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Abstract

In this work, the abundant exact closed-form solutions and dynamics of solitons for the double-chain deoxyribonucleic acid
(DNA) model is obtained by utilizing the generalized exponential rational function (GERF) method. Deoxyribonucleic acid
(DNA) retains the genetic information that creatures need to live and reproduce themselves. We obtained several novel exact
soliton and exponential rational functional solutions in the shapes of dynamics of solitons like multi-solitons, breather-type
solitons, abundant elastic interactions between multi-solitons, and nonlinear waves, oscillating multi-solitons, and Lump
solitons. These derived solutions were never reported in the literature. The dynamical structures of some exact solitons are
exhibited graphically by assigning suitable values to the free parameters via 3D figures. The generated solutions can be more
useful and help to explain the internal interactions of the double-chain DNA model. The symbolic computational work and
the obtained solutions show that the present proposed GERF method is effective, robust, and straightforward. Moreover,

these types of higher-order NLEEs can be solved using the current technique.

Keywords Double-chain DNA model - GERF method - Exact solutions - Solitons

1 Introduction

Deoxyribonucleic acid, or DNA, is the central information
storage system in every cell. It is an extremely large linear
molecule that contains genetic instructions that make each
specie unique in the form of a sequence of its constituent
elements, that is, the nucleotides. The dynamics of DNA
molecules is one of the most interesting problems in the
field of modern biophysics as it is related to the basis of life.
DNA is double stranded, that is, it is made up of two com-
plementary chains or strands. These two chains run opposite
to each other and connected by hydrogen bonds, and there-
fore known as anti-parallel chains. The word “deoxyribo” in
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DNA describes the sugar and the “nucleic acid” refers to the
phosphate molecules.

The study of qualitative and quantitative dynamics of
mathematical modeling became an important research topic
in the field of mathematical biology and applied mathemat-
ics. In the literature, many methods have been developed and
extensively used by many researchers to solve these math-
ematical models. For instance, (G’ /G)-expansion method
[1], the reproducing kernel Hilbert space method [2], the
Laplace homotopy perturbation method [3], Lie symme-
try method [4-9], the sine-Gordon expansion method [10],
GERF method [8, 11], and other mathematical techniques
[12-19].

The dynamics of the DNA model have been analyzed by
many mathematicians and biologists [20—24]. It has been
observed that modeling of DNA system is very complicated
beacuse of its characteristic multiplicity and the chaoticity
which is relevant for genome evolution [25]. Watson and
Crick [26] described different structure for the salt of deoxy-
ribose nucleic acid and then double helix structure of DNA
has become an interesting topic in the field of biology and
applied mathematics. Englander et al. [27] demonstrated the
existence of open states in DNA system and double heli-
ces by hydrogen exchange measurements. They proved the
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consistency of the hydrogen exchange open state. Yomosa
[23] presented a soliton theory for the open states in DNA
and synthetic polynucleotide double helices. The dynam-
ics of a simple lattice model is investigated by Peyrard and
Bishop [28] for the denaturation of the DNA system. Muto
et al. [29] studied the ring-shaped DNA molecules with lon-
gitudinal wave propagation. Later, Qian and Lou [30] ana-
lyzed the double-chain model of DNA by using two different
expansions, namely, the Conte’s Painlevé truncation expan-
sion and the Pickering’s truncation expansion. The method
of dynamical systems is applied by Ouyang and Zheng [31]
to study the nonlinear DNA system. Also, Mabrouk [32]
investigated (2+1)-dimensional double-chain DNA model
by using (G’ /G)—expansion method and obtained numer-
ous soliton solutions. Recently, Saleh et al. [33] obtained
various soliton solutions for double-chain DNA model by
using Lie transformation method and the singular manifold
method (SMM).

The dynamics of exact explicit solutions of nonlinear
dynamical systems play a crucial role in the theory of soli-
tons and the formations of exact analytical solutions per-
form an important role in the area of nonlinear sciences and
applied mathematics. Moreover, these analytical solutions
may ensure dynamical and physical behavior of the system
which assist us about the mechanism of considered complex
nonlinear systems. The solitary waves, in the theory of soli-
tons, interact with each other without losing its identities,
for instance, its amplitude, velocity, and shape do not vary
after interactions.

In this article, our main objective is to construct the
numerous solitary wave solutions together with the dynam-
ics of solitons for the double-chain deoxyribonucleic acid
(DNA) model by employing the generalized exponential
rational function method (GERFM). The GERF method is
very effective and straightforward as it is described by the
wave transformations via symbolic computations. Abundant
new exact explicit solutions and exponential rational func-
tion solutions of the DNA system are investigated analyti-
cally and physically through 3D graphics via mathematical
software, Wolfram Mathematica. The generated solutions
are obtained in the forms of multi-solitons, various elastic
interactions between multi-solitons, nonlinear waves, Lump
solitons and oscillating multi-solitons. These derived solu-
tions are entirely new and never reported in the literature.
Furthermore, the wide diversity of features and physical
parameters of these generated solutions are elucidated with
the support of three-dimensional graphical representations,
considering the appropriate choice of involved functional
and other constant parameters. This type of investigation is
highly recommended in the areas of progressive research
and development.

The remaining part of the article is summarized as
follows:

@ Springer

— Section 2 deals with the formulation of the double-
chain DNA model.

— In section 3, we describe the methodology of the GERF
method.

— Section 4 is related to the application of GERF method
to main equation in which we obtained various exact
explicit solutions together with the graphical represen-
tation of the generated solutions.

— Section 5 explains the physical explanations of some
obtained solutions for the considered DNA model.

— Finally, the article is concluded in section 6.

2 Mathematical formulation

The double-chain DNA model in (2+1)-dimensional cou-
pled partial differential Equation [29, 32, 33]
—fu

2 3 2
Uy — ClUy — Cllhyy, = A+ yuv + pu” + fruy ¢))

1

Vy — cgv - cgv = v+ 1ot + v + ov* + ¢y, )
where u(x, y, ) is the difference of the longitude displace-
ments of the bottom and top strands, and v(x, y, £) is the dif-
ference of the transverse displacements of the bottom and top
strands. The constants ¢, ¢,, 4;, 42, Y15 V2» H1s Has B1s Pos
and ¢, are defined as:

2
C1=i£ Cr = +Eﬂl—_ M(C )a
P P pch
4uly \/_u 2u
= , h—15),4 = ——,
1 =5 ool 0o=—( 09, 4y P 3
2V2uly  2ul
Y1 =2y = ool s My —Mz——ﬁ,

where p represents the mass density, o shows the area of the
transverse cross section, € is the Young’s modulus, F is the
tension density of the strands, u is the rigidity of the elastic
membrane, £ is the distance between two strands and /; is the
height of the membrane in the equilibrium position. Now,
we have the following transformation

V(x,y,t)=b1u(x,y,t)+bz (4)
which reduces Equation (1) into the following form
(ﬂ1 + B bz)
' + (r1by +28,b,b,)u’ 3)
+ (A + 116y + B1b3)u,

2 2
u“—clu —cu

and Equation (2) to



Brazilian Journal of Physics (2021) 51:1043-1068

1045

byu, — blcgum — blcguw —( 1My + ﬁzb?)u:‘
+ (72 + maby + 35,070, )ut?

6
+ (by Ay +3p,b,b3) ©
u+ Ayby + Bob3 + cp.
Equations (5) and (6) are same for
h
b2 = —, F=c¢€. (7)

Consequently, the system of Equation (1) and (2) is
reduced to a single partial differential equation as

2
u“—clu —CI/L

— Au’ + Bu* + Cu =0, (8)

Q 6v/2b, 6Q 20 I
whe1eA=h—3(4b§—2),B= Q, C=50 -2 Q="th

Iy’ po
andc; = c,.

3 Methodology of the GERF method

In this section, the methodology of the generalized exponen-
tial rational function method (GERFM) is discussed. This
method is a quite novel technique to nonlinear PDEs given by

J(u,ux,u Uy, Uy, Uy, U

yys Unes U

Xy u

XX it Xt uyt"') =0. ©)]

This method was first introduced by Ghanbari and Inc
[34] for obtaining the soliton solutions of the nonlinear
PDEs. The following are the steps of GERF method:

Step 1: By employing the transformations, the nonlinear
PDE will be reduced into the nonlinear ODE given as:

ZWU,U,U",..)=0. (10)

Step 2: Let us assume that Equation (10) has the explicit
invariant solution having form

5,655 + 5,e5%

x) =22 T2
?X) 555X + 5,084

1)

where X = kx + vy + wt with k, v and w as arbitrary con-
stants, 6;, 6,, 63,0, and &, &,, &3, &, are real (or complex)
numbers such that the exact solitary wave solutions of Equa-
tion (10) can be furnished as follows:

G(X)=E, + Z E,p(X)" + Z (12)

(X)”

The values of arbitrary coefficients E, E,, F,(1 < n < N)
and constants 6, &, (1 < k < 4) satisfy the Equation (10).
Here, it has been observed that the positive integer N can be
found by the Balancing principle.

Step 3: Substituting (12) into Equation (10) and choos-
ing the coefficient of ¢(X) and then its derivative equating
to zero. Meanwhile, we employ the symbolic computation
to obtain a set of algebraic equations for 6,,&,(1 <n < 4)
and £y, E,, F,.

Step 4: The algebraic equations in Step 3 are solved with
the assistance of Wolfram Mathematica, and then, by sub-
stituting non-trivial solutions in (12), one can get the exact
solitonic solutions of nonlinear PDEs.

4 Exact closed-form solutions for DNA
equations

For establish more new exact solutions of Equation (8), we
consider the following wave transformation,

ulx,y,t) =UX), with X=kx+vy+ wt, (13)

where k, v and w are arbitrary constants. On inserting
u(x, y, t) along with X from Equation (13) into Equation
(8), a nonlinear ordinary differential equation is obtained as

(@* — (* +v)cHU" — AU? + BU? + CU = 0. (14)
To solve Equation (14), Balancing principle used on

terms U3 and U” in Equation (14) which yield N +2 = 3N

implies N = 1. Using N = 1 along with Equations (11) and

(12) Equation (14), one finds

UXx) =

Ey + Eyp(X) + —L (15)

(X)
In the continuation, we will apply the GERF method to
get the following exact solitary wave solutions as:
Family 1: For [6,;06,;65;6,] =1[1; —1;1;1] and
[£15 &5 &5 4] =[1; —1; 1; — 1], consequently, Equation
(11) becomes

@(X) = tanh(X).

The values of constants can be obtained by solving the
algebraic equations through symbolic computation via
Mathematica 11, a mathematical software, which yields
following set of solutions

Case 1.1
E,= %, E, =+E, F, =0,
\/ 184K +12) + B2
0=+ and (16)
3v/24/A
__ow
T

@ Springer



1046

Brazilian Journal of Physics (2021) 51:1043-1068

Considering all these values in Equation (15), then the solu-
tion of Equation (14) is obtained as

B
UX) = ﬁ(l + tanh(X)). (17)

Also, the Equation (8) has explicit soliton solutions given by

18AC(K? +V2) + B

3v2v/A

u(x,y,1) = 3% 1 +tanh|kx + vy + ¢

(18)
Substituting (18) into (4), the transversal reads
Bb, 1/ ISAC%(ICZ +v2) + B2
v(x,y,f) = —| 1 + tanh | kx + vy + ¢ +b,.
3A 3\/5\/2 2
(19)
Case 1.2
E E,
E0=£’ Elzi_09 Flzi_o’
3A 2 2
\/72Ac§(k2 +12) + B
W=z and (20)
61/21/A
2B?
C=-—"—.
9A

Considering all these values in Equation (15), then the solu-
tion of Equation (14) is obtained as
B coth(X ) B tanh(X)

v = 3A— 6A 6A @D

Also, the Equation (8) has explicit soliton solutions given by

B T2Ac (K> +v?) + B?
— coth| kx + vb +

o4 o2V

B
ux,y, 1) =37 *

T2Aci (K +

6v2vA

v2) + B2

+ B tanh| ke + vb +
oA

(22)
Substituting (22) into (4), the transversal reads

V724G + 1) + B?

6v2vA
\/T2AG02 + 1) + B?

iblétanh kx+vb + + b,.

6v2vA

b,B
v(x,y, 1) _—A 2 +coth|kx+ vb +

(23)

@ Springer

Case 1.3
Ey=2, B =+—5_ F =3E,
3A 3v/24
\/ 3632 + V) — B , 24
1 2B
W=+ and C = ——

6v/A 9A"

Considering all these values in Equation (15), then the solu-
tion of Equation (14) is obtained as

UX) = B . iB tanh(X) - iB coth(X)‘ )

347 3424 3124

Also, the Equation (8) has explicit soliton solutions given by

36Aci(k* + v?) — B?

iB
u(x,y, t) =— tanh | kx + vy + ¢
A 3v/24 6vV/A
B \/ 36AC2 (I +12) — B2
F coth|kx+ vy +t .
3124 61/A

(26)

Substituting Equation (26) into Equation (4), the transversal
reads

b,B ; 36Ac%(k2 +12)— B2
vy, 1) ==—| 1+ —tanh|kx + vy £ ¢
) G VA
iBb, \/36Acf(k2 +12) - B
F coth|kx+ vy =+t +b,.
T3V 6v/A
27
Case 1.4
B
Ey = 34 E, =0, F| =zE,,
V184632 +12) + B2
o == and (28)
3v/2v/4
_ 2
9A "

Considering all these values in Equation (15), then the solu-
tion of Equation (14) is obtained as

B
UX) = ﬁ(l + coth(X)). 29)

Also, the Equation (8) has explicit soliton solutions given by



Brazilian Journal of Physics (2021) 51:1043-1068

1047
V184G 02 +12) + B2 Bb, V18AGw +12) + B
u(x,y,t)=£ I +cothlkx+vy+1 v, y,1) = | L& coth| ke + vy & 1 ava +b,.
34 3v2v/A 3v2v/4
31
(30) (€29)

Substituting Equation (30) into Equation (4), the transversal
reads

40 oo
0
e, 240
150
100
50
q

(a) uatt =0.03

X
40 20 0 20

T 40

20
40

(¢) vatt=0.03

Family 2: We obtain [6;; 6,; 65; 6,] = [i; —i;1; 1] and
[&15 &y E53 E4F= i — i; @; — i], and hence the expression (11)
becomes

40 oo

(b) uatt=1.43

X

T

(d) vatt=1.43

Fig.1 Four distinct solitonic structures of breather-type waves for Equations (30)-(31) with arbitrary constants B =99, A =9, k= 0.33,

v=0.11, ¢, =03, b, =0.093, b, =2
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@(X) = —tan(X).

Case 2.1
B iB
E()=3_A? E1=i6_Ay F1=1E17
\/72Ac§(k2 +12) - B
w=+ and
6v2VA
2B?
C=—-"—.
9A

Considering all these values in Equation (15), then the solu-
tion of Equation (14) is obtained as

UX) = B iB tan(X) N iB cot(X)

3A 6A 6A (32)

Also, the Equation (8) has explicit soliton solutions given by

\/72Ac$(k2 1) B
6v2vA

T2A (K + v?) — B?

6v2vA

u(x, y, 1) =% F gtan kx+vy+t

iB
+ —cot|kx+vy+t
6A Y

(33)

Substituting Equation (33) into Equation (4), the transversal
reads

T2Aci(k* +v?) — B

blB .
v(x, y, 1) Ty 2+itan|kx+vy+1

6124
N +t\/72Acf(k2 +12) - B2 .
F ——co vy + o
o4 6v2v/4
(34)
Case 2.2
E():%, ElziiE(], F1:0,
\/ 18ACZ(K? + %) — B
W=+ and
3v/24/A
2B?
C=-==,
94

@ Springer

Considering all these values in Equation (15), then the solu-
tion of Equation (14) is obtained as

UKX) = %(1 T tan(X)). (35)

Also, the Equation (8) has explicit soliton solutions given by

18AC(K? + v?) — B?

3v2v4

u(x,y,t):% lFitan|kx+vy+1t

(36)
Substituting Equation (36) into Equation (4), the transversal

reads
1/ 18Ac%(k2 +1v2)—B?

Bb
V(x,y,t)=3—A‘ 1 Fitan|kc+vy 1 +b,.

3v2VA

(37
Case 2.3
B E, E,

Eozﬁ,

\/36Ac§(k2 +12) 4+ B
==

6VA

w and

282

9A "

Considering all these values in Equation (15), then the solu-

tion of Equation (14) is obtained as

B Btan(X) Bcot(X)

3A * * : (38)
3v24  3v24

Also, the Equation (8) has explicit soliton solutions given by

UX) =

36ACK +V2) + B2
61/A
V3646302 + 1) + B2

6VA

u(x,y,t)=% liitan kx+vy+t
2

+ cot|kx + vy +1t

3124

(39)

Substituting Equation (39) into Equation (4), the transversal
reads
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Bb, 1 36Aci(K? + v?) + B?
vx,y,t) =—|1+ —tan|kx + vy +1¢

Y R 6v/A

Bb \/36402 +12) + B2
L cot | kx + vy + 1t +b,.

3124 61/A

+

(40)

(¢) v at t =0.022

Case 2.4
B .
EO = g, El = 0, Fl = ilEo,

\/ 18AC(K? +12) — B2
+

- 3V2VA

w = and

2RB2

94"

0

x

(dvatt=1.8

Fig.2 Four distinct solitonic structures of Lump waves for Equations (39)-(40) with parameter A =49, B=14, k=0.1, v=5, p=12,

b, =081, b, =8

@ Springer
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Considering all these values in Equation (15), then the solu-
tion of Equation (14) is obtained as

U = 2o(1 F i cot(X) 1)

Also, the Equation (8) has explicit soliton solutions given by

\/364C302 +12) + B2

3V2V/A

u(x,y, t) = % IFicot|kx+vy+1

(42)
Substituting (42) into (4), the transversal reads
Bhl \/36AC%(]€2 + V2)-|'B2
v(x,y,t) = —| 1 Ficot|kx+vy+t + b,.
3 SVAVA 2
(43)

Family 3: We attain [6,; 6,; 655 6,] = [1 +1i;1 —1i;1; 1]and
[&; & & &1 = [i; — i3 i; — i], and then the expression (11)
becomes

(X)) =1 — tan(X).

Case 3.1
B/l _ i 2iB
E =_(_—_>, E =0, F, =+22,
0= 3\3F3) M =3
\/ 18AC(K? +12) — B
W=+ and
3v/24/A
_ .2
94

Considering all these values in Equation (15), then the solu-
tion of Equation (14) is obtained as

1 i 2iB
) (44)

B

UX) = —<— Fo )t
X =2 3%3) * A0 -0

Also, the Equation (8) has explicit soliton solutions given by

wern (L=

373
2iB
i .
aal 1-t . \/ 18AcT (K2+v?)—B?
— tan + vy + IW
(45)
Substituting (45) into (4), the transversal reads
Bby 1 _ i
v =7 (3% 3)
2iBb,
+ + bz.
e . A /18Ac§(k2+v2)—32
—tan + vy + IW
(46)

@ Springer

Case 3.2
2B E,
E0=3—A, E1=—7, F1=—E0,

\/ 18AC (K +12) + B2
+

- 3v2vA

w= and

2B

C=—-.
9A

Considering all these values in Equation (15), then the solu-
tion of Equation (14) is obtained as

3A 3A
2B “7)

" 3A(1 — tan(X))

UX) =

Also, the Equation (8) has explicit soliton solutions given by

A/ 18Ac? (k2 +v2)+B?
B sec? <kx+vyi &>

3V2V/A
ulx,y,t) = .
14/ 18Ac} (K +v?)+B>
3A(tan (kx +vy+ T) - 1)
(43)

Substituting Equation (48) into Equation (4), the transversal
reads

3v2v/A
v(x,y,t) = +b,.

14/ 18AcH(K+v2)+B?
3A tan | kx+vy+ +—7n5—"— | -1

Bb, sec? <kx+ vy + t\/W)
! .

3v2vA
(49)

Case 3.3

[SSEE

Bb ~
wern-B(4a2)
5iBb,

+
Al 2+t x 1/ 18A(,'f(k2-+—\/2)—132
+ tan +vy+t W

+b,.

Considering all these values in Equation (15), then the solu-
tion of Equation (14) is obtained as

B/1 ] B
U0 =7(3%3) 5 (1 - tanCo)). (50)

Also, the Equation (8) has explicit soliton solutions given by
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(@ uatt=1 (b) uatt =13

—500 ! =500
0

0

100 b 100 X

(c)vatt=1 (d) vatt=13

Fig. 3 Four distinct solitonic structures of elastic interactions between periodic multi-soliton waves for Equations (48)-(49) with arbitrary con-
stants B=3, A=13, k=13, v="7,¢,=12, b, =17, b, =3

B/l _i Bb, /1 i
’ ’t =7 z+3 5 N = — [ m—
u.y. ) A<3+3> vex 1) A(3+3)
B \/ 1BACA (K +12) — B2 B V184G +12) - B?
+ —|1—tan|kx+vy+¢ . + |1 —tanfkx+vy+s +b;.
3 3v2v/A A 3V2VA

1) (2

Substituting Equation (51) into Equation (4), the transversal
reads

@ Springer
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Case 3.4

Bb, (1 ++/17 2
v(x,y,t) =b, — %((1 — tan <kx +vy+ ti\/%(\/ 174+ 9)+ 576c%(k2 + v2)>>

55
N by(\/17B + 9B) Bb (1 +4/17) 43
24A L B 5 '
12A( 1 —tan { kx+ vy 21554/ 5 (V17 +9) + 576¢7 (k2 +v2)

V17B + 9B B —
E = E = —-— 1 17 .
0 24A ! 24A( + )

BZ
F, =2E = ——(BV17-51)and
1 1> C 288A (5 5 ) an

1
w=+—

B? 2012 2
57 A(\/17+9)+576c1(k + v2).

Considering all these values in Equation (15), then the solu-
tion of Equation (14) is obtained as

VI7B+9B  B(1 + V17)(1 - tan(X))
24A 24A

_ (+v17B (53)
1241 — tan(X))’

UKX) =

Also, the Equation (8) has explicit soliton solutions given by

Case 3.5

B B
E,=—©O-V17), E, = —(/17=1),
0 24A( ) £ 24A( )

2
F,=2E,, C=--5_(51+5y17)and

288A

1
w=+—

B \/ 2002 112
5 A(9 17)+576Cl(k + v3).

Considering all these values in Equation (15), then the solu-
tion of Equation (14) is obtained as

UX) =29 - V17) + %(\/ﬁ— D

24A 56)
B (V17-1)
(1 - tan(X)) + m —(1 — tan(X)) .

u(x,y,t) =— %((1 — tan <kx +vy+ t% \/Bf(\/ﬁ +9)+ 576c%(k2 + v2)>>

s V17B+98

(1++/17)B (54)

24A ‘
124 <1 —tan (kx tuyik \/%2(\/17 +9) + 5762 + v2)>>

Substituting Equation (54) into Equation (4), the transversal
reads

Also, the Equation (8) has explicit soliton solutions given by

2
u(x, y,t) =%(\/ 17 - 1)<1 —tan <kx+ vy + iti\/%@ —-VI7H+ 576c%(k2 + v2)>>

(57)
V17T-1
+ B o-vin+ L ( ) .
24A 124 s 5
I —tan | kx+ vy + itﬂ\/x(9 — V17) + 576¢1(k* + v?)
Substituting (57) into (4), the transversal reads
v(x,y,1) =b, + B—bl(\/ 17-D| 1 —tan| kx + vy + +tL \/B—2(9 —V17) +576¢%(k2 + v2)
D= T A YTEAV A [
(V17-1) (58)

Bb, Bb,
Lo _1/17)+ =L
* 24A(9 )+ 12A

@ Springer

1
<1 — tan <kx+vy+ita

\/ 2O - V17)+ 57632 + v2)>>
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Family 4: By setting[6,; 6,; 65; 6,] = [2+i;2 —i; 1; 1]and
(&5 & &35 4] = [—i3 i; — i; 1], and then the expression (11)
gives

H(X) = 2 + tan(X).

Case 4.1

B/1_ 2 5iB
E :_(_—_), E =0, F,=+22
0=7\3F3) M =33y

\/ 18AC(K? +2) — B
=+

3v2vA

w and

2
9A "

Considering all these values in Equation (15), then the solu-
tion of Equation (14) is obtained as

voo=5(1:% SiB (59)

1 2i> .
37 3) T 342 + tan(X))’

Also, the Equation (8) has explicit soliton solutions given by

o =4(33)

5iB

i .
ne . V1843 (@ +v2)-B2
+ tan +vy+ IW

(60)
Substituting Equation (60) into Equation (4), the transversal

reads
L2
3
5iBb,

aal 2+t . t\/lSA(r%(kzﬁ—vz)—Bz
+ tan +vy=x T eava

[SSEE

Bb,
v(x,y, 1) =-7;—<

-+

+b,.

(61)
Case 4.2

2B __B __3B
347 71T eAT T eA”

\/72Ac§(k2 +12) + B
=+

6v2vA

Ey,=

and

w

B2
— m.

Considering all these values in Equation (15), then the solu-
tion of Equation (14) is obtained as
2B

UX) = 22 -

5B

B
a0~

(62)

Also, the Equation (8) has explicit soliton solutions given by

T2Act(K? + v?) + B?

2B B
,V, 1) =— — —|2 4+ tan| kx +t
u(x,y, 1) 3 6A + tan + vy 6\/5\/2
_ 5B
oAl 2 kx \/ T2A3 (k2 +v2)+B2
+ tan + vy tW

(63)
Substituting (63) into (4), the transversal reads

1 /72Ac%(k2 +v2) + B2
6v2vVA

2Bb;, Bb
v(x,y, 1) =ﬁ—ﬁ 2+tan|kx+ vyt

5Bb,

6l 2 +1 ks . \/72A(‘f(k2+v2)+32
+ tan + vy = I‘W

+b,.

(64)
Case 4.3

= B—(l ¢21), El = iﬁ’
3A 3A

\/ 18AC (K2 +12) — B2
=+

3v2vA

E, F, =0,

w and

2
9A "

Considering all these values in Equation (15), then the solu-
tion of Equation (14) is obtained as

B(1 ¥ 2i)
3A
iB
+ Q(Z + tan(X)).

UX) =
(65)

Also, the Equation (8) has explicit soliton solutions given by

B(1 F 2i)
3A

u(x,y,t) =

V1846302 +12) — B2

3v2v/4A

iB
+—|2+tan|kx+vy ¢
* an vy +

(66)
Substituting Equation (66) into Equation (4), the transversal reads
Bb,(1 ¥2i) iBb,
—_— + _—

vy =——— =

18Aci (k2 +12) — B?
24+tan|kx+ vy +1t + b,.

3v2v/A

(67)
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©)vatt=22

(d) v at t =3.11

Fig.4 Four distinct solitonic structures of multiple-solitons wave profiles for Equations (63)-(64) with arbitrary constants B = 0.91, A = 17,

k=3,v=9 ¢ =18 b =19, b, =9

Case 4.4
(6+ \/11)3 (1 + \/11)3
Eg=~—— %  E=—-> "’
154 30A
(7\/11 _ 33)32
F =5E, C=~——’ and

225A

L 2002 4 12
a)—i30\JQOOc1(k +v2) + "

@ Springer

(6 + \/ﬁ)B2

Considering all these values in Equation (15), then the solu-
tion of Equation (14) is obtained as

(6+\/H)B (1+\/H)B (1+\/H)B
v = 154 T 3a (G- 6A(2 + tan(X))
(68)

Also, the Equation (8) has explicit soliton solutions given by
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(1+Vi1)B t\J (6+ Vi1)p2
u(x,y, t) = — 30 24 tan|kx + vy + ) 900c2 (k2 +v2) + —
(6+V11)8 (1+ V)8 (69)

15A .
6+v/11)B2
6A<2+tan <kx+Vyi 3’_0\/9006%(/{2 +2) + ( + : ) >>

Substituting Equation (69) into Equation (4), the transversal

reads
<1+\/11>Bb1 t <6+\/11>B2
_ 2
v(x,y,t)_—T 2 + tan kx+vyi% 90061(k2+v2)+T
(70)
<6+\/11>Bb1 <1+\/11>Bb1
+ - + b2.
154 l 2 (o)
6A( 2+tan | kx+vy+ o 900cy(k? + v2) + ———
Case 4.5
(6—\/11)3 (\/11—1)3 (\/11—1)3
E, = , E, = , F, = s
0 15A ! 304 ! 6A
| (6—\/11)32 (33+7\/11)B2
=% 35\ 900632 + V) + ————— and C= ————
Considering all these values in Equation (15), then the solu- Ux) = (6 -Vn )B . (\/H - I)B(2 o) + (\/ﬁ - 1>B |
tion of Equation (14) is obtained as 15A 304 6A(2 + tan(();)l))

Also, the Equation (8) has explicit soliton solutions given by

(o~

A

(\/ﬁ—l)B

304
(6- V)5 (VIT-1)5 "

154 = '
6-1/11)B?
6A<2 + tan (kx +vyt 3%\/900c%(k2 +v2) + %))

u(x,y, 1) = 2 +tan|kx + vy + S_tO\J 900c?(k2 +2) +

@ Springer
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Substituting (72) into (4), the transversal reads

(\/ﬁ—1)3b1

30A

(6- \/H)Bbl (vii- 1>Bb1

+ + +b,.

(6— \/H)BZ

9 ’t =
v(x, 1) "

2 4 tan | ke + vy + ?%J 9003 (K2 +v2) +

(73)

154
6—/11)B2
6A<2 + tan (kx +vy+ %\/900c%(k2 +12) + %))

(©)vatt=1.3 d)vatt=27

Fig.5 Four distinct solitonic structures of sharp Lump soliton waves for Equations (72)-(73) with arbitrary constants B=1, A =7, k =15,
v=49, ¢, =11,b,=91,b,=3
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Family 5: By setting[6,; 6,; 655 6,1 =[1—i; —1—1i; —1; 1]
and[&; &5 &5 &4] = [i; — i3i; — i], and hence the expression
(11) shows

dX) = —1 + cot(X).

Case 5.1
(1+i)B 2iB
E, = , E, =0, Fj=+—,
0 3A ! ! 3A
\/ 18AC(K2 +12) — B
W=+ and
3v/24/A
__ 28
To9A”

Considering all these values in Equation (15), then the solu-
tion of Equation (14) is obtained as
(1+0B N 2iB

34 7 3A(-=1+cot(X))’

UX) = (74)

Also, the Equation (8) has explicit soliton solutions given by

(1+£0)B
9 9 t =
u(x, y, 1) A
2iB
i .
3A I . \/ 18Ac3(k2+v2)—B2
—1 4+ cot + vy + ZW
(75)
Substituting (75) into (4), the transversal reads
1 +i)Bb
2iBb,
+ +b,.
\/ 1842 (K +v?)—B?
3A<—1 + cot (kx +vy+ tW))
(76)
Case 5.2
(1+0i)B iB
E = s E = i_s F = Os
0 3A P74 !
\/ 18ACAK? +12) — B2
W= and
3v/24/A
2B?
C=—-.
9A

Considering all these values in Equation (15), then the solu-
tion of Equation (14) is obtained as

(1+d)B 2iB
3A + ﬁ(_] + cot(X)). (77)

UKX) =

Also, the Equation (8) has explicit soliton solutions given by

_(1xHB
u(x, y, 1) = I
2iB V184 +12) — B2
+=—|—-1+cot|kx+vy+t
34 A
(78)
Substituting (78) into (4), the transversal reads
_(1£0Bb,
v, y, ) = 3A
L [ H\/m .
+ - vy + .
34 AV )
(79)
Case 5.3
2B E,
E():g;, El =7’ F1 :EO,

\/ 18AC(K? +2) + B
+

B 3v2v/A

= and
_ %
C9A°
Considering all these values in Equation (15), then the solu-

tion of Equation (14) is obtained as

UX) = g—i + Ii(cot(X) D+ ﬁ.

3A (80)

Also, the Equation (8) has explicit soliton solutions given by

8 B V18402 + 1) + B2
u(x,y,t) ==— + —|cot|kx + vy + ¢ -1
2B
+ .
A . y/ 18A2 (K> +v2)+B? |
cot + vy = I‘W -
1)

Substituting (81) into (4), the transversal reads

\/ 18Ac%(k2 +v2) + B2

(x,y,1) 2Bb, +Bb1 t| kx + t 1
v(x,y,t) =—— + —| co vy + -
3434 3v2v/A
2Bb,
+ +b.
3A( cot| kx + vy + [—\WW -1
y= 3v2VA

(82)
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y 500

(@uatt=1.1

X 100
o -50

100

-100

50

0
y

(¢) vatt=1.1

y 500

-100

0
y 500

(d) vatt =3.3

Fig. 6 Four distinct solitonic structures of interactions between periodic Lump solitons and anti-kink wave profiles for Equations (81)-(82) with
arbitrary constants B=1, A=7, k=15, v=49, ¢, =1.1, b, =91, b, =3

Case 5.4

(9— \/ﬁ>B (1 - \/ﬁ)B

Ux) =
X * 24A

24A
(VT

12A(cot(X) — 1)

(cotX)— 1)+

Considering all these values in Equation (15), then the solu-
tion of Equation (14) is obtained as

@ Springer

(9 - \/ﬁ)B (1 - \/ﬁ>B

X) =
v * 24A

24A
(Vi)

12A(cot(X) — 1)

(83)

(cot(X) — 1) +

Also, the Equation (8) has explicit soliton solutions given by
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(1—\/ﬁ)3 (\/ﬁ—9)32

cot | kx + vy + t%\J 576¢2 (k> +v2) —

t] 7t = —1
ux.y.1) 24A A
(84)
(9— \/17)3 (1—\/17>B
RV I 1 o (Vo '
1241 cot | kx+vy £ 15 576¢% (k +V)_T -1
Substituting (84) into (4), the transversal reads
(1 - \/17>Bb1 | (\/17—9)32
v(x,y,t):T cot kx+vyitﬁ 576c%(k2+v2) By — -1
(85)
(9- \/17)1_%1 (1 - \/17>Bb1
+ A + — + b,.
17-9)B2
12A<cot lkx+ vy + ti\/576cf(k2 +12) - #] - 1)
Case 5.5
<9 +1/ 17) B (1 + 1 /17> B Also, the Equation (8) has explicit soliton solutions given by
EfLZ=———" E=—«—"—,
0 24A ! 24A (1+V17)B
(5v17-51)8 7
F,=2E, C= —————— and VIT+9)B
2884 [cot[kx+vyilzl—4JS760?(/{2+V2)+ —< 1 ) -1
. (9 + \/17)82
0= 222\ 5766 (12 +12) + ~————. (94 VT7)s
T Tom
Considering all these values in Equation (15), then the solu- (1 +V17 )B
tion of Equation (14) is obtained as * - '
24A<cot (kx+ vy + ti\/5760?(k2 +12) + @) - 1)
<9 + \/17)3 (1 + \/17>B &
UX) = +
24A 24A (86) Substituting (87) into (4), the transversal reads
(1 +v 17)3
t(X) - 1)+ ————.
(cot®) = D+ o) — D
<1+\/17>Bb1 1 (\/17+9)B2
v(x,y,t)zT cot kx+vyitﬁ 576cf(k2+v2) +T -1
(88)
(9+ \/17>Bb1 (1+V17)Bb,
+ + +b,.

24A
V17+9)B2
24A<cot <kx+ vy + tﬁ\/576cf(k2 + v2) + ( : ) -1
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(@ uatt=0.1

_s0 —100

(¢c) vatt =0.1

=100

=50

0

v

dvatt=2

Fig.7 Four distinct solitonic structures of vertical Lump-type solitons wave profiles for Equations (87)-(88) with arbitrary constants

B=4,A=1k=32,v=19 ¢, =0.16, b, =0.19, b, = 16

X
Family 6: By setting [6,; 6,5 635 6,] =[2; 15 1; 1] and
[, &5 & £ [1; 0;1; 0], and so expression (11) shows

28+ 1
PO="11

@ Springer

Case 6.1
4B
Eozg, E1:0, F1:_E0,

\/9Ac§(k2 +12) 4282
=+

+ "

2RB2

94"

and

w

Considering all these values in Equation (15), then the solu-
tion of Equation (14) is obtained as
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X
UGt = 4B _ 4B+ D)

34 3AQeX+ 1) (89)

Also, the Equation (8) has explicit soliton solutions given by

\/9rc (224282
4Bl exp| kx + vy £ t+——+— | + 1
4B 3VA

ux,y,t) = — — .
3A [OAC 24y 1282
3A<2 exp(kx +vy+ l%) + 1>

(90)

Substituting (90) into (4), the transversal reads

( f = 4Bb1
Y
4Bb, <exp(kx +vytt—m———— 9AC'(k2+V2)+2BZ) + 1>
3y
_ +b,.
3A( 2 exp kx+vy-_l-t—"9ACI(k_+V-)+ZB +1
3VA

On

Case 6.2

2B E, 2E,
E0=_7 1= — 75> 1= 5>
3A 3 3
\/81Ac§(k2 +12) 4+ 282
o=+ and
9v/A
_ow
T 8IAT

Considering all these values in Equation (15), then the solu-
tion of Equation (14) is obtained as

2B(2 1 4 1
4B B(ex+)_ B(eX+). ©2)

v =33 9A(X +1)  9AQeX + 1)

Also, the Equation (8) has explicit soliton solutions given by

28l 2 . A/ BIAC (K242)+2B> |
i5 exp +vy+ ZT +

3A 1/ 81AG (K +v2)+2B?
9A| exp| kx+vy+t+——F+—— | +1

M()C, y7 t) =
9v/a

4B . 1/ 81AC (K2+12)+2B2 |
+ —_—
exp +vytt 9vA +

4/ 81AC}(K2+v2)+2B> ‘
9A 2 exp| kx+vy+tt-———— | +1

9v/A
93)
Substituting (93) into (4), the transversal reads

\/B1AC(K2+V2)+2B?
| +1

2Bb| 2 exp| kx +vy +1t
4Bb, < < ovA

V(X y, 1) =—— =
3A < ( 81Ac2 (k2+v2)+232> >
9A| exp| kx +vy +t
\/ 81Ac2(k2+v2)+23’
4Bbl<exp<kx+vy-0_-t >+ 1)
- 1/814c 2(k2+v7)+23
9A<2 exp<kx+vin +1
94
Case 6.3
2B
E,= BEVE E =-E, F, =0,
\/ 9ACA (K2 +12) + 2B
o=+ and
3vA
2B?
C=——.
9A

Considering all these values in Equation (15), then the solu-
tion of Equation (14) is obtained as

_2B 2B2eX + 1)

Also, the Equation (8) has explicit soliton solutions given by

V/9AC (k2 +v2)+2B2
2B\ 2 exp| kx+vy+t+—+r—— | + 1
2B VA

u(x,y, t) = .
34 ” . \/W .
exp +vy+x IT +
(96)
Substituting (96) into (4), the transversal reads
oy = - B0
viXx,y, 3A
28b. [ 2 kx . 1/ 9Ac2 (kK2 +v2)+2B? 1
1 exp +vy+ ZT +
+ +b,.
3A . N 1/ 9Ac2 (kK2+v2)+2B? |
exp +vy+ IT +
CH)

Family 7: By setting [6,; 6,; 65; 6,1 =[1;2; 1; 1] and
(&5 &5 &35 &1 = [1; 0515 0], and so expression (11) shows
eX+2
eX+1

$X) =
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0 0

x X

@©vatt=1 d) vatt=6
Fig. 8 Four distinct solitonic structures of oscillating waves for Equations (93)-(94) with arbitrary constants B =431, A=4.1, k=3, v=17,
¢, =1.001, b, =27, b, =3

Case 7.1 Considering all these values in Equation (15), then the solu-
B tion of Equation (14) is obtained as
EO = -, El = O, Fl = _2E0,
3A veo = 28 4 4B(e* + 1) 98)
\/QAC%(]CZ +v2) + 282 34 3A(eX +2)
o=+ and . - . .
3 \/Z Also, the Equation (8) has explicit soliton solutions given by
_ 2B
94"

@ Springer
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1/ 9Acf(k2+v2)+232
4B exp | kx +vy +t+—F+—— | +1
2B

(570 _
ulx,y,f)=——+=+ .
3A 62 2 V2 2

3A<exp (kx+ vyitw> +2>
3VA
%9)
Substituting (99) into (4), the transversal reads
2Bb,
v(x,y, ) = — =TS
4Bb, ( exp (kx +uy XL ()A("ikj/;z)*_wz) + 1)
+ : +b,.
3A<exp <kx+ vy + Z—W> +2)
3VA
(100)
Case 7.2
E
E0:4_B, El :—_0, Fl :0,
3A 2
\/9Acf(k2 +12) 4282
o=+ and
3v/A
__2
OA "~

Considering all these values in Equation (15), then the solu-
tion of Equation (14) is obtained as

4B 2B(eX +2)

v =33 T 3A(X + 1)

(101)

Also, the Equation (8) has explicit soliton solutions given by

A/ 9AC (K2 +v2)+2B2

2B| exp | kx+ vy +1t
b 2(o (e

ulx,y,t) = — — .
3A 1/ 9AC (k2 +v2)+2B2
3A<exp (kx+ vy + tT) + 1>
(102)
Substituting (102) into (4), the transversal reads
- _4Bb;
’ 3A
V/9Ac(k2+v?)+2B?
2Bb, ( exp (kx +vyt tT) + 2)
- +b,.
3A(exp (kx+ vy + IT> + 1>
(103)

1063
Case 7.3
E, 2F
E0= Z—B’ El =——O, Fl =—_0,
3A 3 3
\/9Ac$(k2 +12) 4+ 282
o=+ and
3v/A
2B?
C=—-——.
9A

Considering all these values in Equation (15), then the solu-
tion of Equation (14) is obtained as

4B(e* + 1)
OA(eX +2)

4B 2B(*+2)

v =34 T A + 1)

(104)

Also, the Equation (8) has explicit soliton solutions given by

9Ac2(k2+v2)+232
2B( exp | kx +vy + t
4B _

u(x’y7 t) =5

3A A /9Ac2(k2+v2)+232
Al expl kx + vy +t+—F+—— | + 1

9Ac2(k2+v2)+232
4B exp | kx + vy + t +1

9Ac (kz+\/Z )+2B2
+2

9A<exp <kx+vy+t
(105)
Substituting (105) into (4), the transversal reads

2Bb . V/9AcH (k> +v?)+2B? ’
Bb, 1| exp +vy+ tT +
v(x,y, 1) = -

3A V922
9A( exp (hor+ vy it ) 41

V/9AcH(k2+v?)+2B?
4Bb | exp | kx+vyxt+——F+—— | +1

3VA

- +b,.
94 . ; V/ 9ACH (k2 +v2)+2B? ’
+ —
exp +vy+ VA +

(106)
Family 8: By setting [6,; 6,; 85; 6,] = [2;3; 1; 1] and
[&); & & & = [1; 0;1; 0], and so expression (11) shows

2¢X +3

PO="30T
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0.00

b)uatt=12
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c)vatt=1 (d) vatt =12

Fig.9 Four distinct solitonic structures of oscillating waves for Equations (105)-(106) with arbitrary constants B =13, A = 1.01, k=13,
v=311, ¢, =1.001, b, =7, b, =13

Case 8.1 Considering all these values in Equation (15), then the solu-
4B tion of Equation (14) is obtained as
EO = - El = 0, Fl = —3E0,
3A 2B  4B(X +1)
UX)=——+———=- 107)
\/9Ac%(k2 +12) + 282 3A  AReX +3)
w =+ and . .. . . .
3 \/Z Also, the Equation (8) has explicit soliton solutions given by
2B
C=—-——-.
9A
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AB o+ ; V/9AC (k2+v2)+2B2 +1
ex vy+ 44—
4B P = 3VA

ux,y,t) = —— +

3A Ny ‘
3A( 2exp | kx+vyxt+——F+—— | +3

3VA
(108)
Substituting (108) into (4), the transversal reads
4Bb,
v(x,y,t) = — =S

ABb . V/9AcH(k>+v?)+2B? |
1| exp +vy+ tT +
+ +b,.
\/9AC (K2+v2)+2B2
A 2exp | kx+ vyt t-——-—F—— ] +3

3VA
(109)
Case 8.2
E
E0:2_B, El :—_0, Fl :0,
A 3
\/9Acf(k2 +12) 4282
W=+ and
3v/A
_
94

Considering all these values in Equation (15), then the solu-
tion of Equation (14) is obtained as

2B ZB(2eX +3)

v =" 3A(X + 1)

(110)

Also, the Equation (8) has explicit soliton solutions given by

4/ 9Ac3 (k2+v2)+2B>
5 2B\ 2exp | kx + vy +xt+——+—— ) +3

. 3v/A
u(x,y, 1) = = — |
! 34 kx + 9ACT (K2 +v2)+2B? |
€xp +vyx IT +
(111)
Substituting (111) into (4), the transversal reads
ey =280
viXx,y, N
2Bb | 2 k OAC (K2 -+12)+2B2 X
(20w (ke t vy = — ) +
_ +b,.
34 ((exp (ot vy 2 AAEDEE)
exp Yy + 3\/X

(112)

1065
Case 8.3
2B E, 6E,
E, = —, E = ——, F = ——,
07 34" ! 50 1 5
\/ 225A(K> + v2) + 2B
w=+ and
15VA
2B
722547

Considering all these values in Equation (15), then the solu-
tion of Equation (14) is obtained as

4B(eX + 1)
5AQ2eX +3)

2B 2BQ2eX+3)

v =34~ 15A(X + 1)

(113)

Also, the Equation (8) has explicit soliton solutions given by

\/225A3 (k2 +v2)+2B?
2Bl 2exp | kx + vy t+——+—— | +3

2 15vA
u(x,y,t) =— —

3A 154 . V22508 (@) 4282 |
exp +vy+t T +

4B . V/225Ac2 (k2 +v?)+2B? |
exp +vy+t T +

sal . A/ 22542 (K2+v2)+2B2 3 '
exp +vy+t T +

(114)
Substituting (114) into (4), the transversal reads

28b. (2 e + +t\/225Acf(k2+v2)+233 +3
2Bb; e W 154

34 /2254 (R +12) 2B
15A( exp | kx+vy+t+—+——

v(x,y, 1) =
< 15v/A
\/ZZSAC (K2+v2)42B
4Bb, (exp (kx i +1
[ NVAGE B /225Ac2(k2+v2 282
SA| 2exp | kx + vy + +3
(115)

5 Physical explanations for some solutions
It has been demonstrated that obtained closed-form exact

soliton solutions by applying the current proposed general-
ized exponential rational function (GERF) method for the
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Fig. 10 Four distinct solitonic structures of oscillating waves for Equations (114)-(115) with arbitrary constants B =481, A =2.1, k=3,

v=T,¢,=1,b =7 by =3

double-chain deoxyribonucleic acid (DNA) model, are new
and different from other used methods. As the proposed
method has accomplished the distinct wave solutions forms
of solutions like exponential functions, trigonometric func-
tions, hyperbolic trigonometric functions, and rational func-
tions through the Equation (8) employing the different values
of constants parameters. The observable features for obtain-
ing solutions of the mentioned method are the novel struc-
ture of solitonic solutions and new equations which derived
different form of solutions. For a physical description of

@ Springer

achieved solutions, graphics are presented to elaborate the
several novel exact soliton and exponential rational func-
tional solutions in the shapes of dynamics of solitons like
multi-solitons, breather-type solitons, abundant elastic inter-
actions between multi-solitons, and nonlinear waves, oscil-
lating multi-solitons, and Lump solitons, etc. The graphical
structures given in Figs. 1,2, 3,4,5,6,7, 8,9, 10 are plotted
in 3-dimensional by Mathematica software.

Figure 1 reveals the breather-type waves for solu-
tions (30)-(31) for t+=0.03 and r=1.43. For best
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visibility of the figure, we sketch the graph for suitable
choice of arbitrary constants as B=99, A =9, k =0.33,
v=0.11, ¢, =0.3, b, =0.093,and b, = 2. In Fig. 2, the
dynamics of the closed-form solutions (39)-(40) in
various shapes are traced with different value of ¢. The
dynamical structures of achieved Lump wave soliton
solutions are demonstrated by changing the distinct val-
ues of free parameter constants A =49, B=1.4, k=0.1
v=S5,p=12, b, =081, b, =8. In Fig. 3, the physi-
cal aspect of the solutions (48)-(49) is investigated at
t=1 and ¢t =13. The graphical structure has shown
the elastic interactions between periodic multi-soliton
waves for u and v. For Sketching this profile, we have
consider the appropriate choice of arbitrary constants
B=3,A=13, k=13, v="7,¢, =12, b, =1.7, by =3.
Multiple-solitons wave profiles for Equations (63)-(64) are
exhibited in this Fig. 4. The graphical behavior of multi-
soliton for solutions u , v is noticed att = 2.2 and ¢t = 3.11.
These graphs are sketched by considering arbitrary constants
B=091,A=17,k=3,v=9,c, =18,b, =1.9,b, =9.

In Fig. 5, the dynamics of the solitonic solutions (72)-
(73) in distinct shapes are plotted at the value of 1 =1
and t = 2.3. The dynamical structures of achieved sharp
Lump soliton waves for solutions are demonstrated by
changing the distinct values of free parameter constants
B=1,A=7k=15v=49, ¢, =11, b, =91, b, =3.
Distinct solitonic structures of interactions between periodic
Lump solitons and anti-kink wave profiles for solutions (81)-
(82) are exhibited in this Fig. 6. The geometrical behavior
of multisoliton for solutions u , v is recorded at ¢t = 1.1 and
t = 3.3. These graphs are illustrated by choosing parameters
B=1,A=7, k=15 v=49, ¢, =11, b, =91, b, =3.
In Fig. 7, solitonic structures of vertical Lump-type solitons
wave profiles for Equations (87)-(88) has been analyzed at
t =0.1and t = 2. The arbitrary constants are considered as
B=4A=1,k=32,v=19,c, =0.16,h, =0.19,b, = 16
for ambient visibility. In Fig. 8, solitonic structures
of oscillating waves are revealed for solutions u and
v given by Equations (93)-(94), respectively. Pro-
file is plotted for the values of constants chosen as

B=431,A=4.1,k=3,v="70c, =1001,b, =2.7,b, =3.

In Fig. 9, Equations (105)-(106) illustrated multisoliton wave
profile with the variation of 7. For numerical simulation, we
have taken arbitrary constants as B = 13, A = 1.01, k = 13,
v=3.11, ¢, = 1.001, b, =7, b, = 13. InFig. 10, Equations
(114)-(115) represented multisoliton wave profile with the
variation of . For numerical simulation, the arbitrary con-
stants are considered as B=481, A=2.1, k=3, v=1,
c=1,b =17 b,=3.

6 Conclusion

In summary, we successfully performed the generalized
rational function method to acquire the closed-form exact
solutions of the considered double-chain DNA model
described by Equations (1) and (2). This double-chain model
of DNA consists of two long elastic homogeneous chains
which depict two polynucleotide strands of the DNA mol-
ecule, connected with each other by a linear springs describ-
ing the hydrogen bonds between the base pair of the two
strands. The nonlinear dynamical equations are considered
and some soliton solutions are constructed. Moreover, this
method concerning novel closed-form exact soliton solutions
like rational functional, trigonometric functional, and hyper-
bolic functional solutions. The physical significance of the
established soliton solutions has been demonstrated via the
3D shapes. Different forms of well-known dynamical wave
structures of soliton solutions are examined: the breather-type
wave shape, Lump solitons shape, periodic multi-solitons
shape, multiple solitons wave shape, and the singular peri-
odic waves. Apart from this, the generated soliton solutions
showed that the current method is efficient, straightforward,
robust, and influential which can be used to obtain closed-
form exact soliton solutions to NLEEs arising in different
physical models of nonlinear dynamic systems. In the future,
we will modify the computerized symbolic method used here
to deal with various NLEEs, when their coefficients are vari-
ables, for introducing more exact solitary wave solutions.
From our generated closed-form solutions, it is remarkable
to note that the method is highly reliable, beneficial and very
efficient for evaluating various new solitonic structures of
several nonlinear development equations. Some of the fami-
lies of exact explicit solutions exhibit the effectiveness, trust-
worthiness, relevance and straightforwardness of the method.

6.1 Future scope

All the new findings obtained in this article have a large
number of applications in the areas of mathematical biol-
ogy, dynamical systems, dynamics of solitons, nonlinear
dynamics, and various related fields of mathematical sci-
ences and applied mathematics. Basically, solitary waves
or solitons are used to describe any optical field that does
not vary due to a balance between nonlinear outcomes and
dispersive. In future, solitonic structures of solitons create
a comprehensive theory to predict the dealing of various
physical and biological systems. The development of suc-
cessful soliton solutions will lead to tremendous research
in different fields for various dynamical systems.
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