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Hamiltonian Systems Near Relative Periodic Orbits*

Claudia Wulfff and Mark Robertst

Abstract. We give explicit differential equations for a symmetric Hamiltonian vector field near a relative pe-
riodic orbit. These decompose the dynamics into periodically forced motion in a Poincaré section
transversal to the relative periodic orbit, which in turn forces motion along the group orbit. The
structure of the differential equations inherited from the symplectic structure and symmetry prop-
erties of the Hamiltonian system is described, and the effects of time reversing symmetries are
included. Our analysis yields new results on the stability and persistence of Hamiltonian relative
periodic orbits and provides the foundations for a bifurcation theory. The results are applied to a
finite dimensional model for the dynamics of a deformable body in an ideal irrotational fluid.
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1. Introduction. Relative periodic orbits are periodic solutions of a flow induced by an
equivariant vector field on a space of group orbits. In applications they typically appear as
oscillations of a system which are periodic when viewed in some rotating or translating frame.
They therefore generalize relative equilibria, for which the “shape” of the system remains
constant in an appropriate frame. Relative periodic orbits are ubiquitous in Hamiltonian
systems with symmetry. For example, generalizations of the Weinstein—Moser theorem show
that they are typically present near stable relative equilibria [25, 39, 43] and can therefore
be found in virtually any physical application with a continuous symmetry group. Specific
examples for which relative periodic orbits have been discussed or could be found by applying
the Weinstein—-Moser theorem to stable relative equilibria include rigid bodies [1, 31, 28, 24],
deformable bodies [8, 27, 13], gravitational N-body problems [32, 47], molecules [17, 19, 20,
34, 48], and point vortices [26, 46, 38].

Existing theoretical work on Hamiltonian relative periodic orbits includes results on their
stability [41, 42] and on their persistence to nearby energy-momentum levels in the case of
compact symmetry groups [33]. However, stability, persistence, and bifurcations are still a
long way from being well understood, especially in the presence of actions of noncompact
symmetry groups with nontrivial isotropy subgroups. Our main aim with this paper is to
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2 CLAUDIA WULFF AND MARK ROBERTS

provide a local description of Hamiltonian vector fields near relative periodic orbits that can
be used to develop stability and bifurcation theories.

In [55], the “bundle” structure of a general vector field near a relative periodic solution
is analyzed for proper actions of arbitrary Lie groups. The dynamics near a relative periodic
orbit is decomposed as periodically forced motion in a Poincaré section, which in turn forces
motion along the group orbit. In this way, the study of bifurcations from relative periodic
solutions is reduced to the study of bifurcations from discrete rotating waves in systems with
compact symmetry. These are treated in [23]. The aim of this paper is to extend the results
of [55] from general systems to Hamiltonian systems by taking into account the symplectic
structure and conserved quantities of the problem.

In addition to [55], we draw on several other sources for inspiration. In the absence
of symmetry, it is well known that the dynamics near a Hamiltonian periodic orbit can be
described as periodically forced motion in a Poincaré section within an energy level set [2].
Finite symmetries are treated in [7]. We combine these ideas with the local description of
Hamiltonian vector fields near a relative equilibrium given in [50], and, since these are present
in most Hamiltonian systems, we include the effects of time reversing symmetries by extending
the paper [22] to Hamiltonian vector fields.

In section 3.1, we show that a Poincaré section transverse to a relative periodic orbit
of a Hamiltonian system decomposes into a part tangent to the energy level set describing
rigid body motion, another part tangent to the energy level set describing vibrational motion,
and a part parametrizing energy. Then, in section 3.2, we present our central result, the
differential equations in these bundle coordinates. In section 4, we use them to deduce a
number of new results on stability and persistence. These include Proposition 4.3, describing
the block structure of the linearization of a Hamiltonian vector field at a relative periodic
orbit, the stability result Corollary 4.5, Corollary 4.8 on the persistence of relative periodic
orbits with generic momenta to nearby energy-momentum level sets, and Theorem 4.9 on
persistence in the case of nongeneric momenta and finite isotropy subgroups, in the spirit of
[33, 40]. Whereas the results of [33, 40] build on topological methods which require compact
symmetry groups, our persistence results apply to noncompact symmetry groups as well.
(For a more detailed comparison, see section 4.2.2.) Moreover, we will see that in the case of
generic momenta, bifurcations from relative periodic orbits reduce to fixed point bifurcations
of symplectic maps which are twisted semiequivariant with respect to compact symmetry
groups. The latter bifurcations are studied, for example, in [6, 9] for equivariant symplectic
maps and in [10] for reversible symplectic maps. All of these results are simple corollaries of
the bundle equations. We will present a more general and detailed study of bifurcations and
persistence in future work.

In this paper, we restrict our attention to algebraic symmetry groups. These are groups
defined by polynomial equations and include compact, Euclidean, and the classical Lie groups,
so this assumption is usually satisfied in applications. If this assumption is not satisfied, then
there might be no comoving frame in which the relative periodic orbit becomes periodic (i.e.,
Lemma 2.1 would not apply). Since in this case the bundle structure near relative periodic
orbits already becomes more complicated for general systems [55], we deal only with algebraic
symmetry groups in this paper.

The paper is organized as follows. In section 2, we recall the bundle structure theorem of
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[55, 22] on relative periodic orbits of general systems. In section 3, we study this structure for
Hamiltonian systems and present the differential equations in bundle coordinates. In section
4, we discuss linear stability, persistence, and bifurcation from relative periodic solutions. In
section 5, we illustrate these results with an application to the dynamics of a finite dimensional
model of a deformable body in an ideal irrotational fluid. Section 6 is devoted to the proofs
of the bundle structure theorems of section 3.

2. Relative periodic orbits in general systems. In this section, we recall the results of
[52], [55], and [22], giving a parametrization of a manifold in the neighborhood of a relative
periodic orbit of a reversible equivariant vector field and the form that the vector field takes
in these coordinates.

2.1. Reversible equivariant vector fields. We consider an ordinary differential equation
on a manifold M,

dx
2.1 — = f(z), zeM,
(2.1) = fw)
that is equivariant with respect to a smooth, proper action of a finite dimensional algebraic
Lie group I' on M:

(2.2) vf(x) = f(yz) forall ~eT.

If z(t) is a solution of the equation and v € I', then vxz(t) is also a solution. We call a
diffeomorphism ~ satisfying (2.2) a symmetry of the vector field f(z).

We also include the possibility that the vector field is reversible, i.e., there exists a reversing
symmetry p such that

(2.3) pf(a) = —f(pa).

This implies that if z(¢) is a solution of (2.1), then so is px(—t). Note that if p is a reversing
symmetry, then pv is also a reversing symmetry for every v € I.

In the reversible case, the symmetries and reversing symmetries together form the reversing
symmetry group G of the vector field. The group of symmetries, I', is a normal subgroup of G
of index two, i.e., the quotient G/T" is isomorphic to Zs. It is useful to describe this structure
by introducing a character (group homomorphism) x : G +— {£1}, such that x(y) = 1
for all v € T, and x(p) = —1 for all p € G\ I'. This map is called a reversible sign or temporal
character [50, 35]. Using this notation, (2.2) and (2.3) are equivalent to the single equation

(2.4) 9f(z) = x(9)f(gz) foral geG.

We say that a vector field f satisfying (2.4) is (infinitesimally) (G, x)-reversible-equivariant or
(G, x)-semiequivariant. The corresponding flow ®(-) is (G, x)-semiequivariant in the sense of
diffeomorphisms:

(2.5) g® = (9,)X9g  forallge G andteR.

We usually omit the (G, x) prefix when it is obvious from the context.

Throughout this paper, we assume that the symmetry group I' is algebraic. Algebraic
groups include all compact and Euclidean groups, and so the assumption is usually satisfied
in applications.
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2.2. Symmetry groups of relative periodic orbits. In this subsection, we recall the notion
of a relative periodic orbit and its symmetry groups. Denote the isotropy subgroup of a point
p in M by Gp:

G, = {9€G|gp=rp},

and let I') = G,NT". Either I'), = G/, or Iy, is a normal subgroup of G, of index 2. The groups
Gp and I, are compact because the action of G on M is assumed to be proper.

A solution z(t) of (2.1) is said to lie on a relative periodic orbit if there exists T' > 0 such
that z(T') lies in the group orbit I'z(0) of 2(0) = p, i.e., there exists o € T with

dr(p) = op.

The infimum of the numbers T' with this property is called the relative period of the relative
periodic orbit, and the corresponding o is called a spatio-temporal symmetry, phase-shift
symmetry, or reconstruction phase [5, 30, 31] of the relative periodic orbit with respect to p.
Note that o determines the drift direction of the relative periodic orbit. A simple calculation
shows that o must lie in Np(I',), the normalizer of 'y in I'. We will always assume that time
has been parametrized so that the relative period is 1 and so ®1(p) = op.

The relative periodic orbit itself is defined to be the submanifold of M given by

P = {y®p) | veT, teR}.

Thus relative periodic orbits are periodic orbits for the induced flow on the space of orbits of
the action of I' on M, just as relative equilibria are equilibria in the space of group orbits.

Note that the (G, x)-semiequivariance of the flow on M does not imply that the flow
descends to a flow on the space of orbits for the full action of G, and so it does not make sense
to replace I' by G in the definition of a relative periodic orbit. However, we can consider the
action of G/T" 2 Zy on the space of I orbits and define a relative periodic orbit to be reversible
if it is invariant under this action and to be nonreversible otherwise. If P is nonreversible,
then G, =T, for all p € P. It is shown in [22] that P is a reversible relative periodic orbit
if and only if there exists a point p € P such that G, contains a reversing symmetry, and so
I, is a normal subgroup of G, of index two. We call such a point a brake point of the relative
periodic orbit and will always choose p in such a way. Moreover, it is easily shown that the
spatio-temporal symmetry o of a reversible relative periodic orbit satisfies pop™! € a‘lfp for
each p € Gp \ T').

Examples of both reversible and nonreversible relative periodic orbits are provided by the
(relative) nonlinear normal modes of relative equilibria. If the relative equilibrium is not re-
versible, then none of its normal modes will be reversible. If the relative equilibrium is elliptic,
nonresonant, and reversible for some involutory reversing symmetry, then its normal modes
are also reversible. Consider, for example, the relative equilibria of an ellipsoidal rigid body
in an irrotational, ideal fluid modelled by Kirchhoff’s equations [24]. Assume that the body
is neutrally buoyant but has noncoincident centers of gravity and buoyancy so that it “feels”
gravity. Then relative equilibria for which the body is translating vertically are not reversible
since the time reversed motion cannot be obtained by a symmetry transformation which pre-
serves the direction of gravity [56]. However, horizontally translating relative equilibria and
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their normal modes are reversible. Other examples of reversible relative periodic orbits of
neutrally buoyant ellipsoidal deformable bodies in irrotational, ideal fluids can be found in
section 5.1.

Let g denote the Lie algebra of I' and hence also of G. The adjoint action of G on g is
defined by

Adg(&) = gég "

We define the y-dual of any representation of G to be the new representation obtained by
composing the map representing g € G with x(g). Let Z(g) denote the centralizer of g € G,
and let z(g) denote its Lie algebra. For a subgroup K of G, let zX(K) denote the centralizer,
or fixed point subspace, of K in g with respect to the y-dual action of K on g:

2X(K)={¢eg : x(gAdg{ =¢ forallge K }.

The following lemma states that every relative periodic orbit in a system with an algebraic
symmetry group becomes periodic in a comoving frame which respects the isotropy of the
relative periodic orbit.

Lemma 2.1 (see [22]).  Assume that I' is an algebraic Lie group, and let 6 € T' be a
spatio-temporal symmetry of a relative periodic orbit P with respect to p € P. Then there
exists a choice of o in 6Ty and a €', £ € z(0), and n € N such that

o=aexp(§), a"=1, and ¢{eczX(G)).

If I is not algebraic, then the conclusions of Lemma 2.1 are in general not satisfied, the
bundle structure near relative periodic orbits becomes more complicated [55, 22], and Theorem
2.1 on the bundle structure near relative periodic orbits does not apply. Since most groups in
applications are algebraic, we restrict our attention to such symmetry groups.

Following [22], we define the twist diffeomorphism ¢ : G, — G, determined by o € I to
be

(2.6) d(gp) = o 'guoXton).

Lemma 2.1 implies that there is a choice of ¢ in o', such that the order of ¢ is finite and
that we may replace o by «a in the definition of ¢. If we denote the order of ¢ by k, then
k divides n. In general, ¢ is not a group automorphism. However, its restriction ¢|r, is the
automorphism of I',, given by

o(vp) = o o for all v, € T'.

For any multiple r of k£, we define the group L, to be the index r extension of G, by an
abstract element () of order r such that

(2.7) Q 1g,QX9) = ¢(g,) for all g, € Gp.

If an operator Q satisfies this equation, we say that its inverse Q! is twisted semiequivariant
or twisted reversible equivariant [22]. Replacing @ by « identifies L,, with the subgroup of
G generated by G, and a. For orientability reasons the index two extension Lo, = L, X Zo
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of this group is needed in the results below. We call the groups L, reduced spatio-temporal
symmetry groups of the relative periodic orbit because the group Lo, or L, (if the bundle
is orientable) is the spatio-temporal symmetry group of the periodic orbit for the symmetry
reduced dynamics; cf. section 2.3. We will label elements of L, by pairs (g, %), where g, € G,
and i € Z,.

If the relative periodic orbit P is nonreversible and so I', = G, for all p € P, then
L, = A, :=T) x Z,. If the relative periodic orbit is reversible, we have L, = (A;),, where
p € G, \Tp and (A,), is the index two extension of A, generated by p € G, \ I, using (2.7).
For a reversible relative periodic orbit, the group L, /T, is isomorphic to the dihedral group
of order 2r, Dy, while for a nonreversible relative periodic orbit L, /T") = Z,.

2.3. Differential equations near a relative periodic orbit. The following theorems de-
scribe the bundle structure near a relative periodic orbit and the form that the differential
equations (2.1) take in coordinates adapted to this structure. As mentioned in the introduc-
tion, these coordinates decompose the dynamics into a periodically forced motion inside a
Poincaré section N which drives drift dynamics on the group.

Theorem 2.1 (see [55, 22]).  Let p lie on a relative periodic orbit P with relative period
1 so that ®1(p) = op for some o € . If P is reversible, assume p is a brake point. Let
o = aexp(§) as in Lemma 2.1. Then in a frame moving uniformly with velocity &, a G-
invariant neighborhood U of P in M can be parametrized by

(2.8) U = (GxR/2nZ x N)/Lap,

where N is a Gp-invariant complement to T,P in T,M at p = (id,0,0) and the quotient by
Loy, is with respect to the following action of Lo, on G X R/2nZ x N:

(29)  (gp.0)(g.0,v) = (ga~"g, ", x(gp)(0+1), gpQyv ) for all g, € Gy, i € Lnp.

Here Qn is a linear transformation of N of order 2n which is orthogonal with respect to a
Gp-invariant inner product on N and such that ijl is Gp twisted semiequivariant.

Note that N is a Poincaré section transverse to the relative periodic orbit P at p. The
transformation @y is determined by the linear map o~ 'D®1(p) at the relative periodic orbit;
for details see [55, 22] and section 6.1 of this paper. In some cases, the action of Ly, can be
replaced by an action of L,, and the transformation () can be chosen to have order n; see
[55]. Whether or not this is possible depends on orientability properties of the bundle. For
Hamiltonian systems it is always possible, as we will see in section 3.1.

The following theorem describes how the differential equation (2.1) lifts to a differential
equation on G X R/2nZ x N under the isomorphism given by Theorem 2.1.

Theorem 2.2 (see [55, 22]). The differential equations in coordinates adapted to the bundle
structure given by (2.8) have the form

g
(2.10) 6
v = x(9)fn(0,0),

I
=<
~~
S
=
@
—~
v%
S
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where fa, fo, and fn are functions on R/2nZ x N taking values in g, R, and N, respectively,
and are Lo,-semiequivariant:

fG<X(gp)079pU> = X(gp)Adgpr(07U)7 fG(9+ vaNU) = AdafG(97v)7
(211) f@(X(gp)evgpv) = f@(97v)7 f@(0+ 17QNU) = f@(97v)a
In(x(gp)0, gpv) = x(gp)gpfn (0, v), IN(O+1,Qnv) = Qnfn(0,v)

for all g, € G.

Note that the vector field is in fact determined by its restriction to a I'-invariant neigh-
borhood of P in M, and so the equations in the theorem can be restricted to g € I'. The
coefficients x(g) then “disappear” from the equations.

The (0, v) equations form a closed subsystem that is semiequivariant with respect to the
action of Ly, on R/2nZ x N. In particular, fy and fg are 2n-periodic in 6, and by a time
reparametrization we can assume that fo = 1 so that we obtain a periodically forced equation
0 = fn(t,v) on the Poincaré section N. Furthermore, the relative periodic orbit P of (2.1)
reduces to a periodic orbit of the (8, v) subsystem with a finite order phase shift symmetry, a
discrete rotating wave [23]. Thus the study of bifurcations from (reversible) relative periodic
orbits reduces to that of bifurcations from (reversible) discrete rotating waves. For general
nonreversible non-Hamiltonian systems, these are studied in [23].

3. Relative periodic orbits of Hamiltonian systems. In this section, we combine the local
bundle structure near relative periodic orbits of general systems described in section 2 with
the methods used in [50] to obtain equations near Hamiltonian relative equilibria and thereby
obtain local descriptions of Hamiltonian systems of equations near relative periodic orbits.

We consider a Hamiltonian ordinary differential equation on a smooth finite dimensional
symplectic manifold M with symplectic two-form w. For each x € M, the restriction of
w to the tangent space T, M is denoted by w,. Let G be a finite dimensional Lie group,
let x : G — Zo be a group homomorphism, and let I' = kery. We say that G acts x-
semisymplectically on M if [35, 50]

wez(gu, gv) = x(9) wz(u,v) forall zeM, ge G, u,ve T, M.
A Hamiltonian vector field
(3.1) @ = fu(z)
is generated by a smooth function, the Hamiltonian H : M — R, via the relationship
(3.2) wz(fr(x),v) = DH(x)v, reM,veT, M.

If H is invariant under the action of G, then the vector field f is (G, x)-semiequivariant. As
before, we denote the flow of (3.1) by @4(+).

By Noether’s theorem, locally there is a conserved quantity J¢ for each continuous sym-
metry § € g of the system; see, e.g., [1]. The map J¢(x) = J(z)(€) is linear in £ so that J is a
map from a neighborhood of z € M to g*, called a momentum map. Here g* is the dual of
the Lie algebra g of G. We assume that the momentum map J : M — g* exists globally and
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is G-equivariant with respect to the action of G on M and the y-dual of the coadjoint action,
or x-coadjoint action, of G on g* [35, 50]:

J(gz) = x(9)(Ady)"'I(x), =zeM,gedq.

Here Adj is the dual operator to Ady, i.e., Adyu(§) = p(Ady€) for all p € g*,§ € g. Note
that, since we are interested only in the dynamics inside a G-invariant neighborhood U of the
relative periodic orbit P, it suffices to make the above assumptions about the momentum map
on U or, alternatively, to set M :=U.

Let P be a relative periodic orbit of the Hamiltonian system (3.1) of relative period 1, and
assume that p € P satisfies ®1(p) = op for o € T'. If the relative periodic orbit is reversible,
assume that p is a brake point. We will assume, without loss of generality, that H(p) = 0.
As before, let G}, denote the isotropy subgroup of p. Let y = J(p) be the momentum of the
point p, and let

Gy = {9€G : x(9)Ad; ' =p}
be the momentum isotropy subgroup for the x-dual of the coadjoint action of G on g*.

3.1. Bundle structure near Hamiltonian relative periodic orbits. As before, we assume
that the symmetry group I' is algebraic. Theorem 2.1 describes the bundle structure near
relative periodic orbits of general (G, x)-semiequivariant vector fields. In this subsection, we
will describe the additional structure that is present for Hamiltonian systems.

Let P be a relative periodic orbit of (3.1), and let p = 0~ 1®1(p) € P, o € I'. Note that
G, C Gy, Iy 'y and that o € ', since

op = oJ(p) = J(op) = J(P:1(p)) = I(p) = p

As 0 € N(I'p), we conclude that o € Nr,(I'y)) = N(I'y) N Ty, which gives a restriction on
possible drift directions of Hamiltonian relative periodic orbits, as we will see in the examples
in section 5.4. If I is algebraic, then so is I', = {y € I',yu = p}, and it follows immediately
from Lemma 2.1 that we can choose o such that it decomposes as 0 = aexp(§) with

(3.3) acly, o"=1, ¢eg,nz(o)NzX(Gy).

As before, identify L, C G, with the compact group generated by o and G,. Choose
Ly-invariant complements m,, to g, in g, and n, to g, in g. Then g = g, ®m, ® n,, and
g* = ann(m, ® n,) ® ann(g, & n,) ® ann(g, ® m,). These choices of complements define

L,-equivariant linear isomorphisms [50]

ann(n,,) o~ g;,
(3.4) ann(m, ®n,) = anng- (m,) = g,
ann(g, ®n,) = alllgs (8p) = (8u/8p)",

where ann(-) denotes an annihilator in g* and anng- (-) an annihilator in gj,.
Theorem 2.1 states that in a frame moving with velocity £ € g, the bundle near the
relative periodic orbit P is periodic with period 2n. The following result shows that in the
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Hamiltonian case the period can be reduced to n and the Poincaré section N can be further
decomposed into three subspaces.

Theorem 3.1.  Let P be a relative periodic orbit, and let p = o~ 1®1(p) € P. Then the
Gp-invariant Poincaré section N at p of Theorem 2.1 can be chosen to decompose as

(3.5) N = No @ N1 & No,
where

No = kerDH(p)N (kertDI(p)t NN ~ (g./gp)*,
(3.6) N; = kerDH(p) NkerDJ(p) N N,

Ny = (kerDH(p))* NkerDI(p)N N =~ R.

Here 1 denotes orthogonal complements with respect to an appropriate G,-invariant inner
product on T, M. The spaces No, N1, and No are all Gp-invariant, and Ny is a symplectic
subspace of T, M.

The operator Qn in Theorem 2.1 can be chosen to have order n, and so the action of the
group Lo, on N factors through an action of L,. The actions of G, and Qn on N now have
the forms

(3.7) gp(v,w, B) = (x(gp)(Ad} )" 'v, gyw, E) for all g, €G,
and
(38) QN(vaaE) = (QOV, Qlwa E) with QO = (Ad:‘;)_l

The linear map Q1 : N1 — Np is orthogonal with respect to the restricted Gp-invariant inner
product on N1 and symplectic with respect to the restricted Gp-semi-invariant symplectic form
WN, = w|nN, - Its inverse Qfl is twisted semiequivariant with respect to the action of G, on Ny.
Moreover, the identification (2.8) of a G-invariant neighborhood U with (G x R/nZ x N)/L,
is a symplectomorphism, and the I'-reduced phase space U/T' = (R/nZ x N)/(T) X Zy,) is a
Poisson space.

This theorem will be proved in sections 6.1-6.7 below. The tangent space decomposition
is derived in section 6.2, the Poisson-structure on the I'-reduced bundle is described in section
6.6, and the symplectic structure of the bundle is described in section 6.7. That Qx can always
be chosen to have order n is proved in sections 6.4 and 6.5 and is related to the connectedness
of groups of symplectic transformations.

We call Ny the symplectic normal space and denote its complex structure by Jy,. In [16]
it is shown that every semi-invariant symplectic form on a vector space has a semiequivariant
complex structure J satisfying J2 = —id. We will always choose Jy, in such a way. If Gy
is finite and so J is nonsingular at p, then N; can be identified with the intersection of the
Poincaré section N with the tangent space to the energy-momentum level set through p. It
can be interpreted as the space of all small shape oscillations near the relative periodic orbit.
In a similar way, v € No ~ (g,/8p)* parametrizes the momenta of the rigid motion, expressed
in body coordinates, while E parametrizes the difference in energy from H(p) (see Remark

3.4(e)).
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3.2. Equations near Hamiltonian relative periodic orbits. In this subsection, we formu-
late the central results of this paper. These describe the form taken by a Hamiltonian vector
field near a relative periodic orbit in the bundle coordinates given by Theorems 2.1 and 3.1. In
the absence of any symmetries it is well known that the dynamics near a Hamiltonian periodic
orbit can be described as periodically forced motion in a Poincaré section inside an energy
level set [2]. Here we show how this can be generalized to Hamiltonian relative periodic orbits
by combining Theorems 2.1 and 2.2 of section 2 and Theorem 3.1 with techniques used for
Hamiltonian relative equilibria in [50].

First we need to recall some preliminaries.

Proposition 3.2 (see [50]).

(a) Let G be a Lie group, let g be its Lie algebra, and let  be any point in g*. Let, as
above, m, be a complement to g, in g, and let Pyyy(g,) be the projection from g* to
ann(g,) with kernel ann(n,). Then for each ¢ sufficiently close to 0 in ann(n,) and
each § € g,, the equation

(3.9) Pann(g,) (adgy, (1 +¢)) = 0

has a unique solution n = n,(§,¢) € n,. The map 1, : g, ® ann(n,) — n,, defined
on the whole of g, and a neighborhood of 0 € ann(ny,), is smooth and linear in £ and
satisfies 1,(£,0) = 0 for all £ € g, and Ny, (§,AC) = nu(&, Q) for all X € R.

(b) If p=J(p) and n, is Gp-invariant, then n,(§,C) is Gp-equivariant with respect to the
adjoint action of G, on g and the x-coadjoint action of G, on g*.

(c) Let Gg denote the identity component of G,. If n, is a Gg-invariant complement to
g, i g, then n, =0.

For each sufficiently small ¢ € g*, we define the linear map j, : g, — g by

(3.10) 3n(Q§ = &+ mu(C, ).

Now let p € P lie on a relative periodic orbit P. If u satisfies the condition in (c), i.e., the
L,-complement n, to g, in g can be chosen to be Gz—invariant, then we say that p is split;
see [14, 50].

Since the linear action of the compact group G, on N is semisymplectic, there exists a
momentum map Ly, : Ny — g; which is equivariant with respect to the x-coadjoint action
of G, on gy. Using the complement m,, to g, in gy, we can identify gy ~ anng;(mu) C g,
(see (3.4)) and so embed the Poincaré section N = Ny & N; & Na = (g,/8p)* & N1 & N» into
the extended Poincaré section

(3.11) N=g, &N &N
by the map from Ny & N; to g, & Ni given by
(3.12) (rv,w) — (v+ Ly, (w),w), ve(gu/gp)”, we Ny

The action of L, on Ny @& Ny defined by Theorem 3.1 extends to an action on g, & N1 by
extending the action of Qo = (Ad},)~" on (g,/gp)* to the whole of g¥. The choice of m,, to
be Ad,-invariant implies that this action preserves the subspace anngs (m,) ~ gj. Since Ly
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is compact, the momentum map Ly, can be assumed to be L,-equivariant by averaging. It
follows that the embedding (3.12) will also be L,-equivariant.

Let h = iL(G, v,w, E) denote the lift of the G-invariant Hamiltonian H back to the space
G x R/nZ x (Ny & Ny & Ny) under the map given by Theorems 2.1 and 3.1. The function h
is L,-invariant:

iL(X(gp)e? X(gp)(Ad;p)_llj’ gpw’ E) = B(9> v, w, E) fOI' all gp € Gpa
and
h(0 +1,(Ad}) ‘v, Quuw, E) = (9, v,w, E).
In particular, h is periodic in 6 with period n. We can extend h to an Ly-invariant function
h(0,¢,w, E) on R/nZ x N by setting h(0,(,w, E) = h(0,v,w, E), where ( = v + (, € g,
Ve (gu/gp)*a Gp € g;-
Theorem 3.3.  Let P be a relative periodic orbit, and let p = o~ 1®1(p) € P. Assume time

is parametrized so that the phase dynamics near the relative periodic orbit is given by 0 = 1 in
the equations of Theorem 2.2. Then the Hamiltonian h in bundle coordinates is of the form

~

(3.13) h(0,v,w,FE) =h(0,v,w) + E

for some Ly-invariant function h on R/nZ x (No @ Ny). As above, h extends to an L,-
invariant function h(0,(,w) on R/nZ x (g}, & N1). We have D¢ (8,0,0) = (§,0), and the
differential equations for the motion in bundle coordinates

(9,0, =v+ Ly, (w),w,E) € T xR/nZ x N
take the form

= 1,
(3.14) adj, )b (o, (1 F €,
== JN1th(07<7w)7

= 7D9h(0, Ca U})

e & O @
|

A proof of Theorem 3.3 is given in section 6.8 below.

Remarks 3.4.

(a) Note that the (0, (,w) subsystem of (3.14) decouples from and forces the (g, E) equa-
tions. Hence (3.14) has a skew-product structure.

(b) The (¢,w) subsystem on g}, ® N1 forms a Gp-semiequivariant Poisson system that is
periodically forced with period n. Since the action of G) on g;, & Ny is semi-Poisson,
the dynamics of this subsystem preserves a G, momentum map ng@ N, ; see section
6.6.

(c) If p is split, for example, if G, is compact, then 1,(¢) =0 and j,({)D¢h = D¢h.
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(d) As in the case of relative equilibria [50], the momentum map J is given in bundle
coordinates by J(g,0,v,w, E) = x(g)(Ad})"(u + v + Ly, (w)). This can easily be
verified using the symplectic form in bundle coordinates, described in section 6.7.

(e) Because of (3.13) the energy level sets H = e with e ~ 0 are given in bundle coordinates
by E = E(0,v,w) = e — h(,v,w). Since H(p) = h(0) = 0, the parameter E therefore
parametrizes the difference in energy from H(p).

The next theorem gives the equations that are obtained by projecting the C equation on

g, back to Ny ~ (g,/8p)" and hence provides explicit differential equations in the bundle
coordinates (g, 0, v, w, E). First we recall some notation for the operator obtained by project-
ing the coadjoint action of g, on g;, down to (g./gp)* [50]. Let mm, be the L,-equivariant
projection from g, to m, ~ g, /g, with kernel g,. Let v € (g,/g,)* and &, € m,. Then
define

(3.15) ade(n) = [£,7)m, = Tm,, ((&,7]),  ad:(@)(n) = v (€ 7]m,) -

Note that, in general, the bracket [-,-]m, and the operators ad. and ad depend on the choice of
m,,. Moreover, [+, -]m, does not satisfy the Jacobi identity and so is not a Lie bracket. However,
in the (very special) case when g, is a normal subalgebra of g, the quotient g, /g, is again a
Lie algebra, and [+, ]m,, is equal to its natural Lie bracket for any choice of complement m,,.
Similarly, ad” is the usual coadjoint action of g,./8p on its dual in this case [50].

Theorem 3.5.  Coordinates (g,0,v,w, E) can be chosen on T’ x R/nZ x N =T x R/nZ x
((g8u/8p)" ® N1 @ N2) so that the restriction of the (G, x)-semiequivariant Hamiltonian system
(3.1) to a neighborhood of P can be lifted to the following system on T x R x N:

= g(Dyh(0,v,w)+ 7(0,v,w)),

6 = 1,

(316) Vo= ﬁ*Dyh(G,V,w)(V) + ad>‘<Dyh(9,l/,w) (LNl (w)) +P (ad:](G,u,w) (l/ + LNI (w))> ’
w = Jn,Dyh(0,v,w),
E = —Doh(8, v, w),

where the map 7 : R x N — n,, is given by

f](@, v, w) = nu(Dl/h(ev v, w)’ v+ LN1 (w))
and P is the projection from g* to ann(g, +n,) = (g,/8p)" with kernel ann(m,,).
This theorem is obtained from Theorem 3.3 in the same way as the analogous result for
relative equilibria in [50].

4. Stability and bifurcations. In this section, we outline some straightforward applica-
tions of Theorems 3.3 and 3.5. The first subsection describes the linearization of a Hamiltonian
vector field at a relative periodic orbit, while the second gives two persistence theorems. The
main aim of the section is to indicate potential applications of the theorems. These will be
explored in greater depth in future work.
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4.1. Stability of relative periodic orbits. In this subsection, we present some simple
implications of Theorem 3.5 for the stability of relative periodic orbits. A relative periodic
orbit P of the I'-equivariant, but not necessarily Hamiltonian, differential equation (2.1) is
said to be (orbitally Liapounov) stable or I'-stable if P is a (Liapounov stable) periodic orbit
for the flow on M/T". It is said to be exponentially unstable if there exist solutions which start
close to P but leave a neighborhood of P in M/I" exponentially fast. Theorem 2.1 implies that
stability or exponential instability of P is equivalent to the stability or exponential instability
of the periodic solution {6 € R,v = 0} of the (0, v) subsystem of (2.10).

Proposition 4.1.  Let p = o '®1(p) € P, 0 € T, and let M = o 'D®1(p). Then the
following hold.

(a) The map M has the following structure with respect to the decomposition T,M =

gp®REN:

mmAd;m 0 D
(4.1) M= 0 1 e |,
0 0 My

~

where m = gp = g/g, is an Ly-invariant complement to g, in g and mm is the
projection from g to m with kernel gj,.

(b) If time is reparametrized so that fo(0,v) = 1 and <I>]1\7[0 is the time 1 map of the
periodically forced system on N, then Q]_VICD{\{O is a (symmetry reduced) Poincaré map
for the periodic solution of the (0,v) system with v =0 as fized point. The block My
in (4.1) is the linearization of this map: My = Q]QID(I)%(O).

Proof. 1t is easily checked that frm(p) is a right eigenvector of M with eigenvalue 1.

Moreover, for £ € g we have

o 'DP1(p)ép = o E@1(p) = o éop = (Ad;'E)p,

which shows that M&p = Ad;'¢ép for € € g. Therefore, M has the structure shown in (4.1).
Part (b) follows from Proposition 3.1 of [55]. [ |

As a consequence, P is exponentially unstable if and only if My has eigenvalues outside
the unit circle.

Definition 4.2. We call a relative periodic orbit P spectrally stable if all the eigenvalues of
My lie within or on the unit circle.

In Hamiltonian systems, (relative) periodic orbits are typically not orbitally Liapounov
stable. However, the above spectral stability theory for general systems remains applicable.
Criteria for Liapounov stability of Hamiltonian relative periodic orbits that apply in special
cases can be found in [41, 42]. In this section, we will describe the extra structure that M
and My have for Hamiltonian systems.

As usual, let p = J(p) and m, and n, be as in section 3, and so m = n, +m,,. Let 7,
be the projection from g to m;, with kernel n;, © g;, and let my,, be the projection from g to
n, with kernel m, ® g;,. We will now define an analogue of the operators ad., ad introduced
in section 3.2 for actions of g € G, on m,, ~ g, /g, and anng,(gy,) = (g./8p)*. For g € G,
n € my, and v € anng, (gp), let

(4.2) Adyn = mm,Adgn, (Ad,)(v)(n) = v(Adgn).
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Note that Ad, and m; depend on the choice of the complement m,, of g, in g, and vary if
g is varied in gI').
Proposition 4.3.  With respect to the tangent space decomposition T, M =T & N, where

(4.3) T=T,P=TyeoT ©T, with To=gup, Ti=nup, T»=span(fu(p)),

and N = Ng @ N1 @ Ns, the linearization M at p € P has the following block structure:

Ad,' mm,Ady'm, 0 Dy Dy Dy
0 nAd;'la, 0 D3y 0 0
0 0 1 6y ©; 069
0 Ad, 0 0
0 My My Mo
0o 0 0 1

M = o7 'D®(p) =

All the subblocks of M are twisted semiequivariant with respect to the appropriate actions of
G, on the subspaces T; and N;, i = 0,1,2. Moreover, M is symplectic and so the subblocks
are related to each other by the equations given in Lemma 6.4.

This proposition is proved in section 6.3, where Lemma 6.4 is stated. Results for relative
equilibria of compact group actions analogous to this and the following proposition can be
found in [44, 45].

Proposition 4.4. Consider the decomposition of M given by Proposition 4.3.

(a) If 1 ¢ spec(My), then the tangent space decomposition can be chosen so that ©1 =

M12 =0.

(b) If spec(Ad,) Nspec(My) = 0, then the tangent space decomposition can be chosen so

that D1 = M10 =0.

(c) If spec(m:.)ﬂspec(ﬂnuAdAnu) =0 or u is split, then the tangent space decomposition

can be chosen so that WmuAdU|nu =0 and D3 = 0.

(d) If time is parametrized so that 0 =1, then Dy = Oy = O = Oy = My, = 0.

Proof. Parts (a) and (b) and the first statement of (c) are linear algebra. For the second
statement of part (c), observe that if u is split, then n, can be chosen to be both Ad, and
Gg—invariant and hence also Ad,-invariant since o = aexp(§), £ € g,. That D3 = 0 then
follows from (6.10) below. For Part (d) note that Theorem 3.3 implies that in this case the
Hamiltonian h(v,w,#) in bundle coordinates does not depend on E. |

The following corollary is a direct consequence of Proposition 4.3.

Corollary 4.5. The relative periodic orbit P is spectrally stable if and only if all the
etgenvalues of My : Ny — Ny lie on the unit circle, and those of MZ : Nog — Ny lie within or
on the unit circle.

Note that spectral stability does not depend on the choice of o within the coset oI',. As
for general systems (Proposition 4.1), we see that P is spectrally stable if and only if 0 lies on
a spectrally stable periodic orbit of the periodically forced (v, w) subsystem.

For many groups relevant in applications, the spectrum of rd: automatically lies on the
unit circle. For example, this is satisfied if there is a G-invariant inner product on g* and
so for all compact groups G. It is also satisfied by Fuclidean groups and therefore in most
applications.
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The twisted semiequivariance of the diagonal subblocks of M may imply additional block
structure for the subblocks. For example, if the twist diffeomorphism ¢ is trivial, so that
M is Gp-semiequivariant, then the block M; maps isotypic components of Ny with respect
to the I',-action into themselves [42]. The structure of equivariant symplectic linear maps is
described in general in [36]. Extensions to reversible equivariant symplectic linear maps can
be deduced from the results on infinitesimally symplectic linear maps in [16].

4.2. Bifurcation of relative periodic orbits. In this section, we describe some simple
implications of Theorem 3.5 for bifurcations of relative periodic orbits. Relative periodic orbits
which lie near P correspond bijectively to relative periodic orbits of the L,-semiequivariant
(0, v, w) subsystem of (3.16) on R/nZ x (g,/gp)* @ N1 [55, 22]. The original relative periodic
orbit P itself corresponds to the set {6 € R/nZ, (v,w) = 0}. It is therefore a periodic orbit
with finite phase-shift symmetry Z,, i.e., a discrete rotating wave of the (0, v, w) subsystem
of (3.16). As L, is compact, the problem of describing bifurcations from relative periodic
orbits in systems with noncompact (reversing) symmetry groups is therefore reduced to that
of describing bifurcations from discrete rotating waves in systems with compact (reversing)
Symmetry groups.

The description of all generic bifurcations in the (6, v, w) subsystem of (3.16) is a diffi-
cult problem which we will tackle in future work. In this paper, we content ourselves with
describing briefly some easily obtained results for special cases. The case of “minimal” p is
considered in section 4.2.1. The case of split 4 and the finite isotropy subgroup I', is discussed
in section 4.2.2.

4.2.1. Minimal momenta. A momentum g € g* is said to be minimal if dim(g,) is
minimal [50, section 4.2]. It is shown in [12] that the set of minimal y is open and dense in g*
and that the isotropy subgroup I';, of a minimal p is Abelian. The following result is proved
in exactly the same way as the analogous result for relative equilibria [50, Proposition 4.2].

Proposition 4.6.  If p is minimal, then v = 0 in (3.16), and bifurcation from relative peri-
odic orbits reduces to bifurcation from discrete rotating waves of the v-dependent periodically
forced w equation of (3.16).

As a corollary, we obtain a persistence result for nondegenerate relative periodic orbits.

Definition 4.7. The relative periodic orbit P is nondegenerate if 1 is not an eigenvalue of
the block My in M = o~ 1D®1(p) defined in Proposition 4.3.

The following generalizes a persistence result for relative equilibria [44, 50] to relative
periodic orbits of noncompact groups.

Corollary 4.8.  Let p = o~ '®1(p) lie on a nondegenerate relative periodic orbit P with
minimal momentum p and energy e, and assume that Ty is trivial. Let 0 = acexp(§), o € 'y,
a" =id, and £ € z(o) N2X(G,) as in (3.3). Then the following hold.

(a) For each momentum i near p with Ad}, i = [i and each energy é near e, there exists a

unique relative periodic orbit near P with momentum [i, energy €, and relative period
close to that of P.

(b) Assume, in addition, that P is nondegenerate when considered as a relative periodic
orbit of relative period n; i.e., the block My in Proposition 4.3 does not have nth roots
of unity as eigenvalues. Then, for each momentum [i near p and each energy é near
e, there exists a unique relative periodic orbit near P with momentum [, energy €,
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and relative period close to some £ € N with {|n. The union of these relative periodic
orbits is a symplectic submanifold of M of dimension dimI' +dim T, + 2.

Proof. For simplicity, assume that time has been reparametrized such that fg = 1. From
Propositions 4.3 and 4.6 we see that M; = QIID@)%(O), where @%10(-, v) is the v-dependent
time-evolution of the w equation of (3.16). Since the relative periodic orbit is nondegenerate,
we conclude that 1 is not an eigenvalue of QIIDCDJ;{ (0). So we can apply the implicit function

theorem to the v-dependent fixed point equation for Qflq)]l\%(-, v) to conclude that there is a
family of periodic orbits of the w equation of (3.16) parametrized by v € g),, with initial value
w(v) € Ny, where w(0) = 0. Since the E equation does not depend on E, the F-initial value
provides an additional parameter. For v € gj, with Adl,v = v, we obtain a family 731}, p of
relative periodic orbits of (3.1) with relative period one. Because of Remarks 3.4 (d), (e) on
the momentum map in bundle coordinates and energy parametrization, this family of relative
periodic orbits provides exactly one relative periodic orbit for each energy-momentum pair
(é, 1) with o = Ad}, i close to (e, ). This proves part (a).

To prove (b) let P be nondegenerate as a relative periodic orbit of relative period n. Then
the fixed point equation for @2{ o(,v) can be solved uniquely for any small v € g}, giving
a family P, g of relative periodic orbits of (3.1) which have relative periods ¢ for some ¢|n.
The dimension formula then follows from the observation that each relative periodic orbit
P, e has dimension dim(I') + 1. Symplecticity of the submanifold formed by the union of
the family P, g of relative periodic orbits is a consequence of the fact that by Theorem 3.1
a G-invariant neighborhood U of the relative periodic orbit P is symplectomorphic to the
symplectic manifold (G x R/nZ x N)/L,, and that the union of the family of relative periodic
orbits P, g is a manifold of the form (G xR/nZx No@®{0} @ Nz)/L,. That this is a symplectic
submanifold of (G xR /nZx N)/L, can be seen from the symplectic form in bundle coordinates
given in section 6.7. |

An extension of this result which describes nearby relative periodic orbits with the same
isotropy subgroup I', as P in the case of general nonfree actions can easily be obtained by
applying the method of [40]: just replace M by the corresponding fixed point space Fixr, (M)
and I' by N(T'p)/T,.

To study bifurcations of relative periodic orbits with less spatio-temporal symmetry (in-
cluding subharmonic branching) and bifurcations from degenerate relative periodic orbits, the
results in [6, 9, 10] on bifurcations from fixed points of equivariant and reversible symplectic
maps can be applied to the v-dependent symplectic GGp-semiequivariant map @i\f(l)(-, v) on Ny
provided that @1 = id.

4.2.2. Split momenta and finite isotropy subgroups. If p is split, i.e., if the L,-invariant
complement n, to g, in g can be chosen to be Gz—invariant (cf. section 3.2), then the term
P(adj%(l,,w)(y + Ly, (w))) in the © equation in (3.16) vanishes and the equation becomes

V= mEuh(e,u,w)(’/) + adp (9,00 (L (0)).
If I', is finite, then ﬁgyh = adp j, and Ly, =0, and so the (6, v, w) equations simplify to

(4.4) 0=1, v=ad} hg,u¥), W =JnDuh(d,v,w).
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These equations define an L,,-semiequivariant Poisson system on R/nZx N and a G)-semiequi-
variant periodically forced Poisson system on gy @ Ni. The following persistence result for
relative periodic orbits of noncompact group actions is inspired by a similar theorem of Mon-
taldi [33] for free actions of compact groups and a result on the persistence of relative equilibria
of compact groups with finite isotropy [34]. Montaldi uses the compactness of the coadjoint
orbits to infer the existence of relative periodic orbits on each nearby energy-momentum level
set. Without this compactness assumption, the topological techniques that he employs no
longer apply; however, using the isotropy of the relative periodic orbit, we can get similar
results. In contrast to the generalization of the persistence result of [33] given in [40], com-
pactness of the normalizer of the isotropy of the relative periodic orbit is not required, and
the spatio-temporal and reversing symmetries of the persisting relative periodic orbits are
described.

Theorem 4.9.  Let p = o~ 1®1(p) lie on a relative periodic orbit P with split momentum
p and finite isotropy subgroup I'p. Let 0 = aexp(§), where o = id as in (3.3), and let A,
(resp., Ly) be the group generated by I'y (resp., Gp) and o. Assume that P is nondegen-
erate when considered as a relative periodic orbit of relative period n; i.e., the block My in
Proposition 4.3 does not have nth roots of unity as eigenvalues.

Let v € g, v =~ 0, be such that Fixg: (T)) Nguv = {0}, where T, = Ip,NTy and i = p+0.
Then the following hold.

(a) The group A:=A,N L'y is a cyclic extension of [,: there exists £ € N with £|n such

that A/Fp > Zinjo- Moreover, either L:=1L,n G equals A, or A is a normal subgroup

ofL of index two. In the latter case, there exists p € L \ A such that L = A
(b) There is a family Pr(v) of relative periodic orbits close to P which is pammetm’zed by
E ~ 0 with points pp € Pg(V) such that

The relative period of the relative periodic orbit PE(A) is 0 € N, where l|n is such that
[\/fp >~ Znsi, and we have & “1®y(pg) = pE, where 6 = o 'ypexp(f), with of T € A
for some v, € 'y, and fe ZX(Gp) Ngg is small.

Proof. (a) LetyeA = A,NT;. Since I'y is normal in A,,, we have v9,7~! € T, = r,
for 4, € T'p. Therefore, A C N(T',). We now show that A/T), is cyclic. Let v € A. Then
v = o' for some v, € I'p, i € {O’; .o,n—1} Moreover, i # 0 if yp €T \ I, by definition
of Iy, As a consequence, ¥ € T, and, if ¥ € A, 7 = Jpa', for some 7, € T, then
vl = YoV 1€ I'y. Hence A/T, is a subgroup of Z, and therefore cyclic, i.e., there is some
fln with A/T), ~ Z,, ;.

Now assume that L # AA and let p € L \ A. Since A, is normal in L,, we have pyp~! €
ATy —AfornyAandL A

(b) 1. We first prove that the periodically forced Poisson system on Ny @& Ny (the (v, w)
subsystem of (3.16)) has an n-periodic solution with isotropy I'p. Let Wiy, = (¥7g, V)
denote the time-evolution of this subsystem. The original relative periodic orbit corresponds

to the origin: W;((0) = 0. Because it is Poisson, W, restricts to a symplectic map on
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the symplectic leaves O x Nj, where O is a coadjoint orbit of I'), in g;,. Moreover, ¥y
is I'y-equivariant. As a consequence, ¥, maps (Fixg- (Tp) N I',0) x Fixp, (Tp) into itself.
Since by assumption Fixg: (f‘p) N g, = {0}, the path-connected component of the point © in

Fixg: (I'y) NT',2 is just {#}, and so we can conclude that
(4.5) Vo) =p forall t € R, w € Fixy, (T}).

The nondegeneracy condition implies that D,,W}7((0) — id is invertible. So we can solve the
equation W} (v, w) = w uniquely for w = w(v) if v € Np ~ g, is small. Therefore, we have
proved that (7, w) = ¥, (7, W), with @ = w(?), lies on an n-periodic solution of the (v, w)
system. Moreover, since W, is I',-equivariant, w(-) is a I',-equivariant map from g; to Ny,
and therefore (2,%) € Fixn,an, (Ip)-

2. Now we investigate the spatio-temporal symmetry of this periodic solution of the
(0, v, w) system. Let £ # 0 be minimal with a‘y, € A for some Y € I'p. Then A/fp >~ L
by (a). Define II(v,w) = ’}/p_lQ]_VZ\I’g’o(l/,w). We want to show that II(0,w) = (©,w). Because

of (4.5) and because a‘y, € A, we conclude that IT*(#, 1) = #. Since

" = 3,08 %o = %m0,

where 4, € f‘p by part (a), we also have Hn/qux(fP) =, Fix(y) and, therefore, 17 1 (5, ) =

(2, 0). Since 7, la=t e N (f p) and @1 and «a generate the same twist diffeomorphism on
Gp, I¥(v,w) € Fixp, (I',) also. Hence U, o(II(2, %)) = (P, w). Since II¥(#,w) = & and
w = w(r) = II"(v,w) is locally unique, we conclude that II(2,w) = (¥, w). So (¥,w) lies on
an n-periodic solution of the periodically forced (v, w) system of (3.16) with isotropy fp and
spatio-temporal symmetry Qf\,fyp.

3. Next we study the reversing symmetries of the periodic solution of the (6, v, w) system.
Solet L # Aand pe L \ A. We are looking for a brake point on the periodic solution of
the (0, v, w) system with reversing symmetry p. We have p = gpai for some g, € G, \ T'p and
some ¢ € {0,...,n—1}. By (2.9) p = (gp,%) acts on (0,v,w) as

(gp: 1) (0, v, w) = (x(gp) (0 + 1), 9pQov: gpQiw).

By definition of L we have g,Qi> = (Ad* ,)~'& = 0. Moreover,

gpa’
X(gp)(@+i) =0 for 6:=—i/2.

The periodic solution of the (6,v,w) system is given by {(6, 7, Ug'y(7,w0)), € € R/nZ}. Let
®red denote the L,-semiequivariant flow of the (6, v, w) system. Since ®°4(4, D, vy (0 w)) =

0,0, WY (7,19)), we have

= (I)Eeg(éa 197 glelqjgjo(ﬁ7 Tf}))
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so that both (é, ﬁ,gpQﬁ\I/;f’o(ﬁ,w)) and (é,l?,\lﬂéjo(ﬁ,w)) lie on a periodic solution of the
(0, v,w) system. Since by our nondegeneracy condition the periodic solution corresponding to

U is locally unique, we get gpngng(ﬁ,w) = \Ilg’o(l),u?). So g,Q% is a reversing symmetry of

the periodic solution of the (6, v, w) system with brake point (é, U, \IJZ;;”O(I), w)).
4. Finally, we interpret the periodic solution of the (6, v, w) system as a relative periodic
solution of the original system. Let

pe = Pp(0) = (id,0.0, ¥y (0,0), E),
where F =~ 0, and 0 is arbitrary in the nonreversible case and as above in the reversible case.
Since the E equation of (3.16) does not depend on E and because of (2.9), the point pg ()
lies on a relative periodic orbit Pg(?) of (3.1) with isotropy I';, = I', and spatio-temporal
symmetry & near o*7,. In the reversible case L + A, we see from (2.9) that ppr = pg so that
Gpp = (Tpp)p- The condition 6 = otv, exp(€), where € € 2X(Gp) N g; is small, follows from
the fact that the vector field fg on the group is Gp-semiequivariant; see (2.10). |

5. Example: Affine rigid bodies in ideal fluids. In this section, we illustrate how to
apply the results of this paper to a specific symmetric Hamiltonian system. As our example
we have chosen a finite dimensional model for the dynamics of a deformable body in an ideal
irrotational fluid. The model extends the well-known Kirchhoff model for the motion of a
rigid body in a fluid [18, 21, 3]. In this model, the configuration of the body, i.e., its position
and orientation in R?, is given by the elements of the special Euclidean group SE(3). The
fluid motion outside the body is assumed to be irrotational, to have normal velocity at the
surface of the body equal to that of the body, and to be stationary at infinity. It is therefore
determined uniquely by the motion of the body itself, and the dynamics can be described by
a Hamiltonian system on the cotangent bundle T*SE(3).

We extend this model by relaxing the assumption that the body is rigid to allow configu-
rations that are obtained from orientation preserving linear deformations of a reference body.
If the reference body is assumed to be a sphere, then the deformed configurations are always
ellipsoids. We assume that the deformations preserve volume. The configuration space for
this system is therefore the special affine group SAff(3) = SL(3) x R? of R?, where SL(3) is
the group of invertible linear transformations of R? with determinant 1, and the semidirect
product is obtained from the natural action of SL(3) on R3. The dynamics of the system are
given by a Hamiltonian H on T*SAff(3).

In addition to extending the Kirchhoff model for a rigid body in a fluid, this system also
extends the “affine” or “pseudorigid” body model used in fluid dynamics and elasticity theory
[8, 11, 49, 53, 54]. These models are usually invariant under a Galilean transformation group,
and so the translational degrees of freedom can be ignored by using a coordinate system that
moves with the center of mass [35]. This is not true for a body in a fluid that is translating
relative to the fluid at infinity. In this case, the symmetry group is essentially noncompact.
This is described in the next subsection.

We will use Theorem 4.9 to deduce the existence of some families of relative periodic
orbits of this model in section 5.4. Since the underlying symmetry group is noncompact, the
existing theories—which use compactness of the symmetry group—do not give these families
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of relative periodic solutions. The solutions describe simple motions of deformable bodies in
fluids.

In order to construct the relative periodic solutions, we start, in section 5.2, with a spher-
ical equilibrium and study the dynamics in a neighborhood of this equilibrium. In section 5.3,
we describe some families of nonlinear normal modes close to the equilibrium, and in section
5.4 we show how these normal modes persist to relative periodic orbits.

5.1. Symmetries and conserved quantities. In this subsection, we describe the symme-
tries and corresponding conserved quantities of our model of an affine rigid body in an ideal
fluid. We assume that the reference body is spherically symmetric, which implies that H is
invariant under the action of SO(3) on T*SAff(3), which is induced from its natural action on
the right of SL(3) (extended trivially to SAff(3)):

B.(S,s) = (SB71,s), (S,s) € SAff(3), B € SO(3).

These are the “material” or “body” symmetries of the system. We also assume that the
system is invariant under rotations and translations of R3, i.e., the natural action of SE(3) on
T*SAff(3) induced from its action on the left of SAff(3):

(4,0).(S,s) = (AS,a+ As), (S, s) € SAE(3), (A,a) € SE(3).

These are the “spatial” symmetries of the system. This assumption implies that there are
no external forces such as gravity acting. In particular, the body is “neutrally buoyant” and
has coincident centers of mass and buoyancy. It is natural also to assume that the system is
invariant under the action of the inversion symmetry —id in O(3) acting simultaneously on the
left and right of SAff(3). Denoting the diagonally embedded inversion operator in O(3) x O(3)
by k, we have

k.(S,s) = (S,—s),  (S,s) € SAf(3), x = (—id, —id) € O(3) x O(3).

Note that the action of —id on the left or right alone does not preserve SAff(3). Together
the body and spatial symmetries and reflection x generate a semidirect product I' = Z§ x
(SO(3) x SE(3)).

Finally, we will also assume that the system is invariant under the usual time reversal
symmetry operation acting on T*SAff(3). Using left translations in SAff(3), we identify
T*SAff(3) with SAff(3) x saff(3)*, where saff(3) = T(;q0)SAff(3) = sI(3) & R®. Then the

action of the time reversal symmetry becomes

,0.((5, 8)7 (NSst)) = ((57 5)7 (_/1157 _MS))v (S7 3) S SAﬁ(g)v (MS;MS) S Saﬂ(?’)*'

The full group of time preserving and time reversing symmetries is G = I' x Z5.

It is a straightforward exercise to write down the conserved quantities associated to these
symmetries; see [1]. In body coordinates T*SAff(3) = SAff(3) x saff(3)*, the momentum
generated by the material symmetry group SO(3) (acting from the right) is

JR(Sv SHU’SHU’S) = —7T(,LLS),
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where 7 : s1(3)* — so(3)* is the natural projection dual to the inclusion so(3) C sl(3). The
momentum map for the spatial symmetry group SE(3) is

JL(Sa S, 1S, Ms) = H(Adz(&g)*l (uSa us))a

where II : saff(3)* — se(3)* is the natural projection. The two components of the momentum
J 1, can be interpreted as angular and linear impulses of the body-fluid system (see, for example,
[51]). The momentum —Jp is the angular impulse in body coordinates.

5.2. The spherical equilibrium. In this subsection, we describe the dynamics near a
spherical equilibrium. So assume that the spherical configuration with zero-momentum p =
((id,0), (0,0)) in SAff(3) x saff(3)* is an equilibrium configuration. This has conserved mo-
menta 4 = (ur, pr) = (Jr,Jr) = (0,0), and so G, = G. The isotropy subgroup is G) =
O(3)p x Z, where O(3)p = Z5 x SO(3)p and SO(3)p = {(7, (7,0)) € SO(3) x SE(3) : v €
SO(3)} is the diagonally embedded copy of SO(3) in SO(3) x SE(3). Let so(3)p denote the
Lie algebra of SO(3)p. A complement m,, to g, in g, = g is provided by so(3) 4p ®R?, where
s0(3)ap = {(—¢,(£,0)) € s0(3) @ se(3) : £ € s0(3)} is the antidiagonal embedding of so(3) in
s0(3) @ se(3). Note that so(3) 4p is not a Lie subalgebra since [s0(3) ap,so(3)ap] C so(3)p.

The symplectic normal space N to the group orbit through p can be identified with
V @ V*, where V is the 5-dimensional subspace of sl(3) C saff(3) consisting of symmetric
traceless matrices and V* = kerII = ann(se(3)) is the dual space in saff(3)*. We choose the
standard symplectic structure w(w;,wy) = —S(tr(wyws)), where w; = u; + iv;, i = 0,1, on
V @ V*. The group I'), = O(3)p acts symplectically on V' @& V* by conjugation of matrices.
Note that x acts trivially. An equivariant momentum map for this action is given by

(5.1) Ly, (w) = vu—uwv, w=(u,v) e VapV*

(see Lemma 5.6 of [37]).

In [50], we have presented an analogue of Theorem 3.3 for relative equilibria. In this case,
there is no phase 6, the equations (3.14) of Theorem 3.3 are time-independent, and N (N) is
a slice (extended slice) transverse to the relative equilibrium. Hence the dynamics near the
group orbit of equilibria through p, considered as a relative equilibrium, is given by a system

of ordinary differential equations on the extended slice
N=g' &N = s03) Gse(3)*dV V"

of the form

¢ =adp hcw)(C), = JNn,Duh(Cw),

where h is the function on N obtained by writing the Hamiltonian H in body coordinates and
Jny, is the chosen symplectic structure on V@ V*. We have used the fact that 1 = (0, 0) is split
to obtain these equations. Taking ¢ = (Cr,(r, (1), with (g € so(3)* and ((z,, (1) € se(3)*, the
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¢ equation takes the more concrete form (see, e.g., [50])

(ro= CrX g,

(L = Coxg+rxgt,
(5.2) :

(r = Crx &,

W= I g

To get the equation on the slice N, we could use the analogue of Theorem 3.5 for relative
equilibria in [50]. But instead of computing the expression ﬁz that occurs in (3.16) of Theorem
3.5, we prefer to project (5.2) directly from the extended slice N onto the slice N. In order to
do this, we first write the differential equations for {4p = %(CR —(1), Cp = %(CR + (1), and
(r:

o oh oh 1 0h
CAp = CDXm—FCADXaCiD_CTXg%,
(5.3) (b = (DX gl +Cap X g+ (r X 588,

- _ 1 Oh Oh
(r = C”i(%‘acw)-

To obtain the equations on the slice N = No@® N1 = s0(3)%, @V @ V™, we set ( = v+ Ly, (w),
where v € No = (g,/8p)* = s0(3)%p, L, (w) € g, = s0(3)], and h((,w) = h(v,w). Setting
vap = Cap, vr = (r so that v = (vap,vr) € Ny and using (p = Ly, (w) and that h = h(v, w)
is independent of (p give

; _ oh 1 0h
VAD = g5 X Ln(w) + 55,5 X v,
. _ 1 _0h
(54) vr =~ 2%vap X vr,
: Oh
w = JN137w7

where all the partial derivatives of h are evaluated at (vap,vr,w). These equations are
semiequivariant with respect to the action of G, = O(3)p x Z5 on Ny ® N;. It would be an
interesting exercise to compute their relative equilibria for the Hamiltonians h describing the
motion of the body in the fluid. However, we do not attempt to give a systematic analysis
of these equations here. Instead we will describe just some of the families of periodic orbits
which bifurcate from the spherical equilibrium in the next subsection.

5.3. Nonlinear normal modes. In this subsection, we describe some families of periodic
orbits near the spherical equilibrium.

The solutions of (5.4) leave invariant the subset defined by v = 0, Ly, = 0. The Hamilto-
nian h(0,w) is O(3)p x ZL-invariant, the action factoring through that of SO(3)p. Families
of periodic orbits that typically bifurcate from spherically symmetric linearly stable equilibria
of such Hamiltonians are described and illustrated in [36, 37]. Section 5 of [37] treats the
irreducible symplectic representation of SO(3) on V & V*, where V is the space of symmetric
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traceless (3, 3)-matrices, though without taking time reversibility into account. As can be seen
from Table 4 of [37], there are three different symmetry types which have Ly, = 0 (and there
are two more families of “rotating wave” normal modes with Ly, # 0 nearby which we will
not consider). Ignoring the Z5 symmetry group that acts trivially on N but incorporating
the time reversing symmetries, these three families have symmetry group triples (Ly, Gp,T'p)
isomorphic to

L (O(2) x Z5, O(2) x Z5, O(2)),

II. (]D)4 X ZS, Dy x Zg, Dg),

III. (O, DY, Dy).

Here Dy is the subgroup of SO(3) consisting of rotations by 7 about each of three mutually
perpendicular axes. The subgroup D, is generated by Dy together with rotations by 7 about
axes in the plane of, and bisecting, two of the Dy axes. The group D/ is the subgroup of
SO(3)p x Z5 obtained by composing the additional rotations by 7 in D4 \ Do with p. The
group O is the subgroup of order 24 in SO(3) consisting of all rotations which preserve a
cube. It can be generated by D4 together with an element of order 3 corresponding to a
rotation about a diagonal of the cube. The subgroup Q7 in SO(3)p x Z5 is similar, but with
Dy replaced by Df. Finally, O(2) is the subgroup of SO(3) consisting of all rotations about
one axis and rotations by w about each of the perpendicular axes. Note that the kernels of
the “sign” homomorphisms x : L, — Zz in the three cases are, respectively, O(2), Dy, and T,
the group of all rotations which preserve a regular tetrahedron.

In the first case, the spatio-temporal symmetry o is trivial, and £k =n = 1. In the second
case, o can be taken to be one of the rotations by 7 in D4 that does not lie in Dy. In this
case, k = n = 2. In the third case, o can be chosen to be a rotation by 27 /3 about a diagonal
of the cube, and k =n = 3.

Since for these periodic solutions the reversing isotropy subgroups G, and isotropy sub-
groups I', do not coincide, all of them are reversible. By construction they all have zero-
momentum, i.e., J; = Jg = 0, and all can be described as “pulsating cubes.” At all times
the body is ellipsoidal (which is why I', always contains Dy x Zf), and its principal axes
have fixed directions in both body and space. However, the lengths of the principal axes vary
periodically in different ways. In the first case, the qualitative behavior is determined by the
fact that the ellipsoid is always axisymmetric. In the second case, the longest axis switches
periodically between two of the three, and the length of third axis varies with twice the period
and a much smaller amplitude than the other two. The spatio-temporal symmetry o corre-
sponds to rotating by 7w about an axis bisecting the two principal axes with large amplitude
variations. In the third case, the role of the longest principal axis is taken by each of the three
in turn, with a 27 /3 phase shift between them. The spatio-temporal symmetry corresponds
to rotating the body by 27/3 about an axis trisecting the three principal axes. We will refer
to them as the “axisymmetric,” “square,” and “cubic” oscillations, respectively.

We describe the (6, v,w) equations for each of these periodic oscillations in turn. In the
last two cases, the isotropy subgroup G, is finite, and so Ny = g* = s0(3)* @ se(3)* with
its natural y-coadjoint action of L,. In both cases, the symplectic normal space is a two
dimensional semisymplectic representation of L,. These representations can be read from
Table 6 of [37]. For the square case, it is given by the nontrivial representation of Dy on C
with kernel Ds. The time reversal symmetry p acts by conjugation on C. In the cubic case, it
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is the representation of O that factors through the two dimensional irreducible representation
of 0?/Dy = D3. The (0, v, w) equations in both cases have the form (5.2) with ¢ replaced by
v, h an Ly-invariant function of (vg,vr,vp, w,0) and the addition of the equation 6=1.

For the axisymmetric oscillations, g, = so(2)p, and so

No = (g/gp)" = (s0(3)p/s0(2)p)" ®s0(3)4p ® (R*)".

Table 6 in [37] shows that the symplectic normal space N is the four dimensional irreducible
symplectic representation of O(2) on C? with kernel Dy and p acting by conjugation. It can
be identified with the subspace of sl(3) ® C C saff(3) ® C = saff(3) @ saff(3)* consisting of
symmetric traceless matrices of the form

a b 0
A= b —a 0 |, a,beC.
0 0 0

In these coordinates, the momentum map (“vibrational angular momentum”) Ly, : N; —
so(2)p is Ly, (4) = %(AZ—ZA) (see Lemma 5.6 of [37]). The Hamiltonian & is a function of
vap € s0(3)%p, vp € (so(3)p/so(2)p)*, vr € (R®)*, A, A, and 6. The Ny part of the slice
equations is easily obtained from (5.3) by replacing

oh s
w - D) g - ()

and by projecting the (p equation to vp. To these must be added the equations

0=1, A= —Qia—ﬁ, where A ~ (a,b) € C2.
0A

The second of these equations is the w equation written in appropriate complex coordinates.

For all three cases, the component M; : N3 — Nj of the linearizations of the (v, w)
equations at the periodic orbits will be equal to the “reduced Floquet operators” computed in
[37] in terms of coefficients in the Taylor series expansion of the Hamiltonian at the spherical
equilibrium. The results given there, combined with Corollary 4.5 and the fact that Aid:, is
always spectrally stable for compact and Euclidean groups, imply that the cubic oscillations
are always spectrally stable (since the representations of I'y, and G, on N; are cyclospectral),
while typically either the axisymmetric oscillations or the square oscillations are spectrally
stable but not both.

5.4. Relative periodic orbits. In this final subsection, we use Theorem 4.9 to describe
some relative periodic orbits that will typically bifurcate from the square and cubic oscillations
of the previous subsection as J; and Jg are perturbed away from 0. We assume that the
original normal modes are nondegenerate in the sense required in Theorem 4.9, an assumption
which is generically satisfied. In both of these cases, I'), = Dy x Z5.

The coadjoint orbits I'v for the action of I' = Z5 x (SO(3) x SE(3)) on g* = so(3)*®se(3)* =
s0(3)% @ so(3)% @ (R?)* are given by O, = Oy, 1y vp = Oup, X Oy, 1y, Where

€ s50(3)" : |[omll = [lvall},

VR { R
o :{ {(or,or) €se(3)" : op =0, |[Dr]| = |[vell} if vp =0,
VL,VT {(AL,ﬁT) < se(3)* UL = vy.vr, HﬁTH = HI/TH} if vr 7& 0.
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Thus O, is either a point or a two-sphere, while O,, ,,. is a point or a two-sphere or is
diffeomorphic to the tangent bundle of a two-sphere.

The isotropy subgroups f‘p of the actions of I'), = Dy X Z§ on the coadjoint orbits I'v can
be computed easily. The action of Z5 on so(3)% is trivial, while that of Dy has one dimensional
fixed point subsets for each of its three Zs subgroups. It follows that if 7 is a nonidentity
element of Dy and vg # 0, the two-sphere O, has precisely 2 points with isotropy subgroup
73 x Z&. The same is true for the two-sphere coadjoint orbits O,, o in se(3);. So if vp =0
and vr # 0 # v, then O, has precisely four points with isotropy subgroup Z3 x Z5. On the
(R3)* component of se(3)* the operation » acts by —id, while Dy acts in the same way as on
s0(3)*. The isotropy subgroups with one dimensional fixed point spaces for vy € (R3)* are
therefore equal to Z3 x Z1°%, where 7 and 7 are any two distinct nonidentity elements in Ds.
It follows that if vp # 0 but vg = 0 and vy.vp = 0, then O, has two points with isotropy
group equal to ZI x Z3°F lying in the {(vg,vy) = 0}-plane. If vy # 0, vg = 0, and vp.vp # 0,
then O, has two points with isotropy group equal to ZJ, while if vp # 0 and vg # 0, then O,
has four points with isotropy group equal to Zj.

Summarizing, the subgroups fp with zero dimensional fixed point sets I'v N FinP (g*) are
given in the following table. In all these fixed point spaces, g, 71, and Dy are parallel to each
other.

Orbit T'v Isotropy fp Fixed point set
1. I/T:O, (I/R,I/L)#O ZEXZS ﬁTZO, I)R||I)L’|T
2. I/T#O,I/R:O,VL.VTIO Z;XZ;OH ﬁTHﬂ I)R:ﬁLZO
3. vr#0, vg#0orvpvp #0 Z] vrllogllon||T

In cases 1 and 3, the element 7 is any of the nonidentity elements of Dy = SO(3)p NIy, and
in case 2, the elements 7 and 7 are two different nonidentity elements in IDs. The notation
v | | 7 means that v is parallel to the axis fixed by 7.

By Theorem 4.9 the momentum ji of the relative periodic orbits corresponding to a fixed
point o = (Ug, U1, Ur) is given simply by /i = . The momentum isotropy subgroups G, are the
isotropy subgroups at i for the action of G = Z§ x Zf x (SO(3) x SE(3)) on g* = so(3)* @se(3)*
and are easily calculated to be the following:

Momentum f Momentum isotropy G
(la) fr=0, ar#0, fr=0 75 % (O(2)f x SE(3))
(Ib) pr=0, ar=0, 4r#0 Z5 x ((SO3)r x 0(2)7) x R3)
(lc) fpr =0, par#0, fr#0 Z5 % ((O(2)r x O(2)1)" x R?)
(2) ﬂT 7é 0, /lR = 0, ﬂL =0 Z;op X (SO(3)R X 0(2)2 X R)
(3a) fr#0, fr=0, fr#0 SO(3)r x O(2)7 x R
(3b) fir #0, jig #0 (0(2)r x O(2)1)" x R

In all cases, fir, fir, and fir are parallel to each other. The group ()(2)'}’z is the subgroup
of SO(3)r x Z5 consisting of all rotations about a fixed axis together with p composed with
rotations by 7 about axes perpendicular to this fixed axis. The group O(2)7 is the analogous
subgroup of SE(3) x Z5, and (O(2)g x O(2)1)” is the group consisting of all rotations about
a fixed axis in SO(3)g, all rotations about the same fixed axis in SO(3)r, together with p
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composed with simultaneous rotations by 7 about axes perpendicular to this fixed axis in
SO(3)R and SE(S)L

For each of the points with one of the isotropy subgroups fp, we can now compute L=
L, NGj. The results are shown in Table 5.1 for the square case and in Table 5.2 for the cubic
case. The tables also give the symmetry data of the bifurcating relative periodic orbits: the
new (reversing) isotropy Gp, the new relative period ¢, the new spatio-temporal symmetry &,
and the new drift é , computed as in Theorem 4.9. In each case, ¢ is equal to O'E’yp exp(é)
where a is the spatio-temporal symmetry for the original oscillation, £ € N is minimal such
that o' Yp € L for some Yp € I'p, and f (53, fL, £T) ~ 0 must lie in the fixed point subspace
of the x-dual action of G, on s0(3) @ se(3). For the square relative periodic orbit of type (i),
we have / = 2, and so aé = id = ,. For the square relative periodic orbit of type (ii), we
have ¢ = 1, -y, is the rotation by 7 about one of the principal axes undergoing large amplitude
oscillations, and o7y, = T%, i.e., a rotation by 7/2 about the axis of 7. For the cubic relative
periodic orbits, ¢ = 3 and ¢f = id = vp- In all cases, the forms of the possible é ’s are shown
in the final columns of the tables.

Table 5.1

Symmetries of relative periodic orbits bifurcating from the square oscillations. The group Db is Z3 x Z;O’),
where T and 7 are two different nonidentity elements in D, = SO(3) NT',. The group D is generated by the

rotation 72 by 7/2 about the T-azis and by T o p.

| | & [ 6 [ L Je] & ] £ |
L) [Z2xz5 [ BExZs [ DoxZ5 | 2] exp@) [&rlléllr &r=0
(ii) ‘ ‘If)”XZ" ‘1 T?exp(f)
2. () | ZZxZ5°" | D§ x Z5°% | D"xzm\ 2 exp(§) |ér=6L=0, &rllT
(i) ‘ ‘ D) x ziox ‘ T2 exp(§)
3. () |2 | D5 \E};’ [ 2] exp(©) [ &nll&llér]lr
(if) \ | B | 1] 72 exp(d)
Table 5.2

Symmetries of relative periodic orbits bifurcating from the cubic oscillations; T and 7 are two different
nonidentity elements in Do = SO(3)NT,. The group Db is Z5 x Z3°7, where T is a rotation by m about an azwis
perpendicular to the T-axis and inclined at an angle of w/4 to the 7-axis. The group D" is generated by Db
and T o K.

L[ & [ & | L[] & | £ |
1. | Z5 x Z§ DSXZS‘DSXZS‘?) exp(é) éRHéLH’T, ér=0
2. | Z3 xZ3°" | Dp" | g |3 exp(d) [€rn=6.=0, &rl|T
3175 D | D% [3 [ exp(® | ErlléLllér]lT

In the case of square oscillations, for each of the different spatial isotropy subgroups f‘p, the
cases indicated by (i) and (ii) in Table 5.1 give two qualitatively distinct types of bifurcating
relative periodic orbits. In the cases labelled by (i), the “angular velocities” ¢r, €p and “linear
velocity” fT are all aligned with one of the axes of the pulsating cube with large amplitude
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oscillations, while in the cases labelled by (ii), they are aligned with the third axis with much
smaller amplitude oscillations. In case (i), the relative period doubles, while in case (ii), the
relative period remains approximately the same. For the relative periodic orbits of types 1(i)
and 1(ii), the linear velocity is zero, but there may be both body and spatial rotations, and so
the bifurcating relative periodic orbits are modulated rotating waves. For cases 2(i) and 2(ii),
only the linear velocity is nonzero, and the body translates in space without rotating. For
cases 3(i) and 3(ii), rotation and translation both occur. So in cases 2 and 3, the bifurcating
relative periodic orbits are modulated travelling waves. All bifurcating relative periodic orbits
are reversible.

The case of bifurcations from the cubic oscillations is completely analogous, except that
now there is no distinction between the three principal axes of the pulsating cube, and so
there is only one type of bifurcating relative periodic orbit. These may again have body and
spatial rotations only, translation only, or all three, and the relative period always triples.

In future work, we will extend the bifurcation results used here and apply them to show
that a number of other types of relative periodic orbits bifurcate from the square and cubic
oscillations and to find relative periodic orbits bifurcating from the axisymmetric oscillations.

6. Proofs. This section is devoted to the proofs of the main theorems. The proofs build
on the construction of coordinates near relative periodic orbits of general systems that we
describe in section 6.1. In the subsequent subsections, we show how to adapt this bundle
construction to Hamiltonian systems. First, in subsection 6.2, the symplectic structure of
the tangent space decomposition at a point p on a relative periodic orbit is described. Then,
in subsection 6.3, we analyze the linearization at a point p of the relative periodic orbit as
this is needed for the construction of the bundle coordinates. In subsections 6.4 and 6.5, we
present the adaptations of the bundle construction of subsection 6.1 to Hamiltonian systems.
In subsections 6.6 and 6.7, we describe the symplectic structure of the bundle. Finally, in
subsection 6.8, we derive the differential equations in bundle coordinates.

6.1. The bundle construction for general systems. In this section, we describe the con-
struction of coordinates near relative periodic orbits of general systems. Most of this section
summarizes results of [52, 55, 22].

As always, let T' be algebraic, let p = 0~ '®;(p) lie on a relative periodic orbit of relative
period 1, and let M = 0~ 'D®;(p). Furthermore, let P be a Gp-equivariant projection from
T, M to the Gp-invariant Poincaré section (or normal space) N to P at p with kernel T,P = T.
According to [52, 55, 22], there is a smooth family NN () of I',-invariant Poincaré sections to P
at ®g(p) such that N(0) = N, N(0) © T, ()P = Te,p)M, where Ty, P = span(f(Pa(p)) ©
gdy(p), and

N +1)=0oN(0), pN(®) =N(-0) for pe Gp\T,.

Let P(¢) be the projection from Ty, M onto N(6) with kernel kerP(0) = Ty, (,)P. Then
P(#) is smooth in 0, P(§ + 1)o = o P(#), P(0) = P, and P(6) is Gp-semiequivariant:

P(G) = gp_IP(X(gp)e)gpa gp € Gp-

Further, by [22, Lemma 5.1] (see Lemma 6.5 below), there is a I',-equivariant homotopy
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In(0) € GL(N) depending smoothly on # and such that
(6.1)  In(0)=id, MnIN(@+1)=IN0O)QN, pIN@O)p ' =IN(-0), pc G,y \Ty,

where My := PM |y and Q]_Vl is twisted semiequivariant and has finite order 2n.
The parametrization of a G-invariant neighborhood U of P in M is then given by a
submersion 7 : G x N x R — U defined by

(6.2) u = 7(9,0,v) = gexp(—08)y(Py(p), P(0)DPy(p)In(0)v),

where ¢ is a G-equivariant diffeomorphism from a neighborhood of P in its normal bundle to
Uu.

In this paper, we will construct the Poincaré sections N(6) in a slightly different way from
the method used in [52, 55, 22]. We will show in section 6.5, Lemma 6.6, that there is a
homotopy 1(#) € GL(T,M) which is G)-semiequivariant:

(6.3) 10) = g, 1(x(9p)0)gp, 9p € Gy,
and such that
(6.4) MIO+1)=I16)Q"', 1(0)=id,

where Q = diag(Qr,Qn), Q7 is an orthogonal transformation of 7" of finite order 2n, Q~! is
twisted semiequivariant, and I(€) has block structure

1:(6) Ip(9)
”‘)):( g 153(9))

with Iy (0) satisfying (6.1). We then define

N(6) == DOy (p)I(B)N.
This gives I',-invariant Poincaré sections N () with the above properties, and we get
(6.5) D®y(p)I(0)|ny = P(0)DPs(p)In(0).

6.2. Symplectic structure of the tangent space decomposition. Again, let p = 0~ 1®;(p)
lie on a relative periodic orbit P, and let T' = Ty ®T1 ©T5 be the refinement of the Gp-invariant
tangent space to P at p given in (4.3). In this subsection, we show that there is a Gp-invariant
Poincaré section N C T, M to P at p such that the refinement N = Ny @ N; & N3 defined in
(3.6) holds true, and we discuss the symplectic structure of this decomposition of the tangent
space T, M =T @ N. Define the w-orthogonal complement of any subspace V' C T, M to be

VY ={ueT,M : w(u,v)=0forallveV}.

Lemma 6.1. Let p lie on a relative periodic orbit with relative period different from zero.
Then the following hold.
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(a) The vector fr(p) € Ty is Gp-semiinvariant and linearly independent of T,Gp and lies

in ker DH (p) Nker DJ(p).

(b) DH(p) is linearly independent of the vectors DJ¢(p), & € g, and there is a G,-invariant

vector vy € kerDJ(p) with DH (p)vg # 0 such that Ty M = span(vg) @ ker DH (p).

(c) kerDJ(p) = (gp)¥, ker DH(p) =1, T C ker DH(p), and T Nker DJ(p) = Tp & Tx.

Proof. To prove part (a) note that Gp-semi-invariance of fy(p) follows from Gp-semiequi-
variance of fy. Since P is a relative periodic orbit and not a relative equilibrium, 7},Gp and
fu(p) are linearly independent. The Hamiltonian H and the momentum J are preserved by
the Hamiltonian flow of (3.1), and so fy(p) € ker DH (p) N ker DJ(p).

To prove part (b) observe that if DH(p) = DJ¢(p) for some £ € g, then p lies on a
relative equilibrium, which we exclude. Hence there is some vg # 0 with vy € ker DJ(p),
but DH (p)vg # 0. Since ker DH (p) has codimension 1 in 7,M, we conclude that ker DH (p)
and vg span T, M. We have g,vp = fvg for each g, € G), because N; is one dimensional
and Gp-invariant. Since H is G)p-invariant, DH (p)g, = DH (p) for all g, € G,, and, therefore,
0 # DH(p)gpve = DH(p)vg, which proves that vg is Gp-invariant.

The first two equations in part (c¢) follow from

(6.6) w(fu(p),v) =DH(p)v, w(ép,v)=DIe(p)v, veT,M, {cg.

By G-invariance of H and part (a) we have T' C ker DH (p), which proves the third equation
of (c). Because of (a) we have Ty C ker DJ(p), and by G-equivariance of J we get DJ(p)ép =
£J(p), which vanishes if and only if £ € g,. This proves that Ty C ker DJ(p) and 71 N
ker DJ(p) = {0}. |

The following proposition generalizes the usual Witt decomposition at group orbits to
relative periodic orbits.

Proposition 6.1. Let p € M lie on a relative periodic orbit P with relative period different
from zero. Then there is a Gp-invariant Poincaré section N to P at p such that the following
are true.

(a) Equation (3.6) holds, and the spaces T;, N;, i =0,1,2, are all Gp-invariant.

(b) The symplectic form w on T, M restricts to symplectic forms wr,en, on To ® No, wr

on T1, wn, on N1, and wr,gn, on No @ To. The actions of G, on these spaces are
x-semisymplectic with respect to the restricted forms. Moreover,

W|TPM = WTyeNo T WIp + WN; + WhaN,-

(c) kerDJ(p) =To ® To ® N1 @ Nasker DH(p) =T & Ny & Njy.

(d) Identify g./gp = To via the map g — Tp,M given by & — Ep. The symplectic form
w, or, equivalently, the map v — DJI(p)(-)v (see (6.6)), defines a Gp-equivariant
isomorphism between the induced Gp-action on Ny and the x-coadjoint action on
T5 = (gu/8p)". Similarly, £ — DJ¢(p) defines a Gp-equivariant isomorphism between
Ty and Ni such that N§ = DJ(p)(8,/8p) is the annihilator of T & N1 @ Na. Under the
first isomorphism, the symplectic form wr,en, becomes the natural symplectic form on

(gu/gp) ©® (gu/gp)*:

wran, ((§1,1), (§2,12)) = 12(&1) — v1(§2).
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e) DJ(p) maps T1 isomorphically to T, (Gu) = g/g, and wr, to the Kostant—Kirillov—
12 123 1
Souriau (KKS) form w,, (in body coordinates):

(6.7) wry (§1-p,62.p) = wulé1,62) = p([61,8)),

where § € g, i = 1,2, and [-,-] is the Lie bracket on g.

(f) The symplectic form w defines Gp,-equivariant isomorphisms between Ty and N and
between Ty and N3 such that Ny = ann(T'@®No@®N1) is spanned by DH (p). Under these
isomorphisms, the symplectic form wr,aN, becomes the standard symplectic structure
whaN, ((E1,61), (B2, 02)) = Ex01 — E16s.

Proof. The Witt decomposition near group orbits (see, for example, [4, 36]) gives Ty M =
TEBN where T' =T, »Gp =Ty ®T7 and N = No® Nj. Here the symplectic normal space N1 to
Gp at p is a Gp-invariant complement to Tp in ker DJ(p), and the space Ny is a Gp-invariant
complement to Tj 4 ker DJ(p), which is chosen so that Ny @ Ty € N§. Now we show how to
adapt this Witt decomposition to relative periodic orbits.

(a) We choose N1 to contain T5 and vg, which is possible by Lemma 6.1 (a), (b). Since

T, C N1 C Ng, we conclude from (6.6) that Ny C ker DH(p) and therefore define
No := No. The symplectic form wyy, restricts to a symplectic form on T5 @ Ny because
w(fu(p),vg) = DH(p)vg # 0. Hence Ny := (To @ No)¥ NNy is also a symplectic space
which is transverse to T» @ Ny and, because of (6.6), satisfies N1 C ker DH (p). With
this construction, N = Ny @& Ty @ Ny, and (3.6) follows.

By definition Ty and T are Gp-invariant. By Lemma 6.1 (a), (b) the spaces 75 and
Ny are G-invariant, and the above construction implies that Ny and N; are also
Gp-invariant.

(b) This follows from the usual Witt decomposition and the proof of (a).

(c) Because of Lemma 6.1 (c) and since No@N; = ker DH (p)NN, the relation ker DH (p) =
T @ Ny @ N1 holds. By definition N NkerDJ(p) = Ny @ Ny, which proves that
kerDJ(p) = T() @15 D N1 D NQ.

(d) From (c) we conclude that To @ T @ N1 @ N> is annihilated by Ng = DJ(p)(g./8p)-
Now let n € n,, £ € g,,. Then

DJe(p)np = (nd)(€)(p) = I([n, €D (p) = =(EI) () (p) = 0,

which proves that DJ(p)(g./gp) annihilates T7. The other statements follow from the
usual Witt decomposition near group orbits.

(e) This follows from the usual Witt decomposition.

(f) That NJ is spanned by DH (p) follows from (6.6), and that it annihilates T'® Ny & Ny
follows from (c). |

6.3. Linearization along the relative periodic orbit. The following three lemmas together
with Proposition 4.1 prove Proposition 4.3 on the linearization near relative periodic orbits.

Lemma 6.2. Let p € M, and let m,, n, be Gp-invariant complements to g, in g, and to
g, in g, respectively.

(a) Let~y e Nr,(I'y). Then with respect to the decomposition g = m, & n, &g, the matriz
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Ad,, has the following block structure:

Aidﬂy Tm, Ady|n, 0
Ad, = 0 Tn, Ad,|n, 0
Ty Ady|m, T, Adyln,  Adylg,

Here mm,,, T,, and g, are the projections from g to my, n,, and g, with kernels
n,®g, m,P>g,, and m, G n,.

(b) If o € Nr,(I'p) has the form o = aexp(§), where & € my, Nz(o) Nz(ly), and Ad,

leaves m,, invariant, then Ad, = Ad, exp(adg).

Proof. (a) is clear. To prove (b) note that since o, € Nr,(I'y) and exp(£0) € Nr,(T',)
for all & € R and { € LZr,(I'), the representations of their adjoint actions on g have the
block structure given in part (a). The statement then follows from the fact that m,, is Ad,-
invariant. |

Lemma 6.3. Let p lie on a relative periodic orbit with minimal period 1, and let M =
o~ 'D®(p). Then the following hold.

(a) N5 =span{DH(p)} is a left eigenspace of M with eigenvalue 1.

(b) We have DJ¢(p)M = DI aq,¢(p) for each & € g and therefore M*|n; = Ad,, where

Ng = DJ(p)(my,).

(¢) The spaces To Ty & N1 and Ty @ To & N1 @ Na are M-invariant.

Proof. That DH(p) is a left eigenvector of M with eigenvalue 1 follows from the G-
invariance and conservation of H. The first statement of part (b) is a direct computation
which we omit. For part (c) note that T' and T,(Gp) are M-invariant by Proposition 4.1.
Therefore, and by the symplecticity of M,

T = (Tp(Gp) D Tg)w = ker(DJ(p)) N Téu = To TP N1
and
(T,(Gp))* = ker(DJ(p)) = To®To® N1 @ No

are also M-invariant. Here again we used Lemma 6.1 (c). |
Lemma 6.4. Let M : T, M — T, M be a linear map with block structure

Ao A01 0 DO D1 D2

0 A4 0 D3 0 0
o o0 1 6 6 o

(6:8) M=1"%9 0 0 M 0o o
0 0 0 My M M;

0o 0 0 0 0 1

with respect to the tangent space decomposition Ty M =To @ T1 ©To ® No@® N1 © Na. Let Jn,
and Jr, denote the Ny and Ty blocks of the skew-symmetric matriz J € GL(T,M) generating
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the symplectic form w,; see Proposition 6.1. Then M s symplectic if and only if

(6.9) Al Jr Ay = Jry,
(6.10) AL My + AT Jp, D3 =0,
(6.11) Dg My — Mg Dy + D3 Jr, D + Mo Jn, Mig = 0,
(6.12) DY My + M{ Jn, My =0,
(6.13) M{ Iy, My = Jy,
(6.14) Mo = Ag",
(6.15) O1 — MiyJn, My =0,
(6.16) ©0 — D3 My — M{yJn, Mg = 0.

The proof of this lemma is by direct computation.

6.4. Symplectic twisted semiequivariant linear maps. We will need the following lemma
for the construction of symplectic homotopies near Hamiltonian relative periodic orbits in
section 6.5. Note that it is shown in [16] that every semi-invariant symplectic form on a

vector space has a semiequivariant complex structure J satisfying J? = —id.
Lemma 6.5. Let G be a compact Lie group acting orthogonally and semisymplectically on
a finite dimensional symplectic vector space V. with complex structure J satisfying J? = —id.

Let M :'V — V be a twisted semiequivariant linear map with twist diffeomorphim ¢ : G — G
of order k. Then the following hold.

(a) There is a twisted semiequivariant orthogonal symplectic linear map A :V — V such
that A?* = id and A='M = exp(—n), where 1 is infinitesimally G-semiequivariant
(x(9)gn = ng for all g € G) and infinitesimally symplectic (n*J + Jn = 0) and
commutes with A and M.

(b) We have A~ = exp(J_)Q, where J_ is infinitesimally G-semiequivariant and sym-
plectic, commutes with A, and is such that QF = id. Moreover, there is a T -equivariant
homotopy I(6) which is smooth in 0 and satisfies

MIO+1)=10)Q", pI@)p t=1(-0) foral § R, pcG\T.

Proof. Part (a) is essentially Lemma 5.2 of [22]. It is easily checked that the matrices
exp(6n) defined there are symplectic if V' is symplectic.

To prove (b) note that since A is symplectic and A%* = id, we have V =V, @ V_, where
Vi are symplectic G-invariant subspaces of V' such that Ak|\/+ = id and A*|y,. = —id. Let
J_:V — V be the matrix defined by J_|y, =0, J_|v_ = ZJ|y_. Then J_ is infinitesimally
G-semiequivariant and symplectic and exp(kJ_) = A*. Moreover, AV, = V,, AV. = V_,
and, since A is symplectic and orthogonal, AJ = JA so that [A,J_] = 0. Defining @ =
A~V exp(—J_), we get QF = id, which proves the first statement of part (b).

For 6 € [0,1), define I1(0) := exp(c(0)n)exp(c(h).J-), where ¢ : [0,1) — RJ is a C*°
monotonically increasing function with

(6.17) c()=0 for 0<O<e e€<1/2 fixed, c(1—0)=1-—c(6).

Then (1) = exp(n)exp(J_) = MTAA71Q~! = M~'Q~! so that we can smoothly extend
the homotopy 1(0) to 6 € [n,n+ 1), n € Z\ {0}, by setting I(0 +n) = M"I1(0)Q".
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It remains to prove that pI(—0)p~! = I(#) for p € G\T. Let § € [0,1). Then by definition
1(~0) = MI(1 - 6)Q = Mexp((1 - c(8))n) exp((1 - c(6))])Q

so that

pI(~0)p™" = M~ exp((c(8) — 1)n) exp((e(0) — 1)J_)Q~"
= M exp(—m)I(0) exp(—J)Q " = AT I(0)A = 1(9),

where we used that [4, 7] = [J_, A] = 0. Now let 0 :An+é € [n,n+1),n € Z\{0}. Then by
definition I(0) = M~"I(0)Q~" and I(—0) = M™I(—6)Q™ so that

pI(—0)p~" = M "pI(—0)p~'Q " =M "I(0)Q " =1(h). ™

Remark 6.2. Let G be trivial. Since Sp(V') is connected, we can always symplectically
homotope any symplectic linear map M to the identity, and so @ = id for all M € Sp(V).
However, in general, the homotopies cannot be chosen to be exponentials. For example,

M:<_01 _11>€Sp(2)

is not of the form M = exp(n) over the reals. However, if A = —id, there exists an exponential
homotopy of A~'M to identity.

6.5. Symplectic homotopies. Let p = o~ '®;(p) lie on a relative periodic orbit P with
momentum p = J(p). This subsection deals with the proof of the following lemma, which is
needed for the adaptation of the bundle structure near relative periodic orbits to the Hamil-
tonian context. It will be used in the proof of Theorem 6.3.

Lemma 6.6. Assume that 0 = aexp(§), where § € z(o) N2X(Gp) Ngy, and o € 'y, has
order n, and choose the G,-semi-invariant complex structure Jy, on N1 such that JJQ\,1 = —id.
Then the homotopy 1(8) € GL(T,M) in (6.2), (6.4), and (6.5), which is Gp-semiequivariant
in the sense of (6.3), can be chosen to be symplectic and such that the matriz Q in (6.4) has
the block structure

Ada‘mu@nu
1
(6.18) Q= Qo € O(T,M) N Sp(T,M),
@1

where Qo = (Ad}|n,) ™,

Q1 € Sp(Ny) = {A € GL(Ny) | Jn, = AT Jn, A},

L is twisted

and Ql_l € O(Ny) is twisted semiequivariant of order k. Consequently, Q~
semiequivariant of order n.
Since M = o~ 'D®;(p) is twisted semiequivariant, by Lemma 6.5 there is a symplectic

homotopy () such that (6.4) and (6.3) hold provided the complex structure J on M is chosen
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such that J? = —id. However, it is not clear that for the choice of homotopy of Lemma 6.5
the matrix @ has the form Q = diag(Qr, Qy) with Qy = diag(Qo, Q1,1), Qo = (Ad%|n,) L

The above lemma states that there always exists a Gp-semiequivariant symplectic homotopy
I(0) such that this can be achieved.

Since by Proposition 4.3 the subblock M; of M = ¢~ 'D®;(p) is twisted semiequivariant,
by Lemma 6.5 there is a Gp-semiequivariant homotopy such that

(6.19) MiL(0+1)Q1 = I (0).

Here @1 € Sp(N1) NO(V1) has order k, where k is the order of the twist diffeomorphism, and
Ql_l is twisted semiequivariant. Using Lemma 6.5, we conclude that, if @ := diag(Ada|m,en,
1, (Ad%|n,) 71, Q1,1), then Q71 is a symplectic twisted semiequivariant map of order n.

For the construction of the homotopies in Lemma 6.6, we will first restrict ourselves to
the nonreversible case, i.e., I', = G, and we will then extend the result to reversible relative
periodic orbits.

6.5.1. Equivariant symplectic homotopies. In this subsection, we construct I',-equivariant
symplectic homotopies I(6) which satisfy the conditions of Lemma 6.6 . In order to do this, we
will rely heavily on Lemma 6.4. Proposition 4.3 shows that M = o~ !D®;(p) has the required
structure for Lemma 6.4 to apply. Moreover, since time is reparametrized such that 6= 1,
we have ©; = 0,47 =0,1,2 in (6.8), which by Lemma 6.4 implies that Dy = Mj2 = 0.

We look for a homotopy I(0) satisfying

MIO+1)=10)Q "', with Q asin (6.18).

Let I(1) = M~'Q~!. Then I(1) is [',-equivariant, symplectic, and given by

Adexp(ff) Wmu Adexp(fg) ‘nu 0 AdaD() AdaDl 0
0 7 Adep(_eln, 0 AdaDs 0 0
0 0 1 0 0 0

71 _ L
= 0 0 0 Adlpe O O
0 0 0 QM @M; O
0 0 0 0 0 1

Here we used Lemma 6.2. This matrix is I'y-equivariantly and symplectically homotopic to
the identity. To see this we first define

Adexp(oe)  Tmy, Adexp(og)ln, 0 Do(0) 0 0

0 o, Adep(perln, 0 D3(6) 0 0

. 0 0 1 0 0 0
I(e): —_% s

0 0 0 Adigpgy O 0

0 0 0 0 0(6) 0

0 0 0 0 0 1

where I (0) = exp(6n) exp(0.J_) and 7, J_ are as in Lemma 6.5. The blocks Dg(6) and Ds(6)
are determined by the two symplecticity conditions (6.10) and (6.11) of Lemma 6.4,

(6.20) (ﬂ-m“Adexp(Qﬁ)|nM)TA7dZXp(—9§) + (7n, Adexp(oe) In,, ) I D3(0) = 0
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and

(6.21) Do(0)"Adzp—ge) — Adexp(—ae)Do(0) + D3(0)" J1, D3(0) = 0,
and by defining the symmetric part of DO(H)TM:XP(_%) to be zero:

(6.22) Do(0)" Adgyp(—0g) + Adexp(—0g)Do(0) = 0.
Equations (6.21) and (6.22) are equivalent to

(6.23) 2D(0)"Ad(_ge) + D3(0)" Jr, Ds(6) = 0.

Equations (6.20) and (6.23) determine Dg(f) and D3(6) uniquely.

By Lemma 6.4 the homotopy I(f) is symplectic since (6.10)-(6.16) are satisfied, and a
calculation using £ € g, and (&1, Jn &) = u([&,&e)) for &1,& € n, shows that (6.9) is
satisfied.

The T'y-equivariance of Adeyp(se) implies that if Do(¢) and D3(60) are solutions of (6.20)
and (6.23), then so also are v,Do(6)y, ! and ~,D3(6)~, ! for 4, € T'. Since the solutions are
unique, this means that Dy(0) and D3(0) are I',-equivariant, and hence so is the homotopy
1(6). Moreover, B = I1(1)I(1) is unipotent and so symplectically and I')p-equivariantly
homotopic to the identity by the homotopy exp(flog(B)).

Now we define 1(8) = I(c(6)) exp(c(8) log(B)) for 0 < 6 < 1, where ¢ : [0,1) — R is
the same C'° monotonically increasing function satisfying (6.17) as in the proof of Lemma
6.5. Since by construction I(1) = M~1Q~!, we get a smooth homotopy by defining I(#) for
f=n+0¢cnn+1),necZ\{0},as I[(f) = M"I(6)Q~". Thus we obtain a I',-equivariant
smooth symplectic homotopy I(6) such that (6.4) is satisfied for all 6.

Note that by construction the Ag, Ay, Ag1, and My blocks of I(#) and I(c()) coincide if
we define

(6.24) c(@+n)=c@)+n for 0 €nn+1), necZ.

Moreover, the M;-block of I(0) is given by the homotopy I;(6) of (6.19), obtained from Lemma
6.5, since we chose the same reparametrization ¢() in the construction of both homotopies.

The Ds-blocks of I(0) and I(c(f)) coincide because they are uniquely defined by the
corresponding A; and M-blocks; see (6.10). The other blocks of I(6) and I(0) are in general
not related.

6.5.2. Reversible equivariant symplectic homotopies. In this subsection, we will extend
the construction of symplectic homotopies of subsection 6.5.1 to the reversible case. So let
Gp # T'p, let 1(0) be the I'y-equivariant symplectic homotopy satisfying (6.4) defined in
subsection 6.5.1 above, and let ug,,, ur, be the Haar measures of G, and I'y. Since G, JTp = 7o
for any function f from G), to a vector space, we have

1 1
| odna, =5 [ sondm, + 5 [ omder, forall pe G\ T,
Gp Fp Fp
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As a consequence,

(1(0) + pI(—0)p™t) for pe G, \T).

N

17(0) ‘:/ 9l (X(99)0)9y, ' dics, =

Gp

This clearly defines a homotopy to the identity map, which is G))-semiequivariant in the sense
of (6.3).
We will now show that I2V(6) satisfies (6.4). Let p € G, \ I'p. Then

M(pI(—=(0+1))p") = ¢(p)M (=0 +1))p ™",

where ¢ : G}, — G, is the twist diffeomorphism, and we used the fact that M is twisted
semiequivariant: Mg, = gzb(gp)MX(gP) for g, € G,. Since I(#) satisfies (6.4), we get

S(p)M (=0 +1)p™" = d(p)I(—0)Qp",

and because Q! is twisted semiequivariant we altogether have

M(pI(=(0+1)p™") = d(p)I(=0)(6(p))~'Q ™" for p € Gy \ T

Since

(1(9) + pI(~0)p™") = I™(9),

N | =

/G 6901 (x(90)0) (&))" dpics, =

the homotopy I2V(0) satisfies (6.4).

Note that the Ay, Ay, Aoi, and My blocks of I*V(0) equal the corresponding blocks of
I(0) because these subblocks are given by Adexp(c(g)¢) (the A-blocks) and ?djxp(_c(e)g) (the
My-block) and are therefore Gp-semiequivariant since by (6.24) and (6.17) the function ¢(6)
satisfies ¢(—0) = —c(0). Moreover, by construction we have I2V(0) = I;(0).

The homotopy I*'(#) has the same block structure as M since all g, € Sp(7},M) have the
same block structure as M. As a consequence, I*V(6) is invertible.

The problem is that 7*V(#) need not be symplectic in general. We modify it to obtain a
G)p-semiequivariant (in the sense of (6.3)) symplectic homotopy 1V (#) with the same block
structure as M. We prescribe the subblocks

I(0) = Adgpcye, LV(0) =1(0), T (0)lner = Adexp(e(o)e)-

exp

Here I}°V(0) are the M;-subblocks of I'*V(#), i = 0,1. We define the Mjg-block I7§’(6) of
IV(0) to be

I15"(0) = Iig (6),
and we define the symmetric part of Mexp(,c(g)g)fgg (0) to be

(IrDC:(H))TMeXp(fC(O)ﬁ) + mexp(fc(ﬂ)ﬁ)IrDCg (0)

(6.25) — —
= (IaD\E) (0)) Adexp(—c(@){) + Adexp(_c(g)g)l%‘; (9)
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The other blocks of 1™V (0) are defined uniquely using the symplecticity conditions of Lemma
6.4. This gives a homotopy I™V(#) which is symplectic and smooth in 6. Moreover, 1"V () is
G)p-semiequivariant in the sense of (6.3) with respect to the corresponding Gp-actions. This
can be seen as follows. The subblocks I"V(6)|rer, and the My, M;, and My subblocks
of 1"V () are G,-semiequivariant because they equal the corresponding subblocks of the G-
semiequivariant homotopy I?V(#). The Ds-subblock of I™V(0) is given by (6.10). Since we
know that all terms of this equation except the Ds-term are Gj,-semiequivariant and the D3
subblock of I™V(#) is uniquely determined by this equation, the D3 subblock of I™V(#) is also
G)p-semiequivariant. Similarly, we see that the D; subblock of 1"V (), which is determined
by (6.12), is Gp-semiequivariant. Finally, by (6.11) the antisymmetric part of the matrix
Hexp(,c(g)f)lgg(e) is Gp-semiequivariant, and by (6.25) the same holds for the symmetric
part of Tdexp(,c(a)g)fgg(e). Hence I5(0) is also Gp-semiequivariant.

Finally, we will show that IV () satisfies (6.4). Due to the block structure of M, @, and
IV(0), and since the My, My, and Mjg-subblocks of I™V(6) are given by the corresponding
subblocks of I*V(0) and I'V(0)|r,er, = I1*(0)|1ye1, We see that for these subblocks (6.4)
is satisfied. Moreover, since both sides of (6.4) are symplectic and therefore all subblocks of
both sides of (6.4) except for the symmetric part of the MJ Dy matrices are determined by
the corresponding A and M7, My and Mjg-subblocks by Lemma 6.4, we need only to check
that the symmetric parts of the MJ Dy matrices of both sides of (6.4) coincide.

The My part of the right-hand side of (6.4) is given by I}*V(0)Q,' = ?dzxp(_c(e)g)le,
and the Dy part of the right-hand side of (6.4) is I75V(0)Qy 1. So twice the symmetric part of
the M{J Dy matrices of the right-hand side of (6.4) is

*

(Adgy(—e0)0)@0 TR (0)Q0 ) + (155 (0)Qo )T (Adgep( ey @0 1)
= QO (Adexp(—c(ﬁ)f)lg)g(e) + (Adexp(—c(G)E)Igg(e))T) Qal
= QO (Aidexp(—c(H)f)I%‘g (9) + (Aidexp(—cw){)I?)\; (9))T) Qal

Here we used definition (6.25) of the symmetric parts of the MJ Dy matrices of I5)(0).
The My part of the left-hand side of (6.4) is (MI™V (64 1)) = Mol (60 + 1), and the Dy
part of the left-hand side of (6.4) is

(MI™(8+1))p, = Ad, I}5Y (6 + 1) + R(6 + 1),
where
R(0) = mm, Ad;  |n, I35y (0) + Dol5™ (6) + D1 I3 (6).
So twice the symmetric part of the M{ Dy matrices of the left-hand side of (6.4) is

(Mol (0 + 1))7(Ad, ' 15V (0 + 1) + R(0 + 1))

+ (A, 15Y(0 + 1) + R(6 + 1)) (MoIe (6 + 1))
= (mexp(—c(G-&-l)E)IrDe(Y(e +1) + (mexp(—cw-l-l)f)[rgg(g + 1))T) + R(@ +1)
= (Aidexp(—c(e—‘rl)f)l%\; (0 + 1) + (Aidexp(—c(e-&-l)f)ljzj“)\:) (0 + 1))T) + R(Q + 1)7
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where
R(0) = (MoI5™ (0))" R(6) + R(0)" MoI5™ (0).

Here we again used (6.25). Since I2V() satisfies (6.4) and all parts of R(6) are determined by
M and I*V(#), we conclude that the homotopy I°V () satisfies (6.4).

6.6. Poisson structure of the I'-reduced bundle. In this subsection, we describe the
Poisson structure on the symmetry reduced bundle ¢/ /T near a Hamiltonian relative periodic
orbit P.

Define a bracket on the set of smooth functions on gj, = ann(n,) C g* by

{fi. 21(¢) = —(+ Q) ([7u(O)Df1(¢), 4u(ODc f2(O)])

where j, : g, @ ann(n,) — g is as in (3.10) and the Lie bracket is on g. It is straightforward
to check that this is a Poisson bracket and equals the standard bracket on g, if 41 is split (see
also [50, section 5.1]).

Extend this bracket to a Poisson structure on gy, & Ny by defining

(6‘26) {flﬂfQ}(va) = {flan}ju(Caw) + WN1(JN1Dwf1(C7w)7JN1Dwf2(C7w))'

A straightforward calculation using the L,-invariance of n, shows that this Poisson bracket
is L,-semi-invariant. B
This extends to a Poisson structure on N = (g; @ N1 @ N2) by making Ny a space
of Casimirs. Similarly, as the direct product of gj, and the symplectic manifolds N; and
T*(R/nZ) = R/nZ x N3, the space R/nZ x (g}, © N1 © Na) is also naturally a Poisson space.
Let ¢ denote the L,-equivariant inclusion of g, into g, and define a map

LR/nZX]V : R/TLZ XN — g;a LR/nZX]\~/ ((9, ¢ w, E) = ng@Nl (Cv ’IU),
where
Lg;EBN1 : g; & N — g;w LgZGBN1 (Cw) = —?C + L, (w),

and P is the L-equivariant projection from g, to g, dual to ¢. These maps are Ly-equivariant

and momentum maps for the L,-action on the Poisson spaces R/nZ x N and g, ® M (see
[50, section 5.1]). It follows that the quotient variety

U/T = (R/nZ x N)/(Ty x L) = LE/lanﬁ (0)/(T) x Zy,),
where

-1 _
Lo 2 (0 =R/nZx N,

has a natural Poisson structure. The group G, /Iy, is isomorphic to Zs if G}, contains elements
that act antisymplectically on M and is trivial if it does not. In the first case, the action of

the generator p of G,/I") on L;/lnzw\? (0)/(T'p % Zy,) is “anti-Poisson.”

In section 2 of [55, 22], we proved that (R/nZ x N)/(I', X Zy,,) is diffeomorphic as a set to a
neighborhood of the relative periodic orbit P in the orbit space M /T". The above construction
defines a Poisson structure on this neighborhood. It will follow from the proof below that this
Poisson structure is isomorphic to that induced directly from M if we choose the homotopies
1(0) occurring in the bundle construction of section 6.1 as in Lemma 6.6.
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6.7. Symplectic structure of the bundle. In this section, we describe the symplectic
structure of the bundle (2.8) near a Hamiltonian relative periodic orbit.

Let the symmetry group I' be algebraic, and let M denote the manifold
(6.27) M =G x R/nZ x N,

where N is the extended Poincaré section (see (3.11)). Define a smooth action of G x L, on

M by
(6.28)  (9,9p,%)-(9,0, ¢ w, E) = (99 "9, " x(9p)(0 + 1), x(9p) (A}, 1) ¢, 9pQiw, E),
where g,g € G, g, € Gp, and @ € Zj,. Define a two-form @ on M by

(629) &i(g, 97 C? w, E) = X(g) ((DG + LD,LL + @Nl + (DTQ@NQ) )

where
1. &g is the pullback of the natural symplectic form wg on TG = G x g*:

(6.30) wa(g,v) ((g61,11)s (962, v2)) = v2(&1) — vi(&2) +v ([&1,62)),

where g € G, v,v1,1n € g¥, and £1,& € g (see [1, Proposition 4.4.1]) by the map
(9,0,v,w, E) — (g,i,v), in which the inclusion i, : g, — g* is induced by the G-
invariant complement n, to g, in g;
2. @, is the pullback of the KKS symplectic form (6.7) on the coadjoint orbit Gy by
(9,0,v,w,E) — Adz,l,u;
3. @y, is the pullback of the symplectic form wy, on Ny by (g,0,v,w, E) — w;
4. &r,enN, is the pullback of the symplectic form wr,qn, on R/nZ xR by (g,6,v,w, E) —
(0,E).
Then the form @ is a symplectic form on a (G x L, )-invariant neighborhood of G x R/nZ x
{(0,0,0)} in M. The action of G on this neighborhood is y-semisymplectic. The action (6.28)
of Ly, and, in particular, G, is symplectic even though the G,-action on the symplectic slice
N, is semisymplectic with respect to the symplectic form wy;, .
A momentum map L : M — g, for the symplectic action of L, on M is given by

LM(Q,G,V,U),E) =L (Q,V,U),E).

R/nZxN

The map L 7 is Lp-equivariant with respect to the action (6.28) on M and the usual coadjoint
action of Ly, on g,. Because the action of L, on M is free, proper, and symplectic, we can

reduce M by it to obtain a natural symplectic structure wg on a G-invariant neighborhood
Uy of (G x R/nZ x {0,0,0})/L,, in the manifold

Mo = LIH0)/Ly = (G x Lt zni O)/La = (G xR/nZ x N)/Ly.

The action of G on M drops to a x-semisymplectic action of G on Up.
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Let v = (v,w,E) € N. By Theorem 2.2 the differential equations on N in the new
coordinates are of the form

9 = f@(eav)7 v = fN(HaU)v

with fo(6,0) = 1. Hence wy with 7*w; = fo(0,v)7*w is a symplectic form on a G-invariant
neighborhood U of P. Without loss of generality, we let w = w;.

As shown in [55], Uy is G-equivariantly diffeomorphic to a G-invariant neighborhood U of
the relative periodic orbit P in M. The following theorem says that this diffeomorphism can
be chosen to be a G-equivariant symplectomorphism with respect to the symplectic form w
of M and the symplectic form @&y on My. It is a generalization to relative periodic orbits of
the local normal form for symplectic G-manifolds near group orbits obtained by Marle [29],
Guillemin and Sternberg [15], and Bates and Lerman [4].

Theorem 6.3. There exists a G-equivariant symplectomorphzsm U between a G-invariant
open neighborhood of (G x R/nZ x{0})/Ly in My = (G x L= ( ))/L, = (GXxR/nZxN)/L,
and a G-invariant open neighborhood of P in M.

Proof. Because of Proposition 6.1 we have w(id,0,0) = @y(id,0,0) at p = (id,0,0).
Moreover, since by Lemma 6.6 we can choose the G)-semiequivariant homotopy I(#) occurring
in the parametrization (6.2) of a neighborhood U of the relative periodic orbit given in section
6.1 to be symplectic and such that the action of L, on N is as in (6.28), we have that @y = w
on P.

We now apply the semisymplectic relative Darboux theorem [50, Theorem 5.3] (based on
[15] and [4]) to conclude that there is a diffeomorphism ¥ defined on a neighborhood U of P
in M such that @y = ¥*w. [ |

This proves Theorem 3.1.

6.8. Skew product equations. In this final subsection, we derive the skew product equa-
tions (3.14) near Hamiltonian relative periodic orbits. Again we reparametrize time so that
0 = 1. Let h(0, v, w, E) denote the Hamiltonian in bundle coordinates, and let h(6, ¢, w, E) =
h(,v,w, E) for ¢ = v+ (p» C € 81y Cp €8y, and v € (g,/gp)"- The vector field f; in the
coordinates (g,0,(,w, E) € G x R/nZ x (g, ® N1 © N2) is determined by the equation

(‘D(fha(g é é— )) :D(@,C,w,E)h(eavavE)(éaé7w7E)7
where § € gg, and, by (6.29 )
OS5 (8,0, 0,0, ) = =C(g719) +Clg ™' 9) + (C + wlg 9.9 3]
twn, (w,d;) +wT2€9N2<(‘9aE) ( )
Comparing coefficients, we obtain the differential equations
i = Jy,Dyh, E=—Dyh, 6=Dgh,
and, as in [50],

Since § = 1, we have DEB =1sothat h = h— E is mdependent of E. This yields the
equations of Theorem 3.3.
The equations of Theorem 3.5 are obtained as in [50].
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Stepwise Precession of the Resonant Swinging Spring*

Darryl D. Holm® and Peter Lynch!

Abstract. The swinging spring, or elastic pendulum, has a 2:1:1 resonance arising at cubic order in its approxi-
mate Lagrangian. The corresponding modulation equations are the well-known three-wave equations
that also apply, for example, in laser-matter interaction in a cavity. We use Hamiltonian reduction
and pattern evocation techniques to derive a formula that describes the characteristic feature of this
system’s dynamics, namely, the stepwise precession of its azimuthal angle.

Key words. classical mechanics, variational principles, averaged Lagrangian, elastic pendulum, nonlinear res-
onance
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1. Introduction.

1.1. Problem statement, approach, and summary of results. The elastic pendulum or
swinging spring is a simple mechanical system that exhibits complex dynamics. It consists
of a heavy mass suspended from a fixed point by a light spring which can stretch but not
bend, moving under gravity. We investigate the 2:1:1 resonance dynamics of this system in
three dimensions and study its characteristic feature—the regular stepwise precession of its
azimuthal angle.

When the Lagrangian is approximated to cubic order and averaged over the fast dynamics,
the resulting modulation equations have three independent constants of motion and are com-
pletely integrable. These modulation equations are identical to the three-wave equations for
resonant triad interactions in fluids and plasmas and in laser-matter interaction. We reduce
the system to a form amenable to analytical solution and show how the full solution may
be reconstructed. We examine the geometry of the solutions in phase-space and develop a
number of simple qualitative descriptions of the motion.

We compare solutions of the exact and modulation equations and show that they are
remarkably similar. A characteristic stepwise precession occurs as the motion cycles between
quasi-vertical and quasi-horizontal. That is, during each quasi-vertical phase, the azimuth of
the swing plane precesses by a constant angular increment. This stepwise azimuthal precession
occurs in bursts when the motion is nearly vertical. By transforming to nonuniformly rotating
coordinates and assuming a geometric constraint (essentially the method of pattern evocation),
we find a formula for the rotation of the swing plane. This formula gives a highly accurate
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description of the stepwise precession of the azimuthal angle of the motion. It is a striking
result that the stepwise precession can be described so accurately by assuming a geometric
constraint to hold, and this invites investigation on a deeper level.

We restrict our attention in this study to the pure 2:1:1 resonance. However, the analysis
may easily be generalized to allow for frequency ratios which are not precisely in resonance.
As the amplitude of the motion increases, energy exchange may be expected to occur for
increasingly larger detuning of the frequencies. Anicin, Davidovié, and Babovié¢ [4] investigated
how the parameter range for energy exchange depends on the amplitude. Ultimately, the
assumptions underlying perturbation analysis break down, and chaotic behavior is found.
Georgiou [9] has studied the global geometric structure of the dynamics of the planar elastic
pendulum. The phenomenon of precession has been noticed in a number of other contexts
[26, 9].

1.2. History of the problem. The first comprehensive analysis of the elastic pendulum
appeared in [28]. These authors were inspired by the analogy between this system and the
Fermi resonance of a carbon-dioxide molecule. We make connections in this paper with other
physical systems of current interest. For example, we show that the modulation equations for
the averaged motion of the swinging spring may be transformed into the equations for three-
wave interactions that appear in analyzing fluid and plasma systems and in laser-matter
interaction. These three complex equations are also identical to the Maxwell-Schrodinger
envelope equations for the interaction between radiation and a two-level resonant medium
in a microwave cavity [11]. The three-wave equations also govern the envelope dynamics of
light-waves in an inhomogeneous material [8, 2, 3]. For the special case where the Hamiltonian
takes the value zero, the equations reduce to Euler’s equations for a freely rotating rigid body.
Finally, the equations are also equivalent to a complex (unforced and undamped) version of
the Lorenz [17] three-component model, which has been the subject of many studies [27].
Thus the simple spring pendulum, which was first studied to provide a classical analogue to
the quantum phenomenon of Fermi resonance, now provides a concrete mechanical system
which simulates a wide range of physical phenomena.

All of the previous studies of the spring pendulum known to us have considered motion in
two dimensions. To our knowledge, only Cayton [6] discussed three-dimensional solutions and
observed the curious rotation of the swing plane between successive cycles when the horizontal
energy is maximum. This particular aspect of the behavior of the swinging spring in three
dimensions is its most striking difference from two-dimensional motions. Suppose the system
is excited initially near its vertical oscillation mode. Since purely vertical motion is unstable,
horizontal motion soon develops. The horizontal oscillations grow to a maximum and then
subside again. An alternating cycle of quasi-vertical and quasi-horizontal oscillations recurs
indefinitely. Seen from above, during each horizontal excursion of several oscillations, the pro-
jected motion is approximately elliptical. Experimentally and numerically one observes that
between any two successive horizontal excursions the orientation of the projected ellipse ro-
tates by the same angle, thereby causing a stepwise precession of the swing plane. In principle,
the precession angle between successive horizontal excursions can be deduced from the com-
plete solution of the integrable envelope equations. We seek a simple approximate expression
for the precession of the swing plane in terms of the solution of the reduced dynamics.
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Figure 2.1. Schematic diagram of the elastic pendulum, or swinging spring. Cartesian coordinates centered
at the position of equilibrium are used.

Lynch [19] found a particular solution for the rate of precession of the swing plane by
using the method of multiple time scales in rotating coordinates and introducing a certain
angular solution Ansatz. We recover Lynch’s particular solution among a family of other
solutions for the swing plane precession rate. This family is obtained via the method of aver-
aged Lagrangians by seeking solutions of the modulation equations that satisfy a geometrical
constraint of being “instantaneously elliptical.” We apply the method of pattern evocation
in shape space [21, 22]. Using this process, one identifies patterns by viewing the dynamics
relative to rotating frames with certain critical angular velocities. Our numerical integrations
show that the solution resulting from this geometrical postulate estimates the precession of
the swing plane with surprisingly high accuracy.

2. Equations of motion. The physical system under investigation is an elastic pendulum,
or swinging spring, consisting of a heavy mass suspended from a fixed point by a light spring
which can stretch but not bend, moving under gravity, g. We assume an unstretched length
ly, a length £ at equilibrium, a spring constant k, and a unit mass m = 1. The corresponding
Lagrangian, approximated to cubic order in the amplitudes, is

1 1
(2.1) L= (#2+9*+ %) — - (wh(@? +y%) +wi2?) + §A(x2 +1%)z,

2

N |



THE SWINGING SPRING a7

where z, y, and z are Cartesian coordinates centered at the point of equilibrium, wg = \/gW is
the frequency of linear pendular motion, wz = \/k/m is the frequency of its elastic oscillations,
and A = ng% /02. The system is illustrated schematically in Figure 2.1. The Euler-Lagrange
equations of motion may be written

(2.2) i+ whr =z,
i+ why = Myz,
1
(2.4) Ftwha= 5)\(552 +12).

There are two constants of the motion, the total energy E and the angular momentum A given
by

1 1
E=_ (i +9*+ %)+ 3 (WE* + ) +w32?) — A@* + 9Pz, h= (v —yi).

2

N |

The system is not integrable. Its chaotic motions have been studied by many authors (see,
e.g., references in [20]). Previous studies have considered the two-dimensional case, for which
the angular momentum h vanishes.

We confine our attention to the resonant case wz = 2wp and apply the averaged La-
grangian technique [30]. The solution of (2.2)—(2.4) is assumed to be of the form

(2.5) x = Rlap(t) exp(iwrt)],
(2.6) = R[bo(t) exp(iwrt)],
(2.7) z = R[co(t) exp(2iwgt)] .

(The zero-subscripts in ag, by, and ¢g are introduced to distinguish from the variables a, b, and
¢ in a rotating frame, introduced below.) The coefficients ag(t), bo(t), and cy(t) are assumed
to vary on a time scale which is much longer than the time scale of the oscillations, 7 = 1/wg.
The Lagrangian is averaged over time 7 to give

(L) = §WR [%{agao + boby + 2¢0ch} + %{/{(a% + bg)co}] ,

where k = A/(4wr). We regard the quantities ag,bg,co as generalized coordinates. The
averaged Lagrangian equations of motion are then

(28) ZG/() - ﬁaéco )
(2.9) ii)() = /{bSCO 5
1
(2.10) ico = Zn(a% +b3).

Equations (2.8)—(2.10) are the complex versions of (68)—(73) in [19]. These were derived using
the method of multiple time-scale analysis, where the small parameter e for the analysis was
the amplitude of the dependent variables so that terms quadratic in the unknowns were second
order whereas linear terms were first order in €. Thus the averaged Lagrangian technique yields
results completely equivalent to the results using more standard averaging theory.
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We now transform variables as follows:
1 . 1 )
A= 5/1(0,0 +1iby), B= 5/4(0,0 —iby), C =kcy.

Consequently, the equations of motion take the form

(2.11) iA = B*C,
(2.12) iB=CA*,
(2.13) iC = AB.

These three complex equations are well known as the three-wave interaction equations, which
govern quadratic wave resonance in fluids and plasmas.

The three-wave interaction equations (2.11)—(2.13) may be written in canonical form with

Hamiltonian H = R(ABC*) and Poisson brackets {A, A*} = {B,B*} = {C,C*} = —2i as

(2.14) iA=i{A H} =20H/0A"
(2.15) iB=14{B,H} =20H/d0B",
(2.16) iC =i{C,H} = 20H/dC"* .

These equations conserve the following three quantities:

(2.17) H= %(ABC* + A*B*C) = R(ABCY)
(2.18) N = |A]? +|BJ* +2|C?,
(2.19) J=|A? —|B?.

Thus the modulation equations for the swinging spring are transformed into the three-wave
equations, which are known to be completely integrable. See [2] for references to the three-
wave equations and an extensive elaboration of their properties as a paradigm for Hamiltonian
reduction.

The following positive-definite combinations of N and J are physically significant:

1
(N —J) =B +|CP.

N

Ni=(N+J)=[AP+[CP,  N-=

N |

These combinations are known as the Manley—Rowe relations in the extensive literature about
three-wave interactions. The quantities H, N;, and N_ provide three independent constants
of the motion.
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2.1. A brief history of the three-wave equations.

Fluids and plasmas. The three-wave equations model the nonlinear dynamics of the am-
plitudes of three waves in fluids or plasmas [5]. The equations result from a perturbation
analysis of the barotropic potential vorticity equation

B wav%_fwavw)Jr o _

2
(2.20) gV v v+ <8x oy oy Oz Ox

ot 0

(see, e.g., [25] for theory and notation). This equation is equivalent to the Hasegawa—Mima
equation describing drift-waves in an inhomogeneous plasma in a magnetic field [10]. Longuet-
Higgins and Gill [16] examined the interactions between planetary Rossby waves in the atmo-
sphere and derived detailed conditions for three-wave resonance. The correspondence between
Rossby waves in the atmosphere and drift-waves in plasma has been thoroughly explored in
[15]. Resonant wave-triad interactions play an essential role in the generation of turbulence
and in determining the statistics of the power spectrum. Both energy and enstrophy are
conserved in fluid systems governed by the potential vorticity equation (2.20).

Laser-matter interaction. Equations (2.11)—(2.13) are also equivalent to the Maxwell-
Schrodinger envelope equations for the interaction between radiation and a two-level resonant
medium in a microwave cavity. Holm and Kovaci¢ [11] show that perturbations of this system
lead to homoclinic chaos, but we shall not explore that issue here. Wersinger, Finn, and Ott
[29] used a forced and damped version of the three-wave equations to study instability satu-
ration by nonlinear mode coupling and found irregular solutions indicating the presence of a
strange attractor. See also [1, 12, 13, 24| for more detailed studies of the perturbed three-wave
system.

Nonlinear optics. The three-wave system also describes the dynamics of the envelopes of
light-waves interacting quadratically in nonlinear material. The system has been examined
in a series of recent papers [2, 3, 18] using a geometrical approach which allowed the re-
duced dynamics for the wave intensities to be represented as motion on a closed surface in
three dimensions—the three-wave surface. Information about the corresponding reconstruc-
tion phases was recovered using the theory of connections on principal bundles.

In the special case when H = 0, the system (2.11)—(2.13) reduces to three real equations.
Let

A=1X, exp(i¢1) , B=1iXs eXp(i(ﬁg) , C =1iX3 exp(i(qbl + ¢2)),

where X7, X5, and X3 are real and the phases ¢; and ¢ are constants. The modulation
equations become

(2.21) X1=-XoX5, Xo=-X3X1, X3=+X1X,.

We note that these equations are rescaled versions of the Euler equations for the rotation of
a free rigid body. The dynamics in this special case is expressible as motion on R?, namely,

1 1
(2.22) X = SVJx VN = VN, x VN_.

Considering the constancy of J and N, we can describe a trajectory of the motion as an
intersection between a hyperbolic cylinder (J constant; see (2.19)) and an oblate spheroid (N
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constant; see (2.18)). Equation (2.22) provides an alternative description. Here we have used
the freedom in the R3 Poisson bracket exploited by [7] to represent the equations of motion
on the intersection of two orthogonal circular cylinders, the level surfaces of the Manley—Rowe
quantities, N+ and N_. The invariance of the trajectories means that while the level surfaces
of J and N differ from those of Ny and N_, their intersections are precisely the same. For
this particular value of H = 0, the motion may be further reduced by expressing it in the
coordinates lying on one of these two cylinders. See [14] for the corresponding transformation
of rigid body motion into pendular motion. See [2, 3, 7, 23] for discussions of geometric phases
in this situation.

2.2. Reduction of the system and reconstruction of the solution. To reduce the system
for H # 0, we employ a further canonical transformation introduced in [11]. The goal is to
encapsulate complete information about the Hamiltonian in a single variable Z by using the
invariants of the motion. Once Z is found, the Manley—Rowe relations yield the remaining
variables. We set

(2.23) A = |Alexp(i€) ,
(2.24) B = |Blexp(in),
(2.25) C'=Zexp(i(§+m))-

This transformation is canonical—it preserves the symplectic form
dANdA* +dBNdB* +dC NdC* =dZ NdZ* .

In these variables, the Hamiltonian is a function of only Z and Z*:

1
H=3(Z+2 VN~ 2PN~ [ZF.
The Poisson bracket is {Z, Z*} = —2i, and the canonical equations reduce to
. OH
iZ =i{Z,H} = 28Z* .

This provides the slow dynamics of both the amplitude and phase of Z = |Z \eic.
The amplitude |Z| = |C| is obtained in closed form in terms of Jacobi elliptic functions as
the solution of

2
(2.26) (i’f) = [@°—20°+ (1-T%)Q+2¢],

where Q = 2|Z|?/N, J = J/N, & = —4H?/N?3 and 7 = v2Nt. This is equivalent to (75)
n [19]. (An explicit expression for the solution in terms of elliptic functions is given in that
paper.) Once |Z] is known, |A| and | B| follow immediately from the Manley—Rowe relations:

A= VNy =127, Bl =N - 2P .
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1/2
(1A1%1BI°)

Figure 3.1. C is the plane of critical points, A = 0 = B. The vertical axis is R = /|A|?> + |B|?. The
vertical plane contains heteroclinic semiellipses passing from co to —co.

The phases £ and 7 may now be determined. Using the three-wave equations (2.11)—(2.13)
together with (2.23)—(2.25), one finds

H ) H

so that ¢ and n can be obtained by quadratures. Finally, the phase { of Z is determined
unambiguously by

d|z|*
dt

Hence we can now reconstruct the full solution as

A=|Alexp(i€), B=|Blexp(in), C=|Z]exp (i(6+n+()).

(2.28) = —2H tan( and H = |A||B||Z| cos( .

3. Phase portraits. Consider the plane C in phase-space defined by A = B = 0. This is
a plane of unstable equilibrium points, representing purely vertical oscillations of the spring.
The Hamiltonian vanishes identically on this plane, as does the angular momentum J. Each
point ¢g in C has a heteroclinic orbit linking it to its antipodal point —cg. Thus the plane C of
critical points is connected to itself by heteroclinic orbits. In Figure 3.1, the horizontal plane
is C, and the vertical plane contains heteroclinic orbits from ¢y to —cg. The vertical axis is
|A|2 + | B|2. Since N = R? + 2|C|? is constant, each heteroclinic orbit is a semiellipse.
Motion starting on one of these semiellipses will move toward an end-point, taking infinite
time to reach it.
In Figure 3.2 taken from [11], we present another view of the trajectories for J = 0. The
Hamiltonian is

1 1
H=2(Z+2) <2N - Z|2> .
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Figure 3.2. Phase portrait in the Z-plane for J = 0. The motion is confined within the circle |Z|*> = LN.

The segment of the imaginary axis within this circle is the homoclinic orbit.

1
2

Accessible points lie on or within the circle |Z|> = N/2. For H = 0, the trajectory is the
segment of the imaginary axis within the circle. This is the homoclinic orbit. For H # 0, we
solve for the imaginary part of Z = Z1 + i 2>,

1
Zy = i\/—zf +oN - (H/Zy).

This allows us to plot the trajectories for the range of H for which real solutions exist. There
are two equilibrium points, at Z = ++/N/6, corresponding to solutions for which there is no
exchange of energy between the vertical and horizontal components. These are the cup-like
and cap-like solutions first discussed by Vitt and Gorelik [28].

3.1. Geometry of the motion for fixed J. The vertical amplitude is governed by (2.26),
which we write as

1 (dQ\?
(3.1) 3 (ﬁ) +V(Q) =€,
with the potential V(Q) given by
1
(3.2) V(Q) =—; [ -20"+(1-799] .

We note that V(Q) has three zeros: @ =0, Q@ =1—7, and Q@ =1+ J. Equation (3.1) is an
energy equation for a particle of unit mass, with position Q and energy £, moving in a cubic
potential field V(Q). In Figure 3.3 we plot Q, given by (3.1), against Q for the cases J = 0
(left panel) and J = 0.25 (right panel), for a range of values of £. Each curve represents the
projection onto the reduced phase-space of the trajectory of the modulation envelope. The
centers are relative equilibria, corresponding to the elliptic-parabolic solutions of [19], which
are generalizations of the cup-like and cap-like solutions of [28]. The case when J = 0 includes
the homoclinic trajectory, for which H = 0.
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Figure 3.3. Plots of Q versus Q for 7 =0 and J = 0.25 for a range of values
E € {-0.0635, —0.0529, —0.0423, —0.0317, —0.0212, —0.0106, 0} .

TRICORN SURFACE

Figure 3.4. Tricorn surface, upon which motion takes place when H = 0. The coordinates are J, Q, 0.
The motion takes place on the intersections of this surface with a plane of constant J (such planes are indicated
by the stripes). This surface has three singular points. The homoclinic point is marked H.P.

3.2. Geometry of the motion for H = 0. For arbitrary J, the H = 0 motions are on
a surface in the space with coordinates (Q, Q, J). This surface is depicted in Figure 3.4. It
has three singular points (i.e., it is equivalent to a sphere with three pinches), and its shape
is similar to a tricorn hat. The motion takes place on an intersection of this surface with a
plane of constant J. There are three equilibrium solutions: that with 7 = 0 (marked H.P. in
Figure 3.4) is at the extremity of the homoclinic trajectory and corresponds to purely vertical
oscillatory motion; those with J = +1 correspond to purely horizontal motion, clockwise or
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Figure 3.5. Surfaces of revolution about the Q-azis for J € {0.0,0.1,0.2,0.3}. The radius for given Q is
given by the square-root of the cubic —V(Q). For given J, the motion takes place on the intersection of the
corresponding surface with a plane of constant X.

anticlockwise, with the spring tracing out a cone. The purely vertical motion is unstable; the
conical motions are stable. (Perturbations about conical motion were investigated by Lynch
[19].) The dynamics on the tricorn is similar to the motion of a free rigid body. The three
singular points correspond to the steady states of rotation about the three principal axes.

3.3. Three-wave surfaces. There is another way to depict the motion in reduced phase-
space. Let us consider a reduced phase-space with z- and y-axes X = R{ABC*} and Y =
S{ABC*} and z-axis Q = 2|Z|?/N. We note that X = H. It follows from (2.17)-(2.19) that

X242 = |APIBRIOP = {12P (@2 ~ N - 7).
We define X = (2/N%/2)X and Y = (2/N3/2)Y and can write

(3.3) PEI

5 [Q° —20% + (1 - T%)Q] = -V(Q)
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where V is as defined in (3.2). We note that X = —€ and Y? = 1(dQ/dr)?. Equation (3.3)
implies that the motion takes place on a surface of revolution about the Q-axis. The radius
for a given value of Q is the square-root of the cubic —V(Q). The physically assessable region
is 0 < Q <1—|J|. Several such surfaces (for 7 € {0.0,0.1,0.2,0.3}) are shown in Figure 3.5.
Since X? = H? = 4H?/N?3, the motion for given J takes place on the intersection of the
corresponding surface of revolution with a plane of constant X.

We can relate the tricorn surface to the surface of revolution. The former is appropriate
for H = 0; the H # 0 case is represented by trajectories inside this surface. If we slice the
tricorn surface in a plane of fixed J, we get a set of closed trajectories—the outside one for
H = 0 and the others for H # 0. (The cases J = 0 and J = 0.25 are plotted in Figure 3.3.) If
we now distort the J-section into a cup-like surface, by taking H as a vertical coordinate and
plotting each trajectory at a height depending on its H value, we get half of a closed surface.
Each trajectory is selected by an H-plane section. Alteration of the sign of H corresponds to
reversal of time. Completing the surface by reflection in the plane H = 0 gives the surface
generated by rotating the root-cubic graph y/—V(Q) about the Q-axis, i.e., the surface given
by (3.3). These surfaces are what Alber et al. [2] call the three-wave surfaces. They foliate
the volume contained within the surface for J = 0.

4. The precession of the swing plane. The characteristic feature of the behavior of
the physical spring is its stepwise precession, which we shall now analyze. As the oscillations
change from horizontal to vertical and back again, it is observed that each successive horizontal
excursion departs in a different direction. The only reference to this phenomenon of which
we are aware, prior to Lynch [19], is Cayton [6]. Cayton briefly discussed three-dimensional
solutions and mentioned the precession of the swing plane but did not analyze its dynamics.
Surprisingly, the characteristic stepwise precession of the swinging spring has been largely
ignored, although it is immediately obvious upon observation of a physical elastic pendulum
with wyz =~ 2wg. Indeed, this precession is almost impossible to suppress experimentally when
the initial motion is close to vertical.

4.1. Qualitative description. If the horizontal projection of the motion is an ellipse of high
eccentricity, the motion is approximately planar. We call the vertical plane through the major
axis of this ellipse the swing plane. When the initial oscillations are quasi-vertical, the motion
gradually develops into an essentially horizontal swinging motion. This horizontal swinging
does not persist but soon passes again into nearly vertical springing oscillations similar to the
initial motion. Subsequently, a horizontal swing again develops but now in a different direction.
The stepwise precession of this exchange between springing and swinging motion continues
indefinitely in the absence of dissipation and is the characteristic experimental feature of the
swinging spring. We shall seek an expression for the change in direction of the swing plane
from one horizontal excursion to the next.

A full knowledge of the solutions of the three equations of motion would of course suffice
to determine the swing plane at each moment in time. In [19] the equations were expressed
in rotating coordinates, and a particular solution for the slow rotation of the swing plane was
posited as a function of the vertical amplitude |C| by assuming a certain angular relation.
Following this assumption, the angle of the swing plane could be expressed as an integral
involving elliptic functions.
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4.2. Pattern evocation in shape space. We shall approach the precession problem using
pattern evocation in shape space. Pattern evocation seeks a relative equilibrium (in shape
space) in which a phase relationship between the variables (the shape) is preserved [21, 22].
We track the pattern by moving to a nonuniformly rotating frame in which the orientation of
the shape is fixed. This is a generalization of the idea of tracking a satellite orbit by evoking
constancy of the areal velocity required to conserve angular momentum.

Our particular geometric assumption is that the angle between the complex amplitudes a
and b remains constant in an appropriately rotating frame. Writing these amplitudes in vector
form as a = (|a|cos o, |a|sina, 0), b = (]|b| cos 3, |b| sin 3,0) and taking k = (0,0, 1) yield

J=—-k-axb=]lab|sin(a—f), a-b = |ab|cos(a — ).

Consequently, our geometric pattern evocation assumption that the phase difference o —
remains constant immediately implies that |ab| is also constant. The conservation of angular
momentum J means that the area of the parallelogram formed by the vectors a and b is
constant. The requirement of constant o — 3 imposes an additional geometric constraint on
the possible shape of the orbits. For example, when o — § = 7/2 (mod ), the orbits are
elliptical.

4.3. Modulation equations in rotating coordinates. We shall transform to rotating co-
ordinates and seek an expression for the (slow) rotation frequency §(¢) that allows us to
estimate the stepwise precession of the swinging spring by imposing the pattern evocation
constraint that o — 3 remains constant.

In a rotating frame, the approximate Lagrangian (2.1) at cubic order in the coordinate
displacements becomes, with x = (x,y, 2),

1,. . 1 1
(4.1) L= §‘X + Q(t) z x x]2 ~3 (w%(wQ + y2) + w%zQ) + 5)\(902 + y2)z.

Now z, y, and z are Cartesian coordinates centered at the point of equilibrium in the rotating
frame, wgp = \/gW is the frequency of linear pendular motion, wy = \/k/m is the frequency
of its elastic oscillations, and X\ = fyw%/¢?. The corresponding Euler-Lagrange equations of
motion (2.2)—(2.4) may be written in rotating coordinates as

(4.2) i —Qt)y —20(t)y + (w%g - 92(15)):1: = \rz,
(4.3) i+ Q(t)x + 2Q(t) i + (w?{ - QQ(t))y = \yz,
(4.4) 54 wls— %A(ﬁ ).

The vertical component of angular momentum is
h=2z-xx (x+ Q)2 xx) = (zy — dy) + Q(t) (2 + y?)

and is a constant of the motion for these equations. However, upon Legendre-transforming,
one finds that the time-dependent Hamiltonian satisfies

H=—-Q(t)h.

Thus, perhaps not unexpectedly, exact conservation of energy breaks down, to the extent that
the rotation frequency is nonuniform.
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4.4. Averaged Lagrangian and modulation equations for slow rotation. The modulation
equations in axes rotating with angular velocity €(t) about the vertical are obtained in the
resonant case wy = 2wpg by applying the averaged Lagrangian technique [30]. Accordingly,
the solution of (4.2)—(4.4) is assumed to be of the form

A4.5) x = R[a(t) exp(iwrt)],
4.6) y = R[b(t) exp(iwrt)] ,
4.7) z = Re(t) exp(2iwgt)] .

Note that subscript zeros are dropped for these modulation amplitudes in the rotating frame.)
n these variables, the averaged Lagrangian corresponding to (4.1) may be written as

(
(
(
(
I

(L) = %wR[%{da* + 0% + 2¢c*} + R{k(a® + )"} + 203{ab*}]
(4.8) + %me [a*b — a*b] + 292 [!a\Q + \6\2] :

On assuming that the rotation frequency is sufficiently slow that Q/wgr < 1, we shall neglect all
terms in the averaged Lagrangian (4.8) that are not multiplied by wg. In this approximation
of slow rotation, the averaged Lagrangian is given by the simpler expression,

(4.9) (L) = %wR[%{(za* Fbb* 4+ 266"} + R{k(a® + b)) + 20 .

Here J = ${ab*} is the angular momentum, a conserved quantity at this level of approximation
and formally identical to the expression in nonrotating coordinates. The Euler-Lagrange
modulation equations in this approximation may be written as

(4.10) ia = ka*c+1iQb,

(4.11) ib = kb*c —iQa,
1

(4.12) ic = Zm(cﬂ +b?).

We may also write these leading order equations in Hamiltonian form. When (H) is defined
by

(H) = R{k(a® + b*)c*} + 2Q3{adb*},
with coordinates (a,b,c), conjugate momenta (a*,b*,2¢*), and Poisson brackets defined by
{a,a*} = {b,0*} = 2{c,c*} = —i, the modulation equations (4.10)—(4.12) are expressible in
canonical Hamiltonian form as

i = ifa, ()} = 20 b= ifb, ()} = St il = ife, ()} = S
The three constants of the motion for these equations are
1
(4.13) Hy = 5f@[(az‘ + %) + (a*? 4+ 0*?) ] = R{k(a® + b)),
(4.14) N = |a]* + |b]* + 4|c|?,

(4.15) J = (ab* — a*b)/2i = {ab"} .
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We now introduce the pattern evocation assumption that o — 3 is constant, which also
implies that |ab| is constant. Noting that

jab]* = (R{ab*})* + (3{ab"})*

and that the second term is just J? implies constancy of R{ab*}. Using (4.10) and (4.11), it
follows that

(4.16) %\abP = —2R{ab*} [263{abc*} + Q(lal® — [b]*)] = 0.

FEither factor may vanish so there appears to be two possibilities for the solution. We first
assume that the factor in square brackets in (4.16) vanishes. This implies

263{abc*}  2k|abc|sin(a + B —7)

lal> —[o]> |af? — [b]?

(4.17) Q=

(where ¢ = |c|e?). The precession angle © = fg Q(t')dt’ can be ascertained by integrating
over the time interval of the motion. In the special case when o — = T (mod ), one finds
by using the constants of motion that

2k.J Hy

4.1 Q= .
(4.18) (N — 4[c]2)2 — 42

This case also corresponds to the vanishing of the first factor in (4.16) so that R{ab*} = 0
and a and b are 90° out of phase. This was the Ansatz introduced by Lynch [19]. He showed
that, in this case, the rotation rate is given by (4.18). We now see that the result in [19] is a
special case of the general result (4.17). In this special case, {2 can be computed as soon as
lc| is known. We will examine this case numerically below.

4.5. The instantaneous ellipse. In order to define precisely the precession angle, we
introduce an ellipse which approximates the horizontal projection of the trajectory of the
pendulum. Recall that the full solution for the horizontal components is

x = R{aexp(iwgt)} = |a| cos(wgrt + a), y = R{bexp(iwrt)} = |b| cos(wrt + ),

where « and 3 are the phases of a and b. The amplitudes and phases are assumed to vary
slowly. If they are regarded as constant over a period 7 = 1/wpg of the fast motion, these
equations describe a central ellipse,

(4.19) Pa? +2Qxy+ Ry*> = S,

where P = |b?, Q = —l|ab|cos(a — 3), R = |a|?>, and S = J2. The area of the ellipse is
easily calculated and is found to have the constant value 7J. Its orientation is determined by
eliminating the cross-term in (4.19). This is achieved as usual by rotating the axes through
an angle 6, given by

2Q  2|ab|cos(a — )
P—R  |a]*— o

(4.20) tan 26 =
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The semiaxes of the ellipse are given by

J A J
= 5 2 = .
V/Pcos? 0 + Qsin 20 + Rsin® 0 V/Psin? 0 — Qsin 20 + Rcos2 0

(4.21) A,

The area is wA; As = 7J, and the eccentricity can be calculated immediately. In the case of
unmodulated motion, such as the elliptic-parabolic modes described in [19], the instantaneous
ellipse corresponds to the trajectory, which is a precessing ellipse. In general, it is only an
approximation to the trajectory, but we may define the orientation or azimuth at any time
to be the angle 6 given by (4.20). This angle will be compared to the precession angle ©
calculated by integrating (4.18) and shown to give almost identical results.

5. Numerical results. We examine the results of numerical integrations of the modulation
equations (2.8)—(2.10) and compare them to the solutions of the exact equations (2.2)—(2.4).
It will be seen that the modulation equations provide an excellent description of the envelope
of the rapidly varying solution of the full equations. We then compare the stepwise precession
angle predicted by a formula based on constancy of the angle v — 3 with the numerical
simulation of this quantity and show that the two values track each other essentially exactly.

The parameter values chosen for all numerical integrations are m = 1kg, f = 1m, g =
m?ms 2, and k = 472 kgs~2 so that wp = 7, wz = 2, and the resonance condition wy; = 2wpr
holds. The linear rotational mode has period 7 = 2s, and the vertical mode has period
77 = 1s. The initial conditions are set as follows:

(0,70, 20) = (0.006,0,0.012), (&0, %o, 20) = (0,0.00489, 0) .

(The value of ¢ was chosen to tune the precession angle to be an even fraction of 180°,
making the amplitudes, though not the phases, periodic.) The corresponding initial values
for the modulation equations (2.8)—(2.10) are given by

—i —0 —Z0
ap = arctan ( ) , [ = arctan < > , 7o = arctan ( ) ,
WRTO WRYO 2wRrzo

0 Y0 20
ool = () ol == () el = ().
cos oy wp sin By coS Yo

giving the values (|aol, |bol,|co]) = (0.006,0.002,0.012) and (ao, Bo,v0) = (0,—7/2,0). The
constants of the motion take the following values:

H=403x10"7, J=19.34x1079, N =6.14 x 1074,

The integration was extended over a period of 1000 seconds (i.e., 1000 vertical oscillations). As
a check on numerical accuracy, the changes in these quantities, which should remain constant,
were calculated, with the following results:

He T Nr;
(Fnal) = 100.04%, ( F‘“al) = 99.997%, < Fmal) = 100.00% .

Hipitial Initial Tnitial

We now directly compare the solutions of the “exact” equations (2.2)—(2.4) and the “ap-
proximate” or modulation equations (2.8)—(2.10). Once the modulation equations have been
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T T T
Exact — Approx —

Figure 5.1. Horizontal projection of the solution for an integration of 1000 seconds. Left: Solution of the
“ecact” equations. Right: Solution of the “approximate” equations.
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Figure 5.2. Vertical amplitude of the solution for the first modulation cycle (first 167 seconds). Left:
Solution of the “exact” equations. Right: Solution of the “approximate” equations.

solved for the envelope amplitudes and phases, the full approximate solution is given by
(2.5)—(2.7). We first consider the horizontal projection of the solution for the 1000-second in-
tegration. This is the period required for the solution to precess through approximately 180°.
In Figure 5.1 (left panel) we plot = versus y for the exact solution. In Figure 5.1 (right panel)
we plot the corresponding solution from the modulation equations. It is clear that there is
great similarity between the two solutions; indeed, the two plots are indistinguishable. The
precession angle between horizontal excursions is close to 30°. (The value of gy was chosen
to ensure this.) The modulation period is approximately 167 seconds; thus the instantaneous
ellipse rotates through six cycles and 180° in 1000 seconds.

The vertical structure of the solution is displayed in Figure 5.2, where z for the exact
solution (left panel) and R{co(t) exp(2iwrt)} for the approximate solution (right panel) are
seen to be virtually identical. For clarity, the solutions are plotted only for the first modulation
cycle of 167 seconds. The character of the solution—rapid oscillations with a slowly varying
amplitude envelope—is clear from the figure. The vertical amplitude is close to zero when
horizontal excursions are at their peak. This is confirmed in Figure 5.3 (left panel), where the
horizontal modulation amplitude S = \/|a|? + |b]|? and vertical modulation amplitude C' = ||
are plotted against time.
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Figure 5.3. Left panel: Envelope amplitude of the approzimate solution. S = +/|a|? + |b|? (solid line) and
C = |c| (dashed line). Right panel: Square of the eccentricity (solid line) and angular velocity 2 (scaled by 50)
of the instantaneous ellipse (dashed line).

In Figure 5.3 (right panel) we plot the squared eccentricity e = (1 — A2, /A?naj) of the
envelope of the horizontal projection of the approximate solution, where the semiaxes Ap,,; and
Apin are calculated from (4.21). The eccentricity is close to unity for most of the integration.
Horizontal excursions of the pendulum occur during this time. For short periods, when the
horizontal amplitude is minimum, the value of e drops significantly (solid line). During this
time, the angular velocity, calculated as the rate of change of the azimuth given by (4.20),
reaches a maximum (dashed line). Thus the precession occurs in bursts near the times when
the vertical amplitude is maximum and the horizontal amplitude is minimum.

The stepwise nature of the precession is clearly illustrated in Figure 5.4. The azimuthal
angle 9 of the numerical solution of the exact equations may be calculated by fitting a central
conic to every three consecutive points on the trajectory. Assuming a solution of the form

Pz +2Qzy + Ry* =1

and requiring that the three points lie on this curve, we obtain three equations for the coef-
ficients (]5, Q, R) From these, the azimuth 9 and the semiaxes are obtained from equations
analogous to (4.20) and (4.21). This is compared in Figure 5.4 to the corresponding value 6
resulting from integration of the modulation equations. It is noteworthy that ¢ and 6 remain
quasi-constant for most of the modulation cycle, changing rapidly only over short intervals
around the times when C' is maximum and S is minimum. The advances in phase are very
similar for the exact and approximate solutions. However, there are small differences: 6 — ¢
is also plotted in Figure 5.4 (dotted line). This sensitive quantity reaches its maximum value
of 4.35° at the end of the integration.

Comparing Figures 5.3 (left panel) and 5.4, it is clear that the azimuthal angle remains
close to a constant value during horizontal excursions (when S is large) and changes rapidly
when the vertical oscillation amplitude is close to a maximum and the energy of the hori-
zontal component is small. Thus the stepwise precession takes place in sudden bursts when
the motion of the system is quasi-vertical. The variations of the azimuth appear to occur
symmetrically about the times of vertical energy maxima.

The azimuthal change between successive horizontal excursions is very close to 30° for both
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Figure 5.4. Azimuth angle (in degrees) for the “exact” solution (¥, solid line) and the “approximate”
solution (0, dashed line). The difference 0 — 9 is plotted as a dotted line. The azimuth © resulting from
integration of (4.18) (not plotted) is indistinguishable from the values 0 of the approzimate solution.

exact and approximate solutions. We also calculated the angle © resulting from an integration
of (4.18). The graphs of § and O (not plotted) are indistinguishable. The maximum difference
|0 — ©| was only 0.0063°. This is remarkable: the value © derived from (4.18) involves
an assumption that a — (3 is constant in a particular rotating frame. The azimuth 6 from
the modulation equations makes no such assumption, yet the two solutions are practically
identical. This confirms that the pattern evocation assumption which yields the result (4.18)
is sound.

Numerous other integrations of the exact and modulation equations were also carried out.
They confirm that the stepwise precession of the azimuthal angle is a distinct characteristic
of the swinging spring. This is also in complete agreement with simple experiments with a
physical pendulum, where the periodic exchange of energy between horizontal and vertical
and the precession of the swing plane between horizontal excursions are the main observable
properties of the motion.

The perturbation methods used in this study are valid only for small values of the system
energy. However, the numerical solution of the exact equations gives insight into the dynamics
for larger amplitudes. Although we do not consider chaotic motion here, the transition from
regular to chaotic motion of the planar elastic pendulum has been studied elsewhere (see [20)]
and references therein).
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Homoclinic Stripe Patterns*

Arjen Doelman® and Harmen van der Ploeg!

Abstract. In this paper, we study homoclinic stripe patterns in the two-dimensional generalized Gierer—

Meinhardt equation, where we interpret this equation as a prototypical representative of a class
of singularly perturbed monostable reaction-diffusion equations. The structure of a stripe pattern is
essentially one-dimensional; therefore, we can use results from the literature to establish the existence
of the homoclinic patterns. However, we extend these results to a maximal domain in the parameter
space and establish the existence of a bifurcation that forms a new upper bound on this domain.
Beyond this bifurcation, the Gierer—-Meinhardt equation exhibits self-replicating pulse, respectively,
stripe patterns in one, respectively, two dimension(s). The structure of the self-replication process
is very similar to that in the Gray—Scott equation.
We investigate the stability of the homoclinic stripe patterns by an Evans function analysis of the
associated linear eigenvalue problem. We extend the recently developed nonlocal eigenvalue problem
(NLEP) approach to two-dimensional systems. Except for a region near the upper bound of the
domain of existence in parameter space, this method enables us to get explicit information on the
spectrum of the linear problem. We prove that, in this subregion, all homoclinic stripe patterns
must be unstable as solutions on R%. However, stripe patterns can be stable on domains of the type
R X (0, Ly). Our analysis enables us to determine an upper bound on L,; moreover, the analysis
indicates that stripe patterns can become stable on R? near the upper bound of the existence do-
main. This is confirmed numerically: it is shown by careful simulations that there can be stable
homoclinic stripe patterns on R? for parameter values near the self-replication bifurcation.

Key words. reaction-diffusion equations, pattern formation, stability analysis, Evans function, singular pertur-
bation theory

AMS subject classifications. 35K57, 35B25, 35B32, 35B35, 35B40, 34C37, 92C15
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1. Introduction. Stripe patterns can be observed in many (bio)chemical reactions and
appear frequently in numerical simulations of reaction-diffusion equations. Moreover, these
patterns are quite robust in the sense that they exist for large “open” sets of parameter com-
binations (see the review [5] and the references therein). However, the mathematical theory
of stripe patterns in reaction-diffusion systems is largely restricted to systems at near-critical
conditions, which means that the system parameter values are close to a Turing bifurcation.
Near such a bifurcation, the (Turing) patterns necessarily are of small amplitude, where the
smallness is related to the distance to the Turing bifurcation in parameter space. Under
these “weakly nonlinear” conditions, the patterns generated by the system can be analyzed
by a normal form or a Ginzburg-Landau approach. (See [22] for a (formal) application of
this approach to reaction-diffusion systems and [23] for a survey of the general mathematical
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theory.)

In this paper, we study two-dimensional stripe patterns in the strongly nonlinear regime;
i.e., we consider systems that are not close to a Turing bifurcation (Remark 1.4). As a conse-
quence, the amplitudes of the solutions cannot be assumed to be small. In this regime, there
is no equivalent of the general Ginzburg-Landau theory. However, when one restricts oneself
to two-component reaction-diffusion systems and assumes that the ratio of the two diffusion
constants is small, then one can use singular perturbation theory to study the existence, sta-
bility, and dynamics of patterns “far from equilibrium”; see, for instance, [35], [29], [12], [28],
[20], [39], [10].

Most of these recent papers on pattern formation in singularly perturbed reaction-diffusion
equations consider spike, pulse, or spot patterns (see Remark 1.1). Similar to these patterns, a
homoclinic stripe pattern is isolated in the sense that both components U (z,y,t) and V (z,y,t)
are close to a trivial homogeneous background state outside a neighborhood of the stripe (see
Figure 1.1). A Turing bifurcation imposes a spatial periodicity on the pattern; hence, in gen-
eral, there cannot be homoclinic patterns at near-critical conditions. The stripe patterns we
consider are assumed to be stationary, linear (or straight), and essentially one-dimensional.
Since reaction-diffusion equations in two space dimensions are invariant with respect to rota-
tions in the plane, we can define x as the direction perpendicular to the stripe and y as the
coordinate along the stripe. The assumption that the homoclinic stripe pattern is “essentially
one-dimensional” implies that the stripes have no structure in the y-direction; i.e., the stripe
patterns are of the form (Ustripe (2, Y, t), Vstripe(Z, ¥, t)) = (Uo(x), Vo(x)). As a consequence, the
stripe patterns correspond to homoclinic pulse solutions as function of the variable perpendic-
ular to the stripe, . This enables us to refer for the existence to the literature on stationary
homoclinic pulse solutions of systems in one spatial variable. (We will, in particular, use [10].)

We study the existence, stability, and bifurcations of homoclinic stripe patterns in the
generalized Gierer—-Meinhardt equation:

(1.1) Ui = AU —uU +Uavh,
’ V, = AV —V 4 U»VE

for (x,y) € R? [20], [28], [29], [19], [39], where we assume that the ratio of the diffusion
coefficients of the two “species” V and U, dy, and dy; is asymptotically small: €2 = dy /dy < 1.
Throughout this paper, the parameters (a1, ag, 51, 32) and p are assumed to satisfy

ag
g — 1

(compare to [20], [28], [29], [19], [39]). This model can be regarded as the leading order
part of a “normal form” that appears from a scaling analysis in a large class of singularly
perturbed reaction-diffusion equations (see Remark 1.2). Equation (1.1) can also be seen as a
generalization of the original model introduced by Gierer and Meinhardt [15] in the context
of morphogenesis. The special case a; = 0,0 = —1,31 = 2,32 = 2 in (1.1) corresponds to
the original (biological) values of the parameters in [15].

Localized solutions of a singularly perturbed equation as (1.1) will, in general, have asymp-
totically large amplitudes. Following [19], [10], and [20], we therefore introduce the O(1)

(1.2) ap > 1+ as <0, 81 >1,Bs>1, u>0
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Figure 1.1. The homoclinic stripe pattern. The V -component is strongly localized, and the U-component
decays to the limit state U = 0 on a long spatial scale.

functions U(x,t) and V(z,t) and rescale z, y, and e:
2

~ -1 B
U(x’t) = €TU<I‘,t), r= ﬂ2D >0, V(x7t> = gsv(x7t)7 s = —% > 0,
D= (a1 —1)(f2—1)—agf >0, v =/c&, y = /ey, €= /c.

Equation (1.1) can thus be written as

(1.3)

(1.4) e2U; = AU —e?ulU  + UMV
’ V, = AV -V + U2VP,

This equation is equivalent to (1.1), but it has the advantage that the stripe patterns in (1.1)
have an O(1) amplitude (with respect to ¢) as solution of (1.4); therefore, we will consider
the Gierer-Meinhardt equation in the form of (1.4) in this paper.

It is shown in [10] that the one-dimensional Gierer-Meinhardt equation, (1.4) without y-
dependence, has stationary, homoclinic pulse solutions for parameters satisfying (1.2) and p =
O(1). This result establishes the existence of homoclinic stripe patterns to (1.4); see Theorem
2.1. By a careful re-examination of the construction of the one-dimensional homoclinic pulses,
we are able to determine analytically an upper bound in x4 on the existence domain of the stripe
patterns: we establish that homoclinic stripe patterns exist in (1.4) up to p = pspiis = O(1/ eh)
and not beyond this value (Theorem 2.2); see also Remark 1.3. This bifurcation is, in essence,
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a bifurcation of the one-dimensional problem. The nonexistence result is similar to the proof
of the existence of a “disappearance bifurcation” in the one-dimensional Gray—Scott model
in [8], [7]. Note that numerical continuations and simulations in [31] for the Gray—Scott
system indicate that this “disappearance bifurcation” is, in fact, a saddle-node bifurcation of
homoclinic orbits. It is natural to expect that the same is true for the “disappearance” or
“splitting” bifurcations in the systems studied in this paper. However, as in the Gray—Scott
case, the bifurcation takes place in the region in parameter space, where the existence problem
is no longer singularly perturbed. When p = O(1/¢™) > 1, i.e., m > 0, one needs to rescale
(1.4) since U and V' can no longer be assumed to be O(1) (see section 2). The rescaled system is
singularly perturbed in the scaled parameter & = O(s'~"/4) so that one can no longer use the
ideas of geometric singular perturbation theory [21] for m = 4. As a consequence, the analytic
“control” of the homoclinic orbits decreases significantly. Therefore, the identification of the
“disappearance bifurcation” as a saddle-node bifurcation of homoclinic orbits has become a
challenging task.

It was shown in [8], [7] that the “disappearance bifurcation” initiates the well-known pulse
splitting, or self-replication, process in the Gray—Scott model [33], [35], [34], [12], [31]. Exactly
the same behavior can be observed in numerical simulations of the one-dimensional Gierer—
Meinhardt model (1.4) for g > pgplie; see section 2. This implies that the self-replicating
process is a “generic phenomenon” in singularly perturbed reaction-diffusion equations and
that it thus is not special to the Gray-Scott equation model (see Remarks 1.2 and 2.3).
Increasing p through pigpy¢ induces a stripe splitting bifurcation in the two-dimensional system
(1.4). The end-product of the self-replication process is a spatially periodic stripe pattern; see
Figure 5.3.

This splitting bifurcation is related to the existence problem of the stripe patterns. Other
bifurcations, such as the bifurcations from stripes to spots, are associated to the (in)stability
of the stripe pattern (Usripe(Z, Y, 1), Vitripe(%, ¥, 1)) = (Uo(x), Vo(x)). The stability of the
two-dimensional stripes again relies heavily on insights in the stability of one-dimensional
homoclinic pulse patterns. Since we assume that (1.4) is defined on the unbounded plane,
ie., (z,y) € R2, it follows that the linearized stability problem reduces to the study of a
one-parameter family of eigenvalue problems in the one-dimensional variable x. This family
is parametrized by a wave number in the y-direction, I (see section 3). We show that these
eigenvalue problems can be studied by the recently developed extension of the Evans function
method, the so-called nonlocal eigenvalue problem (NLEP) approach [8], [9], [10]. This method
enables us to determine the spectrum of the linear stability problem associated to the stripe
pattern explicitly as function of [.

We again find that the magnitude of u with respect to ¢ is crucial for the stability of the
stripes; therefore, we again introduce m and set p = O(1/e"™). We show in section 3 that the
eigenvalues A(l) all are stable and real; i.e., A(1) < 0 for ||| > Igstab = /(B2 + 1)2/4—1 =
O(1) and A(I) = X\(0), at leading order, for |I| < €*~™/2 (Lemma 3.8). The latter result
implies that the possible stability of the stripe pattern strongly depends on the stability of
the associated pulse solution of the one-dimensional equation (that does not depend on y).
We find, in the case that the one-dimensional pulse pattern is stable, that there are two
symmetrical bands of unstable wave numbers I: O(£2~™/2) < |I| < O(1). This implies that all
homoclinic stripe patterns are unstable as solution of (1.4) on R? if m < 4, i.e., p < O(1/e™)
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(Theorem 3.9).

Nevertheless, these results also indicate that the homoclinic stripe patterns can be stable
on R? for m = 4 since the bands of unstable wave numbers might disappear for m = 4. A
necessary ingredient is, of course, the stability of the one-dimensional pulse pattern. Therefore,
we first follow [10] and consider the classical case a1 = 0,0 = =1, = 2,02 = 2,and 0 < p <
1/e*. In this case, the one-dimensional pulse is stable for g > ppep(0) = 0.36...(= O(1))
(Theorem 4.3 or [10]). Furthermore, we use the NLEP machinery to explicitly determine the
band of unstable wave numbers in this case: we deduce that, for 0 < pepe(0) < = fi/e™ and
m < 4, there is one (unique) real unstable eigenvalue A(1) > 0 for |I| € (£2~™/2\/3[1,/5/4),
at leading order in ¢; there are more unstable wave numbers [ with |I| < e2~™/2\/3[ for
p < popt(0) (Theorem 4.5).

Next we consider the general problem in more detail. We focus, for simplicity, on stability
analysis of the one-dimensional problem (i.e., [ = 0). We distinguish two open, unbounded
domains, Varge and Vsingular, in the (a1, g, 51, 52) parameter space (with boundaries given
by (1.2)) in which the homoclinic pulse pattern cannot be stable. The region Varge includes
the case a1 > 1. We show that, for a; > 1 and p large enough (but not necessarily > 1
with respect to €), there is always (at least) one unstable real eigenvalue A\°(u,0) that grows
linearly with g (Theorem 4.9). In Theorem 4.10, we establish the existence of the region
Vsingular, Which includes 32 > 231 + 1, in which the stability problem has at least one bounded
unstable real eigenvalue for all y > 0.

Finally, we consider the stability of the stripes for m = 4, i.e., u = O(1/&*), by numerical
simulations. This is necessary since the stability analysis is based on the same rescaled value
of € as the existence analysis: like the existence problem, the linear stability is no longer sin-
gularly perturbed for m = 4. The simulations are performed on bounded domains; therefore,
we first interpret some of our results in terms of cylindrical domains, or strips, of the form
R x (0,Ly). (The length, L,, of the domain in the z-coordinate is taken so long as it has
no leading order influence; see [12], [8], [6], and section 5.) We conclude that a homoclinic
stripe solution that is stable as a one-dimensional pattern is automatically stable on a strip
R x (0,Ly) if L, < me/y/(B2 + 1)2/4 — 1 (Corollary 5.1). This critical value of L, is con-
firmed by the numerical simulations for u < 1/&* (where we considered the classical case, i.e.,
a1 = 0,9 = —1, 81 = P2 = 2). Moreover, it is found that the stripe pattern can be stable as a
solution on R? for p > Ustripe = Hstripe (01, a2, B1, F2) = O(1/ e%). This bifurcation is followed
by the splitting bifurcation predicted by the existence analysis of section 2: pigplit > fistripe OF,

more explicitly,

0.14 0.12
Nsplit(07 _17 2> 2) ~ ET > ET ~ ,Ustripe(oa _L 27 2)

Beyond the splitting bifurcation value of u, a self-replicating stripe pattern is observed; i.e.,
the homoclinic stripe splits into two repelling stripes, which split again (etc., depending on
the length L, of the domain) so that eventually an asymptotically stable spatially periodic
stripe pattern appears (see Figure 5.3). The dynamics are completely homogeneous in the
y-direction so that the bifurcation is, in essence, a one-dimensional process. Note that these
simulations also imply that (numerically) stable spatially periodic stripe patterns exist on R?
(see also Remark 1.4).
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The numerical investigations are concluded with an analysis of the “fate” of the stripe
pattern as j1 < Ustripe and L, increases through a bifurcation value. This confirms the varicose
type of the instability [32], [18]: the stripe, in general, bifurcates into half a spot at either one
of the boundaries y = 0 or y = L, in the middle of the (0, L,) interval. For values of x close
to Ustripe, it is possible to have stripe patterns on a strip of width L, that is larger than that
given by Corollary 5.1. Such stripes bifurcate into a full spot, two half spots, one and a half
spots, etc. (see Figure 5.4). This behavior is typical for systems near a bifurcation of Turing
type; it can be explained qualitatively by the analysis.

Remark 1.1. As mentioned in the literature, i.e., [35], [29], [12], [28], [20], [39], [10], we
consider so-called monostable systems. There is much literature on the existence and stability
of (multi)front patterns in (singularly perturbed) bistable systems. (Unlike in monostable
systems, there are (at least) two different stable trivial solutions/patterns in bistable systems.)
See, for instance, [30] and the references therein. We refer to [32] for the stability analysis
of a double front, i.e., homoclinic, stripe pattern in a bistable system with a piecewise linear
nonlinear term and to [37], [38] for the stability analysis of stripes/planar fronts in more
general bistable systems. An essential difference between the stability of (multi)front solutions
in bistable systems and that of the monostable homoclinic solutions studied here is that all
potentially unstable eigenvalues are asymptotically small, i.e., approach 0 in the limit € — 0, in
the bistable case. The limits of these eigenvalues correspond to “marginally stable” eigenvalues
of the so-called fast reduced limit systems [30]. The relation between the stability in the full
€ # 0 system and the £ = 0 limit systems is completely different in the monostable equations
studied here. In fact, the fast reduced limit systems have O(1) unstable eigenvalues (see
section 3). This is called “the NLEP paradox” in [9], [10].

Remark 1.2. The following general class of singularly perturbed reaction-diffusion equations
was considered in [10]:

(1 5) Ut = dUAU +a11U+a12V +H1(U,V),
’ Vi = dyvAV +anU+axV + Hy(U,V),

where 0 < dy < dy, a;; is such that the trivial pattern (U(z,t),V(x,t)) = (0,0) of the
linear equation (i.e., H;(U, V) = 0) is asymptotically stable, and H;(U, V') is such that certain
growth conditions are satisfied. In [10], it has been shown by a scaling analysis that, under
general conditions, the existence and stability of “large” localized pulse solutions to the one-
dimensional equivalent of (1.5) is governed by a “normal form” of which the generalized
Gierer-Meinhardt equation, in the form of (1.4), is the leading order part. As a consequence,
all results on the stability and bifurcations of homoclinic stripe patterns obtained in this paper
for the generalized Gierer-Meinhardt equation can be reformulated in terms of this general
class of reaction-diffusion equations (see, however, Remark 2.3).

Remark 1.3. The critical magnitude of pu, u = O(1/e%), that appears throughout this paper
is in terms of the rescaled parameter ¢ of the (truncated) “normal form” (1.4). It follows from
(1.3) that this corresponds to = O(1/€?) in terms of the original parameter ¢ of the unscaled
generalized Gierer—Meinhardt equation (1.1). This parameter has been defined as the square
root of the ratio between the diffusion coefficients of V and U, ¢ = dy/dy < 1, which
implies that the splitting bifurcation (and the Turing bifurcation—see Remark 1.4) will occur

at p= O(dy/dv).
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Remark 1.4. Numerical simulations show that the amplitude of the periodic stripe pattern
that occurs through the splitting bifurcation decreases as p approaches the value piryring >
Psplit- At fiTuring = HTuring (01, a2, B1, B2) = O(1/ %), a Turing bifurcation takes place. (W Turing
can be determined by a straightforward linear analysis; see, for instance, [27].) Thus the
homoclinic stripe patterns are indeed “far from equilibrium.” We refer to [24] for a detailed
analysis of the connection between homoclinic pulse patterns and Turing bifurcations in the
context of the one-dimensional Gray—Scott equation.

Remark 1.5. An important subtheme of this paper is the competition between stripe and
spot patterns, far from equilibrium. There is much literature on the interactions between
patterns—most of it on systems close to bifurcation/equilibrium. We refer to [3] and [16] and
the references therein.

2. The existence problem. The following result on the existence of singular, stationary,
multipulse homoclinic solutions of the generalized Gierer-Meinhardt equation was proved in
[10].

Theorem 2.1. Let (o, ag, (1, B2, i) satisfy (1.2), and let u be O(1). Then, for any N > 1
with N = O(1) and € > 0 small enough, there is a stationary N-pulse homoclinic stripe
solution (U(z,y,t),V(z,y,t)) = (UN™(x), VN°™(x)) to (1.4) so that limy,_ Up™(z) =
lim oo Viem(z) = 0, and lim| ;oo Ubem (z)esvilel lim| ;oo Vhom (zyell exist and are
nonzero. The V-component V]}\}"m(az) has a sequence of N consecutive narrow pulses of the
same height (at leading order) that are O(g|loge|) close to each other; V™ (z) decreases to
O(y/€) in between two adjacent pulses. Both UR™(x) and V°™(z) are monotonous functions
of x outside the region of pulses. Moreover, the amplitudes U™ and Vi of the U]}\l,om(x)
and Vo (z) pulses are, at leading order, given by

Ba—1 1 ag
max __ 2\/:17 p max __ 62+1 P21 2\//7 :|_D
I R - B v
where D is given in (1.3) and
(22 WG 5a) = [ (un(es 92)% e
with wy(§) the (positive) homoclinic solution of
(2.3) W= w —w.

It is clear from the formulation of this theorem that only the case p = O(1) (with respect
to ) has been considered in [10]. In this section, we consider the existence problem for
u = O(1/e™) for m > 0. We do not pay attention to the multipulse solutions with N > 2
since these solutions cannot even be stable on the one-dimensional (unbounded) domain, as
has been proved in [10]. In this paper, we denote (U1™(x), VPo™ (z)) by (Ug(z), Vo(x)).

2.1. Scaling analysis. We introduce i = O(1) and m > 0 by

1

gm’

(2.4) p=
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It follows from (2.1) that Up(x) and Vy(x) can no longer be considered as O(1) for p > 1.
Therefore, we have to scale U(z,y,t) and V(z,y,t) in (1.4) and thus introduce the O(1)
quantities U(z,y,t) and V (z,y,t) by

(Bg—1)m ~ ag

(2.5) U=¢ 2 U, V=c30V.

Inserting these scalings into (1.4) yields

(2.6) 20, = £2AU -2 20 + Unvh
‘ Vi = AV -V + Uezyhe

Hence we can introduce z, g, and € by

(27) iza_%x, gzg_%y’ 5:51_%

so that

28) i, = AU —2a0 + UMV,
' Vi = &AV -V + U2V,

Except for the factor in front of the term Uy, this equation is identical to (1.4). In this section,
we are interested in the existence of solutions to (2.8) that depend neither on ¢ nor on . Thus
we write (2.8) as a (four-dimensional) ODE in Z:

T a1y b1 —
(2.9) { Usz E,uU + UV 0,

E2Ver -V + Ueyh =o.

Except for the tildes, this equation is identical to the existence problem for stationary solutions
that do not depend on y of the original equation (1.4). Hence we can immediately apply The-
orem 2.1 to system (2.9) and conclude that there exist N-pulse patterns (U™ (Z), Vo™ (7))
in (2.8) and thus in (1.4) for > 1. However, there is one crucial condition in Theorem 2.1
that cannot be satisfied for all > 1: £ must be small enough. Hence, by (2.7), Theorem
2.1 can only be applied for m < 4 (see Remark 1.3). The condition on ¢ is essential to the
proof of Theorem 2.1 since it is based on geometric singular perturbation theory [21] and it
exploits the fact that U and U; vary slowly compared to V and Vi; ie., U, Uz = O(€), while
V,Vz = O(1). This approach can no longer be used when ¢ becomes (9( ), i.e., when m =4
(2.7).

On the other hand, when m becomes > 4 or, equivalently, when € becomes > 1, it might
be possible to use geometric singular perturbation theory to construct homoclinic solutions
to the saddle point (U, Us,V, f/;c) = (0,0,0,0) by reversing the roles of U and V. Therefore,
we introduce [7, V, €, i, and T by

-9 1481 —0B2 ~ A 9~ l—aj+ag ~

N 1
(2.10) U=(Ep) o U, V=(Ep D Vé:gjﬂ:

so that (2.9) can be written as

5205553 —-U + Ugayvh =g
2.11 . N A ’
( ) { Via —éQﬂV + U*2VyP2 0
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This equation is identical to (2.9) after the following substitutions:
(2.12) U—V, VU, ar— B2, b1 — g, ag — 1, f2 — au,

and, of course, &€ — &, i — [i.

2.2. The existence and disappearance of homoclinic solutions. The “symmetry” (2.12)
between the two scaled systems (2.9) and (2.11) can be used to obtain the following extension
of Theorem 2.1.

Theorem 2.2. Let (ax,az, 1, B2, i) satisfy (1.2), and let (U™ (x), Viom(z)) = (Up(z),
Vo(x)) be the (1-pulse) homoclinic stripe solution of (1.4) described in Theorem 2.1 (for pu =
O(1)). Then there exists a critical value pspiiy of p with pspliy = % and 0 < figpy = O(1)
such that (Up(x), Vo(x)) exists for 0 < pu < pspiit. Equation (1.4) does not have a homoclinic
solution (Up(x), Vo(x)) for pn > fisplit-

A similar result has been proved for the one-dimensional Gray-Scott model in [9] (al-
though the proof is based on a topological shooting approach in the Gray—Scott context). For
the Gray—Scott model, the upper boundary on the existence domain of the homoclinic pulse
solutions has been identified numerically in [31] as a saddle-node bifurcation of homoclinic
orbits. A similar behavior is expected here. Moreover, there is a very natural candidate that
can act as the “partner” of the pulse pattern (Up(z), Vp(z)) in the saddle-node bifurcation. It
is the 2-pulse homoclinic orbit (U™ (x), V™ (z)) (see Theorem 2.1) since it has the same
structure as the unstable “partner” of the homoclinic pulse that has been found numerically
in [31] (for the Gray—Scott model) near the saddle-node/disappearance bifurcation. (Further-
more, (UL°™ (), V3™ (z)) is unstable; see [10].) Note that it is quite a challenge to prove this
conjecture, especially since the bifurcation occurs in a parameter region where the system can
no longer be treated as a singularly perturbed problem.

It was shown by numerical simulations that this “disappearance” of the homoclinic pulse
solution marks the boundary of the region (in parameter space) in which a solitary pulse
“splits” into two slowly traveling “copies” of the initial pulse (with opposite speeds) [9]. Thus
the equivalent of Theorem 2.2 for the Gray—Scott model gave an analytical foundation of the
origin of the so-called self-replication process. This phenomenon has been a challenging topic
of research in recent years (see [33], [35], [34], [12], [31], and the references therein; we refer
to [7] for a discussion on the literature on this subject).

By analogy to the Gray—Scott model, the “disappearance” result of Theorem 2.2 at u =
(9(5%) provides a strong motivation to run simulations of the generalized Gierer—-Meinhardt
model for p > 1. It is shown in Figure 2.1 that the critical value psp1is defines the boundary of
a domain in parameter space in which the (generalized) Gierer—Meinhardt model also exhibits
self-replication of pulses. This yields a strong indication that the self-replication phenomenon
is not a special feature of the Gray—Scott model but that it will occur in a large family of
reaction-diffusion equations [31]; see also Remark 1.2.

Proof of Theorem 2.2. This proof is based on the proof of Theorem 2.1 in [10]. Here we
present the main arguments and refer to [10] for the details.

As was already noted in the previous section, Theorem 2.1 applied to (2.11) establishes
the existence of (Up(x), Vo(x)) for 0 < p < E%. Using the “symmetry” (2.12), we can apply
Theorem 2.1 to (2.11) for p > & since £ > 1 and thus € < 1 (2.10). This yields the existence
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Figure 2.1. The self-replication process in the classical Gierer—Meinhardt problem (i.e., an = —1, a2 =
0,61 = B2 = 2). This simulation was done for u = 56, €* = 0.05. Note that only the V-components of the
solutions are shown.

of the homoclinic solution (Up(x), Vo(z)) of (1.4) if ay, ag, B1, B2 satisfy a condition that is the
equivalent of (1.2) under (2.12):

(2.13) ar>1, a2 > 1, B <0, ﬂ2>1+a27611.
a1 —

The nonexistence of a homoclinic (Up(x), Vp(z)) pattern follows from the obvious conflict
between (1.2) and (2.13). However, one cannot, of course, obtain a nonexistence result from
the fact that an existence result cannot be applied. As is explained in detail in [10], the
conditions on the «;’s in (1.2) are not essential to the existence of homoclinic solutions. The
conditions on the a;’s are determined by our decision to study large pulses in (1.1), i.e., our
decision to impose r,s > 0 in (1.3)—see also Remark 2.4.
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On the other hand, the condition on 5 is sharp in the sense that there cannot be homo-
clinic solutions for 33 < 1. This can be seen immediately by writing (2.9) as a four-dimensional
system in the “fast” scaling; i.e., we introduce the fast variable £ = /¢ and obtain

u = ep,
(2.14) p = e[—uvP + 2,
' o= q
qg = v—u‘mvﬁ?,

where we have neglected the tildes and where * denotes the derivative with respect to &.
For B2 < 1, there is no homoclinic solution in the fast reduced limit u = wug, p = py, and
v=v— uS%m so that it is impossible to construct a homoclinic solution to (0,0,0,0)—see
[10] for the details. The condition on 3; might be relaxed to 51 > 0 (see Remarks 2.3 and
3.2 in [10] and Remark 2.4 below); however, the lower boundary on 3 cannot be decreased
beyond 0: there cannot be homoclinic solutions to (0,0,0,0) in (2.14) for 8; < 0. This follows
especially from the equation for p: the accumulated change Ap in p over an orbit that is
homoclinic to (0,0,0,0) cannot be bounded for 5; < 0 since the integral over p (from —oo to
o0) diverges in this case; see Remark 2.7 in [10].

By the “symmetry” (2.13), we thus conclude that there cannot be homoclinic solutions to
(0,0,0,0) in (2.11) for a3 < 1 or ag < 0. Since we assumed that as < 0 in Theorems 2.1 and
2.2, it follows from (2.7) and (2.10) that the homoclinic stripe pattern (Up(x), Vp(x)) cannot
exist as a solution of (1.4) for pu > 6%1

For the intermediate case, m = 4 in (2.4), we set £ = 1 in (2.9) and once more use (2.1)
to scale (U, V) in a similar fashion as (U, V') was scaled in (2.5):

Bo—1

(2.15) U=p30U, V=p2oV.

This way, (2.9) becomes

T JTT Ta1 1761
(2.16) { Use —EU + UaV

=0,

ViVee —V 4 U0V —o,
where & = (j1)'/*%. This equation is identical to (2.9) when we set ji = 1 and &2 = /[ in (2.9).
Hence we can apply Theorem 2.1 and conclude that the homoclinic pattern (Up(x), Vo (z))
exists for fi < fip small enough. Note that we have only introduced the U-, V-scaling (2.15)
to validate the intuitively clear observation that the limit i — 0 with m = 4 corresponds to
the case m < 4, i.e., € < 1. Similarly, one can scale (2.9) with £ = 1 as in (2.10) so that the
new system can be identified with (2.11) with i = 1 and é2 = 1//ji. Hence the nonexistence
result for (2.11) can be applied for i > fig large enough.

We conclude that must be a value fispji¢ in between fig and fig so that (Up(x), Vo(z)) exists
for m =4 and i < fispiie but not (immediately) beyond this value. [ |

Remark 2.3. The proof of Theorem 2.2 cannot be applied directly to the more general
system (1.5) of Remark 1.2. Equation (1.4) appears from (1.5) as the leading order part of a
normal form. Thus (1.5) can only be approximated by (1.4) for € < 1. The proof of Theorem
2.2 is based on the “symmetry” between ¢ < 1 and € > 1 in (1.4) and is thus special for the
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Gierer—Meinhardt model. However, the existence result for £ < 1 is based on a combination
of properties of the singular perturbed model. In general, it can be expected that such a
combination no longer exists for ¢ = O(1) and/or € > 1. Hence it is natural to suspect that
there is an equivalent of Theorem 2.2 for the general model (1.5) if the model satisfies some
additional conditions. The topological shooting method employed for the proof of this result
in the Gray—Scott context [9] seems to be the most suitable method for the proof of such a
general result.

Remark 2.4. As is explained in the proof of Theorem 2.2, the conditions on the a’s in
(1.2) are based on our preference to have (asymptotically) large solutions in (1.1). Only
the conditions 31 > 0, B2 > 1, and D # 0 (1.3) are necessary for the existence proof in [10].
However, we note that it has been necessary to assume that G; > 1 in the proof of Theorem 2.1
in [10] in order to be able to apply the standard persistence results of Fenichel; see [21]. Thus
it is not completely straightforward to relax the condition B; > 1 to #; > 0 in Theorem 2.1.
(The case 1 = 0 is special; see Remark 2.7 in [10].) Nevertheless, it can thus be expected, by
combining (1.2) and (2.13), that there exist homoclinic solutions in (1.1) of the type described
by Theorems 2.1 and 2.2 for e < 1 and for e > 1 if a1 > 1, ap > 0, B; > 0, B2 > 1, and
D # 0. Thus one does not expect “splitting dynamics” [7] in this case. However, we will find
in section 4 that the homoclinic pulse pattern cannot be stable when a7 > 1 and p is large
(Theorem 4.9) so that this (possible) persistence result will not be relevant for the dynamics
of (1.1).

3. Stability analysis. In this section, we consider the stability of the stationary homoclinic
stripe pattern (U(z,y,t),V(z,y,t)) = (Uo(x), Vo(z)) on the unbounded domain, i.e., with
(z,55) € R2. Due to the lack of structure in the y-direction, we can study the linearized
stability of the stripe by introducing a wave number [ € R and set

(3.1) Ulz,y,t) = U(&n,t) = Up(€) +u(&)eM e,
V(SE, Y, t) = V(f, 7, t) = Vb(f) + U(f)eAt eiln.

Thus we consider the stability problem in the fast spatial variables, defined by

(3.2) (z,y) = (€, em).
Moreover, it will be convenient to introduce a scaled version [ of the wave number I:
(3.3) 1 =&

By construction, the wave number [, or [ , appears as a parameter in the linear stability analysis.
In this and the following sections, we will determine, for any fixed [ € R, the spectrum of
the associated &-dependent linear operator. The stripe is spectrally stable when the union of
the spectra (over all [ € R) has no intersection with the unstable half plane {Re(\) > 0};
see Remark 1.3. In this paper, we will not consider the nonlinear stability of the stripes. We
refer to [10] for some remarks about the nonlinear theory for the one-dimensional case. In
this section, we present an extension of the Evans function method, the NLEP approach, as it
has been developed in [8], [9], [10]. Here, we sketch the main ideas behind this method. The
statements in this section can all be proved by the methods developed in [9], [10]. We refer
to these papers for the analytical details.
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3.1. The linearized equations. Inserting (3.1) into (1.4) yields, after linearization:
34 Uge = —52[a1U§171V0/81u + BlU(?lVO’Brlv] + e p + A+ Pu,
(3.4) azy Pe—1 472\1,, — _ az—1y/02
vee + [B2U*V I+ X+%7) v = —[Uy? Vi u,

where we have used (3.2) and (3.3). Note that u({) remains constant to leading order on
&-intervals of (at least) O(1) length, as long as p, A < 6% and || < 5%, ie, |I] <1 (3.3).
System (3.4) can be written as a four-dimensional linear equation,

(3.5) o= AN Le)o with ¢(&) = (u(€),p(€).v(€),a(€))",

so that

(3.6)
0 € 0 0

N _ ai—1y,01 3 ) B P

A(E N e) = e Uyt Vit +e?(p+X+10%) 0 b UGV 0

0 0 0 1
—opUg? V) 0 —BUV ™ + 1+ A+€2) 0

We know by Theorems 2.1 and 2.2 that V(&) decays much faster than Uy(£), as function of
€], for any 1 < Z;. Thus, using (1.2), we can take the limit [£| — oo in A(€):

0 £ 0 0
A Su+A+132) 0 0 0
0 0 (1+Xx+et?) 0

Matrix A(§) converges exponentially fast to Ay, for any [ € R and any p < 6%; i.e., there
exist positive O(1) constants C 2 such that

. . _ 1
(3.8) JAE N 1L e) — AN L e)|| < Cre™ @26l for |¢] > > forany o >0.
As we shall see, this implies that the NLEP approach can be applied to the eigenvalue problem
(3.6). The essential spectrum oess(l) associated to the matrix operator A(&; A\, 1, ¢e) (3.6) is

for any fixed [ determined by A. [17]-see also Remark 3.1. Since the eigenvalues A; and
eigenvectors F; (i =1,...,4) of Ay are given by

7o) 472 7)) — 2 72
(3.9) AM()\’Z:E)_i 14+ X+ e4l?, A A2,3()\,ZA,€)—:|:E A+ A+ ,A
E174()\,l,5) =(0,0,1,£V1+ X+ 54l2)t, EQ,g()\,l,é‘) =(1,xe\/u+ A+ l2,0,0)t,

with Re(A1) > Re(A2) > Re(A3) > Re(A4), it follows immediately that

(3.10) Oess(l) = {A € R: A < max(—p — 2, -1 — %)},



78 ARJEN DOELMAN AND HARMEN VAN DER PLOEG

Hence the essential spectrum has no influence on the stability of the stripe; the (in)stability
is completely determined by the discrete spectrum, i.e., the eigenvalues, of (3.6); see Remark
3.1. We introduce the complement of a é-neighborhood of the essential spectrum:

(3.11) Cs(l) = C\ {(Re()) < max(—p —I2,—1 —%2),[Im(A)| < 8) or
' X — max(—p — 2, -1 — e4?)|| < 6},

where 0 < 6 < 1 is a second asymptotically small parameter that is independent of €. By

restricting A to Cs, we cannot run into problems with the definition and analysis of the Evans

function near the essential spectrum (see below).

Remark 3.1. The spectral stability of the two-dimensional stripe (i.e., (z,y) € R?) is
determined by the eigenvalues A(I) of the I-family of one-dimensional systems (3.5) (in & €
R). It is clear form the “ansatz” (3.1) that a curve of eigenvalues {A(l),/ € R} in the
(I, Re(XN))-plane is a component, or branch, of the essential spectrum of the “full” two-
dimensional stability problem associated to the stripe. (Perturbations of the type (3.1) are,
by definition, not integrable over R2.) The full problem cannot have point spectrum, plotted
in the (I, Re(\))-plane; it consists of a two-dimensional region, {oes(l),] € R} (3.10), and
a number of one-dimensional curves {\(I),/ € R}. In this paper, we refer to the elements of

these curves as eigenvalues (since they are in the point spectrum of (3.6) for a certain value
of 1).

3.2. The Evans function. The eigenvalues (I, ) of (3.6), i.e., those values of A for which
(3.6) has an exponentially decaying eigenfunction solution ¢(§), correspond to zeros of the
Evans function D(); 1, ) associated to (3.6). Here we give a brief sketch of the construction of
the Evans functions D();[) associated to (3.6), following [10]. We refer to [1], [13], [9], [10] for

A~

the details. The definition of D(A,[) and its decomposition is based on the following results.
Lemma 3.2 (see [1], [13], [9], [10]). For all X € Cs(l), there exist four independent solutions
(& A, I, e) of (3.6), 5 =1,...,4, such that
(i) limg——o0 §1(& A, DM€ = By (X, D),
(i) limg——oc $2(& A, D228 = By(\, D),
(i) Himg—oo @365 X, De2MDE = By(1, 1),
(iv) lime—co 64(&; X, D)eMODE = Ey (A1),
where Aj(\, 1) and E;(\ 1), § = 1,... ,4 have been defined in (3.9); ¢1(&;\,1) and da(&; N, 1)
span the two-dimensional family fﬁ_(f;)\, [) of solutions to (3.6) that approach (0,0,0,0)! as
& — —00, ¢3(& N 1), and P4(&; N, 1) span the two-dimensional family ®4(&; N, 1) of solutions to
(3.6) that approach (0,0,0,0)" as & — oco. Furthermore, there exist two transmission functions

ti(\ 1) and ty(N, 1, €) such that

(3.12) glggo D& N, e MADE = ¢ (X DE (N, 1), glggo B (&N, e 228 = 4 (X D Ey (N, D);

tl()\,Z,E) is analytic as a function of A € Cs, and tQ(}\,i, €) is only defined for t1(\) # 0. The
solutions ¢1(&; N, 1) and ¢a(&; %\,l) are determined uniquely: ¢1(&; N, 1) by (1) and ¢2(&; N, 1) by
(ii) and the existence of ta(\,1).
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Note that these results are quite natural. By the limit behavior of the matrix A (3.8), one
expects that there are two independent solutions to (3.6) that behave in the limit £ — —oco as
the two independent unstable solutions of the constant coefficients problem associated to the
limit matrix A,. These are the solutions ¢; and ¢o. The solutions ¢3 and ¢4 correspond to
the stable solutions associated to As,. Note that neither ¢ nor ¢3 is determined uniquely by
these requirements; ¢; and ¢4 are selected by the normalizations in (i) and (iv). The existence
of the transmission function ¢; confirms the intuitive idea that a general solution of (3.6) will
grow as the most unstable eigenfunction e*1¢ as &€ — co. The existence of ¢, follows from the
observation that ¢; and ¢y are independent: there will be orbits in ®_(; A, i) that do not
grow as eM¢ if € — 0o. The growth of these orbits will then be determined by e*2¢. Thus the
solution ¢o(&; A\, i) is selected as one of these orbits. Note that this construction implies that
to cannot be defined “automatically” for ¢; = 0.

The Evans function D(A) is defined by

(3.13) D\, l,e) = det[pr (&N, 1), pa(& N 1), d3(&: A, 1), pa(€ 0, D).

The determinant D(\) does not depend on £ (since the trace of A(§) is 0 [1]) and is analytic
as function of A for A € Cs (or, in general, for A outside the essential spectrum [1]). It follows
from the general results of [1] that the zeros of D(\) coincide with the eigenvalues of (3.6),
counting multiplicities. Intuitively, this can be made clear by observing that an eigenfunction
¢ of (3.6), associated to an eigenvalue A\, must approach (0,0,0,0)! for both £ — —oo and
& — +oo. This implies that ¢ € ®_ N ® so that D(A) = 0. At the same time, ®_ NP, # ()
at a zero of D. Hence there must be an eigenfunction ¢ € &_ N P,.

The Evans function D()A) can be decomposed into a product of ¢1(\), t2(A) and a nonzero
component:

D()‘v 5) = 1111’15_,00 det [¢1 (6)5 ¢2 (5)7 ¢3 (5)7 ¢4(§)}
= hm{—»oo det [¢1 (5)671&157 ¢2 (‘5)671\267 ¢3 (g)engf’ ¢4 ({)67A4§]
(3.14) = dett1 By, toFa, E3, 4]

- dsti (0L e)ta(\ e Dy (1 + A+ 2)(1+ A+ 42

since Z?Zl A;(A) =0 (3.9). Thus the zeros of D(\, ) are determined by solving ¢1(A) = 0 and

to(A) = 0. Since t1(A) is associated to the “fast” solution ¢y, i.e., the solution that behaves

as E1eM¢ as € — —oo, it is relatively straightforward to determine the zeros of t1 (A, Z)
Lemma 3.3. Let )\?c(l) € R be an eigenvalue of the reduced limit problem

(3.15) (L5(&1) = Ao = vee + [Baup? (0a (€))7 = L+ A+ 1P)o =0,

where up, = UM (2.1) and v, (§) = the leading order approzimation of Vy(§), i.e., the (pos-
itive) homoclinic solution of § = v — u§>v”2. Then there exists a unique N (l,€) such that
(N (l,€),1,€) = 0 and lime o N (I,€) = X}(1). |

The proof is based on a winding number argument applied to a contour around )\gc(l); see
[9], [10] for the details. The result is, once again, quite natural. It follows from the structure of
E1 (3.9) and the approximation (3.8) that the u-component of ¢1(§) is asymptotically small
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for ¢ < —1. Moreover, uge = O(e?) (3.4) for [ not “too large” (see below). This yields
that the u-component of ¢;(&) is also asymptotically small for £ = O(1/¢?), for some o > 0.
Hence, as ¢ — 0, the v-component of the solution ¢; of (3.4) merges with a solution vy of the
reduced fast limit problem (3.15) that converges to 0 as & — —oo. The assumption that the
transmission function t;(\) has a zero implies that ¢ (&) does not grow as e*1¢ for & — oo.
In the limit ¢ — 0, this is equivalent to assuming that the solution v; of (3.15) does not
grow exponentially. Hence v; is an eigenfunction of (3.15), and A must be asymptotic to an
eigenvalue. This argument cannot be applied when [ becomes “too large.” However, if the
u-component of ¢; does not remain asymptotically small, it will grow exponentially in this
case, which implies that ¢; cannot be 0 (see section 3.4).

3.3. The NLEP approach. The NLEP approach has been developed to determine the
zeros of the slow transmission function t5. Here we will sketch this method by assuming that
I| < 1, ie., |I] < 1/e2 (3.3). Furthermore, we assume that p = O(1). In section 3.4, we will
consider the case [ € R and > 1.

We introduce v € (0,2] and assume that |I| < 1/e277. It is clear from (3.4) that u(¢)
remains constant (at leading order) on intervals of length < O(1/¢7), where 4 =  min{1,~}.
Therefore, we introduce the interval

(3.16) I, =[-1/7,1/&7), 4 = %min{l,y}.

By (3.8), we know that outside I, the behavior of the solutions of (3.6) is dominated by the
constant coefficients matrix A (A, 1) (3.7). Thus we know by Lemma 3.2 that there are O(1)
constants C_, Cy > 0 such that

(3.17)

Eo(\, Del2OMDE L 0(etC-8) & < —77,
ta(X, D) Ea (N, 1)et2MDE 5 (X, 1) B3 (),

D2(& A1) =

eMsODE L O(eCh), € > 4.

Here t3(, Z, g) is a third meromorphic transmission function that determines the component
of ¢ that is associated to the Az eigenvalue of As. The u-components of Ez 3 =1 (3.9); thus
it follows that

(3.18) to(\ Lye) +t3(\ 1 e) = 1+ O(e7) for €1,

(see [9], [10] for all details). We can obtain a second relation between t3 and ¢3 by imposing a
“matching condition” that couples the slow evolution, i.e., the (almost) linear flow dominated
by A, to the fast field. This idea was first developed outside the context of the Evans
function in [8].

Since u = 1, at leading order in I, we observe that the v-equation decouples from the full
system (3.4). For £ € I,, we can furthermore approximate Uy by w, = U™ and Vj(§) by
vp(§) (Lemma 3.3). Thus we obtain, at leading order,

(3.19) (Lr(&€%) — N = vee + [Boud? (v (€)1 — (1 + X+ *P)]w
= —aouf® (v (6))", €€,
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Note that we could have neglected the 42y term; it does not have any leading order in-
fluence. However, we prefer to keep the presence of [ explicit. The inhomogeneous prob-
lem (3.19) is of Sturm-Liouville type and thus has a unique bounded solution vi,(§; ) for
X € Cs(?) = Cs(0)+ h.o.t. (3.11) and X # )\;(541?) = )\;(0)4— h.o.t. (Lemma 3.3); see also
[10]. By construction, we know that vi, (&) is the leading order approximation of vy(§), the
v-component of ¢2(&) = (ua(§),p2(£),v2(§),q2(§)). The evolution of uz(€) is thus at leading
order governed by

(3.20) uge = —&> [y (0 (€))7 + Brugt (v,(€)7 Mo ()]

(3.4). From this we obtain a leading order approximation of the total change in the wu-
component of ¢9(&) through I:

(3.21) Apaspie = —g2 /00 [mu%lfl(vh(f))ﬁl + ﬁmzl(Uh(é))ﬁl_lvin(f)]d@

—00

where we have replaced the integration over I, by an integration over R since this does not
have a leading order effect. This expression should match the leading order slow “jump” in
ue over I, as is described by (3.17):

(3.22) Aslowu§ = ui(l/z’:ﬁ) - U{(—l/z’:ﬁ) = [A2t2<)\, [) + A3t3(>\, Z)] — As.

Thus we can solve ta(),1) by combining (3.18) with the “matching condition” Aggue =
Aslowuf:

(3.23) t alugrlvfl + ﬁluzlvfﬂlrlvin] dg.

(=1t [ |
PAGAY Y
N+ A+127-

The first order corrections to (3.23) are O(¢7) (3.16). Note that t3();l) depends almost
trivially on I. “Slow” eigenvalues to (3.6) are now determined by solving to(\,1) = 0. The
nonlocal eigenvalue problem, i.e., the combination of (3.19) and the equation ty(\,1) = 0
(3.23), gets its name from the nonlocal term in (3.23); see Remark 3.6.

We can use the explicit information on uj and v,(§) (Theorem 2.1 and Lemma 3.3) to
obtain a somewhat less involved expression for t2(A, f) We first note that the reduced fast

limit problem (3.15) is equivalent to
(3.24) (Ls(&1) = Nw = wee + [Ba(wp(€)P ™ = (L + A+ 1)]w =0.

Using hypergeometric functions, it is possible to determine the eigenvalues and eigenfunctions
of this equation explicitly.

Lemma 3.4. Let J = J(B2) € N be such that J < (B2+1)/(B2—1) < J+1. The eigenvalue
problem (3.24) has J + 1 eigenvalues given by

(3.25) N(l) = %[(62 +1) = (B =12 =1—1% for j=0,1,...,J
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so that —1 —[? < )\f(l) < A;_l(l) < e < )\}(l) =-1’< ‘)\9@(1). The eigenfunctions ch(f)
can be expressed explicitly in terms of wy (&) and wy(&); w%(&) is even, respectively, odd, as
function of & for j even, respectively, odd.

. ?ee Remark 4.2 for the main ideas behind the proof of this result. Note that the eigenvalues
X} (1) are at leading order given by X}(0) for [I| < 1/¢* (3.3). Using (1.3) and (2.1), we can
rewrite (3.23) as

(3.26) tas(A\, ) =1 — S/ [ozl _ e /Oo Winwit 1d§] ,

/M+)\+Z2 W(/BLBZ)

where W (31, B2) is defined in (2.2) and wi, (§) = win(&; A) is the unique bounded solution of
(3.27) (£5(&2%) = Nw = wee + [Ba(wn (€))7 = (L+ X+ *P)]w = (wn (€)™

We know by Lemma 3.3 that the zeros of ¢1(\) are at leading order given by (3.25). However,
we now see by (3.26) that we should expect t2(\) to have a pole (of order one) near these
same eigenvalues (since L¢(§) — A will, in general, not be invertible at an eigenvalue). The
Evans function D(\) is analytic in Cgs [1], which implies that a pole of ¢2(\) must coincide with
a zero of t1(A). Thus the eigenvalues of the fast reduced limit problem (3.15)/(3.24) do not
automatically appear as eigenvalues of the full problem (3.6)! Nevertheless, some of the zeros
of t1(\) persist as zeros of D(\) (and are thus eigenvalues of (3.6)). The slow transmission
function t3(A) does not have a pole near )\gc(l), i.e., the solution wi, (&) of (3.27) exists, if the
following solvability condition is satisfied:

| @y e o

—00

Since wy(§) is even as a function of ¢ (Lemma 3.4), we conclude by that D()\) must have a
zero near )\gc(l) for j odd. We can now give a full characterization of the eigenvalues of (3.6).

Lemma 3.5. Let X\ € Cs be a zero of D(X). Then either ta(A) =0 or A — )\jp (3.25) with j
odd as € — 0.

Since the most unstable eigenvalue of (3.24), )\(}(l), is cancelled by a pole of to, we may
conclude that the stability of the homoclinic stripe pattern is determined by the zeros of the
slow transmission function t2(\,1).

Remark 3.6. The combination of (3.19) with #2(\,1) = 0 (3.23) can, at leading order, be
written in an equivalent but more standard and compact way:

a uaz 1 /32
vgg—i-[ﬂguz%,f? 1 -1+ XNw= 201 / uzlvfl 1vd§,

alf a11,31d€ 2/u+)\+l2

where v must decay exponentially as £ — +oo (note that v(§) = vin(€) up to a multiplication
factor). The NLEP equation was originally introduced in a form similar to this in [8].
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3.4. ]f| > 1 and p > 1. It follows from the explicit expression (3.26) that t2(\) must
have zeros near its poles for p small enough. In that case, t2(\) is close to 1 on a contour
K encircling the pole so that the winding number of ¢ over K must be zero. Since to has a
pole inside K (that gives a contribution of —1 to the winding number), it must also have a
zero inside K. Complex eigenvalues come in pairs, and so this argument also implies that the
eigenvalue is real. This result has been established in [10, Theorem 5.1]. The essence of the
proof is the derivation of sufficiently small (and uniform) upper bounds on |t3 — 1| and \d%\tﬂ

over the contour K. Due to the factor \/i/\/pn 4+ A+ I2 in (3.26), that can be made as small
as necessary by decreasing p; this is a straightforward procedure. (The integrals appearing
in (3.26) can be estimated uniformly for A on a contour that is bounded away from the pole
[10].) Since I does appear only in t5(\,[) (at leading order) through this same factor, we can
immediately conclude by this winding number argument that ta(A, Z) must have a unique zero
near X} (1) with j even for ] > 1.

We have developed the NLEP procedure under the assumption that |f | < 1/&277 for some
v € (0,2]. It follows from (3.26) and the above argument that all possible zeros of t2(\) must
be asymptotically close to a pole of to(A) for 1 < |I| < 1/e277. By Lemma 3.5, this implies
that all zeros of D(A) are asymptotically close to an eigenvalue of the reduced limit problem
(3.24). The NLEP procedure cannot be used for larger [; however, it is clear from (3.4) that
this statement must also be valid for these I. As soon as m becomes > 1/e (i.e., v < 1), the
u-equation decouples, at leading order, from the system (3.4):

uge = e+ A+ lu+ h.o.t.

This equation cannot have a nontrivial bounded solution. This either implies that v must be
asymptotically small at an eigenvalue of (3.4) when |I| > 1/e or, equivalently, that v must be
asymptotically large. (Note that u has been scaled to be close to 1 in the development of the
NLEP approach.) Hence v must be a solution of (3.15) at leading order (Lemma 3.3).

Lemma 3.7. Assume that u = O(1) and that || > 1, i.e., |l > e? (3.3). All eigenvalues
A1) of (3.6) are real and asymptotically close to an eigenvalue )\zc(l) of the fast reduced limit
problem (3.4) /(3.24).

This result also implies that (3.6) has only nontrivial eigenvalues for [ = O(1).

So far we have not considered the case u > 1. The extension of the analysis to 0 < p =
fi/e™ < 1/, ie., m € [0,4), is straightforward: we have seen in section 2.1 that (1.4) can
be scaled to (2.8). The only difference between these two equations is the magnitude of the
factors in front of the U; and the Ut, £2 and €2 x 4m/(4=m) This introduces an extra factor
g4m/(4=m) in the Evans function/NLEP analysis that is asymptotically small (for m > 0) so
that (3.26) reduces to

Py VB [ - b % e (£ ) (o (ENVP1—1 g€
(3.28) B\ =1 g+?2[ S N /Oo in (& A) (wn(8))™ dE|

with I the m > 0 equivalent of [ (2.7), (3.3):

(3.29) | =& =2 m/2,



84 ARJEN DOELMAN AND HARMEN VAN DER PLOEG

Thus, for yu > 1, t3 depends only on A through wi, (3.27). To understand the evolution of the
eigenvalues of (3.6) as p is increased from O(1) to O(1/e*), we need to formulate an equivalent
of Lemma 3.7 for 4 = O(1/¢™) in terms of the original, unscaled, wave number /.

Lemma 3.8. Assume that p = O(1/e™) with m € [0,4). All eigenvalues X(I) of (3.6) are
real and asymptotically close to a fast reduced eigenvalue )\ic(l) for |1] > €27™/2; X(1) = A\(0)

are at leading order for || < €27"™/2; i.e., for |l| < €2~™/2, the eigenvalues of (3.6) are at
leading order given by those that determine the stability of the one-dimensional pulse problem.

The proof follows immediately from (2.7), (3.2), and (3.3). Note that [ = [ but that the
analysis for m > 0 is done in terms of & so that [ # [ (3.29): |I] < 27™/2 corresponds to |I] < 1,
which simplifies (3.28) even further. As was the case for the geometric singular perturbation
approach to the existence problem in section 2, we cannot use the NLEP approach to study
the stability of the stripes when m is increased to 4 (since £ becomes O(1) for m = 4 (2.7)).
This case will be considered in section 5.

Lemmas 3.7 and 3.8, of course, have an immediate impact on the stability of the homoclinic
stripe pattern (Up(z), Vo(x)). In [10], it has been shown that the one-dimensional pulse pattern
can be (spectrally) stable, i.e., that all eigenvalues A(l) can satisfy Re(A(0)) < 0 (depending
on the parameters ay, ag, 51, 52, and p; see section 4). However, for |I| > £2=m/2 there is a
(real) eigenvalue of (3.6) near )\?c(l), and this eigenvalue can be positive (3.25). We define the
critical value IR gtap Of I by

1
(330) lR,stab = 1(62 + 1)2 -1

so that Ag)c(l) < 0 for |l] > lg stab.- Lemma 3.8 can be applied to +I near IR stap if g2-m/2 «
(3.30), i.e., if 2 —m/2 > 1. Thus we recover the same critical boundary m < 4 as in the
existence analysis (Theorem 2.2)! Since )\(J)c (1) becomes positive as || decreases through IR stab,
we conclude the following theorem.

Theorem 3.9. The homoclinic stripe pattern (U(z,y,t),V(z,y,t)) = (Uo(x), Vo(x)) is un-
stable as a solution of (1.4) for (z,y) € R%, for 0 < p < 1/&%.

This result does not exclude the possibility of asymptotically stable homoclinic stripe
patterns on R?, as we shall see in section 5. By Theorem 2.2 we know that (Up(z), Vo(x))
exist up to p = fisplit/ e, and the theorem does not include case m = 4. Moreover, this result
does not give any insight into the transition from the (possibly stable and complex) eigenvalues
in the one-dimensional case (I = 0) to the unstable real eigenvalues at |I| > £2~"/2. This
will be discussed in detail in section 4. For 0 < m < 4, it follows from Lemma 3.8 that the
transition occurs at |I| = O(£27™/2), and we expect two symmetrical “bands” of unstable
wave numbers—the one with I > 0 being bounded from below by an O(27"/2) expression
and from above by I stab = O(1). As m T 4, the width of the unstable bands decreases, and
all boundaries become (O(1). This implies that the bands of unstable wave numbers might
disappear as i becomes O(1/¢%), i.e., that the homoclinic stripe pattern might become stable.
See also Remark 4.7 for an explicit, quantitative, but formal refinement of this argument.
Note, however, that the stripe patterns can only be stabilized when the band of unstable wave
numbers disappears before p reaches pgpie = O(1/ %), the upper boundary on the existence
domain of the homoclinic stripes (Theorem 2.2). Since m = 4 corresponds to € =1 (2.7), we
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cannot study this case by the asymptotic NLEP analysis. In section 5, we will consider the
stability of the homoclinic stripe patterns for p up to fsplit by numerical simulations.

Remark 3.10. The instability associated to IR stab is of so-called varicose type, since the
associated eigenfunction, w?(f), is even as a function of ¢ (Lemma 3.4); see [32], [18]. This is
confirmed by the numerical simulations of section 5: there, it is shown that IR gtar, marks the
transition of a stripe pattern to a spot pattern.

4. The eigenvalues as function of [. In this section, we determine all eigenvalues A(l) of
(3.6) explicitly as a function of [ € R. Lemma 3.7 provides all relevant information of \({) for
> €2 ie., > 1, so that we need only to consider [ = O(1) here. The case u = O(1/™),
m € (0,4), can be considered as a subcase of u = O(1) since (3.28) is equivalent to considering
p>1and > 1in (3.26), as we have seen above.

4.1. Hypergeometric functions. The NLEP equation, i.e., the system of t2(\, 1) = 0
(3.26) coupled to (3.27), can be solved explicitly (with the aid of Mathematica) by transforming
(3.27) into a hypergeometric differential equation. As in [10], we first consider (3.24) and
introduce P = P(\, 1), F = F(&; P), and the new independent variable z by

(4.1) POV = VI A+ B, w(E) = F©)wn(©), » = = (1 _ wh(f)) |
2 wp(£)

where wp,(§) = wp(§, B2) is the homoclinic solution defined by (2.3) that can be expressed
explicitly by

1

+1 Pt
(4.2) wp (€, B2) = (20081152(& — 1)€>

[4]. Note that P = P(\,0) at leading order in the region where the zeros of t3(\) are not pre-
scribed by Lemma 3.7. The eigenvalue problem (3.24) can now be written as a hypergeometric
differential equation [26] for F' as function of z:

Bo+2P—-1_, _(B2—P)(B2+1)—2P(P—1)
fa—1 e (B2 —1)2

(see Remark 4.2). The inhomogeneous problem (3.27) can be transformed in precisely the
same fashion. Following (4.1), we introduce G(z) by

(4.3) z(1—2)F"+ (1 -22) F=0

Bo—P

2(82 +1)] 72T
4.4 F(z; P = ;i P
( ) (Za aﬁ2) (52 - 1)2 G(Z, 762)
so that (3.19) can be written as an inhomogeneous hypergeometric differential equation:

2P -1
(4.5) 2(1—2)G" + (1 - Qz)LG’

B2 —1
(B2 — P)(B2+1) —2P(P — 1) L

+2 G =[2(1— 2)]P1.

(B2 — 1)
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This equation can be solved explicitly in terms of the independent hypergeometric func-
tions that are solutions of the associated homogeneous problem (4.3); G(z; P) is determined
uniquely by the condition that wi,(§) is bounded for & — +o0; see [10] for the details. We
introduce

P+B1—82

1
R(P; B1,52) = M/O G(z; P, Bo)[z(1 — 2)] P21 dz,

(4.6) ' (Ba—1)2 1 B1—Bo+1
with B(f1,32) = 2/ [2(1 = 2)] P21 dz,
0

T 261(B2+1)

where the integral in B((1, f2) comes from the term W (31, 82) (2.2) so that the equation for
t2(A) (3.26) can be written as

. ' 1
(47) tQ()\J) =1- [Oél — OZZR(P7ﬂ1762)] m’

with P = P()\,1) (4.1). Thus we conclude that the equation (A, 1) = 0 can be solved explicitly
by (4.7) (with the use of Mathematica). In general, its solutions, i.e., the eigenvalues of (3.6),
will be complex. The real eigenvalues can be found through the graph of fiyea(A), where fireal
solves t2(A) = 0:

) A+ 2
48 real 1) = A |
(4.8) freal (A, 1) (a1 — aaR(P(\,1); ﬂl;ﬁ?)]Q —1

with the extra condition
(4.9) a1 — o R(P; By, f2) > 0.

In section 4.3, we will use (4.8) to derive some general (in)stability results. It is clear that
understanding R(P; (1, 52) is crucial to the analysis of fea1(A,[). The following (technical)
lemma extends the results on R(P; f1, F2) in [10].

Lemma 4.1. (i) R(P;B1, B2) and its derivative can be determined explicitly at P = 1:

b1 0 261 B2 +1
62_17 aipR(laﬁlaﬂQ)_ (62—1)2

where P =1 corresponds to A\ = )\}(: 0, at leading order, for |l| < 1 (4.1)).
(ii) The leading order behavior of R(P; (1, B2) is, for P > 1, given by

BB +1) 1 1
_2ﬁl+ﬁz—1p2+0<zﬂ)'

(4.10) R(1, b1, B2) =

)

(4.11) R(P; B1, 2) =

These results give only leading order approximations. It is possible to determine higher
corrections (as can be seen from the proof below). Moreover, the equivalents of (i) can be
obtained for all (eigen)values of P that correspond to a )\} with j odd.
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Proof. The key to the derivation of (4.10) is the observation that (4.5) or, equivalently,
(3.27), has a simple solution, i.e., not in terms of hypergeometric functions, at P = 1, or
A= )\} = 0 at leading order; see also [10]. The solution to (3.27) at A = 0 is given by

(412 win(€0) = 7 0n(§) + Cuin),

where C' € R is a free constant. (The solution to (3.27) cannot be unique since )\} is an
eigenvalue; wp(€) is the eigenfunction w}(§) associated to /\ch; recall that wp(§) has been
defined in (2.3).) The function R(P; 51, 32) can, of course, also be expressed in terms of
win (&) instead of G(z) (4.6):

. _ A - (£ B2—1
(113) RO 61, 82) = gty | wm(E N n(€) e
(see (2.2)). Substituting (4.12) into (4.13) yields the first part of (4.10). Note that the C
drops out of the equation since wy (&) is odd as a function of €. The second identity in (4.10)
can be obtained in a similar fashion.
The leading order behavior of R(P; 31, 32) for P? = 1+ X\ + 2>1 (4.1) can again be
obtained from (3.27) and (4.13). We decompose wi, (&; P?) into

win(€5 P) = 2yun(€) + myn(E: P)

and substitute this into (3.27). It follows that w1 (¢) = —(wp (€))% and that w,(&; P) = O(1)
with respect to the small parameter 1/P2. Together with the explicit expression (4.2), the
expansion of wi, can now be used to evaluate the leading order behavior of R(P; 31, 52) by
(4.13). [ |

Remark 4.2. An eigenfunction of (3.24) is a solution that decays for £ — +oo and therefore
corresponds by (4.1) to a solution F'(z) of (4.3) that is regular at both z = 0 and z = 1. Lemma
3.4 can now be proved using the classical theory on hypergeometric functions (see [26]), by
which the local expansions of F'(z) near z = 0 and z = 1 can be studied (see [10] for all
details).

4.2. The classical Gierer—Meinhardt equation. In this subsection, we consider the special
case a1 = 0,0 = —1,01 = 2,02 = 2 in full detail. However, some of our results extend
immediately to the general case and will thus be presented in the general setting. The classical
parameter combination corresponds to the original (biological) values of the parameters in [15].
Since (3 = 2, there are three eigenvalues to the fast reduced equation (3.24): )\?(l) =2_72
)\}(Z) =0-12, and )\?c(l) = —32 — [ (Lemma 3.4).

We first consider the stability of the one-dimensional pulse pattern (that was already
established in [10]); i.e., we search for eigenvalues M (u,1) of (3.6) with [ = 0. For p small
enough, there are three eigenvalues: A\°(u,0), A'(u,0), and A?(i,0). Two of them already
occurred in the general analysis of section 3. There is a solution \°(u, 0) of ta(),0) = 0 close
to the pole 2 (see section 3.4 or Theorem 5.1 in [10]); A?(y, 0) = 0 is the “trivial” solution of
t1(A,0) = 0, i.e., the eigenvalue that corresponds to the translation symmetry in (1.4). Note
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Figure 4.1. The curves (a) preal(P,0) and (b) R(P;B1, B2) for the classical Gierer—Meinhardt equation.

that there is no eigenvalue (yet) near the pole of #3(),0) at —3 since this pole is imbedded
in the essential spectrum oess(0) for g > 0 small enough (3.10); this eigenvalue will appear
from the essential spectrum as an edge bifurcation when p increases (see also Remark 4.8).
However, for 0 < p < 1, there is a second zero of ¢1 (), 0) close to A = 0 that can be determined
explicitly by using (4.10) to solve t2(\,0) = 0 (4.7) for A = O(u): A1(i,0) = 3u + O(u?).

Of course, this is not special for the classical case: all three eigenvalues M (p,0) also
exist for the general homogeneous case [10], and A!(u,0) can be determined explicitly for all
parameters that satisfy (1.2):

1 _ D*+2(B—1)D
(4.14) N (0) = =

with D as in (1.3)—see also the proof of Theorem 4.10.

We use Mathematica to compute R(P; 31, 82), t2(A,0), and piyear(A, 0) so that we can follow
A1, 0), AL(p,0), and A?(p, 0) as p is increased. Condition (4.9) is met for all A between the
poles )\?c = % and \2 = —%; therefore, firea1(A, 0) is defined on this interval. However, fiyeq (A, 0)

w4 O(p?) for 0< p <1,

is only positive on the interval (0, )\90), and firea1(0,0) = fireal(5,0) = 0 (see (4.8); recall that
R(P) has a pole at A = 2). Thus we recover for y small enough the eigenvalues A%(u,0) and
A(11,0). The graph of fiyear(A,0) has a maximum value of ficomplex = feomplex(0) = 0.053 .. .,
and at this value the two real eigenvalues A°(0) and A!(0) merge and become a pair of complex
conjugated eigenvalues; see Figure 4.1(a). If p is increased further, the real part of the two
complex eigenvalues decreases and eventually becomes negative. Thus the homoclinic pulse is
stabilized by a Hopf bifurcation at u = propr = ftHopf(0) = 0.36. ... All eigenvalues remain in
the stable half plane for all ppopr(0) < p < 1/e*. The upper bound on y reflects the fact that
we cannot analyze the case u = O(1/¢?) by the NLEP method (see section 3.4). In section
5, we will see that the pulses are (numerically) stable up to pspie = O(1/e?). The following
result is a (straightforward) extension to p > 1 of Theorem 5.11 in [10].

Theorem 4.3 (see [10]). Let a; = 0,00 = —1,81 = 2,32 = 2, and 0 < p < 1/e*. The
pulse solution (Up(z), Vo(x)) is (spectrally) stable as a solution of the one-dimensional Gierer—
Meinhardt equation, i.e., (1.4), in which there is no y-dependence, for > pHopt = HHopf(0) =
0.36--- + O(e) and unstable for p < propt-
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As was already noted, A%(u,0), A'(x,0), and A?(u,0) are not the only eigenvalues: at
points where a; — R (P; (1, f2) = R(P;2,2) = 0, so that the graph of fieq1(A, f) is tangent
to the edge of the essential spectrum (3.10), there is an edge bifurcation at which a fourth
eigenvalue \3(u,0) € R “pops” out of the essential spectrum. This occurs at p = Hedge =
fedge(0) = 0.77 -+ +0O(g) = —A3(Heage(0),0). Note that A3(u, 0) appears just below the second
pole \2 = —%. The eigenvalue A3(y,0) exists for all preqee(0) < p < 1/e%; it moves slowly
toward A = —1 as yu increases. Since A3(p,0) remains real and negative for all u, it plays no
role in the stability analysis (see also Remark 4.8).

The function fiyear (A, i) and the bifurcation values pmopf, fcomplex, and fledge are functions
of 1. Therefore, the bifurcations will vary with [ and may even disappear. Moreover, when
[ # 0, it is possible that the eigenvalue A = 0 is no longer isolated: one of the real eigenvalues
can move through 0. The influence of [ on jiea(A, 1) is eminent from (4.8). It is possible to
express fipeal (A, Z) in terms of piyea1(A, 0) by using the fact that all quantities involved are real:

. 12
(415) Nreal(A7 l) = /Jfreal()‘a 0) (1 + )\) .

Note that this identity holds for any (allowed) combination of aq, ag, (1, B2; it is not special
for the classical case. For positive A, the multiplication shifts firea1(A, i) upward with respect
t0 pireal(A, 0). Furthermore, the multiplication has a stronger effect for lower A\, which results
in a shift of the maximum of the graph of piyear(A, i) toward lower \: the value of ucomplex(f)
will increase with increasing Z, whereas the corresponding eigenvalue will decrease. Between
)\30 and )\} =0, preal(A, 0) is defined (condition (4.9)) but negative (4.8); see Figure 4.1(a) and
(b). (Note that (4.9) reduces to R(P;2,2) > 0.) Since the multiplication factor is negative
when —I2 < X < 0, freal(A, l) is positive for these A\. Therefore, there can be negative real
cigenvalues for [ # 0; see Figure 4.2. The function fieai(), 1) is always zero at A\ = A2 (l)

thus, by the pole in R(P), the limit p — 0 of A(u,1) is given by max(—I? —)\2(l)) (recall

that Al(u,0) is the positive real eigenvalue near 0 for u small enough). Thus, )\1(,u, 1) <0 for
p small enough, and it increases with p. It crosses through zero at some critical value of u,
called figouple(l); see Figure 4.2. Note that for [ = O(1) there are two eigenvalues at zero (at
leading order) for this value of M(p, 1) and A2(p, 1) (Lemmas 3.4 and 3.5). The value of
,udouble(l) can by construction be found by evaluating firear (A, l) (4.7) at A=0, ie., P =1, at
leading order (4.1). Since this argument is neither special for the classical Gierer-Meinhardt
case nor for = O(1), we use (4.9) and (1.3) and formulate the outcome in its most general
setting.

Corollary 4.4. Assume that p = fi/e™ = O(1/e™) with 0 < m < 4 and that |I| < 1. Then,
for any given 1, there is a uniquely determined pigouble(l), with

(Bp-1? PP 1 (B—1)? 2
4.1 i -
(4.16) paouble(l) = 753 203 —1)D < 10 Hdouble = o 2(Gs — 1)Dl

(3.29), at leading order, such that eigenvalue problem (3.6) has a double eigenvalue at A = 0.
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Figure 4.2. The function ureal(A,i) for various choices 0fi> 0: [ = %, = %\/5, | = %\/g, I=1.

Equivalently, for any p, there is a uniquely determined value ly, a1, > 0 of I, with

5/ D2 +2(B2 —1)D VD2 +2(B,—1)D -
B2 —1 B2 —1 Vi

at leading order, such that the nonlocal eigenvalue problem to(X;1) = 0 has a solution at A = 0.

(4.17) IL.stab = € Vi<, L gy =

Thus, although the eigenvalue problem (3.6) can have many eigenvalues (Lemmas 3.4 and
3.5), there is only one value of p for which an eigenvalue can cross through A = 0 (for a given
|l| < 1). Note that in the classical case with p = O(1), (4.16) and (4.17) reduce, at leading
order, to

e A
(418) :u'double(l> = @ = g and lL,stab = 62 V 3;“/ or lL,stab =V 3M
In Figure 4.3, we have used the expression for t(A, Z, 1) in terms of hypergeometric functions
to plot the “orbits” of the eigenvalues AO(u, 1) and A(u, 1) as function of y for several values
of [. There is a critical value of [ at which the Hopf bifurcation disappears in the sense
that both eigenvalues )\O’f(g, l) become (or remain) real and negative before they merge. At

this bifurcation value of I, | = lyiple, ,ucomplex([), and udouble(i) merge so that, by definition,

def
Mcomplex(ltrlple) = ,deouble(ltrlple) = ,LLHOpf(ltI‘lple) = Htriple; S€€ Flgures 4. Q(b) 4. 3( )7 and 4.4.

This value of [ can determined explicitly by taking the derivative of piyear(A, l) with respect to
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Figure 4.3.  The orbits through the complex plane of the eigenvalues )\?(u, [) and \*(u, l:) as function of
u, for several values of I: 1 =0, [ = %, = %\/5, = %\/3 Note that X\°(0,1) = d XM (u,l) =0 at leading
order for these (O(1)) values of I.

A. This expression must be equal to 0 at A = 0 and [ = Ztriple. It follows from Lemma 4.1 that
Ztriple = i%ﬂ and friple = % (at leading order) in the classical Gierer-Meinhardt case (see
Remark 4.6 for the general case).

For the stability analysis, it is more natural to fix © and to determine the behavior of the
eigenvalues M (y,1) as function of [ or [ .. The following result follows directly from the above
analysis and gives a precise description of the unstable eigenvalues of (3.6) in the classical
Gierer—Meinhardt case.

Theorem 4.5. Let a; = 0,0 = —1,061 =2,60 =2, and 0 < p K 1/64. There is one unique
unstable eigenvalue \°(u,1) > 0 for any | € (IL stab IR stab) = (e2\/3u, \/ﬂ) at leading order.
There are no unstable eigenvalues for | > IR stan- Except for the symmetrical eigenvalues with
[ <0, these are the only unstable eigenvalues for 1 > pops(0) = O(1). For puyiple = 1/6 <
i < propt(0), there is an additional interval (0,lcstab(it)) C (0,11 stab) in which (3.6) has
a pair of complex conjugate unstable eigenvalues; for 0 < p < priple, there are always two
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Figure A4.4. The graphs of the bifurcation values paouble(l), feomplex(l), and puopt(l) as functions of 2.
Note that (l?riplevlj‘triplc) = (%7 %)

unstable eigenvalues in the interval (0, 1y, stap), both of which are real when 0 < p < fieomplex(0).

Note that only the eigenvalues A\°(p,1) and A'(u,[) are important for the stability of the
homoclinic stripe pattern. We know that there can be a fourth eigenvalue, A\3(u, 1), for p large
enough, but this eigenvalue always remains negative; see Remark 4.8 (recall that A\2(yu,1) = —I?
at leading order). In Figure 4.5, the graphs of M (u,1), 7 = 0,1, are plotted for several values
of u.

Remark 4.6. The critical values Ztriple and fugiple are defined by ucomplex(ftriple)

= Mdouble(ltriple) = MHopf(ltriple) = [Mtriple- Since

9 O Do = ([or = 2R = 1) + 2(A + 1) [ — aaR(1)] a2R'(1) 5 [r=o0
8)\/Lrea1 yU)IA=0 = ([al _ 0527?,(1)]2 _ 1)2
(at leading order), it follows by (4.10) and (1.3) that
) 1 — aR(1; 81, B2))* — 1 D(B2 —1)(D +2(82 — 1))

l . —_ — p—y

Ple T 4o RI(1; B, B2) (a1 — 2R(15 81, 82))  leal(261 — (B2 — D)(D + (B2 — 1))
at leading order (recall that ay < 0 (1.2)). Note that Ztriple does not exist for 241 —(G2—1) < 0;
see also section 4.3 and Theorem 4.10. Finally, we see from (4.16) that

s (B2 —1)3
Hiple = 1 os[ (281 — (B2 — D)(D + (B2 — 1))

Note that we have considered only the case = O(1), the case p = O(1/e™) follows immedi-
ately.

Remark 4.7. As 1 becomes O(1/*), the derivations of the expression for li, stab (4.17) and
IR stab (3.30), both of which have become O(1), can no longer be valid. This is of course so,
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 Figure 4.5.  The (real parts of) the two critical eigenvalues N(u, 1) and A (u, 1) as function of I for
L€ (0, 0(1/52)) or, equivalently, 1 € (0,0(1)): p = priple = % < prropt (0), o = prrope (0), pp = 0.5 > pimope (0),
and p = 25> pinopt (0).

since the asymptotically small parameter ¢ has become O(1) (2.7), but if we proceed formally
and assume that all results of the preceding sections can be extrapolated to this case, we
see two other reasons why these derivations break down. The former is no longer valid since
A = 0 no longer corresponds to P =1 at leading order for [ = O(1) (4.1), and the latter is no
longer valid since its derivation is based on the fact that all eigenvalues of (3.6) are close to
the eigenvalues of the fast reduced system for [ large enough, but [ = O(1) is no longer large
enough if m = 4 (see Lemma 3.8). For a given value of i, both Iy, stab(1t) and IR stan (i) are
defined as these values of [ for which there is an eigenvalue A = 0. Thus, if we again assume
formally that the expression (4.8) for firea(A, 1) can be extrapolated to u = O(1/e%), we see
that both Ig.1’s must solve the equation
l2

1 = aaR(P(0,1); B1, B2)]* — 1
(recall (3.3)). This expression has exactly the same form as fiyear(A,0) (4.8) after the inter-
change A < 2! Thus pyea1(0, 1) is in essence given by Figure 4.1(a). For x small enough, we can
indeed formally determine two zeros, If, stab (1) and IR stan(1t). However, there is a maximum,
explicitly given by p = ficomplex(0)/€?, at which these zeros come together. For higher values
of 1 > ficomplex(0)/e?, there are no solutions so that there is no interval in which (3.6) has
unstable eigenvalues (Theorem 4.5): the homoclinic stripe pattern must be stable. Of course,
this is a completely formal argument; however, we shall see in the numerical simulations of
section 5 that this “analysis” is qualitatively, although not quantitatively, correct.

Remark 4.8. Just as in the [ = 0 case, there can be edge bifurcations for | # 0. We first
consider the case when p = O(1). Edge bifurcations occur as a; — aeR(P; 31, 52) = 0. For

(4~19) u= Nreal(07 l) =
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these critical values, the graph of fiyea (A, l) is tangent to the edge of the essential spectrum
(3.10)—see Figure 4.1(a) for the case when [ = 0. It follows from (3.10) that uedge(l) =
—Aedge — 2, with —1 < )\3(uedge(l),i) = Aedge < )\f = —3/4, which implies that the edge
bifurcation value uedge(i) decreases with increasing I. Forl>1[> \/T@ge, ,Uedge(i) is negative
so that eigenvalue A\3(u, Z) is present for all u > 0. However, when [ > 1, the multiplication
factor in front of the pirear(A, 0) in (4.15) is negative for all A € (—1,0) so that pyear(A, 1) must
be negative for all allowed (4.9) with —1 < A < )\2( [) = —3/4 at leading order; see Figure 4.2.

Thus, for these values of l , the edge eigenvalue )\3 (14, l) has again disappeared back into the
essential spectrum. A similar argument can be applied to the case when p = O(1/¢™) with
€ (0,4). Tt follows that the edge eigenvalues do not play a role in the stability question.

4.3. Stability analysis for general a1, a2, 31, B2. So far, we have obtained a number of
general results that seem to suggest that it is possible to obtain an equivalent of Theorem 4.5
for a large (and open) set Velagssical Of parameter values (a1, ag, 81, f2). For instance, there is
the result of [10] on the existence of two positive eigenvalues, A\°(u, 0) (near )\? (0)) and A!(y,0)
(near )\}(0)), for 0 < p small enough and aq, ag, f1, 2 satisfying (1.2); see also sections 3.4

and 4.2 (4.14). Moreover, we note that, for [ = 0, eigenvalues cannot cross through A = 0,
i.e., that A = 0 is always a simple eigenvalue (for [ = 0) so that (in)stability can only set in
by a Hopf bifurcation. This observation was already made in [10], and it follows from Lemma
4.1 (4.10) and (4.7) that

<0

B D
by (1.3). Hence D(\,0) always has a simple zero (associated to t1(\,0)) at A = 0. The combi-
nation of these results with the transparent relation (4.15) between firear(A,0) and firear (X, 1)
and the results of Corollary 4.4. and Remark 4.6 suggest that a generalization of the classical
case considered in Theorem 4.5 must be feasible, i.e., that there indeed is a large and open
subset Velassical Of the (a1, ag, 41, F2) parameter space in which a result similar to Theorem
4.5 can be proved.

However, we will not pursue such a general result here. Instead we will formulate two
results in which the behavior of the eigenvalues (as functions of u) differs significantly from
that in the classical case considered in the previous section. For simplicity, we will mainly
focus on the one-dimensional case; i.e., we consider homogeneous perturbations with [ = [=0.

We know that there must be two real unstable eigenvalues, A°(u,0) and A!(u,0), for u
small enough. We have seen in the previous section that A%!(u, 0) can merge at a critical value
Heomplex(0) and become a pair of complex conjugated eigenvalues. However, such a pair of
complex conjugated eigenvalues does not necessarily remain complex for all y1 > picomplex(0)-
In Figure 4.6 it is shown that, for ay = 5/4, ag = —3, and 31 = (2 = 2, the complex conjugate
pair A%!(y, 0) crosses to the stable side of the Im(\)-axis at a certain value pipope(0) so that
the one-dimensional pulse becomes stable. Nevertheless, the pair returns to the Re(\) > 0
half plane at a ppepr2(0) so that the pulse pattern again destabilizes. This bifurcation is
followed (for increasing p) by another bifurcation, at g = ftcomplex,2(0), at which the complex
pair splits again into a pair of (unstable) real eigenvalues. The (re)occurrence of unstable real
eigenvalues for y large enough is a general phenomenon.
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Figure 4.6. (a) The orbits of the eigenvalues (i, 1) and X' (p, 1) through the upper half plane as function
of p for ar =5/4, as = =3, b1 = B2 =2, and | = 0; (b) zooms in near the Im-azis. Note that there are two
(Hopf-) bifurcation values: pwopt(0) and propt,2(0) > tiopt(0).

Theorem 4.9. Let (aq, ag, 81, B2) satisfy (1.2), and assume that oy > 1. Then there is a
critical O(1) value pigestan (0; a1, o, B1, B2) of p so that, for all it > figestan(0) (and u < 1/e%),
the eigenvalue problem (3.6), with | = 0, has (at least) one unstable, real eigenvalue \°(y,0);
for > 1, \%(u,0) is given by

(4.20) A, 0) = (af — D+ O(1).

Proof. We know from (4.11) that limy_,., R(P(N), B1,32) = 0. Thus existence condition
(4.9) will be satisfied for A or P large enough if oy > 0. We see by (4.11) and (4.8) that

A

rea, )‘70 =

+0(1)

for large A (recall (4.1)), which implies that there must be an unstable eigenvalue A°(u,0),
given by (4.20), for a3 > 1 and p beyond a certain critical value pigestab(0)- [ |

Note that we have not necessarily proved the reoccurrence and thus the existence of a pair
of unstable eigenvalues, as appears in the example of Figure 4.6. It is, a priori, also possible
that the A%(y,0) of Theorem 4.9 “just” decreases toward AS%(O) as p decreases to 0, without
ever becoming complex. In this case, the unstable eigenvalue A°(y,0), which must exist close
to )\?(O) for p small enough, always remains larger then )\(}(0). This implies that A%(u,0)
cannot merge with A\(p,0), as happened in the classical case. It is shown in [10] that the
homoclinic pulse pattern is unstable for any g > 0 if A\%(u,0) > )\?(O) for p small enough.
This implies in terms of Theorem 4.9 that pigestan(0) = 0.

Theorem 4.9 also indicates that the two-dimensional homoclinic pulse patterns will be
unstable for all 0 < p < pepiie: it is unstable against homogeneous perturbations (i.e., pertur-
bations with [ = 0) for any u “large enough,” and we know from section 3 (especially Theorem
3.9) that stable stripe patterns can only be expected for large u. (However, Theorem 4.9 is
of course only valid for u < 1/&%, i.e., not up to Usplit-)

Thus, with Theorem 4.9, we have shown that there is a large (unbounded, open) domain
Viarge in the (a1, oo, B1, f2) parameter space in which (3.6), with [ = 0, always has a “large”
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unstable real eigenvalue for p large enough. Our next result shows that there is another
(unbounded, open) subset Vsingular Of the parameter space in which there is always, i.e., for
any 4 > 0, a real and unstable eigenvalue between )\}c (0) =0 and )\?c (0).

Theorem 4.10. Let (a1, a, 1, 82) satisfy (1.2), and assume that B > 231 + 1. Then, for
any ag < 0, there is a critical value oginguiar > 1+ a2B1/(B2 — 1) of a1 such that, for all
ar € (1+a2f1/(B2 — 1), Qsingular ), the eigenvalue problem (3.6), with | =0, has (at least) one
unstable, real eigenvalue \'(u,0) € (0, )\(}(0)) for all p >0 (and p < 1/e*).

Proof. As was the case for Theorem 4.9, the proof is again based on the asymptotic results
of Lemma 4.1. We know that there always exists an unstable eigenvalue A'(y,0) near 0 for
u < 1. This eigenvalue is given by (4.14), a result that has been obtained by plugging (4.10)
into (4.8). As an intermediate step in the derivation of (4.14), we find that the denominator
of pireal(A,0) is at A = 0 given by

[a1 — aaR(1; B, Bo)]? — 1 = ﬂ;z : <ﬁ2lz T+ 2> > 0.

This denominator will decrease as A increases when OR/OP is negative at P = 1 (since
ag < 0). This is the case when (2 > 261 + 1 (4.10). Thus the denominator of piyea1(A, 0) will
decrease through 0 for A increasing from 0 if D > 0 is small enough and B2 > 23; + 1. Note
that the condition on «7 in the statement of the theorem causes D to be “small enough.” A
change in sign of the denominator implies that fiea1(A, 0) has a singularity at a certain value
Asingular Of A that is in between 0 and )\?(0). As a consequence, there must be an unstable
eigenvalue \!(y,0) € (0, Asingular) for any p > 0. [ |

Under the conditions of Theorem 4.10, one expects two singularities in fiyea (A, 0) between
0 and )\?(O) in the case that \°(y,0) < )\90(0) for 1 small enough. Thus, in such a case, there
will be two unstable real eigenvalues for all ¢+ > 0. We will not consider this in more detail
here. As was the case for parameter combinations in Viarge (Theorem 4.9), one does not expect
stable homoclinic stripe patterns for (a1, a2, 81, 32) € Vsingular; i.€., we already know that it
is impossible for 0 < p < 1/e* (Theorem 3.9), and Theorem 4.10 strongly suggests that the
pattern is unstable with respect to homogeneous (I = 0) perturbations up to p = psplit-

We have thus distinguished three regions in (aq, a2, 81, 82)-space: Velassical, i which the
eigenvalues of (3.6) behave as in the classical case (Theorem 4.5), Viarge, in which there is
always a large real unstable eigenvalue for p large enough (Theorem 4.9 and Figure 4.6),
and Vsingular, in which there is an unstable real eigenvalue between 0 and )\9@(0) for any p > 0
(Theorem 4.10). These results give only indications of the possible behavior of the eigenvalues
of (3.6); we do not consider other types of behavior in this paper.

5. Numerical simulations. In this section, we confirm and extend the analysis of the
previous sections by performing numerical simulations on the full PDE (1.4) for (x,y) on a
bounded domain with homogeneous Neumann boundary conditions: (z,y) € (0, Ly) % (0, L,) C
R?2. We choose L, > 1 large enough so that it has no leading order effect on the existence or
stability of the one-dimensional homoclinic pulse pattern. We refer to [12], [8], [6] for more
details on the influence of L, and the type of boundary conditions. We use L, as an additional
bifurcation parameter.
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2 4 6 g 10 12 14 M

Figure 5.1. The critical width Ly of the domain R x (0, Ly) for the classical Gierer—Meinhardt equation
with €2 = 0.1 for several values of u. The horizontal dotted line represents the critical value of Ly, given by
Corollary 5.1 and (5.2), and the vertical dotted lines stands for the stripe splitting bifurcation. The other curves
are all based on (formal) relation (4.19)—see text.

Due to the homogeneous Neumann conditions at y = 0 and y = L,, the wave number [ of
the perturbation can now attain only discrete values:
mme

(5.1) I =1, = . m=0,+1,42, ...
Ly

(recall (3.1), (3.2)). The analysis of section 3 immediately implies the following corollary.

Corollary 5.1. Let 0 < p < 1/e*. Assume that the homoclinic solution (Ug(z), Vo(x)) is
stable as a one-dimensional pattern (i.e., with respect to homogeneous, | = 0 perturbations).
Then it is stable as a stripe pattern on the strip R x (0, Ly) for all

e

Y+ 1)2—1

0<Ly<

Thus, on strips that are “narrow enough,” the entire (I > 0)-band of unstable eigenvalues
that exist for [ large enough (Lemma 3.8, Theorem 4.5) is between [ = 0 and the first nonho-
mogeneous wave number | = 7e/L,. This result provides us with a simple method to check
the analysis of the preceding sections numerically (Remark 5.2).

In Figure 5.1, we fixed €2 = 0.1 (note that ¢ is thus “quite large”) and considered the
classical Gierer-Meinhardt case (a3 = 0,0 = —1,0; = (2 = 2) for various choices of p.
We made a homoclinic stripe pattern by taking the one-dimensional stable homoclinic pulse
(Uo(x), Vo(x)) as the initial condition on the two-dimensional domain (0, L;) x (0, L,) and
extending it homogeneously in the y-direction. We took L, so large that the boundaries in
the a-direction are not relevant (at leading order) and L, initially “very small” (the maximum
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Ly

0.02 0.04 0.06 0.08 0.10 0.12 0.14

Figure 5.2. The critical width L, of the domain R x (0, Ly) for the classical Gierer—Meinhardt equation
for various values of u and €2 = 0.1,0.07 and 0.05. Note that the x-azis is scaled by e and the y-azis by Ly/e
so that the simulations confirm the obtained scaling relations. The curves are again based on relation (4.19).

of the stripe is situated in the middle of the domain, i.e., at + = L,/2). Next we increased L,
up to the point at which the homoclinic stripe became unstable. Corollary 5.1 predicts that
the bifurcation should take place at

/0.1
2 L, = — = 0.
(5.2) y =T 195 0.888

(at leading order in € ~ 0.316... (!)). This critical value is confirmed by the simulations for
w up to, say, 10 (taking into account the O(e) correction term). For p < 2, the prediction
of Corollary 5.1 is extremely accurate. Figure 5.2 shows the outcome of similar experiments,
now for €2 = 0.1,0.07 and 0.05; here the vertical axis represents L, /e so that by Corollary
5.1 the bifurcation should take place at m//1.25 ~ 2.80...; the horizontal axis is measured
in ety All observed bifurcation values are very close to a (dotted) line, which confirms the
scaling properties of the Gierer—-Meinhardt equation established in this paper. Again, the
critical value of L, /e is recovered with remarkably high accuracy.

The curves in Figure 5.1 are based on the formal relation (4.19) between p and [ obtained
in Remark 4.7; the same curves, but now in the form of %y as function of L, /¢, are plotted in
Figure 5.2. The bifurcation values are all very close to a stretched version of curve (4.19), i.e.,
one of the dotted curves (thus the dotted curves are obtained from (4.19) by multiplication of x
with a well-chosen (and numerically determined) factor). Hence, although the relation (4.19)
is obtained by a formal extrapolation of the asymptotic results into the regime u = O(1/¢%), it
seems to give a reasonably accurate qualitative description of the behavior of the critical value
of L, as a function of p for u = O(1/¢*) However, it should be noted that the quantitative
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Figure 5.3. The self-replication of stripes process. The gray shades represent the magnitude of the V-
components. The simulation was run for the classical Gierer—Meinhardt case with u = 14 and € = 0.1. Time
increases in the downward direction. The dynamics converge to a stable spatially periodic stripe pattern.

4 «

error is certainly “not small” for p/e* “not small.” Beyond

0.12
M = Hstripe = ﬂstripe(al = 0,0ég = _1”31 = /62 = 2) ~ 574’

the stripe pattern appeared to be stable on (0, L) x (0, L) for any L, (and any L,). Thus we
conclude by the numerical simulations that, for 1 > pstripe, stable homoclinic stripe patterns
exist for (x,y) € R?. However, the simulations also show that the stripe splitting bifurcation,
predicted by the analysis of section 2, sets in at

0.14
1= Hsplit = fsplit(@1 = 0,0 = =1, 81 = B2 = 2) = A
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Figure 5.4. The fate of the homoclinic stripe patterns on various domains R x (0, Ly) for the classical
Gierer—-Meinhardt case with 1 = 11 and €* = 0.1; (a) L, = 1.0 : the homoclinic stripe is stable; (b) L, = 1.5 :
the wave number Iy (5.1) has become unstable, i.e., l1 € (IL stab, [R,stab), and the stripe bifurcates into half a spot;
(¢) Ly = 2.3 : the homoclinic stripe is again stable: 11 is no longer in the instability interval (I1, stab, [R,stab). (d)
Ly =3.0: l2 € (I stab, Ir,stab), and the stripe bifurcates into a full spot centered in the middle of the domain;
(e) Ly = 4.5 : I3 € (IL,stab, lr,stab) (and neither one of the other wave numbers), and the stripe bifurcates into
one and a half spot.

see Figures 5.1 and 5.2. It is observed that beyond pgpi, there can be no homoclinic stripe
patterns, which confirms the analysis of section 2. The self-replication process is completely
equivalent to the self-replication of pulses in the one-dimensional case (see Figure 2.1 and
[33], [35], [34], [12], [31] for the Gray—Scott equation): the stripe splits into two stripes that
slowly move away from each other, and these stripes split again (etc., depending on the length
L, of the domain), until the system reaches an asymptotically stable spatially periodic stripe
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pattern (Figure 5.3). Hence the stripe replication process is in essence a one-dimensional
phenomenon.

Thus we may conclude that the classical Gierer-Meinhardt equation has stable homo-
clinic stripe patterns on R? for u € (Kstripe, fsplit) = (0.12/ £4,0.14/¢*). Moreover, there exist
spatially periodic stripe patterns that are (numerically) stable on R? for p > Iper—stripe =
O(1/e*), where pper—stripe depends on the distance L, between the stripes (i.e., the wave
length); Nper—stripe(Lk) < Msplit if Ly is large enough and thyHoo Hper—stripe(LA) = Mstripe-
Once again, this behavior is completely similar to the one-dimensional case (see [24] for a
detailed existence and stability analysis of one-dimensional spatially periodic patterns in the
Gray—Scott equation). Note that the existence of spatially periodic patterns in the (general-
ized) Gierer—Meinhardt system (1.1)/(1.4) has been established in [11].

Finally, we consider the “fate” of the homoclinic stripe pattern on R x (0,Ly) as Ly
increases through its critical value. Except for one measurement in Figure 5.1, all critical
values of L, shown in Figures 5.1 and 5.2 correspond to the situation in which the smallest
allowed nonhomogeneous eigenvalue /; (5.1) decreases through Ig sab (3.30). It is shown in
Figure 5.4(b) that the stripe bifurcates into half a spot (at either one of the y-boundaries
in the middle of the domain with respect to x) at these bifurcations. This fully agrees with
the varicose type of the associated unstable eigenfunction (see Remark 3.10). Note that
this indicates that the bifurcation is subcritical. Figure 5.4 shows the end-product of the
homoclinic stripe pattern for various choices of L, (with p fixed at 11 < figtripe, 2 =0.1,
and oy = 0,9 = —1, 31 = B2 = 2). Thus, as is shown in Figure 5.4(c), the stripe “returns”
as a stable object for an additional interval of L, values. In this region, the entire band
of unstable eigenvalues, (If,stab, Rstab) (Theorem 4.5), is in between the first and second
nonhomogeneous eigenvalues (5.1); i.e., (If, stab, (R stab) C (l1,12). The stripe again destabilizes
as [y enters (If, stab, [R,stab). This bifurcation is of course again of varicose type. Due to the
spatial structure in the y-direction associated to ls, the stripe now bifurcates either into a
(full) stable spot in the middle of the domain or to two half spots at both y-boundaries; see
Figure 5.4. The curve on which this bifurcation occurs has been indicated with the second
dotted line in Figure 5.1. This le-curve is just a translated and stretched version (in the
L,-direction) of the l;-curve. The above-mentioned special measurement is on this l-curve
and indicates the bifurcation of the stripe pattern into a (full) spot. In Figure 5.4(e), the
one-and-a-half spot pattern that occurs as a stable state from the homoclinic stripe pattern
as [3 enters (If, stab, (R stab) after lo has decreased through Iy, stan. See Remark 5.3.

Remark 5.2. The two-dimensional numerical simulations were performed using the VLUGR2
code of Blom, Trompert, and Verwer [2]. This adaptive mesh code was developed especially
for two-dimensional PDEs that generate steep spatio-temporal gradients.

Remark 5.3. The accumulation of the [,,-bifurcation curves, where an [,,-curve indicates
that the stripe bifurcates into m/2 spots, is typical for systems that have a bifurcation of
Turing or Ginzburg-Landau type. Here the background pattern, which destabilizes, is the
homoclinic stripe pattern. We refer to [27] for a description of this phenomenon with a
homogeneous state as the background pattern.

6. Conclusion. In this paper, we have shown that the stability of homoclinic stripe pat-
terns in the generalized Gierer—Meinhardt equations can be studied in full analytical detail as
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long as the parameter p is not “too large,” i.e., as long as p < 1/¢2 in the original equation
(1.1) or p < 1/€* in the rescaled equation (1.4); see Remark 1.3. The stability analysis is
based on an extension of the NLEP method to two-dimensional problems. The NLEP method
follows the Evans function approach to the linear eigenvalue problem that is associated to the
stability question. This method has recently been developed in the context of the stability
of pulse solutions in monostable (Remark 1.1) one-dimensional reaction-diffusion equations
[8], [9], [10]. By transforming the reduced nonlocal eigenvalue problem into a hypergeometric
differential equation, it is possible to obtain an explicit description of the spectrum associated
to the stability of the homoclinic stripe pattern (see Theorem 4.5 and Figure 4.5).

However, the NLEP analysis establishes that the homoclinic stripe patterns cannot be
stable as long as p < 1/¢* in (1.4), or p < 1/€% (1.1); see Theorem 3.9. Nevertheless, formal
extrapolation of the asymptotic analysis (see especially Remark 4.7) strongly suggests that
homoclinic stripe patterns can be stable for u = O(1/e*) (in (1.4)). This is confirmed by
numerical simulations: it is found in the case of the classical Gierer-Meinhardt equation (i.e.,
a; = 0,00 = —1, 31 = 2 = 2) that the homoclinic stripe pattern is stable for p > pistripe =
O(1/e*). Nevertheless, this will not be the case for all allowed parameter combinations (1.2):
in section 4.3, several (open, unbounded) regions in parameter space have been determined in
which there cannot be stable homoclinic stripe patterns (Theorems 4.9 and 4.10).

The prediction of Theorem 2.2, which is an extension of the existence results in the
literature, is also confirmed by the numerical simulations: at pistripe > pt > psplic = O(1/ 1), a
self-replication of stripe patterns takes place. This implies that the homoclinic stripe pattern
evolves into a (numerically) stable spatially periodic stripe pattern (Figure 5.3). See Remark
6.1.

Remark 6.1. The stability of the spatially periodic stripes patterns, whose existence has
been shown in [11], can also be studied by the NLEP approach, in combination with the
ideas presented in [14] and [36]. We refer to [8] for a formal stability analysis of spatially
periodic pulse patterns in the one-dimensional Gray—Scott equation using the NLEP method.
The structure of the spectrum of the stability problem associated to the homoclinic stripe
pattern strongly suggests that the long-wave-length, nearly homoclinic, spatially periodic
stripe patterns will also be unstable for u < 1/ in (1.4); see [14], [36]. However, it should
be noted that the distances between the stripes in the periodic patterns are in general not
large enough for the application of the ideas of the analysis of weakly interacting pulses, i.e.,
pulses that are so far away from each other that all Uj-components are exponentially close
to the background state; here (Uy,Uz) = (U,V) = (0,0) in between the pulses (see [8], [6],
[7], and [24] for detailed discussions of several aspects of this issue in the context of the one-
dimensional Gray—Scott model). Hence the stripes in the spatially periodic patterns observed
in this paper are so “close” to each other that the instability of the stripe pattern for p < 1/¢*
does not automatically follow from the “homoclinic” analysis in this paper, combined with
[14] and [36]. The stability of spatially periodic structures is the subject of work in progress.

Remark 6.2. In this paper, we paid attention only to completely linear, or straight, homo-
clinic stripe patterns. Reaction-diffusion equations also exhibit stripe, or “volcano,” patterns
in a circular shape [32], [25]. The NLEP approach can also be used to study the stability of
such circular structures and the bifurcation of these patterns into rings of spots, as is shown
in [25].
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Chaos in the Hodgkin—Huxley Model*

John Guckenheimer’ and Ricardo A. Olivaf

Abstract. The Hodgkin—Huxley model was developed to characterize the action potential of a squid axon. It has
served as an archetype for compartmental models of the electrophysiology of biological membranes.
Thus the dynamics of the Hodgkin-Huxley model have been extensively studied both with a view
to their biological implications and as a test bed for numerical methods that can be applied to more
complex models. This note demonstrates previously unobserved dynamics in the Hodgkin—Huxley
model, namely, the existence of chaotic solutions in the model with its original parameters. The
solutions are found by displaying rectangles in a cross-section whose images under the return map
produce a Smale horseshoe. The chaotic solutions are highly unstable, but they are significant as
they lie in the basin boundary that establishes the threshold of the system.

Key words. Hodgkin—Huxley, chaos, action potential, horseshoe
AMS subject classifications. 92C20, 37G35

PIl. S1111111101394040

1. Introduction. The Hodgkin—Huxley model [15] for the action potential of a space-
clamped squid axon is defined by the four dimensional vector field

0 =1~ [120m°h (v +115) + 360" (v — 12) + 0.3 (v + 10.599)] ,
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with variables (v, m,n, h) that represent membrane potential, activation of a sodium current,
activation of a potassium current, and inactivation of the sodium current and a parameter
I that represents injected current into the space-clamped axon. Recall that the Hodgkin—
Huxley convention for membrane potential reverses the sign from modern conventions, and
so the voltage spikes of action potentials are negative in the Hodgkin—Huxley model. While
improved models for the membrane potential of the squid axon [3] have been formulated,
the Hodgkin—Huxley model remains the paradigm for conductance-based models of neural
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systems. From a mathematical viewpoint, varied properties of the dynamics of the Hodgkin—
Huxley vector field have been studied [13, 8, 11, 14, 16, 19, 5]. Nonetheless, we remain far
from a comprehensive understanding of the dynamics displayed by this vector field. It has
become conventional wisdom that the qualitative properties of the Hodgkin—Huxley model can
be reduced to a two dimensional flow such as the Fitzhugh-Nagumo model [7]. Rinzel and
Miller [19] first gave evidence that this is not always the case. Hassard [13] and Labouriau [16]
also studied the Hopf bifurcation that plays an important role in locating regions of bistability
in the Hodgkin—-Huxley model. Doi and Kumagai [5] recently showed the existence of chaotic
attractors in a modified Hodgkin—Huxley model that changes the time constant of one of the
currents by a factor of 100. This note extends the work of Rinzel and Miller, demonstrating the
existence of chaotic solutions in the Hodgkin—-Huxley model with the “standard” parameters
used by Hodgkin and Huxley.

Extensive efforts have been made to discover chaos in many physical and biological sys-
tems, including neural systems [2]. Chaotic solutions to the Hodgkin—Huxley equations with
periodic forcing [1] and greatly altered parameters [5] have been discovered but not in the
original Hodgkin—Huxley model with its original parameters. The chaotic solutions we ex-
hibit are highly unstable. We employed systematic methods to find them as described below.
Note that, while we find our numerical evidence for the existence of chaos in the Hodgkin—
Huxley model compelling, we do not give a rigorous proof that chaos exists in this system.
The biological significance of chaos in the Hodgkin—Huxley system is related to the character
of the threshold that separates states leading to repetitive firing from states that lead to a
stable steady state. We return to this issue at the end of this note. (The implications of
long-time unpredictability in deterministic chaotic systems have been widely discussed in a
broad context by Stewart [21].)

2. Evidence for chaos in the Hodgkin—Huxley system. A stringent definition of chaos in
a discrete dynamical system is that there is an invariant subset on which the transformation
is hyperbolic and topologically equivalent to a subshift of finite type [10, 20]. Continuous
time dynamical systems are reduced to discrete time maps through the introduction of cross-
sections and Poincaré return maps [10]. We utilize the cross-section V' given by a suitably
chosen value v = —4.5 to define a Poincaré return map f for the Hodgkin—-Huxley model.
Specifically, (m, @, h) = f(m,n, h) if the trajectory beginning at (—4.5,m,n, h) next intersects
the cross-section V' (with v increasing) at the point (—4.5,7m,7, h). To demonstrate that f has
a chaotic invariant set, we follow the strategy described by Moser [18]. We find two subsets
Ry and Ry of V' and approximate splittings of the tangent bundles into stable and unstable
directions on these sets so that the following hold:
1. The derivative of f maps expanding directions close to themselves, stretching the
lengths of these vectors.
2. The sets f(R1) and f(Rz) each intersect Ry and Rg so that their images stretch across
R and R» in the unstable directions and intersect the boundaries of Ry and Ry only
on sets transverse to the unstable directions.
Using the more precise concept of invariant cone fields, Moser proved that a map f satisfying
these properties has a “Smale horseshoe,” a hyperbolic invariant set on which f is topologically
equivalent to the shift on two symbols.
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Figure 2.1. (a) The amplitude of periodic orbits in the Hodgkin—Huxley model as a function of input
current. Mazimum and minimum values of v are plotted for each periodic orbit. Stable periodic orbits are
shown in blue; those shown in green have a single positive unstable eigenvalue, while those shown in red have
either two unstable eigenvalues or a megative unstable eigenvalue. (b) The magnitude of the second largest
eigenvalue A2 of the return map for the periodic orbits along the vertical branch for a small interval centered
at I =7.92197.
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Table 2.1

m

n

h

0.08510711565266
0.08511751929147
0.08506722811171

0.37702513977759
0.37708261653418
0.37702247883827

0.43770368051793
0.43799786108786
0.43770500525944

R1 | 0.08507763175053 0.37707995559486 0.43799918582936
0.08506795096894 0.37673045670586 0.43526697935397
0.08507180274587 0.37675541738823 0.43543828382985
0.08502806342799 0.37672779576653 0.43526830409547
0.08503191520493 0.37675275644891 0.43543960857136
0.08500054963158 0.37635307899354 0.43231650435083
0.08500126298925 0.37635224747250 0.43225555564349
0.08499057463645 0.37635239912448 0.43231667147632

Ro 0.08499128799412 0.37635156760344 0.43225572276897

0.08500090973955
0.08500146426647
0.08499093474442
0.08499148927134

0.37635423427118
0.37635361157621
0.37635355440212
0.37635293170715

0.43231211561955
0.43226513798843
0.43231228274504
0.43226530511391

As a parameter of a dynamical system is varied, sets satisfying the above conditions are
frequently created through the “period doubling route” to chaos [6]. Rinzel and Miller [19]
located period doubling bifurcations in the Hodgkin—Huxley model by computing eigenvalues
along a family of periodic orbits. As the parameter corresponding to external current is
varied in the model, there is a Hopf bifurcation of steady states at I ~ 9.78. The bifurcation
is subcritical, with a family of unstable periodic orbits collapsing to the equilibrium at the
bifurcation. Beginning at this bifurcation, we followed the family of periodic orbits using
continuation methods. Some of the observed phenomena along this family of periodic orbits
are numerically sensitive, and so we used two continuation algorithms: a collocation method
as implemented by Doedel in the program AUTO [4] and a multiple shooting method that
employs Taylor series methods and automatic differentiation [12]. The results of the two
methods agreed with one another qualitatively.

Figure 2.1(a) plots the amplitude of the periodic orbits, showing the maximum and mini-
mum values of v for each orbit versus the parameter I for this family of periodic orbits. The
color coding corresponds to the number of eigenvalues with magnitude larger than one (blue
= 0, green = 1, red = 2 or 1 unstable negative and 1 stable negative). The orbits grow in
amplitude as I decreases from its value at the Hopf bifurcation. The branch has three turning
points, all of which are saddle-node (or fold) bifurcations of periodic orbits. The first two
turning points reached from the Hopf bifurcation bound a short branch of periodic orbits with
two unstable eigenvalues. At the third turning point, the periodic orbits meet a family of
stable periodic orbits. The amplitude of the stable periodic orbits does not change much. On
the (red) branch S of periodic orbits, there is a parameter interval near I ~ 7.92197 inside
which the unstable eigenvalues of the periodic orbit change dramatically. Figure 2.1(b) plots
the log of the magnitude of the real part of one of these eigenvalues. Along the flat portion
at the top of this graph, the eigenvalue is complex. This allows the eigenvalue to become real
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(b)

Figure 2.2. Three dimensional bozes, and their images, which produce a horseshoe for the return map of
the Hodgkin—Huxley model. (a) The ends of box R1 transverse to the strong stable direction, and their images
are shaded in yellow with the strips mapping into R1 and R2 shaded in light blue. (b) An expanded view of the
region around Ra. The ends of box Ra transverse to the strong stable direction, and their images are shaded in

red with the strips mapping into R1 and Ra shaded in light blue.
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and negative without becoming stable along S. A period doubling bifurcation occurs on the
part of S where the eigenvalue is negative and takes the value —1. We followed the doubled
period orbits bifurcating from S and observed that they too undergo period doubling bifur-
cations. These computations suggest the existence of a period doubling cascade; we followed
the cascade to its third period doubling. Nonetheless, these results prompted us to look for
horseshoes in the return map f for values of I slightly larger than those at which the period
doubling was found.

In the regime near the period doubling bifurcation, the periodic orbit of the family com-
puted with continuation has a negative unstable characteristic multiplier, a negative stable
characteristic multiplier, and a third positive characteristic multiplier of very small magnitude.
We investigated these periodic orbits in more detail for the parameter I = 7.8617827403. The
return map f has a fixed point p; at the intersection of the periodic orbit with the cross-section
V. We find that

p1 ~ (—4.5,0.08508337639787, 0.37698374610906, 0.43727279295129).

The sets Ry and Ry of our construction intersect the unstable manifold of p; for the return
map f. We found, as expected, that the unstable manifold has a bend. Starting in the
unstable manifold, we used a shooting method to find a second fixed point of f:

p2 ~ (—4.5,0.08499590453730, 0.37635277095981, 0.43229451177364).

The unstable manifold of p; passes near p, and vice-versa. Near pi, both unstable man-
ifolds lie close to the plane of p; perpendicular to the strongly contracting eigenvector. To
define Rj, we begin with two segments of the unstable manifolds of p; and ps near p;. We
enlarge the convex hull of these two segments in the plane perpendicular to the strongly con-
tracting eigenvector of p; to form a quadrilateral. Finally, we construct a prism with this
quadrilateral as base with edges parallel to the strongly contracting eigenvector of p;. The
set Ro is obtained by an analogous procedure near po. Table 2.1 gives the coordinates of the
vertices of Ry and Rsy. Figure 2.2 shows pictures of the sets R; and Rs and their images under
the return map f. (The scales of the coordinate axes in this figure are not uniform.) Each
of f(Ry1) and f(R2) maps across both R; and Ry in the unstable direction intersecting the
boundaries of R; and Rs in sets that are transverse to the unstable direction. These properties
are evidence for the existence of a Smale horseshoe in V for the return map f.

3. Biological significance. We turn now to the significance of these chaotic dynamics
in the Hodgkin—Huxley model. The chaotic invariant set located above is a highly unstable
structure associated with the “threshold” for action potentials. Action potentials of neurons
are large all-or-nothing voltage spikes. We specify a minimum amplitude of voltage (say,
v = —50) that must be reached to make the definition of action potential precise. In axons
that are not space-clamped, like those represented by the Hodgkin-Huxley model, action po-
tentials propagate along axons as traveling waves and stimulate synaptic currents in adjacent
postsynaptic neurons. Threshold is the magnitude of an input that must be exceeded for an
action potential to fire. This definition of threshold is based upon the assumption that there
is a critical current input I. above which the axon will fire an action potential when given a
brief stimulus of magnitude I. (with fixed duration) and below which it will not. The chaotic
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invariant set of the Hodgkin—Huxley model casts strong doubt on the validity of this assump-
tion. It suggests that the boundary between initial states that lead to action potentials and
those that do not is a fractal set. Related observations about fractal basin boundaries have
been made for periodically forced neural models, for example, by Gong and Xu [9], but the
firing of an action potential does not coincide with lying in one basin of attraction or another.
There may be initial conditions leading to the firing of one or more action potentials followed
by a decay in the quiescent equilibrium state.

The concept of threshold is rarely given a precise mathematical meaning, even in the
context of models. We propose the following definition for the Hodgkin—Huxley model: v =
ve(m,n, h) is a threshold function if initial states with v > v;(m,n, h) yield action potentials,
while initial states with v < v;(m,n, h) do not produce action potentials. We conjecture that
no such function exists over a small range of steady input currents, all other model parameters
taking the values assigned by Hodgkin and Huxley. Note that this definition is formulated
in terms of initial conditions of the model with fixed parameters. All of the trajectories that
appear to have local minima near the cutoff v = —50 for action potentials tend rapidly to the
stable periodic orbit on their next oscillation.

The membrane oscillations within the horseshoe are intermediate in amplitude between
action potentials and the resting membrane potential of the axon. The stable branch of
periodic solutions in Figure 2.1(a) displays that the minimum of the action potentials is in
the range [—100, —90] mv for a Hodgkin—Huxley model that fires repetitively. The resting
membrane potential is near 0. (With now standard conventions for membrane potential, v
should be replaced by v, — v for a value of v, ~ —55 in the Hodgkin-Huxley model.) Figure
3.1(a) displays two periods of the oscillations of the periodic orbits through points p; (blue)
and po (red) and the stable periodic orbit (black). Figure 3.1(b) shows the projections of
these periodic orbits onto the (v, h) plane. Other trajectories in the horseshoe oscillate in an
irregular pattern but with amplitudes that are approximated by the amplitudes of the orbits
through p; and po.

The stable manifolds of unstable, chaotic invariant sets often form fractal basin boundaries
of attractors in a dynamical system [17]. We conjecture that this is the case in the Hodgkin—
Huxley model for the parameters used in this study; namely, the basin boundary between the
basins of attraction of the stable equilibrium and stable periodic orbit is a fractal set that
contains the stable manifold of the chaotic invariant we have discovered. Similar observations
about fractal basin boundaries have been made for periodically forced neural models—for
example, in the Fitzhugh—-Nagumo model by Gong and Xu [9]. Initial states that lead to the
stable rest state and those that lead to the periodic firing state are interleaved. Instead of a
single sheet given by the graph of the threshold function v, we expect an infinite number of
layers that lead to action potentials interspersed with layers that lead to a stable steady state.
The trajectories tending to the stable steady state may show a transition with oscillations
of smaller amplitude than the action potentials. There are also uncountable sheets that lie
at threshold in the sense that they lead neither to the stable rest state nor to fully formed
action potentials, but every neighborhood contains states that lead to action potentials and
states that lead to the stable steady state. Due to the stiffness of the model and the fine
scales on which the fractals appear, numerical calculation of the fractal basin boundaries of
the Hodgkin—Huxley model with its standard parameter values appears difficult.
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Figure 3.1. (a) Two cycles of three periodic orbits of the Hodgkin—Huzley model with external current
1 = 14.2211827403. The stable periodic orbit is shown in black, and two unstable periodic orbits are shown in
red and blue. The green horizontal line is at the value v = —4.5 of the cross-section used in our computations
of a return map. (b) Projection of the three periodic orbits onto the (v,h) plane. The green segment is the
cross-section used to obtain return maps.
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If our conjectural description of the phase space of the Hodgkin—Huxley model is correct,
then there is a degree of unpredictability about how the system will respond to stimulation.
Brief current inputs to the axon that evolve to the stable steady state and those that evolve
to the firing state are finely interleaved with each other as the amplitude of the current input
is varied. The nonlinear dynamics underlying action potentials yield an inherent lack of
predictability in determining how large an input is required to cross the threshold for firing
action potentials. Due to the extreme Lyapunov exponents associated to the chaotic invariant
set, the fractal, interleaved structure of the membrane threshold is hardly observable in the
Hodgkin—-Huxley model even in computer simulation. Inherent noise in the membrane has
a far larger scale than the fractal structure in the Hodgkin-Huxley model for its standard
parameters. However, we believe that the phenomenon seen here on fine scales may well
be present on larger scales in other neural systems or for different parameter values of the
Hodgkin—-Huxley model. The significance of our results is that they establish the subtlety of
the concept of threshold: the excitability of a neural membrane to fire an action potential may
be more complex than a smooth hypersurface that divides subthreshold and suprathreshold
membrane potentials.
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Calculation of the Stability Index in Parameter-Dependent Calculus of Variations
Problems: Buckling of a Twisted Elastic Strut*

Kathleen A. Hoffman®, Robert S. Manning!, and Randy C. Paffenroth®

Abstract. We consider the problem of minimizing the energy of an inextensible elastic strut with length 1
subject to an imposed twist angle and force. In a standard calculus of variations approach, one
first locates equilibria by solving the Euler-Lagrange ODE with boundary conditions at arclength
values 0 and 1. Then one classifies each equilibrium by counting conjugate points, with local minima
corresponding to equilibria with no conjugate points. These conjugate points are arclength values
o <1 at which a second ODE (the Jacobi equation) has a solution vanishing at 0 and o.

Finding conjugate points normally involves the numerical solution of a set of initial value problems
for the Jacobi equation. For problems involving a parameter A, such as the force or twist angle in
the elastic strut, this computation must be repeated for every value of A of interest.

Here we present an alternative approach that takes advantage of the presence of a parameter A.
Rather than search for conjugate points o0 < 1 at a fixed value of \, we search for a set of special
parameter values A\, (with corresponding Jacobi solution ¢™) for which o = 1 is a conjugate point.
We show that, under appropriate assumptions, the index of an equilibrium at any A equals the
number of these "™ for which (¢™,S¢™) < 0, where S is the Jacobi differential operator at A. This
computation is particularly simple when A appears linearly in S.

We apply this approach to the elastic strut, in which the force appears linearly in S, and, as a
result, we locate the conjugate points for any twisted unbuckled rod configuration without resorting
to numerical solution of differential equations. In addition, we numerically compute two-dimensional
sheets of buckled equilibria (as the two parameters of force and twist are varied) via a coordinated
family of one-dimensional parameter continuation computations. Conjugate points for these buckled
equilibria are determined by numerical solution of the Jacobi ODE.

Key words. elastic rods, anisotropy, stability index, conjugate points, buckling, parameter continuation, isoperi-
metric constraints

AMS subject classifications. 49K15, 34B08, 74K10, 74G60, 65P30, 65L10
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1. Introduction. The classification of equilibria is a familiar idea from finite-dimensional
optimization. Given an equilibrium (or critical point) of a function, one computes the eigen-
values of the Hessian matrix and determines the type of the equilibrium by computing the
index, the number of negative eigenvalues. Equilibria with index 0 are local minima, and those
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with index 1 are saddle points with one downward direction, etc. The goal is analogous in
infinite dimensions, when the quantity J to be optimized is itself a function of a function q(s),
say, with 0 < s < 1. Now the equilibria qo(s) are found by solving the Euler-Lagrange or-
dinary differential equation (ODE). The role of the Hessian is played by the second-variation
operator, and the notion of index, the number of negative eigenvalues in the spectrum of
this operator, remains, with local minima again characterized as having index 0. In many
applications, s is a spatial variable and J a potential energy,? and we think of the index as
determining “stability,” with the idea that, when time-dependence and a kinetic energy are
added to this potential energy, the index-0 local minima will likely be dynamically stable. We
emphasize, however, that, in this paper, “stability” is purely a classification of the type of
equilibrium for an optimization problem.

In the calculus of variations, there is a powerful theory that allows a relatively simple
determination of the index (see, e.g., [9]). Given an equilibrium, one consider the associated
Jacobi equation, a linear second-order ODE. One then defines the notion of a conjugate point,
which is a number o, such that the Jacobi equation has a nonzero solution that vanishes at
s =0and s = 0. Jacobi’s strengthened condition says that the equilibrium is a local minimum
if it has no conjugate point in (0,1]. Morse [20] later generalized this theory to show that,
assuming 1 is not a conjugate point, the number of conjugate points in (0, 1) is the index of the
equilibrium. This Euler—Jacobi-Morse index theory thus achieves a remarkable simplification:
it reduces the problem of counting the number of negative eigenvalues of the second-variation
operator of J in infinite-dimensional space to the problem of solving a second-order ODE and
counting conjugate points. Thus the only numerical approximation arises in the discretization
of ODEs, namely, the Euler-Lagrange and Jacobi equations.

Here we present a further simplification applicable to parameter-dependent problems and
especially problems in which a parameter A appears linearly in the second variation—for
example, in problems containing a Lagrange multiplier. In this case, the counting of conjugate
points at o < 1 for a fixed value of A can be reduced to the problem of analyzing conjugate
points at the fixed value 0 = 1 as A is allowed to vary. Often, the determination of conjugate
points at ¢ = 1 is easier than the general analysis of conjugate points for ¢ < 1, so this
reduction can be a significant simplification. Of course, in cases where the relevant differential
equations cannot be solved in closed form, this simplification is impractical, and one must
revert to computing conjugate points numerically.

We further show that this entire theory can be carried through to the case of problems
with isoperimetric constraints, where the only required change is an update to the definition
of a conjugate point. This updated definition of a “constrained conjugate point” is the one
taken, e.g., by Bolza [2] and rephrased in functional analytic language in Manning, Rogers,

'To rigorously define optimization in infinite dimensions, a normed space must be specified for the input
functions q. Following standard practice, we use the C’l([O, 1]) norm, in which case the resulting minima are
traditionally referred to as “weak minima” [9].

2We note in passing an interesting exception. When J is a Lagrangian action functional and s represents
time, the equilibria are classical mechanical trajectories, and the index plays a crucial role in the semiclassical
approximation of these trajectories as quantum mechanical limits are approached [13]. The example in this
paper involves a potential energy functional, but the general theory presented could equally well be applied to
the determination of the semiclassical index for classical trajectories dependent on some parameter.
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Figure 1.1. An elastic strut clamped at each end, with a relative twist angle o, and with one end allowed to
slide vertically in response to an imposed force A. The cross-sections of the rod are elliptical, which we depict
by showing the curve through the centers of the cross-sections as a green tube and tracking the major axes of
the cross-sections with a blue ribbon.

and Maddocks [19].

We apply this method for direct index computation to the example of a thin elastic strut
with an elliptical (anisotropic) or circular (isotropic) cross-section, under the constraints shown
in Figure 1.1. One end of the rod is clamped at the origin, with the major axis of the ellipse
along the z-axis, the minor axis along the y-axis, and the tangent vector to the rod along the
z-axis. The other end is constrained to lie along the z-axis, with its tangent vector also along
the z-axis and its cross-section twisted by an angle o with respect to the x-y plane, but can
slide up and down the z-axis in response to an applied vertical force A.

Such a rod buckling problem has fed the curiosity of scientists since the time of Euler
and Lagrange [17]. In 1883, Greenhill [11] considered the plane (over all values of a and \)
of unbuckled configurations for an isotropic strut and derived the condition for the index to
be zero. More recently, Champneys and Thompson [3] and van der Heijden and Thompson
[27] performed bifurcation analyses of an anisotropic elastic rod but did not focus on the
question of stability. Goriely, Nizette, and Tabor [10] considered the dynamic stability of the
unbuckled configurations for both the isotropic and anisotropic cases, and van der Heijden et
al. [26] inferred stability for unbuckled and buckled configurations for the isotropic case from
the shape of solution branches in a particular “distinguished” coordinate system. Neukirch
and Henderson [21] performed an in-depth classification of buckled solutions for the isotropic
problem, including the computation of two-dimensional sheets of equilibria.

Here we present stability results for this problem that both complement the results cited
above and serve as an illustration for the general index theory we develop. Specifically, this
theory allows a semianalytic determination of the index on the plane of unbuckled configura-
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tions for both the isotropic and anisotropic strut. (The determination is semianalytic in that
it requires the numerical solution of an algebraic equation but no differential equations.) In
addition, we compute sheets of buckled solutions using a family of one-dimensional branches
generated by the parameter continuation package AUTO [5, 6]. We determine the index of
configurations on these sheets via a numerical implementation of the conjugate point test
developed in [19] since a closed-form solution of the differential equations is not feasible in
this case.

We begin in section 2 by reviewing conjugate point theory for unconstrained and con-
strained problems. Section 3 presents our direct method for computing the index for un-
constrained problems, which is then extended to problems with isoperimetric constraints in
section 4. In section 5, we summarize the standard Kirchhoff theory of inextensible and un-
shearable elastic struts. The index on the plane of unbuckled equilibria for both the isotropic
and anisotropic strut is determined in section 6, and the buckled configurations and their
stability are presented in section 7.

2. A review of conjugate point theory.

2.1. Unconstrained conjugate points. In this section, we summarize conjugate point
theory for unconstrained calculus of variations problems. This theory is an established part of
the classic unconstrained calculus of variations literature and can be found in many standard
texts, e.g., [7, 9, 14, 24]. However, index theory appears only in more modern treatments
[12, 20].

We consider a functional of the form

1
J|q] :/0 L(q,d',s) ds, q(s) € R?,

subject to q(0) =hy, q(1) = h;.

(2.1)

Equilibria qp(s) are solutions to the standard Euler-Lagrange equations for the functional
J. Classification of these equilibria involves an analysis of the second variation of J at qq,
namely,

1
! /0 [(¢)TPE + (¢)TCT¢ +¢7Ce +¢TQ(] ds

(2.2) 8¢ = 5

for P = Lg, o C= Lg o and Q = qu, where, here and throughout, superscripting by 1" de-

notes the transpose, subscripting by q or q’ denotes partial differentiation, and superscripting
by 0 denotes evaluation at qg(s). We assume that Legendre’s strengthened condition holds,

(2.3) P > 0;

i.e., the symmetric matrix P is positive definite. Here ¢ is a variation in q that, due to the
boundary conditions on q, must lie in the set of admissible variations:

Hq = {¢ € H*(RP,(0,1)) : ¢(0) = ¢(1) = 0}.



BUCKLING OF A TWISTED ELASTIC STRUT 119

Here we have chosen the Sobolev space H? of functions with integrable weak second derivatives
because, after an integration by parts, the second variation will take the form

I = 5(6,50),

where S is the self-adjoint second-order vector differential operator

(24) §¢= 1 [PC'+C7¢) +0¢ +Qc,

and (-, -) denotes the usual inner product in L?(R”, (0, 1)):

1
(f,g) :/0 [£(s))Tg(s) ds.

A sufficient condition for qp to be a local minimum of J is a combination of Legendre’s
strengthened condition (2.3) with Jacobi’s strengthened condition that qp has no conjugate
point in (0, 1], where a conjugate point is defined to be a value o for which there is a nontrivial
solution to

(2.5) S¢=0, 0<s<o, ¢0)=¢(c)=0.

Morse [20] extended Jacobi’s condition to equate the number of conjugate points with the
index that quantifies the dimension of the set on which §2.J is negative.

In some cases, (2.5) can be solved analytically, but generically a numerical procedure for
computing conjugate points is required. For completeness, we briefly summarize a standard
algorithm for computing unconstrained conjugate points [24, p. 152]. We numerically compute

a basis of solutions {(y,...,¢,} to the homogeneous second-order initial value problem
(2.6) S¢=0, ¢(0)=0.
A conjugate point occurs when a nontrivial linear combination of {{;,... ,Cp} vanishes, i.e.,

when there is a nontrivial solution to the p x p linear system

(2.7) €1 - ¢ ]| =0

Therefore, as we build up solutions (;(o) to (2.6) as o grows from 0 to 1, we track the
determinant of the p x p matrix [¢;(c) ... Cp(a)] and count as a conjugate point every
time this determinant crosses zero.

2.2. Constrained conjugate points. In this section, we review a definition of a conjugate
point appropriate for calculus of variations problems with isoperimetric constraints:

1
Wq] —/0 L(q,d',s) ds, q(s) € R,

1
subject to / gi(q)ds=0, i=1,...,n,
0

q(0) =hg, q(1)=h;.
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According to the usual multiplier rule, an associated functional

J|q] —/01 (L+g'v) ds

is constructed, and constrained equilibria (qo(s), o) of W are solutions of the standard un-
constrained Euler-Lagrange equations for the functional J, with the multiplier v determined
by the integral constraints. The second variation §2.J and its associated operator S take the
unconstrained forms (2.2) and (2.4) but now with Q = [g3,]7vo + L3, Admissible variations
¢ must satisfy the linearized constraints

<C7T1> :O, 7= 1,... ,n,
where

We assume that the T;(s) are linearly independent on (0,0) for each o € (0,1]. So the
admissible set of constrained variations is

'HgonsE{CGHd:<CaTi>:O7 i:l,...,n}.

Bolza [2], citing the work of Weierstrass and Kneser, defined the relevant notion of con-
jugate point for an isoperimetric problem, namely, that o is called a conjugate point if the
following system has a nontrivial solution:

S¢ = Z ¢T;, 0< s <o, for some constants ¢;,
(2.8) i=1
¢(0)=¢(0) =0, / ¢'Tyds=0, i=1,...,n.
0

In [19], we introduced an orthogonal projection operator Q onto the L2-orthogonal complement
of span(Ty,..., T,) to rewrite Bolza’s conjugate point condition (2.8) in the equivalent form

(QS9)¢ =0, 0<s<oa,

(2.9) 7T :
¢(0) =¢(0) =0, / ¢'Tids=0, i=1,...,n.
0

Further, the arguments in [19], involving a proof of the monotonicity of the eigenvalues of
0859 as a function of o, demonstrate the analogue to Jacobi’s strengthened condition: the
lack of an isoperimetric conjugate point implies the existence of a local minimum. In addition,
similar to Morse’s theory in the unconstrained case, the number of isoperimetric conjugate
points equals the maximal dimension of a subspace of H " on which the second variation is
negative.

There is also a technique for the numerical determination of these conjugate points similar
to the procedure described in section 2.1 for the unconstrained case. We summarize this
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technique here and refer the interested reader to [19] for complete details. In addition to
numerically determining a basis of solutions to (2.6), we also compute solutions ¢; to each of
the n nonhomogeneous initial value problems

S¢=T; ¢(0)=0.

A conjugate point occurs when there exists a nontrivial linear combination of {(y,...,(,,
¢y,...¢,} that vanishes and also obeys the linearized constraints Iy ¢TTyds = 0. This con-
dition has a (p + n)-by-(p + n) matrix form analogous to the p-by-p unconstrained matrix
equation (2.7). As in the unconstrained case, the matrix entries are built up by solving initial
value problems as ¢ grows from 0 to 1, and the conjugate points are found by zero-crossings
of the (p + n)-by-(p + n) determinant.

3. Analytic determination of the index for unconstrained parameter-dependent prob-
lems. In this section, we describe an alternative approach to determining the index for equi-
libria of (2.1) when L, and hence the second-variation operator S, depends on a parameter \.
This approach allows, in some cases, an analytic determination of the index. The key idea is
to relate the index at a specific value of the parameter A to the set of all parameter values A
that yield conjugate points at o = 1, i.e., solutions of

(3.1) S(A)¢=0, ¢(0)=¢1)=0.

We will denote solutions to (3.1) by (Ap,¢™) and refer to A, as branch points. This name
is appropriate since, in all cases we consider, new branches of equilibria will arise at A,,. In
many applications, the analytic determination of (\.,,¢™) is possible even when the general
conjugate point equation (2.5) cannot be solved in closed form.

We will assume that {¢"} form a basis for Hy4 and that they are S-orthogonal, i.e., that
(¢™,8¢™) = 0 for all m # n. These assumptions hold for many physically motivated problems,
including cases in which (3.1) is a standard Sturm-Liouville eigenvalue problem (see, e.g., [23,
p. 273]). This basis of solutions can then be used to diagonalize S and determine the index
directly, as shown by the following lemma.

Lemma 3.1. Assume that {¢™} form an S-orthogonal basis of Hy. Then the index equals
the number of ¢ for which (¢™,S¢™) < 0.

Proof. Let N be the subspace of Hy spanned by those ¢™ for which (¢, S¢™) < 0. Any
X € Hg that is L?-orthogonal to A can be written as

X = Z CmCm7
¢CmEN

where the notation Z<m¢  denotes a sum over all m for which ¢™ ¢ N. Then, by S-
orthogonality,

Sx) = > (em)(C™, SC™).
¢mEN

By definition, (¢, S¢™) > 0 for all terms in the sum, so (x,Sx) > 0.
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Table 3.1
Index for the planar Euler buckling problem.
Range of A Functions ¢™ for which (¢",S(A\)¢™) <0 Index
0<A<7? none 0
% <\ < 4n? ¢t 1
4% < X < 9n® ¢t ¢? 2
972 < A < 1677 ¢h¢3 ¢ 3

Thus N is a maximal subspace in Hy on which the second variation is negative. The
index is defined to be the dimension of A, which, by definition of A/, is the number of basis
functions ¢™ for which (¢"*,S¢™) < 0. [ |

The above diagonalization is particularly useful when the parameter \ appears linearly in
87

(3.2) S¢ =S¢+ ASs¢,

because it is then routine to determine those basis functions ¢" for which (¢™,S¢™) < 0. In
fact, the quantity (¢™,S¢™) is simply related to the A-independent quantity (¢, S2¢™) by
the following lemma.

Lemma 3.2. Suppose S takes the form (3.2). Then, for any solution (Am,,¢™) of (3.1),

(€, 8¢™) = (A= Am)(C™, S2€™).
Proof. The key idea is to exploit the fact that (S; + A S2)¢™ = 0:

(€™, 8¢™) = (¢, (81 +282)¢™)
= (€™ (S1+ AnS2 — AnS2 +A82)C™) = (A = A) (€™, S2¢™). |

Lemmas 3.1 and 3.2 lead immediately to the following corollary, the central result of this
article.

Corollary 3.3. If the solutions of (3.1) form an S-orthogonal basis for Hy and if S has the
form (3.2), then the index of an equilibrium at parameter value X equals the number of branch
points Ay, such that A > Ay, and (™, S2€") < 0, plus the number of branch points A, such
that X < A\, and (", S26™) > 0.

Ezample (planar buckling of a strut). We parametrize the strut by arclength s and choose
a length scale so that 0 < s < 1. We let 0(s) denote the angle that the strut makes with
vertical at position s. We impose the boundary conditions that the strut be vertical at s =0
and s = 1 and impose a vertical force \. We then have the calculus of variations problem to
minimize the total energy

[ [5E@@P 4 Acostoe] as, o0 =001 =0,
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where K > 0 is a stiffness parameter.

Consider the unbuckled equilibrium 6(s) = 0. The second-variation operator is S¢ =
— K" — X\, which is of the form (3.2), with S = —1. The nontrivial solutions to (3.1) are
(™(s) = Asin(mms), m = 1,2,3,..., with \,, = m?72. These solutions are an S-orthogonal
basis for Hy since S is a Sturm—Liouville operator. We observe that ((™,S2¢("™) < 0 for all m
and then use Lemma 3.2 to conclude that the sign of (¢, S(A)¢™) is the same as the sign of
m?2m? — X. Hence we conclude that the index for arbitrary X is as given in Table 3.1.

4. Analytic determination of the index for isoperimetrically constrained parameter-
dependent problems. Next we combine the ideas of the previous two sections to produce a
method for directly computing the index in a calculus of variations problem with isoperimetric
constraints, when the second-variation operator S depends on a parameter A. As in section
3, we assume that solutions ¢ of

n

S = Z ¢'Ti, 0< s <1, for some constants ¢;,
(4.1) =1 .
¢(0)=¢(1) =0, / ¢"Tyds=0, i=1,...,n,
0
form an S-orthogonal basis for the relevant function space H"*. Although (4.1) reflects
Bolza’s definition of conjugate point at o = 1, we will exploit the equivalence of (2.8) and
(2.9) to rewrite the differential equation S(A\)¢ = Y1, &T; as (QS(A)Q)¢ = 0. As before,
the basis {¢™} will be used to diagonalize the projected operator QSQ on H$". In fact,
Lemma 3.1 holds for the constrained case, provided Hg is replaced with the space H™*,
noting that, since Q is self-adjoint, (¢, (QSQ)¢) = (¢, S¢) for ¢ € HY™.
If, in addition, S takes the form (3.2), then Lemma 3.2 can be extended to problems with
isoperimetric constraints as follows.
Lemma 4.1. Suppose S takes the form (3.2). Then, for any solution "™ of (4.1),

(€7 (2SQ)C™) = (A = Am) (¢, 5aC™).

Proof. As in Lemma 3.2, the key idea is to exploit the fact that (Q(S1 + A\, S2)Q)¢™
combined with the fact that Q¢™ = ¢ for "™ € H{"™:

0,

(€™, (Q8Q)¢™) = (¢™, (Q
={¢" (Q
=(QC™, (= AmS2 + AS52) QC™)
= (A=A (", 8(M). =

S1+282)9)¢™)

(
(S1+ AnS2 — AnS2 + AS52)Q)¢™)

Thus the strategy for analytically determining the index in problems with isoperimetric
constraints is the same as for unconstrained problems. This strategy will be illustrated in
section 6 for the example of the buckling of an elastic strut under imposed force and twist. In
preparation for this example, we next summarize the basic elastic strut equations.
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5. The elastic strut.

5.1. Equilibrium equations. In the Kirchhoff theory of inextensible and unshearable elas-
tic struts [1, 4, 16, 17], the configuration of a strut is described by a centerline r(s) (written as
a function of arclength s) and a set of directors {d;(s),d2(s),ds(s)} that form an orthonormal
frame giving the orientation of the cross-section of the strut. For convenience, we choose a
length scale so that 0 < s < 1. Let the superscript / denote a derivative with respect to
s. The assumptions of inextensibility and unshearability of the strut are incorporated in the
requirement that ds(s), the director orthogonal to the strut cross-section, equals r'(s), the
tangent vector to the centerline.

Orthonormality of the directors implies the existence of a (Darboux) vector u(s) defined
by the kinematic relations

d(s) =u(s) x d;(s), i=1,2,3.

The components of u in the strut frame are denoted by w;(s) = u(s) - d;(s) and are called the
strains.

It will be convenient to describe the directors via Euler parameters or quaternions q €
R*. Quaternions provide an alternate formulation to Euler angles for parametrizing rotation
matrices in SO(3) (see, e.g., [25, p. 462]). The directors d; are the columns of a rotation
matrix and can be expressed by rational functions of the quaternions,

| [d-d-d+d L[ 20e 20w
d; = o 212 +2q3q4 |, d2= o -G+ B -G +da,
24193 — 2q2q4 2q293 + 2q1q4

24193 + 2q2q4
ds =77 | 206-20u |,
lal> | o7 ST
4 —q95+q3+q;

and therefore the strains can be expressed as

_l(/ +/ ] _/) _l(_l +/+/ _,)
U= e Qi t BB T B~ Gn), U2 =1e (Thest GUt B0 - aR),
2
us = Iq? (192 — b1 + q3qa — d4q3) -

For convenience, we define ds;(s) to be the ith component of the vector ds. We impose
the following constraints on the elastic strut:

(5.1)

1 1
/0 dsr (a(s)) ds = /O dsa(a(s))ds = 0, q(0) = (0,0,0,1), q(1) = (0,0, sin(a/2), cos(a/2)).

The boundary condition on q(0) forces the s = 0 end of the strut to be tangent to the z-
axis. The pair of integral constraints imply, due to the inextensibility-unshearability condition
r'(s) = ds(s), that (0) = (1) and y(0) = y(1), i.e., that the s = 1 end of the strut lies directly
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above the s = 0 end. Finally, the boundary condition on (1) implies that the s = 1 end of
the strut is tangent to the z-axis and is twisted by an angle o with respect to the s = 0 end.
Figure 1.1 depicts a solution that satisfies (5.1).

The elastic energy of the strut is expressed in terms of the strains, and we assume here a
commonly used quadratic energy

1[ 3 1 )
E[Q]E/O [Z §Ki [ui(a(s), d'(s))]” + Ads3 | ds,
i—1

where K; are the bending (i = 1,2) and twisting (i = 3) stiffnesses of the strut, and A is a
force pushing downward on the strut. Unbuckled twisted equilibria are described by

0
0
W) = | gin(as) |
cos(%’)
which correspond to directors

cos(as) — sin(as) 0
d; = |[sin(as) |, d2= | cos(as) |, dz3= |0
0 0 1

These are readily verified to be solutions to the Euler—Lagrange equations of the functional
E. The goal of section 6 is to use the theory of section 4 to assign to these configurations a
stability index.

5.2. The second variation. In this section, we show a routine but technical computation
of the second variation of I, finding in the end that it takes the form S = S; + ASs required for
our results. The computation is somewhat involved due to our choice to parametrize SO(3)
by four-dimensional quaternions.

As outlined in section 2.2, for each equilibrium qg, we define an allowed variation to be
any 6q so that 6q(0) = 6q(1) = 0 and (6q, (ds;)§) = 0 for i = 1,2. The second variation of E
is

1
(5.2) 6°E[6q) = /0 [(6d) LYyq6d + (60') " LYygdq + (6Q)" LYgdq’ + (6q)" LYgdq] ds,

where L is the integrand of E with the appropriate Lagrange multiplier terms added to it.
We note first a property of 6°E peculiar to the example at hand. The integrand L is
invariant to a scaling of q, i.e.,

L(cq,cq’) = L(q,q')

for any ¢ € R. This degeneracy arises from our use of four-dimensional quaternions to repre-
sent the three-dimensional space SO(3) of directors. If we write 6q(s) as (s)qo(s) + w(s),
where, at each s, w(s) is perpendicular to qo(s), then

Elqo + edq] = E[(1 + ¢f)qo + ew] = E [qo i feﬂw} |
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Therefore, E[qo + €dq] < E[qo] for € sufficiently small if and only if E[q + ew] < E[qp] for
e sufficiently small. Thus it is sufficient to consider only those allowed variations éq that are
orthogonal to qg at each s. For example, if we define a projection matrix II(s) € R**3 whose
columns span the orthogonal complement of qo(s), then an arbitrary 6q(s) can be written
as TI(s)¢(s) + B(s)qo(s) for some ¢(s) € R and §(s) € R, and the second variation we will
need to consider is §? E[TI¢]. Thus we seek the maximal dimension of a subspace of functions
¢(s) € R? obeying §2E[II¢] < 0, ¢(0) = ¢(1) = 0, and (TI¢, (d3;)%) = 0 for i = 1,2. For
convenience, we observe that the constraints (II¢, (dgi)0q> = 0 may be rewritten as (¢, T;) =0
if we define T; = HT(dgi)g. The matrix IT will be defined differently for the anisotropic and
the isotropic cases in sections 6.1 and 6.2, respectively.

Inserting 6q = TI¢ into (5.2) and integrating by parts terms starting with (¢’)7, we find

82 J[II¢) = (¢, S¢),
where S is the operator
S¢=-P¢"+C¢ +Q¢

with coefficient matrices

P=1"L;,II,

C =)7Ll I +17 L, (m? L% 1+ 17LY, I0) — (0718, 10),

Q= ()" LY 1 + 7 L0 10 + I L, 1 + (1) 7 LY, 11 — (117 LY, IV + 117 LY, 11)".
Our choices of IT will cause the last term in each of C and Q to vanish and will yield simple

s-independent expressions for P, C, and Q. The resulting expression for S will take the form
required by Lemma 3.2:

S =81+ \Ss.

Explicit forms for S; and S, depend on the choice of IT and so will be shown individually in
sections 6.1 and 6.2.

6. Stability of unbuckled configurations.

6.1. The anisotropic strut. For the anisotropic strut, we choose

cos(%) —sin(F) 0
_ |sin(%)  cos(%) 0
T(s) = 0 0 cos(%) |’
0 0 —sin(%’)
which gives a second-variation operator S = &1 + ASy with
—4K4 0 0 0 do(K1+ Ko — K3) 0
SIC = 0 —4 K5 0 C”+ —4(1(K1 + Ky — Kg) 0 0 C’
0 0 —4 K5 0 0 0
40%(Ko — K3) 0 0
(6.1) + 0 402(K1 — K3) 0| ¢
0 0 0
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and
-4 0 0
(6.2) S¢=|0 -4 0]¢
0 0 0

For this choice of IT, the projected constraints take the explicit form

2sin(as) —2cos(as)
Ti(s) = |2cos(as)|, Ta(s)= | 2sin(as)
0 0

6.1.1. Verification of hypotheses from section 4. Before applying the results of section
4, we remove the third component of ¢, which plays a trivial role. Any variation ¢ can be
written as ¢ = ¢ + ¢*, where ¢ contains zeros in the first two slots, and ¢* contains a zero in
the third slot. Using the explicit form for S, and integrating by parts,

(6.3) (¢,8¢) = 4K3(¢', ¢y > 0.

By (6.1) and (6.2), S contains zeros in the first two slots, and S¢* contains a zero in the
third slot, and, therefore,

(6.4) (€, 8C) = (C+ ¢ S(C+¢M) = (¢.S¢) +(¢7.5¢7) = (¢, 5¢7).

So, given any basis (;,...,¢, for a maximal subspace on which (¢,S¢) < 0, the vectors
¢1,-.., ¢ must be linearly independent as functions of s since otherwise some linear combi-
nation of ¢y,..., ¢, would have zeros in the first two slots and hence a nonnegative second
variation by (6.3). Then, by (6.4), the span of ¢7,...,{} is also an n-dimensional (hence
maximal) subspace on which (¢,S¢) < 0. Thus we may restrict our attention to variations ¢
with a zero in the third slot.
Thus we define
o = [Q] T [2 sin(as)} Ty [—2 cos(as)} ’

2 cos(as) 2sin(as)
and

Mg = {¢" € HA(R?,(0,1)) : ¢*(0) = ¢*(1) = 0, (¢*,T}) = (¢". T5) = 0}.
Plugging ¢* into (4.1), we find

(6.5) (S3+AS)¢" =T+ &T5,  ¢F e H™,
where
«_ |74K1 0 o\ 0 do(Ky + Ko — K3)| [ iy
53" = [ 0 —4KJ (7 + [—4a(K1 + Ky — K) 0 (¢")
4&2([(2 - Kg) 0 *
* [ 0 40%(Ky — K3) ¢
—4



128 K. A. HOFFMAN, R. S. MANNING, AND R. C. PAFFENROTH

If we let Q denote the projection onto the space of functions L?-orthogonal to both T%
and T3, then (6.5) may be rewritten as (QS3Q)¢* = 4X¢* for ¢* € H™"™". We thus have an
eigenvalue problem for the operator 9S53Q on the space 'Hcons Relymg on the fact that the
spectrum of S in Hy consists purely of isolated elgenvalues each with finite multiplicity, one
can show that S3 has the same type of spectrum (see the argument on p. 3067 of [19]). It
then follows from the spectral theorem for self-adjoint operators [8, p. 233] that the solutions
of this equation form an orthogonal basis for Hgons *. Using the eigenvalue equation, we can

see that this basis is also (S3 + ASys)-orthogonal, as we need to apply Lemma 3.1.

6.1.2. Determination of the index. We observe that, for any continuous ¢* = ({1, (2)
with ¢; and (o not both identically zero,

1
(C¥,8uC) = —4/0 (C1(5)? + Ca(s)?)ds < 0.

Therefore, by Lemma 4.1, the index of the unbuckled equilibrium at («, \) is equal to the
number of branch points A\, below A at that particular angle . Thus, once we have determined
the branch points, we will have determined the index at any (a, A).

The differential equation appearing in (6.5) can be written out explicitly (after dividing
through by —4K;) as

sin(as)é;  cos(as)ce

— AL+ Bt = —
G+ Ba 2K, 2K,
A _ _cos(as)ér  sin(as)és
PG +AQG + CG oK, oK,

where vy = K3/K1, p=Ko/Ki, A=a(l4+p—7), B= a2(7—p)+%, and C' = a2(7—1)+%1.
The general solution can be found in closed form, and, applying the four boundary conditions
¢12(0) = (1,2(1) = 0 and two linearized constraints, we see that branch points occur when

M, (0) M5 (0) M3;(0)
(6.6) det M; (1) Mjy(1) M3(1) =0,
fo (s)"Mi(s)ds fo (s)"Ma(s) fo ()" M;(s)ds

where T(s) = [Ti(s) T3(s)],

M, o(s) = o1,2€08(,/W128) —o12sin(,/w125) My (s) = 1 [sin(as) —cos(as)
1,2 sin(,/w1 25) cos(,/w1 29) ’ 3

2\ |cos(as)  sin(as)
for wy,ws, the (possibly complex) quantities

A%+ Bp+C +£./(A2+ Bp+ C)? —4BCp
2p ’

w12 =

and

A1 /W12

wlg—B.

)

012 = —
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(We note that, for a few isolated parameter values, the characteristic equation of (6.5) has
repeated roots, so the branch point equation does not take the above form.)

Further simplification of the determinant of this 6-by-6 matrix is difficult, so we instead
determine its zeros numerically in the results in section 6.3 (taking care to handle separately
the special cases where the characteristic equation has repeated roots). However, in the case
when K7 = Ko, this numerical search for zeros is difficult to implement since, due to symmetry,
the above determinant does not cross zero transversely but rather intersects it tangentially.
Thus we present in the next section a separate derivation of the index for an isotropic strut
K| = K.

6.2. The isotropic strut. When K7 = Ks, we choose a slightly different projection matrix:

cos(%)  sin(%) 0

_ | —sin(%) cos(F) 0
Ti(s) = 0 0 cos(%)
0 0 —sin(%)

Then the second-variation operator is S = S§1 + ASs, where

—4K; 0 0 0 —4aK3 0
Si¢ = 0 —4K; 0 ¢" + |4aK; 0 0] ¢
0 0 —4 K3 0 0 0
and
-4 0 0
S¢=]10 -4 0]¢.
0 0 0

The projected constraints take the explicit form

0 -2
Tl(S) =2 ) TQ(S) = 0
0 0

We may follow the same procedure as in section 6.1.1 to show that the set of solutions to
6.5) forms a basis for H"**, with the operator S3 now taking the form
d

* —4K; 0 *\/ 0 —4a K3 *\/
For any continuous ¢* = ({1, (2) with ¢; and (2 not both identically zero,
1
(€817 = =4 [ (G + alsds <0,
0

and thus, by the theory of section 4, the index of the unbuckled equilibrium at («, ) is equal
to the number of branch points A, below A at that particular angle a.
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The differential equation appearing in (6.5) can be written out explicitly (after dividing
through by —4K3) as

" Al B¢ — C2
1+ <2+ Cl 2K17
" _ A+ B __4a
2 <1+ C? 2K1’

where v = K3/K;, A = ~vya, and B = Iél' The general solution can again be found in closed
form, and, applying the boundary conditions and constraints, we see that (apart from the
special cases A =0, B =0, and A% + 4B = 0) branch points occur when there is a nontrivial
solution (Cl, CQ, 03, 04, 51, 52) to

T 1 0 1 0 0 5251 rc1 ol

1 2K1B Cl 0

0 -1 0 -1 e VG 0

Cos w1 sin wq COS Wy sin wo 0 KB Ccsl o
sin wy — Ccoswq sin wy — COSwy —ﬁ 0 cy| (o]’

2(1—coswy) _ 2sinw 2(1—cos ws) _ 2sinws 1 0 g 0

w1 w1 w2 w2 KB ul
_ 2sinw; _ 2(1—coswr) _ 2sinws _ 2(1—cosws) 0 1 Co 0
- w1 w1 w2 w2 KB4 — 7 -

where wy o are the (possibly complex) quantities ALVA*+4B ”2‘2“]3.

Denote the upper-left 4-by-4 block of this 6-by-6 matrix as My, the upper-right 4-by-2
block as Mjs, the lower-left 2-by-4 block as Mo, and the lower-right 2-by-2 block as Mas.
Then det M1; = 2(1 — cos(wy — w2)). As long as wy — ws # 2nmw, n=1,2,3,..., we then find
that

Ch

Cy _ é1
(6.7) al= —M' My, [CQ] :

Cy
Thus

1 é1 1 0

Moy M My || + Mo |, | = .
Co Co

Simplifying the above equation, we find

(6.8)
1

2(w _w)SinﬂSinﬂ—ww gin L2 L 0] férf _ |0
K1 Bwiwy sin (1542 12 5 5 1w2 5 0 1| l& ol

Thus, we have only the trivial solution ¢ = é = C1 = C5 = C3 = C4 = 0 unless

w w Wi —w
2(w1—w2)sin;sin;—wlwgsin< 12 2):07
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or, in terms of A and B:

(6.9) 2y/ A2 + 4Bsin

A+ VA1 4B . A-VA?14B , (x/A2+4B>
sin 4+ Bsin | ——— | =0.
4 4 2

If this condition does hold, then any (¢1,¢) will satisfy (6.8), with (Cy,Cq,C3,Cy) then
determined by (6.7). Thus we have a branch point when (6.9) holds, and the corresponding
conjugate point has multiplicity two.

A check of the special cases w1 —wo = 2nm, n = 1,2,3,..., reveals that the conjugate point
condition again takes the form (6.9), again with each conjugate point having multiplicity two.

In the special cases A = 0, B = 0, and A? + 4B = 0, the general solution used above is
not valid, but we may directly analyze these cases to find the following:

e The case B = 0, A # 0 yields the branch point condition

(6.10) gcos <§> = sin <§> ;

which matches the dominant term in a Taylor series expansion of (6.9) in the limit
that B — 0. Again, the conjugate points in this case have multiplicity 2.
e The case A =0, B # 0 yields the branch condition

VBsin(vVB) — 4sin? (?) =0,

which matches (6.9) when A = 0. Again, the conjugate points in this case have
multiplicity 2.
e The case A? + 4B = 0 can exhibit no branch points.
In summary, branch points are the solutions to (6.9) when B # 0 and A% +4B # 0. When
A? +4B = 0, there are no branch points, while, when B = 0, they are the solutions to (6.10).

6.3. Results. In Figure 6.1, we show the index of the unbuckled configuration (color-
coded by the scheme given in Figure 6.2) for various values of the twist angle a, loading force
A, bending stiffness ratio p, and twisting-to-bending stiffness ratio . In each frame of the
figure, the black lines indicate the locations of the branch points as a function of o and A/ K1
for p and v held fixed. The top row of frames is for the isotropic problem p = 1, so the lines
were determined by (6.9), while, for the remaining frames, they were determined using (6.6).
The coloring of the diagrams is a computation of the index via the numerical conjugate point
test described in section 2 and verifies the result proven in this section, namely, that the index
at a point (o, \/K7) is equal to the number of lines that lie below it. (In the isotropic case
p =1, each line is counted with multiplicity two, as shown in section 6.2.)

The stability results in the isotropic case p = 1 match the standard intuition about
buckling. For zero twist, the unbuckled configuration is stable up to a maximal loading force
and becomes more and more unstable thereafter. As twist (either negative or positive) is
added, the same behavior is observed, except that the threshold for instability is lowered
since the twist destabilizes the unbuckled configuration.
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p=1

<
p=3/2

p=2

p=3

p=5

p=10

Figure 6.1. The index on the plane of unbuckled equilibria for various values of p, the ratio of bending
stiffnesses, and of 7, the ratio of twisting to bending stiffness. In each graph, the index of the unbuckled
equilibrium with twist angle a and endloading X is indicated by color, following the scheme in Figure 6.2. Black
curves indicate the set of branch points as determined by the analysis in sections 6.1 and 6.2.
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Figure 6.2. Color scheme used to represent the index (index 11 is omitted since it does not appear in any
of our figures).

Comparing the p = 1 row to the p = 3/2 row, we can see the splitting generated by the
anisotropy, as each curve where the index jumps by two when p = 1 splits into a pair of
interlaced curves, where the index jumps by one when p = 3/2. As p grows, we also note a
prominent trend whereby a twist angle « can cause a stabilization of the first buckling mode,
as seen by the emergence of two protuberances symmetrically about oo = 0, e.g., at p = 3/2
for y =1/2,at p=2 for vy =1, or at p = 3 for v = 2. Physically, this corresponds to the fact
that an imposed twist effectively transfers some of the enhanced bending stiffness K5 to the
direction governed by K; in the untwisted configuration. For « sufficiently large, this effect
is eventually countered by the fact that the act of twisting itself imposes a certain degree of
instability so that the green-yellow boundary curve eventually begins to decrease for values of
« further from the line a = 0. As p increases further, the protuberances become larger. The
bands with higher index mimic the shape of the green (stable) region.

As v decreases, we can see that the dominant trend is simply to stretch the diagram
laterally away from o« = 0. In the isotropic case, this stretching transformation is obeyed
exactly. (We can see in the theoretical derivation that the index depends on « only through
the term a~y.) In the anisotropic case, a change in 7 causes some slight qualitative changes in
the index diagram in addition to this lateral stretch.

We note that we have restricted p to be greater than 1 in Figure 6.1 since any p < 1
diagram may be deduced from an appropriate p > 1 diagram. Specifically, given p < 1 and
any values for v and K7, we have a strut with weaker bending stiffness equal to Ko, stronger
bending stiffness equal to 1/p times the weaker bending stiffness (K; = (1/p)K2), and twisting
stiffness equal to 7/p times the weaker bending stiffness (K3 = (v/p)K2 = vK1). Thus, if we
consider the diagram with p* = 1/p > 1 and v* = /p and relabel the y-axis as /K rather
than A/K7, we will have the correct index diagram for (K1, Ko, K3). (If one wants a diagram
with A\/K; to match the other diagrams, one would simply scale vertically by K; /Ky =1/p.)

7. Stability of buckled configurations.

7.1. “Slices” of the sheets of buckled equilibria. In the previous section, for fixed values
of p and ~, the index of each unbuckled configuration in the aa — A plane was determined. The
curves on this plane where the index changes indicate where sheets of buckled equilibria
intersect this plane. In this section, we discuss these sheets of buckled equilibria. They are
fairly complicated due to folding and branching, so we compute only those portions of the
sheets corresponding to some of the simplest buckled configurations.

To build up to displaying the sheets of buckled equilibria, we first consider “slices” in which
the angle « is fixed, while the force X is allowed to vary. For example, we consider (p,v) = (1,1)
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Figure 7.1. A buckling problem at various values of the twist angle . For bending stiffness ratios p = 1
(left) and p = 3/2 (right) and twisting-to-bending stiffness ratio v = 1, we show the plane of unbuckled equilibria
colored by stability from Figure 6.1. Now we fiz o at several values (w/2, m, 3w/2, 27, 37, and 4w) and vary
the force A. Branches of buckled configurations will bifurcate at each point where an arrow meets a change in
color.

and (%, 1). In each case, we fix several values of a, namely, o = 7, , 37”, 27, 3w, 4w, and then
we vary the force A, as shown in Figure 7.1.

For each slice, we compute one-dimensional branches of buckled equilibria using AUTO
[5, 6], which uses numerical parameter continuation to compute solutions to boundary value
problems (BVPs) such as we have here with the Euler-Lagrange equations in q(s) subject to
the constraints in (5.1). We present here only the briefest of introductions to continuation
methods and refer the reader to [5, 6] and references therein for a full description.

As the name suggests, numerical parameter continuation is the computation of a family
of solutions to a BVP as a parameter (in this case, A) is varied. After discretization in s, the
BVP becomes a finite-dimensional equation of the form

(7.1) F(X) =0, F : R"" - R"

This system has one more variable than it has equations; the extra variable is the contin-
uation parameter A. Therefore, given a solution Xg, there generally exists a locally unique
one-dimensional family of points, called a solution branch, that passes through Xy. AUTO
computes a numerical approximation to this solution branch using a well-known algorithm
called the pseudoarclength continuation method [15]. As implemented in AUTO, branch points
where new solution branches intersect the current branch can be detected and followed, and
thus we may begin with a known solution Xy on the plane of unbuckled equilibria, follow so-
lutions numerically on this plane, and then detect and follow the bifurcating branches which
emerge at the color changes in Figure 7.1.
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Figure 7.2. Force-length diagrams for several values of the twist angle o and the bending stiffness ratio p:
p = 1 in the left column, and p = 3/2 in the right column; a increases from /2 to 4w vertically; v =1, K1 = 0.1
throughout. In each graph, the length z(1) is plotted against the force . Branches are colored by stability index,
using the color scheme from Figure 6.2. Horizontal branches represent unbuckled configurations. For p =1, we
show the branch of buckled configurations arising from the first branch point, which splits into the two branches
shown in the p = 3/2 diagrams. Some secondary bifurcating branches are shown as dashed lines. Clircles and
squares indicate points at the edges of the surfaces in Figures 7.9 and 7.11. Triangles with corresponding letters
A-D indicate configurations depicted in Figure 7.3.
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Figure 7.3. Physical configurations appearing in the bifurcation diagrams in Figure 7.2. The centerline of
the strut is shown as a green tube, while the director di is shown as a blue ribbon.

To visualize these branches, we create force-length bifurcation diagrams, i.e., two-
dimensional graphs that plot the force A against the “length” z(1), the distance between
the two ends of the strut. (Thus negative lengths indicate that the endpoint of the strut cor-
responding to s = 1 has passed through the origin to the other side of the z-axis.) Figure 7.2
contains diagrams for the simplest buckling solutions. For the isotropic problem p = 1, these
simple solutions arise from the first branch point, the green-to-blue transition on the plane of
unbuckled equilibria. In the anisotropic problem p = %, these simple solutions perturb to two
branches of solutions, the green-to-yellow and the yellow-to-blue transitions on the plane of
unbuckled equilibria.

Some sample physical configurations appearing in these bifurcation diagrams are shown in
Figure 7.3. Configurations close to the plane of unbuckled equilibria contain a small amount of
buckling, as in configuration A, reminiscent of the first buckling mode of the classic untwisted
problem. For some values of «, these are initially stable and then become unstable at a fold in
A, while, for sufficiently high «, they are always unstable. Further down the branch are more
drastically buckled configurations, still with positive length, such as configuration B. Some of
these are stable, as seen in the portions of the lowermost green branches that have z(1) > 0.
There are also negative length configurations such as configuration C', and, again, some of
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Figure 7.4. Force-length diagrams for the next-higher buckling modes as compared to those shown in Figure
7.2. For p=1, v =1, we plot the branch of buckled configurations arising from the second branch point, while,
for p =3/2, v = 1, we plot the branches of buckled configurations arising from the third and fourth branch
points, which are the splitting of the branch in the first column. The square in the lower left graph indicates a
point at the edge of the surface in Figure 7.9. Triangles with corresponding letters E-G indicate configurations

depicted in Figure 7.5.
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F &

Figure 7.5. Physical configurations appearing in the bifurcation diagrams in Figure 7.4. The centerline of
the strut is shown as a green tube, while the director di is shown as a blue ribbon.

these are stable. Finally, in some diagrams, there are branches leaving the graph at the left
edge; the corresponding configurations look like configuration D, and are all unstable. The
anisotropic diagrams are relatively simple splittings of the isotropic diagrams into two images,
although there are a few secondary bifurcating branches that appear, sometimes connecting
the two images to each other, and in one case (a = 37”, p= %) connecting a branch to itself.

Figure 7.4 illustrates the next-simplest buckling configurations. For the isotropic problem,
these solutions arise from the second branch point, the blue-to-light-blue transition on the
plane of unbuckled equilibria; for the anisotropic problem, these solutions perturb to two
branches of solutions, the blue-to-red and the red-to-light-blue transitions. Some sample
physical configurations appearing in these bifurcation diagrams are shown in Figure 7.5. The
strut initially buckles to a two-mode shape like configuration E, as in the classic untwisted
problem. Further on the branch, there are more drastically buckled configurations such as
configuration F'. Negative length configurations also exist, such as configuration GG; in one case
(a=3,p= %), these are stable. Here, the perturbation in the diagram caused by anisotropy
is quite complicated, leading in many cases to multiple secondary bifurcating branches with
complicated connectivity. We expect that this complication would only worsen for higher
buckling modes.

7.2. The sheets of buckled equilibria. Since AUTO is designed to compute one-
dimensional branches of solutions as described in the previous section, it does not directly
compute the two-dimensional sheets of buckled equilibria that we are interested in. However,
by using a judicious itinerary of parameter switching, one may compute an approximation of
the two-dimensional surface using a collection of one-dimensional curves [18, 22].

Consider first the computation of the plane of unbuckled equilibria. Of course, the config-
urations on this plane are known in closed form, so it is hardly necessary to determine them
numerically, but nevertheless it serves as a useful first example. Furthermore, it is compu-
tationally expedient to compute this plane numerically since in so doing AUTO will detect
branch points to be used as starting points for the computation of the sheets of buckled equi-
libria. We begin the computation of the plane of unbuckled equilibria at (A, «) = (0,0). We fix
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Figure 7.6. Triangulation of plane of unbuckled equilibria: The solid horizontal line at the bottom
of the grid represents the initial calculation fixing A and allowing a to vary. Fach of the solid vertical
black lines represents a continuation in X keeping o fived. Each (A7, a?) is marked with a black circle,
and the triangulation is shown with the dotted lines.

A = 0 and allow « to vary, giving a system of the form (7.1), with « but not A a component of
X. We then perform N steps of the continuation calculation described in section 7.1, giving a
solution branch which we will denote by (A"!, a?),1 < i < N. (Note that \>! = 0 for all i.) We
now begin a new one-dimensional continuation calculation at each of the solutions (A%, a?) by
fixing o = o' and allowing \ to vary. This leads to a solution branch which we shall denote by
(A7 o), 1 < j < M. We choose M to be fixed for all i so that the result is a “grid” of points
in the plane of unbuckled equilibria. Even though ' = 0 for 1 <4 < N, it is not necessarily
the case that A%/ = \%J for j > 1,k # i, since AUTO automatically adapts the step size
At during the calculation. We then triangulate the plane by choosing as the vertices of our
triangles ()\i,j7 ozi), ()\7;4’1,]" OzHl), ()\i+1,j+1’ az’+1) and ()\i,j, Ozi), ()\i,jJrl7 Oei), ()\z'Jrl,jJrl7 ai+1) for
1<i<N-1,1<j <M —1, as shown in Figure 7.6.

The sheets of buckled equilibria are calculated in a similar fashion. During each one-
dimensional continuation in A on the plane of unbuckled equilibria, AUTO is set to automat-
ically report all branch points that it detects. Let )\2’1 denote the value of A at the kth branch
point on the branch with a = a. We note that, in general, )\Z’l # A;n’l when m # i since the
position of the branch point is a function of o. At each such branch point, AUTO can be used
to switch branches and compute a solution branch on the sheet of buckled equilibria emanating
from the branch point. So, similar to the unbuckled case, we have an initial set of solutions
()\2’1, ') from which we perform continuation calculations, keeping « fixed and allowing A to
vary. These calculations give rise to a set of buckled equilibria; we denote the values of A and «
for these equilibria by (A\;7,a") for 1 <i < N and 1 < j < M. Finally, we triangulate the kth
sheet by choosing the vertices of our triangles to be ()\Z’j ,ab), (/\?rl’j,aiﬂ), (/\Zﬂ’j it



140 K. A. HOFFMAN, R. S. MANNING, AND R. C. PAFFENROTH

1-z(1)+

Figure 7.7. Triangulation of a sheet of buckled equilibria: As in Figure 7.6, the thick black line in
the (A, «) plane represents the initial continuation in o keeping A fized, and the thin black lines in the
plane represent the continuations in A keeping « fized. We now represent the branch points by black
squares and show the branches of buckled equilibria emanating from each of them. The vertices of the
triangulation of the sheet are shown as circles on the branches. This triangulation is indicated by the
dotted lines, although, for clarity, we show only the triangulation between the first pair of branches.

and (Azj,ai),()\%ﬂl,ai),()\Zﬂ’jﬂ,a”l) for1 <i < N-1,1<j < M-—1, as shown in
Figure 7.7.

This method for generating bifurcation surfaces is fairly intuitive, but it may not produce
smooth results when the surfaces are complicated, such as in the case shown in the second
column of Figure 7.4. Folds and sharp bends can be difficult to track smoothly, and, because
the different one-dimensional branches are computed independently, the grid may become
significantly more skewed than in the relatively regular cases shown in Figures 7.6 and 7.7.
However, if the geometry of the surface is sufficiently simple, or if the discretization is made
sufficiently fine, then the surface can be smoothly portrayed.

For example, we now give two examples of the computation of sheets of relatively simple
buckled equilibria. First, we consider the region of the p = 1, v = 1 plane of unbuckled equi-
libria highlighted in Figure 7.8, and then we show in Figure 7.9 two sheets of buckled equilibria
branching from this region. Each sheet required approximately 6 hours of computation on a
700 MHz Pentium III Xeon and consisted of 40 MB of data. For each equilibrium, the index
was calculated using a numerical implementation of the conjugate point technique discussed
in section 2.2, and the surface is color coded by index with the color scheme from Figure 6.2.
The first sheet contains portions of the slices appearing in column 1 of Figure 7.2, while the
second sheet matches up with column 1 of Figure 7.4. On the first sheet, buckled solutions
very close to the plane of unbuckled equilibria are stable (green) if « is sufficiently small but
have index 1 (yellow) for larger values of a.. Continuing further on the sheet, we see that the
stable equilibria give way to index-1 equilibria as buckling continues. This pattern is repeated
on the second sheet but with index-2 equilibria giving way to index-3 equilibria.

As a second example, we consider the region of the p = %, v = 1 plane of unbuckled
equilibria highlighted in Figure 7.10, and then we show in Figure 7.11 two sheets of buckled



BUCKLING OF A TWISTED ELASTIC STRUT 141

300

200

MKy

100

-411 2T 0 2T 411
a

Figure 7.8. A portion of the plane of unbuckled equilibria for an isotropic rod (p = 1) with twisting-to-
bending stiffness ratio v = 1. Within the region marked by the box, we will compute sheets bifurcating from the
lines of color changes; these sheets are shown in Figure 7.9.

equilibria branching from this region. In this case, the sheets of buckled equilibria match up
with the slices appearing in column 2 of Figure 7.2, i.e., the splitting of the first sheet of
buckled equilibria from the isotropic problem. The first sheet follows approximately the same
pattern of index-0 equilibria giving way to index-1 equilibria that appeared in the isotropic
case, while the second sheet involves a similar pattern of index-1 equilibria yielding to index-2
equilibria. This pattern is consistent with the usual expectation for stability of equilibria
under symmetry-breaking perturbations: one of the perturbed images has the index of the
symmetric case, and one has index one higher. In addition, we see a new feature in this case:
the presence of a blue (index-2) patch on the first sheet. This blue patch exists because of
a secondary bifurcating sheet, which is not shown in Figure 7.11 but can be clearly seen in
the (a = ?’7”, p = %) slice in Figure 7.2 as a yellow dashed branch running on top of a solid
blue branch. The solid blue branch is a slice of the blue patch in Figure 7.11, and thus we
can infer that the blue patch is spanned by a nearly parallel yellow patch of which the yellow
dashed branch is a slice. Looking through the slices in Figures 7.2 and 7.4, we can see that
this is the simplest example of the type of surface branching and reconnection that proliferates
through the bifurcation surface for more complicated buckled equilibria, not to mention the
dependence of this topological structure on p and .
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Zl1)

zZi1)

Figure 7.9. Portion of the surface of buckled equilibria for an isotropic rod (p = 1) with twisting-to-bending
stiffness ratio v = 1, colored by the index of the equilibria according to the color scheme in Figure 6.2. For each
buckled equilibrium, the value of the force A, twist angle o, and length z(1) are plotted, and three perspectives of
the resulting surface are shown. The plane is the portion of the plane of unbuckled equilibria shown in Figure
7.8, and two sheets bifurcate from it. The origin of the red azes is at (a, A, z(1)) = (0,0,1). The spheres and
cube correspond to marked points in the left columns of Figures 7.2 and 7.4.
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Figure 7.10. A portion of the plane of unbuckled equilibria for p = %, v = 1. Within the region marked
by the box, we will compute sheets bifurcating from the lines of color changes; these sheets are shown in Figure
7.11.
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Zi1)

A

Z( 1)

Figure 7.11. Portion of the surface of buckled equilibria for p = % and with twisting-to-bending stiffness
ratio v = 1, colored by the index of the equilibria according to the color scheme in Figure 6.2. As in Figure 7.9,
three perspectives of the same surface are shown. The plane is the portion of the plane of unbuckled equilibria
shown in Figure 7.10, and two sheets bifurcate from it. The origin of the red azes is at (o, A, (1)) = (0,0, 1).
The spheres and cubes correspond to marked points in the right column of Figure 7.2.

8. Conclusions. In this article, we developed a significant simplification of the standard
technique for determining the index of equilibria in parameter-dependent calculus of variations
optimization problems. One might argue that in practice only local minima are of interest, in
which case it would seem more efficient to employ a minimization algorithm directly rather
than pursue the apparently circuitous strategy of finding all equilibria and then performing a
conjugate point computation to locate the local minima. For a single optimization problem,
this argument may be correct, but for a problem with one or more parameters, it is less
clear. As the parameters are varied, the set of equilibria tend to form connected sets that
are readily tracked by parameter continuation, as we have seen in the one-dimensional and
two-dimensional bifurcation diagrams in this paper. In contrast, the local minima may exist
in several disconnected regions of parameter space and hence may be more difficult to locate
and track using standard minimization techniques.

Such computational issues aside, the equilibrium approach offers major advantages in
terms of qualitative understanding. The differential equations describing equilibrium may
yield to qualitative analysis, at least for a subset of the solutions, that leads to insight into
the overall structure of the problem. The central result of this paper, the corollary in section 3
and its extension to isoperimetrically constrained problems in section 4, is an example of this
type of analysis. This result applied to the unbuckled configurations of the elastic strut led to
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a complete understanding of the stability index of these configurations, as shown in Figure 6.1.
These unbuckled configurations were in turn the skeleton of the full set of equilibria, as seen
in Figures 7.2, 7.4, 7.9, and 7.11, in that they provided the starting point for the numerical
continuation necessary to compute the buckled configurations. As this pattern of complicated
“nontrivial” solutions bifurcating from a “trivial” family of solutions is quite common, the
combination of analysis and computation presented here could be applied to a variety of other
parameter-dependent problems.

Acknowledgments. We thank John Maddocks for helpful discussions on some of these
questions. Physical configurations and bifurcation surfaces were produced in POV-Ray.
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Synchronized Activity and Loss of Synchrony Among Heterogeneous Conditional
Oscillators*

Jonathan Rubin and David Terman®

Abstract. The inspiratory phase of the respiratory rhythm involves the synchronized bursting of a network of
neurons in the brain stem. This paper considers activity patterns in a reduced model for this network,
namely, a system of conductance-based ordinary differential equations with excitatory synaptic
coupling, incorporating heterogeneities across cells. The model cells are relaxation oscillators; that
is, no spikes are included. In the continuum limit, under assumptions based on the disparate
time scales in the model, we derive consistency conditions sufficient to give tightly synchronized
oscillations; when these hold, we solve a fixed point equation to find a unique synchronized periodic
solution. This solution is stable within a certain solution class, and we provide a general sufficient
condition for its stability. Allowing oscillations that are less cohesive but still synchronized, we
derive an ordinary differential equation boundary value problem that we solve numerically to find a
corresponding periodic solution. These results help explain how heterogeneities among synaptically
coupled oscillators can enhance the tendency toward synchronization of their activity. Finally, we
consider conditions for synchrony to break down.

Key words. oscillations, synchrony, synaptic coupling, heterogeneity, respiratory rhythm
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PIl. S111111110240323X

1. Introduction. The inspiratory phase of the respiratory rhythm may originate in a
network of interacting cells in a region of the brain stem called the pre-Boétzinger complex
(pre-BotC) [17]. Within the pre-B6tC, when coupling among cells is blocked, there are silent
cells, cells that spike repeatedly, and intrinsically bursting cells that generate groups of spikes
separated by pauses [12, 14, 17]. The burst frequencies vary among different bursting cells,
depending on differences both in intrinsic cell properties and in inputs to the cells from other
brain regions. Moreover, cells in all groups seem to be capable of bursting, if provided with
appropriate inputs experimentally; hence they are referred to as conditional pacemakers.

Experiments in brain slices have shown that a coupled network of pre-BotC cells typically
displays synchronized bursting oscillations, even though some uncoupled cells are silent or
repeatedly spiking. Indeed, simulations suggest that with only about 10% of the cells in
the network operating in the intrinsic bursting mode when uncoupled, a model pre-BotC
network can still generate a synchronized population rhythm [3, 6]. Within the synchronized
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cell population, details of the bursting pattern, such as precise onset and offset times, may
differ slightly from cell to cell, presumably relating to the presence of intrinsic and input
heterogeneities. Synchronization can also break down as it is replaced by a more complex
bursting pattern such as a 2:1 or 4:1 rhythm, in which some subset of cells joins in only on 1
out of every 2 or 4 bursts of the rest of the cells [3], or perhaps even chaos [7].

In two papers, Butera and collaborators presented simulation results for models for indi-
vidual cells in the pre-B6tC [2] as well as for a network composed of these cells [3]. In the
network, only excitatory coupling was included, as synchronized respiratory rhythms in pre-
BotC persist under experimental blockage of inhibition but not under blockage of excitation
[14]. For the most part, each cell was coupled to all other cells, since qualitatively similar
results were found for sparse and full connectivities [3]. Cells also received tonic external
excitatory input, with input strengths varying across the population.

The simulations in [2] captured the fact that individual neurons in the pre-B6tC can be
transformed from silent to bursting to repeated spiking states by varying certain parameters.
When coupled, the simulated cells tended to engage in synchronized oscillations. Interestingly,
while coupling among identical cells increased the range of external input levels over which
synchronized oscillations occurred, relative to the oscillatory range for a single cell, networks
of coupled cells with heterogeneities in certain parameter values displayed the broadest such
dynamic range [3]. Thus heterogeneities in intrinsic cellular parameters and in external input
levels are hypothesized to play key roles in enhancing the robustness of the respiratory rhythm
and in shaping the details of cellular activity during these oscillations.

In this paper, we consider a synaptically coupled network of pre-BotC pacemaker cells,
each featuring heterogeneities in certain parameters, with each cell governed by a reduced
version of the conductance-based neuronal model presented in [2]; the model is introduced in
section 2. We treat this system via both simulation and analysis. We perform simulations on
a network of 20 heterogeneous cells with all-to-all excitatory synaptic coupling, with results
presented in section 3. Our simulations, done with XPPAUT (developed by G. B. Ermentrout
[8] and available at http://www.math.pitt.edu/ bard/xpp/xpp.html), provide a useful tool
for phase space visualization of dynamics of nonidentical coupled oscillators. In particular,
in animations of our results, we display nullclines, which dynamically evolve according to
coupling levels present. For these nullclines, we also show the corresponding curves of knees,
as defined in section 2, which evolve similarly. For oscillatory dynamics, the curves of knees
are crucial in determining which cells are able to oscillate on each cycle of network activity,
and the visualization that we provide gives an extremely clear way to view their role while
network activity is in progress.

For our analytical treatment, we work in the continuum limit, in which the number of
cells in the population is infinite. Our results thus yield a good approximation of network
behavior with large numbers of cells, which is the biologically realistic scenario but for which
direct simulations become difficult. Our analysis, in sections 4 and 5, provides conditions
for the existence of stable synchronized relaxation oscillations in a reduced pre-B6tC model.
When these conditions are satisfied, all cells in the network will begin and terminate their
active phases together, although they will do so from a distribution of voltage levels. Our
analysis shows that, when it exists, this synchronized oscillatory solution is unique. It also
yields a formula that pinpoints the location of cells at onset of activity, in an appropriate
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phase space. We prove that this solution is always stable within a certain solution class, and
we provide a general sufficient condition for its stability. Alternatively, for the case of a more
gradual onset of activity, observed in our simulations and in [3] for some parameter values,
we derive in section 6 an ordinary differential equation boundary value problem that can be
solved numerically for the location of the cells at activity onset (or termination). The same
approach can be used to give conditions for synchrony with a gradual termination of activity.
Finally, in section 7, we give a condition under which a cell configuration in phase space will
not generate a synchronized oscillation, and we conclude with a discussion in section 8.

Synchronization of coupled oscillators has received significant attention in past works. In
particular, synchrony is one of many activity patterns considered previously in modeling stud-
ies of networks of synaptically coupled relaxation oscillators (reviewed in [13, 16]). A novel
feature of this paper is the inclusion of the effects of heterogeneity in such a network (see
also [10, 19, 20, 5]). Heterogeneity has been found previously to compromise the robustness
of synchronization in networks of spiking neurons with inhibitory coupling [4, 21]. Our anal-
ysis explains how heterogeneity can actually promote synchrony in a network of relaxation
oscillators with excitatory synaptic coupling, even when some cells in the network would be
unable to oscillate in isolation or with synaptic input only from cells identical to them. Similar
mechanisms are likely to act to promote synchrony in heterogeneous populations of bursting
neurons.

2. Model.

2.1. Single cell. We model each cell by a system of ordinary differential equations of the
form

v = f(v,h) + Lopp + Lsyn,
(2.1) h' = eg(v,h).

Here v(t) represents the membrane potential of the cell, and h is a channel state variable, as
described below. The parameter Iy, denotes an applied current, and € > 0 is assumed to
be a small, singular perturbation parameter. The term I, encompasses coupling from other
cells; it is described in detail below.

Suppose, for now, that Iy, = 0. We assume that the v-nullclines {f(v,h) + Iop, = 0}
are cubic-shaped for all values of I, of interest. Moreover, the h-nullcline {g(v,h) =0} isa
monotone decreasing curve that intersects each of the v-nullclines at a single point, denoted by
Po = po(Lapp); see Figure 1. We further assume that v" > 0 (< 0) above (below) the v-nullcline
and b’ > 0 (< 0) below (above) the h-nullcline. It follows that, if py lies on the middle branch
of the v-nullcline, then (1) exhibits a stable limit cycle for all e sufficiently small, while, if pg
lies on either the left or right branch of the cubic nullcline, then pg is a globally stable fixed
point for all e sufficiently small.

In the simulations that follow, we consider a specific instance of (2.1), namely, the conduct-
ance-based model

C’mq/ = —gNamoo(’U)h(’U — UNa) — QL(U - UL) + Isyn + Iappa

(2.2)
W= (hoo(v) = h)/Th(v),



SYNCHRONY OF HETEROGENEOUS OSCILLATORS 149

uncoupled knees
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%40 15 20 25
app

Figure 1. Numerically generated nullclines for (2.2) in the (v, h)-phase plane, with parameters from the
appendiz. (a) Increasing excitatory input Iapp, > 0 (from 11 = 10 to I = 25) lowers the v-nullcline (here
Isyn = 0). Cells with a range of Iapp values can all be visualized in the same phase plane; an example
representing the position of 15 cells is shown by the dark curve of circles. (b) Excitatory synaptic inputs further
lower nullclines for v < vsyn. The dark curve denoted by asterisks gives a numerical approximation to the left
curve of knees for Isyn, =0 and for I.p, Tanging from I up to I>. (c) Uncoupled (hpk (Iapp)) and effective left
knees. The solid curve shows the left knee curve from part (b). The other curves show effective knees computed
numerically for gsyn/N = .005 (dotted) and gsyn/N = .01 (dashed) with Isyn computed by assuming that cells
jump up to the active phase in order of decreasing Il.pp. Larger gsyn lowers the effective knees, promoting
synchrony.

where hso, Moo are monotone decreasing and increasing sigmoidal functions, respectively. The
full functional forms and parameter values used are given in the appendix; these are based on
models in [2, 3] but with sodium and potassium spiking currents blocked. The first equation
in (2.2) describes the evolution of the voltage across a cell’s membrane, with capacitance Cy,,
in terms of a persistent sodium current (Iyqp in [2, 3]), a leak current, and input currents.
The second equation describes the slow inactivation of the persistent sodium current. For
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biophysically relevant parameter values, (2.2) can be considered as singularly perturbed, since
h evolves much more slowly than v.

The v-nullclines of (2.2) for different values of I, with I, = 0, are shown in Figure 1a,
along with the A-nullcline. On each nullcline, the left branch corresponds to the silent phase,
where a neuron fires no spikes, and the right branch corresponds to the active phase, where a
neuron is said to be spiking. For all values of I,,, considered, the v-nullcline has two saddle-
node points, or knees, where the branches coalesce; see Figure 1b—c. We refer to these as a
left knee at a smaller value of v and a right knee at a larger value; we denote the left curve
of knees by (vrk,hri)(lapp) and the right curve by (vri, hri)(Lapp). Let Lynqr denote the
maximum of the values of I, over the cell population, and set hrx = hrkx (Imaz)-

Note from (2.2) that increasing I,p, lowers the v-nullclines. If Iy, is sufficiently small,
then the fixed point pg lies on the left branch of the v-nullcline, and the system is said to
be excitable. For larger values of I,,,, the fixed point lies on the middle branch of the cubic
nullcline, and the system is oscillatory, with a periodic solution that jumps up from the silent
phase to the active phase and then down from the active phase to the silent phase. Thus this
system captures the conditional pacemaker property of pre-BotC cells.

Simulations in [3] show that the biological effects of heterogeneities among cells in the
pre-B6tC are reproduced by introducing heterogeneities in the applied current I,,, and in
the intrinsic parameters vy, and gy, in (2.2). The influences of heterogeneities in I,p, and
v, in (2.2) can be combined by defining a new parameter fapp = grvr, + lapp. For notational
convenience, we will instead, without loss of generality, fix gr,v;, and restrict variations to Iup.
In this paper, we will focus on heterogeneities in I, although we mention specific influences
of heterogeneities in gy, in the discussion.

2.2. Synaptic coupling. We now describe I, the coupling between cells. First, consider
a population of NV discrete cells, and let the coupling to cell j be given by

N
(2.3) Ioyn = gj\y[n <kz::1 soo(vk)> (Vsyn — vj),

where
Seo(v) = 1/(1+exp((v—6s)/0s)).

Here we are assuming that the coupling is all-to-all and homogeneous. (That is, the form of
Seo does not depend on the index k.) Note that, if o5 is very small, then s (v) =~ H (v — 05),
where H is the Heaviside step function; that is, soo(v) &= 0 if v < 6,5, and s (v) = 1 if v > 6.
In the analysis, we assume that s (v) = H(v — 65). The value 05 is such that a cell’s voltage
increases through 6, as it jumps up to the active phase.

In (2.3), gsyn > 0 represents the maximal synaptic conductance, and vy, is the synaptic
reversal potential. We will choose vy, so that vy (t) < vey, for each k along every solution of
interest. This implies that I, is always positive, corresponding to excitatory coupling; see
Figure 1b.

In the analysis, we will consider the continuum limit of infinitely many cells. We assume
that each cell is parameterized by a point x in some domain D. One may view D as some
subset of R?; however, this is not necessary. We then denote the dependent variables as
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v(z,t) and h(z,t). As before, heterogeneities will be in the applied currents, which we denote
as Iogpp(x). We then let

(2.4) TIoyn(z,t) = (gsyn/Vol) (vsyn—v(x,t))/l)soo(v(x,t))da:,

where s is defined as above and Vol = [}, dx.

When Iy, = 0, the h-values hrx(Llapp), hrRK (Lapp) for the knees of the v-nullcline are
defined by solving the two equations f + I, = 0 and 9f/0v = 0. Suppose that all cells with
the same value of I,,, are synchronized, such that the parameterization by x is equivalent to
a parameterization by Iup,. For I, > 0 given by (2.4), the equations f + Isyn + Iopp = 0
and O(f + Lsyn)/0v = 0 then define curves h(l,py) as well. When solutions exist, we refer to
these as effective knees. The effective knees will be crucial for determining which cells jump
up to the active phase in a network oscillation. An example appears in Figure 1lc, based on
the assumption that cells jump up to the active phase in order of decreasing I,pp, such that
Isyn becomes larger for cells with smaller I,p,,. The role of the effective knees is illustrated in
the numerical simulations in the next section. Note that, in Figure 1c, the effective curve of
knees may be nonmonotone due to the larger value of I, that occurs for smaller I,,, when
cells jump up to the active phase in order of decreasing Iupp.

3. Numerical simulations of network activity. In this section, we present numerical sim-
ulations of (2.2) that illustrate different population rhythms exhibited by the model network.
We consider a population of 20 cells and denote the dependent variables corresponding to cell
i, 1 < <20, as (vi(t), hi(t)). We assume that the heterogeneity parameter I, varies in
a uniform linear fashion between I,,;, = 10 and I, = 25. Note that, when Iy, = Inin,
system (2.2) with Iy, = 0 is excitable, while, if I,p, = Ipmae, then (2.2) is oscillatory. We
demonstrate how the population rhythm changes as we vary the parameter gsyn = gsyn/20.

First suppose that gs,, = .012. Then the cells’ activities are fairly well synchronized. This
is demonstrated in Figure 2a, where we show the evolution of each v;(t). Note that all of the
cells jump up to and down from the active phase at approximately the same times. Further,
ordered jumping up occurs, such that cells with larger values of I, jump up before cells with
smaller I,,,, as seen in the simulations in [3].

Perhaps a more illuminating way to present this solution is presented in Figure 3. This
shows the evolution of each (v;(t), h;(t)) in the same (v, h) phase plane, along with the cubic-
shaped v-nullclines (in black for ilow = I,,;, and in red for ihigh = I,,,,) and effective
knees corresponding to different levels of applied current and synaptic coupling. The synaptic
coupling level is displayed in the upper-right corner as sy, defined as "72; 5o (vg). Cells are
color-coded according to their I,,, values, with red for largest I,,, and dark blue for smallest
Lupp, and the effective left and right knees for each cell share its coloring. As s, changes,
the effective knee positions move correspondingly. From this animation, we can observe that
the cell with largest I,p, jumps up first. Moreover, since the excitatory coupling lowers the
nullclines and corresponding knees for cells while any cells are in the active phase, we see that
synaptic coupling here prolongs active phases and slows oscillation frequency relative to the
uncoupled case (as a consequence of fast threshold modulation; see [18]). This is similar, but
complementary, to the mechanism by which inhibition can speed up rebound burst frequency
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0 cells 20

time e

250

Figure 2. Voltage versus time for synchronized oscillations of 20 heterogeneous pre-BiotC' cells. Mowving
horizontally across the figure corresponds to picking out different cells in the network. Time evolves downward.
Voltage is coded in greyscale. The range of voltages encoded is limited to —30mV wup to —10mV in order to
focus sharply on the active phases of oscillations, which correspond to the dark bands in the figure. Cells with
larger 1app values are labelled by higher numbers, appearing to the right in the figure. Note that cells with large
Lopp tend to jump up earliest in each cycle. (&) Gsyn = 0.012 gives a fairly unified jump-up. (b) Gsyn = 0.009
gives a more gradual jump-up.

in networks [11], and it agrees with the observation in [3] that excitatory synaptic coupling
slows oscillation frequency.

Figure 3 clearly demonstrates that each cell, while in the silent (active) phase, lies along
the left (right) branch of the cubic corresponding to the level of applied current and synaptic
input it is receiving. The positions of all of the cells at each fixed time approximates a curve
that evolves in the (v, h) phase plane. We refer to this curve as a snake of synchrony. The
primary goals of this paper are to derive conditions for when such a synchronous solution
exists and to derive an analytic expression for the corresponding evolving snake curve.

Remark 3.1. Generally, a synchronous solution can be defined as one in which all cells
jump up to the active phase on each cycle, and no active cell jumps down until all cells have
jumped up. In our analysis, we will consider different types of synchronous solutions. In one,
cells will jump up at the same moment in time, in an appropriate sense. In another, we allow
cells to jump up at different times, but we require that no active cell jumps down until all of
the other cells are active. In both cases, we assume that cells with I,,, = Ije; jump up first
and that cells jump up in order of decreasing I, as observed in simulations.

As we gradually decrease gsy,, and thus gsyn, different cells may jump down first, and
then the jump-up may become less unified (Figures 2b and 4). Note from Figure 2b and
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SYNCHEONIZED

Figure 3. Animation of a simulated synchronized oscillation with unified jumps (Gsyn = .012). Since all
cells jump up at similar times, they end up fairly close together in the active phase, as shown in this still frame.
Since all cells are in the active phase in the still frame, Stor = 22021 Soo(vk) = 20.

Figure 4 that the same cell (with I = I,;,4,) jumps up and down first; as gy, is weakened
and the jump-up becomes more gradual, cells become unable to catch up to the lead cell
with I = I,,4, in the active phase. Finally, for still smaller gs,,, synchrony is lost, and more
exotic population behaviors arise. For example, suppose that g, = .00825, and consider
the solution shown in Figures 5a and 6. Note that the entire population breaks up into two
groups. Cells within each group are fairly well synchronized; however, one of the groups jumps
up to the active phase only during every second cycle of the other group. As we decrease gsyn,
solutions become increasingly more complicated. Figures 5b and 7, for instance, show that,
when gy, = .0035, the solution appears to be quite irregular and possibly chaotic. Moreover,
cells with I,pp < Ijner may now jump up first on certain cycles, as seen in Figure 7. This can
happen because, when a cell fails to jump up on one cycle, it can end up quite close to its
uncoupled knee in the silent phase after active cells jump down on that cycle. Finally, when
gsyn is sufficiently small, cells behave essentially as if they are uncoupled.

4. Analysis of snakes—preliminaries.

4.1. Introduction. Here and in section 5, we derive an analytic expression for a periodic
solution to (2.1), consisting of a snake of synchrony for which all cells become active on each
cycle of network activity, and conditions for when such a solution exists. In order to derive
the analytic formulas, it will be necessary to make several simplifying assumptions on the
nonlinear functions in (2.1). These assumptions are based on the numerical simulations of
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GEADUAL JUMF-UF

Figure 4. Animation of a simulated synchronized oscillation with gradual jump-up (Gsyn = .009). The
gradual jump-up causes cells to be quite spread out in the active phase, as shown in this still frame.

(2.2) discussed above as well as the forms of the nonlinearities in (2.2), as discussed below
and in the appendix. In particular, to derive explicit formulas, we assume that all cells jump
up and down together, in a sense to be made precise below. This is quite accurate for large
gsyn- In section 6, we allow for more gradual jumping. This does not lead to an explicit snake
formula but rather to a single ordinary differential (with respect to I,;,,) equation boundary
value problem that can be solved numerically for the periodic solution, expressed as a curve
parameterized by Igpp.

Recall that a snake of synchrony is a curve in the (v, h) phase plane, parameterized by
the position x € D, that evolves in time. For our analysis, it will be more convenient to
parameterize the snakes by the heterogeneity parameter I,;,,, which we usually write as simply
I. As noted earlier, this is justified if all of the cells with the same input I,,, are completely
synchronized; that is, if Lopp(21) = Iopp(22), then (v(z1,t), h(z1,t)) = (v(x2,t), h(x2,t)) for all
t. Under this assumption, we denote the snake as (v(I,t),h(I,t)) for Iin < I < Lpas, where
Imin and Ip,q, are the minimum and maximum values of Iy, for z € D, respectively. (It is
assumed that each of I, and I, is attained for some x in D, justifying the notation, and
that both are finite.) We shall refer to either the cells with input I or the position in phase
space of these cells as cell(I).

We assume that, initially, the snake is in the silent phase with one of the cells at a left
knee ready to jump up. This will turn out to be the cell (or cells) with the maximum applied
current I 4., as discussed in the previous section and Remark 3.1. We then follow the snake
around in phase space until it completes one cycle. This cycle consists of four pieces: the
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Figure 5. Voltage versus time for asynchronous rhythms of 20 heterogeneous pre-BétC cells. (a) With
GJsyn = .00825, three oscillation cycles are shown; in the first and third, several of the cells with small Iop, fail
to become active. (b) With gsyn = .0035, participation in the oscillations is irregular, especially for cells on the
edge of the participating and nonparticipating regions of the population.

jump-up, the active phase, the jump-down, and the silent phase. We analyze the evolution
of the snake over each of these pieces in the subsections below. The analytic formula for
the snake is then obtained by assuming that the snake returns after one complete cycle to
precisely the position from which it started. We derive the formula for the position of the
snake at jump-up, although this could be done similarly for the snake position at other stages
in a cycle.

4.2. The silent and active phases. We now derive equations for the evolution of the cells
during the silent and active phases. The first step is to introduce the slow time scale 7 = et
n (2.1). We then set € = 0 and Iy (2,t) = Iapp + Isyn(,t) to obtain the reduced equations

0 = f(v7h)+ltot7

4.1
( ) h' = g(v,h),

where differentiation is now with respect to 7. The first equation states that the cells lie along
either the left or right branch of the cubic v-nullcline determined by Ii; we refer to these
nullclines simply as cubics below. We denote these branches as

v = UL(haltot) and v = UR(h7[t0t>7
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I1EREAE-UF

stot=13.5206

Figure 6. Animation of a simulated solution that breaks up (Gsyn = .00825). This still frame shows the
red and orange cells, with largest Lopp, beginning to jump down, while the darkest blue cells, with smallest Lpp,
have failed to reach their effective knees for jump-up.

respectively. Substituting this into the second equation of (4.1), we find that the slow variables
h satisfy scalar equations of the form

(42) h/ :g(vﬂé<h’7 Itot)7h) = G&(hvltot)7

where o = L or R depending on whether the cell lies in the silent or active phase, respectively.

We next make some simplifying assumptions on the nonlinear functions. These will allow
us to solve the scalar equations (4.2) explicitly. We first consider the active phases, during
which the cells lie along the right branches of certain cubics. For these values of (v, h), we
assume that

(4.3) W = Gr(h, Liot) = —ph

for some positive constant p. In order to justify this assumption, we consider the biophysical
model (2.2), in which

(4.4) 9(v,h) = (heo(v) = h)/Th(v).

For the parameter values given in the appendix, one finds that ho(v) is extremely small
and 7(v) is nearly constant while the cells are in their active phases. This then leads to the
approximation (4.3).


http://epubs.siam.org/sam-bin/getfile/SIADS/articles/40323_06.gif

SYNCHRONY OF HETEROGENEOUS OSCILLATORS 157

IRREGULAR

Figure 7. Animation of a simulated irregular solution (Gsyn = .0035). In this still frame, note that cells
with Iupp < Imax have jumped up first in this oscillation cycle. Since only two cells are active in the still frame,
Stot = 2.

Now consider the silent phases, during which cells lie along the left branches of the ap-
propriate cubics. We will assume that G, (h, ;o) is linear. More precisely, assume that there
exist positive constants a, b, and ¢ such that

(4.5) h' = Gr(h, Lipt) = —ah — blipt + c.

This will be the case if g(v, h) is given by (4.4), hoo(v) is linear, 75,(v) is constant, and each
of the left branches is linear. Of course, none of these conditions are precisely satisfied.
However, we demonstrate later that these assumptions lead to a very good approximation of
the synchronized snake.

Remark 4.1. Recall that hp g = hr g (Imaz), the h-value of the left knee of the v-nullcline for
Lypp = Imae- Since we assume that there is no fixed point on the left branch of the v-nullcline
for I,pp = Imaz, we have

(46) - ahLK - bImaz +c>0.

4.3. Jumping up. In section 5, we will consider synchronous snakes with the property
that all of the cells jump up together, with respect to the slow time scale. In section 6,
we consider snakes that jump up more gradually. The reason why simultaneous jump-up is
possible is that, when one cell jumps up, the synaptic inputs to all of the other cells increase.
This lowers the cubics associated with the other cells. If one of the other cells lies above the left
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knee of its lowered cubic (i.e., above its effective left knee), then that cell will also jump up to
the active phase, leading to the further lowering of the cubics. Since the jump-up takes place
on the fast time scale and the Heaviside synaptic variables so(v) respond instantaneously, it
is possible for all of the cells to jump up together with respect to the slow time variable 7.

We now derive an expression for when the cells do jump up together as described above.
Cells with Iup, = Ipae jump up when they reach their left knee. Motivated by Remark 3.1,
we assume that the cells that jump up do so in order of decreasing I,pp. Fix I € [Lnin, Imaz),
and assume that each of the cells with I < I,p, < Ipe: jumps up at the same moment as
cell(Imaz). We wish to determine whether cell(I) must also jump up at that moment, that
is, whether it lies above the left knee of the appropriate cubic.

Let (v(I), h(I)) denote the position of cell(I) in (v, h) phase space, where v(I) = v (h(I), I),
at the moment when the cells with I,,, > I jump up. From (2.4), it follows that the synaptic
input to cell(I) is

(4.7) Liyn(I) = (gsyn/Vol) (vsyn — o(D)) {2 : Lagp () > I},

where f is the usual Lebesgue measure and Vol is the same normalization factor given in (2.4).
Essentially, u{z : Iop,(x) > I} gives the volume of the subset of D on which I4p,(z) > I. We
assume henceforth that Ig, (1) is a continuously differentiable function of I on (Lnin, Imaz)-
Following the notation introduced in the preceding section, we find that cell(I) will jump up

if
(4.8) h(I) > hpx(I + Igyn(f)).

Hence, if this last condition is satisfied for all I € [Lnin, Imaz], then all of the cells will jump
up together. In subsection 5.2, we demonstrate how this leads to an explicit condition on
parameters and nonlinear functions in (2.2) for the existence of a snake of synchrony.

4.4. Jumping down. For the solutions under consideration in sections 5 and 6, all cells
jump down at the same time with respect to 7, from right knees hrx (I) which depend on I.
This is possible through a mechanism analogous to that described above for synchronous jump-
up. Jump-down is initiated when cell(1;) reaches its right knee for some Iy € [Inin, Imaz]-
Once this occurs, then, for each I # I, the loss of synaptic input to cell(I) from the jumping
down of other cells raises the effective right knee of cell(I) sufficiently high that h(I) < hrx (I+
Isyn(I)) for the appropriate value of Iy, (I), and cell(I) jumps down. Since any cell(I;)
may initiate the jump-down, writing an expression analogous to (4.7) for Iy, (I) at jump-
down becomes complicated (although, for special cases, we can derive a jump-down condition
analogous to (4.8)). Instead, we simply assume that all cells jump down together. This
assumption is based on numerics showing unified jump-down for all synchronous solutions.
Moreover, while no cells have critical points on their right branches, all cells’ right knees come
close to hoo(v) in the active phase for the parameter values in the appendix. Thus, based
on (4.4), all cells become compressed toward their right knees in the active phase, promoting
unified jump-down.
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5. Linear snakes: Cells jump up and jump down together.

5.1. Snake formula. We assume throughout this section that all of the cells jump up and
jump down together, with respect to the slow time scale. Although this condition may not
hold, in general, we will demonstrate that, for strong coupling, it does lead to a very good
approximation for the snake. We shall derive an explicit formula for the initial (jump-up)
position h(I) = h(I,0) of a periodic snake of synchrony. It will follow that h(I) must be
linear in the case of synchronized jumps.

Suppose that the first cell to jump down is cell(I;) and this cell jumps down at the right
knee, whose position we denote by h%y-. (Note that it is possible that I # I;mee.) Then the
time that cells spend in the active phase after they jump up is the time for cell(I;) to evolve
from hy = h(14) to h%j under (4.3), namely, Ty = %ln(hd/h%K). At this jump-down time,
each cell has a position given by h(I,Ta) = h(I)h% s/ ha-

We next consider when the cells are in the silent phase after they jump down. During this
time, Iy, = 0. Hence each cell evolves according to (4.5) with I;,s = I and initial position
h(I,Ty4). It follows that, while in the silent phase,

d
(5.1) (I, 7) = h([)’gﬂea(n—r) + AL (1 — ea(Ta=T)y,
d

where we set
(5.2) A= (c—0bl)/a,

which is the value of the critical point of (4.5) for I, = 0. One cycle is completed when
cell(Imqz) returns to its left knee, hpx = hpg(Imaer). If this is at time T, then, setting
Ts =T — Ty, (5.1) yields

d

(5.3) h(I,T) = h(I)h}ZKe_“TS + Ar(1 —e sy = M(h(D)).

Now a periodic snake of synchrony corresponds to a fixed point of the operator M (h([)).
In particular, for I = Ip,44, setting Ay = Ay = Ay, in (5.3) gives

hd
hrxg = hLK%e_aTS—i—AM(l—e_aTS).
d

Multiplying through by h(I)/hrk gives

(5.4) h(I) = h([)f%(e—ﬂs + AJ\}:IZSI)O _ emaTs),

We now have expressions for M (h(I)), from the right-hand side of (5.3), and h([), from (5.4).
The corresponding fixed point equation M (h(I)) = h(I) has a unique solution, given by the
analytic expression

(5.5) () = huc (12 ) = e (5552 ).

¢ —blpaz



160 JONATHAN RUBIN AND DAVID TERMAN

Note that the value of h(I) given in (5.5) is attainable by the evolution of (4.5), since it
lies below the critical point of (4.5) for each I. This holds since hyx < Ay by (4.6), while the
critical point of the h-equation for fixed I is A;. In Figure 8, the fixed point snake position
at jump-up predicted by (5.5) is compared to the snake position at jump-up from numerical
simulations of the pre-B6tC network (2.2), with 20 cells, for ggy,/20 = .012, which leads to
relatively simultaneous jumps (see Figures 2a and 3).

. .
—— numerical
0.95¢ - - - linear

20 25

10 15

|
app

Figure 8. Fized point snake positions at jump-up. The dashed curve shows the estimate from formula (5.5),
and the solid curve shows the result from numerical simulations of (2.2), with 20 cells, both for gsyn/20 = .012.

Remark 5.1. Interestingly, formula (5.5) for the snake does not depend on any parameter
associated with the active phase or the synaptic coupling between cells. Such parameters may
affect whether or not cells all jump up together, but if this does happen, then (5.5) gives the
position of the snake of synchrony at jump-up.

5.2. Jump-up condition. When deriving the snake formula, we assumed that all of the
cells jumped up together. Here we use (4.8) to derive conditions on the parameters for when
this must be the case. For simultaneous jump-up, the left-hand side of (4.8) is given by the
snake formula given in (5.5). It remains, therefore, to estimate terms on the right-hand side
of (4.8).

Choose A1 so that, if (v, h) lies in the silent phase (with Iy, = 0), then

(5.6) Vsyn — ¥V > 1.

We assume that there exists Ay > 0 such that

(5.7) plx : Iopp(x) > I} > Ao(Lmaz — 1)

for all I € [Iin, Imaz]- The existence of a strictly positive A2 such that (5.7) holds requires

that the distribution of I values does not have an exponentially decaying “tail” near Iq..
Such a tail would lead to a gradual jump-up, which is discussed in section 6.
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Now let Ig,,(I) be as in (4.7), and set Ag = A1 A2. It then follows from (4.7), (5.6), and
(5.7) that

(58) I;Lyn(f) > gsyn)\O(Imax _I)

Finally, we assume that we can bound hpx (I) between two linear functions of I; that is, there
exist positive constants mi and msg such that

(5.9) m1(Imaz —I) < hrx(I) —hrx < mo(Imae — 1)

for all I € [Iin, Imaz|- (Recall that hpx = hpi(Inae).) Together with (5.8), this implies
that

(5.10) hLK(I + Igyn) < hrg + mQ(Imaa; — I)(l — gsyn)\O)-

A straightforward calculation, combining (4.8), (5.5), and (5.10), then demonstrates that (4.8)
is satisfied if

1 bhr i >
5.11 om > — (1= 2K
(5:11) Joun = Ao ( amaA s

that is, if the synaptic coupling is sufficiently large.
When deriving the snake formula, we also assumed that cell(1y,q,) is the first to jump up.
This will be the case if

A
h(I) = hLKAil < hrr(I)
M

for all I < Iyae. Using the left-hand side of (5.9), the definition of A; from (5.2), and the
notation Ay := Ay, ., we find that this holds if

bhrk

5.12 > :
( ) m QAM

that is, if the curve of left knees is sufficiently steep.

Remark 5.2. In the simulations throughout this paper, the right-hand side of (5.12) is
considerably smaller than m;. This fits nicely with the fact that cell(l4,) jumps up first in
all of the synchronized solutions that we observe.

Remark 5.3. In a similar manner to the above, we can derive conditions for which a cell
hits its right knee first and for whether all cells jump down together when this occurs. Note,
however, that the jump-down is in general observed to be well synchronized in our simulations,
in full model simulations [3], and in experiments [12]. In the appendix, we also discuss how
the parameters in (5.11) and (5.12) can be easily approximated from system (2.2), giving a
means to predict whether system (2.2) can be expected to support synchronized oscillations
with unified jump-up for particular parameter values. In the next section, we derive a more
general formula for the snake in which we do not assume that all of the cells jump up at the
same time on the fast time scale.
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5.3. Stability of the fixed point snake of synchrony. In this subsection, we consider
stability of the fixed point (5.5) representing the snake of synchrony, from two perspectives.
The map given in (5.3) is nonlocal since the term h(I;) appears explicitly in it for all I, and
this complicates stability analysis. We start by considering the class of linear snakes. That
is, we restrict ourselves to snakes that satisfy initial conditions of the form

(5.13) hI,0) = h(I) = hix + a(Ipa — 1)

at jump-up for an arbitrary parameter a. It is easy to check that a solution of (4.3) and (4.5),
with simultaneous jumps between phases, remains linear if it satisfies (5.13) at jump-up. We
derive a map on slopes « defined for linear snakes, with a fixed point corresponding to (5.5),
and use this to prove that the snake of synchrony is stable within the class of linear snakes.
After this, we derive a sufficient condition for this snake of synchrony to be nonlinearly stable,
without restriction of solution class.

Because solutions with initial conditions that are linear functions of I remain linear for
all time, the initial condition (5.13) evolves after one cycle into another linear function of I,
possibly with a different slope. We write this as

h(I,T) = hrk + m(@)(Imaz — 1)-

Here T is the cycle duration. This naturally gives rise to a real map o — 7(«). We wish to
derive a formula for this map, find the fixed point corresponding to (5.5), and determine its
stability.

Recall that b/ = —ph in the active phase. Consistent with our earlier notation, we fix Iy
such that cell(I) jumps down first. As previously, let hy = h(I4,0), let h% i denote the value
of h at the right knee for I = I;, and recall that T4 denotes the time spent by all cells in the
active phase. Then (4.5) yields

(5.14) h(I,Ta) = (hrg + a(Imaz — 1)) e P14,
where
hd
(5.15) e PTa = “RK
hq

As previously, in the silent phase, b’ = —ah — bl + ¢, and A; = (¢ — bI)/a. Solving this
silent phase equation with initial condition (5.14) yields that, for T4 <7 < T,

h(I,7) = h(I,Ta)e™Ta=7) 4 Ay(1 — e¥Ta=7))
or, letting Tg =T — T4,
(5.16) WI,T) = (hpk + a(Imae — 1)) e "T4e5 4 Af(1 — e 75).
Note that h(Inae,T) = hpx. Hence, for Apy := Ag, ., as previously,

(5.17) hrg = hLKeipTAeiaTs + AM(l — efaTS).
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We use this last equation along with (5.16) to conclude that
h(I,T) = hrg + a(Imae — e PTae™Ts 4 (Af — App)(1 — e 9T5)
or
I, T) = hrk + (Imee — ) (ae_pTAe_aTS + 3(1 —~ e_“TS)> :
It follows that

b
(518) 7'('(0[) = ae_pTAe_aTS + a(1 _ e—aTS)'

To rewrite (5.18), note that, from (5.17),

A
(5.19) e PTag=als — 1 M (g _ omals),
hrk

which implies, after some rearrangement, that

b A
(5.20) r(a) = a + ( - aM) (1— e aTs).
a hri
Finally, solving 7(ag) = ag yields an expression for the fixed point «g, namely,
b Ay bhrx
5.21 LA _ bhik
(5.21) L Qo Tk 0 or ap o Aus

Remark 5.4. Note that the slope specified in (5.21) is exactly that of the fixed point snake
(5.5), and so our two calculations are consistent. However, the calculation here is not as
general as the earlier one in subsection 5.1, which, in theory, allowed for the possibility of
nonlinear fixed points.

Next we consider the stability of the fixed point. We differentiate (5.20) to find that

(5.22) W/(a) = 1 - AiM(l _ 6_aTS) + (b — o AM > ae_“TS dTS
hri a hi K

do

The last term is zero for a = ap because of (5.21). Hence

(5.23) () =1— E(l — e Ty,

In order to make sense of this, we substitute (5.15) into (5.17) to find that
hrg = h*e_aTS + AM(l — e_aTS),

where

hd
(5.24) hy = hp—2EK.
hq
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Hence

Ay —h
—ars _ MM —hik
(5.25) e A b

Apply this in (5.23), and use (5.24) to find

A hpx—hs
7T/(Oé()) = 1- hLﬁI( ((AL]:I(—}Z*))
(5.26) | M
= 1-Ay|——|.
Apm—hrk ff

The last term in (5.26) is positive because h;; < hg and hpx < Ay from (4.6). Therefore,
we wish to prove that it is less than 2. We will, in fact, show that this last term is less than
1, and, therefore, 0 < 7’'(cvg) < 1. This follows if

h4 h4
AM—AMiRK < Ay —hrk RKa
ha ha

which is true because hrx < Aps. Thus the snake of synchrony is stable within the class of
linear snakes.

Remark 5.5. When I; = I 4z, the map in (5.3) no longer depends on an unknown hy =
h(I4,0) since, by construction, h(Imaz,0) = hrrx. Thus (5.3) becomes linear in h and can be
differentiated directly with respect to h. The derivative of the map is exactly the expression
given in (5.26). Thus, for I = I., the fixed point snake of synchrony is always stable.
However, this calculation is not possible for I; # Inaz.

To consider stability without restriction to the class of linear snakes or to Iy = ILnaz,
we consider perturbations sufficiently small such that they do not change which cells jump
down first (i.e., the value of I;). Clearly such perturbations exist; as an example, recall from
section 3 that there is a range of gy, values that gives a snake of synchrony for which cells
with I = I,,,4, jump down first. For such a snake, a perturbation that retards the other cells
slightly and is sufficiently small to preserve synchrony conserves I.

Let h(I) denote the snake of synchrony, and let p(I) = h(I)+e€(I) denote a perturbation of
h(I) at jump-up. We will measure distance under the supremum norm ||f(I)|| = sup{|f(I)| :
I € [Inin, Imaz]}. We will derive a condition under which, for M (h(I)) defined in (5.3), we
have ||M(p) — M (h)|| < L||p — h|| for a constant 0 < L < 1. Equation (5.3) gives

1M (p) = M(h)|| = [|A(I)hfce™ 5 [ha — p(Dhe™ " [pa — Ar(e” TS — e8],

where e~%T5 is given by (5.25), pq = p(Is), and Ty is the value of Tl obtained by substituting
pg for hgin hy = h LKhdRK /hq. Some algebraic manipulation yields, for e = €(Iy),

p(N)h%ye — Ar(ha+€q)  h(I)h%y — Arhg

(5.27) [|M(p) — M(h)|| < (Ap — hirr) K — Ayeg K

I

where K = hLKh%K — Aprhyg is independent of I. Note that K < 0 since Ay > hrx and
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Expand the right-hand side of (5.27) in €4, and note that |eg| < ||¢|| to obtain

For e sufficiently small, the higher order terms can be neglected, and application of the defi-
nition of K yields

520 latt) - d < (POMRI) (o it )

Let S denote sup;(p(I)Ayr — Arhrk), the difference of two positive terms. It remains to
estimate S. Suppose that S > 0. Then the two relations p(I) < Ay and A7 . = maxs(Af),

which follow from (5.2), and Ay > hpgx from (4.6) give S < Ay, (Aym — hrk). Suppose
instead that S < 0. For concreteness, we assume that p(I) > hpg for all I, which holds for
sufficiently small perturbations. Then |S| < hrx(Ar1,,,, — An). Thus |S| < max{A;_, (Ay —
hLK), hLK(Almm — AM)} =S.

For this S, (5.28) implies that, if the condition

_ d q
MM|%M%KO+S><1

K|

holds, then the snake of synchrony is stable with respect to sufficiently small perturbations.
This condition holds for a variety of numerical examples that we have considered. Note that
it certainly holds when hy i lies near the fixed point Ay, since K is bounded away from zero
as hpx — Ajr, as long as the h-values on the curves of left and right knees remain separate.

6. Nonlinear snakes. In the previous section, we assumed that the cells jump up and jump
down together on the slow time scale. This will be the case if ggy,, the synaptic strength,
is sufficiently strong. Numerical simulations demonstrate that, for smaller gy, the jump-up
and jump-down processes are more gradual, as shown in Figures 2b and 4. Each cell jumps
up or down when it reaches the left or right knee of its effective cubic. In the analysis here, we
allow the cells to jump up at different times on the slow time scale, but we still assume that
the cells jump down at the same time. We shall derive a nonlinear boundary value problem
for the periodic snake of synchrony. An analogous derivation leads to a similar formula if
there is a gradual jump-down.

We denote the position of the snake as h(I, 7). It will be convenient to choose the trans-
lation now so that 7 = 0 corresponds to the moment when all of the cells jump down. In
addition to assuming that all of the cells jump down together, we will further assume that the
jump-down process begins when cell(I,q;) reaches its right knee at h = hrg, consistent with
numerical simulations of the gradual jump-up case (section 3). Let ho(I) = h(1,0) denote the
corresponding initial position of the snake.

We assume that the first cells to jump up are cell(l,q,). Moreover, the cells jump up in
order of decreasing I. As before, let T's be the time for cell(lq,) to evolve under (4.5) from
hrx up to hpx. We let h,(I) = h(I,Ts) denote the position of the snake when cell(Iqz)
jumps up. We then let A(I) denote the delay in the jump-up of cell(I) relative to cell(Inaq)-
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That is, A(Lpnaz) = 0, and cell(I) jumps up at 7 = Ts + A(I). We shall derive three equations
for the three unknown functions ho(I), h,(I), and A(I).

First, we consider the cells while all are in the silent phase. The cells then evolve according
to (4.5) from their initial position ho(I) to h,(I) at time Ts. Solving (4.5), we find that

ho(I) = (hu(I) — Ap)e™™s + A;.

Substitution of the formula for e?s (see (5.25)) yields the first equation,

hri — A
(6:1) () = (D) = Ar) (R
hri — Am
We next follow the cells forward after they jump up. Denote the position of the left knee
at which cell(I) jumps up as

WAL RO = (vnk, how)(I+ IE,(D)).

Recall that this is found by solving f + I + I, (I) = 0, where I, (I) is given by (4.7)
and implicitly depends on v, for v = v (h,I), and then solving O(f + Ig,,,(I))/0v = 0 for
(v} [g (1), h?}g (I)) on this curve. Since cells jump up at different times but jump down together,
they spend different amounts of time in the active phase. We again use h’ = —ph for evolution
in the active phase, as indicated in (4.3). We saw earlier that, according to this equation,
cell(Imaz) spends time T4 = (1/p) In(hrx/hri) in the active phase. Each cell with I < Ip,44
spends time Ty — A(I) in the active phase, starting from initial condition heLJ;’(c(I ) and ending
at its jump-down position hy(I). Using this to solve (4.3) yields the second equation,

(6.2) (1) = (1) (25 ) s,
hrk

To obtain the third equation, we follow each cell(I) in the silent phase from 7 = T until
cell(I) jumps up. First, we need to introduce some notation. Let Iy, (7) denote the synaptic
input at time 7. We earlier let I, (I) be the synaptic input when cell(I) jumps up. Since
cell(I) jumps up when 7 = T+ A([), it follows that Ig, (I) = Lsyn(Ts+A([1)), where Ig, (1)
is given by (4.7) with v(I) = UZ%(I)

Now each cell(I) satisfies (4.5) with Iy = I + Isyn (7). Moreover, h(I,Ts) = h,(I), and
cell(I) jumps up at heLJ?(C(I ), the left knee of its effective cubic, when 7 = Ts + A([). Solving
(4.5) with these boundary conditions, we find that

Ts+A(L
(63) D) = (1) — A0 4 Ay — pemtTsemedd [ Y L)
S

Equations (6.1), (6.2), and (6.3) constitute a system of three equations in the three un-
knowns hg(I),h,(I), and A(I). From (6.2), A(J) can be expressed as a function of ho(I).
Equations (6.1) and (6.3) are easily converted into formulas for h,(I). Equating these formulas
gives, after minor rearrangement,

Ts+A(I)
(6.4)  ho(l) =Ar+T <(hzf,§(1) — Ap)e®0) 4 pe=oTs / ’

Toyn (7)€" d’i‘) ,
Ts
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where A([I) is now a function of ho(I) and where I' = (hgx — Apr)/(hoix — Aar).
To solve (6.4) for ho(I), we first differentiate with respect to I to obtain

ho(I) = A7 + D((hFL) (1) = Af)ers!)
+ al (RS (D) — Ap) A (1)et2D)

(6.5) + b Loyn (T + A(I)) A (1)et2D),
Recall that Isy,(Ts + A(1)) = Ig,(I), where I, (I) is given by (4.7) with v(I) = v?}f([)
Moreover, we can use (6.2) to solve for A(I) and A’(I). In fact, if we let
(6.6) o() = A0 — (hLK> ’;QJEI) ,
ek ) i (1)

then a straightforward calculation starting from (6.2) demonstrates that

lqy(])q)(a—f?)/p.

A(T eaA(I) —
() P

Substituting this into (6.5), we find that

B T) = N + DU (1) = Ao (1)
+ %F(hi’%(f) = An)e' (eI

b
(6.7) + =TI
p

4 (D@ (1HD=P/P,

We can use (6.6) to write ®(I) and ®'(I) in terms of ho(I) and hy(I). Equation (6.7)
then gives an ordinary differential equation for ho(I), the initial (jump-down) position of the
periodic snake. Note that the solution must satisfy the boundary condition h(Ip.:) = hrk-
Solving the resulting boundary value problem numerically with XPPAUT gives an estimate
of ho(I). We can compute h,(I), the position of the snake when cell(I 4. ) is ready to jump
up, directly from this, using (6.1). Figure 9 compares the resulting h, (/) (dotted curve) with
the snake position from a full numerical simulation of the pre-B6tC model network (solid
curve) and with the linear snake formula (5.5), all for gsy,/20 = .009, which corresponds to
gradual jump-up (see Figures 2b and 4). For the nonlinear and linear curves, parameters were
estimated from the pre-B6tC model without simulations, using the methods discussed below
in the appendix. Because it takes gradual jump-up into account, the nonlinear result gives
a better approximation of the snake position than does the linear formula, in the gradual
jump-up case.

Remark 6.1. We can perform analogous calculations to derive an ordinary differential equa-
tion boundary value problem for the jump-up snake of synchrony h,(I) in the case of gradual
jump-down and simultaneous jump-up. The resulting ordinary differential equation analogous
to (6.7) is simpler because there is one fewer unknown: h,(I) and h?}{ (I) collapse to the same
curve. The ordinary differential equation in that case is explicitly nonlocal, however, in that
I' depends on h,(Imn), such that the right-hand side depends on I;,,;,, for all I; nonetheless,
it can be solved numerically with XPPAUT without a problem.
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Figure 9. Snake of synchrony at the moment when leading cells jump up. The plot shows curves for
gsyn/20 = .009, corresponding to gradual jump-up.

7. Loss of synchrony.

7.1. Break-up conditions. The analysis in section 5 shows that there is only one possible
fixed point snake for the case in which all cells jump up and jump down together. Suppose
that condition (4.8) fails for some I values, so that this solution does not exist and not all
cells jump up together. In section 6, we consider another form of synchronized oscillation in
which cells jump up more gradually until all are in the active phase. In this subsection, we
find a sufficient condition for break-up of the synchronized solution by computing a condition
under which not all cells reach jump-up before the leading cells, with I = I,;,4,, jump down
from the active phase. This computation can also lead to an estimate for the I value at which
the snake will break.

First, we assume that cells with I = I,,,4, jump down first on every oscillation cycle. For
fixed intrinsic cellular parameters, this corresponds to taking gs,, small enough. This is quite
natural for the consideration of loss of synchrony since a large synaptic coupling strength
promotes synchronization.

We start at time 7 = 0 with cells at h(I,0), a position for which cells with I = I, are
about to jump up. To derive a break-up condition, we now compute a condition under which
not all cells can evolve in the silent phase from h(1,0) to their effective knees before cells with
I = T4, jump down. Since we aim for a sufficient condition for break-up, we assume the
fastest possible silent phase evolution corresponding to I, = 0. Specifically, we solve

N = —ah—0bl +c,

(r-1) h(0) = h(I,0)

for h(I,7), up until time Ty = 11p Z,L;;’ when the active cells jump down; this easily can be
done analytically. The break-up condition is that, for some Iy € (Ipin, Imaz),

(7.2) h(Iy, Ta) = hpi(Io + 15y, (1b)),
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where hp g (Iy+ I3, (1)) denotes the effective knee for I = I,. If we restrict ourselves to snake
configurations for which cells jump up in order of decreasing I, then all cells with I < I, fail

to jump up at all during the oscillation; see Figure 10.

gsyn=.00825: breakup case
0.92 " " " "

0.97

effective knees at jump—down

0.881

0.861

0'84: _ _snake position at jump-down

0.82 -

0'%0 105 11 | 115 12 125

Figure 10. Numerical illustration of the break-up of a snake. The network was simulated with gsyn/20 =
.00825, as in Figures 5a and 6 in section 3. The cells gradually jump up, until cell(Imaz = 25) jump down,
after which no other cells jump up. The plot shows the silent phase positions of the cells that fail to jump up, at
the moment when cell(Imaz) jumps down, as a function of I.pp. Note that the nonjumping cells lie below their
numerically computed effective left knees, with cell position intersecting the effective knee curve at the break
point of the snake.

Equation (7.2) can allow us to solve for the I, at which a break occurs (if such an I value
exists). If we wish just to check whether or not a break occurs, again assuming jump-up in
order of decreasing I, we simply need to compare h(Ipin, Ta) to hri (Lnin —|—I§yn(Imm)). That
is, break-up occurs for some I > I, if

(73) h(Im'm, TA) < hLK(Imin + I;Lyn(lmm))

As an example, we can compute h(Ipin,T4) for the fixed point snake configuration derived
earlier by solving (7.1), with hA(0) = hrx(c—blmnin)/(c —blpmaz) from (5.5), for time T4, which

yields
hRK)a/ i’ (hLK >
1 — — =1 A .
+ (hLK AM < I’mzn

Since Iy is the minimum value of Iy, for most I,y, distributions, (4.7) gives I (Lmin) =~
Gsyn(Vsyn—0(Imin)). From the appendix, we thus have Igyn(fmm) ~ Gsyn(Vsyn— Imin/9grL+vL)).
Hence all of the parameters needed to check inequality (7.3) can be estimated, as discussed

in the appendix.

h(Lm'ny TA) - A[

min

8. Discussion. We have considered a reduced model for a network of conditional pace-
maker cells in the pre-BotC of the brain stem. In this model, each cell is represented by a
pair of ordinary differential equations, with excitatory synaptic coupling between the cells.
The network is heterogeneous in that cells take values of a parameter I, from a distribution.
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Heterogeneities in I, represent different levels of applied current (including sustained exci-
tatory inputs from other brain regions) and different leak reversal potentials among different
cells.

We analyze this system in the continuum limit for which the coupling terms become
integrals. We consider oscillatory solutions for which each cell undergoes sustained silent and
active phases, with occasional rapid jumps between the two, but we do not consider individual
spikes within the active phases. This leads to a natural further reduction of the model, such
that each cell is governed by the scalar equations (4.5) and (4.3) for the evolution of the slow
variable h in the silent and active phases, respectively.

With these simplifications, we treat two forms of periodic, synchronized solutions, or
“snakes”: solutions for which all cells jump up and down simultaneously (on a slow time scale),
and solutions which feature gradual jumps. Indeed, a key point here is that heterogeneous
networks of synaptically coupled oscillating cells can support periodic, synchronized solutions
with a continuum of phase shifts between jump times of different cells. This allows for a richer
range of dynamics than has been observed for a homogeneous network of relaxation oscillators
[16] or a network of oscillators with dynamics and coupling based on phases [22, 15, 9, 1].

We provide natural geometric conditions for the case of simultaneous jumps to occur.
When these hold, we prove the existence of a unique periodic snake, characterized by a simple
formula. This formula does not depend on any of the parameters associated with the active
phase or synaptic coupling; however, these do appear in the conditions for simultaneous
jumping. We also show that this snake is linearly stable to certain small perturbations, and
we provide a general nonlinear stability condition. We note that our analysis of simultaneous
jump solutions generalizes immediately to any finite population of oscillators; the continuum
limit is not required here. In particular, with a finite number of oscillators, the effective left
knee for cells with fixed [ is determined by computing the synaptic input that results when
all cells with larger I jump up, now based on the discrete synaptic current (2.3) rather than
the continuum current (2.4).

When the synaptic coupling strength in the network is weakened, the conditions for simul-
taneous jumping may fail. In the case of gradual jumps up from the silent phase to the active
phase, we derive a single nonlinear ordinary differential equation boundary value problem for
the position of the periodic snake in phase space at a certain stage in its oscillatory cycle.
This generalizes naturally to gradual jumps down or gradual jumps in both directions.

For our analysis, although we require that each cell have a cubic v-nullcline when un-
coupled, we do not require that all cells be intrinsic oscillators when uncoupled, which is
consistent with experimental observations. Thus our analysis illustrates how heterogeneities
in a network can lead to robust, stable oscillations by allowing intrinsically active cells to
recruit silent cells via synaptic coupling. We emphasize that such solutions can be periodic
and synchronized in the sense that all cells begin and end their active phases together in time
despite significant heterogeneities. In the synchronized solutions that we consider, cells may
jump up to the active phase by reaching a curve of knees, or saddle-node bifurcation points
of a fast subsystem. Alternately, synaptic coupling may cause cells to suddenly lie above this
curve and therefore to jump up immediately. Based on other studies of bursting (see [16]) and
our own simulations, we expect that the inclusion of spiking currents will not qualitatively
affect the relevant bifurcations and the corresponding knees for jump-up. Since the dynamics



SYNCHRONY OF HETEROGENEOUS OSCILLATORS 171

of the jump-up appears to be the key determinant of how well the network synchronizes, we
therefore posit our results as an explanation for how heterogeneities enhance the tendency for
a network of bursting cells, such as the pre-B6tC, to fire synchronized bursts.

For all of our analysis, we assume all-to-all coupling. In the all-to-all case, all cells receive
the same amount of coupling, depending only on the proportion of cells in the population that
are active. Simulations in [3] yielded qualitatively similar network behavior for full and sparse
network connectivities. Other coupling architectures would complicate analysis, however,
especially if nonlocal or random connections were included.

In addition to analysis, we present numerical simulations to illustrate our results. These
include comparisons of snake positions from full network simulations, performed with a discrete
population of 20 cells with a uniform distribution of I,,, to snake positions computed from
our analysis. To generate the latter, we estimate a variety of parameters, in particular those
appearing in (5.5), (6.6), and (6.7), directly from the network equations (2.2); this can be
done quite easily, as discussed in the appendix. Perhaps the most useful numerical results
presented are animations of full network simulations. These show cells’ positions in phase
space, along with relevant nullclines and curves of knees. The nullclines and knees move as
synaptic coupling strength changes over the course of a simulation. This allows for very clear
visualization of the jumping behavior of individual cells, highlighting its dependence on the
heterogeneity parameter I,,,. We anticipate that such animations will be useful for a wide
variety of studies of systems of coupled oscillators.

As gsyn drops still farther from the gradual jumping case, synchrony may in fact be lost.
We provide a sufficient geometric condition for synchrony to fail. When synchrony breaks
down, interesting periodic or possibly chaotic solutions can arise; we have illustrated two of
these numerically. In general, the population’s activity pattern for fixed parameter values can
be classified according to the population of cells that become active on each cycle. Following
[1], we can distinguish between locking, in which all cells fire on each cycle, partial locking, in
which all cells fire but some cells skip some cycles, partial death, in which some cells never fire,
and death, in which no cells fire. In simulations, we find that, for uniform distributions of I,
with fixed mean I,,, but different distribution widths 7, certain general trends emerge. For
fixed 7, as coupling strength gs,, increases, the tendency to lock increases. Correspondingly,
the population undergoes transitions from partial death, to partial locking, to locking as gsyn
increases. Larger gy, is required for more unified activity with larger ~, corresponding to a
broader distribution of I,,; thus the partial locking and partial death regions form positively
sloped bands in (7, gsyn) parameter space. As the system switches from partial death to
partial locking, there is a decrease in the variance across cells, in terms of the proportion of
cycles during which each cell is active, until finally no variance remains in the locked state.
Nonuniform distributions of I,,, are expected to yield qualitatively similar trends. Work to
analyze asynchronous solutions is in progress.

The heterogeneities that we consider are restricted to the parameter I,,,, which includes
heterogeneities both in the leak current reversal potential vy and in applied current. Earlier
studies have suggested that the biological effects of heterogeneities in pre-BotC cells are cap-
tured by heterogeneities in Iy, (defined to include vy) and gng [2]. The former, which we
have considered here, is perhaps more relevant to ongoing biological experimentation because
the leak reversal potential can be controlled by manipulation of potassium ion concentration
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in an experimental preparation [6, 7]. Nonetheless, the role of gn, should be explored to gain
a full understanding of pre-B6tC behavior.

9. Appendix.

9.1. Model equations and parameter values. In system (2.2), we have, for x = m or h,

Too(v) = 1/(1 4+ exp((v — 0,)/02)) and 7,,(v) = (ecosh((v — 6)/207)) .
When we simulate a discrete population of 20 cells, we take

20

Isyn = gsyn (Z Sm(”k)) ('Usyn - vj)

k=1

as the synaptic input to cell j (that is, gsy» is already scaled to take into account the population
size, since we always use 20 cells); vgyn > v; for solutions v;, for the parameter values used.
We further take soo(vx) = 1/(1 + exp((vg — 05)/05s)).

Parameter values used in simulations are given in Table 1, with units omitted. The
parameter gy, is varied, as indicated in figure captions. We use 20 cells, and I ranges over
20 equally spaced values, starting with I,,;,, = 10 and ending with I, = 25. For these
parameters, there is a transition from excitable to oscillatory at around I = 12.5, such that
cells with I < 12.5 will converge to a rest point in the silent phase without synaptic input. Thus
we have cells that intrinsically are silent and cells that intrinsically are oscillators represented
in our simulations. Note that the value of C, used here is smaller than that in [2, 3, 6]. This
accentuates the relaxation aspect of the oscillations that we study.

Table 1
Basic set of parameter values for the reduced pre-BétC' cell model.

Parameter | Value H Parameter [ Value “ Parameter [ Value “ Parameter | Value

gNa | 2.8 UNa | 50 0 | -37 Om | -6
0, | -44 on | 6
gL 2.8 vL -65
Vsyn | O 0s | -43 os | -0.1
Cn | 0.21 e | 0.01

9.2. Estimation of parameters for numerics. To generate the snake position numerically,
given (5.5), we need only to estimate the parameters hrx, b, c. Let the point (vix, hrx) denote
the solution to the two equations F'(v, h) = 0 and F,(v, h) = 0, where F(v, h) denotes the right-
hand side of the v-equation in (2.2) for I syn = 0 and Igpp = Ipgz. These easily can be solved
numerically. In particular, they can be solved dynamically through the following procedure,
which was used to generate the knee positions for all I,,, in our animations. First, note
that F'(v,h) = 0 can be solved algebraically for h(v). Next, let v/ = ¢F, (v, h(v)) for a large
constant ¢ designed to speed up the convergence of y to vy x. Once y converges sufficiently
close to a steady value, then we denote this by vy k, and we read out hrx = h(vrpi).

For fixed I,pp,, we can estimate the value of v for a solution of (2.2) in the silent phase
when Iy, = 0. To do this, we note that ms(v) ~ 0 in the silent phase, such that Cpt) =
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—gr.(v —vr) + Iopp. But the silent phase is defined by v' = 0. This yields
(9-1) v~ 'Usil(Iapp) = app/gL + oL,

which we use below. Now 7,(v) tends to an asymptotic value 7,7 as v — —o0, and v (Lapp) is
sufficiently negative for parameters considered such that we can take 75,(v) ~ 7, in the silent
phase. Based on (2.4), (4.3), and (4.4), we thus approximate a ~ 1/7, .

To estimate b and ¢, note that the function he(v) is sigmoidal, with horizontal asymptotes
at 1 as v — —oo and at 0 as v — oco. Over the transitional region between these asymptotes,
heo(v) is approximately linear. Further, since cells with I = I,,4, are oscillatory, it is likely
that the v values of cells in the silent phase lie in this transitional region. Thus we derive a
least squares linear estimate of hoo(v) over this region. Using v &~ I /g, +vy, in the silent phase
from (9.1) converts the approximation of hs(v) into a linear function of I, namely, BI 4+ C,
which we substitute into (4.4). With this substitution, a comparison of (4.4) and (4.5) yields
b=aB and c = aC.

For simulation of the nonlinear boundary value problem (6.7), with h(Ijhe:) = hrxk,
several additional parameters are needed. We can approximate p, which appears in (4.3), as
pr1/ le' , Where T}T denotes the positive asymptotic value of 7, (v). Additionally, we require

expressions for hrp, eL}% (1), and Ig, (I). The former two can be solved for dynamically at

discrete I values (with I = I,,4, for hrg), analogously to the estimation of hpx described
above, and the results for heLfIg (I) can be interpolated. A specific form must be assumed for

Ig,,(I). Suppose that the I values in the network are distributed uniformly over [Imin, Inaz]

and that cells jump down in order of decreasing I, as was the case in our simulations. Then,
for cell(I) in the silent phase, I;Lyn(l) ~ Gsyn(Vsyn — Vsit(L)) Imaz — 1)/ (Imaz — Imin)-
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Chaotic Synchronization in Coupled Map Lattices with Periodic Boundary
Conditions*
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Abstract. In this paper, we consider a lattice of the coupled logistic map with periodic boundary conditions.
We prove that synchronization occurs in the one-dimensional lattice with lattice size n = 4 for any
v in the chaotic regime [y ~ 3.57,4]. It is worthwhile to emphasize that, despite of the fact that
there is a rigorous proof for synchronization in many systems with continuous time, almost nothing
is rigorously proved for the systems with discrete time.
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1. Introduction. Synchronization is a fundamental phenomenon in physical systems with
dissipation. Experimental observations show that subsystems manifest similar behavior in
time, provided they are coupled with a dissipative coupling. If the behavior is periodic, then
synchronization means matching frequencies and /or phases of signals generated by interacting
oscillatory subsystems. Synchronization of periodic oscillations has been well studied and
has many practical applications. However, if individual oscillations are chaotic, then the
mathematical observations of “synchronized behavior” should be treated differently. Thus
the problem of coming up with a rigorous description of the synchronized chaotic behavior
of coupled subsystems appears to be attractive and important from both theoretical and
application points of view; see, for example, Heagy, Carroll, and Pecora [5], Pecora et al. [8],
[9], Vohra et al. [10], Cuomo and Oppenheim [2], [3], Wu and Chua [11], and the references
therein. All results mentioned above considered synchronized chaos in continuous systems.

In 1999, Lin, Peng, and Wang [6] first considered synchronized chaos in discrete systems.
More precisely, they studied the synchronized chaotic behavior of the popular model in coupled
map lattices (CMLs) defined as follows: (1) 1D lattice for 1 <i <mn,

(1.1) zi(k +1) = f(zi(k)) + c(f(wi—1(k)) + f(2ir1(k) — 2f (zi(k)))

with periodic boundary conditions f(zo(k)) = f(zn(k)) and f(zp+1(k)) = f(z1(k)), and (2)
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2D lattice for i = (i1,12) with 1 <'iy,is < n,

(12) zi(k +1) = f(2i(k)) + c(f(@ir+1,i5(K)) + f(@i-1,05(K)) + f(i1,i511(K))
' +f(@iyin—-1(k)) — 4f (zi(k)))

with f(20,i,(K)) = f(@niy(K)), f(@nt1,(K)) = f(@16,(F)), f(zi0(k)) = flain(k)) and
f(@iy nt1(k)) = f(zi,1(k)), where f is a one-dimensional logistic map z(k + 1) = f(z(k)) =
yx(k)(1 — z(k)) with f:(0,1) — (0,1) and 7y € [y ~ 3.57,4]. It is well known (see Gleick
[4], Campbell [1], etc.) that the map f becomes chaotic whenever v increases from 3.57 to 4,
except that ~ is at a very narrow interval of periodic windows near 3.63, 3.73, or 3.83.

The simplest type of synchronization of CMLs in (1.1) or (1.2) occurs in stable spatially
homogeneous regimes corresponding to the existence of attractive spatially homogeneous so-
lutions. In other words, in such cases, there is a large (open) set of initial conditions such
that a solution starting from an initial condition in the set becomes spatially homogeneous as
discrete time k£ becomes very large; i.e., the coordinates of the individual maps become almost
equal to each other (and are equal as kK — o0). In established regimes, individual maps be-
come indistinguishable, and we observe exact perfect synchronization. Thus it may occur that
suitable coupling strength permits the existence of a spatially homogeneous solution provided
all individual maps are identical.

In [6], they provided a complete numerical description of synchronization of 1D and 2D
lattices with various lattice sizes. In other words, they found the region for v and the corre-
sponding coupling strengths ¢ such that the synchronization occurs in corresponding CMLs.
Moreover, for the first time, they gave a rigorous proof for synchronization in the case of 1D
CMLs with lattice size n = 2,3 for v € [ys0,4] and with lattice size n = 4 for v € [V, 3.82] in
the chaotic regime [yoo, 4].

However, it seems difficult to use the method of [6] to prove the same results for vy € [3.82, 4]
in 1D CMLs with size n = 4, which is the gap between theoretical proof and numerical result.

In this paper, we will prove rigorously by the Liapunov method that synchronization
occurs in the case of 1D CMLs with size n = 4 for every - in the chaotic regime [y, 4]. More
precisely, we will prove the following theorem.

Theorem 1.1. For any initial values xz;(0) € (0,1),7 = 1,2,3,4, and every parameter v €
[Voos 4] of the logistic map in the CML of (1.1)(n = 4), there exists 6 = 6(y) > 0, which is
independent of initial values x;(0)(i = 1,2,3,4), such that

lim ]a;z(k) — a:](k)\ =0
k—o00
for c e (% —4(7), % +6(7)) and i,j =1,2,3,4.

Remark 1.2. From [6], we know that all x;(k),i =1,2,3,4, of (1.1) will lie in [ZLTTV, T ifk
is large enough. So, without loss of generality, from now on we will always assume that z;(k)
lie in this interval, 1 = 1,2,3,4,k > 0.

Remark 1.3. Although, for technical reasons, it is not easy to generalize the present results
to 1D lattices with a larger size (n > 5) as well as 2D lattices, our idea of the Liapunov
method still provides a probable direction, and we will dwell on this in a future paper.

Remark 1.4. By the result of [6], we need only prove Theorem 1.1 for v € [3.82,4].
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This paper is organized into four sections. In section 2, we will describe our ideas using a
simple case so that the mechanism of the Liapunov method can be easily understood. Then
we will prove some important lemmas in section 3. The proof of Theorem 1.1 can be found
in the last section.

For the sake of notation, we rewrite the iteration in the lattice of (1.1) for n = 4 by
replacing z;(k + 1) and x;(k) by Z; and z;, respectively:

T1 = f(z1) +c(f(22) + f(24) — 2f(21)),

(1.3) To = f(x2) +c(f(z1) + flz3) — 2f(22)),
’ T3 = f(z3) +c(f(w2) + f(x4) — 2f(x3)),
Ty = f(za) +c(f(21) + f(23) — 2f(24)),

where f(z) = yx(1 — x). As mentioned in Remark 1.4, the parameter here is considered in
the interesting range [3.82,4].

2. Proof for a simple case. In this section, we shall prove that Theorem 1.1 holds
using the basic Liapunov method for the simple case z1(0) = z3(0) and x2(0) = x4(0).
Moreover, the proof for the general case can be reduced to the proof for the simple case by
some technical lemmas which will be given in the next two sections. Under the conditions
x1(0) = x3(0),22(0) = x4(0), one can easily check that z1(k) = x3(k),z2(k) = xa(k) for all
k> 0. Thus (1.1) becomes

(2.1) T = f(x1) + 2¢(f(22) — f(21)), T2= f(22) + 2c(f(71) — f(22)).

Consequently, we have

T+ T2 = f(x1)+ f(22),

@D = (40 (1) - f22)) = (1 — 4031 — 21 — 22) (&1 — 22).

We now define the Liapunov function for (2.1) as

(21 — x9)?

(1 +22)(2 — (z1 + x2))’

(23) L(ﬂfl, l’g) =
where x1,x9 € [4777, 7] for the reason mentioned in Remark 1.2.

In the remainder of this paper, we will denote f(z;) by fi,i = 1,2, 3,4, and we will denote
T + x5, Ti + Ty, fi + [5, fi + [ by ®ij, Tig, fig, fij for 4,5 = 1,2,3,4, respectively.

From (2.2), we obtain

(71 —72)*  (1—=4)*(f(z1) — f(x2))?

L(.’f1, 52) = 512(2 _ i.12) - f12(2 - f12)

(2.4)
(1 — 46)2’72(1 — 1'12)2(1‘1 — 1‘2)2
Vw12 = (@ + 22 = ylwrz — (2] + 23)])
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Lemma 2.1. For each v € [3.82, 4] in (2.1), there exist numbers 6(),\(y) € (0,1) inde-
pendent of 1 and xo such that, for ¢ € (3 — (), 5 + 6(7)), it holds that

(2.5) L(i‘l, .f'Q) < )\(’y)L(xl, 1‘2).
Remark 2.2. For the suitable v and c given in Lemma 2.1, we have
L(z1(k), w2(k)) < A(1)* - L(21(0), 22(0)),

which implies L(xz1(k),z2(k)) — 0, d.e., |z1(k) — z2(k)| — 0 as k — oco.

Remark 2.3. The width 6(vy) of the suitable interval for the coupling strength ¢ can be
carefully estimated as large as possible.

Proof. From (2.4), proving (2.5) is equivalent to proving that

(1 — 40)2’}/(1 — .7312)21’12(2 — wm)
[z12 — (2F + 23)](2 — y[z12 — (2] + 23)])

(2.6) <A

Let

F(z1,22) = (1 - 212)°012(2 — 212),  G(z1,22) = w12 — (2F +23)](2 — y[wr2 — (2 + 23))),
and let
F(a?l, .’L’Q)
G(l’l, 332) '
We want to find a suitable ¢(vy) such that the maximal value of the function H(xi,z2) is
strictly less than W in the domain [LLTT'Y, 1] x [427, 1l

Then

H(zy,29) =

OH  F, G- FGy, OH  F.,G— FGy,
Oy G O G2
Here F,, and G, denote the partial derivatives of ' and G with respect to x;, respectively,
fori=1,2.
Letting ng = gTZ = 0, we have

(27) Fle_Fle = 07 FIE2G_ FGIQ =0.

By direct computation, we obtain

Foy = 2(1 — 212)(227, — 4z12 + 1),

(2.8) Fry = 2(1 — 212) (227, — 4212 + 1),
. Gey=2(1 — y[z12 — (22 + 23)]) (1 — 221),
Gy = 2(1 — y[z12 — (23 + 23)])(1 — 222).

Since F,, = F,, by (2.8), from (2.7) it follows that FFG5, = FG,,. Thus the set of points at
which the function H attains its local extremal value must satisfy the inclusion

0OH O0H
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Case S1. From (2.8) it follows that

1—y[ze — (22 +23)] =0 or x; = s

If 1 — y[z12 — (22 + 22)] = 0, then we have G(x1,z2) = % On the other hand,
F(z1,29) = (1 — 212)%212(2 — 212)

= (1 — 2.%‘12 + x%g)xm(Q — 112)

1
= [1 = (2212 — 21,)](2212 — 2%y) < 1
for 0 < x192 < 2. Consequently, H(z1,z2) < 7. Hence, for ¢ ~ % and vy € [3.82,4], we have
(2.10) H(z1, ) < ——
. 1.0 —

If 21 = z9, then F(z1,22) and G(z1,x2) have simpler forms

F(zi,z0 =x1) = 4(1—21‘1) x1(1 — 1),
G(z1, 10 = 1) = 4(21 — D) [1 — y(21 — 23)].

Thus )
1—4(x; —
H(flfl,xg :xl) = ('x—lxé) S 1.
1—y(21 - a7)

Therefore, for ¢ ~ % and v € [3.82,4], we have

1
2.11 H <
(2.11) (z1,72) =105
Case Sy. 1t is easily seen that H(zy,z2) =0

It remains to check the extremal values of H(x1,x2) on the boundary points. Let £ =

4—
Without loss of generality, we consider only two cases

1 -

4 —
(H1) x2:T7 and (H2) xz9=

=2

Case (H1). Since

fla) + f(&) =2 yo1(1 — @1) +9€(1 — 21) = y(21 + §)(1 — 21)
from f(z;) = va;(1 — x;)(i = 1,2) we have

EH(xl g — (1- (21 4+l @+~ (x11+8)
v ’ (flz1) + FE)2 = (f(z1) + £(E)]
=@+ - (11 +9)
T 2=z A —x1))
<1 ax (1-y)(2-y)
Y 0<y<1 2 —yy(1+&—y)

(2.12)
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From the relation v = 4(1 — £), we obtain for 0 < y < 1 that

1-yC-y) _ 1-y2-y)
2—yy(1+&—vy) 2 —4(1 -2y +4(1 — §)y?
(1-y9)2-y)
T 24y —y?) —48y?
(1-y)(2—vy)
Sy _aytasee = PP S U ary

For simplicity, in the last two inequalities above, we use v > 3.82 to obtain estimates.
(However, this condition is not necessary.) Consequently, for ¢ ~ % and 7y € [3.82,4], we have

1

(2.13) H(z1,€) < T i

Case (H2). For xp = 7, since z1(1 —x1) + &(1 — &) > (1 4+ & — x1)x1, we have

(1= (1 + )@+ 2= (z1+ 7))
(f(z1) + ()2 = (f(z1) + £(3)))
(€ —x1)*(z1 + DA+ E—x1)
(vz1 (1 —21) +96(1 = )2 = v(z1(1 — 21) + £(1 = §)))
cl@m -9 +1-9¢
T2+ E—z)rr

1
*H(l‘l, $2) =
Y

The last inequality follows from the facts that

(€ —21)? <mi(z1— &) and <$1 + %) =(z1+1-%).

Using the relation (z1 —&)(z1+1—¢&) =z1(x1+1) — (221 + 1) — )€ < x1(x1 + 1), we have

lH ($1,1> < $1(1’1—|—1) < :El(IL‘l—I—l) .
v 4 Y2 -y +E&—z1)x1) ~ (2 — 4z + 3.8227)
It can be easily shown that
1
max yly+1) <1.3.
0<y<1 2 — 4y + 3.82y>
Thus, for ¢ ~ % and vy € [3.82,4], we get
(2.14) H( 7) <!
) T, — _
D4) T =402y

From (2.10), (2.11), (2.13), and (2.14), we conclude that H(x1,x2) < m whenever c is
near 3 and thus that there is a A(y) € (0,1) such that (2.6) holds. ]
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3. Some lemmas. In section 2, we proved that synchronization occurs for a special case.
In order to prove synchronization for the general case, we need the following lemmas.

Lemma 3.1. If f1 = f3, fo = f4, then

(3.1)

2c = fa ~ 1-2¢
Proof. From the definition of the coupled map (1.1), we obtain

Z13 = (1 — 2¢) fi3 + 2cfaa,  Toa = (1 — 2¢) faa + 2¢ f13,
fis=(Z13 — (1 +23)), foa = 7(Tou — (T3 + 73)).

If fi = f3, fo = f4, then we have

(3.2)

T, =73 = (1 —2¢)f1 + 2cfo,
To = Ty = (1 — 20)f2 + 20f1,

(3:3) fis = 29((1 - 20) 1 + 2¢£2)(1 — (1 — 26) f + 2c$2)),
faa = 29((1 = 2¢) fa + 2cf1)(1 — ((1 = 2¢) f2 + 2¢f1)).

So

(34) & _ [(1 — QC)fl + 2Cf2”1 - ((1 B 2C)f1 + 2Cf2)]

far (1 =2¢)fa+2cfi][1 = ((1 = 2¢) fa + 2¢f1)]

Without loss of generality, we assume that f; < fo and 4¢ > 1. Then we have

(3.5) (1 —2¢)f1 +2cfo > (1 —2¢)fa + 2¢fy.

To prove Lemma 3.1, we need to consider the following four cases:

(D)  (1—=2¢)f1 4+ 2cfs < and (1 —2¢)fa+2cf1 < =

N | =

> (1—2¢)fa+2cfi and

N |

(I1) (1 —=2c)f1 +2cfa >

(1-20)f1 +2cfs — % < % (1= 20) fa + 2¢1);
(3.6)
() (1= 2¢)f +2cfs > % > (1—20)fo +2¢fi and
(1 —2¢)f1 4+ 2¢cfy — % > % — ((1 = 2¢) fa + 2¢f1);
(IV) (1 —2¢)f1 +2cfo > % and (1 —2c¢)fa+2cf1 > %

Case (I). Obviously,

(3.7) 1—1[(1=2¢)f1 +2cfa] <1—1[(1=2¢)f2+2¢cfi].
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From the assumption that 4¢ > 1, it follows that

@< (1 —2¢)f1 +2¢fs - 2

(3.8) foa = (1=2¢)fo+2cfy — 1—2¢

Since g(x) = z(1— ) is monotone increasing in the interval (0, 1), from (3.3) and (3.5) we get
fi3 > fou, i€, % > 1. Combining the last inequality with (3.8), the assertion (3.1) holds.

Case (II). For this case, it is easily seen that fi3 > foq by the graph of g(x) = z(1 — x).
On the other hand, from (3.7), we also have

(1 — 2C)f1 + 2¢fo 2c
(3.9) 1§z§ (1 —=2¢)fs+2¢cf1 = 1—2¢

The assertion (3.1) holds by (3.9).
Case (III). Let A =1—[(1 —2¢)fi1 +2¢cf2] and B =1-—[(1— 2¢)f2 + 2¢cfi]. Then we
have

(3.10) fis=A(1—A4), fu=B(1-B)

Moreover, A and B satisfy A < % < B, and B — % < % — A, which implies that fi3 < fosa. On
the other hand, from (3.5) and the assumption that f; < fa, we have
fis AQ1—-A) A _1-2

foa B(1-B) ~ B~ 2

Thus (3.1) can be concluded similarly.
Case (IV). Let fi =1 — fi; and fo =1 — fo. Then, from the assumption that 4¢ > 1, the
following inequality holds:

fi < Fo, (1= 26)f + 2¢fi < (1= 20)fs +2¢f < —.

\V)

Moreover, we have

f13 = (1= [(1 = 2¢) f1 + 2¢/2])[(1 — 2¢) f1 + 2¢f2]
=[(1 = 2¢) f1 + 2cfo][1 — (1 — 2¢) f1 + 2¢fo)],
Joa = (1= [(1 = 2¢) f2 4 2¢/1])[(1 — 2¢) fo + 2¢f1]

=[(1—2¢)f2 + 2¢A][1 — (1 — 2¢) f2 + 2¢f1)].

Hence Case (IV) is reduced to Case (I) if f, and f; are replaced by f; and fo,
respectively. |

In the following, we shall prove that the inequality (3.1) in Lemma 3.1 holds without the
restrictions f; = f3 and fo = fy.
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Lemma 3.2. For 4c > 1, it holds that

1-2 f; 2
(3.11) cohs 2
2c foa — 1—2¢

Proof. By direct computation, we have

Jis (1= 20)fi3 +2cfou — [(1 = 2¢) f1 + cfa4)® + ((1 — 2¢) f3 + cf24)°]

foa (1 =2¢)fas + 2¢f13 — [(1 = 2¢) f2 + ¢ f13)? + (1 — 2¢) fa + cf13)?]

Denote

F=(1-2¢)f13+2cfos — [(1 —2¢) f1 + ¢f24)® + (1 — 2¢) f3 + ¢ f24)?],
G = (1—2¢)fa+2cf13— [(1 —2¢) f2 + cf13)® + (1 — 2¢) f4 + cf13)?].

It is easy to verify that
(3.12) Gf1 :Gfg, FfQZFf4.

The equations

)RR

are equivalent to
(3.14) Fr,G—-FGy =0 for i=1,23,4.
From (3.12) and (3.14), we obtain

Fy = Fpyy  Gp =Gy,

which implies
fi=1r3 fo= /s

Thus the set of possible local extremal values satisfies the inclusion

{;ﬁ(g>:aaﬁ<§>:£<g)=;ﬁl(g>=0}C{f1=f3, fa = fa}.

Hence (3.11) is obtained for the case of possible local extremal values by Lemma 3.1.
It remains to estimate the maximal value of % on the boundary. Because of symmetry,

we need only consider two cases: (i) f3 =1 — ¢ and (ii) f3 = £, where £ = 427.

Case (i). Let . . . o
{%(G>:%<G>:%<G)}:O’

which implies fo = f4. Therefore, we have

fis (1 =20)(fr +1—€) +4efa] — [(1 = 2¢)f1 + 2¢f2) + (1 — 2¢)(1 — €) + 2Cf2)2].

fou 2[(1=2¢)fa+c(fi +1=8] = 2[(1 —2¢) fa+c(fr + 1= E)J?
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For ¢ = %, we want to show that

2c fi
_os :
1—2c foa 2c 2

1-2c 1

ie.,
2f24 — f13 >0 and 2f13 — f24 > 0.

For ¢ = %, we get by direct computation that

2 2
,1yf13 = %(f1+1—€)+§f2— [(;fﬁ-gh) + (;(1—§)+§f2> ] ,

Plny = ;(f1+f2+1—§) — %(f1+f2+1—§)2-
Hence

(2~ fio) = 5lfa +1-9

Lhrr-g-n
2 2
(;f1+§f2> + <;(1—§)+§f2) ]

A= 6 - 0O U= Oh+ | <ghifa+ 3 - 50O

—g(fm +1-¢)?

_l’_

2
—hHl-g- - 0= = S0-Oh+ (3R 3h- 30— 0)

1 1 2
—g 192 - SA -9

> 0.
On the other hand, we have
2 2
,1y(2f13 — foa) = g(fl +1-¢)+ §f2 -2 [(;fl + §f2> + (;(1 -+ §f2) ]
—g(f12+1—§)+§(f12+1—5)2

=2yt g(1- Sy~ (1= fa= g fifo = 5 f3

= SAl0= 1) = €+ SR04 - £2) + 48] > 0.
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Conclusively, we prove our assertion at ¢ = % for Case (i). Note that all of the inequalities
above hold strictly about ¢ = % Consequently, there exists a suitable §(-y) such that, for each
c € (5 —6(7), % +6(7)), the inequality (3.11) holds.

The other extreme values on the boundary points can be estimated similarly to that above.
We omit the estimations here.

Case (ii). The proof is similar to that of Case (i).

Thus we finish the proof of Lemma 3.2. |

4. Proof of Theorem 1.1.

4.1. Definition of the generalized Liapunov function. In order to deal with the
general case, we need to generalize the definition of the Liapunov function.

Define the function ¢ : [2£,2 — 2¢] — [2€, 1] with £ = ALTTV by

2(2 — 2) if |z2|<a or |2—2z|<a,

(4.1) ¢(2) =

a(2 —a) otherwise,

where a = 1 4¢€ with €y a small positive constant. Let g(z,y) = ¢(z+y) : [§,1—E€]? — [2€,1].
Now we define the new Liapunov function by

(z —y)?

(4.2) L(z,y) = gy

One can see that the definition of £ in (4.2) is a generalization of (2.3). In the following, we
shall prove a conclusion similar to that in Lemma 2.1 for the new Liapunov function £ defined
in (4.2).

Lemma 4.1. For each v € [3.82,4] in (1.1), there exist numbers 6(y) and X € (0,1) inde-
pendent of v1 and x3 such that, for c € (% —6(7), % + 6(7)), the following inequality holds:

(4.3) L(71,%3) < A7) L(x1, 23).

Proof. By direct computation, we have

L(z1,73) _ Ay (1 — 13)%¢(213)
L(xy,13) (3 f1s+ 2fa1)

(4.4)

We first consider the case in which ¢ = % There are nine different cases to be considered.
Case A. |z13] < a, and |%f13 + %f24\ < a.
It follows that

¢(x13) = r13(2 —213) and ¢ (;ﬁs + §f24> = (;fls + §f24> [2 - (;fw + §f24>] -
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If fiz < fo4, then %flg + %f24 > f13. Hence, from (4.4), we obtain

ﬁ(jb :Z'3)
£($17 1‘3)

< v?(1 — 213)°x13(2 — 713)
T 9132 = (513 + §.foa))

2 — fi3 Y2(1 — 213)%213(2 — 213)
2 — (3f13+ 3 f21) 9f13(2 — fi3)

2
<
~2—a

K,

where K = 72(179?12)(22311;1(3)7113). The last inequality follows from the assumption that |% fi3 +
2 foul < a.

If fi3 > fo4, then, from Lemma 3.2, we have foq > %flg and 2 — (%f13 + %f24) >2— fis.
Hence we get
L(z1,73) _ 39°(1 — w13)°w13(2 — 213) 3k
L(xy,23) ~ 2 9f13(2 — fi13) 2
Observe that K is similar to the left-hand side of (2.6). From (2.14), with the proof of Lemma
2.1, we have K < %. Hence, for Case A, we have

£(j17 j3) < 1.3y

(45) L(x1,x3) 6

Case B. |z13] < a, and a < ’%f13 + %fm\ <2—aq.
It follows that

d(x13) = r13(2 —213) and ¢ (;fm + §f24) =a(2 —a).

On the other hand, since z13 < a, we have

blars) a2 —a) < 5.
Therefore,
(4.6) (1 —x13)%213(2 — 213) < (1 — a(2 — a))a(2 — a).
Then we have
L(z1,73) _Y(1—al2—a)a—a) (1 >
(47) L(xy1,23) = 9a(2 — a) B (37(1 a)) '

Next, we shall prove that Case C defined as below cannot occur.

Case C. |z13] < a, and ’%flg, + %f24| >2—a.

It follows that ¢(z13) = 13(2 — 713). From z13 < a, we have fi3 = y(213 — (23 + 23)) <
~v(a — %) < 1. Hence, combining this with the fact that a = i + €¢ with €9 small enough, we
have %fls + %f24 < % < 2 —a , which contradicts the assumption that ‘%flg + %f24] >2—a.
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Now we have finished the proof of the first three cases.
Case D. |z13| > 2 — a, and |3 fi3 4 2 fos] < a.
It follows that

1 2 1 2 1 2
¢(z13) = 713(2 — 713) and ¢ <3f13 + 3f24> = <3f13 + 3f24> [2 - <3f13 + 3f24>] :
By the symmetry of ¢(z) with respect to z = 1, we can reduce Case D to Case A.

Case E. |x13] > 2 —a, and a < ]%f13 + %f24| <2-—a.
It follows that

d(x13) = r13(2 —213) and ¢ (;fm + §f24> =a(2 - a).
Hence

L(z1,73) _ Y2(1 — 213)%213(2 — 713)
L(x1,23) 9a(2 — a) '

By (4.6) and the symmetry of ¢(z) with respect to z = 1, we can reduce this case to Case B.
Case F. |z13] > 2 — a, and ]%flg + %f24| >2—a.
If follows that

d(x13) = 213(2 —x13) and ¢ (;fm + §f24> = (;fls + §f24> [2 - (;fl?, + §f24>] .

Hence we have
‘C('fz'lvjfi) _ 72(1 _$13)2£L‘13(2—.1‘13)
L(z1,x3) 9L fis+ 2fo0)[2 — (3 fi3 + 2 foa)]

By the symmetry of ¢(z) with respect to z = 1, we can reduce this case to Case C.
It remains to check the last three cases.
Case G. a < |r13] <2 —a, and %flg + %f24| < a.
Then ¢(z13) = a(2 — a). Moreover, we have

o (;fm + §f24> = <;f13 + §f24> {2 - (il))fm + §f24>}

1 2
2— | = — >2—a.
<3f13+3f24> = a

and

On the other hand, since a < |z13] < 2 —a, one can verify that fi3 > ya(1 —a), which implies
that %fl:g + %f24 > %’ya(l —a) by Lemma 3.2. Hence we have

L(Z1,73)
E(aﬁl,l’g)

72(1 — m13)2a(2 - a)

v(1 = 213)* _ (1 —a)
6va(l —a)(2 — a) ’

(4.8) 6(1—a) — 6

< <

Case H. a < |z13| <2 — a, and ]%flg—i-%fm\ >2—a.



188 WEN-WEI LIN AND YI-QIAN WANG

It follows that
¢(x13) =a(2—a) and ¢ (;fl?,\ + §f24> = <;f13 + §f24> [2 - <;f13 + §f24>} .

Hence we have

,C(fl, :f‘g) _ ’)/2(1 — 3313)2@(2 — CL)
L(z1,23)  (3fi3+6/f24)[2 = (313 + 3 foa)]

Y2(1 — 213)%a(2 — a)
T 9(2—a)2— (3/13+ 3 f24)]

’72(1 — 1‘13)26L

(4.9) — 3(2- fis)

72(1 — x13)2a
3(2 — (213 — (2] + 23)))

IN

a1
32— w3+ Jai,

<Ta
)

Casel. a <|r13| <2—a,and a < ]%f13+%f24\ <2-—a.
It follows that

d(r13) =a(2—a) and ¢ (;flg + §f24> =a(2 —a).

Hence we have

L(z1,73)  7*(1 —z13)%a(2 — a) < Y2(1 — a)?
L(xy,x3) 9a(2 — a) - 9 ’

(4.10)

From (4.5), (4.7), (4.8), (4.9), and (4.10), we obtain that

1.3y (1 2 y(1—a) ~*a
4.11 — | =v(1 — _ — 1
(a.11) max{ 2 () ST,

which proves Lemma 4.1 for ¢ = % Moreover, since the inequality in (4.11) holds strictly, it

is easily seen that there is an interval (3 — 6(y), 3 4+ 8(v)) such that (4.3) holds for ¢ in this
interval. |
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4.2. Proof of Theorem 1.1. By using Lemma 4.1, we have proved that synchroniza-
tion occurs between x; and xz. Similarly, we can prove |x2(k) — xz4(k)| — 0 as k — oc.
Subsequently, using Lemma 2.4 in [6] stated below and Lemma 2.1, we can prove that syn-
chronization occurs between z; and xs.

Lemma 2.4 (in [6]). For any one-dimensional map

u(k +1) = a(k)u(k) + b(k),
if |b(k)| is finite with |b(k)] — 0 as k — oo and

sup a(k)] =X < 1,
k<0

then |u(k)| converges to zero.
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A Multiparameter, Numerical Stability Analysis of a Standing Cantilever
Conveying Fluid*
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Abstract. In this paper, we numerically examine the stability of a standing cantilever conveying fluid in a
multiparameter space. Based on nonlinear beam theory, our mathematical model turns out to be
replete with exciting behavior, some of which was totally unexpected and novel, and some of which
confirm our intuition as well as the work of others. The numerical bifurcation results obtained
from applying the Library of Continuation Algorithms (LOCA) reveal a plethora of one, two, and
higher codimension bifurcations. For a vertical or standing cantilever beam, bifurcations to buckled
solutions (via symmetry breaking) and oscillating solutions are detected as a function of gravity and
the fluid-structure interaction. The unfolding of these results as a function of the orientation of the
beam compared to gravity is also revealed.

Key words. numerical bifurcation analysis, aero-elasticity, beam flutter, buckling
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1. Introduction. The dynamics of a standing cantilever conveying fluid has been thor-
oughly studied for the past century [18]. A major contribution to this problem dates back
to 1961 with the work of Benjamin on articulated pipes [4]. Benjamin explained the physical
mechanism behind flutter using a theoretical double pendulum model [4]. In a later work,
Benjamin shows the destabilizing effect of damping [5].

Paidoussis’ experimental and computational work in 1970 confirmed and developed Ben-
jamin’s results [15]. Paidoussis’ model, based on conservation laws, took into account the
flexural restoring force, the fluid inertia force, the gravity force, and the tube inertia force.
He also added viscous effects due to external damping.

Using this model, Paidoussis showed that damping does destabilize the beam and that
the fluid flow rate can prevent the beam from buckling [15]. In fact, dissipation-induced
instabilities have been extensively studied [7], [8] in a wide variety of dynamical systems such
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a/ X

Figure 1.1. The orientation of the cantilever with respect to gravity («), the dimension follower force (1),
and the dimensionless gravity (\) are all parameters in our equations.

as the double spherical pendulum [13] and rotating systems with gyroscopic terms. Paidoussis
also demonstrated using linear theory that there exist a curve of pitchfork bifurcation points
and a curve of Hopf bifurcation points in parameter space. The works of Bajaj, Sethna, and
Lundgren [1] and Bajaj and Sethna [2], [3] are also noteworthy references on this subject.

In this work, we use a simple model of a standing cantilever conveying fluid, namely, a
cantilever beam clamped at one end and free at the other end as shown in Figure 1.1. We
assume the fluid-structure interaction induces a concentrated force tangent to the free end
of the cantilever and a point source of damping normal to the free end of the cantilever.
Our model is simple because we neglect all other fluid structure interaction, including the
fluid-induced coriolis forces, unlike the more complete model of Paidoussis [15]. The model
is a good representation of a long, thin conduit with a nozzle at its free end. The nozzle
maintains the necessary momentum flux, which induces the concentrated force that remains
tangent to the free end of the beam. The ratio of the follower force to the restoring force
due to structural rigidity is denoted as p, and we will hereafter refer to this quantity as
the dimensionless follower force. As we increase u, the cantilever eventually experiences an
oscillatory instability (a Hopf bifurcation). Likewise, the ratio of the gravitational body force
to the restoring force due to structural rigidity will be denoted as A, and we will hereafter
refer to this quantity as the dimensionless gravity parameter. Because our model incorporates
dimensionless gravity and the beam’s orientation to gravity («), when the standing cantilever
is heavy enough, the beam can experience buckling (a pitchfork bifurcation).

This paper extends the results of previous work in several ways. First, we have been able to
identify a quartic bifurcation point which more completely maps out the behavior of the beam
in parameter space [25]. Second, we have shown analytically, using the perturbation theory
of eigenvalues, that damping destabilizes the beam and that, for a point source of damping,
the magnitude of damping has no effect on the Hopf bifurcation points. Finally, since we
included the inclination of the beam at the clamped end as a parameter in our problem («),
we were able to numerically continue in «. With this capability, we demonstrate how the
high codimensional pitchfork bifurcations unfold in . More precisely, the paper makes the



192 N. BOU-RABEE, L. ROMERO, AND A. SALINGER

following assertions supported by numerical evidence and theory:

e When a = 0.0, the parameter space is divided by four bifurcation curves: a curve
of pitchfork bifurcation points, a curve of Hopf bifurcation points, a curve of turning
points, and a curve of saddle-loop bifurcations. We tracked the first three curves
presented in section 4.1 using the tracking algorithms in the Library of Continuation
Algorithms (LOCA). The theory of the double zero eigenvalue predicts the existence
of the saddle-loop bifurcation [12], but we were unable to obtain it using our current
capabilities. The saddle-loop bifurcation occurs when a periodic orbit bifurcates to a
solution with infinite period.

e When the angle of inclination at the clamped end of the beam is zero (o = 0.0), there
is a symmetry-breaking Takens—Bogdanov point, where the curve of Hopf bifurcations
terminates on a path of pitchfork bifurcations. When we unfold this point in «, it
becomes a double zero eigenvalue of codimension two, where the Hopf bifurcation
curve terminates at a curve of turning points.

e Again, when o = 0.0, there is another extremely degenerate bifurcation point, where
the curve of turning points intersects the curve of pitchfork bifurcation points. At this
quartic bifurcation point, a symmetry-breaking pitchfork bifurcation changes from
supercritical to subcritical [10]. When we unfold this point in «, part of what we get
is a codimension two bifurcation, where a curve of turning points terminates at a cusp.
We use the theory of normal forms to predict the existence of a curve of turning points
in a neighborhood of the quartic bifurcation point and unfold the quartic in section
4.2

e Asexpected, a point source of damping had no influence on the stationary bifurcations.
Unexpectedly, however, a point source of damping had no influence on the position
of the Hopf bifurcation point. Using the perturbation theory of eigenvalues, we will
show in section 4.3 why, for a point source of damping, the Hopf bifurcation point is
completely independent of the magnitude of damping. This discussion culminates in
an explanation of why the beam experiences flutter.

There are also existing techniques for the detection and tracking of bifurcation points. For
example, techniques for computing higher codimension Takens—Bogdanov points can be found
n [6], [26], and [19]. There is also a large literature on the unfolding of a symmetry-breaking
Takens—Bogdanov point [23], [24].

2. Formulation.

2.1. Derivation of equations. The beam has the following properties: length L, mass per
unit length p, and flexural rigidity £I. We assume that the flexural rigidity about the x-axis is
large enough to confine the cantilever beam to move in the x-y plane. The position of the beam
is fully described by the vector X = (X(s,t),Y (s,t),0), where s is the arclength s € [0, L]
and ¢ is time. The velocity of the beam is given by the vector V = (X(s,t),Y (s,t),0) =
(U(s,t),V(s,t),0). The problem is planar, and we assume that moments are restricted to
exist in the z-direction only. Therefore, the moment and force vectors take the following
forms: M = (0,0, M, (s,t)) and F = (Fy(s,t), Fy(s,t),0).

Consider a differential element of the beam of length ds. The forces in the x- and y-
directions and bending moment on this differential element are shown in Figure 2.1. A force
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Figure 2.1. A differential element of the beam.

balance leads to

9’°X  OF,
oz = Bs
Py _0F,

p 6t2 - 68 pg)
and a moment balance results in

OM,
0s

(Mz—i— ds)—MZ:F-nds,

where n is the normal vector defined as
n = (cos(f), —sin(#),0).

The moment is related to the curvature in the following manner:

M,=—-FEI—.
i Js

The negative sign in the moment-curvature relation is due to the definition of 6 as being
positive moving in the clockwise direction. Using this moment-curvature relation, the moment
balance reduces to

0%0

2.2. Governing equations of motion. After including the equations relating the deriva-
tives of X and Y to 6, we obtain a set of five coupled partial differential equations on the
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domain s € [0, L]. The dependent variables are F,, F,, X, Y, and 6.

X _or,
patQ - 9s’
Y _ oF,
patQ - 88 p97
%0
(2.1) 0=FEl 5 +F n,
0X .
0= D5 — sind,
0= D5 — cos 0.

The conveying fluid exerts a force on the free end of the beam. We make the reasonable
assumption that the follower force remains tangent to the free end of the beam even as the
beam moves. Furthermore, the force normal to this follower force contributes to a point source
of damping in our model.

F(Lt) b=,
-F(1,t) - n=CV(1,t)-n,

where C' is the damping parameter, f is the follower force, and t is the tangent vector defined
as

t = (sin(0), cos(),0).

We also assume that the couple at the free end of the beam vanishes. Since the couple is a
multiple of the curvature of the beam, this condition reduces to

00
ZZ(L,t) = 0.
83( 7t) 0

On the left side, the beam is clamped, and, at an angle a with respect to gravity,
0(0,t) =, X(0,t) =Y (0,t) =0.

Since we will only examine the steady behavior of our governing equations and the linearized
behavior about the steady-state, no initial conditions are needed. Together the above equa-
tions and boundary conditions are the governing equations of our system.

2.3. Dimensionless equations. We will introduce the dimensionless variables

=

L2F, L2F, VEI 4

_ Y - =2y =
§= s y=1, fo=7gr fy="Er 0T V'

) Tr =

e

Our dimensionless force and velocity vector take the following forms: £ = (f.(&, 7), fy(§,7),0)
and v = (u(&,7),v(&,7),0). Substituting these dimensionless variables into (2.1), we have the
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equations
i = 1,
(2.2) 0=0"1f-n,

0=2a' —sinb,

0=19" —cosb,

where the overdot and prime denote differentiation with respect to dimensionless time (7)
and dimensionless arclength (§), respectively. In terms of these dimensionless variables, the
associated boundary conditions become

0(0,7) =a, x(0,7)=y(0,7) =0,
(2.3) —f(1,7) - n=~v(l,7) - n,
(1, 7)=0, f,7)-t=np,

where u, v, and A are the dimensionless follower force, dissipation, and gravity parameters,
respectively, and are defined as

_ fL? _ VEI _ pgL
,u_ﬁa 7—\/741007 A= ET

We can convert the second-order derivatives in dimensionless time (7) in (2.2) into first-order
derivatives by introducing two additional equations:

U=z, v=1y.
Then (2.2) can be put into the form
(2.4) Mz =R(z), zeR",

where the vector of unknowns z, the mass matrix M, and the function R(z) are

[z ] [0 0 0 0 0 1 07 i ’ 1
Y 000 O0O0O01 f{/—)\
0 0000000 0" o
z=|fy |, M=|[0 00 0 0 0 0], R(z)=| 2 —sind
Ty 00 0O0O0O 0O y — cosf
U 1000 00O U
| v ] 101 0 0 0 0 0 | L v J

In this paper, we never analyze the transient dynamics of (2.4). Instead, we look for equilib-
rium solutions z of (2.4) which satisfy

R(z) = 0.

The stability of this solution can be determined by linearizing (2.4) about z. After substituting
an expansion of z (zZ + z1) into (2.4), we obtain the linear system

Mil =R, (Z)Zl,
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where R,(Z) is the Fréchet derivative.
Substituting Z; = e’'¢ into the linearized system, we obtain

(2.5) oMo = R, (Z)0.

Equation (2.5) is a generalized eigenvalue problem for the continuous problem with eigenfunc-
tion ¢ and eigenvalue o. If all of the eigenvalues of our eigenvalue problem have negative real
parts, the equilibrium solution z is stable.

2.4. Linearization about standing cantilever. Equation (2.4) may not be familiar to
readers with a background in beam theory. Linearizing, however, about the standing cantilever
solution would result in a set of equations that more closely resembles the set of equations
from beam theory. We simply evaluate the Fréchet derivative at the standing cantilever fixed
point (f, =0, fy = —p+A(s—1), =0, y =s) in (2.5). After manipulating the resulting set
of equations, we obtain a fourth-order differential equation in x. The stability of the standing
cantilever fixed point is determined from the eigenvalues of the resulting linear operator

(2.6) L(¢) = ¢"" = (s = DA = p)¢) = —o%¢
with the associated boundary conditions
(2.7) ¢(0) = ¢'(0) =0, ¢"(1)=0, ¢"(1)=~00.

This linear operator has several interesting properties. First, L is not self-adjoint because
of the boundary condition at the free end: ¢ (1) = yo¢. If we made a tiny change in this
boundary condition,

¢" (1) + ng'(1) = 0,

the linear operator would be self-adjoint. This boundary condition change would result in a
linear operator which represents the classical equations describing the buckling of a beam.

If v = 0, the linear operator L exhibits time-reversal symmetry since, if o is an eigenvalue
of this linear operator, then so is —o. The linear operator is also non-self-adjoint when ~ = 0.
Because of time-reversal symmetry, the eigenvalues of the linear operator for the undamped
case indicate only neutral stability or instability. Numerically, we have determined (with
a = 0) that the beam loses neutral stability when p = 20. When a small amount of damping
~ is introduced, however, the beam loses stability when g = 16. This apparent paradox was
noted by Paidoussis [15] and will be explained in section 4.3.

We will need the adjoint eigenvalue problem when we apply the perturbation theory of
eigenvalues in section 4.3. For the purpose of computing this adjoint, we will define the
following inner product:

1
(fr9) = /0 f*g(s)ds,

where f* is the complex conjugate of f. Since we will deal exclusively with real eigenfunctions
in the neutrally stable regime, we will drop the complex conjugate notation. The adjoint of
our linear operator L* satisfies the following inner product:

(¥, L(9)) = (L™, ).
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Taking the inner product of an arbitrary function ¢ with the linear operator in (2.6), we
obtain

1
(W, L(9)) = /0 B(E" — (Ms — 1) — w)¢!)')ds.

We can obtain the adjoint linear operator by repeatedly integrating this equation by parts to
obtain

1
(W, L()) = /0 ™ — (A(s — 1) — ') )ds + 0|} — ']}
" | — |y + (A — 1) — @)d) |g — V' (As — 1) — w)e], -

Several of these terms evaluated at the boundaries vanish due to the boundary conditions on
¢ except

p((1)¢'(1) = ¢/ (1)g(1)) — " (1)e(1)
+ 9"(1)¢'(1) + " (1) (1) +9'(0)¢" (0) + 1(0)¢™(0).

We will specify the boundary conditions of the adjoint eigenvalue problem so that these terms
vanish as well:

¥(0) = ¥'(0) =0,
¥ (1) + py'(1) = 0,
(1) + (1) = 0,
The adjoint eigenvalue problem follows:
(2.8) L) =" = (((s = YA = p)¢")’
with the boundary conditions
$(0) = ¢'(0) = 0,
(2.9) (1) + /(1) = 0,
(1) + (1) = 0.

This adjoint linear operator will be useful when we examine the effects of damping on stability
in section 4.3.

3. Numerical technique. We approximated the derivatives that appear in the steady
form of (2.4) using a Chebyshev collocation method. The approximating functions employed
by this spectral method are Chebyshev polynomials which are infinitely differentiable global
functions. When evaluated at the Gauss—Labotto points, this spectral method produces highly
accurate approximations to the derivative [9)].

We computed the steady-state solutions of our discrete approximation to (2.4) using a
Newton—Raphson iteration,

R, (z0)6z = —R(zo),
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105 20 30 20 50

Figure 3.1. This plot of u2 as a function of X shows that p2 changes sign at approzimately p = 7.3447 and
A = 14. The variation of the solution as a function of \ at this transition point (marked with a diamond) is
shown in bifurcation diagram (b) in Figure 4.4. This transition point is called a quartic bifurcation point and
is invariant under a change in the parameterization.

where 2z, is the solution at the previous iteration, 6z is the update to z, for this iterate, and
R,(2o) is the Fréchet derivative. We also approximated the continuous eigenvalue problem in
(2.4) with a discrete approximation to the Fréchet derivative, the vector of unknowns z, and
the eigenfunction ¢.

We used the arclength continuation, Hopf, pitchfork, and turning point tracking algorithms
in LOCA to obtain the numerical bifurcation results in this paper. For more information
on these algorithms, consult [14], [20], [21]. Branch switching was accomplished using an
algorithm which perturbs the symmetric, unstable solution in the direction of the null vector,

¢:
B ¢
Zstable = Zunstable T ||¢H .

The transition from a supercritical to a subcritical pitchfork bifurcation can be determined
using bifurcation theory. Werner and Spence discuss an analogous approach to detect whether
a pitchfork bifurcation is supercritical or subcritical in [25]. We first transform our governing
equations so that z = 0 is the standing cantilever solution. We then introduce a regular
perturbation expansion about zg = 0 to third order in €. Let us choose as our bifurcation
parameter the dimensionless follower force p. We also expand this bifurcation parameter as
follows:

1= o+ epr + g + g,

We substitute these expansions into our equations and retain terms up to third order in e. If
we were to collect terms of first order in €, we obtain the eigenvalue problem at the bifurcation
point:

J(O,/Lo)zl =0.
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Figure 3.2. This plot of A2 as a function of A shows that there are two points (marked with diamonds) where
A2 changes sign. The point that is also predicted in Figure 3.1 is special because it is invariant under a change
in the parameterization, whereas the second point predicted when X is chosen as the bifurcation parameter is an
artifact of the parameterization we take but still accurately predicts a change in the criticality of the pitchfork
bifurcation.

Collecting terms of second order in €, we obtain an equation of the form

J(0, po)z2 + 18 = Q(2z1).

Finally, collecting terms of third order in €, we obtain an equation of the form
J(0, pio)z3 + p2f = C(z1, z2).

We also have the normalization condition, which provides a nontrivial solution to these equa-
tions:

G-z =0, k=12

By solving the following system of equations simultaneously for ux_1,k = 1,2, we can obtain
the sign of ua:

o 410201

The pitchfork bifurcation is supercritical or subcritical based on the sign of po. We solved
these equations numerically and obtained the transition point (for o = 0) at pu = 7.3447, as
seen in bifurcation diagram (b) in Figure 4.4. The variation of ugy as a function of A is shown
in Figure 3.1. If we were to choose the dimensionless gravity A as our bifurcation parameter,
we obtain two points where A2 changes sign once through 0 and once through oo. The first
transition point is the quartic bifurcation point, which is invariant under a change in the
parameterization. The second transition point is an artifact of the parameterization we chose
but is nonetheless a meaningful indicator of the change in criticality. A plot of Ao as a function
of A is shown in Figure 3.2.
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Figure 4.1. The full and dashed lines represent stable and unstable solutions, respectively, and the square
marker indicates a pitchfork bifurcation point. The symmetric solution is unstable past the pitchfork bifurcation
point and tends toward the two stable branches labeled A and B in the diagram. Sample bifurcated solutions are
shown. A and B correspond to the first unstable mode, and C and D correspond to the second unstable mode.
The standing cantilever fixed point, not shown, corresponds to the horizontal 8 = 0 branch.
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Figure 4.2. The full and dotted lines represent stable and doubly unstable solutions, respectively. The value
of i at the onset of oscillatory behavior is shown in this figure.

4. Results and analysis.

4.1. Numerical bifurcation results. Figure 1.1 illustrates the beam’s orientation as we
vary a. When a = 0, the standing cantilever is a solution for all parameter values, but it may
not be stable to small perturbations. In this section, we will explore the standing cantilever’s
stability in the parameter plane defined by A and p when the underlying equations of the
beam exhibit reflectional symmetry o = 0.0.

Consider the case when there is no follower force or p = 0.0. When gravity is pointing
toward the clamped end of the beam, the standing cantilever will buckle under its own weight
at a critical value of A\. As in the Euler beam problem, the standing cantilever will also have a
second mode of instability at another critical value of A. These points of instability are shown
in Figure 4.1 with sample buckled solutions. This stationary bifurcation point is characterized
as being supercritical since the branched solutions are stable and occur after the symmetric
solution loses stability. Now consider the case when A = 0.0. The beam experiences flutter at
a critical value of the dimensionless follower force . This dynamic instability corresponds to
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Dimensionless follower force: 1
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Dimensionless gravity: A

I. one symmetric solution  II. two buckled solutions

III. two buckled solutions  IV. one symmetric and two buckled solutions
V. one oscillatory solution  VI. oscillatory and buckled solutions

Figure 4.3. For a = 0.0 and v = 1.0. Each region indicated with a Roman numeral and demarcated
by the curves of bifurcation points has different stable solutions defined above. This two-parameter plot shows
all solutions in this parameter-space. Please view Figure 4.4 for a better understanding of how the solutions
vary as a function of p and A. Note that this figure contains two different bifurcation boundaries: one from
the trivial state (the curve of pitchfork and Hopf bifurcations) and the other from an already buckled state (the
curve of turning points).

a Hopf bifurcation point and is shown in Figure 4.2. The dotted line in the figure represents
an unstable solution which tends to an oscillatory solution. Since we know the bifurcations
that the beam experiences for the trivial cases when p = 0.0 and A = 0.0, we can use the
tracking capabilities in LOCA to obtain the curve of pitchfork and Hopf bifurcation points.

As seen in Figure 4.3, the curve of pitchfork bifurcation points and the curve of Hopf
bifurcation points intersect at a point which is a high codimension bifurcation. This point
appears to be accounted for by Paidoussis in his stability map of the boundaries of buckling
and oscillatory instabilities [15]. His stability map, however, misses the quartic bifurcation
point, which we were able to obtain using an algorithm discussed in section 3 that detects
whether a pitchfork bifurcation point is supercritical or subcritical.

By using this additional capability, we can obtain the quartic bifurcation point shown in
Figure 4.3. This point is another a high codimension bifurcation point. Using the theory of
normal forms, we show in section 4.2 that another curve of turning points should come tangent
to this curve. This conclusion based on theory inspired us to search for the curves of turning
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Figure 4.4. For a = 0.0 and v = 1.0. A walue characteristic of our entire solution Oenq is plotted as a
function of A for a variety of f. The full, dashed, and dotted lines represent stable solutions, solutions with one
unstable mode, and doubly unstable solutions, respectively. Square, circle, and X markers are used to denote a
pitchfork bifurcation, Hopf bifurcation, and turning point, respectively. FEach bifurcation diagram was selected
to represent a significant section of Figure 4.3. As the dimensionless follower force increases, the two pitchfork
bifurcation points tend toward each other until they coalesce, leaving a Hopf bifurcation and two turning points
in their wake.
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Dimensionless gravity: A
I. one near-symmetric/buckled solution
II. two buckled solutions
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IVa. one near-symmetric and one buckled solution
IVb. one near-symmetric and two buckled solutions
V. one oscillatory solution
VTa. one oscillatory and one buckled solution
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Figure 4.5. For o = 0.0125 and v = 1.0. When we break the symmetry by the introduction of a deflection
a = 0.0125, we obtain the following two-parameter plot. Notice that the curve of pitchfork bifurcations splits
into two curves of turning points. The region of stability (I) does not appear to have increased dramatically.
The near-symmetric/buckled modifier implies a solution which continuously transitions from a stable, almost
symmetric solution to a buckled solution.

points which appear in Figure 4.3. It should be noted that there are two curves of turning
points shown in Figure 4.3 which happen to lie on the same curve in parameter space. Before
we unfold these two higher codimension bifurcation points in «, we will highlight the effect
the dimensionless follower force, gravity, and damping have on the boundaries of instability.

As can be seen in Figure 4.3, gravity makes the beam more likely to flutter and hence
destabilizes the beam. This result agrees with our physical intuition that gravity is a force
tending to make the beam oscillate. Contrary to physical intuition, the follower force y makes
the beam less likely to buckle and hence stabilizes the beam. This apparent paradox can be
explained in the following way: if the beam is perturbed in the direction of its buckled state,
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Figure 4.6. For a = 0.0125 and v = 1.0. A wvalue characteristic of our entire solution Oena is plotted as a
function of X for a variety of f. The full, dashed, and dotted lines represent stable solutions, solutions with one
unstable mode, and doubly unstable solutions, respectively. A circle and X symbols are used to denote a Hopf
bifurcation and turning point, respectively.
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Figure 4.7. For a = 0.1 and v = 1.0. The full and dashed lines represent stable and unstable solutions,
respectively, and the X marker indicates a turning point. Clearly the solution corresponding to A is favored
over solutions on branch B. The same pattern holds for the rest of the bifurcation diagram which corresponded
to the second pitchfork bifurcation point in the symmetric case shown in Figure 4.1.

then the follower force tends to push the beam back to the standing cantilever fixed point.
The effect of the follower force agrees with Paidoussis’ result that standing cantilevers which
would ordinarily buckle without flow can actually become more stable with flow for a certain
range of flow rates [15].

The follower force, however, also appears to excite the second pitchfork bifurcation mode
by decreasing the critical value of A, marking the onset of the second pitchfork instability. This
phenomenon is apparent in bifurcation diagrams (a) and (b) in Figure 4.4. These bifurcation
diagrams plot a characteristic value of our solution, the angle at the end of the beam, as a
function of A for fixed pu.

Bifurcation diagram (b) in Figure 4.4 marks the quartic bifurcation point—the transition
between a supercritical and a subcritical pitchfork bifurcation. This point corresponds to the
intersection of the turning point curves and the pitchfork bifurcation curve in Figure 4.3. The
pitchfork bifurcation becomes subcritical because the branched solutions are unstable and
occur when the symmetric solution is stable.

As the value of u continues to increase, we notice the emergence of the Hopf bifurcation
point in bifurcation diagram (d) in Figure 4.4. The second mode of instability becomes so
excited by the increased follower force and the first mode so subdued by the stabilizing effect
of the follower force that the two points coalesce at the higher codimension bifurcation point,
where the Hopf bifurcation curve intersects the curve of pitchfork bifurcation points. As can
be seen in bifurcation diagram (e), a Hopf bifurcation and two turning points remain in their
wake. At a sufficiently high follower force, the Hopf bifurcation emerges as the first instability
the symmetric system experiences as A is increased. Bifurcation diagram (f) in Figure 4.4
shows that two turning points still remain, but the buckled solutions no longer coexist with a
stable symmetric solution.
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Figure 4.8. For o = 0.1 and v = 1.0. Each region indicated with a Roman numeral and demarcated
by the curves of bifurcation points has different stable solutions outlined above. The near-symmetric solution
continuously transitions from a slightly deflected solution to a buckled solution in region I but never experiences
a turning point or bifurcation.

For A = 0, without damping, the standing cantilever was neutrally stable up until u =
20.0, where the beam experienced flutter. With a small amount of damping, -, the beam
experienced flutter at a smaller value of i, leaving us puzzled by the prospect that damping
had a destabilizing effect on the beam. This important finding was also noted by others in
the literature. However, a more puzzling consequence of our implementation of damping is
that the Hopf bifurcation point is absolutely independent of . These puzzling results are
explained in section 4.3.

The series of bifurcation diagrams in Figure 4.4 are used to define the regions in Figure 4.3
by the type of stable solutions which exist. Region I indicates that all solutions tend toward
the standing cantilever fixed point. In Region II, the symmetric fixed point loses stability to
one of the buckled branches depending on the direction of the perturbation. This scenario
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Figure 4.9. o = 0.1. A walue characteristic of our entire solution Ocna is plotted as a function of \ for
a variety of f. The full, dashed, and dotted lines represent stable solutions, solutions with one unstable mode,
and doubly unstable solutions, respectively. A circle and X symbols are used to denote a Hopf bifurcation and
turning point, respectively.

remains true even after the second pitchfork bifurcation point is passed in Region III. The
symmetric and buckled solutions are all stable in Region IV. It should be noted that the
two-parameter plot can be misleading because it contains bifurcations of different solutions
on the same parameter space. In order to correctly interpret Figure 4.3, please view the
one-parameter plots in Figure 4.4. It should also be noted that Regions VI and V do not
have well-defined boundaries in Figure 4.3. Region VI has only oscillatory solutions, while, in
Region V, both steady and oscillatory solutions are stable. LOCA cannot predict the end of
the oscillatory solutions that occurs when the limit cycle has a period which reaches oo and
ceases to exist. Time-integration of the governing equations of the motion of the beam is one
way to obtain this boundary.

What happens to the two higher codimension bifurcation points as we unfold them in
«a? The authors were unable to locate any work that discussed the unfolding of these higher
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codimension bifurcation points in a. When we deflect the beam slightly (o = 0.0125), we
obtain the two-parameter plot shown in Figure 4.5. We notice that the curve of pitchfork
bifurcations has given rise to two curves of turning points. The quartic bifurcation point has
unfolded into a codimension two bifurcation, where a curve of turning points terminates at
a cusp, and a codimension one bifurcation corresponding to the remaining curve of turning
points. The intersection of the Hopf bifurcation and the pitchfork bifurcation curves has
unfolded into a double zero eigenvalue which marks where the Hopf bifurcation curve intersects
the curve of turning points in Figure 4.5. The effects of unfolding become more pronounced
as we continue to increase the deflection as seen in Figure 4.8. We will briefly highlight some
features of the deflected beam.

With a small deflection, rather than either branched solution being equally possible, sta-
bility appears to be biased toward the direction of the deflection. In fact, the solution in the
direction of the deflection is stable for the deflected case. This bias becomes especially evident
in the bifurcation diagrams shown in Figure 4.6.

Bifurcation diagram Figure 4.6 (a) clearly shows that one stable solution branch connects
the standing cantilever and one of the buckled branches. Buckling in this case is a continuous
transition and is not characterized by a bifurcation. The near-vertical standing cantilever
equilibria become disconnected from the unstable near-standing solution, which is typical of
how a pitchfork bifurcation diagram looks after the symmetry is broken. The second pitchfork
bifurcation mode behaves as expected as well when the symmetry is broken. As we increase
the dimensionless follower force, we arrive at the cusp shown in Figure 4.5. Similar to the
symmetric case, the second turning point moves closer to the stable branches, until the stable
deflected branch merges with the second turning point, leaving a Hopf bifurcation point. By
the time p = 13 in bifurcation diagram (e), we notice that the Hopf bifurcation point becomes
the first instability the near-symmetric solution experiences.

For larger deflections (o = 0.1), Figure 4.7 shows how the beam actually looks as we
move on the various stable, unstable, and doubly unstable solution branches. Notice that
the solution in the direction of the deflection is stable and clearly favored over the solution
on the turning point branch. The two-parameter plot for the a = 0.1 case is shown in
Figure 4.8. The bifurcation diagrams shown in Figure 4.9 are again revealing. Bifurcation
diagram (a) shows that the solution corresponding to the direction opposing the direction
of the deflection is unfavored and disconnected from the near-symmetric solution. The near-
symmetric solution is initially stable and remains stable even as it becomes more deflected and
loses more symmetry. This stability is due to the continuous nature of the transition from the
near-symmetric solution to what we would consider a buckled solution. As the dimensionless
follower force increases, we notice that the second turning point moves closer to the stable
solution branch. By the time p = 13.6, the beam can flutter. The beam, however, restabilizes
and continues on the deflected solution branch. The second pair of turning points then merges,
leaving a Hopf bifurcation in its wake.

4.2. The quartic bifurcation point. By applying the theory of normal forms, we can
obtain a one-dimensional equation which can validate the topological behavior of the two-
parameter plots we obtained in the neighborhood of the quartic bifurcation point we noticed
in Figure 4.3. At this point, the beam exhibits symmetry, and, because we are at a transition
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between a subcritical and a supercritical pitchfork bifurcation, we can ignore terms of order
greater than five in x (since Fy;, = 0). We will introduce parameters (a,b) such that, at
the quartic bifurcation point, @ = b = 0. The one-dimensional equation which represents the
basic topological behavior in the vicinity of a quartic bifurcation point follows:

(4.1) g(x) = +2° + az® + bx = 0,

where a and b are parameters which we can vary in this equation. This normal form is a
standard example in the work of Golubitsky and Schaeffer [11]. We will choose the sign in
front of the quintic term in (4.1) to be negative because the resulting equation better resembles
the topological behavior in Figure 4.3. The solution, x = 0, corresponds to the symmetric
solution. Furthermore, for any given value of a, b = 0 corresponds to the locus of pitchfork
bifurcation points, where %(0) = 0. Also notice that, for a < 0, the pitchfork bifurcation
point is supercritical and, for a > 0, the pitchfork bifurcation point is subcritical.

We are interested in seeing if there are any curves of turning points in the neighborhood

of this quartic bifurcation point. By definition, at a turning point, the following is true:

dg

(4.2) =

(z) = —52* + 3az® + b = 0.

Neglecting the trivial solution which corresponds to the locus of pitchfork bifurcation points,
we can solve (4.1) and (4.2) to obtain an expression for the locus of turning points near the
quartic bifurcation:

2
az +b=0, 2= %.
A schematic of b as a function of a is given in Figure 4.10. Notice the locus of turning points
comes tangent to the locus of pitchforks and terminates at the quartic bifurcation point. Also
notice that the curve of turning points is actually two curves of turning points which happen
to lie on the same curve in parameter space and correspond to the two different solutions:
T = :I:%. This topological behavior is seen in Figure 4.3.

Figure 4.5 shows how the quartic bifurcation point unfolds when we break the symmetry in
the beam equations. There are two notable features in the unfolding: a curve of turning points
which terminates at a cusp and another curve of turning points nearby. Let us now show that,
when we break the symmetry in the normal form (4.1), we also obtain these features. The
asymmetric normal form follows:

(4.3) g(x) = —2® + ax +de* + b 4+ ¢ = 0.
We begin by looking for a cusp. When d = 0, the conditions for a cusp can be written as

g(x) = —2° 4+ ax® + bx +c =0,
—Z(x) = —52* + 3ax® +b =0,

—(z) = =202 + 6ax = 0.
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Figure 4.10. From the top: A schematic of the locus of turning points near the quartic bifurcation point
and a schematic of the locus of turning points after the symmetry is broken. The top schematic agrees with the
topological behavior in the neighborhood of the quartic bifurcation point in Figure 4.3. The bottom schematic
agrees with Figure 4.5, which shows the unfolding of the quartic bifurcation point.
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Solving these equations we obtain a = ;Lﬂw, b= —%, and z = 32% Thus, for

each value of ¢ with d = 0, there is one and only one cusp. For d # 0, we can invoke the
implicit function theorem to conclude that, for small d, this conclusion still holds.

In the symmetric normal form, we noticed that two curves of turning points happened
to lie on the same curve in parameter space. When we break the symmetry, these curves of
turning points split apart in parameter space, as shown in Figure 4.10. One of these curves
terminates at a cusp, and the other is a locus of turning points that continues on and merges
into what used to be the supercritical pitchforks.

4.3. Effect of damping. When v = 0.0, we noted in section 2.4 that the eigenvalue
problem obtained from linearizing about the standing cantilever fixed point could only predict
neutral stability or instability. In section 4.1, we found that, at © = 20.0, the beam experiences
flutter. For p < 20.0, the neutrally stable modes do not necessarily tell us anything about
the stability of the standing cantilever. One would assume that, when we add damping, those
neutrally stable modes would become stable. We noticed numerically, however, that damping
made some of those neutrally stable modes unstable. In addition, we analyzed the effect
damping had on this point of instability by introducing extreme values of damping (y = 10~°
and v = 10°) and observed that damping had no effect on this point of instability. These
deeply puzzling results are analytically clarified in this section.

By applying the perturbation theory of eigenvalues, we can determine the effect a small
amount of damping would have on the sign of the real part of the perturbation in the eigen-
value. If the real part of the perturbation is positive, then the damped solution becomes
unstable, and, if the real part of the perturbation is negative, then we know the solution will
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become stable. Assuming -y is small, let us introduce the following expansions for this purpose:

¢ = do + 791,

o =00+ "Y01.
Substituting these expansions into (2.6) and collecting terms up to first-order in -y, we obtain

L(¢1) + 031 = —20001 6,
$1(0) = ¢1(0) =0,

1(0) =0,

1(1) = oogo(1).

Using Fredholm’s alternative, we can take the inner product of both sides of the first equation
in (4.4) with v, which satisfies the linear operator in (2.8) and the adjoint boundary conditions
in (2.9). Repeatedly integrating this resulting equation by parts, we can then apply the
boundary conditions in ¢y and use the fact that Lty + 03109 = 0 to obtain the following
equation:

(4.4)

1
¢0(1)00¢0(1) = —2/0 Poooo1dods.

Finally, solving for o1, we obtain

ROLION
2 [ dodods

When there is no follower force (u = 0 and hence ¢g = 1)), o1 is negative. Therefore, a little
bit of damping stabilizes the standing cantilever when there is no follower force. For small
1, we would expect o1 to remain negative since ¢g ~ 1py. As we increase u, we can solve
the purely inviscid problem and keep track of the undamped right and left eigenfunctions to
obtain the point where a small amount of damping makes the standing cantilever unstable.
o1 changes sign when (1), ¢o(1), or the denominator changes sign. Numerically, we have
identified that 1¢(1) changes sign when p = 16.0. This important result proves that a point
source of damping destabilizes the beam.

We have shown that an instability occurs for small values of v at ¢ = 16.0 and ¢o(1) = 0.0.
However, why does this point of instability hold for all values of v? How can we explain this
special property of the point source of damping in our model of the beam? Since (1) = 0
at the point of instability, one of the adjoint boundary conditions in (2.9) becomes

(4.5) o1 =

/(1) = 0.

Therefore, both ¢g and v satisfy all of the boundary conditions for the damped problem at
the point of instability except for ¢ (1) = o¢(1)¢po(1). We can thus obtain an eigenfunction
which satisfies the damped linear operator and boundary conditions using a linear combina-
tion of the undamped left and right eigenfunctions ¢y and 1)y. Since we can determine an
eigenfunction ¢%(v) for the damped linear operator in (2.6) that ensures that the eigenvalue
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remains unchanged as we vary =, we have proven that the point of instability is independent
of damping. It turns out that this particular linear combination is

¢ = ¢o + kyoovo,

where k = — 2oL
uepg (1)

We have shown that, as long as a point source of damping is nonzero, damping has no effect
on the Hopf bifurcation point. It should be emphasized that this is an interesting property
of what is most probably a degenerate model and does not hold for distributed damping or
even two point sources of damping for that matter. However, just as we learned a tremendous
amount from the extremely degenerate high codimension bifurcations, we hypothesize that
this degenerate point foretells that distributed damping would have a nominal effect on the
point of instability. Our hypothesis is strengthened by the work of Paidoussis, who showed
in Table 2 of his paper that the effect external distributed damping had on the critical flow
velocity for the standing cantilever is small [15]. A more physical explanation of why damping
actually destabilizes the beam follows, culminating in a discussion that restates conclusions

made by Benjamin about the physical mechanism behind flutter [4].
4.4. Physical mechanism behind flutter. Let us assume that ¢ = iw. By construction,
a fixed point of the beam takes the form

x = R(p1e™"),

where ¢ is the eigenfunction of the linear operator appearing in (2.6). The work performed
by the follower force is approximately

t
W= ”/o w(1)0(1)dt.

We stated in section 2.4 that, when we linearize about the standing cantilever fixed point, we

obtain a fourth-order differential equation in x, and we used ¢ to denote the eigenfunction.

For small deflections, # is simply equal to ¢} since, in (2.4), 2’ = sin(f). Putting this all

together, u(1) and 6(1) have the following form:

u(l) = %(iwqbl(l‘)em),
0(1) = R(¢ (1)e™).

Without loss of generality, we can normalize the eigenfunction ¢; such that

¢1(1> 1,
$1(1) = A,

where A and (3 are real constants obtained after normalizing the eigenfunction so that ¢;1(1) =
1. The u velocity and 6 in terms of this normalized eigenfunction are

u(l) = —wsin(wt),
0(1) = Acos(wt + ),
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so that the work performed by the follower force can be expressed as
t
W = —,u/ wA sin(wt) cos(wt + [)dt.
0

This integral evaluates to zero over a full period, unless 3 is nonzero. When there is no
damping v = 0, then ¢; and ¢ are real and (3 is zero. Essentially, there is no energy transfer
from the follower force to the beam when there is no damping. When there is damping, 3
becomes nonzero because ¢; and ¢j become complex. This energy due to the follower force
is countered by the energy removed from the system by dissipation. At a certain point, the
follower force outweighs the damping mechanism, causing the beam to become unstable. Thus
the beam experiences an instability because the u velocity and 8 become more in phase. These
results are consistent with those found by Benjamin [4].

5. Conclusion. As a result of this research, we have outlined the development of a generic
tool for detecting the criticality of a pitchfork bifurcation point. In the future, we will want
to develop this tool for large-scale stability problems. Moreover, because a point source
of damping had no influence on the Hopf bifurcation point, we predicted that distributed
damping would have a nominal effect on stability. We would like to test the validity of this
claim by implementing global damping in future work. In this study, we used « only to unfold
our high codimensional pitchfork bifurcations. Future work may consider « as a continuation
parameter and examine bifurcations in «. We may also wish to identify the saddle-loop
bifurcation curve missing in our two-parameter plot by time-integrating our equations of
motion.
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Attracting Fixed Points for the Kuramoto—Sivashinsky Equation: A Computer
Assisted Proof*

Piotr ZgliczynskiT

Abstract. We present a computer assisted proof of the existence of several attracting fixed points for the
Kuramoto—Sivashinsky equation

e = (U2 — Upw — Vlgoee, u(z,t) =u(z+2m,t), u(z,t) = —u(—z,t),

where v > 0. The method is general and can be applied to other dissipative PDEs.
Key words. dissipative PDEs, fixed points, Galerkin projection, computer assisted proof
AMS subject classifications. 35B35, 35B45, 65G20, 65N30

PIl. S111111110240176X

1. Introduction. The goal of this paper is to extend the method of self-consistent a priori
bounds developed in [ZM, Z] for a rigorous study of dynamics of dissipative PDEs. We present
an approach which allows us to show that a given fixed point for a PDE is asymptotically
stable. We apply the method to the Kuramoto—Sivashinsky (KS) equation subject to periodic
and odd boundary conditions

(1.1) up = (u)y — Upe — Vlggze, w(z,t) =u(x+2mt), u(z,t)=—u(—z,t),

where v > 0. While the method will be explained in detail later, we would like to stress here
its basic ingredients, which will also explain how this paper is dependent on [Z] and [ZM] and
what is new here.

The approach starts as in [ZM]:

1. We have to find an approximate attracting fixed point xq for some Galerkin projection
of (1.1). Then we construct a trapping region around zp (which is an example of
self-consistent a priori bounds defined in [ZM]) using the algorithm presented in [ZM].
From this we conclude that there exists a fixed point * € R, but we cannot claim its
asymptotic stability.

2. In paper [Z], we obtained estimates for the Lipschitz constants for the flow induced by
the Navier—Stokes equations on two-dimensional torus. Here we adopt this approach
to construct a norm for which the induced flow is a contraction around z*.

In the present work, for each attracting branch from a nonrigorous steady state bifurcation
diagram presented in [JKT], we picked up a point on it, and we proved that it is attracting.
Below we include some of the attracting steady states we had proved rigorously to exist.
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v € 0.75 + [-1072,1072], two stable unimodal fixed points.

v € 0.5+ [-107%,1074], two stable unimodal fixed points.

v € 0.3+ [-107%,107], two stable unimodal fixed points.

v € 0.125 + [—-107%,107%], one stable bimodal fixed point.

v € 0.1 +[-107%,107], one bimodal stable fixed point.

v € 0.08 +[~1075,107%], one bimodal stable fixed point. A pair of stable fixed points
close to Rsty (see [JKT]).

v € 0.062+[—107%,1079], two stable trimodal points and two stable points from giant
branch.

v € 0.045 + [-1075,107%], v € 0.04 + [~1077,1077], two stable points from giant
branch.

In the above listing, when we write that, for v € 0.75+[—1072,1072], we have two stable fixed
points, this means that, for all v in this interval, these stable fixed points exist. In section 4,
we present an example of a precise theorem about an existence of a fixed point obtained using
our method.

In sections 2 and 3, we present the method in detail, and we prove Theorem 3.8, which
is the main tool in our approach. In section 4, we present an example of a precise theorem,
give an outline of the algorithm, and present numerical data from the proof. In section 5, we
derive various estimates for the KS equation required in the rigorous check of assumptions
of Theorem 3.8. In section 6, we discuss the directions in which this work can be extended
further.

2. Uniform convergence of Galerkin projections on a trapping region. We adopt here
the notation used in sections 4 and 5 in [Z]. Let H be a real Hilbert space. Let eq, ea, ... form
an orthonormal basis in H.

In what follows, we will quite often denote the elements of H by x, and we hope it will
not be confused with the space variable in (1.1).

Let A, : H — R denote a projection onto a one-dimensional subspace (e,); i.e., x =
Y An(x)e, for all x € H. By X, we will denote a space spanned by {ey,...,e,}. Let P,
denote the projection onto X,,, @, = I — P,.

For z € R" or x € H, we set |z| to be a standard (Euclidean) norm, |z|s = max; |z;| and
|zl = 325 |2l

We investigate the Galerkin projections of the problem
(2.1) ' = F(z) = L(z) + N(z),

where L is a linear operator and N is a nonlinear part of F. We assume that the basis e, es, . ..
of H is built from eigenvectors of L. We assume that the corresponding eigenvalues \;, (i.e.,
Lej, = Agey,) are ordered so that

A >X>... and lim A\ = —o0.
k—o0
Hence L can have only a finite number of positive eigenvalues.
Definition 2.1. Let W C H and F : dom(F) — H, W be closed. We say that W and F
satisfy conditions C1, C2, and C3 if the following hold:
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Cl. There exists M > 0 such that P,(W) C W for n > M.

C2. Let iy = maxgew |Agx|. Then @ =Y urer € H. In particular, |G| < co.

C3. The function © — F(x) is continuous on W, and f = Y, frex, given by fr =
maxgew |ArF(x)|, is in H. In particular, |f| < co.

Observe that, if Wy, C X, and {a; ,a; } form self-consistent a priori bounds (see [ZM,
Def. 2.1]) for F, then W = W, @ 1132 [a;,, o) ] and F satisfy conditions C1, C2, and C3.

Definition 2.2.  We say that W C H and F' = N + L satisfy condition D if, for any 1, j,
the function

(2.2) ONi

8113j

W =R

is continuous and the following condition holds:
D. There exists | € R such that, for allk =1,2, ...,

> |ON;
W) + 1/22 5
=1

8Nk

(2.3) W)+ A <.

The main idea behind condition D is to ensure that Lipschitz constants of flows induced
by Galerkin projections of (2.1) are uniformly bounded. (See the proof of Theorem 13 in [Z]
for more details.)

Definition 2.3.  Consider an ODE

(2.4) ' = f(x),

where x € R™. The compact set W C R™ is called a trapping region for (2.4) if, for any
solution x(t) of (2.4), if x(0) € W, then x(t) € W for all t > 0.

The following easy lemma was used throughout this paper as a criterion for a set to be a
trapping region.

Lemma 2.4. Assume that W is a closure of an open set, with a piecewise smooth boundary.
For any x € OW, let v(x) denote an outward normal vector to OW .

If, for all x € OW, we have v(x) - f(x) <0, then W is a trapping region for (2.4).

The following theorem was proved in [Z].

Theorem 2.5 (see [Z, Theorem 13]). Assume that R C H and F satisfy conditions C1, C2,
C3, and D and that R is convex. Assume that P,(R) is a trapping region for the n-dimensional
Galerkin projection of (2.1) for all n > M. Then the following hold.

1. Uniform convergence and existence. For a fized xo € R, let zp, : [0,00] — Pp(R) be
a solution of ¥’ = P,(F(x)), 2(0) = P,xg. Then x, converges uniformly on compact
intervals to a function x* : [0,00] — R, which is a solution of (2.1), and x*(0) = xo.
The convergence of x,, on compact time intervals is uniform with respect to xg € R.

2. Uniqueness within R. There ezists only one solution of the initial value problem (2.1),
x(0) = xg for any xo € R, such that x(t) € R fort > 0.

3. Lipschitz constant. Let x : [0,00] — R and y : [0,00] — R be solutions of (2.1); then

ly(t) — z(t)] < e"[a(0) —y(0)].
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4. Semidynamical system. The map ¢ : Ry x R — R, where ¢(+,z0) is a unique solution
of (2.1), such that p(0,x0) = xg, defines a semidynamical system on R; namely,
— 1§ continuous,
— ¢(0,2) =z, and
= ot p(s,2)) = p(t + s, 2).
In the context of this paper, the statement about the Lipschitz constant in Theorem 2.5
is of special importance. We can formulate it as

(25) |¢(t7$) - Qﬁ(t, y)| < elt‘x - y’a t> Oa

where [ is given in condition D and z,y € R.

Assume that we have a trapping region, R, satisfying the assumptions of Theorem 2.5.
The next step is to prove that the induced semiflow is contracting. This may be hard to
achieve in the original norm, but, in section 3, we construct another norm (similar to the
| - |oo-norm) for which we are able to show that (2.5) holds with [ < 0 for the steady states for
the KS equation mentioned in the introduction.

3. Diagonalization and construction of a “contracting” norm. As was mentioned in
section 2, we would like to construct a “contracting” norm on trapping region R ( I < 0 in

(2.5)).

3.1. Block decomposition. Our construction will be based on the approximate diagonal-
ization of the matrix g—i. We want this matrix to be dominated by diagonal terms. This
is achieved by an approximate diagonalization in case of real eigenvalues. The case of the
complex eigenvalues forces us to consider blocks on the diagonal. We formalize this as follows.

Definition 3.1. A decomposition of H into a sum of subspaces is called a block decomposi-

tion of H if the following conditions are satisfied.

1. H =@, H,.
2. For every i, h; = dim H; < hpax < 00.
3. For every i, H; = (e, €iy, ..., €, ).

4. If dim H = oo, then there exists k such that, for i >k, h; = 1.

For a block decomposition of H, we adopt the following notation, which makes a distinction
between blocks and one-dimensional subspaces spanned by (e;). For the blocks, we use H; =
(€iy, . ..€i), where (i) = (i1,...1;). The symbol H; will always mean the subspace generated
by e;. For one-dimensional block (i), we adopt the following convention: the only element of
(7) will be denoted by the same letter 1.

For a given block decomposition of H and block (i), we set

dim (7) = dim H .

For any z € H, by z(; we will denote a projection of x onto H(;. For any a and (1) =
(1,...,1%), we will say that (i) < aif iy < a for all s =1,...,k, and we say that (i) > a if
is>aforalls=1,... k.

On each component H(;), we will use a norm induced from H. By P(; we will denote an
orthogonal projection onto H;. By Lin(H(i),H(j)) we denote a set of all linear maps from
H;) to H(;) equipped with an operator norm |A| = max,|=1 yen,;, |Av|.
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We have the following easy lemma.
Lemma 3.2. Assume that we have a block decomposition of H, and let W C H. If, for
any k,l, the function

OFy,
— W =R
6.%[ -
is continuous, then, for every (i) and (j), the map
OF() o
:W — Lin(H;y, Hypy) ~ R ()xdim (3)

18 conlinuous.

For any square matrix Q € RU™HXdmHA (5 Jinear map @Q : dom(Q) — H) and for any
blocks (i), (j), we define a matrix Q;)(;) as the matrix corresponding to an induced linear
map Q)(j) : Hj) — Hy given by Q5 (@) = P (QF(5)2).

3.2. A block-infinity norm for block decomposition. For a fixed block decomposition of
H, we define the norm (the block-infinity norm) by

(3.1) |Z]p,00 = H(I?SX’P(Z-)(L'|.

We have the following easy lemma.

Lemma 3.3. Assume that W C H, W is closed and satisfies condition C2. Then on W the
convergence in the norm | - | is equivalent to the convergence in the norm |- |po0; namely, for
any sequence {xn,} C W, |z, — x*| — 0 if and only if |xn, — 2*|p o0 — 0.

Now we turn to the computation of the logarithmic norm for | - | .

For any norm || - || on R" following [HNW], we introduce the notion of the logarithmic
norm of a matrix by the following definition.

Definition 3.4. Let @ be a square matriz; then we call

(32) #(Q) = limsup LT RQI =1
h>0,h—0 h

the logarithmic norm of ). Definition 3.4 differs slightly from Definition 1.10.4 in [HNW]
because, to avoid a question of the existence of the limit in (3.2), we use the lim sup.

By 1(Q) we denote the logarithmic norm induced by the Euclidean norm, and for all other
norms we will use a subscript identifying it.

The following theorem was proved in [HNW].

Theorem 3.5 (see [HNW, Th. 1.10.5]). The logarithmic norm is obtained by the following
formulas:

(3.3) 1(Q) = the largest eigenvalue of 1/2(Q + QT),
(3.4) Hoo(Q) = max (Qkk + > |ka‘|) :
i itk

(3-5) p1(Q) = max (%’i + > !%|> :

ki
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The next lemma tells us how to compute the logarithmic norm induced by the block-
infinity norm.
Lemma 3.6. Assume that we have a block decomposition of R™; then

(3.6) Hh,00(Q) < max (M(Q(i)(i))Jr > |Q(i)(k)’>'

@ (M#0)

Proof. Since, for any h > 0, (i), and z € R™, we have

[P +hQ)zl = | (Lo + hQuw) 7o) +h Y Qunag)

(7):(4)#(@)

+h Y Rumr)]
(3, ()6)

< ( (@)6) T Q) ‘Q(i)(j)‘) |2 p,00,
(4),(5)#3E)

< ‘ (I(i)(i) + hQ(i)(i)) L)

then

(4),()#(@)

From the above equation and the definition of the logarithmic norm, one easily obtains the
assertion of the theorem. [ |
From Theorem 3.5, it follows that, when all blocks are one-dimensional, we have an equality
n (3.6), but observe that this is not true in general as is shown by the following example.
Let n = 4. Consider the blocks (e, e2), (e3), and (e4) and the matrix

1
-1

(38) Q- .
0

o O O O
o O O O
O O ==

An easy computation shows that

Ph,oo(Q) =2 < max (ﬂ(Q(i)(i)) + > Q(i)(k)\) =2v/2.
' (k)#(3)

3.3. Lipschitz constants in block-infinity norm and main theorem . The following theo-
rem has exactly the same proof as Theorem 13 in [Z]. The only difference is that the standard
norm in H is replaced by the block-infinity norm.

Theorem 3.7. Assume that R C H, R is convex, and F satisfies conditions C1, C2, and
C3. Assume that we have a block decomposition of H such that condition Db holds.
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Db. There exists | € R such that, for any (i) and x € R,

OF;
(o) 5
(k), (k)#(4)
Assume that P,(R) is a trapping region for the n-dimensional Galerkin projection of (2.1)
for all n > M;y. Then the following hold.

1. Uniform convergence and existence. For a fized xg € R, let zp, : [0,00] — Pp(R) be
a solution of ¥’ = P,(F(x)), x(0) = P,xo. Then x, converges uniformly in a maz-
infinity norm on compact intervals to a function x* : [0,00] — R, which is a solution
of (2.1) and x*(0) = z9. The convergence of x,, on compact time intervals is uniform
with respect to xg € R.

2. Uniqueness within R. There exists only one solution of the initial value problem (2.1),
x(0) = zo for any xo € R, such that x(t) € R fort > 0.

3. Lipschitz constant. Let z : [0,00] — R and y : [0,00] — R be solutions of (2.1); then

(93)‘ <.

ly(t) — 2(t)]p.00 < €2(0) — y(0)[p,00-

4. Semidynamical system. The map ¢ : Ry X R — R, where ¢(-,z0) is a unique solution
of (2.1), such that p(0,x0) = xg, defines a semidynamical system on R; namely,
— 1§ continuous,
- 90(07 .%') =T,
= ot p(s,z)) = o(t + s, 7).
The following theorem is the main tool in proving an existence of attracting fixed points.
Theorem 3.8. We use the same assumptions on R,F' and a block decomposition of H as in
Theorem 3.7. Assume that 1 < 0.
Then there exists a fized point for (2.1), z* € R, unique in R, such that, for every y € R,

lp(t,y) — 2 poo < €ly — 2*po  fort >0,
t—o0

Proof. Tt is enough to prove the existence of z* € R such that F(z*) = 0 because the
uniqueness in R and all other assertions follow directly from the assumption [ < 0 and the
Lipschitz constant estimates given in Theorem 3.7.

It is easy to see that, for all n > M, there exists x, € P, R, a fixed point for the nth
Galerkin projection. Passing to the limit with n (by picking a subsequence eventually), we
obtain z* (see [ZM, Thm 2.16] for details). |

4. An example of a theorem and a description of an algorithm. In this section, we
present an example of a theorem we prove using our method, give a description of an algorithm,
and provide some numerical data from the proof.

Theorem 4.1. Let

u(z) = —2(0.711691 sin(z) — 0.123059 sin(2x) + 0.01011 sin(3x)) .

For any v € 0.75+ [—1072,1072], there exists an equilibrium solution u,(x) to (1.1) such that
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® u, is attracting,
o ||u, —ul|r2 <0.104, ||0yu, — Opul|r2 < 0.132, and ||Ju, — ullco < 0.084.

The attracting fixed point from the above theorem had already been discovered (nonrig-
orously) by Jolly, Kevrekidis, and Titi in [JKT]. In the terminology used there, this is a
unimodal fixed point.

The proof consists of two parts.

1. The first part is a construction of topologically self-consistent a priori bounds (see
Definition 2.11 in [ZM]) for the KS equation, i.e., W C X, and {a; ,a; }x>m, an isolating
block N C W with empty exit set. We define a set R given by

(4.1) R=N@oIG, o, af].

From the construction, it follows that P, (R) is a trapping region for the nth Galerkin projec-
tion of the KS equation for n > m.

From the results in [ZM], it follows that there exists u, € R such that F'(u,) = 0.

2. The second part is the computation of [. Now, if [ < 0, then from Theorem 3.8 it
follows that u, is attracting.

The method of construction of the tail in self-consistent bounds, i.e., the numbers af for
kE > m, is described in section 3.3 in [ZM], but the construction of an isolating block N was
not presented there; therefore, we present an outline of this algorithm here.

First, we introduce some notation and fix some terminology. We recall condition C4a from
[ZM]:

Cda. Let ue WoIIZ, 4 la;, af]. Then, for k > m,

(4.2) Apu = ag = AkFV(U)) < 0,
(4.3) Agu = a; = ApF,(u)) > 0.

Definition 4.2. In the context of a block-decomposition of a finite-dimensional space, H =
@® H;), we consider a system of differential inclusions, which is a product of inclusions for
each block of the form

(4.4) z, € Mgxy + (bg, B)

or a two-dimensional block (k) = (ki, k2),

(4.5) Ty, € T, — By Thy + (Dky> Bry ),
Ty € =By Thy + () Thy + (bhy, Bry).

Let N = @ N;), where Ny C H;y and

We will say that we have an isolation for the (k)-block on N if the following hold:

(4-.6) )\knk+ + (bk,Bk) < 0, )\kn,; + (bk, Bk) >0 if dlm(k) =1.
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If dim(k) = 2, we require that

(4-7) )‘(k)n(k) + \/(bkl’Bk1)2 + (bk27 Bk2)2 <0.

The following easy lemma explains why we care for an isolation.

Lemma 4.3. Let a block decomposition of H, set N, and differential inclusions be as in
Definition 4.2. If we have an isolation for all blocks on N, then the set N is a trapping region.
(In particular, it is an isolating block.)

We perform our computations in an interval arithmetic [Mo]. We use the following notation
and conventions.

By arabic letters we denote both single-valued objects like vectors, real numbers, and
matrices and sets of these objects. Sometimes we will use square brackets, for example, [r], to
denote sets. Usually this will be some set constructed in an algorithm. In situations when we
want to stress that we have a set in a formula involving both single-valued objects and sets
together, we would rather use square brackets; hence we prefer to write [S] instead of S to
represent a set. From this point of view, [S] and S are different symbols in the alphabet used
to name variables, and, formally, there is no relation between the set represented by [S] and
the object represented by S. Sometimes both variables [S] and S are used simultaneously;
usually S € [S] in this situation, but this is always stated explicitly.

For a set [S] by [S]7, we denote an interval hull of [S], i.e., the smallest product of intervals
containing [S]. The symbol hull(z1, ..., zx) will denote an interval hull of intervals z1, ..., zy.
For any interval set [S] = [S]r, by m([S]) we will denote a center point of [S];. For any interval
[a, b], we define a diameter by diam([a,b]) = b—a. For an interval vector or an interval matrix
[S] = [S]1, by diam ([S]) we will denote the maximum of diameters of its components. For an
interval [z, 2], we set right([z~,21]) = 2T and left([x~,zT]) = 2.

4.1. A detailed outline of an algorithm.
Input data:
e m, M are dimensions describing self-consistent bounds.
e [V] = vy + [-bv, V] is a range of parameters.
e 1o € R such that P, Fy,(xo) ~ 0; this is our candidate for a fixed point.
e A is a parameter defining an initial size of V.

1. An approzimate diagonalization of dPpFy,(xo), a generation of new coordinates in
Xm =R™, and a block decomposition of H. From an approximate diagonalization of dP,, Fy,, (xo),
we obtain new coordinates, which will be called the block coordinates. The coordinates a; will
be referred to as the standard coordinates. The block coordinates are obtained from standard
coordinates through an affine transformation 7' : R™ — R™,

(4.8) T(z) = Ti(x — x9),

where T; € R™>*™,

We define a block decomposition of H = ;) H; such that, for (i) > m, all blocks are
given by H;y = (e;); for (i) < m, each block H(; is an eigenspace of dP,F, (7). Com-
plex eigenvalues give rise to two-dimensional blocks and real eigenvalues to one-dimensional
blocks. Eigenvectors from one-dimensional blocks are normalized to a unit length; in a two-
dimensional block, the length of a longer vector from the pair is normalized to one.
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From now on, we will change the norm in H so that the blocks H(;) become orthogonal
and, for two-dimensional blocks, the real and the imaginary parts of a complex eigenvector
are orthogonal.

2. Preparation for the main loop:

o An initialization of variables Iso[k], 1 < k < m. We set Iso[k] = 0. It will later
become true (i.e., equal to 1) if we will have an isolation for the block containing a
kth variable).

o An initialization of our initial guess for N = @ ;<m N(i), where Ni;) C Hy;). We set

N = [n&),na)] =[-A,A] if dim(i) = 1,
Ny = B(0, n)) = B(0,A) if dim(7) = 2.
3. Main loop:

o An initialization of a local variable iso_change = 0. The variable iso_change tells us
if there is any new isolation for 1 < k < m or if our set N has changed, giving us the
chance that repeating a loop once again will result in a better tail, which may produce
new isolations.

e A computation of W. W = [T~Y(N)];. It is enough to define W as W = T~1(N), i.e.,
the set IV in standard coordinates. However, if we evaluate this formula in interval
arithmetics, we obtain the set [T~!N];, which is larger than T~!(N) due to round-off
errors and the wrapping effect [Mo].

o A generation of self-consistent tail. Using formulas derived in section 3 in [ZM], for
the current values of W, m, M, we find {a;,az} such that conditions C1, C2, C3,
and C4a are satisfied on W & II7° . [a;, a)f].

In principle, the procedure of generation {af} may fail; in this case, we interrupt the
algorithm and return fail.

o A computation of an influence of the tail V- =1I32 . [a; az] onto the m-dimensional
Galerkin projection. Using formulas from section 3 in [ZM], we find an interval vector
[e] € R™ such that

(4.9) P (F,(x)) — Pp(Fu(Prx)) C e force WaV.

Our goal for the next step is to construct an isolating block N for an equation (in fact
a differential inclusion)

(4.10) 2’ € Py (F,(2)) + €], where x € W.

o A transformation of (4.10) to the block coordinates and “an interval diagonalization.”
We transform (4.10) into the block coordinates; as a result, we obtain for v € vy +
[—6v, bv], for one-dimensional blocks (i),

(4.11) i € Ni(v)i + fi(z) + [&]
and, for two-dimensional blocks (i) = (i1, 2),

(4.12) i, € ag) (V)i + Buy(V)mi, + fi () + 6],
i, € —Buy(V)zi, + ap (V)zs, + fip (@) + [€,].
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Observe that, since we are using the block coordinates, which diagonalize dP,, F' Py,
for a small N the values f;(z) for z € N will usually be very small.
For 1 < i <'m, we compute an interval (b;, B;) such that

(4.13) fi(W) + & C (b, By).

Instead of (4.11) and (4.12), we will now consider the equations

(4.14) x; € \i(v)x; + (bi, B;)
and
(4'15) ‘1721 € Q)T + /B(z)xw + (bilaBil)a

5322 € —Bai)yTi, + auyTiy + (biy, Biy),

respectively.

Let us stress that, in our computations, we have uniform bounds for A;(v), a)(v),
and B(;(v). Namely, we have intervals [A¢;)], [a(;], and [B(;] such that, for all v €
[vo — 6v, v + v/, the following hold:

AioyW) € \wpl,  awW) €lawl,  BuWw) € (Bl

o An isolation for 1 <i < m. First observe that, since we are looking for an attracting
fixed point, then A; < 0 and a(; < 0 (provided x is a good approximation).
For each block, we try to find an isolation as follows: for one-dimensional block (i),
we set

B; b;
(4.16) d = right (—Z) , d; = left (—Z> .
[Ai] [Ai]
Now if
(4.17) [di7, df] C [y, nf,

then an easy computation shows that we have an isolation for the (i)th block.
For two-dimensional blocks (i) = (i1,142), we set

. B

where B = right(+/(b;,, Bi, )% + (bi,, Bi,)?). It is easy to see that we have an isolation
for the (i)th block on N if

If (4.17) holds for one-dimensional block (i), then we set
iso_change = 1,
n:r = d;r, n. =d;.

Isoli] = 1.
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If (4.19) holds for two-dimensional block (i) = (i1,142), then we set

iso_change = 1,
@) = d),
Isoliy] =1, Isolis] = 1.

Observe that, with these updates, we achieve the following: if iso_change = 1, then
the current set N is a proper subset of the set N at the beginning of the loop. This
guarantees that W and then also [¢] will be smaller in the next iterate. This implies also
that, if in one loop we have an isolation for a block (i), then we will have an isolation
for this block for all following iterations of the loop, and it creates a possibility for
obtaining an isolation for other blocks in the next iterations.
o A verification of an isolation for all blocks. We check if, for all 1 < k < m, Iso[k] = 1.
If this is the case, then we leave the loop because N is the desired trapping region.
Otherwise, we check if iso_change = 0. If this is the case, then the algorithm failed.
If iso_change = 1, we repeat the loop again.
4. Computation of [: From previous steps, we have a block decomposition of H, a change
of coordinates T', a trapping region N, and a tail [a;,, af |k>m-
We compute | using formulas from section 5 on the set W = [T71(N)]; & Hy=p[ay , a; .
5. Output: We set 7. = m(N) (a center point of N ). Let z, = T~ 'x.. w, is a center of
a trapping region N expressed in the standard coordinates. We estimate |y — x| in various
norms for all y € T7H(N) & Hy=mlay ,af| (for example, Lo, H' etc.). If I < 0, then we can
conclude that, close to x,, there exists an attracting fixed point; otherwise, we can claim only
the existence of a fixed point.
End of an algorithm.

4.2. Numerical data from the proof of Theorem 4.1. We have chosen m = 3 and
M = 10. In fact, to complete the full algorithm successfully without checking that [ < 0,
i.e., to prove just the existence of a fixed point, it is enough to take m = 2 (see the proof of
Theorem 4.1 in [ZM]), but, in this case, we were unable to verify that [ < 0.

Other starting parameters for the algorithm were given by

xo = (0.712361, —0.12324, 0.0101787),
A = 0.03125.

xo was found by simply integrating forward a three-dimensional Galerkin projection of (1.1).
We tried first A = 1075 and then A = 5A (we multiplied the current value of A by 5) until
we were able to successfully complete the algorithm.

From the approximate diagonalization, we list approximate eigenvalues and several most
significant digits of interval matrixes 7; and Tl_l. Diameters of entries in 7T; and Tl_1 were
smaller than 10715,

A1~ —51.46617, Ao = —T7.7545, A3 ~ —0.52575.
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We see that, in our block decomposition, we have only one-dimensional blocks.

—0.0090621 0.09949  1.0087
Ty = | —0.39312 —1.1041  —0.069407 ,
—1.1408 —0.21674 —0.0066056
0.0065846  0.18519  —0.94042 |
Tl_lz —0.065071 —0.97779  0.33745
0.99786  0.098106 —0.041732

We obtained an isolation for 1 < ¢ < 3 after four iterates of the main loop for the set N
are given by

N = [-3.176878e — 04,2.272739%¢ — 04] x [—3.618637e — 03, 3.756375¢ — 03]
x[—2.566221e — 02,2.711549¢ — 02].

For [, we have
[ < —0.05716.

Below we list some other data obtained in the algorithm. The set W = [T~1(N)]; is given
by

W = [ar,af] x [ag, a3] X [az,a3],
[ay,a]] = 0.711691 + [-0.0255012, 0.0255012],
ay ,a3] = —0.123059 + [—0.0125283, 0.0125283],
lag,a3] = 0.01011 + [—0.00173494, 0.00173494].

In Table 4.1, we list af for k > 4.

Table 4.1
Estimates for the intervals [a;, aﬁ] representing self-consistent a priori bounds in the proof of Theorem 4.1.

[ay, ;]

—6.77647 - 10~ % + [—1.48185,1.48185] - 10~ *
3.95994 - 107° 4 [~1.10021,1.10021] - 1073
—2.14113 - 107% 4 [=7.10907, 7.10907] - 107
1.09725 - 10~ 7 + [—4.21541,4.21541] - 10~®
—5.41181 - 1072 + [—2.35893, 2.35893] - 10~°

9 | 2.60507-107'° + [-2.10033,2.10033] - 10~ *°
10 | —1.22454 - 107" 4 [—3.57734,3.57734] - 1071°
> 10 [—1,1] - 4176.07/k*°

0~ O U x|

For [e] = ([e1], [e2], [€3]), we obtained the following numbers:

[e1] = —1.42733 - 107° + [—5.37438,5.37438] - 107,
[e2] = 0.000342671 + [—0.000107623,0.000107623],
[e3] = —0.00294653 + [—0.00074762, 0.00074762).
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After passing to the block coordinates and an interval diagonalization, we obtained on
N @ ysilay, , af ]
2] € [-0.01608764,0.01150572] + [—52.28307, —50.65041]z1,
xh € [—0.02740801, 0.02844858] + [—7.932687, —7.574724]xo,
rh € [—0.01291743,0.01364734] + [—0.5486830, —0.5033749]z3.

In Table 4.2, we list the computed upper bounds for I; on N ® I~ [a;, aZ]. It is easy to
see that [ = I3 < —0.05716.

Table 4.2
Estimates from above on l; from the computation of | in the proof of Theorem 4.1.

Uk
-44.76
-6.06
-0.05716
-160.6
-425.8
-914.7
-1726.9
-2979.6
-4807.8
10 | -7364.5
> 10 | -10820.7

0~ O Uk W R

©

Observe that the value of | = —0.05716 is close to zero. This is essentially due to the
fact that we wanted to extend as much as possible the parameter interval. If we just choose
v = 0.75 with the same xg, m, and M, then we obtain [ = —0.348938. By increasing m and
M, we can further decrease [ up to A3. For example, for m = 15 and M = 45, we obtained
I = —0.52581.

5. Details for the KS equation. The goal of this section is to derive formulas from which,
for a given block decomposition and trapping region, the constants [(;) for the KS equation
may be computed, thus implementing step 4 of the algorithm of section 4.1.

5.1. The KS equation in Fourier representation. For the KS equation in one space
dimension with periodic and odd boundary conditions, we have the following infinite ladder
of equations for the Fourier coefficients (see [ZM)]):

(5.1) ar = Fr(a) = A\gax, + Ni(a),

(5.2) A = k2(1 — vk?),
k—1 [e9)

(5.3) Ni(a) = —k Z OnQp—p, + 2k Z gt -
n=1 n=1

Hence we obtain
ON;
a(lj

= 2iai+j for ¢ = j,
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ON;

aa; = —22@17‘7 + 2’Lal+] for ] < i,
ON;

ﬁ; = Qiaj_i + 2ia2-+j for j > i,
aE .2 .2 aNz

9, i“( vi)oi; + da,

5.2. Coordinate change and block-decomposition. The following lemma does not re-
quire any proof.
Lemma 5.1. Let A: H — H be a linear coordinate change of the form

A: Xy @Yy — X0 @Yo,
Alzdoy)=Az D y.

Let F=AoFoA™'. (Fis F expressed in new coordinates.)

i OF,
E:A“yC kA fori<m and j <m,
61:] k=1
OF; OF)
’:ZAik—k fori<m and j > m,
8.%']' k<m &rj
aF 8F —1 . .
o :Za—x;Alj fori>m and j < m,
J I<m
OF, OF,

oz, :aazj fori>m and j > m.

Consider now the KS equation and assume that W = N @ 1132, . [a;, az] is a trapping
region representing self-consistent bounds for a ﬁxed point. Let the numbers m < M be as in
conditions C1, C2, and C3, and we assume that ai = +& for k> M (as in [ZM]).

Let A € R™*™ be a coordinate change around an approx1mate fixed point in X, for the
m-dimensional Galerkin projection of (5.1). This matrix induces a coordinate change in H.
For our purpose, it is optimal to choose A so that the m-dimensional Galerkin projection of
F is very close to a diagonal matrix (or to a block diagonal matrix when complex eigenvalues
are present).

From now on, we will use these new coordinates on H. We also change the norm so that
the new coordinates become orthogonal. We define the splitting of P,,, H into blocks which
are either two-dimensional (complex eigenvalue) or one-dimensional (real eigenvalue). For the
KS equation, there was no need to consider more complicated situations. For (i) > m, all
blocks are one-dimensional. (These coordinates are not affected by our coordinate change.)

We would like to derive the formula for

OF;
(5.4) l(3) 7= sup p (8:(} ' (x)) + Z sup )
rew @) ():()#(@) €W

(
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We define S(1) by

Z sup |ag|.

k>l aeW

We estimate S(I) from above using the following lemma.
Lemma 5.2. Assume that |ai(W)| < k% for k> M, s> 1; then

&l C
1) < Z‘%(W)H‘m for L < M,
=l

l 1> M.
S(l) < N forl >
Proof. Observe that
=1 0 dx 1
5.5 — < / — = . [ |
(535) g ks " Jisixs (s—1)(1—1)51
We set
_ M C
: = D EEEEee— <
(5.6) S(1) g la(W)| + oM for Il < M,
(5.7) S = ¢ for i > M
' C(s—=1)(1—1)s1 '
5.3. Formulas for one-dimensional blocks. Observe that, if dim(i) = 1, then 3578 € R;
hence _ .
5.8 = .
(58) 8 (3%')) 20

Lemma 5.3. Assume (i) < m and dim (z) = 1.

OF,; OF;
supu<<?<x>>+ > sup |- (@)
()#( G)

’L) zeW

g OF,
Ox; (x)

- OF;
<l; = sup —(x) + Z sup
' j#i,j<m €W

+ 25 kAl (S(m — k+1) + S(m + k + 1)).

Proof. Observe that when (~ 1) = (j1,72) is a two-dimensional block, then we need to

compute the norm of [
to

dz;. L (x), 2 690 L (x)]. It is easy to see that this norm is less than or equal

OF,
asz

oF;
8xj1

(af)| +
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This means that ignoring the block structure is safe (we have an inequality in the correct

direction); hence we obtain

(5.9) >

#@)
To finish the proof, it is enough to show that

OF,:
o] <3

L) i

OF;
81‘ 7

(W)|~

OF;
(5.10) > 7. (W) < 2> klAgl(S(m—k+1)+ S(m+k+1)).
j>m |9 k<m
Observe that, from Lemma 5.1, it follows that
OF;
395 w) < X0 [Aul2k(lay ()] + lag (W)
j>m J j>mk<m
= > |Awl2k (Z |a;—(W)| + \aj+k(W)!)
k<m ji>m
= |Apl2k (S(m —k+ 1)+ S(m+k+1)).
k<m

Observe that, from our assumptions about the decomposition of H, it follows that all

blocks (7), such that (i) > m, are one-dimensional.
Lemma 5.4. Form <1 < M, we have

oF,;
supu( ()(x)>+ Z sup
0 ()6 "W

ON;
ij(l“)

A ()

+2i(S(M +1—14)+ S + M +1)).

()

Proof. Just as in the proof of Lemma 5.3, we can ignore the block structure here. It is

easy to see that

OF; OF; o0 ON;
A1 L ot < 42 1— -2 i ‘
(5.11) jélvl‘)/ o7 (7) + ;sélvl[)/ oz, ()| <i%( vi©) +JZ::1§;1VI; oz, ()

Therefore, to finish the proof, it is enough to show that

(5.12) > sup %(1‘) <2i(SIM+1—4)+ S+ M+1)).
AT+ mEW | 0%

We proceed as follows:

[e.9]

ON; =
Z sup “z)| = Z sup
T eew | 0T; JoaTy1 TEW

< 3 il (W) + laie; (W)]) < 2i(S(M +1— i) + S(M +1+1)).

j=M+1
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Lemma 5.5. For (i) > m, we have

OF
sup o (200} 4 3 sup
zeW ax(z)

(A

)
+ 2im ( (i — ) ?(Z—I—l)) maxm|A]:l1|
+ 2i(S(i +m+1) +25(1)).

Proof. Just as in the proof of Lemma 5.3, we can ignore the block structure here. It is
easy to see that

OF; OF; ON;
5.13 sup )+ sup < 42 l—yz )+ sup ).
( ) zeW 8561( ) ;mGW 8«73j< ) ( lezGW 8xj( )
Therefore, to finish the proof, it is enough to show that
(5.14) isu 6Ni( )| < 2im(S(i—m)+ S(i+1)) ax |A !
. > VI:/ 9, (B)| < 2im(S(i —m i klgxm o b
j=17€ J
> ON;
(5.15) > sup ()| < 2i(S(i +m+ 1) +25(1)).
. zeW ox;
j=m+1%€ J
To prove (5.14), observe that
sup x)| = sup —(2)A
STl aew 3%‘( ) jz_:lzew IZ:; 3561( 4
m m
<> 2illai(W)| + |aia (W) A5
j=11=1

< 9 . . 1
< 22;(5(1 m)+ S(i+1)) k,lI:nl%)f,m |AL |

= 20m(S(i —m) +S(i +1)) max [Ay].

=1y,

> sup [y = Y sup | PN
j=m+1 zeW | OTj j=m+1 zeW | OFj
< Z (2i(|a;- j |+|QZ+J(W>|))
m<j<t
+ 2ilaz (W) + Y 2i(Jaj—i(W)] + lai;(W)])
7>t
20 | Y i+ D aiy(W)[+ D laj—i(W)|
j>m m<j<i 7>t

<2i(S@i+m+1)+25(1)). [ |
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The following lemma shows how to handle the case of large i.
Lemma 5.6. If, for some n > m, l, <0, then

(5.16) 0>1;>1 for i<j, i>n.

Proof. From Lemma 5.5, it follows that

i =i((i —vi*) +2m(S(i —m) + S(i +1))a + 2(S(i +m + 1) + 25(1))),

where a = maxg j—1,_m |A.

Hence
(5.17) L= (i = vi®) + f(2)),
where f(i) is a positive decreasing function of i. Since [,, < 0, then (n — vn®) < 0 also, and it
is easy to see that the function i + (i — v4%) is decreasing and negative for i > n. |

5.4. Formulas for “complex” blocks. The purpose of this subsection is to derive a formula
for ;) in case of a two-dimensional block from the diagonalization corresponding to a complex
eigenvalue. The main results are summarized in Lemmas 5.8 and 5.9.

Lemma 5.7. Let Q € R?>*2; then (in the Buclidean norm,)

Q] < \/Q%1+Q%2+\/Q%1+Q%2-

Proof. Let v = (v1,v2); then

|Qu| < |Qu1v1 + Q1202] + Q2101 + Qa2v2| < \/QF + QL |v| +1/Q3, + Q3,]v]. u

Lemma 5.8. If (i) = (i1,42), then

OF;) OF;
su < max | su " (x) | + sup 1/2
zeIEi)/'u (afﬂ(i)) k=12 (xe%)/ Oz, ( )> zGIEI)/ /

OF;, OF;
e (z) + e (w)‘ :

Proof. The proof is an immediate consequence of Theorem 3.5 and the Gershgorin theorem

(see [QSS, Property 5.2]). [ |
Observe that, from the diagonalization of a block corresponding to a complex eigenvalue,

we obtain ~
OFy | a B,
ax(i) -0 a |’
hence sup,cy 1/2| gi; (x) + sz
The following lemma takes care of nondiagonal terms.

Lemma 5.9. If (i) = (i1,42), (i) < m, then

~ T\ 2 ~ T\ 2
- 5l ()
j<M i i ¥ €W\ \ 9% Oz,
+ 5(

()| is usually very small.

%(x)
A ()

sup
(4),(3)#@) €W
30 214, klk(S(M + 1 — k)

1=1,2k<m

M+1+k)).
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Proof. If dim (j) = 1, then

(5.18) OFG) 1y _ [W () OF, (x)].

82?(]) aﬂfj

Therefore, we obtain

~ 2 - 2
OF; OF;
5.19 =\l == —= .
(5.19) J ( - (a:)) - ( - <x>>
From Lemma 5.7, it follows that we can ignore the block structure for all blocks different from
(7) and use the above formula for all coordinates.

~ o\ 2 ~ o\ 2
oF;, oF;,
< su + .

To finish the proof, it is enough to show that

Z su 81":'“ 2 _|_ aﬁ‘z2 2

Z Z2|A”k|k (M +1—k)+S(M+1+k)).
I=12k<m

Therefore, we have

A ()

(z

(5.20) Z sup
()A(0) "€V

To make the notation less cumbersome, we will drop sup,cy, from the computations below:

~ 2 ~
(521 z«?’;) (%) < s |on

i>M i>M

OF;,
BZE]' '

+ 2

i>M

We have, for [ = 1,2 (observe that i; < m),

8E 8Fk
Z <Y > Akl
J>M J>M k<m
OF},
= 2 1Al 20 |5 S 20 2RIkl 3 (gl + lajix])
k<m j>M Lj k<m i>M
< 7 2Kk| A k| (S(M 41— k) + S(M +1+k)).
k<m

This finishes the proof. [ |
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6. Conclusions and future work. We have shown that we can prove rigorously the exis-
tence of branches of attracting fixed points for the KS equation with odd periodic boundary
conditions. Below we indicate some further possible developments and applications of the
method:

e a rigorous steady state bifurcation diagram for the KS equation,

e applications of other dissipative PDEs, e.g., Navier—Stokes equations with periodic
boundary conditions on the plane,

e an automatization of generation of formulas for tail (a content of section 5 in this
paper and section 3 in [ZM)]) for KS and other equations.
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Development of Standing-Wave Labyrinthine Patterns*

Arik Yochelis®, Aric Hagberg!, Ehud Meron$, Anna L. LinY, and Harry L. Swinney?

Abstract. Experiments on a quasi-two-dimensional Belousov—Zhabotinsky (BZ) reaction-diffusion system, pe-
riodically forced at approximately twice its natural frequency, exhibit resonant labyrinthine patterns
that develop through two distinct mechanisms. In both cases, large amplitude labyrinthine patterns
form that consist of interpenetrating fingers of frequency-locked regions differing in phase by =.
Analysis of a forced complex Ginzburg—Landau equation captures both mechanisms observed for
the formation of the labyrinths in the BZ experiments: a transverse instability of front structures
and a nucleation of stripes from unlocked oscillations. The labyrinths are found in the experiments
and in the model at a similar location in the forcing amplitude and frequency parameter plane.

Key words. labyrinthine patterns, Belousov—Zhabotinsky reaction, complex Ginzburg—Landau equation
AMS subject classifications. 35, 37
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1. Introduction. Labyrinthine patterns occur in a variety of equilibrium and nonequi-
librium systems. Competition between two interacting phases in diblock copolymers [21],
ferrofluids [25], and Langmuir films [25] results in labyrinthine domain patterns of the two
phases at equilibrium. Labyrinths made of superconducting and normal phases are found in
thin films of type-I superconductors [13]. Nonequilibrium labyrinthine patterns are observed
in chemical reaction-diffusion systems with a Turing instability [22] and in bistable reaction-
diffusion systems [14, 17]. Although periodically forced oscillatory systems have been studied
in the context of traveling waves and spiral waves [2, 1, 26, 8], only a few studies have focused
on labyrinthine standing-wave patterns. Labyrinthine patterns have been found in numeri-
cal simulations of the periodically forced Brusselator reaction-diffusion equations [18] and in
numerical solutions of the normal form equation for the oscillation amplitude [1, 23].

Experiments on the periodically forced photosensitive Belousov—Zhabotinsky (BZ) re-
action produce nonequilibrium labyrinthine patterns when the system is forced with time-
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periodic pulses of light that are approximately twice the system’s natural oscillation fre-
quency [24, 18]. In this case, the two phases correspond to two phases of oscillation, each
locked to the time-periodic forcing and shifted by m with respect to one another. We observe
that the standing-wave labyrinthine patterns form in two distinct ways: from a transverse
instability of planar fronts connecting the two phase-locked states or by nucleating stripes
from unlocked oscillating domains. Even though the mechanisms are different, the resulting
patterns in both cases are large amplitude labyrinths.

In this paper, we explain the experimental observations using a normal form equation for
periodically forced oscillatory systems. We demonstrate the two mechanisms for labyrinthine
pattern formation and give criteria for the parameter regions where they act. Since the
mechanisms of labyrinthine pattern formation are found in a normal form equation, these
mechanisms should also be observed in other periodically forced oscillatory systems such as
electro-convection [15].

2. Experimental results. We create chemical labyrinths in a porous membrane (0.4 mm
thick, 22 mm diameter) fed by two reservoirs. Each reservoir contains a subset of the chemical
reactants for the oscillatory photosensitive (ruthenium catalyzed) BZ reaction [18, 24], and
the two reservoirs are in contact with opposite faces of the porous membrane. We force
the reaction externally with spatially homogeneous time-periodic square waves of light. The
patterns form in the membrane as variations in the concentration of the chemical catalyst
Ru(IIT). The unforced pattern is a rotating spiral wave of Ru(III) concentration. Parametric
forcing with light modulated in intensity at a frequency that is approximately twice that of
the chemical oscillation frequency results in chemical patterns that oscillate once every two
forcing cycles. These patterns, which we call 2:1 resonant patterns, consist of synchronous
domains that oscillate with a relative phase difference of .

Photobleaching experiments [19] reveal that the membrane supports spatially uniform os-
cillations over a range of chemical concentrations. We conduct our experiments within this
range; thus our experimental conditions are far from the Hopf bifurcation. The labyrinthine
patterns we describe here are 2:1 resonant with the natural frequency (the spatially homoge-
neous oscillation frequency), not the oscillation frequency of the spiral pattern [18].

Different resonant patterns are observed, depending on the forcing frequency wy and the
forcing strength ~ [18]. The region of 2:1 resonant dynamics forms a tongue in the wy —
v parameter space [12]. For most parameter values in the tongue, the patterns consist of
irregularly shaped standing-wave domains differing in phase by w. Near the bottom of the
tongue, there are rotating phase-locked spiral waves, and, on one side of the tongue, standing-
wave labyrinthine patterns form [18], as shown in Figure 1. Outside the range of 2:1 resonant
dynamics, patterns are either unlocked or locked at a different resonance.

A useful way to characterize the spatio-temporal patterns is in terms of the complex
Fourier amplitude a(z,y) of a particular mode in the time series of each pixel (x,y) in the
pattern [18]. We look at a(x,y) for the ws/2 mode, the primary response mode of the pattern.
For each pixel (x,y) in the labyrinthine pattern of Figure 1, a(x,y) is plotted as a black dot
in the Re-Im plane shown in Figure 2(a). The points located at the ends of the “S”-shaped
curve correspond to pixels in one of the two phase-locked domains. The other points are from
the interfaces between domains. The ends of the “S”-shaped curve are m out of phase, which
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Labyrinthine pattern observed in the BZ reaction (pattern sampled every 2
seconds) [movie] [27].
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o
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Figure 1. Resonant labyrinthine pattern in the 2:1 periodically forced BZ reaction. (top) The two images
show the spatial Ru(Ill) concentration pattern in a 9 mm region of the chemical reactor. Yellow represents
regions of high Ru(IIl) concentration, and blue represents regions of low concentration. The images are at two
different times separated by one forcing period (21 s). (bottom) A time series from two locations in the top

pattern (marked with “z” and “7”) shows that the pattern is formed of regions of two different phases separated

by w. The chemical conditions are given in Figure 3.

shows that the phase-shift between the yellow and the blue domains pictured in Figure 1 is
7. The distribution of points in Figure 2(a) as a function of phase angle § = arg(a(x,y)) is
shown in Figure 2(b). The histogram shows that most of the pattern is in one of the two
phase-locked states, # = 0 and § = m, which correspond to the yellow and blue regions in
Figure 1. From this representation of the data, we clearly see that the observed labyrinths
are large amplitude patterns comprised of two phase-locked, m-shifted domains, as opposed to
small amplitude modulations on one or both of the two phases.

The development of labyrinthine patterns by the two mechanisms is shown in Figure 3.
A labyrinth can grow from a transverse instability of a front that separates two phase-locked
domains, as shown in Figure 3(a). A labyrinth pattern can also develop, stripe by stripe, from
an unlocked oscillatory state, as shown in Figure 3(b). The resulting labyrinthine pattern in
Figure 3(b) is similar to the labyrinth shown in Figure 3(a); both patterns consist of standing-
wave domains oscillating with a relative phase-shift of 7.
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Figure 2. (a) The complex Fourier amplitude a(z,y) of the wy/2 mode corresponding to the labyrinthine
pattern shown in Figure 1, plotted in the Re-Im phase plane. (b) A histogram P(8) of the phase angle 6 = arg(a).
Most of the pattern is locked at one of two phase angles, 6 = 0, 7.

3. Theoretical analysis. To study the mechanisms by which these chemical labyrinths
form, we model the oscillating BZ chemical reaction as an extended system with a Hopf bifur-
cation to uniform oscillations. Let u be a vector field of chemical concentrations responding at
wy/2 ~ wy, where wy is the frequency of the unforced system and wy is the forcing frequency.
Near a supercritical Hopf bifurcation, the field can be written as

(3.1) u = ugAe™? 4 complex conjugate (c.c.) + - -,

where ug is a constant, A is a complex amplitude, and the ellipses denote higher order terms.
The amplitude of oscillation A(z,y, ) is slowly varying in space and time and is described by
the complex Ginzburg-Landau equation [11, 1, 6, 7]

(3.2) A = (p+iv)A+ (1 +ia)VEA — (1 4+i8)|A]PA +yA*.

The equation has been scaled to its reduced form, where u is the distance from the Hopf
bifurcation, v is the detuning (the deviation of wy from 2wy), « is a dispersion parameter, and
v is the forcing amplitude. The term A* is the complex conjugate of A and appears from the
addition of 2:1 periodic forcing [11]. To simplify the following discussion, we set 5 = 0.

When g > 0, the spatially uniform solution A = 0 is unstable. In the unforced system
(v =0), (3.2) has a continuous family of uniformly oscillating solutions

(33) A= JeTrioo

where ¢ is an arbitrary constant phase. Equation (3.2) also has plane wave solutions, but we
do not consider them here. The existence of a continuous family of solutions when v = 0 is
a consequence of the phase-shift invariance of (3.2), A — Aexp(i¢g), which follows from the
time translation symmetry of the unforced oscillatory system. The forcing term yA* restricts
the phase-shift invariance to = phase-shifts. At v = |v|, two stable uniform phase-locked
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t=1289 s t=2761s t=4969 s

1 4 y

Labyrinthine pattern formation by transverse front instability (strobed at the pattern
frequency) [movie] [27].

t=0s t=168 s t=840 s t=1218 s
T | BN

£ J
(o))

l

Labyrinthine pattern formation by nucleation of stripes (strobed at the pattern
frequency) [movie| [27].

Figure 3. Formation of labyrinthine patterns through (top) a transverse front instability and (bottom) a
nucleation of stripes. The patterns are from a region of the BZ reactor, strobed at half the forcing frequency.
Blue (yellow) represents regions of low (high) Ru(IIT) concentration. (a) v = 600 W/m?, w; = 0.273 rad/s.
Reservoir 1: 0.22 M malonic acid, 0.046 M KBr0s, 0.2 M KBr, and 0.8 M H2SOy4; reservoir 1I: 1.0 mM
Ru(2,2" — bipyridine)s + 2, 0.8 M H2SO4, and 0.184 M KBrOs. The flow rates through each reservoir are 20
mil/h and 5 mil/h, respectively. The reservoir volumes are each 10 ml. (b) v = 228 W/m?, w; = 0.300 rad/s.
Reservoir I: 0.22 M malonic acid, 0.2 M NaBr, 0.264 M KBrOs, 0.8 M H2SOy4; reservoir 11: 0.184 M KBrOs,
1x 107% M Tris(2, 2 -bipyridyl)dichlororuthenium(I1) hexzahydrate, 0.8 M H2SOy4. The volume of each reservoir
was 8.3 ml. The flow rate through reservoir I was 20 ml/h; that through reservoir 11 was 5 ml/h.

solutions are formed in a pair of saddle-node bifurcations on a circle of amplitude |A|. These
solutions describe oscillations at precisely half the forcing frequency, wy/2, even though for
v # 0 the oscillation frequency of the unforced system differs from wy/2. The phases of the
two solutions differ by .

To see how these solutions appear, we consider spatially uniform solutions of (3.2) and
write the complex amplitude in a polar form, A = |A|exp (i¢). Using this form in (3.2), we
find

(3.4) ¢r = v — ysin(29) .
In order for (3.1) to describe resonant dynamics, we must look for stationary solutions of (3.4)
(so that u oscillates at wy/2). Stationary solutions of this equation exist for v > |v|:

_ 1 . [V _
(3.5) bg = 5 arcsin (7) , gﬁ; =¢g +m,
1
¢5—g—2arcsin<z), gb;}:(ﬁ[}—i—ﬂ,

where the subscripts S and U refer to stable and unstable solutions, respectively. At v = |v|,


http://epubs.siam.org/sam-bin/getfile/SIADS/articles/39711_02.mpg
http://epubs.siam.org/sam-bin/getfile/SIADS/articles/39711_02.mpg
http://epubs.siam.org/sam-bin/getfile/SIADS/articles/39711_03.mpg
http://epubs.siam.org/sam-bin/getfile/SIADS/articles/39711_03.mpg

DEVELOPMENT OF LABYRINTHINE PATTERNS 241

the two pairs of solutions, ¢, ¢ and czﬁg, qb;} are born in saddle-node bifurcations, as shown
in Figure 4(a). The condition v > |v| defines the 2:1 resonance tongue, where the system’s
frequency is locked to one half of the forcing frequency. The resonance tongue in the v-+ plane
is shown in Figure 4(b).

: ‘ | | ‘ 25
1@ (6
20! |
® |,
10f |
eI 05! |
° ‘ T 0ol . | | |
o 1 2 .3 4 5 1 o 1 S
! \Y

Figure 4. (a) Bifurcation diagrams showing the formation of the four stationary phase solutions in (3.5)
for fized detuning (v = 2) and varying forcing strength . The solid (dashed) curves represent stable (unstable)
solutions. (b) The existence range of the phase solutions in (a), v > |v|, defines the resonance tongue in the
v-vy plane (shaded region) inside which the original system responds at half the forcing frequency.

Inside the tongue, front structures form between the two phases ¢¢ and qugr. At low forcing
7, the fronts travel, and the domains organize into two-phase spiral waves [1, 9]. As the forcing
is increased, the system goes through a nonequilibrium Ising-Bloch (NIB) bifurcation [2, 8].
For v = a = 0, the NIB bifurcation point is at v = p/3. A numerically computed NIB
bifurcation boundary for nonzero v and « values is shown in Figure 5(a). Above the NIB
bifurcation, only stationary Ising fronts exist. In the following, we confine ourselves to the
Ising regime well beyond the NIB bifurcation.

When a # 0, there is a range of parameters in the v — v parameter plane where the
Ising fronts are unstable to transverse perturbations. The boundary of this linear transverse
instability can be computed numerically and is shown as the line 7 in Figure 5(b).

When v > ~p, the fronts are stable, and domains of the two phases persist for long periods.
For v < v < ~r, stationary fronts are unstable. Perturbations along the front grow into fingers,
which tip, split, and form labyrinthine patterns, as shown in Figure 6(a). The amplitude of
the labyrinth approaches that of the uniform phase-locked states |A| ~ (1 —+ /72 — v2)Y/? and
is large because of the large distance p from the Hopf bifurcation. Note the similarity to the
experimental labyrinth formation shown in Figure 3(a).

Outside the tongue (v < v), uniform phase-locked solutions do not exist, but resonant
labyrinthine patterns still persist [23]. The labyrinthine patterns form in a range vy < v < v
outside the tongue boundary and, similar to the labyrinths inside the tongue, are characterized
by large amplitudes. This observation can be explained by a coupling of a finite-wavenumber
(Turing) mode to a zero-wavenumber mode [5, 20, 3]. In the present case, the zero-wavenumber
mode has uniform oscillations. In the following, we derive equations for the amplitudes of these
modes and use them to obtain a criterion for the boundary .

Consider the dispersion relation associated with perturbations, A ~ exp(o1 — ikx), of the
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Figure 5. (a) The NIB bifurcation boundary (dashed curve) inside the resonance tongue, obtained by
numerical integration of (3.2). Below the boundary, the fronts that connect the two stable phase-locked states, ¢
and (;5;, are traveling Bloch fronts. Above the boundary, the fronts are stationary Ising fronts. (b) A closeup of
the rectangular region indicated in (a) showing the regions where a labyrinthine pattern forms. Forv <y < yr,
a labyrinth forms by a transverse front instability, while, for yv < v < v, it forms by stripe nucleation from
the unlocked oscillating state. Outside these regions, the dominant pattern is unlocked oscillations (y < yn) or
irregularly shaped standing-wave domains with nearly stationary interfaces (v > vyr). The boundaries yn and
~yr are computed from direct numerical solution of (3.2). Parameters: p=1, =0, a =0.5.

A = 0 state
(3.6) o(k)=p—k+ \/72 — (v — ak?)2.

At the codimension 2 point, 4 =0, v = 7., where

14
Ye = /;14_0(2’

two modes become marginally stable in a Turing—Hopf bifurcation [16, 4]. That is, the growth
rates, shown in Figure 7, are zero for both a zero-k mode describing uniform oscillations,
k =0, w = wg, and a finite-k mode describing a stationary pattern, k = k., w = 0, where
w = Im(c) and

9 vo

2= Y
¢ 14a2’
va

Vita?’

To study the coupling of the two modes, we assume |u| ~ |d| < 1, where d := v — 7.,
and we consider (3.2) in one space dimension. We then express A in terms of its real and
imaginary parts, A = U + iV, and expand

oo () e () e () e

where the ellipses denote higher order contributions and

wo =

(3.8) ( ‘(io > =eoBy (X, T) ™7 + ey By (X, T) % 4 c.c.
0
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t=0 t=100 t=300 t=900

Labyrinthine pattern formation by transverse front instability: [movie] [27].
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Figure 6. Formation of labyrinthine patterns in (3.2). Blue and yellow regions are different phases
separated by w. (top) When v < v < vr (v = 2.02), the interface between the phase-locked domains is
transversely unstable, and small perturbations grow and finger. (bottom) Outside the tongue, when ynv <y < v
(v = 1.98), the pattern forms by nucleating stripes from the unlocked oscillating state. The stripes are unstable
to the zigzag instability. Other parameters: p =1, v = 2.0, « = 0.5.

Labyrinthine pattern formation by stripe nucleation: [movie| [27].

Here eg and ey are the eigenvectors corresponding to the eigenvalues ¢(0) and o(k.), respec-
tively.

The amplitudes By and By, in (3.8) describe weak spatio-temporal modulations of the
(relatively) fast oscillations associated with the zero-k mode and of the strong spatial variations
associated with the finite-k mode. The weak dependence is expressed by the introduction of
the slow variables T' = u7, X = \/pw.

Inserting the expansion (3.7) into (3.2), solving the linear equations at order u, and eval-
uating the solvability condition at order x3/2, we find the amplitude equations

OrBo = (1 — i) By — 4| Bo|* By — (a — ib) |Bx|* Bo + (1 +ip)0% By ,
(39) 8TBk = 7’]Bk —C1 ‘Bk’2 Bk -8 ‘30‘2 Bk + CQ@%B[C y

with the coefficients

(=d/a (d=7-"),

n=p+Cp,
p=V1+a?,
a=8p(p+a),

b=4(p+a),
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Figure 7. The growth rate Re(o) for perturbations of the A = 0 solution at the codimension 2 point:
w=0,v=".. Two modes become marginal at this point: a zero-k (Hopf) mode and a finite-k (Turing) mode.
Parameters: p =0, v=2.0, a=0.5, y=r.~1.8.

c1 = 3a/4,
Cy = 2,02 .

More details about the derivation of (3.9) will be presented elsewhere.
Equations (3.9) have two families of pure-mode uniform solutions,

1 . )
(3.10) By = 5\/;76—14”2% , B, =0,

representing uniform oscillations, and

(3.11) By=0,  By=\/n/ce"?,

representing stationary periodic patterns, where ¥; and w9 are arbitrary constants. Outside
and close enough to the tongue boundary (v = v), both families of solutions are linearly
stable. The family of solutions representing stationary patterns, however, loses stability as ~y
is decreased past

1o v — pa/d

3.12 S =Ye — = :
(3.12) BT it a2 Vit

Figure 8 shows the boundary v = g as computed from (3.12) and compared with results from
the direct numerical solution of (3.2) in one space dimension. The agreement is good despite
the relatively large value of p.

The amplitude equations (3.9) also have a mixed-mode family of uniform solutions (By # 0,
By, # 0), but these solutions are unstable.

The existence boundary of resonant stripes 7 = g is well below the boundary v = vy,
where stripes are observed to nucleate from the unlocked oscillation state. This observation
can be understood by considering front solutions of (3.9) which are biasymptotic to the two
states (0, Bg) and (Bp,0) as © — zoo. Numerical studies of these equations in the range
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2.2

18-

14

Figure 8. The boundaries vs of stationary stripe patterns and yn of stripe nucleation outside of the
resonance tongue. The line v = vs was computed using (3.12), and the solid circles represent the numerical
solution of the model equation (3.2). The line v = N was computed by direct numerical solution of (3.9).
Stationary stripes are stable between the tongue boundary v = v and s but nucleate from unlocked oscillations
only between v = v and yn. When v < ~g, the stripes are unstable to uniform oscillations. The parameter
values are the same as in Figure 5.

vs < v < v show the existence of a zero front-velocity line. We identify this line with the
boundary v = «n. For 7 > 4y, the stationary stripe state, (0, By), invades the uniform
oscillation state, (Bp,0), and in this sense is dominant. In the context of (3.2), this invasion
takes the form of stripe nucleation, as Figure 6(b) shows. The stripes nucleate stripe by stripe
at the boundary of the growing stationary pattern domain. The stripes are also unstable to
transverse perturbations (zigzag instability). Note the similarity to the experimental labyrinth
formation shown in Figure 3(b).

The analysis of the amplitude equations (3.9) also provides the amplitude of the stationary
stripes. The amplitude of the stripes is given by |Bi| = /n/c1 (see (3.11)). Far from the
Hopf bifurcation where u ~ O(1), |Bg| can be of order unity even at v = yn. This explains
the large amplitude values of the stationary stripe patterns in the range vy < v < v.

4. Conclusions. Both the experiments and the complex Ginzburg-Landau equation pro-
duce nonequilibrium labyrinthine patterns through two different mechanisms: a transverse
instability of fronts between locked states and a nucleation of stripes from an unlocked os-
cillating state. Unlike previous studies of phase-locked labyrinthine patterns, the labyrinths
are not small amplitude patterns modulating one of the phase-locked states [1]. Resonant
labyrinths persist even outside the 2:1 tongue of uniform phase-locked states in the complex
Ginzburg-Landau model, indicating that the boundary for resonant patterns in extended os-
cillating systems need not coincide with that of a single forced oscillator. The large amplitude
of the labyrinths both inside and outside the tongue boundary is a consequence of the large
distance of the system from the Hopf bifurcation.

The labyrinthine patterns are found on only one side of the 2:1 resonance tongue both in
the experiments and in the forced complex Ginzburg-Landau equation. In the experiments,
they are found on the side of the tongue closest to the 3:1 resonance tongue. In (3.2), the side
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of the tongue is determined by the sign of the parameter a.

Similar labyrinthine patterns have been observed in numerical solutions of the forced Brus-
selator reaction-diffusion system [18] but without a description of the underlying mechanism.
Those results show similar features, such as the labyrinths forming in a region on only one
side of the resonance tongue. Since the complex Ginzburg-Landau equation we study is a
generic model, we expect to find the same mechanisms for labyrinthine pattern formation in
other 2:1 resonant oscillatory systems.

Quantitative comparison between the experiment and the model is difficult because the
chemical kinetics and diffusion coefficients are not well known. The parameter values in
a complex Ginzburg-Landau model depend on these quantities. The two mechanisms of
labyrinthine pattern formation are also expected to be found in liquid crystal systems with
dynamics described by (3.2) [10, 9].
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Numerical Bifurcation Analysis for Multisection Semiconductor Lasers*

Jan Sieberf

Abstract. We investigate the dynamics of a multisection laser implementing a delayed optical feedback ex-
periment where the length of the cavity is comparable to the length of the laser. First, we reduce
the traveling-wave model with gain dispersion (a hyperbolic system of PDEs) to a system of ODEs
describing the semiflow on a local center manifold. Then we analyze the dynamics of the sys-
tem of ODEs using numerical continuation methods (AUTO). We explore the plane of the two
parameters—feedback phase and feedback strength—to obtain a bifurcation diagram for small and
moderate feedback strength. This diagram permits us to understand the roots of a variety of nonlin-
ear phenomena observed numerically and experimentally such as, e.g., self-pulsations, excitability,
hysteresis, or chaos, and to locate them in the parameter plane.

Key words. semiconductor lasers, delayed optical feedback, numerical bifurcation analysis
AMS subject classifications. 34C60, 78A60
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1. Introduction. Semiconductor lasers subject to delayed optical feedback show a variety
of nonlinear effects. Self-pulsations, excitability, coexistence of several stable regimes, and
chaotic behavior have been observed in both experiments and numerical simulations [5], [13],
[19], [24], [28]. Multisection lasers allow us to design and control these feedback effects and
permit their application, e.g., in optical data transmission, processing, and recovery [24], [34].

If mathematical modeling is to be helpful in guiding this difficult and expensive design
process, it has to meet two criteria that contradict each other. On one hand, the model should
be accurate, and its parameters should be directly accessible for experimenters. Typically, only
very complex models allow for that, e.g., systems of PDEs.

On the other hand, the modeling should permit insight into the nature of the nonlinear
effects. This is often impossible using only simulations, i.e., performing the experiment at the
computer. Only a detailed bifurcation analysis allows us to find coexisting stable regimes,
unstable objects which are boundaries of coexisting attracting regions, and bifurcations of
higher codimension which are a common source for various nonlinear phenomena. Unfortu-
nately, there exist numerical bifurcation tools only for low-dimensional ODEs [11], [16] and
very restricted classes of PDEs, e.g., delay-differential equations [12].

In this paper, we start from the traveling-wave model [2], [18], [29], which resolves the
light amplitude E within the laser spatially in the longitudinal direction but treats the carrier
density n as a spatially sectionwise averaged quantity. For illustrative purposes, we restrict
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our analysis to a particular multisection laser configuration implementing a classical delayed
optical feedback experiment (see Figure 1). This way, the model has the structure

I
e

(n)E,

(1.1) .
' n=¢e(f(n)—g(n)E, E]),

where the first equation is a hyperbolic linear system of PDEs for E which is nonlinearly cou-
pled with one scalar ODE for n. This model is particularly well adapted to multisection lasers:
It is sufficiently accurate to keep track of the effects caused by the longitudinal resonator struc-
ture within the laser. On the other hand, the parameter ¢ is small. This slow-fast structure
permits us to derive analytically low-dimensional systems of ODEs (mode approzimations [2],
[5], [34]) which approximate the semiflow on a local center manifold [26], [32]. These ODEs
are accessible for classical numerical bifurcation analysis tools like AUTO. This way we meet
both requirements: we present reasonably complete bifurcation diagrams in the physically
relevant parameters for a theoretically, and numerically [23], justified approximation of the
full system (1.1) of PDEs .

One further remark about the choice of the model: another very popular model for the
investigation of delayed optical feedback effects is the Lang-Kobayashi system [13], [17], [19],
[30], [28]. It also has the structure of (1.1). Hence it can be treated by the model reduction
methods presented in this paper, too. However, we use the traveling-wave model as it fits
better to the setting of a multisection laser.

The outline of the paper is as follows: In section 2, we will describe the traveling-wave
model in more detail and reiterate the theorem of [26] concerning the model reduction to mode
approximations. In section 3, we perform a numerical bifurcation analysis of the single-mode
approzimation (a two-dimensional system of ODEs), which is a valid approximation if the
feedback strength is sufficiently small. The primary bifurcation parameters are the feedback
strength 7 and the feedback phase . In section 4, we derive an appropriately posed two-
mode approximation (a four-dimensional system of ODEs) in the vicinity of a point where
the critical eigenvalue of H(n) has algebraic multiplicity two. Furthermore, we perform a
numerical bifurcation analysis of this system, thus completing the bifurcation diagram up to
higher levels of feedback. However, this system shows complicated dynamics such that the
bifurcation analysis remains incomplete. In section 5, we give a brief summary and an outlook
to further investigations.

2. The mathematical model.

2.1. The traveling-wave model with gain dispersion. We consider the geometric con-
figuration presented in Figure 1. Let (t) € L2([0, L];C?) describe the spatially resolved
complex amplitude of the optical field, which is split into a forward and backward traveling
wave. Let p(t) € L2([0, L]; C?) be the corresponding nonlinear polarization [4], [25]. Denote
the one-dimensional spatial variable by z € [0, L] (the longitudinal direction in the laser). The
scalar n(t) € R describes the spatially averaged carrier density in the first section S;. Then
the traveling-wave model with gain dispersion [4], [25], [26] poses an initial-boundary-value
problem for %, p, and n which reads as follows (see the appendix for the physical interpretation



250 JAN SIEBER

laser cavity facet
S22 %2 %2 %% e’
n <
YA A AR AR
— I — —
S
| ! | 5 |
[ I [ z
0 1 Iy L
Figure 1. Geometric configuration for the case of a two-section laser. The DFB section Si

(DFB=distributed feedback, i.e., k(z) # 0 in system (2.1)) acts as a laser. Its spatially averaged carrier density
n is a scalar dependent variable. The other section acts as a cavity and provides delayed optical feedback of
strength n and phase .

and further references):

%wm z) = 00:4(t, 2) + B(n(t), 2)i(t, 2) — ik(z)oc(t, 2) + p(2)p(t, 2),

(1) Dpt,2) = (9.() - D) plt,2) + DL 2),

d

Loty = 1= "0 PG — p) 60, D)1 + 1 Re(h(0) )]
where o = (' 9), 0. = (), and ¢ satisfies the reflection boundary conditions
(22) Y1(t,0) = rov2(t,0),  ha(t, L) = rrahi(t, L),

where |ro|, || < 1, and rory, # 0. For brevity, we introduced the notation

1
()1 = /0 (=) p(2) dz

for v, p € L2([0, L]; C?) in (2.1).

The coefficients 3 € C, k e R, pe R, Q, e R,and ' € R (p > 0, I' > 0) are sectionwise
spatially constant functions. We refer to their value in section Sy by appending the according
index, e.g., p1. Moreover, 31 depends on n in the following way:

(2.3) Bi(n) = B + (1 +ia1)G(n) — p1,
where 3) € C, Re 3} < 0, and o > 0. We assume that G(n) is affine:
(2.4) G(n)=g1-(n—1), where g1 > 0.

It is obvious that system (2.1) has the form (1.1), where E = (1, p). The linear differential
operator H(n) is defined by

s Hn (@ _ (aaz +ﬁ(173) — iKo ol P) (ﬁ)
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and acts from
(2.6) Y := {(4,p) € H'(]0, L]; C?) x L%([0, L]; C?) : ¢ satisfying (2.2)}

into X = IL2([0, L]; C*). The coefficients &, I, 3(n), Q,, and p are bounded linear operators in
L2([0, L]; C%) defined by the corresponding coefficients in (2.1). The hermitian form g(n)[E, E|
is defined by

o [ (2. (22)] = [wimien (“pr i) (20 ¢

Finally, we define the small parameter ¢ and the function f(n) in (1.1) by ef(n) =1 —n/7,
observing that I and 77! are of order O(1072) (see Table 1 and the appendix).

Time t and space z are scaled in system (1.1) such that the speed of light within the device
is 1 and the length of section S is 1. Moreover, n is measured in multiples of the transparency
density (the zero of G(n)), and E is scaled such that the factor P in (2.1) is actually €. In
this scaling, we typically have I'; > 1, whereas the real parts of 3 are of order O(1).

Furthermore, we have k9 = ps = 0 in the particular situation considered in this paper:
the feedback is nondispersive (see Figure 1 and the introduction). Hence the amount 7 and
the phase ¢ of the feedback from section Sy can be varied by changing the modulus and the
phase of ry,, and we can set 32 = (), o = I'y = 0 without loss of generality.

Remark. Several of the assumptions are made only to simplify the presentation. The
computations presented in this paper can also be done in a more general framework, e.g.,
more sections, other coefficients depending on n, or nonaffine but monotone G(n).

2.2. Model reduction. Under the assumptions of section 2.1, the following statements
hold for the evolution system (1.1) (see [26] for proofs in a more general context).

Theorem 2.1 (existence of semiflow). Let (E°, n%) € V := L2([0, L]; C*) x R. Then system
(1.1) generates a strongly continuous semiflow S(t, (E°,n)) in V which depends C™ smoothly
on its initial values and on all parameters for all t > 0. If E° € Y, then S(t, (E°,n°)) is a
classical solution of (1.1); i.e., (E(t),n(t)) = S(t, (E°,n°)) is continuously differentiable with
respect to t, and E(t) € Y for allt > 0.

This theorem is a direct consequence of the theory of strongly continuous semigroups [22]
and an a priori estimate exploiting the dissipativity of system (2.1). It guarantees that (1.1) is
indeed an infinite-dimensional dynamical system; i.e., its solutions exist for all positive times.
The next statement investigates the spectrum of H(n) for fixed n and the strongly continuous
group T'(t) in X generated by H.

Theorem 2.2 (spectral properties of H(n)). Let

&> & :=max {—I‘l, % Re <ﬁl + ;log(rom)> } .

Then X can be decomposed into two T'(t)-invariant closed subspaces X = X & X_, where
X4 is at most finite-dimensional and spanned by the eigenvectors and generalized eigenvectors
associated to the eigenvalues of H in the right half-plane {\ : Re A > £}. The restriction of
T(t) to X_ is bounded according to

IT@)|x_|| < Mes fort>0
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in any norm which is equivalent to the X -norm where the constant M depends on the particular
choice of the norm. If k1 # 0 or p1 > 0, the subspace Xy is nontrivial for sufficiently small
|rore|.

Moreover, we know that the eigenvalues of the operator H(n) can be computed as roots
of its characteristic function h(-,n).

Lemma 2.3 (computation of eigenvalues of H(n)). A complex number A\ > &_ is an eigen-
value of H(n) if and only if

0=h(\,n) = (pe*™ =222 —1)Ti(1; A, n) <20> '

Here, we denoted

, e (v tpu+ e (y—p) ik (1—e?)
Ti(z;\,n) = W < ik (1 _ erz) N — i+ €2 (y + p)

for 2 € [0,1], where p =X — p1T1(A —iQ1 +T1) 7L = B1(n) and v = \/u? + k3.

If n < 1, all eigenvalues A of H(n) are in the left half-plane {Re A < 0}. For increasing n,
finitely many of them will cross the imaginary axis if |ror;| is small, and x; # 0 according to
Theorem 2.2. Denote the smallest n where ¢ > 1 eigenvalues A of H(n) are on the imaginary
axis by ng. Typically, the value ng is referred to as threshold carrier density. Choose £ < 0 such
that all other non purely-imaginary eigenvalues of H(ng) lie to the left of the line {Re A = ¢}.
We denote the space X of complex dimension ¢ according to Theorem 2.2 by X.(n), and we
define the spectral projection P.(n) for H(n) onto X.(n). P.(n) depends smoothly on n in a
neighborhood of ng. Let B(n) be a smooth basis of X.(n).

According to [26], the following local center manifold theorem holds in the vicinity of ng.

Theorem 2.4 (model reduction). Let k > 2 be an integer number, and let C > 0. Let g9 > 0
be sufficiently small and U be a sufficiently small neighborhood of ng (depending on C' and k).
Define the balls

= {(Ee;n) €eCIXR:|E| <CneU}CcC?!xR and
:{( )EXXR |E|| <CinelU} C X xR.

Then there exists a manifold C with the following properties:

(i) Representation. C can be represented as the graph of a map from B into N which
maps (Ee,n) € B to (B(n)E, + ev(Ee,n,e),n), where v : B x (0,e0) — X is C* with respect
to all arguments. Denote the E-component of C by Ex(E¢,n,e) = B(n)E.+ecv(E, n,e) € X.

(i) Invariance. C is S(t,-)-invariant relative to N if € < 9.

(iii) Exponential attraction. Let (E,n) be such that S(t,(E,n)) € N for allt > 0. Then
there exists an (Eq,n.) € B such that, for some M > 0,

(2.7) 1S(t, (E,n)) — S(t, (Ex(Ee,ne,€),ne))|| < Meft for allt >0,

and £ < 0 is as defined above.
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(iv) Flow on the manifold. The values v(E¢,n,¢) are inY, and P.v =0 for all (E¢,n,€) €
B x (0,e9). The flow on C is differentiable with respect to t and governed by the system of
ODEFEs

—FE.= H.n)E.+¢cai1(E.,n,e)E. + 52a2(Ec,n,s)u,
(2.8) dt

where

H.(n)= B(n)~ 1H(n)

)= —B(n) P0)0u B F(E ).
ag(Ee,n,e) = B~ Yn)P.(n)0yP.(n)F(E.,n,¢),

)= f(n) = g(n) [Ex(Ec,n,€), Ex(E¢,n,¢)].

Pe(n)B(n),

System (2.8) is symmetric with respect to rotation E. — E.e'¥, and v satisfies the relation
V(e Een,e) = e¥v(Ee,n,¢e) for all p € [0,27).

This theorem is based on the general results in [6], [7], [8], [33]. We observe that the
term v(E.,n,e) enters Ex with a factor € in front. Hence, v enters system (2.8) with a
factor of order O(g?). Consequently, the replacement of v by 0 is a regular perturbation of
(2.8) preserving the rotational symmetry of (2.8). The approximate system is called mode
approximation and reads

d
—FE.= H.n)E.+¢ea(E.,n)E,,
dt
(2.9) d
pr eFy(Ee,n),

where

He(n) = B(n)"'H(n)P.(n)B(n),
a(Ee,n) = —B(n)”' Pe(n)0,B(n) Fy(Ee, n),
Fo(Ee,n,) = f(n) —g(n) [B(n)Ee, B(n)E].

The matrix H.(n) is a representation of H(n) restricted to its critical subspace X.(n) in
some basis B(n). The matrix H. depends on the particular choice of B(n), but its spectrum
coincides with the critical spectrum of H(n). The term eaFE,. appears since the space X,
depends on time ¢t. Any normally hyperbolic invariant manifold (e.g., fixed point, periodic
orbit, invariant torus) that is present in the dynamics of (2.9) persists under the perturbation
O(g?)v. Hence it is also present in system (2.8), describing the flow on the invariant manifold
C, and in the semiflow of the complete system (1.1). Furthermore, its hyperbolicity and
the exponential attraction toward C ensure its continuous dependence on small parameter
perturbations.

Remark. System (2.9) still depends on €. Hence we should investigate how the transversal
Lyapunov exponents depend on ¢ for any normally hyperbolic invariant manifold found in the
subsequent analysis of (2.9). It was pointed out in [32] that system (2.9) is conservative for



254 JAN SIEBER

Table 1
Choice of parameters for the bifurcation diagrams presented in sections 3 and 4.
L= 1 I, =1.136 ro= 107° ro= ne’"
BY=-0.275 B = 0 k1= 3.96 ko= 0
g1= 2.145 g2 =p2 = 0 1= 5 pP1= 0.44
I'i= 90 Q1= —20 I=6.757-10"3 T =3.59 - 10?

g =1 at ¢ = 0. Thus we must expect that the normal hyperbolicity of most objects is of order
o(1) for e — 0.

However, we will perform the bifurcation analysis for (2.9) only for one fixed “physically
realistic” e, checking the eigenvalues of relative equilibria and the Floquet multipliers of mod-
ulated waves numerically.

2.3. Particular choice of parameters. The mode approximations (2.9) derived in section
2.2 permit detailed studies of their long-time behavior since they are low-dimensional ODEs.
The particular form of system (2.9) depends on the number ¢ of critical eigenvalues on the
imaginary axis at the threshold ng. We restrict our interest to cases where the number ¢ of
critical eigenvalues of H is at most 2.

Furthermore, we adjust the relative resonance frequency of the material, 2,1, in the
following manner: The solitary section S; with zero facet reflectivities, gain dispersion, and
feedback, i.e., p1 = rg = r;, = 0, is symmetric with respect to reflection. Thus, if H(n) has
the eigenvalue A + iIm 31(n), it also has the eigenvalue A + iIm 1(n). Typically, a pair of
eigenvalues becomes critical having the frequencies Im A\; o ~ Im 31(ng) = x1. The frequency
region (Im 31 — k1, Im (31 4+ k1) is usually referred to as the stopband of the active section. Hence
the solitary section S; can have on-states (i.e., rotating-wave solutions, relative equilibria of
(1.1)) at both ends of the stopband. We break the reflection symmetry by choosing p; > 0
and €, outside of the stopband frequency region. Then the slope of the gain curve (see
the appendix) favors frequencies closer to (2,1 such that the solitary active section S; has a
distinct stable on-state at the threshold ny.

We choose the feedback phase and strength as our primary bifurcation parameters and use
numerical continuation methods [11] to explore the bifurcation diagram in the two-parameter
plane keeping all other parameters fixed according to Table 1. We can do so by varying the
absolute value 1 and the phase ¢ of r7, := ne?™¥, setting 32 = 0 without loss of generality.
This is in contrast to the experiments, where (3; is varied by changing the current in the
feedback section, but rp, is kept fixed. Hence the experimenters cannot vary the parameters
 and 7 independently in a continuous manner.

In order to obtain the coefficients of (2.9), we have to compute the critical eigenvalues,
their corresponding eigenvectors, and the adjoint eigenvectors.

The critical eigenvalues are roots of the characteristic function h of H(n) defined in
Lemma 2.3. We include n, 7, and ¢ as parameters to emphasize that the eigenvalue A;
depends on them (see section 2.2):

0= KO a1 9) = (=2 173 g ()
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The eigenvector v; = (¥, p;) corresponding to A; and its adjoint v;f = (%T, p;r) are defined
up to a scaling by (see [3], [34] for the adjoint)
&)
¥j1

6\ [ TE0A (D), A
(2.10) <ij> = (WT(z,O;)\j,n) (7 )) ’ (pf) B (pj,2>
Dj1

In (2.10), T(2,0; A\j,n) = T1(2; Aj,n) if 2 <1, and

=

e NE 0 .
T(z,0;\j,n) = 0 iz Ti(1;Mj,n) if 2> 1.

3. The single-mode case.

3.1. Definition of the system. First, we consider the generic case, where a single eigen-
value A of H(n) is on the imaginary axis (¢ = 1) at n = ng. Since we have chosen the
configuration of the active section S such that it has only one stable on-state at n = 0, this
model is certainly valid for sufficiently small 5 in the vicinity of ng. Since A is uniformly
isolated, it depends smoothly on n and all parameters. The basis B(n) is the eigenvector
v = (¢, p) associated to A, and the projection B(n)'P.(n) is the corresponding adjoint
eigenvector vf. The term a in (2.9) vanishes if we scale v and vt such that (v, ’UT) =1 for all
n under consideration. Moreover, we can decouple the phase of the complex quantity E. in
(2.9) due to the rotational symmetry of the system. Hence we have to analyze a system for
S = |E.|?, n, and X\ which reads as follows:

(3.1) S =2Re(N)S,
. h:é‘(fl—n—R()\ana%n)S),
(3:3) 0= h(An,e,m),

where e = 771, I} = I, and the coefficient R is defined as follows:

R()‘) n, ¥, 77) = [G(n) —p1+ Re X1 ()‘)](wa 1/’)%

(see the appendix for the definition of x).

On-states are equilibria of (3.1)—(3.3), whereas periodic solutions of (3.1)—(3.3) represent
quasi-periodic solutions of (2.9). This type of modulated rotating-wave solution is typically
referred to as self-pulsation. Several analytic and computational results have been obtained
previously about the existence regions of self-pulsations and their synchronization properties
using the single-mode approximation [2], [3], [5], [31], [34].

System (3.1)—(3.3) is a differential-algebraic equation (DAE). Its inherent dynamical sys-
tem is two-dimensional. Standard numerical continuation software such as, e.g., AUTO [11]
is not able to treat DAEs directly. However, we can easily convert (3.1)—(3.3) to an equivalent
explicit system of ODEs by changing (3.3) to

_Ouh(An, ,m)7 + - (A n, 0, m)
8)\h()\, n, e, 77)

(3.4) A=
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Figure 2. Bifurcation diagram for n = 0.1. We report the n-component for the on-state and the mazximum
of the n-component for the periodic solutions.

if A\ is an isolated simple root of h. For sufficiently large ¢ > 0, (3.1), (3.2), and (3.4) is
a four-dimensional ODE which has a stable invariant manifold defined by A = 0. On this
invariant manifold, the flow is identical to the flow of (3.1)—(3.3). The transformation of (3.3)
to (3.4) is sometimes referred to as Baumgarte regularization [10].

Remark. There should exist a curve md in the parameter plane (¢,7n) which bounds the
range of validity of the single-mode model in the following sense: the function A(n) defined
implicitly by (3.3) has a discontinuous derivative 9, A\(n) along some line n = n,,q in the phase
plane for (p,n) € md, i.e., O\h(A(n),n,¢,n) = 0 (X is a double root of h). Hence we expect
the continuation of families of periodic orbits or equilibria to fail if it crosses the curve md.

3.2. The bifurcation diagram. We explore the dynamics numerically in the two-parameter
plane (¢, n), choosing the other parameters according to the example presented in [35] (see
Table 1). The procedure is as follows: First, we choose a very small feedback level n = 0.1
and report the smallest ng such that H(ng) possesses an eigenvalue on the imaginary axis for
¢ =0, i.e., h(-,n0,0,n) has a purely imaginary root. This is ng = 1.316194 for the parameter
situation outlined in Table 1. The corresponding root of h is A = —1.632607:. We consider
only this eigenvalue A of H and its eigenvector ¢ in (3.3) in this section. There exists an
equilibrium with S = (11 — ng)/R(\, no,0,7n) and n = ng. In the next step, we report on how
this equilibrium changes its location in phase space and its stability under variation of ¢ (see
Figure 2). Note that the location of the equilibrium coincides exactly with the location of the
corresponding rotating-wave solution of the complete system (1.1).

Adding n as a free parameter, we compute the curve of Hopf points and the curve of
saddle-nodes (folds) of limit cycles in the two-parameter plane (p,n) (see the full bifurcation
diagram Figure 4). The saddle-node curve of limit cycles and the Hopf curve meet at a
stable generalized Hopf point GH; [14]. Both ends of the Hopf curve meet at the point
MD = (¢o,m0). The point M D is situated on the curve md. Moreover, the equilibrium of
system (3.1)—(3.3) is situated on the line n = n,, for the parameters (g, n). We refer to it
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Figure 3. Bifurcation diagram at n = 0.2. We report the n-component for the on-state and the mazximum
of the n-component for the periodic solutions. The family of periodic orbits is discontinuous at md.

as an equilibrium with mode degeneracy as \ is an eigenvalue of H(n) of algebraic multiplicity
2. We explore the vicinity of this equilibrium using the two-mode approximation in section 4
since the number ¢ of critical eigenvalues of H(n) is 2 near M D.

Starting from one of the Hopf points at n = 0.2, we draw another one-dimensional bi-
furcation diagram, keeping n = 0.2 fixed but varying ¢. The numerical result is shown in
Figure 3.

The line of equilibria has folded twice at F} and F3 in saddle-node bifurcations. The family
of periodic orbits starting from Hs is stable and ends in a homoclinic bifurcation at hs. The
family of periodic orbits starting from H; is unstable and collides with a stable branch in the
saddle-node bifurcation of limit cycles f. Continuing the stable branch of periodic solutions
starting from f, we approach a discontinuity of system (3.1)—(3.3) at md. Hence there is no
continuous family of periodic orbits between h; and f.

In the last step, we continue the saddle-node points F; and F3 and the homoclinic orbit!
ho, varying both parameters, 1 and . Figure 4 shows the complete two-parameter bifurcation
diagram, and Figure 5 shows the corresponding symbolic phase portrait sketches. We note
that the two saddle-node bifurcations observed in Figure 3 emanate from a cusp bifurcation
at CU in Figure 4. Moreover, the curve of homoclinic bifurcations in the (p, n)-plane starting
from hy at n = 0.2 turns back to n = 0.2 at h; (see Figure 3). Along this curve, the approach
of the homoclinic orbit toward the saddle changes (see Figure 5): There is a parameter path
of central saddle-nodes on closed orbits between two noncentral saddle-nodes on closed orbits
(NC1—NC3). The region 6 in the vicinity of the central saddle-node on a closed orbit is a
classical excitability scenario [15].

Remark. The approximation of homoclinic orbits by periodic orbits of large periods is

! Actually, we continued periodic orbits of a fixed large period.
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Figure 4. Bifurcation diagram in the two-parameter plane (¢,n). Codimension 2 bifurcations are marked
by black points and labels. GH refers to a generalized Hopf bifurcation, CU to a cusp bifurcation, and NC' to a
noncentral saddle-node on a closed orbit. M D is an equilibrium where Oxh = 0 in (3.4). The family of periodic
orbits is discontinuous along the dashed line because Oxh(A,n) becomes zero on the periodic orbits.

G ¢

S
©

5-6 6-7 "\ o saddle-node

kY
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-

O e stable

Figure 5. Symbolic phase-portrait sketches for the regions 1 to 7 of Figure 4. In addition, we display the
global bifurcations between the regions 2, 5, 6, and 7. Black points symbolize stable equilibria, and white points
are unstable equilibria. If an unstable equilibrium is a saddle, we sketch the stable and unstable manifolds. The
additional arrows show the behavior of the vector field. The S —n coordinate cross gives a rough orientation.

very accurate if the equilibrium is a saddle with eigenvalues distant from the imaginary axis.
However, the order of approximation is worse in the vicinity of homoclinics to saddle-nodes.
For this reason, we have used the HOMCONT part of AUTO to compute the points NC; and
NCs. HOMCONT utilizes projection boundary conditions to approximate the homoclinic
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orbit [9], [11].

The continuation of the curve of homoclinic bifurcations in the plane (¢, 7n) ends at some
distance after (above) the point NCj in Figure 4, where the homoclinic orbit approaches a
point in the phase plane where X is degenerate.

The curve of homoclinic bifurcations, the Hopf curve, and the saddle-node curve in
Figure 4 approach each other and become tangent at M D. However, this does not imply
the presence of a Takens—Bogdanov bifurcation since the model is discontinuous in the vicin-
ity of M D. Indeed, the Hopf frequency along the Hopf curve increases toward M D.

Remark. Figure 5 assumes completeness of the bifurcation diagram Figure 4. The problem
of completeness of Figure 4 is not investigated here. There may be additional nested pairs
of stable and unstable limit cycles. See, e.g., [21], [32] for a treatment of the single-mode
laser as a perturbation of a conservative oscillator of order O(y/€). In [25], a result about the
uniqueness of the stable limit cycle is obtained by imposing conditions on the shape of the
coefficients A and R in system (3.1), (3.2).

4. The two-mode case—unfolding of the mode degeneracy in the parameters ¢ and
7.

4.1. Definition of B(n) and P.(n)—elimination of the absolute phase. In this section,
we explore in detail the neighborhood of M D from Figure 4, completing the bifurcation
diagram for larger feedback levels 7. Let ng be a threshold carrier density, where H (ng) has
a dominating eigenvalue A of algebraic multiplicity 2 on the imaginary axis. An ng of this
type exists, e.g, in the point M D = (¢g,n9) of the parameter plane (p,n) (see Figure 4).
Hence the complex dimension ¢ of the critical subspace X, is 2, and the real dimension of the
invariant manifold C is 5 (see section 2.2). In order to obtain the coefficients of system (2.9),
we have to construct a basis B(n) and a projector P.(n) which depend smoothly on n, and
the bifurcation parameters 1 and ¢ in the vicinity of ng, ¢g, and 7.

Let A1 and Ay be the two roots of h(:,n,p,n) which coincide and are situated on the
imaginary axis if n = ng, @ = o, and n = 19. We denote the corresponding eigenvectors
(1j,pj) by vj and the adjoint eigenvectors by v;- (7 =1,2). The vectors v; and U;[ are defined

in (2.10). Hence v; and v} depend analytically on A;.
We introduce the quantities

1 1
0= 5()\1 + A2), poi= Z()\l —Ag)?

and define the basis B = [u1, ug] by

V1 — V2 1

ug = —(v1 + v2).

N 2 2( 1+ v2)

0 and p depend smoothly on n, ¢, and 7 in the vicinity of the degeneracy M D. The vectors
u1 and ue do not change if we permute the eigenvalues A1 and Ay. Moreover, they are smooth
with respect to n, ¢, and 1 and uniformly linearly independent around the degeneracy point.
We denote the 1)-component of u; by &; (j = 1,2). The representation of H in the basis B
reads

(41) Uy =

(4.2) Hui = Ouq + usg, Hus = pug + Qus.
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Hence the representation of H with respect to the basis B is smooth in the degeneracy point.
Furthermore, we define the following functionals for z € L2([0, L]; C*) and y € L2([0, L]; C?):

1A =2 Ao — A f !
(v1,v1) (vg,v2) (v1,v1)  (vg,v2)
@1y = (G<n> —pP1 + Xl()‘l))(why)l; @23/ = (G(Tl) — pP1 + Xl()\Q))(wQ?y)la
61y — 06y _1
Quy = o Q2y = 5 (O1y + O2y)

(See the appendix for the definition of x1.) Py and P», as well as Q1 and @2, are not affected
by a permutation of A; and 2. Since Pjuy = 6;i, the functionals P; depend smoothly on n
and are uniformly linearly independent around the degeneracy. We define

P.x = [Pix]uy + [Paz]us.
Using these definitions of B and P, system (2.9) reads as follows (E, = (21, z2) € C?):

1 = 0(n)z1 + p(n)xe — n(Pr(n)Opui(n)xy + Pi(n)opuz(n)zs),
(4.3) &g = x1 + 0(n)ze — n(Pa(n)Opui(n)xy + Pa(n)dnu(n)zs),
i=¢ [l —n — Re (|z1*Q1&1 + |22° Q262 + T122Q1&2 + T221Q261) ] -

Finally, we observe that we can eliminate the absolute phase of the vector (z1,x2) due to the
rotational symmetry of system (4.3). We introduce the quantities

r= mP—|mf  (reR), (= mzy  (CE€C).

Using r and (, we can recover the quantities

1 1
o1 |? = S (V2 + 4IC2 + 1), [wal? = S(V/r2 + 4¢P = 7).
Hence system (4.3) has a four-dimensional subsystem for r, ¢, and n which reads as follows:

r = 2Re (b11|$1|2 — b22|l‘2|2 + (b12 - BZl)C) 3
(4.4) ¢ = ba|w1* + bia|w2]* + (b1 + ba2)C,
i= e[l —n—Re(|z1[?Q1& + |22|* Q262 + (Q1&2 + (Q2&1)]

where the functions b;;(r, (,n) are defined as

bi1(r,¢,n) = 0(n) — nPi(n)dyui(n), bia(r,¢,n) = p(n) —nPi(n)dyuz(n),
ba1(r,(,n) = 1 —nPy(n)dpui(n), baa(r,(,n) = O(n) — nPy(n)dpuz(n).

The quantities P;0,u; depend on n, i, and 6 and can be computed by the chain rule:

Pidnuj = Pi(0,009 + 0y + On)uj.
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Figure 6. Bifurcation curves of Figure 4 recomputed in the (p,n)-plane using model (4.4), (4.5). The
one-dimensional bifurcation diagrams of Figures 8 and 9 have been obtained along the horizontal dotted lines.
This diagram should be compared to Figure 4. Along the curve of homoclinic bifurcations, the points SC; mark
changes of saddle quantities. FH marks a fold-Hopf interaction (see text and Figure 7).

The functions #(n) and p(n) are given only implicitly by the root curves of h(-,n). We
introduce 0 and p as new variables satisfying the differential equations

(4.5) G= 50+ ) S SIS

in order to put the system in a form that is recognized by AUTO. In (4.5), the equations for
), are constructed in the same manner as in (3.4). Assembling (4.4) and (4.5), we obtain a
system of dimension 8, where all coefficients depend smoothly on n, ¢, and n. This system
has a four-dimensional uniformly attracting invariant manifold, where § = 6(n) and p = u(n).
We restrict our bifurcation analysis to this invariant manifold.

4.2. The bifurcation diagram 2. We explore the (¢, n)-plane in the same manner as in
section 3. First, we redraw the curves of the single-mode bifurcation diagram Figure 4 in the
plane (¢,n) in Figure 6. We observe that the curves are in good quantitative agreement for
smaller 1. The curve of the folds even coincides exactly. Notable differences are as follows.

1. The curve of the folds of limit cycles does not connect to the Hopf curve in a generalized
Hopf point GHs in Figure 6, but it turns toward larger n undergoing a sequence of cusps.

2. In Figure 6, the Hopf curve and the fold curve meet each other in FH in a fold-
Hopf interaction of type “s = 1,0 < 0” according to [16]. A small neighborhood of FH in
parameter space is depicted in Figure 7. The time must be reversed compared to [16] since
the torus bifurcation in Figure 7 is supercritical. We observe that the equilibrium with mode
degeneracy is no longer a special point except that it is situated on the fold curve.

The curve of homoclinic bifurcations depicted in the single-mode bifurcation diagram
Figure 4 can be continued in both directions for increasing 7. However, the characteristic
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Figure 7. Local (incomplete) bifurcation diagram in the vicinity of the fold-Hopf interaction FH in the
(¢,m)-plane. There is a 1 : 2 resonance at the point 1 : 2. The dotted line has not been actually computed. It is
inserted in the picture to simplify the identification of the appropriate fold-Hopf interaction type in, e.g., [16].

quantities of the linearized system at the saddle change along the line (see Figure 6): At
SC1, we have three leading stable eigenvalues. For higher 7, a complex pair of eigenvalues
becomes dominant in the negative half-plane, turning the homoclinic orbit into a saddle-
focus homoclinic connection. Denote the real part of this complex pair of eigenvalues by oy
and the real part of the (real) unstable eigenvalue by o,. Between SC; and SCs, we have
vi=—oy/os < 1.

At SC5, the saddle becomes neutral, i.e., v = 1, and, at SC3, we have v = 2. Shilnikov’s
theorems [16] imply that there is one stable limit cycle in the vicinity of the homoclinic
bifurcation before SCs, i.e., along NC1—SCs and NC3-SC5, but there are infinitely many
limit cycles in the vicinity of the homoclinic bifurcation after SCs. Furthermore, infinitely
many of these limit cycles are stable between SC2 and SC3. We observe that one end of the
curve of homoclinic bifurcations approaches the fold-Hopf interaction F'H in an oscillatory
manner (see the curve of homoclinic bifurcations in Figure 7).

We must reach the upper end HC' of the curve of homoclinic bifurcations (see Figure 6)
before the saddle having the homoclinic connection undergoes a subcritical Hopf bifurcation.
At the point HC, there is a heteroclinic connection between the saddle and the small Hopf
cycle which is also of saddle type (two unstable and one stable Floquet multipliers).

Figure 6 gives a complete overview concerning the equilibria of system (4.4), (4.5), i.e.,
their number, the number of their stable and unstable directions, and their local bifurcations.
In order to get more information about the periodic orbits and global bifurcations, we draw
one-dimensional bifurcation diagrams varying ¢ at n = 0.3 (see Figure 8) and n = 0.4 (see
Figure 9 (a)) by continuing the periodic orbits from the Hopf bifurcations.

In Figure 8, we observe that the family of periodic orbits emerging at the saddle Hopf point
undergoes a sequence of folds and period doublings approaching a homoclinic connection to a
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Figure 8. Bifurcation diagram for n = 0.3 for a part of the full phase period for ¢. We report the n-
component for the on-state and the mazimum of the n-component for the periodic solutions. The arrow points
to the saddle approached by the homoclinic h. This saddle is of focus-focus type. Only the first period doublings
and folds are reported.

focus-focus. Parts of the family are stable according to Shilnikov’s theorems [16] because the
linearization at the focus-focus has a negative saddle value; i.e., the real part of the unstable
eigenvalues is smaller than the modulus of the real part of the stable eigenvalues.

In Figure 9 (a), the two Hopf points are connected by a “small bridge” of periodic solutions
undergoing a torus bifurcation at t. We observe that both Hopf points are close to the point
X, where the saddle equilibrium and the former node equilibrium have equal n-component. At
X, there are two eigenvalues of H(n) with different imaginary parts on the imaginary axis in
the equilibria. The periodic orbits between H; and Hs have an angular velocity corresponding
approximately to the difference between these two eigenvalues. Typically, this type of self-
pulsation is called mode beating or mixed-mode self-pulsation; see [13] and references therein.
These oscillations are of great interest because their frequency can be of order O(1) in our
scaling. In our case, the angular velocity of the oscillations increases from 0.2 for n = 0.2 to
0.4 for n = 0.6 along the channel between the two Hopf curves in Figure 6 which corresponds
to frequencies between 11 and 22 GHz.

The family of periodic orbits emerging from the homoclinic bifurcation (the red curve
of Figure 6) is now disconnected from the family of equilibria. It folds several times and
approaches a transversal homoclinic intersection of a periodic orbit. We have depicted this
end of the family enlarged in Figure 9 (b) and (c). Figure 9 (d) displays how a typical periodic
orbit close to the homoclinic intersection looks.

Adding n as a free parameter, we continue the homoclinic bifurcations, the first period
doublings and folds of limit cycles of Figure 8, and the torus bifurcation of Figure 9 in two
parameters. The resulting bifurcation curves are depicted in Figure 10. We observe the
following.
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Figure 9. Bifurcation diagram for n = 0.4. Diagram (b) shows the framed region enlarged. In (a) and (b),
we report the n-component for the on-state and the maximum of the n-component for the periodic solutions. In
(¢), we report the period for the family approaching a transversal homoclinic intersection. (d) shows a projection
of the phase portrait of one of the periodic orbits.

1. The curve of homoclinic bifurcations forms a closed loop. The stable eigenvalues
become real for smaller 7: There are focus-focus to saddle-focus transitions at SC; and SCs
in Figure 10. However, the saddle value is negative along the whole loop. Hence there are
infinitely many stable periodic orbits in the vicinity of the loop of homoclinics.

2. The curve of period doublings forms a closed loop. It meets the torus bifurcation
curve starting from the fold-Hopf interaction F'H and the torus bifurcation curve passing t in
Figure 9 in 1 : 2 resonances (see Figures 7 and 10). There are infinitely many other period
doubling curves in the vicinity of the loop of homoclinics.

3. The curve of folds of limit cycles ends in an unstable generalized Hopf bifurcation
[14] at GHy in one direction. There are infinitely many curves of folds of limit cycles in the
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Figure 10. Location of the homoclinic, period doubling, and torus bifurcation. The Hopf curve and the
saddle-node curve are also drawn for orientation. (b) shows the framed region enlarged. The vicinity of the
fold-Hopf interaction F'H is shown in Figure 7. The curve of folds of limit cycles is partially obscured by the
period doubling curve due to its proximity (see, e.g., Figure 8).

vicinity of the loop of homoclinic bifurcations.

5. Conclusions—outlook. In this paper, we performed a numerical bifurcation analysis
for a system of ODEs describing delayed optical feedback phenomena in a semiconductor
laser with short cavity. We constructed the model analytically in advance by reducing the
traveling-wave model with gain dispersion [4], [25], a singularly perturbed system of PDEs,
to a local center manifold [26], [32]. The bifurcation parameters were the phase ¢ and the
strength 7 of the delayed optical feedback.

In the first step, we analyzed the single-mode dynamics for small 7, observing Hopf insta-
bilities and two fold curves of the equilibria. The single-mode self-pulsations emerging at the
Hopf bifurcation typically have an angular velocity of order O(y/€) or less as they approach
a homoclinic bifurcation (see the region bordered by the dashed gray line in Figure 11). A
certain part of the homoclinic is actually a closed orbit to a saddle-node, implying excitability
[15] in the vicinity of the homoclinic bifurcation (see the yellow region in Figure 11).

In the second step, we extended our analysis to the neighborhood of the mode degeneracy
point M D detected in the single-mode analysis using an appropriately posed two-mode system
(a system of ODEs of dimension 4). We observed that there is a fold-Hopf interaction close
to the point M D in the (¢,n)-plane and that the homoclinic orbits change into saddle-focus
connections for larger n, implying complicated dynamics according to Shilnikov’s theorems.
Furthermore, we found another type of self-pulsation often referred to as mode beating or
mixed-mode self-pulsation [13] (see light gray region in Figure 11). The angular velocity of
the mixed-mode oscillations is related to the difference of the imaginary parts of two crit-
ical eigenvalues of H. Hence it can be of order O(1), which makes this type of oscillation



266 JAN SIEBER

0.6 T T T
Fold of limit cycle

e Torus bifurcation

I == Period doubling

= Homoclinic

= Hopf

—_ Fold

slow oscillations

mixed mode

n+ oscillations

excitability

GH,

|
I
0 14 1

Figure 11. Bifurcation diagram in the (phi,n)-plane—overview. The bifurcations of codimension 2, marked
by black points and labels, are explained in detail in sections 3.2 and 4.2. Some regions of interest for practical
applications are pointed out in particular.

particularly interesting for applications.

In addition, we detected a torus bifurcation of the mixed-mode self-pulsations that ends
in a strong 1 : 2 resonance. The period doubling bifurcation crossing this strong resonance is
only the first one in an infinite sequence accumulating to a curve of homoclinic bifurcations
of focus-focus type. Again, Shilnikov’s theorems imply the existence of stable complicated
dynamics in the vicinity of these homoclinic bifurcations. Figure 11 assembles all pictures
concerning the (¢, n)-plane.

In summary, the map in the (¢, n)-plane (see Figure 11) shows the roots and borders of
many delayed optical feedback phenomena observed experimentally and numerically [24], [35].
The diagram contains points (e.g., the fold-Hopf interaction and the strong resonance) and
curves (e.g., homoclinic connections to saddle-foci or foci-foci) which imply the presence of
complicated dynamics. Hence the diagram remains incomplete. However, several phenomena
of particular practical interest have been detected and precisely located, e.g., single-mode and
mixed-mode self-pulsations and excitability.

In the future, we will investigate other interesting experimental configurations (e.g., dis-
persive feedback, active feedback). Moreover, we will study some of the bifurcations of codi-
mension 2 of Figure 11 in more detail and compare the bifurcation diagrams to simulation
results for the complete PDE system (1.1). Moreover, it is interesting to note that first ex-
aminations of the Lang—Kobayashi system using the methods outlined in this paper lead to
bifurcation diagrams of the same structure. This points to the mode degeneracy of H(n),
which is common to both models as the organizing center. Hence it is worth studying the
normal form for laser equations close to a mode degeneracy proposed by [32] in detail.
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Figure 12. Shape of the Lorentzian 2Re x(iw) for w € R and visualization of its parameters (see Table 2).

6. Appendix. Physical interpretation of the traveling-wave equations—discussion of
typical parameter ranges. System (2.1) is well known as the traveling-wave model describing
longitudinal dynamical effects in semiconductor lasers (see [4], [18], [29] for further references).
Results of numerical simulations have been presented in [2], [3], [4], [5], [24].

The quantities ¥ and p describe the complex optical field £ in a spatially modulated
waveguide:

E(T_‘: t) = E(.T, y) : Wl (tv Z)eiWOtii%z + ¢2(t7 Z)eiWOt+i%z)'

The complex amplitudes 11 2(t, z) are the longitudinally slowly varying envelopes of E. The
transversal space directions are x and y, the longitudinal direction is z, and 7= (z,y, z). For
periodically modulated waveguides, A is the longitudinal modulation wavelength. The central
frequency is wp/(27), and E(z,y) is the dominant transversal mode of the waveguide.

The equation E = H(n)E for an uncoupled waveguide (x = 0), a monochromatic light-
wave in the forward direction €11 (z), and a constant carrier density n imply a spatial shape
of the power |¢1|? according to

(6.1) 9:|¥1(2) = (2Re B(2) + 2Re x(iw, 2))[1 (2) %,
where
(6.2) X(iw, z) = AQING)

iw—1iQ(2) +T(2)

2Re x(iw, z)) is a Lorentzian intended to fit the gain curve of the waveguide material (see
Figure 12). Hence E = HFE produces gain dispersion; i.e., the spatial growth rate of the wave
e“')(z) depends on its frequency w. The variable p(t, z) reports the internal state of the
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Table 2
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Ranges and explanations of the variables and coefficients appearing in (2.1)—(2.4). See also [4],
[27] to inspect their relations to the originally used physical quantities and scales.

|

[ Typical range [

Explanation

P(t, z) C? optical field,
forward and backward traveling wave
i-p(t, z) C? nonlinear polarization
for the forward and backward traveling wave
n(t) (n, 00) spatially averaged carrier density in section Si
Im 3 R frequency detuning
Re Y <0, (—10,0) decay rate due to internal losses
aH (0,10) negative of line-width enhancement factor
g1 ~1 differential gain in 51
Kk (—10,10) real coupling coefficients for the optical field v
Pk [0,1) pr is maximum of the gain curve
Ty 0(10%) half width of half maximum of the gain curve
Qr i 0(10) resonance frequency
I 0(1077) current injection in section S;
T 0(10%) spontaneous lifetime for the carriers
P (0, 00) scale of (¢, p) (can be chosen arbitrarily)
ro, TL C, |ro|,|re] <1 | facet reflectivities

gain filter. See [4], [27] for more details. The Lorentzian gain filter is also used by [1], [18],
and [20]. Since the coefficients p, I', and 2 are supposed to be spatially sectionwise constant,
X(A, z) = x1(A) for z in section Sj.

The equation for n in (2.1) is a simple rate equation for the spatially averaged carrier den-
sity. It accounts for the current I, the spontaneous recombination —n/7, and the stimulated
recombination. See Table 2 for typical ranges of the quantities.

a o o c
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Higher Order Modulation Equations for a Boussinesq Equation*

C. Eugene Wayne! and J. Douglas Wrightf

Abstract. In order to investigate corrections to the common KdV approximation to long waves, we derive
modulation equations for the evolution of long wavelength initial data for a Boussinesq equation.
The equations governing the corrections to the KdV approximation are explicitly solvable, and we
prove estimates showing that they do indeed give a significantly better approximation than the
KdV equation alone. We also present the results of numerical experiments which show that the
error estimates we derive are essentially optimal.

Key words. Boussinesq equation, KdV approximation, modulation equations, water wave problem
AMS subject classifications. 76B15, 35Q51, 35Q53
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1. Introduction. Modulation, or amplitude, equations are approximate, often explicitly
solvable, model equations derived—usually through asymptotic analysis and the method of
multiple time scales—to model more complicated physical situations. Although these equa-
tions have been used for over a century, only lately has there been an attempt to rigorously
relate solutions of the modulation equations to the original physical problem. In particular,
through the work of Craig [8], Kano and Nishida [13], Kalyakin [12], Schneider [21], Ben
Youssef and Colin [1], and Schneider and Wayne [22], [23], the validity of Korteweg-de Vries
(KdV) equations as a leading order approximation to the evolution of long wavelength water
waves and to a number of other dispersive partial differential equations has been established.

While the KdV approximation is extremely useful due to its simplicity and the fact that the
KdV equation can be explicitly solved by the inverse scattering transform, both experimentally
and numerically one observes departures from the predictions of the KdV equation. Our goal
in this paper is to derive modulation equations which govern corrections to the KdV model.
In the present paper, we will not work with the full water wave problem but rather will study
modulation equations for long wavelength solutions of the Boussinesq equation:

ett - emm — (02)361 + ettxxv

(1.1)
reR, t>0,0(z,t) € R

Our motivation for studying this equation is twofold. First, the Boussinesq equation was
originally derived as a model equation for water waves, and, as our ultimate goal is to derive
corrections to the KdV approximation to water waves, we regard the study of (1.1) as a useful
first step in understanding the much more complicated water wave situation. We note that
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Schneider’s analysis of the KAV approximation for (1.1) in [21] served as a template for the
analysis of the water wave problem in [22].

Our second justification for deriving second order modulation equations for (1.1) is that
these modulation equations serve as a sort of normal form for more complicated PDEs, and
as such we expect that the modulation equations which describe corrections to the KdV
approximation to (1.1) will govern corrections to the KdV approximation in more complicated
situations as well. Thus the results on existence, uniqueness, and other properties of the
modulation equations we derive in this paper should also be of use in more complicated
situations that we plan to treat in the future.

We now describe in more detail our results. It is convenient to rewrite (1.1) as a system
of two first order equations. As in [21], we introduce new variables

w(zt) = 2 (0(z,1) — \"10(2.1),
(1.2) :
v(z,t) = 5(0(93,75) + X710, (1)),

where A is a skew-symmetric multiplication operator in Fourier space defined by N =
(ik/vV1+ k2)i. Note that, for A16; to be well defined, we must have 6;(0,¢) = 0. That
is, the average value of #; should be zero. We note that, if 6(z,t) is a solution of (1.1), we
have that the average value of 0;(x, t) is a constant of the motion. Thus, if the initial condition
for 6; has zero average, ét(O, t) = 0 will remain zero for all time. Furthermore, as discussed in
[21], assuming that the initial condition 6;(x,0) has zero average is not unnatural considering
the origin of (1.1). Thus we will make that assumption so that the change of variables (1.2)
is well defined.
Taking time derivatives of v and v, we find

w ()= DG)HG)

Not only is (1.3) convenient from a mathematical point of view, but, as we shall see, u
and v have the physical interpretation of being the left and right moving parts of the solution.

We turn now to the assumptions on the initial conditions of (1.3). The KdV equation is
an approximation of small amplitude and long wavelength motions, and thus we will assume
that the initial conditions of (1.1) are of this form. More precisely, fix a constant C; > 0 and
assume the following.

Hypothesis 1. There exist Uy, Vo with

max {|Uo|l gr= (aynmo+9, Vol o (aynme+o } < Cr
such that the initial conditions of (1.3) are of the form
u(x,O) = €2U0(€$), ’U(JJ,O) = 62‘/0(6'7:)7

where € is small, and o will be fixed in the statement of the main theorems.
Here, H?(m) = {f|(1 + 22)™/2f € H?}. The norm on this weighted Sobolev space is
given by || f||gom) = [I(1 + 22)™2 f||go. We use these spaces because we are interested in
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solutions which are in some (weak) sense “localized.” In particular, any small perturbation of
the known soliton solutions to the KdV equation will satisfy this localization property.

Remark 1. We can, of course, recover the initial conditions for (1.1) from Hypothesis 1
via (1.2), and we see that the initial conditions expressed in the 6 variables are also of small
amplitude long wavelength form.

According to the KdV approximation results of [21], long wavelength solutions of (1.1)
split into two pieces—one a right moving wave train and one a left moving wave train. Each
of these wave trains evolves according to a KdV equation, and there is no interaction between
the left and right moving pieces. One might expect two types of corrections to such an
approximation:

e corrections due the fact that the left and right moving wave trains will interact at a
higher order,

e corrections due to the fact that, even in the case of a purely right (or left) moving
wave train, solutions to the Boussinesq equation are not exactly described by solutions
to the KdV equation.

Both of these types of corrections are apparent in our results, and, in fact, the corrections
to the KAV approximation are a sum of solutions of two types of modulation equations—an
inhomogeneous transport equation and a linearized KdV equation which can be seen (roughly
speaking) as reflecting these two sources of corrections.

To incorporate these two types of corrections, we add to the KdV wave trains, which we
denote by U and V (since they represent the leading terms in u and v, respectively), additional
functions A and B and F' and G. These functions then satisfy the modulation equations

1 1
orU = — 5a;”;_U — §8X_U2,

(1.4) ] )
orV = 5a;i’gv + 5aXJ/?,
_ 1 2 2 2 2
0. A+ 0xA=— 28X+V (X +7,67) = 0x (UX =1, €T)V(X +7,6°7)),
(1.5)
1
0-B—0xB = 58)(_ UX —7,é7) +0x (UX — 7,E€7)V(X + 1,€°7)),
and
OrF = — 0x (UF) — 0% F+J.,
(1.6) 2

1
orG = 0x, (VG) + 5a;")q(; + J?,

where T = €3t, 71 = et, X = ex, and X4y = X £+ 7.

The first of these pairs of equations is simply the KdV approximation. The second and
third pairs give rise to the corrections to the KdV approximation. We note that the terms J*
and J2 which appear in (1.6) are inhomogeneous terms which are made up of a combination
of sums and products of the solutions to (1.4), (1.5), and their derivatives (see (2.8)—(2.9)).
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There is some freedom in how we choose the initial data for the modulation equations.
For simplicity, we assume that U(X,0) = Up(X) and V(X,0) = V(X) and choose zero initial
data for (1.5) and (1.6), i.e., A(X,0) = B(X,0) = F(X,0) = G(X,0) =0.

That the KdV equation has solutions for all times with initial data of the type described
is well known. In particular, one has the following theorem (see [22]).

Theorem 1.1. Let 0 > 4. Then, for all Cy, Ty > 0, there exists Cy > 0 such that, if U, V
satisfy (1.4) with initial conditions Uy, Vp, and

(1.7) max{ || Uol| goaynmo+o, Vol zo@ynmo+ot < Co,

then

(1.8) sup  {NNUC, D)l o @ynazo+s, 1V ¢ D) o aynmets } < Ci.
Te[0,T]

On the other hand, it is less clear that solutions of (1.5) and (1.6) will remain bounded
over the very long time scales necessary for the KdV approximation. Thus the first significant
technical result of this paper is the following proposition.

Proposition 1.2. Fiz Ty > 0 and o > 21/2. Suppose that Uy, Vyy satisfy (1.7) and U, V,
A, B, F, and G satisfy (1.4)—(1.6); then there exists a constant Cy such that the solutions of
(1.5) and (1.6) satisfy the estimates

sup  {[AC, T) o3, IB(, 7) o3} < O,
T7€[0,Tpe2

sup {[IF(, D)l IGC Dl } < Co,
T€[0,To)

where H = H°=5 1 H9(2).

With this preliminary result in hand, we can now state our principal result.

Theorem 1.3. Fix Ty, C; > 0, and 0 > 13. Suppose U, V., A, B, F, and G satisfy (1.4)—
(1.6). Then there exist eg > 0 and Cp > 0 such that, if the initial conditions for (1.3) satisfy
Hypothesis 1, then, for € € (0,€p), we have that the unique solution u to (1.3) satisfies

|a(-,t) — @(-, t)|| go-13x gro—13 < Cpet/?

for t € [0, Toe 3], where
L (UXx.T) A(X,7) + F(X_,T)
w(z,t) =€ < V(X,,T) ) + ¢t ( B(X,7)+ G(X.,T) > .

Given this result and the change of variables (1.2), we can immediately rewrite this ap-
proximation theorem in terms of the original variables. Define

Oapp(T,t) = € (U(e(x —1),6%) + V(e(z + ), €’))
(A(ex et) + B(eaz et))
G(

et (F(e( ) + Gle(z +1),€%)) .
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Corollary 1.4. Fiz Ty, C; > 0, 0 > 13. Suppose U, V, A, B, F, and G satisfy (1.4)—
(1.6). Then there exist eg > 0 and Cp > 0 such that, if the initial conditions for (1.3) satisfy
Hypothesis 1, then, for e € (0,¢€), the unique solution 0(x,t) to (1.1) satisfies

||9(7t) - Happ('yt)HHcfl?) < CF611/2

for t € [0, Toe™3].

Remark 2. The initial conditions for (1.1) are obtained from those of (1.3) simply by
inverting the transformation (1.2).

Remark 3. In Schneider’s paper [21], he proves a similar theorem which shows that the H*®
error made in approximating (1.3) by the KdV equations alone is of O(e?).

The remainder of the paper is devoted to the proof of Theorem 1.3 and Proposition 1.2.
In the next section, we give a formal derivation of (1.4)—(1.6). In section 3, we study the
existence of solutions to (1.5) and (1.6) and prove Proposition 1.2. Section 4 is the technical
heart of the paper and contains the proof of Theorem 1.3. The proof follows the general
approach for justifying modulation equations laid out in [14], but controlling the higher order
approximation requires fairly extensive technical modifications. In section 5, we present the
results of a variety of numerical computations related to Corollary 1.4. These computations
give insight into several aspects of the second order approximation. First, it allows us to
estimate how large the values of ¢y and Cr in Corollary 1.4 are. They also show that the
order of € in the error estimates (i.e., 11/2) is apparently optimal. Finally, in the concluding
section, we discuss other work on second order corrections to the KdV approximation, both
rigorous and nonrigorous, and how it relates to our own results.

2. Formal derivation of the modulation equations. One can derive from (1.3) a system
of KdV equations via the method of multiple time scales—this was done in [21], for example.
We extend that calculation in this section to include the approximating equations for the next
order correction.

To derive the modulation equations, we first make the ansatz

e (e )= (Vaon )+ (Baniete ) o

where 7 = et, T = 3t, X = ex, X_ = X —7, and X; = X +7. The two new time variables are
the “multiple time scales” spoken of earlier. For convenience, we will also denote 4 = (u,v)?,
U= (UV), A= (A B)!, and F = (F,G).

It may seem somewhat odd that the O(e*) correction consists of a sum of functions as
opposed to a single function. The reason for this is that, for our first order approximation
terms, U and V, we are assuming that v and v exhibit only unidirectional motion (right and
left, respectively). A and B, loosely, correct for the effect of the interaction of right and left
moving waves, and they evolve on the fast time scale, 7. There are also unidirectional second
order effects, which we represent with F' and G. Their functional form is the same as that of
the first order terms.

In a moment, we will insert (2.1) into (1.3), but first we compute the effect of the operator
A on long wavelength data. Define a function W by w(x) = W(X). We wish to compute Aw(x)
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and see how that relates to W(X). The long wavelength Fourier transform variable is denoted
by K = k/e. Since € is small, we will (formally) approximate the effect of A(k) = A(eK) by
the first few terms of its Maclaurin series.

() =§ {Amyo k) } (@)
_ / e 3 (k) e VW (k) dk
= /eiKX}\(eK)W(K)dK
=5 {Mek)W (5} (X)
=5 { (et + EIRP + SR + O ) W) ()

1
= <eaX + 56363”( + 26583”( + 0(67)) W(X).

It is important to note that this approximation is only formally good to O(e”).

Now we insert this approximation for A and the ansatz into (1.3). This is a necessarily
messy procedure. To reduce the notation, anything formally O(e”) or higher is (more or less)
disregarded. Also, an additional term is added to the ansatz of the form

(2.2) 65 = €0 ( g;g:; > .

While this term will be treated in much the same way as the other terms in the ansatz, it
should be noted that this is not truly part of the next order correction. It will, however, be
quite useful when we prove the approximation is a good one.

We must re-express the partial derivatives in (1.3) in terms of the new coordinates. By
the chain rule, we have

Oy = —edx_ + 6(9)(Jr + €0; + 638T.

Spatial derivatives of terms of the form f(X_)g(Xy) or f(X)g(X+) are denoted by dx, though
all other spatial derivatives are denoted with respect to the appropriate coordinate.

So we get on the left-hand side of (1.3)

u(z,t) ) 3 —ox_U(X_,T)
at( o(z, ) ) = ( v, V(X.,T) )
OrU(X_,T) + 0, A(X,7) — Ox_F(X_,T)
(2.3) +e < 8§V(X+,T) 40, B(X,7) + 8§+G(X+,T) )
[ OrF(X_,T)+0,S"(X,7)
e ( 0rG(X,,T) + 0, 52(X, 7) ) '
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Now we must compute the right-hand side of (1.3). A routine calculation yields

RHS = ¢ ( —0x U )

8X+V
Lo A% U—oxA-ox F
€
%8;5(+V + 0x B + 8X+G

5 ( —20x U%—10x, V2—0x(UV) )

$0x_U?+10x, V2 +0x(UV)

+ € <
_193 4 _ 193 _ 3595
(24) te ( 1282XBA+ l%gX_j + §8685X_VU )

n 67< —0x(UA) = 0x_(UF) — 0x(UB) — 0x(UG) )
+0x(UA) 4+ 0x_(UF)+ 0x(UB) + 0x(UG)

N 67< —0x(VA) = 0x(VF) - 0x(VB) — 0x,(VG) >
+0x(VA) +0x(VF) +0x(VB) + 0x, (VG)

L ( ~10% U2~ 10% V2 - 1o (UV) - 0x S > L0,

+30% U? 4+ 30% V2 + 30%(UV) + 0xS?
So we see that we can satisfy (1.3) formally to O(e®) by taking

1 1

orU = — 29% U — =ox_U?,
2 2

(1.4) ) .

OV = OV +50xV,

and

1
0-A+0xA=— 58)(+V2(X—|—7', 1) — IxU(X — 7,E7)V(X + 7, €%7),

(1.5)
0,B — dxB = %8X_U2(X 1 E7) £ OxU(X — 7, V(X + 7, é27).

Equations (1.4) are a pair of uncoupled KdV equations. That their solutions provide the
first order approximation to long wavelength solutions of (1.1) was proven in [21]. Solutions to
the KdV equations are known to exist and to be bounded over a long time scale (see Theorem
1.1).

System (1.5) is a set of inhomogeneous transport equations driven by the solutions to the
KdV equations. We can write an explicit formula for the solutions.

Corollary 2.1. The solutions to (1.5) are given by

AX,7) = %V2(X —7,0) — iVQ(X + 7, €%7)
+a(X —7,é27) + A(X,7)

B(X,7) = %UZ(X +7,0) — iU2(X —1,€%7)
+ B(X +1,67) + B1(X, 1),
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where
2 T
A(X,m) =S [ VX — 7+ 2s,%5)ds
( ? ) 4 ) I
(2.6) ) OT
Bi(X,1) = 64/ OrU*(X + 7 — 25,€%s)ds,
0
T
a(X_,T) = —6_2/ Ix_ (U(X—,s)V(X_-+ 26_2578)) ds,
(2.7) 0

T
B(X4,T) = 6_2/0 Ox, (U(Xy4 — 2¢2s,5)V (X, s)) ds.

Proof. The proof follows directly from Lemmas 3.2 and 3.3, which appear in the next
section. They can also be verified by inserting the expressions for A and B back into (1.5).
Furthermore, as we prove below, in spite of the prefactor of e 2, a and 8 remain O(1) for all
0 <T <1y, for any Tp. [ |

The terms of O(e”) in (2.4) give rise to two sets of linear evolution equations, one for
F and G and one for S' and S?. Both are inhomogeneous systems of equations due to the
presence of terms involving U, V', A, B, and their derivatives. We have some freedom in the
way we split up the inhomogeneous terms between these equations, and we attempt to group
them in such a way that it is easy to estimate the resulting solutions over the long time scales
relevant for the approximation problem. In particular, we will break A and B up as in the
explicit solutions above. We have

orF = —0x_(UF) — 1af;;_F + J,
2

(1.6) " ;

0rG = 0x,(VG)+ 50x,G +J,

where the inhomogeneous terms J! and J? are given by

JNX_,T) =~ gaj;’(_U(X_,T) - ia};g_ U%(X_,T)

1 1
+70x U3X_,T) — ga;”(f V3(X_,0)

(2.8) )
— Ox_ <U(X, T) (4V2(X, 0) + a(X_, T)))
- 5P a(xX 7).
2 3 5 1 3 2
JH (X4, T) = §8X+V(X+7T) + 0%, V(X4 T)
1 1
o) = 10, VX4, T) + 205, UH(X4,0)

+ dx, (V(X+, T) (1U2(X+, 0) + B(X4, T)>>

1
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The additional terms S* and S? should satisfy
O, S+ 0ox St =04 + Jg + Joy

0,57 —OxS* =I5+ Ji + J2,,

(2.10)

where
Jclt = _aXU(X—v 627_) (G(X-I-v 627—) + 5(X+7 627—))

— OxU(X_,é27) <1U2(X+,O) - iv2(X+,e2T)>
— Ox (V(X4, En)F(X_,éT)) — %8;’( (U(X_,e1)V(Xg, 7))

1 1
— Ox <V(X+,627) <4v2(X_,o) +a(X_, 1) — 4U2(X_,627)>> ,
1 1
Ji=—0x (V(X1,€7)G(X 4, €7)) — g(93””(1/2()@, €27) + ZaXV3(X+, 7),

J;p = —%8§(A1(X, ) —0x (U(X_, 1) + V(X4 27)(A1(X, 7) + B (X, 7))
— Ox <V(X+,62T) (1U2(X+,0) +5(X+,627'))> ,
J2 = 0xV (X4, 1) (F(X_, 1) + a(X_, €7))
Ox (X, €2r) GVQ(X,O) _ iUQ(X,, &))
+ 0x (U(X_, )G (X4, 7)) + %8;’( (U(X_,EnV(Xy, )

1 1
+ Ox <U(X—7627) (4U2(X+,0) + B(X4, €7) — 4V2(X+7627')>> ;
Ji=0x (U(X_,En)F(X_,€7)) + é&g}UQ(X_, €27) — %8XU3(X_, 1),

J2, = %a;’gBl(X, )+ 0x (U(X_,€7) + V(X4, 1) (AL(X, 7) + Bi(X, 7))
+ oy <U(X, er) <iv2(x, 0) + a(X_, &))) |

The inhomogeneous terms are grouped according to the means by which we will control
their contribution to the growth of S' and S? in the following section. The subscripts “ct,”
“d,” and “sp” refer, respectively, to inhomogeneities which are cross-terms, perfect derivatives,
or terms which require special consideration.
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Equations (1.6) are our second set of modulation equations for the terms of O(e*) in our
long wavelength approximation. Since they are linearized inhomogeneous KdV equations,
linearized about a KdV solution, they are in principle explicitly solvable [18]. However, the
form of the solution that results is quite complicated (see [19] and [11]), and thus it requires
some effort to show that these solutions remain uniformly bounded in the norms which we
use to bound the errors. As we noted above, the functions S' and S? do not actually form
a part of the approximation at O(e*); however, we will show that they remain bounded over
the time scales of interest as a part of controlling the error in our approximation.

3. Estimates on the solutions to the modulation equations. Before showing that the
approximation is a good one, we must first show that the solutions to the modulation equa-
tions are tractable in their own right. Keeping in mind that our goal is to show that the
approximation to (1.3) is good for a long time, we need to show that solutions to the modu-
lation equations are bounded on the appropriate time scale, that is, for t ~ O(¢~3). First, we
remark on Theorem 1.1.

Notice that, since T' = €3¢, this theorem states that we have bounded solutions of (1.4)
for t € [0,Tp/€%], as we had hoped. Moreover, since the solutions to (1.4) appear in the other
modulation equations (often as inhomogeneities), that they are reasonably smooth and of
rapid decay is crucial to showing that the other modulation equations are solvable over a long
time and are of appropriate size. In particular, we will henceforth take Uy, Vj € H?(4), where
o will be suitably large. We now state and prove a number of lemmas.

The first set of lemmas concerns the solutions to inhomogeneous transport equations with
zero initial conditions. From the method of characteristics, we have explicit formulas for
solutions.

Lemma 3.1. Suppose

Oru+oxu= f(X,7), u(X,0)=0,

with || f(X,7)||gs < C for 7 € [0, Toe 2. Then ||u(-,7)||gs < Ce=2 for 7 € [0, Toe 2.
Proof. We have

u(X, 1) :/OTf(X$T:|:s,s) ds.

A naive estimate on the integral proves the result. |
Lemma 3.2. Suppose

Oru+ Oxu = Ox f(X £ 7,6%7), u(X,0)=0.

Then
1 62 T
(3.1) u(X, 1) = :|:§ (f(X £7,67)— f(XF7,0) F 2/ Orf(X F 74 2s,€%5) ds.
0

Also, if |, T)llws < C and 00, Dllgs < C for T € [0,To], then llu(-,7)l|we < C for
T € [0, Toe 2.

Proof. One can check this result explicitly. The estimate on the norm follows as in Lemma
3.1. [ |
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Lemma 3.3. Suppose
Oru £ Oxu = U(X +7,4)r(X —7,627), w(X,0) =0,
with |1, T)|| grsay < C and ||r(-,T)||grsay < C for T € [0, Tp]; then
uw(X,7) =v(X F1,€7)

with |v(-,T)||gs(2y < C for T € [0,T0] (that is, for T € [0,Toe~2]). The constant C is uniform
in €.

Proof. See the appendix. [ |

Remark 4. If [ and r are taken to be in H*(2), a similar proof shows that v is in H® over
the long time scale.

Remark 5. Since the proof of the lemma does not make explicit use of the slow time scale
dependence of the inhomogeneous factors [ and r, the proof is still valid if the right-hand side
is of the form (X + 7)r(X — 7,€%7), UX + 7,27)r(X — 7) or I(X + 7)r(X — 7).

Remark 6. A general study of the growth of solutions of the transport equation and related
linear equations that arise in the justification of modulation equations was recently completed
by Lannes [15].

With these results, we can now prove the estimate for A and B in Proposition 1.2. That
is, we have the following corollary.

Corollary 3.4. If Uy, Vp satisfy (1.7) with o > 4 and U, V, A, and B satisfy (1.4)—(1.5),
then

sup  {|A(, )| o3, [|B( s T)lgo-s} < C.
T7€[0,Tpoe~2]

Proof. From Corollary 2.1, we know the form of A and B. By Lemma 3.3, we have a and
B uniformly bounded in H°~!(2) over the long time scale. Also, by Lemma 3.2, we see that
A; and By are in the same space as 0pU? and OrV?2. U and V satisfy the KdV equations
(1.4), so we lose three space derivatives for the one time derivative here. That is, A; and B;
are uniformly bounded in H°~3 for the long time scale. [ |

We will occasionally be using an alternate, but equivalent, norm on H*(2). It is

flis@) = 1L+ 23 f ()] -
=0

The associated inner product is denoted by (-, -) grs(2)-
Lemma 3.5. For s > 3/2, if u € H®, then

(W f, fYms < Clulms|f|s.

Proof. The proof is similar to and simpler than that of Lemma 3.6, which follows. [ |
Lemma 3.6. For s > 3/2, if u € H*(2), then

(Wd f, ) ro(2) < Clulas )| f1Fs(2)-
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Proof. See the appendix. |
Lemma 3.7. For f € H(2) N H5t4,

(£, 02 ) o2y < CUI g2y + I1F Frova)-

Proof. See the appendix. |

We can now prove the estimates on F' and G in Proposition 1.2. That is, we have the
following lemma.

Lemma 3.8. If Uy, Vi satisfy (1.7) with o > 21/2 and U, V, A, B, F, and G satisfy
(1.4)~(1.6), then F' and G satisfy the estimates

sup {|[FC, D)z, 1G5} < C,
TE[O,TO]

where H = H7=5 N H79(2).

Proof. The proof follows from Lemmas 3.5-3.7 and Gronwall’s inequality. We show the
details for F'. The case for G is entirely analogous. We take the definition of the inner product
on H tobe () g = (s ) go-9(2) + () o—s.

The inhomogeneity J! is in H°75(2). (The term 8% U causes the loss of derivatives.) So
we take the inner product of (1.6) with F', apply Lemmas 3.5-3.7, and arrive at

Orl|F|% < CUIF|lg + IFII%) < CA+ | FIIR).
An application of Gronwall’s inequality yields, for T' € [0, Tp],
IF|I7(T) < CTeT,

which concludes the proof of the lemma and also of Proposition 1.2. |

We now turn our eyes to the set of equations (2.10). As there are many terms driving
these equations, many different techniques are used to show that the equations do not blow
up over the long time scale. We are aided in this task by the above lemmas, though certain
terms will need special consideration.

Lemma 3.9. Suppose U, V, A, B, F, G, S', and S? satisfy (1.4)-(1.6) and (2.10); then
St and S satisfy the estimates

sup  {IIS" (1)l ro-10, 1S, Tl sro-10} < C.
7€[0,Toe~2]

Proof. We shall treat the equation for S' here. The situation for S? is completely anal-
ogous. Since equations (2.10) are linear, we can consider the inhomogeneity term by term.
First, we notice that we can apply Lemma 3.3 to bound the growth coming from all terms in
J}, while Lemma 3.2 suffices to control all terms coming from J}. Thus these terms cause
no growth over the long time scale. We now take a moment to discuss the smoothness of
these terms. The least smooth term in J} is Ox (V (X + 7, €*7)G(X +7,€27)). When we apply
Lemma 3.2, we need to examine the smoothness of dr(V(X + 7,e27)G(X + 7,€27)). Now

G is uniformly bounded in H°~® (from Lemma 3.8), and, since G satisfies a linearized KdV
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equation, we have dr(V(X + 7,e27)G(X + 7,€%7)) uniformly bounded in H°~8. However,
the least smooth term in J} is the term dx(U(X — 7,€27)G(X + 7, €27)), which is uniformly
bounded in H°~!%(2). Thus at best S! is uniformly bounded in H~1.

Each term in J;p will require some special consideration. These terms are

—Ox(V(X +7,%1)8(X + 1,€*1)),
—Ox(V(X + 7,1\ U*(X +1,0)),

Co¥A1(X,T),

Cox ((U(X -, 627') + V(X +, 627))(A1(X,T) + BI(X,T))) .

w W w w
O = W N
I — O —

(3.
(3.
(3.
(3.

Terms (3.2) and (3.3) are treated with slight variations on Lemmas 3.2 and 3.3. The technique

by which (3.4) and (3.5) are dealt with relies primarily on the prefactor of €2, which appears

in the definition of the functions A; and B;. Unfortunately, each computation is rather messy.
In the case of the first of these, we apply Lemma 3.2 and get

S(X,7) = —%(V(X 4 2NB(X 47, E7) — V(X —7,0)8(X — 7,0)

2 T
+ % / OrV(X — 7+ 25,€%5) (X — 7 + 25, €25)ds
0
2 T
+ 62/ V(X — 7+ 25,6%5)078(X — 7 + 25, ¢%5)ds.
0

The first three terms are easily bounded by the techniques discussed previously. (Namely, we
replace OV with the right-hand side of the KdV equation and use naive bounds.) However,
when we replace 973, we lose the prefactor of €2. That is, from (7.1) in the proof of Lemma

3.3, we have
OrB(X1,T) = e 20x(U(Xy = 2Te 2, T)V(X1,T)).

We make this substitution into the last term of (3) to get

-
;/ VIX — 7+ 25, 2)0x (U(X — 7, 25)V (X — 7+ 25, é25))ds.

0
Notice that in this integral we have only terms that lie in the weighted Sobolev spaces, and
we can use the same techniques used in the proof of Lemma 3.3 to control this term.

The term (3.3) is very nearly of the form needed to apply Lemma 3.2. The only difference
is that there is no dependence on €27 in one of the terms. The ideas are essentially the same
here as in the proof of Lemma 3.2. Consider

;8 +0xS = —0x(V(X +1,1)U*(X +7,0)).

The solution to this equation is given by

S(X,7) =~ 5 {UA(X + 10V (X +7,E7) ~ (X — 7,0V (X —7,7)}

62

+ 2/ U(X — 74 25,0000V (X — 7 + 25,€%5)ds.
0



284 C. EUGENE WAYNE AND J. DOUGLAS WRIGHT

If one replaces OV (X — 7 +2s, €27) in the integral by the right-hand side of the KdV equation
and then takes naive norms, we find that this term is also controllable.

We now turn our attention to the final two terms which involve the functions A; and Bj.
The calculations here are quite messy, though the ideas are straightforward. We replace 0rV
with the right-hand side of the KdV equation and then apply a number of the same techniques
used in proving Lemmas 3.2 and 3.3. The factor of €2 present in the definitions of A; and By
is crucial. Consider

= COYA1(X,T)

= Ce¥0% / OrV3H(X — 1+ 2s,€%s)ds
0

= Ce*0% / (0s(OrVH(X — 7+ 28,€%5)) — €07V (X — 7 + 25,€%s)) ds
0
= Ce0% {0rV3 (X + 1,é°1) — 0V (X — 7,0)}

+ 06483(/ ORVE(X — 7+ 25,€%5)ds.
0

For ease of notation, we will let P(X,7) = Ce?9% [ 02V*(X — 7 + 2s,€%s)ds. Notice that,
by taking naive estimates on this function, we have that ||P||gs < C for 7 € [0, Toe2]. Thus
we apply Lemma 3.1 to this equation to find that S is bounded on the long time interval.

In order to deal with (3.5), we will rewrite O7V?2 and d7U?. That is,

V2 =2VorVv
= V(0%V +0xV?)
1 2
= 9xV,

where V =VoiV —1/2(0xV)? +2/3V3. A similar calculation yields rU? = dxU, where
U=-Ud%U + 1/2(0xU)? — 2/3U3. Notice that U,V € H°=2 for T € [0, Tp), since they lose
at most two derivatives in comparison with U and V. Similarly, we have 07U € H°~®. So



HIGHER ORDER MODULATION EQUATIONS FOR A BOUSSINESQ EQUATION 285

consider the equation
=Cox (U(X —7,E7) + V(X +1,67)) (A1(X,7) + B1(X, 7))

= Ce¥0x (U(X -7, ET)+ V(X +71, 627'))

></ or (V2(X—T+28,628)+U2(X—|—T—25,€28)) ds]
0

=Cé |0x (U(X —1,E7) + V(X +7,€7))

X / Ox (f/(X — 7 +25,€%8) + U(X + 7 — 25, 625))d.9]
0

= Ce*dy (U(X -7, EN+ V(X +, 627'))

X (f/(X +7,e21) = V(X —71,0) — 62/ orV (X — 7+ 2s,€%5)ds
0

+ UX —7,é271) = U(X 4 71,0) — 62/ orU(X + 7 — 25,625)d5>]
0

Notice that, by taking naive estimates, the terms Q'(X,7) = € fOT OV (X — 7 + 2s,€2s) ds
and Q*(X,7) =€ [/ OrU (X 4+ 7 — 2s,€2s) ds are uniformly bounded in H°~5 over the long
time scale. Thus we apply Lemma 3.1 to the above equation and find that this term is well
behaved over the long time scale. |

4. The validity of the approximation. In this section, we prove that the approximation
to a true solution of (1.3) made by the ansatz is in fact a good one by completing the proof
of Theorem 1.3.

Proof of Theorem 1.3. To prove this theorem, we shall need a number of lemmas.
Lemma 4.1. If ® € H5F!, then, fore <1,

IAB()|ze < C2D s,

Proof. The proof here is analogous to the proof of the following lemma. [ |
Lemma 4.2. Let Ti(y) =y, T3(y) =y + 1/2y>, and Ts(y) = y + 1/2y> + 3/8y>. Then, for
j=1,3,5, if ®(X) € H**2 we have, for e <1,

IA®(e) = T3(0)0(e) | 17- < CEHH2D() | govse.

Proof. See the appendix. |
Now suppose that there is a solution to (1.3) of the form

(4.1) u(x,t) = U (z,t) + V2 R(x, 1),
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where
(4.2) EV(z,t) = EU + (A4 F) + 85

and R = (RY(x,t), R%*(z,t))!. We consider the term R to be the error in our approximation.
Substituting (4.1) into (1.3), we find that R must satisfy the equation

()= (0 %) (e )+ (ot ) )
611/2 < _)\(Rl +R2)2
2 MR + R?)?

(4.3)
> + ¢ 11/2Res[€2 0],

where

251 251 2ql o 2922
21 _ e“U -2 0 e“U 1/ =AU + e20?)
(4.4)  Res[e"¥] = at( 22 > + ( 0 A > ( 22 ) T s AU 4 2922 )
We have selected our modulation equations precisely so that this term is small. By taking

the time derivative of ¥ and then making substitutions from the modulation equations, we
find that

Res[e? V]

:62< (T3(02) ~ \)U )

Oy

(8)—A)V
4< N (A+F+3U+V)?) >

— N (B+G+3U+V)?)

(4.5) 6( MN(U+V)A+F+B+G)+ 5" >

' - AN (U+V)A+F+B+G)+8h
( (U+V%§+§)(A+F+B+®)>

AU+ V)(S'+ S+ (A+ F+B+G)?)
g10 (A ((A+ F+B+G)(S'+57)
N AM(A+F+B+G)(S'+5?)
A((8T+5?)
+ 612< )\(251+52)2)) )

8

Note that we have suppressed the variables on which the functions depend for brevity. While
the algebra that goes into showing this is lengthy, it should be noted that this step is accom-
plished by undoing the algebra that goes into deriving the modulation formally (see (2.3) and
(2.4)).

Notice that, in the above expression, all functions are of long wavelength form. Thus we
can apply Lemmas 4.1 and 4.2 to prove the following result.

Lemma 4.3. Under the hypotheses of Theorem 1.3, the residual satisfies the estimate

sup || Res[€20]|| go—ray go—1s < Ce'7/2,
t€[0,Toe—3]
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Notice that the loss of three more derivatives is caused by the application of Lemma 4.2
to the term in the fourth line of (4.5) since S7, j = 1,2, are uniformly bounded in H°~19.
We also need the following fact.

Lemma 4.4.

(R? = R (U + U (R + RY)]) . < — (0(R' + R?), (¥ + U*)(R' + R?)) .
+ CE3HR||HS><H5-

Proof. See the appendix. |

We wish to keep the norm of R from growing too much over the long time scale. That is,
if we can show that ||R|| is O(1) for t € [0, Toe 3], we will have shown that our approximation
is good.

The first term on the right-hand side of (4.3) will not cause any growth in the norm since
(fyA\f)gs = 0. The third term has the prefactor of €'1/2 which will assist in controlling it,
and we know from Lemma 4.3 that the residual is small.

If we tried to control solutions of (4.3) by applying a Gronwall-type estimate to the time
derivative of (f, f)ms, the second term would result in growth of the norm, which would
destroy our estimate over the time scale of interest. To avoid this problem, we introduce a
new energy functional which yields a norm equivalent to the H* x H® norm but which does
not suffer from this sort of uncontrolled growth.

Thus we define

(4.6) E2(R) = = (IR sms + (R + R?, (T + V) (R + R?)) ) .

N | —

That this norm is equivalent to the standard norm on H® x H® can be seen by applying the
Cauchy-Schwarz inequality to the inner product, provided that we have €||W! 4 W2||zs < 1.
Thus we use without further comment

1 D = —
5||R|!H5st < Ey(R) < C||R||mroxps-

We now state and prove a useful lemma.
Lemma 4.5. Set s > 0. Suppose f(x),g(x) € H® and v(X) € H*T', where X = ex. Then

[(FC)v(e)g( D) ms = (9(),v(€)f())ms| < Cell fllas llgllas |7 llws.ee-

Proof. See the appendix. [ |
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We now have all of the tools needed to finish the proof of the theorem.
B2 _13(R)
= LRI oo GO (B B R R )
= (RY, 0;R") yo—13 + (R%, O;R?) jyo—13
+ 622 (0:(R' + R?), (¥' + U*)(R' + R?)) o1
+ 622 (R'+ R?), (V' + ¥*)9y(R' + R?)) 1015
+ 622 ((R'+ R?),0,(¥" + ¥*)(R" + R?)) 015
< (RY, 0:RY) o135 + (R?,0;R?) po-13
+ €2 (B(R' + R?), (W' + U3)(R' + R?)) 01
+ CE||R| Fro-13 gro-13
+ CE||R|| gro-13x pro—13 |0 R|| ro—13 ¢ pro—13
=€ (R* = R AU 4+ U2)(R' + R)]) 015
+ € (R + R?), (V' + ¥*)(R' + R?)) 1015
+ V2 (R? — RUN(R' + R?)Y)
+ € W2(R, Res|W]) o—13y po—13
+ C€|| Rl 013 fo-13
+ C€||Rl| gro-15x o130 Rl pro—13 pro—1
<+ CP|RI} 015, o1
+ C€||R|| o135 pro—13
+ C€|| Rl 013, fo-13

Ho—13

We now state another lemma, which proves that the approximation is good over the long
time interval.
Lemma 4.6. Given C > 0, Ty > 0, there exists g > 0 such that, if € € (0,€p) and

(4.7) N(T) < C(L+n(T) +*9**(T)), n(0) =0,

for T € [0,Tp], then n(T) < 2CTpe* ™0 for T € [0, Tp).
Proof. See the appendix. |
We apply Lemma 4.6 to the equation for the energy of the remainder and find that

(4.8) Ey_13(R(-,1)) < C

for t € [0, Toe3]. Note that, given this a priori estimate, proving the existence and uniqueness
of solutions of (4.3) is a standard exercise.
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We now use the equivalence of £, 13 to the typical norm on H° 13, (4.8), and Lemma
4.1 to find, for t € [0, The 3],

(-, 8) = (-, )| o155 o135 = [[U(-,8) = EW (-, t) + S (e, €b) || o135 pro—13
(4.9) = || 2R, t) + 5 (e-, €t)|| gro—15x o1
< Cell/2

This completes the proof. |

5. Some numerics. In this section, we show the results of some numerical simulations.
We performed these numerics to gain insight into the qualitative nature of the higher order
approximation, to estimate the values of the constants C'r and ¢y that appear in Theorem
1.3, and to validate the results of said theorem.

We will choose the initial conditions of the system so that we can use the known solitary
wave solutions to the KdV equation. We shall solve the Boussinesq equation (1.3) numerically.
Though techniques are known for finding explicit solutions to the linearized KdV equation
(see [11] and [18]), the resulting expressions are quite complicated, and so we also solve (1.6)
numerically.

One may wonder why we should even bother computing higher order modulation equations
if we have to solve them numerically. In our situation, numerically computing solutions to
the Boussinesq equation is not particularly more complicated or time intensive than finding
solutions to the linearized KdV equations. However, our goal is to apply these same ideas to
derive corrections to the KdV approximation for the water wave problem, whose numerical
solution is a much more difficult task. We expect the same modulation equations to hold in
these more general and complicated systems. Thus, for the water wave problem, numerically
solving the modulation equations should result in a great reduction in the complexity of the
numerics.

The solutions of (1.1) and (1.6) are numerically computed using methods which are largely
based around the pseudospectral techniques for Matlab used in [20]. Since our equations are
relatively simple, Matlab, though slower than other languages (C or Fortran, for example),
performs adequately rapidly. The techniques used are largely built around the use of the fast
Fourier transform (FFT) to compute the various operators and derivatives and the use of an
iterative technique to compute the nonlinear terms in (1.1) and the term Ox (UF) in (1.6). It
is implicit in the time step.

As noted previously, we use the known explicit solutions to (1.4). Where possible, we find
explicit solutions for the various terms of A and B. The notable exception to this is in the
computation of o and (3, which we compute via routine trapezoidal rule techniques.

We first consider the head-on collision of two solitary waves. Note that the head-on
collision will take place in the initial variable 8 and not in either the w or v variables. This
is because we have (formally) decomposed the system into left and right moving waves when
we rewrite the system as (1.3). We therefore take initial conditions such that U and V' will
evolve as the well-known sech-squared solitary wave solutions to (1.4). That is, we take

u(z,0) = 6e%sech?(ex — 10),
v(x,0) = 6esech? (ex + 10)
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Figure 1. Initial profile for head-on collision. € = 0.1.
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Figure 2. Head-on collision. € = 0.1.

as initial conditions.

Figures 1 and 2 show the solution to the Boussinesq equation, as well as the KdV approx-
imation and the second order correction on the same plot, at the start and at the collision.
Here ¢ = 0.1. We remark on several features of the Boussinesq equation that are not reflected
in the KAV approximation but are present in the second order correction.

First, in the KdV approximation, during the collision, the two waves add in linear su-
perposition. (This can be seen as the KdV equations evolve independently.) However, the
solutions to the Boussinesq equation do not display this simple linear property during the
collision; the total height of the wave is slightly less than the sum of the two heights of the
two waves independently. The second order correction does a notably better job at displaying
this feature (see Figure 3). The second feature we notice is the presence of “shadow waves”
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Figure 3. Close-up of peak of waves during the head-on collision. € = 0.1.

-4

x 10

<—— Second Order Correction

Boussinesq

A
-2t KdVv

-300 —-280 X—260 -240 -220

Figure 4. A “shadow wave” and dispersive wave train in the head-on collision. ¢ = 0.1.

with dispersive wave trains (see Figure 4) in the solution to (1.1). These are not present in
the KdV approximation but are seen in the second order correction.

From these pictures, we see that the second order correction is in fact doing a better
job than simply the KdV approximation alone. In order to quantify this, we computed the
solution for a variety of values of € and computed the value of the L? and L error of the
KdV and second order approximations. The time to collision is of O(e™!), and on this time
scale and slightly beyond, the maximum error occurs during the collision.

Figures 5 and 6 display log-log plots of the L? and L™ error versus e, respectively. The
slopes of these lines are the order of the correction. We expect the order of the correction in
the L> norm to be a half power greater than that in the L? norm due to the scaling of the
spatial variable. We note that we have used only those values of ¢ < 0.1 in computing these
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Figure 6. sup ||[u — w||Le versus e for head-on collision.

slopes, as we expect the error estimates to hold if € is sufficiently small. Table 1 summarizes
the results.

From this we see that our estimate of the error made in approximating the true solution
by the second order approximation is optimal, in terms of powers of e. By taking note of
the y-intercept of these lines, we can get an estimate of the value of the constant Cr in each
case; see Table 2. Unfortunately, these values of the constant are quite large for the second
order correction. We also note that it is not so much the actual value of the leading coefficient
that matters, as it is the location (in €) at which the second order correction and the KdV
correction return the same error, that is, graphically, where the lines in Figures 5 and 6 cross.

The next simulation was that of right moving overtaking waves. We take initial data such
that U will evolve as the famous two-soliton solution to (1.4). Since we are not interested in
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Table 1
Order of the approzimation, numerically computed, for the head-on collision.
L [ L™
KdVv 3.49 | 3.93

KdV + second order correction || 5.55 | 6.04

Table 2
Value of Cr, numerically computed, for the head-on collision.
L [ L™
Kdv 35.5 | 25.8

KdV + second order correction || 503 | 523

left moving waves, we take initial data for v to be zero. Note that v does not remain zero,
however, due to the coupling.

Unlike the previous situation, the time scale of the overtaking wave collision is O(e™3).
To observe the entirety of the collision, we take Ty = 8. We also observe that the error in the
approximation is largest at the end of the interval [0, Toe~3]. From the proof of Lemma 4.6,
one can see that, as Ty increases, ¢y decreases. This requires smaller values of €, which in turn
necessitates running the simulation for a longer period of time.

Figures 7, 8, and 9 display the values of u and the approximations at various times during
the collision. As in the case of the head-on collision, the second order correction picks up the
presence of a dispersive wave, which is not seen in the KdV approximation (see Figure 10).

It is well known that, in the two-soliton interaction, the waves are phase-shifted after the
collision. (That is, the faster wave is further ahead after the collision than it would have
been had no interaction taken place, and the slower wave falls behind in a similar fashion.)
Overtaking waves in the Boussinesq equation share this feature, though with a different phase
shift. This can be seen in Figure 9, where the KdV approximation is leading the Boussinesq
solution. The second order correction noticeably “fixes” this problem. In Figure 11, we
plot the locations of the peaks. Note that this figure reflects the fact that the numerics are
computed in a moving reference frame (moving to the right with unit velocity).

In Figure 12, we plot the error in the phase shifts for the two approximations versus
€. Notice that the slope for the second order correction is steeper than that of the KdV
approximation.

In Figures 13 and 14, we plot the maximum of the L? and L® error for the two approxima-
tions versus € on a log-log plot (as we did for the head-on interaction earlier). We summarize
the results in Tables 3 and 4.

6. Conclusions. We conclude by briefly surveying other work on the derivation of higher
order modulation equations for water waves and related systems.

For the actual water wave equations, there have been a number of studies of corrections to
the KAV approximation to water waves spanning the spectrum from nonrigorous asymptotic
expansions [4], [5], [24], [2] to numerical solutions of the equations of motion and comparison
with the KdV predictions [3],[25], [9] to experimental investigations [16], [7]. We concentrate
here on the theoretical studies since they have the closest connection to our work. In the
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investigations of Byatt-Smith [4], [5] and Su and Mirie [24] the focus is on the head-on collision
of solitary waves. This has several consequences. First, the authors assume that the initial
conditions are of a special form, namely, a pair of counterpropagating solitary waves. The
higher order corrections to the solution then exploit this special form by including not only a
correction to the amplitude of the solution but a phase shift for each wave as it undergoes the
collision. This is a very reasonable hypothesis in these physical circumstances but one which
cannot easily be adapted to the more general type of initial conditions considered in our work.
Furthermore, since these papers consider specifically the head-on collision of solitary waves,
they are concerned with events which occur on relatively short time scales (i.e., time scales of

O(4

€

) in our scaling). As noted in [5, p. 503], these expansions are not uniformly valid in time,

and it is not clear whether or not their solutions could be controlled over time scales of O(e%)
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Figure 10. Dispersive wave for the overtaking wave.

It is worth noting that, in spite of the differences between our approach and those discussed
here, Byatt-Smith [5] also finds that corrections to the amplitude of the solitary wave evolve
according to the linearized KdV equation.

An alternative approach to improve the KdV approximation to water waves is to work
directly with a Boussinesq approximation to the water wave problem, as done by Bona and
Chen in [2]. Note that, in such an approach, the modulation equations depend on the small
parameter €, whereas our goal was derive a hierarchy of modulation equations which are
independent of e. Thus the work in the present paper is quite different than that in [2].

Another set of papers by Sachs [19], Zho and Su [26], and Haragus-Courcelle, Nicholls,
and Sattinger [10] considers corrections to the KdV approximation for unidirectional motion.
The first two of these papers study this question in the context of water waves, while [10]
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studies the KdV approximation to solutions of the Euler—Poisson equations. The focus of
these papers (particularly [19] and [10]) is rather different than ours, however. Both derive
an inhomogeneous linearized KdV equation for the correction to the KdV approximation.
However, rather than deriving rigorous estimates of the difference between the approximate
solutions provided by the model equations and the true solutions, they focus on the nature
of the solutions of the linearized inhomogeneous KdV equation. In particular, Sachs [19]
shows that, if one linearizes about the N-soliton solution of the KdV equation, the resulting
inhomogeneous equation has solutions which have no secular growth. In [10], the authors
obtain explicit solutions of the linearized KdV equation, particularly for the case in which one
linearizes about the two-soliton solution of the KdV equation. Haragus-Courcelle, Nicholls,
and Sattinger then compare the approximation they obtain to numerically computed solutions
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of the Euler—Poisson equation, and they find that the addition of the solution of the linearized
KdV equation to the approximation given by the two-soliton solution of the KdV equation
does a significantly better job of approximating the solution of the Euler—Poisson equation. In
particular, they note that the prediction of the phase shift that occurs when a “fast” traveling
wave overtakes a slower one is significantly better when the second order correction is included.
This effect is also present in our approximation—see Figure 12.

7. Appendix.

Proof of Lemma 3.3. We consider the case with the “minus” sign on the left-hand side for

simplicity. The other case is analogous. First, we change variables to X, = X + 7, T = €27,
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Table 3
Order of the approzimation, numerically computed, for the overtaking collision.
L [ L™
KdVv 3.43 | 3.88

KdV + second order correction || 5.42 | 5.86

Table 4
Value of Cr, numerically computed, for the overtaking collision.
L’ L>
KdVv 1300 860

KdV + second order correction || 19,500 | 19,900

and v(X4+,T) = w(X, 7). Under this change, we get the equation
(7.1) orv(Xy,T) = e 21Xy, T)r(X, — 2T 2, T).

This can be solved by integrating with respect to the variable T. We get
T
v(X4,T) = 6_2/ (X, s)r(Xy — 2s€ 22, 5)ds.
0

Now we multiply by the appropriate weight and take norms

(1+X)|v(Xy, 1))

T
< 6-2/0 (1+ X2)I(X . 8)|[F(Xs — 2562, )| ds

T
< [+ XD 91+ (X = 252 (X — 256 2,5) ds
0

e [T O XU Lt Oy =2 PP ),
N 0 (1+X2)(1+4 (X4 — 2s5¢72)?)

L [T X2 )| (X~ 25 )r(Xs — 252, 9)
<ot [ 5 T+ 25 2)) o

Now take the H® norm of each side of this equation, and find that
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T
1
-2
oDl < oo™ | Gmeesmds
< C|]lHH3(4)HrHH5(4) arctan(2Te_2)
<Ol as@lrllgs@. ™

Proof of Lemma 3.6. In this proof, we use the alternate inner product of H*(2).

(o f. f) s (2) = (U0 f, fps—1(2) + (L +2*)05(uds f), (1 + 2?03 f) 2

s—1

< |ule flas—1 )| flas—1(2) + Z csi((1+22)205 Tudl ™ f,05f) 12
=0

+ / (1 4+ 2*)2uds™ f08 fdx
< Clulie o i + 5 [ (L+a2Pudu(@2)d
< C|U|HS(2)|f’%{S(2) /3 ((1+2®)u) (95 f)*d
< Clulieo )~ 5 [ Oaul(1 + %022
—2/a:u(1 + 22)(95 f)*dx
< Clulgs@)|flhsy ™

Proof of Lemma 3.7. In this proof, we use the standard norm on H*(2).

(f, 02N ms(2) = —6(2 f, 00 f s — 6((1 +2*) f,20; f) s
< CUflms@lf lser) + CULF s @) 1205 f | ).

So now consider
207 f|3rs = 11207 f 32 + 1057 @02 )72 + 105(x07 ) 172

We now treat the last term in the above, as the middle term can be handled in a similar
fashion and the first is easily dealt with.

105202 1) 2 < ClIOSH FI2a + 002+ f1l 12
< O 3pra + / PO fd

< C|| fl1 e + / 2?0 fO5 fda + 4 / O3[0S fda

2 / OS2 f03 fdx
< CU| fllzsre + 1 arssall Fll s 29)-

This estimate completes the proof. |
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Proof of Lemma 4.2. Notice that the polynomials T} are the first, third, and fifth or-
der polynomial expansions of y/4/1 —y? about y = 0. Moreover, note that only odd pow-
ers appear in the expansion. So, by Taylor’s theorem, there is a constant C' such that
liy/ /1 +y? = Tj(iy)| < ClyP*2.

We shall now use the Fourier transform version of the Sobolev norms in the following
computation, which concludes the proof. Consider

IA®(e) = T5(0.)0(e) 3
= [+ RyNEe) - 1@ e Pk

_ =2 2\s ik —T.(; X €
=2 [y (i - ) deky
< Ce2/(1+k2)5\kj+2ci>(k/e)|2dk, K = k/e,

2

= Ce¥ts /(1 + (eK)?)*| K729 (K) |2dK
< C¥ts /(1 + K?)*|K7T20(K) |2 dK

< )5 s
< O fersre. W

Proof of Lemma 4.4.

(R? = RY,A[(¥! + U?)(R" + R*)]) ;.
= (=A(R* — RY), (¥ + U*)(R' + R?)

) brs
< — (O(R" + R?), (V' + V) (R' + R?)
)
)

) s
(R'+ R?))
) +C63HR”HSXHS' [ |

e /2 (Res[¥]! + Res[¥]%, (¥! 4 ¥2
— (Ou(R' + R?), (V' + ¥?)(R' + R?

IN +

Proof for Lemma 4.5. We shall be using the fact that, by the Sobolev embedding theorem,
we have v and its first s derivatives in L.

|(f(@),v(ex)g(x)) s — (9(2), v(ex) f ()]

=) (05f(2), %(v(ex)g(2))) » — (Dh9(x), Dh(v(ex) f(2))) 1

.
o

S

j
= 1> el (0if (@), (v (ew) i g()) o — (Bhg(w), Dy (y(ex)) DL f(x))) 12 }

=0

o

.
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»

J

=D ci(0if ()] " g(x) — P g(a)0i " (), DL (v(ex))) 12

7=01=0

»

rll
MQ

cjt(01f ()] g(x) — ¥ g(x)03 " f (), 1O (ex)) 1

7=0 I=1

s

J
— Y / (09 £ (2)00"g(x) — & g(2) 03" f()) (/10 y(ex))

7=01=1

genvuwzzcﬂ / (89 ()00 g(x) — & g()03 " f () |dx

7=01=1
< Celly[lws e | fllasllgllas. ™

Proof of Lemma 4.6. Functions which obey the inequality are bounded above by solutions
to the family of ODEs

W(Tse) = C(L+n(Tse) + & *9%(Ts€)), n(0;€) =0,

and so we prove the result for these equations.

By separation of variables, we have that n(7;0) = e“T — 1. We notice that, for fixed
T, n(T;e) is a continuous and increasing function of e. This follows since solutions of ODEs
depend smoothly on their parameters and the right-hand side of the differential equations is
increasing in €.

Thus, by the intermediate value theorem, there exists ey such that 7(Tp;e0) = €y . More-
over, since ¢ ° is a decreasing function for € > 0, we have 1(Tp;€) < e for € € (0,¢9). We
further note that, for fixed €, 7 is continuous and increasing in 7. So we have 1(T;e) < e°
for T € [0, Tp] and € € (0, ).

Thus we have

(T;e) < C(1+2n(T5¢€)), n(03¢) =0,

for T € [0,Tp] and ¢ € (0,¢9). We apply Gronwall’s inequality to this to prove the
result. [ |

Acknowledgments. The authors thank D. Nicholls and D. Sattinger for several discussions
of their work [10] prior to publication. The second author also thanks G. Schneider for
numerous discussions of the derivation and justification of modulation equations and H. Segur
for discussions of higher order approximations to water waves. They would also like to thank
the referees for their helpful comments.

REFERENCES

[1] W. BEN YOUSSEF AND T. COLIN, Rigorous derivation of Korteweg-de Vries-type systems from a general
class of nonlinear hyperbolic systems, M2AN Math. Model. Numer. Anal., 34 (2000), pp. 873-911.

[2] J. L. BoNA AND M. CHEN, A Boussinesq system for two-way propagation of nonlinear dispersive waves,
Phys. D, 116 (1998), pp. 191-224.



302

[10]

(11]
[12]
(13]
(14]
(15]
(16]

(17]
(18]

(19]
[20]
(21]
(22]
23]
24]
(25]

[26]

C. EUGENE WAYNE AND J. DOUGLAS WRIGHT

J. L. BoNA, W. G. PRITCHARD, AND L. R. SCOTT, An evaluation of a model equation for water waves,
Philos. Trans. Roy. Soc. London Ser. A, 302 (1981), pp. 457-510.

J. G. B. BYATT-SMITH, An integral equation for unsteady surface waves and a comment on the Boussinesq
equation, J. Fluid Mech., 49 (1971), pp. 625-633.

J. G. B. BYATT-SMITH, The reflection of a solitary wave by a vertical wall, J. Fluid Mech., 197 (1988),
pp. 503-521.

J. G. B. BYATT-SMITH, The head-on interaction of two solitary waves of unequal amplitude, J. Fluid
Mech., 205 (1989), pp. 573-579.

M. J. COOKER, P. D. WEIDMAN, AND D. S. BALE, Reflection of a high-amplitude solitary wave at a
vertical wall, J. Fluid Mech., 342 (1997), pp. 141-158.

W. CRrAIG, An existence theory for water waves and the Boussinesq and Korteweg-de Vries scaling limits,
Comm. Partial Differential Equations, 10 (1985), pp. 787-1003.

J. D. FENTON AND M. M. RIENECKER, A Fourier method for solving nonlinear water-wave problems:
Application to solitary-wave interactions, J. Fluid Mech., 118 (1982), pp. 411-443.

M. HARAGUS-COURCELLE, D. P. NICHOLLS, AND D. H. SATTINGER, Solitary wave interactions
of the FEuler—Poisson equations, SIAM J. Appl. Math., submitted; also available online from
http://www.math.usu.edu/~dhs (2002).

M. HARAGUS-COURCELLE AND D. H. SATTINGER, Inversion of the linearized Korteweg-de Vries equation
at the multi-soliton solutions, Z. Angew. Math. Phys., 49 (1998), pp. 436-469.

L. A. KALYAKIN, Long-wave asymptotics. Integrable equations as the asymptotic limit of nonlinear sys-
tems, Uspekhi Mat. Nauk, 44 (1989), pp. 5-34, 247.

T. KaNO AND T. NISHIDA, A mathematical justification for Korteweg-de Vries equation and Boussinesq
equation of water surface waves, Osaka J. Math., 23 (1986), pp. 389—413.

P. KIRRMANN, G. SCHNEIDER, AND A. MIELKE, The validity of modulation equations for extended systems
with cubic nonlinearities, Proc. Roy. Soc. Edinburgh Sect. A, 122 (1992), pp. 85-91.

D. LANNES, Secular Growth Estimates for Hyperbolic Systems, preprint, Université de Bordeaux I, Ta-
lanec, France, 2002.

T. MAXWORTHY, Ezperiments on collisions between solitary waves, J. Fluid Mech., 76 (1976), pp. 177—

185.

W. MILES, Obliquely interacting solitary waves, J. Fluid Mech., 79 (1977), pp. 157-169.

. L. SAacus, Completeness of derivatives of squared Schrédinger eigenfunctions and explicit solutions of

the linearized KdV equation, STAM J. Math. Anal., 14 (1983), pp. 674-683.

. L. SacHs, A justification of the KdV approzimation to first order in the case of N-soliton water waves

in a canal, SITAM J. Math. Anal., 15 (1984), pp. 468-489.

H. SATTINGER AND Y. L1, Matlab Codes for Nonlinear Dispersive Wave FEquations,

http://www.math.usu.edu/ dhs (1998).

. SCHNEIDER, The long wave limit for a Boussinesq equation, SIAM J. Appl. Math., 58 (1998), pp.

1237-1245.

. SCHNEIDER AND C. E. WAYNE, The long-wave limit for the water wave problem. 1. The case of zero

surface tension, Comm. Pure Appl. Math., 53 (2000), pp. 1475-1535.

. SCHNEIDER AND C. E. WAYNE, The rigorous approximation of long-wavelength capillary-gravity waves,

Arch. Ration. Mech. Anal., 162 (2002), pp. 247-285.

. H. Su AND R. M. MIRIE, On head-on collisions between solitary waves, J. Fluid Mech., 98 (1980), pp.

509-525.

C. H. Su anD R. M. MIRrIE, Collisions between two solitary waves. 1. A numerical study, J. Fluid Mech.,
115 (1982), pp. 475-492.

Q. ZHO AND C.-H. Su, Owertaking collision between two solitary waves, Phys. Fluids, 29 (1986), pp.
2113-2123.

QO Q2 Q0 0 U @ ==


http://www.math.usu.edu/~dhs
http://www.math.usu.edu/~dhs

	SJADAY_V01_i1_p0001
	SJADAY_V01_i1_p0044
	SJADAY_V01_i1_p0065
	SJADAY_V01_i1_p0105
	SJADAY_V01_i1_p0115
	SJADAY_V01_i1_p0146
	SJADAY_V01_i2_p0175
	SJADAY_V01_i2_p0190
	SJADAY_V01_i2_p0215
	SJADAY_V01_i2_p0236
	SJADAY_V01_i2_p0248
	SJADAY_V01_i2_p0271

