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ABSTRACT. This paper deals with attractiveness and Hopf bifurcation for func-
tional differential equations. The method used is based on the center manifold
reduction and the h-asymptotic stability related to the Poincaré procedure.

1. Introduction. In this paper we are concerned with Hopf bifurcation for the
following functional differential equation

%x(t) = f(p, ), (1.1)
where
(Hy) f is a C*Tl-smooth mapping, k > 3, from | — fi, i[x C([~r, 0], R™) into R",
with f(p,0) =0 for all p €] — g, i,
(H;) The characteristic equation

det A(\, p) = 0, where A(\, 1) = Mg — Dy f(11,0)eM 1, (1.2)

has simple roots +iwg, wg > 0, at © = 0 and all other roots have negative real part,

(H2) Re(N(0)) # 0, where A(p) is the branch of roots of the characteristic

equation (1.2) through iwg at u = 0.
Hypothesis (Hy) is a smoothness assumption. It can be weakened with respect to
the parameter, particularly when we take the delay as a parameter, (see [9], [13], [3],
[22]...). This hypothesis also guarantees that « = 0 is a solution for all values of p.
Hypothesis (H;) is a necessary condition to have an attractive bifurcating branch,
while hypothesis (Hs) is a transversality condition.

This type of bifurcation was pointed out for the first time for ordinary differential
equations by Hopf [15], in 1942, who proved the existence of a branch of periodic
solutions bifurcating from the origin. This result is commonly known as the Hopf
bifurcation theorem.

For functional differential equations, the first results on Hopf bifurcation dated
back to 1971, with a work by Chafee [6], who considered a situation where in
addition to (H,), the origin remains uniformly asymptotically stable at p = 0.
According to Hale [14], the first proof of the Hopf bifurcation theorem for functional
differential equations under analytically computable conditions was presented by
Chow and Mallet-Paret [7] in 1977. Since then, a considerable number of works
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have been developed by many authors, treating many aspects related to bifurcation
of periodic solutions.

For existence, uniqueness and regularity of the bifurcating branch, several ap-
proaches have been undertaken: the averaging method was notably developed by
Gumowski [12] and Chow and Mallet-Paret [7]. Another approach based on integral
manifolds, has been developed by Hale [14] and further extended to infinite delay
by Stech [23]. Arino [2] treated the same problem by formulating an “adapted”
implicit function theorem. Diekmann et al.[8] have tackled the problem of the lack
of regularity of the solution operator associated with a delay equation. Using the
sun-star theory of dual semigroups, these authors have reduced the problem of bi-
furcation, on a center manifold, to a planar ordinary differential equation. In [10],
Faria and Magalhaes have studied the Hopf bifurcation problem by developing a
normal form theory for functional differential equations. The list is not exhaustive.

Concerning the qualitative aspects of the bifurcating branch, the methods were
essentially based on the Floquet theory, see for instance Stech [23]. However, the
works of Chow and Mallet-Paret [7], and Faria and Magalhaes [10] give, without
reference to the Floquet theory, efficient procedures for determining the direction of
the bifurcation curve, the magnitude and attractiveness of the bifurcating orbits. In
their book [8], Diekmann et al. showed that under the hypothesis of attractiveness of
the center manifold, local attractiveness of the bifurcating branch is reduced to the
attractiveness within a center manifold. Recently, Gil in [11] stated an existence and
stability result of periodic solutions for a class of neutral type functional differential
equations.

All these methods make easy the study of the stability of the bifurcating branch,
but what is still lacking is a geometric description of the stability.

Our aim here is to deal with some geometric aspects of attractiveness for the
functional differential equation (1.1). The method followed in this work consists of:
1) Reducing this equation, on a center manifold, to a planar differential system. 2)
Using the h-asymptotic stability theory, developed, for ordinary differential equa-
tions, by Negrini, Salvadori, Bernfeld and others [19], [5], we study the problem of
bifurcation for this ordinary reduced system. Especially, we derive some estimates
of the displacement of the solution after each rotation, this permits us to describe in
a geometric way the attractiveness of the bifurcating periodic orbits for the reduced
ordinary differential system. This approach suits, in our viewpoint, to this situa-
tion, for two reasons: First, the h-asymptotic stability theory allows us to estimate
the displacement function which permits to describe in a geometric way the attrac-
tiveness of the bifurcating periodic orbits. Then, this property can be recognized by
means of the Poincaré procedure, see Negrini and Salvadori [19], (the reader is re-
ferred to Arino and Hbid [4] for a detailed algorithm of this procedure). 3) We give
some estimates between the solutions of the functional differential equation (1.1)
and the reduced ordinary differential system, this allows us to derive similar results
for the functional differential equation (1.1). In this way, we obtain an equivalent
to the notion of h-attractiveness for the functional differential equation (1.1).

Our method is then an attempt to extend the h-asymptotic stability theory to
functional differential equations. This not only permits us to determine stability,
but also provides an approximation of the bifurcating branch of the functional
differential equation.

2. Reduction on a Center Manifold. The linear part of equation (1.1) is given
by
d

%x(t) = L4, (2.1)

where L, := Dy f(p,0).
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The solutions of equation (2.1) define a linear Cy semigroup on C, T, (t)¢>o.
The infinitesimal generator A, of T),(t);>0 is defined by A,¢ = ¢, with domain
D(A,) = {p € C' : ¢(0) = L,p}, where ¢’ denotes the derivative of ¢ and
C! := CY([-r,0],R") is the space of continuously differentiable functions from
[—r,0] into R™. It is known (see for instance Hale [14]), that the spectrum o(A,,)
of the infinitesimal generator A, coincides with its point spectrum o,(A4,), and
A(p) € 0(A,) if and only if it satisfies the characteristic equation det A, (X) = 0,
where A,(A) = M — L,eMI. Let N (resp. NT) be the generalized eigenspace
related to A = {4, —i} of the infinitesimal generator Ay (resp. AJ) associated with
the semi-group Ty (t)¢>o0, (vesp. Tq (t)¢>0), given by the linearized system (2.1) (resp.
the transposed equation of (2.1)) for p = 0.

Let @ := (o1, ¢2) and U := col (1)1, 12) be the bases for the generalized eigenspaces
N and NT respectively, such that (U, ®) := (¢, ¢x), 4,k = 1,2 is the identity ma-
trix, where (.,.) denotes the formal dual product.

Set S :={p € C: (¢Yj,9) =0, 5 =1,2}. The space C can be decomposed
according to the eigenvalues A = {i, —i}, as C = N & S. This decomposition of C
defines two projection operators iy : C' — N, iyN = N, ng : C — S, 7gS = S.
These projections are given by my¢ = ¢ = ®(V,¢) and 75 = Ic — 7N, Ic is
the identity on C. Let K(¢,7) denote the kernel of Volterra given by K (¢,7)(0) =
Jo X(t+6—s)ds where X(.) denotes the fundamental matrix solution of the linear
equation (2.1) for = 0, we have KN (t,7) = ®(U, K(t,7)) = [ To(t — s)@V(0)ds
and K°(t,7) = Ic — KN (t,7).

There exist two positive constants M, a such that

[To(t)@®[| < M exp(—at)|[¢”|
VarpyK*(t,.) < Mexp(—at), t>0.

Returning to equation (1.1), it is convenient to supplement it with the trivial
equation ‘é—’t‘ = 0. We have the following system
d -
—x(t) = Lowy + F(p, x¢),
df (2.2)
—u(t) =0
) =0,

where F(u, ) := f(u, ¢) — Lop with F(0,0) = 0 and D(Mo)ﬁ(O,O) =0.

Then equation (2.2) has a local center manifold (u,Y") — h(w,Y) := h,(Y). On
this center manifold the flow of the functional differential equation (1.1) is given by
the ordinary differential system

%Y(t) = BY (t) + W(0)F(u, ®Y (£) + h, (Y (1))). (2.3)

3. Bifurcation for the Reduced Ordinary Differential System. We start this
section by recalling some results about the h-asymptotic stability theory related to
the Poincaré procedure for ordinary differential equations.
The linear part of equation (2.3) is given by the matrix
Cy =B+ Y(0)(L, — Lo)®(0).

This matrix has a complex pair of eigenvalues a(p) £i8(p) with «(0) =0, 5(0) =1,
and o/ (0) # 0.
A suitable linear transformation can be found so that (2.3) takes the form

d
P =a(w)yr — B(p)ye + P, y1, y2),

d
22 =awyz + B(uyr + Qw, y1,v2),
where P(p,0,0) = Q(p,0,0) = 0, and DP(u,0,0) = DQ(p,0,0) = 0.
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Converting this system into polar coordinates by letting y; = pcosé, y; = osinf,
we have

{ o (t) =a(u)o+ P (i, 0,0) cosf + Q* (i, 0,0) sin 0,
Blpw)o+ Q*(u, 0,0) cos @ — P*(u, 0,0) sin 0,

s
—~
~+
~—

>
—~

~
~—

|

where
P*(u,0,0) = P(p,0cos6, psinf) and Q" (u,0,0) = Q(u, 0cosb, gsinb).
Set
Q*(p, 0,0) cos @ — P*(p, 0,0) sin 6
0

Ok, 0,0) =6(u) +

G(Na 0, 9) :ﬂ(u>

Since #(0) > 0, and P*(u, 0,0), Q*(u,0,0) are o(p), there exist fi, g,b > 0
such that 6 > b for all u €] — f1, i], o € [0, 8). Moreover, for every gg € [0, 9), and
0o € R, the orbit of (2.3) passing through (gg, fp) will be represented by the solution

o(, 8, 00,60) of

for o # 0,

d
Ig = R(/J, 9, (9), 9(90) = 0o, (3.1)
where

a(p)o + P*(u, 0,0) cos O + Q*(u, 0,0) sin 0

O(u, 0,0)

REMARK 3.1. [19] Since 0 > b, we have that the following three stability properties
concerning the origin of equation (2.8) are equivalent: asymptotic stability [resp.
complete instability], attractiveness [resp. repulsivity], 0 is an attracting [resp. re-
pulsing/ focus. This implies that the solution Y (t) has a sequence of return times
(Tj)jZI (ze Yl(Tj) >0 and YQ(Tj) = 0)

Since R(u, ., .) is C* we have

Q(Maaac) = ul(/uﬁg)c—’_ UQ(NJa 0)62 + o + uk(ﬂve)ck + g(/jfvgvc), (32)

where ¢(u, 8, ¢) is of order greater than k. Moreover, by substituting (3.2) in (3.1),
we have for each p close enough to 0 the following system

R(p,0,0) =

()
U = 28 Uj (U1, U2, ooy Uj—1 3.3
80 7/( 9) B(M) 1 +Z/{/L( b b ) 79)’

ui(1,0) =0, 1=2,3,...,k.
We now define the displacement function V' (u, ¢) for (2.3), given by
V(p,c) = p(p,2m,c) —c.

The nontrivial periodic orbits of (2.3) are given by the nontrivial zeros of V(u, c).

THEOREM 3.2. [19] There exist a positive number € small enough and a function
p € C*1([0,e[,R), with p(0) = 0 and p'(0) = 0, such that given any c € [0,¢[ and
1 € R close to 0, the orbit of (2.8) passing through (c,0) is closed if and only if
1= p(c).

In Theorem 3.2 the authors state the existence and the regularity of a branch
of bifurcating periodic orbits. In order to check attractiveness of this branch they
introduced the notion of h-asymptotic stability.

For = 0, equation (2.3) becomes

d

ZY(8) = BY (1) + W(0)F (0,9 (1) + ho(Y (1)) (3.4)
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DEFINITION 3.3. [19] Let h be an integer, h € {2,...,k}. The solution y; = y2 =0
of (3.4) is said to be h-asymptotically stable (resp. h-completely unstable) if,

(i) for every T,{ € C (32 (a) ,R) of order greater than h, the solution y; =y =0
of the system

d
= + Xo(y1,y2) + -+ Xn(y1, y2) + 7(y1, v2),
(3.5)
d
22 =u + Yo (y1,92) + - + Ya(yi,y2) + C(y1,v2)

is asymptotically stable (resp. completely unstable),
(1) property (i) is not satisfied when h is replaced by any integerm € {2,....h — 1}.

The occurrence of h-asymptotic stability or h-complete instability can be recog-
nized by means of the Poincaré procedure [21], which consists in seeking a Lyapunov
function F', an integer m, and a constant G,, such that

FianWi,y2) = Gy +92) % + x(y1,92)

where x is of order greater than m, and F(3.4) (y1,y2) denotes the derivative of F
along solutions of (3.4). We have the following relationship between the Poincaré
procedure and the concept of h-asymptotic stability.

PROPOSITION 3.4. [19] Let h be an odd integer. The solution y1 = yo = 0 of
(3.4) is h-asymptotically stable (resp. completely unstable) if and only if G; = 0,
i=2,4,...h—1, and Gpy1 <0 (resp. >0).

In [19], Negrini and Salvadori have established a relationship between h-asymptotic
stability, h-complete instability of the origin of system (3.4) and the displacement
function of system (3.4) V(0, c) evaluated at the origin.

PROPOSITION 3.5. [19] Let h be an integer, 2 < h < k. The following assertions are
equivalent:

(1) The solution y1 = y2 = 0 of (3.4) is h-asymptotically stable (resp. h-
completely unstable);

(2) One has
oV , orv
5o (0,0) =0 for1<i<h-—1 and W(O,O) < 0 (resp. > 0).

In addition, if either (1) or (2) holds, then h is odd.

In what follows we recall the results of Negrini and Salvadori [19] concerning the
relationship between h-asymptotic stability of the origin and attractiveness of the
bifurcating periodic orbits.

Now, given any odd integer h € {3, ..., k} we want to consider the case of bifurcat-
ing attracting (or repulsive) periodic orbits in which this structure is preserved under
modifications of the right hand side of (2.3) that do not change the functions «, 3
and those terms of X, Y having degree < h. Denote by S, = S(Xa, ..., Xp, Y, ..., Ys)
the set of pairs (P, Q) of functions € C**1(] — 1, i[x B(a), R) such that P(u,0,0) =
Q(Nﬂ 0, O) = 0, DYp(Nﬂ 0, O) = DYQ(:U" 0, O) =0, [P(07 Y1, yQ)]Z = Xi(yla y2) and
[Q0,y1,y2)]i = Yi(y1,y2), i € {2,..., h}. For (P, Q) € Sh, let Vp g and pup g be the
displacement and the bifurcation function (u = ppg(c)) respectively for the one
parameter family of differential systems

d
U =a () y1 — B (1) y2 + P (11, y1,92) »
(3.6)

d
priia (1) y2 + B (1) y2 + Q (1, y1,y2) -
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DEFINITION 3.6. [19] Let h € {3,...,k} be odd. The bifurcating periodic orbits of
(2.3) are said to be h-attracting (resp. h-repulsive) if:

(7) For every (P,Q) € Sy the periodic orbits of (3.6) are attracting (resp. repul-
sive).

(ii) Condition (i) is not satisfied when h is replaced by any odd integer m &€
{3,....h —2}.

The properties of the periodic orbits given in Definition 3.6 are completely char-
acterized by the following theorem.

THEOREM 3.7. [19] The bifurcating periodic orbits of (2.3) are h-attracting [resp.
h-repulsive] if and only if 0 is h-asymptotically stable [resp. h-completely unstable]

for u=0.

In view of Theorem 3.7, we have that under the hypothesis of h-asymptotic
stability the bifurcating periodic branch is h-attractive. Our aim in this section
is to give, under the same hypothesis, more information on attractiveness of this
branch. Denote by p(t, ¢) the periodic solution of the reduced ordinary differential
system (2.3), for u = u(c), with initial data, p(0,c) = (¢,0), ¢ > 0.

Let Y*(t) be the solution of the ordinary reduced differential system (2.3), for
= p(c), with initial data, Y*(0) = (¢, 0), ¢’ > 0. We know from Remark 3.1 that
Y*(t) has a sequence of return times (T});>1 (i.e. Y7°(Tj) > 0 and Y5 (T}) = 0).
The following result yields to attractiveness for the reduced equation.

PROPOSITION 3.8. Suppose for u = 0, the origin of (2.3) is h-asymptotically stable.
There exists a positive constant Ky such that for each v > 0 and ¢ > 0 close to
zero, if |¢ — ¢| < ye?, then we have

IY*(13) = p(O)]l < |¢' = c|(1 = Kic" ™). (3.7)

Proof. We have |Y*(Tf,¢') — p(O)]| = |o"(u(c), 2m,¢') — o] = [V (u(e),¢) + ¢ — .
On the other hand

2 / (3.8)
Zr0.0) + o wule) )] € )

- %
for some € €] min(c, ¢’), max(c, ¢')[ and v €]0, 1].

If the origin of (2.3) is h-asymptotically stable, then, from Proposition 3.5, we
have

v _ v
So(0,0)=0, j=0,1,..h=1 and Z5-(0,0) <0. (3.9)
Moreover, differentiating the identity V(u(c),c) = 0 with respect to ¢, we obtain
from (3.9)
j 10"V 0%V
W) =0, j=0,1,...h — 2 and p D)= -~ L~ (0,0 (3.1
H(0) =0, 5 = 0L =2 and (0) = ~1 S 0,0)/ 5 (0,0). (310

If |c — /| < yc?, then, |c —&| < vc?. Hence, from (3.9) and (3.10) we obtain

. 1 0V 0*v
lim o (G 0.9+ g (@), )ute)
1 ohv o*V
-1 (V¥ (h—1)
1) (G 0.0+ apac 0 Om )
(-1 0V
Al Och (0,0).
Thus V(u(c),¢) = =" "W (e, ¢), with W(c,¢') tends to 7(}%1) %th (0,0) > 0 as

¢ goes to zero with (¢, ') satisfying the condition |¢ — ¢/| < ~vc3 . This implies the
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existence of a positive constant K7 (we can chose Ky := —1% (hal) %ZY (0,0)) such
that, for each (c,, ¢) satisfying the hypothesis of the proposition with ¢ small enough

we have W (¢, ¢') > K1 > 0. Thus
V(u(e),¢) +¢ —el =l —clll ="' W(e,e)| < |e —el(L - K.
O

REMARK 3.9. From Proposition 3.8, we obtain the attractiveness of the bifurcating
periodic orbits for the reduced system (2.3). In fact, after j rotations the above
estimates become

[Y*(T5) = p(0)|| < |e = [ (1 = Kq1c?) (3.11)

where T} denotes the Gt time return for Y*(t).This permits us to estimate the
displacement of the solution Y*(t) after each rotation and then give a geometric
description of the attractiveness of the bifurcating periodic orbits for the reduced
system (2.3).

4. Bifurcation for the Functional Differential Equation. We know from the
Hopf Bifurcation theorem (see Diekmann and van Gils [8]) that, under the hypothe-
ses (H,), (H;) and (H,), the functional differential equation (1.1) has a branch of
periodic solutions P(.,c) ¢ > 0, bifurcating from the trivial equilibrium 0, when the
parameter p is close to bifurcation value g = 0. We also know (see Diekmann and
van Gils [8]) that if a center manifold is attractive, then local attractiveness of the
bifurcating branch is reduced to the attractiveness of this branch within the center
manifold.

In what follows we shall exploit the results obtained in section 3 to generalize this
stability result to h-asymptotic stability. This permits us to give more information
about attractiveness of this branch. For some simplification reasons, we restrict
ourselves to the case h = 3.

Let us suppose our basic assumption

(H;) For ;x =0, the origin of (2.3) is 3-asymptotically stable.

Let ¢ := ®€ + p® where £ = (cl, 0) and ¢ is a positive constant small enough.
Denote by z(t) (resp. «*(¢)) the solution of the functional differential equation (1.1)
with initial condition zo = ®& 4 ¢°, (resp. xj = PE + hy()(£)), obtained for the
value of the parameter u = pu(c).

We are interested in determining the behavior of solutions in a neighborhood of
the bifurcating branch. When the initial data ¢ = ®& + ¢* is close to Py(.,c), we
have that ®& + hy.)(§) is close to Py(., c), and then the solution x*(t) tends to the
periodic orbit P(¢,c¢) and we can also estimate the displacement after each rotation.
Our aim is to give a similar result for the solution z(t) of equation (1.1). For this,
we shall need some estimates between z(t) and z*(¢).

We know, by the invariance of a center manifold that the periodic orbit P(.,c)
is given by Pi(.,c) = ®p(t,c) + hyu)(p(t, c)), where p(t, c) is the bifurcating peri-
odic solution for the reduced ordinary differential system (2.3), obtained for the
value of the parameter y = p(c). Moreover, we have x; = ®Y™*(t) + hy ) (Y*(t))
where Y*(t) = eBt¢ + fot eBEW(0)F(u(c), ®Y* (1) + hyuey(Y*(7)))dr. With the
decomposition C' = N @ S, we can write xz; = ®Y (t) + xf, with

sxweﬁs+[TJ“7%wmﬁw@»¢Yv>wﬁwv

@:%@¢+AdK%JﬁW@@Wﬂ+ﬁMﬂ
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where K9(., .) denotes the projection on the space S of the Volterra kernel given
by the variation of constant formula in Hale [14].
Select any T > 27. We have the following lemma:

LEMMA 4.1. There exists My = My(T) > 0 such that for each function (c) satis-
fying lir%s(c) =0, there exists co = co(T,€) > 0, such that for each ¢ €]0, co[ and

each function ¢ satisfying the condition ||| < e(c) we have
lze = Bl < Millp — Pol|

for each t in [0, T].

Proof. For all t € [0, T], we have

n = P = To0) (e = By) + [ A0 [Fule).zr) = Flu(e). Py
On the other hand,
IF(1(c), 27) = F(u(c), P)|| < sup | DyF (u(c), Pr +6 [vr = Pr]) || |7 — Py |

0€[0,1]
< _
< &(e,T) max flar — Pr|
where £(c, T) = max  sup HDV,ﬁ (u(c), Pr 4+ 0z, — Pr]) ||- This implies that
0<7<Tpe0,1]
lee = Bl < M(T) [l = Poll + £(e, T) max, e — Pr]].

Then we obtain

(1 = M(D)E(e, 1)) max [l2¢ = Pl < M(D)]lg ~ Pl

As ||l¢|l < e(c), we have that x, tends to zero as ¢ tends to 0 (uniformly with respect
to 7 in the interval [0, T]).

From Theorem 3.2, we know that u(c) and P, tend to 0 as ¢ goes to zero (the
convergence of P, is uniform with respect to 7 in the interval [0, T]). Taking into
account that Dwf'(O, 0) = 0, we obtain that

sup ||D¢ﬁ (u(c), Pr 4+ 0z, — Pr]) || tends to zero as ¢ tends to 0 uniformly with
0€[0,1]

respect to 7 in the interval [0, T]. In other words, the function &(c, T) tends to 0 as

1
¢ tends to 0. Then for ¢ close to 0, 1 — M(T)&(e, T) > 2 then we obtain

max [lz; — Pyf| < 2M(T)[le — Foll.

0<t<T

The result follows from this by taking M;(T) = 2M(T). O

PROPOSITION 4.2. Still given a function (c), such that 1in(1)5(c) = 0, we can take
CcC—

co = ¢o(T,e) > 0, small enough such that for each ¢ €]0, ¢ and each function ¢
satisfying the conditions ||| < e(c) and ||¢® — h, ) (p(0,¢))|| = O(c), we have
1Y (6) = Y* ()| < Mo(e)e ™ ¢llo® = ey (€I,

125 = Py (Y ()] < Mu(e)e F [l9* = Ao (©)]],
for each t in [0, T], Where v(c) is a function satisfying v(c) > 1 and limv(c) = 1.

c—0
Proof. For all t € [0, T] we have

YO =¥ (1) = [ PW0) [Fute).ar) - Flu(e).a))ar
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and
S /dKStT (1(e),2r) — Flu(c),x2)]dr

+ To()(9° = hpu(e) ()
On the other hand we have

1F(u(e), a7) = F(p(e), 25| Sﬂzb[lopl]lleaﬁ(u(C% e )]

(e (r) =Y () + ey (V" (7)) — 231) -
From Lemma 4.1 we see that 27 and z- are at least of the order of ¢ uniformly with
respect to 7 in the interval [0, T|. Since D, F'(0,0) = 0, we obtain that,

sup || Dy F(u(c), x3 + 9(z- — a7))| = O(c),
9€[0,1]

uniformly with respect to 7 in [0, T]. Then there exists K’ = K’(T') > 0 such that
for ¢ close to 0 we have

1Y) = ¥* 0] < K'e( max [V (7) = ¥* ()] + max 22 — b (Y (D)) (4.1

and

o = o (O <K [0 (1Y (7) = Y0+ 5 = o (¥ () )r
+ MH()OS - h,u(c) (f)”

(4.2)
From (4.1), we obtain for ¢ small enough
!/

max [V (7) = V()] € 70 max 0% = huo () (43)

Inequality (4.2) implies

t
e |2f = hyue) (Y @) SK’C/O e 2D e Y (r) — V(7))
+e 2|23 — by (Y (O)]dr + M@ = hyuo) ()l

<K"c {Omfxe 2|V (1) - Y*(7)|

+ max eF 22 = b (Y (O] + Mlle" — huo €)1

From this we have for ¢ small enough

* M S
s e 2 — by (V (D)) S 19 = o (€)
o (4.4)
bt max e Y () = (7).
We then obtain
ax, % |25 — Ry (Y ()| < Mo(e)[|0® = huey (©)],
where ( ®
1-K'e
U(C) = T
(1-K"¢)(1-K'c)— K'K"e*z ¢?
satisfies v(c) > 1 and lim v(c) = 1. O

c—0

The function Y (¢) being close to Y*(t) we can easily show that it has a sequence
of return times (T;);>1, T; > 0. The following lemma gives us an estimate between
the return times of Y (¢) and those of Y™*(¢).
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LEMMA 4.3. Still lir%e(c) =0, given a function ¢ such that ||¢|| < e(c) and ||¢® —

hyuey(p(0))[| = O(c), there exists a positive constant My such that for all j > 1 we
have

ITj — Tj| < Mav(c)llo® = ey ()]
Proof. Writing Y*(¢) in polar coordinates we have

V() = (o7 (t) cos 67 (2), " (1) sin 67 (¢))

where
d . o
%Q*(t) =a(p)o” +P*(u, 0",0%) cos 0" + Q" (u, 0", 0") sin @
0 (t)%ﬁ (t) =B(u)o" + Q" (i, 0*,0%) cos §* — P* (i, 0",0") sinf

d
where a&* (t) > B for some 8 > 0 and ¢ > 0 small enough,

* * [k d * * *
107(T;) — 0°(T;)| = |%6 (M|T; — T}|, for some 7 € (T;,T}),
this implies that
* 1 * * *
T, — Tj| < 5\9 (T;) = 0%(T5)I.
The return time T; is in a small neighborhood of T}, then 6*(T;) — 6*(T}) is close
to zero. This implies that %(T;) — 6*(T) ~ sin(6*(T;) — 9*(T})) < "l

Then |T; — T;| < %W We know from Remark 3.9 that

* (s 3
IY*(T7) = p(O) [} < ez

this implies that ¢ — ycz < [Y*(T5)l, then for ¢ small enough we have j¢ <
[Y*(T7)[|. From Proposition 4.2, we have that [|Y(T;) — Y*(T})|| < Mcv(c)|l¢® —
Puey (§)]|- We then obtain that [T; —T}| < %Mv(c)HcpS —hyu(ey(€)]]-We end the proof
by taking My = 2M. O

Denote by 7; := T, the first return time of Y'(¢) such that Me 3 < 1. We
have the following result.

PROPOSITION 4.4. There exist positive constants K, v and n such that for each
¢ > 0 small enough and ¢ := P& + ¢° satisfying

El s 5
| — el <2 and [|¢° = hyue) (PO))I] < ne2,

we have

(2) 2% — B (P(0)]| < nei (1 - PK).
Proof. We have
1Y (71) = p(O)[| < IY(T0) = Y™ (T + Y™ (T0) = YT + Y (T5,) — p(O)]]-
From the previous results we deduce that
1Y (T2) = p(O)[| < nMac? +nkyct +yc3 (1 - Kyc?).

The result follows immediately by the choice of 7 small enough, satisfying nMs <
%777K4<%andK:%.
In the same manner, we obtain the other inequality.

127 = ey PO < 127 = hpuey V(TN A+ (o) (Y(T)) = Py (P(O)))]]-
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The center manifold A, () satisfies hy,(c)(0) = A/, (0) = 0, this implies that

ey (Y™ (1)) = hyugey (POD)I < N Riey (v(p(0) + 0(Y™(T1) — p(0)))l
“lp(0) + 6(Y™(T1) — p(0))]].
for some v and 6 in [0, 1]. Then
1hyue) (Y™ (1)) = hyugey (O] < K7 (Y (T1) = Y*(T3) | + [Y*(T5,) — p(0)]])
< K"c(nMac? +~c3 (1 — Kic?))
we deduce that
2%, = huie) PODI] < 127, = hyue) Y (T + [hie) Y(T1)) = ey (p(O))) ]
< r]Mﬂ(c)e_o‘TcE + K"e(nMV(c)c? + ve? (1 — Kic?))
Mv(c)e=*=
= 77( (1 — K102)
+yK"c3 (1 — Kic?)

+ K" M9(c)?)e3 (1 — Kic?)

Mﬂ(c)e_“%

%(1 - Kjc )[’YK”‘H?(W

+ K”Mﬁ(c)c2)}

Since lir%(% K"M9(c)c ) = Me=9% < 1, then for ¢o small enough

there exists a positive constant € < 1 such that (% + K" Mdv(c)e ) <e<l1
for all ¢ < ¢g. Then

125 = (e (P(O)] < (ne+7K") 3 (1 — Kc?).
The result follows by choosing v small enough so that ne + vyK" < n. O
Starting with an initial data ¢ := ®£° + ¢§ such that

3 s 5
167 = p(0)]| < ye? and [l — hy(e) (P(0))]| < e,
the solution, z7, = ®Y'(71)+x%, , of the functional differential equation (1.2) satisfies

1Y (T2) = p(0)| <ve?

s 5
2%, — hu(e) (P(0))]] < ne=.

Then there exists 73 such that Y7(73) > 0, Y2(72) = 0. Similarly, we obtain a

sequence of time return (7;);>;, 7; > 0, (i.e. Y1(7;) > 0, Y2(7;) = 0). After j

rotations, we have the following attractiveness result:

THEOREM 4.5. Under hypotheses (Hy), (Hy), (Hy) and (Hzs), the bifurcating pe-
riodic orbit is attractive. More precisely, there exist positive constants K, v and n
such that for each ¢ small enough and ¢ := ®& + @° satisfying

¢/ = el <% and [|¢* = b (PO0)] < ne,

we have

1Y (T;) = p(O)]| < ye2 (1 — 2K),

25, = ey (P(O))[| < e (1= 2K
REMARK 4.6. Theorem 4.5 gives us the exponential asymptotic stability of the bifur-
cating periodic orbits. Moreover, a simple review of the calculus done in the previous
results, shows that, although terms of order greater than 3 change in equation (1.1),
we have the same estimation given in Theorem 4.5 (with the same constant K and
suitable constants v and n). Thus stability is preserved under perturbations of order

greater than 3. This may be viewed as a 3-asymptotic stability for the functional
differential equation.
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