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LOCAL STABILITY ANALYSIS OF DIFFERENTIAL
EQUATIONS WITH STATE-DEPENDENT DELAY

EUGEN STUMPF

ABSTRACT. In the present article, we discuss some aspects of the local stability
analysis for a class of abstract functional differential equations. This is done
under smoothness assumptions which are often satisfied in the presence of a
state-dependent delay. Apart from recapitulating the two classical principles of
linearized stability and instability, we deduce the analogon of the Pliss reduc-
tion principle for the class of differential equations under consideration. This
reduction principle enables to determine the local stability properties of a solu-
tion in the situation where the linearization does not have any eigenvalues with
positive real part but at least one eigenvalue on the imaginary axis.

1. INTRODUCTION

Let h > 0 and n € N be fixed. Further, after choosing some norm || - ||g» in R”,
let us denote by C' the Banach space of all continuous functions ¢ : [—h, 0] — R"
provided with the norm |[¢[lc := sup,c(_p g [|#(s)||lre. Similarly, C* denotes the
Banach space of all continuously differentiable ¢ : [—h,0] — R" with the norm
given by ||¢||ct = ||¢]|lc + ||¢']|c. For any continuous function = : I — R™ defined
on some interval I C R and any real t € R with [t — h,t] C I, let x; € C denote
the so-called segment of = at ¢, that is, the function z; : [—h,0] — R™ defined by
x(0) == x(t +6) for all —h < 6 < 0.

In what follows, we consider the functional differential equation

(1.1) a'(t) = f(x)

defined by some map f : U — R"™ from an open neighborhood U C C! of the
origin in C' into R" with f(0) = 0. In doing so, we have in mind that Eq. (1.1)
represents a differential equation with a state-dependent delay in a more abstract
form. In order to clarify this point, consider for simplicity the differential equation

(1.2) a'(t) = g(z(t — r(x(1))))
with a map g : R" — R” satisfying §(0) = 0 and with a discrete state-dependent
delay given by some function r : R™ — [0, h]. Defining the map f : C' — R" by

F(9) = g(é(=r(¢(0)))),

we see that Eq. (1.2) can be written in the more abstract form

2(t) = gla(t — r(z(t))) = G =r(2:(0)))) = f(z:)
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of Eq. (1.1). Hence, instead of studying the original differential equation (1.2),
we may as well study Eq. (1.1).

The proposed transformation works also for many other differential equations
with state-dependent delay. In addition, observe that in the discussed example
the map f could have been defined on the greater Banach space C' and not on C*.
Then Eq. (1.1) would form a so-called retarded functional differential equation as
considered for example in Diekmann et al. [3]. But in contrast to the constant
delay case, the theory of retarded functional differential equations is in general
not applicable in the presence of a state-dependent delay (see for instance Walther
1))

A solution of Eq. (1.1) is either a C'-smooth function = : [ty — h,t.) — R",
to < t. < 00, such that z; € U for all tg <t < t, and x satisfies (1.1) as ty < t < t,
or a C'-smooth function z : R — R" such that 2, € U for each ¢t € R and Eq.
(1.1) is satisfied everywhere in R. For instance, z : R 5 ¢ — 0 € R" is a solution
of Eq. (1.1) in view of the assumption f(0) = 0.

In order to get further solutions of Eq. (1.1), we shall make two standing
smoothness assumptions on the map f under consideration:

(S1) f is continuously differentiable, and

(S2) for each ¢ € U the derivative Df(¢) : C' — R™ extends to a linear map

D.f(¢) : C — R" such that

U x5 (6,0) = Df(o) € R”

1s continuous.

In particular, these conditions are typically satisfied in cases where f represents
the right-hand side of a differential equation with state-dependent delay. Provided
that f satisfies (S1) and (S2), the results in Walther [15] show that for each ¢ € X;
with Xy defined by
Xp={YeUl[y(0)=/f)},

there is a uniquely determined ¢, (¢) > 0 and a (in the forward ¢-direction) non-
continuable solution ¢ : [—~h, t,(¢)) — R™ of Eq. (1.1) with initial value z{) = ¢.
Moreover, all segments xf, 0 <t<ti(¢)and ¢ € Xy, are contained in the solution
manifold X; and the relations

F(t,¢) =}
define a continuous semiflow F': {2 — Xy with domain
Q= {(t, ) € [0,00) x X; |0< 1 < (1)
and continuously differentiable time-t-maps
Fo{ e Xy 0<t <t (0)}36m Flt,0) € Xy,

In the context of the semiflow [, the trivial solution z : R 2 ¢ +— 0 € R" of
Eq. (1.1) is the equivalent of the stationary point ¢y := 0 € X of F' as we clearly
have F(t,0) = 0 for all t € R. In order to describe the qualitative behavior of
some other solutions of Eq. (1.1) in close vicinity of the trivial one, it is natural
to analyse the stability properties of the stationary point ¢ of F'. Recall that
¢o is called stable if for each € > 0 there is some constant d(¢) > 0 such that
for all ¢ € Xy with ||¢ — ¢ollcr = ||¢]lcr < 0(e) it follows that ¢, (¢) = oo and
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that [|F(t,¢) — F(t,¢0)|lcr = || F(t, ¢)||cr < € for all t > 0. Otherwise, we call ¢
unstable. So, in the situation of stability of ¢g, each sufficiently small initial value
¢ € X; leads to a solution z? of Eq. (1.1) which exists and remains small for all
non-negative t € R. On the other hand, if ¢, is unstable then there exists an open
neighborhood V' of 0 € Xy with the property that for any > 0 we find an initial
value ¢ € V with ||[¢ — ¢ollcr = ||¢||cr < 0 such that the associated trajectory
0,t:(p)) >t +— 0 = F(t,¢) € Xy of F leaves the neighborhood V' of ¢y = 0 for
some finite 0 < t < t4.(¢).

One of the most common methods for the stability analysis of stationary points
of flows or semiflows is based on the study of the linearization and its spectrum.
In the situation of the semiflow F' and the stationary point ¢y considered here,
the linearization is given by the Cy-semigroup T := {T'(t)}+>0 of bounded linear
operators T'(t) := Dy F(t, ¢g) = D2 F(t,0) acting on the Banach space

ToXs = {y € C' [ ¢'(0) = Df(0)y},
which is equipped with the norm || - |1 of the larger space C'. For the action of

an operator T'(t) on some x € ToX; we have T(t)x = vy, where v} is the segment
of the unique solution vX : [—h, 00) — R" of the linearized variational equation

(1.3) V'(t) = Df(0)vy

with initial value v} = x. In particular, 0 € 75X, and T'(¢)0 = 0 for all ¢ > 0;
that is, 0 € Ty X is a stationary point of 7" and, in context of Eq. (1.3), it is the
equivalent of the trivial solution v : R 3 ¢t — 0 € R™. The infinitesimal generator
of T is the linear operator G : D(G) 3 x — X' € Ty X with domain

D(G) = {y € C* | ¢(0) = Df(0)y,¢"(0) = Df(0)¥'}

contained in the set C? of all twice continuously differentiable y : [—h, 0] — R™.

Now, the spectrum o(G) C C of G determines not only the stability properties
of the trivial stationary point of the linearization T" of F' but in certain situations
also the stability properties of the trivial stationary point ¢y = 0 of F'. To make it
more apparent, observe that by using the linear operator L := D f(0) € £(C*, R")
and the generally nonlinear map g : U 5 ¢ — f(¢) — L¢ € R™, we may rewrite
Eq. (1.1) into the form

(1.4) 2’ (t) = Lxy + g(xy).

Both, L and g, inherit properties (S1) and (S2) from f, and we clearly have
g(0) = 0 € R" and Dg(0) = 0 € L(C',R™). So, in close vicinity of 0 € C!
the map ¢ is small in a sense and, under certain conditions on ¢(G), the linear
part on the right-hand side of Eq. (1.4) has such a strong impact on the local
dynamic near the origin such that the trivial solution of Eq. (1.4), and so of Eq.
(1.1), has the same stability properties as the trivial solution of the linearized
variational equation (1.3). However, before we will discuss this point in length,
we shall point out that the semigroup 7" and its generator G are closely related to
another strongly continuous semigroup and the associated infinitesimal generator.
For this purpose, recall that due to assumption (S2) the operator D f(0) : C* — R
extends to a bounded linear operator L. := D.f(0) : C' — R". In particular, L,
defines the linear retarded functional differential equation

'U/(t> = Le/Ut-
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The corresponding Cauchy problem

{ V'(t) = Levy
Vo =X

has for each x € C' a uniquely determined solution; that is, for each xy € C there is a
unique continuous function vX : [—h, 00) — R"™ which is continuously differentiable
on (0, 00), satisfies the linear retarded functional differential equation for all ¢ > 0,
and the segment of vX at ¢ = 0 coincides with the initial value y. The relations
T.(t)x = v} for x € C and t > 0 induce a Cy-semigroup T, := {T.(t)};>0 on the
Banach space C'. Its infinitesimal generator is given by G, : D(G.) > x — x' € C
with domain
D(Ge) == {p € C" | ¢¥'(0) = L}

The last set clearly coincides with TyX;. Moreover, as discussed in Hartung et
al. [5], we have T'(t)¢p = T.(t)¢ for all ¢ € D(G.) and all t > 0, and the two
spectra 0(G.),0(G) C C of the generators G., G, respectively, are identical. The
spectrum o(G.), and so as well the spectrum o(G), is given by the zeros of a
familiar characteristic equation. It is discrete and contains only eigenvalues whose
generalized eigenspaces are finite-dimensional. In addition, for any # € R the
intersection {A € C | R(A\) > 8} No(G) is either empty or finite.

But let us return to the question of stability of the stationary point ¢g = 0 of
the semiflow F'. Suppose that spectrum o(G.) and so o(G) contains at least one
eigenvalue with positive real part. Then, by the principle of linearized instability,
¢ is an unstable stationary point of the semiflow F. On the other hand, assume
that all eigenvalues of GG, have negative real part. Then, by the principle of
linearized stability, ¢q is a stable stationary point of the semiflow F'. To be more
precisely, in this situation ¢q is even locally asymptotically stable; that is, it is
stable and attractive. Here, the last point means that there is some € > 0 such
that for all ¢ € X; with ||¢ — ¢ollcr = ||@]lcr < € we have t4.(¢) = co and

1E(t,0) = doller = [F(t,9)ler = lafllor =0 as ¢ — co.

So, each sufficiently small initial data in X; does lead to a solution of Eq. (1.1)
that does not only exist and stay small for all £ > 0 but also converges to 0
as t — o0o. In summary, we obtain the following theorem about local stability
analysis of the semiflow F' at the stationary point ¢y = 0 via the spectrum of its
linearization.

Theorem 1.1. Let f : U — R™ defined on some open neighborhood U C C' of
0 € CY with f(0) = 0 be given and suppose that [ satisfies the two smoothness
assumptions (S1) and (S2).

(i) If there is some A € o(G,.) with R(A) > 0 then ¢pg = 0 is unstable for the
semiflow F' generated by Eq. (1.1).

(i) If R(N) < 0 for all A € o(G.) then ¢y = 0 is locally asymptotically stable
for the semiflow F' generated by FEq. (1.1).

A detailed proof of assertion (ii) is contained in Hartung et al. [5, Theorem 3.6.1]
whereas a proof of statement (i) can be found in [10, Proposition 1.4]. Further,
we shall mentioned two points related to the theorem above.



LOCAL STABILITY ANALYSIS OF DIFFERENTIAL EQUATIONS WITH S.-D. DELAY 5

Remark 1.2. 1. Recall, that in general, the properties of stability and attraction
are independent from one another. In particular, there exist both examples of
stable but not attractive as well as examples of attractive but not stable stationary
points of semiflows (compare, for instance, Amann [1, Remark 15.1(d)]).

2. The assertion of the principle of the linearized stability, that is, part (ii)
of Theorem 1.1, goes even further than only local asymptotic stability of the
stationary point ¢o. In fact, the rate of the attraction is exponential. More
precisely, we find reals € > 0, K > 0 and w > 0 such that for all ¢ € X; with
16 — doller = |@ller < e we have ¢, () = o and

IE(t, ¢) — doller = | F(t, )llen < Ke™*
ast > 0.

The new ingredient of this paper is now the study of the situation where, under
the standing smoothness assumptions (S1) and (S2) on f, an application of Theo-
rem 1.1 fails in order to draw any conclusions about the local stability properties of
¢o from the linearized differential equation and its spectrum. This clearly occurs
when the spectrum o(G,) of the linearization does not have any eigenvalue with
positive real part but at least one eigenvalue on the imaginary axis. In our main
result Theorem 3.1 we show that, under the described conditions, ¢y has the same
local stability behavior as the zero solution of the ordinary differential equation
obtained by the reduction of Eq. (1.1) to a local center manifold of F' at ¢y.

Note that Theorem 3.1 is completely in analogy with the theory of ordinary
differential equations where the analog statement is known as the Pliss reduction
principle (compare Pliss [8] and Vanderbauwhede [14, Theorem 5.18]). Moreover,
in order to show Theorem 3.1 we follow the proof of the Pliss reduction principle
given in Vanderbauwhede [14] and at the first glance we will need only negligible
modifications. But observe that the key ingredient of the approach is an attrac-
tion property of so-called local center-unstable manifolds, and the proof of this
attraction property in case of Eq. (1.1) differs in some parts essentially from the
one in the situation of an ordinary differential equation. A reason for that is
the fact that, in contrast to an ordinary differential equation, a solution of Eq.
(1.1) may generally not be continued in the backward time direction. However,
the attraction property used in this paper is stated in Proposition 2.1 and it is a
consequence of the main results in [13].

The rest of this paper is organized as follows. The next section is devoted to
local invariant manifolds of the semiflow F' at the stationary point ¢g = 0. At
first, we recap the existence and some properties of so-called local center-unstable
and local center manifolds. After that we show, that under certain assumption
on the spectrum o(G,), the two classes of local invariant manifolds coincide in
the sense that each local center-unstable manifold is also a local center manifold
and vice versa. Then we proceed with the discussion of the possibility to reduce
the dynamic of the semiflow F' near ¢y = 0 to such an invariant manifold. This
point will be essential for the formulation of our main result, which we will state
and prove in Section 3. In the final section, we close the present paper with the
discussion of a concrete example for the application of Theorem 1.1 as well as of
Theorem 3.1.
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2. LOCAL CENTER AND CENTER-UNSTABLE MANIFOLDS

Recall that the spectrum o(G.) is given by the zeros of a characteristic equation,
it is discrete and it consists only of eigenvalue with finite dimensional generalized
eigenspaces. In addition, we have the decomposition

0(Ge) = 0u(Ge) U (G.) Uos(Ge)

where 0, (Ge), 0.(Ge) and o5(G.) are subsets of 0(G,.) with eigenvalues with pos-
itive, zero, and negative real part, respectively. Since for every g € R the set
{AN e C| R(\) > B} no(G,) is either empty or finite, each of the sets 0,(G.)
and o.(G,) is either empty or finite as well. In particular, the associated reali-
fied generalized eigenspaces €, C C and C,. C C, which are called the unstable
and the center space, respectively, are both finite dimensional and contained in
D(G.) C C'. On the other hand, the stable space C; C C, which is the realified
generalized eigenspace associated with o4(G,), is infinite dimensional. However,
each of these three subspaces is invariant under the generator GG, and altogether
they provide the decomposition

C=C,0C.®C;

of the Banach space C'. Moreover, the intersection C! := Cy N C is closed in C!
such that we also obtain the decomposition

C'=C,®C,®C!

of the smaller Banach space C!.

Assume now that, apart from our assumptions on f so far, C,, := C.®C, # {0}.
Then the main results in [11, compare Theorems 1 & 2] show that in close vicinity
of the origin in Xy we find a so-called local center-unstable manifold W, of I
at the stationary point ¢y = 0; that is, there exist open neighborhoods C., o of
0 in Ce, and Cj, of 0 in C} with Ny := Ceyo + Chy C U and a continuously
differentiable map we, : Ceu,o = Cf With we,(0) = 0 and Dwe,(0) = 0 such that
the graph

Wcu = {Qb + wcu(gb) | ¢ € Ccu,O}a

which clearly contains ¢g = 0, has the properties below.

(i) We, C Xy and W, is a C'-submanifold of X; with dim W, = dim C,,.
(il) W, is positively invariant with respect the semiflow F relative to N,; that
is, for each ¢ € W, and all t > 0 with {F(s,¢) | 0 < s <t} C N, we
have {F(s,¢) |0 < s <t} C W,,.
(ili) W, contains the image y((—o0,0]) of any trajectory v : (—o0,0] — X of
F with v(t) € N, for all t <0.

As proven in [13, Theorem 1.2] such a local center-unstable manifold W, is
also attractive in the following sense: For each ¢ € X with t.,(¢) = oo and with
F(t, ¢) being sufficiently small for all ¢ > 0 there is some ¢ € Xy with ¢, (¢)) = o0
such that F(t,¢) € W, ast > 0 and such that F(t,¢)—F(t,$) — 0 exponentially
for t — oco. In other words, W,, attracts the segments of all solutions of Eq. (1.4)
which exist and remain sufficiently close to the stationary point ¢y = 0 for all
t > 0. But even more is true as we shall see in the next proposition that forms a
local version of Corollary 5.11 in [13].
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Proposition 2.1. There exist open neighborhoods V,D of ¢9 = 0 in Xy, a real
na > 0, and a continuous map H : D — W, with H(0) = 0 such that for each
€4 > 0 there is some d4 > 0 with the property that for all ¢ € D with ||p||cr < da
and all t € [0,t4 () N[0, (H(¢))) with F(s,¢), F(s,H(¢)) €V as0<s<t

IF(t,¢) — F(t, H(9))llcr < eae™™".

Proof. The assertion follows by application of Corollary 5.11 in [13] and subsequent
restriction of the statement to a neighborhood of the stationary point ¢y = 0. In
order to be more precisely, recall from [13] that by construction W, is the subset
of a global center-unstable manifold W", n > 0, that is contained in some open
neighborhood, say O, of 0 in U. Moreover, the manifold W is attractive in the
sense of Theorem 4.1 in [13] and this attraction property is formulated by making
use of a continuous semiflow Fj : [0,00) X X5 — X; on a state space X5 C C?
with 0 € X and of a continuous map H, : Xs — W" with H?,(0) = 0.

Next, observe that in each sufficiently small neighborhood of 0 in U, the state
space X, coincides with X; and each time-t-map Fj(¢, -) takes the same values as
F(t,-). Let V denote such a neighborhood of 0 in U. Set D := VN X5 C Xy and
H := H],|p . Then H is clearly continuous and satisfies H(0) = 0. Further, we

claim that we also may assume that H (D) C W,,. Indeed, in other case we could

choose DN HY(W"NO) = DN H Y(W,,) as the new domain of the map H.
Now, given €4 > 0, by Corollary 5.11 in [13] we find some §4 > 0 such that

|E5(t, ¢) = Fs(t, H(0)llor < eae™

for all t > 0 and all ¢ € X5 with ||¢]|cr < da. Consider now any ¢ € D sat-
isfying ||¢|lcr < 04 and suppose that for 0 < ¢ < min{t;(¢),t(H(¢))} we
have F(s,¢), F(s,H(¢)) € V as 0 < s < t. Then H(¢) = H!,(¢). Moreover,
F(s,¢) = Fs(s,¢) and F(s, H(¢)) = F5(s, H(¢)) = Fs(s, H,(¢)) forall 0 < s < t.
Hence,

1F(t,¢) = F(t, H())ller = | F5(t, ¢) — Fs(t, Ho,(9))lor < eae™
and this proves the assertion with the choice n4 = 7. O

The proposition above will be essential for the proof of our main result although
the last one actually will concern the dynamic of the semiflow F' induced on a so-
called local center manifold. In order to clarify this point in some detail, suppose
that, in addition to the hypothesis on f, dimC, > 1, that is, C. # {0}, holds.
Then the results in Hartung et al. [5, Theorem 4.1.1] and Krisztin [7] show that
we find open neighboorhoods Ceo of 0 in C. and Cj, of 0 in C} & C, with
Ne=Ceo+ C’;%O C U, and a C'-smooth map w, : C.og — CL, with w.(0) = 0 and
Dw,.(0) = 0 such that for the set

We:={o+w.(p)| o€ Oc,O}v

which contains ¢y = 0 and is called a local center manifold of F, the following
holds:

(i) W. C Xy, and W, is a C''-submanifold of X; with dim W, = dim C...

(ii) W, is locally positively invariant with respect to F relative to N..

(ili) W, contains the image v(R) of any globally defined trajectory v : R — X
of F' with v(t) € N, for all t € R.
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So, in particular, W, contains the segments of all globally defined and sufficiently
small solutions of Eq. (1.4), and so of Eq. (1.1). In addition, observe that we also
may assume that the derivative of the map w, is bounded on its domain. That is a
simple consequence of the C'-smoothness of w, in combination with the equations
w.(0) = 0 and Dw.(0) = 0 as shown below.

Corollary 2.2. There is no restriction of generality in assuming that for the map
we : Ceg — CL., whose graph defines the local center manifold W,

su’

sup | Dwe(¢)]| < oo

¢EC¢:,O

holds.

Proof. Assuming that supyec, , [|Dwe(¢)| < oo does not hold, below we construct

another local center manifold W, with the desired property. For this purpose,
choose some ¢ > 0 such that for the open ball Bs;(0) of radius 6 about 0 in the

center space C. we have Bs(0) C Cepo. Set Cv(c’o := B;(0), N := B;(0) + C},
W, := we|p,; : B5(0) = Cl,,. Of course, N C U and 1, is C'-smooth and does
satisfy @.(0) = 0 and Dw.(0) = 0. Furthermore, straightforward arguments show

that the graph

o and

We = {d+wc(9) | ¢ € Ceo}
of @, has the properties (i) — (iii) of a local center manifold, whereas the set N
has to be replaced by N. Now, the function ¢ — || Dw.(¢)|| is clearly continuous.
Hence, it takes a maximum 0 < M < oo on the compact subset m of C.. It
follows that

sup [|Dwe(¢)|| = sup [[Dwe(¢)|| < sup [[Dw.(0)]| < M < oo,
#eCe $€Bs(0) $eB;(0)

and this finally completes the proof. O

If now the spectral part o,(G.) is not empty then, in view of the statements
about the dimension, it is clear that the local manifolds W,, and W, differ from
each other. But in our main result we will treat the situation where the lineariza-
tion does not have any unstable direction, that is, where o, = (). And in this case,
it may be assumed that both W, and W,, coincide as discussed below.

Proposition 2.3. Suppose that, apart from the smoothness assumptions (S1) and
(S2) on f, 0,(Ge) = 0 but 0.(Ge) # 0. Then each (sufficiently small) local center-
unstable manifold of F' at ¢pg = 0 (in the sense of [11, Theorem 1]) is also a local
center manifold of F' at ¢g = 0 (in the sense of [5, Thorem 4.1.1]), and vice versa.

Proof. For each 1 > 0 let C)  and C% | denote the Banach spaces

,(—00,0
C%,R ={ue C[R,CY | suﬂg e_"lt‘||u(t)||Rn < o0}
te

and
1
Cn,(

—00,0] :

={u € C((—00,0,C") | sup " [lu(t)l|r < oo},
t<

respectively. Then recall that in the main the construction of local center manifolds
in [5] runs as follows. After fixing appropriate real n > 0 and small enough § > 0,
one considers a specific parameter-dependent contraction G : C’%,R X Co — C'%,R
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with G79(0,0) = 0 such that for each ¢ € C. the equation u = G"°(u, ®) has
a uniquely determined solution u(¢) € C;R. This leads to a continuous map
u™ : C. > ¢ u(p) € Cy, and a local center manifold of F' at ¢ = 0 is then
defined as that subset of W7 = {u?(4)(0) | ¢ € C.} where the parameters
¢ € C, are contained in the open ball of radius 6 about 0 in C..

Similarly, the local center-unstable manifolds in [11] are constructed by conside-
ring, for the same 1 > 0 as in the case of local center manifolds and sufficiently
small § > 0, a parameter-dependent contraction G7° : C%,(—oo,o] X Cly — C%,(oo,o}
satisfying G79(0,0) = 0 and leading for each fixed ¢ € C,, to a uniquely de-
termined solution u(¢) of the equation u = G%°(u,¢). This results in a con-
tinuous mapping u?’ : C., 3 ¢ — u(¢p) € O%,(foo,O}’ and the restriction of
Wne = {u" (¢)(0) | ¢ € Cuy} to parameters ¢ € C,, in the open ball of ra-
dius 0 about 0 in C,, defines a local center-unstable manifold of F' at ¢g = 0.

Now, observe that by assumptions we have C, = {0} C C! and so C, = C,,.
Therefore, a careful comparison of the definition of G7° in [5] and the one of G"?
in [11] leads to the conclusion that for all sufficiently small 6 > 0 we have

ul (9)(t) = udy () (t)

for all ¢ € C. = C,, and all t < 0. In particular, u?°(¢)(0) = u?°(¢4)(0) for each
¢ € C.. It follows that W = W19 which implies the assertion. O

cu ?

From now on and until the end of the next section, we assume that the assump-
tions of the last result hold and we set W, = W, w. = we,, and d := dim W, > 0.
Further, let P.: C' — C. denote the continuous projection of C' along C! onto
C.=Cy.

Our next goal is to derive an ordinary differential equation describing the dyna-
mics on W, induced by solutions of Eq. (1.4). For this purpose, choose a basis
{p1,...,¢4} C C" of the center space C. and introduce the row vector

(Pc = (¢1, .. .,¢d).

Then each ¢ € C. has clearly a uniquely determined representation as
d
¢ =D.c(0) =Y b;c;(9)
j=1

with a column vector c(¢) := (¢1(9), -+ ,cqa(¢))? € RL Thus, using the notation
I.: C. — R? for the bounded linear map assigning each ¢ € C. the coefficient
vector c(¢) € R we get ¢ = &, I.(¢) for all ¢ € C..

Next, observe that, in consideration of the invariance of C, under G,., we find
some matrix B, € R¥9 such that

G.b.=9.B.

with the row vector G, @, := (Ge¢1, ..., Gepg). The eigenvalues of the matrix B,
coincide with o.(G.), that is, B, has the same eigenvalues as the restriction of G,
to C..

Now, as discussed in [10, Chapter 2.6], we find an open neighborhood V' C R?
of 0 € R? and a continuously differentiable function h : V' — R? with h(0) = 0
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and Dh(0) = 0 such that the center manifold reduction of F' to W, reads
(2.1) 2'(t) = B, z(t) + h(z(t)).

In other words, there are V' and h as described above such that on the one hand,
given any solution x : I + [—h,0] — R", I C R an interval, of Eq. (1.4) with
2, € W, for all t € I, the function z : I 3 t — I, P.x, € R? forms a solution
of Eq. (2.1). And on the other hand, for any solution z : I — R% I C R an
interval, of Eq. (2.1) we find a solution x : I + [—h,0] — R™ of Eq. (1.4) with
=P 2(t) + we (P 2(t)) for all t € 1.

3. THE REDUCTION PRINCIPLE AND ITS PROOF

After all the preparatory work we are now in the position to state our main
result.

Theorem 3.1. Let f be as in Theorem 1.1 and suppose that o,(G.) = 0 but
0.(Ge) # 0. Ifz: R >t~ 0 € RY is unstable / stable / locally asymptoti-
cally stable as a solution of Eq. (2.1), then ¢og = 0 is unstable / stable / locally
asymptotically stable as a stationary point of the semiflow F.

Remark 3.2. As already mentioned in the introduction, the above result is com-
pletely similar to the so-called Pliss reduction principle from the theory of ordinary
differential equations. For more details, we refer the reader to Pliss [8] and Van-
derbauwhede [14].

The statement of Theorem 1.1 consists of three parts and we show them in a
series of propositions. But before doing so, we prove the following auxiliary result
which is of similar type as Theorem 1.6 in Getto & Waurick [4]:

Proposition 3.3. Given f as in Theorem 1.1, there is some b > 0 such that
if ¢ € Xy and if the associated solution z% : [—h,t.(¢)) — R™ of Eq. (1.1) is
bounded by b, that is, ||z?||cr < b for all 0 < t < t,(¢), then t,(¢) = co.

Proof. To begin with, recall from Corollary 1 in Walther [16] that there is some
open neighborhood Ug about 0 in U on which the map D.f : U — L(C,R"™)
is bounded. Next, note that by the continuity of the semiflow F' we also find
some open neighborhood Uj, of 0 in U such that for all ¢ € U, N X; we have
t+(¢) > h. Fix now any b > 0 with {¢ € U|||¢||cx < b} C Ug N U,, and suppose
that for given ¢ € X; we have ||z||c1 = ||[F(t,%)||cr < bas 0 <t < t,(4). Then
the assertion follows from Proposition 2.2 in Diekmann et al. [3, Chapter VII.2]
provided the closure of {z} | 0 <t < t, (1))} C X is compact. Hence, in view of
the Arzela-Ascoli Theorem, it suffices only to prove that both sets

O:={a} |0<t <ty ()} and O :={(af) |0<t <t ()}

are bounded with respect to the norm of C' and equicontinuous. This is done in
the following.

First, recall that by definition [|z||c1 = [|2¥]|c + [|(z¥)|lc as 0 < t < t,(¥).
Therefore, the assumption ||z¥]|c1 < b for all 0 < ¢t < t,(¢) clearly implies the
boundedness of both O and O with respect the || - ||c-norm. Furthermore,

2l (s) —af(u) = 2¥(t +5) — 2¥(t +u) = /t+ S(xw)/(v) dv



LOCAL STABILITY ANALYSIS OF DIFFERENTIAL EQUATIONS WITH S.-D. DELAY 11

and therefore

(31 fat(s) = 2} ()| < _dnax (=) () e |s — ul < bls —ul

for all 0 <t < ty(¢) and all s,u € [—h,0]. Thus, O is also equicontinous.

The only point remaining concerns the equicontinuity of @’. In order to see this,
let € > 0 be given. Recall from the beginning of the proof that we have t (¢) > h.
As (z¥)' is continuous, its restriction to the interval [—h, h] is uniformly continuous.
For this reason, there is some §; > 0 such that for all u, s € [—h, h| the implication

s—ul <o = @) (s) = (@) (u)]zn <

holds. In particular, given 0 < ¢t < h and reals s,u € [—h, 0] with |s — u| < 07, we
have || () (s) = (') (u) |an < e.
Next, consider any fixed ¢ > h. Then, for all s,u € [—h, 0], we get
() (s) = (&) (W) lre = (@) (¢ + 5) = (@) (t + w)|zn
= |f(F(t+s,9)) = f(F(t +u,2))|[rn

1
/ Df(x;/}-i-u + U(xirs - x;/}-i-u)) [xﬁrs - xf+u:| dv
0

Rn
1
= / Def(x:f/)-i-u + U(x;p-i-s - x:f/)-i-u)) [.T:ﬁ,_s - ajf—f—u} dv
0 Rn
1
S / HDef(x;p—i-u + ’U(x;p-i-s - x?—i—u)) [x;p-&-s - $;p+u:| ’R" dv
0

and so, in view of the boundedness of ¢ — D, f(¢) on Up and estimate (3.1),

1
() (s) = (x}) (u) | S/ sup [|Def (9)|l[|2fs — 2tiullo dv
0 ¢€Us

= sup [[Def(9)]| max =7 (s + v) — ] (u+ 0)||n
6eUp —h<v<0

< sup [[Def ()] -b-|s — ul.
¢€Us

In particular, it follows that ||(z¥)(s) — (V) (u)||gn < € provided s,u € [—h, 0]
satisfy |u — s| < dy with

s : ‘

9 1= .

SUP ey, || Def (V)b

Now, choosing 0 < § < min{dy, d}, we see that for all ¢ > 0 and all s, u € [—h, 0]

with |s—u| < & we have ||(zV)'(s)— (z) (u)||g» < €. This shows the equicontinuity
of @ which finally finishes the proof of the proposition. O

Now, we return to Theorem 3.1 and prove the assertion that the stability of the
zero solution of the reduced differential equation implies the stability of ¢.

Proposition 3.4. Consider f and o(Ge) as in Theorem 3.1 and suppose that
z:R >t~ 0¢eR?is stable as a solution of Eq. (2.1). Then ¢g =0 € X; is a
stable stationary point of the semiflow F'.
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Proof. 1. Let € > 0 be given. We have to find some constant § > 0 with the
property that for each ¢ € X; with |[¢[cx < ¢ it follows t,(¢)) = oo and
|E'(t,¢)]|cr < € for all ¢ > 0. For this purpose, let || - ||z« denote any norm
in R? and k£ > 0 some real ensuring ijl lvs] < E||v||ge for all v € R Further,
choose any 0 < € < e such that for all ¢ € X; with ||¢||c1 < € we have ¢ € V
where V is the open neighborhood of 0 in X from Proposition 2.1. Observe that
additionally we may assume that € satisfies € < b with constant b introduced in
Proposition 3.3.

2. Given ¢ € W,, suppose that for the associated solution x¥ of Eq. (1.4) we
have t, (1)) = oo and z¥ € W, for all ¢ > 0. Then, by definition, each segment z?
t > 0, may be written in the form :Ef =P, x? + w.(P, a:f) Moreover, the function

¥:[0,00) 3t I, Pz} € R
is a solution of Eq. (2.1). Next, observe that for each ¢ > 0 we have
| Pe x;pHCl = || (P m:tp)HCl
= H¢ (1)l

< ZIZ ) é5lle

< max ||y Z|zf<t>

1<5<d

< o e (0l

and therefore
¥ ler = |1 Pea} + we( Pl
< 1Pt ller + [[we(Pexy) s
(32) < ||P.ay HCI+¢Sup |Dwe(@)I[]| Pz}l

ECC 0

< (14 sup [[Duwe(e)]]) gg%\!d)j\!wk!\zw(t)\!w

¢eCe o
with supsec, , [[Dwe(¢)|| being assumed to be bounded due to Corollary 2.2.
Now, recall that by assumption z : R 3 t — 0 € R? is stable; that is, for
any fixed eg > 0 there is some dg(eg) > 0 such that for each z € R? with
|Z]|re < dr(eg) the solution z(-;2) of Eq. (2.1) with z(0;2) = Z does exist for all
0 <t < oo and satisfies ||z(t; 2)||ga < €g as t > 0. Set

€
2k(1 + supyec, , | Dwe(o)|) maxi<j<a ¢l o

€ER ‘=

and then fix

dr(€r)

TP

We claim that for each Y € W, with [|¢)||c1 < 6 we have both t, (1)) = oo and
|E(t, )| = ||2¥]|cr < €/2 as t > 0. In order to see this, set z(¢)) := I,P.) and

0<d<
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observe that
I2()lre = ITePtbllga < | TPelll[]lcr < | TePell6 < Sr(er).

Hence, the solution z(-; z(1)) of Eq. (2.1) does exist for all ¢ > 0 and additionally

satisfies ||z(t; 2(1)))||ge < €r as t > 0. But then we find a solution z : [—h, o0) —
R™ of Eq. (1.4) with

2 = Pe(t; 2(1)) + we(Pe 2(L; 2(¢))) € W
As
zg = P, 2(0; Z(Qz))"f'va(@cZ(O; Z(@E)) = QSCZ(&)"‘wc(@c Z(@Z))) = Pc@Z)‘f‘wc(Pc@E) = Q;

it follows that z;, = F(t, ) = F(t,1)) = a:f as t > 0. In particular, asf € W, for
all £ > 0 such that, in view of estimate (3.2), we finally get for each ¢t > 0

1E(t, Dller = (|27 ljen
< (14 sup |[Dw(@)ll) max |[¢;llcr k [|2(t; 2(D))]| g

#eCe o 1<5<d
3.3
(3:3) < (1+ sup [|Dw(6)]]) max [|é;]lcr ke
¢6Cc,0 1§]§d
€
< Z
- 2

as claimed. Note that, due to the choice of € > 0 in the first part, the last estimate
also implies F'(t,v) € V for all t > 0.

3. Consider now the open neighborhoods V, D of ¢y = 0 in Xy, the real
n4a > 0, and the map H : D — W,, = W, from Proposition 2.1, and choose
some fixed 0 < €; < min{J, €/2}. As V,D are open, the map H continuous, and
H(0) = 0, there clearly is some real 0 < 01(€;) < 3€/4 such that for all ¢ € X;
with ||¢]|c1 < d1(e1) we have ¢ € VND and || H(¢)||c1 < €. Observe that for those
¢ it particularly follows that H(¢) € W, and ||H(¢)||cr < 0. Hence, given any
¢ € Xy with ||¢||cn < d1(€1), from the last part we conclude that ¢t (H(¢)) = oo
and that for each ¢ > 0 we have both ||F'(t, H(¢))||c: < €/2 and F(t, H(¢)) € V.

Next, note that we may assume that the real d;(e1) > 0 is sufficiently small such
that the estimate of Proposition 2.1 holds with constants €4 = €/4 and 4 = 1 (€1);
that is, we may assume that, for each ¢ € X satisfying ||¢[|c1 < 01(€1) and for all
0 <t<min{t,(¢),t (H(¢))} with F(s,¢),F(s,H(¢)) €V as0<s<t,

(3.4) 17, 6) — F(t 1) e < 7

holds. But by the last part, for all ¢ € X; with ||¢|lc1 < d1(€1) we have ¢ € V,
ti(H(¢)) = oo and F(t,H(¢)) € V as t > 0. For this reason, given ¢ € X;
satisfying ||¢||cr < d1(€1), from estimates (3.4) we first get

genat
(3:5) 1 d)ller < —5— + 1F(t, H(g))|en
and then by using estimate (3.3)
: o
(3.6) IFt o)l < 5+5=T

2
as long as F'(t, ¢) does exist and [0,t] 5 s — F(s,¢) € X stays in V.
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Now, suppose that for any ¢ € X with ||¢||c1 < 61(e1) the associated trajectory
0,t4(¢)) 2t — F(t,¢) € Xy would leave the neighborhood V of 0 € X for some
0 <ty < ti(¢). Then, in view of §1(€;) < 3€/4 and {¢p € Xy | ||[¢]|cr < €} C V,
we clearly would find some 0 < ¢y, < ty, with F(t,¢) € V for all 0 < ¢ < ¢, and
|EF'(tr, @)|lcr = €. Especially, in consideration of estimate (3.6), it would follow
that ||F(t,0)||c: < 3€/4 for all 0 < ¢ < t but ||F(tL,¢)||cr = €, which is a
contradiction to the continuity of the map [0,t,(¢)) 2t — ||F(t,¢)||cr € [0, 00).
Thus, for all ¢ € X satisfying ||¢||c1 < d1(€1) and all 0 < t < t,(¢) we have
F(t,¢) € V such that both estimates (3.5) and (3.6) are fulfilled as 0 < ¢t <t (¢).
But then it is also clear that t,(¢) = oo for each ¢ € X, with ||¢]cr < d1(er).
Indeed, it immediately follows from Proposition 3.3 as € < b by our choice of €
in the first part. Consequently, we see that for all ¢ € Xy with [|¢|c1 < d1(e1)
we have t,(¢) = oo and ||F(t,¢)||cr < 3€/4 < € < e ast > 0. This proves the
assertion. g

Next, we extend the arguments in the last proof in order to show that ¢q is
locally asymptotically stable provided the zero solution of the reduced differential
equation is so.

Proposition 3.5. Suppose that, under the assumptions of Proposition 3.4, the
function z is not only stable but locally asymptotically stable as a solution of (2.1).
Then ¢o = 0 € Xy is a locally asymptotically stable stationary point of F'.

Proof. Revisit the proof of Proposition 3.4 and suppose that the solution z is not
only stable but also attractive, that is, suppose that there is some A, > 0 such
that for all Z € R? with [|Z||ge < A, the solution z(+;Z) of Eq. (2.1) does exist
for all t > 0 and converges to 0 € R% as t — oco. Then we may assume that
A, < 6g(eg) holds, since otherwise we could take the real dr(eg) instead of A,
for the definition of an attraction region of z. Further, combining the continuity
of the map H with H(0) = 0, we find some 0 < A; < 61(e1) such that for all
¢ € Xy with [|¢||cr < Ay it follows that |[H(¢)|lcr < Ao/||IFe||. Consider now
any ¢ € X with [|¢p]lc1 < Ag, and set ¢ := H(1h) € W, = W, and 2(¢)) := TP
By assumption, ||1[|c1 < 61(e1) and so ||¢)]|c: < 1 < 8. Therefore, both solutions
z¥ and ¥ of Eq. (1.4) do exist for all £ > 0. Furthermore, all segments of z¥
belong to W, such that from the estimates (3.5) and (3.2) we conclude that

e nat ~
+ [1EE )l en

[E (¢, )ller <

(3'7) e nat -
< + (1 + sup [[Dwe(9)l]) k max ||g;llcr{|z(Z 2(¢))|ra

-4 $€Ce0 1<j<d

forall £t > 0. Asns > 0 and

A

12(0; () lee = 12(&)llge = [[TePetdllges < | LePell|9]lcr < IIFCPCIIM = Ao
it follows that the right-hand side of (3.7) converges to 0 € R as t — oo. But then
we clearly also have F'(t,1) — 0 for t — oo, and this proves the assertion. U

Finally, we complete the proof of Theorem 3.1 by showing that in the case of
an unstable zero solution of the reduced differential equation the trivial stationary
point ¢y of F' is unstable as well.
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Proposition 3.6. Given f and o(G.) as in Theorem 3.1, assume that the zero
function z(t) = 0 € R, t € R, is unstable as a solution of Eq. (2.1). Then
¢o = 0 € Xy is an unstable stationary point of F.

Proof. Suppose that ¢, = 0 is a stable stationary point of F'. Then we claim
that the zero solution of Eq. (2.1) is stable as well such that the assertion of the
proposition follows by the contrapositive.

In order to see our claim, let € > 0 be given. Then, by using the continuity of
P. and idgt —P,, we find a real 0 < ¢4 < €/||I.P.|| ensuring both

{P.¢| ¢ € C" with ||¢]|cr < €4} C Chep
and
{(idcl - )¢ | ¢ € Cl with ||¢||C1 < ed} - CsuO

Additionally, in consideration of the stability of ¢g, there is some 0 < d4 < €4 such
that for all ¢ € Xy with ||¢||c1 < 64 we have t,(¢) = oo and [|F(t,9)|lc1 < €4 as
0<t<ti(o)

Choose now

dg 5

(1+supgec, o [Dwe(d) Dk maxi<iza[difler”™

and consider any Z € R? satisfying ||Z||g« < §. We show that the solution z(-, Z)
of Eq. (2.1) with 2(0;2) = Z does exist and is bounded by ¢ for all non-negative
reals. For this purpose, observe that for ¢ := @.Z + w.(P.2) € W, it follows that
Illor < [1@Zller + [|we(@e2) [l en
<(1+ Sup [Dwe(@) || Pez|on

0<5<min{

60570
d
(1+¢s€up 1Dwe(@)1) Y 1Zll165llcn
cO '71

< (1+ sup [[Dwe()]]) max ||¢y||01Z|ZJ|

$€Ce.0 1<5<d

< k(L+ sup [[Dwc(¢)]|) max ||¢J||clll 2|

$€Ce.0 1<5<d

< alles
< k(1L sup [[Duc(o)]) s, 60

< 0g-
Therefore, t,(¢)) = oo and || F(t, 15)“01 < eras 0 <t < ti(¢). Furthermore,
)

in view of the choice of €4, F(t, remains for all ¢ > 0 in the open set N, =
Ceo + Ci, o where W, is positively invariant with respect F' (see property (ii) of

We). As additionally F(0,$) € W, it follows that F(t,1)) € W, for all t > 0. Thus,
F(t,9)) = P.F(t, ) + wC(P F(t,4)) as t > 0 and the C'-smooth curve

Y1 10,00) 3t [LP.F(t,0) € R?
with initial value
22(0) = [LP.F(0,0) = (I, 0 P)(®u? + we(®.2)) = [L(D.5) = 2
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satisfies Eq. (2.1) for all 0 < ¢ < oo. From the uniqueness of solutions we conclude
that the solution z(-; Z) of Eq. (2.1) with 2(0; 2) = Z does exist for all t > 0 and

coincide with the curve z¥. In particular,
12t 2)llpa = 127 () e = 1TPF () e < ITPIIF(E D) lor < [ITPellea < €
as t > 0, which finally finishes the proof of our claim and so of the proposition. [

4. EXAMPLE

In this final section, we give a concrete example to illustrate the application of
Theorem 1.1 and, especially, of Theorem 3.1. For doing so, set h =1 and n =1 in
the definitions of the Banach spaces C' and C*, and consider the scalar differential
equation

(4.1) 2(t) = afo(t) — 2(t — )] — |2(t)](t)

with a real parameter a > 0 and a delay r» > 0. This equation represents a mathe-
matical model to describe short-term fluctuations of exchange rates. Originally, it
was motivated in the case of the constant delay » = 1 and a thorough discussion
of Eq. (4.1) and the behavior of its solutions in this situation is contained in
Brunovsky et al. [2]. Here, we consider the situation of a state-dependent delay
r=r(z(t)) > 0, that is,

(4.2) (1) = alz(t) — 2zt — r(2(1)))] - [o(t)|z(1),
which is studied in [10, 12]. For the delay function r : R — R under consideration,
it is assumed that the following hypotheses hold:

(DF1): r is C'-smooth,

(DF2): 0 <r(s) <r(0) =:rg for all s € R,

(DF3): r(s) =r(—s) for all s € R, and

(DF4): rp = 1.
Observe that different results in [10, 12] — in particular, the main result in [12] —
require the additional assumption

(DF5): |r'(s)| < 1/(4a?) for all —2a < s < 2a
on the delay function r, where the real a > 0 is just the parameter involved in
Eq. (4.2). However, for the application of Theorem 1.1 as well as of Theorem 3.1
discussed in the following, the restriction (DF5) on r is not needed. Therefore,
unless otherwise stated, we consider Eq. (4.2) under the assumption that r does
only satisfy conditions (DF1)-(DF4), and begin our discussion with repeating some
relevant material from [10, 12] without proofs below.

To begin with, observe that by the map

f:C 56 a[p(0) — ¢(—1(6(0)))] — [6(0)|6(0) € R
Eq. (4.2) takes the more abstract from
(4.3) '(t) = f(r).
Obviously, f(0) = 0, and it is also not hard to see that f satisfies the smoothness
conditions (S1) and (S2). In particular, X; = {4 € C* | ¢/(0) = f(¢))} is not
empty and z : R 5 ¢t — 0 € R is a solution of Eq. (4.3). Moreover, for each
¢ € X there is a uniquely determined solution z? : [—=1,00) — R of Eq. (4.3)
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with xg — ¢ and 1¥ € Xy as t > 0. The relations F(t,¢) = 22, 0<t < o0
and ¢ € X, define a continuous semiflow F : [0,00) X X; — X, with C'-smooth
time-t-maps F} := F'(t,-), t > 0, and the stationary point ¢y =0 € X.

Now, we are interested in the stability of the stationary point ¢y = 0 of the
semiflow F' in dependence of the parameter a > 0. For this reason, we write Eq.
(4.3) as

(4.4) o' (t) = Lzy + g(xy)
with the linear operator

L=Df(0):C"> ¢+ afp(0) —¢(—1)] €R
and the non-linear map

9:C" 20— f(¢) — Lo = a[d(—1) — 6(—r((0)))] — 16(0)]$(0) € R.

The linear extension L. = D, f(0) of the bounded linear operator L : C* — R to
the greater Banach space C' is obviously given by

L= D.f(0): C'5 ¢ — alg(0) — 6(~1)] € R
and induces the linear retarded functional differential equation
(4.5) V'(t) = Levy = alu(t) —o(t — 1)].

For each ¢ € C this linear equation has a unique solution v¥ : [-1,00) — R
satisfying vy = 1. The associated solution semigroup T, := {T,(t)}1>0 is defined
by T.(t) : C'3 ) — v € C and recall that it is closely related to the linearization
T := {DF,(0)};>¢ of the semiflow F' at ¢9 = 0 € X;. In particular, we have
o(Ge) = o(G) for the spectra of the generators G, and G of the two semigroups
T, and T, respectively. Using the ansatz z(t) = e with A € C for a solution of
Eq. (4.5), we find the characteristic equation

(4.6) A(N) =0

with A(A) := X — a[l — e?], and the set of roots of Eq. (4.6) just coincides with
o(Ge) (or more precisely, with the spectrum of the complexification (G.)c of the
operator G). Furthermore, the order of a root A € C of Eq. (4.6) agrees with the
dimension of the generalized eigenspace of GG, associated with A. For the location
of these roots in the complex plane one finds the following:

(1) If a > 0 and if a # 1, then Ay = 0 is a simple root of Eq. (4.6). In the
situation @ = 1, A = 0 is a double root of Eq. (4.6).

(2) For all a > 0 with a # 1, Eq. (4.6) has a unique non-zero root A = x € R.
The root A = k is simple, and Kk < 0 for 0 < a <1 and k > 0 for a > 1.

(3) Apart from the real roots from (1) and (2), all other roots of Eq. (4.6) for
parameter a > 0 occur in conjugate complex pairs p 4 i with p < 0 and
v # 0.

By combining the statement (2) about o(G.) with part (i) of Theorem 1.1, we
immediately get our first stability result:

Proposition 4.1. Let the delay function r satisfy the assumptions (DF1)-(DF}).
Then for each a > 1 the stationary point ¢g = 0 of the semiflow F', or equivalently,
the zero solution of Eq. (4.2), is unstable.
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Under the conditions (DF1)-(DF5) on 7, the last result was already shown in
[10, Corollary 4.11]. However, for 0 < a < 1 the application of Theorem 1.1 fails
due to the presence of the zero root of Eq. (4.6), and the article [10] contains
only the conjecture — compare page 109 in [10] — that in this situation the zero
solution of Eq. (4.2) should be locally asymptotically stable. Below, we prove this
conjecture at least for 0 < a < 1 rigorously.

Given 0 < a # 1, Ay = 0 is the only root of Eq. (4.6) which lies on the imaginary
axis of the complex plane, and )¢ is simple. The center space C. C C' has the
dimension one and is spanned by the constant function 7y : [-1,0] 26 — 1 € Rin
view of G.ng = nj, = 0 = 0-19. In particular, near the stationary point ¢y = 0 of F’
there is a one-dimensional local center manifold W, = {¢+w.(¢) | ¢ € C.o} given
by a C'-smooth map w,. : C.g — C, & C! defined on some open neighborhood
C.p about 0 in C. = Rny and satisfying both w.(0) = 0 and Dw.(0) = 0. Next,
consider the reduction of F' to W,.. In this concrete example, the matrix B, € R!*!
from Eq. (2.1) is just the zero matrix. Hence, the center manifold reduction of F’
to W, is given by

(4.7) 2(t) = h(z(t))

with a continuously differentiable function h: R D V' — R from an open interval
V containing 0 € R into R. We have h(0) = 0 and Dh(0) = 0. Moreover, as shown
in [10, Chapter 4.3], in close vicinity of 0 € R the function h has the asymptotic
expansion

h(z) =~ 2lz + of|P)

with the involved parameter a. Consequently, in a sufficiently small neighborhood
of the origin the center manifold reduction (4.7) reads

(4.8) 2t) = = 0)=(0) + ol ().

—a

By combining this observation with Theorem 3.1, we are now able to prove the
local asymptotic stability of the stationary point ¢y of F'in case 0 < a < 1.

Proposition 4.2. Suppose that the delay function r satisfies assumptions (DF1)-
(DF4). Then for each 0 < a < 1 the stationary point ¢po = 0 of F', and so the zero
solution of Eq. (4.2), is locally asymptotically stable.

Proof. First, observe that, under the given condition 0 < a < 1, the coefficient of
the leading term |z(t)|z(¢) of the asymptotic expansion on the right-hand side of
Eq. (4.8) is negative. Therefore, the function V : R 3 z ~ (2%/2) € R is positive
definite whereas, in view of

V() h(z) = — 2]+ oll)),
the orbital derivative of V' along solutions of Eq. (4.7) is locally negative definite.
Hence, we find some interval containing 0 € R where V is a strict Lyapunov
function for Eq. (4.7). As, for instance, proven in Amann [1, Chapter TV.18],
it follows that the zero solution z : R 5 ¢t — 0 € R of Eq. (4.7) is locally
asymptotically stable. But then Theorem 3.1 implies that the stationary point
¢o of F, or equivalently, the zero solution of Eq. (4.2), is locally asymptotically
stable as well. This finishes the proof. O
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Remark 4.3. 1. In the case of the constant delay r = 1, the statement of Propo-
sition 4.2 was proved in Brunovsky et al. [2, Corollary 5.1].

2. In the above proof we used a strict Lyapunov function. But that is by no
means necessary. The key ingredient is the asymptotic expansion on the right-
hand side of Eq. (4.8) in combination with the observation that the coefficient of
the leading term is negative. By starting from these, it is possible to carry out an
elementary proof of the assertion without using any Lyapunov function.

3. Of course, in the situation a = 1 it is also possible to carry out a center man-
ifold reduction including an asymptotic expansion of its right-hand side, in order
to try to determine the stability property of ¢y = 0 by application of Theorem 3.1.
But observe that in the case a = 1 the local center manifolds are two-dimensional
as Ao is a double root of Eq. (4.6), and the stability analysis of the reduced differ-
ential equation seems to be much more difficult to access (compare Brunosky et

al. [2]).
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