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Abstract

The existence of soliton families in nonparity-time-
symmetric complex potentials remains poorly under-
stood, especially in two spatial dimensions. In this arti-
cle, we analytically investigate the bifurcation of soliton
families from linear modes in one- and two-dimensional
nonlinear Schrédinger equations with localized Wadati-
type nonparity-time-symmetric complex potentials. By
utilizing the conservation law of the underlying non-
Hamiltonian wave system, we convert the complex soli-
ton equation into a new real system. For this new real
system, we perturbatively construct a continuous fam-
ily of low-amplitude solitons bifurcating from a lin-
ear eigenmode to all orders of the small soliton ampli-
tude. Hence, the emergence of soliton families in these
nonparity-time-symmetric complex potentials is analyt-
ically explained. We also compare these analytically con-
structed soliton solutions with high-accuracy numer-
ical solutions in both one and two dimensions, and
the asymptotic accuracy of these perturbation solutions
is confirmed.
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1 | INTRODUCTION

Nonlinear wave phenomena in parity-time (P7 ) symmetric systems have been under intensive
studies in the past decade (see Refs.1-3 for reviews). Although the concept of P7 symmetry orig-
inated from non-Hermitian quantum mechanics,*° it was the interpretation of 27 symmetry as
balanced gain and loss that made it flourish in optics and many other branches of physics. %7
PT symmetric systems are important for at least two reasons. From the intellectual point of view,
these systems are the first reported non-Hamiltonian systems that, despite the gain and loss,
exhibit many properties of Hamiltonian systems—such as all-real linear spectra and continuous
families of solitons.'® From the practical point of view, P7 symmetry has inspired many inter-
esting applications, such as the coherent perfect absorber laser®'” and single-mode P7 lasers.'"!?
While applications of P7 symmetry are still developing, its peculiar Hamiltonian-like phenom-
ena, such as the existence of all-real spectrum and continuous families of solitons, have already
been understood from a mathematical point of view."">>° In particular, this understanding relies
entirely on the P7 symmetry.

In the past few years, it was discovered that certain non-P7 -symmetric non-Hamiltonian
systems also share properties of Hamiltonian systems. For example, the linear Schrodinger
operator with certain types of non-P7 -symmetric complex potentials could still admit all-real
spectra.’*"!° In addition, the one- and two-dimensional nonlinear Schrédinger (NLS) equations
with Wadati-type non-P7 -symmetric complex potentials could still admit continuous families of
solitons.>7"1 Furthermore, in the NLS equations with Wadati-type non-P7 -symmetric poten-
tials, the linear-stability spectra of solitons still exhibit the quartet eigenvalue symmetry that is
typical of Hamiltonian systems.?’ In a generic non-P7 -symmetric non-Hamiltonian system, none
of these properties would hold. Thus, why these Hamiltonian-like properties arise in certain types
of non-P7 -symmetric non-Hamiltonian systems is an intriguing theoretical question. While the
all-real spectra of certain non-P7 -symmetric complex potentials can be explained by techniques
such as supersymmetry and pseudo-Hermiticity,* "' analytical explanations for the other prop-
erties associated with nonlinear non-P7 -symmetric systems remain elusive.

This article is concerned with the question of why the NLS equations with Wadati-type non-
PT -symmetric complex potentials could still admit continuous families of solitons. This phe-
nomenon is peculiar, because these non-P7 -symmetric systems are non-Hamiltonian due to the
presence of gain and loss, and solitons in non-Hamiltonian systems are generically isolated and
do not exist as continuous families due to the double balancing requirement of nonlinearity with
dispersion and gain with loss.?! Numerical evidence to support this generic behavior in a non-
PT -symmetric system can be found in Ref. 22, and a more mathematical reason for it can be
found in Ref. 23. In view of this generic behavior and in the absence of P7 symmetry, why soliton
families could appear in the NLS equations with special Wadati-type non-P7 -symmetric poten-
tials is a deep mathematical mystery. It is physically meaningful for us to add that, unlike P7 -
symmetric potentials where the spatial gain and loss distributions must be balanced in an exact
anti-symmetric way, the Wadati potentials allow the gain and loss distributions to be arbitrary,
which could potentially accommodate more realistic non-Hamiltonian physical systems in optics
and beyond. A physical setup to realize Wadati potentials in a coherent atomic system has been
proposed in Ref. 24.

In the one-dimensional (1D) case, some analytical understanding on this question has been
provided in Refs. 17 and 19. In Ref. 17, Konotop and Zezyulin discovered a constant of motion for
the underlying soliton equation with Wadati potentials. Combining this constant of motion with
a shooting argument, the authors gave a plausible, but not definitive, explanation for these soliton
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families. In Ref. 19, the authors used this constant of motion to convert the original second-order
complex soliton equation into a second-order real equation for the amplitude of the soliton. From
this real soliton-amplitude equation, it was shown that continuous families of solitons bifurcating
from linear modes could be constructed perturbatively. One drawback of this treatment in Ref.
19 is that this real amplitude equation has some sign ambiguity in front of a square root term,
which can cause technical complications. Another drawback, which is more serious, is that this
treatment cannot be generalized to two and higher spatial dimensions.

In the 2D case, while soliton families in the 2D NLS equations with separable Wadati-type
non-P7 -symmetric potentials were briefly mentioned on numerical grounds in Ref. 18, there has
been absolutely no analytical explanation for this phenomenon yet, except that a conservation law
for the underlying non-Hamiltonian 2D equation was reported in that same article. Note that in
this 2D case, the shooting argument of Ref. 17 no longer applies. In addition, the real-amplitude-
equation treatment of Ref. 19 also fails. Thus, new approaches need to be developed to analytically
explain these 2D soliton families.

We would like to mention that continuous families of solitons in the 1D NLS equation perturbed
by non-P7T -symmetric potentials more general than the Wadati-type were also reported by Komi-
nis et al.”> through Melnikov’s perturbation method. As the authors’ analysis was carried out only
to the first order of the perturbation series, we suspect that those soliton families in non-Wadati
potentials are valid only to the first order of the perturbation theory, but not to higher orders.
If so, then those “soliton families” would be just approximate solutions, but not true solitons.
This suspicion makes it more imperative to analytically explain the existence of soliton families
in non-P7 -symmetric Wadati potentials, since such analytical understanding could shed light on
the nature of “soliton families” reported in Ref. 25 for non-Wadati potentials.

In this article, we analytically investigate the bifurcation of soliton families from linear modes in
the 1D and 2D NLS equations with non-P7 -symmetric Wadati-type localized potentials through
a new perturbative treatment. Utilizing the constant of motion of the underlying soliton equa-
tion, we convert this complex soliton equation into a new real system. The advantage of this new
real system is that it allows us to analytically construct low-amplitude soliton families perturba-
tively to all orders of the amplitude in both one and two dimensions. Hence, soliton families in
these 1D and 2D non-P7 -symmetric systems are analytically established. The reason this con-
struction can be pursued to all orders is that the linear operator of these perturbation equations
possesses two localized functions in its kernel, whereas the associated adjoint operator contains a
single localized or bounded function in its kernel. These kernel structures, together with the phase
invariance of solitons, ensure that at each order, the Fredholm condition for localized perturba-
tion solutions can always be satisfied. Hence, we can construct a low-amplitude soliton solution,
as a perturbation series to all orders, at each propagation constant in a continuous interval bor-
dering the linear eigenmode of the potential. In other words, a soliton family bifurcating from
a linear mode is derived in the underlying non-P7 -symmetric non-Hamiltonian system. These
analytically constructed perturbation-series solutions for the soliton families are also compared
to direct numerical solutions, and the asymptotic accuracy of these perturbation series solutions
is confirmed.

2 | CONSTRUCTION OF SOLITON FAMILIES IN THE 1D CASE
We first consider the 1D NLS equation

iU, + Uy, +V(X)U +0o|UPU =0 @
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with a non-P7T -symmetric Wadati potential

V(x) = g*(x) +ig'(x), 2)

where g(x) is an asymmetric real function that is differentiable everywhere, the prime repre-
sents differentiation, and o = +1 is the sign of cubic nonlinearity. As g(x) is real and asymmetric,
V*(=x) # V(x), that is, the complex potential V(x) is non-P7 -symmetric.' >’ Potentials of this
form appeared in Wadati’s investigation of complex potentials with real spectra,’® and are thus
sometimes referred to as the Wadati potentials in the literature. In the optical context, the com-
plex potential V(x) in Equation (1) corresponds to the complex refractive index of the medium,
where the imaginary part of V(x), that is, Im(V), describes the spatial gain and loss distributions,
with regions of Im(V) > 0 being lossy and regions of Im(V) < 0 being gain.!>’ In this physical
setting, since the function g(x) in the Wadati potential (2) can be arbitrary, this complex potential
then can accommodate optical systems with arbitrary gain and loss distributions. The main con-
straint of the Wadati potential is that, the real refractive index profile of the medium, as described
by the real part of the complex potential Re(V), should be designed accordingly as g*(x). But
this requirement on the real refractive index profile can be readily met given the sophisticated
refractive-index engineering technology that is currently widely available.

An important property of the NLS equation (1) with Wadati potentials is that although this
equation is non-Hamiltonian due to the complex potential, it admits a conservation law

Qt +Jx = 05 (3)
where
Q= —U*(U, —gU), J=|U,+igUJ?+iU*U, + %|U|4, )

and the asterisk “*” represents complex conjugation. This conservation law is a special case of
the more general conservation law reported in Ref. 18 for the 2D NLS equation with a separable
Wadati-type potential.

Solitons in Equation (1) are of the form
U(x,t) = e u(x), 5)

where u is a real propagation constant, and u(x) is a localized function satisfying the soliton equa-
tion

Uge + (g2 +igHu — pu+olul’u=0. (6)
Notice that this complex soliton equation is phase-invariant, that is, if u(x) is a solution, so is

e'®u(x), where 6 is an arbitrary real constant. Substituting the soliton solution (5) into the conser-
vation law (3), we get dJ /dx = 0, where

. o
J(x) = qu+lgu|2—l«llu|2+5|ul4- (7
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As solitons decay to zero as x — +oo, we see that J(x) = 0, which is a constant of motion for the
soliton equation (6). This constant of motion is equivalent to the one reported in Ref. 17 for the
same equation (6).

Soliton families in Equation (6), parameterized by the propagation constant u, for non-P7 -
symmetric Wadati potentials were reported numerically in Ref. 15, and studied analytically in
Refs. 17, 19, and 23 with limited success. In particular, the perturbative construction of small-
amplitude soliton families as proposed in Refs. 23 and 19 exhibits some difficulties. The pertur-
bative construction in Ref. 23 was based on the complex soliton equation (6). The difficulty with
this construction, as explained in Ref. 23, is that each order of the perturbation series creates a
nontrivial condition that needs to be satisfied, and it is almost impossible to prove that all those
infinite number of conditions would hold. The perturbative construction in Ref. 19 was based on
a real second-order equation for the amplitude |u(x)| of the soliton, and this real amplitude equa-
tion was derived from the original complex equation (6) with the help of the above constant of
motion J(x) = 0. This latter construction removed those infinite number of nontrivial conditions
of the former, and thus made the perturbative construction possible, at least in principle. But it
does create some technical difficulties. For example, this reduced amplitude equation contains a
square root term, whose sign can be ambiguous and cause technical complications. To remove
this ambiguity, some technical assumptions had to be imposed in Ref. 19. A more serious problem
with this latter treatment is that it does not work for the 2D case. In other words, in two (and
higher) spatial dimensions, we will not be able to convert the original complex soliton equation
into a single real equation for the amplitude of the soliton.

In this section, we will develop a new perturbative construction of low-amplitude soliton fam-
ilies in Equation (6), which can be easily pursued to all orders of the perturbation series. More
importantly, this new 1D treatment can be readily generalized to the 2D case.

For the technical convenience of our perturbative construction, we will assume that the Wadati
potential (2) is localized in space, that is, the real function g(x) and its derivative g’(x) in this
potential will be assumed to be localized. This assumption of locality on the potential has two main
benefits. One is that such a Wadati potential often admits a discrete real eigenvalue,>!'® which is
the starting point of our perturbative calculation. The other is that under this locality assumption,
the eigenfunction associated with this discrete real eigenvalue of the potential features simple and
explicit exponential decay at large distances. These explicit decay rates of the eigenfunction facili-
tate our derivation and understanding of the kernels for the linearization operator and its adjoint
in the upcoming Section 2.2. If the Wadati potential (2) is not localized (for instance, unbounded)
but still admits a discrete real eigenvalue, then the analysis of this section can still go through,
because the kernel structures of the linearization operator and its adjoint to be established in Sec-
tion 2.2 would still remain valid. However, if the Wadati potential (2) is periodic, then the situation
would be different. In this case, the periodic potential does not admit any discrete real eigenval-
ues. Instead, the spectrum of the potential comprises Bloch bands. Low-amplitude solitons, if any,
would have to bifurcate out from edges of these Bloch bands as envelope solitons.?” The analytical
calculation of soliton bifurcation from Bloch-band edges in a periodic Wadati potential would be
very different from the one to be developed in this section, and it will be left for future studies.

2.1 | A new real system for solitons and its perturbation expansion

It can be checked that the original complex soliton equation (6) is equivalent to two real
equations—one is that the real part of (6) is zero, and the other is J = 0, where J is given in
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Equation (7). The first real equation comes directly from (6), and the second one is the constant of

motion discussed below Equation (7). To see these two real equations combined could also repro-

duce the original complex equation (6), we only need to notice that dJ /dx is equal to the real part

of the product between u} — igu* and the left side of the complex soliton equation (6). Thus, if

J = 0 and the real part of (6) is zero, then the imaginary part of (6) needs to be zero as well.
Expressing u(x) as

u(x) = p(x) +iq(x), ®)

where p(x) and g(x) are the real and imaginary parts of the complex function u(x), these two real
equations for solitons are

Pxx+ (@ —wp—g'q+o(p*+q*)p =0, 9)

g
(Px — 89 + (gx +gp)* — u(p® + ¢°) + S (p* + ¢°)* = 0. (10)

This system of two real equations will be the one we use to analytically calculate soliton families.
It is important to notice that this is a third-order real system, which contrasts the original soliton
equation (6), which is a fourth-order real system when that complex equation is split into two real
second-order equations for p(x) and g(x). This third-order real system also contrasts the second-
order real system we derived in Ref. 19 for the amplitude |u(x)| of the soliton.

Now, we perturbatively construct a continuous family of low-amplitude solitons bifurcating
from a linear discrete eigenmode of a localized Wadati potential. Suppose the Schrédinger oper-
ator 0, + V(x) with a localized Wadati potential (2) admits a discrete real eigenvalue u,, whose
eigenfunction is ¢(x) + ip(x), where ¢(x) and (x) are localized real functions. Then,

(Oux + & +ig') (P + 1) = po(¢ + i) 1)

The existence of such a real eigenvalue is common in a Wadati potential. For instance, it was
shown in Ref. 15 that if g(x) is a single-humped localized real function, then the spectrum of the
corresponding Wadati potential is strictly real. In the more general case, it was shown in Ref.
16 that eigenvalues in a Wadati potential always come as complex-conjugate pairs and are thus
often real. Because this potential is assumed to be localized, its discrete real eigenvalue p, must
be positive, that is, uy > 0.

Bifurcating from this linear discrete eigenmode, we seek a low-amplitude soliton at each real
propagation constant y near y, and this soliton can be expanded into the following perturbation
series:

p(x; ) = €172 [po(x) + €p1 (x) + €2 pa(x) + -], (12)

q(x; ) = €'/2[qo(x) + eq1 (x) + €2q(x) + -], (13)
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where € = u — y, and is assumed to be small positive (so that €!/2 is real). This means that we

assume that the bifurcation is to the right side of u,, that is, u > uy. As we will see in later text
(see Equation (34)), this rightward bifurcation can be induced by a proper choice on the sign of
nonlinearity o. If this sign of nonlinearity is opposite of that choice, the soliton bifurcation will
be to the left side of . In that case, we can define € = yy — u, and the rest of the perturbative
calculation would be very similar.

Substituting the above perturbation expansion into the real system (9)—(10), we get a sequence
of real equations for the functions (py, gi). The equations for (py, qo) are

(Oyx + 8% — Mo)Po — &'90 = 0, (14)

(Pox — 890)* + (dox + Po)* — to(Dg + q3) = O. (15)

Even though this is a nonlinear system, it is scaling invariant, that is, if (py, qo) is a solution, so
is (apgy, aqg), where « is an arbitrary real constant. Thus, this system is actually an eigenvalue
problem in disguise and is equivalent to the linear complex eigenvalue problem (11). Its solution

then is
Do| _ ¢
ARCH] @

where ¢, is a real constant to be determined. Indeed, since ¢ + i is a solution to the linear eigen-
value problem (11), the above (p,, qo) then satisfy the original equations (9)—(10) to leading order,
which are Equations (14) and (15).

Utilizing the above (p,, qo) solution, we find that the functions (py, qi) for k > 1 are governed
by the following linear nonhomogeneous system of equations

el =[]

where

r= [5xx + g2 — Mo _g/ ] (18)
(¢ —gP)oy + 8 +8¢p) —mop (' +gP)oy — g(¢' — g¥) — o |’

2042 2
[fl]z%lqs ocy(¢’ +9)p ] 1)

& 2@ + ) — Zocd(¢? + 7)Y

£y (1=30p; —0q5) 1 — 20Podo

= L _ 2 _ 2 2 2) _ - 2_ 2 ’

2 7o [2(1 = op5 = 03)(Pops + q0a) + ko (7 + 47) = (Pre — 891)° = (q1x + 8P1)°))
(20)
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fk] _ [Mn M12] [pk—l] e k>3 1
[gk My M| | k-1 * NZz] ’ 23 @)

the matrix elements M;; are k-independent and given by the formulae

My =1-30p; —oq;,

My, = —20poqo,

1
Mo = [po(1—=0p3 —oq?) + opr — (P1x — 891)3x — &(qu1x + 8P1))

1
= [90(1 — opd — 0q?) + poqs + 8(P1x — 801) — (q1x + &P1)0%],

and NIEI], NIEZ] are functions that depend only on k, pg, P15 - » Pk—2> 90> 91> --- » @k—> and g(x). For
example, when k = 3,

N = —5(3pep? +2p190q1 + Pod?),

2 1
N = 5e (P +47) (1= 0p; —0q5) —20(pop1 +God1)’]-

Next, we will show that we can solve the linear nonhomogeneous equations (17) and obtain
localized solutions (py, qx ) for all k, using the Fredholm alternative method.
2.2 | Kernel structures of the linear operator and its adjoint operator
The key to solving linear nonhomogeneous equations (17) by the Fredholm alternative method is

to understand the kernel structures of the linear operator £ and its adjoint operator £4. Under
the inner product of

(F,G) = / OO[F(x)]T G(x) dx, (22)

where the superscript “T” represents the transpose of a vector or matrix, the adjoint operator of
Lis

ﬁA — [axx + gz — Mo _ax(¢/ - glp) + g(lpl + g¢) - /"045] (23)
-g —0, (Y’ +g¢) — 8(@' — g¥) — |’

First, we consider the kernel structure of operator L. It is easy to check that this kernel contains
the following two localized functions:

| e[
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where

Indeed, £K; = 0 is equivalent to the complex linear eigenvalue equation (11), and LK, =0 is
equivalent to this complex eigenvalue equation with the eigenfunction changing from ¢ + iy to
i(¢ + i), which clearly remains an eigenfunction. Another way to understand these kernel func-
tions is that the first kernel function K; is induced by the scaling invariance of the complex linear
eigenvalue equation (11), and the second kernel function K, is induced by the phase invariance of
that same equation.

It is clear that £ is a third-order differential operator. Thus, the system £K = 0 admits one
more linearly independent solution K3 in addition to K; and K,. This third solution is obviously
unbounded in space. Indeed, since ¢ + iy is the eigenfunction of the Schrédinger operator with
a localized potential at the positive eigenvalue u, (see Equation (11)), both ¢(x) and #(x) decay
exponentially at the rate of e~ Vi Xl when x — +00. Then, converting the system £K = 0 into a
system of three first-order equations and using Abel’s formula, we can show that this third solu-
tion K5(x) grows exponentially at the rate of eV Xl when x — +c0.

Next, we consider the kernel structure of £4. Functions in this kernel can be derived from
the functions in the kernel of £. One way to do so is to first rewrite the equation LK = 0 with

K = [KIM KT a5 a first-order system
.Y = P(x)Y (26)
forY = [K[l],K)[Cl],K[Z]]T, where P(x) is a 3 X 3 real matrix function. The fundamental matrix

Y(x) of this first-order homogeneous system is given through the three solutions K;, K,, and K3
of the original system LK = 0 as

Kgl] Kgl] Kgl]
. e [1] (1]
Y= Kl,x K2,x K3,x : @7
ng] ng ng]
The adjoint of the first-order system (26) is
-0, Y4 = PTy4, (28)

whose fundamental matrixis Y4 = (¥~1)T. Using the large-x asymptotics of the (K;, K,, K5) solu-
tions described in the previous paragraph, together with their Wronskian expression from Abel’s
formula, we can readily show that the third column of Y4 is localized with its second compo-
nent decaying at the rate of e~ Violxl ot large | x|, whereas the first and second columns of Y4 are
unbounded with their second components growing at the rate of eViolxl ¢ large |x|.

The adjoint first-order system (28) has a simple connection with the original adjoint sys-
tem £LAK4 = 0. Specifically, if Y4 = [YAl, yAl2L yABINT then K4 = [YAR] YABl/(y/ + g¢)]”.
Using this connection, we see that the kernel of £4 contains a single localized function, which
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we denote as

A
- []

where £4K{' = 0. This K is obtained from the third column of Y*; so ¢*(x) decays at the rate of

e~ Vo l¥l when x — +oo. Regarding the decay rate of )**(x), using dominant balance on the second
equation of the adjoint system £4K“ = 0, we can show that (*(x) decays at the same rate of g(x)
for large |x|. The other two functions in the kernel of £4 are obtained from the first and second
columns of Y4 and are thus both unbounded. More specifically, their first components grow at
the rate of e\/“_‘”x', and their second components grow at the rate of ez\/“_O|x|, when x — +o0.

2.3 | The Fredholm solvability condition

Utilizing the above kernel structures of operators £ and £, we can solve the linear nonhomo-
geneous equations (17) and obtain a localized solution (py, q;) for all k. To do so, we will use the
Fredholm solvability condition, which will be explained in this subsection.

First, we notice that f; on the right side of the nonhomogeneous equations (17) is localized, and
its decay rate at large |x| is e~ Vikolx |, multiplied by a certain polynomial function of x. In addition,
g on the right side of these equations is also localized, and its decay rate at large |x]| is e 2VHolx X
multiplied by another polynomial function of x. The reason for these decay rates of (f}, gi) is that
Dr and gy, in the expressions of f; and g, decay at the rate of e_\/%lxl, multiplied by a polynomial
function of x. These decay rates of (p,, ;) can be seen from the € expansions (12)-(13) of solitons
(p, @), which decay at the rate of e~ Viotelxl gt large |x|. These decay rates of (p,, q,) can also be
seen from Equations (17) that determine them.

In view of the decay rates of (f, g;) on the right side of the linear nonhomogeneous equations
(17), as well as the kernel structures of linear operators £ and £ delineated in the previous sub-
section, the Fredholm alternative theorem says that these nonhomogeneous equations (17) would
admit a localized solution (py, qx) if and only if the nonhomogeneous term (f, g )" is orthogonal
to the localized function Kg‘ in the kernel of £4, that is,

A (o]
(A

The Fredholm alternative theorem was originally developed for compact operators (Ref. 28, page
160), which is restrictive. But this theorem can be generalized to operators with closed range
(Ref. 28, page 46). In this article, we will not attempt to prove that our operator £ has closed
range. Instead, we will provide an elementary proof of this Fredholm alternative result below.

The necessity of the above condition (30) for Equation (17) to admit a localized solution can
be derived quickly by taking the inner product of this equation with the localized function Kgl in
the kernel of £4. To prove the sufficiency of this condition, we can first rewrite Equation (17) as a
first-order system

3,Y —P(x)Y =F, (31)
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where Y = [py, prx, qil's F = [0, fr, g/’ + gP)]”, and P(x) is the 3 x 3 real matrix function
in Equation (26). The fundamental matrix Y for the first-order homogeneous system of (31) has
been discussed before. Using this fundamental matrix and variation of parameters, we can derive
the general solution to the nonhomogeneous system (31) as

Y(x) = y(x)<c+ / [V4(z2)] TF(z)dz), (32)
0

where c is a constant vector, and Y4 = (Y ~1)7 is the fundamental matrix of the first-order adjoint
system (28). In view of this explicit solution formula for Equation (31), as well as the large-x asymp-
totics of fundamental matrices ) and Y4 described earlier, we can readily see that a localized
solution Y(x) can be obtained, through a proper choice of the third element of the c constant, if
the following condition is met:

/ [VAG)] F(x)dx =0, (33)

where y;‘ is the third column of Y4. This third column is connected to the localized function
K(’? through a relation explained in the last paragraph of the previous subsection. Then, using the
expression of F given above, the above condition (33) reduces exactly to the Fredholm solvability
condition (30). Thus, the sufficiency of this Fredholm condition to guarantee the existence of a
localized solution in Equation (17) is directly proved.

2.4 | Construction of perturbation series to all orders

Now, we use the Fredholm solvability condition (30) to determine a soliton solution u(x; u)
through the perturbation series (12)—(13), to all orders of ¢ = u — ,, at each u value near y. These
solutions then constitute a continuous family of solitons, parameterized by the propagation con-
stant u, in the non-P7 -symmetric Wadati potential (2).

We first consider Equation (17) for (p;, q;). Substituting the (f, g;) expressions (19) into the
Fredholm solvability condition (30) and simplifying, we see that Equation (17) admits a localized
solution (py, q;) if and only if the constant ¢ is selected as

S5 o0+ 292 + p2a | ax
o [ |2 + 92981 + 192 + p2rpaax

Cp=1= (34)

In order for the quantity under the square root above to be positive, c must have the same sign
as the ratio of the two integrals in the above formula. In other words, in order for the soliton
bifurcation to appear for u > , the nonlinearity must be of a certain sign. In this case, ¢, has
two value choices that differ by a sign. But it is easy to see that these two sign choices in ¢ would
simply lead to two soliton solutions u(x) = p(x) + iq(x) that also differ only by a sign. As the u(x)
equation (6) is phase-invariant, solutions differing by a sign are equivalent. Thus, we will just take
the plus sign for ¢, below.
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When ¢ is selected from the above formula (34), Equation (17) admits a localized solution for
(p1,q1), which we denote as (py;, q15)- However, since the kernel of the homogeneous operator £
in Equation (17) contains two localized functions K; and K, given in Equation (24), the general
localized solution (py, g;) to the linear nonhomogeneous equations (17) is then

P P1s ¢] [—z,b]
= +c +d . (35)
[ql] [qls] ' [ll’ e
where c; and d; are two real constants.
It is important to recognize that the d; term above can be removed by phase invariance of the

complex soliton solution u(x). To see this more clearly, we put the above perturbation solutions
together and get

u(x) = €'/2[cop + e(pis + 16 — di¥) + i[cop + e(qys + 1P + dy )] + O(e?)]
= €!/2[(co + €cy + ied))($ + i) + e(pys + iqys) + O(e?)]
= e!/2e14/% [ (cy + ec) )(¢ + iP) + e(pys + iq15) + O(e?)].

Notice that the d; term only contributes a constant phase of order ¢ to the soliton solution u(x).
But u(x) is phase-invariant. Thus, that d; term in (35) can be dropped and we can set

b Pis ¢]
= +c (36)
[ql] [qls] ' [1/’
without loss of generality.

The (p;, q;) solution in the above equation contains an unknown real constant c;. This ¢; con-
stant will be determined from the Fredholm solvability condition on the (p,, g,) equations. The
equations for (p,, q») are (17), where the nonhomogeneous terms (f,, g,) are given in Equation
(20). Substituting the (py, qo) solutions (16) and (p;, g;) solutions (36) into the (f>, g,) expressions
(20) and recalling that (¢, ¥) satisfy Equation (15), we find that the (f,, g,) expressions (20) reduce
to

f2 _ f2a f2b
[gZ] B [gZQ] Ta [gzb]’ (37)

where

f2a = (@ =30p; —0g)p1s — 20 Pododiss

fap = (1 =30p; — oq3)p — 20 poqo¥,
1
2C0

2 2
824 [2(1 —apg — 945)(PoP1s + Qodis) + Ho(Dr + 45y) — (Prsx — 8d1s)” — (Qusx + &D1s) ] ,
1
82 = (1 —op; — 9q2)(Pod + qo¥) + Ho(Pr1s® + q15¥))

— ((P1s.x — 8915)(@x — &) — (qusx + 8P19) WPy + 8P)] ,
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which are independent of the unknown constant c¢;. Then, the Fredholm solvability condition
(30) at k = 2 gives the formula for the constant c; as

V| A d
¢ =_f—oo (¢ f2a +¢ gZa) X (38)

S5 (@A fap + PAgop) dx

The rest of the perturbation calculations can then proceed to all orders as follows. When ¢j._;
(k > 2) has been obtained, the (p;_;, gx—1) solutions are completely determined. Meanwhile, the
solvability condition (30) for (py, qx) is also satisfied, and thus, there exists a localized solution
which we denote as (py s, gk s)- The general localized solutions for (py, g;) can be written as

Pk Pk.s ¢]
=" +c . (39)
[Qk] [qk,s] ‘ Lb
The constant ¢, will be determined from the solvability condition for the (py,1,gr4+1) €quations
(17). Specifically, when the above (py, q; ) solutions are inserted into the (f; 1, gx41) formulas (21),

it is easy to see that the solvability condition (30) at k + 1 is a linear equation for ¢, which we can
easily solve to obtain the value of ¢, as

[¢A] [Mn Mlz] [pk,s] + ngl
YA M Moo | s N, ,Er]l
Cr =— , 2

S v | )
P Mo Mo 9
Utilizing the (p;, q;) formula (36) and the fact that (¢, ¢) satisfy Equation (15), we can verify that

the denominator in this ¢; formula is equal to the denominator in the ¢; formula (38). Thus, the
above ¢, formula can be reduced to

[¢A] [Mn MlZ] [pk,s] + N1£1+]1
YA [Mar Moo | Gies N, 1531

S5 (@A f o+ pAgy) dx

This process is then repeated to higher orders.

The only conditions for the above perturbation calculations to succeed to all orders are that the
numerator and denominator in the ¢, formula (34), as well as the denominator in the ¢; formula
(38), are all nonzero. Thus, we only have three numbers to check, which can be easily done for
each given Equation (1) when its Wadati potential V' (x) is specified.

2.5 | Comparison with numerics
In this subsection, we compare the above perturbation-series soliton solution (12)-(13) with the

high-accuracy numerical solution, for a continuous range of small € values, and confirm the
asymptotic accuracy of this analytical solution.
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FIGURE 1 Comparison of solitons between theory and numerics for the 1D equation (6) with ¢ = 1 and
g(x) given by Equation (41). (A) Wadati potential (2), where solid blue is Re(V) and dashed red Im(V'). (B) Linear
eigenmode ¢(x) + iP(x) of this potential, with solid blue being ¢(x) and dashed red ¥(x). (C) Localized adjoint
eigenfunction, with solid blue being $*(x) and dashed red y4(x). (D) Amplitude profile |u(x; w)| of the soliton at
U = Uy + 0.1, where solid blue is from numerical computation and red dots from analytical third-order
perturbation series prediction. (E) Power curve of this soliton family, with solid blue from numerical
computations and red dots from the third-order perturbation expansion (43). (F) Log-log plot of the power
difference (45) between numerical values and the third-order perturbation expansion versus € = u — y,. The
dashed red line is the AP = ¢* curve for comparison

In our comparison, we choose the non-P7 -symmetric Wadati potential (2) as the one with
g(x) = 0.8[sech(x + 2) + 1.2sech(x — 2)]. (41)

The resulting Wadati potential is shown in Figure 1A. This potential admits a discrete real
eigenvalue u, ~ 0.37080447, and its corresponding eigenfunction ¢(x) + i(x) is plotted in Fig-
ure 1B. Numerically, we find that the adjoint operator £4 in Equation (23) indeed admits a single
localized function (¢4,34)T in its kernel, and this function is displayed in Figure 1C. Utilizing
these eigenfunctions and adjoint eigenfunctions, the ratio of integrals under the square root in
Equation (34) is found to be positive. Thus, according to our perturbation theory, a continuous
family of solitons would bifurcate out for 4 > u, under the positive sign of nonlinearity c = 1 and
for u < uy under the negative sign of nonlinearity o = —1.

Numerically, this is found to be the case. With the choice of positive sign of nonlinearity o = 1,
this soliton at 4 = y + 0.1 is exhibited in Figure 1D. In addition, the power function of this soliton
family, defined as

P() = / s w2 dx, 42)

is shown in Figure 1E. These solitons are computed numerically by the Newton-conjugate-
gradient method described in Ref. 18, and their numerical error is below 1071°. Due to their high
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accuracy, we will call these numerical solutions as exact solutions in the remainder of this sub-
section.

Now, we make a more quantitative comparison between our perturbation-series solution and
the exact solution. For this purpose, we first consider the perturbation-series solution (12)-(13) at
U =ty + 0.1, that is, when € = 0.1. This analytical solution, to the third order of the perturbation
series, is determined from the formulae and equations for (cy, ¢1, ¢2), (Po> 90)> (P1,q1), and (p,, q5)
in the previous subsection, and plotted in Figure 1D alongside the exact solution. As can be seen,
this third-order perturbation solution is almost indistinguishable from the exact solution. This
is not surprising, because this third-order perturbation solution has relative error of order €3, or
roughly 0.001 for € = 0.1, which is indeed very small.

Next, we compare the power function of our perturbation-series solutions (12)-(13) to that of
the exact soliton solutions. For this purpose, we insert the perturbation-series solution (12)—(13)
into the power function definition (42) and get

Ponal (#):€P1+€2P2+53P3+..., (43)

where u = gy + € as before, and

P, = / (p; +4q))dx, P,= / 2(pop1 + qoqr)dx, P = / [p? + 47 + 2(pop2 + qog2)] dx.
—00 - —o0

o)

Using the (pg, q0)> (P1,q1)> and (p,, q,) solutions we have numerically obtained, we find that
P, = 5.89609348, P, ~ —5.65066426, P; ~ —9.38398099. (44)

Truncating the power-function expansion (43) to the third order, this truncated power function
is plotted in Figure 1E alongside the exact power function. Again, the two functions are almost
indistinguishable when u is close to .

The power series (43) is an asymptotic series. It does not have to be convergent, but it must
satisfy the requirement of an asymptotic series, which is that |P(u) — Zzzl kP | = o(e") when
¢ — 0 for every positive integer n.>” To verify this asymptotic condition of our power series (43),
we examine the difference between the third-order truncated power expansion (43) and the exact
power function. According to our power expansion, this difference is expected to be

AP = P(u) — €Py — €*P, — €3P5 = O(e*). (45)

If this is indeed true, then the above asymptotic condition for n = 3 would be met. To confirm
this AP = O(e*) asymptotics for small ¢, we show in Figure 1F a log-log plot of AP versus . Its
comparison with the benchmark AP = ¢* curve on the same graph shows that this AP is indeed
O(e*) at small ¢, confirming the asymptotic accuracy of our third-order power expansion.

In the above numerical example, we chose the focusing nonlinearity (with o = 1). If the nonlin-
earity is defocusing, we have found similarly good agreement between perturbation-series solu-
tions and the numerics.
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2.6 | An alternative perturbation calculation

In the above perturbation calculation, we introduced the tangible small parameter as € = u — .
Because of that, we only needed to expand the solutions (p, q) into perturbation series. In this
treatment, the (p,, gq,)” solution at each order must contain the homogeneous term c, (¢, %)7, so
that c,, can be selected judiciously to satisfy the solvability condition of the linear nonhomoge-
neous (P41, qn+1)’ €quation.

There is an alternative perturbation calculation, where we expand not only the solutions
(p, q), but also the propagation constant y, into perturbation series. In this treatment, the (p, q)
expansion would still be (12)-(13), whereas the u expansion would be

U= Mo + 1€ + pp€® + -+, (46)

where u;, i, ... are real constants to be determined. Due to the introduction of these (uy, us, ...)
parameters in the u-expansion, we can choose each ,, judiciously to satisfy the solvability condi-
tion of the linear nonhomogeneous (p,, q,)” equation. As a consequence, we do not need to intro-
duce the homogeneous term c, (¢, %) in the (p,, g,)" solution anymore. In this alternative treat-
ment, we systematically detune the propagation constant y; although in the original treatment,
we systematically detune the coefficient of the (¢,%)” term in the (p, g)" solution, because that
coefficient is ¢y + ¢;€ + c,€% + ---. Algebrawise, this alternative perturbation calculation turns out
to be a little simpler, because u appears in the original two real soliton equations (9)-(10) in a sim-
pler way than p and g, and thus, this u-detuning introduces less terms in each (p,, g,,) equation
than our present treatment. The slight downside of this alternative treatment is that the “physical”
meaning of the small parameter € in it is less clear. Indeed, ¢ in this alternative treatment is more
like a nontangible arbitrary book-keeping-type small parameter, to which both the propagation
constant u and the soliton solution (p, q) relate in a nontrivial parametric (perturbation-series)
way. Overall, these two different perturbation procedures are roughly equivalent, and their choice
is largely a personal taste. Indeed, we have also implemented this alternative perturbation treat-
ment analytically and compared its results to the numerics, and found similar agreement as that
shown in Figure 1.

3 | CONSTRUCTION OF SOLITON FAMILIES IN THE 2D CASE

Now, we consider the 2D NLS equation
iU, + Uyy + Uyy + V(x,)U + 0|U|*U =0, (47)

where V(x,y) is a complex potential and o is the sign of nonlinearity. It has been shown in Ref.
16 that when this potential is of the form

V(x,y) = g7(x) +ig'(x) + h(y), (48)

where g(x) and h(y) are real functions, then its spectrum can be all-real. This potential is sep-
arable, and its x-part is the 1D Wadati potential (2). So, this 2D potential will also be called
Wadati-type in this article. When g(x) is even, then this potential admits the partial 77 symmetry



20 | YANG

V*(x,y) = V(—x,y). In this case, Equation (47) admits continuous families of solitons, which has
been demonstrated numerically and explained analytically in Ref. 30. However, when g(x) is not
even, so that the potential V(x, y) is non-P7 -symmetric, numerical evidence in Ref. 18 indicates
that Equation (47) could still admit continuous families of solitons, which is mysterious in the
absence of P7 symmetry.

In this section, we analytically explain the existence of continuous families of solitons in the
2D NLS equation (47) with a non-P7T -symmetric Wadati-type potential (48) by extending the 1D
perturbation calculations of the previous section to the present 2D case. In this potential (48), we
require all of g(x), g’(x), and h(y) to be localized functions.

Solitons in Equation (47) are of the form

U(x,y,t) = e u(x,y), (49)

where p is areal propagation constant, and u(x, y) is alocalized function satisfying the 2D complex
soliton equation

[01x + By + 82(x) +ig/(x) + h(Y)|u — pu + olul*u = 0. (50)

3.1 | Areal system for 2D solitons and its perturbation expansion

Similar to the 1D case, an important property of Equation (47) with the Wadati-type potential (48)
is that it admits a conservation law even though it is non-Hamiltonian.'® Substituting the soliton
solution (49) into that conservation law, we get a stationary real-valued flux equation

o o, -
where
Ty = T+ igCoul” + [h(Y) = pllul? + Slul* = luy %, (52)
and
Jo = uuy + uuy, —ig(x0)(uyu* — uugp). (53)

Following the 1D strategy, instead of working with the complex soliton equation (50), we will work
with the real part of that soliton equation, that is,

[8yx + 8y + &2(x) + h(y) — u|p — g'(x)q + o(p? + ¢*)p = 0, (54)

where u = p + iq as before (see (8)), together with the real-valued flux equation (51), in our con-
struction of a continuous family of 2D solitons. A minor difference from the 1D case is that here,
we have to use the flux equation (51), which is the counterpart of the dJ /dx = 0 equation in the 1D
case. This contrasts the 1D case where we used J = 0 directly. This minor difference in the start-
ing equations for solitons will lead to minor differences in the technical constructions of soliton
solutions, as we will see later in this section.



YANG | 21

The soliton family to be constructed bifurcates from a discrete real eigenvalue y of the poten-
tial. The corresponding localized eigenmode ¢(x, ) + ith(x, y), with real (¢, 1), satisfies the linear
eigenmode equation obtained by dropping the nonlinear term in the soliton equation (50), that
is,

[0.x + 0y + £7(x) +ig'(x) + h(W)]($ + i) = po($ + i¥h). (55)

As the potential in this equation is separable, its linear mode is also separable and can be decom-
posed as

$(x,y) = PO, Px,¥) = PN, (56)

and uy = po1 + Moz, Where ¢(x) + ip(x) is a localized eigenmode of the x-part of the potential (a
Wadati potential) with a discrete real eigenvalue u;, that is,

[O.x +&7(x) +1g' CO|(¢ + 1) = po1(¢ + i9), (57)

and ¢(y) is a real localized eigenmode of the y-part of the potential with a discrete real eigenvalue
Mo2, that iS,

[Byy + hD]¢ = upat. (58)

This 2D eigenmode u = ¢(x,y) + ih(x, y) satisfies the flux equation (51) with the |u|* term
dropped in J; and u replaced by uy.

Bifurcating from this linear eigenmode, we seek a low-amplitude soliton at each real propaga-
tion constant value ¢ near the linear eigenvalue p, and this soliton is expanded into the following
perturbation series:

p(x, y; ) = €2 [po(x,¥) + €pi1(x,¥) + €2p2(x,y) + -], (59)

q(x, y; ) = €2 [qo(x,y) + g1 (x, ¥) + €2q2(x, y) + -], (60)
where € = i — y, and is assumed to be small positive (so that ¢!/2 is real). As explained in the 1D
case, this positive-¢ assumption corresponds to a proper sign of nonlinearity o, and the negative-¢
case can be treated similarly.

Substituting the above perturbation expansion into Equations (51) and (54), we get a sequence
of real equations for (py, gy ). The equations for (py, q,) are just the flux equation (51) with the |u|*
term dropped in J;, and the linear part of Equation (54), with u replaced by u,. Their solutions

are obviously
Po| _ ¢
[QO] - LB] ©v
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where ¢ is a real constant to be determined. The equations for (py, qi) (k > 1) are the following
linear nonhomogeneous system of equations:

~ | Pk f k
L = . . | 62
[qk] [axgkl + aygkz] (62)

where £ is a 2 X 2 matrix operator whose elements are
Ell =6xx +6yy +g2+h—,u0,
Elz = —8x»
Z1:21 = ax [((}Sx - gzﬁ)ax + g(zﬁx + g&) + (h - #0)$ - éyay] + ay [quax + (qu - ng))ay + gzﬁy]’

EZZ =0y [(@x + gqs)ax - g(qsx - glﬁ) + (h - :“0)1;5 - z»@vay] + ay [lﬁyax + (zﬁx + gqs)ay - gqsy],

fi ¢ —oc3($* +9*)p
&1 | = cof 5@ +97) — S0k +97)? |, (63)
812 0

(11 —30p; —9qy) p1 — 20 Pododh
f2 P [2(1=0op?—0q2) (pop1 + 90a1) + (ko — WP} + q7))
& |=
:g\22

+ ((pfy +4;,) = (Prx = gaq)’ — (qux + gpl)z] , (64)

1
- [(P1x — 891)P1y + (qu1x + €P1)41y

fk En @12 Di X/-\UJ
i [= Mo My [qk_ll] + J/\/'\]TZ] . k=3, (65)
iz Mz Map |- k
the matrix elements .K/l\i j are k-independent and given by the formulas
M\ll =1- 3O'p(2) — O'q(Z),
M, = =20 pygo,

—~

1
My, = - [po(1 —op} —0q]) + (o — W)p1 + P18y — (P1x — 8G1)3x — &(q1x + 8P1))

—~ 1
Moo = [90(1 = op2 = 0g?) + (o — a1 + 41,0y + &(P1x — 8a1) — (q1x + &P1)3x ],

M\31 = (P1x — 891)9y + p1),0x + 841>
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M, = (qix + 8P1)0) + q1,0x — 8P1ys

and J/\/'\EJ, J/\/\I?J are functions that depend only on k, pg, P1, - s Pk—2> 90> 91> - » Qk—2, (x) and h(y).

3.2 | Kernel structures of the 2D linear operator and its adjoint
operator

To solve the 2D linear nonhomogeneous equations (62) and obtain localized solutions (py, qi)
for all k, we will also use the Fredholm alternative method. To do so, we need to understand the
kernel structures of the 2D operator £ and its adjoint operator L4, where elements of the adjoint
operator are

LA =0, +0,, +g>+h -,

£} = —gw

Ly, = [0:(b — g9) — 8 + 88) — (h — o) — 8,8, 0x + [0:d, + 8, (b — g9) — g9, ]9,
L) = [0y + gh) + &by — gP) — (h — o) — 3,9, |0, + [0:y + 3, (P + g) + 24,]9,.

First, we consider the kernel structure of £. It is easy to check that this kernel contains two
localized functions

R, = [_4§¢]’ (66)

7

Il
—
<> -
| )

where
EAl = EAZ = 0, (67)

similar to the 1D case and for similar reasons. As the kernel equation LR = 0is the linearization
of the two real “eigenvalue” equations for (py, qo) (the 2D counterparts of 1D equations (14)—(15))
around the linear mode (¢, $), localized functions in L’skernel can only be induced by amplitude
and phase invariances of these (p,, go) equations, which result in K; and K, above. Thus, there
are no other localized functions in £’s kernel.

Next, we consider the kernel structure of the adjoint 2D operator £4. Due to the separability of
the 2D eigenmode (¢, 1) in Equation (56), we can quickly verify that the kernel of £ contains a
bounded function

g2 - [ L) ] )

— [PA(x)dx

where EAI?S‘ =0, and [¢p2(x), ¢A(x)]T is the unique localized function (29) in the kernel of the
1D adjoint operator £4 given in Equation (23), with u, replaced by 1y;. One may notice that this
kernel function of the 2D adjoint operator does not naturally fall back to the 1D adjoint kernel
function (29). The reason is twofold. One is that the second column of the 2D adjoint operator A,
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~

that is, [Efz, E‘zqz]T given above, contains an additional spatial derivative compared to the second
column of the 1D adjoint operator £4 given in Equation (23)—a difference caused by our using
the divergence form of the flux equation (51) in 2D instead of its integrated form J(x) = 0 in 1D.
This difference in the second column of the adjoint operator explains the integral in the second
element of 1?64 above. The second reason for I?g‘ in 2D not naturally falling back to Kg‘ in 1D is that
the second columns of the two adjoint operators contain linear eigenmodes or their derivatives as
multiplicative factors, whereas the first columns of these adjoint operators do not. Thus, in the 2D
case, we need to introduce the factor {(y) from the 2D linear eigenmode (56) into the first element
of the adjoint kernel function I?g‘ in Equation (68) in order to balance such a term coming from
the second column of £4.

We can further show that if h(y) is a slowly varying function, then the above 1264 would be
the only bounded function in the kernel of £4. To do so, let h(y) = e2H(Y) be a slowly varying
function of Y = €y, where € is a small real parameter. For this h(y), its eigenmode from Equation
(58) is ¢(y) = £(Y), with eigenvalue g, = O(é?). In this case, L4 can be rewritten as a quadratic
function of €,

LA = L00x,Y) + eL0(x, Y) + &L (x, Y), (69)
where

PAGY) = Oux +8 — o {(V)[~0.(@ —g¥) +8W +89) — Hn$|(—0x)
’ g $(V)[-0:(@" + ) — 8¢ — g¥) — ¥ (=6x)

1 0
= [0 —f(Y)ax]’ 70

and £4 is the 1D adjoint operator (23) with y, replaced by ;. As £ is a function of x, Y, and
¢, functions F in its kernel are also functions of these same variables and can be expanded into a
perturbation series of ¢ as

F(x,y;8) = Fy(x,Y) + eF,(x,Y) + E2F,(x, Y) + ---. (71)

Inserting this expansion and Equation (69) into £4F = 0 and using the kernel structures of the
1D operators £ and its adjoint £4 detailed in Section 2.2, we can sequentially determine F,(x,Y)
in the above perturbation expansion and show that the only bounded function in the kernel of £A
is

(72)

£ [ A )S(Y) ]
— [ ¥*@odx |’

which matches (68) when the eigenmode {(y) = f (Y) is slowly varying. All other functions in the
kernel of £ grow exponentially at large |x]| or |Y].

When h(y) continuously deforms from slowly varying to the general case of nonslowly varying,
the above kernel structure of £ generically will not change, that is, its kernel will generically still
contain a single bounded function (68). Although we cannot at this time rule out the possibility
of additional bounded functions appearing in the kernel of L4 at some special h(y) functions
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during this deformation process, for specific examples of the potentials, we can use numerics to
directly verify this single-bounded-function kernel structure for £, so that our analysis below
can proceed.

3.3 | Construction of perturbation series to all orders in 2D

With the above kernel structures of £ and £ in hand, we can now sequentially solve Equation (62)
for localized solutions (py, qi ) using the Fredholm alternative method. According to this method,
if functions ( f, 81, 8x») on the right side of the linear nonhomogeneous system (62) are localized
(which is the case here), this system would admit a localized solution (py, qi) if and only if its
right-hand side is orthogonal to the bounded function I?gl of (68) in the kernel of £4, that s,

() fr B
< [_ / lpA(x)dx], [5x§k1 + aygkz] > =0 (73)

Itis noted that the arbitrary constant out of the indefinite integral [ ¥4 (x)dx gives no contribution
to the inner product in the above solvability condition. In addition, the above integral is convergent
because (fi, $x1. 8x>) are all localized in space.

Our perturbative construction of 2D solitons bifurcating from a linear localized eigenmode of
the complex potential (48) proceeds similarly as the 1D case, because the kernel structures in the
2D case resemble those in the 1D case. We first consider Equation (62) for (p;, q;). Substituting
the (f1, 811, §12) expressions (63) into the above solvability condition and performing integration
by parts, we get

#ex0) [41)
(o] a]) = *

Inserting the (£, ;1) expressions (63) and (¢, ) formulas (56) into the above equation, we obtain
a formula for ¢, as

S [ega i@ a1 gy

i 1 P : (75)
o [ [+ $Rpgh + (82 + w2rpa | dx [ $10)dy

Co =%

As in the 1D case, the sign of o must match the sign of the ratio between integrals in the above
equation so that the quantity under the square root is positive. In addition, we can choose the plus
sign outside the square root without loss of generality.

When ¢, is selected from the above formula (75), Equation (62) admits a localized solution for
(p1,q1), which we denote as (py;, q15)- Since the kernel of the homogeneous operator L in Equa-
tion (62) contains two localized functions K; and K, given in Equation (66), the general localized
solution (p;, ;) to the linear nonhomogeneous equations (62) is then [p;, qi517 + 1Ky + d1 K5,
where c¢; and d; are two real constants. But as in the 1D case, the d; term can be removed by phase
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invariance of the complex soliton solution u(x, y). Thus, the (p;, ;) solution can be set as

P P1s ¢
2 = o] +< il o
The constant c; in this solution will be determined from the Fredholm solvability condition on
the (p,, ) equations.
The equations for (p,, q,) are (62), where (f5, §,1, §,,) in the nonhomogeneous terms are given
in Equation (64). Substituting the (py, qo) solutions (61) and (p;, q;) solutions (76) into these
nonhomogeneous terms and recalling that the eigenmode u = $(x, y) + ifh(x, y) satisfies the flux

equation (51) with the |u|* term dropped in J; and u replaced by ,, we see that the right side of
Equation (62) for (p,, q») reduces to

[axgm{faygzz] - [axgmffaygm] o [axgmfibaygm]’ 77
where
f2a = (1=30p; —0q3) pr1s = 20Pododss,
810 = % [2 (1-opg —0q3) (Pop1s + Qois) + (o — WP, + a3 + (Pfs,y + Qfs,y)>
~ (Prsx — 891" = (@5 + 221D
A 1
820 = == [(Prsx = 80190P1sy + (@rsx +8P1)d15 ]
and
fap = =30p? — 0¢>)¢ — 20pyqo¥,
&1 = % [(1 —ap; —aq;) (Pod + qo¥) + (uo — W)(P1s® + q15P) + (Pls,yay + Q1s,y$y))
~ (P15 — 8010 — D) — @ + 2P1) B + 89|
&b = —% |(Prox = 80108, + Proy @i = 89) + @isc + 8P1)By + D1y B +89)]
Inserting (77) into the Fredholm solvability condition (73) at k = 2, we get a formula for the con-

stant c¢; as
<[ g€9146)) ] [ faa ]>
o = _/I;DA(x)dx ’ angIa + ayg22a ‘ (78)

' _<[¢A<x>¢<y> [ Fab ]>
— [ $AG)dx)" |80 + 3y8a
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When the c; value is selected as above, the (p;, q;) solutions (76) are completely determined.
In addition, the Fredholm solvability condition (73) for the (p,, q,) equations (62) is also satisfied;
so these equations admit a localized (p,, g,) solution, which we denote as (p,, g,5). In view of the
kernel structure of operator L and phase invariance of the complex soliton solution u(x, y), the
general localized solutions for (p,, g;) can be written as

b2 Dos ¢

ol =[]+l @
where ¢, is a real constant. This constant ¢, will be determined from the Fredholm solvability
condition for the (ps, q3) equations. Indeed, inserting this (p,, g,) solution into the right side of
Equation (62) with k = 3, it is easy to see that the solvability condition (73) at k = 3 is a linear
equation for c,, which we can easily solve to obtain the value of ¢,. After this ¢, value is obtained,
(p3,qy) is ascertained. In addition, the (ps, gq3) equation admits a localized solution, which we

denote as (ps;, 35), and the general (p3, g3) solutions can be written as (79) with the index changed
from 2 to 3. This process is then repeated to higher orders.

3.4 | Comparison with numerics in 2D

Lastly, we compare the above 2D perturbation series soliton solution (59)-(60) with the high-
accuracy numerical solution and confirm the asymptotic accuracy of this 2D analytical solution.
In our comparison, we choose the potential (48) with

g(x) = 0.8[sech(x + 2) + 1.2sech(x — 2)], h(y) = Zsechzy. (80)

Notice that this g(x) function is the same as (41) in the 1D example. This potential admits a discrete
real eigenvalue py = oy + Moo & 1.37080447, where u; ~ 0.37080447 asin the 1D case, and yg, =
1. The corresponding eigenfunction (¢, 1) is given in Equation (56), where [¢(x), %(x)] is as shown
in Figure 1B, and ¢(y) = sech(y). Numerically, we confirmed that the 2D adjoint operator £
indeed admits a single bounded function (68) in its kernel, where [¢(x), p4(x)] is the localized
function (29) in the kernel of the 1D adjoint operator £4 in Equation (23), which was plotted in
Figure 2C.

When o = 1 (focusing nonlinearity), our theory predicts that a continuous family of solitons
bifurcates out from the above linear discrete eigenmode when u > y,. This is indeed the case.
For the choice of u = uy + 0.1 (i.e., € = 0.1), the second-order perturbation-series solution (59)-
(60) is determined from the formulas and equations for ¢y, ¢y, pg, o> P1, and g; in the previous
subsection, and plotted in Figure 2A. The high-accuracy numerical solution at this same u value
is displayed in Figure 2B for comparison. It is seen that these two solutions are visually identical.
‘We have also calculated the difference between these two solutions, and found that the relative
error between them is under 2.5%, which is O(e?) (i.e., order of 0.01) as expected.

Next, we compare the power function of our perturbation-series solutions (59)-(60) to that of
the exact soliton solutions. This 2D power function is defined as

P() = / / luCx, y; i) 2 dxdy, (81)
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FIGURE 2 Comparison of solitons between theory and numerics for the 2D equation (50) with ¢ = 1, and
g(x), h(y) given by Equation (80). (a) Amplitude profile |u(x, y; u)| of the second-order perturbation series
solution (82) at u = y, + 0.1. (b) Numerically computed soliton |u| at the same u value of (A). (c) Power curve of
this soliton family, with solid blue from numerical computations and red dots from the second-order perturbation
expansion (82). (d) Log-log plot of the power difference between numerical values and the second-order
perturbation expansion versus € = u — . Dashed red line is the AP = ¢* curve for comparison

analogous to the 1D case (42). Inserting the perturbation-series solution (59)-(-60) into this power
function, we get

Panal(:u)=€P1+€2P2+'“1 (82)

where
P, =/ / (P§+q(§)dxdy, p, =/ / 2(pop1 + 90q1) dxdy. (83)

Using the (po, qo) and (py, g1) solutions obtained from Equations (61) and (76), we find that
P, = 17.68828045, P, ~ —21.74575.

Truncating the power-function expansion (82) to these first two terms, this truncated power func-
tion is plotted in Figure 2C alongside the exact power function. Again, the two functions are almost
indistinguishable. To verify the asymptotic accuracy of our perturbation series solutions, we show
in Figure 2D alog-log plot of AP = ¢P; + %P, — P(u) versus ¢. Its comparison with the benchmark
AP = ¢3 curve on the same graph shows that this AP is O(e?®), which matches our asymptotic
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prediction for this quantity. The above comparison indicates that the true 2D soliton solutions
and our perturbation series solutions are in perfect agreement.

4 | SUMMARY AND DISCUSSION

In this article, we have analytically constructed continuous families of low-amplitude solitons
bifurcating from linear modes in one- and two-dimensional NLS equations with localized Wadati-
type non-P7 -symmetric complex potentials, thus providing an analytical explanation for this
counterintuitive phenomenon of soliton families appearing in these non-P7 -symmetric non-
Hamiltonian systems. Our analytical construction utilized the conservation laws of these non-
PT -symmetric equations, which allowed us to convert the complex soliton equations into new
real systems. A key advantage of these new real systems is that, during a perturbation expan-
sion of low-amplitude solitons bifurcating from linear modes, the underlying linear operator has
two localized functions in its kernel, and the associated adjoint operator has a single localized
or bounded function in its kernel. This kernel structure, coupled with the phase invariance of
the complex soliton, guarantees that at each order of the soliton’s perturbation expansion, the
Fredholm solvability condition can always be satisfied, so that a localized solution at each order
of the perturbation series can be found. As a result, a continuous family of low-amplitude soli-
tons bifurcating from a linear mode is obtained as a perturbation series to all orders of the small
soliton amplitude. We have also compared these analytically constructed soliton solutions to high-
accuracy numerical solutions, in both one and two spatial dimensions, and the asymptotic accu-
racy of these perturbation solutions is fully confirmed.

In this article, the nonlinearity in our 1D and 2D NLS equations (1) and (47) is cubic. But our
analytical treatment for this cubic nonlinearity can be trivially generalized to other types of non-
linearities of the general form G(|U|?)U, where G(-) is an arbitrary real function. Indeed, for the
1D and 2D NLS equations (1) and (47) with this more general form of nonlinearity but the same
Wadati-type complex potentials (2) and (48), a conservation law still exists.'®!° Thus, the analytical
treatment of this article still applies.

In our perturbative construction of soliton families in the NLS equations (1) and (47) with non-
PT -symmetric Wadati-type potentials, the conservation laws of those equations played a critical
role. If such conservation laws are absent, such as for non-P7 -symmetric complex potentials not
of Wadati-type, this construction would not work. In such cases, we do not believe that true soliton
families can still exist. This implies that we do not think that the “soliton families” reported in Ref.
25 for non-Wadati complex potentials are true soliton solutions.

A closely related subject is symmetry breaking of solitons in P7 -symmetric Wadati-type poten-
tials (2) and (48), where g(x) is an even function. It is known that for generic P7 -symmetric
potentials, symmetry breaking of solitons is forbidden. However, for P7 -symmetric Wadati-type
potentials (2) and (48), symmetry breaking of solitons can occur, where two branches of non-P7 -
symmetric solitons bifurcate out from the base branch of PT -symmetric solitons when the base
branch’s power reaches a certain threshold.'®3! So far, there has been no analytical explanation for
these symmetry breakings. For P7 -symmetric Wadati-type potentials, the conservation laws (3)
and (51) are still valid. Then, using our new real system of soliton equations in this article, together
with bifurcation conditions for symmetry breaking, branches of symmetric and asymmetric soli-
tons in these PT -symmetric Wadati-type potentials could be perturbatively constructed near the
symmetry-breaking point. Details of this construction will be left for future studies.
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The analytical construction of soliton solutions is often a precursor of the subsequent linear
stability analysis of these solitons. Thus, the results of this article could be helpful for the analytical
stability investigations of solitons in Wadati-type complex potentials.
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