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Abstract: In this article, we investigate two types of double dispersion equations in two different
dimensions, which arise in several physical applications. Double dispersion equations are derived to
describe long nonlinear wave evolution in a thin hyperelastic rod. Firstly, we obtain conservation laws for
both these equations. To do this, we employ the multiplier method, which is an efficient method to derive
conservation laws as it does not require the PDEs to admit a variational principle. Secondly, we obtain
travelling waves and line travelling waves for these two equations. In this process, the conservation laws
are used to obtain a triple reduction. Finally, a line soliton solution is found for the double dispersion
equation in two dimensions.
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1. Introduction

In this work, we study two equations of double dispersion in one and two dimensions. The double
dispersion (DD) equation arises in several physical applications. For instance, it is used in analyzing
non-linear wave distribution in waveguide, interplay of waveguide and exterior medium, and, therefore,
likelihood of energy interchange through lateral coverings of waveguide.

The author of [1] concentrated on the theory, generation, simulation, and propagation of strain solitary
waves in a non-linearly elastic, straight cylindrical rod under finite distortions. For this, the general theory
of wave propagation in non-linearly elastic solids was introduced, in which a new approach was developed
to solve the corresponding DD equation with dissipative terms, which leads to new exact explicit solutions.

In physics of condensed matter, experiments dedicated to lucrative observation of solitary strain
wave in solids are not mentioned. Undoubtedly, the description of long wave propagation in solids and
liquids is to a certain extent analogous, which provides good estimate of soliton existence in solids [2].
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Just after a forceful strain wave inseminates in the non-linearly bounded and elastic solid, curving of
wave front can escalate swiftly up to changeless deformation appearance. This sensation could be evened
alongside the dispersion of wave inside the wave guide [3-5].

In [6], the authors studied a multidimensional double dispersion equation

U — A — Aug + A u + kAuy = Af(u), xeR", t>0, 1)

with n = 3, f(u) = |u|' for I > 1, a real constant, or f(u) = u*", m = 1,2,---. In [7], the authors
investigated the Cauchy problem of Equation (1) and derived the existence (both locally and globally in
time) and the blow-up of its solutions.

In this paper, we investigate Equation (1) forn = 1and n = 2.
The DD equation in (1 + 1) dimensions is given by

Upt — Uy + Allyxxx — Dlgxst — f(”)xx =0, (2)

which describes non-linear dispersive waves [1]. Here, f(u) is an arbitrary function of u and a4, b > 0 are
real numbers.
The DD equation in two dimensions is of the form

Upp — Uxx — Uyy — a(tspxx + “ttyy) + b(thxxxx + Uyyyy) + Dxxf(u) + Dyyf(u) =0, ®3)

where f(u) is an arbitrary function of u.
The Boussinesq equation reads

Ut — Uy + Alyxyxx — P (u2>xx =0, 4)
where £ is a constant. It arises in various physical applications. For example, it is used in the propagation
of long waves in shallow water [8]. Researchers have developed many generalizations of Boussinesq
equation. One of such generalizations is the modified Boussinesq equation. In [9], generalization of
Equation (4) of the form

Upp — Uxx + Uxxxx + (f(u))xx =0 )

was studied and classical and nonclassical symmetries were investigated in [10]. Here, f(u) is an arbitrary
function of u.

Conservation laws have various utilizations in investigation of PDEs, for instance the determination
of conserved quantities and also the constants of motion. These can also be applied to identify integrability
and linearization and moreover in verifying the correctness of numerical methods.

The celebrated theorem by Noether [11] can be used to derive conservation laws for variational
problems. For any PDE, whether it comes from variational problem or non-variational problem,
conservation laws can be determined by a direct method [12-16].

Recently, double reduction of PDEs was performed by using the interrelation between symmetries
and conservation laws [17-19]. Lately, non-linear p—power generalizations of the Kadomtsev-Petviashvili
and Boussinesq equations were studied and line soliton solutions were constructed for p > 0 [20].

This paper is arranged as follows: In Sections 3 and 4, conservations laws for the double dispersion
Equations (2) and (3) are obtained, respectively. Finally, travelling waves u = U(x —vt), u = U(x +
uy — vt) are, respectively, determined for DD Equations (2) and (3), where p determines direction and
v represents speed of travelling wave. The associated fourth-order non-linear ODEs for U are reduced
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to first-order variables separable equations by the application of conservation laws derived here for
DD equations.

2. Lie Symmetries

Symmetries are a basic structure of nonlinear PDEs and they can be used to find invariant solutions
and yield transformations that map the set of solutions into itself. A general discussion of symmetries and
their applications to differential equations can be found in Refs. [15,21,22].

To apply the Lie symmetry method to Equation (3), we consider a one-parameter Lie group of
infinitesimal transformations on (x,y, ¢, u):

X =x+el(x,y, tu) + 0(82),
vt =y +eg¥(xy tu) + O(e),

) ®)
t* =t+et(x,y tu) +O(e?),

w* =u-+en(xytu)+ 0(82),

where ¢ is the group parameter. For this transformation to be a symmetry, it must leave invariant the set of
solutions of Equation (3). This invariance condition yields an overdetermined linear system of equations
for the infinitesimals &*(x,y,t,u), ¢¥(x,y,t,u), T(x,y,t,u), and 5(x,y,t,u). Each set of infinitesimals
corresponds to an infinitesimal symmetry with the generator

The symmetry generator can be used to find invariant solutions u(t, x,y) of Equation (3) determined
by solving the invariant surface condition whose form is

Cuy + ¢ uy+tup—1n=0. 8)

We write the point symmetries admitted by the DD equation in (2+1) dimensions in Equation (3) in
Table 1.

Table 1. Point symmetries admitted by the DD equation in (2+1) dimensions.

i a b f@) Vi
1 VvV V V Vlzax, szay, V3:at
2V 0 V V1, V2, V3, V4 = YOy — Xdy

2%, —2
30 Y kilko—u)"+u—ks V1,V2,V3,V5:xax+yay+2tat+%1u

(With}’l 75 1, kl 75 0)
4 0 YV ke™tutk Vi, V2, V3, Vg = X0y + Yydy + 20 — %au
(withn # 0)
5 0 V klln(kz — M) +u—ks v, Vo, V3, V7 = X0y +yay + 2td; — (2k2 — Zu)au

al{

We point out that, for 2 = 0, Lie classical symmetries were derived for the DD equation in (1+1)
dimensions (1.2) in [10], where, for a # 0, Equation (1.2) only admits translations in # and x.
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3. Conservation Laws for DD Equation in (1+1) Dimension

We obtain conservation laws for DD Equation (2) by using the general multiplier method [12-14,22].
We recall that a conservation law for Equation (2) is a continuity equation

DiT+DyX =0 )

that holds for all solutions u(x, t) of Equation (2). (T, X) is called a conserved current, where T is the
conserved density and X is the spatial flux. Both T, X are functions of t, x, and u and derivatives of u [21].
The operators D; and Dy are the usual total derivative operators [15].

Two conservation laws are equivalent [22] provided they vary by a trivial conservation law T = D,©,
X = —D;O. Here, T and X are calculated on solutions of Equation (2), and © is some function which
depends on ¢, x, and u and derivatives of u.

Firstly, we note that Equation (2) has a Cauchy-Kovalevskaya form, which tells us that all non-trivial
conservation laws arise from multipliers [13,14]. Especially, when one moves off of the solution set of
Equation (2), every non-trivial conservation law in Equation (9) is identical to one that can be expressed as

DtT + ij< = [utt — Uyx + Alyxxx — bllyxtr — f(u)xx] Q, (10)

where Q = Q(x,t, U, Uy, Ut, Uy, Utt, Uxt, Uxxx, Uxxt, Uxet) 1S @ conservation law multiplier, and T and X vary
from (T, X) by a trivial conserved current. On the solutions set u(x, t) of Equation (2), the characteristic
form in Equation (10) curtails to the conservation law in Equation (9).

For our problem, the determining equation for determining all multipliers is

)

571/[ |: {utt — Uy + Alyxx — DUyxrr — f(u)xx} Q:| =0, (11)

which must hold off of the solutions set of Equation (2). As soon as the multipliers are determined,
the associated non-trivial conservation laws are derived using a homotopy formula [12-14] or else by
integrating Equation (10) [21].

We look for low-order multipliers [19,22] as these provide us with physically interesting conservation
laws. The determining Equation (11) splits with respect to the remaining variables. We use Maple to solve
the determining system with the conditions that f # linear, and a,b # 0.

This classification yields the following four cases:

Case 1: Q1 = x. This case gives the following corresponding conserved density and flux:

T = buy + xuy, (12)
X1 = f(u)xux — f(u) + (atiyxy — blipry — Cliy )X — Allyy + U. (13)

Case 2: Q, = t. For this case, we obtain conserved density and flux as

T, = tur—u, (14)
Xo = tuxf'(u) + atixyy — bupy — cliy). (15)

Case 3: Q3 = 1. We get conserved density and flux as

T3 = U, (16)
X3 = ux(_c+f/(u))+auxxx_buttx- (17)



Symmetry 2020, 12, 950 50f 11

Case 4: Q4 = tx. For this last case, the corresponding conserved density and flux are

Ty = b(tuye —uy) + x(tuy — u), (18)
Xy = t(f'(w)xux — f(u)) + (atixyx — buipy — iy )X — Aliyy + Clt). (19)

4. Conservation Laws for DD Equation in (2+1) Dimension

For the (2+1) dimensions Equation (3), a local conservation law is the continuity equation
DiT + DxX + DyY =0, (20)

which holds for all solutions u(x, y, t) of Equation (3). Here, as before, T is conserved density and X and Y
are spatial fluxes. Thus, every conservation law can be expressed as

DiT + DX + DyY = (Ut — Uy — Uyy — a(tsxx + Mttyy)
b (txxxx + tyyyy) + Daxf (1) + Dy f (1)) Q.

In this case, we seek low order multipliers (as these are physically interesting), namely Q =
Q(x, t,y,u, ty, s, Uy, Uxx, Utt, Uyy, Utx, Uty, Usxx, Utxx, Utty).  Consequently, the determining equation is
given by

E, [(utt — Uxx — Uyy — auspxx + ”ttyy) + b(txxxx + Llyyyy) + Dxxf(u) + Dyyf(”)) Q} =0.

Here,

Ey = 0y — Dx0u, — Dydy, — Didy, + D30y,, + DxDsdu,, + DxDydy,, — - -

is the Euler operator [15,21,22]. The determining equation, after splitting, yields (with 4,b # 0 and
f(u) # linear):

Qu =0, (21)
*a(Qxxtt + nytt) + b(Qxxxx + nyyy) + Qtt
+Qux (f (1) = 1) + Quy(f'(u) —1) =0. (22)

Using Maple, we obtain the following eight cases. In each case, we provide the multiplier and
corresponding low-order conservation law.

Case 1: For Q7 =1,

T = uy,
X1 = Duyyy — Alipy + aug + (f’(u) - 1)ux/ (23)
Yl = buwy.
Case 2: For Q) = x,
TZ = XlUt,
X = Xbuyxy — biyy — xaugy + aug + (xf' (1) — x)ux +u — f(u), (24)

Yy = xbuyyy — xauyy, + (x(f'(u) — x)uy.
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Case 3: For Q3 =y,

T3 = yuy,
X3 = ybitxxx — yaupx + (yf (1) — y) iy, (25)
Y3 = ybuyyy — buyy — yau, + auy + (yf'(u) — Y)uy +u— f(u).

Case4: For Q4 =1t,
Ty = tuy —u,
Xy = thiyxy — atugey + (Lf (1) — t)uy, (26)
Yy = thuyyy — atug, + (tf' (1) — t)uy,.

Case 5: For Q5 = xy,

Ts = xyuy,
X5 = xybuixxy — ybuyy — xyaupy + yauy + (xy(f'(u) — xy)ux +yu — yf(u), (27)
Y5 = xybuyyy — xyausy — xbuy, 4+ xauy + (xyf' (u) — xy)uy + xu — xf (u).

Case 6: For Q¢ = tx,

Te = txu; — xu,
X = txbtlyyy — thtxy — txaUpy + tauy + (Ex(f/(u) — tx)uy + tu — tf (u), (28)
Yo = txbuyy, — txaugy, + (tx(f'(u) — tx)u,,.

Case 7: For Q7 = ty,

T; = tyu; — yu,
X7 = tybuyxx — tyaugy + (by(f' (1) — ty)uy, (29)
Yy = txbuyy, — tyauw, + thuy, + tauy + (by(f'(u) — ty)uy + tu — tf(u).

Case 8: For Qg = txy,

Tg = txyu; — xyu,
Xg = txybiiyey — tybuxy — txyaugy + tyauy + (txy(f' (u) — txy)uy + ytu — ytf (u), (30)
Y8 = txybuyy, — txyausy, — txbuy, + txauy + (bxy(f' (1) — txy)uy, + txu — txf(u).

5. Travelling Waves for Equations (2) and (3)

In this section, we present travelling waves solutions for the DD Equations (2) in one dimension
and line travelling waves for the DD Equation (3) in two dimensions. It is common knowledge that,
if a differential equation has a Noether symmetry, then corresponding to this symmetry there exists
a conservation law and moreover a double reduction can be performed on the differential equation [15,17].
For instance, in [17-19], the connection between symmetries and conservation laws was utilized to perform
double reduction of PDEs.

In [19,23], an association between symmetries and conservation laws was further explored
by concentrating on conservation laws which were invariant under a given set of symmetries.
Furthermore, a few applications of determining symmetry-invariant conservation laws and determining
symmetry-invariant solutions of PDEs were presented.
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5.1. The (1+1)-DD Travelling Waves

We derive travelling waves for Equation (2) and use the travelling wave variable, namely z = x — At.
A travelling wave solution is of the form

u(x,t)=U(z), z=x—A\t (31)
and substituting this expression into Equation (2), we get the reduced nonlinear fourth-order ODE
(a —bAHU"" + (A2 + f(U) - )U" + f"(u)u? =o. (32)
We observe that these travelling wave solutions arise from invariance under the translation symmetry
v = Ady + 04

Suppose a conservation law D;T 4 D, X = 0 does not contain the variables t and x explicitly. Then,
it gives rise to a reduction of order of travelling wave ODE by the reductions

d d
Dt|u:U(z) - _A£’ Dx|u:ll(z) = dz’ (33)
yielding ;
—((X=2T7)| _yqr)) =0 (34)
Thus, the first integral is
X—-AT=C (35)

and the corresponding symmetry-invariant conservation law is the first integral of Equation (32) as
Dy(T3) + Dx(X3) = 0 does not contain the variables t and x explicitly. Then, the conservation law gives
rise to a first integral that yields the following reduced form of the travelling wave ODE

(a —bAHU" + (A2 + f(U) — 1)U = Cy. (36)

Moreover, although conservations laws D;(T;) + Dx(X;) = 0 and D¢(T>) + Dx(X2) = 0 contain
explicitly the variables x and ¢, however, the linear combination

Di(T1 — AT2) + Dx(X3 —AXp) =0
is invariant under the generator dy — A9y, yielding a functionally independent second first integral
(=bA% +a)U" + (bA? —a)U" + (A + f/(U) — 1)zU’ + (A} + 1)U — f/(U) = Ca. (37)
These two first integrals in Equations (36) and (37) yield a triple reduction from the original PDE to
the second-order ODE

NU-G-fu)+U
—bA2 44 o

u’ 0. (38)

5.2. The (2+1)-DD Line Travelling Waves

In [20], line soliton solutions of generalized KP and Boussinesq equations with p-power nonlinearities
in two dimensions were derived. In [24], line soliton solutions were derived for a family of modified
KP equations, whereas, in [25], line soliton solutions were constructed for a family of modified KP
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equations with p-power nonlinearities. In [26], the authors derived conserved vectors for a double
dispersion equation.

We now derive the explicit line travelling waves for Equation (3) and use the travelling wave variable
z = —uy — vx + t for this derivation. A line travelling wave in two-dimensions is

u(x,y,t)=U(z), z=—puy—vx+t. (39)

The substitution of Equation (39) into Equation (3) gives the fourth-order non-linear DE for
U({), namely

(bp* —ap® +v2 (b —a)) U + ((p® +02) f/(U) + (-2 —v2 + 1)) U”

+ (12 +0?) (WU =o. (40)

We observe that a travelling wave solution remains invariant with respect to three-parameter group
of translations, namely t — t — €1, x = x + €V, y — y + €3, with €1, 63,63 € R.

Assume that a conservation law D;T + DyX + +DyY does not contain the variables ¢, x, and y
explicitly. Subsequently, the conservation law gives rise to a reduction of order of travelling wave ODE by
the reductions

d d d
Dt|u:U(z) = dz’ Dx|u:U(z) = _V£’ Dy‘uzu(z) = _yEr (41)
yielding
d
(X +pY =), _y(,)) = 0. (42)
Thus, the first integral is given by
vX+uY-T=C (43)

and the corresponding symmetry-invariant conservation law will be a first integral of Equation (40) as
D¢(T1) + Dx(X1) + Dy(Y1) = 0 that does not contain ¢, x, and y explicitly. Hence, the conservation law
gives rise to the following reduction of order of travelling wave ODE:

(b + b —ap? — @)U + (1= 2 — AU+ (W) (62 +47) = Cu. (44)

Moreover, although conservations laws D;(Ty) + Dy(X3) + Dy(Y2) = 0, D¢(T3) + Dx(X3) +
Dy(Y3) = 0, and D;(Ty) + Dx(X4) + Dy(Ys) = 0 contain explicitly the variables x, y, and t. However,
the linear combination

Dt(T2 —AT; — ’)’T4) + DX(XZ —AX3 — ’)/X4) + Dy(YZ —AY3 — ")/Y4) =0
is invariant under the generator Ady + yd, — d; yielding a second functionally independent first integral

(b(u* +vM)z —a(p? —v2)2)U" + (a(u? +v?) — b(p* +vH))Uu”

(2 4+ v = DU +2((f/(U) = D2 +12) + D (U) — (22 +12) f(U) = Cs. )

These two first integrals in Equations (44) and (45) can be combined to obtain a second-order ODE

"o (}42+V2)f(u)_(V2+V2)U_CZZ+C1+U _

u
a(p? +v2) —b(pt +vt)

0. (46)
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Setting C; = 0, we get a separable ODE that can be integrated once, yielding the following

first-order ODE: ( ) ) ) 5
+vr-—1)U 2C; U
2 M _ 1
T a2 02) ~ b ) a2 — b+ ) @)
202+ [f(wdu
a(p? +v2) —b(ut+04)

We remark that the double reduction method applied to a fourth-order PDE yields one third-order
ODE, while we are getting a triple reduction to a second-order ODE [14].

Setting f(U) as a polynomial, the solutions can be given in terms of Jacobi elliptic functions,
in particular, hyperbolic and trigonometric functions. However, in the special case, when f(U) = U?,
we get the following solution:

3 > 3
U(z) = —Ztanh (z) + 1
with z = —uy — vx + t. In Figure 1, we plot this solution for Equation (46) for C; =0, u =1, v =1,

_ 1 _ 1
a=—z,and b= —g.

Figure 1. Plot of solution for Equation (46).

6. Conclusions

In this paper, we study the (1+1)-dimensional and (2+1)-dimensional double dispersion equations,
namely Equations (2) and (3). Firstly, we determine all low-order conservation laws by using the multiplier
method for Equations (2) and (3). For the double dispersion Equation (2), we obtain four multipliers
and, consequently, four conserved densities and fluxes are constructed. On the other hand, the double
dispersion Equation (3) provides eight multipliers, which result in eight low-order conservation laws.
Secondly, we derive the symmetry invariant conservation laws. In the case of translation symmetries,
we show how conservation laws that explicitly contain the independent variables can nevertheless be
used to obtain a triple reduction. This is done by obtaining two functionally independent first integrals
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yielding to a first-order ODE, which gives rise to travelling wave solutions. In particular, we find a line
soliton solution for Equation (3).
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