Lemma 1.66 Let A € (0,2min(1, 8)). Then

dW (x(1), y(1), z(1))
dt

< =AW (x(1), y(2),z(1)) + x, (1.31)

where

Bp )2.

x=[28-1] (,1—2/3
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Proof By using the fact that 1 < 2 we deduce that

dW (x(2), y(1), 2(1))

+AW (x(1), y(1), 2(1))

dt
= -2y = 2fz(z~ p) + Ay’ + Az~ p)*
< [1-2B](z~p)* = 2Bp(z Ng .
T N B T, Bp
= [ 2ﬁ]{(z P) A_Zﬁ} [ 2/3](&_2/3) :
and since A < 23 the inequality (1.31) follows. O

Theorem 1.67 Let A € (0,2 min(1, B)). Then, for eacht > 0,

t

W), y(1), 2(8)) < e W (x0, 0. 20) + / A s,
0

and

lim sup W (x(1), y(1), 2(1)) < %

t—+00 /l
Moreover the semiflow U(t) generated by the Lorenz system (1.27) is bounded
dissipative.

Proof The proof is left as an exercise. (Hint: Start first with the two last components
y and z use the same arguments than in the proof of Theorem 1.65. Then use
the comparison principle for the x-equation to derive the dissipativity of the full
system). O

1.9 Notes and Remarks
Existence and invariance and compactness of w-limit sets

In this chapter, we presented some notions about continuous semiflow, omega and
alpha limit sets and we refer to the books of Lasalle [130], Hale [91, 93]. A we will
see in the next chapter the existence of w-limit sets can be extended by replacing a
point x € M by subset B € M and replacing the orbit

t > U(t)x.

by
t - U(1)B.

we refer to Hale [93], Sell and You [189], Raugel [177] for more results.
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Connectivity of w-limit sets

The notion of invariantly connected sets was introduced by Lasalle [ 130]. The notion
of chain transitive sets was first introduced for discrete time semiflow by Hirsch,
Smith, and Zhao [104] and for continuous time semiflow by Magal [150]. We also
refer to Raugel [177] for more results.

Dissipation in Beverton and Holt model and Ricker model

The Liapunov function for the Beverton and Holt model and Ricker model was
introduced by Fisher and Goh [76]. We refer to their original articles for more
results.

Chaos in one dimensional discrete time model

The understanding of one dimensional maps improved since Sharkovskii [190] and
Li and Yorke [139]. We refer to [12] [66] [86] [141] [169] [227] for more xc xresults
on the subject.

More about one dimensional discrete time model

The discrete time logistic equation was invented by Verhulst [219] in 1838. That is
the following difference equation

N(t+1)=BN(t)(1 -N(1)),, Yt 20, with N(0) = Ny € [0, 1],

where 8 € [0,4].
This equation also generates a chaos in the sense of Li and Yorke [139] for g8 = 4.

Remark 1.68 The discrete logistic equation was introduced by Berkson [!7] who
invented the statistical logistic regression in 1944.

The connection of Ricker’s model the Beverton and Holt model is the following
we use a first order (Talyor expansion) approximation (which is only valid whenever
aN (t) is small enough)

BN(@)  BN(@)
exp(eN(t))  1+aN(1)

The significant difference between the Ricker’s model and the Beverton and Holt
model probably arise at the second order. It would be natural to consider the following
extension of the above approximation
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BN(1)

N = N T @N D) 2+ oot @N @)™

as well the higher order version of this model.
The discrete time logistic equation also follows from a first order approximation
of the Ricker’s model

BN(t)exp (—aN(1)) =~ BN(t) (1 —aN(1)).

A extended version of the model of the Beverton and Holt is the cooperative
model of Hill [102]
BN(1)"

1+aN(t)"

Monod, Wyman and Changeux [167] also proposed a further extension cooperative
Hill’s model which is called the Allosteric model

N(it+1)=

BN(@®)(1+N@)"!

N+ ) = v N )

Further application to embryology of such model can be found in the framework of
gradient differential system in the paper of Demongeot, Glade and Forest [51] and
Cinquin and Demongeot [44].

n-dimensional Ricker model

Ricker’s model shows that the salmon are first born into a river then swim to the sea.
The female salmon spend several years in the ocean before returning to the river they
were born to reproduce. Therefore Ricker [179] considers an age-structured model
of the following form

Ni(t+1) = [BIN1() + ...+ BN (t)] X exp (= [BIN1(1) + ...+ BN ()])
Nao(t+1) = mNi(2)

Nm(t + 1) = ﬂ'm—le—l(t),

where Ny (1), ..., N,(t) are the number of (female) individuals in each age classes
going respectively from 1 to m > 1, §3; is the birth rate of the age class i, &; is the
probability to survive from age class i to the age class i + 1. Ricker [179] was actually
interested by the following special case

Bi=...=Bm-1=0,

and
Bm > 0.
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The age structured Ricker’s model actually falls down into a more general class of age
structured model so called density dependent model. Such a model was considered
by Guckenheimer, Oster and Ipaktchi [87] and by Liu and Cohen [143] to quote a
few.

Lorenz like attractor

An alternative to the Lorenz system is the model of Shimizu-Morioka [196]

1-2)—ay (1.32)

where 8 > 0, and « > 0, and with initial value
x(0) = xg, y(0) = yg, and z(0) = zo.
Shilnikov [194] found some Lorenz like attractor for the parameters values
a =0.85, and 8 = 0.5.

In Figures 1.15-1.16, we illustrate this result with a simulation of system (1.32) for
the above parameters values.

x(t)
_—— .
S—
—
J
<>
= )
~
—
<\)

L L L L L L L L L
20 40 60 80 100 120 140 160 180 200
t

Fig. 1.15: In this figure, we plot the first component t — x(t) of two solutions
starting from the initial value from [xo, yo,z0] = [1.5,1.5,1.5] (light blue curve)
and from [xo, yo, z0] = [1.5, 1.5, 1.605] (purple curve).
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2 2
y x

1 -2

Fig. 1.16: In this figure, the light blue curve (respectively the purple curve)
corresponds to the solution t — (x(t),y(t),z(t)) starting from the initial value
[x0,v0,20] = [1.5,1.5,1.5] (green dot) (respectively from the initial value
[x0, y0,20] = [1.5,1.5,1.605] (black dot)). The two solutions are plotted on the
time interval [0,200].

Remark 1.69 Shimizu-Morioka system can be regarded as the following a second
order ordinary differential equation

x"=x(1-2)—ay
7 =x? - Bz.

Lorenz like attractor in a multi-strain epidemic model

In this section, we present some multi-strain model simulations motivated by the
application to the epidemiology of dengue fever. This chaotic numerical simulation
was discovered by Aguiar, Kooi, and Stollenwerk [2]. We also refer to Aguiar et al.
[1, 3] for more results going in that direction.

Consider an epidemic with two different strains, 1 and 2. Susceptibles to both
strains (S) get infected with strain 1 (I} or I5;) or strain 2 (I, or I}3), with force of
infection (81 and ¢18; respectively) and (8, and ¢,3,) respectively. They recover
from infection with strain 1 (becoming R;) or from strain 2 (becoming R;), with
recovery rate y. In this recovered class, people have full and life-long immunity
against the strain that they were exposed to and infected, and also a period of
temporary cross-immunity against the other strain. After this, with rate «, they enter
again in the susceptible classes (S respectively S,), where the index represents the
first infection strain. Now, S can be reinfected with strain 2 (becoming /;,), meeting
I, with infection rate 8, or meeting /1, with infection rate ¢,3,, secondary infected
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contributing differently to the force of infection than primary infected, and S, can
be reinfected with strain 1 (becoming /1) meeting I; or I;; with infections rates 3
and ¢ 3 respectively.

The system introduced by Aguiar, Kooi, and Stollenwerk [2] is the following

S ==p1SU1+¢1121) = B2 S (I + ¢pol12) + £ (N = S),

=pS(h+¢1l1) = (y+p) I,
;=S (L + ¢2li2) — (v +p) I,
Ri=yL —(a+u) Ry,

R)=ybL—(a+p) Ry,
(1.33)
S1==P2S1 (I + ¢2l12) + Ry — uSy,

S5 ==P1S2 (It + ¢1121) + aRo — uSo,

I, =281 (L + ¢2l12) = (v + ) L2,
L, =p1S2 (1 + ¢1ha1) = (v + ) Doy,
R' =y (Iin+1In) - uR,

where 81 > 0, 8> > 0, and @ > 0, and with initial value
5(0) = 8%, 1,(0) = 19, 1,(0) = I, R1(0) = RY, R2(0) = R,
51(0) = 89, 82(0) = 89, 112(0) = 1?,, 11 (0) = 19,, and R(0) = R°.
In all the figures, we use the following values of the parameters
N =100, =1/65,y =52,B81 = B2 =2y,
a=2,and ¢; = ¢ = ¢ =0.6.

In Figures 1.17-1.19 we plot two solutions of the system. The system seams to be
very much initial condition dependent and the key to get some chaos is to use non
symmetric initial percentage for each strain.
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Fig. 1.17: In this figure we use the initial value [Sy, I?, Ig] = [70, 10, 20] with the
remaining components of the initial distribution equal to 0. In this figure we plot
t— S(1),t — S1(t), and t — S,(¢) for t € [2000, 2400].
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Fig. 1.18: In this figure we use the initial value [Sy, I?, Ig] = [70, 10, 20] with the
remaining components of the initial distribution equal to 0. In this figure we plot

t = I1(t) + L(t) + 112(8) + I (t) fort e [2000, 2400].

In Figure 1.19, the global attractor is comparable to the Lorenz attractor because
the solution jumps randomly from a region where the first strain is domain to a region
where the second strain is dominant back and forth. The changes from one dominant
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strain to the next are decided uncertainly along the axis (S, 0,0) where both strains
are close to 0.

Fig. 1.19: In this figure we use the initial value [So, 19,191 = [70,10,20] (blue
curve) [So, I?, Ig] = [70, 20, 10] (orange curve) with the remaining components of
the initial distribution equal to 0. The top and bottom figures corresponds to the

same simulations but regarded from a different angle.

Homoclinic orbits

Homoclinic trajectories are very important in the bifurcation theory and may induce
chaos as in the system of Lorenz [86] [195] [226]. The existence of homoclinic orbits
has be studied for Lorentz system by Leonov in [136], Leonov and Kuznetsov [137].
In the context of population dynamics, the existence of homoclinic orbits are
usual induced by Bogdanov-Takens bifurcations (see Section 1.8.3 and Figure 1.8).
The existence homoclinic orbit have been obtained by Tang et al. [206] for an
epidemic system of the form

%S
S"=b-65 -« + VR
1+al?
I’s
I = —(0+vy)I
Nrar ©+y)
R’ =vyI-vVR.

A model without loss of immunity of the recovered (i.e. for v = 0 in the above model)
was considered earlier by Xiao and Ruan [228].
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w-limit for non-autonomous system

Explain the skew product semi-flow and refer to the ODE book of George Sell.

We consider a non autonomous ordinary differential equation of the following

x'(1) = F(A(1),x(1))

where t — A(z) is a parameter which is time dependent, and which defines a
continuous map from R to R”.

T(t)(A)(x) =A(t +x),Vt € R,Vx € R,
where A : R — R" is almost periodic continuous function.

There are several equivalent definition for almost periodic function (Ref???). The
following is one of them.

Definition 1.70 The function ¢ — A(z) € BUC (R, R”) is almost periodic, if and
only if
o) =) {u®)}
>0
is relatively compact in BUC (R, R?). That is to say that for every sequence 7,, we
can find a sub-sequence 7,,, (denoted with the same index) such that there exists

x — A(x) € BUC(R, R”) such that

lim sup |A(7y, +x) — A(x)| = 0.
R

p— x€

Strange attractors

We refer to Lu, Wang, and Young [149] for more references and more results about
strange attractor. In [149] they prove that a periodic perturbation of a system un-
dergoing an Hopf bifurcation create sustained chaotic behavior. Specifically, strange
attractors are shown to exist. The analysis is carried out for infinite dimensional
systems.

Principle of competitive exclusion

McGehee, R., & Armstrong, R. A. (1977). Some mathematical problems concerning
the ecological principle of competitive exclusion. Journal of Differential Equations,
23(1), 30-52.
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1.10 MATLAB Codes

1.10.1 Figure 1.3

L=10;

t=-L:0.1:L;

x0=0.5
x=exp(t)*x0./(1+(exp(t)-1)%xx0);

aux=-L:0.1:L;

auxl=ones(size (aux));

aux2=-2:0.1:2;

hold on

o plot(t,x, Color’,’ [ 0o , 0.4470 , 0.7410]1,"
LineWidth’ ,5)

n plot(aux,0%aux, 'k’ ,0xaux2,aux2, 'k’ , LineWidth’ ,3)

2 xlabel (7t’7);

3 ylabel ('N(t));

7 xlabel (7t7)
s ylabel ("x(t) ")

» set(gca, YLim’  ,[-0.5 1.5])
a set(geca, XLim’,[-L LJ)

» set(gca, fontweight’, bold”,  FontSize ,30);
u ax=gca;
»s hold off

1.10.2 Figure 1.4 and Figure 1.5 and Figure 1.6

1 close all

> clear all;

;3 figure (1)

+ dt=0.5

s tspan = 1:dt:500;
¢ hold on

7 y0 = [0.4;0];

s [T, Yl] = oded45(@myfun, tspan ,y0);
9

n [T, Y2] = ode45(@myfun, tspan ,y0);
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yO = [0.6;0];
[T,Y3] = ode45(@myfun, tspan ,y0);

yo = [0.7;0];
[T,Y4] = oded45(@myfun, tspan ,y0);

y0 = [0.8;0];
[T,YS] = ode45(@myfun, tspan ,y0);

plot (Y1 (:,1),Y1(:,2),Y2(:,1),Y2(:,2),Y3(:,1),Y3(:,2)
L Y4(: 1) ,Y4(:,2) ,Y5(:,1),Y5(:,2), linewidth*,3);
sol = ode45(@myfun, tspan ,y0);

plot([-0.4,0.8]1,[0,0], k’, linewidth’,3)
plot([0,0],[-0.2,0.3], k", linewidth,3)

xlabel ("x7)
ylabel ("y ™)

set(gca, XLim’ ,[-0.4,0.8])

set(gca, YLim’ ,[-0.2,0.3])

set(gca, fontweight’, bold’,  FontSize ,30);
ax=gca;

hold off

figure (2)

dt=0.1

tspan = 1:dt:500;

yO = [0.01;07];

[T,Y1] = ode45(@myfun, tspan ,y0);

tspan = 1:dt:300;

yO = [0.08;0];

[T,Y2] = ode45(@myfun, tspan ,y0);
hold on

plot(Y1(:,1),Y1(:,2), Color’, [ 0.4660 , 0.6740
, 0.1880] ", linewidth’,3);

plot (Y2(:,1),Y2(:,2), Color’,’[  0.3010 ., 0.7450
0.9330]°, linewidth ’ ,3);
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56

57

58

59

60

61

62

63

64

65

67

68

69

70

71

72

73

74

75

76

77

78

79

80

81

82

83

84

85

86

87

88

89

90

91

92

93

94

95

96

97

98

99

plot ([-0.2,0.21,[0,0], k’, linewidth’,3)

plot ([0,0],[-0.2,0.2], k", linewidth,3)
xlabel ("x7)
ylabel ("y ")

set(gca, XLim” ,[-0.16,0.16])
set(gca, YLim ,[-0.16,0.16])

set(gca, fontweight’, bold’, FontSize  ,30);
ax=gca;

hold off

figure (3)

dt=0.1

tspan = 1:dt:400;

yO = [0.01;0];

[T,Y1] = ode45(@myfun, tspan ,y0);

tspan = 1:dt:400;
yO = [0.4:;0];

[T,Y2] = ode45(@myfun, tspan ,y0);
hold on

plot(T,Y1(:,1), Color’, [ 0.4660 , 0.6740 ,
0.1880]°,linewidth’ ,3);

plot(T,Y2(:,1), Color’,"[ 0 , 0.4470 ,
0.7410]°,  linewidth’ ,3);
plot (T,0«T, k’,  linewidth’,3)

Joplot ([0,0],[-0.2,0.2],°k’,’ linewidth *,3)
xlabel ('t"7)
ylabel ("x(t) ")

Yoset (gca,’ XLim’ ,[ -0.16,0.16])

Joset (gca,’YLim’ ,[-0.16,0.16])

set(gca, fontweight’, bold’, FontSize ,30);
ax=gca;

hold off

figure (4)

dt=0.1
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tspan = 1:dt:400;
yO = [0.01;0];
[T,Y1] = ode45(@myfun, tspan ,y0);

[T,Y2] = ode45(@myfun, tspan ,y0);
hold on

plot(T,Y1(:,2), Color’, [ 0.4660 , 0.6740 ,
0.1880] ", linewidth’ ,3);

plot (T,Y2(:,2), Color’,’[ 0 , 0.4470
0.7410]°,  linewidth’,3);
plot (T,0%T, 'k, linewidth’ ,3)

xlabel ("t7)
ylabel ("y(t) ")

set(gca, fontweight’, bold’,  FontSize ,30);
ax=gca;
hold off

function dy = myfun(t,y)

lambda = 0.02;

omega = 0.1;

kappa = 1;

dy = zeros(2,1);

dy (1) =(lambda/2)*y(l)-omega*xy(2) —(kappa/2)*(y(1)x*xy
(1)+y (2)#y (2))#y (1) ;

dy(2) = omegaxy(l)+(lambda/2)*y(2)—(kappa/2)x(y(1l)=*xy
(1)+y (2)%y (2) )%y (2) ;

dy=dy () ;

end

1.10.3 Figure 1.7

In this program we use the matlab solver roots(p) which compute the roots a poly-

nomial p(x) = a,x™ + ...+ ag which is defined in Matlab as [a, a,-; ... ap].
1 clf;
> aux2=0.05

3

4

h=(aux272)/2-(aux2"3)/3;
p = [(1/3) —=(1/2) 0 h]
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r = roots(p)

auxl=r(3)

x1=aux1:0.0001:aux2;

yl1=2x(h- x1.722/2+x1.73/3).20.5;
zl=-yl;

plot(x1,yl, k’,x1,-yl, k>, LineWidth ™ ,3)
hold on;

aux2=0.2;
h=(aux2”2)/2-(aux273)/3;

p = [(1/3) —=(1/2) O h];

r = roots(p);

auxl=r(3);

x1=aux1:0.0001:aux2;

y1=2%(h- x1.722/2+x1.73/3).70.5;
zl=-yl;

plot(x1l,yl, k’,x1,-yl, k’, LineWidth’ ,3)
hold on;

aux2=0.4;
h=(aux2”2)/2-(aux2"3)/3;

p = [(1/3) —(1/2) O h];

r = roots(p);

auxl=r(3);

x1=aux1:0.0001:aux2;

y1=2%(h- x1.72/2+x1.73/3).70.5;
zl=-yl;

plot(x1,yl, k’,x1,-yl, k’, LineWidth’ ,3);

aux2=0.6;
h=(aux272)/2-(aux2"3)/3;

p = [(1/3) —-(1/2) O h];

r = roots(p);

auxl=r(3);

x1=aux1:0.0001:aux2;

y1=2%(h- x1.72/2+x1.73/3).20.5;
zl=-yl;

plot(x1,yl, k’,x1,-yl, k>, LineWidth ™ ,3)

aux2=0.8;
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st h=(aux2”72)/2-(aux2”3)/3;

2 p = [(1/3) —-(1/2) 0 h];

50T roots (p);

s« auxl=r(3);

ss x1=aux1:0.0001:aux2;

ss yl=2x(h- x1.72/2+x1.73/3).70.5;
s1 zl==yl;

58

59

o plot(xl,yl, k’,xl,-yl, k’, LineWidth’,3)
61

62

e aux2=1;

o« h=(aux2”72)/2-(aux2”3)/3;

s p = [(1/3) —=(1/2) 0 h];

6 T = roots(p);

e auxl=r(3);

e xX1l=aux1:0.0001:aux?2;

o yl=2x(h- x1.72/2+x1.73/3).70.5;

0 zl=-yl;

n plot(xl,yl, k’,xl,-yl, k’, LineWidth’ ,3)
72

73

s aux=-2:0.1:2;

5 plot(aux,0*aux, 'k’ ,0%aux,—-aux, 'k’ , LineWidth’,3)
s Xlabel ("x(t)’);

7 ylabel ("y(t)’);

s set(gca, YLim’,[-1 1])

7 set(gca, XLim’ ,[-0.6 1.1])

o set(gca, fontweight’, bold’,  FontSize ,30);
81 aX=gca;

1.10.4 Figure 1.8

In this program we need to increase the precision of the MATLAB ODE solver in
order to get the convergence of the solution when ¢ goes to +co.

oclf;
> X0=[-0.5 0];
3 t0=0:0.002:10;

s options=odeset( RelTol ,107(-10));
¢ [tl,x1]=o0ded45(@Modell,t0,X0, options);
7 hold on;
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h=plot(tl ,x1(:,1), Color’, | 0.3010 , 0.7450
0.9330],’LineWidth’ ,5);

h=plot(tl ,xI1(:,2), Color’,’ [ 0.4660 , 0.6740
0.1880]°,’LineWidth’ ,5);

X0=[-0.5 O];
t0=0:0.002:10;

options=odeset( RelTol  ,107(-10));
[t2 ,x2]=0de45 (@Model2,t0 ,X0, options) ;

h=plot(-t2 ,x2(:,1), Color’,’ [ 0.3010 , 0.7450
0.9330],’LineWidth’ ,5);

h=plot(-t2 ,x2(:,2), 'Color’, [ 0.4660 , 0.6740
0.1880]°,’LineWidth’ ,5);

aux=-10:0.1:10;
plot(aux,0Oxaux, 'k’ ,0%aux,aux, 'k’ , LineWidth’ ,3)
h=legend ( 'x(t)’ ,’y(t)’, Location’, southeast’);
xlabel('t’");

Joylabel (’x(t) y(t)’);

set(gca, YLim ,[-0.6 1.1])

set(gca, XLim ,[-10 10])

set(gca, fontweight’, bold’,  FontSize ,30);
ax=gca;

function dy=Modell (t,y)
dy=zeros (2,1);

dy (1)=-y(2);

dy (2)=y (1) .#(1-y(1));
end

function dy=Model2(t,y)
dy=zeros (2,1);

dy (1)=y(2);

dy (2)=—y (1) .#(1-y(1));
end

1.10.5 Figure 1.9

1

alpha=0.05;

s

s

s

67

)
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lambda=1+alpha;

n=120; % number of time steps
xl=zeros(n+1,1);

x2=zeros (n+1,1);
x3=zeros(n+1,1);
t=zeros(n+1,1);

x1(1)=0.2;
x2(1)=1;
x3(1)=3;
t(1)=0;

for i=1:n
x1(i+1)=lambdaxx1(i)/(1+alphaxx1(i));
x2(i+1)=lambda*x2(i)/(1+alpha%xx2(i));
x3(i+1)=lambda*x3(i)/(1+alpha%xx3(i));
t(i+l)=i;

end

clf;

plot(t,x1,t,x2,t,x3, LineWidth’,5)

xlabel ("t7);

ylabel ('N(t)’);

set(gca, XLim’ ,[0 n])

set(gca, fontweight’, bold”,  FontSize ,30);
ax=gca;

1.10.6 Figure 1.10

close all;

clear all;

figure (1)

beta=exp(1.5);

n=20; % number of time steps
xl=zeros(n+1,1);

x2=zeros (n+1,1);
x3=zeros(n+1,1);
t=zeros(n+1,1);

x1(1)=0.5;
x2(1)=1;
x3(1)=2;
t(1)=0;

for i=1:n
x1(i+1)=betaxxl(i)kexp(-x1(i));
x2(i+1)=betaxx2(i)xexp(-x2(i));
x3(i+1)=betaxx3(i)xexp(-x3(i));
t(i+l)=i;
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39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60

61

62

63

64

end

plot(t,x1,t,x2,t,x3, LineWidth’,5)

xlabel ("t7);

ylabel ('N(t)’);

set(gca, XLim’ ,[0 n])

set(gca, fontweight’, bold’,  FontSize ,30);
ax=gca;

figure (2)

beta=exp(2.2);

n=20; % number of time steps
xl=zeros(n+1,1);
x2=zeros(n+1,1);
x3=zeros(n+1,1);
t=zeros(n+1,1);

x1(1)=2;
x2(1)=3;
x3(1)=4;
t(1)=0;

for i=1:n
x1(i+1)=betaxx1(i)xexp(—-x1(i));
x2(i+1)=betaxx2(i)*kexp(-x2(i));
x3(i+1)=betaxx3(i)*kexp(-x3(i));
t(i+l)=i;

end

clf;

plot(t,x1,t,x2,t,x3, LineWidth’,5)

xlabel ("t’7);

ylabel ('N(t)’);

set(gca, XLim’ ,[0 n])

set(gca, fontweight’, bold”,  FontSize  ,30);
ax=gca;

figure (3)

beta=exp(4);

n=20; % number of time steps
xl=zeros(n+1,1);

x2=zeros (n+1,1);
x3=zeros(n+1,1);
t=zeros(n+1,1);

x1(1)=3;

x2(1)=4.1;

x3(1)=5;
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s t(1)=0;

o for i=1:n

67 x1(i+1)=betaxx1(i)xexp(-x1(i));
6 x2(i+1)=betaxx2(i)xexp(—-x2(i));
6 x3(i+1)=betaxx3(i)xexp(—-x3(i));
70 t(i+l)=1;

7 end

72

73

74 le;

s plot(t,xl,t,x2,t,x3, LineWidth’,5)

s Xlabel('t’);

7 ylabel ('N(t)’);

s set(gca, XLim’  ,[0 n])

79 set(gca, fontweight’, bold’, FontSize ,30);
80 axX=gca;

1.10.7 Figure 1.11

1 clear all;
> close all;

;s n=10000;

4+ p=50; % p must be smaller than n
s j=1;

¢ for beta=1:0.005:exp(log(18))
7 X=1;

8

9

10 for i=1:n

1 x=betaxxkexp(—-x);

12 if (1 >=Il—p)

13 aux(1l,j)=beta;

14 aux (2,j)=x;

15 j=j+1;

16 end

17 end

s end

19

0 clf;

a plot(aux (1,:),aux(2,:), k., markersize’ , 2)
» set(gca, 'xlim’, [0 18]);

» Xxlabel(’\beta’);

» ylabel ("\omega(l));

25

% set(gca, fontweight’, bold’, FontSize ,30);
27 aX=gca;
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1.10.8 Figure 1.12 and Figure 1.13

close all;
clear all;

sigma=10;
rho=28;
¢ beta=8/3

s eps = le-15;

n Tmax=19;

u figure (1)

s T = [0 Tmax];

w o initV = [10 10 10];

» options = odeset( RelTol’  ,eps, AbsTol’ ,[eps eps eps
/10]);

» [T,X] = oded45(@(T,X) F(T, X, sigma, rho, beta), T,
initV , options);

24

25

26

z plot3 (X(:,1),X(:,2).,X(:,3), Color”,’[ 0.4940
0.1840 , 0.5560]°,’LineWidth’, 1);

28

% VIEW
([19.1287420824236,-356.3357721553517,80.008981610950511])

30

s hold on;

32

3 plot3 (X(1,1),X(1,2).,X(1,3), 0ok’, "MarkerSize’, 20, °’
MarkerFaceColor’, 'g’);

34

s plot3 (X(end,1) ,X(end,2) ,X(end,3), ok’, "MarkerSize’,
20, *MarkerFaceColor’, [ 0.9290 , 0.6940 R
0.1250]7);
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38
39
40

41

42
43

44

45
46
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50
51
52
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54
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57
58
59
60
61
62

63

64

65

66
67
68

69

70

71

72
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T = [0 Tmax];
initV = [10 10 10.7];

[T,X] = ode45(@(T,X) F(T, X,
initV , options);

sigma, rho, beta),

plot3 (X(:,1) ,X(:,2),X(:,3), Color’," [

0.7450

plot3 (X(1,1),X(1,2).X(1,3), ok",

MarkerFaceColor’, ’k’);

0.9330 ]’,’LineWidth’,

1)

plot3 (X(end,1) ,X(end,2) ,X(end,3), ok’,

20, *MarkerFaceColor’,
0.0980]7);

grid;

xlabel (’x’); ylabel(’y’); zlabel(’z);

set(gca, 'FontSize’ , 30);

"l

0.8500

set(gca, 'FontWeight’, “bold’);

figure (2)
T = [0 Tmax];
initV = [10 10 107];

[T,X] = ode45(@(T,X) F(T, X,
initV , options);

)

0.3010 ,

>

>MarkerSize

Ta

20,

)

>MarkerSize’,

0.325

sigma, rho, beta),

plot3 (X(:,1) ,X(:,2),X(:,3), Color’,’[
0.1840 , 0.5560]’, LineWidth’, 1);
hold on;

plot3 (X(1,1),X(1,2).X(1,3), ok",

MarkerFaceColor’, “g’);

plot3 (X(end,1) ,X(end,2) ,X(end,3), ok’,

20, *MarkerFaceColor’,
0.1250]17);

l

0.9290

)

0.4940

>MarkerSize

0

T’

20,

[l

)

>MarkerSize ’,

0.6940

)
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74

75

76

77

78

80

81

82

83

84

85

86

87

88

89

90

91

92

93

95

96

97

98

99

100

101

102

103

104

105

106

107

108

T = [0 Tmax];
initVv = [10 10 10.7];

[T,X] = oded45(@(T,X) F(T, X, sigma, rho, beta), T,
initV , options);

plot3 (X(:,1) ,X(:,2),X(:,3), Color’,”[ 0.3010 .
0.7450 , 0.9330 ]’,’LineWidth’, 1);

view
([183.3188733682035,331.5379873898024,112.19634248895])

plot3 (X(1,1),X(1,2).,X(1,3), ok’, *MarkerSize’, 20, °
MarkerFaceColor’, ’k’);

plot3 (X(end,1) ,X(end,2) ,X(end,3), ok’, "MarkerSize ,
20, *MarkerFaceColor’, [ 0.8500 , 0.3250 ,
0.0980]7);

grid;

xlabel ("x’); ylabel(’y’); zlabel(’z’);
set(gca, 'FontSize’ , 30);

set(gca, 'FontWeight’, ’“bold’);

figure (3)

T = [0 Tmax];

initV = [10 10 10];

options = odeset( RelTol’ ,eps, AbsTol’ ,[eps eps eps
/10]);

[T,X] = oded45(@(T,X) F(T, X, sigma, rho, beta), T,

initV , options);

plot (T,X(:,1), Color”,”[ 0.4940 . 0.1840
0.5560]°,’LineWidth’, 3);

hold on;
T = [0 Tmax];

initV. = [10 10 10.7];
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109

110

111

112

113

114
115
116
117
118
119
120
121
122
123
124
125
126
127
128
129
130
131
132
133

134
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options = odeset( RelTol’ ,eps, AbsTol’ ,[eps eps eps
/101) 5

[T,X] = ode45(@(T,X) F(T, X, sigma, rho, beta), T,
initV , options);

plot (T,X(:,1), Color”,”[ 0.3010 , 0.7450
0.9330 ]’,’LineWidth’, 3);

xlabel ("t’); ylabel ("x(t)’);
set(gca, 'FontSize’ , 30);
set(gca, 'FontWeight’, “bold’);

function dx = F(T, X, sigma, rho, beta)
% Evaluates the right hand side of the Lorenz system

% x’ = sigmakx(y—-x)
% y’ = xxrho — x%z — 'y
% z’ = xxy — betaxz

dx = zeros(3,1);

dx (1) = sigma*(X(2) - X(1));
dx(2) = rhoxX(1) - X(1)*X(3)- X(2);
dx(3) = X(1)%X(2) - betaxX(3);

end

1.10.9 Figures 1.17-1.19

5

6

close all;
clear all;

% Aguiar, M., Ballesteros, S., Kooi, B. W., &
Stollenwerk , N. (2011). The role of seasonality
and import in a minimalistic

% multi-strain dengue model capturing differences
between primary and secondary infections: complex
dynamics and its implications

% for data analysis. Journal of theoretical biology,
289, 181-196.
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10

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

48

49

Tmax=2800;

T =[0 Tmax];
initV=zeros(1,10);

initV(l,1) =70; % S at t=0

initV(1l,2) =10; % I_1 at t=0

initV(1,3) =20; % I_2 at t=0

eps = le-40;

options = odeset( RelTol’ ,eps, AbsTol’ ,[eps eps eps
eps eps eps eps eps eps eps]);

[T,X] = ode45(@(T,X) F(T, X), T, initV, options);

figure (1)
plot (T,X(:,1), Color’,’[ 0.4660 , 0.6740 ,
0.1880]’, LineWidth’, 3);
xlabel ("t’); ylabel(’S’);
set(gca, 'FontSize’ , 30);
set(gca, FontWeight’, “bold’);
xlim ([2000,2400])

figure (2)
plot (T,X(:,6), Color’,’[ 0.4660 , 0.6740 ,
0.1880]’,’LineWidth’, 3);
xlabel ("t’); ylabel('S_1");
set(gca, 'FontSize’ , 30);
set(gca, 'FontWeight’, “bold’);
xlim ([2000,24001])

figure (3)
plot (T,X(:,7), Color’,’[ 0.4660 , 0.6740 ,
0.1880]’, LineWidth’, 3);
xlabel (’t’); ylabel(’S_2");
set(gca, 'FontSize’ , 30);
set(gca, 'FontWeight’, “bold’);
xlim ([2000,2400])
figure (4)
plot (T,X(:,2)+X(:,3)+X(:,8)+X(:,9), Color’,’
[0.6350 0.0780 , 0.1840]’,’LineWidth’,
3);
xlabel ("t’); ylabel ("I_1+1_2+1_{12}+1_{21}");
set(gca, 'FontSize’ , 30);

75
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50
51
52
53
54

55

56
57
58
59
60
61
62
63
64

65

66

67

68

69

70
71
72
73
74
75

76

77
78
79
80

81

82
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set(gca, 'FontWeight’, “bold’);
xlim ([2000,2400])

figure (5)
n=find (T>=2000);
plot3 (X(n(1):end,3)+X(n(1):end,8), X(n(l):end,1)
,X(n(l):end,2)+X(n(1):end,9), Color’,’ [ O
0.4470 , 0.7410]°,’LineWidth’, 1);

hold on;

initV=zeros (1,10);

initV(l,1) =70; % S at t=0

initV (1,2) =20; % I_1 at t=0

initV (1,3) =10; % I1_2 at t=0

[TI,X1] = oded45(@(T,X) F(T, X), T, initV,
options);

n=find (T1>=2000);

plot3 (X1(n(1l):end,3)+XI(n(l):end,8), XI(n(l):end
,1),XI(n(1):end,2)+XI(n(1):end,9), Color’, |
0.8500 0.3250 , 0.0980]’,’LineWidth’,
1);

grid;

ylabel (’S’); xlabel ("I_2+1_{12}"); zlabel ("I_I1+
I_{21}7);

set(gca, 'FontSize’ , 30);

set(gca, 'FontWeight’, “bold’);

figure (6)

plot3 (X(n(1):end,3)+X(n(1):end,8), X(n(l):end,1)
+X(n(1):end,6)+X(n(1):end,7) ,X(n(1):end,2)+X(
n(l):end,9), Color’,’[ O , 0.4470 ,
0.7410]°,’LineWidth’, 1);

hold on;

plot3 (X1(n(1l):end,3)+XI(n(l):end,8), XI1(n(l):end
,1)+X1(n(1):end,6)+XI1(n(1):end,7) ,X1(n(1):end
,2)+X1(n(1):end,9), Color’,’[ 0.8500 |,
0.3250 , 0.0980]’,’LineWidth’, 1);

grid;
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101

102

103

104

105

106

107

108

109

110

111

ylabel ("S+S_1+S_27); xlabel ("I_2+1_{12}");
zlabel ("T_1+1_{21}");
set(gca, 'FontSize’ , 30);
set(gca, 'FontWeight’, “bold’);
function dx = F(T, X)

N=100;
mu=1/65;
gamma= 52 ;
betal= 2%xgamma;
beta2= 2:xkgamma;
alpha= 2 ;
phi=0.6;
phil=phi;
phi2=phi;

dx = zeros(10,1);

dx (1) =-— betal /NxX(1)*(X(2)+phil*X(9)) - beta2/N
#X (1) %(X(3)+phi2*X(8) )+mux(N-X(1)); % S-
equation

dx(2) = betal /NxX(1)*(X(2)+phil*X(9))- (gamma+mu
)X (2); % T_1
equation

dx(3) = beta2 /NxX(1)*(X(3)+phi2*X(8)) - (gamma+
mu) X (3); % 1_2
equation

dx (4)=gamma*X(2) —(alpha+mu)xX(4) ;

% R_1 equation
dx (5)=gamma*X(3) —(alpha+mu) *xX(5) ;

% R_2 equation

dx(6)= — beta2 /N*X(6) *(X(3)+phi2%X(8))+alpha*xX
(4)-muxX(6) ; % S_1
equation

dx(7)= - betal /NxX(7) %(X(2)+phil*X(9))+alphaxX
(5)—-muxX(7); % S_2
equation

dx (8)= beta2 /NxX(6)%(X(3)+phi2*X(8))- (gamma+mu
)#X(8) ; % 1 _12
equation



78

115

end
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dx(9)= betal /N*xX(7)*(X(2)+philX(9))-
)#X(9) 3
equation

dx (10)=gamma*(X(8)+X(9) )-muxX(10);

% R equation

(gamma+mu
% 1_21



Chapter 2
Global Attractors and Uniform Persistence

2.1 Interior Global Attractor for an Elementary Example

The illustrate the idea of the chapter we consider the difference equation

AU(t)x

Ult+1)x= T2 0% T U

,Vt €N, and U(O)x = x > 0,

where 4 > 1.

Then we set M = R, endowed with the distance induced by the absolute value
d(u,v) =lu-v|.
Then A = [0, — 1] (where X = A — 1 is the positive equilibrium) is compact and

lim 5(U(1)B, A) = 0,

whenever B C R,.
The subset A is the global attractor for U in R,.
Next, we observe that
My = (0, +o0)

is positively invariant by U. But the existence of a global for U restricted (M, d) is
more delicate because the metric space (M), d) is not complete.
If we consider positive interior equilibrium

U=1-1>0.

We would like to define .
Ao = {0}
as the global attractor for U restricted to M. This is delicate, because the interior

attractor A will attract the compact subset of My (in general), and Ay may not the
bounded subsets of M (in general).

79
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2.2 Positive Orbit for a Set

Let (M, d) be a complete metric space. Let {U(#)},- be a semiflow on a metric
space (M, d). In Chapter 1, we described the omega-limit set for a point x € M.
Recall that the omega-limit set is defined as

w(x) = ﬂ U U(s)x.

t>0 st

The idea of global attractor is to understand the asymptotic properties of t — U(t)B
when ¢ goes to infinity. So we need to extend the notion omega-limit for the trajectory
of a point x to the trajectory of a subset B of M. So we will consider

w(B) = ﬂ U U(s)B

t>0 st

for a subset B of M.

2.3 Examples of Metric Spaces

In practice the notion of metric spaces is introduced in order to keep a notion of
distance between points for a subset of a Banach space which is not a vector space.
So a metric space will be a subset M of a Banach space (X, ||.||) endowed with the
distance induced by the norm of X. That is

d(xsy) = ”x_y“’vx’y EM.

Definition 2.1 A metric space (M, d) is complete , if any Cauchy sequence {u,}, 5
converges in M. Recall that a Cauchy sequence {u,},-o in M is a sequence such
that for each € > 0, there exists an integer r € N, such that

d(um,up) < &,V¥m,p >r.

Then (M, d) is complete if for any such a Cauchy sequence {u,}, o in M, there
exists u € M such that
d(um,u) — 0, asm — co.

A metric space (M, d) is not complete otherwise. That is, if there exists a Cauchy
sequence in (M, d) that is not convergent in M.

Example 2.2 (of metric space in R) Consider the metric space My = (0,1] ¢ R
endowed with the metric dy(x, y) = |x — y|. Then (My, dp) is closed (because the
empty set @ is open). If we take a sequence

1
Xp = —.

2"
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Then

1
2_11 5
Therefore, the sequence {x,}, <y is a Cauchy sequence. But this sequence converges
to 0, which does not belong to M. Hence (M, dp) is not a complete metric space.

| _xn+q| =Xn —Xn+qg < Xp = Vg € N.

Example 2.3 (of metric space in R?) We can consider
M, =[0,1] x [0, 1], with d;(x,y) = ||x — y||g2

which is a closed subset. Therefore, (M, d;) will give a complete metric (i.e. any
Cauchy sequence in (M, d;) converges to an element of M).
An example of non complete metric space is given by

My =M \{(0,0)} ={y e My :y #0},

which is not closed in R%. Then (Ma, d;) is not a complete metric space. Indeed, let
us consider a sequence

(X5, ¥n) € (0,1] x (0,1] — (0,0) ¢ M, asn — oo.

Then {(x,, yn)},50 is a Cauchy sequence in (M, d1), but {(x,, y»)},s0 does not
converge in M.

Exercise 2.4 Prove the following properties.
(i) The map
1

el Nlyllg2

da(x,y) = | [+ [lx = yllg2, Vx, y € Ma,

is a distance on M.

(ii) M, endowed with the distance d; is a complete metric space.
(Hint: The proof should become clear at the end of this chapter.)

Example 2.5 (of metric space in L'(0,1)) We can also consider some infinite
dimensional example such as

My={uel'(0,1):0<u<1},
endowed with
1
datuv) = =l = [ (o) = vl ldor
0
Then since M3 is closed in L!(0, 1), and the metric space (M3, d3) is complete.

Next, If we consider
My=M;3\{0p:}.
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Then (My, d3) is not a complete metric space. Indeed, let us consider a sequence
u, € L'(0,1),
such that |
it = g1 oo 1 = fo ln(0)ldor — 0, as n = co.

Then
U, — OLI(O,I) e M4, asn — oo,

where the limit is understood in L' (0, 1). Then {u,},, is a Cauchy sequence in
(My, d3), but {uy },5¢ is not convergent in Mj.

Exercise 2.6 Prove the following properties.

(i) The map

1
dy(u,v) = |—— — ——| + |lu = v||p1,Yu,v € My,
lelle MvIlLe

is a distance on Mjy.

(i) M4 endowed with the distance d4 is a complete metric space.

(Hint: The proof should become clear at the end of this chapter.)

2.4 Neighborhood and &-Neighborhood of a Subset

Let (M, d) be a metric space.

Definition 2.7 Let A ¢ M be a subset. Then a subset N € M (which is not neces-
sarily open or closed in M) is called a neighborhood of A , if and only if for each
x € A, there exists € = £(x) > 0 (depends on x in general) such that

By (x,e) ={yeM:d(x,y) <e} CN.

We will say that N is an open neighborhood of A , whenever N is open, and we
will say that N is an closed neighborhood of A, whenever N is closed.

Recall that the distance between a point x and a subset A C M is defined by

d(x,A) :=inf d(x,y).
yeA

The quantity d(x, A) is measuring the distance of x to A. Therefore if x € A then
d(x,A) = 0. Moreover, if d(x, A) = ¢ > 0, this means that we can find a sequence
¥y, € A such that

nlgrolo d(x,yn) = e.
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In particular d(x, A) = 0 does not imply that x € A. But d(x, A) = 0 implies that
x € A.

By Lemma 1.22, we know that the map x — d(x, A) is Lipschitz continuous. It
follows that for each € > 0, the subset

N(A,e) ={xeM:d(x,A) <e},

is an open neighborhood of A (since it is the inverse image of (—co, £) by a continuous
map), and the subset

N(A, &) :={x e M :d(x,A) <&},

is a closed neighborhood of A (since it is the inverse image of (—oo, £] by a continuous
map).

Definition 2.8 The subset N(A, &) and N(A, &) are called e-neighborhood of A.
The subset N(A, €) is called an open e-neighborhood of A, and the subset N(A, ¢)
is called a closed £-neighborhood of A.

N(Ae)

Fig. 2.1: This figure illustrates the notion of e-neighborhood of subset A.

The neighborhoods N (A, €) are very specific. Indeed, for each x € A, we have
BM (X, ‘9) c N(A’ ‘9),

where & > 0 is independent of x. One can compare with Definition 2.7 where the
value of & varies with x.

2.5 Compact Subsets in (Non Complete) Metric Spaces:
Definitions and Main Results

Let (M, d) be a metric space.
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Definition 2.9 A subset of O of M is open, if for each x € O, there exists £ > 0
(depending on x) such that

By(x,e)={yeM:d(x,y) <e} cO.
A subset 7 is closed if its complementary in M is open. That is
M\F={yeM:ye7F}
is an open subset.

Definition 2.10 Let C be a subset of M. We will say that
(1) A family of subsets {F,},cf is a covering of C if

CCUTQ.

a€E

(ii) A family of subsets {¥4 } o< 1S an open covering of C, if {F, } ,<f is a covering
of C, and for each « € E, the subset ¥, is an open subset of (M, d).

(iii) A family of subset {4} 4 18 an finite covering of C, if {F, } , g is a covering
of C, and E is finite.

(iv) If {Fo} e is acovering of C, and E’ C E. Then {F4} ,cp is an sub-covering
of C (extracted from {Fo } ,eg), if

Cc U Fa-
a€cE’
Definition 2.11 Let C be a subset of M. We will say that

(i) The subset C is compact if any open covering of C admits a finite sub-covering
of C. That is for each family {¥,},cg such that

CCU?"@,

acE

there exists a finite subset E’ C E such that

Cc U Fa-

acE’

(ii) The subset C is sequentially compact if each sequence {u,},cy admits a

convergent sub-sequence {unp }peN converging to an element x € C.

(iii) The subset C is relatively compact, if its closure C is compact.
(iv) The subset C is totally bounded (or precompact), if for each » > 0, C has a
finite covering with balls of radius r.

Theorem 2.12 (Corollary 3.8 p.34 in [132]) Assume that (M, d) is a metric space
(complete or not). Then we have the following

(i) A subset C is compact if and only if it is sequentially compact.
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(ii) A subset C is compact if and only if (C,d) is a complete metric space, C is

totally bounded.

Example 2.13 (of non compact subset which is totally bounded and closed)
Consider the metric space M = (0, 1] € R endowed with the metric d(x, y) = [x—y|.
If we take a sequence

C:= U {x,,},

where

®

(i)

(iii)

pEN
1
Xy = 2—n,Vn € N.
The subset C is not compact.
Indeed, we have
Xn
Xpal = IR and x,,_; = 2x,,.
Define
_ Xn —Xptl 1
Fn = Ty T om2’
then

By (X, 1) N C = {x,}.
It follows that 7 = {¥,},,5¢ the family defined by

Tn =BM (xn,rn)

is an open covering for the sequence

CzU{xp}-

peEN

But we can find no finite sub-covering of C extracted from ¥ (since each element
of ¥ covers exactly one element of C). Therefore C is not compact.

C is totally bounded.
Indeed, if we consider any covering G = {G,}, > the family defined by
Gn =B (xy,r),Vn eN,

with r > 0.

Then for each ny = no(r) > 0, such that x,,, < r, we have

cc | 6.

n=l,...,ng

C is a closed subset in (M, d).
Indeed, the complementary subset M \ C is open (M, d), because we can find
an open ball around each point of M \ C included in M \ C.

Therefore C is closed, totally bounded, and C is not compact.
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The above example together with the following theorem explain why the notion
of totally bounded sets is used only in complete metric spaces. This will be crucial
(later in this chapter) when we will consider the measures of non compactness.

Theorem 2.14 (Corollary 3.9 p.35 in [132]) Assume that (M, d) is a complete
metric space. If C is totally bounded, then the subset C is compact.

2.6 Cantor’s Diagonal Process

In order to explain the diagonal process, we consider an example of sequence with
double indexation
(n,m) e NxN — u) € [0, 1].

This double indexation can be regarded as a sequence m — u’™, where each element
u'™ is itself a sequence n — u)' with values in [0, 1].

Claim 2.15 There exists a increasing sequence p — mp, € N, and there exists a
sequence n — u, € [0, 1], such that

lim u,” =%,,Vn € N.

p—>00
Proof (of the claim) In the principle of this proof is schematically represented in
Figure 2.2.

Step n = 0: Let us first consider the sequence m — ug' € [0, 1]. Since [0,1] is
compact in R, we can find a convergent sub-sequence. That is, we can find a strictly
increasing sequence of integer p — m(’), € N (with m% — ©0), and ug € [0, 1], such

that .
. m —
lim u,"” = up.
pA)OO

0
Step n = 1: We consider the sub-sequence p — uT” € [0,1]. We can extract a
sub-sequence p — m}, € N (with m}, — o), and u; € [0, 1], such that
1

. m —
Iim u, ” =uy.

P 1

Here to extract a sub-sequence from p — m(;, € N means that, for each p € N,
1 0
mp € U Mg
pEN
and

lim m! = co.
p—)OO

This process is represented by the diagonal red arrows in Figure 2.2.
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Due to this construction, we keep the convergence from the previous sub-

sequence. That is
1
. m —
Iim u,” =ugp.
0
p—)DC

We can keep the diagonal elements from the previous column without changing
the convergence properties,

1_ .0
mgy =m.

This the process represented by the horizontal red arrows in Figure 2.2.

k
mp

wat € [0, 1]. We can extract a

Step n = k + 1: We consider the sub-sequence p — u

sub-sequence p — m’;,“ € N (ie. mf,“ — o0) and uy4; € [0, 1], such that
k+1
. kel _
pm Uy = Uk
Here to extract a sub-sequence from p — mf,*l € N means that, for each p € N,
k+1 k
mp- € U mp
peN

and

lim m&! = co.

p—o

This process is represented by the diagonal red arrows in Figure 2.2.
Due to this construction, we keep the convergence from the previous sub-
sequence. That is

k+1 k+1 k+1
hmuop = Uy, hmulp =uy,..., im u,” =uy.

We can keep the above diagonal elements from the previous column without changing
the convergence properties,

mﬁ“:mé,Vp:O,l,...,p—l.

This process is represented by the horizontal red arrows in Figure 2.2.

Final step: By induction arguments we can construct such a sequence for each
integer k € N, and we obtain

k
mp

" =T, Vk € N

lim u
p—)OO
Now we choose the diagonal element in Figure 2.2 (in green). That is we consider
the sequence
m, =mbh,Vp € N.

Then by construction the sequence p — i, is a sub-sequence of any p — ml;, That
is foreach p € N, and k € N,
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—~ k
iy e | mp,
peN
and
lim m,, = co.
p—)OO

Therefore, we obtain ~
lim u” =iy, Yk € N.

p—ox

The claim is proved. O

Fig. 2.2: The figure gives a schematic representation of the diagonal process. The
columns represent the index of each sub-sequence. The red arrows indicate where
the values are taken in the previous column (i.e. on the left hand side). One must
realize that all the indexes of a given column appear in the previous one (i.e., on
the left-hand side). That is, each column is extracted from the previous one. The
coefficients above the diagonal are unchanged. The diagonal process consists in
choosing the diagonal elements.

Example 2.16 (of sequence that is not converging uniformly with respect to
n € N) The convergence in the Claim 2.15 is called local convergence in n € N.
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This means that the convergence holds simultaneously only for a finite values of
neN.

To convince ourselves that this convergence can not be uniform, let us consider
the following example
n+1

p _
n+l+p+1

uy, =
Then
lim u? =0,Vn > 0.
p—oo

But we have

n+1
Pl =supu? = lim —— =1,Vp € N.
el nekpgu" noeon+l+p+1 P
Therefore
lim |[uP|lc =1#0.
p—

This example show that the convergence in the Claim 2.15 is not (in general) uniform
with respect to n € N.

Corollary 2.17 The space of sequences
M = {{un}, ey : un € [0,1],Vn € N},

endowed with the distance

|Mn - an
d(u,v) = sup ————,
neN 2n

is sequentially compact.

Proof Let m — u' be a sequence of elements of M. That is for each m € N, ™ is
a sequence of the form
n—uy € l0,1].

By using the Claim 2.15, there exists a increasing sequence p — m,, € N, and the
exists a sequence n — u, € [0, 1], such that

. m —
lim u,” =u,,¥n € N.

P

Let us prove that
N
im su
S T

_ﬁnl —

0.

Let € > 0 be fixed. Since u]"' € [0, 1], and u,, € [0, 1], we deduce that

m —
|unp _un| <

2
on =on

Therefore, for ny € N large enough, we have
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lup” —un| _ 2
o < 2—n <&, Vn = nyp
It follows that
| ” = | | ” =
Sup —— <max| max ——,¢
neN " n=0,...,np n
and since
lim |uZl” —uy|=0,¥Yn=0,...,n,
p—>00
we deduce that there exists an integer po € N such that
my —
u,” —u
sup M < & Vp = po.
neN 2
The proof of the corollary is completed. O

2.7 Spaces of Continuous Functions: Compactness Properties
and Diagonal Process

Theorem 2.18 (Arzela—Ascoli theorem) Let X be a compact subset of a metric
space (M, d). Let (F,||.||r) be a Banach space. Let ® be a part of C(X, F) the
space of continuous maps from X into F. Then @ is relatively compact in C(X, F)
(endowed with the distance d(u,v) = sup,cx |[u(x) —v(x)||r) if and only if

(i) D is equi-continuous. That is, for each € > 0, there exists n > 0, such that
d(x,y) <n = llu(x) —u(y)llr <& Vue®.
(ii) For each x € X, the set {u(x) : u € ®} is relatively compact in F.

To illustrates the above result, we will prove the following typical consequence of
Arzela—Ascoli theorem.

Lemma 2.19 Let I C R, Jg C R, and J; C R be three closed and bounded intervals.
Then the set

C:={ueC (1,1 : ux) ey, andu'(x) € Jy, forallx € I}

is relatively compact in C(I,Jy) endowed with the supremum topology (i.e.,
d(u,v) = sup,c; |u(x) — v(x)|). That is, for each sequence {u™}men C C, there
exists a sub-sequence p — m, € N (i.e., strictly increasing sequence of integers)
and a continuous u € C(1,Jy), such that

lim sup |u"? (x) — a(x)| = 0.
P xel
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Proof (Proof of Lemma 2.19) To prove Lemma 2.19 we show that the Arzela-Ascoli
Theorem 2.18 can be applied to the set C. First we remark that the set {u(x) : u €
X} = Jp is a bounded interval in R, therefore condition (ii) in Theorem 2.18 is
satisfied.

Next we show that the condition (i) holds. We let

D :=sup{|y| : y € J1},

so that
|u’(x)| < Dforallu € Candx € I.

Then by the mean value theorem, we have

lu(x) —u(y)| < |x — y|sup |u’(z)| < Dlx —y|forallu € Cand x,y € I.
zel

In particular for each &£ > 0 we can find

such that

lx =yl <7 = |u(x) —u(y)| < Dlx - y| SD%:gforallueC.

Thus, by the Arzela-Ascoli Theorem 2.18, C is relatively compact in C (1, Jp). In
other words for each sequence {u™},,en C C, there exists a function # € C(I,R)
and a subsequence p — m, € N such that

lim d(u™ @)= lim sup|u™ (x) —i(x)| = 0.
T yel

p—o+oo p—
Lemma 2.19 is proved. O

Theorem 2.20 Let Jyo C R, and Ji C R be two closed and bounded intervals.
Consider the subset of C(R,R)

M :={ue CR,R) : u(x) € Jy, forall x € R},

endowed with the distance associated to the local uniform topology. That is
+00 1
d(u,v) =)’ 3 Supfu(@) —v()l.
=1 x€[-n,n]

Then (M, d) is a complete metric space. Moreover, the space
C:={ueC'(R,R) : u(x) e Joandu'(x) € J, for all x € R},

is relatively compact in (M, d). That is, for each sequence {u"} e C C, there
exists a sub-sequence p — m, € N (i.e., strictly increasing sequence of integers)
and a continuous u € C(R, Jy), such that
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+00
lim on  Sup [P (x) —u(x)] = 0.

p—teo =1 x€[-n,n]

Proof Let {u"},,>0 be a sequence in C. We use a diagonal process.

Step 1: Compactness on [—1, 1].
Consider the restriction of {u#"},,cn. By Lemma 2.19, there exists a sub-sequence
{um}’ } penv and a continuous function i; : [-1, 1] — R such that

lim  sup |um11’ (x) = (x)] =0.
P=F0 xe[-1,1]

Step 2: Compactness in [-2, 2].
By applying Lemma 2.19 to the sequence {um}’ } pen restricted to the interval [-2, 2],
we get that there exists a subsequence p — m? extracted from p — m}, and a

p
continuous function it; € C([-2,2],R) such that

lim  sup |um3’ (x) —iia(x)| = 0.
P=F®0 v e[-2,2]

: 2
Since m »

Therefore

. - 2 _
is extracted from m IIJ, the restriction of u™» to [—1, 1] converges to i;.

ip(x) =iy (x) forall x € [—1,1].

Step 3: Construction of {u""} peN.
By induction, assume that we have constructed sequences {mf7 ypewfork =1,...,n,

such that each {mf,} pen is extracted from {m['j‘l}peN, and there exists i; €
C([—k, k], R) such that

k
sup |up” (x) — i (x)] — Oforallk = 1,...,n.
xe[—k,k] p—teo

By applying the Arzela-Ascoli theorem to the sequence {7} pen restricted to
[—(n+1), (n+1)], we find a subsequence {m’;*'} , e extracted from {m’} ey and
a function it,,+; € C([-(n+ 1),n+ 1],R) such that

lim sup " (x) = fipe1 (x)] = 0.
P20 ye[—(n+1),n+1]

Since mZ”

Therefore

. . . n J
is extracted from m?, the restriction of u™r to [—n, n] converges to ii,,.

pe1(x) = i, (x) forall x € [—n,n].
The sequence {1} pen is thus constructed for all n € N.

Step 4: Diagonal process.
Now we choose m,, := m} for all n € N and @(x) := i, (x) for all x € [-n,n]
and n > 1. Observe that, by construction, the sequence {1, } >, is extracted from
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{m,} pen for all n € N. Therefore

lim  sup |u"71’ (x) —i(x)| =0, foralln € N.

Define D := sup, ., |x|. Then, since u™ € C(R,Jo) and ii € C(R, Jo), we have

sup  |u™ (x) —ii(x)| < 2D.

x€[-n,n]
Thus
_ 400 1 _
du @)= =0 sup ™ (x) ~ ()

=1 xe[-n,n]
no 1 R +00 1

< e s lu™ (x) — ii(x)| + Z 57 X 2D
n= n:n()+1
1 ~ 2D 1

=) 50 sup |u"r(x) —a()|+ Sy —
£ 2" xel-n.n) Mt ] — 5

Let £ > 0. Then for ng > 0 sufficiently large we have

2D 1 2D

2n0+11_%_2n =

Nlm

and we obtain for all n > ng,

d(u™, i) < Z = sup [u(x) - ii(x)] + 5

xe[ n,n|

Now we can find n; > ng such that p > n; with n; sufficiently large we have

sup |u’7"’(x) —i(x)| < £
x€[-ng,no] 2no

Therefore for all p > n; we have

—~ e ¢
d(u™ i) <ngp— +- =g,
() <m0z + 3

and since & > 0 is arbitrary, we have proved that u™» converges to ii as p — +oo for
the topology induced by d. Theorem 2.20 is proved. O

Remark 2.21 Instead of the local uniform topology, we could have used any other
distance of the form

d*(u,v) = Sugp(X)lu(x) —v()l,

where p : R — (0, ) is any continuous function, satisfying
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lim p(x) =0.
[x|—>00
The conclusion of Theorem 2.20 holds, That is, for each sequence {u"},,cn C C,
there exists a sub-sequence p — m, € N (i.e., strictly increasing sequence of
integers) and a continuous u € C (R, Jy), such that
lim d*(u"7,u) = 0.

p—oo

2.8 Compactness Properties for Families of Subsets

In this section, we prepare some key ingredients for the global attractor theory. We
first recall that in any metric space (M, d) (complete or not) a subset C of M is
compact if and only if any sequence in C has a sub-sequence which converges in C.
So for each sequence {x,},»¢o C C, we can find a sub-sequence {xnl, }pZO (that is
we can find a strictly increasing sequence of integer p — n, € N) and there exists
x € C, such that

lim x, =x.
p—)OO P

Definition 2.22 Let / c [0,+c0) be unbounded, let {A;},.; be a family of non-
empty subsets of M. We say that {A, },.; is point-wise sequentially compact if and
only if for each sequence {f,,},,5o C I — +o0, and each sequence {x,}, - satisfying

Xn € Ay,,Vn 20,
has a convergent sub-sequence.

Remark 2.23 Every family {A,},; € R” such that A, ¢ Bgn(0,7),Vt € I (for
some r > 0) is point-wise sequentially compact. So this provide an example of
such a class of point-wise sequentially compact family. The same property is true in
locally compact metric spaces.

Definition 2.24 Let I C [0, +c0) be unbounded, let {A, },; be a family of non-empty
subsets of M. We will say that {A, },; is decreasing if and only if

t>s5s= A, CA;.

Recall that in any metric space (M, d) (complete or not) a subset C of M is
compact if and only if every sequence has a convergent sub-sequence whose limit is
in C.

Theorem 2.25 Let I C [0, +00) be unbounded, let {A,},<; be a family of non-empty
subsets of M. Assume that {A;},¢; is point-wise sequentially compact. Then

el

t>0 st
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is compact and non-empty and
0(A;,Ax) — 0, ast — +oo.

Moreover, if we assume in addition that A; is a decreasing family of closed of subsets

of M. Then
Aw={Ar

120

Proof We set B; = g5, As,Vt 2 0. Let {t,},,59 € I — oo, and each sequence
{xn}ns0 C M, such that
Xn € Btnavn > O.

We claim that {x,},-( has a convergent sub-sequence. Indeed, there exists for each
n20,y, € Ussy, As, such that

1

d(yn,xn) < PURE

For each n > 0, there exists s, > t, such that y,, € Ay, , and by assumption {y,},>
has a convergent sub-sequence. Let {ynp }pZO — x € M, then

d(x,xp,) < d(x,yn,) +d(yn,,%n,) = 0, as p — +oo.
Moreover, since A; C B;, we deduce that

5(As, Ae) < 8(By, As), ¥t > 0,

We can replace A; by B;, and we can always assume that A; is a non-increasing

family of closed and non-empty subsets of M. We set A, = (| A;. Then it is clear
120
that A is closed since it is an intersection of closed subsets.

Let us prove that A, is not empty. Indeed, by taking ¢, — oo and x,, € A, , and
by taking a sub-sequence we can assume that x,, — x. Let r € I. We have for all

n € N, with ¢,, > ¢, we have
Xn € Ay, C A

and since A; is closed, we deduce that
X, > x € AVt > 0.

Hence
X € Aco.

Moreover, if we take {y,}, 9 C A, then by induction we can find a sequence
{tn}ns0 C I, and a sequence {x,},-o € M, such that x, € A; ,Vn > 0, t, — +co,
and d(y,,x,) — 0, as n — +co. By assumption we can find a sub-sequence
{x"p}pzo — yas n — +oo. Now since A is closed, and by construction y € A,
and y,, — yas p — +oo, we deduce that y € Ac. It follows that A, is compact.
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Assume by contradiction that there exist &€ > 0, and {¢,},59 — +o0, such that
0(A;,,Ax) = &,Vn 2 0. Then for each n > 0, we can find x,, € A, , such that
d (xn, Aw) > £/2. By assumption we can find a sub-sequence {x,,} _, — x. But

p=0
by construction x € A,
0=d(x,Ax) = €/2,

and we obtain a contradiction. O
Definition 2.26 We say that a subset C C M attracts a family {A;},;, if
tli_}ngo 6(A;,C) =0.
That is equivalent to say that for each £ > 0, we can find 79 = 79(&) > 0, such that
A; € N(C,¢),Vt = 19.
We deduce the following result from Theorem 2.25.

Theorem 2.27 The two following assertions are equivalent:

(i) The family {A;},¢; is point-wise sequentially compact.
(ii) The family {A;},¢; is attracted by some compact subset C C M.

Moreover, if (i) or (ii) is satisfied, then

4e= (U
t>0 st

is the smallest compact subset C C M, attracting the family {A;},¢;.

Definition 2.28 Let I c [0, +c0) be unbounded, let {A;},.; be a family of non-
empty subsets of M. We say that {A; },.; is Hausdorff sequentially compact if and

only if for each sequence {t,},-¢9 C I — +oo, there exist a sub-sequence {tnp }p>0

and a subset Ay, C M satisfying
dy (A,np,;\\oo) — 0, as p — +oo.

The convergence of the family A; t0 A for the Hausdorff distance means that, for
each € > 0, we have both _
A; C N(Aw, &) (2.1)

and R
Aw CN(A;, €) 2.2)

whenever ¢ > 0 is large enough.
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N(Ag, )

SN

Fig. 2.3: This figure illustrates the inclusion (2.1). When & goes to O, the set A,
approaches t0 Ac.

N(Ah E)

A
C)

Fig. 2.4: This figure illustrates the inclusion (2.2). When & goes to 0, the set A
approaches to A;.

In this previous of convergence results, the property (2.2) was missing. This prop-
erty can be interpreted by saying that every point of the limit set A is approached
by some point of A;. The following lemma says that the convergence is also true in
the sense of the Hausdorff distance, but only for a sub-sequence A,, and a smaller
subset Ao C Ac.

Theorem 2.29 Let I C [0, +o0) be unbounded, let {A;},<; be a family of non-empty
closed subsets of M. If the family {A;},¢; is point-wise sequentially compact, then
{A;}1er is Hausdorff sequentially compact. More precisely, for each {t,}, 5o C I —
+00, there exists a sub-sequence {t,,p }p>0 such that

dy (Atnp,/’l\oo) — 0, as p — +oo,
where

Ao=(J As,-

p=0g2p
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Proof Set

=(Uas
>0 s>t

then by Theorem 2.25 we know that A, is compact, and

0(A;,Ax) — 0, ast — +oo,

Since A is compact, for each integer m > 0, there exists {xi", ...,xZ" } C A, such
m

that
Aw cU (l’2m+1)

Let {t,},59 € I — +co. By using a diagonal process, we can find a sequence of
integers {l;} 0. such that {yT, . } C {x{”, s X } such that for integer p
and m with p > m

I
m m 1
A, C UB (yl ’2m)’ (2.3)
i=
and .
A, NB (y;", 2—m) £0.Yi=1,..,1. (2.4)
Set

- ﬂ UAt"fJ’

p>0gzp

by Theorem 2.25, we know that Ay isa non-empty compact set, and
§(A,np,gm) — 0, as p — +oo.

Moreover, by using (2.3) and (2.4), we deduce that for each integer m > 0,

I/
n]_ m 1

C UB(yl ,Z—m),
i=1

and

~ 1
AuNB (y;", z—m) £0,Vi=1,.. 0L

Letx € Xm, for each m > 0, there exists iy € {1, ..., [,y }, such that

— 1 1
xeB(yg‘,z—m) and A, ﬂB(le 2m) +0,Yp = m.

So

We conclude that
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—~ 1
6 (AwiAy,, ) < ooV 2 m.
and the proof is completed. O
Example 2.30 (Discrete time example) Consider the following example {A, }, en

Aop = {0}, Vn e N,

and
A1 ={1},Vn e N.
Then
Aw =1{0,1},
and
0(A,, Ax) =0,Vn > 0,
implies

lim 6(A,, Aw) = 0.
n—oo
Moreover we have

0(Aw,Ay) = sup d(x,A,)=1,VrneN.
x€{0,1}

Therefore, the Hausdorff distance satisfies
dy (A, Ax) =1,Yn > 0.

Moreover if we consider constant sub-sequence n — A, then

Aw = {0},
and if we consider constant sub-sequence n — Aj,41 then

Aw ={1}.
Example 2.31 (Continuous time example) Consider the following example {A; }, g,

A; ={cos(t)},Vt € R,.

Then
Aoo = [_17 1] 5

and

0(As,Ay) = sup d(x,A;) =max (|1 —cos(?)], |1 +cos(t)]) > 1,Vr € R,.
xe[-1,1]

Therefore, the Hausdorff distance satisfies

dy (A, Aw) > 1,¥1 > 0.
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Moreover if we consider constant sub-sequence n — Az, then

Arpong = {COS(Z‘)} ,Vn >0,

and we obtain for this sequence Aw = {cos(t)}.

2.9 Measure of Non-Compactness

Definition 2.32 The Kuratowski measure of non-compactness , , is defined by
k(B) = inf{r > 0 : Bhas a finite cover with ball of radius r},
for any bounded set B of M. We set k(B) = +o00, whenever B is unbounded.

Remark 2.33 From Example 2.13, we can see that the measure of non-compactness
is not measuring the compactness in non complete metric spaces.

From this definition, we deduce that
k(B) = k(B),

for any subset B of M.

The following lemma can be reformulated by saying that (M, d) is a complete
metric space if and only if each totally bounded subset of M is relatively compact.

Theorem 2.34 The following properties are equivalent

(i) (M, d) is complete metric space. .
(ii) For each subset C of M, k(C) = 0 implies that C is compact.

Proof Proof of (ii)=(i). Let be a Cauchy sequence {x,}, - then for each & > 0,
there exists ng > 0, such that

d(Xpy, Xngs1) < €,Y1 2 0.

So
() = (| frah) <&
n>0 n=ng
hence
k(| e =0,
n>0

and by using (ii), we deduce that

| €

n>0
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is compact. By compactness, we deduce that {x, },, o has a sub-sequence converging
in M. But, by using again the fact that {x,}, .o is a Cauchy sequence, we conclude
that the sequence {x,}, .o converges in M.

Proof of (i)=(ii). Let C be closed subset of M, and assume that «(C) = 0. Let
{*n}n>0 be a sequence in C. For each integer m > 0, let be {z’l”, e 2 } C M, such

that
CCU (l’zm)’

and by using a diagonal process, we can find a sub-sequence {xnm}m>0 and a
sequence of integer {i,, },,>o such that

1
Xn, € B( Zi 2m),\7’p >m.

So

d (z zm+1) < d( xan) +d (xnmﬂ,zm”) < — +

> Ml Um+1

So we deduce that forall m > 0, and [ > 0,

d(z’" z’””) < d(z Zm+1) +d( m-1 zm”)

> Ml ? Mlnsl lm+l 17 Ylnsl
1 1 1
S Sl + 2_m + ...+ —2m+l—1
1 1 1 1
<—l+-+...+ 5 < .
2m—l 2 21 2m—2

So { } 0 is a Cauchy sequence. So by using (i), we deduce that 7' — x € C, as
) > m

m — +oo, and since

the result follows. O
Proposition 2.35 The following statements are valid

(i) Let (M, d) be complete metric space, let I C [0, +c0) be unbounded, and let
{A;},¢1 be a decreasing family of non-empty closed subsets of M. Assume that

k(A;) =0, ast — +oo.

Aw:ﬂA,

t>0

Then

is non-empty and compact, and

0(A;,Ax) — 0, ast — +oo.
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(i1) For each A Cc M, and B C M, we have
k(B) < k(A)+d(B,A).

Proof Proof of (i). Assume first that k(A;) — 0, as t — +o0. Let two sequences
{tn}nso € I — coand {x,},, 590 C M, such that x,, € A, ,Vn > 0. Then

K (LJO{Xn}) =K (U {xn}) < k(Ay,),Vp 20,
n> nzp

hence
K (U {x,,}) =0.
n>0

By Theorem 2.34, we know that |J {x,} is compact. We deduce that the family
n>0
{A;};¢; 1s point-wise sequentially compact, and the result follows from Theorem

2.25.

Proof of (ii). Let £ > 0. Then there exists {x1, ...,xny } € M, such that

Ac U B (xn, k(A) +£/2) 2.5)
n=1,..., N

Letx € B. Then d(x,A) < §(B, A), so there exists y € A, such that
d(x,y) <6(B,A) +¢&/2.
But by (2.5), there exists n € {1, ..., N}, such that

d(xn,y) < k(A) +¢/2,

)
d(x,x,) <d(x,y)+d(y,x,) < k(A)+6(B,A) +&.
So
BcC U B (X, k(A) +5(B, A) +¢) .
n=1,..., N
and
k(B) < k(A)+6(B,A) +¢&,Ve >0,

and the result follows when £ — 0. O

2.10 Omega-Limit Sets of a Subset

Definition 2.36 For each subset B ¢ M, we denote by
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v (B) = Jum(B)

120
the positive orbit of B for U, and by
w(B) =) Ju) B
t>0 st
the omega-limit set of B for U.

Definition 2.37 We say that a subset A C M attracts a subset B ¢ M for U, if
tli_)nolo 6(U(H)B,A) =0.
Lemma 2.38 Let U be a continuous semiflow. If B C M is positively invariant for U
so is B.
Proof Assume that B ¢ M is positively invariant for U, that is to say that
U(t)B Cc B,Vt > 0.

Let be a convergent sequence x, € B — x € B. Then since U is a continuous
semiflow _
U(t)x, € B— U(t)x € B,

and we deduce that B is positively invariant for U. O

The theory of attractors is based on the following fundamental result, which is related
to Hale [93, Lemmas 2.1.1 and 2.1.2].

Proposition 2.39 (Omega-limit sets) Ler {U(t)},c; be a continuous semiflow on
(M, d). Let B be a subset of M, which is attracted by compact subset C C M for U.
Then

(i) w(B) is non-empty, compact, and attracts B for U.
(i1) w(B) invariant for U. That is
U(t)w(B) = w(B),Vt = 0.
(iii) w(B) attracts B for U. That is
tgrzlmd (U(t)B,w(B)) = 0.

Proof Proof of (i). Set
A, = U U(s)B,Vt > 0.

s>t

It is clear that the family {A;},<; is decreasing and is attracted by C. By Theorem
2.27, we deduce that w(B) = (;»¢ Ar is non-empty, compact, and attracts {A;},¢;.
Therefore w(B) attracts B for U.

Proof of (ii). Let 7 > 0. We have
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U U(s)B

s>t

U(7) = U U(s)B,Vt > 0. 2.6)

S2t+T

Therefore, we obtain
|J us)BcUmA, Ve 20,

S>t+T

hence
Ay CU(T)A;,VE 2 0. 2.7

By using again (2.6), we have

U(7) C Ay, V120,

U U(s)B

s>t

since U () is continuous,
U(t)A; C Apyr, ¥Vt 2 0. (2.8)
We deduce from (2.8) that
U(t)w(B) cU(1)A; C Apr, ¥Vt > 0,

hence
U(t)w(B) Cc w(B),Vt = 0. 2.9)

To prove the converse inclusion, let y € w(B). Since the family A, is decreasing, we
can find a sequence f,, — oo and y, € A, ., such that y, — y as n — oo. By using
(2.7) we deduce that we can find a sequence x, € A;, such that

A0 U@ < 57
But we can also find a convergent sub-sequence
Xn, — X € w(B).
Now by using the continuity of U(7), it follows that U(7)x = y. It follows that
w(B) c U(t)w(B), (2.10)
and the results follows from (2.9) and (2.10).

Proof of (iii). Assume by contradiction that there exist € > 0 and a sequence
t, — +oo such that

supd (U(ty)x, w(B)) =6 (U(t,)B,w(B)) = &,¥Yn = 0.
X€EB

Then we can find a sequence x, € B such that
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d (U(ty)xn, w(B)) = €/2,¥n = 0.

By compactness of C, we can find a convergent sub-sequence (denoted with the
same index) such that
lim U(ty)x, =z € w(B).
n—+oo

By Lemma 1.22, we deduce that

0<eg/2< nl_i)r{lood (U(tp)xn,w(B)) =d(z,w(B)) =0,

which gives a contradiction. O

2.11 Global Attractors

Let (M, d) be a complete metric space. Let U : I X M — M be a continuous
semiflow on M with I = wN or R.

Definition 2.40 The semiflow U is said to be point (compact, bounded) dissipative
if there is a bounded set By in M such that By attracts each point (compact set,
bounded set) in M;

Definition 2.41 The semiflow U is said to be asymptotically smooth if for any
nonempty closed bounded set B ¢ M which is positively invariant for U (i.e.
U(t)B C B,Vt > 0), there is a compact set C C M such that C attracts B for U (i.e.
6(U(t)B,C) — 0,ast — o).

Lemma 2.42 The semiflow U is asymptotically smooth if and only if
t]im k(U(t)B) =0,

for any nonempty closed bounded subset B C M which is positively invariant for U.

Proof (<): Letnonempty bounded subset B C M positively invariant for U. Assume
that

lim « (U(1)B) =0

r—00

Then
Jim « (DB =0

by Proposition 2.35-(i) (applied to the family A, = U(¢)B), we deduce that A, =

(N U(¢)B is non-empty and compact, and
120

6(U(t)B, Ax) < 6(A;,Ax) — 0, ast — +oo.

(=): Conversely assume that there exists a compact subset C C M such that

6(U(t)B,C) — 0, ast — oo.
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Then by Proposition 2.35-(ii), we have

k(U(t)B) < «k(C)+6(U()B,C) =6(U(t)B,C) — 0, ast — oo,
the proof is completed. O

Definition 2.43 A positively invariant subset A ¢ M for U is said to be stable if for
any neighborhood V of A, there exists a neighborhood W c V of A such that

U)W cV, Vvt > 0.

We say that A is globally asymptotically stable for U if, in addition, A attracts
points of M for U. That is

rlim dU(t)x,A)=0,Yx e M.

Lemma 2.44 A subset A is stable for U if and only if for each neighborhood V of A,
there exists W C V neighborhood of A satisfying

U)W c W, vt > 0.

Proof (=): Assume that A C M is stable for U. Let V be neighborhood A. Then
there exists a neighborhood W c V of A such that

U)W cV,Vt > 0.

Set _
W= U U(s)W.

5>0

Then W is a neighborhood of A (since it contains W) and

U)W = U U(s+1)W U U)W = W.

s>0 5>0
(<): This implication is trivial. m|

Lemma 2.45 Assume that A is a compact subset of M and V is a neighborhood of
A. Then there exists € > 0 such that

N(A,e)cCV.
Proof Assume by contradiction that

1

N(A,—) ¢ V,Vn € N.
n+1

This implies that there exists x,, € A such that

1
BM (x}'h ) ¢ V,Vn EN.
n+1
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But since A is compact, we can find a converging subsequence x,, — X € A.

1
Moreover for each p € N we can find Yn, € Bu (xnp, T)’ and
n
Yn, V.

We deduce that
d (% vn, ) < d (%, )+ (%0, 30,)
so we deduce that

lim d (%, v, | = 0.

p—ox

Since x € A and Yn, & V, we obtain a contradiction with the fact that V is neighbor-
hood of A. O

The following result can be found in the book of Hale [93, Theorem 2.2.5], we have
the following result.

Proposition 2.46 (Stability) Ler A ¢ M be a compact subset which is positively
invariant for U. If A attracts the compact subsets of one of its neighborhoods, then
A is stable.

Proof Let W be a neighborhood of A and assume that A attracts every compact
subset of W for U. Assume by contradiction that A is not stable. So assume that
there exists a neighborhood V of A, such that for each neighborhood V'’ of A, with
V’ c V, there exists t = ¢ (V') > 0, such that

umn)v' ¢ V.
Since A is compact and V N W is a neighborhood of A, we can find & > 0, such that
N(A,e)cVNW.

Moreover by construction for each integer m > 0, we can find t,,, > 0, such that
U(t)(N(A & ))q:v
n "m+1 '

So for each m > 0, we can find x,, € N (A, -£5), such that
Ultm)xm € V.
Since A is compact, by taking a sub-sequence, we can always assume that

Xm — X €A, asm — +co,

Moreover since
C={xy:m>0}U{x},

is compact and is a subset of W, there exists #y > 0, such that
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U()C Cc N (A,e) CcV,Vt > 1.
So
tm € IN[0,10],Ym >0,

and we have by construction
d(U(tym)xm, A) > &,Ym > 0. (2.11)
Since A is positively invariant for U, we deduce that for all m > 0,

d(U(tm)xm,A) <d (U(tym)Xm, U(tm)x) < sup  d(U@)xy, U(t)x) .

teln|[0,z]

Since U is continuous, we deduce that U is uniformly on the compact subset [0, #y] X
C. Therefore,
Xm D XEA,

for all m > 0 large enough, we have
d (U(tm)xm, A) < €/2,
a contradiction with (2.11). O

As a direct consequence of Proposition 2.46, we deduce the following result.

Proposition 2.47 Let A C M be a compact subset which is positively invariant for
U. The following properties are equivalent

(i) A attracts the compact subsets of M;
(ii) A is stable and attracts the point of M;

Definition 2.48 A nonempty, compact and invariant subset A C M is said to be

(i) an attractor for U if A attracts one of its neighborhoods;
(ii) a global attractors for U if A is an attractor that attracts every point in M;
(iii) a strong global attractor for U if A attracts every bounded subset of M.

We remark that the notion of attractor and global attractor was used in [ 104, R

, ]. The strong global attractor was defined as global attractor in [93, 1.

As we will see in the following the notion of strong global attractor is not applicable
(in general) in the context of the uniform persistence.

A discrete time version of the following theorem was proof by Magal and Zhao
[160]. The proof of the following Theorem is inspired by [93, Theorem 2.4.2,
Lemmas 2.4.4 and 2.4.5]. This result is also similar to the result about existence of
global attractors in [ 189, Theorem 23.12] for continuous-time semiflows.

Theorem 2.49 (Global attractor in M) Let U be a continuous semiflow on a com-
plete metric space (M, d). Assume that

(i) U is point dissipative;
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(ii) U is asymptotically smooth;
(ii) The positive orbits for U of compact subsets of M are bounded.

Then U has a global attractor A C M. Moreover, A attracts any subset B C M with
an eventually bounded positive orbit, that is to say that A attract any subset B ¢ M
satisfying

Y (U(t)(B) = JUu®s,

t>ty

is bounded for some ty > 0 (large enough).

Remark 2.50 As a direct consequence of Proposition 2.46, the subset A is a stable
compact invariant for U in (M, d).

Proof Assume that (i) is satisfied. Since U is point dissipative, we can find a closed
and bounded subset By in M such that for each x € M, there exists tg = to(x) € I,

U(t)x € By, Vt > ty.
Define
J(Byg) ={y € By:U(t)y € Byp,Vt = 0}.
Then,
U(t)J(By) c J(By), Vvt = 0,

and for every x € M, there exists ¢y = to(x) = 0,
U(to)x € J(By).

Since J(By) is non-empty closed and bounded, and U is asymptotically smooth,
Proposition 2.39 implies that w(J(By)) is compact invariant, and attracts the points
of M.

Assume, in addition, that (ii) is satisfied. We claim that there exists an £ > 0 such
that

Y" (N (w(J(By)), €))
is bounded. Assume, by contradiction, that
“ (N (w(r(Bo), —
Y 0
is unbounded for each n > 0.

Let z € M be fixed. Then we can find a sequence x,, € N (w(J(B())), 1 ) and a

n+l
sequence #, > 0 such that
d(z,U(ty)x,) = n.

Since w(J(Bp)) is compact, we can find a convergent sub-sequence x,, — x €
w(J(B)) (up to a sub-sequence), as p — +oo. Since

H :={xn, : p 2 0} U{x}
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is compact, the assumption (ii) implies that y* (H) is bounded, and we obtain a
contradiction.

Therefore D = y*(N (w(J(By)), €)) is bounded for € > 0 small enough. Then D
is closed, bounded, and positively invariant for U. Since w(J(By)) attracts points of
M for U, and

w(J(By)) € N (w(J(By)), &) C D.

So w(J(By)) attracts the point of M, we deduce that N (w(J(By)), €) is an absorbing
set of M, it follows that for each x € M, there exists ¢y = fo(x) > O such that

U(t)x € N (w(J(By)), &) C D,Vt > 1.

Claim 2.51 Since U is a continuous semiflow, it follows that for each compact subset
C of M, there exists an integer ty > 0 such that

U(ty)C Cc D.

Proof (Proof of the claim:) Assume by contradiction that
U()C ¢ D,Vt > 0.
Then there exists a ¢, — oo such that
U(ty)x, ¢ D,Yn > 0.
Moverover, the subset D is positively invariant by U, so we deduce that
U(t)x, ¢ D,Vt € [0,t,],Vn € N. (2.12)

But since C is compact, we can assume that x, — x € C. By construction there
exists tg > 0 such that
U(t)x € D,Vt > 1.

But the inverse image U(fo) ' D is open (since U is continuous) and contains x. Now
since x,, — x, we deduce that there exists an integer ng > 0 such that

Xn € U(l())_ng,Vn > nop.

Therefore
U(ty)xp € Do,Vn > ny,

and we obtain a contradiction with (2.12). The proof of the claim is completed. O
By using the Claim 2.51, we deduce that
A =w(D)

attracts every compact subset of M.
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Fix a bounded neighborhood V of A. Since U is continuous, we can apply Propo-
sition 2.46, it follows that A is stable, and hence, there is a neighborhood W of A
such that U(#)(W) c V, ¥t > 0. Clearly, the set

W’ = U;soU ()W
is a bounded neighborhood of A, and
U)W c W’ Vit > 0.

Since U is asymptotically smooth, there is a compact set / ¢ W’ such that J attracts
W’. By Proposition 2.39, w(W’) is non-empty, compact, invariant for U, and attracts
W’. Since A attracts w(W’), we deduce that

w(W') C A.

We conclude that A is a global attractor for U.
To prove the last part of the theorem, without loss of generality we assume that B
is a bounded subset of M and y*(B) is bounded. We set

K =y*(B).

Then
U(t)K c K,Vt > 0.

Since K is closed and bounded and U is asymptotically smooth, so we deduce that
there exists a compact C which attracts K for U. Note that

U(t)B c U(t)y*(B) c U(H)K, Vr > 0.

Thus, C attracts B for U. By Proposition 2.39, we deduce that w(B) is non-empty,
compact, invariant for U and attracts B. Since A is attracts the compact subset of M
for U, we deduce that

w(B) C A,

and A attracts B for U. O

2.12 Uniform Persistence and Global Attractors

Let (M, d) be a complete metric space, and p : M — [0, +00) a continuous function.
We decompose M into the open subset

My :={xeM: p(x) > 0},

and the closed subset
oMy :={xeM: p(x)=0}.

Then by using the definition of My and d My, we deduce that
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M = My U dM,,

and
My N oMy = 0.

Throughout this section, we assume that {U(#)},; is a continuous semiflow, and

U(t)My C My, vt > 0.

Definition 2.52 The region M, is called the interior region, and d My is called the
boundary region.

Remark 2.53 The boundary region My does not correspond (in general) to the
topological notion of boundary of M in the sense of the (M, d) (i.e. we may have
OMy ¢ My in general).

Remark 2.54 In most of the examples, the boundary region d My is also positively
invariant by U. But this assumption is not needed to prove the existence of a global
attractors in M.

Example 2.55 (of function p(x)) The function p(x) measure the distance of x to
the boundary region d M. A typical example of function p is the following

p@?=duJM%)=¢g%duJ)

The idea in the following definition is to consider d M, as part infinite.

Definition 2.56 A subset B C M, is said to be p-strongly bounded if B is bounded
in (M, d), and

inf p(x) > 0.

X€EB

Example 2.57 (of function p(x)) If
M =LL0,1),

and
OMy = {01}, and My = L} (0, 1)\ = {01} .

There are many ways to measure the distance of a non-negative function u to the
null function Oy .
We can take

1
= d
p(w) /O H(@u(o)do
where y € C.([0,1],R) and

x(x)>0,vx € (0,1).
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So in particular we allow y(0) and x (1) to be Og.
Then the distance

1
A0 00 = il = [ u(o)der,
which corresponds only to the case y = 1. We will discuss this more in the section
devoted to the examples at the end of this chapter.
Remark 2.58 If we change the function p, we will change the p-bounded sets.

Definition 2.59 (i) The semiflow {U(t)},; is said to be p-uniformly persistent
if there exists £ > 0 such that

I}mjnfp (U(t)x) = &, Vx € M.

(ii) The semiflow {U(¢)},c; is said to be weakly p-uniformly persistent if there
exists € > 0 such that

[lim sup p (U(t)x) = €, Vx € M.
—+00

(iii) The set dM, is said to be p-ejective for U if there exists &€ > 0 such that for
every x € M with 0 < p (x) < &, there is ¢ty = #p(x) > O such that

p (U(to)x) = &.

For a given open subset My C M, let My := M\ My. Thenif My # 0, we can use
the continuous function p : M — [0, o) defined by p(x) = d (x,0My), Vx € M,
to obtain the traditional definition of persistence.

Proposition 2.60 Assume that there is a compact subset C of M which attracts every
point in M for U. Then the following statements are equivalent:

(i) U is weakly p-uniformly persistent;
(ii) U is p-uniformly persistent;
(>iii) dMy is p-ejective for U.

Proof The observations (i)<(iii) and (ii)= (i) are obvious. Let us prove that (i)=(ii).
Let £ > 0 be fixed such that

tliI-P supp (U(t)x) = &,¥x € M. (2.13)

Then for each x € My, and each ¢ > 0, there exists r > 0 such that p (U(f +r)x) >
£/2. Assume that U is not p-uniformly persistent. Then we can find a sequence
{%m}¥m>0 C Mo such that

1
lim inf p (U(#)x,) < ,VYm > 0. (2.14)
=400 m+1

By using the fact that C every point of M and (2.13), we deduce that there exists
£y, = 0 such that
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1
d(U(t)xm, C) < " I,Vt > 1y, and p (U(t)xm) = &/2.
m

By using (2.14) we deduce that there exists /,, > 0 such that

2
m+1

p (U(ty + ln)xm) <

2
Assuming that £/2 > (which is true for all m large enough), we deduce that
m

+1
there exists ¢, > ;, such that

o (U(tym)xm) = €/2, and p (U(ty, + Dxm) < €/2, V1 € (0,1,,] .

We conclude that there exist /,,, > 0 and ¢,,, > 0 such that

d(U(tm)xm’ C) <

m+1’
p (U(tm)xm) = €/2,
0 (Ut +Dxm) < €/2, V1 € (0, 1],

and

P (U(tm + ly)xm) < (2.15)

m+1"
Since C is compact, by taking a subsequence that we denote with the same index,
we can always assume that y,, = U(t,,)x,, — y € C. Since p is continuous and U
is a continuous semiflow, we deduce that

p(y) > ¢&/2, and p (U(l)y) < &/2, ¥l € [0,1"),

where [* = lim,;—, 400 Inf [,5,. Since H = {y,, : m > 0}U{y} is compact, and (¢, x) —

U(t)x is a continuous map, we deduce that for each 7 > 0, |J U(#)H isa
tel0,7]NI
compact subset which is included in M. Hence foreach 7 >0, |J U(?)H is
tel0,7]NI
p-bounded. By using (2.15), we deduce that

I* = +o0.

Otherwise, assume by contradiction that we can find a sub-sequence /,,,, — T as
p — oo. By continuity of U, and by (2.15), we deduce that

P(U(Lm,)ym,) — p(U(1)y) =0,

and since p (y) > &/2, we obtain a contradiction with the fact that M is positively
invariant by U.
We conclude that
;EIPOO supp (U(t)y) < e/2 <&,

which contradicts (2.13). |
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We note that the concept of general p-persistence was used in [200, , ].
It was also shown in [210] that the p-uniform persistence implies the weak p-
uniform persistence for non-autonomous semiflows under appropriate conditions.
The following result shows that the notion of p-uniform persistence is independent
of the choice of continuous function p.

Proposition 2.61 Let £ : M — [0, +c0) be a continuous function such that My =
{x e M : £(x) = 0}. Assume that there is a compact subset C of M which attracts
every pointin M for U. Then U is p-uniformly persistent if and only if U is &-uniformly
persistent.

Proof 1t suffices to prove that p-uniform persistence implies £-uniform persistence
since the problem is symmetric. Let us first remark that U is p-uniformly persistent
if and only if there exists £ > 0 such that

inf inf p(y) >eg,

xXeEMy yew(x)
where w(x) is the omega-limit set of the positive orbit of x. Define
Awp =Usemyw(x), andV ={y € M : p(y) = €}.

Then
f f inf > e,
Dy vt POV =, PO 2 2
Clearly, A, € C, so Aw is compact. Since A, is include in V ¢ M( which is closed,
we deduce that A cvnC c My. So A C M, is compact, and hence, there exists
n > 0 such thatinf _7— &(x) = n, which implies that U is &-uniformly persistent. O

Definition 2.62 Let A be a nonempty subset of M. A is said to be ejective for
U if there exists a neighborhood V of A such that for every x € V \ A, there is
to = to(x) = 0 such that

U(to))xe M\'V.

Proposition 2.63 Assume that 0My # 0 and that there is a compact subset C of M
which attracts every point in M for U. Then the following statements are equivalent

(1) U is p-uniformly persistent;
(i) AM, is ejective for U.

Proof Proof of (i) = (ii). Assume that (i) is true. Let £ > 0 be fixed such that

tlil}l sup p (U(t)x) > &,Yx € My.

Then it is clear that d M is ejective for U, with V = {x e M : p (x) < g/2}.

Proof of (ii) = (i). Conversely, assume that dM) is ejective for U. Let V be a
neighborhood of d M, such that for every x € My NV, there is ny = ng(x) > 0
such that U(fg)x € M \ V. By Proposition 2.61, it is sufficient to prove that U is
p-uniformly persistent when p (x) = d(x, dMy). Assume, by contradiction, that U
is not p-uniformly persistent. Then for each n > 1, there exists x,, € My, such that
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1
lim supp (U(t)x,) < —.
t—+00 n

By the attractivity of C, it follows that for each n > 1, there exists #,, > 0 such that
each y, = U(t,)x, € M satisfies
2 2
d (U(S)yn, C) S > and d (U(S)Yn, 6M0) S > VS Z 0
n n
Since C is compact and V is a neighborhood of d My, there exists 6 > 0 such that
{xeM:d(x,C) <4, andd (x,0Mp) <6} C V.
Let ny > 2/6 be fixed. Then we have y,,, € Mo, and
d (U(5)yny» C) < 6, and d (U(s)yn, dMp) < 6,Vs > 0.

Thus, we obtain
Yno € MoNV, and U(s)y,, € V,Vs >0,

a contradiction with the property (ii). O

Observe that M is an open subset in (M, d). In order to make M, become a
complete metric space, we define a new metric function dy on My by

L_L‘+
p(x) p()

Lemma 2.64 (Mo, dy) is a complete metric space.

do(x,y) = d(x,y), Vx,y € M. (2.16)

Proof 1t is easy to see that dj is a distance. Let {x,},, be a Cauchy sequence in
(Mo, do). Since d(x,y) < do(x,y), Vx,y € Mp, we deduce that {x, },,- is a Cauchy
sequence in (M, d), and there exists x € M, such that d(x,,x) — 0 as n — +co.
To prove that dy(x,,x) — 0 as n — +oo, it is sufficient to show that x € My. Given
& > 0, since {x,},,»¢ is a Cauchy sequence in (M, dy), there exists ng > 0 such that
do(xn,xp) < &, Vn, p = ng. In particular, we have do(xpn, xX,,) < €,Vn > ng. Then
‘;— # < &,Vn > ny,
p(xn) p (xno)

So there exists r > 0 such that inf,>9p (x,) > r. Since p is continuous and
d(xp,x) — 0 as n — +oo, we deduce that p (x) > r, and hence x € My. Thus,
(My, do) is complete. O

We denote for each couple of subsets A, B ¢ M,

6 (B, A) = sup inf d(x,y),
xeBYEA

and if A, B C My, we denote
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60 (B, A) = sup inf dy(x, y).
xeBY€EA

Lemma 2.65 The following two statements are valid:

(i) Let {B;};c; be a family of subsets of My, where I is a unbounded subset of
[0,+00). If A C My is compact in (M,d) and lim;_ 6 (B;,A) = 0, then
lim; e 6 (B, A) = 0.

(i) If U is asymptotically smooth in (M, d), then U is asymptotically smooth in
(Mo, do).

Proof Proof of (i). Let

1
:= — inf > 0.
<=3 e
Assume, by contradiction that

limsup 6o (B;, A) > € > 0.

t—+00

Then we can find a sequence {t,} C I such that t,, — +c0, p — +c0, and a

p=0
sequence {x;, }pZO € B;, C My such that

do (x,p,A) >¢e/2,¥p = 0.
Since A attracts B, in (M, d), we deduce that
d (xtp,A) — 0, as p — +oo.
So without loss of generality, we can assume that there exists x € A such that

d(x;,,x) — 0, as p — +o0. Since p is continuous and p(x) > «, there exists pg > 0
such that p(x;,) > k,Yp > po. Thus, we have

0<eg/2<d (xtp,A) <dy (x,p,x) < k2 |p(x,p) —p(x)\+d(xtp,x) — 0as p — +oo,
a contradiction.
Proof of (ii). Let B be a bounded subset in (M, dy) such that

U(t)B c B,Vt > 0.

Since U is asymptotically smooth in (M, d), there exists a compact subset C ¢ M
which attracts B for U in (M, d). That is

lim 6 (U(1)B,C) = 0.

The subset Cy = C N B C My is compact in (M, d), and attracts B for U in (M, d).
It easily follows that Cy is also compact in (My, dy). Since Cy attracts B for U in
(M, d), the property (i) implies that Cy attracts B for U in (M, dy). O
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The main result of this section is the following theorem.

Theorem 2.66 (Global attractor in M) Assume that U is asymptotically smooth,
p-uniformly persistent, and U has a global attractor A in M. Then U has a global
attractor Ag in (Mo, d). Moreover, for each subset B of My, if there exists t > 0 such
that y* (U(t) (B)) is p-strongly bounded, then A attracts B for U.

Proof Since U is point dissipative and p -uniformly persistent, U is point dissipative
in (Mo, dp). Moreover, Lemma 2.87 implies that U is asymptotically smooth in
(Mo, dy). 1t is clear that U is continuous in (My, dy). Let C be a compact subset
in (Mo, dy), and {x,},>0 a bounded sequence in y*(C) in (M, dy). Then x,, =
U(th)zn, zn € C,VYn > 1, and the sequence {x,},>o is p-strongly bounded in
(M,d). If {t,}, >0 isbounded by T > 0,since  |J  U(#)C is compact a compact
tel0,T NI
subset of My, we deduce that {x,} has a convergent subsequence in (My, do). If
{tn},>0 is an bounded, by taking a subsequence, we can assume that #,, — +oo, as
n — +oo.

Since C is also compact in (M, d), we have lim,_,. 6(U(2)(C), A) = 0. Thus,
{xn}nz0 has a convergent subsequence x,, — x in (M,d) as k — oco. By the
continuity of p and the p-strong boundedness of {x, },,>0, it follows that p(x) > 0,
i.e., x € Mo, and hence, x,, — x in (Mo, dg) as k — oco. Thus, Lemma 2.83 (with
to = 0) implies that positive orbits of compact sets are bounded for U in (M, dy).
Then the conclusion for U in (M, d) follows from Theorem 2.49, as applied to U in
(M(), d()). O

As a consequence of Proposition 2.46, we deduce that Ay is a stable set for U with
respect to the original distance d.

Corollary 2.67 (Stability of the global attractor in M) Assume that A is a global
attractor for U in (Mo, d). Then Ay is stable invariant subset for U in (M, d).

Proof Since A is compact, we must have
n:= inf p(x) > 0.
x€Ay
The result follows from that fact that A attracts the compact subsets of

{xeM:p(x) 2n/2}

which is a neighborhood of Ay. O

2.13 Coexistence Steady States

In this section, we establish the existence of coexistence steady state (i.e., the fixed
point in M) for uniformly persistent dynamical systems.

Definition 2.68 A map 7 : M — M is said to be x-condensing if 7" takes bounded
sets to bounded sets and
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k(T(B)) < k(B).
for any nonempty bounded set B ¢ M with 0 < x(B) < +oo.

We assume that M is a closed and convex subset of a Banach space (X, ||-||), that
p : M — [0,+c0) is a continuous function such that My = {x € M : p(x) > 0} is
nonempty and convex, and that 7 : M — M is a continuous map with T (M) C Mj.
For convenience, we set dMy := M \ M.

Assume that T : My — M has a global attractor Ay. It follows that for every
compact set K C M, there exists an open neighborhood of K which is attracted by
Ay. This property of Ag is enough for the arguments in the proof of [233, Theorem
2.3] (see also [238, Theorem 1.3.6]) instead of the property that Aq attracts p-
strongly bounded sets in M. Thus, the proof of [233, Theorem 2.3] actually implies
the following fixed point theorem.

Theorem 2.69 Assume that T is k-condensing. If T : My — My has a global
attractor Ag. Then T has a fixed point xo € Ap.

2.14 Two Examples

In this section, we first provide four examples of discrete and continuous-time semi-
flows which admit global attractors, but no strong global attractors in the complete
metric spaces (My, dp) introduced in section 3. The examples show that our notion
of global attractors is needed.

2.14.1 Asymptotically smooth semiflows on (M, dy)

Let C ([0, 1] ,R) be endowed with the usual norm |[|¢|l, = sup,co,17 l¢(@)]. Let
M := C.([0, 1], R) be endowed with the metric d(x,y) = ||x — y||,and T : M - M
be defined by
Fp(¢)
T(¢) =6——=1{0,1]
L+ Fa(p)

where 10,1](a) = 1,Va € [0, 1], and Fg(p) = folﬂ(a)go(a)da,\f(p € X. We assume
that

(Al) 6§ > 1,8 C([0,1],R), folﬁ(a)da =1, B(a) > 0,Va € [0,1), and B(1) = 0.
Consider the following discrete time system on M:

Upe1 =T (uy),Yn >0, and ug € M.

It is easy to see that the map T is continuous, and maps bounded sets into compact
sets of M. Note that T (M) c [0,6] 1[o,1] = {a/l[o,l] ta € [0, 6]} is bounded. So T
compact and point dissipative, and has a strong global attractor in M. Set
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dMo = {0}, and Mo = M \ {0}, and p(x) = ||x||s -

Clearly, T (My) € My, T(0My) C 0M,, and the fixed points of T are 0 and u =
(6 = 1) Ljo,17- Then it is easy to see that for each ¢ € My, T™ (¢) — U, as m — +co.
So T is p-uniformly persistent. Let @ = (§ —1) and B := {x e M : ||x||, = @}.
Since B(1) = 0, we have F3(B) = (0, @]. Moreover, T(B) = {al[o,l] ca € (0, 5]} ,
and 7" (B) = T(B), VYn > 1. Thus, there exists no compact subset in M that attracts
B for T. In particular, there is no strong global attractor for T : (My, dy) — (Mo, dp),
where d is defined as in (2.16).

2.14.2 k-contracting maps on (M, dy)

In this subsection, we construct k-contracting maps on (M, dy) such that they admits
a global attractor, but no strong global attractor.
We set

X = L' ((0,+c0) ,R) xR, X, = L! ((0,+c0),R) xRy,

and endow X with the product norm [|(¢, y)|| = |||l + |y|. Define 191} € X by
Lioj(1) =1,V e (0,1),and Ljg 11(I) = 0, VI € [1,00). Let a, b and ¢ be three real
numbers. Define 7 : X; — X, by T (¢,y) = (T1 (¢, y) , T> (¢, y)) with

1 "ol
Ti (¢, y) =ap(-+1) + [afo ¢(l)d1+0£”(‘p—%y)” Lo,11

Ty (p.y) = ay + byledl

We assume that
(A3) a€(0,1),b>0,c>0,Va<a+b<l,anda+c > 1.

Consider the discrete time system
Xne1 =T (x,),¥n >0, and xg € X,.

It is easy to see that 7" (0, y) — 0, as n — +co. Clearly, 7T is not uniformly persistent
for X, \ {0}. We will find a closed subset M of X, such that it contains O and is
positively invariant for 7', and show that T is uniformly persistent for M \ {0}.

Lemma 2.70 There exists a non-decreasing and rigth-continuous function f :
Ry — Ry such that f(0) = 0, f(x) > 0,Vx > 0, limy—q f(x) = 0, and the set
M :={(p,y) € X+ : y < f(lel)} is positively invariant for T.

Proof We define F : R2 — R2 by

X1 +Xx2

— |, Vx=(x1,x2) € Ri.
1+X1 + X2

F (x1,x3) = |lax|,ax, + b

Then F is non-decreasing on R2. Set
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() = (ta+(1=0),1), Vi [0,1].
By induction, we define y : R, — R2 by
xt)=F(x@-1)), Yte (n,n+1], VYn=1.

Note that y(1); = F (x(0)), and a < 1. Then the function t — x(¢); is strictly
decreasing and continuous. Since F (1,1) < (a, 1), the function t — x(¢); is non-
increasing and left continuous. Moreover, since a+b < 1, we have lim; . x () = 0.
We further set

x®)=(1-t1), Vt € (—0,0].

Since y(¢); is strictly decreasing in ¢ € R, we can define

_ [xGe@)7he, ifx >0,
fla = {o, ifx=0.

It is easy to see that f has the desired properties.

Let D := {(x;,x2) € RZ2: x5 < f(x1)}. Since f is non-decreasing and right-
continuous, it easily follows that D is closed. Now we show that F(D) c D. Let
x = (x1,x2) € D, then x; < f (x1). If x; = 0, there is nothing to prove because
F(0) = 0. Assume that x; > 0, then there exists r € R such that y(¢); = x;, and
hence, x; < f(x1) = x(t)2. Clearly, x = (x1,x2) < x(¢), and F(x) < F(x(¢)). In
the case where t > 0, we have

X+ =F(x(®), =F X)),
and hence,
FEG)D) =x(t+1)2=F(x(); 2 F(x);,
which implies that F(x) € D. In the case where ¢ < 0, we have

x12F(x);=F(x@),=ax(t)1=a(l-1t) 2a=x(1),

and hence, there exists s € [¢, 1] such that y(s); = F (x),. It then follows that

J(F(x)1) = x(s)2 =12 F(x(1))2 2 F(x)2,

which implies that F(x) € D. This proves that F(D) C D.
Finally, we prove that T(M) c M.Forany (¢, y) € M, we have (||¢||,y) € D, and
hence, the positive invariance of D for F implies that F(||¢||,y)2 < f(F(|le¢ll, y)1)-

Note that [|T1 (¢, )|l = allell = F(ll¢ll,y)1 and Ta(¢,y) = F(ll¢ll,y)2. By the
monotonicity of f, it then follows that

Ta(e,y) = F(llell, )2 < f(F(llell. 1) < fUITi (e, D,

which implies that T' (¢, y) € M. Thus, M is positively invariant for 7. O

Now we consider 7T : M — M, where M is endowed with the usual distance
d(x,X) = ||x — x||. We set
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OMo = {0}, My =M \ {0}, and p(x) = [Ix||.

Since T is the sum of a compact operator and a linear operator with norm being a,
we have k (T(B)) < ak (B) for any bounded set B C M. Thus, T is k-contraction.
Moreover, for each x € M, we have ||T(x)|| < a ||x|| + b + ¢, and hence

n-1

IT" ()l < a” el + (Z af) (b+e), Vn> 1.

i=0

It then follows that B = {x eEM:|x|| < ll’_LZ} is positively invariant for 7, and
attracts every bounded subset of M for T. So T : (M,d) — (M, d) has a strong
global attractor.

Let £ > 0 be fixed such that a + ﬁ > 1. We claim that

limsup ||T"x|| > &, Vx = (¢, y) € M.

n—oo
Assume, by contradiction, thatlim sup,,_,, ||7"x|| < & forsomex = (¢,y) € My. We
set (¢n, ¥n) = T"x, ¥n > 0. By the definition of M, we have ¢ € L! ((0,+00) ,R) \
{0}. Tt then follows that there exists ng > 0 such that [} g, (1)d! > 0 and

1 1
/ ons1 (D dl > (a + L)/ on(D)dl,¥n > no.
0 l1+¢ 0

Thus, we obtain
1
/ en(l)dl — +00, as n — +oo,
0

a contradiction. By Proposition 2.60, we conclude that T is p-uniform persistence.
Since T : (M,d) — (M, d) has a global attractors, it follows from Theorem 3.12
that T : (Mo, dy) — (My, dp) has a global attractor.

To avoid possible confusion, we denote by «¢ the Kuratowski measure of non-
compactness on the complete metric (Mo, dp). We now consider T : (Mo, dy) —
(My, dy). Let £ > 0 be fixed such that

b
Va<di=a+—— < 1.
1+¢
Then for each x € M, we have

1 dmin(e, ||x]|).

TN = allxll +b 2
L+ [lx]l

Let B ¢ My be a p-bounded set. We set pg = ing p(x). Then for each x € B, we
X€E
obtain

Al > d min(eg, ||x])).

TN = allxll +b 2
1+ [l

By induction, it follows that
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p(T" (x)) = d"min(g,pg), Vn=1, Vx € B.

Thus, for each x, y € B, we have

do (T" (), T"(y)) = ’p (Ti - (Ti .
= [p (1" <x>>lp Ty T @ -TWI
- [m” d(T" (x).T" (),
and hence,
o) < [
_a"[m+l «(B).

123

Since d > +/a, we obtain ko (T"*(B)) — 0asn — +00. So T : (My, dy) — (M, dp)

is kp-contracting.

It remains to show that T : (M, dy) — (My, dp) has no strong global attractor.

Let 6 > 0O be fixed, and consider the p-strongly bounded set
Bs={xeM:p(x)=46}.
For each m > 0, we set x” := (¢, 0) with ¢ = 61, m+1], and

xpti= (@ ym)y =T (x™), Vn > 0.

Then for each m > 1 and each n € {0,...,m — 1}, we have /01 eM(Ddl = 0, and

hence,

llx5
[ R

1
QL () =apt(-+ 1) +a [ g (Ddllo ()
Yt = ayy + by

Thus, for each m > 1 and each n € {0, ..., m — 1}, we obtain

| || < (a+b) ||| < (a+b)" 6.

It follows that infycp; p (T" (x)) — 0, as n — +o0. So the kp-contracting map

T : (My,doy) — (My, dy) has a global attractor, but no strong global attractor.
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2.15 Notes and Remarks

* Add some comment about the exclusion principle
 Continuity of attractors with respect to a parameter

The section devoted to the uniform persistence is inspried by Thieme [2 | 1], Smith
and Zhao [200], and Magal and Zhao [160]. More result on uniform persistence can
be founded in the books of Smith and Thieme [203] and Zhao [237].

More results about uniform persistence

Some book on global attractors

For more reading on global attractors theory we refer to the books of Temam
[207], Hale [93], Sell and You [189], Raugel [177], Chueshov [43], Robinson [182],
Cholewa, Dlotko, and Chafee [29], Carvalho Langa and Robinson [24], Zhao [238],

Please up date with more book on global attractors

So far, the only book similar to this chapter is the book of Zhao [238], where only
the discrete-time case is considered. The novelty in this chapter is that we provide a
global attractors theory in the context of uniform persistence for both discrete and
continuous time dynamical systems.

The following text is taken from the book of Zhao

Theorem 1.1.1 is due to LaSalle [130]. Theorem 1.1.3 (a) with n0 = 1 is due to
Billotti and LaSalle [36]. Theorem 1.1.4 is due to Nussbaum [257] and Hale and
Lopes [95]. Theorems 1.1.2 and 1.1.3, Lemma 1.1.5, and their proofs are adapted
from Magal and Zhao [160].

Section 1.2 is adapted from Hirsch, Smith and Zhao [104]. Lemma 1.2.4 and
Example 1.2.2 are taken from Smith and Zhao [200].

The notion of chain recurrence was introduced by Conley [45]. Bowen [20] proved
that omega limit sets of precompact orbits of continuous invertible maps are inter-
nally chain transitive. Robinson [181] proved that omega limit sets of precompact
orbits of continuous maps are internally chain recurrent. Thieme [208] [209] [209]
studied the long-term behavior in asymptotically autonomous differential equations,
and Mischaikow, Smith, and Thieme [166] discussed chain recurrence and Liapunov
functions in asymptotically autonomous semiflows. Asymptotic pseudo-orbits were
introduced by Benaim and Hirsch [16] for continuous-time semiflows. The embed-
ding approach in the proof of Lemma 1.2.2 was used earlier by Zhao [234] [235] to
prove that the omega limit set of a precompact orbit of an asymptotically autonomous
process is nonempty, compact, invariant, and internally chain recurrent for the lim-
iting map (see [234, Theorem 2.1] and [235, Theorem 1.2] ). Freedman and So [79,
Theorem 3.1] proved the Butler—McGehee lemma of limit sets for continuous maps.
By an embedding approach and [79, Theorem 3.1], Hirsch, Smith and Zhao [105,
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Lemma 3.3] proved Lemma 1.2.7. Theorem 1.2.1 was proved earlier by Smith and
Zhao [200, Lemma 4.1].

Uniform persistence (permanence) has received extensive investigation for both
continuous- and discrete-time dynamical systems. We refer to Waltman [22 1 ], Hutson
and Schmitt [122], and Hofbauer and Sigmund [106] for surveys and reviews, and
to Thieme [210], Zhao [236], Smith and Thieme [202], and references therein for
further developments.

Subsections 1.3.1 and 1.3.2 are adapted from Hirsch, Smith and Zhao [164] and
Smith and Zhao [340]. Theorem 1.3.3 was generalized to non-autonomous semiflows
by Thieme [368, 369]. The concept of a generalized distance function was motivated
by ideas in Thieme [369], where uniform p-persistence was developed for nonau-
tonomous semiflows. General theorems on uniform per- sistence were established
earlier by Hale and Waltman [146], Thieme [365] for autonomous semiflows, and
Freedman and So [122], Hofbauer and So [168] for continuous maps.

Various concepts of practical persistence were utilized by Hutson and Schmitt
[186], Cantrell, Cosner and Hutson [54], Hutson and Zhao [443], Cosner [67],
Cantrell and Cosner [52], Hutson and Mischaikow [184], Smith and Zhao [336,
337], and Ruan and Zhao [298]. The p-function in Exam- ple 1.3.1 was employed
by Thieme [369] for a scalar functional differential equation. Two p-functions in Ex-
ample 1.3.2 were used by Smith and Zhao [340] and Zhao [439], respectively, for an
autonomous microbial population growth model and almost periodic predator—prey
reaction—diffusion systems.

Subsection 1.3.3 is taken from Magal and Zhao [241], and Subsection 1.3.4 is
adapted from Zhao [430] and Magal and Zhao [241]. For a class of continuous
Kolmogorov-type maps on R" , Hutson and Moran [185] proved that the existence
of a compact attracting set in int(R]") implies that of a (com- ponentwise) positive
fixed point. By applying Theorem 1.3.8 to the Poincaré map associated with a
periodic semiflow, one can obtain the existence of a periodic orbit in Xy, and hence
that of periodic coexistence solutions for periodic systems of differential equations.
Freedman and Yang [419, Theorem 4.11] proved the existence of interior periodic
solutions for periodic, dissipative, and uniformly persistent systems of ODEs. For
periodic and uniformly persistent Kolmogorov systems of ODEs, Zanolin [424,
Lemma 1] also proved the existence of positive periodic solutions. For autonomous
Kolmogorov systems of ODEs and a class of autonomous differential equations with
finite delay, Hutson [183] proved the existence of positive equilibria. Hofbauer [166]
generalized an index theorem for dissipative ordinary differential systems, which
implies the existence of a positive equilibrium (see also [167]). For autonomous 2-
species Kolmogorov reaction—diffusion systems, Cantrell, Cosner and Hutson [54,
Theorem 6.2] also proved a result on the existence of stationary coexis- tence states
under appropriate assumptions.

Subsection 1.4.1 is taken from Smith and Waltman [335]. Subsection 1.4.2 is
adapted from Hirsch, Smith and Zhao [164] and Smith and Zhao [340]. Subsection
1.4.3 is taken from Hirsch, Smith and Zhao [164]. Smith and Zhao [336, Theorem 4.3]
proved a similar result on uniform persistence uniform in parameter. Earlier, Hutson
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[182] discussed robustness of permanence for autonomous ordinary differential
systems defined on Rn+ by using Liapunov function techniques. Schreiber [302]
established criteria for C"—robust permanence, r > 1, of autonomous Kolmogorov
ordinary differential systems.

Book of Smith and Thieme [204]

Book of X-Q Zhao

P 5 Definition 1.1.3.

P 28 Remark 1.3.3. A result similar to Theorem 1.3.7 was already presented for
discrete- and continuous-time dynamical systems in [430] and [146], respectively.
The only difference, compared with the earlier results, is that we add a strong
boundedness assumption for case (a). In general, this assumption is necessary for the
existence of a strong global attractor in X0 for f, which can be seen from the counter
example below.

P 40 Remark and notes

Juste make a remark of example and counter example and refer to our paper

Chains and uniform persistence

We now recall some results taken from Hale and Waltman [96], and Hofbauer and So
[107]. Let (M, d) be a complete metric space, and p : M — [0, +o0) a continuous
function. We decompose M into the open subset

My:={xeM: p(x) >0},

and the closed subset
oMy :={xeM: p(x)=0}.

Assumption 2.71 Let {U(#)},<; be a continuous semiflow. We assume that

@A) U(t)My c My, and U(t)0My C My, vVt > 0.
(i1) U has a global attractor A in M.

Lemma 2.72 Let Assumption 2.71 be satisfied. Then
Ag=ANoM,.
is a global attractor for U in OM.

Definition 2.73 Let C be a subset of M. We recall that the stable set (or attracting
set) of a compact invariant set C is denoted by W*(C) and is defined as

Wi(C)={xe M :w(k) +0and w(x) c C},
or equivalently

WS (C) = {x €M : lim d(U(1)x,C) = o} .
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The unstable set (or repelling set), W" is defined by

WH"(C) = {x € M : there exists a backward orbit vy~ (x) such that
@, (x) # 0 and @, (x) C C} .

where a, (x) is the alpha limit set corresponding to the specific negative orbit y~ (x).
That is also equivalent to say that

WH"(C) = {x € M : there exists a complete orbit r — u(t) passing through x
such that lim, . d(U(t)x,C) = 0}.

Theorem 2.74 Let Assumption 2.71 be satisfied. Assume in addition that U has a
global attractor Ay in My. Then

A=AgUW"(Ap)

Proof To be done (See Theorem 3.2 p. 391 in [96]) O

Definition 2.75 A nonempty invariant subset C of M is called an isolated invariant
set if it is the maximal invariant set of a neighborhood of itself. The neighborhood
is called an isolating neighborhood.

Definition 2.76 Let C;, C; be isolated invariant sets (not necessarily distinct). The
subset Cj is said to be chained to C,, written C; — C», if there exists an element
x € M such that

x¢CiUCyandx € W*(Cy) N WS(CQ).

If we assume in addition that C; and C, are two compact subsets. This is also
equivalent to say that there exists a complete orbit # — u(#) such that

u(0)=x ¢ C; U Cy,

with
tlir_n d(u(t),Cy) =0, and tliIP d(u(t),Cy) =0.
A finite sequence Cy, Cy, ..., Cy of isolated invariant sets will be called a chain if

Cy —» Cy — ... > Cr (with C; — Cy, if k = 1). The chain will be called a cycle if
Cr=Ci.

The particular invariant sets of interest are

Ag = U w(x).

X€EAp

Definition 2.77 A is isolated if there exists a covering C = {Ci},_;.. .
pairwise disjoint, compact, isolated invariant sets Cy, . . . , C,, for Uy (i.e. U restricted
to dMp) such that each C; is also an isolated invariant set for U (i.e. U on M). C is
called an isolated covering. Ap will be called acyclic if there exists some isolated
covering C of Ay such that no subset of the C; forms a cycle. An isolated covering
C satisfying this condition will be called Morse decomposition or acyclic.
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Theorem 2.78 Let Assumption 2.71 be satisfied. Assume in addition that Zg is
isolated has an acyclic covering. Then U is p-uniform persistent (with respect to
p(x) = d(x,0Mo)) if an only if

Ws(Ci)nM():@,ViZ 1,...,k.

Proof To be done (See Theorem 4.2 p. 393 in [96]) O

More properties on the measure of non-compactness

Recall that for each bounded set B C X,
k (B) = inf {& > 0 : B can be covered by a finite number of balls of radius < &}

is the Kuratovsky measure of non-compactness.

We now list various properties of the Kuratowski’s measure of non-compactness
in a Banach space X. We refer to Deimling [49], Martin [161], and Sell and You
[189, Lemma 22.2].

Theorem 2.79 Let (X, ||.||) be a Banach space and « (.) the measure of non-
compactness defined as above. Then for any bounded subsets B and B of X, we
have the following properties:
(i) k (B) = 0 if and only if B is compact;
(ii) « (B) = « (E),-
(iii) « (co (B)) = « (B);
(iv) k (c0 (B)) = k (B);
(iv) If B C B then « (B) < « (E),-

V)
k (AB) < ||k (B),
where
AB ={Ax : x € B}
and . R
K(B+B) < K(B)+K(B),
where

B+§:{x+y:x€B,y€]§}.
Let L € L (X) . Then the essential semi-norm ||L||.s of T is defined by

||L||ess =K (L (BX (Ov 1))) 5

where Bx (0,1) ={x € X : ||x||x < 1},

Proposition 2.80 For each pair of bounded linear operators L, Lel (X) , we have
the following properties:
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@) ||L|less = O if and only if L is compact (i.e. L maps bounded subsets into
relatively compact subsets);
(i) [|ALless < [A L less » YA € C;

Gii) [+ 2 < izl + 2]
€SS €ss
@ |eZ] < ieie 2]
(S (S
W) [Llles, < 1Ll £x),

Asymptotic smoothness

Assumption 2.81 Let F : X — X is a map on a Banach space X which is Lipschitz
on bounded sets. Let {4’} _ c £(X) be a strongly continuous family of bounded
linear operator on a Banach space X. We assume F is completely continuous, that
is to say that the closure m is compact for each bounded subset B of X. In other
words,

k(F(B)) =0

for any bounded set B C X.

Let U(¢) be the semiflow obtained as fixed point of
t
U(t)x = eMx + / A F(U(5)x)ds.
0

Let B be a bounded set such that
U(t)B c B,Vt > 0.

Assume that F maps bounded sets into relatively compact subsets of X. Then by
Mazur’s theorem

/t A=) F(U(s)x)ds € t x a({eA(t—s)F(U(s)x) 15 €0, t]})
0

K(/Ot A=) F(U(s)B)ds) <1t xﬁ({eA(’_s)F(x) .xeB,se |0, z]}). -0,

Since the measure of compactness is additive (i.e. k(B + By) < «(B1) + x(Bz))
«(U(t)B) = k(e™'B).

Now since «(L(B)) < ||L|| £(x)k(B) we deduce the following proposition.
The following extend some idea originally proved in Webb [223].

Proposition 2.82 Assume that F : X — X is a map on a Banach space that is
Lipschitz on bounded sets and F is completely continuous, that is to say that the
closure F(B) is compact for each bounded subset B of X.




130 2 Global Attractors and Uniform Persistence

Then the semiflow t — U(t) is asymptotically smooth if we impose in addition
that
lle? ||l £(x) — 0ast — oo.

We refer to Magal and Thieme [159] for more result going in that direction.

Gurtin-MacCamy population dynamics model

Z. Ma and P. Magal, Global asymptotic stability for Gurtin-MacCamy’s population
dynamics model, Proceedings of the AMS (to appear)

Bernoulli-Kermack-McKendrick epidemic model with age of infection

P. Magal, C. C. McCluskey, and G. F. Webb (2010), Liapunov functional and global
asymptotic stability for an infection-age model, Applicable Analysis 89, 1109 -1140.

P. Magal and C.C. McCluskey (2013), Two group infection age model: an appli-
cation to nosocomial infection, STAM J. Appl. Math., 73(2), 1058-1095.

Existence of strong global attractors
The following lemma provides sufficient conditions for the positive orbit of a compact
set to be bounded.

Lemma 2.83 Assume that U is continuous and point dissipative. Let C be a compact
subset of M. Assume that for every bounded sequence {x,},so in y*(C), there

exists ty > 0, and the exists a subsequence {xn » }P>0 , such that the two following

properties are satisfied:
@) {U (to)xnp )} converges;
p=0

(i) The subset |, >0 Uo<s <, {U(t)xnp} is bounded.
Then y*(C) is bounded in M.

Proof Since U is point dissipative, we can choose a bounded and open subset V of
M such that for each x € M there exists 7(x) > 0 such that

U(t)x eV, Vt > 1(x).
For each x € C we can find
T(x) =inf{r > 0: U(t)x € V}.

We claim that
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sup 7(x) < oo. (2.17)
xeC

Assume by contradiction that, there exists a sequence x,, € C such that
T(x,) — oo.

Since C is compact we can assume (by taking a sub-sequence) that x,, — xo € C,
and since
T(Xe) < 00,

and x — U(7(x))x is continuous and V is open, we deduce that for all n large
enough
U(t(xe0))xn €V,

and we obtain a contradiction with 7(x,) — oco. So we deduce (2.17) holds.
Let r > sup,cc 7(x). Let x € C, by using the definition of 7(x), we deduce that
there exists s = s(x) € I N [0, r], such that

U(s)x e V.

Let z € M be fixed. Assume, by contradiction, that y*(C) is unbounded. Then there
exists a sequence {x,} in y*(C) such that

xp =U (7)) 2p, with z,, € C, and I}E}go d(z,xp) = 0.

Since U is continuous and V is bounded, we can assume that

lim 7, =0, and 7, > 71, x) ¢V, Vp > 1.

p—)OO
For each z,, € C, there exists s, < r such that
U(sp)zp €V.

Since x, = U(7p)(zp) ¢ V, there exists 6, € [sp, 7p) (that is the last time before 7,
such that the orbit starting from x,, belongs to V) such that

yp=U(6p)zp €V, andU(l)y, ¢V, VI €I (0,1,], withl, =1, = 6.
Clearly,
xp =U(lp)yp, Vp 2 1,

and {yp,} pen is a bounded sequence in y*(C).
By using assumptions (i) and (ii), we deduce that there exists 7y € I, and taking a
sub-sequence, we have

{U (t0) yp}pZO —>XeM.

) {uoy,)

P >0,t€e [O,I()]ﬂ]

and
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is bounded.
Since limp, e d(z,xp) = o0, we deduce that for all p > 0 large enough

lp > 1.
By construction the subset
H={U o)y, :p20}u{x}

is compact, and since U is a continuous semiflow, the subset

U U(s)H

seln[0,z¢]

is bounded for each ¢ € I, and we deduce that [, — +00, as p — +oc0.
Now since U is continuous, and V is open, we deduce that

U(t)x ¢ V,Vt >0,

which contradicts the definition of V (the fact that any orbit starting from a single

point x ultimately belongs to V). O
Definition 2.84
(i) AmapT : M — M is compact if T maps any bounded set B ¢ M, T(B) is
compact.

(ii) A semiflow U is said to be eventually compact there exists #y > 0, such that
U(tp) is compact.

We complete this section with a variant of [93, Theorems 2.4.6 and 2.4.7] on the
existence of strong global attractors.

Theorem 2.85 (Strong global attractor) Let U be a continuous semiflow on a metric
space (M, d). Assume that U is point dissipative on M, and assume that one of the
two following conditions holds:

(i) U is eventually compact;
(i) U is asymptotically smooth, and for each bounded set B C M, there exists
to = to(B) = 0 such that y*(U (ty) (B)) is bounded.

Then U has a strong global attractor A C M.

Proof The conclusion in case (ii) is an immediate consequence of Theorem 2.49. In
the case of (i), since U(tg) is compact for some ty € I \ {0}, it is sufficient to show
that for each compact subset C ¢ M,

Jum©

t>0

is bounded.



2.15 Notes and Remarks 133
By applying Lemma 2.83 to the discrete time semiflow {V ()}, , defined by
V(n) =U(t)",¥n > 0,

we deduce that for each compact subset C ¢ M,

v ©
n>0
is bounded.
So Theorem 2.49 implies that V has a global attractor A C M. We set

B=|J vin(4).

0<t<ty

Since U is a continuous, the subset B is compact, and B and attracts every compact
subset of M for U, and hence, the result follows from Theorem 2.49. O

Connected global attractors

We are interested in connexity property of the global attractor. The goal is to give a
generalized version of the connectness results in Gobbino and Sardella [83].

Definition 2.86 A subset C of M is said to be connected if there exists no partition
of C in two subsets A and B that are both open and closed. That is to say that if for
each A, B c C, such that

A#0,B+0,C=AUB,andANB=0,

we have
(KmB) U (AmE) £ 0.

If C is closed and not connected, there exist A and B two non empty subset of C,
such that - .
C=AUB, ANB=0,and (AnB)U(ANB)=0.

Assume for example that A # A. Then A C C, and (Zn B) =0.SoC =AU
BU (Z \ A) ,and C # AU B. So A = A. We conclude that if C is closed and not
connected, there exist A and B two nonempty closed subset of C, such that

C=AUB,and AN B=0.

Lemma 2.87 Let {U(t)},¢; be a continuous semiflot, let A be a nonempty compact
subset of M invariant for U, and if there exists C a connected subset of M, such that
A C C, and A attracts C for U, then A is connected.
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Proof Assume that A is not connected then we can find A; and A, two disjoint
nonempty compact subsets of A such that A = A; U A;. Since A; and A, are
compact, we can find &€ > 0, such that N (A, e)N N (Az, &) = 0. Since A attracts C
for U there exists t > 0, such that U(7)C C N(Al,e) UN (Az, &), andsince A c C,
and A is invariant for U, we deduce that U(#)C N N (A;, &) #0,Vi=1, 2. But since
x — U(t)x is continuous, we deduce that C=U (¢)C is connected. But c=cC UG,
with C; = U(1)C NN (A;, €),Vi = 1, 2. By construction we have

(c1 ma) U (C_lﬂCQ) CN(ALE) NN (Ans) =0

we obtain a contradiction with the fact that C is connected. O

Theorem 2.88 Let {U(t)},c; be a continuous semiflot on M a closed and convex
subset of a Banach space (X, ||-||). Assume that U has a global attractor A C M.
Then A is connected.

Proof Since A is compact, co(A) (the closed convex hull of A) is also compact.
Moreover A C co(A), and since A attracts the compact subset of M by A the result
follows from Lemma 2.87. O

The following result has been proved first by Zhao [233, Lemma 2.1].
Lemma 2.89 (Zhao) Let M be a closed subset of a Banach space (X, ||-||). Assume
that p : M — [0, +00) is a continuous map, and assume that
My={xeM: p(x)>0}
is nonempty and convex. Let A C My be a compact subset, then

ﬁ(A) C Xp.

Theorem 2.90 Ler {U(t)},c; be a continuous semiflot on M a closed subset of a
Banach space (X, ||-||). Assume that p : M — [0,+0) is a continuous map, and
assume that

My={xeM: p(x) >0}

is nonempty and convex. Assume that U has a global attractor A C My. Then A is
connected.

Upper semi-continuity of global attractors

We now consider investigate the depence to a parameter. Let (A, dj) be a metric
space, let 1o € A be fixed, let {U, (¢)},c; be a familly of semiflow on M parametred
by 4 € A. Let {A,} .5 be a familly of compact subset of M. We will say that
{Aa} 1 is upper semi-continuous at 1y € A, if and only if

6 (A, Agy) = 0as A — .
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For each A € A, and each n > 0, we set

Ba(A,n) ={@ € A:dr(d,a) <n}.
We first have the following result, which will be used in section 3.

Proposition 2.91 We assume that for each (t,xq) € I X M, the map (A,x) — U,(t)x
is continuous at (Ao, xo) , for each A € A, A, is invariant for Uy, and A,, is a global
attractors for Uy,. Then the following statement are equivalents:

(1) {Aa} en s upper semi-continuous at Ay € A.
(ii) There exists a compact subset C C M, such that § (A, C) — 0as 1 — Ap.

Proof (i)=(ii) is obvious with C = A,,.

(ii))=(1). Conversely, assume that there exists a compact subset C of M such that
6 (A, C) — 0as A — Ap. Assume that there exist £ > 0, and a sequence 1,, — Ao,
as n — +o0, such that

6 (An,,Ax) = €,Yn>0.

Then by using Theorem 2.29, we find a sub-sequence 4,,, — Ao, and a compact
subset Zoo such that dy (A ,1”17,;4\00) — 0, as p — +oo. By construction we have

1 (Xm, A,lo) > ¢. Since for each p > 0, A/ln,, is invariant for U/ln,,s and since for

each t € I, and each xg € M, the map (4, x) — U,(¢)x is continuous at (dg, xg), we
deduce that A, is invariant for U,,. Finally since A,, is a global attractor for U,,,

we deduce that Zoo C Ay, S00 (Zw, A,lo) = 0, a contradiction. O

Proposition 2.92 We assume that for each A € A, A, is invariant for U,, and there
exists a subset B of M such that:

a) Ay, attracts B for Uy,,.

b) Ay C B,VA € A.

c) Foreacht > 0,U, (t)x — Uy, (t) x as A — Ao uniformly in x € B.

Then {A} 1ep is upper semi-continuous at g € A.

Proof We have for eacht > 0, and each 1 € A

5 (Ax, Axy) = 6 (Ua (1) Ax, Ag,)
= Sup lnf d(U/l (l‘))@)’)
X€Ay YEAQ
< sup inf d(Uy(1)x,y)

xeB YEAY,

<sup inf d(Uy(2)x,Upy, (1)x) +d (Uy, () x,y),

xX€eB yeA/l()

SO
) (A/lsA/lo) < Sllpd (U,{ (t)x, U/lo (t)x) +0 (U/lo (l‘) B, A/lo) .

X€EB

and the result follows. |
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The idea of the following result is impired by Theorem 23.14 p.41 in Sell and
You [189]. It seams necessary to make some additionnal continuity assumptions (see
assumption c)).

Proposition 2.93 Let (A,dp) be a metric space, let g € A be fixed, and let
{Ua (t)};e1 De a familly of continuous semiflow on M parametred by A € A. We
assume that for each A € A, U, is asymptically smooth, and there exists Ay, is a
global attractor for U,,. We assume in addition that there exists By a bounded subset
of M, such that:

a) Ay, attracts By for U,,.

b) For each A € A\, and each x € M, there exists to = to (4,x) > 0, such that

U,(t)x € By, Vt = ty.

c) For each bounded set B C M, and eacht* € I, Uy (t)x — Uy, (t)x as A — Ao
uniformly in (¢t,x) € ([0,*] N 1I) X B.

Then there existsn > 0, such that forall A € B (Ao, n) , U(t) has a global attractors
Ay C M, and the familly {A’l}/l€EA(/loJ]) is upper semi-continuous at Ay € A.

Proof For each 1 € A, we set
Ja(Bo) :={y € Bo : Ua(1)(y) € By, Vt € I}.

Then J,(Bg) C By is is bounded, and positively invariant for U,, and for each
x € M, there exists ¢ > 0, such that U,(¢)(x) € J1(By). Since U, is asymptotically
smooth, we deduce that w, (J1(Bo)) = (| U Ua(t) (Ja(Byp)) is compact, invariant

s>0t2s

for U,, and attracts the point of M for U,. By applying Proposition 2.92 (with
Ay =w)y (Ji(By)),¥A1 € A\ {20}, B = By), we deduce that

Jim o (wa (Ja(Bo)),Ay,) = 0. 2.1)

Let £ > 0 be fixed. Since A, is a global attractors for U,,, it is follows that A,
is stable for U,,, and A,, attracts one of its neigborhood for U,,. So there exists
g€ (0,&), such that Ay, attracts N (A4, ) for Uy, and

Ua(t)N (A, 8) © N (Any, €/4) ¥t 2 0.

and . -

UAO(I*)N (A/lo, 5) CN (A/IO’ 5/4) .
By using assumption c), we deduce that there exists 7; > 0, such that foreach A € A,
with da (1o, 4) < 71,

Ur(t)N (A, 8) © N (Any,&/2) ¥t € [0,°] N1,

and . .

U,{(I*)N (A/lo, é\) CcN (A,{O, 5/2) .
We set for each A € A, with dp (19, 1) < 1y,
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B, = U U/I(I)N(A,lo,g),
t€[0,r%]

then B, is positively invariant for Uy, and N (Ay,, &) € By € N (A, &/2) . More-
over by using (2.1) there exists 77 € (0,71) , such that w, (Ja(Bo)) € N (A, £/2),
for each A € A, with dp (19, ) < n. Then for each A € A, with dy (19,4) < 1, By
attracts the compact subset of M, and A = w, (B,) is a global attractors for U,(t).
Finally since By ¢ N (Aa,, €/2) , we deduce that

Ay C N (A,lo,é‘/Z) ,
and the result follows. O

Magal, P. (2009), Perturbation of a Globally Stable Steady State and Uniform
Persistence, Journal of Dynamics and Differential Equations, 21 1-20.

Magal, P.: A uniqueness result for nontrivial steady stateof a density-dependent
population dynamics model. J. Math. Anal. Appl. 233, 148—-168 (1999)

Magal, P.: A global attractivity result for a discrete time system, with application
to a density dependent population dynamics models. Nonlinear Stud. 7, 1-22 (2000)

Magal, P.: A global stabilization result for a discrete time dynamical system
preserving cone. J. Differ. Equ. Appl. 7, 231-253 (2001)






Chapter 3
Bifurcations

This chapter is concerned with bifurcation theory, that roughly consists in the study
of the topological changes of the solutions of some equations as some parameters
are varying. Along this chapter we shall mainly focus on bifurcation arising when
a simple eigenvalue crosses zero, typically yielding the appearance (or the disap-
pearance) of branches of solutions. The results presented below are mostly based
on the implicit function theorem, recalled in Section 3.1. This theorem is used to
study local branches of the solutions and is applies to state and prove the so-called
Hopf-bifurcation theorem for systems ordinary differential equations.

3.1 Implicit Function Theorem

Let (X, || - I|) be a Banach space. Throughout this chapter the closed ball centered at
x € X with radius § > 0, denoted by Bx (x, §), is defined by

Bx(x,6):={yeX: |lx—yl <6}

while the open ball centered at x € X with radius 6 > 0 is denoted by Bx (x, §) and
defined by
Bx(x,0) ={y e X: |lx -yl <d}.

We start this chapter by recalling the following result that will be used to prove
the implicit function theorem below.

Theorem 3.1 Let (X, || - ||) be a Banach space. Let 0 < k < 1 and 6 > 0. Then the
following properties hold

(i) (Global inverse) If T : X — X is a k— Lipschitz continuous map, then the map
I —T is a invertible and (I — T)™" is (1 — k)~'=Lipschitz continuous.

(ii) (Local inverse) If T : Bx(0,8) — X is a k—Lipschitz continuous map and
IT0)| < 6(1 = k), then

Bx(0.0) € (1-T) (Bx(0,9)).

139
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when

0 :=(1-1)5 - |IT(0)].

Moreover there exists a unique map S : Bx (0, 0) — Bx(0,8) which is (1 —
k)~ '=Lipschitz continuous and that satisfies

(I-T)Sy =y, ¥y € Bx(0, 0). 3.1
Proof Proof of (i): Let y € X. Then we consider the fixed point problem
x=Tx+y. (3.2)

Note that the Banach fixed point theorem applied to the map x—contraction map
@ : X — X defined by ®(x) = Tx + y (namely by using the iteration procedure
Xn+1 = T'x,, +y). Hence we deduce that (3.2) has a unique solution Sy satisfying

Sy=TSy+ye (I-T)Sy=y.
We conclude, (I —T) is onto (i.e. (I —T)(X) = X), for each y € X, there exists a
unique x = S(y) satisfying (I — T)Sy = y.

Next we observe that, for each x € X, we can fix y = x — Tx, by uniqueness of the
fixed point problem (3.2), we deduce

Sy =x.

So the map S : X — X is onto (i.e. S(X) = X).

Moreover, by applying S on both sides of (I — T)Sy =y, and by setting z = Sy, we
deduce that
SUI-T)z=z,Vz € X.

We conclude that / — T : X — X is invertible, and its inverse is S. Next by (3.2), we
observe that we have, for any y, y € X,

Sy—=89y=TSy+y—(TSy+9)
thus
ISy = S9II < ISy = SPI +lly =9I & ISy =89l < (1 —x) "y - 3ll,

that completes the proof of (i).

Proof of (ii): Let us fix y € Bx (0, 0), and consider the map ® : Bx(0,6) — X
given by _
O(x) =Tx+y, Vx € Bx(0,6).

Then for each x € Bx (0, §), one has
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[P < ITx][ + Iyl
< | Tx =TO+ITO) + ¢
< kx| + 1T O)]| + ¢

hence
1) < k6 +IT(O)|| + 0 =«6+[IT(0)]| + (1 = x)0 = |IT(0)]| = 6.
Therefore we deduce that

@ (Ex(o, 5)) c Bx(0,5).

Moreover, since ® is k—Lipschitz continuous, there exists a unique x € Bx (0, 6)
such that
DOx)=x © x—-T(x) =y.

Denoting by S : Bx (0, 0) — Bx (0, ) the map defined by the resolution of the above
equation (i.e. Sy = x), one may observe that it satisfies (3.1). Moreover, by using the
same argument as for the proof for (i), S is also (1 — k) ~!=Lipschitz continuous. O

We now turn to the statement of the implicit function theorem, that will be
extensively used along this chapter.

Theorem 3.2 (Implicit function theorem) Let X, Y and Z be three given Banach
spaces. Let U C X and V C Y be two open sets. We assume that F : U XV — Z
is continuous function, which is differentiable with respect to the second variable
y and the map (x,y) — 0yF(x,y) € L(Y,Z) is continuous. We assume that there
exists (xg, yo) € U X'V such that

F(xp,y0) =0z.

We further assume that 0y, F (xo, yo) € L(Y, Z) is one to one and onto and its inverse
is a bounded linear operator, that is

Oy F(x0,y0)"' € L(Z,7).

Then there existr > 0, 6 > 0 with_Ex (x0,7) cU and By (y0,0) C V and there
exists a unique continuous map S : Bx (xo,r) — By (yo, 8) with Sxo = y¢ such that

F(x,S8x) =0z, Vx € Bx (x0,7).

Proof Without loss of generality we can assume that xo = Ox and yg = Oy. We set
L =0,F(0,0) € L(Y,Z). We observe that

F(x,y) =0z & Ly-F(x,y) =Ly & y-L™'"F(x,y) =y & y—(y-L"'F(x,y)) = Oy,

and we set
Alx,y) =y-— LilF(x, y).

So we will apply the local invertibility result Theorem 3.1-(ii) to find the zeros of
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y—=A(x,y) =0y.

So, let us prove that A satisfies the assumptions of (ii) in Theorem 3.1. We observe
that
AyA(x,y) =1-L'9yF(x,y).

One deduces that
dyA(0x,0y) =1 - L7'0,F(0x,0y) =01 (y).

Let x € (0, 1) be fixed. Since the map (x, y) — 0y, F(x, y) is continuous, we can find
0 > 0 and ry > 0 such that

10, A(x, )l £v) < &, Yy € By (0y,6), ¥x € Bx(0x,r9).

By using the formula (obtained by taking the derivative of the function s — A(x,y+
s(¥ =)

A(x,9) = Alx,y) = /01 IyA(x,y +s(9—y) (P —y)ds,
we deduce that
IACx, ) = Alx, )| < «lI3 = yll, ¥y € By (Oy,0), Vx € Bx(0x, o).
Moreover one has
A(0x,0y) =0y — L™ F(0x,0y) = Oy,
so that due to the continuity of F, one can find r € (0, ro) such that
IACx,0y)]| < (1 — k)6, Vx € Bx(0x, 7).

Now let x € Bx (0x,r) be given. By applying Theorem 3.1-(ii) to the map T :
By (Oy,d8) — Y, givenby Ty = A(x, y), it follows that for each x € Bx (0x, r), there
exists a unique y € By (Oy, 6), such that

y=A(x,y) =0y.

Set
Sx=y.

By using the uniqueness result in Theorem 3.1-(ii), we deduce that Sxo = yo. It
remains to prove the continuity of S. To that aim we fix x € Bx (Ox,r) and we vary
X € Bx(0x,r), and we observe that

S(®) - S(x) = AT, S(®) = AT, S(x)) + A, S(x)) — Alx, S(x))

hence



3.2 Bifurcating Branch of Equilibria: Finite Dimensional Case 143
1SG) = SN < «lISGx) = SNl + AR, S(x)) = Alx, SC)) I

therefore
IS(X) = Sl < (1 - 0)AR, S(x)) = Alx, S,

and by using the continuity of the mapx — A(X, S(x)), we deduce that §(X) — S(x)
asx — x. a

3.2 Bifurcating Branch of Equilibria: Finite Dimensional Case

In this section, we discuss some result to describe local branches of solutions for
some finite dimensional equations. We start by discussing two simple examples.

Example 3.3 (Logistic equation) The equilibria of the logistic equation satisfy a
quadratic equation of the form

u(lk—u)=0

for some given and fixed parameter x # 0 while A € R is a varying parameter. Then
the solutions of the above equation are given by the two branches of solutions

u=0and u = A«k.

The two branches of solutions cross each other at A = 0. This special point is called
a bifurcation point for the branch of trivial solution u = 0 in the plane (4, u).

T
—bifurcating curve]
—trivial zeros

L L L L L L L L
-10 -8 -6 -4 -2 0 2 4 6 8 10

[—bifurcating curve|
—trivial zeros

Fig. 3.1: The figure on the top and the figure on the bottom correspond respectively
to k = 0.5 and k = -0.5.
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Example 3.4 (Bernoulli-Verhulst equation) We consider now the equation of the
form
UAk-U*=0

with « # 0. Then the solution are given by

U=0and Ak = U

=—bifurcating curve|
—trivial zeros

S0

>
=)

(—bifurcating curve|
—trivial zeros

—
\

-10 -8 -6 -4 -2 0 2 4
T

5 L L L L L L
-10 -8 -6 -4 -2 0 2 4 6

6 8 1
8

>
=)

Fig. 3.2: The figure on the top and the figure on the bottom correspond respectively
tok=1and k = —1.

Theorem 3.5 (Bifurcating Branch of Equilibria) Let ¢ € R” with e # Ogn. Let [
be an open interval in R and let Brn (0, 1) be the open ball of R" centered Ogn with
radius r > 0. Let Ag € I and F : I X Brn(Ogn,r) — R™ a two times continuously
differentiable map satisfying

@) F(/l, ORn) =0pn, YA € I;
(ii) N(0xF (A9, 0rn)) = Re, where Re := {1e : 1 € R};
(iii) 020xF (o, Orn)e ¢ R(OxF (Ao, Orn)).
Then there exist a constant 6 > 0 and a continuous function (1*,x*) : (=8,8) C
R — I X R" satisfying

/l*(OR) = ﬂo,x*(OR) = Ogn andx*(s) # Ogn, Vs # Og,
and

F (1" (s),x" (5)) = Ogn, Vs € (-6,9).

Moreover the curve s — x*(s) is tangent to Re at s = 0, that is to say that
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. x"(s)
lim =e
s—0 s

Furthermore, there is a neighborhood of (Ao,0) such that any zero of F either
belongs to this curve or has the form (4,0).

Proof Let Z denotes a complement space of Re in R", namely
Re® Z =R".

Fix § > 0 and o > Osuch that §(||e|]|+0) < randlet G : Br(0,6) xIxBz(0, 0) —
R” be the map defined by

F(4,s(e+72))
G(s,4,2) = s '
0xF(4,0)(e+2z), if s =0,

if s # 0,

whenever (s, 4,z) € Br(0,68) X I X Bz (0, 0).
Since F is of class C2, it readily follows that G is of class C ! Next note that one
has G (0, 19, 0) = 0 and

(’)(,1,1)6(0, /l(), 0) (/l, Z) = BAG(O, /10, 0)/1 + BZG(O, /l(), O)Z,

hence
6(,1,1)G(0, A0,0)(A,2) = 10,0,F(Ap,0)e + 0, F(1p,0)z.

Now let us prove that the operator L : (4,z) — 0a,7)G(0, A, 0)(4, z) is invertible
from R X Z into R". Note that since dim(Z) = n — 1, it is sufficient to prove that
N(L) = 0. To that aim we argue by contradiction by assuming that N(L) # 0. Let
(4,z) € N(L) \ {0} be given. Then one has

10,0xF (1o, 0)e = =3, F (1o, 0)z € R(8,F (1, 0)).

Due to (iii) this implies that (4, z) = (0, 0), a contradiction that ensures the invert-
ibility of L.
Now since
G(O, /10, 0) = 0xF(/10, 0)6 = (),

the implicit function theorem applies to the function G (with x = s and y = (4, z))
and we deduce that there exist §9 > O sufficiently small and a continuous map
(A%, 2) : (=80, 80) — I X Z with 21*(0) = Ag and z*(0) = 0 and satisfying

F(A"(s),s(e +z"(s))) =0, Vs € (=59, 5p)-

The result follows by setting x*(s) = s(e + z"(s)). O
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3.3 Application to the Scalar Generalized Logistic Equation

Consider a one dimensional logistic equation
U'(t)y=axU(t) -U@)™, fort >0, U(0) =Uy >0,

where k € R \ {0} is a fixed positive parameter, while A € R is a varying parameter
and m > 2 is an integer. Then the equilibria correspond to the zeros of the function

F(A,U)=AkU-U™.

First we have
F(1,0) =0, VA eR,

while
duF(A,U) =k —mU™ !,
hence
Oy F(14,0) = Ak.
Set g = 0 so that we get
Oy F(0,0) =0.

If we regard the partial derivative as a linear map 9y F(0,0) : U — 9y F(0,0)U
from R into itself, one has

dim(N(8y F(0,0))) = dim(R) = 1 and R (8y F(0,0)) = {0z}.

Furthermore one also has
6,18UF(0, 0) =K,

and the linear map e — 9,0y F(0,0)e € L(R, R) satisfies for each e # 0,
8,16UF(0, 0)8 ¢ R((’)UF(O, 0))

So we can apply Theorem 3.5 and we find a branch of equilibrium. Actually, this
branch of equilibrium is obtained as

A(s) ="k T and U(s) = s.

Remark 3.6 From this example, the condition (iii) of Theorem 3.5 corresponds
which to « # 0. We can see that this assumption is needed.

Remark 3.7 The cases m = 2 and m = 3 provide different type of bifurcating
branches. We may observe that Theorem 3.5 is not informing us about the shape of
the bifurcating branches.
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3.4 Application to the n—Dimensional Logistic Equation

Consider the n—dimensional logistic equation

U/(1) = 2 Ay (DU (1) = 2y kiU (Ui (1), 120, 33)
U;(0) = Uy = 0. '
We assume that
kij >0, foralli,j=1,...,n,
and
A€ (g = dg, A + &), for some dy > 0 and Ay € R.
Assumption 3.8 We assume that the function 4 — A(1) = (A;;(1)); el 1

twice continuously derivable and satisfies the following properties
(i) There exists a vector ¢ € R” such that e > 0 and N(A(1p)) = Re;
(i) 91A(do)e ¢ R(A(0)).

Now the equilibria of the n—dimensional logistic equation above correspond to the
zeros of the map F : I X R" — R", with I = (19 — dp, Ao + dp), given by

n

Fi(/l, U)l = ZA”(/UU, - ZKi.foUi’ i= 1, P (X (34)
Jj=1

Jj=1
Next the following result holds.
Theorem 3.9 Let Assumption 3.8 be satisfied. Then there exist some constant 6 > 0
and a continuous function (1*,U") : (=6,8) — I X R" satisfying
A*(0) = Ag and U (0) = 0,
U*(S) * O» VS € (_6’ 6) \ {0}»

and
F(2%(s),U"(s))) =0,Vs € (=6, 9).

Moreover for |s| small enough

{U*(s) >0, ifs >0, (3.5)

U*(s) <0, if s <O0.

Furthermore, there is a neighbourhood of (g, 0) such that any zero of F either
belongs to this curve or belongs to the curve (4,0).

Proof In order to apply the Theorem 3.5 it is sufficient to observe that
0xF(4,0) = A(Ap).

Moreover since the curve s — U*(s) is tangent to Re at s = 0 and since e > 0 we
deduce (3.5). O
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Example 3.10 If we consider for example the matrix

_ —7T+d1/l ,8
A(/l) B ( /e —,3+d2/l)

where 7 > 0,d; > 0,d; > 0and B > 0. Then for A = 0, we have N(A(0)) = Re

with
¢- (ﬂ) .
n

A(De =1 (j;f) = ADe,

Moreover

where D := Diag(d,, d;) and
0)A(A)e = De.

Moreover

A(0) (Z;) = (-11) —mp (_11) = (a1 = pp) (‘11) :

Since di8 > 0 and dr > 0, we deduce that

De;ﬁy(_l]),VyeR,

which implies that
01A()e ¢ R(A(Ap)).

For this two dimensional matrix example, the zeros of the corresponding two dimen-
sional logistic system reads as the following algebraic system of equations

0= (—m+diA)U; + BU> = («11U1 + k12U2) Uy
0=nU; + (=B +dr)Us — (k21U; + k22U2)Us

for which we can no longer compute the equilibria explicitly. Therefore Theorem 3.9
is particularly useful when no simplification arises.

3.5 Bifurcating Branch of Equilibria: Infinite Dimensional Case

In order to prove an infinite dimensional version of Theorem 3.5 we will need the
following result (see Brezis [22, Corollary 2.7 p. 35]).

Theorem 3.11 Let X and Y be two Banach spaces and let L be a continuous linear
operator from X into Y that is bijective, namely one-to-one and onto. Then L™ is
also continuous from Y into X.
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The infinite dimensional version of Theorem 3.5 reads as follows.

Theorem 3.12 [Bifurcating Branch of Equilibria] Let I be an open interval in R and
let X and Y be two Banach spaces. Let Ao € I, r > 0and F : I X Bx(0,r) > Y a
twice continuously differentiable map satisfying

(1) F(1,0x) =0y, VA € I;
(i) dim(N(0x F (19,0x))) = 1;
(iii) 0,0xF(A9,0x)e & R(0xF (A, 0x)) for some e € N(9F(1p,0x)) \ {0}

(iv) codimR (8 F (A, 0x)) = 1 which is equivalent to say that there exists v € Y
such that
Y =Rv @ R(dxF(19,0x))

whenever v ¢ R(0xF (Ao, 0x)) (which implies that v # 0).

Then the conclusions of Theorem 3.5 hold.

Proof Let Z be a closed complement space of Re in X (such a subspace exists due
to the Analytic form of the Hahn-Banach theorem exists see [22, Example p. 38] )).
That is to say that

X=Re®Z.

Consider the map B : R X Z — Y given by
B(1,z) = Aé + Loz,

wherein we have set é := d,0xF (1p,0)e and Ly = 0yF(A9,0). Then in order to
prove the theorem, it is sufficient to prove that B is a bijection from X := R x Z onto
Y. To do so we first observe that since codimR(Ly) = 1 and é ¢ R(Lg) we have

Y = Ré ® R(Ly).

Now since X = Re & Z one deduces that R(Lg) = Lo(Z) and B is surjective. Next
by using again the fact that & ¢ R(L¢) and z € Z we deduce that

B(1,2) =0 © Aé+Lyz=0 © A=0r and z = 0x.

Finally the invertiblity is B follows from Theorem 3.11. Finally the result follows by
using the same arguments as in the proof of Theorem 3.5.

3.6 Example of the Poincaré normal form and a first Hopf
bifurcation Theorem

In order to understand the idea of Hopf bifurcation theorem (see Hopf [111]), we
first consider the so called Poincaré normal form. This normal form was introduced
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by Poincaré in its memoir celestial mechanics [176] in 1893. This system is the

following
x'(0) _ (o -w x(t)) 2 2 (x(t))
, = +k(x() + y(t s 3.6
" (r)) (w a)(y(r) e +y0?) {5 G0
where the bifurcation parameter « varies from negative values to positive values,

while the parameters
w#0and«x #0

are fixed.

Complex number reformulation: Set

z(t) = x(t) +i y(¢).
Then
Z(1) =x" (1) +i y'(t) = @ (x+i y)—wy+w i x+& |z]>z = @ (x+i y)+iw (x+i y)+« |2z
and we obtain the Poincaré’s normal form
Z(1) = Az +x|zl’z, and 2(0) = 70 € C, 3.7)
where
A=a+iw.

The equation (3.7) is nothing but a complex value Bernoulli-Verhulst’s equation. In
order to derive an explicite formula for the solution we first set

Z2(t) = e 9 7(2).

We obtain
7)) =—-iwz+e 7 (b),

it follows that
7/ (t) = az+ « [7]°Z, and z(0) = z9 € C. (3.8)

We are now in position to use the explicit formula for the Bernoulli-Verhulst’s
equation, and we deduce that the solution of equation (3.7) is given by the explicit

formula

e/ltZO

z(1) = T
(1 + 2k /Ot e2Re() cr|z0|2d0_)2

(3.9)

Moreover if we set p(7) = |z|?, then we obtain
p(t) = (22) = 2T+ 27 = 2Re()|z]* + 2« |z|*
which is a logistic equation

p’ =2Re() p+2kp>. (3.10)
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The equilibrium for equation (3.10)

Re(1)

p=-—=t
K

So the equilibrium p is strictly positive if and only if Re(1) x < 0. Moreover in order
to understand the stability of the equilibrium p, we can make the change of variable
x = p — p and we obtain

x" =2k(x +p)x.

Now the equilibrium O of the above equation is stable if and only if xk < 0 and
unstable if « > 0. We summarize this in the following theorem.

Theorem 3.13 The system (3.6) has a periodic orbit if and only if
Re(d) k < 0. (3.11)

Moreover the periodic orbit (when it exists) is unique. Furthermore, the periodic
orbit (when it exists) is locally asymptotically stable only if k < 0 and unstable if
k> 0.

Fig. 3.3: When k < 0 we use u := a = Re(Q) as a bifurcation parameter, and when
u passes through O a stable periodic orbit is appearing. The case k > 0 can be
understood from the case k < 0 by going backward in time; that is, by considering
X(t) := x(—t) and $(t) := y(—t). When k > 0 we use u := —a = —Re(d) as
a bifurcation parameter, when u passes through 0 an unstable periodic orbit is
appearing.

3.7 Hopf Bifurcation Theorem

Let I be an open interval in R containing O and » > O be fixed. Let F : IXBgrn(0,7) —
R" be a continuously differential map. Consider the ordinary differential equation
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U'(t)x = F(u,U(t)x), Yt >0, U(0)x =x € R". (3.12)

Before stating the main result of this section, we first describe the assumptions
the will be needed.

Assumption 3.14 We assume that (¢, x) — F(u, x) is twice continuously differen-
tiable on 7 X Bg» (0, r) into R" and satisfies the following properties

(i) F(u,Opn) =Opn, Yu € I,
(i1) (Transversality condition) For each u € I, there exists a pair of conjugated

simple eigenvalues of d, F (u, 0) denoted by A(u) and A(u) written as

Ap) = a(p) +iw(p), with a(u), w(u) € R
such that the map u — A(u) is continuously derivable,

da(0)

w(0) > 0, a(0) = 0 and # 0.

(iii) The only eigenvalues of 0, F (0, 0) which are equal to iw(0)k or —iw(0)k for
some integer k € N are 1(0), 1(0). In other words, one has

(8, F(0,0)) M iw(0)Z = {A(O),W} . (3.13)

Remark 3.15 The condition (3.13) implies 0 ¢ o (9, F (0, 0)).

Theorem 3.16 (Hopf bifurcation) Let Assumption 3.14 be satisfied. Then there exist
&* > 0 and continuous maps, € — u(e) from [0,&*) to R, € — x(&) from [0, ") to
R™, & — y(&) from [0, ") to R, such that for each € € [0, €*) there exists a y(¢)-
periodic function u of class C' which is a solution of (3.12) with the parameter
u = u(e) and with initial condition u - (0) = x(&). Moreover the branch of periodic
orbit is bifurcating from 0 at u = 0, that is to say that

1(0) =0, x(0) =0and x(&) # 0, Ye € (0,&").

Furthermore one also has
v(0) = 27w(0).

3.8 Proof of the Hopf Bifurcation Theorem

Throughout this section we assume that Assumption 3.14 is satisfied and we aim at
proving Theorem 3.16. Up to time rescaling we assume without loose of generality
that w(0) = 1. Now to prove the Hopf bifurcation theorem above, we first rewrite
the system under a more convenient form. Using a change of basis we can rewrite
(3.12) under the following form
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{n(r) = B(p)x1 (1) + G (1, x1 (1), x2(1)) € R2, 14

0(1) = C(pxa (1) + Gap, x1(1), x2(1)) € R"2,
with some initial data
(x1(0).x2(0)) € R? xR"™2.
Moreover the following properties are satisfied:

(i) The functions u — B(u), u — C(u) are of class C';

(i1) The matrix B(u) takes the following form B(u) = (—CZ)(IEZ) ZEZ))) with a(0) =
0, w(0) = 1 as well as the transversality condition a’(0) # 0;

(iii) The matrix I — €27 is invertible from R"~2 into itself;

(iv) The functions G; for i = 1,2 are of class C?;

v) Gi(u,0,0) =0, fori = 1,2 and for all u in a small neighboorhood of 0;

(vi) 0x,G;(u,0,0) =0, fori = 1,2 and for y in a small neighboorhood of 0.

Remark 3.17 The property (iii) is a consequence of the assumption (3.13). Indeed,
let P an invertible matrix such that

Jy, 0 ... 0
J=P'CO)P = (_)le h

0

0 ...0J,

m

is a Jordan decomposition of C(0). We have

™Mu 0 .0
ot O 6271],12 :
e = s

: . .0

0 . 0 ermam
and

x—eCO0x 20 o x = 2CO0y & ply = 27 ply,

Therefore

N(I—ez”c<°>) - {0} @N(I—e“fﬂi) {0}, Vi=1,...me £ L ¥i=1,...,m.

The system (3.14) is equivalent to

ds(1)

Y7ol A(uw)x +G(u,x),t > 0,x € R",
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with some initial value x(0) € R" and

_(B(w) © _(Gi(p, x1,x2) 0
A(u)—( 0 C(#)),G(u,x)_( 1 01 2 Gatotoxrny)

In order to look for nontrivial 27y—periodic solutions, we consider the rescaled
function

£(1) = x(y1),

so that, omitting the hat for the sake of simplicity, the system becomes

x'(1) = yA(ux +yG(u, x), (3.15)

and we look for 27 —periodic solution of the above system. A solution ¢t — x(¢) is
on some time interval [0, 27r] satisfies

t

x(1) = A W1x(0) +y / AW I=) G (4 x(s))ds, Vi € [0,2n].
0

In order to investigate the existence of 2r—periodic solution of the above integral in-

tegral equation, Let us define the map F : R? x C», ([0, 27]; R") — Co([0, 27];R™)

by

t
F(y, %) (1) = x(1) — 7AW x(0) — y / AW G (1, x(5))ds,
0

whenever (y, 1, x) € R? X C2,([0, 27]; R™).

We define C» ([0, 27]; R™) the space continuous functions /4 satisfying h(0) =
h(2r), and we define Cy ([0, 27]; R™) the space of continuous functions / satisfying
h(0) = 0. Both spaces Cp,([0,27];R") and Cy([0,27];R"™) are understood as
Banach spaces endowed with the supremum norm on [0, 27].

We now aim at investigating the zeros of the equation

F(y,u,x) =0,

for (y, u, x) close to (1,0, Ogn), using the implicit function theorem.
Due to the finite dimensional setting, one can calculate the following derivatives
directly
Fx(1,0,0)(x)(1) = x(1) = e*©"x(0),
Fux(1,0,0)(x)(2) = —A’(0)eA0x(0), (3.16)
Fy (1,0,0)(x)(t) = —A(0)eA©x(0).

Now using (iii), it is readily checked that N(F,(1,0,0)) = span{ug, u| }, wherein
the functions ug and u; are given by
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sin(t) cos(?)
cos(t) —sin(t)

w@®=| O |, u@)= ‘_) . 3.17)
0 0

Define X, := span{ug, u;} and fix X, the complement space of X as given by

2r
X, ={z € Cor([0,2n];R") : / z(H)u; (¢t)dt = Ogn fori =0, 1},
0

where the multiplication under the above integral is understood componentwized.

By using the fact that L2((0,2x); R") is an Hilbert (see Brezis [22, Remark 5 p.
137] ) we know that
L*((0,27);R") = X; @ X7,

where
2
Xll ={z € L*((0,27):R™) : / z(H)u; (t)dt = Ogn fori =0, 1}.
0

It follows that C», ([0, 27]; R") inherits the properties of L?((0,27); R"). Indeed,
v € Car([0,27];R™) implies v € L*((0,2m);R") and therefore
V=v]+w]
where vi € X; and w; € Xi-.
Moreover X| C Cy,([0,27]; R") so we deduce that
wi =v —v; € Cox([0,27];R™).

We conclude that
Cox([0,27];R") = X © X5.

Let us now define the map % : R? x X, — Cy([0,27], R™) by

F(y, p,s(up +2)) ;

h(s,y,u,2) = s
Fy(y, 1,0)(uo + z), if s = 0.

fs#0,

Then one can prove that 4 is of class C'. One has h(0,1,0,0) = 0 while the partial
derivative with respect to (y, u, z) is given by

O(y,u,2)1(0,1,0,0)(9, 4,2) = Fx(1,0,0)2 +7F, x(1,0,0)up + AF, (1,0, 0)uo,

that more explicitly rewrites using (3.16) as
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A0y 0y 1(0,1,0,0) (9, 2, 2) (1) = 2(1)—e* V7 2(0) =9 A (0)e V" ug (0)—far A”(0) e O ug (0).
(3.18)
‘We now claim that

Claim 3.18 The bounded linear operator
3y h(0,1,0,0) € £ (R2 X X, Co([0, Zﬂ];R"))

is invertible.

Proof (Proof of Claim 3.18) To prove this claim, let y € Cy([0, 27]; R") be given.
Set
M =0y .,1)h(0,1,0,0)

and let us investigate the equation
M(9,4,2) = y. (3.19)

To do so, for any y = (y1,y2)7 € R" = R? x R""2 we define the projection maps
71 :R" > R?and mp : R* — R" 2 by 71y = y; and mpy = y,.

Setting Z; := x;Z and y; = mr;y fori = 1,2.

From (3.17) it follows that 7,u(0) = 0. Therefore by applying 7y and 7> on both
side of (3.19), the system becomes for all ¢ € [0, 27],

{a(r) —eBO12,(0) — 9tB(0)eB O 1o (0) — fit B’ (0)eB V! 1u0/(0) = yi (1),

25(1) — e€D12,(0) = y2(1).
(3.20)
Since %, is 2n—periodic and I — 27€ (9 is invertible, one obtains

-1
(1) = €O (1 - 62"6(0)) y2(27) + y2(2),

so that 2, € Cor ([0, 27], R"72).
We now turn to the resolution of the first equation is (3.20). To do so, note that
one has
1B(0)e" B 71u0(0) = t(cost, —sinz)T,

while
tB"(0)e" B 7110(0) = ta’(0)(sint, cos )T + 18’ (0)(cost, —sinz)” .

As a consequence, the first equation in (3.20) rewrites as finding Z; € 71 X5, (¥, [4) €
R? such that

- _ _B(O)rs sin ¢ cost | _
Z21(t) —e Zl(o)+c1t(cost)+c2t(—sint =y1(0). (3.21)

with
c1=-a’'(0)a, c2=-9-p'(0)a.



3.8 Proof of the Hopf Bifurcation Theorem 157
Since 7, is 2r—periodic, taking # = 27 in the above equation yields, since e (027 = I,
Z1(2m) - eB0272,(0) = 2,(0) - %772, (0) = 0.

and (3.21) becomes

1
12w (?) +2mc) ((1)) =y1(2nm) = (i%g;;) )

Therefore we obtain ¢; = y%(Zﬂ')/Zﬂ and ¢ = y%(2ﬂ)/2ﬂ'. Since a’(0) # 0, this
allows to recover fi and 7 that are given by the following expressions:

yi(2n) _ y@2n) B0)y;(2n)
- and y = — +
2ra’(0) 2n 2ra’(0)

4=
Next we focus on Z;. To do so we set

Yi(t) = y1(2) —cit (Sint) - ot ( cost )

cost —sint
so that Z; € m X, satisfies
21(1) — eBO21(0) = v, (1), Vt € [0,2n].

Here note that ¥; € Cy([0,27],R?) N Co,([0,27],R?). Consider now the linear
operator Q : Ca([0,27];R?) — Ca,([0,27];R?) defined by

0(z2)(1) = eB77(0), vt € [0,2n],
so that the above equation rewrites as

21 emX; and (I — Q)21 = Y1 € Co([0,2x], R?) N Ca,([0,27], R?).

Now note that Q is a projector (i.e. Q> = Q) and since t — (07 is 27 —periodic,
one has

R(I - Q) = Co([0,27], R?) N Care ([0, 271], R?),
while

N(I - Q) =R(Q) = span{mjuo, myu1}.

Since Cr,([0,27],R?) = m1 X, & span{mug, mju;}, we obtain that the linear
bounded operator (I — Q)| x, is bijective from X, onto Co([O, 27],R?) n
C2([0,27],R?) and this invertible on these spaces (see Theorem 3.11). Hence
we end-up with

i=0- Q)|_,,11X2Y1-

To sum-up the above analysis, we have obtained for each y € Cy([0,2x],R") the
exists a unique (9, 2, 2) € R?x Cy, ([0, 2], R") satisfying (3.19) and this completes
the proof of Claim 3.18. O
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To conclude the proof of the Hopf bifurcation theorem, we apply the implicit
function theorem to the function 4 : R3 x X — Cy([0, 2], R") and we deduce that
there exists a C'—mapping (v, u,z) : (—=6,6) — R? x X, for some § > 0 small
enough, such that

h(s,y(s),u(s),z(s)) =0, Vs € (-6, 9).

By the definition of £, this is equivalent to say that

F(y(s), u(s), s(uo +2(s))) = 0,

when s # 0 with (y(0), u(0), z(0)) = (1,0,0).
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A. Ducrot, H. Kang, and P. Magal (2022), Hopf bifurcation theorem for second
order semi-linear Gurtin-MacCamy equation, J. Evol. Equ. 22, 72, 1-40.

More about Hopf bifurcation

We need extend Theorem 3.13 in order to determine the direction of the Hopf bifur-
cation and the stability of the bifurcating periodic solutions described in Theorem
3.16. The following result is taken from the book by Chow et al. [32].

Consider a C* system defined in a neighborhood of the origin in R?

x'(t) = f(x,y, )

v (1) = g(x,y, 1) (3.22)

where x, y, u € R!. We first describe the following assumption that will be needed.

Assumption 3.19 We suppose that the origin is an equilibrium of (3.22), and, for
u near 0, there exists a pair of conjugated eigenvalues of the linear part of (3.22)
around the origin denoted by A(u) and A(u) written as

A(p) = a(u) +iw(p), with a(p), w(p) €R
such that the map u — A(u) is continuously derivable,

da (0)

w(0) =wy >0, a(0) =0and # 0.

Before state the main result about the property of the Hopf bifurcation, we derive
anormal form for (3.22) for 4 = 0. By making a suitable linear change of coordinates
and z = x + iy, equation (3.22) for u = 0 becomes

=iwoz+ F(z,2)
= —iwoz + F(z,2).

7'(1)
7(0) (3.23)

Since the eigenvalues of the linear part of (3.22) for 4 = 0 are 4,2 = *iwg,by a
polynomial change of variables

=W+ Z bklka’,

2<k+l<m
System (3.23) takes the form
w' = lwow + C1W2W+ et 0(|W|2k+3)_

Theorem 3.20 Let Assumption 3.14 be satisfied and Re(Cy) # 0. Then there are
o > 0 and a neighborhood U of (x,y) = (0,0) such that
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da (0)

() if |u| < o and pRe(Cy)
du

inside U;
(i) if |u| < o and puRe(Cy)
inside U.

< 0, the system (3.22) has exactly one limit cycle

da(0)
du

> 0, the system (3.22) has no periodic orbit

Moreover, the limit cycle is stable (unstable) if Re(C1) < 0 (Re(Cy) > 0), and it
tends to the equilibrium (0,0) as u — O.

Example of application to the partner formation to predator prey
system

A nice class of problem Murray [169] [170] and [171]

H.-B. Shi and S. Ruan (2015), Spatial, temporal, and spatiotemporal patterns of
diffusive predator-prey models with mutual interference, IMA Journal of Applied
Mathematics 80(5), 1534-1568.

Put some result and Fig. 9. of the above paper



Chapter 4

Center Manifold and Center Unstable Manifold
Theory

4.1 Introduction

In this section we will consider differential equations of the form
u'(t) = Au(t) + F(u(t)), V¥t € R, and u(0) = ug € R", 4.1)

where A € M,, (R) is a n by n matrix and F : R" — R" is a of class CX (R") with
k>1.

We assume that the system (4.1) has an equilibrium u.

Assumption 4.1 We assume that there exists an equilibrium u € R” such that
Au+F(u) =0.
Replacing replacing u by v = u — u in (4.1),
V(1) = Av(t) + F(v(t) + u) + Au, ¥t € R, and v(0) = up —u € R".
So, we can assume (without loss of generality) that
u=0.
Define
A:=A+DF (@) € My (R) and F(x) := F(x + %) + Aui — DF (0)x. (4.2)

So without loss of generality, under Assumption 4.1, we can assume that

Assumption 4.2 We assume that

F(0) = Ogn and DF(0) = Opy, (k). 4.3)

163
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4.2 State Space Decomposition of a Linear Equation

Consider first the linear system
u’'(t) = Au(z),Vt € R, and u(0) = ug € R". (4.4)

We denote by o-(A) € C the set of eigenvalues of A. This spectrum is the disjoint
union of the stable spectrum o (A), the central spectrum o (A) and the unstable
spectrum o, (A), where

os(A) ={1 € o(A) :Re (1) <0},
o.(A) = {1 e (A) : Re (1) = 0}, (4.5)
ou(A)={1€0(A) :Re (1) >0}.

Assumption 4.3 We assume that o (A) = o (A) NiR # 0.

The span of the generalized eigenspace of A corresponding to the above spectrum
decomposition is

xf= P NI-A",

A€o (A)
C _ n
xf= P ~v@ar-am, (4.6)
A€o (A)
X$= P N@-am,
A€oy (A)

where A is regarded a linear operator on C".

We have a complex state space decomposition
C'=X-® X" o X (4.7)
Let k = s, ¢, u. We observe that since A is a real valued matrix, we have

AI=A)'x = (ZI—A)")?,\M eC.

We deduce that _
Aeor(A) © 1€ ar(A),
and
xeX; &XeX,.
We deduce that

o F -
)CEX,Ej = Re(x) = )% EXE and Im(x) = % EXE.

Moreover since
x € Xy & =ix € X[,

it follows that
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X; = X @i X,

where
Xi = Re (X7) = {Re(x) 1 x € X7} c R, 4.8)

Hence the space Xi (k = s, ¢, u) is the real part of the subspace of Xf spanned by
the generalized eigenvectors of A corresponding to eigenvalues o (A).

Now, we obtain a state space decomposition
R'=X,® X. & X,, 4.9)

such that
A(X;) C Xs,A(X:) € Xcand A (X,,) C X,,. 4.10)

For k = s, ¢, u, we define Ay : X; — X the bounded linear operator as
Arx = Ax,Vx € Xi.

Then Ay is a bounded linear operator on X, which we write for short Ay € £L(Xy).
The linear operator Ay is also the part of A in X; which is defined as A : D(Ay) C
Xir — Xi such that

D(Ak) = {x € Xy :Ax € Xk}.

By construction, we have the following lemma.
Lemma 4.4 The spectrum of As, Ac and A, satisfy the following
0 (As) = 05(A),0(Ac) = 0c(A) and 7 (Ay) = ou(A). (4.11)
Define I, I1., IT, € L(R") the projectors such that
I, (R") = Xg and (1 —TI5) (R") = X, & X,,,
Me(R") = Xc and (I -T1c) (R") = X, & X,
I, (R") = X, and (I -11,,) (R") = X; & X,
and since ITy, [T, and IT,, are projectors (i.e. 72 = 7) this is also equivalent to
R(II;) = X5 and N(IT) = X, & X,,,
R(I1.) = X, and N(I1,) = X, & X,,,
R(II,) = X,, and N(IT,,) = X, & X,.

Finally we define
Iy =1 + 11,

the projector on the hyperbolic space X;, = X; @ X,,, and
Mes =M, +11;

the projector on the center stable space X.; = X. @ X;, and
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I, =11, +1I1,

the projector on the center unstable space X, = X, @ X,,.

Each of these projections commutes with A, and therefore the corresponding
subspaces are invariant under the flow of (4.4). That is to say that

Iy A=AIl;,Vk = s,c,u, h,cs, cu, 4.12)
and by using the series formula of

2 3
Ar (At) (At)
e —I+(At)+T+T+

we deduce that
e = eA'Tlg, Yk = s, ¢, u, h, cs, cu. (4.13)

Define
B+ =min{Re (1) : 1 € 0,(A)} >0, B- =min{-Re () : 1 € 05(A)} >0,

and

B =min (8-, B4) /2. (4.14)

Fig. 4.1: In this Figure, we illustrate the different parts of the spectrum o4 (A), o (A)
and o, (A) as well as B- and By. The region between the blue vertical lines only
contains the purely imaginary spectrum of A.
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Lemma 4.5 There exists a non increasing map € — M. (g) from (0,+0) to itself
such that
€A1 gy < M (g)e®], Ve € R, Ve > 0. (4.15)

There exist two constant number Mg > 0 and M,, > 0 such that

e T, || £ (rmy < Mye P2, ¥t < 0,Ve > 0,

leA || £(rny < Mge TP Wt > 0,Ve > 0. (4.16)

Remark 4.6 In general we may have M. (g) — +o0as & — 0.

Proof The result is based on the stability theorem for linear system (see Theorem
3.17 in Chapter 3 of the first volume of this book [55]). For example we have for
t>0

e—sltleAtHC — e(Ac—al)tHC

an the spectrum o (A, — €l) contains only complex number with strictly negative
real part. So by using the stability theorem for linear systems we deduce that for each
e>0

M (&) = sup e 1[I, || £ gny < +0o,
t>0
M (&) :==sup e_EltllleAtHC”L(Rn) < 400,

t<0

therefore we can define M, (&) = max (M} (&), M (¢)) and we obtain (4.15).
To prove the last part of the lemma we observe that from (4.14) we obtain

B < - and B < B,
and by using again the stability theorem we deduce that for each £ > 0

M, (&) = sup e P 1| eATL, || p(pmy = sup e[| BTN, || pn) < +oo,
t<0 t>0

My (&) = supe™ PO eI || £ ny = sup e e B || p(am) < +oo,
t>0 t>0

and by choosing M = MS(O) and M,, = MM(O) the proof is completed. |

Example 4.7 The above lemma is sharp. Indeed, by consider the example of Jordan
block
01
A= (0 0) € Mh(R).

Then O is the only point of the spectrum of A. That is
o(A) ={0},

and we know that
ac (U0 o my
e = 01 2 .
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see Chapter 3 of the first volume of this book [55] for more details.
Now, by using the norm

[1Ce, )= |x] + [yl
We deduce that

141 = [leMeally < le |l cany = sup [le* x|l < sup [le* (per+ (1= p)ea) |1 < 2+t.
Il <1 pel0.1]

So, for this example we obtain

M.(g) < supe ®1"1 (2 +1) < 400
teR

and

M (g) > supe ¢l (1 +1) — +co0, as & — 0*.
teR

The following lemma gives some characterizations of X, in (4.18) that will be
used as a definition for the center manifold.

Lemma 4.8 (Characterization of center space) We have the following
X, = {x € R™ : sup ||[I,eM x| < +oo}, (4.17)
teR
and for each n € (0, B),

X, = {x e R" :supe M|l x|| < +oo} ) (4.18)
teR

Proof If x € X, then I1x = 0. We deduce that the map t — [M,ex = eIIx =0
is bounded function. Next assume that there exists a constant C € (0, +o0) such that

sup ||[TT,e™x|| < C.
teR

Then by Lemma 4.5, we have
llex|| = lle (Te + p)x|| < lle™Mex|| + [ye*x|| < M (e + C

and we deduce that

supe || eAx|| < M(n) +C.
teR

Finally assume that ||e4’x|| < e”1/C,Vr € R for some C > 0 and some 7 € (0, B).
Then by using (4.16), we deduce that forall <0 and & > 0

IMx|| = [|eA e x|| < Me P2 C,

and by choosing € < § —n < B+ —n, we deduce when ¢ goes to —co that IT,x = 0.
Similar arguments gives II;x = 0. The proof is completed. O
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The following lemma gives some characterizations of X, in (4.20) that will be
used as a definition for the center-unstable manifold.

Lemma 4.9 (Characterization of center unstable space) We have the following

Xew = {x e R" : sup ||[Tlyex|| < +oo} , 4.19)

t<0

and for each i € (0, B),

Xeu = {x eR" :supe || eAx|| < +oo} . (4.20)

t<0

Proof Assume that sup, . [[se4’x|| < C (for some C > 0). Then by Lemma 4.5,
we have
IMex|| = [le A Te x|| < Me A+ (D vr < 0,

and when t — —co we obtain II;x = 0 which implies that x € X.,,. Conversely if
x € Xy then I e x = eATIx = 0,V < 0.
Next assume that sup, ., e 7/"l||eA’x|| < C (for some C > 0). Then by Lemma
4.5, we have
ITLx|| = [|eA T e x|| < Me(B-+8)ltlenltlc v < 0,

by choosing again € < §—n < S_ —n and let t — —oo we deduce that [T;x = 0.
Conversely assume that [T;x = 0, by Lemma 4.5, we have for all # < 0,

e MleMx|| < e [[leM Tex|| + e x| < &7 [Megltl + Me POl
so by choosing 0 < € < and 0 < € < B, we deduce
e Mt eAx|| < 2M, V1 < 0.

The proof is completed. O
To conclude this section the norm

x| = ITTx]] + ITex|l + [ITL ]|
Since I = I1; + I, + I1,,, and by using the triangle inequality

llx]l = s + Tex + Mx|] < x|
and by using the fact that I I and IT,, are continuous linear map

bl < (Il gy + N0l £goy + Ml £y 1]

therefore the two norms |.| and ||.|| (are equivalent even in infinite dimensional

space).
We observe that
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IMgex| = [T x| = [[Tex|| < |x],Vk = s,u,c.
So without loss of generality we can make the following assumption.
Assumption 4.10 We assume that
Mgl £y < 1,Vk = s,u,c,

where
Mkl £gmy == sup |[Tgx]].
lxll<1

4.3 Center Manifold Theory

Let F : R" — R" be a Lipschitz continuous map. In this section, we investigate the
existence and smoothness of the center manifold for a nonlinear semiflow {U(?)},¢
on R" generated by solutions of the Cauchy problem

du(t)
dt

= Au(t) + F(u(t)), fort > 0, with u(0) = x € R". 4.21)

A solution of (4.21) is a continuous map ¢ € [0, +co0) — U(t)x satisfying the fixed
point problem

U(t)x=x+A/tU(s)xds+/tF(U(s)x)ds,Vt > 0.
0 0

We know (see Proposition 2.21 of the first volume of this book [55]) that the above
fixed point problem is also equivalent to the variation of constant formula

t
U(t)x = ex + / AU F(U(s5)x)ds, Vi > 0. (4.22)
0

In variation of constant formula not only is useful to problem the local stability of
equilibrium (see Chapter 6 of the first volume of this book [55]). But it is also a
crucial tool to understand the center manifold theory.

The variation of constant formula (4.22) can be rewritten into the following more
condensed form

Ut)x = eMx + (eA' * F(U(.)x)) (1), V1 > 0,
where the convolution is defined as

(eA‘ R f(.)) (1) == / " A=) £(5) ds. Vi 3 0. (4.23)
0

Since F is Lipschitz continuous, we know (see Theorem 8.11 in the first volume of
this book [55]) that for each x € R", (4.22) has a unique solution t — U(#)x from
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[0, +o0) into R"™. Moreover, the family {U(f)},.o defines a continuous semiflow.
That is

1) U)=TandU(t)U(s) =U(t+s),Vt,s > 0;
(i) The map (¢,x) — U(t)x is continuous from [0, +o0) X R” into R”.

Furthermore,
NU()x = U®@)yl|| < e!F et ||x — y]| forall £ > 0,
where F F
Pl = sup WO =FO
x,yeR™:x#y [lx =yl

4.3.1 Weighted spaces of exponential bounded continuous functions

Let (Y, ||.|ly) be a Banach space. Let € R be a constant and / C R be an interval.
Define

BC(1,Y) = {f eC(LY):supe M F(n)lly < "“X’}-
tel

It is well known (see Chapter 2 of the first volume of this book [55]) that BC"(1,Y)
is a Banach space when it is endowed with the norm

Iflgeniryy =supe M F Dy .
tel
We observe that

Iflsenayy <M & If(@Dlly < M,V e 1.

Therefore such spaces characterize the exponential growth speed of the function at
plus or minus infinity.

In this chapter, the examples of set I used are the following
I=1[0,400), I = (—00,0], and I = (—o0, +00),
The weighted spaces BC"(1,Y) are invariant by a shift.

Lemma 4.11 (Shift-invariance) Let n > 0. Then for each f € BC"(R,Y) the map
t — f(t+1*) belongs to BC" (R,Y), and we have the following estimation

M N fllpeney) < 1FC+ N gen@yy < €™ I leney) -
Proof By using the triangle inequality, we have

[t + 5| < Jt|+|*] & |t + %] = |t] < |*] & = [|t] = |t +£*]] <[],



172 4 Center Manifold and Center Unstable Manifold Theory

and
[t =+t =¥ < |t+1*|+|=t*| & |t] = [t + ] < |17,

hence we obtain
—|t*] < = [It] = |+ %] < |£*].

We deduce that
* * *
el < e—77[|t\—lt+t I < Ml I’

and by using

sup e || £t + )| = sup e L=l ] gl £ 4|
teR teR

we obtain by setting o~ = ¢ + t*,

e sup M| f(o)]| < sup e M f (24 )] < & sup e f ()]
oeR teR oek

and the proof is completed. O

The family {(BC”(I, Y), ||~||Bcn(1,y))} o forms a scale of Banach spaces, that
7>
is, if 0 < £ < 5 then BC4(1,Y) c BC"(1,Y) and the embedding is continuous;
more precisely, we have

I fllsenayy < Wfllgceayy, Vf € BC4(L.Y).

Let (Z, ||.]|;) be aBanach spaces. From now on, we denote by Lip(Y, Z) (respectively
Lipz (Y, Z)) the space of Lipschitz (respectively Lipschitz and bounded) maps from
Y into Z. Define the semi norm

|1F(x) = F(y)llz
IE = sup
Hp(r2) = evisy = ylly

The above Lipschitz norm is an extended notion of the supremum norm of the first
derivative. So ||.|[Lip(y,z) is only a semi-norm not a norm, because

IFllLipy,z) =0
whenever F is a constant function.

Definition 4.12 (Center manifold) Let 7 € (0, 8). We define the center manifold
V), is the set of point x in R" satisfying the two following properties

(i) There exists t € R — u(t) a complete orbit of the semiflow U passing through
x att = 0. Thatis

U(t - s)u(s) =u(t),Vt > s, and u(0) = x.
(ii) The exponential growth of u is bounded by n when ¢ goes to +co. That is

u € BCT (R,R") & |lu(r)|| < Me"!,Vt € R (for some constant M > 0).
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For short the center manifold can be rewritten as
V, ={x € R":3u € BC" (R,R") a complete orbit of {U(r)},5o, with u(0) =x}.

Lemma 4.13 (Invariance of the center manifold by the semiflow) Let € (0, B).
Then V,, is invariant by the semiflow U. That is U(t)V,, = V,;,Vt > 0.

Proof Let t* > 0. Let us prove that U(t*)V,, c V,. Letx € V,, and let u €
BC™ (R,R") a complete orbit of U and u(0) = x. Then by construction we have
y =u(t*) = U@*)x, so

y € U(1")V,,.

Moreover t — u«(t) = u (¢t +1*) is also a complete orbit, and by Lemma 4.11 we
know that the shifted orbit satisfies

t = ux(t) =u(t+1*) € BC" (R,R").

SoyeV,.

Conversely, let us prove that V,, ¢ U(t*)V,,. Let y € V,, then there exists u €
BC' (R,R™) a complete orbit of U withu(0) = y. Letx = u(—t*) andt — u_,«(t) =
u(t—1*). Then U(*)x = y because t — u(t) is a complete orbit of U, and x belongs
to V), because t — u_,«(t) is a complete orbit of U, and by Lemma 4.16 we deduce
that

Uu_~ € BC" (R,R").

The proof is completed. O

4.3.2 Reduced equation

In this chapter, we will see that, if || F || ip(r» r~) is small enough, then we can find a
map ¥ : X, — X}, such that

Vi ={xc +¥(xe) 1 xc € X}
We can also reformulate the definition of the center manifold by saying that
n.v, = X,

and
xeV, &Iy = (Ilx).

As consequence Lemma 4.19, the set V,, is invariant by U(¢), so we deduce that
U(t)x € V¥Vt 2 0,Vx € V,,.
Therefore the invariance

[L,U(t)x = Y(IL.U(t)x),Vt > 0,Vx € V,,.
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We deduce that on the manifold V;,, we can reduce the dimension of the system
(4.21), by projecting (4.21) on X, and we obtain

ul(t) = Acuc(t) + I F (uc () + ¥ (uc(7))) . (Reduced Equation)

The advantage of the center manifold is that the dimension of reduced system has
the same dimension than X, which is much smaller than # in general. The center
manifold contains all the bounded orbited (for example periodic orbits, homoclinic
orbit of an equilibrium, and heteroclinic orbits) of the original system (4.21).

The disadvantage of the center manifold is that ¥ is fully implicit. Therefore we
have no explicit formula for ¥ in general. In this chapter, we will see that if all the
derivative

0,D*F(0)=0,Vk=1,...,m, (4.24)

then all the derive of the center manifold
D¥P(0)=0,Vk=1,...,m.

In that case, by using a Taylor expansion at 0 of the center manifold, we can obtain
some n'" order approximation locally around 0 for the reduce system. Furthermore,
in the next Chapter 5, we will prove that it is always possible to make some changes
of variable in order to satisfy the condition (4.24) at any order.

Xec

Center Manifold

Fig. 4.2: Schematic representation of the center manifold.
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4.3.3 Existence of the center manifold

In this subsection, we investigate the existence of the center manifold.

Definition 4.14 Let us recall that a function u : R — R is a complete orbit for the
semiflow {U(7)},s( if and only if the function r — u(¢) on R satisfies

u(t) =U(t — s)u(s),Vt,s € Rwitht > s,

where {U(?)},5 is a continuous semiflow generated by (4.22).

That is equivalent to say that for each s € R (fixed) the function # — u(¢) from
[s, 00), satisfies

u(t) = u(s) + A /OH u(s +r)dr + /OH F(us +7)) dr,Ve > s,
or equivalently by using the variation of constant formula
u(t) = A u(s) + /t AT F(u(o))do, Vit > s,
or (for short) by using the convolutions
u(t) = ey (s) + (eA' * F (u(s + .))) (t—1s),Vt > s. (4.25)

In the above intergal equation s and u(s) are fixed, and the map ¢ € [s, +00) — u(t)
is a fixed solution of the above integral equation.

Definition 4.15 Let n € (0, 8). The n-center manifold of (4.21) is the set

V,={xe€R":3u € BC" (R,R"), acomplete orbit of {U(t)},5¢., such that u(0) = x}.
(4.26)

That is the set of the points x € R”, such that there exists u € BC7 (R,R"), a

complete orbit of {U(t)},-q, passing through x at r = 0.

Letu € BC7 (R,R"). By Lemma 4.11 we have for each 7 € R,
e Hlull pen (g pmy < NuC+Dllpenzn < € ullpen@zm -
So for each n > 0, V,, is invariant under the semiflow {U(¢)},¢ , that is,
U(t)V,y =V,, ¥t >0.

Moreover, we say that {U(#) };»( is reduced on V,, if there existsamap ¥ : X, — X},
such that
Vy,; = Graph (W) = {x. + ¥ (x¢) 1 xc € X}

Before proving the main results of this section, first we need some preliminary
lemmas.
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Lemma 4.16 Let Assumption 4.3 be satisfied. Let T > 0 be fixed. Then for each
f€C(]0,7] ,R") and each t € [0, 7] and k = s, ¢, u, we have

My (eA' * f(.)) (t) = (eA‘ . ka(.)) (1) = (eAk' * ka(.)) (1),Vt > 0. (4.27)

~ 2M
Furthermore, for each y > —p, there exists Cy 5, = ,BT > 0 such that for each
Y
f € C([0,7] ,R") and each t € [0, T], we have
e (e 5 f) Ol < Gy sup eI f(llds.  (428)
s€[0,¢]

Proof From Lemma 4.5 we have for each € > 0
AT || £y < Mge TP e > 0.
Therefore
eI (e F) (O] < e [ 1leA 9T, £(s)l ds

t _ _ _ _
< My [} e P =) ds sup, o, € I ()],

and . ,
/ o (B (1-9) g / o Brosgg < L
0 0 B+y-¢
and the result follows by choosing £ = (8 + ) /2. O

Convolution’s formula: By using the convolution formula (4.23) we deduce that

(e 5 1) () = A0 (e w £) () + (&4 £ (5+)) (=), 4.29)
whenever ¢, s € [0, 7] with s < ¢, and f € C ([0,7],R") (for some 7 > 0).

By using the above formula (4.29) and the property of e’ we obtain the following
lemma.

Lemma 4.17 Let Assumption 4.3 be satisfied. Then we have the following:
(i) For eachn € [0,B), each f € BCT (R,R"), and eacht € R,

K (f)(t) = UILH_IDC I (eA' x f(o+ )) (t — o) exists.

(ii) For each n € [0,B), K is a bounded linear operator from BC (R,R") into
itself. More precisely, for each v € (=,0) , we have
K5l £cBen mrny),Benm,x0)) < Csv sl £mny » Y17 € [0, V],

2M
B+v

where am, = > 0 is the constant introduced in (4.28).
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(iii) For eachn € [0,B), each f € BC" (R,R"), and each t,s € R witht > s,
Ko(£)(1) = MUK (N (5) = Ty (e 5 f(s4) (1= 9).

Remark 4.18 The definition of K by using a limit as above can be extended to
infinite dimensional systems (see Magal and Ruan [155]). Nevertheless for ordinary
differential equation we have the following

Ko (f)(1) =limgooo [ 7 &A= f (0 + D)dl
. t -5
= liMy——co f‘?_e:S(t I £ (s5)ds
=limg o [ €T f(1 - 0)d0

hence we obtain the explicit formula

Ko (F)(0) = /0 A0, £ (s - 0)d.

Proof Let start by proving (i) and (iii). Let € (0, B) be fixed. By using (4.29), we
have for each ¢, s, € Rwithr < s <t, and each f € BC" (R,R") that

(e« G4 0) (1 =) = A0 (As 4 ) (s =) + e 5 fs ) (1= 5).
By projecting this equation on X, we obtain for all 7, s, 7 € R with r < s < ¢ that

I (e = f(r+.)) (t—r) = eAs U= (eA x f(r + D) (s —r) + I, (e * f(s+.)) (1= ).
(4.30)

Letv € (=8, —n) be fixed. Then by using (4.28) and (4.30), we have for all ¢, s,r € R

with r < s <t that

|

0, (eA'  f(r+ .)) (1= r) —TI, (eA' s s+ .)) (i - s)H
eA“‘(’_S)HS (eA' x f(r+ )) (s=r)

< MyePU9C e sup eI f(r+ 1)

1€[0,s—r]
= MCy, e P76 sup ¢TI, £ (o) |
o€lr,s]
= MCy e P19 sup eVl T £ (o) |
Le[r,s]

< ”H»Yf”BCU(R,R”) MSCs,ye_'B(I_X)EVS sup e—VLre)]|cr|'
oelr,s]

Hence, for all 5,7 € R_ with s > r, we obtain

I, (eA' *f(r+.)) (t-r) Tl (eA‘ *f(s+.)) (t—s)”

S||Hsf||3c,,(R’Rn)MSCS,Vefﬁ(t’S)e” sup e~ rma,
oelr,s]
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Because — (v +177) > 0, we have

M (e fr+) (1= ) =T, (e85 f(s4) (- 5)|
< s fllpen(mmny MsCs,ye P e¥s e

= I £ll peon (g oy M Cs e B3
Since 8 —n > 0, by using Cauchy sequences, we deduce that
Ks(f)(t) = Sgr_noo I (eA' * f(s+ .)) (t — 5) exists.
Taking the limit as r goes to —oo in (4.30), we obtain (iii).

Let us prove the property (ii). Let v € (-83,0) and n € [0, —v] be fixed. For each
f € BC'T (R,R™) and each t € R, we have

IK(H @I = tim |1, (¢4 £+ ) 0= 7)

< sy limsupe” ™™ sup e [T f(r + 1)
r——o00 1€[0,t—r]

= Cy limsupe” ™™ sup (@) |, f (o) ||
r——o0 oelr,t]

= Cy limsupe” sup e "7l N1, £ (o)
r—-oo oelr,t]

= Cy e I f1,,  sup e Vel

oe(—00,t]

Since (v + 1) < 0, we deduce that if t < 0,
e NIK(NWN S Cope™ IS, sup &7 = oy L] e
oe(—o0,t

= av,v ”H;f”,]
and since (n — v) > 0, it follows that if > 0,

MK (A D < Cy eI £, sup e Te7!

o €(—o00,1]

< Cy.y ||Hsf||,]e("_'7)’max( sup e DT gup 17V
0 €(=00,0] o€l0,t]

= Cyy I f1l,y e~ e = Cy , |ITL, £, -

This completes the proof. O

Lemma 4.19 Let Assumption 4.3 be satisfied. Let n € [0, B) be fixed. Then we have
the following:

(i) For each f € BC7 (R,R") and each t € R,

+00 r
Ku(£)(0) =~ / 0T, f (Dl :=—VETM/ MM, f(1)dl
t

t
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exists.
(ii) Ky, is a bounded linear operator from BC1 (R,R") into BC" (R, X,,) and

My, T || £ (rmy
IKull £BCn (RRRY) < T G-m

(iii) For each f € BC (R,R") and each t,s € R witht > s,
Ku()(1) = MK, (1)) =T (e 5 f(s+)) (1 = 5).
Proof By Lemma 4.5, we have
e 1 x., < Mue™'. V1 2 0. @31)

By using (4.31) and the same argument as in the proof of Lemma 4.17, we obtain (i)
and (ii). Moreover, for each s,7,r € R with s < ¢ < r, we have

r t r
/ eASDTL, £ (Ddl = / eI, f(1)dl + / e 1L, f(1)dl

N N t
t r
= / eSO, F(Ddl + e / A DL, F(Ddl.
s t

It follows that

r t r
pAu(t=5) / e DT, f(1dl = / e DL, f(1)dl + / e DT, f(Ydl.

s t
When r — +o0, we obtain for all s, ¢ € R with s < ¢ that

Ky (1)) = [ s = Kay (1)
0
=T, (¢4 5 f(s+2) (1 =) = Ky (F)(0):
This gives (iii). O

Lemma 4.20 Let Assumption 4.3 be satisfied. Let n € (0,) be fixed. For each
Xc € X, each f € BCT (R,R"), and each t € R, denote

Ki(xe) (1) = e'xe,  Ke(f)(1) = /t eI, f(s)ds.
0

Then K, (respectively K.) is a bounded linear operator from X, into BC' (R, X.)
(respectively from BC' (R,R") into BC" (R, X.), and

+00 +oo
IKcll £(Ben @rny) < IMe|l £y max (/ He<AC”7”lHdl,/ ”e(A"*””l”dl).
0 0

e(Ac—nI)t e~ (Actnl)t

”Kl ”L(XC,BC’I(R’Rn)) < max (sup
120

, sup
>0
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Proof The proof is straightforward. O
Lemma 4.21 Let Assumption 4.3 be satisfied. Let n € (0, B) be fixed. Then

u € BC" (R,R"),
is a complete orbit for the semiflow {U (1)}, if and only if

u(t) = K1 (IMeu(0)) (1) + Ko (F(u(.))) (1) + Ky (F(u(.)) (1) + K (F(u(.)) (1), Vt € R.
(4.32)

Proof Letu € BC (R,R"™) . Assume first that u is a complete orbit of {U(¢)};50.

Then for k € {c,u} we have for all [, € R with » < [ that

1
eu(l) = eI u(r) + / e = F (u(s))ds.

r

Thus,
du(t
Z—l;() = Aplliu(t) + i F(u(t)), Vi eR.
From this ordinary differential equation, we first deduce that
t
Meu(t) = e*<' TLu(0) + / eI F(u(s))ds, Vi € R. (4.33)
0

Hence, foreach ¢,/ € R,

IL,u(t) = e DIL,u(l) + /I t eI, F (u(s))ds, Vt,1 € R.
It follows that for each / > 0,

”e_A“(l_t)Huu(1)|| < My 1Ty || £y e P ! lullgen v, mmy -
So when [ goes to +oo0, we obtain

+00
Mu(f) = - /, eI, F(u(s))ds, Vi eR. (4.34)
Furthermore, we have for all #,/ € R with ¢ > [ that
Mu(r) = A Du(l) + T, (e 5 Fu(l +.))) (1 - ),
and for each [ < 0 that
”eA“‘(t’l)HSu(l)” < e P M, ITTsull,, e Bl

Taking [ — —co, we obtain

Mou(t) = K (F(u(.))) (1), VteR. (4.35)
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Finally, by summing up (4.33), (4.34), and (4.35), we obtain (4.32).
Conversely, assume that u is a solution of (4.32). Then

t
Heu(r) = eA<' T1.u(0) +/ eI F(u(s))ds, Vi €R.
0

It follows that
dlT.u(t)

dt
Thus, for [, € R_ withr < [,

= AcIleu(t) + . F(u(t)), VteR.

Mou(l) = A o (r) + 11, (eA‘ « F(u(s + .))) (t—s).

Moreover, by using Lemma 4.17 (iii) and Lemma 4.19 (iii), we deduce that for all
t,s e Rwitht > s

Myu(r) — A u(s) = I, (eA' « F(u(s + .))) (t—s),
My (t) — A9 u(s) = I, (eA' « Fu(s + .))) (t—s).

Therefore, u satisfies (4.25) and is a complete orbit of {U(#) };. O

Let € (0, B) be fixed. We rewrite equation (4.32) as the following fixed point
problem: To find u € BC" (R,R") such that

u = K (I.u(0)) + K, ®F (u), (4.36)
where @ is a Nemytskii operator which is defined by
@p(u)(t) = F(u(r)), VieR,
and since we assumed that F € Lip (R",R"), we deduce that
®r € Lip (BC" (R,R"), BC" (R,R")),

and
K, € L(BC" (R,R"),BC" (R,R")),

is the linear operator defined by
K, =K. +K;+K,.

Moreover, we have the following estimates

|e(AC77]Id)t

|e—(A(.+771d)t

),

1K1l £(x..,BC7 (R,R7)) < Max(sup
120

, sup
t>0

I1PFllLip < 1FlLip

and for each v € (-f3,0) , we have
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K2l £(Benmmmy < ¥ (vo1),Vn € (0,-v],

where

2M, My, [T, || £ rm)
) = S | gy + e MEEED
yvem = gy Wl g + — = 4.37)
Tl gy max (7 [l e, [ e ar).

Moreover, by Lemma 4.21, the n-center manifold is given by
Vy, ={x € R" : 3u € BC" (R,R") asolution of (4.36) and u(0) =x}. (4.38)

We are now in position to prove the existence of a center manifold for the semilin-
ear equations with non-dense domain, which is a generalization of Vanderbauwhede
and Iooss [217, Theorem 1, p.129].

Theorem 4.22 Let Assumption 4.3 be satisfied. Let nj € (0, B) be fixed. Assume that
F € Lip(R",R") with

N llLipre mey [1K2ll £(BOn (R R0 < 1.
Then there exists a Lipschitz continuous map ¥ : X, — Xj, such that
Vy ={xc +¥P(xc) eR" 1x. € X},
or equivalently
Vy ={x e R" : Tlox = x¢, Hpx = P(x,), and x. € X} .
Moreover, we have the following properties:

()
sup [|¥(xo)ll < [IKs + Kull £(en (r.Rm)) sup T F ()l -
x€R”

Xc€Xe

(ii)

Il _ MK + Kall gpen @z 1Fluipee s 1Kz ox, o .z
Lip(X.,Xp) = .
ip( n) 1 - ||K2||L(BC’7(R,R")) ||F||Lip(R",R")

(4.39)
(iii) For each u € C (R,R"), the following statement are equivalent
(a) u € BC" (R,R") is a complete orbit of {U(t)};50 -
(b) The map u. : R — X, is a solution of the reduced equation
du.(t
P — At +TF e + ¥ ()], (440

and
u(t) = uc(t) + ¥Y(ue(1)),ve € R.
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Proof (i) Since || F||Lip 1Kzl £(Bcn (r,rm)) < 1 we can use the global inverse theorem
(see Theorem 3.1 in Chapter 3), and we deduce that the map (Id—K,®F ) is invertible,
the inverse (Id — K,®)~! is Lipschitz continuous, and

1

(Id - KxOF)™
” 1=Kzl £(gen @ rry) 1F lLip@n memy

1
”Lip(BC’?(]R,R")) s (4.41)

Letx € R" be fixed. By Lemma 4.21, we know that x € V,, if and only if there exists
un.x € BCT(R,R"), such that uy_, (0) = x and

urx (1) = K1 (Iex) (¢) + K2 ®p (un,«) (¢), Ve € R.
So
V, ={(Id - Kx®r) 'K (xc) (0) : xc € X}
We define ¥ : X, — X}, by
W(xc) = (Id — Ky®p) ' K1 (xc)(0), Vxe € Xe..
Then
Vi = {xe +¥(xe) 1 xc € X}

For each x. € X, set
uxc = (]d - Kgq)F)_lKl (xc),

which is equivalent to
Uy, = Ki(x¢) + KrOp (ch) .

By projecting this last equation on X}, we obtain
Hhuxc = [Ks +K,] q)HI,F (uxc) >
and we obtain
‘P(xc) = [Ks + Ku] (DHhF (”xc) (0) (4.42)
and assertion (i) follows.
Assertion (i1) follows from (4.41) and (4.42).

It remains to prove assertion (iii). Assume first that u € BC"7 (R, R") is a complete
orbit of {U(?)};s¢. By using the invariance property of the center manifold (see
Lemma 4.13), we deduce that

u(t) € V,, vt e R,

and we deduce that
pu(t) = Y(II.u(t)), VteR.

Moreover, by projecting (4.25) on X, we have for each 7, s € R with ¢ > s that

S
Heu (1) = e u(s) + / AU DI F (u(s+1))dl.
0
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Thus, t — IT.u (¢) is a solution of the reduced equation (4.40).

Conversely, assume that u € C (R, R") satisfies (iii)-(b). Then
Myu(t) = Y(I.u(t)), Vit €R,

and IT.u(.) : R — X, is a solution of (4.40). Set x = u(0). We know that x € V,,
(since ITyx = ¥ (T1.x)), therefore by using the definition of the center manifold V;,,,
we deduce that there exists a function v € BC" (R, R"), which is a complete orbit
of {U(?)};s0, and v(0) = x. But since V,, is invariant under the semiflow, we deduce
that

pv(r) = P(I.v(t)), VteR,

and TT.v(.) : R — X, is a solution of (4.40). Finally, since I1.v(0) = I.u(0),
and since F and ¥ are Lipschitz continuous, we deduce that (4.40) has at most one
solution. It follows that

Iev(t) = eu(t),Vt € R,

and by construction
I,v(t) = P(Iev(t)) = Y(Ieu(t)) = Muu(t), Ve € R.
Thus,
u(t) =v(t), vt e R.
Therefore, u € BC (R,R") is a complete orbit of {U () };. O

We defined Lipg (R",R"), as the space of maps F' : R" — R" which are Lipschitz
continuous and bounded. That is

F(x)-F
= sp F@=FOI

x,yER:x#y ”x _y”
and
[Flleo = sup ||F(x)[| < +oo.
x€eRn

Lemma 4.23 Let Assumption 4.3 be satisfied. Assume that F € Lipg (R",R™). Then

VI] = st Vﬂ,f € (O’B) .

Proof Letn, ¢ € (0,8) be such that £ < 7. Let x € V¢. By the definition of V¢ there
exists u € BC? (R,R™), a complete orbit of {U(t)},5(, such that u(0) = x. But
BC¢ (R,R") c BC" (R,R"), sou € BC" (R,R"), and we deduce that x € V,,.

Conversely, let x € V, be fixed. By the definition of V,, there exists u €
BC™ (R,R"), a complete orbit of {U(¢)};5¢, such that u(0) = x. By Lemma
4.21 we deduce that u is a solution of

u=Ki(Ilcu(0)) + Ky ®p (u).
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But K;(IT.u(0)) € BC? (R,R") and F is bounded, so we have ®p(u) €
BCY (R,R") c BC? (R,R") and

K>®p (u) € BC? (R,R").
Hence, u € BC¢ (R,R") and
u =K (Il.u(0)) + Kr®r (u).

Using again Lemma 4.21 once more, we obtain that x € V. O

4.3.4 Smoothness of the Center Manifold

In the sequel, we will use the following notations. Let k > 1 be an inte-
ger, let Y1,Y»,...,Yx, Y and Z be Banach spaces. Denote £k Y, Ya,.., Y, 2)
(resp. L) (Y, Z)) the space of bounded k-linear maps (or multilinear map) from
Y1 x... XY into Z (resp. from Y* into Z). We recall that if L k-linear maps Y* into
Z its norm is defined as

ILIl zoo (v,2) = sup lL(ur, ..o u)ll.
[l [1<1,..s flug [ <1

Let V be an open subset of ¥, and let W € C* (V, Z) be fixed. We choose the
convention thatif / = 1,...,k — 1 and u, u € V with u # u, the quantity

wp |[D'W () - D'W (@)] (uy, ..., u)) = DWW (@) (u — ity uy, ..., )|

Up,..., u;€By (0,1) ||I/i —ﬁ”

goesto 0 as |ju —u]| — 0.

Set

ckv,z) = {W € CE(V.2) 2 Wiy = sup [DIW@W)| iy 7y < 400, 0% < k} :
ue

For each n € [0, B), consider K;, : BC" (R,R") — BC" (R, X},), the bounded
linear operator defined by
K, =K;+K,,

where K and K, are the bounded linear operators defined, respectively, in Lemma
4.17 and Lemma 4.19.

For each o > 0 we define some open and closed neighborhood of X, as
(Open neighborhood of X.) V, :={x e R" : |[Ix|| < o},

and

(Closed neighborhood of X.) V, :={x € R" : ||[II;x|| < o}.
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Moreover for each > 0, we define

V= {u € BC" (R,R") : u(t) € V. V1 € R} .

Note that since ‘_/Q is a closed and convex subset of R”, the subset ‘_/Z is also a closed
convex subset of BC" (R, R") for each n > 0.

‘We make the following assumption.
Assumption 4.24 Let k > 1 be an integer and let i, 77 € (0, 8) such that
kn <1 <pB.

Let o > 0. Assume

(@)
F € Lip (R",R") N Cf (V,,R").
(ii)
00 = ”KhHL(BCO(R,Rn)) My Fle < 0,
where
IFllee = sup [|F(x)]].
x€eR”

(iii)

sup ||K2||.C(BC9(R,]R")) ||F||Lip(Rn’Rn) < 1.
0€[n.i]

Note that by using (4.37) we deduce that

sup ||K2||£(BC9(R’RH)) < +00.
0¢€[n,n]

Thus, Assumption 4.24 makes sense.

Following the approach of Vanderbauwhede [216, Corollary 3.6] and Vander-
bauwhede and Iooss [217, Theorem 2], we obtain the following result on the smooth-
ness of the center manifold.

Theorem 4.25 (Smoothness of the Center Manifold) Let Assumptions 4.3 and
4.24 be satisfied. Then the map ¥ obtained in Theorem 4.22 belongs to the space
C[]; (XC, Xh) .

Definition 4.26 Let (M, d) be a metric space and H : M — M be a map. A fixed
point X € M of H is said to be attracting if

lim H"(x) =x foreachx € M.

n—+oo

The following lemma is an extension of the Fibre contraction theorem (which cor-
responds to the case k = 1). This result is taken from [216, Corollary3.6].
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Theorem 4.27 (Fibre contraction) Let k > 1 be aninteger and let (Mo, dy) , . . ., (My, dy)
be complete metric spaces, and consider amap H : My X ... XMy — MyX---X M}
having the following the form

H(XO,)C],...,xk) = (H() ()C()),Hl (xo,xl),...,Hk (xo,xl,...,xk)),

where each map Hy : Mo X M X...XM; — M; (foreachl =0, ..., k,) is a uniform
contraction. That is, Hy is a contraction, and for each |l = 1, ..., k, there exists a
constant 0 < 1; < 1 such that

dy (Hy (x0,x1, ..., x1-1,%x1) , Hy (X0, X1, ..., x1-1,X1)) < 77 dp (x1,X7) ,
whenever (xg,x1,...,Xj_1) € Mo X My X ... X M;_y, and x;,X; € M.
Then F has a unique fixed point (xg, X1, . . ., Xx), satisfying
Xo = Ho (Xo) ,
X1 = Hy (X0,X1) ,
Xi = Hy (X0, X1,. .., %) -
If we assume assume in addition that each map (for eachl =1, ...,k)

H; (LX) : Mg XM X...XM;_1 — M
is continuous, then (Xo,X1, . ..,Xy) is an attracting fixed point of H.

Proof We prove the lemma for k = 1. The proof for any integer k > 1 can be easily
derived from this case. By the Banach fixed point theorem, Hy has a unique fixed
point xo € My, and the map x; — H;(xp,x;) also has a unique fixed point x; € M.
It is clear that (g, x;) is the unique fixed point of H, so we only need to prove its
attractivity.

Let (x9,x1) € My X M,. Consider the sequence (xy(n),x;(n)) defined by

(x0(0),x1(0)) := (x0,x1)

and
(xo(n+1),x1(n+1)) := (Ho(xo(n)), Hi (x0(n),x1(n))), Yn > 0.

Since H is a contraction, it is clear that lim,,_, 1 xo(72) = Xo. It remains to show that
lim,,— 40 X1 (1) = X;. We observe first that

d(x1(n+1),x1) = d(Hy(xo(n), x1(n)), H(X0,X1))
< d(H(xo(n),x1(n)), Hi(xo(n),x1)) +d (Hi(xo(n),x1), H (X0, %1))
< 1d(x1(n),x1) + ap,

where
an :=d (Hi(xo(n),x1), Hi (X0,X1)) — 0 as n — +oo.



188 4 Center Manifold and Center Unstable Manifold Theory
Setting §,, := d(x1(n),x1), we obtain

Ont1 < 110, +ayn, Yn > 0.
Since 71 < 1, it is not difficult to prove that {§,} is bounded sequence and

lim sup 6, < 71 limsup d,.
n—+oo n—+o0o

Hence, lim sup,,_, ., 6» = 0, and the proof is completed. O
We recall that the map ¥ : X, — X, is defined by
¥ (xe) = I (1 - K2@F) ™ (Kixe) (0), Vaxe € Xe.
We define the map I'y : BC" (R, X.) — BC" (R,R") by
To (1) = (I - K>®F) ™' (1), Yue BC" (R, X,).
For each ¢ > 0, the bounded linear operator L : BC s (R,R™) — X, is defined by
L(u) =,u(0), Yu € BC® (R, X,).

Then we have
v (xc) = LFO(lec), Vx. € X,

where [ is a the unique solution of the fixed problem
Fo(u) = u+ Ky ®p (To(u)), Yu e BC" (R, Xc).

We deduce that Ty : BC (R, X.) — BC" (R,R") is the unique solution of the fixed
problem
F() =J+Kyo®po (Fo) , (443)

where J(u) = u is the continuous imbedding from BC" (R, X.) into BC" (R,R") .
From (4.43), we deduce that for each u € BC" (R, X.),
ITo(u) — ullpen mpmy < K2l £(Ben(RR7), BO @R 1F lloo s
Lo () (Dl pcomrmy < KRl £(Beo @ 1)) TR Flleo = 00, VI € R.

For each subset E ¢ BC" (R, X.), denote

=0
Mo, = {@ e C(E,Vy,) : sup ©G) — ullpen ez < +oo}
uek

and set

My = My gcn(r,x,)-
From the above remarks, it follows that Iy (respectively Iy |g) must be an element
of My (respectively My g). Since V(;O is a closed subset of BC"7 (R, R"), we know
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that for each subset E ¢ BC" (R, X.), My g is a complete metric space endowed
with the metric

o (0:8) = up

)8 ()-© (M)HBC'I(R,R") ’

Set
do = do.pcn(r.X.)-

Lemma 4.28 (Regularity of the Nemytskii operator) Let E be a Banach space and
W e C} (Vo,E). Let £ > § > 0 be fixed. Define @y : V, — BC¢ (R,E), @pw :
V] — BC! (R, L (R"E)), and ®Y) : V! — £ (BC® (R,R"), BCE (R, E)) for
eacht € R, eachu € Vg, and each v € BC?® (R,R™) by

O (u) (1) =W (u(1)) € E,

@pw (u) (1) :=DW (u (1)) € L(R", E),

@) (u) (v) (1) 1= DW (u(r) (v(1)) € E,
respectively. Then we have the following:
(@) If ¢ > 0, then @y and ©pw are continuous.

(b) For each u,v € V], ®\}) (1) € £ (BC® (R,R"), BC (R, E)),

(1 (1)
o)) ) -}y o)
T

) () (w) - @Yy () (w)|

sup
weBCS? (R,R")

supe” SN DW (u(r)) - DW (v (1))l £z )
teR

I®pw (u) = Ppw (V) llpcé-sr, £rn.E))

BC%(R,E)

IA

and

1
H(D(W) (u)H < 1®Pow (Wllpce-s®, @ ey < Wy, -

L(BCS(R,R"),BC%(R,E))

©) If¢ > 6, then (IDS,) is continuous.
(d) If € > 6 > i, we have for each u,u € V] that

|ow () - @w @ - @) (@ (u- D)

< ||lu - ul m Heos (U, U
BCE(R.E) || ||Bc6(R,R) & 6( j

where

ne-o (uut) = SEJP] I@pw (su+ (1 =s)it) - Ppw (U)llgce—sr, £®n,E)) >
se(0,1

and if ¢ > 6 > n, we have (by continuity of ®pw )

ne—s (u,u) = 0 as |lu—1iullpcn@gny — 0.
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Proof We first prove that @y € C) (V/,BC (R,E)). For each u,it € V] and
each R > 0, we have

Pw (1) = Pw (W)llpcer.E) = sup e S IW (u()) = W (@)l

(4.44)
= max [ sup e~ 1HIW (u(2)) = W @(@)llg, 2 [Wllg e 4R .
[t]<R

Fix some arbitrary & > 0. Let R > 0 be such that 2 ||W||,e ¥R < & and denote
Q = {u(r) : |t| < R}. Since W is continuous and € is compact, we can find 6; > 0
such that

W (x)-W(X)| <eifx e Q, and ||x —X]| < 6.

Let o= E_UR(Sl. If ||M - EHBC”(R,R") < 6, then

lu(r) = (0)]| < 61,V € [-R, RI,
and (4.44) implies

[Pw (u) — Pw ()|l gcer.E) < &-

We now prove that @é‘l,) e C(v], L (BC° (R,R"),BC? (R,E))). From the first
part of the proof, since E is an arbitrary Banach space, we deduce that ®py is
continuous. Moreover, for each u, i € Vg and each v € BC? (R,R"),

-
BCERE)  reb IDW (u(2)) (v()ll

suﬂge*f-‘”"' IDW (u() £z gy €IV (@) Iz
te

oy ]

IA

IA

1Ppw (Wlpce—s®, £wn e IVIBes mRR 5

and

H[cbw () - q)i‘l’) (ﬁ)] (V)HBCf(R,E)

= fu]ge-f IDW (u(1)) (v(£)) = DW (i(2)) (v()llg

< @pw (1) = Ppw (Wl pce-s =, £@®nE) IVIBCS R RN -

Thus, if ¢ > ¢, we have for each u € Vg that
o) (e L (BC‘S (R,R"), BCE (R, E)) . VueV?,
andif & > 6,
ol ec (vg,z: (305 (R,R"), BC% (R, E))) . V> 0.

Since V,, is an open and convex subset of R", we have the following classical formula
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1
W(x)-W(y) = / DW (sx+ (1 -s)y) (x —y)ds, Vx,y €V,.
0
Therefore, for each u,w € V,J,

= sup e S MHIW (u()) = W (@(t)) = DW (@(1)) (u (1) = (1)) |

< sup S:E)I,)u e SMHI[DW (su(r) + (1 = 9)ii(1)) = DW (i(1))] (u (1) =i (1)) |

< |lu = ullpco r,mm) S:E)I’)]] IPpw (su+(1-9)u) = Ppw ()llpce—sr, £wm.E)) -
The proof is complete. O

The following Lemma is taken from Vanderbauwhede and Iooss [217, Lemma
3]

Lemma 4.29 Let E be a Banach space and W € C }7 (VQ, E ) Let ®y and (DS,) be
defined as in Lemma 4.28. Let ® € C (BC" (R, X), Vg) be such that

(@) ® is of class C' from BC" (R, X,.) into BC* (R,R") for each 1 > 0.
(b) The derivative of © takes the form

DOw)(v) =0 (u) (v), Yu,veBC" (R, X.),
for some globally bounded map
oW : BC" (R, X.) - L (BC" (R, X.),BC" (R,R")).
Then
@y 0@ € C) (BC" (R, X.),BC" (R,E)) N C' (BC" (R, X.), BC"" (R,E))
for each u > 0, and
D (@ 0©) (W)(v) = & (0 () (6" () (v)),
foreachu,v € BC" (R, X,).
Proof By using Lemma 4.28, it follows that
@y 0@ € Cp) (BC" (R, X,),BC" (R, E))
and
u— @) (©u)0"V(u) e C(BCT (R, X.), L (BC" (R, X.),BC"™* (R,E))).

Letu,ut € BC" (R, X.) . By Lemma 4.28, we also have
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[ow ©w) - ow @@) -0 @@ e @ -,
< |ow © @) - ow (© @) - @) © @) (© (1 - © ()

+|o) ©@) [0 -0 @-0"@ -]

< 1© (u) = © (W)l penwur g gy %2 (O (1) , O ()
+Ppw (O @)l e (r, £ i) ||© () = © () = OD (@) (u - ﬁ)||Bc'I+ﬂ/2(R,R")

BC1(R,E)

BC+(R,E)

and the result follows. |

One may extend the previous lemma to any order k > 1.

Lemma 4.30 Let E be a Banach space and let W € C l’j (Vo, E) (for some integer
k>1).Letl € {1,...,k} be an integer. Suppose & > 0, u > 0 are two real numbers
and 81,62, ...,0; =2 0suchthaté = u+ 061+ 62+ ...+ 0;. Define

@iy (u) (1) == DOW (u (1)) ,Vt € R,Yu € V7,
O\ () (ur,uz, ... up) (1) 1= DOW (u (1) (uy (1) 12 (1) ..., g (1)),

Vt € R,Yu € V,Vu; € BC% (R,R"), fori=1,...,1.

Then we have the following:

(@) If € > 0, then ®puyy, = V) — BC* (R, LD (R, E)) is continuous.
(b) Foreachu,v € vv,cpyg (u) € LD (BC® (R,R"),...,BC% (R,R"); BC? (R,E)),

o _o® H
H w (1) = By (V) LW (BCO (RRM),...,BCO (R,R);BCE (R,E))
< “q)D(’)W (u) = Ppaorw (V)”Bcu(R,_[(l) (R",E))

and

oW
LW (BCO (R,R"),...,BCO (R,R");BC* (R,E))
< [l@pnw (M)HBC#(R,.E(”(R",E)) < Wl,y, -

() If u > 0, then CI)&,) is continuous.
(d) If 61 = n, we have for each u,u € Vg (with the convention for the derivatives
defined at the beginning of this section) that

@6 @ - o™ @ - o) (@ @ -

L£U=D (BC52 (R,R?),..., BC% (R,R");BC¥¢ (R,E))
< ” ” ( 0 (
U —Uullgcsi (R,R™) %’u u,u),

where

1
%;(4) (u,u) = sE]p ] ||d>D(z)W (su+(1-95)u) - Ppuy (mHch(R’L(”(Rn’E)) )
se[0,1

and if i > 0, we have by continuity of ® )y, that
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1 —~
%,(1) (u,u) = Oas |lu—ullgcn@rny — 0.

Proof This proof is similar to that of Lemma 4.28. O

In the following lemma we use a formula for the k" differential of the composed
two maps. This formula is taken from Avez [10, p. 38]. This formula corrects the
one used in Vanderbauwhede [216, Proof of Lemma 3.11].

Lemma 4.31 Let E be a Banach space and let W € Cé‘ (Vo, E) . Let ®w and w
be defined as above. Let ® € C (BC" (R, X.),V,) be such that

(a) O is of class C* from BC™ (R, X..) into BC*'*# (R, R") for each > 0;
(b) foreach ! =1, ..., k, its derivative takes the form

Dl®(u) Vi, v2, ...,V = ®(l)(u) vi,va, .. yvy), Yu, vy, va,...,v; € BCT (R, X.),

for some globally bounded ®) : BC" (R, X.) — LU (BC" (R, X..) ; BC" (R,R")).

Then @y 0® € Cp (BC™ (R, X.),BC" (R, E))NC* (BC™ (R, X.), BCK™ (R, E))
for each u > 0. Moreover, for each | = 1,...,k and each u,vi,v3,...,v; €
BCT(R,X.),

D' (w0 0) (u)(v) = (@w 0 ©)" (1) (v1,v2, ..., )
for some globally bounded (O o @)(l) :BC" (R, X.) —» LU (BC" (R, X.);BC" (R,E)).
More precisely, we have for j =1, ...,k that

() (@w 0 ©)Y) (1) = @) (O(1)) DYVO () + B ;(u);
(i) @w 1 (1) = 0;

>iii) for j > 1, the map &)W’j(u) is a finite sum Y, &)W’,Lj(u), where for each
/IGAJ‘

A € Aj themap @w 4 ;(u) : BC" (R, X.) — LY (BC" (R, X,.), BC" (R, E))
has the following form

D(r')G(M) (uirl,uirl,...,u-rl) ey
1 2

ir

= )

DOy i (w) (U, uz, ..., uj) =0y (B(un))

7w { i) W D)@ (u) (uilrz,...,uirz)
1

with2 <l <j1<r<j-1forl1<ic<lI,
r1+7‘2+...+7'1=j,
{i?m,...,i:;:'l}C{l,...,j},szl,...,l
{irm, ik {i i =0, ifmo# n,
<" < o< Vm=1,...,1,
and each A € A\ corresponds to each particular such a choice.

Proof This proof is similar to that of Lemma 4.29. O
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Proof (Proof of Theorem 4.25)

Step 1 (Existence of a fixed point): Let k,7, and 77 be the numbers introduced
in Assumption 4.4.4. Let u > 0 be such that kn + (2k — 1) u = . We first apply
the fibre contraction Theorem 4.27. For each j = 1,...,k and each subset £ C
BC" (R, X.), define M; g as the Banach space of all continuous maps ®; : E —
LY (BCT (R, X,.) , BC/™2i=Dr (R, R™)) such that

|®f|j = igg ”@f (u)HLU)(BC’I(R,X(.),BCI"I*(ZI'*”H(R,R”)) < +oo.

For j = 0,...,k, define the map H; g : Moe X Mi g X...XM;jg — M; g as
follows: If j = 0, set for each u € E that

Ho.g (©9) () =u+ K o ®p 0 Og(u).
If j =1, set for each u € E that
Hig (80,01) (u)(.) = I + Kz 0 @Y (€ (1)) 0 O (u), (4.45)

where J! is the continuous imbedding from BC" (R, X,.) into BC** (R, R") .
Ifk > 2, setforeach j =2,...,k and each u € E that

Hj,E (@0,@1, PN ,@j) (bt)

~ 4.46
= K200 (8 (1)) 0 O; () + Hy: (00,01,...,0,1) ), 0
where
Hi g (00,0,...,0; ) (u) = Z Hijk (©0,01,...,0; ) (1)
/lEA_,'
and
ﬁ/l,j,E (@0,@1, . ,@j_l) (u) (uo,ul, ey uj)

= K200 (©9(u)) (©r, () (i, ) o O () (s )

with the same constraints as in Lemma 4.31 for 4, r;, [, and i;’ .
Define
H;=H;gcnrx, foreachj=0,... k.

In the above definition one has to consider K as a linear operator from BC/1*+(2j-Du (R,R™)
into BC/+(2i-Dr (R, R™) | and CID;I) (®p(u)) as an element of

.E(j) (Bcrl n+(2ri=l)u (R,R"),..., BT+ 2ri=lu (R,R") ;BCj'7+(2j_1)“ (R, R")) )

Notice that

l

@ =Dp> Y e+ Q=D (S jn+ @)= Dp> jn+ @) -Dp)
k=1
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since2 <[/ < jand
ri+rp+. . +rp=j.

Finally, define H : Mo X M| X ... X My — Mo X M| X ...X My by
H (0,01,...,0;) = (Hy (8),H (89,01),...,H; (0p,01,...,0)).

We now check that the conditions of the fibre contraction Theorem 4.27 are satisfied.
We have already shown that Hy is a contraction on My g (from the existence part
of the center manifold). It follows from (4.45) and (4.46) that H; (1 < j < k) is
a contraction on X;. More precisely, from Assumption 4.24-(iii), we have for each
j=1,...,k that

sup ||Kz o CD(FI) (u)“

u eVé’ L(BCj'I+(2j*|)# (R,R™),BCIn*+(2j-p (R,Rn))

IA

o (1)
”K2||-C(BC"’+(2”””(R’R")) uselg)” Hq)F (u)HL(BCJ'MZ/‘—I);:(R,Rn),gcjm(zf'—l)u (RE™))
[

< supgepy, i1 1K2ll £(BCo mR)) IF 1Y,
< Supee[n’ﬁ] ||K2||.[:(BC9(R,R”)) ”F”Lip(R",R") < 1.

Thus, each H; is a contraction with respect to ;. The fixed point of Hy is I'y, and

we denote by I = (I'p, Iy, ..., I'x) the fixed point of H. Moreover, for u = 0, each
Hj is still a contraction so we have for each j =1, ..., k that
Sup ||Fj (M)HL‘” (BC'7(R,R"),BCj'7(R,R")) < 400,

ueBC"(R,X.)

Step 2 (Attractivity of the fixed point): In this part, we apply the fibre contraction
Theorem 4.27 to prove that for each compact subset C of BC" (R, X,) and each
OeMyxM;X...xX M,

lim H?(©|c)=T|c . (4.47)
m—+oo

Let C be a compact subset of BC”7 (R, X..) . From the definition of Hc, it is clear
that

['|e=He (T c)

and from the step 1, it is not difficult to see that for each j = 0,...,k, Hj c is a
contraction. In order to apply the fibre contraction Theorem 4.27, it remains to prove
that for each j = 1,...,k, Hj ¢ (80,c,O1.c,...,0;-1,c,Tj |c) € M; dependents
continuously on (@g,c,®1.¢c,....0,-1¢c) € Myc X Mi,c X...X Mj_; c.

We have

H;(©0.c.01c,...,0,-1.c,TY |¢) (u)
=Ko (D;-l) (@QC(M)) oI’ (u) + Hj (®0,C’ ®1,C’ e, ®j—1,C) (u).
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Since IV (1) € £V (BC" (R,R™), BC/" (R,R"™)) and ®(u) € V,!, we can con-
sider " as a map from V! into £ (Bcf 7 (R,R"), BCIT 2~V (R, R")) , and by

Lemma 4.31 (c) this map is continuous.
Indeed, let ®y, ®g € My be two maps. Then we have

&2 0 | (@) - & (8y(@)) | o T (w)

sup

weC £ (BC’?(R,Xc),BC-f'”(Z-/’-U#(R,R"))

< ||K2||L(Bcjn+(2ﬁl>u (R,R”))

-sup [} (©0(0) - @} (Botw))| o1 (@)

L) (BC'](R,X(.),Bc.f'7+(2.f*1)ll (R,Rn))

o ) H
< +(2j— n
= ”K2”~’3(BC"’7 @i=Dr(R,R™)) jﬂfc’ HF (u) LU (BCT (R,X,.),BCI7 (RR"))

(1) M (5
sup |[@ (@ () - @ (@ )H
2‘;2 H (@) F 0(u) £ (BCIn (R,R1), BCIm+ 2D (RR7))

and by Lemma 4.28 we have

[0 (@) - @ (8o

Lstlelg LW (BCin(R,RY),BCI1+2i-Dr(R,R"))
< o C] - (@ )H
T Y LY
sup e~ ZI=DHIIDF (@ (u)(1)) - DF (@O(u)(t))H n R’
< [7|>R o
< max . ©
sup e~ @=DrINIDF (@9 (u)(t)) - DF (60(”)0))”£(Rn R

[t|<R

Since @0 is continuous, C is compact, it follows that @O(C) is compact, and by

Ascoli’s theorem (see for example Lang [131]), the set C= U {(:)g(u)(t)} is
|t|<R,ueC

compact. But since DF (.) is continuous, we have that for each &£ > 0, there exists
n > 0, such that for each x, y € R",

d(x.C)<n. d(y.C)<n, and |x=yl<y=IIDFx) -DFYI <.

Hence, the map @ c — K3 o CDS) (®0,c(.)) oT'¥) (.) is continuous.
It remains to consider 1 <r; < j—1,r;+r+...+r; = j. We have
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HKZ o |2 @) - @ (Bow)]| (&1 w)....&, (u))“
< ||K2”L(Bcjn+(2j—l)u(R,Rn),Bcjm(Zj—l)ﬂ(R,Rn))
supcc [ @1 (©0(w) - @ (o) | (6, (w)..... 8, ()]

< ||K2||L(BcjnJr(ijl)u(R,Rn),Bcjm(ZH)y(R,Rn))
1 D (A
@ @) - @ (8o

LW (BC(R,X,),BCIm+2i-Di (R R"))

£ (BC'I (R,X.),BCin+2j-Du (R,R")

o

[ BCP n+(2rp-1)u (R,R"):BCin+(2j-Dn (R,R")
l

n (e, w|

L(j) (BC'I (R, Xc) ,BC'P n+Q2rp-Hp (R’RH))

and by Lemma 4.30 we have

! ~
sup, ec |@F (©0() - @ (o(w))|
L£O| 11 Bcrpm+(2rp=Dr (R Rn);BCIn+2i-Du (R R")

p=1,..., 1

< sup,ec “‘I’D<1>F (®(u)) —®puyp (@o(u))

|BC‘S (R, LO R, R))

with 6 = (jn+(2j - 1)) — Xh_,ren + 2rg — Dy > 0. By using the same
compactness arguments as previously, we deduce that

sup HCI)DmF (©o(u)) - Ppup (90(”))HBC6(R,LU> ®rE) 0

as do,c (0o, @0) — 0. We conclude that the continuity condition of the fibre con-
traction Theorem 4.27 is satisfied for each H; ¢ and (4.47) follows.

Step 3: In order to prove Theorem 4.25 it now remains to prove that for each
u,v € BC"(R,X.),Vj=1,...,k,

1
Fioi(u) -Tj-i(v) = ‘/0 Li(s(u—=v)+v)(u—v)ds, (4.48)

where the last integral is a Riemann integral. As assumed that (4.48) is satisfied,
we deduce that Ty : BC" (R, X.) — BCk1+2k=Di (R R") is k-times continuously
differentiable, and since

Y(x.) =LoTlgoK; (x.)=1ITy (K; (x0)) (0),

and Lu = IT,u(0) is a bounded linear operator from BCK* k=Dt (R R™) into X,
it follows that W : X, — Xj, is k-times continuously differentiable.
We now prove (4.48). Set

0 = (ef.0).....00)

with
®) () =u,0) (u) =J, and ®) = 0,Vj =2,... .k
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and set
0" = (07.0].....0}) = H" () .vm > 1.

Then from Lemma 4.31, we know that ©]' : BC" (R, X.) — BCH+(2k=Dr (R, R")
is a C*-map and

DO (u) =07 (u), Vj=1,....k, YueBCT(R,X,).

Foreach u,v € BC" (R,X.) andeachVj =1,...,k,Vm > 1,

1
G?I—l(“)_(a?l—l("):'/o @;”(s(u—v)+v) (u—v)ds.

Letu,v € BC"7 (R, X.) be fixed. Denote

C={s(u-v)+v:se[0,1]}.

Then clearly C is a compact set, and from step 2, we have for each j =0, ..., k that
m f— .
‘il;lé ’GJ (W) FJ (W)HBCJ'IH(Z%I)H(R’R':) - 0’ as m — +oo.

Thus, (4.48) follows. ]

It follows from the foregoing treatment that we can obtain the derivatives of Iy (u)
at u = 0. Assume that F(0) = 0 and DF(0) = 0, we have

DTI'y(0) = J,

DOTo(0)(u1,u2) = K 0 @ (0) (DTo(0)(uy), DTo(0) (u2)) ,

DOTY(0) (w1, uz,u3) = Kz 0 @ (0) (D T(0) (uy, u3), Do (0) (u2))
+K2 0 @2 (0) (DTo(0) (). DPTo(0) (2, u3)) 449
+K 0 ® (0) (DTp(0) (1), DT (0) (), DTo(0)(113)) (49

DITH(0) = 3 Kro® (0) (DT (0),..., DT (0)).
AEAJ'

We have the following Lemma.

Lemma 4.32 Let Assumptions 4.3 and 4.24 be satisfied. Assume also that F(0) =0
and DF(0) = 0. Then
¥(0) =0, and D¥Y(0) =0,

andifk > 1,
DI¥(0) (x1,. .., x,) = MDPTH(0) (Kix1, . .., Kixy) (0),
where DWT4(0) is given by (4.49). In particular, if k > 1 and

HhDjF(O) |x.x...xx.= 0, for2 < j <k,
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then 4
D/¥(0)=0, forl1<j<k.

In the context of Hopf bifurcation, we need an explicit formula for D>¥(0). Since
DT'y(0) = J, we obtain from the above formula that Vx;, x; € X,

D*¥(0) (x1,x2) = [,Kp, [D(z)F(O) (lel,lez)] (0),

where
Kp =Ky + Ky, Ki(xe)(t) = e?e'x,,
K (f)(1) = - / +we"‘u<l">r1uf(l)czz,
and
K(£)(0) = lim T (e f(r+)) (2= ).
Hence,

D*¥(0) (x1,x2)

+0o
= —/ e’A“lHuD(Z)F(O) (eA"le, eA”lxg) dl
0

+ lim I, (eA. « D F(0) (eA(.(r+.)xl’eA(:(r+-)x2)) (=r).

r——o00

In order to explicit the term of the above formula, we remark that

lim Hx (eA % D(Z)F(O) (eAC(r+').x], @AC(r+-)x2)) (_r)

r——o0

lim II; /—r AT DA F(0) (eA"(r”)xl, eA"(”s)xz) ds

——00
r 0

lim eAlD(2>F(0) (e_A“lxl s e_A“lxz) dl

——0c0
r 0

+0o0
/ eAlHSD(z)F(O) (e_A"lxl, e_A“I)Q) dl.
0

Therefore, we obtain the following formula
D*¥(0) (x1,x2)

400
= —/ e_A“lHuD(Q)F(O) (eA”lxl, eA”lxz) dl
0
+e2 I, D F(0) (e_A"lxl , e_Aclxz) dl.

Assume that R" is a complex Banach space and F is twice continuously dif-
ferentiable in R” considered as a C-Banach space. We assume in addition that
A, is diagonalisable, and denote by {vi,...,v,} a basis of X, such that for
eachi = 1,...,n, Acv; = A;v;. Then by Assumption 4.3 , we must have
A €iRYi=1,...,n. Moreover, foreachi,j=1,...,n,
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+00
D™ (0) (vi,v;) = —/ e_(’l”’l-”)le_A“lHuD(Z)F(O) (vi,vj)di
0

+o00
+/ eAlHSD(z)F(O) (e_’l“lv,-, e_/lflvj) dl
0
=— (4 +2;) I = (=A)) ' TL,DPF(0) (vi,v})
+00
v [ e AL DO () (v1v,)
0

= — (i +2;) I = (=A) ' T,DPF(0) (vi,v;)
+((A + ;) 1= Ay) ' TILDPF(0) (vi,v;) .
Thus,
D*W(0) (vi,vj) = = (L +4,) I = (=A,)) " TL,DPF(0) (v, v;)
+ (A + ;) 1= A)) ' TIDPF(0) (vi,v;) .
Note that by Assumption 4.3 iR C p (Ay), so the above formula is well defined.

As in Vanderbauwhede and Iooss [217, Theorem 3], we have the following theo-
rem about the existence of the local center manifold.

Theorem 4.33 Let Assumption 4.3 be satisfied. Let F : R" — R" be a map. Assume
there exists an integer k > 1 such that F is k-times continuously differentiable
in some neighborhood of 0 with F(0) = 0 and DF(0) = 0. Then there exist a
neighborhood Q of the origin in R" and a map ¥ € Cl'j (Xe, Xp), with ¥ (0) =0
and DY (0) = 0, such that the following properties hold:

(i) If I is an interval of R and x. : I — X, is a solution of

dxgt(t) = Acxe (1) + e F [xc (1) + ¥ (xc(1))] (4.50)

such that
u(t) =x.(t) +¥ (x.(¢)) € Q, Ve € 1,
then for each t,s € [ witht > s,

u(t) =u(s)+A/tu(l)dl+/tF(u(l)) dl.

s s

(i) Ifu : R -»R" is a map such that for each t,s € R witht > s,

u(t) = u(s) +A/t u(l)dl + /t F (u(l))dl
and
u(t) € Q, vt €R,

then
Myu(t) =¥ (I.u(r)),Vt € R,
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and I u : R =X, is a solution of (4.50).
>iii) If k > 2, then for each x1,x; € X,
D*¥(0) (x1,x2)

+00
= _/ e‘A“lHuD(Z)F(O) (eAClxl, eAclxz) dl
0

+ lim I, (eA. + DO F(0) (eAc(r+.)xl’eA(-(r+.)X2)) (=r).

r——00
Moreover, C" is a C-Banach space, and if {v1, . .., vy} is a basis of X such that
foreachi=1,...,n, Acvi = A;v;, with A; € iR, then for eachi,j=1,...,n,
D*W(0) (vi,vj) = = (i +A,;) I = (=A,)) " TL,DPF(0) (v, v;)
+((A+ ;) 1= Ay) ' TILDPF(0) (vi,v;) .

Proof Set for each r > 0 that
Fr (1) = FO)xe (r ' Te) don (7 100 01) V€ R,

where y. : X, — [0, +0c0) is a C* map with y. (x) = 1if ||x]] < 1, x¢ (x) = 0if
x|l = 2, and xj : [0,400) — [0,+00) is a C* map with y, (x) = 1if |x| < 1,
xn (x) = 0if |x| > 4.4. Then by using the same arguments as in the proof of Theorem
3 in [217], we deduce that there exists ro > 0, such that for each r € (0, rg], F;
satisfies Assumption 4.24. By applying Theorem 4.25 to

du(t —_—
% = Au(t) + F, (u(t)), t >0, andu(0) =x € D(A)
for r > 0 small enough, the result follows. O

In order to investigate the existence of an Hopf bifurcation we also need the
following result.

Proposition 4.34 Let the assumptions of Theorem 4.33 be satisfied. Assume that
X € R" is equilibrium of {U (1)}, (i.e. X € D(A) and Ax + F (x) = 0) such that
X €Q.
Then
Ipx =¥ (Il.x)
and I1.X is an equilibrium of the reduced equation

dx.(t)

di = Acxc(t) +II.F [xc (t) +¥ (xc(t))] .

Moreover, if one considers the linearized equation at I1.x

dyc(t)

=L@
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with
L(x)=[Ac+1.DF (x) [1+ DY (Il:X)]],

then we have the following spectral properties
o (L(x)) =0 ((A+DF (x))g) N{1eC:Re () € [-n.n]}.
Proof Letx € R" be an equilibrium of {U(#)},( such that x € Q. We set
X =I.x and u(r) =Xx,Vr € R.
Then the linearized equation at X is given by

dw(t)
dt

= (A+DF (X)) w(t), fort > 0, and w(0) = wo € R". 4.51)

So

(A+DF (%)) (1)

w(t)=e wo, VYt > 0.

Moreover, we have
DY (x¢)ye =10, [Tg(@0) (Kiye)]
and
LY@ () = v+ Kx®pr ) (D) (v)), Vv € BCT (R, Xe).
It follows that
Ty@) = (I - Ka®pr) ' v.
Thus,
DY (o) ye =Ty [(I - Ka®pre) ' (Kive)| .

By applying Theorem 4.22 to equation (4.51), we deduce that
W, = {ye + DY (Xc) ye : ye € X}

is invariant by {T( A+DF (%)), (t)} 10 - Moreover, foreach w € C (R, R") the following
statements are equivalent:

(1) w € BC" (R,R") is a complete orbit of {T(A+Dp(y))0(t)}t20.

@) pw(t) = DY (x.) (ITew(2)), VYt € R, and IT.w(.) : R — X, is a solution of the
ordinary differential equation

dw(t _ _
O Awe(t) +TIDF () [ (1) + DY (B) (1)
The result follows from the above equivalence. O

4.4 Existence and Stability of the Center Unstable Manifold

In this section we will assume that the center unstable spectrum is not empty.
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Assumption 4.35 We assume that o, (A) = {1 € o (A) : Red > 0} # 0.

Let
B- =min{-Re (1) : 1 € ox(A)} > 0,

or equivalently

ln( eAs?) )
P (G T3

t—+00 t

From now on, we fix 8 € (0, 8-). From the proof of Lemma 4.5, we deduce that we
can find a constant number M > 0 such that

AT | £(rmy < Mge P Ve > 0,Ve > 0. (4.52)

iR

8| -8

Fig. 4.3: In this Figure, we illustrate the different parts of the spectrum os(A), o¢(A)
and o, (A) as well as 3.

Let us recall that a function # : R — R is a negative orbit for the semiflow
{U(#)}; if and only if the function t — u(¢) on R satisfies

u(t) =U(t — s)u(s),Vt,s € (—o0,0] with ¢t > s,

where {U(1)},¢ is a continuous semiflow generated by (4.21).

That is equivalent to say that for each s € (—o0, 0] (fixed) the function t — u(¢)
from [s, 0] satisfies
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u(t) =u(s)+A /Ot—s u(s+r)dr+ ‘/Ot—s F (u(s+r))dr,Vt € [s,0],
or equivalently by using the variation of constant formula
u(t) = e u(s) + / t eV F(u(or))do, ¥t € [5,0],
s
or (for short) by using the convolutions
u(t) = ey (s) + (eA' * F (u(s + ))) (t—s),Vt € [s,0]. (4.53)
Definition 4.36 Let 7 € (0, 8-). The n-center unstable manifold of (4.21), denoted

by V,Clu, is the set of all points x € R” such that there exists u € BC"7 (R_,R"), a
negative orbit of {U(¢)},¢ ., such that #(0) = x. That is to say that

Vi = {x € R" : 3u € BC" (R_,R"), anegative orbit of {U(1)},5¢. such that u(0) = x} .
4.54)

Fig. 4.4: Schematic representation of the center unstable manifold. In this figure
we plot the linear center unstable manifold and the center unstable manifold which
corresponds to a surface tangent at O to the linear center unstable manifold. The
surface representing center unstable manifold is delimited by the dashed curves.

For each 17 > 0, V;;** is invariant under the semiflow {U (1)}, , that is,
U()V5)' =V3, vt >0.

n°

Moreover, we say that {U(#)},5 is reduced on V) if there exists a map W, :
X.u — X, such that

V%u = Graph (Weu) = {xeu + Weu (Xeu)  Xeu € Xeul -

The proof of the following lemma is similar to the proof of Lemma 4.17.
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Lemma 4.37 Let Assumption 4.35 be satisfied. Then
(i) For eachn € [0,B-), each f € BC (R_,R"), and eacht € R_,
K (f)(t) = rgrpw I (eA' x f(r+ )) (t = r) exists.
(ii) For eachn € [0, B-), K is a bounded linear operator from BC'? (R_,R") into

B\C” (R_, Xy) . More precisely, for each v € (—-,0), there exists a constant
Cs.,v > 0 such that

”Ks”.E(BCU(R,,R"),BC'I(R,,XS)) < Gy, ¥ € [0,—v].

(iii) For eachn € [0,B-), each f € BC" (R_,R"), and eacht,s € Rwitht > s,
Ko (D0 = XK ()(5) =T (e 5 f (54 (1 = 5).
Remark 4.38 As explained before in the chapter we can expressed K (f) () as
K (f)(t) = /Om e OTL, f (1 — 0)do, vt < 0.

The following lemmas can be proved by using similar argument as for Lemma 4.20.

Lemma 4.39 Let Assumption 4.35 be satisfied. Let n € (0, B-) be fixed. For each
Xeu € Xey, each f € BCT(R_,R"), and each t € (-0, 0], denote

Ki(xen)(t) = eAwtxcu, Keu (f)(t) = /t eAw(t_S)chf(S)dS,
0

where I, = I, + I1,. Then K, is a bounded linear operator from X., into
BC™ (R_, X.,,) and

—(Acu+nl)t < +00,

WK1l £ (X BC (R R7Y) < SUPH€
t>0

+00
”KCMH.C(BC”(R,,R")) < ”HCM”,E(R") ‘/0' Hg_(A(ru+T71)l” dl < +oo.

Lemma 4.40 Let Assumption4.35 be satisfied. Letn € (0, 8-) andu € BC"7 (R_,R")
be fixed. Then u is a negative complete orbit of {U(t)},sq if and only if for each
teR,,

u(t) = Ky (Ieyu(0)) (1) + Keu (F(u(.))) () + Ks (F(u(.))(2), (4.55)
where I, =11, +I1,,.
Proof This proof is similar to the proof of Lemma 4.21. O

Let n € (0,B-) be fixed. Rewrite equation (4.55) as the following fixed point
problem: To find u € BC" (R_, R") such that
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u=Ki(I1o,u(0)) + K2®F (), (4.56)
where the nonlinear operator ®f € Lip (BC7 (R_,R"), BC" (R_,R")) is defined

by
Op(u)(t) = F(u(t)), VteR_,

and the linear operator K, € £ (BC7 (R_,R"™), BC (R_,R")) is defined by
K> =K., +K;.
Moreover, we have the following estimates

e_(Acu'HII)I

i

1K £(X..BCH (R R7)) < SUP
120
IPFIlLip < [1FllLip
and for each v € (-8_,0), we have

K2l £(Ben @ rmy) < ¥ (v,m),Vn € (0,-v],

where

+00
y ) = Co + [Meul £cem / R I (4.57)
0

Furthermore, by Lemma 4.40, the n-center-unstable manifold is given by
V' ={x €R":3u € BC" (R_,R") asolution of (4.56) and u(0) = x}. (4.58)

We state the existence of center-unstable manifolds for the abstract semilinear
Cauchy problem (4.21) with non-dense domain which can be proved similarly as
Theorem 4.10 in Magal and Ruan [153].

Theorem 4.41 (Global center unstable manifold) Ler Assumption 4.35 be satisfied.
Let i € (0, B-) be fixed and 6o = 6¢ () > 0 be such that

00 1K2ll e mry) < 1.

Then for each F € Lip(R",R") with ||F || ipgn gy < O0, there exists a Lipschitz
continuous map V., : Xcyy, — X such that

V%u = {xcu +PeuXew) : Xeu € Xeu} .
Moreover, we have the following properties:
@

sup  |[Weu (x|l < IKsll 2Ben @ rm)) sup ITLs F ()l -
x€R”

Xcu€Xeu

(ii) We have
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K5l £cgen e mmy) 1 ILiprn mmy 1K1 £(X e BO (R RAY)

W el <
cullLip(Xeu,Xs) 1- ||K2”£(BC"(R,,R")) ”F”Lip(R”,R")

(4.59)
We now state and prove the existence of local center-unstable manifolds.

Theorem 4.42 (Local center-unstable manifold) Let Assumption 4.35 be satisfied.
Letr > 0and F : Brn (0,r) — R™ be a map. Assume that there exists an integer
k > 1 such that F is k-time continuously differentiable in Brn (0, 1) with

F(0) =0and DF(0) =0.

Then there exists a neighborhood Q of the origin in R" and a map Y., €
CF (Xeu, Xs) with
Y., (0) =0and D¥., (0) =0,

such that
Mg, = {xcu +Weu (Xeu) @ Xeu € Xcu}

is a locally invariant manifold by the semiflow generated by (4.21) around 0.
More precisely, the following properties hold:

@) If I is an interval of R and xy, : I — X, is a solution of

dx%;(t) = AocuXcu(t) + HeyF (Xcu () + Weu (xcu(2))) (reduced equation)
(4.60)
such that

u(t) = xye (1) + Weu (xuc (1)) € QVt €1,

then for each t,s € [ witht > s,

u(t) =u(s)+A/tu(l)dl+/tF(u(l)) dl.

@ii) If u : (—o00,0] =R" is a map such that for each t,s € (—co,0] witht > s,
t t
u(t) = u(s) +A/ u(l)dl +/ F (u(l))dl
A A

and
u(t) € Q, Vte (—o0,0],

then
Mgu(t) = Yo, (Meyu(t)) ,Vt € (=00,0],
and Teyu 2 (—00,0] > Xy, is a solution of (4.60).

Proof In order to prove the local center-unstable manifold theorem, we apply The-
orem 4.41 to the Cauchy problem

d
d—”; = Au(t) + F, (u(t)) .1 > 0,u(0) = x € R,
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where F, : R" — R" is the following truncated function
Fr (8) = FOXeu (17 Mew @) s (r I 1) Vo € R,

Xeu & Xeuw — [0, 400) is a C* map with y¢, (x) < 1 and

() = 1, if ||x|| <1,
Xew =00, 4f |lx]| > 2,

and y; : [0,400) — [0, +00) is a C* map with y; (y) < 1,Vy > 0, and

(L yl <1,
xs (v) = {o, if 1] > 2.

The smoothness of ¥, is obtained by applying the same arguments as in Magal and
Ruan [153] to the above truncated system, and the result follows. O

The following theorem is the main result of this section. This result is proved
for discrete time systems with bounded Lipschitz map F in Vanderbauwhede [215]
and for ordinary differential equations in Vanderbauwhede [216] and Chow, Li and
Wang [32].

Theorem 4.43 (Stability of the center unstable manifold) Let Assumption 4.35 be
satisfied. Let 1 € (0, B-) be fixed. Then there exists 61(n) € (0, 6y) (where 6y > 0 is
the constant introduced in Theorem 4.41), such that for each F € Lip(R",R") with
|FllLip(rn,ry < 01(n), there exists a continuous map He,, : R" — V3 such that for
each x € R", _
VE AT, () = {Heu (0}
where
V,,(x) = {y eR" :supe™ || U(t)y - U(t)x|| < +oo} .

t>0

More precisely, for each x € R", there is a constant M;, = M,, (x) > 0 such that
NU(#)Hew(x) = U@)x|| < e My || Hew (x) = x|, V2 2 0.

Before proving the theorem we give some preliminary lemmas. Recall that

BCTT(R,R™") = {w € C(Ry,R") : [lwll,, = sup e lw()| < +00} )

teR,

In order to determine Vn (x), we have to find all w € BC™7(R,,R") such that
t — U(t)x + w(t) is a solution of

u(t) = eMx + (eA' . F(u(.))) (1), Vi € [0,7] . 4.61)
Lemma 4.44 Let Assumption 4.35 be satisfied. Let n € (0, B-) be fixed and w €

BC7T(Ry,R™). Then the map t — U (t)x +w(t) is a solution of (4.61) if and only if
foreacht > 0,
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w(t) e Tw(0) + (eAs « T, [F(U)x+w(.) F(U(.)x)]) (1)
+00
- / eAuc =T [F(U(s)x + w(s)) = F(U(s)x)] ds. (4.62)
'

Proof Let w € BC71(R,,R") be fixed. Assume first that 1 — U(f)x + w(t) is a
solution of (4.61). Then we have for each ¢, s € [0, +c0) with ¢ > s that

U(t)x +w(t) =279 (U(s)x + w(s))
+ (eA' « F(U(s+ . )x+w(s+ ))) (t—1s)

and
Ut)x = AU (s)x + (eA' « F(U(s + .)x)) (t—s).

Then
w(t) =eAw(s)

+ (eA' s [F(U(s+)x +w(s+.) - F(U(s + .)x)]) (t—s).  (4.63)

By projecting the above equation on X.,, we obtain for each #,s € [0, +co) with
t > s that

Hew(t) = e« I, w(s)+ / t eAen DI [F(UDx +w(l)) = F(U()x)] dl.

N

Then

Meuw(s) = e AU e, w(1)- / e D, [FUW)x +w(l) — FU)x)] dl.

We have ||e‘A<‘"("“'>||£(X , < min {e%“““'MC’%, e"“”‘“‘)Mu}, n > 0,Vr > s,

here n, M., 1 and M,, are constants (see Magal and Ruan [153] for details). Since

w € BC77(R,,R"), we obtain for each ¢, s € [0, +00) with ¢ > s that
_Acu(t_s) 1 Q‘t_sl —771(??—5) -nt
“e chw(t)” < min {e 2IM, e Mu} 1wl £y Wl €7

Then

e_A‘f“(’_S)chw(t)” — 0ast — +oo.
Thus

e w(t) = — / " e DT [F(U(Dx + w(l)) = F(U()x)] dI,Vt > 0.

(4.64)
By projecting (4.63) on X we obtain for each ¢ > 0 that

w(f) = e TIw(0) + (eAs «TL, [F(U)x +w(.)) - F(U(.)x)]) (1).  (4.65)



210 4 Center Manifold and Center Unstable Manifold Theory

So by summing (4.64) and (4.65), we obtain (4.62). Conversely, assume that w
satisfies (4.62). Then by projecting (4.62) on X we obtain for each ¢ > 0O that

Myw(z) = Mye " w(0) + I, (eA' « [F(UQ)x+w(.) F(U(.)x)]) (t).
Then

ML(U(x +w(0) = e (w(0) +2) 411, (&% « FWOx+w() (). (4.66)

Furthermore, by projecting (4.62) on X.., we obtain for each 7 > 0 that
M) == [ A1, [+ w(5) - FU0]ds.
Thus
Ms(0) = Ao Mo 0) == [ A0, [FU +w(5) - FU0]ds
- AL, [FU(s)x 4 wi(s) - FU(s)0)] ds
-/ AL, [F(U(s)x+w(s)) ~ F(U(s))] ds.

Hence

ey (U(H)x +w(1)) = e2e' ey (x + w(0)) + / t AL, F(U(s)x + w(s))ds.
0

(4.67)
By summing up (4.66) and (4.67), we deduce that t — U(t)x + w(t) is a solution of
(4.61). O

Rewrite (4.62) in the following abstract form
w =K, (wg) + Eza)(x, w),

v~vhere El : Xy —» BC77T (R, Xy), fg : BCTT(R,,R") —» BC™"7(R,,R"), and
o :R*"x BC™"(Ry,R") - BC™7 (R;,R") are defined as follows

IE:I (x5)(2) = eAsixg,t €R,,
Ka(f)(1) = (ehs « XL f) (1) = [T eAen =910, f (5)ds, Ve € Ry,
@(x, £)(t) = F(U®x + f(1)) = F(U(1)x),Vr € R,.

One has
[®c || = 1IF@ @+ 10 = FO@0N < e 1 1L, . @68)
Lemma 4.45 Let Assumption 4.35 be satisfied. Let n € (0, B-) be fixed. Then

K| € L(X, BC™" (Ry,R")) and K, € L(BC™" (Ry,R"), BC™" (R,,R"))
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with

+o00
K H <y(p) = Cs_,+[TI \ H —<Acu+'7’>lHd1
I N 70) Ry oS | B pyees /0 )

where C. s,—n > 0is a constant, and
@(x,0) =0,

®@(x,.) € Lip (BC™" (R,,R"),BC™" (R,,R")),Vx € R",

” ()C ) ip ” ” ip

Proof This proof is straightforward. O

Proof (Proof of Theorem 4.45) Letn € (0,3-) and x € R” be fixed. Let 59 > 0 be
the constant introduced in Theorem 4.41. Let 67 € (0, §o) be such that

S1y(m) < 1. (4.69)

Then for each F € Lip (R",R") with ||F[|j, < 67, we obtain that for each (x, ws) €
R™ x Xy, there exists a unique solution w = w(x, wg) € BC™7 (R;, R") such that

w= El (ws) + EZE)(x’ w)

and L _
w = (Id - K,®(x,.) 'K (wy).

We have
”W(xa Ws) - W(x, Ws)”: <l ”Ws Ws” , VX € Rn’ VWs, Ws € Xs,
7

where / depends on 7 and || F||;, but stays bounded as ||F||;, — 0. To see the
continuous dependence of w(x,wys) on x € R", we remark that (4.69) and the
continuity of y(n7) imply that y({)s] < 1 for some { € (n,[). Replacing 1 by
{ in the above argument, we conclude that w(x, wg) belongs in fact to the space
BC~¢(R,,R"), which is continuously imbedded in BC~" (R, R"). More precisely,
we have

e woll < &

Iwsll+ ||| [ex+x0.w),

L(Xs,BC~¢ (R4, RY)) L(BC¢(R4,R")) ’

SEH +“EH Fligp W (x, :
(1| P U RS 1-< S 1 TN L CATAT

Therefore, we obtain an estimate independent of x,
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HE1H£(X BC~¢ (R,,R")) vl
lwx, wo)ll < — < Foo.

-] 1Fllp

‘EZHL(BC*C(KL,R"))
Moreover, we have
w(x + x9, wy) — w(xg, wy)
= Ki(w) + Ko (x +x0, W(x + 0, ) = | K ) + Ko (50, (0, w,))
= R [ 430, W5 +.30, ) = Blxo, W0, ) |
=K, [&)(x + X0, W(x +x0, wy)) — D (x +x0, W(x0, ws))]
+ Ko | B+ 0, W0, w,)) = Bxo, W3, w))|
Then

“1/7()( + X0, WS) - W(XO’ Ws)“r]
SI?” Flliip IW(x + x0, wg) — w(xg, w
1o e sy 1 i 1 30 00) = o w2

|
n

& [BCx+ 0, 7 x0, w)) = Blxo, T,
2 g se-n iz mm) (x + x0, w(x0, ws)) — @(x0, w(xo, ws))

Thus
Iw(x +x0, ws) = w(xo, ws)ll,,

|

L(BC(Ry,R™))

I1FNlLip

<— [ @+ 20, 0, w0)) = B, wxo, w0 -
|| '
L(BCT(Ry,R™))

For fixed w € BC~¢ (R, R"™) we claim that the mapping x — ®(x, w) is continuous
from R" into BC™7(R,4,R"). In fact, by using (4.69), we have

[®0x+x0,w) = Bxo. w)| = sup e 10,
n

1R,
where
H(1) = [F(U() (x +x0) + w(1)) = F(U(t)xo + w(1))]
- [F(U(1) (x +x0)) — F(U(1)x0)] .
Thus

[®0x+x0, ) = B0, w) :max( sup e [H(@), 26T [l Iwll, | -
n

0<t<T

By the continuity of x — U(¢) (x) uniformly with respect to ¢ € [0,T], we obtain
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lim sup“&f)(x +x0, W) — D (x0, w)“ < 26T IRl Iwll, L T > 0.
n

x—0

So when T goes to +co0, we obtain

=0.
n

lin}) H&)(x +x0, w) — @ (x0, W)
X

From this and the fact that w(x, wy) € BC~¢ (R,,R"™), it follows that w : R" X X, —
BC™' (R4, R") is continuous.
DefineamapI': R" X Xy — X, by

r ()C, Ws) = ch(ld - EZE)()C: -))_IEI (W?)(O)v Vx € Rn: ws € X;.
Notice that I' : R" X X; — X, is continuous and I'" is Lipschitz continuous with

respect to wg with

%]
L(X;, BC (R, ™))
1 1lLip

ITCxs Mleip < Mocull £ gn) -
NE
L(BC(R4,R"))
We have by construction that
y € V,I(x) o y=x+wwithIl,w =T (x,II;w).
Then
V,I(x) ={xs +wg +xc + I (x,wy) : wy € X}
={z+xcu+T(x,2—x5) 12 € Xs}.
Consider the map ® : R" x X; — X, defined by
O(x,z)=xc.+I(x,z—x5),Yx €R", z € X|,

we have Vn (x) ={z+0O(x,2) : z € Xy} .SinceI": R"xX Xy — X, is continuous and
I"(x, wy) is Lipschitz continuous with respect to wy, so is ©, and [|®||;, < [IT[|yip -
Finally, we look for y € R", such that

Iy =¥eu (ch}’) and 1.,y =: © (x, Hsy) .

But by (4.59), we deduce that [[Weulli, — 0 as [|Flljp, — 0. So (4.59) and
(4.69) imply that there exists 6, € (0, 6}) such that for each F € Lip (R”,R") with
IFllLip < 01,

”G)(x’ -)”Lip ”\Pcu”Lip <L

Thus, there exists for each x € R" a unique y., (x) € X, such that

O (x,Yeu Yeu(x))) = Yeu(x)
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and the map y. : R" — X, is continuous. By setting H.,(x) = ycu (x) +
Y., (Yeu(x)) the result follows. o

Theorem 4.46 (Local uniform convergence) Let Assumption 4.35 be satisfied. Let
n € (0,B-) be fixed. Then there exists 51(n) € (0,6p) (where 69 > 0 is the
constant introduced in Theorem 4.41), such that for each F € Lip(R",R") with
1FllLiprn mry < 01(n), the following holds: for each X € V3" and for each & > 0,
there exists some 6 > 0 such that

|U(t)x = U(t)Hew (x)|| < g7, V1 > 0, (4.70)
for all x € R™ with ||x —Xx|| < 6.
Proof Letx € V5" be fixed. The proof of Theorem 4.45 implies that
w(x, Weu (Ye (x)) = Hogx) (1) = U (1) (Heu(x)) = U(1)(x), V1 2 0, Vx € R,

where
ch(x) = yc(x) + %Y.y (yc(x)) c V;u'

Itis clear that He,, (X) = X if x € V" and hence
WX, Peu (Ve (X)) = TLX) = U(1) (Hew (X)) = U(2)(X) = 0,Vt 2 0,Vx € V1.

Letx € V" and & > 0. By the continuity of w:R"x Xy, - BC™" (R;,R") and
Ve : R" — X, we can find some § > 0 such that

[w(x, ¥eu (’)‘;c(x)) = Tpsx) = w(x, Peu (ic(})) - st)lln <¢

whenever x € R" and ||x — X]|| < ¢. Therefore,

sup 7 ||U () (Hew (x)) = U(6) ()|

teRy
= sup e |w(x, Peu (Ve (x)) = Tsx) (1]
= sup e |w(x, e (Ve (%)) = Tsx) (1) = WX, Peu (e (X)) = TLX) (1)

<gifxeR"and ||x —X]|| < 6.
The proof is complete. O

Remark 4.47 Our presentations focused on center-unstable manifolds. However,
similar results can be established for center-stable manifolds. In fact, we will use a
center-stable result to discuss the stability of Hopf bifurcation next section.
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4.5 Existence and the Uniqueness of Traveling Waves for Fisher-
KPP Equation

In this section we illustrate the consequence of the global attractors theory and
center unstable manifold to give a short proof for the existence and uniqueness of
the travelling waves for the Fisher-KPP equation. This section is taken from Ducrot,
Langlais and Magal [58].

4.5.1 Fisher-Kolmogorov-Petrovski-Piskunov’s traveling waves
problem

Let us consider a logistic reaction diffusion equation

&N:&uN+MVP—ﬁ]. 471
K

When 4 = B — u > 0, the above equation corresponds a logistic or Fisher-
Kolmogorov-Petrovski-Piskunov (or for short Fisher-KPP) equation [77, ]. Clas-
sically, 8 > 0 denotes the birth rate, u > 0 corresponds to the death rate while
k > 0 denotes the carrying capacity of the environment. Then if we look for special
solution of the form

N(t,x) =U(x - ct)

Recall that for each ¢ > ¢* = 2V this logistic equation has a unique (up to

translation) travelling wave solution connecting N = 0 to N = «. This means that for
each ¢ > c*, there exists a non-increasing function U = U, (x) such that

U(x)
K

U”(x)+cU’'(x) + AU (x) [1 - =0, x €R,

(4.72)
U(—o0) =k, U(o0) =0.

The dynamics of such a logistic equation is well known and, in many cases,
strongly related to travelling wave solutions. The literature about this topic is very
wide. We only quote some of them, see for instance [8, 21, 97, s s s s

] as well as references therein.

In this section, we discuss the existence and uniqueness of solutions for (4.72) by

using invariant manifold techniques. Let us notice that (4.72) can be re-written as

d+czU &U+UO U)=0
dx 2 4 T
Next setting
U 1= U

d ¢
U, = (E-FE)U
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we obtain the following first order system of ordinary differential equations

(i+£)U1=U2

dx 2
(i + f) U= U - Ui(1 - Uy).
dx 2 4
Set c
a = 5

we obtain the system

av, _ _
{% :_ZZ;IZZZZ— 1)U, +U? (4.73)
Note that this system is monotone increasing on [0, +oo)2 whenever
a>1. 4.74)
Moreover one has
W = -Uy(x) + U (x)* = -U;(x)(1 - U; (x)) (4.75)

and the points
T’ = (0,0) and T = (1)

are the only equilibria of the system in [0, +c0)2.

4.5.2 Existence of travelling waves

Since [0, 1] x [0, @] is invariant by the semiflow {T ()}, generated by the system
(4.73). There exists a connected subset A C [0, 1] x [0, a], which is the global
attractor of the semiflow 7 on [0, 1] X [0, @]. The global attractor is connected,
because the global attractor A attracts the connected set [0, 1] X [0, @]). The global
attractor A contains both equilibria (0,0) and (1, @), by considering the linear
functional P : R*> — R

P (U, Uy) = U,

we deduce that P (A) is compact and connected and contains P(0,0) = 0 and
P(1,a) = 1. Hence one concludes that

P(A)=10,1].

Moreover
T(t)A=AVr=0.
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Therefore {T (#)},cr is a flow on A, and it follows that there exists a complete orbit
(Uy,Us) € C' (R, R?) of system (4.73) such that

(Ui (1), Ua(t)) € AVt =2 0,
and passing ¢ = 0 through
(U1,Up) withU; =1/2and U, € [0, a] .
By using (4.75) we deduce that

Jlim (U1(1),U2(1)) = (0.0) and lim (U1 (1), Uz(1) = (1),

Therefore A contains the equilibria, and all the travelling waves going from (1, @)
to (0,0).

4.5.3 Uniqueness of the travelling waves

In order to prove the uniqueness of the heteroclinic orbit going from (1, @) to (0, 0),
we will study the center-unstable manifold around the equilibrium (1, @).

Linearized equation at U = (1, @): The matrix of the linearized equation of system
(4.73) at (1, @) is

Ly =

- 1
?+1-al|’
the characteristic equation is given by
(@+D)?-a’-1=0 P +2e1+a*-a*>-1=0

& A2 +2a01-1=0,
hence the spectrum of Ly is given by

o (Lu) = {4y A3}

with

Ay =—a—Va?+1 <0<, =-a+Va? +1.

It follows that the center-unstable manifold at (1, @) is a one dimensional locally
invariant manifold. Since the center-unstable manifold at (1, @) contains the point of
any negative orbit staying in some neighborhood (small enough) of (1, @). It follows
that the traveling wave (or the complete orbit) going from (1, @) (att = —o0) to (0, 0)
(to t = +00) is unique (we refer for instance to [2 4] for an other proof).

The precise result proven is the following:

Theorem 4.48 Assume that « > 1 (that reads ¢ > 2). Then there exists at most one
travelling wave going from (1, ) to (0,0) for (4.72). More precisely, there exists a
unique solution U* (x) = (U} (x), U; (x)) of system (4.73) satisfying
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lim U*(x) = (1,a) and lim U*(x) = (0,0).
X——00 X—+00

Remark 4.49 The profiles of traveling waves are not always unique. We refer to
Ducrot, Langlais and Magal [58] for an example of non-unique traveling wave
profile.

4.6 Remarks and Notes

The chapter is devoted to the center manifold theory that was presented by Van-
derbauwhede in [216] and Vanderbauwhede and Iooss [217]. Our presentation is
inspired by Magal and Ruan [154] where Vanderbauwhede’s center manifold’s re-
sults was extended an abstract class of Cauchy problems on Banach spaces. The
second part of this chapter about the center-unstable manifold is inspired by Liu,
Magal and Ruan [146]. More results and references on the center manifold theory
will given at then end this chapter.

Center manifold

The classical center manifold theory was first established by Pliss [175] and Kel-
ley [124] and was developed and completed in Carr [23], Sijbrand [199], Vander-
bauwhede [216], etc. For the case of a single equilibrium, the center manifold theorem
states that if a finite dimensional system has a non hyperbolic equilibrium, then there
exists a center manifold in a neighborhood of the non hyperbolic equilibrium which
is tangent to the generalized eigenspace associated to the corresponding eigenvalues
with zero real parts, and the study of the general system near the non hyperbolic
equilibrium reduces to that of an ordinary differential equation restricted on the lower
dimensional invariant center manifold. This usually means a considerable reduction
of the dimension which leads to simple calculations and a better geometric insight.
The center manifold theory has significant applications in studying other problems
in dynamical systems, such as bifurcation, stability, perturbation, etc. It has also
been used to study various applied problems in biology, engineering, physics, etc.
We refer to, for example, Carr [23] and Hassard et al. [99]. There are two classical
methods to prove the existence of center manifolds. The Hadamard (Hadamard [88])
method (the graph transformation method) is a geometric approach which bases on
the construction of graphs over linearized spaces,see Hirsch et al. [103] and Chow
et al. [34, 36]. The Liapunov-Perron (Liapunov [140], Perron [174]) method (the
variation of constants method) is more analytic in nature, which obtains the manifold
as a fixed point of a certain integral equation. The technique originated in Krylov and
Bogoliubov [127] and was furthered developed by Hale [90, 92], see also Ball [11],
Chow and Lu [39], Yi [229], etc. The smoothness of center manifolds can be proved
by using the contraction mapping in a scale of Banach spaces (Vanderbauwhede
and van Gils [218]), the Fiber contraction mapping technique (Hirsch et al. [103]),
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the Henry lemma (Henry [101], Chow and Lu [38]), among other methods (Chow
et al. [33]). For further results and references on center manifolds, we refer to the
monographs of Carr [23], Chow and Hale [30], Chow et al. [32], Sell and You [189],
Wiggins [224] and the survey papers of Bates and Jones [13], Vanderbauwhede
[215] and Vanderbauwhede and Iooss [217].

Recently, great attention has been paid to the study of center manifolds in infinite
dimensional systems and researchers have developed the center manifold theory
for various infinite dimensional systems such as partial differential equations(Bates
and Jones [8], Da Prato and Lunardi [30], Henry [54], Scheel [93]), semiflows
in Banach spaces (Bates et al. [9], Chow and Lu [21], Gallay [45], Scarpellini
[91],Vanderbauwhede [103], Vanderbauwhede and van Gils [105]), delay differential
equations (Hale [50], Hale and Verduyn Lunel [51], Diekmann and van Gils [34,35],
Diekmann et al. [36], Hupkes and Verduyn Lunel [58]), infinite dimensional non
autonomous differential equations (Mielke [81, 82], Chicone and Latushkin[15]),
and partial functional differential equations (Lin et al. [73], Faria et al.[43], Krisztin
[68], Nguyen and Wu [83], Wu [111]). Infinite dimensional systemsusually do not
have some of the nice properties the finite dimensional systems have. For example,
the initial value problem may not be well posed, the solutions may not be extended
backward, the solutions may not be regular, the domain of operators may not be
dense in the state space, etc. Therefore, the center manifold reduction of the infinite
dimensional systems plays a very important role in the theory of infinite dimensional
systems since it allows us to study ordinary differential equations reduced on the
finite dimensional center manifolds. Vanderbauwhede and Iooss [106] described
some minimal conditions which allow to generalize the approach of Vanderbauwhede
[104] to infinite dimensional systems.

In Magal and Ruan [154, ] we consider a center manifold for non densely
Cauchy problems

u' (1) = Au(t) + F(u(t)), fort > 0, and u(0) = x € D(A),

where A : D(A) € X — X isalinear operator on a Banach spaceand F : m - X
is Lipschitz continuous local arounds 0.

More recently, Ducrot and Magal [60] extended such an idea to a class of abstract
second order semi-linear differential equations on the real line. In [60] we obtain the
existence of wave train arising from a Hopf bifurcation.

Persistence of a normally hyperbolic manifold

The principle of the center manifold theorem is to show that the linear center manifold
persists for small perturbation of the linear system. There also exists some nonlinear
version of such results. That is the so called normally hyperbolic manifold. There
have been several important extensions of the classical center manifold theory for
invariant sets. For higher dimensional invariant sets, it is known that center manifolds
exist for an invariant torus with special structure (Chow and Lu [40]), for an invariant
set consisting of equilibria (Fenichel [74]), for some homoclinic orbits (Homburg
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[110], Lin [142] and Sandstede [188]), for skew-product flows (Chow and Yi [42]),
for any piece of trajectory of maps (Hirsch et al. [103]), and for smooth invariant
manifolds and compact invariant sets (Chow et al. [35, 37]).

We also refer to Ducrot Magal and Seydi [61, 62] and Magal and Seydi [157]
for more references and some extensions to abstract non densely densely defined
Cauchy problems.

Center unstable manifold

Given a non hyperbolic equilibrium, the center-unstable manifold is a locally invari-
ant manifold by the semiflow and is tangent to the generalized eigenspace associated
to the corresponding eigenvalues with non-negative real parts (Kelley [124]).The
local center-unstable manifold plays an important role in applications since it has
some nice stability properties. Compared to center manifold, it is also easier to use in
practice,since a point (locally around the equilibrium) belongs to the center-unstable
manifold if only if there exists a negative orbit (staying in some small neighborhood
of the equilibrium) passing through the point at time ¢ = 0, while for the center
manifold a complete orbitis needed. Center-unstable manifolds in in nite dynamical
systems have been studied by many researchers. For example, Armbruster et al. [6]
investigated center-unstable manifolds in Kuramoto-Sivashinsky equation. Chow and
Lu [38] discussed the existence and smoothness of global center-unstable manifolds
for semilinear and fully nonlinear differential evolution equations. Dell’Antonio and
D’Onofrio [50] studied center-unstable manifolds for the Navier-Stokes equation.
Nakanishi and Schlag [172] established center-unstable and center-stable manifolds
around soliton manifolds for the nonlinear Klein-Gordon equation. Turyn [213] ob-
tained a center-unstable manifold theorem for parametrically excited surface waves.
Stumpf [205] discussed center-unstable manifolds for differential equations with
state-dependent delay.

In Liu, Magal and Ruan [145] we consider a center unstable manifold for non
densely Cauchy problems

u' (1) = Au(t) + F(u(t)), fort > 0, and u(0) = x € D(A),

where A : D(A) € X — X isalinear operator on a Banach spaceand F : m - X
is Lipschitz continuous local arounds 0. In [145], we take advantage of the stability
property of the center-unstable manifold to prove a stability theorem for the periodic
orbits arsing from a Hopf bifurcation.



Chapter 5
Normal Forms

This chapter treats the normal form theory for ordinary differential equations. The
first part of this chapter addresses the computation of the normal form near a equi-
librium solution. In order to consider the behavior near an equilibrium solution for
the nonlinear system for which the linearized system has several eigenvalues on the
imaginary axis, one usually focuses on the flow on the center manifold. We con-
centrate our efforts to introduce a method to compute the normal form associated
with the flow on the center manifold in the second part. Our presentation in the first
part is inspired by Chow and Li and Wang [32], Chow and Hale [30], Bibikov [19],
Vanderbauwhede [216] and Wiggins [225], and in the second part is inspired by Liu,
Magal and Ruan [147] where the normal form theory for an abstract class of Cauchy
problems on Banach spaces is presented.

5.1 Introduction

Consider

w' = f(u), 3.1

where u € R", f : R" — R" is C* for some k > 2. Recall that the equilibrium
solutions u = u of system (5.1) must satisfy

f(w) =0 withu € R".
The change of variables v = u — u transforms (5.1) to the form
v = f(v+u), (5.2)

and v = 0 is an equilibrium solution of system (5.2 ). Therefore, without loss of
generality, we consider

u'(t) = f(u) = Au(t) + F(u(1)),t > 0, (5.3)

221
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where u € R", f(0) =0, A =Df(0) € L(R"),and F := f — A satisfies F(0) =0
and DF(0) = 0. It is well known that there exists a n X n nondegenerate matrix 7
which can transform A into Jordan canonical form. Then, under the transformation

u=Tu

and after dropping the hat, (5.3) becomes

w'(t) =T 'ATu+ T 'F(Tu),
where u € R” (or C*) and T~' AT is in Jordan canonical form. We remark that the
transformation u = Tu has simplified the linear part of (5.3) as much as possible.
The goal of the norm form theory is to simplify the nonlinear part of (5.3), that is, to
find a suitable (nonlinear) change of coordinates which will transform the nonlinear
part of (5.3) to the simplest possible form.

5.2 Normal Forms for Differential Equations Near a Equilibrium
Solution

Let K be R or C. In this section we consider
u'(t) = Au(t) + F(u), (5.4)

where u € K", A € M,, (K), F(0) = 0 and DF(0) = 0. We write F(u) around the
origin u = 0 in (5.4) as a formal power series and then

W' (t) = Au(t) + F(u) + F3(u) + -+ - + F;(u) + O(|ul/*Y), (5.5)

where F,(u) := %D"’F(O)(u,--- ,u),2<mc<j.
We introduce linear vector spaces Hj;,(K") with Fy, (1) € H},(K"),2 <m < j.
Let¥ = {¢, - ,¢,} denote a basis of K", and let u = (uy,- - , u,) be coordinates

n
with respect to this basis. We refer to ud(p, where ¢ € K", d = (di1,--- ,dyn), 2. d; =
j=1

m,d; > 0 are integers and ud = uf‘ ugz...ug", as a vector-valued homogeneous

polynomial of degree m inn variablesu = (u1, - - - , u,), and use the notation H7, (K")
to denote the linear vector space formed by all the vector-valued homogeneous
polynomials of degree m in n variables u = (uy,--- ,u,) with coeflicients in K".
Then an obvious basis denoted by ®,, for H},(K") consists of all possible vector-
valued homogeneous polynomials of degree m in n variables u = (uy,-- - ,u,) with
coefficients in ¥, that is
n
D, = {udlpjwj eV, j=1,---,n, Zdj =m,d; > Oareintegers}.
j=1

The dimension of H};,(K") is
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nn+m-—1)!

dyy = dim H" (k") = 2T )
im By () = = =1

We take the reverse lexicographic ordering of the elements in the basis ®,, of
H" (K™, that is, u®y; € ®,, with & = (&,...,&,) precedes uXy; € @, with
x = (x1, .-, xn) if and only if the first non-zero difference i — j, &1 — x1, --»&n — Xn
is positive. We denote u%y i by ¢ if udy ; 1s the kth basis element with respect to
the reverse lexicographic ordering and then the basis ®,, with the elements in the
reverse lexicographic ordering is written as

®,, = {901"P2""’(pdm}'

We will not verify these statements about the space H}, (K™) and refer the reader to
the books [32], [225]. Let us consider a specific example to explain these statements.

Example 5.1 Let ¥ = {e, e;} be the standard basis of R2, that is, ¢; = ((1)) and

ey = ((1)) ,and let u = (uy, uy) be coordinates with respect to this basis. Then

H%(Rz) = {uf‘ ugz(p

Y E Rz, di+dy=2,d; >0, j=1,2, are integers}

and

H%(Rz) = { ui‘(‘ uglz(p

pE Rz,dl +dy=3,d; >0, j=1,2, are integers} .

The bases @, and @3 with the elements in the reverse lexicographic ordering are

{9 ) ()

and

respectively.
Our aim is to find a change of coordinates
u=G@u) (5.6)

to bring the equation (5.3) in the simplest possible form up to terms of a specified
order, called normal form, where G is a C/ transformation in a neighborhood B(0, r)
of the origin and G (0) = 0. By substituting (5.6) into (5.3) and dropping the hat for
simplisity of notation, we obtain
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u' =DG(u) 'AG(u) + DG (1) F(G (u)). (5.7)

The linear part of (5.7) is DG (0) "' ADG (0)u. If A is already in the Jordan canonical
form, thus the diffeomorphism G may take the form

G =u+0(u*)asu — 0
and (5.7) could be written as
u' =Au+ H(u),u € B(0,r),

with H(u) = O(|Ju|?) as |u| — 0 which is in the simplest possible form up to terms
of the specified order j. The desired simplification of (5.3) will be obtained by
performing inductively a sequence of near identity change of coordinates on system
(5.5).

5.2.1 Computation of Normal Form and Normal Form Theorem

In the following we will obtain the simplest possible form of (5.5) up to terms j by
performing inductively a sequence of change of coordinates of the form

u = &) =+ Gm(iD), i € B™(0,r), (5.8)

where G,,(u) € H),(K") and B™(0,r) is a small neighborhood of the origin,
2 < m < j. Notice that the map &,,(u) is a diffeomorphism in some neighborhood
of the origin and we take B™ (0, r) small enough such that D&, () = I + DG, (1)
is invertible on it and

D& () =1 - DG, (w) + O(Ju)*™ %), € B™(0,r),

here I is the identity matrix. Substituting (5.8) into (5.5) and dropping the hats for
simplicity of notation, we get

u' =Au(t) + Fo(u) + F3(u) + - - - + Fy_1 (u)
+{Fu(u) = [DGp(u)Au — AGn (u)]}
+F a1 () + -+ F(u) (5.9)
+O ([u]*h),
u € B™(0,r).

Now we introduce the Lie bracket [-, -] operation
[A, Gm](u) = DG (u)Au = AG(u).

Then (5.9) can be written as
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u =Au(t) + Fo(u) + F3(u) + - -+ Fp_1 ()
+iFm(u) - [A, Gﬁ]}
+F () +-- -+ Fj(u) (5.10)
+O ([u]*h),
u € B™(0,r).

Notice that after the change of coordinates (5.8), only terms of order higher than
m — 1 are modified.
Define a linear operator ©,, : H,,(K") — HJ,(K") by

(©nGm) (1) :=[A,Gu](w) = DG (u)Au—AG,, (1), G (u) € Hp (K"). (5.11)

From elementary linear algebra, we know that H’,,(K") can be (non uniquely) rep-
resented as the direct sum

H™(K™) = Ryp & Cos (5.12)

where
R = R(©,,)

is the range of ®,,, and C,, is some complementary space of R, into H}, (K").

The range of the operators ®,,, defined in the spaces H/, (K"), contains exactly
the terms that can be taken away from the equation in the computation of the normal
form. It is of interest to know when these ranges are the whole spaces HJ,,(K"),
since that corresponds to the cases where the terms of order m, 2 < m < j, can be
completely eliminated from the equation (5.5).

Theorem 5.2 (Normal Form Theorem) Let the decomposition (5.12) of Hl;,(K") be
given form =2, ..., . Then the appropriate transformations u = &,,(u), where u €
B™(0,r), B™(0,r) is a neighborhood of the origin and B™*'(0,r) T B™(0,r),m =
2,--+, ], can be chosen so that the system (5.5) is transformed into

w' = Au+ga(u) +g3(u) +- -+ gj(u) + O(jul™), (5.13)
u € B/(0,r),

with gm(u) € Cy for m = 2,---,j. System (5.13) is said to be in normal form
through order j.

Proof We start from m = 2. Substituting (5.8) with m = 2 into (5.5) and dropping
the hats, (5.9) becomes

u' = Au(t) + {F>(u) — [DG2(u)Au — AG,(u)]}
+F3(u) +-+ F;(u)
+O ([u]*h),
u € B%(0,r).

(5.14)

Since Fp(u) € H}L(K™), Fo(u) = fa(u) + g2(u) with f» € Ry and g2 € C,. We can
find a Go(u) € HJ,(K") such that ©; (G2(u)) = f>(u) and then (5.14) becomes
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u' = Au(t) + g2 (u) +F3(u) +--- +F,-(u) + 0(|u|j+1), (5.15)
u € BX0,r).

We assume that after computing the normal form up to terms of order m — 1,
2 < m < j, the equation becomes

w' (1) = Au(1)+g2(u)+g3 () + - 481 (W) +F () +- - +F () +0 (jul"). (5.16)
Substituting (5.8) into (5.16) and dropping the hats, we get

w = Au(t) +go(u) +g3(u) + - + g1 (1)
+{Fo() = 14, Gl ()

+fm+1('u)+---+fj(u)
+O(lu*"), u e BZ,(0,r).

(5.17)

Since Fy,(u) € HEL(K"), Fpu(u) = fin(u) + gm(u) with f,,(u) € Ry, and g, (1) €
Cn. We can find a G,,(u) € HJ}(K") such that ©,, (G, («)) = f(u) and then
(5.17) becomes
w' = Au(t) + g2 (u) + g3(u) + -+ + gm(u)
+F e (1) + - -+ +Fj(”)
+O(lul/*Y), u € BE. (0,r).

The proof is completed by induction. O

Itis obvious that the simplified system (5.13) is strongly depending on the specific
choice of the complementary spaces C,, and then the normal form of (5.5) is not
unique. The key to compute the normal form of the vector field is to find C,,.

5.2.2 Resonance Conditions and Resonant Monomial

Let A € K™ and B € KP*P be matrices and set o(A) = {14,...,4,}, 0(B) =
{,u],...,,up},/l = (/11,”' ,/ln), d = (d],"- ,dn),/l'd =Ady+ -+ A,d, and

di 2 0,i = 1,...,n, are integers. Consider a linear operator I' : H}} (KP) —
H! (K?) defined by
I'(G) (u) :== DG (u) Au — BG (u) ,YG(u) € H,, (KP). (5.18)

We refer to [19] for the proofs of the following results.

Lemma 5.3 The spectrum of the linear operator I is the following set

n
O'(F)z{/l-d—uj:jzl,---,p, Zdjzm}.
j=1
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In the following, we assume that the linear operator A in (5.5) is a Jordan canonical
matrix for convenience. Let u = (uy,uy, ..., u,) be coordinates with respect to the
standard basis {e}, €2, ..., e, } of K. Now we present the resonance conditions and
resonant monomials.

Definition 5.4 (Resonance conditions and resonant monomial) Let 1{,--- ,4,, be
the eigenvalues of A. The following relations are called resonant conditions:

A-d-2;=0, (5.19)

where 1 < j <nand 3 d; 22.Amon0mialudej( Ydj=m>2and1<j<n
j=1 j=1

) is called a resonant monomial of order m if and only if (5.19) holds for d and ;.

We say that equation (5.5) satisfies the nonresonance conditions relative to o (A) of

order m if

n
A-d=2;#0, forall 1; € o(A), all d = (dy, -+ ,dy) with ) dj=m.
j=1

From Lemma 5.3, we get the following result.

Theorem 5.5 Let 0(A) = {A1,---,4,}. The spectrum of the linear operator ©,,
defined in (5.11) is the following set:

o-(@m)z{/l~d—/lj:j:l,-~~,n, Zd‘,zm}. (5.20)
j=1

Theorem 5.6 Let A is a Jordan canonical matrix. Then the appropriate transforma-
tions u = &,,(u), u € B™(0,r), where B™(0,r) is a neighborhood of the origin and
B™1(0,r) € B™(0,r),m =2,--- , j, can be chosen so that g,,(u) in the right side
of (5.13) consists of resonant monomials of order m, m =2,--- ,j.

Remark 5.7 Since the change of coordinates (5.8) are local diffeomorphisms near
the origin, the normal form theorem presented in the above gives only local results
of (5.5) near the origin. Furthermore the normal form theorem above is about the
normal form up to certain finite order j. If F'(«) is analytic in u, then it is clear that
we can formally transform (5.5) to a normal form with j = oo, that is,

u' =Au+ Z gm(u).

m>2

However, the issue of convergence of the power series for the normal forms and
the associated transformations of variables should be considered. The answer for
the issue of convergence is positive under some conditions for ordinary differential
equations, and we refer to Chow et al. [32]. In fact in the applications of normal
forms, usually the flow is completely determined by the terms of a normal form up
to a certain finite order, for example, we only need compute the normal form up to
third order for Hopf bifurcations.
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5.2.3 The Matrix Representation Method

One method to find the complementary subspace C,,, or normal form is to use the
matrix representation M, of the linear operator ®,, with respect to the given basis
®,, of H} (K"). Then M,,, is a d,,, X d,,, matrix and K9 = C,, ® R,n, where R, is
the range of M, in K% and Cun any complementary subspace. Our choice of Con
is certainly not unique. According to Fredholm Theorem, C,, = Ker((M,,,)7) is a
complementary subspace, where K er((M~m)T) is the null-space of the transpose of
M,,.. Other complementary subspaces to R,,, can be obtained from Ker((M,,)”) by
performing elementary algebraic calculations. It is obvious that

H™ (K™) = Cpp ® Rin

where

dm
Cin © = {K= > &igi € H(K™)

i=1

‘Pi € ¢n’h (fl’ ""gdm) € 51’”} ’ (521)

dm
R = {K = > &g € Hp(K™)

i=1

QDi € q)m’ (fl’ ""é‘:dm) € ﬁm} ’

Rm is the range of ©,,, and C,, is a complementary space of R,, into HI,(K").
We refer to [32], [216] and [222] for more details and also for other methods to get
the complementary subspace C,, or normal form. Here we will show an example to
expain this method.

Example 5.8 (The Takens-Bogdanov Normal Form) We will compute the normal
form up to terms of order 2 for the following vector field on R? in the neighborhood
of the origin

2 2

+ couiuy + c3u
(1) = Au(t) + | M
“ ( ) M( ) dlu%+d2u1u2 +d3l/é

)+0(|M|3),

where A = (8 (1)) . Let {e}, e>} be the standard basis of R?, and let u = (u;, us) be

coordinates with respect to this basis. The basis ®, of H%(Rz) with the elements in
the reverse lexicographic ordering is

(B ) ()

We first obtain the matrix representation My of the linear operator ®, with respect
to the given basis ®@;:
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0 0 0000
2 0 0000
01 0000
-10 0000
0-10200
0 0-1010

M, =

Then R® = 52 @ ﬁz, where ﬁz is the range of M, in R® and 52 any complementary
subspace. Let (e, ez, ..., e¢) be the standard basis 0£R6 and then Ker((My)T) =
span {ey e + 2e4} is a complementary subspace of R,. Therefore H3(R?) = C, &

R,, where
0 2u?
= 1
e =snanf( ) (o))

Thus we obtain the normal form up to terms of order 2

u? 5 172875

21 +d 2
uxngmn+m(0)+ilii(2W
1

)+oqm%

5.3 Normal Forms for Reduced Differential Equations on the
Center Manifold

In studying nonlinear dynamical problems, the centre manifold theory of chapter 14
gives a reduction in the dimension of the system. We usually restrict our analysis
to the flow on the centre manifold near a equilibrium solution which is useful for
the study of bifurcation problems. In this section we will consider the computation
of normal form associated with the flow on the center manifold for the differential
equation of the form

u' (1) = Au(t) + F(u(t)),Vt € R, (5.22)

where A € M, (R) is a n by n matrix and F : R” — R" is C* with F(0) = 0 and
DF(0) =0, k > 1.The notations X;,II;, A; withi = ¢, s, u, h, which we will use in
the following, are defined in chapter 14.

Assumption 5.9 We assume that o (A) = o (A) NiR # 0.

The center manifold theorem of Chapter 14 tells us that there exists a C¥-smooth
function ¥ : X, — X}, with ¥(0) = 0, D¥(0) = 0, such that

M= {x.+¥(x¢): x; € X.} (center manifold)

is a locally invariant center manifold of (5.22). Moreover, as Il. is defined on R”,
we can project (5.22) on X, and obtain the following reduced system
duc(t)
dt

=Acuc(t) + L F [uc(t) + ¥ (uc(1))] . (5.23)
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The qualitative behaviour of the flow of (5.22) near the equilibrium solution u = 0
is determined by its behaviour on the center manifold.

5.3.0.1 An Outline on the Methods

This chapter is devoted to the computation of the normal form of the reduced system
(5.23). First, one needs to realize that the center manifold ¥ is known only through
an implicit fixed point procedure and when

Dl‘P(O) =0foreachl!/=1,...,k,

the Taylor’s expansion of the reduced system (5.23) is simply given by

du (1) ko
— = Acte(1) + ; ﬂHCDZF (0) (ue(t), .oy tie (1)) + heo.t.

We will show two ways to compute the normal form of the reduced system (5.23).
One is to compute the Taylor’s expansion of the reduced system first and then we
can compute the normal form of the reduced system (5.23) using the procedure in
section 2 of this chapter. The other way is to compute the normal form of the reduced
system (5.23) directly.

In general, the only information available to compute the Taylor’s expansion and
normal form of the reduced system is the following result in Chapter 14.

Lemma 5.10 Let Assumptions 5.9 be satisfied. Let r > 0 and F : Bgn (0,7) — R”
be a k -time continuously differentiable map (k > 1) with F(0) =0, DF(0) = 0 and

HhDjF(O) |x.xx.x..xx.= 0 foreach j =2,... k.

Then _
D’¥(0) =0 foreach j =1,..., k.

Description of the method for computing the normal form up to terms of order
3: Assume first that
Iy D*F(0) |x.xx. # 0.

Let G, € V2(X,, X;,) be an vector-valued homogeneous polynomials of degree 2
(see next subsection for a precise definition). Consider the following global change
of variable

I.v =Tl.u

v = My — Go (M) Su=v+Gy(II.v). (5.24)

v:=u—G2(ch)4:){

Then we obtain
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dv(t) du(r) du (1)
d . dr - DG, (Ieu) (T1, dr )

= Au+ F(u) — DG, (IT.u) (T, [Au+ F (u)])
=A[v+Gy(II.v)] + F(v + Gy (ITev))
-DG, (ITev) (I [Av + F (v + G, (ITev))]).

Then we obtain the following system after the change of variable

dv (1)
dt

= Av (t) + H(v(¢)) for t > 0 and v(0) = x € D(A), (5.25)
where
H(v) = F (v + G, (IIv)) = [A, G2] (Ilev) — DG (ev) (I F (v + G (T1.v)))
and [, -] is the Lie bracket
[A,G2] (ve) = DGy (ve) (Acve) — AGa (ve), Vve € Xe.
We can rewrite H as

H(v) =F(v) - [A,G2] TIev) + [F (v + G2 (I1ev)) = F (v)]
=DG, (Il.v) (II F (v + G2 (T1ev))) .

Since DF(0) = 0, we obtain

zi!HthH(O) (Ve,ve) = %HthF(O) (vesve) = [A,G2] (ve) -

Therefore, in order to cancel out the second order term we need to solve
1
[4,Ga] (ve) = S TIuD*F(0) (ve, ve) with Ga € VZ(Xe, X) (5.26)

which is the key point to compute the normal form for reduced system and we solve
it in next subsection.

If we solved (5.26), then by applying center manifold theorem of chapter 14 and
Lemma 5.10 to system (5.25), we deduce that the reduced system of (5.25) has the
following form

d
;; = Acve +TILF (ve + Gy (ve)) + R(ve), (5.27)

where
R(ve) =II.F (ve + G (ve) + ¥ (ve)) =TI F (ve + G2 (ve))

and ¥ : X, — X, is a local center manifold of the new system (5.25) satisfying

Y (0) =0, DY (0) =0, and D*¥ (0) = 0.
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Now assuming the F is C*-smooth locally around 0 (so is ¥). Then we see that
R(v.) is of order 4 and the Taylor’s expansion of the reduced system (5.27) at the
order 3 is given by

dv.
dt

1
=Acve + EHCDZF(O) (vesve)
1
+57 {HeD?F(0) (G2 (ve) ,ve) +TeD?F(0) (ve, Ga (ve)) }
1
+§HCD3F(O) [Ve, Ve, ve] + hoo.t.

Therefore, in order to compute the Taylor’s expansion of the reduced system at the
order 3, we only need to compute G,. Then we can apply the normal form theory of
section 2 to the Taylor’s expansion of the reduced system.

An alternative approach, to compute both the Taylor’s expansion and the normal
form of the reduced system would be to use the following change of variables

u:=v+GyIl.v)

wherein
G, € VX (Xq,RM).

In this case

. Hou =ev +11.G, (I1.v)
u=v+ G (Mev) & {Hhu = v +1,G (IT.v) .
Then the map &; (v¢) = v +I1.G; (v.) from X, into itself is only locally invertible
around 0. This type of change of variables leads to the normal form theory for
reduced system on the center manifold directly.

5.3.1 Normal Form Theory - Nonresonant Type Results

Let m > 1. Let Y be a closed subspace of R". Let L; ((R™")™,Y) be the space
of bounded m-linear symmetric maps from (R")" = R" x R" X ... X R" into ¥
and L, (X", R") be the space of bounded m—linear symmetric maps from X" =
Xe X Xe % ... X X into R". That is, for each L € L, (X", R"),

L(x1,....xm) €R", V(x1,...,x) € X7,

and the maps (xy,..,x,;) — L (x1,...,x) and (x1,..,X;) — AL (xy,...,X,,) are
m—linear bounded from X" into R". Let L, (X", X;,) be the space of bounded
m—linear symmetric maps from X" = X, X X X ... X X into X;, which belongs to
L, (X" R").

Let/ = dim(X.) and Y be a subspace of X. We define V""" (X, Y) the linear space
of vector homogeneous polynomials of degree m. More precisely, let A = {b j}j=1

be a basis of X, and x = (x,...,x;) be the coordinates with respect to this basis,
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V™ (X.,Y) is the space of finite linear combinations of maps of the form

1
Xe = ijbj € Xe = x{'x5..x'V
J=1

where ny +ny+...+n; =m,nj > 0are integersand V € Y.
Define amap G : L, (X, Y) — V" (X.,Y) by

G(L)(xc) = L(xe, -+ ,xc), VL € L (X?,Y) .

Let G € V"(X,,Y), we have G (x.) = %DmG(O)(xC, <o+, X¢). So

67(6) = ~-D"G(0).

In other words, we have

1
L= —'DmG(O) S G(xe) =L (xey oo Xxe), Yxe € Xe.
m!

It follows that G is a bijection from L, (X/,Y) into V™(X.,Y). So we can also
define V"(X.,R"™) as

V" (Xe,R") = G(Ls (X?’Rn))~
We refer to x|'x5>..x;"V with ny + ny + ... +n; = m and V € Y as vector-valued
homogeneous polynomials of degree m in [ variables x, . . . x;. All the vector-valued
homogeneous polynomials of degree m in [ variables x, .. .x; with coefficients in
Y form a linear vector space, which we denote by H. (Y). If ¢ = (g1, ..., ¢p)isa
basis of Y, then an obvious basis denoted by ®,, for an(Y ) consists of all possible
vector-valued homogeneous polynomials of degree m in [ variables x, - - - ,x; with

coefficients in ¢. Let p = dim(X},) and ¢ = {sf}j=1 o be a basis of Xj,. Notice

that / + p = n. An obvious basis for H, (X},) is

I
<I>fj1 = {xq"xgz...xl'”sj|sj ep, j=1,---,p, an =m, n; > 0 are integers}
=1

and for H!, (X,) is

i
@ = {x;"x;”...xl"’bﬂ bjeA, j=1,---,1, an =m, nj >0 are integers}.
Jj=1

Gm(xc) € H' (Y) for x. € Xe.
In order to use the usual formalism in the context of normal form theory, we now
define the Lie bracket.
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Definition 5.11 For each G,, € V" (X,,Y), we define the Lie bracket
[A,G ] (xe) := DG py(xe) (Axe) — AGp(xe), Vxe € Xe.
Let A, € L (X.) be the part of A in X, then we obtain
[A, G ] (xe) = DG p(xe) (Acxe) — AG(xe), Vxe € Xe.
Setting L := %D’”G(O) € L (X, Xp), we have
DG (x)(y) =mL (y,xc, s xc) s DG(xc)Acxe = mL (AcXc, Xy oaas Xe) s
and

[A,G](x.) = % [L(e? xc,. .. e*"xc)] (0) — AL(xc, ..., xc). (5.28)

We consider two types of change of variables, namely, G,,, € V"(X., Xp) and
G, € V™(X.,R"), respectively in the following.

53.1.1 G € V" (X., Xi)

We consider the following change of variables
u=v+G, (I.v), G, € V" (X., Xp). (5.29)
Then G,,,(Tl.v) € H, (X;,) and
Gn(ve) =Ly (ve, Ve, .oyve) ,YIIov := v, € X..
The map v, — AG,,(v.) is differentiable and
D (AGp) (ve)(y) = ADGp(ve)(y) = mALy (y,ve, .sve) -
Define amap & : R" — R" by
EW):=v+G, (IIv), Vv e R™,
Since the range of G, is included in X}, we obtain the following equivalence
u=Ew) ev=£6" W),

where
EVu) = u -Gy (Meu),Yu € R,

and
.67 (u) = Meu, Vu € R™.

The following result justifies the change of variables (5.29) .
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Lemma 5.12 Let Assumptions 5.9 be satisfied and let G,,, € V"(X., Xy,). Assume
that u € C ([0, 7] ,R") is an integrated solution of the Cauchy problem

dut)

el Au(t) + F(u(z)), t € [0,7], u(0) =x € R". (5.30)

Then v(t) = £ (u(1)) is the integrated solution of the Cauchy problem

dv(t)
dt

where H : R — R" is the map defined by

=Av()) +H(v(1)), t € [0,7], v(0) =&~ (x) e R", (5.31)

H(v)=F (W)~ [A, Gnl(Iev) = DGy (ev) [TIF (6 (v))] .

Conversely, if v € C ([0,7],R") is an integrated solution of (5.31), then u(t) =
& (v(1)) is the integrated solution of (5.30).

Proof Assumethatu € C ([0, 7],R") is the integrated solution of the system (5.30),
that is,

u(r) :x+A/0tu(l)dl+‘/OtF(u(l))dl,Vt e [0,7].

Set
v(t) =& (u(®)) = u— G, (eu) Ve € [0, 7] .

We have
A./o v(l)dl:A/O u(l)a’l—/0 AG,, (ITeu(l)) dl

=u(t)—x— /0 F(u(l))dl - /0 AG,, (IT.u(l)) dl
= u(t) -Gp (ch(t)) - ()C -Gp (ch))
+(Gp (IMeu(t)) = Gy (Tex))
—/ F(u(l))dl —/ AG,, (IMeu(l)) dl
0 0
=v(t) =& (%) + (G (Teu(1)) = G (T1ex))
—/ Flu(l))dl —/ AG,, (Tou(1)) dL.
0 0

Since dim (X.) < +oo, t — Il u(t) satisfies the following ordinary differential

equations
dleu(t)

dt
By integrating both sides of the above ordinary differential equations, we obtain

= A Tlcu(t) + I F(u(t)).
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dll.u(l)
] )dl

G (Mes(0) = G (1) = [ DGy (D) (
0
= /IDG,,,, (Meu(D) [AcTeu(l) + T F(u(l))] dl.
0
It follows that
! _ s
A/o v(Ddl =v(t) =& (x)
+/ DG, M.u(l)) [AcTeu(l) + T F(u(l))] dl
0

—/IF(u(l))dl—/tAGm (Meu(l)) dl.
0 0
Thus , .
v(r) =& (x)+A/ v(l)dl+/ H(v())dl,
0 0
in which

H(v) = F (£ (V) + AG (1€ (v))
—DG (1€ (v)) [AcTIE (v) +TIF (€ (v))] .

Since I1.¢ = II, the first implication follows. The converse follows from the first
implication by replacing F by H and £~! by £. O
Define ©,,, : V" (X., Xp) — V"™(X., Xp,) by
O, (Gm) :=[A,G],YGyy € V' (X, Xn).
We decompose V" (X,, X;,) into the direct sum
V™(Xe, Xn) = Rin ® Cins

where
Ry = R(O,)

is the range of ©,,, and C,, is some complementary space of R, into V" (X, Xp,).
Set for each n > 0,

BC" (R,R") := {f e C(R,R") :supe || F(1)] < +oo} )
teR

By using lemmas ?? and ?? of chapter 14, we now prove the following lemma.

Lemma 5.13 If
f(t) =*eVx

for some k € N, A € iR, and x € R", then
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(Ku +Ky) (I f)(0) = (=D)* k1 (A = Ap)~ "V Ix € D(AR) CR”,
where K, and K are defined in lemmas ?? and ?? of chapter 14.

Proof We have

+00
K, (f) (0) = — / etk e~ Al xdl
0

dk +00
=-— e’”e‘A“lHuxdl
dik Jy
dk
= _W (—/ll +Au)_l Hux
dk
T
= (=Dkkt (a1 = A)~*D 1T,x.

(Al = A,) "' TLx

Similarly, we have for > w4 that

(ul = A)~ K (f)(0)

Tl_i)r{lw (ul — A)~ I (eA' * f(T+ )) (-7)

.
= lim AT (ul = ATV f (s + T)ds

——
T 000

= lim e =) (ul = A)T I f (s — r)ds

r—+00 0

/M et (ul — A7 £ (=1)dl.
0

So we obtain that

(ul = ) Ky (£)(0) = /0 )k e A (ul - A Tl

d* _ _
= g @A) Dl — A7 x

= (=D*kr (a1 = A)"**D (ur — A) ' Tx
= (ul — A7 (=D)*k! (AT = Ag)~ D T

Since (uI — A)~! is one to one, we deduce that
Ko (£)(0) = (=D)*k! (A1 = Ag)™ D Tl
and the result follows. |

The following proposition is related to nonresonant conditions (see Guckenheimer
and Holmes [86], Chow and Hale [30], and Chow et al. [32]).

Proposition 5.14 Let Assumptions 5.9 be satisfied. For each R € V" (X, Xy,) , there
exists a unique map G, € V" (X, Xp,) such that
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[A, G ] (x¢) = R(x¢), Ve € X (5.32)
Moreover, (5.32) is equivalent to
Gm(xe) = (Ky + Ky) (R(e'xc))(0),

or
Lon(xt ) = (K + Ky) (H (eA“'xl, o eAv-xm))(O),

with Ly, == -5:D™G,,(0) and H := -5 D™ R(0).

Proof Let G,, € V" (X.,X;) . Then L,, = .D™G,,(0) € L, (X, X,) and
d Act Act
[A, Gl (xe) = o [Lm(e Xeyonn, e xc)] (0) = ApLy(xc, ..., xc).

Assume that G,,, € V" (X,, Xj,) satisfies (5.32). Then L,,, = %Dme(O) satisfies

d

o [Lm(eAC’xl, ey eA“txm)] (0) = ApL (X1, oy X)) + H(xX1, o0y X)),

where H = %DmR(O) € L (X", Xp) . Then (5.32) is satisfied if and only if for
each (x1,...,x,;;) € X" and each 1 € R,

d At At _ Act Aot
p [Lm(e X1, ..n € xm)] (t) = ApLy(e<'xy, ..., e" < xp) (5.33)
+H(eA xy, ..., e x,,).
Set
v(t) := Ln(e4'xy, ..., e "x,,), Vi € R
and
w(t) := H(e?'xy, ..., e"'x,,), Vt € R.
The system (5.33) can be rewritten as
dv(t
:1(; ) = Av(t) + (), VieR. (5.34)

Since L,, and H are bounded multilinear maps and o (A.) C iR, it follows that for
eachn > 0,
v e BC"T(R,R") andw € BC" (R,R").

Letn € (O, min( min —Re(4), min Re (/l))) . By projecting (5.34) on X,,,
A Aea(Ay)

€0 (As)

we have
dIl,v(1)

dt
or equivalently, V¢, s € R with t > s,

= Aunuv(t) + Huw(t)7
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t
I,y (t) = eI, (s) + / A DI, w(l)dl,

N

t
v (s) = e 4«91, (7) —/ e A I, w(l)dl.

A

By using the fact that v € BC" (R, R"), we obtain when ¢ goes to +oo that
I,v(s) = K,(IT,w)(s), Vs € R.
Thus, for s = 0 we have
I, Ly (1, oo Xm) = Ky (T H (e x1, ..., €4 x1,)) (0).
By projecting (5.34) on X, we obtain

dll;v(t)
dt

= AJLv(?) + ILiw (),
or equivalently, V¢, s € R with t > s,
v (1) = e T Tv(s) + (eA“ * TIow(. + s)) (t-s).
By using the fact that v € BC" (R, R"), we have when s goes to —oo that
II;v(7) = K, (IT;w)(2), Yt € R.
Thus, for ¢ = 0 it follows that
gLy (X105 s Xm) = K (I H (e x1, ..., €2 x,)) (0).
Summing up (5.35) and (5.36), we deduce that
Lon (X1, oo Xm) = (K + Ky) (H (eAC'xl, eAf'xm))(O).
Conversely, assume that L,,(xy, ..., x,,) is defined by (5.37) and set
V(1) = (Ku + Ky) (H (eA"'xl, eAc~x,,,)) (), Vi € R.

Then we have
v(t) = Lm(eAC’xl, ...,eAC’xm), Vi € R.
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(5.35)

(5.36)

(5.37)

Moreover, using Lemma ??-(iii) and Lemma ??-(iii), we deduce that foreach#, s € R

witht > s,
v(r) = e v(s) + (eA' xw(. + s)) (t-s),

or equivalently,

v(t) =v(s)+A/tv(l)dl+/tw(l)dl
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and then
dv(t)
dt
The result follows. |

= Av(t) +w(t), Vt € R.

Remark 5.15 (An explicit formula for L, in Proposition 5.14) Since [ :=
dim (X.) < +oo, we can find a basis {ey, ..., e;} of X. such that the matrix of A,
(with respect to this basis) is reduced to the Jordan’s form. Then for each x. € X,
eA<'x, is a linear combination of elements of the form

thetlx;
for some k € {1,...,1}, some 1 € 0 (A.) C iR, and some x; € {ey,...,e;}. Let
Ayoes A € 0 (Ae) CIR, X1, o0y X € {€1,e0se1}, ki,y ooy ki € {1, ...,1}. Define
f(@t)=H (tk‘ eVixy, ...,tk’"e/lmtxm) ,Vt €R,

Since H € L, (X!, X;,) is m-linear, we obtain

f@t)=tkelly

with
k=ki+ky+..+ky, A=A +... +4,,

and
y=H (X1, .0y Xim) -

Now by using Lemma 5.13, we obtain the explicit formula

(Ko +Ky) (H ((.)k1 Moxy, o, () e’l”"xm)) (0) = (=1)* k! (A = Ap)~**V [T,y € R™.

Remark 5.16 Let o(A.) = {A1,...., 41}, 0(An) = {p1, .., upt.d = (dy,--- ,dp),
d; > 0 are integers. From the proof of proposition 5.14, we get that the spectra of

®,, is
l
(r(G)m): {/ld_#_].]: 1» s D> Zdj :m}a
Jj=1
where A = (A, ,4;), A -d = A1dy + - - - + A;d;. The result in Proposition 5.14 is
equivalent to say that equation (5.22) satisfies the following nonresonance conditions
relative to 0. (A) C o (A) of order m:

!
A-d—puj#0, forall u; € op(A) C o(A), alld = (dy,--- ,d;) with de =m.
J=1

Thus the range of ®,, must be the whole space V" (X, X,).
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53.12 G, € V"™ (X.,R")

We consider the following change of variables
u() =w(t) + G, (I.w(r)), Gy € V(X R"). (5.38)

Then G, (T1.v) € H.,(R") and the map I +G,, oIl : R" — R" is locally invertible
around 0. From (5.28), for each H € V" (X.,R"), to find G,, € V"(X.,R")
satisfying

[A, Gl (xc) = H(x.), (5.39)

is equivalent to find L,, € L (X", R") satisfying

d —~
v [Lm(e?'x1,... e xp)], g = ALm(x1,. .., xm) + H(x1,. .., xm)  (5.40)
for each (x1,...,x,) € X" with

G(H) = H.

By projecting on X. and Xp, it follows that solving system (5.39) is equivalent to
find G, € V"(X., X.) and G" € V"™(X,, X},) satisfying

[A., Gl =T1.H (5.41)

and
[A,G"] =TI,H. (5.42)

Define @, : V" (X, X.) = V™(X., X.) by
05, (G5, = [Ac, G, 1, VG, € V'(Xc, Xe) (5.43)
and ®" : V" (X., X)) — V"™(Xc, X5) by
o (Gf;) = [A, G ], VG e V™(X., Xp).
We decompose V" (X,, X.) into the direct sum
V"(Xe, Xe) =Ry, @ Cry

where
RS, = R(O)

is the range of ®¢,, and Cy, is some complementary space of R, into V™" (X,, X.).
The range of the linear operator ®¢, can be characterized by using the so called
non-resonance theorem.

Proposition 5.17 Let Assumptions 5.9 be satisfied. Let H € RS ® V™ (X., Xp,). Then
there exists G, € V"™(X.,R") (non-unique in general) satisfying

[A,Gu](xe) = H(xc). (5.44)
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Furthermore, if N(©,) = {0} (the null space of ©%,), then G, is uniquely deter-
mined.

Proof 1t is clear that we can solve (5.41). Moreover, we can apply Proposition 5.14
and deduce that (5.42) can be solved. O

Remark 5.18 In practice, we often have
N(6},) N R(O,) = {0},
In this case, a natural splitting of V" (X., X.) will be
V™ (Xe, Xe) = R(©7,) @ N(O},).
Define P, : V""(X.,R") — V" (X,,R") the bounded linear projector satisfying
P (V'(Xe, R")) =Ry, & V™ (Xe, Xp), and (I - Py) (V(X:,R™)) =C;,.

Again consider the system (5.30). Assume that DF(0) = 0. Without loss of
generality we also assume that for some m € {2, ..., k},

[, D7 F(0) |x,xx.x..xx.= 0, G (IeDTF(0) |x,xx.x..xx.) € Cfs  (Cm-1))

foreachj=1,....m— 1.
We will show that we can find G,,, € V""(X.,R") such that after the change of
variables (5.38) we can rewrite the system (5.30) as

dw(t)

= Aw()+H(w(), for1 2 0, and w(0) = (I + G oIl.)"'x e R, (5.45)

where H satisfies the condition (C,,). This will provide a normal form method.

Lemma 5.19 Let Assumptions 5.9 be satisfied. Let G, € V'™ (X, R") . Assume that
u € C([0,7],R") is an integrated solution of the Cauchy problem (5.30). Then
w(t)=U+Gpo I0.)~! (u(t)) is an integrated solution of the system (5.45), where
H : D(A) — R" is the map defined by

H(w(1) = F (w(1) = [A, Gl (Mew(1) + O(Ilw()]™).

Conversely, if w € C ([0, 7] ,R") is an integrated solution of (5.45), then u(t) =
(I + G,y oIl.) w(t) is an integrated solution of (5.30).

Lemma 5.19 can be proved similarly as Lemma 5.12, here we omit it.

Proposition 5.20 Let Assumptions 5.9 be satisfied. Letr > Oandlet F : Bgn (0,7) —
R”™ be a map. Assume that there exists an integer k > 1 such that F is k-time continu-
ously differentiable in Bgn (0,r) with F(0) = 0and DF(0) = 0. Letm € {2, ..., k} be
such that F satisfies the condition (Cy,—1). Then there exists amap G, € V"™(X.,R")
such that after the change of variables

u(t) =w(t) + G (ew(1))
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we can rewrite system (5.30) as (5.45) and H satisfies the condition (C,), where
H(w(1)) = F (w(1) = [A, G (Tlew (1)) + O([w(0)[I™*).
Proof Let x. € X.. We have
H(xc) = F (xc) = [A, Gm] (Texe) + O(|lxel|™).
It follows that

H(x.) = %DZF(O) (Xe, Xe) + o + D™ 'F (0) (xe, ..., xe)

1
(m-1)!
+ P %D'"F(O) (Xerenorxe) |+ (1= Pm)[ D"F (0) (xc, .. -,Xc)

—[A, Gl (xc) + O(llxe ™)

since DF(0) = 0. Moreover, by using Proposition 5.17 we obtain that there exists a
map G,, € V" (X,,R") such that

(4.l (50 = P [ D (0 x|
nm:

Hence,

H(x.) = ! D2F (0) (x¢,xe) +. ﬁDm‘lF(O) (Xes .oy Xe)

+(1 Pn) [ D" F (0) (xe, -, xe) | + Ollxe ™).

(5.46)

By the assumption, we have for all j = 1,...,m — 1 that
I1,D7H(0) |x.xxx...xx. = DD F(0) |x.xXox...xx.= 0
and
G (D7 H(0) [xxx.x..xx,.) = G (e DY F(0) |x.xx,x..xx.) € Cy-

Now by using (??), we have
1 _
%HthH(O) |X(;><XC><...><XU= In,G ! [(I Pm) ( D™F (0) (xc’ e ’xL‘))] =0

and
G (D" H(0) |x,xx.x..xx.) = G {TlcG ™' [(I = Pw) (D"F (0) (xc,....xc))]} € Ch.

The result follows. |
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5.3.2 Normal Form Computation

In this section we provide the methods to compute the Taylor’s expansion and normal
form of the reduced system at any order of a system topologically equivalent to the
original system:

dt (5.47)

du(t

YO _ gu()+ Fu(n). 120,

u(0) =x € R™.

Assumption 5.21 Assume that F € C* (R", R") for some integer k > 2 with
F(0)=0and DF(0) =0.

Set
F1 =F.

Once again we consider two cases, namely, G,, € V"™(X.,Xy) and G,, €
V™ (X, R™), respectively.
5321 G, € V" (X., Xp)

For j = 2,...,k, we apply Proposition 5.14. Then there exists a unique function
G; € VJ (X¢, Xp,) satisfying

[A.G/] (xc) = %nthFj_l(O) (Xes o Xe), Ve € Xe. (5.48)
Define &; : R" — R" and f‘]‘.l :R" - R" by
&j(x) :=x+G;(Il.x) and f}l (x) :=x -G ;(II.x),Vx e R".
Then
Fi(x):=Fj_1 (£; (0)) = [A, G| (INex) = DG ;(Tlex) [T Fj—y (€5 (1))] -
Moreover, we have for x € R” that
I Fj(x) =I.Fjy (£ (x)) =TI Fjoy (x + G (Tex))
Since the range of G; is included in X}, by induction we have
[.Fj(x) = F (x + Gy (ex) + G3 (I1ex) + ... + G (Iex))
Now, we obtain
I, D7 Fi (0) |x.xx.x..xx.=O0forall j = 1,..., k.

Setting
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ur(t) = & o0& oo &5 (u(t)) = u() =Gy (Meu())-Gs (Meu(t))—..~Gr (Meu(t))
we deduce that uy () is an integrated solution of the system

du;t(t) = Aug(t) + Fi(ug (1)), >0,

uk(O) =Xr € D(A)

(5.49)

Applying the center manifold theorem in Chapter 14 and Lemma 5.10 to system
(5.49), we obtain the following result which is one of the main results of this Chapter.

Theorem 5.22 Let Assumptions 5.9, 5.21 be satisfied. Then by using the change of
variables

ur(t) = u(t) = Go (Ieu(t)) = Gz (Meu(r)) — ... = G (Ieu(t))
o
u(t) = ur(t) + Go (Ieug (1)) + Gz (Meug (1)) + ... + G (Meug (1)) ,

the map t — u(t) is an integrated solution of the Cauchy problem ( 5.47) if and
only if t — uy (1) is an integrated solution of the Cauchy problem (5.49). Moreover,
the reduced system of Cauchy problem (5.49) is given by the ordinary differential
equations on X, :

xe (1) + Ga (xe (1) +
G3 (xc (1)) + ... + G (xc (1))

dx.(t)

& = Acxe (1) + 11 F

+ Rc (xc(1)), (5.50)

where the remainder term R, € C* (X.., X..) satisfies
D’R. (0) =0 foreach j =1, ...k,

or in other words R (x.(t)) is a remainder term of order k. If we assume in addition
that F € CK*?(R",X), then the map R. € C*?(X.,X.) and R. (x.(1)) is a
remainder term of order k + 2, that is

Re (xe) = xel*? 0 (xe) (5.51)

where O (x.) is a function of x. which remains bounded when x. goes to 0, or
equivalently, _
D’R.(0)=0foreachj=1,.., k+1.

Proof By applying the center manifold theorem in Chapter 14 and Lemma 5.10 to
system (5.49), there exists W € ck (X¢, Xp,) such that the reduced system of (5.49)
is given by

dx (1)

g = AcXc(DHIF [xe (1) + G2 (xc (1) + G5 (xc (1) + ... + G (xe (1)) + Wi (xc (1))

and _
D’¥, (0)=0forj=1,..,k.

By setting
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Re (x¢) = F [xc + G2 (xc) + G3 (xc) + ... + G (xe) + P (xc)]
I F [xc + Ga (xc) +G3 (xc) + ... + G (xe)]

we obtain the first part of the theorem. If we assume in addition that F €
Ck+2 (R",R"), then ¥ € C**? (X., X;,) . Thus,

R € C**2 (X, X.).

Set
h(xe) =xc+Go(xe) +G3 (xe) + ...+ G (x¢) .
We have
Re (x¢) = e {F [h(xe) + Wi (xc)] = F [h(xc)]}
|
~ 1o [ DF (hxe) + 5% (30)) (% (50) .
0
Define

h(xe) = hixe) + ¥k (xc)
Since DF(0) = 0, we have

DF (fi(xe)) (¥k (x0)) = DF (0) (i () + /0 0 (1)) (R0 Wi (1))

= /1 D2F (l’/;(xc)) (E(xc),\llk (xc)) dl.

0

Hence,

Re (x0) =TI, /O | /0 DRF (1 (h(xe) + 5% (v00)) (hre) + 5% (x0) W (x0) s

(5.52)
and h(x.) is a term of order 1, ¥ (x.) is a term of order k + 1, it follows that (5.52)
holds. This completes the proof. O

Remark 5.23 In order to apply the above approach, we first need to compute I1. and
A¢, then ITj, := I —TI. can be derived. The point to apply the above procedure is to
solve system (5.48). To do this, one may compute

(Al - Ap)7* %Hth F (0) (5.53)

for each 4 € iR and each k > 1 by using Remark 5.15, or one may directly
solve system (5.48) by computing Hh%Dj F;_1. This last approach will involve the
computation of (5.53) for some specific values of 1 € iR and some specific values

of k > 1. This turns out to be the main difficulty in applying the above method.

In the application of chapter 17, we will use the last part of Theorem 5.22 to avoid
some unnecessary computations. We will apply this theorem for k = 2, F in C*,
and the remainder term R, (x.) of order 4. This means that if we want to compute



5.3 Normal Forms for Reduced Differential Equations on the Center Manifold 247

the Taylor’s expansion of the reduced system to the order 3 (which is very common
in such a context), we only need to compute G;. So in application the last part of
Theorem 5.22 will help to avoid a lot of computations.

5322 G, € V" (X, R")

Now we apply Proposition 5.20 recursively to (5.47). Set
up =u.

Form =2,...,k,let G,, € V" (X.,R") be defined such that
1
[A, Gl (xe) = P %DmFm,l (0) (x¢,...,xc)| foreachx. € X..

We use the change of variables
Um—1 = Uy + Gy (Tettyy,) .
Then we consider F,, given by Proposition 5.20 and satisfying
Fon(ttm) = Fonet () = [A, G ] (Tett) + O ([t ]|™).
By applying Proposition 5.20, we have
1,D? F,, (0) |x, xx.x..xx,= 0, forall j =1, ..., m,

and
G (DY Fn(0) |x,xx,x..xx.) € Cf, forall j=1,....m.

Thus by using the change of variables locally around 0
up(t) = (I +GiIle) ™ o (1 + G3I1) ™ (1 + Golle) ™ u(r),

we deduce that ug (¢) is an integrated solution of system (5.49). By using the center
manifold theorem in Chapter 14 and Lemma Lemma 5.10 to (5.49), we obtain the
following result which is the main result of this Chapter and indicates that systems
(5.49) and (5.47) are locally topologically equivalent around 0.

Theorem 5.24 Let Assumptions 5.9 and 5.21 be satisfied. Then by using the change
of variables locally around 0

up(t) = (I+GeIl) ™ . (T4 G3IL) ™ (1 + GoI1) ™ u(r)
(=4
u(t) = (I +GoIl.) (I +GsIl.) ... (I + GrlIle) ur(e),

the map t — u(t) is an integrated solution of the Cauchy problem (5.47) if and
only if t — uy (t) is an integrated solution of the Cauchy problem (5.49). Moreover,
the reduced equation of Cauchy problem (5.49) is given by the ordinary differential
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equations on X, :

dxc (1)

k
- Acxc(t) + Z %HCD'”F/( (0) (xc(t)y e xc () + Re (x:(1))

m=2

where
1
G (%HCDka(O) |X<‘><Xc><...><Xc) €Cy, forallm=1, ...k,

and the remainder term R, € C* (X, X.) satisfies
D’R. (0) =0 foreach j =1, ...k,

or in other words R (x.(t)) is a remainder term of order k. If we assume in addition
that F € CK*2 (R™,R™) . Then the reduced equation of Cauchy problem (5.49) is
given by the ordinary differential equations on X :

k+1
S = A0+ 3 D (0) (e 5e)  Re ).

the map R. € C**? (X., X.) , and R. (x.(1)) is a remainder term of order k +2, that
is
Re (xc) = ”xc”k-'-2 0 (x¢),

where O (x.) is a function of x. which remains bounded when x. goes to 0, or
equivalently, _
D’R.(0) =0foreachj=1,...k+1.

Proof By the center manifold theorem in Chapter 14 and 5.10 to (5.49), there exists
¥, € C* (X., X;,) such that the reduced system of (5.49) is given by

dx (1)

dt = Acxc(t) + 1 F [xc (t) + W (xc([))]

and _
D’¥, (0)=0forj=1,..,k.

By setting
R (x0) =T Fy [xc + Wi (xo)] =T Fy (x¢),

we obtain the first part of the Theorem. If we assume in addition that F €
Ck+2 (R™ R™), then ¥ € C**? (X., X1,) . Thus, R, € C**? (X,, X.) and

R, (xc) =11, {Fk [xc + Wi (xc)] - Fy (xc)}

1
Y / DFy (xe + s (x0) (¥y (x0)) ds.
0

Set
h(xe) :=xc + Wi (x¢) .
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Since DF(0) = 0, we have
1
DFy (h(xc)) (Wi (xc)) = DFi (0) (Wi (xc)) + /0 DFy (Ih(xc)) (h(xc), Wk (xc)) dl

1
B /o D Fy (Ih(xe)) (h(xe), W (xc)) dl.

Hence,

1 1
Re (x0) = I, /0 /0 D2Fy (I (xe + 8% (x0))) (re + %5 (x0) . P (x0) dlds

and ¥y (x.) is a term of order k + 1, it follows that
Re (x¢) = ||xc||k+2 0 (x¢) .

The result follows. O

5.4 Remarks and notes

A normal form theorem was obtained first by Poincaré [ 1 76] and later by Siegel [197]
for analytic differential equations. Simpler proofs of Poincaré’s theorem and Siegel’s
theorem were given in Arnold [7], Meyer [165], Moser [168], and Zehnder [231].
Normal form theory has been extended to various classes of differential equations.
In the context of functional differential equations we refer to Faria [72, 73]. In the
context of autonomous partial differential equations we refer to Ashwin and Mei
[9] (PDEs on the square), Eckmann et al. [65] (abstract parabolic equations), Faou
et al. [68, 69] (Hamiltonian PDEs), Hassard, Kazarinoff and Wan [99] (Functional
Differential Equations), Faria [70, 71] (PDEs with delay), Foias et al. [78] (Navier-
Stokes equation), Kokubu [125] (reaction-diffusion equations), McKean and Shatah
[162] (Schrodinger equation and heat equations), Nikolenko [173] (abstract semi-
linear equations), Shatah [192] (Klein-Gordon equation), Zehnder [232] (abstract
parabolic equations), Chow et al. [41] (and references therein) for a normal form
theory in quasiperiodic partial differential equations. Liu et al. [ 147] present a normal
form theory for an abstract non-densely defined Cauchy problem on Banach space
recently.

For the computation of normal forms near a equilibrium solution presented in the
first part of this chapter, we refer to the books [32], [216], [19] [30], [225], [86] by
Arnold [7], Chow and Hale [30], Guckenheimer and Holmes [86], Meyer and Hall
[164], Siegel and Moser [198], Chow et al. [32], Kuznetsov [129], Bibikov [19],
Wiggins [225] and others for more details.

In the study of nonlinear dynamical systems, the center manifold theory is very
important in reducing the dimension of equations, while the normal form theory is
very useful in simplifying the forms of equations restricted on the center manifolds.
Both of them are useful for the study of bifurcation problems. The second part of
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this chapter is devoted to show methods to compute the normal form associated with
the flow on center manifold which is inspired by Liu, Magal and Ruan [147]. In this
part we present two approaches to compute the normal form associated with the flow
on center manifold. One method is to compute the Taylor’s expansion of the reduced
system associated with the flow on center manifold by performing inductively a
sequence of change of coordinates on the nonlinear hyperbolic part of the system
and then we can compute the normal form of the reduced system using the procedure
in section 2 of this chapter. We can also use a sequence of change of coordinates to
get the Taylor’s expansion of the reduced system associated with the flow on center
manifold and, simultaneously, to eliminate the non-resonant terms of the reduced
system.



Part 11
Applications to Predator Prey Systems






Chapter 6

A Holling’s predator-prey model with handling
and searching predators

This chapter provide an example of monotone ordinary differential equation in the
context of predator prey system. This chapter is based on the paper of Hsu, Liu and
Magal [ 18].

6.1 Introduction

The article is devoted to the following predator prey system with handling and
searching predators

N’ =BNN — unN — 5N? —N« Pg
N————
Logistic growth Consumption of prey by predators

Py =—(up+n)Ps -PspkN +yPy

— ~—

Mortality Searching becoming handling

Py =—upPu +PspkN -yPu +Bp (Ps+Ph)

N——— N—— N— ————

Mortality Handling becoming searching ~ New born predator

6.1)
where N (¢) is the number of prey at time ¢, Ps (¢) is the number of predators searching
for prey at time ¢, and P () is the number of predators handling the prey at time z.

Here the terminology "handling and searching predators" refers to Holling himself
[109]. We should mention that Metz and Diekmann had similar ideas of searching
and handling predator in their edited book [163, pages 6-7]. In the model (6.1), the
term Bp (Ps(t) + Py (1)) is the flux of new born predators. Here we assume that
all the new born predators are handlers. The parameter p should be interpreted as a
conversion rate. The term Pg(¢) p k N(t) (in the Pg-equation or the Pp-equation)
is a flux of searching predators becoming handling predators. The term y Py (¢) (in
the Pg-equation or the Pp-equation) is the flux of handling predators becoming
searching predators. The term up is the natural mortality of the predators and 7 is an
extra mortality term for the searching predators only. The term N (¢) « Pg(¢) in the

253
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N-equation corresponds to the consumption of the prey by the predators. The part
BNN(t) — unyN(t) — SN (t)? in the N-equation is the standard logistic equation.

The main idea about this model is to distinguish the vital dynamics (birth and death
process) of the predators and their survival due to the consumption of prey. In the
model the survival of predators will depend on the status searching or handling. The
handling predators are satisfied with their consumption of prey and they don’t need
to find more prey to survive. At the opposite the searching predators are unsatisfied
with their consumption of prey and they need to find some prey to survive. Once a
searching predator finds a prey (or enough prey) he becomes a handling and after
some time the handling predator becomes a searching predator again.

This process only influences the survival of predators which depends on their
ability to find a prey. In our model, a predator can reproduce at time ¢ because he
found enough prey to survive from its birth until the time ¢. In section 6.2 we will
first make some basic assumptions in order for the predators to extinct in absence of
prey. Then based on these setting we will analyze the dynamical properties of the
system (6.1). The main advantage with the model (6.1) is that we can separate the
vital dynamic and consumption of prey to describe the behavior of the predators.
This will be especially very convenient if we want to add an age or size structure to
the predator population. This kind of question is left for future work.

In section 6.6 we will see that our model is also comparable to the standard

1
predator prey model whenever p = X and v = — for &€ > 0 small which means

g
that predators are going back and forth from handling to searching very rapidly.
In that case (as a singular limit) we obtain a convergence result to the standard
Rosenweig-MacArthur model [183]

N mN
N =rN|1- —) -P ,
K a+N
N (6.2)
P’ =P ( - d) ,
a+N
which is the most popular predator-prey system discussed in the literature.
Let us recall that the derivation of Holling type II functional response % can
be found in Holling [108, ] and Hsu, Hubbell and Waltman [1 15]. There are two

mathematical problems for the system (6.2), namely, the global asymptotic stability
of the locally asymptotically stable interior equilibrium (when it exists) and the
uniqueness of the limit cycles when the interior equilibrium is unstable. For the
global asymptotic stability of this equilibrium we may apply the Dulac’s criterion
Hsu, Hubbell and Waltman [ | 1 7], weak negative Bendixson Lemma Cheng, Hsu and
Lin [26] or construction Lyapunov function Ardito and Ricciardi [5]. For uniqueness
of limit cycle of Rosenzweig-MacArthur model (6.2), Cheng [25] employed the
symmetry of the prey isocline to prove the exponential asymptotic stability of each
limit cycle. Kuang and Freedman [128] reduced (6.2) to a generalized Lienard
equation which has the uniqueness of limit cycle Zhang [239]. We refer to Murray
[169], Hastings [100], Turchin [212] for more results about predator prey models.
The plan of the paper is the following. In section 6.2 we set some basic assumptions
in order for the predators to extinct in absence of prey. In section 6.3 we prove
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that the system is dissipative. In section 6.4 we study the uniform persistence and
extinction properties of the predators. We study the system in the interior region
which corresponds the region of co-existence of prey and predators in section 6.5.
We should mention that we can obtain a rather complete description of the asymptotic
behavior thanks to the fact the system is competitive (for a new partial order). In
section 6.6 we prove the convergence of our model to the Rosenweig-MacArthur
model. In section 6.7 we apply the model to the Canadian snowshoe Hares and the
Lynx.

6.2 Basic assumptions

In this section, we set some basic assumptions in order for the predators to extinct
in absence of prey. Consider the total number of predators

P =Py +Ps.
Then
P'=(Bp—pup—1n) Ps+(Bp—ur) Pu.
The following assumptions mean that when ;,)—fl > — %, the total population

of predators decreases. The total population of predators increases otherwise.

Assumption 6.1 We assume that all the parameters of the model (6.1) are strictly
positive and

BN —pn >0, Bp—pup >0and Bp—pup—n<0.

In absence of prey the dynamics of predator population is described by

Py =—(up+n)Ps+yPy
Py, =BpPs+ (Bp—pp—7) PH.

Define

_|—MP—7 Y
M_[ Bp Bp—pp-7v|’ 63)

By using Assumption 6.1 we have
tr (M) = (Bp —up—7v)— (up+n) <O0.

Therefore in absence of prey the population of predators goes to extinct if and only
if

det (M) = — (up +1n) (Bp —up —v) —Bpy > 0.

This last inequality can be equivalently reformulated in the following assumption.

Assumption 6.2 (Extinction of the predators) We assume that
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Pry Bp - pp) < ——~
Hp+7 HptT

Bp—pp—7v) <- Bp—up—-n). (64)

Remark 6.3 The first inequality in (6.4) implies that (8p — up —y) < 0. Moreover
the second inequality in (6.4) and (Bp — pp) > 0 imply that (8p — up — ) < 0.

Lemma 6.4 Let Assumptions 6.1 and 6.1 be satisfied. Then in absence of prey the
population of predators goes to extinct.

6.3 Dissipativity

In this section, we will prove that the system (6.1) is dissipative. We look for a
positive left eigen-vector (Pg, Py) € (0,+00)? and an eigenvalue A > 0 such that

(Ps, Pr) [_#EP_ 7 Bp 'ZP _ 7] = -A(Ps, Pn)

that is equivalent to

{—Lﬂp +n) Ps +BpPy = -APs_ o {ﬁzjf’ﬂ =[(up+m) - Ps
YPs+(Bp —pp —7y) Py = -APy yPs=[-(Bp —up—7y) -] Py.

Thus the sign Pg and P are the same if we impose
A € (0,min((up +n),—(Bp —up —7)))

and A must satisfy the following equation

_ [up+m) =4 [=(Bp—pp—y) -4
Bp 4

1

=¥Q).

The function 2 — ¥ (1) decreases between 0 and min ((up +7),— (Bp — up —y))
and by using (6.4) we have W(0) > 1. It follows that there exists a unique 1* €

(0, min ((up +1), - (Bp — up —v))) such that

[(up+n) = A"] [-(Bp —pp—7y) —2"]
Bp Y .

1= (6.5)

Note that i
[- (Bp —pp—7y)—A"]

Y
By assumption (8p — up) > 0 it follows from (6.5) that

[(up +n) — A7)
Bp

<le -(Bp-pup) <"

> 1.

Since _ _
yPs = [-(Bp —up —7y) = ] Pu,
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it follows that _ _
Py > Ps > 0. (66)

By using Ps-equation and Py -equation of system (6.1) we obtain
PP+ Py Py = -1 ﬁSpS+1’5HPH] - (ﬁs—ﬁH)PSpKN. 6.7)

By using the N-equation and comparison principle it is clear that we can find some
N* =max (N(0), (By — un) /6) such that

N(f) < N*,Vt >0,
where N (0) is the initial value. Then it follows that
o (Pu = Ps) N'+PsPitPuPyy < —p (P = Ps) unN-2" | PsPs + Py P |+ (P = Ps) B

and the dissipativity follows.
Set

p (ﬁH - f’s)ﬁNN*
min (MN P /l*)
As a consequence of the last inequality, we obtain the following results.

M = > 0.

Proposition 6.5 Ler Assumptions 6.1 and 6.2 be satisfied. The system (6.1) generates
a unique continuous semiflow {U(t)},5q on [0, 0)3. Moreover the domain

D ={(N.Ps,Pyy) € [0,00)" : p (Pyy — Ps) N+ PsPs + PPy < M|
is positively invariant by the semiflow generated by U. That is to say that
U(t)D c D,Vt > 0.
Furthermore D attracts every point of [0, c0)> for U. That is to say that
lim §(U(1)x, D) = 0,¥x € [0, 0)’,

where 6(x, D) :=infyep ||x —y|| is the Hausdor[f’s semi-distance. As a consequence
the semiflow of U has a compact global attractor A C [0, ).

6.4 Uniform persitence and extinction of predators

In this section, we study the uniform persistence and extinction of the predators.
Firstly we consider the existence of the equilibrium. The equilibrium (ﬁ, Ps, ﬁH) €

[0, 00)3 satisfies the following system
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0=N By —un —6N — KI_JS],
0=—(up+nPs—PspkN+yPy,
0= —pupPy +PspkN—yPy + Bp (ﬁs+ﬁH).

By using Assumptions 6.1 and 6.2, we deduce that the only equilibrium satisfying
=0is E; = (0,0,0). If we assume next that N > 0, we obtain the system

0=pNn —un — 6N — kPs,
0=—(up+nPs—PspkN+yPy,

OZ—/JPPH+PspKN—’yPH +ﬂp (Ps+ﬁH).

From the first equation we have

— —~ K —
N=N-—P
50s
with 5
= N —HUN
N=—
6
By adding the last two equations, we have
_ +n - _
By = (up+nm ,BP)PS.
(Bp — pp)

Combining the above two equations with

~(up+n)Ps—PspkN+yPp =0,

we have
(BN —HuN) P K (/JP+77—,3P))— K p =2
- +7n) — + P Py =0
((,UP n) 5 Y (Br — up) N 5 'S
and then

7(#P+77—,3P)) g +(,8N_ﬂN).

Ps=0orPs = ((HP+77) -
(Bp—up) | K%p K
Thus we get the following lemma.

Lemma 6.6 Let Assumptions 6.1 and 6.2 be satisfied. System (6.1) always has the
following two boundary equilibria

Ei=(0,0,0), E»= (ﬁ, o,o).

Moreover there exists a unique interior equilibrium E* = (N*,P;,P;‘q) if and
only if

By —un) (Bp —up)kp+6 (Bp —pp) (p +1) > —=6y(Bp —up —1n). (6.8)
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Furthermore, we have

_ = (Bp—pup) (up+n) —y(Bp —up —n)

N = Bp — pp) Kp -0

P —Up
P o= 0 (IBP_HP)E#P"'U)"'(S?’(IBP_HP_U) + (BN —un) (Bp — pp) kp 50
§ (Bp —up) K p ’
P;:-%P;w.

6.4.1 Stability of the equilibrium E;

The Jacobian matrix at the equilibrium E| is

By —un 0O 0
0  —pp-n Y
0 Bp Bp—up-—v

and the characteristic equation is

[(A+pp+n) (A= (Bp—up—7v) —Bpy] [1- (B~ —un)] =0.

So one of the eigenvalues is A1 g, = By — un > 0. Thus we can get that the
equilibrium E is unstable. The rest of the spectrum coincides with the spectrum of
the matrix M defined in (6.3). Thus we obtain the following lemma.

Lemma 6.7 Let Assumptions 6.1 and 6.2 be satisfied. The equilibrium E is hyper-
bolic and the unstable manifold is one dimensional.

6.4.2 Stability of the equilibrium E,

The Jacobian matrix at the equilibrium E; is

= (BN — uN) —kN 0
0 - ((,UP +1) +pKN) Y
0 p&N+pBp Bp—up =y

and the characteristic equation is

(44 p + 14 V) (A= (B = 1p = 1)) = ¥ (kN + Bp) | (1 + (Br = )] =0,

So one of the eigenvalues is A1 g, = — (By — un) < 0 and the remaining part of the
characteristic equation is
X +al+b=0

with
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a= (,up+77+ pKﬁ)—(,BP—MP—J’)

and
b= (up+vy-pBpr) (HP+TI+ Pkﬁ)—Y(PKﬁ+/3P)~

By using Assumptions 6.1 and 6.2 we have a > 0. Moreover by using the Routh-
Hurwitz criterion E; is stable if and only if » > 0 which corresponds to

(up+v - Bp) (,up +n+pK1V) —y(pkﬁ+ﬁp) >0
© (BN —un) (Bp —pup)kp+06 (Bp — pp) (up +n) < —0y(Bp —up —1n)
Now we obtain the following result.

Lemma 6.8 Let Assumptions 6.1 and 6.2 be satisfied. E; is unstable if the interior
equilibrium exits (i.e. the condition 6.8 is satisfied) and the unstable manifold is one
dimensional and the stable manifold is two dimensional.

6.4.3 Extinction of the predators and the global stability of E»
We decompose the positive cone M = R? into the interior region

M ={(N,Ps,Py) € M:N>0and Ps + Py > 0},
the boundary region with predators only
OMp = {(N,Ps,Pg) e M:N =0}, (6.9)
and the boundary region with prey only

oMy = {(N,Ps,PH)€M2P5+PH=0}. (6.10)

Each sub domain M, d M p and d My is positively invariant by the semiflow generated
by (6.1).

Theorem 6.9 Let Assumptions 6.1 and 6.2 be satisfied. Assume that E; is lo-

cally asymptotically stable (i.e. (,up +n+ pkﬁ) (up+y-Bp) >y (,BP + pkﬁ)).
Then the predator goes to extinction. More precisely for each initial value in
M = (N(0), P5(0), Pu (0)) € [0,0)?,

tlim Ps(t) + Py (1) =0.

and R
N, if N(0) > 0,

lim N(7) = {0’ N (D) = 0.

t—00
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Proof The boundary region with predator only d Mp is positively invariant by the
semiflow generated by (6.1) and by Assumption 6.2 any solution starting from 0 Mp
exponentially converges to E.

o
So it remains to investigate the limit of a solution starting from M U My \{E}.
We consider the Liapunov function

N (f _ 1’\7
V(N, Ps, Py) =/A Td§+c1PS+c2PH 6.11)
N
where ¢; > 0 and ¢, > 0 to be determined. We have

V=(N=N)(By - v - 6N - kPs)

+c1 (=(up +n)Ps — pkPsN +yPp)

+cy (~upPy + pkPsN —yPy + Bp (Ps + Py))

- (N—JV) (—5 (N—ﬁ) —Kps)

+c (—(,up +1n)Ps — pkPs (N —ﬁ) —pKPSﬁ+yPH)

+Cco (—/JPPH +pKPS (N—ﬁ) +pKP5ﬁ—’yPH +ﬂp (PS +PH)) .

Thus we obtain

. )2 _
v=—5(N—N) + kPs (N—N) (=1 —c1p +cap)

+Ps (—Cl(MP +1) — c1pkN + copkN + 02,31))
+Pg (—coup +c1y — c2y + c28p) .

. 1
We claim that we can choose ¢; > 0 and ¢; > 0 such that ¢; = ¢; + — and the
0

following inequalities are satisfied
—Cl(/,lp+7])—C1pK]V+Cngﬁ+C2ﬂp < 0and —cyup+cry—cry+cyBp < 0. (6.12)

In fact the inequalities in (6.12) lead to consider the lines

Y

ci——— (Ly)
up+y-Bp

Cy) =

and R
+1n) + pkN
1 M (Ly).
,BP + pKN
By Assumption 6.2 (see Remark 6.3) we have up +y — Sp > 0 and by Assumption
6.1 we have up +n > Bp and then

Cy) =

(up+m) +pkN

= 1.
Bp + pkN

Note that



262 6 A Holling’s predator-prey model with handling and searching predators

(up+m) +pkN y
Bp + pkN up +y—pBp
< (up +n+pKN) (up+7y—pBpP) >7(,6’P+pKN)

and thus we obtain that the slope of L, is greater than the slope of L;. Finally we
have

~ =~ N
Nhn(l) V(N,Ps,PN) = (N—N)—Nln(:)+C1P5+C2PN = 400,
-0t N

By LaSalle’s invariance principle we obtain that E» is globally asymptotically stable
for the system restricted to M U 0 My \{E}. O

6.4.4 Uniform persistence of the predators

We decompose the positive cone into
R:=OMUM
where the boundary region is defined as

OM :=0Mp UMy .

It is clear that both regions M and dM are positively invariant by the semiflow
generated by the system. Moreover we have the following result.

Theorem 6.10 Let Assumptions 6.1 and 6.2 be satisfied. If the interior equilibrium
exits then the predators uniformly persist with respect to the domain decomposition

oM ,1\(;[ . That is to say that there exists v > 0 such that for each initial value
N(0) > 0 and Ps(0) + Pg(0) >0

liminf N(¢) > v and liminf Pg(t) + Py (t) > v.
t—o00 t—o00

Proof The equilibrium E; = {(0,0,0)} is clearly chained to E; = {(ﬁ ,0,0)}. By
using Theorem 4.1 in [96], we only need to prove that

WS(EI') N 1‘04 =g,
where i = 1,2 and
W*(E;) ={(N,Ps,Pu) € M : o((N, Ps,Py)) # @ and w((N, Ps, Py)) C E;},

where w means the w-limit set. Assume that there exists E® = (N 0 Pg, Ploq) eM

(which means N° > 0 and P$ + P}, > 0) such that w(E®) C E|. Then for any & > 0,
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there exists ty > 0, such that
N(t) + Ps(t) + Py (1) < &,Vt 2 1y
where (N(t), Ps(t), Py (1)) = U(t)E°. By using the first equation of model (6.1)
N’ =BNyN — uxyN - N> — N« Ps,
we have
N > N(BNy —Un — 6 —keE).

Therefore for £ > 0 small enough, we have By — uy — de — k& > 0 and then

lim N(t) = co

t—o00

which is in contradiction to the dissipativity of the model. Assume that there exists
EY = (NO,Pg,P(I)J) € 1\04 such that a)(EO) C E,. Then for any & > 0, there exists
to = 0, such that

‘N(t) - ﬁ‘ + Ps(f) + Py (t) < eVt > 1o

where (N(1), Ps(t), Pu(t)) = U(t)E°. By using the two last equation of system
(6.1), we obtain

l

Py > —(up +n)Ps — Pspk (N + 8) +yPu

(6.13)
Py, > ,upPH+PSp/<(N 8) YPu +Bp (Ps+ Pu)

By using the fact that for & > 0 small enough the right hand side of (6.13) is a
cooperative system together with Lemma 6.8 we deduce that

lim Ps(t) + PH(t) = 00
t—o0

This gives a contradiction with the dissipativity of the system. Therefore the uniform
persistence follows. O

As a consequence of the dissipativity as well as the uniform peristence (see Magal
and Zhao [160]) we deduce the following result.

Theorem 6.11 Let Assumptions 6.1 and 6.2 be satisfied. Assume in addition that
the interior equilibrium exits. Then the system (6.1) has a global attractor Ay in the
interior region M Namely Ag is a compact invariant set by the semiflow generated

by (6.1) on M and Ay is locally stable and attracts the compact subsets of M
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6.5 Interior region

In this section, we will study the system in the interior region which corresponds to
the region of co-existence of prey and predators.

6.5.1 Local stability of E*

The Jacobian matrix at the equilibrium E* is

(BN = un —26N* = k P) -N*k 0
-Pspk —(up+n+ pxN¥) Y
Pgpx pPkN* +Bp  Bp—Hp—7Y

and the characteristic equation is

B +pi2+pAl+p3=0

with

p1==(Bn —uN —20N" = k Pg) + (up +n+ px N*) = (Bp — up — ),
pr=—(up+n+ pkN*) (BN —un —26N* — k P§) = N* kPs pk
+ (BN —un —26N" — k P5) (Bp — pp — )
—(up+n+ pkN*)(Bp —pp—y) = (pkN" +Bp)7,
p3 = (BN —pn = 26N" = k P§) (up +n+ pk N*) (Bp — pp —y)
+N kyPspk+vy (BN —pun —26N* = k P5) (pk N* +Bp) +
PspkN"k(Bp —up —7).
By using Routh-Hurwitz criterion, we get that the equilibrium E* is stable if and

only if
p1>0,p1po—p3>0and p3 > 0.

By computing, we have

1= —kp (Bp —pp —vy) (Bp—pp) —y (6+kp) (Bp—pp—n) —6(Bp —pp) (up+1)

kp (Bp —pp)
by = [(Bp —up —7y) (up +1) +yBpl{(Bp —pp) [6 (Bp+n+7y) +kp (BN — un)] —26yn}
kp (Bp — pp)* |
[(Br e =) Gum-+ )+ 01 {70 P12 720 (v - 9P|
pP3=

kp (Bp —pp)

Thus we have the following result.
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Lemma 6.12 Let Assumptions 6.1, 6.2 and inequality (6.8) be satisfied. The equi-
librium E* is stable if and only if (Bp — up)lkp(Bn — un) + 6(n +y)] <
6[2yn = Bp(Bp — 1p)l.

6.5.2 Three dimensional K-competitive system

In this section we use a Poincaré-Bendixson theorem for three dimensional K-
competitive system.

Theorem 6.13 ([20], Theorem 4.2 p. 43]) Let the autonomous system of ordinary
differential equations x’ = f(x) be a competitive system, where f is continuously
differentiable on an open subset D C R? and suppose that D contains a unique equi-
librium point p which is hyperbolic. Suppose further that W5 (p) is one-dimensional
and tangent at p to avectorv > 0. If g € D\ W*(p) and y* (q) has compact closure
in D then w(q) is a nontrival periodic orbit.

By applying this theorem to the system (6.1) restricted to the interior global
attractor Ay we obtain the following result.

Theorem 6.14 Suppose that E* = (N*, Py, P}{) exists and is hyperbolic and unsta-
ble for (6.1). Then the stable manifold W* (E*) of E* is one dimensional and the
omega limit set w (N (0), Ps(0), Py (0)) is a nontrivial periodic orbit in R for every
(N(0), Ps(0), P (0)) € RI \ W* (E¥).

Proof The Jacobian matrix of the vector field (6.1) at the point (N, Ps, Py) €
(0, )3 is given by

(BN —/JN)—25N—KPS —kN 0
J= —pkPs = (up +n) — pkN Y . (6.14)
pKPg pkN + Bp —up+pBp—vy

The off-diagonal entries of J are sign-stable and sign symmetric in R3.

Let
K ={(N,Ps,Py) €R*: N >0,Ps >0,Py <0}.

The system is K-competitive, since the matrix of the time-reversed linearized system
—J is cooperative with respect to the cone K. O

6.6 Convergence to the Rosenzweig-MacArthur model

The time scale for the life expectancy (as well as the time scale needed for the
reproduction) is the year, while the time needed for the lynx to handle the rabbit
is measured by days (no more than one week). Therefore there is a huge difference
between the time scales for the vital dynamic and the consumption dynamic.
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The consumption of prey by the predator is a fast process compared to the vital
dynamic which is slow. In the model y~! is the average time spent by the predators
to handle prey. y~! should be very small in comparison with the other parameters.
Then it makes sense to make the following assumption.

Assumption 6.15 Assume that
1
p= X andy = —
& g
with ¢ < 1 is small.
Under the above assumption the system (6.1) becomes
N = (B — un) N® = 6(N¥)* = kN° P§
Ps=—(up +mP5 - _kN°Pg+ —Pp (6.15)
y 1
P =-upP  +XkN°PE - —Pf+pp (PSP
and we fix the initial value
NS(O) =Ny >0, P?(O) = Pgo > 0and PZ(O) =Ppo>0.

The first equation of (6.15) is

N® = (By - un) N — 5(N¥)2 — kN* PE. (6.16)

Hence '
N® < (BN —un)N®. (6.17)

By summing the two last equations of (6.15) we obtain

P® = (Bp — pup) P® —nPg (6.18)
and P¢ > 0 implies that 4
P < (Bp — up) P°. (6.19)

Therefore by using (6.17) and (6.19) we obtain the following finite time estimation
uniform in &.

Lemma 6.16 For each T > 0 we can find a constant M = M(t, Ny, Py) > 0
(independent of € > 0) such that

0<N®(t)<Mand0 < P®(r) < M,Vt € [0,1]. (6.20)
and

sup |N5(t)| < M and sup |P8(t)| <M. (6.21)
tel0,7] tel0,7]
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Proof We first deduce (6.20) by using the inequalities (6.17) and (6.19). By using
the fact Pg > 0 and Py > O we have

0<Pg(t) <M, and 0 < P (1) < M,Vt € [0,7]. (6.22)
Therefore by injecting these estimations into (6.16) and (6.18) we deduce (6.21). O

By using Lemma 6.6, and the Arzela-Ascoli theorem we deduce that we can find
a sequence &, — 0 such that
lim N®* = N and lim P®" =P
n—oo n—oo
where the convergence is taking place in C([0, 7], R) for the uniform convergence
topology.
Moreover by using the fact that Pf; = P® — Pg, the Pg-equation can be rewritten
as

: 1
P§=—((#P+n)+)§(KN£)P‘§+;(Ps—Ps‘f)- (6.23)

By using (6.22), the map ¢t — Pg(¢) is bounded uniformly in &. So the family
&y — P’SE" is bounded in L*® ((0,7),R) which is the dual space of L' ((0,7),R).
Therefore by using the Banach-Alaoglu-Bourbaki’s theorem, we can find a sub-
sequence (denoted with the same index) such that &, — P?" convergences to Pg €
L* ((0,7),R) for the weak star topology of o (L™ ((0,7) ,R), L' ((0,7),R)). That
is to say that for each y € L' ((0,7),R)

T

lim [ x() (P§" (t) - PS(t)) di = 0.
0

n—oo

By multiplying (6.23) by x € C! ((0,7),R) (the space C' functions with compact
support in (0, 7)) and by integrating over [0, 7] we obtain

_/OTX(t)P‘SE”(t)dt:/OTx(I)

Hence by multiplying both sides by &,, and by taking the limit when n goes to infinity
we obtain

- ((up +)+ é(—nKNE"(I)) Po (1) + é (Pg"(t) - P§n(z))] d

0= [ ) 1= GV @) Psto) + (P(0) = P ds
and since C! ((0,7),R) is dense in L' ((0,7),R) we deduce that

. 1
Pg (1)

L — .
s T+ N Dasn— e

By using the first equation of (6.15) and (6.18), we have
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Jy Bn=pn—kPE" (o) dor
e’ s N,
Nen (1) = 0

1+ §f’ e/olﬁN*ﬂN*KP;n(O')dO'NOdl’
Pen (1) = eBr-rpP)py — /Ot e(ﬁp_"P)<t_s)7]P§(0')d0'.

By taking the limit on both sides we deduce that

N = (B = ) V() = oN (1) = 00

e TARAC

P=(ﬁP—ﬂP)P—UWP-

Therefore we obtain the following theorem.

Theorem 6.17 Let T > 0 be fixed. For each fixed initial values Ny > 0, Psy > 0 and
Pro > 0, we have the following results:

lim N“(1) = N (1) and_lim P§(2) + P (1) = P(1)
e £

where the limit is uniform on [0, 7], (N*(1), PZ(1), Pg; (1)) is the solution of (6.15)
with the initial conditions

Ng(()) =Ny >0, P§(O) = Pgo > OandPZ(O) =Pyo=>0

and (N (t), P(t)) is the solution of the Rosenzweig-MacArthur model

].V_ (Bn = puN) N(2) 5N(t)N 1+X,<N(t)P(t)’ (6.24)
P = (ﬂP—ﬂP_U)P"'”L(t)
1+ ykN(t)

with the initial conditions
N(O) = N() and P(O) = PSO + PH().

Remark 6.18 If instead of the model (6.1) we consider the following model

N = (By — un) N — SN? — kN' Pg
Ps =—(up +n)Ps — pkN™Ps +yPHq, (6.25)
Py =Bp (Ps+Py)— pupPu + pkN"Ps —yPy

Then by using the same procedure above we obtain a convergence result to the most
classical predator prey model

KNO_p

1+ ykN(5)m
XKN(I),,TXK (0 (6.26)

1+ ykN(t)™

N = (B = un) N(1) = 6N (1) -

P=(,3P—/1P—77)P+77
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By choosing I = m we obtain the classical Holling’s type functional response.

6.7 Application to the Snowshoe Hares and the Lynx

In this section we reconsider predator-prey system form by the hares (prey) and
lynxes (predator) in the years 1900-1920 recorded by the Hudson Bay Company.

The data are available for example in [

Year Hares (in thousands) Lynx (in thousands)

1900
1901
1902
1903
1904
1905
1906
1907
1908
1909
1910
1911
1912
1913
1914
1915
1916
1917
1918
1919
1920

30
47.2
70.2
77.4
36.3
20.6
18.1
21.4

22
25.4
27.1
40.3

57
76.6
52.3
19.5
11.2
7.6
14.6
16.2
24.7

4
6.1
9.8
35.2
59.4
41.7
19
13
8.3
9.1
7.4
8
12.3
19.5
45.7
51.1
29.7
15.8
9.7
10.1
8.6

Table 6.1: Numbers of hares (prey) and lynxes (predator) in the years 1900-1920

recorded by the Hudson Bay Company

The limit model obtain for £ small enough is given by

N=(ﬁN—,UN)N(1—

P=(Bp-up-mP+n

with initial value

ON ) kPN

1+ ykN

N(0) = Ny =30 x 10* and P(0) = Py = 4 x 10°.
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Symbol Interpretation Value Unit Method
/un Life expectancy of hares 1 year fixed
BN Birth rate of hares 1.6567 number of new born/year fitted
9 Carrying capacity of hares 303000 year fitted
K 3.2 x 1073 fitted
X 0.11 fitted
1/up Life expectancy of Lynx 7 year fixed
Br Birth rate of Lynx 8.5127 number of new born/year fitted
n Extra mortality of searching Lynx ~ 9.24 year™! fitted
Bp—up—1n Growth of searching lynx -0.8702 fitted
nx Convertion rate 1.0164 fitted

Table 6.2: List parameters for the model (6.27), their interpretations, values and
symbols. In this table we have fixed pn and up and we have obtain all the remaining
parameters by using a least square method between the data in Table 6.1 the solution
of the model (6.27). The life expectancy of Snowshoe Hares is not known [28, 82].
Here we fix the life expectancy of hares to be 1 year (similarly to [230]). In the wild a
Canadian Lynx can live up to 14 years. Here we fix the life expectancy to be 7 years
(see [67] for more result). A Canadian lynx can have between I and 8 new babies
[123]. So the estimation obtained for the brith rate of lynx is still reasonable.

80 000 o
° o N Data
° P Data
L —N Model
60 000 —P Model
40 000
20 000

0 1 1 1 1
1900 1902 1904 1906 1908 1910 1912 1914 1916

Fig. 6.1: In this figure we run a simulation of the model (6.27) (solide lines) compared
with the data (circles).

In section 6.6, we proved that the model (6.27) can be obtained as singular limit
(when € — 0) of the following model

1918 1
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NSZ(,BN—,HN)NS l-— —KN8P§
BN —uN
PE=—(up+n)PE - EKN8P§ + gpg (6.28)

P =-ppPl, 4+ SkNCPE - —P + Bp (P + P
H = HPly P sTgH Br\Ps+ Py
and we fix the initial value
N?(0) = No =30 % 10° > 0, P£(0) = Pso > 0 and P£(0) = Py > 0.
In Theorem 6.17 we proved that for £ small enough

1

PE(t) = P(1) andp,g(t):(l—m)za(t)z IXKN(’) P(t).

1+ y&kN(1) + xkN(1)
6

By using the value for y« estimated in Table 6.2, we obtain the following initial
values for the model (6.28)

pe __Po_ 4x10° and pe. = X<No_p _ 1.0164 x 30 x 10 "
SO 14+ ykNg 1+ 1.0164 x 30 x 103 RO T4 vkNy ° 7~ 1+ 1.0164 x 30 x 103
(6.30)

° N Data
o P Data
—N Model
~|—P Model

1912 1914 1916 1918 1

Fig. 6.2: In this figure we run a simulation of the model (6.28) (solide and dotted
lines) compared with the data (circles). The solide lines correspond to € = 107 and
the dotted lines correspond to € = 5.1073.
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70 000 -

60 000 -

— 50 000 -
o

+ 40000 - ;

[7)] H

Q- 30000

20 000

10 000

0
0 10000 20000 30000 40000 50000 60000 70000

N

Fig. 6.3: In this figure we run a simulation of the model (6.28) with & = 107 for
solide line and with & = 5.1073 for dotted line.

From Figures 6.1 and 6.2 , we can see that & does not need to be very small
(e = 107%) to get an almost perfect match of our model (6.28) with the Rosenzweig-
MacArthur model (6.27). Our simulations for hares and lynxes fit the data reported
by the Hudson Bay Company. As we mentioned the main advantage with the model
(6.28) is that we can separate the vital dynamic and consumption of prey (hares) to
describe the behavior of the predators (lynxes). From our model (6.28), people can
study the interaction between predator and prey in detail and get more information.

6.8 Remarks and notes
6.9 MATLAB codes

6.9.1 Figure 6.1

i function example

: tspan = [1900 1920];

3 x=[1900 1901 1902 1903 1904 1905 1906 1907 1908 1909

1910 1911 1912 1913 1914 1915 1916 1917 1918

1919 1920]; % years

s+ y=[3xled4 4.72x1ed4 70.2x1e3 77.4x1e3 36.3x1e3 20.6x%1
e3 18.1x1e3 21.4x1e3 22x1e3 25.4x1e3 27.1x1e3
40.3x1e3 57«1e3 76.6x1e3 52.3x1e3 19.5x1e3 11.2x1
e3 7.6x1e3 14.6x1e3 16.2x1e3 24.7x1e3];

8(
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s z=[4x1e3 6.1x1e3 9.8x1e3 35.2x1e3 59.4x1e3 41.7x1e3
19x1e3 13x1e3 8.3x1e3 9.1x1e3 7.4x1e3 8xle3
12.3%x1e3 19.5%x1e3 45.7x1e3 51.1%1e3 29.7x1e3
15.8x1e3 9.7x1e3 10.1x1e3 8.6x1e3];

¢ z0 = [30x1e3;(4%1e3)/(1+1.0164%30x1e3)+((1.0164%30x1
e3)*%(4x1e3))/(1+1.0164%30x1e3)];

s sol = ode45(@myfun, tspan ,z0);
1 t = linspace(tspan(1l),tspan(2),100);
3 z_new = deval(sol,t);

s % we plot the data

s plot(x,y, ro’, LineWidth’ ,3);

7 hold on

s plot(x,z, bo’, LineWidth’ ,3);

v hold on

0 % we plot the solution of the model
a plot(t,z_new(l,:), r’, linewidth’ ,3);
» hold on

» plot(t,z_new(2,:),’b’, linewidth’,3);
» hold on

s Yoxlabel (’year ”)

% %ylabel (*year ')

» legend ('N Data’, P Data’,’N Model’,’P Model ")

» set(gca, 'FontSize’, 30);
o set(gca, 'FontWeight’, “bold’);

» function dz = myfun(t,z)
3 muN = 1;

s betaN = 1.6567;

s delta = 0.6567/303000;
s k = 3.2*16—5;

v X = 0.11;

s muP = 1/7;

» betaP = 8.5127;

0 eta = 9.24;

2« dz = zeros(2,1);

s dz(1l) = (betaN-muN)*xz(1)*(1—-(deltaxz(1))/(betaN-muN)
)=(kxz(1)%z(2))/(1+Xxkxz(1));

4 dz(2) = (betaP-muP-eta)xz(2)+(etaxkxXxkz (1)*xz(2))/(1+
Xxkxz (1))
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dz=dz (:) ;

6.9.2 Figure 6.2

28

29

30

31

function example

tspan = [1900 1920];

x=[1900 1901 1902 1903 1904 1905 1906 1907 1908 1909
1910 1911 1912 1913 1914 1915 1916 1917 1918
1919 1920];

y=[3x1led4 4.72x1ed4 70.2x1e3 77.4%x1e3 36.3xle3 20.6x%x1
e3 18.1x1e3 21.4x1e3 22x1e3 25.4x1e3 27.1x1e3
40.3x1e3 57x1e3 76.6x1e3 52.3x1e3 19.5x1e3 11.2x%1
e3 7.6x1e3 14.6x1e3 16.2x1e3 24.7x1e3];

z=[4x1e3 6.1x1e3 9.8x1e3 35.2x1e3 59.4x%x1e3 41.7x1e3
19x1e3 13x1e3 8.3x1e3 9.1x1e3 7.4x1e3 8xle3
12.3x1e3 19.5x1e3 45.7x1e3 51.1x1e3 29.7x1e3
15.8x1e3 9.7x1e3 10.1x1e3 8.6x1e3];

yO = [30x1e3;(4x1e3)/(1+1.0164%30%1e3);((1.0164%30x%1
e3)x(4x1e3))/(1+1.0164%x30x1e3)1];

z0 = [30x1e3;(4%x1e3)/(1+1.0164%30x1e3);((1.0164%30x1
e3)x(4x1e3))/(1+1.0164%x30x1e3)];

soll = ode45(@myfun, tspan ,y0);

sol2 = ode45(@myfun2, tspan ,z0);

t = linspace (tspan(1l),tspan(2),100);

y_new = deval(soll ,t);

z_new = deval(sol2,t);

plot(x,y, ro’, LineWidth’ ,3);

hold on

plot(x,z, bo’, LineWidth’ ,3);

hold on

plot(t,z_new (1l ,:), r’, linewidth’ ,3);

hold on
plot(t,z_new(2,:)+z_new(3,:), b’ , linewidth’ ,3);
hold on

plot(t,y_new (1l ,:), r: , linewidth’ ,3);

hold on
plot(t,y_new(2,:)+y_new(3,:),’b: ", linewidth’ ,3);
hold on

legend (N Data’, P Data’,’N Model’ ,’P Model’,’N
Model’, P Model’)

set(gca, 'FontSize’ , 30);
set(gca, 'FontWeight’, ’“bold’);
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32

33

34

35

36

37

38

40

41

42

43

44

45

47

48

49

50

51

52

53

54

55

56

57

58

59

60

61

62

63

64

function dy = myfun(t,y)

muN = 1;

betaN = 1.6567;

delta = 0.6567/303000;

k = 3.2e-5;

X = 0.11;

muP = 1/7;

betaP = 8.5127;

eta = 9.24;

epison =5xle-3;

rho=X/epison;

r=1/epison;

dy = zeros(3,1);

dy (1) = (betaN-muN)x*xy(1l)=*(l-(deltaxy(1))/(betaN-muN)
)—kery (1)#y(2) 3

dy(2) = —(muP+eta)*xy(2)-rhoxkxy(1)*xy(2)+y(3)/epison;

dy(3) = —muPxy(3)+X/episonxkxy(1)*y(2)-y(3)*r+betaP
#(y(2)+y(3));

hold on

function dz = myfun2(t,z)

muN = 1;

betaN = 1.6567;

delta = 0.6567/303000;

k = 3.2e-5;

X =0.11;

muP = 1/7;

betaP = 8.5127;

eta = 9.24;

epison =le-4;

rho=X/epison;

r=1/epison;

dz = zeros(3,1);

dz(1) = (betaN-muN)#*z(1)*(1-(deltaxz(1))/(betaN-muN)
)=kxz(1)xz(2);

dz(2) = —(muP+eta)*z(2)-rhoxk*xz(1)*%z(2)+z(3)/epison;

dz (3) —muPx*z (3)+X/episonxk*xz(1)*%z(2)-z(3)*r+betaP
#(2(2)+2(3));

6.9.3 Figure 6.3

1

2

3

function example

tspan = [1900 1920];

x=[1900 1901 1902 1903 1904 1905 1906 1907 1908 1909
1910 1911 1912 1913 1914 1915 1916 1917 1918
1919 1920];
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y=[3x1led4 4.72x1ed 70.2x1e3 77.4x1e3 36.3xle3 20.6x%x1
e3 18.1x1e3 21.4x1e3 22x1e3 25.4x1e3 27.1x1e3
40.3x1e3 57x1e3 76.6%x1e3 52.3x1e3 19.5%x1e3 11.2x%1
e3 7.6x1e3 14.6x1e3 16.2x1e3 24.7x1e3];

z=[4x1e3 6.1x1e3 9.8x1e3 35.2x1e3 59.4x%x1e3 41.7x1e3
19x1e3 13x1e3 8.3x1e3 9.1x1e3 7.4x1e3 8xle3
12.3x1e3 19.5x1e3 45.7%1e3 51.1x1e3 29.7x1e3
15.8x1e3 9.7x1e3 10.1x1e3 8.6x1e3];

y0 = [30x1e3;(4x1e3)/(1+1.0164%30x1e3);((1.0164x30:1
e3)x(4x1e3))/(1+1.0164%x30x1e3)];

z0 = [30x1e3;(4x1e3)/(1+1.0164%x30x1e3);((1.0164%x30:x1
e3)x(4x1e3))/(1+1.0164%x30x1e3)];

soll = ode45(@myfun, tspan ,y0);

sol2 = ode45(@myfun2, tspan ,z0);

t = linspace (tspan(1l),tspan(2),200);

y_new = deval(soll ,t);

z_new = deval(sol2,t);

s

plot(y_new (1 ,:),y_new (2 ,:)+y_new (3 ,:), k: ",
linewidth’ ,3);

hold on

plot(z_new (1 ,:),z_new (2 ,:)+z_new (3 ,:),’k
".3);

hold on

xlabel ('N");

ylabel ("P_S+P_H")

s

, linewidth

set(gca, “FontSize’ , 30);
set(gca, 'FontWeight’, “bold’);

function dy = myfun(t,y)
muN = 1;

betaN = 1.6567;

delta 0.6567/303000;;
k = 3.2e-5;

X =0.11;

muP = 1/7;

betaP = 8.5127;

eta = 9.24;

epison =5xle-3;
rho=X/epison;
r=1/epison;
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40

41

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60

61

dy = zeros(3,1);

dy (1) = (betaN-muN)xy(1l)=*(l-(deltaxy(1))/(betaN-muN)
)—keey (1) %y (2);

dy(2) = —(muP+eta)*xy(2)-rhoxkxy(1)xy(2)+y(3)/epison;

dy(3) = —muPxy(3)+X/episonxk*y(1)*y(2)-y(3)*r+betaP
*(y(2)+y(3));

hold on

function dz = myfun2(t,z)

muN = 1;

betaN = 1.6567;

delta = 0.6567/303000;

k = 3.2e-5;

X =0.11;

muP = 1/7;

betaP = 8.5127;

eta = 9.24;

epison =le-4;

rho=X/epison;

r=1/epison;

dz = zeros(3,1);

dz(1) = (betaN-muN)*z(1)*(1—-(deltaxz(1))/(betaN—-muN)
)=kxz(1)%z(2);

dz(2) = —(muP+eta)xz(2)-rhoxk*z(1)*z(2)+z(3)/epison;

dz(3) = -muPxz(3)+X/episonxkxz(1)*z(2)-z(3)*r+betaP
#(2(2)+2(3));






Chapter 7

Hopf bifurcation for a Holling’s predator-prey
model with handling and searching predators

This chapter provides an application of Hopf bifurcation, center manifold and normal
form theories in the context of predator prey system.

7.1 Introduction

We continue to consider the system (6.1) of Chapter 16 and assume that the system
(6.1) satisfies Assumptions 6.1 and 6.2. For model (6.1), we get that there exists a
unique interior equilibrium E* = (N*, Py, P;I) if and only if (6.8) holds in Chapter
16. Note that (6.8) is equivalent to the following inequality

§[yn—(Bp —up) (up +n+7)]
kp (Bp = Hp)

BN —pn > : (7.1)

The goal of this chapter is to apply the bifurcation theory, center manifold the-
ory and normal form method to investigate the existence and properties of the Hopf
bifurcation around the unique interior equilibrium E* for the model (6.1). For conve-
nience, we set the following assumption in order for the unique interior equilibrium
E™ to exist.

Assumption 7.1 We assume that the inequality (6.8) or the inequality (7.1) holds.

We choose the parameter @ := Sy — un as the Hopf bifurcation parameter
and start with the linearization of (6.1) around the positive equilibrium E* in the
following.

7.2 Linearized System

279
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First of all, we translate the unique interior equilibrium E* of system (6.1) to the
origin. Let N = N — N*, Ps = Ps — P, Pu = Py — Py, Then after dropping the
hat, system (6.1) becomes

d
“O _ @), 130 (7.2)
dt
N
withu =| Ps | € R?, and
Py

(BN —un) (N +N*) =8 (N +N*)> = k (N +N*) (Ps + P})
fu(@) =|—(up+n) (Ps+P5) —pk(Ps+P5) (N+N*)+y (Py +Pj})
—(up+7y) (Pu +Py) +pk (Ps+Pg) (N +N*) +Bp (Ps + Py + Py + P};)

Linearization at the zero equilibrium of (7.2) yields

du(t)

=Au(t), t>20 7.3
o = Aulh) (13)
where A is the Jacobian matrix at the equilibrium E* defined in section 16.5.1 of
N
Chapter 16 and u = | Ps | € R?, and (7.2) can be written as
Pu
du(t
Izl(t ) = Au(t) + F(u(t)), t >0 (7.4)
with
F(u(r)) = f(u(2)) - Au(1) (7.5)

satisfying F(0) = 0 and DF(0) = 0. The characteristic equation is
AQ), =2 +pi A2 +prd+p3=0 (7.6)

which is defined in section 16.5.1 of Chapter 16 and the stability of the equilibrium
E* is also obtained in lemma 6.12 of Chapter 16.

7.3 Existence of Hopf bifurcation

Under Assumptions 6.1, 6.2 and 7.1, we get p3 > 0 and then A = 0is not a eigenvalue
of (7.6). Let 1 = iw, w > 0 be a pure imaginary root of (7.6). Then we have

—iw® — p1w? +iprw + p3 = 0.
Separating the real part and the imaginary part of the above equation, we get

P1

pP3
P2 = a)2, — w2.
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Thus (7.6) has a pair of pure imaginary roots +iw with w = +/p3 if and only if

p2 > 0and p3 = p1pa.

By computing, we obtain that under the following Assumption 7.2, (7.6) has a pair
of pure imaginary roots +iw with w = /p> if and only if @ = o* with

o+ = 912y —Be —pup) (Br+n+ V)] (7.7)
kp (Bp — tp)
5 (Bp —up) [(Bp — up)* =]

ykpn — 6 {(Bp — pp =) (up+n) + vBp}

Assumption 7.2 Assume that y5 — (8p — up)* > 0.

Let 1. (a) := o (@) + iv(a) with o(a*) = 0, v(a*) = w > 0 are the eigenvalues
of (7.6) in a neighborhood of @ = @*. By computation, we get

dRe (Ao(a))|  _ LB —ur=y) (up+m) +7Br ((é,’f‘_ffp) 0 2p2) 2o
da a=a* [p2 — 3(,02]2 + [2p]w]2

a=a*

and then we derive the following Theorem.

Theorem 7.3 Let Assumptions 6.1, 6.2, 7.1 and 7.2 be satisfied. Then the model (6.1)
undergoes a Hopf bifurcation at the positive equilibrium E* when a = a*, where
a := By — un and a* is defined in (7.7).

7.4 Computation of the Normal Form

In this section, we study the direction and stability of the Hopf bifurcation by applying
the normal form theory developed in Chapter 15 to system (7.4). In order to apply
the center manifold theory and normal form theory, we include the parameter « into
the state variable of system (7.4) and consider the system

da
e
d
d_l: =A(x)u+ F(a,u),
where
@ —20N" — kP —-N*«k 0
A(a) = -Pspk —(up+n+ pkN7) Y . (7.8)
Pspk pkN* +Bp  Bp—pup—vy

and F(a,u) = f(a,u) — A(a)u with
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fla,u)
a(N+N*) =6 (N+N*)? -« (N+N") (Ps +P})
=| —(up +n) (Ps+Pg) — pk (Ps + P§) (N+ N*) +y (Pu + P}y)
—(up +7) (Pu + Py;) + pk (Ps + P5) (N + N*) + Bp (Ps + P§ + Py + P};)

Making the change of variables
a=a+a”*,
we obtain the system after dropping the hat

da

dar
d
d—L; =A(a+a®u+F(a+a*,u).

Separating the linear and nonlinear part, we have
da

E =Y,
du (7.9
i A(a®u+W(a,u),

with W(a,u) = F(a +a*,u) + A(a + a®)u — A(a™)u.
Consider the linear operator A : R*— R* defined by

)= L)

and the map H : R*— R* defined by
a 0
(o)~ (v

0 0
7‘{(0) =0andD7{(0) =0.

Then we have

Now set w = (Z) and we can reformulate system (7.9) as the following system

dw(t)
dt

= Aw(t) + H (w(1)) . (7.10)

7.4.1 Projectors on the Eigenspaces

In order to use the center manifold theory and change of variables to compute the
Taylor’s expansion of the reduced system of a system topologically equivalent to
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the original system (7.10), we need to compute the projectors on the generalized
eigenspaces associated with eigenvalues of A. Note that

Ay Ayr Az Aqr Ay Az
Ap Ap Apn Ap Ay Az
Az Ay Azz | Az Axz Asz )
Al - A(a*) ™" = SR a1 7.11
(A=At 7= A(a")] A 1D
Aq1 Ay Az
where A(/l)a* is defined in (7.6), and | Ajp Ay Axp is the adjoint matrix of
A1z A2z A3z [ u )

(AI — A(a™)) and A;; is the cofactor of the element in the ith row and jth column of
(U = A(e™)), i,j = 1,2,3. Furthermore the resolvent of A(a*) has the following
Laurent’s expansion around A € o (A(a*)) with A = iw or —iw:

(Al = A(a*))™ = i (1-D)"B.
n=-1

The projector H;(“ ) on the generalized eigenspace associated with A =iwor —iw

is B4 1~ Since

(=D - A@*) " =Y (A-D"B],
m=0

and R
Y N 1
im ——==1i = —,
o1 M) s N A Q)
Al@*) _ pd _ 1 ) _ *yy—1
I =B7, = lim (1 - ) (A — A(a™))
1 )
A Ay Az
A An Ax
= [An An As A3 A3 A3z ) . 7
= lim_ AGD Az Ap A3 = — =
A= o \ A1z A2z A33 ) e ) A()
Then
Az
0 Az
i) (o | 2 M2 i
iw ] A’(iw)a*

Define 12?7 : R3 — R3 by
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. N . N . N N
e ps | =m0 ps |+ | Py |, V| Ps | eR3
Py Py Py Py
Set N
* A (*
e = e,
Denote . R
Xe =12 (), %, =10 (R,
and
Ac = A(a™) |x., Ap = A@”) Ix, -
Let
Az _ Az
by =| A3 ,by=b1 = Az . (7.12)
A33 a*,iw A33 a*, —iw

It is obvious that (b1, b;) is a basis of X.. In the following, we set

1 0 0
e1=|01],ea=|1]|,e3=(0
0 0 1

Lemma 7.4 Let Assumptions 6.1, 6.2, 7.1 and 7.2 be satisfied. Then for each A €
IR\ {~iw,iw}, we have

-1

_ * A(a*)
Al A(O’ )|H£(a*)(R3) Hh €k = (I)k,/l
with
A Ap Ak
ol Ao Ak A
b I2<J Aks a*, A Ak3 a*,iw Ak3 a*, —iw
ST T A, Qi) N(iw)er  (A+iw) A (—iw)gr
[
k=1,2,3.
For A =iw,
-1
. * A(a™) —
iwl — A(a )|Hﬁ(a*)(R3) Hh €k = q)k,iw

with
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1
q)l2<,iw 1
(Dk,' = (D iw = X
R P 20w (A (i) q*)* N (=iw)
k,iw
dou Akt
2iwA (iw) g A (=iw) g | 9252 — iwA” (i) g A (i) o | Ak
dAL
d/]i3 a*,iw Ak3 a*,iw
5 Akl
— (A (iw) o) | Ar2 ,
Ak3 a*, —iw
k=1,23.
For A = —iw,
T Aten)
. * A(a* _
—iwl — A(O’ )|H£(a*)(R3) Hh e = (Dk,—iw
with
1
q)k,fiw 1
q)k,—ia) = (I)i —iw = 3 X
o3 =2iw (A (=iw)) o A (iw) o
k,—iw
dAri
i
“2iwA (iw) g A (—iw) o+ | 4552
dAk3
da a*, —lw
A1
+ia)A"(—iw)a*A'(ia))Q* Ak2
Ak3 a*, —iw
Akl
— (N (=iw)ar)’ | Ar2 k=1,2,3.
Ak3 a*,iw
Proof Since
An A
A Ap
_ A13 * 7 1 A13 . :
(/II—A((I*)) 1 ar,lw | a*,iw

AN(iw)gr | A—iw| A(iw)e*

and
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Aq Ay
A A
K a*, —iw 1 A1z a*, —iw

. _
(,lI—A(a )) AN (—iw) o* T A+iw A (—iw) o>

for each 1 € iR \ {—iw, iw}, we have

-1
(/ll - A(af*)|H2\(u*)(R3)) e,

(Al - A(az"))_1 (el - H?(a*)el)

Ay Aq Aq
A A A
A13 ) o 2 A3 ) o i A3 o ieo

A, (A0 N(iw)gr  (A+i0) N (=iw)gr

For A =iw,
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At
. * A(a™
(lwl— Ala )|H;?("*>(R3)) I, el

-1
. A *
= im0 A | T

— 1w
Aep(A(a*))
Ay Aq Aq
A A A
A13) o 2 A e i A pr iw
= im - -
A—=iw A(/l) (/1 - ia)) A’(ia))a* (/1 + ia)) A’(—iw)a*

AeiR\{-iw,iw}

1
} {A(ﬁ) (A= i) A+ i) N (i) qe N (i) e

T S
AeiR\{~iw,iw
Aq
A —iw) (A +iw) A ((w) N (—iw) o+ | A2
Az

a*,

Aqy Aq
—A) (A +iw) AN (=iw)o+ | A2 —A) (A —iw) A (iw)o | A2
a*,iw

Az A3 o i
. (1 -iw)?
= lim - - - - X
A—iw A() (A —iw) (A +iw) N (—iw) o+ AN (iw) o
AciR\{-iw,iw}
1 An
lim ——— | (1 —iw) (A +iw) A(iw) o+ A (<iw)ox | Ar2
Qeptie (1-iw) A
eiR\{-iw,iw} 13 a*, A
A
—A(/l) (/l + ia)) A’(—iw)a* A
A e i
An
- /]lim AA) (A —iw) A (iw)o | A2
A6E\ i} A3 ) o iw
1
= 5 X
2iw (A (iw) ox )= N (—iw) o*
2iwA (iw) o+ N (=iw) o | T2 —iwA” (iw) o+ A (iw) o | A12
4, A13 ) o«
da a*,iw ar,lw

, Ay
— (A (iw)o*)" | A12 .
A13 a*, —iw
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Similarly we can prove the other results. O
It is easy to prove the following results.
Lemma 7.5 Let Assumptions 6.1, 6.2, 7.1 and 7.2 be satisfied. We have
o (A) =0 (A(@*)) U{0}.

Moreover, for 2 € p (A) =C\ (o (A(a*)) U {0}), we have

a
(A]—ﬂ)‘l(a)z( 1 )
u AL = A(@™)  u

and the eigenvalues 0 and tiw of A are simple. The corresponding projectors
o, My, : R* — R* on the generalized eigenspace of A associated to 0, +iw,
respectively, are given by

In this context, the projectors I1. : R* — R* and IT, : R* — R* are defined by

I (y) = (o + M + ;) (v), Vy € RY,
M, (y) = (I-T,) (y), VyeR*

Denote
Y, =TI, (R4) Y, =TI, (R“) ,

and
ﬂc =A |y(_, ﬂh =A |Yh .

Then we have

OR OR
I1. = o* L k=1,2,3.
(‘fk) (H?( )ek)

Define the basis of Y, = I1. (R*) by

~ (1 ~ (Or) =~ _(Or
=) 2= ) 2 33)

We have the following lemma.

Lemma 7.6 Let Assumptions 6.1, 6.2, 7.1 and 7.2 be satisfied. For A € iR we have
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0
_ 0 ]
Al -Ay) ' ( ): " ,k=1,2,3.
( ") b ex ((/U - A(a*)h‘[ﬁ(““(RS)) Hﬁ(a )ek)

7.4.2 Change of Variables

In the following, we will compute the Taylor expansion of the reduced system
of a system topologically equivalent to the original system (7.10). We apply the
procedure described in section 15.3.2 of Chapter 15 and apply the method with
k =2 in Theorem 5.22 of Chapter 15. Therefore we must find L, € L, (Y2, Y),) by
solving the following equation for each (wy, ws) € YC2 :

d 1
I [La(eT'wy, e7 " w))] (0) = ﬂhLz(Wl,W2)+5HhD2(H (0) (w1, w2). (7.13)

Then define G, € V2 (Y,,Y},) by
Go(Ilew) := Ly (Ilew, How), Yw € R4,
and the change of variables ¢ : R* — R* and S5 'R > R* by
g2 (W) :=w+G,(Ilow) and gz_l (W) :=w — Ga(Il.w), Yw € R*.

By applying Theorem 5.22 to (7.10) with k£ = 2, we obtain the following theorem.

Theorem 7.7 Let Assumptions 6.1, 6.2, 7.1 and 7.2 be satisfied. By using the change
of variables

wa(1) = 65" (w(1) = w(1)=G2 (Mew(1) & w(t) = 62(w2(1)) = w2 (D+G2 (Tlewa (1))

the map t — w(t) is an integrated solution of the system (7.10) if and only if
t — wy(t) is an integrated solution of the system

dwn (1)
dt

= Awr (1) + Hay(wa (1)), t >0, (7.14)

where Hy : R* — R* is defined by

Ho(w) = H (§2 (W) + AG2(Tlew) — DG (TTew) Ao w
—DGr(TIw)IIH (52 (w)) .

Moreover, the reduced system of the system (7.14) is given by the ordinary differential
equations on R X X :

da(t) _0

)

dxcit(f) _a AW (1+G a(r) ® a(t) (7.15)
— = eXe (1) +11¢ (I+G») ) R i |
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a(t)

where R, € C* (R x X, X.), and R,
xc(t)

) is a remainder of order 4, that is,

Xc

R. ( ¢ ) = (@, x)|I* O (@, %) s

where O (a,x.) is a function of (a,x.) which remains bounded when (a,x.) goes
to 0, or equivalently,

D’'R. (0) =0foreach j=1,..,3.
Furthermore,

ach (O)

=0, Vj=1,....4,
da J

which implies that
a 2 2 3 4
Rc(x )=O(a3 el + 0 el + @ flee P + e 1)
c

Proof We apply Theorem 5.22 to (7.10) and deduce that there exists ¥, € C2(Y,., Y},)
such that the reduced system of (7.14) consists of ordinary differential equations on
Y. of the form

LD~ A1)+ IH [ (1) + G ()] + Re w0,
where Ec € C* (Y., Y,) is the remainder term of order 4 and
EC (we) =T AH [we + Go (We) + P2 (we)] = H [we + Ga (we)]},

with D/R.. (0) = 0,Vj = 1,2, 3. Since the first component of H is 0, by using the
formula for IT. we deduce that R, (w.) has the following form

Or,
of (7.10) and belongs to the center manifold. It follows that

a a a
=TI, ¥, |11, .
(ORz) (0R3)+ 2( (Oﬁs))
a a
Thus I1. ( O, ) = ( O, ) and

¥, ( @ ) =0, Ya € R small enough.
O,

. o . S .
Moreover, since for each @ € R small enough, ( € Y, is an equilibrium solution
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So we must have
We deduce that

This completes the proof. O

In order to apply the above theorem to compute the Taylor expansion of the
reduced system it only remains to compute L,.

Set
a [0% [0%
W11=( l),WQZZ( 2),W31=( 3)€R4
ui un us

N;
withu; = Ps,; |,i=1,2,3. We have
Py
D*H (0) (wy, ws) = Ox
LT D2W(0) (wi,wa)
and
0
3 _ R
DI G2, wa) = (D3W (0) (wl,wQ,m)) ’
where
D*W (0) (w1, w2)
a1 N>+ arN; — 26N2N1 — kN Ps,z - KNQPS,]
=| —p«Ps 1N, — pkPs N
p kPs N2+ p kPgs N
and

D*W (0) (w1, w2, w3) = 0.

Next recall that

d
pr [La(eP'wy, e w))] (0) = Lo (Acwi, wa) + Lo (wi, Acwo) .

So system (7.13) can be rewritten as
1
Ly (Acwi, wa) + Ly (w1, Acwa) = ApLy(wi, wa) + 5HhD27{ (0) (w1, wa).

Note that Ly (b1, Bz)=L2,(j;2;:b\1), La(by,b3)=La(b3, b1), La(ba, b3)=La(b3, b2).
(i) Computation of L, (b, b;). We have

I1,D>H (0) (b1, b1) = 0, Acb) =0.
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So the equation
- - ~ - - - 1 5 - -
Ly (ﬂcbl,bl) + Ly (bl,ﬂcbl) = ApLy(by,by) + 5H;,D H (0) (b1,b1)

is equivalent to R
0=ApLa(b1,b1).

Since 0 belongs to the resolvent set of Ay, we obtain that
Ly(by, by) = 0. (7.16)
(ii) Computation of L, (51, 32). We have
Or
SDPH () (b Bo) = 5 (f{‘“)“*’ f‘")
0

and R _ R
Acby =0, Acby = iwb;.

So in this case system (7.13) becomes
-~ - - 1 - -
iwLs (b1,52) = AnLa(B1,52) + W D*H (0) (B, B).
Now by using Lemmas 7.4 and 7.6, we obtain

- 1 ~ -
Ly(by1,b2) = 3 (iwl = Ap) " T, D*H (0) (b1, by)
Or
1 . -1 (A3l)a*,iu)
3 (la)I - ﬂh) Hh (0

0

(o)
% (A31)a/*, iw (I)I,ia) ’

where @, ;,, is defined in Lemma 7.4.
(iii) Computation of L, (b1, b3). We have

0
1 2 NN 1 (A3l)a/*,7ia)
JDYH (0) (B1,By) = 5 (0 )
0

and _ _ _
Acby =0, Acb3 = —iwbs.

So in this case system (7.13) becomes
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-~ -~ 1 - -
—iwLy (bl, 193) = AnLy(by, b3) + EH;,DZW (0) (b1,b3).

Now by using Lemmas 7.4 and 7.6, we obtain

~ e 1 . ] 2 ~ o~ 0
Ly(by, b3) = 2 (iwl = Ap)™ UpD*H (0) (b1, b3) = (%(AM)@*,—M ¢1’_iw),

where ®@; _;,, is defined in Lemma 7.4.
(iv) Computation of L,(b;, b). We have
0

1 ~ = ~5(A31)2 10 = K (A31) ax. ier (A32) ox i
_D27_[0 b,b — 3Wa*, iw a*,iw a*,iw
2 (0) (b2, 52) —p K (A31) o*, 1w (A32) 0%, i

PK(A31) o, iw (A%2) o* i

and _ _
Acby = iwhy.

In this case system (7.13) becomes
-~ ~ - = 1 -~ =
2iwLy (b2, by) = ApLa(ba, bo) + EHth(H (0) (b2, b2).

and Lemmas 7.4 and 7.6 imply

~ ~ 1 _ ~ =~ 0
La (b2, b2) = 5 (2iwl = Ap)~' THD*H (0) (b2, b2) = (lF, ) SN
2

with

Fi1
Fi = (Flz) =2 (—5 (ABI)%,*, i~ K(A31) o, oo (A32) g, iw) D20
Fi3

+20 k (A31) 0% 1o (A32) 0% 1o (P3,2i00 — P22100) 5

where @; »;,, j = 1,2, 3, are defined in Lemma 7 .4.
(v) Computation of L, (b, b3). We have

D*H (0) (b2, b3)
0
=20 (A31) o+, iw (A31) %, —iw — K (A31) o, i (A32) 0%, i — K (A32) 0 i (A31) 0%, —iww
(—,0 K ((A32) o, 10 (A31) o, —io + (A31) 0% i (A32) 0%, —icw)
Pk ((A32) o, i (A3) o, —io + (A31) or 10 (A32) ox . i)

and R R ~ ~
Acby =iwby, Acbs = —iwbs.

In this case system (7.13) reduces to
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- - - - - - 1 - -
L, (ﬂcbz, b3) + Ly (bz,ﬂcln) = ﬂhLz(bg, b3) + EHhDZW (0) (bz, b3)
and then .
0= ApLs (b2, b3) + EHhDZW (0) (b2, b3).
Thus |
—ApLa(b2, b3) = Z—HhDZ(H (0) (b2, b3),

and by Lemmas 7.4 and 7.6, we have
-7 1 -1 2 =T 0
La(b2,b3) = 5 (=An) ™ TwD"H (0) (b2, b3) = Le, | (7.18)
2

with

Fa
Fo=1Fn
Fa3

= (_26 (A31)(y*, iw (A31)a/*, —iw — K (A31)(z*, iw (A32)a*, —iw — K (A32)a*, iw (A31)(y*, —iw) (]

+0 Kk ((A32) o ico (A31) ar. —io + (A3) o 1o (A32) ov. —iww) (P30 — P2)

where @; o, j = 1,2, 3, are defined in Lemma 7 .4.
(vi) Computation of L, (b3, b3). We have

0
-26 (A31)%,*, Ciew — 2K (A31) o*, —iew (A32) 0, —iww
_2,0 K (A31)a*, —iw (A32)a*, —-iw

D>H (0) (b3, b3) = (
Zp K (A31)(1*, —iw (A32)a*, —iw

and _ R
Acbz = —iwbs.

In this case system (7.13) becomes
~ ~ ~ ~ 1 - ~
—2iwLy (b3, b3) = ApLy(b3, b3) + EHth'H (0) (b3, b3).

It follows from Lemmas 7.4 and 7.6 that

L L 0
Ly (b3, b3) = % (=2iwl = Ay) ™' T D*H (0) (b3, b3) = (ng)
2

with
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F3
Fs = (ng) = (~26 (4302, 10y = 26 (A3D) v, —ies (A2)av, 10 P1,-2147.19)
F33

+20 K (A31) or . —ico (A32) or . —ico (3,210 — P2, 22i00) »

where ®; _»;,, j = 1,2, 3, are defined in Lemma 7.4.

7.4.3 Computation of the Taylor’s Expansion of the Reduced System
By using the formula obtained for L, and G,, we get the Taylor’s expansion of the
reduced system (7.15) up to terms of order 3.

Theorem 7.8 Let Assumptions 6.1, 6.2, 7.1 and 7.2 be satisfied. The reduced system
(7.15) expressed in terms of the basis {51, Zz, Eg} has the following form

da(t) o,
(1) (7.20)
x(t)) (x(t))+ Hy+Hy+R ;Z(t)
(y(r) i)+ 1 )(ym)
where ‘w 0
w
we[w o)

the maps H, and Hz : C3 — C? are defined by

[0

H, ( (x)) = (a§11 - 65121) Y1 - k621 énYa
y

and
a

Hj ( (x) ) = (aé12 —20E11€12) Y1 — k (E11é22 +E12601) Yo,
y

the remainder term R, € C* (R?,R?) is given by
[ a() a(t)
R, ( (X(I) ) ) =R, ( (x(f) ) ) — 0L Y1 — kén € Ya
(1) y(2)

GG <16 16)

and thus

2

+a +a +

|
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here
L) )
Y 77 + o
Y, = 1) _ | A(iw)e* N(—iw) x , (7.21)
12 ‘L‘}] + 192
A’(—iw)n* A’(iw)a*
D2 9y _ 1
(Yo Ni)or T N(—iw)r ~ N(iw)on
Y2 - =p Y « Ie
Yo 93 + 4 1
A’(—iw)a* A’(ia))a* A’(—iu))a*
LI 9
A/(iﬂ)a* A’(—iw)a*

‘ﬂ] + 1‘}2 ’
A’(—iw)n* A’(iw)a*

and &;,1,j = 1,2 and ¥;,i = 1,2,3,4 are defined in (7.22) and (7.23), respectively.
Proof Since

@i
N;
Ps.;
Py

DjW(O)(wl,wz,...wj)zO,j23, w; = e R4,

the reduced system (7.15) can be rewritten as follows by using the Taylor’s expansion
of W around O:

da(t)
7 _0
dt ’
de(1) (a*) a(r) |\ a(r)
o = Acxe() + " p2w (0) ((1 +G>) (xc(t) )) +R. (xc(t)) ,

where R. € C* (R x X.., X..) is defined in (7.15) and is a remainder of order 4. Set
Xe = xby + yb, (x,y) € C2.

Since {31,52,53} is used as the basis for Y. = I1. (Y), i.e., {b1, b>} is a basis of

X, = H?(”*) (R3), we obtain that

and

(I+G») (xa ) = a’Z;1 +x52 +y33 + Ly ((151 +x52 +y33,a51 +x32 +y33)

= (131 +x52 + yi)} +x2L2 (32, 32) + y2L2 (2;3,27\3)
+2axL, (31,52) +2ayL; (51,53) +2xyLy (32,53) .

Then it follows that
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(1+Gz)(;i)=(z), (1.22)
&
where & = | & | with
&

E1=En+E12,611 =X (A3D) o*. i Y (A3D) %, —iww »

1 1
§12 =ax (A31)zx*, iw (I)i,iw +ay (A31)a*, —iw q)i,—iw +.XyF21 + Eszll + §y2F31’

Er =861 +E22,621 =X (A32) ox, i T Y (A32) 0%, i »

1 1
£ = ax (A31) oo 1o T 1oy + @Y (A31) gr iy Py, + XyF22 + Eszn + §y2F32.

&3 =831+ 832,631 =X (A33) o*, i TV (A33) 0%, —iww »

1 1
£ =ax (A3) o, iw q)iiw +ay (A31) o*, i ‘Di_iw +xyFa3 + §x2F13 + §y2F33.

Then we deduce that

lDZW (0)

o \\2 aé) - 67 — k1€
oo (2]

el = —p k&2 &1
p k€261

Note that
(A31) o, iew (A31) ox, =i
det a*,iw a*, —iw | 4
( (A32) 0%, i (A32) 0%, —iww

and



2987 Hopf bifurcation for a Holling’s predator-prey model with handling and searching predators

Aqy Aqn
. A A
A(a™) Al3 a*,iw Al3 a*, —iw
Hc 0]= Ny + X
0 N (iw) o* AN (—iw) o*
H 52 5]

Az
0 Az
N Az3
) >(o) =
1

with

9 =
9 =

+
A(iw)ar N (=iw)ar

o

p)

+
A (-iw)ox A (iw)ax

Ay A
0 A A
1= A23 a*,iw " A23 a*, —iw
0 A (iw) o> AN (—iw)ax
I3 54 53

; + ;
A (iw) g=a* A'(_Z‘U)aza*

a*,iw (
+

1

A/(iw)a*

A3y

Az

A33 a*, —iw

A (—iw) o*
1

by

= b
N gr A (i) gr

)b1+

)bz,

Ty

. + :
N (=iw)g=a* A (iw)g=a*

(A1) o, i (A31) o*, —i (A3) o, i (A1) o+, i
det a*iw a*, —iw det a*,iw a*iw
((AIZ)H*,iw (A32)a*,—ia) 9 (A32)a/*,ia) (AIZ)Q*,ia) -
9 2 = \l
det (Afil)ar*,iw (A31)a*,—ia) det (A31)a*,ia) (A31)a*,—iw
(A32) o, 1w (A32) 0%, —icw (A32) 0. iew (A32) 0%, —icw
(A21) g%, i (A31) o*, —i (A3) o, i (A21) o,
det a*,iw a*, —iw det a*,iw a*,iw
((A22)u*,iw (A32)a*,—ia) 9 (A32)a*,ia) (AZZ)(y*,iw
s Uy =
det (A31)a*,iw (A31)a*,—im det (A31)(y*,iw (A31)(x*,—iw
(A32)(x*,iw (A32)a*,—iw (A32)a*,iw (A32)a*,—iw

By projecting on X, we obtain that

2!

— H?(af*)

= (afl - 0&] - Kflfz) I

1 *
— 112 p2w(0)

aé) - 661 — k16

-p

oo

kér &

p k&2é

C

07
X

c

|

A(a™)

i

:

0
0

)—pkfz 3 H?“’”(

1
0

0 ) 0
_H?(Q)

0
1

)bz,

»23)

) |
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Thus we obtain H,, H3 and EC. ]

7.4.4 Computation of the Normal Form of the Reduced System

We will compute the normal form of the reduced system (7.20) up to terms of order
3 by performing inductively a sequence of change of coordinates of the form

U=¢mcW)=u+Gyu),ucB"0,r), (7.24)

where G, (u) € H3(C?) and B™(0,r) is a small neighborhood of the origin,
2 < m < 3. Consider the linear operator ©,, . : H>,(C3) — H> (C3) by

((')m,ch,c) (”) = [B’ Gm,c] (M) = Dqu,c(u)B” - BGm,c(“)’ (7.25)
@ Gl e 00 0
u=|x|, Guc=|G%, |€eH,(C), B=|0iw 0
y Gy, 00 -iw

A basis denoted by ®,, for an(C3), 2 < m < 3, consists of all possible vector-
valued homogeneous polynomials of degree m in 3 variables «, x, y with coefficients
in {el, e, 63}, that is

3
. = udeji, ud = adlxd2yd3, d=(d,dy,d3), Y, d;i=m, d; >0 are integers,
= :

i=1

J=1, 3
The dimension of H3,(C?) is

3(m+2)!

dp = dim H> (C?) = T

A direct calculation shows that for any u?e j € Dy,
Om.c (udej) = (iwdy — iwdy — ;) ue;, 1; € o (B), where 1; = 0, 1 = iw, A3 = —iw.

Hence we know that H, ;(C3) can be represented as the direct sum
Hy, (C%) = R(®p.c) @ Ker(O,c),

where R(©,,, ) is the range of ©,, ., and Ker(®,, ) is the null-space of @,, . and
spanned by all resonant monomials of order m, 2 < m < 3, that is,

Ker(®p,) = span{udek cA-d=A, k=1,2,3, u? = adlxdzyd3,d = (dy,d3, d3),
3 3

dj=m, dj >0 are integers, A - d = 3, d;A;},
=1 j=1

J
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where {e1, e, e3} is the standard basis of C> and A = (1,12, 43) with A; = 0,
A» = iw, A3 = —iw. Then it follows that

a? Xy 0 0
Ker(®,.) =spanq| O [,| O |,]ax],| O ,
0 0 0 ay
0

a? axy 0 0 0
Ker(®3.) =spani| 0 |,| O |.[e®x|.|x*y|.] O [.] O
0/ \ o 0/ \ o/ \e?y) \xy?

By using the change of coordinates
u=¢0() =u+Goc(u),u € BX0,r) (7.26)

and dropping the hat and the auxiliary equation introduced for handling the param-
eter, we get

(1)
d x(1) _ x(1) Cixa ~ —~ a
i o) =40 )+ () + o+ ()58))’

with

(7.27)

9 9
Ci=(A3D) o~ iw ( 1 - ) .

+
AN(iw)ox AN (-iw)ar
In order to get the third order terms of the normal form, we must compute G, . and
the third order terms

— Cixa
H3 = H3 (u) + Dy H> (u) G2 (1) — Dy G2 (u) (aya)
@ X2y 0
with u = | {x) |. It is sufficient to get the coefficients of ( 0 ) and (xyz) for
y
studying the Hopf bifurcation. Since
0
H, (x) = w1x2 + woxy + W3y2,
y

with
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@ = (w“) (7.28)

w2

Y1 Yo
=—0(A 2*' - A a* ia)A a*,iw ’
( 31)“”"’(Y12) K (A31) o+, 1w (A32) o, (Yzz)
o = [
27 o
Y1
= —26 (A31)a*’ iw (A31)a/*, —lw (Y[Z)
Yo
K [(A32) o, 10 (A31) 0t -0 + (A32) v, 10 (A31) 0, 00 Yy )’

w31
w3 =
w32
Y]] Y21

=-0 (ASI)%,*’ —iw (YIZ) —K (A32)a*, —iw (A31)a/*, —iw (YZZ) (729)

0
G%’C X
1

2 1 2
y __(wmc — WXy ~ 3T31Y )

0 Tiw
3
G2,c X
Yy

gwlzxz + Xy - @y’
we get that the normal form has the following form after dropping the auxiliary
equation introduced for handling the parameter,

d (x(0)) _ x(t)\  (Cixa)  (Cax?y
E (y(t)) =M. (y(t)) + (Ewa) + (szy2) (7.30)
+O(] (x,y) |@® + | (a, (x, y)|*),

and

with
Ca = = [26F21 (A31) o, i + F116 (A31) 0%, ] Y11

1 1
—-K [Fzz (A3) o, iw + §F12 (A31) o, —iww +F21 (A32) or i + §F11 (A32) o, —iww | Y21

1
+— | 3T31 W12 — @W1W21 + W |-
iw\3

The normal form (7.30) can be written in real coordinates (w, w;) through the
change of variables x = v{ —ivy, y = v{ +ivy. Setting vi = pcosé, v, = psind,
this normal form becomes

(7.31)

E‘) =lLap + lgp3 + O(azp+ |(p,a)|4),
0 =-w+0(|(p, )],
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where

(7’77 -(Bp - ,UP)Q) Pi

[y =Re (C1) =2p>
Bp —up

+pa|>0, lzZRe(Cz).

From Chapter 13 or [32], we know that the sign of [ determines the direction of the
bifurcation and the stability of the nontrivial periodic orbits. In summary we have
the following theorem.

Theorem 7.9 Let Assumptions 6.1, 6.2, 7.1 and 7.2 be satisfied. The direction of
the Hopf bifurcation described in Theorem 7.3 and the stability of the bifurcating
periodic solutions are determined by the sign of I, : Hopf bifurcation is supercritical
and the bifurcating periodic solutions are stable if I, < 0, and subcritical and
unstable if I, > 0.

7.5 Numerical Simulations and Conclusions

By carrying out bifurcation analysis and normal form computation of the model
(6.1), we discussed the existence and properties of Hopf bifurcation. In this section,
we provide some numerical simulations to illustrate the results. We firstly choose
parameters 0 = 8, k = 1/2, p =2, up = 1/7,Bp = 8.5127, 1 =9.24, y =91. In
order to get the properties of Hopf bifurcation using Theorem 7.9, we need compute
[y and [,. By Matlab we get a* = 676.347,1; = Re (C}) = 0.496645,1, =Re (C3) =
—1.61528. Then we choose @ = By —uny = 1.6567—1 = 0.6567 < a*, N(0) = 0.7,
Ps(0) = 1.40684, Py (0) = 0.0071 in Figure 7.1 and @ = By —uny =700 -1 =
699 > a*, N(0) = 2.70 x 10781, P5(0) = 1467, Py (0) = 145.7 in Figure 7.2,
respectively, and obtain graphs of N(r), Ps(z) and Py (t) by using Matlab.

Figure 7.1 and Figure 7.2, demonstrate that the positive equilibrium E* of system
(6.1) is asymptotically stable when the intrinsic growth rate o of the prey species
is less than its critical value a* and system (6.1) undergoes a Hopf bifurcation and
a stable non-trivial periodic solution bifurcates from the positive equilibrium when
the intrinsic growth rate « of the prey species passes through the critical value a*
which consists with Theorem 7.9.
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1.5

0.5~

0 | | | | | | |
1 1.2 1.4 1.6 1.8 2 2.2 24

time

Fig. 7.1: In this figure we run a simulation of the model (7.1) with stable positive
equilibrium E*.
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Fig. 7.2: In this figure we run a simulation of the model (7.1) with stable periodic
solution around the positive equilibrium E*.

7.6 Remarks and notes

By Chapter 15, we have two ways to compute the normal form of the reduced system
of a system topologically equivalent to the original system (7.10). One is to compute
the Taylor’s expansion of the reduced system first and then we can compute the
normal form of the reduced system. The other way is to compute the normal form
of the reduced system directly. We use the first way to compute the normal form for
Hopf bifurcation in this Chapter. We refer to the books [99] by Hassard, Kazarinoff
and Wan, [30] by Chow and Hale, [32] by Chow et al., [129] by Kuznetsov, [225]
by Wiggins and others for more results on the existence and properties of Hopf
bifurcation.

7.7 MATLAB codes

7.7.1 Figure 7.1

1

> tspan = [1 600];

200




7.7

23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43

44

45

46

MATLAB codes 305

yO = [2.70%x1e-81;1467;145.7];

[T,Y] = oded45(@myfun, tspan ,y0);
subplot(2,2,1)
plot(T,Y(:,1), r’, linewidth’ ,1.5);
xlabel ('t")

ylabel ('N")

set(gca, “FontSize’ , 15);

set(gca, 'FontWeight’, ’“bold’);
subplot(2,2,2)

plot(T,Y(:,2),’b’, linewidth’ ,1.5);
xlabel ('t")

ylabel ("P_S")

set(gca, “FontSize’ , 15);

set(gca, 'FontWeight’, “bold’);
subplot(2,2,3)
plot(T,Y(:,3), g, linewidth’ ,1.5);
xlabel ('t"7)

ylabel ("P_H")

set(gca, 'FontSize , 15);

set(gca, 'FontWeight’, “bold’);
subplot(2,2,4)
plot3(Y(:,1),Y(:,2),Y(:,3), k’, linewidth’ ,1.5);

xlabel ('N")

ylabel ("P_S")

zlabel ("P_H")

set(gca, 'FontSize’ , 15);
set(gca, 'FontWeight’, “bold’);

function dy = myfun(t,y)

muN = 1;

betaN = 700;
delta = §;
k=1/2;

rho=2;

muP = 1/7;
betaP = 8.5127;
eta = 9.24;
r=91;

dy = zeros(3,1);
dy (1) = (betaN-muN)=*xy(l)-deltaxy(1)sy(1)-kxy(1)*y(2)

dy(2’) = —(muP+eta)xy(2)-rhoxksy(1)*y(2)+y(3)*r;
dy(3) = —muPxy (3)+k*xy(1)*y(2)*rho-y(3)xr+betaPx(y(2)
+y(3));
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o dy=dy(:);
4 end

7.7.2 Figure 7.2

tspan = [1 600];

S

yO = [2.70%1e-81;1467;145.7];

s [T,Y] = ode45(@myfun, tspan ,y0);

¢ subplot(2,2,1)

7 plot(T,Y(:,1), r , linewidth’ ,1.5);
s Xlabel (7t7)

o ylabel ('N")

o set(gca, “FontSize’, 15);

i set(gca, ‘FontWeight’, “bold’);

2 subplot(2,2,2)

5 plot(T,Y(:,2),’b’, linewidth’ ,1.5);
u xlabel(7t7)

5 ylabel ("P_S7)

6 set(gca, “FontSize’, 15);

7 set(gca, “FontWeight’, “bold’);

s subplot(2,2,3)

w plot(T,Y(:,3), g’ , linewidth’  ,1.5);
» Xlabel('t7)

a ylabel ("P_H")

» set(gca, 'FontSize , 15);

» set(gca, 'FontWeight’, ’“bold’);

u subplot(2,2,4)

s plot3(Y(:,1),Y(:,2),Y(:,3), k’, linewidth’ ,1.5);

» Xxlabel ('N")

s ylabel ("P_S")

» zlabel ("P_H")

w set(gca, 'FontSize’, 15);
s set(gca, 'FontWeight’, “bold’);
32

» function dy = myfun(t,y)
s muN = l;

s betaN = 700;

% delta = 8;

37 k=1/2;

s rho=2;

» muP = 1/7;

o betaP = 8.5127;

4 eta = 9.24;
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r=91;

dy = zeros(3,1);
dy (1) = (betaN-muN)=*xy(l)-deltaxy(1)*y(1)-kxy(1)*y(2)

dy(2)

= —(muP+eta)xy(2)-rhoxkxy(1)*xy(2)+y(3)=*r;
dy(3) = —muPxy(3)+k*y(1)*y(2)*rho-y(3)*xr+betaP*x(y(2)
+y(3));
dy=dy (1) ;

end






Chapter 8

Large Speed Traveling Waves for the
Rosenzweig-MacArthur predator-prey Model
with Spatial Diffusion

This chapter focuses on traveling wave solutions for the so-called Rosenzweig-
MacArthur predator-prey model with spatial diffusion. The main results of this note
are concerned with the existence and uniqueness of traveling wave solution as well
as periodic wave train solution in the large wave speed asymptotic. Depending on
the model parameters we more particularly study the existence and uniqueness of a
traveling wave connecting two equilibria or connecting an equilibrium point and a
periodic wave train. We also discuss the existence and uniqueness of such a periodic
wave train. Our analysis is based on ordinary differential equation techniques by
coupling the theories of invariant manifolds together with those of global attractors.

8.1 Introduction

In this work we study the traveling solutions for the so-called diffusive Rosenzweig-
MacArthur predator-prey system that reads as follows

u uv
S (1 - —) _B ,
t Hhxx “ K 1+Eu (81)

Ve = 02Vxx —Cv+D1+Eu.
This system is posed for the one-dimensional spatial variable x € R while # denotes
time.

In the above system of equations u = u(z,x) denotes the density of the prey
population while v = v(¢,x) corresponds to those of the predator, at time t > 0
and spatial location x € R. The positive parameters §; and d, represent the diffusion
coeflicients for the prey and the predator, respectively. The underlying kinetic system
describes the dynamics of the populations as well as their interactions and reads as
the following ordinary differential equations (ODE for short)

W' (1) :Au(l —%)—B uv

1+Eu’ (8.2)
v'(t) =-Cv+D

)

1+ Eu

309
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wherein A, B, C, D, E and K are given positive constants. More precisely A stands
for the growth factor for the prey species, K denotes its carrying capacity, B and D
are the interaction rates for the two species while C corresponds to the natural death
rate for the predator. Finally the parameter £ measures the "satiation" effect of the
predator population. We refer the reader to Holling [? ] and Rosenzweig [? ? ] for
more details on this model.

The aim of this work is to discuss the existence and qualitative properties of the
traveling wave and the periodic wave train solutions for (8.1) . To discuss this issue,
we first rescale the system by introducing

U=Eu, V=Bv/C, t'=Ct, x' = (C/82)"?x,

d= g—‘, a=A/(ECK), y = EK, B=D/(EC).
2

With these new variables and normalized parameters, (8.1) rewrites, omitting the
prime for notational simplicity, as the following reaction-diffusion system

uv
U =dUyy +aU(y-U) - ——,
Uv 1+U (8.3)
Vi = xx_V Pt
r =V +BI+U

while the underlying kinetic system, namely (8.2), becomes

uv
U=aU(y-U)- ——,
gy U (8.4)
Vi=-V+ .
’81+U

As mentioned above, the goal of this work is to discuss some properties of the
traveling wave and periodic wave train solutions for the reaction-diffusion system
(8.3). Here recall that a traveling wave solution corresponds to an entire solution of
(8.3) (that is a solution defined for all time # € R) of the form

U(t,x) =u(s), V(t,x) =v(s) withs = x +ct,

where ¢ € R is some constant that stands for the wave speed. When the profile
s — (u(s),v(s)) is periodic we speak about periodic wave train with speed c.
Plugging this specific form into (8.3) yields the following ODE system for the wave
profiles (u,v) = (u(s),v(s)) fors e R

uy

cu' =du” +au(y —u) - ,
w o 1Hu (8.5)

14+u

v =v'-v+p

Traveling wave solutions for the above system or more generally for predator-
prey systems have been widely investigated in the last decades. One may refer the
reader to the works of Dunbar [63, 64? ] who proposed ODE methods coupled with
topological arguments to prove the existence of such special solutions. One may also
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refer to Gardner [81] who developed topological arguments based on the Conley
index to obtain the existence of solutions with suitable behaviour at s = +oo. We
also refer to Huang, Lu and Ruan [119] for more general results also based on a
coupling between ODE methods and topological arguments. We refer to Ruan [185]
a result of existence of periodic wave train by using using Hopf bifurcation method.
We refer the reader to the work of Hosono [112] and the references cited therein for
results about the Lotka-Volterra predator-prey system as well as to the recent work
of Li and Xiao [138] (see also the references therein) for results about the existence
of traveling waves for more general functional responses and also for a nice review
on this topic. The connexion between wave solutions and the asymptotic behaviour
of the Cauchy problem (8.3) (when equipped with suitable initial data) has been
scarcely studied. One may refer the reader to Gardner [80] who studied the local
stability of wave solutions and to Ducrot, Giletti and Matano [54] (and the references
therein) for results related to the so-called asymptotic speed of spread. We also refer
to [4, 53, s ] for other recent results.

One important difficulty when studying traveling wave solutions for predator-prey
interactions relies on the ability of the underlying kinetic to develop sustained oscil-
lations, typically through Hopf bifurcation. Hence the behaviour of the solutions of
the corresponding reaction-diffusion system are expected to exhibit somehow com-
plex spatio-temporal oscillations. Therefore the traveling wave solutions describing
for instance the spatial invasion of a predator is also expected to exhibit oscillating
patterns, connecting a predator-free equilibrium and some oscillating state, such as
a periodic wave train (see [ 19, 185] for results about the existence of such periodic
solutions using bifurcation methods). According to our knowledge, this question
related to the shape and the behaviour of traveling waves remains largely open. It
has been addressed by Dunbar in [? ] and further developed by Huang [120]. In this
aforementioned work, the author developed refined singular perturbation analysis
based on the hyperbolicity of the periodic solutions of the kinetic system to con-
struct oscillating traveling wave in the large speed asymptotic. In this work we revisit
this issue by developing a dynamical system approach to obtain a complete picture
of the traveling wave solutions for system (8.5), in the large wave speed asymptotic,
¢ > 1. Our methodology also allows us to provide uniqueness results, on the one
hand for traveling waves and, on the other hand, also for periodic wave trains with
large wave speed.

In this paper, we describe in particular sharp conditions on the parameters of
the system that ensure the existence of a unique traveling wave solution for (8.5)
connecting the predator free equilibrium to the interior equilibrium or to a unique
periodic wave train. To reach such a refined description, we develop a methodology
based on dynamical system arguments. Here we will more precisely couple center
manifold and more generally invariant manifold reduction together with the global
attractor theory and qualitative analysis for ODE. In fact, the method presented here
is rather general and can be used to work on the traveling waves with other and
more general nonlinearities. It can also be extended to handle infinite dimensional
problems such as reaction-diffusion systems with time delay.

To perform our analysis, we make use of successive rescaling arguments to restrict
our analysis to a system of two ordinary differential equations. Firstly let us set
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u(s) = u(—cs),v(s) = v(-cs).

Then, dropping the hats on u and v for notational convenience, (8.5) becomes

’ d 144 uv
—u'=—u +ozu()/—u)—1 ,
g w 6)
! = ' +
rEaY ﬁl +u

Next let us set € = C—lz, uy =u,up =u’, vy =vandv, =v’, so that the above problem
(8.6) rewrites as

u; = uj,
uivy
deu) = —uy — auy(y —up) + ,
1+M1 8.7
. 8.7)
Vi =V,
uivi
’
EV =—=Vy+V]— .
2 'Bl+u1

Set
ur(s) = ui(es), uz(s) = uz(es),vi(s) = vi(es),va(s) = va(es),

and (8.7) becomes (dropping the hats for notational convenience)

’

u1 = &uy,

uivy
du}y = —up —au(y —ur) + ,

l+u1 (88)
, .
vl =eév,

upvi

’
v, =-va+v—
2 ﬁ1+u]’

where all the parameters d, @, y, 8 and ¢ are strictly positive.

As mentioned above, in this paper we will investigate traveling waves and periodic
wave trains for (8.5), that correspond to heteroclinic connexions and periodic orbits,
respectively, for system (8.7) or equivalently (8.8). Here we focus our study on
the large speed asymptotic, namely ¢ > 1, thatis 0 < & = 6—12 < 1. To study
this problem we will use center manifold reduction arguments to rewrite (8.8) on
a suitable invariant set as a small perturbation of the kinetic system (8.4). The
description of the heteroclinic and periodic orbits of the perturbed problem are then
investigated using global attractor theory.

The organization of the paper is as follows. Section 2 is devoted to the description
of the global attractor for the Rosenzweig-MacArthur model (8.4) with a particular
attention paid on the heteroclinic orbits and their uniqueness. Section 3 is concerned
with the study of some complete orbit of (8.8), in the regime 0 < & <« 1. We first
reformulate this problem as a small perturbation of (8.4). We then study its global
attractor and derive existence and uniqueness results for the traveling waves and
periodic wave trains for (8.5) whenever c is large enough. In the last section we
present some numerical simulations for the system in order illustrate our results.
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8.2 Global attractors for the Rosenzweig-MacArthur model

In this section we propose a refine description of the global attractor of the
Rosenzweig-MacArthur model

uv
U({t)=aU(y-U) - =0
, Uv (8.9)
V'(t) =—V+ﬁ1 T

The results presented in this section are mainly due to Hsu [ 16][Theorem 3.3],
Hsu, Hubbell and Waltman [ , Lemma 4] where the global stability of the interior
equilibrium is obtained by using the 18.13 criteria, and to Cheng [25] who proved
the uniqueness of the periodic orbit. In this section, we reformulate these results
using the theory of the global attractor and as mentioned above we propose a refine
description of this object by studying the existence and uniqueness of heteroclinic
orbit starting from the no predator region (V = 0) to the interior global attractor
(where U > 0 and V > 0). The results presented in the next main section, about
(8.8), will make use of the refined description presented in this section.

To study (8.9) let us first observe that this system admits the following equilibrium
points. The boundary equilibria are given by

(Uo, Vo) = (0,0) and (U, V1) = (v,0). (8.10)
and the unique interior equilibrium whenever y (8 — 1) > 1, is given by

[ aﬁ[v(ﬁ—l)—l]).

U,,V,) = ,
(U2, V2) o1 B-1)

8.11)

Next define the functions

uv U

FUV)=aU(y-U)- 1 =1/ -V
and
vV(U-1U,
G(U,V):V(%_l)z(ﬁ_l)(lfl])

with the nullclines
fU)=a(y-U)(1+U) andU = U,

for U-equation and V-equation, respectively. Note that the map f(U) is symmetric
y-1

with respect to the vertical line U = -
We make the following parameter regimes for convenience and will refer these
conditions throughout the paper:
HD:y (B-1) > 1;
(H2):y (B-1)>pB+1;
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H3):1<y(B-1)<p+1.
We now discuss the existence of global attractor for (8.9) those existence is
ensured by the next lemma.

Lemma 8.1 (Global attractor) Let (H1) be satisfied. There exists R > 0 such that
the triangle
T ={(U,V) € [0,00)?: BU+V < R}

is positively invariant by the semiflow generated by (8.9). The (positive) semiflow
generated by (8.9) in R2 admits a global attractor, denoted by Aga, that is contained
in T. Furthermore the triangle T contains all the non negative equilibria of (8.9).

Note that the invariance property follows from the fact that for all R > 0 large enough
BF(U,V)+G(U,V) <0 whenever BU+V =Rand U >0andV > 0.

We now focus on the precise description Ag>. To that aim we first discuss the
existence of an interior attractor by considering the regions

OuRZ ={(U,V) €eR;:V =0} and dyR: = {(U,V) €R} : U =0},

and leading to the state space (disjoint) decomposition R = Int (R2)U(dyR2 U dy R2).
In the following lemma we are using the notion of global attractor considered first by
Hale [93, 94]. We refer to Magal and Zhao [160] and Magal [151] for more results
and examples about global attractors only attracting compact subsets.

Lemma 8.2 Let (HI) be satisfied. The semiflow generated by (8.9) restricted to R>
(respectively dyR2, dyR2 and Int (Ri) ) has a global attractor Agz ( respectively
Agyrzr Agy 2 and Apne(r2)) which is a compact and connected subset which

attracts all the compact subsets of R% (respectively dyR2, 8y R2 and Int (R2)).

Remark 8.3 The global attractor ﬂlm(Ri) only attracts the compact subsets of
Int (R2). That is to say that Ap(r2) does not attract the bounded subsets of the

interior region Int (Ri) (see Magal and Zhao [160] for more examples).

It is readily checked that the global attractor in dy R? is Apyr2 = {(0,0)} while
the global attractor in 9y R? is

Agyrz ={(U,V) € R2:U € [0,y] andV =0} .

Indeed A, 2 contains the two equilibria in AuR3 as well as the heteroclinic orbit
joining these two equilibria.

Proof (Proof of Lemma 8.2) Note that the existence of the boundary attractors fol-
lows from the invariance of these sets together with the dissipativity stated in Lemma
8.1. Next to prove the existence of the interior attractor ﬂIm(Ri) , it is sufficient (see
for instance Hale and Waltman [96]) to show that the state space decomposition

(0yR? U yR2; Int (R2)) is uniformly persistent, namely there exists some constant
® > 0, such that for each (Up, Vp) € [0, 00)? with Uy > 0 and V > 0

30 > 0, ¥(Up, Vo) € Int (Ri), liminf min (U (1), V(1)) 2 ©, (8.12)
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To prove this property, since the two equilibria, M; = (0,0) and M, = (y,0), on
the boundary (9UR3 U dy Ri are chained in the sense of Hale and Waltman’s [90].
Therefore it is sufficient to prove the local repulsivity of each of these equilibria with
respect to the interior region Int (Ri) Assume by contradiction that for some £ > 0
small enough one has

Up>0and Vy > 0and U(¢) +V(¢) < &,Vt > 0.
Then by using the U-equation of (8.9) we obtain
U > [a(y—¢g)—¢€]U.

Therefore by choosing € > 0 small enough (so that [a(y — ) — €] > 0) we deduce
that U(f) — oo as t — oo. which is impossible since the system is dissipative.
Similarly assume that

Vo>0and |U(t) —y|+V(t) <&Vt >0.

Then by using the V-equation of (8.9) we obtain

’ (7_8)‘/
\% 2_V+'B—l+(7—s)'
(y—¢)

Choosing & > 0 small enough (so that ﬁm >le B-D(y-¢ >1)

one deduces that V() — oo as t — oo, which is a contradiction, that completes the
proof of (8.12). O

Before going to the description of the global attractor, let us first describe the
interior attractor. To do so we summarized in the next theorem some important
known results about (8.9).

Theorem 8.4 System (8.9) enjoys the following properties.

(i) If (H3) is satisfied, then the interior equilibrium is globally asymptotically stable
for system (8.9) restricted to Int(R2).

(ii) If (H2) is satisfied, then (8.9) admits a unique stable periodic orbit surrounding
the interior equilibrium and the system has no other periodic orbit.

Note that (i) has been proved by Hsu, Hubbell and Waltman [1 14, Lemma 4] using
18.13’s criterion which proved that the system has no periodic orbit whenever (H3)
holds. More precisely, setting ¢(U,V) = %V‘f *! for some constant & > 0 such

that ("B__lf“ <é< ( ﬁ - VT_I) f%, then, the aforementioned works proved that for

each 0 < i < 1 there exists m,, > 0 such that

By (9F) + 8y (9G) < —my, Y(U,V) € [n.n7"]. (8.13)

As far as the second point (if) which is concerned the uniqueness of the periodic
orbit was proved by Cheng [? | while its stability was proved in [ | 14]. Note also that
(8.9) undergoes an Hopf bifurcation around the interior equilibrium whenever we
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choose the bifurcation parameter y and this Hopf bifurcation occurs at y = y* with

Y (B-1D)=B+1

These results are related to the interior attractor and reformulated as follows.
Corollary 8.5 (Interior attractor) The following holds.

(i) Assume that (H3) holds. Then the interior attractor Ape(r2) reduces to the
interior equilibrium.

(ii) Assume that (H2) holds. Then the interior attractor Apy(r2) consists of the
unique interior equilibrium, the unique interior periodic orbit and an infinite
number of heteroclinic orbits joining the unique interior equilibrium and the
unique periodic orbit.

To complete this section, we are able to describe the global attractor Apa.- Our
result reads as follows.

Theorem 8.6 (Global attractor) Let (HI1) be satisfied. Then system (8.9) admits
a unique heteroclinic orbit (U,V) joining (7y,0) to the boundary of the interior
attractor Ay (g2)- The global attractor Ay is composed of three disjoint parts

Az = 0.1 x (0} J{W@).v@0). 1 € R} ) A sz).

Proof The proof of this result requires three steps. We firstly derive the existence
of heteroclinic orbits using a connectedness argument for the global attractor. Then
we show that heteroclinic orbits starts from the stationary point (y,0) and finally
we conclude to the uniqueness of such heroclinic orbit by using a center unstable
manifold argument (see [59] where a rather similar argument was used to derive a
uniqueness property for traveling wave solutions arising in some epidemic problem).
Connectedness arguments: The largest global attractor Az is connected since it
attracts the convex subset T. It follows that the projection of Apgz on the horizontal
and vertical axis is a compact interval.

The global attractor Az contains the interior global attractor ﬂInt(Rz) which is
compact, connected and locally stable. The global attractor Ap2 also contains the
boundary attractor A, 2. The connectedness of Ay: and compactness of Apyy(z2)
and Ay, R imply

Az — (ﬂlm(Rz) U ﬂaURz) # 0.
Moreover by using Theorem 3.2 due to Hale and Waltman [96] we deduce that for
each point (U, V) € Az - (ﬂlm(Ri) U ﬂauRi) the alpha and limit sets satisfy the
following

a(U,V) € Ay, gz and w(U, V) € Apy(zz)-

Finally since the boundary attractor has a Morse decomposition M; = {(0,0)} and
={(y,0)} we have either

(U, V) = My or a(U, V) = My, Y(U. V) € Aga = Az | Agy2) -
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No existence of heteroclinic orbit starting from (0, 0): Assume by contradiction
that there exists one. Next by looking the V-equation we deduce that

V(1) = exp ( / (—1 + %) ds) V(o). Vi1 € R.

Since V(t9) > 0 and there exists T < 0 such that U(¢) remains sufficiently small for
all negative times ¢ < T, so that V() — oo as t — —oo that which contradicts the
boundedness of the global attractor.

Existence and uniqueness of an heteroclinic orbit starting from (y,0): We
only need to prove the uniqueness. The linearized equation around (7, 0) has two
eigenvalues: 1] = —ay <0 and 1; = ﬁ—yy — 1 > 0 with eigenspaces

Y "
yB-D-l+ay(l+y) |

E; ={(U,V) eR*:V =0} and E,, ={(U,V) ER*:U-y=-

with Sz as sy > 0 Note that R? = Ey, (P En,.
The center-unstable manifold at (y, 0) is one dimensional. Let ¢, : E4, — E4, be
a C! center-unstable manifold and consider the one dimensional manifold defined
by
My = {xcu + wcu(xcu) Xey € E/lz}-

It is locally invariant under the semiflow generated by (8.9) around (7, 0). Since
Dy, ¥eu(0) = 0, the manifold M., is tangent to E,, at (y,0). Moreover we know
that there exists € > 0, such that M., contains all negative orbits of the semiflow
generated by (8.9) staying in the ball Bg2((y,0), €) for all negative times.

In order to prove the uniqueness, we assume that there exists two heteroclinic
orbits

01 = (U1(1,Vi(1),ex < Int (R2) and 0 = (U (1), Va (1)) 5. < Int (%2
going from (v, 0) to the interior attractor ﬂlm(Rﬁ ) Since
dim (U1 (0. V(1) = (7.0) and_lim (U2(0). Va(0)) = (.0).
without loss of generality, one may assume that

(U1(1),V1(1) 1 <0 C Bp2((7,0), &) and (U»(1), Va(1)),<0 C Br2((7,0), &)

which imply that (U;(¢), Vi(2)),<o € Mcy and (U (), Va()),<o € Mcy-

Let ITy, and IT,, be the linear projectors from R? to E,, and E,,, respectively. We
can find #; < 0 and #, < O such that ITy, (U;(#1), Vi (t1)) = 14, (Ua(t2), V2(t2)) and
then ¢, (I, (U1 (1), Vi(21))) = Yeu (T, (Ua(22), V2(22))). Thus (U1 (11), Vi (1)) =
(Ux(t2), Va(t2)). By the uniqueness of the solutions for system (8.9), we get (U (¢ +
), Vi(ty + ) = (Ua(ta + -), Va(t2 + -)) and thus O; = O,. The uniqueness of the
heteroclinic orbit starting from (7, 0) follows and this completes the proof of the
theorem.
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(a)

u(t)

(b)

u)

Fig. 8.1: In this figure we run a simulation of the Rosenzweig-MacArthur model with
a=1,B=3andy = 18.7 (in Figure (a)) andy = 2.4 (in Figure (b)). In both figures
we plot the heteroclinic orbit joining the boundary equilibrium and the interior
equilibrium (in Figure (a)) and the interior limit cycle which is a stable periodic
orbit (in Figure (b)). In this figure we also plot the nullclines f(U) = a(y-U) (1 + U)
and U = Uz.
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8.3 Application of a center manifold theorem to the traveling
wave problem

This section is devoted to the study of traveling wave profile system of equations
(8.8) for £ < 1. We will firstly apply a center manifold reduction on a suitable
invariant region. The reduced system will be analysed. In the same spirit as in the
previous section we will describe its global and interior attractor to obtain various
results about the existence and uniqueness of traveling wave solutions as well as
refined information about periodic wave trains.

8.3.1 Reduction of the traveling wave problem

Transformed system: In order to work with a subspace of equilibria for € = 0 we
use the following change of variable

Ui = uy, up = Uy,

Us = up + F(uy,vy), uy = U, = F(U, V1),

Vi =vi, < vy =V, @19
V2 = v+ G(uy,vy) vy =V = G(Uy, Vi).

By using this change of variable the system (8.8) becomes

Ul =euy=¢[U-FU, W],

dU2' = dué +dF(U],V1)’ =-U, +d6uF(U1,V])U{ +d0VF(U],V1)V',
Vl’ =ev,=¢ [V, -GU,W)],

V2/ = vé +GU,, V) ==V, +(9MG(U1,V1)U{ +(9VG(U1,V1)V1/

and therefore we obtain

U =e&lU-FU;,)],

dUé = —U2 +8dP(U1, U2, V19V2)’
Vi =¢&[V,-G(U;, V)],

vV =-Va+eQ(Uy, Uz, Vi, V2),

(8.15)

wherein P and Q are given by
P(U1,Uy, Vi, Vo) = 0,F (U1, V1) [Uy — F(U,V1)] + 0, F(U, Vy) [Vo — G(UL, V)]
and

O(U1, Uz, V1,V2) = 0,G (U, V1) [Uz = F(U1,V1)]+0,G (U1, V1) [Vo = G(U1, V1)] .

Truncated system: Let p : R — R be a C* function such that
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1, ifx >0,
p(x) =1 €[0,1], ifx € [-1/2,0],
0, ifx < —1/2.

Define the set
E={(U1,U2,V1,V2) €R*: (U1, V1) € Tand Uz = F(U1, V)| < 1, [V2 = G(U1, V1) < 1}
Let L > 0 be given large enough such that

L>2+ max |F(U;,V))|+ max |G(U;,Vy)|
(Ui, V1)eT (U1, V1)eT

+ max |P(Uy, Uz, Vi, Va)| + max |Q(Uy, U, Vi, Va)l.
(U1,U5,V1,V,) €E (U1,U,,V1,V2) €E
Let y : R — R be a C* function such that

1, ifx e [-L, L],
x(x)={€e[0,1], ifx € [-(L+1),-L] U [L, (L + 1)],
0, ifx ¢ [-(L+1),(L+1)].

Then we have

Ul =¢elU-FU., V)] x(Uz - F(U;,V1))p(Uy),
dUj = =Uy + &dP (U1, Uy, Vi, Vo) x (P(Uy, Uz, V1, V2)) p(Uh),

. 8.16
V] =&[Va-GU, V)] x(Va = G(U,V1)p(U)), (810
V) = -Va+&Q(Uy, U, Vi, V2) x(Q(U1, Ua, Vi, V2)) p(Uy).
Define
h(x) =xx(x), x € R.
Then system (8.16) can be rewritten as
Ul =¢eh(Uy-F(U;,W))pU),
dUé:—Uz+8dh(P(Ul,Uz,Vl,VZ))p(Ul)’ (8.17)
Vi =eh(V2-GU, V1)) p(U1), .
V2/ = —V2+$h(Q(U1, U2’V1,V2))p(U1)'

Remark 8.7 In this truncation procedure the function p(U;) serves to avoid the
singularity at U; = —1 in F and G. The function A(.) is used to obtain a bounded
Lipschitz perturbation of the system with & = 0.
By setting X (¢) = (U;(¢t), V() and Y (¢) = (Uy(t), Va(t)), system (8.17) takes the
following form _
{X’(t) = sF(X(1),Y (1), 818)
Y'(t) = -DY () + eG(X(2),Y (1)), '

where F. s G € C™ (Rz x R2, RZ) are bounded and Lipschitz continuous functions
and where we have set D = diag(d~', 1). Therefore the central space is given by

X, ={(X,Y) e R”*xR*: Y =0},
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while the stable space reads as
X, ={(X,Y) e R*xR*: X = 0}.

Remark 8.8 Due to the choice of the constant L > 0 the truncated system (8.17)
coincides with the original system (8.15) whenever (Uy, U,, Vi, V,) € E. Moreover
the equilibria of system (8.15) belong to E (since U; = u; and V| = v; and the
equilibria of (8.8) satisfy up = v, = 0 and (u, v{) must be an equilibrium of (8.9)).
Conversely the equilibria of (8.17) in E must satisfy

62 = F(ﬁ],V]) =0and Vz = G(ﬁ],V]) =0.
Now by using Lemma 8.1 we have (U;,V;) € T.

For > 0 and p € N'\ {0} we define the weighted spaces
BC"(R;RP) = {u € C(R,RP) :supe M ||u(2)| < oo; .
teR

Moreover for € > 0 small enough we can apply the smooth center manifold theorem
proved by Vanderbauwhede [216, Theorem 3.1] and Vanderbauwhede and Iooss
[217, Theorem 1]. This yields the following reduction result.

Theorem 8.9 Ler p € (0, min(1, 1/d)) be given and fixed. Then there exists £y > 0
such that for each € € [0, gg] we can find a map ®, = ((Dls, @) € C*(R2,R?), for
each integer k > 0, satisfying the following properties

(Dg (OR) = ORz and D¢8 (OR) = OL(RZ),
and @ . is bounded as well as its derivatives up to the order k and

lim ||q)g||oo =0and lim ||d>g||Lip =0.
£—0 -0

Moreover we have the following properties:

(1) The global center manifold M. = {(X,Y) :Y = ®.(X)} is invariant by the
semiflow generated by (8.17) (forward and backward in time). Namely if t —
X (1) is a solution of the reduced system on some interval I C R

X'(t) = eF(X(1), ®.(X (1)), Vt € 1, (8.19)

thent — (X(t),®.(X(t))) is a solution of (8.17) on I.
(i) Ift — (X(¢),Y (1)) is a solution of (8.17) on R which belongs to BC" (R;R?),
then
(X(1),Y(t)) e M NVt e RS Y(t) =D (X(1)),Vt €R.

Now let us prove the following invariance result.

Proposition 8.10 There exists €y € (0, £q] such that triangle T is negatively invariant
by the flow generated by the reduced system (8.19). That is to say that
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X'(1) = eF(X(1),®4(X(1)),Vt € Rand X(0) = Xo € T = X(1) € Tforallt <0.

Furthermore the following subsets are both negatively invariant by the flow generated
by the reduced system (8.19).

8,T={U,V)eT:V =0} and 8, T={(U,V) €T:U =0}.

Proof In the first step, we investigate the invariance for the boundary regions 9, T
and 0, T. To that aim we claim that

U\ 0 B
(VZ)_QS(VI)zwz_o. (8.20)

Indeed, assume that U; = U, = 0 in system, then
U1 = Uz =0= U2 - F(Ul,Vl) =0and P(Ul,Uz,Vl,Vz) =0.
Therefore the two last components of the truncated system (8.16) become

{v{ =eh(Va-G(0,V)), (8.21)

Vzl =-Vo+eh (Q(O, 0, VI,VZ)) .

Now by applying the center manifold theorem to (8.21) (which applies for the value
of & € (0, &) since the estimations for systems (8.17) and (8.21) remain unchanged
in the proof of the center manifold theorem), we deduce that we can find a map
¥, € C*(R,R) such that the center manifold of the two dimensional system (8.21)

Vo= \PS(VI)

and the solution r — (V(r),V;(z)) of (8.21) starting from an initial value
(V1,¥ (V1)) satisfies
(V¥,V5) € BC"(R;R?).

We conclude that
(U1, Uz, Vi, V1) = (0,0,V}, V) € BCT(R;RY)

is a solution of the truncated system (8.17). This completes the proof of the claim.
By using similar argument one deduces that

U2) _ @, Ui and U >0=V,=0. (8.22)
Vs 0

We now turn to the invariance of the triangle T. By using the fact that

{Uf =eh (OL(U, V) - F(U, V1)) p(Uy), (8.23)

V! =eh (®L(ULVI) - G(U, V) p(U)).

Whenever U + V|, = R and U; > 0 and V| > 0 in system (8.22), then p(U;) = 1
and for € > 0 small enough (4 coincides with identity)
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BU; +V{ =& (®L(U1, V1) + ®2(U1, V) = F(UL, V1) = G(U1L W) > 0.

Therefore by combining this fact together with (8.19) and (8.21), we deduce that the
triangle T is negatively invariant by the reduced system. O

8.3.2 Global attractors

We investigate preliminary properties of the perturbed two-dimensional (reduced)
system (8.19). Recall that (H1) is satisfied along this paper and T, 0, T, 0, T are
negatively invariant with respect to this system for all € € (0, g&9]. Before going
further, by setting t = —&s and (U, V) (s) = (U;,U,) (¢) the above system (8.19)
becomes, dropping the tilde for notational simplicity

e —
:U _[ OL(U,V)+F(U,V)| := F:(U,V), (8.24)

V' = |-®1(U,V)+G(U,V)| := G (U,V).

Notice that T, 9, T and 0, T become positively invariant with respect to the above
system. Then, for each such € € [0, g9], we denote by {T.(¢)},5( the strongly
continuous semiflow on the triangle T generated by (8.24). One may also observe it
continuously depends on &, namely the map (&, 1, X) — T ()X is continuous from
[0, 9] X [0, c0) X T into T. Our first result reads as follows:

Lemma 8.11 Let £ € [0, gg] be given. Then the semiflow {T(t)}:>0 possesses a
compact and connected global attractor A, C T attracting T in the sense that

dist (T ()X, Ag) — 0 ast — oo uniformly for X € T,

wherein dist (X, A,) = Yinﬂf ||IX = Y|| denotes the Euclidean distance from X € R?
€ £

to Ag.

Proof Fix e € (0, go]. Since, foreachr > 0,T.(¢) : T — Tis completely continuous

and bounded dissipative (T is compact), Theorem 3.4.8 in [94] ensures the existence

of a global attractor for the semiflow 7. In addition, since T is connected, the result
of Gobbino and Sardella [84] applies and ensures that A . is connected. O

Lemma 8.12 The family (Ae) g0, ] iS upper semi-continuous, in the sense that
for each € € |0, &g] one has

lim 6 (A,, Az) =0,

EDE

wherein § (Ag, Az) is given by

6 (A, Ag) = sup dist (y, Az).
YEAL
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Proof Since the map (&,t,X) — T.(t)X is continuous from [0, g9] X [0, 00) X T
into the compact set T, Theorem 3.5.2 in [94] ensures that the family {A.}ce[0, 5]
is upper semi-continuous. O

We continue this section by further studying some properties of the global attractor
Ag. To that aim, we define

AT’ =9,TUd,Tand T’ =T\ T’ ={(U,V) € T: U >0andV > 0}.
Here let us recall that, for all & € [0, 9] and ¢ > 0, one has
T.()T° c T and T, (1)0T° c T°. (8.25)

We prove the following uniform persistence result for 7.

Lemma 8.13 There exists €1 € (0,&9] and ® > 0 such that for all € € (0, &1] and
X € T° one has
lim inf dist (Tg(t)X, aTo) > 0.

The proof of this lemma relies on the application of the results of Hale and
Waltman in [96].

Proof Firstly recall that
(Fg,Gg) = (F,G) ase — 0in C'(T).

Next fix 1 € (0, go] such that

1 1
aUFS(O’O) > _8UF(0’O) > 0’ 8UF5('}”0) < _GUF(’)/’O) < O’
21 21 (8.26)
v G:(0,0) < EavG(O, 0) <0, dvGe(y,0) > EaVG(% 0) > 0.

Now, in order to apply the result of Hale and Waltman, consider the extended
semiflow U(t) : T x [0,&1] — T x [0, 1] given by

U(t) (f) = (Tg(gt)X), V(X) €T x[0,&1].

&

Then U becomes a strongly continuous semiflow on the compact set X := Tx [0, £1].
Next consider the two positively invariant sets (see (8.24))

X% :=T% % [0,&] and 8X° = 9T x [0, &1].

Now in order to prove the lemma, we will show that the pair (0 X 0, x 0) is uniformly
persistent with respect to the extended semiflow U. To that aim, observe that U
possesses a compact global attractor, denoted by A. Then U| 5x0 also admits a global
attractor Ag = ([0, y] x {0})x[0, &1] while Ay := Uzea, @(X) can be decomposed
as the follows

Aa =M, UM2 with M, := {(8)} x [0,&1] and M, := {(g)} x [0, 1],
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that corresponds to a covering of A4 by disjoint compact isolated invariant sets M
and M, for U|gxo. Furthermore M is chained to M, and this covering is acyclic (see
[96]), since Oy F(0,0) > 0 and dy F(y,0) < 0.

Next since {U(f)};>0 is bounded dissipative and completely continuous on X
for each t > 0, in view of Theorem 4.1 in [96] to prove that the pair (0X°, X9) is
uniformly persistent, it is sufficient to check that

WS (M)NX%=0, Vi=1,2.

This latter property follows from the same repulsiveness arguments as the ones
developed in Lemma 8.2 using the inequalities in (8.25). O

Using the above lemma one obtains the following decomposition result.

Proposition 8.14 For each € € [0, 1], there exist a global attractor Ay, . C T and
a global attractor Ay, . in AT for T, and the following decomposition for the global
attractor A (provided by Lemma 8.12) holds true

A =Ae | JW* (Ase) (8.27)

where W" (A ¢) = {X € Ag : a(X) C Ay e }. Furthermore the family (Ao, ;)
is upper semi-continuous.

€€[0,&0]

Proof The proof of the above result relies on the application of Theorem 3.2 in [96]
and Theorem 18.1 in [151]. To see this, let us first observe that the result in Lemma
8.13 can be reformulated as follows:

lim inf dist (TE(I)X, mro) >0,

forall X e T°and all ¢ € [0, &1]. Hence, since for each € € [0, £1], T¢ is completely
continuous and bounded dissipative and satisfies (8.24), the existence Ap  As, e
together with the decomposition (8.26) follows from the results in [96]. Next, using
Lemma 8.12 and 8.13, the results of Magal in [151] applies and ensures the upper
semi-continuity for the family of interior attractors {5‘{0,5}8 cl0.e1]" This completes
the proof of the proposition. ’ O

Remark 8.15 One may notice that, for all € € [0, 1] one has Ay - = [0,y] x {0}.
This point has — implicitly — already been used in the proof of Lemma 8.13.

In the following, we discuss some properties of the interior attractor Ay . for
& € (0,&1]. Our first result consists in the perturbation of Corollary 8.5 (i) and it
reads as follows.

Theorem 8.16 Assume that (H3) holds. Then there exists £, € (0, 1] such that

Ao,e = {(gj)} , Ye € [0, &7].

In other words, the interior attractor reduces to the interior equilibrium for all € > 0
small enough.
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Proof The proof of this result relies on the application of 18.13’s criterion. Note
that due to Lemma 8.13, one has

inf dist (X, Ap,.) > O, Ve € [0, &].
X eoTo

Let K ¢ T be compact such that

(€]
inf dist (X,K) > — and Ao, C K Ve € [0, &o].
X €T 2

As for the proof of Theorem 8.4 (i) givenin [ 1 14], we consider the function ¢ (U, V) =
1+U
Vé+! for some suitable £. Then, since (F,, G,) — (F,G) as & — 0 for the

topology of C!(T), one has

[0u (¢F¢) + v (9Ge)] — [0y (F) + v (¢G)],

uniformly for (U, V) € K as &€ — 0. According to the computations (8.13) recalled
in Theorem 8.4 one has

F .
(Ur’r‘l/a)XEK [0u(@F) + 0y (¢G)] <0

As a consequence, there exists &, € (0, £1] small enough and 6 > 0 such that, for all
€ € [0, &;] one has

[0u (¢F¢) +0v (¢Ge)] < =6, Y(U,V) € K.

Since Ay, C K for all & small enough, the result follows using 18.13’s criterion. O

Lemma 8.17 Assume that (H2) holds. Then there exists €3 € (0, &1] such that the
interior equilibrium (ﬁ%Vg) is an unstable spiral points for the semiflow T, for

all € € [0, &3]. More precisely, the linearized equation of system (8.24) around the
interior equilibrium has two complex conjugated eigenvalues with strictly positive
real parts, that is a two dimensional unstable manifold.

Proof Consider the Jacobian matrix, denoted by J ., associated to (8.24) at (52, ‘_/2).
Since (F,,G ) is C!(T)—close to (F,G) as € — 0, one has

Je=J+o(l)ase — 0.

Herein J is the Jacobian matrix at (UZ,VQ) of (8.24) with & = 0 (that corresponds

to system (8.9)). It is readily checked that the eigenvalues 1. of J are simple so
that the eigenvalues of J., A, . are simple and continuous with respect to £. Hence
A+ = A+ +0(1). This completes the proof of the result since A, are conjugated
complex numbers with positive real parts. O

Note that the system (8.24) has the same equilibria as system (8.9) and the system
(8.24) has the boundary equilibria (Uo, Vo) and (U;, V) given in (8.10) and the
unique interior equilibrium (U,, V3) defined in (8.11), whenever (H1) holds.
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As a consequence of the Poincaré-Bendixon theorem, one obtains the following
corollary.

Corollary 8.18 Assume that (H2) holds. Then there exists €4 € (0, &3] such that for
all € € [0, &4], the interior attractor Ay, contains a (non-trivial) periodic orbit

surrounding the interior equilibrium (ﬁz,\_/z).

8.3.3 Uniqueness of the periodic orbit and interior attractor

In this section we discuss the uniqueness of the periodic orbit for system (8.24)
and its relationship with the global interior attractor when the parameters satisfy the
condition

H2) & U, < 72 . (8.28)

The aim of this section is to prove the following uniqueness result.

Theorem 8.19 (Unique stable periodic orbit) Under condition (8.28), forall e > 0
small enough, there exists a unique stable periodic orbit surrounding the interior
equilibrium and the system has no other periodic orbit.

According to Corollary 8.18, for each £ > 0 small enough, let (U, (?), V(1)) de-
notes any non constant periodic orbit of (8.24) and T > 0 its period. The associated
closed curve is denoted by I', that is

I'e= {(Us(t), Vs(t))7 re [O’ Té‘]}

Recall that "¢ encloses the interior equilibrium (Ug, ‘_/2). Note also thatI'; € Ay, .
Hence Proposition 8.14 ensures that there exists > 0 such that for all € > 0 small
enough

Ug(t) 20, V(1) 2 0, YVt e R.

Throughout this section we also denote by I'y the unique non constant periodic
orbit of (8.9), that corresponds to (8.24) with € = 0 (see Theorem 8.4 (ii)). The
corresponding periodic solution of (8.9) is denoted by (Uy(z), Vo(t)) while Ty > 0
is its period.

The idea of this proof is to show that I' ;. becomes close to I'y as € — 0. Then, as
in [25] for the unperturbed system, we will prove that for all £ > 0 small enough,

Te
/ [0y Fo (U (), Vo (1) + 3y G o (Us (1), Vi (0))] dt <.
0

According to Hale [91], the latter condition means that I' is locally asymptotically
stable and then it follows that I is unique when £ > 0 is small enough.
To prove Theorem 8.19, let us firstly prove the following lemma.

Lemma 8.20 Let condition (8.28) be satisfied. Then, for each 6 € (ﬁz, 7771) there

exists €(6) > 0 small enough such for all € € (0,&(8)] the curve I intersects
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the line U = 6. In other words, one has max {U.(t) : t € [0,T¢]} = & for all
g€ (0,£(0)].

Proof Consider the function

e
(B 1rren) vy,

F(U,V) = d. — dn,
U.V) /U 7 evg [ T
1+¢&

wherein we have set W (U,V) = —-V~!®2(U,V). Note that since ®.(U,V) is
C'—small uniformly on the compact set (U,V) € TwithV > 6 >0and U > 6 > 0
then ¥ is also C'—small on the same compact set.

Next let us compute the derivative of function (U, V) with respect to ¢ along
the periodic orbit I', that yields

Ue
dF (Us(1), V(1) (ﬁua_”lpgwg"/g) O (U V) e F(U.V 1V£—V2V,
dt - ﬁUF [_ s( & s)+ ( & s)]+_ Vg &
1+U;
, [V (1 +8)dyYa(£,Ve)
1% ~ ~ dé.
* /U pE ¢

This rewrites as

dF (Ue,Ve) _ Vi 1+Ue
dt TV, BU,

Ug
[_QL(U& V€)+F(U87 Ve)+ 1+U (V VZ)

c1+&
—20
+V/Uz pe v

and denoting by ¥ (U, V) = 1+U d)l £(U, V), this yields

) - v2]+v /U b—(avlyz(;’vf))dg.

1+¢

dT(UE’ VE)
dt

&

Integrating the above equality on [0, 7] leads

o=/OT£ dT(UE(S)’VE(S))dszﬁs{ﬁ (T, V) + £(U) - Vo) + /U %avwg(g,\/)d‘,

dt U,

Now denoting by €. the interior of the periodic curve I'; and using the Green-
Riemann formula, we infer the following identity

Now fix § € (Uz, )andrecallthatlnfU<5f (U) = £/(6) > 0.SetK = {(U, V) €
T: U € [6,6], V> 0} and observe that dy ¥, and ¥, tend to 0 as € — 0,
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uniformly for (U, V) € K. Hence since K is bounded by some constant R > 0, we
obtain uniformly for (U,V) € K and forall 0 < ¢ < 1

I;UU(?V‘PS(U,V) > £'(8) +o(1).

Hence there exists £(6) > 0 such that for all £ € (0, £(6)] one has

5 (W v+ @)+

1+U
BU

sup % (6U‘i’£(U, V) +f’(U)) + ¥ (U,V) > 0.

(U,V)eK

As a consequence, since ', UQ, C K and I'; encloses the equilibrium, if the curve
I'; does not intersect the line U = ¢ for all & > 0 small enough then the integral
on the right hand side of (8.29) would be positive which is a contradiction and we
complete the proof of the lemma. O

We continue the proof of Theorem 8.19 by showing the following lemma.

Lemma 8.21 Let condition (8.28) be satisfied. Let T'y denote the unique non-constant
periodic orbit of system (8.9). Then the following convergence holds

lin}) d(Te,Ty) =0
where d(I' ., Ty) denotes the Hausdor{f’s semi-distance given by

d(T¢,Tp) := sup 6(x,Tp) with §(x,Ty) = inrf [|x =yl
ye€lo

xele

In other words, for each neighborhood V of Iy there exists ey > 0 such that
I'. cV,Vee (0,ev].
Furthermore the period T > 0 of I'c converges to Ty, the period of Ty, as € — O.

Proof FixU":%[Ug+yT_1 - ﬁz,yT_l .

Step 1: From Lemma 8.20 for all £ > 0 small enough, there exists ¢, € R such that
Ug(ty) > U*.

Step 2: Using Arzela-Ascoli’s theorem we can find a sequence &, — 0 and t —
(U(t),V(t)) a complete orbit of the unperturbed system (8.9) such that

(Ug, (t+15), Ve, (1 +15)) — (U(2), V(1)) (8.30)

for the topology of the local uniform convergence for ¢ € R. The definition of 7,
above ensures that
U(0) > U*. (8.31)

Moreover, since (Ug(t),V(t)) € T and U.(¢t) > 0 and V.(¢) > 6 for all &£ small
enough and Vr € R, one obtains that
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(U,V)(t)eT, VteRandU(t) 26, V(t) 20, Vt e R.

Hence the limit orbit (U, V) lies in the interior attractor ﬂlm(Ri ) of (8.9) while (8.31)
implies that the complete orbit is not reduced to the interior equilibrium, therefore

lim 6 ((U(1), V(1)) To) = 0.

Step 3: Let us fix M© = (U°, V°) € I'y such that
F(M°) > 0and G(M°) > 0.
In order to simplify the rest of the proof, we fix the norm || - ||; in R? given by
(U V) llr = Ul +|V]. ¥(U.V) € R2.

Let 7 > 0 be small enough and let &9 = £9(7) > 0 be small enough (depending on
n7) such that
Fe(M) > F(M°)/2 and G .(M) > G(M") /2,

whenever ||M — M°||; <nand e € (0, &).
By using the sign of F and G around M°, we can find M' = (U', V') a point on
Iy such that

M° < M'(thatis,U° < U' and V° < V1) and |M' - MO||; < 7.
Let 6 € (0,7n) be such that
(MeR*: M-M"; <6} c{MeR>:M>M"and |M-M°|; <n}.

Step 4: By using the continuous dependency of the semiflow generated (8.24) with
respect to the initial condition and with respect to the parameter £ we deduce that
we can find & € (0,0) and & € (0, &p) such that every solution of (8.24) starting in
the ball

B(M',5) = {M eR>: M -M'|; < 3}

will belong to the larger ball
B(M',6):={M eR*: |M - M"|; <6}

attime r = T.
Step 5: By using the Step 2, for all n large enough, we find M, € I';, belonging in
the ball B(M', S) and the solution of the approximated system (8.24) starting from
M., belongs to the ball B(M', ) at t = Tp.

Assume by contradiction that this solution leaves the triangle

T={MeR*:M>M"and M- M|, <n}

without intersecting the point M, . By using Jordan’s theorem, we obtain a contra-
diction since the closed curve I';,, cannot return back through the triangle 7' from
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the "exit segment"

S={MeR*: M > M°and |M - M°||; =n}.
This completes the proof of the lemma. O

We now complete the proof of Theorem 8.19 by proving, announced above that
for all € > 0 small enough

/ 0 Fe(Ua(t), Ve (1) + 0y G o (Us (1), Vo (1))] i < 0.
0

However this estimate follows from some properties of the unique periodic orbit
(Up, Vp) of (8.9) together with the convergence result stated in Lemma 8.21. Indeed,
note that Cheng [25] proved that, the unique unperturbed periodic orbit I'y satisfies

To
/0 [0 F(Uo (1), Vo(1)) + 3y G(Uo(1). Vo(0))] dt < 0,

while Lemma 8.21 ensures that

Te Ty
}:H% [aUFs(Us(t)v Vs(t))+8VG£(U£([)sVE(I))] dr = / [aUF(UO([)sVO(t))"'aVG(U
—0Jo 0
This completes the proof of the estimate and thus the one of Theorem 8.19.
As a consequence of the above result, we now can state the following properties
of the interior attractor Ap . forall0 < & < 1.

Theorem 8.22 Assume that (H2) holds. Then for all € > 0 small enough, the interior
global attractor Ay, . consists of the unique interior equilibrium (52,%) and the
interior of the unique periodic orbit surrounding the interior equilibrium, and an

infinite number of heteroclinic orbits joining the unique interior equilibrium and the
unique periodic orbit.

8.3.4 Existence and uniqueness of a traveling wave joining (y,0) and
the interior global attractor

In this section, we use the previous results to provide a description of the heteroclinic
orbits for (8.24) as well as their uniqueness.

Lemma 8.23 Assume that (H1) holds. Then, for all € > 0 small enough the equilibria
(0,0) and (7, 0) are saddle points for the semiflow Ts. More precisely, the linearized
equation of system (8.24) around the equilibrium (0, 0) (or (v, 0)) has one eigenvalue
with positive real part and one with negative real part.

Proof Let us denote by J the Jacobian matrix associated to (8.24) at (0,0). Since
(Fg,Gg) is C'(T)—close to (F, G) as € — 0, one has
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Je=J+o(l)ase — 0,

where J denotes the Jacobian matrix at (0, 0) of (8.24) with & = 0 (that corresponds
to system (8.9)). It is easy to check that the eigenvalues of J are the following:
Ay g =ay >0and A_ ; = -1 < 0. The eigenvalues A, j,_ of J. are continuous with
respect to . Hence A ;. = A4 s + 0(1). This completes the proof of the result. O

Proposition 8.24 Assume that (H1) holds. Then system (8.24) admits a unique het-
eroclinic orbit going from (0,0) to (y,0), for all 0 < & < 1 small enough.

Proof Since 0, T is positively invariant with respect to the system (8.24) and

F(U,V)=aU(y -U) - fiVU =1 i]U Lf(U) -V],

by using the following fact
lim ||l = 0,
E—

we can deduce that there exists a unique heteroclinic orbit of system (8.24) going
from (0, 0) to (v, 0). O

We now discuss the existence and uniqueness of heteroclinc orbits for (8.24)
joining the boundary to the interior attractor. As in the previous section, we make
use of the connectedness of the global attractor to derive the existence of such
connections. We then discuss further properties.

Connectedness arguments: The largest global attractor A, is connected. Since
any continuous map maps a connected set into a connected set, it follows that the
projection of A on the horizontal and vertical axis is a compact interval.

The global attractor A, contains the interior global attractor Ap . which is
compacts connected and locally stable and also contains the boundary attractor
As, . The connectedness of A, and compactness of Ag . and Ap, . imply

As = Aoe| Ag e #0.

We deduce that for each point (U, V) € A, — Ao, | Ap, - the @ and w limit sets
satisfy the following

a(U,V) € Ag.s and w(U,V) € Ay 5.

Finally since the boundary attractor has a Morse decomposition M; = {(0,0)} and
M, = {(y,0)} we have either

a(U,V) =M, or (U, V) = My,¥(U,V) € Ay — Ag.» U Ay

Proposition 8.25 Assume that (HI) holds. There for all € small enough, system
(8.24) does not admit any heteroclinic orbit going from (0, 0) to the interior global
attractor.

Proof Assume by contradiction that there exists one. Note that
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V' = -®i(U,V)+ (—1 +PU )V.

1+U
We deduce that
V(t) =exp (/to -1+ %ds) (V(tg) +/t0 —d)i(U(t), V(1)) exp (‘/to 1- 1'8+Ul§t()t) dt) ds)

Since there exists 7 < 0 such that U(z) remains sufficiently small for all negative
times ¢ < T and V (#p) > 0, we deduce that

tlim V(t) = +o0
which contradicts the fact that the solution belongs to the global attractor and is

therefore bounded. O

We complete this section by proving the uniqueness of the traveling wave solution
connecting (7, 0) to the interior global attractor. The arguments of this proof extend
those used in [59].

Proposition 8.26 Assume that (H1) holds. Then for all € > 0 small enough, system
(8.24) admits a unique heteroclinic orbit going from (y,0) to the interior global
attractor.

Proof We only need to prove the uniqueness. The center-unstable manifold at (y, 0)
is a one dimensional locally invariant manifold. By using the same arguments as in
section 2 for the uniqueness of the heteroclinic orbit starting from (7y, 0) for system
(18.9), we can prove the uniqueness of the heteroclinic orbit going from (y, 0) to the
interior global attractor for system (8.24). O

8.4 Numerical simulations

In this section we intend to observe the previous results numerically. We run some
numerical simulations for the system

uv
U =dUyy+aU(y -U) - =0 for x € [0, 1000]

Uv 1+ (8.32)
Vi =Viy — V+,Bm, for x € [O, 1000]

with Neumann boundary conditions
Ux(t,x) =Vy(t,x) =0, for x = 0 and x = 1000,
and the initial values
U(0,x) =yand V(0,x) = 0.1 = exp (—6x) .

Throughout the simulations the parameters will be unchanged and fixed as follows
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d=1,a=1/4,y=4,=2.

In order to capture large speed traveling waves, we impose exponentially decaying
initial distribution for the predator while the initial distribution for the prey is set to its
carrying capacity y. As for the usual Fisher-KPP equation, we expect that reducing
the exponential decay rate ¢ increases the wave speed of the predator invasion. Using
formal computations around the unstable predator free equilibrium (7, 0) and using
the usual antsatz V (¢, x) = e~9*~¢!) we obtain the following formula for the wave
speed depending on

{zﬁif(b\/f, yB-D-1

with K =

0.
§+%ifs e (0,VK), y+1

With the above parameter set, we have VK ~ 0.77. Below we perform numerical
simulations of the model with two different decay rates 6 = 0.1 and 6 = 1. According
to our formal wave speed computations, we expect to obtain a predator invasion with
a small speed ( in fact the minimal wave speed) for 6 = 1 and with a larger wave
speed with 6 = 0.1.

In Figure 8.2, we observe the traveling wave joining (y,0) and periodic wave
train when we start from a V (0, x) with 6 = 0.1.
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Fig. 8.2: In this figure we plot U(t, x) (left handside) and V (t,x) (right handside)
whenever the parameter 6 = 0.1 and t = 75 (above) and t = 150 (below). The
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In Figure 8.3, we observe slower predator invasion followed by some more com-
plex behaviours whenever we start from a V(0,x) with § = 1. The complexity in
such a problem was already observed by Sherratt, Smith and Rademacher [193] in
the multi-dimensional case.
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The Figure 8.2 corresponds to our results when the speed of the traveling wave
(with 6 = 0.1) is larger than in Figure 8.3 (with 6 = 1). The description of the small
speed traveling waves is difficult question and left for further studies.

8.5 Discussion

In this paper we have studied all the large speed traveling solutions for the one-
dimensional diffusive Rosenzweig-MacArthur predator-prey system. The method-
ology developed in this manuscript is based on center manifold reduction coupled
with global attractor theory and its topological properties to understand some prop-
erties of the entire orbits (traveling waves, periodic wave train), for which the above
mentioned analytical tools are particularly well adapted. Note that global attractor
allows to obtain the existence of complete orbits, since every point of global attractor
belongs to such a bounded complete orbit. Furthermore, the connectedness of global
attractor allows in particular to prove the existence of complete orbits joining the
boundary region and the interior equilibrium or periodic orbit. These complete orbits
are nothing but traveling waves we are interested in.

As far as the reduction procedure is concerned, Fenichel’s results about the
persistence of normally hyperbolic invariant manifold may also be used. The two
reduction techniques, based on Fenichel’s theorem and center manifold theorem are
comparable. Both methodologies provides the existence of manifold that is only
locally invariant by the system (see [75, 216]).

In order to describe the system restricted to such a locally invariant manifold, one
needs to carefully consider the truncation of the original system. It is important to
observe that we consider the complete orbits that remain into the un-truncated region
of the state space, where the two systems (with and without truncation) coincide.
These tools permit to reduce the dimension as long as some bounded complete orbits
remain in the un-truncated region of the state space.

Let us mention that such reduction arguments can be extended to infinite dimen-
sional systems. We refer the reader to the books of Haragus and Iooss [98] and
of Magal and Ruan [155] for infinite dimensional extension of the center manifold
theorem. We also refer to Bates, Lu and Zeng [ 14, 15] and to Magal and Seydi [158]
for results about the perturbation of normally hyperbolic manifold in infinite dimen-
sional dynamical systems. More specifically the recent work of Magal and Seydi
[158] deals with small perturbation of normally hyperbolic manifold, extended in
particular the center manifold by allowing a nonlinear dynamic in the unperturbed
central part of the system, that is roughly speaking for rather general — infinite
dimensional — systems before perturbation with the form

U'(1) = F(U(1)),
V(1) = B(U@)V (1),

wherein U corresponds to the central part and V' corresponds to the hyperbolic part
of the system.
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This latest form is not only well adapted for the traveling wave problem considered
in this manuscript, but similar method can be applied to fast traveling wave for
general reaction-diffusion systems (see [98, 155] for more results). As mentioned in
the introduction this method can be developed in particular to handle more general
nonlinearities. On the other hand, as mention above, since the center manifold
is a flexible analytical tool with infinite dimensional extensions, the methodology
developed in this work can also be used to study large speed traveling wave solutions
for some infinite dimensional problems, including as a special case reaction-diffusion
systems with time delay.

To conclude we provide in the article a new combination of reduction techniques
and global analysis based on global attractors theory. Such a method can be employed
in many other contexts to obtain the existence of large speed traveling waves.

8.6 Remarks and Notes
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