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Abstract

We consider a class of one dimensional Vector Nonlocal Non-linear
Schrodinger Equation (VNNLSE) in an external complex potential
with time-modulated Balanced Loss-Gain(BLG) and Linear Coupling(LC)
among the components of Schrodinger fields, and space-time depen-
dent nonlinear strength. The system admits Lagrangian and Hamil-
tonian formulations under certain conditions. It is shown that vari-
ous dynamical variables like total power, PT-symmetric Hamiltonian,
width of the wave-packet and its speed of growth, etc. are real-valued
despite the Hamiltonian density being complex-valued. We study the
exact solvability of the generic VNNLSE with or without a Hamil-
tonian formulation. In the first part, we study time-evolution of
moments which are analogous to space-integrals of Stokes variables
and find condition for existence of solutions which are bounded in
time. In the second part, we use a non-unitary transformation fol-
lowed by a coordinate transformation to map the VNNLSE to various
solvable equations. The coordinate transformation is not required at
all for the limiting case when non-unitary transformation reduces to
pseudo-unitary transformation. The exact solutions are bounded in
time for the same condition which is obtained through the study of
time-evolution of moments. Various exact solutions of the VNNLSE
are presented.
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1 Introduction

Nonlinear Schrédinger equation(NLSE) appears in many fields of science like
optics in nonlinear media[ll 2} [3], Bose-Einstein condensates (BEC)[4} 5] 6], 7],
gravity waves[§], plasma physics[9], Bio-molecular dynamics[10] etc. Several
generalisations of NLSE have been considered over the past few decades.
One aspect of generalisations of NLSE is to introduce non-local nonlinear
interaction. Nonlocal nonlinearity arises whenever the nonlinear effect at a
particular point depends on the influences from other points and it arises in
many cases like Bose-Einstein condensation in a system having long range
interaction|11 2], transport process associated with heat conduction in me-
dia having a thermal influence, and during diffusion of charge carriers, atoms,
or molecules in atomic vapours[I3] [14]. In case of optical beams in nonlin-
ear dielectric wave-guides or wave-guide arrays with random variation of
refractive index size or wave-guide spacing, the effect of nonlocal nonlin-
earity becomes relevant[I5]. Nonlocal nonlinearities also arise in long-range
interactions of molecules in nematic liquid crystals[16].

The exact solvability and integrability of non-local NLSE(NNLSE) have
been studied in the last few years. Integrable NNLSE was introduced by
Ablowitz and Musslimani[17] and it admits both the bright and dark solitons
for the same range of nonlinear strength[I§]. The nonlocal vector NLSE is



also integrable and soliton solution of the same equation is obtained through
inverse scattering methods[19]. A discrete version of NNLSE has been shown
to be exactly solvable and one soliton solution has been constructed [20].
Further, exact solutions of a class of NNLSE with confining potential like
Harmonic trap, reflection-less potential and other P7 symmetric complex
potentials, have been obtained [2I]. Various generalisations of the NNLSE
having mathematical and physical importance have been considered[I8], 22,
23, 241, 25, 26], 27, 28, 29|, 30} 31}, 32], 33} B4), 35, 36]. The dynamical behaviour
of continuous and discrete NNLSE having P7T invariant nonlinearity has
been studied in Ref. [I8]. It is shown in Ref. [22] that NNLSE is gauge
equivalent to physically important magnetic structure. For a number of
nonlocal nonlinear equations, periodic and hyperbolic soliton solutions are
reported in Ref. [25]. Applying the N-th iterated Darboux transformation, a
chain of non-singular localised wave solution which can describe the soliton
interactions on continuous wave background, is derived for a NNLSE [26].
Localized nonlinear modes of self-focusing and defocusing NNLSE equation
with PT-symmetric complex potential like Rosen-Morse, Periodic, Scarf-II
potential, are reported in Ref. [30].

Over the past few years, systems with balanced loss and gain(BLG) have
received considerable attention in the literature[37, 38, 39]. Within this con-
text, NLSE with BLG is known to admit bright[40] 41] and dark solitons[42],
breathers[43], 44], rogue waves[45], exceptional points[40], 44] etc. Soliton so-
lution was found in the discrete non-linear Schrodinger equation with gain
and loss[47]. Stabilisation of soliton by the periodic time-dependent BLG
and LC parameters has been studied[44]. A specific model[48] with constant
BLG and LC terms show power oscillations that may have interesting tech-
nological applications. Most of the papers dealing with the BLG system use
approximation and numerical methods. A possible technique for obtaining
exact solutions of coupled NLSE with arbitrary time dependent BLG param-
eters has been given in Ref.[49]. It has been shown in Ref.[50] that local and
nonlocal vector NLSE with BLG is integrable when the matrix representing
the linear term is pseudo-hermitian with respect to the hermitian matrix
comprising the generic cubic nonlinearity.

The article aims at identifying exactly solvable cases of VNNLSE in an
external complex potential with BLG and LC among the components of
Schrodinger fields. The BLG and LC terms are allowed to be time depen-
dent while the strength of nonlinear interactions is space-time dependent.
The VNNLSE is a nonlocal generalization of the system discussed in Ref.
[49] and may be used to model different physical phenomena wherein non-
local interaction is present. We show that the system admits Hamiltonian
and Lagrangian formulations under certain conditions. The subtleties in-
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volved in deriving Euler-Lagrange equations of motion and conserved Noether
charges associated with continuous internal symmetry for non-hermitian La-
grangian are discussed. Further, we show that various dynamical variables
like charge, PT-symmetric Hamiltonian, width of the wave packets and its
speed of growth, etc. are real valued despite the Hamiltonian density being
complex valued.

We investigate the exact solvability of the generic VNNLSE with or with-
out a Hamiltonian formulation. The study involves various combinations of
time-dependent BLG, LC, external complex potential and space-time mod-
ulated nonlinear interaction. The time-evolution of certain moments, anal-
ogous to space-integrals of the familiar Stokes variables, is determined in
terms of a set of coupled first order ordinary differential equations which is
solved analytically. The method is an indirect way of studying collapse or
growth of the wave-packet and has been used earlier[51]. The exact solution
of the system under investigation also allows to identify the regions in the
parameter-space which admit bounded or unbounded solution in time. It
should be noted that exact space-like dependence of the Schrodinger field
can not be unearthed in this method. Nevertheless, it is an useful tool to
study the bounded nature of the solution.

In the next step, we investigate the limits in which exact, analytical so-
lution of the fields may be obtained. The BLG and LC terms may be re-
moved completely from the VNNLSE through non-unitary transformations
provided the time-modulations of the BLG and LC terms are identical[49]. In
general, the non-unitary transformation modifies the nonlinear term by im-
parting additional time-dependence. However, for the special case in which
the nonlinear interaction may be identified as the non-local analogue of the
Manakov-Zakharov-Schulman(MZS) system, even the nonlinear interaction
remains unchanged. The non-unitary transformation reduces to the pseudo-
unitary[52] transformation under this situation. It should be noted that
this is not a symmetry transformation, since it does not keep the system
invariant. Further, unlike the unitary transformations, the non-unitary and
pseudo-unitary transformations do not preserve the norm. Thus, the removal
of of the BLG and LC terms can not be thought of as gauge transformations.
The mapping is used to construct many exact solutions of the system for
generic time-modulations of the BLG and LC terms and a large class of
complex external potentials.

We also investigate the system for which the non-unitary transformation
removes the BLG and LC terms at the cost of modifying the nonlinear term.
A co-ordinate transformation, as already discussed in ref. [7, 49, [53], is used
to map the modified VNNLSE to solvable equation. One essential condition
for this co-ordinate transformation is that the transformed spatial co-ordinate
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is odd under parity transformation of original one. This condition is not
applicable for its local counterpart [49]. We present many exact solutions.

The plan of the article is as follows. The model is introduced in Sec-2.
The Lagrangian and Hamiltonian of the system are constructed in Sec.-2.1.
The real valuedness of different dynamical variables like charge, Hamiltonian,
width of wave packets etc. are shown. The study of the systems in terms
of moments which are defined in terms of space-integrals of Stokes variables,
are presented in the sec-2.2. In Sec-3, the VNNLSE is mapped to various
solvable equations. We present the solution for the case of a M-pseudo-
hermitian A in Sec. 3.1. A few exact solutions for V(z) = 0 are presented
in Sec-3.1.1. The exact solutions for a few non-vanishing complex confining
potentials are presented in Sec-3.1.2. The general method for which A is
not M-pseudo-hermitian is presented in Sec-3.2. Finally the findings are
summarized in Sec-4. In Appendix-I, several exact solutions for the case of
pseudo-hermitian loss-gain matrix have been presented.

2 The Model

We consider a VNNLSE with time-dependent BLG in terms of a complex
scalar field WU(x,t) = (¢1 19)? with two components 1 (x,t) and ¥y (z, 1),
where the superscript 7 denotes the transpose of a matrix. The VNNLSE
with BLG has the form:

W = =i + K () + iy + V(2 )i
+ i [Lij(, t) 7 (=2, 8)4; (2, )] ¢y

War = Z—?zm + k() — iy (t)hy + V(z, ),
+ 22: [ (1) 7 (=, £)b; (2, )] 1o (1)

ij=1

where 1;; and 1, denote partial derivative of ¢); with respect to t and sec-
ond order partial derivative of 1; with respect to x, respectively. The time-
dependent parameters k(t) and ~(¢) denote the strengths of the LC and the
BLG, respectively. The space-time dependent real parameters l;;(z,t) and
m;j(x,t) denote the strengths of the cubic nonlinearity. In the context of
optics, with [1; and mas can be identified as self-phase modulations, whereas
l12, my; can be identified as cross-phase modulation. The external confin-
ing potential V' (z,t) appears in the context of Bose-Einstein Condensates[6],
which is taken to be complex i.e. V(z,t) = S(x,t)+iS(z,t) . There are many
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solvable limits of Eq., with the simplest case l;; = m;; = 0,7, j, which
models the optical wave propagation under paraxial approximation[54] [55].
With M = L and vanishing LLC, BLG and external potential, the system re-
duces to the nonlocal analogue of MZS system[50, 57, 58]. A PT-symmetry
preserving breathing one-soliton solution has been constructed for the non-
local Manakov equation through inverse scattering transform[19)].

We define an operator Dy = go2 + iA(t), where the 2 x 2 matrix A(t) is
expressed as A(t) = ko_ + k*oy +iyo3 and 04 = 1(01 £ i09). 0gis a2 x 2
identity matrix and o;’s, j = 1,2,3 are pauli matrices. We also define the
projection operator Py as Py = $(0¢ £ 03) with the property P, ¥ = (¢ 0)"
and P_U = (0 ¢)T. Eq. can be written in a compact form by using
matrix formulation,

iDoVU = —W,, + V(z, )V + [{ Ul (—z,t)LU(z, 1)} Ps
+ {UN(—z, t)MU(z,t)} P_] U(x,t) (2)

(wf(—x,t) wg(—x,t)) and the expressions of matrix
are as follows,

L1 Py + loo P+ ligoy + lo10
M = m11P+ + mggp_ + Mi120 + mo10_ (3)

where UT(—z,t)
M (z,t) and L(x,t

=~ =

The form of the cubic nonlinearity of this VNNLSE is more general compared
to its local counterpart i.e. Eq. (12) of Ref.[48]. With vanishing cross terms
ie. l;j; =my; =0 ;1 # j form of the nonlinearity will be same for both the
local and nonlocal NLSE.

2.1 Lagrangian, Hamiltonian formulations

The non-local non-linear Schrodinger equation with or without balanced
loss-gain terms is described in terms of a non-relativistic field theory with
complex-valued interaction. Such systems with non-hermitian/complex in-
teraction are of recent interests and belong to the broad field of PT-symmetric
systems[59, 60}, 61]. Investigations in this field are important towards having
a full fledged PT-symmetric quantum field theory. The system admits a
Lagrangian density in the limit M = L,

L = % [w(—a;,t)M(DOqJ(x,t)) - (Do‘ll(—x,t))TM\I/(x,t)]

1

= U )MV () = o [V ()M (2, 1))

+ %\I/T(—x,t) [ATM — MA] W (z,t) — %Q/T(—x, tYM, V(1)
— U=z, )MV, (2, ) — V (2, t) U (=2, ) M (x, 1) (4)
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where M,; and M, represent the differentiation of matrix M with respect to
time and space respectively. Comparing with the Hamiltonian formulation of
mechanical systems with BLG, the matrix M may be interpreted as a back-
ground metric in which the system is defined[62, [63], (64} 65]. The field W (x, )
and its parity-transformed adjoint Wi(—z,t) are treated as two independent
fields in contrast to the standard Lagrangian formulation of NLSE. The self-
induced potential [UT(—x,t)MW¥(z,t)]? in the corresponding stationary prob-
lem is non-hermitian, but, P7T-symmetric for a time-independent M which
is an even function of . The general prescription in higher dimensions in the
context of PT -symmetric non-local NLSE is to consider ¥(7,t) and ¥ (PZ,t)
as independent fields[2I]. In general, the Lagrangian density is non-hermitian
and LT(—x,t) # L(x,t), and care has to be taken in deriving Euler-Lagrange
equations and conserved Noether charge associated with continuous symme-
try [59, 60, [61]. It should be noted that £7(—x,t) = L(x,t) for a space-time
independent M and a M-pseudo-hermitian A, i.e. AT = MAM~! for which
the fourth, fifth and sixth terms in £ vanish. The Lagrangian density L is still
non-hermitian for this special case, however, the property L(—z,t) = L(z,1)
allows to derive the Euler-Lagrange equations in a standard way.

The Euler-Lagrange equation w.r.t the variation of Wf(—x,t) is obtained
by considering,

O ) Oy
OVt (—z,t) Ot \oUl(—x,t)) Oz \OUl(—z,t)
which gives us

iDoVU = —W,, +V(x, )0+ U (—2, ) MU(z,t)] V(x,1) (6)

It may be noted that Eq. with L = M reduces to the above equation.
The Lagrangian density being non-hermitian and Lf(—z,t) # L(z,t), the
Euler-Lagrangian equation corresponding to the variation of W(x,t) is not
equal to zero[59, 60, [61] i.e.
oL 0 oL 0 oL

=) =—(—7—— 0 7

0V (x,t) 8t(8\11t(x,t)) 8x(a\llw(x,t)) 7 (M)
The equation of motion of Wf(—x,t) is obtained by complex conjugating
Eq. and then replacing x by —z i.e. from the following equation,

oL (—z,t) 0O <8£T(—a:,t)) 0 <8U(—x,t)) _0 (8)
oV (z,t) ot OV (z,t) Or " OV, (x,t) 7

which gives,
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The above equation is the equation of motion of WT(—z,¢). It may be noted
that equations (7)) are are the same for £7(—z,t) = L(z,t). It may be
recalled that the non-local NLSE[L7] or its higher dimensional[21] or multi-
component generalization|[19] can always be derived from a Lagrangian den-
sity which is equal to its complex conjugate followed by ¥ — PZ. The
property LT(—z,t) = L(x,t) is lost in presence of loss-gain terms without
the pseudo-hermitian property and/or space-time dependent metric M.

The Lagrangian density being non-hermitian, though it has global U(1)
invariance i.e. it is invariant under the transformation ¥ — e W, there
is no conserve current associated with this symmetry unlike the Noether’s
theorem for hermitian Lagrangian[59, 60, [61]. Considering the matrix M
hermitian and all it’s elements are even functions of space and the potential
is PT-symmetric i.e. V*(—z,t) = V(z,t), we find that Eq. (6) and Eq.
@D admit continuity equation. The expressions of charge density p(x,t) and
current density J(z,t) are,

pla,t) = Wi(—z t)n¥(,t)
J(x,t) = i{U(—x,t)nU(z,t) — U (—z,t)nT,} (10)

where 7 is a constant matrix which appears in the definition of pseudo-
hermitian A(t) i.e. AT =nA(t)n~" [52]. We define a quantity @ = [ p(x,t) dx
as charge which is a conserved quantity. Though the charge density p(x,t) is
not real valued it can be shown that the charge Q(z,t) is real valued by using
the technique specified in Ref.[21]. We consider ¥(z,t) = U (x,t) + U, (x, 1),
where U, = $(¥(z,t) + U(—=z,t)) and ¥, = 3(V(x,t) — U(—z,¢)). The
subscripts 'e’ and 'o’ denote the even and odd functions respectively. The
charge can be written as p = p,. + p. where p, and p. denote the real and
imaginary parts of the charge density. The expressions of p, and p. can be
expressed in terms of Wy, ¥, as shown below,

Pr = (‘I’ZU‘I’e—‘I’Zﬁ‘I’e)
Pe = (‘I’ln‘l’o—‘l’lﬁ‘l’e> (11)

The contribution coming from p. in [~ p(x,t)dz is zero, since it is an
odd function of x. Hence, the charge Q(x,t) is real valued. The momen-
tum corresponding to ¥(z,t) and Ui(—z,t) are Iy, = %\IIT(—Lt)M and
Hyt(—pp = —5M¥. The Hamiltonian density of the system is given as,

H = U2, t)MA VU (x,t) + Vi (—z,t) MV, + %(\I/T(—x,75)]\4\11(31:715))2

%qﬁ(—x, DM (1) + U (—z, £) Mo, (z, 1)
+ Vi(z,t) Ui (—z,t)¥(x,t) (12)



Though the Hamiltonian density H is not real-valued, we can show that the
Hamiltonian i.e. H = [ Hdx is real valued when M is considered as constant
Hermitian matrix and A(t) is M-pseudo-hermitian i.e. AT = MAM~!. The
Hamiltonian density H can be written as H = H,. + H., where H,. is real and
‘H. is purely imaginary. The expressions of H, and H,. are given below,

H, = (VIMAV, — UIMAY,) + (VIMAY, — UIMAV,)

+ (VMY — Ul MT,,) + %(\IJZM\IIS — ! Mq,g)?

(Wi, — wiM,) + S(a,t) (Viw, - Uiw,)

1
2
i S’(.CL’, t) (\IIZ\IJO - ¢l\ye)

He = {(UI, MV, — ¥ MU,.,)}+ %{ (UIMO, — UMY, (UIMT, — VI MD,)

+ (UIMY, — UMY (UMY, — UMY, } + S(z,t) (VIT, — Uiw,)
+ iS(x, t) (VW — U,
It is to be noted that when the potential is PT symmetric, i.e. V*(—x,t) =
V(z,t) then H. is an odd function of x. Hence it will not contribute to
the Hamiltonian H = [°°_ Hdx. Similarly it can be shown that [ z*"p(x,t)
is real valued where n is a positive integer. The moment [ z?p(x,t)dx is
identified as width of the wave packets. We define growth speed of the
system as [ x.J(z,t)dz which is also real valued. The expression of current
density J(x,t) in terms of W (x,t),¥,(z,t) can be written as,
J(z,t) = J.+J;
Jo(z,t) = (Ul U, —Uinl,, — Ul no,+ ¥inv,,)
Jo(x,t) = i(‘lllxn‘ljo + \I]ln\llex - ‘I’iw‘l’e - \Illnqjox)

8

(14)

J. and J, are the real and imaginary parts of current density. Now the real
part J, being an odd function of x, ffooo J(z,t)dx, receives contribution from
imaginary part of J. Hence the current will be imaginary. But in case of
speed of the growth of the system i.e. ffooo xJ(z,t)dx, the imaginary part of
xJ(x,t) being an odd function of x, will vanish and the real part will survive.
Hence Speed of the growth of the system is real valued.

2.2 Dynamics of Moments

A large number of nonlinear equations are not amenable to exact solutions.
The moment method is an indirect way for studying the stabity of a nonlin-
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ear equation without actually solving it[51]. On the other hand, pseudo-
hermitian and pseudo-unitary transformation are extensively used in the
context of quantum mechanics[52]. We combine these two apparently dis-
joint methods to study the stability of the nonlinear equation with non-local
and non-hermitian interaction. It will be seen that a direct outcome of the
method is the controlling of instabilities, if any, in a systematic way through
suitable choice of time-modulation of linear coupling and loss-gain terms.
The new method is no less important than finding exact solutions, and is
expected to be applicable to a wide variety of nonlinear equations.

The time-evolution of the system defined by Eq. @ may be studied in
terms of the moments defined as,

Z,(t) = /dm\lﬁ(—x,t)naa\l/(x,t), a=0,1,2,3 (15)

The method is applicable for field configurations for which W(z,t), ¥, (z,t)
are continuous on the whole line z and vanishes in the limit |x| — co. Fur-
ther, closed form expressions for the equations governing the time-evolution
of the moments are possible only if A is 7-pseudo-hermitian, i.e. AT =nAn='.
It follows from Eqs. @ and @ that, for the specific field-configurations
stated above and an 7-pseudo hermitian A, the moments Z, satisfy the fol-
lowing equations:

Za:i/\I/T(—x,t)n [A(t),04] ¥ (z,t)dx + /\PT(—x,t)ntaa\If(x,t)dx (16)
Here, Z, is the conserved charge () and Z; , j = 1,2,3 are analogues of

spatial integration of Stokes variables. The expression of 7(t) for 7(¢)-pseudo-
hermitian A(t) = [k*(t)oy + k(t)o_ + iy(t)os] is given as[4§],

v||k(t
n(t) = MUO sin(fg — O) + &0y + ao_ (17)
7(8)
where k(t) = |k(t)|e*® and & = |a|e?* is an arbitrary constant complex

number. The expression reduces to Eq.(36]) for k() = po(t) 8 and y(¢) =

to(t) I'. The co-efficient of oq is the only time dependent term in 7(¢) and

we denote this term as h(t) = [SIMOL 6in (65 — 6). We define two quantities

v(?)
a(t), b(t) as
ila|sin(0s)hy
ul

ila|cos(0)hy

a(t) = 2|k|sin(6) + 7]

, b(t) = 2|k|cos(0r) + (18)
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where || is the determinant of 7. The Eq.(16)) can be transformed into a set
of coupled linear differential equations as,

hth __aiht __ashg
Z W , |277( ) 0
. A Qi ngh —2iy(t a
Z=NWZ, Z = Ny =1 Il 19
Zs 0 —a(t) bt Bl

The Eq. is not solvable for arbitrary time dependence of the parameters
k(t) and y(t). If N(t) commutes with ft N(t")dt' i.e. [N(t) ) ft N(t’)dt’] =0,

Eq. leads to the solution Z = el N O where C = (C’o Cy Cy C’3>T
is a constant column matrix. We will see that this condition is also necessary
for obtaining exact solution using the general methods discussed in Sec-3. We
choose k(t) = po(t)8 and v(t) = uo(t)l where 5 € C, T" € R and po(t) is an
arbitrary real function. The commutation relation, [N ), [ EN(H)dt } =0
is satisfied with these choices. Further, h; = 0 and n will be time independent

and Zy which is actually the modified power is a constant of motion. Now
excluding constant Z; term Eq. can be written as follows,

| A 0 —2i0 286,
Z = ,uo(t)N()Z s 7 = ZQ s N() = 21T 0 —2ﬁ1 (20)
Z3 —2B, 2B 0

where 3, and (3, are the real and imaginalzy parts of 5. Eigen value of matrix
Ny are 0, £2i+/|8|2 — T2. Evaluating e/ #0()No  the expressions of Z;, Zs,
Z3 are given as follows,

Zy = [=2B1|B](B1C1 + B2Co +iT'Cy)

2{C1(T?B] — €53) + Ca1 Ba| BI* + iG5| B 51T} cos(2¢)
2¢0|B|°(iCyT" — C38,) sin(2¢)]

[—2B2|B° {B1C1 + BoCs +iT'Cs}

2{C4|B2B1Bs + Ca(T2B2 — €2B82) + iCy| B|%BsT} cos(2¢)
2¢0|6> {=iChT + Cs1}]

Zs = [=2i|B[*{61C1 + 20, + il Cs}

2|81 {iCiT By + iCoT'Ba — Cs|B|*} cos(2e)

2¢0| B*{B2C1 — B1Ca} sin(2e)] (21)

We can also solve Eq. by transforming Z — Z as Z = P~'Z such that

-+

Zy

+ o+ o+
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P is the diagonalizing matrix of matrix Nj.

~ Bi I'bi+eba TG — €
P=1p5 I'By—efi I'By+eof (22)
T iBP il B|?

We get the expressions of Z;’s as shown below,

Zy = 5161 + (I'B1 + Eﬁz)éﬁme + (I — 652)63672ZE
Zy BoCy + (T By — €61)Cae® + (T By + €81)Cae™ >
Z3 = ZFCl + i|5’202€2i6 + 7;|,B|203672i6

(23)

As Shown in the first part of Sec-3, € = eou(t). It may seem that Eq. 1)
and Eq. are different. We can write C;, Cy, Cs in terms of Cy, Cy, Cs
and 3, I' so that both the expressions of 7y, Z3, Z3 are same. Both of these
methods are applicable when matrix P is invertible i.e. det(P) # 0 which
implies |3|* # I'? and || # 0. For constant BLG and LC terms, the moments
Z1,74,73 show periodic nature for the real ¢y i.e. |5]> > I'2. Otherwise the
solutions blow up. But with the appropriate choice of pu(t), as for example
w(t) = sin(t) the moments show periodic behaviour even for |3|*> < I'2. This
condition is consistent with the condition of finite solution of Eq. . We
can choose constants Cy, Cs, Cy appropriately. For C; = 0, C3 = —C, and
C, € R, Eq. 1.} can be written as,

Zy = C,[2iT'3; sin(2e€) + 2683, cos(2¢)]

Zy = (420l By sin(2€) — 263, cos(2¢)]

Zs = —2|B|*Cysin(2e¢) (24)
where Z3 is real. Both the real and imaginary parts of Z;, Zy are periodic in

time. Besides the conserved charge, we can construct two other constants of
motion as,

Q2 = B2+ Py +11'Zs
Qs = 22+ 723+ 72

After transforming Z — Z it is found that Z = 0 which gives the conserved
quantity (2. The matrix Ny being skew-symmetric matrix, from Eq.
we get that the time derivative Z7Z is zero i.e. Q3 is constant of motion.
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3 Transformation to solvable equations

We remove the balanced loss gain term by transforming the fields U (z, ¢) into
®(z,t) via non unitary transformation as follows,

U(x,t) = Ut)(, 1) (25)

where U (t) is chosen so that the equation iU; — AU = 0 holds leading to the
solutions U(t) = e~/ AW for [A(t), [P A(t)dt] = O[9]. U(t) maps ®(x,t)
to W(z,t) at the same time t. It should not be confused with time evolution
operator. Since A(t) is non-hermitian, U(¢) is non-unitary. We consider
E(t) = po(t)s and y(t) = F,uo( ) where pug(t), I' are real parameters. We
introduce few functions as p(t f wo(t)dt, g = +/|5)> — T'% and € = eou(t)
for which A(t) can be Written as A(t) = ,uo( )Ao where Ay = f*oy + fo_ +
il'o3. Now U(t) can be expressed as,

U(t) = ogcos(e) — — sin(e) (26)

In the limit of € is zero and purely imaginary, the expressions of U (t) becomes
as follows,

Ut) = o9—iAou(t) (for eo=0)

Ao . .

U(t) = cosh(|eo|u(t)) — 2|6—0| sinh(leo|u(t)) (for €0 =ileo])  (27)
0

When the LC parameter k& and BLLG parameter v are constant, ¢y must be

real i.e. |B|> > T'?. Otherwise, U(t) will grow with time and the solution

will be unbounded. But for the suitable choice of p(t), bounded solution is

possible for ¢ is zero and purely imaginary. For example, with the choice

po(t) = cos(t), (28)

p(t) reduces to sin(t) and U(t) corresponding to all the three cases discussed
above are periodic in time. Using the transformation as shown in Eq.,
Eq. reduces to the following,

i®(x,t) = —Oup(x,t) + V(z,)®(x,t) + [K(liy, m) @ (—z,t)F, &(x,t)
+ K(lyg, mgo) @ (—x, ) F_®(x,t)
+ K (lyg, m1)® (—2,t) BP(x,t)
+ K (lyy, mg)) @ (—2,t) BT ®(z, )] ®(x, 1) (29)
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where K((1,G) = QU PU +GU'P.U, Fy = U'PLU and B = U'o, U.
The operator K takes a simple form for (; = (s, in particular, K ({1, (1) = 0o.
This is also the limit for a hermitian K. Form of the cubic nonlinearity of
Eq. is more general compared to its local counterpart i.e. Eq. (12)
of Ref. [49]. The operators F. and K((;,(s) have the same expressions for
both local as well as Non-local NLSE. The explicit expressions of F} and
K(¢1, (2) have been obtained for the first time in Ref.[49] in the context of
local NLSE and these are reproduced in this article for completeness. With
the introduction of the function T
Lp(t)

_ . 9
T, = - sin (e) £

sin(2e)
2e

(30)

the explicit expressions of K ({1, () and F. are,

(GG = 9 @4 (G - ) (3T + BTs0)

N[ —

Fy=(z +Tut)Ty)oo — iTopu(t)(foy — Bo_)

Lp(t)
2¢

+( sin(2€) & %cos(Ze))ag (31)

The operator B arises due to the cross-phase modulation terms and has the
explicit expression,

sin®(e)
2

B = o4 cos?(e) — ;—503 sin(2e¢) + (B%0_ — Moy — il Boy) (32)

€o €0
The operator B is non-hermitian.

At this point, it is important to consider whether or not the solution of
Eq. that corresponds to a stable solution of Eq. is likewise stable.
The transformation that joins the initial system given by Eq. to
Eq. (29), does not change the stability property of ®(z,t) for a bounded
U(t). In other words, the solution ¥(x,t) = U(t) ®(z,t) is a stable solution
for a bounded U(t) provided ®(x,t) is stable under perturbation. This is
demonstrated by taking into account the equation ®(z,t) = ®(z,t) + x(x, 1),
where ®(z,t) is the exact solution to equation and x(z,t) is a tiny
perturbation. When we enter the expression for ®(x,t) into equation , we
get the equation of motion of x(z,t). The stability of the exact solution is
determined by Eq. of motion of x(z,t) and the solution is stable if x is a
bound state. The exact solution of Eq, corrresponding to @ is U = U.
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We can analyse the stability of Eq. by perturbing the exact solution .
We take the purturbation term as Un(z,t), where U (t) is be bounded in
time and n(z,t) is an arbitrary small fluctuations. We find after plugging
W(z,t) = U(x,t)+ Un(z,t) into Eq. that n(x,t) satisfies the same Eq. of
motion as that of x(x,t) . Thus, the same Eq. dictates the stability of both
the original Eq. (2) and the transformed Eq. (29). Hence, the transformation
preserves the stability property for a bounded U in time and identical
initial conditions.

3.1 M-Pseudo-hermitian A

In the limit L = M and vanishing BLG, LC and external potentials Eq.
models the nonlocal analogue of MZS system[57, [58]. MZS system with
constant BLG and LC terms have been studied in Ref. [4§]. In this subsection
we will consider nonlocal analogue of MZS system along with time dependent
BLG and LC terms. Eq. admits Lagrangian formulations for L = M.
The limiting case L = M deserves a special attention for which Eq.
takes a simpler form,

i®y(x,t) = —Pyy(2,t) + V(z,t)P(2,t) + [T (—2, ) UTMUR(x, t)] ®(z,t)(33)

The effect of the non-unitary transformation is to remove the BLG terms at
the cost of modifying the term ®f(—z,t) M®(x,t) = O (—z, ) UTMU(x,1).
If we further assume that A(t) is M-pseudo hermitian, i.e. A" = MAM™!,
then U(t) becomes pseudo-unitary, i.e. UTMU = M. Thus, for a M-pseudo
hermitian A, Eq. reduces to the non-local analogue of the standard
vector NLSE in an external potential V'(x,t):

i®y(2,t) = =Py (2, t) + V(z, t)P(2,t) + [T (2, ) MP(z,t)] D(2,t) (34)

It may be noted that the pseudo-unitary transformation is not a symmetry
transformation of the system —it removes the BLG terms and keeps all other
interaction terms invariant. The technique has been used for the first time
in the context of local NLSE[48], and later applied to generalized NLSE[49].
The form of M is restricted to be

3 = W 06, — ) + a0 + a0, o= fale™, 5= |8l (35)

in order A(t) = po(t)[B* o4+ Bo_ +il'o3] to be M-pseudo-hermitian[4§]. The
eigenvalues of the matrix M are Ay = |¢| [@ sin(6, — 0p) £ 1} are real and

can be positive as well as negative depending on the values of the parameters.
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We can distinguish three different region for A..

Region-I ( AL >0) :

Both the eigen values are positive when sin(f, — 03) > 57‘, i.e. |A| must be
greater than |I'|. In this region, for I" > 0, sin(f, — #3) > 0 and for I' < 0,
sin(@a — 85) < 0.

Region-II (A, >0 & A_ < 0):

When the value of sin(, — 05) lies between ﬁ and % ie. —|1;7‘ < sin(f, —
05) < |1;7‘, then Ay > 0 and A_ < 0. Unlike region-I and III, || may or may
not be greater than |T'|.

Region-IIT (A < 0):

Both the eigen values are negative when sin(6, —03) < % ie. |B8] > |I'|. For
I'>0,sin(d, —03) <0 and for I" < 0, sin(f, — ) > 0.

It is not possible to have A, < 0 and A_ > 0. We are not restricting M to be
positive-definite, since there is no requirement of M to be interpreted as a
metric on the associated eigen-vector space of A as is the case with quantum
mechanics involving pseudo-hermitian operator. Further, M is not the unique
matrix for showing A to be pseudo-hermitian, since the complex parameter
a does not appear in the matrix A and can be chosen independently. Thus,
the space of eigen vectors associated with A may be endowed with a positive-
definite metric,

ne = o sin(, — 0) + 60 + o (36)

where a and & = |a|e®s are independent parameters. The positivity of 7, is
ensured by choosing || > |I'| and 05 = 0 + (2n+ 1) with even n for I' > 0
and odd n for I' < 0. The unitary matrix,

_ 1 ) .
S=—og—e g, +elq_ 37
V2 [ 0 + } (37)
diagonalizes M, i.e. STMS = diag(\y, A_). We express Eq. in terms of
a two-component complex scalar field Q(x, t) by defining ®(z,t) = S Q(z,1),

iQi(r,1) = —Quula,t) + V(2,)Q(z,t) + M Qi (—2,1)Qu (. 1)
+ A Qi(—,0)Qa(x, )] Q(x,1) (38)

Several solutions of Eq. with V(x,t) = 0 are discussed in Sec. 3 of Ref.
[25] in terms Lamé Polynomials of order 1 and 2. The exact solutions of Eq.
(6) with V(z) = 0 and A = Ay can be constructed corresponding to many of
these solutions by using the relation ¥ = US(Q and Egs. , . It should
be emphasized here that each and every solutions of Ref. [25] can not be
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mapped to be exact solutions of Eq. , since the parameters A\ appearing
in the latter equation have specific forms and do not cover the whole of the
parameter-space. Ay < 0 and A_ > 0 are forbidden for Eq. , while the
corresponding equation of Ref. ([25]) admits exact analytical solutions in the
respective parameter-space. For example, There is no solution of Eq.
with V(z,t) = 0 corresponding to the Solution IV and V in Sec-3 of Ref.
[25]. We discuss two independent solutions in terms of hyperbolic functions
which are obtained as limiting cases of Lamé Polynomials. In the Appendix-I,
several exact solutions for arbitrary u(t) are presented.

The explicit expression of the solution of Eq. is,

_ L cos(e — B % T
Uiz, t) = 7 [{cos(e) + (D —if*e’) ” }Qu(z,1)
+ {—e 7 cos(e) — (Te % + iﬁ*)%}@g]
= i cos(e) — (I — ife = w T
wQ(xat) - \/5 [{ () (F ﬁ 0) € }Q2( 7t)
(et - 0+ N ouw 0] @9)

This is the general expression of ¢; for any value of €. In the limit ¢, — 0,
cos(e) — 1 and % — u(t). We can get the expression of ¢; for purely
imaginary €y, replacing €y by i|eyg|. The appropriate choice of pg(t) ensure
the bounded nature of the solution of Eq. in the limit ¢j is zero and purely
imaginary. A large no of po(t) is possible for different regions of €. This
BLG-LC method can be used to stabilize the solutions of nonlocal nonlinear

system as discussed in Ref. [66].

3.1.1 V(z,t) =0: Vanishing confining potential

In this subsection we present a few exact solutions with specific choice of py.
In the Appendix-I, several exact solutions for arbitrary u(t) are presented.
Example-I: We present bright-bright soliton solution of Eq. with
V(z,t) = 0 corresponding to the Solution XXII in Ref. [25]

Q1(z,t) = [Asech?(Qz) + D]e @110 Qy(z,t) = Bsech?(Qa)e2t+9)
9

N
D 2
Z = —g, W1 = —Wwy = 292 (40)

where A and B denote the amplitudes and 2 is a positive. Hence the solution

is applicable only when A\, > 0 and A\_ < 0 i.e. —‘—g| < sin(, — 0p) < \TISI
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condition is satisfied. The solution of Eq. is,

i) = 5 oot 4 (0 = i)
sin(c)

+ {—e‘wa cos(e) — (De™®= zﬁ*)—} B sech?(Qx) e_i(wzH‘s)]
1

sin(e)

} {Asech?(Qz) + D} e "1t
€0

€0
sin(e)

i) = = [eoste) - (0 —ige o) DY pocaain o

sin(e)

+ {ew"‘ cos(e) — (e 4-ip3)
€0

} {Asech*(Qz) + D} e_i(““‘s)}

0<r<ifl, =1

Il + g2

(a) (b)

0<B]<I, po(t) = cos(t) 0<|BI<T, po(t) = Ze~

Figure 1: (Color online) Plot of |4 | + |1|? of example-I for the parametric
value O = %, 0, = §, w1 = 2, wo = =2, Q = 1 and 6 = 0. In Fig(a):
I =8 =0A=2121,B = 2.121, Fig(h): T = 1.5,|8] = 2,0 = 1, A =
3.674, B = 1.643, Fig(c): [ = 2.3,|8] = 2,0 = 1, A = 2.822, B = 1.771,
Fig(d): T' = 2.3,|8] = 2,u(t) = cos(t),A = 2.822, B = 1.771, Fig(e):
I'=23,|8] = 2,u(t) = Ze ', A =2822,B = 1.771, Fig(f): [ = || =
2, 1p(t) = cos(t),A=3,B =1.732

4l

Figure. 1 shows the power P = |¢1]* + [¢»|* plotted, for various time-
modulations. Fig. 1(a) depicts the scenario when BLG and LC vanish,
and there is no change in the power over time. For constatnt pg and a
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non-vanishing I, fulfilling |5| > I', the power-oscillation can be shown in
Fig. 1(b). The power oscillation in time is the signature of the balanced
loss-gain system. The solution ¥ becomes unstable for constant py and non-
vanishing 3, I' while satisfying |3] < I'. The relevant plot is displayed in
Fig. 1.(c). It may be recalled from our earlier discussions in Sec. 3 that
the transformation that joins the initial system given by Eq. to Eq.
([29), does not change the stability property of ®(z,¢) for a bounded U(t).
Thus, for a given stable solution of Eq. , the solutions of Eq. are
stable for bounded U(t), i.e. suitable choice of po(t). We can control the
instability by wisely selecting po(f). We have taken into account || < T
and a periodic modulation function pug(t) = cos(t) for which P(x,t) exhibits
periodic behaviour in Fig. 1(d). In Fig. 1(e), which is likewise time-bounded,
we have plotted power for the conditions || < I' and po(t) = \/%76*9. The
instability in the region || = I' may once more be controlled using periodic
time moduation. The plot in Fig. 1(f) in particular displays power oscillation
for po(t) = cos(t) in the region |3| = T' . The mentioned features have been
verified up to time ¢t ~ 200, although the figures are only displayed up to
time ¢t ~ 20.

Example-11: We present the bright-dark soliton solution of Eq. with
V(z) = 0 corresponding to the Solution VIII in Ref. [25],

Q1 (x,t) = Asech () e Qy(x,t) = Btanh (Qu) e 249,

0 = —§(A+A2 + A\_B?%),

= QQ + )\+A2, Wy = Q2 + wq (42)

Where A and B denote the amplitudes. The positivity of Q? is ensured when
> Iﬁ' sin(0, — 05). The solution of Eq. is,

B2+A2
iet) = o [eoste + (0 =i L4 soatan) et
sin(o)

—e " cos(e) — (Te o 4 iB*)——2 } B tanh(Qz) e ’”2”6)}

€

[e=]

+
—

sin(e)

) = = [feosto) - (0 =i 2] o) s

Sl

sin(e)

+ {ew“ cos(e) — (Te +43) }A sech(Qz) e~ wl”‘”} (43)

€0

The qualitative behaviour of the plots in Figure (2) under the same cir-
cumstances on (3, and p(t) is identical to that of Fig. 1. The power
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0<r<ifl, =1 0<[Bl <l po=1

Il + g2

102+ gef2

(a) (b)

0< Bl <, Ho(t) = cos(t) 0<[BI<T, po(t) = Zet

[0+ a2

Figure 2: (Color online) Plot of |11]* + |t|* of example-IT for the para-

metric value A = 1, B = %, 0p = 5, 0o = 5 and 0 = 0. In
Figla): T' = || = 0,wy = 32,w, = 54,Q = 22 Fig): ' =
15,08] = 2,00 = Lo = 1.957,ws = 2.349,Q = 0.626, Fig(c): T
23,18] = 2,00 = 1w = 2.243,ws = 3.052,Q = 0.899, Fig(d): I =
2.3,18] = 2,m(t) = cos(t),w; = 2.243,wy = 3.052,Q2 = 0.899, Fig(e):
P=23,18] = 2, u0(t) = Ze i = 2.243,w, = 3.052,Q = 0.809, Fig(f) -
['= 8] =2, puo(t) = cos(t),w; = 2.1,ws = 2.7, = 0.774

oscillation is absent for vanishing 3,I" as shown in Fig. 2(a). Fig. 2(b) de-
picts the power-oscillation for constant po and || > I'. As seen in Fig. 2(c),
the solution expands with no upper bound for constants py and |5| < T.
Figs. 2(d), 2(e), and 2(f) illustrate how instabilities for |5| < I' are managed
by selecting an appropriate fo(t).

3.1.2 Non-vanishing confining potential

We have presented two solutions of Eq. for a special case V(z,t) = 0.
Several solutions of Eq. with PT-symmetric confining potential can be
constructed. The solution of Eq. with V(z,t) = S(x) + iS(x) can be
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written as,

Ql(.’ll',t) - W Q(l') ei (r(z)+wt+01)
Qg(ﬂ?,t) = W, Q(l’) ei(r(x)+wt+02) (44)
where ¢(z) and r(x) are real function and denote the amplitude and phase

respectively. We substitute Eq. into Eq. and the amplitude and

phase satisfy the relations

S@>=:—w+%f—@—aa@qe@cw@@»

3(x) :7@+2i”—aamqemsm@@» (45)

where y(z) = r(z) — r(—x) and the constant o = A\, |[W;|* + A_|W,|*. The
solution of Eq. for different kinds of PT-symmetric potential is discussed
in Ref. [30]. The exact solutions of Eq. @ with V(z,t) = S(z) 4+ iS(z) can
be constructed corresponding to each of these solutions by using the relation
U =U SWq(:z:)ei(r(xH“t) where the column matrix W = (Wlewl WQer)T
Generalised Rosen-Morse Potential: We first consider P7T-symmetric
generalised complex Rosen-Morse Potential S(z)+iS(x) with the components

L?(x) = —2sech®(z) — aa? sech?(z) cos(y(x))
S(r) = —2btanh(z) — aa®sech®(z)sin(y(z)) (46)

where y(z) = 2bx and a, b are constant. The solution of Eq. correspond-
ing to this potential is

i , )
Qet) = |11 | asec(o) ¢!(=r0) (1)
2

We can choose appropriate physically motivated pio(t) so that U(t) is bounded.
We present the solution of Eq. for this generalised Rosen-Morse potential
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and for a given fi(t).

1 sm( )

U (z,t) = E [{cos(e) + (0 — et 2y o
+ {—e P cos(e) — (Te " 443" )sm( )}W ']
X asech(x) ei(b”(l_bQ)t)
= L cos(e) — (I —ifBe™ sm( )
Ua(z,t) = 7 [{cos(e) — (T —ife™ ") —=—} W, ¢’

4+ {e cos(e) — (D'~ + iﬁ)sm( )}W1 "]
X asech(x) ei<bx+(17b2)t) (48)

Generalised Scarf-IT potential: We consider P7T-symmetric generalised
Scarf-IT potential. The real and imaginary parts of the potential are,

nn

~(x) = —(2+b*) sech?(z) — aa®sech?(z) cos(y(x))
S(r) = —3bsech(x)tanh(z) — aa®sech®(z)sin(y(z)) (49)

where y(x) = 2barctan[sinh(z)] and a,b are constant. The solution of Eq.
(138) corresponding to this potential

101 . .
=[] ey o)

We present the solution of Eq. for this generalised Scarf-IT potential and
for a given pg(t).

bz, t) = % [{cos(e) + (T — iBe )Sm( Dy, it
+ {—e 7 cos(e) — (Te ™ + @ﬂ*)sn;fe) s €]

> asech(x) ei(barctan[sinh(zr)}—i-t)

Vo(x,t) = % [{Cos(e) — (I — ife 0o )sm( €)

JWy e
4+ {e cos(e) — (De> + B)Sm( )}Wl ]

% CLSGCh<$> ei(barctan[smh( )}th) (51)
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Periodic Potential: We consider P7T-symmetric generalised periodic po-
tential. The real and imaginary parts of the potential are,

S(z) = —b*cos’(z) — aa® cos?(x) cos(y(z))
S(z) = —3bsin(x) — aa® cos*(z)sin(y(z)) (52)

where y(x) = 2bsin(x) and a,b are constant. The solution of Eq.
corresponding to this potential

161 N
Q1) = W;} acos(z) el )+) (53)
2

We present the solution of Eq. for this PT-symmetric periodic potential
and for a given p(%).

U (x,t) = % [{cos(e) + (I — ifrelfe) 22

+ {—e"" cos(e) — (Te™" +if* )Sm( )}W e]

sm( )

JWy €

« a COS(ZE) ei (b sin(m)+t)

Uolz,t) = % [{cos(e) — (T — iBe 0 )Sm( Dy, et
+ (e cos(0) — (e + i) >}Wl ]
X acos(x) ei(bSin(I)J“t) (54)

3.2 General Case
To solve the general case i.e V(x,t) # 0 and M # L, we consider the solution

of Eq. as,
O(z,t) = Wplx,t)e"™u(() ; ¢ = ((x,1) (55)

where W = (W;e™ WQeiGQ)T is a constant complex vector and ((z,t) is an
odd function under parity transformation i.e. ((—z,t) = —((x,t). This is
an essential condition because our aim is to reduce Eq. into a solvable
equation and Eq. reduces to solvable Eq. only when ((—=x,t) is an
odd function under parity transformation. p(z,t),({(x,t),n(z,t) and V(x,t)

23



satisfy the following sets of equations

ppe+ (0°)e = P, 1)S (2, 1) (56)

G, t) + 20y (2, 1) Cu(,t) = 0 (57)
(P’G)s = 0 (58)

Sat) = B == = (59)

where 4 is a constant. This set of equations is same as shown in Ref [21]
in the context of one component NNLSE. The ansatz as shown in Eq. (55),
was also used in Ref. [67] for one component localized NLSE. Inserting the

Eq.( into Eq. we get,

1
Uee +ppu = W[WTK(lll,mll)WWTF+W+WTK(lgg,ng)WWTF_W
+ WK (lyy, myp) WWIBW + WK (Iyy, mo \WWTBTW]
p(—x,t)p(x,t i(n(x,t)—n(—x *
x LERGURD deoaos0) i (—gyu(c) (60

The nonlinear term will be real for the judicious choice of [;; and m;;. To
ensure that the co-efficient of the nonlinear term is real and Eq. reduces
to Eq. , the following conditions should be satisfied

lig = la1 ; Mg = moy

lii +mn = %
o ¥ = Wf(fé(fgf)w
i —mu = —(l2 — mu)% — (b2 — mu)WTI(AiZﬁPW (61)

where fi(z,t),fa(z,t) and f3(z,t) are arbitrary functions. The expressions
of space-time modulated strength [;;,m;; of nonlinear interaction may be
obtained by solving the group of Egs. . We solve the equations by
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keeping mao, mio and meg; arbitrary :

1
hy = m[fl(%t) — fa(z,t) — f3(z,1)
+ 2moWIF-W 4 2muWH(B + BOYW]
1
my = m[fl(%t)+f2($at)+f3($at)
— 2mpWIE_W — 2m,Wi(B + BHW]
o f2<$7t)
log = m — Mg (62)

The above expressions will be same for both the local and nonlocal cases.
For l;; = m;; =0, ¢ # j the Eq. reduces to the Eq. (19) of Ref. [49)].
The signature of the nonlocality in Eq. is carried by the terms p(—z,1),
n(—z,t) and u*(—(). Instead of the complicated form we choose a simple
form of [;;, m;; to present our result:

[ — f1<l',t)+G($,t) . o fl(LE,t>—G<£IZ',t)
11 = ; M1 =
QWTF, W QWHF, W
L foz,t) — G(x,t) - fo(z,t) + G(z, 1)
25 owtErw R QWTE W
fg(l',t)

(63)

log = lig = myg = Moy =
21 = l12 12 21 YW (B + B)W
where G(z,t) is an arbitrary function. The choice of /;; and m;; to ensure
that the nonlinear term is real, is not unique. There are others choices too.

For the time being we are considering the above choices. The expressions for
WIF.W are

WHEW = bo(% + Tep(t)D) + bS[ngt) sin(2¢) + %cos(%)] (64)

where 8 = |S]e"* and b; = Wio,W ; j =0,1,2,3. The constant D is defined
as,
2

D=T
i

W1 W2|ﬁ‘ Sil’l(eg — 91 — 93) (65)

Both the expressions of WTFLW and D are shown in the Ref.[49] in the
context of local NLSE. In both the cases the above expressions are same.
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Due to the presence of cross terms l;;, m;; with i # j the terms WTBW and
WTB'W have arisen. For the nonlinear term to be real, as we have considered
all the cross terms are equal to each other, from the last two terms of the

right hand side of Eq. we get,

WK (liy, myg)W WIBW + WK (Iyy, moy) )W WIBYW = 1,boW(B + BNYW
The expression of WT(B + BH)W is,

WHB+BYW = 2WiWycos(6h — 0) cos®(e) + {2W1Wa (| 8]? cos(6y — 0, + 20s5)

sin(e)

— T?cos(6y — 65)) + 2T'| 8] sin(65)bo }

(66)

€2

The imaginary part of the non linear term vanishes for the choice of /;; and

m,; as in Eq. and Eq. reduces to the following,

uge + = fla 1) L0 él’)(x’” GO0 G C(C) (67)

and f(z,t) = L[fi(z,t) + fo(z,t) + f3(2,t)]. Note that Eq. @ reduces to
the following equation

uee + pru — 200 (=C)u?(¢) = 0 (68)

if the following condition is satisfied

2
f($, t) _ 20 Cx 6i(77(—33,t)—77(z,t)) (69)
p(=xz,t)p(x,t)
It is to be noted that f(x,t) is a PT symmetric function i.e. f*(—z,t) =
f(z,t), since ((z,t) is an odd function of space. Hence (,(z,t) is an even
function of space i.e. (,(—xz,t) = (;(x,t). The general solution of Eq.
can be written as,

Y(z,t) = U(t) W p(a,t) u(C) eV (70)
where U (t) is given in Eq. and p(z,t), n(z,t), ((z,t) and u({) are to be
determined from Egs. , , , respectively. Eq. is solvable

and has many standard solutions. The solution of Eq. is as follows,

u(C) = Vdy sn{\/ds|o](C — Go), k} (71)

where we have considered o < 0, ¢ > 0 and u((¢) is an odd function. Here
the constants d; and dy are expressed in terms of constants m, o, ¢; as shown
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below,

H H C1

d = ——,/(=—)2—-—=
! 2|0 QM) o
H M C1

dy = —— Hoye O
? 2|0\jL (2\0]) o

The expressions of power P = UV is given as,

P(x,t) = Py(t)p*(x,t)u?(¢), P = WIUN UMW

The time dependent function P;(t) is determined using the non-unitary
matrix U(t) and the expression is given below,

2I'D bsI’
5 sin®(€) + —— sin(2¢)]
0€o0

Py(t) = by [1+ (72)

€0
The expression of P;(¢) is independent of local and nonlocal nature of NLSE.
This expression is the signature of non-unitary transformation in the expres-
sion of power or final solution.

Different Physically motivated examples are presented in Ref.[21] without
balanced loss-gain. Those are also applicable here for p(x,t), ((z,t), n(x,t)
for different kinds of potentials and f(z,t). The complete solution of Eq.
is obtained by using Eq. . Some of the results are presented here in the
following tables

Table 1: Examples

V(x) f(x) ((x) Parameters
ISOI_ Bt 20 ¥ erf(%gx) 3 >UO;#O: :
ISIOI_ NQX;?C[]E?E;; 1 20 cosh™ () [* cosh® (z)dx H :UO’<EO: 0
Sol- . 2__x E=%>0
I ! m arctarﬁ%tam(%)] pw=(1 4— oAE
Sol-1:
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1/}1 (*T’ t)

¢2(x7 t)

Sol-I1:

¢1 (.’L', t)

¢2<x7 t)

Sol-IIT:

¢1(x7t)

w2<l’, t)

[W1e™ cos(e) — @ew2 in(e) + —— e sin(e)]
€0 €0
1
sech™ (z ¢ en(cC, =
() = enle )
[Wae cos(e) — wewl in(e) ﬂe”’2 sin(e)]
(&) €0
sech® (z) ¢ en(ceC, =)

Wap* rwy
iez‘g2 sin(e) + —— ¢ sin(e)]
() €

¢ vm sn(c¢,m) e !
V2lo]
[Wae cos(e) — wewl sin(e) — ﬂe”’2 sin(e)]
(&) €0

\/%\/ﬁ sn(cC,m) e "

[W1e™ cos(e) —

1+ acos(wz)

1 + v cos(wx)

For Sol-IIT = (1 +m)c? , |a| < 1 and o < 0.

All the above solutions are finite in all regions of space. Sol-I and Sol-II
are localized in space as || — oo, amplitude of the solutions tends to zero.
With appropriate choice of the parameters, the elliptical functions reduces
to hyperbolic function. In this limit, Sol-III also becomes localized. The
amplitude of these solutions oscillates with time.
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4 Results and Discussions

We have investigated solvable limits of a class of VNNLSE with time depen-
dent BLG and LC terms and space-time modulated nonlinear interaction in
presence of confining complex potential. It has been shown that the system
admits Lagrangian and Hamiltonian density in a certain limit. In general, the
Lagrangian density £ is non-hermitian. Further, it is not equal to its complex
conjugate followed by a parity transformation, i. e. L(z,t) # L'(—z,t), as
is the case with the NNLSE or its multi-component and higher dimensional
generalizations. The presence of loss-gain terms without the matrix A being
M-pseudo-hermitian and/or space-time dependence of M is the reason for
L(x,t) # LT(—z,t). The subtleties involved in deriving the Euler-Lagrange
equations of motion and conserved Noether charges associated with invari-
ance under continuous symmetry have been discussed. Further, the Hamil-
tonian, charge, width of the wave packet and its speed of the growth of the
system have been shown to be real valued, despite the fact that the corre-
sponding Hamiltonian density, charge density, current density are complex
valued. One necessary condition for these dynamical variables to be real
valued is that the confining complex potential is PT-symmetric. The charge
has been shown to be a conserved quantity. We have also presented two
constants of motion in addition to the Hamiltonian and the charge.

The time-evolution of the system has been studied in terms of certain
moments which are analogues of space-integrals of Stokes variables. The
VNNLSE can be transformed into a set of linear coupled differential equa-
tions satisfied by these moments provided A is M-pseudo-hermitian. The
resulting equations can be solved exactly if the LC and BLG terms have
identical time-modulation. The general method presented in this article for
finding solvable limits also requires that the time-modulation of BLG and
LC terms are the same. The regions in the parameter-space for bounded
and unbounded solutions in time have been identified for time-independent
BLG and LC terms. It has been shown that with appropriate choice of
time-modulation function (), the instability in the moments can be tamed.
Further, the time-dependence can be tailor-made by suitably choosing u(t).
This freedom may be utilized in realistic application of the system.

The moment method does not give any expression for the field as a func-
tion of space and time. We have adopted a two step approach to find the
exact solutions. In the first step, the BLG and LC terms are removed com-
pletely by a non-unitary transformation which, in general, modifies the time-
modulation of the nonlinear strength. However, in the limit of the loss-
gain matrix A being M-pseudo-hermitian and the nonlinear interaction is of
Manakov-type, i.e. |UT(—z.t)M VU (z, t)\Q, the nonlinear term remains invari-
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nat under the transformation. The transformation for this case is identified
as pseudo-unitary transformation which is not a symmetry transformation,
since it does not preserve the norm. The resulting VNNLSE can be cast
into the canonical form of sovable Manakov-type non-local NLSE through an
SU(2) rotation. The exact solutions of this equation has been used to find
the exact solutions of the system through inverse mapping. Several solutions
have been presented for vanishing complex potential. Further, exact solu-
tions of the system are presented for generalized Rosen-Morse, Scarf-II and
a complex periodic potential.

The next step is required only if the BLG and LC terms are completely
removed by imparting additional time-dependence to the nonlinear strength.
The resulting equation for such cases has been mapped to a solvable equation
via a co-ordinate transformation. The transformed spatial co-ordinate is
necessarily odd under parity transformation. This is to be contrasted with a
similar situation in the case of local NLSE where such restriction on the co-
ordinate transformation is not required. Several exact solutions have been
found. The exact solutions do not depend on specific choices of f(z,1),
fa(x,t), fs(x,t) which appear in the strength of the nonlinear strength, rather
depends only on f(z) = 1 [fi(z) + fo(z) + f3(z)]. Several choices of fi(z)’s
are allowed for a fixed f(x). Further, the exact solution does not depend
on the arbitrary function G(z,t) appearing in the nonlinear term. Such a
behaviour has been observed for the case of local NLSE also and the possible
reason behind this may be attributed to the specific ansatz. The VNNLSE is
characterized by the functions f;(z),i = 1,2,3 and G(x,t) which appear in
its nonlinear strength. The fact that the class of solutions presented in this
article does not depend on specific form of these functions allows to construct
a large number of solvable systems for a fixed f(x). It is desirable that one
or more of such solvable VNNLSE may find applications in realistic physical
problems. Further, it is expected that the mapping involving pseudo-unitary
transformation shall be useful for other nonlinear equations too, albeit with
appropriate modifications. This necessitates further investigations involving
a variety of nonlinear equations.
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6 Appendix-I

We have presented two solutions of Eq. with V(z,t) = 0 and specific
choice of u(t) in Sec-3.1. The basic method involves mapping Eq. to Eq.
(38) whose solutions have been discussed in Ref. [25]. In this appendix, we
present other possible solutions of Eq. with V' (z,t) = 0 and any arbitrary
p(t). It should be noted that all the solutions of Ref. [25] can not be mapped
to be exact solutions of Eq. , since the parameters A\, appearing in the
latter equation have specific forms and do not satisfy the required conditions.
For example, There is no solution of Eq. with V' (z,t) = 0 corresponding
to the Solution IV and V in Sec-3 of Ref. [25]. Nevertheless, a large number
of solutions can be found. The solutions presented below do not exhaust all
the solutions of Ref. [25] which can be mapped to be an exact solutions of
Eq. , but the complete set of solutions may be found easily.
Solution-ITI

The solution of Eq. with V(z,t) = 0 and any arbitrary u(t), correspond-
ing to the Solution-I in Ref. [25] is,

1 i iy SID(E)
7 [{cos(e) + (I — ip*e" ) ——= ”
+ {—e P cos(e) — (Te = 443" )sm( 2

U (z,t) = Y Adn(Qax, m)e " @itto1)

}Byv/msn(Qx,m)e _’(w2t+52)}

Yo(z,t) = % [{cos(e) — (I' — iBe™ = )Sm( )}B\/_sn(Qx m)e iRt +52)

sm( )

+ {e' cos(e) — (T + iB)—L} Adn(Qx, m)e _i(w1t+51)] (76)

provided

AN A2 A_B? = 20 (77)
=m? + N A% ) wo = (1 +m)Q% + A A2 (78)

Solution-I'V
The solution of Eq. . 1)) with V(x, t) = 0 and any arbitrary u(t), correspond-
ing to the Solution-1I in Ref. [25] is
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G % [{cos(e) + (I —ife™ )SHEIS )\ Adn(Qa, m)e=t)
+ {—e e cos(e) — (De = 4 ip" )Sm( )\ By/ren(Qa, m)e=i+02)]

Ya(z,t) = % [{cos(e) — (L — ipe " )sm( )}B\/_cn(Q:c m)eiat+d)

+ {e cos(e) — (Te™ + ﬁ)sm( ) YAdn(Qa, m)e ] (79)

provided the parameters satisfy Eq. and

wy = —(4—3m)Q% + (1 —m)r A
wy = —(2m —1)Q% + (1 —m)A, A (80)
Solution-V

The solution of Eq. with V(z,t) = 0 and any arbitrary u(t), correspond-
ing to the Solution-III in Ref. [25] is,

sm( ) HAdn(Qz,m)

Uy (x,t) = % [{cos(e) 4 (I — if*e'e) 2
D+/men(Q, m)}e‘“wltwl)
+ {—e 7 cos(e) — (Te P +ipB* )sm( )}{Bdn(Qm m)

€o
+ E\/Ecn(Qx,m)}e_i(th?)]
1

oz, t) = E [{cos(e) — (I — iBe ) 2

+  Evmen(Qa,m) e (@2t+02)
+ {e cos(e) — (Te +iB) sm( )

+  D+v/men(Qu, m)}e_i(“’ltJr‘sl)] (81)

sm( ) HBdn(Qz,m)

HAdn(Qx,m)

provided the parameters satisfy Eq. and
2

Q
W1:w2:—7(1+m),D::|:A,E::|:B (82)

Solution-VI
The solution of Eq. with V(z,t) = 0 and any arbitrary u(t), correspond-
ing to the Solution-VII in Ref. [25] is,

32



sm( )

[{cos(e) + (I — i5*ete ) ——

U (z,t) = }A\/_cn(Qx Z; —i(wit461)

1
V2 (
_—ify B —ifo STL QZL‘ m —z (wat+62)
+ {—e " cos(e) — (Te ™ + i) }B«/ dn o m) ]
1 , sm sn (Qz,m)
e S—— — (" — 1 —i0a B 1 _ —z(w2t+62)
Yoz, t) 7 [{cos(e) ( iPe } /m dn o m)

sm( )

+ {610 COS( ) (Fewo‘ —|—Zﬁ) }A\/_CH(Qx m; *l(w1t+51)} (83)

dn(Qx, m

provided

AL A%+ A—B% = 202
wy = (1 —m)Q® +mi, A
wy = (1 —2m)Q* + mA, A? (84)

Solution-VII
The solution of Eq. with V' (z,t) = 0 and any arbitrary pu(t), correspond-
ing to the Solution-VIII in Ref. [25] is,

. 1 c 0% g SlIl( ) CTL(QZE m) —i(w1t+071
wilet) = 5 [{eos(e) 4 (0= i) ™0 O} Ay g i ey
+ {—e " cos(e) — (e " +ip* )Slzse)}Bmcn(Q;:Zg)zg)x’m) Tileattor)]
) L cos(e) — (T — iGe—is sin(e) (Qx,m)sn(Qx,m)e_i(wzt 52)
ialot) = 75 [{eoste) = (0 = ige )= Sy Bm == rre +
+ {610 COS( ) (Feiaa —i—Zﬁ) Sln( )}A\/_dcz;(((;;;: T:;)) e*i(w1t+61)] (85)

provided

wy = (dm+ 1), wy = (4+m)Q?
M A% =\ B? =60° (86)

Solution-VIII
The solution of Eq. with V(z,t) = 0 and any arbitrary u(t), correspond-
ing to the Solution-IX in Ref. [25] is,
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sm( )

vila,t) = % [{cos(e) + (T — i) =1 Ay/men(Qar, m)e~ (1400

sm( )

+ {—e P cos(e) — (Te = 4 i") ==Y By/msn(Qz, m)e”" ”2“52)}

— [
V2
+  {e" cos(e) — (e 4 if)

sm( )

Yola,t) = {cos(e) — (T = iBe™ ") ==} By/msn(Qu, m)e /(<22

Sln( )

YAVmen(Qa, m)e ] (87)

provided the parameters satisfy Eq. and
=02 + m)\+A2 , wy = m? +w (88)
Solution-IX

The solution of Eq. with V(z,t) = 0 and any arbitrary u(t), correspond-
ing to the Solution-X in Ref. [25] is,

sm( )

ti(a,t) = % [{cos(e) + (I — i e ) ="} Ay/msn(Qu, m)e "1+

+ {—e " cos(e) — (De = 44" )sm( )}B\/_sn(Qx m)e”" “2”52)}

Ualw,t) = % [{cos(e) = (T — e~ )Sm( )}B\/_ on(Q, m)e—=2t+5)

4+ {e cos(e) — (e + B)Sm( )

YAVmsn(Qa, m)e @] (89)

provided the parameters satisfy Eq. (77] and
Wy =wy = (1 +m)Q? (90)
Solution-X

The solution of Eq. with V(x,t) = 0 and any arbitrary p(t), correspond-
ing to the Solution-XI in Ref. [25] is,

Sln( )

Yilz,t) = % [{cos(e) + (I’ — if*e") ——=} Ay/men(Qa, m)e 10

+ {—e " cos(e) — (De ¥ 44" )sm( )}B\/_cn(Qx m)e™" w2t+52)}

Yo(z,t) = % [{cos(e) — (I' — iBe = )Sm( )}B\/_cn(Q:c m)e i@at+52)

sm( )

+ {ecos(e) — (Te +if)—=}Avmen(Qa,m)e @1 HD] (1)
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provided the parameters satisfy Eq. and
Wy = wy = —(2m — 1)Q? (92)

Solution-XI
The solution of Eq. with V(z,t) = 0 and any arbitrary p(t), correspond-
ing to the Solution-XII in Ref. [25] is,

y(x,t) = % [{cos(e) + (' — iB*e'fe)

+ {—e P cos(e) — (Te = 44%)

Sm( >}A\/_dn(Qx m)e —i(wit+o)

sm( )

}Byv/mdn(Qx,m)e” (“2“”52)}

Yo(z,t) = % [{cos(e) — (I — iBe " ) ( )}B\/_dn(Qx m)e~iwat+é2)

+  {e cos(e) — (Te + B)Sm( )

YAVmdn(Qz, m)e "] (93)

provided the parameters satisfy Eq. and
W = wy = —(2 —m)Q? (94)

Solution-XIT
The solution of Eq. with V(z,t) = 0 and any arbitrary u(t), correspond-
ing to the Solution-XIV in Ref. [25] is,

Uiz, t) = % [{cos(e) + (T — i3+ ¢ )SH;E €)

+ {—e P cos(e) — (Te ™ + w*)sm(e) }B tanh(Qx)e_i(“’Qt*‘;Q)}

}Atanh(Qx)e —iwit+o1)

(e ) = = [{eos(e) = (0 = ife)* <>}Btanh<m> T—

€o

+ (e os(0) — (e +i9) D a b)) (95)

provided the parameters satisfy Eq. and
Wy = wy = 20° (96)

Solution-XIV
The solution of Eq. with V(z,t) = 0 and any arbitrary u(t), correspond-
ing to the Solution-XV in Ref. [25] is,
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Yile,t) = \% [{cos(e) + (I — if"e™ )Sm( )}Asech(Q:c) —ilwrt+61)

€o

+ {—e % cos(e) — (De~ = 4 iﬁ*) ( )}B sech(Qx)e’i(“ﬁ*‘;?)]

(1) = % [{COS(E) (I' —ife _20") (E)}Bsech(Qx) —i(w2t+02)

+ {e" cos(e) — (e +i5)sm( )} Aseeh(§)e o] (97)

provided the parameters satisfy Eq. and
W1 = Wy = —2Q2 (98)

Solution-XV
The solution of Eq. with V(z,t) = 0 and any arbitrary u(t), correspond-
ing to the Solution-XXII in Ref. [25] is

_ L cos(e — *eiﬁ Sln( ) sec 2 T 6_1 (wit+671)
bzt = = [{cos(e) + (I' = ip"e™ ) ——=}{ Asech*(Qx) + D}

+ {—e 7 cos(e) — (e~ 4 if" )Sm( )} B tanh(Qr) sech(Qu)e++5)]
Uo(x,t) = % [{cos(e) (T —ife _’0“) ()}Btanh(Qx)sech(Qx) —i(wat+02)

sm( )

+ {e" cos(e) — (Te™ +ip) HAsech?(Qx) + D}e 1001 (99)

provided

M A? = —A_B? = 180?

wy =80, wy = TN, % = —g (100)
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