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INTERACTION DYNAMICS FOR (3+1)-DIMENSIONAL COMBINED
PKP-BKP EQUATION

ALI DANLADI'* AND ALHAJI TAHIR?

ABSTRACT. This study explores the (3+1)-dimensional combined pKP-BKP equation and its
variants, specifically when certain parameters vanish, using the Hirota bilinear method and sym-
bolic computation. We have successfully derived various solutions, including breather waves,
two-wave interactions, lump-periodic solutions, and other novel interaction forms. All the pre-
sented solutions have been verified to satisfy the original equations through back-substitution,
aided by the Wolfram Mathematica package. To illustrate the nature of these solutions, their
visual characteristics are graphically depicted. The results contribute valuable insights into fun-
damental nonlinear fluid dynamics and enhance our understanding of computational physics

and engineering science within complex nonlinear, higher-dimensional wave fields.

1. INTRODUCTION

Nonlinear evolution equations arising in fluid dynamics, optical fibers, plasma dynamics, and
related fields have been extensively studied in the literature. Integrable equations are known to
admit exact multi-soliton solutions. Solitons are stable, localized waves whose shapes, ampli-
tudes, and velocities remain unchanged during propagation. Their interactions are considered
elastic if these properties remain invariant before and after the interaction, as exemplified by
the Korteweg-de Vries (KdV) equation [I—12|. However, inelastic interactions can also occur,
leading to phenomena such as fission and fusion of waves, as seen in the Burgers equation.
Furthermore, both elastic and inelastic interactions in various continuous integrable equations
have been widely analyzed and discussed.

Among the fundamental methods for obtaining soliton solutions are the inverse scattering trans-
form [1-10], the Riemann-Hilbert technique [11-20], the Darboux transformation [16-25], and
the Hirota direct method [6-36]. Notable solutions in mathematical physics, such as breather,
complexiton, lump, and rogue wave solutions can be seen as particular reductions of soliton
solutions under various conditions. Numerous effective approaches [12-24] have been employed
to investigate the complete integrability of nonlinear evolution equations, addressing both elas-

tic and inelastic interactions to produce new results in scientific research.
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Various prominent solutions, including breathers, lumps, and rogue waves, have been derived us-
ing a range of sophisticated techniques, such as the algebraicgeometric method, the inverse scat-
tering method, the Backlund transformation, Painleve analysis, Lax integrability, the Darboux
transformation [15-22], and the Hirota bilinear method [1-5,22-30], among others. For exam-
ple, in [34], solutions for a (2+41)-dimensional coupled partially nonlocal nonlinear Schrodinger
equation were obtained via a coupled relation using the Darboux method. Similarly, in [35,30],
N-soliton solutions, breathers, and lumps for the (2+1)-dimensional Hirota-Satsuma-Ito equa-
tion were derived using the Hirota bilinear method, the complex conjugate parameter, and the
long-wave limit method. The Hirota bilinear method is recognized as an efficient, convenient,
and powerful technique for exploring integrable nonlinear models in various contexts, including
Bose-Einstein condensates, plasma physics, ferromagnetic chains, water waves, and nonlinear
optical fibers. Its effectiveness has attracted widespread attention among researchers. Inte-
grable equations can be reformulated into Hirota bilinear forms through suitable dependent
variable transformations. Moreover, computer algebra systems such as Maple and Mathemat-
ica are invaluable for managing the otherwise labor-intensive computations involved.

The potential Kadomtsev-Petviashvili (pKP) equation read as

obtained by V' in the KdV equation with V,, and integrating with respect to x once.
Moreover, the (2+1)-dimensional integrable B-type Kadomtsev-Petviashvili (BKP) equation is
given by

that describes the interactions between exponentially localized structures, and has been used
as a model for the shallow water wave in fluids and the electrostatic wave potential in plasmas
[1=18]. Recently, Ma [I| proposed a combined form of the pKP eq. (1.1) and the BKP eq.
(1.2), known as the pKP-BKP equation, expressed as

(1.3)

a1(15(Va)*+15Ve Vawa+ Vazana o +2(6Va Vaa+ Vazar) 43 (Vaway +3(Ve Vi) ) +04 Ve +a5Vir+as Vyy = 0,

where a; are arbitrary constants and a; # 0. This newly proposed equation went under thorough
studies with useful findings in [I-5]. In [I], the Hirota conditions for N-soliton solutions are
studied and analyzed. Variety of soliton molecules were formed through solitons such as the
kink, lump or breather for the physical quantity V(z,y,t) in [2-5]. Resonant multi-soliton,
M-breather, M-lump and hybrid solutions of a combined pKP-BKP equation were formally
derived in [2-5]. Interactions such as collisions between lump waves and periodic waves, as
well as collisions between lumps and single or double kink soliton solutions, were also explored
in [6-36]. The combined pKP-BKP eq. (1.3), as a novel development, has been investigated in
depth, producing many significant results.

In [37], this equation was further extended to a new (3+1)-dimensional pKP-BKP model,
leading to additional advancements beyond the findings reported in [I-5]. The newly proposed
(3+1)-dimensional pKP-BKP equation is given by:

(1.4)

Ve +a(15(Ve)* 415V, Vi + Vi )+ B0V Vi +Vawwa) +7 (Vaway +3(VaVy ) +aViw +0Vi Vi Vg, = 0,
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where some additional terms, namely bV, and cV,,, were added to the pKP-BKP eq. (1.3), a5 is
set equal to 1, and v = V(z,y, z,t). The newly proposed pKP-BKP eq. (1.4) is slightly different
from Eq. (1.3) because of the newly added terms and the extension to (3+1)-dimensions.
The physical background of the governing eq. (1.4) represents the pioneer work of combining
nonlinear evolution equations to reveal nonlinear integrable equations as discussed in [1]. Our
main aim from this work is use the Hirota’s method to to transform the extended (3+1)-
dimensional combined pKP-BKP equation and its special cases into a bilinear form and then
obtain breather wave, two-waves, lump-kink and other new interactions for each of the model

equation and its special case.

2. THE (3+1)-DIMENSIONAL COMBINED PKP-BKP EQUATION

The (3+1)-Dimensional Combined pKP-BKP Equation [37] is given by eq. (1.4).

2.1. The breather solution. To obtain the breather solution for eq(1.4) we first use the
transformation

26‘10g(f(x, Y, 2,t))

(2'1) V(‘/’U7 y?’z7 t) = ax )

to convert eq.(1.4) into a Hirota bilinear form as:

(2.2)
fafiox + by + cfan + fxt + B frooo + Yooy + 1ifyy + aboooo) — afy — fy (0fz + 7 frox) — cfaf>
—Jtfr — 4B fa fxxx — 6 frooxxfy — 37fxfxxy + 15 frooocObix + 37fXXny — 10 )%xx - :ufyZ + 3/3f)2cx =0.

To obtain the breather solution, we use the test function [35]:

(2.3) [ =qexp (pix1) +exp (—pixa1) + ¢ cos (poxea) ,

where x1 =mt+x +y+m2z, X2 =t +2+y+mz.

Substituting eq.(2.3) into eq.(2.2) then and performing the necessary manipulations, we obtain
a polynomial in powers of exponential and trigonometric functions. Collecting the coefficients
of the same power of trig and exponential functions and equating each to zero, yields an
algebraic system of equations. Solving this system of equation, we obtain the values of the
parameter that are involved.

Case One

When
Po=—ip1, ¢1 = =2/, N3 = —2a — 2b — cnp — cng — m — 210 — 32apg + 86

(2.4) f=—2gcosh (p; (k+ x +y + nu2)) + goePr MiFTetvmz) 4 omp(mitatytnz)

Substitute eq.(2.4) into eq.(2.1), we obtain the exact breather solution as
(2.5)
) (—2p1¢q§Sinh (p1 (k + & +y + m42)) + prgoePr (mttatytnzz) Ly (_e—pl(n1t+w+y+nzZ)))

Vl (.’IJ, Y= t) = —2\/q72 cosh (pl (k +x+ Y + n4z)) + q2€171 (mt+z+y+n2z) + e~ P1 (mt+z+y+n2z)

)

where k =t (—2a — 2b — cny — cng — m1 — 2 — 32ap] — 86p?).
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2.2. The two-waves solution. To obtain the two-waves solution, we use the test function [35]:

(2.6) f = d3sin (x2) + d4sinh (x3) + 61 exp (x1) + d2exp (—x1) ,

where Y1 =mt+x+y+1m22, Xo=n3t+x+y+mz, xs=nt+T+y+ nsz.

Substituting eq.(2.6) into eq.(2.2) and performing the necessary manipulations, we ob-
tain a polynomial in powers of exponential with trigonometric and exponential with hyperbolic
functions. Collecting the coefficients of the same power of exponential with trigonometric and
exponential with hyperbolic function and equating each to zero, yields an algebraic system of

equations. Solving this system of equation, we obtain the values of the parameter that are

involved.
Case One
When
2
02 = _46741’ 03 =0, n5 = —2a — 32a — 2b — 8 — cna — cng — 8y — M1 — 241, we obtain
S2e—mt—z—y—n2z
(27) J = 04sinh (k +r+y—+ 7’]62) — 4 + 516n1t+$+y+n22.

46,

Substitute eq.(2.7) into eq.(2.1), we obtain the exact two-waves solution as

2 (54 cosh (k+z +y+nsz) + W 4 61€n1t+x+y+n2z>
<28) Vz(x,y,z,t) =

§Ze—n1t—z—y—nzz

Sysinh (k + x4y + nez) — g + Gremtretutnz
where k =1 (—2a — 3200 — 2b — 83 — cmp — cng — 8y — 1 — 24) -

Case Two

When

09 = m%, 04 = 0;mp = —a+4a—b+2B—cno+2y—p, n3 = —a+4a—b—20—cn,—2v—p,

we obtain

62(10cc — 33 — 3y)e Kl-wy—ms=
461(10ac + 36 + 37)

Substitute eq.(2.9) into eq.(2.1), we obtain another exact two-waves solution as

82(10a—38—3v)e kl-z—y—nzz kl
2 (53 COS(k) — 3 461 (10+35+37) + 6y ekitrtytnez

(29) f = (53 Sln(/f) + + 516k1+x+y+n2z.

(2.10) Vs(z,y, 2,t) =

- 03(10a—33—3y)e” Kl —=—v—m2* Kl+a+
Y+n2z

where & = t(—a+4a—b—-28—cny—2y—p) + = + y + mz, kil =
t(—a+4a—b+28—cnp+2y—pu).

2.3. The lump-periodic solution. To obtain the lump-periodic solution, we use the test
function [38]

(2.11) f = qacos(x2) + ¢qi cosh (x1) + g3 cosh (x3) -

Substituting eq.(2.11) into eq.(2.2) and performing the necessary manipulations, we obtain a

polynomial in powers of hyperbolic with trigonometric functions. Collecting the coefficients of
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the same power and equating each to zero, yields an algebraic system of equations. Solving
this system of equation, we obtain the values of the parameter that are involved.

Case One

When

@1 =¢s @2=0, n5=—2a—32a—2b— 80 — cna — cng — 8y — . — 2pu.
we have,
(2.12) f =gqscosh (k+x+y+nsz) + qzcosh (nit + x +y + nez) .

Substitute eq.(2.12) into eq.(2.1), we obtain the exact lump-periodic solution as

2 (gzsinh (k 4+ 2+ y + ngz) + gg sinh (mt + = + y + 1722))
gscosh (k + x +y + nez) + gz cosh (mt + x + y + 1n22)

(2.13) Vi(z,y, 2z, t) =
where k =t (—2a — 32a —2b— 88 — cng — cng — 8y — 1 — 2) .

2.4. The new interaction solution. For the new interaction solution, we use the test function

[35],
(2.14) [ =qexp(pix1) + gsexp (—pix1) + ¢ sin (pox2) + ¢asinh (paxs) ,

where x1 =ml+x+y+mz, Xe=mt +T+y+mz, x3=nl+x+y+nez.

Substituting eq.(2.14) into eq.(2.2) and performing the necessary manipulations, we obtain a
polynomial in powers of hyperbolic with trigonometric functions. Collecting the coefficients of
the same power and equating each to zero, yields an algebraic system of equations. Solving
this system of equation, we obtain the values of the parameter that are involved.

Case One

When

P1=—ipo, @1 = —23/Ga/T3, qa = 0;73 = —2a —2b— 1y — cny — 1 — 20 — 32ap + 86p; + 8yp5.
we have

(2'15> f= _2@@ sin (po (k; +z+y+ 7742)) + q26—ipo(mt+ac+y+n22) + qgeipo(n1t+ac+y+nzz)'

Substitute eq.(2.15) into eq.(2.1), we obtain exact new interaction solution as

(2.16)

2 (—2poy/@2/5 cos (po (k + x + y + n4z)) + (—i)pogoe ™ PolmtFaty+m2z) 4 jp,gqeipolmitaty+nzz))
—2/q2/q3 sin (po (k + = + y + na2)) + gae~tPo(mttaty+n2z) 4 gseivo(mitz+ytnz2)

‘/:5($,y,2,t) - ’
where k =t (—2a — 2b — cny — cng — m1 — 2 — 32apy + 88pi + 8vp?) .
Case Two

When
Pr=-p2 1=0, 4= 2./2,/33\/ a-+b+cne+15+p+160p3+4Bp3+4vp3
) ) \/*a*bchG*775*M716ap374ﬁp§,4,yp§

_ —2a—2b—cng—m1—n5—2pu—32ap3 —8Bp3—8vp3
o = c )

we have

)

(2.17) f = qzefpz(’“—j+n1t+x+y) + q3ep2(’“—j+mt+z+y) + 2\/E\/q_2\/@ sinh (py (15t + = +y + 7762)).

V—k
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Substitute eq.(2.17) into eq.(2.1), we obtain another new interaction solution as
(2.18)

9 (_p2q2e—pz(kj+mt+x+y) +p2q3ep2(%z+mt+x+y) + 2\/sz\/E\/Q?COSh(pz(nstﬂeranﬁz)))

=kl
%(Z’,y,z,t): kz kz \/H inh ’
q2€7p2(7+n1t+w+y) + q36p2(7+n1t+w+y) 4 2VKl Va2 /G5 sinh(pa (s t+a+y+162))
v/ —kl

where k = —2a — 2b — cng — 1 — 15 — 2 — 32ap; — 86ps — 8yps, kl = a+ b+ cng +ns + 41 +
16ap; + 45p3 + 4yp3.

3. THE (3+1)-DIMENSIONAL COMBINED PKP-BKP EQUATION WITH =0
For 5 = 0 the new (3+1)-Dimensional pKP-BKP Equation [37] is given as:

3.1. The breather solution. To obtain the breather solution for eq.(3.1), we first use the
transformation given in eq.(2.1) and convert eq.(3.1) into a Hirota bilinear form as:

(3.2)

flaf+ bl + cfau + o + Yooy + 1fyy + ofosooad) — afz = fy 0fs + Vo) = cfufe = fifa

_6fxxxxxafx - Bf}/f:vfxxy + 15fxxxxafxx + 37fxxfxy - 100& 3XX - ILLny = O

Substituting eq.(2.3) into eq.(3.2) then and performing the necessary manipulations, we obtain
a polynomial in powers of exponential and trigonometric functions. Collecting the coefficients
of the same powers of these functions and equating each to zero, yields an algebraic system
of equations. Solving this system of equation, we obtain the values of the parameter that are

involved.

Case One
When

P1=1po, @1 = —2,/q2, N3 = —2a — 2b—cno —ceng —m — 2p — 32041’3 + 87]9(2), we have
(3_3) f=—2./q cos (po (k +z+y+ 7]42)) + q2€ipo(mt+ﬂc+y+nzz) + e~ Po(mt+a+y+n2z)

Substitute eq.(3.3) into eq.(2.1), we obtain the breather solution to eq.(3.1) as:
(3.4)

Vi ) 2 (2pg@sin (po (k4 2 + y + mu2)) + ipggaePo(mttaty+mz) 4 <_i)p0€fipo(mt+x+y+nzd)
1T, Y, 2, = .

—2/qz2cos (po (k+x+y+mz)) + goetro(mitatytnzz) 4 o—ipo(mit+tatytnzz)

where k =t (—2a — 2b — ey — ey — m — 21 — 32ap} + 8vp7) .

3.2. The two-waves solution. To obtain the two-waves solution, we use the test function
given in eq.(2.5): Substituting eq.(2.6) into eq.(3.2) and performing the necessary manipula-
tions, we obtain a polynomial in powers of exponential with trigonometric and exponential
with hyperbolic functions. Collecting the coefficients of the same powers of these functions
and equating each to zero, yields an algebraic system of equations. Solving this system of
equation, we obtain the values of the parameter that are involved.

Case One
When
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52:_%7 03 =0, n5 = —2a — 32a — 2b — ¢y — cng — 8y — 1y, — 2,
we obtain

5ze—nlt—x—y—nzz
(35) f = 54 sinh (k +x + Yy + 7762’) — I + 5lemt+m+y+ngz.
1

Substitute eq.(3.5) into eq.(2.1), we obtain the exact two-waves solution to eq.(3.1) as

2 (54 cosh (k+z +y+nsz) + w + 61€T]1t+x+y+772z>
<36) Vz(x,y,z,t) =

§Ze—n1t—z—y—nzz

dysinh (k+x +y+nsz) — R T §pemttaty+nz

where k =t (—2a — 32 — 2b — cnjo — cng — 8y — 1 — 2u) .

Case Two
Wnen
52(10a—
52:4631((1100;&Ji,ly))7 0y=0,mm=—-a+4da—b—cne+2y—p, n3=—a+4a—b—cny— 2y —pu, we

have

62(10cr — 3ry)e Klt—z=y=m=2

(3.7) f = o0ssin(k) + 15, (100 + 37) 1 6 NIty

Substitute eq.(3.7) into eq.(2.1), we obtain the another exact two-waves solution to eq.(3.1) as

%(ZE? y’ z’ t) =

(3.8)

2 (— 53 (10a—3v) EXp(_t(_gjﬁ);i;%ﬁh_“)_z_y_nzz) +orexp(t(—a+4da—b—cn2+2y—p)+z+y+n22)+ 03 cos(k))
5§(10a_37)exp(_t(_gleﬁ);:i?+27_”)_1_y_"2z) +81exp(t(—a+4a—b—cna 42y —p) + x4y +n22) + d3sin(k)

where k =t(—a+4a—b—cny—2y—p)+x+y+mz, kl =—a+4a—b—cny+ 2y — p.

3.3. The lump-periodic solution. To obtain the lump-periodic solution, we use the
test function eq.(2.11). Substituting eq.(2.11) into eq.(3.2) and performing the necessary
manipulations, we obtain a polynomial in powers of hyperbolic with trigonometric functions.
Collecting the coefficients of the same powers of thses functions and equating each to zero,
yields an algebraic system of equations. Solving this system of equation, we obtain the values

of the parameter that are involved.

Case One

When

1= —q3, @2 =0, 15 = —2a — 32a — 2b — cny — cng — 8y — 1 — 2, we obtain
(3.9)

f=gqscosh (t(—2a —32a —2b —cno — cng — 8y —m1 — 2u) + x + y + nNsz)—qs cosh (mt + x + y + 1n22) .

Substitute eq.(3.9) into eq.(2.1), we obtain exact lump-periodic solution to eq.(3.1) as
(3.10)
Vi, y, 2, 1) = 2 (gssinh (t (—2a —32a —2b—cn2 —cne — 8y — 1 — 2u) + ¢+ y +nez) — gz sinh (mt + x + y + n22))

gs cosh (t (—2a — 32a —2b—cn2 —cng — 8y —m — 2u) +x +y +n6z) — gz cosh (Mt +x +y +n22)

3.4. The new interaction solution. For the new interaction solution, we use the test
function given eq.(2.14). Substituting eq.(2.14) into eq.(3.2) and performing the necessary
manipulations, we obtain a polynomial in powers of hyperbolic with trigonometric functions.

Collecting the coefficients of the same powers of these functions and equating each to zero,
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yields an algebraic system of equations. Solving this system of equation, we obtain the values
of the parameter that are involved.

Case One
When

p1 = —ipo, @1 = 2:/Q2\/T3, @ =0, N3 = —2a — 2b — cny — cng — 1 — 2 — 320 + 8P,
we obtain

(3.11) [ =2{/q/q3sin(k) + goe~Po(mitatytnz) 4 o pipo(mitetytnaz)

Substitute eq.(3.11) into eq.(2.1), we obtain exact new interaction solution to eq.(3.1) as
(3.12)
2 (2p0\/@ q3 COS(k) + (_i)p0q26_ip0(nlt+$+y+n2z) + fipoqgeipo(nlt+$+y+n2z))

Vs(,9,2,%) = 2\/42/q3 sin(k) + goe~Po(mitz+y+n2z) 1 gaetpo(mi+aty+inz)

Y

where k = po (t (—2a — 2b — cng — cng — 1 — 2 — 32apy + 8ypE) + = + y + naz) .

Case-Two
When
. —0 . 21/q21/qg\/a+b+cn6+n5+,u+16ap%+4fyp§ . —2a—2b—cn6—771—n5—2u—32ap§—87p§
bPr=p2, g1 =Y, q4 = 2 > ) - c )
\/ —a—b—cng—ns—p—16aps—dyp3
we obtain

) 2Vk1,/Ga\/Gs sinh (ps (15t + = + y + 762))
k1 '

Substitute eq.(3.13) into eq.(2.1), we obtain another exact new interaction solution to eq.(3.1)

(3.13) f= q2€P2(%+n1t+m+y) + qge—m(%z—f—mt—l—x-i-y)

as
(3.14)
9 (p2 0 epz(%+n1t+x+y) — Pags e—pz(%+n1t+x+y) 4 2vk1p2+/321/33 cosh(pz(n5t+x+y+n6z)))
VK1
Velx,y, z,t) =
(29,2, 1) ger2(Emttaty) o o opa(Ermitaty) | 2vk1y/32/Gs sinh(p2 (nst+2+y+162)) ’

VKl
where k = —2a —2b— cng —ny — 15 — 211 — 32ap3 — 8yp3, k1 = a+b+cng+ns+ pu+ 16aps + 4yp3.

4. THE (3+1)-DIMENSIONAL COMBINED PKP-BKP EQUATION WITH v =0
For v = 0, the new (3-+1)-Dimensional pKP-BKP Equation is given as [37]:

4.1. The breather solution. To obtain the breather solution for eq.(4.1) we first use the
transformation given in eq.(2.1), to convert eq.(4.1) into a Hirota bilinear form as:

(4.2)

flafo+blyy + efxa + fro + B oo + iy + ofoooos) — afi = 0fufy — cfufs — fifo — 4Bfu froux

_6fxxxxx&fx + 15fxxxxafxx — 10« )?xx - /'Lny + 35f)2<x = 0.

Substituting eq.(2.3) into eq.(4.2) then and performing the necessary manipulations, we obtain
a polynomial in powers of exponential and trigonometric functions. Collecting the coefficients
of the same powers of these functions and equating each to zero, yields an algebraic system

of equations. Solving this system of equation, we obtain the values of the parameter that are
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involved.
Case One
When

PL=1ipo, 1 = —2\/q2, N3 = —2a — 2b — cnp — cng — m — 21 — 320p + 8P},
we obtain
(4‘3) f= _2\/@008(1{;) + q26ipo(n1t+cc+y+n22) + e~ po(mitaty+nz)

Substitute eq.(4.3) into eq.(2.1), we obtain exact breather solution to eq.(4.1) as

2 (on G sin(k) + ipogoe™omttety+iz) 4 <_i)p06*1p0(mt+x+y+ﬁ2z))

(44) ‘/1(1'7 ¥, % t> - —2\/(]_2 COS(]C) + q2@ipo(mt+x+y+7722) + e—ipo(n1t+x+y+7723) ’

where k = pg (t (—2a — 2b — cny — cng — 1 — 2p — 32aps + 88p3) + & +y + m42) .

4.2. The Two-Waves Solution. To obtain the two-waves solution, we use the test function
given in eq.(2.6). Substituting eq.(2.6) into eq.(4.2) and performing the necessary manipula-
tions, we obtain a polynomial in powers of exponential with trigonometric and exponential
with hyperbolic functions. Collecting the coefficients of the same powers of these functions and
equating each to zero, yields an algebraic system of equations. Solving this system of equation,
we obtain the values of the parameter that are involved.

Case One
When
by = —25, 55 =0, 15 = —2a — 320 — 26— 88 — e — eng — 1 — 2,
we obtain
52€—n1t—x—y—n2z
(4.5) f = d4sinh(k) — -2 4§ emitetytns,

46,

Substitute eq.(4.541) into eq.(2.1), we obtain exact two-waves solution to eq.(4.1) as

2e—mit—T—y—moz

2 (54 cosh(k) + 4 e

. §2e—mit—z—y—m2z
54 smh(k:) — 464—61

+ 51 e t+:fc+y+nzz>

(4.6) Vo(z,y, 2,t) =
+ §emttrty+nzz

where k =t (—2a — 32a —2b— 88 —cnp —cng — . — 21) + =+ y + 162

Case Two
When

62(10a—
g = 4(?1((11(:)a+33_1?)7 0y =0 =—-a+4a—b+20—cnpo—p, n3=—a+4a—b—20 —cny — u,

we have

f o 6%(1004—36) exp(—t(—a+4a—b+2,8—cv72—,u)—m—y—'r]gz)+
= 161 (10a+35)

(4.7) drexp (t(—a+4a—b+20 —cne — pu) +x +y + 1m22) + d3sin(k).

Substitute eq.(4.7) into eq.(2.1), we obtain another exact two-waves solution to eq.(4.1) as
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VE’)('I7 Y, =, t) -
(4.8)
2 — exp(—t(—a+4a— —CN2— ) —T—Y—"22
9 (7 63 (10a—3p) exp(—t( 45??1%?32? M2 TTIYIN2E) 4§ exp (t(—a+4a—b+28—cnp—p)+x+y+mnz)+0d3 cos(k))
2 o — & exp(—t(—a+4a— —cnNo—p)—T—y—"n902 R 5
82(10a—38) exp(—t( Mirzxmazr;z; M) Py 2E) s exp (t(—a + da— b+ 28 — ez — p) + @ + y + n22) + 63 sin(k)

where k =t (—a+4a—b—20 —cny — p) + v+ y + 2.

4.3. The lump-periodic solution. To obtain the lump-periodic solution, we use the
test function eq.(2.11). Substituting eq.(2.11) into eq.(4.2) and performing the necessary
manipulations, we obtain a polynomial in powers of hyperbolic with trigonometric functions.
Collecting the coefficients of the same powers of these and equating each to zero, yields an
algebraic system of equations. Solving this system of equation, we obtain the values of the
parameter that are involved.

Case One When
G =—q, =0, 5 =—2a —32a — 20 — 8B — cnp — cng — M — 24,

we obtain
(4.9) f = qscosh(k) — g3 cosh (mt +x +y +1n22) .

Substitute eq.(4.9) into eq.(2.1), we obtain exact lump-periodic solution to eq.(4.1) as

2 (g3 sinh(k) — g3 sinh (it + x + y + 122))
qs3 cosh(k) — gz cosh (mt + = + y + n22)

where k =t (—2a — 32a — 2b — 88 — ey — cng — m1 — 21) + x + y + N 2.

(4.10) Vi(z,y, z,t) =

4.4. The new interaction solution. For the new interaction solution, we use the test
function given in eq.(2.14). Substituting eq.(2.14) into eq.(4.2) and performing the necessary
manipulations, we obtain a polynomial in powers of hyperbolic with trigonometric functions.
Collecting the coefficients of the same powers of thses functions and equating each to zero,
yields an algebraic system of equations. Solving this system of equation, we obtain the values

of the parameter that are involved.

Case One

when

PL="D ¢ =2@\/B, @1 =0;n3 = —2a—2b—cny —cng — m — 2 — 320p5 + 865, we
obtain

(4.11) f =200V sin(k) + gaeV —pg(mt+ety+nez) + gze”V —pi(mttaty+nez)

Substitute eq.(4.11) into eq.(2.15), we obtain exact new interaction solution to eq.(4.1) as
(4.12)

92 <2p0@¢@cos(k) +V—PegzeV —pg(mt+aty+nz) _ —pRgze”V *P%(n1t+w+y+n22))

V5(x7 Y, =z, t) =
2/Ga/B sin(k) + gzeV —Ph(mittetytnzz) 4 g0 0=V —Py(mitatytn22)

where k = pg (t (—2a — 2b — cny — cng — m — 2 — 32aps + 8Bp3) + & + y + n42) .

Case Two

when
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2,/92/33 \/a+b+C7I6 +n5 +u+16ap%+4ﬁp§ _ —2a—2b—cne—n1—"5 —2;1—3204[)% —851}%
4 P ) 772 - 9
\/—a—b—cne—ns—p—16aps—4pp3

pL=p2, 1 =0, g4 =

C

we obtain
(413) [ = guer(Emtrass) o o omm(Emerary) | 2VKLV@Assinh (b2 (st + 2+ y + 162))
—k1

Substitute eq.(4.13) into eq.(2.1), we obtain another exact new interaction solution to eq.(4.1)
as

(4.14)
9 (p2q2€p2 (k—j+n1t+w+y) — pagze P (%+mt+x+y) + 2vk1p2/q2\/3 cosh(p2 (nst+a+y+n62)) )
V=K
Vé(x7 Y, =z, t) = > > -
& ep2 (B mttoty) 4 g e (B rmitety) 2x/ﬁ\/q3\/q*3smh(_pﬁin5t+z+y+nez))

where k = —2a — 20— cng —ny — 15 — 21— 32apy — 86p3, k1 = a+b+cng+ns + pu+ 16api +48p3.

5. GRAPHICAL REPRESENTATION

In this section, we shall present the graphical representation for some of the obtained results
by choosing suitable values for the parameters that are involved.

(A) 3D Plot (B) Contour Plot (c) 2D Plot

FIGURE 1. 3D, contour and 2D of V;(z,v, z,t) plot given by eq. (2.5)

u
00g4
oof2
oods
ood6
5 0-10 -5 5 10"
(A) 3D Plot (B) Contour Plot (c) 2D Plot

FIGURE 2. 3D, contour and 2D of V3(x,y, z,t) plot given by eq. (2.10)
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(A) 3D Plot (B) Contour Plot (c) 2D Plot

FIGURE 3. 3D, contour and 2D of Re[V3(x,y, z,t)] plot given by eq. (2.10)

!

(A) 3D Plot (B) Contour Plot (c) 2D Plot

FIGURE 4. 3D, contour and 2D of V;(z,y, 2,t) plot given by eq. (3.8)

10 -2 -2

-10 -5 0 5 10 -10 -5 5 10

(A) 3D Plot (B) Contour Plot (c) 2D Plot

FIGURE 5. 3D, contour and 2D of V5(z,v, z,t) plot given by eq. (4.8)

x
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(A) 3D Plot (B) Contour Plot (c) 2D Plot

FIGURE 6. 3D, contour and 2D of V3(z,v, z,t) plot given by eq. (4.8)

In figure 1, we depict surface profile of the breather solution Vi(x,y, z,t) given by eq.(2.5)
in 3D, contour, and 2D by taking the following parameter values pg = ¢ = —1, a =b=c =
Lp=a=F=y=m=m=m=y=2=1
In figure 2, we depict absolute plot of surface profile of the two-waves solution V3(x,y, z,t) given
by eq.(2.10) in 3D, contour, and 2D by taking the following parameter values 6; = dy = d3 =
a=b=c=p=a=f=y=m=m=m=y=z=1
In figure 3, we depict real plot of surface profile of the two-waves solution Vi(x,y, z,t) given
by eq.(2.10) in 3D, contour, and 2D by taking the following parameter values §; = 0.8, d3 =
031, no = 1.2, ny = =087, a = 1.46, b = —0.13, p = —1.39, ¢ = —0.8, v = 0.87, a =
—0.54, =-0.39, z=-0.76, y = 1.

In figure 4, we depict absolute plot of surface profile of the two-waves solution Vs(z,y, z,t) given
by eq.(3.8) in 3D, contour, and 2D by taking the following parameter values §; = d3 = 1;a =
b=c=Lp=a=Ff=y=m=m=m=y=z=1

In figure 5, we depict absolute plot of surface profile of the two-waves solution Vs(x,y, z,t) given
by eq.(4.8) in 3D, contour, and 2D by taking the following parameter values §; = 03 = 1;a =
b=c=Lp=a=F=y=m=m=m=y=z=1

In figure 6, we depict real plot of surface profile of the two-waves solution V3(z,y, z,t) given
by eq.(4.8) in 3D, contour, and 2D by taking the following parameter values 6; = 0.8, py =
1.3, po = 1.3, ¢2 = 0.56, g3 = 0.56, 93 =0.8, 0, =0.31, ny =12, o =12, ny = —0.87, 15 =
—0.87, ng = 1.2, a = 146, b = —0.13, p = —1.39, ¢ = —0.8, v = 087, a = —0.54, § =
—0.39, 2 = —-0.76, y = 1.

6. CONCLUSION

In this study, the (341)-dimensional combined pKP-BKP equation and its special cases were
analyzed using the Hirota bilinear method alongside symbolic computation techniques. A va-
riety of exact solutions, including breather waves, two-wave interactions, lump-kink structures,
lump-periodic solutions, and other novel interaction forms were successfully derived. All ob-
tained solutions were rigorously verified by substituting them back into the original equation
with the aid of the Mathematica 12 software package. To further illustrate their physical rele-
vance, the solutions’ characteristics were graphically presented for selected parameter values.
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The results of this work provide valuable insights into the behavior of nonlinear wave interac-
tions in multi-dimensional settings. They have potential application plications in advancing our
understanding of nonlinear fluid dynamics, plasma waves, and wave propagation in nonlinear
optical fibers. Moreover, these findings contribute to the modeling and analysis of complex
phenomena in computational physics, applied mathematics, and engineering disciplines where
multidimensional nonlinear wave processes play a significant role, such as oceanography, atmo-

spheric dynamics, and energy transport in advanced material systems.
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