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Abstract: In this study, we examined a (2+41)-dimensional generalized breaking soliton
system (GBSS) using both analytical and numerical methods. By applying a generalized direct
algebraic method, we derived exact solutions that displayed a variety of solitary and periodic wave
patterns. These solutions illuminated the interplay between nonlinearity and dispersion in several
physical contexts, including fluid dynamics, plasma physics, and nonlinear optics. In addition, we
developed a robust numerical scheme employing an adaptive moving mesh technique based on the
MMPDES framework. Stability and error analyses confirmed that this method concentrated grid
points around steep gradients, achieved second-order spatial convergence, and enhanced computational
efficiency. By comparing numerical and exact solutions, we provided more profound insights into
GBSS dynamics and facilitated future investigations of complex, multidimensional, and nonlinear
wave phenomena.
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1. Introduction

Research on nonlinear evolution equations (NLEEs) plays a significant role in establishing many
fields of science and technology. These studies encompass areas such as nonlinear dynamics [1, 2],
fiber optics [3, 4], plasma physics [5], high-frequency waves [6, 7], and ocean engineering [8].
Solitons, a unique wave phenomenon, preserve their structure and energy over extensive distances,
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which is crucial for comprehending the dynamics of intricate nonlinear systems. Solitons are
pivotal in analyzing nonlinear systems due to their stability and capacity to encapsulate fundamental
insights into system behavior [9]. The identification and examination of solitonic solutions not
only deepen our theoretical comprehension but also promote practical advancements in innovations
derived from nonlinear phenomena [10]. Due to the critical significance of solitonic solutions in
comprehending advanced nonlinear frameworks across many applications, substantial efforts have
been dedicated to devising reliable methods for their compilation and validation. Over recent
decades, researchers have devised numerous techniques to analyze and formulate solitonic solutions for
NLEEs. The methods encompass the Hirota bilinear method [11, 12], direct algebraic technique [13],
hyperbolic sine and hyperbolic cosine technique [14], modification and extension of classical Backlund
transformation [15, 16], Darboux transformation [17], breather limit method [18], basic (G’/G)-
expansion method [19], generalized exponential rational function method [20,21], exponential rational
function method, improved modified extended hyperbolic tangent function method [22], among others.

Our main objective of this work is to obtain the (2+1)-dimensional generalized breaking soliton
system (GBSS). This system is a reliable theoretical framework for simulating the dispersion,
nonlinearity, and cross-wave coupling of media such as shallow water waves, optical fiber systems,
and magnetized plasma. Researchers have focused on specific instances of GBSS, including [23-25],
whereas we seek to formulate the equation in a more comprehensive and generalized manner. We
aim to reveal dynamic behaviors and solutions that may have been overlooked in prior case-specific
research by expanding its scope. The generalized form provides a cohesive framework that facilitates
the comprehension of various nonlinear phenomena encompassed by the GBSS, hence enhancing
theoretical understanding. We enhance previous methodologies and contribute to the expanding
literature on more compact and efficient methods for analyzing nonlinear evolution equations. This
work is fundamentally based on the GBSS, which is articulated by the following equations:

Wi+ aWyy + Wiy + yYWW, + WV, + AW,V =0,

1.1
W, = V.. (D

The parameters a,(,y,0, and A are real, whereas the functions W = W(x,y,t) and V = V(x,y,1)
represent the values provided across the two structures, respectively. W, dictates the temporal evolution
of the wave. The third derivative with respect to x yields aW,,,, representing x-axial dispersion.
Dispersion is a mechanism that distributes the wave, so mitigating the steepening caused by nonlinear
phenomena. The mixed derivative SW,,, characterizes the cross-dispersion in the spatial domains.
Consequently, it illustrates the intricate interplay of waves in both directions. The nonlinear term
yWW, is the nonlinear self-steepening. The wave profile steepens as its amplitude increases. This
elucidates why waves of greater amplitude propagate more rapidly and the wave profile steepens.
Furthermore, the variables 6WV, and AW,V represent bidirectional interactions between the two wave
fields, incorporating the motion of the waves along both axes. It is clarified how forward-traveling
waves affect the motion of backward-traveling waves. The second equation of the system, W, = V,,
defines the relationship between spatial gradients in x and y, which reduces the degrees of freedom.

In the context of fluid dynamics, GBSS concerns the interaction of surface waves on the water
surface and internal waves lying beneath the surface, which are induced by mechanical forces in the
various density layers. While surface waves caused by the wind and gravitational effects have a short
period and travel fast, internal surface waves have longer wavelengths and move at much slower speeds.
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The GBSS records these interactions by equilibrating nonlinear effects from wave steepening (terms
at the yWW, level) with dispersive effects that induce wave dispersion (the aW,,, term). The cross-
interaction terms 6WYV, and AW,V represent the energy transfer between surface and interior waves
during contact. The situation may involve internal waves modulated by surface waves leading to
soliton-type nonlinear interactions that change the shape of the wave, possibly inducing phenomena
such as soliton fission [26]. In nonlinear optics, the (2+1) dimensional GBSS described above is
motivated by and gives the interaction of light pulses, or more specifically, solitons propagating
through optical fibers, where the nonlinear refractive index and its dispersion are adjusted to allow the
generation of solitons. As these light pulses traverse the fiber, they are affected by a nonlinear medium,
resulting in pulse steepening and dispersion, which causes pulse broadening. The GBSS incorporates
these dynamics via terms such as aW,,, for dispersion and yWW,, which denotes nonlinear effects.
The cross-interaction terms WV, and AW,V denote the coupling between two light pulses, which may
propagate in distinct polarisation modes or adjacent fibers, facilitating energy transfer and intricate
interactions. One such interaction is the steepening or fragmentation into sub-pulses (the breaking
soliton phenomenon) of a single pulse. This modeling is essential for optical communications: A
comprehensive comprehension of soliton activity and interaction can enhance data transmission quality
and extend transmission distances [27]. Beyond the interest from their framework of the GBSS, there
also exists a practical interest in a number of different fields. Consider, for example, the application
of GBSS in hydrodynamics; it can model the movement of surface and internal waves in oceans and
lakes, which is critical for understanding energy transfer and wave interactions in these domains. In
plasma physics, the system can capture the behavior of plasma waves in a controlled fusion device,
where the interaction of solitons plays an important role in sustaining the stability of the plasma.

The generalized direct algebraic method is effective for partial nonlinear evolution and wave
equations. This method derives solutions by positing trial functions as exponential or rational functions
and determining their coefficients through balancing principles. It extends the type of solitary wave
solutions with analytic functions of the real exponential solutions to the linearized equation [13]. The
method has been used for various possible equations, adding KdV, Boussinesque, and Schrédinger
equations [28,29]. The phase space analysis [30] has been carried out to elucidate and, to some extent,
prove the method. There have been new extensions of the technique, like the new extended direct
algebraic method in which [31] applied this technique to Tzitzica-type evolution equations and other
nonlinear models. The construction of exact solutions for various nonlinear equations confirms the
method’s effectiveness and accuracy [29]. Other relevant ones are the Newton polygon method and its
extensions, which are proposed to solve generalized algebraic equations [32] as well as general ones
for solving linear algebraic problems [33].

Analytical methods, including the generalized direct algebraic method, yield exact solutions;
however, numerical methods have also played an essential role in obtaining approximate solutions for
nonlinear PDEs for which there are no or very complex closed forms. Among the numerous numerical
methods, adaptive moving mesh methods have been developed as a robust approach for problems
with sharp gradients, singularities, and multi-scale features. Using these methods, the computational
mesh is dynamically adjusted to regions of interest to improve accuracy and efficiency and reduce
the cost of computation. The adaptive moving mesh methods designed and investigated in recent
papers show the ability to solve high-order parabolic PDEs and capture intricate solution features.
In addition, other works have attended to the same issue using finite difference schemes and showed
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unconditional stability over a wide range of parameters, thereby increasing the trust of the numerical
solutions [34]. It should be emphasized that spectral methods provide an alternative possibility, which
is most of the time very precise, in solving high-order nonlinear evolution equations. Recent attempts
covering wave phenomena and dispersion have proven the efficiency of spectral collocation and similar
approaches [35,36]. However, these spectral methods are complemented by our adaptive moving mesh
framework, which actively moves grid points to capture sharp features, minimizing the chance of
complex features being under-resolved. This complementarity ensures that our approach can be used
in conjunction or in contrast with spectral methods for a wider scope of challenging wave problems.

In recent decades, Moving Mesh Partial Differential Equations (MMPDEs) have been raised as one
of the economical methods for solving time-dependent PDEs. A significant foundation for adaptive
moving mesh techniques was set by Huang and Russell [37] when they introduced the MMPDE:s.
The paradigm of MMPDE is based on a monitor function that can quantify specific features of the
solution, such as curvature, arc length, or error estimates for adaptive mesh point redistribution.
Concentrating mesh points in critical regions enhances computational efficiency and solution accuracy.
The equidistribution principle, which is at the core of this approach, ensures that the integral of the
monitor function is constant over each sub-domain, thus balancing the resolution to make the domain’s
borders less problematic. Budd and other contributors supplemented these guidelines by dealing with
difficulties such as mesh tangling and blow-up problems that may arise when solving higher-order
PDEs. Moreover, the exact and numerical solutions of the system (1.1) are discussed. Section 2 is
devoted to finding the exact solutions of the system using the generalized direct algebraic method. In
Section 3, we deal with obtaining numerical solutions using the adaptive moving mesh method based
on the finite difference methods.

2. Exact solutions of GBSS

Considering the development equation with physical fields W(x,y, ?) and V(x, y, ?) in the variables x,
v, and t, we express it in the following form:

Pl(VVa Wta Wxa Wxxxa Wxxya Wya V7 Vx’ s ) =0. (21)
To investigate travelling-wave solutions of the system (1.1), we assume:

W(x,y,t) = p(), ¢ =kx+cy—wt,
V(x,y,t) = q),

where k and c are arbitrary constants, while w denotes the wave speed. Under this assumption, the
non-linear evolution (2.1) reduces to an ordinary differential equation (ODE):

(2.2)

Py (p, DPesPeees4-9ss - - - )=0. (2.3)

Here, P, is a polynomial in g({), p({), and the derivatives of p({) and ¢g({) concerning ¢. In this step,
we utilize the traveling wave solution to merge the original PDE system into an ODE and simplify the
mathematics. This method substitutes the partial derivatives in x and y through a single derivative with
respect to £, which accounts for the propagation of the wave along a spatially chosen combination of
directions. Such change is often helpful in finding solitonic or periodic wave solutions that correspond
to some known analytical forms or can be used for further physical interpretation [38].
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2.1. Generalized direct algebraic method and ODE derivation

According to the generalized direct algebraic method, the solutions in relation to the function H({),
as solutions of (2.3), are sought in the form:

N N
pQ) = Y mHQ + Y o HQ)™, (2.4)
k=0 k=1

where y; and o are constants to be determined, and N is an integer fixed by balancing the highest
degree of the nonlinear terms against the highest order of the derivatives. The function H({) satisfies

4
H'Q) = &4 ), TH (), (2.5)
i=0

where ¢ is a user-specified constant, usually +1, and the parameters 7; fori = 0, 1,2, 3,4 are provided in
Table 1 [39]. The table presents particular relationships between the values of 7; that lead to elementary
functions, such as hyperbolic sine and cosine, trigonometric functions, or rational forms depending on
the sign and magnitude of the coeflicients.

Table 1. The relations among 7;, i = 0, 1,2, 3,4, and the function H({).

To 1 T T3 Ty H({)

79=0 T1=0 >0 73=0 74<0 H({):g\/_zseCh(\/T_Zg)
T4
2
7'2 P T
TO:4—T4 T1:0 T2<0 T3:O T4>0 H(g):‘(’\\'_z_utanh( _724)
=0 T=0 1<0 n=0 >0 HQ) = |-2sec(yVT0)
T4
2 [
T) = — Tl:O T2>0 T3:O T4>0 H({):‘S _tan( %Zé’)
2T4

£
T():O T]ZO T2:O T3:O T4>0 H(g):—\/aé/
10=0 7,=0 1,50 T3#£0 7,=0 H(g):—ﬁsechz(?g)
73

At this point, we apply the above method to derive analytical solutions to the GBSS system (1.1).
The traveling-wave substitutions (2.2) simplify the PDEs into a set of ordinary differential equations:

—wp{+k30zpm+ck2,8pm+kyppg+k6pqg+k/1pgq:O,

(2.6)
cpr =kq.
By integrating the second equation, Eq (2.6), yields
C
= —p. 2.7
q=7P 2.7)

Substituting (2.7) back into the first equation, Eq (2.6), and integrating once with respect to ¢ leads to:

kz(koz+cﬁ)p§§—wp+%(ky+c5+cﬂ)p2:0. (2.8)
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Based on the generalized algebraic technique, the solutions of (2.8) are expressed as follows:

p() = po + i H(Q) + ioHQ)? + o1 HQ)™ + 0H() ™2,

such that H({) satisfies

H'($) = 1o + T1H(Q) + T, HXQ) + T3 H3 () + T4 HA ().

2.2. Analytical solutions: Case studies

(2.9)

(2.10)

For each of the scenarios outlined in Table 1, we employed symbolic computation (e.g., the Wolfram
Language) to determine the specific constants u, i1, (2, 01, 02, ¢, k, and others. As a result, we obtain

the following families of solutions:
Firstcase. 70 = 0,7, =0, 7, >0, 73 =0, 74 <0,

H() =+, /—2 sech(\/r_zg“).
T4

—— cosh(zk V(G + D) x—yy + 4k21(By — a6 + A)) t))
Lo 5+ 1 ’
V= YHo cosh(zk V(S + D) x —yy + 4k212(By — (S + A)) t))
T+ S+ 4 '
12k*15(Bc + ak)
, = © j Dok sechQ( Vi (k x + ¢y — 4k°1,(Bc + ak) t)),
12ckt,(Bc + ak)
V) = ® j(f) Tk sechz( Vo (k x + ¢y — 4>, (Bc + ak) t))
4k? k
L= #W(—Z + 3sech?(Va(k x + ¢y + 4k*1,(Bc + ak) t))),
4ck k
Vs = f((;ﬁi i ‘;k)(—z +3sech?(VTa(kx + ¢y + 4KPTo(Be + ak) 1)),

2
.
Second case. 7y = Fi’ 71=0,720<0,73=0,74 >0,

H({) = + /-3 tanh( \|-%¢)

W 6k>1,(Bc + ak) 2 V-T2 (k X+ cy+ 2k*1,(Bc + ak) t)
TG ) ek NG ’

Vi = 6¢ckT,(Be + ak) 2 V-T2 (k X+ cy+ 2k21,(Bc + ak) t)
AR I S NG '

AIMS Mathematics Volume 10, Issue 4,
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(2.14)
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We 2k21,(Bc + ak) =13 (kx +cy + 2k*1y(Bc + ak) t)
T 6+ ) +yk 2 ’
_ 2ckTy(Be + ak) 43 tanh? -T2 (kx +cy + 2k*1y(Be + ak) t)
BT R NG :

-1+3 tanhz[

(2.15)

5

24k>1,(Bc + ak)
We =
c(0+A)+vk
_ 24ckty(Be + ak)
°T 6+ D)+ vk

csch® (V=272 (kx + cy + 8K 1a(Be + k) 1)),
csch® (v=27, (kx + cy + 8K 1y(Be + k) 1)) (2.16)

_ 8k*Ty(Be + ak)
6+ )+ vk
_ 8ckry(Be + ak)
6+ A+ vk

(2+3csch® (V=272 (kx + cy + 8KP1o(Be + k) 1)),

7

(2 + 3cseh? (V=272 (kx + cy + 8K%2(Bc + ak) 1)), (2.17)

7

2
W = 6k2T2(ﬂC + ak) CSChz[ V-T2 (kx +cy+ 2k T(Bc + ak) l)] ’

e+ )+ vk NG
_ 6ckTy(Be + ak) ) V-T2 (kx +cy + 2k*1y(Bc + ak) t)
o6+ A) +yk > \2 :

s (2.18)

2 —7, (kx + cy + 2k*t,(Bc + ak) t
o~ 2emtBerab [V : ).
c(0+A)+yk V2
2ckrsBe+ak) (o VO (kx+cy+2K2n5(Bc + ak) 1)
= —-— p— + .
c(0+ )+ vk €0 \2

9 (2.19)

Third case. 70 = 0,7, =0,7, <0, 73 =0, 74 > 0,

H() = [ sec(V=T3¢).
T4

2k =T ((6 + ) x = yy + 4P12(By — a6 + 1) r)]

Wio=—
10 ,UoCOS( S+ 1

Vip =

(2.20)

o [Zk V=2 (6 + ) x = yy + 4K12(By — a(6 + ) t)] |
o+4

3 12k>1,(Bc + ak)
U706+ ) + vk

sec’ ( \/—_Tg(kx +cy — 4> (Bc + ak) t)) ,
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12ckt,(Bc + ak
V=5 j(f) row: ) sec? (V=72 (kx+cy - 4k’a(Be + k) 1)) (2.21)
4k>1,(Bc + ak
Wi, = #ﬂyk) (—2 + 3 sec? ( V-T2 (kx +cy + 4k°1,(Bc + ak) t))) ,
dcktH(Bc + ak
Vie= 5 i([;) " yk) (=2 +3 sec® (V=m2 (kx + cy + 4k°1o(Be + k) 1)) (2.22)

2
.
Fourth case. 7 = Fi’ 71=0,79>0,1713=0,74 >0,

. |2 2
H() =+ 7, tan(\/;{).

612T,(Bc + k) 2( VT2 (kx + ey + 2%y (Be + ak) I)J

O+ D) +yk € NG

Vor _6ck7'2(,8c + ak) oc? VT2 (kx +cy + 2k*1t(Bc + ak) t) 023
. c(0+ )+ vk NG . .
i) kx+cy+2k27' (Bc + ak)t
Wy=-——--—-—-- 2k ra(fc + ak) 1 +3 tan’ 2 ’ ) ,
c(0+ )+ vk \2
_ _2ck7'2(,8c + ak) 143 tan? kx +cy + 2k*1y(Bc + ak) t) 224
H c(0+ )+ vk V2 : :
24k>1y(Bc + ak
Wis = - © _i('f) " yk) CSCZ(\/ZTQ (kx +cy + 8k*Ty(Be + ak)t)),
24ckt,(Bc + ak
5= j(f) o ) (V272 (kx+ ey + 8CTa(Be + ak 1)). (2.25)
8k>1,(Bc + ak) )
Wie = —m (—2+3csc (\/ (kx+cy 8k ‘rz(,80+ak)t)))
8ckt,(Bc + ak)
Vie=="15 i(ﬁ) o= (=2 +3cse? (V212 (kx + cy - 8K%a(Be + ak) 1)) (2.26)
e _ BT ral) (VT (kx+ ¢y +2K2r2(Be + k) 1)
T+ ) + vk 2 ;
Vio = _ bckTy(Be + ak) s V12 (kx +cy + 2k*1t(Bc + ak) t) 027)
7T+ ) + vk 2 : :
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26278 + ak) (VA (kx+ ey = 20875(Be + ak) 1)
Wig=—-———"—"—=1|1+3cot ,
c(0+ )+ vk V2
2ck k T (kx +cy—2K*T2(Bc + ak)t
Vi = —2hnBet A 1y 5o il : N (2.28)
c(0+ )+ vk V2
Fifth case. 70 = 0,7, =0,7, > 0,73 #0, 74 = 0,
H() = e sech? (ﬁg“)
T3 2
i [Zk\/T_z((6+/l)x—yy+4k272(ﬂy—a(6+/1))t)]
Wio = cosh ,
87’2 o0+ A4
I 2k \T2 (6 + D) x = yy + 4K212(By — a6 + D)1)
Vig=——>——"—cos . (2.29)
8(0+ )1 S+A
o173 k\/7'_2((6+/l)x—yy+k212(ﬂy—a(6+/l)) t)
Wy = — cosh )
27, 0+ 4
6+ D) orits kT (6 + D x—yy + Kra(By — a6 + D) 1)
20 = ————— cosh . (2.30)
2kyT? 5+ 4
3k>1y(Bc + ak) , [ VT2 5
Wzlzmsech T(kx+cy—kT2(Bc+ozk)t) ,
_ 3ckry(Be + ak) , (VT2 )
= G Dk ech (T(kx+cy—krz(ﬁc+ak)t) . (2.31)
K>ty (Bc + ak T
= C(;iﬁf)wk) (—2 + 3 sech? (% (kx+cy +Kta(Be + k) z))) ,
ckty(Bc + ak T
= ms%wryk) (—2 + 3 sech? (% (kx+cy +Kra(Be + ak) z))) . (2.32)

The resulting solutions show a variety of waveforms that some are localized solitons (notably
involving sech?, tanh?, or related hyperbolic functions), while others manifest as periodic waves (often
involving sec? or csc?). The choice of signs for 7, and 74 plays a key role in shaping the wave profile.
For instance, positive 7, together with negative 74 can give rise to localized solitonic structures that
decay rapidly, whereas certain trigonometric ratios (like tan or sec) dominate when 7, and 7, are
both positive, leading to repeating, periodic solutions. By altering these parameter constraints, one
effectively tunes the system from sharply localized waveforms toward smoother, periodic oscillations,
revealing the flexibility of the model in describing diverse physical phenomena.
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2.3. Graphical analysis and discussion

In this subsection, we summarize the major findings from the graphical analysis while mentioning
the analytical solutions achieved with 7, = 2.5 (or -2.5), @ = =02, 8 = 3.1,y = =05, 6 = 3.7,
A =105, k =04, and ¢ = 0.2 which capture the subtle interplay of nonlinearity and dispersion. In
the last case with the refined values of oy = 0.5 and 73 = 0.8, the parametrizations visually show the
so-called sensitivity of solution behavior to these parameters, which are critical aspects of the model’s
stability as well as its dynamic responses.

Figures resulting from the generalized direct algebraic method showcase different solution families
to the nonlinear system, each of which is related to a distinct value of the parameter set. In these
figures, parameters k and ¢ represent the wave numbers or velocities in the x and y axes, and the
system’s dispersive as well as nonlinear features are controlled by «, 3,7, ¢, and A while the auxiliary
parameters 7y, T1, T2, T3, and 74 become apparent in the course of the solution, determining the form of
the solution a priori.

In Figure 1, the solutions represented as hyperbolic secant functions are obtained when 7y = 0,
71 =0,7, > 0,73 = 0,74 < 0 is satisfied. The sech function represents a hyperbolic secant, which has
bright solitons as it decays very quickly from its amplitude maxima. In addition, this corresponds to
the waveforms of W, and W, (and associated V components) being localized non-dispersive pulses that
travel with nearly constant shape, which implies a balance of nonlinearity and dispersion in the system.
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Figure 1. Surface plots of W;, and V;,, Egs (2.11)—(2.13), from the first case at t = 0 over
x € [-10,10] and y € [0, 5]. Because W, coincides with W3 and V, with V3, only these four

solutions are shown.

Figure 2 corresponds to the region 7y = 75/47'4, 71 =0,7 <0, 73 =0, and 74 > 0. Here, the
solutions contain the functions hyperbolic tangent and hyperbolic cosecant. The tanh function gives
rise to kink-type structures that join various asymptotic states, and the csch function generates pulses
that decay very rapidly. The plots for Wy 567, (and their corresponding V-components) exhibit steep
wavefronts and sharp transitions, which is the characteristic of these hyperbolic functions and the
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strong localized nature of the solutions.
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In Figure 3, the parameters are set to 79 = 0, 7y = 0, 7, < 0, 73 = 0, 74, > 0, which gives rise
to solutions with a secant profile. As for the previous cases, the secant function is periodic and has
vertical asymptotes. This creates repeating minima and maxima in the solutions W;, and Wy, (with
their respective V-components), which appear mathematically as a periodic function. Physically, while
this suggests a coherent wave structure, the singularities need, however, to be treated with caution in

real-word applications.
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The parameter set 7 = T% /414, 71 = 0,7, > 0, 73 = 0, and 74 > O is considered in Figure 4. The
solutions are given as the tangent and cosecant functions. As these functions are both periodic and
have singular behavior for certain arguments, the plots corresponding to W3 through Wi, (and also the

V-components) appear to oscillate repeatedly with steep changes, which, depending on the physical
system, can be viewed as resonant or unstable wave modes.
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Figure 3. Surface plots of W1, and Vo from the third case at = 0 over x € [-10, 10]
and y € [0, 5]. Because Wy, coincides with Wiy, it is omitted.
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Figure 4. Surface plots of solutions W3 ;5 and V315, Eqs (2.23)—(2.28), from the fourth case

att = Qoverx € [-10,10] and y € [0, 5]. Since W4 16,17.18, and V4 16,1718 coincide with other
solutions, they are omitted.
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Figure 5, on the other hand, shows the case where 79 = 0, 7, = 0,7, > 0,73 # 0,and 74 = 0. In
this case, the solutions have the form of a shifted sech? form. This describes a bright soliton that has a
smooth bell-shaped curve that decays rapidly away from the peak. The plots for W9 through W;, (and
their corresponding V-components) exhibit the typical localized behavior of such solitons with the
additional parameter 75 controlling the pulse’s height and width. Collectively, these figures depict the
wave structures that the system is capable of supporting. It is evident that with proper modifications
of the parameters, one can attain transitioned solitary waves that are either periodic or even singular,
which is a clear manifestation of nonlinearity and dispersion interplay in the model.
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last case at = 0 over x € [-10, 10] and y € [0, 5].

AIMS Mathematics Volume 10, Issue 4, 8252-8276.



8265

3. Numerical solution

Moving mesh methods within r-adaptive spatial discretizations are useful for time-dependent
problems through the use of coordinate transforms. Such techniques utilize mesh density functions
in order to modify the mesh according to different features in the solution. This time, we utilized
the two-dimensional MMPDESs on the specified physical (©,) and computational (€2.) domains, over
which we were able to extend our previous works, thus enabling the mesh to adapt based on a specified
mesh density function. Before discussing the formulation of the equations, it is worth noting one of
the benefits of the moving mesh approach is the capability of concentrating mesh points in areas of
steep gradients or variation in the solution [40]. This significantly reduces computational workload
when the solution dynamics are adjustable and ensures accurate capture of solution dynamic changes.
Note that the method’s effectiveness relies on specifying adequate mesh monitor functions and robust
mesh-movement PDEs. In the core equations, MMPDES is commonly expressed in two-dimensional

form as follows: P
x
v =y (P(x. 0V, x), (3.1)
where = (7, €) 1s the computational coordinates, x = (x,y) is the mapping of the physical domain,
and W(x, 7) is the monitor mesh function, which depends on the solutions’ variations. v is the scalar
parameter that scales the temporal speed responsive mesh moves. The right-hand side of Eq (3.1) is

given by P P
x x
V- (¥ V,x) = an(\y 6n) t o ag)'
Thus, with such an addition, we obtain two PDEs: One for x(7, &, ) and another for y(n,&,¢). The
governing structure of the equations should be the same, while the dependent variable distinguishes
the equations.

In this case, W(x, 1) is dependent on a scalar v that modifies how closely the mesh tracks the changes
in the monitor function. MMPDEs are effective for adaptive mesh generation; however, they carry
extra computational costs and may result in challenges like mesh tangling if not carefully handled. As
addressing the adaptive mesh through PDEs in addition to the PDEs in question becomes extraneous,
computational costs escalate. Even so, coordinate transformations that are MMPDE-based for 2D
problems have their own limitations in this regard, which may cause mesh tangling and loss of mesh
regularity. Among such methods, optimal transportation theory, for instance, those based on Monge-
Ampere and Parabolic Monge-Ampere (PMA) equations, is considered to have more advantages in
that they require fewer equations or lead to meshes that are more robust and regular [41]. Judging
from previous remarks, the selection of a suitable monitor function ¥ to be used to mesh is of great
significance. They may also be selected for the set of error estimates: For example, polynomial
interpolation or truncation error, or on the set of the solution features of the PDEs, such as arc length
or curvature:

(‘If (3.2)

Ve, = T+ alVu(w, 0 or W0 = (a+ IB|V2u(x,t)|2)1/"’

where n = 2 or 4 and @ and B are adaptivity parameters that can change in space to accommodate
sudden changes in the characteristics of the solution. In the process of designing and selecting
monitoring functions, accuracy must be balanced against the extra effort required to measure it.
Adaptive or highly oscillatory solutions may require more refined and specific monitor functions.
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In contrast, uncomplicated functions better serve more straightforward solutions. Thus, adjusting
the monitoring function becomes a standard approach in MMPDE integration to obtain a smoother
computational domain and reduce MMPDE embedding [40]. This confirms the theoretical and
practical progress that are mutually integrated into the efficient use of adaptive moving mesh methods
for simulation purposes.

3.1. Semi-discretization scheme on adaptive grids

To transition from the computational domain Q., represented by the coordinate n = (1,¢), to
the physical domain Q, defined by the coordinate x, the adaptive moving mesh method employs a
coordinate transformation.

x=(xy:x=x(m1):Q. =[ab]lX[c,d] > Q,=[a,b]X[c,d],t>0,

where Q. is given as:

FEO = (G— DAY (k= DA, Vj=1,.. Lo+ 1 k=1,...,L +1,

and Q, associated with the solution W(x(n, 1), ) and V(x(n, 1), ?) as follows:

FL@): xm) =x(Wet) . Vi=1.. Lo+ L k=1, L+l

where the endpoints of Q, are:

Xk =a, xp 1k =b,Ykand y;; = ¢, yjp1 =d, V).

In this context, Anp = }’L;“ and A¢ = % represent the uniform step sizes within €., where L, and L, are
positive integers indicating the number of mesh points in the x and y directions, respectively. The next
step is to approximate the spatial derivatives using standard second-order centered differences. The
term %(‘P g—f]) is handled by first calculating g—f] at ¥ midpoints between grid nodes and then multiplying
it by an appropriately averaged '¥. A typical discretization in 7 for the right hand side of Eq (3.1) is
provided as
o iy e Yy
o\ onlix = An? ’
and similarly in £ direction. In practice, to have better stability, ¥ ./, is defined at midpoints by an
average as follows:

X (Xjx = Xj-16)

(3.3)

1
\Pj+%,k = E (\Pj,k + ‘Pj+1,k) .
Thus, the semi-discretization in 1 with continuing temporal time is provided as

dx;
V% N Ainz [\Pj%,k (xj+1,k - xj,k) ¥tk (xf’k - xf‘l”‘)]

| FDinnp (34)

+ Aé';z [\Pj,k+% (-xj,k+l - xj,k) - \Pj,k—% (Xj’k - xj,k—l)]’

FDin ¢
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where FD stands for finite difference. In order to account for the boundary conditions, one usually
locks x at the domain edges if the physical boundary is not moving, thus preserving the outermost grid
mesh at the required boundary positions.

As a result, inserting these finite-difference approximations into the MMPDES equations gives a
set of ordinary differential equations (ODEs) in time concerning x;.(f) and y;«(f). These ODEs can
be solved using classical integration methods for ordinary differential equations such as forward Euler,
Runge-Kutta, and implicit schemes. The choice of a particular method relies upon the requirements for
stability and accuracy of the results. The outcomes provide a discrete evolution of the mesh coordinates
in time, which is adjusted according to the directed solution variation, controlled by the monitored
function V.

To implement the use of adaptive meshes for the discretization of the undertaken PDE, it is
necessary to express the derivatives in the new coordinate system. By relying on the reality of W, = V,,
mentioned above, system (1.1) can be rewritten using the Lagrangian form as follows:

W, = (Wi + Wyye) + @Wop + W,y + % (W), + S(Wz)y AWV =0, (3.5)
W, =V,
where | 1
W, = 7[(J77X)Wn + (fo)Wf]’ Wy = j[(J”y)W” * (ny)W‘f]’
V, = %[(Jnx)Vn + (JENVe, Vy = ;[(1 )V + (JE)Ve 3.6)

(W), = S[ndW), + GEIWD)], W), = [m)W), + V&)W,

Wew = 5|06, + V€G], Wy = 3[Um)G, + (U€)GE],

and J = x,y: — Xz,

In practice, the calculation of every partial derivative in combination with new coordinates requires
careful handling of the terms such as x,, x¢, y,, and y.. Besides, the transformations based on Jacobians
guarantee that the mesh can be smoothly adjusted to capture critical solution details, enabling localized
refinement in important areas. Even though these transformations increase the difficulty level, the
accuracy and speed that can be achieved make them worth the effort. Each of the terms in Eqgs (3.5)
and (3.6) is discretized using a computational finite-difference scheme in 5 as:

Fi(ne, An, W) + Fa(&x, AE, W) Fi(py, An, W) + Fo(&y, AE, W)

le ik — W, I ik =

Jik Jj,k yljk Jj,k

Fl (nx’ An’ V) + FZ(é:x’ Aé‘:’ V) Fl(n)u A’]’ V) + F2(§y’ Af’ V)
Viljx = 7 , Viljx = 7 ,
" i 3.7)

2 Fl (n)ﬁ Ana WZ) + F2(§x’ Ag’ W2) 2 Fl (r]y’ A?], WZ) + FZ(é‘:y, Af, WZ)

(W)alju = s (Wl = ,
Jj,k Jj,k
Fi(n:, An, G) + F1(&y, AL, G) Fi(ny, An, G) + Fa(&y, AE, G)
Wl Jik = J s Wxxyl Jk = J ,
ik ik
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where
IX|jiiZjix — IXlj-14Zj- IXjk1Zjgr = IX|jx1Zj -
FUX.Y.Z) = L1k Z 1k li-14Z; 1,k’ FyX.Y.Z) = |liks1Zjjest lij-1Z;k L
2Y 2Y
Ry +R
Gj,k = Wxxlj,k = 1 2’
‘]],k
a1 kWi —aj 1 Wi bjx1W; = b Wi
R, = Lk j+1/2,kA REUSRTELY Ry = 2kt Wikt = Djkt Wikeira. (3.8)
U Ag
(nai0)® + Uyl i) (J&du)? + U&110)°
ajr = , bix = ,
Jik Jik
Wj+1’k — Wj,k Wj,k+1 - Wj,k
Wisi/2k = A Wiker/2 = — AF
It is possible to mention here that y; = Jn,, y, = =J&y, X = =Jn,, x; = JE,. These connections are

meaningful because they ensure that the physical terms capture the mesh and are consistent with the
undertaken system. If these transformations are precisely done, higher-order derivatives with respect
to x could be computed efficiently while still using the simpler 5 coordinate system.

Substituting (3.6)—(3.8) into (3.5), yield

W, — ;{[(] o)W, + (fo)WS] X+ [(J )W, + (ny)Wg] yt}

+ %[(J 1:)G, + (fo)Gg] + ?[(J )Gy + (ny)Gf] (3.9)

0
Vv
+A5[(UmIW, + (T EIWe] = 0.

In Figure 6, the evolution of the numerical solution of the (2+1)-dimensional GBSS problem, along
with the adaptive temporal evolution of the mesh, is shown. In Figure 6(a), the solution Wy, (x, y = 2, 1)
for fixed y = 2 is demonstrated for t = 0 to + = 10s. The exact (analytical) solution is shown with a
dashed black line, while the numerical solution obtained from the non-uniform mesh is shown in solid
light blue (see the insets within in Figure 6(a)). Their proximity is consistent with the second-order
accuracy discussed in the error analysis. In addition, Figure 6(b) shows the non-uniform mesh for
x € [-20, 20] with the regions of steep gradients well captured. The figures demonstrate that adaptive
methods give a good prediction of wave phenomena, aligning well with the principles and methods
discussed in the following sections.
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Figure 6. The temporal evolution of the numerical solution of (a) W»,(x,y = 2,1) and (b) the

non-uniform mesh from ¢ = 0 to # = 10 is calculated with x € [-20,20]. The last wave at

t = 10 is illustrated in the inset. The dashed black line implies the exact solution, while the

solid light blue line implies the numerical solution.

3.2. Stability of the discrete MMPDES

To see if the discrete version of MMPDES is stable, we can use a Von Neumann (Fourier) stability
analysis. For simplicity, assume the monitor function ¥ is a constant. Then, each component (say x)
of the mesh mapping follows an equation like a 2D diffusion process,

o0x W *x N 0*x
v— =YY=+ =],
ot o 0&?
where, n7 and ¢ are the computational coordinates. We reformulate it as
ox W (dx . 0*x
o v \opr  o&2)
Subsequently, we discretize spatially and employ an explicit time-stepping technique. This results in a
conventional finite-difference formulation:

n
px"
Jj+1.k
X=X+ Ar—
Jik Jik v

_ n
et T 2 X T X

An? A&?

n
2 X

To study the stability, we consider x, = «"e/***?. After substituting into the finite-difference
equation, we solve for «, which is the amplification factor. For stability, we require that [«| < 1.
In two dimensions, the most restrictive case occurs when 6 and ¢ take on values of 7, resulting in
cos(6) = cos(¢) = —1. This leads to a condition on the time step:
Y1 1 1
At — <
o )

An? +A_é’2

X
The scheme is stable if At fulfills this requirement. In practice, if ¥ is not a constant, one often chooses
as the maximum value of ¥ or a sufficiently small At to guarantee, to some extent, stability.

3.3. Stability of the numerical scheme

The Von Neumann analysis, often known as Fourier analysis, is utilized to assess the stability of the
scheme (3.5). This analysis is utilized only within the framework of linear systems. We first reduce
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the system (1.1) into a singular equation by utilizing the relationship W, = V.. Therefore, (1.1) is
expressed as
Wi+ aWyy + Vi + yYWW, + SWW, + AW,V = 0. (3.10)

Thus, we propose that the linear version is represented by
Wi+ aW, + Vi + soWi + 51 W, + 5, W, = 0, (3.11)
where the constant quantities sy = yW, 51 = 6W, and s, = AV are given by,

n n n

Sp = max ( w- ) S| = max (6W. ) S> = max (/lV. )
1<m<L, YWik) 1<j<Ly k) 1<j<L, Jk
1<k<L, 1<k<L, 1<k<L,

As the Von Neumann stability analysis depends on a fixed spatial discretization, we substitute

An =maxAn;, A¢= max Aéy.
J

We believe that our stability analysis is conservative; that is, if the scheme is stable for the largest
and most restrictive step size, it will remain stable for all finer resolutions. Hence, we assume a
solution form:
Wi =explanAt + ibjAn + ickAf). (3.12)
Consequently, we may write
Wil = expla Ay W, W1

¢ = exp(x2ib Ap) Wiy, Wi, ., = exp(£2ic AE) W,

Jj*2, Jikx
Wiiix = exp(Fib A Wiy, Wi, = exp(xic A§) W,

Substituting (3.12) into (3.11) and doing some operations, yield

a (2sin (bAn) — sin (2bAn)) N B (2sin (cA¢é) — sin (2cA€))

1 = exp(aAr) (1 — iAt(

A’ AF (3.13)
s18in(cAE) (s + s7) sin (bAn) '
A An )) '
Hence,
exp(aAt) = ﬁ (3.14)
where
a (2sin (bAn) — sin (2bAn)) B (2 sin (cA¢) — sin (2cA¢))
F=At n
( Arp A&
s18in (cA&) (5o + s2) sin (bAn)
A An ) '
Thus,
lexp(arp)| = L. (3.15)

Vi+F2

Equation (3.15) indicates the absence of growth. Thus, the stability condition of the Von Neumann
analysis is satisfied. As a result, the scheme is unconditionally stable.
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3.4. Error analysis

Within the adaptive moving mesh framework, a non-uniform grid with local variable spacing is
used for spatial discretization. Let the computational coordinates be 1; and & and local spacings be
defined by

Anj =m0 —nj Adk = &kt — Sk
that vary with the indices j and k as well as with time ¢. Therefore, the local truncation error needs to
be assessed based on these variable spacings.

Let us define the exact solution W(n,&,1) of the transformed system and, for the adaptive grid
point (17;, &) at time t,, let us denote its numerical approximation as Wi, We describe the local error
as follows:

¢ = Wi = W, éi, 1) (3.16)

The adaptive finite-difference scheme, which is comparable to (3.9), can be expressed in a general
format as:
Wl —
Jk Jik — £n+l(W) +Nn+l(W) (3 17)
At Jik Jik ’ .
where £ and N correspond to the discretized linear and, if available, nonlinear operators, respectively.
Most importantly, these operators now involve finite differences calculated with the local spacings
An; and A¢;. For example, the spatial derivative with respect to 1 can be expressed by a non-
uniform formula:
oWl Wik = Wik
on | An;
with equivalent formulations for higher-order derivatives and for derivatives in &.
By substituting the exact solution into (3.17) and comparing it with the continuous equation, we
define the local truncation error at (17, &, fn+1) as

W(nja fk’ tn+1) - W(nja fk’ tn)

T =
7k At

= LW = N W), (3.18)

At this point, we use Taylor series expansions at (17, &, ,+1), While carefully adjusting for the non-
uniform mesh sizes. Thus, we derive

T = O(An) + O(An;) + O(A’&) + higher-order terms, (3.19)

provided that the adaptive grid is smooth. In other words, if the variations of Arn; and A;; are both
limited and smooth such that A, ;. —An; = O(A?) (and likewise for A¢ ), then the spatial discretization
keeps its local second-order accuracy. Specifically, we can describe the truncation error as

T;f}:l <CiAt+Cy AZT]j +Cs Az‘fk,

where the constants Cy, C,, and C5; depend on higher order derivatives of W together with the
smoothness of the coordinate change in the computational and physical domains.

With respect to Table 2, the results show that the adaptive finite difference scheme has an estimated
second order of spatial convergence. As the number of points increases at ¢+ = 10 with the relative
L, error, the CPU time increases because of the additional computational effort required. The data in
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Figure 7 is represented in log-log form, with the left figure shows CPU time in relation to Effective L,.
In contrast, the right shows the relative error as it pertains to Effective L,. The slope of the error curve
validates the data shown in the right figure—meaning the scheme has achieved a second-order error
in spatial accuracy of about 2. Finer grids visually showcase the computational trade-off in the left
panel. All these conclusions conform to the previous theoretical analysis, showcasing that the adaptive
strategy achieves optimization through accuracy and the mesh with significant gradients.

Table 2. Relative error in L, norm and CPU time for various effective grid sizes (Effective L)
at + = 10. This data highlights how refining the adaptive mesh improves accuracy (reduces
the relative error) at the expense of increased computational cost.

Effective L, Relative Error CPU Time (s)
400 9.200 x 107! 8.00 x 1072
800 4.400 x 1073 3.50 x 107!
2000 2.300 x 107 1.50 x 10°
4000 3.000 x 107 9.50 x 10°
8000 3.700 x 107° 7.50 x 10!
20000 1.200 x 10°° 3.00 x 10?
CPU Time vs. Effective Lx Relative Error vs. Effective Lx
10° : 10° :
107
102}
_ _10?
E 10" ?‘23103
z 3
o o
1074
10°F
107
107 10

108

10*
Effective LX

10°

10*
Effective LX

Figure 7. Log-log plots showing CPU time vs. Effective L, (left) and relative error vs.
Effective L, (right) at + = 10. These results illustrate the trade-off between accuracy and
computational effort in the adaptive scheme, confirming the second-order spatial convergence
discussed in the error analysis.

4. Conclusions

Using a generalized direct algebraic approach, we established exact solutions to the (2+1)
dimensional generalized breaking soliton system (GBSS). According to the results of our analysis, the
system accommodates a wide range of waveforms, including solitary and periodic forms. These results
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indicate that when non-linearity is balanced with dispersion, the GBSS serves as an effective model for
intricate wave processes in fluid dynamics, plasma physics, and non-linear optics, which greatly depend
on the wave phenomena. Additionally, we outlined a numerical scheme using the adaptive moving
mesh techniques with the MMPDES framework. The adaptive approach effectively focuses grid
points at steep gradient locations, accurately resolving solution features with minimized computations.
Stability and error analyses confirm that the numerical method converges in space with second-order
accuracy. Taken together, the analytical and the numerical approaches yield helpful information
regarding the GBSS dynamics and provide a basis for further study of non-linear wave processes.
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