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Abstract: In this paper it is investigated the generalized Vakhnenko-Parkes equation
describing the propagation of short-wavelength disturbances in relaxing media with
amplitude-dependent wave velocity. As the Cauchy problem for this equation proves in-
tractable to the inverse scattering transform method, the analysis employs traveling wave
variables. To study the integrability of an ordinary differential equation obtained by mov-
ing to traveling wave variables, the Painlevé test is used. A general solution to this ordinary
differential equation, written in terms of quadrature, is obtained. The dependence of the
solution on parameters of the equation is investigated. Based on the analysis, explicit exact
solutions in traveling wave variables are found. It is shown that the equation has periodic
solutions expressed through Jacobi elliptic functions, as well as an singular analytical solu-
tion in explicit form. Obtained exact solutions can be used as test functions in the analysis
of results of numerical modeling of processes in relaxing media described by equations of
the Vakhnenko-Parkes type.

©) 2026 European Society of Computational Methods in Sciences and Engineering

Keywords: Vakhnenko-Parkes equation, Painlevé analysis, exact solutions, solutions in
quadratures, traveling wave solutions, Jacobi elliptic functions

Mathematics Subject Classification: 35Q51, 34Mb55, 35C07

PACS: 02.30.Jr, 47.35.Fg, 02.30.Hq, 47.35.Jk

1 Introduction
In this paper, the equation

Uy + Uzt + (Bu? + yu®)uy = 0. (1)
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for the real function u = u(z,t) is considered. In equation (1) parameters «, 3, y are real nonzero
numbers. This equation is a generalization of the nonlinear Vakhnenko-Parkes equation [1-13]

Ullgpt — UglUpt + U2y =0 (2)
and the modified Vakhnenko-Parkes equation [14-18]
Wkt — Uptigr + uup = 0. (3)

The equation (2) is used to describe the propagation of short-wave disturbances in relaxing media in
case when the amplitude of oscillations depends on the wave propagation velocity. The motivation
for considering this kind of equations is the fact that the dispersion relation for the classical
Korteweg-de Vries (KdV) equation is overly restrictive in describing the propagation of short-wave
disturbances. In addition, despite the fact that the KdV equation allows for solitary and periodic
solutions that are not provided for by shallow water theory, it does not describe the observed
peaking of wave crests. In turn, the equation (2) takes into account both of these effects.
Moreover, the equation (1) is one of equations of a family of partial differential equations

Wyt + QUL + (Bu™ + yu™)uy = 0, (4)

where n # % This family of equations is considered in the article [19], where it is reduced to a
dynamical system using traveling wave variables. Further research is conducted on the basis of the
qualitative theory of differential equations. Let us rewrite the equation (1) using traveling wave
variables:

u=¢§), &=ux—Cot, (5)

where Cj is the wave propagation velocity. Substituting the variables (5) into the equation (1)
and multiplying it by ¢¢, we integrate it once by . As a result, we obtain the following nonlinear
ordinary differential equation of the second order:

a—1 0 B
dec+ —5— e+ 16" + 36" +9=0, (6)
where ¢ is the integration constant. The obtained equation is a special case of the equation

considered in [20] of B. Gambier:
ayy- +byZ + cay’ + sy’ + cay’ + ey + co = 0, (7)

where y = y(z). It is known that the solution to the equation (7) is expressed in terms of elliptic
functions in following cases:

l.a=1,b=-1,¢ = ¢ = 0;
2.a=2,b=-1,¢c1 =c3 =0;
3. a=—-2b,¢c; =0.

In [19] some exact solutions of the equation (6) are also presented for the cases o = —1, o > 1,
depending on the values of v and the integration constant in the first integrals of the dynamical
system.

The purpose of this article is to study the integrability of the equation (6) and to construct
its analytical solutions. The integrability investigation applying the Painlevé test in the form of
Kovalevskaya algorithm is described in section 2. Methods for finding the general solution to the
equation (6) in terms of quadrature are briefly explained in section 3. Based on the obtained
general solution, in section 4 several forms of exact solutions to the equation (6) are shown [21].
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Currently, there are many mathematical models describing various processes in the applied
mathematics, pure and technical physics, chemistry, biology, economics etc. in terms of problems
for differential equations. In the context of the numerical investigation of mentioned problems, the
question of the results verification is crucial. To estimate the adequacy of a numerical solution to
the problem, it is important to compare it with an analytical solution. Thus, aside from a potential
value of this work in the domain of the general theory of differential equations, obtained results, in
particular, can be used as test functions for the data verification of the numerical modeling of the
wave propagation in relaxing media and rotating fluid described by equations of the Vakhnenko-
Parkes type.

2 Painlevé analysis of the equation (6)

To study the equation (6) for passing the Painlevé test below, we apply a S.V. Kovalevskaya
algorithm, improved in [22,23]. This technique can give the opportunity of the general solution
existence [24-29]. Within the framework of this algorithm, we present the solution to the equation
(6) in the form of a Laurent series expansion near a singular point £ = &o:

B(&) =Y a;(6— &), (8)
j=0

where p is a solution pole order. It is known that the Kovalevskaya algorithm consists of three
steps: finding the pole order of the equation under consideration, determining Fuchs indices (also
known as resonances), and substituting the expansion into the equation in order to find coefficients
for powers of .

At the first step of the Kovalevskaya algorithm, let us consider the equation with leading terms
for the equation (6) in the form

boec + “5 6+ 1ot =0, )

Note that the equation (6) is autonomous, hence it is possible to omit the singular point &y at first
and second steps of the Painlevé test. Therefore, to determine the pole order of the solution to
the equation (6), we substitute the expression
_ o
o) = 2 (10)
into the equation (9). By equating expressions with the same degrees of £ in the equation (9) to
find the value of p and then calculating the value of ag, we obtain two branches of solutions to the

equation (6) in the form
2(a+3
(00.9) = (i Hexd) 1) . ()

Thus, the solution to the equation (6) has the first pole order. To simplify further transformations
during the Painlevé test, we introduce the next substitution in the equation (6):

v=-2(a+3), (12)
then it takes the form . 3 8
o — o+
Odec+ —5— ¢ — 9" + 36" +9=0. (13)
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’ o ‘ Equation form a;a) ‘ Kaois ‘
-3 | ggee — 262 + §¢3 +g=0 undefined w
2| ppee — 20F— 30"+ 2% +g=0 al™® =41 18
1| ¢oce — 62— 0' + 56" +9=0 ag =+, a7 V=3¢ 0
1| ¢poge —20 1+ 26 +g=0 all) = +1, o = £, g
agl) = i%v agl) = 5222

2 | doce + 302 — 36 + 4P +9=0 ol = #1, o = £, of? =+ £, 0
a§2) = 13%324’ af) ==+ (% + %)

3 | gee + 6% — 3¢ + 8% +g=0 o =41, o = £, o =1 2 0
“gg) = 27602;)07 ‘14(13) =+ (1go + 815300) )
af” = srsmom0n

4| doce+ 302 — 56* + 567 +9=0 af? = #1, ol = £ ol = £05, 0
of) = 2l of = + (& + 1565 ) -
ol = soisermer of) =+ (% + %)

5 ¢¢5§+2¢274¢4+§¢3+920 “és) ==+1, ‘1(15) :%’ a;5) :i1§247 0
oY = s oY =+ (% + 5rhews ) -
of” = T5thrm
aés)=i<W;m+%>v
a'(75) = 230533;33248 + 295;520

Table 1: The results of the Painlevé analysis of equation (6) for values a = —3; —2; —1; 1; 2;
3; 4; 5.
In this case, the equation with the leading terms (9) is rewritten as

-1, a+3
2 % — 2

dbee + = ot =0. (14)

Taking into account introduced substitutions, conditions for the solution branches are written as

(a0,p) = (£1,1). (15)
At the second step of the Painlevé test, let us substitute the expression

ao

o(§) = €

to the equation with leading terms (14). Calculating the value of the coefficient of the first power
of a; for both branches (15), we have Fuchs indices j = —1, j = o+ 3. The equation passes the
second step of the Painlevé test if Fuchs indices are natural pairwise distinct numbers excepting
—1. Thus, in the case of & € NU {—3; —2; —1} the equation (6) passes the Painlevé test at the
second step.

At the third step, the initial equation is examined at values of « = —3; —2; —1; 1; 2; 3; 4; 5.

+a;&07! (16)
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The decomposition of the solution into Laurent series is sought in the form

a+3 )
p(&) =Y alVe ™, (17)

j=0
where a;a) are coeflicients of this decomposition depending on the value of «. Results of these
studies are shown in table 1. Here, K3 represents the value of the coeflicient at the lowest power
of &, which is included in the equation when the expansion is substituted. The equation (6) would
pass the Painlevé test if all values of K43 should be zero. It is visible from the table 1 that the
equation (6) has the Painlevé property in cases of a = —1, a =2, « =3, a =4 and o = 5.

3 General solution to the equation (6)

To obtain the general solution of the equation (6), we rewrite its first two terms applying a technique
used, for example, in [30]:

Ol = 2T (6 e (18)

PPee + T a+1

Using the substitution z(¢) = QSQTH allows us to find the first integral of the equation (6) and
separate its variables. As a result, the general solution to this equation is written in terms of
quadrature as follows:

d¢

283 : 8C —a 2
\/f 2(013) ¢t — 3((1-;-2)¢3 - (a+11)2 P! B T—gl

where C} is an integration constant. It can be seen that the solutions of the equation (6) for
a=-1,a=1,a = -2, a = —3 cannot be expressed using the resulting quadrature. Furthermore,
according to the results of the Painlevé analysis, there is no general solution to the equation (6)
for the last three values of «.

4 Exact solutions to the equation (6)

With the appropriate values of the integration constants C; and g in the quadrature (19), exact
solutions to the equation (6) can be found, as with other values of a. These cases are briefly
outlined below.

Case a = —1. The value of the integral (19) is undefined. By sequential substitutions of
¢¢ = w and w = 1/q(¢) in the equation (6), we have the following exact solution:

AA2 — Aadz + Apdg — A2

(&) = M1 + ’
(s = da)sn? (3200 = )0 — W)€ — Co); k)

(20)

where C is an integration constant, A1, Ao, A3, A4 are real roots of the polinomyal in the denomi-
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nator of the expression (19), A\; > Xy > A3 > \y, k2 = m%,

8
>\1+>\2+)\3+)\4:—£
3y
4Cy
A2 + Az + A+ Aads + Aoy + A3hy = 0 (21)

A A2A3 + A1 Ao Ay + A A3 Ay + Ao A3y =0,

4
AMAsdghy = — -7
y

Taking into account limits for roots A1, Aa, Az, A4, it is evident that the obtained solution (20)
represents a real function within the framework of the problem in the case of v > 0. Solutions of
a similar type also arise in cases of C7 = 0 and g = 0, @ = 1 under appropriate constraints on
parameters of the Jacobi elliptic sine.

Case (7 = g = 0. In this case, an explicit power-law solution is obtained from quadrature
(19), given by the expression

1
P(§) = — = (22)
6(0512) (5 + 03)2 + Zggaigg

It is visible that the obtained solution (22) is nontrivial in cases @ # —2, a # —3 and has a

singularity at points
3(a+2) ¥
==+ — - Cs. 23
¢ 3\ 2+3) (23)

Conclusion

In this paper, the generalized nonlinear Vakhnenko-Parkes equation is studied. Using traveling
wave variables, this equation is reduced to an ordinary differential equation. A Painlevé analysis
of the obtained equation was carried out. It was found that the equation passes the Painlevé test in
casesa = —1,a=2,a=3,a =4, and a = 5, and does not pass in cases « = -3, a = -2, a = 1.
Its general solution, written in terms of quadrature, was found, as well as some exact solutions.
Obtained exact solutions can be used as test functions in the analysis of the results of numerical
modeling of processes in relaxing media described by equations of the Vakhnenko-Parkes type.
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