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Abstract

We consider a one dimensional reaction diffusion equation with nonlinear boundary
conditions of logistic type with delay. We deal with non negative solutions and analyze
the stability behavior of its unique positive equilibrium solution, which is given by the
constant function u = 1. We show that if the delay is small, this equilibrium solution
is asymptotically stable, similar as in the case without delay. We also show that, as
the delay goes to infinity, this equilibrium becomes unstable and undergoes a cascade
of Hopf bifurcations. The structure of this cascade will depend on the parameters
appearing in the equation. This equation shows some dynamical behavior that differs
from the case where the nonlinearity with delay is in the interior of the domain.

1 Introduction

We consider the following one dimensional reaction diffusion equation with nonlinear bound-
ary conditions of logistic type with delay,

%(t,f) = Ugg(t,g), (tvf) € IR* x (0, 1)
Ge(t,6) = au(t,§) (1 —u(t =€), £=0,1,t € R (1.1)

(£,8) = (t,§) =2 0, (t,€) € [=r,0] x [0,1]

where @ > 0 and » > 0. We consider non negative initial conditions and study the asymptotic
behavior of the solutions depending on the two parameters a and r.

In recent years there has been a lot of work dealing with reaction diffusion equations with
delays, see for instance [18], [10] and references therein. Particularly, the logistic reaction

Q

*The first author was partially supported by Grants PHB2006-003-PC and MTM2006-08262 from MEC
and by “Programa de Financiacién de Grupos de Investigacion UCM-Comunidad de Madrid CCGO7-
UCM/ESP-2393. Grupo 920894” and SIMUMAT-Comunidad de Madrid, Spain. The second author was
partially supported by Ministerio de Educacién y Ciencia (Spain), grant MTM2008-06349-C03-01. The third
author was partially supported by FAPESP, proc.n® 2007/00029-8 and CAPES.

tDept. Mat. Aplicada - Facultad de Mateméticas - Universidad Complutense de Madrid - 28040 Madrid,
Spain.

fDept. Matematica Aplicada I, ETSEIB, Universitat Politecnica de Catalunya - 08028 Barcelona, Spain

$Dept. Mat. Aplicada - IME - USP - Rua do Matéo, 1.010 - CEP 05508-900 - Sao Paulo - SP - Brazil



term f(u,v) = au(l—v) has been used in many applied models, first in ordinary differential
equations of the type & = f(x,z) (the so called logistic equation) and its extension to
retarded differential equations & = f(z(t), z(t —r)), called Hutchinson’s equation. Recently,
the retarded partial differential equation @ = Au + f(u(t),u(t — r)) has been extensively
studied and a nice survey can be found in [18]. A common feature to these equations is the
appearance of oscillations, a fact which is very important in the model problems coming from
biology, chemical processes and others. The appearance of these oscillations has been studied
by many authors like [4], [14], [13], [5] and [7], where finally it was shown the existence of
a cascade of Hopf bifurcations and, moreover, that the principal bifurcation is always of
dimension two.

In this work we analyze equation (1.1), which has a nonlinear logistic term with delay on
the boundary. Reaction-diffusion equations with nonlinear boundary conditions with delays
have been used to describe phenomena related to collision-dominated plasma (see [17]).

When there is no delay present in the equation, that is » = 0, this equation generates a
well defined nonlinear semigroup in X = {u € H'(0,1);u > 0}. For this case the system
has only two equilibrium solutions u = 0 and v = 1, the first is unstable and the second one
is always asymptotically stable. The system is dissipative and gradient and the dynamics is
well understood. For any initial condition ¢ > 0, ¢ # 0, its solution converges in H'(0,1)
and even in stronger norms to the equilibrium solution u = 1, see [3] for general results on
parabolic equations with nonlinear boundary conditions.

When r > 0 the equation generates also a well defined nonlinear semigroup in Y =
C([—=r,0], X), where X is defined above. Again, it has only two equilibrium solutions u = 0
and u = 1. The trivial equilibrium solution is always unstable but the stability of u = 1
is not determined a priori. We will see that for » small, this equilibrium is asymptotically
stable but as r increases it will loose its stability and it will undergo a sequence of Hopf
bifurcations as the parameter r increases from 0 to oo. The structure of this cascade of Hopf
bifurcations will depend on the parameter a.

Observe that the existence of cascades of Hopf bifurcations for these delay problems is
in some sense expected. Note that if for fixed a > 0, ¥(¢,&) is a periodic orbit of period
Ty of (1.1) for the value of the delay r = o > 0, then ¥ is also a periodic orbit for (1.1)
for the sequence of delays ro + kTj for all k € Z such that rqg + KTy > 0. This result is
obtained just by noting that if ¢ (¢, ) satisfies the first two equations of (1.1) for the delay
ro then, ¢(t, &) also satisfies the same equations for the delay ro 4+ kTy. This follows just
by noting that ¥ (t — (ro + kTp),&) = Y(t — kTo — 10,&) = ¥(t — 10,€). In particular, if for
r = 1o, the equilibrium v = 1 undergoes a Hopf bifurcation of periodic orbits, that is, we
have continuous curves of delays r(x) and periodic orbits ¢,,(¢, &) of period T'(1), pu € (—¢,¢€)
for some £ > 0 small such that r(0) = o and T(0) = Tp, then the points r, = ¢ + kTp,
k € Z such that r, > 0 are also points where a Hopf bifurcation occurs, with delay curves
re(p) = r(p) + kT (p) and periodic orbits 1,(t,§) of period T'(u).

We summarize the results of this paper in the two following results.

Theorem 1.1 (Case 0 < o < 2) For fized o € (0,2] there exists a delay ro > 0, such
that the equilibrium solution uw = 1 is asymptotically stable for 0 < r < rq and unstable for



ro < r. Moreover, there exists a Ty > ro, such that the equilibrium u = 1, undergoes a Hopf
bifurcation at the points r, = ro+ kT for k= 0,1,2,.. and these are the only values of r for
which there is a bifurcation of the equilibrium solution u = 1.

Moreover, if for r = 1o, the bifurcation curves are given by the continuous functions
ro(p), with r(0) = ry, with periodic orbits 1, of period T'(u) for pn € (—¢,¢€) for some e > 0,
then, these functions are all analytic, T'(0) = Ty and the bifurcation curves at r = 1y are
giwen by the functions r(p) = ro(p) + KT (p) with periodic orbits 1, of period T'(j1).

The periodic orbits bifurcating at r = ry for k > 1 are all unstable.

Theorem 1.2 (Case « > 2) For any fized o > 2 there exists 0 < rq < Ty and 0 < 7o < To
with the property that either ro # 7o or Ty # Ty, such that the equilibrium solution v =1 is
asymptotically stable for 0 < r < min{ry, 7o} and unstable for min{ry, 7o} < r. Moreover,
there exists a discrete set I C (2, 00) which is either a finite set or a sequence = {a;}32, with
a; — 2, such that for all o € (2,00) \ I, the equilibrium v = 1 undergoes a double cascade
of Hopf bifurcations, at the points ry = ro + kTy and 7, = 7o + kTy, k = 0,1, .. and these are
the only values of v for which there is a bifurcation of the equilibrium solution u = 1.
Moreover, as in Theorem 1.1, if for r = ro, 7o, the bifurcation curves are given by the
continuous functions ro(p), Fo(p), with r(0) = ro, #(0) = 7o, with periodic orbits 1, v, of
period T(u), T (1) for p € (—e,e) for some e > 0, then, all these functions are analytic,
T(0) = T, T(O) — Ty and the bifurcation_curves at v = 1y, 7y, are given by the functions
re(p) = ro(p) + KT (), 7r(p) = To(p) + KT (1) with periodic orbits 1, ¥, of period T(i),
T(u) The periodic orbits bifurcating from u =1 at r = ry, 7 for k > 1 are all unstable.

Remark 1.3 The set I in Theorem 1.2 consists of the cases where either {ry}7> C {76},
or {7}y C {ri}idy- In particular we are not excluding the case where ro = 7o but
{re}do € {Te}2o or {Telly € {ri}iy- In this case we have two curves of periodic
solutions bifurcating from the equilibrium solution uw = 1. The minimal periods of these two
periodic solutions are different, and for values of the parameter r near ro = 1y the two peri-
odic solutions live in a 4 dimensional center stable manifold. Nevertheless the dynamics of
these two periodic orbits is not clear.

This case s new and it does not occur when the nonlinearity with the delay s set in the
interior of the domain (see [7]).

Remark 1.4 In terms of the first Hopf bifurcation (r = ro) we conjecture that it is su-
percritical and the periodic orbit is globally stable. This issue will be addressed in a future
work.

We describe now the contents of the paper.

In Section 2 we reformulate problem (1.1) as an evolutionary problem in the space
C([-r,0], H*(0,1)). We indicate its main properties and obtain the linearized equation
around the equilibrium u = 1. We also introduce some notation that will be used hereafter.

In Section 3 we study the linearized problem around the equilibrium solution v = 1.
We will determine the behavior of the eigenvalues as functions of the parameters a and the
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delay, r. Here we will see that as the delay goes to infinity, we will have pairs of eigenvalues
crossing transversally the imaginary axis and this produce Hopf bifurcations.

In Section 4 we study the stability of the equilibrium point © = 1, obtain the cascades
of Hopf bifurcations and provide a proof of the main results.

In Appendix A we provide a proof ot the Hopf bifurcation Theorem for the case we are
studying. For this we follow the work of [4] and [14]. This theorem is used in Section 4.

2 Abstract setting and linearization

In this section we rewrite equation (1.1) as an abstract evolutionary equation in appropriate
functional spaces. We start out by setting some notation that will be used through out the
rest of the paper.

Let A: D(A) C L*(0,1) — L?*(0,1) be the unbounded linear operator, Ap = —p,,, with
domain D(A) = {p € H?*(0,1) : p,(0) = (1) = 0}. Following [1], [2], we know that this
operator has an associated scale of Hilbert spaces X?, 3 € IR, which are obtained through
interpolation-extrapolation procedures and that, since we are working in a Hilbert setting,
they coincide, for 3 € [0, 1], with the scale of fractional power spaces, that is, X# = D(A4%),
and for 3 € [~1,0], X ” are the dual spaces of X”.

Moreover, the operator A, or more properly speaking, the realization of the operator A
in X”, is an unbounded operator in X? with domain X'*?. The operator A generates an
analytic semigroup in X# for al 3 € IR and the following regularizing estimate holds,

le*ullx~ < Mt Jullxs, v < B.

Moreover, the constant M can be chosen uniform for all —1 <~ < < 1.

In particular, we are interested in the operator A_; 5 : D(A_1/2) C H*(0,1) — H*(0,1),
where D(A_y2) = H'(0,1). Given r > 0 and § € IR, we define C3 = C([—r,0], X”), the
Banach space of all continuous functions from [—r, 0] to X? with sup-norm, and similarly
CP = C([o,r], X7).

We will denote by H~1(0, 1) the dual space of H'(0, 1) (notice that this notation is usually
reserved for the dual of H}) and we consider the duality product < -,- >, between H'(0,1)
and H~1(0,1) which is obtained as the extension of the standard L?-product. That is, if
v € HY(0,1) and f € L*(0,1) € H'(0,1) then

< f o= / (o) () dz

Let us consider, for a € IR, the linear operator £ : H'(0,1) — H~'(0,1), given by
L(W)(¢) = —a((0)p(0) + 1(1)p(1)), for all ¢ € H'(0,1). Now we define some operators
related with our equation (1.1). Moreover, given a > 0, we define the linear operator
L, : C([—a,0],H'(0,1)) — H7*0,1), by L.(¢) = L(p(—a)), for all ¢ € C([—a,0], H'(0,1)).
We will also consider L_,.



Let Ay : C_y/5 — C_1/2 be the linear operator with domain

b e Q,QO(O) € Hl(O, 1), }
D(Ay) = { ¢ € Cys, such that, % =Y ,
( U) {90 1/2, Suc a 5 (0) - —A—1/290(0) +Lr(Q0)

and defined (Ayy)(0) = ¢(0), for all ¢ € D(Ay) and 0 € [—r,0].

Consider now, for a given o > 0, the nonlinearity g : H'(0,1) x H*(0,1) — H~*(0,1),
defined by g(¢, ¥) = —L(¢(1 — 0)), for all ¢, ¥ € H'(0,1). And, finally, given o, r > 0, we
define G : Cy o — H7'(0,1), as G(¢) = g(¢(0), ¢(—r)) — L ().

With this definition, the equation (1.1) can be written as

u(t) + Apu(t) = G(ug), t >0
(2.2)
u(t) = ¢(t), t € [-r0]

where ui(s) = u(t + s) for s € [—r,0]. Following [11],[12],[15],[16],[18], we get that the
solutions are in C'([—r,0], H*(0,1)) and, if the initial condition is positive, their are positive
for all times.

We will need to analyze the stability properties of the equilibrium solution u = 1 of
equation (1.1) for @« > 0 and r > 0. This stability properties are given by the stability
properties of the zero solution of the linearization around « = 1. This linearized equation is

given by
d
d—: — vee, in (0,1) x R
(2.3)

% =—av(t—r), in {{0}U{1}} x R".

And, finally, using the definition of the operator £ we can rewrite (2.3) in the abstract

form
0(t) + Apv(t) = Loy, >0
(2.4)

v(t) = ¢(t), t€[-r0].
3 Eigenvalue behavior.

The analysis of the stability properties of the equilibrium solution v = 1 and of its possible
bifurcations is based on the study of the numbers A € C for which there exist a nontrivial
solution of the problem
Pee = Ap, in (07 1)
oo (3.1)
o =
Although properly speaking problem (3.1) is not an eigenvalue problem, we will call the
numbers A, eigenvalues and their corresponding solutions of (3.1) the eigenfunctions (.

—ae My, in {0} U {1}
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This section is devoted to the study of problem (3.1) and to the analysis of the dependence
of the eigenvalues on the parameters o > 0 and r > 0.

Notice first that A = 0 is not an eigenvalue for any a > 0, » > 0. This is due to the fact
that the unique solution of the problem

{ (,055 = 0, n (O, 1)

I (3.2)

= T in {0} U {1}
is p = 0.
Notice also that A is an eigenvalue of (3.1) with eigenfunction ¢ if and only if A is also
an eigenvalue with eigenfunction @. To see this we just take complex conjugates in (3.1).
In particular we just need to study the eigenvalues with non negative imaginary part. From
now on in this section we will consider only the case of A € C with Im()\) > 0.
Moreover, if we take r = 0 the eigenvalues of (3.1) are well determined. They all are
negative real numbers, they can be explicitly calculated and they are all simple eigenvalues.

We will denote them by 0 > Ay > Ay > - --

Let us set A = w?. Obviously, under this transformation the set {\ € C, Im()\) > 0} is
mapped one to one to the first quadrant of the complex plane {w € C, Re(w) > 0, Im(w) >
0}. Let us look for solutions ¢ of (3.1) of the form ¢(&) = ¢1 exp(—w&) + co exp(wf), for ¢;
and ¢y not both being zero. After some simple calculations we obtain that w must satisfy
that the following system of linear equations in (¢, ¢2) must have non trivial solutions:

<e_w(ae_wzr —w) e“(ae"" +w) > (cl > (O>
—w?r —w?r = (3.3)

ae +w ae —w Co 0
The fact that the rank of the matrix of the system above is never zero, for any a > 0, r € R
and w € C tells us that all eigenvalues of (3.1) are geometrically simple, that is they have
only one independent eigenfunction.

If we denote by F(w,r) the determinant of the matrix of the system (3.3), the solutions
of the equation F(w,r) = 0 gives us the values of w so that A = w? is an eigenvalue of (3.1).
The function F is given by

2 2
Flw,r)=e"* (ae“"QT - w) — e (ae_“’z’” + w)

For fixed r € R the function F(-,r) : C — C is a holomorphic function, which obviously
is not identically zero. Therefore the roots of F(-,7) form a discrete set in the complex
plane with no accumulation point. Moreover, since the function F is continuous in both w
and r we will have that if (wy,r;) are roots of F and (wg,7r) — (Weo,7s) € C x R then
(Weo, Too) 18 also a root of F. We also know that if F(wg,r9) = 0 for some (wq,79) € C x R
and F'(wg,19) # 0, where " stands for d/dw, then by the Implicit Function Theorem, there
exists a neighborhood B(wy,d) X (ro — &,79 + €) such that for all € (rg — &,ry + €) there
exists a unique w(r) € B(wy,0) such that F(w(r),r) = 0. Moreover since the function
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(w,r) — F(w,r) is analytic then the function r — w(r) is real analytic. We also have
that, if for fixed 7o, the complex number wy is a root of multiplicity k& of F(-,rg), that is
F(w,m0) = (w —wo)*G(w, rg) for some analytic function G(-, 7o) with G(wq, ) # 0, then in
a neighborhood of ry we have exactly k continuous branches of roots wy(r), ws(r), - - - wi(r),
maybe coinciding some of them.

Notice that F' can be decomposed as F(w,r) = e “F(w,r) - F(w,r) where

Fw,r) =w(e’ — 1)+ ae“”Q’"(e“ +1)

Fw,r) =w(e +1) + ae " (e — 1)

The following result states that F' and F can not have common roots,
Lemma 3.1 A pair (w,r), can not be a simultaneous root of both F and F.

Proof. If F(w,r) = F(w,r) = 0 then e* # 1, since if e* = 1 from the first equation we
obtain F(w,r) = 2ae™"" % 0. With a similar argument we can also prove that e* # —1.
Obtaining the value of ae™"" from the first equation and plugging it into the second

equation we obtain
dwe"

e +1 -
which is impossible since e # 1 and therefore w # 0. g

0

Lemma 3.2 If w € C*\ {0} is a root of F(-,7) (resp. F(-,r)) for some r € R and
w ¢ (1+4)R then there is not other s € R, s # r such that w is a root of F(-,s) (resp.

F(-,s)).

Proof. If F(w,r) = F(w,s) = 0 then we have that a(e*" — e~%’%)(e?” + 1) = 0. As we
did in the previous lemma, e¥ + 1 # 0 which implies that e~ = ¢~v’s But this is only
possible if there exists a k € N such that w?r = w?s+ 2kmi, or equivalently r = s+ 2kmi /w?.
But if w & (14 )R then w? ¢ R. This means that either r or s are not real numbers.

As an immediate consequence of this lemma, we have

Corollary 3.3 If w € C* with w & (1 + )R is a root of F(-,r) for some r € R then there
exists at most another s € R, s # r so that w is a root of F(-,s).

In the following lemma, we will show that if A\ = w?, with w = 2 +iy € C* is an
eigenvalue of (3.1) for some r > 0 then we have several restrictions on the places where w
can lie. In fact, we can divide the complex plane in regions where the eigenvalues can lie
and these regions will give us an insight on the dependence of the eigenvalues on r.



Lemma 3.4 Let A\ = w? w=x+iy € CT\ {0} be an eigenvalue of (5.1), associated to the
eigenfunction . Then the following holds:
i) If Im(X\) # 0, then there exists k € Z, k > 0, such that,

2eyr € (2km, (2k + 1)7).
ii) If moreover, Re(\) > 0 then,

4k +1

(2k + m) :

Proof: Multiplying the equation (3.1) by the conjugate of ¢, integrating by parts and getting
real and imaginary parts, we get that the following system must be satisfied

[~ [ ToVede — acpl(-(s? - 7)r) con(zeun) (F0T60) + Do)

1
= 2—2 _d
< (z y)/@w&

aexp(—(a? = ) sinC2ayr) (P0)(0) + Dp(D) = 20y | s

From this, and keeping in mind that z,y > 0, i) and ii) follows immediately from the
restrictions imposed to the sign of sin(2xyr) and cos(2zyr). g
We also have the following important result.

\

Lemma 3.5 For any R > 0 and for any a > 0 there exists b > 0 such that there are no
eigenvalues A of (3.1), for any 0 < r < R, in the region {\ € C, Re(\) > —a,|Im(\)| > b}

Proof. As usual it is enough to prove that there are no eigenvalues in the region {\ €
C, Re(\) > —a,Im(\) > b}. This region is transformed by the map A = w? into the
region {w =z +iy € C, x,y > 0,2? — y*> > —a,2zy > b}. This region is delimited by the
intersection of the two hyperbolas 22 —y? = —a and 2zy = b in the first quadrant and it can
be easily seen that 22 + 3% > b for any w =  + iy in the region. In particular we have that
242 > b — a or equivalently z > ((b— a)/2)?

If A\ = w? with w = x + iy is an eigenvalue of (3.1) then w satisfies F'(w,r) = 0 or
F(w,r) =0.

Consider first that F(w,r) = 0. Then w(e* — 1) + ae " (e* + 1) which implies that

e — —wgz:jrg and taking modulus, we obtain
vy _ ]| le? — 1|
(@2 —y?)r _ 2 2 %'e 2 2\5
ae (ac +y) |€Z+iy+1|_(a: +y) |6x+1|

which implies that

1 — e~((-a)/2)

o=
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But this last inequality can not be satisfied for large b since the right hand side is uniformly
bounded as b — oo and the left hand side goes to infinity.
With a similar argument for F' we prove the result.

Lemma 3.6 For any R > 0 there exists a > 0 such that there are no eigenvalues A of (3.1),
for any 0 < r < R, in the region {\ € C, Re(\) > a}

Proof. As before we need to consider only the case Im(\) > 0. The region {\ € C, Re()\) >
a, Im(\) > 0} is transformed by the map A = w? into the region of the first quadrant given
by {w =2z +iy: z,y >0, 22 — y> > a} and in this region we have (22 + )2 > z > \/a.

If \ = w? with w = z + iy is an eigenvalue of (3.1) then w satisfies F'(w,7) = 0 or

F(w,r) = 0.
Consider first that F(w,r) = 0. Then, as we did in the previous lemma e
—w% and taking modulus, we obtain

a:-&—iy_l‘ |€x_1|
> 7(:1:273/2)7“ _ 2 2 %’6 :
a> ae (x* +y7) |ew+zy+1|_x’€z+1|

Again, this inequality does not have any solution for large x since the right hand side
goes to infinity and the left hand side is bounded.

With a similar argument for F' we prove the result.

Let us use this bounds to try to say something more about the eigenvalues.

Lemma 3.7 There exists r* > 0 and a* > 0 such that for any r with 0 < r < r* all
eigenvalues A of (3.1) satisfy Re(\) < —a*.

Proof. Consider a value a* > 0 such that for » = 0 there are no eigenvalues in the region
{\;Re(\) > —a*}. This is always possible since for » = 0 all eigenvalues are real negative
and uniformly bounded away from zero.

Applying the previous Lemma to R = 1 and a* we obtain that there are positive numbers
a,b > 0 such that for any 0 < r < 1 if there is an eigenvalue with Re(\) > —a* then it must
lie in the compact region {\; —a* < Re(\) < a, |[Im(\)| < b}.

If the statement of the Lemma were not true, there would exist a sequence r, with

k—oo

r, — 07 and corresponding eigenvalues )\, lying in the region above. By compactness there
would exists a subsequence of A\ converging to Ay, and by the continuity of the branches of
eigenvalues we would have that A, is an eigenvalue for (3.1) for » = 0. But this is impossible
since Re(Aw) > —a*.

From Lemma 3.6 and 3.7 we easily see that if for some r > 0 there is an eigenvalue of
(3.1) with positive real part, then this eigenvalue has crossed the imaginary axis at some
point. Hence, we look now for eigenvalues A that cross the imaginary axis, or equivalently
for branches w(r), roots of F', that cross the line (1+¢)R*, which is the diagonal of the first
quadrant. Therefore we will look first for roots of F' of the type w = = + ix.

We start with the following technical lemma that will be used in several points below.
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Lemma 3.8 For any w = x + ix with x > 0 we have

2w
1+ —— 4
Re( ew—e—w) >0 (3.4)
or equivalently if we define n(z) = e** + e 2* — 2cos(2z) and y(x) = 2x((e* — e~ %) cos(x) +
(e” + e ") sin(x)) then
n(xz) £y(x) >0 (3.5)

Proof. Notice that

2w 1 _ _

Re( ) = P 6_w|21’%e(2w(e°“” —e )

ew — e—'l,U
But |e¥ — e ™| = ¥ + e72* — 2cos(2x), and
Re(2w(e® — e ™) = 2x((e” — e *) cos(z) + (e* + e ") sin(z))

which shows the equivalence between both statements (3.4) and (3.5). We show this last
inequality.

Using the expression cos(z) = (e + e~*)/2 and sin(z) = (¢** — e~")/2i we obtain that

v(z) = 2z[(e” — e7*) cos(x) + (e* 4+ e ) sin(z)] =
(e (1 — i) + e (=1 — i) + " (1 +10) + e (=1 41))

and by a power series expansion we obtain

i A2 ity
k:() (4k 4+ 1)!
Similarly,
0 Ak+2
n(r) = e** + e ** — 2cos(27) ZO 772 24k+4
Therefore,

4k+2 o 4k+2

Zi: — 24k+4 :i: x 22k+3 _1 k —
n(z) £ 2;4“2) I;(zucﬂ)! (=1)

AU S k
2 (2 4 (4k 4 2)(—1
=D e £ (D (1))
il
But the real numbers a% = 221 4 (4k + 2)(—1)* are all positive except for a® = 0. This
shows that n(x) £ v(z) > 0 for any > 0.5
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We have decomposed F as F(w,r) = e F(w,r)F(w,r) where

Flw,r)=w(e” =1)+ Oée_w2r(e“ +1)
Flw,r) = w(e? + 1) + ae™"" (e — 1) (3.6)

Lemma 3.9 i) For any o > 0 fized, the value w = x +ix, x > 0, is a root of F(-,r) (resp.
F(-,1)) for some r > 0 if and only if h(x) =0 (resp. h(x) = 0) is satisfied, where

h(z) = (22° — ®)(e* + e ™) — 2cos(z) (22 + a?),
h(z) = (22% — a?)(e" + 67””) + 2 cos(x)(22* + o?).
i) If z > 0 is a root of h and if we define © = °F + arctg( 2sm(‘%)) € (m,3m/2), 1o = 2302 >0

and Ty = 75 then we have 0 < ro < Ty and (:v + 1T, T)) aj“e ;oots of F' for all ry, = ro + KTy
for all k =0,1,2,... Moreover, these are the only values of r for which w = x + ix is a root
of F.

iii) If Z > 0 is a root of h and if we define © = arctg(sze(x%) € (m,3m/2), fo = 2= 9 >0,
and To = %5 then we have 0 < 7y < TO and (:L' + iT,Tk) are Toots ofF for all 7, = 79 + k:TO
for all k =0,1,2,... Moreover, these are the only values of r for which W = T + iZ is a root

of F.

Proof. i) If the value w = z +ix, x > 0, is a root of F or F, then
lw(e” F1))? = lae (¥ £ 1))? = o®|(e® + 1)|%

Evaluating this expression in w = z + iz we obtain the equations h(x) = 0.
ii) If z > 0 is a root of h and we denote by w = x + ix, then we have

lw(e” —1)] = ale” + 1|

Hence, if we denote by © = Arg(%) € [0,27) we have that w(e¥—1) = —e(®+2Fmig(ev+

1), k € Z. In particular, since w? = 2x?i, we have that for all values r = —% we obtain
we® — 1) = —e “"afe +1)

which is equivalent to F'(w,r) = 0. A simple computation shows now that © = 2% 4-arctg( zfme(xi) €

(m,37/2) and that if ro = 2252 then all the values 7 > 0 can be rewritten as r, = ro + kT
with T() = ;—2 0

We also have the following,

Lemma 3.10 i). For any o > 0 the equation h(x) = 0 has only one positive root x = x(a).
Moreover x(«) is an increasing function of c.

ii). For any a € (0,2] the equation B(x) = 0 has no positive roots. Moreover for any o > 2
the equation h(x) = 0 has only one positive root & = &(c). Moreover #(a) is an increasing
function of a.

11



Proof. The equations h(x) = 0, h(z) = 0, can be written as g(z) = a?/2, j(z) = a?/2,
respectively, where
 pe" 4 e " —2cos(x

(z)
glw) =@ e® + e % 4 2cos(x) (8:7)
_ 9"+ e "4 2cos(x)
glz) = er + e~ — 2 cos(x) (38)

But the derivatives of g, g satisfy
g'(x) = 2z(n(x) — v())/(e" + e + 2cos(x))* > 0,

7' (x) = 2z(n(z) + v(2))/(e" + 7" = 2cos(x))* > 0,

for any > 0 by (3.5).
With this result, the fact that g(z), §(x) — +o00 as © — +o00, and the fact that g(0) =0
and g(0) = 2 we conclude the proof of the lemma.

Lemma 3.11 If w = x + iz with x > 0 is a root of F(-,r) (resp. F(-,1)) for some positive
r then it is a simple root of F(-,r) (resp. F(-,r)).

Proof. Assume w = x + iz is a root of F(-,r) such that F'(w,r) = 0. After some simple
calculations we show that w must satisfy the equation

2
s s
e’LU _e—w

But if w = z + iz then —1 — 2w?r = —1 — 22%r7 and taking real parts above, we obtain

2
Re(1+ ———)=0

ew — e*UJ
which is impossible by Lemma 3.8. With a similar argument we prove it for F. 0

Lemma 3.12 i) For any o > 0, if w* = o* 4 ix*, with * > 0, is a root of F(-,r*) then
there exists €* > 0 and an analytic function w : (r* —e*,r* +&*) — C with w(r*) = w* such
that F(w(r),r) =0 and these are the unique roots of F' in a neighborhood of (w*,r*).

i) The branch w(r) satisfies w'(r*) = a + bi with a > b, that is, the branch crosses
transversally the diagonal {z = x + ix;z > 0} and always in the same direction, from
{z =z +iy;x <y} towards {z = x +iy;x > y}. Moreover, w(-) is defined for all r > r*,
w(r) € {z =a+iy;x >y >0} forallr > 1r* and w(r) — 0 as r — +o0.

iii) If wy(+) and ws(+) are two branches passing by w* for ri and r} respectively with r # r3,
then both branches are different in the sense that w(r) # ws(s) for any r # ri and s # r}.
i) Similar statements are obtained for F
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Proof. i) The existence of the branch and its analyticity follows from the simplicity of the
roots given by the lemma above.

ii) In order to study the crossing with the diagonal, let us compute w’(r*). By implicit
differentiation and using that w* is a root of F(-,r*) we have that

w'(r') = oy
-1 = 2(w*)2’r’* =+ %w E3
e
If we denote by
2
2 3
A= V2 5o >0
| — 1 —2(w*)2r* + —2¢ |2
e” W —eW
then we can write
2 — K
w'(r) = A(=22%r(1+ 1) + (1 = )1 + )
ev —e™v

If we express 1 + =22 — = a + bi then w'(r) = A(—22%r(1 4+ i) + (1 — i)(a + bi)) =

A(=22*r(1414) + (a+b) +i(b— a)) and w(r) will cross transversally in the direction stated
if and only if a + b > b — a or equivalently if and only if a > 0. But a = Re(1 + %)
Re(1+ —*“—=) > 0 by Lemma 3.8.

Assume that the branch w(-) is defined in [r*, ry,). Since the crossings with the diagonal
are only in one direction then w(r) & {z = x +iy;x =y > 0} for any r € (r*,ry). If there
exists ro € (1", 7o) With w(rg) € [0,00) C R and we assume this is the first o > r* with this
property, it would mean that by continuity of the eigenvalues \(rq) = w(rg)? € [0, 00) is an
eigenvalue of (3.1). But this is impossible. Therefore w(r) € {z =z +iy; 2 >y > 0} for all

r € (rf,ry).

Since F(w,r) = 0 can be written as ae™*"" = —wgz:ﬁ; and taking modulus, we obtain
for w(r) = x + iy,
m—&—iy_l‘ |€I—1‘
—(@2—yP)r _ (2 2 %|e S (42 4 023 3.9

Since x > y the left hand side is bounded by « for all r > r*. This implies that |w(r)|* =

x? + y? is uniformly bounded for all r € (r*,r). This implies that r, = +oo. By the

bounds from Lemma 3.4 we have that there exists a constant C' such that 2zyr < C and

therefore any accumulation point of w(r) as r — oo must lie in the set {x+iy;y = 0,2 > 0}.

But passing to the limit as » — oo in (3.9) we obtain that necessarily w(r) — 0 as r — 0.
iii) That the two branches are different follows from Lemma 3.10.

Remark 3.13 Notice that not only the two branches are different but we can show that they
cross the diagonal with different inclination. For this we will show that wi(r})/wy(r3) & R.
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But,

W) _ | sy i
wh(r5) —1— 2w+ — 2 1+ 20250 + —2W
e W —eW e —e W
This implies that w(ry)/wy(ry) € R if and only if
2 *
Re(1+—2 " =0
e —e W

which is tmpossible by Lemma 3.8.

Summarizing the results of this section and rephrasing them for the original eigenvalue
problem (3.1) we obtain,

Proposition 3.14 We have the following results

i) If 0 < av < 2 there ezists only one value Ao = bi, with b > 0, such that \g is an eigenvalue
of (3.1) for some r > 0. Moreover, b = 2x(«)?, where x(«) is the unique root of h(x), where
h is given by Lemma 3.9.

i1) If we consider o defined by Lemma 3.9 and Ty = %’r = WZ)Q then, 0 < ro < Ty and all
the values of v for which X\ is an eigenvalue of (3.1) are given by v, = ro+kTo, k =0,1,....
Moreover, for all these values ry,, k = 0,1, .., the corresponding eigenfunction is always the
same, which is given by the unique nonzero solution, g, (up to a multiplicative constant) of
the problem (8.1) with r =ry and A = X.

i2) For any 0 < r < ry there exists a(r) > 0 such that all eigenvalues of (3.1) satisfy
Re(\) < —a(r).

i3) For any k = 0,1, .., there exists e > 0 and an analytic function A : (ry — €, 00) — C
such that \p(r) and its complex conjugate M\ (r) are eigenvalues for (3.1) for the value of the
delay r. Moreover, Re(A,(r)) < O for r < ri, \e(rr) = bi, Re(Ae(r)) > 0 for r > 1y and
Re(N(rg)) > 0. We also have \g(r) — 0 as r — oo. In particular, for r € (rp_1,7%) we have
exactly 2k eigenvalues of (3.1) with positive real part.

i4) Associated to the branches of eigenvalues A\ (r) we have the branches of eigenfunctions,
which are given by analytic functions xy : (g — e, 00) — HY(0,1) where x1(ry) = o-

ii) If a > 2 there exist only two values Ao = bi, 5\0 = bi wigh b,l; > 0, such that Ao, 5\0 are
eigenvalues of (3.1) for some r > 0. Moreover, b = 2z(a)?, b = 2(a)* where z(a) and &(a)
are the unique roots of h(x) and h(z) respectively, where h and h are given by Lemma 3.9.

ii1) If we consider ry, 7o defined by Lemma 3.9 and Ty = 27” = ﬁ, Ty = 2% = ﬁ then,

O0<ro<Ty, 0<rg< TO and either ro # 7o or Ty # TO. Moreover, all the values of r for
which Ao is an eigenvalue of (3.1) are given by r. = ro+ kTy, k= 0,1,... and all the values
of 7 for which \o is an eigenvalue of (3.1) are given by 7, = To + KTy, k=0,1,....

iW2) For any 0 < r < min{ry, 7o} there exists a(r) > 0 such that all eigenvalues of (3.1)
satisfy Re(\) < —a(r).
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i3) For any k = 0,1, .., there exists €, > 0 and an analytic functions A, : (1, — ex, 00) — C,
Mo o (T — eg,00) — C such that Re(Ay(r)) < 0 for r < i, Re(A(r)) < 0 for r < 7y,
Me(rr) = b1, A(Tx) = bi, Re(Ap(r)) > 0 forr > 1y, Re(Ap(r)) > 0 forr > 7y, Re(N(ry)) >0
and Re(N (7)) > 0. Moreover \g(r), \e(r) — 0 as r — oo.

4 Cascades of Hopf Bifurcations. Proofs of the main results

In this section we analyze the stability properties of the equilibrium solution © = 1 and show
the existence of cascades of Hopf bifurcations.

We keep the notation from previous sections, in particular the meaning of \g, o, 7o, To,
To, Ty, from Proposition 3.14.

We will show now several results that will conclude with a proof of the main results.

Proposition 4.1 i) If for 0 < a < 2 we have 0 < v < ry or for a > 2 we have 0 < r <
min{ry, 7o} then the equilibrium point u =1 is asymptotically stable.

i) If for 0 < a < 2 we have r > rq or for a > 2 we have r > min{rg, 7o} then the equilibrium
point u = 1 is unstable.

Proof. i) We just need to realize that, in both cases, from Proposition 3.14 i2) and ii2),
we have that there exists a function a(r) > 0 such that all the eigenvalues A of (3.1) have
Re(\) < —a(r).

ii) In both cases, there is at least one eigenvalue of (3.1) with positive real part by
Proposition 3.14 i3) and ii3).

Our basic result on Hopf bifurcations is the following

Proposition 4.2 Assume a > 0 and let v = p > 0 be a value of the delay for which problem
(3.1) has an eigenvalue A = i, B > 0, with eigenfunction ¢ (and obviously it also has the
eigenvalue — 31 with eigenfunction @). Assume also that none of the values nf3i, n = 2,3, ..
is an eigenvalue of (3.1) with r = p. Then, there exist € > 0 and three analytic functions
r:(—ge) >R, T:(—¢e) >R and ¥ : (—¢,e) — C3 (R, H*(0,1)) such that r(0) = p,
T(0) = 2%, W(0) =1 and for all p € (—¢,€) the function

Nult.6) = W(u)(t%, )

is a T'(p)-periodic solution of problem (1.1) for the value of the delay r = r(u) and x, # 1.
Moreover these are the only periodic solutions near the equilibrium u = 1 of period near 27”
for r near p.

The proof of the Proposition follows the lines of the Hopf Bifurcation Theorem given in
[4] and [14], uses the results in Proposition 3.14 and the fact that Re(\'(0)) > 0. The proof
is long, very technical and needs some extra notation and lemmas, so we will give it in the
Appendix A.
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We can provide now a proof of the main results.

Proof of Theorem 1.1 Observe that from Proposition 3.14, if 0 < a < 2, we have that
for all values of the delay rq + kTy, £ = 0,1,..., we can apply Proposition 4.2 and obtain
the existence of a Hopf bifurcation at these points. Notice that for any of these values
ro + k7o, the linearization around v = 1 has only two eigenvalues, +bi, b > 0, in the
imaginary axis. Moreover, these are the only values of the delay for which there exist a
bifurcation, since by Proposition 3.14, these are the unique values for which the eigenvalues
of the linearization around the equilibrium point u = 1, cross the imaginary axis. Moreover,
if the bifurcating curves from r( are given by r¢(p) with ro(0) = ry and the periodic orbits
are 1), with period T(u) with T'(0) = T, then the bifurcating curves for ro 4 Ty have to be
re(p) = ro(p) + kT (p) with periodic orbits v, and period T'(x). This is obtained just by
noting that, as it was pointed out in the introduction, if v, is a periodic orbit with period
T'(p) the value of the delay ro(u), then 1, is also a periodic orbit for the value of the delay
ro(p) + kT (p) for all k = 0,1,.... Moreover, from the uniqueness of the curves of the Hopf
bifurcation we obtain that the branches bifurcating from rq 4+ k7Tj are necessarily given by
ro(p)+ kT (1). The fact that the periodic orbits obtained from the Hopf bifurcation for & > 1
are all unstable are due to the fact that for £ > 1, the linearization of the equilibrium point
has at least two eigenvalues with positive real part.

Proof of Theorem 1.2 For the case a > 2 we have to set of values of the delays which
are candidates for Hopf bifurcating points, r, = ro + kT, 7 = 7o + k:To. It is clear that
if for some ko = 0,1,.., we have that ry, & {7;}32,, then at r = ry, there will be only two
eigenvalues +bi crossing the imaginary axis and, therefore, for this value of the delay we will
be able to apply Proposition 4.2 and will obtain a Hopf bifurcation. If we denote by ry, (1),
Yy, T'(11) the curves of delays, periodic orbits and periods, respectively, bifurcating from ry,,
then for any other i, k = 0,1, ..., we will have that the curves r(u) = ri, + (k — ko)T' (1),
Yy, T'() are curves of delays, periodic orbits and periods, respectively, bifurcating from ry.
Moreover, from the uniqueness obtained in the Hopf bifurcation theorem, we deduce that
these are the unique curves bifurcating from 7. In a similar way we can argue if there exists
Tk & {rr}iey. For this case, we will obtain bifurcation curves emanating from 74 for all
k=0,1,....

Hence we will have a double cascades of Hopf bifurcations if we can show that {r;}32, \
{Fe}2o # 0 and {76172, \ {re}e2y # 0. We will be able to show this relation for all values
of o > 2 except for a sequence of a; — 2. In order to prove this, we proceed as follow.

Notice first that if we have {ry}2, C {7x}32, then ro = 7y + koTp and ro + Ty =
7o+ koTy +nTy for some kg € NU{0}, n € N. From here we obtain that necessarily Ty = nT}
for some j € N Similarly, if {F}52, C {r}32, we will obtain that Ty = mTy for some
m € N. But we know that Ty = s, Ty = F(ajz» Where x(a), Z(a) are the unique roots of
g and g defined in (3.7), (3.8), respectively. Hence, we are looking for values of a > 2 for
which either Z(a) = /nx(a) or x(«a) = \/mZ(a) for some n,m € \.

Let us analyze first the case n = m = 1, that is, the case z(a) = Z(«). From the
expression of the functions g and g, we have that z(a) = Z(«) if and only if cos(z(a)) = 0,
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which implies z(a) = § + k7, k = 0,1,.. and a = \/§(§ + kr), k = 0,1,... But, from

Lemma 3.9, we have that ry = 275;26 with © = 2% + arctg(jfi_ne(fl) and 7y = 272:2@ with
0 = %’r — arctg(%). Since sin(z) = +1, we get that ro # 7o and also |rg — 7| =
s

5|0 — o = ar2arctg(2=) < & =Ty = Ty. From here we easily get not only that
ro # To but that {ry} N {rx} = . This implies that for this case we have always a double
cascade of Hopf bifurcations.

We look now to the case where n or m > 2. Observe that, as it was proved in Lemma
3.10, the functions g and g are strictly increasing. Moreover, it is obvious to see that
g(5 +kn) = g(§ + kn) for all k = 0,1,.... This implies that necessarily, for any a > 2, if
r(a) € [§+kr, 5+ (k+1)n] then Z(a) € [§ + k7, § + (k4 1)7] also. Hence, we always have
that for any a > 2, |z(«a) — Z(a)| < 7. Define now, for g > 2, the set

Dg={a > f: there exists n € N,n > 2 with z(a) = v/nZ(a), or Z(a) = vnz(a)}.

Let us prove the following two statements
i) Dg C D, if § <~y and there exists a fy > 2 such that Dg, = 0.

ii) For any 8 > 2, Dj is always a finite set.

That Dg C D, if 8 < 7, is a direct consequence of the definition of Dz. Moreover, since
z(a), #(a) — 0o as a — 00, we can choose (3 such that for any a > f, we have (v/2 —
1) min{z(«), Z(a)} > 7. This implies that |\/nz(a)—z(a)| > (vn—1) min{z(«a), ()} —7 >
0, for any n > 2, which proves i).

In order to prove ii), notice that, since for « > > 2, we have z(a),Z(a) > d =
min{z(5),Z(8)} > 0, then, if \/ng > 14 5 we have |\/ngz(a) — Z(a)| > (y/no — 1)|z(c)|
|z(a) — Z(a)| > (y/no — 1)d — 7 > 0. This means that

~—
|

Dg={a € (3,8 : there exists n =2,...,ng with x(a) = v/ni(a), or i(a) = v/nx(a)}.

But then
Dg = U2 {a € 8,60 : 2(a) = vnZ(a), or i(a) = v/nx(a)}.

But, ¢ and § are real analytic functions, strictly increasing for x > 0 . Hence, g~ !, :
(3, Bo] — IR are real analytic. In particular, for each n, the number of roots of the equation
g ' —ng ' and g' —\/ng~! in [B, Bo] is finite for all n. This proves ii).

If we consider now a decreasing sequence of 3,, — 2, then, since Dg,, C Dg, for m > n
and each of them is finite, if we define

D =Uy_,Dg,
then D is either a finite set or a sequence converging to 2. Moreover, for all values of o > 2

with o ¢ I, we have that {ry}p2, \ {7x}e2, # 0 and {7 }32, \ {re}72, # 0 and a double
cascade of Hopf bifurcations will occur. This concludes the proof of the theorem.
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A Hopf Bifurcation

In this section we prove the existence of the Hopf bifurcation, where we adapt the results
from [4], [8] and [14] to our situation. This adaptation is not straightforward since a careful
study of the functional setting and the inequalities involved in the proof must be done with
care.

We show the Hopf bifurcation as a perturbation result, as was introduced by [8]. In
order to do this, it is convenient to consider our equation and the corresponding eigenvalue
problem from a different point of view. This new point of view will express the perturbation
more clearly.

First of all, given r, > 0, we define the pairing (-,-) : CY2 x C1 /5 — IR, by

(6, 0) =< $(0), 0(0) > + / L(0(s +r))p(s) ds,

for all ¢» € C'? and ¢ € C} .
This pairing will induce the transpose equation of the linear equation, that is the solutions

of p
d—: = vee, in (0,1) x IR
(A.10)

U — —av(t+r), i {{0}U{1}} xR~

In the same way as section 2 we can define it in an abstract form. This is done by defining
the transpose, A7, : C~1Y2 — C~12 to be the linear operator with domain

' 1/2 1
D(AT) - {np € OV such that, ¥ € CHU(0) € H'(0,1), } |

—UH(0) = —A_1,0(0) + L. (D)

and define (AL 0)(0) = —U(h), for all ¥ € D(A]) and 0 € [0,7]. And, in the same way, the
solution exists, is positive (for positive initial data) and belongs to C'([0,r], H'(0,1)) for all
time.

Remark A.1 For all p € D(Ay) and ¥ € D(AL), we have (U, Ayp) = (ALY, p).

Proof. Let be p € D(Ay) and ¥ € D(AY), then we have

(U, App) = < V(0), App(0) > +/ LY(s+71))Aup(s)ds

—-Tr

= < ¥(0),(0) > +/_0 L(V(s+71))p(s)ds
= < U(0), =A_1/29(0) > + < W(0), Lo () > +L(V(s +7))p(s) ]2,

—/ E(\P(s+r))go(s)ds

-
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= <AL U0),9(0) > +L(E)0) + [ LGS +r)(s) ds

Let us start by rewriting the eigenvalue problem to get the bifurcation equation. For
each A\ € € and r > 0, define the linear operator A(\,r) : H=1(0,1) — H~'(0,1), by

AN\, 1)o = —A_1/50 + e ML,0— o,
for all 0 <o € H'(0,1).

Remark A.2 We can now look the eigenvalues and eigenfunctions in a different perspective,
compared to the previous section, that is, the operator Ay has an eigenvalue A\ = w? = ib =
2ix?, 2,0 # 0, for some r > 0, if and only if,

—A_1ppp+ e ML — ibp =0,

is solvable for some b > 0 and 0 = (27 — ©) € [0, 27|, where © was defined in Lemma 3.9.
If this is the case, for a pair (b,0) and @, then for alln =0,1,2,---, we have

A(ib,ry)e =0,

where r, = GJF%. We have shown in this article the existence of such sequence. So we are
going to fix through out this section b, \,0,r, and ¢ as above. In order to get the notation
more simple, we will still denote the linear operators as Ay and A}, despite its dependence

on Ty,.

Consider

for all —r,, <s <0 and A
BnQO(E_ZbS
B_nweibs Y

for all 0 < s < r,, where B,, € C is such that B, [fol ©*(x)dx + Tnﬁ(gOZ)e’ib’""] = 1. And,

consider also the real basis related to ® and U,

®(s) = [ Cu(s) afs) | = [ Re(pe™) Im(pe™) |

|: gDeibs +¢€_ibs —i@eib8+i@€_ibs :|
2 2 ’

for all —r,, < s <0 and

W(s) = Wi(s) | [ 2Re(Bupe ™) 1 [ Bupe ™ + B,pe
T Wa(s) | | —2Im (Bupe ™) iBppe~ ™ + —iB, e |’
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forall0<s<r,.

We will denote, for a given r,, by A the eigenfunction space of Ay corresponding to the
eigenvalues A = +ib, it is easy to see that ® is a real basis for A and V¥ is a real basis of the
eigenfunction space of A% of Ay corresponding to A = +ib. One can also check that

. Uy, @y Uy, @y 10
o= (4] 1))
Uy, @) (s, Dy 01
This follows from the definition of B,, and from the following equality: b (gpe_“’
(Ajpe™™ pe™™) = (pe™™, Aype ™) = —ib (pe™™, pe ") = 0.
Define now the projection my: C1/2 — A by ma(9) = ® (¥, 9), for all ¥ € C4 9, and, given
Ty > 0, let Pr, = {g € C(IR, H'(0,1)): g(t +Tp) = g(t), t € IR}, with the norm | - [|p,,
defined by ||lg|lpy, = subseo.n) 19(t) || z2(0,1)- With this, for each 7, and Ty > 0, consider the
linear operator Z: Py, — IR? defined, for any g € Pr, by

/0 (), Wy (1)) de
/0 (g(), Wa(t))dt

Now, summarizing the results in [18], [15], [16],[12] and [11] we get that
Facts A.3

e =

1=

TIg= / (), w(t))dt

1. The linear equation (2.3) can be written in abstract form as
w(t) = —A_qpu(t) + Lp(ug), t > 0. (A.11)
which has an analytic semigroup U(t) whose infinitesimal generator is Ay .
2. The nonlinear equation (1.1) can be written in abstract form as
u(t) = —A_qpu(t) + Le(u) + G(ug), t > 0. (A.12)
From now on n and « will be fixed. Following the usual techniques to study Hopf
bifurcation, one should introduce a change of variables in order to have a perturbation of

the origin. To do this, first, we introduce v and p such that « =v+1 and p =r — r,, and
substituting this in (A.12) we get

O(t) = —A_1)20(t) + Lipgr,)(ve) + f(0(t) + 1,0t —p—1p) + 1) = Lipgry(ve),t > 0. (A13)

The next step is to fix also the period, therefore let Ty = 2% and w(t) = v(¢(1+43)). With
this, v is a Ty(1 + 3)-periodic solution of (A.13) if and only if w is a Ti-periodic solution of

w(t) = —A_1pw(t) + Ly, (wy)

+ {—ﬁA_1/zw(t) — Ly, (w) + (1 +B) f (w(t) +1Lw (t - qi%) + 1)} ;120
(A.14)
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Thus, we will define

Glp.Bw) = {=psy0(t) = L) + (14 90 (w4 10 (0= 255 ) 1)
(A.15)

Remark A.4 In fact, one should look for this equation, for each t, in the unknown u(-) €
Ch/2 and, respectively, vi(-) and wy(-).

Following [8] and [18], we get that, for all g € Pr,, the equation
dw
dt

has a Typ-periodic solution if and only if g € N (Z).

=Apw+g (A.16)

With this, one can define the linear operator K : N(Z) — Pr, such that K(g) is the
To-periodic solution of (A.16) satisfying mx (KC(g)) = 0 or (¥(-), (K(g))o(:)) = 0. If we apply
this to our case, we get that (A.14) has a Ty-periodic solution w(t) if and only if there is a
constant ¢ such that

IG(p, B, w ~) and (A.17)
w(t) = cP1(t) + [K G(/%B?wt)]() (A.18)
for all ¢t € IR.

Remark A.5 By applying the Implicit Function Theorem for c,p and (3 sufficiently small,
we can solve (A.18). Let w(t) = w(c, p, B)(t) be this solution, then w(c,0,0) — c®; = o(]|c|),
as |c| — 0. Moreover, since w(c, p,3) satisfies (A.18) and (A.16), it is continuously differ-
entiable in ¢, p, B and t.

The strategy is to expand all in terms of ¢. To do this, let p = cu, § = ¢d and
w(c, e, cd)(t) = c®1(t) + W (t), noting that, from the remark above, W € Pr, and cW is
O(|c]), as |¢| — 0. Thus we can rewrite (A.15) as

. 1
g, b, wp) = {_5A1/2<I>1(t) —0eA W () = - L, (®1),) — Lo, (W)
1+co 2 _(eptra 2 _(eptra
+ > f(1+c<1>1(t)+cW(t),1+c<I>1(t <1+05>>+CW(1§ (1+65)>)}

—c2{—5A_1/2<1>1() SeA_y W (t) — ( (®1)) — (Wn)((qn)t))
— (Lea(W2) = Ly (W) ) + 0L sy (®1):) + €OL s (W)

+(1+cd)L ((<I>1(t) +cW<t;) (<I>1 <f— ﬁf i;)) T ( (ijc;)>))}

= 2N<Ca 2 57 Wt)

(A.19)
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So, the equations (A.17), (A.18) become equivalent to

IN(e,p,6,W;) =0, and (A.20)
W (t) = [KN(c, p, 6, W)|(2), (A.21)

for all t € IR, which is the bifurcation equation that we have to solve to observe the oscillatory
behavior of equation (1.1) near the positive constant equilibrium.

Lemma A.6
lim N (e, 1,8, Wy) = ~SA1ja®4(£) + (57 — 1) Lo, (91)1) + 0L, ((B1)e) + L1 (1)1 (¢ — 7)),

Proof.
The proof follows easily if we take the limit as ¢ goes to zero in (A.19), taking into account
Remark A.5.

Lemma A.7 ZN(0,0,0,W,;) =0.

Proof. Observe that

To )
1) /<Bn<pelbt,N(0,0,0,Wt)>dt
0

—1

IN(U,O, O,Wt) = ( 1 Ty
/ (Bope ™, N(0,0,0, W,))dt
0

T A
Thus it is sufficient to show that / (pe™® N(0,0,0,W,;))dt = 0. In fact,
0

/OTO(weibt,N(O,O,O,Wt»dt _r (so {/OT e, (1), ( — rn)dt}> '

and the result follows easily if one observes that

e—z‘bscbl(s)q)l(s i T‘n) _ (@2eib(s—rn) + @@6_“’(5_””) + @gpe_ib(s'wn) + ¢26—z’b(3s—rn)) 7 (A22)

1 =

using that ®;(s) = (1/2)(pe™ + pe~**). Finally, noting that Ty = 2%, we have the result.
Following [14], since a periodic solution of (A.14) is a C!' function, one can restrict its
attention in (A.20),(A.21) to W € Pj = {g € Py, such that § € Pp}, with HgHP%O =
lgllpr, + gllpg, - Thus it is not difficult to see that ZN: Iz x IR x Iz x P, — IR is a
continuously differentiable function. From Lemma A.7, we have that N(0,0,0,W;) € N (Z).
We have that, if we denote by W# = KC[N(0,0,0, W,)], using the decomposition (A.22) it is

easy to see that
WHt) = Y + Ve " 1 7 + d(t)o (A.23)
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where Y = —1e7 (—A_y 5 + L7 —Qib)_l

and o0 = (\I/( ), YeXb 4 Ye 2 4 7).
On the other hand, as shown before, there exists a continuous branch of eigenvalues A(r),
such that Re(A(r,)) > 0. But we can say a little more now, observing that

L(p?), Z = —Lcos(0) (~A_1j2 + L) L(p),

AN T)p=[-A1p+eML—N]p=0, (A.24)
we can differentiate with respect to r, and applying (g, -), we get that
d dy d\

0= {p, (AN T)9) = (p, AZ) = (o, - (re L+ D) = (p, Ae ™V Log) A25)
= ((~A_ip + e ML= M)p, ) — (. Qre L+ D) — (g, eV Lop).
Therefore, using the definition of B,,, we get
A= =B e M L(¢?). (A.26)
Lemma A.8 (085](;[5) (0,0,0,W;) =Ty ( _]jf)(;(\;) _]7?1()0 ) )
Proof. First of all, we have that $Y(0,0,0,W;) = —L,, ((®1);) and 4¥(0,0,0,W;) =

—A_15®1(8) + Ly, (1)) + Lo, ((D1)1).
Moreover we can write ® = ®H and ¥ = H-'0, where H =

N | —

(+7)

- [ @pga =i [ @0 @>t>>dtﬂ(é)

- _H- /TO B,pe ™, L(Apet ””))> (Bupe ™, L(=Nge 7)) atm( !
(B,pe™, L(Apert=m)) <Bn90€”,£( Ape A=) 0

(A.27)

First of all, using the definition of distributional derivatives to commute derivatives and

traces (recall that ¢ is as smooth as one wishes), following the same argument as to show

that (El, Zf>) = I, we have that the matrix inside the integral is diagonal, thus, having in mind
(A.26), one has only to evaluate

Thus, in order to evaluate ag—uN((), 0,0, W;) we will start with

To TO .
/ (Bppe ™M L(\petm)))dt = / Boe ™™ L(pH)dt = ToB, e ™™ L(¢?) = —Ty\.
0 0

In order to evaluate BIN 5(0,0,0,W;), we proceed as above and we have
Ty ‘ 0
|0 A0 + L (@00 + L (B1))e = T ( N ) :
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OIN ﬂ Gy
=T
c (070707Wt) O( 92 ’

where gl = T()Re (E (Bn(P2Z(1 + e—Arn) + Bngz)@Y(e)‘T" + 62)\7‘71)))'

Lemma A.9

Proof. First of all, we have that

%—]:(O, 0,0, WH) = L(Dy()WEH(t — 1) + Dy (t — r)WHE)).

Since we have WH(t) = Ve + Ve 2M 4 Z 4+ O(t)b = W (t) + ®(t)o, we have that

OIN T
W(O’O’O’ wh = [, 2%(0,0,0, W))dt
(A.28)

_ /TO@, LBy ()W (£ — 1) + By (E — 1) W (1)),

To
where we have used / (U, L(D1(t)P(t — 10)0 + D1(t — 1) P(t)0))dt = 0. Finally we finish
0 ~
the proof using the definition of ¥, W and Tj.

Lemma A.10 G, # 0.

Proof. One can note that ¢, Y and Z are symmetric around x = %, and we can choose
¢ in such a way that ¢(0) = ¢(1) = 1. Let us remind that A = b, € is such that the
bifurcation points are r, = Z2T T, = 28 o satisfies ¢"(z) = Ap(z), for z € (0,1),

—¢'(0) = —ae™ and ¢'(1) = —ae™", Y satisfies Y"(z) = 2\Y (z), for z € (0,1), =Y'(0) =
—a (e7?Y(0) + 1) and Y'(1) = —a (e 2Y (1) + 1e7) and, finally Z(z) = —1cos(d).
With this, we must show that

Re (Bn (Y(O)(e’\r" b e %cos(@)(l 4 e_’\r“)>) L0,

Re(B
Let be (Y (0)(eX™ + e ™) — 1cos(0)(1 + e*™)). We have that % does not de-
m(B,

pend on n, and using the definition of B,, we get

Re(B,) _Re(fo1 ©?(x)dx — 2ar,p?(0)e ™) . cos(6)

—

Im(B,) Im(fo1 ©?(x)dx — 2ar,p?(0)e=m) sin(0)

Therefore, if Re(B,() = 0, for all n and ¢ # 0, then

Re(fo1 ©?(x)dx) _ cos()

In( [} ¢?(x)dx)  sin(0)’
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1
thus, Im(e* %(x)dx) = 0. Using that ¢ is an eigenfunction, we get that
2 g
0

1 VA
0= Im(ew/0 ©*(x)dx) = a (—% + m> :

2 1 2V A

Therefore, A must satisfy Im (\/X(eﬁ - eﬁ)) = —ooor Re (e—ﬁ—\/——e\5> = —1,
which contradicts (3.4) in Lemma 3.8.

It is left to prove that ¢ # 0. Once again, we suppose that ( = 0, that is Y (0) =
1 1+e cos(6)
—cos(0)— — = > 0.
2608( )619 +e 20 2(2cos(f) — 1)

From the eigenvalue equation and the equation for Y, we have that

1— eV _9ip e~
AL
= e .
1+ev?
Since ae™™ #£ 0, we can divide the two equations and get
\/51 +eVh— VA _eVavar N 1 2(cos(0))* + 2cos(f) —1 (o)
= = — 1 sin(0).
| _ oAV _ oA g v O 4y (0) 2c0s(6)
. . . . . Ry + 1l
Expanding the left hand side and collecting real and imaginary parts, one gets ,
b
where
Dy = 1—2eVP"2Voe05(1/b/2 + Vb) — 2V 2c0s(1/b]2) + 2eVPcos(v/b) + 2V b/ZHVD)

262V 2V o5(1/b) — 26\/”/_2”‘/%03( b/2) + e2V/2 — 2eV2HVheo5(, /572 — /D)
e2VP,

+ -

Ry V2 (1 — 26\/W_2+\/BCOS(\/Z7/_2 +b) — V2 | 26\/%+‘/Bcos(\/b/_2 —Vb) — e2Vb

n 62(«/b/2+\/5)>7 and

I, =2 (26\/1’/_252'71(\/1)/_2) — 26‘/552'71(\/5) + 262\/1’/_2+\/55in(\/l_)) — 26\/m+2\/53m\/b/_2> :

Therefore, we must have

b —sin(6)

D,

Ry _ 2(cos(0))® + 2cos(0) — 1
Dy 2co0s(0)
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and from the second equation, since cos(f) < 0, we must have

<23—Z—2)—\/(2R—Z—2>2+8

4 Y

cos(0) =

and since sin?0 + cos?0 = 1, we get

bt 2 4

1 (IQ (Ry— Dy)?  (Ry — Dy)\/A(R, — D,)? +8D,§> 1
>

35 —

However, one can check that the left hand side is always negative, which is a contradiction.
|

Proof of Proposition 4.2. We know that %(Tn) >0,n=0,1,2,... and from Lemma A.7,
IN(0,0,0,;) = 0. It follows from Lemma A.8 that we can take ¢p, a neighborhood B C IR
of the origin, a neighborhood Vj C 72}0 of W# and continuously differentiable functions
1,6 : [—co, col x Vo — B, so that (0, W#) = 0 = §(0, W¥), and for each (¢, W) € [—cy, co] x Va,
(u,0) € B x B, IN (¢, 1,0, W) = 0 if and only if u = p(c, W), § = 6(c, W). Then we can
define a differentiable map € : [—co, o] x Vo — Py, by

e, W) = W — [IKN (e, ule, W), 8(c, W), W) (%), (A.29)

satisfying Q(0, W#) = W —[ICN(0,0,0, WH](t) = Wi — K LD, (¢)D,(t —r,) = 0. Once again,
from Lemma A.7, we have %IN(O, 0,0, W) = 0, and differentiating (A.29) with respect to
W at ¢ =0, we can see that 5-Q(0,W¥) = I. Hence, 52-Q(0, W#) : P}, — P}, is bijective.
We can now apply the implicit function theorem to solve the equation (A.29). Specifically,
there are a constant ¢; € (0, ¢, and a neighborhood V; C V; of W#, and a function W* :
[~c — 1,¢ — 1] — Vi such that W*(0) = W* and for each (¢, W) € [—ci,c — 1] x Vi,
Q(e, W) =0if and only if W = W*(¢). Therefore (A.13) has a T periodic solution W () near
zero for p, 8 sufficiently small, if and only if W (t) = c¢®4(t) + W(c,t), p = cu(c, W*(c)), 5 =
cd(c, W*(c)), for some value of ¢ € [—e¢y, ¢, where W*(c,t) = (W*(¢))(t), for all t € 1R,
then, ZN (¢, u*(c), 0*(c), W*(c)) = 0, for all ¢ € [—¢q, ¢1], where p*(c) = p(e, W*(c)), 6*(c) =
(¢, W*(c)). Since 2(r,) > 0, g(IT/X)(O, 0,0, W) is invertible. Differentiating ZN with respect
to ¢ at ¢ = 0, and applying Lemmas A.9, A.10 for ¢ small enough, we arrive at, for some
real h # 0,

dp” 2 3 i
0) = hl'(n,&)c* + O(c 0, where I'(k,&) = —.
7 (0) (n,€) (c”) # (k,€) Real(V)
This implies that for each n = 0,1, 2,..., the Hopf bifurcation arising from the constant

positive equilibrium occurs as the delay r passes monotonically through each r,, and thus
prove the Proposition. 4

26



References

1]

[10]

[11]

[12]

H. Amann, Nonhomogeneous Linear and Quasilinear Elliptic and Parabolic Boundary
Value Problems, in: Schmeisser/Triebel: Function Spaces, Differential Operators and
Nonlinear Analysis, Teubner Texte zur Mathematik, 133 (1993), 9-126.

H. Amann, Linear and Quasilinear Parabolic Problems. Abstract Linear Theory.
Birkauser Verlag, 1995.

J. M. Arrieta, A. N. Carvalho, A. Rodriguez-Bernal, “Parabolic Problems with Nonlin-
ear Boundary Conditions and Critical Nonlinearities” Journal of Differential Equations
156, pp. 376-406 (1999)

S. Busenberg, W. Huang, “Stability and Hopf bifurcation for a population delay model
with diffusion effects”, J. Differential Equations 124 (1996), no. 1, 80-107.

M. Crandall, P.H. Rabinowitz, “The Hopf bifurcation theorem in infinite dimensions”,

Arch. Rat. Mech. Anal 67 53-72 (1977)

T. Faria, “Normal forms for semilinear functional differential equations in Banach spaces
and applications: Part 11", Discrete Cont. Dyn. Sys. 7 no. 1 (2001), 155-176.

P. Freitas, “Some results on the stability and bifurcation of stationary solutions of
delay-diffusion equations” J. Math. Anal. Appl. 206, no. 1, 59-82 (1997)

J.K. Hale, S.M.V. Lunel, “Introduction to functional differential equations”, Applied
Mathematical Sciences 99, Springer Verlag, 1993.

S. Luckhaus, “Global Boundedness for a Delay Differential Equation” Trans. Amer.
Math. Soc. 2, Vol. 294, 767-774 (1986)

R.H. Martin and H.L. Smith, “Abstract functional differential equations and reaction-
diffusion systems”, Transactions of the Amer. Math. Soc. 321, 1-44, (1990)

S.M. Oliva, “Reaction-diffusion equations with nonlinear boundary delay”, J. Dynam.
Differential Equations 11 279-296, (1999).

A. L. Pereira, S. M. Oliva, “Attractors for parabolic problems with nonlinear boundary
conditions in fractional power spaces”, Dyn. Contin. Discrete Impuls. Syst. Ser. A Math.
Anal. 9 (2002), no. 4, 551-562.

H, Petzeltova, “The Hopf bifurcation theorem for parabolic equations with infinite de-
lay”, Mathematica Bohemica 116, 181-190 (1991)

J.S. Santos, M.A. Bend, “The delay effect on reaction-difusion equations”, Applicable
Analysis 83 no. 8 (2004), 807-824.

27



[15] C.C. Travis, G.F. Webb, “Existence and stability for partial functional differential equa-
tions”, Trans. Amer. Math. Soc. 200 (1974), 395-418.

[16] C.C. Travis, G.F. Webb, “Existence, stability and compactness in the a—norm for
partial functional differential equations”, Trans. Amer. Math. Soc. 240 (1978), 129-
143.

[17] P. K. C. Wang, “Optimal control of parabolic systems with boundary conditions involv-
ing time delays”, SIAM J. Control 13 (1975), 274-293.

[18] J. Wu, Theory and Applications of Partial Functional Differential Equations, Applied
Mathematical Sciences 119, Springer Verlag 1996

28



