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Summary. We consider the complex Ginzburg-Landau equation with feedback con-
trol given by some delayed linear terms (possibly dependent of the past spatial
average of the solution). We prove several bifurcation results by using the delay
as parameter. We start proving a Hopf bifurcation result for the equation without
diffusion (the so-called Stuart-Landau equation) when the amplitude of the delayed
term is suitably chosen. The diffusion case is considered first in the case of the whole
space and later on a bounded domain with periodicity conditions. In the first case a
linear stability analysis is made with the help of computational arguments (showing
evidence of the fulfillment of the delicate transversality condition). In the last sec-
tion the bifurcation takes place starting from an uniform oscillation and originates
a path over a torus. This is obtained by the application of an abstract result over
suitable functional spaces.
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1 Introduction

1.1 Reaction-diffusion equations and the complex
Ginzburg-Landau equation

The evolution of a chemical system consisting of n species which are reacting with
each other and allowed to diffuse in a spatially extended medium, is generally

*To the memory of Maria Luisa Menéndez: excellent mathematician, admirable
colleague and great person.
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described by a n-component reaction-diffusion equation for the n—concentrations
c(x,t)
drc = F(c;p) + DAc, (1)

where F denotes the typically nonlinear reaction term representing chemical kinet-
ics, DAc the diffusion term (being D the diffusion matrix) and p a scalar control
parameter. We assume that this system has a homogeneous, stationary solution cg
which undergoes a Hopf bifurcation at p = po: i.e., for p € (po, po +¢) the stationary
solution cs becomes a time periodic solution, at least for € > 0 small enough.

It has been shown by Kuramoto and others that the dynamics of any reaction-
diffusion system (1) in the vicinity of a Hopf bifurcation is described, by means of
suitable parametrizations, by a nonlinear parabolic equation with complex coeffi-
cients, the so-called complez Ginzburg-Landau equation (CGLE), see, e.g., [12, 8].
The relation between reaction-diffusion systems and the CGLE has been treated in
many texts, here we will follow the presentation of [10].

After a convenient choice of variables X = ¢ — ¢ (the concentration deviations)
and € = p — po, the system can be reformulated as

X = JIX + f(x,€) + DAX,

where J is the Jacobian matrix for the homogeneous system evaluated at Xg = 0,
ie. F(c;p) — F(es;po) = IX +£(x,€). At the bifurcation point, J has two imaginary
eigenvalues +iwp, being woy the so-called Hopf frequency. The corresponding right
eigenvectors e1 and ez = €; (normalized with left eigenvectors e?’ according to
efe; = 0;;) span the center subspace E° of the homogeneous solution. The center
manifold W€ is tangent to E¢ at X = 0, ¢ = 0. The other n — 2 eigenvalues are
all assumed to be large and negative. This assures that a homogeneous solution
converges fast toward W€ provided that X and e are sufficiently small (for details
and further references see [10]).

This allows us to express the concentration deviations X in terms of amplitude
coordinates Y € E€ by

X =Y +h(Y,e).

This equation describes a mapping from coordinates in the center subspace E° onto
the center manifold W*¢. The function h(Y, €) is selected in such a way to successively
eliminate as many nonlinear terms as possible from the kinetic equations starting
from the lowest order [10]. Each kind of bifurcation is characterized by the specific
terms which cannot be eliminated (the so-called resonant terms). In this way we
obtain a general equation valid for all reaction-diffusion equations undergoing a
given bifurcation. In the case of the Hopf bifurcation, neglecting the diffusion term,
to third order we obtain the so-called Stuart-Landau equation
O = Gwo+ 1Y — gl P,

dt
where Y is a complex amplitude given by Y = Ye; + Yes. The parameters o1 and
g are complex and given by solutions of lengthy equations given in [10]. The Stuart-
Landau equation represents the normal form of a homogeneous system close to a
Hopf bifurcation. Performing a similar derivation, but including diffusion, we arrive
at

Y = (iwo + 01€)Y — g|Y|’Y 4 dAY,
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with d = e]L -De;. After rescaling of space, time, and introducing A for Y, we finally
arrive at the rescaled complex Ginzburg-Landau equation

A =(1—iw)A— (1+ia)|APA+ (1+iB)AA, (2)

where A is the complex oscillation amplitude, w the linear frequency parameter,
a the nonlinear frequency parameter, and (8 the linear dispersion coefficient. All
reaction-diffusion systems sufficiently close to a Hopf bifurcation are described by
the complex Ginzburg-Landau equation. The specific details of the original system
are incorporated in the parameter values. If one wishes to express the solution of
the CGLE in the original variables, to first order the concentrations of the chemical
species are expressed by

c=cs +Ve(Y(z,t)er + Y(z,t)e2).

Different scalings of the CGLE are considered in the literature [3]. Here, we assume
that the Hopf frequency is not scaled out, and hence contributes to w in Eq. (2). We
also send the reader to Appendix B of [12] for the detailed derivation of the CGLE
associated to the Brusselator model.

1.2 On feedback control using delayed terms

Over the decades, the complex Ginzburg-Landau equation has been studied inten-
sively because of its frequent appearance in different contexts of science, and its rich
repertoire of different spatio-temporal wave patterns like plane waves, spiral waves,
or localized hole solutions [3]. Remarkable, even if the Hopf bifurcation is supercrit-
ical, and hence the limit cycle a stable solution of the Stuart-Landau equation, the
oscillations in the spatially-extended system may be unstable. The resulting states
of spatiotemporal chaos appear if the Benjamin-Feir-Newell criterion 1+ a8 < 0 is
fulfilled, a phenomenon that is induced by the diffusive coupling and that is therefore
genuine to a system with spatial degrees of freedom.

Considerable efforts have been made to understand this type of chaotic behavior
and to apply methods to suppress this kind of turbulence and replace it by regular
dynamics. In the context of the reaction-diffusion systems, the introduction of forcing
terms or global feedback terms have been shown to be efficient ways to control
turbulence [13, 11]. Still, control of chaotic states in nonlinear systems is a wide
field of research that we cannot review here [15].

Global feedback methods, where a spatially independent quantity (or, e.g., a spa-
tial average of a space-dependent quantity) is coupled back to the system dynamics,
have attracted much attention since in many cases the models are simpler and easier
to be carried out experimentally. Nevertheless, local methods have gained interest in
recent years since they allow to access other solutions of the systems and may also
be implemented, such as in the light-sensitive BZ reaction or in neurophysiological
experiments [13].

Feedback methods with an explicit time delay amplify the range of possibilities
of control that can be applied to the system and provide the researcher with an
additional adjustable parameter. On the level of the mathematical description, the
model equations become delay differential equations [9, 4]. Obviously, time delay
feedback can be applied to any solution of the dynamics, not necessarily to a chaotic
one.
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1.3 Main results

In this paper we analyze several bifurcation effects produced by the delay time in
the behavior of solutions of the complex Ginzburg-Landau equation with this type
of feedback.

In Section 2 we prove a Hopf bifurcation result for the equation without diffusion
(the Stuart-Landau equation) when the amplitude of the delayed term is suitably
chosen. This simplified formulation has the advantage that closed analytical solutions
are possible and the necessary eigenvalue computations can be carried out in full.
The diffusion case is considered firstly in the case of the whole space (Section 3) and
later on a bounded domain with periodicity conditions (Section 4).

In the case in which the space is the whole R (we consider here the one-
dimensional case) we performed a linear stability analysis of uniform oscillations
with respect to spatiotemporal perturbations following the treatment made in [16]:
we express the complex oscillation amplitude A as the superposition of a homoge-
neous mode H (corresponding to uniform oscillations) with spatially inhomogeneous
perturbations, A A

Az, t) = H(t) + AL (t)e"™ + A_(t)e™ "™

With the help of computational arguments we get several bifurcation diagrams
where, besides the delay time it is possible to use the feedback magnitude term.
Among many other detailed informations, we obtain numerical evidence of the ful-
fillment of the delicate transversality condition.

The paper ends by analyzing the case in which the bifurcation takes place start-
ing from an uniform oscillation and originating a path over a torus. This time the
study is carried out in two spatial dimensions over a rectangle in which we impose
periodic boundary conditions. We show the applicability of an abstract result ([22])
to our formulation thanks to a suitable choice of the involved functional spaces. In
this way, the spatial perturbations can be considered in their greatest generality.

The presentation of this chapter is very condensed due to limit space. A more
detailed study will be published elsewhere.

2 Hopf bifurcation for the Stuart-Landau equation with
a time delay feedback

For the purposes of clarity and ease of understanding, we start by considering in this
section a very simplified version of the general model to be given later which has the
advantage that closed analytical solutions are possible and the necessary eigenvalue
computations can be carried out in full. Unfortunately, such precise calculations are
not available for the general model and a fairly complete graphical-numerical study
will be given in exchange.

Equation (2) reads

HA=(1—iw)A — (1 +ia)|A? A+ (1+iB)AA.

In the Stuart-Landau equation, the diffusion term is absent, which amounts to re-
stricting our study to the spatially homogeneous solutions (which always satisfy
periodic boundary conditions as it will be formulated in Section 4). On the other
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hand, we assume that a delayed linear feedback term is added, so the equation under
study in this section will be

KA =(1—iw)A — (1+ia) AP A+miA+msA(t — 7). (3)

More general control terms will be considered in the remaining sections of the paper.
The change of variables w(t) = e~ '** A(t) gives

ow = (1 —iw — ig)w — (1 +ia) [w]* w + miw + mze "w(t — 7). (4)
We now choose ¢ = —a — w and m3z = —e'*"m; and denote the stationary solution
of
ow = (1 +ia)(w — |w|>w) +mq [w —w(t —7)]. (5)
by Wo.

In order to check if at some critical value of the delay 7 = 7* a Hopf bifurcation
takes place, we linearize the equation around wo = 1 and check whether a pair of
complex eigenvalues A(7) = a(7) £ ib(7) of the linearization cross transversally the
imaginary axis away from the origin, i.e., they satisfy a(7*) = 0, b(r*) # 0 and
a' (%) # 0 (see, e.g., [22]).

Observe now that the complex term |v|2 v, although perfectly differentiable from
the real point of view (in fact, the complex map z — \z\Q z = 2°% is real-analytic),
is not an analytic (or holomorphic) function from the complex viewpoint. Therefore
it becomes convenient at this point to abandon the complex notation and write the
system in real form (w = u + iv) as follows

(1) () 0w () e (:87)

Let us fix our attention to the stationary solution wo = (uo,vo) = (1,0). The
linearization around wyq is given by

U\ (1 -« —-20 U U-U(t—r7)
(1) =G) (o) () em(VoViD) @
and the eigenvalue-eigenvector pairs associated to this vector equation are the solu-

tions of (6) of the special form U(t) = e* Uy, V(t) = eV, where A € C and Uy, Vp
are (possibly complex) constant (nonzero) 2-vectors. One thus easily finds

A(Uo)_ (—2+ma O Uo\ _,, e (Vo
Vo) \ —2a mi)\ W ' Vo)’
thus arriving to the characteristic equation

‘/\+27m1+m1efk 0 —0

2 A—mi1+mie”

AT

This means that we have a double collection of eigenvalues: those satisfying A —

AT . . AT . o .
mi + mie = 0 and those satisfying A + 2 — m1 + mie . Denoting A = a + ib,
we identify two classes of eigenvalues:
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A—my+me N =0e= 4T + mle_w o br =0 (Class 1)
b—mie “"sinbr
B ar a+2—mi+mie " cosbr =0
A+2—m1 +me =0+ { b— mye—7 sinbr (Class 2)

We now look for values 7 = 7 for which @ = 0 and b # 0. We find no eigenvalues of
this kind for Class 1, since —1 4 cos br = 0 implies sin b7 = 0, and hence b = 0 from
the second equation.

However, Class 2 does give us some useful values:

-2
2 —m1 +mycosbr =0 = cosbr = L,
p
b—mysinbr =0 = sinbr = —.
mi

Thus,

_ 2 2
1 = cos® br +sin® br = (%) + % = b’ =m] — (m1 —2)° = 4(m1 — 1).
1

Hence, if m1 > 1, we have

myp — 2 mp — 2
cosbr = —* — br = arccos ( ! )
mi mi

which is well defined for every mq > 1.
Summarizing, the set of values

b*=2vVmi1—1, 77 = bi* {arccos (ml — 2) —+ ka}

mi

corresponds to a (possible) bifurcation point of Hopf type. For instance, for m; = 2
we have b* =2 and 7" = kr + /4.
We now need to compute the derivative a’(7*). It is easier now to go back to the
complex formulation of Class 2 eigenvalues
A+2—my+me N =0,
and find d\/dr by implicit differentiation:
Car ( dA ) B dA e A

—— T =) = = .
dr dr 1—mie 1 1 —mierr

E—i—mle

Concentrating on the specific values b* = 2 and 7* = 7/4 we find, at the bifurcation
values 7%, A" = ib*, that

dx B ib* __am 8
Ll P T l—mpelt T T p244 0 g2 447
Hence d A
a, . T
aa _ _ 0
dT(T ) w2+ 4 7

and the transversality condition is satisfied. Therefore, a Hopf bifurcation occurs,
and a periodic orbit of approximate period
27
b(7*)

T~

exists for delay values 7 near 7*.
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Remark 1. To decide the sub- or supercritical character of the bifurcation a much
longer analysis is necessary. On the other hand, for 7 > 1/2 there are always positive
real eigenvalues coming from the first class, which means that the stationary point
has become already unstable before the delay reaches 7 = /4 value. Hence the
periodic orbit cannot capture the stability lost by the stationary point, since that
stability was already lost.

3 Hopf bifurcation for the complex Ginzburg-Landau
equation on the whole space and with delayed time
feedback

We come back to the consideration of the complex Ginzburg-Landau equation sub-
jected to a time-delay feedback with local and global terms but now for the case of
a spatial domain given by the whole space:

A= (1—iw)A— (1+ia)|APA+ (1+iB)8.A + F,

. @
F = pe™ [miA+ma(A) + msA(t — 7) + ma(A(t —7))],

where
1 L
(A) = —/ Az, t)dx
L J,

denotes the spatial average of A over a one-dimensional medium of length L. There
are many previous works in the literature dealing with such type of formulations: [6,
7, 17, 16].

Extensive simulations [17] and an analytical stability analysis [16] for a special
case representing a Pyragas-type feedback [14] (ms = —m1 = my, ma = —ma = my)
showed the range of patterns that can be stabilized as function of the local and global
feedback terms. If the feedback is global, uniform oscillations can be stabilized for a
large range of feedback parameters, while as the contribution of the local feedback
term becomes larger, the parameter regions increase where the homogeneous fixed
point solution, standing waves and traveling waves are found.

Uniform oscillations A(t) = po exp(—ift) are a solution of Egs. (7) with ampli-
tude and frequency given by

po = v/T T iy & ) (cos(€ + 07) — cosE),
0 =w+ a+ uimg +my) [a(cos(§ + 01) — cos§) — (sin(§ + 01) —siné)] .

In [16], we performed a linear stability analysis of uniform oscillations with respect
to spatiotemporal perturbations. There, we expressed the complex oscillation ampli-
tude A as the superposition of a homogeneous mode H (corresponding to uniform
oscillations) with spatially inhomogeneous perturbations,

Az, t) = H(t) + Ay (£)e"™ + A_(t)e " . (8)

Notice that here we are using the fact that the equation takes place on the whole
space, which allows the justification of the spatially inhomogeneous perturbations
of the form A (t)e"™™ 4+ A_(t)e™"*. Inserting Eq. (8) into Eq. (7), and assuming
that the amplitudes AL are small, we obtain a set of equations for H, Ay, and
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A (see [16] for details of this derivation). To investigate linear stability of uniform
oscillations with respect to spatiotemporal perturbations, we make the ansatz

Ay = AY exp(—ift) exp(At),

AT = AT exp(i0t) exp(At),

where A\ = A1 4+ i)\2 is a complex eigenvalue. Using ansatz (9), we arrive at the
following eigenvalue equation:

F=(A+iB —iX\2+ D1 +1iD2)(A — iB —iA2 + C1 +iC»), (10)
where we have defined
F = (1+a”)py,
A:1—>\1—2p8—,‘€2,
B:G—w—2apg—ﬂﬁ2,
C1 = umlefkﬁ cos(§ + 07 + AaT) — umy cosé,
Cy = —pmye M7 sin(€ 4 01 + Ao7) + pmy sin €,

D, = umleth cos(& + 01 — Aa7) — pmy cos €,

A1

Do = pmye” "7 sin(€ 4 07 — A7) — pmy sin €.

We point out that the above eigenvalue equation can be obtained also by a formal
linearization argument involving the Fréchet derivatives as in the next section. There
is no general analytic solution to Eq. (10) for A12. Thus, Eq. (10) must be solved
numerically for a given set of parameters. We keep the CGLE parameters «, £, w
and the feedback parameters m;, mg, and £ constant and solve Eq. (10) with the
FindRoot routine of the Mathematica package [21]. We then find, for each point
in the (7, u)-space, the functional dependence of A1 and A2 on k. Notice that if we
assume x = 0 the study can be applied to the case of the Stuart-Landau equation,
as in Section 2.

In general, Eq. (10) has multiple solutions, reflected by multiple branches in the
dispersion relation. Stability is determined by the sign of A1. The curves A1 (k) either
lie below A1 = 0, so that uniform oscillations are stable, or they display an interval
of k-values, where A1 > 0, so that uniform oscillations are unstable. At criticality, we
have A1 = 0, 9. \1 # 0, where € stands for either p or 7. For the critical wavenumber
Ke, there are two possibilities: kK. = 0 or k. # 0 (k. are solutions, although below,
we consider only k. > 0 without loss of generality).

Two instabilities are particularly important in our system: the first one is asso-
ciated with k. > 0 and A2(kc) = 0, and the second one with k. = 0 and A2(kc) # 0.
In Figure 1, we show as an example the control diagram in (u, 7)-space for m; = 0.4,
mg = 0.6. Stable uniform oscillations are observed above the solid curve and to the
right of the dotted curve. At the solid curve, uniform oscillations become unstable
with respect to perturbations with k. > 0 and A2(kc) = 0, at the dotted curve, with
ke = 0 and A2(kc) # 0. In Figure 2(a,b), the dispersion relations A2 = A12(k)
are shown for three 7 values close to criticality, demonstrating clearly the nature
of the underlying instability. In Figure 2(c), we show that A; crosses A\1 = 0 as 7
is varied, hence demonstrating transversality. As the uniform oscillations become
unstable with respect to a mode with complex conjugated eigenvalues and since pg
remains finite, we infer the presence of a secondary Hopf bifurcation.
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Fig. 1. Control diagram in (u, 7)-space for m; = 0.4, my = 0.6. The other parame-
tersare « = —1.4, 8 = 2, w = 27—a, £ = w/2. At the solid curve, uniform oscillations
become unstable with respect to perturbations with . > 0 and A2(kc) = 0, at the
dotted curve, with k. = 0 and A2(kc) # 0. The dots indicate parameter values
further studied in Figure 2.

0.4
0]

04

7»1 0.8
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Fig. 2. Dispersion relations for three parameter sets close to criticality: 7 = 0.255
(light grey squares), 7 = 0.265 (black circles), 7 = 0.275 (dark grey triangles).
(a) Real part of the eigenvalue as function of the wavenumber «. (b) Imaginary part
of the eigenvalue. The instability is characterized by k. = 0 and Aa2(k:) # 0 and
occurs for = 1.2 at 7 = 0.264399. (c) Real part of the eigenvalue as function of 7,
demonstrating transversality.

4 Hopf bifurcation for the delayed CGLE in a bounded
domain

In this section we consider the case of two spatial dimensions varying on the domain
2 =1(0,L1) x (0, L2) (note a slight change of notation with respect to Sect. 3). Our
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goal is to show a bifurcation phenomenon near uniform oscillations for the CGLE
in terms of the delay term as parameter. We define the faces of the boundary

Iy =0020{z; =0}, 42 = 0020 {z; = L}, j=1,2,

on which we assume periodic boundary conditions and, hence, the problem under
study can be formulated as

Oru — (14+i8)Au = (1 — iw)u — (1 +ia)|ul’*u

+pe*F(u,t,7)
(P1) u|Fj - u|Fj+2’
_ Ou

on |y oz r; Oz Tjio onlr;

u(z,s) = uo(x, s) 2 x [-1,0],

2 % (0, 00),

where n is the outpointing normal unit vector, and
F(u,t,7) = [miu(z,t) + ma(u(t)) + msu(z,t — 1) + ma(u(t — 7))]

with )
(u(s)) = @/nu(x,s)dx.

Again, the parameters «, 8, w,u,&, m; and 7 are real, while u(z,t) = ui(z,t) +
iuz(zx,t) is complex.

We study the stability of uniform oscillations, i.e., solutions of (Pi) of the form
Vuo(t) = poe % which determines completely po and 6. We are interested in the
Hopf bifurcation close to vyuo(t) which gives rise to some paths on a suitable torus
(for a different study dealing with invariant tori see [18]).

In order to avoid the application of very sophisticated techniques (dealing with
periodic solutions), we can reduce the study to the Hopf bifurcation near a stationary
solution of some auxiliary problem by introducing the change of unknown z(x,t) =
v(z,t)e'? where v(z,t) is a solution of (Py). Thus, z(z,t) satisfies

0z — (14+18)Az = (1 4+i0)z — (1 +ia)|z|?z + pe' x

. 2 x(0,00),

x[miz + ma(z) + glwtor (msz(t — 7) + ma(z(t — 7)))] (0,00)

(P2) Z|Fjaz Z‘sz 78z o o 09 % (0,0)
(_ 87}1"]- ) Oz r = Oz Tjia (: %‘Fj+2)

z(z,s) = u,(z, s)el@ s 2 x [-7,0].

Now, Vuo(t) = poe 1% is an uniform oscillation if and only if z(z,t) = vuo(t)el?t =

Zoo = po is an stationary solution of (Pg), i.e.,

0 = (14 i0)Zoo — (1 + i) |Zoo|” Zoo + pe' [ml + mg + @D (mg 4 m4)] Zoo -
4.1 The abstract Hopf bifurcation theorem for semilinear
functional equations

We shall apply to our setting an abstract result due to J. Wu (see [22], Theorem
2.1) stated for problems of the type
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{ 2e(t) 4+ Au(t) = L(p,ue() + g(ue(L))  in X,
u(s) = uo(s) s e [-7,0].

on a Banach space X, where u; : [-7,0] — X, under the following list of conditions:

(H1) A generates an analytic compact semigroup {7'(¢)}+>0;

(H2) The point spectrum of A consists of a sequence of real number {px}r>1
with the corresponding eigenspace M} and the projection Py : X — Mj,. Moreover,
if 772, @ = 0 for xx € My then each xp must be zero;

(Hs) Every € D(A) has a unique expression ¢ = Y =, Prz and Az =
> per M P

(H4) The mapping L : R x C — X (with C := C ([-7,0]: X)) is C*-smooth
(k > 4) and is given by

um@:1¢@@ww

for any (u, ¢) € RxC, for a function n(u, .): [-7,0] = B(X, X) of bounded variation.
Moreover, L(p, Pr¢p) € My, k > 1, ¢ € C and L(p, > pey Ped) = > pey L(p, Pe9)
for any ¢ € C such that >_;7 | Pr¢ € C, where Py ¢ is defined by (Pr¢)(0) = Pr¢(0)
for 6 € [—7,0];

(Hs) g : R x C — X has k-th-continuous Fréchet derivatives with g(u,0) = 0
and Dg(u,0) =0 for p € R;

(Hg) There exists uo € R and wo > 0 such that +iwg are simple characteristic
values of the linear equation

a(t) + Aut) = L(po, ui(.)) (12)

and all other characteristic values have negative real parts;

(H7) Transversality condition. If 1 is near po the eigenvalues of the corresponding
problem (12) are given by A(u) = a(u) + iw(u), A(po) = iwo, A(p) is C*-smooth in
u and

o' (po) # 0.

Remark 2. A careful reading of the proof of Theorem 2.1 of [22] allows to see that
the use of the same notation u; in the terms L(u,u:(.)) and g(us(.)) does not needs
that the kernels envolved in each of the possible nonlocal terms be exactly the
same. So, in particular, the conclusion remains valid in the special case in which
g(ue(.)) = g(u(.)), i.e., without delay or neutral term.

4.2 Applications of the abstract result to the delayed CGLE on a
bounded domain

Motivated by the special form of the nonlinear term of the equation in (P2) we
shall take X = L*(22) and Y = L*3(2). A detailed analysis of the associated
diffusion operator is consequence of some previous results in the literature: see, e.g.,
Amann [1]. Notice that the operator Au can be formulated matricially as

()= (A2 ()

So, if 8 # 0 the diffusion matrix has a nonzero antisymmetric part. In particular, A is
the generator of a semigroup of contractions {T'(t)},-, on X and the compactness of
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the semigroup is consequence of the compactness of the inclusion D(A) C X (notice
that, since N = 2, Wh4(2) ¢ WH*/3(2) ¢ C(2) with compact imbedding) and
some regularity results for nonsymmetric systems. A study of the eigenvalues of A
can be found, e.g., in Temam [19)].

Concerning the rest of the terms of the equation in (P:), we define g(u) =
—(1 + ia) Ju]*u with D(g) = L'?(£2). By using the characterization of the semi
inner-braket [,] for the spaces LP(£2) (see, e.g., Benilan, Crandall and Pazy [5]) it is
easy to see that B = —g is an accretive operator on X, which is dominated by A;
ie.,

Dx(A) C Dx(B) and |Bu| <k |A%u| + o(|u|)

for any u € Dx(A), some k < 1 and some continuous function o : R — R.

Here and in what follows, |.| denotes the norm in the space X (in contrast
to the norm in space C' which will be denoted by ||.|| if there is no ambiguity,
when handling two spaces X and Y the corresponding norms will be indicated),
|A%u| := inf{|¢| : € € Au} for u € Dx (A). In particular, the operator A + B is also
an accretive operator on X.

In order to calculate the Fréchet differential of Nemitsky operator g(u), it is
useful to start analyzing the Gateaux derivative of the complex function h(z) :=
|lz||* z in the direction of an arbitrary vector v of C

h(zo + Bv) — h(zo)
per 18

= ng +2 ||z0||2 V.

Then, we identify the Fréchet differential of operator g(u) as
DB(y)v = (1 +ia)[y*v + 2|ly[* v]. (13)

Since we have | DB(y)|| < ¢|ly|?, by the results on the Fréchet differentiability of
Nemitsky operators (see Theorem 2.6 (with p = 4) of Ambrosetti and Prodi [2])
we get that, if we take Y = L*3(£2), then exists 6° > 0 such that B is Fréchet
differentiable as function from Bz (w) = {z € D(B); |w— 2| <§”} into Y, and
that the Fréchet derivative is locally Lipschitz continuous.

The nonlocal term is defined by

F(u) = (1+i0)ut)
+ el [mau(t) + ma(u() + ¢ (mau(t = ) + mafult = 1)) |

is locally Lipschitz continuous and its Fréchet derivative is given by
DF(y) v(t) = —(1 +i0)v(¢)
— pe [mlv(thz (v(t)) = T (myv(t — T)—ma(v(t - T)>)} :

In consequence, the operator y — Ay + DB(w)y — DF(w) (e“’*'y) belongs to
A(w™ : Y), for some w* € C with Rew* = 4" < 0. This means that the operator
y — Ay + DB(w)y — DF(w) (e“*'y) + w*y is accretive in Y = L*/3(£2). We recall
(see Ambrosetti and Prodi [2]) that this differentiability of B does not hold if we
take X =Y = L*(12).
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We also recall that in [6] the existence (and uniqueness) of a mild solution of
problem (P») was obtained through a pseudolinearization argument near a stationary
solution w:

Theorem 1 ([6]). Assume (H1)— (Hz). Then there exists o > 0, 8 >0 and M > 1
such that if uo € Bj (W), uo(s) € Dx(B) for any s € [—,0] then the solution
u(- :wo) of (12) exists on [—7,+00) and

[u(t : uo) —w| < Me™ " ||ug — @, for anyt > 0.

Moreover, there exists &* > 0, * € (0,8] and M* > 1 such that if uo € ngy(ﬂ)\),
uo(s) € Dx(B)N Dy (B) for any s € [—7,0] then, for any t > 0,

Jut : wo) = wly + fu(t : uo) —w]y < M*e™* ! ([luo = |y + [luo — @||y)-

We can get better a priori estimates on the sup norm of the solution u if
we assume more regular initial data in such a way that ug € Bff*my (W), wo(s) €
D(A) N Dx(B)N Dy (B) for any s € [—7,0] . Indeed, the solution can be found (af-
ter technical arguments) as a fixed point for the application f — Q1(Q2(f)), with
w = Qaf (for f € W(0,T : X), for any arbitrary T > 0) being the solution of the
problem

{ (1) + Aw(t) + B(w(t)) = f(t) in X,
w(0) = wo,
and @ a suitable operator (see [20], Theorem 5.3.1). Since X is a reflexive Banach
space, we know (see, e.g., [5], Lemma 7.8) that wo € D(A) N Dx(B) implies that
w(t) € D(A) N Dx(B) for a.e. t € (0,T) and that

[Aw(®)|lx < C(|[Awollx + 1B(wo)llx » 1/ lly1.10,7:x))-
Thus, by the Sobolev imbedding theorems we know that
lwllcm <M

fora.e.t € (0,7) with M = M(|[Awol| x +||B(wo) |l x , [ fllw1.1(0,7.x))- In particular,
this property remains true for the fixed point of Q1(Q2(f)) (see [20], Theorem 5.3.1)
and thus
@@ < M”
fo.r a suitable M™* = M x (HA?{()HC([,T’O];X) + ”B(WO)HC(.[fT,o];x) , ). In consequence,
without any loss of generality we can replace function g by the truncated one
gm~(u):
—(14ia)|uffu if Ju| < M*,
gu+(u) =
—2(1 + i) (2M*)*u if |u| > M*,
and with gas+(u) a C*-smooth function generating an accretive operator B == —8 -
on X dominated by A as before. This proves that, at least for regular initial data,
u coincides with the solution of
G () + Au(t) = L(p, ue (1)) + gur= (ue (1)) in X,
u(s) = uo(s) s € [-7,0].
Thanks to this argument we can verify now the assumption (Hs) since by the results
of Ambrosetti and Prodi (see [2], Sect. 3, Chap. 1) we know that the Nemitsky
operator associated to ga+ has k-th-continuous Fréchet derivatives on any LP(£2),
p> 1.
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Remark 3. By introducing the representation operator P : R? — C, P(p,¢) = pe'®
it is clear that the quasilinear operator AP(q) obtained from the operator Au=-
(1+ip8) Au satisfies also condition A € A(w) (since P is merely a change of variables).
We point out that

AP(q) = —(1+iB)[Ap — p|Vo|* +i(2Vp - Vo + pAg)]e™.

Then, the formal linearization of the operator E(q) := AP(q) at q*(z,y) :=y = po
becomes »
DE(q")(pe'?) = —(1 +18)[Ap + ipo Agle™®.

Notice that the linearization of C(q) 'AP(q) needs a slight modification of the
above linear expression. Nevertheless by applying the representation operator P,
after the linearization used in the abstract theorem, we get a curious result relating
two nonlinear problems which are closed (in some sense) in the same spirit as the
pseudo-linearization principle obtained in [6].

4.3 Some comments on the associated transversality assumption

Concerning problem (P:), we give an outline of the study of eigenvalues and its
implications on the associated transversality condition. The eigenvalue equation can
be obtained by a linearization argument involving the Fréchet derivative of the
nonlinear part, as in the preceding section.

As usual, the linear structure of the equation leads to the search of nontrivial
solutions z(x) of the form Ayw(z), with j = 1,2, where wi(z) are the eigen-
functions for the usual Laplacian operator A with periodic boundary conditions on
2 =1(0,L1) x (0, Lz). The eigenvalues of this problem are given by

0 0 AN
)\OZO, )\k:471' f%—i—fg 3 kl,kQGN
with the associate eigenfunctions
w L wi 2 cos 2mkx, wi 2 sin 2rkx, with [2| = L1 L
0= — /— )Wk = TOol s Wk = TOol 5 = Lil2,
V19| 92| 92|

k1
Ly

We introduce the notation A\x = ax + ibkx for the real and imaginary parts of the
eigenvalues of the problem, and taking into account Fréchet derivative of the non-
linear part (13), the eigenvalue equations for the problem (P») are

where we have written kx := ( r1+ %xz) . This study can be found in Temam [19].

(ax +ibi)[vr +iv5] — (1 +18) (=) [vr + ivi] =
(1 4i0)[vy + ivs] — (1 4 ia)[3pdvr + ipdvi]+
pe' [ml + madok + efa7+i(w+97b>7(m3 + m460k)j| [vr + ivi],

where v, and v; are the real and imaginary parts of the linearization v, and dok
denotes the Kronecker delta function. We arrive at
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axv, — bkv; = —)\ﬂvr + ﬂ)\ﬂvi + ([l — 3p3] Uy + [ap% — 0] vi) +
p(ma + madok) [vr cos € — v sin €] + {pe™ "7 (ms + mador)
[cos(§ + (w4 0 — bic)T)vr — sin(§ + (w + 6 — bi)T)vil}
bicvr + axvi = —BALU, + Avi + (vi + Ovr) — [pgvs — Bapdor] +
pu(my + madok) [vr sin€ + v; cos €] + { pe™ 7 (ms3 + mador)
[sin(€ + (w + 0 — bi)T)vr + cos(§ + (w4 6 — bi)7)vi]}

To show the procedure, without loss of generality, we consider the case
m3 + madox = 0. (14)

This represents a special, and important, choice of the combination of instanta-
neous and delayed terms in the global feedback, none of them necessarily zero. The
equations for the eigenvalues become

axv, — brv; = —)\ﬂw + ,BAﬂvi + ([1 — 3pg] vy + [ong — 0] U,-) +
u(mi+madox) cos Evr — p(mi+madok) sin v;

by + avi = —BALYr + ARV + (vi + 0vr) — [pdvi — 3appur] +
u(ma+mador) sin Evyr + p(ma+madox) cos v;

If we call
4 (u,ml,mg,f,)\ﬂ) =1-) — u(ma 4+ madoy) cos &,
Ca (11,m1,ma, €, 2\0) = 1+ Ak + p(m1 + madox) cos &,
D (B, s ma,ma, €,02) = —BAL + p(ma + mador) sin €,
we obtain

{ (ak— [Cl—3pg])v,«— (bk—|— [ap%—@—D})vi =0
(bk— [—30¢pg+0+D])UT+ (ak— [02 —pg})vi =0

The compatibility of this system implies

det< ak—[C’1—3p(2)] —bk—[ozp(z)—O—D]> .
bk — [73ap3 + 6+ D] ax — [C’g - pg] '
that is
{ (ox — [C1 = 308]) ax — [C2 — o8] = -
(bx — [-3api + 0 + D]) (bx + [apg — 6 — D]) .

This expression is of the same type as (10) and, similarly, there is no general analytic
solution for ax and bx. Thus, Eq. (15) must also be solved numerically for a given set
of parameters, to find the numerical values of the eigenvalues as in the equation (10).
One of the relevant parameter spaces of the representation is the one of (7, 1) because
they are the parameters of the perturbation.

Although the explicit analytical representation of the functions ax and bx is
not possible, we can still say something analytic in the study of the transversality,
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already proved by the numerical computation of Sect. 3. From the equation (15), it
is possible to find the implicit derivative

2
o )
dr 4 =0

The analytic computation are rather involved. We show how to proceed in a simpler,
and still very important example

mi+madox = 0, (16)

where a remark similar as the one made for the expression (14) remains valid, in
this case for the local part of the perturbation. For the case (16), we have

Cl (I'L7 m17m27§a A?() =1- )\g7

Co (,LL, m17m27£7 A(li) =1+ )\ﬁ,

D (B, p,mi,ma, &, M) = —BAk.
If we expand Eq. (15) for this case,

{ ap —2[1—2p3] ax+ ([L = AR —3p3] [1+ AL —pd]) =
—bip + 2 [—BA + apy + 0] bic + ([—BAL + 3aps + 0] [+BM\L + apg — 0]) ,
and differentiate implicitly
20k Lax — 2 [1—2p3] Lax —axt (2[1—203]) +
4 (1 — (M) =22+ 2] P2 +3p3) -
—2bi b + 2 [—BAL + app + 0] s-bie — biegt (2 [—BAL + apf +0]) +
L (=B + 3aps + 6] [+BA) + aps — 0]) .
The derivative of the real part ax in the value ax = 0 can be written as
[—2(1 = 208) grand], _ =
4 _(\0)2 _ 07 2 4
[~ (1= 0 =22+ M) s + 3p0)Lk:0
+2 [—bigtbic + [—BA + apd + 0] s-bic — bicis ([—BAR + app +0])],

+ [ ([N + 3ap3 + 6] [+B8X + apd — 0])]

=0
ar=0"
The coefficient of the derivative of ax,

—2(1—=2p8) = =21 — 2(1 + pcos€)] = 2(1 + 2ucos €)

does not vanish either for stability reasons as can be seen, e.g., in [6] and references
therein.
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