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Abstract

In this article we study a homoclinic bifurcation in a general func-
tional differential equation of mixed type. More precisely, we investigate
the case when the asymptotic steady state of a homoclinic solution un-
dergoes a Hopf bifurcation. Bifurcations of this kind are hard to analyse
due to the lack of Fredholm properties. In particular, a straightforward
application of a Lyapunov-Schmidt reduction is not possible.

As one of the main results we prove the existence of center stable
and center unstable manifolds of steady states near homoclinic orbits.
With their help, we can analyse the bifurcation scenario similar to the
ODE-case and can show the existence of solutions which bifurcate near
the homoclinic orbit, are decaying in one direction and oscillatory in
the other direction. These solutions can be visualized as an interaction
of the homoclinic orbit and small periodic solutions, which exist on
account of the Hopf bifurcation, for exactly one asymptotic direction
t— oo ort— —o0.

1 Introduction

Functional differential equations of mixed type are equations of the form

#(t) = fl2e), (1)

where f : C%[—a,b],RY) — RY a >0, b > 0 and z; € C°([—a,b],RY)
denotes the "window” z;(6) := x(t+6). The case a > 0 and b = 0 corresponds
to a pure delay differential equation.

Mixed type equations, both linear and nonlinear, occur naturally in problems
of traveling waves in discrete spatial media such as lattices, see, for example
[4, 5,9, 10, 15, 16]. Often mixed type equations arise as traveling wave equa-
tions of spatially nonlocal equations of convolution type [1, 2, 13]. Traveling
waves then appear as homoclinic or heteroclinic solutions of the corresponding
traveling wave equation. A better understanding of homoclinic and hetero-
clinic bifurcations is therefore a crucial step in the understanding of traveling
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waves of the original equation, which may be a lattice differential equation for
example.

Let us now assume that equation (1) is equipped with two real parameters A, ¢
and possesses a homoclinic solution A for (A,¢) = (A, ¢.). Thinking of the
special case of an ordinary differential equation (1) for the moment, the as-
sumption of a hyperbolic steady state will then generically lead to the existence
of a curve HOM in the two-dimensional parameter plane with the following
property: For every parameter point on HOM, equation (1) possesses a ho-
moclinic solution. It is now natural to ask what happens if the steady state
becomes non-hyperbolic. More specifically, we are interested in the case where
the linearization at the asymptotic steady state of equation (1) has exactly
two purely imaginary eigenvalues +iw for some real number w # 0. This
would be a consequence of a Hopf bifurcation, which may occur at the steady
state. From a technical point of view, such a bifurcation scenario is not easy
to handle, since the linearization of (1) along the homoclinic solution h does
not induce a Fredholm operator. Therefore, Lyapunov-Schmidt reductions to
track down bifurcating solutions near the homoclinic orbit are not possible. It
is one of the aims of this article to provide tools for studying these kind of
bifurcations in the framework of general advance-delay equations.

Let us now illustrate the main results of this work for an ordinary differential
equation (1), where we assume that f depends on two real parameters, hence
fG) = f(-; A\ ¢), and f(0,\,¢) = 0 for all \,c. We are interested in the
interaction of a homoclinic solution h of (1) with the property

lim h(t) =0
t—o00

and a Hopf bifurcation, which occurs at the steady state. Let us furthermore
assume that zero is (nonlinearly) stable with respect to the dynamics on the
center manifold. As a consequence, h approaches zero for t — oo along the
center direction, generically. We conclude that the bifurcation has codimension
two, which justifies the introduction of the parameters A, c. From now on, we
want to think of A as the parameter, which induces the Hopf bifurcation. Thus,
varying A near some critical parameter-vector (\,, ¢, ), nontrivial periodic orbits
arise near the steady state. Assuming that the Hopf bifurcation is supercritical
(meaning that the periodic orbits are stable for A > A, with respect to the
dynamics on the center manifold), the equilibrium becomes linearly unstable
when increasing A. For simplicity, we assume that nontrivial periodic orbits
exist exactly for the parameter values (A, ¢) and A > A,. But in which way
does the existence of the periodic orbits near zero influence the homoclinic
solution h when varying (), ¢) near (A, c,)?

Our assumptions imply that the orbit of h lies in the intersection of the un-
stable and center stable manifold W*" and W€, respectively, of the steady
state zero. Generically, these manifolds will not intersect transversely but
with codimension one in the ambient space (which is RY in the case of an
ODE). However, if we supply (1) with ¢ = 0 and consider the extended center
stable and unstable manifolds WCS, W“, respectively, in the extended phase
space RV xR, we expect a transverse intersection along the homoclinic solution



(h(t), cs). Thus, we conclude the existence of an intersection point of W* and
Wes for parameter values on some specific parameter curve (A, c) = (A, c¢(X))
near (\,,c.). Each intersection point induces a solution h* of (1). What can
we say about the asymptotic behaviour of h*?

Let us consider a point (A, ¢(\)) on the curve with A > \.. Then the periodic
orbit is stable on the center manifold, and we expect h* to converge towards
the periodic orbit for t — co. What happens in backward time? Since h*
approaches the equilibrium zero in backward time with exponential rate, we
can actually think of two possibilities: Either h* approaches the steady state
for t — —oo as in figure 1, a) or converges to the periodic orbit for t — —oo,
see figure 1, b). On the other hand, if (A, ¢) = (A, ¢(\)) and A < A, then the
steady state zero is linearly stable with respect to the dynamics on the center
manifold. As a consequence, h* is a homoclinic solution to zero in this case.
Let us now summarize these observations in the next theorem, which is the
main result of this article. For the moment, the reader should again think of
(1) as an ordinary differential equation and we refer to theorem 6.1 in section
6 for a statement of this theorem in the general case.

Theorem 1.1
Consider the system

l’(t) = f(xta )\,C), (2)

where f(0,\,c) = 0 for all (\,c). Assume that the steady state zero undergoes
a supercritical Hopf bifurcation for (X, c) = (A4, ¢x) when varying A\. Moreover,
let h(t) be a homoclinic solution of (2) for (\.,c.) which approaches zero in
forward time along the center direction (that is, not exponentially). If the
extended center stable and strong unstable manifolds

W ={(z,c) e W* xR :|e—c| <8}, W' ={(z,¢) e W" xR |c — c| < 6}

intersect transversely at (h(0),c,) for A = \,, the following is true. There
exist a continuous function ¢(\) with ¢(\.) = ¢, and a family of functions
= MR — RN for A~ \,, such that

i) W% = h and each h™! is a solution of (2) on R for the parameters
(A ¢) = (A, ().

ii) Let A\ > \,. Then h™' approaches a periodic orbit in forward time and
converges to the steady state zero in backward time, see figure 1,a).

iii) Fix a Ay ~ \,. Then h*' — kM1 uniformly on compact intervals as
>\ — >\+

The discussion of the existence of solutions h™?, which are depicted in figure
1,b), is postponed to section 7.

We should point out that we assumed the existence of a homoclinic solution of
(1) as a starting point. This is a nontrivial assumption in the case of a general
advance-delay equation. However, by using center manifold theory [15, 16],
continuation methods [1, 2, 22] or variational methods [7, 8, 6], there has been
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Figure 1: The solution h™!' converges in backward time to zero, while the
solution h*? approaches a periodic orbit with exponential rate in backward
time.

some recent progress concerning the existence of homoclinic and heteroclinic
solutions in advance delay equations.

Let us caution the reader that most of the above arguments are still formal
for general functional differential equations of mixed type (1) so far. Neither
the existence of a Hopf bifurcation (with the exception of a recent result of
Lunel [17]) nor the existence of a center stable manifold for equations of the
form (1) near the homoclinic orbit has been proved up to now. It is the goal of
this paper to make the above picture rigorous for general functional differential
equations.

Let us point out some difficulties which arise when studying equations of the
form (1) with a,b > 0 (i.e. nontrivial advance-delay). First of all it is well
known that (1) is ill-posed and will not generate a semiflow (see for exam-
ple [24]). Therefore standard techniques, such as Poincaré maps, to analyse
homoclinic bifurcations are not available. Thinking of a Lyapunov-Schmidt
reduction instead, the linearization of (1) along the homoclinic solution h,
namely the equation

§(t) = D f (he, Ass )y, (3)

becomes important. This equation induces a linear operator

L:HYR,RY) — L*R,RY)
(Ly)(t) = §(t) = Dof(he, A, e

Since the seminal work [20] of Mallet-Paret, the question under which condi-
tions this operator is a Fredholm operator has been answered. Namely, £ is a
Fredholm operator if the limiting equation

§(t) = Dif(0, A\ ) (4)

is hyperbolic. This means in our case that equation (4) does not possess
solutions of the form y(t) = ey, for any real number 3. Unfortunately, on
account of the Hopf bifurcation occurring at (A4, ¢.), we cannot expect £ to be
a Fredholm operator. A straightforward application of the Lyapunov-Schmidt
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method therefore fails and we have to proceed differently. Instead, we will show
that equation (3) possesses center-dichotomies: There exist closed subspaces
on which we can solve (3) in forward and backward time, respectively. On the
contrary to exponential dichotomies, solutions do not decay exponentially, but
may even grow algebraically. We will use these center-dichotomies to construct
invariant manifolds along the homoclinic orbit in section 5. The existence
of solutions, which behave as in figure 1, a), are addressed in section 6. We
conclude with a discussion in section 7. Finally, we investigate a nontrivial toy-
example in section 8, for which all hypotheses of theorem 1.1 can be verified
explicitly.

We remind the reader that stable and unstable manifolds of steady states near
heteroclinic orbits have already been constructed in [13]. In our situation hy-
perbolicity of the steady state fails. However, we are still able to construct
center stable and center unstable manifolds of the steady state near the ho-
moclinic orbit. It should be pointed out that the existence of these invariant
manifolds can be used to analyse general homoclinc or heteroclinic bifurcations
arising in equations of the form (1). In this respect our bifurcation scenario
may be seen as a first example of a complicated bifurcation, where standard
techniques such as a Lyapunov-Schmidt reductions fail. Furthermore, we in-
troduce important and powerful tools from the theory of dynamical systems
in the framework of general advance-delay equations, which will prove very
helpful in analysing other bifurcations as well.

2 The framework

In the following we want to consider the system

©(t) = flxe, A o), (5)

where, for some a,b > 0, the function f : C°([—a, b], RY) x R? — RY satisfies
f(0,\,¢) = 0 for all \,c. Furthermore, we want to assume that f € C2.
Instead of working with (5) directly we prefer to study the related abstract
equation

OE(t) \ _ (ot ), he) ) _
( Aot -) ) - ( deo(t, ") ) = F((£(1), ¢(t,)), A, ). (6)

Here F: X —- Y

Y = RY x L*([—a,b],RY),

X = {(&.9) €Y | ¢ € H'([—a,8,RY) and 0(0) = £}.
Let us note that this set-up has first been used in [15, 16] and is reminiscent of
the ”sun-star”-formulation of delay differential equations introduced by Lunel

et al [17]. The next lemma clarifies the connection between solutions of (6)
and our original equation (5). We first specify the notion of a solution of (6):
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Definition 2.1

We call a continuous function U(t) : [t1,t2) — Y a solution of (6) on (t,ts),
where —oo < t; < ty < oo, if t — U(t) is continuous regarded as a map on
(t1,t2) with values in X and differentiable regarded as a map on (ti,ty) with
values in Y and (6) is satisfied on (t1,t3).

We call a continuous function U(t) : [t1,t2) — Y a solution of (6) on (—oo, t3)
and ty € R, if t — U(t) is continuous regarded as a map on (—oo,ty) with
values in X and differentiable regarded as a map on (—oo,ty) with values in
Y and (6) is satisfied on (—o0, t3).

We can now state the next lemma:

Lemma 2.1
Let

vt = ( soﬁgz-) )

be a solution of (15) on (t; — a,ta + b). Then ¢(t)(0) = &(t + 6) for all
te(ty —a,b+ty) and 0 € [—a,b| witht + 6 € (t, — a,ty + ). Furthermore
&(t) solves (5) on the interval (ty,ts).

Proof
In order to show the lemma it suffices to prove

p(t +0)(0) = ¢(t)(0)

forall t € (t; —a,ty +0) and 0 € [—a,b] with t + 6 € (t; — a,t2 + b), since
©(t)(0) = &(t) for all t. For t € (t; — a,ta + b) we introduce the coordinates
(1,60) = (t +60,0) and consider

[P()](0) = [p(T = 0)](6).

Let now t € (t;—a,ts+b) and t+60 € (t;—a, ta+0b) then we have 7 € (t1—a, ta+b)
and 7 — 0 € (t; — a,ty + b). Since by assumption 0, = Jpp holds on the in-
terval (t; — a,ts + b) with respect to the coordinates (t,6), we can deduce
the identity ¢(7,0) = ¢(7,0) with respect to (7,6) for almost every 7. Since
&(1,0) = [(7)](0) and [p(7)](0) = £(7) depends continuously on 7, we have
&(7,¢) = ¢(7,0) for every 7. This shows (7 — 6)(0) = ¢(7)(0) for all 7 and
6 and we have p(t + 0)(0) = ©(t)(0). O

3 The Hopf bifurcation

In this section we want to prove a theorem which assures the existence of
periodic solutions of equation (5) near zero. In the spirit of a Hopf bifurcation,
we therefore assume the existence of purely imaginary eigenvalues +iw: More
precisely, let us consider the linearization of (5) at the steady state, which is

y(t) = le(07 Ass c*)yt. (7)
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Here, D f(0,\,¢) € L(C°([—a,b],CY),CY) and we can therefore find a func-
tion (M 1 C — CM*N of bounded variation, such that D;f(0, \,,c,)o(:) =
f_ba B(0)d¢* - (0), see the appendix of [17]. We make the following hypothesis.

Hypothesis 1 (Hopf eigenvalues)
For n € C consider the CN*N-valued function

b
AN = 0@y = [ (i dOO) ()
and let +iw for some w # 0 be simple zeros of det(A(-)). Assume that
det(A(ik)) # 0 for k # +w and k € R.

Let us note that the function A in (8) appears naturally when looking for
solutions of (7), which are of the form y(t) = e™y, for some n € C, y, € CV.
Indeed, fix some n € C. Then there exists a solution y(t) = ey, of (7)
for some y, € CV if and only if det(A(n, A\, ¢,)) = 0. Moreover, as we will
see in lemma 3.1 below, det(A(:, A, ¢.)) is the characteristic function of the
linearization of the abstract equation (6) in (£, ¢) = (0,0), which is

<0ﬂﬂ):<DJ&&@WWJ):A<ﬂﬂ)
Note that 4 has a compact resolvent. Therefore, every n € spec(A) is an

eigenvalue of finite multiplicity (i.e. the generalized eigenspace is finite dimen-
sional).

Lemma 3.1

Let n € C. Then n is an eigenvalue of A if and only if det(A(n, A, ¢.)) = 0.
Moreover, the algebraic multiplicity of n as an eigenvalue coincides with the
order of 1 as a zero of det(A(+, Ay, ¢4)).

For a proof of this theorem we refer to [11]. Alternatively, the results in [17]
can easily be adapted to our situation.

Hypothesis 1 states that +iw are simple eigenvalues of A. Let us denote
by E. C X the center-eigenspace with respect to the eigenvaules +iw and
with P. : Y — Y, Rg(P.) = E,, a corresponding projection. Finally, we set
Ej, := Rg(idy — P.). In order to prove a Hopf bifurcation result for the abstract
equation (15), we use the existence of a center manifold near the steady state
0 € X. Let us therefore state the next result concerning the existence of such
a manifold.

Theorem 3.1 (Center manifold)

Let U denote a sufficiently small neighborhood of zero. Then under the as-
sumptions on the smoothness of f and hypothesis 1, equation (15) possesses
a two-dimensional, local invariant manifold M C X, which is tangent to E.
at 0 € M. In particular, solutions exist locally in M. Moreover, M depends
two times differentiable on A, ¢, i.e. M can be locally represented as a graph
of a function ¥ : E.NU — E, N X for (\,¢) ~ (\,c.), which is two times
differentiable with respect to (A, c).



This theorem has been proved in [11]. Alternatively, the existence of a center
manifold can be deduced similarly to the existence of a center stable manifold,
see section 5.

We call M center manifold for equation (15). Hypothesis 1 now implies that
the linearization of the reduced vector field on M possesses the eigenvalues
{#iw}. An additional condition, which guarantees that the eigenvalues cross
the imaginary axis with non vanishing speed when varying A\, will now gener-
ically assure the existence of a Hopf bifurcation.

Hypothesis 2 (Crossing condition)
We assume the non-degeneracy condition

MRe(p(Ms, ¢i)) = —Re[0,det A (iw, Ay, c.) " (Ordet A (iw, A, c.))] < 0.

This assumptions implies that the critical Hopf eigenvalues of A cross the imag-
inary axis from left to right when increasing A ~ \,. Moreover, this hypothesis
implies the existence of a ”Hopf-curve” C'y in the (A, ¢)-plane near (\,, ¢,) that
has the following property: The linearization of (5) at the steady state 0 for
some parameter (A, c) & (A, c,) possesses purely imaginary eigenvalues +ik
if and only if (\,c) € Cy. It is convenient to choose new parameters (A ©),
such that Cpy coincides with the c-axis in the (A, c)-plane; ie. (A c) € Cy
if and only if A = 0. Indeed, the existence of such parameters can be easily
seen by an application of the implicit function theorem. Moreover we get the
representation (A, ¢) = (o.(c)+ A, ¢) for some differentiable function o, (c) with
0.(cx) = . From now on we will work with the equation

() = flze A ), (9)

where the Hopf-curve C'y locally coincides with the c-axis.

Let us now consider the reduced vector field F,.q : R? — R? of (6) on the
center manifold M. Written in complex coordinates the normal form of the
reduced vector field is of the form

Frea(z, 7, ¢) = (A(S\, ) +ilB(A, c*)]> 2+ D\ e)zlz + hodt,

where A(0,c,) = 0, B(0,c,) = w. Aiming at a supercritical Hopf bifurcation
we have to assure that the nontrivial periodic orbits occur for A > 0 and are
stable with respect to the dynamics of the equation z = F..4(z, A, c) if >0
and ¢ & ¢,, which is the content of the next hypothesis.

Hypothesis 3
Re(D(0,¢,)) < 0.

Theorem 3.2 (Supercritical Hopf bifurcation)

Suppose that the hypotheses 1,2 and 3 are true. Consider equation (6) with
the new parameters (\,c¢) (ie. f(-,\ c) is replaced by f(-,\ ¢)). Then (6)
possesses nontrivial periodic solutions



for every (A, ¢) ~ (0,¢,) and A > 0, where y¢(t) : R — RY. The solutions
['(t) are stable with respect to the dynamics on the center manifold M = MAe
and v™(t) is a periodic solution of the equation (9). Moreover, T™(t) has the
representation

() = AgVae™ + O(le — e VA + |A]). (10)

for some Ay € X with Ag # 0.

Proof

With the help of theorem 3.2, the proof follows directly by an application of
the corresponding version for Hopf bifurcations of ordinary differential equa-
tion, see [17]. O

4 Center-dichotomies

The homoclinic solution h(t) of equation (5) induces via H(t) := (h(t),h) a
solution of the abstract equation (6). Since we are interested in the existence
of center stable and unstable manifolds near the homoclinic orbit H, we have
to deal with non-autonomous linear equations of the form

(&) '\ _ [ L®)o(t,) | _. £(1)
Camin )= (o ) =20 (4 ) ()
which are asymptotically constant, meaning that the limit lim; .o, L(t) = L4

exists in the norm L(C°([—a,b],CY), C%([—a,b], CY)). Equations of this form
arise naturally by linearizing (6) along the homoclinic solution H.

Hypothesis 4
L(t) : C°([—a,b],C") — C¥ can be represented in the form

b m
L) = [ (600000000 + 3 Ault)olr)

—a

where t — p(t,-) € BCY(R,C%([—a,b],CN*N)) and Ay(-) is an element of
BC°(R,CN*N) for each k. We want to assume furthermore that the functions
Ay (+) and A, (-) do not vanish identically and —a =1, < ... <1, =b.

Our main goal in this section is to prove the existence of (time-dependent)
closed subspaces of Y, on which we can solve (11). Before we do that we need
a further assumption.

Hypothesis 5 (Unique-extension-property)
Let x € HY(R,CY) be a solution of i:(t) = L(t)x; with 2, = 0 for some T € R.
Then z = 0.

We can now state the next theorem which is the main result of this section.



Theorem 4.1 (Dichotomy on R,)

Assume that the hypotheses 4 and 7 are satisfied. Consider an equation of
the form (11) and assume that A(t) is asymptotically constant. Choose § > 0.
Then there exists a k > 0, a constant K > 0 and a family of strongly continuous
projections Q(t) : Y — Y fort € R, such that the following holds: Let U € Y
and ty € Ry then

e there exists a continuous function V(+) : [tg,00) — Y with V(ty) =
Q(to)U. Moreover, V(t) € Rg(Q(t)) and |V (t)]y < Kellt=0l|U|y for
all t > tg with t, ty € R,.

e There exists a continuous function V*(-) : (0,tg] — Y with V*(ty) = (id—
Q(to))U. Moreover, V'(t) € ker(Q(t)) and |V"(t)]y < Ke ®lt=%l|U]y for
all tg >t with t,t, € R,.

Moreover, if U € X then the functions V°(t) and V"(t) are classical solutions
of (11). In any case, if U € Rg(Q(ty)) and U = (&, ¢(-)) then V(t) =
(z(t), x;), where x : [—a + ty,00) — RY denotes the unique solution of i(t) =
L(t)x; on (ty,00) with x;, = ¢. A similar statement holds for V().

Theorem 4.1 has been proved in the case that lim; .., A(t) := AL exist and
are hyperbolic; see Scheel et al [24] and [12]. Here, hyperbolicity means that
the characteristic equations det(AL(+)) (corresponding to the operators A.)
do not possess purely imaginary zeros. In this scenario even more is true,
namely, the functions V(¢) additionally converge to zero exponentially for
t — oo and we say that equation (11) possesses exponential dichotomies, see
also [12].

Proof of theorem 4.1

Let us consider the equation #(t) = L(t)x;, where L(t) satisfies hypothesis 4.
Actually, we only need not to assume that L() is asymptotically constant, but
not necessarily with the same limits and we define by L% := lim; .., L(t) the
corresponding limits. Let us denote by det/AL(\) the associated characteristic
equations, where

As(n) =n— L),
By assumption at least one of these functions possesses purely imaginary zeros.

Let us now choose x> 0 small enough and consider the function y(t) :=
e Hx(t) for a solution z(t) of dyz(t) = L(t)x;. Then y(t) solves

Oy(t) = —py(t) + L(&)[e" v ()] =t L_pu(t)ye- (12)
Now L_,(t) — L for t — 400, where
Ly = —p(0) + Lo (e o(-))

for ¢ € C°([—a, b], CN). If we denote by A; (-) the characteristic equation with
respect to Ly, we observe the relation AF(\) = AL(A+ ). Thus, if g > 0 is
small enough, the abstract equation

(850)- (i) () oo
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is asymptotically hyperbolic. Theorem 4.1 applies for equation (13) by the
results in [24, 12], where we have the stronger estimate |V (t)| < Me=olt=%l|V|
for some arbitrary g > o > 0 and M = M(c). Let us denote the family of
projections corresponding to (13) by Q*(t), such that Rg(Q*(t)) coincides with
the stable subspace. Before we proceed with the proof, we need the following
definition. Let us denote by €} : Y — Y the bounded linear map

a( 5) = (i) a0

With the help of this map we can now define our desired family of projections
by Q(to) := €)Q"(to)e?,. Obviously, this defines projections from Y to Y,
which are strongly continuous for t; > 0. It is now straightforward to show
that initial values in Rg(Q(to)) give rise to solutions which behave as stated
in theorem 4.1. Similarly, the other claims of the theorem can be proved. [

We want to point out that the idea of the proof was to shift the spectrum of
the asymptotic operators A4 to the left. In this way we obtained center stable
dichotomies on R, for equation (11), meaning that solutions do not necessarily
decay exponentially in forward time. Analogously, we may shift the spectrum
to the right instead. We can then prove that there exist solutions V*(t), defined
for t > t(, which decay exponentially for ¢ — oo and there exist solutions V()
for 0 < t < to, which satisfy the estimate |V(¢)| < Medlt—tol,

5 Invariant manifolds near the homoclinic or-
bit
Let us now consider the abstract equation

9i§(1) _ f(ﬁb(t,-),S\,C) B N
( a,o(t,-) ) - ( a9 (t, ) ) = F((£(t),6(t,-), Ae).  (15)

Our starting point is the existence of a homoclinic orbit H(t) of (15). For
convenience, we will state all hypotheses in terms of our original equation (9).

Hypothesis 6
The equation ©(t) = f(x,0, c.) possesses a homoclinic solution h(t), such that

Note that due to the nonlinear stability of the steady state zero with respect
to the dynamics on the center manifold, H(t) (and therefore also h(t)) must
approach zero along a strong unstable direction as ¢ — —oo and thus with
exponential rate. We will make this claim rigorous in the next section, where
we introduce and prove the existence of various invariant manifolds.

It is the aim of this chapter to prove the existence of solutions, which are
depicted in figure 1 a). In order to achieve that, we will prove the existence of
a center stable manifold W *(0) of zero near the homoclinic orbit. This will
be done in the next section.
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5.1 The center stable manifold

If we parametrize solutions U(t) of equation (15) near H(t) by U(t) = V(t) +
H(t) then V(¢) solves the equation

V()= AV () + Gt V(t), ) o). (16)
Here, A(t) : X — Y is defined by

ol 0)-( 1)

and we have set
More explicitly, G can be represented in the form

Gg(t, (§,g0),5\, c) = ( flhe + ¢, S"C) - le(gt,(),c*)tp — f(h,0,¢,) ) .

Let us assume from now on that L(t) := Dy f(hy, X, ¢) satisfies hypothesis 4 for
all £, X, c. On account of theorem 4.1 the system V() = A(t)V (t) possesses a
center-stable dichotomy on R . Let us denote the associated solution operators
by ®¢(t,s) and ®%(¢,s) for t > s > 0 and s > ¢ > 0, respectively. These are
defined by ®%(t,s)V = V(t) and @' (t,s)V := V*(t), where the solutions
Ves(t),Vu(t) are defined in theorem 4.1. Furthermore, there exist solution
operators ®(t, s) and ®“(¢,s) on R_, which are defined for 0 < t < s and
0 < s <'t, respectively, and satisfy the estimates

10t 8)l Lz < Ml
1% (t, )| iz,2) < Me ™ (17)

for some k > 0 and any small 6 > 0, where M = M (6) > 0 depends on the
choice of § > 0.

Definition 5.1
We define E$(0) := Rg(®%°(0,0)), E(0) := Rg(®'£(0,0)). Moreover, let us
set

X ={(&¢) €RY x C"([-a,b],RY) : £ = ¢(0)},
equipped with the norm ||(§, )| ¢ = |{|gy + |@|co. Furthermore, let us set
E$ = E$(0)N X, EY := E%0) N X. Both spaces are regarded as closed
subspaces of X. Finally, let Z := RN x L®([—a, b],R).
Theorem 5.1 (Center stable manifold)
Equation (15) possesses a local invariant C?-manifold W+ (0) = W/\CSCJF(O) C

X near H(0) which has the following properties:
a) Wgot(0) is tangent to ES* at H(0) € W52 (0).
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b) The manifold contains all points U, , which are close to H(0) with respect
to the X-norm and which admit a solution U(t) of (15) on (0, 00) that
stays uniformly close to H(t) for t — oo.

c) If Uy € We*(0) is close enough to H(0) an
continuous function U : [0,00) — X with U(t
U(0) = Uy and £(t) € CH(R4, RY) solves

E(t) = f(&, A c) (18)

n (0,00). Morever, if A > 0 then the w-limit set of U(t) consists either
of the steady state zero or the periodic orbit I' =T’y

d X\ > 0, there exists a
) = (&(t),&), such that

d) We*(0) is continuously differentiable with respect to X and ¢: If we

supply equation (15) with A =0,¢=0 then the extended system pos-
sesses a local invariant C'-manifold W+(0) C X x R* and We* =

Wet(0)N (X x {\} x {c}) satisfies the properties a), b), c).

Remark 5.1

The property that every initial value in W *(0) near H(0) gives rise to a
global defined solution U(t) for A > 0 and t > a, which additionally stays
uniformly close to H (t) for allt > 0, cannot be expected in general. As we will
see, this is a consequence of the fact that the periodic solutions, which appear
due to the Hopf bifurcation, are stable with respect to the dynamics on the
center manifold.

Proof of theorem 5.1 .

Let us define for V' € X the modified nonlinearity by Gmoea(t, Vi, ¢) =
Xo([[VIl¢) - G(t,V, A, c), where x, is a cut-off-function with compact support
in [—o, 0]. Then for small enough § > 0

Gmoa(t, )t X X (A, M) X (=0 + ¢y 0o +6) = X

is well defined, two times continuously differentiable, and a global Lipschitz
map with a small (o-dependent) Lipschitz constant. Our goal is to construct
V(+) as a fixed point of the equation

t
V() = @00V + / S (1, 8)Gmoal(s, V() M c)ds  (19)
0

t
+ / QY (t,5)Gmoals, V(s), 5\, c)ds,

o0

where Vo® € ECS We want to find fixed points V(-) in the space BC7 :=

BCY(R,, X) for some v > 0, which satisfies 0 < § < v < & (see theorem 4.1
for the definition of 6, ). Here, the norm ||V (-)||, in BC7 is defined by

V), = supe ™V (t)|¢.
>0

13



Let us now discuss in which sense the right hand side of (19) is defined for
fixed t. Note that the map s — ®(¢,s)U, regarded as a map with values in
Z, is not Lebesgue integrable in general. Therefore the integrals, which appear
in (19), cannot be considered in the Lebesgue sense. But they are well defined
as weak™ integrals as explained in the appendix. Lemma 9.1 states that the
integral terms are actually elements of the space X. Furthermore, lemma 9.2
in the appendix implies that the right hand side of (19) defines a (well defined)
contraction X on the space BCV(RJF,)A( ), if the Lipschitz constant dy of the
map V — Goa(s, V, A, ¢) and v > 0 both are small enough. Indeed, we can
estimate the first integral in (19) with the help of lemma 9.2 in the appendix
by

¢ t
/ ea(t—s)|gmod(s, V(s),\c)|gds < / 65(t—s)60|V(8)|5<d3
0 0

t
< / =) 5,Ce ds
0
= 0,0 [0 J(y = §)], = 50(e™)

and the other integral can be estimated analogously. Thus, if the Lipschitz-
constant &g of G,,0q i chosen small enough,A(19) possesses a unique fixed-

~

point Vi(-) € BC7(Ry, X) for every Vi* € E. and A = 0, ¢ = ¢,.. Due to
Vanderbauwhede [26], theorem 2, the map

(-, \e): B — E*

V(e Ae) V5 = @4(0,0)V4(0)

is a global Lipschitz function and we can define our desired manifold by
WEH(0) := graph(¥(-, A, ¢)) + H(0). (20)

This manifold is then locally invariant; see [11] or [26] for more details. We
will comment on the smoothness of this manifold in the last step of this proof.
Parameter dependence:

In order to study the parameter dependence of W%%(0) we consider the ex-
tended system

(1) AV () + D5 G(t,0,0,¢) (N, ©) + Grest(t, V (1), A, )
5\ - 0 9
é 0

(21)
where G,.q + D;\7cg = G and G,.q is quadratic in V¢, \. The geometric
multiplicity of the eigenvalue zero of the t-dependent linear part A" (t) : X X
R? — Y xR? of (21) increases by two for every fixed ¢t. Therefore, the equation
W(t) = A(t)W(t) possesses a dichotomy on R, with associated solution
operators ®%(t,s) : ¥ x R? — YV x R? and ®%(s,t) : Y x R? — Y x R? for
t > s > 0. We observe that the map (V, A, ¢) = Grest(t,V, A, ¢) with values in
X is a C2-function. Arguing as in the step before, we see that equation (21)
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possesses a Lipschitz manifold. This proves claim d) of theorem 5.1.
Solutions of the fixed-point equation:
Let us now clarify in which sense fixed points V., € BC” of (19) induce solutions
of (18). The next claim has been proved in [13]: There exists an « > 0, such
that the following holds: If V.(-) € BC7 is a fixed point of (18) and ||V, (t)||x <
a for all t > 0 then U,(t) := H(t) + V.(t) has the form U,(t) = (£*(¢),&/) for
some C- function £* : [—a,00) — RY and £ € CY(R,,RY) is a solution of (18)
on (0,00). So part b) of the theorem is proved, if we verify that the solutions
V. of (19) remain uniformly close to zero for all ¢ > 0. This will follow from
the next step.
Asymptotic behaviour:
We now want to study the asymptotic behaviour of solutions U () with initial
values Uy € WeT(0). Let us consider a point U, € W1 (0) N X; then there
exists a classical solution U(t) = H(t) 4+ V(t) of the modified equation

U(t) = Fmod(U(t)> S\,C) (22)

= F(H(#)+ A U() = H(t) + Gmoa(U(t) — H(t), A, ).

Let us write U(t) = (£(¢), &), suppress the parameter dependence from now
on and note that Dy f(h;)e = Dyf(0) @ +D2f(0)[h;, o] + R(hs, @), f(h) =
f(0) 4+ Dy f(0)hy + R(hs). Using (22) we obtain the equation

£(t> = le(0,0,C*)gt _'_fmod(gtv;‘?C)
— fmod(htaoac*) — lemod(htuovc*)(&f - h't)
+ R(he) + R(he, & — he) + DEF(0) [, & — he).

This equation defines an abstract differential equation
U(t) = AU(t) + G(t, U(t), ), ¢) (23)

for U = (¢, ¢) € X, where the operator A: X — Y and G(t,U, A\, ¢) : X — X

are defined by
()= (P1585)

Gt (€,0) = ( Fraoa(#, A, €) = Frioa(he, 0, c.) )

and

0
B ( — D1 frnoa(he, 0, ¢.) (6 — hy) + R(hy) )
0
R(he, ¢ — he) + D3f(0)[he, & — hy]
- ( : )

Again on account of theorem 4.1, the linear equation W = AW possesses
a center-stable dichotomy on Ry (and even on R). If we choose t, > 0
large enough, then for fixed ¢ € (t,,00) the nonlinearity G(t,-,j\,c) is a
Lipschitz-function with a globally small Lipschitz-constant o9 = do(t,). It is
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now straightforward to show that (23) possesses a local center stable manifold
Wes near zero. The existence of We follows analogously to the construction of
Wes(0) with the help of an appropriate fixed point equation, which is posed
on BC?([t,,00), X) for some o > 0, see [11] for further details. As in theorem
5.5 in [26], one can now prove that every orbit in W approaches some orbit
on the center manifold. Note that the results in [26] are stated for ordinary
differential equations. However, the results only rely on the existence of solu-
tion operators of linear equations; the existence of which has also been shown
for our equations and we refer the reader to [11] for a detailed proof.

Let us now prove claim c) of the upper theorem and consider A > 0 with A ~ 0.
In this case the picture on the center manifold is the following: there exists a
periodic orbit, which is the w-limit set of every orbit on the center manifold
except the steady state. This shows that every orbit in Wes stays uniformly
close to zero and either the w-limit set contains zero or a periodic orbit. Since
every orbit starting in W¢*(0) close enough to H(0) finally lies in W we
have shown that orbits starting in W *(0) are uniformly close to the orbit of
H for all times.

Smoothness

Finally, we want to discuss the smoothness of the constructed manifold We*(0).
Since X is not an Hilbert space, the modified nonlinearity G,,,q4 is not differen-
tiable. Indeed, the cut off function is not C'', because the norm is not necessar-
ily C1. Still we can prove that We(0) is of class C?, where we use the general
theory developed for the abstract formulation for retarded functional differen-
tial equations in [17], chapter 9. Indeed, the operator G,,.q is C?, when re-
stricted to a sufficiently small neighborhood of zero, since there the cut off func-
tion is constant with value one. If we denote, as before, by V*(-, Vi*) € BC”
the unique fixed point of the integral equation (19) for Vi* € Ef, then the
previous step actually shows that V*(-, V) € BCY([0, 00), X) with small sup-
norm, if V5* € Eff is sufficiently small. Hence, for all ¢ > 0 and V* small
enough, V*(-,-) takes values in a set where Gpoa(t, -, A, ¢) is C2. This, however,
is the main ingredient of the proof of smoothness and we refer to [17], section
9.7, for further details. O

Analogously, one can show the existence of the following manifolds:

e There is a Lipschitz center unstable manifold W~ (0) of zero near
H(0) that contains all solutions U(t) of (15), which exist for all £ < 0 and
stay uniformly close to the orbit of H. However, in contrast to W% (0)
not every solution starting in W~ (0) will necessarily stay near H (t)
for all negative t, since the periodic orbits I" are unstable in backward
time.

e The local strong stable manifold W *!°° of zero which is of class C2.
This manifold is characterized as follows: Let U, € W**!°°. Then there
exists a continuous function U(t) : [0,00) — X with U(0) = U, and
|U®#)||x < Me™! for some constants x, M > 0 as t — oo. Moreover,
U(t) has the form U(t) = (£(t),&) for some C%-function £ : [—a, 00) —
RY, ¢ € C'((0,00), RY) and £(t) solves the equation i (t) = f(z, A, ¢).
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e The strong unstable manifold W™~ (0) of zero which is of class C?.
This manifold is tangent to £“(0) at H(0) € W™~ (0) and is character-
ized as follows: Let U_ € W*~. Then there exists a continuous function
U(t) : (—=00,0] — X with U(0) = U_ and ||U(t)||x < Me """ for some
constants x, M > 0 as t — —oo. Moreover, U(t) has the form U(t) =
(£(t), &) for some CO-function & : (—00,0] — RY, ¢ € C'((—00,0),RY)
and £(t) solves the equation @(t) = f(x4, A, ¢).

e The local center unstable W' of zero of Lipschitz class. Let U_ €

Jewloc  Then there exists a continuous function U(t) : (—00,0] — X
with U(0) = U_ and |[U(t)||x < Me" for some constants r, M > 0
as t — —oo. Moreover, U(t) has the form U(t) = (£(t),&:) for some
C%function € : (—o00,b] — RN, £ € C'((—o0,0),RY) and £(t) solves the

equation z(t) = f(x, A, ¢).

6 Solutions connecting the steady state to a
periodic orbit

In this section we will construct solutions of the original equation
[L’(t) = .f(xb 5‘7 C)> (24)

which begin to oscillate as t — 400 and look like in figure 1 a). For simplicity,
let us restrict to the generic case that the homoclinic orbit h of (24) approaches
the steady state zero in forward time ¢ — oo along the center direction. More
precisely, we want to assume that the homoclinic orbit H of the rescaled equa-
tion (15) does not lie in the strong stable manifold W*$!°¢ of zero for any ¢ > 0
large enough.

Note that H(0) € W% (0) N W', (0). We now want to prove the existence of
an intersection point of these two manifolds as the parameters 5\, c are varied.
Let us make the generic assumption that the manifolds W3 (0) and W' (0)
intersect only along H. As always, the hypothesis will be stated in terms of
our original equation (9).

Hypothesis 7
Fix n > 0 and consider the linear operator

£h(t): HY"(R,RY) — L*"1(R,RY)
(Lh)(t) = 0(t) = Dyf(h, 0, cu)ur,

where the norm |v|r2n is defined by |v]3., = [pe ™|v(t)]*dt and |v|g, =

|v|p20 + V| 2. Assume that there exists an, > 0, such that L" is a Fredholm
operator of index zero with a one-dimensional kernel for every n € (0,1).

Note that L£" is indeed always a Fredholm operator of index zero, if n > 0 is
chosen small enough; thus the only assumption concerns the dimension of the
kernel.
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Lemma 6.1

Suppose that hypothesis 7 is satisfied. Then ¥ = E*(0) + E$*(0) is a closed
subspace of Y, where E*(0) = Rg(@E(O,O)}Y) and E$°(0) = Rg(@ﬁf(O,O)}Y)
and ®“ is defined in (17). Furthermore, ¥ has codimension one in Y.

Proof
Let us observe that for n € (0,7,) the ”translated” operator

£y HY(R,RY) — L*(R,RY)
(L w)(t) = (t) +mw(t) = Dif(he, 0, c.) (€ wi(-))

is a Fredholm operator of index zero with a one-dimensional kernel. Indeed,
this is true due to theorem A of Mallet-Paret, see [20]. Now let v(-) € ker(L").
Then w(t) := e "v(t-T(0,¢.)) € H'(R,RY) is a solution of £ ***w = 0. On
the other hand, every element in ker(£{*"*) induces an element in ker(L").
Thus, the kernel of £ is one-dimensional. Lemma 4 in [12] now states that
the Fredholm index of £/*** and 7" : D(T") C L*(R,Y) — L*(R,Y’) and the
dimension of their kernels coincide, where

w0 §@) N\ [ 9&() +n&(t) — Dif(he, 0,c) (e (L, 1))
T ( B(t,) ) ( 0,D(t,-) — 0D (t, ) )

The domain D(7™") is actually independent of  and given by

D(T") ={(& @(,) € L’R,Y): (9, — 0p)®(-,-) € L*(R x I,CN),
£ e HY(R,CN), ®(t,0) = £(t) Vt},

see [12],[24]. The operator 7" induces the abstract equation

( 200, ) _ ( 80+ D 0.0l ) ) |

By theorem 5 in [11] this equation has exponential dichotomies with solu-
tion operators &3, ®}F and ®;~, &~ on Ry and R_, respectively. By
lemma 4 in [13] the codimension of X" := Rg(®;*(0,0)) + Rg(®;7(0,0))
in Y is one. But on account of the proof of theorem 4.1, we observe that
E*(0) = Rg(e)[®(0,0)]) and E$(0) = Rg(ep[®57(0,0)]), see (14) for the
definition of eg. Thus, also X has codimension one in Y and the lemma is
proved except the claim concerning the closeness of >, which will be addressed
in the next lemma. O

Finally, we show that X is a closed subspace of Y.

Lemma 6.2
The vector space E$°(0) + E*(0) C Y is closed.

Proof

It is sufficient to show that for suitable small » > 0 the space X7 = Rg(®;"(0,0))+
Rg(®;>7(0,0)) is closed (where the operators ®;*, ®»~ have been introduced

in the previous lemma). Indeed, note that E“(0) = Rg(e)[®y(0,0)]) and
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E$(0) = Rg(e)[®57(0,0)]), which would then prove the lemma, since e) maps
closed sets to closed sets (see (14) for a definition of eJ). We now eliminate
the intersection of the spaces Rg(®;7(0,0)), Rg(®;~(0,0)) and write

=1 =: Rg(@5(0,0)) ® B,

where E}°™ is a closed subspace of Y, which has only a nontrivial intersection
with Rg(®;%(0,0)). Let us now consider a sequence U™ = V" 4+ W™, where
Vr e Rg(®;7(0,0)), W € Ep~, and U™ — U with respect to the Y-norm.
By approximation, if necessary, we can assume that V", W" € X. Let us write
V= (£, o"), W™ = (p", U"). Then two cases are possible: Either

i) ®"(-) and ¥"(-) are bounded in the L?([—a, b], C")-norm, or
ii) at least one sequence is unbounded.

We consider the first case and define the operator P, : Rg(®;*(0,0)) —
RN x L2([0,b], RY) by

(€80) (6 &) = €80, (25)
where £(+) € L*([—a,0),C") N H'(R,,C") denotes the unique solution of
@(t) = Dy f(h, 0, ci)my (26)

with respect to the initial value ®(-). Then P, is compact, since &y(:) €
H'([0,0], RY).  Analogously, P : Rg(®%(0,0)) — RY x L*([—a,0],RY),
defined by

(pv W()) = (pv pO(')}[_am) = (pv \Il(')}[_a,o]) (27>

is compact, where p(-) € L?([—00,b),C") N H'(R_,C") denotes the unique
solution to (26) with respect to the initial value ¥(-). Since ®"(-), ¥"(-) are
bounded, we conclude that the L?-part of P, (V™) converges in L?([0,b],C").
Due to W" = U™ — V"™ also the L?-part of W™ converges, if restricted to the
interval (0,b). Analogously, we can prove that the sequence W"(-) converges on
(—a,0) and therefore also ®"(-) converges on (—a,0). This shows that ®"(-)
and W"(-) converge in L*((—a,b), C") and possess a limit in Rg(®;*(0,0)) and
E}~ since these spaces are closed. This proves the first case i).

The second case ii) can be shown analogously to the proof of lemma 5 in [12].

It is here where we make use of the fact that the intersection of E;;"_ and
Rg(®;7(0,0)) is trivial. O

Remark 6.1
We shall point out that the last two lemmas imply that the codimension of

Eis + E¥ in the space X is less or equal to one (see the notation on page 12
for the definition of Ef, Eﬁ) Indeed,

B+ B* = Rg(%(0,0)| ;) + Rg(@"(0,0)] ;) (28)

is dense in a codimension one subspace of X. Moreover, arguing as in the proof
of the previous lemma 6.2 one can show that the space E$® + E* is closed in

X.

19



6.1 Transversality of the extended manifolds

We now want to look for intersection points of We*(0) and W™*(0) for
(A, ¢) # (0,c,). However, since these manifolds do not intersect transversely

at H(0) for (A, c) = (0,¢.), we cannot expect an intersection point for all pa-

rameter values as ¢ and \ are varied. It is therefore natural to consider the
extended manifolds

Wfs = {(U, C) c W;:J’_(O) : |C_ C*‘ < 6}7
Wy = {(U,c) e W(0) : e — e| < 6}

in the extended phase space X x R, where § > 0 is some small real number.
Generically, these extended manifolds then intersect transversely in X x R,
which is true if hypothesis 8 below is satisfied. As before, we will state the
hypothesis in terms of our original equation (9). For the statement of that
assumption we need the next lemma:

Lemma 6.3

Assume that the linear map L(t) := Dy f(hy,0, c.) satisfies hypothesis 4 with
some function p(t, 0,0, cy) and matrices Ay(t,0, c), such that t — p(t,-,0,co) €
BC (R, C%([—a, b, RN*M)) and t — Ai(t,0,c0) € BCO(R,RY*N) for each k.
Consider the adjoint equation

m

d(t) = — /_b pr(t—0.0,0,c)u(t —0)d0 — > Ap(t —ri,0,c)v(t — 1), (29)

a k=1

where p*(t —0,0,0, c,) denotes the adjoint of the matrix p(t—0,0,0,c,). Then
equation (29) possesses a unique bounded solution p(t) : R — RY (up to scalar
multiples), which tends to zero exponentially fast ast — 0o.

Proof

Consider the equation V (t) = A(t)V (t), defined in (11), with L(t) = D1 f(hy, 0, ).
Then this equation possesses a center stable dichotomy on R, and R_ by the-
orem 4.1 with solution operators @, @4 and &%, ®* | respectively. We choose

a non-zero vector

U0 e (Rg(®$(0,0) + Rg(®"(0,0)))*,

where L denotes the orthogonal complement with respect to the Y-scalar-
product. It has been proved in [12] (see the proof of theorem 6 there) that
the operators @Zfi’].+(t, s) = (P4(s, 1)), @Z(’i;r(t, s) = (9%¢(s,t))* and also
Do (t,5) 1= (PU(s,1))", i (t,5) := (9(s,t))* define dichotomies of the
adjoint equation W (t) = (A(t))*W(t) on Rt and R~, respectively, see [11].
Here, for fixed ¢ the map A(¢)* denotes the adjoint operator of the operator
A(t) with respect to the Y-scalar product. Now ®%(0,0)*0? = ®¢(0,0)*W"
and therefore (@ (0,80 =0
W) —{ (20,180 : 0>t (30)
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defines a solution of the adjoint equation W(t) = A(t)*W(t) on R. On ac-
count of lemma 3 in [12], W (¢) has the form W (t) = (p(t), ¥(¢,-)) for some
function p, which solves equation (29) and is an element in Hlloc Moreover,
due to the definition of W(¢) in (30), the function p(t) decays exponentially
as t — o0o. We remark that p(t) also remains bounded for ¢ — oo. This is
a consequence of the simplicity of the Hopf-eigenvalues and we refer to [11],
theorem 3.5, for a proof of the boundedness of p in backward time. Let us
point out that we won’t make use of the boundedness of p in backwards time,
though. It is sufficient to know that p(¢) can grow at most with small expo-
nential rate as ¢ — oo, which can be seen by the definition of W (¢) in (30).
Since every solution p(t) of (29) induces a bounded solution of the abstract
adjoint equation W(t) = A(t)*W(t) via W(t) = (p(t), ¥(t,-)) for some ap-
propriate function W(¢,-) (see [11]), we know that W (¢) can be represented in
the form (30) for some appropriate vector W, € Y, which then also satisfies
¥, € (Rg(®%(0,0) +Rg(P“(0,0)))*. Therefore, ¥, is a scalar multiple of W,
which proves uniqueness (up to scalar multiples) of p(t) as a bounded solution
of (29), which decays exponentially in forward time. O

We can now state the next hypothesis.
Hypothesis 8 3
For g(t,e, \,c) := f(e, A\, ¢) — D1 f(h,0,c,)[e] let

| o90.g(s.hi0.0)| . ds £ 0, (31)

where p(-) : R — RY denotes the unique bounded solution of the adjoint
equation in the statement of the previous lemma 6.3.

This hypothesis will now assure that the extended manifolds Wfs and W;
intersect transversely in X x R at H(0) for A = 0.

Lemma 6.4
Assume that the hypotheses 7 and 8 are satisfied. Then

Tir0).coWs + Tiee)Ws =X xR
Tir©0).enWs® N T)enWs = span ((9,H(0),0)) .

Proof
Let us first observe that

Tr©).enWs = (B x {0}) + span{(9,H(0),0)} + span{ (V2. (0), 1)},
Tro)enWo = (E" x {0}) + span{(9,H(0),0)} + span{(V;", (0), 1)},

where ‘N/Oci(O) can be computed by differentiating (19) with respect to ¢ at
¢ = ¢,V =0,V(:) = 0,A = 0. Similarly, ‘701"0*(0) can be computed by
differentiating the corresponding fixed point equation of W:\“‘ ’C_(O) with respect
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to ¢ at ¢ = ¢,. More explicitly, we obtain

5 0
7 (0) = / D% (0, £)0,G(E,0,0, . ),

e}

_ 0
T (0) = / (0, €)0,G(£,0,0, ¢,

On account of the remark after lemma 6.2 we know that codim(Eff +EY) =1

in X. Let W, denote a vector, which spans the orthogonal complement of the
space ¥ = E(0) + E*(0) in Y and note that £ C E$*(0), E* C E*(0). For
the proof of this theorem it is therefore enough to show that

(00, Vi ) # (9075 0)) (32)

Indeed, this would prove that f/oci(O) - f/(fc* (0) does not lie in £$*(0) 4+ E*(0)
and therefore not in Eff + B C E$(0) + £E*(0). The condition (32) can be
represented in the form

0 0
<\Ifo’/ @?(o,g)acg(g,o,o,c*)dg—/ @1(0,5)acg(§,o,o,c*)d§> £0,
Y

—00 o0

which can be further simplified to

| (wenn.age0.0.0)) a0 (33)

[e.9]

where (0.4)
~ “0,t) : t>0
_ —+ 9 -
‘I’(t)_{qff(o,t)* 0>t

By the definition of G (see the definition below (16)) we have

9.G(t,0,0,c.) = ( Deg ht’oo’c)‘czc* ) ,
where g(t, e, \,¢) :== f(o, X, ¢) — D1 f(h:,0,c.)[e]. As we have already argued
in lemma 6.3, the function W(¢)¥, can be represented in the form ¥ (¢)¥, =
(p(t),¥(t,-)), where p(-) : R — RY solves the adjoint equation

b
Oz(t) = —/ p(t—0,0,0,c.)z(t — 0)dod (34)
= A (t =1, 0,00)2(t — 7).
k=1

Therefore, (33) is equivalent to [, <p(§), 0c9(&, he, 0, c)‘c:c*>RN d¢ # 0, which
is satisfied if and only if hypothesis 8 is true. U

An application of the implicit function theorem leads to the following result.
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Corollary 6.1 } }
There exists a continuous curve ¢ = c¢(\) in the (), c)-plane, such that the

manifolds We*(0) and W*~(0) have an intersection point U* for (A, c) =
(A, ¢(N). U* induces a classical solution U(t) = (h™'(t), hi") of (15) on R,
which satisfies U0) = U*. Furthermore, h™' solves the equation @(t) =
f(z¢, A, c(N)) on R and approaches the periodic orbit Vie(y in forward time.

Progf
Fix A =~ and let the functions

U)o (B X (=04 oy ey +0)) NU — B,
WA ¢ (B X (=6 + curen +6)) NU — E°

be defined by the property that

(graph[\lfi‘], )+ (H(0),c.) = Wfs

(graph[¥3], ) + (H(0), cx) = WY,

where U C X x R denotes a sufficiently small neighborhood of zero and § > 0
is small enough. Then (0, c.) = ¥§(0,c.) = 0. Let us now choose a small
neighborhood U of (0,0,¢,) € X x X x R and consider the bifurcation map

U)o (B x B xR)NU) x (—6p,50) — X xR
PV.V.ed) = [(HO)+V +W(V,e),0)| = [(H(0) + V +9}(V,0),0)] .

for 9o > 0 small enough. Then I'((0,0,¢,),0) = 0 and the linearization
Dy oL'((0,0,¢,),0) of I' is surjectiv on account of the previous lemma 6.4.
The claims of the corollary therefore follow by an application of the implicit
function theorem, if we can show that the one-dimensional kernel

K = span (0,H(0),0,H(0),0,0)

of Dy »I'((0,0,¢.),0) admits a closed complement in E® x B* x R. In
order to show this, we construct a closed complement of KN (ES* x E* x {0})
in the space ECS x E* x {0}. By considering K N (Eis x B x {0}) as a
subspace of Rg((I)CS (0,0) ‘X x Rg(®“(0,0) ‘X ) with the X-topology, we may

define a complement C of IC in X via C := Rg(®°(0,0)) x Rg(®“ (0, 0)‘E) first.
Here, E denotes a closed subspace of the Hilbert X of codimension one, which
satisfies

Rg(®*(0,0)|,) L span (8;H(0)),

i.e. 0.H(0) is perpendicular to Rg(@ﬁ(O,O)‘E) with respect to the X-scalar
product. In particular, Rg(CI)E(O,O)‘E) + span (0, H(0)) = Rg(®“(0,0) ‘X
Note that such a vector space £ C X is easy to construct, since X is a Hilbert
space. Moreover,

C C Rg(®$(0,0)],) + Rg(®“(0,0)| ) =: 1L, (35)
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where the closure of Rg(@E(0,0)} ) is considered with respect to the Y-
topology. The crucial observation is that

0, H(0) ¢ Rg(2“(0,0)],,),

since any nontrivial vector in the orthogonal complement of Rg(®“(0,0)|,)
with respect to the Y-scalar product remains in the orthogonal complement
upon considering the closure of Rg(®* (0, 0) } ) in Y. Hence, I defines a closed
complement of K in Y (in particular, with trivial intersection). Let us finally
consider the closure C' of C in X, i.e. C' = C with respect to the X-norm.
Then C' defines a closed complement of K in Ef x F%: Note first that C
intersects only trivially with K on account of (35). Indeed, the closure C' is
still contained in II. Finally, since by construction of C' the space C' + K is
dense in X x X we only have to show that C' + K is closed. But this follows
analogously to the proof of lemma 6.2. U

Let us note that we have only shown that initial values in W *(0) give rise
to solutions which converge either to a periodic orbit or the steady state, if
(A, ¢) is auch that A > 0. But since we have assumed that H(¢) does not lie in
the strong stable manifold 1 #**¢ for any t > 0 large enough and since W/ ss:loe
depends continuously on the parameters ), ¢ we conclude that U*(¢) does not
lie in W*®l°¢. That means that h*! does not approach the steady state zero in
forward time. Let us now summarize our results in the next theorem, which is

the main result of this section. The bifurcation diagram is discussed in section
7.

Theorem 6.1 (Solutions with one oscillating tail)
Consider the equation

#(t) = f(an, A 0), (36)

z, € C%[—a,b],RY), which has been introduced in equation (9). Assume
that the hypotheses 1 - 8 are satisfied and that the homoclinic solution h(t)
of (36) does not converge to zero exponentially fast for t — oo. Then there
exists a continuous curve HET()X) in the (A, c)-parameter plane locally near
(A, ¢) = (0,¢,). For every point on the curve there exists a solution h™ of
(36), which is defined on R and has the following properties (see also figure 1

a)):

e (0,c.) = HET(0) and h®' = h.

o Let A > 0. Then there exist M, > 0, such that hx’l(t) satisfies
|PA ()| < Me P as t — —oo and [WM(t) — 55 (t + 6.)] — 0 as
t — oo for some asymptotic phase 0,.

« = 0. Then pAU s pA<1 uniformly on compact intervals of R as
As-

° FI'X
A —
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7 Discussion

Ezponential decay

Theorem 6.1 is also true if the homoclinic solution h approaches zero with
exponential rate, though this behaviour is generically not expected. In this
case, however, H(t) € W for t > 0 large enough and one has to argue
why U A( ) does not lie in W5¢ for ¢ > 0 large enough and A > 0. Since
the construction of the solutions A™! in this case is a little bit more compli-
cated, we refer to the discussion in [25], page 1283, or to [11] for further details.

Solutions with two oscillating tails i

Let us now discuss how one can prove the existence of solutions h*2, which are
depicted in figure 1 b). The existence proof we will present relies strongly on
the existence of a C'! local center unstable manifold WS of the steady state
zero. Note that we have only shown that W% is a Lipschitz-manifold, see the
end of section 5. If, however, this manifold is of class C'' we can consider the
intersection W N We+(0) for (X, ¢) = (0, ¢,) near H(7), 7 < 0 small enough.
This intersection is then two-dimensional and therefore one-dimensional within
a suitable Poincaré-section at H(7) (note that we have shown in the proof of
corollary 6.1 how to construct Poincaré-sections in the space X ). By the
implicit function theorem, the manifolds Wy and W (0) also intersect for
(A, ¢) # (0, ¢,) and in particular for (X, ¢) = (X, ¢()\)). Hence, there exist points

UN Ve Wik n e (o)

with associated solutions U*(-), V*(-) of (6) for t > 0, which approach the
periodic orbit ™™ in forward time t — co. Moreover, U*(t) is also defined
for ¢ < 0 and converges to the steady state zero ast — —oo. V*(t), on the other
hand, solves the equation (15) for all ¢ < 0 with a suitable modified nonlinearity
f, which appears in the proof of the center-unstable manifold. Since every
solution in the center unstable manifold approaches a unique solution Z(-) on
the center manifold with exponential rate in backward time, and the periodic
orbit is unstable in backward time ¢ — —oo with respect to the reduced
dynamics, we can choose V* in such a way that Z(0) (i.e. the initial value of
the solution on the center manifold, which is approached by V*(t)) lies outside
the set that is enclosed by the periodic solution on the two-dimensional center
manifold. Since the projection [ : V" +— Z(0) is continuous with respect
to the X-norm, where Ve € W (see [27]), we conclude that there exists a
point V' € W N W+ (0) with associated solution V(-) of (15) that satisfies
I(V) = I (0). Hence, V(t) = (h*2(t), h)?) for some solution AM? of (1),
which looks as depicted in figure 1 b).

We should point out that once the existence of the solutions h*? has been
proved, we generically expect complicated behaviour near these solutions: Al-
ready for ordinary differential equations it is known that there exist compli-
cated behaviour near orbits, which are homoclinic to periodic orbits. However,
it is not clear how to detect this behaviour in general functional differential
mixed type equations. We remark that for nonautonomous functional differ-
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ential equations the existence of invariant sets, on which the dynamic of (1) is
conjugated to a shift on two symbols, has been proved in [12].

The bifurcation diagram

Let us now take a closer look at the bifurcation diagram, figure 2, where the
curve HET (see the statement of theorem 6.1) is depicted. First note that for
each point (A, ¢) on HET the center stable manifold W *(0) and unstable
manifold W*~(0) of zero have an intersection point. This intersection point
induces a solution h*(-) of equation (9). If A < 0, i.e. (\,¢) € HET lies in
the half plane A< 0, no periodic orbits exist and zero is linearly stable with
respect to the dynamics on the center manifold. Thus, h*(t) converges to zero
for t — 4o0o0. Since the steady state is hyperbolic, a result of Mallet-Paret
[21] implies the existence of periodic solutions with large period near the curve
HET in that region under some appropriate non degeneracy conditions. These
periodic solutions are indicated with ”Per” in figure 2. Let us now consider the
other branch of the curve HET, where A > 0. For parameters on the curve in
this region there exist solutions h™! of (9), which converge to zero in backward
time t — —oo. Since the steady state is linearly stable in backward time and
unstable in forward time with respect to the center dynamic, we expect the
asymptotic behaviour of AN to be stable upon variation of the parameters
5\, c. Thus, in the regions which are indicated by "Het”, we still obtain solu-
tions which converge towards a periodic orbit in forward time and approach
the steady state in backward time. Of course, these solutions are induced by
an intersection of the center stable and center unstable manifold of the system
(15). Hence, these solutions will generically approach the steady state zero in
backward time ¢t — —oo along a solution on the center manifold rather than
along the strong unstable manifold.

A A
HET
Het
Het
>
Per c—c,

Figure 2: The bifurcation diagram of theorem 6.1.

8 An example

In this section we want to discuss a toy example, where all hypotheses of
theorem 6.1 can be verified explicitly. Our main motivation for discussing this
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example is that it can serve as a guideline how certain assumptions of theorem
6.1 can be verified in view of of more relevant examples.
The toy example under investigation is

(1) y(t)
g(t) | = =) — (@) + (e = Da(t) +ya(t = x)z(t) |, (37)
£(t) 5(L(z) = 2(1)) + g(2(t), A, ) + k(= (t))=(t)

where z,y,z € R and k(-), g(, A, ¢) are real-valued functions, x, 7, (, ¢, AeR
are constants and L : C°([—27,27],R) — R is a linear map, which will be
specified later.

This toy example has been discussed in [11]. For the sake of completeness
we will present most of the relevant calculations. The structure of equation
(37) is as follows: If we set A = 0,z = 0 in equation (37) and assume that
9(0,0,¢) = 0 then the dynamics of (37) reduces to the ordinary differential
equation

it)=x—2°+ (c— 1)z

This equation possesses a homoclinic solution h!(¢) for ¢ = 1. The Z-equation
is a nontrivial functional differential equation of mixed type; posed on the
space C°([—2m,27],R). We now want to show that there exist functions k, g
and a constant y, such that the Z-equation undergoes a supercritical Hopf bi-
furcation and that the hypotheses 1-8 are satisfied.

Hopf bifurcation
Let us define the linear operator L by

A1) Lo(-) := g50(=2m) + £0(0) + 3(27),

where we note that o +  + 2 = 1; that is L(1) = 1. Furthermore we set
k(0) = 0. Let us now look at the linearization of (37) at (z,y,2) = (0,0,0).
The characteristic function det/A(p, ¢, A) reads in this case:

- 2 -
det A (e, A) = (1 = 1) - (5(L() =)+ g0, X ) =) (38)
Here and in the following we denote by ’ the derivative with respect to the
z-component. Let us now make the ansatz g(z, A, ¢) := g(x,\) + (¢ —1)x for a
still unspecified function g(-, A). We observe that purely imaginary zeros of the
characteristic function occur if and only if the factor (2(L(e*)—1)4g'(0,0)—p)

vanishes for some p € iR. For p =is and s € R we obtain from (38):

Im(is) = 2L(sin(se)) — s

Re(is) = 2(L(cos(ss)) — 1) + 7(0,0). (39)

We observe that there exists a zero sy # 0 of the imaginary part on account
of 2L(#) > 1 and the mean value theorem. Of course sy < %, since otherwise
5> % > %L(Sin(so)). The next assumption guarantees that sy is also a zero
of the real part:

A2)  Let g(z, A ¢) = g(x,\)+ (c—1)x and §'(0,0) := —2(L(cos(sye)) —1).
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Now let s, be an arbitrary real number, which satisfies (39). Then
2 1 - 2 1
3 cos(s,2m) = {% + Z} (Q'(O, 0) — 3 cos(O)g)

2 3 11
gSiH(S*Qﬂ') = {Z—%} Sy.

Squaring and adding both equations leads to a quadratic equation in s,, which
possesses two solutions, namely +sy. This shows that there are no other
purely imaginary zeros of the characteristic equation detA(-,1,0). An anal-
ogous argument now shows that the zeros 1 = +isy are simple zeros of the
characteristic function. The additional assumption

A3)  O57(0,N)]5_, #0

assures that the real parts of the critical Hopf eigenvalues +isy cross the
imaginary axis with non vanishing speed as A is varied near A = 0. Indeed, let
(1(\) denote the branch of critical eigenvalues with p(0) = isy. Then

O50u(N) = — [0y det(D (u(3), 1, 1)) [05(0, V)]
near A = 0 and the real part satisfies
O31eu0) = ~Cl—sh ~ £/0,1)) | SE((w)cos(se)) ~ 1] 353/0.0) #0,

where C' > 0 is a constant. Note that the term 2L((e)cos(sye)) — 1 does not
vanish. The next hypotheses guarantee that the Hopf bifurcation is supercrit-
ical. The relevant calculations have been carried out in [11].

A4) Let 059'(0, )\ }/\ _o 7 0 with sign chosen such that

_(_3?\7 _ 1) %L((.)COS(SN.)) —1 05\51,(0,0) > 0.

A5) Let §”(0,0) + £”(0) = 0 and §""(0,0) + £”"(0) # 0, such that

(g///(o7 O) + /{ZW(O))(—S?\[ _ 1)(§L((O)COS(SNO)) — 1) < 0.

The Unique-FExtension-Property
We consider the linearization of (37) along the homoclinic solution (h*(t), h*(t),0)
forc=1and A =0:

u(t) v(t)
(1) (1= 2R*())ult) + (A (t — x))w(t) - (40)
w(t) 2(L(wy) —w(t)) + 01g(0, 0)w(t) + k(h* ())w(t)

Let (u(t),v(t),w(t)) be a bounded solution of (40), such that (u,, v, w,;) =0
for some 7 € R. On account of section 4.4 in [24] we conclude w(-) = 0.
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Therefore (40) reduces to a system of ordinary differential equation, which
shows that (u(-),v(-),w(:)) = 0.

The kernel of L
Let us now show that under further conditions we can assure that £ : H'(R, R?)
L*(R,R?®) has a one-dimensional kernel, where

(L(u(-),v(-), w(-)(E) = Au(u(t), v(t), w(t)) = L(E)(ur, v, w) - (41)

and L(t)(ut, ve, wy) is defined by the right hand side of equation (40) for each
fixed ¢t. We start with w-component of £(u,v,w) = 0, which is

, 2 .

w(t) = ((L(w) = w(®) + 70, 0)w(t) + k(b ()w(t) = AH)we.  (42)
We want to denote by W, >°(—=¢, ) the set of all functions w(-) € Wh*(—¢, (),
which satisfy w(¢) = w(—() = 0. We can now use theorem 7.3 of Mallet-Paret
and Lunel in [19].

Theorem (Mallet-Paret)
Consider the equation

w(t) = a(t)w(t —2m) + b(t)w(t) + c(t)w(t + 2m),

where a,b,c : R — R are bounded and measurable. Let a(t) > 0,¢(t) > 0
or a(t) < 0,c(t) < 0 for almost every t € R. Then kern(B¢) = {0} for every
¢ > 0, where B¢ : Wh*°(—(, () — L>®(—(, ) is defined by

(BSw(-))(t) = dyw(t) — (a(t)w(t — 21) + b(t)w(t) + c(t)w(t + 21))

and where we have extended w(-) by zero outside (-, ().

In our case a(t) = 55 and ¢(t) = 2. With the help of this theorem we can now
show that:

a) The kernel of the operator B¢ with (Bw(-))(t) := dyw(t) — A(t)w; is at
most three-dimensional.

b) Let w(-) be a nontrivial solution of (42) on R. Then there exists at most
one interval J C R with |J| = 47 on which w(-) possesses zeros. If w(-)
has more than one zero, then w(-) is identical zero between two successive
ZEr0S.

For a proof of these facts let w', w? w? w* € H'(R,R) denote four linear in-
dependent solutions of (42). Choose any ¢ > 0, such that [—2m, 27] C (—(, ().
Then there exist linear combinations v! of w!, w? and v? of w3, w*, respectively,
such that v*(¢) = v!(¢) = 0. If v! and v? would be linear independent there
would exist a nontrivial linear combination z of v!,v? with z(—¢) = z(¢) = 0.
z defines a kernel element of B¢ and z = 0 on [—2m, 27] and thus z = 0. This
shows that there are at most three linear independent solutions w!, w?, w?

which proves claim a). With similar arguments one can show claim b).
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We note that a nontrivial kernel element of the adjoint operator £* : D(L*) C
L*(R,R?) — L*(R,R?) is given by

t— (—Oh*(t), 0sh* (1), 0). (43)
Let us denote by © : H'(R,R?) C L?(R,R?) — L*(R,R?) the map

O(u,v)(t) = (Geult), dv(t)) — (v(t), (1 — 2k (t))u(t))

We now want to show that there exist a constant xy € R, such that we have
(0, (- — x)w(+)) ¢ Rg(O) for any solution w(-) of (42). This is equivalent to

/R 1 (s — x)w(s)|ah! (s)ds # 0, (44)

if we show that there is a unique kernel element (up to scalar multiples) of
L*. The function 9;h'(t) = h?(t) is different from zero for all ¢t > t, for
some appropriate t, and converges to zero for |t| — oo with exponential rate.
Moreover, there exists some M > 0, such that all w’(¢) have a constant sign
on (M,oc0) and we can assume that all functions are positive. With these
arguments we can state the next assumption.

A6) Let y € R be such that (44) is satisfied for w = w’, i = 1,2, 3.

This assumption shows that ker(L£) is one-dimensional, if the kernel of © is
one-dimensional. But kernel elements of © solve an ordinary differential equa-
tion on R. The results in [23] now show that the kernels of © and ©* are in
fact one-dimensional.

Transversality
Let us now show that
0
0:h'(-) | ¢ Re(L), (45)
0

which arises by differentiating (37) with respect to ¢ at (h), h},0). But (45) is

satisfied, since
0 —0h% (")
< R () |, ahi() > # 0,
0 0

on account of [, 0;h'(s)0sh'(s)ds # 0, where (-,-) denotes the scalar product
with respect to L?*(R,R*). Analogously to the calculation of ker(£) one can
now show that hypothesis 7 is satisfied. Thus, if the assumptions A1)-A6) are
satisfied, we have verified all assumptions of theorem 6.1 (note that theorem 6.1
is true even if the homoclinic solution decays exponentially in both asymptotic
directions ¢ — +o0; see section 7). Therefore, we have proved the existence of
solutions of equation (37) for suitable parameters (A, ¢) ~ (0, 1) which converge
towards a periodic solution in forward time and approach a steady state in
backward time.
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9 Appendix: The weak™® integral

In this section we want to clarify, in which sense the integral

/Ot T(t,s)G(s)ds (46)

is well defined, if s — G(s) = (g(s),0) maps continuously into the space
X =CN x C%([~a,b],CN) and a,b > 0. For the case of pure delay differential
equations, where a = 0, b > 0, our results follow from [17]. Without loss
of generality, we only consider the case that T'(¢,s) is the solution operator
associated to a dichotomy on R,. More precisely, let us make the following
assumption.

Assumption 1
Let L(-) € BCY(R, L(C°([—a, b],CN),C")) and let L(t) — Ly with respect to
the operator norm as t — 4oo, where Ly € L(C%([—a,b],CY),C"). Consider

ag(t) ) _ §t) \ _ [ Lt)o(t, )
(o ) =40 (i )= (i ) )
If the equations y(t) = Liy, are hyperbolic, (47) possesses an exponential
dichotomy on R, with associated solution operators ®°(7,0), ®' (0, 7) for
T > 0 > 0. Otherwise, equation (47) possesses a (center-) dichotomy on R
with solution operators ®(t,s), @ (s,t) or ®5(t,s), (s, t) fort > s > 0.
We now consider the case that T'(t, s) is one of these solution operators on R

Let us now choose some element

(n,9) €Y :=C" x L'([~a,b],C")
and note that
s — (T'(t,5)G(s), (n,4)) € L'([0,t],C), (48)

where (-, -) denotes the pairing between Z = CN x L([—a, b], CV) and Y; that
is

«awxmw>=en+/:wmwmw

for (£,9) € Z and (n,1) € Y. Here, Z can be identified with the dual space
of Y. Hence, there exists a unique ) € Z, such that

@me>=A<T@$G@%m¢»% (49)

for every (n,1) € Y; see the appendix of [17]. Note that if s — G(s) is
continuous and takes values in X, then the weak® integral coincides with the
Riemann integral.

Definition 9.1
We set fg T(t,s)G(s)ds := @ and call ) the weak® integral.
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From now on we view the integral term in (46) as a weak™ integral, which is an
element of Y* = Z by definition. Let us now prove that the integral is actually
an element of X = {(,¢) € CV x C%([—a,b],CY) : ¢(0) = £}.

Lemma 9.1 R
For each fixed t > 0 we have f(f T(t,s)G(s)ds € X.

Proof
Consider
S(4) — t 9(s)
F(t) : i T(t,s) o(s) - 106)() ds, (50)
where
1(5)(6) ;:{ 2'2(0/‘525 Helese<—5, 5)

for 6 € [—a,b] and || < min{a,b}. Hence, for fixed § > 0, (50) defines an
element in X for each fixed . Moreover, the integral can be regarded as the
usual Riemann integral since the integrand is continuous when considered as
a map with values in X. We can now differentiate F°(-) : R, — Y and obtain

o Pm Y g(t)
@W@‘@(@m»)“T“”<mm@o)+A@ﬁ@ (51

_ ( ¢(t) ) N ( L(t)[E°(t, )] )
h(t,-) 9l (t,) )
Let us take a closer look at the second component of (51). Since F°(t) € X
for each fixed t,0 and therefore £(t,0) = f(¢), we obtain from
O (t,0) = 9p€°(t,0) + h(t,0)

via the method of characteristics the identity

F+0)+ [Tht+0—n0dy t+6>0

6 —
f(tae)_{gé(o’e_i_t)_|_f0th(t7¢9_|_t—fr])dn7 —a<t+6<0. (52)

Note that £€°(0,-) = 0 and f°(0) = 0 for any § > 0. Since T(t,t) : Y — Y
is a bounded projection for each ¢, we conclude that h(t,-) — o(t,-) for some
function o(t,-) € L? as § \, 0 in L*([—a, b], CY), because g(t)I(5)(+) converges
in L? as § \, 0. Moreover, the integral in (50) converges with respect to the

Y -norm to the value
' g(s)
FO(t) :/ T(t,s) ( 0 )ds
0

as d \, 0. Let us write F°(t) = (f(¢),&(¢,-)). Convergence of (50) in Y implies
by definition that f(t) — f(¢) for fixed ¢ as § \, 0. Therefore, we can pass to
the limit 6 \, 0 in (52) and get

£(t,0) = f(t+0) +/0€a(t+9—n,9)dn (53)
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as long as t+6 > 0. Hence, £(t, -) is continuous if the spatial variable 6 satisfies
t+ 6 > 0. In particular we conclude that

§(£,0) = f(t)

for all t > 0. Because £°(t,-) also converges with respect to the sup-norm in
the region ¢t + 6 < 0 and fixed ¢ (namely, it converges to zero), we conclude
that £(,-) € C°, which proves that (f(t),&(t,-)) € X.

Finally, we note that F°(t) actually coincides with the weak* integral; i.e.
FO(t) = Q. Indeed, FO(t) € X. Moreover, for any (&,1(-)) € CNxL'([—a, b],CN)
the identity

(P (1), (&) = /0 (Tt 5)G(5), (€, ¥())) ds

holds. Passing to the limit § \, 0 we obtain

(F0.€00) = [ {19606, (6 00 ds
By uniqueness this shows that Q = F°(¢). O

The next lemma tells us that the weak integral actually depends continuously
on t.

Lemma 9.2
The function v : t — f(f T(t,s)G(s)ds is continuous as a function from [0, c0)

to X := CN x C%([—a, b],CN) and

o0l < [ M Dds- sup 1665
0<s<t
if T(t, s) satisties the estimate || T'(t,s)| 1z 2 < Me**=) fort > s > 0 and
some o € R, where, as before, Z = CN x L*([—a, ), (CN).

Proof

Note that the 1ntegral is Well defined with values in X by the previous lemma.
Since the map ¢ — fo s)G(s)ds is continuous when regarded with values
in Y* = Z (see lemma 2. 1 page 54 in [17]) and the norm of L*°([—a, b], CY) of
an element in C°([—a, b], CN ) coincides with the usual norm in C°, the claim
concerning continuity follows immediately by lemma 2.3 in [17]. O
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