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Elliptic-rogue waves and modulational instability in nonlinear soliton equations
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We present elliptic-rogue wave solutions for integrable nonlinear soliton equations in rational form by
elliptic functions. Unlike solutions generated on the plane wave background, these solutions depict rogue waves
emerging on elliptic function backgrounds. By refining the modified squared wave function method in tandem
with the Darboux-Bicklund transformation, we establish a quantitative correspondence between elliptic-rogue
waves and the modulational instability. This connection reveals that the modulational instability of elliptic
function solutions triggers rational-form solutions displaying elliptic-rogue waves, whereas the modulational
stability of elliptic function solutions results in the rational-form solutions exhibiting the elliptic solitons or
elliptic breathers. Moreover, this approach enables the derivation of higher-order elliptic-rogue waves, offering a
versatile framework for constructing elliptic-rogue waves and exploring modulational stability in other integrable

equations.
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I. INTRODUCTION

The nonlinear Schrodinger (NLS) equation, the modified
Korteweg—de Vries (mKdV) equation, and the sine-Gordon
(SG) equation are renowned models for the dynamics of
waves [1,2]. They all belong to the class of integrable non-
linear soliton (INS) equations, distinguished by their soliton
solutions [3]. This class represents a distinct category within
nonlinear wave equations and finds significant utility in
studying various physical phenomena [4-6], including fluids,
plasmas, and optical systems.

Rogue waves (RWs), characterized by their sudden ap-
pearance and disappearance without a trace [7,8], have been
observed in various fields of physics, including oceanogra-
phy [7-10], quantum mechanics [11-13], optics [14-16], and
plasma physics [17,18]. These diverse experimental observa-
tions of RWs have spurred the exploration of RW solutions
for INS equations such as the NLS equation [19-25], the
Hirota equation [26], the coupled NLS equation [27], and
the derivative NLS equation [28], among others. So far, the
research on RWs on plane wave backgrounds has reached a
relatively advanced stage.

Nowadays, much attention is dedicated to constructing and
analyzing solutions on complicated wave backgrounds, par-
ticularly those arising from elliptic function backgrounds in
photonic crystal fibers and nonlinear metamaterials [29,30].
A multitude of elliptic-localized wave solutions [31-47] of
the INS equations have been constructed by developing the
integrable system methods [22-28,48-53]. These elliptic-
localized wave solutions exhibit the dynamic behaviors of
solitons, breathers, and RWs on elliptic function backgrounds
called elliptic solitons, elliptic breathers, and elliptic-rogue
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waves (eRWs), respectively. Moreover, eRWs have been ob-
served in experiments within the realms of nonlinear optics
and hydrodynamics [54].

Naturally, we are inclined to explore the exciting condi-
tions of the above-mentioned elliptic-localized waves. On the
plane wave backgrounds, the modulational instability (MI)
offers valuable insights into RWs, encompassing the existence
of RWs [55,56], the exciting conditions of RWs [57-59], and
the correspondence principle for RWs [60]. These insights
offer a profound understanding of the dynamic behaviors of
RWs [55-68] and provide a theoretical basis for observing
RWs in physical experiments. Under the condition of MI
on nonlinear stages, RWs can also be described by Akhme-
diev breathers [69,70]. However, studying the MI of elliptic
function solutions remains a challenge. While spectral and
orbital stability analyses of elliptic function solutions for the
NLS equation and the mKdV equation have been conducted
[46,47,71-73], systematic MI analyses of elliptic function so-
lutions for integrable nonlinear soliton (INS) equations remain
an open question. Numerical methods have been employed to
assess the stability outcomes of the NLS equation [42], but
a comprehensive MI analysis of elliptic function solutions
for INS equations is yet to be tackled. Therefore, our pri-
mary objective is to quantitatively reveal the correspondence
between eRWs and MI, and to deduce general higher-order
eRWs expressed in a rational form.

In this article, by developing the Darboux-Bécklund trans-
formation and integrating it with theta functions, we propose
a method to construct rational-elliptic-localized wave solu-
tions for INS equations. Instead of utilizing the generalized
Darboux transformation, this method uses the limit at branch
points on elliptic breathers and elliptic solitons to obtain ra-
tional form solutions. By incorporating this approach with
the modified squared wave function (MSW) method, we es-
tablish a quantitative correspondence between eRWs and MI.
Additionally, we establish a correlation between modulational
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stability (MS) and elliptic solitons and elliptic breathers. This
method also enables the construction of higher-order eRW
solutions for INS equations. To illustrate these results, we
apply our approach to three INS equations: the NLS equation,
the mKdV equation, and the SG equation.

The structure of this paper is organized as follows. In
Sec. II, we derive an infinite number of INS equations from
the classical Ablowitz-Kaup-Newell-Segur (AKNS) system
and present elliptic function solutions expressed in terms of
theta functions for these equations. In Sec. III, we study the
MI and baseband MI of these elliptic function solutions. In
Sec. IV, we construct rational-elliptic-localized wave solu-
tions. In Sec. V, we provide the correspondence between the
MI analysis and eRWs, revealing the connection between MI
and eRWs, as well as the connection between MS and elliptic
solitons and elliptic breathers. In Sec. VI, we are dedicated to
constructing multi-higher-order eRWs in theta functions. In
Sec. VII, we give conclusions and perspective. The Appen-
dices provide useful formulas and detailed proofs for certain
equations.

II. INTEGRABLE NONLINEAR SOLITON (INS)
EQUATIONS AND THEIR ELLIPTIC
FUNCTION SOLUTIONS

The INS equations include well-known equations such as
the NLS equation, the mKdV equation, the SG equation, and
others, which predominantly model wave dynamics in various
physical systems such as fluids, plasmas, and optical systems
[1-3]. The classical AKNS system [53,74-78] could derive
infinite numbers of INS equations by the AKNS spectral
problem ®, = U®, where & = O(x, t; 1) is called the wave
function with variables x e R, t = (--- ,t_,#;,---) € R®,
and the spectral parameter A; U = U(X; Q) is defined by A
and the antidiagonal matrix Q. Considering the positive power
flow, we set a 2 x 2 matrix function ® as

® = mexp |:—iA03 (x + Z )L"tn)i|, @))
n=1

where o3 := diag(l, —1) is the third Pauli matrix; m =
m(X; x, t) is a holomorphic matrix function. As A — oo, the
matrix function m could be expressed as

m=1I +m OL " +m@x, A2+ 007, (2

Taking the derivative of variables x and #, and letting
2,0 =UMQ +00™h, &, =V,0;Q) +
O™, we obtain that matrices U(A; Q) and V,,(1; Q) are

U(A; Q) := —i(Amosm™ '),
V(25 Q) := —i(A" M mozm ™)., 3)

where (-); defines the regular part of the spectral parameter
A. Combined with Egs. (2) and (3), the x part of the Lax pair
could be written as

¢, =U*:;Q®, UK Q)= —iroz +iQ,

Q = [o3. m (x. )] = [‘r) g], )

where g = g(x,t), r = r(x, t), and [A, B] is defined as the
commutator [A, B] = AB — BA. Based on them, we con-
struct the matrix V,(A; Q). Set ¥ = W(A;x, t) := mozm™!
with w2 =1. Together with Egs. (2) and (3), the matrix
function W could be represented as a summation form and
the matrix V,(A; Q) could be rewritten by matrix functions
v; = W, (x, t) as follows:

o0
U= Z WL
i=0

Based on the stationary zero curvature equation W, =
[UR;Q), V], ¥, = [V,(A;Q), V], matrices W; in Eq. (5) are

n+1

V,(iQ)=—i Y Wt (5)
j=0

expressed as follows: ¥y = o3, V| = —Q, and
ot — g3 Agoft diag
m+1 — -z_(l m,x +_[(2’ m ])’
ia 03 m .
U = =D ) ©)
m=1
m=1,2,.... Plugging matrices ¥; into Eq. (5), we get

expressions for matrices V,(1; Q). In such a case, the com-
patibility conditions of ordinary differential equations ®, =
Ux; Q)P and @, = V,,(1; Q)P could deduce the related INS
equation [79] under different symmetries. Moreover, by com-
bining a linear combination of the aforementioned ordinary
differential equations with 7, = Y\, a;t;, we can derive vari-
ous INS equations.

Consider the negative power flow and expand the matrix
function @ with respect to the spectral parameter A at the zero
point (A — 0),

o0
I_;
o = rmexp (—iZ Fq@),

i=1

where M = g (x, t) + My (x, A + nx, A2+ ORD),
and m =rm(\;x,t) is a holomorphic matrix function.
Taking the derivative of variables 7_;, we obtain
&, ' =m_m ' —irTTmosmT! = V_; (A Q) + O(1).
Set W = W(A;x,t) := rmozm~!, which deduces det(¥) = 1
and Tr(\il) = 0. Matrix functions ¥ and V_,(A;Q) could be
rewritten as

n—1
U=+ 12+ 002, Vo,Q) = —i) Wa ™ (D)
i=0

where \il,- = \il,-(x, t). Plugging the matrix & in Eq. (1) into the
Lax pair, and collecting coefficients of the spectral parameter
A, we derive matrix functions \ili, i=0,1,..., expressed
in terms of matrices m;(x,t), i =0, 1,.... Combined with
the compatibility conditions, infinite numbers of INS equa-
tions are derived under the negative power flows of the AKNS
system.

A. INS equations and their Lax pairs

In this section, we derive three INS equations under
the different power flows [53,74-78]. Consider the second-
order positive power flow and suppose matrices U(X; Q) and
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V1(4; Q) satisfying the SU(2) symmetry,
U'0%Q) = -U(. Q). VI:Q) =-Vi(A. Q). ()

with r = g*. Setting ¢ = t;, the Lax pair could be written as

O, = UL Q)®, &, =V,(1:Q),
Vi(:Q) = AU Q) + %(iQ2 ~Q,). ©)

with A € (C U {oo}) and matrix U(X; Q) defined in Eq. (4).
Based on the compatibility conditions ®,, = &,,, we deduce
the focusing NLS equation as

igr + 2qx + lq1*q = 0. (10)
Consider the third-order positive power flow and suppose

matrices U(A; Q) and V,(A; Q) satisfy the SU(2) symmetry
(8) and the twist symmetry,

U'(—:Q) =-U(.Q), V;(—1Q)=-V,(2,Q),
(11

which implies Q" = —Q and ¢ € iR. Without loss of gener-

ality, we setig = u(x, t) € R and ¢t = t,/4 and then obtain the

Lax pair by the third-order flow as
o, =UR;QP, P =Vo(1;Q)P,

V2(1;Q) = 40V (A Q) — i(Qyy +2Q7), (12)

with A € (C U {oc0}) and matrices U(A; Q) and V;(A; Q) de-
fined in Egs. (4) and (9). By the compatibility conditions
®,; = d,,, we obtain the focusing mKdV equation,

Uy + Uy + 6u%u, = 0. (13)

For the SG equation, consider the 7_; part
of the Lax pair &, =V_;(4;Q)®/4. Combined
with Eq. (7), the matrix ‘iJO is expressed as \ilo =
imy,  (x,t). Since 203m‘1)ff(x, t)=Q, we obtain
U = i03Q, ,/2.  Combining equations  det(¥) = 1
and Tr(¥) =0 with Eq. (7), we obtain det(¥p) =1 and
Tr(¥y) = 0, which implies

iqL]/z
L+r,q.,/4 .

R —J1+r_q._/4
By = [ riidi/
If matrices U(A; Q) and V_;(X; Q) satisfy the SU(2) sym-

—iry_, /2
metry (8) and twist symmetry (11), i.e., QT = —Q, g € iR,
we can set ¢ = —iv,/2 and choose ¢ = 4¢_; without loss of
generality. The Lax pair, derived from the negative power flow
and satisfying SU(2) symmetry (8) and twist symmetry (11),
can be expressed as

¢, =U%;Q)P, P, =V(H;Q,
W i [—cos(d) sin(d)
Vo Q) = 4 _H[ sin(d) cos(f)):|’ (14)

where ? = arcsin(vy,). By the compatibility conditions, we
obtain ¥ = v and the SG equation

vy = sin(v). (15)

In this way, we could also obtain infinite numbers of INS
equations based on the negative power flows of the AKNS
system. The solutions of these INS equations could be ex-
pressed in terms of the (1,2) element of the antidiagonal

matrix Q, denoted as Qj», which corresponds to Q, =g =
—iu = —iv,/2. We will express solutions using Q) instead
of g, u, and v,.

B. Elliptic function solutions of INS equations

The MSW method [35,80] and the algebro-geometric ap-
proach [76-78] stand out as two highly effective methods
for constructing elliptic function solutions of INS equa-
tions [44—47]. In this section, we utilize the MSW method and
algebro-geometric approaches to present details for deriving
elliptic function solutions of INS equations. Then, we express
these solutions in terms of theta functions. We will apply this
method to the NLS equation (10), the mKdV equation (13),
and the SG equation (15). By doing so, we will obtain uniform
expressions for elliptic function solutions.

For the genus-g case, set

g+l g+l g+l-n

Li=—i| > ad"W | ==iY > oW1 (16)
n=0

4 n=0 j=0

where L = L(A; x, t) and functions W, ¥;, j =0, 1,2, ... are
defined in Egs. (5) and (6). Let the matrix function L also
satisfy the stationary zero curvature equations,

L =[U® Q)L L;=[VixQ,Ll, (7

where the matrix V;(1;Q) = Z;.:lajVj(k;Q), aj € R.
Since ¥, = [U(X;Q), ¥] and ¥, = [V;(X;Q), ¥], parame-

ters «; satisfy oj, =0 and a;; =0, j=0,1,---,g+ 1.
When m > 0, the following equations hold:
g+l—n n m g+1-1
i @Y =Y | D a4V Y 4
j=0 1=0 | m=0 j=0
(18)

By the matrix function L defined in Eq. (16), we set

_|Ln L 12 _
L= |:L21 _Lllil’ det (L) - L[] L12L21 - P()")v
(19)

where P(A) = [T572(0 — ) = Y2807 sidl, sp000 = 1. By
comparing the exact expression of the matrix L in Eq. (16)
with the function P(A), we can derive certain equations cru-
cial to the construction of elliptic function solutions for INS
equations. In this context, we consider the genus-1 case as an
example.

Under the genus-1 case with @y = 1 in Eq. (16) and i =1
in Eq. (17), and combined with Egs. (16)—(18), the matrix
function L is

L = —io3) + i(Q — 103)A + i03(iQ, + Q%)/2
+ i} Q — icgo3, (20)
and functions L;; = L;;j(A; x, t) are
Li(sx,t) = —ix? — ik — i(ao — lg1/2),
Lip(hsx, t) = =15, (A5 x, t) = ig(h — ), (21)

where u = —i(Ing),/2 — «;. Since —LT(*;x,t) = L(A;x,
t), gained by the existence and uniqueness of the ordinary
differential equation, we obtain P(A) = P*(1*). As a result,
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the parameter A;, representing the zeros of the polynomial
P())in Eq. (19), satisfies the relationship A j,» = Aj,j =1,2.
Together with Egs. (19) and (21), we obtain

2001 = 3, otf + 20 = 57,

a1 Qay — |q*) — gl (n + 1*) = 51,
Qao — 1g1*)* + 4lg)Pup* = 4so. (22)

For the NLS equation (10), we consider the case with
parameters a; = 1, i =1, and g =1 in Egs. (16) and (17).
By Eq. (18), we obtain W, = [W,, a;Wo] + [V, o Wol.
Combining with functions W;, i=0,1,2, shown in
Eq. (6), we get Q, —2ixgo3Q + «;Q, = 0. Together
with Eq. (22) and the definition of u, we obtain
2(u — p*) = —ilql3/1g1* and |g|*(u — p*)?* = [0 (Rag —
lg1*) — 511> — |q*[4s0 — (2ao — |g|*)*],  which  deduce
the equation —|g|* = 4|q|® + |g|*[s3 — 2(4s2 — sD)] +
lq|* [4s153 — 1650 + (4sy — s2)(252 + 1)/4] + 4s3 + (453 —
$3)(s3 — 165153)/16 = 4(Iql* +d7) (lgI* — d3)(lql* — d3)
with three real-valued parameters d; < d, < d;. Upon
solving it, we obtain the elliptic function solution |g(x, t)|> =
k*a?{sn’(K;) — sn*[a(x + s1¢/2)]}, where parameters d,, d>,
and d; [46] are well defined as follows:

dy = —dn(K)), db = iken(K)), ds=ksn(K;), (23)

with d1,2,3 eR, di<0<d, <d3s, K=K +4ilK, ke
(0,1), 1 € [0, —it/4], and o € R. The values of parameters
I, k, and « depend on parameters s;, i = 1,2, 3. In combi-
nation with the Lax pair, the solution g can be expressed as
follows:

: 5
4 i/ exp [m, _inGetsin) / ﬂ} o
0

2 v(s)

where m = dydrd; and & = x + s;¢/2. The detailed calcula-
tion process is given in Ref. [47].

As previously mentioned, utilizing the Lax pair of the
mKdV equation (13) discussed in Sec. II A, we consider the
case with parameters a =4, a; =0, i=2, and g=1 in
Egs. (16) and (17). Consequently, we get o; = 0 and express
L as shown in Eq. (20). Furthermore, the derived equation is
Q; + 409pQ, = 0. Taking these considerations into account,
the elliptic function solutions of the mKdV equation (13) can
be expressed as follows:

u = aken[a(x — st)], u = adn[a(x — st)], (25)

where s = ogz(d32 + d22 - dlz) with [ = 0 for cn-type solutions
and [ = —it /4 for dn-type solutions. The detailed calculation
process for obtaining elliptic function solutions of the mKdV
equation (13) is given in Ref. [46].

To consider the matrix L of the SG equation, we focus
on the negative power of the spectral parameter A. Combined
with Eq. (17), the equation is

g+l-n g1—I

n—1
D) eV, = b [ Wi Y ¥y L (26)
j=0 =0 j=0

wheren =0,1,---,g+ 1, and ‘il,- is defined in Eq. (7). Sim-
ilarly, when g =1, b = 1/4, and i = 1 in Egs. (16) and (26),

elliptic function solutions of the SG equation (15) could be

written as
vy = 2adnfa(x — st)], [ = —it/4,

=0,

(27a)

v, = 2aken[a(x — st)], (27b)

where s = (—1)"(ak)~2d3.
For ease of representation, we introduce a coordinate trans-
formation,

E=x—st

(x, 1) =—=(§.n), (28)

n=t

where s is the background velocity of solutions. By integral
formulas (A10), we express elliptic function solutions (24),
(25), and (27) in theta functions.

Elliptic function solutions of INS equations could be ex-
pressed in terms of theta functions as follows:

. 192(6{‘%_ + 2il)ei(wé+/<n) y = Ol‘l92174
U4(a§) 9303(2il)’

where w = ieZ(K;) and & = «/(2K); & and n are defined in
Eq. (28); parameters K; and d| » 3 are defined in Eq. (23); and
9;(x) with 9; = 9;(0),i = 1, 2, 3, 4, are called theta functions
defined in Definition 3. Parameters s and « are defined by
different equations as follows:

(i) For the NLS equation (10), parameters are defined as
s=0and k = a?(dj +d3 —d})/2;

(i1) For the mKdV equation (13), parameters are defined as
s=a*(dj +d; —d})andk = 0;

(iii) For the SG equation (15), parameters are defined as
s = (—1)Y"(ak)™d? and k = 0.

In this paper, we just consider the region of the param-
eter [ and the modulus k as [ € [0, —it/4] and k € (0, 1),
respectively. When [ = 0, the solution (29) could be written
as aken(ag)e™”, where cn(-) is defined in Definition 1. The
solution is referred to as the cn-type solution, representing
the trivial phase solution. When [ = —it /4, the solution (29)
transforms into adn(a& )e™®”, known as the dn-type solution,
which is also the trivial phase solution. For / € (0, —it/4),
solutions (29) fall into the category of the nontrivial phase
solution. We can confine our consideration to the modulus
k € (0, 1). Elliptic functions with k in the interval (1, co) can
be transformed into the case (0,1) through reciprocal modulus
transformation formulas [[81], p. 38]. As the modulus k — 0,
solutions tend to degenerate into constants, while as k — 1,
solutions tend to degenerate into solitons. Based on these char-
acteristics, different types of solutions can be distinguished by
varying the values of parameters / and k, as depicted in the
sketch map shown in Fig. 1.

Q= (29)

)

C. The fundamental solutions of related Lax pairs

Under the coordinate transformation (28), we can
construct the fundamental solutions of the related Lax
pair. Let +iy denote the two eigenvalues of the ma-
trix L = L(&, n;A). By analyzing eigenvectors of the ma-
trix L corresponding to the eigenvalues 4y, we can set
i = p(§, ) = ri§, s M), n) = ridi, rio = —(Ln £
iy)/le = LZI/(LII + ly), = 1, 2. Functions ¢ij and L,’j,
i, j=1,2, represent the (i, j) elements of matrices ¢ =
(&, n;A) and L, respectively. The fundamental solution of
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—

. dn-type solutions

7
) .
> g
© S
z nontrivial phase solutions =
2 :
=
oF g m.q q

vanishing solutions
k

0 cn-type solutions 1

FIG. 1. The category of the elliptic function solution (29) of INS
equations corresponding to parameters [ € [0, —it/4]and k € (0, 1).

the Lax pair could be expressed as

_ Vo&) = Bre” Vo(&) = pre” (30)
nve®) = Bie” o) = pre” |

where o(§) = k*a*[sn?(K;) — sn*(aé)], Bip = 22% + a*(d?
+di —d})/2F2y,

o [QRG = p9leE) — Fail
b2 Qu(h — o) — Bral

§ irBiadx i
6, =/ — T ZE 4 iV, 31
1,2 ) 000 — Bia ) 1,271

and functions V), = V) 2(z) are dependent on equations as
follows:

Via(z) =«/2 £ y(z), NLS;
Vi2(z) = £4r(2)y(z), mKdV;
Vi2(z) = £sy(z)/A(z), SG. (32)

The detailed process can be obtained in [44—47].

Next, our objective is to introduce a uniform parameter z
and utilize theta functions to represent the solution (30). Upon
reviewing the Dubrovin-type equation for u and setting A =
w, we get (Li2): = —ique and (L12)e = —2igLy; by Eq. (17),
which implies g = 2L;. Since +iy are eigenvalues of the
matrix L, we obtain g = 2L;; = —2iy. Functions A and y
are expressed by the uniform parameter z,

_(u o d orzy o di(z)
Az) = /L(;)» y(z) = Rd_z'u(a) =K dz
with z; = 2i(z — I)K. Since u = —i(Ing), — o, we get
_ ig scd(z;) — scd(K))
Ma) = 2 <sn2(K1) — snz(Zz))’
y(z) = a’k*[sn’(z)) — sn®(—z — K; +iK)]/4,  (34)

with scd(-) := sn(-)en(-)dn(-) and K; defined in Eq. (23). It
solves the algebraic curve y> = —A* — 531% — 5502 — 514 —
so automatically. The conformal map A(z) [44—47] maps the
rectangular area,

S:={zeC||Re(z) =] < —it/2, |Im(z)| <1/4}, (35)

into the whole complex plane C U {oo} with two cuts. There-
fore, we turn to study z € S instead of A € C U {oo} in the
following.

., (33)

Combined with Eq. (A15), the corresponding fundamental
solutions (30) of the related Lax pair could be expressed in
theta functions,

. O [i(z—1)—&E] P3li(z+D)+a&]

_yus(2il) DD PEEHT g (36)

- D4(GE) isliz+D—&E] i liz—D+a&] ’
Dali(z+D)] Duli(z=1)]

where E = diag(e™ @5+V1@n W2 @5+V2(n )
Wi(z) := A —iaZ(z), Y =diag(l, e (@5Tm),
Wa(2) := A+ am — iaZ(K' — K, — z)). (37)

Functions A = A(z) and y = y(z) are defined in Eq. (34).
K = K (k) and K’ = K(k') are both the first complete elliptic
integrals defined in Definition 2; ¥;(z), i = 1, 2, 3, 4, are theta
functions defined in Definition 3; Z(x) = Z(x, k) is the Zeta
function defined in Definition 4; parameters « and s are de-
fined in Eq. (29); and functions V) »(z) are defined in Eq. (32).
It should be noticed that functions W;(z) and W5(z) are not
mutually independent. Combining Eqs. (34) and (37) with the
formulas listed in Appendix A, functions W »(z) satisfy

Wa(z) — w + Wi(z) =0, (38)

where w is defined in Eq. (29), which implies W,(z) =

—W/(z), shown in Appendix B. Similarly, based on the defini-

tion of functions V) »(z) in Eq. (32), we get V,(z) = —V{(2).
Denote the branch points as

B:={z,=—i/4Fit/4 ms=i/AFit/4). (39)

Substituting z; € B, we can directly deduce y(z;) = 0. Com-
bining this with fundamental solutions expressed by the
spectral parameter A and the function y in Eq. (30), we obtain
B1 = Ba,01 = 6,,and r| = r,. Thus, when z; € B, two column
vectors of the fundamental solution ®(&, n; ;) in Eq. (36)
exhibit a linear correlation, which means det[® (&, n; A;)] = 0,
Ai = A(Z)-

III. THE MI ANALYSIS

The MI analysis involves linearizing INS equations and
calculating eigenvalues €2 and eigenvectors p of the related
linear operator L. Perturbed functions of elliptic function so-
lutions (29) for INS equations have the form

p(E, 1) = TN p (&)™ + p5(E)e . (40)

Substituting the solution Qi, 4+ €p(&, n), |€|] < 1 into INS
equations, we obtain that the linearized INS equation could
be transformed into

Lp=Qp, p=I[pi€) paA&), 41)

where p is the eigenvector corresponding to the eigenvalue
Q € C of the linear operator L. Therefore, the MS and
MI problems revolve around studying the eigenvalue 2 of
Eq. (41) for the bounded function p.

Define functions /) »(z), I';, and A; as follows:

L2(2) :=2Wio(x) ém —w, A :=1{(z)/(4iK),
[ = Q) (z)/4iK), z €B. (42)
Introduce a subset of the set S in Eq. (35) as
Spi={z € SlIm[l;(z)] =0, j=1,2} (43)
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Since Wi(z) = w — Wh(z), w € R, as stated in Eq. (38),
we know Im[/;(z)] = —Im[[>(z)]. Then, to determine the
set of S, it is equivalent to getting the set about z such
that Im[/;(z) — I(2)] = 0. By Eq. (All), the derivative of
the function I,(z) — L(z) is [[i1(z) — h(z)] = 4aK[dn’(z;) +
dn(z; + K; — iK') — 2E/K]. In the view of [46], we could
obtain that when [ = 0 and [ = —it /4, the set S} consists of
the real line and two curves. For [ = —it /4, two curves are
parallel to the real line. For / = 0, if 2E /K > 1, two curves
in set S, are intersecting with the real axis; if 2E /K < 1, two
curves in set S; are intersecting with the imaginary axis. For
the case / € (0, —it/4) described in [47], we could also obtain
similar results by using a similar approach as in the case of
[ = 0, which we are unable to present here.

By symmetric properties of the Hamiltonian systems [82],
eigenvalues Q(z) for INS equations derived by the AKNS
system are symmetric about the imaginary axis. This sym-
metry implies that both Q(z) and —Q*(z) are eigenvalues
of the operator (41). Thus, if there exists z € S, such that
Q(z) € C\R, the elliptic function solution is modulationally
unstable; if Q(z) € R, for any z € S, the elliptic function
solution is modulationally stable. If €2 5(z) = 0 and I} »(z) =
0, the corresponding consequences indicate baseband MI or
baseband MS [55,56].

In summary, we obtain the following results about the
stability of elliptic function solutions. Set two linearly inde-
pendent solutions p; as

p; = O e 2NN pyj(§)e =12, (44)
J (D%jelwn—Zszn ﬁzj(%.)e”jg ’ s &y

where I; = I;(z), z € S, defined in Eq. (42); p;;(§) are 2K/«
periodic functions; and ®;; is the (i, j) element of & defined
in (36). Together with Egs. (41) and (44), it becomes ap-
parent that the eigenvalues corresponding to eigenvectors p;
are represented as 2; = Q;(z) = 2V; — k. By Egs. (36), (43),
and (44), it is evident that eigenvectors p; remain bounded
only when z € ;. Consequently, studying the MS and MI of
elliptic function solutions for INS equations is transformed
into examining the values of 2;(z) for z € ;. If there exists
7 € Sp\B such that Q2 5(z) € C\R, elliptic function solutions
are modulationally unstable; for any z € S,\B with € ,(z) €
R, elliptic function solutions are modulationally stable.

Consider a special case Im[/; 2(z)] = 0, z € S. The tangent
vector field of the level curves Im[(/;(z)] = const can be rep-
resented as

_dIm(Ij)’dIm(Ij) _ | _Rre ﬂ m % ’
dIm(z)  dRe(z) dz dz
where I; = 1;(z). The derivative of I;(z) along the line
Im[/;(z)] = O could be expressed as

[ dl; dl; “:_dlm(lj) dIm(Ij)]
dRe(z)” dIm(z) dIm(z) = dRe(z)

o] ()] <

which implies that along the curve Im[/;(z)] = 0, the func-
tion /;(z) = Re[l;(z)] is monotonicity with respect to variable
z. Plugging z; € B C S;, we get I;(z;) = 0. Based on the

monotonicity, we could obtain that if and only if z € B C S},
the equation /;(z) = 0 holds. Since 11 5(z;) = 0 and 2 »(z;) =
0, z; € B, we cannot directly justify whether or not solutions
are stable. Then, we turn to consider the limit

Q22) Q@) -2)+0lz-2)1 T

228 12 I, —w+ Ol —2f A
45)

since Q5(z) = —Q)(z) and [[(z) = —L(z). By Eq. (45),
the perturbed function p(§,7n) (40) at branch points
could be expressed as p(&,n) = [p;(&)eliGETm/AD
ph (& Ve LiEEFTI/AD i @E+.m - 7. e B, Thus, combining
with the definition of baseband MI and baseband MS [55,56],
we obtain the following results. At branch points z; € 3, when
I(z;) > 0, Q(z;) > 0, and I';/A; € C\R, elliptic function
solutions are baseband modulationally unstable. Conversely,
when I(z;) — 0, Q(z;) = 0,and I';/A; € R, elliptic function
solutions are baseband modulationally stable. In summary, the
MI and MS, and baseband MI and MS, of elliptic function
solutions for the INS equations are summarized as follows:

(i) If z; € S}, defined in Eq. (43) exists, such that Q;(z;) €
C\R and /;(z;) # 0, the elliptic function solutions are mod-
ulationally unstable; for any z € S, if Q;(z) € R, I;(z) # 0,
the elliptic function solutions are modulationally stable.

(11) IfZ,‘ € Band F,‘/Ai (S (C\R with Ij(Zi) — 0, Q_/‘(Zi) —
0, the elliptic function solutions are baseband modulationally
unstable; if z; € B, I';/A; € R with I;(z;)) — 0, 2(z;) — 0,
the elliptic function solutions are baseband modulationally
stable.

)

The stability of INS equations

Before delving into the stability of elliptic function solu-
tions for the INS equations, we are going to calculate some
parameters that are useful in the stability analysis. For z; € B,
i =1,2,3,4, parameters §; = y'(z;)/(2iK) defined in Eq. (34)
could be expressed by d) 2.3 as

P12 = o (di £ dods)(ds F db) L ic’di(ds F d2)*,  (46)

and y34 = —)7’{,2; parameters A; = A(z;) defined in Eq. (34)
are

M2 = tad /2 +ia(ds F d2)/2, 47

A34 = A7 ,; parameters A; defined in Eq. (42) could be written
as

A = —ad|(d F d3) —ia(d] £ drds — E/K),  (48)

and Az4 = —A7,. The detailed calculation process of
Egs. (46)—(48) is provided in Appendix B. Based on them,
we are going to study the stability of three representative INS
equations: the NLS equation (10), the mKdV equation (13),
and the SG equation (15).

For the NLS equation (10), the perturbed functions of el-
liptic function solutions (29) have the form p(&, n) in Eq. (40)
and the linearized NLS equation is converted into

192 2 2

507 + 2|gq|” — ny q
Lp=|2"% = Qp,
P [ —(q*) —192 —21qP +n, |P TP
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where ny, = k + w?/2 F iwds. By the stationary zero cur-
vature equation (17), the Lax pair (9), and the coordinate
transformation (28), we get

iosLy" + JLgY +2Q°LT — QL"Q =0,

which implies that L, and L,; satisfy the linearized NLS
equation (49). By the symmetry of U(X; Q) and V(};Q),
the matrix function L could be expressed by the matrix
function ®: L = (1)0‘3(i()‘2)CI)T(io‘2)/2 with L = &P, and
Ly = —®yPy,. Thus, two linearly independent solutions
pi2 are expressed in Eq. (44) and the related eigenvalues
are 22(z) = £2y(z). Since y(z;) =0, z; € B, we obtain
Q1.2(z;) = 0. Subsequently, we need to study parameters I';
and A; defined in Eq. (42). By the definition of functions
Qi2(z) in Eq. (37), we obtain Q/Lz(zi) = 4iK¥;. Since I'; =
Q| (zi)/(4iK), we get

Ti2 =12 = a’(ds F d)[(d} + dods) £ idi(d F d3)],
(50)

['34 = —T7,. By parameters A; provided in (48), we get
that when [ satisfying (k> — 1)K + (d? + dad3)E = 0 with
I'/A = O[(d|2 + drds)/d; € R, we would obtain T'y/A; €
C\R, which implies that elliptic function solutions of the
NLS equation are baseband modulationally stable. Except for
the above conditions, elliptic function solutions of the NLS
equation are baseband modulationally unstable since I';/A; €
C\R,i=1,2.

The linearized mKdV equation (13) could be expressed as

_[ico o] _
ﬁp—[o iﬁjp—ﬁp, D

with L1, = (6u® — 5)(Fiw + 9;) + (Liow + 3 )® + 12uus.
Together with the stationary zero curvature equation (17), the
Lax pair (12), and the transformation (28), we get

L™+ LY, +6Q°LY" +6Q[Q:, L] — sL" = 0.

Then, we obtain eigenvectors p; » (44) of the operator £ (51)
and the corresponding eigenvalues £2;2(z) = £8A(z)y(z) of
the operator L. Since Q1,(z;) =0,z € B,i=1,2,3,4, we
consider the limit (45). By Egs. (46) and (47), we gain

I, = +20°d\d3(d) + id3)* € C\((RUR), [=0,
[o =42 (ds Fdy)’dods € iR, | =—it/4, (52)
I'54=-TI7,,and
Ay, = tadids —ie(di — E/K) € C\(RUR), [=0,
Ao = ia(E/K Fdydy) € iR, [ =—it/4, (53)

A3 4= —A7, by Eq. (48), which implies I';/A; € C\R
when [/ =0 and I';/A; € R when [ = —it /4. Thus, cn-type
solutions (I = 0) correspond to baseband MI and dn-type

solutions (I = —it/4) are baseband modulationally stable.
The linearized SG equation (15) could be expressed as
Ogyp — s8§p + cos(v)p =0, 54

with the perturbed functions v(€) + € p(€, n). Combined with
the Lax pair (14) of the SG equation, it is easy to verify
that the function ®3, 4+ @3, satisfies the above equation.
Then, the function p(£, n) could be expressed as (40) with
p1.2(&) defined in Eq. (44) and the corresponding eigenvalues

are Q2 2(z) = £2sy(z)/A(z), which also satisfy € 2(z;) =0,
z; € B. By parameters I'; and A;, in Egs. (46) and (47), and
the definition of parameters I'; defined in Eq. (42), we obtain
(d} + dods)(d5 F da) £ idy (d3 F d»)°

+d) +i(d3 F do)
[34=-T7, . Whenl =0 (dy =0) or l = —it/4 (d) = 0),
parameters ['; are simplified as

Fl,z = 25¢

s

I'o=32asdids e R, [=0,
FLQ = :F2iasd2d3 € iR, | = —l"L'/4, (55)
I'34 = —I'T, and parameters A; are expressed in Eq. (53).

It can be réadily deduced that if / =0, then I';/A; € C\R;
if [ = —it/4, then I'j/A; € R. Therefore, rotational wave
solutions (I = —it/4) of the SG equation are baseband mod-
ulationally stable, while librational wave solutions (I = 0) of
the SG equation are baseband modulationally unstable.

IV. RATIONAL-ELLIPTIC-LOCALIZED
WAVE SOLUTIONS

It is well known that RWs on plane wave backgrounds
could be expressed in the rational form with respect to tem-
poral and spatial variables. In this context, our objective is
to construct eRWs expressed in a rational form, akin to RWs.
First, in view of the Darboux-Bécklund transformation, multi-
elliptic-localized wave solutions of the INS equations are
expressed in theta functions. Second, building upon the sym-
metry of solutions & at branch points z; € 13, we rewrite the
multi-elliptic-localized wave solutions. Taking into account
the limit of these solutions as ¢ — 0, we proceed to con-
struct the higher-order elliptic-localized wave solutions for
INS equations. Finally, we illustrate elliptic-localized wave
solutions of the NLS equation (10), the mKdV equation (13),
and the SG equation (15) in Fig. 2. These solutions not only
encompass eRW solutions, but also include elliptic-soliton
and elliptic-breather solutions.

A. Elliptic-localized wave solutions
As is known to all, the Darboux transformation allows us
to generate a new Lax pair,

qDE] =U, Q“J)CD[”’ q)[” = Tlqu), (56)

where T = TU(&, »; 1). Based on the SU(2) symmetry (8)
and twist symmetry (11) of matrices U(X; Q) and V(&; Q), the
matrix ®(£, n; 1) satisfies equations ®(&, n; L) DT (&, n; 1*) =
I, and ®(&, n;A)PT (£, n;—A) =1,. In accordance with
Eq. (56), the Darboux matrix T (£, ; A) satisfies

T, n MITNE, ;A" = I,

T, n; T E, ;=] = L.
Subsequently, the Darboux matrix is divided into the follow-
ing two cases. If matrices U(X; Q) and V(A; Q) just satisfy the
SU(2) symmetry, the Darboux matrix could be expressed as
=AMy,

A=A} yiy
where ¢; = [ci Ciz]T, M =A(z1) € (C\R, Zi ¢ B, I, is the
2 x 2 identity matrix, and ® is defined in Eq. (36). If matrices

T, =1,

Y= D&, n;A)ey,
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FIG. 2. (a) The eRW of the NLS equation with the maxi-
mum 1.875: 1 =0, z; = —i(l +1)/4, « =5/4, k =3/4, h(z)) =

0. (b) The eRW of the NLS equation with the maximum 2.113:
u=—i(1—1)/4, | =—-T77i/32, « =5/4, k =19/20, h(z;) =0.
(c) The elliptic soliton of the mKdV equation: k =9/10, « =1,

71 =—i(1+1)/4, 1 = —it/4, h(zy) = 0. (d) The elliptic soliton of
the SG equation: k =4/5, « =2, zy = —i(l —1)/4, | = —it/4,
h(Zl) =0.

U(A; Q) and V(X; Q) satisfy both the SU(2) symmetry and
twist symmetry, the Darboux matrix would be divided into
two cases:

A= A Yy
=2yl

™1, - c heiR Yyl =@y

and

.
Y =L [y ¢{IM;'GL —Dy)! L‘H

1

vl vivr

A —AF —AF—A¥

M, = 174 1~
2 Yl vivr |’

MM A

where 1| € C\((R UR), D, = diag(A], —A1).

Based on the elementary Darboux transformation T, Tll’,
and Tf, we can iterate them to derive multiorder transforma-
tions, collectively referred to as the multifold Darboux matrix,

™ =77 ... TIT]
=1 -X,M,' 1L, - D,)"'X], (57)
where J =P, C, 0, n < m < 2n, and
X, =1 ¥n Yl Dy = diag(A], -+, A%),

T .
M, = Vi w’* : (58)
A 1<i, j<m

For the NLS equation (10), we choose J = ¢, whereas for
the mKdV equation (13) and the SG equation (15), we
select J = P or C. Upon reviewing the Darboux matrix T
as defined in Eq. (57) and combining it with the Backlund

transformation, we can obtain an n-order elliptic-localized
solution after an iteration. Let the numbers of matrices TF and
TiC provided in Eq. (57) be denoted as m; and m,. The values
of n = m; + my and m = m; 4 2my hinge on the selection of
the number of Darboux matrices Tll’ and TIC. If T is obtained
by multiplying T;, the values of n and m satisfy the condition
n=m.

Based on the definition of the Darboux matrix, we deduce
the matrix

UG QM) = T~ + T UG; QT

By the Sherman-Morrison-Woodbury-type matrix identity, the
new solution could be written as

w det@QiM,, —2XF X, 1)
N 15! det (M)

; (59)

where Q)3 is the (1,2) element of Q and X,,; is the i row
of X, defined in Eq. (58). Combined with Egs. (29), (36),
and (59), the multi-elliptic-localized wave solutions of INS
equations could be written in theta functions as

94(68) )’"‘ det(P) w1

~ - ~ (60)
th(a& + 2il) det(H)

Q) = iy(

where matrices P and H are both m x m matrices, whose

(i, j) elements are given by P;; = P(F, z;), Hij = H(Z}, 2;),

and

Dali(z* —z+2D)+aE]r
= [i(z*—2)]r*

D48 —i(z*z—2D]rr*
W3[i(—z*—2)]

—03[i(z*+2)]rr*
Doli(z—z*+21)+a&]r*
V1 [i(z—z")]r

Dali(z* +z420)+aE]
P(*,2) = CTET[ } )

Ol —0taE]  Dli o)+l
ok o ipt| T BilE ] CAREES)
HZ ) =Cc'E |:132[i(z*+z)+o7$] ﬂ4li<zz*>+&sl]Ec’ (61)
T o] =]

where z,z; € S\B, ¢=lc,c2l", c12€C; r=r@)=
Doli(z + 1)]/04li(z — 1)]; and the matrix E is defined in
Eq. (36).

B. Rational-elliptic-localized wave solutions

The solution (60) with different parameters can manifest
diverse dynamic behaviors, including multi-elliptic-breathers,
multi-elliptic-solitons, and multi-elliptic-soliton-breathers, as
vividly illustrated in [44—47]. Therefore, a detailed presenta-
tion of these variations will not be reiterated here. It is worth
noting that precisely at the branch points, the elliptic-localized
wave solutions of INS equations cannot be directly obtained
using Eq. (60).

At the branch point z; € B, functions A(z) and y(z) satisfy
the symmetric

eeC.

(62)
Building upon the aforementioned symmetry of functions y(z)
and A(z), at the neighborhood of branch points, functions
P(z*,z) and H(z*,z) could be expressed as the quadratic
form,

AMzite) =Mz —€), y(z+e)=—yz—e),

HE L 2) =4S H(E )T, PEL2) = 48P, 2) %),
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HI N 2y 1, 2))
H(z . z) = | HPUGE ) 1PN 2)) ,
P[i’i](z?‘, zZj) P[i’z](z?‘, z;)
P(z.z) = | PPUGE 2 PG 2) , (63)
3 5

T . .
where X; = [¢; € € -] ,Z =2z +e€,¢€ jarein the

neighborhood of origin, and

Woli(z* —z+20) + @&1r(z)
* - |E 2

Pz*, 2) |E1(2)] N Li(z* — 2)]r(z)

M 2) = |E1(z)|21}4[i(z>k —9+ &E],

v li(z* — 2)]
dN'+NjP(Z*, Z)

PN )= ——
@ 2) N;IN;\dz*NidZVi

’

*=zf,z2=2;
dNNIH (2, 2)

HWNNN (7)) = 2T
(@ 2)) N;IN;ldzNidzNi

) (64)

e
=77 ,2=1;

with E;(z) = exp[iWi(2)§ + iVi(z2)n + h(z)]. The function
h(z) is a polynomial function about z. The function r = r(z)
defined in Eq. (61) could be expressed as

) +O0lz—z)",  (65)

where R1,2 = —(d3 + dz) — i(a)/ot + dl), R3,4 = _RT,2’ and
r; = r(z;) with z; € B. Appendix B provides details of the
relevant formulas.

Combining with Egs. (60) and (63), we could rewrite the
elliptic-localized wave solutions as

}”(Z) =T + 2iK7‘iRi(Z —

4231)(1?’ Zi) % @€k

- Zi € By
42-'H(z*, Zi)%i

QU =i
where ¢; € C is a small parameter; X; = [¢;, €3 €, 17; matri-
ces P(zf, z;) and H(z}, z;) are defined in Eq. (63); H(z", 2)
and E|(z) are defined in Eq. (64); and r(z) = %[i(z +
1)]/94li(z — 1)]. The rational-elliptic-localized solution could
be expressed as

U’l](z;k’ Zi) i(wE+Km)
HI(E, 7)) '

Together with Egs. (63) and (64), a rational-elliptic-localized
solution of INS equations could be written as

Q" = lim Q' = 2 € B. (66)

QU = 792(21'1:" &g —1/2) (1 " E)ei(wéﬂm)’ 67)
V46§ —1/2) Hi
where i=1,2, P;=2E(f; —iR —gy)— 2iR'EF + f, —

— (R’ =g + (i —iRD*, Hi= (L) + (Bl +g0)° +
g, 81 =Z(K +af), g =dn*(K +af), fi =Z4ilK +
af +iK') — Z(K +iK'), f» = dn’(4ilK + a& + iK'), El
= Al¢ + Ty, and EF = ATE +I'Ty; parameters R; are
defined in Eq. (65); A; and TI'; are defined in Eq. (42);
and superscripts r and i represent the real and imaginary
parts of the parameters, respectively. Since R;4 = —R],,
Az g = —AF 2 and I';4 = F’," 5 We get lei = le% The
detailed calculation process is provided in Appendix C.

The above elliptic-localized wave solutions (67) exhibit
two different dynamic behaviors. One of them corresponds
to the eRW solution, and the other manifests as the elliptic-
soliton solution, as depicted in Fig. 2. The above rational-eRW
solutions are consistent with solutions provided in articles
[37—42,47] with different forms. The elliptic-localized wave
solutions we provided are expressed in the quadratic poly-
nomial form (67) with respect to & and 7 variables, which
is greatly similar to the form of rational-RWs on plane
wave backgrounds. Drawing upon this analogy, we can ex-
plore additional properties of these solutions by extending
methods from plane wave backgrounds to elliptic function
backgrounds. As |£| + || — oo, both solutions Q(ll) and Q;l)
would degenerate into

192(211 + &S 1/2) z(w$+l<n)
Bq(@§ —1/2)

which could be seen as a shift £ — & — 1/(2&) and a phase
transformation /% on the elliptic function solution (29).
Solutions Q(l) attain their maximum value at the zero point,
with the maximum value being |Q;2(0, 0)| + ZA, 2=1-
icken(4ilK)/dn(4ilK)| + a(ds F dy) = a(2d; F d).

Considering the NLS equation (10), on the cn-type back-
grounds (I =0), we getw =0,d| = —k' = —/1 —k%, dr =
0, d3 = k. By Eq. (A10), the rational-eRW solution could be
simplified as

Q(l)

Q" = iaken(at — K)(1+Z> knop—1,2,

where P; and ‘H; are defined in Eq. (67) with parameters [ =
w=d, =0, d =—k'=—+1—k? and d3 = k. As |&| +
[n| — oo, solutions leé both degenerate into the cn-type
solution: iakcn(aé — K)e". As k — 0, solutions degenerate
into zero. On dn-type backgrounds (I = —it /4) withw = am,
dy =0,d, = k', d3 = 1, combined with Egs. (A9) and (A10),
the rational-eRW solution (67) is simplified as

Q(l) iodn(aé — K)(l—l—Z) en o i=1,2,

where P; and H; are defined in Eq. (67) with parameters
l=—it/4,w=@amn,d; =0,d, =k',andd; = 1. Ask — 0,
combined with the definition of complete elliptic integrals in
Definition 2, the limits of K and E satisfy limy_.o E/K = 1,
limk_>0 a)/oz = limk_>0 7T/(2K) = 1, lil’nk_>() f2 = limk_,o dn2
(@&)=1, lim_og =1, limy_,0 g =lim_ o Z(K + ) =
0, and limg_¢ f1 = limg_oZ(aé) —in /K +in/(2K) = —i
by Egs. (A4), (A12), and (A14). Then, the above two solutions
degenerate into

lim O 249 ;. ie’n

1 = )
k—0 (A14)

. A A4
lim Q" =—= ia(1—
k=0 Q (A14)
Thus, as k — 0, rational-eRW's on dn-type backgrounds could
degenerate into rational-RWs or plane waves.

Consider the rational-elliptic-localized wave solutions of
the mKdV equation (13). Plugging [ = —it /4 into Eq. (67),

8ia’n + 4 o
QaZn)? + 1+ Qaé)?
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the solution could be simplified as

QY A0 adn(at — K)(l + L ) (68)

(E} + 81)2 + &

where i=1,2, P;=2E/(fi + io/a — &) + fr—g —
(IFKY? — g+ (fi +io/a), E} ) =a(E/K FK)E—2a°K
(1 :Fk’)zn, E{yz =0, and fi 2, g12 are defined in Eq. (67).
It is easy to get that along trajectories Eliyz = const, the
solution evolves periodically with period 2K /. As |§| — oo,
solutions QEI% would degenerate into dn-type solutions,
icdn(aé — K). For the SG equation (15) with [ = —it/4,
the solution (67) could also be simplified in Eq. (68) with
Ei, = a(E/K F k)& F 2ask'n. It is easy to find that along
lines £, = const, the solution evolves periodically. As
|€] = oo, we show rotational wave solutions defined in
[40,83].

Then, we provide some examples to illustrate the dynamic
behaviors of these rational-elliptic-localized wave solutions
and depict them in Fig. 2. Figures 2(a) and 2(b) show two so-
lutions of the NLS equation on elliptic function backgrounds.
Figure 2(a) exhibits the localization of the RW on the cn-type
background, called the rational-eRW solution. Figure 2(b)
illustrates the localization of the RW on the nontrivial phase
solution background, also referred to as the rational-eRW
solution. Figures 2(c) and 2(d) show the solutions of the
mKdV equation and the SG equation, respectively. Figure 2(c)
exhibits the soliton localization on the dn-type background,
denoted as the rational-elliptic-soliton solution. Figure 2(d)
portrays the soliton localization on the rotational wave back-
ground, also termed the rational-elliptic-soliton solution.

V. MI-eRW CORRESPONDENCE

On the plane wave background, the MI and baseband
MI are crucial mechanisms to study the exciting conditions
of RWs and the existence of RWs [55-59]. We aim to ex-
tend this mechanism to the elliptic function background and
quantitatively elucidate the relationship between the dynamic
behaviors of these solutions and the baseband MI and MS of
elliptic function solutions [55,56]. In this section, we illustrate
a pair of parameters, (A;, [';),i = 1, 2, that establishes a quan-
titative connection between the baseband MI and MS analysis
and dynamic behaviors of elliptic-localized wave solutions.

The pair of parameters (A;, I';) serves a dual purpose in
both investigating the stability of elliptic function solutions
for INS equations and the derivation of dynamic behaviors for
elliptic-localized wave solutions. As discussed in Sec. III, the
ratio of I'; to A; offers insights into the stability of the sys-
tem. To be precise, if [';/A; € C\R, i = 1, 2, elliptic function
solutions of INS equations are the baseband modulationally
unstable; and if I';/A; € R, i =1, 2, elliptic function solu-
tions of INS equations are the baseband modulationally stable.

Additionally, the pair of parameters, (A;, I';), plays a sig-
nificant role in deriving the polynomials Ef = Alg 4 'y and
Eir = AJ& +TTn in the rational form of elliptic-localized
wave solutions (67), which are closely connected to eRW
solutions. When A; = I'; = 0, the solution (67) becomes a
periodic function since both polynomials are zero, indicat-
ing £} = EF = 0. However, if this condition is not satisfied,

let us assume, without loss of generality, that the parame-
ter El' # 0 with (£, ) € R%. We will examine the dynamics
of the solution (67) along trajectories where E; =C, ex-
pressed as QEI) &, n; El’ = (), where C represents a constant.
Conversely, if El‘ = 0, we analyze the solution (67) along
trajectories where EF = C.

Functions fi», 812, and ¥, 4(-) defined in Eq. (67) are
all 2K/« periodic with respect to the variable £. It can be
inferred that these functions remain bounded for £ € R. The
excitation of eRW is contingent upon the polynomial form
Ef with (£, n) € R2. The existence of the polynomial form
occurs when either A} % 0 or I'] # 0. Consequently, elliptic-
localized wave solutions (67) exhibit the localized wave as
eRWs. In the special case where A] =0 and I'f =0 (i.e.,
Elr = 0), it is straightforward to observe that the solution
QE”(&, n;Eii = C) becomes periodic along all trajectories,
E; = C. Therefore, when solutions (67) are baseband mod-
ulationally stable, they can be characterized as elliptic-soliton
solutions.

In summary, when I';/A; € R, we derive Eir =0or E; =
0, considering the linear independence of A; and I';. On the
other hand, when I';/A; € C\R, we deduce Eir # 0 and El‘ #*
0. Building upon the aforementioned investigations, the pair
(A;, T';) establishes a quantitative relationship between base-
band MI and MS and the dynamic behaviors of eRWs/elliptic
solitons.

Indeed, the baseband MS not only corresponds to elliptic-
soliton solutions, but also maintains a significant connection
with elliptic-breather solutions. However, the explicit expres-
sion of the elliptic-localized solution (67) does not manifest
elliptic breathers. When the following two conditions hold, we
would obtain the elliptic-breather solutions. First, the spec-
tral parameter A; employed in constructing solutions must
be complex numbers, that is, A; = A(z;) € C\(RUR), z; €
B. Second, the related elliptic function solutions of INS
equations need to be baseband MS. Unfortunately, rational-
elliptic-breather solutions for the NLS equation, the mKdV
equation, and the SG equation were not obtained. This restric-
tion arises from the fact that when A; € C\(/R U R), elliptic
function solutions on the associated backgrounds yield base-
band MI solutions that fail to satisfy the second condition.
In summary, the concealed correspondence between elliptic-
localized wave solutions and the MS and MI analysis results
can be summarized as follows:

(1) MI and eRWs correspondence. If the elliptic function
solutions of the INS equations correspond to baseband MI,
it implies that there exists a pair of parameters ,(A;, [';),
satisfying I';/A; € C\R, indicating that EF # 0 and Ef # 0,
(¢, 1) € R2. Therefore, the solution (67) expressed in a ra-
tional form represents the presence of eRWs. Conversely,
if the solution (67) exhibits eRWs, it must be expressed in
terms of polynomials, i.e., Ei‘" # 0 and El‘ # 0, which further
implies that I';/A; € C\R due to the linear independence of
the parameters I'; and A;. Hence, it becomes evident that the
related elliptic function solutions correspond to baseband MI.

(2) MS and elliptic-soliton correspondence. When the
elliptic function solutions of the INS equations are base-
band modulationally stable (meaning I';/A; € R, i =1, 2),
equations Ef =0 or Ef =0 are satisfied due to the linear
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FIG. 3. (a),(b) Second-order (separated-type) and fifth-order
(polymeric-type) eRW solutions of the NLS equation (10) with pa-
rameterso = 1,k =0.94,z, = —i(1 — t)/4,] = —9it /40, ¢, = 0,
and (a) h(z;) = 300(1 + iﬁ)zf and (b) i(z;) = 0. (¢c) The eRW of
the mKdV equation (13) with k = 2/3, @ =2, 71, = —i(1 £ 7)/4.
(d) The eRW of the SG equation (15) with k =4/5, ¢ =2, 1, =
—i(1+1)/4,and h(z;) = 0.

independence of I'; and A;. Along the trajectories where El‘ =
C or E,.‘” = C, the solution evolves periodically, signifying
that the elliptic-localized wave solutions (67) represent elliptic
solitons. Conversely, if solutions represent elliptic solitons, it
indicates that they correspond to baseband MS.

(3) MS and elliptic-breather correspondence. When the
elliptic function solutions of the INS equations correspond
to baseband MS, the pair of parameters, (A;, I';), satisfy
I';/A; € R. Due to the linear independence of I'; and A;, we
can deduce EF =0 or Ef = 0. Under these conditions, the
elliptic-localized wave solutions with parameters A; = A(z;) €
C\(R UR), z; € B, exhibit elliptic breathers. The reverse is
also true.

Applying the aforementioned results to the INS equa-
tions, we elucidate the dynamic behaviors of elliptic-localized
wave solutions under different cases. For the NLS equation,
parameters (A;, [';) presented in Egs. (48) and (50) fulfill
the condition I';/A; € C\R for any [ € [0, —it/4]. Some
examples in Fig. 2 vividly exhibit the aforementioned corre-
spondence. The evolution directions of these elliptic-localized
waves align with trajectories E; = (0 depicted in Fig. 2, in-
dicated by white dashed lines. The baseband MI of elliptic
function solutions [A;/T; € C\R in Eq. (50)] indicates that
solutions (67) correspond to rational-eRWs, as illustrated in
Figs. 2(a) and 2(b). When (k* — 1)K + (d} + d2d3)E =0
with I'j /A = oz(dl2 + drds)/d; € R, the solution (67) is a
rational-soliton solution. For the mKdV equation, the pa-
rameters (A;, I';) discussed in Eqs. (52) and (53) satisfy
the condition I';/A; € C\R for [ =0 and I';/A; € R for
| = —it /4. Consequently, on dn-type backgrounds, the solu-
tions correspond to elliptic-soliton solutions, as depicted in
Fig. 2(c). On the other hand, on cn-type backgrounds, the
solutions represent eRW solutions, as shown in Fig. 3(c).

Concerning the SG equation, the parameters (A;, I';) de-
scribed in Egs. (53) and (55) meet the condition T';/A; €
C\R for [ =0, and T';/A; € R for I = —it/4. As a result,
on rotational wave backgrounds, the solutions correspond
to elliptic-soliton solutions, as demonstrated in Fig. 2(d).
Conversely, on librational wave backgrounds, the solutions
represent eRWs, as shown in Fig. 3(d). It is important to note
that we were unable to obtain elliptic-breather solutions for
the NLS equation (10), the mKdV equation (13), and the
SG equation (15), since, for any parameters (I';, A;) satis-
fying I';/A; € R, the related spectral parameter A; satisfies
A € IR, ie., A; ¢ C\(R UIR), which do not satisfy the MS
and elliptic-breathers correspondence.

The aforementioned correspondence can also be extended
to the higher-order elliptic-localized wave solutions. In the
upcoming section, we will construct the higher-order elliptic-
localized wave solutions of the INS equations in a rational
form and utilize the established correspondence between the
solutions and stability analysis.

VI. MULTI-HIGHER-ORDER eRW SOLUTIONS

By extending the method of constructing the solution (67)
to higher-order cases, the multi-higher-order [(N,, N;)-order]
elliptic-localized wave solutions of INS equations could also
be expressed in the rational form as follows:

Q(vaNZ)

Py, «n, (25, 22 ))
PNZ XNZ (Z;a Zz) ei(wE+K’7)

Hy, xn, (2], 22)
HNZ ><N2 (Z; k] ZZ)

Py, xn, (25, 21)

Hy, xn, (21, 21)
det { zp M "l
© (HNsz.(Zg,Zl)

det (PNl <N (23, 21)
— l-,yjN—l

(69)

where J=04(&§)/02(&& + 2il), N=Ni+ N2, Hy,xn, (2}, 2;),
and Py xn; (zf, z;) are the first N; row and N; column ma-
trices, H(z}, z;) and P(z}, z;), respectively; parameters y, k
are defined in Eq. (23), and the (a, b) element of matri-
ces Hy,un,(zf, 2;) and Py, (2F, 7)) is HNeMI(zF, z;) and
PWNalbl (7% 7.), expressed as

Na.N; N\ [Na N1 [V;
! h](z;k7 zj) = (El[ ]) Gz[/ b]EE b]’

[Na.Np] _ (rINT (R N1\ ~ L Na . Nol g [No 1 g [Ns ]
P "z zp) = (Ei ) (Ri ) Fi,j ! Rj ’ Ej "

and matrices FEN“’N“, GI[N.‘“N”], R b], and E™! are defined
in Eq. (D2). The detailed calculation process is provided in
Appendix D.

Since the function E;(z) represents an exponential func-
tion, its differentiation with respect to the parameter z
generates a polynomial form involving variables & and 7.
The differentials of functions F(z*,z) and G(z*, z) exhibit
elliptic functions with respect to &. The function r(z) remains
independent of & and 7. In summary, the solution QVi-N2) js
expressed in a rational form in terms of £ and 5. Consequently,
we provide the multi-higher-order rational-elliptic-localized
wave solutions (69) expressed in higher-order polynomials
with respect to £ and n for the INS equations. Some multi-
higher-order eRW solutions of INS equations are shown in
Fig. 3.
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Figure 3(a) illustrates a second-order eRW of the separated
type composed of three eRWs, analogous to RWs on plane
wave backgrounds. In Fig. 3(b), a fifth-order eRW of the
polymeric type is depicted, reaching a maximum value of
7.674 at the origin. The (1,1)-eRW solutions of the mKdV
equation on cn-type backgrounds and the SG equation on
librational wave backgrounds are presented in Figs. 3(c)
and 3(d), respectively, both satisfying the baseband MI
mechanism.

VII. CONCLUSIONS

We report the rational-elliptic-localized wave solutions of
the INS equations in the polynomial form using a system-
atic method. These solutions are expressed as polynomials
involving temporal and spatial variables, establishing a close
relationship between eRWs and RWs in INS equations. Com-
bining this method with the modified squared wave function
approach, we unveil a quantitative correspondence between
MI and eRWs through the parameters (A;,T;), i=1,2.
We also demonstrate that the MI of elliptic function solu-
tions leads to rational-form solutions exhibiting eRWs with
A;/T; € C\R and exhibiting elliptic solitons with A;/T’; €
R. The MS of elliptic function solutions results in rational-
form solutions displaying elliptic solitons or elliptic breathers.
Furthermore, the higher-order eRW solutions are also ex-
pressed in the rational form with respect to variables &
and 71, which have never been reported on elliptic function
backgrounds.

This research offers a valuable avenue for a profound
understanding of eRW phenomena within intricate dynamics
[84—86]. It reveals an inherent connection between MI and
eRW solutions, as well as MS and solutions resembling ellip-
tic solitons and elliptic breathers. The theoretical foundations,
encompassing the existence of eRWs, the conditions for ex-
citing eRWs, and the correspondence principle for eRWs, are
then established. These foundations provide support for defin-
ing the observational conditions of eRWs on elliptic function
backgrounds in physical experiments. Drawing from these
principles, one can emulate the setup of physical experiments,
as demonstrated in hydrodynamical and optical experiments
[54], to observe eRWs [87-90]. Moreover, this methodology
is applicable for generating eRWs and conducting stability
analyses for other integrable equations [91,92].
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APPENDIX A: THE DEFINITIONS AND PROPERTIES
OF ELLIPTIC FUNCTIONS

Definition 1. Jacobi elliptic functions [[81], p. 18]. The
inverse function of

uly, k) =

/y dt
0 (I =121 —k%?)

is defined by y = sn(u, k) or, briefly, y = sn(u). Functions
cn(u, k) and dn(u, k) are defined by cn(u, k) = /1 — y? and

dn(u, k) = /1 — k2y2, with ¢n(0, k) =1 and dn(0, k) = 1.
These three functions are called Jacobi elliptic functions and
k is the modulus. The complementary modulus is denoted by
k' =1 —k2

We just consider the modulus k within the range (0,1) since
the modulus & in the interval (1, co) can be transformed into
the range (0,1) through reciprocal modulus transformation
formulas [[81], p. 38]. Specifically, when k = 0, elliptic func-
tions sn(u), cn(u), and dn(u) degenerate into trigonometric
functions sin(u), cos(u), and 1, respectively. Similarly, when
k = 1, elliptic functions degenerate into hyperbolic functions
tanh(u), sech(u), and sech(u), respectively.

Definition 2. Complete elliptic integrals [[81], p. 9]. The
elliptic integrals,

7 do
0 +1—£k2sin%0

EEE(k):/2 1 — k2sin0 do, (A1)
0

are called the first and second complete elliptic integrals,
respectively. The parameter K’ is defined as K' = K(k').
The normal elliptic integral of the second kind is E(u) =
fou dn®(v)dv. When u = K, the normal elliptic integral would
convert into the complete elliptic integral.

Hence, the aforementioned elliptic functions are not inde-
pendent, giving rise to various formulas. Here are some useful
formulas:

(i) The shift formulas of elliptic functions [[81], p. 22]:

sn(u + 2mK + 2inK") = (—1)"sn(u),
cn(u + 2mK + 2inK’) = (—1)"cn(u),
dn(u 4 2mK + 2inK’) = (—1)"dn(u),
dn(u + K + iK') = ik'sn(u) /en(u),
sn(u +iK") = 1/[ksn(u)],
cn(u + iK'y = —idn(u)/[ksn(u)],

dn(u + iK") = —icn(u)/sn(u). (A2)

(i1) The addition formulas of elliptic functions [[81], p. 23]:

sn(u)cn(v)dn(v) — sn(v)cn(u)dn(u)
1 — k%sn?(u)sn?(v)

sn(u —v) =

’

sn?(u) — sn?(v)
1 — k2sn2(u)sn2(v)

sn(u + v)sn(u — v) = (A3)

(iii) The approximation formulas of elliptic functions [[81],
p- 241:

cn(u, k) ~ cos(u) + k? sin(u)[u — sin(u) cos(u)]/4,

dn(u, k) ~ 1 — k*sin>(u)/2, k < 1. (A4)
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(iv) The derivative formulas of elliptic functions [[81],
pp. 284-285]:

cn’(z) = —sn(z)dn(z),

dn'(z) = —k*cn(z)sn(z). (A5)

sn'(z) = en(z)dn(z),

(v) The double and half arguments of elliptic functions
[[81], p. 24]:

2sn(u)en(u)dn(u)
E i g e
cn®(u) — sn?(u)dn?(u)
) = T ety
dn®(u) — k%sn2(u)en?(u)
dn(2u) = 1 —2sntu)
2(4) = 1 —cnu)
s 1+ dn2u)’
2(0) = dn(2u) + cn(2u)
= T dn2u)
dn’(u) = (m?fc—m. (A6)

Combining with Eq. (A6), we obtain

1 —cnu) e 1 —k?*sn*(u) — cn®(u) + sn?(u)dn® ()

sn(2u) 2sn(u)en(u)dn(u)
_ sn(u)dn(u)’ (A7)
cn(u)
by which we get
sed(in) 46 [1 —cnu)][dnRu) + cn(2u)]' (A%)
(A7) sn(2u)[1 + dn(2u)]

Definition 3. Theta functions [[93], p. 302]. The theta func-
tions are defined as follows:

D (u, €77) = @M(u, 1), Da(u, €)= @[(1)](14, 7),

Ds3(u, €77) = @[8} (u, 7), Valu, ™) := ®|:(1)](u, 7),

where T = iK' /K, parameters K and K’ are defined in Defini-
tion 2, and

+00
@[:,:| (u,t) = Z exp {2711'[%(11 + %)21

n=—0o0

+<n+§)(z+%>“

Typically, we omit the parameter ¢ and express theta
functions as ¥;(u) = 9;(u, ¢™7). The mentioned theta func-
tions are not independent. Below are transformation formulas
[[94], p. 86] that are useful in the subsequent discussion:

03(z) = 04 [z + (1 4 1)/2]e7/4Him
92(2) = Palz + (1 + 7)/2]e™ /A=

V4(z) = itz + (1 + f)/z]eirf/4+iznl7
U (z) = —ivslz+ (1 + t)/z]elfﬂ/“-&-tzn’

P(z) = U3(z + 1/2)eifﬂ/4+izn’
D(z) = —ida(z + ‘[/2)ei1ﬂ/4+izrr’
¥3(2) = th(z + t/z)eifﬂ/4+izn‘ (A9)

The transformation formulas connecting elliptic function so-
Iutions and theta functions are

2
cn(Quk) = %ZE“;, dn(2uK) = Z“Zi“;, - %,
2B (u 304 (U 5

(A10)

where v; = 9;(0),i =1, 2, 3, 4.
Definition 4. Zeta function [[81], p. 33]. The Zeta function
Z(u) = Z(u, k) is defined by

Z(u) = /u[dnz(v) — E/Kldv = E(u) — Eu/K,
0

Z(u) = 94[u/(2K)1/9alu/(2K)], (ALD)

where functions K and E are the first and second complete
elliptic integrals defined in Eq. (Al); E(u) is the normal
elliptic integral of the second kind defined in Definition 2.
It is noteworthy that the two equations mentioned above are
equivalent.

Here are some shift and transformation formulas for the
Zeta function:

(i) The addition formulas of the Zeta function [[81],
p- 33-34]:

Z(u+iK') = Z(u) + cn(u)dn(u)/sn(u) — i /(2K),
Z(u+2iK") = Z(u) — in /K,
Zwtv)=Zwu)xZWw)F k2sn(u)sn(v)sn(u +v). (Al2)

(i1) The derivative formulas of theta functions are derived
by Egs. (A9) and (A11):

In[¢(2)]; = 2K|:Z(21K —-K)+ ﬂ}’
sn(2zK)dn(2zK)
= sn(2zK)dn(2zK)
In[9>(2)]; = ZK[Z(zzK) — W}
In[94(2)], = 2KZ(2zK), In[93(2)], = 2KZ(2zK + K).
(A13)

(>iii) As k — 0, the limit of the Zeta function satisfies

lim Z(u, k) = lim Eu, k) = Eu/K =0, (Al4)

based on the definition of function E (u) in Definition 2.
By studying zeros and poles of elliptic functions, we could
obtain the following formulas [46]:
939391 (u — V)91 (u + v)
9292 (u)d7 (v)
/x scd(QuK)d (2uK) 1 i (ﬂl(v —X)
0

sn2(2uK) — sn2QuK) 2 \9,(v +x)

k*[sn?(2uK) — sn*>(2vK)] =

)

) + xZ(2vK),
(A15)
where scd(u) is defined in Eq. (34).
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APPENDIX B: PROOFS OF EQS. (38), (46)—(48), (62), (63) AND (65)
Proof of Eq. (38). Combined with Eq. (A12), the function W,(z) satisfies

Wa(z) — iaZ(K)) 220 + G — iaZ(iK' — 71) — iak®snGK — 2)snGK' — Ki — z)sn(K;)
t";) A+ iaZ(z) + iaen(z)dn(z)/sn(z) — iasn(K;)/[sn(z)sn(K; + z0)]. (B1)
And then, we get
. 37 . en(z)dn(z) sn(K;)
Wa(z) = iaZ(Ki) + Wi(2) B 20l sn(z;) o sn(z;)sn(K; + z;)
G4 'a(SCd(Z’) —scd(K)) | en(z)dn(z) sn(K;) )
sn2(K;) — sn%(z;) sn(z;) sn(z;)sn(K; + z;)
i (SH(KI)[CH(ZI )dn(zp)sn(K;) — en(Kp)dn(Kp)sn(z)] sn(K;) >
B (sn?(K;) — sn(z;))sn(z1) sn(z)sn(K; + z1)
3 ( sn(K))sn(K; — z/) B sn(K)) ) —0
sn(K; — z;)sn(K; +z;)sn(z;)  sn(z)sn(K; + z7)
Thus, we obtain —W;(z) = W1 (2) — ieZ(K;) = Wa(z) — w, which implies W, (z) = =W/ (z). |

Proof of Eq. (46). Differentiating y(z) in Eq. (33) with respect to z gives

Y (2) £ ik’ K [scd(z) — scd(z; + K; +iK')]

U9 200 K( [1 —cn(2z)1[dn(2z;) +en(2z)]  [1 + en(2z + 2K))][en(2z; + 2K;) + dn(2z; 4 2K, )])
(A2) sn(2z)[1 + dn(2z;)] sn(2z + 2K)[1 — dn(2z + 2K))] '

Substituting z = z; into z; = 2i(z — 1)K, we get 2z;, = 4i(z; — [)K = —K; + 2K + iK' and 2z;, + 2K; = K; + 2K + iK’. Then,
plugging z; into Eq. (B2), we get

o _Y@) @y oo [ksn(K)) + idn(K)]lidn(K)) — iken(KDT\ @3 5 . . . B
1= —a'k < ksn(K)) + iken(K)) ) = a’(ds — id\)(d> + id))(d3 — d>). (B3)

(B2)

2iK

Similarly, we get ;, i = 2, 3, 4. Thus, we obtain Eq. (46). |
Proof of Eq. (47). Combined with Eqs. (23), (B2), (B3), (A2), and (A6), the following equations hold:

@y [1—cn(K; +iK)][en(K; +iK') — dn(K; +iK')] 3 (d3 — idi)(dy +idy)(d3 — d»)

d — —
sed(zn) <55, K2sn(K; + iK)[1 — dn(K; + iK")] k2
) we)y 1 —cn(z,) @42 ksn(K)) +idn(K)) 2 (ds —id))(d; —dy)
s’ (z),) ~o= =2 : =2 : : (B4)
1 +dn(z;,) ksn(K;) + iken(K;) (23) k
where z;, = 2i(z; — [)K. Plugging z = z; into Eq. (34) and combining with Eq. (B4), we obtain
@4 o (dz — idy)(dy + idy)(d3 — dy) — id\dad; dy +i(ds — dp)
b= @) == = ; . =« -
B4 2 d3 — (d3 — idy)(d3 — dp) 2
Similarly, we obtain parameters A, 3 4 and get Eq. (47). |
Proof of Eq. (48). By Egs. (A6), (A11), and (37), the following equations hold:
2 dn(2 E
1) GNP en(2z) +dn2z)  E
(46) 14 cnz) K
Substituting z = z;, i = 1, 2, 3, 4, into the above equations, we obtain
I —idn(K, iken (K, E E
A =B ay g (o) Fken®) BN ol Gdy 4 do)ds — i) - L.
4iK ksn(K;) — idn(K;) K K
As above, we could obtain parameters A;, i = 2, 3, 4 expressed in Eq. (48). |

Proof of Eq. (62). Plugging z = z; + € = —i(1 4+ t)/4 4 € into Eq. (34), we get
y(z1 + €) = a’k*{sn’[2i(z; + €)K — 2ilK] — sn’[—2i(z; + €)K — 2ilK + K + iK']}/4
= ok {sn’[(K + iK')/2 — 2ilK + 2ieK] — sn*[(K + iK")/2 — 2ilK — 2ieK]}/4,
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which implies y(z; + €) = —y(z; — €). Then, we consider the symmetry of A(z). By [47], when [ € [0, —it /4), the spectral
parameter A(z) with z = z; + € could be rewritten as

Az1 + €) = afik’*sn(K;)en(K;) — dn[2i(z) + € — DKdn[iK’ + K — 2i(z; + € + DK]}/[2dn(K;)]
= a{ik’sn(K;)en(K;) — dn[(K + iK')/2 — 2ilK + 2ieK]dn[(K + iK")/2 — 2ilK — 2ieK]}/[2dn(K})],
which means A(z; + €) = A(z; — €). When [ = —it /4, the function A(z) satisfies

iek?sn[2i(z; + € — DK]en[2i(z) + € — DK _ iakzsn(K/Z + 2ieK)cn(K/2 + 2ieK)
2dn[2i(z; + € — K] - 2dn(K/2 + 2ieK)
w2y iak’sn(—K/2 + 2ieK)en(—K/2 + 2ieK)

Mz +e)=

= = A(z; —€).

2dn(—K/2 + 2ieK) @ =€)
In summary, we obtain that symmetries of functions A(z) and y(z) hold at the branch point z; = —i(1 + t)/4. In the same way,
we could obtain Eq. (62) at branch points 2, 3 4. [ |

Proof of Eq. (63). Based on the conformal map A(z), the function y(z), and symmetries (62), the fundamental solution & in
Eq. (30) could be rewritten as

(5. (62) . i N €T(Zi) el_(zi) eer(Zi) 0
Cb[gv n, AMZ)] == qJ[Ss UB AMzi+€)] = [bT(Zi)gT(Zi) bl_(zi)e]_(zi)iH: 0 A | (BS)

where 2; = z; + €; € S, z; € B, €; € C; the function 6, (z) is defined in Eq. (31); and eF (z;) := e1(z; £ €), bi(z) = b1 (z; £ &),
07" (i) == 01(z; £ &), y5 (%) := y(z; £ &), and A*(z;) := A(z; % €;). Functions b;(2), e1(z), and B »(z) are defined as
by = [10E) = BN + ]
[0(€) — B1(D][M(z) — p]’

e1(2) = Vo) — B1(2), B1.2(z) = 2A%(z) + otz(d32 + d22 - dlz)/2 F 2y(z), and functions o (&) and u are defined in Egs. (30) and
(21). Based on the definition of functions A(z) and y(z), it is easy to obtain

V() =A@, Y@=y, B2 =12,
where d; 53 € R are defined in Eq. (23). Furthermore, we obtain

0% (&) = K2a*[sn* (K — 4ilK) — sn*(a€)] = k*a®[sn*(—K — 4ilK) — sn*(a&)] = o(£),

which implies

[0(§) — Ba(zD)]I[A(Z") — u]
[0(§) — Bi1(z)NAE") + 1]’

€j(2) = Vo' €) — B{(2) = Vo) — Bi@) = e1(*).  ba(2) =bj(x) = \/
and 0] (z) = —0,(z*) with ,(z) defined in Eq. (31). Then, we get

(B6)

-0 (¢ +(* T (7)o (7%
W[s,n;x(z:‘+e;‘>]={d>[s,n;x<z,»+e,->]}*=[e ne o ][e‘(zl) bz(z')el(z‘)},

0 e @ er(z) by e ()

where eli(z;*) =e(zf £ €f), bf(zj) =by (g £ €]), and Gli(z;‘) = 01(z}f £ €]). Since parameters ¢;; and ¢, are arbitrary, we
assume that ¢;; = exp[h*(z;)] and ¢, = — exp[h~(z;)] satisfy ¢ = exp[h*(z;k)] and ¢}, = —exp[h™(g})] with h(z) = hiz; £
€), where h(z) is a polynomial function about variable z. Combined with the Darboux-Bécklund transformation, 7:1(2*, z) could
be expressed as

94(@E)  ¢{PIE, i AN PIE, s ACE)e; o) Da(@E) ¢ WIE, m; ACHIPIE, s A(E)]e;

G 2) = =
G2 = 5 el "2 — AED) 2iy 95 2il) W) — hCE)

2
MEORCZICL)) by sk 5
— ST — D) (G5, 20 |,
B5) 2iy03(2il) aél( ) b2 2))

where ; = z; + €, Zf = 27 + €/, and
+ + + +
—0 () EO)H07E (2)+hE () €1 (z7)ey ()1 + by ()b (z))]
AE(z) — AT ()
_ + — +
07 (e o iz €1 @D @I+ by @by (2))]
AE(z) — A7 (g))

El

HimE 2)=e

Hom(Zi 2j) =€

]

064209-15



LIMING LING AND XUAN SUN PHYSICAL REVIEW E 109, 064209 (2024)

m=1,2 (m=1 and m =2 correspond to “+” and “—", respectively). As €; — 0, we get e] (zj) = €] (z;), b} ,(z;) =
by ,(z)), 0 (zj) =6, (z;), h™(z;) =h"(z;), zj € B. As € — 0, we could obtain similar conclusions. Thus, we know
lime: ¢, 0 7:[(2,’«*, 2= ﬂ(z;‘, z;) = 0. The same as above, the function P(z*, z) is expressed as

.. 94 (QE) <qc§ (DL€, n; MG PIE, n; AE))]e

5% 5. _ef - (5. +0 0 (5 )
P = 5 5.aiD 200(2)) = 2@ GBS mAE [1 O](D[s’n’k(z’)]c»

D4(&E) (qc;-"\IJ[s, m AEOIPIE, 03 A(2))]e;

20y 95(2l) 200G) — MG G s )][ (& mAG ey

and also satisfies limes ¢, 0 ﬁ(ﬁ;", Zj) = ﬁ(zf,zj) =0, zf € B, z; € B. Consider Taylor expansions of functions 7—2(2}",@)
and P(zf,%;) at branch points z;; as ¢ and €; at the neighborhood of origin. Based on the definition of func-
tions W[&, n;A(z*)] in Eq. (B6), the Taylor expansion of the function W[&, n;A(z*)] has similar properties of
D[E, n; M(2)], since WIE, n; A(z)] = 2720 WYIE, 3 A" — ) and {®[&, n; M)} = 2320 @VIE, s Az} (& — 2
with {®VI[E, n; Az)]}T = WUI[E, n; A(Zf)]. Combined with the definition of functions ﬁab(zf, Zj),a,b =1, 2,itis easy to obtain

z,,z,)— Z Z

m,n=0 a,b=1

Da(@EY AL (), 2))€l (e )"
(—D*02iy952il)

A" (2", 2)

[m,n]
oy ")) = min\dzdz"

ok o
*=z,2=1z;

We obtain 7" (25, 2;) = (= 1) HY M (zF, z;) = (= 1Y HYS " (@7, 2j) = (= 1) HY" (27, 2;). Therefore, only when 1 and m
are both odd numbers, H"""(z¥, z;) = —H[’” "](z, ,Zj) = %5’7 Mzr, z) = oy "](z, ,7j)) #0. As ¢, ; — 0, we get

oo

N V4(a8) A [2m—1,2n—1] =1, _x\2m—1
* * _ m—1,2n x n *\2m
HE 4 €z +€)) = —21';/193(21'1)";04%“ (2" ey

Together with the definition of the function H(z*, z), we get H(2}, 2;) = 4H (2}, 2;) in Eq. (63). The function P(z*, z) could also
be expressed in the same way. |

Proof of Eq. (65). By the derivative formulas of theta functions (A13) and the addition formulas of elliptic functions (A7) and
(A12), we get

A13) .. ) sn(z; + 4ilK)dn(z; + 4ilK)
1 —=2iK|Z 4ilK)—-Z —
n[r(z)]; I [ (z1 +4ilK) — Z(z1) onte + 4IK)
(A12) . . [1 —cn(2z; + 8ilK)][1 + dn(2z; + 8ilK)] , 1 —cn(2z)
—iK|Z(2 8ilK) — Z(2z) — — 2 .
an [ (221 + 8ilK) = 2(22) sn(2z, + 8ilK) I T dn(2) M)

Plugging z = z;, i = 1, 2, 3, 4, into the above equation and combining with addition formulas of the Zeta function (A12) and
shift formulas of elliptic functions (A2), we get

In[r(@)]clems, =ik |:Z(iK’ +K) = ZGK' — Ky — o HL enGK + KON + dnGRC + Kl)]]

sn(iK’' + K;)

4 27(K)) + 2Cn(Kz )dn(K;) ) [ksn(K;) + idn(K;)][ksn(K;) — iken(K;)]
sn(K;) ksn(K;)
(23)
=—=2iK[d, — d; + i(d| — w/a)].
Then, we get r'(z;) = 2iKriR;, where Ry = d, — d3 + i(d] — w/a). Similarly, we could obtain R;, i = 2, 3, 4. |

APPENDIX C: ELLIPTIC-LOCALIZED WAVE SOLUTION OF INS EQUATIONS [PROOF OF EQ. (67)]

For ease of representation, we introduce the following functions to represent elements of the matrices provided in P(z*, z)

and H(z*, 7). Define functions G(z*, z) and F(z*, z) as follows:
Hali(z* — A Hli(z* — 21 A

4[1(2. Z)+Ol$]7 F(* ) = 2li(z .Z+ )+Ot$]. 1)
1 [i(z* — 2)] vli(z* + 2)]

By the derivative formulas of theta functions (A13) and the Zeta function (A11), differentiating G(z*, z) with respect to z, we get

G(Z*,z) =

(A13)

G1(z*.2) == —{In[G(*, )]}, = {In[G(Z", 2)]}.- 2K{Z(Z + a) — Z(Z — K) — en(2)/[sn(2)dn(2)]},

k2sn2(2)en?(2) — dn?(3)
sn2(2)dn(2)

(A5)

Ga(z*, 2) := {In[G(z", z)]}ZZ

= (2i iK)?* |:dn2(z + &) —dn*(2 — K) —
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42 2 psn* (=2 —iK') _ dn’(2 + iK’) 20208 | 7
@ [dn CHaO k)~ we ik e )}
= (2iK)*[dn’( + &&) — dn(2 + iK")], (C2)

where Z = 2i(z* — z)K. Similarly, we obtain

£z, 2) = —{In[F &, D1}, = (In[F(, 21} ~22L 2iK[Z(G + K + af +iK') — Z(3 + iK)],
Bz, 2) 1= {In[F (2", )]} 2L (2K )2[dn( + K, + af + iK') — dn?(G + iK")). (C3)

By Eq. (66), to obtain the exact expression of the solution Q(l ), we need to get the expression of P! U(zr, zi)and HIN(ZF, 20).
Together with Egs. (37), (42), (65), (C2), (C3), and h(z) = 0, functions H!"11(z¥, z;) and PI-1(z¥, z;) are rewritten as

Gz GO, | [EM G
HU G, ) = [E (@) E{O]*(Zi)][ e . Z)}[ g )}

GOz z) GG z) || ENz)
(37),42) 1 -G (2 . 20) 2iK(iE})
—— |E] G(Z, 2iK E 1] ~ !
) | (Zz)l (Zz Zz)[ 1 (l ) ]|:Gl (Z?(, Zi) [GZ(Zl , Zz + GZ(Zl , Zz ]][ 1 :|
. s 1 —81(z}, zi) iE;
= —(2iK 2 E i 2G *, i)l— EF 1 * ' ’
RV @6, =ik, ][—gl(zi,z» g%(z,,z,)+gz<z,,z,»)“ ! ]

riy~ 1o 0 F(z}, z FON 2y [ A A EN
PH’“(Z;‘k’Zi) = [Elm*(z,-) El[O]*(Zi)] > 1*)—1][1] #\—11[0] [15)]1 * : 1 1]( v alk 1[0] 1[0]( )
[(r)™] [(rH7] FUS(E ) FUEz) || 0 i [ EF ()

an.@ |E@))? ik GEY) 1] 1 O] F(z,z)  FOUE,z)|[1 2iKR|[2iKGE)
©5) r 2iKR; 1| FUO(z, z)  FUU(zr, z) | [0 1 1

() (2iK>2|E1(z,-)|2r<z,»)F<z;‘,zi>[_ié* 1][1 0}[ 1 —fi(z} . 2) ][1 Ri}[iéi}
- —r(z) ,- —R 1| -fiz ) fAE )+ A w]0 L[]

where E; = A& + i, g1(zF, ) = Gi(2F, 21)/ iK), (2}, ) = Go(2f, 21)/ QIK)?, iz}, 1) = Fi(gf, 2)/ iK), fo(2F, z) =
F(zF, 2)/(2iK)?, and

qurpF *7 d‘]+l7G *’
Flp,ql(zlfﬂ’ z) = & , Glp,ql(zlfﬂ’ Z) = & ,
p!q!dzqd(Z*)p 7=z;,2*=z] p!q!dz‘id(z*)l’ 7=2j,2*=7}
gl — 4B Lo _ dr@) 1\ _ drry
n \&j | ’ J | * |
q'dzq 7=z; q.dz‘f =z rj dzq 7=z;

By Eq. (39), it is easy to obtain 2, » = 2i(z] , — 212)K = —K and 23 4 = 2i(z3 , — z3.4)K = K. Since functions g 2(z], z;) and
fi1.2(z}, z;) are 2K -periodic functions, we obtain

g1 =81 2) =Z(K +ak),  fi = fi(g. ) = Z(at + iK' +4ilK) — Z(K +iK"),
g =g, w) =d’ (K +a&),  fr:= fag, ) = d0’(4ilK + iK'+ a&) — do’(K +iK"),

i =1,2,3, 4. Then, the solution QEI) in Eq. (66) is rewritten as the rational form:

P 1 off 1 —fi 1 Ri|[iE
riF (g}, z;) [—iE; 1][—Rf ][*f' f12+f2] [O '][ 1 :Iei(cué-ﬁ-xn)

Q" =iy 7
i G 2 o
T (Zl Zi) [—iE; 1]|: a & flgﬁ:l[ 1 ]
D22l + &g = 1/2) (EF —iR)" + fot (Fi + B —iR) i)
A A i e
V4(@ —1/2) (Eir)z +&+ (g1 + Eil)2

D22l +65 —1/2) (| 2(fy — iR — g1)EF — 2REF — (R') — o + (fi — i) — & + fo it
9a(@8 —1/2) (E) + (B +g) +2 ’

where Er = AJE+TTn, Ei = Aié;-' + an, z; € B, and superscripts r and i represent the real and imaginary parts of the

parameters, respectively. Since Az 4 = —A7,, 54 = —T7,, and R3 4 = —R] ,, we obtain Q(II% = lej Then, we obtain exact

expressions of elliptic-localized wave solutions (67) for INS equations. |
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APPENDIX D: HIGHER-ORDER ELLIPTIC-LOCALIZED WAVE SOLUTIONS [PROOF OF EQ. (69)]

Together with Eqgs. (61) and (63), the higher-order elliptic-localized wave solutions (60) of INS equations could be rewritten
as follows:

det(P) OEHD) _ b 7N~ ldet(P)
de t(”H) de t(H)

ol (@5 +in)

)

QY =iy g
where J = 94(@€)/0,(&€ + 2il); P and { are both N x N matrices; matrices P and H are defined as

p_ (TPE T TPE %) o (FHE2E THE 2%
TPz ) EZIP(, 22)%s TH@Z, )2 ZIHE, 2)E

the (7, j) elements of them are 75,-,j and 7-Ali,j defined in Eq. (61); matrices P(z}, z;) and H(z}, z;) are defined in Eq. (63); and

Yi=[Zqi Zp - Z]with X = [€; efj . ~]T. Matrices H(z}, z;) and X; could be expressed by block matrices,

Hy,xn; (27 2j)  Hnjxoo(3s 27) N xN;
H ?(, ) — iXIj l* J i l* J , Yy = U AR
@ 25) |:Hoo><Nj(Z[ 4D, Hooxoo (2] zZj) ! z:o<>><N>,-

where the subscript N; x N; represents the dimension of related matrices. It is easy to obtain
5 Hy, v, 2/ 2))  Hyoo(zfs 2)) || 2,
SHGE L 2)Z =[Sy Sl ]| 0T HeeelEL 20 || 2va
! HooxNj(Zi s Zj) Hooxoo(zi ’Zj) EooxN/-
= E}T] XN.HN,‘xNj(Z;‘k» Zj)EijNj + E[’{liXN’.HNiXOO(Z:‘kv Zj)zooxNj
+ EooxN HooxN»(Z;Fs Zj)ZNXN» + ZZOXN.HOOXOO(Z;F’ Zj)zooxN,»

ZN]

= ZN xNHN xN; (Zl s ZJ)EN xN; +0[(€1m)2 ’ ]n (D)

Then, by Eq. (D1), we get

det(ﬁ) = det 2:;/1 XN; HNI XNy (ZT’ ZI)ENI XNy + O[(ETm)ZN] 612117\1/]] EN] XN HN] XN, (Zl ’ ZZ)ENZ XNy + 0[(€]m)2N1 GZNO]
v Hrsew, (25, 20 Zwiaw, + o[ (€522 e ] B o Hiveew, (25 22) Zwvpxen, + 0[ (63,22, 650

Hy, ,z1)+ o€, eim) H ,22) + o(€,, €
=det< Nle(Zl* z1) + o( 1*,,, 1m) MxN (25 22) + o(€],, € ))Zdet ENxN)det( NXN)
Hy,n, (25, 21) + 0(€3,, €1m)  Hy,xn, (25, 22) + 0(€3,, €24)

Combined with the above equations, the solution Q[N Ie, n) at branch points could be expressed as

det (PNIXNI @ z1)  Puyxm (&, Zz))
D * *
Q(N] ~,N2) _ llm Q[N] lim iyjN_l det(P) ei(w§+'(ﬁ) — iyjN_l PNZ XN| (Zz, Z]) PNz ><N2 (Z27 ZZ) l(w~’3+'ﬂ7)

€1m>€m—> €1m,€20—>0 det(H) det Hy, v (27, 21)  Hyxn, (25, 22)
HNzXN| (Z;a Z]) HNzXNz(Zﬁa ZZ)

Then, we are going to express them in the rational form with respect to & and 7. Based on the definition of P(z*, z), H(z*, z) in
Eq. (64) and functions F(z*, z) and G(z*, z) in Eq. (C1), the following equations hold:

PN oy o AN EQFE Or@E R)
e (Y ]Vi!Nj!dZdeZ*Ni r(z*) ¢ =z} 7=z,
N, Ni m n
S _ - . Ni—i—
=22 A ol @I e s
m=0 n=0 a=0 b=0

_ NIt (NI ~ Ll Vi Njl g [N 14N
=E (Ri ) F,;""R,7E; ",

64
NNl (7% 20 <C>) (BN Gl[f\;,l,Nb]EENb]’
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N; N, N;.N, N;.N;
where RE. ’], EE -’], Gl[j -’], and Fl[j ) are defined as

FOO G z;)  FONEE, z)) FONI(zx 2 ) ) riNel(z;)
ool F“’O](Z;‘,Zj) F[l’l](z;k,zj) F[I‘Nb](z;-k,zj) 0] 0 I’[O](Zj) r[Nb_”(Zj)
Fi Vbl — s R ol — s
] J
_F[Na,OJ(Z;ﬁ’ Zj) F[NasI](Z;k’ Zj) F[Na,Nh](Z;’" Zj)_ i 0 0 I’[O](Zj)
o = o1 3 N,
GOz, z;) GO, z)) GONI(z¥, 7)) EMNz)  EPz) EM(z))
1,0 1,1 1,N, [0] 2] [Np,—1]
GV _ GO, z) GG, z)) GUM(zx, ) - ENz) ENz) EMN ()
ij . . ’ i = .
| GNeOgr, zj) G ll(zr, z)) GWNeNil(, 27) | 0 0 EP(z)
(D2)
[ |
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