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This paper focuses on the integrability properties of the negative-order nonlinear Schrédinger equation with
a source. The source consists of the combination of the eigenfunctions of the corresponding spectral problem
for the Dirac system which has not spectral singularities. The connection between the negative-order
nonlinear Schrédinger equation with a self-consistent source and the Dirac system of equations is crucial,
as it allows the complex dynamics of the original nonlinear model to be interpreted through the spectral
theory of the Dirac operator. Building on this relationship, the evolution equations for the scattering data of
the Dirac operator are derived, which is the central part in the inverse scattering transform (IST) framework.
Due to the IST procedure, the rapidly decaying potential of the Dirac operator can be reconstructed from
the derived differential equations for the scattering data, and this potential corresponds precisely to the
solution of the problem under consideration. To illustrate the practical value of the theoretical results, the
paper presents a detailed example demonstrating each stage of the method, from the formulation of the
scattering data to the final reconstruction of the potential. This example clarifies the overall procedure and
highlights the effectiveness of the approach in concrete applications.
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Introduction

The nonlinear Schrédinger equation (NLSE) arises in several physical systems characterized by
wave-like behavior interacting with nonlinear effects, resulting in distinct phenomena such as optical
solitons in fiber optics, Bose—Einstein condensates in ultracold atomic gases, and wave dynamics in
plasma physics [1,2]|. The NLSE provides a mathematical foundation to understand nonlinear wave
dynamics, emphasizing the interplay between dispersion, which tends to spread wave packets, and
nonlinearity, which can counteract dispersion through self-interaction. This framework helps elucidate
the emergence of solitons, vortices, and other intricate wave phenomena observed in both natural and
engineered systems. Well-known bright, dark, and gray solitons, as well as so-called optical rogue
waves, whose experimental observations in optical systems are supported by numerical simulations
based on probabilistic supercontinuum generation in highly nonlinear microstructured optical fibers,
are modeled using the generalized NLSE [3|. The NLSE can be written in several forms depending on
the context, but a common form for the NLSE in one spatial dimension is:

iy (2, 1) = Uge (x, 1) £ 2u*(z, t)u?(x, t).

The motivation for developing negative-order nonlinear equations originates from Peter J. Olver’s [4]
on recursion operators for symmetries of evolution equations, which was subsequently extended to
derive negative-order analogs of evolution equations [5-7].
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Note that in [8], the focusing NLSE was derived as the following

{ Mz = ‘Uﬁa

Uyt + 2pu +1iu, =0, x€R, t>0

negative-order nonlinear Schrédinger equation (nNLSE) and subsequently solved using the IST.

The study of soliton equations with self-consistent sources has been particularly pursued in the work
of Mel'nikov [9]. Subsequently, numerous works [10-12] have explored various methods for solving these
types of equations. Mathematically, such systems of equations arise through a multiscaling limit of
well-known integrable systems. Several of these systems have also independently appeared in various
physical contexts [13,14]. In this work we concern on applying the inverse scattering transform (IST)
for integrating the nNLSE with a self-consistent source in the class of decreasing function.

1 Statement of the problem
This paper is concerned with the following system of equations:

2
Mz = |u|t s
2N
et + 2pu + iug =i Y (DF — ©*F,), (1)
k=1
Lo, =&.P,, E=1,2,....,2N, ¢ € R,

for the complex-valued continuous function u(x,t) and &) = (Ppi(z,t), Pra(z,t))”, k= 1,2,...,N

d
: : . . = - t :
is the eigenvector functions of the operator L(t) = i < u*d(xq: 0 u(‘Z’ ) ), corresponding to the
B ’ T dx

eigenvalue &. (*) means the complex conjugate of the function. For definiteness, we will assume that
the sum involved in the right-hand side of (1) first includes terms with Im&, > 0, k=1,2,....,N. It
is also assumed that

o
/ O Ppodr = Ag(t), k=1,2,...,2N, (2)
— 0o
with given continuous, non-zero functions Ag(t), that satisfy the conditions Ag(t) = A, (t) for & = =&,
under initial condition
u(w,0) = up(z), =€ R, 3)

where, the initial function ug(x) (—oo < 2 < 0o) has the following properties:
1) ffooo (14 |z]) |uo(x)|dz < oo,

o _
2) the operator L (0) = i < uqf(x) uogx) ) has no spectral singularities and has exactly 2V
—ul A
simple eigenvalues &;(0), £2(0), ..., {&n(0). Here the function uf(x) is the complex conjugate of the

function wug(x).
Let the function u = wu(x,t) be a complex valued and sufficiently smooth function of z and ¢,
= p(x,t) is the sufficiently smooth real function of z and ¢, for all ¢ > 0 satisfies the requirement

_{o (L A+ [z]) (Ju(z, 1)] + [ue (2, 1)])) dz < o0, (4)

wu(z,t) — c® as © — +oo,

respectively.
In this work, we obtain the evolution of scattering data for the system with a potential that is a
solution to the considered Cauchy problem (1)—(4) for the nNLSE with a simple self-consistent source.
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2 Scattering problem

In this section, we provide known brief facts from the Dirac spectral problem on the real axis [15].

Yo = Z§y2 —u* (JJ) Y1,

where u (z) is complex-valued potential satisfies the condition

/OO (1+ |z]) |u(@) dz < oo (6)

—0o0

{ Yie = —iy1 +u () y2, (5)

and & € C is spectral parameter.
The system (5) under the condition (6) posses “Jost solutions” ¢ (z,&) and v (x,§), for real £ Jost
solutions have the following asymptotes:

o905 () wges o ()
, T — —0Q, , I — +00.
oo - (9 deoes - ()

Note that here and below the function @ is not complex conjugate to . On the continuous spectrum
of the problem (5)-(6) pairs of vector functions {1/1, w} are linearly independent, and for them holds
the following relation

where
a(§) = WH{p, v} = o1, §)v(, &) — wa(w, &)1 (x, §) (8)
- _( ¥s(x,8") ey = [ #a@E)
seo= (N ) eo- (0 ) Y

The quantity r* (§) = Z(é)) is known as reflection coefficient. Furthermore [4], rT(£) uniquely
determines a(£). The function a(§) admits analytic continuation into the upper half-plane I'm & > 0.
The function a(£) can only have a finite number of zeros £, k =1, 2, ..., N in the half-plane Im ¢ > 0.
The zeros &, k=1, 2, ..., N, of the functions a(&) correspond to the eigenvalues &, k=1, 2, ..., N,
of the operator L in the upper half-plane.

In general, the operator L may have multiple eigenvalues and spectral singularities that lie on the
continuous spectrum. The continuous spectrum of the operator fills the real axis.

In this paper, we assume that the operator L has no spectral singularities and all its eigenvalues
&, are simple, so that since the quantities & are the zeros of a(£), it follows from relation (8) that

go(x,fk) = Ckw(x7£k>7 k= 1,2, "'7N7

where C}, do not depend on x.

Definition. The set {r* (£), Ck, &, k=1,2,...,N} is called scattering data for the system of
equations (5). The set of scattering data uniquely determines the potential u (z).

The potential function u(x) is determined by the equality

u(z) =—2K (z,x) .

Here K (x,y) is a solution of the integral equation Gelfand-Levitan—Marchenko
+oo +oo
K(zy) = F @+y)+ [ K (e,) F (= 4+ 5) F* (s + y) dsdz =,
x x

where F (z) = % fjoooo %@ifzdg _ szvzl Cj@isz_
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3 FEvolution of the scattering data

For further calculations and to obtain the main result, we provide the necessary notes.
Lemma 1. If the vector functions Y (z,¢) = (y1,2)” and Z (z,7) = (21, 22)" are solutions of the
equations LY = (Y and LZ = nZ, respectively, then their components satisfy the equalities

d .
. (Y122 — y221) = —i (C =) (Y122 + y221)

d * * . * * *
Ir (Y127 +y223) = =i (C—1") (Y121 — Y223) .

This Lemma 1 can be proved by direct verification.
It easy to show that the vector functions

a(&n) ’

are solutions to the system of equations Lh, = &,h,. According to the equality (8), which can be
rewritten in the Im & > 0, and using the equality (10), we obtain the following asymptotes

hn (z) = n=12.,N, (10)

0
1

1 .
hnN(O)elgnx at T — o0.

hy ~—C, < ) T qt 1 — —o0,

In particular,
W{(,Dn, hn} = Sonlth - Spn2hn1 = —Ch, (12)

where ¢, = ¢ (2,&,), n=1,2,...,N.
Now, let’s consider the nNLSE with the source

2
Mz = |u‘t ) 13
{ gt + 200 + tu, = iG, (13)

where G = G(z,t) is a sufficiently smooth function and for any nonnegative value ¢, satisfies the
condition
G(x,t) =0o(1) at z — +o0.

Equation (13) is considered under the initial condition (3).
Lemma 2. If the potential u (z,t), in the system of equations (5), is a solution to equation (13) in
the class of functions (4), then the scattering data of the system of equations (5) varies as follows:

6T+ _ 1 2 + 1 o 2 * 2 —
T @O g [ @A e me=o),
2 o0

dy _ i S (G + Gopp)de
. 4&, Lo eninade R

Proof. The system of equation (13) can be represented as a Lax equation:

Li+[L,A] =R, (14)
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where [L, A]= LA — AL and

d —
0 )
1 —pu—& —tu—uy
A_2£<W*—UZ‘ p+€ >

Let ¢ (x,&,t) is the Jost solution of the equation Ly = £p. Differentiating this equality with respect
to t, we obtain

Lip + Lot = £t
substituting L; from (14), we get

(L =€) (¢t — Ap) = Rop. (15)
We will look for a solution (15) in the form
—Ap=a(r)+ ()
Using the approach described in [5], we obtain the following equality
1 Cor 1 C T i(+¢)
@—A@z—/ ¢ Rodx -9 + / V' Rodx + ———= | ¢. 16
t AGEN @ ) 2% 10

Using (7) and passing to the limit in (16) at x — oo, using the definition of the reflection coefficient
for the scattering problem (5)-(6), we obtain

87'+ 7 2 + 1 > 2 2
5 §(C +&r +2£a2<§)/_oo(G<p2+chl)dx, (Im& =0)
Differentiating the equality ¢, = Cp, by t, we receive

d _ dC, 6
o den _dCu ) O Lo dé,

gy b ki
ot ‘ 5 = gn T o 85 f fn dt dt " ot ’ 5 = fn " af f fn dt
Substituting, instead d% (p — Cpt) ‘ f—¢, the expression hy(z) from (10), we obtain

Opn dC O dén

Cn 17
ot Oy — (&) b (17)
Opn _ O
where Z5r = 57 f—¢,
Similarly to the continuous spectrum, for the discrete spectrum, we obtain the equality

8 x X

4 1 . 1 .

atn — Ay, = C—n / @ZRgondaz hy, + —C—n / hZRgon dxr + E (c —f—fn) On,

—c0 —o0

which is an analog of equality (16) for the continuous spectrum. According to (17), the last equality
can be rewritten as
dﬁn

dt "ot
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1 [ . 1 /gﬁ .
= | = nRondx | Ay + | — hRnd:U—l——c—i—n Cnn.
Cn/so © c @ 2€n( &n) VY

—0o0 —00

Using asymptotics (11) and passing to the limit as x — oo in (18), we obtain

dc, i

e §n ( + &) C / hnRondz,

@ B _f_oooo PRy dx
dt Cna (&)

where a (gn) = _% ffooo ©n1 Pn2dz.
As a result, we have

dCn 14+ & +1/OO(G*h Yot + Ghatns) da: | C.
dt ¢ 2%, . nl1¥nl n2¥n2) AT n,s

den i [T (Greny + Gony)da
dt 4 7 pnienada

n=1,2,..,N.

Lemma 2 is proved.

(18)

Based on the conditions given for the function A (¢) in formula (2) and equalities (9), the right-hand

side in equation (1) can be rewritten as

2N N
Z ((I)il - ‘I’Z%) =2 Z (‘Pil - ﬂ%) :
b=l k=1

Imé&, >0

Let us apply the results of Lemma 2 to the system of equations (1) assuming

N
G=2 ) (2 -93).
k=1,
Imé&, >0

For &k, k # n, according to Lemma 1, we have the following equality:

1 1 d

((1)21 - (I);’;%) (hn1¢n1 + hn2¢n2) 2Z(£k + gn

—((Pr1hn1 + Prohn2) X

d

X (Pr1¥n1 + Prothn2)) + — ((Prihn2 — Prohin1) (Pr1¥n2 — Protn1))),

1
gk - gn
hence

/ (‘I’% - Z%) (hn1¥n1 + hn2tbn2) dx = 0.

If & = &,, then

_ 14
4i&, dx
X ((I)nlwnl + (I):;Qwrﬂ)) + (I>n1q>;k12 (wnlhnﬂ - wn2hn1) )

((1)7211 - n2) ( nlwnl + hn2wn2) ((q)nlhnl + @ZthQ)X
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therefore, taking into account (2) and (12), we obtain

/ (@2, — @73) (hn1¥n1 + hpotne) do = / 1 5 W {t, b} d =

—0o0

1 > .
- c/ By B W { o b} d = — Ay, (£)

Additionally, according to Lemma 2, we have

ac, . c? A,

Similarly, it can be shown that

[ @+ Gz =,
[ G+ eds =0,
thus, we find
ort 4
ot € (@+&rt, (ImE=0),
dsn,
@

Accordingly, we have proved the following theorem:

Theorem 1. If the set of functions {u (z,t), p(x,t), Pk (z,t), k=1,2,..., N} is a solution to the

problem (1)-(3) in the class of functions (4), then the scattering data of the system of equations (5)
with potential u (x,t) changes on ¢ as follows:

.
= @O (me=0),

= 1 P n - L “ny
o 7 ( + §n> C € C

a6,
dt

The results allows us to apply the inverse scattering problem method to solve the Cauchy problem
of the system of equations (1).

=0,n=1,2,..,N.

Consider the following example. Let the system of equations (1) be considered under the initial
condition

2

Ul_g=——,
=0 ch2x
which implies that the initial scattering data will be as follows

rt (67 O) =0, 51 (0) =1, (0) = 2i.

According to the main theorem, we have

rt = =i Coiexpd i+ ) t— [ AL (r)dr
&t)=0,&6 () =14, Ci(t)=2 p{(+ )t /OAl()d},
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from which, solving the inverse scattering problem, we obtain

2exp{-z—y—it+(t)}
Ky ) = A e 2 (0]

Applying the relation between potential and kernel u (z) = —2K (z, x) yields that

_ 2exp{-—it}
w0 = e = )
W () 2 (A1(t) — @) 2

~ch® (20—~ (1)

and consequently, using the integral representation of Levin for the vector function ¢ (x, &), we find

_exp{—it}
Y11 (z,t) = %h (22 = (1)’

bra (,) = eXp{Q“’”} + exp {;}th (2 — (1)) .

Since, @11 (x) = dip11, P12 (x) = dipr2, d* = 4iAjexp {it + v(t)} and from the normalization condi-
tion (2), we get

B iAL(D) it — ~(t)
o= s )

D1y = 24/iA;(t) exp {—x + zt+2'y(t)} (I+th 2z —~())),
where v (t) = ¢t — fg Aq(T)dT.

Conclusion

This paper studies the integrability of the nNLSE with a self-consistent source using the inverse
scattering transform (IST). The problem statement is presented in Section 1. Section 2 reviews the
scattering theory for the Dirac system, including the definition of the scattering data and the IST
technique. In Section 3, we obtain the evolution of scattering data for the system with a potential that
is a solution to the considered Cauchy problem for the nNLSE with a simple self-consistent source.
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