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Abstract. We consider the existence of spots and stripes for a class of NLS-type equations in the
presence of nearly one-dimensional localized potentials. Under suitable assumptions on the potential, we
construct various types of waves which are localized in the direction of the potential and have single-
or multihump, or periodic profile in the perpendicular direction. The analysis relies upon a spatial
dynamics formulation of the existence problem, together with a center manifold reduction. This reduction
procedure allows these waves to be realized as uni- or multipulse homoclinic orbits, or periodic orbits in
a reduced system of ordinary differential equations.
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1. INTRODUCTION

Consider a system of NLS-type equations in the plane
i0,U+ AU +V(z,y)U + F(U) =0, (1.1)

in which U is complex vector-valued, U(t, z,y) € CV, V a given potential, and F' a smooth nonlinearity. We
are interested in solutions of the form

with complex-valued profiles @) satisfying the steady equation

AQ —wQ +V(x,y)Q + F(Q) =0. (1.2)

In this paper we focus on the existence problem for both the single component system (N = 1), and the
two-component system (N = 2). We suppose that the nonlinearity F' is of NLS-type, more precisely that

F(U)=Uf(UP),
in the first case, and of the form
F(Uy,Uz) = (UL AU U ), Uz f2(|UL P, U2]%)),
when U = (U, Us) in the latter case. In both cases, the potential V' is assumed to be nearly one-dimensional
Vi(z,y) = Vi(z) +eVa(z,y), (1.3)

with V7 and V5 typically localized on R and R?, respectively, and € a small parameter. We exclude the case
of periodic potentials, but as explained in Section 5 the type of approach used in this paper can be extended
to such potentials in a straightforward manner. We restrict to mainly two types of solutions: those which
are localized in y, namely spots, and those which have a periodic profile in y, i.e., stripes.

One motivation for investigating such systems is the question of wave formation in Bose-Einstein conden-
sates in traps which are quasi-one dimensional. The governing equations for an N-component Bose-Einstein
condensate are given by

N
i0,U; + AUj — w;Uj + Y aj|UnPU; = V(@,p)U;, j=1,...,N, (1.4)
k=1

where U; € C is the mean-field wave-function of species j, A = (aj;) € RM*¥ is symmetric, w; € R are free
parameters and represent the chemical potential, and V : R? — R represents the trapping potential (see [2—
6,13, 15, 17, 18, 22] and the references therein for further details). Clearly these equations are of the form
(1.1), and we shall discuss the implications of our results for these equations in Section 4. In order to obtain
the existence of spots in the case of a truly one-dimensional trapping potential, i.e., when V(z,y) = V(z),
it must be assumed in (1.4) that aj;, € R™. In other words, we must assume that the intra-species and
inter-species interactions are attractive. If the interactions are repulsive, then it is necessary that we have a
weak trapping potential in y in order to localize the solutions; otherwise, the solutions can only be stripes.

For the analysis of the existence problem we rely upon a spatial dynamics approach which consists in
formulating the steady system (1.2) as an infinite dimensional dynamical system in which the evolutionary
variable is the spatial variable y. This idea goes back to Kirchgéssner [20] and has been extensively used
for a wide range problems in extended domains (see e.g. [7, 9, 10, 27] and the references therein). The
resulting dynamical system is typically ill-posed but the question of interest is that of existence of bounded
solutions. One method which turned out to be particularly useful for answering this question is the center
manifold reduction which shows that, under certain assumptions, the small bounded solutions of the infinite
dimensional dynamical system lie on a finite dimensional center manifold. Consequently, these solutions can
be found by solving an ordinary differential equation. In our case, the assumptions concern the potential V'
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Figure 1: (color online) Plot
of six different types of possi-
ble solutions. The top three fig-
ures represent possible solutions
in a single-well channel: the left
is a single spot, the middle is
a multi-spot, and the right is a
0000000000 stripe. The bottom three figures
represent possible solutions in an
infinite-well, i.e., periodic chan-
nel. The left is a single spot, the
middle is a multi-spot, and the
right is a stripe.

and the ODE describes the profile of @ in y. In particular, spots and stripes are found as homoclinic orbits
to zero and periodic orbits, respectively, of this ODE.

One of the many appealing aspects to using spatial dynamics is that it allows one to reduce the spatial
dimension of the steady-state problem from two to one (or more generally, from n > 2 to one). Regarding
(1.4) in the case that N =1 there has been a great deal of formal work, and some recent rigorous work, in
which this dimensional reduction is performed for the full PDE (see [1] and the references therein). In [1] it
is shown that the dynamics of the full PDE are well-approximated by the one space dimension PDE under an
assumption similar to that of (1.3) over long, but finite, time intervals. One of the underlying assumptions
is that which is discussed in Section 2.2. The authors in [1] make the intriguing statement that if one uses
the assumption discussed in Section 2.3, then the analysis is “more complicated and might involve coupling
terms”. As is seen in Section 2.3, with respect to the steady-state problem these coupling terms lead to the
existence of waves which are generically not localized, and which instead are asymptotically periodic waves
with an exponentially small amplitude.

When considering the application of the theoretical results to the Gross-Pitaevski equation, i.e., (1.4)
with N =1, it is natural to enquire as to how the results presented herein relate to [13-16]. In these works
a Lyapunov-Schmidt reduction was used in order to construct weakly nonlinear solutions. The hypotheses
for the applicability of the reduction required that € in (1.3) satisfied € > ¢g for a given ¢g > 0. Thus, in this
paper we are looking at the case for which the Lyapunov-Schmidt reduction does not hold. We will see that
this is reflected in the solution structure in a profound manner: for € > ¢y and Va(z,y) = y? one can show
that to leading order the solutions of interest are for fixed z like O(e‘EyQ/ 2); however, for € < ¢ it will be
seen that instead that the localized solutions for fixed z will be like O(e=“*I¥l) for some o > 0 independent
of e. Thus, very weak trapping potentials lead to waves which are localized, but not as strongly localized as
for stronger potentials.

The paper is organized as follows. In Section 2 we consider the solution structure to (1.2) when N = 1. In
particular, we prove the existence of waves which are localized in y for fixed x, i.e., spots. These solutions are
graphically depicted in the left panels of Figure 1, where in the top panel V(z) is a single-well potential, and
in the bottom panel V(z) is a periodic potential, e.g., V(z) o cos(2z). We also prove the existence of waves
which are periodic in y for fixed x, i.e., stripes. These solutions are graphically depicted in the right panels of
Figure 1. In Section 3 we consider the solution structure to (1.2) when N = 2. One of the intriguing results
associated with this study is the existence of waves with a transverse multipulse configuration. In other
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words, the possibility is now open to having a solution with more than one spot in the y-direction. These
solutions are characterized in the middle panels of Figure 1. In Section 4 we apply the theoretical results
of the previous two sections to a few physically relevant examples. Finally, in Section 5 we conclude with a
brief discussion of possible extensions of the present theory, in particular to the case of periodic potentials.

Acknowledgments. This work was partially supported by the Agence Nationale de la Recherche through
the grant PREFERED (M.H.). T.K. gratefully acknowledges the support of the Jack and Lois Kuipers
Applied Mathematics Endowment, a Calvin Research Fellowship, and the National Science Foundation
under grant DMS-0806636.

2. ONE-COMPONENT SYSTEM

In this section we consider the complex-valued equation

AQ —wQ+V(z,y)Q+Qf(IQF) =0, Q(z,y) € C. (2.1)
We start by describing the assumptions on the nonlinearity f and the potential V.
Hypothesis 2.1. Assume that f: R — R is a smooth function with f(0) =0, and
f(u) = cou+O(u?), as u— 0,

with ¢o # 0.
Hypothesis 2.2. Assume that V : R? — R is a smooth function,

Vi(z,y) = Vi(z) +eVa(z,y)
in which V; : R — R and V5 : R? — R have the following properties:

(a) The one-dimensional operator
L= 0z + Vi(2),
acting in L?(R; C) has the spectrum
spec(L) = spec, (L) U{Vn,--., 71}, spec,(L) C{AeC:ReA <.},

for some n > 1, where v, < v, < --- < 7, and 5, j = 1,...,n are simple eigenvalues with
associated normalized eigenfunctions g; in the norm of L*(R;C).

(b) The product (u,v) +— uv defines a continuous bilinear map on the domain H' of the square root
operator (id 4y, — £)'/2.

(c) The two-dimensional perturbation Va(-,y) € H?, for any y € R, and the map y — V5(-,y) is smooth,
bounded and even, Va(-,y) = Va(-, —y).

Remark 2.3. For a bounded potential V; the space H! in the above hypothesis is simply H!(R;C). Nev-
ertheless, one may allow for unbounded potentials when H' is a suitably chosen weighted subspace of
H'(R;C). This will be important when considering the application to the Gross-Pitaevski equation, for
which Vi(z) = 2. In the following, we denote by (-,-) g1 the scalar product in H!, and by H} C H' the
Hilbert subspace consisting of real-valued functions.

Remark 2.4. The equation (2.1) possesses several symmetries which are essential in our analysis. There
are two discrete symmetries

e reflection in y: Q(+,y) — Q(-, —y),
e conjugation invariance: Q — Q.
and the continuous symmetry
e phase invariance: Q +— e¥Q, ¢ € (0,27),
In addition, if € = 0, i.e., the potential is one-dimensional there is an additional continuous symmetry

e translation invariance in y: Q — Q(+,- + a), « € R.
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2.1. Spatial dynamics

The first step of the spatial dynamics approach consists in rewriting the equation (2.1) as a first order
system in the spatial variable y,

Qy = R
Ry = (w-L)Q—eVa(z,y)Q — Qf(QQ),

to which we add the complex conjugated equations
y R
y = (Ww—L0)Q—eVa(z,y)Q — Qf(QQ).

=1 Ol
[

We regard this system as an infinite-dimensional non-autonomous dynamical system

Qy = A.Q+ F(Q,ys¢), (2.2)

in the real Hilbert space

equipped with the scalar product (-,-)x = Re(-,-) g1 + Re(:,-), in which (-,-) g1 is the scalar product in H?!
and (-, -) the usual scalar product in L?(R;C). In (2.2) we have

0 id 0 0 0

[ w-c 0 0o o0 - | ey - Qf(QQ)
Aw— 0 0 0 ld ) f(Q7y7€)_ 2 70 - o
0 0 w—£L 0 —eVa (- y)Q — Qf(QQ)

Two-dimensional waves to (2.1) are bounded orbits to this dynamical system, and we restrict to orbits
close to the origin. Upon taking w as bifurcation parameter, we find the bifurcation points from the spectrum
of the linear operator A,. We compute this spectrum from Hypothesis 2.2, which describes the spectral
properties of £, and find that there is an increasing sequence of bifurcation points at

w=m", WwW=192, ceey W =n-
At each bifurcation point w = 7y, the spectrum of A, consists of
e one eigenvalue in zero, geometrically double and algebraically quadruple;

e k — 1 pairs of double semisimple complex conjugated eigenvalues
ii\/’)’jf’yka J=1.. k=1

and
e the rest of the spectrum lies at a distance \/v; — Yx+1 > 0 from the imaginary axis.

This spectral picture suggests that the dynamical system (2.1) possesses a finite-dimensional local center
manifold of dimension 4k (the sum of the algebraic multiplicities of the purely imaginary eigenvalues), which
contains the set of (sufficiently) small bounded orbits, for w close to vx. As we shall see later, the properties
of £ and F described above allow to use a non-autonomous version of the center manifold reduction [24] and
construct this manifold. The dynamics on this manifold is described by a 4k-dimensional non-autonomous
system of ODEs, and the bounded orbits of this system correspond to two-dimensional waves to (2.1).
In particular, spots and stripes of (2.1) are obtained from homoclinic orbits to zero and periodic orbits,
respectively, of the reduced system.
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2.2.  First bifurcation at w = v,

The simplest bifurcation is the first bifurcation at w = ~;, when zero is the only purely imaginary
eigenvalue of A, .

2.2.1. Reduced system

Set w = 71 + p and rewrite the dynamical system as
Qy = A1Q+ uB1Q + F(Q,y; ), (2.3)
where A; = A,, and uB; = Ay, 4+, — A,,. The spectrum of A; satisfies
spec(A;r) = {0} Uspec;(Ay), specy(Ar) C {ve€C; |Rev| > d}, (2.4)

for some positive constant 4, and 0 is a quadruple eigenvalue with geometric multiplicity two. Following the
general reduction procedure, we consider the kernel and generalized kernel of Aj,

ker(A;) = span(ey, fi), gker(A;) = span(ey, ey, fi, f2),

g1 ig1 0 0
_ 0 _ 0 _ 9 _ ig1
el - g] i fl - _ig]_ i 62 - 0 9’ f2 - 0 I
0 0 g1 —ig1

where ¢; is the normalized vector in the kernel of £ —-;. The spectral projection onto the generalized kernel
of Ay, P: X — gker A;, can be computed with the help of the (L?)*-adjoint of Aj,

0 m—£L 0 0
id 0 0 0
0 0 0 m-CL
0 0 id 0

ad __
A =

The kernel and generalized kernel of A39 are spanned by
ker(A}) = span(eg, f2), gker(Aj?) = span(ey, ey, f2, f1),
and then
PQ=(Q,ei)e; +(Q,ez)ez + (Q,f1)fi + (Q, f2)f,

in which (-,-) denotes the (L?)*-scalar product, and we have used the fact that the L?-norm of g; is equal
to one.
According to the spectral decomposition (2.4), we make the Ansatz

Q(y) = a1(y)er + az2(y)es + bi(y)f1 + b2(y)f2 + R(y), (2.5)

in which a1, as, by, and by are real-valued functions depending upon y and
R(y) € id— P)X, PR(y)=0, VYyeckR

We can now apply the center manifold reduction theorem mentioned above which gives us, for any (arbitrary
but fixed) k£ > 1, a reduction map ¥ : U x R — (id — P)X of class C*, with U a neighborhood of the origin
in RY, such that for u and e close to zero, any sufficiently small bounded solution Q to (2.3) is of the form
(2.5) with

R(y) = ¥(a1(y), a2(y),b1(y), b2(y), y; p,€), Vy€eR. (2.6)



M. Haragus and T. Kapitula 7

Furthermore, the real-valued functions a1, as, by, and by are solutions to the reduced system

aiy = as + p1(a, az, b1, b2, y; i, €)

asy = p2(a1,az,b1,b2,y; 1, €) (2.7)
biy = by +1(a1,az,b1,b2,y; 1, €) )
bay = 1P2(ay,az, b1, b, y; 1, €)

in which ¢; and v, can be computed with the help of the formulae

PYj = IUJ<BlQae]> + <f(Qa€)?ej>7 wj = :u‘<BlQ7fj> + <‘7:(Q7€)?f]>7

after substituting Q from (2.5) and (2.6). In addition, if the vector field in (2.3) commutes (resp. anti-
commutes) with an isometry S on X, the reduction procedure insures that ¥ commutes with the induced
isometry S on R%, and that the reduced system (2.7) commutes (resp. anti-commutes) with S.

In order to determine the dynamics of this reduced system near the origin, we compute a Taylor expansion
for the vector field in (2.7). First, since the first and third components of B8, Q and F in (2.3) and the second
and fourth components of e; and f; all vanish, the scalar products in the formulae for ¢; and 1, are zero
so that ¢ = ¥ = 0. Next, we introduce the complex-valued variables A; = a; +ib; so that the reduced
system becomes

A=A o
Agy = $o(A1, Az, Ar, Az, ys s €)

together with the complex conjugated equations. The reduced system possesses a number of symmetries
which are induced by the symmetries of the original equation in Remark 2.4. The conjugation and the phase
invariances imply that the reduced vector field in (2.8) commutes with the induced symmetries

Sc(A1, Az) = (A1, Ad), S,(Ar, Ag) = (€' Ay, % Ay),

(2.8)

and the reflection in y implies that (2.8) is reversible, that is the vector field anti-commutes with the symmetry
R(A1, As) = (A1, —As).
Notice also that real-valued and purely imaginary solutions of (2.1) lie in the invariant subspaces
{(41,A2), ImA; =Im A, =0} and {(A1, A2), Re4; = Re Ay =0},
respectively. Finally, we can use normal form theory and transform (2.8) into a system of the form

Aly = A2

Agy = A1Q(|A1]%, $(A1 Ay — A1 Ag),y i, €) + O((JAr| + |Az])?™+2)

(2.9)

with @ polynomial of degree m in its first two arguments with coefficients depending upon y, p, and €. A
direct calculation gives us the lowest order terms (m = 1) in this system

Aly = AQ

2.10
Aoy = pAr — eh(y)Ar — c1 A1 A1, ( )
in which

h(y) = / Vo, y)g? (1) dz, 1 = ¢q / 64 (x) da.

2.2.2. One-dimensional potentials

We start the analysis of the reduced system with the case € = 0, when the potential V' is one-dimensional,
V(z,y) = Vi(z). Then the truncated reduced system (2.10) is equivalent to the steady cubic NLS equation

Alyy = /LAl — 01A1|A1|27 (211)

in which the sign of ¢1, which is the same as the sign of ¢g, accounts for either the focusing or the defocusing
NLS. The set of bounded solutions of this steady NLS equation (which is also the steady Ginzburg-Landau
equation) is well-known. Up to translations A;(- + «), a € R, and phase rotations /¥ A;, p € R, we have
the following classification of bounded solutions:
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e if 4 < 0 and ¢; < 0, the equation possesses periodic solutions, quasi-periodic solutions, and a
one-parameter family of homoclinic solutions to nonzero periodic solutions;

e if 44 > 0 and ¢; < 0, there are no nontrivial bounded solutions;
e if ;4 < 0 and ¢; > 0, the equation possesses periodic and quasi-periodic solutions;

e if 4 > 0 and ¢; > 0, the equation possesses periodic solutions, quasi-periodic solutions, and one
real-valued, reversible homoclinic solution to zero, given by the formula

V2
NG

Actually, this picture persists for a general class of reversible four-dimensional vector fields [11], and in
particular for our system. Each of these bounded solutions gives a two-dimensional solution of (2.1) with
profile in y determined by the shape of A;. As we are interested in spots and stripes, we restrict to orbits
homoclinic to zero and to periodic orbits.

Homoclinic orbits exist only in the last case, when p > 0 and ¢; > 0. In contrast to the general situation
in [11], our system possesses the additional symmetries S, and S, which allow to show that the homoclinic
solution for ¢ > 0 and ¢; > 0 persists as a real-valued, reversible homoclinic solution. Indeed, the subspace of
real-valued solutions is invariant under the flow of (2.8), and we can restrict to the second order autonomous
ODE

ai(y) =

sech(y/py). (2.12)

aryy = Po(ay, a1y, a1, a1y, 0; 1,0) = pay — crat + R(ay, ary; p), (2.13)
where in view of the normal form (2.9) we have R(ai,a1y;p) = O(|ul?|a1| + |plla1|® + (Ja1| + |a1y|)®). The
homoclinic orbit given by (2.12) satisfies this equation at lowest order (R = 0), and, as it is well-known, it
persists under reversible perturbations in two dimensions (see e.g. [19, Proposition 5.1]). In particular, in
this case we find an even homoclinic solution for (2.13) which decays in y with exponential rate e="V#¥ for
some 7 € (0,1), and sufficiently small p.

Periodic orbits exist when p < 0, or when ¢; > 0 and g > 0. In all cases, there are two types of periodic
orbits, up to translations in y and phase rotations. First, there are periodic orbits with constant modulus
and linear phase, of the form

Ai(y) = ae™ ca? =p+ K2
Using polar coordinates and the implicit function theorem, it is not difficult to prove that these solutions
persist as periodic solutions with constant modulus and linear phase of (2.9), with ¢ = 0. Next, in each case
there is a one-parameter family of real-valued periodic waves of size O(|u|'/2), which persist as real-valued
solutions of the full normal form (2.9), for the same reasons as the homoclinic orbit above.

Finally, going backwards the steps in the reduction procedure we obtain the following result.

Theorem 2.5. Assume that Hypotheses 2.1 and 2.2 hold. Then for any w = 7, + u, with u sufficiently
small, the equation (2.1) possesses the following solutions, up to translations in y and phase rotations.

(a) If p > 0 and co > 0, there is a spot solution

Nem

Q(z,y) = e

sech(y/1y)g1(z) + O(p),

which is real-valued and even in y.

(b) If w < 0, or if u > 0 and ¢o > 0, there are two one-parameter families of stripes, one consisting of
solutions of the form _
Q(z,y) = ay/me™ g, () + O(p),

with k* = —1 + c1a® + O(u), and the other one consisting of solutions of the form
Q(x,y) = vpai (\/iy)gi (z) + O(u),
which are real-valued, and periodic and even in y.

Remark 2.6. In fact, the center manifold reduction shows that the solutions in Theorem 2.5 are of class
C*, and that the spot solution decays exponentially in y with decay rate e ="V#¥l  for some 7 € (0,1).
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2.2.3.  Nearly one-dimensional potentials

We consider now the general case € # 0, and focus on the existence of spots. Since we expect homoclinics
to zero to be real-valued, just as in the case ¢ = 0, we restrict to real-valued solutions. Then we have the
second order ODE

aryy = par — eh(y)ar — cr1ai + Ra1, a1y, y; o, €), (2.14)
in which R(ax, a1y; i) = O(as|(|uf* + le]?) + laa P (|ul + le]) + (laa] + lay])®).

First, notice that for sufficiently small € = o(|u|), the additional non-autonomous terms in the reduced
system are of higher order. It is then easy to check that the arguments showing the persistence of the
homoclinic in (2.12) remain valid, and that the result in Theorem 2.5 holds for € = o(|u|), as well.

Next, we consider the parameter regime p = O(|e]). We set p = |e|v and consider the rescaled variables

c=lelfy, a =,
so that the equation (2.14) becomes
61yy =va; — sign(e)h(y)'dl - c{d? + O(|561\) (215)

We make the following additional assumption on V5.

Hypothesis 2.7. The Sturm-Liouville operator L. = 8y, +sign(¢)h(y) acting in L?(R) with domain H?(R),
in which h is the reduced potential

h(y) = / Va (e, y)g?() de,

has the spectrum
spec(d, + sign()h(y)) = (=0,8.1U {dm,. .., 81},

where §, < 0y, < --- < d1, and 95, j = 1,...,m are simple eigenvalues with associated normalized eigenfunc-
tions h;.

Under this hypothesis, for the rescaled equation (2.15) we find a sequence of bifurcation points at
szék, k::l,...,m.

At each bifurcation point a simple eigenvalue crosses the origin, so that we have a classical bifurcation from a
simple eigenvalue. The bifurcating solutions can be analyzed with the help of a standard Liapunov-Schmidt
reduction. With the Ansatz

V=V —+ 57 al (y) = Oéhk(y) + rl(y)7

where a € R and (hg,r1) = 0, we find the bifurcation equation
7= dia® +O(<| +[aP (7] +aP).  di=a [ hiw)d.
R

which is invariant under the reflection o — —c, due to the phase rotation invariance S, of the reduced
system (2.8). We conclude that there is a value 7, = O(|¢|), such that there is a pair of solutions for v > v,
(resp. U < ), when d; > 0 (resp. dy < 0),

Going back to the original equation (2.1) we obtain the following result.

Theorem 2.8. Assume that Hypotheses 2.1, 2.2, and 2.7 hold, for some sufficiently small €. Then there
exist U. = O(|e|) such that for any w = v + |e|(dx + V), with U close to Ve, U > V. (resp. UV < Vg), if d > 0
(resp. di < 0), the equation (2.1) possesses, up to phase rotations, a real-valued spot solution satisfying

lel(@ — 7e)

y hi(9)g1 (@) + O(|eV/2[7 = 7).
1

Qz,y) =
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Remark 2.9. The same type of arguments can be used to show the existence of stripe solutions. For
e = o(|p|), one can argue with the implicit function theorem in a space of periodic functions, whereas in the
case u = O(Je]) it is enough to replace the Hypothesis 2.7 by a periodicity condition on the potential the
reduced potential A. Then the Liapunov-Schmidt reduction can be used in suitable chosen spaces of periodic
functions.

Now that we have an example worked out for which € > 0, it will henceforth be assumed that ¢ = 0.
This is done for the sake of simplicity; otherwise, an analysis similar to that leading to Theorem 2.8 can be
performed for the normal form equation at hand.

2.3.  Second bifurcation

We consider now the second bifurcation at w = =, in the case € = 0, and also restrict to real-valued
solutions. Then in the dynamical system (2.2) it is enough to keep the first two equations and by setting
w = 5 + pu we find a system

Qy = A:Q + 1uB2Q + F(Q), (2.16)
in the real Hilbert space X, = {Q = (Q,R); Q@ € H!, R € L*(R;R)}. Here A, = A, and uBs =

Aso = Ay, With
B 0 id B 0
Aw_(w—ﬁ 0>7 f(Q)_<_Qf(Q2))

The spectrum of Ay satisfies

spec(Az) = {0, £iv/v2 — 71} Uspecy (A2), spec;(A2) C {v € C; |Rev| > §}, (2.17)

with some positive constant §. Here zero is a double eigenvalue with geometric multiplicity one, and
+iy/v2 — 71 are simple eigenvalues. The kernel and generalized kernel of As are spanned by

ker(Ay) = span(e;), e; = ( 902 ) ,  gker(As) = span(ey,ez), e = ( ;2 ) )

where go belongs to the kernel of £ — v, and has L2-norm equal to one. In addition, we consider the kernels

ker(Az2 Fivy2 —71) = span(fy), fr = ( ii\/wgl—imgl ) ’

and the spectral projection corresponding to the spectral decomposition (2.17),

PQ = (Q,e1)er + (Q,ex)es + (Q, 1)y +(Q, £2)f,

in which
fad = — ( i > :
2\ Tm=n

We now make the Ansatz

Q(y) = a1(y)er + as(y)es + B(y)fy + B(y)f- + R(y), (2.18)

in which a; and ay are real-valued functions depending upon y, B is complex-valued, and
R(y) e id— P)X, PR(y)=0, VyeR

By arguing again with a center-manifold reduction theorem we obtain a four-dimensional reduced system
for ai, as, and B. This system possesses again a reversibility symmetry now given through

R(ai,a2, B) = (a1, —as, B),
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and as a reminiscence of the rotation invariance it is invariant under
S(al,ag,B) = (—al, —as, —B).

In order to study the solutions of this system we use normal form theory. According to the results in
[21, Chapter 3] we find the normal form

A1y = G2
asy = a1 P(af, |B*, p) + O((Jas| + |az| + |B|)>"+?) (2.19)
By =iBQ(a3,|B[?, 1) + O((lax| + |az| + |B])*™*2),

in which P and @ are real valued polynomials of degree m satisfying

P(070a0) = 07 Q(()?O?/”L) =VY2—7+ O(N’)

At lowest order we obtain
A1y = @2
Aoy = pag — coa3 (2.20)

By =iy —mB,

in which the coefficient ¢y is given by
co = co/gé(x) dx.
R

For the truncated system (2.20), we find two types of periodic orbits, orbits for which a; is periodic in y
and B = 0, and orbits for which a; = 0 and B(y) = e!V72=711¥B(0), just as in Section 2.2.1. The persistence
of these orbits for the full normal form can be shown, for instance, using the implicit function theorem. The
question of existence of homoclinic orbits turns out to be more complicated in this case. Indeed, for the
truncated system (2.20) homoclinic orbits to zero exist in the case ¢ > 0 and p > 0, but in contrast to the
first bifurcation these homoclinic orbits typically do not persist for the full system [21]. The origin is now
surrounded by a one-parameter family of periodic orbits, the ones for which a; = 0 above, and instead of the
homoclinic orbit to zero from the truncated normal form, for the full system one finds a family of homoclinic
connections to small periodic orbits. The amplitude of these periodic orbits may be exponentially small but
not zero. (We refer to [28] for further details on the existence of such orbits in systems of this type). In
the original equation (2.1), such solutions correspond to waves which are decaying in z and have a localized
profile with small periodic oscillations at infinity in y.

Remark 2.10. The next bifurcations can be analyzed in the same way. To leading order the equations will
be of the form of (2.20). The equations for a = (a1, az) will be exactly of the same form, and, for the n-th
bifurcation, there will be n — 1 uncoupled equations for B = (Bj, ... B,_1) of the form of the B-equation
in (2.20). Since the size of B increases each time, we do not expect homoclinic orbits to zero to exist, but
only homoclinic orbits to small periodic orbits, just as for the second bifurcation. There will be again two
types of periodic solutions, associated with the a-equations and associated with the B-equations which are
expected to persist for the full normal form.

3. TWwWO-COMPONENT SYSTEM

The analysis of systems can be performed in the same way. Our main interest is new phenomena generated
by the coupling terms in the system, and for simplicity we shall restrict here to real-valued solutions and to
one-dimensional potentials. We consider the two-component system

AQ1 —w1Q1 + Vi(2)Q1 + Q1£1(|Q1]%,1Q2*) =0
AQs — w2Q2 + Va(2)Q2 + Qa2 f2(|Q11%,1Q2]?) = 0,

describing solutions of the form U (¢, x,y) = (e“1'Q1(z,y), 2! Q2 (x,y)) of (1.1), when n = 2. The assump-
tions on the potentials Vi, Vo and nonlinear terms f; and fy are similar to those for the single equation.

(3.1)



Spots and stripes in NLS-type equations 12

Hypothesis 3.1. Assume that f1, fo : R? — R are smooth functions with f;(0,0) = f2(0,0) = 0, and
fi(ur,u2) = cr1ur + cioug + O(U% + Ug% faur, ug) = corur + cogug + O(u% + U%)
Hypothesis 3.2. Assume that V1, V5 : R — R are smooth functions satisfying Hypothesis 2.2(a)-(b).
For j = 1,2, we denote by 7, < --- < 1 the simple eigenvalues of the operator
L= 0yy + Vi(z),

by Gjns---,g;1 the associated eigenfunctions normalized in the norm of L?(R,R), and by HJ1 and H}r the
Hilbert spaces introduced in Hypothesis 2.2(b).

Remark 3.3. The system (3.1) possesses the same symmetries as the single equation, i.e., translation
invariance in y, phase invariance, reflection in y, and conjugation invariance.

3.1. Bifurcation problem

We consider the existence of real-valued solutions to the system (3.1). Writing Q = (Q1, R1, Q2, R2) one
has the dynamical system

Qy = Alwi,w2)Q + F(Q), (3-2)

in the real Hilbert space
X, ={Q=(Q1,R1,Q2,R2) ; Q1 € H{,, Q2 € H},, Ri,Ry € L*(R;R)}.

In (3.2) we have

0 id 0 0 0
- L 0 0 0 _ 2 02
0 0 w—£L O ~Q2/2(QF, @3)

The spectrum of the linear operator A(wq,ws) is easily obtained from the spectrum of £;, j = 1,2. In
the parameter plane (wy,ws) we now find two sequences of bifurcation curves given by the lines w; = 15
and wy = Yo, k= 1,...,n. Any point on one of these lines is a codimension one bifurcation point with a
double non-semisimple zero eigenvalue, except for the intersection points (v1x,7v2¢) which are codimension
two bifurcation points with a quadruple zero eigenvalue having a 2 x 2 Jordan block. The simplest bifurcation
is again the one related to the first eigenvalues ;1 of £;. We focus on the first codimension two bifurcation
at (y11,v21)-
We set
w1 =711+ B, W2 =721 + pa,

and rewrite the dynamical system as

Q, = A1Q + Bi1Q + +u2B:Q + F(Q), (3.3)

where A1 = A(y11,721) and 1By + paBa = A(y1 + p1, Y21 + p2). At g3 = po = 0 the operator Ay
has precisely one eigenvalue on the imaginary axis, v = 0 of algebraic multiplicity four and geometric
multiplicity two. We are in the presence of a codimension two 0202 bifurcation. The behavior of the four
critical eigenvalues for small p; and ps is given in Figure 2.

For the analysis of this bifurcation we use again a center manifold reduction. We now have

ker(A;) = span{e;, ez}, gker(A;) = span{e;, ez, es,e,},

where
911 0 0 0
e = 0 e = 0 e; = | IU ey = 0
1 0 ) 2 go1 ) 3 0 ) 4 0 )
0 0 0 g21
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Figure 2: Critical eigenvalues in the 020%-bifurcation in (3.3) for small 41 and 2. Simple eigenvalues are represented
by e and double eigenvalues by x. At p1 = u2 = 0 the four eigenvalues collide in the origin which is an algebraically
quadruple and geometrically double eigenvalue.

where g11 and go1 are the normalized vectors in the kernel of £1 — 11 and Lo — 721, respectively. Proceeding
as in Section 2.2.1, we make the Ansatz

Q(y) = ai(y)er + az(y)ez + az(y)es + as(y)es + R(y), (3.4)

and apply the center-manifold reduction theorem. After straightforward calculations we find the lowest order
terms in the reduced system,
a1y = asg
G2y = Ga 3.5
azy = p1ar — (d11a? + d12a3)a; (35)
sy = poas — (da1a? + dooa3)as

where

diy 2011/9111(33) dz, di2 =012/9f1(33)9§1($) dz,
R R

do1 = ¢ / g1 (2)g31 (z) da,  dao = c22 / 921 () d;
R R

(here ;) are the coefficients in the expansions of f; in Hypothesis 3.1).

Just as in the case of a single equation, this reduced system possesses several symmetries which are
induced by the symmetries of the original system (3.1). Since we restrict here to real-valued solutions, the
conjugation invariance of (3.1) becomes trivial, while the phase invariance reduces to S = —id, and the
reflection in y gives reversibility symmetry R(a1,aq,as3,a4) = (a1, a2, —agz, —ay). In addition, notice that
the subspaces (az,a4) = (0,0) and (a1,a3) = (0,0) are invariant, and solutions in these invariant spaces
correspond to one-component solutions Q2 = 0 and @1 = 0, respectively, in the system (3.1). In both
subspaces, the flow is the same as the one of the reduced equation for real-valued solutions of the single
equation in Section 2, and in particular, we find a pair of homoclinic orbits under the assumption that

M1 > 07 dll > 07

and
p2 >0, dog >0,
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respectively. If 1 = po, then by setting

o, day—dio

= = >0 3.6
ay aaz, « dll — d21 ) ( )
the system (3.5) collapses to
agy = a
A Y (3.7)
gy = —pi2az — (daz + ”da1)as.

There is yet another homoclinic solution to (3.7), which as a consequence of (3.6) is a vector-soliton solution
to (3.5) (e.g., see [25] for an example).

While we do not attempt here a full description of this bifurcation, we shall focus in the next sections
on two particular cases. First, in Section 3.2.1 we construct two-component homoclinic orbits to (3.5) by
analyzing the bifurcation problems at the first two homoclinic solutions above. Next, in Section 3.2.2 we use
the third homoclinic solution to construct multipulse homoclinic solutions to (3.5) by applying the theory
presented in [9]. These multipulse homoclinic solutions correspond to solutions of the system (3.1) which
consist of a finite number of spots in the y direction.

3.2. Localized waves

3.2.1. Two-component homoclinic orbits

We focus on the bifurcation problem for the homoclinic orbit in the invariant subspace as = a4 = 0, the
other homoclinic can be treated in the same way. We take

1 >0, dig >0,
and choose the positive homoclinic orbit to
aryy = par — diiai + O((Jar| + |ary|)®),
given by
* 2[!1
ai(y) = L sech(y/p1y) + O(p1).
We seek solutions (a1, az) close to (a},0) for the system

Alyy = 101 — (dlla% + dlgag)al + h.o.t.

Qayy = pi2as — (dz1af + daad)as + h.o.t..
Here 1 is a fixed (small) parameter and ps will be used as bifurcation parameter. Upon rescaling
2= Vi, o) = ViU, axly) = ViaUs(), s = e,
we obtain the system

Ur.: = Uy — (d11UF + d12U3)Ur + O(p1)
Usz. = eUs — (da1 U7 + dooU3)Us + O(1).

We set
2
(U1,02) = (U7 + WV, Vo), Uj(z) = Q/d—nsech(z),
and find the equation for V = (V1,V3),

LV +F(Viu,e)=0, (3.9)
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with linear part at py =0, L.V = (LoVi, L:V2), where

LoVi = —Vi., + Vi — 3d1 U?Vy = —Vi.. + Vi — 6sech?(2)V4,
2d
LJ@:—wgz+a+fﬂ@—deFw::—%u+fv-LEESWWQNQ
11
The operators Ly and L. are Sturm-Liouville operators and their spectra can be computed explicitly. We
find for Ly,
spec Lo = {—3,0} U [1, 4+00),
and for L.,
spec L. ={v1 +¢,...,uny + e} U[e, +0),

in which —3,0 and v; +¢,...,vy + € are simple eigenvalues. The number N and the values v,, depend upon

d21/d11. We have for

2
w—nN<gﬂgNw+U,N2L (3.10)
11

2
2y, 1\Y? 1
S : “n+=], n=1,...,N.
V. <<d11 +4) n+2 n

Consequently, under (3.10) for some N > 1, we find N bifurcation points at
En = —Vp, n=1,...,N. (3.11)

that

At each bifurcation point the operator L. has a one-dimensional kernel spanned by either an even or an odd
function h,(z), which is exponentially decaying in z as |z| — oo (actually, there are explicit formulae for
these functions, see e.g. [8]).

Each of these bifurcations can be viewed as a bifurcation from a simple eigenvalue in a suitably chosen
function space. At the bifurcation point, the operator L. has a double zero eigenvalue with two associated
eigenvectors, one in the kernel of Ly and one in the kernel of L.. But the kernel of Lg is always one-
dimensional and spanned by the derivative U7,, due to translation invariance. It therefore does not play
an essential role in the bifurcation analysis. A convenient way of eliminating this one-dimensional kernel is
by restricting to spaces of functions (Vi, V) with V; even function. Since U7, is an odd function, in such a
space Lo is invertible, and its spectrum reduces to spec Ly = {—3} U[1,400). Of course, restricting to even
first component V; requires some parity condition for the second component, as well. Going back to the full
reduced system, and using its symmetries, we check that for the second component V5 we may restrict to
either even or odd functions. Choosing V5 with the same parity as the eigenfunction in the kernel of L. at
the bifurcation point &,,, the kernel of L. is one-dimensional, so that we are in the presence of a bifurcation
from a simple eigenvalue.

We set e = —v,+€ and (V1, Vo) = (W1, ah,,+Ws), where (hy,, W2) = 0, and take (V1, V2) in L2(R) x L3(R),
if h,, is an even function, or L?(R) x L2(R), if h,, is an odd function, where

LIR) ={f € L*(R); f(2) = f(=2)}, LiR)={f € L*R); f(2) = —f(~2)}
Then using the Liapunov-Schmidt reduction for the equation (3.9) we obtain the bifurcation equation £ =

on(a, p1), with ¢, defined in a neighborhood of (0, 0) such that ¢, (0,0) = 0. For the system (3.1) this gives
the following result.

Theorem 3.4. Assume that Hypotheses 3.1 and 3.2 hold, and that c11 > 0 and co; > 0. Take N > 1 such
that (3.10) holds, and set wy = Y11 + p1, wa = Y21 + p1&. Then for py > 0 sufficiently small, there exists a
sequence of bifurcation points €, = —v,, n=1,..., N, with v, given by (3.11), and a sequence of functions
on(a, p1) defined in a neighborhood of (0,0), ¢,(0,0) = 0, such that for e = —v, + @, (e, p1), the system
(3.1) possesses a two-component localized solution (Q1,Q2) with Q1, Q2 real-valued functions such that

Qu(avy) = 1/ sech (VT y)gn () + (), Qaly) = o/t (VAT )gas (@) + 01

Remark 3.5. In [12, 26], as well as some of the references therein, the solution structure for the ODE given
in (3.8) was studied without the higher-order terms. In these works the physically relevant restriction that
do1 = di2 was assumed.
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3.2.2. Multipulse transverse profiles

In this section we construct multipulse solutions for the system (3.5). We use the approach developed
in [9] for a very similar situation. Most parts of the proofs are identical, and we therefore only indicate the
main steps and point out the differences. We make the following assumption on the coefficients d;; of the
reduced system.

Hypothesis 3.6. The coefficients d;; of the reduced system (3.5) have the following properties:

o daa —di2

= ———=>0and a # 1;
di1 — doy 7
di1dag — do1d

2 11d22 — d21dq2

== >0

b di1 — do

N 2(3dy1d2e — 2d11d12 — 2daadoy + daidyo)
. di1daz — d21di2

The multipulse homoclinic solutions are constructed for parameters p; ~ po > 0. We therefore set
w1 =p >0, po = p(l+46) >0, and as in the previous section we introduce the scaled variables

z=/py, ai(y)=uUi(z), a2(y) = /ula2(z), a3(y)= ViRUs(2),  aa(y) = VidUa(z).

We then obtain the system

¢ N.

U, =Us

Uz, = Uy

Us., = Uy — (d11U? 4 d1oUDUL + O(p)

Usz = (14 0)Uz — (do1 U} + doaUs)Us + O(p).

(3.12)

This system is of the same form as the system (59)—(62) considered in [9]. The major difference between the
two systems concerns the number of discrete symmetries. While the system in [9] is reversible and possesses
one reflection symmetry, our system is reversible and possesses two distinct reflection symmetries. As a
consequence, we shall find here a larger family of multipulse solutions.

As in the case of the single equation, the reflection in y of (3.1) implies that the the vector field in (3.12)
anti-commutes with the reversor

R = diag(1,1,—-1,-1),
and as a consequence of the phase invariance it commutes with the reflectors
Sy =diag(—1,1,-1,1), Ss =diag(1,—-1,1,-1).

In addition to these discrete symmetries, a crucial role in this approach to multipulse solutions is played by
the Hamiltonian structure of the reduced system. It is not difficult to check that the full dynamical system
(3.2) possesses a Hamiltonian structure. As it is well-known, the Hamiltonian structure is preserved by the
center manifold reduction [23], so that the reduced system (3.12) is hamiltonian. For our purposes, it is
enough to compute the quadratic part of its Hamiltonian given by

1 1 1 1
HY(Us, Uy Uy, U) = §U§ + 5U42 — 5U12 — 5(1 +8)U3. (3.13)

The first step in the construction of multipulse solutions consists in constructing unipulse transverse
homoclinic solutions to (3.12) for small 4 and §. At = § = 0, the system has the invariant subspace
(U1, Us) = a(Usz, Uy),

in which we find the homoclinic solution

2 2
(Ua(2),Us(2)) = (é sech(z), —\g tanh(z) sech(z)) . (3.14)
Here a > 0 and B > 0 are the constants given in Hypothesis 3.6. Following the construction of transverse
homoclinic solutions in [9, Proposition 3.6], we obtain the following result.
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Proposition 3.7. Assume that the coefficients d;; in the reduced system satisfy Hypothesis 3.6. Then there

exists a branch of transverse homoclinic solutions ut*® to (3.12) for (u,8) in a neighborhood of the origin
in R? which contains the homoclinic solution (3.14) at u = § = 0. In addition, there exist three further
branches of homoclinic solutions obtained by applying the reflectors 81, S2, and 81 0S5 to the above branch.

Proof: Following the proof of [9, Proposition 3.6], we linearize (3.12) at the explicit homoclinic (3.14) and
obtain the equations

U — U1\ 2 3a2dyy + diz 2audy2 U,
( Uszr — Uz ) B @sech(z) 2aday 3daa + &?dy Ux )
As in [9, Proposition 3.6], the matrix in the right hand side of the above formula has real eigenvalues
)\1 = 3ﬂ27 )‘2 =

in which X is given in Hypothesis 3.6. The remainder of the proof is identical to the proof of [9, Proposition
3.6], and we therefore omit it. O

Remark 3.8. Due to the additional reflection symmetry of our system, we have here four branches of homo-
clinic orbits, whereas the system in [9] possesses only two branches of homoclinic orbits. As a consequence,
we shall find a larger class of N-pulse homoclinic solutions (2V+! such solutions instead of 2).

The construction of multipulse homoclinic solutions relies upon the following general lemma:

Lemma 3.9. [9, Lemma 4.2] Consider a Hamiltonian system

du

o= Fo(w), (3.15)

with Hamiltonian function H®(u), where u and ¢ lie in a neighborhood of the origin in respectively R* and
R. Suppose that the system (3.15) has four real, nonzero eigenvalues +\{, £)3. Further, assume that (3.15)

possesses transverse homoclinic orbits u{, ..., u?, and consider a cycle of (not necessarily distinct) transverse
homoclinic orbits ug, ... ,u?v. Then for sufficiently small values of § and any sequence L = {Lj}jv:() of
positive numbers with L := min{L;,j = 1,..., N — 1} sufficiently large and Ly = Ly = oo, there exists a

unique set {U ji}évzo of functions with the following properties:
(a) UjjE are solutions to (3.15) on respectively [0, L;] and [—L;_1,0] which lie close to u?;
(b) U (Lj) = Uy (—Ly);

(c) U7 (0) = U;F(0) = &(L,6)W5(0), in which ¥3(z) = VH®(u}(2)), and the jump sizes &;(L,6) are
given by
&L, 8) = (W)(—Lj—1),uf_y (Lj—1)) — (W)(L;), ulyy (—Lj)) + R;(L, ).
The remainder term R;(L, §) is a continuously differentiable function of L which depends smoothly
upon § and satisfies Rj(L,8), 01R;(L,8) = O(e 3*L), as L — oo, where Ay = min{|\J|,|\3]}.

The multipulse homoclinic orbits are now obtained by concatenating the solutions U ji. For this one
solves the bifurcation equations
&(L,6)=0, j=1,...,N.

It is shown in [9, Section 4.1] that these equations are equivalent to
0 (L,6) = (V2 H? (0)Ruj(Ly), w1 (L)) + Ry (L,6) =0, j=1,...,N—1,
in which the remainder term ﬁj(L, J) satisfies the same asymptotic estimate as R;(L,d). We now proceed

as in [9, Section 4.2], and start by expanding these equations. In the following we fix p, sufficiently small,
and use 0 as bifurcation parameter.
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The primary homoclinic orbits ug, ... ,u?v in Lemma 3.9 are chosen among the four homoclinic solutions
{uﬁ’é, S1ut? Sout? S o Szu*"‘s} found in Proposition 3.7. Consequently, we have

n;(L,8) = (V2H (O)RTjul* (Ly), Tysaul (L)) + Ry(L,8) = 0, j=1,...,N —1,
in which 7} € {id, S1, 82,81 0 S2}. From the formula (3.13) we find
V2H?(0) = diag(—1,—(1446),1,1).

Next, using [9, Lemma 4.1], a straightforward calculation gives

1 0
wrt (@) =y |0 et an 0 o (1052 1 o2,
0 —(1+6)1/2

as z — 0o, where b*® and d*® are smooth functions of ; and ¢ which satisfy
400 _ s ( 2(das — o) )“2 00— o ( 2(di1 — day) )”2'
di1d22 — da1d12 7 di1daz — d21di2

We can now compute the n;(L,d) and find that
i (L,0) = 26, (0"°)%e ™25 4 2p;(1 + 0)(d0)2e 214D *Ls 4 O(e 3N L0,

in which

e — 1, if Tjj}+1 S {81751 OSQ} oo — 1, if Tjjjj-&-l S {82751 082}
IT =1, if TiThy € {id, S} » MIT 21, i T T4 € {id, S1)

The bifurcation equations n;(L, ) = 0 are exactly of the same form as the ones in [9, Section 4.2], and they
have a local branch of solutions L; = L;(d), with L;(0) = oo, for 6 < 0 if « < 1, and for § > 0 if o > 1,
provided €;x; < 0. This yields the following existence result for multipulse homoclinic solutions.

Theorem 3.10. Assume that Hypothesis 3.6 holds and that p > 0 is sufficiently small. Then the system
(3.12) possesses 2N+1 homoclinic solutions with N excursions away from the origin, for small § < 0 if o < 1
(resp. 6 > 0if « > 1). Their N excursions away from the origin lie close to those of either u? or & OSgu*"S,
and either Slu*’é or 82’11/*’6, in a strictly alternating sequence.

4. EXAMPLES

In this section we consider some physically relevant examples for which the preceding theory holds.

4.1. Bose-Einstein condensates: one component

As a first example, consider the governing equations for a one-component Bose-Einstein condensate, i.e.,
the equations (1.4) with N = 1. Clearly, steady solutions satisfy a system of the form (2.1). Assuming
that the potential V' is one-dimensional and satisfies Hypothesis 2.2, the result in Theorem 2.5 holds. In
particular, this holds true for potentials of the form

V(x) = —Voz? + Vi cos 2,

where the term Vp2? corresponds to the application of a magnetic trap, and the term V; cos 2z models the
creation of an optical lattice via counter-propagating laser beams (e.g., see [13] and the references therein).
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4.2. Bose-Einstein condensates: two components

Next, consider the governing equations for a two-component Bose-Einstein condensate, i.e., the equations
(1.4) with N = 2. Clearly, steady solutions satisfy a system of the form (3.1). Assuming that the potential
V' is one-dimensional and satisfies Hypothesis 3.2, the result in Theorem 3.4 holds under the assumption
that the intra-species and inter-species interactions are attractive, i.e., that aj, > 0. If Vi (x) = Va(z), then
the existence criteria for the coefficients can be simplified (see [14] for a discussion on physically appropriate
parameter values for the matrix A in (1.4); see also Section 5.3 for the case of three spatial dimensions and
some more details).

4.3.  Photorefractive media

Consider the two-dimensional steady-state problem

Ey
(1+Io(z))(1+ Q%)

in which Iy is a one-dimensional potential depending upon z. The equation (4.1) arises as the steady-state
problem in the study of the propagation of light in a photorefractive crystal (see [15] and the references
therein). Though not exactly of the form (2.1), the approach in Section 2 can be easily extended to this
equation, provided Iy is such that the operator

AQ —wQ — Q =0, (4.1)

Eo

L= aa:m P U

satisfies Hypothesis 2.2. The resulting reduced equation is of the form (2.11) with

4
g1 ()
e =Ey | I qp >,
! 0/Rl+fo($)

showing, in particular, that the result in Theorem 2.5 holds in this case.

5. DISCUSSION

We conclude with a brief discussion of some possible extensions of this approach.

5.1.  Periodic potentials

The present approach can be adapted to the case of periodic potentials. The major difference consists
then in the choice of the function space in the spatial dynamics formulation, the spaces of functions defined
on the whole real line should be replaced by spaces of periodic functions. The period of these functions
can be any integer multiple of the period of the potential. As a consequence, the two-dimensional waves
constructed in this way are periodic in x. Their profile in y is determined again by the nature of the bounded
orbits of the reduced system (localized for homoclinic orbits, periodic for periodic orbits, etc.).

5.2. Boundary conditions

The focus of this paper was on spots and stripes, but the present approach allows to construct other
types of waves, as for instance the waves which correspond to quasi-periodic orbits or to homoclinic orbits
to periodic orbits in the reduced system. In addition to such waves, one can also construct solutions which
in the direction y satisfy certain boundary conditions such as Dirichlet or Neumann boundary conditions.
Consider, for example, the simplest situation of the first bifurcation in Section 2.2 and restrict to real-valued
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solutions. In this case the reduced system is the second order ODE (2.13) for which the phase portrait is
entirely known. In particular, for suitable u and c¢1, this equation has even orbits with the property that
a1(—yx) = a1(y.«) = 0, for some y.. Upon using the discrete symmetries of the equation, going backwards
the steps in the reduction procedure one can show that these orbits correspond to solutions to (2.1) which
satisfy the Dirichlet boundary conditions Q(—y.) = Q(yx) = 0, on the interval [—y., y.]. Similarly, one can
construct solutions satisfying Neumann boundary conditions.

5.3.  Higher dimensions

The equations considered in this paper are all planar, i.e., the spatial domain is R2. It is not difficult to
see that the same results hold in higher space dimensions R?*!, d > 1, when z € R is replaced by = € R¢,
provided the potential V' is nearly d-dimensional and satisfies the spectral Hypothesis 2.2 or Hypothesis 3.2.
In particular, consider the results of Section 3.2 in the case of d = 2 with Vi (x,2) = Va(z,2) = 22 + 2%. In
this case y; = —2 with associated eigenfunction of

/1
g11 = —e’rz/z, r? =% + 2%
™

The coefficients d;; after (3.5) satisfy

o0
dij = a;; // g‘lll dA = 27raij/ rg‘lll(r) dr.
R2 0

The physically relevant assumption is a12 = as21; hence, for j = 1,2 set
_
a12

Since a12 > 0 the assumptions under Hypothesis 3.6 eventually become a1 # as with

—(2— 6—k
(a1 —1)(az — 1) > 0; GQ#M, cp = for k € {1,3,4,5}.
cral — 1 4

As an application of Theorem 3.10 one then has the existence of N-spots of the form

Uj(r, z) o< /i g1 (r)ésn (y),

where ¢; n is one of the N-pulse solutions described in Theorem 3.10.

5.4. Multiple eigenvalues

The main hypothesis on the potentials considered here is on the existence of a finite number of isolated
eigenvalues for the operator £ that we assumed to be simple. However, the latter assumption can be dropped
and the same approach can be used in the case of eigenvalues with finite multiplicities. In such a situation
one then expects higher dimensional center manifolds; for example, for the first bifurcation the dimension
would be twice the multiplicity of the eigenvalue for the real-valued solutions, and four times the multiplicity
of the eigenvalue for the complex-valued solutions. However, on such manifolds the question of persistence
of bounded orbits may require a very different analysis.

As an illustration, using the notations from Section 2 assume that =9 is algebraically and geometrically
double, and that 1 is simple. We look at the second bifurcation at w = 79, so that we set w = v + p.
We then have the system in (2.16), and in (2.17) the eigenvalue zero is now algebraically quadruple and
geometrically double:

keI‘(Ag) = Spa’n(el7f1)7 gker(AQ) = Spa‘n(el7 thfla.fQ)a
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61<902>,62<go2>; fl(%>3f2(gog>a

and ¢go, g3 form an orthonormal basis for the eigenspace associated with the double eigenvalue 5.
Upon continuing to follow the argument leading to (2.18) one defines the spectral projection as

PQ=(Q,er)er +(Q e2)ex + (Q.F1)F 1 +(Q, f2)f» +(Q.FINF y +(Q.F)f
where f, fftd are as in Section 2.3. The Ansatz for the reduction now becomes

Q(y) = ai1(y)er + az(y)ea +br1(y)f1 + b2(y)f2 + By)f . + By)f - + R(y), (5.1)
where PR(y) =0 for all y € R and

where

® ay,as,by, by are real-valued
e B is complex-valued.

After using the center-manifold reduction one finds a six-dimensional reduced system which is reversible,
i.e., the vector field anti-commutes with the symmetry

7?’(a/la az, bla b2a B) = (ala —az, b17 _b27§)7
and which commutes with the symmetry
S(ai,az,b1,ba, B) = (—ay, —az, —by, —bs, —B).

Since (g, gx) = djk, the truncated normal form for the equations on the center manifold is eventually seen
to be of the form

A1y = G2
asy = par — co ({95, g2)a$ + 3(g3 g3, g2)atbr + 3(g293, g2)arbi + (g3, g2)b})
biy = bo (5.2)

by = pb1 — co ({93, 93)ai + 3(g593, gs)aiby + 3(g293, g3)ar1bi + (g3, g3)b?)
By = i\/")/g -7 B.
(compare to (2.19)). As a consequence of the symmetries R and S all other terms in the expansion are
necessarily of higher order.
Now let us consider a concrete example for which the above scenario holds. Consider (1.4) when N =1

and d = 2 with V(z, z) = 22422, The spectra and eigenfunctions for —A+V is well-understood; in particular,
the first two eigenvalues, as well as the associated eigenfunctions, are given by in polar coordinates by

1 2
Mm=2 g1= \/>6T /2
T
2 2
Yo =4, g2 = \/71“6’“2/2 cosf, g3 = \/77"6’”2/2 sin 6.
™ ™

The inner products in the coefficients of the system (5.2) can then be explicitly computed as

3

(g593) = (g293) =0, (g5.92) = (g93,93) = 3(g3.93) =c1; 1= 1287

The system (5.2) then collapses to
a1y = a2
Aoy = pa1 — €101 (a% + b%)
by = b (5.3)
by = pby — c1by (af + b7)
B, =iV2B,
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which upon setting A; = a; +ib;, j = 1,2, becomes

Ay = A
Aoy = Ay — c1 A1 Aq)?
B, =iV2B.

Clearly, the first two equations give the NLS equation (2.11), so that for B = 0 one finds the solutions in
the list following (2.11). For A; = 0, one finds again the periodic solutions B(y) = ¢!V2¥B(0). It is expected
that the periodic solutions persist for the full normal form, whereas the homoclinic orbit to zero only persists
as a homoclinic orbit to periodic orbits, just as in the case of the second bifurcation in Section 2.3.
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