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Abstract

We consider two coupled nonlinear Schrodinger equations with even, periodic boundary conditions, that are damped and
quasiperiodically forced. We prove the existence of invariant manifolds with Silnikov-type dynamics that are homoclinic to a
spatially independent invariant torus. Such manifolds appear to induce complex behavior in numerical experiments. © 1999

Published by Elsevier Science B.V. All rights reserved.

1. Introduction

This paper is concerned with dynamical behavior
in the coupled system of nonlinear Schrodinger equa-
tions (NLS)

i, = 02u, +2|u,'u,
+ ie[ﬁlul - Fle_mz‘z"F 'yu1|u2|2],
iar”2=ax2“2+2|“2|2”‘2
+i€[DAz”2_er_i2”22f+7”2|”1|2]’ (1)

which contains damping in the form of a bounded
negative operator D, and quasiperiodic forcing with
amplitudes I', and frequencies (2,. Both u(x,t)
and u,(x,t) are even and periodic functions of x
with period L= 2. The time dependence of the

equations can be eliminated through the transforma-
. —i 2 . .
tion u, — u, e "2, which gives

dup= —idlu, _2i[|”k|2 - ka]”
+e[l§kuk—Fk+yuk|uj|2], k=12, (2)

with j=1,2, j# k. For the purposes of this paper,
we select D, = —aku+BkB u,, where o,B>0,
and the operator By is a smoothed ‘model’ of the
diffusion operator 92. In particular, if b(1) denotes
the Fourier transform of B, u(x), and @i(l) denotes
the Fourier transform of u(x), then

B(1) = —1*a(ly, if 1<K,
0, if I>K,

with some fixed, large integer K > 0.
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With the above choice of D, (2) is a coupled
version of the single perturbed NLS equation that
has been studied extensively in recent years (see,
e.g., McLaughlin and Overman [9], Li et al. [7],
McLaughlin and Shatah [10], Haller [4], and the
references therein), preceded by a number of studies
on its finite-dimensional approximations (see, e.g.,
Kovadi¢ and Wiggins [6], Li and McLaughlin [8],
Haller [3], Rothos [11], or Haller [5] for a detailed
survey). The goal of this paper is to understand how
the complicated dynamics found in the single per-
turbed NLS equation manifests itself in a coupled
system of such equations. Our emphasis will be on
the description of the infinite-dimensional phase
space geometry and not on detailed proofs. The
proofs of the technical results we use for near-inte-
grable, NLS-type systems of partial differential equa-
tions can be found in detail in Haller [5].

Our main result is the existence of invariant mani-
folds in the phase space of (1) whose geometry
resembles those of certain orbits in finite-dimen-
sional ODEs, first studied by Silnikov [12]. The
exact dynamical implications of such sets are not
known yet; in fact, we believe that this is the first
example in which they are identified. We demon-
strate numerically the existence of spatio-temporally
complicated dynamics for the approximate parameter
values obtained from our analysis. The important
feature of Silnikov manifolds is that the shape of
individual homoclinic orbits in them can be quite
different; some of them involve significant motion
only in u,, others only in u,. This agrees with the
pulse localization phenomenon observed numerically
for coupled NLS equations describing pulse propaga-
tion in optical fiber arrays (see, e.g., Aceves et al.
[1,2]). The methods we use in this paper are general
enough to bear on the equations of coupled optical
fibers, and hence we expect to identify similar be-
havior for those equations in future work.

2. The integrable limit

In this section we describe the €=0 limit of
system (2). Since in this limit the system decouples
to two integrable NLS equations, we can use the
integrable geometry of the NLS, as discussed, e.g.,

in Li et al. [7], to understand the integrable geometry
of coupled NLS equations.

2.1. The resonant two-torus and its stability

Solutions with d.u, =d.u, =0 at =0 remain
spatially independent under the flow, therefore the
set [I=1I, X II, with

I, ={u, | du, =0}, k=12,

is a four-dimensional invariant space. An important
subset of II is the two-dimensional invariant torus
& =&, X &,, the product of the two circles

&= {u| |u =02}, k=12.

This two-torus is completely filled with equilibria of
for € = 0, which correspond to periodic or quasiperi-
odic solutions of the original system (1). Both fre-
quencies of the latter solutions are equal to those of
the forcing, thus we will refer to & as a resonant
torus.

Since the coupled NLS system decouples into two
integrable NLS equations for e€=0, the stability
analysis of Li et al. [7] for a single NLS equation can
be used to analyze the stability of the torus #. In
particular, for 1 /2 < (2, < 1, at any fixed point on &
the coupled NLS equations admit two pairs of

nonzero real eigenvalues +A, = +/407—1, a
zero eigenvalue with multiplicity four and with a

trivial Jordan block, and infinitely many purely
imaginary pairs of eigenvalues iv, ; with k=12
and j=1,2,.... Therefore, at any point of the torus
%, the unperturbed system admits two-dimensional
stable and unstable subspaces E° and E", and an
infinite-dimensional center subspace. The center sub-
space is the direct sum of the space E° = II (corre-
sponding to the zero eigenvalues) and an infinite
dimensional subspace E° corresponding to the purely
imaginary eigenvalues.

2.2. Homoclinic orbits

As earlier studies showed, each individual
Schrodinger equations in the coupled NLS system
admits two one-parameter families of orbits homo-
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Fig. 1. The geometry of the homoclinic set W,(%).

clinic to the circle &, for e = 0. We label these two
families as W, (%) and W, (%).

It follows that a four-dimensional manifold W, (%)
of homoclinic orbits exists for the torus & in the
phase space of the coupled NLS system. The u,
component of a homoclinic orbit lies in Wy (%),
Wy (Z,), or Z,, where the + signs refer to different
families of orbits, i.e., different components of the
stable manifold of &,. The homoclinic set W,(%) is
therefore the union of eight manifolds of the form
& X &, where

S €{Wy (2,).2 W5 (8,)}-

Here we excluded the set &, X &, as it gives &
itself. Introducing the multi-index P = (P',P?) with
P*e{—1,0,+ 1} and letting W (%,) = &,, the ho-
moclinic set W,(%) can be written as

Wo(g) =U P#OWP(%)’
Wp(g) = Wopl(gl) X Wopz(gz)-

The geometry of this homoclinic set is sketched in
Fig. 1. Individual solutions homoclinic to & are
contained in one of the components of W,(%), and
are of the form

u'? (1) = (" (1) 3" (1)) (3)

Here u!'”*(¢) is a homoclinic orbit for the kth unper-
turbed NLS equation given by (see., e.g., Li et al.
[7D

upt(x,t)=0e'%0

cos2 p, — isin2 p,tanht, + sin p, sech 7,cos x

’

4)

1 + sinp, sech rcos x

with

po=tan 402 -1, 7,=/40}—1(t+1,).

The + index of the solution reflects the sign of P*.
As an example, the pointwise norm of a homoclinic
solution (u{* (x,t),uy* (x.r)) is shown in Fig. 2.
Geometrically, the orbits in the homoclinic manifold
W, (%) are typically heteroclinic connections be-
tween different points of the torus #&. These end-
points have the same modulus, but their complex
phases differ by

Ap= (A", Ap*)= —4(p,.p,)

= —4(tan " 407 — 1 tan""407 - 1),

2.3. N-chains

In what follows, we will show the existence of
solutions of the coupled NLS system that are doubly
asymptotic to the space II of spatially independent
solutions. The solutions will be constructed as con-
tinuations of chains of unperturbed heteroclinic con-
nections and will make several pulses, i.e., depar-
tures and approaches, relative to II. A precise defi-
nition of an N-chain of unperturbed homoclinic or-
bits is the following.

Fig. 2. The graph of z()c,t)=|(u{'+ (x,t),uﬁ*(x,t))l for the
coupled NLS system with 7, =0, 75, =5, 2,=0.6, 2, =0.8.
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u,(t) u(t)
Ap AP
= ¢
I1
dui(t)

Fig. 3. The u, component of a 3-chain with Pl = +1, P} = —1,
and P} =+1.

Let us consider a set of unperturbed solutions
{uf(t)}j:1 of the type (3), each homoclinic to the
torus %, with the property

lim u'(t) = b,,

t— —

lim w/~'(t) = lim u/(t),j=2,...,N.

>+ t— —»
Let {1‘)j}j’iI be a sequence of vectors P; = (Pj] ,Pf)
with P} e {~1,0,+ 1}. The solutions
u'(¢),...,uM(t) are said to form an N-chain with

basepoint b, and jump sequence {Pj}j’iI if for all
t € R, we have

Wy (%), if Pl=+1,
Pt =0,

u(t) € & if j
Wy (%), if Pf=-1.

We denote an N-chain with basepoint b, by X"(b,).
As an example, we show the geometry of an
3-chain in Fig. 3.

3. General formulation

In this section we recall some results from Haller
[5] on the existence of multi-pulse solutions for
near-integrable evolution equations. We give a
semi-informal description of the results for the spe-
cific case of two coupled NLS equations to avoid the
introduction of further notation and terminology. For

a more general formulation we refer the reader to [5].
Throughout this section, we will use the shorthand
notation H' for the Sobolev space H'[0,27] of
complex-valued I* functions of x that admit a
bounded distributional derivative in L.

We rewrite the coupled NLS system (1) as a
system of evolution equations

U= iVEkH(;((uk’ﬁk) +teg(uu), k=12, (5)

where
_ 1o
Hy(u,u) = zfo 7Tlaxuklz +2‘Qk2|uk|2_ |”k|4 dx,

g(1.1) = iV, H,(.0) + §,(u.70) (6)
with

H\(u,u) = H{ (uy,u,) + H{ (uy.0,) + Hi (u.1),

- ily com_
H{((“k’“k)zﬁfo Uy — uy dx,

_ Y 2
H{(u,u) = Ej(.) 7T|ul|2|u2|2 dx,

g\k(”’ﬁ) ZDAkuk' (7)

The following features of this system of PDEs
enable one to apply general results from Haller [5]
on the existence of solutions close to N-chains for
€>0:

1. The Hamiltonian HY splits as Hy = H}, + H,,
such that HY, is smooth and bounded on bounded
subsets of H', while the terms in Hg, are not
bounded and generate the linear terms in (2) with
second derivatives. More precisely, iV, Hg,(u,u)
= M{u, where the linear operator M{ has a
dense domain in H' and || Mfu, |l -+ <Kllu,
|l ;1 for an appropriate positive constant K.

2. The perturbation terms in g, smooth and bounded
on bounded sets in H'.

3. For any € > 0, system (2) admits a flow F": H' X
H'—>H'XH' that is continuous in ¢ and of
class C" in u and € for any fixed r.

4. In the finite-dimensional invariant subspace I1,
there exists an invariant torus & of fixed points
for e=0. Any fixed point on & admits two
stable, two unstable and infinitely many center
directions.
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5. If E(p) denote the subspace of the center sub-
space that corresponds to purely imaginary eigen-
values, then E(p)=E is independent of p and
the restriction of the operator M, = (MO1 ,Moz) to
this subspace generates a uniformly bounded
group on E. More specifically, for A= M|E,

e ull gr < V2 llull g

holds.

6. The torus & admits a four-dimensional homo-
clinic manifold W (%) with the properties de-
scribed above.

3.1. N-pulse orbits

Under the above conditions, the following results
apply from Haller [5]. Let us define the Nth-order
energy function

AN7 = (A7, AN7?)
with

N«
A (py) == L [ (VH} .Gl dr. (8)
1=17—%
where G, =(g,,g,), and u'(?),...,u"(¢) form an
N-chain with basepoint b,. As we will see below,
one can think of the energy function as a generalized
Melnikov function: Its transverse zeros will corre-
spond to families of N-pulse orbits homoclinic to a
neighborhood of #.

Theorem 1. For € > 0 small enough, the follow-

ing hold:

(1) There exists a codimension-four invariant mani-
fold #, in the phase space of (2) that contains
a neighborhood of the unperturbed torus €. ./,
also contains the invariant plane II.

(ii) Suppose that for some positive integer N, the
phase vector ¢, € T? is a transverse zero of the
function ANZ, i.e.,

AVZ (dy) =0, det| DANZ(,)] #0.
Suppose further that for k= 1,2,
AF () #0

holds for all integers j=1,...,N— 1.
Then, for any choice of the vector P, € R? with
P} e I 1, + there exist infinitely many orbits that are

homoclinic to the manifold /.. The homoclinic or-
bits are close to N-chains with jump sequence

Pl =sign (AZ*(¢,))PS. j=1,....N—1.
(9)

There also exists a similar family of orbits with jump
sequence —{Pj jN= I

Since the homoclinic orbits rendered by the above
theorem are close to N-chains, we call them N-pulse
orbits. We note that, in general, the two families of
N-pulse orbits described above do not form a smooth
set in the phase space H'. However, they can be
shown to form a smooth, infinite-dimensional mani-
fold in a higher-order Sobolev space, H*¥~'. We
also remark that the manifold .Z, perturbs from a
center manifold to the torus #&. The details of all
these results can be found in Haller [5].

3.2. N-pulse orbits homoclinic to plane waves

If ¢, € R? satisfies the conditions of Theorem 8,
then the intersection set of the plane ¢ = ¢, is a
two-dimensional subset of #&. It turns out to be a
first-order approximation for ‘takeoff’ points of a
four-dimensional family of N-pulse homoclinic or-
bits. They form a subset of the large family de-
scribed in Theorem 1, and have the special property
that they are asymptotic in backward time to the
four-dimensional plane 1. It is feasible to try to find
first their backward limit sets on I1, then investigate
their exact forward-time behavior as they come back,
after N-pulses, to a neighborhood of #. We shall be
interested in the case where the backward limit set
for these orbits is a fixed point, and in forward time
the orbits return to the same fixed point.

We first introduce action-angle variables on the
invariant plane Il by letting

(uyuy) = (\/Eei"" ,\/Ee"d’z).

To focus on a vicinity of the resonant torus %, we
introduce the new coordinates 1 = (7,,1,) € R* de-
fined as

Ik=\/‘0_k+\/g77k'
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A direct calculation shows that in the vicinity of &,
the flow on II obeys the equations

= —VeD, Z,(n.¢) +E(e),

¢ =VeD, 7 (n.9) +&(e). (10)

with

Z(n.d) =7, (n.9) + 7. (n,.$,),

Zi () = —mi + 20, Qsing + 20, Q0.
(11)

Note that the reduced system has no dependence on
the parameter (B at leading order. The following
theorem gives conditions for fixed points of the
reduced system (10) to admit manifolds of N-pulse
orbits in function space.

Theorem 2. Let VE R? be an open set in the
space of all parameters of system (1). Assume that
(i)  The Hamiltonian #, has a hyperbolic equilib-

rium py(A) € I1. If p()) €Il is the corre-
sponding equilibrium of the perturbed system,
then the manifold W*(p (X)) N/, is codimen-
sion-two within the manifold 4.

(ii)  The size of W*(p_()A)) in directions transverse
to the plane II is at least of order &(e?) with
some q < %

(iii) For some positive integer N and for all A €'V,
there exists a function ¢,(A) that satisfies the
conditions of Theorem 1.

(iv) The plane {¢p = ¢py(A)} C II intersects trans-
versely the unstable manifold of the fixed point
po(M) € II of the Hamiltonian 7, .

™) If (y(A), (X)) are the coordinates of this
transverse intersection point, then the point

nl nl

(Mg, Po(A) + NAP(A)) crosses the stable mani-
fold of p, transversely as A is varied through
Ay
Then for every vector P, € 7° with P €{—1,1},
there exists a codimension-two set M *CR? X R
near the point (A,,0) such that for every parameter
value (\,e€) € M, the system (1) admits a two-dimen-
sional manifold of N-pulse orbits homoclinic to the
point p_(A). The jump sequence of the orbits is given
by

Pl =sign (A7 () PF. j=1,...

f ,N—1.

Theorem 2 is just a special case of a more general
result proved in Haller [5]. The proof is based on
infinite-dimensional invariant manifold techniques,
geometric singular perturbation theory, and detailed
estimates on solutions.

4. The existence of Silnikov manifolds

In this section we apply Theorem 2 to the coupled
NLS system (1). Writing out the reduced Eq. (10) in
detail, we obtain that for € > 0 the flow near the
torus & satisfies the system of ODEs

n, = —\/E(ZFI_Q]COSQ')] +20,0Q7) +(€),

<7»;)1 = _‘/22771 +0(e€),

M, = —\/Z(ZFZ.chosqb2 +2a,05) +0(€),

b, = _\/22772+@j(5)- (12)
This shows that the two NLS equations decouple
form each other at leading order on II. At that order
we obtain that the phase space structure is the prod-

uct of those of two forced pendula, as shown in Fig.
4.

o,

+ O(e) coupling

9.

- 5T
3 2R

~|:]

L
2

Fig. 4. Phase portrait on the invariant four-dimensional plane IT near the torus € for € > 0.
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For €>0 small enough, nondegenerate critical
points of 7, give rise to @(e)-close fixed points
for (12). Defining x, = a;/I}, we see that for
|Xak‘Qk| <1, #, has a saddle point

so( Xa) = (0,7T+ cos™' (= Xy, 2,).0,7

+cos_1(—)(a2.(22)).

In view of Theorem 2, this saddle point is a candi-
date for a fixed point that admits manifolds of
multi-pulse orbits. Below we will verify the condi-
tions of the theorem for s,( x, ).

Since the linear stability of the perturbed fixed
point s.( x,) is not changed by the coupling terms,
s.(x,) admits a codimension-four stable manifold
W .(s.(x,)). The intersection of this stable mani-
fold with .#Z_ is a codimension-two submanifold of
.. The ‘height’ of W*(s.(y,)) is @(e¥*), as
follows from the normal form derived in Li et al. [7]
for individual NLS equations and from the fact that
(12) decouples at leading order.

To satisfy (iii) of Theorem 2, we have to ensure
that the energy function A% has a transverse zero.
Using (6) and (7), the expression (8) for ANZ* can
be rewritten as

A7 (o) =20 Fk[Sin( ¢+ NAD,) — Sin@]

_N‘Qk[akazx(Qk) - Bk‘fﬁ(‘ok’K)

— A ()], (13)
where
Fo(2) = mIQkRe fifozw(uk@fﬁk
20w = 22]) g o dvatr,
1 e m -
F5(0,.K) = WQkRe'[—x/: (afuk

+2[u [ = 22 |7) Bewly- o dxdr,

A = —gre [ [(a

+2[|uk|2 - _ka]ﬁk)uk|uj zluhr(,) dxdt.

Since the homoclinic solutions u"*(¢) are given by
H” functions that decay exponentially in time as
t - + oo, the integral

fo( Qk) = 77-_1(2k Re fj;fozﬂ( (?xzﬁk

+2[|uk|2 - ka]ﬁk)axzxuk up® (1) dxdt

(14)
converges, and we have

ggnw%(ﬂk,K) =7(£2).

In fact, by analyticity of the integrand in (14), we
can write

Tp(2,K) =F(2) +@(e""). (15)

for appropriate » > 0 and K sufficiently large.
Now, (13) shows that for

A 2/ Z
# _9 .e b
¢k N J
|, 7, (02,) = BT (2. K) — v ( Q)|

AT,
<_
N

- NA¢,
sin
2

. k=12, (16)

the function AY% always has a transverse zero.
Furthermore, since the phase portrait of (12) is of the
type shown in Fig. 4, the two-dimensional plane
{¢, = b,0, k =12} has at least one transverse inter-
section point (1,,¢,) with the two-dimensional un-
stable manifold of the saddle point s,( x,,)-

To apply Theorem 2, it remains to verify that the
point (ny,¢, + NAd) crosses the two-dimensional
homoclinic manifold of the saddle s,(x,) trans-
versely at some critical value of the parameters.
Upon such a crossing, both (1, ¢,,) and (1,4, ¢, +
(NA¢, )mod27) must lie on the same level curve
of the local Hamiltonian %gk, ie.,

%gk(”’]ko"f’ko + (NA¢, )mod2r) =%gk(”’7ko’¢ko)
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must hold for k= 1,2. Using the fact that ¢,, is a
zero of A7, this last equation can be rewritten as

[J‘Z(Qk)

@y

= 0,K)

9
+

[NAqbk(_Qk)]mod%T}

vL(Q2)

T (0K (7

for k= 1,2. This, however, only gives a meaningful
B, value if

2 [sin[ NA¢,(£2,) /2]
Q, |NA$(£2,)|mod27’
1

Xak<ﬁk’ k=1,2. (18)

Xay, <

Here the first inequality is obtained by combining
the second inequality in (16) with Eq. (17), while the
second inequality ensures the existence of the saddle
point s5,( x, ).

Note that as long as NAG(Q) < 2w, N-pulse
orbits coexist with single-pulse orbits. This can be
seen by noting that for any NA¢(£2) < 27, we have
SI[NAG(Q2)Imod 27 = Ap(2) in (17).

By (15), for large enough K we can replace
S0, K) with #,(Q)). Since B, is a linear func-
tion of «, in (17), the derivative dB,/da, is
nonzero whenever the condition gives a nonzero (.
As a consequence, the point (1,,¢, + NA¢) crosses
the two-dimensional homoclinic manifold of the sad-

dle s,( x,) transversely. Therefore, Theorem 2 and
our calculations in this section imply the following
result.

Theorem 3. Let N be an arbitrary but fixed
positive integer, and let M, be the set of points in
the (a,B,y,I",€) parameter space that satisfy

a, 20,
B = m[%(ﬂk) +
v (02)
X(NA(,‘[)k( Qk))mOdZ’ﬂ] - m,
o 1 [ lsin[NA¢(2)/2]]
I, -0, " TNAG (2, [mod2m ™ [

1<, <1, (19)

Jor k=12, with .7, defined in (14). Assume further
that M, is a nonempty codimension two surface.
Then for small enough €> 0 and large enough
K > 0, there exists a codimension-two surface M, in
the (a,B,v,I',€) space with the following proper-
ties:

() M, is C’close to the surface M, in the
(a,B,y,I",€) parameter space.

(i)  For every (a,B,y,I',€) € M_, system admits
four four-dimensional manifolds of N-pulse ho-
moclinic orbits which are doubly asymptotic to
an invariant 2-torus of the original system (1).

(iii) In terms of the transformed system (2), the
manifolds of homoclinic orbits are two-dimen-
sional and connect a fixed point s_(x,) € Il to

Fig. 5. Silnikov manifold for the coupled NLS system.
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Fig. 6. Approximate parameter sets for the existence of Silnikov manifolds. Fixed parameter ratios are o = a,, v/, = 1. The pulse

number is N =1 for the first case and N = 10 for the second case.

itself. Furthermore, the N-pulse orbits in (2)
are close to N-chains with jump sequence

Pl = sign{Z()k Fk[sin(cos_l( —X.2)
+jAd) —sin(cos_'(—)(aﬂ))]
_]'Q(alwfa(ﬂ) — B Fo (L)
_')’fyk(n))}ij,

j=1,...,N—1, k=12,

where PF can be either +1 or —1.

The geometry of the manifolds of N-pulse orbits
obtained for the coupled NLS system (2) is shown in

space 0 o

Fig. 5. The manifolds exhibit a dynamical behavior
similar to that of §ilnik0v-type homoclinic orbits in
ODEs. This is due to the fact that the infinitely many
purely imaginary eigenvalues in directions transverse
to II in the integrable limit turn into complex
eigenvalues with negative real parts. This geometry
prompts us to refer to the manifolds we obtained as
Silnikov manifolds.

5. Numerical experiments

To illustrate the results of Theorem 3, we plot the
intersection of the two surfaces satisfying the condi-

space time

Fig. 7. The spatio-temporal behavior of |ul(x,t)| on an initial and a later time interval. The parameter values are a; =a, =0.1,
Y1 =v7=01, 2,=06, 2,=0.7, I''=1,=50.0, e=0.001. The approximae B, values, computed for these parameters, are 3, =

0.40623 and 3, =0.33298.
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Evolution of L energy
5 T

45

@«
3
il

flu 1. lu, I

[
T

1
25—

)

20 40 €0 80

100 120
time

Fig. 8. The I* norm of u, and u, as a function of time on the solution shown in the Fig. 7.

tions (19) in Fig. 6. In order to visualize the resulting
six-dimensional intersection surface in the eight-di-
mensional parameter space, we chose to fix the ratio
of certain parameters and plotted the resulting 3, /«,
values as a function of (2, and (2,. We recall that
for any integer N with NA@(2) <27, the first
intersection surface in Fig. 6 also marks the exis-
tence of N-pulse orbits.

The dynamical implications of Silnikov manifolds
are unknown at this point, but we expect them to be
the landmarks of temporally chaotic dynamics. Such
a behavior is clearly seen in our numerical experi-
ments, as we show in Fig. 7. The figure shows the
time dependence of |u,( x,t)| for a typical run with
parameter values satisfying (19). A nearly ‘flat’ ini-
tial condition was chosen by randomly selecting a
point on the unperturbed resonant torus %, then
applying a small (of the size 10~%) random perturba-
tion off the torus. In our numerical experiments
u,(x,r) went through periods where its energy was
quiescent for a long time, then it jumped to large
oscillations. This phenomenon, shown in Fig. 8,

shows that the complicated behavior is not localized

to a single NLS equation for the initial conditions we
picked.
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