New Exact Solutions, Similarity Reductions and
Wave Phenomena for the extended
(2+1)-dimensional Sakovich equation

Abstract

This study employs the Clarkson-Kruskal (CK) direct method to investigate
exact solutions of the extended (2+1)-dimensional Sakovich equation. By review-
ing the relevant literature, no one has used the CK direct method to solve the
extended (2+1)-dimensional Sakovich equation. In this work, we have success-
fully overcome this complex and tedious computations of CK direct method. We
implement a decoupling strategy that effectively reduces complexity and obtains
new similarity reductions and new exact solutions. The results are classified into
two distinct cases. In the first case, the obtained solutions encompass rational
function solutions, the Weierstrass elliptic function solution, and the new similar-
ity reductions for Painlevé I and Painlevé II. The second case yields new solutions
that include trigonometric functions, logarithmic expressions, and components of
the Bessel function. To the best of our knowledge, some of the solutions obtained
have not been previously reported. Among these new solutions, in particular,
the logarithmic function type and the Bessel function type solutions exhibit two
new types, which do not appear in similar integrable equations. All of these solu-
tions manifest diverse wave behaviors, such as soliton, dark soliton, and Bessel
function type. Some of them reveal new wave phenomena governed by the the
extended (2+1)-dimensional Sakovich equation.

Keywords: The extended (2+1)-dimensional Sakovich equation, Exact solutions, the
CK direct method, Similarity reductions



1 Introduction

In this manuscript, we mainly consider the extended (2+1)-dimensional Sakovich
equation:

Ugt + Uyy + Ugz + Uzy + 2Ulgy + 6w’ Uy, + 2(um)2 =0. (1)
Eq. (1) was developed by Wazwaz [1] as an extension of the original Sakovich’s founda-
tional equation [2]. By adding two new terms u,, and uy,, (1) has a wider applicability
since it can describe more dispersion and nonlinear effects to adapt to more general
application scenarios. The original Sakovich’s foundational equation finds applications
in wide areas of plasma physics, mathematics, especially in the theory of waves, soli-
ton theory, and nonlinear dispersive systems, which include the examination of rogue
waves in oceanography. It also helps to investigate the model of the sudden large waves
and the behavior of water waves within a long, narrow, hollow tube. [3]

Effective methods for solving NLPDEs include the unified method [4], the Hirota
bilinear technique [5], the Auto-Bécklund/Darboux transformations [6, 7], and the
inverse scattering transform [8]. These approaches yield diverse solutions, such as
solitary waves, solitons, breathers, kinks, and lump solitons [9-13]. Today, many
researchers have studied the extended (2+41)-dimensional Sakovich equation (1) using a
variety of powerful methods and the corresponding exact solutions have been obtained,
such as Ozkan et al. [14] by using the multiwaves method, double exponential form, the
homoclinic breather approach and the Lie symmetry technique to obtain multiwave
and interaction solutions. Sachin Kumar et al. [15] employed the Lie symmetry tech-
nique and the extended Jacobi elliptic functions method to derive solutions of more
generalized than the previous established results. Arnous et al. [16] implementation of
an enhanced extended algebraic framework yielded multiple exact solutions.

It is well known that a powerful method for dealing with similarity reductions
and exact solutions to NLPDEs [17-23] is the Clarkson-Kruskal(CK) direct method,
which was first proposed by Clarkson and Kruskal [17]. Compared to other methods,
such as the Lie symmetry method, the unified method, the Hirota bilinear technique,
etc, the CK direct method is capable of yielding more types of solutions. Despite the
complex and tedious computations of the CK direct method, the solutions obtained
by the CK method are more diverse, especially including rational-form solutions, lump
solutions, soliton solutions, ete. In this work, by employing the CK direct method,
we have obtained solutions of logarithmic and Bessel function types, which, to the
best of our knowledge, have not been reported via other approaches thus far. The
CK direct method mainly results in finding a solution to a special form of partial
differential equation. In general, NLPDEs admit a wide spectrum of solutions, then
the CK direct method postulates a solution of the following specific form (taking the
(2 + 1)-dimension as an example):

u(r,y,t) = a(r,yt)+ B (z,yt)w(z), (2)

where «, 8 and z are functions of z,y,¢ to be determined and w satisfies a certain
reduction equation that is lower than the dimension of the original equation.

In this paper, we mainly use the CK direct method to find new similarity
reductions and exact solutions of the equation (1). Based on existing literature,



the CK direct method has not been applied to the study of the extended (2+1)-
dimensional Sakovich equation. In this work, we have successfully overcome this
complex and tedious computation of the CK direct method. For general partial differ-
ential equations, even low-order ones, it is often challenging to directly determine (3
(or z) in the form of (2) using the CK direct method. A key challenge may arise when
the coeflicient of the highest-order term is used as the normalizing coefficient to derive
the coefficients of the remaining terms. When the remaining terms consist entirely of
polynomial combinations, their coupled nature may complicate direct resolution. To
address this, we adopt the method proposed in [24], which decomposes the polynomial
combinations into individual components. This method significantly reduces compu-
tational cost and complexity. By sequentially solving the forms of 8 (or z) from each
decomposed term and ultimately requiring the original equation to hold, we simply
take the intersection of all possible solutions of 8 (or z).

Next, we reduced the extended (2+41)-dimensional Sakovich equation (1) to an
ordinary differential equation of w with respect to z, and obtained new similarity
reductions and some exact solutions, through a large number of complex and tedious
calculations. To our knowledge, some of these solutions have not been reported in the
previous literature. These exact solutions show the richness of solutions to (1) and
reveal new wave phenomena governed by (1), such as soliton, dark soliton, and the
Bessel function type. Among these solutions, some have global finite energy, others
have local finite energy which blow up along some line. This also indicates some new
physical phenomena. The result can be classified into two distinct cases.

e In the first case where z, # 0, we derive rational function solutions (Egs. (38), (62),
(63), (84), (93)), a Weierstrass elliptic function solution (Eq. (64)), and the Painlevé
I and Painlevé II similarity reductions (Eq. (85)). Based on our understanding of
the established literature, we have found that the solution (64) is almost identical
to the solutions (112) and (116) in [15] obtained through the extended Jacobian
elliptic function expansion method. Two different methods yield almost the same
solutions, which, to some extent, shows the validity of our research. Furthermore,
solution (63) provides a more general form compared to solutions (42) and (79) in
[15], and solution (84) provides a more general form compared to solutions (44),
(53) and (58) in the same reference [15]. Because solutions (63) and (84) include
more parameters, different parameters can lead to different solutions, which can
cover some existing solutions and show the generality of our solutions.

e In the second case with z, = 0, we obtain rational function solutions (Egs. (129),
(130)), a hyperbolie function solution (Eq. (131)), a trigonometric periodic solution
(Eq. (132)), a logarithmic function solution (Eq. (151)) and Bessel function solutions
(Egs. (143), (148)). Specifically, As far as we are aware, two new types, solutions of
the logarithmic type and solutions of the Bessel function type, are obtained, which
have not been previously reported in similar integrable equations. These new types
of solutions reveal new wave phenomena governed by equation (1), which will be
presented in detail in Section 2. It is helpful to explore the significance inherent in
the extended (2+1)-dimensional Sakovich equation.



The remainder of this paper is organized as follows. In Section 2, through the CK
direct method, we discuss and obtain the similarity reduction and new solutions of
the extended (2+1)-dimensional Sakovich equation in the case of z; # 0,2z, # 0 and
2z = 0,2y # 0. For the solutions obtained, we provide both 3D and 2D plots, which
collectively enhance the observation of their spatial variations. Finally, the conclusion
and discussion will be given in Section 3.

2 Symmetry reductions and exact solutions of the
extended (241)-dimensional Sakovich equation

In this section, we will perform the calculations.
Substituting (2) into (1) and collecting coefficients of monomials of w and its
derivatives yields the following:

Yo(w")? + Nw'w” + yaw?w” + ysww” + yaw” + 5 (w')?+ (3)

Yew?w' + yrww' + yew' + Yow? + y10w? + V11w + Y12 = 0;

where
Yo = 262Zi7
= 45223%:& + 8Bﬁnga
Y2 = 663Z§7

Vs = 1208222 + 28% 202 + 48w,

Ya = 60222 + 4Bazl, + 2082,z + B2 #Bruzy + Braze + B2,
V5 = 2B(242)° + 8BBr2azzs + 88722,

Y6 = 68240 + 12828, 2,

Vr = 1208% 205 + 240824 + 26720y + 28602y + 288y 2z + 48Brc 20z + 8B2Brc e,
Vs = 60°Brpe + 1202 Bozs + 20820y + AB0aZan + 80aaBeze + 208y 2y + Bat
+ Bay + By + Booa + 2Baka + Biza + Byza + Bozy + 2Byzy + Buzt,

Yo = 632 Bua,
Y10 = 6620ty + 1208800 + 2BBzy + 282,
Y11 = 120804, + 607 Brg + 2By + 2080y + 4040 Bes + Bat + Bow + Byy + Bays

Y12 = 6020y 200003y + 2a_?m + Ol + Oy + Oy + Qg
(4)
and’ = d/dz. In order that Eq. (3) be an ordinary differential equation for w (z), the
ratios of coefficients of different derivatives and powers of w (z) have to be functions
of z only. If z; # 0,2, # 0, these conditions read

Vz:’YOFZ(Z) (121,2,,12), (5)

where I'; (2) (i = 1,2,...,12) are some arbitrary functions of z to be determined later.



In the determination of a (x,y,t), 8 (z,y,t), 2z (z,y,t) and I'; (2) i = 1,...,12) ,
the following four remarks may be involved:

Remark (i): if a(x,y,t) has the form o = ag (z,y,t) + 8 (z,y,t) 2 (2), then we
can take ©Q = 0 (by substituting w (z) — w (2) — Q2 (2) ).

Remark (ii): if 5 (z,y,t) has the form 8 = By (z,y,t) Q(z) , then we can take
0 = Qy = constant (by substituting w (z) = w (2) Qo/Q(2) ).

Remark (iii): if z (x,y,t) is determined by an equation of the form Q(z) =
20 (z,y,t) , where Q(z) is any invertible function, then we can take Q(z) = z (by
substituting z — Q71 (2) ).

Remark (iv): we reserve Greek and English letters for undetermined functions
of z (or z, y, t ) so that after performing operations (differentiation, integration,
exponentiation, rescaling, etc.) the result can be denoted by the same letter [e.g., the
derivative of I' (z) will be called T' (z) ].

2.1 The case z; # 0,2z, #0

In this analysis, we employ the coefficient of (w”)2 (specifically 2/3%22) as the nor-
malization factor. This requires that all other coefficients adopt the form 25%2:T; (2),
as established in Eq. (5).

Combining (5) with ¢ = 2, we have the following

65°22 = 252232 (2). (6)

Applying Remark (ii), we directly obtain:

Substituting into (5) for i = 1, one can immediately get the following
43223 200 +8BBuzs =28%2,T1(2). (8)
Substituting (7) into (6), we have
RN = zil"l(z). 9)

Dividing by z, and integrating (9) with respect to z, also applying Remark (iii) and
Remark (iv) yields:
z =0 (y,t) + o (y,t), (10)
where 6 and o denote differentiable functions of y and ¢.
For i'= 3, combining (5), (7) and (10), we derive:

4 9 ./ db do\ 2
1008 4 205 (299 97 _ Zpsp 1
3071y <xdy+dy) g0 Ts(2), (11)



namely, .
@(wy +0y) +26T3(2). (12)

Applying Remark (iv) yields the following result:

o = —

1
*@(1’91} +0y), I's(z) =0. (13)

o =

From the solutions in (7), (8), (9), we establish:

Considering (5) with ¢ = 7 under constraints (7), (10), (13), we obtain the

following.

2 2
300, = 507 (=), (15)
the left-hand side of (15) is at most a function of y and ¢, which implies I'7 (2) = A4,

where A is a constant. Two distinct cases emerge from this result.

Case 1. A #0
In this case, we observe the fundamental relations:
ay = Zgy = Zyx, (16)
with the characteristic derivative:
ze =0, (17)

substituting (16) into (15) and integrating with respect to x, we obtain:
L3
59 (Az + B) =z, = x0, + 0y, (18)

where B denotes an integration constant. Given the linear dependence of z on the
right-hand side, we establish the component equations:

1
g(A:cQ—l—Aa—l—B) 0* = 20, + o,. (19)
The balance of coefficients of x yields the following:

0, = éAH“, (20)

1
oy = g93(Aa + B). (21)
Considering (5) with ¢ = 11 under constraints (7), (10), (13), we have

1 2
§A298 = 598F11(z), (22)



we derive 'y (2) = 3 42,
Similarly, for i = 4 and i = 8, we have the following result:

5 ) 5 1 2
@A2910$2 + 27714960'?!25 + 178020'5 + 593(0y + Ot + 9) = §98F4(2),

To simplify the subsequent analysis, we impose the following.
0y + 0, =0,

oy+o:+0=0.
Combining (20) and (25), we can derive the following.

0(y,t) = (At — Ay + C1) /",
Substituting (27) into (21) and (26) admits an explicit solution:

—t+ Cy B
(Al—Ay+C)iB A

o(y,t) =

where C7 and Cy are arbitrary integration constants.
Parallel analysis of ¢ = 7 with i € {4, 8,12} reveals the following.

5
i (2) = o (A2 4B
TA
Is(z) = ?(Az + B),
17A?
Ta(z) =— g (Az + B).

(23)

(24)

(25)

(26)

(28)

(29)

(30)

(31)

The similarity reduction of the extended (241)-dimensional Sakovich equation

(1) consequently takes the form:

0’w(z) 20, +o,
3 60

u(z,y,t) =

2(w,y,t) = 20 (y,t) + 0 (y,1) ,
where 0(y,t) and o(y,t) satisfy (27), (28) and w(z) governed by:

2, .1
5(Az + B)*w 4 A +

TA(Az + B)uw' N 34%w  17A%(Az + B)

(w//)ZJrW%L}//Jr

36 6 2 36

(34)



Particular solutions of (34) include:

() = 5(45 + B), (35)

(Az + B). (36)

17
wa(z) = %

Corresponding to these solutions, we obtain the extended (2+1)-dimensional
Sakovich equation (1) solutions:

Ul(x7 Y, t) =0, (37>
r—1t+ 02
ug(x,y,t) = 38
2(z,y,1) y—t— il (38)
(a) 3D-Plot at t =2 (b) 3D-Plot at t =6 (c) 3D-Plot at. t =10

>

> -
4

Fig. 1 3D-polts of the solution (38) are depicted at A =1, C; = 0 and Cy = 1 within the interval
—10<z,y<10fort =2,t=6 and ¢t = 10.

Fig. 1 exhibits the evolution of the rational function solution (38), showing the
propagation of the rational function wave with the line wave along the positive y -axis.

Case 2. A=0
The vanishing coefficient condition in (15) implies: 8, = 0, and thus
0(y,t) = 0(t), (39)

with characteristic variable:
z=20(t)+0(y,t). (40)



The nonlinear coefficients reduce to:

2
Yo = §987
2
Y2 = 5987
o L6309, + 20707 4 193(0 + 01+ 0)
R TN 2 N AR (41)
1
g = 829,5 + §H2O'yy,
_ _Tyyy
Y12 = 60
The normalization condition remains:
Ta(z) = 1. (42)
For indices i € {4, 8,12}, the governing equations become:
1 . 5 1. 2
§x930t + Eo%j + g¢93(ay +or+0)= §08r4(z), (43)
2 Lo 28
0°0; + 59 Oyy = §9 s(z), (44)
o 2
- gzy = 5081—‘12(2). (45)

Since the left-hand sides of both (44) and (45) are-at most a function of y and
t, while the right-hand side may involve z, it follows that I's(z) and T'12(z) must be
constant.

Integrating (45) over y yields the following.

260° N 9
o(y,t) = —71}2(2:)3/ + 501(??)3/ + ea(t)y + es(t), (46)

where ¢;(t) € C1(R), i € {1,2,3}.
Substituting (46) into (43) reveals the polynomial consistency conditions:

26° 1 502  20° 20 267
?F4(Z) = §$939t Az < - TFH(Z)Z/Z +a)y+ Cz(t)) t3 { - ?Fw(z)yz
1
ey ea(t) (- 2M12()0%0y" + 3¢ Oy + by + cé(t))} .
(47)



Polynomial balance requires I'12(z) = 0, I'4(z) = A1z + By, where Ay, By are
arbitrary constants, leading to:

1
o(y,t) = icl(t)y2 + co(t)y + c3(t), (48)
10A1t
o) = (C — 2y, (19)
The reduced system for ¢;(¢) becomes:
D RRM) + 1036, () = ~ Ay0%e (8) (50)
18 1 6 gty s
5 2 1 3 / 2 8
§0 c1(t)ea(t) + 50 (c1(t) + &4(t)) = §A10 ca(t), (51)
5 1 2
Ee%g (t) + 593(02(75) +c4(t)+0) = §(A103(t) + B)6®, (52)
2 1 2
§A198 + 502C1 (t) = 508F8(Z) (53)

The structure of the bifurcations is based on the selection of the parameters I's
and Aj, requiring separate analysis for:

® Non-autonomous case Ay # 0
® Autonomous case A; =0
Case (2a): A1 =0,T's(z) =0
The degenerate condition yields: ¢;(t) = 0, 8(t) = C~/5 = §y # 0. Substituting
c1(t) = 0 into (50), (51) produces solutions: ¢s(t) = Co,
e3(t) = Cst+ Cy, (54)

a(yst) = Coy + Cst + Cy, (55)
2B105 503

where C3 = =——-% — - = 0y — Ca, Cs,Cy € R are integration constants.
The similarity reduction of the extended (2+1)-dimensional Sakovich equation
becomes:

Bw(z) Oy
t) = - == 56
(et = 05— 2 (56)
z(z,y,t) = box + Coy + Cst + Cu, (57)
where w(z) satisfies the reduced ODE:
(W")? + W + Biw" = 0. (58)
The set of solutions in (58) comprises:
wl(z) :K12+K27 (59)

10



6
wa(z) = —m,
B
ws(z) = —6p (Z — 20 92 = —?1793 = CG) )

where p denotes the Weierstrass elliptic function with invariants gs, gs.
Corresponding to these solutions, we obtain the following:

K63 K,602C. K02Cst + 02K C
Ul(xuyvt): ! 0x+ L0 2y3+ 103 * 02 _ﬁv

206¢ _G
(o + Coy + Cst + C5)> 660’

B C!
U3($,y,t) = —293@ (00%‘ + Czy + C3t + C4 — 205 _31706> — 672
0

UZ(‘Tvyvt) = -

We let
0 (2 — 203 92, 93) = Aogsn® (k1 (2 — 20), k) + Bo,

(62)

(63)
(64)

(65)

where Ag and By are undetermined constants, kq is the scale factor, and k is the
elliptic modulus. Using (p')? = 49> — gop — g3 and equating the coefficients of like

powers of sn in the equation, we obtain the following:

202(1.2
Aozk%kaBO:w.

Thus,
'LL4($, Y, t) = —298/€%k2 sn2 (k)lgo.’b + legy + ]{chgt + kl(C4 - Zo), k)

N 2k703(* +1)  Co
3 60o

where g3, g3 satisfy:

ARt — k24 1) AKS (K2 +1)(k? — 2)(2k% — 1)

3 y g3 = 27 .

g2
As k — 1, the hyperbolic form solution obtained is:

U5<.’E, Y, t) = —2931@‘% tanh2 (kleox 4+ k1Coy + k1Cst + Ky (04 — Zo))
1202 Cy

3 66y

Similarly,

Ug(ZL', Y, t) = 729§]€§ HS2 (k290x + kQCQy + kgCgt + k2(C4 - Zo), k)
N 2k303(k* +1)  Cp
3 66y’

11

(66)

(68)

(70)



where g3, g3 satisfy:

MG R 1) AR+ (R 2)(2k2 1)

. 1
g2 3 » 93 o7 (71)
As k — 1, the hyperbolic form solution obtained is:
ur(z,y,t) = —207k3 coth? (kaBoz 4 kaChy + kaCst + ko (Cy — 20))
4k202 Oy (72)

3 66

From the results of the solution (67) and the solution (71), we have found that
the solution (64) is almost identical to the solutions (112) and (116) in [15] obtained
by the extended Jacobian elliptic function expansion method. Two different methods
yield almost the same solutions, which, to some extent, shows the validity of our
research. Furthermore, (63) provides a more general form compared to Egs. (42) and
(79) in [15] since the solution (63) includes parameters, different parameters can lead
to different solutions. In Fig. 2, Fig. 3, Fig. 4, and Fig. 5, we show the corresponding
solutions (63), (67), (69), (70) with different parameters.

(a) 3D-Plot at t =3 (b) 3D-Plot at t = 25 (c) 3D-Plot at t = 35

Fig. 2 3D-plots of the solution (63) are depicted at g = 1, Co = 1, By = —2.7 and Cs = 0 within
the interval —100 < z,y < 100 for t = 3, ¢ = 25 and t = 35.

The solution (63) is expressed in the inverse square solution. Fig. 2 exhibits this
solution, showing the propagation of the inverse square wave with the line wave along
the direction of the vector [1,1,0].

12



(a) 3D-Plot at t =1.5 (b) 2D-Plot

100 v

Fig. 3 Evolution plot of singular periodic wave for solution (67) at ¢ = 1.5 . The figure is delineated
for 0o = k1 =1,k =0.8,C2 = 0.3, B1 = 0.5 and C4 = 29 = 0 with in the interval —10 < z,y < 10.
Corresponding 2D and contour plot are represented in part (b) and part (c), respectively.

(a) 3D-Plot at t =0.5 (b) 2D-Plot (c) Contour-Plot

Fig. 4 Soliton for solution (69) at ¢t = 0.5. Also the 2D and contour plot of this soliton are drawn in
part (b) and part (c) , respectively. The figure is delineated for 6o = 0.27, k1 = 1,Co = —0.166, B =
—4.9 and C4 = zo = 0 with in the interval —10 < z < 10 and —300 < y < 300.

(a) 3D-Plot t =3 (b) 2D-Plot (c) Contour-Plot

8

Fig. 5 Design of the multiple singular periodic soliton for the solution (70) at ¢ = 3. The values of
free parameters are taken as g = ko = 1,k = 0.45,C2 = —0.083,B; = —2.286 and Cy = 20 = 0
within the range —5 < z,y < 5. Corresponding 2D plot and contour plot are depicted in part (b)
and part (c), respectively.

13



Case (2b): A; #0,Tg(z) =0

The non-autonomous condition generates coupled solutions:
ci(t) = —24:6°(t),

eo(t) = (241t + Cr)8°(t),
(3C + 5C1)?

Cg(t) = 7T‘{4106(t) + C893(t) +

21
1004,

041
thus 1
o(y,t) = icl(t)?f +ca(t)y + es(t),

where C7,Cg € R are the integration constants.
The similarity reduction takes the form:

O (tw(z)  a()y+ea(t)
3 66(t) ’

u(z,y,t) =
L 2
z(z,y,t) = 0(t)x + 501(t)y + ca(t)y + c3(t).
The governing ODE for w(z) is
(W) 4+ w?W” + (A1z + By)w” =0

The solution contains:
wl(z) = ng + [(47

216 A B
wa(z) = A—%Pk ((—1)’f+161 <z + AI)) ,

Py P'=6P% + 1,
Pri: P) =2P3 + 7Py +

where P, satisfies:

(77)

(78)

(79)

(80)
(81)

(82)
(83)

P, and P, denote the first and second Painlevé transcendents, respectively, where 7

is the independent variable, and « is a constant parameter.

The corresponding solutions of the extended (2+1)-dimensional Sakovich equation

(1) are as follows:

Ks [(—10A,t+3C\ >° A K3 [ —10A,t +3C
\ A K3t + C-K, [ —10At + 30\ ~%/° A
3 3 —10A,¢ +3C
| K3(3C+5Cr) (—10A1t+30\ ¥° | —2A4t + 2K5Cs — Cr
3004, 3 —20A,t + 6C
~ 27B, K | TE(-10438 4 30)2
A1(710A1t + 30)2 900A4; ’

14

(84)



72 [ —10A,t 4+ 3C\ 2/° A 104 t+3C 2/5
u2<x,y,t>—142(13) P, <1>’“+161( 1
1

4 (—10A1t+30 10A1t+30> —6/5
g, (2RO SC

—6/5
3 ) y2 + (2A1t + 07) (

BC45Cr (104 30N (10418 430N
1004, 3 8 3

L2 (104t 43C —4/5
1004, 3 '

The solution (84) provides a more general form compared to solutions (44), (53)
and (58) in [15], since the solution (84) includes more parameters, different parameters
can lead to different solutions, which can cover some existing solutions and show the

generality of our solutions.

Case (2c): A1 # 0,T's(z) = 34,

The constrained condition yields:

Cg(t) = Cga(t),
502 +6Co + 6,
es(t) = Crof(t) + =250 (1) ~ .

The reduced system becomes:

0 (t)w
u(e, 1) = 2E S

Z(:L'> Y, t) = g(t)“L + CQ(t)y + C3(t)7
The characteristic ODE transforms to:

(W")? + w4 (A2 + By)w” + 341" = 0.

This nonlinear ODE admits a special function solution:

(z) = &
Wwlz) = (A1Z+Bl)27
we obtain:

2

2
(Alx + Ay Coy + 2981894 (10444 4 3C) + A1010>

15

(89)

(90)

(91)



2.2 The case z; = 0,2, #0

The governing equation reduces to the nonlinear ordinary differential equation:

Yow” + nww’ +yow’ + 3w + Yaw® + ysw + 76 = 0, (94)
where
Yo = 62‘57
"= 2ﬂﬁzzya
Y2 = QOéBny + ,BZyy + ,Bajzy + Qﬂyz’y + B:CZM
=6 2 Ty
73 BB (95)

Y4 = 680z + 1208850 + 2/6/8907; + 2/83395

Yo = 6a2am + 2a0,y, + 2afm + Qup + Oy + Qyy + Qg

Under the normalization constraint:
vi =7l (2), i=1,2,...,6). (96)
The subsequent analysis of the compatibility conditions yields the following.
2Bz = 7, T'1(2). (97)
Integration with respect to = produces the following:
B AT 2+ 2(5,1). (98)

Applying Remark (ii) by setting X(y,?) = 0, we obtain the canonical form:

B = %a:zy, Ii(z) =1. (99)

For 4 = 3 in (96), direct substitution gives: I's(z) = 0. The critical case for i = 4
requires solving:

6L, + Bzyy = ﬁzZR; (2). (100)
We adopt a decoupling approach by separating:
and
Bzyy = ﬂZ§F4z*i (2), (102)

where I'y (2) = T'4; (2) + T'yii (2).
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Implementing Remarks (iii)-(iv), the general solutions emerge as:

2 = yp(t) + v(t), (103)
§= gault), (104)
o = LTu(22 () + ay(y, )z + aoly, 1), (105)

Substituting (103) and (104) into (96) for ¢ = 2,5,6 generates:

&
=
—
N

P
(V]
—
N

Il
7 N
=
w"“

L0 + ar( 0 + anlont) + 3 ) w20
(106)

plt)a + 5u (1), (107)

day (y? t) )
O+ (G O + Tl )

36
+ (G Oaoly )+ Ta(e)ado, 0420 + gralaNib 2450

3T a0 + ST ) 2

+ <1F2i(2)uz(t) (yu' () + (2a0(y, t) £ 1)u(t) + /(1) + }Dli(z)ﬂ(t)ﬂl(t)

6 3
aQal (yat) 8al(y7t)
+204i(2)pu(t)as (y, t)ao(y, t) + T a2 + 2a1(y’t)8y> x
1 1
+ (T a0 ¥ WO + 5T
820'0(yat) aal(y7t) 8al (y7t)
2 1)—————=
(108)
Polynomial balance in (106) necessitates:

Substituting (105) and (109) into (100) demonstrates that(100) holds for arbitrary
z. Combining this with (95), the intersection of their solution sets yields z = yu(t) +
v(t). Meanwhile, the residual equation system then simplifies to:

a(z,y,t) = ai(y,t)x + ao(y, ), (110)

A OT3(2) = (a3 )2 + ao(y, 1) + )W(0) + (0 (0 + /(1) (111)
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daq(y,t 1
o (0Ts(2) = P 0+ 20, (112)
daq(y,t 0%aq(y,t
s (Oa() = (2ar(. 0 2D 1 ZU U0,
(113)
aQQO(yat) aal(yvt) 8a1(y7t)
oy e (2a0(y, t) + 1)7.
Combining (96) and (98) with ¢ =4 , we have
Iy(z) =0. (114)

Since I'5(2) is the function only for y and ¢, comparing the coefficients of (112)
with the powers of z on both sides of the equations, we obtain 1/ (t) = 0. Let L = pu(¢),
then z = Ly + v(t), where L is a nonzero arbitrary constant of integration.

Substituting it into (111), (112), (113) comparing the coefficients of like powers
of x on both sides of the equations, we obtain:

al(y7t) = LFQ(Z)v (115)
aala(z’t) = L°T5(2), (116)
dar(y,t) | Par(y,t)
2a1 (y,t) By + 07 = L°T4(2), (117)
(ao(y,t) + %)L2 + éu'(t) =0, (118)
0 Cg’;g’t) aalg‘;”t) + (20(yt) + 1))7‘9“1{%”” =0, (119)

The (118) reveals that ao(y,t) depends exclusively on t. Then, inserting (118) into
(119) yields the following:

dar(yst) V') ar(y,t) _
oy L ot =0 (120)

We let a1 (y,t) = f(2), and inserting it into (120) yields

(L+z/(t))(L71/(t))% 0. (121)

Two distinct cases emerge from this result.

Case 1. ? =0
z

In this case, because a;(y,t) = f(z) =, which leads to a;(y,t) = 0. Then we
obtain
FQ(Z) = F5(Z) = FG(Z) = O7 (122)
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1 1

ol y,1) =~/ (1) — 5, (123)

L 11,
u(e, ) = Zaw(z) - 5 - 9oV ()4 (124)

where w(z) satisfies
W't ww = 0. (125)
The set of solutions in (125) comprises:
w1(2) = Cl, (126)
wa(z) = 2z (127)
2 - 2 + CQ,
ws(z) =1 tanh(%z + C3), (128)
l

wa(2) = Iy tan(gz +Cy). (129)

where Cp,Csy,C5,Cy € R are the integration constant, and both I; and Iy are positive.
The corresponding extended (2+1)-dimensional Sakovich equation solutions are:

T
U1(1'7y,t) 97 9], ( )+ 9 (130)
1 1 Lx
=—— -V ({t)+ —F—— 131
U2($7ya ) 2 2LI/()+Ly+V(t)+CQ’ (3)
1 1, LL I
us(x,y,t) = 3~ 57V (t) + 52 tanh (E(Ly +v(t) +Cs), (132)
1 1 loL l
ug(x,y,t) = —5 - ﬁy/(t) — 27:5 tan (;(Ly +v(t)) + Cy). (133)
(a) 3D-Plot at t =25 (b) 3D-Plot at t = 50 (c) 3D-Plot at t =75

50, 50, 50-,

505 505 50
100 41007 00
=~ ~ — o R
100 S
- o 50

0" 0 -
\ R 50 —
100 400 50 x 10000 70
y y y

s " 100
100 q0p S0

Fig. 6 3D-plots of the solution (132) are depicted at v(t) = —t, L=1,11 =2, fo=1and C3 =0
within the interval —100 < z,y < 100 for ¢t = 25, t = 50 and t = 75.

The solution (132) includes a dark soliton structure, as illustrated in Fig. 6. This
dark soliton propagates steadily in the positive y direction while maintaining its form
without distortion, thereby demonstrating a stable state.
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(a) 3D-Plot at t =04 (b) 3D-Plot at t = 0.6 (c) 3D-Plot at t =1
A P p

J y 7 ~ “
v i ol o

Fig. 7 3D-plots of the solution (133) are depicted at v(t) = —t, L=1,l2 =2, fo=1and C4 =0
within the interval —3 < z,y < 3 fort =0.4,¢t=0.6,¢t = 1.

The solution (133) is expressed in the trigonometric solution (133). Fig. 7 exhibits
this solution, which consists of discrete surfaces, showing the propagation of the
trigonometric wave with wave crest along the positive y direction.

af
Case 2. 57 #0
In this case, setting v(t) = —Lt+ C5 and inserting a1 (y,t) = f(z) into (94) yields

v+ L SO, UG S 130
The solution of (134) is as follows:
_2Q'() _ f(&)
w(z) = 0 2 (135)
where Q(z) satisfies:
v (22 O\,
Q +(4L2 —2>Q—0, (136)

where C is the integration constant.

Here, since f(z) is an arbitrary function to be determined, the solution encom-
passes a wide range of possibilities. Here, we try to constrain the problem and find
a meaningful and intuitive solution. After repeated attempts, we eventually selected
f(z) =L . Then (134) becormes:

1 1
W tww' + W - Sw=0. (137)
z z
Also,
Lx
t) = ——— 1
Lz L
)= ———+ + — . 139
u(z, y,t) Ty LiiC 5 0w (2) (139)

Integrating (137) once with respect to z yields the Riccati equation:

1 w
/ 2
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where C' is the integration constant.
Two distinct cases emerge from this result.

Case 2.1C =0

Substitution of v = % into (140), followed by multiplication by the integration
factor % and integration with respect to z, yields the following result:

1
v = Z;Z+Co, (141)
namely,

2
) 142
wi(2) 2In(z + Cg)’ (142)

where Cy and Cg are the integration constants.

As a result, we obtain a set of solutions characterized by logarithmic terms:
L L

i (x,y.t) g i (148)

T Ly—Lt+Cs + (Ly — Lt + Cs)In(Ly — Lt + Cs)’

Case 2.2 C #0

In this case, (140) is a Riccati equation, we apply the standard Riccati transform:
w(z) = 2L then we obtain that:

P(z)’

1 c
P'+-P — —P=0. 144
+ - 5 (144)

Case 2.2.1 C >0
In this case, (144) can be rewritten as:

" 1 / 2

P+ =P — 2P =0, (145)
z

where k = 1/%.

The general solution to (145) can be expressed in terms of the modified Bessel

functions:
C C
P(z) = Crlo(y] 5 2) + CsKo(y] 5 %), (146)

ey 2P _ 2y/§ [orn (V§2) - ok (V/52)] )
P(z) Cq 1, (\@z) + Ok (ﬁz)

thus,
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The corresponding solution of the extended (2+1)-dimensional Sakovich equation
(1) is as follows:

_ Lx
- Ly—Lt+Cs

. 2\/§ [e32 (\@(Ly — Lt)) - Csky (\/g(Ly —1t))] . (148)
Crl (@(Ly ~ Lt)) + CsKy (\@(Ly - 1t))

where Cy, C7 and Cy are arbitrary constants, I,,(z) and K, (z) are the modified Bessel
functions of the first and second kind.

UQ(I.C, Y, t)

Case 2.2.2 C <0
In this case, (144) can be rewritten as:

1
P'+-P +k*P =0, (149)
z

-C
2
The general solution to (149) can be expressed in terms of the Bessel functions:

P(2) = Codoly] 22 + Cuafoly) 52, (150)

wy(z) = 2P _ 2/-§ [0 (E 5) -~ Cuta (\/Ez)}_ (151)
P(z) Codg (\/—?Q +Co¥o (\/E 2)

The corresponding solution of the extended (2+1)-dimensional Sakovich equation
(1) is as follows:

where k =

thus,

R e eves
AVE e (V=5 - 10) - cwn (=5 10)]
z,

Codo (/=S Ly — 1)) + Cro¥o (/=S (Ly - L))
(152)

where O35, Cg and C1 are arbitrary constants, J,,(z) and Y,,(z) are the Bessel functions
of the first and second kind, respectively.
As a result, we obtain a set of solutions characterized by Bessel function terms.
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(a) 3D-Plot at t = 0.2 (b) 3D-Plot at t = 3.25 (c) 3D-Plot at t = 4.53

4 - 4 - 4

Fig. 8 3D-plots of the solution (143) are depicted at L =1, Cs = 1 and Cg = 1 within the interval
5<2<5-5<y<15fort=02, t=3.25t=4.53.

The solution (143) is expressed in the logarithmic functional form, which includes
two movable line waves. Fig. 8 exhibits this solution, showing the propagation of the
logarithmic wave with a wave crest along the positive y direction. To the best of
the authors’ knowledge, this specific solution has not been previously reported in the
literature.

(a) 3D-Plot at t = 0.44 (b) 3D-Plot at t = 2.46

5 5 y % 55 y

(¢) 2D-Plot (d) Contour-Plot (e) Contour-Plot

Fig. 9 3D-plots of the solution (148) are depicted in part (a) and (b). The values of free parameters
are taken as L = 10,Cs = 10,C = 2,C7 = 1 and Cg = 0 within the range —5 < z,y < 5.
Corresponding 2D-plots are depicted in part (d), and the contour plot is depicted in part (c¢) and
part (e), respectively.

The solution (148), expressed in the Bessel functional form, shows a distinctive
structure and a new wave phenomenon in Fig. 9. In Fig. 9(a) and Fig. 9(b), the
solution manifests the dark soliton structure characterized by a central depression.
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Remarkably, the form of this dark soliton persists unchanged throughout its temporal
evolution. In addition, a movable and continuous blow-up on one side occurs due to
the presence in the rational function term, as depicted in Fig. 9(c) and Fig. 9(e). To
elucidate the temporal behavior within the dark soliton, Fig. 9(d) shows the evolution
of the solution at a fixed position = 1. This cross-section in Fig. 9(d) reveals a
progressive deepening of the dark soliton over time. We are not aware of any prior
work that, such a solution with these characteristic features — namely the persistent
progressive deepening dark soliton depression with movable and continuous blow-up —
has not been reported in the literature. Its evolutionary profile exhibits the potential
significance of equation (1).

(a) 3D-Plot at t =1 (b) 3D-Plot at t = 2.5
| M’“ “

(c) Contour-Plot (d) 2D-Plot (e) Contour-Plot

s s 4 2 0 2 4 & 85 1

Fig. 10 3D-plots of the solution (152) are depicted in part (a) and part (b). The values of free
parameters are taken as L = 1,C5 = 10,C = —2,C9 = 1 and C109 = 0 within the range —10 < z,y <
10. Corresponding 2D-plots are depicted in part (d), and the contour plot is depicted in part (c) and
part (e), respectively.

The solution (152), expressed in the Bessel functional form, exhibits a new
wave phenomenon in Fig. 10. This solution consists of a series of discrete surfaces.
Specifically, every individual surface is accompanied by central symmetry, as further
corroborated by Fig. 10(c) and Fig. 10(e). Furthermore, this solution includes discrete
surfaces propagating along the positive y direction with a finite constant velocity,
as depicted in the Fig. 10(a), Fig. 10(b), and Fig. 10(d). During propagation, every
individual surface continuously deforms over time while maintaining its structural
integrity. To the best of our knowledge, this solution and its distinctive structural and
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dynamical features have not been reported in the previous literature. Its evolutionary
profile also exhibits the potential significance of equation (1).

3 Conclusion and discussion

This investigation systematically explores the extended (241)-dimensional
Sakovich equation (1) through the Clarkson-Kruskal direct method, establishing a
complete symmetry reduction framework in two cases: z, # 0 and z, = 0. The method-
ology successfully reduces the original PDE to an integrable ODE system, yielding 14
classes of exact solutions as enumerated in Eqgs. (38), (62), (63), (64), (84), (85), (93),
(130), (131), (132), (133), (143), (148), (152).

Specifically, in the first case, where z, # 0, we derive rational function solutions
(Egs. (38), (62), (63), (84), (93)), a Weierstrass elliptic function solution (Eq. (64)),
and the Painlevé I and Painlevé 1T similarity reductions (Eq. (85)). In the second case
with z, = 0, we obtain rational function solutions (Egs. (130), (131)), a hyperbolic
function solution (Eq. (132)), a trigonometric periodic solution (Eq. (133)), a logarith-
mic function solution (Eq. (143)), and Bessel function solutions (Eqs. (148), (152)).
Furthermore, these derived solutions exhibit diverse new wave phenomena, to some
extent, providing a basis for a deeper understanding of the equation. Compared to
other methods, such as the Lie symmetry method, the unified method, the Hirota bilin-
ear technique, etc., the CK direct method is capable of yielding more types of solutions.
Despite the complex and tedious computations of the CK direct method, the solu-
tions obtained by the CK method are more diverse, especially including rational-form
solutions, lump solutions, soliton solutions, etc.

There are still some questions worth considering. Firstly, without increasing com-
putational complexity, is there a better way to replace the separation method that
would allow one to obtain more solutions 7 Secondly, are there more functional forms
of f(z) that yield meaningful solutions in the second case?
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