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Abstract: The two-mode equations are nonlinear models that describe the behavior of two-way waves moving
simultaneously while being affected by confined phase velocity. This article expands a non-linear Schrodinger equation
(NLSE) by constructing it as a dual-mode structure. Applying the modified extended direct algebraic method (MEDAM)
yields exact and explicit solutions. The results of this investigation have significant implications for the propagation of
solitons in nonlinear optics. There are multiple resulted solutions that comprise singular periodic solutions, Weierstrass
elliptic doubly periodic solutions, Jacobi elliptic function (JEF), singular soliton, bright soliton, dark soliton, and rational
solutions, moreover, hyperbolic wave solutions. We show our acquired traveling wave solutions’ uniqueness and
significant addition to current research by contrasting them with the body of existing literature. The method’s effectiveness
shows that it may be used to address a wide variety of nonlinear problems across multiple disciplines, particularly in the
theory of soliton, as the studied model appears in many applications. Additionally, we display the outlines of some of
these discovered solution behaviors in 3D and 2D graphs to help with comprehension. Finally, we analyze modulation
instability to examine the stability of the discovered solutions.
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1. Introduction

Different studies of nonlinear partial differential equations (NLPDEs) have rapidly become pronounced as scientific
research advances. Many scientific fields, including physics, engineering, earth sciences, and numerous other technolo-
gical fields, have employed NLPDEs. These NLPDEs have been the subject of much research for a long time, especially
when it comes to accurate and numerical solutions. Among the exact solutions for NLPDEs, numerous solutions for
solitary waves have been found, especially in many fields related to physics like plasma theory, nonlinear optics, and
fluid mechanics [1-9]. These studies discuss many aspects of optical solitons, including theoretical and experimental
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models, dynamics observations, and nonlinear effects. Bright and solitary solitons in a (2 + 1)-dimensional nonlinear
Schrédinger equation with spatio-temporal dispersions were studied by the authors in [10]. The authors focused on
the significance of ions in optical systems with dispersive effects by studying their formation, properties, and behavior.
Solitons solutions derived from the nonlinear Schrédinger equation were described in reference [11]. The study helped to
understand the features and behavior of novel kinds of solitons in this system by identifying them. The authors investigated
the Manakov system with asymmetrical and self-similar optical structures in [12]. The study focused on breather stability
and interactions, which are essential for nonlinear optical systems and optical communication.

Recently, a category of nonlinear formulas of equations referred to as the two-mode or sometimes named the dual-
mode the class has been presented. The NLPDEs family has been recently identified to include second-order NLPDEs
in the temporal context [13—17]. Two different nonlinear wave modes propagating are governed by these equations
simultaneously. Various kinds of solutions were proposed in some novels of real dual-mode models [18-22]. In some
of the previously stated studies, the researchers were able to derive soliton solutions to dual-mode equations under some
constraints. Some authors found analytical solutions for nonlinear derivative and quantic Schrédinger’s equations by
using extended mapping method, the extended and modified direct algebraic methods, and some other methods [23-28].
Furthermore, Alquran [29] investigated how phase velocity affected Schrodinger’s equation of dual-mode wave solutions
that included various nonlinearities. The motivation behind this work is to explore two-mode waves for the third-order
NLSE and study their interactions by controlling some parameters. Various soliton solutions and other wave solutions
are established for the suggested model when the modified extended direct algebraic method (MEDAM) is proposed to
be used. Additionally, we go over the stability analysis of the solutions that are derived using the modulation instability
(MI) analysis idea. Consequently, novel analytical solutions are produced in previously unattainable forms and with more
generality. The extracted solutions attest to the existing technique’s potency and effectiveness. Also, the nature of the
resulting solutions is demonstrated by contour, 3D, and 2D simulations. In this work, the utilized model of the dual-mode
model in [23] is represented in its new structure below:

(W, —s*Wo) + ( J b sa) (B — i) + <5¢ —a sa> (2B, P|¥|)> - 6i y P, |P|*) =0, (1)

at = ox ox

where W = ¥(x, 1) represents a function of the complex field in two independent variables x and 7 that are referring to
2D of space and time coordinates and the imaginary number i = /—1. a stands for the dispersive factor, b represents the
non-linearity factor while s is the interaction of the phase velocity, under conditions that |a| < +1, |b| < £1 and s > 0.
On the other side, the constant coefficients are represented by 3, and y. Noting that, sometimes, in water waves and the
optical field theories, the variables x and ¢ are exchanged.

The phase velocity (s), dispersion parameter (b), and nonlinearity parameter (a) are important factors that shape the
behavior of solutions in the context of the NLSE and its dual-mode extension. The phase velocity s affects the dual waves’
propagation speed and direction, which changes how near or far apart the waves move in relation to one another. The
waves may converge or further diverge as s rises. The wave stability and its inclination to hold its shape are influenced by
the dispersion parameter b, which regulates how the wave packet spreads over time. On the other hand, when appropriately
balanced with b, the nonlinearity parameter a controls the strength of wave interactions, resulting in phenomena like soliton
creation. There are several practical uses for the dual-mode extension of the NLSE, especially in fluid dynamics and fiber
optics. It simulates how optical solitons propagate in birefringent fibers, or fibers with different refractive indices, where
two modes-for example, polarizations-interact and affect one another’s behavior. Comprehending the maintenance of
stability and integrity of data transmissions across extended distances is crucial for telecommunications networks. The
dual-mode NLSE in fluid dynamics explains how waves interact in shallow water settings, including how solitons and
bidirectional wave patterns arise in tidal flows and tsunami wave simulations. These examples show how the dual-mode
NLSE contributes to the prediction and control of wave behaviors in complex media, hence guaranteeing system stability
in applications such as precise modeling of oceanic wave dynamics or high-speed data transmission.
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This article is composed of the following structure: Section 1 offers a broad introduction and theoretical foundation
about the suggested model, while the key points of the suggested approach are presented in Section 2. All of the findings
are displayed in Section 3, which also provides an explanation of the solution’s many dynamic waveforms. Section 4
deals with the analysis of modulation instability for the extracted solutions. In Section 5, a few derived conclusions are
presented graphically in both 2D and 3D formats. Section 6 provides physical interpretations of the obtained solutions.
Section 7 presents some conclusion marks at the end.

2. The mathematical framework of the applied method

The basic outlines of the MEDAM, which will be used in Section 3, are presented in this section. By beginning to
think about the subsequent NLPDE [30]:

y(‘{l’ lPta lPx» \me lPtl‘v lIl)cl‘a ) :O) (2)

such that .% represents a polynomial in terms of ¥(x, ¢) with some of the partial derivatives of that .# with respect to
time and space.
Step 1 Using the wave transition described below:

W(x, 1) = 2(E) 0T E=x—qr, 3)

where 2 acts as the amplitude value of the solution. Q, ¢, and { denote a few constants of real values that this work will
determine later.

By substituting with Eq. (3) in Eq. (2), a nonlinear ordinary differential equation (NLODE) will have the following
construction by rearranging its form as:

%2, 2,92 2", ..)=0. (4)

Step 2 According to the used technique, Eq. (4) produces solutions are following the below form:

M
2(8) =Y €', ®)
i=—M
where €; (i =0, 1, 2, .., M) are constants of the solutions that their values will be determined through the work

mathematical procedures, under the condition that &y and €_p; can not be equal to zero, concurrently.

Step 3 In addition, 77 (&) satisfies the following Eq. (6), according to applying the principle of balance to Eq. (4)
that works on its calculations between the highest-order derivative term and the term of the highest non-linear to evaluate
the positive integer M:

(d%ﬂ g 2 3 4 6
dé) — 0+ PLIEE) + pa R (E) + Py A E)  pat(E) + ps HO(E), ©)
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where p; is a real constant; (j =0, 1, 2, 3, 4, 6). Eq. (6) has the following general solutions:

Case 1 When pg = p; = p3 = pg = 0, the following solutions are raised:

%(g) 1/—fCSC(\/—p2§> p2 <0, psa>0.

2
Case2 When p; =p3 =p¢ =0, po= Pp the following solutions are raised:
4

H(E) = ljitanh( p;é), P2 <0, ps>0.

H(E)= Zl)pitan( ‘;25>, p2>0, ps>0.

Case 3 When p3 = ps = pg = 0, the following solutions are raised:

_ pisinh (2y/P28) e

718 2p; 2p2

) p2>05p0:0~

%(5) _ p1 sin(ﬁ&) _ P

, <0, pp=0.
203 202 p2 Po

HE) =exp(VPE) 5, P20, po= fpl

Case 4 When py = p; = p2 = ps = 0, the following solution is raised:

4p3

H1e) = 252 4py”

Case 5 When pg = p; = pe = 0, the following solutions are raised:

o (b))

. P3=4p2p4, p2>0.
p3
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C

o)) <coth (;\/;Tz(x— vt)) + 1)

H(8) =~ 03 , p32:4p2p4, p2>0.

o)

. Pi#4papa, p2>0, ps>0.
2‘ /P204 tanh( )
1
s (L2
L%ﬂ(g):_ 1 ) P32754P2P4a P2<07 P4>0
2\/=p2pstan <2\/—T>zé> +p3

Case 6 When p; = ps = pg = 0, the following solution is raised:

1 4p, 4
H (&) =J0<2\/P3(X—W); _p17_po> . p3>0.
p3 P3

Case 7 When p; = p3 = 0, the following solutions are raised:

() = 2pasech? (/p2&) .
2\/ pi —4p2ps — (\/ pi —4p2ps + p4) sech? (\/p2€)

H(E) = 2p; sec? (v/=pa§) .
\ 24/03 ~4p2ps — (/PF — 4p2ps — pu ) sec? (/=€)

Case 8 When p; = p3 = pg = 0, the following solutions are raised which are shown in Table 1:

Table 1. Solutions of case 8

No. Po P2 P4 H(E)
1 1 —1—m? m? sn(&, m) or cd(&, m)
2 m?—1 2—m? ~1 dn(&, m)
3 —m? 2m? — 1 1—m? nc(&, m)
4 -1 2—m? m?—1 nd(&, m)
5 1 2 —dm? 1 dn(§|m)€nc('g' \m)g(ﬂm)
4 men(&|m)dn(&|m)
6 m* —2m® +m? o —m?+6m—1 W
; 1 Loy cn(E|m) (& Im)
I 4 dn(Em)+V/T—m? " dn(Elm)+1
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Step 4 By substituting the solutions that appear to be given in Eq. (5) and Eq. (6) into Eq. (4), we can raise
a polynomial J#(€); (i =0, £1, £2, ...) in which the coefficients can be equalized to zero in order to construct an
algebraic system of non-linear equations in which Mathematica software program is entered to solve it or some different

other software programs. Finally, we can derive several kinds of exact solutions for Eq. (2) as the dual-mode traveling

wave solutions.

3. Application of the MEDAM methodology

The below NLODEs couple will be created as the real component and the imaginary component of Eq. (1),

respectively, by applying the wave transformation that is given in Eq. (3):
(—bPas —4bLs — Pac —3cC 4+ £ Q) 2B) 4 (—6aPys — 24ayls — 6Pyc — 18¢yE + 6y Q) 222
+(=2B282Q +3bBo (s +4b8 s + Pocl? +c§P + 2 Q - 383Q +2¢5%) 2 =0,
(bs+¢)2W + (6ays 2* + oG Q — 3bPals — 6bG% s+ —2Bacl —3¢C? +6yc 2> +35°Q —5%) 2
+(12ays+12¢1) .2 (2') + (—2aBaCs — 6ayl2s + 2B L Q + 6YL2Q) 23

+ (=BG Q+ b +bG s — (P - P07+ $757) 2 =0,

(7

®)

Following the process of integration of Eq. (7) with respect to & and setting the arbitrary constant’s value of the

integration to zero, the below ordinary differential equation (ODE) results from entering the result into Eq. (8):
(b*Bys® +4b> 5% +2bPacs + Thels — bl sQ+ Pac® + 32 — Q) 2% + £ 2 (3@')2 +&5H2+ &2
+ (—12d°Byys* — 48a>Y* {5 — 24aPy yes — 84ay*cl s+ 12ay* {sQ — 12By¢* — 36722 + 12977¢{Q) 25 =0,

where &,; (n =1, 2, 3) are constants coefficients given by:

& =12abBys* +48abyl s + 12aPyyes + 36ayels — 12ayl sQ + 12bPryes + 48byel s + 12 B yc?
+36yc2¢ —12ycEQ,

& = — 2507 By(4s? — 8b?BFE3s% — 20028757 +3bBac? E2s +4bc? E3s — 22bBrc s — 8bBF s
— 6bBrcl?sQ—15bcL7s — 12bc83sQ — 8, 040 — 2B 307 — 8D E%s> — 12835 +28b B2 C 45

+8bBIE3sQ — bPr Q% 42585 5Q — 4bE3sQ2 + PP EP + P8P 423 Q — 5B — 2833

)
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—6B2c22Q —3c283 9P Q427 L5 + 12BocCHQ+ 4B cE3Q+ Brc Q% +9¢L5Q + 3¢5 Q2
— 4By (% —4cl3s —2c8PQ 8L + 303 — 205 + 4B, 822 Q + 80352 Q,
& =36abPyyC2s? +4abPrC25% + 4abP3 {5 + 48abyl3s® — 2aPac?s — 8ayc? Cs + 16aByycl’s

+2aPB3cs+ 12aycl3s 4+ 12ayc{sQ + 2aPas® + 20ayls® — 20ar YL 2 sQ — 4aPr E25Q — 2aB3 L sQ
—36ayl3sQ+2By82 Q% +36bBryel s + 12bPrcl s + 6bBicls + 60bycl3s — 2B, 2 Q% + 8bBr E2sQ
+2bBFEsQ+ 12bYE35Q — 2B — 6V L + 180 yc? 82 + 6Bac? L% + 4B c%E + 24y L3 + 1477 L Q.
—16BycC2Q — 24y 03 Q 4+ 2Boes® + 18yl s* — 29852 Q, (10)

Applying the principle of balance discussed in the second section, we can precisely solve Eq. (9) as follows:

¢y
H(E)

2(8) =+ (8)+ (11)

A polynomial in 57°(€) is resulted by substituting the obtained condition from Eq. (6) with the other of Eq. (11) into
Eq. (9). By collecting all terms that have the same powers and adding them then setting them equal to zero, We create
a system of algebraic nonlinear equations that is evaluated with the aid of using the Mathematica program in order to
produce the next possible scenarios. Providing the requirement that €; and €_; cannot both be zero at the same time.
Case 1 If pg = p; = p3 = pg = 0, the set of the following solutions are raised:

5p4>
€ =C=0, ¢ =42,/ P42
e ! p2(P261 + &3)

__ 1 I P e
b= %R+ aT) <§(Q )= 2h ]F\/‘:z( M )
a= —m <Y§(7C—Q) +2pc+ \/72C2(0+Q)2 _ (P24 +(§3)(p23§);;,,6253) (BZ—HWC)) .

By using the acquired set of solutions, Eq. (1) can be solved under condition that & (p2&1 + &3) < 0, giving its
derived analytical solutions as follows:
1.1 If p» > 0 and p4 < 0, the below bright soliton solution is raised:
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563 i§ (x4Qr)
/ / . 12
‘I’l,l(x, t) +2 v (%Sech[(x ct)\/p2] e (12)

1.2 If p < 0 and p4 > 0, two forms of singular periodic solutions resulted as follows:

_ | 56 _ — i€ (x Q)
Wio(x, t) =£2 ol 1 B [(x—ct)\/—p2] e , (13)

or
Wis(x, t) =£2 ficsc [(x—ct)/—pa] €. (14)
P21+ &3
2
Case2If py =p3 =pe=0and pg = %, different sets of solutions are deduced as follows:
4
2.1
1 5026, 1 5psé>
Co=0,C_1=F—|——= _ Ci=xt— | — =
° ! \| P4 (63— p261) T2 \/ P2 (& —p261)
1 2(& — p261) (2p261+383) (B +470)
- - _ . 202 2_
a= 5B+ 47T) <}/C(7c Q)+2,32c:t\/}/c (c+Q) 7575, ,
1 & (B2 +48) (4p2&1 + £3)
b= ————r Q—Tc)—2Bc+ 2(c+Q)2 4 .
B+ 40) <C( 2 \/ R N T vy
(2.2)
5p2&,
&=¢=0,¢_= _—
o =T pa (463 — p2é)
1 (463 — p261) (P261 4 663) (B2 +47YC)
- _ 202 2 _
a= 5B - 470) (yC(7c Q)+2Bzcj:\/}/c (c+9Q) 30076, ,
1 463 (B2 +4€) (p261 + &3)
b=—i—— Q—7¢)=2Bct [ L2 (c+ Q)2 — .
25(Br +40) <§< ) =2k \/C ( ) p3 (48— p2&1)
(2.3)
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5046

Co=C =0, ¢ =52,/ — P2
0 : =T P2 (483 — p2671)

B 1 (483 — P2&1) (261 +663) (B2 +4YC)
a_—m (’)/C(7C—Q)+2ﬁzci\/72§2(6+Q)2— 30075 )7
B 1 C9e)—2Boe . _ 46 (B2 +49) (P61 +63)
b= 25(Br +40) (g(g 70~ 2h: i\/CZ( T p3 (48— p2&1) )

(2.4)

5p26, 10p4&>
(\ :O, ¢ = e — 5 ¢ = - )
0 : $\/ 204 (& —2p261)" $\/ p2(&3 —2p2&1)

1
2s5(B+4¥0)

a=

<7C(7c—9) +2prc+ \/yzcz(chQ)z G ) (31@@530;;22&) (ﬁ2+4m> :

b (¢@-7c)- 2B crop_ 2B+4d)
b= 5 ETiD (g(g 7¢) - 2B, i\/@( +Q) > )

Next, the corresponding solutions to Eq. (1) for the set of solutions (2.1) that was previously mentioned are as
follows:
2.1.1)If p, <0, ps > 0 and & (&3 — p2&1) < 0, the following singular soliton solution is resulted:

5&; .
Wou1(x ) =F —mcoth {(x—ct)\/—2p2} St Q) (15)

(2.1.2)If p, > 0, ps > 0 and & (&3 — p261) > 0, the below singular periodic solution can be reached:

56 ,
Yoi,2(x, 1) =F 2 ] cot [(x— ct)\/ZE} St (16)

2(& —paéy

By applying case (2.2), Eq. (1) is solved, giving some solutions as displayed below:
22.1)If p, <0, ps > 0and & (463 — p261) < 0, a singular soliton solution is determined as:

_ 106, P2 | ic(x+r)
Yoo 1(x, t)=7F “15 -l coth [(x—ct) — 2] e . (17)
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(2.2.2)Ifpp >0, ps > 0and &, (463 — p261) > 0, the solution is obtained as a singular periodic solution that is shown
below:

104 )
lPZ.Z, 2()57 t) =F szzg)l cot |:(x — C[)\/§:| elC(X—&-Qt). (18)

Through applying the case (2.3), Eq. (1) gives the following solutions:
(23.1)If pr <0, ps > 0and & (463 — p261) < 0, the following dark soliton solution is raised as:

_ 1063 P2 iceron
W3 1(x, 1) =F 15—t tanh [(x ct) > ] e . (19)

(2.32)If pr > 0, ps > 0 and & (4&3 — p2&1) > 0, the solution produces as singular periodic solution as below:

_ | 108 o P2] i
W3, 2(x, 1) = :F\/ﬁtan {(x ct) > } e . (20)

The set of solutions (2.4) indicates that Eq. (1) has certain exact solutions, which are as follows:
24.1)Ifpr <0,ps >0and & (&5 —2p281) > 0, the following singular soliton solution can be carried out as:

= & _ _ i§ (x+Qr)
V(e 1) =2 | 55 [(x ct)\/ 2p2} e . @1)

(24.2)If p, > 0, ps > 0and & (&3 —2p2&71) < 0, a singular periodic solution is presented as:

_ 757@@2 o il (x+Qr)
Woa o(x, 1) =F2 5 2pfi csc {(x ct)\/sz} e . (22)

Case 3 If p3 = ps = pe = 0, then the following sets of solutions are produced:

)

(P} —4pop2) & (P} —4pop2) & T

2(b 2+ & 2(b 2+ & &
¢ =0, Qopl\/ﬁzpz( s+c)?+ 27 ¢, 2p2\/B2p2( s+c)+& g 9
HE=y=0.
(i) ¢=0,a=—-.
s-
(i) £ =0, a = —%.;
(V) {=y=0a=—5.
s
(V) 7=0,a=~5, Q=dbs+3c.
These sets of solutions indicate that Eq. (1) has certain exact solutions, which are as follows:
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(B.1) If pp =0 or pp >0, pi =0 and po < 0, the following periodic wave solution is obtained such that
&3 (ﬁzpzz(bs-l-C)z +é22> <0:

2
1}13.1()67 t):\/_ﬁsz(bS;_%C)z—‘r(g)zSin [(x—ct)\/—ipz] i x+Qz) 23)

(B2)Ifpo=0, p2>0and & (ﬁzpzz(bs +c)2+ @@2) < 0, the reached solution is as the following hyperbolic wave
solution:

sz (bs+c)2+&
3

Wi, (x, 1) sinh [2(x — ct)/pa] €0+, (24)

(3.3)Ifpg>0,p; =0,p2 >0and & (ﬁzpzz(bs + c)2 + éaz) > 0, the following hyperbolic wave solutions is resulted:

Ws3(x, 1) sinh [(x — ct)/pa] €6+ (25)

\/ﬁzpz (bs+c)2+&

Case 4 If pg = p1 = p2 = pe = 0, the evaluated sets of solutions are as follows:

_30Bops_, [Paés

€_1=€0=@@2=07 @1:(bs+c) & R
1

NSO SO S A |
i){=0,a= s(Ci3OB2(bS+C) 2y>.

g2
=0 ag=by=—— 1
(W& =0a=b Y= B2 (b 1 o)
(502
(ii)a=b, y= -1 O=A4bs+3c.

1,80087(bs+c)*’
Using the above-obtained set of solutions, a rational wave solution for Eq. (1) is computed :
(4.1)If & # 0 and B,&3 < 0, the obtained rational solution will be as follows:

lP41(x, [) = %1 /_3Oﬁzg3 |: bS—|—C eiC()H“Q[). (26)

p3(x—ct)? —4PJ

Case 5 If pg = p1 = pe = 0, the resulted set of solutions is mentioned below:

56 ZPS
€ =0, 8=42|-—2__ ¢
! 0 P26 +88 Pzéal + 853

1
a= —M(’)/C(7C—Q)+2ﬁzc
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202 , (128 —p2&1) (p261 +883) (B2 +47E)
. \/}’ lere) 1,200y%&> )

1

1665 (B2 +48) (265 — p2é1)
p3 (P26 +8683) '

Based on the collected set of solutions, the precise exact solutions to Eq.(1) are resulted having the following
structures:
(5.1 Ifpr >0, p3 =2./p2p4 and & (p281 +883) < 0, either dark soliton or singular soliton solutions are produced

56, 1 .
Ry =32/ - —" h|=(x— i (x+Qr) )
sa, 106 1) =F &1 185, tan [z(x ct),/pz} e , (27)
565 1 .
Y =32,/ ————= coth|=(x—c lC()H—Qt). 28
50,206, 1) =F &1 185, co [2(x ct)«/p2:| e (28)

Case 6 If p) = p4 = pg = 0, the below set of solutions is evaluated:

as:

or

5[)3 éaz . Spoéaz

16
€ =00 =— |- 2P0 ey [ OP0C
: : P2+ 6hpods P&+ 64pocs

a=

, (16008 — pi&i) (p}61 +64pe3) (B2 +4yc>>

) (YC (Te—Q)+2Prc+ \/ rE(c+Q) 19,2007p3 4

1
2s5(B+4v¢

256p3& (B2 +45) (80083 —3pi&) )

1
b= ——— (C(Q—%)—Zﬁzci\/cz(c—kﬂ)z 3 (0561 + 64pop83)

25(B2+4¢)

By inserting the above parameters for Eq. (1), get the following solution:
(6.1)If py < 0, p; < 0and & (pi &1 +64pyé3) > 0, a Weierstrass elliptic doubly periodic solution is generated on
the following form:

5006 4po i (x+Q)
Wo.i(x, 1) =4[ —— 1+ i), (29)
&1+ 64p & 1 4 4
Pi &1+ 64po&s leO(Z B3 (x—ct); —=PL _PO>

p3’ P
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Case 7 If pg = p1 = p3 = 0, the raised sets of solutions are generated as:

& &

= = = 7::‘: —_—— = ——
C=¢€ =ps=0,C pé PP a

()a=—=<.

iao YoQ=3) P c

(- 74 B

Giya= 1o =3~ Pt -0
s(B+4y0) Bos+4Cs

By using the acquired set of solutions with Eq. (1), the below analytical types of solutions are derived:
(7.1) If p, > 0 and &, &3 > 0, a hyperbolic wave solution can be reached as:

Py (x, 1) = %4 /?sinh[(x— ct)\/pa] €0+, (30)
3

(7.2) If p» < 0 and &85 > 0, the following periodic wave solution is obtained:

Pro(x, 1) = £y ?cos [(x—ct)y/—p2] €. (31)
3

Case 8 If p; = p3 = pg = €; =0, we can deduce the below set of solutions:

¢ =42 5p0p26>
- P3 (0261 + &) +4popa (383 —2p261)

1 Y& (261 + &3)
= 4yCs(a—b) —
i Y(bs+c¢) — (as+c¢) ( vs( ) (p22 (0281 + &) +4pops (383 — 20281 )) (bs+c)
L (P26 +663) (P3 (P261 + &3) +4popa (383 —2pr67))
1,200yp3 6> (as+c) ’
1 & (261 +83) (as+¢)
Q= das+3c)(bs+c) — (4bs+3c)(as+c) —
¥(bs+c¢) — (as+c¢) <}/( N )= N ) ¢ (p22 (P281 + &3) +4pops (383 — 2p2<§1)) (bs+c)

| (P61 +683) (P3 (P261 + &) +4pops (38 — 2p261)) (bs+c)>

1,20075p3é& (as +c)

The following outcomes resulted as Eq. (1) solutions through the above mentioned case:
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@BDIfpo=1, pp=-—m>—1, py=m?, (m®—5m*—5m*>+1) & E > (m* + 14m*> +1) 636, and 0 <m < 1, the
solutions will be as Jacobi elliptic functions (JEFs) that are displayed below:

5(m2+1)& ”
y =F2 —ct) /S0 2
s1(x 1) =7F \/(m65m45m2+1)£’1(m4+14m2+1)£’3ns(x cr) e ’ (32)

or

5<m2+1>®@2

v =42 de(x — ct) /S0 33
s2(x 1) \/(m6—5m4—5m2+1)@@1—(m4+14m2—|—1)<§’3 clr—cr)e (33)

As a special case, when either m = 0 or m = 1 for Eq. (32), either the below singular periodic or singular soliton
solutions are generated:

Wes(x, t) = F2 5% csclx — ct] /6 (34)
& — &

or

& .
Wsalx, 1) = F4/ _515—#7;(9@3 coth[x — ct] S (te) (35)

Special case, when m = 0 for Eq. (33), a singular periodic solution is obtained:

Wy s(x, 1) = F2 5% secfx — cr] &6+, (36)
& — &

B2 Ifpg=m>—1, py=2—m? py=—1, (m—1) (m* —2) & ((m® +2m* — 12m*> + 8) & — (m* — 16m* + 16) &3)
> 0 and 0 < m < 1, the below JEF solution is reached:

5m2—1)(m*—2)&

¥ =42 d(x—ct) St 37
8.6(x, 1) \/(m6+2m4—12m2+8)51—(m4—16m2+16)£3n (x—ct)e (37)

(83)If po = —m?* py =2m* — 1, ps =1 —m?, (2m* —1) ((—16m* +16m*> — 1) & + (8m® — 12m* +2m> + 1)
&1 > 0and 0 < m < 1, the evaluated solution is produced as JEF solution that is formed as:

5 (2m2 — 1)@@2

v 1) =42 —ct) S0, 38
87(x, 1) m\/(8m6—12m4+2m2+1)<§1+(—16m4+16m2—l)é”gcn(x ct)e (38)
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Special case, by setting m = 1, the following bright soliton solution is produced:

T it (xrQ)
Ysg(x, 1) =42 oy [x—ct] e . (39)

BMIfpy=—1pr=2—m?, ps=m*>—1, ((2—m?) & +6&3) ((m® +2m* — 12m*> + 8) & — (m* — 16m*> +16) &3)
> 0 and 0 < m < 1, the following JEF is obtained as:

5(2—m?) & +6&)
¥ =42
89(x 1) \/(m6+2m4—12m2+8)£1 — (m* — 16m2 + 16) &

dn(x — cr) 60+, (40)
Special case, by setting m = 1, the following bright soliton solution is reached:

Ws10(x, t) = iz\/g[xct] Pl (+Qr) (41)

(85)Ifpo=1, pp=2—4m?, py =1, (2m* —1) ((8m® — 12m* +-2m? + 1) E1& — 2 (m* —m? + 1) £,63) > 0 and
0 < m < 1, the following solution is determined as JEF solution:

5(2m271)£§ i§ (x+Qt
¥ X = — — — iC(x+Q1) 42
8.11( s l‘) :F\/(S 5 ot o l)gl —2(m4—l ) 1)é%nd(x ct)cn(x ct)ns(x ct) e (42)

As a special case, when either m = 0 or m = 1, two types of solutions appear as the below singular periodic or singular
soliton solutions:

5& )
¥ = - = _ il (x+Qt) 4
s.2(x, 1) =F Py cotfx —ct] e , (43)
or
_ 56, i (1)
Ysi3(x, 1) =F Ry coth[x —ct] e (44)

4
(8.6) If po = m* —2m> +m?, py = ——, ps = —m* +6m—1, &((3m® —24m® +42m” — 24m® + 3m> — 4m) &3 +
m
(8m® — 64m” + 112m8 — 64m> +8m* +16)&1) > 0 and 0 < m < 1, the below JEF solution is reached:

W 14(x, 1) = £2m(m—1)
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568,
\/(Sm8 —64m7 + 112mb — 64m> + 8m* +16) & + (3m® — 24m3 +42m7 — 24m® +3m> — 4m) &
(45)

2
" 1+ msn*(x—ct) SiC0e)
cn(x — ct)dn(x — cr)

1 1 4
@®NIfpo=7, pr=3 (m*=2), ps= ’%, & ((m®+2m* —12m*+8) & — 8 (m* —m> +1) &) >0and 0 <m <
1, the solutions will be as JEFs that are given below:

—m2 V1 —m? — )
\Pg'ls(_x, t) — 49 _ 5(2 m )g2 1 m +dn(x Ct) elg()C+Qt)7 (46)
(mO+2m* — 12m2 +8) & — 8 (m* —m2 4+ 1) & cn(x — ct)
or
5(2*m2)g2 1+dl’l(.X*C[) C( +Qt)
¥ =F2 15X . 4
s16(%, 1) =F \/(m6+2m4—12m2+8)£1—8(m4—m2+1)£3 sn(x—ct) )¢ “7)

As a special case, when m = 0 for Eq. (46), the produced solution is a singular periodic solution that is obtained in
the following form:

56

¥ =12
8.17(x, 1) & &

sec[x — cr] &6+, (48)

As a special case, when either m = 0 or m = 1 for Eq. (47), singular periodic or singular soliton solutions are obtained

as:
Iy ‘
W ig(x, 1) = F2 (9@15—25'3 csclx — ct] €S (49)

or

1 .
W i9(x, 1) =F2 —&%éz&coth [z(x—ct)] £SOt Q) (50)
4. Modulation instability analysis

When nonlinear and dispersive effects interact, the steady state is modulated by many nonlinear phenomena that
exhibit instability. We examine modulation instability (MI) by applying the techniques of standard linear stability [31].
Assuming Eq. (1) possesses steady-state solutions as below:
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O(x, 1) = [Z(x, 1)+ VR] D, (51)

In this equation, SR symbolizes the steady-state solution for Eq. (1). In this context, Z(x, t) represents the perturbation
term.
By inserting Eq. (51) into Eq. (1) and linearizing, we can derive:

ibS Zie — 1 Zyxa + (R —bbetay ) Zyw + B Ziw +1i (B2 R — s(s — 6aYR))Zey +i Zyy — 6y R Zy
203B—1) RZ+6R (YR —aPas) Ze+i (6B—1) R (Z°+2)=0, (52)

where Z* denotes the conjugate of Z. Consider the solution to Eq. (52) can be stated as:

7= ei(ff X—t) + % e*i(ﬁf X—0 t)7 (53)

where @ and .Z denotes the perturbation frequency and the normal wave number prospectively.

A linear evolution equation that has the dispersion relation ® = @(.¢) with constant coefficients defines the
relationship between temporal oscillations ¢ * and spatial oscillations e’ at frequency @. When we substitute Eq.
(53) into Eq. (52), the dispersion relation is resulted as:

+
Ty VT

(34

1 2V2Ts 33T,
©= | 3% (V3R + —6{—3T32+8T2+\3/21T4+<\f5 \f6>] ,

where
T = 2% (<25 (b2 — 6ayR) 2% + (L2 6yR)") + B (L% — 6R) (~ B> (£ — 6%) — 2) —2%2,
T3 = 12y.9R—2.93,

Ty = 215 — 2Ty 1. L% + 108TE.L* + 21T T L2 — 18TV I3 1.

+ \/(2T23 +108T2.22% —9Ty(8T> — 3T¢).L? — 1SN I31.L)? — 4(T7 + 12102 — 61 L )?) 3,

4+/2Ts

Ts =T} + 1210.L* —6N.¥, To=T; —ALT+ 16T\, T;=3TF —8Th+2V4T,+ 7
4
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The steady-state’s linear stability analysis is given by equation (54). The steady-state stability is indicated by a real
value of m. Conversely, instability in the steady-state solution is indicated by an imaginary @, defined by the exponential
growth of the disturbance. Therefore, the gain spectrum of modulation instability is determined as follows:

1 3 22T 33T
GEOR)=2Im| — |33+ 3T —6 | —3T2 48T + V4T + ) 55
(M) =2Im| -5 3 7+ 2+8T+ V4 4+< 7 Nio (55)

Increasing b typically causes the wave to become more stable by dispersing its energy, as seen in graphs with larger
dispersion values and a slower rate of MI increase. On the other hand, graphs where wave amplitudes develop quickly
and soliton production occurs to show that greater a enhances MI. Higher levels of phase velocity (s) bring the waves
closer together and increase their interaction, which, depending on the configuration, can either stabilize or destabilize the
system. s also impacts the spatial dynamics of the wave. Plotting these changes in three dimensions over time highlights
how careful parameter tuning is essential to managing wave stability by showing the transition from stable continuous
waves to soliton structures as parameters vary.

5. Visual explanations and graphical presentations of some resulted solutions

Different solution sets were generated for Eq. (1) by varying the values of the parameters that are located in the
model used in this study. Consequently, this scheme has produced some new results that were not published or attained
previously in the mentioned literature. Plots for different particular solutions in two and three dimensions are presented
to illustrate the physical properties of the obtained solutions.

Figure 1 shows 3D graphical depictions for dual-mode waves for the bright soliton solution of Eq. (12) when selecting
parameters as ¢ = 1.1, s=0.8, { =—-0.7, =08, y=0.5, Q= —0.86, po =1, and x from —10 to 10. And all
its 2D depictions are shown in Figure 2. Figure 3 clarifies 3D graphical depictions for dual-mode waves for the singular
periodic solution of Eq. (13) with choosing the parameters’ values as ¢ = 1.1, s=0.8, { = —-0.7, 5, =08, y=
—0.5, Q=0.86, p» = —1 and x from —10 to 10. Besides, the 2D depictions that represent Eq. (13) are drawn in Figure
4. Figure 5 shows 3D graphical depictions for dual-mode waves for the dark soliton solution of Eq. (19) when giving the
parameters the next values as ¢ = —1.1, fp=—-0.8,5s=08, { =0.7, y=0.5, Q=0.86, po = —1land —10<x <
10. Furthermore, Figure 6 displays the 2D graphical depictions that represent this dark soliton providing the previously
mentioned restrictions. Figure 7 shows 3D graphical depictions of dual-mode waves for the singular soliton solution of
Eq. (15) when applying the parameters’ values as ¢ = —1.3, s =0.7, { =0.8, B =—0.95, y=0.7, Q=0.8, p» =
—land —10 < x < 10. Furthermore, Figure 8 clarifies the 2D graphical depictions that represent this singular soliton by
obeying the same restrictions. Figure 9 displays a three-dimensional plot illustrating the L, R, and L — R waves forming
regions of the modulation instability gain spectrum described by Eq. (55). The parameters used in these graphs are
s=1, fp=08and y=0.5.
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Figure 1. 3D graphical depictions for dual-mode waves for the solution of Eq. (12)
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Figure 3. 3D graphical depictions for dual-mode waves for the solution of Eq. (13)
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Figure 6. 2D graphical depictions for the dual-modes waves for the solution of Eq. (19)
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Figure 7. 3D graphical depictions for dual-mode waves for the solution of Eq. (15)
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Figure 9. MI gain spectrum regions of Eq. (55) for different values of a, b, and other model parameters

6. Physical interpretations of the obtained solutions

In this part, we aim to provide a brief summary of physical interpretations of the obtained solutions. Solitons with
characteristics such as bright, dark, and singular can characterize localized energy disturbances and maintain their shape
as they propagate. The lone waves are likened to a weak, black soliton in comparison to the background. It has been
demonstrated that dark solitons are more challenging to handle than regular solitons, but they are also more stable
and resistant to losses. Singular solitons are a different kind of solitary waves that have singularities, usually endless
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discontinuities. When solitary solitons have an imagined center, they might be compared to single waves. This solution
is a rare instance in nonlinear physics with its point of singularity or intensity divergence. The abrupt shift at the point
is illustrated, and details on the interplay between nonlinearity and dispersion that produce anomalous solitary waves are
given. Therefore, a discussion of lone solutions is necessary. This kind of solution may provide a description of the
creation of rogue waves since it has spikes in them. Peakons and compactons are examples of such solitary waves, with
peaks that have a discontinuous first derivative. Compaction on compactons has limited compact support. The number
of cycles per second is known as the frequency, and the length of time needed for a waveform cycle to complete is
known as the period. Periodic wave solutions characterize waves with a continuous, repeated pattern that determines their
wavelength and frequency.

Concerning the double periodic, the complex periodic pattern known as Weierstrass elliptic solutions may find use
in fields such as crystal lattices. They show cyclic activity in both space and time.

7. Conclusive remarks

In this work, we have created a revolutionary two-mode NLSE. Finding totally traveling wave solutions was our
goal, and we used mathematical analysis to look at the physical characteristics of these extracted solutions. We used the
MEDAM, which is a reputable and reliable approach. Among the retrieved solutions, we got (dark, singular, bright) soliton
solutions, singular periodic, rational wave, a periodic wave, JEF, hyperbolic, and Weierstrass elliptic double periodic
solutions. Some of the solutions acquired for the analyzed model were visually shown via the 3D and 2D displays. Through
non-linear dynamical systems, our findings provided additional insight into the breadth of space-time and spatial patterns
of solitons by generalizing most of the solutions and expanding certain previously retrieved results.

The given methodology performed better than others for solitons with the senses of controlled parameters and
transient stability, as confirmed in section 4 by the simulation of the results using Mathematica software. This provided
a simulation example that illustrated the efficacy of the suggested scheme in this research, together with its stability
analysis. Therefore, it can be said that the system in use is functional. Moreover, the discussion of the system’s stability
confirmed the viability of the suggested approach. Additionally, our accomplishments achieved valuable knowledge and
information for the community of nonlinear scientists. For example, when we compared our findings with those published
through [32], We highlighted their uniqueness, originality, and noteworthy contribution to the current field knowledge
and understanding. The efficiency of our approach suggested that it can be applied to numerous nonlinear issues across
multiple fields, including soliton theory. The work’s findings might have an effect on how integrated telecommunication
systems for data transfer develop. In particular, the dual-wave doubling phenomenon may function as a carrier wave to
facilitate the multi-way transmission of specific types of data.
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