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Traveling wave solutions to Kawahara and related equations

Stefan C. Mancad]
Department of Mathematics,
Embry-Riddle Aeronautical University,
Daytona Beach, FL. 32114-3900, U.S.A.

Traveling wave solutions to Kawahara equation (KE), transmission line (TL), and Korteweg-de
Vries (KdV) equation are found by using an elliptic function method which is more general than
the tanh-method. The method works by assuming that a polynomial ansatz satisfies a Weierstrass
equation, and has two advantages: first, it reduces the number of terms in the ansatz by an order of
two, and second, it uses Weierstrass functions which satisfy an elliptic equation for the dependent
variable instead of the hyperbolic tangent functions which only satisfy the Riccati equation with
constant coefficients.

When the polynomial ansatz in the traveling wave variable is of first order, the equation reduces
to the KdV equation with only a cubic dispersion term, while for the KE which includes a fifth
order dispersion term the polynomial ansatz must necessary be of quadratic type.

By solving the elliptic equation with coefficients that depend on the boundary conditions, velocity
of the traveling waves, nonlinear strength, and dispersion coefficients, in the case of KdV equation
we find the well-known solitary waves (solitons) for zero boundary conditions, as well as wave-trains
of cnoidal waves for nonzero boundary conditions. Both solutions are either compressive (bright) or
rarefactive (dark), and either propagate to the left or right with arbitrary velocity.

In the case of KE with nonzero boundary conditions and zero cubic dispersion, we obtain cnoidal
wave-trains which represent solutions to the TL equation. For KE with zero boundary conditions
and all the dispersion terms present, we obtain again solitary waves, while for KE with all coefficients
present and nonzero boundary condition, the solutions are written in terms of Weierstrass elliptic
functions. For all cases of the KE we only find bright waves that are propagating to the right with
velocity that is a function of both dispersion coefficients.

Keywords: Kawahara equation, KdV equation, transmission line equation, Jacobi and Weierstrass
elliptic functions, elliptic function method.

I. INTRODUCTION

In recent years many methods have been used to find analytic solutions to nonlinear partial differential
equations (PDEs). Among the multitude of papers, we shall only refer to two sets of studies which will
pertain to this work. The first class of papers are: truncation procedure in the Painlevé analysis @] in
which authors define the Painlevé property that determines the Lax pairs of the Burgers, KAV, and the
modified KdV equations; Hirota bilinear method ﬂﬁ] where multiple collisions of N solitons with varying
amplitudes have been obtained for the KdV equation; the Prelle-Singer method @] where a system of
differential equations has been shown to have an elementary integral expressible in terms of exponentials,
logarithms and algebraic functions; the factorization method [6] where traveling wave solutions of the
standard and compound KdV-Burgers equations are found using factorizations; or the homogeneous bal-
ance method @] where solitary wave solutions of two types of variant Boussinesq equations are obtained.
Then, we can also enumerate the trial function method ﬂg] where transformations of solutions obtained
by the Weiss-Tabor-Carnevale method are used for investigation of Kuramoto-Sivashinsky equation; the
nonlinear transformation method @] where the authors constructed traveling wave solutions for nonlin-
ear diffusion equations with polynomial nonlinearities; the well-known inverse scattering transform @, @]
and Bécklund transformation ﬂ%], the first integral method @] where Nizovtseva uses a first integral
method which gives singular and kink profiles for the Allen-Cahn hyperbolic equation.

The second class of papers mentioned here are: the simplest equation method ﬂﬂ] where Kudrsyashov
uses the general solutions of simplest nonlinear differential equations and takes into consideration all pos-
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sible singularities of Kuramoto- Sivashinsky equation, as well as the equation for description of nonlinear
waves in a convective fluid; the G’/G expansion method where it is shown to be equivalent to the
tanh-method first developed by Malfliet and Hereman @ ]; the automatic method of Parkes ]; the
method of @ functions @, ﬁi used on Fisher equation and on a seventh order ODE; the generalized
Riccati equation method ﬂﬁ] where a new generalized transformation is applied to Whitham-Broer-Kaup
(WBK) equation; the sinh-cosh-method @] where the author finds solitons, kinks, and periodic solutions
of Benjamin-Bona-Mahony (BBM) equation; the modified tanh-method [d, [10] where the author uses a
modified by a parameter Riccati equation; the algebraic method where algorithms using sophisticated
Mathematica programs are used to find closed-form solutions in terms of Jacobi elliptic functions ﬂa, @],
the sech-method @] to find solitons to a seventh order KdV equation. Then we also include the Jacobi
elliptic function method ] used on a double sine-Gordon, Hirota equation, and the coupled Schrédinger-
KdV system; the work of Fu and Liu ﬂﬁ, ] on Jacobi elliptic function expansion method; and Porubov

| on traveling periodic solutions of a pair of coupled nonlinear Schrédinger equations obtained in
terms of Weierstrass elliptic p functions.

More importantly, if for the former class of papers the methods yield restrictive solutions involving
elementary functions which generate solitary waves, singular solutions as rational functions, periodic
trigonometric solutions, kinks and fronts, the latter studies involve finding analytical solutions of evolution
equations in terms of Jacobi, Weierstrass or elliptic theta functions.

Motivated by the work of the authors of the second class of papers, an elliptic function method, which
is easier to implement and more general than the hyperbolic tangent method is applied to a nonlinear
dispersive PDE known as Kawahara equation (KE) to find periodic solutions in terms of Weierstrass p
elliptic functions, Jacobi elliptic or hyperbolic functions. This equation takes the form

Ut + KUU, + QUgpy — Bummmmm = 07 (1)

and was investigated numerically in a study of magneto-acoustic waves in a cold collision-free plasma
ﬂﬁ] The coefficients of this equations are: «, 8 - third and fifth order dispersive terms, x - the strength
of the nonlinearity (wave steepening) and are real constants. We may assume that 8 > 0, because by the
transformations v — —u, * — —x, and ¢ — —t, we obtain the same equation as ({l) with the dispersive
terms reversed in sign HE] Under certain circumstances, the third order dispersion coefficient o becomes
very small, or even zero, so one should include the higher order dispersion 5 which will balance the

nonlinear effect x [13, [17].
We can write Eq. (@) in Hamiltonian form [7]

0 (oH
=— | — 2
YT o <6u> ’ )
where the Hamiltonian is
b 1 2 1 2
H= g hu + 5 o + Zﬁum . (3)

Using this Hamiltonian, KE () has the conserved energy density

7= /_ O:O Hdz. (4)

By using the Fréchet derivative which corresponds to the Euler-Lagrange operator

S0 a0 @ o 5
Su  Ou  dxOuy  dr? Ougy’

then Eq. (@) becomes KE ().

By applying a traveling wave ansatz u(§) = u(xz — ct), with ¢ being the velocity of the unidirectional
traveling wave in the z direction at time ¢, yields a fifth order ordinary differential equation (ODE) in
the traveling wave variable &

— Cug + Kuug + augee — Pugegee = 0. (6)



By one integration this reduces to the fourth order ODE
K

2u2+au&-3%&5=«4 (7)

—cu+
with A an arbitrary integration constant which can be zero or not depending on the types of boundary
conditions chosen. By multiplying by u¢ and integrating once we obtain a conserved quantity for Eq. (1)
in the traveling wave variable £

C=—2Au—cu®+ gu?’ + aue? — B [2ucugee — (uge)?] = const. (8)

In his comment to Assas’ paper M], Kudryashov developed the solutions of KE using the tanh-method
ﬂ2_1|, @] This method was originally used by Malfliet and Hereman m—lﬂ] and has the advantage of
reducing nonlinear ODEs into systems of algebraic equations, that might be easier to solve. Kudryashov
explained that Eq. () does not pass the Painlevé test, but nevertheless one can find solitary waves
of higher order by writing the Laurent series expansion for a function Y () which must include a pole
of order four m, @], where the function in the expansion solves the Riccati equation with constant
coefficients

Ye=n(1-Y?) ©)

with solution Y (§) = tanh(ng). Therefore, if we assume solutions of the form
u(§) =y G, (10)
i=0

once the numbers of terms n is determined using the balancing principle @], we can write the solutions
of Eq. (@) in terms of the solutions of the Riccati equation (@)). Since the hyperbolic tangent solution is a
particular solution of the Riccati equation, and any other solution can be found using the transformation
Y = tanh(né) + %, where W satisfies a first order linear equation, then all the other solutions which are
meromorphic to u can be written using a new expansion in W with the same number of terms. More
than that, all forms of the general solution of the Riccati equation have the same Laurent series and
they differ only by arbitrary constants ﬂg] Therefore, using different ODEs as generators of particular
solutions, one can find a rich class of meromorphic solutions to evolution equations, which unite many
approaches involving elementary functions. These methods are not restrictive to only parabolic equations
(d/dt — —c d/d§), as they were also successfully implemented to find solutions to hyperbolic PDEs
d?/dt? — ¢ d?/dE?) such as Boussinesq @] and improved Boussinesq equation ﬂ, |, Klein-Gordon
ﬁ], and Allen-Cahn equation via the first integral method [40]. Note that the elliptic function method
will not work if the ODE contains both even and odd derivative terms, see Lemma V.1. in the Appendix,
for the explanation.

In order to determine the number of terms in the expansion of the ansatz, we compute the second order
derivative d?/d¢? for which the leading term is 7%(1 — Y?)? d?/dY 2, while for the fourth order derivative
d*/d¢* the leading term is n*(1 — Y2)* d*/dY*. Thus, when we balance the nonlinear term with the
higher order derivatives, we must distinguish between two different cases. When 8 = 0 (KdV equation),
we only need to balance uge with u? which leads to 4+ (n —2) = 2n = n = 2. For the second case (KE),
we balance ugeee with u? which leads to 8 + (n — 4) = 2n = n = 4. Therefore, the solutions for the KdV
or KE must take the form

u(§) = Ao + Ay tanh®(né),  B=0

(11)
u(é) = By + By tanh®(n¢) + By tanh® (n¢), B#0

with the first and third order coefficients identically zero [21].
Since KdV equation also possesses non elementary solutions in terms of Jacobi elliptic functions @]
which are not solutions of the Riccati equation ([@l), we extend the ansatz of the function Y and we replace
the Ricecati equation by an elliptic equation, i.e., the function Y in the new ansatz given by (I0) satisfies

3/52 = a0+a1Y+a2Y2+a3Y3, as 7é 0. (12)



This new ansatz has the advantage of extending the classes of solutions to include elliptic functions
ﬂl_lL 24, @], and as a special case when two of the roots of the cubic polynomial in Y collide, the solitary
waves can be recovered as a limit case of cnoidal waves @, @] The constants a; which depend on the
system parameters «, 3, k, the speed ¢, and boundary conditions A respectively, can be found algebraically
after the ansatz passes the balancing principle @], which will determine the number of terms n in the
expansion given by (I0).

Using the new ansatz, and by balancing, we obtain n +1 =2n = n =1 when § =0 and n + 2 =
2n = n = 2 when 8 # 0. Therefore, by replacing Riccati equation (@) with the elliptic equation (I2), we
reduce the numbers of terms in half in the expansion of Eq. (I0) which is now only linear for KdV or
quadratic for KE

u(§) = Ao + ArY, B=0

B ) (13)
w(&) = Bo + B1Y + ByY~, B #0.

II. REDUCTION TO THE KDV EQUATION (8 =0)

When 8 =0, Eq. ([0) reduces to the KdV equation which describes the motion of small amplitude and
large wavelength shallow waves in dispersive systems ﬂﬁ]

Up + KUy + Qg = 0. (14)
By using =0 in Eq. (@), we obtain the second order ODE in u

—cu+ gu2 + auge = A (15)

Without loss of generality we may assume that Ag =0, A; = 1 so that w =Y. To find the solutions of
Eq. () using our procedure, we differentiate Eq. ([I2)) to obtain higher derivatives of ¥’

1 3
ngg = 5@1 + asY + §G3Y2

Yeee = (a2 + 3asY)Ye (16)

1 9 15 15
Yeeee = 3aoas + jaraz + <§a1a3 + a22) Y + 7a2a3Y2 + 7@321/3,

and by substituting them into Eq. () we obtain a cubic polynomial in Y

3

D syi=0, (17)

i=0
with coefficients s; given by the expressions
83 = —§a32ﬁ
sy = 3 [k + 3az(a — 5azf3)] (18)
51 =—c+axa —a’B — Farazp

so = —A — 3agazf + G (a — az3).

Because all these coefficients must be zero, and since as # 0, from the first equation of the system (I]),
we immediately conclude that 8 = 0, so the reduced constants become

sy = % (k + 3asa)
§1 = —C+ asQ¢ (19)
sp = —A+ Ga.

By solving simultaneously s; = 0 for the coefficients a;, Eq. (I2)) becomes

3 = gu(Y), (20)

2
y£2:a0+;4y+£y2_
) o o 3a



where ag is an arbitrary constant. According to Eq. (8]) the conserved quantity in £ for the KdV equation
is

c= —2AY—cY2+§Y3+aY52, (21)

and by comparing Egs. (20) and 21I)) we identify ag = %, so the arbitrary constant of the elliptic equation
is proportional to the conserved quantity, and inverse proportional to the cubic dispersion. The elliptic
solutions of Eq. (20) depend on the type of roots of the cubic polynomial ¢3(Y’), which automatically
leads to the following sub-cases:

i) One zero root of multiplicity two, and one simple root Yy = 3—: This is achieved when we choose zero
boundary conditions A = 0 together with ay = 0, i.e., the fluid is undisturbed at infinity (Y, Ye, Yee — 0
as |¢| = 00). By letting 7= = < we factor Eq. @20) as

1
Ve =YY - V), (22)

L/ —@)1 (23)

which propagates with velocity proportional to amplitude Yy, and width inverse proportional to the
square root of Y.

Now we must discuss the sign of o. First possibility is that ¢ > 0 so x and « are of the same sign,
and because Yz € R we must have Yy > 0 which means that c is the same sign as a and x. These waves
travel to the right (¢ > 0) in a positive strength (k > 0) and positive dispersive medium (« > 0), and to
the left (¢ < 0) in a negative strength (x > 0) negative dispersive medium (o < 0). In both cases their
amplitude is always positive and they represent the positive (compressive/ bright) solitary waves. On the
other hand, if o < 0 so that x and « are of opposite signs, then we must have Yy < 0. Therefore, these
are waves that travel to the right (¢ > 0) in a negative strength (k < 0) and positive dispersive medium
(o« > 0) medium, and to the left (¢ < 0) in a positive strength (x > 0) and negative dispersive medium
(a < 0). In both cases their amplitude is always negative and they represent the negative (rarefactive/
dark) solitary waves ﬂE, @] For all other remaining combination of coefficients, the solitons become
unbounded and solutions are unphysical, when the hyperbolic secant becomes periodic with poles aligned
on the real ¢-axis. For the solitonic case, and regardless of the signs of the coefficients, for £, = 0 and

u =Y the solution is
3¢ 9|1 Jec
u(z,t) = ;sech [51 / E(:v - ct)] (24)

If the velocity is fixed, the amplitude and width can be manipulated using the strength and dispersion
coefficients. When k is big the amplitude is small, and when « is small the solitons are thin, while
increasing the dispersion it increases their widths when solitons spread, see Fig. [[lfor the values of a = 1,
k =1and « = =5, k = =5 for bright solitons (top panel), and a = 1, kK = =5 and o = =5, k = 1 for
dark solitons (bottom panel).

ii) Now we drop the assumption that fluid must be undisturbed at infinity, so then we must have
Ye =0 for Y = 0 which implies that only one root is zero. This corresponds to setting ag = 0, while the
other two roots are real and distinct. Under these assumptions Eq.([20) can be factored as

with solution the solitary wave ﬂE, @]

Y (€) = Ygsech?

Y =—Y(Ya-Y)(Ys+Y), (25)

SR

where Y5 3 satisfy

_ YotV
Y, = H/0

_ =YootV
Yy = V@
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FIG. 1: Bright solitons for the KAV Eq. ([I4) with zero boundary conditions A = 0 and a = 1, x = 1 (continuous
curves) when solitons propagate to the right, and a = —5, k = —5 (dashed curves) when solitons propagate to
the left (top panel). Dark solitons for the KAV Eq. ([I4)) with zero boundary conditions A =0and o =1, Kk = —5
(continuous curves) when solitons propagate to the right, and « = —5, x = 1 (dashed curves) when solitons
propagate to the left (bottom panel).

For real roots we require the discriminant €2 = %7224’4“ > 0, which restricts the values for A and k such
that Ax > —%2. The solution of Eq. 23 is
5|1 /1
u(§) =Yz cn B ;(Y2 +¥3) (€ —&o)im|, (27)

which simplifies to

—_

) = 25 x| L[ ey 1+ T (28)

Yo
Y2+Y3

from system (28], and & = 0 the solutions of the KdV equation (I4) with nonzero boundary conditions

where cn(6;m) is the Jacobian elliptic function with modulus m = . Using the values of the roots



are
_ 3¢tVO2F24AK . 2 |1 V92424 AR (.. 4. /1 3¢
u(z,t) = 2 on® |3 (@ = )iy /2 £ saa e - (29)

If o,k have same sign then o > 0, so Y5 + Y3 = v/Q > 0, and we obtain bright cnoidal waves which
propagate to the right (¢ > 0) or to the left (¢ < 0), see Fig. 2 (top panel) for right waves with o = 1,
K = 2, and left waves with « = —2, Kk = —2. Otherwise, when «, k have opposite sign then ¢ < 0, so
Y; + Y3 = —/Q < 0, and we obtain dark cnoidal waves which also propagate to the right (¢ >0)or
to the left (¢ < 0), see Fig. 2 (bottom panel) for right waves with a = —1, k = 2, and left waves with
o = 2, kK = —1. These solutions represent trains of periodic cnoidal waves with shape and wavelength
that depend on the amplitude of the waves. The wavelength is A = 4 %K(m), where K (m) is the

complete elliptic integral of first kind given by K(m) = fO% ——4% ___ When A — 0, and depending

VvV 1-m2sin? 6
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FIG. 2: Bright cnoidal waves for the KdV Eq. ([[d) with @« =1, x = 2, A = 1 (continuous curves) when the
waves propagate to the right, and & = —2, K = —2 A = —1 (dashed curves) when the waves propagate to the
left (top panel). Dark cnoidal waves for the KAV Eq. (I4) with « = —1, k =2, A =1 (continuous curves) when
the waves propagate to the right, and « = 2, kK = —1, A = —1 (dashed curves) when the waves propagate to the
left (bottom panel).

on the modulus m we have two extreme cases. First, by choosing the negative branch of the sqare root



Yo - 0= m — 0, and cn # — cosf, thus cnoidal waves resemble more sinusoidal waves of unchanging
shape discovered by Stokes, which in the theory of long waves constitutes a particular case of cnoidal form
ﬂE, @] Second, by choosing the positive branch of the square root Y3 — 0 = m — 1, and cn § — sech 6,
thus cnoidal waves loose their periodicity, and reduce to the solitary waves given by Eq. (24)).

III. KAWAHARA EQUATION (58 #0)

By using the second equation of system (I3 with By = 0, By = 0, By = 1 and u = Y2, the derivatives
of u become

uge = 2(Ye? + YY)
Ugee = 2(33@&;‘ Y Yeee) (30)
ugeee = 2[3(Yee)? +4YeYeee + Y Yeeee].

Using the derivatives of Y from system (I6]) in system (B0), the second and fourth order derivatives of u
as function of ¥ become

uge = 2ag + 3a1Y + 4asY? + 5azV?

3
Ugeee = —a12 + 8agas + 15(&1&2 + 2a0a3)Y + 2(8a22 + 21&1&3)Y2 (31)

2
105
+ 65&2&3Y3 + 7&32}/4.

By substituting these derivatives in Eq. () we obtain the quartic polynomial in YV’

4
> omyt=o, (32)

with coefficients given by

ry = 3(k — 105a3)

r3 = 5&3(04 - 130,2[3)

ry = —c + dasor — 16a2%8 — 42a1a38 (33)
T = —300,0&3[3 + 3&1 (Oé — 5&2[3)

rog = —A — %aﬂﬁ + 2a0(a — 4asf).

Since all coefficients r; = 0, by simultaneously solving the first four equations of system (B3] we find

— K
a3 = T/ 1055

as = -2
2T T3 . (34)
P 5  T360°4169¢8
1 =1/ 21kp 2-16983
2a(3602 —169¢8
a/O - ( 133,@52 )

For real coefficients, and since § > 0, we require that the wave steepening coefficient k > 0. By using
these coefficients together with the last equation of system (B3]), we find the integration constant to be

(3602 — 1698¢)(22- 33 - 17 o® + 5 - 1694¢)

A= 23. 7. 13%k32

. (35)

This shows that while for KdV equation the boundary A is arbitrary, for KE the boundary A is fized
by the system’s parameters «, 8, x and the speed c. This means that traveling waves for KE can change
shape depending if the speed c is chosen such a way that A is zero or not.



A. Transmission line equation

Now we analyze the special case of & = 0 which from system (B4 leads to as = ag = 0 so that Eq. ()
includes a fifth order dispersion term only, and takes the form

U + KUty — PUugrres = 0. (36)

This equation describes pulses over a transmission line containing a large number of LC circuits, and
it occurs by making use of mutual inductance between neighboring inductors. It was first studied by
Hasimoto ﬂﬁ] for shallow water waves near some critical value of surface tension, while Nagashima @]
performed experiments, and observed the solitary waves using an oscilloscope. Later, in a more general
setting, it was also derived by Rosenau using a quasi-continuous formalism that included higher order
discrete effects [46, [47].

For a = 0 Eq. (@) becomes

—cu+ guz — Pugeee = A, (37)
so Eq. ([I2)) corresponds to
Ye® =Y (a1 + azY?), (38)

which is in fact a special case of Eq. ([20) for a real root that has multiplicity two, Y5 = Y3. The reduced
coefficients obtained from system (B4]) are given by the expressions

a3 = F Kk
\/ 1057 (39)
_ c 5
a1 = T34/ 3745
and are used to factor Eq. (B8)) to obtain
Ye? = —azY (V2" - Y?), (40)
with Y22 = —Z—i = S—z Since ay,as have opposite signs, then Y32 > 0, and because a1, a3 € R = k > 0,

thus as before, the waves propagate only to the right (¢ > 0). By integrating Eq. {0), and using formula
[27) we obtain the special cnoidal wave of constant modulus

2

Y(§) = ¥z n? [@/—am@—gw ﬁ] . (a1)

The wavelength of the waves is A = 2v/2K (‘/75) \/ @, where K (@) = 1.85407, so the periodicity is

only a function of the speed ¢ and dispersion 3. Using the values of Y3, a3, u = Y2 and & = 0 the
solution to the transmission line equation [B6) with nonzero boundary condition is

Ecm4 [@4 ¢ \/51
2K '

u(@ ) = > {1 @i

(42)

This solution was also obtained by Yamamoto [56], Kano [16] and Kudryashov [21], and represents a
train of periodic waves with fixed modulus which tells that the shape is preserved as the pulse travels
over the transmission line, see Fig. Bl for the values of 5 =1,k = 2.

B. KE with zero boundary conditions

Traveling waves with zero boundary condition A = 0 yield waves which propagate with velocities

2 93 2 2
—223 170" () or ¢ = 302 > (.

€= 51693 1695
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FIG. 3: Bright cnoidal waves for the transmission line equation (3€) with nonzero boundary conditions for
a=0,=1,k=2.

i) For left traveling waves, the modular discriminant obtained from the last equation of system (B4

- g}?gggi < 0, so the polynomial s3(t) given by Eq. (B3] has non real roots, and because

is an unphysical case it will be omitted.
ii) For right traveling waves, the system (B4]) reduces to

becomes A =

K

a3 = +4/ 1053
ag = % (43)
a1 = ag = 0
with corresponding elliptic equation
Ye2 = agY? (Y + %> , (44)
as
Letting Y — —Y, and using solution (@3)) we obtain
g a9 2 1
Y(©) =~V (9) = - Zsech | 3 V(€ — )] (45)

Therefore, right traveling wave solution of the KE with zero boundary condition and £, = 0 reduces to

- 10502 BvER! o 3602
u(z,t) = 169I€BbeCh [51 /ﬁ (:c - 169ﬁt>} . (46)

Since > 0 = a > 0, and since as € R = k > 0, and we obtain bright solitons which only propagate to
the right. Let us rescale the solution according to the new variables

B K e 98
7—4,/1055,6—135:0—45, (47)

so the solitons take the simpler form

u(x,t) = <%>zsech4 B\/S (:v - %5%” . (48)
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This solution written in the same manner was also derived by Yamamoto @], Yuan @] and Rosenau
ﬂﬂ] using different approaches, and shows once again that the speed of the wave is proportional to the
height and inverse proportional to the width, as it is the case of the KdV equation, with the difference
that while for the KdV the solitons propagate with arbitrary velocity, for KE they translate with velocity
that is fixed by both dispersion coefficients. In Fig. [ we plot the solitary waves that propagate to the
right for the values of & = 2,k = 5 for which v = ﬁ and § = %. Fixing the velocities ¢ = 1,2 we

obtain the values for the dispersion coefficient to be § = %, %.

Bright solitons (KE)

u(é)
12F ]
10 ]
08 ; _
— 1pelit
! c=1—p= 159
06l 1 _ 72
i c=2—p= 169
04l ]
02l i
0ol ]
Il Il Il

£l L L L L L L L L L L L L L L L L |
-10 -5 0 5 10

FIG. 4: Bright solitons for the KE () with zero boundary conditions A = 0 and o = 2,k = 5. When ¢ = 1,2
72

_ 147
then 8 = 355, 153

C. KE with nonzero boundary conditions

When all the coefficients from system (B4]) are nonzero, we solve Eq. ([I2)) by reduction to the Weierstrass
elliptic equation [4§]

Pz = 49° — 920 — g3, (49)

by the scale-shift linear transformation

4
Y (§) = a—SP(f —&03 92, 93) — 3@_;3' (50)

The invariants of the Weierstrass function are given by

2
_ a2%-3aias _ o, 2 2 2
go = =319 = 2(e1” + e2” +e37)

2 ; 51
gy = Fmameasiapnt R _ e eoey, oy

and together with the modular discriminant
A = 923 — 33932 = 16(81 — 62)2(81 — 83)2(82 — 63)2 (52)

are used to classify the solutions of Eq. (IZ). The constants e; are the roots of the cubic polynomial

S3(f) = 4t3 — ggt — g3 = 4(t — €1)(t — €2)(t — 63) = O, (53)
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and are related to the two periods wy 2 of the g function via the relations e; = p(%), and w3 = — (w1 4wa).

Using the constants from system ([B4)) the invariants and discriminant are

1698c—22a>
92 = 23-§3~13352
_ a(3:1698c—2"a?)
g3 = 25.33.5-13335
A — (1698c—36a2)(2%-3%.47-101a* +2-5%-13" 8%¢* —3-11-13-139a% B¢)
- 210.33.52.73.136 30 :

We now proceed to classify the solutions of Eq. (@) case-by-case ﬂ, @]

Case (1). We first consider the degenerate case of A =0 = ¢ = ?gg;

e; of multiplicity two. In this case the reduced invariants are

OL2
92 = 37316097 > 0
3

J— [e3
93 = —3333.13333

Depending on the sign of g3 we have the sub-cases:

i) a>0. Bylettingel:egzé>0vvithé=m>0thene3:—2é=—%<O,hence

go = 1262 > 0
g3 =-83<0

the Weierstrass p function is simplified to
0(€;126%, —86%) = é + 3¢ csch®(V/3¢é€)

which becomes

0(&92,93) = m [1 + 3 csch? (% %5)} :

(54)

for which s3(t) has repeated root

(55)

(56)

(57)

(58)

ii) a < 0. By letting ex = e3 = —& < 0 with é = —m > 0, then e; = 2¢e = —% > 0, hence

go = 1282 > 0
g3 =883 >0

the Weierstrass p function is simplified to
0(&;126% 88%) = —¢& + 3¢ csc?(V/3é€)

which is

ol gmm) = s [1 -3 (50 756

Using the transformation (50) together with u = Y2, the solutions are

10502 4|1 [/— 360 .
(o, 1) = T603 C5C [5 T35 (I ~ 1698 t)} jo <0
[ 10502 41 3602 .
T6on3 C5Ch [5 135 (I - 163/30} jo>0

(59)

(62)

Notice that these solutions are the second linearly independent set obtained from the reduction
of the p function corresponding exactly to the solutions of KE with zero boundary conditions of

. 2 . .
HQ), since for ¢ = 3% = A = 0. Because these functions are unbounded, the traveling waves are

16903
unphysical so they will also be omitted.
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Case (2). If A # 0 we find traveling waves with arbitrary velocity and we include two particular solutions
which will fix the velocities of the traveling waves as functions of dispersion coefficients as follows:
the equianharmonic (g2 = 0), and lemniscatic case (g3 = 0) respectively.

i) For general solution go # 0, g3 # 0 the waves travel with arbitrary velocity ¢ and the solutions
may be reduced in a manner similar to the simplification for the lemniscatic case below.

22a° 3108

ii) For the equianharmonic case go = 0 = ¢ = 16977 thus g3 = T r o and discriminant is
A = —27g3% < 0 with solution to Eq. [{@9) given by
31a?
—&0;0 = —&0;0,—————— | . 63
p(é 507 793) Y (g 507 ) 24.33.5. 133B3> ( )

Since A < 0 then the polynomial s3(t) given by Eq. (G3)) has non real roots, and this case will be
omitted being unphysical as well. Using the transformation (50) together with u = Y2, the general
and equianharmonic solutions are

35 [a—22 3.138p (:v—ct 13%¢f—22a2 (3~132ﬁc7257a2)):|2

’u,(;[:,t) _ 31323 ) 23.33.13332 35,33.5.1233,@3 (64)

35 2 22 31

3-13%rp [O‘ —2%-3-13Bp (:v - 13?5t 0, 24-33-;13ﬁ3)] :
iii) For the lemniscatic case g3 = 0 = ¢ = 5 IG%, thus go = 2232177"16952 > 0, and discriminant is
A = go% > 0, with solution to Eq. @) given by
31a?

— €03 92,0) = — &0} 55,0 | - 65
p(g 507927 ) @(f 507 22'32'7'132[327 ) ( )

In this case the roots of s3(t) are real and are given by es = —‘/2972, es =0,e = ‘/2972. Although

the Weierstrass unbounded function given by (Gh) has poles aligned on the real axis of the £ — &
complex plane, we can choose £ in such a way to shift these poles a half of period above the real
axis, so that the elliptic function simplifies using the formula ﬂE, @]

9(€ 92,0) = e5 + (e2 — es)sn’[Ver — es(€ — &) m] (66)

€2—€3 53

with elliptic modulus m = -

. Using the values of the roots together with &) = 0 we obtain

/@

p(g;gbo) - _—C lf&v ’ (67)

V2 ]
thus, the solutions for the lemniscatic case are reduced using the transformation ([B0) to cnoidal
waves, and they become

wart) = ot {7 VI [T [ (o - Eet) ]} (68)

In Fig. Blwe present cnoidal wave-trains for the lemniscatic case with nonzero boundary conditions,

and coeflicients a = 1,k = 1. Fixing the velocities to ¢ = 1,2 the fifth order dispersion coefficient

3 128 64
is B = 557 507

IV. CONCLUSION

In this paper we applied the generalized elliptic function method to find traveling wave solutions
to Kawahara, transmission line, and Korteweg-de Vries equations, which has the advantage of finding
solutions to nonlinear evolution equations as polynomial combinations of elliptic functions. Depending
on the boundary conditions, these solutions can be reduced, if necessary, to the hyperbolic, periodic, or
Jacobian elliptic functions.
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Bright cnoidal waves (KE lemniscatic case)

u(é)
sk ]
al b
: - — 128
i c=1—p= o7
3 - -
I - — 64
i c=2—f=55
of b
N ]
L 1 L L L L 1 L L L L L L L L 1 L L L L 1 ]
-10 -5 0 5 10

FIG. 5: Bright cnoidal waves for the KE ([{]) with nonzero boundary conditions for « = 1,x = 1. When ¢ = 1,2

_ 128 64
then 5 = 552, 557 -

By assuming a polynomial ansatz that satisfies an elliptic equation, in the case of KdV equation, we
find the well-known solitary waves, as well as wave-trains of cnoidal waves which are either compressive
or rarefactive that propagate in both directions with arbitrary velocity.

In the case of KE the traveling wave solutions are written in terms of Weierstrass elliptic functions
which can be reduced to the hyperbolic (for zero boundary conditions) or Jacobi elliptic functions (for
nonzero boundary conditions). For the general case the Weierstrass elliptic functions are unbounded,
while for the lemniscatic case, they reduce to periodic cnoidal waves.

While for the KAV equation the solitary waves that are both compressive and rarefactive propagate
with arbitrary velocity, for KE only compressive waves are found that propagate to one direction with a
velocity that depends on both dispersion coefficients.
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V. APPENDIX

Lemma V.1. Traveling wave solutions to KE (), satisfy only the Weierstrass elliptic equation with
cubic nonlinearity.

Proof. Letting
Y2 =Y aY',  an #0. (69)
i=0

For KAV Eq. (I4) v =Y and the leading term for the second order derivative term is uee = %mammel.
By matching the terms u? with uge in Eq. ([H) we obtain m = 3. For KE () u = Y? and the leading
term for the fourth order derivative term is ugeee = $m(m + 2)(3m — 2)a,,2Y 2™~ By matching the
terms u? and ugege in Eq. (@) we also obtain m = 3. Notice that this method will not work if an ODE
contains both even and odd derivative terms.
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