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Abstract: We consider nonlinear modes of the nonlinear Schrédinger equation with nonlocal
nonlinearities and and P7-symmetric parabolic potential. We show that there exists a set
of continuous families of nonlinear modes and study their linear stability in the limit of
small nonlinearity. It is demonstrated that either P7 symmetry or the nonlocality can be used
to manage the stability of the small-amplitude nonlinear modes. The stability properties are also
found to depend on the particular shape of the nonlocal kernel. Numerical simulations show that the
stability results remain valid not only for the infinitesimally small nonlinear modes, but also for the
modes of finite amplitude.
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1. Introduction

Nonlocal nonlinearities are known to be of relevance for numerous physical applications.
In optical applications, nonlocal nonlinearity emerges in description of beam propagation in thermal
media [1] or in atomic vapors [2,3]. Nonlocal nonlinearities have been shown to support optical
solitons [4-7] and to alter their properties, such as, for instance, stability [4], the collapse dynamics [8],
or the interactions between solitons [9].

Nonlocality is also relevant in the theory of Bose-Einstein condensates (BECs) [10-12] in view
of the intrinsically nonlocal nature of the inter-atomic interactions [13-17], and in the theory of hot
atomic gases, where the diffusion processes are taken into account [18]. Nonlocal nonlinearities are
also inherent for plasma problems [19], for the theory on nematic crystals [20,21], and for optics of
Rydberg gases [22].

In many relevant situations, nonlocal nonlinearity is accompanied by a certain potential which
models a confining trap for a BEC or a refractive index modulation in an optical waveguide. Presence of
the external potential or nonlocality enriches the variety of possible nonlinear modes allowing to
observe the so-called higher (alias multi-pole or excited) nonlinear modes [6,23-28] apart from the
best studied fundamental (alias ground state) nonlinear modes [5,29-32]. Nonlocal nonlinearities
have been considered in combination with the double-well [33,34] and the periodic potentials [35-38].
It appears, however, that a systematic study of nonlocal nonlinear modes in a parabolic potential
has not been performed yet. In our present study, we make a step towards filling this gap and
investigate nonlocal nonlinear modes in a complex parabolic P7 -symmetric potential of the form
V(x) = x% — 2iax, where « is a real coefficient (for a recent review of the available results on nonlinear
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PT-symmetric systems see [39]). For &« = 0 the potential is reduced to the real parabolic potential
whose modes are fairly well studied in the local case [23-28,40], but have attracted much less attention
in the nonlocal context.

For a nonzero «, the potential V(x) is complex and PT symmetric [41], which is
reflected by the fact that the real and imaginary parts of V(x) are even and odd functions
of x, respectively. P77 symmetry can be implemented in diverse physical setting, including optics [42],
atomic gases [43—45], and BECs [46].

Nonlinear modes and solitons have been studied in various P7-symmetric potentials with
local [47-55] and nonlocal [56-63] nonlinearities, but the present work has a slightly peculiar focus.
We are particularly interested in the combined effect of the parabolic trapping, nonlocality and PT
symmetry on the excited (higher-order) nonlinear modes. The focus of our study is additionally shifted
towards the existence and stability of small-amplitude nonlinear modes, whose properties can be studied
by means of asymptotic expansions describing bifurcations of nonlinear modes from the eigenstates of
the underlying linear model. The linear spectrum of the P77 -symmetric parabolic potential is available
in the analytical, which makes it possible to reduce the stability problem to computing the real zeros
of certain analytical expressions. Our analysis shows that either the degree of the nonlocality or the
strength of the P77 symmetry can be used to manage the stability of the excited modes. On the other
hand, we reveal a dependence of the stability properties on the particular shape of the nonlocal kernel.
We also touch upon the properties of nonlinear modes of finite amplitude and illustrate numerically
that the stability results hold not only for the infinitesimally small nonlinear modes but also remain
valid in a finite range of the amplitudes of nonlinear modes.

The paper is organized as follows. In the next section, we present a model to be considered
throughout the paper. In Section 3 we describe the linear properties of the model and introduce the
families of small-amplitude nonlinear modes. In Section 4 we describe the methodology of the linear
stability analysis. The main results of stability analysis are presented in Sections 5 and 6 for the
conservative and P7T-symmetric cases, respectively. In Section 7 we demonstrate numerically that
the presented asymptotical stability results persist in a finite range of the amplitude of the modes.
Concluding Section 8 outlines the main results of the work.

2. The Models

We use the dimensionless nonlocal nonlinear Schrodinger equation with an additional parabolic
potential and nonlocal nonlinearity:

2 S
iaq(;;,z) _ 9 ﬁla(xlez) + (2 = 2iax)q(x,z) — oq(x,2) / K(x —x')|g(x, z)|?dx’". (1)

The case a# = 0 corresponds to the real parabolic potential, while nonzero « governs the strength
of the PT symmetry. The system is subject to gain in the domain x < 0 and is subject to losses for
x > 0. In the optical context, Equation (1) models beam guidance in a medium whose refractive index
n(x) = ny(x) + in;(x) has parabolic modulation of the real part 1,(x) = x?, and linear modulation of
the imaginary part n; = 2ax. Equation (1) with « = 0 also arises as a Gross-Pitaevskii equation [10-12]
in the mean-field theory the harmonically trapped a quasi-one-dimensional BEC [11,13-16,38,64].
In this case, (x, z) is a quasi-one-dimensional wavefunction [17], and z plays a role of time.

Sign ¢ = %1 corresponds to attractive (focusing) and repulsive (defocusing) nonlinearities,
respectively. Nonlocal properties of the model are described by the kernel K(x) which is a positive
function with normalization | K(x)dx = 1 (hereafter all the integrals are taken over the whole real
axis). Following to the previous studies on the subject [6,7,33,34,36,37], we pay the primary attention
to the following three kernels:
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(i) The smooth Gaussian kernel

K(x) = Lefxz/AZ 2

where A > 0 governs strength of nonlocality.
(ii) Exponential kernel with the singularity at x = 0:

1
— = XA
K(x) 77 ¢ . 3)
(iii) It will be also interesting to compare the obtained results with a slowly (algebraically)
decaying kernel. While some studies (for example, [33,34,65]) deal with the so-called cut-off (CO)
kernel which decays as |x| =3 as x — oo, in our study we choose the algebraically decaying Lorentzian
kernel (the Lorentzian)

A .
Kx)={ mpe+a A0 @)
5(x)  ifA=o0.

This choice is motivated by the fact that the Lorentzian kernel (4) allows for the relatively simple
analytical evaluation of the convolution integrals that arise in what follows (convenience of the
analytical treatment of the Lorentzian (4) was recently used in [66] to regularize solitons pinned to the
PT-symmetric dipole).

3. Bifurcations of Nonlinear Modes

The stationary nonlinear modes for Equation (1) admit the representation g(x,z) = e'f?w(x),
where j is a real parameter. It is convenient to introduce the shifted parameter b defined through the
relation B = b — a2, which allows to rewrite the equation for the nonlinear modes in the following form:

Wyy — bw — (x — ia)?w + ow(x) /Oo K(x —x)|w(x')2dx’ =0, 5)

subject to the zero boundary conditions at the infinity: limy_ 1+ w(x) = 0.

Let us first recall the properties of the underlying linear problem which formally corresponds
to 0 = 0 in Equation (5). The resulting equation which is considered as a linear eigenvalue problem
for b and w(x), has a purely real and discrete spectrum [55,67,68]. The eigenvalues b, can be listed as

b, = —(2n+1),n=0,1,.... The corresponding eigenfunctions @y (x) read
Wy (x) = cnHp(x — iﬁé)ef(xfm)z/z, (6)
e—txz/2

@)

Cn = ’
V2 Gy (—~202)

where H, (x) and G, (x) are Hermite and Laguerre polynomials [69], respectively. The choice of the
coefficients ¢, implies normalization [ |@,|>dx = 1. Each Hermite polynomial H,(x) contains only
powers of x of the same parity as the number n. This implies that in the conservative limit (x = 0)
the eigenfunctions are real-valued functions which have exactly n zeros and have the same parity
as the number n. For a # 0, each eigenfunction @, (x) possesses real even part and odd imaginary
part for even n and odd real part and even imaginary part for odd n (see Figure 1). Note that the
linear eigenvalues by, are all real regardless the value of the gain-and-loss parameter a. In other words,
PT symmetry is always unbroken. This is a peculiar feature of the chosen parabolic potential;
the possibility of the broken P7 symmetry can, in principle, encountered in modified parabolic
potentials of various forms [45,51].
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Returning now to the nonlinear problem, we look for bifurcations of small-amplitude nonlinear
modes from the linear eigenstates. To this end, we introduce the formal asymptotic expansions which
describe nonlinear modes wy, (x) branching off from the zero solution w(x) = 0 at the eigenvalues
b, [55]:

Wy (x) = ey, + s3w£13) + 0(85), b, = b, + Uszbgz) + o(sz), (8)

where ¢ < 1 is a formal small real parameter (for the rigorous analysis of the bifurcations of
small-amplitude modes see [70]).

\ n=>0 n=1 n=2
a=20 i '
/ \/
=
=3
g
13
g
a=1/2 =
g
13
Q
~
a=1

T

Figure 1. L2-normalized linear modes (6) for n = 0,1,2 and « = 0,1/2, 1. Red, magenta and black lines
correspond to Re @y, Im @,, and |@,|, respectively. For all panels the axes boxes correspond to the
interval [—5, 5] (horizontal axes) and [—0.8, 0.8] (vertical axes).

Since @y (x) are normalized, the squared L?-norm of the nonlinear modes U = [ |w,(x)|?dx
(which is also associated with the total energy flow in the optical applications of the model) is
approximately equal to e>: U ~ € for ¢ < 1. Substituting expansions (8) into Equation (5) and
collecting the terms of the €>-order, one arrives at an inhomogeneous linear differential equation with

respect to the function w,(;’). The solvability condition for the latter equation yields the expression for
the coefficient b,(qz):
b2 _ [ @3 (x) ([ K(x — x") [, (x")|?dx") dx )
n - .

J @3 (x)dx

For the conservative case (¢« = 0) the eigenfunctions @, (x) are real, and hence the coefficients
bg) are obviously real too for any n. For a # 0, the eigenfunctions @, (x) possess nontrivial real and
imaginary parts as described above. However, parities of real and imaginary parts of @, (x) imply
that for a real and even kernel function K(x) = K(—x) = K*(x) the coefficients b,(qz) are also real,
which shows that continuous families of nonlinear modes can exist in the P7-symmetric model
with @ > 0. The family with n = 0 represents the fundamental nonlinear modes, and the families
n =1,2,... contain the higher-order modes.
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4. Linear Stability of Nonlinear Modes

4.1. Statement of the Problem

Following the the standard procedure of the linear stability analysis, we consider a perturbed
nonlinear mode wy(x) in the form g(x,z) = e [w,(x) + u(x)e’“? + v*(x)e "7 which after
linearization with respect to small functions u(x) and v(x) gives the linear stability eigenvalue problem

Lp=wp,P=<Z>, (10)

with the linear operator L given as
A own Koy,
L= ,
—0 w:; Kw;‘, — At

A= L+ 0(Klwa]?) + 0w, Ky, AN = L+ 0(K|wn[?) + 0w} Ka,, (11)
L=d*/dx*—b— (x—ia)? LY =d?/dx® —b— (x +ia)?, (12)

where

KC is the convolution operator, i.e.,
Kp = / K(x — x")p(x")dx’ (13)
and K, is the operator of “weighted” convolution, i.e.,
Ky =K(pg) = [ Kx—x)p(x)g(x)dx’ (14)

The nonlinear mode w, (x) is said to be linearly unstable if operator L has at least one eigenvalue
w such that Im w < 0. Otherwise, w; (x) is linearly stable.

4.2. Linear Stability of Small-Amplitude Modes

Let us now analyze the spectrum of the operator L for small-amplitude nonlinear modes belonging
to the nth family and situated in the vicinity of the bifurcation from the linear limit. For nonlinear
modes of zero amplitude (i.e., for ¢ = 0) the operator L acquires the diagonal form

. L, 0
L=1, = 1
4 ( 0 —LZ)’ 1)
where
d2 ~ . N\2 + d2 7 :\2
En—@—bn—(x—m), ﬁn:@_bn_<x+1“)' (16)

Since the spectrum of the operator £, + by, is known from the discussion in Section 3, it is easy to
deduce that the spectrum of the operator L, consists of two subsets. Eigenvalues and eigenvectors

of the first subset read w}(f,z =2(n—k), p,(f,)c = (@ (x),0)T, k = 0,1,.... The second sequence reads

Wil = —2(n—k), p{'Y = (0,@;(x))" k=0,1,....
(n _ I

Thus, operator L, has a double zero eigenvalue wy, ; = wy,;, = 0 which remains zero and double
when passing from the linear limit ¢ = 0 to ¢ > 0 [55]. The operator L, also has 21 double nonzero
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(n _ a0

eigenvalues: O, ; = w,; = w,,, , where k runs from 0 to 2n except for k = n. Each double
eigenvalue (), ; is semi-simple; the two corresponding linearly independent eigenvectors are given as

(n _ [ @ (an  _ 0
P, i= and p,,, ;= . . 17)

Passing from the linear limit ¢ = 0 to small nonzero ¢, each double eigenvalue (), ; generically
splits into two simple eigenvalues which will be either both real or complex conjugated. If each double
eigenvalue splits into two real ones, then the small-amplitude modes belonging to the nth family are
stable for both attractive and repulsive nonlinearities. Vice versa, if at least one double eigenvalue splits
into a pair of two complex-conjugated simple eigenvalues, then the small-amplitude nonlinear modes
of the nth family are unstable (note that real parts of the unstable eigenvalues resulting from such a
splitting are nonzero, i.e., the ensuing instability is of the oscillatory type). Notice also that for n = 0
no double eigenvalues ), ; exists. Therefore the fundamental solutions from family n = 0 are always
stable in the small-amplitude limit.

It is easy to check that the eigenvalue (), ; splits in exactly the same way as the opposite double
eigenvalue (), 5, = —Q,, i.e., if O, splits into two real eigenvalues then (), 5, also splits
into two real eigenvalues and vice versa. Therefore, in order to examine stability of small-amplitude
nonlinear modes that belong to the nth family, it is sufficient to analyze only n positive double
eigenvalues (), withk =0,...,n— 1.

In order to examine splitting of the double eigenvalues (), , we employ Equation (8) which yield

the following asymptotic expansion for the linear stability operator: L = L,, + o¢? Lff) + 0(e?), where
L@ _ (bff) + (Kl@n?) + @Koy 04K, )
n - .
K, b — (K|@a[?) ~ @K,

Following the standard arguments of the perturbation theory for linear operators [67], in order to
address the splitting of the double eigenvalue (2,  we consider a 2 X 2 matrix defined as

<L(2) (I (1)*> <L(2)p(H) (I)*>

n nk’ ¥nk n n2n—k’ ¥nk

| PP Pup) |
B T 8 () ) Y
<P;(1121 1% Pfqléi)q* K <P;(1 22; K’ P;(g;)q K
where (a,b) = [ b'(x)a(x)dx for any two column vectors a and b (here ¥ means the transposition and

complex conjugation). If both the eigenvalues of matrix M, ; are real, then the double eigenvalue ), ;
splits into two real and simple eigenvalues. If such a situation takes place forallk =0,1,...,n —1,
then the small-amplitude nonlinear modes w, (x) from the nth family are stable. On the other hand,
if for some k the matrix M, ; has a complex eigenvalue, then the double eigenvalue (), ; splits into
a pair of complex-conjugated eigenvalues. This is sufficient to conclude that the small-amplitude
nonlinear modes from the nth family are unstable.

Recall that real and imaginary parts of @, (x) have opposite parities. Using this fact, one can
establish that all the entries of the matrices M, ; are real numbers which read
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f zbk{zblew; Wy + Z'DH’CZ;]; Zbk} dx

—_ 3
(Mn,k)l,l = _bn + fzb%dx ’ (18)
(M), , = @ _ S Won— AW Ko Wi A+ W Koy Wi } dx (19)
ka2 = O [z, dx '
2n—k
Dy Woy_ 1Ko, W5 d Wy K, W5, dx
(Mn,k)zrl _ _fwnw2n k wnwk x, (Mn,k)llz — f nWkhw, Woy (20)

f w%nfkdx f L'D,%dx

Thus in order to check reality of the eigenvalues of the matrix M, , it is sufficient to consider the
discriminant of its quadratic characteristic equation, i.e., the quantity D, x = [(Myx); ; + (M) 2,2}2 -
4det M, . For D, > 0 the eigenvalues of M,, \ are real while a situation with D, < 0 corresponds
to a pair of complex conjugated eigenvalues. The situation D, ; = 0 requires a more delicate
analysis as in this case behavior of the double eigenvalue (), is determined by the next terms
of the asymptotic expansions.

Using analytical expressions for the eigenfuctions @, (x), the entries of matrices M,, ; and hence the
determinant D,,  can be computed analytically with a computer algebra program (at least, for several
relevant shapes of the kernel function K(x)). The resulting analytical expressions are too bulky to be
presented in the paper. However, for an interested reader to have an idea of how the expressions for
the determinants D, ; read, in Appendix A we provide two expressions for D; 9 and D, obtained
for the Gaussian kernel and & = 0. Complexity of the expressions for D, ; increases drastically if
larger numbers n or nonzero values of « are involved. Nevertheless, these expressions are available
analytically and can be used for finding the domains of positivity and negativity of the determinants
D,, , which are considered as functions of A and a.

5. Results for the Real Parabolic Potential

Let us start presentation of our results with an important particular case « = 0,
when PT-symmetric contribution is absent, and the model is conservative. First, it is relevant to notice
that for « = 0 the eigenvalue problem (10) admits an exact solution with eigenvalue w = 2 and the

respective eigenvector given as
/
p=< an+wn>. @1)

—XWy, + W),

Notice, however, that this exact solution does not hold for nonzero «.

Results of linear stability analysis of small-amplitude nonlinear modes from several first families
for the Gaussian kernel (2) are summarized in Table 1. Forn = 1,2,...6 and fork =0,1,...,n —1,
Table 1 reports sign of the determinant D,, ; in the local limit A = 0 and the approximated values of
positive zeros of determinants D, ; being considered as functions of A (at the same time, those are
the values of A at which functions D,y = D, x(A) change their signs). From Table 1 one can recover
information on stability or instability of the small-amplitude nonlinear modes bifurcating from the
nth linear eigenstate for the given value of the nonlocality parameter A: the stability takes place if
D, x(A) > 0foreachk =0,1,...,n—1.

It follows from Table 1 that for n = 1 and k = 0 the respective determinant D;(A) is
positive for any A > 0 (see also the explicit expression (A1) for D;g in Appendix A). Therefore,
the small-amplitude nonlinear modes bifurcating from the linear eigenstate n = 1 are stable for any
A > 0. The small-amplitude modes with #n = 2 are unstable for 0 < A < 1.82 but become stable for
A 2 1.82. For n > 2 the stability situation might be more complex with the half-axis A > 0 divided into
several alternating intervals of stability and instability. In the local case (A = 0) all the higher-order
small-amplitude mode are unstable for n > 2 [40]. However, from Table 1 one observes that for each
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n there exists a threshold value A, such that the small-amplitude modes become stable for the sufficiently
strong nonlocality A > A,. The specific values of A, can be recovered from Table 1: A; = 0, Ap ~ 1.82,
A3z =~ 2.36, etc. Thus the sufficiently strong nonlocality essentially alters (enhances) stability of the
excited modes.

We additionally mention that for each n one has D,, ,_1(A) > 0 for all A. This is a consequence of
the exact solution (21) which implies that the spectrum of operator L always contains an eigenvalue
equal to 2. Therefore, the double eigenvalue ), ,_; = 2 always splits in the pair of real eigenvalues
(one of which is equal to 2). As a result, the eigenvalue (), ,_1 can not cause instability of
small-amplitude nonlinear modes.

Table 1. Results of linear stability analysis for « = 0 and the Gaussian kernel.

Sign D, (A)|,_, Zerosof D, ;(7) Interval of Stability in A

+ no Zeros A €0,00)

- 1.82
no zeros

236
2.04 A € (2.36,00)
no zeros

261 285
2.64
2.26

no zeros

323 325
3.12
2.90 A € (3.12,3.23) U (3.25,0)
245
no zeros

3.566 3.568
345 3.51
3.37
3.13
2.64
Nno zeros

A € (1.82,00)

+

I+ ]+

A € (2.85,00)

L+ + |+

A € (3.37,3.45) U (3.51,3.566) U (3.568, )

TR WN—RO|(khwNNROoO|lONNRO|NMNRO|RO|o|R®
I+ |+

+

The general trend to the stabilization of strongly nonlocal higher-order modes can be understood
by noticing that the increasing nonlocality A reduces the nonlocal factor in (1) to the squared norm of
the wave function, i.e.,, U. Since in the conservative case U does not depend on z, the strongly
nonlocal model becomes effectively linear, and the stabilization of of higher-order modes can,
in principle, be expected (these arguments were used in [11] to explain physically the arrest of collapse
by nonlocality). However, this simple intuition does not work for an arbitrary choice of the kernel
functions K(x). In order to illustrate this fact, let us consider the results of linear stability analysis for
the exponential kernel (3) are reported in Table 2 which features an essentially different stability picture
comparing to that for the Gaussian kernel. Specifically, we observe that for the exponential kernel
in the limit of strong nonlocality A — oo, only the small-amplitude modes with n = 0, 1,2 are stable,
whereas the modes with n > 3 are unstable both in the local limit A = 0 and for all positive A.

To summarize the intermediate results obtained so far, we have encountered different stability
situations for two different shapes of the kernel K(x). In the case of the smooth Gaussian kernel,
small-amplitude nonlinear modes bifurcating from the nth linear state become stable in the limit of
high nonlocality for any #. On contrary, for the exponential kernel the small-amplitude modes are
stable in the strongly nonlocal limit only for n < 2 and unstable for n > 3. The found difference in
stability situation of strongly nonlocal modes reveals certain correspondence to the previous results
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on the stability of the higher-order nonlocal nonlinear states, such as multipole-mode 1D solitons [6]
and 2D spatial solitons [7]. Both [6,7] report that stable higher-order states can be found in the case
of the Gaussian kernel, while the exponential kernel results in instability of all higher-order solitons,
starting from some threshold order. It has been also suggested in [7] that the mentioned difference
between Gaussian and exponential kernels is related to the singularity which the exponential kernel
has at the origin x = 0. Our approach allows to substantiate the above suggestion. Indeed, for the
Gaussian kernel one can establish asymptotic behavior of entries of the matrix M,  in the limit A — oo.
Specifically, for A — co one has

(My )11, (M )22, & A3, (My )21, (M g)10 o A~ (217241 (22)

Technical details on computing the asymptotics (22) are presented in Appendix D. Additionally,
in Appendices B and C we provide auxiliary relations necessary for the derivation of (22).

Table 2. Results of linear stability analysis for « = 0 and the exponential kernel.

Sign Dy, k(A)|,_, Zerosof D,;(A) Interval of Stability in A

+ No Zeros A€ 0,00)

— 1.31
NO Zeros

A € (131, 00)

no zeros
1.54 always unstable
Nno zeros

7.25
no Zeros
1.70
no zeros

[ o I

always unstable

no zeros

no zeros

no zeros always unstable
1.84

no zeros

I+ |+ 1

No Zeros
no zeros
no zeros
No Zeros
— 1.97

No Zeros

L+ |+

always unstable

k
0
0
1
0
1
2
0
1
2
3
0
1
2
3
4
0
1
2
3
4
5

Relations (22) immediately imply that in the limit of large A for k = 0,1,...,n — 2 the diagonal
elements of the matrix M, ; dominate the off-diagonal elements, which guarantees reality of the
eigenvalues of M,, k. Since the instability never occurs for k = n — 1 (due to the presence of the exact
solution (21), as discussed above), we confirm that for the Gaussian kernel (or, more generally, for an
infinitely differentiable kernel) the small-amplitude modes of arbitrarily high order n are stable in the
limit of the strong nonlocality.

At the same time, asymptotic results (22), generically speaking, do not hold for a
non-differentiable kernel. For example, for the exponential kernel we have computed that for n = 3
and k = 0 all the entries of the matrix M,, x behave as o A2 for A — oo, i.e., the diagonal domination
in the strongly nonlocal limit is not guaranteed.

Table 3 which presents the stability analysis for the algebraically decaying kernel (4) further
confirms the stability of strongly nonlocal high-order small-amplitude modes for an infinitely
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differentiable kernel. Besides of this, we have also performed the same linear stability analysis for
several nonphysical but still illustrative nonlocal kernels such as a rectangular kernel with finite support

L forx € (A, 0)

K(x)=<¢ 2A (23)
0 otherwise,
a triangular shaped kernel with finite support
x 1
ﬁ_*—i forx € (—A,0)
K(x) = (24)

- 1
T;C—'—X forXG(O,/\)

0 otherwise,

and a smooth exponentially decaying kernel

~1/4 _
K(x) = % <erfc </\x> e ¥/ 4+ erfe (%) e"/’\> (25)

(the particular choice of the kernels (23)—(25) is motivated by convenience of analytical evaluation of
the respective convolution integrals). Kernels (23) and (25) also feature stabilization of all higher-order
strongly nonlocal modes, whereas for the triangular kernel (24) the higher-order strongly nonlocal
modes are unstable. This allows to conclude that the main feature responsible for the stability is not
the very presence of the singularity of the kernel, but the location of the singularity: the rectangular
kernel (23) features two discontinuities at x = +A but its behavior is nevertheless similar to that of the
Gaussian and Lorentzian. The singularity at x = 0 (the exponential and triangular kernels) does not
allow for the stabilization of the higher-order small-amplitude modes.

Table 3. Results of linear stability analysis for « = 0 and the Lorentzian kernel.

Sign D,k (A)|,_, ZerosofD,;(A) Interval of Stability in A

+ NO Zeros A€ [0,00)

— 1.52
no Zeros

2.70
1.66 A € (2.70,00)
no zeros

277 3.45
2.96
1.77

no zeros

3.88 3.99
3.74
321 )\ € (3.74,3.88) U (3.99, 00)
1.87
no zeros

439 442
398 4.28
4.00
3.44
1.97
no zeros

A € (152, 00)

Jr

I+ |+ |

A € (3.45,00)

I+ ]+ 1

|+ |+

A € (4.28,4.39) U (4.42, )

k
0
0
1
0
1
2
0
1
2
3
0
1
2
3
4
0
1
2
3
4
5

+
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6. Results for the PT-Symmetric Parabolic Potential

The linear stability analysis conducted above can be naturally extended on the case of nonzero
PT-symmetric modulation « > 0. In this case, the stability results can be conveniently represented
in the plane (x,A). Then the axis « = 0 recovers the results of the previous section, whereas the
horizontal axis A = 0 corresponds to the case of local P77 -symmetric parabolic potential studied in [55].
The origin, i.e., the point A = a = 0 is “the most standard” case of the real potential with the local
nonlinearity [40].

Similar to the previous section, we focus our attention on the Gaussian, exponential and
Lorentzian kernels. According to results of our analysis, for n = 1 the small-amplitude nonlinear
modes are stable for any values of A and « from the considered range. For the families with n > 2,
however, the stability situation becomes more complex and the («, A)-diagrams turn out to be divided
into the domains of stability and instability. Such stability diagrams for the families with n = 2 and
n = 3 are presented in Figure 2.

2 Gaussian, n = 2 3 Gaussian, n = 3
k = ]_ 4
/ b
Il
1§ 1l o
A W E
e
iy ES
Il
k=0 —
0 : ‘ 0
0 1 2 3 4 0
«
5 exponential, n = 3
4
o~
3 Il
=
A e
20 =
I
1 -
0
0

Figure 2. Linear limit stability diagrams for n = 2 and n = 3 in the plane («,A). Darker domains
correspond to instability. Labels “k = 0”, “k = 1”, etc. at the unstable domains show the number of the
double eigenvalue (), x responsible for the instability.



Symmetry 2016, 8, 72 12 of 19

Turning to the local limit (A = 0), one can observe that for sufficiently large a the small-amplitude
modes become stable. Notice also that in the limit A — 0 all the considered kernels tend to the
delta-function #(x) and therefore display the identical behavior. However, in accordance with results
of the previous subsection, the considered kernels feature different behavior in the limit « = 0. As one
can see in the panels of the first and the third rows, for the Gaussian and Loretzian kernels, in the
limit « = 0 large values of A lead to stabilization of the modes both for n = 2 and n = 3. For the
exponential kernel (panels in the second row) the stabilization occurs for # = 2 only, while for
n = 3 the modes remain unstable for any arbitrarily large A. However, this situation changes
drastically when a nonzero P7 symmetry & > 0 is brought into consideration: say, already for
« = 0.5 the nonlinear modes for the exponential kernel and n = 3 become stable for any A (from the
considered range). The enhancement of stability by the increase of the gain-and-loss strength « is
sufficiently remarkable, even though similar phenomena have been reported in the previous literature,
for instance, for the P T -symmetric potential with local nonlinearity [55] or for the subwavelength
propagation in P7T-symmetric optics [71]. Overall, we can conclude that the diagrams presented
in Figure 2 feature nontrivial and fairly interesting structure. In particular, one can observe that in
some cases increase of « can lead either to stabilization or destabilization of the modes. The same
remains true if one considers increase or decrease of A. The stability diagrams allow to conjecture that
for any given A the small-amplitude modes eventually become stable in the limit x — oco. However,
in order to verify this conjecture, an additional study must be undertaken.

Notice also that for the case « > 0 allows for instability caused by the eigenstate withk =n — 1
(i.e., k =1forn =2and k = 2 for n = 3). No such instabilities is possible in the case « = 0 due to the
exact solution (21).

7. Nonlinear Modes of Finite Amplitude

The stability results of the previous sections apply to nonlinear modes of infinitesimally
small amplitude. One can check persistence of the stability results by constructing numerically the
families of nonlinear modes of finite amplitude and computing the eigenvalues of the corresponding
linear stability problem. The families of nonlinear modes can be visualized in the form of continuous
curves on the plane oU vs. b where U = [ |wy(x)|*dx is the total energy flow. Then the small-amplitude
modes are situated in the vicinity of the points b, = —(2n+1),cU = 0.

Let us first recall the results related to the local case (A = 0). The corresponding diagrams
for the conservative case [40] and for the P7T -symmetric case [55] are presented in the two upper
panels of Figure 3. The panels show several families that bifurcate from the lowest linear eigenvalues
n = 0,1,2,3. In the conservative case, only the two lowest families (n = 0,1) are stable in the
small-amplitude limit, whereas the small-amplitude modes with n = 2,3 are unstable. In the
PT -symmetric case, all the four shown families are stable in the linear limit, but at least three of the
four families lose stability as the strength of nonlinearity becomes sufficiently large.

The diagrams for the nonlocal case A = 4 (with the Gaussian kernel) are shown in the lower
panels of Figure 3. According to Table 1 and Figure 2, at the chosen value of the nonlocality parameter,
the nonlinear modes with n = 0,1, 2, 3 are stable in the small-amplitude limit. The numerical results
in Figure 3 indicate that the stability persists at least for small and moderate strengths of the nonlinearity
(loU| < 40). Notice also that in the panel with (¢« = 1, A = 4) the nonlocality cancels the merging
between the subsequent families which can be observed in the panel with (x =1,A = 0). We, however,
emphasize that an accurate description of the limit of strong nonlinearity |cU| — oo should be
elaborated by means of a proper asymptotic technique. While in the local case such studies have been
already initiated [72,73], analysis of the nonlocal P7 -symmetric case in the limit of strong nonlinearity
remains the open issue at the moment. Another potential question for future studies is the dynamical
behavior of unstable nonlocal modes.
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Figure 3. The families of nonlinear modes with n = 0, 1,2, 3 for different « and A (the Gaussian kernel).
Stable modes correspond to the bold fragments of the curves.

8. Conclusions

In this study, we have demonstrated that the combined effect of the parabolic potential,
nonlocality and P77 symmetry results in a nontrivial stability picture for higher-order small-amplitude
nonlinear modes. The specific results of our work can be outlined as follows:

e A set of continuous families of nonlinear modes exists in the nonlocal P7 -symmetric nonlinear
Schrodinger equation. The spectrum of the corresponding linear eigenvalue problem is available
in the analytical form, and thus the stability problem for the small-amplitude nonlinear modes
can be reduced to the searching real roots of certain analytical expressions.

e In the conservative case, small-amplitude nonlinear modes of arbitrary order become stable for
sufficiently strong nonlocality, provided that the kernel is a sufficiently smooth function in the
vicinity of the origin. If the kernel feature a singularity at x = 0, no stabilization of higher-order
nonlinear modes is observed.

e  Both the degree of nonlocality and the strength of the P7 symmetry can be used to manage
stability of the small-amplitude modes.

e  The above stability conclusions remain valid for nonlinear modes of finite amplitude.

Acknowledgments: D.A.Z. is grateful to Georgy Alfimov for helpful discussions during the work on this
project. V.V.K. acknowledges useful comments of Thomas Pohl on applications of nonlocal models. Authors also
acknowledge support of the FCT (Portugal) grant UID/FIS/00618/2013.

Author Contributions: D.A.Z. performed numerical simulations. Both authors have made substantial
contributions to the discussion of the results and preparation of the manuscript.

Conflicts of Interest: The authors declare no conflict of interest.

Abbreviations
The following abbreviations are used in this manuscript:

PT  Parity-Time
BEC Bose-Einstein condensate



Symmetry 2016, 8, 72 14 of 19

Appendix A. Examples of Expressions for D,, ,

Let us present expressions D; g and D; o computed for the Gaussian kernel and a = 0:

1 (2A2+1) AD
10— 5=  ~ _ 5/
4 7 (A2 +2)°
D, — 13968 A16_28032 A14 584 712177136 A10 54255 A8 —7564 A0 +4306 A+ —948 A2 —207
20 = . (A2)

' 647 (A2+2)"

Obviously, D is positive for any A, while D, o is negative for A = 0, but becomes positive for
sufficiently large A. Using the standard numerical tools for searching the roots of polynomials, we find
that D, g has two real zeros: A ~ £1.82. The positive one is presented in the respective row (n = 2,
k = 0) of Table 1.

Appendix B. Definition and Some Properties of the Fourier Transform

We define the forward and backward Fourier transforms as

8(6) = Ff} = [ fedx, flx) = F Hg) = o [ g(o)e s 1)

Then the Plancherel theorem says that

. 1 .
[ A A @E = o [ a(s)g()ds, (B2)
where ¢1,(s) = F{f12}; and from the convolution theorem one has
Fi{hy} = F{K}F{h}, (B3)

where fp(x) = [ K(x —x")hy(x") dx’.
Another well-known relation expresses the pth central moment of a function via the Fourier

transform (p =0,1,...):
P
[xrf av= (=i Sos6s)| (B

s=0
Appendix C. Some Properties of the Hermite—Gauss Eigenfunctions

Hereafter we assume the conservative case a = 0. The Hermite—Gauss eigenfunctions @, (x) are
defined by Equation (6), see [69] for definition of the Hermite and Laguerre polynomials. For « = 0
the modes @, (x) are real-valued and satisfy the normalization

/ Y @2 (x) dx = 1. (C1)

The eigenfunctions are mutually orthogonal, i.e., [ @, @y dx = 0 for any n and k # n. Moreover,
for any n and k < n:

/x”wn(x)wk(x) dx=0, p=01,....,n—k—1, (C2)
ko~ . n!
/x” 0, (X)W (x) dx = on k" (C3)

In particular,

/an(x)u”;n_l(x) dx = g (C4)
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It is also useful to notice that 1
/ P (x) dx =+ . (C5)

Appendix D. Asymptotics in the Strongly Nonlocal Limit

We assume the conservative case @ = 0 and an infinitely differentiable kernel written down as

1 x
K(x) = 5 Ko <X> , (D1)
where function Ky(x) is even, real, and infinitely differentiable for any x. Then one can adopt the
Taylor series

© K(P) (O)xp

For the sake of brevity, in what follows let us use the notation
Fyi(s) = F{w,@r} = /wn(x)wk(x)eisxdx. (D3)

Asymptotics for bﬁ,z). We start from Equation (9), use Equations (B2), (B3), (C1), and (D2), as well as

reality of the function Fy;(s), and evaluate b,(lz) as follows:

b = 2m) ! [ FKIR () ds = [ K F R, ()} ax

oo (p)
_ Ky (0 Ny dF
[2F ey a= 5l GEe)

K (0)
APFlpt

o0
=)
p=0

5=0

(in order to obtain the latter equality we also used (B4)).
From the definition of F,,(s) and from Equations (C1)—(C5), one can establish the
following expansion:

1 1
Fuats) =15 (13 ) +oDco (D4)
Therefore
Kn (0 K'(0)(2n+1 _
b2 = O)E ) n of )2()\3 )+O(/\ H o (D5)

Asymptotics for (M, ;)1 1. Since the asymptotics for b,(f) is known from Equation (D5), it is convenient

to consider the quantity (M, ;)11 + bf) which can be evaluated as

) (p)
Ky '(0) , .., dv 2
L e ) g (Fun(6)Fik(s) + [Fui(s)?) -
Using (D4) and that
Fuk(s) = is [ xu(x)(x) dx + 0()s-0, (D6)

one can find the resulting asymptotics

~KY(0) (1 — k +2(J xt0uty dx)?)

2)\3 + O(/\74)/\—)+00'

(My )11 =

The terms decaying as A ~! cancel each other.
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Fork=0,1,...,n—2one has f XW, Wy dx = 0 and therefore

K (0)(n—k)

2)\3 + O(/\_4))\~>+00/

(Muj)1a =
while for k = n — 1 one can use Equation (C4) and obtain

K7 (0)(n +1 B
(My-1)11 = —% FOA )25 o

Asymptotics for (M, i )2,1. Following the same ideas, we can write down

00 () (0) dr
_ 0 s *
(Myp)21 = p;o oo () g (Fuan 1()Fip(s)) - (D7)

From definition of functions F, x(s) and F,, 5, (s) it follows that in vicinity of s = 0 they behave as

in_k n! n—k n—k
Fi’l,k(s) = k)' K 2717]{ S + O(S )S*}O/
=k o

(n—
ik [(2n —k)!
(n—k)tV nionk

s Snfk)

s—0-

Fop_ii(s) =

Therefore several first terms of the series (D7) are zero, and the first nonzero term corresponds to
p = 2(n — k) (provided that Kézn*zk) (0) # 0). Specifically,

1)k g 22K 0y o o 1
(M k)2 = ) 0 0 jen—b + 0\ 33 -
RS~ znfk((n _ k) !)2/\2n72k+1 k! A2n—2k+2 A o0
Finally we notice that proceeding in exactly the same way, one can prove analogous behavior

of the other two entries M,, . Namely, (M,, x)2,» decays as A3, while (M, k)1, decays as A~ (2n=2k+1)
for A — oo.
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