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We study the existence and stability of solutions of the two-dimensional nonlinear Schrodinger
equation in the combined presence of a parabolic and a periodic potential. The motivating physical
example consists of Bose-Einstein condensates confined in an harmonic (e.g., magnetic) trap and
an optical lattice. By connecting the nonlinear problem with the underlying linear spectrum, we
examine the bifurcation of nonlinear modes out of the linear ones for both focusing and defocusing
nonlinearities. In particular, we find real-valued solutions (such as multipoles) and complex-valued
ones (such as vortices). A primary motivation of the present work is to develop “rules of thumb”
about what waveforms to expect emerging in the nonlinear problem and about the stability of those
modes. As a case example of the latter, we find that among the real-valued solutions, the one with
larger norm for a fixed value of the chemical potential is expected to be unstable. © 2008 American

Institute of Physics. [DOI: 10.1063/1.2897311]

Herein, we consider the existence and stability of weakly
nonlinear solutions of a nonlinear Schrodinger equation
with a harmonic and a periodic potential in two space
dimensions. The form of the potential is motivated from
the dynamics of Bose-Einstein condensates in the pres-
ence of a magnetic trap and optical lattice. We use
Lyapunov-Schmidt theory to rigorously establish the ex-
istence of multipoles and vortices in the presence of at-
tractive and repulsive nonlinear interparticle interac-
tions. When considering the spectral stability of these
nonlinear solutions, we use another Lyapunov-Schmidt
analysis to develop a “rule of thumb” to determine which
of the multipoles are dynamically unstable. The results
are corroborated with numerical computations.

. PHYSICAL MOTIVATION

In the past few years, there has been a tremendous focus
of research effort on the study of Bose—FEinstein condensates
(BECs)."? This context has provided a wide array of inter-
esting phenomena, not only because of the very precise ex-
perimental control that exists over the relevant setups,3 but
also because of the exciting connections that the field opens
with other areas of physics such as nonlinear optics and wave
theory. This is to a large extent due to the very efficient
mean-field description of BECs, based on a classical nonlin-
ear evolution equation of the nonlinear Schrodinger type;
namely, the Gross—Pitaevskii (GP) equation.l’3
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The main novel feature offered in the context of the
current experimental realizations is the unprecedented con-
trol over the external potentials that are used to confine the
ultracold bosonic atoms. In particular, such confinement is
primarily harmonic, and was first implemented by magnetic
fields and later by optical fields as well; this type of confine-
ment is very accurately modeled by a parabolic potential at
the GP level. Optical fields are also used for the creation of a
periodic confining potential known as “optical lattice.” The
latter is generated by counterpropagating laser beams whose
interference produces the desired potential, and is modeled
by trigonometric periodic potentials in the GP equation. Rel-
evant reviews concerning the above features, and discussing
the dynamics of BECs, as well as the coherent nonlinear
structures arising in them, have already appeared. These in-
clude extensive studies on bright solitons in BECs,4 vortices
in BECs,”® instabilities in BECs,” hydrodynamic/kinetic
theory aspects of the superfluid dynamics,8 and, finally, the
behavior of BECs in optical lattice potentials.()‘lO Inasmuch
as the study of matter waves in BECs is an extremely active
area of research for which new books'' and reviews'? con-
tinue to emerge, we should alert the interested reader that
this list is meant to be representative rather than exhaustive.

It is well known that the effective nonlinearity, which is
induced by the interparticle interactions, sustains the exis-
tence of a variety of macroscopic nonlinear structures in the
form of matter-wave solitons which, importantly, have been
observed in experiments. These include bright solitons'? for
attractive interactions (focusing nonlinearity in the GP equa-
tion), and dark solitons,* as well as gap solitons,"” for repul-
sive interactions (defocusing nonlinearity in the GP equa-
tion). One technique that has been perhaps slightly less used
(as compared to purely nonlinear dynamics techniques) for
the study of such structures relies on the continuation of
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linear states into nonlinear ones. This idea has been explored
at the level of the respective stationary problem for one-
dimensional and higher-dimensional (and particularly radi-
ally symmetric) states in the presence of harmonic trapping
(see, e.g., Refs. 16—18 and references therein). On the other
hand, the dynamics of such nonlinear states arising from the
continuation of their linear counterparts has been explored
through the so-called Feshbach resonance management tech-
nique, which allows the temporal variation of the
nonlinearity.19 Finally, the same idea has also been explored
in the one-dimensional case from the point of view of bifur-
cation and stability theory (see, e.g., Ref. 20). All of the
above studies were either at the level of one dimension or at
the level of multidimensions, but in the presence of an har-
monic trap only.

Our aim in the present work is to expand the analysis
presented in Ref. 20 to the two-dimensional setting. We will
provide a perturbative characterization of the nonlinear exis-
tence and stability problem from the linear limit for BECs
under magnetic and optical confinement. One of our goals is
to provide general rules of thumb for the characterization of
the types of states that bifurcate from the linear limit and of
their corresponding stability. In addition to the general fea-
tures, we provide a detailed analysis. In the case of the ex-
istence problem this determines the approximate nonlinear
solution profiles, which to leading order are appropriate lin-
ear combinations of the linear states. In the case of the spec-
tral stability problem, it allows us to evaluate the bifurcation
of both O(e), where € represents the strength of the nonlin-
earity, and O(1) eigenvalues, which may lead to instability
through real pairs or complex quartets.

Our presentation is structured as follows. In Sec. II we
give the general mathematical framework of the problem and
some of the main theoretical conclusions. In Sec. III we
present some motivating numerical examples showcasing the
validity of our findings. We will then determine the existence
(Sec. IV) and stability (Secs. V and VI) of the solutions of
the nonlinear two-dimensional problem that emerge from the
linear limit. Finally, in Sec. VII we briefly summarize our
results.

Il. MATHEMATICAL SETUP AND MAIN RESULTS

Consider the following GP mean-field model for a disk-
shaped (quasi-two-dimensional) BEC confined in both an
harmonic (e.g., magnetic) trap and an optical lattice (see,
e.g., Ref. 7 for the derivation and details on the normaliza-
tions):

ig,+ 3Aq + wg + algl’q = GO + Y]+ Vo[p(x) + p(»)]g,
(2.1)

where a e {-1,+1} is positive (negative) for attractive (re-
pulsive) interatomic interactions, w € R is the chemical po-
tential, ) € R* represents the strength of the magnetic trap,
Voe R represents the strength of the optical lattice, and
p(-):R—R is L-periodic and even and is a model for the
optical lattice; finally, g represents the condensate’s mean-
field wavefunction. The above GP equation can be rescaled
in the so-called harmonic oscillator units, so that the strength

Chaos 18, 023101 (2008)

of the magnetic trap is independent of (). Thus, rescaling the
variables of Eq. (2.1) as

~_ 4
N q._?

X:= \s'ﬁx, 57:: \,’Qy7 7= Q[, =
VQ

k)

2le

(2.2)

and dropping the tildes, the following equation is obtained:

o
igi+5Aq+ wq +adlql’q

1 V
[t blalolzllh oo

Notice that in the above formulation if 0<<{)<<1, then the
optical lattice is rapidly varying with respect to the magnetic
trap. Furthermore, it is noted that once a solution g(x,¥,7) to
Eq. (2.3) has been found, the solution to Eq. (2.1) is recov-
ered by

q(x,r) = v’ﬁc} ( v’ﬁx, \s@y, Qt) .

It should also be mentioned here that the above mean-field
model is applicable for sufficiently weak optical lattices. For
strong optical lattices, quantum fluctuations become relevant
and the system enters into the Mott-insulating phase,21 which
invalidates the assumptions of the mean-field description
leading to the GP equation discussed herein.

The goal of this paper is to consider the existence and
spectral stability of small solutions to Eq. (2.3). In particular,
we will consider steady-state solutions of the form

0= (X1 + V14 + 1y2q1) € + Oe),

where x;, y;, y,€R and g, is an eigenfunction for the
linear problem that has the property that there are m vertical
nodal lines and n horizontal nodal lines [see also Eq. (4.3)].
The particular values of x;, y;, and y, depend implicitly
upon the trap parameters V,, and (), as well as whether j+k is
odd or even (see Sec. IV). The formal small parameter €
characterizes the size of the deviation from the linear limit in
our weakly nonlinear analysis. The following result will be
shown:

Proposition I1.1: There exist two distinct steady-state
real-valued solutions to Eq. (2.3) for €>0 sufficiently small:

(@) O=x,(q;x+qr)€*+O(e), where x, is given in Eqg.
(4.10);
(b) Q:p(cos(qu,k+sin(qu,j)el/2+0(6), where p,¢ are

given in Eq. (2.3) (=0 if j+k is odd).

There exists one distinct steady-state complex-valued so-
lution to Eq. (2.3) for €>0 sufficiently small:

0= p(qj,k + equ,j)fllz +0(e),

where (p, ) is given in Eq. (4.18) (¢=/2 if j+k is odd).
For all of the solutions, the chemical potential satisfies
w0~ N\ +wy€ with aw, <0, where \;  is defined in Eq. (4.2).

Remark I1.2: If the optical lattice is not present, then
there will be only one distinct real-valued solution, and all
other real-valued solutions will be related via the SO(2) spa-
tial rotation symmetry. The lattice acts as a symmetry-
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breaking term that preserves the discrete D, square symme-
try; hence, the existence of the second distinct solution.
Once the existence of these small waves has been deter-
mined via a Lyapunov—Schmidt reduction, we consider the
problem of determining the spectrum for the appropriate lin-
ear operator. There will be two sets of eigenvalues to con-
sider:

(a) the O(e) eigenvalues which arise from the reduction;
(b) the O(1) eigenvalues that may possibly lead to oscilla-
tory instabilities via a Hamiltonian—Hopf bifurcation.

We completely characterize the location of the O(e) ei-
genvalues analytically (see Sec. V), and we find that:

(a) if j+k is odd, then the real-valued solution with the
larger number of particles for a fixed value of the
chemical potential is unstable, whereas the other one is
spectrally stable [at least with respect to the O(e)
eigenvalues];

(b) if j+k is odd, then the complex-valued solution is spec-
trally stable [at least with respect to the O(e) eigenval-
ues];

(¢) if j+k is even, then there is numerical evidence to sup-
port the conclusions of (a) and (b).

We will only briefly discuss the unstable eigenvalues that can
be created via the Hamiltonian—-Hopf bifurcation (see Sec.
VI). Regarding the O(1) eigenvalues, we find that the
complex-valued solution will be spectrally unstable if the
ratio V/Q lies in the HH vortex resonance band. Otherwise,
our analysis is inconclusive, and we need to numerically de-
termine the spectrum (see Sec. III for an example).

lll. NUMERICAL EXAMPLES

In this section we numerically show a motivational illus-
tration of the most fundamental case among the ones dis-
cussed in this work; namely, the one with (j,k)=(0,1). As
discussed in Proposition II.1, two distinct real solutions
emerge from the linear limit; namely, the mode involving
0~q€'? (related to g ,€"? via the discrete D, square
symmetry) and the one involving Q~ (g, +¢o)€"?. These
modes are related by SO(2) rotation symmetry in the limit of
Vy=0, but become distinct for V;# 0. This relationship is
clearly shown in panels (A)—(D) of Fig. 1, which show the
modes for V=0 and V;=0.5. Figure 2 reveals their respec-
tive stability properties by showing the eigenvalues with
nonzero real parts (top panels of Fig. 1) as well as the
squared L?-norm, physically associated with the number of
atoms in the BEC (bottom panels of Fig. 1). Additionally, in
panels (E)-(H), we also show a complex-valued solution Q
~(q10+iqo,1)€"? representing a vortex™® that is always
found to be spectrally stable.

Regarding the stability of the two real states, we note
that as indicated above the state Q~q1y06” 2, which has the
larger norm (see the bottom panel of stability in Fig. 2), is
indeed the one which is always unstable due to a real eigen-
value pair (see the top right panel of stability in Fig. 2).
Additionally, that solution possesses the interesting feature,
illustrated in the top left panels of stability, that a second
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FIG. 1. Panels A and B show the solution proportional to g, o for V=0 and
Vy=0.5, respectively. Panels C and D show the same features for the second
distinct real mode; namely, the one proportional to g y+qo ;. The bottom
panels show the modulus (panels E and G) and phase (panels F and H) of
the vortex configuration proportional to ¢, o+iqg ;. These profiles have been
obtained for parameter values {1=0.3 and w=1 and for a defocusing non-
linearity (a=-1); profiles pertaining to the focusing nonlinearity (a=+1)
have also been similarly obtained.

unstable eigenmode arises due to an eigenvalue quartet for
0.05<V;<0.15, while for V;,>0.17, one of the two pairs of
the quartet becomes real constituting a secondary instability
that eventually becomes the dominant mode, for sufficiently
large V; this justifies the presence of two modes in panel A
of stability. On the other hand, as predicted, the solution QO
~(q10+qo.1)€"?* is stable for small V,. However, for 0.09
<V;<<0.39, it becomes unstable due to a complex eigen-
value quartet stemming from the collision of two pairs on the
imaginary axis; in fact, a second such quartet emerges for
0.3<V;<0.38. The bifurcation of these two quartets (both
as a function of V, and as a case example for V,=0.35) is
shown in panels (d) and (e) of Fig. 2.

Finally, we have also investigated the dynamics of these
unstable solutions when evolved according to the original
Eq. (2.1). In particular, in Fig. 3, the evolution of the solution
proportional to ¢, for V,=0.1 and V(,=0.5 (top and middle
panels of the figure, respectively), and of the solution pro-
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FIG. 2. (Color online) Panel (a) shows the dependence of the most unstable
eigenvalues’ real part on V, (top), while panels (b) and (c) show two typical
examples of the spectral planes for V,=0.1 and V;,=0.2, respectively, for the
solution proportional to g, . Panels (d) and (e) show corresponding features
for the solution proportional to ¢, g+¢g [the spectral plane in panel (e) is
shown for V;=0.35]. Finally, panel (f) shows the squared L* norms (propor-
tional to the number of atoms) for the two real (thin solid and dashed lines)
and the one complex (thick solid line) modes.

portional to ¢ g+iqq for Vy=0.25 (bottom panel) is shown.
In all the cases, we observe that the instability eventually
destroys the configuration leading to an oscillatory behavior.
It can be noted that the time that it takes for the perturbations
to manifest the instability is larger, the smaller the instability
growth rate. Furthermore, in the evolution with V(=0.1, the
optical lattice is fairly weak and the breakup dynamics (lead-
ing to alternations of the high density region) seem to have a
rotational character whereby these regions rotate around the
center of the condensate. This is not so in the case of the
strong lattice for V;=0.5, where the oscillatory density dy-
namics is present, but any rotation is absent. Finally, in the
bottom panel oscillatory dynamics between the two high
density lobes of the g, y+igq; solution is also observed.
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FIG. 3. (Color online) Panel (a) shows the space-time evolution of a typical
contour of the solution proportional to g, o for V,=0.1. Panel (b) shows the
same but for the case with V;=0.5, while panel (c) shows the solution
proportional to g, o+¢o spatiotemporally evolving for the case with V
=0.25. These results are for the same solution parameters, 1=0.3 and
=1 and a=-1, as used in profiles.

IV. EXISTENCE OF NONLINEAR SOLUTIONS
A. The eigenvalue problem

In order to apply the Lyapunov—Schmidt reduction to
find nonlinear solutions in the case of weak nonlinearity, one
must first understand the spectrum (L) of the operator £
=L, +L,, where for a e {x,y}
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1 1 Vi a
L= =~ =g+ —a?+ 2p[ =), 4.1
a 2 o~ Wa 2“ QP \J,ﬁ ( )

Since £ is the sum of one-dimensional Schrédinger opera-
tors, by using separation of variables one deduces that if
N, € o(L,) with associated eigenfunction g,, then N\ +\,
€ o(£) with associated eigenfunction g,(x)g,(y). Thus, it is
sufficient to consider the operators L. A study of these op-
erators was done in Ref. 20, from which one can deduce the
following:

(a)  a(L,) is solely composed of point spectrum, and each
eigenvalue is simple;

(b)  the eigenfunctions form a complete orthonormal
basis;

(c)  each eigenfunction g, (@)
condition

satisfies the decay

|qn,a(a)|ea2/8 = C, a e R

Let us order the simple eigenvalues of £, as Ny ,<\|,
<+, and denote the associated eigenfunctions by g; ,(-).
Since p(-) is even, one has that g; ,(-) is even if j is even, and
is odd if j is odd.

As will be further discussed in Sec. IV, it is of interest to
determine those solutions which arise from the linear limit in
which an eigenvalue has multiplicity 2 (see Ref. 22 for the
case of eigenvalues with multiplicity 3). As stated above, the
eigenvalues of £ are given by

)\j»k = )\j,x + )\k,y’ (4.2)
and the associated eigenfunction is given by
4jx(x.y) = q; () gy, (v).- (4.3)

In order for an eigenvalue to be semi-simple, one then re-
quires that

Aj,k = )\j’,k'

for some (j',k")# (j,k). Such a scenario easily arises, for
Nj k=N for any pair of j,k e Ny with j#k.

B. The Lyapunov-Schmidt reduction

If the eigenvalue is simple, then a straightforward appli-
cation of the Lyapunov—Schmidt reduction yields that there
is a small nonlinear solution of the form

Qj,k(x’y) = ECIj,k(x,Y) +0()

for w chosen so that w=X\;;+O(e) (Ref. 23, Chap. 7). Fur-
thermore, it can be shown that the bifurcation is subcritical if
a=+1, and is supercritical if a=—1 (see Sec. IV of Ref. 20).

The interest herein will be the case that the geometric
multiplicity of the eigenvalue is 2. Note that Eq. (2.3) is
invariant under the actions

(g:x,9) = (=q:x.y), (g:x,y) = (g:—x.y),

(g:x,) = (g;x,— y);

thus, the bifurcation equations derived via the Lyapunov—
Schmidt procedure will have a (Z, ® Z,)-symmetry. Further-
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more, one has the gauge symmetry g— ge'’. As noted in Sec.
IV A, one has that \; ;=N\ ; for any j,keN,. It will hence-
forth be assumed in this section that N, #\;; for
(', k") €{(j,k),(k,j)}. Following the ideas presented in Ref.
22, choose w so that the nonlinear solution can be written as

0= (X1q4 + V14 +1y2q1) € + O(e),
(4.4)
W=\ + wye+ O(e?),

where x;,y;,y, € R. Here the gauge symmetry is being im-
plicitly used. Set w:=aw, Upon using the Lyapunov-
Schmidt reduction, and the fact that g;.(-)=g;,(-), one sees
that the bifurcation equations are given by

0=x[p+Ax; + B3y} +y3)]+ Cy [3x] + ] + 3],

0=yi[p+AQT+y) +3Bx7]+ Cx,[x] +3y7 +y3], (4.5
0=yolp+AQ] +y3) +Bxi +2Cx;y;].
The coefficients in Eq. (4.5) are given by

A= g B= ()% Ci= gk (4.6)

where

+00
8ijkt = J qi,xqj,qu,xq{’,xdx'

—o0

Note that Eq. (4.5) inherits the (Z,® Z,)-symmetry via the

invariances
(X1, y1y2) = (=x,=y1y2),  (pynya) = (L= y2).

Further note that since p(-) is even, if j+k=2€+1 for some
€ € Ny, then C=0. Finally note that A,B € R*, whereas the
sign of C is indeterminate.

C. Real-valued solutions

Suppose that y,=0. Upon setting

X|:=pcos @, y:=psing, (4.7)
Eq. (4.5) becomes
0=cos ¢ s+ Ap® cos® ¢+ 3Bp? sin® ¢]
+ Csin (2 + cos 2¢)p?,
(4.8)

0 =sin @[ u + Ap? sin® @ + 3Bp? cos® @]
+Ccos @(2 —cos 2¢)p°.

In turn, upon using the appropriate trigonometric identities
Eq. (4.8) can be rewritten as

0=cos 2¢[u + (A + Csin 2¢)p*],

(4.9)
0=+ 3[A(2 - sin® 2¢) + 3B sin® 2¢ + 2C sin 2¢]p”.

First suppose that cos 2¢=0 in Eq. (4.9). One then has that

pzz_z—'“
A+3B=*4C’

which from Eq. (4.7) yields the solutions
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2_ .2 Jd
xX|=yi= (4.10)

T A+3B*4C
Now suppose that cos 2¢ # 0. One then has that
p? sin 2¢[(A — 3B)sin 2¢ - 2C] = 0.
If sin 2¢=0, then an examination of Eq. (4.8) shows that one
gets a valid solution if and only if C=0. Otherwise, one
necessarily has that
2C ) M

A-38 P T T A+Csin2e

Note that if C=0, then Eq. (4.11) reduces to

sin2¢ = (4.11)

(X%,y% = (_ :;_L’O)’ (xiy% = (O,_ ff) (C= 0) (412)

D. Complex-valued solutions

Now suppose that y, # 0. Upon setting

V1= pcos e, y,i=psing, (4.13)

Eq. (4.5) becomes

0 =x;[ i+ Ax? + B(2 + cos 2¢)p’] + Cp cos ¢[3x] + p?],

0=pcos g[pu+Ap®+3Bxt] + Cx;[x] + (2 + cos 2¢)p?],
(4.14)

0=m+Ap®+ Bx}+2Cx;p cos ¢.

Upon substituting the last equation in Eq. (4.14) into the
second equation and simplifying, one sees that

0 =x,[u+Ax; + B(2 + cos 2¢)p] + Cp cos ¢[3x] + p*],

0 =x,[2Bx;p cos @+ C(x] + p?)], (4.15)
0=p+Ap? +Bx% +2Cxp cos ¢.

Now assume that x; # 0; otherwise, by the gauge invariance
one is back to looking for real-valued solutions. Upon sub-
stituting the second equation of Eq. (4.15) into the first equa-
tion and simplifying, one gets

0=x,[;u+Ax? + Bp> + 2Cx;p cos @],

0 =2Bx;p cos ¢ + C(x} + p?), (4.16)
0=u+Ap*+ Bxf +2Cx;pcos ¢.

From Eq. (4.16), one now gets that
(A=B)(p*-x})=0. (4.17)

Since the Holder inequality implies that B<A, and since
generically the inequality is strict, one now sees that p2=x%.

Chaos 18, 023101 (2008)

Plugging this into the second equation of Eq. (4.16) and
simplifying yields

- ( = )
COS @ -+ X zp),
B !

(4.18)
p’=- £
A+B-2|Ccos ¢|
Note that if C=0, then the solution becomes
(3 =——E—(1,0,1) (C=0). (4.19)
A+B

V. STABILITY: SMALL EIGENVALUES

The theory leading to the determination of the spectral
stability of the solutions found in Sec. IV will depend upon
the results presented in [Ref. 22, Sec. 5.1] and Refs. 24-27.
Upon taking real and imaginary parts via g:=u+iv, and lin-
earizing Eq. (2.3) about a complex-valued solution Q=U
+1V, one has the eigenvalue problem

JLu=\u, (5.1)
where

0 1 30U+ V?
J:: N [:::([,0—60)1—61

20V )
-1 0 20V ’

U? +3V?

and

Ly:=~ %(5f+ %)+ %(x2+y2) + %{4%—) +p(\%>}

Consider _the solutions described
U,V=0(\e), one has that in Eq. (5.1)

in Sec. IV. Since

L=(Lo—N)1+0(e).

Since by assumption dim[ker(Ly—N\;;)1]=4, one has that for
Eq. (5.1) there will be four eigenvalues of O(e). Two of
these eigenvalues will remain at the origin due to the sym-
metries present in Eq. (2.3); in particular, the gauge symme-
try, which leads to the conservation of the number of par-
ticles N, where

N:= f f lq(x)]* dx.
R?

Consequently, there will only be two nonzero eigenvalues of
O(e). Unfortunately, the perturbation calculations presented
below will be insufficient to fully determine the spectral sta-
bility of the solutions, for it is possible that O(1) eigenvalues
of opposite sign collide, and hence create a so-called oscil-
latory instability associated with a complex eigenvalue. This
issue will be considered briefly in Sec. VI. The interested
reader should also consult Sec. 6 of Ref. 22 and the refer-
ences therein.

The determination of the O(e) eigenvalues can be found
via a reduction to a finite-dimensional eigenvalue problem.
To see this, consider Eq. (5.1) written in the form
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0 1
\7:: -1 0 ’ £=A0+€£E,

with

L, B )
. (5.2)

Agi= (Lo=Npl Le= ( B r

Here it is assumed that 0<<e<<1, and that the operators £
and B are self-adjoint on a Hilbert space H with inner prod-
uct (-, -). Furthermore, it will be assumed that the operators
satisfy the assumptions given in Sec. 2 of Ref. 24.

Assume that the orthonormal basis for ker(L) is given
by

ker(Ay) = Span{¢|, ¢,}. (5.3)

As seen in Ref. 28, Sec. 4, upon writing
2 2
=2, (0,0 + 2 02,(0.0)" + Ole),
j=1

j=1

N=e\ + O(),

the determination of the O(e) eigenvalues to Eq. (5.2)

is equivalent to the finite-dimensional eigenvalue
problem
0 1 &.sz>
Sx=Nx; J:= , S:= , 5.4
JSx x; J (_1 0) (52 s (5.4)
where
(Si)ij=<¢’i’£i(Pj>a (SZ)ij=<QDi’B(Pj>‘ (5.5)

S 1 2(A+3B+4c sin 2¢ + 3(A - B)cos 2¢
+TTP 6(B sin 20+ C)

Another routine calculation then shows that the nonzero
O(e) eigenvalue satisfies

A-B
2
A =-p

- A-3B+2C)(A-3B-20C).
ey X )

(5.9)
It is interesting to compare the results of Egs. (5.8) and (5.9).
In the case C=0, i.e., j+k is odd, there is a selection mecha-
nism defined by the quantity A-3B. If A-3B>0, then the
solution defined by Eq. (4.10) has a positive O(e) real eigen-
value, whereas that defined by Eq. (4.11) has both O(e) ei-
genvalues being purely imaginary. The situation is reversed
if A—3B<<0. Thus, the underlying trap geometry selects the
stable and unstable configurations. See Fig. 4 for a plot of
A-3B against V|, for various values of (j,k). For C+# 0, the
selection mechanism is defined by considering the sign of the
quantity (A—3B)?>-4C>.
Recall that
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A. Reduced eigenvalue problem: real-valued
solutions

In this case one has B=0 with

£+:—wp—3aU2, E_:—wp—aUz, (5.6)

where Ue‘”2=x1qiyk+y1qk!j is given in Sec. IV C. Following
the notation in Eq. (5.3), write

C1=d4jk  P2°= Yk,- (5.7)

First consider the solution for which cos 2¢=0; i.e., Eq.
(4.10). In Eq. (5.4) one then has that S,=0, with

1 F1
S_=ap*(B * C)( )

F1 1
AxC +3(B* ()
S, =—ap*
* +3(BxC) AxC

A routine calculation then shows that the nonzero O(e) ei-
genvalue \=\,e+O(€) satisfies

N =2p*B = C)(A-3B F20C). (5.8)

Now consider the solution that satisfies Eq. (4.11). In this
case one still has §,=0; however, the other two submatrices
now satisfy

S 1 2((A—B)(1—cos2cp) —2(Bsin2<p+C))
T2\ _oBsin2¢+C) (A-B)(1+cos2¢) )’
and
6(B sin 2¢ + C) )
A+3B+4Csin2¢—3(A—-B)cos2¢ /"

0.5 1

0
Vo

FIG. 4. (Color online) A plot of A-3B vs V,, for p(x)=cos 2x, 1=0.3, and
(j,k) €{(1,0),(2,1),(3,0)}. Note that the trap geometry plays an important
role in the selection of the unstable configuration.
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0.05 |
0.025 1
0 fe
-1 —0.5 0.5 1

<ot

FIG. 5. (Color online) A plot of the quantities (A—3B)?>~4C? and A?
—-3AB+2C? for (j,k)=(2,0) and Q2=0.3. Note that both quantities are posi-
tive. Since A2~3AB+2C>>0 one has N,,—N,>0, while (A-3B)>-4C?
>0 implies that the solution defined by Eq. (4.10) has a real positive O(e)
eigenvalue, whereas the solution defined by Eq. (4.11) has purely imaginary
O(e) eigenvalues.

N=ff |g(x)[*dx.
RZ

Let N, represent N for the solution given in Eq. (4.10), and
let N, represent the solution given in Eq. (4.11). Upon using
the expansion in Eq. (4.4), one sees that

A-3B ¥ 2C) 1
Nw/4—No=( =20 3 se+0(e).
A+3B*4C A--3AB+2C
(5.10)
If j+k is odd, then Eq. (5.10) reduces to
Naa—No=———>--(A-3B)e+ O(e?). 5.11
w4~ No A(A+3B)( Je+O(€) ( )

From Eq. (5.11) and from the above analysis, one clearly
sees that the nonzero O(e) eigenvalues are real-valued for
the solution with the higher value of N. If j+k is even, then
the analysis is inconclusive on this point. However, in the
case that (j,k)=(2,0) one arrives at the same conclusion via
a numerical computation of the expression in Eq. (5.10), as
well as the quantity (A—3B)?—4C? (see Fig. 5).

B. Reduced eigenvalue problem: complex-valued
solutions

Let us now consider the solution given in Sec. IV D.
Recalling Eq. (4.17), without loss of generality let us set x;
=p. In this case one has with

L,=- wp—a(3U2+ V3, L_=- wp—a(U2+ 3V?),
(5.12)
B=-a2UV,

where Ue '2=p(q; 1+cos ¢q, ;) and V=p sin @q; ; are given
in Sec. IV D. Upon setting

Chaos 18, 023101 (2008)

B> - C?
B

E::

b}

and using Eq. (5.4) with Eq. (5.7), one eventually sees that

| E CE/B
S_=-2ap ) s
CE/B (AE-C?)/B
G-y 2(A—B+E - CEIB )
+STHP\ _CEB E+(A-B)CYB)
and
S,=2p"si (0 E )
= sin .
25PN\ B _(A-B)C/B

For C+#0 the expression for the nonzero eigenvalue is too
complicated to write down. However, in the case that C=0
one readily sees that the nonzero O(e) eigenvalue satisfies

N =—4p*(A% - B?). (5.13)

Since B<A with the inequality being generically strict, one
then gets that no instabilities are generated by the O(e) ei-
genvalues.

VI. STABILITY: O(1) EIGENVALUES

In Sec. V the O(e) eigenvalues were determined. Herein
we will locate the potentially unstable O(1) eigenvalues that
arise from a Hamiltonian—Hopf bifurcation. This bifurcation
is possible from the linear limit only if for the unperturbed
problem there is the collision of eigenvalues of opposite
sign.

Recalling the discussion in Ref. 20, Sec. IV B (also see
Ref. 22, Sec. 6), we assume that the wave is such that w
=\jx+O(e) with j>k. All eigenvalues N, ,#\;; with m
</ and n<k (which implies \,, ,, <\;,) will initially map to
the purely imaginary eigenvalues *i(\;;—N\,,,) with nega-
tive Krein signature, whereas those which satisfy m=j and
n=k will map to purely imaginary eigenvalues *i(\,,
—\; ) with positive signature. In particular, the simple eigen-
values \; ; and A will both map to the spectral point

App = i()\j,x - 7\k,x)~

Thus, Ayy is a semi-simple, purely imaginary eigenvalue
with at least multiplicity 2; furthermore, it is a nongeneric
collision of two eigenvalues with opposite Krein signature.
The bifurcation associated with Ay is discussed in Ref. 22.
Assuming that the multiplicity is exactly 2, the perturbed
eigenvalue is given by N=Agy+\ e+ O(€%), where \, is an
eigenvalue of the matrix iH/2eC>*2, where

Hy =~ (L + LO)Guoqur> Hypn =L+ L)qj5.q;

(6.1)
H,=-((L, - E—)‘]jp‘]kk> - i2<361jj,61k1<>, H, =- HTz
[see Eq. (5.2)].
Set
App == (Hyy - Hy)* - 4|H . (6.2)

If Ay >0, then \; € iR, so that no Hamiltonian—Hopf bifur-
cation occurs. On the other hand, if Apy<<0, then Re\;
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X107

FIG. 6. (Color online) A plot of Afyy, vs Vj [left panel, see Eq. (6.5)] and
Al vs V, [right panel, see Eq. (6.8)] for p(x)=cos2x, 02=0.3, and (j,k)
€{(1,0),(2,1),(3,0)}.

# 0, and a Hamiltonian—Hopf bifurcation does indeed occur.
Consequently, the quantity Ay can be used to detect these
bifurcations. If the calculations support the conclusion that
there is a Hamiltonian—Hopf bifurcation, then one can con-
clude that the wave is unstable. However, if Agy>0, then
one cannot necessarily conclude that there are no other un-
stable eigenvalues. It may be possible that other eigenvalue
collisions have occurred which have not been taken into ac-
count by this analysis (see, e.g., Ref. 22, Sec. 6).

A. Real-valued solutions

For the real-valued solutions one has B=0, and the op-
erators L. are given in Eq. (5.6). Upon using Eq. (6.1) and
the formulation given in Eq. (4.7), one eventually finds that

Hy =2d[p+2p%(g JjkkS ki + SN 29061]2'kkk)],

Hoy, =—2al p+ 20 (g juauins + Sin 207541, (6.3)

H,,=2ap*(Bsin2¢+ C).

Consider the solution for which cos 2¢=0; i.e., Eq. (4.10).
After some algebraic manipulation, one sees that

H, - Hy=4ap[A + 3B +4C sin 2¢ — ;g + i)

. 2 2
— Sin 290(gjkkk + gjjjk)]v

(6.4)

H,=2ap*(Bsin2¢+ C).

Note that in Eq. (6.4), if C=0, i.e., j+k is odd, then
H\ - Hy=4ap”[A+3B - g;u(8; + un) ]
H,,=2ap’B sin 2¢,

so that

r AHH 2 2

= =[A+3B - g;ju(gjjj+ )" —B°.  (6.5)

HH ™ 16420

A plot of this quantity is given in Fig. 6. Note that for the
values chosen, ALH>O, so that no Hamiltonian—Hopf bifur-
cation occurs.

Now consider the solution that satisfies Eq. (4.11). After
some algebraic manipulation, one sees that

Chaos 18, 023101 (2008)

H, - Hy=4ap”[A+ Csin2¢ - g;iul(g;iii + )

—sin 2<P(gjz'kkk + gjz'jjk)]’
(6.6)
H,,=2ap’(Bsin2¢+C).

Note in Eq. (6.6), that if C=0, then H,,=0. In this case it is
then straightforward to show that Ayy>0, so that no
Hamiltonian—Hopf bifurcation occurs.

B. Complex-valued solutions

For the complex-valued solutions, the operators £. and
B are given in Eq. (5.12). Upon using the formulation in Sec.
IV D, and setting without loss of generality x;=p, one even-
tually sees that

H\ - Hy=4ap”[A+B—2C cos ¢ —28;4(8j + Skkir)

—2cos (P(gjz‘kkk + gjz‘./iik)]’
| ©6.7)
Hy,=4ap’e¥(B+C cos ¢).

The quantity Ayy can now be computed. If C=0, i.e., j+k is
odd, then

Vo Apg
HH ™= 16420

=[A+B-2g;;(g;;; + &) " —4B>.  (6.8)
A plot of this quantity is given in Fig. 6. Note that for each of
the solutions that a Hamiltonian—Hopf bifurcation is possible
if V, is in a band henceforth denoted as that HH vortex
resonance band. Note that the geometry of the trap plays an
important role in the location of such an instability band.

Vil. CONCLUSIONS

In the present work we have developed a systematic
framework for understanding the solutions emerging in a
two-dimensional nonlinear Schrédinger equation with para-
bolic and periodic potentials. This study was motivated by its
physical relevance in the setting of disk-shaped Bose—
Einstein condensates under the combined effect of magnetic
and optical trapping. We have concluded that two distinct
real states and one distinct complex state can arise from each
of the eigenvalues of the linear problem in this setting.
Among the real states, the one with the larger norm for a
fixed value of the chemical potential will generically possess
a real eigenvalue pair in its linearization and hence will be
exponentially unstable. The other real state will possess
small imaginary eigenvalues with negative Krein signature,
which may become complex upon collision with other eigen-
values of the linear spectrum. The complex solutions repre-
sent either single vortex or multivortex nonlinear bound
states. These also possess negative Krein sign eigenvalues,
which may or may not become complex based on conditions
that depend predominantly on the nature of the geometry of
the underlying linear potential.

A natural extension of the present results that appears to
be tractable based on the formulation presented herein con-
sists of the fully three-dimensional problem. To the best of
our knowledge, this has not been considered in the combined
presence of both parabolic and periodic potentials, although
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isolated results do exist, e.g., about radially symmetric states
such as the ones of Refs. 16 and 17 as well as vortex rings
and related states discussed in the very recent review of
Ref. 29 (see also references therein).

ACKNOWLEDGMENTS

The work of T.K. was partially supported by the NSF
under Contract No. DMS-0304982 and the ARO under Con-
tract No. 45428-PH-HSI. P.G.K. gratefully acknowledges
support from NSF-CAREER, Contract Nos. NSF-DMS-
0505663 and NSF-DMS-0619492.

IC. 1. Pethick and H. Smith, Bose-Einstein Condensation in Dilute Gases
(Cambridge University Press, Cambridge, 2001).

’L. Pitaevskii and S. Stringari, Bose-Einstein Condensation (Oxford Uni-
versity Press, Oxford, 2003).

°F. Dalfovo, S. Giorgini, L. P. Pitaevskii, and S. Stringari, Rev. Mod. Phys.
71, 463 (1999).

‘E Kh. Abdullaev, A. Gammal, A. M. Kamchatnov, and L. Tomio, Int. J.
Mod. Phys. B 19, 3415 (2005).

SA. L. Fetter and A. A. Svidzinksy, J. Phys.: Condens. Matter 13, R135
(2001).

°p. G. Kevrekidis, R. Carretero-Gonzdlez, D. J. Frantzeskakis, and 1. G.
Kevrekidis, Mod. Phys. Lett. B 18, 1481 (2004).

P. G. Kevrekidis and D. J. Frantzeskakis, Mod. Phys. Lett. B 18, 173
(2004).

8C. Josserand and Y. Pomeau, Nonlinearity 14, R25 (2001).

°V. Brazhnyi and V. V. Konotop, Mod. Phys. Lett. B 18, 627 (2004).

190. Morsch and M. K. Oberthaler, Rev. Mod. Phys. 78, 179 (2006).

IlEmergent Nonlinear Phenomena in Bose-Einstein Condensates: Theory
and Experiment, in Springer Series on Atomic, Optical, and Plasma Phys-
ics Vol. 45, edited by P. G. Kevrekidis, D. J. Frantzeskakis, and R.
Carretero-Gonzdlez (Springer, New York, 2008).

I2R. Carretero-Gonzilez, D. J. Frantzeskakis, and P. G. Kevrekidis, “Non-

Chaos 18, 023101 (2008)

linear waves in Bose-Einstein condensates: Physical relevance and math-
ematical techniques,” Nonlinearity (submitted).

L. Khaykovich, F. Schreck, G. Ferrari, T. Bourdel, J. Cubizolles, L. D.
Carr, Y. Castin, and C. Salomon, Science 296, 1290 (2002); K. E.
Strecker, G. B. Partridge, A. G. Truscott, and R. G. Hulet, Nature
(London) 417, 150 (2002).

l4g, Burger, K. Bongs, S. Dettmer, W. Ertmer, and K. Sengstock, Phys. Rev.
Lett. 83, 5198 (1999); J. Denschlag, J. E. Simsarian, D. L. Feder, Charles
W. Clark, L. A. Collins, J. Cubizolles, L. Deng, E. W. Hagley, K. Helm-
erson, W. P. Reinhardt, S. L. Rolston, B. I. Schneider, and W. D. Phillips,
Science 287, 97 (2000).

15g, Eiermann, Th. Anker, M. Albiez, M. Taglieber, P. Treutlein, K.-P. Mar-
zlin, and M. K. Oberthaler, Phys. Rev. Lett. 92, 230401 (2004).

'%Yu. S. Kivshar and T. J. Alexander, in Proceedings of the APCTP-Nankai
Symposium on Yang-Baxter Systems, Nonlinear Models and Their Appli-
cations, edited by Q-H. Park er al. (World Scientific, Singapore, 1999).

L. D. Carr and C. W. Clark, Phys. Rev. A 74, 043613 (2006).

18G. Herring, L. D. Carr, R. Carretero-Gonzélez, P. G. Kevrekidis and D. J.
Frantzeskakis, Phys. Rev. A 77, 023625 (2008).

Yp G. Kevrekidis, V. V. Konotop, A. Rodrigues, and D. J. Frantzeskakis, J.
Phys. B 38, 1173 (2005).

T, Kapitula and P. G. Kevrekidis, Chaos 15, 037114 (2005).

L. Bloch, Nat. Phys. 1, 23 (2005).

27, Kapitula, P. G. Kevrekidis and R. Carretero-Gonzélez, Physica D 233,
112 (2007).

BM. Golubitsky and D. Schaeffer, Singularities and Groups in Bifurcation
Theory (Springer, New York, 1985).

*T. Kapitula, P. G. Kevrekidis and B. Sandstede, Physica D 195, 263
(2004).

3T, Kapitula, P. G. Kevrekidis and B. Sandstede, Physica D 201, 199
(2005).

M. Hiragus and T. Kapitula, “On the spectra of periodic waves for
infinite-dimensional Hamiltonian systems,” Physica D (to be published).

4D, Pelinovsky and J. Yang, Stud. Appl. Math. 115, 109 (2005).

T, Kapitula, P. G. Kevrekidis, and Z. Chen, SIAM J. Appl. Dyn. Syst. 5,
598 (2006).

»S. Komineas, Eur. Phys. J. Spec. Top. 147, 133 (2007).

Downloaded 09 Apr 2008 to 64.106.76.212. Redistribution subject to AIP license or copyright; see http://chaos.aip.org/chaos/copyright.jsp


http://dx.doi.org/10.1103/RevModPhys.71.463
http://dx.doi.org/10.1142/S0217979205032279
http://dx.doi.org/10.1142/S0217979205032279
http://dx.doi.org/10.1088/0953-8984/13/12/201
http://dx.doi.org/10.1142/S0217984904007967
http://dx.doi.org/10.1142/S0217984904006809
http://dx.doi.org/10.1088/0951-7715/14/5/201
http://dx.doi.org/10.1142/S0217984904007190
http://dx.doi.org/10.1103/RevModPhys.78.179
http://dx.doi.org/10.1126/science.1071021
http://dx.doi.org/10.1038/nature747
http://dx.doi.org/10.1038/nature747
http://dx.doi.org/10.1103/PhysRevLett.83.5198
http://dx.doi.org/10.1103/PhysRevLett.83.5198
http://dx.doi.org/10.1126/science.287.5450.97
http://dx.doi.org/10.1103/PhysRevLett.92.230401
http://dx.doi.org/10.1103/PhysRevA.74.043613
http://dx.doi.org/10.1103/PhysRevA.77.023625
http://dx.doi.org/10.1088/0953-4075/38/8/008
http://dx.doi.org/10.1088/0953-4075/38/8/008
http://dx.doi.org/10.1063/1.1993867
http://dx.doi.org/10.1016/j.physd.2007.06.012
http://dx.doi.org/10.1016/j.physd.2004.03.018
http://dx.doi.org/10.1016/j.physd.2004.11.015
http://dx.doi.org/10.1111/j.1467-9590.2005.01565
http://dx.doi.org/10.1137/05064076X

