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Abstract We consider scalar reaction-diffusion equations with non-dissipative nonlineari-
ties generating global semiflows which exhibit blow-up in infinite time. This type of equa-
tions was only recently approached and the corresponding dynamical systems are known as
slowly non-dissipative systems. The existence of unbounded solutions, referred to as grow-
up solutions, requires the introduction of some objects interpreted as equilibria at infinity.
By extending known results, we are able to obtain a complete decomposition of the associ-
ated non-compact global attractor. The connecting orbit structure is determined based on the
Sturm permutation method, which yields a simple criterion for the existence of heteroclinic
connections.

Keywords Global attractors - Slowly non-dissipative equations - Heteroclinic orbits -
Blow-up solutions

1 Introduction

We consider the following scalar reaction-diffusion equation

U =ty + f(x,u,uy), x €[0,m] )
uy(t,0) =u,(t,7) =0.
where f(x,u,uy) = bu+ g(x,u,uy)and g : [0, 7] x R? — R is a bounded C? function.
This implies, from standard theory (see, for instance, [1,16,19]), that we are provided with
a local solution semigroup defined by u(z, -) = S(t)ug for + > 0 and initial condition ug in
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an adequate phase space. By the comparison principle if » < 0 this semigroup is dissipative,
therefore possessing a compact global attractor, i.e., a nonempty compact invariant set attract-
ing every bounded subset of the state space, see for instance [2,16]. Also, due to the existence
of a Lyapunov function [22,30], the semigroup S(¢) has a gradient-like behavior and, con-
sequently, the attractor is composed of the equilibria and the heteroclinic orbits connecting
them. When b > 0 the semigroup is no longer dissipative but we still obtain a non-compact
global attractor defined as the nonempty minimal set attracting all bounded sets of the state
space. In [6,7], Ben-Gal has considered this problem for the case f = f () and described the
non-compact global attractor in terms of bounded equilibria, equilibria at infinity, and their
heteroclinic connecting orbits. In addition, the heteroclinic connectivity was described in
terms of previously known blocking principles involving the Morse indices of equilibria and
the zero numbers of the differences between equilibrium solutions, see for example [3,4,12].
In this paper we consider the general case f = f(x,u, u,) and describe the heteroclinic
connectivity by means of a permutation introduced in [11] and used extensively for the char-
acterization and equivalence of global attractors, as we can see for instance in [12-14,29].

Our main result, contained in Theorem 2, describes a simple criterion for the existence
of heteroclinic connections on the non-compact global attractor. A permutation of all the
equilibria, both bounded and at infinity, allows for the description of the connecting orbit
structure in terms of an adjacency notion introduced in [29].

This paper is organized as follows. In Sect. 2 we introduce the class of slowly non-
dissipative equations. We also present preliminary results that lead to the existence of grow-up
solutions, and provide the definition of non-compact global attractor. In Sect. 3 we obtain the
asymptotic behavior of grow-up solutions and introduce the concept of equilibria at infinity.
We then prove that, under nondegeneracy conditions, the set of equilibria is non-empty.

In Sect. 4 the heteroclinic connections with the equilibria at infinity are considered. The
theory of inertial manifolds is used here to obtain the exact limits of the grow-up solutions.
Also, the connecting orbit structure within infinity is described.

The main goal of Sect. 5 is to obtain a permutation associated with Eq. (1) characterizing
the non-compact global attractor. We define the suspension of any given meander permutation
and consider suspensions of the usual permutation related to (1), obtained from the ordering
of the equilibrium points according to their values at x = 0 and 7. The permutation obtained
from the suspensions is then proved to be realizable by a dissipative equation and is then
associated with the non-dissipative Eq. (1).

In Sect. 6 we prove our main result. First, the Morse indices and zero numbers of the
equilibria of the dissipative equation are calculated. Then, a correspondence between the
equilibria of the non-dissipative Eq. (1) and the equilibria of the dissipative equation is made
in such a way that the nodal properties are preserved. We prove that the permutation derived
from the suspensions determines the heteroclinic connections in the non-compact global
attractor, which is then characterized in terms of the adjacency notion.

2 Set-Up and Preliminary Results
We consider the Hilbert space X = L2([0, 7r]) with norm || - ||. Moreover, we denote by A
the sectorial operator —d,, — b1. We know that —A generates the analytic semigroup e 4,
[19,25]. For A| = A + bl, the fractional power spaces

X% := D(AY),

for each o > 0, are well defined with the graph norm [|x ||, := [|A{ x|, x € X*.
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We assume that g = g(x, u, p) : [0, 7] x R? — R is a bounded C? function, globally
Lipschitz in (u, p), i.e., there exist positive constants L and L, such that

lgCe,u', p'y — g, u?, pP)| < Lilu' — | + Lalp' = p?. 2
Moreover, to control the decay behavior of the number of zeros of solutions at infinity needed

in Sect. 4, we assume that L, < 1.0n X%, witho > %, the Nemitskii operator of g defined by

Gu)(x) = g(x, u, uy),

takes values in X and is globally bounded and Lipschitz in u € X*. We take o > % so that
X% c C!. The solution semigroup S(z) is then defined in the underlying space X% for ¢ > 0,

S() : X¥ — X“.

The dynamical system generated by Eq. (1) is dissipative if there is a fixed large ball in
the state space which attracts all the solutions. A dynamical system is fast non-dissipative if
for at least one initial condition the corresponding solution exhibits a blow-up in finite time.
A recently introduced class of systems called slowly non-dissipative consists of all systems
for which global existence and uniqueness is guaranteed for every initial condition, but some
solutions blow-up in infinite time. See [5].

Since g is bounded, the dynamical system generated by (1) is globally defined. Indeed,
IIS(t)uglle is bounded for each 0 < ¢ < oo and o € (3/4, 1). If t(up) denotes the maximal
time of existence of the solution through u, then it follows from [19] that 7 (#¢) = +oo for
all ug € X*. This implies that a finite-time blow-up does not take place and the dynamical
system obtained is either dissipative or slowly non-dissipative.

We consider an orthonormal basis {¢; (x)} jen, in L2([0, 1) comprised of eigenfunctions

of the operator A with Neumann boundary conditions, i.e., ¢;(x) = \/g cos jx for j =

1,2,... and go(x) = \/; . We further denote by A; the corresponding eigenvalues, which
are given by A; = j? — b for each j € No.

Lemma 1 Ifb > 0 then the dynamical system generated by Eq. (1) is slowly non-dissipative.

Proof We consider the eigenspaces E; of A associated with each eigenvalue A ;. Using the
L*-eigenprojections any solution u(z, x) of (1) is represented by

u(t,x) = Z uj(t)e;(x),

j=0

where @;(t) = (u(t,-), ¢;(-))z2 with the inner product in L?([0, ]). Applying the E;-
projection to Eq. (1) we obtain

d
Eﬁj(t) = (ur(t, ), 0 ()2 = (uxx +bu, 9 () 2 + (g(x, u, uy), 9 ()2,

which, by selfadjointness of A, implies

d . A
() = =g (1) + (8 1, 10), 95(0) 2. G

If we write (g(x,u,uy), @j(x))2 = (Gw)(x), ¢;j(x));2, where G(u) is the Nemitskii
operator for g(u), and denote

8j @) == (G ut, x))(x), 9;j(x))2
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we finally obtain from (3),

d
JPO = =20 + &), 4

We notice thatif b > Othen A; = j 2 _b < Oatleast for j = 0. Then the general solution of
the linear non-homogeneous ODE (4) has the form i (1) = L?f ) + ﬁ’; (1), where ﬁf (t)isa
particular solution of (4) and ﬁif () is a solution of the corresponding homogeneous equation.
As a particular solution we take 121; (t) = I e ,(s)ds and the solution with initial

condition i (0) = fo(l ekfsgj (s)ds + ﬁi’ (0), is given by

t
ij() =" " + / e M8 (s)ds. 5)

o0
Since G(u) is bounded in L2 we have that g j(t) is uniformly bounded for all j € No.
Consequently, the particular solution ﬁjp. (#) is uniformly bounded for all j € Ny such that
%j < 0. On the other hand, whenever 4 ; is strictly negative and ﬁjf(O) # 0, then ﬁ?(t) =
12]} (0)e™*i' grows exponentially as ¢ goes to infinity.

From the Fourier decomposition using the eigenprojections we conclude that the L2-norm
of a solution u(t, x) of (4) is |lu(z, -)||2 = Z?io(ﬁi(t))z. Since we have A; < 0 at least for
j = 0, if we take an initial condition u¢ such that ﬁg (0) # 0, then ug(r) — oo ast — oo.
Thus, the corresponding solution u(¢, x) for such an initial condition exhibits infinite-time
blow-up. O

This proof also shows that if u(z, -) is a grow-up solution then at least one mode i ; (t) for
j < /b will grow-up to infinity with 7, since all the remaining modes 7; (r) for [ > /b must
remain bounded. In fact, in this case A; = 2 —b > 0 and, writing the general solution of (4)
as

t
(1) = iy (0)e ™" + / e MU= g (s)ds, (©6)
0
where 11 (0) = (uo(-), i (+)) 2, we obtain
R . r
i (6)] < 1, (0)] + —,
Al

using the uniform bound T" for g;.
Despite the non-dissipativity of Eq. (1), we can still guarantee the existence of a Lyapunov
functional given in the form

V() = /jr H(x,u,u)dx (7)
0

where H (x, u, p) is a smooth function on [0, 7] X R? with H,, > 0 (see [22,30]). The
functional V satisfies

d T
—V(u):—/ Hpp (x,u,ux)utzdxgo.
dt 0

Solutions u(z, -) € X* which are unbounded in time are called grow-up solutions. In order
to begin the discussion regarding the asymptotic behavior of these unbounded solutions of
Eq. (1), we recall the next lemma derived in [6].
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Lemma 2 Consider the Eq. (1) with b > 0. Then the solution u(t, -) either converges to
some bounded equilibrium as t goes to infinity or u(t, -) is a grow-up solution.

The proof follows from an application of LaSalle’s invariance principle [15] to the Lya-
punov functional (7). One immediate consequence of these two lemmas is that there does
not exist a global attractor for the semigroup S(¢). We then present the following definition
of non-compact global attractor introduced in [6].

Definition 1 A non-compact global attractor for the Eq. (1) is a non-empty minimal set in
X¢ attracting all bounded sets of X“.

3 Non-compact Global Attractor

Next we consider a grow-up solution and its normalized trajectory in order to obtain a
description of the explicit behavior of grow-up solutions. We recall the following lemma
obtained in [6].

Lemma3 Letb > 0, b ;é n2 for n € N. Consider a grow-up solunon u(t,-) of (1) and its

normalized trajectory Hu(t )H Then, there is m < /b such that ”u(t )” converges to ¢,, in

L?, where ¢, = oy and 1 € {+1, —1}. Moreover, a necessary and sufficient condition for
the rescaled trajectory to converge to ¢y, in L2 is that

i H0)

m -2
t—00 Z 20 Lt (l‘)

and the sign of ¢y, (0) should be the same as u(t, 0) for all t € (T, 0o), for some T > 0.

=1, ®)

Proof Again we let u(t, x) = Zfozo itj(t);(x), and we remark that | ;(¢)| < c/j? for all
j > /b, since these modes decay. By Lemma 1 at least one mode ii,, (¢) for some m < Vb
will grow-up to infinity with 7. If i1,,, is the only infinitely growing mode, then

i i (t)
m — =
1—00 (Z} °0 u2(t))2

for all [ # m. If, on the other hand, u(z, -) has more than one infinitely growing mode, let
iy, denote the one with the lowest subscript. Reasoning as in (5) we see that the growth to
infinity of a mode i; is determined by the term ﬁfl (0)e~i'. Hence the mode fi,, (f) grows

exponentially faster than any other growing mode #; (f), m < i < +/b, and we still have

u; (1)

lim —— =

t—00 (Z] OMZ(t))Z

Then we obtain (8) and, from a zero number stabilization argument, we conclude that the
rescaled solution W converges to either ¢, or —¢,,. The sign condition on u(¢, 0) for

all t € (T, co) then implies that the limit is ¢, = (@y,.
Conversely, from

i—oo ! [lu(t, )| (f I HOO [l (2, )l
—2— lim 2L”’"7(t) =0

t—>00 (ZJ Ouz(t))Z
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we conclude that

. lm (1)
1_1)111 00 A2 T
200 (3% i3 (1n)?

which implies (8). The L? convergence of the rescaled trajectory to ¢!, then implies that
u(t, 0) has the same sign of ¢;, (0) for all € (T, 00). O

As we are interested in the limiting objects at infinity, we are particularly concerned
with the modes with j < +/b. In [18] Hell used Poincaré projections in Hilbert space to
study the grow-up solutions interpreted as heteroclinic orbits to points at infinity. Using this
approach we show that the projections to infinite norm of the equilibria of the linear equation
u; = uxy +bu play the role of equilibria at infinity for the given nonlinear Eq. (1). Following
[18] we consider the Poincaré projection of the space X* x {1} onto the infinite dimensional
upper hemisphere

H={(x.2) € X* xR: (x,x)2+z*=1,2>0},

where (u,v)y = (Afu, AYv) 2 is the inner product in X“. The hyperplane X* x {1} is
tangent to the unit sphere in X* x R. The Poincaré projection is defined in the following
way: for a given point M on the hyperplane, the straight line through M and the center
of the unit sphere (0, 0) intersects the sphere at two antipodal points, one on the upper
hemisphere and one in the lower. The Poincaré projection of M, which will be denoted by
‘P(M), is defined as the intersection point on the upper hemisphere. As M goes to infinity
on X% x {1}, P(M) goes to the boundary of H, that is, the equator of the unit sphere
He i ={(x,0) € X* xR : (x, x)a = 1}. By examining the Eq. (1) on X* transformed by
the projection P, Hell has obtained the equilibrium points on the equator

OF ={(x,2): xj =%l z=0and x, = 0V¥n # j}, ©)

for all j € Np.
Because the infinity of X is projected onto the equator H, and <I>§F are equilibrium points

on H,, we define objects dDjO’i at infinity as

00, £y _ 4t
P@TF) = &7,

and refer to these as equilibria at infinity. However, we have only a finite number of equilibria
at infinity. This follows from Lemma 3 and from the fact that the eigenmodes with j > /b
remain bounded for any grow-up solution. The set of equilibria at infinity is given precisely by

E]°c°:{cl>;°’i:j:0,...,[«/l;]},

where [-] denotes the integer part.
We decompose the global attractor as

Af=.A_CfU.AOO,

where Acf is the maximal compact invariant subset contained in some sufficiently large ball
B C X% and A‘}-O is an unbounded subset. The bounded subset is composed of the set of
solutions in .4 ¢ which remain bounded in the state space X* for r > 0. Therefore, we may
apply the standard theory for dissipative equations and conclude that the bounded subset A?}
is composed of the set of bounded equilibria E< and their connecting heteroclinic orbits (see
[16]). The unbounded subset .A?O contains the set of equilibria at infinity E ?O and the subset
of grow-up solutions.
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In the sequel we want to prove that E< is non-empty. The bounded equilibria v € ch of
Eq. (1) are the solutions of the ODE boundary value problem ‘

Uxx +bu~+ gx,u,uy) =0, x € (0, )

10
u, =0, x =0, x. (10)
We then associate with (10) the initial value problem
Uy =0
vy = —bu — g(x,u,v), (11)

u(0) = ug, v(0) =0.

We remark that the set of solutions u = u(x, ug), v = v(x, ug) of (11) defines the two-
dimensional manifold in [0, 7] x R?

L ={(x,u,v):u=u(x,up),v=uv(x,ug)solves (11),up € R, 0 <x < m}.

Under the setting of Eq. (1), all trajectories of the initial value problem (11) are guaranteed
to exist for all x € [0, m]. Also let the section curve of L at x = m be denoted by y, i.e.,

y = {(x, u(x, up), v(x, ug)) : up € R, x = m}. (12)
The intersection points of y with the plane v = 0 correspond to the equilibria of (1) (see
[11,28]).

We next show that under appropriate conditions Eq. (1) has at least one stationary solution.
The assertion is already known if (1) is dissipative, as it follows from a series of results derived
in [17,20,30]. In which concerns non-dissipative equations in the form (1), according to
Matano, no satisfactory result was obtained except for the case f(x, u, uy) = f(u), see [21,
Remark 4.6]. Also, this state of affairs does not seem to have changed much in the last 30

years. Then, in the next lemma we address this matter and consider non-dissipative equations
in the general form (1), under the nondegeneracy condition b # nZ.

Lemma 4 If the dynamical system generated by Eq. (1) is

(i) dissipative (i.e., with b < 0), or
(ii) slowly non-dissipative (i.e., with b > 0) and b # n> forn € N,

then the set of equilibria E ? is not empty.

Proof To verify the non-emptiness of E? we prove that y intersects the plane v = 0. We
address the slowly non-dissipative case (ii). We rewrite (11) in the form

uy = vbuw,

Wy = —bu — %g(x, u, \/Ew), (13)

u(0) = uo, w(0) =0,
and introduce the change to polar coordinates
u=pcosf, w=—psind, (14)

with p(0, ug) = uo and 6(0, ug) = 0. This corresponds to the well-known Priifer transfor-
mation normally used in Sturm-Liouville eigenvalue problems to prove Sturm comparison
theorem. From (13) and (14), we obtain
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0x €080 — pby sin® = —v/bpsin b,

1
—py Sinf — pO, cosd = —x/E,o cosf — —bg(x, pcoso, —\/Zp sinf).

7

This implies (for p # 0)

1
= —g(x, pcost, —v/bp sin6) sin 6 (15)
px =800 o
1
O, = Vb + —g(x, pcos, —ﬂpsin@)cos@. (16)
Vbp

Since g is uniformly bounded, given § > O there exists R >0 large enough such that
|p(x, up)| > R implies
1
—g(x, pcosb, —«/l;p sinf) cosf| < 8.
Vbp

Moreover, we have

lo(x, uo) — p(0, uo)| = ‘/0 px (x, ug)dx

X

1
< | —g(x, pcosé, —\/l;p sinf) sinf|dx < C, 17
/0 NG

for all x € [0, 7] and some positive constant C. From (17) we conclude that, for a given
R > 0,if |p(0, up)| is sufficiently large, then | p(x, ug)| > R uniformly on [0, rr]. Therefore,
if |p(0, up)| is sufficiently large, we have

1
| ——g(x, pcosb, —\/E,o sinf) cosf| < §, forall x € [0, ].

Vbp

Thus, from (16) we have

‘/n(ex — Vbydx
0

T

1

< | ——g(x, pcos, —«/l;p sinf) cosf|dx < ém,
/0 Vbp

and, since 6(0, ug) = 0, we obtain |0(x, ug) — ~/br| < 7. Letting ¢ = ém, we finally
obtain that for a given ¢ > 0 there exists R > 0 such that |p (0, ug)| > R implies

10(, ug) — Vbr| < e. (18)

As |p(, ug)| grows with | p (0, ug)| = |uo|l and b # n?forn € N, we conclude from (18) that
for both ug > R and ug < —R the curve y is asymptotic to a straight line with inclination
angle /b7, therefore going from one (upper or lower) semiplane of {(x, u, v) : x = 7} to
the other. Hence, the continuous curve y must intersect the plane v = 0, which implies that
E} is not empty.

For the proof of (i) we refer the reader to [17,20,30]. ]

4 Heteroclinics to Infinity
In the sequel we let b > 0 and b # n? for n € N. From the proof of Lemma 4 this implies

that all the solutions of (10) have their values contained in a bounded subset of the phase
plane (u, u,). In addition, we also make the generic assumption that all bounded equilibria

@ Springer



J Dyn Diff Equat (2016) 28:1-28 9

v € ES are hyperbolic. Hyperbolicity of v € E? means that A = 0 is not an eigenvalue of

the linearization of (10) at v
A= tyy + bu + gy (x, v, v)u + gp(x, v, vy )y (19)

with Neumann boundary conditions. Hence, from here on we deal with only a finite set
E; ={vy,..., v}

As usual, the Morse index i (v) of the hyperbolic v € E¢ denotes the number of strictly
positive eigenvalues of (19), alias, the dimension of the unstable manifold of v, W (v).

The nondegeneracy condition b % n? in Lemma 4 corresponds to the hyperbolicity of the
equilibria at infinity, as we can see in [18] and [7]. This concept is related to the projected
equation obtained on the equator H, from which we find the equilibria at infinity.

We intend to determine the bounded equilibria connecting to infinity as well as the exact
limit of the grow-up solutions. In order to do that, it is necessary to work in higher norms
than the L2-norm. This is due to the fact that the L2-norm is insufficient for determining the
exact limiting object at infinity since the L?-norm alone does not prevent the zero number to
drop at t = co. As it was observed in [5], despite the fact that the influence of the bounded
nonlinearity g must decrease as the norm of u(z, -) grows to infinity, we are unable to study
the limit in the X% norm. To obtain the limits in C', we appeal to the theory of inertial
manifolds. We have the following result from Miklav¢i¢ [24] for the existence of an inertial
manifold for Eq. (1).

Lemma 5 Considerthe Eq. (1) with g satisfying the inequality (2) for some positive constants
L1 < +ooand Ly < 1. Then there exists an inertial manifold M for Eq. (1) and M contains
the non-compact global attractor A y. Moreover, M is Lipschitz continuous with values in C 1

In the dissipative case and for f = f(u) Brunovsky [8] used the inertial manifold to
show that the global attractor is the graph of a C! smooth function over a subset of a finite
dimensional linear space of dimension equal to the maximal Morse index of the equilibria in
the attractor. Later Brunovsky and Teresc¢dk [9] extended the existence result of the inertial
manifold to the case of f = f(x,u, u,) with a small Lipschitz constant L, < ¢. Finally,
Miklavcic [24] obtained this existence result for the case Ly < 1. Using these results, Matano
and Nakamura [23, Theorem E] extended the smooth graph result of Brunovsky to the case
of f = f(u,uy) with Ly < 1 (under periodic boundary conditions).

The next lemma determines the limiting object at infinity by just requiring information
on the zero number of the grow-up solution.

Lemma 6 Let v be a hyperbolic equilibrium for Eq. (1) and u(t, -) a grow-up solution in
the unstable manifold of v, W" (v), with

z(u(t, ) —v() =m
forallt € (T, o) for some T > 0. Then
u(t,-)

lim || ——— — ¢' =0,
A e, o~ emlle

where @, = 1@y, and . = sign(u(t, 0) — v(0)) fort € (T, 00).
Proof From the existence of the inertial manifold M we have that M = graph[W] where

W : PyD(A) — OnD(A)
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is a Lipschitz mapping with values in C!, and we decompose u(t, -) as u(t, ) = p(t,-) +
q(t,-) where

N

plt, ) =D (ut, ), 9;())129,() € PyD(A),
j=0

q(t,) = W(p(t,)) € QnD(A).

We know that all modes # j (@) with j > /b remain bounded and also, from Lemma 3, it
follows that
u(t, )
im | ———— — ¢l =
=0 lu(t, )|

for some integer i with i < +/b.

The mapping W is uniformly bounded in C ! thus ¢ (z, -) remains bounded as p(z, -) grows
to infinity along with u(z, -). As a result, we have that

p(tv ') .
e ST
and
u() )
lim = P,
M oy~ @iller = im e oy~ ¢ile

Since p(t, -) and ;(-) are both in the finite-dimensional subspace Py D(A), due to norm
equivalence in finite dimension it follows that
u(t,-) . p(t,-)

im [|-———— —¢illcr < lim Cll——— — ¢l =
i—oo " lu(t, ) ' t—oo  lu(r, )

Finally, since ||| grows up to infinity as ¢ — oo, we must have

2u—v)=z (u) = z(¢})
flull

for all + > T. This implies that i = m and ¢ = sign(u (¢, 0) — v(0)) forallt € (T,00). 0O

This lemma asserts that the zero number z(u(z, -) — v(-)) of a grow-up solution u € W*(v)
can only drop at finite times t < T (thus excluding the disturbing possibility = 00), hence
explicitly identifying the equilibrium at infinity to which the grow-up solution connects to.

For dissipative equations with Dirichlet boundary conditions, Brunovsky and Fiedler have
constructed the y-map which is an important tool for describing the heteroclinic connections
on the global attractor, see [3]. For each initial condition ug in the unstable manifold of a
hyperbolic equilibrium v, y(u#¢) determines the zero number z(u(z, -) — v(-)) of the corre-
sponding shifted solution and the sign of u(¢,0) — v(0). An extended form of the y-map
was designed by Ben-Gal [5,6] to deal with slowly non-dissipative equations with Neumann
boundary conditions. For any hyperbolic equilibrium v and any positive integer m < i(v),
the surjectiveness of the y-map (see [3, Lemma 2.2]) implies the existence of a solution
u(t,-) in W*(v) with z(u(t, -) — v(-)) = m forall t > 0.

Given an equilibrium v € E¢, we say that v has a heteroclinic connection to the object at

infinity ®>° € {dD;o‘i : j =0,..., [v/b]}if there exists a grow-up solution u(z, -) satisfying

. . u(t, )
t_l)lf_noou(f, ) = v and ,1_1320 ||m —oOler =0,
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where ¢ € {go;‘L}jeN and ¢ corresponds to the equilibrium & € {<I>Ji} jeN on the sphere at
infinity which is the projection of ®°.
We define the zero number of Q?o’i as

2T =20 = (20)
and
Z(d)i?o*i —v) = z(d)j.’o’i), forallv € E} 21
Also, we let
sign(dD?o’i(O)) = sign(gof(O)) ==+1 (22)
and
sign(®5°(0) — v(0)) := sign(®5*F(0)), forall v € EY. (23)

Under the above setting, we postulate
O3 7(0) < v(0) < B T(0), forallv € ES. (24)

We notice that the zero numbers of the objects at infinity {@f} jeN are consistent in the
sense that the zero numbers of the corresponding heteroclinic orbits do not drop at t = oo
and the eigenfunctions {+¢;} jcn only have simple zeros.

The next definition adapts to the equilibria at infinity the notion of adjacency first intro-
duced in [29].

Definition 2 Let v € ES and let & e {QD?O’jE 1j=0,..., [\/B]} denote an equilibrium
at infinity with z(®*> — v) = m, for some m € N. We say that v and > are m-adjacent if

there does not exist w € E? with z(®*° — w) = z(v — w) = m and

1) v(0) < w(0) < ®*(0), if v(0) < ©*°(0),
(i1) ©*°(0) < w(0) < v(0), if D*(0) < v(0).

With this adjacency definition we address the heteroclinic connectivity of finite equilibria
to objects at infinity via grow-up solutions.

Lemma 7 (Infinite Blocking Lemma) Let v € E ? be a hyperbolic equilibrium and let ®>° €
{CD?O’i :j=0,..., [V/B]} denote an equilibrium at infinity with z(®*° — v) = m. If v and
D are not m-adjacent, then v does not have any heteroclinic connection to the object >

at infinity.

Proof First notice that (21) implies that m < [v/b]. Assume that there exists a grow-up
solution u(t, -) connecting v to ®*°. Since v and ®° are not m-adjacent, there exists w € E ?
such that

(P —w)=zv—w)=m (25)

and

®°(0) < w(0) < v(0) or v(0) < w(0) < ®*(0). (26)
Then & = u — w is atrajectory from v — w to ®*° — w satisfying it; = iy, +bu+g(x, i, iiy)
with g(x, i, iy) = g(x, w + u, wy + Uy) — g(x, w, wy). By Lemma 6 we conclude that
there exists 7 > 0 such that z(u(¢, -) — w(-)) = m for all r > T. Since (26) holds, the value
of w(0) lies between u(t, 0) and v(0), increasing the value of 7 if necessary. Thus

u(,0) —w) <0 < v0) —w()orv0) —w() <0 < u(,0) —w).
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Moreover, by the nonincreasing property of z (i (¢, -)) we have that z(v —w) > z(u(t, ) —w).
On the other hand, by (25)

zw—w) =m = z(u(t, ) — w).

However, since v(0) —w(0) and u (¢, -) —w(0) have opposite signs and i (¢, 0) # 0 for all non-
dropping times, we must have some dropping time before 7" and z(v — w) > z(u(t, -) — w)
which is a contradiction. ]

The next lemma ensures the existence of connections whenever they are not blocked.

Lemma 8 (Infinite Liberalism Lemma) Letv € E Cf be a hyperbolic equilibrium, let m denote
an integer such that 0 < m < i(v) — 1, and let = € {d>?o’jE :j=0,..., [\/E]} denote
an equilibrium at infinity with z(®*° — v) = m. If v and ®*° are m-adjacent, then v has a
heteroclinic connection to the object ®>° at infinity.

Proof Using the y-map we obtain an initial condition ug € W (v) such that the correspond-
ing solution u(¢, -) satisfies

zZ(u(t, ) —v() =m

forall 0 < ¢ < oo, with sign(u(z, 0) — v(0)) = ¢ := sign(®*°(0)). For more details see
[5,6,26]. We show first that there does not exist any bounded equilibrium w of (1) such that
u(t, -) converges to w as t goes to infinity.

Let us assume that lim;_, » u(t, -) = w for some equilibrium w € E? Then, as the zero
number of the shifted solution # — v is nonincreasing

JAim z(u(t, ) —v() = z(w —v)

must be less than or equal to m. Suppose z(w — v) < m. This would imply that the zero
number of the shifted solution drops at infinity and we show why this is not possible. Let

lim (u(t,-) —v(-)) =w—v =:Ww.
—00
Since w # 0, it follows that @ has only simple zeros, as it solves the ODE
0 =ity + b))+ §(x, U, ly).

Therefore, any solution in a sufficiently small neighborhood of w must also have only simple
zeros. It implies that z(u(z, -) — v(-)) is constant over some small neighborhood of t = oo
and, thus,

zu(, ) —v() =z(w() =z(w—v) <m

for all very large t. However, in this case z(u(¢, -) — v(-)) would have to drop at some finite
timeas u(t, -) converges to w, which is a contradiction. Therefore, if v connects to w viau(t, -)
then z(w—v) = m. Since sign(u(t, 0)—v(0)) = ¢forall0 < ¢ < oo, thesignofu(z, 0)—v(0)
remains always positive or negative in forward time. Then, sign(w(0) — v(0)) = . However,
there does not exist any bounded equilibrium w fulfilling these conditions, i.e,

z(w — v) = m and sign(w(0) — v(0)) = ¢ = sign(®*°(0) — w(0)),

since v and ®*° are m-adjacent.
Since u(t, -) cannot converge to any bounded equilibrium, by Lemma 2 we conclude
that lim;_, o |lu(t, -)|| = oo and thus u(t, -) is a grow-up solution. Finally, it was proven
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in Lemma 6 that in this case the normalized trajectory % converges in the C'-norm to

the eigenfunction ¢',. This means that v has a heteroclinic connection to the object ®,;*" at
infinity. Since z(®*°) = z(®*° — v) = m and sign(®*°(0)) = ¢, it follows from (20) and
(22) that > = &> |

The connecting orbit structure within infinity was obtained in [18]. The intra-infinite
heteroclinics are namely the following:

0, 00,+ . .
dDj * connects to &, foreacht € {—, +}andalli < j—1, 27

withi, j € {1, ..., [VD]}.

5 Suspension

In this section we obtain a permutation related to Eq. (1) in the sense of [11]. We begin by
recalling some facts which hold true in the dissipative case.
Let & be a function such that the dynamical system induced by

(28)

U = uyx +h(x,u,uy), x €[0,n]
uc(t,0) =uy(t,m) =0

is dissipative. Assume also that all the equilibria are hyperbolic. We denote by E; =
{wi, ..., wy} the set of equilibria of Eq. (28) ordered by their values at x = 0,

wi1(0) < wy(0) < -+ < wy(0).
Let o5, € S(N) denote the permutation defined by the reordering at x = 7,
Wo, (1) () < Wey2) (7T) < -+ < Wey(N) (7). (29)

This permutation corresponds to the ordering of the points of intersection of the plane v = 0
with the curve y}, defined for the stationary equation for (28) as in (12). Permutations related
in this way to a Jordan curve like y, (in the Poincaré sphere) are called meander permutations.

We say that a permutation o € S(N) is a dissipative permutation if o(1) = 1 and
o(N) = N.Given any o € S(N) we also define the vector (ij(c))i<j<n by
i1(o0)=0
ij+1(0) = ij(0) + (=1 sign(@™ (i + 1) — o7 (j)) (30)
for j =1,..., N —1.Theno is called a Morse permutationif i j(oc) > Oforall1 < j < N.

We say that the permutation o is realizable by a dissipative Eq. (28) if 0 = oy, with oy,
defined in (29). A permutation that is realizable by a dissipative equation is referred to as a
Sturm permutation. The motivation for these definitions is the realization result obtained in
[13] and recalled in Theorem 1 further below in this section.
For each equilibrium w; € Ej, the Morse index i (w;) coincides with i;(o7,). That is to
say that
i(wj) =ij(op), forall j =1,..., N. (31)

This is shown in [27]. The indices i (0y,) can alternatively be written as

j—1
ij(on) = D (=" sign(o, ' m + 1) — o, (m)), (32)

m=1
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with empty sums denoting zero (see [12]). For dissipative equations with only hyperbolic
equilibria, the number of equilibria N is odd and the permutation defined in (29) is a dissipative
Morse meander permutation. Moreover, a permutation o associated to dissipative systems
satisfies (31) and we have i (w;) = i(wy) = 0.

As a consequence of (1) being non-dissipative we see in the next lemma that the Morse
indices i (v1) and i (v,,) are both different from zero.

The equilibria in ES = {vy, ..., v,} are ordered by their values at x = 0. We denote by

6 = 6(x, uo) the solution of the differential equation

_ 1 _ _ _ _
0, = Vb + ﬁqo(x, ug) cos’ 0 — q1(x,up)cosOsin€, 6(0,up) =0 (33)

where
qo(x, uo) = gu(x, u(x, up), v(x, ug)) and g1 (x, ug) = gp(x, u(x, up), v(x, ug)).

This & = 6(-, ug) corresponds to the angle swept by the unit vector tangent to the
x-section of L along the solution (u(-, ug), v(-, ug)), as obtained from the linearization
of (28), with ug corresponding to the initial value of problem (11). We also denote by
s(ug) := (mw, u(m, ug), v(mw, ug)) the point in the section curve y corresponding to the initial
condition ug. Then 6 (7, o) can also be read as the angle swept clockwise by the unit vector
tangent to y at s(ug) as s(ug) describes y, with ug going from —oo to oo (see [27,28]).
Finally, let u{) be the initial value satisfying u'(/) = v;(0) for the equilibrium v;. Then, the
Morse index of v; is given by i(v;) = 1+ [6(m, ué)/rr]. See [27,28].

Lemma 9 Assume that all equilibria of (1) are hyperbolic. Then the Morse index of the
minimal and maximal equilibria, vi and v, are given by

i) =i(vy) =1+ [Vb]. (34)

Proof As already mentioned, the Morse index of an equilibrium v; is given by i(v;) =
1+ [0, u{))/n] for allj =1,...,n, where u(j) = v;(0). The equilibria v and v, being
hyperbolic implies that 6 (7, u(])), 0(m, ug) # ma, for all m € N (see [27]). In the following

we show that [0(rr, u})) /7] = [v/b] for j = n, the case j = 0 being similar.

Letu = u(x, up), v = v(x, ug) denote the solutions of (11) and let 6 (s, up) be the angle
swept clockwise by the position vector (u(x, 1), v(x, up)) asx runsfromx = Otox = 7. We
have seen in the proof of Lemma 4 that 6 (x, u) satisfies (16) and lim|;;j|— o0 0 (77, o) = N
(see (18)). This limit does not depend on the bounded nonlinearity g, hence it does not change
if g is modified by an adequate cut-off outside a large subset of [0, 7] x R”. Let C; > 0
denote a bound on the solutions u = u(x, ug), v = v(x, ug) of (11) with ug € [u(l), ugl,

max {|u(x, up)l, [v(x, uo)| : x € [0, 7], ug € [up, ul} < Cy.

Also, let C> > 0 denote a bound for the solutions u € Aj} on the compact global attractor of
(1), which as we recall is in X* c C!,

sup {u()l. [y (0)] : x € [0, 7], u € A%} < Ca.
Then, for an open neighborhood D C R? of the set

{(u,v) R? : lul, |v] < max{Cy, C2}} C D, (35)
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we define a C? function § compactly supported in [0, 7] x D such that

g, u,v) =g(x,u,v) (36)
for all |u|, |[v| < max{Cy, C>} and x € [0, w]. The dynamical system generated by (1) with
g replaced by g is non-dissipative and it possesses a noncompact global attractor

TS 00
Af—AfUAf,

where f(x, u, p) =bu+ g(x,u, p) and Ai; is the maximal compact invariant set. Then, in
view of (36) we have that A;} - .A‘J'; and the replacement of g by g, assumed from here on,

does not affect the Morse indices of any equilibria. In fact, this replacement does not change
the section curve y for ug € [u(l), ug].

If |ug| is sufficiently large, then (u(x,up),v(x,up)) ¢ D and we have that
g(x, u(x, ug), v(x,ug)) = 0 for all x € [0, ]. In this case, since & = 0(x, ug) satis-
fies (33) and qo(x, ug) = q1(x,ug) = 0 we conclude that 0, (x, ug) = b. Therefore
0(, ug) = /b for large values of |ug| and

O(m,r)/m = Vb 37)

forr > ug large. Then, let y,, denote the arc of the section curve y between the points (u(, 0)
and (u(z, r), v(zm, r)),

Yo = {(m, u(mw, uo), v(w, ug)) :ug <ug <r}.
Also, let ¥, denote the horizontal line segment between the points (ug, 0) and (u (s, r), 0),
VY ={0r,u,0) tug <u <uw,r)},
and finally let ?,, denote the vertical line segment between (u(r, ), 0) and (u(r, r), v(w, r)),
Vo =1 u@@,r), p):0<p<v@@n)

We then define the closed curve I', = y, Uy, U¥,. Since v, is the equilibrium with
maximal initial value ug, the curve y, intersects the horizontal axis only at (u(r, uo), 0),
hence y, N¥,, = ¥ is empty. Moreover, for r sufficiently large we also have y, Ny, = @ by
(18). We therefore conclude that I';, is a Jordan curve, i.e., a piecewise differentiable simple
and closed curve. It then follows from (37) and the turning tangent theorem ([10]) applied to
I, that

0@, up) — 0w, r)| < 7.
This implies
[G(n, ug) = 0(w, r)} —0

T
and using (37) we have [0 (r, ug)/ml = (VD] as required. ]

As a consequence of this lemma, the dynamical system generated by Eq. (1) is non-
dissipative for b > 0 and i (vy) = i(v,) = k withk := 1 + (v/b] strictly positive. Then, if
dissipative properties are not verified, we do not expect the Morse indices of the equilibria
to satisfy (32). In spite of this fact, we want to obtain the Morse indices of the equilibria
vj € Ef% in terms of an associated permutation defined in an analogous manner as for
dissipative equations.
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c

We similarly define for Eq. (1) a permutation oy € S(n) by ordering the equilibria in £
firstly at x = O and then according to their values at x = . The permutation oy can also
be defined from the corresponding section curve y = y obtained for (1), as we can see in
[28]. Therefore oy is a meander permutation.

For this permutation o = oy € S(n) we define the vector (i;(0))1<j<; by

i1(o) =k
ij41(0) = ij(0) + (=), sign(@ ' + 1) — o' (j)), (38)
for j = 1,...,n — 1. We next verify that the dimension of the unstable manifold of the

equilibrium v;, which we are denoting by i(v;), coincides withi;(o ) forall 1 < j < n.

Lemma 10 Let k = 1 + [/b]. If o = oy € S(n) denotes the meander permutation corre-
sponding to the section curve'y = yr of (1) and (ij (o)) 1< j<n is the vector defined by (38),
then

i) =ijlop)., 1<j<n. (39)

Proof It was established in [27] that the Morse indices i (v;) of the equilibria v; € E} are
determined in terms of the curve y defined in (12). As already mentioned, the relation is
given by

i(vj)) =1+[0(r,v;(0)/7] (40)

where 0 is the solution of (33). We now want to write (40) explicitly in terms of o f.

Since 0 (77, v;(0)) can also be read as the angle swept clockwise by the unit vector tangent
to y at s(ug) = (m, u(w, ug), p(m, ug)), with p = uy, as ug goes from —oo to v;(0), we
obtain from (40) that

i(wjr1) =i)) +cj (41)
with ¢; € {—1, +1}. From the alternative definition of O(m, v ;(0)) in terms of y ¢ and from
(40), one obtains that

cj =sign(ji1(m) —v; () sign(pu, (7, v;(0))) ,

where p,, denotes the derivative of p with respect to uq. It follows from the definition of o ¢
that

Sign(vj41 (1) — v, (7)) = sign(o ;' (j + 1) = 071 (). (42)
We also have the relation
sign(pu, (7, v1(0))) = — sign(pu, (7, v141(0))), forall 1 <1 <n. (43)
Moreover, the following inequalities hold

Pug (T, v1(0)) > 0 if k is even,
Pup (7, v1(0)) < 0 if k is odd.

As a result, the alternation rule

(=D =D  puy (7, v;(0) > 0
follows from (43). Equivalently we have

sign(puo (7, v;(0))) = (=171, (44)
From (42) and (44) we therefore conclude that

cj =D signo 1+ D — o)),
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that is, '
i) = i) + (=D signo G+ D — o (), (45)

forall 1 < j < n, which compares with (38) as we wanted to prove. ]

Remark that by (34) and (39) we have i{(o7) = i, (o) = k. In the sequel, we present the
definition of suspension of a permutation o € S(n).

Definition 3 Leto € S(n) denote a meander permutation and & a positive integer. We define
the suspension 6% of the permutation ¢ as the permutation 6% € S(n + 2) which satisfies:

@) 6k(j) =o(j—1)+1,forje{2,...,n+ 1};and
(i) if k is odd

¥y =1and 6% +2) =n+2,
and if k is even
) =n+2and 65 +2) = 1.

It is clear that 6% is a meander permutation. For this permutation we define the vector
(@ (8]‘))151-5,,” by (38) with k replaced by k — 1. That is,

16" =k -1, (46)
and '
ij416%) = ;") + DT sign(@H TG+ D - @H7TG). @D
for j =1, ..., n+ 1. For an illustration of a permutation suspension see Fig. 1 further below
in Sect. 6.

From (46) we conclude that after k suspensions of o'y one obtains a meander permutation
8} € S(n + 2k) with a vector (i ; (&}))1§j§n+2k satisfying

i16 ) = inp2x(6 1) = 0. (48)

Indeed, since 8; is the suspension of 6}{“ and iy (&]{) =j—1,forl < j <k, it follows
that i1(6}) = 0. In order to prove that i, 42 (6 }) = 0 we show that i,,12(6%) = k — 1 which
implies the former equality by reverse induction on k. By (47) we have

in2(6%) = ing1(6%) + (=" sign(65 7T +2) — 657 + D).
Hence, it follows that

—sign(n +2 — (65" '(n + 1)), if k is odd

in2(6%) = ins1 65+ e o
sign(l — (6*)""(n + 1)), if k is even

=i,165 -1, (49)

since 1 < (6%)~'(n 4+ 1) < n + 2. We next prove that i, (6%) = k. For that we need to
verify the following
ij+1(6%) =i(0), forall1 < j <n. (50)
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If j = 1, we have from (47)

i2(6%) = i1(6") + (=) Tsign((6H) 7' (@) — 657 (1))
sign((6%)~1(2) — 1), if k is odd
=k—1+
—sign((65)71(2) — (n +2)), if kis even

=k—141=k=1i(0).

Suppose now that i 5 = ij—1(o) for j <n —1.Then
ij416%) = i;(6") + (=D sign((6H TG+ D = 657 G))

=ij_1(0) + (=) sign(@ ™' (j) =o' = 1)

= ij (O‘)
We thus conclude inductively that (50) holds and, consequently, i, (6% = iy(0) = k. By
(49) this implies i, 42 (65 =k —1and completes (48).

It is clear that &} € S(N) with N = n + 2k. Moreover, forall j € {1,...,k}U{n +k +
1,...,n + 2k}, the permutation & } satisfies

1 i, for j odd
ghjy =17 0 . (51)
’ n—+2k—(j—1), for j even.

Furthermore, by (i) of Definition 3, & } and o are related by

GHk+1) =k+op(), forl=1,....n. (52)

For an illustration of a sequence of k suspensions see Fig. 2 of Sect. 6.
The next step is to verify the existence of a function / realizing the permutation & } To
do that we recall the following result

Theorem 1 [13] There exists a C2 function h realizing the permutation o € S(N) if, and
only if, N is odd and o is a dissipative Morse meander permutation.

We know that & } € S(N) is ameander permutation which is dissipative since N = n+2k

isoddand 6 ;(1) = 1,6 {(N) = N by (51). Moreover, the vector (i(5))1<j<n defined in
(30) satisfies
ij(65) =0, (53)

forall j = 1,..., N. Indeed, it follows from (48) that (53) holds for j = 1 and j = N. If
jelk+1,..., k+ n}, we have from (50) that

i14£(6 1) = i1px-1(67) = -+ = i141(6§) = i1(0) = 0, (54)

forl =1,...,n. Lastly,if j € {2,...,k}U{n+k+1,...,n+ 2k — 1} we invoke (30) and
use (51). This yields

ij4160) =i;6H) + (=D sign(GHT' G+ D= 6EHT'G)
—sign(j+1—(m+2k—(j —1))), for j even

S A
=ij(or)+
T [sign(n+2k—j—j), for j odd
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ifjef{l,....,k—1}U{n+k+1,...,n+ 2k — 1}, which is equivalent to
i1 =ij6p)+1, forjefl,....k—1)
and to
ij16p) =ij6p) —1, forjeln+k+1,....,n+2k—1}.
Then, by recalling that i{ (6 }) = iy42k (0 }) = 0, it follows that
ijGp)=j—120andinsks@Gf) =k—j=0, (55)

for j =1,..., k. Therefore, ¢ } is a Morse permutation. We are then able to apply Theorem
1 and ensure the existence of a function  realizing & }
Let D C R? be the large open set defined in (35). Our aim is to change £ outside [0, 7] x D

in such a way that the modified semiflow coincides with the original one on the bounded
subset A;} of Ay. We let h be such that

h(x,u, p) = f(x,u, p), forall (x,u, p) € [0,7] x D. (56)

This ensures the existence of a large ball B C X C C! where the semiflow generated by
(1) coincides with the semiflow generated by

{uz =uxx +h(x,u,uy), x €0, 7] 57)

ux(t,0) =uy(t,7)=0.

We will define A for (x, u, p) outside [0, w] x D in such a way that the dynamical system
induced by (57) is dissipative. Hence (57) will possess a compact global attractor Aj,. Nev-
ertheless, we can decompose Ay, into a maximal compact invariant subset Aj contained in
B and its complement, that is,

Ap = Aj, U {AR\Aj}, with A7 C B.

We notice that the set E? of equilibria of (1) coincides with the subset of equilibria of
Eq. (57) that are contained in B. This follows directly from the fact that 7 = f on B. As a
consequence, the set of all equilibria of (57) is decomposed as follows

E, = E? U {Eh\E;}

The subset AZ C B is the set of all orbits that never leave B. Therefore, Afl is composed of
the set E¢ of equilibria in B and their heteroclinic orbits, which coincides with the definition
of Acf. In this way, we have A% = A7.

Alsolet D C R?bea larger set containing D. We require that
h(x,u, p) = cu, forall (x,u, p) ¢ [0, 7] x D, (58)

for some constant ¢ < 0. To define the function 4 on the remaining portion of the domain
[0, 7] x R? we appeal to the permutation & } We use the fact that & } is realizable by a function
h and then verify that, in Theorem 1, it is possible to choose & satisfying the requirements
(56) and (58). In this way, we have defined a cut-off function 4 that coincides with f on the
large ball B containing the bounded subset .Acf and such that the corresponding semiflow is
dissipative.

Before imposing on 4 the requirements (56) and (58) we remark that, on both meanders
y = yy and yj, the arcs joining the intersection points with the u-axis can be isotopically
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transformed into semicircles. Therefore, we are allowed to work with meanders y in canonical
form, i.e., essentially composed of semicircle arcs (see [13]).

The first requirement (56) is quite simple since we notice that y s and y;, share the same
permutation on the set E. The second requirement (58) follows from the realization results of
canonical meanders by boundary value problems (see [11,13]), and the condition that for |u|
sufficiently large the projection (u, p) — (u, 0) is a local diffeomorphism. We also have that
the canonical meander y;,, outside the semicircles shared with y 7, is composed of semicircles
corresponding to the suspensions &k, k-1 ...., 0L Therealization of the canonical meander
yr by second order boundary value problems then completes the definition of the smooth
function / on the missing set [0, 7] x (ﬁ\D).

Therefore, the requirements (56) and (58) on 4 imply that the dynamical system induced
by (57) is dissipative and preserves the equilibria in E? and the heteroclinic connections
between them.

6 Connecting Orbit Structure

The aim of this section is to prove our main result, Theorem 2, presented next. This theorem
provides a simple criterion for the existence of heteroclinic connections between the equilibria
in E f-

Theorem 2 Let u and v be equilibria in Ey satisfying z(u — v) = m, with the extended
interpretation of the zero number for the equilibria at infinity given by (20) and (21). Then
there exists a heteroclinic connection between u and v if, and only if, they are m-adjacent.
Moreover, if the equilibria v and w are connected, then the one with higher Morse index is
the source of the connection.

Let E, = {w1, w2, ..., wy} be the set of equilibria of (57). The permutation o, = 6}

being Sturm implies that the Morse indices i(w;) can be obtained in terms of oj as in
(32). Also, the intersection numbers z(w; — w,) are given explicitly in terms of oy, for all
jomef{l,...,N},aswecanseein[11,12,28] and as it is presented in the next Proposition.
We may equivalently use the recursions formulae in [12, Proposition 2.1].

Proposition 1 Under the above setting and considering the Sturm permutation o, € S(N),
for1 <m <1 < N, the Morse indices are given by

m—1
iwn) = > (=D sign(o, '+ D =0, ()
j=1

and the intersection numbers by

1
2wy — W) = i (Wy) + 5[(—1)1 sign(a, '(1) — o, ' (m)) — 1]
-1

+ D (=) sign(o, ' (j) — oy, (m)),

Jj=m+1

where empty sums denote zero.

We collect in the following lemmas the results previously obtained from 6} for the Morse
indices i(w;), w; € Ej. Lemmas 11 and 12 follow respectively from (55) and (54).
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Lemma 11 The Morse indices of the exterior equilibria in Ey, i.e., the equilibria w; € Ej,
with j e{l,...,k}U{n+k+1,...,n+ 2k}, satisfy:

i(wj)=j—1, forl <j =<k,
and
i(Wpi2k—j) = j, for0 < j <k—1.

Lemma 12 The Morse indices of the interior equilibria in Ey, i.e., the equilibria w; € Ej,
with j € {k+ 1, ...,k + n}, satisfy:

i(Wiyr) =i(vy), forl <1 <n.

The previous lemma displays the relation between the Morse indices i(w;) of w; € Ej
and the Morse indices i (v;) of v; € E<, and is also a direct consequence of (56).

Regarding the information on the zero numbers contained on the permutation o;, we
have two results. In Lemma 13 we present the zero numbers of the differences between
the k first/last equilibria and the remaining » middle equilibria in Ej, i.e., the number of
intersections between the exterior and the interior equilibria. In Lemma 14 we obtain the
zero number results for the n middle equilibria w; € Ey, i.e., the interior equilibria.

Lemma 13 For any 1 <1 < n, the following holds
d(wip —wj) =j =1, forl < j <k, (59
Z(Wnyok—j — Wk1) = J, for0 < j <k —1. (60)
Proof By [12, Proposition 2.1] we are also provided with the following expressions

2w —wj) = minfi(wj 1), i}, 1< j <n+2k, (61)

1
2w = w)) = 2wy —wj) + (=D sign(o, '+ 1) — 0,7 ' ())
+ (=D'sign(o, ') =o' G, L < j<l<n+2k—1, (62)
2(wj —wy) =z(Wpqok —wj) =0,2<j<n+2k—1. (63)

In order to prove the first statement of the lemma, we claim that for any 1 < j < k we
have
Z(wgp —wj) = z2(wgg1 —wj) , for2 <1 <n. (64)

Indeed, from (62) we obtain
2(Wigr — wj) = 21 — wj) + %[(—1)’”’ sign(o, ' (k+1) — 0, 1 (j))
+ (=D sign(o, Tk + 1= 1) — 0, TG, (65)
forall 1 < j <kand2 <! < n. But, since
o 'k+D etk+1,....k+n)foralll <l <n, (66)
we have

sign(o; '(k +1) — 0, ' (j)) = sign(o, 'k +1—1) =0, ' (j) = (=1,
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and conclude from (65) that
Z(Witr — wj) = Z(Wgr1—1 — W)

forall 1 < j <kand2 <! < n. In particular, this shows (64).
It is then sufficient to compute z(wy+1 — w;). For that, using (62) we write

ZWjgm — wj) = ZWjgm—1 — wj) + %[(—l)f*’” sign(o;, ' (j +m) — oy, (/)
+ (=D sign(o, ' +m = 1) =0, ()]
for2 <m <k — jand 1 < j < k. We further notice that by (51) we have
sign(o, ' (j +m) — 0,71 () =sign(o, ' G +m—1) =0, () = (=D)IH.

Then, we obtain
Z(Wjpm — wj) = 2(Wjtm—1 — W) , (©67)

for2 <m <k — j. Also, form = k 4+ 1 — j we have from (62)

1 . _ 1,
2(wicrt = w)) = 2w —w)) + (=D sign(oy ! k+1) — o7 ()
+ (—=D¥sign(o, ') — o ()]
which, by (66) implies that z(wg11 — w;) = z(wx — w;). Therefore we conclude that (67)
holds for2 <m <k+1—j.
Hence, using (67) iteratively fromm = k + 1 — j to m = 2 we obtain
(W1 — wj) = z(wj41 — wj).

Thus, by (61) and Lemma 11 we conclude that z(wg41 — wj) = j — 1. Therefore, (64)
implies (59) for 1 <[ <n.
To ensure (60), we first prove that

i) =k— D (=D sign(o, " (k +m) — oy (k +1)) (68)
m=I[+1

for all 1 <1 < n. We remark that for [ = n the above sum is empty, which means that
i(Wr+n) = k as expected. In order to prove (68), we first notice that z(wy,42r — wr47) =0
by (63), and

. 1 n+2k - —1 —1
Z(Wpt2k — Wit) = 1 (W) + E[(_l) sign(o;, (n +2k) —o, (k+1)) — 1]

n+k—1
+ > (=D sign(oy, ! (k +m) — oy (k+ 1)
m=I[+1

by Proposition 1. These equalities imply

n+k—1
iwer) =1— Y (=D sign(o, 'k +m) — o) ' (k+1)) . (69)
m=I[+1
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since (—1)"+2 sign(a, ' (n +2k) — o, ' (k4+1)) = —1 by (51). Noticing that, again by (51),
the last (k — 1) terms of the sum in (69) add-up to

n+k—1
> =D sign(oy e+ m) — oy k+ D) = —(k— 1),
m=n+1

we conclude that

n

i) =k— D (=D sign(o;  (k+m) — oy ' (k+1)) .
m=Il+1

which shows (68).
We are then able to obtain (60) using (68). From Proposition 1 we have

Z(Wpt2k—j — W) = L(Wk4)
1 .
+ 5[(—1)””"” sign(o, ' (n + 2k — j) — o, 'k +1) — 1]
n+k—j—1

+ D CDsign(oy k- m) — oy kD) (70)
m=I[+1

forl <l <mnand0 < j <k — 1. Again by (51) we obtain
(=" sign(oy, ' (n + 2k — j) — oy Mk + 1) = 1,
and the last (k — j — 1) terms of the sum in (70) add-up to

ndk—j—1
D O sign(o k- m) — oy kD) = =k = j = D).
m=n+1

By (68) this yields
Z(Wnt2k—j — Wikt1) = i (wi4r) — 1

+ D D sign(oy  (k+m) — o) (k+ 1))
m=I[+1
—k—j-—D=k-1-(k-j-D=j,

Then (60) holds for 1 </ < n. O

The next result on the zero numbers of the differences between interior equilibria in Ej,
follows immediately from (56). It provides the obvious relation between the zero numbers
of the differences between equilibria w; € Ej, withk+1 < j < k + n and the zero numbers

of the differences between equilibria v; € E ;

Lemma 14 Forall 1 <m <[ < n, the following holds:
Z(Wi! — Whtm) = 2V — Um). (71)

The following lemma establishes expressions for these zero numbers in terms of the
permutation o y.
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Lemma 15 Forany 1 <m < [ < n, the zero number z(v; — vy,) is given by

2 = vm) = i(vn) + %[(—n’*" sign(o ' (D) — o' (m) — 1]
-1

+ > (=) sign(o () —of (m)). (72)
Jj=m+1

Proof From Proposition 2, using Lemmas 14 and 12, we have

2V — V) = i (V) + %[(—1)"” sign(oy, 'k +1) — 0 ' (k +m)) — 1]

-1
+ > (D sign(o, (k4 j) — oy 'k +m)). (73)
j=m+1

Then, recalling that o, = & } we obtain from (52)
optk +r)=k+oy(r), forr=1,...,n. (74)

If welet j = of(r) forr € {1,...,n} we have that j € {l,...,n}, and taking inverse
permutations we rewrite (74) as

oy {k+j)=k+o;'(j), forj=1,....n.
This implies the following equalities
oy ' k+ ) — oy ket m) =07 () — oy (m)
forall m and j in {1, ..., n}. By substitution into (73) this yiels (72) as wanted. ]
Remarkably, Lemmas 11 and 13 lead to the following convenient relations:
i(wjt1) = i(¢?°’_)
i(Wppok—j) = (@)
forO0 < j <k—1,and
Z(Wipt — wj1) = z(v — qJ?o’_)
Z(Wnppok—j — Wit1) = Z(CD?O"+ — )
forO0 < j <k—1landl <[ < n,thatis, for all bounded equilibriav; € E; and all equilibria at

infinity PFE, Moreover, as seen in Lemmas 12 and 14, the Morse indices and zero numbers
for the differences between interior equilibriaw; € Ej,, with j € {k+1, ..., k+n}, coincide
with the corresponding Morse indices and zero numbers for the equilibria v; € E¢.

Under the dissipative setting of Eq. (28), we recall from [29] the adjacency notion and the
associated heteroclinic connection result.

Definition 4 Consider any two different equilibria w, and wy in Ej, with z(w, — wg) = m
and w;(0) < w,(0). We say that w, and wy are m-adjacent if there does not exist any other
equilibrium w € Ej, satisfying

Z(wy —w) =z(w —ws) =m
and

ws(0) < w(0) < w,(0).
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Theorem 3 [29] Let w, and wy be any two different equilibria in Ej, with z(w, — wg) = m.
Then there exists a heteroclinic connection between w, and wy if, and only if, they are
m-adjacent.

We know that the bounded subset A?« of Ay coincides with the subset A7 C Aj;, where

Aj C Band Ay = Aj U {A;\ A} }. In particular, the equilibrium wy1; € Ej, coincides with
the equilibrium v; € Ey, forany [ € {1, ..., n}. Moreover, the heteroclinic connections in
Af between the equilibria wy; are identical to the heteroclinic connections in .Acf between
the equilibria v;. All of these facts follow from (56). We thus conclude that the connections
on A are given as in Theorem 3, i.e., there is a heteroclinic connection between v; and vy,
if, and only if, v; and v, are adjacent. Then o}, determines the connecting orbit structure
on A;.
Proof of Theorem 2 After the previous observation we are only concerned with the connec-
tions involving the equilibria at infinity. The case of intra-infinite heteroclinic connections
(27) is simple to verify from the adjacency rules, since there are neither infinite nor exterior
blockings. Then suppose that an interior equilibrium wy4; = vy, for some ! € {1, ..., n},
has a heteroclinic connection to the exterior equilibrium w;, for some j € {1, ..., k}. We
thus know, from Lemma 13, that

(Wit —wj) = j— 1.
Since wy4; connects to w;, we conclude from Theorem 3, that there does not exist any
equilibrium w € Ej, satisfying
Z(Wip —w) =z(w —wj) =j —1 (75)
and
w;(0) < w(0) < wg4(0). (76)

We want to see that the equilibrium v; = wy4; connects to the equilibrium in E s cor-
responding to w;, that is, the equilibrium at infinity CI>°(11_ Assume by contradiction that
this is not the case. Then, it follows from Lemma 8 that there exists an equilibrium v € E j,

satisfying

2o —v) = 2(v = D)) 77
and

‘13(;(11_(0) < v(0) < v7(0). (78)
Which leads to a contradiction because v = wy,, for some m € {1, ..., n} and, then, v

could not satisfy (77) and (78) since there does not exist w € Ej, satisfying (75) and (76).
We thus conclude that the heteroclinic connections to infinity in Ay are also given as in
Theorem 3, that is to say that the permutation ¢;, determines the heteroclinic connections to

infinity in A .
Moreover, heteroclinic orbits run in the direction of decreasing Morse indices, (see [12]).
These observations conclude the proof of the theorem. O

To illustrate the permutation suspension procedure we consider the following non-
dissipative nonlinearity f = f(u),

f() =10u + 16sinu.

In this case we have k = 1 + [+/10] = 4. The meander y; was numerically obtained in [7].
The set £y has n = 9 equilibria, and the canonical form of the meander y is depicted in
Fig. 1 below.
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Fig. 1 Canonical representation of meander curves: (Left) the permutation o F= {9,8,3,6,5,4,7,2,1};
(Right) its suspension &‘fl ={11,10,9,4,7,6,5,8,3,2, 1}

>

Fig. 2 Canonical representation of the meander curve of the 4th suspension & } = {1,16,3,14,13,12,7,
10,9,8,11,6,5,4,15,2,17}

In this case we have
or=1{9,8,3,6,54,72,1},
and the Morse indices computed from (38) are given by
(ij(0f)1<j<9 = (4,3,4,5,6,5,4,3,4).
Then, the suspension process described in Definition 3 applied to oy yields
6y =1{11,10,9,4,7,6,5,8,3,2, 1}.
The sucessive application of this suspension procedure leads to

8f ={1,12,11,10,5,8,7,6,9,4, 3, 2, 13},

6} ={15,2,13,12,11,6,9,8,7,10,5,4,3, 14, 1},
and finally,
6f ={1,16,3,14,13,12,7,10,9,8,11,6,5,4, 15,2, 17}.

This corresponds to the permutation o, = & } and the canonical form of the meander y}, is
depicted in Fig. 2.
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The total number of equilibria in Ej is N = 17, which correspond to 9 interior and 8
exterior equilibria, and the corresponding Morse indices are given by

(ijon)i<j<17=10,1,2,3,4,3,4,5,6,5,4,3,4,3,2, 1,0).
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