Available online at www.sciencedirect.com

Journal of

@ : SCienceDireCt Differential
) - Equations
ELSEVIER J. Differential Equations 234 (2007) 267-288 —_—
www.elsevier.com/locate/jde
Nonautonomous bifurcation patterns
for one-dimensional differential equations *
Martin Rasmussen
Department of Mathematics, University of Augsburg, D-86135 Augsburg, Germany
Received 7 July 2006; revised 25 October 2006
Available online 14 December 2006

Abstract

Although, bifurcation theory of ordinary differential equations with autonomous and periodic time de-
pendence is a major object of research in the study of dynamical systems since decades, the notion of a
nonautonomous bifurcation is not yet established. In this article, two different approaches are discussed
which are based on special notions of attractivity and repulsivity. Generalizations of the well-known one-
dimensional transcritical and pitchfork bifurcation are obtained.
© 2006 Elsevier Inc. All rights reserved.
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1. Introduction

Dynamical systems are mathematical objects used to model phenomena whose state changes
over time. Since these models appear in many applications, e.g., in physics, biology or economy,
the theory of dynamical systems has become very popular. Dynamical systems often depend on
certain parameters, and it is a main object of bifurcation theory to describe qualitative changes
in case these parameters are varied.

In many cases, the notion of dynamical system is not general enough to model real world
phenomena, since there are often good reasons to suppose that the underlying rules are time-
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Fig. 1. Pitchfork bifurcation.

dependent. For biological processes, for instance, it is more realistic to take evolutionary adap-
tations into account, and sometimes it is unavoidable to consider random perturbations such as
white noise or to model the control of a process by a human being. The appropriate class to treat
such problems are the so-called nonautonomous dynamical systems. Another reason to consider
nonautonomous systems is given by the fact that the investigation of states of dynamical sys-
tems which are nonconstant in time leads to nonautonomous problems in form of the equation of
perturbed motion.

Bifurcation theory for dynamical systems has been a central object of research since decades,
but there is a lack of a general theory for nonautonomous dynamical systems. However, in the
last twenty years, active research was done in case of quasi-periodic and strictly ergodic time-
dependence, cf. [9,11,13-16].

In this paper, two different concepts of a nonautonomous bifurcation are introduced for ordi-
nary differential equations. Please note that we make no special assumptions concerning the time
dependence. Such a general situation has already been considered in [17,19,20]. The bifurcation
concept used in these papers, however, differs to some extent from the notion of a nonautonomous
bifurcation we use here (see the discussion at the end of Section 3). We obtain nonautonomous
generalizations of the well-known one-dimensional transcritical and pitchfork bifurcation which
are formulated in terms of Taylor coefficients for the right-hand side. The authors of [20] also
discussed the occurrence of nonautonomous one-dimensional bifurcation scenarios, but there
conditions are of a quite different form than the results obtained in this paper. This subject is
discussed at the end of Section 5.

Since the concept of a nonautonomous bifurcation here is based on phenomenological obser-
vations from the autonomous bifurcation theory, it is useful to look at an autonomous bifurcation
scenario. For a real parameter «, consider the ordinary differential equation x = x (« 4 x2), which
is a prototype of a pitchfork bifurcation as indicated in Fig. 1. For « > 0, there is only one equi-
librium, which is given by zero and which is repulsive. By letting the parameter « pass through
zero in negative direction, this equilibrium becomes attractive, and two other repulsive equilibria,
given by £+/—a, are bifurcating.

In order to establish a nonautonomous bifurcation theory, consider this scenario in the follow-
ing way: for « < 0, the trivial solution is attractive, and the domain of attraction A(«) is given
by the open interval between the two other equilibria. Now, the main point is that this domain of
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attraction undergoes a qualitative change from a nontrivial to a trivial object in the limit o 7 0.
Moreover, the closure of A(w) is also a repeller, and thus, also a repeller changes qualitatively
for @ 7 0. We call the shrinking of a domain of attraction (repulsion, respectively) a bifurcation,
whereas the case of a changing repeller (attractor, respectively) is denoted as a transition.

To implement this idea in the nonautonomous context, locally defined notions of attractive
and repulsive solutions, domains of attractivity and repulsivity, as well as attractor and repeller
are needed. We distinguish between three points of view concerning different time domains.
The concepts are introduced for the entire time (all-time attractivity, repulsivity, bifurcation and
transition), the past (past attractivity, repulsivity, bifurcation and transition) and the future (future
attractivity, repulsivity, bifurcation and transition).

Finally, please note that, although the applications in this paper are of dimension one, the
concepts of bifurcation and transition also apply in a higher-dimensional setting, since the de-
finitions of attractivity and repulsivity are given in a very general form. The main tool for the
analysis of such systems is the method of center manifold reduction (see, e.g., [4]). The basic
idea is to detect a bifurcation of the system restricted to a center manifold. For instance, consider
again the above mentioned motivating example % = x(a + x2) with an additional second equa-
tion, given by y = Ay. In case A > 0, the trivial solution is not attractive for « < 0, in contrast to
the one-dimensional system, and therefore, we have no bifurcation of attraction areas but only a
transition of repellers. For A < 0, the trivial solution is attractive, and thus, the two-dimensional
system admits a bifurcation of attraction areas, but no longer a repeller transition. Restricting
the attention to the lower-dimensional invariant manifold R x {0}, however, yields the original
one-dimensional system, and for this system we obtain both a bifurcation and a transition.

2. Preliminaries

We denote by R the set containing all reals and write Rf{ = [k, 00) and R, := (—o00, k] for
given k € R; R := R U {—00, 0o}. The set of real M x N matrices is denoted by R¥*N  The
Euclidean space RY is equipped with the Euclidean norm | - ||, and we write U, (x0) = {x €
RM: |lx — x| < &} for the e-neighborhood of some point xo € RY. For arbitrary nonempty
sets A, B C RN and x e RV, let d(x, A) := inf{d(x, y): y € A} be the distance of x to A and
d(A|B) :=sup{d(x, B): x € A} be the Hausdorf{f semi-distance of A and B.

Let g: X — Y be a function from a set X to a set Y. Then the graph of g is defined by
graphg:={(x,y) € X x ¥: y =g(x)}.

Given a differentiable function g: X c RN — RM we write Dg: X — RM>N for its deriva-
tive and D;g: X — RM for its partial derivative with respect to the ith variable, i € {1, ..., N}.
Higher order derivatives D" g or D' g are defined inductively.

In this article, we consider unbounded intervals of the form I =R, I=R_ orI = R,j‘, respec-
tively. Given a continuous function f:I x RY — R¥ we use the notation

x=f(t, x) (2.1

to denote the ordinary differential equation x(t) = f (¢, x(¢)). We assume that f fulfills con-
ditions for the local existence and uniqueness of solutions. Let A stand for the general solu-
tion of (2.1), i.e., A(-, 7, &) is the unique noncontinuable solution of (2.1) satisfying the ini-
tial condition A(z, t,&) = &£. For arbitrary nonempty sets M C RY, we define A(¢, 7T, M) :=

Usen A2, 7.6).
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The transition operator @ :1 x I — of a linear differential equation

¥ = A(t)x (2.2)

with a function of matrices A : 1 — RV*V is defined by @ (¢, 7)x := A(t, 7, x) forall #, T € I and
x € RV, where A is the general solution of (2.2).

A subset M of the extended phase space I x R is called a nonautonomous set if for all t €I,
the so-called ¢-fibers M(t) := {x € RV: (t,x) € M} are nonempty. We call M compact if all
t-fibers are compact. M is said to be invariant if A(t, 7, M(t)) = M (¢) forall ¢t,t € L.

Whenever the term “all-time (past, future, respectively)” is used in this paper, we mean “all-
time or past or future, respectively.”

3. Notions of attractivity and repulsivity

In this section, new concepts of attractivity and repulsivity are introduced. In our nonau-
tonomous situation, we distinguish between the analysis of the entire time, the past and the
future.

The definitions of attractivity are local forms of established concepts which have been de-
veloped since the 1990s. This relationship is discussed in more detail after the statement of the
definitions.

We begin with the definitions for the entire time. First, note that an all-time attractor is a local
form of a uniform attractor as discussed, e.g., in [7].

Definition 3.1 (All-time attractivity and repulsivity). Let =R, A and R be compact and invari-
ant nonautonomous sets and i : R — R¥ be a solution of (2.1).

(i) A is called all-time attractor if there exists an n > 0 with

lim supd (A(f + 7,7, Uy (A(D))) |A(r + 1)) =0.

t—)OOteR

The supremum of all positive n with this property is denoted by Af and called all-time
attraction radius of A.

(i1) w is called all-time attractive if graph u is an all-time attractor.

(iii) R is called all-time repeller if there exists an n > 0 with

lim supd(A(t — 1,7, Uy(R(7)))|R(z — 1)) =0.

t—00 reR

The supremum of all positive 1 with this property is denoted by R% and called all-time
repulsion radius of R.
(iv) u is called all-time repulsive if graph u is an all-time repeller.

In the following definition, the notions of past attractivity and repulsivity are explained. Note
that a past attractor is a local form of a pullback attractor (see, e.g., [5]), i.e., it attracts a neigh-
borhood of itself in the sense of pullback attraction.
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Definition 3.2 (Past attractivity and repulsivity). Let =R, A and R be compact and invariant
nonautonomous sets and . : T — RY be a solution of (2.1).

(1) A is called past attractor if there exists an n > 0 with

lim d(A(r, 7t — 1, Uy(A(x —1)))|A(x)) =0 forallt €L

t—00

The supremum of all positive n with this property is denoted by A, and called past attrac-
tion radius of A.

(i1) w is called past attractive if graph u is a past attractor.

(iii) R is called past repeller if there exists an 1 > 0 with

lim d(A(r — 1,7, Uy(R(¥)))|R(x —1)) =0 forall T €.

—>0o0

The supremum of all 5 > 0 such that there exists a & € I with

lim d(A(r — 1,7, Uy(R(D)))|R(x —1)) =0 forall T <&

—>00

is denoted by R and called past repulsion radius of R.
(iv) w is called past repulsive if graph p is a past repeller.

Finally, the notions of future attractivity and repulsivity are introduced.

Definition 3.3 (Future attractivity and repulsivity). Let | = R, A and R be compact and invari-
ant nonautonomous sets and i : I — RY be a solution of (2.1).

(1) A is called future attractor if there exists an 1 > 0 with

lim d(A(r +t,t,U, (A('L’))) |A('L’ + t)) =0 forallt el

—0o0

The supremum of all 5 > 0 such that there exists a & € I with

lim d(k(f +1t, 1, UU(A(r)))}A(r + t)) =0 forallt >«

t—0o0

is denoted by Aj{ and called future attraction radius of A.
(i1) w is called future attractive if graph p is a future attractor.
(iii) A is called future repeller if there exists an n > 0 with

lim d(A(z, 7 +1,Uy(R(x +1))|R(x)) =0 forallt el

—>00

The supremum of all positive 1 with this property is denoted by R}f and called future
repulsion radius of R.
(iv) w is called future repulsive if graph u is a future repeller.
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Having the new definitions at hand, a few historical remarks are in order.

Since the 1990s, the attractivity of nonautonomous sets is intensively discussed. In particular,
the notions of pullback attractor and forward attractor have been introduced (see, e.g., [5,6]).
Closely related to pullback attractors are the so-called random attractors (see, e.g., [2,8]). Pull-
back and forward attractors whose attraction rate is uniform with respect to the time are called
uniform attractors (such attractors are discussed in the monograph [7]). The attractors introduced
in this paper are local versions of uniform, pullback and forward attractors, respectively.

Please note that the notion of a past attractor is a special case of the most general form of a
pullback attractor (see, e.g., [2, Definition 9.3.1, p. 483]). The so-called attraction universe of
such a pullback attractor has to be chosen so that it contains a neighborhood of the attractor itself.
Another form of a local pullback attractor is introduced in [19,20] (see also the discussion at the
end of this section). In the literature, often global pullback attractors are considered. In this case,
the attraction universe is supposed to contain all fiber-wise constant and compact nonautonomous
sets.

Remark 3.4.

(1) Every all-time attractor (repeller, respectively) is both a past attractor (repeller, respectively)
and a future attractor (repeller, respectively).
(i) Every future attractive solution is uniformly asymptotically stable in the sense of Lyapunov.
(iii) The notions of future attractivity and repulsivity can be derived from the concept of past
attractivity and repulsivity via the differential equation under time reversal, given by

¥ =—f(=t,x). 2.n7!

A past attractor (repeller, respectively) of (2.1) corresponds to a future repeller (attractor,
respectively) of (2.1)~!.

(iv) Due to the continuity of the general solution, one can derive the following equivalent char-
acterizations: a compact and invariant nonautonomous set A is a past attractor if and only if
there exists an > 0 with

lim d(A(k,k —1,Uy(Ak —1)))|A()) =0.

=00

A compact and invariant nonautonomous set R is a future repeller if and only if there exists
an 1 > 0 with

lim d(A(k,k +1,Uy(R(k +1)))|R(k)) =0.

1—>0o0

Such a reduction is not possible for past repellers and future attractors.

(v) The notions of Definitions 3.2 and 3.3 (including the attraction and repulsion radii) do not
depend on the choice of k € R, since the behavior of (2.1) on finite time intervals has no
effect on the attractivity or repulsivity of a nonautonomous set. This fact is also due to
continuity of the general solution.

(vi) The Hausdorff semi-distance d in Definitions 3.1, 3.2 and 3.3 can be replaced by the
Hausdorff distance dg, which for nonempty sets A, B C X is defined by dy(A, B) :=
max{d(A|B),d(B|A)}.
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We are able to give a complete classification of the attractivity and repulsivity of one-
dimensional linear equations.

Example 3.5 (Attractivity and repulsivity of scalar linear equations). Consider the linear nonau-
tonomous differential equation

x=a(t)x

with a continuous function a : R — R. It is easy to see that every invariant and compact nonau-
tonomous set M C R x Ris an

o all-time attractor if and only if lim;_, o SUpP, <R f IT—H a(s)ds = —o0
o all-time repeller if and only if lim;_, o SUp, g f;“ a(s)ds = oo

e past attractor if and only if lim,_, o fto a(s)ds = —o0,

e past repeller if and only if lim;—, _ flo a(s)ds = oo,

e future attractor if and only if lim;_, fé a(s)ds = —o0,

o future repeller if and only if lim;_, o fot a(s)ds = oo.

In all cases, the attraction or repulsion radii are oo, respectively.

In order to obtain a first example of a nonautonomous bifurcation, we generalize the au-
tonomous example from the introduction.

Example 3.6. Given a real parameter o and a nonautonomous differential equation
X =aa(t)x +b(t)x® = x(xa(t) + b(t)x?) 3.1)

with continuous functions a: R — R and b:R — R} for some « > 0. For simplicity, we define

t
w(a,t) = —a% for all € R with @a(t) < 0.

Then, for fixed t € R with aa(?) < 0, the zero set of the right-hand side is {0, £w(#)}; for all
t € R with aa(t) > 0, this zero set is the singleton {O}. An elementary discussion of the sign of
the right-hand side of this equation yields that the trivial solution is

e all-time attractive with

inf w(a, 1) < AF <supw(a, 1)
teR teR
if inf,ep — abg; > 0,

e all-time repulsive with Ro =ooif —« Zgg Oforallz e R,
e past attractive with

liminfw(a, 1) < Ay <limsupw(a, t)
—>—00 t——00

if liminf,_ oo O‘Zg; >0,
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e past repulsive with Ry = oo if limsup, , , —« % <0,
o future attractive with

liminfw(a, 1) < AJ <limsupw(e, 1)
t—00 =00

if liminf; , oo — 3 > 0,

o future repulsive with Rg‘ =ooif limsup,_, o, —(x%; <0.
Since limy o w(e, t) = 0, this means that (3.1) admits a

e supercritical all-time bifurcation at o« = 0 if

t t
inf—&>0 and sup—&<oo,
teR  b(t) er  b(@)

e subcritical all-time bifurcation at « = 0 if

t t
inf & >0 and sup & < 00,
<R b(7) e 0)

e supercritical past bifurcation at @ = 0 if

a(t) Q)

liminf ——— >0 and limsup—a— < 00,
t——o0  b(1) t——occ b(t
e subcritical past bifurcation at o« = 0 if
t t
liminf & >0 and limsup & < 00,
t—>—o00 b(t t——oc0 b()
e supercritical future bifurcation at o« = 0 if
t t
liminf—& >0 and limsup—& < 00,
=00 t t—00 (1)

e subcritical future bifurcation at o« =0 if

. .ea() ) a(t)
liminf-—— >0 and limsup —- < oo.
=00 b(t) —>oo b(t)

A further generalization of this differential equation is discussed in Theorem 6.1. It is also shown
there that this example also admits attractor and repeller transitions.

We conclude this section by a discussion of the relationship of our concept to the ideas used
in [17,19,20].

In [17], a nonautonomous bifurcation is understood as a (continuous or discontinuous) tran-
sition from a nontrivial (global) pullback attractor to a trivial pullback attractor. A transition in
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our sense, however, concerns local attractors and repellers. Moreover, in many cases, a contin-
uous transition in the sense of [17] implies the bifurcation of the domain of repulsion of a past
repulsive solution in the interior of the pullback attractor.

In [19,20], several notions of stability, instability, attractivity and repulsivity are introduced
for nonautonomous differential equations. As in our case, these notions reflect the local behavior
of the system, but—although there are similarities—they do not coincide with the definitions
used in this paper. Using these special definitions, in [19,20], a nonautonomous bifurcation is
understood as a merging process of two distinct solutions with different stability behavior. In
dimension one, the three authors found conditions concerning the Taylor coefficients of the right-
hand side which guarantee the existence of such bifurcations. These conditions are formulated in
a natural way using explicitly solvable models. In Section 5, we compare this with our results in
case of the transcritical bifurcation.

4. Linearized attractivity and repulsivity

Let x* be an equilibrium of an autonomous differential equation X = g(x) with a C'-function
g:D — RY, D c R" an open set. It is well known that x* is exponentially asymptotically
stable if all eigenvalues of Dg(x*) have negative real part, and x™* is repulsive if all eigenvalues
of this derivative have positive real part. In this section, we want to derive similar criteria which
correspond to the notions of attractivity and repulsivity introduced in the previous section.

For similar considerations in the autonomous case, we refer to [12, Section I11.6]; for the
nonautonomous situation, see also [3, Lemma 3.4, p. 70].

Theorem 4.1 (Linearized attractivity and repulsivity). Consider an unbounded interval 1 of the
form R, R or R, respectively, and let

X=AM)x+ F(t, x) 4.1)
be a nonautonomous differential equation with continuous functions A :T— RY*N and F:T x
U— RN, U RN aneighborhood of 0, such that F(t,0) =0 for all t € 1. Let A denote the
general solution of (4.1) and ® :1 x T — RN*N denote the transition operator of the linearized
equation x = A(t)x. Then the following statements are fulfilled:
(1) In case there exist B <0, K > 1 and § > 0 such that

|e@. )| <K' forallt>s
and
|F(t, 0| < %le” forallt €T and x € Us(0), 4.2)
we have
d(1(t 7, Uy 0)[{0}) <82 forallt,1 eTwitht <1,

i.e., the trivial solution of (4.1) is all-time (past, future, respectively) attractive.
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(i1) In case there exist B >0, K > 1 and § > 0 such that
||<D(t, s)” < KePU™) Sforallt <s

and
B
|F(t, 0| < ﬁﬂxﬂ forallt €1 and x € Us(0),

we have
B
d(A(t. 7, Uy () [{0}) <8e2“" forallt,t eTwitht <,
i.e., the trivial solution of (4.1) is all-time (past, future, respectively) repulsive.

Proof. We only prove (i), since (ii) can be shown analogously. Given 7 € [ and & € Us(0), we
now prove an estimate for the general solution under the additional assumption

Mt,t,8E) e Us(0) forallr > . “4.3)
The solution A(-, 7, §) of (4.1) is also a solution of inhomogeneous linear differential equation
X =AM)x+ F(1, (1, 7,8)).

Thus, the variation of constants formula implies

'
)»(t,t,é):¢(t,t)§+/¢(t,s)F(s,A(s,t,§))ds forallt > t,

T
and hence,

t

[ w.of < H@@,t)lllléll+f||q><t,5>|| [ (5. 2G5, 7. 8) | ds

T

t

4.2) —
< KPP g +/Ke’3(’_s)%”k(s,t,é)” ds forallt >t

T

is fulfilled. This implies
1
e Pt (R3] B Ke P + _7'8 / e Ps [A(s.7.8)||ds forallt >rt.
T

Hence, Gronwall’s inequality (cf. [1, Theorem 4.1.7, p. 242]) yields the estimate

|r( . 8)| < KeZ¢ )| foralls >1. (4.4)
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We define n := %. Since g < 0, the assumption (4.3) is fulfilled for all T € I and & € U,,(0), and
thus, (4.4) holds for such t and &. This implies

d(1(t, 7. Up())]{0}) < Kne2= forall 7,1 e I with 7 < 1.

From this inequality, the required conditions for the all-time (past, future, respectively) attractiv-
ity are easily obtained. O

5. Nonautonomous transcritical bifurcation

This section is devoted to a nonautonomous generalization of the classical transcritical bifur-
cation.

Theorem 5.1 (Nonautonomous transcritical bifurcation). Let x_ <0 < x4 and a— < a4 be in
R and 1 be an unbounded interval of the form R, R, or R}, respectively, and consider the
nonautonomous differential equation

*=a(t,o)x +b(t,a)x> +r(t, x, Q) (5.1)

with continuous functions a1 x (@—,04+) > R, b:I X (0—,a4) > Rand r:T x (x—,x4) X
(¢—, q) — R fulfilling r(-,0,-) =0. Let @, :1 x I — R denote the transition operator of the
linearized equation x = a(t, a)x, and assume, there exists an oo € (0—, a4) such that the fol-
lowing hypotheses hold:

(i) Hypothesis on linear part. There exist two functions By, B2 :(a—,ay) — R which are
either both monotone increasing or both monotone decreasing and K > 1 such that

limgy o B1 (o) =limy_, 4 B2 () =0 and

Dy (t,s) < K ePr@)=s) foralla € (a—,ay) andt,s e lwitht > s,

Py (t,s) < KeP DU foralla e (a_,ay) andt,s € Twitht <s.

(i) Hypothesis on nonlinearity. The quadratic term either fulfills

0 < liminfinfb(t, o) < limsupsupb(t, o) < o0 5.2)
a—ao rel a—ay el
or
—oo < liminfinfb (¢, ) < limsupsupb(z, o) <0, (5.3)
a—ap tel a—ay tel

and the remainder satisfies

t? 9
lim sup Irt.x. ol _, (5.4)

2
x=0qe(@o—|xao+lx) rel Xl
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Table 1

Trivial solution a € (@—,ap) a € (o, 4)

B1, By incr. attractive, limg g Af =0 repulsive, limg oo R =0
B1, Ba decr. repulsive, limy 1, Ry =0 attractive, limg g Af =0

and

. : 2K|r(t, x, )|
lim sup lim sup sup < 1. 5.5
a—sag  x—0 rel |XImax{—pi(a), B2(x)}

Then there exist & < 0 < &4 such that the following statements are fulfilled:

(i) In case the functions By and B> are monotone increasing, the trivial solution is all-time
(past, future, respectively) attractive for o € (@—, ag) and all-time (past, future, respectively)
repulsive for a € (g, @+). The differential equation (5.1) admits an all-time (past, future,
respectively) bifurcation, since the corresponding radii of all-time (past, future, respectively)
attraction and repulsion satisfy

lim A3 =0 and lim Rg =0.
a /o N\

(i) In case the functions B and Br are monotone decreasing, the trivial solution is all-time
(past, future, respectively) repulsive for a € (@ _, ag) and all-time (past, future, respectively)
attractive for o € (g, @+). The differential equation (5.1) admits an all-time (past, future,
respectively) bifurcation, since the corresponding radii of all-time (past, future, respectively)
repulsion and attraction satisfy

lim R§g=0 and lim Aj=0.
o/ N\

The two cases of the preceding theorem are gathered in Table 1.

Proof. First of all, we assume w.l.o.g. that K > 1. Let A, denote the general solution of (5.1).
We will only prove assertion (i), since the proof of (ii) is similar. Hence, the functions 1 and >
are monotone increasing. W.1.o.g., we only treat the case (5.2). We choose &_ < g < @4 such
that

0< inf b(t,a) < sup b(t,a) < o0 (5.6)

a€(@—,d4),tel ae(@—,a4),tel
(cf. (5.2)) and

li Ir(tsx’a)| _mln{ﬁl(a)7—ﬂ2(“)}
imsup sup <
x>0 rel | 2K

foralla € (@_, &)

(cf. (5.5)). Because of these two relations, Theorem 4.1 can be applied, and the attractivity and
repulsivity of the trivial solutions as stated in the theorem follows. Assume to the contrary that

n :=limsup Ag > 0
oo



M. Rasmussen / J. Differential Equations 234 (2007) 267-288 279

holds. Due to (5.6) and (5.4), there exist &_ € (a_, ag), & € (0,n) and L € (0, %) with

b(t,oe))c2 +r(t,x,a)>L foralltel, o € (¢—_,ap) and x € I:zg?, $i|. 5.7)
We fix & € (@_, op) such that Ag > & and Br(@) = B = —MTL > —%. For arbitrary t € I, the

solution () := A4 (-, T, &) of (5.1) is also a solution of the inhomogeneous linear differential
equation

i =alt,&)x +b(t, &) (ne () +r(t. ue(0), ). (5.8)

5
2K2
7> minimal with this property, i.e., u(t) > 2% for all ¢ € [t, 12]. Furthermore, we choose 71 €
[z, T2] such that

Since Ag‘ > & = u,(¢t) for all t €1, there exist 7, 1o € I, T < 1, with u(12) < . We choose

,uf(rl):% and u,(t)e[%,é} for all t € [t1, T2].

Therefore, and due to (5.7) and the variation of constants formula, applied to (5.8), the relation

)
e (12) = Dy (12, T (T1) + / D412, 1)(b(2, &)(Mr(t))z +r(t, ue (1), @)) dt
71

Ly)

S5 eﬂ(rz—r1>+%/eﬂ(rz—t>dt

2K?2
71
— Pm—11) i + i _i - i
2K?2  KPB KB 2K?
—_—
=0

holds (K > 1 implies 71 < 7). This is a contradiction and proves limg ~¢, Ag = 0. Analogously,
one can show limg\ gy R‘(’)‘ =0 and treat the case (5.3). O

Remark 5.2.

(1) In the limit @ — «g, the attractivity or repulsivity of the trivial solution is only lost in one
direction. For instance, in case the functions 81, B, are monotone increasing and (5.2) is
satisfied, there exists a y < 0 such that (y, 0] is attracted by the trivial solution of (5.4)
for @ € (@_, ap) in the sense of past, future or all-time attractivity, respectively. Since the
loss of stability is only one-sided, we have no transition phenomena connected with the
transcritical bifurcation, contrary to the pitchfork bifurcation in the next section.

(i) The hypothesis on the linear part implies that the all-time (past, future, respectively) di-
chotomy spectrum of the linearization x = a(t, «)x converges to {0} in Hausdorff distance
in the limit @ — «q (see [21]).
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(iii) Condition (5.5) is only used to obtain the attractivity or repulsivity of the trivial solution
by applying Theorem 4.1. Alternatively, one can directly postulate that the trivial solution
changes their stability at the parameter value « from, say, attractivity to repulsivity.

(iv) Please note that the above bifurcation result is essentially the combination of two scenarios
which are independent of each other. This means that it is possible to consider (5.1) only for
o > o or o < a, respectively, in order to obtain the results which apply for these parameter
values.

The following example shows that Theorem 5.1 is indeed a nonautonomous generalization of
the well-known autonomous result.

Example 5.3. Let x_ <0 < x4 and o_ < 0 < o4 be in R, and consider the autonomous differ-
ential equation

x=fx o), (5.9)
where the C*-function f : (x_,x4) x (a_, ;) — R satisfies the following assumptions:

(i) f(0,) =0forall @ € (a_, ay),
(i) D1f(0,0)=0,
(iii) D1 D> f(0,0) #0,
(iv) D{f(0.0)#0.

Please note that (i) implies D5 f(0,«) =0 for all @ € (¢—, a4) and n € N. Then (5.9) admits
an autonomous transcritical bifurcation (see, e.g., [22, p. 265]), i.e., there exist a neighborhood
U x V of (0,0) in R? and a C'-function & : U — V with h(0) =0 and

f(x,h(x))=0 forallxeU.

Except the trivial equilibria and the equilibria described by 4, there are no other equilibria in
U x V. Now, we will show that this example fulfills the hypotheses of Theorem 5.1. Thereto, we
write the second order Taylor expansion of f (see, e.g., [18, p. 349]):

1
f(x,@) =D D2f(0,0)ax + 5D%f<o, 0)x% +r(x, ),
\_\/_-J
=:b(x)

=:a(a)

where

1
N2
r(x,a):/(] 2t) (D?f(tx,ta)x3+3D]2D2f(tx,ta)x2a
0

+ 3D1D§f(tx, ta)xot2 + Dgf(tx, toz)a3) dt.
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Obviously, the hypothesis on the linear part are fulfilled (with B _(a) = Br(a) := a(x) and
K :=1), and (5.2) or (5.3) holds, since the above defined function b is constant. Furthermore,
the representation for the remainder implies that

: [r(x, o)
lim  sup ——b—=
x=>0ge(—lx,lxp  |*]

and

1
, 1—1)?
lim sup w goﬁ/( . V(1301 D3 £(0. 1)| + 1| Dy D3 £ 0. 1a)a) di.
x—=0 X
0

This means that (5.5) holds, since max{—p;(«), B2(x)} depends linearly in «. Hence, all hy-
potheses of Theorem 5.1 are fulfilled, and thus, this example shows that Theorem 5.1 is a proper
generalization of the well-known autonomous transcritical bifurcation pattern.

We close this section by a short comparison of the results from this section and [20, Section 5].
Since we have outlined the relationship of the basic concepts of bifurcation at the end of Section 3
already, we will here only compare the conditions imposed on the equations which are sufficient
for a transcritical bifurcation.

First, the hypothesis on the linear part of Theorem 5.1 is more restrictive than in [20, Theo-
rem 7], since here it is not allowed that the function a is unbounded in the limit t — =o00. In [20,
Theorem 7], however, this is possible whenever the second Taylor coefficient is also unbounded
in the limit r — £oo with the same growth rate. Note that in this case the dichotomy spectrum
of the linearization does not converge to {0} as described in Remark 5.2(ii).

On the other side, however, the conditions on the Taylor coefficients in [20, Theorem 7] are
not formulated in the limit @ — g as in this paper. Hence, to apply the results, one has to restrict
the attention to a sufficiently small neighborhood in which higher order terms are negligible.

6. Nonautonomous pitchfork bifurcation

This section is devoted to a nonautonomous generalization of the classical pitchfork bifurca-
tion. In addition to the bifurcations of attraction and repulsion areas, also transition phenomena
are obtained here.

Theorem 6.1 (Nonautonomous pitchfork bifurcation). Let x_ < 0 < x4 and a_ < oy be in
R and 1 be an unbounded interval of the form R, R and R, respectively, and consider the
nonautonomous differential equation

*=a(t,0)x +b(t,a)x> +r(t, x, Q) 6.1)

with continuous functions a : 1 X (@—,ay) > R, b:I x (@—,ay) = Rand r:1 x (x_, x4) X
(—,ay) — R fulfilling r(-,0,-) =0. Let @ :1 x T — R be the transition operator of the lin-
earized equation x = a(t, a)x, and assume, there exists an ag € (a—, o) such that the following
hypotheses hold:
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(i) Hypothesis on linear part. There exist two functions Bi, B2:(a—,a+) — R which are
either both monotone increasing or both monotone decreasing and K > 1 such that
limg s o B1 () = limy .y B2 () =0 and

Dy (t,5) < KePr@=s) foralla € (a_,ay) andt,s e lwitht > s,

Dy (1, 5) < K@= foralla € (a—,ay) and t,s e Twitht <s.

(i) Hypothesis on nonlinearity. The cubic term either fulfills

0 <liminfinfb (¢, o) < limsupsupb(t, o) < 00 (6.2)
a—ag el a—ag el
or
—o00 < liminfinfb(¢, o) < limsupsupb(t, o) <0, (6.3)
o= tel a—ag el

and the remainder satisfies

r(t, x,a)l

lim su
P IR

xaoae(ao—xz,aoﬂcz) tel

(6.4)

and

. . 2K|r(t, x, )|
lim sup lim sup sup <
a—sag  x—0 rel |X|max{—pB1(a), B2(a)}

Then there exist &_ < 0 < @4 such that the following statements are fulfilled:

(1) In case (6.2) and the functions By and By are monotone increasing, the trivial solution is
all-time (past, future, respectively) attractive for a € (&—, ag) and all-time (past, future,
respectively) repulsive for a € (ag, @4). The differential equation (6.1) admits an all-time
(past, future, respectively) bifurcation, since the corresponding radii of all-time (past, future,
respectively) attraction satisfy

lim A§ =0.
o /o

If, in addition, 1 =R}, then, for a € (a_, ap), there exists a nontrivial future repeller Ry C
I x R, and we have a future repeller transition, since

lim dy (Ro,(t), {0}) =0 foralltel
oo

(ii) In case (6.3) and the functions By and By are monotone increasing, the trivial solution is
all-time (past, future, respectively) attractive for o € (&—, ag) and all-time (past, future,
respectively) repulsive for a € (ag, &4). The differential equation (6.1) admits an all-time
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@iv)
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(past, future, respectively) bifurcation, since the corresponding radii of all-time (past, future,
respectively) repulsion satisfy

lim Ry =0.
[LANGY)

If, in addition, 1 =R, then, for a € (ag, @), there exists a nontrivial past attractor Ay C
I x R, and we have a past attractor transition, since

lim dy(Aq(1),{0}) =0 forallt el
AN

In case (6.2) and the functions B1 and Bo are monotone decreasing, the trivial solution
is all-time (past, future, respectively) repulsive for a € (&—, ap) and all-time (past, future,
respectively) attractive for a € (ag, &+). The differential equation (6.1) admits an all-time
(past, future, respectively) bifurcation, since the corresponding radii of all-time (past, future,
respectively) attraction satisfy

lim Af =0.
a

If. in addition, 1 = R, then, for a € (ag, &.y), there exists a nontrivial future repeller Ry, C
I x R, and we have a future repeller transition, since

lim dy (Ry(t),{0}) =0 forallt el
a\@o

In case (6.3) and the functions B1 and B> are monotone decreasing, the trivial solution
is all-time (past, future, respectively) repulsive for a € (Q—, ag) and all-time (past, future,
respectively) attractive for a € (ag, @+). The differential equation (6.1) admits an all-time
(past, future, respectively) bifurcation, since the corresponding radii of all-time (past, future,
respectively) repulsion satisfy

lim Ry =0.
(1/'0[0

If, in addition, 1 = R, then, for a € (@_, ay), there exists a nontrivial past attractor Ay C
I x R, and we have a past attractor transition, since

ah/rgo dy (Aa ®), {0}) =0 foralltel

The four cases of the preceding theorem are gathered in Table 2.

Proof. The first part of this theorem concerning the bifurcation of the attraction or repulsion
radii, respectively, can be proved using the same methods as in the proof of Theorem 5.1. We
write @_ and @4 for the constants &_ and &y used in this proof. For the proof of the attractor
and repeller transitions, w.l.o.g., we only consider the case (ii), i.e., I = R, condition (6.3) holds
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Table 2

Trivial solution a € (@—, ) a € (o, G4)

Bi, B incr., (6.2) attractive, limy g Af =0 repulsive

B1, Bo incr. (6.3) attractive repulsive, limg\ o, Rg =0
B1. By decr., (6.2) repulsive attractive, limg\ o A‘é‘ =0
B1, By decr. (6.3) repulsive, limgy 7, Rg =0 attractive

and the functions 81 and B, are monotone increasing. We denote the general solution of (6.1) by
Ay and define

1
by =~ sup b(t,a) <0.

2 tel ae(@_is)
Due to (6.4), there exists a p > 0 such that

2

|r(t,x,a)| < —b+|x|3 forall x € [—p, p], @ € (ao — X7, 0 +x2) and r € Il.

The remaining proof is divided into two steps.

Step 1. For given x1, x2, x3 < p such that 0 < x| < xp < ;—;(, there exists a uniquely determined
constant

o =a*(x1, x2, x3) € (o, minferg + x?, ayl]
with the following properties:
e forall T <7 <« and « € (g, a*), we have Ay (¢, T, [—x2, X2]) C (—x3, x3),
e there exists a constant 7* > 0 such that for all @ € (ag, @®) and T < k — T*, there exist
ty,t— €[0, T*] with
r(T+1y,T,00)=x1 and Aq(T +1-,7, —x2) = —x1,
e o™ is chosen maximal, i.e., for all bigger a*, one of the two above properties is violated.
We will only prove the existence of a constant o™ such that
(a) forall T <7<« and a € (xg, @®), we have Ay (¢, T, x2) < x3,
(b) there exists a constant 7* > 0 such that for all @ € (ap, @™) and T < k — T*, there exists a
t+ € [0, T*] with Ao (z + t4, T, X2) = X1,
since the extension to the above assertion follows similarly and by taking the supremum of all

such a*. We first note that for arbitrary t € I, the solution . (-) := A4 (-, T, x2) of (6.1) is also a
solution of the inhomogeneous linear differential equation

i =alt,)x +bt, ) (1 () + r(t, ue (1), ). (6.5)
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Concerning the expression
prer b -
s(a, T) :=Ke"! x2+TT forall @ € (¢g, &4) and T >0,

there exist o™ € (g, min{ag + x%, @4}] and T* > 0 such that

s, T*) <0 and s(o,T) <2Kxp foralla € (ag,a*]and T € [0, T*].

3
This follows by choosing 7* > 0 such that }%T* < —2K x;p and o™ such that exp(81 (@*)T*) <
2. Choose « € (ag,a*] and 7, t* < k with T < ¥, and assume that x| < . (¢) < x3 for all
t € [1, T*]. Then the variation of constants formula, applied to (6.5), yields the relation

T*

e (T) = Bo (T, )xa + / Do (t*,s) (b5, ) (e () +7 (s, e (), @) ds
\‘/_-/

T > exp(Ba(a)(t—s)) <byx3<0

T*

< KePI @@ -0, 4 / %eﬂz@(f**ﬂbgfds

T

zKeﬂl(Ol)(f —T)x2 + 1 (eﬂz(d)(f -7) _ 1)
KBa(a)

o, b .
< KePt x2+T(t —17)=s(a, " — 7).

Since s(o, T) < 2Kxp < x3 for all T € [0, T*], the assumption w,(¢) < x3 for all # € [z, T*] is
justified. This proves (a). Because of s(«, T*) < 0, also (b) is fulfilled.

Step 2. There exists an &4 € (ag, &) such that for all & € («g, @), there exists a nontrivial past
attractor A, C I x R of (6.1) which fulfills

lim dp(Aq(1),{0}) =0 foralls el
AN

For x3 := % and xp := 2)‘—13<, we consider the function y : (0, x2) — («p, @+ ), defined by
y(x1) :=a*(x1, x2,x3) forall x| € (0, x2),
where o* stems from Step 1. We set & := y(%z) and define
(o) := inf{x1 € (0,x2): y(x1) > a} for all @ € (g, ].

Due to ap < o™ (x1, x2, x3) < g + xlz, we have limy, 0y (x1) = o, and since_ y is monotone
increasing, this implies that § is monotone increasing, & («) > 0 for all @ € (g, @] and

lim 6(x) =0. (6.6)

AN
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We define
_ _ _ 3 _
x3() :=3K8(x) and xz(a):=x1(x):= 58(01) for all « € (cg, o]

and consider the function y : (g, @] — (o, &), defined by
y(a):= ot*()?l(a), X2 (), )Eg(a)) for all & € (o, @],
where o* is taken from Step 1 again. Moreover, we define
M :=[-x3,x2] and B, :=[-X3(a),x3(e)] foralla € (ag,a]

and fix a 8 € (g, @] and an o € («g, min{y (B), B}). Since & < B and x» > %S(ﬂ), and due to
the definition of §, there exists a 7* > 0 such that for all T <k — T*, there exist 7y,t_ € [0, T*]
with

3 3
)‘a(t+"[1x2):§8(ﬁ)=i2(ﬂ) and )"Ol(t_ar3 —XZ)Z—ES(,B):—)Q(,B)

Moreover, since o < Y (8), for all T <1t < «, we have

o (t, T, [=%2(B), %2(B)]) C (=F3(B), %3(B)).

This means that, considering Eq. (6.1), Bg x I is {M x I}-absorbing (see [10, Definition 3.3]).
Then due to [10, Theorem 3.5], there exists a global {M x I}-attractor A, C Bg x I (see [10,
Definition 3.4)), i.e.,

lim d(k(t, T—1, M)|Aa('c)) =0 foralltel.

—>00

We have the representation

Au(®):= () | Mt 7. Bp) forallzel

trr Tt

Since M is neighborhood of Bg D Ay, this global {M x I}-attractor is also a past attractor. The
limit relation

lim dy(Aq(1),{0}) =0 forallzel
o,/ o

follows from A, C Bg x I for all @ < min{y (), B} and (6.6). By setting a4 := y (&), all asser-
tions of this theorem are proved. O

Remark 6.2.

(1) In the limit ¢ — «p, the attractivity or repulsivity of the trivial solution is lost in both
directions, i.e., no situation as described in Remark 5.2(i) can occur.
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(i) The hypothesis on the linear part implies that the all-time (past, future, respectively) di-
chotomy spectrum of the linearization x = a(¢, «)x converges to {0} in Hausdorff distance
in the limit @ — «q (see [21]).

(iii) As in Example 5.3, one can show that Theorem 6.1 is a proper generalization of the well-
known autonomous pitchfork bifurcation (see, e.g., [22, p. 267]).

(iv) Please note that the above bifurcation result is essentially the combination of two scenarios
which are independent of each other. This means that it is possible to consider (6.1) only for
a > ag or o < a, respectively, in order to obtain the results which apply for these parameter
values.

Finally, we now compare case (i) of the above theorem with the equivalent autonomous bifur-
cation.

Example 6.3. Let x_ <0 < x; and @_ <0 < a4 be in R, and consider the autonomous differ-
ential equation

x=f(x,a), (6.7)

where the C*-function f : (x_, x4) X (a—, ;) — R satisfies the following assumptions:

(1) fO,a)=0forall @ € (¢—, ),
(i) D1 f(0,0)=0,
(iii)) D1 D2f(0,0) >0,
(iv) D7 £(0,0)=0,
(v) D3 £(0,0) > 0.

Then (6.7) admits an autonomous pitchfork bifurcation (see, e.g., [22, p. 268], and see Fig. 1 for
the bifurcation diagram). There exist a neighborhood U x V of (0, 0) in R? and a C2-function
h:U — V with h(0) =0 and

f(x,h(x))=0 forallxeU.

Except the trivial equilibria and the equilibria described by #, there are no other equilibria in
U x V, and the function % is maximal at x = 0. It can be verified that this situation fits into case (i)
of Theorem 6.1: the functions 81 and B> can be chosen to be increasing, since D1 D> f(0,0) > 0
by (iii), and (6.2) holds, since D13 f(0,0) > 0 by (v). Due to (iii), the trivial equilibrium of (6.7)
is attractive for o« < 0 and repulsive for o« > 0, and this carries over to nonautonomous notions of
attractivity and repulsivity. The function  describes repulsive equilibria of (6.7), and these equi-
libria are the boundary of the domain of attraction of the trivial equilibria. Since lim,_, o 2(x) =0,
we have a nonautonomous bifurcation in form of a shrinking domain of attraction.
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