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Abstract

We study discrete vortices in the two-dimensional nonlinear Schrodinger lattice with small coupling between lattice nodes.
The discrete vortices in the anti-continuum limit of zero coupling represent a finite set of excited nodes on a closed discrete
contour with a non-zero charge. Using the Lyapunov—Schmidt reductions, we analyze continuation and termination of the
discrete vortices for small coupling between lattice nodes. An example of a square discrete contour is considered that includes
the vortex cell (also known as the off-site vortex). We classify families of symmetric and asymmetric discrete vortices that
bifurcate from the anti-continuum limit. We predict analytically and confirm numerically the number of unstable eigenvalues
associated with each family of such discrete vortices.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Discrete systems and differential-difference equations have become topics of increasing physical and
mathematical importance. The variety of physical applications where such models are relevant, and their significant
differences from the mathematical theory of partial differential equations, contribute to the extensive recent interest
in these topics. The applicability of such models extends to areas as diverse as nonlinear optics, atomic and soft
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condensed-matter physics, as well as biophysics. Specific details and references can be found in our first paper [1]
as well as in reviews [2-7].

The present work is devoted to the existence and stability of coherent structures in two-dimensional lattices,
which include both discrete solitons [6,7] and discrete vortices [8,9] (see also the pioneering work of [2] and the
works of [10,11] for Klein—Gordon lattices). These two-dimensional coherent structures have emerged recently in
studies of photorefractive crystals in nonlinear optics [12,13] and droplets of optical lattices in Bose—Einstein
condensates [14,15]. A significant boost to this subject was given by the experimental realization of two-
dimensional photonic crystal lattices with periodic potentials based on the ideas of [12]. As a result, discrete
solitons were observed in [16,17], while more complex structures such as dipoles, soliton trains and vector solitons
were observed in [18-20].

Most recently, observations of discrete vortices were reported by two independent groups [21,22] where the
fundamental vortices with topological charge one were experimentally created and detected in photorefractive
crystals. Two main examples of charge-one discrete vortices include a vortex cross (an on-site centered vortex)
and a vortex cell (an off-site centered vortex). These structures were also recently predicted in a continuous two-
dimensional model with the periodic potential [23].

These discoveries have stimulated further theoretical work and numerical computations. Thus, while in [9],
discrete vortices of charge two were shown to be unstable, recently in [24] discrete vortices of charge three were
found to be stable. Based on the theoretical predictions of [24], further experiments on localized structures were
undertaken to unveil other interesting structures, such as the discrete soliton necklace [25]. The discrete vortices
have been also extended to three-dimensional discrete and periodic continuum models [26-28]. Furthermore,
asymmetric vortices have been recently predicted in the two-dimensional lattices in [29].

The above activity clearly signals the importance and experimental relevance of discrete solitons and vortices in
two-dimensional discrete lattices. However, most of the above-mentioned works are predominantly of experimental
or numerical nature, while the mathematical theory of existence and stability of discrete localized structures has not
been developed to a similar extent. The only analytical method which was developed so far relied on computations
of effective action functionals (see Sections 3.2, 3.3 in [2]). It was applied to the one-dimensional discrete NLS
lattice in [30] and later extended to the computations of effective Hamiltonians [31].

The aim of the present paper is to develop a categorization of discrete solitons and vortices in the discrete two-
dimensional nonlinear Schrédinger (NLS) equations. We start from a well-understood limit [32] (the so-called anti-
continuum case of zero coupling between the lattice nodes) and examine the persistence of the limiting solutions
for small coupling by means of the Lyapunov—Schmidt theory. This method allows us to discuss persistence and
stability of the localized structures by analyzing finite-dimensional linear eigenvalue problems. The theoretical
predictions agree well with full numerical computations of the discrete two-dimensional NLS equation. The method
of Lyapunov—Schmidt reductions, which we employ in this paper, generalizes the pioneering method of [32], which
is based on the implicit function theorem. Very similar results on the existence and stability of two-dimensional
discrete vortices were obtained independently in [33] for a triangular lattice of weakly coupled Hamiltonian
oscillators. The method of [33] relies on the averaging theory of effective Hamiltonians, which determine the
dynamics near the discrete localized mode using Taylor series approximations.

Our main results are summarized for the simplest localized structures in Table 1. These results corroborate
and extend the previously reported experimental and numerical findings. We quantify the stability of the charge-
one vortex in accordance with [9,21-23], the instability of the charge-two vortex in accordance with [9,24] and the
stability of the charge-three vortex in accordance with [24]. We further demonstrate the instability of all asymmetric
vortices, which persist in the two-dimensional discrete lattice. Furthermore, our results can be used to extract the
spectral stability of the dipole mode considered in [18] and of the soliton necklace of [25].

The paper is structured as follows. Abstract results on the existence of discrete solitons and vortices are derived
in Section 2. Persistence of localized modes for a particular square discrete contour is considered in Section 3.
Stability of the persistent solutions is addressed in Section 4. Analytical results are compared to numerical
computations in Section 5. Section 6 concludes the paper.
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Table 1
The numbers of eigenvalues of linearized energy and the linearized stability problem, associated with discrete vortices in the two-dimensional
NLS lattice with small coupling between lattice nodes

Contour Sy Vortex of charge L Linearized energy H Stable and unstable eigenvalues

M=1 symmetric L = 1 n(H) =5, p(H) =2 Ne=0.N"=1N =2 Ne=0
M=2 symmetric L = 1 n(H)y=28,p(H)=17 Nr=1,Ni+=0,Ni_=0,NC=3
M=2 symmetric L = 2 n(H) =10, p(H) =5 erl,Ni+:2,Ni7:4,NC:0
M=2 symmetric L = 3 n(H) =15, p(H)=0 Ny =0, Ni+:0, Nf =7, No=0
M=2 asymmetric L = 1 n(H)=9,p(H)=6 Nr:G,NiJr:O,Ni*:l,NC:O
M=2 asymmetric L =3 n(H)=14,p(H) =1 Nr:l,N;L:O, N17:6, Ne=0

The numbers n(H) and p(H) stand for negative and small positive eigenvalues of H, such that n(H) + p(H) = 8M — 1. The numbers
Ny, Ni+’ Ni_’ and N, stand for eigenvalues of the linearized stability problem with Re(A) > 0, Im(A) = 0; Re(A) = 0,0 < Im(X) <« 1
and positive Krein signature; Re(A) = 0, 0 < Im(X) <« 1 and negative Krein signature; and Re(A) > 0, Im(A) > O respectively, such that
2Ny + 2Ni+ + 2Ni_ + 4N. = 2(4M — 1). The negative index theory [1] implies that Ny + 2Ni_ + 2N = n(H) — 1, which is confirmed by
the table data.

2. Existence of discrete vortices
We consider the discrete nonlinear Schrodinger (NLS) equation in two spatial dimensions [5]:

i"'in,m + E(”n-{-l,m +Uup—1,m + Unmt+1 + Unm—1 — 4un,m) + |un,m|2un,m =0, 2.1
where u, (1) : Ry — C, (n,m) € 7%, and € > 0 is the inverse squared step size of the lattice. The discrete NLS
equation (2.1) is a Hamiltonian system with the Hamiltonian function

2 2 1 4
H = Z 6|’4n—‘,-l,m - un,m| + E|Mn,m-i-l - un,m| - Elun,m| . (2.2)
(n,m)eZ?

Besides the conserved Hamiltonian (2.2), the discrete NLS equation conserves the squared 12-norm, called the
power:

0= Y lunml™ 2.3)

(n,m)eZ?

The power conservation is related to the invariance of the discrete NLS equation (2.1) with respect to the gauge
transformation:

Un,m (1) B> U (DD, VO € R. (2.4)
Time-periodic localized modes of the discrete NLS equation (2.1) take the form
Un,m ) = ¢n,meiw74e)t+i907 ¢n,m e C, (n,m) € ZZ’ (2.5)

where 0y € R and i € R are parameters. Since localized modes in the focusing NLS lattice (2.1) with € > 0 may
exist only for u > 4¢ [4] and the parameter u is scaled out by the scaling transformation,

Onm = «/ﬁ(?’n,ms € = E, (2.6)

the parameter u > 0 will henceforth be set as @ = 1. In this case, the complex-valued ¢, ,, solve the nonlinear
difference equations on (n, m) € 72

(1- |¢n,m|2)¢n,m =€ (¢n+l,m + ¢n71,m + ¢n,m+l + ¢n,m71) . 2.7
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As € = 0, the localized modes of the difference equations (2.7) are given by the limiting solution:

0,m
0 _ {e s (n,m) € S, 2.8)

nm =0,  (n,m)eZ*\S,

where S is a finite set of nodes on the lattice (n, m) € Z* and On.m are parameters for (n, m) € S. Since 6y is
arbitrary in the ansatz (2.5), we can set 6y, ,, = 0 for a particular node (ng, mo) € S. Using this convention, we
define two special types of localized modes, called discrete solitons and vortices.

Definition 2.1. The localized solution of the difference equations (2.7) with € > 0, that has all real-valued
amplitudes ¢, p, (n, m) € 72, and satisfies the limit (2.8) with all 6, ,,, = {0, }, (n, m) € S, is called a discrete
soliton.

Definition 2.2. Let S be a simple closed discrete contour on the plane (n, m) € 72. The localized solution of the
difference equations (2.7) with € > 0, that has complex-valued ¢,, ,,,, (n, m) € 72, and satisfies the limit (2.8) with
On.m €10, 2], (n,m) € S, is called a discrete vortex.

Definition 2.3. Let S be a simple closed discrete contour on the plane (n, m) € Z? such that each node (n, m) € S
has exactly two adjacent nodes in vertical or horizontal directions along S. Let Af; be the phase difference between
two successive nodes in the contour S, defined according to the enumeration j = 1,2, ..., dim(S), such that
|Af;| < m. If the phase differences Af; are constant along S, the discrete vortex is called symmetric. Otherwise,
it is called asymmetric. The total number of 27 phase shifts across the closed contour S is called the vortex charge.

In particular, we consider the square discrete contour S = Sy;:

Sy={1,1,2,D,....\M+1,1), M+ 1,2),....(M+ 1, M+ 1),
M,M+1),...,0,M+1),(,M),....,(1,2)}, (2.9)

where dim(Sy;) = 4M. According to Definition 2.3, the contour Sy; for a fixed M could support symmetric and
asymmetric vortices with some charge L. The simplest vortex is the symmetric charge-one vortex cell (M = L = 1:
011 =0,61 = %, bhop=m, 012 = 3—”) [9,23]. Although the main formalism of our paper is developed for any
M > 1, we obtain a complete set of results on persistence and stability of discrete vortices only in the cases
M =1, 2,3, which are of most physical interest. The contours Sy; for M = 1 and M = 2 are shown in Fig. 1.

It follows from the general method [2,32] that the discrete solitons of the two-dimensional NLS lattice (2.7)
(see Definition 2.1) can be continued to the domain 0 < € < €p for some €y > 0. It is more complicated to
find a configuration of 6, ,, for (n,m) € S that allows us to continue the discrete vortices (see Definition 2.2)
for € > 0. The continuation of the discrete solitons and vortices is based on the Implicit Function Theorem and
the Lyapunov—Schmidt Reduction Theorem [34,35]. Abstract results on the existence of such continuations are
formulated and proved below, after the introduction of some relevant notation.

Let O(0) be a small neighborhood of € = 0 such that O(0) = (—ep, €¢) for some €y > 0. Let N = dim(S)
and 7 be the torus on [0, 2]V such that Op.m for (n,m) € S form a vector § € 7. Let {2 = 12(Z?, C) be the
Hilbert space of square-summable complex-valued sequences {¢n,m} (. m)ez2. €quipped with the inner product and
the norm

P 2 2
W= Y dpmVam  ulh= D lupml® < oo (2.10)
(n,m)eZ? (n,m)eZ?
Let u denote an infinite-dimensional vector in {2 that consists of components u,, ,, for all (n, m) € 72,
Proposition 2.4. There exists a unique (discrete soliton) solution of the difference equations (2.7) in the domain

€ € O(0) that satisfies (i) pp.m € R, (n,m) € 72 and (ii) lime 0 @nm = 4),?’)2", where ¢,(,?,)n is given by (2.8) with
On.m =10, }, (n,m) € S. The solution ¢(¢) is analytic in € € O(0).
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Fig. 1. Examples of the simple closed square contour Sy for M = 1 and M = 2.

Proof. Assume that ¢, ,, € R for all (n,m) € Z?. The difference equations (2.7) are rewritten as zeros of the
nonlinear vector-valued function:

fn,m(¢s 6) = (] - ¢,%,m)¢n,m —€ (¢n+l,m + ¢n—1,m + ¢n,m+1 + (bn,m—l) =0. (211)

The mapping f : 2 x O(0) — 21is C' on ¢ € £ and has a bounded continuous Fréchet derivative, given by

Lym= (1 - 3¢5,m> — € (s41,0 +5-1,0 + S0,4+1 + 50,—1) , (2.12)
where s,/ ;v is the shift operator, such that s,/ ' tn m = Un4n m+m’. It is obvious that
(¢, 0) =0, ker(L?) = ¢, (2.13)

where ¢© is the discrete soliton for € = 0 (see Definition 2.1) and £© is the operator £ computed at ¢ = ¢©
and € = 0. It follows from (2.12) and (2.13) that £© : 2 > {2 has a bounded inverse. By the Implicit Function
Theorem [35, Appendix 1], there exists a local mapping ¢ : O(0) — {2, such that ¢(¢) is at least continuous in
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e € O(0) and ¢(0) = ¢(0). Moreover, since f(¢, €) is analytic in € € O(0), then ¢(¢) is analytic in € € O(0)
[34, Chapter 2.2]. [

Remark 2.5. Proposition 2.4 does not exclude a possibility of continuation of the limiting solution (2.8) with
On.m = {0, 7} for all (n, m) € S to the complex-valued solution ¢(¢) in € € O(0).

Proposition 2.6. There exists a vector-valued function g : T x O(0) — RN such that the limiting solution (2.8) is
continued to the domain € € O(0) ifand only if @ € T is a root of g(0, €) = 0ine € O(0). Moreover, the function
g(0, €) is analytic in € € O(0) and g(0,0) = 0 forany 6 € 7.

Proof. When ¢, ,, € C for some (n,m) € 72, the difference equations (2.7) are complemented by the complex
conjugate equations in the abstract form:

f(p, ¢, €) =0, f(¢p,¢,¢) =0. (2.14)

Taking the Fréchet derivative of f(¢, ¢, €) with respect to ¢ and ¢, we compute the linearization operator H for
the difference equations (2.7):

Y (1 —2puml® =
n,m — z
~Gom 1= 2eunl?

Let HO = H(¢®, 0). It is clear that H© : 2 x 2 — 2 x 2 is a self-adjoint Fredholm operator of index zero
with dim ker(H©) = N. Moreover, eigenvectors of ker(H®) renormalize the parameters 6, ,, for (n,m) € S in
the limiting solution (2.8). By the Lyapunov Reduction Theorem [35, Chapter 7.1], there exists a decomposition
2 = ker(H©) @ w such that g(@, €) is defined in terms of the projections to ker(H(?). Let {€n,m}n.m)es be a set
of N linearly independent eigenvectors in the kernel of (). It follows from the representation,

1 0
) — €(541,0 + 5-1,0 + 50,41 + 50,-1) <0 1) . (2.15)

1 6219,“,,
Hi(’l(,)l)’n =- (ezienm | ) , (n,m) € S, (2.16)
that each eigenvector e, ,, in the set {€, ,;}(»,m)cs has the only non-zero element (enm | —e=10nm)T at the (n, m)-th

position of (u, w) € 2 x £2. By projections of the nonlinear equations (2.14) to ker(H?), we derive an implicit
representation for the functions g(0, €):

(om) €St 2igun(®€) = (1= ldunl® (7% G — 7,0 )
- Ee_ien'm (¢n+l,m + ¢n—l,m + ¢n,m+l + ¢n,m—1)
+ Eei@,,,m (‘lgn+l,m + én—l,m + q;n,m—s—l + &n,m—l) s (217)

where the factor (2i) is introduced for convenient notation. Let ¢, ,, = eigmun,m for (n,m) € Sand ¢y ;m = Un,m
for (n, m) € 72 \ S. Since eigenvectors of ker(H©@) are excluded from the solution ¢inw C 2, wehaveu, , € R
for (n, m) € S such that

(nom) €St —2ignm(®,€) = €™ (dustm + utim + Pum+1 + Sum—1)
_ Eeien_m (d_)n-i-l’m + (l;n_l,m + J)n,m—'rl + (I;n,m—l) (218)

and g(#,0) = 0 for any @ € 7. Since f(¢, @, €) is analytic in € € O(0), then g(8, €) is analytic in € € O(0)
[35, Appendix 3]. O

Corollary 2.7. The function g(0, €) can be expanded into convergent Taylor series in O(0):

o0 1
_ k gy (k) ®) gy — L ak
g0, ¢) = 1;:1 egm0), g @) = 70 g(0.0). (2.19)
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If the root 0 (¢) of g(0, €) = 0 is analytic in € € O(0), then the solution ¢(€) is analytic in € € O(0) such that
o
pe) =0 +> fo®, (2.20)
k=1

where §©) is given by (2.8).

Lemma 2.8. Let 0(¢) be a root of g(0,¢) = 0in e € O(0). An arbitrary shift 0(¢) + 6opo, where 6y € R and
pp=(1,1,..., DT, gives a one-parameter family of roots of g(8, €) = 0 for the same €.

Proof. The statement follows from the symmetry of the difference equations (2.7) with respect to gauge
transformation (2.4) (see [35, Chapter 7.3]). O

Proposition 2.9. Let 8, be the root of gV (0) = 0 and M be the Jacobian matrix of gV (0) at @ = 8,. If the
matrix M has a simple zero eigenvalue, there exists a unique (modulo gauge transformation) analytic continuation
of the limiting solution (2.8) to the domain € € O(0).

Proof. By Lemma 2.8, the matrix M always has a non-empty kernel with the eigenvector p, = (1, 1, ..., 1) due
to gauge transformation. Let X be the constrained subspace of CV:

Xo={ueC: (py,u) =0} (2.21)

If the matrix M is non-singular in the subspace Xy, then there exists a unique (modulo the shift) analytic
continuation of the root 8, in € € O(0) by the Implicit Function Theorem, applied to the nonlinear equation
g0,¢) =0([35, Appendix 1]. O

Proposition 2.10. Let 0., be a (1 + d)-parameter solution of gV (0) = 0 and M have a zero eigenvalue of
multiplicity (1 + d), where | <d < N — 1. Let g®(0,) = --- = gK=D(0,) = 0 bur g5 (8,) # 0. The limiting
solution (2.8) can be continued in the domain € € O(0) only if g%X)(0.) is orthogonal to ker(M).

Proof. Let p, and {p,}j’=1 be eigenvectors of ker(M ). We define the constrained subspace of X:
Xe={ueXo: (p,w)=0,1=1,...,d}. (2.22)

If g(K )(0*) ¢ Xy, the Lyapunov—Schmidt Reduction Theorem in finite dimensions [35, Chapter 1.3] shows that
the solution 0, cannot be continued in € € O(0). [

Proposition 2.6 gives an abstract formulation of the continuation problem for the limiting solution (2.8) for
€ # 0. Proposition 2.9 gives a sufficient condition for existence and uniqueness (up to gauge invariance) of such
continuations. Proposition 2.10 gives a sufficient condition for termination of multi-parameter solutions. Particular
applications of Propositions 2.6, 2.9 and 2.10 are limited by the complexity of the set S in the limiting solution
(2.8), since computations of the vector-valued function gV (9), g?(8), ..., gX)(0) and the Jacobian matrix M
could be technically involved. We apply the abstract results of Propositions 2.6, 2.9 and 2.10 to the square discrete
contour Sy, defined in (2.9).

3. Persistence of discrete vortices

We consider discrete solitons and vortices on the contour Sy defined by (2.9). Let the set 6; correspond to the
ordered contour Sy, starting at 81 = 61,1, 6> = 62,1 and ending at Oy = 6; 2, where N = 4M. In what follows, we
use the periodic boundary conditions for 6; on the circle from j = 1to j = N, such that 6y = 6y, 61 = Oy 1, and
SO on.
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The discrete vortex has the charge L if the phase differences Af; between two consecutive nodes add up to
2w L along the discrete contour Sy, where A is defined within the fundamental branch |Af;| < 7. By gauge
transformation, we can always set 8 = 0 for convenience. We will also choose 6, = 6 with 0 < 6 < & for
convenience, which corresponds to discrete vortices with L > 0.

3.1. Solutions of the first-order reductions

Substituting the limiting solution ¢,(,?,)¢, in the bifurcation function (2.18), we find that g(l)(ﬂ) in the Taylor series
(2.19) is non-zero for the contour Sy, and it takes the form

g (®) =sin(©; — 0;41) +sin@; —0;_1). 1<j<N. 3.1

The bifurcation equations g1 (@) = 0 are rewritten as a system of N nonlinear equations for N parameters
01,6, ...,0y as follows:

sin(6h — 61) = sin(f3 — 6r) = --- = sin(Oy — Oy_1) = sin(0; — Oy). (3.2)

We classify all solutions of the bifurcation equations (3.2) and give explicit examples for M = 1 and M = 2.

Proposition 3.1. Let aj = cos(9j 1 — 0;) for 1 < j < N, such that 01 = 0, 6, = 0, and Oy = 27w L, where
N =4M, 0 < 6 < m and L is the vortex charge. All solutions of the bifurcation equations (3.2) reduce to four
families:

(1) Discrete solitons with 8 = {0, 7} and

0; =10, 7}, 3<j<N, 3.3)

such that the set {aj}j.\]:1 includes | coefficients aj = 1 and N — [ coefficients aj = —1, where 0 <1 < N.

(i1) Symmetric vortices of charge L with 6 = % where | < L <2M — 1, and

nL(j -1

0; = i

; 3<j=N, G4

1 g — g — L
such that all N coefficients are the same: a; = a = cos (W)

(iii) One-parameter families of asymmetric vortices of charge L = M with 0 < 6 < w and

0 .
Ojv1—0; = {71—9} mod (27), 2<j<N, 3.5
such that the set {aj};\]:1 includes 2M coefficients aj = cos 6 and 2M coefficients aj = — cos .
(iv) Zero-parameter asymmetric vortices of charge L # M and
w (n+2L—4M
0=6i=—|—7-+"7], l<n<N-1, n#2M, (3.6)
2 n—2M
such that the set {a j}N:1 includes n coefficients aj = cost, and N — n coefficients a; = — cos8, and the

family (iv) does not reduce to any of the families (1)—(iii).

Proof. All solutions of the bifurcation equations (3.2) are given by the binary choice equations (3.5) in the two
roots of the sine function on 6 € [0, 27], where the first choice gives a; = cosf and the second choice gives
aj = —cos 6. Let us assume that there are in total n first choices and N — n second choices, where 1 <n < N.
Then, we have

Oni1 =n0 + (N —n)(mr —0) = 2n — N)8 + (N — n)m = 27 L,
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where L is the integer charge of the discrete vortex. There are only two solutions of the above equation. When 6
is an arbitrary parameter, we have n = % = 2M and L = M, which gives the one-parameter family (iii). When
6 = 0, is fixed, we have

P i n+2L —4M
T2 n—2M :

Whenn = N — 2L, we have the family (i) with N — 2L phases 6; = 0 and 2L phases 6; = 7. Since the charge
is not assigned to discrete solitons, parameter L could be half-integer: L = (N —[)/2, where 0 <[ < N. When
n = 4M, we have the family (ii) for any 1 < L < 2M — 1. Other choices of n, which are irreducible to the families
(1)—(iii), produce the family (iv). O

Remark 3.2. The one-parameter family (iii) connects special solutions of the families (i) and (ii). When 8 = 0 and
0 = m, the family (iii) reduces to the family (i) with / = 2M. When 6 = % the family (iii) reduces to the family
(ii) with L = M. We shall call the corresponding solutions of family (i) the super-symmetric soliton and those of
family (ii) the super-symmetric vortex.

Remark 3.3. There exist N; = 2¥~! solutions of family (i), N = 2M — 1 solutions of family (ii), and N3
solutions of family (iii), where

vop MU
Ny =2N-1 . 37
3 k;) KN —k)! @-7)

The number N4 of solutions of family (iv) cannot be computed in general. We consider such solutions only in the
explicit examples of M = 1 and M = 2.

Example (M = 1 (N = 4)). There are N = 8 solutions of family (i), N> = 1 solution of family (ii), N3 = 3
solutions of family (iii), and no solutions of family (iv). The only symmetric vortex is the vortex cell with L = 1
and § = 7. The three one-parameter asymmetric vortices are given explicitly by

()0, =0, 6,=0, 03=m, 04=1+0 (3.8)
b) 6 =0, =0, 63=20, s =7 +6 (3.9)
©) 0, =0, =0, 03 =m, 04 =21 —0. (3.10)

Example (M = 2 (N = 8)). There are Ny = 128 solutions of family (i), N = 3 solutions of family (ii),
N3 = 35 solutions of family (iii), and N4 = 14 solutions of family (iv). The three symmetric vortices have
charge L = 1 (0 = %), L =2(@© = %), and L = 3 (0 = 37”). The one-parameter asymmetric vortices
include 35 combinations of four upper choices and four lower choices in (3.5), starting with the following three
solutions:

(@) 0 =0, =0, 63 =20, 04 =30, 65 =40, Og =7 + 360, 67 =21 + 20, 63 =37 + 0,
)0, =0, =06, 03=20, 64, =30, Os=7m +20, 0o =7 +360, 07 =21 +20, 63 =31 + 0,
©) 61 =0, 6,=0, 03=20, 0,=30, 05s=m +20, 66 =21 +6, 67 =21 +20, 63 =37 +6,

and so on. The zero-parameter asymmetric vortices include seven combinations of vortices with L = 1 for seven

phase differences  and one phase difference %” and seven combinations of vortices with L = 3 for one phase

difference % and seven phase differences %”.
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3.2. Continuation of solutions of the first-order reductions

We compute the Jacobian matrix M from the bifurcation function g/’ (9), given in (3.1):

cos(@j+1 — 0;) +cos(@j—1 —0;), i=j
(My);,j = 3 —cos(0; —6;), i=j=x1 (3.11)
0, li—jl=2

subject to the periodic boundary conditions. The structure of the matrix M is defined by the coefficients
aj =cos(@j11 —0;) for 1 < j < N.The same type of matrices occurs in the perturbation theory of continuous
multi-pulse solitons in coupled NLS equations [36]. Three technical results establish the location of the eigenvalues
of the matrix M.

Lemma 3.4. Let ng, zo, and po be the numbers of negative, zero, and positive terms of aj = cos(@j11 — 0;),
1 < j < N, such that no + zo + po = N. Let n(My), z(My), and p(M) be the numbers of negative, zero, and
positive eigenvalues of the matrix M, defined by (3.11). Assume that zo = 0 and write

N N N
i=1 i i=1 =1 i

If Ay # 0, then z(My) = 1, and either n(My) = ng — 1, p(My) = po or n(My) = no, p(M1) = pg — L.

Moreover, n(M) is even if A; > 0and is oddif Ay <O0.1If A; =0, then z(M;) > 2.

Proof. The first statement follows from [36, Appendix A]. Let the determinant equation be D(1) = det(M; —
Al) = 0. By induction arguments in [36,37], it can be found that D(0) = 0 and D’(0) = —N A;. On the other
hand, D’'(0) = —A1A2 - - - An—1, where Ay = O (which exists always with the eigenvector p, = (1,1, ..., DT: see
Proposition 2.9). Then, it is clear that (—1)"(M1) = sign(A1). When A = 0, at least one more eigenvalue is zero,
such that z(M) > 2. O

Lemma 3.5. Let all coefficients aj =cos(0j+1 —0;), 1 < j <N, be the same: a; = a. Eigenvalues of the matrix
M are computed explicitly as follows:
An = 4a sin N 1<n<N. (3.13)

Proof. Whena; =a,1 < j < N, the eigenvalue problem for the matrix M takes the form of the linear difference
equations with constant coefficients:

a(2xj—xj+1—xj_1)=kxj, X0 = XN, X1 = XN+1, (3.14)
The discrete Fourier mode x; = exp (1%) for 1 < j,n < N results in the solution (3.13). [

Lemma 3.6. Let all coefficients aj = cos(0j+1 — 0;), 1 < j < N, alternate the sign as a; = (—l)ja, where
N = 4M. Eigenvalues of the matrix M are computed explicitly as follows:

A = —hnsam = 2asin % 1<n<2M, (3.15)
such that n(My) =2M — 1, z(M) = 2, and p(M) = 2M — 1. These numbers do not change if the set {aj}évzl
is obtained from the sign-alternating set {(—1)/ a}?/:1 by permutations.

Proof. When a; = (— Dia, 1< Jj < 4M, the eigenvalue problem for the matrix M takes the form of a coupled
system of linear difference equations with constant coefficients:

a(yj —yj-1) = Axj, a(xj—xjy1) =My, 1<j=<2M, (3.16)

subject to the periodic boundary conditions: x; = xap+1 and yo = y2u. The discrete Fourier mode x; =
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X0 exp( ;M ) and y; = ypexp (1 ) for 1 < j,n < 2M results in the solution (3.15). In this case, we have

n(My) = 2M — 1, z(M;) = 2, and p(M|) = 2M — 1, such that D(0) = D’(0) = 0 and D”(0) < 0 in the
determinant equation D(A) = det(M| — Al ).'In order to prove that z(M) = 2 remains invariant with respect to
permutations of the sign-alternating set {(—1)/ a}j.vzl, we find with the aid of Mathematica that

o =[] ) OJELENIEEER WU () SR (3.17)
= a; o - — 5 .
i ! i= i+l d1aN ! i=1 i=ip2 W4 A1AN

where 0 < ay < By are numerical coefficients. Let A, denote the sign-alternating set {(—1)7/a} j.\': | and A denote
a set obtained from A, by permutations. It is clear that

N-1 N-1
Y i Taa) = (Zaanta
o1 didi+l ajan A, o1 didi+l ajan "

5, (552,

I=i+1 I=i+1

and

*

Therefore, the expression in brackets in (3.17) can be estimated as follows:

N-1 1 1

N N
wv-m (Lo am) (£ 2 05)
N—1
s(aN—ﬁN)(Z ! +GILN> +/3N<Zzaa,> <0,
Ax ! Ay

i=1 4idi+l i=1 I=it1

where the last inequality follows from the fact that D”(0) < O for A,. Therefore, z(M;) = 2 for the set
A. Combining it with estimates from [36, Appendix A], we have n(M;) = p(M;) = 2M — 1 for the
set A. [

Using Lemmas 3.4-3.6, we classify continuations of solutions of the first-order reductions (see families (i)—(iv)
of Proposition 3.1).

For family (i), excluding the case of super-symmetric solitons (see Remark 3.2), the numbers of positive and
negative signs of a; are different, such that the conditions zo = 0 and A; # 0 are satisfied in Lemma 3.4,
and hence z(M) = 1. By Proposition 2.9, the family (i) has a unique continuation to discrete solitons (see
Definition 2.1). This result agrees with Proposition 2.4. Continuations described in Remark 2.5 are only possible
for super-symmetric solitons.

For family (ii), all coefficients a; are the same: a; = a = cos( ) 1 < j < N.By Lemma 3.5, there is
always a zero eigenvalue (Ay = 0), while the remaining (N -1 e1genvalues are all positive for a > 0 (when
1 <L <M — 1), negative fora < 0 (when M +1 < L < 2M — 1), and zero for a = 0 (when L = M).
By Proposition 2.9, the family (ii), excluding the case of super-symmetric vortices (see Remark 3.2), has a unique
continuation to symmetric vortices with charge L, where 1 < L < 2M — 1 and L # M (see Definitions 2.2 and
2.3).

For family (iii), there are 2M coefficients a; = cos@ and 2M coefficients a; = — cos 6, which are non-zero
for 6 # % By Lemma 3.6, we have n(M;) = 2M — 1, z(M) = 2, and p(M) = 2M — 1. The additional
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zero eigenvalue is related to the derivative of the family of the asymmetric discrete vortices (3.5) with respect to
the parameter 6. Therefore, continuations of family (iii) of asymmetric vortices, including the particular cases of
super-symmetric solitons of family (i) and super-symmetric vortices of family (ii), must be considered beyond the
first-order reductions.

For family (iv), since n # 2M, the conditions zgp = 0 and A; # 0 are satisfied in Lemma 3.4, and hence
z(M1) = 1. By Proposition 2.9, the family (iv) has a unique continuation to asymmetric vortices for € £ 0.

3.3. Continuation of solutions to the second-order reductions

Results of the first-order reductions are insufficient for concluding persistence of the asymmetric vortices of
family (iii), including the super-symmetric soliton of family (i) and the super-symmetric vortex of family (ii).
Therefore, we continue the bifurcation function g(f, €) to the second order of € in the Taylor series (2.19).
It follows from (2.7) that the first-order correction of the Taylor series (2.20) satisfies the inhomogeneous
problem:

(=200 DBt = S i = 1+ B+ Bgs + B (3.18)
We define the solution of the inhomogeneous problem (3.18) in w C {2, so that the homogeneous solutions in
ker(H®) are removed from the solution ¢(1). This is equivalent to the constraint: ¢, ,, = un,meie"’m, unm € R,
for all (n, m) € Sy). We develop computations for three distinct cases: M = 1, M = 2 and M > 3. This separation
is due to the special structure of the discrete contours Sy;.

Case M = 1: The inhomogeneous problem (3.18) has a unique solution ¢ € w C £2:

n,m

1 0.

RS -3 [cos(@;—1 — 6;) + cos(@+1 — ;)] e, (3.19)
where the index j enumerates the node (n, m) on the contour Syy,

¢£12n — el (3.20)
where the node (n, m) is adjacent to the j-th node on the contour Sy, while ¢,(,1Z,, is zero for all remaining nodes.
By substituting the first-order correction term ¢,(l] ,),, into the bifurcation function (2.18), we find the correction term
2@ () in the Taylor series (2.19):

D9y = Lsin@,41 — 0, 0, —0; 42— 0,
g; 0) = > sin(0;+1 i) [COS( j ji+1) + cos(42 /+1)]
1, .

+§sm(9j_1 —6;) [cos(B; — 0j_1) +cos(Bj—2 — 0;_1)], 1<j<N. (3.21)

We compute the vector g, = g(z) () at the asymmetric vortex solutions (3.8)—(3.10):

0 2 0
0 0 . 2

() g = ol b)g = 5 sinf cos 0, () g = 0 sinf cos 6.
0 0 2

The kernel of M is two-dimensional with the eigenvectors py = (1, 1, 1, 1)T and p,. The eigenvector p, is related
to derivatives of the solutions (3.8)—(3.10) in 6:

0 0 0
1 1 1
(a) P = ol (b) P = 21 (C) P = 0
1 1 —1
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The Fredholm alternative (p;, g,) = 0 is satisfied for the solution (a) but fails for the solutions (b) and (c), unless
6 = {0, % m}. The latter cases are included in the definitions of super-symmetric discrete solitons and vortices
(see Remark 3.2). By Proposition 2.10 with K = 2, the solutions (b) and (c) cannot be continued in € # 0, while
the solution (a) can be continued up to the second-order reductions.

Case M = 2: The solution ¢(1) € w C {2 of the inhomogeneous problem (3.18) is given by (3.19) and (3.20),
except for the center node (2, 2), where

¢5) = el el 4 eifs, (3.22)
The correction term g (@) is given by (3.21) but the even entries are modified as follows:
g7 0) — g (8) +sin(0; —0;_2) +sin(0; —0j12) +sin(0; —0;14).  j=2.4.68. (3.23)

The vector g, = g®)(#) can be computed for each of 35 one-parameter asymmetric vortex solutions, starting with
the first three solutions:

2 2 2
1 1 1
0 —1 -1
-1 . -1 . =21 .
(a) g = _5 sinf cosf, (b)g, = 0 sinfcosf, (c)g = 0 sinf cos 6.
—1 -1 1
0 —1 -1
1 1 0

The second eigenvector p; of the kernel of M is related to derivatives of the family in 6, e.g.

0 0 0
1 1 1
2 2 2
3 3 3
(@p = nE b)p; = NE ©p = >
3 3 1
2 2 2
1 1 1

Assuming that 6 # {0, %, m}, the Fredholm alternative condition (p;, g,) = 0 fails for all solutions of family (iii)

but one. The only solution of family (iii), where g, = 0, is characterized by the alternating signs of coefficients
aj=cos(Pjy1 —0j)forl < j<N.
Case M > 3: The solution ¢V € w C 2 of the inhomogeneous problem (3.18) is given by (3.19) and (3.20),
except for the four interior corner nodes (2, 2),(M, 2),(M, M), and (2, M), where
o\l =l i, =1, M+ 1,2M +1,3M + L. (3.24)

The correction term g? () is given by (3.21), except for the adjacent entries to the four corner nodes on the contour
Su: (LD, A, M+1),(M+1,M 4+ 1),and (M + 1, 1), which are modified by

g?©0) > g’ @) +sin®; —0;2),  j=2M+2,2M+2,3M +2,

g?©®) > g 0) +5in®; —0j42).  j=M.2M,3M.4M. (3.25)
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For any M > 3, there is a solution of family (iii), where g, = 0, which is characterized by the alternating signs of
coefficients a; = cos(fj11 — 6;) for 1 < j < N.In the case M = 3, we have checked that all other solutions of
family (iii) have (p;, g,) # 0 and hence terminate at the second-order reductions.

By Proposition 2.10 with K = 2, all asymmetric vortices of family (iii), except for the sign-alternating set
aj = cos(fj41 —0;) = (—l)j"’1 cosf, 1 < j < N, cannot be continued to € # 0 for M = 1, 2, 3. The only
solution which can be continued up to the second-order reductions has the explicit form

Osj3=2m(j —1), 04j2="04-3+0, O4j1=04j3+m, 0O4j=04;3+m+0, (3.26)

where 1 < j < M and 0 < 6§ < m. This solution includes two particular cases of super-symmetric solitons of
family (i) for & = 0 and & = 7 and super-symmetric vortices of family (ii) for = 7. Continuation of the solution
(3.26) must be considered beyond the second-order reductions.

Based on these computations, we also consider continuations of super-symmetric solitons of family (i).
Let M5 be the Jacobian matrix computed from the bifurcation function g2 (9), given in (3.21), (3.23) and
(3.25). Since (p;.g,) # 0 for & # {0, 5,7}, except for the case of the sign-alternating set {(—l)ja};v:l,
it follows from regular perturbation theory that (p;, Myp;) # 0. Therefore, the second zero eigenvalue
of M bifurcates off zero for the matrix M; + e M,. By Proposition 2.9 (which needs to be modified
for the Jacobian matrix M; + €M), the super-symmetric solutions of family (i), which are different
from the sign-alternating set {(—1)/ a}?’:l, are uniquely continued to discrete solitons (see Definition 2.1).
Continuations described in Remark 2.5 are only possible for super-symmetric solitons with the sign-alternating set
(=D/a}iL,.

3.4. Jacobian matrix of the second-order reductions

The Jacobian matrix M of the first-order reductions is zero identically for super-symmetric vortices of family
(ii) with L = M. In order to study stability of super-symmetric vortices, we will need to the Jacobian matrix M,
which is computed from the second-order bifurcation function g?(9), given in (3.21), (3.23) and (3.25). These
computations are developed separately for three cases M = 1, M = 2, and M > 3.

Case M = 1: Non-zero elements of M are given by

+1, i=j
1
(M), = —5 i=j+2 (3.27)
0, li—Jjl1#0,2
or explicitly
1 0o -1 0
0 1 0 -1
M= 0 1 o (3.28)
0O -1 0 1

The matrix My has four eigenvalues: 1} = Ap = 2 and A3 = A4 = 0. The two eigenvectors for the zero eigenvalue
are p; = (1,0, 1, O)T and py, = (0, 1,0, l)T. The eigenvector p, corresponds to the derivative of the asymmetric
vortex (3.8) with respect to parameter 6, while the eigenvector p, = p3 + p4 corresponds to the shift due to gauge
transformation.

Case M = 2: The Jacobian matrix M is given in (3.27) except for the even entries. The modified Jacobian
matrix /\;12 has the form

My = My + AMo, (3.29)
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where AM3> is a rank-one non-positive matrix with the elements

i=j
(AMy); j = 1+1, i=j+2 j=2,4,6,8 (3.30)
i=j

1 0 —— 0 0 0 — 0
2 2
1 1
o 0 0 - 0 -1 0 =
1 2 2
—~ 0 1 0 —— 0 0 0
2 2
) O - 0 0 0 = 0 -l
My = 2 ] 2 | : (3.31)
0 0 -3 0 1 0 - 0
1 1
0 -1 0 - 0 0 0
Lo o0 =2 0o 1 o
2 2
o L 0o -1 0o i 0o o
2 2

The eigenvalue problem for M decouples into two linear difference equations with constant coefficients:

2xj — Xjy1 — Xj—1 = 2Ax;, j=1,2,3,4

subject to the periodic boundary conditions for x; and y;. By the discrete Fourier transform (see the proof of
Lemma 3.6), the first problem has eigenvalues A1 = 1, A = 2, A3 = 1, and A4 = 0, while the second
problem has eigenvalues As = 1, Ag = —2, A7 = 1, and Ag = 0. The two eigenvectors for the zero eigenvalue
are p, = (1,0,1,0,1,0,1, 0)T and pg = (0,1,0,1,0,1,0, l)T, where the eigenvector pg corresponds to the
derivative of the asymmetric vortex (3.26) with respect to parameter 6 and the eigenvector py = p4+pg corresponds
to the shift due to gauge transformation.

Case M > 3: The Jacobian matrix M is given in (3.27), except for the adjacent entries to the four corner nodes
on the contours Sy;: (1,1), 1, M +1), (M + 1, M + 1), and (M + 1, 1). The modified Jacobian matrix M, has
the form

My = My + AMs, (3.32)
where A M is a rank-four non-positive matrix with the elements

i=j=2 M M+22M2M+2,3M,3M +2,4M
(AMy);j = {+1, i=j—2=M2M3M,4M (3.33)
i=j+2=2M+22M+23M+2
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and all other elements are zeros. The explicit form for the modified matrix M, in the case M = 3 is

1 1
1 0 —— 0 0 0 0 0 0 0 —— 0
2 2
o 0 0 —-—— 0 0 O o0 0 0 0 =
1 2 2
-~ 0 0 O - 0 O O O 0 0 O
2y 2 1
0 -~ 0 1 0 —— 0 0 0 0 0 0
2 2y
o 0 - 0 0 0 — 0 0 0 0 0
2 1 2
3 o 0 0 -—— 0 0 0 - 0 0 0 0
M, = 2 2 | (3.34)
o 0 0 0 —-—- 0 1 0 — 0 0 0
2 2
o 0 0 O 0O - 0 0 0 — 0 0
2 1 2y
o 0 O O 0O 0 —-— 0 0 0 = 0
2 2 1
o 0o o0 O O 0 0 —-— 0 1 0 -=
1 2 2
-~ 0 0 O O O O O = 0 0 O
2 2 1
0 - 0 0 0 0 0 0 0 —— 0
2 2

The eigenvalue problem for M, decouples into eigenvalue problems for two 6-by-6 matrices, which are related
by the Toeplitz transformation. As a result, the spectra of these two matrices are identical with the eigenvalues,
obtained with the use of MATLAB:

A = A7 = —=0.780776, A =Ag = —0.5, A3 = A9 =0,
A =Ai0=0.5, As=A1; =1.28078, Ag=A;p =1.5.

The matrix M, has exactly two zero eigenvalues, one of which is related to the derivative of the asymmetric vortex
(3.26) in 9 and the other one to the shift due to gauge transformation.

Computations of the matrix M5 for super-symmetric vortices of family (ii) in the cases M = 1,2, 3 confirm
the results of the second-order reductions for asymmetric vortices of family (iii) in those cases. Although all N3
solutions of family (iii) reduce to the super-symmetric vortex of family (ii) in the first-order reductions, it is the
only family (3.26) that survives in the second-order reductions, such that the super-symmetric vortex of family (ii)
with L = M and § = % can be deformed along an appropriate eigenvector p; and continued up to the second-order
reductions to the asymmetric vortex (3.26).

3.5. Higher-order reductions

The presence of the arbitrary parameter 6 in the family of asymmetric vortices (3.26) is not supported by
the symmetry of the discrete contour Sy or by the symmetry of the discrete NLS lattice (2.1). According to
Proposition 2.10, we would expect therefore that the one-parameter family (3.26) do not persist beyond all orders
of the Lyapunov—Schmidt reductions. This would imply that zeros of g'!) () are destroyed in a higher-order term
g®) () of the Taylor series (2.19) for g(8, €). In order to confirm this conjecture, we develop a MATLAB-assisted
algorithm.

Let M be the index of the discrete contour Sy, and K be the truncation order of the Lyapunov—Schmidt reduction.
We construct a square domain (n, m) € D(M, K) which includes Ny-by-Ny lattice nodes, where Ng = 2K+M+1.



36 D.E. Pelinovsky et al. / Physica D 212 (2005) 20-53

Corrections of the power series (2.20) for a given configuration of @ in (3.26) solve the set of inhomogeneous
equations

©\ (g
HO o) =" , 1<k<K,
<¢(k) f(k) =k =

where H( is given by (2.16) and f*) is the right-hand-side terms, which are defined recursively from the nonlinear
equations (2.7). When ¢(k) € w C {2 (see the proof of Proposition 2.6), we have a unique solution of the
inhomogeneous equations for any 1 <k < K:

1
o = ) o (n,m) € Sy, o = F (n,m) € Z* \ Su,
provided that

gl = —Im(f&emy =0,  (n,m)eSy, 1<k<K,

n,m

where g(k) is defined by (2.18). According to Proposition 2.10, if all g(k) =0forl <k < K—1,but(p;, g(K)) #0,
where p is the derivative vector of (3.26) with respect to parameter 6, then the family (3.26) terminates at the K -th
order of the Lyapunov—Schmidt reduction.

In the case M = 1, when p; = (0, 1, 0, l)T, we have found from the numerical algorithm that the vector g(k) is
zero for k = 1, 2, 3,4, 5 and non-zero for k = K = 6. Moreover, (p;, g(é)) # 0 for any 6 # {0, % m}. Similarly,
in the case M = 2, we have also found that K = 6 and (pq, g(6)) # 0 for any 0 # {0, %, mr}. Therefore, our
conjecture is confirmed for M = 1 and M = 2 with the aid of MATLAB.

In the case M = 3, we have found that g(3) is non-zero for any 0 < 6 < m but it satisfies the constraint
Py, g(3)) = 0. Therefore, if the super-symmetric vortex with M = L = 3 persists, it must have a non-uniform
phase shift across the contour S3. Our MATLAB-assisted procedure does not allow us to predict whether the
family of asymmetric vortices terminates in higher-order reductions k > 4 if g® £ 0. We will show persistence
of a super-symmetric vortex with M = L = 3 and termination of the asymmetric vortex (3.26) numerically at the
end of Section 5.

3.6. Summary on the persistence of localized modes

Individual results on the persistence of localized modes on the square discrete contour Sp; are summarized
as follows. Let the localized modes of the nonlinear equations (2.7) be defined by Definitions 2.1-2.3 from the

limiting solution ¢,(1?2,1 in (2.8) and the discrete contour Sy in (2.9). For M = 1, 2, 3, there exists a unique (modulo
gauge transformation) continuation to the domain € € O(0) of the following families of solutions:

e discrete solitons of family (i) in (3.3);
e symmetric vortices of family (ii) in (3.4);
e zero-parameter asymmetric vortices of family (iv) in (3.6).

Asymmetric vortices of family (iii) in (3.5) cannot be continued to the domain € € O(0) for M = 1,2,3. In
what follows, we consider the stability of persistent localized modes in the time evolution of the discrete NLS
equation (2.1).

4. Stability of discrete vortices

The spectral stability of discrete vortices (2.5) with u = 1 and 6y = 0 is studied with the standard linearization:

un,m(t) = 61(1_46” <¢n,m + an,me)\l + I;n,me)_d> , (n,m) € Zz’ 4.1)



D.E. Pelinovsky et al. / Physica D 212 (2005) 20-53 37
where A € C and (an m, bu.m) € C2 solve the linear eigenvalue problem on (n, m) € VAE
(1= 200002) @ = 82 bwim = € (@nstm + @utom + @1 + Gumr) = ihdin,
=62 mtnn + (1= 208w l?) bam = € (buston +ba-ton + bt +bum1) = kb
The stability problem (4.2) can be formulated in the matrix—vector form:
oHY =iry, 4.2)

where ¥ € {2 x {2 consists of 2-blocks of (ay m, b,,,m)T, ‘H is defined by the linearization operator (2.15), and o
consists of 2-by-2 blocks of Pauli matrices o3 (o3 is the diagonal matrix of (1, —1)). The discrete vortex is called
spectrally unstable if there exist A and ¥ € {2 x {2 in the problem (4.2) such that Re(%) > 0. Otherwise, the discrete
vortex is called weakly spectrally stable. When the localized mode ¢ (€) is expanded into the Taylor series (2.20),
the linearized operator H is expanded in the corresponding Taylor series:

o0
H=HO+> H®, 4.3)
k=1

where H(© is defined in (2.16), while the first-order and second-order corrections are given by

50 4D ©0) (D 0 4D
1 Gnm P T Pn.m®n.m Gn.m® 10
H,(,,)n = < (0) (1)’ Z0) (1) +:})’(1(1)) () ) — (S+l,0 + 51,0 + 50,+1 +SO,—1) 0 1
n.m¥n,m n.m¥n,m n.m¥n,m
and
HO — (W nbion £ OB Kb, ) (2@;@2 Dot 2)
o o Phom PhmBuom + Bum Brn S 2100l
It is clear from the explicit form (2.16) that the spectrum of H (¢ = y¢ has exactly N negative eigenvalues
y = —2, N zero eigenvalues y = 0 and infinitely many positive eigenvalues y = +1. The negative and
zero eigenvalues y = —2 and y = 0 map to N double zero eigenvalues A = 0 in the eigenvalue problem

oH Oy = iry. The positive eigenvalues y = +1 map to the infinitely many eigenvalues A = =i. Since zero
eigenvalues of oH® are isolated from the rest of the spectrum, their splitting can be studied through regular
perturbation theory. On the other hand, if the localized solution ¢, ,, decays sufficiently fast in (n, m) € Z? as
|n|4|m| — oo, the continuous spectral bands of o’H are located on the imaginary axis of A near the points A = =i,
similarly to the case for ¢, ,, = O for (n,m) € 72 [38]. Therefore, the infinite-dimensional part of the spectrum
does not produce any unstable eigenvalues Re(A) > 0 in the stability problem (4.2) with small € € O(0). We shall
consider how zero eigenvalues of H© and o H® split as e # 0 for the localized modes categorized in Section 3.6.

4.1. Splitting of zero eigenvalues in the first-order reductions

The splitting of zero eigenvalues of H is related to the Lyapunov—Schmidt reductions of the nonlinear equations
(2.14). We show that the same matrix M, which gives the Jacobian of the bifurcation functions g1 (9), also
defines small eigenvalues of 7 that bifurcate from zero eigenvalues of H(?) in the first-order reductions.

Lemma 4.1. Let the Jacobian matrix M have eigenvalues ,LLE-I), 1 < j < N. The eigenvalue problem He = y¢
has N small eigenvalues y; in € € O(0), such that

Doy 1<jsn 4.4)
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Proof. We assume that there exists an analytical solution ¢ (¢) of the nonlinear equations (2.14). The Taylor series
of ¢ (¢) is defined by (2.20). By taking the derivative in €, we rewrite the problem (2.14) in the form

Hp¥(e) + €Hs¥(€) + Hsp(e) =0, ¥(e) =¢'(e), (4.5)

where the linearization operator (2.15) is represented as H = H, +€Hj. Using the series (2.20) and (4.3), we have
the linear inhomogeneous equation

HP¢D 1+ H,6@ =0. (4.6)

Lete;j(@), j =1,..., N be eigenvectors of the kernel of H® . Each eigenvector €;(#) contains the only non-zero
block i (e!?, —e~1%/)T at the j-th position, which corresponds to the node (2, m) on the contour Sy;. It is clear that
the eigenvectors are orthogonal as follows:

(e;(0),¢;(0)) =25 ;, l<ij=N. 4.7

Leté;(@), j = 1,..., N be generalized eigenvectors, such that each eigenvector €; (@) contains the only non-zero
block (e, e71%)T at the j-th position. Direct computations show that

oHe;(0) = 2ie;(0), 1<j<N. (4.8)

The limiting solution (2.8) can be represented as follows:
N
$©©0) =) &;0).
=1

By comparing the inhomogeneous equation (4.6) with the definition (2.18) of the bifurcation function g(#) and its
Taylor series (2.19) we have the correspondence

&0 = 3 (e0). %,600)

Consider a perturbation to a fixed point of g(l)(0*) = 0 in the form @ = 0, + ec, where ¢ = (¢1,¢2,...,cn)T €
RV Tt is clear that

N
$V0) =9 +e> cie; +0(),  €;0) =e¢; —ecjéj + O,
i=1

where ¢(O> = ¢(0) 0+),e; =e;j(0,),and éj = éj (6.). By expanding the bifurcation function g(])(e) near0 = 0.,
we define the Jacobian matrix M:

g 0) =g + e (Mie); +0(e),
where

n

| N
(Mlc)j=52(e],H e)ci — = Z €j, H,&;). 4.9)

i=1
On the other hand, the regular perturbation series for small eigenvalues of the problem He¢ = y ¢ are defined as
follows:

90 =00 +epV + %P + 0,  y=en +n+0E), (4.10)

where ¢© = Z?/=1 cje;j, according to the kernel of H© . The first-order correction term ¢! satisfies the

inhomogeneous equation

'H(O)(p(l) + H(l)(p(o) — VI(P(O)- (4.11)
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Projection to the kernel of H© gives the eigenvalue problem for y;:

N
%Z(ej,H(])e,) Ci = Yi1¢Cj. (4-12)
i=1

By direct computations,

1, . 1
-5 ; (&, Hy&i) = cos(0; — 0j41) +cos(0; —0;_1) = 3 Z (ej,Hg)ei> ,

i=1
such that the limiting relation (4.4) follows from (4.9) and (4.12) with H() = nyl) +Hs. O

We apply results of Lemma 4.1 to the localized modes categorized in Section 3.6. The numbers of negative,
zero and positive eigenvalues of M are denoted as n(M), z(M) and p(M) respectively. They are predicted
from Lemmas 3.4-3.6.

For family (i), we compute the parameter A in Lemma 3.4 as A} = (=DN=L2I = N), where [ is defined in
Proposition 3.1. By Lemma 3.4, we have n(M|) = N — [ — 1, z(M) = 1,and p(M ) =l for0 <[ <2M — 1
and n(Mj) =N —1,z(Mp) = 1,and p(M;) =1 —1for2M + 1 <1 < 4M. In the case of super-symmetric
solitons for / = 2M, by Lemma 3.6, we have n(M ) =2M — 1, z(M;) = 2, and p(M) =2M — 1.

For family (ii), by Lemma 3.5, we have n(M1) = 0, z(M;) = l,and p(M|) = N—1forl <L < M —1and
n(Mij)=N—1,z(M;)=1,and p(M;) =0for M +1 < L <2M — 1, where L is defined in Proposition 3.1.
The case of super-symmetric vortices L = M can only be studied in the second-order reductions, since M| = 0.

The family (iv) is characterized by the value of cos6, # 0, L # M and 1 <n < N — 1,n # 2M, which are
specified in Proposition 3.1. The parameter A in Lemma 3.4 is computed as A| = (=D¥ " (cos0,)V "1 2n = N),
such that z(M{) = 1 in all cases. In the case cos6, > 0, by Lemma 3.4, we have n(M) = N —n — 1 and
pMy) =nforl <n <2M —-1andn(M;) = N —nand p( M) =n—-1for2M+1 <n < N — 1.
In the opposite case of cos, < 0, we have n(M) = nand p(M;) = N —n—1forl <n <2M — 1 and
n(M)=n—1land p(M|) =N —nfor2M+1<n <N —1.

The splitting of zero eigenvalue of H is related to splitting of zero eigenvalues of o’H in the stability problem
4.2).

Lemma 4.2. Let the Jacobian matrix M| have eigenvalues u(,l), 1 < j < N. The eigenvalue problem c HYp =
iAY has N pairs of small eigenvalues A in e € O(0), such that

2

32
lim . =2, "

lim — i 1<j<N. (4.13)

Proof. The regular perturbation series for small eigenvalues of o’H are defined as follows:

V=9 O+ VvV + ey @ + /ey +0(?), A=k +err+evers +0(eD), (4.14)
where, due to the relations (4.7) and (4.8), we have
N Al N
W(O)ZZC]‘B]', W(I)ZTZC]'@]‘, (4.15)
j=1 j=1

according to the kernel and generalized kernel of oH(?). The second-order correction term ¥ ® satisfies the
inhomogeneous equation

HOYO L HOGO — i3 59D 4oy ©, (4.16)
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Projection to the kernel of ) gives the eigenvalue problem for A;:

)\2
Mic = 71c, 4.17)

where ¢ = (c1, ca, ..., cn)T and the matrix M is the same as in the eigenvalue problem (4.12). The relation
(4.13) follows from (4.17). O

We apply results of Lemma 4.2 to the localized modes of Section 3.6. The numbers of negative, zero and
positive eigenvalues of M, denoted as n(My), z(Mi) and p(My), are computed above. Let Ny, No and N;~
be the numbers of pairs of real, zero and imaginary eigenvalues of the reduced eigenvalue problem (4.17). The
notation N, is used for imaginary eigenvalues with negative Krein signature (see [1,36]).

Forfamily(i),wehaveNi_ =N-I—1,Ngo=1l,and N; =lfor0 <[ <2M — LN =N—-1-1,Ny=2,
and Ny =1 —1forl =2M;and N; = N —[,No=1,and Ny =1 — 1for2M + 1 <1 < N, where [ is defined in
Proposition 3.1.

For family (ii), we have N.” = 0, No = l,and Ny = N —1for1 <L <M —1; NJ =0, Ngo = N, and
Ny =0for L = M, and Ny =N —1,Nyg = 1,and N; = Ofor M +1 <L <2M — 1, where L is defined in
Proposition 3.1.

For family (iv) with cos6, > 0, we have Ny = N —n—1, Ng=1,and Ny = nfor1l <n <2M — 1 and
N7 =N-n,No=1,and Ny =n —1for2M +1 <n < N — 1. In the opposite case of cos 6, < 0, we have
N7 =n, Ng = l,and Ny=N—-n—1forl <n <2M —land N; =n—1, Ny = 1, and N, = N — n for
2M+1<n<N -1

There are several features which are not captured in the first-order reductions. For super-symmetric solitons of
family (i), when /| = 2M but a; # (—1)/ a, the additional zero eigenvalue splits at the second-order reductions,
which leads to an additional non-zero eigenvalue of the stability problem (4.2). For symmetric vortices of family
(ii), multiple real eigenvalues of the first-order reductions split into the complex domain in the second-order
reductions. For super-symmetric vortices of family (ii), when L = M, the matrix M; = 0, such that non-
zero eigenvalues occur in the second-order reductions. Finally, for super-symmetric solitons with [ = 2M and
aj = (—1)/a and super-symmetric vortices with L = M, an additional zero eigenvalue bifurcates in the higher-
order reductions. These special features of the problem under consideration are addressed in the rest of this section.

4.2. Splitting of zero eigenvalues in the second-order reductions: Super-symmetric solitons

For super-symmetric solitons of family (i), when [ = 2M but a; # (—1)/a, the Jacobian matrix M has two
zero eigenvalues with eigenvectors py and p;, but the Jacobian matrix M; + € M5 has only one zero eigenvalue
with eigenvector py. Therefore, the splitting of the zero eigenvalue occurs in the second-order reduction. Extending
the regular perturbation series (4.10) to the next order, we find that y; = 0 for ¢ = p;, and

(py, M2py)
v=—"———":.
(pl ’ pl)
Extending the regular perturbation series (4.14) to the second order, we have find that k% = 0 for ¢ = py, and
, M
)622(131 2P1) _5

(P1, Py

Thus, the splitting of the zero eigenvalue in the second-order reduction is the same as the splitting of zero
eigenvalues in the first-order reductions. A positive eigenvalue y» results in a pair of real eigenvalues A, while
a negative eigenvalue y» results in a pair of purely imaginary eigenvalues A, of negative Krein signature. This
result recovers conclusions of our previous paper [1], where we address the stability of discrete solitons in the
one-dimensional NLS lattice.
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4.3. Splitting of non-zero eigenvalues in the second-order reductions

We continue the regular perturbation series (4.14) to the second-order reductions. Using explicit solutions for
¢V, required in H", we compute the explicit solution of the inhomogeneous equation (4.16) subject to the
constraint (4.17):

PO LA . R N
PO = Y e+ 5 D (sin0)41 = 0)ci1 401 = 0)c;)E; + Y cj (S +S ey (G18)

j=1 =1 =1
where the operators S+ shift elements of e; from the node (1, m) € Sy to the adjacent nodes (n, m) € 72\ Su,
according to enumeration j = 1, ..., N. The third-order correction term ¥ * satisfies the inhomogeneous equation

HO$® 4 HOyO Z i oy 4 itgoy® +irsoyp©. (4.19)

Projection of the combined inhomogeneous problems (4.16) and (4.19) to the kernel of H® gives the extended
eigenvalue problem for A and A;:

2
Z1

A
Mic= 5 ¢+ € (e + A Lic), (4.20)

where the matrix £, is defined by

~ [sin@6; — 6y, i=j+1,

subject to the periodic boundary conditions. Let /L;l) be an eigenvalue of the symmetric matrix M with the
eigenvector ¢;. Then,
ci, Lic;
am=x2u = _&pte), (4.22)
(cj,cj)
Since the matrix £; is skew-symmetric, the second-order correction term A is purely imaginary, unless
(ej, L1¢j) = 0. For discrete solitons of family (i), we have sin(8;41 — 6;) = 0, such that £; = 0 and A, = 0.
For symmetric vortices of family (ii) with L # M, the matrix M has double eigenvalues, according to the roots
of sin’ 7 in the explicit solution (3.13). Using the same discrete Fourier transform as in the proof of Lemma 3.5,
one can find the values of A and A, in this case.

Lemma 4.3. Let all coefficients aj = cos(0j+1 — 0;) and bj = sin(0j41 — 0;), 1 < j < N be the same: aj = a
and bj = b. Eigenvalues of the reduced problem (4.20) are given explicitly:

2
A = ++/8asin ”—A’: Ay = —2ibsin % l<n<N. (4.23)

According to Lemma 4.3, all double roots of A1 for n # % and n # N split along the imaginary axis in Aj.
When a > 0, the splitting occurs in the transverse directions to the real values of A1. When a < 0, the splitting
occurs in the longitudinal directions to the imaginary values of A;. The simple roots at n = % and n = N are not

affected, since A, = 0 forn = % andn = N.

4.4. Splitting of zero eigenvalues in the second-order reductions: super-symmetric vortices

We extend results of the regular perturbation series (4.10) and (4.14) to the case M| = 0, which occurs for
super-symmetric vortices of family (ii) with charge L = M. When M| = 0, it follows from the problem (4.11)
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that y; = 0 and the first-order correction term ¢! has the explicit form

1 N . N
o =2 (cjnn =g + Y i (Sp+S e, (4.24)
j=1 j=1

where the operators S are the same as in the formula (4.18). The second-order correction term (p(2) satisfies the
inhomogeneous equation

HO @ 4 HDGD L HD GO — 1) 5O (4.25)

Projection to the kernel of H© gives the eigenvalue problem for y»:

N
% (ej, H(l)(P(l)) + % Z (ej, H(z)e,-> Ci = Y2Cj. (4.26)

By direct computations in the three separate cases M = 1, M = 2, and M > 3, one can verify that the matrix
on the left-hand side of the eigenvalue problem (4.26) is nothing but the matrix M5, which is the Jacobian of the
nonlinear function g® (#). Let the numbers of negative, zero and positive eigenvalues of M be denoted as n(M3),
7(My) and p(M,) respectively. For super-symmetric vortices of family (ii), we have computed in Section 3.4 that
n(Mp) =0, z(M3) =2 and p(Mjp) =2for M = 1, n(Mj) =1, z(M3) = 2 and p(M3) = 5 for M = 2; and
n(Mj) =4, z(Mj) =2 and p(M3) =6 for M = 3.

Splitting of zero eigenvalues of o’H is studied with the regular perturbation series (4.14). When M| = 0, it
follows from the problem (4.16) that A; = 0, such that the regular perturbation series (4.14) can be re-ordered as
follows:

v =90 +eyV 1+ Y@ 10,  A=er+0+0(), (4.27)
where
N )\1 N
vO = e ¥ =0+ ek (4.28)
j=1 j=1

and ¢ is given by (4.24). The second-order correction term ¥ @ is found from the inhomogeneous equation

H(O)W(z) + 'H(l)lli(l) + 7‘((2)10(0) — iklalll(l) + ikzaiﬁ(o). (4.29)
Projection to the kernel of ) gives the eigenvalue problem for A;:

2

A
Moe = rLoe+ glc, (4.30)
where ¢ = (¢, ¢a, ..., cn)T, the matrix M is the same as in the eigenvalue problem (4.26), and the matrix Lo

follows from the matrix £; in the form (4.21) with sin(6;,1 — 6;) = 1, or explicitly:

+1, i=j—1
(L2)ij =11, i=j+1 4.31)
0, li—Jjl#1

subject to the periodic boundary conditions. Since M> is symmetric and £, is skew-symmetric, the eigenvalues of
the problem (4.30) occur in pairs (A1, —A1).

Comparing matrices M in (3.27) and £; in (4.31), we understand that M, = —%E%. However, the Jacobian
matrices Mz are modified in the case M = 2 and M > 3 by the rank-one and rank-four non-positive matrices



D.E. Pelinovsky et al. / Physica D 212 (2005) 20-53 43

AMp>. As aresult, the eigenvalue problem (4.30) can be factorized as follows:
1
3 (L2 + A% e = AMae. (4.32)

If A1 € R, then (¢, £L2¢) = 0 and (c, Mose) > 0.If & € iR, then either £o¢ = —A;c or (¢, AMse) < 0. In
order to associate the Krein signature with purely imaginary eigenvalues A1, we consider the energy quadratic form
computed at the eigenvector (4.27) for A € iR:

(. HY) = €202 + O(e?), (4.33)

where

0, = (,,,(0)’71(2),/,(0)+H(1)¢(1)+H<0>¢(2))+(¢(1),H<1>¢<0>+H<0>,,,<1>)
i (,/,<0>, m/,a)) Fik (,ﬁ(l), G,/,m))

= Z ¢j(cje1—cjm1) —¢j (Cj41 —¢j- 1))+2)‘ZZ|51|2

j=1

= ZM (c, (L2 4+ A1)e).

The sign of the energy quadratic form (4.33) coincides with the Krein signature of imaginary eigenvalues A (see,
e.g., [1]). When L£o¢ = —Ajc, eigenvalues A € iR have zero Krein signature at the second-order reductions. When
(e, AM>e) < 0, eigenvalues X € iR have negative Krein signature at the second-order reductions.

Computations of eigenvalues of the reduced eigenvalue problem (4.30) are reported in the three distinct cases:
M=1,M=2and M = 3.

Case M = 1: The reduced eigenvalue problem (4.30) takes the form of the difference equation with constant
coefficients:

—Cj42 + 26‘]' —Cj2= )»%Cj + 271 (Cj+1 — Cj_l) s 1<j<4M, (4.34)

subject to the periodic boundary conditions. By the discrete Fourier transform, the difference equation reduces to
the characteristic equation

(Al + 2isin ﬂ)z =0, 1<n<4M. (4.35)
2M - -

When M = 1, the reduced eigenvalue problem (4.30) has two eigenvalues of algebraic multiplicity two at A1 = —2i

and A1 = 2i and a zero eigenvalue of algebraic multiplicity four. The multiple imaginary eigenvalue A; = 2i has

zero Krein signature, according to the discussion below (4.33).
Case M = 2: The reduced eigenvalue problem (4.30) takes the form of a system of difference equations with
constant coefficients:

—Xj41+2x; —xjq ZA%XJ' + 211 (yj —yj_l) , j=12,3,4,
Yi+1 —2yjy2t yj—1 = )»%yj + 221 (xj41 — x;), j=1273,4,

where x; = ¢z;-1 and y; = c2; subject to the periodic boundary conditions. The characteristic equation for the
linear system takes the explicit form

—ZA%(I—(—I)" 8 sin’ T)+8sm 7T4—n(1—(—1)" 2 sin? 7TT)—O n=1,273,4.

The reduced eigenvalue problem (4.30) has three eigenvalues of algebraic multiplicity four at A; = —+/2i,

A = V2i 2i, and A1 = 0, and four simple eigenvalues at A1 = +iv/+/80+ 8 and A| = +v/4/80 — 8. The multiple
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imaginary eigenvalue A; = +/2i has zero Krein signature, while the simple imaginary eigenvalue A; = iv/+/80 + 8
has negative Krein signature, according to the discussion below (4.33).

Case M = 3: Eigenvalues of the reduced eigenvalue problem (4.30) are computed numerically by using
Mathematica. The results are as follows:

A1 = £3.68497i, Az 4 = Ase = £3.20804i, A7g = +£2.25068i, A9 10 = A11,12 = =i,
A13.14 = A15,16 = £0.53991,  A17.18,19.20 = £0.634263 £ 0.2828511, A21.22.23.24 = 0.

Using these computations of eigenvalues, we summarize that the second-order reduced eigenvalue problem
(4.30) has no unstable eigenvalues A when L = M = 1; a simple unstable (positive) eigenvalue when L = M = 2;
two unstable real and two unstable complex eigenvalues when L = M = 3.

The destabilization of the super-symmetric vortex with M = 2 occurs due to the center node (2, 2), which
couples the four even-numbered nodes of the contour S, in the second-order reductions. Due to this coupling,
the rank-one non-positive matrix AM> modifies the Jacobian matrix M, which acquires a simple negative
eigenvalue, compared to the non-negative matrix M>. This deformation results in a simple unstable eigenvalue
in the reduced eigenvalue problem (4.32).

Similarly, destabilization of the super-symmetric vortex with M = 3 occurs due to the coupling of eight nodes
of the contour S3 with four interior corner points (2, 2), (2, M), (M, M), and (M, 2). Due to this coupling, the
rank-four non-positive matrix A M, leads to four negative eigenvalues in the Jacobian matrix M and to four
unstable eigenvalues in the reduced eigenvalue problem (4.32).

We note that if AM; = 0 for any M > 1 (i.e. if all nodes inside the contour Sj; would be removed by drilling
a hole), the eigenvalues of M> would be all positive and the eigenvalues of the reduced problem (4.32) would be
all purely imaginary, similarly to in the case M = 1. In this case, the eigenvalue problem (4.32) would be solved
with the discrete Fourier transform in the form (4.35) for a general M > 1.

We also note that multiple eigenvalues of zero Krein signatures can split either along the imaginary axis or into
the complex domain. When eigenvalues split along the imaginary axis, a multiple eigenvalue of even algebraic
multiplicity splits into equal numbers of eigenvalues of positive and negative Krein signatures [39]. We will show
numerically in Section 5 that this scenario holds for super-symmetric vortices in the cases M = 1, 2, 3.

4.5. Splitting of zero eigenvalues in the higher-order reductions

We study the splitting of zero eigenvalues in higher-order reductions with a modification of the MATLAB-
assisted algorithm of Section 3.5.

The regular perturbation series (4.10) for the eigenvalue problem Hg = y ¢ starts with the zero order @ =
Z;V:l cje;. We consider the splitting of the double zero eigenvalue of M; which corresponds to the eigenvectors
po and py, where py = (1, 1,...,1, 1)T andp; = (0,1,...,0, l)T. For this purpose, we set ¢ = (c1,...,cnN) =
p; +apy, where « is a parameter. We assume that the splitting occurs at the order K of the higher-order reductions.
Once the perturbation series (4.10) is extended up to the order K in the computational domain (n, m) € D(K, M),
all corrections of the perturbation series can be found from the linear inhomogeneous equations:

k
HOG® — Z H M k=), l1<k<K-1

m=1

and

K
'H(O)q)(K) - _ Z H(m)(p(K—m) + )/K(P(O),

m=1



D.E. Pelinovsky et al. / Physica D 212 (2005) 20-53 45

where y = yxeX 4+ O(eX*1) is the leading-order approximation for the smallest non-zero eigenvalue of . The
higher-order correction yg and the parameter « in the linear superposition are found from the projection formulas,
onto the kernel of H®.

Applying this algorithm to the super-symmetric vortices with M = 1, we have found that K = 6, o = —%, and
¥6 = —16, such that the zero eigenvalue becomes a small negative eigenvalue for small € # 0. In the case M = 2,
the same algorithm results in the same conclusion with K = 6, o = —%, and y¢ = —8. The algorithmic procedure

does not work in the case M = 3, when the phase difference between two adjacent sites on the discrete contour
changes in higher orders of the Lyapunov—Schmidt reductions.

Similarly, we develop the regular perturbation series (4.27) for the eigenvalue problem o’ Hy = iA¢ starting
with the zero order 1/1(0) = Z;V:l cje; and ¢ = py + apy, where o = —%. In the case M = 1, we have found that

A1 = Az = 0 but A3 # 0, such that A% = —32 = 2ys. Therefore, a small negative eigenvalue of H at K = 6 results
in a pair of small imaginary eigenvalues of o’H with negative Krein signature, similarly to the standard result of
the first-order reductions. The same conclusion was obtained in the case M = 2 with X% = —16 = 2y6. The case
M = 3 is again omitted from consideration.

4.6. Summary on the stability of localized modes

Individual results on the stability of localized modes on the square discrete contour Sj; are summarized as
follows. Let families of discrete solitons and vortices be defined in Section 3.6. For M = 1, 2, 3, the following
solutions are spectrally stable in the domain € € O(0):

e discrete solitons of family (i) with [ = 0;
e symmetric vortices of family (ii) with the charge M + 1 < L <2M — 1;
e the symmetric vortex of family (ii) with the charge L = M =1

All other solutions have at least one unstable eigenvalue with Re(A) > 0. We note that stability of discrete
solitons of family (i) with [ = 0 is equivalent to stability of discrete solitons in the one-dimensional NLS lattice,
which is proved in our previous paper [1]. When [ = 0, the limiting solution (2.8) consists of alternating up and
down pulses along the contour Sy, similarly to Theorem 3.6 in [1].

5. Numerical results

We perform a numerical analysis (within a prescribed tolerance of 1078) of the linear stability problem
associated with the discrete NLS equation (2.1). We examine discrete vortices in the simplest cases M = 1 and
M = 2. The results are shown in Figs. 2—7 and summarized in Table 1.

In computations of solutions of the problems (2.7) and (4.2), we will use an equivalent renormalization of the
problem with the parameter

_ €
1 —de’

This renormalization is equivalent to keeping the diagonal term —4€¢; ,, in the right-hand side of the difference
equations (2.7). As a result, the discrete solitons and vortices exist in the semi-infinite domain ¢ > 0 and the finite
interval 0 < € < 41_1' The anti-continuous limit is not affected by the renormalization since ¢ & € for small €.

In Figs. 2-7, the top left panel shows the profile of the vortex solution for a specific value of ¢ by means
of contour plots of the real (top left), imaginary (top right), modulus (bottom left) and phase (bottom right) two-
dimensional profiles. The squares in each sub-figure show nodes of the discrete lattice (1, m) € Z?, where different
colors correspond to different values of the plotted quantities, according to the color scheme on the right of each

sub-figure.

&
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Fig. 2. The (super-symmetric) vortex cell with L = M = 1. The top left panel shows the profile of the solution for ¢ = 0.6. The subplots
show the real (top left), imaginary (top right), modulus (bottom left) and phase (bottom right) fields. The top right panel shows the spectral
plane (Ar, Aj) of the linear eigenvalue problem (4.2). The bottom panel shows the small eigenvalues versus & (the top subplot shows the
imaginary part, while the bottom shows the real part). The solid lines show the numerical results, while the dashed lines show the results of the
Lyapunov-Schmidt reductions.

The top right panel shows the complex plane A = A, + i} for the linear eigenvalue problem (4.2) for the
same value of e. The bottom panel shows the dependence of small eigenvalues as a function of ¢, obtained via
continuation methods from the anti-continuum limit of ¢ = 0. The solid lines represent numerical results, while
the dashed lines show results of the first-order, second-order and sixth-order reductions.

Fig. 2 shows results for the super-symmetric vortex of charge L = 1 on the contour Sy with M = 1. In
the second-order and sixth-order reductions, the stability spectrum of the vortex solution has a pair of imaginary
eigenvalues 1 ~ =iy/32¢3 and two pairs of imaginary eigenvalues A ~ +2¢i. The latter pairs split along
the imaginary axis beyond the second-order reductions. The larger pair of negative Krein signature leads to a
Hamiltonian—Hopf bifurcation for larger values of ¢ & 0.38 upon collision with the continuous spectrum. The
smaller pair of positive Krein signature disappears at ¢ &~ 0.66. The smallest pair of imaginary eigenvalues has
negative Krein signature and leads to a Hamiltonian—Hopf bifurcation at ¢ ~ 0.92 due to collision with another
pair of positive Krein signature which bifurcates from the continuous spectrum.

Fig. 3 shows results for the symmetric vortex of charge L = 1 on the contour Sp; with M = 2. There are three
double and one simple real unstable eigenvalues in the first-order reductions, but all double eigenvalues split into
the complex plane in the second-order reductions. The asymptotic result (4.23) for eigenvalues A ~ /eA| + €y
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Fig. 3. The symmetric vortex with L = 1 and M = 2; the top panels show the mode profile (left) and linear stability (right) for ¢ = 0.1.

with N = 8, a = cos(w/4) and b = sin(r/4) is shown in Fig. 3, in very good agreement with numerical
results.

Fig. 4 shows results for the super-symmetric vortex with L = M = 2. The second-order and sixth-order
reductions have a pair of simple real eigenvalues 1 ~ Z¢+v/+/80 — 8, a pair of simple imaginary eigenvalues
A A +iey/+/80 + 8, a pair of simple imaginary eigenvalues A ~ =4ig?, and a pair of imaginary eigenvalues
of algebraic multiplicity four at A = +ie+/2. The bottom right panel of Fig. 4 shows the splitting of multiple
imaginary eigenvalues beyond the second-order reductions along the imaginary axis and also four subsequent
Hamiltonian—Hopf bifurcations for larger values of ¢ (¢ ~ 0.23;0.5;0.5; 1.45). The other two pairs of purely
imaginary eigenvalues collide with the band edge of the continuous spectrum at ¢ &~ 1.315; 1.395 and disappear
into the continuous spectrum.

Fig. 5 shows results for the symmetric vortex with L = 3 and M = 2. The first-order reductions predict
three pairs of double imaginary eigenvalues, a pair of simple imaginary eigenvalues and a double zero eigenvalue.
The double non-zero eigenvalues split in the second-order reductions along the imaginary axis, given by (4.23)
with N = 8§, a = cos(3wr/4) and b = sin(37w/4). The seven pairs of imaginary eigenvalues lead to a
cascade of seven Hamiltonian—Hopf bifurcations for larger values of ¢ due to their collisions with the continuous
spectrum. The first Hamiltonian—-Hopf bifurcation when the symmetric vortex becomes unstable occurs for
& ~ 0.096.
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Fig. 4. The super-symmetric vortex with L = M = 2; the top panels show the mode profile (left) and linear stability (right) for ¢ = 0.1. The
bottom right panel is an extension of the bottom left panel to larger values of ¢.

Zero-parameter asymmetric vortices of family (iv) on the contour Sy, with M = 2 are shown in Fig. 6 for
L = 1 and in Fig. 7 for L = 3. In the case of Fig. 6, all the phase differences between adjacent sites in the
contour are 77 /6, except for the last one which is 5 /6, completing a phase trip of 27 for a vortex of topological
charge L = 1. Eigenvalues of the matrix M in the first-order reductions can be computed numerically as follows:
iV = —1.154, 1P = 0, 1P = 0507, "’ = 0.784, 1’ = 1732, 1l = 2.252, 1P = 2.957 and
uél) = 3.314. As a result, the corresponding eigenvalues A ~ 4./2u¢ yield one pair of imaginary eigenvalues
and six pairs of real eigenvalues, in agreement with our numerical results. The bottom panel of Fig. 6 shows that
two pairs of real eigenvalues collide for ¢ &~ 0.047 and ¢ &~ 0.057 and lead to two quartets of eigenvalues.

In the case of Fig. 7, all the phase differences in the contour are 51 /6, except for the last one which is 7 /6,
resulting in a vortex of topological charge L = 3. Eigenvalues of the matrix M are found numerically as follows:
iV = -3314, 18" = 2957, 1§ = 2252, (" = —1.732, iV = —0.784, " = —0.507, uiP = 0, and
,uél) = 1.154. Consequently, this solution has six pairs of imaginary eigenvalues and one pair of real eigenvalues.
The first Hamiltonian—Hopf bifurcation occurs for ¢ ~ 0.086.

At the end of this section, we address the persistence and stability of super-symmetric vortices in the case
M = L = 3, where our analytical results from Lyapunov—Schmidt reductions have limitations. Numerical
computations indicate fast convergence of the iterative procedure to the super-symmetric vortex for & > 0. Table 2
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Fig. 5. The symmetric vortex with L = 3 and M = 2; the top panels show the mode profile (left) and linear stability (right) for ¢ = 0.1.

Table 2

The phase values of twelve nodes across the discrete contour S3 in the super-symmetric vortex with M = L = 3 for ¢ = 0.01

j=1 j=2 j=3 j=4 j=5 j=6
0.0012099765 1.5678285580 3.1469803754 4.7135989568 6.2802175384 1.5761840486
ji=7 ji=8 ji=9 j=10 j=11 j=12
3.1428026301 47094212116 0.0053877218 1.5720063033 3.1386248848 47177767021

shows the values of complex phases 8; across the discrete contour S3 for ¢ = 0.01. It is clear from the Table
that the phase differences between two adjacent sites across the discrete contour become slightly different from
/2, as was noted in the algorithmic computations of the higher-order reductions. Fig. 8 shows the eigenvalues
of the discrete spectrum for the super-symmetric vortices with M = L = 3 for ¢ = 0.01. According to our
computations of eigenvalues of the second-order reduction, we find four unstable eigenvalues, which include
two real and two complex-conjugate eigenvalues. Also, we observe that the additional pair of zero eigenvalues
splits slowly from zero in higher-order reductions, which proves our conjecture that the one-parameter family
of asymmetric vortices terminates, while the zero-parameter family of super-symmetric vortices persists in the
Lyapunov—Schmidt reductions.
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Fig. 6. The asymmetric vortex with L = 1 and M = 2; the top panels show the mode profile (left) and linear stability (right) for ¢ = 0.1.
6. Conclusion

In the present work we have developed the mathematical analysis of discrete soliton and vortex solutions of
the two-dimensional NLS lattice with small coupling between lattice nodes. These solutions are relevant to recent
experimental and numerical studies in the context of nonlinear optics, photonic crystal lattices, soft condensed-
matter physics, and Bose—Einstein condensates.

We have examined the persistence of discrete vortices starting from the anti-continuum limit of uncoupled
oscillators and continuing towards a finite coupling constant €. We have found persistent families of such solutions
that include symmetric and asymmetric vortices. We have ruled out other non-persistent solutions by means of
the Lyapunov—Schmidt reduction method. For persistent solutions, we have derived the leading-order asymptotic
approximations for small unstable and neutrally stable eigenvalues of the stability problem.

We have applied the results to particular computations of discrete vortices of topological charge L = 1, L = 2,
and L = 3 on the discrete square contours Sy with M = 1, M = 2, and M = 3. Besides particular computations
collected in Table 1 and Figs. 2-7, these results offer a road map for stability predictions for larger contours,
as well as predictions on how to stabilize the discrete vortices. For example, super-symmetric vortices of charge
L = M > 2 can be stabilized by excluding the inner nodes inside the discrete contour Sy;.
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Fig. 7. The asymmetric vortex with L = 3 and M = 2; the top panels show the mode profile (left) and linear stability (right) for ¢ = 0.1.
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There are remaining open problems for future analytical work. First, it would be nice to extend this analysis
to three-dimensional structures, such as the discrete solitons, vortices, or vortex “cubes” (see [26-28]). Second,
other types of contours can be studied in the two-dimensional lattice, such as the diagonal square contours
which would include the “vortex cross” or the octagon (see [25]). While, conceptually, the methodologies and
techniques presented here can be adapted to the problems mentioned above, actual computations of the higher-
order Lyapunov—Schmidt reductions become technically involved but can be carried out with symbolic computing
software.
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